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Introduction 

The y-hydroxybutyric acid (GHB) is a structural 
analog of the y-aminobutyric acid (GABA). 

GABA 

HO~OH 

0 

GHB 

It is an endogenous substance with function of 
an inhibitory neurotransmitter in the central nerv
ous system in mammals. Its natural concentration 
in the human brain is 0.3 mmol/g. However, the 
compound is able to pass the blood-brain barrier, 
which is unique for a neurotransmitter, and, thus, 
its concentration in cerebrospinal fluid (CSF) can 
be enlarged. The main mechanism of its action con
sists in binding to a specific presynaptic GHB re
ceptor which is coupled to a G protein [34]. Its fur-
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ther elfect relies upon a decrease in adenyl cyclase 
activity. 

A receptor complex of GHB-GABA8 has also 
been reported and GHB was proved to be an ago
nist of most GABA8 receptors [5]. The third obser
ved mechanism involves an allosteric action on the 
calcium channels [19]. 

Under physiological conditions, mm origi
nates from GABA which is metabolized by a trans
aminase to succinic semialdehyde and then by a de
hydrogenase to GHB. Nevertheless, most of GABA 
is transformed to succinic acid which enters the 
Krebs cycle (Fig. I). 

Neuropharmacological action 

GHB can be found in both nerve and somatic 
cells and in body fluids such as blood and CSF. 
However, its function in the body outside the nerv
ous system remains unknown . 
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Fig. 1. Metabolism of y-hydroxybutyric acid, y-aminobutyric acid, 1,4-butanediol and y-butyrolactone 
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The cerebral cortex 

Stimulation of the GHB-GABA13 receptor com
plex in the frontal lobe oflhe cerebral cortex proba
bly leads to absence seizures [2] due to inhibition 
of Ca2"' uptake (stimulated by K+ ions). Moreover, 
agonism at presynaptic GABA8 receptor results in 
lowered GABA release leading to the absence sei
zures mentioned above [14, 33]. Another result of 
the GABA8 agonism is the hypnotic effect [37]. 

An increase in endogenous acetylcholine level 
has been reported after GHB administration as well 
as an increase in serotonin synthesis and metabo
lism [31]. 

In the 1970s it was observed that morphine ele
vated the GHB level and that GHB and morphine had 
synergic effect in producing euphoria {30]. Later, it 
was demonstrated that GHB increased synthesis of 
enkephalins, and that GHB-induced EEG change was 
reversed by naloxone [29]. Moreover, GI-IB was 
proved not to stimulate the µ, 8 and K opioid recep
tors [25]. 

In the temporal lobe, in the hippocampus, 
which is responsible for memory and learning, ago
nistic action at the GABA8 receptors leads to 
guanyl cyclase activation, increase in cGMP level, 
and consequently to hyperpolanzation of hippo
campal neurons. Such action is responsible for am
nesia due to GHB ingestion. 

The thalamus 

A decrease in the excitatory postsynaptic poten
tials in the thalamus has been reported. Such action 
is responsible for the anesthetic effect of GHBNa 
used as sodium oxybate (Somsanit) [9]. It is sus
pected that the GHB-GABA8 receptor complex also 
can be formed in the ventrobasal nucleus in the 
thalamus and is responsible for absence seizures [l]. 

The hypothalamus 

Administration of GHB results in activation of 
tyrosine hydroxylase and, as a result, the larger 
amount of dopamine is synthesized. Nevertheless, 
small doses of the drug decrease and its large doses 
increase secretion of dopamine [5]. 

Secretion of dopamine in the striatum is de
creased independently of the GHB dose. 

The limbic system 

The limbic system is responsible for the mood. 
Frequent stimulation of the reward system, espe-

ISSN I 23 D-60D2 

cially the extended amygdala, which includes the 
shell and the nucleus accumbens, with the same 
substance leads to addiction [27]. Such mechanism 
also concerns GHB ingestion [16]. 

The cerebellum 

There are so few GHB receptors in the cerebel
lum that the effect of their stimulation is merely no
ticeable. What is observed in this structure is that 
GHB decreases the synthesis of nitric oxide, result
ing in sudden reversible increase in blood pressure 
in the brain. 

The spinal cord 

Intraspinal GHB administration leads to hyper
polarization of neurons in the spinal cord [26]. 

The metabolic and endocrinologic effects 

Inhibitory effect of GHB on the GABA-keto
glutaric acid transaminase leads to a decrease in 
glucose catabolism and greater tolerance of hypo
xia [35]. Such an action can be considered as an ad
vantage of GHB use in resuscitation [ 17]. 

Another effect of the drug consists in increasing 
the growth ho1mone level, which was the reason why 
GI--IB became popular among body-builders [31]. 

Toxicology 

Only I% of GHB is excreted with urine in the 
unchanged form [13]. Therefore, in order to meas
ure its concentration in blood or urine, it is essential 
to use advanced chromatographic methods. One of 
them, using gas chromatography/mass spectrome
try (GC/MS), allows to measure as small drug con
centrations as 0.1 mg/J in plasma and 0.2 mg/l in 
urine, however, it requires conversion of GI-IB to 
y-butyrolactone (GBL) (acidification of samples) 
[10]. Another GC/MS analysis, which does not re
quire the mentioned conversion, can be used for 
samples within the concentration range between 
0.5--2.0 mg/I [8, 18]. If a patient has ingested GEL 
which was partially converted to GHB in blood, it 
may be the easiest to use high performance liquid 
chromatography (T-IPLC) [13]. Another analytical 
procedure has recently been developed by Kimura 
et al. [!5] due to the need for higher sensitivity of 
tests. In addition, a new ultra-rapid procedure seems 
promising, because a valid result of the test is ac
cessible within l h [36]. 
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GHB is rapidly metabolized to succinic semialde
hyde and then to succinic acid which enters lhe Krebs 
cycle (Fig. 1) and the final metabolic products are 
CO2 and H20. Therefore, 4--6 h after the GHB in
gestion it may be impossible to measure its concen
tration in urine [20, 28]. 

Acute intoxication can be entirely cured within 
6 h in cases when it does not impair respiratory ac
tivity [22]. 

Some dose- and blood concentration-effect re
lationships are summarized in Tables 1 and 2. 

Chemical modifications of GHB 

Trans-4-hydroxycrotonic acid (T-HCA) (I) 

T-HCA was proved to be an endogenous sub
stance in the CNS [3]. It is able to bind to the GHB 
receptor and it was the first compound that showed 
properties required for a substance to be capable of 
reacting with the GHB receptor. Firstly, the active 

alcohol 
~OH dchydrogenase 

HO 

Fig. 2. l ,4-Butanediol metabolism to y-hydroxybutyric acid 
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form of the compound must be non-lactonic. Sec
ondly, there is small tolerance of the distance be
tween the carboxyl and the hydroxyl groups. 

1,4-Butancdiol (II) 

l ,4-Butanediol is much more lipophilic than 
GHB. Therefore, it passes through the blood-brain 
barrier much faster and clinical effects are observed 
sooner than after GHB ingestion. However, in the 
CNS it is transformed to GHB as it is shown m Fig
ure 2. It should be noticed that administration of 
any alcohol dehydrogenase inhibitor, such as etha
nol or 4-methylpyrazole, prevents the sedative ef
fect from development after GHB ingestion. D1sul
firam, which is an inhibitor of aldehyde dehydroge
nase, partially abolishes the sedative effect. 
Therefore, it seems that 1,4-butanediol (1,4-BD) 
acts after being metabolized to GHB and/or to 
GABA [ 4, 38]. 

aldehyde 
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Fig. 3. GHB-related compounds 
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Table 1. The relationship between the dose and the effect of 
GHJ3 in patients [ 6] 

Dose (g) Effect 
---·-··-····--···--·------------

below 0.7 

0.7--1.4 

l.5--2. l 

2.1-3.5 

3.5--4.9 

euphoria, sociability 

short amnesia 

weariness and sleep 

intensification of the above effects 

hypnosis, hypotonia, weak analgesia 

Table 2. The relationship between the GHB concentration in 
blood and the state of consciousness in patients J l 2] 

GHB concentration State of consciousness 
in blood (mg/l) 

over 260 patients in coma and did not react to 
pain stimuli 

156-260 patients asleep and did react to pain 
stimuli 

52-156 patients showed spontaneous 
movements and occasi anally opened 
their eyes 

below 52 patients woke up 
--------+4·-• ··· •···-• ··· V~ ·-<a··v·. ,·v " '" •••• ••••••••·----

C4-substituted derivatives 

Both 4-chlorobutyric acid (III) and 4-metho
xybutyric acid (IV) have stronger ability to cause 
absence seizures [21] (Fig. 3). 

NCS-356, sodium 4-hydroxy-5 -p-chlorophe
nylpentanoate (V), is a specific GHB receptor ago
nist used for receptor studies. However, it is rapidly 
metabolized in the organism [37]. 

The following compounds have been studied 
for both GHB receptor agonism and their potential 
metabolism [37]. Both UMB68 (VI) and UMB58 
(Vll) are specific GHB receptor agonists. UMB68, 
sodium 4-hydroxy-4-methylpentanoate, is not me
tabolized by oxidases due to a change in the pri
mary alcohol group (GHB) into the tertiary one 
(UMB68). Therefore, it is used for GHB receptor 
studies. UMB58, 5-hydroxypentanoic acid, can be 
another compound proving the tolerance of the dis
tance between the carboxyl and the hydroxyl group 
in the acid for the GHB receptor agonism. 

Both compounds: N-benzyl-a-(benzylamine) 
-y-hydroxybutanamide (VITI) and N-(o-chloroben
zyl)-a-(benzylamine)-y-hydroxybutanamide (IX) 
(Fig. 4) have been synthesized within the American 
Antiepileptic Drug Development {ADD) program 

ISSN 1230-6002 
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Fig. 4. Anticpileptic derivatives ofy-hydroxybutyric acid 

and chosen as effective and the least toxic among 
this group of substances. Within the range of 
promising compounds, there are also a-(4-phenyl
piperazine)-y-hydroxybutyric acid and a-(4-benzyl
piperazine)-y-hydroxybutyric acid derivatives (X) 
[19). 

Cyclic compounds 

Among cyclic compounds tested for their influ
ence on different seizures, there are y-thiobutyrola
ctone (XI) and GBL (XII) (Fig. 5). The former has 
the potential of causing grand ma! seizures [21) 
and the latter, as GHB precursor, causes pelit ma/ 
seizures. It is suspected that GBL is first hydro
lyzed to GHB in blood by the serum esterases, then 
the GHB passes through the blood-brain barrier 
and in the CNS it reacts with the GHB receptor. 

NCS-382 

The pharmacological GHB receptor antagonist, 
NCS-3 82 ( 6, 7 ,8 ,9-tetrahydro-5-[H]benzocyclo-he
pten-5-ol-4-ylideneacetic acid) (Xllf) (Fig. 5), and 
especially its (R)-isomer [7], is accessible in NIDA 
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y-Thiobutyrolactone (XI) 
·1-Butyrolaclonc (GBL) (XII) 

(1) 0 ~HN 
OH 

NCS-382 (6,7,8,9 tctrahydro-5-[H]benzocyclohepten-
5-ol-4-ylideneacctk acid) (XIII) 

Fig 5. Cyclic derivatives ofGHB 

(National Institute on Drug Abuse) for studies on 
the GHBergic system. It is able to antagonize GHB 
action, up to a certain GHB dose, due to the other 
mechanisms of action reported for GHB [24]. 
NCS-382 is also able to antagonize seizures of dif
ferent sources other than those caused by GHB, al
though clinical data do not suggest that the effec
tiveness is always satisfactory [32]. 

Valproic acid and cthosuximide 

The GHB dehydrogenase inhibitors, valproic 
acid (Depakene, Valproate, Valrelease) and etho
suximide (Zarontin), which are common antiepi
leptic medicines, intensify all the effects observed 
after administration of GHB [11, 23]. The effect is 
observed due to inhibited GHB metabolism. 

Conclusions 

The recent 40 years of studies on pharmacologi
cal aspects of GHB action in mammalian brain 
have brought a large amount of information con
cerning the GHB synaptic system and the role of its 
agonists in the brain. However, certain problems, 
such as the distribution of the GHB-GABA8 com
plex or different sensitivity of GABA8 receptors, 
still remain unsolved. Certain substances with 
proved action on the GHBergic system require fur
ther studies and much more specific data are ex
pected. Nevertheless, the development of analytical 
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procedures to test GHB, 1,4-BD and/or GBL is im
pressive as it seems to meet requirements of emer
gency toxicology departments. 
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Moxonidine and cognitive function: interactions 
with moclobemide and lorazepam 
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Abstract Objective: Moxonidine represents a new gen
eration of centrally acting antihypertensive drugs. It 
binds to 11-imidazoline receptors and exerts its antihy
pertensive activity through a reduction in systemic vas
cular resistance, while cardiac output remains un
changed or even increases slightly. Moxonidine is pre
scribed for the treatment of mild to moderate 
hypertension. Typical doses are 0.4 to 2.0 mg given as 
one dose in the morning or as divided doses in the 
morning and evening. 
Me1hods: The effects of moxonidine 0.4 mg once daily in 
combination with moclobernide or lorazepam were in
vestigated in two, double-blind, randomised, placebo
controlled, two-way crossover studies in a total of 48 
healthy volunteers. Safety assessments were made in 
each study and included pre- and post-study measure
ment of blood pressure, heart rate, ECG, haematology, 
blood biochemistry, and urinalysis, and recording of 
adverse events. 
Results: In the first study, moxonidine alone was found 
to produce small but statistically significant impairments 
of vigilance detection speed at 4 hand 6 h. Lowering of 
subjective alertness was also observed. Repeat dosing 
with moxonidine produced an impairment of memory 
scanning performance. These findings were not repro
duced in the second study, in which moxonidine alone 
produced an improvement in immediate word recall at 
4 hand 6 h. 

No interactions were observed when moxonidine was 
co-administered with moclobemide. Moxonidine, when 
co-administered with lorazepam, produced interactions 
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B. Jansson· A. Grahnen 
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with three tasks requiring high levels of attention: 
choice, simple reaction time and digit vigilance perfor
mance; memory tasks; immediate word recall, delayed 
word recall accuracy; and visual tracking. 

A total of 47 adverse events were reported in study l. 
Moxonidine produced a slight decrease of systolic and 
diastolic blood pressure. In study 2, a total of 55 adverse 
events were reported. In both trials, the most frequently 
reported events were tiredness and dryness of mouth, the 
latter occurring only under the moxonidine treatment. 
There were no clinically relevant changes observed in 
blood pressure, pulse rate, and laboratory tests in either 
study, nor was there any evidence of any interaction 
between moxonidine and either moclobemide or lo
razepam. 
Conclusion: Moxonidine was found to be safe and well 
tolerated in healthy volunteers. However, the impair
ments on attentional tasks were greater when moxoni
dine was co-administered with lorazepam I mg. These 
effects should be considered when moxonidine is co
dosed with lorazepam, although they were smaller than 
would have been produced by a single dose oflorazepam 
2mg. 

Key words Moxonidine, Cognitive function; moclobemide, 
lorazepam, 11-imidazoline-receptor, drug interaction, 
memory, attention, computerised cognitive assessments 

Introduction 

Moxonidine ( 4-chloro-N-{ 4,5-dihydro- l H-imidazol-2-
y 1)-6-methoxy-2-meth y l-5-pyrimidine) or (4-chloro-5-(2-
imidazolidin-2-ylimino )-6-methyl-pyrimidine) represents 
a new generation of centrally acting antihypertensive 
drugs. It exerts its antihypertensive activity through a 
reduction in systemic vascular resistance, while cardiac 
output remains unchanged or even increases slightly [4}. 
Moxonidine binds to I 1-imidazoline receptors and thus 
exercises its regulatory effects on the arterial blood 
pressure and heart rate (6, IO]. 
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Pharmacokinetic studies have characterised moxoni
dine with low protein binding, a short plasma half-life, a 
long duration of blood pressure reduction, a low rate of 
metabolism, an absolute bioavailability of about 90%, 
excretion via the kidneys, no accumulation, no interac
tion with glibenclamide, digoxin or hydrochlorothiazide, 
no interaction with food, and similar kinetic profiles in 
the young and elderly [16]. 

In clinical trials, of 2500 subjects and volunteers ad
ministered moxonidine, 370 received the drug for 1 year 
or longer. Doses have ranged between 0.2 and 0.4 mg 
once per day, although doses up to 2 mg have been 
administered and have been well tolerated. Typical ad
verse effects are dry mouth and fatigue which are dose 
dependently mild and transient [8, 11]. Moxonidine does 
not undergo first pass hepatic metabolism, is loosely 
bound to plasma proteins and is excreted largely un
changed in urine [14, 13, 16]. These are indications that 
moxonidine can be administered to most patients suf
fering from co-existing diseases, taking concomitant 
medication, or both. 

In clinical practice, patients on long-term anti-hy
pertensive therapy may occasionally require treatment 
with either a benzodiazepine or a monoamine oxidase 
inhibitor. The purpose of the studies was to simulate 
such situations and to investigate the possible conse
quences for cognitive function. Lorazepam and moc
lobemide were selected since data on their cognitive 
effects had already been obtained using the comput
erised test system to be employed in the study [5, 9, 
17, 18J. 

Lorazepam is a widely used benzodiazepine used in 
the treatment of anxiety and epilepsy, and as a pre
medicant. It is known to impair a wide range of cogni
tive functions including those associated with attention, 
memory and subjective ratings of alertness [5, 9]. 

Moclobemide is a benzamide used in the treatment of 
depression and melancholic syndromes. As well as 
showing no interaction with alcohol [ 17, 18], previous 
work with moclobemide in the elderly has shown few 
cognitive effects of the drug compared with trazodone. 

This paper reports the results of two separate studies 
of the effects of moxonidine on cognitive performance. 
Study 1 investigated the effects of moxonidine and 
moclobemide, when administered alone, and the poten
tial interaction of moxonidine when co-administered 
with moclobemide. Study 2 investigated the effects of 
moxonidine and lorazepam alone, as well as the poten
tial interaction of moxonidine with lorazepam. In each 
study, both safety assessments (blood pressure, pulse 
rate , ECG, and laboratory tests) and the recording of 
adverse events were undertaken. 

Therefore, the primary objective of these studies was 
to detennine the pharmacodynamic effects of moxoni
dine 0.4 mg once daily when taken with moclobemide 
300 mg once daily or lorazepam 1 mg once daily using 
computerised tests of cognitive function in healthy vol
unteers. The secondary objective of the studies was to 
investigate the safety profile of moxonidine alone and 

when co-administered with moclobemide and loraze
pam. 

Methods 

Study population 

Volunteers were male and female, Caucasian, aged between 18 and 
45 years and within 10% of their ideal weight. In study I (moc
lohemide), 24 (13 male, 11 female) volunteers, mean age 23 (SD 3) 
years, mean weight 68 (SD 9) kg were included in the study. In 
study 2 (lorazepal11), 24 (12 male, 12 female) volunteers, mean age 
23 (SD 3) years, mean weight 67 (SD 9) kg were included in the 
study. Screening (pre- and post-study) included a medical history, 
physical examination, 12-lead ECG, routine laboratory tests 
(haematology, blood chemistry, urinalysis, and for drugs of abuse, 
HIV and hepatitis B), and, where appropriate, a pregnancy test. 
Volunteers were excluded if they had taken any drug or medication 
7 days prior to the start of the study, or any investigational 
medication 2 months prior to the start of the study. The study was 
approved by an ethics committee, and signed written informed 
consent was obtained from all volunteers before their participa
tion. 

Study design and study medication 

Both studies were of the same design - randomised, double-blind, 
two-way cross-over, and placebo-controlled - in which all 24 vol
unteers completed two treatment periods of 6 days separated by a 
minimum 7-day wash-out period. The volunteers were assigned 
randomly to receive oral doses of each of tile treatment combina
tions. In study 1, volunteers received two 0.2-mg moxonidine tab
lets in the morning for 6 days, or 2 placebo moxonidine tablets. On 
day 6, volunteers also received two 150-mg moclobemide tablets in 

the morning. In study 2, the dosing regime was the same as that for 
study 1 with the exception that on day 6, volunteers also received 
one ]-mg lorazepam tablet in the morning in place of two moc
lobemide tablets. 

The administration of the moclobemide or lorazepam was open. 
On days I, 5 and 6, dosing was undertaken at the Research Centre. 
On days 2, 3 and 4, dosing was undertaken at home, with the times 
of dosing recorded on a diary card by the volunteers. 

Alcohol and tobacco were prohibited during the study, and 
caffeine intake was restricted. 

Assessments 

The assessments and assessment procedures were the same for both 
studies and were as follows: subjects underwent folir training ses
sions during period 1, two being conducted on the day prior to 
dosing and two being conducted on day I of the trial. Assessments 
were made before, and I, 2.5, 4, 6 and 8 h post dosing . The as
sessments were performed in the following sequence: cog111tive 
performance tests then adverse event recordings 

Cognitive performance tests 

A selection of tests from the Cognitive Drug Research Comput
erised Assessment System was used [5, 9, 17, 18, 15]. This system 
was run by a suite of programs installed on IBM-PC compatible 
machines, which control all aspects of testing, selecting appropriate 
parallel forms and recording all responses with millisecond accu
racy. Task information was presented via colour monitors and 
responses to the tests were made using one of two response buttons, 
"YES" or " NO", on a single response module. The following tasks 
were atempted: 
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I) Immediate word recall. The volunteer had to remember a list of 
15 words presented on the monitor at the rale of one word every 
2 s. Immediately following the presenlation, the volunteer was 
given I min to write down as many of the 15 words as they could 
remember. The outcome measure was accuracy(%). 

2) Simple reaction time. The word "YES" was presented 011 the 
monitor at random intervals (l-3.5 s). The volunteer was in
structed to press the "YES" response button on the response 
module as quickly as possible followmg recognition of the 
stimulus. There were 50 trials. The outcome measure was speed 
of response. 

3) Digit vigilance task. A computer-generated random digit was 
constantly displayed on the right hand side of the monitor. A 
series of digits was displayed in the centre of the monitor at the 
rate of 150 per minute, and the volunteer was required to press 
the "YES" response button when the lwo digits displayed 
matched. There were 45 targets in this test. The outcome mea
sures were accuracy (per cent detections) and average speed. 

4) Choice reaction time. "YES" or "NO" was presented randomly 
on the monitor and the corresponding response button had to be 
pressed as quickly as possible. There were 50 trials. The outcome 
measure was speed of response. 

5) Visual. tracking. The volunteer had I min lo track a randomly 
moving target presented on the monitor using a joystick The 
outcome measure was the average distance off-target per second. 

6) Memory scanning. A series of five digits were presented on the 
monitor for the volunteer to hold in memory. This was followed 
by a series of 30 probe digits. The volunteer had to decide i[' the 
probe digit was in the original series and press the "YES" or 
"NO" response button as appropriate. Three trials were pre
sented. The outcome measures were scanning speed and sensi
tivity [3]. 

7) Delayed word recall. The volunteer was given I min to wrile 
down as many words as possible from the list originally presented 
at the start of the session. The ontcome measure was accuracy. 

8) Delayed word recognition. The words presented al the start of 
the session (target words) were randomly re-presented one at a 
time, together with 15 distractor words. The volunteer had to 
respond to target and distractor words by pressing the "YES" or 
" NO" response button to indicate whelher the word had ap
peared in the original series. The outcome measures were speed 
and recognition sensitivity (3]. 

9} Bond-Lader Visual Analogue Scales [l]. A questionnaire of 16 
visual analogue scales from which three factors are derived was 
carried out to assess change in subjective alertness, calmness and 
contentme11t. 

Safely 

Routine laboratory lests, urinalysis, 12-lead ECG and vital signs 
(semi-supine blood pressure and pulse, measured using an Omron 
Automatic Blood Pressure Monitor HEM-705CP) were carried out 
before and after the study. In addilion, vital signs were measured 
on days 5 and 6, 30 min before dosing and 30 min after each 
cogn1tive testing session. Reports and observations of adverse 
events were recorded in full at any time during the study period. 

Statistics 

Sample size 

Sample size calculations based on the assumption tl1at moxonidine 
would add 50% to the magnitude of effects of rnoclobemide or 
lorazepam indicated that a sample size of 24 volunteers would be 
sufficient lo give a power of 80% at a 5% level of st,ttistical sig
nificance 

Withd1·awals 

For non-drug-related reasons, one volunteer withdrew from study 1 
following the first study period. His data were omitted from the 
statistical analyses of the cognitive performance tests. 

35] 

Concomitant medication 

Two female subjects took analgesics, under medical supervision, 
for menstrual pain. 

Cognirive pe,formance tesrs 

For both study l and study 2, a repeated measures ANOVA on 
difference from baseline scores was undertaken with main factors 
fat subject and drug condition (four levels: moxonidine alone, 
moxonidine with moclobemide or lorazepam, placebo moxonidine 
alone, and placebo moxonidine with moclobemide or lorazepam). 
The repeated aspect of the ANOVA was lhe five post-dosing as
sessments on each study day. At each of these assessments, esti
mates were made of the acute effects of moxonidine (moxonidine 
day 5 - placebo moxonidine day 5), the effects ofmoclobemide or 
lorazepam (placebo moxonidine day 6 - placebo moxonidine day 
5). In addition, estimates were made to determine whether mo
xonidine interacted with modobemide or lorazepam to produce a 
greater effect lhan would have been predicted from their individual 
effects [(moxonidine day 6 - moxonidine day 5) - (placebo mo
xonidine day 6 - placebo moxonidine day 5)]. The effects of re
peated dosing of moxonidine were assessed by conducting an 
ANOV A on the baseline day 5 data. 

Results 

Cognitive performance tests 

Effects of moxonidine - study I 

The speed of detections in the vigilance task was slowed 
relative to placebo at 4 h (P = 0.012) and 6 h 
(P = 0.015). No further statistically significant effects 
were observed. There was some evidence that moxoni
dine impaired the accuracy of immediate word recall at 
both l h (P = 0.051) and 4 h (P = 0.061). There was a 
reduction in subjective alertness at 2.5 h and 4 h 
(P = 0.007 and 0.006 respectively), and lowered con
tentment at 4 h (P = 0.022). 

Effects of moxonidine - study 2 

There were no statistically significant effects observed 
for digit vigilance speed in this study. However, there 
was a significant improvement in the percentage of 
words recalled accurately under moxonidine, which was 
detected at 4 h and 6 h (P = 0.022 and 0.026 respec
tively). 

Effects of moxonidine - repeat dosing 

Memory scanning speed was significantly impaired in 
study 1 by 32 (SE 9) ms following repeat dosing with 
moxonidine (P = 0.0005). No further statistically sig
nificant effects were found in this study, or in study 2. 

Effects of moclobemide 

Moclobernide slowed the speed of simple reaction time 
and digit vigilance speed at 4 h post-dose (P = 0.008 
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and P = 0.042, respectively). Volunteers also reported 
reduced alertness at 2.5 h (P = 0.003). Moclobemide 
did not show the drop in delayed word recall which was 
seen in the placebo condition at I h (P = 0.031). 

Effects of lorazepam 

Choice reaction time was slowed at 1 h (P = 0.025), 
2.5 h (P = 0.009), and 4 h (P = 0.022). Digit vigilance 
accuracy was impaired at 1 h (P = 0.028) and 4 h post
dosing (P = 0.029). Memory scanning performance was 
consistently impaired at each of the five post-dosing 
assessments (1 h: P = 0.021; 2.5 h: P = 0.008; 4 h: 
P = 0.015; 6 h: P = 0.010; 8 h: P = 0.015). Delayed 
word recall accuracy was impaired at 2.5 h (P = 0.009) 
and 4 h (P = 0.002). Word recognition speed was im
paired at 1 h (P = 0.023), 2.5 h (P = 0.023) and 4 h 
(P = 0.01). 

Subjective alertness was reduced at 2.5 h (P = 0.002) 
and 4 h (P = 0.008). No other changes in subjective 
ratings were found. 

Effects of co-admi11istration of moxonidine 
and moclobemide 

None of the cognitive tests showed a statistically signi
ficant interaction between moxonidine and moclobe
mide. 

Effects of co-administration of moxonidine 
and lorazepam 

A statistically significant interaction was observed for 
choice reaction tnne (Fig. 1). The observed impairment 
was greater following co-administration of both drugs at 
4 h (P = 0.016). A similar profile of activity was also 
seen for the speed of detections in the digit vigilance task 
(Fig. 2), this being impaired at 2.5 h (P = 0.046). The 
p ercentage detections in this task also showed an inter
action effect, this being greatest at 2.5 h (P = 0.042). 
Simple reaction time did not show a similar profile in 
terms of statistically significant effects to these two tasks, 
but the overall trend was similar (Fig. 3). A significant 
interaction· was observed for the tracking task at 4 h 
(P = 0.043) (Fig. 4), the tracking error being consis
tently greater with co-dosing. 

Immediate word recall accuracy showed significant 
interactions at 4 h and 6 h (P = 0.009 and P = 0.002, 
respectively Fig. 5), although inspection of the figure 
will reveal that these were not the same type of inter
actions as seen for the choice reaction, vigilance and 
tracking tasks. For example, when moxonidine was co
dosed with lorazepam, the interaction at 4 h shows an 
impairment of accuracy compared with that observed 
with moxonidine alone. Delayed recall showed a similar 
pattern at 6 h (P = 0.045) (Fig. 6). 

0 2 

_.._ Placet)o 

3 4 5 
time(h) 

6 7 

--e- Moxonidine Alone 

8 

- T-· Lorazepa,n Alone -II- Moxorndine plus Lorazepam 

Fig. 1 The group means (SEM) of the four dosing conditions over 
time in study 2 for speed on the choice reaction time task 

Safety assessments 

There were no clinically significant changes observed in 
either study between pre- and post-dosing for the rou
tine laboratory tests, urinalysis and 12-lead ECG. 
However, changes in blood pressure and pulse rate were 
observed in study 1 where there was a slight fall of ap· 
proximately 8 mm Hg in both diastolic and systolic 

0 2 

_,.... Placebo 

3 4 5 
time(h) 

6 7 

·- • - Moxonidine Alone 

8 

-Y-· Lorazepam Alor,e -11- Moxonidine plus Lorazepam 

Fig. 2 The group means (SEM) of the four dosing conditions over 
time in study 2 for speed of detections on the digit vigila nce task 
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blood pressure following moxonidine treatment. Both 
falls had returned to pre-dose values by the 8.5-h as
sessment. 

There was no evidence of an interaction when mo
xonidine was co-administered with either moclobemide 
or lorazepam. 
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tracking task 
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Fig. 5 The group means (SEM) of the four dosing conditions over 
time in study 2 for the words recalled correctly in the immediate recall 
task 

Ad verse events 

A total of 47 adverse events were reported in study 1. 
Eighty per cent of events were mild in nature. The most 
frequently reported events were tiredness and dryness of 
mouth, the latter occurring only under the moxonidine 
treatment. A similar profile was observed in study 2 

s 

0 

l r 'O -5 
~ 

-------1 :'l \\ ---t,, ~ -10 

"' ti 
ei -15 · \ \ ' ,t---'-::.:-.:::-0 
0 
~ \ / 'O 

'"J 
:s 
~ 

·- -25 · \ r '"--f' 
~ 
ro \ --;r-. / l 
~ -30 

0 I 

t -35 

-40 - ----, 
0 2 3 4 5 6 7 8 

time(h) 

-~· Placebo -- Moxonidine Alone 

- Y- Lorazcepam Alone -- Moxonidine plus Lorazepam 

Fig. 6 TI1e group means (SEM) of the four dosing conditions over 
time in study 2 for the words recalled concctly in the delayed recall 
task 



AMN1002 
IPR of Patent No. 8,772,306 

Page 462 of 1327 

356 

Table 1 Summary statistics means (SEM) for the statistically significant cognitive performance tests. Statistics are based on changes from 
baseline 

Cognitive task 

Choice reaction time (ms) 

Simple reaction time (ms) 
Digit vigilance speed (ms) 

Digit vigilance accuracy (%) 

Study 1 

Moxonidine 
VS. 

placebo 

4.0 h: 22 (8) 
6.0 h: 20 (8) 

Moclobemide 
vs. 
placebo 

4.0 h: 17 (6) 
4.0 h: l 7 (8) 

Interaction: 
moxonidine/ 
moclobemide 

Study 2 

Moxonidine Lorazepam Interaction: 
vs. vs. moxonidine/ 
placebo placebo lorazepam 

l .O h: 20 (9) 4.0 h: 35 ( 14) 
2.5 h: 30 (11) 
4.0 h: 23 (JO) 

2.5 h: 25 ( 12) 

l.O h: -2 (1) 2.5 h: -4 (2) 
4.0 h: -3 (I) 

Immediate word recall 
accuracy(%) 

1.0 h:,-8 (4) (t1·end) 
4.0 h: -9 (5) (trend) 

4.0 h: 11 (5)" 4.0 h: -18 (6) 

Delayed word 
recall accuracy (%) 

Word recognition speed (ms) 

Word recognition sensitivity index 
Memory scanning speed (ms) 

Memory scanning index 
Visual tracking (mean error) 
Subjective alertness (mm) 

Subjective contentment (mm) 
Subjective calmness (mm) 

2.5 h: -9 (3) 
4.0 h: -1 l (4) 
4.0 h: -5 (2) 

"Represents an improvement relative to placebo 

1.0 h: 11 (5) 

2.5 h: -10 (3) 

Table 2 Summary of a dverse events for study l and study 2 

Event 

Tiredness 
Dizziness 
Dryness 
of mouth 

Other 
Total 

events 
Number 
of 
subjects" 

Study 1 

Moxonidine 
alone 

9 
3 
6 

7 
25 

12 

Study 2 

Moxonidine Placebo Placebo Moxonidinc 
+ alone + alone 
moclobemide moclobe-

mide 

3 1 1 9 
l 0 I 0 
0 0 0 6 

3 6 6 5 
7 7 8 20 

7 6 5 13 

6.0 h: 9 (4)" 

Moxonidine Placebo 
+ alone 
lorazepam 

4 I 
3 l 
0 0 

9 2 
16 4 

15 2 

• Number of subjects reporting an adverse event. Total number of su bjects in each study was 24 

6.0 h: -18 (5) 

2.5 h: -14 (5) 6.0 h: -13 (7) 

4.0 h: -19 (6) 
l.O h: 49 (21) 
2.5 h: 60 {26) 
4.0 h: 56 (21) 

1.0 h: 37 (l 6) 
2..5 h: 48 (l8) 
4.0 h: 54 (22) 
6.0 h: 43 (l6) 
8.0 h: 37 (!4) 

4.0 h: 2 (l) 
2.5 h: -12 (3) 
4.0 h: -9 (3) 

Total 

Placebo Moxonidine Placebo 
+ alone alone 
lor-
azepam 

2 18 2 
3 3 I 
0 12 0 

9 12 8 
14 45 ll 

12 25 8 

where a total of 55 adverse events were reported. Eighty
seven per cent of events were mild in nature. Again, the 
most frequently reported events were tiredness and 
dryness of mouth, the latter occurring only under the 
moxonidine treatment. 

These events are consistent with the known phar
macology of moxomdine, and the results of extensive 
clinical trials with the drug [IO, 11, 12]. 
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Discussion 

The primary purpose of these studies was to determine 
whether moclobemide or lorazeparn, when co-adminis
tered with moxonidine, produce cognitive effects which 
cannot be predicted from a knowledge of the effects of 
the individual drugs alone. When co-dosed with 1110-

xonidine, moclobemide showed no evidence of such an 
interaction in either cognitive performance or subjective 
state. However, when lorazepam was co-dosed with 
moxonidine, statistically significant interactions were 
obtained for choice reaction time, speed and accuracy of 
detections on the digit vigilance task, visual tracking, 
and both immediate and delayed word recall accuracy. 
Figures I to 4 indicate that the impairment produced by 
the two drugs was generally greater than would have 
been predicted from either drug alone. However, the 
interactions for word recall do not generally fit this 
pattern, a1.;d are most likely statistical anomalies pro
duced by improvements in moxonidine over placebo. 

The nature of the impairments with lorazepam and 
rnoxonidine co,dosing indicate that the volunteers ex
perienced extra difficulty in maintaining attention to the 
experimental tasks. These disruptions were evidenced by 
a decrease in the number of targets detected in the vig
ilance task and an increase in the time taken to detect the 
targets. Further, the speed of choice reaction time was 
increased, indicating a disruption both to the speed at 
which the volunteers made decisions about the infor
mation presented to them and also in the selection and 
execution of the appropriate response. The increased 
error on the tracking task could either reflect an im
pairment of the ability to maintain attention to the task, 
or an inability to co-ordinate the movement of the joy
stick necessary to track the target. The everyday impli
cations of these various effects would be a reduced 
capacity to conduct tasks which required high levels of 
concentration and rapid decision making. In terms of 
the magnitude of these additional impairments experi
enced when moxonidine is co-dosed with lorazeparn, a 
recent volunteer study has looked at the effects of lo
razeparn 2 mg on many of the same tasks [9]. On choice 
reaction time, the impairments at 2 and 4 h were in ex
cess of 200 and 400 ms, respectively, which is far in ex
cess of the 60- to 70-ms impairment with co-dosing in 
the present trial. For the digit vigilance task, the ~eak 
impairment produced by lorazepam 2 mg to detections 
and speed was 16% and 68 ms respectively, again 
greater than the 5% drop in detections and the 40-ms 
slowing of speed seen with lorazcpam and rnoxonidinc 
co-dosing in the present tnaL Finally, the peak impair
ment at 4 h in the previous trial with simple reaction 
time was 120 ms, which again is far in excess of the 
impairments with co-dosing seen at 2 h (38 ms) and 4 h 
(27 ms) in the present study. These data indicate, 
therefore, that although there is a clear and significant 
potentiation of the ability of lorazepam 1 mg to disrupt 
attention when co-dosed with moxonidine, the increased 
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impairments are still less than would be produced by a 
doubling of this dose of lorazepam. This is not to state 
that such potentiation will not lead to everyday attent
ional problems, but it does provide a reference point for 
the amount of extra disruption experienced. 

This st11dy has confirmed previous work showing that 
1 mg lorazepam impairs cognitive efficiency, the im
pairment peaking at 2.5 h and 4 h post-dosing. Com
paring the pattern of results of this study with a previous 
trial using the CDR system [5], in which I mg lorazepam 
was adrnmistered to volunteers, a general similarity in the 
profile of impairments was evident: impairments to 
choice reaction time, vigilance accuracy, memory scan
ning speed, delayed word recall accuracy and word rec
ognition speed were· observed in both studies. Hanks et 
al. also observed impairments of simple reaction lime 
and digit vigilance speed, while the present study identi
fied an impairment of subjective alertness which did not 
reach statistical significance in the study by Hanks et al. 

The effects on cognitive performance of moclobemide 
are directly consistent with previous findings. In a trial 
with elderly volunteers, the drug was found to improve 
verbal memory but disrupt performance on the digit 
vigilance task [17, 18], precisely what was observed in the 
present trial. In that trial no interaction of moclobemide 
with alcohol was detected, and in the present study no 
interaction with moxonidine was detected. 

Considering the cognitive actions of moxonidine, 
there was little overall evidence ofany effects from the 
two studies. Following dosing with moxonidine on day 5 
(study 2), there was evidence of improvement in the 
accuracy of immediate word recall, although, as was 
described in the results section, there were trends in the 
opposite direction in study l. In the first study, acute 
impairments were detected following dosing with mo
xonidine on digit vigilance speed, although this effect 
was not replicated 111 study 2. There was some evidence 
that repeated dosing of moxonidine impaired memory 
scanning performance, but again this effect was not de
tected in both studies. Further, Schmidt et al. [ 12], who 
studied the effects of 4-week treatment with rnoxonidine 
on the driving and psychometric test performance of 
hypertensive patients, reported no impairment of driving 
behaviour. 

From the results of this study, it appears that rno
xonidine, in the doses administered in this study, does 
not produce impairment of cognitive function. 

There were only two changes to the safety variables 
that were assessed during the study. There was a fall in 
diastolic and systolic blood pressure which returned to 
pre-dose values by the last assessment of the day. This 
isolated change did not require medical intervention. 
Recorded adverse events were consistent with the known 
pharmacology of moxonidine, moclobemide and lo
razepam. The majority of events were mild in nature and 
none required further medical intervention. There was 
no evidence of any interaction between moxonidine and 
moclobernide or lorazepam with regard to the safety 
variables. 
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Taking the results of both studies together, when 
moxonidine is administered alone or in combination 
with moclobemide, it produces few significant and con
sistent effects on cognitive efficiency. In addition, mo
xonidine was found to be safe and well tolerated in 
healthy volunteers. However, when moxonidine is co
administered with 1 mg lorazepam, impairments in at
tentional efficiency are evident, which are greater than 
when either drug is administered alone. Nonetheless, 
although these effects are important and may well dis
rupt everyday tasks requiring attention, they are less 
than would be produced by a doubling of the dose of 
lorazepam. 
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Abstract The effects of capsules containing 60 mg of a 
standardised extract of Ginkgo biloba (GK501) and 
100 mg of a standardised extract of Panax ginseng 
(Gl15) on various aspects of cognitive function were as
sessed in healthy middle-aged volunteers. A double 
blind, placebo controlled, 14 week, parallel group, re
peated assessment, multi-centre trial of two dosing regi
mens, 160 mg b.i.d. and 320 mg o.d. was conducted. 
Two hundred and fifty-six healthy middle-aged volun
teers successfully completed the study. On various study 
days (weeks 0, 4, 8, 12 and 14) the volunteers performed 
a selection of tests of attention and memory from the 
Cognitive Drug Research computerised cognitive assess
ment system prior to morning dosing and again, at l, 3 
and 6 h later. The volunteers also completed question
naires about mood states, quality of life and sleep quali
ty. The Ginkgo/ginseng combination was found signifi
cantly to improve an Index of Memory Quality, support
ing a previous finding with the compound. This effect 
represented an average improvement of 7.5% and re
flected improvements to a number of different aspects of 
memory, including working and long-term memory. This 
enhancement to memory was seen throughout the 
12-weck dosing period and also after a 2-week washout. 
This represents the first substantial demonstration of im
provements to the memory of healthy middle-aged vol
unteers produced by a phytopharmaceutical. 

Keywords Cognitive function· Ginkgo biloba · Panax 
ginseng · Computerised cognitive assessments · 
Attention · Working memory · Secondary memory 
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Introduction 

Extracts of the leaves from Ginkgo biloba L. contain 
ginkgo-flavone glycosides and terpenoids (Foster 1991) 
and these are known to have vasoregulating and viscosi
ty decreasing properties (KlciJncn and Knipschild 1992a, 
1992b). Ginkgo is widely prescribed in Europe, particu
larly in France and Germany, for the treatment of inter
mittent claudication and cerebral insufficiency (Kleijnen 
and Knipschild 1992a, 1992b). The latter is a vague term 
that covers a range of problems such as confusion, ab
sentmindedness, lack of energy, tiredness, forgetfulness, 
lack of concentration and depression. It is generally as
cribed to the effects of poor cerebral blood flow concom
itant to ageing (Kleijnen and Knipschild 1992a, 1992b ). 
Following a review of 40 studies, Kleijnen and Knips
ehild (1992a, 1992b) concluded that Ginkgo was benefi
cial in this condition. Given these past indications for 
improving mental function it is not surprising that re
searchers should turn their attention towards degenera
tive conditions. There is accumulating evidence that 
Ginkgo may be effective to some degree in improvmg 
cognitive functioning in patients with Alzheimer's dis
ease (Kanowski ct al. 1996; Maurer et al. 1997; Le Bars 
et al. 1997). This application of Ginkgo is further sup
ported by EEG work (Itil et al. l 998) and a recent review 
(Oken et al. 1998). 

The roots of Panax ginseng C.A. Meyer contain sev
eral triterpene glycosides named ginsenosides ( or pan
axosides), which are believed to contribute to the 
adaptogenic and physical performance enhancing prop
erties of the ginseng extracts (Baranov 1982). They arc 
used in traditional Chinese medicine to treat a large 
number of diseases, ranging from anaemia, diabetes 
mellitus, insomnia and neurasthenia lo gastritis, abnor
mal blood pressure, dyspepsia, ovcrstrain and fatigue 
(Baranov 1986). Published trials showing beneficial ef
fects of ginseng include those of D ' Angelo et al. (1986), 
demonstrating improvements on motor performance, 
and Rosenfeld et al. ( 1989), showing benefits on neuro
psychological measures. Beneficial effects on memory 
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have also been reported in animals (Pctkov ct al. 1993, 
1994). 

Previous research has shown beneficial effects of 
Ginkgo on cognitive function in elderly people with 
memory impairment (Rai et al. 1991) and idiopathic 
memory impairment in the elderly (Wcsncs et al. 1987). 
Specific effects of ginkgo on short-term memory have 
also been reported in healthy, young volunteers. As not
ed above, there have also been indications of benefits for 
cognitive functioning from ginseng in both humans 
(Rosenfeld et al. 1989) and animals. Given these find
ings, enhanced effects on cognition could be predicted 
from the combination of Gingko and ginseng. Given the 
suggestion that Ginkgo may be effective for ageing relat
ed disorders (Taillandier et al. 1986), and the observation 
that early use may delay the onset of deterioration 
(Warburton 1986), it would be interesting to observe the 
potential effects of the compound in healthy, middle
aged volunteers. This is a population who may frequent
ly express concern to medical practitioners about declin
ing mental faculties, and who may ask for advice about 
potential remedies, particularly given the publicity 
around recent high profile studies reporting positive re
sults for products such as Ginkgo, e.g. Le Bars ct al. 
(1997). Practitioners, however, may be unwilling to re
spond to such enquiries given the current lack of empiri
cal findings with these compounds in this population. 
Ginkgo biloba and Panax ginseng have been combined 
in a product containing 60 mg Ginkgo biloba and 
100 mg Panax ginseng per capsule (Ginkoba M/E; 
Phannaton Natural Health Products, Lugano, Switzer
land). This combined product was recently the subject of 
a double-blind study in 64 volunteers who satisfied crite
ria for neurasthenia (Wesnes ct al. 1997), a condition as
sociated with fatigue and tiredness. Significant benefits 
of the Ginkgo/ginseng combination on memory perfor
mance were seen l h after morning dosing with all three 
doses during 2 or more of the 3 assessment days over the 
90-day study period. However, occasional impairments 
were seen with the higher doses after a second daily dose 
administered at lunchtime. This impainnent was unex
pected as such effects have not previously been seen 
with either compound, even in large literature reviews 
(e.g. Kleijnen and Knipschild 1992a, 1992b). Given the 
absence of infonnation about the effects of either Ginkgo 
or ginseng in normal middle-aged volunteers, the present 
study was designed to test a substantial sample using the 
same combination of Ginkgo and ginseng. The object 
was to identify whether the combination has the benefi
cial effects on memory fm1ction seen in the previous 
study in middle-aged healthy individuals, and also to 
identify whether any evidence of a biphasic effect could 
be seen. The CDR computerised cognitive assessment 
system was used previously to study the Ginkgo/ginseng 
combination (Wesnes et al. 1997). It has also been shown 
to be sensitive to improved function with Ginkgo 
(Wesnes et al. 1987) and other compounds (e.g. Wesnes 
et al. 1989; de Wilde et al. 1995; van Harten et al. 1996; 
Moss et al. 1998) as well as impairments with various 

substances (e.g. Bailie et al. 1989; O'Neill et al. 1995; 
Ebert et al. I 998). 

Materials and methods 

Study population 

Two hundred and seventy-nine volunteers (age range 38-66 years) 
were randomised from seven health centres, two in Sweden and 
five in the United Kingdom. To exclude any volunteers with any 
evidence of clinically relevant diseases, each was screened before 
drug administration. Screening included a medical history, physi
cal examination, and routine laboratory tests. Volunteers were ex
cluded if they had signs or history of depression, evidence of de
mentia, clinically relevant abnormalities in medical history or ex
amination, history of alcohol or drng abuse, smoked more than ten 
cigaretlcs per day, had a history of food or drug allergies relevant 
to the study compound, had a clinically relevant deviation from 
nom1al of any finding during pre-study medical screening, were 
unable to perform the cognitive tests, were taking a cognition en
hancing substance, or were taking medication which may have 
been stopped at some time during the active dosing phase. The 
study was cm1ducted according the principles of the Declaration of 
Helsinki and good clinical practice, an ethics committee approved 
the protocol, and all volunteers gave written informed consent p,i
or to participating. Twenty-three volunteers were withdrawn after 
randomisation; four for medical reasons not connected to the study 
medications; six for personal reasons; eight because of protocol 
violations and five suffered mild adverse events. Of the 256 vol
unteers who satisfactorily completed the study, 93 were male, 163 
female. Mean age was 56.07 years (SD 6.87; range 38.1---66.6 
years). Mean weight was 77 kg (SD 15.01; range 47-124 kg). 
Mean height was 167 cm (SD 9.11; range 149 -1 96 cm). 

Study design, daily procedures and study medication 

The study was a placebo controlled, double-blind, parallel group, 
repeated measures trial of two dosing regimens of the Ginkgo/gin
seng combination; 160 mg b.i.d and 320 mg o.d. The 160 mg b.i.d. 
contains the recommended da ily doses of the two extracts, and 
was used in the previous study (Wes11es et al. 1997). The purpose 
of the single dose of 320 mg administered in the morning was to 
identify whether this would be a better method of administering 
the study compound. Each of the acti ve conditions had an identi
cal placebo condition. 

During the screening period each volunteer performed the 
CDR tes1s on four occasions for training purposes. There were 6 
study days. On each day the volunteers attended the study centres 
and were tested on the CDR computerised assessment system. At 
8.30 a.m., the vo lunteers in the b.i.d. groups took a single capsule, 
and those in the o.d. groups took both capsules. At 1.30 p.m., the 
volunteers in the b.i.d. groups took their second capsule. They 
were tested 4 times throughout the day, at approximately 
7.30 a.m., 9.30 a.m. , 11.30 a.m. and 2.30 p.m. These times con e
spondcd to I h before and I, 3 and 6 h after the morning dosing 
time. Volunteers also completed the Bond-Lader visual analogue 
scales at these times . The volunteers completed the Sleep ques
tionnaire on arrival and the other questionnaires mid-morning. The 
first and second study visits were 2 weeks apart and dunng this 
time all volunteers were dosed with placebo medication. After the 
second study visit, volunteers received their study medications. 
Four, 8 and 12 weeks later the volunteers returned for further 
study days. After the week 12 visit, dosing was discontinued, and 
the volunteers returned 2 weeks later for their final study day. On 
the days between the study visits the volunteers were instructed to 
take their capsules as closely as possible to the times on the study 
days. 
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Cognitive tests 

The Cognitive Drug Research (CDR) computerised cognitive as
sessment system. A selection of tasks from the system was admin
istered, parallel forms of the tests being presented at each testing 
session. All tasks arc computer-controlled, the information being 
presented on VGA colour monitors, and the responses recorded 
via response modules containing two buttons, one marked "NO" 
and the other "YES". The entire selection of tests took around 
25 min to perform and the tests were administered in the following 
order: 

Word presentation 

A list of 15 words was presented on the monitor at the rate of 
1 every 2 s for the volunteer to remember. 

Immediate word recall 

The volunteer was given 1 min to recall as many of the words as 
possible. The measures from the task were the percentage of 
words correctly recalled, the number of words recalled in error 
and the number of intmsions from previous lists. 

Picture presentation 

A series of 20 pictures was presented on the monitor at the rate of 
onw evciy 3 s for the volunteer to remember. 

Simp{e reaction lime 

The volunteer was instructed to press the YES response button as 
quickly as possible every time the word YES was presented on the 
monitor. Thirty stimuli were presented with a varying inter-stimu
lus interval. The outcome measure was the average reaction time 
in milliseconds. 

Digit vigi{ance task 

A target digit was randomly selected and constantly displayed to 
the right of the monitor screen. A series of digits was presented in 
the centre of the screen at the rate of 150 per minute and the vol
unteer was required to press the YES button as quickly as possible 
every time the digit in the series matched the target digit. There 
were 45 targets. The outcome measures were the percentage of 
targets correctly detected, the average reaction time of these detec
tions and the number of false positive responses (false alarms). 

Choice reacrion time 

Either the word NO or the word YES was presented on the moni
tor and the volunteer was instructed to press the corresponding 
button as quickly as possible. There were 30 trials, for each of 
which the stimulus word was chosen randomly with equal proba
bility and there was a varying inter-stimulus interval. The outcome 
measures were the percentage of eotTect responses and the average 
reaction time of these responses in milliseconds. 

Spatial working memo1y 

A picture of a house was presented on the screen with four of its 
nine windows lit. The volunteer memorised the position of the lit 
windows. For each of the 36 subsequent presentations of the 
house, the volunteer decided whether or not the one window, 
which is lit, was also lit in the original presentation. The volunteer 
recorded his response by pressing the YES or NO response button 
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as appropriate. The measures are the percentage of correct re
sponses and the average reaction time. 

Numeric working memory 

A series of 5 digits was presented for the volunteer to hold 111 

memory. This was followed by a series of 30 probe digits for each 
of which the volunteer decided whether or not it was in the origi
nal series and press the YES or NO response button as appropri
ate. The measures arc the percentage of correct responses and the 
average reaction time. 

Joystick tracking /ask 

ln this task the volunteer used a joystick to move an object on the 
screen in pursuit of a randomly moving target. The task lasted for 
l min. The measure is the average distance (mm) off target. 

Delayed word recall 

The volunteer was again given I min to recall as many of the 
words as possible. The measures from the task were the percent
age of words correctly recalled, the number of words recalled in 
error and the number of intrusions from previous lists. 

Word recognition 

The original words plus 15 distractor words were presented one al 
a time in a randomised order. For each word the volunteer indicat
ed whether or not he or she recognised it as being from the origi
nal list of words by pressing the YES or NO button as appropriate . 
The measures are the percentage of words correctly classified (ei~ 
ther as original or new) and the average reaction time. 

Picture recognition 

The original pi ctures plus 20 distractor pictures were presented 
one at a time in a randomised order. For each picture the volunteer 
indicated whether or not he or she recognised it as being from the 
original series by pressing the YES or NO button as appropriate. 
The measures arc the percentage of pictures correctly classified 
(either as original or new) and the average reaction time. 

Questionnaires 

The Bond and Lader ( 1974) Visual Analogue Scales: The l6 visu
al analogue scales (VAS) of Bond and Lader were combined as 
recommended by the authors to fonn three Factors: alertness, 
calmness and contentment. 

Profile of Mood States (POMS) (McNair et al. J 992) 

The 65 items from this adjective check list are combined as rec
om111ended by the authors into six individual factor scores : anger, 
confusion, depression, fatigue, tension and vigour. There is also a 
Total Mood Disturbance score (TMD) which is a combination of 
all six factors. 

General Well-Being Schedule (GWBS) (Dupuy 1984) 

This 22-item questionnaire investigates a wide range of issues rel
evant to mood, general health, and quality of life. The overall 
score is a summation of the responses to the 22 individual items. 
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The Hopkins Symptom Checklist - SCL-90-R (Hoffmann and 
Overall 1978) 

This questionnaire assesses a range of aspects of psychiatric well
being. The 90 items from this questionnaire are summed into an 
overall score. 

St Mary's Hospira/ Sleep Qt1estionnaire (Ellis et a/. 1981) 

This questionnaire assesses subjective sleep quality, volunteers an
swering questions about the depth of sleep, number of times 
awoke during night, amount of sleep, amount of sleep in the day, 
satisfaction with sleep, clear headedness on waking and ditliculty 
in getting to sleep. 

Analysis of cognitive function data 

For the cognitive function tasks described above there are a total 
of l 7 measures. In the present study, a total of 272 volunteers 
reached the pre--dose on day 0, and this was sufficient to conduct a 
factor analyses to provide a statistical basis for combining the 
17 measures into a limited number of scores. The statistical tech
nique used was to conduct a principal component analysis com
bined with a Varimax rotation. The SAS system was used to con
duct the analysis. The analysis detected five factors in the data that 
had eigenvalues greater than unity, and these were selected for ro
tation. The output from the analysts or the live rotated factors is 
presented in Table 1. Inspection of the output table will indicate 
that these are strong factors; firstly, the loadings are high and sec
ondly all but three of the 17 measures load uniquely on one factor. 
The factors are consistent with previous factor analyses of the 
CDR system (Ward and Wesnes l 999) and have internal consis
tency. The first factor, termed "Speed of Memory Index" involved 
the speed scores from the two episodic recognition tasks (word 

and picture recognition) and the two working memory tasks (spa
tial and numeric). This factor would appear to reflect the speed 
with which the subjects arc able to identify whether or not some
thing is being held in memory. The second factor, termed the 
"Quality of Episodic Secondary Memory", reflects the ability of 
the volunkers to hold and rettievc infonnation from secondary 
memory. This was a unique factor, the four measures not loading 
on any other factor. The ability to recall words, recognise words 
and recognise pictures is reflected independently of the speed with 
which they can be recognised, and this factor is argued to reflect 
the quality of episodic memory processes. The third and fourth 
factors involve the tasks that have an attentional component. The 
third factor involves the speed scores from simple reaction time, 
choice reaction time and the digit vigilance task, and this is inter
preted to reflect the "Power of Attention", the ability to allocate 
attentional processing to a pa11icular task, the ability to focus on a 
particular topic for relatively short periods of lime to the exclusion 
of other tasks . The fourth factor reflects another facet of attention, 
the "Ability to Sustain Attention" over the longer term, possibly 
independently of how hard one is concentrating; thus this task in
volves the ability to do the choice reaction task without making 
mistakes, the vigilance task without making false alarms or miss
ing targets, and the tracking task, the ability to follow the target. 
The two measures which load on the fifth factor, like those on the 
episodic memory factor, load only on that factor. These two mea
sures concern the capability of holding infonnation temporarily in 
the two sub-systems of working memory, the articulatory loop and 
the visual-spatial scratchpad. This factor is tem1ed the "Working 
Memory Quality Factor". There is another loading on tl1is factor, 
for the speed of responses from the visual-spatial task. This is a 
secondary loading for this measure (-0.37), its major loading 
(0.67) being on the "Speed of Memory Index". It does suggest a 
link between the speed and accuracy or performance on this task, 
and its loading is in the appropriate (reverse direction) to the load
ing for the accuracy of responding (0.73). The pmpose of the de
scriptions and titles which have been ascribed to the five factors 

Table l Output of principal components analysis showing the Varimax rotated factor structure of the various measures from the CDR 
computerised assessment system used in this study The significant factor loadings on the five factors arc shown with asterisks 

Factor 

2 3 4 

Speed of memory processes 

Picture Recognition Speed 0.80* -0.16 0.17 0.05 0.09 
Word Recognition Speed 0.77* - 0.30 0.02 0.09 0.14 
Numeric Working Memory Speed 0.74* -0.10 0.31 -0.17 - 0.13 
Spatial Working Memory Speed 0.67* 0.10 0.16 - 0.23 -0.37* 

Quality of episodic sec ondary memory 
Immediate word recall accuracy -0.12 0.84* 0.01 0.11 0.1 l 
Delayed word recall accuracy - 0.17 0.83* 0.04 - 0.02 0.07 
Word Recognition Accuracy -0.13 0.69* 0.13 0.03 - 0.06 
Picture Recognition A ccuracy 0.09 0.50* - 0.19 0.33 0. 10 

Power of attention 
Simple Reaction Time 0.10 - 0.3 0.81 * 10 0.2 
Choice Reaction Time 0.39* -0.2 0.68* - 16 - 0.ll 
Digit Vigilance Detection Speed 0.31 0.15 0.65* -24 ~0.8 

Continuity of attention 
Digit Vigilance Detection Accurncy - 0.08 0.04 - 0.06 0.76* 0.06 
Choice Reaction Time Accuracy 0.14 0.16 0.28 0.47* 0.27 
Digit Vigilance False Alanns 0.10 -0.06 -0.45* - 0.53* - 0.16 
Tracking En-or 0.09 -0.07 0.26 - 0.62* 0.04 

Quality of working memory 
Numeric Working Memory Accuracy -0.14 - 0.06 0.08 0.15 0.77• 
Spatial Working Memory Accuracy 0.08 0.24 - 0.15 -0.0l 0.73" 
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T:ible 2 The four combined factor scores from the cognitive tests. Quality of Memory Index and the Continuity of Attention, posi-
Note the data at week O are the raw pre-dosing baseline scores and tive change scores reflect improvements, while for the other two 
those at weeks 4-14 are the change from baseline scores. For the indices, negative scores reflect enhancements 

Week Placebo Active 

-I h I h 3 h 6h -I h I h 3 h 6h 

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Quality o[Mcmory Index 

0 365.5 7.449 326.3 6.55 320.3 7.477 326.4 7.693 366.1 4.631 321.4 4.841 318.5 4.964 311.6 5.135 
4 6.772 4.969 6.209 6 6.021 6.157 5.397 6.589 6.894 3.663 I 3.55 4.034 9.766 4.172 21.07 4.154 
8 l 1.87 5.926 7.918 6.518 18.94 5.734 0.222 6.406 13.65 3.666 21.6 4.281 19.65 4.344 19.94 4.617 

12 18.51 6.081 12.01 5.677 17.21 6.328 12.71 5.491 15.84 3.707 23.25 4.244 18.25 3.883 24.56 4.394 
14 17.53 5.438 8.386 7.243 14.28 5.647 1.249 6.458 18.49 3.906 18.34 3.946 19 72 4.552 27.66 3.95 

Speed of Memory Index 

0 3335 58.93 3358 58.11 3350 58.14 3323 59.87 3328 41.19 3380 45.38 3359 41.88 3333 41.93 
4 -42.9 38.91 32.65 39.14 -66.2 32.98 -64 44.53 -91.8 23.7 -39.1 27.05 -62.9 23.28 -105 28.68 
8 -124 35.42 -60.7 37.62 -I 17 40.87 -80 42.58 -92 25.86 -IOI 31 -147 29.6 -129 28.l I 

12 -216 35.8 -159 35.72 -184 40.17 -88.9 44.5 -194 24.21 -142 30.42 -194 31.02 -173 27.27 
14 -274 44.78 -226 41.31 -226 37.42 -196 35.36 -334 28.02 -263 30.09 -237 30.02 -205 27.47 

Continuity o[ Attention 

0 57.1 l l.012 59.07 0.778 58.54 0.946 58.02 1.018 56.37 0.788 57.36 0.685 57.74 0.645 57.68 0.622 
4 0.934 l.118 -l.23 1.063 --0.49 0.773 1.089 0.759 1,295 0.608 0.787 0.613 0.566 0.563 -0.13 0.585 
8 2.33 0.701 -0.32 0.883 O. l 0.724 0.252 0 987 1.904 0.61 I. I 37 0.604 -0.31 0.694 0.411 0.477 

12 2.685 0.827 -l.05 l.025 ~0.15 0.619 1.076 0.812 1.93] 0.744 0.939 0.595 l.029 0.53 0.746 0.468 
14 3.338 0.917 1.209 0.713 1.653 0.684 1.358 0.739 2.251 0.741 1.149 0.646 1.061 0.468 -0.07 0.7 

Power or Atten1ion 

0 I l 19 I 1.05 I 144 12.63 I 145 12 .24 1141 12.94 I 130 7.805 1141 7.807 I 146 8.226 1148 7.987 
4 14.91 6.504 12.25 7.14 10.18 8.226 13.52 7.681 8.716 4.836 23.22 5.273 17.87 4.971 8,943 5.124 
8 33.96 6.744 27.14 7.515 22.61 7.028 26.55 7.65 11.36 5.245 28.97 5.8 29.26 5.415 15.52 5.563 

12 22.18 7.679 l 1.92 7.23 17.62 6.948 23.31 7.456 13.2 5.487 24.08 5.381 25.75 5.538 15.39 5.89 
14 18.48 7.487 17.89 7.75 19.72 7.649 18 61 7.175 14.93 5.694 20.15 6.08 20.75 5.86 5.64 6.006 

identified by the analysis has been to provide some suggestions of 
the functions which might be reflected by the factors. However, it 
should be noted that they do not imply empirical justifications of 
dissociations between various aspects of function. 

In the previous study with this medication (Wesnes et al. 1997), 
a combined measure of memory quality was used as the primary 
outcome variable which was a direct combination of the two mem
my quality factors identified in the present analysis. For this rea
son, together with the clear support for the individual stmcture of 
the factors reflecting the quality of episodic and working memory, 
these factors have been combined for the present study to fonn a 
derived score termed the Quality of Memory lndex. This was se
lected prior to the randomisation code being broken as !he primary 
outcome variable in this study. This index combines the accuracy 
scores from six of the ten tasks used in the study. The three other 
factor scores were also analysed as secondary measures. 

Statistical analysis 

The study day prior to the commencement of dosing was used as 
the pre-study baseline (week 0). for the cognitive tasks and VAS 
scores at pre-dose, 1, 3 and 6 h post-dose on week O were used as 
baselines for subsequent weeks, and subtracted from the scores at 
equivalent time points at weeks 4, 8, 12 and 14. These difference 
from baseline data were subjected to a split-plot ANOVA, fitting 
between subject terms for (dosing) regimen (two levels: 160 mg 
b.i.d., 320 mg o.d.) and (dosing) condition (two levels: placebo, 
verum), and within subject tcnns for week (four levels: weeks 4, 
8, 12, 14) and daily test sessions (pre-dose, 1, 3, 6 hours post
dose). Terms were also fitted for all possible interactions between 

these three main factors. For the other questionnaire data, w-hich 
were assessed just once per study day, the scores on week O were 
used as baselines for subsequent weeks, and subtracted from the 
scores at weeks 4, 8, 12 and 14. These difference from baseline 
data were subjected to 11 split-plot ANOVA, fitting between sub
JCCt terms for (dosing) regimen (two levels: 160 mg b.1.d., 320 mg 
o.d.) and (dosing) condition (two levels: placebo, verum), and 
within-subject terms for week (four levels: weeks 4, 8, 12, 14). 
Terms were also titled for all possible interactions between these 
three main factors. The sofu,,are package SAS was used to analyse 
the data, using the procedure GLM. 

Results 

Cognitive function data 

Primary outcome variable: Quality of Memo,y Index 

for the primary outcome variable, the Quality of Mem
ory Index, the analysis revealed a main effect of the 
Ginkgo/ginseng combination [F(l ,250)=5; P=0.026], 
which did not interact with the dosing regimen 
[F{l,250)=0.31; P=0.58], nor the successive weeks of 
testing [F(3,750)=0.93; P=0.43], though there was a 
trend for an interaction with the time of testing on the 
study days [F(3,750)=2.22; P=0.084]. There were no 
higher order interactions. Inspecting the data in Table 2, 
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Table 3 The six tasks which comprise the Quality of Memory lndex. Note the data at week O arc the raw pre-dosing baseline scores and 
those at weeks 4-14 are the change from baseline scores. For all tasks positive change scores reflect improvements 

Week Placebo Active 

-1 h 1 h 3 b 6h -I h lh 3h 6h 

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Spatial Working Memoty (%) 

0 85.95 2.312 77.97 2.716 77.51 2.901 76.35 3.276 86.0 1.608 76 2.112 74.7 2.189 72.32 2.456 
4 0. 144 2.43 4.138 3.284 0.043 3.739 1.394 3.85 2.30 8 l.62 4.576 2.489 2.50 72.55 4.105 2.751 
8 5.647 2.084 l.017 3.598 7.428 3.302 2.155 3.979 5.05 91.7 9.048 2.226 7.5 32.33 7.737 2.698 

12 6.767 2.224 4.138 3.456 8.261 2.949 5.718 3.388 4. 76 3 l.52 6.503 2.541 8.63 22.37 10.78 2.598 
14 5.273 2.132 0.761 3.675 8.664 2.904 4.871 3.517 5.23 7 l.74 7.738 2.3 9.81 52.40 13.12 2.328 

Numeric Working Memory(%) 
0 91.8 1.493 91.19 1.196 91.11 l.571 89.42 1.505 92.2 0.91 89.01 1.109 90.0 1.033 86.94 l.245 
4 -0.54 1.012 0.613 1.521 -2.53 1.795 2.682 1.555 -0.7 5 l.08 l. I l l 1.081 -0.9 10.93 4.26 l.143 
8 2.069 1.309 0.62 1.585 1.379 1.313 2.605 1.596 1.49 9 l.07 2.103 1.087 3.86 61.06 5.128 1.305 

12 l.533 1.407 1.532 l.571 0.69 U.62 4.904 1.492 1.93 3 l .05 4.881 J.l l l 2.80 11.04 5.168 1.224 
14 1.226 1.585 l.225 l.161 l.226 1.192 -0.31 1.494 2.99 80.99 3.055 1.156 0.7 I l.l 2 3.55 1.368 

Immediate Word Recall (%) 

0 34.94 1.58 28.62 1.407 29.88 1.497 31.07 l.632 35.52 0.969 29.01 1.019 28.22 0.91 l 29.9 0.909 
4 1.8 1.454 1.456 l.404 0. 115 1355 1.839 1.506 0.612 l.OJ3 l .065 1.055 l.065 1.04 0.651 1.055 
8 1.724 J .612 2.223 1.605 0.23 1.591 -0.38 1.538 1.282 l.044 1.183 l.081 1.854 1.009 --1.38 l.lO l 

12 2.414 1.591 2.53 1.656 -0.54 1.547 -l.95 1.486 1.972 l.023 2.347 l.l84 2. I 51 1.069 0.888 1.007 
14 2.605 l.661 2.874 1.62 0.154 1.424 ---0.31 1.498 3.334 l.!43 1.755 l.l l 2.288 1.01 1.282 1.038 

Delayed Word Recall (%) 
0 20.76 l.739 7.43 1.695 5.246 2 011 9.077 1.946 22.9 l.052 9.267 l.125 8.97 1.176 8.064 1.255 
4 3.563 1.559 -0.34 2.162 4.2[4 1.779 0.881 1.786 !. 79 51.09 l.361 1.243 1.77 51.32 3.708 1.32 
8 1.954 1.735 3.41 2.025 5.364 1.8 -0.42 1.656 2.44 61.19 4.28 1.292 2.42 61.28 3.708 1.346 

12 4.176 1.71 l 2.107 2.107 4.788 2.053 0.459 1.653 3.72 81.1 3.768 1.324 1.36 11.35 3.l 16 1.414 
14 4.061 1.605 3.64 2.47 3.946 2.192 -0.57 1.986 3.39 31.22 2.663 1.212 3.43 21.28 5.049 1.208 

Word Recognition(%) 
0 56.17 2. l04 49.42 2.285 46.51 2.247 49.96 2.188 55. l 1.445 47,l l.444 47.5 1.553 46.07 1.604 
4 0.996 2.121 -0.23 2.392 1.303 2.225 -3.07 2.275 -0.2 4164 3.333 1.638 2 .24 91.76 4.182 1.692 
8 -2.45 2.358 - 1.47 2.603 0.689 2.348 -2.76 2.314 - 0.5 11.67 2.024 1.706 0.98 71.59 1.46 1.622 

12 2.07 2.126 -0.08 2.251 0.612 2.601 - 0.84 2.33 0.15 7 l.61 1.548 1.571 0.3 l 61.68 2.919 1.762 
14 0.919 1.888 -1.61 2 688 -0.23 2.285 - 2.15 2.084 0.98 61.64 0.119 1.677 -0.6 71.76 2.052 1.742 

Picture Recognition(%) 
0 75.92 2.085 71 .67 2.228 70.06 2.126 70.52 2.149 741 1373 70.98 1.47! 68 .9 1.473 68.28 1.548 
4 0.805 1.728 0.575 1.874 2.874 1.901 1.667 1.743 3.16 6 l.10 2.173 1.291 3.07 71.21 4.142 1.248 
8 2.931 2.008 1.744 1946 3.851 2.056 - 0.98 1.985 3.87 61.09 3. 125 1.372 2.98 81.33 3.284 J.33 

12 1552 1.861 l.782 1.967 3.391 1.908 4.425 1.737 3.28 41.37 4.286 1.424 2.98 81.38 1.686 1.485 
14 3.448 1.827 l.494 l.998 0.517 2.23 -0.29 2.233 2.54 41.35 3.065 1.48 4.14 21.34 2.604 1.531 

it is clear that the effect seen represents an enhancement ing continuity in the data. Taking the improvement at 
in performance, the volunteers who were taking the 6 h, for five of the six tasks performance was superior 
medication were remembering more infonnation than with active than placebo on each of the 4 study days, 
those taking placebo. Although all but one of the four and for the sixth, immediate word recall, weeks 12 and 
time points on the 4 study days showed a benefit of ac- 14 were superior, while weeks 4 and 8 were not. A simi-
tive over placebo, the improvements did seem to be lar pattern can be seen at l h for the two recognition and 
greater at 1 and 6 h post-dosing. The data have been col- two working memory tasks, and on 3 of 4 study days for 
lapsed over the 4 study days and are presented graphi- delayed word recall. 
cally in Fig. I . Herc we can see that the basis for the 
statistical trend between dosing condition and time of 
testing on the study days was the greater benefits seen Secondary variables 
mainly at 1 and 6 h post-dosing. Six measures have 
been combined to form this index, and in Table 3 these There were no main effects of the Ginkgo/ginseng combi-
measures arc shown individually to allow the reader to nation for the other three derived variables; power of at-
examine the patterns. This table illustrates the underly- tention [F(l,250)=0.79; P=0.38), continuity of attention 
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Table 4 The Bond and Lader VAS 

Week Placebo Active 

-lh 1 h 3h 6h -lh I h 3h 6h 

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 

Self-Rated Alertness (VAS) 

0 62.92 1.801 61.22 l.839 60.61 1.95 l 59.74 1.98 l 62.32 1.161 62 1.293 62.12 1.309 60.61 1.272 
4 0.36 1.258 -0.33 1.329 0.236 1.269 -0.25 1.354 0.025 0.904 0.555 1.069 -0.74 0.906 -0.09 1.015 
8 0. 702 1.408 1.164 l.462 0.615 1.557 0.141 l .455 l.959 l.145 0.168 I.I -0.28 0.945 -0.72 1.068 

12 2.436 1.581 1.524 1.519 1.523 J.553 -0.81 1.49 l 0.879 1.119 0.955 0.958 0.793 0.967 l.479 J.021 
14 3.937 1.46 3.379 1.569 4.417 J.556 2.32 l .67 2.173 l.143 1.535 1.052 JJ 57 0.931 2.938 1.234 

Self-Rated Calmness (VAS) 

0 62.94 2.098 62.74 1.849 61.88 2.046 60.72 2.078 62.55 l.239 62.l 5 1.373 61.25 1.295 62.38 1.372 
4 2.18 1.989 2.31 1.403 2.017 J.782 l.615 1.621 0.645 l.133 0.527 l.388 2.10] l.!94 2.234 1.332 
8 -0.91 2.159 -0.62 1.868 1.207 1.787 3.305 J.781 3.201 l.194 2.179 l.318 2.926 1.237 - 0.41 1.329 

12 3.006 1.817 2.667 1.61 4.615 1.835 4.569 2.105 2.293 1.189 1.071 l.393 3.26 l. 106 3.095 1.277 
14 3.262 2.172 3.385 1.843 2.092 l.853 2.397 2.184 3.75 l l.279 2.5 l.388 4.92 1.309 2.325 J.454 

Self-Rated Contentment (VAS) 

0 70.72 1.617 69.89 1.721 70.14 l.544 70.68 1.603 68.61 1.084 68.59 1.179 69.35 1.134 70.22 1.165 
4 0.342 l.391 -0.41 1.438 0.4 1.335 --0.48 l.294 0.596 0.969 l.771 0.894 0.698 J.O l 5 0.48 0.867 
8 -{l.64 1.604 1.114 1.457 0.186 l.577 -l.43 l .429 2.974 l.094 1.863 l.067 l.135 0.94 l 0.372 0.822 

12 2.035 1.556 l.933 1.55 2.228 J.739 O.Sl l l.502 0.582 1.126 2.231 0.998 J.985 0.936 0.875 0.894 
14 1.788 l.656 1.943 1.595 2.198 l.732 1.28 J.573 3.73 l.027 3.56 0 929 l.479 0.926 3. 127 1.036 

Memory Quality Factor 
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Fig. 1 The effects of the Ginkgo/ginseng combination on the 
Quality of M~mory fndcx over the study days. Data are means and 
SE. Ascending values represent improvements over pre-dose 

[F(l ,250)=0.2; P=0.65], and the speed of memory pro
cesses {F(l,250)=0.05; P =0.82]. There were no signifi
cant interactions, though for the speed of memory pro
cesses there was a three-way interaction which narrowly 
missed significance between dosing condition, week of 
testing and visits over the study day [F(9,2250)= 
1.85; P=0.056] . Inspecting the means in Table 2, it can 
be seen that the basis for this trend was improvements 
for active over placebo which occurred on 12 of the 
16 possible occasions. This effect supports the Quality of 
Memory Index by showing that the improvements m ac-

curacy are generally accompanied by improvements in 
speed. Importantly, at 6 h, the time when the improve
ment to quality was greatest, the improvements in reac
tion time were greater for the combination over placebo 
over all 4 study days. 

Possible influence of age 

'The ages and age ranges in the four groups were compa
rable: l 60 mg b.i.d. placebo, mean age 56.0 years, SD 
7.4, range 38.7-65.7; 160 mg b.i.d. verum, mean age 
55 .5 years, SD 6.9, range 40.2-65.4; 320 mg o.d. place
bo, mean age 56.0 years, SD 7.4, range 38.7- 65.7; 
320 mg o.d. verum, mean age 56.4 years, SD 6.8, range 
40.9- 66.6. Statistical analysis using ANOVA showed no 
differences between the age of the volunteers in the four 
groups [F(3,252)=0.35; P=0.79J. The pattem of results 
therefore could not have been the result of differential 
age ranges in the four groups. 

Questionnaires 

The data from the various questionnaires are summarised 
in Table 4 and Table 5. There were no main effects of 
dosing upon any derived measure from the various ques
tionnaires, though there was a three-way interaction be
tween dosing condition, week of testing and visits over 
the study day for the factor score Calmness 
[F(9,2241)=1 .97; P=0.03 8] from the Bond-Lader VAS. 
Inspecting Table 4, it is not clear what is the basis for 
this interaction_ 
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Table 5 The summary changes in the four questionnaires adrnin-
istered in this study, lhc Profile of Mood States (POMS), the Hop-
kins SCL-90-R and the General Well Being Scale (GWBS) 

Week Placebo Active 

Mean SE Mean SE 

POMS 

0 5.843 2.795 4.534 l.80 
4 -0.229 l.517 -1.147 l.19 
8 1.193 1.987 -2.245 1.12 

12 -3.325 1.937 -4.742 l.21 
14 -1.120 2.229 -4 706 1.27 

GWBS 

0 87.04 1.24 88.16 0.86 
4 --0.345 0.77 0.178 0.60 
8 -2.149 1.02 -0.187 0.67 

12 0.3\0 l.00 0.902 0.67 
14 0.595 I. I I 1.687 0.71 

SCL-90-R 

0 100.8 2.20 98.15 1.44 
4 -l.690 l.26 -l.l 10 0.96 
8 -l. 762 l.42 -2.409 l.02 

12 -3.131 132 -3.652 0.94 
14 -3.738 1.76 -4128 0.98 

Discussion 

This study has demonstrated that a combination of 
Ginkgo biloba and Panax ginseng has beneficial effects 
on the memory of healthy middle-aged volunteers. This 
confirms the beneficial effects seen on the Quality of 
Memory Index in the previous study with this combina
tion (Wesnes et al. 1997), and extends this finding from 
middle-aged volunteers with neurasthenia to the middle
aged in general. What is also very clear from this study 
is that there was no biphasic effect of the combination as 
was suggested in the previous study, in fact the effects 
were actually most potent at 6 h post-morning dose, the 
time at which some impainnents were seen in the previ
ous study. As this trial was four times as large as the pre
vious trial, and as the benefits at 6 h in this study were 
evident at weeks 4, 8, 12 and 14, whereas the deficit was 
only seen on day 90 in the previous trial and not on 2 
previous study days; it must be concluded that the im
painnent identified in the previous trial was either an 
anomaly or instead something specific to volunteers who 
satisfy the criteria for neurasthenia. 

The improvement to memory seen in this study was 
seen in an index which combined the accuracy scores 
from six tasks. As can be seen from Table 3, these im
provements occurred for all of the tasks which contribut
ed to the memory index. Two of the tasks involved the 
ability to hold infonnation within working memory. Re
cent theory has proposed two sub-systems within work
ing memory (Baddeley 1986) the articulatory loop and 
the visuo-spatial scratchpad. These two subsystems were 
assessed using the numeric working memory task and 

the spatial working memory task, respectively. The other 
tasks reflect primarily episodic secondary memory. The 
ability to recall words, both in the short and longer term 
was assessed, as was the ability to recognise these words 
when mixed up with other words. Also assessed was the 
ability to recognise previously presented pictures. The 
results arc therefore that that a combination of Ginkgo 
biloba and Panax ginseng can improve the capacity to re
tain information in working memory as well as the abili
ty to store and retrieve infomiation from episodic sec
ondary memory. It was particularly important that the 
"decision times" on the memory tasks were not length
ened. Had this occurred, it would have suggested the 
possibility that a change in task perfonnancc strategy 
had taken place. Clearly the time taken to recognise in
formation is very important, and if the volunteers had 
taken longer, this may have accounted for the improve
ments in accuracy. However, exactly the opposite oc
curred, the trend being for speed to increase as accuracy 
nnproved, and this indicates further that this is a very ro
bust effect. 

A fu1ther important aspect of the effects of the combi
nation on cognitive function is that they were largely re
stricted to memory, although attention was comprehen
sively assessed with tasks of proven sensitivity to 
change. This is also precisely what was seen in the previ
ous study with the combination (Wesnes et al. 1997). 

Finally, in considering the nature of the findings, it is 
important to assess the magnitude and duration of the ef
fect. The improvements in the memory index at 6 h 
ranged from 6.4% to 8.8% over the 14 weeks of assess
ment, and averaged 7.5%. Considering that these were 
normal volunteers, this is in clinical tenns a large im
provement. There are actually very few instances in the 
literature of a compound producing enhancements to 
memory function in nom1al middle-aged volunteers, and 
consequently there are no "gold standards" or "yard 
sticks" available for comparative purposes. Thus, in
stead, the effect could be considered in terms of whether 
it is desirable; and it is probable that most middle-aged 
people would feel an improvement of between S and 
l 0% would be worih having. In tenns of the time course 
of the effect, it is clearly in place after 4 weeks of dos
ing, and most importantly it is still present 2 weeks after 
dosing is stopped. lnis latter effect is very exciting, as it 
is clearly not seen with the first generation of anti de
mentia drugs, the anticholincsterases (Rogers et al. 
1998). This suggests either that it produces some form of 
structural change in the CNS, or that the mechanisms by 
which it produces its effects remain active for at least a 
fortnight. In future work, it would be worthwhile to es
tablish precisely how long this effect persists. 

This represents one of the first substantial demonstra
tions of improvements to the memory of healthy middle
aged volunteers . There are no known major health risks 
associated with either Ginkgo or ginseng, and they are 
readily available over the counter. As people enter their 
late middle age, concerns about dementia become more 
widespread, and the opportunity to take a "herbal" prep-
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aration to help prevent the onset of mental decline will 
be attractive to many. Many patients will ask their family 
practitioner about the availability of such compounds in
cluding anti-dementia drugs. This study provides a ratio
nale for one course of action from medical practitioners 
who are presented with such requests. 
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Absence of Effect of Sertraline on Time-Based Sensitization 
of Cognitive Impairment With Haloperidol 

Stephen A. Williams, M.B., B.S., Ph.D., 
Keith Wesnes, Ph.D., Stuart D. Oliver, M.A., M.B., B.Chir., 

and William G. Rapeport, M.B., B.Ch., M.R.C.P.(UK) 

This double-blind, randomized, placebo-controlled study evaluated the effects of haloperidol 
alone and haloperidol plus sertraline on cognitive and psychomotor function in 24 healthy male sub
jects. Method: All subjects.received placebo on Day I and haloperidol 2 mg 011 Days 2 and 25. From 
Days 9 to 25, subjects were randomly assigned to either sertraline (12 subjects) or placebo (12 sub
jects); the sertraline dose was titrated from 50 to 200 mg/day from Days 9 to 16, and remained at 200 
mg/day for the final IO days of the drug administration period. Cognitive function testing was per
formed before dosing and over a 24-hour period after dosing on Days I, 2, and 25. Results: Impair
ment of cognitive function was observed 6 to 8 hours after administration of haloperidol on Day 2 but 
was not evident 23 hours after dosing. When single-dose haloperidol was given again 25 days later, 
greater impairment with earlier onset was noted in several tests in both treatment groups, suggesting 
enhancement of this effect. There was no indication that sertralinc exacerbated the impairment pro
duced by haloperidol since an equivalent effect also occurred in the place90 group. Three subjects (2 
on sertraline and I on placebo) withdrew from the study because of side effects. Ten subjects in each 
group reported side effects related to treatment. The side effect profiles of sertraline and of placebo 
were similar. Conclusion: Haloperido! produced a clear profile of cognitive impairment that was not 
worsened by concomitant sertraline administration. 

A ntidepressant agents, such as serotonin selective re
uptake inhibitors (SSRls), and neuroleptic drugs, 

such as haloperidol , are frequently used in combination to 
treat patients with psychotic depression, bipolar disorder, 
or schizoaffective disorder, among other conditions. Both 
therapeutic drug classes act centrally and affect neuro
transmitters. The putative mechanism for the antidepres
sant effect of sertraline and other SSRis is inhibition of the 
serotonin uptake pump. i.i. SSRis also indirectly influence 
dopamine via serotonergic innervation of dopamine neu
rons. 3 Haloperidol is a major tranquilizer widely used in 
the management of psychoses that has strong central an
tidopaminergic activity.4 

The SSRls have the potential to cause extrapyramidal 
side effects, such as akathisia and tremor, owing to their 
indirect effect on dopamine neurons.3 Since the extrapyra
midal side effects associated with haloperidol therapy are 
attributed to its antidopaminergic activity,4 the indirect ef-

From Pfizer Central Research, Sandwich (Drs. Williams 
and Rapeport), Cognitive Drug Research, Reading(Dr. 
Wesnes), and the Besselaar Clinical Research Unit, Leeds, West 
l'orkshire (Dr. Oliver), United Kingdom. 

Reprint requests to: William C. Rapeport, M.B., B.Ch., 
M.R.C.P.(UK), Pfizer ltd., Ramsgate Road, Sandwich, Kent 
CT13 9NJ, United Kingdom. 

J Clin Psychiatry 1996;57 (suppl 1) 

(J Clin Psychiatry 1996;57/suppl 1}:7-11) 

feet of SSRls on dopamine might potentiate these effects 
that are caused by haloperidol and other neuroleptic 
drugs.3 Worsening of extrapyrarnidal side effects has been 
anecdotally reported with concurrent fluoxetine and halo
peridol administration.5'

6 

This study was conducted to determine if concomitant 
administration of sertraline and haloperidol results in a 
drug interaction of potential clinical significance. The ef
fects of single, 2-rng doses of haloperidol on cognitive 
function were assessed before and after steady-state 
sertraline administration. 

SUBJECTS AND METHOD 

A double-blind, randomized, parallel-group study was 
conducted in 24 healthy male volunteers to assess the in
fluence of sertraline on the central nervous system effects 
of haloperidol. 

Healthy male subjects between the ages of l 8 and 45 
years were eligible for the study. Subjects who had a his
tory of asthma, eczema, or clinically significant drug al
lergy were excluded, as were those who had used pre
scriplion or over-the-counter drugs during the 2 weeks 
prior to the study. Subjects were excluded if they were 
recreational drug users, smoked more than 5 cigarettes 
daily, or were moderate-to-heavy consumers of alcohol. 

7 
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All subjects gave informed consent before participating 
in the study. 

Study Drug Administration 
All subjects received placebo on Day 1 and haloperi

dol 2 mg on Days 2 and 25. From Days 9 to 25, subjects 
received oral sertraline or matching placebo. The dose of 
sertraline was increased to 200_ mg/day over 7 days: pa
tients were given 50 mg on Day 9; 100 mg/day on Days 
10 to 12; 150 mg/day on Days 13 to 15; and 200 mg/day 
on Days 16 to 25. All study drugs were administered un
der supervision immediately before a standard breakfast. 
No drugs other than the study drugs and acetaminophen 
were allowed during the study. 

Study Procedures 
All subjects attended four training sessions related to 

the tests of cognitive and psychomotor function that were 
used in the study (see Table 1). Tests were performed be
fore administration and 2, 4, 6, 8, and 23 hours after ad
ministration of the study dmgs on Days l, 2, and 25. 

Cognitive testing was conducted using the Cognitive 
Drug Research computerized assessment system.7•

8 Infor
mation is presented on 14-inch resolution monitors and 
responses are recorded via a response module containing 
"YES"/"NO" buttons. The tests used have been described 
previousll and are listed together with the major out
come measures in Table 1. Apart from the d2 test, 10 which 
is a pencil and paper cancel1ation test, and word recall, in 
which the volunteers write down the words they can re
member, all responding was recorded via the response 
buttons. In addition, after testing was completed, the vol
unteers completed sixteen 10-cm visual analogue scales 
concerning their subjective state. 11 Finally, the experi
menter rated the alertness of each volunteer on a scale of 
O (comatose) to 100 (totally alert). 

Physical examinations were perfonned at the screen
ing visit, on Days 1 and 26, and at the follow-up visit on 
Day 32. Two measurements of supine blood pressure and 
pulse rate were taken at the screening visit; on Days 1, 2, 
9, 16, and 25; and at the follow-up visit. A 12-lead elec
trocardiograph was done at the screening and follow-up 
visits. 

Clinical laboratory tests, including hematology, clini
cal chemistry, and urinalysis, were perlormed at the 
screening visit; on Days 1, 9, 16, and 25; and at the fol
low-up visit to evaluate safety. Glucose-6-phosphate de
hydrogenase, glucose, and hepatitis screening were per
formed at the screening visit, and urine drug screening 
was performed at the screening visit and on Day 25 be
fore haloperidol dosing. Side effects were recorded at 
each visit, and extrapyramidal side effects were assessed 
after dosing and completion of tests of cognitive and psy
chomotor function on Days l, 2, and 25 as rated by the 
Simpson-Angus Neurologic Rating Scale. 12 

8 

Statistical Methods 
The effects of haloperidol alone were determined by 

using SAS PROC GLM (SAS Institute. Cary, N.C.) to 
compare data from Day l (placebo) with data from Day 2 
(haloperidol alone). Plots of residuals against predicted 
values and against normal scores indicated adequate 
homogeneity of variance and normality for the primary 
variables. Subjective volunteer alertness as rated by in
vestigators demonstrated a severe departure from homo
geneity of variance and nonnality. Therefore, nonpara
metric analyses were performed. The sphericity test was 
performed on effects of repeated measurements to test the 
symmetry of the variance-covariance matrix. If the data 
did not satisfy the assumption of type H covariance, the 
probability level associated with the Huynh-Feldt adjust
ment was used. 

To identify whether sertraline altered the cognitive 
effects of haloperidol, a similar analysis was performed 
taking sertraline/placebo-sertraline as the between-group 
factor; taking Days 2 and 25, the two successive adminis
trations of haloperidol, as the second factor; and taking 
the repeated testing sessions over each study day as the 
third factor. If sertraline altered the effects of haloperidol, 
this would be seen as a three-way interaction between 
these factors. 

RESULTS 

The mean age of the subjects was 26.3 years in the 
sertraline group and 23.3 years in the placebo group. 
Three subjects (2 sertraline, I placebo) withdrew because 
of side effects possibly or probably related to treatment. 
One subject given sertraline discontinued because of a 
syncopal episode, and another discontinued because of 
rigors, nausea, and vomiting. The subject given placebo 
who discontinued reported numerous side effects, includ
ing agitation, dizziness, hot flushes, nausea, sexual dys
function, tremor, and vomiting. 

Comparison of data from Day I with data from Day 2 
indicates a clear profile of cognitive impairment and re
duced alertness 6 to 8 hours after administration of halo
peridol (Table ] ). Haloperidol significantly impaired tests 
of attention and information processing such as simple re
action time, choice reaction time, number vigilance reac
tion time, number vigilance accuracy, rapid information 
processing accuracy, and d2 cancellation. Tracking ability 
was disrupted, and there was significant elevation of the 
critical flicker fusion threshold. There was no evidence of 
impaired vigilance or attentional efficiency the following 
morning. 

The analyses identified a number of significant inter
actions between the 2 days of haloperidol dosing and the 
successive testing sessions (Table 1). These reflected 
greater profiles of cognitive impairment with the second 
administration of haloperidol. On Day 25, greater impair-

J C!in Psychiatry 1996;57 (suppl 1) 
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Table L Summary of Effects of Haloperidol 2 mg Alone and Plus Sertraline 200 mg or Placebo on Cognitive Function and 
Psychomotor Performance* 

Interaction of S ertral ine With 
Haloperidol (Day 2) vs Haloperidol (Day 25) Change of Effects of Haloperidol 

Task Measure (Units) Placebo (Day I} 

Simple reaction time Speed (msec} p<.01 
Choice reaction time Speed (rnscc} p < .05 
Digit vigilance Accuracy (%) p < ,001 

Speed (rnsec} p < .000 I 
Rapid information processing Accuracy (%) p < .0001 

Speed (rnsec) NS 
Logical reasoning Accuracy (%) NS 

Speed (rnsec) NS 
Memory scanning Sensitivity (SI) NS 

Speed {msec) NS 
Tracking Mean error (mm) NS 
Immediate recall Accuracy (%) NS 
Delayed recall Accuracy (%) NS 
Word recognition Sensitivity (SI) NS 

Speed (rnsec) NS 
d2 Cancellation Efficiency p < .05 
Critical flicker fusion Threshold (Hz) p < .05 
Visual analogue scale Alertness (mm) NS 

Calmness (mm) NS 
Contentment (mm) NS 

Experimenter rating Alertness of volunteers p< .05 
*Abbrevia1ion: NS= not significant. 

ment was seen on four measures (simple reaction time, 
choice reaction time, digit vigilance reaction time, and the 
alertness of the volunteers as assessed by the experi
menter) with a significantly earlier onset of action (at 2 
hours postdose). In addition, a wider range of measures 
were impaired on Day 25, including rapid information 
processing time, tracking, delayed word recall, word rec
ognition sensitivity, and self-rated alertness. Importantly, 
the analysis (see Table I) failed to demonstrate that sertra
line dosing had any influence on the effects ofhaloperidol, 
the increased effects of haloperidol being seen equally in 
the patients who received sertraline as those who received 
placebo-sertraline. There were significant three-way inter
actions for two measures, d2 cancellation and critical 
flicker fusion. For d2 cancellation, the effect represents a 
faster recovery from the effects of haloperidol for the vol
unteers given sertraline. The effect on critical flicker fu
sion is unrelated to sertraline and represented a difference 
between the two groups of volunteers . Inspection of Fig
ure I will clarify that the greater impainnents with halo
peridol 2 mg on Day 25 occurred independently of whether 
sertraline was administered to the volunteers. There was 
also some evidence that the sertraline group got slightly 
faster by Day 25 (evident in the 0-hour and 24-hour data), 
which while not significant for this measure, was signifi
cant for choice reaction time, number vigilance reaction 
time, and rapid information processing time. These effects 
did not interfere with the effect of haloperidol, but suggest 
a mild cognition enhancement produced by sertraline as
suming no significant effects on the haloperidol levels. 

Ten of 12 subjects in each group reported side effects of 
mild-to-moderate severity. The side effect profiles of 

J Clin Psychiatry 1996;57 (suppl 1) 

vs Haloperidol (Day 2) From Day 2 to Day 25 

p < .05 NS 
p < .01 NS 

NS NS 
p < .05 NS 

NS NS 
p< .01 NS 

NS NS 
NS NS 
NS NS 
NS NS 

p < .001 NS 
NS NS 

p < .05 NS 
p < .05 NS 

NS NS 
NS p < .05 
NS p < .05 

p < .005 NS 
p < .05 NS 

NS NS 
p < .001 NS 

Figure L The Effects of Haloperidol 2 mg on Day 2 ·and Day 
25 Presented Separately for the Volunteers Who Received 
Placebo-Sertraline in Between and Those Who Received 
Sertraline 
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sertraline and placebo were similar. The most frequently 
reported side effects were fatigue (8 subjects in each 
group), headache (3 on sertraline, 2 on placebo), nausea (3 
on sertraline, 2 on placebo), dizziness (2 subjects in each 
group), diarrhea (2 on sertraline, I on placebo), increased 
sweating (1 on sertraline, 2 on placebo), vomiting ( 1 on 
sertraline, 2 on placebo), and somnolence (0 on sertraline, 
2 on placebo). One subject in the sertraline group had evi
dence of extrapyramidal side effects (moderate shoulder 
and mild elbow stiffness) on Day 25. There were no treat
ment-related abnonnalities in laboratory test results or 
other measures of safety. 

g 
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DISCUSSION 

The effects of haloperidol on cognitive function and 
psychomotor perlormance as observed in this study are 
consistent with those that would be expected with a drug 
that depresses the central nervous system and may be 
viewed as an extension of its pharrnacologic activity. An 
interesting but totally unexpected finding was that the 
single, 2-mg dose of haloperidol produced greater impair
ment in cognitive function and psychomotor performance 
on Day 25 than on Day 2 in both placebo and sertraline 
groups. Inspection of Figure l will indicate that the effects 
of haloperidol on Day 2 had worn· off completely by 24 
hours for both groups of volunteers. The earlier onset of 
impairment on Day 25 is thus not a traditional carryover 
effect. In previous work with scopolamine, no change in 
the pattern of impairments was seen with three administra
tions of 0.6 mg scopolamine a week or more apart.8 This 
effect is thus not typical of repeated acute administrations 
of cognitively impairing compounds. This observation of 
potentiation of impairment with two single doses of a drug 
several weeks apart has previously been demonstrated in 
animal experiments, 13 but has not, to our knowledge, been 
documented in man. This phenomenon has been termed 
"time-dependent sensitization," and in the case of rats ex
posed to haloperidol, it has been found that reexposure to 
the same compound up to 8 weeks later produces marked 
enhancement of the response. The mechanisms underlying 
this phenomenon are of great potential interest but are 
poorly understood. 

Sertraline 200 mg/day-a dose four times higher than 
the usual, effective therapeutic dose of 50 mg/day 14--did 
not potentiate the cognitive and psychomotor function im
pairment observed after haloperidol administration alone. 
Previous studies in healthy volunteers, 15

•
16 subjects be

tween 50 and 67 years of age, 17 and elderly volunteers 
(mean age= 67 years) 18 demonstrated that sertraline alone 
does not impair psychomotor performance. 

Although not observed in the present study, potentiation 
by SSRJs, such as fluoxetine, of the extrapyramidal side 
effects caused by neuroleptics such as haloperidol has been 
reported. 5•

6 This effect may be the result of a pharmacody
namic drug-drug interaction related to the effects of SSRls 
and haloperidol on dopamine.3 Others have suggested that 
it may be caused by a pharmacokinetic drug-drug interac
tion that results inincreased plasma neuroleptic concentra
tions.6 However, there are insufficient data to establish the 
mechanism for the interaction. 

Pharmacokinetic drug-drug interactions between SSRis 
and haloperidol may occur because both are metabolized 
by the cytochrome P450 enzyme system and both inhibit 
cytochrome P450 2D6 activity. 18

-
26 Paroxetine and fluoxe

tine in clinically effective doses have been shown to have a 
greater potential for inhibiting cytocl::.rome P450 2D6-
mediated metabolism of drugs, such as desipramine, than 

10 

does sertraline. 18
•
23

-
26 The findings of the present study are 

consistent with those of Lee et al.;7 who reported that 
coadministration of sertraline and haloperidol was ·associ
ated with a modest decrease (28%) in plasma haloperidol 
levels and a decrease in reduced haloperidol levels that are 
unlikely to be of clinical significance. 

This study found no pharmacodynamic interaction be
tween sertraline and haloperidol with respect to cognitive 
function testing. However, the findings must be inter
preted within the limitations of the study design. The dose 
of haloperidol evaluated was limited to relatively low, 
single-dose administration because the study was being 
carried out in normal volunteers. Plasma drug concentra
tions of sertraline and ha]operidol were not measured. By 

inference, the absence of potentiation of the pharmacody
namic effects of haloperidol suggests that sertraline coad
ministration does not cause significant inhibition of halo
peridol clearance. 

In conclusion, administration of a single, low dose of 
haloperidol impaired cognitive function and alertness in 
normal volunteers. Administration of high doses of sertra
line did not potentiate the impai1ment of cognitive func
tion observed with haloperidol alone. 

Drug names: acetaminophen (Tylenol and others), desipramine (Nor.
prarnin and others). fluoxcline (Prozac), haloperidol (Haldol and oth
ers), paroxetine (Paxil). scopolaminc (lsopto-Hyoscinc and others), 
sertraline (Zoloft). 
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Abstract 

y-Hydroxybutyric Acid (GHB) is thought to be a weak partial agonist at the y-aminobutyric acidB Receptor (GABARR), but 
the precise relationship of the GHB receptor (GHBR) to the GABAnR remains unclear. ln order to test the hypothesis that the 
GHBR is n ot identical to the GABA11R, we conducted two groups of experiments. First, GABA0R subtype l (Rl) and/or sub
type 2 (R2) were over expressed in HEK 293 cells and membrane binding studies on the transfected cells done using [3HJGHB 
and i3HJ (2E)-(5-hydroxy-5,7,8,9-tetrnhydro-6H-benzo[a][7]annulen-6-ylidcnc) ethunoic acid ([3HJNCS-382). The latter is a specific 
antagonist at the GI-IB binding site. Second, [3H]GHB and [3H]NCS-382 autoradiographic binding studies were done on the 
brains of mice in which the gene for GABA11Rla was deleted. Such mice do not have a functioning GABA11R. There was no 
detectable specific ["H]GHB or [3H]NCS-382 binding in HEK 293 cells transfcctcd with GABAuRl, R2, or RI/R2. Binding to 
[3H]CGP54626A, a high affinity GABA8R antagonist, was absent in GABAuRla·/·· mice. There was no difference in [3HJNCS-
382 binding observed in the brains of GABA 8RJa·-/-, GABA8 R ll1+/- or GABA 8 R Ja 1·I •· mice. Specific [3HJGHB binding was 
observed in the brain of GABA8Rla- / ·· mice but was significantly lower than 111 wild type mice. These data support the hypoth
esis that the GHB binding site is separate and distinct from the GABA8 R. 
© 2004 Elsevier Ltd. All rights reserved. 

Key"'<mlr: Epilepsy; GABA receptor; y-!Iydroxybutyric Acid; Ligand binding; Gene trnnsfcction 

1. Introduction 

y-Hydroxybutyric Acid (GI-IB) is a short chain fatty 

acid that occurs naturally in mammalian brain (Doherty 
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et al., l 978). The primary precursor for GHB in the 
brain is y-aminobutyric acid (GABA) (Snead et al., 
1989). GHB has many properties which suggest that 
this compound may play a role in the brain as a 
neurotransmitter or neuromodulator. These character
istics include a discrete, subcellular distribution for 
GHB and its synthesizing enzyme and the presence of 
specific, high affinity [3HJGHB binding sites in the 
brain. the anatomical distribution of which correlates 
with GHB turnover. As well, GHB is released by 
neuronal depolarization in a ca+2-dcpendent fashion 
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and a Na+·dependent GHB uptake system has been 
demonstrated in brain (Maitre, 1997), as well as a 
distinct ontogeny for the GHB receptor (GHBR) 
{Snead, !994). 

GHB has the ability to induce a number of pharma
cological and behavioral effects (Snead, 2002), has been 
shown to induce perturbation of a number of neuro
transmitters (Maitrc, 1997), and has found clinical use 
in the treatment of alcoholism and narcolepsy, and as 
an anesthetic (Wong et al., 2003). Further, GHB has 
emerged recently as a major recreational drug of abuse 
(Bernasconi ct al., 1999; Wong et al , 2004). The 
mechanism(s) by which GHB induces these ubiquitous 
pharmacological effects is not clear. GHB has been 
postulated to be a weak GABAll receptor (GABAHR) 
agonist (Bernasconi et al., 1999; Lingenhoehl et al., 
1999), but there also is evidence that GHB may acti
vate a specific, presynaptic GHBR in the brain which is 
separate and distinct from the GABA8 R (Snead, 2000). 
Although a specific GHBR antagonist, NCS-382, tra
ditionally has been used to characterize the GHBR 
(Maitre el ,ii., 1990; C,istelli et ,ti.. 2002), there is recent 
evidence (Andriamampandry et <.ll.. 2003) in support of 
NCS-382-insensitive GHBR subtypes in the bram. 

A number of studies have been published that have 
assessed the affinity of GHB for the GABA8 R and the 
ability of GHB to activate the GABAHR, Virtually all 
of this work has examined the effect of GHB on the 
pharmacological, electrophysiological, biochemical, 
and/or binding characteristics of the GABAnR 
(Erhardt et al., 1998; Bernasconi et al.. 1999; Lingen
hoehl ct al , 1999; Castdli et ell., 2002: Gervasi et al., 
2003). However, there arc few data concerning the spe
cific affmity of GABA8 R agonists and antagonists for 
the GHBR as measured by [3H]GHB or [3HJNCS-382 
binding techniques (Snead, 1996). The experiments 
described below were designed to test the hypothesis 
that the GHBR is separate and distinct from the 
GABAuR. To this end, we investigated the binding 
affinity of [3H]GHB and [3HJNCS-382 for recombinant 
GABA8 R as well as the binding properties of these iso
topes in mice lacking the gene for GABA8 R I. 

2. Methods 

2. I. Malerials 

(HJCGP54626A with specific activity of 40 Ci/mmol 
was obtained from Tocris Cookson Ltd. (UK). 
[3H]GHB with specific activity of 60 Ci/mmol and 
[3H]NCS-382 with specific activity of 20 Ci/mM were 
obtained from American Radiolabelled Chemicals Inc. 
(USA). The plasmid constructs of GABA8 R lb and 
GABAllR2 clones tagged with hcmagglutanin (HA) 
were obtained lrom GlaxoSmithKline, UK. The mouse 

monoclonal antibody against hemagglutanin (anti-HA) 
was purchased from Covance Inc. (USA). The guinea
pig anti-GABA8 RI, anti-GABAHR2 polyclonal anti
bodies and the secondary antibodies were purchased 
from Chemicon International, Inc. (USA). 

2.2. Cell culture and tra11.~fection 

HEK 293 cells were cultured in Dulbecco's modified 
Eagle's medium supplemented with 10% !'eta! calf 
serum, penicillin, and streptomycin. The cells were 
transiently transfected with human GABA8 Rl b or 
GABA8 R2 alone or together with GABA8 R!/R2 
using the eITectene transfection reagent (Qiagen). The 
transfection efficiency was monitored by the expression 
of enhanced green fluorescent protein (EGFP) (Clon
tech). At least 3011., ol' cells were transfected in all of 
binding assay experiments performed. 

2. 3. Jmmunoblol analysis 

HEK 293 cells were harvested by centrifuge and sus
pended in samples buffer (62.5 mM lris-base, 2'% SDS, 
10°/i, glycerol; pH 6.8). Protein quantification was 
determined by BCA assay (Pierce). Samples were 
heated for IO min at 37 °C before loading. Equal 
amount of protein was loaded in each lane (15 11g/ 
lane), separated with 4-20'Yo gradient SDS-PAGE gel 
and transferred to nitrocellulose membranes. The blots 
were probed with guinea-pig anti-GABA8 Rl (I /1000) 
or GABAnR2 polyclonal antibodies (I/ 1000) or mouse 
monoclonal anti-HA (0.5 µg/ml), followed by appro
priate horseradish peroxidase-conjugated secondary 
antibodies. Protein-antibody complex was visualized 
with enhanced chemiluminescence reagents. The mol
ecular weight was estimated with BIO-RAD Prestained 
SDS-PAGE Standards. 

2. 4. lmmunofiuorescence 

HEK 293 cells were shocked with 2.5% DMSO 12 b 
after transfoction. After 3 h, the cells were plated onto 
35 mm dishes containing poly-L-lysine coated cover 
slips. Thirty-six hours after transfection, cells were 
fixed in 2% paraformaldehydc for 10 min. washed in 
0.1 M phosphate buffer solution (PBS) and blocked for 
l h with 10% normal goat serum. To label surface pro
teins, the cells were incubated overnight in the primary 
antibody at 4 °C, washed in PBS, and incubated 30 
min at room temperature with anti-mouse specific Cy3. 
The same cells were then permeabilized with 0.1 % Tri
ton X-100 for 10 min after rinsing with PBS, incubated 
in primary antibody for 3 h at 4 °C, incubated in anti
mouse specific FTTC for 30 min at room temperature, 
and examined under a confocal microscope. 
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2.5. lvfembrane preparation and ligand binding assay.r 

Forty-eight hours after transfcetion, BEK 293 cells 
were collected and homogenized in buffer containing 
10 mM Tris-I-IC! (pH 7.4) and 0.1 mM EDTA. Pellets 
of membrane protein were prepared by centrifuging at 
1000 x g for 5 min, collecting the su perna tan t, and then 
centrifuging at 15, OOOxg for 20 min. Protein quantifi
cation was determined by BCA assay (Pierce). 

The binding assay of [3H]CGP54626A, a labeled 
high affinity GABAB receptor antagonist, was done by 
the method described by Bischoff et al. (1999). Mem
brane protein (50----100 µg) was resuspended with buffer 
containing 50 mM Tris-HCI (pH 7-4), 2.5 mM CaCl2, 

and 0.5 nM [3H]CGP54626A and agitated at room 
temperature for 30 min. Specific binding was determ
ined in the presence of cold GABA in a concentration 
of 0.1 1,M-l mM. In the GHB competition experi
ments, a concentration range of I 00 µM-100 mM was 
used. 

[3H]GI-IB binding was done by the method of 
Ratomponirina et al. (1998). Membrane protein (50 11g) 
from HEK 293 cells was resuspended with 0.1 M pot
assium phosphate buffer (pH 6.0) and incubated at 
4 °C for 60 min with [3H]GI-IB (50 or 100 nM). Non
specific binding was determined in the presence of cold 
GHB in a concentration of 5 mM. Following incu
bation in triplicate, 1 ml aliquots were filtered on 
Whatman GF /B filters with a Brandel cell harvester 
and rapidly washed 3 times with 5 ml buffer. The 
ligand bound was counted by liquid scintillation. 

The binding of [31-I]NCS-382, a GHBR ,mtagonist 
(Maitre et aL, 1990), was done by the method described 
by Mehtr1 et ,il. (2001). Aliquots of 0.1-0.2 mg protein 
were incubated with (3H]NCS-382 (20 nM) in Tris buffer 
(50 mM, pH 7.4) in 1 ml total volume. Nonspecific 
binding was determined in the presence of I mM 
NCS-382. Following incubation in triplicate, I ml 
aliquots were filtered on Whatman OF /B filters with a 
Brandel cell harvester and rapidly washed 3 times with 
5 ml buffer. The ligand bound was counted by liquid 
scintillation. 

2.6. GABA 8 K·/- mice 

GABABR ·/- mice were created as described by 
Prosser et al. (2001 )_ Briefly, homologous recombi
nation in embryonic stem cells was used to generate a 
mouse lacking the GABAuR 1 subunit. Specifically, 
GABAHRl exons 2 to 6 were replaced with a 
p-galactosidase (geo) fusion gene, thus removing the 
translation initiation codons of both the GABA8 R I a 
and GABAnR 1 b splice variants_ R T-PCR analysis has 
revealed complete loss of GABABRl mRNA in 
GABA8 R - / - mice and western blot analysis of brain 
tissue from GABAuR ·-/-- mice using antibodies specific 

for either GABAuRla, GABAllRlb, or panGABA8Rl 
showed a complete lack of GABA8 Rl subunit 
expression. GABA8 R wild type, heterozygous, and 
knockout mice were sacrificed by decapitation at the 
age postnatal day 18, their brains rapidly removed, 
rapidly frozen, and stored at -80 °C until use. All 
experiments were conducted according to the require
ments of the United Kingdom Animals (Scientific Pro
cedures) Act (1986) and strictly conformed to the 
ethical standards of GlaxoSmithKline Phannaceuticals. 

2. 7. [ 3 H ]CGP54626A autoradiography 

[
3H]CGP54626A autoradiography was performed 

upon GABABRlai / ·1 , GABA8 Rla+I-, and 
GABA 8 Rl a-1-· mice as described (Bischoff ct al., 
1999). The mice were sacrificed by decapitation and 
brains removed and immediately immersed in iso
pentane at -35 °C. Coronal sections were cut al 20 µm 
at -20 °C and thaw-mounted onto gelatin-coated slides 
that were dried and stored at -80 ° C until used. Before 
[3HJCGP54626A binding, brain sections were kept at 
room tempernture for 1 h and then preincubated for 15 
min in Krebs-Henscleit buffer. Total binding was per
formed in Krebs-Henseleit buffer containing 2 nM 
r3HJCGP54626A for 2 hat room temperature. Ten micro
molar of (-)baclofen was used to account for nonspecific 
binding. 

2. 8. [1 H ]GHB autoradiography 

[3H]GHB autoradiography was performed upon 
GABABRJa+I+, GABA8 Rla 1· / -- , and GABAllRla-1-
mice as described (Banerjee ec al., 1993). Brain sections 
were thawed al room temperature for 1 h and pre
incubated in I 00 mM phosphate buffer (pH 6.0) for 30 
min at 4 °C and air-dried. Triplicate tissue sections were 
incubated in the same buffer containing 30 nM [3H]GHB 
for 30 min at 4 °C. ln saturation experiments, equilibrium 
constants were generated by using 10 different concentra
tions of [31-I]GHB ranging from 2 to 500 nM. Nonspecific 
binding was determined in the presence of 5 mM unla
beled Na+-free GHB since the GHB transport system in 
brain is strongly Na·1·-dcpcndent (Benavides et al., 1982). 
The nonspecific binding represented less than 10°/i, of the 
total binding at concentrations near the apparent dis
socicition constant (Kp) for GHB. After three successive 
buffer washes (10 s each at 4 °C), sections were dipped in 
ice-cold deionized water and then air-dried. 

2.9. [3II)NCS-382 au/oradiography 

[3H]NCS-382 autoradiography was performed upon 
GABABRla+/-i, GABA8Rla+I-, and GABA8 Rla-l
mice as described (Goulcl ct al., 2003). Brain sections 
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were thawed at room temperature for 1 h and incu
bated in 50 mM Tris-HCI buffer, pH 7.4 at 4 °C con
taining 1 µM [3H]NCS-382 for 20 min. Nonspecific 
binding was determined in the presence of 500 µM 
unlabeled Na+-free GHB. The nonspecific binding 
represented less than 10% of the total binding a t con
centrations near the Ko for [3H]NCS-382 which is 
reported to be 0.5-1 µM (Mehta et aL 2001). Follow
ing incubation, sections on slides were washed for 3 
min in 50 mM Tris-HCI buffer, pH 7.4 at 4 °C, and 
dipped for 1 s into ice-cold deionized distilled water. 
The sections were air-dried. 

2.10. Quantitative analysis 

The autoradiographic data were analyzed as 
described (Snead, 2000). Dried tissue sections were 
opposed to hyperfilm-bmax film (Amersham, Arling
ton, IL) with ['HJ microscale standards (Amersham) 
for 2-3 weeks at room temperature. The films were 
developed in D-19 (Kodak), fixed, and dried. Quanti
tative analysis of the resulting autoradiograms was per
formed densitometrically using a microcomputer based 
densitometer system (MCID; Imaging Research, 
Ontario, Canada). Brietly, a standard curve between 
the optical density (o.d.) of [3H] standards and tissue 
radioactivity equivalents (pmol/ mg of tissue) was con
structed using a non-linear regression analysis . The 
average o.d. values of the selected brain regions were in 

A Anti-GABA8Rl 

C Anti-HA 

the linear portion of this standard curve. The pmol/ mg 
value in each brain region was calculated by interp
olation using the image analyzer (Banerjee ct al., 1998). 
Five to eight readings were determined and averaged 
for each anatomic area analyzed. Student's 1-test 
(unpaired and two-tailed) was used to analyze the sig
nificance in all of the experiments. 

3. Results 

3.1. Cell swface exptession of GABA 8 RJ was observed 
when GABAaRl was co-tra11.1fec1ed with GABA 8 R2 

The endogenous expression of GABAB receptors was 
undetectable in non-transfected HEK 293 cells (Fig. l}. 
When HEK 293 cells were transfected with plasmid 
cDNA of HA-GABA8 Rlb and/or HA-GABABR2, 
over expression of GABA8 Rl and/or GABA8 R2 
was observed by immunoblotting analysis with the 
antibody against GABAuRI (Fig. lA), GABA8 R2 
(Fig. 1 B), and anti-HA (Fig. 1 C). The subcellular loca
lization of GABAn receptors in the transfected HEK 
293 cells was ascertained by irnmunofiuorescence. Fig. 2 
demonstrates that GABA8 R I b tagged with a HA epi
tope at the N-terminus was absent from the cell surface 
of transfected HEK 293 cells under non-permeabilized 
condition (Fig. 2A). However, cell surface expression 
of HA-GABA8 Rlb was observed when HA
G AB A 8 R I b was co-transfected with GABA 8 R2 

B Anti-GABABIU 
133 -

83 -

Fig. I. Immun oblo tting an alysis with the w ho le lysatc of n on-transfecled HEK 293 cells and HEK 293 cells transfcctcd with HA-G ABAnR lb 
(J\, C), or Hi\-GABAnR2 (8 , C), or co-transfcctcd H A-GABA6 R I b with H A-GA BABR2 (C). Expression of G ABAaR l b in transfecled HEK 293 
cells was detected by using guinea-pig polyclonal anli-GABA 8 RI (A) or mo use monoclonal anti-HA (C). Expression of G ABABR 2 in lransfcclcd 
HE K 293 cells was observed by using guinea-pig polyclonal anti-GABAnR2 (B) or mouse mon oclon al an ti-HA (C). R elevant molecular weight 
markers are indicated on the left-hand side. 
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A B 

C D 

Fig. 2. Subccllular localizat.ion of GABAHRlb expressed in J-IEK 
293 cells. Surface expression was detec1ed using HA antibody and 
anti-mouse specific Cy3 antibody in the non-permeabilized cells 
(upper panel) . lntrn-cellular receptors were detected in the same cell~ 
after permeabiliza tio n using HA antibody and anti-mouse s pecific 
FlTC antibod y (lower panel) , GABAHRl b alone (A, C). GABABRlb 
to gether with G ABA11R2 (B, 0). Co-transfec1io11 with GABABRl b 
and GABAsR2 resulted m the surface expression of GABA.Rib (B). 

(Fig. 2B). Staining under permeable conditions con
firmed that HA-GABAnR lb was expressed intracellu
larly in both instances (Fig. 2C, D). 

3.2. The helerodimerizat/011 between GABAsRl and 
GABA 8 R2 significantly increased [3 JJJCGP54626A 
binding specificity 

Ligand-binding assays were used to measure the abil
ity of GABA to compete with the antagonist 
[3H]CGP54626A for binding sites on the recombinant 
GABAn receptors. HEK 293 cells transfecled with 
GABAnR 1 b showed specific, high affinity 
[3H]CGP54626A binding while those transfcctcd with 
GABABR2 showed no specific [3H]CGP54626A bind
ing (data not shown). In the HEK 293 cells co-trans
fected with GABABR!b and GABA 3 R2, the IC50 

value for GABA was 12.6 µM; however, the IC 50 value 
for GABA was 31 .6 JiM in the HEK 293 cells express
ing GABA 8Rlb alone. These results arc in agreement 
with previous reports (Kaupm,1nn ct al., 1998; Lingcn
hoehl et al. , 1999), and demonstrate the va lidity of our 
assay system. 

100 

80 

~60 
C 
0 

.t: 
~ 40 
~ 

.E 
20 

D 
GHB 3 mM 

-R1b 
QR1b/R2 

*** 

GHB30 mM 

~ I I:· 

GHB 100 mM 

Flg, 3. The inhibition of ['HJCGP54626A binding al recombinant 
GABA" receptors in J-IEK 293 cells by cold GHB. The cells were 
transfected with human GAllA.Rlb alone (R lb) or together with 
GAI3AsR2 (Rib/Rh The binding asscty was performed using 50 11g 
membrane proteins from the tnmsfcctcd cells. 0.5 nM 
['HJCGP54626A and cold GHB in " concentration from 3 to 100 
mM. Data were expressed IL~ me-an value± S.E.M. from three inde
pendent experiments in trip1icate. Stati~tical comparison using Stu
dent's I-lest found a signilic,rnl diITcrcncc of GHB inhibition in the 
group (Rlb/ R2) v,. the group (Rlh) c"· P < 0.001). 

3.3. Partial displacement of3[HJCGP54626A binding 
in GABAlJ receptor recombinant HEK cells required an 
extremely /ugh concentration of GHB 

The addition of 30 or I 00 mM of GHB to HEK cells 
transfected with GABA 8 R l b inhibited [3H]CGP54626A 
binding by l 6.3 ± 2.9% and 42.0 + 3.9%, respectively 
(Fig. 3). Furthermore, co-transfection of GABAuRI b 
with GABA8 R2 significantly increased the displacement 
rate of ['H]CGP54626A binding by cold GHB in con
centrations of both 30 and 100 mM in comparison to 
that ofGABABRlb alone (P< 0.001) (Fig. 3) However, 
at concentrations of GHB of 3 mM (Fig. 3) or lower 
(data not shown), the inhibition of [3HJCGP54626A
binding by GHB disappeared , even with co-expression 
ofGABABRlb with GABAuR2. 

3.4. Neither CH B nor NCS-382 had any affinity for 
J-ecombinant GABA 8 receptors 

There was no demonstrable specific [3H]GHB binding 
using 50 and 100 nM (data not shown) of [3H]GHB in 
membranes prepared from HEK 293 cells that had been 
transfected with GABA8 R 1 b or GABABR2 alone, co
transfected with GABA8 Rlb and GABAuR2, or 
wild type HEK 293 cells. Similarly, there was no detect
able specific binding of [3H]NCS-382 to membranes 
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Fig. 4. [3HJCGP54626A autorndiography. Coronal sections or mouse bruins showed similar distribution or ['HJCGP54626A binding in the brain 
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['HJCGP54626A i11 the cortex and hippocampus of GABA8 Rl11

- mice was equal Lo 40--SO'Vn of that of GABA"R 1+!+ mice. Statistical analysis 
revealed tlie significant difference of the bimling between GABA8 R 1 +;- and GABA8 Rl I/+ mice ("' P < 0.001) Data were expressed as 
mean Yalue ± S.E.M. from four groups of mice 

prepared from GABA8 R recombinant HEK cells using 
20 or 100 nM (data not shown) [3HJNCS-382. 

3.5. Specific (3 HJGHB and /3HJNCS-382 binding are 
presenl in Lhe brains of GABA 8Rrl· mice 

There was no detectable specific [3I-I]CGP54626A 
binding in the brains of the GABA8 R1 - / - mice 
(Fig. 4). [3H]CGP54626A binding was present in the 
brains of the GABAsRI +/- mice, but was significantly 
reduced from that observed in the wild type mice 
(Fig. 4). [3H]GHB binding was present in the 
GABAsR1 - I-, GABA8Rt +I- , and GABA 8 R l +/...
mice, but was significantly reduced by -50'!/o in the 
knockouts and -32% in the hcterozygote animals when 
compared to the wild type (Fig. 5). The reduction in 
binding observed in the heterozygote and knockout 
animals was due to a decrease in B,,'"~ (Fig. 6). The 
Bmax (fmol/mg) for the wild type, heterozygote, and 
knockout mice was 228.2 ± 45.8, 135.5 ± 80.1, and 
114.0 ± 35.3. [3 H]NCS-382 binding was the same in the 
knockouts, hctcrozygote, and wild type mice. There 
was no significant difference in the KD (nM) of 
[3H]GHB binding between wild type (112.2 ± 33.5), 
heterozygotes (136.1 ± 20.5), and knockout mice 
(167.31±31.3) (Fig. 6). [3H]NCS-382 binding was the 

same in the knockouts. heterozygotes, and wild type 
mice (Fig. 7). The regional and spatial distribution of 
['HJGHB and ['H]NCS-382 binding was the same in 
the wild type and mutant animals. 

4. Discussion 

In these experiments, we have shown that there is 
little GHB binding to the GABABR of physiological 
relevance as measured by both [3H]GHB and [3H]NCS-
382 binding in I-IEK cells in which GABA8 R I b, R2, or 
Rl b/R2 are over expressed, a lthough high millimolar 
concentrations or GHB do displace [3H]CGP54626A 
binding in Rlb/R.2 transfected cells. The ECso of GHB 
to activate GABA8 R l /R2 receptors co-expressed with 
Kir3 channels in Xenopus oocytes is reported to be 
approximately 5 mM (Lingcnhochl ct al., 1999); how
ever, in the current experiments, there was no signifi
cant inhibition of [3H]CGP54626A binding in 
GABA8 R recombinant HEK cells by 3 mM GHB. In 
addition, we have demonstrated that both [3 H]GHD 
and [3HJNCS-382 binding are present in the brains of 
animals in which there is no GABABR. However, 
although [3H]NCS-382 binding was unchanged in 
brains from wild type, heterozygote, and knockout ,rni
mals, [3H]GHB binding was significantly reduced in the 
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Fig. 5. [1H]GHB autoradiogra.phy. Coronal sections of mouse brains showed similar distribution pattern of [1H]GHB binding in the brain of 
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hcterozygote and knockout brains. The latter data sug

gest that in the [3 H]GHB binding assay, some of the 

!'HiGHB (nM) 

Fig. 6. Scatchard analysi~ of [3H]GHB binding. ['1-I]GHB binding 
was significantly <lccrcasc<l (P < 0.05, N = 4) in B,,,.,, in cortex of 
GABAuRI ·I mice when compared lo GABAnR I +/+ mice controls: 
B'"" (fmol/mg) for tile GABARRI +/+ mice, GABA8 Rt+/ mice, 
and GABAnR I · ' · mice was 228.2 cl: 45.8, 135.5 ± 80.1, and 
114.0 ± 35 .3. There was no significant di!Tercnce of ['HJGHB binding 
in Ko (nM) or !'HJGHB binding among the wild type (112.2 ± 33.5), 
hctcrozygotc (136.l ± 20.5), and knockout mice (167.5 :± 3l.3). 

[3HJGHB may bind with low affinity to the GABAnR 
and some with high affinity to the GHBR (Snead, 
1996). This is in contradistinction to [3H]NCS-382, a 
GHBR antagonist that has no affinity for GABA8 R, 
but which is specific only for GHBR (Snead, 1996). 

GHB appears to have dual mechanisms of action in 
the brain (Wong ct al., 2004). The biochemical data 
suggest that the intrinsic neurobiological activity of 
GHB may be mediated through the GHBR whicll is 
separate and distinct from the GABA8 R. However, 
many of the phannacological and clinical e!Tects of 
exogenously administered GHB appear to be mediated 
via the GABA8 R, where GHB may act both directly as 
a partial GABA3R agonist and indirectly on the 
GABA8 R via GHB-dcrivcd GABA (Hcchler et al. , 
l 997). 

A GHBR is suggested by specific, high affinity 
[3H]GHB binding sites that occur in the brain with the 
highest density in hippocampus, followed by the cor
tex, and then thalamus (Bechler et al., 1987). The bind
ing kinetics of this site comport with the physiological 
concentrations of GHB in brain (Doherty ct aL l 978) 
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because there is a high affinity GHB binding site with a 
K 0 of 30-580 nM and a low affinity site witb a Kn of 
around l.5-16 µM (Mailre, 1997). In the current 
experiments, we examined only the high affinity site 
since the concentration range of f3H]GHB for the satu
ration experiments was 2-500 nM. The anatomical dis
tribution of [3H]GHB binding correlates with GHB 
turnover (Vayer et al., 1988) and displays a distinct 
ontogeny with GHB binding being a postnatal event 
that appears in the third postnatal week of life (Snead, 
1994). 

There arc several lines of evidence to support the 
hypothesis that the GHBR is not the same as the 
GABAJJR, GABAJJR agonists do not displace 
[
3H]GHB binding (Snead, 1996) and the ability of 
GHB to displace [3H]baclofen binding is quite weak 
(13crnascorn et al., 1999). GHB and its antagonist, 
NCS-382 do not compete for [3H]GABA binding in 
autoradiographic binding assays on rat brain sections 
(Suead, 1996). Further, the ontogeny (Snea.d, 1994, 
2000) and regional distribution (Snead. 1994} of the 
GHBR and the GABA8 R are decidedly different. The 
current data showing that neither ['H]GHB nor the 
GHBR antagonist [3H]NCS-382 have any affinity for 
GABA8 RI, GABA8 R2, or GABA8Rl/R2 in recombi
nant HEK cells and that [3H]GHB and [3HJNCS-382 
binding are present in the brains of mutant animals 
who have no GABA8 R are in support of this hypoth-

esis. The GHBR has the binding kinetics to support 
tbe hypothesis that it is activated by endogenous GI-IB. 
The neurobiological function of the GHBR may be to 
modulate glutamate and GABA release (Hu et al., 
2000). 

Although the GHBR appears to be distinct from the 
GABA8 R, there is evidence that GHB is a weak or 
partial agonist of the GABA8 R with a weak affinity for 
the GABABR (Bernasconi et al., 1999). From a physio
logical perspective, GHB can activate the GABA8 R l / 
R2 co-expressed with Kir3 channels in Xenopus 
oocytes, but only with an EC50 of approximately 5 mM 
(Lingenhoehl et al., 1999), 1000 times the physiological 
concentration of GHB in brain. Similarly, millimolar 
concentrations of GHB are required to mimic the post
synaptic e!Tects of baclofen on the GABAJJR and this 
electrophysiological effect of GHB is blocked by a spe
cific GABA8 R antagonist, but not the GHBR antagon
ist, NCS-382 (Erhardt el al.. 1998; Jensen and Mody, 
2001). Indeed, it has been proposed tbat there is no 
clcctrophysiological evidence from in vitro investiga
tions to support the idea that there is a neuronal 
GIIBR-mediated electrophysiological response (Cru
nclli and Lcreschc, 2002). 

Since the completion of these experiments functional 
aspects of the GABA 8 R and GHB have been examined 
in the GABA8 R1 - / - mouse created by Schuler et al. 
(200 l) and Queva ct al. (2003). Both of those mutant 
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animals are phenotypically different from the 
GABA8 R1--/-- mouse created by Prosser et al. (2001) 
that was used in the current experiments. Administra
tion of baclofen to the mutant reported by Queva el al. 
(2003} caused a large decrease in body temperature in 
wild type control mice and GABA8 R I/-· mice, but the 
hypothermic effects of baclofen were abolished in 
GABA8 R -/-. GHB administration also is usually 
associated with a robust hypothermia (Snead, 1990); 
however, in the GABA8R-/- animals created by 
Queva et al. (2003), GHB administration failed to 
induce hypothermia suggesting that the ability of GHB 
to reduce core body temperature is GABA8 R-medi
ated. 

Recently, Kaupmann et al. (2003), in more extensive 
studies in the GABA8 R - /- mouse created by Schuler 
et al. (2001) have confirmed the absence of GHB
induced hypothermia in this mutant animal as well, 
have shown that additional pharmacological effects of 
GHB are absent, and demonstrated that there was a 
similar spatial distribution of [3HJGHB and [3H]GHB 
binding sites in the brains of the Schuler GABA8 R -/
mutant mouse, a finding duplicated in the present 
experiments using the GABA8 R 1--/-- mouse created by 
Prosser et al. (1001). 

The principal difference between the findings of 
Kaupmann et al (2003) and the current data are the 
binding data in the mice. While the NCS-382 data are 
identical, the current data showing specific, but reduced 
binding in the GABA8 Rl - I - and GABAnR11-/ -- mice 
compared to wild type animals differs l'rom the findings 
of Kaupmann et al. (2003) who did not observe a 
reduction in [3H]GHB binding in GABA 8 Rl - /- , a 
puzzling finding given their in vivo data and the recom
binant data in the current experiments. 

The reason for the differences in [3H]GHB binding 
observed by Kaupmann cl al. (2003) and those we 
observed is not clear; however, the mutant mice used 
(Schuler ct al., 2001) by Kaupmann and colleagues are 
phenotypica!ly different from the mice (Prosser et al., 
2001) used in the current study. The mutant animals 
used in the present experiments were derived from a 
C57BI 6/j background, develop seizures around post
natal day 21 and usually die from the recurrent seizures 
within several days of their onset. In contrast, mice 
lacking the GABA8 Rl subunit reported by Schuler 
et al. (2001) were derived from a Balb/c background 
and also exhibited spontaneous seizures, but were 
viable. There is about ,1 95% loss of specific binding to 
the GABAllR antagonist, [3H]CGP54626A in the 
GABA 8 R I+ I - mice used in the currcn L experiments 
(Fig. 4) vs. about 18'Vo loss of binding to the GABA8 R 
antagonist [125 i]CGP64123 in the animals used by 
Kaupmann et al. (2003). 

One possible explanation for both the phenotypic 
differences and as well as the difference in GHB bind-

ing may have to do with GABA8 R2 (Gassrnann et al., 
2004) which is conserved to 30% of wild type in the 
GABABRI -·I- mice used in the present experiments, 
but is undetectable in the mutant animals used by 
Kauprnann ct al. (2003). In any event, both the 
GABAnRI -I- mice created by Sdrnler et al. (2001) 
and those made by Prosser et al. (2001} demonstrated 
the unequivocal presence of GHB binding in the 
unequivocal absence of binding to the GABA8 R pro
viding proof that the GHB binding site is separate and 
distinct from the GABA8 R. 

Another hypothesis for the discrepancy between 
[3I-I]GHB binding and [3H]NCS-382 binding in the 
GABA8 Rl mutant mice is that there are two pharma
cological classes of GHB binding sites, one sensitive to, 
and one insensitive lo, NCS-382. By this reasoning, the 
NCS-382 insensitive GHB binding site is linked to the 
GABA8 R and therefore decreased in the GABA 8 Rl -! 

-. Thus, the [3H]GHB binding, which recognizes both 
NSC-sensitive and insensitive binding sites, would be 
decreased in the GABA8 R1 I-. Indeed, Andria
n1ampandry et al. (2003) have cloned a putative GHBR 
that is activated by GHB and is G protein coupled. 
However, this newly cloned receptor displays no affin
ity for NCS-382. There also arc pharmacological data 
to support the hypothesis of NCS-insensitive GHBR 
that are GABA8 R-like (Kock et al., 2004). 

The current data confirm that GHB is an extremely 
weak agonisl at the GABAuR and suggest that in the 
[3HJGHB bindmg assay, some of the [3H]GHB binds 
with low aJilnity to an NCS-382 insensitive site and/or, 
the GABA8 R and some with high affinity to the 
GHBR. 111ese data may have direct relevance to the 
clinical problem of GHB abuse. Since levels of GHB 
arc inordinately high during GHB intoxication, it 
would seem logical that blockade of the GABA8 R may 
be an effective acute treatment for GHB overdose. 
However, studies of the mice lacking the gene for suc
cinic sernialdehyde dehydrogenase (SSADH) suggest 
that GHB intoxication may involve the GHBR (Gupta 
et al., 2003). This mutant animal (SSADH-1----) is char
acterized by inordinately elevated concentrations of 
brain GHB and GABA that make it a potential model 
of chronic GHB abuse. During a critical period from 
postnatal days 16----22, SSADH-1- mice exhibit ataxia 
and develop generalized tonic clonic seizures that lead 
lo rapid death_ Therapeutic intervention with a 
GABABR antagonist increased survival to 36'Yo of ani
mals, but treatment with NCS-382 was more effi
cacious, resulting in a survival rate of 61 'Yo (Gupta 
et al., 2002) suggesting that both the GABABR and 
GHBR are involved in the pathogenesis of neurological 
morbidity in this animal. 

In conclusion, these data provide further molecular 
evidence of the existence of a GHBR which is separate 
and distinct from the GABAllR- The observation that 
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specific binding of [3H]GHB and [3HJNCS-382 binding 
is undetectable in HEK cells in which GABAuRlb, R2, 
or RI b /R2 ha vc been over expressed demonstrates 
directly that there is little or no GHB binding of 
physiological relevance to the GABA8 R. The hypoth
esis of a GABA8 R-independcnt GI-IBR is strengthened 
considerably by finding that both ["HJNCS-382 and 
[
3HJGHB are preserved i11 the brains of mutant animals 

in which the GABA8 R is absent. 
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"awake" and "drowsy"; (ii) an increase in time spent in 
stage 3; and (iii) a reduction in the latency to the first 
REM period and first stage 3. There was an increase in 
the number of rapid eye movement periods on the second 
night, which was just short of statistical significance. 

The changes manifested by the depressed patients were 
in th~ same direction, though they were less marked than 
in the controls. 

The findings support the concept of an increased state 
of vigilance or arousal cm the first laboratory night. They 
also indicate a frequent tendency to miss the first REM 
period on the firs! study night. 

RESUME 

ADAPTATION AU LABORATOIRE D'BTUDE DU SOM

MEIL CHEZ DES SUJETS NORMAUX ET DES MALADES 

DEPRIMES ("EFFET DE LA PREMIERE NDJT") 

Les auteurs analysent !es variations de !'EEG du som· 
meil entre la premiere et la deuxieme nuit passees dans le 
laboratoire d'etude du sommeil chez 21 malades deprimes, 
compares a l 5 sujets de contr6le. 

La deu1<ieme nuit, plusieurs variations significatives 
s'observent chez !es sujets de controlc: (i) diminution du 
temps d'eveil et de somnolence; (ii) augmentation de la 
duree de stade 3; et (iii) reduction de la latence de la pre
miere pcriode de PMO et du premier stade 3, L'augmen· 
tation du nombre de periodes de mouvements oculaires 
rapides au cours de la seconde nui t n'a q u' une signification 
sta tistique reduite. 

Les variations presentees par Jes rnalades deprimes 
vont dans le meme sens rnais sont moins marquees que 
pour !es sujets de controle. 

Ces donnees confirment la notion d'une augmentation 
de l'etat de veille ou d'activite pendant la premiere nuit 
passee au laboratoire. Elles indiquent aussi que la premiere 
PMO ait tendance ii manquer lors de la premiere nuit 
d'etude. 

C. Cochrane, Ph.D., advised on statistical procedures. 
Drs. G. Thrasher, R. Knapp and J. Scott participated in 
various aspects of these studies. We wish to thank Mrs, J. 
Benson, Mrs. M. Graves and Mrs. S. Kelly for their tech
nical assistance. 
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It has been reported that short chain fatty acids induce 
in animals a "sleep-like" stale indistinguishable from 
natural sleep and that at higher doses they induce an 
anesthetic state (Samson et al. 1956; Holmquist and 
lngvar 1957 ; Laborit et al. 1960). There have been reports 
that sodium butYrate and its related compounds, when 
administered i.v., induce in cats a sleep state with low 
voltage fast EEG and rapid eye movements (REM period) 

(Jouvet et al, 1961 ; Matsuzaki el al. 1964). However, 
Winters and Spooner (1965) have reported that no sig• 
nificant change could be found in the sleep cycle of cats 
following the injection o(y-hydroxybutyrate. Metcalf et 
al. (1966) have recently reported that the oral administra· 
tion of sodium y-hydroxybutyrate in man does not induce 
the REM period of sleep. 

The present experiments were undertaken to compare 

Electroenceph, clin. Neurophysiol., 1967, 22: 558-562 
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Fig. 1. 
Record obtained in a normal subject (female, aged 20 years) about 9 min after the start of the i.v. 
injection ofbutyrolactone (20 mg/kg). 
1-6: EEGs (1,4: left and right fronto-central; 2,5: left and right centro-parietal; 3,6: left and 
right parieto•occipital area); 7: electro-oculogram; 8: EKG; 9: EMG of the mental muscle recorded 
with the reference electrode on one of the ear lobes. 

the electrcgraphic change accompanying the sleep state 
induced by butyrolactone and sodium y-hydroxybutyrate 
with those observed in natural sleep in man. 

SUBJECTS AND METHODS 

Twelve normal adults, three males and nine females, 
aged between 20 and 33 years, were used and a total of 
50 recordings were obtained during and after the injection 
of either of the compounds or saline placebo. Of these 
recordings, ;n were carried out in five subjects in the day
time, and 28 in the remaining seven subjects (4 recordings 
for each: twice with the injection of butyrolactone and 
twice with the injection of saline) at night starting be
tween 11 and 12 p.m. Amounts of the compounds (10, 20 
or 30 mg/kg) were diluted with distilled water to a total 
volume of 20 ml and were injected i.v. in 10 min. The 
EEG, electro-oculogram, EKG and EMG were simulta
neously recorded with a 12-channcl electroencephalo-

graph. Silver disc electrodes were affixed to the scalp and 
on the outer canthus of both eyes for recording, respec
tively, the EEG and eye movements. A pair of stainless 
steel electrodes (80 µ in diameter) insulated except for the 
tips were inserted into the mental muscle for recording 
the EMG. Sleep records were classified into the following 
4 stages : the J st ( or drowsy} stage was characterizetl by 
the EEG pattern of low voltage without spindle; the 2nd 
(or spindle) stage by spindling against a low voltage back
ground; the 3rd (or delta) stage by a slow, high voltage 
activity; and the last (or REM) stage by a low voltage 
EEG activity, rapid eye movements and disappearance 
of a tonic muscle activity (see Dement and Kleitman 
1957; Hishikawa et al. 1965b). 

RESULTS 

l. Effect on the EEG pallem and conscior.sness 
Within 5-10 min after the onset of the injection of 

Eleclroenceph. din. Neurophysiol,, 1967, 22: 558-562 
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Fig. 2 
Record obtained in a subject (female, aged 23 years) about ;28 min after the start of the i.v. injection 
of butyrolactone (20 mg/kg). A flash of light (arrow) induced transient blocking of the slow waves. 
The subject responded to the stimulus as she had been told beforehand by pushing a key button in her 
hand (associated with a large and sharp artifact). Note that the tracings of the electro-oculogram (7) 
and EMG (9) are contaminated by the EEG activity. 
1-6: EEGs recorded with the reference electrode on one of the ear lobes (1,4: left and right frontal; 
2,5; left and right central; 3,6: left and right parietal area); 8: EKG, 

either of the compounds, bursts of rhythmical slow waves 
(2-5 c/sec, 100- 200 /4V) would repeatedly recur in all 
cor(ical areas with the largest amplitude in the anterior 
derivations against a background activity of alpha 
rhythm (Fig. I); the latter gradually diminished in fre
quency and eventually disappeared, while the burst.~ of 
slow waves became more and more frequent. About 15 
min after the end of the injection the EEG pattern be
came one of continuous slow waves (2-2.5 c/sec, 100-200 
µ V) lasting for 20-30 min, after which they agair. appeared 
organized into short bursts. The subjects showing the 
above EEG pattern felt as if they had taken alcoholic 
beverage, but their consciousness was fairly clear and they 

could perceive and understand what was going on around 
them; they could count and remember the number of 
flash stimuli, could respond to these as instructed, etc. 
These behavioral responses were usually associated with a 
transient blocking of the high voltage slow, and appear· 
ance of low voltage fast activity intermixed with waves 
in the alpha and theta frequency range ( Fig. 2). 

in the daytime examination of three subjects, th~ drug 
effects on the EEG pattern and on the subjective, :eling 
gradually worn off and the alpha rhythm reappeared with
in 50-90 min after the end of the injection. At this time, a 
single flash stimulus would induce an EEG response con
sisting of a brief ( 1-i sec) burst of high voltage slow wave, 

Electroenceph. clin, Neurophysiol., 1967, 22: 558- 562 
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such as those described above, and the subjects could 
respond to the stimulus. The remaining two subjects 
passed into sleep about 15-20 min after the end of the 
injection; i.e., the continuous slow waves were followed 
by patterns characteristic of the spindle and delta stages, 
and both the EEG and the behavioral response to the 
flash stimulus completely disappeared. The bursts of 
rhythmical slow waves became less and less frequent as the 
amount of slow waves of 0.5-1 c/sec in the background 
EEG increased, but would reappear when the subjects 
were aroused. The spindle stage could be rarely identi
fied. The above effect on the EEG pattern was similarly 
observed with either of the compounds at the doses of 
W and 30 mg/kg. 

2. Effect on the sleep cycle 
Effect on nocturnal sleep was studied with only buty

rolactone at the dose of 20 or 30 mg/kg when the com
pound, at :20 mg/kg, was insufficient to induce the above 
described EEG effect (cases No. 2 and 7 in Table l). Since 
the latter did not last more than 2 h, observation was 
limited to the first 2 h following the injection. The average 
I atency of each stage of sleep from the start of the injec
tion is shown for each subject in Table I. The spindle and 
delta stages of sleep occurred earlier under the effect of the 
drug than under the control condition, but the latency of 
the REM period of sleep did not change significantly, 
whether calculated from the start of the injection or 
from the onset of sit:(..,>, Under the effect of the drug, the 
duration of the spindle stage tended to decrease, the 
spindle activity became less frequent and of smaller am
plitude, but the delta stage preceding the initial REM 
period tended to last longer than under the control con
dition. 

DISCUSSION 

The results reported in this paper show that the EEG 
pattern induced in man by the i.v. administration of~ 
30 mg/kg of butyrolactone and sodium y-hydroxybuty
rate is rather characteristic and is seldom if ever observed 
in the natural awake and sleeping states of normal human 
adult. This is in contrast to the observations of Laborit 
et af. (1960) in cats. Metcalf et a/. (1966) have recently 
reported two types of paradoxical EEG-behavioral disso
ciation following the oral administration of sodium y
hydroxybutyrate in man. This is generally in agreement 
with our observations. The fact that subjects showing the 
bursts of high voltage slow waves soon after the i.v. ad
ministration of the drugs could respond to the flash 
stimulus, suggests that this electrographic pattern is of a 
different nature from the slow waves that occur in natural 
sleep. 

Under the effect of butyrolactone, the spindle and 
delta stages of sleep occurred earlier than under the con
trol condition, but the latency of the REM period of sleep 
did not change significantly, There have been many re
ports about the effect of drugs on the sleep cycle (Rossi 
1962; Oswald et al. 1963; Rcchtschalfen and Maron 1964· 
Hishikawa et al. 1965a). In the present study, the REM 
period did not seem to be part of the direct effect of these 
compounds. 

Differences in species of experimental subject and 
dosage of compounds used might account for the differ
ences between ours and the results reported by others 
(see Introduction). 

SUMMARY 

The purpose of the present paper is to compare a 

TABLE 

Latencies of various stages of sleep from the start of the injection of butyrolactone (in minutes) 
---+·••----- --- - --- ·-· 

Disappearance of 
.x-rhythm (drowsy Spindle stage Delta stage REM period 

Case Sex stage) 
--···---

Bu tyro- Bu tyro-
----- --

Control Control Control Bu tyro- Bu tyro-
lactone lactone I act one Control 

lactone 
·--·-- - -· ---·~-.~·-·--- --·-~ 

1 F 15 14 29 18 40 39 117 126 
2 M 27 20 32 22 40 32 92 50 
3 F 13 12 21 16 26 20 132 130 
4 F 8 12 22 16 37 23 97 133 
5 F 19 8 23 18 40 21 n 62 
6 F 14 6 24 54 16 84 83 
7 M 13 10 19 13 29 19 91 88 

~--- --
Mean 15.5 l 1.7 24.3 17.1 40.8 :Z4.3 100 96 
S.D! 6.0 4.5 4.6 3.0 9.6 8.2 54.6 34.0 p .. >0.05 
- - - - - .... 

<0.01 <0-05 :>0,5 
* Standard deviation. ···· ·- ·· ····---

.. P values are based upon two-tailed t tests for matched samples on differences between means of the data under the effect 
of butyrolactone and the control condition. 

Electroenceph. din. Neurophysio/., 1%7, 22: 55'8-562 
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sleep state induced by butyrolactone and sodium y
hydroxybutyrate with natural sleep in man with the aids 
of the EEG, electro-oculogram and EMG of the mental 
muscle. The following re$ults were obtained: 

(1) The i.v. administration of 20-30 mg/kg of buty
rolactone and sodium y-hydroxybutyrate induced in man 
a peculiar state without marked change in consciousness 
and with high voltage slow waves in the EEG. 

(2) When butyrolactone was administered at night, 
just prior to bed-time, the spindle and delta stages of 
sleep occurred earlier, the duration of the spindle stage 
became shorter and the delta stage tended to last longer 
than in the control night. The latency to the onset of the 
initial REM period calculated either from the star1 of the 
injection or from the onset of sleep did not differ signif
icantly. 

RESUME 

EFFETS DU BUTYROLACTONE ET DU GAMMA

HYDROXYBUTYRA TE SUR L'EEG ET LE CYCLE DU 

SOMMEIL CHEZ L'HOMME 

Le but de la presente etude est de comparer chez 
l'homme un stade de sommeil induit par butyrolactone 
et sodium y-hydroxybutyrate au sommeil naturel a 
l'aide de l'EEG, de l'oculogramme et de l'electromyo
gramme du muscle du menton. Les resultats obtcnus sont 
Jes su iv ants: 

(1) L'administration intra-veineuse de 20-30 mg/kg de 
butyrolactone et de sodium y-hydroxybutyrate induit 
chez l'hornme un stade particulier sans changement 
marque de la conscience et avec ondes lentes de haut
voltage a !'EEG. 

(2) Quand le butyrolactone est administre le soir, juste 
avant l'heure du couchcr, Jes stades du sommeil carac
tedses par des spindles el des ondes delta apparaissent 
plus tot, la duree du stade avcc spindles se raccourcit 
et le stade avec ondes delta tend a se prolonger par rapport 
aux nuits de contr61e. La latence d'apparition de la pre
miere pcriode de mouvements oculaires rapides calculee 
aussi bien par rapport au debut de !'injection que par 
rapport au debut du sornmeil ne change pas de fa9on 
significative. 
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1. NAME OF THE MEDICINAL PRODUCT 

Xyrem 500 mg/ml oral solution 

2. QUALITATIVE AND QUANTITATIVE COMPOSITION 

Each ml of solution contains 500 mg of sodium oxybate. 

For a full list of excipients, see section 6. l. 

3. PHARMACEUTICAL FORM 

Oral solution. 

The oral solution is clear to slightly opalescent. 

4. CLINICAL PARTICULARS 

4.1 Therapeutic indications 

Treatment ofnarcolepsy with cataplcxy in adult patients. 

4.2 Posology and method of administration 

Treatment should be initiated by and remain under the guidance of a physician experienced in the 
treatment of sleep disorders. 

Due to the well known potential of abuse of sodium oxybate, physicians should evaluate patients for a 
history of or susceptibility to drug abuse prior to commencing treatment. During treatment, patients 
should be monitored for the risk of diversion, misuse and abuse of sodium oxybate (see section 4.4). 

Posology The recommended stai1ing dose is 4.5 g/day sodium oxybate divided into two equal doses of 
2.25 g/dose. The dose should be titrated to effect based on efficacy and tolerability (see section 4.4) up 
to a maximum of 9 g/day divided into t'wo equal doses of 4.5 g/dose by adjusting up or down in dose 
increments of 1.5 g/day (i.e. 0.75 g/dose). A minimum of one to two weeks is recommended between 
dose increments. The dose of9 g/day should not be exceeded due to the possible occurrence of severe 
symptoms at doses of 18 g/day or above (see section 4.4). 

Single doses of 4.5 g should not be given unless the patient has been titrated previously to that dose 
level. 

Discontinuation of Xyrem 

The discontinuation effects of sodium oxybate have not been systematically evaluated in controlled 
clinical trials (see section 4.4). 

If the patient stops taking the medicinal product for more than 14 consecutive days, titration should be 
restarted from the lowest dose . 

Special populations 

Patients with hepatic impairment 

2 
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The starting dose should be halved in all patients with hepatic impairment, and response to dose 
increments monitored closely (see section 4.4). 

Patients with renal impairment 
All patients with impaired renal function should consider a dietary recommendation to reduce sodium 
intake (see section 4.4). 

Elderly patients 
Elderly patients should be monitored closely for impaired motor and/or cognitive function when 
taking sodium oxybate (see section 4.4). 

Paediatric population 
The safety and efficacy of sodium oxybate in children and adolescents aged 0-18 years has not been 
established. No data is available. Therefore the use of sodium oxybate in children and adolescents in 
not recommended. 

Method of administration 
Xyrem should be taken orally upon getting into bed and again between 2.5 to 4 hours later. It is 
recommended that both doses of Xyrem should be made up at the same time upon retiring to bed. 
Xyrem is provided for use with a graduated measuring syringe and two 90 ml dosing cups with child 
resistant caps. Each measured dose of Xyrem must be dispensed into the dosing cup and diluted with 
60 ml of water prior to ingestion. Because food significantly reduces the bioavailability of sodium 
oxybate, patients should eat at least several (2-3) hours before taking the first dose of Xyrem at 
bedtime. Patients should always observe the same timing of dosing in relation to meals. 

4.3 Contraindications 

Hypersensitivity to the active substance or to any of the excipients. 

Patients with major depression 

Patients with succinic semialdehyde dehydrogcnase deficiency. 

Patients being treated with opioids or barbiturates. 

4.4 Special warnings and precautions for use 

Xyrcm has the potential to induce respiratory depression 

Respiratmy depression 
Sodium oxybate also has the potential to induce respiratory depression. Apnoea and respiratory 
depression have been observed in a fasting healthy subject after a single intake of 4.5 g (twice the 
recommended starting dose). Patients should be questioned regarding signs of Central Nervous System 
(CNS) or respiratory depression. Special caution should be observed in patients with an underlying 
respiratory disorder. Because of the higher risk of sleep apnoea, patients with a BM! 2':40 kglm2 
should be monitored closely when taking sodium oxybate. 

Approximately 80% of patients who received sodium oxybate during clinical trials maintained CNS 
stimulant use. Whether this affected respiration during the night is unknown. Before increasing the 
sodium oxybate dose (see section 4.2), prescribers should be aware that sleep apnoea occurs in up to 
50% of patients with narcolepsy. 

Abuse potential and dependence 
Sodium oxybate, which is as the sodium salt ofGHB, is a CNS depressant active substance with well 
known abuse potential. Prior to treatment physicians should evaluate patients for a history of or 
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susceptibility to drug abuse. Patients should be routinely monitored and in the case of suspected abuse, 
treatment with sodium oxybate should be discontinued. 

There have been case reports of dependence after illicit use of GHB at frequent repeated doses ( 18 to 
250 g/day) in excess of the therapeutic dose range. Whilst there is no clear evidence of emergence of 
dependence in patients taking sodium oxybate at therapeutic doses, this possibility cannot be excluded. 

CNS depression 
The combined use of alcohol or any CNS depressant medicinal product with sodium oxybate may 
result in potentiation of the CNS-depressant effects of sodium oxybate. Therefore, patients should be 
warned against the use of alcohol in conjunction with sodium oxybate. 

Patients with porphvria 
Sodium oxybate is considered to be unsafe in patients with porphyria because it has been shown to be 
porphyrogenic in animals or in vitro systems. 

Benzod iazepines 
Given the possibility of increasing the risk of respiratory depression, the concomitant use of 
benzodiazepines and sodium oxybate should be avoided 

Neuropsychiatric events 
Patients may become confused while being treated with sodium oxybate. If this occurs, they should be 
evaluated fully, and appropriate intervention considered on an individual basis. Other neuropsychiatric 
events include anxiety, psychosis, paranoia, hallucinations, and agitation. The emergence of thought 
disorders and/or behavioural abnomrnlities when patients are treated with sodium oxybate requires 
careful and immediate evaluation. 

The emergence of depression when patients are treated with sodium oxybate requires careful and 
immediate evaluation. Patients with a previous history of a depressive iHness and/or suicide attempt 
should be monitored especially carefully for the emergence of depressive symptoms while taking 
sodium oxybate. Major depression is contraindicated for use with Xyrem (section 4.3 ). 

If a patient experiences urinary or faecal incontinence during sodium oxybate therapy, the prescriber 
should consider pursuing investigations to rule out underlying aetiologies. 

Sleepwalking has been reported in patients treated in clinical trials with sodium oxybate. It is unclear 
if some or all of these episodes correspond to true somnambulism (a parasomnia occurring during non
REM sleep) or to any other specific medical disorder. The risk of injury or self-harm should be borne 
in mind in any patient with sleepwalking. Therefore, episodes of sleepwalking should be ful[y 
evaluated and appropriate interventions considered. 

Sodium intake 
Patients taking sodium oxybate will have an additional daily intake of sodium that ranges from 0.82 g 
(for a 4.5 g/day Xyrem dose) to 1.6 g (for a 9 g/day Xyrem dose). A dietary recommendation to reduce 
sodium intake should be carefully considered in the management of patients with heart failure, 
hypertension or compromised renal function . (see section 4.2). 

Patients with compromised liver function 
Patients with compromised liver function will have an increased elimination half-life and systemic 
exposure to sodium oxybate (see Section 5 .2) . The starting dose should therefore be halved in such 
patients, and response to dose increments monitored closely (see section 4.2). 

Elderlv 
There is very limited experience with sodium oxybate in the elderly. Therefore, elderly patients 
should be monitored closely for impaired motor and/or cognitive function when taking sodium 
oxybate. 
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Childhood and adolescence 
Safety and effectiveness in children and adolescents has not been established, therefore use in patients 
under 18 years of age is not recommended. 

Epileptic patients 
Seizures have been observed in patients treated with sodium oxybate. In patients with epilepsy, the 
safety and efficacy of sodium oxybate has not been established, therefore use is not recommended. 

Rebound effects and withdrawal syndrome 
The discontinuation effects of sodium oxybate have not been systematically evaluated in controlled 
clinical trials. In some patients, cataplexy may return at a higher frequency on cessation of sodium 
oxybate therapy, however this may be due to the nollllal variability of the disease. Although the 
clinical trial experience with sodium oxybate in narcolepsy/cataplexy patients at therapeutic doses 
does not show clear evidence of a withdrawal syndrome, in rare cases, events such as insomnia, 
headache, anxiety, dizziness, sleep disorder, somnolence, hallucination, and psychotic disorders were 
observed after GHB discontinuation. 

4.5 Interaction with other medicinal products and other forms of interaction 

The combined use of alcohol with sodium oxybate may result in potentiation of the central nervous 
system-depressant effects of sodium oxybate. Patients should be warned against the use of any 
alcoholic beverages in conjunction with sodium oxybate. 

Sodium oxybate should not be used in combination with sedative hypnotics or other CNS depressants. 

Sedative hypnotics 
Drug interaction studies in healthy adults with sodium oxybate (single dose of 2.25 g) and lorazepam 
(an anxiolytic [benzodiazepineJ ; single dose of2 mg) and zolpidem tartrate (a hypnotic [non
benzodiazepine]; single dose of 5 mg) demonstrated no phamiacokinetic interactions. lncreased 
s leepiness was observed after concomitant administration of sodium oxybate (2.25 g) and lorazepam 
(2 mg). The phannacodynamic interaction with zolpidem has not been assessed. When higher doses up 
to 9 g/d of sodium oxybate arc combined with higher doses of hypnotics (within the recommended 
dose range) pharmacodynarnic interactions associated with symptoms of CNS depression and/or 
respiratory depression cannot be excluded (see section 4.3). 

Tramadol 
A drug interaction study in healthy adults with sodium oxybate (single dose of2.25 g) and tramadol (a 
central acting opioid; single dose of 100 mg) demonstrated no pharmacokinetic/pham1acodynamic 
interaction. When higher doses up to 9 g/d of sodium oxybate are combined with higher doses of 
opioids (within the recommended dose range) pharmacodynamic interactions associated with 
symptoms of CNS depression and/or respiratory depression cannot be excluded (see sections 4.3). 

Antidepressants 
Drug interaction studies in healthy adults demonstrated no pharmacokinetic interactions between 
sodium oxybate (single dose of2.25 g) and the antidepressants protriptyline hydrochloride (single 
dose of 10 mg) and duloxetine (60 mg at steady state). No additional effect on sleepiness was observed 
when comparing single doses of sodium oxybate alone (2.25 g) and sodium oxybate (2.25 g) in 
combination with duloxetine (60 mg at steady state). Antidepressants have been used in the treatment 
of cataplexy. A possible additive effect of antidepressants and sodium oxybate cannot be excluded. 
The rate of adverse events has increased when sodium oxybate is co-administered with tricyclic 
antidepressants. 

Modafinil 
A drug interaction study in healthy adults demonstrated no phannacokinetic interactions between 
sodium oxybate (single dose of 4.5 g) and modafinil (a stimulant; single dose of 200 mg). Sodium 
oxybate has been administered concomitantly with CNS stimulant agents in approximately 80% of 
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patients in clinical studies in narcolepsy. Whether this affected respiration during the night is 
unknown. 

The co-administration of omeprazole (a medicinal product that alters gastric pH) has no clinically 
significant effect on the pharmacokinetics of sodium oxybate. The dose of sodium oxybate therefore 
does not require adjustment when given concomitantly with proton pump inhibitors. 

Studies in vitro with pooled human liver microsomes indicate that sodium oxybate does not 
significantly inhibit the activities of the human isoenzymes (see section 5.2). 

Since sodium oxybate is metabolised by GHB dehydrogenase there is a potential risk of an interaction 
with medicinal products that stimulate or inhibit this enzyme (e.g. valproate, phenytoin or 
ethosuximide). No interaction studies have been conducted in human subjects. 

4.6 Fertility, pregnancy and lactation 

Pregnancy 
Animal studies have shown no evidence ofteratogenicity but embryolethality was seen in both rat and 
rabbit studies (see section 5.3). 

Data from a limited number of pregnant women exposed in the first trimester indicate a possible 
increased risk of spontaneous abortions. To date no other relevant epidemiological data are available. 
Limited data from pregnant patients during second and third trimester indicate no malformative nor 
foeto/neonatal toxicity of sodium oxybate. 

Sodium oxybate is not recommended during pregnancy. 

f3 reastfeed in 2 

It is not known whether sodium oxybate and/or its metabolites are excreted into breast milk. 
Breastfeeding is not recommended during treatment with sodium oxybatc. 

Fertility 
There is no clinical data available on the effect of sodium oxybate on fertility. No effect on fertility 
parameters in the rat were observed (see section 5.3). 

4.7 Effects on ability to drive and use machines 

Sodium oxybate has a major influence on the ability to drive and use machines. 

For at least 6 hours after taking sodium oxybate, patients must not undertake activities requiring 
complete mental alertness or motor co-ordination, such as operating machinery or driving. 
When patients first start taking sodium oxybate, until they know whether this medicinal product will 
still have some carryover effect on them the next day, they should use extreme care while driving a 
car, operating heavy machines, or performing any other task that could be dangerous or require full 
mental alertness. 

4.8 Undesirable effects 

The most commonly reported adverse reactions are dizziness, nausea, and headache, all occurring in 
10% to 20% of patients. 

Frequency estimate: very common(?: 1/10); common (2: 11100 to < l /l O); uncommon(?: 1/1000 to< 
1/100); rare (2: 1/10,000 to< l/1000); very rare(< l!l0,000); not known (cannot be estimated from the 
available data). 

Within each frequency grouping, adverse events are presented in order of decreasing seriousness. 
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Immune system disorders: 
Uncommon : hypersensitivity 

Metabolism and nutrition disorders: 
Common: anorexia, decreased appetite 

Psychiatric disorders: 
Common: depression, cataplexy, anxiety, abnonnal dreams, confusional state, disorientation, 
nightmares, sleepwalking, sleep disorder, insomnia, middle insomnia, nervousness 
Uncommon: suicide attempt, psychosis, paranoia, hallucination, abnormal thinking, agitation, initial 
insomnia 
Not known (cannot be estimated from the available data): suicidal ideation 

Nervous system disorders: 
Very common: dizziness, headache 
Common: sleep paralysis, somnolence, tremor, balance disorder, disturbance in attention, 
hypoaesthcsia, paraesthesia, sedation, dysgeusia 
Uncommon: myoclonus, amnesia, restless legs syndrome 
Nol known (cannot be estimated from the availab(e data): convulsion 

Ear and labyrinth disorders: 
Common: vertigo 

Eve disorders: 
Common: bluJTed vision 

Cardiac disorders: 
Common: palpitations 

Vascular disorders: 
Common: hypertension 

Respiratory, thoracic and mediastinal disorders: 
Common: dyspnoea, snoring, nasal congestion 
Nol known (cannot he estimatedji-om the available data}: respiratory depression, sleep apnoea 

Gastrointestinal disorders: 
Ve1y common: nausea (the frequency of nausea is higher in women than men) 
Common: vomiting, diarrhoea, abdominal pain upper, 
Uncommon: faecal incontinence 

Skin and subcutaneous tissue disorders: 
Common: hypcrhidrosis, rash 
Not known (cannot be estimated from the available data): u11icaria 

Musculoskeletal. connective tissue and bone disorders: 
Common: arthralgia, muscle, spasms, back pain 

Renal and urinary disorders: 
Common: enuresis noctuma, urinary incontinence 

General disorders and administration site conditions: 
Common: asthenia, fatigue, feeling drunk, oedema peripheral 

Infections and infestations: 
Common: nasophaiyngitis, sinusitis 

7 



AMN1002 
IPR of Patent No. 8,772,306 

Page 504 of 1327 

Investigations: 
Common: blood pressure increased, weight decreased 

Injurv, poisoning and procedural complications 
Common: fall 

Description of selected adverse reactions 
ln some patients, cataplexy may return at a higher frequency on cessation of sodium oxybate therapy, 
however this may be due to the nonnal variability of the disease. Although the clinical trial 
experience with sodium oxybate in narcolepsy/cataplexy patients at therapeutic doses does not show 
clear evidence of a withdrawal syndrome, in rare cases, adverse reactions such as insomnia, headache, 
anxiety, dizziness, sleep disorder, somnolence, hallucination, and psychotic disorders were observed 
after GHB discontinuation. 

4.9 Overdose 

Information about signs and symptoms associated with overdose with sodium oxybate is limited. 
Most data derives from the illicit use of GHB. Sodium oxybate is the sodium salt of GHB. Events 
associated with withdrawal syndrome have been observed outside the therapeutic range. 

Patients have exhibited varying degrees of depressed consciousness that may fluctuate rapidly between 
a confusional, agitated combative state with ataxia and coma. Emesis (even with impaired 
consciousness), diaphoresis, headache, and impaired psychomotor skills may be observed. Blurred 
vision has been reported. An increasing depth of coma has been observed at higher doses. Myoclonus 
and tonic-clonic seizures have been reported. There are reports of compromise in the rate and depth of 
respiration and of life-threatening respiratory depression, necessitating intubation and ventilation. 
Cheyne-Stokes respiration and apnoea have been observed. Bradycardia and hypothermia may 
accompany unconsciousness, as well as muscular hypotonia, but tendon reflexes remain intact. 
Bradycardia has been responsive to atropine intravenous administration. 
GastTic !a vage may be considered if co-ingestants are suspected. Because emesis may occur in the 
presence of impaired consciousness, appropriate posture (left lateral recumbent position) and 
protection of the airway by intubation may be warranted. Although gag reflex may be absent in 
deeply comatose patients, even unconscious patients may become combative to intubation, and rapid 
sequence induction (without the use of sedative) should be considered. 

No reversal of the central depressant effects of sodium oxybate can be expected from flumazenil 
administration. There is insufficient evidence to recommend the use ofnaloxone in the treatment of 
overdose with GHB . The use of haemodialysis and other frnms of extracorporeal medicinal product 
removal have not been studied in sodium oxybate overdose. However, due to the rapid metabolism of 
sodium oxybate, these measures are not warranted. 

5. PHARMACOLOGICAL PROPERTIES 

5.1 Pharmacodynamic properties 

Pharmacotherapeutic group: Other nervous system medicinal products, ATC code: N07XX04. 

Sodium oxybate is a central nervous system depressant which reduces excessive daytime sleepiness 
and cataplexy in patients with narcolepsy and modifies sleep architecture reducing fragmented 
nighttime sleep. The precise mechanism by which sodium oxybate produces an effect is unknown, 
however sodium oxybate is thought to act by promoting slow (delta) wave sleep and consolidating 
night-time sleep. Sodium oxybate administered before nocturnal sleep increases Stages 3 and 4 sleep 
and increases sleep latency, whilst reducing the frequency of sleep onset REM periods (SOREMPs). 
Other mechanisms, which have yet to be elucidated, may also be involved. ln the clinical trial 
database, greater than 80 % of patients maintained concomitant stimulant use. 

8 



AMN1002 
IPR of Patent No. 8,772,306 

Page 505 of 1327 

The effectiveness or sodium oxybate for the treatment of narcolepsy symptoms was established in four 
multicentre, randomised, double-blind, placebo-controlled, parallel-group trials (Trial 1, 2, 3 and 4) in 
patients with narcolepsy with cataplexy except for trial 2 where cataplexy was not required for 
enrolment Concomitant stimulant use was permitted in all trials (except for the active-treatment phase 
of Trial 2); antidepressants were withdrawn prior to active treatment in all trials with the exception of 
Trial 2. Jn each trial, the daily dose was divided into two equal doses. The first dose each night was 
taken at bedtime and the second dose was taken 2.5 to 4 hours later. 

Table 1 
narcolepsy 

Summary of clinical trials performed using sodium oxybate for the treatment of 

Trial Primary N= Secondary Efficacy Duration Active 
Efficacy treatment 

and Dose 
(g/d) 

Trial l EDS (ESS); 246 MWT/Sleep Architecture/ 8 weeks Xyrem 4.5 -
CG le Cataplexy/Naps/FOSQ 9 

Trial 2 EDS (MWT) 231 Sleep Architecture/ 8 weeks Xyrem 6-9 
ESS/CG!c/Naps Modafinil 

200-600 mg 

Trial 3 Cataplexy 136 EDS (ESS)/CGlc/Naps 4 weeks Xyrem 3 - 9 

Trial 4 Cataplexy 55 None 4 weeks Xyrem 3 - 9 
-

EDS - Excessive daytime sleepiness; ESS - Epwo,th Sleepiness Scale; MWT - Maintenance or 
Wakefulness Test; Naps - Number of inadvertent daytime naps; CG le - Clinical Global Impression of 
Change; FOSQ - Functional Outcomes of Sleep Questionnaire 

Trial I enrolled 246 patients with narcolepsy and incorporated a 1 week up-titration period. The 
primary measures of efficacy were changes in excessive daytime sleepiness as measured by the 
Epworth Sleepiness Scale (ESS), and the change in the overall severity of the patient's narcolepsy 
symptoms as assessed by the investigator using the Clinical Global Impressions of Change (CGl-c) 
measure. 
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Table 2 Summary of ESS in Trial 1 

Epworth Sleepiness Scale ESS; range 0-24) 
Dose Group [g/d (n)] Baseline Endpoint Median Change Change from Baseline 

from Baseline Compared to Placebo 
(p-value) 

Placebo (60) 17.3 16.7 -0.5 -
4.5 (68) 17.5 15.7 -1.0 0.119 
6 (63) 17.9 15.3 -2.0 0.001 
9 (55) 17.9 13.1 -2.0 < 0.001 

Table 3 Summary ofCGI-c in Trial 1 

Clinical Global Impressions of Change (CGI-c) 

Dose Group [g/d (n)J Responders* Change from Baseline 
N (%) Compared to Placebo 

(p-valuc) 
Placebo (60) 13 (21.7) I -

4.5 (68) 32 (47.1) 0.002 
6 (63) 30 (47.6) < 0.001 
9 (55) 30(54.4) < 0.001 

* The CGl-c data were analysed by defining responders as those patients who were very much 
improved or much improved. 

Trial 2 compared the effects of orally administered sodium oxybate, modafinil and sodium oxybate + 
modafinil, with placebo in the treatment of daytime sleepiness in narcolepsy. During the 8 week 
double-blind period, patients took modafinil at their established dose or placebo equivalent. The 
sodium oxybate or placebo equivalent dose was 6 g/day for the first 4 weeks and was increased to 
9 g/day for the remaining 4 weeks. The primary measure of efficacy was excessive daytime sleepiness 
as measured by objective response in MWT. 

Table 4 Summary of MWT in Trial 2 

-- --M ----~ 
TRIAL2 

Dose Group Baseline Endpoint Mean Change from Endpoint 
Baseline Compared to 

Placebo 
Placebo (56) 9.9 6.9 -2.7 -

Sodium Oxvbate (55) 11.5 11.3 0.16 <0.001 
Modafinil (63) [0.5 9.8 -0.6 0.004 

Sodium Oxybate + I 0.4 12.7 2.3 <0.001 
Modafini! (57) 

Trial 3 enrolled 136 narcoleptic patients with moderate to severe cataplexy (median of2 l cataplexy 
attacks per week) at baseline. The primary efficacy measure in this trial was the frequency of 
cataplexy attacks. 
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Table 5 Summary of outcomes in Trial 3 

Dosage Number of Cataplexy Attacks 
Subjects 

Trial 3 Baseline Median Change Change from 
from Baseline Baseline 

Compared to 
Placebo (p-
value) 

Median attacks/week 
Placebo ~~ 20.5 -4 -.).J 

3.0 g/day 33 20.0 -7 0.5235 
6.0 g/day 31 23.0 -10 0.0529 
9.0 g/day 33 23.5 -16 0.0008 

Trial 4 enrolled 55 narcoleptic patients who had been taking open-label sodium oxybate for 7 to 44 
months. Patients were randomised to continued treatment with sodium oxybate at their stable dose or 
to placebo. Trial 4 was designed specifically to evaluate the continued efficacy of sodium oxybate 
after long-tem1 use. The primary efficacy measure in this trial was the frequency of cataplexy attacks. 

Table 6 Summary of outcome in Trial 4 

-~-- ·-·-~· 
Number of Baseline Median Change Change from 
Subjects from Baseline 13aseline 

Compared to 
Placebo 
(p-value) 

Trial 4 Median attacks/two weeks 
Placebo 29 4.0 21.0 -

·-·--~ 
Sodium oxybate 26 1.9 0 p <0.001 

ln Trial 4, the response was numerically similar for patients treated with doses or 6 to 9 g/day, but 
there was no effect seen in patients treated with doses less than 6 g/day. 

5.2 Ph arm acokinctic properties 

Sodium oxybate is rapidly and almost completely absorbed after oral administration; absorption is 
delayed and decreased by a high fat meal. It is eliminated mainly by metabolism with a half-life of 0.5 
to l hour. Phannacokinetics are nonlinear with the area under the plasma concentration curve (AUC) 
versus time curve increasing 3.8-fold as dose is doubled from 4.5 g to 9 g. The pharmacokinetics are 
not altered with repeat dosing. 

Absorption: Sodium oxybate is absorbed rapidly following oral administration with an absolute 
bioavailability of about 88 %. The average peak plasma concentrations(!" and 2"<l peak) following 
administration of a 9 g daily dose divided into two equivalent doses given four hours apart were 78 
and 142 µg/ml, respectively. The average time to peak plasma concentration (T,,,ax) ranged from 0.5 to 
2 hours in eight phamrncokinetic studies. Following oral administration, the plasma levels of sodium 
oxybate increase more than proportionally with increasing dose. Single doses greater than 4.5 g have 
not been studied. Administration of sodium oxybate immediately after a high fat meal resulted in 
delayed absorption (average T ma., increased from 0.75 hr to 2.0 hr) and a reduction in peak plasma 
level (Cmax) by a mean of 58% and of systemic exposure (AUC) by 3 7%. 
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Distribution: Sodium oxybatc is a hydrophilic compound with an apparent volume of distribution 
averaging 190-384 ml/kg. At sodium oxybate concentrations ranging from 3 lo 300 µg/ml, less than 
1 % is bound to plasma proteins. 

Biotramformation: Animal studies indicate that metabolism is the major elimination pathway for 
sodium oxybate, producing carbon dioxide and water via the tricarboxylic acid (Krebs) cycle and 
secondarily by ~-oxidation. The primary pathway involves a cytosolic NADP~-linked enzyme, GHB 
dehydrogenase, that catalyses the conversion of sodium oxybate to succinic semialdehyde, which is 
then biotransformed to succinic acid by the enzyme succinic semialdehyde dehydrogenase. Succinic 
acid enters the Krebs cycle where it is metabolised to carbon dioxide and water. A second 
mitochondrial oxidoreductase enzyme, a transhydrogenasc, also catalyses the conversion to succinic 
semialdehyde in the presence of a-ketoglutarate. An alternate pathway of biotransfonnation involves 
P-oxidation via 3,4-dihydroxybutyrate to Acetyl CoA, which also enters the citric acid cycle to result 
in the formation of carbon dioxide and water. No active metabolites have been identified. 

Studies in vitro with pooled human liver microsomes indicate that sodium oxybatc does not 
significantly inhibit the activities ofthe human isoenzymes: CYP1A2, CYP2C9, CYP2Cl9, CYP2D6, 
CYP2E I, or CYP3A up to the concentration of 3 mM (3 78 µg/ml). These levels are considerably 
higher than levels achieved with therapeutic doses. 

Elimination: The clearance of sodium oxybatc is almost entirely by biotransfomrntion to carbon 
dioxide, which is then eliminated by expiration. On average, less than 5% of unchanged medicinal 
product appears in human urine within 6 to 8 hours after dosing. Faecal excretion is negligible. 

Special populations: 

Elderly patients:. ln a limited number of patients greater than the age of 65 years the pharmacokinetics 
of sodium oxybate was not different compared to patients younger than 65 years of age. 

Paediatric patients: The pharrnacokinctics of sodium oxybatc in paediatric patients under the age of 
18 years have not been studied. 

Renal impairment; Because the kidney docs not have a significant role in the excretion of sodium 
oxybate, no phannacokinetic study in patients with renal dysfunction has been conducted; no effect of 
renal function on sodium oxybate phannacokinctics would be expected. 

Hepatic disease: Sodium oxybate undergoes significant presystcmic (hepatic first-pass) metabolism. 
After a single oral dose of25 mg/kg, AUC values were double in cirrhotic patients, with apparent oral 
clearance reduced from 9.1 in healthy adults to 4.5 and 4.1 ml/min/kg in Class A (without ascites) and 
Class C (with ascites) patients, respectively. Elimination half-life was significantly longer in Class C 
and Class A patients than in control subjects (mean t112 of59 and 32 versus 22 minutes). It is prudent 
to reduce the starting dose of sodium oxybate by one-half in patients with liver dysfunction (see 
Section 4.2). 

Race 
The effect of race on metabolism of sodium oxybate has not been evaluated. 

5.3 Preclinical safety data 

Repeat administration of sodium oxybate lo rats (90 days and 26 weeks) and dogs (52 weeks) did not 
result in any significant findings in clinical chemistry and micro- and macro pathology. Treatment
related clinical signs were mainly related to sedation, reduced food consumption and secondary 
changes in body weight, body weight gain and organ weights. The rat and dog exposures at the NOEL 
were lower (~50%) than that in humans. Sodium oxybate was non-mutagenic and non-clastogenic in 
in vitro and in vivo assays. 
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Gamma Butyrolactone (GBL), a pro-drug of GHB tested at exposures similar to the expected in man 
(1.21-1.64 times) has been classified by NTP as non-carcinogenic in rats and equivocal carcinogen in 
mice, due to slight increase ofpheochromocytomas which was difficult to interpret due to high 
mortality in the high dose group. In a rat carcinogenicity study with oxybate no compound-related 
tumours were identified. 

GHB had no effect on mating, general fertility or sperm parameters and did not produce embryo-foetal 
toxicity in rats exposed to up 1000 mg/kg/day GHB (1.64 times the human exposure calculated in 
nonpregnant animals). Perinatal mortality was increased and mean pup weight was decreased during 
the lactation period in high-dose F1 animals. The association of these developmental effects with 
maternal toxicity could not be established. In rabbits, slight foetotoxicity was observed. 

Drug discrimination studies show that GHB produces a unique discriminative stimulus that in some 
respects is similar to that of alcohol, morphine and certain GABA-mimetic medicinal products. Self
administration studies in rats, mice and monkeys have produced conflicting results, whereas tolerance 
to GHB as well as cross-tolerance to alcohol and baclofen has been clearly demonstrated in rodents. 

6, PHARMACEUTICAL PARTICULARS 

6,1 List of cxcipicnts 

Purified water 
Malic acid for pH adjustment 
Sodium hydroxide for pl-I adjustment 

6.2 In corn patibilities 

This medicinal product must not be mixed with other medicinal products. 

6.3 Shelf life 

5 years 

After first opening: 40 days 

After dilution in the dosing cups (see section 4.2), the preparation should be used within 24 hours. 

6.4 Special precautions for storage 

This medicinal product does not require any special storage conditions. 
For storage conditions of the diluted medicinal product see section 6.3 . 

6.5 Nature and contents of container 

Amber oval PET bottle which is delivered with a plastic/foil seal and closed with a child resistant 
closure composed ofHDPE/polypropylene with a pulpboard inner liner. 

Each carton contains one bottle of 180 ml solution, a press-in bottle adaptor consisting of an LDPE 
bottle-well housing, a Silastic Biomedical ETR Elastomer valve, an acrylonitrile butadiene styrene 
terpolymer valve retainer and LDPE tubing, a graduated measuring device (polypropylene syringe), 
two polypropylene dosing cups and two HDPE child resistant screw closures. 

6.6 Special precautions for disposal 

No special requirements 
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7. MARKETING AUTHORISA TlON HOLDER 

UCB Phamrn Ltd 
208 Bath Road 
Slough 
Berkshire 
SL! 3WE 
UK 

8. MARKETlNG AUTHORISATION NUMBER 

EU/ l /05/312/00 I 

9. DATE OF FIRST AUTHORISATION/RENEWAL OF AUTHORISATION 

Date for first Authorisation: 13/10/2005 
Date of latest renewal: 18/10/2010 

JO. DATE OF REVISION OF THE TEXT 

Detailed information on this medicinal product is available on the website of the European Medicines 
Agency http://www.ema.europa.eu/ 
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ANNEX II 

A. MANUFACTURING AUTHORISATION HOLDER RESPONSIBLE FOR 
BATCH RELEASE 

B. CONDlTJONS OF THE MARKETING AUTHORISATION 
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A MANUFACTURING AUTHORISATION HOLDER RESPONSIBLE FOR BATCH 
RELEASE 

Name and address of the manufacturer responsible for batch release 

UCB Pham1a Ltd 
208 Bath Road 
Slough 
Berkshire SL! 3WE 
United Kingdom 

B CONDITIONS OF THE MARKETING AUTHORISATION 

• CONDITIONS OR RESTRICTIONS REGARDING SUPPLY AND USE IMPOSED ON 
THE MARKETING AUTHORISATION HOLDER 

Medicinal product subject to special and restricted medical prescription (See Annex I: Summary of 
Product Characteristics, section 4.2). 

• CONDITIONS OR RESTRICTIONS WITH REGARD TO THE SAFE AND 
EFFECTIVE USE OF THE MEDICINAL PRODUCT 

Not applicable 

• OTHER CONDITIONS 

Pharmacovigilance svstem 
The MAH must ensure that the system ofphannacovigilance as presented in module 1.8.1 of the 
Marketing Authorisation, is in place and functioning before and whilst the medicinal product is on the 
market. 

Risk Management Plan (RMP) 
The MAH commits to performing the additional pharrnacovigilance activities detailed in the 
Phannacovigilance Plan as agreed in the RMP presented in module l .8.2 of the Marketing 
Authorisation and any subsequent updates agreed by the Committee for Medic inal Products for 
Human Use (CHMP). 

As per the CHMP Guideline on Risk Management Systems for medicinal products for human use, any 
updated RMP should be submitted at the same time as the following Periodic Safety Update Report 
(PSUR). 

In addition, an updated RMP should be submitted: 
• When new infonnation is received that may impact on the current Safety Specification, 

Phannacovigilance Plan or risk mimmisation activities 
• Within 60 days of an important (pharmacovigilance or risk minimisation) milestone being 

reached 
• At the request of the European Medicines Agency 

PSURs 
The MAH will provide the PSUR annually. 

16 
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ANNEXTJT 

LABELLING AND PACKAGE LEAFLET 
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A. LABELLING 
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PARTICULARS TO APPEAR ON THE OUTER PACKAGING 

Carton and bottle 

Xyrem 500 mg/ml oral solution 
sodium oxybate 

I 2. STATEMENT OF ACTIVE SUBSTANCE 

Each ml of solution contains 500 mg sodium oxybate 

I 3. LIST OF EXCIPIENTS 

I 4. PHARMACEUTICAL FORM AND CONTENTS ·-------------------~ 
Oral solution 

One l 80 ml bottle 

'---I s:_:_. _ _c_M=E:c..cTHOD AND ROUTE OF ADMINlSTRATION ____ ___ ] 

Oral use. Read the package leaflet before use. 

6. SPECIAL WARNING THAT THE MEDICINAL PRODUCT MUST BE STORED OUT 
OF THE REACH AND SIGHT OF CHrLDREN ~-- ----~-·-----· 

Keep out of the reach and sight of children. 

OTHER SPECIAL WARNING.!§)~, _IF_· _N_E_C_E_SS_A_R_ Y _ __________ _ 

Keep the container tightly closed. 

I 8. EXPIRY DATE 

EXP { MM/ YYYY} 

I 9. SPECIAL STORAGE CONDITIONS 

The medicinal product should be used within 40 days after the first opening. 
After dilution in the dosing cups the preparation should be used within 24 hours 

J 

110. ---------------- - - ---~ 
SPECIAL PRECAUTIONS FOR DISPOSAL OF UNUSED MEDICINAL PRODUCTS ! 
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OR WASTE MATERIALS DERIVED FROM SUCH MEDICINAL PRODUCTS, IF 
APPROPRIATE 

No special requirements 

) l L NAME AND ADDRESS OF THE MARKETING AUTHORISATION HOLDER 

UCB Phanna Ltd 
208 Bath Road 
Slough 
Berkshire 
SLl 3WE. 
UK. 

~I _12 ___ M_A_R_K_E_T_l-NG_A_U_T_H_O_R_IS_A_T_I_O_N_N_U_M_B_E_R ________________ ------. 

EUil /05/312/00 l 

I 13. BATCH NUMBER 

Batch 

[14.- GENERAL CLASSIFICA TlON FOR SUPPLY 

Medicinal product subject to medical prescription. 

[!~:_- INSTRUCTIONS ON USE 

J 16. INFORMATION IN BRAILLE 

Xyrem 500 mg/ml (applies to carton only) 

20 
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B. PACKAGE LEAFLET 
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PACKAGE LEAFLET: INFORMATION FOR THE USER 

Xyrem 500 mg/ml oral solution 
Sodium oxybate 

Read all of this leaflet carefully before you start using this medicine. 
Keep this leaflet. You may need to read it again. 
If you have any further questions, ask your doctor or your pharmacist. 
This medicine has been prescribed for you. Do not pass it on to others. It may harm them, even 
if their symptoms are the same as yours. 
If any of the side effects gets serious, or iryou notice any side effects not listed in this leaflet, 
please tell your doctor or pharmacist. 

In this leaflet: 
l. What Xyrem is and what it is used for 
2. Before you take Xyrem 
3. How to take Xyrem 
4. Possible side effects 
5 How to store Xyrem 
6. Further information 

1. WHAT XYREM IS AND WHAT IT IS USED FOR 

Xyrem works by consolidating night-time sleep, though its exact mechanism of action is unknown. 

Xyrem is used to treat narcolepsy with cataplexy in adult patients. 

Narcolepsy is a sleep disorder that may include attacks of sleep during normal waking hours, as well 
as cataplexy, sleep paralysis, hallucinations and poor sleep. Cataplexy is the onset of sudden muscle 
weakness or paralysis without losing consciousness, in response to a sudden emotional reaction such 
as anger, fear, joy, laughter or surprise. 

2. BEFORE YOU TAKE XYREM 

Do not take Xyrcm 
if you are allergic (hypersensitive) to sodium oxybatc or any of the other ingredients of Xyrem 
if you have succinic semialdehyde dehydrogenase deficiency (a rare metabolic disorder) 
if you suffer from ma,jor depression 
if you are being treated with opioid or barbiturate medicines 

Take special care with Xyrcm 
if you have breathing or lung problems (and especially if you are obese), because Xyrem has the 
potential to cause respiratory depression 
if you have or have previously had depressive illness 
if you have heart failure, hypertension (high blood pressure), liver or kidney problems as your 
dose may need to be adjusted 
if you are taking other central nervous system depressants or alcohol 
if you have previously had experience with drug abuse 
if you suffer from epilepsy as the use ofXyrem is not recommended in this condition 
if you have porphyria (an uncommon metabolic disorder) 

If any of these apply to you, tell your doctor before you take Xyrem. 

While you are taking Xyrem, if you experience bed wetting and incontinence (both urine and faeces) , 
confusion, halluc inations, episodes of sleepwalking or abnormal thinking you should tell your doctor 
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straight away. \Vhilst these effects arc uncommon, if they do occur they are usually mild-to-moderate 
in nature. 

If you arc elderly, your doctor will monitor your condition carefully to check whether Xyrem is 
having the desired effects. 

Xyrem should not be taken by children and adolescents. 

When you discontinue taking Xyrern you need to follow your doctor's instructions as it may result in 
side effects e.g. headache, lack of sleep, mood changes and hallucinations. 

Xyrem has a well known abuse potential. Cases of dependency have occurred after the illicit use of 
sodium oxybate. 

Your doctor will ask if you have ever abused any drugs before you sta1t taking Xyrem and whilst you 
are using the medicine 

Taking other m cdicines 
Please tell your doctor or phannacist if you are taking or have recently taken any other medicines, 
including medicines obtained without a prescription. 

In particular Xyrem should not be taken together with sleep inducing medicines and medicines that 
reduce central nervous system activity (the central nervous system is the part of the body related to the 
brain and spinal cord). 

Also care should be taken to tell your doctor and pharmacist iryour are taking any of the following 
types of medicines: 

• medicines that increase central nervous system activity and antidepressants 
• medicines that may be processed in a similar way by the body (eg valproate, phenytoin or 

ethosuximide) 

Taking Xyrem with food and drink 
You must not drink alcohol while taking Xyrem, as its effects can be increased. 

Xyrem is to be taken at a set time well after a meal (two - three hours) as food decreases the amount of 
Xyrem that is absorbed by your body. 

You need to monitor the amount of salt you take as Xyrem contains sodium (which is found in table 
salt) which may affect you if you have had high blood pressure, heart or kidney problems in the past. 
If you take two 2.25 g doses of sodium oxybatc each night you will take 0.82 g of sodium, or if you 
take two 4.5 g doses of sodium oxybate each night you will take in 1.6 g sodium. You may need to 
moderate your intake of salt. 

Pregnancy and breast-feeding 
There have been very few women who have taken Xyrem sometime during their pregnancy and a few 
of them had spontaneous abortions. The risk of taking Xyrem during pregnancy is unknown, and 
therefore the use ofXyrem in pregnant women or women trying to become pregnant is not 
recommended. Tell your doctor if you are pregnant or are planning to become pregnant. 

It is not known whether Xyrem passes into breast milk. Patients taking Xyrem should stop breast 
feeding. 

Ask your doctor or pharmacist for advice before taking any medicine. 

Driving and using machines 
Xyrem will affect you if you drive or operate tools or machines. Do not drive a car, operate heavy 
machinery, or perform any activity that is dangerous or that requires mental alertness for at least 6 
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hours after taking Xyrem. When you first start taking Xyrem, until you know whether it makes you 
sleepy the next day, use extreme care while driving a car, operating heavy machinery or doing 
anything else that could be dangerous or needs you to be fully mentally alert. 

3. HOW TO TAKE XYREM 

Always take Xyrem exactly as your doctor has told you to. You should check with your doctor or 
pham1acist if you are not sure. 

The usual starting dose is 4.5 g/day, given as two equally divided doses of2.25 g/dose. Your doctor 
may gradually increase your dose up to a maximum of 9 g/day given as two equally divided doses of 
4.5 g/dose. 

Take Xyrem orally two times each night. Take the first dose upon getting into bed and the second 
dose 2.5 to 4 hours later. You may need to set an alann clock to make sure you wake up to take the 
second dose. Food decreases the amount ofXyrem that is absorbed by your body. Therefore, it is best 
to take Xyrcm at set times well after a meal (two-three hours). Prepare both doses before bedtime. 

If you stop taking Xyrem for more than 14 consecutive days you should consult your doctor as you 
should restaii taking Xyrem at a reduced dose. 

Instructions on how to dilute Xyrem 

The following instructions explain how to prepare Xyrem. Please read the instructions carefully and 
follow them step by step. 

To help you, the Xyrem carton contains I bottle of medicine, a measuring syringe and two dosing cups 
with child-resistant caps. 

l. Remove the bottle cap by pushing down while turning the cap anticlockwise (to the left). After 
removing the cap, set the bottle upright on a table-top. There is a plastic covered foil seal on 
the top of the bottle, which must be removed before using the bottle for the first time. While 
holding the bottle in its upright position, insert the press-in-bottle-adaptor into the neck of the 
bottle. This needs only to be done the first time that the bottle is opened. The adaptor can then 
be leil in the bottle for all subsequent uses 

2. Next, insert the tip of the measuring syringe into the centre opening of the bottle and press 
down finnly (See Figure 1 ). 
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3. While holding the bottle and syringe with one hand, draw up the prescribed dose with the 
other hand by pulling on the plunger. NOTE: Medicine will not flow into the syringe unless 
you keep the bottle in its upright position (See Figure 2). 

'-----Figure 2 

4. Remove the syringe from the centre opening of the bottle. Empty the medicine from the syringe 
into one of the dosing cups provided by pushing on the plunger (See Figure 3). Repeat this step 
for the second dosing cup. Then add about 60 ml of water to each dosing cup (60 ml is about 4 
tablespoons). 

~::),, 

t--··kJ ·~:· . .:.> 
r-igurc 3 

5. Place the caps provided on the dosing cups and turn each cap clockwise (to the right) until it 
clicks and locks into its child-resistant position (See Figure 4). Rinse out the syringe with water. 

6. Just before going to sleep, place your second dose near your bed. You may need to set an alarm 
so you wake up to take your second dose no earlier than 2 .5 hours and no later than 4 hours 
after your first dose. Remove the cap from the first dosing cup by pressing down on the child
resistant locking tab and turning the cap anticlockwise (to the left). Drink all of the first dose 
while sitting in bed, recap the cup, and then lie down right away. 

7. When you wake up 2.5 to 4 hours later, remove the cap from the second dosing cup. While 
sitting in bed, drink all of the second dose right before lying down to continue sleeping. Recap 
the second cup. 

If you have the impression that the effect ofXyrem is too strong or too weak, talk to your doctor or 
phannacist. 

If you take more Xyrem than you should 
Symptoms ofXyrem overdose may include agitation, confusion, impaired movement, impaired 
breathing, blurred vision, profuse sweating, headache, vomiting, decreased consciousness leading to 
coma and seizures. If you take more Xyrem than you were told to take, or take it by accident, get 
emergency medical help right away. You should take the labelled medicine bottle with you, even if it 
is empty. 
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If you forget to take Xyrem 
If you forget to take the first dose, take it as soon as you remember and then continue as before. Ir you 
miss the second dose, skip that dose and do not take Xyrem again until the next night. Do not take a 
double dose to make up for forgotten individual doses. 

If you stop taking Xyrem 
You should continue to take Xyrem for as Jong as instructed by your doctor. You may find that your 
cataplexy attacks return if your medicine is stopped and you may experience insomnia, headache, 
anxiety, dizziness, sleeping problems, sleepiness, hallucination and abnormal thinking. 

If you have any further questions on the use of this product, ask your doctor or pharmacist. 

4. POSSIBLE SIDE EFFECTS 

Like all medicines, Xyrcm can have side effects. These are usually mild to moderate. Ir you 
experience any of these, tell your doctor straight away. 

The frequency of possible side effects listed below is defined using the following convention: 
very common (affects more than 1 user in JO) 
common (affects I to 10 users in 100) 
uncommon (affects I to 10 users in 1,000) 
rare (affects I to IO users in I 0,000) 
very rare (affects less than I user in 10,000) 
not known (frequency cannot be estimated from the available data) 

Very common sidf! effects (affects more than I user in !OJ include: 
Nausea, dizziness, headache 

Common side effects ( affects I lo 10 users in l 00) include· 
Sleeping problems including insomnia, blurred vision, feeling the heart beat, vomiting, stomach pains, 
diarrhoea, anorexia, decreased appetite, weight loss, weakness, abnormal dreams, tiredness, feeling 
drunk, sleep paralysis, sleepiness, trembling, confusion/ disorientation, nightmares, sleep walking, bed 
wetting, sweating, depression, muscle cramps, swelling, fall,joint pain, back pain, cataplexy, balance 
disorder, disturbance in attention, disturbed sensitivity particularly to touch, abnormal touch sensation, 
sedation, abnormal taste, anxiety, difficulty in falling asleep in the middle of the night, nervousness, 
feeling of "spinning" (vertigo), urinary incontinence, shortness of breath, snoring, congestion of the 
nose, rash, inflammation of the sinuses, inflammation of nose and throat, increased blood pressure 

Uncommon side effects (affects 1 lo 10 users in I, 000) include· 
Psychosis (a mental disorder that may involve hallucinations, incoherent speech, or disorganized and 
agitated behaviour), paranoia, abnormal thinking, hallucination, agitation, suicide attempt, difficulty in 
falling asleep, restless legs, forgetfulness, myoclonus (involuntary contractions of muscles), 
involuntary passage of faeces, hypersensitivity 

Side effects with unknown.frequency (cannot be estimatedji·om the available dara) include: 
Convulsion, decreased breathing depth or rate, hives, , suicidal thoughts, short cessation of breathing 
during sleep. 

If any of these affect you severely, tell your doctor. 
If you arc concerned about any side effect, or if you notice any side effects not mentioned in this 
leaflet, please tell your doctor or pharmacist. 

5. HOW TO STORE XYREM 
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Keep out of the reach and sight of children. 

Do not use Xyrem after the expiry date stated on the bottle (EXP). The expiry date refers to the last 
day of that month. 

Store in the original container. 
Do not store Xyrem solutions diluted with water for more than 24 hours. 

Once you open a bottle of Xyrem, any contents that you have not used with 40 days of opening should 
be disposed of. 

Medicines should not be disposed of via wastewater or household waste. Ask your phaimacist how to 
dispose of medicines no longer required. These measures will help to protect the environment. 

6. FURTHER INFORMATION 

What Xyrem contains 
The active substance is sodium oxybate. Each ml of solution contains 500 mg of sodium 
oxybate. 
The other ingredients are purified water, malic acid and sodium hydroxyde. 

What Xyrem looks like and contents ufthe pack 
Xyrem is supplied as an oral solution in a 180 m I amber plastic bottle, which is closed with a 
childresistant cap. When the bottle is delivered, there is a plastic covered foil seal which is on the top 
of the bottle, underneath the cap. Each pack contains one bottle, a press-in-bottle-adaptor (PIBA), a 
plastic measuring syringe and two dosing cups with child-resistant caps. 
Xyrem is a clear to slightly opalescent solution. 
The amber plastic bottle contains I 80 ml of oral solution. 
Marketing Authorisation Holder and Manufacturer 

Marketing Authorisation llolder: UCB Pharma Ltd, 208 Bath Road, Slough, Berkshire, SL l 3WE, 
United Kingdom. 
Manufacturer: 
UCB Pharma Ltd, 208 Bath Road, Slough, Berkshire SL] 3WE, United Kingdom 

For any information about this medicine, please contact the local representative of the Marketing 
Authorisation l-lolder. 

You should have received a Xyrem Information Pack from your physician, which includes a booklet 
all about Xyrem and a video showing you how to take the medicine. If you have not received this, 
please contact the local representative of the Marketing Authorisation Holder, below. 

Belgie/Belgiq ue/Belgien 
UCB Pharma SAfNV 
Tel/Tel: +32 / (0)2 559 92 00 

61,JJrap1rn 
IO Cl1 El1 Iibnrapttll EOOJJ: 
TeJc.: + 359 (0) 2 962 JO 49 

Ceska repu blika 
UCB s.r.o. 
Tel:+ 420 221773411 
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Luxcmbourg/Luxem burg 
UCB Pharma SA/NV 
Tel/Tel: +32 / (0)2 559 92 00 

Magyarorszag 
UCB Magyarorszag Kft. 
Tel.:+ 36-(1) 391 0060 

Malta 
Pharmasud Ltd. 
Tel: t·356 / 2 l 37 64 36 
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Danmark 
UCB Nordic A/S 
Tlf: + 45 I 32 46 24 00 

Deutsch land 
UCB Pharma GmbH 
Tel:+ 49 /(0) 2173 48 4848 

Eesti 
UCB Phanna Oy Finland 
Tel:+ 358 IO 234 6800 (Soome) 

E1Ht6a 
UCBA.E. 
TY]),: + 30 / 2109974000 

Espafia 
UCB Phmma, S.A. 
Tel:+34/915703444 

France 
UCB Phanna S.A. 
Tel:+ 33 I (0)14729 44 66 

Ireland 
UCB (Pharma) Ireland Ltd. 
Tel:+ 353 / (0)1-46 37 395 

Island 
Vistor hf. 
Tel: + 354 535 7000 

Italia 
UCB Phmma S.p.A. 
Tel:+ 39 I 02 300 791 

Kunpoc; 
Lifepharma (Z.A.M.) Ltd 
TYJA.: + 357 22 34 74 40 

Latvija 
UCB Pharma Oy Finland 
Tel:+ 358 10 234 6800 (Somija) 

Lietuva 
UCB Phanna Oy Finland 
Tel:+ 358 10 234 6800 (Suomija) 

Nederland 
UCB Pharma B.Y. 
Tel.: +31 I (0)76-573 11 40 

Norge 
UCB Nordic A/S 
Tel: +45 / 32 46 24 00 

Osterreich 
UCB Pharma GmbH 
Tel:+ 43 (1) 291 80 00 

Polska 
UCB Pharma Sp. z o.o. 
Tel.:+ 48 22 696 99 20 

Portugal 
UCB Pharma (Produtos Fam1aceuticos), Lda 
Tel:+ 351 /213025300 

Romiinia 
UCB Pharma Romania S.R.L. 
Tel: +40 21 300 29 04 

Slovenija 
Medis, d.o.o. 
Tel:+ 386 1 589 69 00 

Slovcnska republika 
UCB s.r.o., organizacna zlozka 
Tel: + 421 (0) 2 5920 2020 

Suomi/Finland 
UCB Pharma Oy Finland 
Puhl Tel: + 358 10 234 6800 

Sverigc 
UCB Nordic A/S 
Tel:+ 46 / (0) 40 29 49 00 

United Kingdom 
UCB Pham1a Ltd. 
Tel: +44 / (0)1753 534 655 

<-------------------------------------- ----------------------------------------------------------------------------------------

This leaflet was last approved in 

Detailed information on this medicine is available on the European Medicines Agency website: 
http://www.ema.europa.eu/ 
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Rx only 

Xyrem® 
(sodium oxybate) oral solution 
CIJI 

'WARNING· Central oeQIQLJ$ sys.tern depres:;ant 
with ab'l.l.se potential. 

Should not be used with alcohol or other CNS_~ 
Sodium o~ybc1te is GHB, a known drug of abuse, Abuse hils bec?n 

J associated with some important cent,al nervous sy;tem {CNS) 
• adverse events (including death). Even at recommended doses, 
! use has be12n J.ssociated with confusion, depression and other 

neuropsychJatric events. Reports of respiratory depression o,curred 
in clinical trials. Almost all of the patients who received sodium 
oxybate during dinical trials were receiving CNS stimulants. 

Important CNS adverse events associated with abuse of GHB indude 
sei~ure, respiratory depre55ion ond profound decreases in level 
of consciousness, with instances of coma and death. For even.ts 
that occurred outside of clinical trials, in people tak;ng GHB for 
recreationil.l purposC?-s~ the circumstances surrounding the events 
are often unclear (e.g., dose of GHB taken, the nature and amount 
of alcohol or any concomitant drngs). 

Xyrem is available through the Xyrem Success Program, using 
a centralized pharmacy 1-866-XYREM88·• (1-866-997-3688). The 
SucceS>s Program provide5 educationa.l materials to the prescriber 
and the patient explaining tho tisks and proper uso of sodium 
oxybate, and the required prescription form. Once ft is documented 
that the patient has read and/or understood the materials, the drug 
will be shipped to the patient. The Xyrem Success Program also 
recommends patient follow-up every 3 months. Physicians are 
expected to report aU serious adverse events to the manufacturer. 
(See WARNINGS). 

DESCRIPTION 

Xyrem (sodium oxybat-el is 3 C€-ntral neNo u5 system depressiJr.t th .Jt 
reduces e xcessive d aytime slec,pinc-ss and cataplexy in patie n ts w ith 
narcolepsy. Soda.irn oxybate is inter,ded fo r o r21l admin1stratior,, 
The chemica l name for sodium oxyb.1te is ~od ium L-hyd rox.yb utyrate. 
The rnoleculor formula is C.:HJNa.OJ and the moleculcir w ei ght is. 
~26 .09 grams/mol e The chemical struc ture is· 

0 
II 

Na+ ·o-C -CH 2 -CH2 - CH2 - 0- H 

Sodium oxybate is ,1 white to o ff-white, crysrnHi ne powder that is very 
so lubl e 1n aqueous solu t ions. Xyrem oral solution contains 500 mg of 
sod ium oxyb ate per m ill ilite r of USP Pu r;fied W aler, neutra lized to 
p H 7.5 with mal,c acid . 

C LINICAL PHARMACOLOGY 

r·~echanism of Action 

The p recise mechanism by which sodiu m oxybate produces an effect on 
ca1..ipl12.x.y is unk11ow11 

Pharmac:okinetics 

Sod ium oxybate is rapid ly but incomplete ly absorbe d after o ral 
admir1istration; absorption is delayed and d ec re ased by a high fz.t meal. 
I t is eliminated mainly by metabolism wi th a haH-lifC? of 0 .5 to~ ho ur. 
Pharmac:okinetics are no nlinear wit h blood levels inr,reasing 3.7-fo ld as 
o"ose is doubled fr om 4.S to 9 grams (g) The p harmacokin etics are no t 
al tered with repeat dosing 

Absorptio n 

Sod ium oxybate is absorbed rapidly followir19 o ral administration with 
a n absolute bio aYail ability o f about 25%. The ave rag e pe ak plasm a 
concentrations (1"1 and 2t.c peok) fo llov:ing admlnis tration of a 9 g da. ily 
dose d iv ided Jr°\to two eq uivalent do.ses given four ho urs apart were 
78 and 142 micrograms/millilite r {mc g/m L). respectively. The average 
time to peok plosma concentratio n {Tm..J ronged from 0.5 to 1.25 hours 
in Gig ht pharmacokinetic studie s. Following oral adrninistr.:ition, the 
plasma levels of .sodium oxybate increase more ti":an proportiona lly with 
increasing dose. Single doses greater than 4.5 g have not been stud ied 

Administration of sodium axybate immediately after a liigh fat meal 
re5vl ted iri deloyed absorption {c.verage T.,, .,. iricreilsed from 0.75 hr lo 
2.0 hr) and a reduc tio n in peak plas.m a lev t?I (C."~J b y a, rr.er1n of 58% 
and o f systemic exposure [AUC) by 37%. 

Distribution 

Sodium oxybate is a hydrophilic compound with a.r, apparen t volume of 
d istribu t io n averaging 190~384 ml/kg. At sodium oxybate concentrations 
ranging from 3to 300 mcg/mL, less than 1% is bound to plismz p roteins. 

Metabolism 

Animal studies indicate that metabolis.m is the major elimination 
palhway for sodium oxybate, producing carbon djaxde and wat!:!r via 
the tricarb oxylic acid (Krebs) cyde and se condarily by beta-oxidation. 
The primary pilthw.:iy invdves a cyto soh:: NADP·-linkcd enzyme, GHB 
dehydroger,ase, that catalyses the co nversion of sodium oxybate to 
succinic semialdehyde, which is then biotransformed to succinic acid by 
lhe enzyme succini c sernic1ld ehyde dehydrogenase. Succi nic .1cid enters 
the Krebs cycle where it ls. metabobzed to carb on dioxide and w c1ter 
A second mitochondrial oxidoreductase eni.yme, a tr.:1nshydrogeriase, 
abo GltJlyses the conversion to succinic sem,aldehyde in the presence 
of a-ketoglutarate. An alternc1te pathway of biotransformation invo(ves 
f3-oxidation via 3,4-d ihydroxybutyrate 1.0 carbon diox.ide? and wilter. 
No active metabolites have b sen identified 

Stud ies in vit ro with pooled human l1Ver microsomes indicate their 
so dium oxybate does fl ot significc1nt ly inhibit the rictivities o f the human 
isoenzymes CYP1A2, CYP2C9, CYP2C19. CYP2D6. CYP2 E1. or CYP3A 
up to the concentration ol 3 rnM (378 mcg/ml}. These levels are 
considerably higher th~n J12vels achieved with therapeutic dosGs. 

[ liminatio n 

The clcaranc !? of sodium oxybale is almost entirely by biotransformation 
to carbon dioxide, which is ther, eliminated by e)l,pirat ion. On average, 
less than 5% of unchanged drug appears in human urine within 6 to 
S hours riher dosi ng Fee('!! excretion is neg liglble. 

Special Populations 

Geriatric 

1he pharmacokinetics of sodium oxybate in pati ents greater than the 
a ge of 65 years have not been studied 

Pediatric 

The pha rm acobneti cs. of sodium ox:ybate in patients under Lhe age of 
18 years have not been studied. 

Gender 

In a s tu dy of 16 fe male a nd 18 male he a lthy adul t vol,nieers. no gender 
diffNences were detec ted in the p harn'\acokinetics o1 sodium oxybate 
fo llowing a s ingle oral d ose of o.S g. 

Race 

There are irisufficienr data to evalu .:ite ;:rny p harmacokinetk d lffereflCes 
a mong ra ces. 

Ren al Dise ase 

Because t he kidney do0s not have a ~ig ni fic-::int ro le in the exc ret ion 
of sodium oxybc1te1 no p harmacokinetk study ir, p iltients lNith ren~d 
dysfu nction has bec? ri condu cted; no effoct of reflaf function an sodium 
oxyba:e pharmaco kmetics wo uld be expected 

H8pclt ic Di sease 

Sodium oxybate uOOe rgoes significant p resystemic (hepatic fi rs t~p as.s) 
meti3bolism. The k inetics of sodiu m o.x.ybate i n 16 ci rrho t ic patients, half 
·,ni thout ascites, (C hild's Class A} arid half with ascites {Ch ild 's Cl,1ss CJ 
v..'e<e compared to t he kinetics in 8 he a~th y c1dults .1 fter a sin g~e oral dose 
of 25 mg/kg . AUC values w ere double in the d rrhotic pat ients, v,1th 
appa rent o ra l cle ara nce reduced fro m 9. I in healthy a dults to 4 .5 and 
4 1 mUmin/ kg in Class A and Class C patient s, respect tVely. El im1r,ation 
half-li fe w as signific,;.ntly lon ger in Class C .1 nd Class A pnt:ents than in 
con1.rol subjects {meant~,,, o l 59 arid 32 ve rsus 22 minutes}. It 1s p rudent 
ta reduce the st.:1rtir.9 dose of sodium oxybate by o ne .half lri pa. t ients 
with liver dysfunction isee Doscige and A d.ministration) 

Drug-Drug Interaction 

Drug interaction studies in healthy adult.s demonstrated no 
pharmacokinetic Interactions b et•..veen sodi um oxyb e-te and 
protriptylir,e hydrochloride, :zolpidem taftrate. and modafinil. 
However, pharmacodynamic interact ions with these drugs cannot 
be ruled out. Alteration of gastric pH wi th omeprazolG' p roduced 
no signif ican t change in the oxybate kinetics. 
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CLINICAL TRIALS 

Ca1aplexy 

The effectjveness of sodium oxybate in the treatment of cataplexy was 
established in two randomi,ed, do·Jble-blind, placebo-controlled trials 
(Tdals. 1 and 2) ir. patients wit!-: narcolepsy, 85% and 80°/o, respectivGly, 
of whom were also beLng treated with CNS stimulants.. The high 
percentages of concomitant stimulant use make it impossible to assess 
the efficacy and safety of Xyrem independ ent of stimulant use. In each 
uial, the trea1ment period wao; 4 weeks ;md the total daily doses ranged 
from 3 to 9 g, with the daily dose divided into lwo equal doses. The first 
dose each night was taken .Jt bedtime and the second dose was taken 
2.5 ta 4 hours later. There were M restrictions on the time b etweGn food 
consumption and dosing 

Trial 1 was a multi-center, double-blind, placebo-comrolled, parallel
group trial lhat enrolled 136 narcoleptic patients v..1ith moderate to severe 
cataplexy (median of 21 cataplexy attacks per week) at basel'ne. Pr'or 
Lo randomization, medicabons with pos.sible effects on catapJexy were 
withdr.awr.. but stimulants. were contin·Jed ct stable doses.. Patients were 
randomiwd to receive placebo, sodium oxybate 3 g/night ,odium 
oxybate 6 g/night, or sod;um oxybate 9 g/night. 

Trial 2 was a multi-center, double-blind, placebo-controlled, parallel· 
group, randomized withdrawal trial that enroHed 55 narcoleptic patter.ts. 
who had been taking open-label sodium oxybatc for 7 to 44 months. 
To be jnduded, patients were required to have a history of at least 
5 cataplexy attacks per week prior to an, treatment for cataplexy_ 
?atier.ts were randomized to continued treatment with sodium oxybate 
at their stable dose or to placebo Trial 2 " 'as designed specifically to 
evaluate the continued efficacy of sodium oxybate after long+ce rm use 

The primary efficacy measure ir+ T6.als 1 and 2 was lhe frequency of 
cataptexy attacks. 

Table 1 
Svmmal)' of Outcomes :n Clink.cl Tri~l5 Supporting 

the Efficacy of Sodium Oxybate 

Trial/ Baseline Median Comparisor+ 
Dosage Change to Placebo 
Group :n) From BcJseHne p~value 

CATAPLEXY ATTACKS 

Trial 1 

(median attacks/week) 

Placebo (33) 20.5 -4 

6 0 g/nigr.t (31) 23 0 -10 0.0451 
9.0 g/night (33) 23.5 -16 0 .0016 AA-·-~-

Trial 2 

(median attacks/two weeb) 

Placebo 129) ~-0 21 .0 

?odi.~xybate E.61 19 0 <0.DD1 

In Trial 1, both the 6 g/night and 9 g/nigr.t doses gave sta t,svcally 
significant reductions in the frequency of calaplcxy attacks. The 3 g/nigr.t 
doss had little effect. In 1rlal 2, following the dlscontinuatlon o f [ong-tBrm 
open-1.abel sodium oxybate therapy, pat~8nts randomized to placebo 
experi Gnced a sig nificant ir.c reao;.e in cataplexy (p <0.001J, providing 
evidence of lar.g-te rm efficacy of sodium OJ(ybate Jn Trial 2. the response 
was numerically similar for patients treated with doses of 6 to 9 g/n;ght. 
but tr.ere was na effect seen in patierits treated with doses. tess than 
6 gin,ght, suggesting little effect a, these doses. 

Excessive Daytime Sleeptnes.s 

The sffeccivsness of sodium oxybate in the trec.111ment of excessive 
dayt•me sleepiness 1n narcolepsy was established in two randomized, 
do uble-bl ind, placebo -controlled tr ials (Tria ls 3 and 4) 'n patients with 
narc.olepsy. Seventy-ei ght percent of patients. io Trial 3 v..·13re also be·,ng 
treated with CNS st imulants . 

Tnal 3 wa5 a multi-center, randomi2ed, double-blind, piacebo-co ntfal!ed, 
paraUel+arm lrtal that evaluated 228 patients with moderate to 5evere 
symptoms at entry into cr.e s.rudy including a median Epworth Sleepiness 

Scale {see below) score of 18, and Maintenance of Wakefulness Test {see 
below) score of 8.25 mif)l)tes. Tl.ese patients were randomized to one 
of 4 trear.mem groups: pl.:icsbo; sodium oxybate 4.5 g/night; ~ocfr.Jm 
o xybate 6 g/night; and sodium oxybate 9 g/nigrt. The period of double
blind ::reatment in this. trial was 8 weeks Antidepressants were withdrawr+ 
prior to randomization; stimulants were continued at stable doses 

1he p rir11ary efficacy meJsures in Trial 3 were the Epworth Sleepiness 
Scale and the Clinical Global lmpress,on of Change Tho Epworth 
Sleepiness. Scale is. inter)Qed to 8va1uate the extent of sleepiness in 
everyday situations by asking the patient a series of q·JestiOr)S. In these 
questions, p.ar.:ients are asked lo rals their chances of dozing dur!ng each 
of B activ!t!es on a scale from 0-3 (OT'Lr.ever; 1.-.s tight; 2""moderate; 
3=higr.}. Higher rota[ scores 1ncHcatG a grGater tendericy lo sleepiness 
': he CliniccJ Glab at Impression of Change is a /-point scale, centered at 
No Change. and rcJnging from Very Much Worse co Very Much Improved 
In Tri;:il 3, patients. were rated by evaluators who based their assessments 
ori tr.e ssvsrlty of narcolep!y at baseline. 

Trial 4 was a multkenler randomized, double-blind, double-dummy 
placebo-controlled, parallel-arm vial that evaluated 222 patients with 
moderate to severe symptoms at entry into t~e study including a media r+ 
Epworth Sleepiness Seate score of 15, and Maintenance of Wakefulness 
Test (see below) score of 10.25 minutes. At entry, patients had to be 
laking modafinil for ;,1 month and at stable doses of 200,400. or 600 mg 
dail11 for at least 1 month prior to randomization. Tl'-ie patients enrolled 
in the study were randomized to one of 4 treatmer.t groups. placebo; 
sodium oxybate; modafinit; and sodium oxybate plus mod.3finil. Sodium 
ox.ybate was administered in ,;1 dose of 6 g/nighr.: for 4 weeks, followed by 
9 g/night for i1 weeks. Modaflnil was. continuGCI at the prior dose_ Patients 
takir,g antidepressants cm .. dd continue these medic11tior+s at stable dos.es. 

The 0<1ly primary Bfficacy meas.ure in Tricl 4 was the Maintenance of 
Wakeiulness Test. The Maintenance of Wakefulness Test measures. latency 
\in mir.uces) to sleep or.set averageci over 4 s.Bss!on s. at 2 hour intervals 
following nocturnal polysomnography. F·or each test session, the s.ubj C?c::t 
is ,;1s.ked to remain awake without using exlraordinary measures. 
Each test sGsslon ;s terminated after 20 minutes if no s le8p occurs, or 
.after 10 minutes. if sleep occurs. The overall score ls the mear. sleep 
latency for the 4 sessions. 

In Tnal 3. statstically significant improvements were seen on the Epworth 
Sleepiness Scale and on the Clinical Global Impression of Change at the 
6 g/night and 9 g/night doses of sodium oxybate. 

Dose Group 
'.g/nigr.t (n)J 

Table 2 
Daytime Sleepiness in Trial 3 

Epworth Sleepicess Scale (Range 0-24) 

Baseltne Endpoint Median 
Change fr om 

Baseline 

Change from 
Baseline Compared 

to Placebo 
Ip-value) 

Placebo 159) 17.5 17.0 -0.5 
6(5~8)--- 1~,~.o,-----,1~6~.0---~.2~.0,------<~ 0.-00~1-~ 

9(471 190 120·---------:_s,.,.o=---- --- " -:co-:c_oo,,..,..1--

Table 3 
Clinical Global Impression of Change in Day and Nighttime Symptoms 

(Responder Analysis) in Trial 3 

Doss Group 
'.ginighl (n)I 

Percel'lt Responders 
[Very Mucr. Improved 
o r Much lrnpro •Jed} 

Placebo (59) 22% 

S lgnifica~ce Comp a red 
ta Placebo 

Ip-value) 
Change from Baseline 

~~~---------------~·-~----
6 (58) 52% <0.001 

9 (47) 64% <0.001 

Ir, Trial 4, .a statist•cat ly signi ficant improvement on the Matncenarice ol 
Wakefutnes.s Test score was seen in the sod•um oxybate and sodium 
oxybate plus modafinil groups 
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Table 4 
Daytime Sleepiness as Evaluated in Trial 4 

Ma·1ntena11ce of Wakofu!ncss Test (minutes) 

Dose Group 
(n) 

Placebo (55) 

Sodium 
Oxybato (50) 

Sodium 
Oxybate plus 
Mad afinii {54) 

Baseline Endpoint Mean Change 
from Baseline 

9.7 69 -2.7 

11.3 12.0 06 

10.4 13.2 2.7 

Endpoint 
Compared to 

p;aceba 

<0.001 

<000", 

fhis. trial was not capable by design of comparing the etfects of sodium 
oxybate to moda~nit because patients receiving modafinil were not 
titrated to u maximally effective- dose. 

INDICATIONS AND USAGE 

Xyrom (sodi1_.1111 oxybatei oral solution is indicated for the ueatment of 
excessive daytime sleepiness and cotuplcx.y in putients with narcolepsy. 

!n Xyrcrn dinical lria!s, apprnxima:;:ely 80% of patients 1naini.ained 
concomitant stimulant use (see Bl.ACK 50X WARNINGS}. 

CONTRAINDICATIONS 

Sodium oxybate is contraindicated in patients being "treated with 
sedative hypnotic 3gents 

Sodium oxybatc is COf"ltraindicatod in patients with succiriic semiaidehyde 
dehydrog-2nase d-2ficiency. This rare disorder is an inborn error of 
metabolism variably characterized by mental retardation, hypotonia, 
and Lltax.ia. 

WARNINGS 

S~E BOXED WARNING 

Due to the rapid onset of its CNS depressani: effects, sodium oxybate 
should oniy be ;ngested a; bedtirno, and wh;le rn bed. For at least 
6 hours after ingest ing sodium oxybate, patients must not engage in 
ha7ardo:Js occupations or ;icfr:itius reo·..iinng complete mental aiertness 
or motor coordination, such as operating machinery1 driving a motor 
vehicle, or flying an airplane. When patients first start taking Xyrem or 
any mher sleep medicine. until they knm.., whether the medicine wlH still 
have some car!)'over effect on them the next day. they should use 
extreme care while performing any task that couid be dangerous or 
requires full mental alert:'less. 

The combined use of alcohol (othanol) with sodium axyb,te may result 
in potentlatioll of the centra.[ nervous system-depressant effects of 
sodium oxybatc and alcohol. Therefore. patients should be warned 
stroJ1giy .igaimt the use of any alcoholic beverages in conjunction wrt.h 
sodium oxybatc. Sodium oxybate should not be used Jn combination 
with sedative hypnoi:ics or other CNS depressants 

Central Nervous System Depression/Respiratory Depression 

Sodium oxybate 1s .a CNS dcprossam: with the potenl1al ta impair 
respi ratory drili'e, especially in pa;:ients wjth a!ready+cornpromised 
respiratory function. In overdoses, (lfe-threatcoiflg respiratory depression 
has been reported (see OVERDOSAGE). le clinical trials Mo subjects had 
profound CNS dcpressjan. A 39 year-old worniln, ii healthy volunteer 
received a single 4.5 g dose of sodium oxybcite after fasti~g for 10 hours. 
An hour tater, while asleep, she de\·elopcd decreased respiration ,;:ind was 
treated with an oxy9cr1 rnask- An hour later, this event recurred. She also 
•.1om1ted and had fecat incontinence. In aflothcr case, a 64 yeilt-o!d 
narcoleptic man was found unrespons.lvc on the floor on Day 170 of 
treatment with sodium oxybate at .i totai daijy dose of 4.5 g/11Jght. He 
was takeri to a.n emergency room where he wils intubated. He improved 
.ard was able to return home !.ater trle same da~ Two other patients 
discontinued sodium oxybate because of severe difficulty breathing 
and an increase in obstructive ~!eep apnea 

The respiratory depressant effects of Xyrern, at rccoinmonded doses, 
were assessed in 21 patients with narco!epsy, and no dose+related 
changes in oxygen s.aturation ~\1ere demonstrated in the group as a 
whole. Orw of these patients hod significant concomitant p·Jlrnanary 
illness, .ind 4 of the 21 had moderate-to-severe steep .apnea One 
of the 4 patients w1i:h sicep apnea h.'ld significant v.orsening cf the 
apnou/hypopnca index d1Jrin9 troiltmcnt, bul worsening did not increase 
at higher doses. Another patient discontin·Jed treatment becauso of il: 
perceived increase in dinical apf'l o,a cvcnls. In the randomized controlled 
Tri als 3 and 4, .a tota l oi 40 narc:olepsy pc1tien;:.s were 1nduded ~vith a 

baseline apnea/hypopnea index of 16 to 67 e~·ents per hour indicative of 
mild to severe sleep disordered breathing. None of the 40 patients had a 
clinically significant worsening of their respiratory function as measured 
by ap.nea/hypopnea J.ndex and pulse oxirnotry while receiving sodium 
axybatc al dosages of 4.5 to 9 glnight in divided dosages Nevertheless, 
caution should be obsef\'Cd iiXyrem is prescribed to p.itients with 
compromisod respi ratory function Prescribe rs should b~ aware that 
sleep apnea has been reported with a high incidonco (even SO%) in 
some cohorts of nilrco!eptic patients. 

Confusion/Neuropsychi,atric Adverse Events 

During clinical trials, 2.6% of pe1tients treated with sodium o>:ybate 
experie.nced confusion. Fewer than 1% or patients discontinued the drug 
becai.;sc of confusion. Confusion w.as repori:ed at aa recommended doses 
from 6 to 9 g/night. In a comroi!ed trial where pc!ticmts were randomized 
lo lixed total daily doses of 3, 6, and 9 g/night or placebo, a dose
respo.nse relationship for confusiofl was dornonslrated with 17% of 
patioflts at 9 g/night ex.perienc1n9 confusion. Ir, aU cases in that 
controiled triaI, .:he confusion rcsol~·cd soon after termination of 
treatment. In Tri.a( 3 where sodi·Jm axybate was ;:itrated from an initial 
4.5 g/night dose, there wa!; a single event of confusion in one patient ~t 
the 9 g/flighi: dose. ~n the 1najority of cases in .a!I dnical trials, confusion 
reso!ved either soon ,;:,:"ter L.errninatlon of dosing or with continued 
treatment. However. patients tre.atod with Xyrem who b ecome confused 
s;hou;d be evaluated fuHy, and appropriate lritef\.·ention considered on an 
indi'liduat basis 

Other neuropsychiatric events induded psychosi51 pilranoia, 
h.aiiucinalto.ns, and agitation. The emergence of thought disorders and/or 
bchavjar abnormalities when patie.nts are treated with sodium oxybatc 
requires careful and immediate ev,;duation. 

Depression 

In dinical tria!s, 1~ of patients treated with sodium oxybate reported 
depressive symptoins. In ;:he majorjty of coses. no change in ~odium 
oxybate treatment was required. Four paticnLs {<1%) discontinued 
because of depressive symptoms. In the controt!ed dir,ical trial \.',here 
patients were r.andomiz.ed ta fixed doses of 3, 6, 9 g/night or placebo, 
there was a sirigie event of depression al 1he 3 g/night dose. In Trial 3, 
where patisni:s were titrated from an initial 4 S g/night s.te1rti.ng dose, the 
incidence of depression was 1 (1.7%), 1 (1.5%}, 2 (3.2%), and 2 (3.6%J for 
1he placebo, ~-5 g, 6 g, and 9 glnight doses respectively 

In the 717 patient dataset. there were "i\NO suicides and one cttemptod 
suicide recorded in patients wirh a previous history of depress.ivt~ 
psychiatric disorder. or the two si..:icides1 o.ne patient used sodi•Jm 
oxybate in conjunction wii:r, other drugs. Sodium axybate was nor 
involved in the second S:.Jlcide. Sodium oxybr1tc was the only drug 
Involved in the attempted suicide. A fourth patient without a previous. 
history of doprcsslon attempted suicide by taking an overdose of a 
drug other ;:han sodj·Jm oxybatc 

H.,e emergence cf depress.ion when pc1tieJ1ts are treated with Xyrem 
reauires careful and immediate ev.:duatlon Patients with a ore~·iou~ 
hisiory of il depressive illness a.rid/or su1c1de anernpl sho,J°d be 
monitored especic1!1y carefully for the em~rgen,:e of depressive 
symptoms while taking Xyr0m 

Usage in the Elderly 

fhere Is very !imited experience with sodium oxybatc in the elderly. 
Therefore, e;de dy patients sho~ld be monitored close!y for impaired 
motor and/or cognitive func;:·1on when taking sodium oxybate. 

PRECAUTIONS 

Incontinence 

During din le.at trials, 7% of narcoleptic patients. tre.ated with sodium 
oxybate experienced either a sjng!e episode or sporadic noct:.Jrnc1I 
urinary incontinence and <1% exµerJenced a sin~e episode of .nocturnal 
fecal incontin-2nce. Less than 1% oi p atielltS discontinued as a result of 
incontinence. !ncontinence has beon reported al all doses. tested . 

ln a cantroHed trial where patients were randomi~ed to fixed tota! daily 
dos.es of 3, 6. and 9 g/night or p!acebo, a dose-response relationship for 
urinary incontinence wc1s dernonstroted wii:h 14% of patients initiilied a;: 
9 g/night experiencing urinary incontinence. In tho same trial, o ne patleflt 
experienced focal incontinence when initiated at a dose of 9 g/.night and 
discontinued trea.:men;: as a result 

If a pa1ient experiences urinary er fecal incor·1tinence during Xyrom 
therapy, the prescriber should consider pursuiflg investigations to rule 
oul underiying etiologies, in duding worsening sleep apnea or nocturr,at 
s0izur0s., altho·.Jgh there i.s no evidence to suggest th,cn incontinence has 
been associated with seirnres in patients being treated with Xyrem 
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Sleepwalking 

The term "sleepwalking" in this seclion refers to c:onfusGd beh.c1vior 
OCC"Jrr:ng .Jt r,ight ~nd. ut times, asso:::iated with wandering. !tis unclear if 
some or all of thes-e episodes correspond to true somnambulis,n, whi::::h is 
u parvsomnfa occurring d"Jring non.-REM sleep, or to any other spe6fic 
medical disorder. Sleepwal~ing was reported in 4% of 717 patients 
treated in dnica! trials with sodium oxybute Ir, sodium oxybate-ueated 
patients <1% discantin·Jed due to sleepwaikir,g. In controlled trials of 
up to 4- weeks duration, the incidence of sleepwalking was i% in both 
pl<lcebo and sodium oxyb.-:.te-treared p;,tients Sleepwalking was 
reported by 32% of patients treated with sodium oxyb<lte fOt' periods up 
to ~6 years in one independent uncontroH-ed trial. fewer than'\% of the 
pat rents in rhal trial disco ntinued d..ie to sleepwalking. Five instances of 
sJ9nifican1 injury or potential injury l.'IE?rn associated with sleepw,;1 lking 
durfrig a clinical trial of sodium oxybate Lncluding a fal!, dothir,g set 
on fire while ottetr,pting to smoke, attempted ingestion of nacl polJsh 
remover, and overdose of ox:ybate. Therefore, episodes of sleepwalking 
should be fully evaluated and appropriate interventtons considered 

Sodium Intake 

Daily sodium ir,ttlke in ptltients taking sad[um oxybate is provjded below 
and should be considered in patier,ts Wtth heart foi!ure, hypertension or 
compromised renal function. 

Table 5 
Sodium Content per Total Nightly Dose 

Xyrem Do.$e Xyrem Sodium Content 
(g) (ml) /Dose 

6 546 mg 
4.5 9 819 mg 
6 12 1092 mg 

7 5 15 1365 mg 

9 18 1633 mg 

Hepatic [11sufficiency 

Patients w·1th compromised liver fur.ction will have an increuscd 
el1mint1tion half.JifE and systemic exposure to sodium oxybate {see 
r'harmacokinetics). 'The starting dose sho·Jld therefore be decreased by 
one-hti H in such patients, or.d response to dose increments monitored 
closely {see Dosage and Administralion} 

Renal l nsufflciency 

No studies have been conducted iri patients with renal failure. Because 
less than 5% of sodi...im oxybate is excreted via the kidney, no dose 
adjustment should be necessvr_t ir. patier.ts with renal impairment- The 
sodium load .:.ssocia1ed with administration oi sodium oxybate should 
be considered in patients w ith renal in~ufficiency. 

Information for Patjents 

'The Xyrem Patient Success Programl<'l includes det2iiled information about 
the safe and proper use of sodrurn oxybcJte, as well as information to help 
tl1e p.::.tient prevent .::.ccidental use or obuse of sodium oxybtlte by others. 
Patierrr.s must read and/or u11derstar,d the materials before inJt iating 
therapy. Frescribcrs. will discuss dos ing (incl-Jdtng the procedure for 
preporing the dose to be admintstercd) prior to Lhe initiat ior. of treatment 
Patients should also be 1r.formw that ihey should be seen by the 
prescrlb-er frequentfy during the course of their treatment to review dose 
titrtltion, symptom respor,se tlnd adverse reactions. . f'."ood s1gr,ificantly 
decrn;::ises the bioavailabi lity of sodium oxybate {s0e Ph~rmucokinetics). 
\Nhether sodium oxybate is taken in the fod or fasted st.rlte may affect 
both the efficacy and safety of sodium oxybate for a given patient. 
Patjents should be made aware of this and try to tcJkE the first dose 
several hours. after a meal. Patients shou!d be in formed that sodium 
oxybate is associated wi1b 1Jrinar_t and, less freq·.1ently, fecal incontinence 
As a safety preca..ifron. pat ients shouJd be instructed to lie down and 
sleep after each dose of so dium oxybtlte, ilf",d not lo toke sodium oxybate 
at ar.y time other than at night, immedin.-rely before bedtime and again 
2.5 to 4 hours l ater. Patieff"C$ should be instructed that they should not 
t<Jke al coho! or other sedat:ve hypnolics with sodum oxybi!te. 

For addi'iional information, pat!ents. should see the 1...-ledic~tion Guide 
for Xyrem. 

Laboratory Te.ts 

Labor~tory tests ~re not required to monitor patient response or adverse 
events. resulting from sodium ox:,obate admin istration 

In an oper.-!abel ,rial of 10119 tenn exposure Lo sodium oxybate-, which 
extended as long as 16 years for some patients, 30% (26/81) of patients 

tested had al least one positive anti-no clear anlibody (ANA) test Of the 
26, 17 p<Jtients had multipfe positive ANA re-sts 01,1er time The clinic~l 
coursE of these p.:.tients was r,ot always dearly recorded, but one 
pa1ient w8s dearly diagnosed with rhe:.Jmatoid arthritis at the time of 
th0 first recorded positive ANA 1est No instances of systemic lwpus 
ery1hematosus have been reportGJd ir, p;:iti&nts t2iking sod,um oxybate 

Drug Interactions 

Interactions between sodium o.xybcte and three drugs commonly used 
in palie-ms with narcolepsy (i.olpidern 1~rtrate, protrfplyline HCI. and 
modafinil} have been evaluated in formaJ studjes. Sodium oxybate, in 
combination wi1h These drugs, produced no signiHrnnt pharmacokincric 
changes. for eithGr drug (see Pharmacokinetics~. However1 

ph<1r:Y"lacodynamlc tnteradions c:annot be ru!ed 01.Jt. N onetheless, 
sodium oxybate should not be ·..ised in co:nbin3.tion with s.edotive 
hypnotics or other CNS depressants. Alteration of gastric pH wlth 
omeprazole p roduced no signific~nt change in th,e oxybate kinet ics, 

Carcinoge11icity, Mutagenicjty, lmpcirment of Fertility 

Sodium oxyb.s.te was. not carc;nogenic in rats admintstered orv! doses 
of up to 1000 mg/kg/day (2 times the exposure in hu,n..:ins recei'.ling the 
rr,ax1murn recommended dose {MRHD} of 9 g/day1 on an AUC b~S!S~ for 
&3 weeks in the male rots. and for 104 weeks ir, fcm,.ilc, rats. The resuhs 
of 2-year carcir,ogenicity st·..idies ir, rnouse <11,d r2it witl1 ga:nma
butyrolactor1e, c compound th.at 1s metabolized to sodium oxybate in 
vivo, showed r.o clear evidence of carcinogenic ~ctrYfty. The plasma AlJCs 
of sodium oxybate achi~ved .:it the high doses in these studies \vere 1/2 
(mice and female rats) and 1/10 (male rats) the p lasma AUCs at the MRHD 

Sodium oxybate was negative in the Ames microbial mutagen rest. an 
m v1-tto chrornosomal oberr~tion ass~y in CHO cells, and an in vivo raT 
microf'ludeus assay 

SodiLim oxybate d;d not ;mpa,r fertility in rats at doses Lip w 1000 mg/kg 
(approximately equal to the maximum recommended human duily dose 
on a mg/m1 basis) 

Pregnar,cy 

Pr-8gnancy Ca!egory B: Reproduction studies cor,ducied in pregnant 
r;:its at d oses up 10 1000 rng/kg (approxtmately equ.:il ta the maximum 
mcommended ~umar, dciily dose on a rng/m; bi'l~1s) ~nd 1n pregnant 
rubbits at doses up to 12D0 mg/kg (approximately 3 t imes tl1G1 m;:iximum 
rncomrnended human d~ily dose on a rng/m:, basis) revealed no evidence 
of ter.ltoger,ic:ry. In a study ir, whkh ra1s were given sodium oxybate from 
Day 6 of gestation through Day 21 pos.t~p;:irtum , slight decreases tn pup 
ond matern al weight galns were seen at 1000 mg/kg; there were no 
drug effects on 01her developmental parameters. There arE, however, 
no adequc1te and well-controHed studies in pregnant women. Because 
animal reproduction studies are not always prediclivc, of humiln response, 
this drug should be used during pregnancy only if clearly needed. 

L~bor and Dehvery 

Sodium oxybate has not been studied in labor or delrvery. rn obstetric 
af".esthes1a us ing an inject;::ible forrrit.dcit ion of sodium ox.ybare r,ewborns 
had stable card.Ovascular and respira1ory measures but were veflj deepy, 
cousing o slight decrease in Apgar scores. There was a fall in ;:h e rate of 
uterine cor,tr.::.ctlo ns 20 minutes ofter i r,iectior .. Pl~cer,tal transfer is rap id, 
but umbilica l veir, levels of sodium oxybute we,e no more than 25% of 
the matern~I concentration. Na sodium oxybate was detected in the 
infant's blood 30 minutes after delivery. Elirninatron curves of sodium 
oxyba1e be1ween a 2-day o ld ir,font and a 1S...yeor old patient were 
similar. Subsequent effects of sodium oxybate or, later growth, 
development and m~luration in humans are unknowr,. 

Nurs:r,g Mothi:=Hs 

It is not known \vhether sodium oxybate is excreted in human mdk. 
Because many drugs are excreted in human m ilk. cautron sho..ild be 
exerci5ed when sodi1.1m oxybate is admir+istered to a nursir,g woman 

Pedialrlc Use 

Sarety and effectiveness in patients under 16 years of age have 11ot 
been e5ta.blished 

Race and Gender Effects 

There were too few non-Ca..icasian patients to perrnft evaluation of racial 
effocts on safety or eff icacy. More than 90% of the subjects iri clin.=cJI triuls 
were Caucastan. 

The database was 58% female. No important differences ir, safety or 
efficacy of Xyrem were r,oled between men and women. The overall 
percentage of patients 'Ni th at least one adverse event w.:.s sl·ightly 
higher in women -:BO%) th.:m in men (69%). The incidence or serious. 
adverse events and discontinu ations. due to adverse evems were sirnilar 
in both men and women. 
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ADVERSE REACTIONS 

A tot~( of 717 narcolep::ic pai:ients were exposed to sodium oxybale in 
clinical trials. The mos.i. commonly observed adverse events .;ssoo?Jted 
'Nith the use of sodium oxybate were 

Headache (22%), nausea {21%), diuiness (17%), nasopharyngitis (8%), 
somnolence (8%), vomiting (8%), ~nd urina:y ir,continence {7%}. 

Two deaths occurred in these cliniciJI tria!s, both from drug overdoses 
801h of these deaths resulted from ;ngesr;on of mult;ple drugs, ;ncluding 
sodium oxyb.ate in one pillienl. 

In ::hese clinic.al trials, 10% of padems disco ntinued becau se of adverse 
events. The most frequent reasons. for dlscontir1uation (>1%J were 
nausea (2%), dizziness (2%) and vomiting (1%). 

Appro~lmate!y 9% of patients receiving sodium oxybate in 5 placebo
controlled dir.ical trials {n- 443) withdrew due to an adverse event, 
co mp.i red to 1% receiving pl.:icebo {n==79}. The reasons for 
discontinuation that occurred more freqver,tty in sodium oxybate~treated 
patier.ts than p!acebo~treated patients were: nausea (2%)1 dizziness (2%) 1 

vomiting {1%); as w ell as urinary incontinence, confu~ional ~cate, dyspnea, 
hypesthesia, paresthesiaj sornno!ence, tremor. VC?rtigo, ar,d blurred vision, 
a!I occurring in <1%of patients. 

Incidence in Controlled Clinical Trials 

Most Commonly Reported Adverse [ver,ts in Controlled Clinical Tnals 

The most commonly reported adverse events {~5%) in olacebo controlled 
dinical trials c'lssociated with the use of s.odiurr. oxybace and occurring 
more frequently than seen in placebo-tr,-,,atf-!d pot1(~nts were: n,c1usea (19°h), 
dizziness {18%), headache (18%), •;omlting {8%), somnolence (6%), LHin.,,fy 
incontinence (6%). and nusophrHyngitls ~6%). These incidences are based 
or+ combined data from Trial 1, Tri,c112, Tri.JI 3. and tv10 sm.Jller rnndorr.ized, 
double-blind, placebo-wntrolled, cross-over trials (n-655) 

3ecause cl inical trials are conducted under widrdy varyir.g conditions, 
adverse reaction rates observed in the dinical tria(s of a drug cannot 
be directly compel red ~o rcJtes in ~he clinical trials of another drug and 
may not reflG>ct the rates obs.erved in practi<:e. The ('Jdverse reaction 
inform.:ition from dinical trials does, howeve~ provide a bas.is for 
ider,cifying lhc tldverse events thul u~pear lo be related to drug use 
,c1rid for approx·1mating incidence rates. 

The data presented be!ow comP. from lwo pl('Jcebo~contralled clinical 
trials, Trial 1 and Trial 3 

Tab!es 6 and 7 !ist tiie incidence of treatment-emergeni:: adverse events in 
Trials 1 and 3, respectively, for which lhere was an incidence of ~5% and 
the incidence in at lr.:ast one dosage group an sodium oxybate was 
grearnr than placebo. The number of patier,ts in each dosage group 
represents the tota! number of patisms treated at e ach dose. Treatment 
was initiated ,c1;: assigned doses of 3, 6, and 9 gin Trial 1 

Table 6 
lnciden,e 1%) of Treatment-Emergent Adverse Events in Trial 1 

System Organ Class Placel>o Sodum Oxybate Dosage (g/night) 
at Onset 

----1 

N: 33 I MedDRA N 2 34 I 9 
Preferred ·1 erm N ~ 34 N - 35 

Ear and labyrinth disorders 

Tinnitus 0 2 (5 9%) 0 0 

Eye disorders 
Vision blurred 1 (29%) 2(5.9%) 0 0 

Gast,oiMest in al dlsZ"rders 

Abdom;nal pa;n upoer 0 1 (3.0%) 4 (11.4%) 

Diarrhea 0 0 2(61%) 3 (86%) - ---------
Dyspepsia 2 (59%) 1 (2.9%) 3{9.1%) 3 (86%) 

Nausea 2 (S.9%) 3 (88%) 8 (242%) 14 (40.0%) -----~--·-~+•~ 
Vomiting 0 3(9., %) 8 (22.9%) --·-···-- ·- --~ --- -+----

General disorders and administration site c.onditioos 

Feelir.g~!:_k __ ----- ~!~-0,--1-~-0--,--,_,,----I--0,------,-3-'-(8--:.6-%_)'----
Let~,argy I O 2 (5.9"/o) 0 0 

Pain 1 (2.9%) 1 [2.9%) I (3.0%) 2 (5.7%) 

Systern Organ Class Placebo 

ModDRA 
Preferred Term N ~ 34 

Infections and ,nfesta,ions 

Gas.lroenteritis viral 0 

Nasopharyn gitis 1 (29%) 

Upoer respiratory 1 (2.9%) 
tract infoction 

Sod;um Oxybate Dosage (g/n;gh,) 
at Onset 

3 I 6 I 9 
N - 34 N - 33 N ~ 35 

0 I 216.1%) 0 
1 (29%) ! 2[61%) 2(57%) 

1 (2!1%) I 216.1%) D 

Injury, poisoning and procedura1 compJic.at1ons 

_l'_o.:'. procedural pain I O I 0 
lovestig('Jtions 

Blood press" re irx,eased I 1 (2 9%) 0 

Musculoskeletal and connective th.sue disorders 

B.:ick Pain 

Cataple;ic::,, 

Muscular weaknes~ 
Nervous system disorders 

Disturbance in attention ~---
Dizziness 

Headache 
-

Hypoaesthesia 

SleepParalysis -
Somnolence 

Psychiatric disorders 

~fusia~·;r;t;te 

Depression 

D!sorientation .. ,_ 

Nightmare 

Sleep disorder 

Sleep w;lking --

2(5 9%) 

0 

2 (5.9%) 

8 (23.5%) 

0 
1 (29%) 

3 (88%) 

0 -
0 

1 (29%) 

0 
0 

0 
- -·--·--

Renal and urinary disorders 

2 (59%) 

1 (29%) 

8 (235%) 

3 (8.8%) 
2 (59%) 

1 (29%) 

~ (11.8%) 

2 (5 9"..i,) 

2 (5.9%) 

1 (2.9%) 

1 (2.9%) 

0 

0 --

0 2 (5.7%) 

216.1%11 

2(61%) 2 (57%) 

0 3 (86%) 

1 {3.0%] 0 

0 
-- -3 (86%) 

10(303%, 13 (37.1%) 

71212%1 13 (37.1%) 

0 
----0--

-----
2(61%) 5(1~.3%) 

4(121%) 5 (14.3%) --

1 (] 0%) 2 (57%) 

0 0 

0 3 (!i:6%) 

2 (61%11 0 

2(61%) 1-1(29%) 

0 2(S7%) 

l::nures is I O 1 (30%) I 6 (17.1%) 

Respiratory, thoracic and mediastinal d;,,__:o_,d:...•:...r:...s_~---~----

Phoryngolaryngeal p.;;n I 2 (5 9%)J O 3 i£1foJJ 1(29%) 

SkJ;; and subcutaneOJ-s ti%Ue disorders 
Hyperh;dros is --..--l--,0--- 1- (-2.-9%~,-I ~ -1-(3-.0-lc-'J~l-2-,:s_.7_%"")-

Table 7 
tncidence (%) of Treatment-Emergent Adverse Events in Trial 3 where 

dose thration from 4.5 to 9 grams oceurred In weekly intervals 

··-··--- -- ~ ~ -
System Org.1n Cl.1ss Placebo Sod;um Oxybate Dosage (g/n;g ht) 

at Onset 

MedDRA 4.5 I 
N =6114 I 9 

Preferred Term N = 60 N ~ 185 N = 46 

Gastrointestin('J! disorders 

Nausec::. 2 (33%) 14(7 6%) 12 (10.5% 9119.6%) 

_ Vomltir.g·~--··-· 1 (1.7%) 3{1 .6%) 4 (3 5%) 4(87%) 

Nervous system di-sorde~s 

01sturbi:lnce in Atter,tio r, 0 2(1.1%1 0 3 (6.5%) 

Dizziness 1 (17%) 17 (92%) 9 (7 9%) 4(87%) 

Som~~"fence 0 2(11%) 0 5110.9%) 

Ren.al .and urinary disorders 

-!';;-:;.;s,, I __ Hu%i] 6 (3.2%1 1, (J5%l [ 6 (13~0%) 

Dose Respor.se JnrmmrJtion 

Disccntmuatians of treatment due to adverse events were most common 
at the highest dose of sodium oxyb.Jte A dose-response relationship was 
observed for r,ausea, vomiting, paresthe5ia, disorientation, irritability, 
disturbance in attention1 feeling dr:.mk, sleepwalking and enuresis. The 
ir.cidenc·e of all these ever.ts was not.3b ly higher ;,;i: 9 g/d_ Dizziness was 
rnosl common at 3. and 9 g/nlght 
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Less Common Adverse Ever.ts 

During clinical trials sodium oxyb.ate was eJdministered to 7l/ patients 
with narcolepsy, ar.d 182 healthv volunteers. A total o{ 283 patients and 
25 hea1thy- ·volunteers received 9 g/night, the maximum .-ecommsnd-sd 
dose. A tot.al of 334 patients received sodium oxybate fer at least ON? 

year. To establist"c the rat8 of tJd11er5e events., data from all subjscts 
receiving ~ny dose? of sodium ox.ybate were pocled. All adverse ever.ts 
reporc•d by at least two people are ;ncluded except for those already 
listed Glsewhem in thG labeling, terms too gensral to hs informative, or 
€vents 1Jr.l1kBiy to be drug ir.duced. Events Dre dL1ssifio2d by body system 
and listed under the foljowing definitions: frequent adver"Se events (thosG! 
occurrir,g in at least 1/1CG people); infrequent events (those occurring ir. 
1/100 to 1/1000 people I- These events are r,ot necessarily related to 
sodium oxybate treatment. 

Blood of'\d lymphatic system disorders 

Frequent: none; Infrequent: leukopenia, lymphaoenopathy. 
Cardiac dlsordHs 

Frsquertt: nor.e; Infrequent: tachycardia. 

Ear and labvrinth dis.ordsrs 

Frequen.t: ear pain, vertigo~ Infrequent: ear discomfort, tinnitus 

Eye disorders 

Frequent: vision blurred; Infrequent: conJur.ctiviris, eye irritation, eye pain, 
eye redne"Ss, eye swellir,g, keratcccr-jur.ct1vitis sicca, miosis. 

Gastrointestinal disorders 

Frequent: constipation. dyspepsia, toothache; Infrequent: abdam;nal 
distension, dysphag1'1, eructation. fecal incontir.ence. fl~tuler"oce. 
gastroesophageal re11ux. disaase, oral pain, retching, salivary 
hypersecretion, stomach discomfort. 

General disorders and administration site conditions 

Frequent: asthenia, cfi.est pain, fatigue, infiuer.,a like ilir.ess, malaise, 
pyrexia; lnfrequer.t: chest discomfort, discornfort, edema, feGling 
abnormal, feeling cold, feeling hot, feeling hot and cold, feeling jittery, gait 
abnormal, hr.1ngover, lethargy, sensation of foreign body, slugg;shness 

Immune system disorders 

Frequent: none; Infrequent: hyperser.sitlvity, multiple allergie-s 

lr,fect;ons pnd infestations 

Frequent: bronchitis, gastroenteritis virnl. influenza, nasoph.iryngit is, 
sir.us:tis, 1Jpper respiratory tratt infection, urinary tract infection; Infrequent: 
bladder infection, bronchial infection, cellulitis, dern.al curies, ear Infection, 
fungal infectior\ gastroenteritis, herpes simplex, he~pes rnste~ laryngitis, 
locali7ed infection, ctitis exlcma, ph<1ryngit;s, pr.eumorlia, tir,ea pedis, tooth 
abscess, tooth infoction, vaginal infection, vaginal mycosis. 

lniur., poiSO(\inn aM r:roccd•..1ral comulications 

Fr-equent: cont•Jsion, fall, p ain 1raurna. activated; Infrequent ankle fracture, 
back injury, cor.cussion, head :oj•.Jry, joint spm:n, Jimb ir,j•Jry, m•..1sde strain, 
post procedwal pain, road uaffic accident, skin laceration, tooth injury. 

!nvestigJtions 

Frequent: weight decreased, Infrequent: illanine <1rnlno·,rar,sferase 
increased, blood alk.:iline phospliatase increc1sed, blood cak1um 
decreased, blood cholestsrol ir.creased, bleed glucc~e increased, blood 
uric acid increased, blood urir.e, eJectrocardiogram .ibnormal, heart rate 
i ncreased, liver functio n tes.t abnormal. protein urine, respiratory rate 
ir,creased, urine analysis abnormal 

Metabolism and nutrition discrders 

Frequent: anorexia; lnfrequ!?nt decre.Jsed appGtite, hypernatremia, 
l·,ypocalcsmi.a, inc:reased appetite 

Mu~r;u l9sk@fotal and connective tissue disorders 

Frequent: arthralgia, back pain, myalgia, neck pain; Infrequent: arthritis, 
chest w;;ill p.aln, joint sti1'fne5s, Joint swelb, g, muscle tightness, Tl"oJSCk! 

tv.rltching, muscular weakness, musculoskeletal d iscomfort, m 1JS0.1ioskeletal 
stiffr,ess, polyarthritis. sensation of heaviness, tendonitis. 

Neopfosms ben;qn, mDlignant ar,d unspecified 

Frequent: r.or,e; Infrequent cyst. 

N<.Hvous system d,sorders 

Frequ-ent: ba!.ance d-1so rder, headache, hypcesthesi.:i, mC;"mo1y impairmer,t; 
Infrequent: ccordinatior. abnormal, dapressr?d level of conscio usness. 
d11.7.iness post1J1aL dysclrthria, dysgeusla, dysi<.inesia, dysstasia, head 
discomfort, 1-,ype~aesthesi.a, mer.ta! impoirment. migraine, rnyodo11us, 
paralysis, psychcmotor hyperactivity, restless lc?g syndrome, sedation, sin•Js 
headache, sleep talking, sudden onset of sleep, syncope, ter.sion fleadache 

Psychiatric disorders 

FtequGnt: abnormal dreams, cor1fusior,ai st.ite, depressior,, insomnia, 
ner.ro1Jsness, r.igh~ma re, sieep disorder; Infrequent L1ffect !ability, crying, 
emotional disorder. euphoric mood, fear, hallucination-auditory. 
hypr.agogic hallucination, ir.itial insomnia, libido ir.creased, middle 
insomnia, mood altered. panic disorder. paranoia, restless.r.ess. sleep 
vttacks, stress symptoms. 

Renal and urinarv disorders 

Frequent: none; Jnfrequent: chromatul"ia, hemat•Jria, incontinGncG, 
rnicturition urgency, nacturi;-.i, pollakiuria1 protejnuria, urinary incontir.ence. 

Reproductive system ar"ld bref!st disorders 

Frequent: none~ Infrequent: ovarian cyst, vaginal hemorrhage. 

Respir.atory thoracic <1nd mediilstinal disorders 

Frequent: cough, dyspne.a, nasill congestion, phaiyngolaryngeaJ pair,, 
sir.us congestion; Infrequent: alle-rgic sin•Jsitis, apne-a, asthma, dry thro.at. 
hiccups, hyperventil.ition, nocturnal dyspr,ea. oropharyngeal sweljing, 
respiratory disordC?r, rhinitis, rhinitis allergic, sinus disorder, snoring, throat 
secreLion increawd, •Jpper respiratory tract congestion 

Skin and subcutaneous tissue disorder"S 

Frequent: prurltis.; Infrequent: acne, alopecia, cold sweut der·matitis 
contact, night sweats. rosacea, skin irritation, urtk:.aria 

Surgical and medical procedures 

Frequent: none; lnfreq1.1ent: endadontic procedure 

Vc1scu 1£[..Qisorders 

Frequent: hyperter,s1or,; Infrequent: hypotensicn, peripheral coldness. 

DRUG ABUSE AND DEPENDENCE 
Controlled Substance Class 

Xyrem is dassjfied as a Schedule- II! COfltroned substancG by ~ederal la1N. 

rhe a<tive ingn:,dient, sodi-Jm oxybate or gamma-hydrcxybutyrate (G~B), 
is listed in the rr.ost restrictive scfledule of tl-\e Controlled $ 1Jbstances Act 
(Schc-dulc I). Thus, ncr,Tmedical uses of sodium oxybate (XyrAm or GH8/ 
.:ir-e d;,ssilied •Jr.der Schedule I 

Abuse, Dependence, and Tolerance 

Abuse 

See applicable directions for use •Jnder HANDLING AND DISPOSAL 
below. Although sodium oxybate (also known as GHG) has not be en 
systematict:illy studied in dir.ical trials lor its poter.tial for abuse, illic,t 1JSC? 
and abuse ha,•e beer, reported. Sodium oxybate is a p sychoactive drug 
tho::1t produc€s a wid€ rang-e o f pharmaco !ogic.al effects. It is a sedati"Je
hypnotic that produces dose and concentr.'.ltion depend-ent centr;,l 
nervous system effects in humans. The onset of effect is rapid, enhancing 
its desirability as a drug of abuse or misu se 

The rapid onset of sedation, coupled with the amnestic feDtures of sodi•Jm 
oxybate, p.art,cula.rly wl"_er, combined w;th alcohot h.as proven to be 
dangero1Js for the volur,tary and involuntary (ass.ault victim) user. 

GHB is abused in social settings pnmariiy by young adiJlts_ C:HG has. some 
commonalties with ethanol over a limited do"Se range .and some cross 
tolerance 'Nith ethanol has beer. reported as well. C<1ses of severe 
dependence ard crav•r.g for GHB have been reported. Dependence is 
indicated by the- use cf increasing~ Large doses, lncre<1sed frequency of 
use, ar.d ccntinued use despite •:Jd11erse conseque11Ces. Some of the doses 
reported abussd m the "ravs" setting have been similar to the dose ri'.mge 
studied for therL1peutic treatment of catapJexy. 

Hospital errergenc:y department reports increased WO-fold from 1992 to 
1999 (source: Svbstaoce Abuse Meotal 1-lealth Services Administration, 
Drug Abuse Warning Network (DAWNI). Sixty percent of the ED reports 
involved individuals. 25 years and younger. N1Jmerous deaths had been 
mportGd over that period of time, typically Involving G~B ir, combination 
witli alcohol ar.d other drJgs, including five in the DAV,JN system in which 
GHB was the only drug that couJd be identified. However, tke incidence of 
hospital emerger,cy department reports of events ir,volving GJ,--,;B ar.d GHB
rnlated an.:ilogs has decreased by abo•Jt 33% since 20~0. arxi reports to the 
American Association cf Pcison Con:ro! Cef"lter"S of GHB €,;:oosures has 
decreased lrom 1916 (ir,volving 6 deaths) ;n 20'J1 to 800 (wiihout any 
deaths} in 2003 

Dependel".ce 

There h.ive be-en case reports cf dependence after illicit use cf GH[) .it 
frequent repeated doses ,:18 to 250 g/d.iy), 1n excess of the th~rape•JfC 
dose range?_ In these cases, the signs and symptoms of abrupt 
discontinuation included an abstinence syndroffl€' consisting of insomr,ia, 
fest1essness. anx;ety, psychosi.s, lethargy, r,a•Jsea, tremor, sv.reating, 
muscle cramps, and tachycardia. These symptoms gGneral!y abated in 3 
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to 14 days. The dis.continuation effects of sodium oxybate hllve not 
been systematically evaluated in co ntrolled d inical tri~ls. An ab5tinence 
syndrome has not been reported in clini cal fnves tigations Although the 
clinical trial e"'pcr:cnce 'A.11th sodium oxybate i n narcolep~y/catapleX')' 
patients a t therapeutic doses d oes riot show clear evidence of a 
withdrawal syndrome, two patients reported anx:cty and o ne re ported 
insomnia following 1Jbrupt discontinuation at the termination of the clinical 
trial; in the two patients wi th anxiety. the frequency or cot~plexy had 
increased mar'<edly at t he same time. 

Tolerance 

Tolerance to sodium oxybate kac; not been systematically studi~d in 
cont,o lled cl,nical tria ls. Open-label, long-term (,06 months) clinical tdals 
did nol demons trate development o f tolera nce. There hove been some 
::ase reports of iymptoms of tolerance de .. ·eloping after ilt:dt use at 
dosaoes fo r in excess or the recommended Xyrem do~ge regimen. 
Cl iniZal studies of sodium oxybate in the treauncnt of alcohol wi thdrawal 
suggest a potential cross .. tolcrance with alcohol. Because illicit use ~nd 
abuse of GHB nave been repo!"!ed . prtysicians shoulci carcfuJly evc:ilua te 
patients for a histo,y of drug •buse •n<i follow such patient, closely, 
obsctving them for ~ig ns of misuse or abuse of GHB (e.g. increase in 

si1.e or frequency of d osing. drug-scck:ng behavior}. Ph~·siciar.s sho•Jld 
document the diagnosis and indication for Xyrem, b eing alert to drug .. 
see king bc havio, and/or feigned cataplexy. 

OVERDOSAGE 

Human Expo rie nce 

Information regarding overd':>so with sodi,Jm oxyb i.lte 1s deri"Jed lar~ely 
fro m reports in the medical literature trlat describe symp toms and signs 
in individuals who h.ive ingested GHB illicitly. In these circumstances the 
co-ingestio n of ot~e r d r1Jgs i>nd alcohol is common, and may i nfluence 
tke p resentation and seventy of clinical ,nar.ilcstations of overdose. In 
addltaon, overdose w,th GHB may be indistinguishabl@ fro m overdose 
with o ther drugs, or from severa l other mcdict1I cond itions that result in 
similar symptoms. 

In clin,cal trials two cases of ove rdose w,th Xyrc m were re ported. In the 
first case. an estimated dose of 150 g , more tha r. 15 times tf-te maximum 
recommended d ose, c;;iiJsed ~ patient to be unrcspor.srvc with briof 
periods of upno~ '-'r.d to be incontinent of urine and feces. This individual 
recovered without seque lae. In the second case, death was re ported 
following a multiple drug overdose consisting of Xy,em and numerous 
other d rugs. 

Signs and Symptoms 

lnforrnotion about signs and syrnpwrns associuted wilh overdosage with 
sodium o xybatc derives from repotts of its 11\icit use. Patient p resenta tion 
following overdose is influenced by the d~e ingested, 1hc time since 
rngestion. tho co-rnges"on of other drugs and alcohol, and the fed O< 
fasted state. Patients have exhibited varying deg rees of depressed 
consdo•..1sness ~hat may !luctuate rcipidly b etween a c:onfusional, agitated 
combative state wi th atax ia and coma. Emesis {even vJhe n obtundcd). 
diap hore sis, headache, and impaire d psychomotor skills may be observed. 
No typical pup,llary changes have been desaibe d to assist in d,agnosis. 
pJp1llaiy reactivity to light is ma1 nta1ned Blurred v1ston has been reported. 
An increasing depth of coma has been o b~erved at higher dos_es. 
IV:yoclonus and tonlc-dof'1 iC seizures h~ve been reported. Respirat ion 
may be •.ll'laffected or compromiseci in ra te and de p tn Che yne-Stokes 
respira tion a nd apnea have been observed Bradycardia and hypotherm,a 
may accompany unconsc1ousness1 as well as muscular hypolonla, but 
tendor. reflexes remain intact 

Recomrnended Treatment of Overdose 

General symptomal;c and supportive care should be in~ututed_. 
immediately, and gastric decontam1nat1on may be considered 1: 
co-ingest~nts are suspected . Because emes.is may oco.Jr in the presence 
of obtundation. appropriate postu re (left lateral recumbcM position) ond 
pro tection of tr.e aiN.·ay by intubation may be we::irrc1nted. Although the 
gag reflex may be absent in deeply comatos.e patients, even unco r1scious 
patients. rn;,,y become combative to intubation. and rapid -sequence 
induction (w1tho•Jt the use of a sedative} should be considered. Vital signs 
and consciou,ness should be closely monitored. The bradyca,d;a reported 
with GHB overdose has been responsive to atropine intraveoous 
administration. N o reversal cf the central depressant effects of sodium 
oxybate can be expected f1om nak>xol')e or flumazcnit admir.isuatton. 
TI,e u!>e of hemodiulysis and o lher forms of extracorpoma! drug removal 
have nm been studied in GHB ove rdose However, due to the rapid 
metabolism o f sodium o xybate, these measures are nm: warranted . 

Poison Contro l Center 

As wilh lhe rnan~gement of all cases o f drug ove rdosage, the possrbrlrty 
o f multip le drug ingestion should be conside,eci The physician is 

encouraged to collect urine and blood samples for routine 
to.x.icolog:c screen·1ng, and ta consult with a regiolia l poison cont rol 
cente, (1-800-222-1222) fo r current treaimcnt ,ocommendations. 

DOSAGE AND ADMINISTRATION 

Xyrem is required to be token at bedtime while in bed and again 2.5 
to 4 hows late r. Tho dose o f Xyre m should be titrated to e ffect. The 
recomme nd eci starting dose is 4.5 g/night d ivided rnta 'Y-/0 equal dos<;S 
of 2.25 g. The st~rting d osage can then be increased to a max imum ol 
9 g/n•ght rn rncrements of 1.5 g /night (0.7S g pe r dose). One to two weeks 
are ,ccommendcd between dosage increases to evaluate clinical response 
and minimize '-'d'lerse ef.ects. The effective dose range of Xyrem is 6 to 
9 g/n,ght l he efficacy and safety of Xyrern a l dose s hrg her tnan 
9 g/nig ht have not been investigated, and doses gre ate r than 9 g/night 
o,d ,na,ily should not be administered. 

?repare both doses of Xyiem pnOf lo bedtime. Each dose of Xyrem 
must be diluted with two ou nces (tlJ ml, 1/4 cup, o , 4 table spoons) of 
water in the child-resistant dosing cups p,ov ided prio, to ingestion. TI.a 
lirst dose is to be ta~en at bedti me a nd the second ta<en 2.5 to 4 hours 
later, both doses should be taken while seated in bed. Patients .-.ill 
p robably need to set a n alarm to awaken for the second dose The 
second dose must b e prepared prior to ingesting the first dose, and 
should be placed in close p ro <im,ty to the patisnt's bed. After ingesting 
each dose patier.ts should then l"ie down and rema in in bed 

Because food s,gnificant ly reduces t he b ioavoilab ility of sod;um oxybate, 
the patient shoulci allow at le ast 2 hours ah er eating before t aking the 
fi,st dose of sodium o<ybate. Patients should try t o minimize variabil:ty 
in the t:ming of dosing in relation to meals. 

He p atic IMufficie ncy 

Patients with compromised liver function will have increased elimination 
half .. l:fe and system1c exposure along with reduced clearance {see 
Pharmacokinetics). As a ,esult, the starting dose should be decreased by 
one-na il and dose increme nts should be titrated to effect while closely 
monitoring potential adverse events. 

Preparatio n and Adm:nist ration PreCdutions 

Each botde of Xyrem is provided with a d1ilci resistant cap. The 
phtHmacy provid es two d osing cups v1ith chl!d-resistant caps wi th each 
Xyrem shipment. 

Care should be t aken t o prevent access to this me dication by 
children and pets. 

Sec the M edicodon Guide fo r a complete d escriptio n 

HOW SUPPLIED 

Xyrem (sodium oxybate) is a clear to s lightly opalescent o ral sol•, tion. 
It is supplied rn kits conlainrng one bottle of Xyrem, a p,ess-in-botde
adaptor, a 10 ml o ral measuring device (piastre syringe), a Medication 
Gu,de and a p rofcss;onal inse:t. The pharmacy pmvides two 90 ml. dosing 
cups with child-resistant caps with each Xyrem sh,pmcnt. Each amber oval 
PET botdc conrnins 180 ml of X)' re m o ra l •elution at a concentracion of 
500 mg/ml and is sealed with a child rcsisiant cap. 

NOC 68727-100-01 . Each tamper evident single unit carton contains one 
180 ml bottle (500 mg/ml) o l Xyrem, one press-in-battle-adaptor and o ne 
oral dispensing syringe. 

STORAGE 

Store at 25"C 07'FJ; excursrons permrtted up to 15"-:JO"C (S'l"- 86'' F). See 
US? Controlled Room Temperature. 

Solutions p,e p ared following di lut ion sho,ld be consumed with,n 
24 hours to mini mize bactericll growth and cont arninati on. 

HANDLING AND DISPOSAL 

Xyrem is a Schedule Ill drug undec the Controlled Substances Ace 
Xyrem sho•,ld be handled acco,ding to state and iederal regulat,ons 
It is safe to dispose of Xyrem oral sol•.Jtion down tke sanitar1 sewer 

Rx only 

CAUTION 

Federal law prohibits tho transfer of lhis dr,,g to any person other than 
the ptit:ent for whom it wa s prescribed , 

Distr ibuted By: 
Ja,,z Pharmaceuticals, Inc 
Palo Alto, CA 94304 

For questions of 1J. medicul nature or to order Xyrem ca!I tke 
Xyrem Success P,o g ,am• at 1-866-XYREMS8 (1-866-997-36<>8} 

Protected by US Patent Numbc,s 6780869, 647243 1; Addi1;onal 
US Potents Pend,ng 

P~851 I RV 1105 
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BLOOD-BRAIN BARRIER TO H3-r·AMINOBUTYRIC ACID IN 
NORMAL AND AMINO OXYACETIC ACID-TREATED 

ANIMALS* 

K. KURIYAMA and P. Y. SzE 
Division of Neuropharmaco1ogy and Neurochemistry, Department of Psychiatry, State UniverSity of 

New York, Downstate Medical Center, Brooklyn, New York, and 
Department ofBiobehavioral Sciences, University of Connecticut, Storrs, Connecticut, U.S.A. 

(Accepted 6 May 1970) 

Summary-Distribution of radioactivity was examined in various tissues fo!lowing the adminis
tration ofH3-y-aminobutyric acid, injected intraperitoneally to adult mice and intraventricularly 
to adult rabbits. In mice treated with amino oxyacetic acid, a potent inhibitor of y--amino
butyrate-a-ketoglutarate transaminase, no significant amount of radioactivity was found in 
brain after intraperitoneaI injection of labeled y-aminobutyric acid. After intraventricular 
injection of labeled y-arninobutyric acid to rabbits similarly treated, small a.mounts of radio
activity did appear in liver and blood, but electrophoretic characterization showed that the 
label was not in y-aminobutyric acid itself but in other metabolites. In untreated mice and 
rabbits, in which metabolism of y-aminobutyric acid occurred normally, the label from injected 
H3-y-aminobutyric acid was found by electrophoresis to be distributed over several major 
metabolites. The radioactivity that seemed to move into or from brain in these untreated 
animals was largely attributable to these labeled metabolites. These labeled derivatives of 
y-aminobutyric acid, at present unidentified except g!utamine, were discussed. 

The present results demonstrate that the blood-brain barrier in adult animals is im
permeable to both blood-borne y-aminobutyric acid and endogenous cerebral y•aminobutyric 
acid. 

y-AMINOBUTYRIC ACID (GABA), a possible inhibitory neurotransmitter substance, is found 
in large quantity in vertebrate brains (ROBERTS and KuRIYAMA, 1968). It is generally con
sidered that the blood-brain barrier in adult animals is impermeable to GABA. This inference 
is made mainly from the observations that the steady-state concentration of GABA in adult 
brains remains unchanged after parenteral administration of large amounts of GABA 
(ROBERTS eta!., 1958; TSUKADA eta[., 1960; VAN GELDER and ELLIOTT, 1958). These results, 
however, did not answer the question whether a mechanism exists which excludes the move
ment of GABA into brain tissue, or whether the steady-state concentration of cerebral 
GABA is maintained unchanged by an active process of metabolism and/or transport, 
regardless oftheextracerebral GABA concentration. In the latter case, an extensive exchange 
between extracerebral and cerebral GABA would be expected to take place. If an imperme
able barrier indeed exists for the entry of GABA into brain tissue, it remains to be seen if 
the exit of GABA from brain tissue is similarly barred under physiological conditions. 
Such a two~way barrier would indicate that endogenous GABA in the brain is synthesized, 
transported and metabolized wjthin an entirely isolated pool and would not be readily 
equilibrated with the other GABA pools in the body. 

*This work was supported in part by Grants MH-18663, MH-16477 and MH-03361 from National Institute 
of Mental Health, U.S. Public Health Service. 
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In a recent study by HESPE et al. (1969), it was demonstrated by whole-body autoradio
graphic techniques that after intraperitoneal injection of C14-GABA into mice, pretreated 
with amino oxyacetic acid hemihydrochloride to prevent metabolic degradation of injected 
C14-GABA, no radioactivity was distributed in the brain. Their results provided the first 
direct experimental evidence that extracerebral GABA fails to penetrate into the brain 
in mature animals. However, in whole-body autoradiographic methods, radioactivity in 
various tissues is visually estimated as relative to that in blood (background). The inter
pretation that no significant amounts of C14-GABA were found in the brain was apparently 
made on the assumption that radioactivity in the circulating blood was negligibly low. In 
order to reach an unequivocal conclusion, therefore, confirming data from a more sensitive 
method appeared to be necessary. 

The present work aimed to study both influx and efflux of GABA in adult brain in their 
relation to the permeability of the blood-brain barrier. The distribution of radioactivity 
after intra peritoneal and intraventricular injection of labeled GABA into animals, treated 
with amino oxyacetic acid or not, was examined quantitatively by radiochemical measure
ment of tissue extracts. Amino oxyacetic acid, a carbonyl trapping agent, is known to be 
a potent inhibitor of y-aminobutyrate-rketoglutarate transaminase (GABA-T) (WALLACH, 

1961). The labeled compounds found in various tissues were further identified as GABA 
or other metabolites by electrophoresis. 

METHODS 

In the experiments designed to study the entry of GABA into the brain, male C57BL/6J 
mice, which weighed 20-25 g and had been deprived of food for 17 hr, were used. Amino 
oxyacetic acid (25 mg/kg), or physiological saline, was administered by subcutaneous 
injection. Ninety minutes later, 1µ.C (spec. act.: 2µC/µg) of 2,3-H3-GABA (New England 
Nuclear, radiopurity > 98 %), dissolved in 0·2 ml of physiological saline containing O· l mg 
of unlabeled GABA as carrier, was injected intraperitoneally. Thirty minutes after injection 
of U•-GABA, the animal was lightly anesthetized with ether and the peritoneal cavity and 
thorax were opened. The whole animal was perfused through puncture of the left cardiac 
ventricle and was drained out from the right atrium with a large amount of saline until the 
perfusate was clear of radioactivity. Liver and brain were then immediately removed and 
washed with ice-cold saline. Blood samples were taken from separate animals through 
the cervical blood vessels. 

In the experiments designed to study the exit of GABA from the brain, male albino 
rabbits, which weighed 2-2·5 kg and had been deprived of food for 17 hr, were used. Amino 
oxyacetic acid (20 mg/kg), or saline, was administered subcutaneously. Thirty minutes 
after amino oxyacetic acid injection, the animal was lightly anesthetized by inhalation of 
ether and intravenous injection of sodium barbitone (100 mg/kg). The animal was mounted 
in the stereotaxic apparatus and tracheotomy was performed. After artificial respiration 
was started, 0·5 mg/kg of Flaxedil was injected intravenously to immobilize the animal. 
Ninety minutes after amino oxyacetic acid injection, 20µ.C of 2,3-H3-GABA (spec. act.: 
2µC/µ.g), dissolved in 50µ.1 of saline, was injected stereotaxically into the left ventricle of 
the brain with the aid of a Hamilton syringe. The injection site was ascertained in each 
experiment by measurement of radioactivity in the cerebrospinal fluid and visual inspection 
of the dissected brain. Two blood samples (1-2 ml), at 15 and 30 min after H3~GABA 
injection, were taken from the left femoral vein. Sixty minutes after H3-GABA injection, 
the animal was kiHed by terminating the artificial respiration, and the liver, kidneys and 
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whole brain were immediately removed and washed with ice-cold saline. The brain was 
further washed after opening both sides of the lateral, third and fourth ventricles. The 
content of the urinary bladder was thoroughly washed out and combined with the urine 
collected throughout the entire period after the injection of H5-GABA. 

All tissue, blood and urine samples from the mice and rabbits were homogenized in a 
final concentration of 75 % ethanol. The ethanolic homogenate was centrifuged, and the 
sediment was washed with 75 % ethanol and re-centrifuged. The combined supernatants 
were then evaporated to dryness under a stream of warm air. The residue was taken up in 
equal amounts of water and chloroform. After centrifugation to separate the layers, aliquots 
were taken from the aqueous phase for measurement of radioactivity and for electrophoresis. 

Radioactivity was measured by liquid scintillation-counting procedures in a toluene 
-PPO-POPOP solution containing I ml of Hyamine. One-dimensional electrophoresis 
was employed on I 8 x 2 in Whatman No I paper strips in a buffer (Pyridine-acetic acid
water 10 : 40 : 950), pH 4· 12, at 1000 V for 2 hr. Radioactive spots were detected with a 
Packard radiochromotogram scanner. Identification of the unknown spots was made by 
comparing with unlabeled spots from known compounds developed on the same strip and 
located by bromocresol or trinitrobenzene-1-sulfonic acid spray. 

RESULTS 

The distribution of radioactivity in the river, brain and blood 30 min after intra peritoneal 
injection of H3-GABA into mice is shown in Table I. This time interval was chosen because 

TABLE 1. DISTRIBUTION OF RADIOACTIVITY IN MOUSE TISSUES AFTER INTRA PERITONEAL INJECTION OF H 3-GABA 

Tissuest 

Whole liver 
WhoJe brain 
Total bloodt 

Untreated* 
dpm x 10-3 percent of 

13·6±2·1(6) 
7·5±1-6(6) 

10·3±1-5(3) 

H'-GABA 
injected 

0·61 
0·34 
0·46 

AO AA-treated* 
dpm X 10-s percent of 

869· 1 ± 63·0(6) 
0·9± 0·2(6) 
8·7± 1·2(3) 

W-GABA 
injected 

39·50 
0·04 
0·40 

*H3-GABA (lfLC/lOOfLg in 0·2 ml of physiological saline) was injected intraperitoneally into mice treated with 
amino oxyacetic acid (AOAA) (25 mg/kg) 99 min earlier. Untreated mice were given saline instead. All 
values indicate mean±S.D., with the number of animals shown in parentheses. 

tTissue samples were taken 30 min after H3-GABA injection. 
tTotal blood volume was assumed to be 7B ml/kg. 

it was shown in a previous study (HESPE et al., 1969) that radioactivity was gradually dimin
ished after 1 hr. In the amino oxyacetic acid-treated animals, almost 40 % of the total 
injected radioactivity was taken up in the liver. The label in the mouse liver was identified 
by paper electrophoresis predominantly as unchanged GABA (Fig. I, peak B), indicating 
that blockade of GABA metabolism by amino oxyacetic acid was complete or nearly com
plete. Only 900 dpm (0·04 % of total radioactivity injected; or one-tenth of the blood level) 
was found in the whole brain. Since this amount of radioactivity was not significant, com
pared with either the total injected H3-GABA or the liver level of H3-GABA, no attempt 
was made to identify it. This result confirms the autoradiographic observation of HESPE 

et al. (1969) that there is no penetration of intraperitoneally-injected H3-GABA into the 
brain. Both findings contradict the suggestion of VAN GELDER (1965), based on gross 
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Rabbit-control 

Brain --1--------
Liver--t---------------

Rabbit -AOAA 

Broin -+-----------
Liver --1--------------

Mouse - control 

Liver-·~-------.., 

Broin -t===============:::::::=::_-1 
Mouse-AOAA 

Liver--~--------r--
B C D E 

+ Orio in 

FIG. l. Electrophoretic patterns of labeled metabolites from H'-GABA in various tissues. 
Animals untreated with amino oxyacetic acid (AOAA) are indicated as control. No quantitative 
relation exists between individual diagrams, as the amount of tissue extract applied (in electro
phoresis) and the recording sensitivity (in radioactivity scanning) were variable. Peaks A and 
B were identified as glutamine and GABA, respectively. Peaks C, D, and E were not identified. 

pharmacological observation, that amino oxyacetic acid may alter the blood-brain barrier 
and thereby enable the entry of GABA into the brain. In the mice untreated with amino 
oxyacetic acid, less than 1 % of the total injected radioactivity was found to remain in the 
liver, as compared with 40 % taken up in the treated mice. Electrophoretic pattern showed 
that the label in the liver appeared in metabolic substances other than GABA, one of which 
was identified as glutamine (Fig. I, peak A). The small amount of label (O· 34 % of total 
radioactivity injected) found in the brain was not in GABA but mainly in an unidentified 
metabolite (Fig. 1, peak E). These result indicate that rapid metabolic degradation occurred 
in the liver in these untreated animals, and the appearance of some label in the brain was 
evidently from some metabolite of GABA. 

Table 2 summarizes the distribution of radioactivity in several tissues, as well as blood 
and urine, 1 hr after intraventricular injection of H3-GABA into rabbits. In the rabbits 
treated with amino oxyacetic acid, 39 % of the injected H 3-GABA was taken up into the 
brain and remained predominantly as unchanged H3-GABA (Fig. l, peak B). A result 
not presented here showed that more than 50 % of injected H'1-GABA remained in the 
ventricles. The combined radioactivity found in the liver, kidneys, blood and urine accounted 
for approximately 2 % of total injected radioactivity. However, as shown by the electro
phoretic patterns of liver and urine (Fig. l ), the radioactivity appeared mainly in an 
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TABLE 2. DISTRIBUTION OF RADIOACTIVITY IN RABBIT TISSUES AFTER INTRA VENTRICULAR INJECTION OF H 8-GABA 

Tissuest 

Whole brain 
Whole liver 
Whole kidneys 
Total blood! 
Total urine 

Untreated* 
dpm X IQ-• percent of 

H1-GABA 
injected 

3906·0 8·80 
116· 1 0·26 
52·4 0·12 
66'0 0·15 
29·5 0·07 

AOAA-treated• 
dpmx 10-s percent of 

H'-GABA 
injected 

17318·] 39·00 
580·0 J-30 

90·3 0·20 
250·8 0·56 

10·5 0·02 

*H3-GABA (20µC/IO,.g in 50p.l of physiological saline) was injected intraventricularly into rabbits treated 
with amino oxyacetic acid (AOAA) (20 mg/kg) 90 min earlier. Untreated rabbits were given saline instead. 
All values incticate the means from 3 animals. 

t Brain, liver, kidneys and blood were taken 1 hr after H1-GABA injection. Urine was collected throughout 
after Ha·GABA injection. 

!Total blood volume was assumed to be 60 ml/kg. 

unidentified metabolite (peak C), and not in GABA. In the animals untreated with amino 
oxyacetic acid, less than 9 % of total injected radioactivity was found in the brain. Unlike 
the rapid removal of H 3-GABA from the liver of untreated mice, an appreciable amount of 
the label in the brain was unchanged ff1-GABA (Fig. l, peak B), in addition to several 
other labeled metabolites (Fig. 1, peaks A and D). In spite of the presence of unchanged 
H 3-GABA in the brain of these animals, the small amounts of label appearing in the liver 
and urine (0·26 % and 0·07 %) were identified not as GABA but as some GABA metabolites 
(Fig. I, peak C; peaks A, C, and D, respectively). 

DISCUSSION 

It is evident from these results that neither a flux of intraperitoneally injected H 3-GABA 
into the brain, nor a flux of intraventricularly injected H 3-GABA from the brain was demon
strated. In instances where some label did seem to move into or from the brain, movement 
of the label was apparently via some metabolites of GABA rather than GABA itself. The 
present results also indicate that amino oxyacetic acid, a potent GABA-T inhibitor which 
is widely used in the study of the GABA system in vivo, does not change the permeability 
of the blood-brain barrier to GABA. 

The low recovery of radioactivity in the rabbits untreated with amino oxyacetic acid 
should be noted. The total radioactivity found in the brain, liver, kidneys, blood and urine 
represented less than IO% of the total injected radioactivity. Although over 50 % of the 
intraventricularly injected H 3-GABA was found to remain unabsorbed in the ventricles, 
a major amount of the radioactivity taken up by brain tissue was apparently distributed 
in ways not accounted for here. Since the labeled end-product of complete metabolism 
of 2,3-H3-GABA is labeled H20 and since total urine was coHected and examined, excretion 
of label after complete metabolism cannot be the explanation. Conceivably, the Iabel was 
distributed either in tissues other than those examined, or over metabolic substances that 
are not readily extractable by 7 5 % ethanol and water. It is also interesting to compare the 
metabolic fate of intraventricularly and intraperitoneally injected H 3-GABA. When 
transamination was not blocked by amino oxyacetic acid, the label in rabbit brain (also in 
mouse liver) was distributed over several metabolites, one of which was identified as gluta
mine. Labeled metabolites (A, C and D) present in urine from intraventricularly injected 
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H3-GABA showed a similar electrophoretic pattern as those present in liver from intra
peritoneally injected H-3GABA, when transamination of GABA was not blocked. Among 
these metabolites, substance C was also present in liver and urine after intraventricular 
injection of H3-GABA even when transamination was bJocked by amino oxyacetic acid, 
but it was not found in brain itself, regardless of the activity of GABA transamination. It 
seems therefore that this substance C is not formed via the well-known GABA shunt; and 
that it can readily be formed in the liver, but it may or may not also be a brain metabolite 
of GABA. Substance D was readily found in untreated animals after either intraventricular 
or intraperitoneal injection of H 3-GABA, indicating that it may be formed from GABA in 
both liver and brain. Its absence in the amino oxyacetic acid-treated rabbits suggests that 
the formation of this substance D may require active transamination of GABA. Substance 
E was the only labeled metabolite found in brain after intraperitoneal injection of H3-GABA 
into mice not treated with amino oxyacetic acid, but it is not known whether this substance 
was transported into the brain or formed in situ. These metabolites C, D and E are unlikely 
to be acidic substances (such as dicarboxylic acids or dicarboxylic amino acids), as judged 
from their electrophoretic migration to the cathode at pH 4· 12. Preliminary characterization 
indicated that substances D and E are distinct in their electrophoretic mobilities from either 
y-aminobutyrylcholine, y-amino-,B-hydroxybutyrate, or carnosine. Substance C appeared 
to have similar electrophoretic mobility to carnosine in the pyridine-acetate buffer used in 
this study, but further characterization is necessary. Detailed identification of these inter
esting metabolic derivatives of GABA is under way. 
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GAMMA-HYDROXYBUTYRATE, SUCCINIC 
SEMIALDEHYDE AND SLEEP 

H. LABORIT 

Laboratoire d'E11tono!ogie, Hopital Boucicaut, Par'is 15, Fra!lce 

1. Introduction 

The coma-inducing action of short-chain fatty acids from C4 to C10 has been known for 
quite a few years now (White and Samson, 1956). The importance of butyric acid in cell 
metabolism and its eventual role in the functional activity of certain organs such as the 
brain led our team to study its effects in animals following intravenous injection (Jouany 
et al., 1960a). It was thus possible to demonstrate its sleep-inducing property, and also 
observe that a major portion underwent j3-oxidation. In order to influence its metabolic 
fate, we introduced an OH group on C4 with the hope that the electronegative properties 
of this functional group would influence the electron distribution of the molecules and thus 
prevent /3-oxidation. We thus synthesized sodium 4-hydroxybutyrate (GHB)* from gamma
butyrolactone (GBL). In addition, since it is known that gamma-aminobutyric acid (GABA) 
which is a central synaptic inhibitor, does not cross the blood-brain barrier, it was hoped 
that GHB would be able to do so and furnish a precursor that would stimulate GABA 
synthesis. The hypothesis was not confirmed inasmuch as the increase in GABA cerebral 
concentration following GHB injection, which is actually open to question (Mitoma and 
Neubauer, 1968), is not sufficiently marked to account for the central inhibiting property 
of GHB. 

In fact, GHB was fonnd to possess a marked hypnotic action which varied according to 
the species considered; marked in mice, rats and man, weaker in rabbits and dogs. Electro
encephalographic studies have shown that the sleep it produces was similar to physiological 
sleep, and that, in particular, the appearance of the paradoxical phase was facilitated 
(Jouvet et al., 1961; Matsuzaki et al., 1964; Matsuzaki and Takagi, 1967; Hoshi, 1970). 
Moreover, Bessman and Fishbein (1963) and later Roth and Giarman (1970) and Roth 
(1970) demonstrated that GHB is a normal brain metabolite in mammals. Its lack of action 
on oxidative processes (Laborit, 1964b; Ornellas and Laborit, 1966), together with a lack 
of action on central neurones (Crawford and Curtis, 1964), leads one to believe that it acts 

~' Abbreviations used in this article: GHB, gamma-hydroxybutyric acid; GABA, gamma-amino butyric 
acid; GBL, gamma-butyrolactone; SSA, succinic semialdehyde; STH, somatotropic hormone (growth 
hormone); 5-HT, 5-hydroxytryptamine; 5-HTP, 5-hydroxytryptopbane; 5-HIAA, 5-hydroxyindolacetic 
acid; NE, norepinephrine; CA, catecholamines; pCPA, para-chlorphenylalanine; REM sleep, rapid eye 
movement sleep; NREM, slow wave sleep. · 

257 
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on neuroglial metabolism and, consequently, to consider the role of the latter in sleep 
mechanisms (Laborit, 1964c). The hypothesis of the activation of the pentose pathway by 
GHB in the brain (Laborit, 1964b) has been confirmed with the use of labelled glucose on 
C1 or C6 by Taberner et al. (1972). 

In addition, Gessa et al. (1968) have demonstrated that GHB causes an increase in brain 
dopamine during sleep with a return to a normal level upon awakening. The mechanism of 
action raises a certain number of interesting problems concerning the metabolism of brain 
amines and the alternance between catecholamine (CA) and 5-hydroxytryptamine (5-HT) 
storage and synthesis. 

Finally, the observation that GHB induces an increase in plasma levels ofhydrocortisone 
(Oyama et al., 1968) and above aJI, in growth hormone (Oyama and Takiguchi, 1970) 
plasma levels, as seen during physiological sleep, raises also the problem of the relationships 
between sleep, endocrine activity and protein synthesis. 

Moreover, molecules closely related to GHB such as 1,4-butanediol (Sprince et al., 1966) 
possess hypnotic properties similar to those of GHB (Fig. 1 ). The same holds for imidazole-
4-acetic acid (IMA) (Marcus et al., 1971). It helps to rule out for GHB the possibility of 
acting by causing the formation of succinic semialdehyde (SSA) which can subsequently 
lead to the synthesis of succinic acid and enter into the tricarboxylic acid cycle. The study 
of the central activity of SSA shows that it differs markedly from that of GHB and does 
not possess any hypnotic components (Laborit et al., 1963). The metabolic mechanism of 
this action is also of interest. Thus a general study of the hypnotic activity mechanism of 
GHB could lead to useful hypotheses concerning sleep mechanisms and its different phases, 
for it would involve the establishment of certain relationships among the enzymatic, 

I, 4, Butanediol 1-Bu1yrolac1 one 

FIG. 1. 
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metabolic, glial and neuronal activities, the activities of the neurotransmitters, the various 
aspects of the EEG and of behaviour. In other words, this would establish relationships 
between the various organization levels of central nervous processes. 

2. Biochemical Aspects 

Figure I shows the relative position of the different factors mentioned above with respect 
to the tricarboxylic cycle and the GABA shunt in particular. 

2.1. GHB AND GABA 

It appears that,GHB is capable of forming GABA in the brain (Wolleman and Devenyi, 
1963; Della Pietra et al., 1966). Some authors believe that this does not involve glutamic 
acid (Mitoma and Neubauer, 1968), while others, on the contrary, believe that it is a GABA 
intermediate (Margolis, 1969). There is no doubt, however, that following the injection of 
labelled GHB in the mouse, labelled GABA can be found in the brain, although the total 
quantity of GABA is not increased (de Feudis and Collier, 1970). On the other hand, GABA. 
seems to give rise more readily to GHB formation. Roth and Giarman (1969) demonstrated 
that GHB has a relatively high specific activity when 3 H-GABA is introduced by the intra
cisternal route. Even in vitro GABA can serve as a GHB precursor (Roth, 1970). 

2.2. GHB AND GBL 

Roth and Giarman have shown that when 4-butyrolactone (GBL) is introduced into the 
blood circulation, it is changed into GHB in the presence of a blood lactonase. They have 
also shown that contrary to the opinion of Jouvet et al. (1961), the prolonged action of the 
lactone is not due to the fact that it represents the active form since when it is placed on the 
cortex or on cerebral ventricles it remains completely inactive, for the brain does not con
tain any lactonase. These authors believe that its prolonged action would result from its 
fixation on the muscle, which could account for its delayed action (Roth et al., 1966). 

2.3. GHB AND SSA 

It seemed worthwhile to determine whether the hypnotic action of GHB could not be 
due to its conversion into SSA and to its secondary penetration into the tricarboxylic acid 
cycle. Since succinate is a central stimulant> such a mechanism seemed to be rather remote. 
Nevertheless, we have studied the pharmacological activity of SSA (Laborit et al., 1963). 
In rats, mice and rabbits this substance has a tranquillizing effect with decrease of spon
taneous activity, but does not induce sleep. Its action on the EEG is also distinct from that of 
GHB (see below). SSA, as well as GHB, does not decrease 0 2 consumption in animals. It 
can be reduced by an enzyme coupled to NADH to yield GHB. On the other hand, on 
cerebral tissue slices it produces a higher P: 0 ratio than any other of the substrates used by 
McKhann et al. (1960). Finally, it can also be used as a substrate for aldehyde dehydro
genases, and reduce NAD and NADP. In the latter case it furnishes possibly an excellent 
substrate for oxidative processes (Jakoby, 1960), but it also competes with the aldehydes 
that originate from.biogenic amine oxidation whose central role is unquestionable although 
still poorly understood. 
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2.4. GHB OXIDATION 

Wollemann (1964) could not demonstrate that purified lactic dehydrogenase (LDH) 
could oxidize GHB. On the other hand, she did discover an action of alcohol dehydrogenase 
(ADH) on this substrate. But until quite recently it had been supposed that the brain did 
not contain any ADH. Raskin and Sokoloff (1972) seem to have shown, however, that 
alcohol dehydrogenase is present in cerebral tissue. If so, it is possible that slow sleep 
induced by alcohols could be associated with NAD reduction. Taborsky (1971) believes 
that slow sleep induced by serotonin (5-HT) is the result of the presence of a hydroxyl 
group in 5-hydroxytryptophol, which is its metabolite. It may be presumed that since NAD 
reduction depresses glycolysis, it participates in the orientation of glucose-6-phosphate 
towi3-rd the pentose pathway, the increased activity of which as will be pointed out later, 
is possibly at the origin of slow sleep (Laborit, 1964c). Such a hypothesis would explain why, 
according to Sprince et al. (1966), pyruvate could prevent or even reverse the effects of 
GHB, and also why McCabe et al. (1971) observed a strong potentiation of its hypnotic 
activity by alcohol. 

On the other hand, Hardman and Stadtman (1963) have demonstrated that in Clostridium 
butyricum there is a fl-OH-butyryl CoA dehydrogenase that can oxidate GHB and GABA 
to yield butyryl CoA. Should this enzyme be present in mammalian brain, butyryl CoA 
could well be the precursor of lipogenesis, orienting glucose-6-phosphate (G-6-P) into the 
monophosphate hexose shunt. Montague and Taylor (1968) have shown that short-chain 
fatty acids cause an accumulation of citrate which inhibits phosphofructokinase and con
sequently glycolysis. According to these authors, G-6-P is then forced to proceed towards 
the pentose pathway, an orientation which is, in addition, facilitated by an insulin secretion. 
We attribute also the protective action of GHB against high pressure 0 2 toxicity, which we 
have demonstrated (Barthelemy et al., 1960), to this G-6-P orientation toward the pentose 
pathway, with corresponding reducing power originating from NADP reduction. This 
metabolic action of GHB, which we have suspected on the ground of indirect evidence, 
and later demonstrated on red blood cells by Sonka and Sochorova (1967), has now received 
direct confirmation by Taberner et al. (1972) in brain in vivo and in vitro with labelled 
glucose. In vivo in mice there is a 300 % increase in the l-14C/6-14C ratio in the expired air. 
An identical result is obtained with slices of cortical grey matter of animals treated with 
GHB, in which the 1-14C/6-14C ratio increased from 1.72 to 3.63, a phenomenon not seen 
with homogenates. In the opinion of these authors, GHB, when administered i.p. (500 mg/ 
kg), increases specifically by 27 % glucose-6-phosphate dehydrogenase activity in vivo in 
the rat and mouse brains. This effect occurs simultaneously with the hypnotic effect. The 
same authors observed an increase in Oi consumption on cerebral cortex slices, as had 
already been demonstrated earlier by Ornellas and Laborit (1966) on liver slices, although 
GHB, in itself, cannot behave as a respiratory substrate (Kerkut et al., 1972). 

It should also be noted that according to Margolis (1969), GHB increases the aspartic 
_acid content of the brain and restores glutamine level when it has been lowered by fasting. 
Marcus et al. (1971), on the other hand, consider that GHB activity is similar to that of 
imidazole acetic acid, and find that both these compounds have a central stimulating activity 
which potentiates convulsants such as pentamethylenetetrazol, picrotoxine and strychnine, 
although with Jouany (Jouany et al., 1960b) we observed, on the contrary, that 
GHB possesses a definite protective action against convulsions induced by strychnine, 
cardiazol and isoniazide. Marcus et al. (1971) have found that both the actions of imidazol 
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acetic acid and of GHB can be inhibited by caffeine, and they believe in an activation of 
phosphodiesterase which lowers the energy supply to neuronal membranes with subsequent 
depolarization. 

2.5. GHB AND NEUROTRANSMITTERS 

2.5.1. GHB and ACh 
In the opinion of Giarman and Schmidt (1963), GHB increases cerebral acetylcholine 

(ACh) synthesis. This is important since such a synthesis requires the functional integrity 
of oxidative processes which are not spared by anaesthetics or hypnotics (Quastel and 
Wheatley, 1932). On the other hand, certain authors suspect a cholinergic mechanism to be 
at the origin of paradoxical sleep (REM). Domino and Stawiski (1971) have administered 
an ACh synthesis inhibitor, 3-hemicholinium (3-HC), intraventricularly to the cat with 
implanted electrodes. EEG activity was continuously monitored during 24 hr. 3-HC reduces 
REM sleep during 6-12 hr, while slow sleep (NREM) is increased and consciousness 
decreases. Bowers et al. (1966) have noted that rats subjected to paradoxical sleep depriva
tion for 96 hr show an important ACh decrease in the telencephalon, and Jasper and 
Tessier (1971) have demonstrated that the amount of A Ch liberated on the surface of the 
cerebral cortex increases during REM and consciousness. But the variations in brain con
centrations of ACh should be considered with much caution for they could be the result 
either of a decrease in its utilization, or of an increase in its synthesis. 

2.5.2. GHB and CA 
Gessa et al. (1968) have demonstrated that GHB increases the level of cerebral dopamine 

during sleep, whereas it returns to normal upon awakening. GHB, however, does not inhibit 
monoamine oxidase (MAO), nor does it activate dopa-decarboxylase (Gessa et al., 1966). 
Vysotskaya and Shugina (1968) have observed that brain-stem norepinephrine (NE) does 
not increase after GHB administration. Aghajanian and Roth (1970) have shown, with a 
fluorescent technique, that GHB increases very selectively the dopamine concentration in 
the corpus striatum, and particularly in the caudate nucleus ; and Roth and Suhr (1970) 
believe that the increase in cerebral dopamine is due to maintenance inside the granules; 
The NE level is not increased, and that of homovanillic acid decreases (Roth, 1971) .. On 
the other hand, L-dopa increases the hypnotic effect of GHB as Rizzoli et al. (1969) were 
able to show; an action which we have also confirmed. Gessa et al. (1968), in addition, 
have noted that 1,4-butanediol and other butyric acid derivatives increase brain dopamine 
content only if they have a depressive action on the central nervous system. On the contrary, 
however, Hutchins et al. (1972) have reached the conclusion that the increase in cerebral 
dopamine concentration of homovanillic acid and of acetic dihydroxyphenyl, which they 
had observed with GHB, implies an inhibition of the dopamine storage mechanism. 

Some authors (Jouvet, I 967) believe that paradoxical sleep would be under the control 
of the NE present in the locus coeruleus. But Kings and Jewett (1971) were able with 
a-methyltyrosine (an inhibitor of cerebral catecholamine (CA) synthesis) to increase the 
amount of REM sleep in the cat at a time when CA depletion in the brain is at its highest. 
Wyatt et al. (1971) believe that CA decreases REM sleep in man. At any rate, GHB does 
not modify cerebral.NE level, while it certainly increases that of dopamine. But Jones et al. 
(1969) were able to cause a semicomatose state in the cat by destroying the dopaminergic 
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neurones in the substantia nigra although no EEG disturbances were observed, a phenome
non which in their opinion is an intervention of dopamine in awakening and in behavioural 
sleep. 

2.5.3. GHB and 5-HT 
GHB does not seem to interfere with the synthesis of cerebral serotonin (5-HT) (Taglia

monte et al., 1971). But in the opinion of Rizzoli and Galzigna (1970), GHB and 1,4-buta
nediol (the latter being metabolized into GHB, according to Roth and Giarman, 1968) 
induce sleep by acting on the neuronal membrane. In the opinion of these authors, when 
serotonin is liberated at the nerve ending, its access to the synaptic receptors requires 
crossing of the post-synaptic membrane on whose phospholipids either butyrate or GHB 
would have been bound. Thus an electrostatic complex would be formed between serotonin 
and GHB. Therefore, additional serotonin molecules would have to be liberated at the 
synapse, otherwise, the serotoninergic action would be depressed. This interpretation does 
not seem to conform with the slow sleep induced initially by GHB which the majority of 
authors consider as being dependent upon serotonin localized in the neurones of the raphe 
area. The destruction of this area leads to a state of permanent consciousness, while the 
increases in raphe neurone 5-HT concentration, after injection of nialamine as well as of 
5-hydroxytryptoph.ane (5-HTP), produce an increase in synchronized sleep (NREM) 
(Jouvet et al., 1965). By stimulating electrically the raphe nucleus which is rich in serotonin 
(Dahlstrom and Fuxe, 1964), Aghajanian et al. (1967) were able to liberate 5-HT in the 
forebrain and to increase the level of 5-hydroxyindolacetic acid (5-HIAA) which is its 
metabolite. The effect of 5-HT on synchronized sleep has also been recognized by Koella 
and Czicman (1966), and Dement et al. (1969) were able, with parachlorophenylalanine 
(pCPA) which inhibits 5-HT synthesis, to suppress REM sleep while causing the appearance 
of the ponto-geniculo-orbital (PGO) spikes. But opinions. are sometimes contradictory, 
and Wyatt et al. (1970, 1971) believe that, on the contrary, 5-HT induces REM sleep. 

2.6. ALTERNATING CA AND 5-HT STORAGE 

It appears that CA and 5-HT could be stored in the same granules, and that an alternance 
in levels could, therefore, exist between CA and 5-HT levels at nerve endings. Jaim
Etcheverry and Zieher (1969) have observed that it is only when granules are depleted of 
NE that 5-HT can fill them. Ng et al. (1970) stress that their studies seem to support the 
hypothesis that part oftbe administered exogenous L-dopa can penetrate the serotoninergic 
nerve endings of the rat brain, and be subjected there to decarboxylation into amines and 
thus bring about a shift on the endogenous indolamines from their storage site. Everett 
and Borcherding (1970) have shown that in mice high levels of L-dopa do not modify the 
NE brain content, but produce a strong decrease in serotonin content. Aghajanian et al. 
(1970) observed that IMAOs increase 5-HT liberation and exhaust the serotoninergic 
neurones which then respond less to stimulation. Similar facts were reported by Sbaskan 
and Snyder (1970). Jester and Horst (1972) and Chase et al. (1970) have observed that, on 
rat brain slices, L-dopa increases the liberation of tritiated serotonin that it then replaces. 
Hanig and Seifter (1971) have observed a 14 % decrease of 5~HT in the chick after L-dopa. 
Conversely, Snipes et al. (1968) consider that 5-HT can take the place of NE once the cat 
has been treated with a-methyltyrosine, an NE inhibitor, and that 5-HTP administration 
reduces the cerebral NE level. 
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Since there can be no doubt that GHB increases cerebral dopamine level and that, on 
the other hand, it does not seem to inhibit 5-HT synthesis, the discovery of the balance 
phenomenon between the concentrations of dopamine and 5-HT in the storage sites leads 
to the conclusion that GHB undoubtedly accelerates 5-HT turnover. This is exactly what 
Tagliamonte et al. (1971) have observed. 

2.7. PROTEIN SYNTHESIS AND SLEEP 

A series of studies conducted by Oswald (1969) have shown that the return to normal 
sleep after drug administration or after cerebral damage requires several weeks. Paradoxical 
sleep, after depression by drugs, shows a secondary rebound following their discontinuation. 
The author believes that this rebound expresses the time taken for the resynthesis of the 
proteins involveq in neurone metabolic mechanisms. In his opinion, REM sleep is connected 
with protein synthesis. Protein synthesis inhibitors (cycloheximide, actinomycin D) cause 
the disappearance of REM sleep, while conversely, intense training increases cerebral 
protein synthesis and REM sleep. Mentally deficient children have less paradoxical sleep 
(Feinberg, 1968). In Oswald's opinion, the discontinuation of drug administration (amphet
amines, heroin, reserpine, barbiturates, etc.) is accompanied by increased 5-HT synthesis 
and REM sleep, and 5-HT induces paradoxical sleep, although, as we have seen, numerous 
authors believe that it is the main factor of slow wave sleep (NREM). 

Protein synthesis requires an active pentose pathway since this pathway will supply the 
riboses required for RNA-messenger synthesis, ribosomal RNA and transfer RNA. Since 
GHB activates the pentose pathway, it may be presumed that it is capable of facilitating 
protein synthesis. If so, its ability to promote the appearance of REM sleep would seem 
logical. What relationship could there be, in fact, between the increased 5-HT synthesis 
observed by Oswald and protein synthesis? We have discovered the antioxidant properties 
of serotonin by showing its protective action against convulsions induced by oxygen under 
pressure in mice (Laborit et al., 1957). The indole nucleus is shared by 5-HT and plant 
growth hormones, the auxines. At a certain level, 5-HT has a stimulating action on young 
oat shoot growth, as we showed with Niaussat (Niaussat et al., 1958). The injection of 
growth hormones (STH) increases the urinary excretion of 5-hydroxyindolacetic acid in the 
rabbit (Laborit et al., 1959). In addition, during slow wave sleep there is a marked liberation 
of growth hormone (Takahashi et al., 1968; Sassin et al., 1969). The relationship between 
5-HT and STH was confirmed by Sirek et al. (1966) and by Pukal'skaya and Man'ko (1964). 
Oyama and Takiguchi (1970) have shown in man that GHB anaesthesia, as in natural 
sleep, is accompanied by an important increase in the plasma level of somatotropic hor
mone, and recently, Elkaim et al. (1972) observed that L-dopa administration-which we 
consider as capable of displacing 5-HT from its storage site-increases the plasma 5-HT 
level. Growth hormone is an anabolic hormone which promotes protein synthesis and amino~ 
acid uptake. Boucek and Alvarez (1970, 1971) have demonstrated the stimulation by 5-HT 
of fibroblast growth in culture. It is true that they attribute this phenomenon to the increase 
in survival due to the antioxidant properties of 5-HT. Finally, Barbosa et al. (1971) show 
that 5-HTP plays a fundamental role in cerebral protein synthesis regulation by controlling 
cerebral polyribosome aggregation. Similar observations have been made by Sidransky 
et al. (1968). 

There seems, therefore, to exist a definite relationship between protein synthesis and 
paradoxical sleep, protein synthesis and STH, protein synthesis and 5-HT, as well as between 
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GHB and STH, between GHB, pentose pathway and protein synthesis, between GHB and 
REM sleep, and probably by means of dopamine storage stimulation and consecutive 
5-HT turnover increase, between GHB and 5-HT. 

3. Electroencephalographic Aspects 

3.1. GHB 

3.1.1. Stereotaxic study and evoked potentials study 
Bertharion and Laborit (1962) have studied potentials evoked by stimulation of the 

peripheral nerve of the controlateral paws in rats following GHB administration (1 g/kg, 
i.p.). GHB depresses the surface negative component in all forms of cortical primary 
evoked potentials. At the level of the median centre, responses are markedly depressed, 
while at the level of the ventro-posterolateral nucleus of the thalamus (VPL), evoked 
potentials are not modified. 

Responses may be modified or amplified on the reticular formation. It would appear, 
therefore, that the drug acts primarily at the level of the cortex associative pathways. 

In the rabbit (Laborit, 1969), GHB brings the appearance of very high amplitude slow 
waves on all leads except in the hippocampus, which is the location of rapid and high 
amplitude waves with some spike-waves at the 1 g/kg dose level. With slow-frequency 
stimulation (8 Hz), recruitment is facilitated in the medium thalamus, while cortical 
desynchronization to rapid frequencies is inhibited. At the level of the hippocampus, on 
the contrary, these rapid frequencies, as those of the mesencephalic reticular formation, are 
accompanied by high amplitude fast reactions and spike"waves. The stimulation of the 
hippocampus is accompanied by a considerable prolongation of post-discharges, except 
on the caudate nucleus and the cortex where slow waves persist. Low- or high-frequency 
stimulation of the sciatic nerve is unable, even at high intensities, to cause the disappearance 
of the cortical slow waves, but it does cause the appearance of rapid waves on the other 
leads. A pseudo-affective violent reaction (vocalization or defence movements) is then 
produced. The injection of eserine restores the initial EEG pattern. The study of the pro
gressive modifications of the EEG in man produced with increasing doses of GHB was 
conducted by Schneider et al. (1963). There is first an overall wave flattening. Then theta 
waves appear followed by polymorphous delta waves on which the rapid frequencies are 
superimposed. Delta waves do not prove that the sleep is of the anaesthetic type. EEG 
awakening precedes comportemental awakening. We have already mentioned the numerous 
studies in which GHB induced sleep is described as being close to physiological sleep, and 
that with doses of 50 to 60 mg/kg it induces rapidly slow wave sleep followed by REM 
sleep, which then becomes predominant. According to Scholes (1966), GHB would speci
:ficaUy inhibit the axodendritic synapses, and Zakusov and Ostrovskaya (1971) have 
observed that it interferes more markedly with responses through the corpus callosum and 
associative responses of the cortex than with those caused by direct stimulation. 

3.1.2. Medul!ary action 
A decrease in amplitude of the monosynaptic reflex is induced by 300 mg/kg GHB i.v. 

(Drouet and Laborit, 1963). Local application inhibits monosynaptic reflexes. In rats, 
studying the lingual-mandibular reflex, Hampel and Hapke (1968) have shown that GBL 
inhibits interneuronal transmission at the level of the brain-stem and of the higher centres. 
High concentrations, however, are required to cause complete anaesthesia. On the contrary, 
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Uspenskii (1965) observed, as we did, that GHB inhibits mono-synaptic reflexes. Kvasnoi 
and Kruglov (1967) did not observe any action on the direct or recurrent mechanisms at 
the level of the spinal cord, but they noted that it increases presynaptic inhibition. Besson 
et al. (1971) have made clear that GHB has no influence on presynaptic inhibition of infra
spinal origin in the cat, but it depresses segmental presynaptic inhlbition markedly. It does 
not interfere with neuromuscular transmission, but since a certain similarity exists with 
muscle relaxation obtained with GABA, we suggest that GHB could affect the responsive
ness of stretch receptor; an action on pulmonary stretch receptors would explain the 
decrease in frequency and increase in amplitude of ventilation under the action of GHB. 
The preservation of the respiratory centre's responsiveness to CO2 would offer an explana
tion for the Cheyne-Stokes respiratory rhythm observed with high GHB doses. 

The muscle-relaxing action of GHB may be related to dopamine concentration increase 
in the extrapyramiqal system, but it is also possible that dopamine plays a role in the induc
tion of behavioural sleep by decreasing proprioceptive stimulation. 

3.2. SSA 

3.2. 1. Evoked cerebral potentials 
The i.p. administration to the rat of a 30 % solution SSA corresponding to 1 g/kg increases 

the amplitude of both the positive and negative components of evoked cortical potentials 
(Bertharion et al., 1963). Identical observations were made at the level of the thalamus, 
whereas at the level of the VPL, the evoked potentials were unchanged. On the contrary, 
evoked potentials at the level of the mesencephalic reticular formation were depressed, 
while those of the hippocampus did not seem to be altered. 

3.2.2. Electroencephalographic recordings in the rabbit 
In the animal either under light Nembutal anaesthesia or awake, the intravenous infusion 

of 65.8 mg/kg to a total dose of 2.10 g/kg causes a discreet slowing of the basal rhythm 
without appearance of any high amplitude slow waves, as with GHB. The maximum effect 
obtained 30--40 min after injection in the conscious animal is characterized by a decrease 
or suppression of the alarm reaction to noise. In the unrestrained animal, a marked decrease 
in spontaneous motility is noted, with disappearance of the startle response to noise. 

3.2.3. EEG studies in man 
The i.v. infusion of 2-3 g of SSA as a 30 % solution up to 6-8 g, or the i.v. injection of 6 g 

over 2- 3 min do not induce any variations in pulse or arterial pressure. There is no tendency 
toward somnolence. Psychically, a sensation of constant euphoria is produced with dis
appearance of anxiety. The deeply disturbed psychosis of two patients was clearly improved, 
although transitorily, following a single injection. Memory, attention and mentalcalculation 
tests have shown that all functions are preserved in the mentally normal patients, and that 
they were improved in two mentally deficient patients. Simultaneously, an often consider
able modification of the EEG tracing is observed. In general, eye opening is no longer 
accompanied by the disappearance of the a-rhythm and the alarm reaction seems less 
marked. If the tracing had been disturbed earlier, a considerable increase is noted in these 
disturbances with spilling over to other leads which until then had been normal. The 
deterioration of the tracings is in contrast with the maintenance or improvement of the 
psyche (Laborit, 1965). · 
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These properties of SSA,· shared also by other reducing agents, can lead to hypotheses 
with regard to their biochemical mechanism. It is enough to note that both from the study 
of EEG patterns as well as from the behaviour standpoints, SSA and GHB have very 
different pharmacologies. 

4. Suggestion of a Neurobiological Model of the Anatomical-functional Aspects of Sleep 

4.1. DIFFERENCE IN METABOLIC FUNCTION BETWEEN NEUROGLIA 
AND NEURONE 

For several years now, we have suggested a metabolic hypothesis of the anatomical
functional aspects of sleep (Laborit, 1964a, c; Laborit and Laborit, 1965; Laborit, 1969). 
Thi$ hypothesis is based on the fact that the enzymatic make-up and metabolic activity of 
the neuroglia and neurones are very different. We cannot repeat here all the experimental 
data which, on the basis of histoenzymology, electronmicroscopy and general biochemistry, 
shows that the neuroglia (or more precisely, the astrocytes) is made up of structures with 
predominantly glycolytic as well as hexosemonophosphate shunt activities, while the 
phosphorylating oxidative activity and the mitochondrial system are relatively little 
developed. Conversely, the neurone has opposite characteristics. It is a predominantly 
oxidative system. Taking into account the fact that the neuronal extracellular space consists 
mainly of the neuroglia through which the majority of exchanges between the neurone and 
the circulating blood take place, the nutritional role of the neuroglia with respect to the 
neurones would be more active, so that during rest the neurones are forced to excrete a 
greater quantity of end products of their oxidative metabolism and restore their biochemical 
structural integrity, and in particular, their protein structure. 

4.2. THE NEURONE/NEUROGLIA AS A METABOLIC AND FUNCTIONAL 
PAIR 

The narrowest contiguity relationships existing between these two structures should 
logically manifest itself at the level of dendritic extensions, where the surface/volume ratio 
of the neuronal extension is at its highest. It is understandable that at this level a hyper
polarization of the neuroglia which surrounds closely the dendritic axon can form an 
effective diffusion barrier against propagation both of the axodendritic synaptic depolariza
tion waves, as of the chemical substances liberated at the level of the synapses. 

It appeared to us that the balance between neuronal and glial metabolic activities could 
be controlled through the intermediary role of transmembrane ionic movements (Laborit, 
1964b, c). Numerous studies have brought experimental proof of this hypothesis (Trachten
berg and Pollen, 1970; Treherne et al., 1969; Hartman, 1966; Lane and Treherne, 1969). 
Principally the work of Kuffler (1967), of Orkand et al. (1966) and of Cohen et al. (1968) 
have confirmed the role of potassium ejection resulting from neuronal activity, in the 
metabolic activation of its uptake by the glia and Cohen (1970) believes, as we do, that 
glial cell electrogenesis can contribute to the electroencephalogram. But in our opinion, 
this influence is mainly felt at the level of the dendritic and axodendritic synaptic extensions. 
Thus the slow waves recorded on the EEG are, in our opinion, the expression of glial 
metabolic activity and the rapid waves mainly the expression of neuronal activity. But if 
the potassium lost by the neurone during the action potentials plays a part at the origin of 
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the depolarization, and later stimulates the metabolic activity of the neighbouring glia, 
it can also be suggested that this glial activity will secondarily lead to sodium excretion 
during its repolarization. It can also be suggested that the high activity of the pentose 
pathway in the glia guarantees the supply of an amount of reducing substances equivalent 
to the degree of oxidation of the neurone resulting from its prolonged activity. The neuronal 
oxidative activity could facilitate GABA synthesis in the shunt from which it originates, 
as well as that of GHB. GHB acts preferentially on the specific glial pentose pathway. 
The glycolytic glial metabolism could, however, supply lactic acid, an efficient substrate 
for the neuronal tricarboxylic acid cycle. We cannot go into details here concerning the 
experimental observations that support the hypothesis concerning the feedback relationships 
of neuronal and glial metabolism. These relationships stop us from considering separate 
neuronal functions, and force us to conceive a metabolic and functional unity: the neurone
neuroglia pair. 

4.3. METABOLIC REGULATION OF THE ANATOMICAL-FUNCTIONAL 
ASPECTS OF SLEEP 

If we accept the preceding hypothesis which suggests that the functional activity of the 
neurone produces a simultaneous and progressive increase of sodium, and a depletion of 
potassium; if we accept that the potassium excreted into the neurone-neuroglial inter
cellular spaces will stimulate the metabolic activity of the neuroglia, then we can under~ 
stand why sleep will start with the appearance of slow waves, an expression of the glial 
metabolic activity from its contact with dendritic extensions, and principally at the level of 
the superficial cortex layers. This is the NREM sleep phase which temporarily sets the 
neurone at rest. The neurone restores its ionic gradients and synthesizes proteins to replace 
those broken down during neuronal activity. It is possible that the activity of the glial 
pentose pathway is the origin of the supply of required ribose or even RNA. The progressive 
glial repolarization will lead to the rejection of sodium which could then act again as a 
stimulant of the metabolically restored neurone, while glial hyperpolarization will prevent 
the cortical diffusion of information in the associative systems. This is the REM phase of 
sleep. 

Thus it can be understood why fatigue after exercise increases synchronized activity and 
momentarily suppresses the REM phase (Hobson, 1968). Matsumoto et al. (1968) have 
noted also that the synchronized phase of sleep is the first to return. 

5. GHB and Metabolic Regulation of Sleep 

5.1. PENTOSE PATHWAY AND SLOW WAVE SLEEP 

The observations described above would lead to the view that pentose pathway stimu
lants should facilitate the appearance of slow wave sleep. This had been observed in our 
group by Weber and Gerard (1961), who .showed that a deep behavioural sleep developed 
in the rat following an injection of hypertonic glucose and insulin after a 48-hr fast. A few 
months later, Tepperman and Teppennan (1961) showed with 14C-labelled glucose that 
under the same experimental conditions, glucose is indeed preferentially used in the pentose 
pathway, probably because of a decrease in the [NADPH] : [NADPJ ratio caused by 
fasting. Again under the same experimental conditions, Sudakov (1963) .showed in the cat 
the appearance of slow waves on the EEG. Thus it appears that the increase in pentose 
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pathway activity induced by GHB can be considered as the factor responsible for the 
appearance of behavioural and slow wave sleep resulting from neuroglial hyperpolarization. 
GHB suppresses the secondary negative phase of evoked cortical potentials that we consider 
as being of neuroglial-dendritic origin (Laborit, 1964b), and Scholes (1966) believes that it 
mainly blocks cortical axodendritic synapses. In addition, it can be added that, as any other 
pentose pathway stimulant, GBH reduces kaliemia without increasing kaliuria (Laborit et 
al., 1960b), which would lead to the cellular build up of this cation which accompanies 
cellular byperpolarization. This is also a known fact for the glucose-insulin association 
(Laborit, 1958 ). 

5.2. GHB, NEUROTRANSMIITERS AND SLEEP 

. Fernstrom and Wurtman (1971) have shown that the ingestion of a carbohydrate diet 
after fasting, or the injection of a non-convulsing insulin dose, increases, on the one hand, 
the 5-HTP blood level and the 5-HT brain level, while on the other, it decreases the plasma 
level of the other amino acids. Thus serotonin could take part in the integration by the 
brain of information concerning cellular metabolic homeostasis which it would convert 
into behaviour. Tagliamonte et al. (1971) have shown in the rat after GHB administration 
an increase in 5-HT brain level, and specially in 5-HIAA, which would indicate an accelerated 
5-HT turnover. 

We have seen that 5-HT was probably connected with slow wave sleep. But the opinion 
of Taborsky (1971), already mentioned, should not be overlooked either, i.e. 5-HT initiates 
NREM sleep only through the action of its metabolite, 5-hydroxytryptophol. It is tempting 
to establish a relationship between the alcohol and other alcohols in general which, by 
reducing NAD under the action of alcohol dehydrogenase, stimulate the utilization of 
glucose-6-phosphate in the pentose pathway. 

5.3. FEEDBACK REGULATION OF THE NREM AND REM PHASES OF 
PHYSIOLOGICAL AND GHB-INDUCED SLEEP 

The question why prolonged wake and sleep deprivation preferentially increase cerebral 
serotonin level remains to be answered. Possibly, in this case too, the alternation between 
CA and 5-HT for occupying storage sites could be involved. Since wake is connected with 
a catecholamine liberation from their hypothalamic and reticular storage sites, the space 
would become free for serotonin to occupy it. From a certain level on, this serotonin while 
still favouring the appearance of slow sleep, would also stimulate recovery and anabolic 
activity. CA synthesis would be one aspect ofthis activity. Temporarily, these CAs would 
actually be better protected from oxidation (Vauderwende and Johnson, 1970) by a high 
serotonin level whose antioxidant properties we have described (Laborit et al., 1957). Their 
stability in their storage sites would, therefore, be increased, their reintegration being 
facilitated, till a high enough level would permit the appearance of paradoxical sleep. This 
paradoxical sleep would therefore and indeed be the expression of metabolic restoration. 

Slow wave sleep would thus be also the initiator of paradoxical sleep since it expresses 
the functional activity of the neuroglia, an activity which is essential for neuronal ionic, 
metabolic and protein recuperation. The properties of GHB, a pentose pathway stimulant, 
would accelerate this recuperation by inducing slow wave sleep without disturbing the 
mitochondrial oxidative processes of the neurone, · as hypnotics, sedatives and general 
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anaesthetics are liable to do. This interpretation of a dynamic phenomenon progressing 
with time is based on the functional and metabolic association between the neuroglia and 
the neurone. It would seem to offer a coherent explanation for many biological and pharma
cological aspects of the mechanisms of sleep which still remain unclear, and for the often 
paradoxical experimental results. 

6. GHB and Therapeutic Sleep 

6.1. GHB AS A HYPNOTIC 

Drug-induced sleep is generally obtained through a functional depression of the activating 
reticular formation, but we have seen that GHB does not depress the reticular formation. 
Under the action of GHB, the potentials evoked by peripheral stimulation at its level are 
increased even in amplitude while the electrocorticogram shows slow waves, and behavioural 
sleep is observed (Bertharion and Laborit, 1962). 

The reticular formation will be put in its resting state generally by pharmacological agents 
which depress neuronal oxidative phosphorylation. Obviously, their action will be that 
much more marked since it exerts itself on a multisynaptic network. It is very unlikely, how
ever, that this action on oxidative processes can be favourable to neuronal protein restora
tion which appears to be the essential function of sleep. On the contrary, if we accept the 
direct action of GHB on the neuroglia and its indirect action through the latter on neuronal 
restoration, it is, indeed, capable of promoting the appearance of paradoxical sleep. GHB 
will deepen sleep, and often cause a relaxation of the radix linguae, myoclonias and Cheyne
Stokes rhythm. It can be assumed that it will facilitate as much somatic recuperation 
(muscle relaxation, potassium reintegration), as cerebral recuperation (repolarization, more 
rapid excretion of oxidation by-products, and resynthesis of neurotransmitter and proteins). 
But it is logical that GHB-induced sleep is of shorter duration, and this is observed in normal 
subjects. It would thus appear-and there is supporting clinical evidence-that the use of 
GHB to obtain sleep should apply primarily to subjects whose insomnia is caused by 
prolonged environmental stimulation (prolonged work, physical and intellectual efforts), 
for this type of sleep is paradoxically enough a true antidepressive therapy, both from the 
neuronal-neuroglia point of view, and from that of restoration of cerebral neurotransmitter 
content. This is once more supported by clinical evidence. The association of GHB with 
other drugs such as reticular formation inhibitors, either by a direct action (benzodiaze
pines ), or at the level of the collateral extralemniscal junction with the reticular formation 
(phenothiazines), or limbic formation inhibitors (antineurotics or minor tranquillizers) 
leads to the possibility of a much greater variety of indications. 

Paradoxical sleep plays perhaps an important role in sleep therapy since it coincides with 
its dream phase. It can, indeed, be assumed that this symbolic manifestation of the un
conscious leads to a beneficial release of certain repressions. Since this symbolic manifesta
tion of the unconscious must rest upon a memorized experience, it is tempting to consider 
that its appearance is of major importance for limbic activity. It is known that GHB con
siderably lowers the threshold of excitability in those areas which, under its action, could 
be the site of induced or spontaneous paroxystic activity. Beneficial results have been 
obtained by Appia {1967) following awakening during the dream phase induced by GHB 
and immediate psychotherapy. 
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6.2. GHB AND ANAESTHETIC SURGICAL SLEEP 

Although widely used in anaesthesia, it may be suggested that GHB in itself is not an 
anaesthetic and it does not decrease the mitochondrial oxidative processes. When used 
a1one at doses from 4 to 6 g i.v. in the adult, it induces a sleep which only appears to be 
anaesthetic, but which, in fact, will not be sufficient for any surgical intervention. This is 
not so in the case of the infant and child, since here it can be used without any additional 
drug to perform any type of surgery. This may be due to a relatively high proportion of 
neuroglia. 

In the adult, therefore, an association with reticular formation inhibitors (neuroleptics) 
and with small doses of analgesics (potentiated anaesthesia) (Laborit, 1950) will be required 
to obtain a stable general anaesthesia. Its advantages are: (1) its low toxicity; (2) the absence 
of any respiratory depression and the maintenance of the respiratory centre response to 
CO2 ; (3) its muscle relaxant action which allows the use of only light doses of or even no 
curare, since tracheal intubation can be performed on spontaneously ventilating patients; 
(4) the absence of any hypotensive action and its bradycardiac effect; (5) the absence of 
venous irritation; (6) a pleasant induction; (7) a more easily mechanically controlled ventila
tion since the patient does not fight against the imposed rhythm and amplitude; (8) easier 
hypothermia, if it is required; and (9) finally, its antishock properties (Laborit et al., 1960c, 
1965). 
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Summary. Gamma-butylactone (GBL), a drug depressing the 
oentral nervous system, produoed marked increases in acetyl
choline contents in rat brain hemispheric regions (striatum, 
hippocampus, cortex) and in striatal choline content without 
modifying choline acetyltransferase or acetylcholineslerase 
activities. 

In the hippocampus GBL also strongly decreased the 
acetylcholine turnover rate and inhibited the high affinity 
uptake of choline. Its increase in acetylcholine content was 
prevented by an acute electrolytic lesion of the medial septum 
but not by a wide array of drug treatments designed to 
interfere with neurotransmission in various pathways. The 
results are taken to indicate that GBL directly depresses the 
cholinergic septal-hippocarnpal afferents by interrupting im
pulse flow. 

In the striatum, too, GBL markedly depressed the acetyl
choline synthesis rate but had no effect on the high affinity 
choline uptake process. Such dissociation of the two phe
nomena had previously been observed using other drugs and 
may denote that acetylcholine synthesis in this region is 
regulated differently from that in the hippocampus. 

By comparison, gamma-hydroxybutyric acid (GI-IBA), 
an active metabolite which shares with GBL the capacity to 
produce a somnolent state and depress impulse flow in the 
dopaminergic nigroneostriatal pathway, had no effect on 
either striatal acetylcholine content or on hippocampal high 
affinity choline uptake. The results suggest that GBL can be 
distinguished from GHBA in its neuropharmacological cen
tral cholinergic effects. 

Key words: Gamma-butyrolactone - Gamma-hydroxy
butyric acid -- Acetylcholine - Choline uptake - Brain -
Sleep 

Introduction 

Gamma-butyrolactonc (GBL), a drug depressing the 
central nervous system is transformed in vivo to an active 
metabolite, gamma-hydroxybutyric acid (GHBA) (Giarman 
and Roth 1964), a congener of GBL and a naturally
occurring compound in the brain (Bessman and Fishbein 
1963; Roth and Giarman 1970). This substance in turn, 
a.ccording to the in vitro studies of M itoma and Neubauer 
(1968), De Feudis and Collier (1970), Anden and Stock (1973) 
and Anden (1974), forms gamma-aminobutyric acid 
(GABA), an important putative inhibitory neurotransmitter 

Send offprint requests to H. Ladinsky at the above address 

within the CNS. Whether GB L acts per se, or through G IIDA 
or GABA has been the object of intensive study. The local 
injection of GHBA into the substantia nigrn raised the 
dopamine (DA) content in rat brain to almost the same level 
as the systemic treatment with the drug and a similar rise in 
brain DA was obtained by the local application of GABA LO 
the same structure (Anden and Stock 1973). 

The mechanism by which GABA or GBL causes the 
increase in striatal DA appears to be related to the ability of 
the drugs to block impulse flow in the nigrostriatal dopamin
ergic neurons (Roth and Suhr 1970; Roth et al. 1974; Stock et 
al. 1973; Menon et al. 1974). Stoppage of nerve impulses 
produces a decrease in DA release from storage sites, a 
decrease in 3-methoxytyramine (Di Giulio et al. 1978) and an 
increase in DA synthesis (Roth 1971; Roth et al. 1974; Anden 
1974). 

However, the depressant effect ofGBL on the dopaminer
gic neurons does not fit with the property of the drug to 
increase rat striatal acetylcholine (A Ch) content (Sethy et al. 
1976). Rather, such depression should lead to a decrease in 
the striatal A Ch level as the removal of inhibitory dopaminer
gic tone results in disinhibition of the cholinergic neurons 
intrinsic to the striatum (Consolo el al. 1975 ; Ladinsky et al. 
1975; McGeer et al. 1974; Guycnet et al. 1975 ; Rommels
pacher and Kuhar 1975). Nevertheless, the findings of 
Cheramy et al . (1978), who reported that GABA and 
GABAcrgic agonists, as well as GHBA infused into the 
substantia nigra stimulated (3H)-DA release in the caudaLe 
nucleus could better explain the increase in ACh induced by 
GBL- These authors suggested that unidentified nigral in
temeurons could exert an inhibitory influence on the dopa
minetgic neurons ; their inhibition by a descending GABA
ergic pathway projecting to the pars reticulata wouJd result in 
activation of the nigroneostriatal dopaminergic neurons. The 
consequence of such an activation would result in an increase 
in striatal ACh content. 

On the other hand, it has been considered that GBL might 
act directly on cholinergic neurons to block impulse flow 
although actual evidence to this effect has not been forthcom
ing and has been postulated solely on the basis of the drug's 
capacity Lo alter ACh levels in the CNS (Sethy et al. 1976). 

Therefore, we attempted to investigate whether a direct or 
an indirect mechanism underlies GBL's cholinergic actions in 
rat brain. 

Materials and Methods 

Animals. Female CD-COBS rats (Charles River, Italy), body 
weight 175-220g, were used. The animals were given free 
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access lo water and food and were housed in groups of six in 
makrolon cages under standard conditions of humidity 
(70 %), room temperature (23° C) and 12 h light and 12 h. dark 
cycles for at least 4days prior to the experiment. 

The rats were killed by fast focussed microwave irra
diation to the head (1.3 kW at 2.45 GHz for about 4s) using 
an adapted commercial microwave oven (Medical Engineer
ing Consultants, Peabody, MA, USA). The rat's head was 
fixed in place in a plastic animal holder by tightening two 
blunt plastic screws placed 180u apart in a horizontal plane 
until just enough pressure was exerted to discourage the rat 
from turning its head. 

In ACh turnover studies, which required intravenous 
infusion oftritiated cholin~ for 4 and 6 min, the plastic holder 
was further adapted by affixing to it a long and narrow 
cylindrical plastic holder for the tail which permitted in
travenous placement of the needle but prevented the Lail from 
even minimally moving and dislodging the needle. This 
assured that all of the label was infused into the rat over the 
time period desired. 

Assay for Acely/choline and Choline. The brain was quickly 
removed and dissected into different areas (slriatum, hip
pocampus, hemispheric residuum and rnidbrain-hindbrain). 
After weighing, the tissues were homogeni,:ed in a mixture of 
15 % 1 N formic acid-85 % acetone before proceeding to the 
measurement of ACh and choline by the radioenzymatic 
method of Saelens et al. (1970) with modifications (Ladinsky 
et al. 1976). 

Acetylchaline Turnover. For the measurement of the acctyl
choline turnover rate (TRAc11), a tracer amount of (methyl-
3H)choline chloride (80 Ci/mrnol, Radiochemical Centre, 
Amersbam, UK) was infused into the tail vein of the rat at a 
constant rate of0.84 nmol/80 µ!/min for 4 min or 6 min. At the 
end of these times the rats were killed by focussed microwave 
irradiation to the head. The striatu1n and hippocampus were 
removed bilaterally and homogenized in 15 volumes ofa cold 
mixture oft 5 % 1 N formic acid and 85 % acetone. After low 
speed centrifugation, the acetone in the supernatant was 
removed by partitioning into heptane-chloroform. A known 
volume of the aqueous extract was lyophilized and the acidic 
residue was resuspended in 25 µ1 distilled water before 
applying 20 µl of this to the paper strip for low voltage 
electrophoresis (500V, 60min). The (methyl-3H)choline and 
the acetyl(methyl-3H)choline formed were identified by their 
relalive positions to tetraethylammonium on each strip of 
paper. As the quantitative separation of these two labelled 
quaternary amines is critical to the results obtained, their 
overlapping was measured as previously described (Ladinsky 
et al. 1972). It was found that less than 1 '.% of the tritiated 
choline overlapped onto the acetylcholine band and less than 
6 % of the tritiated ACh overlapped onto the choline band. 

The bands were cut out and disintegrated in 1 ml soluene 
before adding 0.5 ml distilled water and 10 ml of toluene base 
phosphor for liquid scintillation counting. The turnover 
calculation was made as described by Racagni et al. (1976) 
and done by computer. 

Mea.mremenl uf Choline Acetyllransferase, Acetylcholin
esterase and High Affinity Choline Uptake Activities. Choline 
o-acetyltransferase activity was measured by a modified 
radiochemical method of McCaman and Hunt (1965) and 
acetylcholinesterase activity was determined by the method of 
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Mccaman et al. (1968). Sodium-dependent high affinity 
uptake of choline (SDHACU) was measured by the method 
of Atweh et al. (1975) followed by filtration through 0.65 µ 
Sartorius cellulose nitrate filters. 

Chemical Lesion. Kainic acid, 0.5 µgin 0.5 µl was dissolved in 
saline and injected bilaterally into the dorsal and ventral 
hippocampus (coordinates from bregma: -3.5, 2.5, 4.0 mm 
and -6.5, 5.5, 7.5 mm, respectively) of ether anaesthetized 
rats. Sham lesions were carried out in an identical manner but 
saline was injected. The experiment was performed 2 weeks 
after the treatment. 

Acute Electrolytic Lesion. The animals were lesioned by 
electrocoagulation of the medial septa! nucleus, using a 
stainless steel electrode (0.5 mm tip, ·o.3 mm diam.). The 
stereotaxic coordinates were: AP 8.2, LO, H 4.8 mm. Sham 
lesions were carried out in an identical manner but no current 
was passed. Lesion placement was verified histologically in 
each animal after removal of the experimental tissue samples. 

Treatments. The following drugs, their solvents, routes of 
administration, dosage and time schedules were used: GBL 
was diluted with distilled water and administered intraperi
toneally at the doses and times shown in the Tables; GHBA, 
sodium salt was dissolved in distilled waler and administered 
intraperitoneally at the doses and times described in the 
Tables or text; atropine sulfate 5 mg/kg i.p., 30 min dissolved 
in saline; reserpine, 5 mg/kg, i.p., 16 h, dissolved in 0.3 % citric 
acid and 2 % benzyl alcohol in 25 % polyethylene glycol in 
sa!ine; picrotoxin 2.5 mg/kg, i.p., 30 min, dissolved in saline; 
phenoxybenzamine · HCl, 20 mg/kg i.p., 240 min and halope
ridol · HCl, 1 mg/kg i. p., 60 min, were dissolved in saline with 
the dropwise addition of 1 N HCl; propranolol · HCl 10mg/ 
kg i.p., 30min, dissolved in saline; pimozide, l mg/kg i.p., 
240min, dissolved in 0.2 N tartaric acid; naloxone, 5 mg/kg 
i.p. , 30 min, dissolved in saline; pentylenetetrazol, 60mg/kg, 
i.p., 45 min, dissolved in saline; alphamethylparatyrosine 
methyl ester HCl (aMpT) dissolved in saline and administered 
as two consecutive doses of300 mg/kg, i.p. and 200 mg/kg, i. v. 
respectively, 20 hand 4 h before GBL; prazosin, 62.5 mg/kg, 
p.o. , 180min, suspended in 0.5 % carboxymethylcellulose. 

Drugs and Reagents. Drugs were obtained from the sources 
indicated below: gammabutyrolactone, atropine sulfate and 
alphamethylparatyrosine methyl ester HCl (Aldrich-Europe, 
B~rse, Belgium); gamma-hydroxybutyric acid sodium salt 
and picrotoxin (Sigma Chemical Co., St. Louis, MO, USA); 
pimozide (gift from Janssen Pharmaceutica, Beerse, Bel
gium); reserpine (gift from Ciba-Geigy, Basel, Switzerland); 
phenoxybenzamine · HCl (gift from Smith, Kline and French, 
Welwyn Garden City, Herts, England); haloperidol · HCI 
(gift from Lusofarmaco, Milan, Italy); propranolol · HCI 
(gift from Icpharma, Milan, Italy); naloxone (gift from E11do 
Labs, Garden City, NY, USA); pentylenetetrazol (gift from 
Knoll, Milan, Italy); prazosin (gift from Pfizer Italiana, 
Latina, Roma, Italy). 

All reagents of high purity grade were purchased from 
commercial sources. 

Results 

The effect ofGBL on the brain regional ACh content is shown 
in Table 1. At 90 min following the intraperitoneal ad minis-
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Table 1. Effect of gamm a-butyrolactone on the acetylcholine content in 
rat brain regions 

Region Acetylcholine (nmolcs/g) 

Stria tum 
Hippocampus 
Hemispheric residuum 
Midbrain-hindbrain 

Controls 

66.6 ± 3.7 
22.! ± 1.3 
18.5 ± 0.7 
23.9 ± 0.8 

The data are the means ± S.E.M. (n ~ 7) 
• P < 0.0 I vs control group, Student's !-lest 

Treated 

108.9 ± s.o• 
33.0 ± 0.7' 
28.4 :i:: 1.3 • 
21.7 ± 1.1 

The rats were killed 90 min after the intraperiloneal administration of 
GBL, l.25 g/kg 

tration of 1.25 g/kg, GBL increased ACb. content by 64 %, 
49 % and 54 % in the striatum, hippocampus, and hemispheric 
residuum, respectively, but did not produce any effect in the 
midbrain-hiodbrain region. The choline content was mea
sured in the slriatum and hippocampus and was found to be 
increased by about 45 % in striatum and unchanged'in the 
hippocampus (the data are given in Table 5). 

The dose-dependence of GBL on the A Ch content of the 
slriaturn and hippocampus 90min after administration is 
shown in Table 2. In the striatum the drug gave no significant 
effect from 0.5 g/kg to 1.0 g/kg and then produced an increase 
of 51 % at 1.25 g/kg and doubled the ACh content at 
1.50 g/kg. The hippocampus was slightly more sensitive to 
GBL as it responded with a 17 % increase at the doses of 
0.75 g/kg and 1 g/kg followed by a 31 % increase at 1.25 g/kg. 

All the drug doses induced a sleep-like state within 5 min 
of their administration and high mortality arose at the dose of 
1.5 g/kg from respiratory arrest . Thus, still higher doses of 
GBL could not be used although a plateau in the A Ch content 
had not been attained. The dose of 1.25 g/kg has been used in 
the subsequent experiments. 

The time course showed that the drug significantly 
increased the level of striatal A Ch within 30 min of its 
administration ( 34 %) and that the maximum increase of 51 % 
was achieved at 90min. This increase persisted until 180min 
(fable 3) after which time most animals died. By comparison, 
GHBA did not significantly affect striatal ACh content at 
doses of 0.5, 0.75, 1 and 2g/kg, 120min after its adminis
tration (data not shown). The time course also showed lack of 
effects of the drug at 2g/kg although there was a tendency 
towards a decrease at 15 min after its administration 
(Table 3). GHBA, like GBL induced a sleep-like state within 
5 min of its intraperitoneal administration which suggests 
that the hypnotic effect of GBL is neither the result of, nor 
responsible for the increase in brain regional ACh content. 

The specific activities of striatal and hippocampal choline 
o-acetyltransferase and striatal acetylcholinesterase activities 
were affected neither by the in vitro incubation of the 500 x g 
supernatant with GBL or its metabolite GHBA at a final 
concentration of 5 x 10- 5 M, nor 90min after the i.p. admin
istration of GBL at 1.25 g/kg (data not shown). The control 
values for the enzymic activities of striatum were 112. 6 
± 6 µmole A Ch synthesized/b/g prot and 18.1 ± 9 mmole 
ACh hydrolyzed/h/g prot, respectively, 

GBL produced a marked inhibition of the sodium
dependent high affinity uptal.~ of choline (SDHACU) by a 
crude hippocampal synaptosomal preparation both at 30 and 

Table 2. Dose-dependence of the increase in striatal acety!choHnc content 
by garnrna-butyrolactone 

Dose ofGBL 
(g/kg) 

Controls 
0.5 
0.75 
1.0 
L25 
1.5 

Acetylcholine (nmoles/g) 

Stria tum 

67.6 ± 1.9 (14) 
68.5 ± 3.3 (6) 
68.5 ± 3.2 (6) 
71.0 ± 6.5 (5) 

102.0 ± 6.4 (9)** 
133.4 ± 9.3 (6)•• 

Hippocampus 

21.6 ± O.S (7) 
23.5 ± 1.0 (7) 
25.3 ± 1.0 (7)* 
_26.3 ± LO (7)* 
28.2 ± 0.8 (7)*• 

Data are the means ± S.E.M. (n) 
The animals were killed 90 min after the intrapcritaneal administration of 
GBL 
* P < 0.05 and ** P < 0.01 vs controls; Dunnell's test 

Table3. Time course of effects of gamma-butyrolactone and gamma
hydroxybutyric acid on rat striatal aa,tylcholine content 

Time (min) Striatal acetylcboline (nmolcs/g) 

GBL GHBA 
---------···----------- ·----
Controls 
15 
30 
60 
90 

120 
150 
180 

66.1 ± 2.8 

88.6 ± 4.9* 
85.7 ± 2.0• 

99. 7 ± 4.8 .. •••• 
106.5 ± 10.5*" 
107.9 ± 4.6** 
107,8 ± 4.3** 

65,2 ± 2.0 
56.3 ± 3.1 
63.4 ± 1.2 
616 ± 1.0 

60.5 ± 4.9 

Data are the means ± S.E.M. (n = 5-6) · GBL, 1.25 g/kg i.p., GHBA, 
2 g/kg, i.p. Both drugs induced sleep within 5 min 
• P < 0.05 and ** P < 0.01 vs controls; * .. P < O.OS vs 60 min group, ns 
vs 120 min gro\lp; D\lncan's test 

90 min after its administration of 1.25 g/kg, but had no effect 
on SDHACU by striatal synaptosomes (Table 4). By con
trast, GHBA did not affect hippocampal SDHACU either 
after its in vivo administration of 2g/kg (Table4) or when 
incubated in vitro up to a concentration of 10- 4 M (data not 
shown). Similarly, in vitro, GBL had no effect on hippo
campal SDHACU when incubated up to a concentration of 
10- 3 M (data not shown). 

The synthesis rate of A Ch was measured by the i. v. 
infusion of (methyl-3 H)choline. It was found that GBL, at the 
dose of 1.25 g/kg and 90 min decreased the radioactivity of 
acetyi(methyl-3 H) choline both in the striatum and in the 
hippocampus by approximately 50 % (Table 5) and decreased 
the specific radioactivity of ACh by about 70 % in these two 
brain regions. The radioactivity of (methyl-3 H)choline and 
the specific radioactivity of choline was increased approx
imately twofold by GBL in both brain areas. Using the 
equation proposed by Racagni et al. (1976), the turnover rates 
of ACh were calculated to be 9.97 ± 0.3 and 3.53 ± 0.1 pmole 
ACh synthesized/min/mg wet wt in striatum and hippo
campus for the controls. GBL reduced the turnover rate by 
about 70 % in both the striatum and the hippocampus. 

Pretreatment with drugs designed to interfere with cholin· 
ergic, dopaminergic, noradrenergic and GABAergic neuro
transmission did not alter the GBL-induced increase in ACh 
of the striatum as determined by ANOV A two-way factorial 
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Table 4. Effect of gamma-butyrolactone and gamma-hydroxybutyric acid on sodium-dependent high affinity choline uptake in vivo 
------------------·---------------

ln vivo administration Sodium-Dependent high affinity uptake of choline (nmoles/g prot/min) 

Drug 

GBL 

Dose 
(g/kg) 

Time 
(min) 

-- -----
30 

Hippocampus Striatum 

Control Treated Control 
-- -·---- ·-···• 

0_66 ± 0.04 (6) 0-43 ± 0_03 (5)* 1.25 
1.25 90 0.67 ± 0.04 (6) 0.41 ± 0.02 (5)* 1.37 ± 0-2 (8) 

GHBA 2 30 0.66 ± 0_05 (5) 0.65 ± 0-03 (6) 
------------- ----------------------------
The data are the means ± S.E.M. (n) 
* P < 0.01 vs control, Student's Hest 

Table 5. Turnover rates of acctylcholine in rat striatum and hippocampus after a single injection of gamma-butyrolactone 
------··-------------.. ----·• --------· .. ---·-------
Region Treatment Endogenous Radioactive Specific K,, 

radioactivity (h- ') 
-------·- ---------·-------

A Ch Choline A Ch Choline A Ch Choline _______________ ,, __ 
--~-~---------~ 

(pmoks/mg tissue) (dpm/mg tissue) (d pm/pmole) 
----·- .. · ----------··--------
Striatum Saline 68.0 ± 1.3 23-2 ± 09 209.6 ± 146 239.0 ± 15.5 3.0& 10.3 8_8 ± 0.3 

GBL 112.0 ± s.o• 33.7 ± 1.1 * 91.3 ± 12.3* 606.5 ± 23.5• 0.81 17.9 1.7 ± 0_1 • 

Hippocampus Saline 22-1 ± 0.6 21.l ± 0.4 114.5 ± 14_8 196.4 ± 31.3 5.18 9.3 9_6 ± 1.1 
GBL 33_0 ± 1.1 * 22.5 ± 0.9 56.8 ± 6.3 381.1 ± 22.4* 1.72 16.9 1.9 ± 0.1 

Treated 

1.34 ± 0.06 (8) 

----·---·- ~---~--- · 
ACh Turnover 
(pmoles/min/mg tissue) 

----- ·-·····-----
9.97 ± 0.3 
3.17 ± 0_1 • 

3.53 ± 0.1 
1.04 ± 0.1 * 

---- ----------------·----·-··-----------------~--~----··-------··------
The data are the means ± S.E.M. for 6 animals 
• P < 0.01 vs the saline group, Student's t-test 
GBL was administered Lp. at the dose of J _25 g/kg. The rats were killed by focussed microwave irradiation to the head 90min afterGBL and 4min after 
(methyl-31-I}choline i.v. infusion. This tracer dose did not a!Tect either the ACh content or the choline content of the 2 brain regions 

Table6. EJTect of treatment with various drugs on the GBL-induced increase in acetylcholinc content in rat striatum 
--- -----------------------·-··- ------------ --- ------- ----------- - - -- --------
D,rug in 
columns C and D 

Reserpine 
Atropine sulfate 
Picrotoxin 
Phenoxybenzamine 
Propranolol 
Naloxone 
a-MpT 
Pimozide 
Haloperidol 
Pentylenetetrazol" 
Prazosin 

Striatal acctylcholine (nmolcs/g) 

A 
Vehicle 

68.2 ± 2.0 (6) 
62.1 ± 1.5 (8) 
68.5 ± 1-8 (6) 
66.5 ± 1.7 (8) 
71.7 ± 2.7(7) 
63.0 ± 3.6 (6) 
66.4 ± 2.6 ( 6) 
70.9 ± L7 (7) 
67_0 ± 1.6 (7) 
64.9 ± 1.5 (6) 
68.3 ± 2-3 (8) 

,.. _______ 
B 
GBL 

•---~•_, A .. . ••-- ··+·+ 

131.6 ± 5.4 (6) • 
107.9 ± 6-3 (8)• 
117.9 ± 6.7 (6)* 
110.5 ± 6_5 (8) • 

92.5 ± 2.0 (7) * 
110_2 ± 11-2 (6)* 
100_1 ± 9 .3 (6)* 
102.1 ± s_o (7)* 
103.2 ± &.3 (7)* 
120.0 ± 10.1 (6)* 
98.5 ± 7.9 (8)* 

Interaction 
- ----···----

C D 
Drug Drug + GDL 

·-···--- · -
59.0 ± 2. 7 (6) 132-2 :i 5.9 (6)' ns 
57.7 ± 2_0 (8) 89.0 ± 11.1 (8)* ns 
78.S ± 2.0 (6) 128.3 ± 3.7 (6)* DS 

69.7 ± 1.6 (8) 101.3 ± 5.7 (8)* ns 
61.9 ± 1-7 (7) 97.5 ± 3.2 (7)* ns 
68.4 ± 3-9 (6) 121.6 ± 9.3 (6)* ns 
61.2 ± 3.9 (6) 120.2 ± 5.2 (6)" ns 
45.3 ± 1.8 (7)* 110.0 ± 9.6 (7)* Fl,24 = 10.2 P < 0_01 
42.1 ± 1.3 (7)• 125.7 ± 5.6 (7)* Fl,24 = 19.8 P < o.oi 
58.0 ± 1.9 (6) 106.1 :::: 6.7 (6)* TIS 

69. 7 ± 2-6 (8) 92.2 ± 4 .8 (8)* ns 
--- - ------·----···---~------ --- --------····-··-

Reserpine, 5mg/kg, Lp. 16h; atropine sulfate, 5mg/kg, i.p. 30min; picrotoxin, 2.5mgfkg, i_p. 30min; phenoxybenzamine, 20mg/kg, i.p_ 240min; 
propranolol, IO mgfkg, i.p. 30 min; naloxone, 5 mg/kg, i.p . 30 min; alphamethylparatyrosine, 300 mg/kg, i.p. and 200 mg/kg, i.v_, r~spectively 20 hand 
4 h before GBL; pimozidc I mg/kg, i.p. 240 min; haloperidol, 1 mg/kg, i.p. 60 min; pentylenetetrazol, 60 mg/kg, Lp. 45 min_; prazosin, 62.5 mg/kg, p_o_ 
180min 
The rats were killed 90rnin after the administration ofGBL, l.25gfkg i_p. and at the times indicated for the drugs given above. The data are means 
± S.E.M_ (n)- The data were analyzed by ANOVA two-way factorial analysis, Tukcy's test and Tukey's test for unconfounded means 
• P < 0.01 vs the vehicle group 
• Mortality was 4/10 in the GBL plus pentylenetctrazal group; GBL did not prevent the convulsive symptoms manifested by th~ pentylenetctrazol

treated animals 

analysis (Table 6). The drugs employed were reserpine, at
ropine sulfate, picrotoxin, phcnoxybenzamine, propranolol, 
naloxone, alphamethylparatyrosine, pcntylenetetrazol and 
prazosin. The powerful dopamine receptor blockers pimozide 
and haloperidol markedly decreased the level of striatal ACh 

by about 40 % but despite this, the net increase in ACh 
induced by GBL was significantly greater in the neuroleptic
treated group than in the control group. 

ln the hippocampus and cortex none of the above drugs 
either affected the level of A Ch by themselves o r prevented the 
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Table 7. Effect ofintrahippocampally-placed kainic acid lesion or acute medial septaf electrolytic lesion on the increase in acetylcholine content induced 
by gamma-butyrolactone in hippocampus 

Lesion in columns C and 1) Hippocampal acetylcholine (11moles/g) 

A B C D 
Control GBL Lesion Lesion+ GBL lnteradion 

~----.. ----~·- ----
Kainic acid lesion 21.5 ± 0.5 (11) 28.2 ± 0.7 (11)" 18.5 ± 0,4 (11)*• 26.6 ± 0.8 (11). ns 
Acute septal lesion 22.4 ± 0.6 (7) 31.3 ± 0_6 (7) • 27-9 ± 1.0 (7)* 29.5 ± 1.0 (7) • l:'1, 24 = 19 P < 0.01 

Control animals were sham operated in the septal lesion experiment. GBL was administered 90 min postlesion at the dose of 1.25 g/kg and the animals 
were killed 90 min after drug administration · 

Control animals were vehicle-treated in the kainic acid lesion experimerrt. The experiment wa~ performed 15 days after the local application of kainic 
acid. The animals were killed 90min after the administration ofGBL, 1.25 g/kg. The data are the means ± S.E.M. (n). •p < O.Q1 vs control;•• p < 0.05 
vs control 
The data were analyzed by ANOVA two-way factorial analysis, Tukcy's test and Tukcy's test for unoonfoundcd means 

.. action of GBL (data not shown). In addition, 2 weeks after the 
intrahippocampal application ofkainic acid~ when the virtual 
complete destruction of perikarya had been achieved 
(Schwarcz et al. 1978), there was no blockade of the ACh 
increase induced by GDL (Table 7). Kainic acid lesion 
produced a small but significant decrease in hippocampal 
ACh content of 14%. 

An acute electrolytic lesion llf the medial septa! nucleus 
was made in order to block impulse flow in the septal
hippocampaJ cholinergic pathway (Sethy et al. 1973). Such a 
lesion induced a rise in hippocampal A Ch at 180 min (Table 7) 
probably as a result of a decreased release of this neurotrans
mitter. The choline content was not affected (data not 
shown). The increase iri A Ch content that GBL produced in 
the acutely septa] lesioned rats was not additive with that of 
the lesion. 

Discussion 

The present study confirms that G BL causes an increase in the 
concentration of ACh in rat hemispheric regions. This effect 
cannot be ascribed to modifications in cholinergi c neu rotrans
rnitter metabolism as the drug neither inhibited nor stimu
lated AChE or ChAT activities. The acute electrolytic lesion 
of the septal-hippocampal cholinergic pathway prevented the 
ACh rise induced by GBL suggesting that the increase in 
ACh, like that in DA (Roth et al. 1973) is impulse flow
dependent. It may be more broadly stated that GBL and the 
septal lesion share the property of slowing or interrupting 
impulse flow and as a consequence, they reduce A Ch release, 
increase its level and then by some regulatory process depress 
the A Ch synthesis rate. The high affinity uptake of choline is 
reduced in both types of manipulations, most likely second
arily to the buildup of intraneuronal A Ch concentration, and 
could be the regulatory step in the synthesis of ACh as has 
already been postulated by Mulder et al. (1974) and Collier 
and Katz (1974). Such a hypothesis is consistent also with the 
in vitro work of Antonelli et al. (1981) who found that the 
content of ACh in cortical slices was inversely proportional to 
the rate of choline uptake by the synaptosomal fraction of 
these slices. 

In the experiment in which the effect of GBL on ACh 
tumover was determined, it was established that besides the 
markedly reduced formation of acetyl(methyl-3 H)choline, 
there was a huge accumulation of (methyl->H)choline 
radioactivity in the hippocampus and striatum. The adminis-

tration of the hypnotic chloral hydrate produced similar 
phenomena (Atweh and Kuhar 1976), and this drug's induced 
increase in (methyl-3 H)choline persisted when the hippocam
pal cholinergic afferents were destroyed by chronic septa! 
lesion, denoting multiple pools of choline in the brain. If 
GBL, like chloral hydrate, increased the specific activity of 
choline in a "pool" distinct from the ACh precursor pool, 
then it can be understood how the GBL-accumulation of 
(methyl-3H)choline could have occurred in the absence of a 
concomitant increase in acetyl(methyl- 3H)choline and in the 
presence of a strong block in SDHACU. It must be under
scored at this point that the calculated value we gave for the 
ACh turnover rate following GDL treatment may be only a 
qualitative estimate if some of the (methyl-3 H)choline par
takes of a pool unavailable for ACh synthesis. Should this 
turn out to be the case, then the parameter best correlated 
with cholinergic activity would be the level of acetyl(methyl-
3H)choline (Atweh and Kuhar 1976). 

The process for the regulation of A Ch synthesis appears to 
be different in the striatum and possibly is unrelated to 
choline uptake as GBL, despite the pronounced changes it 
produced in ACh content and ACh turnover, did not alter 
SDHACU. It is not clear as to where such a difference may lie 
(Jape 1979), but this characteristic of GBL is shared by other 
drugs affecting striatal ACh content such as bromocriptine 
(Consolo et al. 1981), oxotremorinc (Ladinsky et al. 1981), 
neuroleptics (Sherman et al. 1978). minaprine and buspirnne 
(unpublished data). 

It can be derived from this information that OBL directly 
depresses cholinergic neurons through its interference with 
presynaptic events leading to the release of ACh. This 
hypothesis is substantiated inasmuch as the alteration of 
neurotransmission in several central pathways by drugs and 
neurotoxins failed to mitigate GBL's action. In particular, the 
possibility that GBL activates the nigroneostriatal dopamin
ergic neurons (Cheramy et al. 1978; see Introduction) to 
increase A Ch appears to be ruled out as both haloperidol and 
pimozide were unable to block the GBL effect. Indeed, rather 
than blocking, these neuroleptics potentiated GBL's net 
increase in striatal A Ch. As an explanation, it may tentatively 
be suggested that the GBL effect on ACh, although pro
nounced, was not maximal but rather reflected a net change 
resulting from the increase due to the direct action ofGBL on 
the cholinergic neurons and the possible decrease in a limited 
population of cholinergicinterneurons following blockade of 
impulse flow in the nigroneostriatal dopaminergic neurons. 
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As the dopamine receptor blockers act on the same dopamin
ergic pathway that GBL should have been affecting to deplete 
ACh, they made it possible to unmask the total extent of 
GBL's direct <;holinergic action_ The finding that there was a 
decrease in the striatal muscarinic receptor population fol
lowing chronic treatment with GBL (Giorgi and Rubio 1981) 
is certainly in line with a disinhibition ofcholinergic neurons 
induced by the drug indirectly through the dopaminergic 
system. 

GBL and GHBA overlap in their pharmacological prop
erties of inducing a sleep-like state and interrupting impulse 
flow in· the nigroneostriatal doparoinergic neurons. There
fore, these effects of GBL may be indirectly due to GHBA, its 
active metabolite. In contrast, the cholinergic actions of GBL 
are not due to GHBA formation but due to GBL itself as 
indicated by the failure of GHBA to increase striatal ACh 
content or to inhibit hippocampal SDHACU. These data are 
consistent with the finding that GBL is not able to displace 
GHBA from its specific binding site in rat brain (Benavides et 
al. t 982). Because of the divergence in the actions of the two 
drugs, caution should be taken in attributing to GHBA the 
cholinergic effects of GBL, as has sometimes been done 
(Sethy et al. 1976; Snead 1977). 
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Gammahydroxybutyrate and Narcolepsy: 
A Double-Blind Placebo-Controlled Study 

*§G. J. Lammers, tiu. Arends, tA. C. Declcrck, *M. D. Ferrari, 
:j:G. Schouwink and §J. Troost 

"Department of Neurology, Leiden University Hospital, Leiden, The Netherlands 
tDepartment of Clinical Neurophysiology and Polygraphy, Kempenhaeghe, Heeze, The Netherlands 

tIJepartment of Neurology, Hospital Rijnstate, Arnhem, The Netherlands 
§Department of Neurology, Medisch Spectrum Twente, Enschede, The Netherlands 

'ifJanssen Pharmaceutica B. V., Ti/burg. The Netherfands 

Summary: We treated 24 patients with narcolepsy for 4 weeks with gammahydroxybutyrate (GHB), 60 mg/kg/ 
night, in a randomi:t:ed double-blind placebo-controlled cross-over trial. Both clinical and polysomnographic criteria 
were used to assess the results. Compared to placebo, GHB reduced the daily number ofhypnagogic hallucinations 
{from 0.87 to 0.28; p = 0.008), daytime sleep attacks (from 2.27 to 1.40; p = 0.001) and the severity of subjective 
daytime sleepiness (from l.57 to 1.24 on a 0--4 scale: p = 0.028). The number of daily cataplexy attacks was reduced 
from l.26 at baseline to 0.56 after 4 weeks ofGHB intake. This reduction, however, was not statistically significantly 
different from the difference between baseline and placebo. GHB stabilized nocturnal rapid eye movement (REM) 
sleep, i.e. it reduced the percentage of wakefulness during REM sleep (p ~ 0.007) and the number of awakenings 
out of REM sleep (p = 0.016), and tended to increase slow wave sleep (p = 0.053). Adv!!rSe events were few and 
mild. We conclude that GHB is an effective and well-tolerated treatment for narcolepsy. Key Words: Narcolepsy
Gammahydroxybutyrate- Polysomnography- Placebo-controlled clinical trial. 

Narcolepsy is clinically characterized by excessive 
daytime sleepiness (EDS), a disturbed nocturnal sleep 
and the three rapid eye movement (REM) sleep-related 
phenomena: cataplexy, hypnagogic hallucinations and 
sleep paralysis (1). Polysomnographic findings of noc
turnal sleep include instability ofREM as well as non
rapid eye movement (NREM) sleep and shortened 
REM sleep latency (2-4). Standard drng treatment con
sists of psychostimulants for EDS and antidepressant 
drugs for the REM sleep-related symptoms (5). 

Gammahydroxybutyratc (GHB) is a putative neu
rotransmitter in the human brain (6,7). After oral ad
ministration it has a hypnotic action and is considered 
to ameliorate (daytime) narcolepti,:; symptoms (8). To 
date, three open trials (9-11) and one double-blind 
placebo-controlled trial (12,13) testing this hypothesis 
have been published. A limitation for the interpreta
tion of the polysomnographic effects in this last study 
was the previously defined duration of nocturnal sleep. 

Accepted for publication January J 993. 
Address correspondence and reprint requests 10 G. J. Lammers, 

M.D., Department ofNeurology, uiden University Hospital, Rijns
burgerweg 10, 2333 AA Leiden, The Netherlands. 

To establish the efficacy of GHB in narcolepsy, we 
carried out a randomized double~blind placebo-con
trolled cross-over trial in an unselected group of pa
tients. Results were assessed both clinically and with 
polysomnographic criteria. 

PATIENTS 

Twenty-four patients were selected on clinical cri
teria. All of the patients had a history of excessive 
daytime sleepiness and cataplexy. 

The clinical and demographic characteristics are 
summarized in Table 1. Medication, if any, was con
tinued and kept unchanged for at least the 4 weeks 
prior to the trial. 

The protocol was approved by our local ethics com
mittee and all patients gave their written informed 
consent. 

STUDY DESIGN 

A schematic outline of the trial is shown in Fig. l. 
Following recruitment, patients were entered into a 

baseline observation period of l week. At the end of 

216 
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TABLE 1. Demographic and clinical characteristics of the 
study population 

Age mean (range) 
Sex mal e/fcmalc 
HLA DR2/DQW6 

Complaints (history}: 
EDS/cataplexy 
Hypnagogic hallucinations 
Sleep paralysis 

Co-medication• 
None 
Stimulants 
Antidepressants 
Hypnotics 
Other 

36.0 (16-65) 
l 3/ l 1 

24 

24 
21 
17 

12 
9 
7 
I 
I 

• Five patients used more than one co-medication because 6f 
narco'lepsy. 

this week the first polysomnographic recording (base
line I) was made. Immediately afterward, patients were 
randomly divided into two groups and treatment was 
started for a period of 4 weeks. On the last treatment 
day a second recording was made. A washout period 
of 3 weeks followed. This period was considered to be 
sufficient because GHB has a very short plasma half
life (undetectable after 3-4 hours) and because its ther
apeutic efficacy is of shmi duration ( 1- 2 days) (7, 10). 
At the end of the second baseline week, a third re
cording (baseline 2) was made and cross-over took 
place. A fourth polysomnogram at the end of the sec
ond treatment period completed the study. 

During both baseline and treatment periods, a diary 
(daily questionnaire; see below) was kept, and mood 
ratings were scored once a week. At the end of each 
treatment period the global therapeutic impression was 
assessed by the patient. 

Co-medication was continued unchanged through
out the study. 

METHODS 

Patients noted the following items in their diaries: 
numberofsleep attacks, awakenings at night, cataplexy 
attacks, hypnagogic hallucinations, sleep paralysis, a 
rating of daytime sleepiness (0 = no sleepiness, 1 = 
mild, 2 = moderate, 3 = severe, 4 = very severe) and 
a rating of the feeling ofbeing refreshed in the morning 
(0 = not refreshed, 1 = slightly, 2 = moderately, 3 = 
sufficiently, 4 = very). The global therapeutic impres
sion was rated on a 0--3 scale: 0 = no effect at all, 1 = 

possibly beneficial, 2 = beneficial, 3 = strongly bene
ficial. For mood rating a visual analogue mood rating 
scale (V AMRS) (14) was used. 

Each polysomnographic recording consisted of an 
ambulatory 24-hour polygraphic recording [eight
channel Oxford Instruments recorder; two channels 
were used for electrooculography (EOG), four for elec
troencephalography (EEG), one for electromyography 
(EMG), and one channel for electrocardiography 
(ECG)]. A multiple sleep latency test (MSLT} was car
ried out during each recording at the patient's home 
after careful instruction of the patient and the partner, 
but without supervision at home. 

Sleep was scored according to standard criteria ( 15) 
in epochs of I minute. 

The number of sleep attacks, cataplexy attacks and 
hypnagogic hallucinations were considered of primary 
importance in the judgment of clinical efficacy. 

STUDY MEDICATION 

Gammahydroxybutyrate was administered orally as 
a l 0% watery solution. To minimize differences in taste 
between GHB and placebo we used flavors and salt. 
Two daily doses of 30 mg/kg each were given; the first 
shortly before nocturnal sleep, the second 4 hours later. 

RECRUITMENT 

~ -----'-•G_H_B _ ____ ~: WASH OUT -I- __ _ ~I ............... ..,,,' 
JPO~t'O eDi, ! ...._, ~':....-<:_.. _,..,,. Ba~l:ne 

C .PLACEBO _.,. .. '~ ..... .............. 
'------------- ~ ~'t- - --

,PLACEBO 

,GHB 

EEG + MSLT )H( 

MOOD RATING X 

GTI X 

DIARY 

WEEKS 

0 2 3 4 5 6 7 8 g 12 13 
FIG. 1. Schematic outline of the protocol. GTl = G lobal Therapeutic hnpression_ 

Sleep, Vol. 16, Na. 3, 1993 



AMN1002 
IPR of Patent No. 8,772,306 

Page 567 of 1327 

218 G. J. LAMMERS ET AL. 

STATISTICS 

To analyze treatment effects on diary variables, mean 
daily values during baseline were compared with the 
mean daily values during the fourth treatment week. 
The difference from baseline obtained with GHB was 
compared with the difference obtained with placebo. 
If patients did not experience a specific diary item 
during either baseline period, then they were excluded 
in the analysis for that particular item. 

lntrapatient differences over time were analyzed for 
each group with the Wilcoxon's signed-rank test. In
tergroup differences were analyzed with the Wilcoxon 's 
two-sample test. A probability of <0.05 (two-tailed) 
was considered· statistically significant. 

RESULTS 

Study population 

All 24 patients completed the trial. One patient was 
excluded from the diary analysis because he failed to 
keep his diary. One patient was excluded from the 
polysomnographic analysis because of technical dis
turbances in the recordings. Seven patients properly 
completed all four ambulatory MSLTs. 

Treatment effects 

GHB reduced the daily number of hypnagogic hal
lucinations (n = 12) from 0. 87 ± 0.58 to 0.28 ± 0.40 
(placebo: 0.88 ± 0. 77-0.95 ± 0.86; p = 0.008), day
time sleep attacks (n = 23) from 2.27 ± 0.93 to 1.40 
± 1.17 (placebo: 2.22 ± l .32-2.18 ± 1.17; p = 0.00 !), 
the severity of subjective daytime sleepiness (n = 23) 
from 1.57 ± 0.47 to 1.24 ± 0.68 (placebo: 1.55 ± 
0.60-1.59 ± 0.63; p = 0.028), the number ofcataplexy 
attacks (n = 2 l) from 1.26 ± I. 76 to 0.56 ± 0.84 
{placebo: 1.56 ± 1.99-1.24 ± 1.38; ns) and awakenings 
at night (n = 23) from 3.30 ± 1.82 to 2.45 ± 1.73 
(placebo: 3.32 ± 1.82-3.49 ± 1.87; ns). The feeling of 
being refreshed in the morning (n = 23) increased from 
1.90 ± 0.57 to 2.13 ± 0.72 (placebo: l.83 ± 0.72-
l.92 ± 0.69; ns). The effect on sleep paralysis could 
not be assessed because of the low incidence of this 
item during the baseline weeks (n = 4). 

The effects on polysomnographic variables are shown 
in Table 2. Compared to placebo, GHB significantly 
reduced the number of awakenings from, and the per
centage of wakefulness during, REM sleep. The in
crease in the amount of nocturnal slow wave sleep 
(SWS) during GHB treatment was considerable and 
nearly significant (p "" 0.053). The total amount of 
REM sleep, nocturnal REM sleep latency and other 
polysomnographic parameters were not influenced by 
GHB. 

Sleep. Voi. 16, No. J, /993 

TABLE 2. Polysomnographic data for nocturnal sleep 
(n = 23) 

GHB Placebo 
Effect 

Sleep structure (EEG) Mean SD Mean SD P" 
Sleep architecture 

Stage 1 (%) 
Before 18.8 11.7 17.7 9.3 
After 14.0 9.4 16.7 7.6 ns 

Stage 2 (%} 
Before 40.2 8.7 40.5 10.4 
After 43.6 10.6 43.9 10.9 ns 

Stage 3 + 4 (%) 
Before 24.9 9.0 25.5 9.4 
After 29.0 12.5 24.0 10.5 0.053 

Stage REM (%) 
Before 16. l 4.7 16.3 6.6 
After 13.4 6.8 15.5 5.9 ns 

Sleep stage shifts 
(total) 

Before 53.0 14.l 52.3 13.1 
After 42.5 13.8 50.8 14.2 ns 

REM sleep variables 

Awakenings (no.)' 
Before 2.6 3.0 2.6 2.5 
After 1.9 2.4 3.8 3.4 0.016 

Percentage w~ke' 
Before 19.6 39.6 11.4 19.7 
After 10.9 23.0 17.l 14.5 0.007 

Sleep stage shifts·· 
Before 6.5 2.1 8.0 4.l 
After 4.4 1.9 7.3 3.4 ns 

"W1lcoxon's signed-rank test; ns = not significant. 
"Awakenings/hour REM sleep and percentage of wake during REM 

sleep. 
• Numbcrofslecp stage shifts towards REM sleep/hour REM sleep. 

In the seven patients who had correctly performed 
all four multiple sleep latency tests, GHB did not alter 
the mean sleep latency of the MSLT [GHB: S.79 ± 
S.03-3.67 ± 2.41 minutes; placebo: 5.22 ± 4.07-3.24 
± l. 73 minutes; p = 0 .58 (ns)J. 

Mood ratings underwent no change [GHB: 204 ± 
5 5-2 l l ± 63; placebo: 196 ± 51-205 ± 59; p = 0.67 
(ns); n = l 7]. 

The global therapeutic impression as rated by the 
patients was significantly more often in favor of GHB 
("beneficial effect": 15 patients during GHB treatment 
versus 2 during placebo; "no beneficial effect": 9 during 
GHB versus 22 during placebo; p < 0.00 l). 

Carry-over and period effects 

Diary and polysomnographic baseline data did not 
differ significantly between the GHB and placebo 
groups, nor between the baseline periods I and 2 (= 
washout). Treatment responses showed no significant 
period effects. 
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Tolerability 

One patient reported a single period of protracted 
sleep paralysis in combination with a hypnagogic hal
lucination in the first week of treatment with GHB. 
Another patient reported loss of weight in the first 2 
weeks of treatment with GHB. One patient reported 
stranguria during placebo treatment. 

DISCUSSION 

Gammahydroxybutyrate significantly reduced all 
narcoleptic symptoms compared to baseline, whereas 
placebo slightly reduced only the number of cataplectic 
attacks without influencing any of the other items. The 
placebo effect on the number of cataplectic attacks was 
short lasting and may have been related to the dispro
portionately high baseline frequency in the placebo 
group. 

The clinical effects of GHB in our study are consis
tent with those observed in earlier open studies (9-
11, 16). Compared to the only other controlled clinical 
trial (12), we found milder baseline complaints and a 
more marked reduction of excessive daytime sleepi
ness. This may have been because in that particular 
study patients were selected on the frequency of ca
taplectic attacks, all anti-cataplectic medication was 
stopped prior to the study and virtually all patients 
also used stimulants during the trial. 

Gammahydroxybutyrate stabilized nocturnal REM 
sleep and tended to increase nocturnal SWS. In this 
respect it seems to (partially) restore the presumed dis
turbed-state boundary control in narcolepsy (17). The 
reduction of cataplexy and hypnagogic hallucinations 
may be a reflection of the stabilization of nocturnal 
REM sleep, as has been suggested before ( 18). Com
pared to the earlier open trials (10,11), the polysom
nographic effects in our study are more specific, es
pecially on REM sleep variables. 

In the only other double-blind study (13), REM sleep 
analysis was limited and the variables we found to have 
changed significantly were not measured. The reported 
pattern of changes in nocturnal sleep included an in
creased amount of SWS, a decreased amount of stage 
l sleep and fewer stage shifts and awakenings (l 3). We 
found a similar trend, although it was not statistically 
significant (Table 2). 

Our observation that GHB, in contrast to stimulants 
(l 9), did not change the mood rating supports the hy
pothesis that GHB has a selective effect on nocturnal 
sleep. 

Theoretically, the mechanism ofaction ofGHB might 
have been a purely potentiating effect on co-medica
tion, which was taken by half the study population. 
However, this possibility is unlikely because patients 

both with and without co-medication showed similar 
improvement. 

Because the ambulatory MSLT at home was unsu
pervised, we were not able to reliably assess the effects 
ofGHB on the sleep latency of the MSLT. 

In summary, GHB is an effective and well-tolerated 
treatment for narcolepsy with a pronounced effect on 
(nocturnal) REM sleep. Although GHE produces hyp
notic effects, it does not cause a hangover the next 
morning. Its clinical use is currently being limited be
cause its short duration of action makes a second dose 
at night necessary, and because its long-term safety has 
not been determined {16). 
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ABSTRACTS 

TIIE EFFECT OF GAMHA-HYDROIYBUTYRATE: A OOU13LE-BLIND STUDY OF NORMAL SUBJECTS 

Odile Lapierre, Monique Lamarre. Jacques Montplaisir and Guy Lapierre 
Sacre-Coeur Hospital, Sleep Disorder Center, Montreal, Quebec, Canada 

GHB is a drug co!lllllonly used to treat cataplexy in narcoleptics(l). In these patients, GHB was 
found to decrease REM latency and Rl'}! fragmentation and to increase stages 3 and 4 NRl'}! sleep 
(SWS). GHB was also found to decrease REM latency and to increase SWS in a small group of insom
niac patients of various etiologies, mainly affective disorders(2). In addition GHB also decreases 
REM latency in animals(3). However, the effect of GHB vs placebo on sleep of normal human 
subjects has never been documented in a sleep laboratory. 

ME1110D. 'l\lo &r,oups of 6 subjects were studied. The first group (A) included subjects aged 23 
to 32 years old .(X=25.l) while subjects of the second group (B), were in the age range of 41 to 
63 years old (X~48.7). Exclusion criteria were the presence of or a past history of any 
psychiatric illness, the use of psychotropic medications and the presence of any medical condition 
known to influence sleep. Sleep apnea and PMS were ruled out by all-night polygraphic recordings. 
All subjects were recorded for two consecutive nights; after the second night, a 2 hour nap was 
recorded at 10:00 a.m. This procedure was followed after placebo and GHB administration, given in 
a double-blind fashion. The order of drug administration was reversed in half the subjects of 
each group. Both the single oral dose of 2,25 gm GHB and the placebo were administered 15 
minutes before each recording, Sleep was recorded and scored according to the standard method 
(Rechtschaffen and Kales 1968), Comparisons between placebo and GHB were performed on the 
recordings obtained from the second night and nap using paired .];.-tests. 

RESULTS. Nocturnal sleep recording, As seen in Table 1, GHB increased REM efficiency but did 
not reduce RFJ:I latency nor did it increase the percentage of total REH time, However, following 
GHB administration SWS latency was significatively decreased and the time spent in these stages 
was significantly increased, especially in the first third of the night. Conversely, GHB 
decreased the time spent in stage 1 NREM sleep. Similar results were obtained for both groups of 
subjects except for the improvement of REM efficiency which was found only in subjects of group B, 

Diurnal sleep. When GHB was given in the morning, the effect on sleep organization 
was similar apart from a significant decrease in REM latency in group B (p<0,02). No such effect 
was observed in group A. 

TABLE 1 Effects of GHB on nocturnal sleep (group A+ B 12 s's) 

PLACEBO GHB Paired 
(X ± SDf) (X .:t SEM) !_-tes t 

Total sleep time (min) 440,2 ±. 5,7 432,8 ± 8,3 0,39 
Sleep latency (min) 8,2 ± 2,2 5,3 ± 1,0 0,09 
SWS latency (min) 24,7 .± 3,6 16,7 ± 2,1 0,01* 
REM latency (min) 81,l ± 10,8 84,3 ± 13,7 0,80 
Sleep efficiency (%) 94,3 ± 0,9 92,7 ± 1,8 0,32 
REM efficiency (%) 73,3 .:!;. 3, 5 80,5 ± 2,8 0,01* 
Stage 1 (%) 10, l .:!;. 1,3 8,1 ± 0,8 0,02* 
SWS (%) 10,5 ± 2,2 13,6 ± 2,6 0,03* 
REM (%) 20,2 ± 1,4 17,7 ± 1,6 0,14 

DISCUSSION, 1be effect of GHB on REH sleep. In contradiction to previous observations made 
in narcoleptic or depressed human subjects and in animals, GHB did not shorten REM latency at 
night. A significant reduction was found only during the morning recordings of the older group 
(B); as is knovn, REM latency shortens with age in normal subjects and REM propensity reaches an 
acrophase in early morning. These observations suggest that GHB pro~otes REM sleep in cases where 
it is already facilitated, such as in narcolepsy, depression and upon morning administration in 
older subjects. 

GHB also improved REM efficiency. '!his effect was also seen in narcolepsy where it is 
positively correlated with t he anticata?lectic action of this drug. 

'!he effect of GHB on SWS. The increase of SWS after GHB has already been 
reported(l). Some authors have postulated that it represents a drug-induced EEG pattern different 
from delta waves characterizing S~S. We have no data to further document or reject this 
hypothesis but it is interesting to .note that the increase in delta sleep after GHB is not 
accompanied by a decrease in stage 2 but by a specific and significant decrease in stage 1 NRE21, 
thus suggesting a shift toward deeper sleep. 

1Broughto~ R. and Mamelak M., Can J Neural Sci, 1980;7:23-31, 
2Mamelak M. et al, Biol Psychiatr, 1977:12:273-288. 
3i-iatsuzaki H~al-:-SCience, 1964;146:1328-1329. 
Supported by the Medical Research Council of Canada. 
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The Effect of Gamma-Hydroxybutyrate on 
Nocturnal and Diurnal Sleep of Normal 

Subjects: Further Considerations on REM 
Sleep-Triggering Mechanisms 

0. Lapierre, J. Montplaisir, M. Lamarre, and M.A. Bedard 

Centre d'Etude du Sommeil. Hopital du Sacre-Coeur, Montreal, Quebec, Canada 

Summary: Gamma-hydroxybutyrate (GHB) is a drug currently used to treat 
narcolepsy. The present study documents its effect on sleep organization in 
healthy subjects. GHB and a placebo were given at bedtime and before a 
morning nap in a double-blind fashion. GHB administered before nocturnal or 
diurnal sleep increases stages 3 and 4 and decreases stage l non-rapid eye 
movement (NREM) sleep. In addition, GHB improves REM efficiency at night 
and reduces wake time after sleep onset when administered before a morning 
nap recording. GHB also slightly decreases REM latency when administered in 
the morning, and this effect is correlated with age. Hypotheses regarding 
mechanisms of action of GHB and the involvement of hypothalamic structures 
in the regulation of REM sleep are discussed. Key Words: GHB--REM sleep
Nap--Hypothalamus. 

Gamma-hydroxybutyrate (GHB), a naturally occurring metabolite of the mammalian 
brain (1,2), produces behavioral and biochemical effects when administered orally. 
GHB was first used clinically as an anesthetic agent (3). Its current clinical use is 
restricted to the treatment of narcolepsy. 

The effect of GHB on sleep varies from species to species: it has a potent rapid
eye-movement (REM)-inducing effect in cats (4,5), but not in rats (6,7) or rabbits (8). 
In humans, a shortened REM latency occurs during nighttime sleep after GHB admin· 
istration in subjects with affective disorders (9) or narcolepsy (10), two conditions in 
which short REM latencies already exist before treatment (11- 13). In healthy subjects, 
REM sleep facilitation is reported after neither diurnal (14,15) nor nocturnal GHB 
administration (15). 

The aim of the present study was to document further the effect of GHB on sleep in 
healthy subjects in a double-blind cross-over study. Special attention was given to the 
facilitation of REM sleep by GHB. REM sleep is known to foliow a circadian cycle, 

Address correspondence and reprint requests to Dr. Jacques Montplaisir, Centre d'Etude du Sommeil, 
H6pital du Sacre-Coeur, 5400 boul. Gouin OuesL, Montreal, (Quebec), H4J !CS Canada. 
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with an acrophase in the morning (16). Furthermore, an inverse relationship between 
REM latency and age has been reported by several authors (17,18); the effect ofage and 
of time of administration was therefore measured. 

MATERIALS AND METHODS 

Subjects 
Twelve subjects, six men and six women, aged 23-63 years (mean 36.9 ± 3.9), 

entered the study. All were free of a past history or current symptoms of psychopa
thology, as well as of any medical condition known to influence sleep. None had taken 
psychotropic medication during the 6 months preceding the study, and none reported 
symptoms of narcolepsy or of any other sleep disorder. In addition, sleep apnea syn
drome and periodic movements in sleep (PMS) were ruled out by all-night polysomno
graphic (PSG) recordings. 

Drug administration and experimental-procedure 
A single oral dose of 2.25 g GHB or placebo was administered in a double-blind 

fashion 15 min before each nocturnal and diurnal PSG recording. These PSG recordings 
were performed for two consecutive nights. After the second night, a nap was recorded 
from 10:00 a.m. to noon. This protocol was carried out under each drug condition, at 
an interval of I week. The order of administration (GHB versus placebo) was reversed 
for half the subjects. 

During each recording session, central electroencephalogram (C3/A2), electrooculo
gram (EOG), <1.nd chin electromyogram (EMG) were recorded . In addition, oral and 
nasal airflow, respiratory movements, and EMG activity of right and left anterior 
tibialis muscles were monitored during the first placebo and GHB recording nights. 

Sleep was recorded and scored according to a standard method (19) using 20-s ep
ochs. Sleep onset was defined as the first occurrence of three consecutive epochs of 
stage I or one epoch of any other sleep stage. REM latency was measured from sleep 
onset, and stage REM periods were defined as subsequent epochs of REM sleep not 
separated by more than 15 min of another sleep stage or of waking. REM efficiency was 
defined as the percentage of the REM period spent in stage REM. Slow-wave sleep 
stage (SWS) was defined as stages 3 and 4 non-REM sleep. 

Statistical analysis 
The results of polygraphic recordings obtained after GHB administration were com

pared with those obtained after placebo administration using paired t tests. Only results 
of the second night of each PSG session and those of the nap recordings were consid
ered for statistical comparison. 

RESULTS 

Nocturnal recordings (Table I) 
GHB had no effect on total sleep time (TST), but the percentage of time spent in SWS 

(SWS%) increased significantly, whereas the percentage spent in stage 1 {stage I%) 
decreased and the percentage spent in stage 2 (stage 2%) remained unchanged. These 
changes were confined to the first third of the night. Sleep latency decreased, although 
not significantly, after GHB administration . On the other hand, SWS latency shortened 
significantly. 

Sleep, Vol. 13, Na. 1, 1990 
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TABLE 1. Nocturnal recordings (mean ± SEM) 

Placebo GHB t-Test 

TST (min) 440.2 ± 5.7 432.8 ± 8.3 NS 
Sleep latency (min) 8.2 ± 2.2 5.3 ± 1.0 NS 
SWS latency (min) 24.7 ± 3.6 16.7 ± 2.1 b 

REM latency (min) 81.1 ± 10.8 84.3 :t 13.7 NS 
WAS0 (min) 26.4 ± 4.1 34.2 ± 8.6 NS 
Stage 1% 10.l ± 1.3 8.J ± 0.8 
Stage 2% 59.1 ± 2.4 60.5 ± 1.9 NS 
SWS% 10.5 ± 2.2 13.6 ± 2.6 
REM% 20.2 ± 1.4 17.7 ± 1.6 NS 
REM efficiency (%) 73.3 :t 3.5 80.S ± 2.8 b 

REM I efficiency (%) 68.0 ± 5.2 87.5 ± 3.7 b 

REM 2 efficiency(%) 84.4 ± 3.0 84.0 ± 2.9 NS 
REM 3 efficiency(%) 76.0 ± 3.2 72.5 ± 4.6 NS 

a p ,5;_ 0.05. 
0 p .;; 0.01. 
NS, nonsignificant. 

No difference was found in REM latency and t~e percentage spent in REM sleep 
(REM%) after GHB administration. REM efficiency increased significantly after GHB; 
looking at each REM period separately revealed that REM efficiency improved for the 
first REM period only (REM 1 efficiency). No worsening of REM efficiency was seen 
during the following REM periods. 

No pathological PMS or sleep apnea was found after GHB administration. None of 
the subjects reported sleep paralysis or hypnagogic hallucinations. 

Nap recordings (Table 2) 
Nap recordings revealed consolidation of sleep after treatment with GHB, with a 

significant decrease in wake time after sleep onset (W ASO) and percentage of time 
spent in stage 1 sleep. A non significant increase in percentage of time spent in SWS and 
reduced REM latency also occurred during morning nap recordings. Individual results 
revealed that all subjects over the age of 40 (n = 6) experienced a marked reduction of 
REM latency with GHB. Pearson correlation coefficients were calculated between age 
and changes induced by GHB on each sleep variable listed in Table 2. A coefficient 

TABLE 2. Morning nap recordings (mean ± SEM) 

Placebo ---~- - -----·~ - -------···-·"·-·--· 
TST (min) 
Sleep latency (min) 
SWS latency (min) 
REM latency (min) 
WASO (min) 
Stage 1% 
Stage 2% 
SWS% 
REM% 
REM efficiency (%) 

a p < 0.05. 
b p < 0.01. 
NS, nonsignificant . 

Sleep , Vol. 13, No. I, 1990 

87.5 ± 7.6 
10.0 ± 3.4 
59.6 :t 6.3 
57.6 ± 9.9 
20.7 ± 5.6 
19.1±2.5 
62.6 ± 4.2 

6.5 :t 2.2 
11.6 ± 3.4 
74.7 ± 8.5 

GHB 

106.0 ± 10.5 
9 .3 :t 3.8 

39.8 ± 7.5 
41.3 :r: 11.3 

7.3 ± 2.2 
8.6 ± 2.4 

39.8 ± 7.5 
9.2 :!: 2.6 

15.6 ± 3.1 
78.1 ± 8.1 

1-Test 

NS 
NS 
NS 
NS 

NS 
NS 
NS 
NS 
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correlation of 0.69 (p < 0.05) was found for REM latency, indicating that GHB de
creases REM latency with advancing age. Changes of other sleep variables were not 
significantly correlated with age. 

DISCUSSION 

GHB and SWS 

GHB increased the duration of nocturnal SWS at the expense of stage I non-REM 
sleep. This observation was made previously in normal (14, 15), depressed (9), and 
narcoleptic (10) human subjects, although none of these studies used GHB and placebo 
in a double-blind fashion. It has been questioned whether delta activity induced by 
GHB represents physiological SWS or a drug effect, as delta activity was seen also in 
the waking state (10,14,15). In the present study, no delta activity was seen during 
wakefulness before sleep onset or upon awakening during the night. Further studies 
should include EEG spectral analysis during waking in subjects treated with GHB. 

GHB and REM sleep 

GHB significantly improved the efficiency of the first REM period during nocturnal 
sleep recordings. During morning nap recordings, there was no significant increase in 
REM efficiency due to the large standard deviation. GHB reduced REM latency during 
morning nap recordings, and this effect increases with advancing age. REM sleep 
shows a strong circadian distribution, with an acrophase in the morning. In subjects 
submitted to a 90-min sleep-wake schedule, REM periods appear chiefly from 7:30 a.m. 
to 2:00 p.m. (16). This circadian distribution is also shown by shorter REM latencies 
during morning sleep recordings (20). 

REM latency is also known to decrease with age (17,18). In previous studies ofGHB 
in healthy human subjects, age was either not mentioned (14) or ranged from 20 to 33 
years old (15). The effect of GHB on REM sleep, restricted to older subjects upon 
morning administration thus seems to follow a physiological trend. 

Brain mechanisms involved in the regulation of REM sleep 

There is general agreement that the neural structures responsible for the major tonic 
and phasic events of REM sleep are located in the brainstem and that the cholinergic 
system plays an important role. Most substances known to influence REM latency 
work through cholinergic mechanisms (21-25). Injection of a variety of cholinergic 
agonists into various brainstem regions indicates that there is a localized region within 
the pontine reticular formation from which REM sleep can be most readily triggered 
(21,26-28). GHB has no cholinomimetic effect and even depresses the activity of 
cholinergic neurons whose terminals lie in the striatum and the hippocampus (29). 
Moreover, pretreatment with atropine, a muscarinic anticholinergic agent known to 
suppress REM sleep when administered alone (30), does not prevent the facilitation of 
REM sleep following GHB administration (31). REM sleep is also facilitated by a 
decrease of serotonin (5-HT) or norepinephrine (NE) neuronal activity in the brain
stem. However, GHB has little effect on brain 5-HT or NE content in rats (32). More 
recently, a similar experiment (33) was conducted with -y-hydroxybutyric acid, and no 
changes in the concentration of 5-HT were observed in the hemispheres, the hypothal-
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amus, or the brainstem, and a decrease of NE content was seen only in the hypothal
amus. 

There are some indications that in addition to the brainstem cholinergic mechanisms, 
a more rostral control system, possibly located in the hypothalamus, may modulate 
REM sleep. Tumor of the rostral brainstem and hypothalamus (34,35), adenoma of the 
pituitary (36), and surgical lesion involving the perichiasmal hypothalamus (37) have all 
been found to produce sleep onset REM periods, muscular atonia, sleep paralysis, or 
hypnagogic hallucinations. These symptoms encountered in narcolepsy may represent 
dissociated manifestations of REM sleep. There are also physiological indications, 
based mainly on the work of Jouvet (38), showing a suppression of REM sleep in 
pontine cats (without "ilot hypothalamique") and restoration of REM sleep after daily 
administration of posterior and intermediate pituitary extracts. Jouvet proposed that 
hypothalamic structures, and particularly the arcuate nuclei, synthesize a factor re
sponsible for REM sleep. Dopaminergic neurons are present in the hypothalamus (39) 
and may be involved in the regulatory mechanism of REM sleep at this level. 

GHB mode of action 
The exact site of action of GHB is unknown. Some observations favor the brainstem, 

e.g., the ability ofGHB to induce REM sleep in pontine and mesencephalic cats (4) and 
the presence of GHB binding (40) and synthesis sites (41) in the brainstem. However, 
a more recent study (42) showed that the brainstem was practically devoid of high
affinity binding sites for GHB. 

GHB binding (40,42) and synthesis sites (41) have also been found in the hypothal
amus. In addition, intravenous administration of a low dose of GHB (2.5 g) increases 
the plasma prolactine level (43). This action could be due to the release of the inhibitory 
control of dopaminergic tuberoinfundibular neurons on prolactine secretion in the hy
pothalamus. Consequently, hypothaJamic structures may mediate the effect of GHB. 
However, it should be stressed that the highest densities ofGHB binding sites are found 
in various regions of the limbic structure, especially field CA-1 of Ammon' s horn (42). 
This region may play a role in the physiopathology of cataplexy, a symptom triggered 
by specific emotions and controlled by GHB (10). Further research is necessary to 
clarify this issue . 

The mechanism of action of GHB is not fully understood, but it is known that GHB 
depresses dopaminergic neurons in the extrapyramidal system (44) as well as in the 
hypothalamus (39). The exact role of dopaminergic neurons in sleep is still controver
sial. Several observations suggest that dopamine may have an inhibitory effect on REM 
sleep. Dopamine receptor agonists reduce or even abolish REM sleep in humans (45) 
and can prevent the REM rebound that norma1ly follows REM sleep deprivation in cats 
(46). Intravenous infusion of L-DOPA during NREM sleep delays the onset of REM 
sleep in humans (47). Dopamine receptors, number of cell bodies, and level of neuro
transmitter and biosynthetic enzymes all decrease with age (48). This reduced dopa
minergic transmission, along with the decrease in DA release caused by GHB, may 
explain the shortened REM latency observed in older subjects after GHB. 

GHB REM induction test 
GHB has a facilitative effect on REM sleep, but this effect seems to be restricted to 

populations specifically sensitive to REM induction, namely, subjects with narcolepsy 
or major affective disorders (9, 10). It is suggested that response to GHB may help in the 
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diagnosis of these two conditions. It may reduce REM latency and even induce 
SOREMPs during diurnal sleep recordings in these patients. 

Recently, GHB was administered to subjects with major affective disorder (MAD) in 
remission; it markedly reduced REM latency (49). If replicated in a larger sample, this 
response to GHB may become a diagnostic tool in MAD and may represent a trait 
marker for this condition. 

Acknowledgment: This investigation was supported in part by the Medical Research Council of 
Canada. 
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INTRODUCTION 

y-Hydroxybutyrate (GHB}, a minor metabolite of 4-aminobutyrate (I), 

occurs in normal mammalian brain {2,3). GHB has hypnotic properties 
and it is used as an adjuvant in general anesthesia (4,5). 14C-labeled GHB 
given to animals is converted very rapidly to respiratory 14C02 , and it was 
originally suggested that the compound is catabolized by entry into the 
citric acid cycle via succinic semialdehyde (6). However, the incorpora
tion into succinate of label from [IJ1C)- and [4-14C]GHB given intrave
nously or intraperitoneally to rats and cats accounts for only a small 
proportion of the metabolized compound (7 ,8). This result Jed Walken
stein and co-workers (8) to propose a t3-oxidative pathway (Fig. 1), but 
there has hitherto been only slight evidence for the formation of any of the 
postulated intermediates from GHB. 

Contrary to earlier findings, Doherty and co-workers obtained substan
tial labeling of succinate and its amino acid metabolites in rats' brains 
after intraventricular administration of [J-1•1C]GHB (9). Very recently, 
Mohler and co-workers have demonstrated that the labeling pattern in 
mouse brain after an intravenous iajection of [l-14C]GHB can be ex-

OH H, ~COOH I 

HO·C~CH:iC~COOH -+ C:;;:C -. HO·C~C-C~COOH 
HO·C~ ' H H 

4-hydro•ybutyratc 

l 
HOC~COOH + Cf-tj:OOH HO·CH-C·CH-COOH 

2, 1 2 

+hyo'<»<y-3-o><obutyrai. 
<1rcolkrtc 0 

Fie. I . Postulated pathway for the {3-oxidation of 4-hydroxybotyrate. The intermediates 
probably react as the CoA esters. 
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plained by oxidation of GHB via succinate, but not by /3-oxidation ( I 0). 
However, these findings do not rule out the possibility of ,S-oxidation 
occurring in other organs such as the liver. 

Previously (1 I) we have described the occurrence in man of 3,4-
dihydroxybutyrate (DHB), one of the intermediates of the postulated 
,a-oxidative pathway of GHB. DHB is one of a number of tetronic and 
deoxytetronic acids present in human urine ( 12); Their origin is uncertain, 
but they are possibly derived from the metabolism of complex carbohy
drates. 

METHODS 

Chemicals 

y-Hydroxybutyric acid (sodium salt) was a gift from Servier 
Laboratories Ltd., Greenford, Middlesex, and the lactone was obtained 
from Aldrich Ltd. Tetronic acid was a gift from Dr. J. V. Greenhill (13). 
Trans-4-hydroxy-2,3-butenoic acid was prepared by the method of 
Laporte and Rambaud (14). Significant peaks in the mass spectrum of the 
bis-trimethylsilyl derivative, apart from intense peaks of m/e 73, 75, and 
147 were: m/e 246 (36%, M+); 231 (95%, M+-15); 230(28%, M+-t6); 156 
(100%, M+-90); 133 (25%); 131 (12%); and 129 (37%). Other materials 
were prepared as described before ( 11). 

Analytical Procedures 

Details of instrumentation were as described earlier (11), except that 
the gas chromatograph-mass spectrometer was fitted with a selective ion 
detector (15). In addition, gas chromatographic profiles of the urine ex
tracts were obtained using an open-tubular glass capillary column coated 
with OV-101 and fitted with a packed precolumn of 3% OV-101 on 
Gas-Chrom Q (16). The precolumn was maintained at 250° and the capil
lary column was programmed from 80-250° at 4°/min, after an initial 
isothermal period of 10 min. 

Urinary acids were extracted and converted to trimethylsilyl deriva
tives as before (11), but methoxyamine was not used except where stated 
in the results section. 

Experimental Procedure 

Four normal adults (two male, two female) collected their urine hourly 
between 8:00 AM and 3:00 PM on each of 2 days. On one of the days, 
butyrolactone ( I g dissolved in water) was given at 11 :00 AM and the other 
day was used as a control. The subjects ate the same breakfast on the 
experimental and control days, and fasted until the end of the day's 
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experiment. The subjects were healthy volunteers, and they were fully 
informed of the nature of the experiment. 

RESULTS 

Formation of Dih_vdruxybutyrate 

Ingestion of GHB as the lactone produced substantial increases in 
urinary DHB excretion in all four subjects (Fig. 2). None of the subjects 
excreted more than 1.2 mg/hr on the control days. In a preliminary 
experiment, GHB given as the sodium salt to two subjects had a similar 
effect, but as this form of the drug made the urine strongly alkaline, the 
increased excretion of DHB could have been artifactual ( I ! ) . The lactone 
of GHB is rapidly converted in 1'fro to the free acid (7.17). 

The chiral configuration of the urinary DHB was determined on three 
samples collected while the excretion rates were 5- l O times baseline 
levels. The method ( I l) involves oxidation of DHB to malate, which is 
then estimated both enzymatically (for L-malate) and by gas 
chromatography-mass spectrometry (for total maJate). Values of 85. 85, 
and 95% L-malate were obtained, which indicates that most, if not all, of 
the DHB derived from GHB has the same S-configuration as the en
dogenous compound. A small proportion of R-DHB would not be de
tected by this method, because approximately 10% of the compound is 
racemized during the oxidation. Experimental errors could also amount to 
about 10%. 

Formation of Other Intermediates 

Gas chromatographic profiles of the urinary acids showed increased 
excretion of three other compounds besides DHB (Fig. 3). Two of these 

10 

FrG. 2. Urinary excretion of 3.4-dihydroxybutyrate (DHB) by four s ubjects who re
ceived an oral dose of butyrolactone ( l g) at time zero. 
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Fm. 3. Upper rrace: gas chromatogram of urinary organic acids after taking butyrolac
tone. GLY, glycolate ; HOB, 4-hydroxy-3-oxobutyrate (tentative assignment); GHB, 
4-hydroxybutyrate; DHB, 3,4--dihydroxybutyrate. Lower tracf!: profile of control urine from 
the same subject. For conditions see methods section. The arrows indicate the position at 
which 4-hydroxy-2,3-butenoate was eluted when added to the extract. 

were identified by their mass spectm and retention times as glycolic acid. 
and GHB itself. 

The mass spectrum of the third peak is shown in Fig. 4. The ion at mle 
247 cannot be the molecular ion since the next fragment is only 14 amu 
lower. A bis-trimethylsilyl derivative of 4-hydroxy-3-oxobutyrate {HOB) 
(Fig. Sa) would have a molecular weight of 262 giving m/e 247 for M+ -15. 

Supporting evidence for this assignment was obtained by treating a 
urine sample with sodium borohydride. The HOB peak disappeared, and 
the DHB peak increased by about 50%. Another sample which was 
evaporated to dryness at 35", then taken up in Dz0 before treatment with 
borohydride, gave dideuterated DHB. Similar treatments of a control 
urine did not change the concentration of DHB. Addition to the urine of 
methoxyamine HCl also caused the peak to disappear, but no new peak 
could be found . 
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F1a. 4. Mass spectrum of peak HOB in fig. 3, normalized with respect tom/e 233. The 
spectrum is interpreted in terms of the bis-trimethylsilyt derivative of the hydroxyepoxide 
tautomer of 4-hydroxy-3-oxobutyric acid. 

HOB has not been described before. Its existence. except as a transient 
intermediate, would be rather surprising since the compound should 
rapidly and irreversibly lactonize to "tetronic acid" 1 (18, Fig. 5b). The 
unexpected stability of HOB could be due to formation of the tautomeric 
hydroxypoxide (Fig. 5c). Jacquier { 19} has reviewed evidence that in 
neutral or acidic solutions, a -hydroxyketones exist only as the hy
droxyepoxides, and that this form is quite stable. In Fig. 4 the mass 
spectrum of the trimethylsilyl derivative is tentatively assigned in terms 
of this structure, although the aldehyde tautomer of 3-hydroxy-4-
oxobutyrate cannot be ruled out. The peak at m/e 233 (M-29) could be due 
to a~cleavage of an aldehyde, or (as i11ustrated) to transannular cleavage 
of the epoxide ring, with transfer of hydrogen. This process of cleavage 
associated with rearrangement occurs in aromatic epoxides and nonter
minal epoxyalkanes (20) . "Tetronic acid" could not be detected in any of 
the urines, using high voltage paper electrophoresis at pH 5.3, and spray
ing with Br2 then starch/KI (21). A urine sample containing the authentic 
compound at a concentration corresponding to excretion at 2 mg/hr gave 
a strong blue spot in the appropriate position. 

The unsaturated intermediate trans-4-hydroxy-2,3-butenoate was not 
detected in any of the urines. When added to a urine sample to simulate 
excretion at 0.1 mg/hr, the synthetic compound gave a well-resolved peak 
of 5% full scale deflection at the position indicated in Fig. 3. Close 
inspection of the traces suggests that the rate of excretion was very much 
less than this, and that the normal rate of production is less than 1 mg/24 
hr. 

' The nomenclature is confusing; Th.e acids formed by oxidizing the aldehydic carbons of 
the tetroses are sometimes referred to as er_whro- a nd threo-tetronic acids. 
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The increased excretion of glycolate after ingestion of GHB lactone 
strongly supports the suggestion (8) that GHB is metabolized by a 
/3-oxidative pathway. Although thiolytic cleavage of the intermediate 
HOB-CoA could be prevented by formation of the hydroxyepoxide 
tautomer, the pathway would not be blocked completely, as the rate of 
tautomerization is likely to be lower than that of enzymatic reactions (22). 
Accumulation of the hydroxyepoxide form of HOB-CoA might account 
for the production of free HOB hydroxyepoxide. 

The 3-hydroxyalkyl-CoA intermediates in /3-oxidations invariably have 
the L-configuration (referred to 3-hydroxybutyrate), which implies that 
the DHB-CoA derived from GHB should be the R-enantiomer. (The DL 

notation is ambiguous for DHB ( 11).) Thus, the S-configuration of the 
urinary DHB suggests that it is not a primary intermediate of the oxidative 
pathway, but that it is derived from the reduction of HOB, by analogy 
with the formation of the "ketone body" D-3-hydroxybutyrate. However, 
speculation must be postponed until the HOB peak has been more fully 
characterized. Although the mass spectrum does not rule out the al
dehyde 3-hydroxy-4-oxobutyrate, this compound seems less likely on 
biochemical grounds. Evidence for ring-chain tautomerism (19) is some
what circumstantial, and investigations using modern physicochemical 
methods do not seem to have been carried out. 

Failure to detect trans-4-hydroxy-2,3-butenoate, and R-DHB in the 
urine is in keeping with the results of studies on the /;!-oxidation of fatty 
acids, in which the intermediates have never been isolated as the free 
acids. On the other hand, in certain inborn errors of metabolism, where 
the metabolism of acyl-CoA derivatives is blocked, the free acids are 
excreted in large quantities. Possibly the formation of urinary glycolate is 
analogous. 
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The proportion of the ingested GHB lactone ( I g) which appeared as 
metabolites in the urine can be estimated on]y roughly. since HOB. 
glycolate, and GHB were not measured, It is unlikely, however, that the 
total excretion of these three compounds as well as DHB exceeded 
I 00-200 mg in 5 hr. This agrees with the results of experiments on rats 
using l-14 C- and 4-14 C-labeled GHB, in which most of the radioactivity 
was excreted as respiratory CO2 (7,8,23). These results give no informa
tion about the percentage of exogenous GHB which is metabolized by 
,8-oxidation, because respiratory CO2 is the major metabolite of both 
acetyl-CoA and glycolate (24). 

The contribution of the {3-oxidative pathway to the turnover of en
dogenous GHB cannot be determined from these experiments. However. 
the chromatograms (Fig. 3) show that the urinary excretion of DHB and 
glycolate by normal adults is much higher than that of GHB. HOB is not 
detectable by this method, suggesting that urinary S-DHB and glycolate 
are probably derived from precursors other than GHB. 

SUMMARY 

Four normal adults who took I g of butyrolactone excreted increased 
amounts of S-3,4-dihydroxybutyrate and glycolate in their urine. A com
pound tentatively identified as the hydroxyepoxide tautomer of 
4-hydroxy-3-oxobutyrate (the acid whose lactone is tetronic acid) was 
also excreted. These results provide strong evidence that 4-hydroxy
butyrate is metabolized by 13-oxidation. S-3,4-Dihydroxybutyrate has the 
same chiral configuration as D(- )-3-hydroxybutyrate, suggesting that its 
production resembles that of ketone body formation. Two intermediates 
of the postulated /3-oxidative pathway, trans-4-hydroxy-2,3-butenoate 
and R-3,4-dihydroxybutyrate were not formed in measurable quantities . 
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IMPROVED PHARMACOLOGICAL ACTIVITY VIA PRO-DRUG 
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SODIUM y-HYOROXYBUTYRATE AND y-BUTYROLACTONE 
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ABSTRACT 

Although y-but yrolactone (GBL) rapidly converts toy-hydroxy

butyrate (GHS) i.!l vivo, the lactone gave s i gnificantly more prolonged 

hypnotic effects than GHB when equimol ar doses were compared both 

parenterally and orally in rat s. Plasma drug concentrations were 

higher after GBL administration through both routes , consistent with 

the observed differences in the pharmacological activity of these two 

compounds. Ora1 GBL was absorbed much faster than oral GHB, with t he 

dual effects of decreasing potential first-pass metabolism and elevating 

plasma drug concentrations to the regi~n where capacity-limited elimi na

tion is operative. Parenteral. GBL produced a slower initial drug 

pl asma clearance than parenteral GHB. In spite of the rapid metabolism 

of GBL to GHB, the apparent ti ssue distribution of these two compounds 

may be different. 
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· INTRODUCTION 

Sodium y-hydroxybutyrate {GHB) has been found to be a very useful 

intravenous anesthetic in man, particularly in obstetric and pediatric 

procedures {Hunter et al., 1971). When used intravenously, GHB has 

also been shown to be beneficial in Parkinson's Disease (Boncinelli 

et al., 1971). Oral dosing of this drug, however, was shown to give 

decreased and variable activity (Jenney et al ., 1962; Metcalf et al . , 

1966; Laborit, l 964). No improvement in Parkinsonian symptoms was 

observed even when oral doses of GHB were increased to 8 g/day in 

humans (Papavasiliou et al., 1973). 

Lettieri and Fung (1976, 1978) showed that the oral absorption of 

GHB is quite extensive in rats. The. lack of oral activity was attri

buted to the relatively slow absorption of this compound. Even at high 

doses, the plasma and/or brain GHB concentrations did not reach suffi

cient levels to elicit reproducible and sustained pharmacologic ·effects 

after oral administration. 

y-Butyrolactone {GBL), a pro-drug of GHB, appears to have greater 

oral activity. Following oral administration of GBL to rats, Guidotti 

and Ballotti (1970) observed much higher blood levels of drug than 1'-lere 

attained with orally administered GHB. They also reported that rats 

given the lactone orally slept for 60-90 minutes, 1vhereas those dosed 

with oral GHB did not sle~p at all. Root (1965) also reported a more 

rapid onset of sleep with oral GBL in children than with GHB. Jenney 

(1962) reported that 1.5 g of GBL given orally produced sleep for about 

one hour. 

-Evidence has been presented that the blood of various species, 

including man, contains a lactonase enzyme which catalyzes the 

108 
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hydrolysis of GBL to GHB. After intravenous dosing of GBL, Giarman and 

Roth (1964) attempted to isolate GHB and GBL simultaneously in blood but 

were unable to detect any significant levels of lactone. l!!. vitro 

studies have indicated that the half-life of conversion in blood may be 

as rapid as one minute, but the lactonase activity in liver and brain 

was found to be less than that of blood (Roth and Giarman, 1966). 

Interestingly, intraven9,usly administered GBL also induced a more 

prolonged period of sleep in rats compared to an equi molar dose of GHB 

{Giarman and Roth, 1964; Guidotti and.Ballotti, 1970; Bessman and 

Skolnik, 1964). This observation is somewhat surprising in view of the 

very rapid conversion of GBL to GHB in blood. Detailed comparisons of 

the pharmacokinetics of these drugs may be useful in unders tanding the 

differential pharmacological phenomena observed after GBL and GHB 

dosing. This study was aimed at characterizing the pharmacokinetics 

of GBL in relation to those of GHB, both as f unctions of dose and route 

of administration. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats, 260-340 g, were used in all experiments. 

Prior to dr ug administration, the rats were fasted for approximately 

15 hours. T\•10 doses of GBL and GHB were given: 1.58 mmole/kg (equiva

lent to 136 mg/kg GBL and 200 mg/kg GHB) and 6.34 rrmole/kg (equivalent 

to 546 mg/kg GBL and 800 mg/kg GHB) . Ora1 doses were administered via 

gastric intubation to lightly anesthesized animals. Parenteral doses 

were given intracardially (1.58 mmole/kg) and intravenously (6 .34 

11111ole/kg). Immediately after dosing, the animals·were placed in 

109 
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restraining cages and blood was collected at various time intervals 

from the tail vein. Orbital puncture or cardiac puncture was used as 

an alternate means of blood sampling when tail vein collection did not 

provide enough blood. The blood vias immediately centrifuged and the 

separated plasma frozen until it was assayed for total GHB according to 

the procedure previously described (Lettieri and Fung, 1978a) . Each 

dosing group consisted of at least four animals. No animal received 

more than a single dose. 

In a single rat dosed with 6.34 mmole/kg of GBL, blood samples 

were taken between O and 3 hours and assayed differentially for GHB 

and GBL (Lettieri and Fung, 1978a). 

The area under the plasma concentration-time curve (AUC) wa·s 

detenTiined from the time zero to time infinity for each animal studied. 

The trapezoidal rule was used for the time period in which data points 

were collected. For the remaining period, an estimate was obtained 

based on the observed terminal elimination half-life. 

RESULTS AND DISCUSSION 

Pharmacokinetic differences between GBL and GHB. The plasma-

concentration time profiles obtained after intracardial and oral dosing 

of 1.58 rrmole/kg GEL and GHB are shown in Fig. 1. The concentrations 

reported were those of total GHB and GBL, because the assay procedure 

used did not dis:tinguish ·between GHB and GBL. Since GBL rapidly degrades 

in blood, it is likely that these concentrations were essentially those 

of GHB. This point will be addressed to later in this communication. 

At the 1.58 mmole/kg level, there was rapid and extensfve absorption 

or oral GBL. The oral/intracardial AUG ratio was 0.85 compared to 0.59 
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Ftg. l. Plasma concentrattons of total GHB following oral and tntra
cardial admintstratton of 1.58 mnole/kg of GHB or GBL. Bars 
represent standard errors. 
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for a similar dose of GHB (Table I). The plasma-time curves obtained 

from two of the rats dosed with GBL actually resembled intravenous 

curves in that the initial sample had the highest concentration, in

dicating extremely rapid absorption. Peak levels after GBL were in the 

order of 350 µg/ml, whereas those following oral GHB at the same dose 

were never above 200 µg/ml. There was also considerably less varia-

bil ;ty in the total AUC after GBL than was observed after GHB dosing; 

the coefficient of variation of the areas was 10% following GBL compared 

to 33% found with GHB . 

TABLE I 

AUC (0-+ ~) values after administration of GHB and GBL to rats 

AREA VALUESa 
{µg-hr/ml) X 10-2 

DOSE 
(nmole/kg) GHB GBL 

1.58 oral 2.2 ± 0.7 5.1 ± 0.5 

i .c. 3.7 ± 0.8 6.0 ± 0.2 

6.34 oral 16.0 ± 3.2 61 .8 ± 21.0 

i.v. 30.6 ± 2.6 59 .1 ± 11. 9 

a Mean± S.D. 

The intracardial data also revealed a difference between the 

kinetics of GHB and GBL. Consistent with previous reports (Giarman and 

Rbth, 1964), the lactone appeared to have a slower initial elimination. 

At 1ater time points, the elimination half-life of GBL was approximately 

o.3 hours, s1milar to that found with GHB. The AUC following intracardial 
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GBL dosing was significantly higher than that calculated for an equi-

.· molar dose of GHB (P < 0.05). 

Simi1 ar results were seen at the higher dose level; viz., 6. 34 

Oral administration of GBL at this dose resulted in 

extremely rapid and virtually complete absorption. The oral AUC relative 

to the in t ravenous AUC at this dose of GBL was essentially unity. ·This 

cofll)ares to an area ratio of 0.52 found with an equi.valent dose of GHB 

(Table I). The comparable levels obtained between the two routes of 

administration of GBL are quite evident. The dramatic increases in 

.plasma levels achie ved by oral administration of GBL compared to oral 

. GHB are also apparent from Fig. 2. In principle, these results concur 

those of Guidotti and Ballotti (1970) i n that GBL acted as a much 

bioavailable and active compound than GHB. However, the actual 

levels and effectiveness of both GHB and GBL were quite different be

t~·1een their study and ours. After ora 1 or intravenous administration 

\ of a 5.8 mmole/kg dose, Guidotti and Ballotti reported peak concentrations 

in blood of 600-700 µg/ml and sleeping times of l to 1~ hours. However, 

the plasma levels obtained in the present investigation using a 6.3 

JTaTiole/kg dose, were grea ter than 1000 µg/ml for almos t three hours 

· following dosing. Also, the rats slept for approximately four hours. 

As with GHB (Lettieri and Fung, 1978), the nonlinearity in GBL 

/ elimina tion was very pronounced (Figs. 1 and 2). Increasing the dose 

from 1.58 l!VTlole/kg to 6.34 mmole/kg resulted in a 2.5-fold increase in 

t he AUC/ dose ratio. 

Several factors may contribute to the elevated and prolonged 

plasma levels obtained with GBL. Following oral ·administration, the 

·. absorption rate is so rapid t hat concentrations are high enough t o 
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enter the nonlinear range, thereby delaying the apparent elimination. 

The apparent biological availability in nonlinear systems is also de

pendent on the absorption rate (Jusko et al., 1976). This could also 

contribute to the dramatic increases in AUC seen upon oral administration 

of GBL. The chemical modification from the hydroxy acid to the lactone 

also apparently offered some protection versus the firs t-pass metabolism 

observed for GHB (Lettieri and Fung, 1976). Because absorption of GBL 

was just as rapid for the high dose as in the low dose, GBL absorption 

is apparently not impaired by the possible capacity-limited process 

suggested for GHB absorption (Lettieri and Fung, 1978). 

TABLE II 

Mean sleeping time (hrs) after GHB and GBL dosing 

DOSE 
(1T111ole/kg) GHB GBL 

1. 58 oral 0 (0/4) 0.7 ( 1 /5) 

i.e. 0.1 (3/4) 0.5 (6/6) 

6.34 oral 0.5 ( l /4) 4.6 ( 5/5) 

i. V. 2.4 (4/4) 4.7 ( 4/ 4) 

) - indicates fraction of rats which slept in that group 

Pharmacological differences between GBL and GHB. Table II compares 

the sleeping times observed afte r administration of either GHB or the 

lactone pro-drug. As might be expected from the plasma levels, the 

lact one· resulted in much more prolonged hypnotic activity rel ati ve to 

GHB at equivalent doses. This is especially notable following oral 
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dosing. Even with the 1.58 lilTIOle/kg dose of GBL, one of the animals 

slept for about 0.5 hours after oral dosing. Oral GHB was devoid of 

hypnotic activity at this dose. At the 6.34 rrvnole/kg dose level, all 

the rats given oral GBL slept for periods comparable t o an intravenous 

dose of GBL. This contrasts with the results seen with GHB. In the 

case of the acid, 800 mg/kg orally (6. 34 mmole/kg) was virtually in

effective as a hypnotic, and even a dose of 1600 mg/kg was only partially 

effective when given orally. Interestingly, GBL also exhi bited enhanced 

activity relative to GHB even after intravenous dosing, indicating that 

increased absorption was not the only factor responsible for the pro

nounced activity of GBL. 

In order to explore whether the prolonged activity of GBL might be 

due to the presence of intact lactone in the bloodstream, t he bl ood 

from a rat dosed with GBL (6.34 mmole/kg) was assayed for ·GBL specifi

cally. Most, if not all, of the lactone recovered could be accounted 

for by the artifactual conversion of GHB during the assay procedure 

(Lettieri and Fung, 1978a). Because of thi s uncertainty, it cannot be 

concluded that there were significant amounts of uncha nged GBL in plasma, 

even at the earliest time points. These results are consistent with the 

reported rapid conversion of GBL to GHB in blood (Roth and GiaYlTian, 1966) . 

It has been suggested that the increased activity of GBL might arise 

from its storage in a t issue depot from which release is relatively slow 

(Roth and Giarman, 1966). In spite of the rapid hydrolysis of the 

lactone in blood, the distributive pattern· of GBL may be di f ferent from 

that of.GHB. This suggestion is supported by several observations. For 

example, Giarman and Roth (1964} showed that brain levels of drug were 

about two times higher after GBL administration than after GHB. 
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Guidotti and Ballotti (1970) reported similar f indings. Roth and 

Giannan (1964) also found a greater concentration of total drug (GHB + 

GBL) in muscle when the lactone form was given . Bessman and Skolnik 

(1964) obtained levels in various ti ssues following GHB and GBL and 

found that GBL produced higher concentrations of drug in brain, muscle, 

heart, blood and kidney, and slightly lower levels in liver. 

CONCLUSION 

The pronounced hypnotic activity of GBL over that of GHB is con-

sistent with the phannacokinetic behavior observed for these two drugs. 

In the rat, the behavioral responses and plasma drug concentrations seen 

with parenteral GHB can be realized with oral administration of com

parable doses of GBL. On a molar basis , the hypnotic activity of GBL 

i s superior to that of GHB regardless of route of administration. . GBL 

appears to be an excellent pro-drug for GHB in that it not only in

creases the bioavailability but also confers a susta ined release 

characteristic for the drug. It will be of interest to see whether 

lactone pro-drug of this kind can be equally successful for other 

hydroxy acids, e. g. , prostaglandins. 

ACKNOWLEDGMENTS 

Supported in part by NIH General Research Support Grant RR05454-14. 

REFERENCES 

Bessman, S.P. and Skilnik, S. (1964). Gamma-hydroxybutyrate and galllTia
butyrolactone: Concentrations i n rat t issues during anesthesia. Science 
143, 1045-1047. 

Boncinelli, A., Pranoi, G., Greggia, A. and Casa]grandi, L. (1971). 
Preliminary trial of sodium y-hydroxybutyrate in Parkinson's disease. 
Rivista di Fannacol. e Terepia. 11, 29-32. 

117 



AMN1002 
IPR of Patent No. 8,772,306 

Page 597 of 1327 

VOL.22, N0.1 
OCTOBER 1978 

Research Communications in 

Chemical Pathology and Pharmacology 

Giannan, N.J. and Roth, R.H. (1964). Differential estimation of gamma
butyrolactone and gamma-hydroxybutyric acid in rat blood and brain. 
Science 145, 583-584. 

Guidotti, A. and Ballotti, P. (1970). Relationship between pharmaco
logical effects of blood and brain levels of garrma-butyrolactone and 
garmna-hydroxybutyrate. Biochem. Pharmacol. ]2_, 883-894. 

Hunter, A.S ., Long, W.J. and Ryrie, C.G. (1971). An evaluation of 
ga{lJlla-hydroxybutyric acid in pediatric practice. Brit . J. Anaesth. 
43, 620-627. 

Jenney, E.H., Murphee, H.B., Goldstein, L. and Pfeiffer, C.C. (1962) . 
Behavioral and EEG ef fects of y-butyrolactone and y-hydroxybutyric acid 
in man. Pharmacologist, _i, 166. 

Jusko, W.J., Koup, J.R. and Alvan, G. (1976). Nonlinear assessment of 
phenytoin bioavailability. J. Pharmacokin. Biopharm. 69, 327-336. 

Laborit, H. (1964). Sodium 4-hydroxybutyrate. Int. J. Neuropharmacol. 

' 
' ~ 

i 
) .. 
f 

1, 433-451. ,·. 

Lettieri, J.T. and Fung, H.-L. (1976). Absorption and first-pass 
metaboli sm of 14C-gamrna-hydroxybutyric acid. Res. Commun. Chem. Path. 
Pharmacol. ]l, 425-437. 

Lettieri, J.T. and Fung, H.-L. (1978). Absorption kinetics of y-hydroxy
butyrate and its pro-drug y-butyrolactone. Abst racts of papers presented 
before the APhA Acadell'\Y of Pharmaceutical Sciences,.§. (No. 1), 134. , 

Lettieri, J.T. and Fung, H.-L. (1978a). Evaluation and development of 
gas chromatographic procedures for the determination of y-hydroxybutyric 
acid and y-butyrolactone in plasma. Biochem. Med., in press. 

Metcalf, D.R., Emde, R.N. and Stripe, J.T. (1966). An EEG-behavioral 
study of sodium hydroxybutyrate in humans. Electroenceph. Clin. 
Neurophysiol. 20, 506-512. 

Papavasiliou, P.S., Cotzias, G.C., Mena, I. and Bell, M. (1973). 
Oxybate sodium for Parkinsonism. JAMA, 224, 130. 

Root, B. (1965). Oral premedication of children with 4-hydroxybutyrate. 
Anesthesiology 26, 259. 

Roth, R.H. and Giarman, N.J. (1966}. y-Butyrolactone and y-hydroxy
butyric acid. I. Distribution and metabolism. Biochem. Pharmacol . 1§_, 
1333-1348. 

Copyright © 1978 By 

PJD Publications Ltd., Box.966, Westbury, N.Y.11590 

118 

.... ! 



AMN1002 
IPR of Patent No. 8,772,306 

Page 598 of 1327 

0022-/90{2M2--086'/I03.00/0 
Ta Jovm,.u. or l'JL\ulA.coLOOY AND KxPDDRNTil ~ 

Copft;,i,tC 1990 by The -- 8ooioty to,l'bumecolac,, CN! 8-,imn,W Theropoutloo 
Vol. '256, No. 2 

l'>inwJinU.S.A. 

A Specific ,..-Hydroxybutyrate Receptor Ligand Possesses both 
Antagonistic and Anticonvulsant Properties 1 

MICHEL MAITRE, VIVIANE HECHLER, PHILIPPE VAYER, SERGE GOBAILLE, CHRISTOPHER D. CASH, MARTINE SCHMrn2 
and JEAN-JACQlES B0URGUIGNON2 

Centre de Neurochlm/ft du CMtre NetfonaJ de la Rechen:he Sclent/f/que, 5 rue Blaise Pascal, 67084-Strasbourg Cedex, France 

Aocep1ed fa publication Jliy 30, 1990 

-~ ABSTRACT 

+-' 
(1) 
Q. 
(JJ 

:0 

Administration of -y-hydroxybutyrate (GHB) to animals induces 
electroencephalraphlc and behavlonll changes that resemble 
petit-mal seizures. Fi.rthermore, these GH~uced electroen-
cephalc>graJ'Trvloral changes can be blocked by antioonvUl
sant drugs, which we specific In their action against petit-mal 
seizures. These effects of GHB on electroencephal and 
behavior may weU be due to an effect of exogenously adminis
trated GHB on GHe.mectated systems in the brain. GHB has 
many properties of a neuromodulator lncludlng the existence of 
receptors with a specific affinity tor this compound. A synthetic 
structural analog of GHB, NCs-382, possessed anticOnvulsant 
actMty against several animal models of selz:..-e and, in particu
lar, against that Induced by Gt-tB administration. NCs-.382 was 

GHB is a naturally occuning endogenous compound of mam
malian brain (Roth and Giarman, 1970) where it bas a discrete 
distribution (Doherty et al., 1978; Snead and Morley, 1981; 
Vayer et al., 1988a) locat.ed principally in the eynaptosomal 
compartment (Snead. 1987) as is ite synthetic enzyme (Ru
migny et al., 1980, 1981a, b; Weisaman-Nanopouloeetal., 1982). 
In vitro, GHB is released from brain tissue in a ea2• -dependent 
procesa by membrane depolarizing concentn.tiom of K+ or 
veratridine (Maitre et al., 1983a; Vayer and Maitre, 1988). 

These data suggest a role for GHB in neuronal transmission 
(Vayer et al., 1987b), a hypothesi& that is reinforced by the 
presence in both rat and human brain of specific high-affinity 
binding siwe for this compound (Benavides et al., 1982a; Maitre 
et aL, 1983b; Snead and Liu, 198(). These sites, which are 
heterogenoualy distributed in brain tiaeue, are densely located 
In the bippocampua and fronto-parietal cortex but are absent 
in the cerebellum (Hechler et aL, 1987). The binding Bites 
appear to represent a class of receptors that mediates the 
pharmacologic end biochemical effects of GHB in vivo and in 
vitro. 

Rec,,ived for publie.t.ion F.tirumy 2'7, 1990; ,...,;..on ,....;-i July 30, 1990. 
• Thia wort wu supportad by• s;rant from ORE'l', No. 88<K8. 
1 p~ cbea>imy department. Cffltro de NewocltlJllie du Centn 

Natiorw de la Recherob. Scleotifiquo. 

also shown to be an antagonist at GHB rooeptor sites and 
blocked the neuropharmacolo effects induced in the striaturn 
and hippocampus by GHB administration. In particular, NCs-382 
inhibited the increase in cGMP levels and in 1nostt01 phosphate 
turnover induced by GHB in hlppocampus. Furthermore, In vivo 
dialysis demonstrated that NCS-382 blocked the increased re
Jease of dopamine in slriatum attar GHB adminlstlation In vMJ. 
Thus, this ligand appears to be the !ht described antagonist 
substance for GHB receptof(s). These results suggest that NCS-
382 may represent a harbinger for a new class of anticonVUlsant 
drugs that most probably act by moofyilg the endogenous GHB 
system. 

The administration of GHB to various animals induces EEG 
abnormalities that closely nisemble those eeen during human 
abeence epilepsy (Winters and Spooner, 1965; Godschali et aL, 
1977). This GHB-induced seiwre activity is blocked by admin
istration of the anti-petit-mal druge valproate and ethoeumn
ide (Godschalk et aL, 1976); thlUI it has been propoeed that the 
G HB-treated animal represents a model for generalized absence 
epilepsy (Snead, 1988). Administzation of GHB induces signif
icant changes in the spontaneous firing of dopaminergic neu
rones in the subetantia nigra and an increaae in ,triatal tyrosine 
bydroxylase activity (Roth et al., 1973; Morgenroth et aL, 1976; 
Roth et al., 1980). In the hlppocampus, GHB administration is 
associated with elevated cG MP levels together with an increase 
in in011itol phosphate tumover, whereaa cAMP levels are un
changed (Vayer et aL, 1987a; Vayer and Ma.itni, 1989). ThCl8'! 
modifications in cellular respomes may be biochemical corre
lations of local depolarizations and could underly the EEG 
changes induced by GHB ad.miniatration. 

Although GHB poll6ell8e8 these diverse neurophannacologic 
and neurophysiologic effecta (Snead, 1977), the basic mecha
nism of action of tlris ubiquitous substance remains largely 
unknown. One of the :res.sons for thia is that there WBB, until 
now, no specific GHB antagonillt available. We now report the 

A88REYIATION8: GHB. ,--hyaoxybutyrata; NCS-382, 6,7,8,9-tetrahydro-5-(H~-4-yldene IIClltlc acid; DA, dopemne; Na• 
salt: 1Coo. median lnhllltory conoantrallon; EEG, el8ctroencephal; GABA, ,--ammbutync acid; SWD, spike and wew ciadtargas. 
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characterization of such a compound and demonstrate that it 
ie anticonvulsant in the GHB model as well as other models of 
seizures. 

Methods 

SynthMill of NCS-382. Equimolecular amounts of benzo6uberooe 
and glyoi,ylie acid hydrate were heated at oo·c in H3PO, (lg or 
benz.o&uberooe/ml of H,PO,) for 15 hr. Claasic work-up afforded 
6, 7,8,9-tetrahydro-S-(H)-benmcyclohepten-S-o:1:0·4-yliden acetic acid, 
yield 77%, boiling point 232"C (AcOH>. Reduction of the ketonic 
compound aa de.cribed previou.oly for the preparation of GHB analog 
(Bourgu.ignon et al., 1988) afforded the awaited alcohol boiling point 
169"C (AcOH). The sodium salt of NCS-3S2 w11.11 prepared by adding 
to the compound in ethanol, one equinlent of 0.1 N Titrisol NaOH 
110lution. Evaporation of solvents and trituration of the resulting i;olid 
with iaopropyl alcphol afforded the pure salt of NCS-382 (eodium 8.llit 
orNCS-382) (fi1. 1). 

Blndinlf aiudie., Competitive binding a.u.ays were performed aa 
described by Benavides et al. (1982&) with oome modificatione. Brietly, 
adult male Willtar rata were killed by decapitation and the brains were 
removed. Hippocampi and awta from 10 animals were rapidly dia-
8eeted and crude membrane,, Wl;!re prepared bY homogenizaUon with a 
Polytron of" crude eynaptoeomal-Dliwehondrial fraction (P2 fraction) 
in ice-cold deionized water. Membranes were centrifuged at 50,000 x g 
for 20 min and stored overnight llt -20'C. For binding assays, mem
brane 1uspenaiom were thawed and reauspended in the incubation 
medium, which conaiated or 50 mM pot&aium phosphate, pH 5.5, et 
O'C containing 5 mM EDTA. For the dieplacement curves, GHB and 
NCS-382 concentration• in the IIMllY medium rMged from 10"""' to 10-< 
M, with ['HJGHB 200 nM (100 Ci/mmol). The bound radioactivity 
waa determined after centrifugation and rapid waahing of the pellet 
(Benavidea et al., 1982a). Na• Willi omitted in o:rder to avoid interference 
with the GHB tran1port ayatem, which i6 atmngly Na+ dependent 
(Benavidea et al., 1982b). Under these conditions, 600 14M unlabeled 
GHB diaplacea about 50% of the bound ['HJGHB. 

Hippocampal slice experiments. Hippocampal slice• (300 11m) 
from adult Willtar rat brain were obtained and maintained in o:i:ygen
ated phyaiolOgic medium (Krebe bicarbonate buffer) us previou.oly 
dMcribed bY Mail.re et al. (1983a). The slices were preincubated with 
variowi concentratio1111 of NCS-382 and after 15 min, atimule.ted bY 
600 11M GHB. Thirty minute& lllter, cGMP and inOliitol phosphate 
levels were measured 88 described by Vayer and Maitre (1989). Inhi
bition of hipp0eampal ceUulllJ' responees due to GHB in the preaence 
of NCS-382 were calculated BA IC,. values, computerized by the affinity 
1pectra method of Tobler and Engel (1933). 

Inhibition of cGMP inCNUe in vioo. GHB caUMI! a time- and 
doee-dependent accumulation of cGMP in hippocampue (Vayer et al., 
1987a). Thua, the effect of NCS-382 on the GHB-induced incn,aae in 
cGMP level waa also teated in vivo. Male adult Wietar rat& (about 300 
g) were administer9d 2.3 mmol/kg NCS-382 by i.p. injection 60 min 
bafon, mjection of ( mmolfkg GHB in the a&me manner. Other animal.a 
were treated with either GHB alone or NCS-382 alone; 46 min after 
the GHB treatment or 105 min after injection of NCS-382 alone, the 
animall Wl;!NI oacriticed by e:,:poaing the head to focmed m.icmwave 
irradiation (7.5 kw, 1.6-aec ei,poeure), which prevent& poatmoTU!m 

0 

HO 

Fig. 1. Structural formula of NCs-382 {sodium salt of 6, 7,8,9-tetrahydro
S-{HJbenzooydohepteoo-5-<ll-4-yidene acetic acid). 
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changee in cyclic nucleotide level• (Lenox et aL, 1982). The di....ct.ed 
hippocampi were placed in liquid ni~n • .,.eighed frozen, and homog
eni:r.ed in 10 volumee of ice-<:01d percbloric acid. Protein waa removed 
by ~ntrifuga.tion (20,000 x g; 25 min). The eupematanta were neu
tralized with 3 M K.CO, and cGMP content& weN! determined with 
the radioimmunoaseay kit from Amersham. Protein contents of the 
different pellets were meuured by the method of Lowry et al. (1951) 
aft.er solubilization in 2 N NllOH. 

In vioo dialysui, Adult male Wiatllr rat& (250-300 g) were anesthe
tized with ket&mine and mounted in a stereotuic frame (Natiahip). 
The guide W8Jl inserted at coordinates AP 0.5, ML 3.0 and DV 1.8, with 
Bregme u the reference (flat akull poaition, according to Pauinoa llDd 
Watson, 1986) 80 that aft.er implantation, the (-mm probe protruded ( 
mm beyond tbia guide, int.o the right anterior Clludate-putllmen. The 
guide C11Dn~ waa aecured to the cranium ueing dental cement. At the 
same time," 2-cm-high and I.6-<:m-dian>eter cut plwitic tube waa placed 
around the guide in order to pmt.ect tb& inlet-outlet tubinr from the 
probe. 

Three daY" aft.er surgery, the rat wu lighly anesthetized with ether 
and tbe microdialyaia probe (polycarbonate-polyether, 20,000 dalto1111, 
4-mm length and 0.52-mm diameter; Carnegie Medicin) waa implanted 
uaing the guide cannulae. The in vivo microdialyaiR of the atria tum waa 
then carried out as de&cribed by Ungeratedt and Ha11$trom ( 1987), the 
rat being allowed to move freely within a hemiepherical bowl (65 cm 
diameter). The perfusatea were collected in small tubes containing 6 pl 
of 0.6 M perchloric acid and 6 pmol of intanal stllndard (3--4 dihydro
cinna.mic acid). Sa.mplee were collecu,d at 20-min interval, and at leaat 
seven control samples were taken before drog administrationa, At the 
end or each e:w:periment, the site of the dialy,,is tube waa verified 
histologicllily a.ftor fast blue-cresyl violet atllining, 

The perfuMtea we!'$ -yed for DA Uld ita acid metabolite. dihy
dro:,cypbenylaoetic acid and homovanillic acid by high-performance 
liquid chromatography aa dea.:ribed by Sharp et aL (1987), The Benai
tivity limit of these 11888Y8 was 1tpproximately 10 to 20 fmol. 

la order to eetimate the recovery of the dopamine and metabolites 
through the membranes, dialyaia probes were perfused in vitro Bt 
adequate flow rate,J and placed in physiologic Ringer's solution con
taining DA, dihydro:,:yphenylm:etic acid and homovllDillic acid llt 10 ... 
M. The .,.,ount of oub.tance iD th• penu..te wu compa..d ...;tb the 
amount outside the dialy.ill tube BDd e:,:p~ aa peroent recovery. 
The same procedure w11.11 uaed to estimate the amount of GHB perfused 
into the brain through the probe ueing [2H] GHB. 

Experiments were carried out in pa.rallel to meaaure the diffusion 
spaoo of l'HIGHB in the atrilltum during in vivo dialyaill: 1 mM [1H) 
GHB (80 1<Ci/mmol) wu perfused through the dialyaill probe during 
20 min (l i,1/min). The animal was killed, and the brain wu removed 
and frozen by immeraion in isopentane at -40'C for 1 min. The frozen 
brain, were cut in serial sectio1111 of 25 14m with a cryostat microtome 
at -15 "C. Anatomical cb.arocteriuotion of sections, autoradiographic 
eXJ)DRUre and computerized itnap analyaill (BIOCOM 500 system) were 
carried out B.B described previow,ly (Hechler et al., 1987). The m1ulta 
showed that l mM ('H)GHB diffused in •itu in a volume of about «> 
111 around the probe with a yield of about 16%. 

Effect of NCS-382 on GHB-uaduced IMlWll'tl. GHB administra
tion to rats induces epilept.ifonn, nonconvuJ.ive seizurea (Wint.eni and 
Spooner, 1965; G<>dschalk et al., 1977 ). Thua, this model hu heen uaoo 
in order to te•t the antllgonietic propertie, of NCS-382 on the GHB 
system. 

Male Willtar rats (250-350 g) were given implant.a of three epidural 
•tainlees-steel acrew electrodes (two for fronto-PIIJ'ietal derivation of 
the EEG and one as reference) under pent.obarbital aneathe.ia. The 
electroencephalographic recordings and the ad.ministration of GHB 
(3.2 mmol/kg i.p.) were curied out u de,,cribed bY Depaulia et al. 
(1988). In eome experiment&, the lilts were pretreated with 1.5 or 2.3 
mmol/kg i.p. of NCS-382, 45 min before administration of GHB. 

Effect of NCS-382 in a genetic li>Odel of petit-mal epilepey. 
NCS-382 has been teated in the Wistar rat model of IIJ)Ontaneoue 
generalized noncoovuleive seizures (Vergnea et al., 1982). E:w:periment.s 
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-re carried out out 1111 deecribed by Depaulia ft al. (198&). EEG were 
ncorded for a 2-hr reference period, then NCS-382 (~ mg/kg) 
wu utjected ud the EEG .,.. .. ncorded for up to 2 hr. 

Effect of NCS-S82 on ead.lopnic 11el.zwoes In swt. Rb m.lce. 
The mice of thil 1train, which fl.NI congenitally prone to audiogenic 
seimree (Frinp and Flinp, 1963) -re Biven i.p. inject.iom of Aline 
or variowi ~ of NCS-382 up to 2.3 mmol/q. After 30 min and at 
later time interval&, the animal& were subjected to a.n acou.tic ,timulwi 
of 100 db, 8000 1h. 

Results 

In VItro 81udiH 

ICl50 for Glffi and NCS-382 were det.ermined in binding 
ez:perimenta using crude hippocampal and striatal membranes. 
Under theee conditions, NCS-382 displacement curves exhibit 
affinity for two populations of binding sites, as does GHB itaelf 
(Benavides et aL, 1982a; fig. 2, A and B) (beat goodneu of fit, 
GRAPHPAD program), For both ltriatum and hippocampus, 
NCS-382 showed lower affinity than GHB for the high-affinity 
population of sites, but greater affinity for the low-affinity 
component (table 1). NCS-382 {1 and 10 µM) display& no 
affinity for GABA bindina' sit.es as measured under the condi
tions described by Enna and Snyder (1975) using ('HJGABA 
aslipnd. 

The presence of GHB in the incubation medium of rat 
hippocampal slicea led to an increase of intracellular cGMP 
and in011itol pb.ol'phates (Vayer and Ma.itre, 1989). Thia pbe
nomenon ii time- and doee-dependent and might be the result 
of the stimulation of GHB receptor sites, which are abundant 
in rat hippocampus (Hecbler et aL, 1987). Incubation of rat 
bnin ruppocaIQpal slices with NCS-382 alone {10-1- 10-3 M) 
hm no effect on cGMP levels or inoeitol phosphate accumuJa
tion. However, preincubation with this compound dose-depend
ently antagonized the mm~oked inc:reaae in cGMP level (fig. 
3A) with an ICIIO value of 30 11M (nonlinear regression fitting, 
Graphpad program, r .., 0.99) and blocked the increase in 
inllllitol ph011phate accumulation (IC.., value of 8.6 11M, ,. - 0.99, 
fig. 3B). 

In VNo Slullln 
Inhibition of cGMP inc~. Ad.ministration of NCS-382 

alone (2.3 mmol/kg) has no effect on hippocampal cGMP levels 
compared with animals treated with saline, whereas GHB pre
treatment alone (4 mmol/kg) doubled the brain level of this 
cyclic nucleotide. Pretreatment of the animala with NCS-382 
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(2.3 mmol/kg) befo111 iuhninistration of GHB completely abol
ished the cGMP incniase evoked by GHB alone (f"ig. 4). 

Effecu of NCS-382 on GHB-induced releue of DA in 
striatum, Using the in vivo microdialyeia t.echnique in the 
caudate nucleus, it wes confirmed that the release of DA was 
increased by local application of GHB through the di.alyeis 
probe. By measuring the local [IJl]GHB level in tiNue after 
dialysis, it could be alculeted that a local cerebral concentra
tion of 120 µM GHB induced a 60% increase in DA release 811 

compared with control rats perfused with phyaiologjc llllline. 
This release could be stimulated by increasing the local concen
tration of GHB up to 240 iiM (fig. 5A). Pretreatment of the 
animals subjected to in vivo dial)"llis by i.p. injection of 2.3 
mmolfkg NCS-382 totally abolished the dopaminergic ?eBpOme 
induced by local application 60 min later of 120 µM GHB (fig, 
58). Previous experiments had shown that 120 and 240 "M 
NCS-382 applied directly in aitu had no effect on DA release. 

Prevention by NCS-382 of the electroeucephalo
P'aphic abnormalities blduced by administration of 
GHB. Figu.N1 6 shows the EEG pattern recorded after i.p. 
injection of 3.2 mmol/kg of GHB in the Wiaw rat. Aft.er a lag 
time of about 5 min, numeroUJI epileptiform spikes occur in tbe 
EEG (Godschalk et aL, 1977). These abnormalities induced by 
GHB administration are blocked by prior treatment with anti
petit-maI druga (valproate, ethOIIUXimide, trimethadione) (God
schalk et aL, 1976). When the rats were pretreated with 2.3 
mmol/kg i.p. NCS-382, 46 min before GHB administration, no 
abnormalities in the EEG pattern were obeerved (fig. 6D). 
When the dOM! of NCS-382 waa reduced to 1.5 mmol/kg, GHB 
administration induced only alight modificatioD11 of the EEG 
(fig. 6C), compared with those obtained with GHB alone (fig. 
6B). Tbws NCS-382 admini&tered at a sufficient dosage com
pletely antagonizes the hypen,ynchronoue electrocorticogram 
pattern induced by GHB adminisb'ation. 

Effect& of NCS-382 on audlogenic eemire. bl SwiN 
Rb mioo, NCS-382 (2.3 mmol/kg) fully protected these mice 
agamet audiopnic stimuli for appro-.im.at.ely 3 to ,C hr. Half of 
this do&age induced a total protection for 2 to 3 hr. However, 
0.57 mmol/kg totally protected only 16% of the animals. Each 
group receiving one do8ap is constituted of 15 animals tested 
every 30 min after injection (fig. 8). 

Attenuation of pelit-mal-llke INllZUl'ell IJJ)Ontaneoualy 
ocearring in a strain of Wimtar rate. NCS-382 a1BO reduced 
the intensity of geoeralli:ed nonconvulaive seizure in a model 
of genetically seizure-prone rats. Figure 7 shows tbe mean 

Fig. 2. Olaplacemant co.awe of 
['H]GHB by GHB (mi Ind by 
NCS-382 (.6.). A:. Menoaies 
prapllf9d from rat tippoam. 
pus. B: Membl m 1118 prepared 
from ra1 llllilluTI. Data 111'8 de-

rived from llw'9e ~· 8X• 
pel1menta perfonT*1 In ~ 
cate at .-:ti 0011ce11t1 alloi, 
(variation <5%). Statistic,il ftt. 
ting with GRAPHPAD progrwn. 
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TABLE 1 

ic.. tor GH8 and NCS-382 

Strie.tum 
~ compo11enl (nM) 
l.aw-ilfffnlty compaart (I.Ml 
r Value 

Hlppocampus 

15.5 :t 2.0 
2E!.9 :t 0.7 

0.99 

134.1 ± 17.4 
5.5 ± 0.2 

0.99 

HirJ,-afflnity componem (nM) 7.1 :t 0.9 201.3 ± 17.4 
l.aw-ilfffnlty component (11M) 25.4 :t 0.6 8.5 ± 0.4 
r Value 0.98 0.99 

ThB ic..,. _.. ClllculalMl rrom ~ otnee us1ng l'HIGHB as lgllfld 
(1o-"-10'"' M). In boll, CUM, NCS-382 ls a iglW)(! for the two popaix,m al st.e 
iNgh and low afllnlty) - tar GH8 (Benawlee flt Ill., 19112•) (Flt1r,g wl1I> 
GRAPHPAO iroi,wn Clla.ilated lrom ,_-. n fig. 2, A Wld BJ 

duration of SWD during seven succeBBive 20-min period!! after 
i.p. injection of 2 mmol/kg NCS-382. Control EEGs were re
corded for 2 hr on each animal just before injection (zero time). 
The results are e:rpreased in mean accumulative SWD duration 
for each 20-min period Experimental vs. control conditions 
(zero dose) were compared for the 2-mmol/kg dose using the 
Wilcoxon teat (fig. 7). After a lag time of about 20 min, a 
maximal decrease of about 80% in the duration of SWD per 
20-min period wae observed. This decrease lasted about 60 min, 
then the duration of spiking episodes alowly xetumed to control 
values. In this model, various dosages of NCS-382 were tested 
(0.75-4 mmol/kg). However, no clear dose effects were ob
served, the 2-mmolfkg dose being the moat effective. 

Discussion 

Administration of ')'·hydroxybutyrate to animal& induces sev
eral neuropharmacologic and neuropbyaiologic modifications 
(Snead, 1977). [n the striatum, the control of dopaminergi.c 
terminals iu:tivity by -y-hydro,:ybutyrate consists of a pertur
bation of cell firing with a modification of DA release and an 
activation of tyrosine hydroxylaee together with an accumula
tion of this tranemitter (Walters et al., 1973; Morgenroth et al., 
1976; Roth et al, 1980). In parallel, -y-hydroxybutyrate induces 
• hyperaynchronization of the EEG with numeroU.!J epileptiform 
discharges (WintelB and Spooner, 1965; Godschalk et al., 1977). 
These modifications, which are blocked by anti-petit mal drugs 
(Godschalk et al., 1976), re&emble human petit-mal epilepsy 
(Snead, 1988). Finlllly, ,--hydroxybutyrate, at a relatively high 
dosage, causes a profound sedation with 1088 of righting reflex 
and anesthesia (Laborit, 1964). 
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These modifications, obtained at pharmacologic dosages of 
GHB, led several authors to oonaider a poeaible implication of 
this substance, which is pl88ent endogenously in brain, 88 a 
neun:n:nodulator at several types of synapses (Vayer et al., 
1987b). The successive findings of epecific neuronal ayntheeis 
(Rumigny et al., 1981a, b; Weiaamann-Nanopouloe et al., 1982), 
specific transport (Benavides et al., 1982b), release (Maitre et 
al., 1983a; Vayer and Maitre, 1988) and binding (Benavides et 
al., 1982a; Snead and Liu, 1984; Hechler et al., 1987) for GHB 
in brain, in addition to elements of cell Nl8Jl01U!e11 (modification.s 
in cGMP and inositol phosphates accumulation; Vayer et al., 
1987a; Vayer and Maitre, 1989) support the concept of an 
endogenoua synaptic system, using GJ-IB 88 a neuromodulator 
that acts on several neuronal populations via BJ>BCWC receptors. 
However, until recently, the lack of a BJ)8Cific antagonist to the 
effects of GHB was a major hinderance in the search for 
definitive clues about the GHB system. We hAve now reported 
the existence of such a subetance that can be considered aa a 
semi-rigid compound Btructur.lly related to GHB. 

This compound displaces ['H]GHB with a good affinity, but 
depending on the class of sites considered (high- or low-affinity 
claases). Because ')'-hydroxybutyrate baa been considered in the 
paat aa a GABA site ligand, we have shown that GHB and 
NCS-382 bind in fact to specific sit.es, and poeseu no capacity 
to displace GABA binding. NCS-382 is a JOQd ligand for both 
populations of GHB binding: sites but with higher e.ffinity for 
tbe low-aff'mity component. However, the requirement of ["HI 
NCS-382 is evident in order to precisely estimate these param
etelB. 

The cellular respome following GHB stimulation occure in 
hippocampua by an accumulation of cGMP and of inositol 
phosphates in vitro (Vayer and Maitre, 1989). The effects on 
cGMP levels have also been found in vivo (Vayer et aL, 1987a). 
These modifications, which do not ewt in the other brain 
regions investigated,. are probably the results of local depolari
zations induced by GHB (Vayeret al., 1988b). Various epileptic 
drugB inCJ"ease cGMP levela before convulaiona (Lust et al., 
197S) and hippocampus baa been implicated in the geneeis of 
various experimental eeizuretl (Wong and Traub, 1983). In 
addition, iontophoretic applications of GHB in various brain 
8l'M8 frequently induce depolarization phenomena (Kozhech
kin, 1980), which could be the basis of GHB-induced EEG 
abnormalities and of cGMP and in08itol phosphate accu.mula· 
tion. 

Pretreatment with NCS-382 completely blocks simultane
ously the EEG perturbations and the modification of cGMP 

Fig. 3. A: Inhibition by NCs-382 of GHB-
Induced Increase of cGMP In rat tnlrt 
hlppocampal slioel. B: Inhibition by 
NC&3ll2 of GHB-lnduced lncteQe In 
meltol phosphate tumoY8f in rat brain 
hlppocampel slcel. Cu-ves ~ calcu-
1818d UAig ~ ~ ffltlng 
(GRAPHPAD program). 
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Fig. 4. Effects of NCs-382 on the cGMP loaease Induced by GHB In rat 
tlippocampl. Animals iljected with saNrl8 (A); with NCS-382, 2.3 rnmol/ 
kg (8); with GHB, .f mmol/kg (C) and pretraated with N~. 2.3 
mmol/kg, (0) 60 nin before GHB Injection (4 mmol/kg). Each value Is the 
11161111 of four dfferent delennlnatlons :t: $.E.M. •p < .005 V!l, A, Band 
D (Student's t test). 
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Ag. 5. A: Effects of local GHB ~lion (A----A, control; .____., 
120 µM; .__... 240 ,.M) on the level of OA In perlusates from the 
striatum. The ntSUlts are QM1l1 aa percent of bu8I DA release (32 ± 2 
fmol/mlll) and 111'8 tf1e n-. of the last tlT8e measurements before drug 
aoonslrallon. Each value Is the - of tlY8e experfmen1s with the 
S.E.M. not i,Mter than 1()% (not i'ldlcated). B1ac1c arrow: in situ a(i'm. 
l91nltlon of Alogel' 90lullon containrig GHB. B: Eff9cts of NCs-362 
administration on the lnCntaaed dopamine levels In perfusatas induced 
by 10c11 GHB l!dmlnls1ratlon. The ~ were carried out and 
~ed a In A . ...__.. Effectt of GHB local administration (120 
,.Ml 111 the time Indicated by the black arrow . .__. same experrnents, 
but the rats are p1 etreated l.p. by aarinistrallon of 2.3 mmol of NCS-
382 at the time lndic8ted by the open arrow, 1hen sti'mMl.ted In situ by 
GHB (black arrow). &----A: Control rats perfused only with Ringer 
sootlon. 
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Fig. 8. Effects of GHB (3.2 nmol/kg i.p.) and of NCS-382 (1 .5 IWld 2.3 
mmol/kg l.p.) on the EEG of the rat. Each trace represents en indMduBI 
rat. A: Baseline EEG pattans; B: EEG n,sponse to GHB (3.2 lmlOlfkg 
l.p.l admr,lstered 10 nin previously; C: EEG re9pOn118 to GHB (3.2 rrma/ 
kg l.p.) aanfnislered 1 o nin emter In rats pretreated with NCs-38211 .5 
mmol/kg i.p.) 45 mkl before GHB injection; 0 : EEG rasponae to GHB 
(3 .2 rnmol/kg i.p.) lldmlnistered 1 O nin pn,vlously In rats prvtn,eted wtth 
NCS-382 (2.3 mmol/kg i.p.) 45 11111 beb'9 GHB lnjectiotl. The Injection 
of NCS-382 alone had no Influence on the EEG. 

and inositol phosphate levela in hippocampus. Tbwi, it could 
be speculated that NCS-382 ant.agonizes local depolarization 
phenomena in hippocampu.s and thua aboliahea EEG 11piking. 

The IC,o11 for NCS-382 in inhibiting the cGMP and inllllitol 
phoephate increases are within the range of GHB conC1lntration 
used to induce these phenomena (Vayer and Maitre, 1989]. As 
di.scussed elsewhete, this rather large concentration of GHB 
and the high JC60 for NCS-382 might be explained by the 
e:ristence of intermediate circuits mediating the cGMP lll1d 
inositol phoephate responees after GHB :receptor stimulation 
(Voyer et al., 1988b). These results might also indicate that the 
low-affinity binding 11ite for GHB is implicated in mediating 
these effects. 
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Fig. 7. Effects cl' NCS-382 In a model cl' petlt-mlll ep1epsy (V~ pt 
-,., 1982}. MIB1 rura!lon ot swo In sec during s 8UCOOG8lve 20-fTIWl 
pe,lode, betore lO) and after l.p. Injection ot 2 mmolfkg NCS-382 (20-
140 mril, For e.:tl rinal, the SWD di.ration In aec di.mg the 2(knln 
pos1lnfec1iOn periods was 1T1811Slnd. The results were expressed In 
,-90CUQlUletlve $WO dtn1lon for eectl 20-min period, Experimental 
118, CQn!rol CDndtlona (doae 0) - QOqlllf9d for the 2 mmol/kg doae 
uas,g 1118 WIicoxon test rP < .01 ). R-'18 Bnl expressed as _.. ± 
S.E.M. 

Thw, GHB-induced depolarizations appelll' to be the result 
of apecific receptor stimulation, probably related to the low
affinity binding sit.es (micromobu range). The availability of 
&peeific ligands for both categories of sit.es (high- and low
affinity) will further help characterization of effocta linked to 
stimulation of these different type11 of recognition sites. 

In addition, NCS-382 reduced the period of spiking episodes 
in a genetic petit-ma.1 epilepsy model in Wistar rats and com
pletely blocked audiogenic seizures in Swiss albino mice. The 
petit-mal epilepsy of Wiater rats has been proposed aa a model 
for human absenet1 seiiures, and a GHBergic mechanism bas 
been 1JW1pected as the buia of these EEG abnormalities (Snead, 
1988). However, the rather weak effect of NCS-382 in this 
model seems to indicate other biochemical mechanisms at the 
origin of thB118 seizures, or at least, additional mechanisms. 

GHB could also be implicated in eome grand-mal models of 
epilepsy, as indicated by its atnlnr action on audiopnic seizures 
in mice. How8V11r, these kinda of seizures appear to be abolished 
by a great variety of drugs, IICting by aeveral biochemical 
mechanisms {Scbleainger et aL, 1968). In striatum, low dOBe11 

VOi. 255 

of GHB induce a diminution of impulse flow in the nigro
atriatal dopaminergic system with a decrea11e in cell firing and 
tr11J111mitter release (Roth et al., 1973). However, after tbia first 
phase, which is aborter with higher amount& of G HB, a BeOOnd 
period begins with tyro9ine hydro~lase stimulation (Morgen
roth et aL, 1976), dopamine accumulation in striatum (Geeaa et 
aL, 1968) and a subsequent increase of tranamitter release 
(Chere.my et aL, 1977). In our present experiments, the aec:ond 
phaae is very rapidly reached, due to local administration of 
GHB in relatively high concentration (tisaue concentration of 
about 120 µM). Pretreatment of the animals under study by 
NCS-382 completely blocked the increase in dopamine rel
observed in control animals administered with GHB in situ. 
Thua the stimulation of dopaminergic activity induced by high 
doses of GHB (100 µM range) is most probably due to stimu
lation of GHB specific receptors mediating the dopaminergic 
responee. In this case also, the low-affinity cl8118 of GHB 
receptor could be impJjcat&d in the phannacologic effect of 
GHB administration. 

However, the lledative/hypnotic effect of GHB obtained at a 
high dosage (7-20 roroolfkg i.p.) do not appear t.o be signifi. 
cantly attenuated by NCS-382 pretreatment (2--4 mmol/kg 
i.p.). This effect is poesibly mediated 11ia other routes, different 
from the GHB sites under study. Furthermore, the po88ible 
interferences of NCS-382 with other neurochemical mecha
niam.s cannot be completely ruled out, beca1111e no teata of 
specificity (except a J)OS8ible interference with GABA binding) 
have been carried out. This problem is too great to be dealt 
with in the present study. 

In 8WDII11UY, a gpecific ligand for GHB binding sit.ea exhibits 
antagonistic properties against aeveral phannacologic phenom
ena due to GHB administration. These results are in favor of 
specific GHB recepton mediating these effects, which are 
blocked by administration of NCS-382. This substance could 
represent a model for a new claaa of antiepileptic drugs, acting 
with priority on seizures in which the endogenous GHB neu
romodulatory eygtem ia implicated. 
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t-lEDE(ll'IE/SGEiKES (005; 2}: zu. II m,s 
MlUECINI: SCIENClS Mecanismes 

d'action 

> Le y-hydroxybutyratc (GHB)J synd1etise clans 

!es annees 1960 pour ses proprietes GAB/\ergiques 

(GABAJ acide y-arnirw-butyrique), est une sub

stance qui penetre facilernent et rapidcmcnt 
dans le cerveau. II rnduit llil sommeil proche du 

sornrneil physio/ogique, ClVeC un reveii de bonne 

quolitc, ct possede des 1nd1cut,ons en nnesthe·· 

srologie et dons le troitemc:nt des troubles narco

ieptiques et de l'Gddrction c l'alcool. SEs prn

[Jrietes sedotives, anxioiyUques ct cuphorrsantes 

ont detourne ce compose de ses indications en 

therapeut1q11e, pour une utilisation a des fins 

recreatives et une rnnsommation il:icite. Le GHB 

a doses pharmocologiques interagit avec les 

recepleurs Gl\BJ\1, cedbrnux et avec une fom,lle 

de recepteur·s specifiques, exprirnes µr1nc1pclc 

rnent par le systeme nervtiux centnii. C ettE der-

1•iere fornille repri:sente l'un des constitua rits 

0ssent, el$ d'un systerne GHB e.ndogi!ne q1t1 ournit 

corn me role principal de controier l'nct1v1 te de 

certGines synopses G/,BA du systerne ne rveux 

central.< 

d'un medicament 
detoume: 
le y-hydmxybu.tymte 
Michel Maitre, Jean-Paul Humbert, 
Veronique Kemmel, Dominique Aunis, 
Christian And.riam am pan d.ry 

Le y- hydroxybutyrate (GH8), connu en raison de so 
consommation tllicite et des intoxications qu'il peut 
entrainer, est devenu popu!oire dons les annees 1980 
aupres des body builders californrens, du fait d'actions 
supposees trophiques et lipolytiques. En realite, !'ab
sorption de GHB a doses phormacologiques (plusieurs 
grammes) entra,ne une forte sedation ou un sommeil 

profond de stode IV qui s'accompagnent de la secretion 
d'hormone de croissance. En raison de ses proprietes 
sedatives, onxiolytiques et euphorisantes, la consom 
mation de GHB s'est repondue chez les participants aux 
rave parties; a doses toxiques, les medecins urgentistes 
et les toxicologues ant pu constater des comas plus ou 
mo,ns profonds avec, dons de rares cos, une issue 
fatale liee a son association avec d'autres substances 
telles que l'a!cool, les br:trbituriques ou la MOMA 
(methylene dioxymethamphetamine, ecstasy) [ l}. 

/JJ /S n .. J. '.IQ/_ { j, ma r.:; ?0~5 

Pour !e medecin et le biologiste, l'histoire du GHB com
mence beaucoup plus tot, dons !es annees 1960, date a 
laquelle le laboratoire de H. Laborit [2] synthetrse le 
GHB dons le but d'obtenir un GABA mimetique capable 
de franchir facilement Ja barriere hemato-encepha
lique. Ce compose a rapidement ete utilise, surtout en 
France, dons certaines indications en onesthesiologie. 
Actuel lement supplante par d'autres med·1cations dons 
ce domaine, le GHB est utilise officiellement aux Etats
Unis et en Europe pour dimmuer les attoques de som
meil diurne et les episodes de cataplex1e chez le norco-
1 eptique [3 J. En ltalie et dons certains autres pays 
europeens, le GHB est employe pour aider au sevrage et 
o. !'abstinence chez le sujet alcoolodependant. II fait 
l'objet d'etudes cliniques pour le traitement d'autres 
assuetudes et phormacodependances, et pour la reduc
tion des sympt6mes chez le patient otteint de fibro 
mya!gie. 

le GH Best aussi et avant tout une molecule endogene, 
presente dons plusieurs organes et dons le sang circu
lont en quantite micromo!oi re. Du fait de ses effets 
psychotropes, ce sont surtout les effets du GHB endo
gene cerebral qui font l'objet de cet article. 

Article dlsponible sur le sitehttp://wwwrnedecine~ciences.org ou http:l/dx.dgi.ora/10, 1051/m_edsci/2005213284 
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Le GHB: une mofecuie signal 
de la communication synaptique 

Dans le cerveau, le GABA est desamine, puis oxyde ou reduit pour 
conduire soit a l'acide succinique dons la mitochondrie, soit au GHB 

dens le cytosol. II semble que cette derniere transformation soit l'apa
nage de certains neurones dont la grande majorite expriment egalement 

la glutamate decarboxylase (GAD), qui fabrique le GABA a partir de 
l'acide glutamique. Dans les neurones qui produisent du GHB cohabitent 
done la GAD et la SSR (acide succinique semi-aldehyde reductase), !'en
zyme de synthese du GHB [4]. De localisation cytosolique comme la 
GAD, la SSR est done le marqueur des neurones GHB (Fig11rf !). II semble 
exister plusieurs isoformes de cette SSR, dont plusieurs ant ete clonees. 
A part le GABA, d'autres precurseurs mineurs endogenes du GHB ant ete 
identifies (y-butyrolactone et 1,4 butanediol), mais ii semble que ces 
voies aient peu d'importance fonctionnelle in vivo. 

Le GHB synthetise dons le cerveau possede un temps de renouvelle

ment rapide (entre 9 et 30 minutes suivant les regions cerebrales) 

:sJ et est distribue de fa~on heterogene en quantite micromolaire (1 

a ZOµM). II a ete recemment demontre que le GHB etait capture de 

fa9on active par une population de vesicules synaptiques et que ce 
transport etait inhibe par le GAllA et la glycine [61. Cela conforte 

l'idee que le GHB est synthetise et accumule dens les vesicules 
synaptiques de neurones GABAergiq ues exprima nt a la fois la GAD et 

le VIAAT (vesicular inhibitory aminoacid transporter). 
Le GHB est present dons le milieu extracellulaire cerebral a des 

concentrations encore inconnues. Des etudes ont montre qu'il etait 

libere dons ce milieu du fait de la depolarisation neuronale induite par 

la veratridine ou lesions potassium, par des mecanismes inhibes par la 

tetrodotoxine ou les agents complexant Jes ions Ca1• [7]. Participant a 

la regulation des concentrations extra
cellulaires de GH B, une capture active de 

cette substance a ete mise en evidence 
dans des lignees neuronales au des 
synaptosomes. Ce transport possede un 

Km de 35 a 46 µM et est dependant du 
gradient de Na·1c1- [8]. Differents analogues structu

raux du GHB, dent le GABA lui-meme, interferent avec 
ce transport; la selectivite de ces inhibiteurs n'a toute
fois pas encore ete testee [9]. 

le GHB endogene du cerveau possede 
une fomi!le de recepteurs propres 

Depuis 19 82, on sait qu'il existe pour le GHB, dons le 
cerveau de rat, un ou plusieurs sites de fixation mem

branaire, saturable et reversible [JO). Les valeurs des 
affinites du GHB radioactif pour ces sites sont compa

tibles avec les concentrations de GHB endogene. Ces 
sites de fixation sont de distribution heteragene, avec 
un maximum dans les couches superficielles du cortex, 

dons l'hippocampe et dons les bulbes olfactifs de !'ani

mal. Le striatum, le thalamus et certains noyaux dopo

minergiques du rnesencephale expriment une densite 

moyenne de sites [i l]. En revanche, ii n'a pas ete pos
sible de mettre en evidence une fixation de GHB radio

actif de forte affinite dans !'hypothalamus et les 
regions caudales du cerveau (o. !'exception d'une 

expression tres foible dons le cervelet). Durant le deve
loppement chez !'animal, ces sites de fixation pour le 

GHB apparaissent apres les sites recep
teurs GABAc et possedent une pharmaco

logie specifique [1'.!]. Seuls les ana

logues structuraux synthetiques du GHB 

deplacent le GHB radioactif de ses sites, 

les ligands GABA" et GABAc n'ayant pas 
d'effets. 

Figure 1. Localisation de la SSR et de le, GAD rians la sub•t~r.ce noire reticii!Je that: le rot. lo 
detection effectuee par immunofluorescence indirecte marque !a SSR (acide succinique semi
aldehyde deshydrogenase) en vert (CY3) et la GAD (glutamate deca,boxylase) en bleu (cys). 
Les cellules SSR positives sont dons 70 % des cos ega!ement GAD-positives. Un reseau dense de 
fibres GAD - positives coexiste avec un reseou plus discret de pro!ongements contenant de la 
SSR. Dans les ce!lules qui n'expriment que lo SSR, lo synthese de GHB pourrait se faire a partir 

la fixation du GHB sur ses sites membra
naires semble dependre du couplage de 

ces sites avec des proteines G, car l'affi
nite pour !e GHB est significativement 
alteree par un traitement des mem

branes par la toxine pertussique au un 
analogue non hydrolysable du GTP [ 13]. 
Un premier recepteur GHB a ete clone 

recemment a partir d'une bonque ct'ADNc 
d'hippocampe de cerveau de rat [14]. 

Les algorithmes utilises pour predire sa 
structure proposent 5 a 6 domaines 
transmembranaires, et 7 domain es si on 

impose quelques foibles contraintes de 
modelisation. Par ai lleurs, la sequence du GABA transporte de l'espace extmcellu!aire 

M/S 11° 3, .-,1. ll , mGrJ l~~S 

, _: __ .,; 
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du recepteur cornporte un site consensus 
pour la fixation de proteines G sur une 
boucle intracellulaire. cnfin, des expe
riences de patch-clamp rea!isees sur des 
cellules CHO transfectees par le recep
teur et stirnulees par le GHB expriment 
une activation irreversible sous l'effet du 

GTP-y-S : i! semble done s'agir d'un 
recepteur couple 6 une proteine G (RCPG). Une partie de 
la molecule presente une forte homologie avec la 
tetraspanine de type 5 issue du cerveau de rat (Figur2 

2) . La stimulation par le GHB induit une reponse en 
patch-clamp sur des cellules heterologues tronsfec
tees, avec une EC 50 de 4 µM. Neanmoins, ce recepteur 
ne possede pas d'homologie significative avec les 

autres classes de RCPG connus, et n'a pas ete retrouve 
chez d'autres especes comme !'homme ou la souris. De 
plus, ii n'est pas sensible o. l'antagoniste NCS-382, qui 

est le seul antagoniste actuel!ement connu capable de 
bloquer certains des effets electrophysiologiques et 

neuropharmacologiques du GHB in vivo ou en culture de 
cellules. De ce Fait, ii a ete postule !'existence de deux 

grandes classes pharmacologiques de recepteurs GHB, 

l'une sensible et l'autre insensible au NCS-382. Notre 
equipe a d'ail!eurs isole, o. partir du cerveau humain, 

une autre famille de recepteurs GHB dont certains 
membres sont sensibles a 
!'action inhibitrice du 

mouvements de 8'Rb induits par de foibles concentrations de GH B (5 a 
25 µM) dons la lignee NCB-20 disparaissent rapidement des que les 
concentrations de GHB atteignent 50 6 l 00 µM [ 16}. Enfin, des expe
riences de patch-clamp realisees sur certains des recepteurs GHB deja 
clones ant montre un epuisement de la reponse au GHB des la 
deuxieme application de cette substance. Ces resultats pourraient 
expliquer qu'aux doses thernpeutiques ou recreatives de GHB utilisees 
chez l'homme, une partie au mains des recepteurs GHB evo!uent vers 

une activite fonctionnellement tres reduite. 

Qu.el role physiologique pour le GHS cerebral ? 

Compte tenu des connarssances actuelles, le GHB endogene du cer

veau, en quantite micromolaire, est suffisant pour solliciter les recep
teurs decrits precedemment, 6 !'exclusion de tout autre type de recep
teurs. Bien que l'on ne connaisse pas les concentrations de GHB dans 
le milieu extracellulaire, les experiences de neurochimie ou de neuro

pharmacologie fonctionnelle pratiquees in v.'vo au sur des coupes de 

cerveau en survie ont montre que l'appli cation de quantites micromo
laires de GHB induisait des modifications de certains seconds messa

gers. Des inhibitions d'odenylate cyclase ; Ul et des stimulations de 

la cascade Ca 1"/NO/GMPc [ iR, 19] ant notamment ete decrites. La 

lignee de neuroblastame NCB-20 a ete particulierement etudiee a cet 

egard, car elle exprime la plupart des marqueurs du systeme GHB 
(enzyme de synthese, transporteur[s], certains sites recepteurs, libe

ration dependante du Ca'' de GHB induite par la depolarisation . .. ) 

NCS -382. (eden d 1 init1at .or. 

Les sites recepteurs cere

braux du GHB se desens r

bi lisent facilement. La 
plupart des resultats 
duns ce domaine ont ete 

obtenus en explorant 
!'evolution des dens ites 

de sites de liaison pour le 
GHB opres hyperst"imulo

ti on. La presence de 
fortes concentrations de 
GHB (500 al 000 µM) soit 

chez !'animal, soit dans le 
surnageant d'une culture 

de neurones, induit tres 
rapidement une diminu

tion de la densite des 
sites de fixation membra
naire pour le GHB (15 ]. 

Cette baisse est reve,
s i ble apres elimination du 
GHB. Du po int de vue de 

la reponse ce llulaire, les 

p;;ur (iHH-R Codo~ ~,top CotL>!1 sh)p 

ADNc d, GHB-R de rot I .-1 ~,£.-. ---..,,li""'5-- ~/.c,18--------------,-l~ls=8 I l567 

AD Ne de telrasponine-5 
de rnt 

Prot:1:11~ :·ftrti <. poni r.1.!'-S 
de rot 

61 oa 

CnJon (fird iat.!on 
C.~dun str,p oourte tn.:i:~con ir.e-5 (cd,)n s.top 
: + ~ . .} 

lul2~3~4~4 __ ~1*"---------~9~45._ _______ __,i1602 

~ 
7 rm 

Figure 2. /J.DNc de GHB-R •t de fo tetra•panine, et ptoteines GHB- i? HtetrnspaITitw. !'homologue humuin du recep · 
teur GHB (GHB-R) de rat n'a pus encore ete identifie. II existe, cependont, une tres forte homologie (sur 105 ucides 

amines) entre le GHB-R et la tetraspanine-5 (4TMSF) de rot. Un certain nombre d'insertions el de deletions dons la 
sequence nucleotidique conduisent /i un decalage de lo phase de lecture et, par consequent, a la production de 
deux proteines differentes (512 aa pour GHB -R Cantre 270 aa pour la tetraspanin, -5). En effot, si l'on considere le 

codon d'initioti on pour GHB-R (-'>) pour les deux ADNc (position 22 pour le GHBR et 23 pour lo tetrasponine-5), 

cela conduit o lo syn these d'une proteine de 512 ao (GHB-R, en rouge) et un peptide de 7 aa (en rouge). Mais si le 
codo n d'initiation pour la tetrospanine -5 (-')) est cons idere (position 135 pour les deux ADNc), ii ya formation 

d'un peptide de 61 aa (en bleu) et d'une proteine de 270 aa (tetrasponine-5) (en bleu); ao: ocides amines . 
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!orsqu'elle est differenciee par l'AMP cyclique [20]. Dans cette lignee, 

l'app!ication de foibles quantites de GHB module des permeabilites 

membranaires pour des ions Ca 2' et K', en fanction du potentiel de 
membrane. Ces modifications de conductance sont bloquees par l'an

tagoniste NCS-382 [2 l]. 

D'une far;on genera!e, l'application de quantites micromolaires de GHB 

dons divers modeles induit une hyperpolarisation neuronale. Ce phe

nomene est confirme par les experiences de microdialyse menees in 
vivo chez !'animal eveille. Lorsque les quantites de GHB administrees 

soit localement (via la sonde de dialyse), smt a la peripherie (voie 
intruperitoneule generalement) sont foibles (de tel!e far;on que les 

concentrations de GHB cerebral ne s'elevent pas durablement a des 

niveaux superieurs a environ 100 µM), on observe gfoeralement une 

inhibition de la liberation des transmetteurs etudies (GABA, gluta

mate, dopamine surtout) [22, 23]. Cela est coherent avec !'installa
tion d'une hyperpolarisation neuronale et une inhibition de l'entree 

presynaptique des ions Ca1
' dons la terrninaison depolurisee. 

tlourone GA!!Aergique ex~rimunt les enzymes GAD et SSR 

Compte tenu des arguments formules en 

faveur de la synthese et de la liberation 

du GHB par des neurones synthetisant et 

liberant ega!ement du GABA, ce GHB, co
libere avec le GABA, pourrait participer a 
la regulation de I' activite de la synapse 

GABAergique via un recepteur GH B presy-

naptique, la sollicitation de ce recepteur ralentissant 
l'activitii de la synapse (frgu'<' 5). 

Un mecanisme pour [es effets therapeutiques 
et recreatifs du GHB 

Que Ce soit pour ses effets therapeutiques OU recreatifs, 

!'induction d'un effet neuropharmacologique par le GHB 

necessite !'absorption d'une grande quantite de cette 
substance (200 mg/kg au minimum chez le rot, 2 a 3 

Cib!es 

grammes chez l'homrne). Ces doses de 
GHB se repartissent en quelques minutes 

dans l'organisme, y compris dans le cer
veau. Malgre un metabolisme ropide, les 

concentrations de GHB cerebral attei

gnent tres vite au minimum 300 µM pen

dant plusieurs dizaines de minutes. 
Pourquoi fuut-il des concentrations de 
GHB aussi elevees pour obtenir un effet 

neuropharmacologique, alors que les 
riicepteurs GHB sont sat uriis a ces 

concentrations? Trois explications sont 
possibles ace niveau, et ii est possible 

que toutes les trois concourent au 
mecanisme d'action du GHB. 

so!ticttEes uprb 
l'adrninistration 

peripherique de GHB 
De fortes concentrations cerebrales 
d.e GHB sont ner.e~suires 

Nemc;ne doJ><iminergique 

Fi,:~re J. Organisation d'un.e synaps. mixte GABA!GHB. Le neurone presynaptique contient n la 

fois lo glutamate decarboxylase (GAD), qui synthctise le GABA, ct l'ocide succinique semi- alde

hyde reductase (SSR), qui synthetisc le GHB. le GABA et le GHB ,ant accurnules dons les vesi

cules synoptiques par le meme transporteur (VIAAT, vesicular inhibitory aminoacids transpor

ter) . 11 existe done une co-liberotion des deux tronsmetteurs, le GHB, se linnt avec un recepteur 

peut-etre presynaptique, excr~ant un retrocontrole de l'activite de la synapse. L'admini stmtion 

peripherique de grandes quantiles de GHB ougrncntc cansideroblernent les concentrations de 

GHB extracellulairc, ce qui stimule lcs reccpteurs GABA, et desensibilise les recepteurs GHB. Une 
desensibilisation des receptcurs GABA, n'a jamais etc rapportec jusqu'n present. Ces rnod1firn
tions retentisscnt sur l'activite post-synoptique (ici un neurone dopamine). o:KG : a-cetogluta

rate; GOH: glutamate deshydrogenase; Glu : glutamate; GABA-T: GABA transaminase; SSADH: 

acide succinique semi-aldehyde deshydrogenase; SA: acide sur.cinique. 

MISn' J, ,.fJJ. 2l, mar:.2t'JOS 

pour desuns ibiliser 
!es recepteurs corresponda.nts 

Les experiences de microdiafyse ,n vivo 
conduites chez le rat mantrent que, a la 

suite de l'admi nistrntion de quantites 

de GHB ne cessaires et suffisantes pour 
induire un effet neuropharmacolagique, 

les concentrations de glutamate, de 
GABA au de dopamine (pour se limiter a 
ce qui a ete etudie) dons le milieu 

extracellulaire fluctuent selon un mode 
biphasique. Apres une premiere periode 

courte (lo a 20 minutes) pendant 

laquelle 1[1 liberation de ces transmet
teurs est reduite par le GHB, une 
seconde periode s'installe ou, pendant 

60 a. 120 minutes (selon la dose de GHB 

.,~, 
:.i 
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administree), la concentration de ces 
memes neurotransmetteurs augmente 
largement au-dessus des concentrations 
barnles [24, 25]. Ce rythme biphasique 
semble indiquer que, apres une periode 
courte d'hypersollicitation des recep-

teurs GHB (qui installent une hyperpolarisation neuro
nale et une chute de la liberation des neurotransmet

teur s etudies), succede une periode de 
desensibilisation de ces memes recepteurs GHB avec 
depolarisation neuronale et liberation accrue de GABA, 
dopamine et glutamate. Ce phenomene se produit dons 
la pluport des regions cerebra les etudiees. Le role 
benefique du GHB en therapeutique OU son utilisation 
comme substance recreative serait done la conse
quence d'une adaptation des circuits GHB endogenes 
controlant la liberation de certa ins neurotransmet
teurs a la suite de l'augmentation importante des taux 

de GHB cerebral. 

A fortes concentration,-, 

le GHB cerebrnl active egalement 

les recepteurs GAf.lA" 

Plusieurs etudes font etat de la participation des 
recepteurs GABA 5 au mecanisme d'oction neuropharma

cologique du GH8. Cette conviction 
repose sur deux types de resultats: 

d'une part, le GHB a des doses variables 

ligands specifiques (dont l'antagoniste NCS-382) possedent des effets 
propres alors qu'ils n'ont pas d'affinite pour les recepteurs GABA6 

[?.9]. Une autre hypothese, deja mentionnee plus haut, serait de pas· 
tuler une participation des recepteurs GHB dons lo regulation de l'ac
tivite de certoins circuits GABAergiques stimulant des recepteurs 

GABA, (Figure 3). La disparition de ces derniers recepteurs abalirait les 
effets pharmacologiques du GHB. Enfin, ii faut constater que les effets 
pharmacologiques du GHB et du baclofene ne sont pas identiques et 
qu'ils possedent des indications theropeutiques bien distinctes [30]. 

L'administrntion de GHB a fortes com:entratioris peut-e!le S!!rvir 
de prec:urseur ii un compartiment de GABA <indogime ? 

La degradation du GHB cerebral comporte son oxydotion en acide suc
cinique semi-aldehyde (SSA). Le devenir de cette substance est clas
siquement son oxydation en acide succinique (SA). Certaines etudes 
proposent qu'une partie de ce SSA serve a lo fabrication de GABA via lo 
GABA transaminase [3!.J. Le role de ce compartiment de GABA forme a 
la suite de la prise de GHB pourrait etre la stimulation de certaines 
classes de recepteurs GABA, dont les GABA8 (F!gurr 4). 

Conclusions et perspectives 

Les donnees disponibles semblent indiquer que le GHB, via ses propres 

recepteurs et les recepteurs GABA8 , participe a la regulation des 
influences GABAergiques dons le cerveau. Le systeme GHB endogene 

Neurone GABA (IC 10 ~ 150 µM pour la plus foible valeur, 

Jusqu'a 1[10 = 3 a 5 mM pour les valeurs 

les plus fortes} [2{,] deploce in vitro le 

GABA ou le baclofene radioactif de leurs 

sites de fixation GABA1. D'autre part, de 

nombreuses situat io ns experimentales 

(in vivo ou in vitro) montrent que les 
effets neuropharmocologiques du GHB 
sont exclusivement bloques par les 

antagonistes GABA 6 et n'existent pas 

chez les souris dent les genes codant 
pour ces recepteurs ont ete invalides 
[ 27 ). Sur la base de ces resultots, le role 

des recepteurs GHB dons la mediation de 
ses effets pharmacologiques appara1t 
obscur. II semble neanmoins que l'on 

puisse mettre en evidence des effets 
proprement GHB (via des recepteurs 

GHB) en bloquant au prealable les sites 
GABAB (28]. Le caractere massif de l'ef
fet GABA6 masquerait les effets du GHB 

vio ses prop res recepteurs. De pl us, ces 
derniers part1ci pent tres probablement a 
la reponse pharmacologique puisque des 

'"""" "'ml"''Ph•'''"' iFf f m; 
. . • ~ GHil . . plasm,que 

Mitoch ondri e 

M!S n" J, liC'f. 21, 1r.1:m 201}5 

GHB adm1nistre--.-;... ,'!'.xtn.1id:t!fo.ir'Q' -·-·-{B"- .. .-, GHf:i, 

ot, ,,,,,00,1, '• -:ed,rd , GHB'"···,,. 
~ 'dishydro,iao" 

Figure 4. M!?c:r.inisme possible d~ la stimufotian 

des ricepteur5 GABA, par (8 GHB. le GHB est 
capture par le neurone GABA a partir du milieu 

extracellulaire, puis degrade par la GHB
deshydrogenase (GH8-DH) en acide succinique 
semi-aldehyde (SSA). Ce com pas, est soit 

GAB,, 

1 
·· ··· .. " oe $ ... ,.,oQ 

!'···: ... , .... , 
.lj· · 

Receptcur f.J\BAs 
· ----.·,,, 

oxyde en acide succinique, pour alimenter le cycle de Krebs (acide succinique semi-aldehyde 
deshydrogenase, S5ADH), soit tronsamine par la GABA transaminase (GASA-T) mitochondriole, 
pour produire un compartiment de GABA specifique qui pourrait etre utilise pour la stimulation de 
,ecepteurs GABA,. 
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constitue un ensemble de cibles nouvelles pour des substances 
modulcrnt i'activite GABA du cerveau. I/ est interessant de 

signaler a cet egard que des ligands synthetiques, ligands 

exclusifs des recepteurs GHB, modulent ,a v,gilance, l'anxiete 
et le sommeil chez le rat. O 

SUMMARY 

y-hydrcnybutyrnte (Gr·;B) i~ mainly known be(;aus~ of its popula

rity C!~ o drug of obtJSt:' cHriung young individuals. Howevtr d1is 

~ub~tunce irn.::.rea.::e~, shhv-wuve deep s.ke p und the secr•.::t:icn of 

gro~\·t:h hormon~ ond bcr-;ide~ ·!ts reil( in orn:u.-:~sthcsi o. it :s used ;n 

s.eve ro ! therapeutic indications inciuding afcohfJI wit:hdrowcl, 

corilroi of daytirr!e sicep attucks end cutuplex/ in norcoltptic 

pot ients (!nd ;'> propc~cd -for the treauner1t of fibrrnnyclg•(L GHH 

is also ar. endogc11cu5 substonc,~ pr!'.S~~nt in <.eveu?i 01-gnns, inch.1-

Cing bro.in when:: it is syrthesizcd from GADA in ,:-: ells contc1nlng 

glutomi c: ric:id decarboxytuse, the moriH;r of l~.Atll~ergic neuroi--.:-. 

GHB is nccurnulnted by the ve'.-:iculor inhibit ory aminoo r:ld trans.

Darter (Vlf\AT) nnd 1·c!eased by deprJkiii7.otion vio a (e1 1
• depen

cit~nt-rnt~chcn1:i.rn. A fem{; or GHB r~ceµt o:-,;,; .~,::ist~ ;n bro in ,,.,hich 

posscs.ses hyperpolari1..i 0g prr:ip,;;~rtit;5 through (.a:~ and K' chcm

neis. These receptors - one oft1~m has bf.tn r€cently dor:ed frorn 

rot bro in h;pµocnmpus - ore lhought to regurate GABJ\ergic ucti

vitie\ viG c subtle bo!ance bebH~en sens. ib zed/desensiti;:ed 

stctes. r.::ossive ob~orptinn of GHB desi:r.si::ize GHB rect~p r.o:-s nnd 

this rncd i f1cotiorL, together with n direct ,;ti rnulat i ::H) Df (;A3A1i 

receptor~ by GHB 1 induce a perturbation in G/J...fJft, do~~c,rn ine and 

opiate refecses in severat n~g ion of the brain . Th.is adcpt o.t1on 

phfnon:fnon i :; ~vobcbiy respfJ nsib!e for the thcropeuti t,: ond 

rec ~[~u t ive effects o f ,:~,; oge noL:s GHR. 
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operation or post-mortem examination. The histology was 
available in 48 patients, and 10 others with malignant 
cytology, together with radiological bone metastases and 
raised serum-acid-phosphatase with no histological con
firmation, were all grouped together as having a definitive 
diagnosis. There was no correlation between cytological 
and histological reports in 12 patients (20·7%) and details 
are shown in the accompanying table. Despite accurate 
reporting by the cytologist and histologist, the diagnosis of 
prostatic carcinoma was " missed " using the Franzen 
technique in 7 patients, as it was in 3 patients undergoing 
prostatic transurethral resection (T.U.R.), Fi:araen-necdle 
cytological reports should be viewed with reservation, as 
should benign prostatic material obtained from a T.U,R, In 
such situations both techniques could be used to comple
ment each other. Bo/o of the 152 cytological preparations 
were considered technically unsuitable or inadequate for 
diagnostic consideration. In this series, any one Franzen
needle prostatic biopsy was 85 % reliable in providing an 
accurate diagnosis. 

St. Bartholomcw•s Hospirnl) 
London ECl. 

JOHN P. WARD, 

ACUTE RENAL FAILURE 
Srn,-I am worried by your editorial of July 21 (p. 134), 

which presents an unusually narrow view of the patho
genetic mechanisms. Two aspects are stressed-that renin 
plays an important role and that diuretics exert a protective 
effect. As for the former theory, the evidence presented is 
circumstantial. I submit that there is no concrete evidence 
that renin activation in shock is other than a secondary 
effect. Few practising renal physicians support the view 
that in man diuretics prevent the condition-what they 
m ay do is stimulate further renin release. This action has 
previously been cited as a cqntraindication to their use! A 
recent a rticle 1 emphasises that the circulatory type of 
acute renal failure, as produced in animals by glycerol 
(which is the popular technique used in many of the 
articles you cite), is actually worsened by frusemide pre
treatment. 

The unifying mechanism that is common to all types of 
shock which result in acute renal failure and tubular 
necrosis is disseminated intravascular coagulation (D.r.c.). 
This is a particular feature of traumatic, septic, and ob
stetric shock, whether in animals or man, and the fact that 
it is not found in simple hocrnorrhagic shock, which is 
usually reversible without causing renal failure is, I believe, 
very significant. D,I,C. has been found to accompany those 
cases of acute renal failur" with the worst prognosis. 2 

More refined studies show that it is a feature of almost all 
types of acute renal failure. 3 It is also important that in
hibition of fibrinolysis, damage to renal vascular endo
thelium, and often reticuloendothelial blockade accompan}' 
shock and acute renal failure, This means that fibdn 
deposition will be more: than transient. Furthermore, 
inhibition of fibrinolysis can be shown to precipitate renal 
cortical nccrosi s. • ·" It should also be realised by those 
who are ignorant of thi s particular theory that lJ .I.e. is a 
functional event which is accompanied by the production 
of powerful vasoconstrictor productg, such as serotonin, 
that it is facilitated by the metabolic acidosis of shock, and 
that it is an inevitable accompaniment of sympathetic 
nervous activation. 

1. B.a.i.ley, R. R . • Natab, R., Turnbull~ D. I., L inton~ A. L. Clin. Si;i, 
molee,. M /$.d, 1973, 45, l. 

2. Kleinknecht. D,~ Kanfor, A,J Co~"'lon, A., GrunfddJ J.P., Chanan.l) 
J., Jo•sc, F. 'J. Ure/. Nephr<!I. l972, 4S, 330. 

3. Wardle, E . N. Q. :fl Med. !973, 165, 205. 
4. Wardle, E. N ., Wright, N. A. Arn.:J, Obiter. Gymc. 1973, 115, 17. 
5. Wardle, E. N., Wright, N. 1\, Arclu Path. 1973 1 95, 271. 
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I have shown that infusion of various procoagulant 
substances into the renal arteries of rabbits-for example, 
thrombin, the inevitable mediator of intravascular co
agulation-results in acute renal shut-down, and that there 
follows a lysozymuria indicative of tubular damage. That 
thrombin causes impairment of renal blood-flow has also 
been shown by other groups.•- • 

The observation that acute tubular necrosis is by no 
means the rule is based on morphological evidence. In 
human studies the histologist is at the mercy of capricious 
timing and limited sampling. lt is of interest that Harrison 
et al.' have shown that lysozymuria indicative of tubular 
damage is more common than histological studies might 
have indicated. 

\X'cUcome Research Laboratories) 
Royal Victoria Infirmary) 

Newcastle upon Tyne NEl 4LP. E. NIGEL WARD LE. 

SLEEP-INDUCING EFFECTS OF 
GAMMAHYDROXYBUTYRATE 

Srn,-We were interested in the report by Brezinova 
and her colleagues on the use of tryptophan as a hypnotic 
for psychfatric inpatients. 10 The use of such naturally 
occurring metabolites is appealing because these compounds 
may prove safer to prescribe for impulsive suicidal patients 
and may be less addicting than the drugs now in use. 
Furthermore, currently used hypnotics do not bring on 
normal sleep, but reduce the proportion of both R,E,M, and 
delta sleep. 11 An ideal hypnotic would be safe and non
addicting and would induce the characteristic sleep stage5. 
These considerations led us to study gammahydroxyhuty
rate (G.H.B.). This substance (' Gamma-OH') was intro
duced into medicine in 1960 by Laborit. 12 To date, it has 
proved remarkably safe, and animal studic5 have failed to 
demonstrate the development of tolerance with chronic 
use. 1 3 It is a normal constituent of the mammalian nervous 
system from which it has been isolated, in highest con
centrations, from the midbrain and hippocampal areas.'" 

We have studied the sleep-inducing effects of this drug 
on 5 insomniacs. 

Each patient was studied for eight consecutive nights with all 
night recordings of the F..F..G ., E, O,G., E.M.G., and E.C. G. The 
patients, 3 males and 2 females, ranged in age from 35 to 60. All 
had past histodes of psychiatric illness, but none was acutely ill at 
the ti me of the study. All complained of periodic insomnia. The 
first 3 nights were placebo nights followed by 3 drug nights on 
which each patient was given 1-3 g. of G.ll.B. Nights 7 and 8 
were again placebo nights. The records were scored according 
to international criteria. lr'• 

All patients responded similarly. A typical response pattern is 
illustrated in the accompanying figure. G,H.ll. regularly induced 
the natural stages of sleep, There was a pronounced increase in 
the proportion of delta sleep, An early and prolonged initial 
R.E,M, pedod was consistently observed and the amount of R,E ,M, 
sleep in the first third. of the night was greatly increased. How
ever, the total R.B,M, sleep per night was unchanged. There was 
no rebound or withdrawal effect on nights 7 and 8. The quality 
and restorative effect of G,H,ll. sleep was consistently well rdted. 

6. Hoic., J.~ Schenk, W. G . :J, Traitma> L972, 121 302. 
7. Rodegrun, K ., Cronc:strand> R., Olsson, P. Eur. J. sut~. Rei. 1970, 

2,460. 
8, Thie.!1:9, W., Gl'adf, H. , Bl¢yl, U., Immich, 1-1.1 Kuhn, W, Thromb . 

Di'ath. hamiorr-h. I 909, 23, 369. 
9. Harrison, J. F., Park~r, R. W ·• de Silva, K . L. J. d£r1. Parh. 1973, 26) 

278. 
10. BrczinovaJ V, , Lou don~ J., Osw1'1d, I. Lanut, 1972, ii, 1066. 
Ll. Kales) A., Kales, J. D. Pharmaco/. Phynu, 1970, 4~ 9, 
l2. La.borit, H. Int.:/. Neuretpl:arn,acetl. 1964. 3 1 433. 
l3, Vic~eu, M. D. Int. A>:wh. C/in, 1969, 7, ?5. 
L4. Roth, R. H. BiacJunt. Pharma,. 1970, 19, 3013. 
15. Rechtscha:ffen, A., Kales , A. (e<litor:1}. A Manual of Standa:r:diz;ed 

Tcnninology Techniques and Scoring Sy&rccn for Sleep Stag:es of 
Human Suhiccts. National [nstitutc of Health Publicntion no. 
204. U.S. Government Printing Office~ Wa:ihington, D.C., 1968. 
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Elfect of G.H.B. on •Icep. 

The vertical scale refers to the stages of N.R.E.M. (non-R.E.M.) 
sleep. W indicates wakefulness, and lhc arrows indicate move
ment epochs. 

In doses greater than 3 g., the electrical signs of sleep 
are replaced by anresthesia." G.H.n. is rapidly metabolised 
and disappears from the bloodstream in two to three hours." 
The increase in R.ll.M . and delta sleep observed in the 
first third of the night is thus induced while G.H.B. is still 
present in the blood. The role of G,H.B. in the regulation of 
sleep and wakefulness is nor yet known, but it has been 
implicated in the metabolism of four major neurotrans
mitter systems concerned with this process: dopamine, 
acetylcholinc, serotonin, and G.A.B.A.1'•" Its metabolic, 
electrical, and behavioural effects make it an attractive 
candidate for the long-sought sleep humour. 1 • 

We thank Laboratoirc Egic, of Paris, for providing the gamma
OH. 
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LOW-RESIDUE DIETS AND HIATUS HERNIA 

Sm,-Burkitt and James•• convey the impression that 
straining at stool is the all-important factor in the cause of 
hiatus hernia (type unspecified). Frequent intermittent 
raising of abdominal pressure to unnatural levels, whether 
by straining to expel freces or urine, or by the cough of the 
cigarette smoker or the chronic bronchitic, increases the 
tendency to herniation of abdominal contents through 
vulnerable sites such as the inguinofemoral region and the 

16. Vicl,crs, M. D. Proc. R . So,. Mui, 1968, 6l, 821. 
17, Clifford, J. M., Tabcrncr, P. V.~ Tunnicliff, G., Ricks, J. T ., 

Kerkut, G. A, BfothMn. Ph"rmaG-O!. 1973, 22, 535. 
18. Jouvct. M . ErJ;!ebn. PJum'oi. 1~72, 84, 166. 
19. Osw1:1ld, I. Phannacoi . Rt.~. l968, 20, 27. 
20. B.irkitt, D . P., Jnmn, P.A. Lanct-1, July 2 1J 1973, p . 128. 
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<:esophageal hiatus in the diaphragm. This tendency in
creases as the years pass because of progressive decline of 
the containing powers of the abdominal walls (which in
clude the thoracic and pelvic diaphragms). It is indeed 
possible that one only has to live long enough to get a hernia 
at one site or another. To single out one predominant 
cause. for one type of acquired hernia seems unwise. 

Burkitt and James are to be commended for including 
among the X-ray series from Africa and Asia, in which the 
disorder is rarely revealed, the figures from Vellore, in 
which the frequency is 38%, but their reason for casting 
doubt on the· significance of this recording-" either the 
methods or the diagnostic criteria may have differed " 
-is unacceptable. One wonders what were the methods or 
criteria used for the others. Advocacy is not strengthened 
by accepting evidence which is favourable and rejecting 
that which is not. One welcomes the plea for "prospective 
[X-ray} studies in different communities using the same 
techniques and diagnostic criteria ". 

Barton, 
Cambridge. HAROLD EDWARDS. 

COMPLETE DEFICIENCY OF BRUSH-BORDER 
LACTASE IN CONGENITAL LACTOSE 

MALABSORPTION 
Sm,-Adults with specific hypolactasia usually do not 

give any history of milk intolerance in their early childhood, 
indicating that they have once been able to digest the large 
amounts oflactose present in their mother's milk. Therefore 
they must have had a high activity of brush-border lactase 
during the suckling period. 

It is well documented that there remains a residual 
lactase activity in jejuna! biopsies from adults with specific 
hypolactasia. This has generally been believed to r e
present an unspecific intracellular enzyme without ability 
to hydrolyse dietary lactose. By using recently developed 
specific methods,• however, we have demonstrated sig
nificant residual activities of brush-border lactase in jejuna! 
biopsies from adults with hypolactasia. The mean activities 
found ranged from I ·8 units per g. protein in Zambians • 
to 4· l units per g. protein in Finns,' compared with 40 
units per g. protein in Finns with persistently high lactase. 1 

The residual enzyme was also characterised and found to 
have the same enzymatic properties as brush-border 
lacrase isolated from adults with persistently high activity 
of the enzyme. 3 Thus adults with specific hypolactasia are 
in fact able to synthetise brush-border lactase and the 
decrease in enzyme activity to the adult level, which is 
inadequate for hydrolysis of significant amounts of dietary 
lactose, is obviously a regulatory phenomenon. A similar 
switch down of lactase production occurs generally in 
mammals at weaning. 

With this background we have now studied different 
enzyme activities in jejuna! biopsies from 4 children with 
congenital lactose malabsorption: 

Patient 
1 
2 
3 
4 

Sex and aze (yr.) 
MS 
F7 
F5 
F3 

Maltau (wdu pu-
2· prot1n'n) 

440 
497 
384 
478 

Bru5h-hoTdtr 
laczas~ (u,iiu p~r 

g. prc.,ufn) 
<0·3 
<0·3 

0·5 
<0·3 

Symptoms of milk intolerance, watery diarrha:a, appeared 
after the first meal of breast-milk. Diarrho:a persisted and 

J. Asp, N.-G., Dahlqvi11;1, A. Anal. Bi'o~hem, 1972, 47, 527. 
2. Cook, G. C., Asp~ N.-G,, D.ahlqvist, A. Gas,n,,nt•ra/ozy, 1973. 64, 

405. 
.3. Asp, N.-G., Bc::rg, N.-0., Dablqv;st, A ., Ju1-sila, J,1 Salmi~ H . 

Sca,id.J. Gasrrocnt. 1971, 8 , 755. 



AMN1002 
IPR of Patent No. 8,772,306 

Page 613 of 1327 

Biological Psychiatry, Vol._ 12, No. 2. 1977 

The Effects of ')'-Hydroxybutyrate on Sleep 

Morty Mamelak, 1 Joseph M. Escriu,1 and Olga Stokan 1 

Received March 24, 1976; revised August 3, 1976 

Sodium 1-hydroxybutyrate (GHB} is a remarkably safe and nontoxic hypnotic 
agent which is reported to be free of addicting properties. It is also a nomial 
metabolite of the mammalian nel1)ous system. We examined its effects on the 
sleep-EEG of eight patients with histories of impaired sleep, as a prelude to a 
more detailed study of its clinical potential. Sleep induced with GHB was in
distinguishable subjectively from natural sleep as well as by behavioral and elec
troencephalographic cn·teria.. Unlike most synthetic hypnotics, GHB increased 
delta sleep and did not suppress REM sleep. It shortened the REM sleep latency 
and shifted REM sleep into the first third of the night. On one occasion it in
duced a sleep onset REM period which was experienced as an attack of sleep 
paralysis. Withdrawal was simple; there was no REM sleep rebound and sleep 
patterns immediately returned to their pre-drug form. Its major clinical draw
back was its short duration of action: its hypnotic effect lasting only 2 to 3 hr. 
We suggest that GHB may serve as the prototype for a new class of hypnotic 
compounds derived from natural sources and capable of activating the neurol
ogical mechanisms of nonnal human sleep. 

INTRODUCTION 

This study was undertaken to explore the usefulness of sodium -y-hydroxy- · 
butyrate in the treatment of insomnia. ')'-Hydroxybutyrate (GHB) is a naturally 
occurring soporific; it is a normal constituent of the mammalian nervous system 
where it is concentrated in the rnidbrain and hippocampal areas (Roth, 1970). 
Its metabolic origin is uncertain, but it may be derived from 1-aIDinobutyric acid 
(Roth and Giarman, 1969). 

This study was assisted under Grant No. 455 of the Ontario Mental Health Foundation. 
1 Sunny brook Medica1 Center, University of Toronto Clinic, Toronto, Ontario. 
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G_HB's attractiveness as a potential clinical hypnotic is based on a number 
of factors. First, it is a remarkably safe and nontoxic substance (Vickers, 1969). 
Its LD50 is 5 to 15 times the coma-inducing dose, and death, when it occurs, is 
thought due to sodium intoxication rather than to the active principle. Second 
development of tolerance to its hypnotic effect has not been demonstrated ' 
long-term animal studies (Vickers, 1969). Finally, in doses of approximately 
mg/kg, it induces the natural stages of sleep (Yamada et al., 1976). When given 
to healthy human subjects at bed time, the normal sequence of NREM and 
sleep occurs; delta sleep tends to be prolonged, and REM sleep appears after a 
normal latency. 

In contrast, the usefulness of most synthetic hypnotics is limited by the 
development of tolerance and by their high potential for abuse and self-poison. 
ing. REM and delta sleep are usually suppressed, and the rebound of REM sleep 
upon drug withdrawal is associated with disturbed, nightmarish sleep - a factor 
which likely discourages attempts to discontinue the use of these drugs (Oswald ) / 
and Priest, 1965). 

These potential clinical advantages led us to study the effects of GHB in ·•· . 
a heterogenous group of eight patients with long-standing histories of impaired .. ·· 
sleep. Each patient was studied by means of subjective sleep reports and con
secutive all night EEG-sleep recordings. Our study was designed as a preliminary 
to a more detailed evaluation of the effectiveness of GHB in the treatment of the 
individual forms of insomnia. 

METHODS 

Five men and 3 women, ranging in age from 34 to 60 years (mean age = 

51 years), were studied. A resume of each subject's clinical history is given in the 
section on results. All had previously been treated for insomnia, but with the ex• 
ception of one narcoleptic subject who continued on 10 mg t.i.d. of d·ampheta
mine, all were drug-free for at least 3 weeks before they were studied. Informed 
consent was obtained from each subject after the nature of the procedure had 
been fully explained. 

Each patient was studied for eight or nine consecutive nights in the sleep 
laboratory with all-night recordings of the EEG, EOG, EMG, and EKG. The pa· 
tients were asked not to sleep during the day and to refrain from all alcoholic 
beverages during the study. The first 3 nights were placebo night s. On the fol· 
lowing 3 or 4 nights, each patient was given 1.0 to 4.5 g of -y-hydroxybutyrate 
orally (15 .0-55 .0 mg/kg) . The last 2 nights were again placebo nights . Most often, 
on the first drug night, a 3-g dose was given, and depending on the electro· 
encephalographic response, the dose of the drug was varied on the following 
nights. Our objective was to induce sleep as defined by the appearance of normal 
EEG-sleep patterns and to minimize the duration of the moderate to high-
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voltage theta and delta rhythms induced by high doses of GHB (see Fig. 1). 
These slow-wave patterns have been previously described (Schneider et al., 1963; 
Metcalf et al., 1966; Ohye et al .. 1966). We arbitrarily scored these EEG patterns 
as stages X, Y, or Z depending upon the abundance of theta or delta frequency 
activity exceeding 75 µv (C4 -ear). In stage X, 50% or more of each epoch was 
occupied by moderate to high-voltage theta rhythms. This merged with stage Y 
in which the theta waves were progressively replaced by moderate to high-voltage 
delta waves. When more than 20% of each epoch, but less than 50% was occu
pied by such moderate to high-voltage delta waves, the epoch was scored as 
stage Y. When more than 50% of each epoch was occupied by moderate to high
voltage delta waves, the epoch was scored as stage Z. Stage Z was scored only 
when it occurred in the sequence X, Y, and Z. Otherwise it was often difficult to 
distinguish it from stage 4. Scoring according to international criteria (Recht
schaffen and Kales, 1968) commenced when well-formed sleep spindles or REM 
sleep appeared. 

The drug or placebo was given at lights out, usually about 11.00 PM, and 
sleep was recorded continuously until 7 .00 AM. The patients were not told on 
which nights they were given the drug. ,-Hydroxybutyrate was obtained from 
Laboratoire Egic of Paris, France, who market this drug as a banana flavored 
syrup, Gamma-OH, for oral use. The placebo consisted of 5 cc of banana flavor
ing in water.. 

About 0, hr after awakening, each patient was asked to assess the quality 
of his previous night's sleep. The sleep self-rating scale of Platman and Fieve 
(1970) was used. The quality of sleep was rated on a scale of zero to six: zero 
indicated a very poor night of sleep and six a very good night. Each patient was 
also asked to guess if his sleep had been drug induced. 

Recordings were done with a Grass Model 6 electroencephalograph. Paper 
speed was 15 mm/sec and scoring was done on each 20-sec epoch. The total 
recording time was measured from the time the drug or placebo was given, i.e ., 
lights out, until 7 .00 AM. The total sleep time was calculated by subtracting the 
period of wakefulness from the total recording time . Sleep latency was calculated 
as the time from lights out until initial stage 2 of 1 min or more in duration. 
REM latency was from initial stage 2 until the first REM sleep period of 1 min 
or more in duration. On some drug nights REM sleep occurred before stage 2. 
On these nights, sleep latency was measured from lights out until the beginning 
of the first REM sleep period of 1 min or more in duration. The sleep latency 
was not measured in the narcoleptic patient who often fell asleep as the elec
trodes were being applied. The sleep latency could also not be measured accu
rately on one night in another subject after a 3-g dose of GHB obscured the nor
mal EEG-sleep patterns (Fig. 1, night 4). REM density was measured as the per
centage of 20-sec REM sleep epochs containing one or more rapid eye move
ments. Delta sleep was calculated by summing stage 3 and 4 sleep . The time 
spent in each sleep stage in each third of the night was measured after first 
dividing the total recording time into three equal periods. 
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Fig. 1. Case I sleep patterns. In Figs. 1 and 2 the vertica1 axes indicate the stages of sleep. 
The horizontal white bars at the level of stage 1 indicate REM sleep and arrows above each 
night's sleep pattern indicate movement arousals, Consecutive nights of sleep are shown in 
decending order. 
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RESULTS 

A. Clinical Data 

Case I 

A 34-year-old woman with an 8-year history of recurrent depressions. For 
these she had received ECT, tricyclic antidepressants, neuroleptics, and numer
ous hypnotics. She was withdrawn from daily doses of chlorprothixene (200 mg), 
methyprylon (300 mg), and flurazepam (30 mg) 25 days before the sleep study. 
Her mood at the time of the study was normal. Her sleep patterns during the 
study are shown'in Fig. 1. In the data given below, P indicates placebo. 

Night 

Dose (mg/kg) 

Was sleep 

I 

p 

2 

p 

3 4 5 6 7 

P 47.09 31.39 15.69 24.54 

drug induced? yes yes yes yes yes no yes 

Sleep Quality 3 4 3 4 4 2 4 

Case II 

8 

p 

9 

p 

no no 

2 3 

A 60-year-old woman with a 16-yearhistory of manic-depressive psychosis. 
At the time of the study she had been off all drugs for more than 5 months and 
her mood was nonnal. Her sleep patterns during the study are shown in Fig. 2. 

Night 1 2 3 4 5 6 7 8 

Dose (mg/kg) p p p 45.45 45.45 45.45 p p 

Was sleep 
drug induced? no no no no yes yes no no 

Sleep quality 3 3 3 4 5 5 3 5 

Case III 

A 60-year-old man with a long0 standing history of chronic anxiety and 
alcoholism. He had been treated with a wide variety of anxiolytics, antide
pressants, and hypnotics with only moderate success. At the time of the study 
he had been off all drugs, including ethanol, for more than 1 month and was 
mildly anxious. 
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1 2 3 4 5 6 7 8 
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3 3 4 4 5 s 4 4 
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Case IV 

A 50-year-old woman with a 12-year history of recurrent depressions for 
which she had been treated with ECT and tricyclic antidepressants. At the time 
of the study she had been off all drugs for 3 weeks and was complaining of de-
pression and fatigue. 

Night 1 2 3 4 5 6 7 8 

Dose (mg/kg) p p p 52.08 26.04 17 .36 p p 

Was sleep 
drug induced? no no no yes yes yes yes yes 

Sleep quality 5 4 5 3 3 4 4 4 

Case V 

A 57-year-old man with a 6-year history of mild bipolar mood swings now 
effectively controlled by lithium. At the time of the study he had been off all 
drugs for more than 1 month and his mood was normal. 

Night 1 2 3 4 5 6 7 8 9 

Dose (mg/kg) p p p 36.23 54.34 36.23 36.23 p p 

Was sleep 
drug' induced? no yes yes no yes no no no yes 

Sleep quality 2 4 5 4 3 5 5 4 4 

Case VI 

A 53-year-old man with a long-standing history of manic and depressive 
mood swings. These are well controlled by lithium. At the time of the study he 
had been off all drugs for more than 2 months and his mood was normal. 

Night 1 2 3 4 5 6 7 8 

Dose (mg/kg) p p p 32.96 32.96 32.96 p p 

Was sleep 
drng induced? no yes no yes yes no no yes 

Sleep quality 3 5 4 4 5 4 4 6 
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Case VII 

A 59-year-old man with a long-standing.history of chronic anxiety and 
depression. He has been treated with a wide variety of anxiolytics, antidepres
sants, and hypnotics without success. At the time of the study he had been off 
all drugs for more than 3 months and was complaining of anxiety and mild · 
depression. 

Night 1 2 3 4 5 6 7 8 

Dose (mg/kg) p p p 29.60 19.73 39.41 p p 

Was sleep 
drug induced no yes yes yes no yes no no 

Sleep quality 3 2 4 4 4 4 3 4 

Case VIII 

A 37-year-old man with a 24-year history of narcolepsy. He suffers from 
attacks of narcolepsy and cataplexy, from sleep paralysis, hypnogogic and 
hypnopompic hallucinations, and nocturnal dysomnia. At the time of the study 
he was under adequate control on d-amphetamine 10 mg t.i.d. 

Night 1 2 3 4 5 6 7 8 

Dose (mg/kg) p p p 44.77 22.38 14.92 p p 

Was sleep 
drug induced no no no no yes no yes yes 

Sleep quality 2 5 3 4 4 4 4 4 

Sleep-induction with GHB was indistinguishable on the whole from the 
nonnal process of falling asleep. The patients were unable to guess any better 
than chance whether or not they had received the drug (p > 0.05, ns). With 
higher doses, patients reported feeling dizzy, light-headed, and somewhat in
ebriated before falling asleep. Other patients reported feeling very weak before 
losing consciousness. One patient (Case II) a 60-year-old manic-depressive wom
an, actually reported being unable to move one night while still awake. Her sleep 
tracing revealed a progression from wakefulness through stage X to REM sleep 
(Fig. 2, night 6). Since patients may be conscious during stage X (Yamada et al., 
1967), the reported paralysis coupled with the sleep onset REM period suggests 
a GHB-induced attack similar to hypnagogic sleep paralysis seen with dissociative 
sleep onset REM periods in cases of compound narcolepsy (Rechtschaffen and 
Dement, 1967). 
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The quality of sleep was no different with GHB than it was on the pre
drug night or combined placebo nights (p > 0.05, ns). There were no hangovers 
on awakening. 

B. Sleep-EEG Data 

Each patient responded to GHB in a somewhat different manner. Never
theless, an overall response pattern emerged. The earliest electroencephalographic 
effects were seen about 15 min after the oral administration of GHB. At this 
time, bursts of high-voltage theta waves appeared. The patients were still con
scious, though often drowsy, during this period. The theta bursts frequently 
became continuous and then merged with NREM sleep. The first REM sleep 
period usually appeared after a short latency and was often prolonged in dura
tion. REM periods lasting 45 min or longer were not uncommon. REM sleep 
was shifted to the first third of the night, but the total duration of REM sleep 
per night was not changed. GHB increased the duration of delta sleep, and 
typically a period of delta sleep followed a prolonged initial REM period (Figs. 
I and 2). 

With higher doses, EEG patterns emerged which were different from 
those of normal sleep. These were scored as stages X, Y, and Z as described 
earlier. These stages were devoid of well-formed sleep spindles. It was usually 
possible to minimize the appearance of these EEG patterns by giving less drug. 
However, transitional patterns, especially between stages X, 1, 2, and REM 
did occur. At times, even lengthy periods of normal EEG sleep on drug nights 
would be interrupted by short intervals or bursts of moderate- to high-voltage 
theta or delta rhythms. This was most likely to occur at moments of arousal 
or preceding the shift to a lighter stage of sleep. For example, in a shift from 
stage 2 to stage l or wakefulness, a burst or an epoch or two of moderate to 
high-voltage theta and delta rhythms might intervene. At these times, the record 
was scored according to the EEG pattern which dominated 50% or more of the 
epoch. 

The Mann-Whitney U-test was used to evaluate the data. For each sleep 
parameter, two different comparisons were made. First, night 3, the last pre
drug night, was ranked against the drug nights . Second, night 3 and the last 
two nights of each study, i.e., the combined placebo nights, were ranked against 
the drug nights. The first two nights of each study were considered adaptation 
nights. Since the eight patients represent a clinically heterogenous group, each 
sleep parameter was ranked separately for each patient. For the sake of com
parison with other data in the sleep literature, the mean value and standard 
deviation of each sleep parameter averaged for all patients is also given (Table I). 

1. Total sleep time 

(a) drug nigh ts vs. pre-drug night: 
(b) drug nights vs. combined placebo nights: 

p > 0.05, ns 
p > 0.05, ns 



AMN1002 
IPR of Patent No. 8,772,306 

Page 622 of 1327 

282 Mamelak, Escriu, and Stokan 

Table I. Mean Value and Standard Deviation of Each Sleep Parameter 

Combined placebo 
Pre-drug night Drug nights nights 

1. Total sleep time 396.08 ± 21.39 min 398.55 ± 34.04 min 384.12 ± 57 .24 min 
(N = 8) (N = 26) (N = 24) 

2. Sleep latency 38.14 ± 25.59 min 28.07 ± 15.69 min 35.39 ± 19.28 min 
(based on 7 (N = 7) (N = 22) (N = 21) 
patients excluding 
the narcoleptic) 

3. Delta sleep 14.41 ± 17.45 min 34.14 ± 24.28 min 16.46 ± 18.90 min 
(N = 8) (N = 26) (N = 24) 

4. Delta sleep in 5.66 ± 9.75 min 19.08 ± 17.69 min 5.94 ± 7 .85 min 
first third of (N = 8) (N = 26) (N = 24) 
night 

5. REM sleep 89.32 ± 32.14 min 75.58 ± 23.88 min 79.10 ± 24.69 min 
(N = 8) (N = 26) (N = 24) 

6. REM percent in 23.11 ± 12.47% 37.40 ± 18.51% 26.54 ± 15 .82% 
first thiid of (N = 8) 
night 

(N = 26) (N = 24) 

7. REM latency 65 .81 ± 40.66 min 32.28 ± 34.36 min 66.79 ± 36.38 min 
(based on 7 (N = 7) (N = 23) (N = 21) 
patients excluding 
the narcoleptic) 

8. REM density 63.17 ± 8.77% 59.33 ± 12.73% 66.15 ± 7.40 min 
(N = 8) (N = 26) (N = 24) 

9. REM density in 66.27 ± 12.11% 50.42 ± 20.09% 66.13 ± 12.51% 
first third of (N = 7) 
night 

{N = 25) (N = 22) 

10. Movement time 2.71 ± 2.19 min 1.87 ± 1.32 min 2.87 ± 2.11 min 
in fir st third of (N = 8) (N = 26) (N = 24) 
night 

2. Sleep Latency (based on 7 patients, excluding the narcoleptic) 

(a) drug nights< pre-drug night: p< 0.05 
(b) drug nights< combined placebo nights: p< 0.05 

3. Delta Sleep 

(a) drug nights> pre-drug night: p < 0.01 
(b) drug nights> combined placebo nights: p <0.01 

4. Delta Sleep in first third of night 

(a) drug nights> pre-drug night: p < 0.01 
(b) drug nights> combined placebo nights: p < 0.01 
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5. REM Sleep 

(a) drug nights vs. pre-drug night: p > 0.05, ns 
(b) drug nights vs. combined placebo nights: p > 0.05, ns 
(c) pre-drug night llS. first post-drug night: p > 0.05, ns 
(d) pre-drug night vs. post-drug nights: p > 0.05, ns 

6. REM Percent in first third of night 

(a) drug nights> pre-drug night: p < 0.01 
(b) drug nights> combined placebo nights: p < 0.02. 

7. REAf Sleep latency (based on 7 patients, excluding the narcoleptic) 

(a) drug nights< pre-drug night: p < 0.01 
(b) drug nights < combined placebo nights: p < 0.01 

8. REM Density 

(a) drug nights vs. pre-drug night: p > 0.05, ns 
(b) drug nights vs. combined placebo nights: p > 0.05, ns 

9. REM Density in first third of night 

(a) drug nights< pre-drug night: p < 0.05 
(b) drug nights< combined placebo nights: p < 0.05 

10. Movement time in first third of night 

(a) drug nights vs. pre-drug night: p > 0.05, ns 
(b) drug nights vs. combined placebo nights : p > 0.05, ns 

DISCUSSION 

The pharmacological properties of GHB, including its hypnotic and anes· 
thetic actions, were first studied by Laborit and his collaborators (Laborit, 1964 ). 
Earlier, Sampson, Dahl, and White had demonstrated the soporific action of 
other short chain fatty acids (Sampson and Dahl, 1955; White and Sampson, 
1956). With the advent of EEG sleep studies, Jouvet et al. (1961) and later Mat
suzaki et al. (1964) found that short chain fatty acids such as butyrate, iso
valerate, caproate, and GHB and its lactone induced both NREM and REM sleep 
in the cat and that prolonged periods of REM sleep often appeared after a 
short latency. Interest in GHB heightened when it was isolated from the mam
malian nervous system and its derivation from 'Y·arninobutyric acid (GABA) was 
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experimentally demonstrated (Roth and Giarman, 1969). However, the normal 
rate of fonnation of GHB in the nervous system is not known. The liver, which 
can also synthesize GHB,has been considered as an alternate source (Roth, 1970) .. 

The behavioral and electroencephalographic effects in GHB in humans 
have been described by a number of workers (Schneider et al., 1963; Metcalf 
et al., 1966; Ohye et al., 1966; Yamada et al., 1967). The paradoxical presence 
of theta and delta rhythms in waking subjects has been a consistent finding. ln 
doses of 60-70 mg/kg, GHB produces coma lasting 1 to 2-hr (Vickers, 1969). 
No specific electroencephalographic changes mark the transition from wakeful
ness to coma and the EEG shows continuous irregular medium and high-voltage 
theta and delta rhythms at this time (Metcalf et al., 1966). Lower doses produce 
a reversible somnolent state (Vickers, 1969). 

In our hands, this somnolent state was readily reversed by such external 
stimuli as the call to wake up and such internal stimuli as a full bladder·. The 
EEG showed the typical electrical patterns of NREM and REM sleep, and in 
distinction to the EEG patterns observed with other hypnotics (Kales et al., 
1970), delta sleep was prolonged and REM sleep was not suppressed. In fact, on 
many nights, GHB specifically activated the process of REM sleep. The state 
induced by GHB, then, closely resembles true sleep as defined by behavioral 
and electroencephalographic criteria (Dement, 1967). 

GHB and REM Sleep 

REM sleep rarely appears when GHB is given during the day and even 
when the drug is given at bedtime to healthy young adults, REM sleep appears 
only after a normal latency (Y arnada et al., 196 7). This is in contrast to its ef
fect in our patients in whom REM sleep was usually induced after an abnom1ally 
short latency (Figs. 1 and 2). Many of our patients, however, had nights with 
short REM sleep latencies even in the absence of the drug. An early REM sleep 
period, however, was a more consistent finding following GHB, and the average 
REM sleep latency fell from 65.81 min on placebo nights to 32.28 min with 
GHB. 

Our patients all had histories of mental depression, recent drug withdrawal, 
or narcolepsy, conditions in which abnormally short REM latencies have pre
viously been described (Kupfer and Foster, 1972; Oswald, 1968, 1971; Recht
schaffen and Dement, 1967). Since the first REM sleep period in man does not:. 
usually appear until about 90 min after the onset of sleep, the early REM sleep 
periods in these disorders have been attributed to abnormally low REM sleep. 
thresholds caused by increased REM pressure or to ineffective REM inhibitory 
mechanisms. 

It is noteworthy that clinical conditions with persistent overt early REM 
sleep periods are characterized by emotional lability, vulnerability to stress, and 
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disturbances in personality functioning. This is so for schizophrenia (Snyder, 
. l972), depression, narcolepsy, and withdrawal from centrally active drugs, parti

cularly sedative drugs. The personality disturbances in narcolepsy, notably the 
high incidence of depression, have been emphasized recently by a number of 
workers (Broughton and Ghanem, 1975; Roth and Nevsimalova, 1975). In fact, 
Kupfer (1976) has recently proposed that persistent overt early REM periods 
are biological markers for primary depressive illness. 

We suggest that GHB may be used to probe the REM threshold and that 
the early induction of a REM sleep period following the administration of GHB 
at bedtime is indicative of an abnormally low REM sleep threshold. This, in turn, 
implies a fault in the neurological mechanism controlling REM sleep. We suggest 
that this fault or defect expresses itself in a vulnerability to stress and that it 
is one of the abnormalities persisting in depressed patients following clinical re
covery which predisposes them to a recurrence of their illness (Mendels and 
Chemik, 1975). For example, in the case illustrated in Fig. 2, GHB was given to 
a 60-year-old woman with a long-standing history of manic-depressive illness. At 
the time of the study she appeared clinically well and had been off all drugs for 
5 months. Her REM sleep latency on placebo nights was within normal limits 
(average sleep latency: 106 mins). GHB markedly reduced the REM sleep latency 
and on one night even induced a sleep onset REM period. We would have pre
dicted from this that she was not entirely well, and indeed a few months later, 
continuing off all medications, she became manic. 

Narcolepsy and GHB 

The induction with GHB of sleep paralysis in conjuction with a sleep-onset 
REM period was of considerable interest. This phenomenon has been uncommon 
but we have had a number of reports of sleep paralysis following the administra
tion of GHB. These episodes are comparable to those occurring naturally in com
pound narcolepsy (Rechtschaffen and Dement, 1967) and encourage speculation 
that a disorder of GHB metabolism or of a pharmacologically analogous com
pound exists in narcolepsy. 

Jouvet (1969) proposed that acetylcholine and a deaminated catabolite of 
serotonin trigger the noradrenergic mechanisms of REM sleep. Cholinergic 
mechanisms have been implicated specifically in the tonic events of REM sleep, 
the activation of the EEG and the decrease in muscle tone (Jouvet, 1972). GHB 
both increases the concentration of brain acetylcholine (Giannan and Schmidt, 
1963) and shares structural features with it (Feldstein et al., 1970). It is con
ceivable, then, that GHB acts by increasing acetylcholine levels at critical re
ceptor sites within the nervous system or acts directly on these receptor sites 
themselves. GHB also shares structural features with the two serotonin cata
bolites reputed to have soporific properties: 5-hydroxytryptophol and 5-hydroxy 
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indoleacetaldehyde (Feldstein et al., 1970). The aldehyde, in particular, has been 
mooted as the active sleep-inducing metabolite (Feldstein et al., 1970; Sabelli 
and Giardina, 1970). However, GHB's structural similarity to these compounds 
may be less meaningful since neither actually has been shown to induce REM 
sleep and their exact role in sleep physiology remains undefined (Rechtschaffen 
et al., 1968; Feldstein, 1973; Morgane and Stern, 1973). 

THERAPEUTIC APPLICATIONS OF GHB 

GHB's. major clinical disadvantage is its short duration of action. In cases 
of severe insomnia we have had to repeat the drug two or three times during the 
night to main tam sleep. Although GHB shortened the sleep latency, the practical 
significance of this is not clear since our subjects fell asleep after about ~-hr even 
without the drug. GHB, however, did not suppress REM sleep, and there was no 
REM sleep rebound after its withdrawal. The absence of a REM rebound on 
withdrawal likely makes it a less habituating hypnotic than other drugs (Oswald 
and Priest, 1965). We see it as potentially useful for the large number of patients 
who have difficulty falling asleep but who once asleep are able to remain so. 

GHB may also be useful for certain disorders complicated by specific types 
of insomnia. For example, we used GHB to treat the insomnia of a small group 
of narcoleptic patients (Broughton and Mamelak 1975). We were interested in 
the relationship between their impaired nocturnal sleep (Rechtschaffen et al., 
1963) and their daytime symptomatology. We gave the drug in repeated doses 
during the night. GHB increased the total nocturnal sleep time and the total 
duration of nocturnal REM sleep. The incidence of daytime attacks of cataplexy 
declined and daytime functioning improved. This unique therapeutic effect dis
tinguishes GHB from the synthetic hypnotics (Daniels, 1934). 
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We obtained medical and psychological assessments and 48-hr polysomnographic 
recordings on five sisters, three of whom had narcolepsy. Of the three, two 
were identical twins. All three narcoleptic sisters cited emotional stress and 
environmental demands for sustained performance as the major factors which 
aggravated their symptoms, and corresponding to this, the illness followed a 
different life course in each of the three. Most striking were the differences 
between the twin sisters in clinical symptoms and polysomnographic signs. One 
sister suffered from all the symptoms of narcolepsy and her sleep recording 
showed the typical sleep onset REM periods of the disease. Her twin suffered 
only from excessive daytime drowsiness and her sleep recording was normal -
at least by the usual criteria. The sleep of all three narcoleptic sisters, however, 
was significantly more fragmented than that of their normal siblings. Our data 
suggested that excessive sleep fragmentation was a basic feature of narcolepsy 
and that it betrayed a constitutional predisposition for sleep to dissociate into 
its components and to become distributed around the nycthemeron. This 
process could be aggravated by emotional stress and by environmental demands 
for sustained vigilance, and this in turn, created the differences in symptoms and 
signs between individuals with identical genetic predispositions. 

It has been well documented that narcolepsy runs in families (Krabbe and 
Magnussen, 1942; Daly and Yoss, 1959; Yoss and Daly, 1960; Bruhova and 
Roth, 1972; Bruhova, 1973; Kessler et al., 1974; Kessler, 1976). More recently, 
investigators have been intere·sted in the relative contributions to the disease of 
genetic and environmental factors. Narcolepsy has been· viewed as one of a 
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number of clinical disorders such as cleft lip and palate, diabetes, and schizo
phrenia which do not show classical Mendelian patterns of inheritance but in 
which a number of factors combine to create a liability to the disease. Once a 
given threshold of liability is reached the illness becomes clinically manifest 
(Kessler et al., 1974; Kessler, 1976; Thomson, 1976; Leckman .and Gershon, 
1977). 

In the case of narcolepsy, both genetic and environmental factors are 
thought to contribute to this liability (Imlah, 1961; Zarcone, 1973; Dement 
et al., 1976). In fact, two thresholds of liability have been proposed. The first, 
when reached, results in excessive daytime drowsiness; the second, in narcolepsy 
and its auxiliary symptoms of cataplexy, sleep paralysis, and nocturnal hallucina
tions, i.e., in compound narcolepsy (Kessler et al., 197 4; Kessler, 1976; Leckman 
and Gershon, 1977). Although a substantial genetic contribution to this liability 
has been demonstrated, the few case reports on narcolepsy in identical twins 
have emphasized the differences between the twins in the extent to which they 
suffer from the disease (Imlah, 1961; Mitchell and Cummins, 1965). This, in 
turn, has directed attention back to the other etiological determinants. 

A unique opportunity for examining the relative contributions of these 
multiple determinants recently presented itself to our clinic when a severely i1l 
narcoleptic woman and her mildly somnolent identical twin sister were referred 
for investigation and treatment. The twins were part of a sibship of 11 children, 
seven of whom were still living (see Fig. 1). Of the seven, three - the twins and 
one older sister - suffered from narcolepsy. Their mother, too, apparently had 
suffered from the disease , but the diagnosis was never confirmed in her lifetime. 
We were able to obtain medical and psychological assessments and continuous 
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bicircadian polysomnographic recordings on the identical twins and their nar
coleptic sister and on two other sisters, close in age to their narcoleptic siblings, 
but free of the disease themselves. The clinical data emphasized the importance 
of life-style and life events in determining the severity of the symptoms in those 
genetically predisposed to the disease, and the polysomnographic data pointed 
to sleep fragmentation rather than to sleep onset REM periods as the critical 
feature distinguishing the sleep of narcoleptics from normals. 

METHODS 

After complete medical and psychological histories were obtained, all 
five sisters were admitted to the sleep laboratory for polysomnographic re
cordings. Continuous 48-hr recordings were obtained on four of the five sisters 
and a 33-hr recording was obtained on the fifth. During their stay in the sleep 
laboratory, all the sisters remained in bed for the recording period except for 
three daily 60-min breaks for meals and for additional breaks to the bathroom 
as needed. They could read if they so wished but were otherwise encouraged to 
sleep. Blood group studies and dermatoglyphic analyses were done on the 
twins. 

At the time of the polysomnographic study, only one sister (EG) was 
using centrally active drugs. She was taking 250 mg of o:-methyldopa. ti.d., 
propanolol 10 mg t.i.d., protriptyline 5 mg t.i.d., and diazepam 10 mg t.i.d. 
for hypertension and depression . She had been on this regimen for a number of 
years and it was inadvisable for us to stop it. D.W. had been using phenmetrazine 
12.5 mg q.d. or b.i.d. intermittently for about a year but had stopped it 1 week 
before starting the study . The other sisters were not on any drugs. 

The polysomnographic records were scored according to international 
criteria using 20-sec epochs (Rechtschaffen and Kales, 1968). The 48-hr re
cordings were divided into nocturnal and diurnal periods. The nocturnal period 
was defined as the interval between the onset of sleep for the night to the time 
of awakening for breakfast (Fig. 2). Sleep during the remainder of the day was 
scored as part of the diurnal period. In Tables I and II, the total sleep time re
fers to the sum of stages 1, 2, 3, 4, movement time, an~ REM. The actual 
sleep time refers to the sum of Stages 2, 3, 4, and REM. The true sleep ~fficiency 
refers to the total sleep time expressed as a percentage of the recording period, 
be this the nocturnal or diurnal recording period. Similarly, the actual sleep ef
ficiency refers to the actual sleep time as a percentage of these recording periods. 
To be scored as a separate REM sleep period, a period had to be have begun at 
least 15 min or more after the end of the previous REM sleep period. The REM 
latency refers to the time between the onset of Stage 2 of 60 sec or more in 
duration to the onset of Stage REM of 60 sec or more in duration. The REM 
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Fig. 2. This figure illustrates the sleep patterns during the first nocturnal sleep p~dod of the 
continuous 48-hr recording in the five sisters. The vertical axis indicates the stages of NREM 
sleep, the horizontal axis indicates time in hours. The horizontal white bars at the level of 
Stage 1 indicate REM sleep and the triangles above each sleep pattern indicate movements. 
Note that D. W., D. D., and L. M. are narcoleptic and that D. W. andD.D.areidentical twins. 

density refers to the profusion of rapid eye movements in each REM period and 
was determined by estimating the relative number of rapid eye movements in 
each REM period on a scale of 0-8 and the averaging these values over the full 
REM period (Snyder, 1968). The values obtained for each REM sleep period 
were then normalized to obtain an average value for REM sleep density during 
the nocturnal or diurnal recording periods. 

The overall degree of sleep fragmentation was assessed by arbitrarily 
defining any period of sleep preceded by and enµing in 1 min or more of either 
wakefulness, movement time, or Stage 1 as a sleep fragment. The duration of 
each fragment was expressed both in minutes and as a percentage of the sum· 
med duration of all the fragments for the nocturnal or diurnal periods. This sum 
will hereafter be referred to as the total nocturnal or diurnal fragment time. 
The fragments of nocturnal or diurnal sleep were divided into three categories: 
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Table I. Polysomnographic Data for the Two Nocturnal Periods of the 48-Hour Recordings of the Five Sistersa ~ 

n 
0 

D.W. D.D. L.M. H.A. E.G. 
;' 

-~ 
~ 

l 2 1 2 I 2 2 2 I 2 > 
Total nocturnal 4 78.00 379.33 533.00 507.66 529.66 575.65 526.66 544.66 472.33 520.00 

"!j 

'period (min) s 
i=: 

Stage W (min) 63.66 109.33 34.66 24.33 43.00 31.33 14.66 14.00 13.33 27.33 '< 
tn 

1 (min) 45.33 30.33 48.33 75.00 50.66 90.66 47.66 39.33 39.00 49.33 i= 
2 (min) 146.33 104.66 262.66 269.66 253.00 289.33 269.33 306.66 322.00 314.33 ~ 
3 (min) 59.33 23.66 47.00 29.33 22.00 21.00 56.66 29.33 32.66 34.00 
4 (min) 27.66 3.00 38.00 26.33 71.00 34.33 43.00 41.00 0.00 1.00 

REM (min) 113.33 87.00 89.33 70.33 74.33 96.00 84.00 100.00 58.33 80.00 
Movement time (min) 22.33 21.33 13.00 12.67 15.66 13.00 11.00 14.33 7.00 14.00 
Total sleep time 392.00 248.66 485.33 4 70.66 480.00 5 31.33 500.66 516.33 452.00 478.66 

(min) 
Actual sleep time 346.66 218.33 437.00 395.66 420.33 440.66 486.00 4 77 .00 413.00 429.33 

(min) 
True sleep 82.00 66.00 91.00 93 .00 91.00 92.00 95.00 95.00 96.00 92.00 

efficiency % 
Actual sleep 73.00 58.00 82.00 78.00 79.00 77.00 92.00 88.00 87.00 83.00 

efficiency % 
No. of REM periods 5 3 5 3 5 6 4 4 3 5 
REM sleep latency (min) 0.00 0.00 109.33 106.33 0.00 0.00 134.33 77.66 115.00 96.33 
REM density 302.00 230.00 132.71 178.00 112.90 94.80 130.20 134.50 110.00 107 .00 
True REM sleep 76.00 86.00 81.00 76.00 87.00 88.00 95.00 96.00 89.00 91.00 

efficiency % 
Actual REM sleep 76.00 85.00 79.00 65 .00 82.00 88.00 86.00 92.00 81.00 89.00 

efficiency % 

an.w., D.D., and L.M. have narcolepsy. D.W. and D.D. are identical twins. There were no statistical differences between 
the narcoleptic and nonnarcoleptic family members in any of the above variables at the 0.05 level. We used the t test for 
two independent samples. 

00 
N 
c.,, 
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Table II. Polysomnographic Data for the Two Diurnal Periods of the 48-Hour Recording on the Five Sistersa 

D.W. D.D. L.M. H.A. E.G. 
-

1 2 1 2 1 2 1 2 1 2 

Tbtal diurnal 1022.33 935.00 889.33 927.66 799.66 934.33 823.33 961.33 871.33 
f eriod (min) 

Stage W (min) 798.00 746.00 656.00 743.66 607 .33 650.66 701.00 929.00 763.33 
1 (min) 26.00 10.00 34.33 35 .33 18.33 74.00 44.00 13.00 27.00 
2 (min) 58.66 114.66 64.33 103.66 111.33 159.66 71.66 19.33 77.00 
3 (min) 35.33 23.33 31.00 20.66 17.33 11.63 5.00 0.00 3.66 
4 (min) 35.33 21.33 74.00 10.66 30.66 2.00 0.00 0.00 0.00 

REM (min) 58.66 16.00 25.66 9.33 11.00 32.33 0.00 0.00 0.00 
Movement time (min) 10.33 3.66 4.00 4.33 3.66 4.00 1.66 0.00 0:33 
Total sleep time (min) 214.00 185.33 229.33 179 .66 188.66 279.66 120.66 32.33 107.66 
Actual sleep time (min) 188.00 175 .33 194.99 144.33 170.33 205.66 76.66 19.33 80.66 
True sleep 21.00 20.80 26.00 19.00 24.00 30.00 15.00 3.00 12.00 

efficiency % • 
Actual sleep 24.00 18.70 22.00 16.00 21.00 22.00 9.00 2.00 9.00 

efficiency % 
No. REM periods 6 1 2 1 1 2 0 0 b 
REM latency (min) b 0.00 77.00 72.66 0.00 7.00 73.33 
Avg. REM density 202.30 362.50 165.00 189.20 254.80 103.10 - s:. 
True REM sleep 92.00 96.00 81.00 100.00 94.00 89.00 - - - ~ efficiency % ~ 

i:,, Actual REM sleep 89.00 96.00 81.00 100.00 94.00 75.00 - - - r-
efficiency % ('j 

~ 
~ 

0 D.W., D.D., and L.M. have narcolepsy. D.W. and D.D. are identical twins. There were no statistical differences between 9 
the narcoleptic and nonnarcoleptic family members in any of the above variables at the 0.05 level. We used the t test for i:,, = two independent samples. . A 

bREM Latency refers only to the first diurnal sleep period during which REM sleep occurred. i:;t.l 

~ 
~ g 
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Table III. Proportion of Sleep Spent in Fragmentsa 

First day 
First nocturnal Second nocturnal (First and second 

Time periods 
period period nocturnal periods) 

(min) 0-30 31 - 60 61+ 0-30 31-60 61+ 0-30 31-60 61+ 

Narcoleptic 
D.W. 52.19 8.93 38.88 62.39 37.61 52.31 22.55 25.13 
Narcoleptic 
D.D. 61.67 17.21 21.12 57 .03 25.69 17 .29 50.28 34.57 15.14 
Narcoleptic 
L.M. 59.56 25.37 15.07 47.00 53.00 60.84 15.81 11.51 
Normal 
H.A. 20.50 6.62 72.88 28.86 24.38 46.66 26.58 23.09 50.32 
Normal 
E.G. 16.77 39.38 43.85 35.95 25.76 38.29 20.46 37.63 41.91 

a The differences between the narcoleptic and normal family members during the first 
and second nocturnal periods and during the first day were significant at the O .001 
level for fragments 30 min or less in duraction and at the 0.05 level for fragments 60 
min or less in duration. We used the t test for two independent samples. 

those up to 30 min, those of 31-60 min and those greater than 61 min, and the 
percentage of the total nocturnal or diurnal fragment time spent in each of the 
three categories was estimated (Table III). 

Finally, we specifically assessed the degree of REM sleep fragmentation. 
Both a true and actual REM sleep efficiency were determined. This was done 
by arbitrarily defining the time from the first epoch of a REM sleep period to 
the last epoch of that period as the total REM sleep period duration. Because 
of fragmentation, it consisted of REM sleep epochs and also of interspersed 
epochs of wakefulness, MT, Stage 1, and Stage 2. The actual REM sleep ef
ficiency refers to the percentage of the total REM sleep period duration consist
ing only of REM sleep epochs. The true REM sleep efficiency refers to the 
percentage of the total REM sleep period duration consisting of epochs of Stage 
2 plus Stage REM. 

RESULTS 

The Family 

Case Histories 

E.G. stated that she had never suffered from narcolepsy or any of its 
symptoms. She had spinal meningitis at the age of 3 and was left with both her 
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legs permanently paralyzed. Like many other members of her family, she also 
suffered from asthma, diabetes, coronary artery disase, and hypertension. She 
complained of depression and attributed this to the death of her husband a 
number of years earlier. 

L. M. first became aware that she had narcolepsy in her early 20s. Initial
ly her symptoms were mild and consisted only of daytime drowsiness. She 
identified tl?,e break-up of her first marriage in her early 30s as a major stress 
which aggravated her disease. Cataplexy first appeared at that time. Sleep 
paralysis, nightmares, hallucinations, and long periods of wakefulness became 
commonplace at night. Over the years these symptoms gradually abated, and 
she now again suffers from only mild drowsiness during the day and from the 
rare cataplectic attack. She recalled, however, that when her second husband 
died, all her symptoms reappeared with their former intensity. In recent years 
her life has been comfortable and stress-free. It is not necessary for her to work, 
and she is able to rest whenever_ she pleases. She feels well, in spite of coronary 
artery disease and peripheral vascular disease. 

H. A. stated that she had never suffered from narcolepsy. In her late 
30s, however, when working long hours as a waitress, she required d-amphetamine 
to stay awake. This difficulty lasted for about 1 year. At present, she com
plains only of mild postprandial drowsiness but oflesser degree than that in her 
narcoleptic sisters. She revealed that she has had rare but recurrent episodes of 
sleep paralysis for most of her adult life. Other than this, she believed her 
n octurnal sleep was normal. Her personal life was stable. Like many of her 
siblings, she too suffered from coronary artery disease and hypercholesterolemia. 

D. W. was the patient init ially referred to us. She recalled excessive day
time drowsiness and sleep attacks in her early 20s. She believed these symptoms 
started when she gave birth at the age of 21 to her first child and that the 
symptoms were exacerbated in the ensuing years by the turmoil in her marriage . 
Cataplexy first appeared during this time. Her illness became progressively worse 
over the years and , when first seen in our clinic, she was virtually incapacitated. 
Her nocturnal sleep was markedly fragmented - she slept for about an hour or 
two and was then awake for an equal time . She complained of sleep paralysis, 
nocturnal hallucinations, and nightmares and, during the day, of exhaustion, 
fatigue, sleepiness, and attacks of sleep and cataplexy. She was using small 
doses of phenmetrazine daily withour much benefit, but was hesitant to in
crease them for fear of developing tolerance and addiction. She had been on 
d-amphetamine and on tricyclic antidepressants but discontinued these drugs 
because of their side effects . On psychological ·assessment, she was clearly 
depressed and during her stay in hospital required individual and marital psy
chotherapy. D. W. also suffered from asthma and hypercholesterolemia. 

D. D. is the twin of D. W. She first noticed excessive daytime drowsiness 
in her mid-20s. At that time, she was under a great deal of stress working full 
time and raising a child on her own. She developed insomnia, sleep paralysis, 
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nocturnal hallucinations, and daytime attacks of sleep and cataplexy. When she 
remarried a number of years ago, her condition improved and she attributed 
this to the emotional and financial security which her marriage brought her. 
She no longer had to work and could rest when she pleased. At present, she 
suffers from only mild daytime drowsiness and fatigue. She commented spon
taneously on the relationship between stress and her symptoms. She revealed 
that she was very dependent on her husband, a fireman. His absence from home 
on nights when he was on call regularly led to the recurrence of nocturnal 
hallucinations and nightmares. Since her remarriage, much of her earlier mental 
depression had disappeared. D. D. also has peripheral vascular disease and 
hypercholesterolemia. She had asthmatic attacks as a child but now suffers 
from these only when she has an upper respiratory infection. 

Twin Testing 

On dermatoglyphic analysis alone, the probability that D. D. and D. W. 
were monozygotic was 0.5864. D. D. and D. W. shared the following blood 
group antigens: A, Rh, P, Fy (a+), kk, Le (a-b+) MNS, Lu (a-). On the basis of 
the blood group antigens alone, the probability that the two sisters were identical 
twins was 0.9105. Combining the dermatoglyphic and blood group analyses, 
the probability that D. D. and D. W. were monozygotic twins was 0.988. 

Polysomnographic Findings 

The polysomnographic data for the two nocturnal and diurnal recording 
periods are shown in Tables I and II. The sleep fragmentation data for the two 
nocturnal recording periods and for the first nocturnal and diurnal periods to
gether, are given in Table III: Figure 2 illustrates the sleep architecture of the first 
nocturnal periods of 48-hr polysomnographic recordings in the five sisters. 

DISCUSSION 

Marked differences were observed between the identical narcoleptic twin 
sisters in their clinical symptomatology and polysomnographic patterns. D. W. 
suffered gravely from all the symptoms of narcolepsy; her polysomnographic 
recording revealed the gross fragmentation of her nocturnal sleep and showed 
the characteristic sleep onset REM sleep periods of the disease. D. D. her twin, 
suffered only from excessive daytime drowsiness and her polysomnographic re
cording was normal, at least by the usual criteria. Specifically, she showed no 
sleep onset REM periods at any time during her 48-hr recording (Tables I, II, 
Fig . 2). 
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It is noteworthy that both twins suffered gravely from compound narcolepsy 
in the third and fourth decades of their lives. In D. D.'s case, her symptoms 
improved with time, but in D. W. 's they did not. In both, the demands of life 
were greatest in those years as each one had to cope with a troubled marraige 
and with the stresses of child rearing. For D. D., in addition, there was the 
demand of full-time work; arid for D. W. the emotional and physical exhaustion 
entailed by recurrent attacks of asthma. It was D. W.'s view that her asthma 
aggravated the narcolepsy, and the narcolepsy, her asthma. D. D.'s symptoms 
virtually disappeared when remarriage brought emotional and financial security, 
but, to this day, nocturnal hallucinations and nightmares recur whenever her 
husband is away from home at night in the course of his duties as a fireman. 
D. W. continued to suffer from asthma all her life, and, in addition, she was 
never able to resolve her personal and marital conflicts. Her symptoms reached 
the point where they completely debilitated her. 

The two nongenetic factors which stand out as the major contributors to 
the liability to narcolepsy in the twins are emotional stress, and environmental 
ct·emands for sustained performance or vigilance during the day. Long hours of 
work, or the chronic demands for attention made by children may serve as 
examples of the latter. L. M., the other narcoleptic sister, cited very similar 
factors in the genesis of her symptoms. Now that she (L. M.) was free from erno. 
tional stress and from the need to work she suffered from only mild daytime 
drowsiness. Similarly, H. A., one of the sisters who claimed never to have had 
narcolepsy, suffered from excessive daytime drowsiness requiring the use of 
d-amphetamine when she had to work long hours as a waitress. At root, these 
two factors may indicate that narcoleptics fatigue more readily than do normal 
individuals and, so, require more sleep and rest. Conversely, they may indicate 
that narcoleptics do not sleep or rest effectively, particularly when they are 
under stress, and that this causes the excessive sleepiness and fatigue observed 
during the day. 

Some evidence in support of this latter suggestion may be adduced from 
our polysomnographic data. The only statistically significant difference we 
could find between the narcoleptic and nonnarcoleptic members of the family 
was in the degree of sleep fragmentation. Total sleep time, NREM sleep time, 
sleep onset REM periods, REM time, or any of the other· commonly measured 
sleep parameters did not consistently distinguish the sleep of the narcoleptic 
sisters from their siblings. But the sle'ep of these sisters, no matter how mild 
their clinical symptoms, was significantly more fragmented than the sleep of 
their nonnarcoleptic siblings. 

We recognize that our sample is very small and that the two normal 
family members are not ideal control subjects. E. G. was on a mixture of drugs 
whose combined effect on sleep has not been established; some tricyclic anti
depressants, for example, increase sleep fragmentation, at least in the early 
weeks after their administration (Dunleavy et al., 1972). H. A., on the other 
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hand, may well have had a tendency towards narcolepsy herself as her history 
suggests. Thus her sleep, too, may have been more fragmented than that of a 
truly normal subject. The differences in the degree of sleep fragmentation be
tween the narcoleptic and nonnarcoleptic siblings, then, could have been even 
more pronounced. It is to be noted that the short sleep fragments we measured 
consisted of NREM sleep or of REM sleep or of a mixture of the two. We 
specifically examined REM sleep fragmentation with the REM sleep efficiency 
method because of Montplaisir's data, which indicated that REM sleep is more 
fragmented in narcoleptics than in normals (Montplaisir, 1976; Montplaisir 
et al., 1978). With this method, the REM sleep of the narcoleptic sisters ap
peared somewhat more fragmented than the REM sleep of their normal siblings, 
but the differences were not statistically significant. We were thus unable to 
confirm Montplaisir's findings. 

We were, particularly interested in the overall degree of sleep fragmenta
tion because of the many reports that disturbed sleep was an essential feature 
of the illness (Daniels, 1934; Rechtschaffen et al., 1963; Zarcone, 1973; Dement 
et al., 1976) and one often critical for its development (Mitchell and Dement, 
1968, Broughton, 1971; Broughton and Ghanem, 1976; Montplaisir, 1976; 
Montplaisir et al., 1978). Indeed, our study demonstrated that excessive sleep 
fragmentation was a more reliable sign of narcolepsy than was the sleep onset 
REM period. However, we now believe that both excessive sleep fragmentation 
and sleep onset REM periods represent different manifestations of the same 
process: the tendency for narcoleptic sleep to dissociate. 

Normal sleep is composed of finely articulated and cl~sely synchronized 
subsystems (Dern en t and Mitler, 197 5). Sleep fragmentation leads to their 
dissociation. In normal subjects, unusual procedures are. necessary to achieve 
this. Thus, sleep onset REM periods and other signs of sleep dissociation such 
as intermediate sleep appear in healthy subjects when sleep is interrupted in 
attempts to create 90-min or 3-hr days (Weitzman et al., 1974; Carskadon and 
Dement, 1975; Carskadon, 1976). 

In narcoleptics, the pressures of ordinary living may suffice for this purpose. 
If, as we suggest, the breakdown of sleep into short segments represents an early 
sign of dissociation, then it is evident that narcoleptic individuals, like D. D. and 
L. M., have excessively dissociated sleep even when leading very protected lives. 
D. D.'s history indicated that she could not sustain even minor emotional stress 
without an exacerbation of her symptoms. It would have been interesting to 
examine her sleep patterns at these times. Earlier in her life, when she was under 
far more stress and was suffering from the full narcoleptic syndrome, including 
cataplexy, she almost certainly would have shown sleep onset REM sleep periods 
and other advanced signs of sleep dissociation. Sleep onset REM sleep periods 
are almost invariably present in patients with cataplexy (Dement et al., 1976). 
We infer from these case studies that narcoleptics, generally, have a predisposi
tion to sleep dissociation and that stresses which promote mild dissociation in 
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normal individuals are often catastrophic for narcoleptics. The vulnerability of 
narcoleptics to jet lag, shift work, or other forms of sleep disruption (Mitchell 
and Dement, 1968; Broughton, 1971; Broughton and Ghanem, 1976; Dement 
et al., 1976) thus becomes easier to understand. 

Our study suggests that an interaction between innate and exogenous 
factors is necessary for the full clinical expression of the illness. This is con
sistent with a stress diathesis model for narcolepsy. Given a specific genetic pre. 
disposition, the symptoms and signs of the illness wax and wane with the sleep. 
dissociating stresses encountered. D. D., and D. W., the identical twins,provide 
good examples of this. Because of their very different life circumstances, D. D. 
suffers at present from only mild daytime drowsiness and her sleep recording 
appears normal; in contrast, D. W. has all the symptoms of narcolepsy and her 
sleep recording shows its characteristic features. D. D. 's case also illustrates the 
reversibility of narcoleptic symptoms and signs with changing circumstances and 
demonstrates that even when the sleep-dissociating pressures are mild, some 
indications of narcolepsy are always present if there is sufficient genetic pre
disposition. Conversely) when there is less innate predisposition, as in H. A.'s 
~ase, the sleep-dissociating forces must be very great before symptoms and 
signs appear. 

The interpersonal tensions and environmental demands which appeared 
to precipitate and exacerbate the illness in our patients are common life stresses 
which cause fatigue in everyone. Narcoleptics, however, are especially sensitive 
because they likely are rarely well rested to begin with - their nocturnal sleep 
so often is fragmented and insufficient (Daniels, 1934; Rechtschaffen et al., 
1963; Zarcone, 1973; Montplaisir, 1976; Montplaisir et al., 1978). Should they 
attempt to compensate for this by sleeping during the day, they further frag
ment and dissociate their sleep at night (Montplaisir, 197 6; Montplaisir et al., 
1978). A vicious circle is readily set in motion, and sleep progressively dis
sociates until its components become distributed around the nycthemeron. 
Physicians have long implicitly recognized this dilemma and have counseled 
narcoleptics to sleep as much as they can at night. Often, hypnotics have been 
prescribed to assist this (Daniels, 1934; Zarcone, 1973). 

With this in mind, we treated D. W., the most severely ill of the narcoleptic 
sisters, with a combination of )'-hydroxybutyrate (GHB) at night and methyl
phenidate during the day. We chose GHB because unlike the synthetic hypnotics 
it promoted both NREM and REM sleep and would therefore best synchronize 
these sleep subsystems with the nocturnal period (Mamelak et al., 1977), and 
because tolerance had not been reported to develop to its hypnotic effects with 
chronic use (Vickers, 1964). D. W. takes 2.25 g of GHB at bedtime and 1.50 g 
upon awakening about 3 hr later. During the day, she uses 10 mg of methyl
phenidate before breakfast and lunch and then again in midafternoon. With 
this treatment, her sleep has become limited to the nocturnal period and her 
nightmares, hallucinations, and attacks of sleep paralysis have all disappeared. 
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She is able to remain awake all day and has no sleep attacks or cataplexy. Her 
only remaining complaint is that she lacks as much energy as she would like to 
have. She has now been on this regimen for over 18 months and has not devel
oped any adverse effects or tolerance to it (Broughton and Mamelak, 1978, 
· 1979). 
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and Polysomnographic Case Study 
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Summary: Gammahydroxybutyrate was administered to a patient who expe
rienced narcolepsy associated with central.sleep apnea. The treatment relieved 
the major symptoms of narcolepsy, and significantly decn::ased the number of 
apneic periods . Gammahydrnxybutyrate did not cause the prolonged and po
tentially fatal apneic periods associated with the use of other hypnotic agents. 
Key Words: Gammahydroxybutyrate-Narcolepsy-Central sleep apnea. 

We have been examining the use of gammahydroxybutyrate (GHB) for the 
treatment of narcolepsy (Broughton and Mamelak, 1979). In this report, we pre
sent data on the use of GHB for the treatment of a case of narcolepsy associated 
with central sleep apnea. 

CASE HISTORY 

The development of narcolepsy 6 years before he was first seen in our clinic, 
forced our patient, a 53-year-old air traffic control instructor to leave his job. By 
the time he was referred to us, he had gradually increased his medications to the 
point where he was taking 120 mg of methylphenidate and 250 mg of imipramine 
daily. In spite of this, he was unable to work, and he remained chronically drowsy 
and subject to numerous attacks of sleep and cataplexy. He slept poorly at night 
and suffered from sleep paralysis and frightening nocturnal hallucinations. He told 
us that he snored and was a restless sleeper, and his wife added that she had often 
observed him to stop breathing for short periods during his sleep. Until the devel
opment of his illness, the patient had been in good health, and we were unable to 
find any abnormalities on examination. His blood pressure was 120/85 mm Hg, 
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there were no anatomical obstructions to his airway, and although he weighed 180 
lb , at 5'10", he was only slightly overweight. All laboratory tests and particularly 
the waking pulmonary function studies were normal. As an air traffic controller he 
had worked the morning and afternoon shift for 18 years until he became ill. 
Before that he had worked all three shifts for 13 years as a radio operator. There 
was no family history of narcolepsy or excessive daytime drowsiness. 

Our initial view was that this patient had narcolepsy and sleep apnea but that he 
had developed tolerance to his medication and would improve if he was with
drawn and restarted on a lower dose. His diagnosis was confirmed in the sleep 
laboratory, and he was withdrawn from all medications. Seven weeks after with
drawal he was started on chlorimfpramine, 25 mg, q.d., and methylphenidate, 10 
mg, t.i.d. He immediately felt better and was able to return to work. Three months 
later, however, his symptoms were as florid as ever, and we decided therefore to 
try him on GHB, in spite of warnings about the use of hypnotic drugs in patients 
with sleep apnea (Guilleminault et al., 1976). We discontinued the chlorimip
ramine and started GHB in a dose of about 30 mg/kg twice each night. The first 
dose was given at bedtime, 11.00 p.m., and the second about 3 hr later, when the 
patient spontaneously awoke. We continued to administer the methylphenidate 
before breakfast and lunch and then again in midafternoon. There was a striking 
improvement in his nocturnal sleep. The nightmares and hallucinations disap
peared, and his sleep became subjectively deeper and more continuous. Over the 
course of the next few weeks, there was a more gradual decrease in the number of 
daytime attacks of sleep and cataplexy, and after 3 months these had virtually 
disappeared . Daytime drowsiness, however, continued to be a problem, particu
larly late in the afternoon, although it was milder than it had been on the tricyclic 
antidepressant-mcthylphenidate combination. From our patient's point of view, 
however, the significallt result of the treatment was that he was again able to work 
a.full day. Now, 2 years after starting GHB, his improvement has been sustained, 
and there are no signs that tolerance or side effects are developing to his drugs. 

METHODS 

During the first week of the trial, GHB was administered under careful supervi
sion in the respiratory intensive care unit. Treatment effectiveness was assessed 
from the patient's capacity to work during the day, as well as from the reports he 
provided about his symptoms. The Stanford Sleepiness Scale (Hoddes et al., 1973) 
was not used because of poor compliance with its requirements during the long 
course of the study, nor was the multiple sleep latency test, because information 
about this test was just beginning to appear in the literature when we undertook 
this trial (Dement et al., 1978). · 

Electroencephalographic (EEG) sleep studies were conducted with a Grass 
model 76B polygraph. Nasal and thoracic respiration were monitored by means of 
a thermistor and strain gauge, respectively. Data are presented on the sleep and 
respiratory patterns on 3 consecutive nights 7 weeks after the complete with
drawal of medication and then again on 3 consecutive nights during the 1 l th week 
of treatment with 2.25 g of GHB twice nightly and methylphenidate, 10 mg, t.i.d. 

Sleep, Vol. 4, No. /, /9,~/ 
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Note that because of circumstances in the patient's life, the total recording times 
on the 3 nights during the 11th week were about a half-hour less than during the 
drug-free period. The EEG sleep data were analyzed according to Rechtschaffen 
and Kales (1968) using 20 sec epochs. The sleep parameters listed in Tables 1 and 
2 were defined according to Broughton and Mamelak (1980). Only respiratory 
arrests of 10 sec or longer in duration were counted as apneic periods. The apnea 
index, i.e., the number of respiratory arrests per hour of sleep, was calculated for 
each hour of each sleep stage, as well as for the total sleep time. Student's t-test 
was used for comparing the data obtained on drug-free nights with that obtained 
on treatment nights. 

RESULTS 

The recordings demonstrated that nocturnal sleep on base-line nights was highly 
fragmented; rapid eye movement (REM) sleep occurred at sleep onset on 2 of the 
3 nights, and on all base-line nights, there were about 100 apneic periods of the 
central type, each averaging about 20 sec in duration (Fig. 1, Tables 1 and 2). The 
periods tended to occur in chains, with cycle times from the beginning of one 
apneic period to the beginning of the next of between 40 and 60 se.c. They occurred 
predominantly during non-REM (NREM) stages 1 and 2 and during REM sleep 
and were uncommon during NREM stages 3 and 4 (Fig. 1, Table 3). 

After 2 weeks on GHB, the total nocturnal sleep time was increased but was still 
only just over 6 hr. However, there was an improvement in the cohesion of 
nocturnal sleep, and particularly of REM sleep, at least as defined by our criteria. 
GHB significantly decreased the total apnea index and the index during NREM 
stage 1 sleep and REM sleep (Table 3). Apneic periods were also redistributed and 
now occurred, for the most part, during the induction period soon after the drug 
was given and then again as the drug was wearing off, although they could occur 
with arousals during the main period of action of the drug (Fig. 1) . The average 
duration of these periods, as well as the range of their duration, was the same on 
GHB as off. 

DISCUSSION 

This case suggests that GHB can safely and effectively be used in the treatment 
of narcolepsy associated with central sleep apnea. As in other cases, GHB pro
vided relief from the major symptoms of narcolepsy and at the same time signifi
cantly decreased the number of apneic periods without producing any of the 
prolonged and potentially fatal apneic periods reported with the use of other 
hypnotic agents (Guilleminault et al., 1976). 

The coincidence of narcolepsy and sleep apnea is not uncommon. About 
5-10% of all cases of narcolepsy are reported to show this relationship (Dement, 
1976) . As in our patient, apneic periods in these cases are reported to be predomi
nantly central in type and to occur during NREM stages 1 and 2 and during REM 
sleep and are uncommon during NREM stages 3 and 4 (Guilleminault et al., 1972). 
Jung and Kuhlo (1965) and Lugaresi (1972) and his associates have argued that 
respiratory arrests at sleep onset or during the lighter stages of sleep represent an 

Sleep. Vol. 4, No. 1, /981 
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FIG. 1. The sleep pattern 7 weeks after the withdrawal of all drug treatment (top) and the pattern during the 11th week of gammahy
droxybutyrate (GHB) treatment. Both nights are the second of the 3 consecutive nights recorded at these times. The vertical axis refers to 
the stages of NREM sleep (where W represents wake), and the horizontal axis refers to time in hours. The horizontal white bars at the 
level of stage I refer to REM sleep, and the closed circles above each night's sleep pattern indicate the apneic periods. 
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TABLE 1. Sleep parameters during base·line nights 

Parameter Night 1 Night 2 Night 3 Average SD 

Total recording time (min) 481.00 469.00 482.33 477.44 7.34 
Stage (min) Wake 131.33 103.00 122.66 119.00 14.52 
I 107.00 117.33 108.66 111.00 5.55 
2 100.33 114.66 133.66 116.22 16.72 
3 52.66 50.33 40.33 47.77 6.55 
4 18.00 8.33 5.33 10.55 6.62 
REM . 61.66 64.00 63.00 . 62.89 1.17 

Movement time (min) 10.00 11.33 8.66 10.00 1.34 
Total sleep time (mln) 339.66 354.66 351.00 348.44 7.82 
No. apnea episodes 71 88 136 98.33 33.71 
Average apnea duration (sec) 18.86 17.98 18.99 18.61 0.55 

Range (sec) 10-38 10-28 10-34 
REM latency (min) 0.00 0.00 76.33 25.44 44.07 
REM density (%) 26.48 25.63 28.52 26.88 1.49 
No. REM sleep periods 6 8 6 6.67 1.15 
REM sleep efficiency (%) 55.22 60.19 68.48 61.30 6.70 
Shifts out of NREM sleep per 

100 min NREM sleep 6.43 6.21 10.59 7.74 2.47 
Shifts out of REM sleep per 

100 min REM sleep 66.49 51.56 50.79 56.28 8.85 
Sleep fragments (%) 

0-30 min 77.70 67.66 53.73 66,36 12.04 
31-60 tnin 22.29 32.34 13.20 22.61 9.57 
61+ min 0.00 0.00 33.06 11.02 19.09 

TABLE 2. Sleep parameters after I! weeks of treatment with gammahydroxybutyrate 

Parameter Night 1 Night 2 Night 3 Average SD 

Total recording time (min) 433.66 449.00 444.33 442.33" 7.86 
Stage (min) 

Wake 45.00 72.66 54.33 57.33° 14.07 
1 83.66 68.00 59.33 70.33" 12.33 
2 130.33 98.33 109.00 112.55 16.29 
3 76.66 86.00 70.33 77.66° 7.88 
4 46.00 46.66 58.00 50.22" 6,75 
REM 44.66 69.66 86,33 66.88 20.97 

Movement time (min) 7.33 7.66 7.00 7.33b 0.33 
Total sleep time (min) 381.33 368.66 383.00 377.66" 7.84 
No. apnea episodes 42 46 58 48.67b 8.33 
Average apnea duration (min) 18.62 20.59 23.48 20.90 2.44 

Range (sec) 10-36 10-34 10-40 
REM latency (min} 63.00 0.00 0.00 21.00 36.37 
REM density (%) 12.24 9.71 7.34 9.76° 2.45 
No. of REM periods 4 5 5 4.67b 0.58 
REM sleep efficiency(%) 60.00 81.00 92.17 77.72 16.33 
Shifts out of NREM sleep per 

100 min NREM sleep 7.11 4.33 5.06 5.50 1.44 
Shifts out of REM sleep per 

100 min REM sleep 31.35 24.40 1.6.22 23.99° 7.57 
Sleep fragments (%) 

0-30 min 67.58 12.66 32.69 37.64 27.79 
31-60 min 32.41 39.65 47.98 40.01 7.79 
61+ min 0.00 47.69 19.33 22.34 23.98 

n Significantly difforent from the corresponding base-line value at p < 0.01. 
b Significantly different from the corresponding base-line value at p < 0.05. 

Sleep, Vol. 4, Nu. 1, 1981 
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TABLE 3. Apnea index before and during the 11th 
week of gammahydroxybutyrate (GHB) treatment 

Apnea index 

Sleep stage Base line GHB p value 

1 31.14 19.08 <0.05 
2 11.46 8.10 ns 
3 0.72 2.04 ns 
4 0.00 0.36 ns 
REM 14.64 7, 14 <0.05 
Total sleep time 16.92 8.22 <0.05 

exaggeration of the normal physiological tendency to periodic respiration at sleep 
onset. This periodicity, they suggested, tends to disappear during the deeper 
stages of sleep due to an undefined stabilization process (Lugaresi et al., 1978a). If, 
as we propose, respiratory stabilization is dependent on the recruitment and inte
gration of a sufficient number of sleep subsystems, this process would be impaired 
in narcolepsy by the natural tendency of the sleep subsystems to dissociate in this 
condition (Dement, 1976; Broughton and Mamelak, 1980). The high incidence of 
sleep apnea in narcolepsy would thus be the result of this integrative failure. On 
the other hand, once apnea occurs, it would tend to perpetuate itself, because the 
arousal terminating each apneic period would interfere with the further recruit
ment and integration of sleep. If GHB acts by promoting the integration of sleep 
(Broughton and Mamelak, 1980), then its stabilizing effect on respiration becomes 
understandable. 

Warnings have been issued about the use of respir-atory depressants such as 
opiates, anesthetics, and synthetic hypnotics in patients with sleep apnea (Guil
leminault et al., 1976; Lugaresi et al. , 197.Sb ). G HB, however, is not a respiratory 
depressant. Although hypnotic doses of GHB are reported to decrease the venti
latory rate, they also increase its amplitude and do not change the overall minute 
rate of ventilation. And even with high doses of the drug, the respiratory center 
retains its sensitivity to increases in the partial pressure of CO2 (Laborit, 1964). 
Nevertheless, it should be noted that with such anesthetic doses, Cheyne-Stokes 
breathing occasionally occurs (Laborit, 1964; Steel, 1968), especially when GHB 
is combined with premedicants. Thus the full effects of GHB on the respiratory 
mechanisms are not simple and require further definition. Our study, however, 
suggests that GHB can be used to advantage in the management of patients with 
narcolepsy-cataplexy and central-type sleep apneas . Further studies are now 
being undertaken in our laboratory to confirm this finding, as well as to explore 
the usefulness of GHB in the more common mixed and obstructive types of sleep 
apnea. 
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MAMELAK, M. Cammahydrorybutyrare: An endogenous regulmor of energy metabolism. NEUROSCI BJOBEHAV REV 13(4) 
187-l g8, 1989. -Gammahydroxybutyrate is a nalurally occurring metabolite of many mammalian tissues. Although its administration 
produces a wide range of phannacological effects, its normal functton has never been clearly defined. GHB can induce NREM and 
REM sleep, anaesthesia, hypothennia, and a trance-like state which has been considered a model for pet ii ma! epilepsy. It markedly 
increases brain dopamine levels. !I has been touted as a ecntn1l neurotransmitter or neuromodulator, and high affinity brain rcceplars, 
as well as central mechanisms for its synthesis, uptake and release have been demonslnltcd in support of this. But GHB is also found 
in many peripheral I issues and in some of these in higher concentrations than in the brain. No explanation has been offered for its 
presence in these ttssues. A number of srudies ind icale lhal GHB can reduce energy substrate consumption in both brain and pecipheral 
tissues. and that it can protect these tissues from the damaging effects of anoxia or excessive mcu,bolic demand, Indeed there is some 
evidence to suggest that endogenous GHB levels rise under these circumstances. GHB appears to act through the endogenous opioid 
system, since in the brain, al least, GHB raises dynorphin levels nnd ils metabolic and pharmacological effects can be blocked by 
nalaxone. These. and other observations detailed in this review, suggest that GHB may function naturally in the induction and 
mainlenance of physiological states, like sleep and hibernation, in which energy utilization is depressed. GHB may also function 
natur-.tlly a, an endogenous prolective agent when tissue energy supplies are limited. 

Gammahydroxybutyrate Energy metabolism Sleep 

WHAT is the natural function of ga.mmahydroxybutyra(e (GHB)? 
This simple pharmacologically powerful 4 carbon molecule is a 
normal constiluent of many mammalian tissues (131), yet its 
metabolic role has never been clearly defined in any of these 
tissues (l lO, 164, 196). Because of its striking effects on behav
iour and because of the extraordinary range of these effects , most 
investigators have limited their research to s tudies on the central 
nervous sys tem. The administration of GHB has been shown to 
cause rapid and dramatic increases in brain dopamine levels 
(47,145) . and the trance-like state induced by lhe drug has been 
touted as a model for petit mal-like seizure disorders ( 169). To 
explain these phenomena, it has been proposed that GHB acts as 
a neurotransminer or neuromodulator, and in support of this, high 
affinity brain receptor sites, as well as central mechanisms for its 
synthesis, release and uptake have been demonstrated (110,196) . 
However, to confirm its role as a neurotransmitter. the effects of 
GHB mus t be related to the activity of specific neuronal tracts. 
This, as yet, has not been achieved. 

GHB is also found in many peripheral organs , and in some of 
these, in concentrations far higher than in whole brain ( 131 ). For 
example, in comparison with the 2 nm/g average concentration in 
rat brain. brown fat has a GHB concentration of 37 nm/g. Resting 
tissue levels in kidney, hean and skeletal muscle are also consid
erably higher than in the brain. Receptors for GHB have not been 

Hibernation Anoxia 

demonstrated in peripheral tissues ( 174). Nevertheless. the activity 
of enzymes capable of oxidizing GHB are 10 to 20 times greater 
in many of these tissues than in the brain (80). The functions and 
effects of GHB in the periphery have received far less attention. 

Clinical and experimental work indicate that GHB can protect 
both central and peripheral tissues from the damaging effects of 
hypoxia or excessive metabolic demand (37, 95, 104, 118). Under 
these conditions GHB appears to depress cell energy requirements. 
In lhe nervous system, where this maner, again, has received the 
most attention, it has been shown that GHB can produce a 
profound and fully reversible depression of cerebral energy me
tabolism in tandem with a widespread but equally reversible 
inhibition of neuronal activity (208). These effects are dose related 
and can initially tie observed with quite low concentrations of Che 
drug. This suggests that GHB could function naturally to regulate 
cell activity when metabolic energy is in short supply. The 
existence of endogenous agents with these properties has been 
invoked lo explain the survival of organisms and tissues in anoxic 
environments, as well as in the induction of biological st.ates. like 
sleep and hibernation. in which energy utiliza1ion is depressed 
(68-70). 

This essay will examine the major foci of GHB research. In the 
years that followed its introduction into clinical medicine by 
Laborit in 1960 {90). information was gathered on the sleep-

'Requests for repcintsshould be addressed to M. Mamelak. M.D .. Sunnybrook Medical Centre, 2075 Bayview Avenue, Tor()nlO, Ontario, Canada M4N 
JM5. 
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inducing and anaesthetic properties of GHB, and in relation to 
this, on its cardiac, respiratory and thennoregulatory effects (88, 
129, 198). The trance-like states induced by GHB then raised 
questions about its epileptogenic properties, and this in turn, to 
numerous experiments on its interactions with other centrally 
active agents (164, 172, 192, 196). A substantial effort, which 
conlinues today, was made lo delennine its tissue source, its 
kinetics and its synthetic and catabolic pathways (I IO, 175, 194, 
196). Other work was devoted to determining the reasons for the 
remarkable doubling of brain dopamine concentration observed 
after the administration of GJ-rn (47, 145, 15 l, 204). II was hoped 
that this effect might be used to advantage in the treatment of 
Parkinson's disease, or one of the other disorders of brain 
dopamine metabolism. In recent years, work on the tissue protec
tive properties of GHB has gained centre stage. This application 
has provided the unifying insight that all of the disparate physio
logical changes induced by GHB may well reflect a single 
fundamental action on cell energy metabolism. The evidence in 
favour of this point of view will be presented a1 the conclusion of 
this review. 

BEHAVIOUR 

The central nervous system in man has been found to be 
remarkably sensitive to the depressant effects of GHB. Clinical 
studies have demonstrated that as little as 10 mg/kg can produce 
amnesia and lower the critical flicker fusion frequency (59,60). 
Doses in this range abolish monosynaptic reflexes, produce 
hypotonia and have been used therapeutically to relieve spasticity 
in children with cerebral palsy (109, 191, 204). Oral or intrave
nous doses of 20 mg/kg to 30 mg/kg promote the nonnal sequence 
of NREM and REM sleep when given to normal subjects at 
bedtime (92,209). Oral doses in this range given during the day 
produce high voltage slow wave activity and occasionally spin
dling sleep (109). The sensitivity of sleep mechanisms, and REM 
sleep in particular, to low doses of GHB is better illustrated when 
this agent is given to patients with narcolepsy or major depres
sions. In these conditions, GHB regularly induces REM sleep and 
sleep paralysis ( 107). Unique amongst centrally active agents, 
GHB can induce severe and often prolonged attacks of cataplexy 
(107,138). This reflects the dissociated activation by GHB of the 
motor inhibitory component of the REM sleep mechanism. The 
capacity to promote both NREM and REM sleep has been 
exploited therapeutically to consolidate the night sleep of narco
leptics, and in this way, improve their alertness during the day (22, 
23 , 108. 154). Since the oral administration of GHB in a dose of 
I 00 mg/kg produces peak serum levels of about I 00 µ.g/ml, the 
effects on sleep and motor mechanisms observed with oral doses 
of 30 mg/kg likely occur at serum levels as low as 50 µ.g/ml or less 
(71). It would be useful to know the brain tissue levels at different 
sites at this time. Although s leep mechanisms in animals are also 
sensitive to activalion by GHB, these model systems have not been 
fully utilized to define the mechanisms involved (25,J 17). 

In man, oral or intravenous doses greater than 50 mg/kg 
produce anaesthesia (14, 67 , 121, 155, 198). The EEG initially 
shows intermittent periods of rhythmical high voltage slow activity 
of 2 c/sec-5 c/sec and 100 µ.V-200 µ.V in amplitude against a 
background alpha rhythm. These theta and delta rhythms then 
become continuous and at an undefined point consciousness is 
lost. Sleep s pindles may be observed . The record then becomes 
dominated by rhythmic and nonrhythmic delta activity until, with 
higher doses, progressively longer periods of electrical silence 
appear punctuated by K-like complexes. As GHB wears off, these 
panems recur in reverse order. Unlike the barbiturates . GHB does 
not induce an initial period of fast activity. The drug is rapidly 
melabolized and the central effects of an intra venous dose of 
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60--70 mg/kg run their course in about 2 hours. These doses lead 
to initial plasma levels of 200 µg/ml to 300 µg/ml (67). A peculiar 
feature of these GHB-induced states is that full consciousness may 
be sustained initially in the presence of continuous high voltage 
slow activity. In contrast, stimulation during coma may evoke 
alpha activity in unconscious subjects ( I 21). 

The behavioural and electroencephalographic effects of in
creasing doses of GHB in animals have also been carefully 
documented. Similar effccls have been noted in the cat (178,207), 
rat (112), rabbit (54), dog {161) and monkey (165). In the rat, for 
example, 600 mg/kg intraperitoneally produces a reversible con
tinuum of EEG changes characterized by intennittent rhythmic 
high amplitude slow waves initially which then become continu
ous and somewhat slower. These give way to isoelectric periods 
punctuated by polyphasic bursts and spikes. During the intermit
tent and continuous high amplirude slow wave activity, the rat is 
immobile, crouched with eyes open. Arousal is possible at this 
time. But the righting reflex is lost during the period of electrical 
silence. Complete recovery occurs about 2 hours after the drug has 
been given. It has been estimated that with these doses. peak 
serum GHB levels of about 500 µ.g/ml are attained (61,99). Brain 
GHB concentrations reach JOO µgfg to 150 µ.gig. The righting 
reflex disappears with tissue concentrations above 100 µgig, This 
is about 500 times the average nonnal brain concentration. 

As much as 1,000 mg/kg has been given to monkeys intrave
nously without harmful effects ( 165). Serum levels as high as 
2,300 µ.g/ml have been reached. In this species, the initial slowing 
of the EEG is followed by synchronous high voltage slow activity 
punctuated by spikes. At plasma levels greater than 300 µ.g/ml, 
prepubescent monkeys show paroxysmal rhythmic 2 and a half to 
3 per second high voltage slow waves associated with spikes. In 
general, older monkeys are less sensitive lo the effects of GHB 
than younger monkeys. Nevertheless, when plasma levels exceed 
500 µ.g/ml all animals show myoclonic seizures. At this time, the 
animals appear to be in a trance-like state and are unresponsive to 
all stimuli. 

Some investigators have been impressed with the similarity 
between the EEG and behavioural effects of GHB in animals and 
the clinical spectrum of myoclonus and pet it ma! seizure disorders. 
In support of this, it has been shown that agents like pentylene
tetrazol and systemic penicillin , which are commonly employed to 
induce models of absence seizure states in animals , significantly 
prolong the duration of the EEG changes produced by GHB ([69). 
In addition, in the rat and monkey , the antipetit ma! drugs, 
trimethadione, valproate and ethosuccimide have been shown to 
antagonize the behavioural and EEG changes produced by GHB 
(55,166). However, doubts about the epileptic nature of the 
induced states have been raised by the high doses of GHB 
necessary for their induction. As discussed earlier, in man, for 
example. sleep patterns are commonly observed on the EEG when 
low doses of this drug are given (92, I 07, 121, 209) and even 
higher doses which are sufficient 10 produce anaesthesia and 
plasma GHB levels in excess of 200 mg/ml do not produce 
epileptifonn activity on the EEG (121). In rats, low intraperitoneal 
doses of GHB, between 50 mg/kg and JOO mg{kg, also induce 
wave fonns on the electrocorticogram whic h are s imilar to those 
found narurally in this species in slow wave sleep (56), Finally , a 
recent study with rhesus macaque monkeys, given 150 mg/kg or 
250 mg/kg gamma-butyrolactone orally, concluded as well that the 
induced EEG changes and the associated behavioural state had 
more in common with sleep than with nonconvulsive epilepsy 
(130). Indeed, as will be discussed in greater detail later in this 
review. both sleep and GHB reduce the cerebral metabolic rate, 
while even absence seizures or nonconvulsive epilepsy increase 
th is rate ( 40). 

Agents such as caffeine (I 13) , d-amphetamine (167) and 
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naloxone ( l 70) can block the EEG and behavioural effects of 
GHB. and yet are not effective against petit mal. Thus. the 
antagonism between GHB and valproate, ethosuccimide and 
trimethadione could be based on mutual but opposing metabolic 
effects which are independent of the antiepileptic mechanisms of 
action of these drugs. ll is noteworthy that valproate and ethosuc
cimide appear 10 prevent GHB catabolism and that they actually 
increase brain tissue levels of this substance (172,192) , For this 
reason, it has been argued that they antagonize the actions of GHB 
by blocking the release of this substance from cerebral tissue 
(192, l 93). On the other hand, it has also been demonstrated that 
GHB and the antiepileptic drugs both produce significant changes 
in the relative concentration of different opioid peptides in the 
brain (93). Indeed, naloxone, ethosuccimide, valproate and tri
methadione have all been shown to block the seizure activity and 
behavioural abnormalities induced by the opioid peptide, leucine
encephalin ( 171 ). Thus, common but opposing actions on opioid 
peptide metabolism may account for the antagonism between 
naloxone, the antipetit mal agents and GHB. It should be men
tioned that this antagonism does not take place at the level of the 
GHB receptor, Neither naloxone nor any of the antipetit mal 
agents cited above competes with GHB for its receptor (174). The 
exact relationship. then, between petit ma! epilepsy and the 
trance-like state induced by GHB remains to be detennined. It can 
be stated more confidently, however, that GHB can block seizure 
activity induced by a variety of agents. Those induced by kainic 
acid (34,211). strychnine (BB). isoniazid (88) and mercaptopropi
onate ( 189) may be cited as examples. 

HEART. RESPIRAHON AND TEMPERATURE 

When used as an anaesthetic agent in man. in an intravenous 
dose of 65 mg/kg, spontaneous ventilation is maintained with little 
change in rate or volume (199). Cardiac output falls somewhat, 
reflecting both a slight decrease in stroke volume and heart rate, 
GHB currently finds its greatest use in a number of continental 
European countries as an anaesthetic agent during I abour and 
delivery. It does not impair uterine contractions. and it may even 
help relax the cervix. Most important, it does not appear to depress 
the fems (46, 88, 129, 190). 

Respiratory depression will occur with very high doses, and 
again , young animals appear to be more sensitive to GHB than 
adult animals . Thus, an inttaperitoneal dose of 750 mg/kg pro
duces a 40% decrease in the minute ventilation in the adult rat 
(64), but the same dose subcutaneously results in apnea and 
cyanosis in rat pups (63). It is noteworthy that in spite of the 
apnea, this dose is rarely lethal. As has been demonstrated in other 
circumstances , GHB appears to promote survival under hypoxic 
conditions (7,104). 

Marked dose-dependent hypothennic effects have been re
corded with GHB in a number of animal species including the 
mouse (74), rat (JOO), dog (161) and monkey (165). A careful 
study of this phenomenon in the rat has revealed that heat loss is 
brought about by a decrease in metabolic heat production as well 
as by an increase in cutaneous circulation. The anaesthetic and 
dopaminergic changes described earlier are independent of the 
hypothennic effects of GHB and continue to be observed even 
when the animal is kept warm (18, 47. 74). The drop in body 
temperature produced by GHB can be blocked by naloxone (29) as 
well as by the dopamine receptor antagonist haloperidol (100). 
This latter finding, together with the observation that other 
dopamine agonists like apom0tphint and dopamine itself, lower 
body temperature, would suggest that GHB facilitates the release 
of dopamine. However. there has not been universal agreement 
about this. 

DOPAMINE 

A great deal of attention has been devoted to the effects of 
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GHB on brain dopamine metabolism (3. 4, 25. 47-49, 145, 150, 
151, 204). This is because GHB and its congeners, ganuna
butyrolactone and butanediol, produce a dose-dependent increase 
in the concentration of dopamine in the striatal and cortical regions 
innervated by the nigro-srriatal and mesocortical dopaminergic 
neurones while simultaneously, and paradoxically, depressing 
activity in these neurones. Brain dopamine levels can double 
within the hour while almost no effect is observed on brain 
noradrenaline concentrations. These neurotransmitter changes are 
not observed with any other central nervous system depressant. 
Agents such as halothane or chloral hydrate actually increase 
neuronal activity in the nigro-striatal tracts (25). Since the depres
sion of nigro-striatal activity by other means, such as transection 
of the tracts, or the application of GABA or tetrodotoxin, also 
raises dopamine levels in the caudate, the two phenomena appear 
closely related (3, 4, 183). 

Nevertheless, in spite of much effort, the nature of this 
relationship has proved elusive. Elevated brain dopamine levels 
following GHB have been demonstrated in rats (47), rabbits (49), 
mice (74). and cats (182). In rats, it has been shown that 
pretreating the animal with GHB can produce an activation of 
tyrosine hydroxylase isolated from dopamine rich areas of the 
brain which can be measured in vitro, and alter the behaviour of 
this enzyme so that it is no longer sensitive to end product 
inhibition by dopamine (126,127). Calcium chelators produce the 
identical change. For this reason, it has been argued that GHB
induced neuronal inhibition blocks neuronal calcium influx and 
that this in turn alters the kinetic properties of tyrosine hydroxylase 
to increase the rate of dopamine synthesis. Tyrosine hydroxylase 
isolated from noradrenaline rich areas of the brain lacks this 
calcium sens itivity and, thus, cannot be activated by GHB. This 
explains GHB's inability to raise brain noradrenaline levels. 
However, it is not clear how GHB inhibits neuronal activity, nor 
have the effects of GHB on calcium mobilization acwally ever 
been measured, in nervous tissue, or anywhere else for that matter. 
And although there is indirect evidence for the activation of 
tyrosine hydroxylase by GHB in vivo (26, 151 , 203) not all 
investigators have been able to corroborate the activation of 
tyrosine hydroxylase by GHB in vitro (187,213). Even the 
observation that GHB modifies tyrosine hydroxylase so that it is 
no longer sensitive to end product inhibition by dopamine has been 
challenged , Rather, evidence has been presented that increased 
storage of dopamine in reserpine sensitive vesicles occurs after 
treatment with GHB. and that this accounts for the absence of end 
product inhibition of the enzyme (74, 103, 180). Finally, the cause 
and effect relationship between neuronal inhibition and elevated 
dopamine levels has been placed in doubt by the observation that 
GHB can raise caudate dopamine levels in newborn rat pups 
before neuronal activity has been established in the nigro-striatal 
tracts (26). 

Inhibition of dopamine catabolism by GHB is unlikely to be a 
factor in the elevation of brain dopamine. GHB does not inhibit 
monoamine oxidase or catechol-o-methyl transference, the two 
enzymes responsible for the breakdown of dopamine (48). Brain 
dopamine levels could be increased if GHB prevented the release 
of this neurotransmitter. A fall in brain dihydroxyphenylacetic 
acid (DOPAC) levels immediately afterGHB administration in the 
rat has been cited as evidence for this (145, 149, 204}, However, 
the initial fall in DOPAC levels has not been observed in all 
species (74), and in the cal, direct measurement of dopamine 
release with the push-pull cannula technique has shown that GHB 
actually produces a graded dose-dependent increase in the rate of 
dopamine release (25). 

More work is evidently needed to fully comprehend the 
sequence of events leading to the rise in brain dopamine concen
tration. Whatever the mechanism. all investigators agree that lhe 
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increase is unrelated to GHB's sedative and anaesthetic actions. 
Sedation and the loss of the righting reflex can be observed with 
GHB even in animals in which the rise in brain dopamine has been 
prevented by pretreatment with alpha methyl paratyrosine (48) or 
by the destruction of dopaminergic neurones ( l 7). EEG slowing 
can be induced by doses of GHB which are insufficient to alter 
brain dopamine levels (168 ), although this last observation has 
been cast in doubt by a recent report which indicates that 
intraperitoneal doses of GHB as low as 50 mg/kg can raise these 
levels {122). 

ACETYLCHOLINE. SEROTONIN AND NORADRENAUNE 

Many anaesthetic agents increase brain acetylcholine levels 
(159,204). This again has been related to the concomitant depres
sion of choli nergic neuronal activity produced by these agents. In 
keeping with this. it has been shown that transection of cholinergic 
tracts in the brain also raises acetylcholine levels in their terminals 
(!58). Ganuna-butyrolactone, too, can elevate brain acetylcholine 
levels, although high doses are necessary (91 ) . The relationship 
between this garnma-butyrolactone effect and activity in c holin
ergic neurones has never been directly examined , although given 
!he findings with other central depressants and with tract transec· 
tion, it has been inferred that the accumulation of acetylcholine is 
related to neuronal depression. Systemically administered gamma· 
butyrolactone has been shown to be rapidly converted to GHB by 
lactonases present in serum and liver but not in brain ( 147). GHB, 
however, does not increase brain acetylcholine levels even when 
given in high doses (91 ). This finding indicates that the two agents 
may not have identical effects under all conditions. In high doses 
S\lfficient gamma-butyrolactone may enter the nervous system and 
escape hydrolysis. Under these circumstances its unique actions 
may become apparent. 

GHB has been reported to either increase the turnover rate of 
brain serotonin (65,179) or to elevate its levels in certain regions 

(200) . It has also been shown to depress neuronal activity in the 
dorsal raphe to some extent (204). However. it has been argued 
that these elevations are not related to inhibition of serotonergic 
neuronal activity because surgical procedures which impair im
pulse flow in these neurones do not elevate serotonin levels in the 
terminals (200). GHB does not depress noradrenergic neurones 
(204) and as mentioned earlier, it has no effect on brain noradren
aline levels. In contrast, GHB profoundly depletes the heart and 
brown fat of noradrenaline ( 12). 

SYNTHESIS AND ORIGIN Of OHB 

The structural similarity of GHB to gamma-amino butyric 
acid, GABA, would suggest that the two compounds have 
common physiological properties. Indeed, GHB was first used 
clinically in the hope that it would serve as a precursor for GABA 
and as a GABA-mimetic agent, since in distinction to GABA, 
GHB crosses the blood-brain barrier (88). However, this has not 
turned out to be the case. Although one study demonstrated that 
GHB increased brain GABA levels (33), other studies have failed 
to confirm this observation (50, I 14, 124) and indeed, have 
favoured the view that exogenously administered GHB must first 
be oxidized to succinate before GABA can subsequently be 
formed from citric acid cycle intermediates (32, 35, 36, 125). On 
the other hand, it has been shown that GABA can be converted 
almost directly to GHB (58,148} and the pathway between these 
two compounds has been carefully examined (110,196) (Fig. I). It 
has been shown that GABA is catabolized to succinic semialde
hyde (SSA) and oxidized to succinate (24) . A small fraction of 
SSA is then reduced to GHB (24, 58, 152, 153}. The conversion 
of GABA to SSA and succinate is catalyzed in mitochondria by 
GABA-transaminase and an NAO-dependent suc cinic semialde
hyde dehydrogenase. The conversion of SSA to succinate is 
irreversible, and it has been argued that the conversion of SSA 
back to GABA is also functionally irreversible in vivo because the 



AMN1002 
IPR of Patent No. 8,772,306 

Page 657 of 1327 

GAMMAHYDROXYBUTYRATE AND ENERGY METABOLISM 

concentration of SSA in the brain is many orders of magnitude 
lower than its Km for the reverse transamination reaction (24). 
Nevertheless, studies with brain tissue homogenates (l 24, 195), 
cerebellar slices (195) and purified enzyme preparations contain
ing GHB dehydrogenase and GABA transaminase ( 197) have 
shown that GHB can be directly transformed into GABA without 
first being 01tidized to succinate as the in vivo studies would 
suggest. In vitro, then, the conversion of GABA to SSA does 
appear to be rever.ible. 

The small fraction of SSA which escapes oi.idation to succinate 
is reduced to GHB by two NADPH-dependent cytoplasmic alde
hyde reductases designated ALR-2 and SSA reductase (28, 152, 
153). The latter is specific for SSA. ft has been estimated that 
between 0.08% to 0.16% of whole brain GABA is converted to 
GHB each minute (24, 58, 152, 153). The specific SSA reductase 
has been found in most of the neuronal cells enmined which 
contain glutamate decarbo1tylase, the enzyme responsible for the 
synthesis of GABA (205,206). Peripheral tissues, however, con
tain very low GABA concentrations. For example, in the liver and 
kidney GABA levels are less than I% those in the brain (38). Yet 
the GHB levels in some peripheral tissues may be more than 10 
times higher than in brain ( 131 ). ls there another tissue source for 
GHB (175)'? Some investigators have proposed that 1,4 butanediol 
and 4-hydro1tycrotonoate are alternative precursors for GHB in 
both the periphery and brain {8,194). A possibility never before 
considered is that GHB may be derived from succinyl-CoA in a 
reaction analogous to the reduction ofhydroxymethylglutaryl-CoA 
(76). The concentration of GHB would then be regulated by the 
activity of a unique reducing enzyme. Evidence for this pathway is 
now being sought by our group. 

CATABOI..ISM OF OHB 

The steady synthesis of GHB must be balanced by its catabo
lism. The kinetic properties of the two aldehyde reductases SSA 
and ALR-2 indicate that this route is functionally irreversible (24, 
152, 153). The reduction of SSA is strongly favoured over the 
oxidation of GHB. There is some evidence in the brain as well as 
in the periphery for the catabolism of GHB via beta oxidation. The 
beta oxidation product, 4 hydroi.ycrotonoic acid, has been isolated 
from the brain (194) and kidney (132) and beta oxidation products 
have been detected in the urine (44, 96,201). These products have 
also been recovered from the urine of patients with gammahydrox
ybutyricaciduria, a rare inborn error of metabolism which has been 
attributed to a deficiency of succinic-semialdehyde dehydrogenase 
(51, 52, 75). Significantly, a distinct NAO PH-dependent aldehyde 
reductase (ALR-1). different from those involved in GHB fom1a
Cion, has been isolated from brain, liver, kidney and brown fat. 
This enzyme promotes the coupled oxidation of GHB to SSA to 
the reduction of glucuronate to gulonate, and this seems to be the 
favoured route for GHB catabolism (78-80, 82). Thus, SSA is 
bod! a product and precursor of GHB. The activity of ALR-1 is 10 
to 20 times greater in peripheral tissues than in bra.in {80). ALR-1 
can be inhibited by acetylsalicylic acid and by alpha-keto ana
logues of branched chain or aromatic amino acids (82). Like 
ALR-2, it is sensitive to inhibition by barbiturates and valproate 
(24,80) and this may be the reason for the elevated brain levels of 
GHB mentioned earlier following valproic acid administration 
(172). More recently, evidence for a mitochondrial pyridine 
nucleotide independent GHB-oxidizing enzyme has been found 
(81). In bra.in, over 40% of GHB is 01tidi2ed through chis route. 
Even a higher proportion of GHB is oxidized by this enzyme in 
liver. The metabolic pathways of GHB have been described here 
in some detail because the formation of this metabolite through a 
reductive process, and its breakdown through oi.idation, suggests 
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that it would accumulate under hypoxic conditions, The signifi
cance of this will be elaborated upon later in this review. 

REI.ATIONSHIP BETWEEN GABA AND GHB 

In spice of the close structural and metabolic relationship 
between GABA and GHB, cellular processes clearly distinguish 
the two. Although the published daca are not entirely consistent, it 
is for the most part true that neither competes with the other for its 
receptors (11, 41, 72, 101), or for its uptake (10, 62, 135) and 
release mechanisms (135). However, GABA and GHB do have 
one important property in common: both depress neuronal activity 
throughout the neuraxis (85,134). Indeed, they appear to potenti
ate each other in this regard, Iontophoretic application of GABA 
and GHB to nigral and neocortical cells shows that both produce 
neuronal depression, although GABA is more powerful in this 
regard than GHB. Some investigators repor1 that the actions of 
GHB can be blocked by the GABA antagonist bicuculline {73,85) 
while others find that the opposite is true (134,135). Both GHB 
and GABA increase chloride conductance (73) and recent evi· 
dence suggests that GHB, like GABA, acts at the chloride channel 
(177). The systemic administration of a low dose of GHB, 300 
mg/kg imrapericoneally, produces widespread inhibition of neocor
tical activity (134). Although nigral cells are less sensitive than 
neocortical cells to the inhibitory effects of GHB, it nevertheless 
has been demonstrated that intravenous doses of GHB of 150 
mg/kg inhibit nigrostriataJ activity by 50% (146). If dopamine 
accumulation in the forebrain can be taken as a sign of neuronal 
inhibition, then there is evidence that this can be achieved with 
doses of GHB as low as 50 mg/kg given intraperitoneally (122). 
Even lower doses in the range of 5 mg/kg infused directly into the 
cerebral ventricles can depress behaviour and alter the function of 
dopaminergic neurones (l 41 J. Because of the sensitivity of the 
brain to lhese low doses, it has been argued that endogenous GH B 
could play a role in the regulation of neuronal activiry. Only small 
shifts in its rate of production would be necessary for its tissue 
concentration to rise co levels necessary for such functional effects 
(146). 

EFFECTS OF GHB ON ENERGY METABOLISM 

The actions of GHB on brain carbohydrate and energy metab
olism mirror this inhibitory effect on neuronal activity. Doses of 
GHB or of its precursor garruna-butyrolactone, which hardly alter 
behaviour, and produce only minimal slowing of the EEG, have 
profound effects on tissue carbohydrate intermediates and tissue 
energy metabolism (45, 57, 84, 9B, 104, 105, 185, 186). In the 
rat, for example, intravenous doses of GHB ranging from 250 
mg/kg to 2,000 mg/kg, or of garnma-butyrolactone ranging from 
l 50 mg/kg to l, 200 mg/kg significantly increase brain concentra
tions of glycogen and glucose and decrease concentrations of 
pyruvate, lactate, alpha ketoglutarate and malate ( 105). Phos
phocreatine levels are raised while tissue levels of ATP, ADP and 
AMP are unchanged. In keeping with th.is apparent decline in 
energy substrate consumption, cerebral glucose utilization, as 
measured with the (Cl4) deoxyglucose technique, undergoes a 
significant and dose-related decline starting with intravenous doses 
of gamma-butyrolactone as low as 75 mg/kg (208). A homogenous 
inhibition of glucose uptake by grey and white matter is observed. 
Although no area of the brain is more sensitive than any other, 
inhibition of glucose utilization in grey matter is far greater than in 
white matter. An intravenous dose of 600 mg/kg of gamma
butyrolactone, for example, reduces glucose utilization in grey 
matter by 68% compared with 44% in white matter. Similar results 
have been reported with GHB (87). l! is remarkable that in spite of 
these ei.traordinary degrees of mecabolic depression full tissue 
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recovery can take place. Other central nervous system depressants 
such as the barbiturates also produce comparable effects on 
intermediary energy metabolism (45,185} but doses of barbiturates 
which would be necessary to inhibit cerebral glucose utilization as 
much as that observed with garnma-butyrolactone and GHB would 
likely be lethal (208). Indeed, all investigators who have compared 
the actions of the barbiturates with GHB or butyrolactone on tissue 
carbohydrate and high energy phosphate levels have commented 
that GHB depresses energy utilization without inducing the deep 
anaesthesia necessary for effects of similar magnitude with the 
barbiturates (45, 98, !04). 

Studies on the metabolic effects of GHB in cerebral tissue 
slices have revealed other important differences between this agent 
and the barbiturates, Although both inhibit glycolysis. GHB 
augments oxygen consumption. activates glucose 6 phosphate 
dehydrogenase and increases nux through the pentosephosphate 
shunt (84,186). These effects have never been demonstrated with 
the barbiturates. The GHB-induced shift of carbohydrate metabo
lism to the pentose pathway is limited to the brain and requires 
intact cells for its demonstration. It has nOI been observed in 
diaphragm or kidney. The stimulation of oxygen uptake observed 
with GHB in cerebral slices requires glucose. GHB does not 
stimulate respiration in these slices in the absence of substrate. In 
liver. even in the presence of glucose, stimulation of oxygen 
uptake by GHB cannot be demonstrated, Studies on the effects of 
GHB on metabolism in peripheral tissue are sparse and more 
information is needed. 

TISSUE PROTECTION 

The sparing effect of GHB or GB L on cerebral energy 
intermediates is again evident when this tissue is exposed to 
anoxia. In one study, for example. intravenous doses of gamma
bu1yrolactone as low as 150 mg/kg spared energy utilization under 
anoxic conditions by 25 percent (105) . This sparing effect could be 
virtually doubled by raising the dose of gamma-butyrolactone. 1 n 
another study , 500 mg/kg of intravenous GHB protected rats 
against the lethal effects of 30 minutes of hypoxia (104) . Under 
these conditions none of the GHB-treated rals died in comparison 
with 45 percent of the untreated control rats. Even lower doses of 
GHB. 200 mg/kg, significantly reduced the subcellular response 
of the brain to hypoxia in rats exposed to atmospheric pressures 
comparable to those at 10,000 meters (111 ). Similarly. JOO mg/kg 
of intraperitoneal gamma-butyrolactone, a dose sufficient to pro
duce only minimal EEG and behavioural effects, given at 2 hour 
intervals for 24 hours. significantly reduced forebrain neuronal 
tissue damage at 72 hours produced by 30 minutes of bilateral 
vertebral and carotid artery occlusion (95). In the gerbil, GHB in 
doses of 400 mg/kg or 500 mg/kg was shown to exert a protective 
effect against cerebral ischemia and a sparing effect on !issue 
energy substrates whether given immediately before or two to 
three hours after 15 minutes of bilateral carotid occlusion ( 18 l }. 
More so than any protective agent studied, including the barbitu
rates with which it is so often compared, GHB retards the 
disappearance of oxygen from anoxic cerebral tissue, again 
demonstrating the potent energy sparing effects of this agent {42). 

Gamma-butyrolactone and GHB can also reduce cerebral 
edema. In man. intravenous doses of GHB as low as 40 mg/kg to 
60 mg/kg have been used successfully for many years to reduce 
intracranial pressure after head injuries (30. 43. 97, 184). In rats. 
the development of cerebral edema induced by carbonized micro. 
spheres given intravenously can be significantly reduced by 
gamma-butyrolactone (20). And we have recently demonstrated 
that gerbils anaesthetized with doses of GHB of 250 mg/kg to 500 
mg/kg for 6 hours starting immediately after IO minutes of 
bilateral carotid occlusion do not show cerebral edema after 24 
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hours. This protective effect can be partially overcome by nalox
one {34). 

In the periphery, too, OH B has been shown to pro tee I against 
anoxic damage and energy insufficiency. Thus, GHB can reduce 
the pain of angina pectoris and myocardial infarction (27,210). It 
limits the damage to ischemic myocardium surrounding infarcted 
regions (37). When myocardial energy resources are inadequate, 
for example, with ischemia or excessive catecholamine loads, 
tissue lipid infiltration. mitochondrial swelling, contraction bands 
and tissue necrosis are observed (13,188). GHB prevents these 
changes (21. 106. 120). We have recently demonstrated that GHB 
prevents myocardial I ipid infiltration and mitochondrial deteriora
tion in gerbils treated with 0.1 mg/kg isoproterenol (21). GHB has 
also been shown to minimize the deterioration of myocardial 
function which follows massive hemorrhage (15. 16, 118). So
dium and lithium gammahydroxybutyrate have been used to 
prolong the viabi I ity of the preserved kidney for organ transplan
tation (160). GHB also has been shown to inhibit the release of 
lactate from skeletal muscle in isolaled ischemic limbs (102t. 
Finally, we have found remarkable protective effects with GHB 
against ischemic damage in the hamster gut which again. as in 
brain. can be overcome by naloxone (19). These observations, 
then, are consistent with an energy sparing and tissue protective 
effect across many organ systems. 

In considering lhe protective effect against anoxia it is impor
tant to note that GHB also effectively blocks free radical formation 
and lipid peroi<.idation, the two damaging sequelae of tissue 
reperfusion and reoxygenation (89,119). Its free radical quenching 
actions likely also account for its effectiveness against radiation 
damage (31.89). 

TliE NATURAL- FUNCTION OF GAMMAHYOROXYBUTYRATE 

Adaptation to hypoxic environments or to energy limiting 
conditions is a common challenge for many living organisms (70). 
One can only marvel at the extraordinary behaviour of diving birds 
and mammals capable of surviving under water for periods in 
excess of an hour. It is less well known that the blood supply to the 
liver and kidney in some of these species undergoes reductions of 
profound magnitude at this time (70). In the seal. for example. 
renal blood flow and renal oxidative metabolism may virtually 
shut down. lschemia of this degree in terrestrial species would be 
irreversibly damaging to the kidneys. Equally astonishing is the 
months-long survival of many hibernating species in cold envi
ronments and without food energy. For some vertebrates this 
period can last as long as 7 to 8 months. How is this achieved? 

Although many mechanisms come into play. it has been 
suggested that adaptive species must be capable of regulating the 
set point of cellular metabolic activity in response to the availabil
ity of energy. It has been proposed that certain endogenous 
metabolites mediate this process. One example, in the brain, may 
be the raised tissue concentrations of the neuroinhibitory amino 
acids GABA and taurine during hibernation (2, 123, 139, 140). 
Another proposal is that fluctuations in the relative concentration 
of different endogenous opiate peptides determine the set point of 
metabolic activity during hibernation (115, l l 6). This would 
explain how naloxone and its congeners, which block the activity 
of these peptides. promote arousal from hibernation and shorten 
the duration of this state (86, 116, 133). Naloxone, ii may be 
recalled, also blocks the major actions of GHB, antagonizing its 
behavioural, hypothennlc, dopamincrgic and EEG effects as well 
its inhibitory effect on brain glucose utilization (29, 170). In 
contrast. as experiments on male red cheeked sousliks have 
shown, low doses of GHB between !00 mg/kg and 300 mg/kg 
markedly impair arousal from hibernation in this species (137). 
More important, in rats . this agent has been shown to significantly 
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alter the relative concentration of the opiate peptides dynorphin 
and beta endorphin in different regions of the brain (93). GHB's 
effects, then, may be mediated through the endogenous opioid 
system. 

In all, these observations suggest that GHB may act naturally to 
promote hibernation and that the trance like state induced by GHB 
may have more in common with this behaviour than with noncon
vulsive epilepsy or some other altered state of consciousness. 
GHB's hypothermic effects and its high concentration in brown fat 
are in keeping with this (137). In brown fat, GHB may function to 
counter the activation produced by circulating catecholamines. 
This would control the release of heat energy and maintain 
hypothermia and hibemation. Thus, at both the cellular level and 
that of the whole animal, GHB appears to regulate energy 
metabolism. 

Many biologists view sleep on a continuum with torpor and 
hibernation (202). Much like these latter states, sleep is thought to 
serve the function of energy conservation but to a lesser and more 
intermittent degree. Could diurnal variations in the brain concen
tration of GHB play a role in the induction and metabolic function 
of sleep? It is noteworthy that cerebral glucose utilization dramat
ically falls by as much as 30 percent during NREM sleep (66,83). 
There, however, is no clear understanding of how this comes 
about. GHB, too, reduces cerebral glucose utilization. Indeed, its 
effectiveness as a hypnotic may have as much to do with its energy 
conserving properties as with its unique capacities to promote both 
NREM and REM sleep. A reduction of energy consumption 
during sleep, in compensation for the high energy output during 
waking, has been cited as a critical feature of sleep throughout the 
animal kingdom and one which is central to its restorative 
functions (212). Although other hypnotics like the benzodiaz
epines have also been shown to decrease the cerebral metabolic 
rate (142,143), albeit in higher doses than are used clinically to 
promote sleep, tolerance may develop to this effect as it does to the 
other sleep-inducing actions of these agents (77). In contrast, 
tolerance may not de velop to GHB's energy-sparing effects , much 
as it has not been shown to develop to its soporific actions (154). 

Does GHB have a role in man? GHB levels have not bee n 
systematically determined in human tissues. But it has been shown 
that fetal brain, in man as in other species. contains high 
concentrations of GHB which dwindle rapidly after birth ( 176). 
Immature animals also appear more sensitive to the depressant 
effects of GHB than mature animals (63, 64, 165). High fetal brain 
GHB levels may be one reason for the greater resistance of the 
fetal brain to anoxia than the adult brain (I ,I 28). A very similar 
function has recently been ascribed to the high fetal brain 
concentrations of the neuroinhibitory amino acid taurine, whose 
levels also fall rapidly afterbirth (156). Taurine has been shown to 
increase cerebral resistance to anoxia. and most important, tissue 
tauiine derived from the breakdown of protein, actually rises in 
concentration in response to hypoxia . Analogous mechanisms 
could regulate tissue GHB levels. Thus, hypoxia would favour the 
reduction of succinic semialdehyde to GHB rather than its oxida· 
tion to succinate. An hypoxic environment would also tend to 
inhibit the oxidative catabolism of GHB. Protein degradation, 
promoted by hypoxia, would favour the formation of succinyl 
CoA, our putative precursor of GHB in all tissues. 

U nfortucately, the effects of hypoxia on tissue GHB levels 
have never been examined. Brain GHB concentrations have been 
shown to rise postmortem (39, 144, 176) and liver and brain GHB 
concentrations increase significantly when cell redox potentials are 
raised by ethanol ( 144). GHB levels also appear to rise when 
metabolic demand is increased. Raised GHB levels in the cere
brospinal fluid of children with seizures ( 173) and higher brain 
tissue GHB levels after mercaptopropionic acid-induced seizures 
may reflect this (58) . The tripling of suiatal GHB concentration 
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following the intracranial injection of kainic acid may yet be 
another example (5). This agent is thought to produce neuronal 
necrosis by over excitation of cellular elements ( 15 7). Indeed, the 
synaptic release of excitatory neurotransmitter agents by ischemia 
and the subsequent dissociation between metabolic rate and the 
supply of energy is now considered the first step in the cascade of 
events leading to ischemic neuronal cell death (53,162). Accord
ing to our thesis, however, these are the very conditions which 
would promote GHB accumulation. The rise in tissue GHB levels 
would then function to depress cell energy requirements and 
mitigate the damage. These metabolic mechanisms may explain 
the elevated striatal levels ofGHB found in Huntington's disease 
( 6). The reasons for these high levels have never been clear since 
striatal concentrations of GABA, the accepted precursor of GHB 
in the brain, are depressed in this condition (6). However, raised 
brain GHB levels in Huntington's disease would be expected iftlie 
neuronal damage in this condition is caused by excitotoxins as has 
been proposed (136,157). Finally, if our theory is correct. one 
would expect that the administration of GHB or its analogues 
would protect nervous tissue from excitotoxic cellular damage. 
This has clearly been demonstrated in the rat. The damage induced 
by the intrastriatal injection of kainic acid is almost completely 
prevented when these animals are pretreated with gamma-butyro
lactone (211) and we have recently duplicated this finding with 
sodium gammahydroxybutyrate (34). Clearly, more definitive 
studies are required on the biochemical mechanisms regulating 
tissue GHB levels. 

CONCLUSION 

Thus. there is evidence, at least in the nervous system. that 
GHB reduces the level of cellular activity and concomitantly 
depresses the utilization of glucose and other energy substrates . 
Under these conditions, exposed tissues become less sensitive to 
the damaging effects of anoxia or excessive metabolic demand. 
Indeed, there is circumstantial evidence that tissue GHB levels rise 
in response to anoxia or excessive metabolic demand, suggesting 
a natural tissue protective role for this compound. It remains to be 
explained how the actions of GHB on energy metabolism are 
effected, and how cellular homeostasis is maintained in the face of 
reduced energy consumption. The barbiturates share many of 
GHB's tissue protective properties but the two agents appear to act 
through different mechanisms since GHB's metabolic effects, in 
distinction to those of the barbiturates. can be blocked by 
naloxone. For this reason, it is of considerable interest that 
dynorphin. the opiate peptide whose tissue concentration is raised 
by GHB (93), can also depress neuronal activity in a naloxone 
reversible manner (94) and can improve the survival of animals 
following ischemic damage to the nervous system (9). This 
suggests that GH B may act through the endogenous opioid system 
(29, 170, 192) , as the work on hibernation discussed earlier also 
alludes. GHB, by altering the concentration of specific opioid 
peptides, may change ion flux across cell membranes ( 163) and 
produce the "channel arrest" considered necessary for energy 
conservation and cell protection (70). It is likely that the interac
tion between GHB and the opioid peptides will come under careful 
scrutiny in future years. 

The use of GHB as a tissue protector or as an hypnotic is sti II 
in the earliest stages of clinical development. Careful examination 
of its metabolic interactions may help clarify nature's own 
restorative and protective mechanisms. As the studies reviewed 
above suggest , GHB may have numerous therapeutic applications. 
One which immediately comes to mind is to retard the progress of 
neurodegenerative disorders which have been attributed to eKcito
toxins or free radicals. GHB may generally benefit conditions in 
which energy supplies are insufficient to maintain nonnal meta
bolic rates . Organ ischemia. status epilepticus, shock and perhaps 
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even fetal anoxia are examples. The clinical use of GHB may well 
reify Hochachka's concept !hat mecabolic arrest be used to extend 
biological time (70). 
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Dapoxetine Has No Pharmacokinetic or 
Cognitive Interactions With Ethanol in 

Healthy Male Volunteers 

Nishit B. Modi, PhD, Mark Dresser, PhD, Dhaval Desai, MD, 
Christopher Edgar, MSc, and Keith Wesnes, PhD 

Dapoxetine is being investigated for the treatment of pre
mature ejaculation. This study evaluated the potential 
pharmacokinetic and cognitive interactions of dapoxetine 
60 mg with ethanol 0.5 g!kg in a single-center, double
blind, randomized, placebo-controlled crossover study in 
healthy adult male participants (n = 24). Dapoxetine was 
rapidly absorbed and eliminated; peak concentrations 
were noted 1.47 hours after administration and decreased 
with an alpha half-life of 1.33 hours and a terminal half
life of 15.6 J10urs. Pharmacokinetic parameters (Cm"'' 

A lthough premature ejaculation (PE) is a common 
form of male sexual dysfunction,1

-
3 no approved 

pharmacologic agent is currently indicated for its 
treatment. Conventional selective serotonin reuptake 
inhibitor (SSRl) antidepressants are sometimes pre
scribed off-label for the treatment of PE.4 When used 
in the treatment of depression, these long-acting 
SSRls require chronic daily dosing for maximal effec
tiveness and may require weeks to reach maximum 
plasma concentrations"; they may also require chronic 
daily dosing to be of most benefit for PE. 4

.0.r 

Dapoxetine is a short-acting SSRI developed as an 
on-demand treatment for PE that is rapidly absorbed 
following oral administration, with peak plasma 
concentrations approximately 1 hour after adrninis
tration.8 Dapoxetine elimination is rapid and bipha
sic; its alpha half-life is approximately 1.4 hours, 
and its terminal half-life is approximately 20 hours. 8 
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DOI: l 0.1 l 77/0091270006297229 

J Clin Pharmacol 2007;47:315-322 

AUG.., t,12, and tm0 ) of dapoxetine were not altered with 
concurrent ethanol consumption. Furthermore, coadmin
istration of dapoxetine did not affect the pharmacokinet
ics of ethanol or potentiate the cognitive and subjective 
effects of ethanol. 

Keywords: dapoxetine; ethanol; pharmacokinetics; 
cognition 

Journal of Clinical Pharmacology, 2007;47:315-322 
©2007 the American College of Clinical Pharmacology 

Dapoxetine-N-oxide, the primary circulating phase I 
metabolite, has weak serotonin receptor binding and 
transport inhibition in vitro (>250-fold less than 
dapoxetine) and does not contribute to clinical effi
cacy. Desmethyldapoxetine has a similar pharmaco
logic potency to dapoxetine in vitro but accounts for 
<3% of circulating dapoxetine species. 

More than 70% of men in the United States con
sumed alcohol in 2002.9 Ethanol has known pharma
codynamic effects on cognitive function, such as 
impaired reaction time and recall. Peak plasma 
ethanol concentrations are observed approximately 2 
hoUTs after oral administration, and a dose of 0.7 g/kg 
is associated with a maximum serum ethanol con
centration of 502 µg/mL. 10 This study was designed 
to examine the potential pharmacokinetic, cognitive, 
and subjective interactions between dapoxetine and 
ethanol in healthy volunteers . 

METHODS 

Participants 

Healthy men (ages 18· 45 years) within 20% of nor
mal weight for height and body build, with a supine 
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blood pressure (BP) of 90 to 140 mm Hg systolic and 
50 to 90 mm Hg diastolic, were eligible to participate. 
Moderate ethanol intake (5-20 drinks/week) was a 
prerequisite. Participants were excluded if they had 
clinically relevant abnormalities, as determined by 
medical history, physical examination, blood chem
istry, complete blood count, urinalysis, and electro
cardiogram (ECG), or if they had a positive urine 
drug screen or alcohol breath test. All were required 
to use a medically accepted method of contraception 
throughout the study period and for 3 months after 
study completion. Consumption of alcohol, caffeine, 
or products containing grapefruit was not allowed 
within 48 hours before administration of study med
ication, and men who regularly consumed >450 mg 
of caffeine per day were excluded. Participants with 
a history of smoking or tobacco use within the past 
3 months were also excluded. Participants were 
excluded if they had used any prescription or non
prescription medications (excluding acetaminophen 
and multivitamins) within 7 days before study start 
and throughout the study period. 

Study Design 

This was a single-center, double-blind, randomized, 
4-treatment, 4-period, crossover study in healthy adult 
males, approved by the Ethics Committee of the par
ticipating study center (Charterhouse Clinical Research 
Unit, Ravenscourt Park Hospital, Ravenscourt Park, 
London, UK) and conducted in accordance with 
good clinical practice and the International Conference 
on Harmonization guidelines and Ethics Committee 
policies, including the ethical principles that have 
their origin in the Declaration of Helsinki on bio
medical research involving human participants. Before 
participation, each participant was required to read, 
sign, and date an Ethics Committee- approved consent 
form explaining the nature, purpose, and possible 
risks and benefits of the study, as well as the dura
tion of participation. 

Participants were assigned randomly to 1 of 4 
treatment sequences and received each of the fol
lowing 4 treatments: (1) a placebo tablet followed by 
ethanol 0.5 g/kg in ginger ale ("ethanol"), (2) dapox
etine 60 mg (Johnson & Johnson Pharmaceutical 
Research & Development, Raritan, NJ) followed by 
ethanol 0.5 g/kg in ginger ale ("dapoxetine + etl1anol"), 
(3) dapoxetine 60 mg followed by ginger ale as 
placebo for ethanol(" dapoxetine"), and (4] a placebo 
tablet followed by ginger ale ("placebo"). Ethanol or 
ginger ale was administered 30 minutes after dapox
etine or placebo to provide peak concentrations of 
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each at approximately the same time. For the placebo 
drinks, ethanol-soaked gauze was placed in a double
walled container used to carry the drinks, which 
were covered in plastic wrap; doses of ethanol in 
ginger ale were prepared in similar containers cov
ered in plastic wrap. Participants drank doses of 
either ethanol or placebo through a straw that pro
truded through the plastic wrap. A washout period 
of 5 to 21 days was required between treatments. 

Assessments 

At the initial screening visit, a medical history was 
obtained, and a physical examination was performed, 
including vital signs (heart rate, BP, and respiratory 
rate), 12-lead ECG, blood chemistry, complete blood 
count, and urinalysis. At each visit, participants were 
required to pass a urine drug screen and an alcohol 
breath test. Vital signs were measured at O (predose), 
1, 2, 4, 6, 8, and 24 hours after administration of 
dapoxetine or placebo dapoxetine. At study termina
tion, the physical examination, laboratory assess
ments, vital signs, and an ECG were repeated. All 
adverse events (AEs) were recorded and assessed in 
terms of severity and relationship to study drug and 
followed until resolution or until the end of the 
study. 

Plasma Analysis fo1· Dapoxetine 
and Its Metabolites 

Blood samples (5 mL) were collected at 0, 0.5, 1, 
1.25, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 16, 24, 48, and 72 hours 
after administration of dapoxetine for the measure
ment of dapoxetine and its metabolites , desmethyl
dapoxetine and dapoxetine-N-oxide, using a validated 
liquid chromatography/tandem mass spectrome
try (LC/MS/MS) method, with a minimum quantifi
able dapoxetine concentration of 1.00 ng/mL and 
minimum quantifiable desmethyldapoxetine and 
dapoxetine-N-oxide concentrations of 0.200 ng/mL, 
using dapoxetine-d7 , desmelhyldapoxetine-d7 , and 
dapoxetine-N-oxide-d7 as internal standards. Positive 
ions were monitored by MS/MS in the multiple
reaction monitoring mode for dapoxetine (m/z tran
sition from 306.5 to 157.2), dapoxetine-d

7 
(m/z 

transition from 313.5 tq 164.2), desmethyldapoxetine 
(m/z transition from 292.3 to 157.2), desmethyl
dapoxetine-d7 (mlz transition from 299.3 to 164.2), 
dapoxetine-N-oxide (m/z transition from 322.3 to 
157.2), and dapoxetine-N-oxide-d7 (m/z transit.ion 
from 329.3 to 164.2). The calibration curve was lin
ear from 1.00 to 1000 ng/mL for dapoxetine and from 
0.200 to 200 ng/mL for the metabolites. This method 
has been described previously. 11 

-~ 
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Precision and accuracy were determined by repli
cate analyses of human plasma quality-control samples 
spiked with dapoxetine and the metabolites. Precision 
was measured as the percent coefficient of varia
tion of the quality control samples. The ranges of 
interassay precision were as follows: for dapoxetine, 
6.01 % to 16.1 %; for desmethyldapoxetine, 4.61 % to 
16.0%; and for dapoxetine-N-oxide, 3.93% to 18.2%. 
Accuracy was expressed as the percent difference 
between the mean value for each pool and the theo
retical concentration (% bias). The ranges of interas
say accuracy were as follows: for dapoxetine, -2.49% 
to 3.78%; for desmethyldapoxetine, -8.86% to 9.85%; 
and for dapoxetine-N-oxide, -1.25% to 3.47%. 

Plasma Analysis for Ethanol 

Additional blood samples were collected at 0.5, 1, 
1.5, 2, 2.5, 3, 4, 6, 8, and 12 hours after administra
tion of dapoxetine for ethanol analysis using a vali
dated high-resolution gas chromatography with mass 
spectrometry (GC/MS) method, with a minimum 
quantifiable ethanol concentration of 2.74 µg/mL and 
a calibration curve that was linear from 2. 7 4 to 992 .o 
µg/rnL. Precision and accuracy were calculated as 
described above; the range of interassay precision for 
ethanol was 2.4% to 5.1%, and the range ofinteras
say accuracy was -4.0% to 0.9%. 

Analysis of Pharmacokinetic Parameters 

Maxi.mUIIl plasma concentration (Cm
0
,J, time to C,mu, 

(t"'""), apparent half-life (t11J, alpha and terminal t 1, 2 , 

and area under the plasma concentration versus time 
cUI'Ve (AUC) were estimated for ethanol, dapoxetine, 
desmethyldapoxetine, and dapoxetine-N-oxide. For 
dapoxetine and its metabolites, a 2-compartment 
model with first-order absorption and elimination was 
used [WinNonMix software, Version 2.0.1, Pharsight 
Corporation, Mountain View, Calif)Y 

Cognitive and Subjective Assessments 

Cognitive function was measured using a battery of 
tasks from the Cognitive Drug Research (CDR) comput
erized cognitive assessment system.13•14 Prior to the first 
study day, cognitive function was measured 4 times, 
twice on each of 2 days, with ~1 hour between tests, to 
familiarize participants with the tests and to minimize 
any learning effects during the study. The CDR tests 
were conducted before dosing and 0.5, 1.5, 2.5, 4, 
6, 8, 12, and 24 hours after administration of study 
drug. The following tests were performed: Inunediate 
Word Recall (IWR), Simple Reaction Time (SRT], 
Digit Vigilance Task (DV), Choice Reaction Time 
(CRT), Visual Tracking Task (Tracking), Spatial Working 

DRUG INTERACTIONS 

Memory (S\VM), Numeric Working Memory (NWM), 
Delayed Word Recall (DWR), Word Recognition [WR), 
Digit Symbol Substitution Test (DSST), and the Bond 
and Lader Visual Analog Scale [VAS) of Mood and 
Alertness,10 a questionnaire of 16 analog scales that 
derives 3 factors that assess change in self-rated alert
ness, self-rated calmness, and self-rated contentment. 
Two composite scores from the CDR tests were derived: 
(1} power of attention, which combines the reaction 
time measures from the 3 attention tests (ie, SRT, CRT, 
and DV), and (2) continuity of attention, which com
biries the accuracy measures from the 3 attention tests 
(ie, SRT, CRT, and DV).14 

Statistical Analysis 

Statistical analyses were conducted using SAS (SAS 
Institute, Inc, Cary, NC). Pharmacokinetic parameters 
for dapoxetine and ethanol were compared between 
the dapoxetine alone and dapoxetine + ethanol treat
ments using a mixed-effect analysis of variance 
(ANOVA) that included treatment, period, and 
sequence as fixed effects and subject within sequence 
as a random effect.16

·17 Log-transformed dapoxetine 
AUC_ and Cmax values for dapoxetine and dapoxetine + 
ethanol were compared using the least squares esti
mate of the mean parameters for the ratio of dapoxe
tine + ethanol to dapoxetine alone; ethanol alone was 
compared to dapoxetine + ethanol in the same manner. 

For cognitive and subjective assessments, a repeated
measures ANOVA was used that included fixed effects 
of sequence, treatment, period, time, and treatment
by-time interaction, as well as a random effect of 
subject within sequence. For each CDR measure, pre
dose (baseline) data for each period were subtracted 
from those at each postdosing time point to derive 
the difference from baseline scores, on which the 
analyses were performed. If the treatment-by-time 
interaction was significant [ a. <0.01). a standard 
ANOVA model for crossover designs, which included 
fixed effects of sequence, treatment, and period, as 
well as the random effect of subject within sequence, 
was used to compare the pharmacodynamic mea
sure at each time point. 

RESULTS 

Participant Disposition 

Healthy participants (N = 24, mean age 25.5 ± 6.4 
years) were enrolled. Four subjects discontinued 
early; l withdrew consent, 2 left for personal rea
sons, and 1 was discontinued for noncompliance. 
Statistical analyses were conducted on all available 
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Table I Pharmacokinetic Parameters of Dapoxetine, Desmethyldapoxetine, and Dapoxetine-N-Oxide 
Following Administration of Dapoxetine Alone and With Ethanol 

Dapoxetine' Dapoxetine + Ethanolb Log-Transformed D + F.ID 
Mean (SD) Mean (SD) Ratio< % (90% CI] 

Dapoxetine 
AUC_, ng·h/mL 2670 (1000) 2530 (1200) 96.3 (87.26-106.32) 
Cm""' ng/mL 492 (160) 531 (210) 107.2 (97.62-117.65) 
tmax• h 1.47 (0.51) 1.35 (0.53) NR 
Alpha t1 i2 , h<t 1.33 (0.14) 1.59 (0.29) NR 
Terminal t,12 , hd 15.6 (0.81) 15 .3 (1.2) NR 

Desm ethyl da p oxetine 
AUC_. ng·hhnL 497 (270) 470 (450) 90.3 (77.66-105.10) 
Cm._,, ng/mL 33.0 (11) 32.0 (15) 96.5 (85.38-108.97) 
tma,• h 2.29 (0. 75) 2.26 (0.74) NR 
t,12• h 15.9 (3 ,8) 14.7 (2.8) NR 
AUC_ ratio, dapoxetine/ 5.91(14) 6. 57 (2.2) NR 

desrne thy ldapoxetine 
Dapoxetine-N-oxide 

AUC_, ng·h/rnL 2080 (690) 2050 (810) 100.B (92.32-110.05) 

C'"""' ng/mL 96.6 (21) 93.0 (15) 96.5 (91.85-101.38) 
tmax• h 2.97 (0.64) 3.08 (0.63) NR 
tl/2' h 20.0 (4.6) 20.0 (6.9) NR 
AUC_ ratio, dapoxetine/ 1.2 3 (0.24) 1.27 (0.24) NR 

dapoxetine-N-oxide 

NR, not relevant. 
a. Dapoxetine 60 mg+ placebo ethanol, n = 20. 
b. Dapoxetiue 60 mg + 0.5 g/kg ethanol, n = 20 
c. The ra tio of log-transformed values for dapoxetine + eth (Ulo) (D + E) to dapoxatine alone (D), given as a perrnntage, w ith the 90% confidence 
interval (C[J . 
d. Es timalad using a 2-comparlmenl mods I with first-order absorption and elimination. 

pharmacokinetic and pharm acodynamic data for the 
20 participants who completed all 4 treatments. 

Pharmacokinetic Analysis 

Dupoxetine 

The pharmacokinetics of dapoxetine were not affected 
by coadministration of ethanol 0.5 mg/kg (Figure 1). 
Dapoxetine was rapidly absorbed, with maximal 
plasma concentrations 1.47 ± 0.51 hours after admin
istration (Table I). Elimination was rapid and biphasic; 
the alpha and terminal half-life was 1.33 ± 0.14 
and 15.6 ± 0.81 hours, respectively. By 24 hours after 
administration, plasma dapoxetine concentrations had 
decreased to 4 .5% of Cm.,· The pharmacokinetic 
parameter values for dapoxetine were not affected by 
ethanol coadministration, as noted by the similar peak 
concentrations and AUC values . The 90% confi
dence intervals (Cls) for the ratio of (dapoxetine + 
ethanol)/[dapoxetine) for lnCmox and for lnAUC_ were 
within 80% to 125%, indicating that ethanol did not 
affect the pharmacokinetics of dapoxetine. 
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Desmethyldupoxetine and 
Dapoxetine-N-Oxide 

Ethanol did not affect the phamiacokinetics of 
desmethyldapoxetine or dapoxetine-N-oxide (Table I). 
For desmethyldapoxetine, the 90% Cis of the 
(dapoxetine + ethanol)/(dapoxetine) ratio for lnCmax 
were within 80% to 125%, whereas the 90% CI for 
the lnAUC_ ratio was slightly outside the BO% to 
125% range, but the 2 treatments were not signifi· 
cantly different by ANOVA (P = .258, dapoxetine vs 
dapoxetine + ethanol). For dapoxetine-N-oxide, the 
90% Cls of the (dapoxetine + ethanol)/(dapoxetine) 
ratios for lnCm.,. and for lnAUC_ were also within the 
BO% to 125% no-effoctboundary. 

Coadministration of ethanol did not affect the 
metabolism of dapoxetine to desmethyldapoxetine 
or dapoxetine·N-oxide; the AUC_ ratio for (dapoxe
tine)/(desmethyldapoxetine) was similar for dapoxe
tine an d dapoxetine + ethanol (5.91 ± 1.4 and 6.57 ± 
2.2, respectively), as was the AUCN ratio for (dapox
etine)/(dapoxetine-N-oxide) (1.23 ± 0.24 and 1.27 ± 
0,24, respectively). 
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700 
Dapoxollno fil: Ethanol + dapox~tin~ 

Figure 1. Plasma concentration profile of dapoxetine when 
coadministered with ethanol. Pla.~ma concentrations of dapoxe
tina (mean with standard deviation) were measured using liquid 
chromatography/tandem mass spectrometry (LC/MS/MS) follow
ing administration of dapaxetine 60 mg witl1 placebo (n = 20) or 
ethanol O.S mg/kg (n ~ 20). 
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Figure 2. Plasma concentration pmfile of ethanol wlien coadmin
istered with dapo,wtine. Ethanol concentrations in plasma (mean 
with standard deviation) were measured using gas chromatography! 
mass spectrometry (GCIMS) following administration of placebo 
(n = 20) or dapoxetine 60 mg (11 = 20) with 0.5 mg/kg ethanol. 

Table II Pharmacokinetic Parameters of Ethanol Administered Alone and With Dapoxetine 

AUC", µg-h/mL 
Cm""' µg/rnL 
tmnx' h 
l11z• h 

NR, not relevant. 

Ethanol' Mean (SD) 

1020 (330) 
440 (Ba) 
l.10 (0.1 2) 
1.15 (0.75)d 

a. Placebo dapoxetine + 0.5 glkg ethanol, n = 20. 
b. Dapoxeline 1;o mg+ 0.5 g!kg ethanol, u = 20. 

Dapoxetine + Ethanol'' 
Mean (SD) 

970 (220) 
428 (61) 
1.07 (0.21) 
1.07 (0.84)0 

Log-Transformed D + E/E 
Ratio' % (90% CI) 

100.7 (82.04-123.52) 
97.5 [90.46-105.05) 

NR 
NR 

c. The ratio of log-transformed values for d apoxeline + ethanol (D +Ello ethanol ti lone (E]. given as a percentage, with Lho 90% confidence interval (Cl). 
d. n=17. 
o. n = 15. 

Etlianol 

Ethanol pharmacokinetics were not affected by coad
ministration of dapoxetine (Table II); plasma ethanol 
concentrations over time are shown in Figure 2. The 
90% Cis of the (dapoxetine + ethanol)/(ethanol) ratio 
for lnCmax and for lnAUC_ were within 80% to 125% . 

Cognitive and Subjective Assessments 

The analysis focused on the approximate time of 
peak plasma concentrations of both ethanol and 
dapoxetine (1.5 hours). Area under the effect curve 
analyses were conducted, and no significant differ
ences between treatments were observed; however, 
there was a high degree of variability across time 
points . Peak concentrations of dapoxetine occurred 
approximately 1.5 hours after administration, whereas 
peak concentrations of ethanol occurred approxi
mately 1 hour after administration (ethanol was 

DRUG INTERACTIONS 

administered 30 minutes after dapoxetine, to match 
the time to peak concentration for both agents). 
Ethanol 0 .5 g/kg impaired measures of attention and 
verbal recall and recognition; effects peaked at 1.5 
hours and resolved by 4 hours, consistent with the 
plasma profile of ethanol (Figure 2). Coadministration 
of dapoxetine did not potentiate the cognitive and 
subjective effects of ethanol (Figure 3, Table III). 

At 1.5 hours, simple reaction time, self-rated 
contentment, and power of attention and continuity 
of attention were significantly affected relative to 
placebo following administration of ethanol alone 
(P < .05 , Figure 3A). A trend toward significance was 
noted for digit vigilance and delayed word recall fol
lowing treatment with ethanol alone (P < .1). Fewer 
words were recalled correctly during the Delayed 
Word Recall test, and subjects reported lower levels 
of contentment and alertness following dapoxetine 
compared with placebo (P < .05). With dapoxetine + 
ethanol, simple reaction time, response time in digit 
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Table III Change From Baseline in Cognitive and Subjective Assessments of Accuracy at Peak 
Concentrations of Dapoxetine and Ethanol (1.5 Hours After Dapoxetine Administration) 

Task Placebo' Dapoxetine• Ethanolc Dapoxetine ;- Ethanol'' 

DV, mean % of targets detected -1.6 (4.3) -0.6 (5.3) -5.0 (12] -3.00 (6.5) 
IWR, mean % of words correctly -2.8 (14) -7.2 (16) -9.8 (12] -11.7 (11)* 

recalled 
D'\IVR, mean% of words correctly -11.2 (15) -20.3 (15)* -18.5 (15) -21.2 (12)* 

recalled 
Tracking, mean distance from 0.14 (2.1) 0.53 (1.7) 0.59 (1.8) 1.5 (2.8) 

target, mm 
DSST, mean numbe1· correct 2.6 (5.2) 1.5 (4.8) 2.5 (4.1) 0.5 (6.3) 
Continuity of attention, -1.0 (2.6) -2.2 (4.1) -4.2 (5.4V -3. 9 (4.2)'> 

mean score 

DV, digit vigilance; !WR. lmmediato word recall; DWR, delayed word recall; Tracking, visual I.racking task; DSST, digit symbol substitution test. 
a Placebo dapoxetine + placebo etl,anol, n = 20. 
b. Dapoxet1no 60 mg+ placebo ethanol, n = 20. 
c. Placebo dapoxetine + ethanol 0.5 mg/kg. n = 20. 
d. Dapoxetine 60 mg+ 0.5 g/kg ethanol, n = 20. 
• P < .05 vs placebo. 

A 
• P,i.OOeOo ,O.:,p0xel'll(! f.iO m!,I ~ Elh,a"IQI O,!i mG/~g ~ Ethutl~ 0.5 mg/kg -t dapa>:1!11ne5CI rr~ 

CRT 

B 

DV NWM SWM 

·p o:0.05 vs p accbo. 

'P <D.05V::'J ot...ano: D,.S mgl',r,g 
,,o <0.U5 \ '3 t:apoxetin~ 6D rr.g 

•'f'iacebc . Dapox111!ri!l c;o mg G::cn,anctO.~ m9'~ g C:lt:th;:iri-;I 0.5 m;]lkg -..d;ipoi:~1i.1e Su mg 

1 o Alertness Contnnlmenl C~1mness 

§ 0 

~ .5 
_'j g -10 

§ -15 

ro -20 ·p .. ('[l.O!I ~':Ii plac&uu. 
•t 'P<1.0.05•1:.-ulh.i.•n1IO.Eimg/kg 

·25 ~p o:0.05 't~dopoxtlirn.1 60 m!,. 

Figure 3. Change from baseline in cognitive and subjective 
assessments of speed and the Bond and Lader Visual Analog Sea.le 
(VAS) at peak concentrations of dapoxetine and ethanol (1.5 hours 
after dapoxetine administration]. Panels /l and B show assess
ments of various pharmacodJmamic measures taken at 1.5 hours 
after administration of dapoxetine, the approximate time of maxi
mum concentrations for both dapoxetine and ethanol. The phar
macodynamic parameters shown are as follows. Panel A: speed 
measurements for Simple Reaction Time (SRTJ, Digit Vigilance 
(DV], Chofre Reaction 'Jl'me (CRT}, Spatial Working Memory 
(SWM], Numeric Working Memory, ( NWM), Word Recognition (WR}, 
Power of Attention, and Memory." Panel B: Bond and Lader VAS of 
Mood and Alertness (alertness, calmness, and contentment).,s 
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vigilance, and power of attention all increased sig
nificantly (P < .05) compared to both placebo and 
dapoxetine alone but not compared to ethanol alone. 

At 1.5 hours after administration, dapoxetine alone 
significantly decreased the percentage of correctly 
recalled words on the DWR, whereas ethanol alone 
significantly decreased the score for continuity of 
attention (P < .05 vs placebo for both; Table III). With 
dapoxetine + ethanol, the percentage of words cor
rectly recalled on both the IWR and DWR was 
decreased, as '\Nas the score for continuity of atten
tion (P < .05 vs placebo for all). 

Following dapoxetine administration, Bond and 
Lader scores decreased for alertness (P < . 05 vs 
placebo) and contentment (P < .05 vs placebo and 
ethanol alone; Figme 3B); following ethanol admin
istration, Bond and Lader scores for contentment 
were increased (P < .05 vs placebo and dapoxetine 
alone). Following dapoxetine + ethanol, Bond and 
Lader scores were decreased for alertness (P < .05 vs 
placebo and ethanol alone) and contentment (P < .05 
vs ethanol alone). 

Adverse Events 

Most AEs were of mild or moderate severity. No 
serious AEs were reported. A total of 28.6% of par
ticipants (6/21) reported AEs with ethanol, 75.0% 
(15/20) reported AEs with dapoxetine + ethanol, 
52.2% (12/23) reported AEs with dapoxetine, and 
38.1 % (8/21) reported AEs with placebo. So=olence 
was the most common AE (9.5% with ethanol, 30.0% 
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with dapoxetine + ethanol, 13.0% with dapoxetine, 
and 9.5% with placebo). One participant experi
enced somnolence rated as severe during the dapox
etine treatment period. Other AEs reported by at least 
2 participants on any treatment included headache, 
nausea, abnormal thinking, alcohol intolerance, asthe
nia, chills, euphoria, neurosis, and blurred vision. 
No clinically important changes in laboratory val
ues, vital signs, or ECGs were seen. 

DISCUSSION 

Dapoxetine is a short-acting SSRI being developed 
as an on-demand oral formulation for the treatment 
of PE. Dapoxetine is rapidly absorbed and elimi
nated, with peak concentrations noted approxi
mately 1.5 hours after oral administration. The 
alpha half-life of dapoxetine was 1.3 hours; by 
24 hours after administration, plasma concentra
tions of dapoxetine decreased to approximately 5% 
of peak levels. Because many men consume alcohol.9 

ethanol is likely to be taken concomitantly by men 
using dapoxetine. Results from this study demon
strated that consumption of ethanol has no effect on 
the pharmacokinetics of dapoxetine or its metabo
lites, desmethyldapoxetine and dapoxetine-N-oxide. 
Similarly, dapoxetine did not affect the pharmacoki
netics of ethanol. Furthermore, pharmacodynamic 
data (including vital signs and measures of cognitive 
function) did not support a consistent pattern of syn
ergistic or additive interactions between ethanol and 
dapoxetine. Definitive conclusions regarding the 
impact of dapoxetine and ethanol on cognitive func
tion are difficult to derive from the available data 
because there was a high degree of variability in the 
phannacodynamic results from men who received 
placebos for both dapoxetine and ethanol. 

Alt.hough SSRI antidepressants are sometimes used 
in the treatment of PE,''·6 •

7 they are not indicated for this 
application and may require days to weeks to reach the 
maximum concentrations necessary for effective treat
ment of depression and/or PE.5 The pharmacokinetics 
of SSRI antidepressants are generally not affected by 
consumption of moderate amounts of alcohol; fl.uvox
amine,18 fl.uoxetine,1

" and venlafa xine20 have not 
shown pharrnacoldnetic alterations with concurrent 
alcohol consumption. For example, fluvoxamine 50 
mg had no clinically significant effect on the pharma
cokinetics of intravenous or oral alcohol ( 40 mg); 
however, the mean AUC10.8i of alcohol increased signif
icantly following multiple doses of fluvoxamine in 
comparison with placebo.16 Results from another study 
demonstrated that coadministration of fluoxetine (30 

DRUG INTERACTIONS 

and 60 mg) with ethanol (45 mL absolute alcohol) did 
not alter the plasma or blood concentrations of fluoxe
tine or alcohol compared vVith either drug alone.19 ln a 
separate study, administration of alcohol following 
multiple doses of fluoxetine or amitryptaJine (a tri
cyclic antidepressant) resulted in decreased average 
alcohol concentrations compared with placebo.21 

Several cognitive measures were impaired follow
ing ethanol 0.5 g/kg in this study, which was broadly 
consistent with previously characterized effects of 
ethanoF2; this dose (~3 drinks) has been used in other 
drug interaction studies,zo and dapoxetine 60 mg was 
the highest dose studied in phase III trials. 23 Peak 
plasma ethanol concentrations observed here (428-440 
µg/mL) were comparable to previously reported max
ima of 502 µg/mL and 640 ]-Lg/mL following doses of 
0.7 g/kg10 and 40 mg,10 respectively. Dapoxetine admin
istered alone was associated vVith declines in delayed 
word recall, self-rated alertness, and self-rated content
ment. Although ethanol + dapoxetine yielded signifi
cant impairment on several tests compared with 
placebo, none were significantly different from those 
observed vVith ethanol alone. These results suggest that 
the addition of dapoxetine did not result in impair
ment beyond that associated with ethanol. 

SSRI antidepressants have not generally been 
shml\Til to potentiate lhe cognitive effects of alcohol. 
Alcohol impaired measures of cognitive function, 
whereas 50 mg fluvoxamine did not potentiate the 
effects of alcohol, although 2 measures of cognitive 
function (speed of responding in the vigilance task 
and word recognition sensitivity) were possibly 
affected by fluvoxamine. 16 In another study, fluvoxam
ine tended to improve recognition but not free recall of 
words.2' Similarly, single and multiple doses of fluox
etine did not affect psychomotor activity (stability of 
stance, motor performance , or manual coordination) 
or subjective effects of alcohol. 19 In another study, flu
oxetine had no effect on auditory reaction time, DSST, 
or body sway with eyes open or closed but did result 
in a decrease from baseline in immediate and delayed 
word recall. 21 Coadministration of fluoxetins with 
alcohol significantly slowed auditory reaction time, 
reduced DSST, and increased body sway in both the 
eyes open and closed conditions and produced further 
decreases in immediate and delayed word recall. 21 

Most AEs noted in this study were mild or mod
erate in severity. The overall rate of AEs was high, 
and 3 8% of participants reported AEs with placebo. 
Although this study was not designed to compare 
the rate of AEs between treatments, coadministra
tion of dapoxetine with ethanol appeared to have an 
additive rather than a synergistic effect on the total 
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number of A.Es reported, suggesting that ethanol and 
dapoxetine induce AEs (such a.s dizziness, nausea, 
and diarrhea} through different mechanisms. 

CONCLUSIONS 

In healthy male volunteers, coadministration of dapox
etine 60 mg with ethanol did not alter the pharma
cokinetics of dapoxetine or ethanol or the effects of 
ethanol on cognitive and subjective states. Although 
dapoxetine reduced self-ratings of alertness and con
tentment, neither of these was affected by coadmin
istration of ethanol; however, these effects may merit 
further investigation. 

Financial disclosure: This study was fonded by ALZA 
Corporation. Nish.it B. Modi is an employee of ALZA Corporation. 
At the time of the study, Dhaval Desai and Mark Dresser were 
employees of ALZA Corporation. Christopher Edgar and Keith 
Wesnes are employees of Cognitive Dmg Reseal'ch Ltd. 
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Absorption of Sodium -y-Hydroxybutyrate and Its Prodrug 
')'-Butyrolactone: Relationship between In Vitro Transport and 
In Vivo Absorption 
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Abstract CA qualitative relationship between in uitm transport and 
in viuo absorption of sodiurn )'-hydroxybutyrate and y-butyrolactone 
was demonstrated. As with other short-chain acids, sodium )'-hydroxy
butyrate showed capacity-limited transport in vitro. consistent with the 
previous observation that this drug exhibited slower in uiuo absorption 
with increasing dose. The prodrug lactone, on the other hnnd, showed 
a higher intestinal Oux than the acid in the everted gut. and in vivo ab
sorption also was more rapid. Capacity-limited transport and absorption 
<>f the !act-One appeared less evident. Thus, the increased or al hypnotic 
activity of the lactone over that of the acid most likely is a result of it!! 
more favorable intestinal transport characteris tics. 

Keyphrases CJ Sodium ')' -hydroxybuty rate~relationship between in 
vitro transport and in uiuo absorption O y -Butyrolactone--prodrug for 
sodium y -hydroxybutyra te, relationship between in vitro transport and 
in <'iw absorption D Hypnotic agenls-sodium y-hydroxybutyrate and 
-y-butyrolactone, relationship between in vitro transport and in vivo 
absorption 

")' -l-lydroxybutyrate (1), a metabolite of ')'-aminobutyric 
acid, is found endogenously in the human brain (1). When 
introduced intravenously, I is a useful anesthetic (2) and 
is beneficial in Parkinson's disease (3). However, oral ad
ministration of this compound results in decreased and 
variable pharmacological activity (4----6). Recently, oral 
doses of I totaling 50 mg/kg were shown to be useful in the 
treatment of narcolepsy and cataplexy in patients, but the 
duration of sleep induction after each oral dose lasted only 
for -2 hr (7). 

BACKGROUND 

In previous anim~I studies in these laboratories (8--10), orally admin
istered I w•s •hown to he subject to first-pass metabolism at low doses 
(:,;2()() mg/kg) in rats. At higher doses (400-1600 mg/kg), systemic 
availability approached 1(10%, presumably due to aaturation of first•pass 
metabolism. but the re lative absorption rate appeared to decrease with 
increasing dose. Thus, although the extent of drug absorption was almost 

J56 I Journal of Pharmaceutical Science$ 
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complete, peak plasma I concentrations were relatively insensitive to 
increases in tbe oral dose and, in most an irnals, threshold hypnotic con
centrations in plasma were not reached in spite of high oral doses. 

The !act.one analog of I, y-butyrolactone {II), ie hydrolyzed rapidly and 
exclusively in vivo to l (11, 12) and, therefore, can be classified as a pro
drug. Compound II is rapidly and ~ompletely absorbed in vivo after oral 
administration over a wide dose range. In contrast to!, the peak drug 
concentration after o ral dosing of II was proportional to the dose, and 
!I was equally effective as a hypnotic whether given orally or intrave
nously (9). 

The reason for the apparent difference in in vivo ab&orption charac
teristics between I and II hlls not been delineated. In this paper, in vitro 
experiments tha t compared the transport properties of these two com
pounds across the everted rat gut are described. 

EXPERIMENTAi. 

Reagents-Comp ound!, obtained as the sodium 11altl, and Ill were 
used without purification. The buffer and assay reagents1-3 were all re
agent or analytical grad e. 

Everted Rat Gut Preparation-Male Sprague-Dawley rau, 260--310 
g, were sacrificed by decapitation, An intestinal segment, -12 cm long, 
was taken from a region 20 cm from the pylorus sphincter; it was everted 
and mounted according to the technique originally devised by Wilson 
and Wiseman (13) and modified by Crane and Wilson (14). 

Flux Experiment- -The everted gut was pl"ced inside a test tube with 
the mucosa! side exposed to 90 ml of a 0.05 M physiological tromethamine 
buffer (pH 7.4) containing the appropriate drug concentration. All flux 
studies were carried out at 37°. At 5-min intervals up to 25 min, the 
serosal solution (-l ml) was removed for the assay and replaced with an 
equal volume of fresh buffer. Three or four replicate nux experiments 
were conducted at each initial mucosa! concentration. 

Spectrophotometric Analysis-The Hestrin (15) assay for short
chain 0-acyl derivatives as adopted for I and I) by Guidotti and Ballotti 
(16) was employed. Conversion of! to II was effected by reaction with 
two parts of concentrated sulfuric acid2 and subsequent neutralization 
with 10 parts of 6 N Na0H2. 

' Eaetman Kodak Co., Roch .. t.,r, NY U660. 
2 Fll!;her Scitntific Co., Fair Lawn, NJ 07410. 
'J. T. Baker Chemical Co .. Phillipsburg, NJ 08865, 

0022-3549180/ 0300-0356$() 1.0010 
© 1980, A,,.,,,rican Pharmaceutical Association 
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Figure 1-Mean intestinal transport of! (e, n: 3) and II (0, n: 4) 
at GAO M. Bars indicate standard deviations. The point shouin for I at 
25 min represents the mean value of two measurements. 

RESULTS AND DISCUSSION 

Transport of I and II through the everted rat gut was examined at 
various initial mucosa] drug concentrations. Intestinal flux was deoor
m ined for each animal preparation by linear regression of a plot of cu, 
mulative amount transported to the serosal side uerws time. Repre
sentative plots showing intestinal transport of I and II at 0.40 Mare given 
in Fig. I. At low mucosa! concentrations, linearity of flux was mainte.ined 
throughout the experiment. However, at high I co11centrations, positive 
deviations (inaeruaed flux) occurred at the later time points, suggesting 
possible ti"9ue damage with prolonged drug exposure. In these inatances, 
initial rates of transport restricted to the linear portion of the curve 
(usually0-20min) wereusoo t-0calculateflux. lnall experiments, the total 
amounts transported to the serosal side were small ( <0.4% for I and 
<2$% for II) compared to the total drug available from the mucosa) pool. 
Thus, the initial mucosa! concentration remained essentially unchanged 
throughout each experiment. 

Figure 2 shows the relationships between intestinal flux of I and 11 and 
their respective mucosal concentrations. Over the concentration range 
studied, intestinal transport of II wa,, considerably more rapid than that 
of I. At equimolar mucosal concent.ratioru;, the differences in flux between 
I and II were statistically significant atp < 0.001 using the Student t test. 
Compound II fluxes were ~5, 7, and 10 times higher than I fluxes at 0.40, 
0.79, and 1.19 M, respectively. In addition, I transport leveled off at 
concentrations above 0.40 M. If nonspecific effects on intestinal per
meability could be ruled out, this flux behavior suggested the presence 
of a capacit.y-limited transport system for I in the rat intestine. In com
parison, concentration-dependent tran$pOrt of II was less evident. 

In these experiments, the ionic strength in the mucosa! solution was 
not coruitant over the concentration range studied. Although the mucosal 
solution was prepared with buffer, high I concentrations abo could affect 
the pH slightly because I, BS its sodium salt, is mildly basic. The leveling 
in I flux could, in principle, have been partially contributed to by non
specific ionic strength and/or pH effects created by increasing mucosa! 
concentrations of the ionic drug. The possibility of this artifact was ruled 
out by the following experiment. 

Flux studie., were carried out at 0.08 MI under two sets of conditions, 
In one cuse, no pH orsaltadjustment,i were made (Condition A; pH 7.4, 
µ ~ 0.23 M); in the other case, sodium chloride and sodium hydroxide 
were added so that the pH and ionic conditiona were equivalent t.othose 
present when flux wa•studied at 1.19 MI (Condition B: pH 8.1,µ = 1.34 
M J. If ionic strength end pH affected flux significantly, then the observed 
fluxes under Conditions A and B would be different, with the flux of B 
similar to that observed at l.19 MI. In fact, the flu• of I was identical 
whether or not additional salt or alkalinizing agents were added. 

In duplicate determinatiorui, the tluxee obtained under Condition A 
were 2.2 and 2.3 µM /min; those under Condition B both were 2.4 µM/min. 
Thus, minor differences in pH and ionic strength contributed by changes 
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II (0). Bars indicate standard deviations. When bars are abrnnl, lhe 
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in the mucosa! I concentration did not affect flux significantly. Since II 
is nonionic, ionic strength and pH effects produced by increasing 11 
concentrations were presumed to be negligible. Benderet al. (17) found 
the second-order alkaline hydrolytic constant of Tl to he ....0.2 liter/ 
mole-aec at 25°. At pH 7.4, the hydrolysis half-life would be about 1000 
days. Thus, conver,;ion of II to I in the buffered mucosa) solution was 
insignificant during the experiment. 

The in uitro transport characteristics of I and rI are consistent with 
their in uicm absorptjon properties reported previously (S--10). Compound 
J, which showed capacity-limited transport in dtro, also exhibited rela
tively slower in uiuo aboorption rat.es with increasing oral dose (10). Other 
short-chain acids, such I'S acetic and butyric acids, also have been shown 
to h1l transported uia an active system p 8, 19). Therefore,.a cupacity
limited absorption mechanism might be a reason for the decreased and 
varinbleactivityofl when given in high oral dose.s lo humans (4-7). The 
prodrug lactone II. on the other hand, showed a much higher intestinal 
flux than I in the evert.ed gut and was almost insUlntancously absorbed 
when orally administered (9). Capacity-limited transport of Tl, if existent, 
appeared to occur at much higher drug concentrations. 

The present study demonstrated a qualitative relationship between 
in vitro tran•J><lrt and in uiuo absorption of the iwo compounds studied. 
'!'hue, the increa.,ed oral activity of the lactone over that of its open-chain 
hydroxy acid is most likely a re~ult of its more favorable intestinal 
transport characteristics. The usefulness of II has not heen investigated 
in humans. 
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Abstract o Temporal variations in serum theophylline concentrations 
were <l hserved in 14 healthy volunteers receiving multi pie doses of 
I heophylline. Aft,,, repeated oral doses (6.9-18.2 mg/kg/day] of theo
µhyllin• as either a nonalcoholic aminophylline solution or a cun
trulled-release capsule, trough theophyllinc levels at st,,ady state were 
significantly higher Ip < D.05) in the morning than in the afternoon or 
evening. With the solution, the mean (±SE) trough serum level at 7 am 
was l l.1 ± 0. 9 µg/ml, and at I pm it was 9.6 ± 0.8 µ.g/mL With the capsule, 
the mean (±-SE) trough serum level nl 8am was 13.8 ± 0.9 /'g/ml, and at 
8 pm it. was J0.7 ± 0.9 µg/ml. Temporal variations in serum theophylline 
concentrations hnve nu l Ueen reported previously- and may be l mporta nt 
in therapeutic monitoring. 

Keyphrases [] TheophylJine-trough serum concentralinn• at steady 
state, temporal variations O Bronchodilators- theo))hylline, trough 
scrnm concentrations al steady state, temporal variations o Pharma
cokinetk,;-theophylline, \WURh serum concentrations al steady state, 
temporal variation~ 

Temporal variation in the absorption and disposition 
of drugs is an area ofpharrnacokinetics about which rela
tively little is known. In thr, few studies performed, the 
findings have not been consistent. For example, Shirley 
and Vesell ( 1) reported that temporal variations in the 
disposition of acetaminophen and phenacetin occur. 
However, Vesell et al. (2) observed no temporal variations 
in the pharmacokinetics of antipyrine (2), and Nakano and 
Hollister (3) reported no time-related changes in the dis
position of nortriptyline. The causes of temporal variations 
in drug pharmacokinetics may be varied. Circadian rhythm 
apparently influences the distribution of potassium be
tween body compartments (4), while changes in body 
posture alter the absorption of cephradine (5) and eryth
romycin (6) from the GI tract. 

One mechanism suggested to account for the temporal 
variations in the disposition of phenacetin and acetami
nophen was the occurrence of diurnal changes in the 
amount and activity of hepatic microsomal oxidases (1). 
'l'heophylline is a drug whose disposltion also is deter
mined by microsomal oxidases, so it seemed possible that 
temporal variations in Lheophylline disposition may occur. 
Since this aspect of theophylline kinetics had not been 
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reported previously, one objective of this study was to 
determine if temporal variations exist. 

EXPERIMENTAL 

Subjects--The •even male and seveo female volunteers were 2!-40 
years old, and their average weight wa• 67.,5 kg. All volunteers were 
nonsmokers and were in good physical health with no history of alco
holi~,n or cardiovascular disease. 

Drug Admini1tration and Blood Sampling-The volunteers ran· 
domly received either a norialcoholic aminophylline solution or a con
trolled-release theophylline capsule. The oral theophyllinedose was in· 
dividualized for each volunteer, based on single-dose kinetics, to produce 
peak serum the<>phylline concentrations no larger than 18 µ.g/ml after 
repeated dosing. The daily doses ranged from 6.9 ta 18.2 mg/kg. The so
lution was administered at 7 am, 1 pm, 7 pm, and lam, and the capsule 
wa~ given at 8 am and 8 pm. Dosing was continued for 6 days prior to each 
study day. The study days were separated by 1 week during which the 
volunteers took the alternate formulatinn. 

On each study day, l ml ,,f serum was ohtnined immedialoly before the 
morning dose of each dosage form and 6 or l ~ hr after administration of 
the solution or capsule, respectively. 

Thcuphylline A,,say-Serum theophylline det,,rminaLions were made 
by high-pressure liquid chromatography using a method described pre
viously (7). 

Pala Anplysis--A paired t test was used to enalyz~ within-subiect 
differences between the am and pm truugh theophylline concentrations 
observed for each dosage form. 

RESULTS AND DlSCUSSION 

The am and pm trou~h serum theophylline concentrations detennin'ed 
for each dosage form are listed in Table I. The percentage changes in 
trough level are note<l for each volunteer. The mean (±SE) serum theo
phylline concentration at 7 am for the solution was ! I.I ±-0.91<g/ml, while 
at 1 pm the serum theophylline concentration was 9.6 ± 0.81<~/ml, rep
resenting a change of 13%. For the capsule, lne mean (±SE) serum 
theophylline concentration at 8 em was 13.8 ± 0.9 µg/ml , and at 8 pm it 
was 10.7 :I: 0.9 µg/ml, reflecting a decrease of ?.4%. The differences be
tween the am and pm sterum theophylline concentrations were ~ignificant 
(p < 0.05) for each dosage form, 

Based on these resul ts, there appear to be temporal \'arialions in 
theophylline pharmacokinetics. Higher trough levels at'/ or 8 am tom
pared to those at I or 8 pm may be related lo a shorter plasma half-life 
at the latter times. Indeed, Shirley and Ve,ell (l) Teported that plasma 
half-lives of phenacetin and acetaminophen were -l 5% shorterat 2 pm 
than at 6 am. Another possible cause of higher am trough levels may be 

0022-3549/ 80/ 0300-0358$01.00/ 0 
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Abstract 

Twenty.four smgical patients of both sexes without cardiac, hepatic, 
renal or endocrine dysfunctions were divided into two groups: I 0 
cardiac surgical patients submitted to myocardial revascularization 
and cardiopulmonary bYPass (CPB), 3 females and 7 males aged 65 ± 
1 J years, 74 ± 16 kg body weight, 166 ± 9 cm height and l .80 ± 0.21 
m2 body surface area (BSA), and control, ! 4 surgical patients not 
submitted to CPB, 11 female and 3 males aged 41 ± 14 years, 66 ± 14 
kg body weight, 159 ± 9 cm height and 1.65 ± 0 16 m2 BSA (mean J 

SD). Sodium diclofenac (l mglkg, im Voltaren 75® twice a day) was 
administered to patients in the Recovery Unit 48 h after surgery. 
Venous blood samples were collected during a period o[0.12 hand 
analgesia was measured by the visual analogue scale (VAS) during the 
same period. Plasma diclofcnac levels were measured by high per for· 
mance liquid chromatography. A two-compartment open model was 
applied to obtain the plasma decay curve and to estimate kinetic 
parameters. Plasma diclofenac protein binding decreased whereas free 
plasma diclofcnac levels were increased five.fold in CPB patients. 
Data obtained for analgesia reported as the maximum effect (EMAx) 
were: 25% VAS (CPB) vs 10% VAS (control), P<0.05, median 
measured by the visual analogue scale where l 00% is equivalent to the 
highest level of pain. To correlate the effect versus plasma diclofenac 
levels, the EMAX siginoid model was applied. A prolongation of the 
mean residence time for maximum effect (MRTEMAx) was observed 
without any change m lag·timc in CPB in spite of the reduced 
analgesia reported for these patients, during the time-dose interval. In 
conclusion, the extent of pl,1sma diclofcnac protein binding was 
influenced by CPB with clinically relevant kinetic.dynamic conse
quences. 

Key words 
, Di clofenac 
, Plasma prolein binding 
, Cardiopulmonary bypass 
, Kinetic-dynamic parameters 
, Analgesia 
, Visu<1I an<1logue scale 
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Diclofonac is a nonsteroidal anti-inflam
matory drug (NSATD) widely prescribed as 
sodium or potassium salt for chronic pain 
(1). Diclofenac is prescribed for the relief of 
chronic or acute pain, by oral (po) or intra
muscular (im) administration, respectively. 
After cardiac, open heart or abdominal sur
gery, diclofcnac administered im during the 
postoperative period is absorbed rapidly. As 
this drug shows a high percentage of plasma 
protein binding, its elimination through the 
hepatic metabolism (hydroxylation followed 
by glucuronidation, phases l and 2 of drug 
metabolism) and urinary excretion are mainly 
dependent on the plasma concentration of 
the free drug. A low percentage of the drng is 
glucuronaled directly and excreted in the 
bile {2,3). 

In cardiac surgery, loss of blood, high 
mobilization of liquids and cardiopulmona-
1y bypass (CPB) with hemodynamic conse
quences such as hypothermia and hemodilu
tion occur (4). During the postoperative pe
riod of cardiac surgery with cardiopulmona
ry bypass, there is a 30% reduction of he
patic blood flow accompanied by changes in 
the metabolism of diclofcnac (4,5). The aim 
of the present study was to measure the 
phaimacokinctics and pharmacodynamics of 
diclofenac on the basis of plasma protein 
binding, during the postoperative period in 
surgical patients submitted or not to cardio
pulmonary bypass. 

Twenty-four surgical patients of both 
sexes were investigated in a protocol con
trolled study which was approved by the 
Local Ethics Committee of the Hospital. Pa
tients selected for this study were divided 
into two groups: Group I - l O patients sub
mitted to cardiac surgery with CPB, 65 ± 11 
years, 74 i: 16kg, 166±9cmhcightand l.80 
± 0.21 m2 body surface area (BSA), mean± 
SD. Group TI- 14patients, 41 ± 14ycars, 66 
± 14 kg, 159 ± 9 cm height and 1.65 ± 0.16 
m2 BSA, submitted to cholccystectomy, 
incisional hernioplasty, gastroplasty and gas
trectomy without cardiopulmonary bypass 

J.0. Auler Jr. e1 al. 

( control). The patients evaluated here showed 
normal renal, liver, and endocrine functions 
as well as biotransformation of drugs and 
absence of heart failure. Biotransformation 
of drugs in general was evaluated by the 
antipyrine test (6). The conventional antipy
rine test associated with oxidative and con
jugation capacities using 3-hydroxyantipy
rine (I-IMA)+ 4-hydroxyantipyrine (4HA) + 
norantipyrine (NORA) or 3-hydroxyantipy
rine as free or glucuronidc forms, respec· 
tively, was applied to measure the activity of 
cytochrome P 450 subfamilies I, TT, and III in 
the patients studied. Patients with gastric 
disturbances, allergy or evolution to renal 
failure were excluded from the study. All 

patients gave informed written consent to 
participate in the study. 

The study protocol consisted of two 
phases. Phase I - selection by clinical and 
laboratory routine evaluation of all patients 
during the preoperative period. Phase ll -
sodium diclofenac, l mg/kg, im, Voltaren 
75®twice daily was administered to patients 
in the Recovery Unit 48 h after surgery. 
Venous blood samples were collected dur
ing the time-dose interval (0- 12 h). Analge
sia was measured by the visual analogue 
scale (VAS) and reported as percentage of 
pain intensity during the same period, rang
ing from zero (none) to 100% (maximum 
pain that each patient could tolerate) (7). 
Plasma diclofenac levels (as bounded or free 
drug} were detem1ined by a micromethod 
after an ultrafiltration procedure followed 
by HPLC as described previously by the 
sa111e authors for total or free drug, respec
tively (8-10). 

Por the phaimacokinetic evaluation, a 
two-compartment open model was applied 
to obtain the decay curve for plasma diclo
fenac, logC vs time. The kinetic parameters 
listed in Table 1, i.e., systemic bioavailability: 
area under the curve (AUCr), drug elimina
tion: total body clearance (Cir), drug distri
bution: volumeofdistribution(VdAREJ, half
life and rate constants, were estimated (11 ). 
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Diclofenac plasma protein binding was 
determined for both groups of patients after 
an ultrafiltration technique followed by the 
clean-up of only 200 µ1 of plasma samples 

using a single extract10n with organic sol
vent in an acidic medium and HPLC was 
monitored by absorbancc at 254 nm (9). The 
sigmoidal maximun effect (EMAX) model was 
applied to correlate plasma diclofenac data 
and analgesia measured by the visual ana
logue scale for each patient (11-13). 

The ST A TGRAPHICS software was ap
plied to the data obtained in the present 
study. Chi-square, Spearman, Wilcoxon, 
Mann-Whitney and rank sum tests for paired 
and unpaired data were used for statistical 
analysis. Data are repo1ied as median rmd 
P<0.05 was considered to be statistically 
significant (14 ). 

Systemic bioavailability of diclofenac 
based on AUC,-, rate of bioavailability 
(RBA), maximum or peak plasma concen
tration (CMAx) and time to reach the peak 
plasma concentration (T MAx) showed simi
lar results for both groups. A rapid absorp
tion was obtained for both groups based on 
higher plasma concentrations at 0.5 h of 
dose administration. A good level of sys
temic bioavailability was reached for both 
groups of patients (Table I and Figure 1). 

A large intcrindividual variation in drug 
distribution was shown for both groups, 
which was measured by alpha (a), a hybrid 
rate constant, and the distribution rate 
microconstants K 12, K21 , i.e., drug distribu
tion from central to peripheral compartments 
or blood-tissue drug distribution and tissue
blood drug distribution, respectively. Only 
the parameter V dARF.A, i.e., drug distribution 
in the extravascular fluid compartment, 
showed a significant difference between 
groups (50%, reduction: 0.51 I/kg (CPB) vs 

0.98 I/kg (control)) (Table I). 
The present results indicate changes in 

diclofcnac distribution not only as a conse
quence of plasma protein dn1g binding re
duced in patients submitted to cardiopulmo-

nary bypass but also due to changes in plasma 
volume or in fluid compartments. Therefore, 
volume of distribution and percentage of 
protein drug binding were the best param

eters to indicate changes in drug distribution 
with consequences of relevance considering 
analgesia measured by EM,\X, time to reach 
EMAX (TEMAx) and mean residence time for 
maximum effect (MRTEMA°>U· 

Drug elimination was measured by the 
following parameters: elimination rate con
stant (B), elimination half-life (t.; 112)0) and 
CIT. The data obtained indicate that elimina
tion rate constant was increased by 30%, with 
a consequent reduction of elimination half
life in CPB. 

Total body clearance remained unchanged 

Table 1 - Effect of cardiopulmonary bypass ICPBJ 
on systemic bioavailabiity, distribution and elimi
nation of diclafenac. 

Data are reported as medians for 1 O CPB patients 
who received 1 mg/kg diclofenac, im. CMAx: Peak 
plasma concentration; T MN( time to reach CMAX: 
AUCr: area under the curve related to systemic 
availability of drug; RBA: rate of bioavailability; a: 
and Is: hybrid distribution and elimination rate con
stants; K12 and K21 : distribution microconstants; 
binding: percentage of plasma drug bound to pro
tein: VdAREA: distribution volume: t r,n11r elimina
tion half~ifo: Cl1 : plasma clearance: • P<0.05 com
pared to control (Wilcoxon test, Mann-Whitney 
test and rank sum test). 

ParametBrs CPB Control 
N = 10 N = 14 

Systemic bioavailab11ity 

Civ.Ax [ng/ml) 2167 1811 
TMAX (h) 0.50 0.50 
AUC1{µg h·1 m1-11 4.44 4.04 
RSA [h·1J 4.62 5 .20 

Distribution 
a.(h-') 2.15 1.98 
K12 lh·1 ) 0.49 0.70 
K21 (h 1 ) 0.65 0.82 
Binding 1%) 94• 99 
VdAREA ti/kg) 0.51* 0.98 

Elimination 
Is lh·1) 0.39· 0.30 
tnm~ (hi 1.80* 2.33 
Cir (ml min-1 kg-1) 3.50 5.03 
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Figure 1 - Effect of cardiopulmonary bypass (CPB} on plasma diclofcnac levels and analgesia. Patients received 
diclofenac 11 mg/kg, im) after surgery. A. left ordinate· t:., plasma dic!ofenac levels of the CPB group (N: 10); • . 
plasrna diclofenac levels of the control surgical group (N ~ 14). Right ordinate: analgesia measured with the visual 
analogue scale (sec panel 8 for the explanation). ti. Pain level of the CPB group; zi. pain level of the control surgical 
group.• P<0.05 compared to control for analgesia (Wilcoxon test), All data are reported as median values. 
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for both groups of patients in spite of a 30% 
reduction in hepatic blood flow as reported 
previously (4,5). The present data showed 
wide interindividual variation for both groups 

when expressed as median: 3.50 CPB vs 
5.03 ml miff1 kg-1 control, P =0.13 (Table 1 ), 
or as range of variation TC95%: 2.91-4.43 ml 
min·1 kg· 1 (CPB) and 3.32-6.03 ml min· 1 kg· 1 

(control) (P>0.05). 

Patients from the Recovery Unit investi
gated in the study protocol showed different 
reductions in pain after drug administration, 
measured by the visual analogue scale (7), 
for which VAS = 0% means no pam, and 
VAS= 100% means the highest level of pain 
that each patient could tolerate. Pain was 
measured in two different situations: rest 
and cough during the 0-12-h interval. Con
sidering the cough situation, pain was re
duced from 55% to 30% VAS for CPB and 
from 50% to 35% VAS for control, 0.5 h 
after drug administration (Figure 1). 

The maximum effect was reached at 2 h 
after drug adrni nistration. EMAX :TE MAX meas
ured in patients after cardiopulmonary by
pass was 25% VAS vs 10% VAS (control), 
indicating a lower reduction in pain intensity 
obtained for CPB patients when compared 
to control. 

Analgesia remained unchanged at about 

25% VAS between 0. 75 and 12 h after drug 
administration for CPB, and at about 10% 
VAS for control, during the 2-7-h interval 
(MRTEMAx), i.e., the period of time that the 
maximum effect remains constant after drug 

administration. Then, pain recorded at 8, 10 
and 12 h after drug administration increased 
by 15%, 23% and 32% VAS, respectively, 
for the control, while pain remained un
changed (25% VAS) for CPB during the 
same period. 

Finally, after drug administration, a lower 
reduction in pain was obtained for patients 
after CPB when compared to the control, 
55% to 25% VAS vs 50% to 10% VAS, 
P<0.05, respectively. A loweranalgesia with
out any change in lag-time was obtained for 
CPB when compared to control, probably as 
a consequence of the reduction in volume of 
distribution and the increase in free plasma 
diclofenac levels <1ftcr cardiopulmonary by
pass. 

Since diclofenac is extensively metabo
lized by the liver, followed by urinary excre
tion of several hydroxylatcd metabolites, the 
present data suggest a close relationship be
tween elimination rate constant and diclo
fcnac plasma protein binding. Therefore, the 
estimated kinetic parameters could explain 

the direct correlation of analgesia with vol
ume of distribution, and the inverse correla
tion of analgesia with the diclofcnae elimi
nation rate constant. Finally, the kinetic evi

dence reported here could explain the differ
ences in analgesia between the two groups 
and the higher pain intensity in CPB patients 
during the period of0-12 h after drug admin
istration. In conclusion, the extent of diclo
fenac plasma protein binding was influenced 
by the cardiopulmonary bypass procedure 
with kinetic-dynamic consequences of clini
cal relevance. 
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ABSTRACT 
The ventrobasal nucleus of thalamus (VB) is considered to be 
intimately involved in the genesis of experimental absence-like 
seizures. Bilateral microinfusion of -y-hydroxybutyric acid (GHB) 
into VB or systemic administration of y-butyrolactone, the pro
drug of GHB, induces generalized absence-like seizures in rats. 
In the present study, the basal and K+ -evoked extracellular 
output of endogenous -y-aminobutyric acid (GABA) and gluta
mate (GLU) in behaving rat VB nucleus was characterized 1) 
during unilateral GHB perfusion into VB and 2) during the 
course of generalized absence-like seizures induced by GHB. 
Although the basal extracellular release of GABA was inhibited 
by GHB (250-1500 /.LM) in a concentration-dependent manner, 
basal GLU levels remained unaltered. However, K + -evoked 
release of both GABA and GLU was significantly attenuated by 
GHB. During GHB-induced absence-like seizures, a similar de-

Generalized absence seizures occur primarily in children 
and are manifested as rhythmic, bilaterally synchronous 
3-Hz SWD associated with sudden unresponsiveness, eye 
blinking and myoclonicjerks (Mirsky et al., 1986; Berkovic et 
al., 1987). GHB is a naturally occurring metabolite of GABA 
(Gold and Roth, 1977) and has the ability to induce absence
like seizures in rats (Godschalk et al., 1976, 1977) that bear 
electrical, behavioral and pharmacological resemblance to 
generalized absence seizures in humans (Snead, 1992a). The 
GHB model of generalized absence seizures in rata has been 
well characterized in terms of having a distinct ontogeny 
(Snead, 1994) and a wide pattern of origination in the thal
amus and cortex (Banerjee et al., 1993). 

The development of generalized spike-wave discharges re
quires the presence of both a functional cortex and a func-

Received for publication September 7, 1994. 
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crease in basal GABA or K+ -evoked GABA and GLU levels was 
observed. These effects of GHB were partially reversed by the 
specific GHB receptor antagonist NCS 382. (-)-Baclofen 
(10-50 JLM) also produced a concentration-dependent de
crease in basal and K + -evoked levels of GABA and GLU in this 
thatamic nucleus. The effects of either (-)-baclofen or GHB on 
the release of GABA and GLU were selectively antagonized by 
the GABA6 receptor antagonists phaclofen (0.75-2 mM) and 
CGP 35348 (50-200 JLM), respectively. These results suggest 
that by selectively modulating the basal and K+ -evoked release 
of GABA and GLU, GHB induces, in the thalamic ventrobasal 
relay nucleus, an optimal "excitatory" environment conducive 
to the generation of absence seizures. Moreover, the data raise 
the possibility that a presynaptic GHB/GABAa receptor com
plex occurs in VB. 

tional thalamus (Gloor et al., 1990). It has been shown that in 
completely thalaroectomized animals, experimental SWD fail 
to develop in the cortex (Gloor et al. , 1990). Among the var
ious "specific" and "nonspecific" nuclei of dorsal thalamus, 
experimental SWD evolve most readily, and in synchrony 
with the neocortical discharges, from the "specific" VB (Avoli 
and Gloor, 1982; Vergnes et al., 1987; Liu et al. , 1992). In the 
GHB model, bilaterally synchronous SWD evolve most 
readily from the VB after systemic administration of GHB 
(Banerjee et al. , 1993). Moreover, bilateral microinfusion of 
GHB into rat VB has been shown to induce generalized 
absence-like seizures (Snead, 1991). In addition, similar 
GHB infusions into VB exacerbate absence seizures in ge
netic (Liu et al. , 1991) and other pharmacological models of 
absence seizures (Snead, 1988). Also, bilateral lesions made 
in VB have been shown to attenuate significantly the evolu
tion of GHB-induced SWD from both thalamus and cortex 

ABBREVIATIONS: GHB, y-,hydroxybutyric acid; GABA, y--aminobutyric acio; GBL, y-,butyrolactone: GLU. glutamate; SWD. spike-wave dis
charges: VB, ventrobasal nucleus of thalamus; HPLC·EC, high-performance liquid chromatography-electrochemical detection; TIX, tetrodoloxin. 
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(Banerjee and Snead, 1994). These findings strongly suggest 
that the VB plays a key role in the generation of absence-like 
seizures induced by GHB. 

GABA is the major inhibitory neurotransmitter in the 
brain. Though alteration in inhibitory neurotransmission 
within mutually interconnected thalamic and cortical neu
rons is thought to be critical to the genesis of absence sei
zures because these seizures occur more frequently during 
drowsiness and slow-wave sleep (McCarley et al., 1983; Gloor 
et al_, 1990; Kellaway et al., 1990), the role of endogenous 
GABA in the pathogenesis of this disorder is still obscure. 

The discovery that GABAB receptor-mediated inhibitory 
postsynaptic potentials in thalamus activate low-threshold 
rebound calcium spikes that lead to burst firing and oscilla
tory behavior in thalami<: neurons gave rise to the hypothesis 
that postsynaptic GABAB receptor-mediated mechanisms 
might operate in the pathogenesis of generalized absence 
seizures (Crunelli and Leresche, 1991). This hypothesis was 
given further credence by data showing that experimental 
absence seizures are aggravated by the specific GABAB re
ceptor agonist (- )-baclofen and are suppressed by specific 
GABA8 receptor antagonists (Liu et al., 1992; Snead, 1992b). 
These experiments, taken in conjunction with in vitro data 
demonstrating the role of GABA8-mediated IPSPs in regu
lating thalamocortical oscillatory behavior uia low-threshold 
calcium currents (Crunelli and Leresche, 1991) strongly sug
gested that postsynaptic GABAB-mediated mechanisms 
might be involved in the pathogenesis of absence seizures. 
However, little attention has been paid to the potential role of 
presynaptic GABA8 receptors, which modulate neurotrans
mitter release in many areas of the brain {Bonanno and 
Raiteri, 1993a), in the generation of absence seizures. 

In the present study, the extracellular release of both 
GABA and GLU, the major excitatory neurotransmitter in 
the brain, was characterized in the VB of behaving, freely 
moving rats. We also examined the possible involvement of 
the presynaptic GABA8 receptors of VB in the genesis of 
GHB-induced absence seizures. 

Materials and Methods 
Drug&. The specific GABA8 recept-Or antagonist CGP 35348 was a 

gift of Dr. R. Bernasconi (Ciba Geigy, Basel). The specific GHB 
receptor antagonist NCS 382 was a gift of Dr. J. J. Bourguignon 
(Centre de Neur0<:hirnie, Strasbourg). All other drugs were pur
chased from Sigma Chem.ical Co. (St. Louis, MO). All analytical 
reagents were obtained from standard commercial sources and were 
of the highest available purity. 

Su.-gery and EEG recordings. Adult male Sprague Dawley rats 
(200..300 g) were used in all experiments. Animals were maintained 
on a 12-h Jight.ldark cycle and given free access to food and water. 
Under halothane anesthesia, rnonopolar EEG recording electrodes 
were surgically implanted on the surface of the frontoparietal cortex 
with their tips placed bilaterally at frontal and parietal cortices. 
Guide cannulas were stereotaxically placed on the surface of dura at 
th.e following coordinates for VB: AP. -3.30 mm (from bregma); ML, 
2.60 mm according w Paxinos and Watson fl986). Bipolar recording 
electrodes were constructed by twisting two stainless steel insulated 
wires (diameter 0.15 mm) and were anchored with the dialysis 
probes in such a way that the tips of the bipolar electrodes (which 
were deinsulated before anchoring) and the exposed area of the 
dialysis probe were approximately 0.5 mm apart. 

Seven days after surgery, on the day of the dialysis experiment, 
the dura was punctured using a thin needle, and the dialysis probe-
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bipolar recording electrode assembly was inserted through the guide 
cennula into the VB of awake, freely moving rats. The vertical 
positioning of probes reletive to the intended site of dialysis (5.80 
mm from the surface of dura) was predetermined by gluing the probe 
holder {ESA, Bedford, MA) at a measured distance along the length 
of the probe. This resulted in accurate placement of the exposed tip 
of the probe in the desired area of VB. Aft.er completion of the 
experiment, the probe placement was also histologically verified (see 
below). EEG recordings from the cortical surface and from the site of 
dialysis were mede simultaneously throughout the period during 
which dialysis was performed. 

Micrudialysis and quantification of GABA and GLU in dia· 
lysate fractions. All dialysis experiments were done in awake, 
freely moving animals using "loop-type" probes 1.5 mm in exposed 
tip length (or active dialysis area) prepared from Spectra/Por regen· 
erated cellulose hollow fibers CI.D., 150 µm; molecular weight cutoff, 
6000) as described by Dailey et al. (1992). Probes were activated by 
perfusing with 20% ethanol for 1 h followed by potassium Ringer 
phosphate (KRP) buffer for 2 h at the flow rate of 2 µI/min. The 
constituents ofKRP buffer were (in mM) NaCl 120, KC! 2.4, MgS04 

1.2, CaC10 1.2, NaH2PO, 0.9, Na2HP04 1.4 and ascorbate 0.3, pH 7.4. 
In vitro recovery of GABA and GLU through probes: Each probe 

was placed in a standard solution of a mixture of 5 µ.M GABA and 
GLU (maintained at 37°C with continuous stirring) and perfused 
with KRP buffer. A£u,r l h, three 10-min perfusates were collected 
and analyzed for GABA and GLU content using an HPLC-EC detect, 
ing system (see below). The percentages in vitro recovery of GABA 
and GLU were calculated by dividing the concentration of amino 
acids present in a 20-µl fraction of standard solution by the concen
tration of amino acids present in a 20-µl perfusate fraction and 
multiplying by 100. Probes were washed with KRP buffer ovemight 
before use. 

Dialysis protocol: All perfusions were made et a flow rate of 2 
µI/min. After a 2-h stabilixation period and starting from 3 h, dialy· 
sate fractions were collected every 10 min, and a known amount of 
internal standard, homoaerine, ecidified in 0.12N HCl, was added. 
Dialysate samples were either processed for HPLC separation or 
stored at -BO'C until assayed. All drugs were added to the perfusion 
medium at the 4th hour. All drug perfusions lasted 60 min except 
that of KCI, which was perfused during the last 20 min of the 4th 
hour. During high concentration ofGHB perfusion (1.5 mM), because 
of the low GABA levels resulting from the GHB perfusion at this 
concentration, dialysate fractions were collected every 15 min in
stead of at the standard 10-min intervals in order to achieve an 
optimal detection of the GABA signal during the HPLC assay. How
ever, the effect of 1.5 mM GHB on the K+ -evoked release of GABN 
GLU was estimated in standard 10-min dialysate samples. ca++. 
dependency of the transmitter release was studied by perfusing KRP 
buffer containing high Mg•· concentrations (12.5 mM) and no Ca++ 
ions. Mg•• acts as a Ca+ • antagonist and prevents the innux of 
Ca•• through Ca·· channels (Bustos et al., 1992). The c1- concen· 
tration was balanced during O Ca·· /high-Mg•• or high-K· perfu. 
sions by withholding appropriate concentrations of NaCl from the 
buffer. All other drug inclusions into the perfusion medium were 
made without altering the ionic constituents of the buffer_ 

( - )-Baclofen, a specific GABAH agonist, has been shown to de
crease the release of GABA and GLU in various brain regions (Har• 
rison, 1990; Calabresi et al., 1991; Thompson and Gahwiler, 1992; 
Bonanno and Raiteri, 1993b). Therefore, we chose (- )-baclofen t-0 
characterize the GABA8 receptor-mediated release of GABA and 
GLU in the VB. We studied the effect of GHB or ( - )-baclofen on the 
K· -evoked release of GABA and GLU by includingKCl in the last 20 
min of the 60-m.in GHB or (-)-baclofen perfusion on the 4th hour. 
During antagonist studies, GABAi, antagonists in combination with 
either GHB or ( - )-baclofen were perfused for 60 min on the 4th hour. 

Unilateral perfusion ofGHB into VB produces no significant EEG 
or behavioral changes typical of absence seizures, an effect seen only 
with the bilateral intrathalamic administration of GHB (Snead, 
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1991). Therefore, in order to study the effects of GHB.induced gen· 
eralized spike•wave discharges on the release patterns of GABA and 
GLU in the VB, we gave GBL, the prodrugofGHB(Rothet al., 1966), 
i.p. in a dose of 100 mg/kg at the start of the 4th hour of dialysis and 
measured the extracellular release of GABA and GLU in the VB. The 
dose of GBL has been standardized as the threshold dose to induce 
generalized SWD in the GHB model of absence seizures (Snead, 
1988). GBL is converted to GHB by a circulating lactonase (Roth and 
Giarmen, 1969) and produces a more rapid onset and predictable 
time course of SWD than does GHB !Bearden et al., 1980; Snead, 
1991). GBL itself is inactive, and the generation of SWD in GBlr 
treated animals is due solely to the presence of converted GHB in the 
brain (Snead, 1991). 

In another set of experiments, at the peak of GHB·induced ab· 
sence seizures, i.e., 40 min after the administration ofGBL, a 20.min 
K· stimulation was applied to the VB through the dialysis probe. 

During the course of GHB·induced SWD, the release of GABA and 
that of GLU were measured in the VB either in the absence or the 
presence of specific GABA8 antagonists perfused into the VB. This 
strategy allowed us to evaluate the effe<:ts of GABA,. antagonists on 
the release patterns of GABA and GLU in VB during the course of 
GHB·induced SWD without affecting the generalized pattern of 
SWD. 

NCS 382, a specific GHB receptor antagonist (Maitre et al., 1990), 
has been shown to attenuate GHB.induced SWD significantly (Mai. 
tre et al., 1990). NCS 382 (500 mg/kg) was g:iven i.p. l h before the 
administration ofGBL (i.e., at the start of third hour of dialysis), and 
the extracellular levels of GABA and GLU were measured in the VB. 
We e:xamined the effect of NCS 382 on GHB·mediated changes in the 
K' .evoked release of GABA end GLU in VB by giving a 20·min KCI 
stimulation 40 min after the administration ofGBL. 

Quantification of GABA and GLU: GABA and GLU were sepa
rated from the dialysate fractions using the HPLC method of Donz· 
anti and Yamamoto (1988). Briefly, the samples were precolumn 
derivati zed for exactly 2 min with a mixture of o· phthalaldehyde and 
/3·mercaptoethanol before being injected into a 100-p.l sample loop 
(Rheodyne, CA>. This derivatized mii,;ture was separated isocrati· 
ca\ly using a C,a IHR-80, ESA, MA) reverse-phase column and was 
detected on a coulometric electrochemical cell with electrode p0ten· 
tials set at -400 mV I electrode 1 > and +600 mV I electrode 2). The 
mobile phase (0.lM Ne0HPO,, 50mg/1 Na2EDTA end 25% methanol, 
pH 6.75) was pumped into the system at a flow rate of 1.2 mVmin. 
The typical retention times ofGLU and GABA are 2.7 and 25.6 min. , 
respectively. 

Histololfic verification of probe placement. After completion 
of each dialysis experiment, animals were sacrificed and their brains 
chilled in isopenlane (- 40°CJ for 60 s. Coronal brain sections 20 p. 
thick were thaw•mounted on gelatin·coated slides and stained with 
cresyl vfolet. The placement of the dialysis probes was verified under 
light microscopy. 

Data analysis. All data were expressed as arithmetic mean ± 
S.E.M. Only those animals exhibiting correct placement of dialysis 
probes (as assessed by histology), were incorporated in the data 
analysis. The number of animals in each group of experiments varied 
from 4 to 12 (depending on the histolog:ic verification of probe place· 
ment). The concentrations of GABA or GLU in the dialysete samples 
were measured and expressed as moles of amino acids present per 
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microliter of dialysate. K· ·Stimulated release experiments were per
formed in a different set of animals. Paired drug-naive controls were 
used for each treatment group. Drug- or seizure-induced changes in 
basal or K•--evoked levels of GABA and GLU were determined by 
comparing these levels with the basal or K • .evoked levels of GABA 
and G LU in drug- or seizure•free animals. The concentrations of both 
GABA and GL U were estimated relative to the dete<:tor's response to 
the internal standard, homoserine. 

Simultaneous comparisons of multiple-group means were per· 
formed by ANOVA followed by either Dunnett's or Tukey's post·hoc 
test to discern differences between groups. Two.group means were 
compared using a two.tailed, independent Student'. t test. 

Results 
Characterization of the extracellular release of 

GABA and GLU in VB. In vitro recovery of GABA and GLU 
through the probes varied from 10% to 15%. Immediately 
after insertion of the probe, the base.line GABA and GLU 
levels rose significantly; however, this was followed by a 
steady decline in the levels over time. Within 1.5 h, these 
levels reached a. steady state in which the transmitter levels 
fluctuated no more than 5% to 6%. Table 1A gives the basal 
levels of GABA and GLU in drug.naive animals during the 
4th hour of dialysis. Figure 1 shows the placement of the 
dialysis probe within the VB. Along the probe tract, a.n in
crease in vascularization and gliosis was observed (see fig. 
lB), but no tissue damage was seen at the site of dialysis. 

The basal extracellular levels of GABA and GLU were 
found to be approximately 30% to 40% dependent on the 
concentration of Ca++ ( 1.2 mM) in the perfusion medium 
(table lB). K+ stimulation (KC!, 30-100 mM, for 20 min) 
enhanced the extracellular levels of GABA ( 190%-850%) and 
GLU (180%-500%) in a concentration·dependent fashion {ta· 
hie 2). The K • ·evoked release of GABA was approximately 
50% dependent on the presence of Ca+ + in the perfusion 
buffer, whereas the evoked overflow ofGLU was more than 
70% Ca+~ ·dependent (table lB). 

We studied the action potential.dependency of GABA and 
GLU release by perfusing the sodium channel blocker TTX 
(0.5 µM for 1 h, n = 4} into VB. Neither the basal nor the 
K· ·evoked release of GABA or GLU was significantly altered 
by '!'TX perfusion (data not shown). 

Effect of GIIB perfusion on the extracelluhu- release 
of GABA and GLU in VB. Perfusion ofGHB (250-1500 µM, 
n = 5-7 for each concentration) into VB inhibited the basal 
release of GABA in a concentration·dependent fashion (fig. 
2). The effect of GHB was significant (P < .05) at all time 
points, except at 2.5 and 3 h, when compared with the basal 
levels of GABA in GHB.naive animals. The basal release of 
GLU was not significantly altered during the perfusion of 
any of these concentrations ofGHB. However, the K+-evoked 
release of both GABA and GLU was significantly decreased 

Basal extracellular levels of GABA and GLU in the VB of behaving rats measured during the 4th hour of dialysis 
Values are expre$$ed as moles of transmitter amino acids present pe, microltter of dialy:;.ite. KAP buffer was perfused in the VB in the presence ot physiologfcal 
concentratlons of Ca·• and Mg· • (1.2 mM each). Six consecutive 1 O.min dialysate fractions were collected during the 4th hour of dialysis anc analy:ed tor GLU and 
GABA content. The amino acids we,e precolumn derivatized and separated isoaatica!ly using a revers&-pt,ase c,. column (see ·Materials and Methods. for details). 
There was no significant difference in the dialysate levels of GLU or GABA during the coul'SII of the 4th hour of dialysis. 

Transmitter 

GABA fmole/µI 
GLU pmole/1'1 

n 

12 
12 

10 min 

40.92 :!: 3.07 
01.23 :!: 0.12 

20 min 

42.31 :!: 4.12 
01 .17 ± 0.11 

30 min 

42.07 ± 5.56 
01.21 :!: 0.12 

40 min 

41.44 :!: 4.13 
01.19 :!: 0.09 

50 min 

42.83 :!: 2.96 
01.16 :!: 0.12 

60min 

41.21 :!: 5.02 
01.20 :!: 0.09 
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Fig. 1. Photomicrographs (A and B) and schematic drawing (Cl of a rat 
brain coronal section, 3.30 mm posterior from bregma, showing the 
placement of the dialysis probe in VB. One hour after completion of the 
dialysis experiment, the rat was sacrificed, and 25-µ serial coronal 
sections were stained with cresyl violet. /mows in panel A indicate the 
presumed site of dialysis within the VB. Panel B shows the probe tract 
at a higher magnification (x 2. 5). Note the increase in vascularization 
and gliosis along the probe tract: however. there is no tissue damage. 
VB is a collective term for ventroposterolateral and ventroposterome
dial nuclei of thalamus. These two ventral nuclei of thalamus corre
spond respectively to the lateral and medial subdivisions of the VB. OG, 
dentate gyrus; fi, fimbria of hippocampus; ic, internal capsule; LV, 
lateral ventricle; MD, mediodorsal nucleus of thalamus; pc, paracentral 
nucleus, RT, reticular nucleus; VL, ventrolateral; VPM, ventropostero
medial; VPL, ventroposterolateral nucleus of thalamus. Bars: A, 0.25 
mm; B, 0.1 mm and C, 0.60 mm. 

by all concentrations of GHB tested when compared with 
K" -evoked levels of GABA and GLU in subjects not treated 
with GHB (table 3). 

Extracellular levels of GABA and GLU in VB during 
the course of GHB-induced generalized spike-wave 
discharges. After systemic administration of GBL ( 100 mg/ 
kg, i.p.}, the first EEG change, characterized by high-voltage, 
bilaterally synchronous, 5 to 6-Hz spike-wave discharges, 
occurred within 5 to 8 min {fig. 3). These electrographic 
discharges were recorded synchronously from the frontopa
rietal cortex and the VB or from the dialysis s ite (fig. 3, panel 
B}. Within 10 min after the onset, these spike-wave dis· 
charges became continuous (fig. 3 , panel C or DJ. Two hours 
after the onset of SWD, sporadic incidents of low-voltage 
spike-wave bursts were recorded from both thalamus and 
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cortex (fig. 3, panel El. After 3 h, the EEG became normal 
(fig. 3, panel F). 

During the course of GHB-induced SWD, changes in extra
cellular GABA levels in the VB were similar to those seen 
after intrathalamic perfusion ofGHB (see fig. 4). Basal GLU 
levels were not altered during seizures. As shown in figure 4, 
GBL was administered systemically (100 mg/kg, i.p.; n = 61 
at time O (on the abscissa), which represents the start of the 
4th hour of dialysis. However, it was not possible to deter
mine what changes in GABA and GLU levels occurred pre
cisely at the time of onset of GHB-induced SWD, i.e., within 
5 to 8 min after GBL administration, because in order to 
detect the GABA peak (during HPLC separation), we would 
have needed a dialysate sample ofat least 20 µl. Because the 
dialysis was performed at the rate of 2 µI/min, a minimum of 
10 min of sampling time was necessary for optimal detector 
sensitivity to GABA. 

In another group of experiments, at the peak of GHB
induced spike-wave activity. i.e., 40 min after the adminis
tration ofGBL. a 20-min K• stimulation {KC!, 30 mM) was 
given in the VB through the dialysis probe. There was a 
significant decrease in K' -evoked overflow of both GABA and 
GLU in these animals when these levels were compared with 
K' -stimulated levels of GABA and GLU in GBL-naive ani
mals (table 3). 

Effect of the specific GHB receptor antagonist NSC 
382 on basal and K• ,evoked GABA and GLU release in 
VB during the course of GHB seizures. NCS 382 pre
treatment ln = 51 significantly attenuated the generation of 
GHB-induced SWD (data not shown). During this attenuated 
phase of SWD, the decrease in basal extracellular levels of 
GABA was markedly less than that observed with GHB alone 
W < .05 at 1.5 h, fig. 4). NCS 382 pretreatment also partially 
reversed the inhibitory effects of GHB on K '-stimulated 
GABA and GLU levels (table 31. 

Effect of the specific GABA8 receptor antagonists 
CGP 35348 and phaclofen on ( - )-baclofen· or GHB
induced changes in basal and K+ -evoked GABA or 
GLU release in VB. ln order to test the hypothesis that the 
GHB-induced decrease in GABA release in thalamic VB is 
mediated through presynaptic GABAn receptors, we studied 
the effects of two GABAB receptor antagonists , CGP 35348 
{Karlsson et al. , 1992) and phaclofen (Bonanno et al. , 1988), 
on GHB-mediated changes in GABA release in VB. Because 
GHB does not alter the basal levels of GLU, we chose (- )
baclofen, a specific GABA0 agon ist that has been shown to 
decrease the basal release of both GABA and GLU in the 
cortex {Bonanno and Raiteri , 1993b) and in other areas of the 
CNS (Harrison, 1990; Calabresi et al .. 1991; Thompson and 
Gahwiler, 1992), to serve as positive control in these experi
ments. 

( - )-Baclofen perfusion into VB ( 10---50 µM, n = 5 for each 
concentration) produced a concentration-dependent decrease 
in both basal and K' -evoked release of GABA and GLU as 
compared with the basal or K' -evoked levels of these amino 
acids in drug-naive animals {table 4). 

CGP 35348 (50---200 µM, n = 5-6 for each concentration) 
perfusion into VB dose-dependently antagonized { - )-ba· 
clofen's effect on basal and K ' -evoked GLU release (table 5), 
but had no apparent effect on ( - l-baclofen-mediated changes 
in basal or K· -evoked GABA release (table 6). Similarly, the 
GHB-induced decrease in basal or K' -evoked GABA levels 
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TABLE 18 
Ca ... ·dependency of basal and K+-stimulated extracellular output of GABA and GLU in the VB of behaving adult rats 
Decrease in basal {n = 6> or K" -stimulated (n = 6) extracellular levels of GABA and GLU Qn the absence of ea•• and the presence of high t.tg• in the perfusion bulf8r) 
in 1wo consecutive dialysate fractions collected during the last 20 min of the 4th hour of dlalysls. Values are mean :!: S.E.M. In control animals, basal (n = 12) and 
K • -stimulated {n = 7) levels of GABA and GLU were also measured during the last 20 min of the 4th hour of dialysis but in the pres«lC8 of physiological conc;er,t,atioM 
of Ca• • and Mg"• {1.2 mM each). O Ca•· 12.5 Mg"• was perfused for 60 min on the 4th hour of dialysis [$(le 'Materials and Methocb" for details). K• -stimulated 
release experiments were perfonmed in a ditterent set of animals, wherein KCI 130 mM) was included in the last 20 min of the 4th hoir of dialysl$. 

Decrease in Amino Acid Levels 

Ions GABA (lmole/µI Dialysafe) GLU {pmolelµI dia!ysattl) 

Control 
Ca'• (0 mM) +Mg'' (12.5 mM) 

Basal 

40.31 ± 03.82 
26.21 ± 01.76. 

K • ·Stimulated 

116.89 ± 10.44 
60. 79 ± 04.66" 

Basal 

1.19 ± 0.11 
0.76 :!: 0.09· 

K··Stlmulatad 

3.29 :!: 0.62 
0.68 ± 0.10 .. 

• P < .05; .. P < .001 as compared wi1h respoclive con1rol values. i.e., perfusion In the presence of physiological concentrations of ca++ and Mg"' ~ndependefit 
Student"s t test). 

TABLE 2 
Effect of K+ -stimulation on the extracellular output of GABA and 
GLU In rat VB 
Increase in K • -stimulated extracellulnr levels of GABA and GLU in two consec
utive dialyaate fractions collected durir,g the last 20 min of the 4th hour of dialysis. 
The values are mean ! S. E.M. There were seven rats for each concentration of 
KCI. KCI was included in the last 20 mill of the 4th hour of dialysis (see "Materials 
and Methods• for details). The control represents basal levels of GABA and GLU 
{in the ~ence of KCI) during the last 20 min of the 4th hour of dialysis (n ~ 12). 
The effect of KCI was significan1 (P < .001) at all concentrations. 

Chemicals 

Control 
KCI, 30 mM 
KCI, 60 mM 
KCI, 100 mM 

48.00 

.'l 
~ 

39.40 ., 
~ 

<( .!! 
"''O 

30.80 

<(-..,~ 2 2.2 0 .. .. 
0 
~ 13.60 

K··Stimulated Transmitter Releises 

GASA 
(fmoleli,1 dialysate) 

40.31 :!: 03.82 
116.89 :!: 10.44 
221.71 ± 19.17 
358.35 :!: 26.71 

GLU 
(pmole/i,I dialysate) 

01.19 :!: 0.11 
03.29 ± 062 
04.76 ± 0.73 
06.90 :!: 0.84 

~I!~ 1 

--.J l .---1 

~ 
!~ 

l 

-0.5 0 0.5 1.0 1 ,5 2.0 2.5 3.0 

Time in hours 

Fig, 2. Dose-dependent decrease in basal extracellular levels of GABA 
by GHB [in µM: 250 (6), 500 (A), 1000 (0) and 1500 {e)J perfusion in VB 
(n = 5--7 for each concentration). Values are mean :!: S.E.M. GHB was 
perfused for 60 min (denoted by scale bar from O to 1 hf starting a11he 
4th hour of dialysis. The point O on the abscissa represents the start of 
the 4th hour. During 1 500 /LM GHB perfusion, dialysates were collected 
every 15 min ins1ead of the s1andard 10-min intervals in order to 
achieve optimal detection of the GABA signal during the HPLC assay. 
The effect of GHB (500 - 1500 )LM) was slgnificant (P < .05; Dunnett's 
test) at all time points, except at 2.5 and 3 h, when compared with the 
basal GABA levels In GHB-nalve animals (T) (n = 12). 

was not significantly altered by CGP 35348 (table 6). How
ever, GHB's effect on K'·-evoked GLU release was partially 
reversed by CGP 35348 {table 5). On the other hand, phac
lofen (0.75-2 mM, n = 5-7 for each concentration) perfusion 
into VB produced a dose-dependent blockade of both GHB
and (- )-baclofen-induced changes in basal and K+ -evoked 
GABA levels (table 7). Changes in K+ -evoked or basal GLU 

TABLE 3 
Effects of GHB and of the apec;ific GHB receptor antagonist NCS 
382 on K+ -stimulated extracellular efflux of GABA and GLU 
Decrease in K" -evoked release of GABA and GLU by GHB u,erfused Into VB) in 
two consecUlive dllliysate fractions collected durin11 the last 20 min of the 4th 
hour of dialysis. Values are mean ± S.E.M. from 510 7 rats fO( each concentration 
of GHB. GHB was petfused for 60 min s11111ing at the 4th hour of dlalyal$. In the 
systemic GHB paradigm, GBL was admlnlste<ed systemically at the start of the 
4th hour of dialysis (ti = 6). NCS 382 was admlnistenid systemically 1 hr before 
GBL admlni8tr11tion (II = SJ. KCI (30 mM) was included in the fast 20 min of the 4th 
hour of dialysl9. Control values represent K· -evoked level3 of GABA and GLU 
In the absoooe of GHB or GBL during the last 20 min of the 4th hour of dlalysls 
{n = 7 or 5). 

Loe.at. 
Control 

Drugs 

GHB, 25D µM 
GHB, 500 µ.M 
GHB, 1000 µM 
GHB, 1500 µ.M 
Systemic: 
Control 
GBL, 100 mg/kg; Lp. 
GBL + NCS 382, 

500 mg/kg, i.p . 

K··Stimulated Transmitter Relea1re 

GABA 
(fmolelµI dialysate) 

116.89 :!: 10.44 
59.61 ± 03.76· 
54.93 ± 04.01· 
45.59 ± 04.oo· 
40.91 ± 03.92· 

112.79 ±. 10.09 
52 .27 :!: 04.33. 
79.48 :t 03.89" 

GLU 
(pmol8/µJ dlalysate) 

03.29 ± 0.62 
01.28 ± 0.21 
01 .31 ± 0.1 o· 
01.12 ± o.os· 
00.98 ± 0.09" 

03.17 ± 0.59 
01 .44 :!: 0.11 • 
02.30 :!: 0.12" 

• P < .001 when compared with non-GHB or GBL va.lu65 (Dunnett's test). • P 
< .05 wtien compared wi1h values for GSL alone ~ndependoot Studoot's t test). 

levels induced by either GHB or ( - )-baclofen were not sig
nificantly affected by phaclofen (table 8). 

In the systemic GHB paradigm, either CGP 35348 (60-200 
µ.M) or phaclofen (0.75-2 mM) was perfused into VB for 60 
min on the 4th hour of dialysis, i.e. , during the course of 
GHB-induced SWD. The effect ofphaclofen on GABA release 
was similar to that observed with local GHB perfusion ex
periments (partial antagonism of the decrease in basal GABA 
release during the course of SWD), whereas CGP 35348 was 
ineffective (data not shown). 

In regard to the high concentrations of GHB or of the 
specific GABAa receptor antagonists used, it should be noted 
that in the present experiments, all drugs (except GBL and 
NCS 382) were perfused into VB through the dialysis probe. 
Because we found that maximum in. !litro recovery of GABA 
and GLU through the probes was about 15%, and because 
recovery of a substance across the dialysis probe in either 
direction remains the same (Ungerstedt, 1991), intratha
larnic perfusion of small molecules, such as the GHB and 
GABA8 antagonists used in the present experiments, proba-
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Fig. 3. Simultaneous EEG recordings from a rat 
frontoparietal cortex and VB or the dialysis site 
during the course of GHB-induced SWD. EEG re
cordings were made throughout the period during 
which dialysis was performed. Panel A shows the 
background EEG activity during the basal dialysate 
collection. Within 5 min after systemic administra
\iOn of GBL (100 mg/kg; i.p.) high-voltage, 5 to 
6-Hz spike-wave complexes evolved synchro
nously from thalamus and cortex (panel B), Panels 
C and D show continuous spike-wave discharges 
30 min and 1 h, respectively, after the onset of 
seizures. Occassional low-voltage spike-wave 
bursts were seen 2 h after the onset of seizures 
(panel E). Panel F shows normalization of EEG 3 h 
after the onset of seizures. 4 ,.p, and R,,.p, denote 
the left and right frontoparietal leads, respectively. 
The asterisk denotes the bipolar recording lead. 
Calibration: 150 µV, 2 s. D E 

48 

" 42 ! I l J f I i 1 .; ~~--~-" :,. ~-,.......----i ,,; ;; 36 
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Fig. 4. Decrease in basal extracellular levels of GABA in VB during the 
course of GHB-induced SWD {•). Values are mean :t SEM. Generalized 
SWD were induced by systemic administration of GBL (1 DO mg/kg, i.p.; 
n ~ 6) at time O (on the abscissa) which represents the start of the 4th 
hour of dialysis. GHB-induced suppression of GABA release was sig· 
nificant at all time points, except at 0.5 h (P < .05, Dunnett's test). when 
compared with the basal GABA levels in GH B or GBL-naive animals ~ 
(n = 5). In GHB/GBL-naive animals, saline was injected i.p. at the start 
of the 4th hour of dialysis. The effect of GHB-induced SWD on basal 
GABA release was partially antagonized by the G H B receptor antago
nist NCS 382 (0). NCS 382 was administered systemically 60 min 
before the administration of GBL. The effect of NCS 382 was significant 
at 1.5 h (P < .05, Dunnett's test; n = 5) when compared with the GABA 
levels during the course of GHB-induced SWD. 

bly results in the delivery of only a fraction of the concentra
tion at the site of dialysis. 

Discussion 

Effiux of transmitters in the extracellular space occurs 
from both neuronal and extraneuronal sources (Paulsen and 
Fonnum, 1989; Anderson and DiMicco, 1992). Hence, during 
dialysis experiments it is important w identify the source of 
transmitter in the sampled dialysate fraction. The Ca++ -
and/or action potential-dependent component of the trans
mitter present in the extracellular space is generally re
garded as being neuronal in origin because transmitter re
lease originating from metabolic or other extraneuronal 
sources is largely Ca++ - and/or nerve impulse-independent 
(Paulsen and Fonnum, 1989; Timmerman et al., 1992). 

Several studies in the past have failed to show a convincing 
Ca++ - and Tl'X-dependency of basal amino acid levels in the 
extracellular space and s uggest that the major portions of the 

F 
_J 

basal levels of amino acids in the extracellular space may not 
derive from neuronal processes (Westerink et al., 1987a; 
Westerink and De Vries, 1989). In the present study, how
ever, the basal release of both GABA and GLU in VB was 
found to be approximately 40% dependent on the presence of 
Ca++ in the perfusion medium. We observed also no TI'X
dependency of either basal or K+ -evoked overflow of these 
amino acids. Because there is evidence that TI'X perfusion 
into different brain regions in concentrations as low as 0.1 
µM significantly inhibits the extracellular release of dopa
mine, serotonin and acety!cho!ine (Westerink et al., 1987b; 
1988), it is unlikely that the concentration ofT'I'X used in the 
present experiments (0.5 µM) was suboptimal. Moreover, 
higher doses ofTTX perfusion have been reported to induce 
strong sedation (Westerink and De Vries, 1989). Although 
Osborne et al. (1990) reported a high TI'X-dependent basal 
extracellular GABA output in anesthetized rat striatum 
(about 33%} and also indicated that the TTX-dependent 
amino acid release becomes more pronounced in awake ani
mals (about 55%), those authors used 2.4 mM of Ca• • (in the 
absence of Mg++) in the perfusion buffer rather than the 
more physiological concentration of Ca+• and Mg++ [ 1.2 mM 
each) that was utilized in the present experiments and by 
others (Westerink et al., 1988) who also have failed to observe 
any significant TIX-dependency of amino acid release. It has 
been shown that with such high concentrations of Ca• ' 
perfusion, the basal amino acid output can rise to approxi
mately 200% as compared with the levels measured with 1.2 
mM Ca+ + (Drew and U ngerstedt, 1991 ). Hence, it is likely 
that the TI'X-dependency of amino acid output observed by 
Osborne and colleagues actually represents TTX-dependent 
Ca• • -stimulated release, not a basal state of release. Inter
estingly, in the present experiments the K ' -evoked release of 
GABA and GLU, which exhibited a good degree of Ca++ 
dependency (about 50% for GABA and more than 70% for 
GLU), also did not respond to TIX perfusion. Moreover, there 
is evidence that the increase in extracellular GABA levels in 
the striaturn induced by an neuronal reuptake inhibitor of 
GABA, (-)-nipecotic acid, is also insensitive to TI'X (West 
erink and De Vries, 1989). Taking these findings together, it 
appears that there is not a positive correlation between the 
stimulated release of amino acid transmitters or the Ca+ • · 
dependent component of transmitters in the extracellular 

0 

~ 
a 
0) 
n. 
(l> 
n. 

a 
3 
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TABLE 4 

Effect of 1-l·baclofen perfusion into YB on basal and K+ •stimulated extraceUular efflux of GABA and GLU 
Decrease in basal and K' ·evoked eKtracellular release of GABA and GLU by (-)-baclofen in two consecutive dialysata tractions collected during the last 20 min of 
the 4th hour of dialysis. Values~ mean :!: S.E.M. There were five rats for each concentration {-)-baclofen. (-)-Baclolen was perfused lor 60 min starti119 at the 4th 
hour of dialysis. K • -stimulated release experiments were performed In a different set of animals (n = 5 for each concentration of (-}-baclolen), wherein KCI (30 mM) 
was included in the last 20 min of the 60-min (-)-baclofen perfusion. Control values represent basal (n = 12) or K'-evoked (n = 7) le~ets of GABA and GLU in the 
absence of (-)-baclofen during the last 20 min of the 4th hour al dialysis. 

Exlracollular Transmitter Release 

Dru9s GAflA (lmole/1"1 dlalysate) GLU (pmole/µJ d~!ysate) 

Basal K • -Stimulated Basal r ·Stimulated 

Control 40.31 :!: 03.82 116.89 :!: 10.44 1.19:::0.11 3.29 :!: 0.62 
(- )-Baclofen 

10 µM 33.45 :!: 02.77 72.47 :!: 06.71· 1.07 ± 0.08 2.46 ± 0.44' 
25 µM 
50µM 

31.44 :!: 02 .01 67.79 :!: 01.01·· 0.96 ± 0.08 2.04 ±. 0.30" 
24.20 ± 01 .BO' 57.27 :!: 05.31'' 0.82 :!: 0.07' 1.54 :!: 0.19" 

" f> < .001 and • f> < .05 when compared with the respective nonbaclo1en basal or K • -evoked values (OunF>81t's test). 

TABLE 5 
Effect of CGP 35348 on 1-l·baclofen· and GHB·medlated 
lnhibltlon of basal and K .. -evoked elrtracellular levels of GLU in 
rat VB 
Par1ial antagonism of (-)·baclofen- or GHB-lnduced decrease in basal or K • -
evoked extracellular output of GLU by CGP 35334B in two consacutive dialysate 
fractions collected during the last 20 min of the 4th hour ol dialysis. Values are 
mean :!: S.E.M. from 5 to 6 rats for each concentration o1 CGf> 35348. K' •evoked 
telease experiments were pe<tormed In a different set of animals {n ~ 4-5. where 
KCI (30 m M) was included in the last 20 min of the 60-min mi•ed·drug perfusion. 
Control values represent basal (n = 12) or K • •8\/ol<ed {n = 7) levels of GLU in the 
absenca ol (-)-bacloll!fl/GHB or CGf> 35348 during the last 20 min of the 4th hou, 
of dialysis. 

Exlracellular GLU Jelease 

Dru,JS 
(pmole/µI dialysate) 

Basal K· ·Stimulated 

Control 1.19 ±. 0.11 3.29::: 0.62 
l-f·Baclofen 50 µM 0.82 :!: 0.07 1.54 :!: 0.19 
+CGP 35348 50 µM 0.85 :!: 0.06 1.84 :!: 0.16 
+CGP 35348 100 µM 0.92 ±. 0.07 2.07 :!: 0.20' 
+CGP 35348 200 µM 1.03 :!: 0.09' 2.31 :!: 0.19' 
GHB 1000 µM no effect 1.12:t0.09 
+CGP 35348 50 µM 1.41 :!: 0.11 
+CGP 35348 100 µM 1.67 ±. 0.14 
+CGP 35348 200 µM 1.97 ± 0.20· 

• f> < .05 (Oumett 's test) when compared wtth either the (- t-baclo1en group or 
the GHB·alane group. 

space and the TI'X-dependency of their release. We did not 
increase the concentration of Ca+ + in the perfusion medium, 
because our aim was to characterize the basal extracellular 
output of GABA and GLU during the course of generalized 
absence seizures under normal physiological conditions. 

Alternatively, it is also possible that different anatomic 
areas of the brain may possess different release mechanisms. 
The possibility that the efflux of GABA and GLU in the VB 
represents a carrier·mediated transport rather than a classic 
exocytotic release seems unlikely, because the release of 
these transmitters exhibited a good degree of Ca·+ -depen
dency under stimulated conditions. However, at basal state 
the release of these transmitters showed only a modest Ca++ 
dependency. Thus it may be concluded that in the present 
experiments, the release of GABA and GLU in the VB, both 
in the basal and the stimulated state, originated only in part 
from the neuronal pool in a Ca+ + -dependent but TTX-inde
pendent fa.shion. In such a case, one may ask whether the 
GHB- or ( - )-baclofen•mediated decrease in basal GABA or/ 
and GLU release observed in the present experiments repre
sented the neuronal component of the transmitters. Because 

TABLE 6 
Effect of CGP 35348 on (-J·baclofen- and GHS.medlated 
Inhibition of basal and K" -evoked extracellular levelfi of GABA In 
rat VB 
Lack of antagonism ct {-)·baclofen- or GHB-induced dflcl89S9 In basal and 
K • -evoked eKtracellular output of GABA by CGP 353348 in two conll8Cutlve 
dialysate fractions co11ecteo during the last 20 min at the 4th hour of dlalys!s. 
Values are mean :!: S.E.M. from 5 to 6 rats for eact, concentration of CGP 35348. 
K • -evoked release experiments were performed In a dfff"""'t set of animals 
(n = 4-5). wherein KCI (30 mM) was included in tho last 20 min al lhe 60-min 
mixed-drug perfusion. Control values rep!'e$$nt basal 0 ~ 12) or K+ -evoked 
(n - 7) levels of GABA in tile absence of (-}-baclofan/GHB or CGf> 35346 d\Jflng 
the last 20 min of the 4th hour of dialysis. 

Extracellular GAflA Releasl 

Drugs (!mole/µ( dialysate) 

Basal K··Stimulated 

Control 40.31 ± 03.82 116.89 ± 10.44 
(-J·Baolofen 50 µM 24.20 :!: 01.60 57,27 :!: 05.31 
+CGP 35348, 50 µM 26. 77 :!: 02.03 60.61 :!: 06. 71 
+CGP 35348, 100 µM 30.47 :!: 02. 71 66.46 :!: 07 .91 
+CGP 35348, 200 µM 29.66 :!: 02.06 68. 78 ± 08.D1 
GHB 1000 µM 20.71 ± 03.17 45.59 :!: 04.06 

+CGP 35348, 50 µM 21 .67 :!: 03.52 50.81 ±. 05.33 
+ CGP 35348, 100 µ.M 23.91 ± 04.00 49.17 ± 04.91 
+CGP 35348, 200 µ.M 22.66 ::: 03.61 51.67 :!: 05.03 

high-affinity GHB binding sites that have been shown to be 
responsible for the epileptogenic actions of GHB (Maitre et 
al., 1990} are present specifically in neuronal structures but 
not in glial cells (Maitre et al., 1990), the observed effects of 
GHB on GABA and GLU release after GHB perfusion into 
VB may be regarded as neuronal in nature. However, a 
similar explanation may not hold true for the inhibitory 
effects of ( - )-baclofen, because GABAe receptors are located 
on both neuronal and non-neuronal structures (Bowery et al., 
1987). Hence it is difficult to predict what fraction of the 
neuronal GABA or GLU was inhibited during (-)-baclofen 
perfusion into VB. Remember too that a distinct differentia
tion between neuronal and extraneuronal release of GABA 
and G LU in the extracellular space in any given CNS nucleus 
has not been possible via the technique of microdialysis. 

An imbalance between excitatory and inhibitory neuro
transrnission within mutually interconnected thalamic and 
neocortical neurons has been suspected to be critical to the 
genesis of generalized absence seizures (Gloor et al., 1990). 
Preservation of GABA-mediated postsynaptic inhibition in 
the thalamocorticothalamic neuronal network during gener
alized SWD is a salient feature of absence seizures that 
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TABLE 7 

Effect of phaclofen on (-)-baclofen- and GHB-mediated 
inhibition of basal and K+ -stimuleted extraceUular ou1put of 
GABA in rat VB 
Panial antagonism of (-)·baclofM· or GHB-indue&d decrease in basal or K·· 
avo~ed extracellular output of GABA by phaclofen in two consecutive dialysate 
fractions ca116cied during tha last 20 min of the 4th hour of dialysis. Values are 
mean ;'; S.E.M. from 5 to 7 rats for each concentration of phaclofen. K • -evoked 
release e•periments ware performed in a different set at animals (n = 5), wherein 
Ket {30 mM) was included in the last 20 min of the 60-min mixed·dn.ig perfusion. 
Control values represent basal (n = 12) or K • -evoked In = 7) levels of GABA in 
the absence of (-)-baclofen/GHB or phaclofen during the last 20 min of the 4th 
hour of dialysis. 

Oru~s 

Control 
(-}·Baclofen, 50 µ.M 
+phaclofen, 750 µM 
+ phaclofen, 1000 µM 
+phactofen, 2000 µM 
GHB, 1000 µM 
+phaclofen, 750 µM 
+phaclofen, 1000 µM 
+ phaclofen, 2000 µM 

Extracellular GABA Rele,se (fmolel,,.J diilysate} 

Basal 

40.31 :t 03.82 
24.20 :!: 01.BO 
28.23 = 01. 69 
33.41 = 02.70 
36.92 = 02.as· 
20. 71 ::t 03.17 
28.14 :t 03.50 
32.20 :t 03.61 
36.51 :t 03.07' 

K • -Stimulated 

116.89 :t 10.44 
57 .27 :t 05.31 
66.49 :t 06.07 
75.31 :t 07.11 
98.91 :t 06.39. 
45.59 = 04.06 
56.BB :t 04.31 
71. 81 :t 05.03· 
91.43 :t 05.11" 

• P < .05 (Ounnatt's test) when compared with etther the (-)·bacloten group or 
the GHB-alone group. 

TABLE 8 

Effect of phaclofen on 1-)-bactofen· and GHB·mediated 
inhibition of basal and K+ ·stimulated extracellular output of GLU 
In rat VB 
Lack of antagonism of (-l·baclofen· or GHB-induc&d in basal or K • •evoked 
extracellular output of glu1amate by pha.clofen in two consecutive dialysate trac
tions collected during Iha last 20 min of the 4th hour of dialysis. Values are mean 
:"- S.E.M. from 5 to 7 rats for each c011Centration of phaclofen. K • -evoked release 
experiments were performed in a different set o1 animals (n = 5), wh..-ein KCl (30 
mM) was included in the last 20 min of tha 6Q.min mixed-drug perfusion. Control 
values represent basal (n = 12)or K0 ·evoked (n = 7) levels of GLU in the absence 
of (- )-baclofen/GHB or CGP 35:348 during the last 20 min of the 4th hour o1 
dialysis. 

Drugs 

Control 
(- )·Baclofen. 50 µM 
+ phactofen, 750 µM 
+phaclofen, 1000 µM 
+ phaclofen, 2000 µM 
GHB, 1000 i,M 
+ phaclofen, 750 µM 
+ phaclofen, 1000 !LM 
+ phaclofen, 2000 µM 

Extracellular GLU Release (pmoVµI dialy· 
sate) 

Basal 

1.19 :t 0.11 
0.82 .:!: 0.07 
0.91 :!: 0.09 
0.93 :t 0.10 
0.90 :!: 0.09 

no effect 

K· ·Stimulated 

3.29 :t 0.62 
1.54 :t 0.19 
1.67 :t 0.21 
1.60 :t 0.18 
1.63 :: 0.20 
1.21 :t 0.09 
1.10 :+: 0.10 
1.13:: 0.11 
1.15 :t 0.20 

distinguishes these seizures from generalized convulsive sei
zures (Gloor and Fariello, 1988). Hence it is logical to expect 
that during absence seizures, any increase in excitation or 
decrease in inhibition in the thalamus and/or cortex would be 
subtle and finely tuned. In one study based on cortical tissue 
levels of GABA and GLU, an increase in extracellular GLU 
levels associated with a decrease in GABA levels in the cortex 
was predicted during the development of penicillin-induced 
spike·wave discharges (van ~Ider et al. , 1983). However, no 
evidence has emerged to support this hypothesis. In the 
present study, we report that during the course of absence
like seizures induced by GHB, the basal extracellular levels 
of GABA in the VB remain moderately suppressed. Because 
we did not observe any significant accompanying alteration 
in the basal extracellular levels of GLU in the VB during 
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GHB seizures, we suspect that this moderate decrease in 
GABA levels in the VB during GHB seizures provided, in the 
thalamus or thalamocortical neuronal network, the increase 
in excitation (through GLU) necessary to precipitate ah
sence·like seizures. 

The observation that GHB spedfi.cally inhibits the K+. 
evoked release of GLU but not its basal output may be 
related to the mechanism underlying the generation of ab· 
sence seizures, whereby a precise control of the increase in 
excitation in the thalamocortical circuitry is required. We 
have observed that during the course of GHB-induced SWD, 
the bilateral administration of N·Methyl·O·Aapartate 
(NMDA) into different thalamic relay nuclei (including VB) 
attenuates these paroxysms, converting them to burst sup
pression (Banerjee and Snead, 1995), whereas lower do.ses of 
NMDA have been shown to facilitate spontaneous SWD in 
rats genetically predisposed to absence-like seizures (Peeters 
et al., 1990). Furthermore, recent dialysis studies done in the 
striata of conscious rats suggest that NMDA dose-depen
dently increases the release of GLU in this brain region 
(Bustos et al., 1992). 

The GHB-induced decrease in the depolarization-induced 
release of GLU may also dampen excitability to keep the 
generalized absence seizures from evolving into generalized 
convulsive seizures. We have observed that pretreatment 
with GHB in doses sufficient to induce generalized SWD in 
genetically epilepsy-prone rats (GEPR·9s) significantly sup
presses the convulsive episodes upon sound stimulation 
(Gaza et al., 1994). These in vivo data, taken in conjunction 
with the present microdialysis data, indicate that by moder. 
ately suppressing basal GABA release while having no effect 
on the basal release of GLU, GHB induces a subtle distur
bance in the excitation/inhibition equation in the thalamus 
and/or cortex in favor of excitation. 

In the present study, we chose to examine the release 
characteristics of GABA and GLU in the thalamic VB during 
the course ofGHB-induced SWD for the following reasons: 1) 
All experimental SWD evolve most readily from this "specif
ic" thalamic relay nucleus, in synchrony with the neocortical 
discharges (Avoli and Gloor, 1982; Vergnes et al., 1987; Ban
erjee et al., 1993). 2) In the GHB model, GHB-induced SWD 
evolve synchronously from VB and from layers I to IV of the 
frontoparietal cortex (Banerjee et al. , 1993). 3) There is a 
close correspondence between a rapid but reversible, region
specific upregulation of [3 HJGHB binding sites during GHB
induced SWD and those thalamic and cortical structures that 
participate in SWD activity {Banerjee et al. , 1993). 4) Bilat· 
era! lesions in thalamic relay nuclei (including VB) tend to 
suppress GHB-induced SWD evolving from both thalamus 
and cortex (Banerjee and Snead, 1994). 

GABA8 receptors are located both pre· and postsynapti. 
cally in many mammalian brain regions (Bonanno and Rait· 
eri, 1993a). There is strong evidence in the literature that 
postsynaptic GABAa receptor-mediated inhibitory postsyn. 
aptic potentials are important to the generation of absence
like rhythms in thalamic and cortical neurons (Crunelli and 
Leresche, 1991; McCormick, 1992). Alternatively, presynap· 
tic GABAa receptors located on both GABAergic and gluta. 
matergic nerve terminals (Bonanno et al., 1988; Bonanno and 
Raiteri, 1992) mediate the inhibition of neurotransmitter 
release (Bonanno and Raiteri, 1993a). 

GABA8 receptors are abundant in the thalamus (Bowery et 
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al., 1987}, but it is not known whether these thalarnic GABA8 

receptors are located on both the GABAergic and the gluta
matergic nerve terminals. If one assumes their presence on 
both types of terminals in the thalamus, these presynaptic 
GABA8 receptors would be predicted to exert an important 
control over excitation/inhibition in thalamocortical path
ways by modulating the release of GABA and GLU. Recent 
electrophysiological and biochemical studies in corticostria
tal slices and cortical synaptosomes have provided convinc
ing evidence, based on the specific GABA8 receptor antago
nist sensitivity of GABA8 receptors located on GABAergic 
and glutamatergic nerve terminals, for the heterogeneity of 
presynaptic GABA8 receptors (Calabresi et al., 1991; Bon
anno and Raiteri, 1992, 1993a). For example, in cortical 
synaptosomes, phaclofen, a baclofen analog, antagonizes the 
(- )-baclofen-induced inhibition in GABA release without af
fecting appreciably the release of glutamate, whereas CGP 
35348, a more potent GABA8 receptor antagonist than pha
clofen, specifically blocks the effect of ( - J-baclofen on gluta
mate release but has little effect on (- )-baclofen-induced 
changes in the release of GABA (Bonanno and Raiteri, 1992). 
In the present study, possible presynaptic GABAa receptor 
heterogeneity in VB is suggested by the results of ( - )-ba
clofen perfusion, which dose-dependently decreased basal as 
well as K+ -evoked extracellular output of GABA and GLU. 
Moreover, the selective antagonism of the ( - }-baclofen-me
diated decrease in GABA release by phaclofen and that of 
GLU release by CGP 35348 suggests that the presynaptic 
GABA8 receptors present in the VB bear pharmacological 
similarities to those present in the cortex or striatum. 

Because GHB exhibited a similar dose-response profile to 
that of (- }-baclofen in inhibiting the basal release of GABA 
in VB, one might interpret these data to show that GHB, 
when administered either locally or systemically in doses 
that induce generalized absence seizures, modulates the re
lease of GABA in VB through presynaptic GABAB receptors. 
This hypothesis is supported by the fact that GHB has been 
reported specifically to displace bound [3H]baclofen and 
[3HJCGP 27492, a potent GABA8 receptor ligand, from 
GABAB sites in cortical and thalamic homogenates with a 
low affinity (IC50 = approximately 150 µM) (Bernasconi et 
al., 1992). However, a number of lines of evidence mitigate 
against the hypothesis that GHB is a simple GABA8 agonist 
that induces absence seizures by acting directly on the 
GABA8 receptors. 

First, there is no evidence that ( - )-baclofen displaces 
[

3 HJGHB from high-affinity GHB binding sites in either cor
tical/thalamic synaptosomal binding studies or autoradio
graphic studies (Benavides et al., 1982, and our unpublished 
observation). Moreover, we have been unable to show that 
GHB displaces [3H]GABA in the {3H]GABA8 autoradio
graphic studies (our unpublished observation). Second, 
[

3HJGHB and [3 H]GABA8 binding sites have different re
gional anatomic distributions in rat brain (Snead, 1994), and 
the ontogeny of [3 HJGHB binding sites is distinctly different 
from that of [3 H]GABA8 sites. [3H]GHB binding sites in the 
brain do not appear until the third postnatal week of life, 
whereas f3H]GABA8 binding is present at birth (Snead, 
1994). Interestingly, there is an excellent correlation be
tween the ontogeny ofGHB-induced absence seizures and the 
developmental appearance of [3 H]GHB binding sites in the 
thalamus and cortex (Snead, 1994). Third, it is known that 
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GABA8 receptors are coupled to pertussis toxin (PTX)-sensi
tive G protein (Bowery et al., 1987). Although there is indi
rect evidence that GHB receptors are also bowid to G protein 
(Snead, 1992c), [3 H]GHB binding behaves very differently in 
the presence of PTX and nonhydrolyzable GTP analogs than 
does [3 H)GABA8 binding (Snead, 1992c). Fourth, although 
recent electrophysiological studies in isolated dorsal lateral 
geniculate (Williams et al., 1993), CAl pyramidal (Xie and 
Smart, 1992) and nigrostriatal neurons (Harris et al., 1989) 
have indicated that GHB induces long-lasting IPSPs and 
rebound Ca+ + spikes in a manner similar to ( - )-baclofen, the 
dose-response data in those experiments suggest that the 
concentration ofGHB in bra.in required to mimic the post.syn
aptic effecta of ( - )-baclofen is in the millimolar range. This 
tissue concentration of GHB may be commensurate with that 
achieved in brain with the high doses (greater than 500 
mg/kg) of GHB associated with burst suppression on the 
EEG, loss of righting reflex and ~anesthesia," but the brain 
concentrations of GHB associated with doses that induce 
absence seizures are in the micromolar range (approximately 
250 µM) (Snead, 1991). Finally, in the present experiments 
the action of GHB differed from that of ( - }-baclofen in that 
GHB was able to alter the basal release of GLU in the VB. 

These findings together suggest that the GHB and the 
GABA8 receptor sites are separate from one another in many 
respects. Even so, both appear to be involved in the patho
genesis of experimental absence seizures. GHB induces ab
sence seizures, GABA8 receptor agonists exacerbate them, 
and both specific GHB and GABA8 receptor antagonists 
block the occurrence ofSWD in experimental absence models 
(Maitre et al. , 1990; Liu et al., 1992). One hypothesis that 
reconciles these disparate data is that the GHB sites that are 
involved in absence seizures are part of a presynaptic GHB/ 
GABA8 receptor complex. In the present study, perfusion of 
GHB in concentrations of 250 to 1500 µM may have achieved 
concentrations of GHB at the dialysis site sufficient to stim
ulate this putative presynaptic GHB/GABA8 receptor com
plex. Further studies of the relationship between GHB and 
the GABA8 -mediated, G protein-modulated presynaptic 
function of this receptor complex are under way in our labo
ratory. 
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Nocturnal 'Y-Hydroxybutyrate 

Effect on Periodic Leg Movements and Sleep 
Organization of Narcoleptic Patients 

Marc.Andre Bedard, Jacques Montplaisir, Roger Godbout, and 
0. Lapierre 

Centre d'etude du sommei/, HtJpital du Sacre·Coeur, Montreal, Quebec, Canada 

Summary: Periodic leg movements during sleep (PMS} is a disorder frequently 
encountered in narcolepsy. In the present study, 12 narcoleptic patients (six 
with PMS and six without} were recorded in a sleep laboratory for 2 consec. 
utive nights before and after treatment with -y-hydroxybutyrate (GHB) taken at 
bedtime for l month. Treatment resulted in decreased rapid eye movement 
(REM) sleep latency and increased REM efficiency without change in the total 
duration of REM sleep. GHB waB associated with the appearance of patho
logical levels of PMS in patients who were unaffected before treatment. These 
results arc discussed in relation to the role of dopamine in the physiopathology 
of narcolepsy and PMS. Key Words: "(-Hyd(Oxybutyrate-Periodic leg move
ments in sleep-Rapid eye movement sleep--Narcolepsy. 

Narcolepsy is a clinical entity characterized by a tetrad of symptoms, namely, 
excessive daytime sleepiness (EDS) culminating in overwhelming sleep episodes, 
cataplexy, hypnagogic hallucinations, and sleep paralysis (1) . Nocturnal distur
bance of sleep, particularly that of rapid eye movement (REM) sleep, is another 
characteristic component of narcolepsy. For example, narcoleptic patients show 
sleep-onset REM periods (SOREMPs) during polygraphic recording of sleep (2) , 
and this phenomenon is an essential diagnostic feature. Moreover, REM sleep 
periods are fragmented, i .e ., interrupted by several shifts to other sleep stages or 
by awakenings (3). This fragmentation has been coITelated in time with the onset 
of cataplexy (4). Finally, isolated components of REM sleep, namely, eye move
ments and muscle atonia , may occur together with an electroencephalogram 
(EEG) characteristic of non-REM sleep, a phenomenon known as intermediate 
sleep (5). 

Rechtschaften et at. (2,6) were the first to suggest that narco!epsy results spe
cifically from a disturbance of REM sleep. Apart from the fact that sleep a ttacks 
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are often accompanied by SOREMPs, one can indeed view cataplexy, sleep pa
ralysis, and hypnagogic hallucinations as dissociated manifestations of REM 
sleep. These observations raise the possibili1y that the symptoms of narcolepsy 
may result from an inability to maintain REM sleep at night and subsequent 
increased REM sleep pressure during the day. In addition to REM sleep abnor
malities, narcoleptic patients show other disruptions of sleep organization, such 
as an increased number of awakenings, increased total wake time after sleep 
onset, and increased time spent in Stage l non-REM sleep (2,3). 

')'-Hydroxybutyrate (GHB) is a potent suppressor of cataplectic attacks in nar
colepsy (7). It is usually taken at bedtime, but because GHB has a short half-life, 
treatment is normally repeated once during the night. GHB has a strong influence 
on the sleep organization of narcoleptic patients (8,9). It improves sleep quality; 
i.e., it reduces Stage 1 non-REM sleep and awakenings and increases Stages 3 and 
4 non-REM sleep. GHB also facilitates REM sleep, decreasing its latency and 
fragmentation and increasing its efficiency. In fact, the therapeutic potency of 
GHB in narcolepsy is thought to result from a lowered daytime REM sleep pres
sure following its nocturnal administration (7-9). 

Periodic leg movements during sleep (PMS) are found in nearly 50% of patients 
with narcolepsy (10). Because PMS have been related to decreased dopamine 
(DA) activity in the CNS (I I) and because GHB suppresses the release of DA in 
the CNS (12), we wanted to document the effects of GHB on PMS and nocturnal 
sleep organization of narcoleptic patients with and without PMS. 

METHOD 

Twelve narcoleptic patients, aged 34-55 years, were included in the study. 
Before entering the protocol, patients were informed of the nature of the study 
and of their right to withdraw from it at any point. Each patient presented a clear 
history of EDS and cataplexy, and at least two SOREMPs were recorded dming 
the multiple sleep latency test. Sleep apnea was ruled out by alJ-night polygraphic 
monitoring of oronasal airflow and respiratory movements. Human leukocyte 
antigens (HLAs) were typed in every patient, and an were HLA-DR2 positive. 

All previous treatments for cataplexy and EDS were stopped for at least 2 
weeks before the initiation of GHB administration, except for two patients who 
continued to take methylphenidate, 10-20 mg daily, until 48 h before the onset of 
the study. GHB was administered at bedtime in a single oral dose of 2.25 g. 

Polysomnography was performed for 2 consecutive nights before and after 1 
month of treatment with GHB. Recording parameters included electrooculogram, 
central EEG, chin electromyogram (EMG), and anterior tibialis EMG. Sleep 
stages were scored according to a standard method (13). Sleep latency was de
fined as the time before the firs t occurrence of 3 consecutive epochs of Stage 1 
non-REM sleep or I epoch of any other sleep stage. REM latency was calculated 
from the sleep onset, and REM periods were defined as subsequent epochs of 
REM sleep not separated by > 15 min of another sleep stage or waking. 

Anterior tibialis EMG activity was recorded following a standard procedure 
(14) . Only leg movements lasting 0.5--0.0 s occurring al intervals of between 4 and 
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90 s and clustered in groups of at least four movements were counted. A PMS 
index (number of PMS per hour of sleep) of> 5 was used to diagnose pathological 
PMS. 

On the basis of recordings performed before the actual study, patients were 
selected to form two subgroups of six subjects matched for age, one with PMS 
(mean age, 47 ± 8 years) and one without PMS {mean age, 42 ± 5 years). All 
patients of the PMS group had a PMS index of > 10. Results of poly graphic 
recordings obtained in each subgroup before treatment were compared with those 
obtained in a group of six age-matched normal controls (mean age, 44 ± 7 years) 
recorded for 3 consecutive nights. 

A first-night effect was seen in control subjects; the second and third nights 
were therefore considered and pooled together when comparing control subjects 
with the two subgroups of narcoleptic patients before the treatment. Statistical 
comparisons between the three groups were made by a one-way analysis of vari
ance (Table 1). Significant variables were further analyzed using t tests corrected 
for multiple comparisons. Comparison of night 1 and 2 in narcoleptic patients did 
not yield significant differences before or after treatment. This lack of a first-night 
effect in narcoleptics was reported earlier (15). Therefore, results of both nights 
were pooled together when comparing baseline and GHB treatment. The effect of 
GHB was evaluated with paired t tests (Tables 2 and 3) on pooled subgroups of 
patients as well as on each of the two subgroups separately. 

RESULTS 

Sleep Patterns in Narcoleptic Patients 

Table 1 shows that nocturnal sleep organization is disrupted in narcoleptic 
patients with or without PMS when compared with a control group. Narcoleptics 
have shorter sleep latency, increased wake time after sleep onset, longer time 

TABLE 1. Main sleep pa,·ameters in control and narcoleptic subjects before treatment 

Narcolcptics 
t Te.std 

Narcolcptics ····--·--------
Control with PMS without PMS ANOVA" Ali AC BC 

--·-··-··--·~·-
Age (yrs) 43.6 :t 7.1 47.0 :!: 8.5 42.0 ± 4.8 
WASO (min) S.2 :t 3.9 8.9 :o 5.0 10.6 :!: 7.7 0.05 0.01 
Total sleep (min) 425.8 ± 58.3 443.3 :t 69.0 442.8 ± 65.6 
Sleep latency (min) ]0.0 :!: 9.0 2.3 ± 1.7 3.2:,: 2.7 0.003 0.001 0.005 
SWS latency (min) 29.7 :t 15.8 25.4 ± 18.4 32.0 ± 12.7 
REM latency (min) 85.5 ± 37.2 48.9 :t 88.9 47.4 ± 45.8 
No. of SOREMPs omco%J 7/12 (58%) 5/12 (41%) 0,007 0.04 
Stage I(%) 10.8 ± 3.4 22.8 ± 8.3 19.4 ± 7.6 0.001 0 0002 0.004 
Stage 2 (%) 56.2 ± 10.5 48.5 ± IO.l 48.9 ± 6.4 
sws (%) 9.3 ± 7.5 9.8 ± 7.9 12.5 ± 8.3 
Stage REM (%) 23.6 :t 4 .4 18.9 ± 8.3 19.1 ± 5.2 
REM efficiency (%) 82.6 :t 4.9 69.2 ± 13.1 69.8 ± ll.l 0.004 0,003 0.004 

PMS, periodic leg movements during sleep; ANOVA, analysis of variance; WASO, woke time after sleep onset; 
SW$, slow wave sleep (Stages 3 + 4); REM, rapid eye movement; SOREMPs, sleep onset REM periods;%, 
percentage of the night in the stage mentioned; REM efficiency %, min of REM sleep/min of REM period x 100. 

Values are means ± SD. 
a p value:; ~ ate chi-square test. 
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TABLE 2. EJ]ect of"'f·hydroxybutyrate on sleep parameters of 12 narcoleptic patients 

Baseline 

Total sleep time (min) 443.1 ± 65.8 
Sleep latency (min) 2.7 ± 2.3 
SWS latency (min) 29.0 ± 15.5 
REM latency (min) 48.1 ± 69.2 
No. of SOREMPs 12/24 (50%) 
WASO(%) 9.7 ± 6.4 
WASO V, (%) 19.8 ± 12.9 
Stage l (%) 2l.1 ± 8.0 
Stage 1 1h (%) 24.5 ± 8.4 
sws (%) 11.1 ± 8.0 
sws ,;, (%) 65.7 ± 27.7 
St~ge REM (%) 19.0 ± 6.8 
Rem 1/1 (%) 29.2 ± 6,8 
REM efficiency 69.5 ± 11.8 
REM efficiency V, 78.6 ± 16.9 
No. of PMS [50.] ± 170.6 
No. of PMS•;; 51.5 ± 64.4 
PMS index 19.9 ± 21.5 
PMS index '/J 20.0 ± 24.3 

"'f· Hydrox ybutyrate 

431.8 ± 45,] 
2.8 ± 3.1 

39.6 ± 19.8 
13.2 ± 32.5 
20124 (80%) 
10.2 ± 5.1 
11.8 ± 12.2 
20.9 ± 7.3 
20.0 ± 9.7 
15.6 ± 11.5 
65.0 ± 23.3 
18.l ± 4.4 
39.5 ± 4.4 
75.3 ± 10.6 
88.5 ± 10.2 

148. 1 ± 125.8 
64.6 ± 74.J 
20.6 ± 17.6 
25.7 ± 29.8 

Paired 
r test" 

0.03 
0.0l" 

0.001 

0.01 

0.004 
0.04 
0,02 

0.02 

0.02 

V, (%), percentage of the total stage duration retrieved in the first third of the night. For other 
abbreviations see Table I . 

Values are means ± SD. 
• p value. 
• Yatc chi-square test. 

spent in Stage 1 non-REM sleep, and reduced REM sleep efficiency. REM latency 
showed a bimodal distribution in narcoleptics because of the presence of both 
SOREMPs and normal REM latency. This distribution produces a large standard 
deviation that explains the absence of significant difference between controls and 
narcoleptics. The results of a Yate chi-square test made on SOREMPs confirm the 
higher incidence of this phenomenon in narcoleptics. No reduction of slow wave 

TABLE 3. Effects of -y-hydroxybutyrate on PMS in two groups of narcoleptic patients 

Baseline '1-Hydroxybutyratc 
Paired 
t testn 

------· ···-·----- ··· 
Patients without PMS before treatment 

PMS index, total night 
No. of PMS, total night 
No. of PMS V, 
No. of PMS~ 
No. of PMS¥> 

Patients with PMS before treatment 
PMS index, total night 
No. of PMS, total night 
No. of PMS n 
No. of PMS l/, 
No. of PMS¥, 

3.3 ± 3.5 
22.5 :t 20.5 

3.5 ± 5.4 
9.3 ± l 1.9 
9.7 ± 13.0 

36.5 ± 18.8 
277.8 ± 157. 8 
99.6 :!: 60.0 
99.2 :t 74.9 
79.0 ± 64.0 

Values are means ± SD. For abbreviations see Tables I and 2. 
a p value. 

Cl/rr. Neuropharmacnl., Val, }2, No. !, 1989 

7.8 :t 6.7 
60.9 :!: 51.7 
16.9 ± 20.4 
20.0 ± 21.0 
24.0 ± 16.3 

33.6 ± 15.6 
242. 1 ± l 18.6 
112.2 :t 82.] 
68.8 ± 55.2 
61.J ± 39.4 

0.06 
0.04 
0.05 

0.05 
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sleep (SWS; Stages 3 + 4) was found in either subgroup of patients compared with 
control subjects. However, there are no significant differences between narco
leptic patients with and without PMS for any of the sleep variables analyzed. 

The Effect of GHH on Sleep Organization in Narcolepsy 

Table 2 compares the results obtained on nocturnal recordings before and after 
GHB in narcoleptic patients with and without PMS. When considering the nights 
as a whole, a single dose of GHB at bedtime was associated with a significant 
increase in the number of SOREMPs and REM efficiency; these effects were also 
present in each subgroup of patients. REM latency decreased from 48. l ± 69.2 to 
13.2 ± 32.5 after GHB as a result of increased frequency of SOREMPs. 

Stage I non-REM sleep and waking decrease in the first third of the night after 
GHB, whereas REM sleep and REM efficiency in the first third of the night 
increase. No differences were found between conditions for the second and final 
thirds of the nights, suggesting an absence of a rebound effect of GHB on sleep 
organization. Results were comparable in the two subgroups of patients. 

Effect of GHB on PMS Activity 

Table 2 shows that the number and the index of PMS calculated for all narco
leptic patients for entire nights were not affected by GHB. However, significant 
increases in the number and index of PMS were observed during the first third of 
the night. 

Additional effects of GHB were revealed when the dependent variables were 
further broken down by subgroups of patients and by thirds of nights (Table 3). In 
patients without pathological levels of PMS before treatment, the number of leg 
movements increased in each third of the night. As a result, Lhe PMS index 
exceeded the criteria for pathological PMS after GHB in these patients. On the 
other hand, in patients who were already affected with PMS, GHB was associated 
with a nonsignificant increase of leg movements in the first third and decrease in 
the last two-thirds of the nights . 

DISCUSSION 

Nocturnal Sleep Disruption in Narcolepsy 

These results confirm previous reports on nocturnal sleep disturbance in nar
colepsy (2,3). In these patients, sleep is interrupted by several awakenings, lead
ing to a decreased sleep efficiency and more Stage I non-REM sleep. Although the 
quantity of REM sleep is normal, its efficiency is low. The present study and those 
of others (16,17) have shown normal amounts of SWS in narcolepsy, while some 
have reported a decrease (3). There is no explanation for the lack of consistency 
on this point. 

Some authors have suggested that disturbed sleep in narcolepsy results from the 
contribution of nonspecific elements such as sleep apneas and PMS (18). The 
present results and a previous study (19) do not support this hypothesis, since in 
narcoleptic patients free of sleep apnea and paired for age, there is no difference 
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in sleep organization between those with PMS and those without. These results 
suggest that nocturnal sleep disruption is a primary feature of narcolepsy. 

Effects of GHB on PMS 

GHB causes a complete cessation of unit activity in the dopaminergic neurons 
investigated in the nigrostriatal or rnesolirnbic areas (12). Thus, the increase of 
PMS seen with GHB in previously unaffected narcoleptic patients is compatible 
with the hypothesis that PMS may result from a decreased DA transmission in the 
CNS. This hypothesis is further confirmed by the therapeutic effect of L-Dopa 
seen in insomniac (J I) and narcoleptic (20) patients affected with PMS. 

When patients already affected with PMS were considered separately, a non
significant decrease of PMS was seen in the last two-thirds of the night. This is 
compatible with results of another study (21) using a double-dose protocol and 
showing a decreased number of PMS at the end of the effect of each dose. The 
decrease seems to occur after the action of GHB and could be attributed to a 
rebound DA activity, secondary to release of the accumulated neurotransmitter 
(22), since GHB not only suppresses neuronal firing and DA release but also 
stimulates DA synthesis (12). However, there is no simple explanation for the 
difference in the effect of GHB noted between the two subgroups of narcoleptic 
patients. 

GHB and the Triggering Mechanisms of REM Sleep 

The facilitation of REM sleep observed in the present study is compatible with 
results of other studies using repeated administration of GHB in narcoleptic pa
tients (8,9). Short REM latencies after GHB were also shown in patients with 
affective disorders (23). In normal subjects, however, GHB or its lactone metab
olite administered orally (24) or intravenously (25) failed to induce REM sleep 
except in older normal subjects when GHB was administered orally in the morn
ing (26), i.e. , when the circadian propensity for REM sleep is greater. Conse
quently, it can be pos tulated that the REM-inducing effect ofGHB in humans can 
be seen only in conditions where REM sleep is already facilitated, i.e ., in narco
lepsy, depression, and morning recording of older human subjects. 

Most REM-inducing substances are known to increase cholinergic transmission 
in the CNS, and this action is thought to be mediated through cholinergic recep
tors of "REM-on" cells in the brainstem (27). However, GHB has no cholinomi
metic effect and even reduces the firing rate of cholinergic neurons in the rat (28). 
Furthermore, the REM-inducing property of GHB in cats was not prevented by 
pretreatment with atropine (29). 

It has been postulated that REM sleep may also be controlled by a system 
located more rostrally, more likely in the hypothalamus (30) . We proposed that 
this rostral system is involved in human narcolepsy , while brainstem cholinergic 
mechanisms may be impaired in animal narcolepsy. This hypothesis of a rostral 
REM sleep control would explain the presence of narcoleptic symptoms in pa
tients with les ions located in the vicinity of the hypothalamus (31 ,32). It may also 
explain major differences seen between human and animal narco!epsy. The lower 
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rate of cataplectic attacks and the closer association with specific emotions noted 
in the human form would suggest the involvement of a hypothalamic control 
system. This hypothesis would also account for pharmacological differences. Hy
peractivity of cholinergic neurons was found in the brainstem of narcoleptic dogs 
(33), and cataplexy in these animals is suppressed by muscarinic anticholinergic 
agents and facilitated by cholinergic agonists (34). In human narcolepsy, no 
cholinergic hypersensitivity was found (35) and rnuscarinic anticholinergic drugs 
did not reduce cataplexy. In addition, GHB was not found to be effective in 
controlling cataplexy in narcoleptic dogs (36). 

The mechanism and the site of action of GHB in human narcolepsy are un
known. There is some evidence that this substance acts as a dopaminergic
inhibiting agent in the hypothalamus. The incertohypothalamic DA system is 
proposed. This region is GHB sensitive (37) and collaterals originating from this 
hypothalamic nucleus project to the medullar area associated with the REM 
sleep-triggering mechanism proposed by Jouvet (30). This theory of a rostral 
system responsible for human narcolepsy and for the effect of GHB remains 
highly speculative and will require further experimental confirmation. 
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The Treatment of N arcolepsy-Cataplexy with Nocturnal 
Gamma-H ydroxybutyrate 

ROGER BROUGHTON AND MORTIMER MAMELAK 

SUMMARY: Sixteen patients i,·ith narco·· 
/eps,1· and caraplexy were treated wi1h 
gamma-hydroxybutyrale (G H BJ given at 
nigh/ and tailored lo achieve as continuous 
a night's sleep as possible. The dosage 
usually consisred of f.5-2.25 gm orally ar 
bed1ime and then one or two further 1.0-
1.5 gm doses with awakenings during rhe 
night, and toia/ed abou/ 50 mg/kg. Apart 
ji-om one par ienr who took only the 
bedtime dose, the subjective quality of 
night sleep improved in all patients and the 

Rl:SU ME: Seize ma/odes qui presmtaient 
des episodes de narcolepsieer de carnpfexie 
ant t!1t! traites la nuit avec hydrox_rbuty
rate-gamma. II e,ai1 dose pour donner un 
sommeil noc1urne le plus continue/ pos
sible. Le dosage normal etai1 de l.5-2.25 
gm. par vole orale ava111 le coucher suivi 
par un ou deux aurres dosages de /.0 -1.5 
gm. pour /es reveif~ noc/umes. Le dosage 
total etail approxima1i1,emen1 de 50 mg/ 
kg. Le sommei/ nocturne de tous /es 
ma!ades s'est ameliore, sau.f pour un seul 
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number of irresistable dayrime a/lacks o.f 
sleep and cat aple X)' subs! an/ ial/y diminish
ed. Some residual daytime drowsiness 
remained and rhis usually responded well 
lo low doses ofmethy/phenidate. !mprove
menl has been main1ained for up 10 20 
monrhs wi1hout the developmem of 10/er
ance. Two parie111s experienced adverse 
side ejfects necessitating wirhdrawal of 
GHB treatment, but no senous 1ox1c 
effects have occurred. 

qui ne prenai1 que le dosage avant k 
coucher, er le nombre d'episodes de 
sommeil diume irresistible el de ca1aplexie 
etaienl tres diminwfs. Une somnolence 
residue/le et diurne persis1air, ce qui 
habituelleme111 repondair bfen au dosage 
minime de methulphenidate. L'ameliora-
1io11 clinique a ere mai111e1we jusqu'a 20 
mofa sans /'apparition de /0/erance. Deux 
ma/ades 0111 eu des e.f.lets secondaires qui 
necessilaienJ /'arret du trai1emenr, mais 
aucun ejfet roxique serieux n 'a eu lieu, 

INTRODUCTION 

The prevalence of narcolepsy has 
been shown in epidemiological studies 
to be about 0.1 % (Roth, 1962; Dement 
et al., 1973). Therefore it is more 
frequent than a number of much better 
known chronic neurological condi
tions, such as multiple sclerosis. 
Moreover, as it generally begins in 
young adulthood and remains for the 
patients' lifetime, and as it has marked 
detrimental effects involving employ
ment, education, recreation, inter
personal relations, driving, accidents 
in general and other parameters of 
everyday life (Broughton and 
Ghanem, 1976), the condition can be 
truly debilitating. The investigation of 
narcolepsy by modern polysomno
graphic techniques has shown that of 
the classical so-called 'tetrad' of Daly 
and Yoss (1960), the auxiliary 
symptoms (i.e. those other than sleep 
attacks) of cataplexy, sleep paralysis, 
and vivid hypnogogic hallucinations 
are all based upon abnormal rapid
eye-movement ( REM) sleep mechan
isms, and that the sleep attacks of 
patients with narcolepsy-cataplexy 
begin in REM sleep in 50-100% of 
attacks (Broughton, 197 l; Zarcone, 
1973), depending upon the author. 
These findings have led to the ad
dition of drugs which suppress REM 
sleep, i.e. tricyclic antidepressants 
(imipramine, chlorimipramine, and 
desipramine) or Jess frequently MAO 
inhibitors (phenelzine) to traditional 
stimulant medication, usually methyl
phenidate. The antidepressants have 
been largely effective in reducing the 
auxiliary symptoms of cataplexy, 
sleep paralysis and hypnogogic 
hallucinations, whereas methylpheni
date has been most useful for the sleep 
attacks and for the more or less 
continuous daytime drowsiness 
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presented by these patients (Zarcone, 
1973). Despite these therapeutic 
improvements over stimulants alone, 
the treatment of narcolepsy still 
remains unsatisfactory. In many 
patients control of symptoms is far 
from complete. Others show undesir
able side effects discussed later. 

This situation led us to use a 
somewhat different therapeutic 
strategy. Rather than concentrating 
upon suppressing the daytime 
symptoms, we decided to attempt to 
improve their night-time sleep, which 
is characterized by early or direct entry 
into REM sleep (Rechtschaffen et al., 
1963), much sleep fragmentation with 
particular inability to sustain periods 
of REM sleep (Montplaisir, 1976), and 
by other features, in the hope that 
daytime pressure for sleep-related 
symptoms would be reduced. There 
were at least two reasons for 
suggesting that disturbed nocturnal 
sleep might be central to the 
physiopathogenesis of narcolepsy with 
cataplexy. First, prolonged periods of 
sleep deprivation or of irregular sleep 
precede the onset of major symptoms 
of the disease in 50- 75% of patients 
(Mitchell and Dement, 1968; 
Broughton and Ghanem, 1976) with 
idiopathic narcolepsy. Secondly, 
narcoleptics are known to be very 
vulnera hie to the effects of shift work, 
and therefore to alteration in their 
circadian sleep-wakefulness rhythms. 
Such disturbances regularly aggravate 
their symptoms (Broughton, 1971). 

We chose the sodium salt of gamma
hydroxybutyrate (GHB) (Laborit , 
1964; Muzard and Laborit, 1977; 
Snead, 1977) in our attempt to 
"normalize" the nocturnal sleep 
patterns of patients with narcolepsy 
and cataplexy. This short cha in fatty 
acid is a normal constituent of the 
human nervous system (Doherty and 
Roth, 1976). It possesses definite 
hypnotic properties . But in distinction 
to the commonly used synthetic 
hypnotics, it promotes sleep which 
more closely approximates that of 
normal sleep than do other hypnotics, 
since it does not inhibit either REM or 
NREM sleep (Jouvet et a!., 1961; 
Matsuzaki et al., 1964; Mamelak et al., 
1977; Muzard and Laborit, 1977). 
G H B also has an additional possible 
advantage over the synthetic hypno-
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tics in that animal studies had failed to 
demonstrate the development of 
tolerance to its hypnotic effects with 
prolonged use (Vickers, l 969). To date 
we have treated 16 patients with 
nocturnal GHB. Preliminary results in 
our first four patients have already 
been reported (Broughton and 
Mamelak, 1976). 

PATIENTS AND METHODS 

The sixteen patients, 8 men and 8 
women, ranged in age from 21-58 
years {Mean= 41.8, s.d. 13.6; Table l). 
All had histories of diurnal drowsi
ness, irresistible sleep attacks, and 
cataplexy. The other main symptoms 
of the disease were also present in 
individual patients to varying degrees. 
In four patients, the symptoms had 
been particularly debilitating in spite 
of treatment with the usual combina
tion of methylphenidate and tricyclic 
antidepressant drugs. The entire 
protocol and the investigative nature 
of the study were carefully explained 
to each patient and consent forms were 
signed. In all patients, a sleep onset 
REM period was observed during at 
least one daytime polysomnograph1c 
recording. Before starting treatment 
with GHB, all previous drug treatment 
for narcolepsy was discontinued for at 
least 14 days. A history and physical 
were performed and the following 
laboratory tests completed: hemo
gram, liver survey, renal survey, chest 
x-ray, EEG and ECG. Each patient 
was also given a psychological 
examination and the Minnesota 
Multiphasic Personality Inventory. 

Polysomnographic assessment of 
sleep-waking patterns was done for at 
least 48 continuous hours in the 
baseline state· and then at regular 
intervals while on GHB. In the Ottawa 
patients (N:: 9) recordings were 
performed without hospitalization 
using a portable 4-channel apparatus 
which permitted the monitoring of 
patients at their habitual activity levels 
in the normal home or work 
environment. In the Toronto studies, 
patients (N = 7) we_re hospitalized 
during the recording periods and the 
usual polysomnographic techniques 
were employed. None of the patients 
had histories of loud snoring or of the 
peculiar gutteral inspiratory snoring 
which characterizes sleep apnea. 

Moreover, this symptom was formal! 
excluded by respiratory monitor· y 

l . 1ng 
(nasa thermistor and abdominal b 1 
transducer) in Toronto studies whee t 
sufficient recording channels' ma~e 
this possible. The Stanford Sleepines: 
Scale (Hoddes et al., 1973), which is a 
self-assessed I to 7 scale of alertness 
was filled in every ~O minutes over a~ 
least 3 consecutive days during 
wakefulness in the pre-G HB baseline 
period, and during reassessments 
while on the drug. 

Treatment with G H B was started 
once the initial baseline data was 
gathered. The treatment schedule was 
tailored to achieve as continuous a 
night's sleep as possible. The patient's 
body weight and his polysomno
graphic response to G HB were used as 

. guides. Since each sleep inducing oral 
dose of G HB lasts only two or three 
hours (Mamelak et al., 1977)-indeed 
the substance is only detectable in 
blood that long (Helrich et al., 1964) 
-and because our aim was to 
maximize the duration of sleep 
produced by the drug while minimi2.
ing its anaesthetic effects, multiple 
doses were used. The usual initial dose 
was l.5-2.25gm(I0-15ml)hs, fo!lowed 
by further multiple 1.0- J.5 gm doses 
during the night with each maJor 
reawakening, if at least 2.5 hours had 
passed since the previous dose. Usually 
only 2 or 3 doses per night were neces
sary. Each dose was about 30 mg/kg, 
but the total quantity of G H B given 
each night ranged from 3.75 to 6.25 
gms, corresponding to approximately 
50 mg/kg. 

After seven to ten nights on GHB, 
the 48 hour polysomnographic 
recording was repeated with the 
patient continuing to use the drug 
according to the optimal dose schedule 
previously established. MaJor reas
sessments were again performed after 
at least one month, six months and 12 
months on G HB. On each of these 
occasions, the clinical effects of the 
treatment were assessed, the blood and 
urine studies, chest x-ray and ECG 
were repeated, and any adverse 
reactions to the drug noted and 
investigated. 

GHB was obtained from Labora
toire Egic in France, who market this 
drug in syrup form under the trade 
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TABLE I. 

Patients' Symptoms, Previous Treatment and Response 10 Nocturnal Gamma Hvdroxy Butyrate - Usual GHB 
Major Duration Previous Dosage 

patient Age Sex Symptoms of Illness Medication gm/night Response Toxicity Comments 

;:~~ 
Zk.-

1 
ti·~ 

I 21 F N,SP,HH rare C 6 years di az.eparn h s 
2 22 M N,C,SP,HH 4 years diazepam sed" 

3 23 F N,C,SP,HH 3 years none 

4 25 F N,C,SP 5 years ben,edrine 

5 32 F ·N,C,SP,HH 14 years dexedrine 

6 38 F N,C,SP,HH 15 yean, dexedrine 
rneth.ylphenidate 
chlorimipramine 

7 40 M N,C,SP,HH 28 years dexedrine 
methylphenidate 
imipramine 
chlorimipramine 
phenelzine 

8 43 F N,C,SP,HH 13 years dexedrine 
methylphenidate 
imiprarnine 
chlorirniprarnine 
phenelzine 
phenyloin 

I carbarnazepi ne 

9 45 F . N,C,SP 23 years dexedrinc 

JO 45 M N,C,SP,HH 3 years methylphenidate 

11 52 M N,C,SP 14 years desoxyn 

12 55 M N,C 30 years methylphenidate 

13 56 M N,C,SP 31 years meth.ylphenidate 

14 57 M N,C 43 years ephedrine 

15 57 M N,C,SP,HH 33 years dexedrine 

16 57 F N,C,SP,HH 37 years dexedrine 
methylphenidate 
impramine 

I chlorimipramine 

0::: no effect; + /- = 0-20% improvement; + = 20-40% improvement 

3.0 +++ none -
3.75 + 

I 
none -

3.75 +++ none -
2.25 0 none Took only hs dose 

5.25 +++ none Sister of pat. 4 

3 75 +++ none Old gastrectorny 

4.50 +++ none -

4.50 ++ abdominal pain, No evidence for 
muscle weak- epilepsy 

ness 

6.25 + none -

4.50 +++ temporary -
muscle weakness 

I 
3.75 +++ none Impotence on 

previous R 

3.75 +++ none -

3. 75 +++ dysthesiae Post-traumatic 
left hand epilepsy 

4.50 +++ none -
5.25 +++ none -
3.75 +++ none -

~.«,. ++ c- 40- 70% improvement;+++ c- over 75% reduction of symptoms from baseline 

'( N c- irrisistible sleep attacks; C c- cataplexy; SP = sleep paralysis; HH = vivid hypnagogic hallucinations 

f: ;::;;;~;~:':;?.~'.; %J1[0~;f "\:!,';~ 
~-'..t,:,_.,1;_;. ~~~~; c:~s:~di~cs:~~ep;t::~t~i:~:~i~:~ 
:· drug was given in undiluted form_ 
~' Dilution also retarded G HB's rate of I· i:!:~~t:~:~:p::~~~ :~;:::::i 
f) 
~j RESULTS I We wish to report our clinical I:· observations here_ The polysomno-

1:,::,::: ":::::~,~'."' s~1, dam 

and our psychological findings are still 
being analyzed and will be presented in. 
a future publication. The patient and 
clinical results are summarized in 
Table L 

CLINICAL RESPONSE 

The ameliorating effects of GHB on 
the major daytime symptoms of 
narcolepsy appeared gradually. By 
comparison, the subjective quality of 
night-time sleep improved very 
rapidly. Over the first 2 to 5 nights, 
nocturnal sleep became less restless 

and nightmares, hallucinations, and 
attacks of sleep paralysis vanished_ 
Some episodes of intense awakenings 
at about 2-3 hours after taking the 
initial doses were encountered. These 
appeared to represent a drug-related 
rebound phenomenon. Although 
dreaming continued, it lost its 
frightening qualities. All patients 
found it easier to stay awake during 
the day and noted that after a number 
of weeks, the irresistible pressure for 
diurnal sleep and the attacks of 
cataplexy virtually disappeared. When 
cataplexy did occur, the attacks were 
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usually relatively brief, less intense, 
and tended to occur late in the day 
when the individual was very tired. 
Most patients said that they were 
much more refreshed after their night 
sleep and were better able to cope 
during the daytime. Despite these 
beneficial effects on the major 
symptoms of the disease and on the 
subjective quality of sleep, many 
patients continued to feel somewhat 
tired and drowsy during the day. We 
then added 5 to 10 mg of methylphea 
nidate three times a day to their 
treatment regimen. lt was taken on an 
empty stomach before breakfast and 
lunch, and then again in the mid
afternoori. With this addition, the 
daytime drowsiness and fa\ique 
became mini maL 

Our patients generally reported that 
sleep gradually consolidated into a 
seven to eight hour period. One 
patient, however, reported that if she 
slept through the night and failed to 
take her second dose of GHB, the 
attacks of narcolepsy and cataplexy 
recurred on the following day. The 
single patient (No. 4) who failed to 
respond at all to GHB treatement, 
turned out to be taking only the single 
h.s. dose of the drug. Some patients on 
their own tried to discontinue GHB 
treatment and to rely on methylphe
mdate alone, but they noticed 
recurrence of their symptoms after a 
few days . 

ln patients responding to GHB, the 
improvement was maintained through
out the trial period. The development 
of tolerance requiring increasing doses 
for the same clinical effect on night 
sleep, sleep attacks or cataplexy has 
not been encountered. As with 
traditional forms of treatment, it was 
found that having patknts keep 
regular hours of retiring and of 
morning awakening was important for 
optimal therapeutic effectiveness. At 
the time of writing, one patient has 
been on G H B nightly for. nearly two 
years, three others have been on it for 
over a year, and the remainder have 
been on it for three months to a year. 

SIDE EFFECTS 

There have been very few adverse 
clinical effects w1th this treatment and 
no abnormal laboratory findings. 
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Minor side effects of GHB have been 
seen for the first few days in a number 
of patients which consisted of a "thick 
head", ocular discomfort, and other 
apparent hangover effects, but these 
were rare after one week. Impotence or 
reduced libido has never been 
encountered. We decided to dis
continue the drug in two patients. One 
(patient No. 8) complained of non
specific abdominal pain while using 
GHB plus muscular weakness in the 
morning, to the point where she found 
it difficult to initiate movement. Both 
of these symptoms disappeared when 
the drug was stopped. A second 
patient (No. 13), a male with a post
traumatic narcolepsy and cataplexy, 
experienced disturbing left arm 
dysthesiae. He had previously had 
similar symptoms after the initial head 
injury. A third patient (No. 10) 
complained of muscular weakness in 
the mormng, also limited to his left 
arm. This man had suffered a neck 
injury a few weeks before starting 
GHB and his left arm was weak 
following the event. It had gradually 
been recovering, but the weakness 
recurred when he started using the 
drug. Because his narcolepsy improv
ed so dramatically on G HB, we 
continued to use the drug in spite of 
the effect on his arm and the weakness 
gradually disappeared over a few 
weeks. 

Several patients have also mention
ed that GHB caused urinary urgency. 
On one occasion, enuresis occurred in 
a palirnt about an hour after the drug 
had been given. On the whole, 
however, urgency has not been a 
serious problem and our patiems 
report that they void no more 
frequently during the night on GHB 
than they did before starting the drug. 
Another complaint from a number of 
patlents was that GHB produced a 
dream-like confusional state which 
could be unpleasant and frightening. 
This happened when the drug was 
taken before they were ready for sleep, 
or when they fought against its sleep 
promoting actions. This phenomenon 
is rare if patients cooperate with the 
drug's hypnotic effects and use it at the 
minimal dose required for sleep 
induction and maintenance. No other 
side-effects were encountered and, in 
sum, most patients felt they had fewer 

side-effects and substantially bette 
relief from symptoms on GHB than 

O
r 

any previous medication. n 

DISCUSSION 

The salient fin~i~g in this study was 
the marked chmcal improvement 
produced by nocturnal G H B in 
patients with narcolepsy-catap\ex.v 
This action was coupled with a paucit; 
of adverse clinical or Jaboratorv 
findings. When GHB was used ;t 
night, and supplemented with small 
doses of mcthylphenidate during the 
day, all the major symptoms of 
narcolepsy were markedly reduced. 
The project has involved detailed 
study of a limited number of patients 
over substantial periods ot· lime. lt is 
not a double-blind controlled design. 
But, the therapeutic effects on patients 
previously uncontrolled by the more 
traditional drug regimens and the 
rapid deterioration in those who 
discontinued the use of the drug on 
their own for several nights leave little 
_doubt about the compound's effective
ness. 

The use of G H B for the treatment of 
this disease has a number of dear 
advantages over more conventional 
therapies. As mentioned, the latter 
usually use substantial doses of 
stimulants such as methylphe111date or 
d-amphetamine, alone, or in combina
tion with tricyclic antidepressants such 
as imipramine or chlorimiprarnine. 
The stimulants, however, cause 
irritability and anxiety in many 
patients and more seriou5 side effects 
in others. One of our patients 
previously had had a gastrectomy for 
ulcers attributed to stimulant medica
tion. The antidepressant drugs. on the 
other hand, may cause dry mouth, 
sweating, and impotence in rnales 
(Zarcone , 1973; Dement et al., 1976). 
The stimulant-antidepressant combi
nation does not consolidate sleep. and 
in fact may even further disrupt it. 
Moreover, tolerance develops in time 
both to the level of sti mu\ants 
generally employed and to Bntidepres
sa nts so that after a number or months. 
many patients complain 1hat their 
symptoms are again every bit as 
troublesome as thev were to begin 
with. None of thes( probk111~ occu1 
with G HB . Nocturnal sleep wa, restful 
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and sustained and patients awoke alert 
and well rested. There were few side 
effects and, specifically, no impotence 
or reduced libido. Tolerance to the 
drug's actions did not develop, nor did 
it develop to the relatively small doses 
of methylphenidate taken during the 
day, when taken in combination with 
nocturnal G HB. 

Some of the therapeutic and side
effects of GHB may be related to its 
influence on motor mechanisms. It is 
known to inhibit muscle tone ( Vickers, 
J 969) and to block the H-retlex 
response (Uspenskii, 1965; Muzard 
and Laborit, I 977). In narcoleptics, as 
well as in normals, the H-reflex 
response can be abolished by GHB 
and remains somewhat attenuated for 
some time after the patient awakens 
(Mamelak, Sowden and Caruso, 
unpublished observations). The latter 
may be due to residual effects of small 
quantities of unmetabolized drug. 
This effect may account for the 
weakness experienced by two of our 
patients upon arising in the morning. 
The sustained hypotonia throughout 
sleep may be as important as any effect 
on sleep patterns in the subjective 
feeling of having had a deep refreshing 
night's sleep. As far as the urinary 
urgency is concerned, this has been 
noted by some patients even if they 
empty their bladders before bedtime, 
but it has not proved to be a treatment 
problem. It is intriguing to speculate, 
however, that the combination of 

;: profound sleep and enuresis observed 
in childhood might be related to a 
higher brain G HB concentration 
present in the early years of life. 

GHB's mechanisms of action in the 
treatment of the major symptoms of 
narcolepsy remains uncertain . lt has 
been known for many years that 
hypnotic drugs can be helpful for at 
least some narcoleptic pat iencs 
(Daniels, 1934; Zarcone, 1973). 
Recent studies have shown that 
narcoleptics do not sleep more in the 
24-hour period than normal indivi-
duals (Hishikawa et al., l 976}. Thus, 
consolidating the fragmented sleep of 
these patients into a seven or eight 
hour period by means of hypnotic 
drugs should theorectically decrease 
the need for daytime sleep. Perhaps 
this is how ordinary hypnotics benefit 

Brough1on and Mamelak 
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these patients. But, it must be noted 
that some of our narcoleptic patients 
slept reasonably soundly at night and 
that in these patients nocturnal sleep in 
fact became more fragmented after 
starting G HB, because they had to 
wake up for the second dose. If they 
failed to take it their symptoms 
recurred. Furthermore, a preliminary 
review of our polysomnographic data 
indicates that G HB did not substan
tially increase the overall duration of 
sleep in the eight hour night-time 
period. GHB, then, likely has more 
specific actions on sleep mechanisms 
than simply increasing the duration of 
nocturnal sleep or its gross continuity. 
As yet, basic neurochemical studies 
offer few real insights into the drug's 
mechanism of action, although it has 
been shown that GHB may be derived 
from GABA (Roth and Giarman, 
1969), and may act as a GABA agonist 
(Roth et al., 1977) and that it alters 
dopamine (Roth and Suhr, 1970), 
serotonin (Spano et al., 1970), and 

·acetylcholine (de la Mora et al., 1970) 
metabolism. The last three, at least, 
have been implicated in sleep control 
mechanisms (Jasper and Koyama, 
1969; Jouvet, 1969; Cordeau, 1970; 
Morgane and Stern, 1972). 

Whatever its precise mode of action, 
this essentially non-toxic constituent 
of the normal brain does appear to 
have important clinical therapeutic 
effects even in otherwise refractory 
cases of narcolepsy. Moreover, its 
effectiveness, when given in the night
time period, adds strong support for 
the postulated importance of the 
quality of night sleep in the genesis of 
daytime sleep attacks and cataplexy. 1 t 
gives promise that GHB itself or 
similar substances (we have also used 
gamma-butylactone sucessfully} may 
lead to substantial improvement in the 
control of this debilitating neurolog
ical disease. The main disadvantage at 
present 1s its relatively short duration 
or action. Jt is hoped 1 hat this might be 
extended by use of slow release 
capsules or another approach in order 
to produce a sustained 7- 8 hour 
overnight effect. 
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'Y~Hydroxybutyrate Receptor Function Studied by the 
Modulation of Nitric Oxide Synthase Activity in Rat 

Frontal Cortex Punches 
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ABSTRACT. Previous results have shown thar ,timularion of the gamma-bydroxybutyrnte (OHB) receptor 
modubtes Ca2

' channel permeability in cell cultures. In order to confirm this result, we invcsrig~ted the 
consequence of OHB receptor stimulation on nitric oxide synthase (NOS) activity in rat brain cortical punches 
rich in OHB rcccptDrs. The stimulation of these receptors by increasing amounts Df GHB induced a progressive 
decrease in NOS activity. However, for GHB doses ubove 10 µ,M, this reduction was progressively lost, either 
after receptor desensitization m after stimulation of an additional class of OHB receptor hnving lower affinity. 
The effecr of OHB was reproduced by the OHB receptor ugonist NCS-356 and blocked by rhc GHB receptor 
antagonist NCS-382. The GHB-induced effect on Cai+ movement was additive to those produced hy veratrine, 
indicating that GHB modulates a specific Caz+ conductance, which explains the modification in NOS activity 
and the increase in cyclic guanosine mcmuphosphare levels previously reported. rncx;HEM l'Hi\RMI\COL 58;11: 
1815~1819, 1999. © 1999 Elsevier Science lnc 

KEY WORDS. gamma-hydroxyburyrate receprur: OHB: nitric oxide synthase activity; calcium ch~nnel; 
NCS-382 

GHBt, which is endogenously present in micromolar quan
tities in the brain, is derived mainly from the transamina
tion of GABA followed by the reduction of succinic 
semialdehyde ll]. GHB possesses neurrnnodulatory func
tions in brain via high affinity receptors which nre charac
terized by a specific ontogeny, distribution, kinetics, and 
pharmacology [2]. These receptors, which do not appear to 
be expressed by glial cells and peripheral tissue, belong to 
the G-protein-linked receptor family [3]. They are found 
exclusively in che rostral pnrt of the brain (whole cortex~ 
including fronrnl corccx--and hippocampus, striatum and 
olfactory tracts, thalamus, and some dopaminergic nuclei 
such ,ts A9 , A 10, und An) bur also in neuronal cell cultures 
[4, 5]. Several results have documented th;it the brnin 
endogenous GHB system exerts a tonic inhibitory control 
over both the release of dopamine in striatum and frontal 
cortex and the release of GABA in thalamus and fronta 1 
cortex [6, 7]. Other brain regions have not been studied. 
These effects are most probably mediated by the GHB 
receptors localized in these brain regions, because most of 
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Biologiquc and ER 2072 CNRS, Facultc de Mcdccinc, l l Rue Hum~nn, 
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t Abbrc,,iadons: NOS, nitric oxide symhase; GHB, gamma-hydroxybu
tyrate; GABA, gamma.,anl.inobutyrate; and cGMP, cydic guanosinc 
rnonophosph;ite. 
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the neurophysiological and neuropharm;icological effects of 
administered GHB are reduced or blocked by the GHB 
receptor anrngonist NCS-382 (6,7,8,9-tctrahydro-5-[H/
benzocycloheptene-5-01-4-ylidene acetic acid) [8]. When 
administered peripher,1lly, GHB freely penetrates the brnin 
and intetferes with the principal elements of the GHB 
endogenous system. These inre1ferences, particularly at the 
level of GHB receptors, result in neuropharmacological 
effects which arc used in therapeutics for sleep regubtion in 
narcoleptic patients [9], for the reduction of withdn1w,1l 
symptoms in alcohol or heroin addiction [!O, 11], and for 
recreational and psychological benefits [12]. 

At the cellular level, some molecubr events following 
GHB receptor stimulation have been described. !n vivo and 
in brain slices, increases in cG MP and in inositol polyphos
phate levels have been observed under the influence of 
pharmacological doses of GHB [13]. GHB administration 
gcnernlly induces neuronal cell membrane hyperpolariza
tions [14]. Recently, the stimulation of GHB receptors 
expressed in differentiated NCB-20 cells appeared to be 
linked to a reduction in Caz+ channel activities [5] . This 
effect was blocked by NCS-382 but not by the GABAll 
antagonist CGP-55845. Taking into nccount the GHB 
effect on Ca2+ movements and on cGMP levels, we 
explored a possible modificution of NOS activity induced 
by micromolar concentr;icions of GHB in small punches of 
rat frontal cortex incubated under physiological conditions. 
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MATERIALS AND METHODS 

Male Wistar rats (300-350 g; Centre de Neurochimie, 
Strasbourg, France) were rapidly decapitated after stunning 
and their brains removed and dissected on a cold glass plate. 
Coronal sections of 750 µm were cut from rhe frontal 
cortex (3. 7 mm anterior and 5.2 mm posterior to bregma) 
according to Paxinos and Watson [15]. Punches were taken 
from the two slices obtained with the aid of a stainless steel 
hollow needle with an intt!mal diameter of I mm. Punches 
were immediately transferred into 50 ml of Krebs-Hense
leit solution of the following composition: (mM) NaCl 120, 
KC! 2.0, CaCl2 2.0, NaHC03 26, MgS04 1.19, KH2P04 
1.18, and glucose 11, which had previously been saturated 
with 95-5% 0 2/C02. The solution containing the punches 
was bubbled with 95-5% 0 2/C02 at 37° for 60 min. Next, 
a determined number of punches were transferred into 
baskt!t-shaped sieves. The baskets were then placed in 
plastic tubes containing 1 ml Krebs-Henseleit with ZO µM 
L-arginine, 0.1 µCi U-[14C] L-arginine (11.0 GBq/mmol; 
296 mCi/mmol), 1 mM L-citrulline, and 10 µM tetrahy
drobiopterin with or without the addition of the various 
test compounds (veratrine, N"'-nitro-L-arginine, gamma
hydroxybucyrate). The tubes were briefly gassed with 95-5% 
0 2/C02 sealed, and then incubated at 3 7° for time intervals 
varying from 20-90 min and as a function of protein ( 1-4 
punches per sieve = 60-240 µg protein). An incubation 
time of 60 min was usually chosen because of the low 
amount of citrulline produced. At the end of the incubation 
period, the sieves were removed and carefully drained into 
the tubes. Bathing liquid from each tube (0.8 ml) was 
applied to a 1-mL column of BioRad AG SOW-XS, 200-
400 mesh, Na-1- form, and the eluates collected directly into 
scintillation vials together with two 0.8-ml H 20 rinses. 
Scintillation fluid (15 ml) was added to each vial, which 
was then vortexed. After 15 hr, the vials were counted for 
IO min to measure the [t 4C] L-citrulline formed during the 
course of the NOS reaction. 

All measurements were performed by reference to the 
background formation of [14CJ L-citrulline in presence of 1 
mM Nw-nitro-L-arginine 111 the incubation medium. Nw, 
nitro-L-arginine has been reported to be a strong inhibitor 
of the calcium/calmodulin-dependent constitutive NOS 
from brain [16). Results are percentages of the veratrine
induced stimulation of NOS in the same tissue (taken as 
100% reference). Statistical analyses of data (N = 9) were 
assessed by a one-way Anova followed by a Newmann
Keuls test for dose/effect experiments. Differences between 
two sets of va lues were evaluated by the Student's l-test. 

RESULTS 
Determination of NOS Activity as a Function of Time 
and Amount of Protein 

Verntrine induces brain tissue depolarizations and nitric 
oxide synthesis through multiple mechanisms, including 
activation of N-methyl-o-asparate receptors, voltage-sensi-
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FIG. 1. NOS activity as a function of incubation time. Each 
sample was incubated in the presence of two punches of the 
frontal cortex (121 µg protein per tube). Results arc expressed 
in pmol [14C] citrullinc formed in the presence of 20 µg/mL 
veratrine, Backgrounds obtained with 1 mM N00 -nitro-L-argi
nine were subtracted from all results. Data arc given as means ± 
SEM (N = 9 independent experiments). 

tive Ca2' channels, and Na+ /Ca2+ exchange channels 
!J 7]. Under our experimental conditions, the synthesis of 
nitric oxide induced by 20 µg/ml veratrine was linear for at 
least 60 min in the presence of two punches of frontal cortex 
{121 µg protein per tube, Fig. 1 ). The kinetics were also linear 
for up to 3 punches in the same tube (i.e. 183 µg protein) 
incubated for 60 min (Fig. 2). TI1ese preliminary studies were 
used to define the experimental conditions to test the effect of 
GI-m and synthetic analogues on NOS activity. 

GHB Dose-Activity Relationship and NOS Activity 

NOS activity wns measured in the presence of various 
concentrations of GHB (2.5 co 100 µM) co-incubated with 
two punches (1 21 µg of protein) for 60 rnin. Results were 
calculated as percentages of the NOS activity induced by 
20 µg/mL veratrine ( 100% activity = 6 :!:: 1.2 pmol/min/mg 
protein) (Fig. 3 ). Basal levels of [14C] citrulline formation 
in the presence of 1 mM N"' -nitro -r.-arginine were consid
ered as background and always subtracted from the different 
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FIG. 2. NOS activity as a function of the amount of tissue. 
Samples were incubated for 60 min in the presence of either one, 
two, or three punches (about 60 µg protein per punch). Results 
(means ± SEM; N = 9) are in pmol [14C] citrullinc formed, 
backgrounds obtained in the presence of l mM N"',nitro-l.
arginine always being subtracted. 
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results. Under these conditions, increasing amounts of 
OHR from zero to 10 µM induced a progressive redL1ction 
in NOS activity (43-2 :+.: 7% to 13.9 :+.: 2%). However, 
when the concentration of GHB in the medium wns above 
10 µM, ;i progressive re-increase of NOS activity was seen 
(28 ± 4% at 25 µM to 45 ::'.:: 6% and 43 :::: 6% ;it 50 and 
100 µ,M GHB, respectively). These last two concentrmions 
of GHB induced a NOS activity which was not different 
from those existing in the punches in the absence of GHB 
in the incubation medium. Thus, GHB exerts a biphasic 
effect on NOS activity. Below 10 µM, a reduction was seen. 
Increasing amounts of OHR flbovc 10 µM induced the 
progressive disappearance of the GHB effect. 

Effects of Synthetic Analogues of GHB 

The effects of the GHB receptor agonist NCS-356 (-y-p
chlorophenyl-trans-hydroxycrotonate) [18] and antagonist 
NCS-382 [8] were tested under the same conditions in 
order to characterize the nature of the GHB-induced 
response pharmacologically. NCS-382 (200 µ?vi) had no 
effect by itself on NOS activity, but it completely inhibited 
the decrease in NOS activity induced by a low concentra
tion of GHB (10 µ,M; 13.9 ± 2.6% in the absence of 
NCS-382 and 23.9 ± 2.5% in the presence of the antago-

120 
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FIG. 3. Effect of Gl-!B on NOS 
activity. Two punches were incu• 
bated for 60 min in the presence of 
increasing concentrations of Gl:-U3 
(2.5 to 100 µ.M). Results 
(means :t SEM, N = 9 indepen, 
dent experiments) arc percentages 
of the control activity obtained 
with 20 µ.g/mL veratrinc (6 ± 1.2 
pmol/min/mg protein). ** = P < 
0.001 compared to NOS activity 
measured in the absence of GHB 
added in the incubation medium, 

nist) and also blocked the activating effect of SO µ,M GHB 
(45.5 ± 6.1% in the absence ofNCS-382 and 9.5 ::': 3.4% 
in the presence of the at1tagonist). NCS-356 (50 µ,M) 
stimulated NOS, similmly to Gl·lB at the same dosage, and 
this stimulation was also inhibited by the antagonist NCS-
382 (35.3 ± 3.8% to 19.3 ::'.:: 3.8%; Fig. 4). Thus, this 
substance antagonized the GHB-induced inhibition of neu
ronal NOS observed at low doses of GHB (10 µ.M), 

demonstrating thm this effect is a specific receptor-medi
ated effect. At a high close of GHB (50 µM), it could be 
suggested chat NCS-382 stabilizes the GHB receptor and 
diminishes its desensitization or, alternatively, chat it an
rngonizes the other class of receptor stimulated only by high 
doses of GHB. 

Additive Effect of Veratrinc and GHB on the 
Stimulation of NOS Activity 

When GHB (50 µ..M) W<lS co-incubated with veratrine (20 
µg/mL), a supplementary stimulation of NOS nctivity was 

observed compared to those seen with veratrine alone. This 
additive effect ( +27 = 9%) indicates that GHB ll)odulatcd 
the permeability of a calcium channel which was not 
opened by the action of veratrine. ln the presence of the 

Ve1al1ioe NCS>JB2 GHB 50 µM GHS 50 µM NCS-356 NCS-356 GHB 10 µM GHB 10 µM 

FIG. 4. Effect of synthetic ligands of 
GHB receptor(s) on NOS activity. Two 
punches were incubated for 60 min in the 
presence of: the antagonist NCS,382 
(200 µM) alone; the antagonist NCS-
382 (200 µM) + GHB (50 µ.M or 10 
µ.M); the agonist NCS,356 (50 µM) 
alone; the antagonist NCS-382 (200 
µM) + the agonist NCS-356 (50 µM). 
Results (means :!: SEM of 9 independent 
experiments) are percentages of NOS ac
tivity induced by vcratrinc 20 µg/mL 
(control activity). * = P < 0.05 ; ** == 
P < 0.01 compared to NOS activity 
induced by GHB or NCS-356 alone. 

NCS-3B2 NCS-332 NCS-382 
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FIG. 5. Effect of GHB on vcratrine-induced NOS activity. Two 
punches were incubated for 60 min in the presence of veratrinc 
alone (20 µg/mL) or of veratrine (20 µg/mL) + GHB SO µMor 
of vcratrinc (20 µ.g/mL) + GHB (SO µM) + the GHB receptor 
antagonist NCS-382 (200 µ.M). Results (means ± SEM of 9 
independent experiments) arc percentages of control activity 
(vcratrinc alone= I 00%). * = P < 0.05 compared to veratrine 
alone; ,.,.., = P < 0.0001 compared to vcratrine + GHB. 

antagonise NCS-382, the supplementary effect due to GHB 
disappeared (Fig. 5). 

DISCUSSION 

GHB is heterogeneously distributed in the rat brain and its 
maximal concentration is approx. 5-10 µM [19]; however, 
OHR concentrations increase in the ischemic brain and it 
is difficult to evaluate the actual GI-IB levels in the punches 
of frontal cortex used in this study. Nevertheless, 50-100 
µM GHB concentrations are reached in the brain of the 
animal only after peripheral administration of OHR [20]. 
Thus, under physiological concentrations of GHB, the 
pn:sent paper describes an inhibition of constitutive NOS 
by increasing amounts of GHB (up to 10 µ.M}. Neuronal 
NOS is a Ca2+ /calmodulin-dependent enzyme regulated by 
the steep gradient of Caz+ that occurs in the vicinity of 
open CaH channels [2 l]. Although constitutive brain 
NOS is mainly linked to c/>- influx through the N
methyl-n-asparare receptor, it is possible that the 01-IB 
receptor also plays a role in this domain. The present study 
was carried out in order to use neuronal NOS as an 
indicator of Ci+ movements in the tissue. Interestingly, 
we confirm the GHB-induced decrease in neuronal Caz+ 
influx generated by GHB receptor stimulation that has 
been demonstrated on NCB-20 cells by parch-clamp exper
iments [5]. These cells arc a hybrid between mouse neuro
blastoma N 18TG2 and Chinese hamster embryonic day-18 
brain cells which express many properties characteristic of 
neurons. When differentiated by dibutyryl cyclic AMP, these 
cells develop synaptic comacts, and a K+ -evoked, Cai..., 
dependent release of GHB takes place. NCB-20 cells also 

C. D. Cash ct al. 

express a hornogenous population of high affinity binding Sltes 
for [3H] OHB which medime the GHB-induced modifications 
in Ca2

". conductances, given that this effect was blocked by 
NCS-382 but not by the GABA8 antagonist CGP 55845. 
Other decrrophysiological results obtained on brain neurons 
in vioo generally support a role for Gl--!B in inducing neuronal 
cell membrane hyperpolarization [14]. 

Peripheral administration of GHB in rats and human 
raises the brain GHB concentration mnrkedly above phys
iological concentrations. Chronic administration of GHB 
in rats has been shown to desensitize and down-regulate 
GHB receptors [22]. Under our experimenwl conditions 
(1-hr incubation), concentrations of GHB above 10 µ,M 
(25, 50, and 100 µ.M) induced a progressive re-increase of 
NOS activity in the punches of frontal cortex. This is 
probably due to a progressive loss of GHB-induced inhibi
tion of Ca2 >- influx due to a progressive desensitization of 
GHB receptors exposed to high GHB concentrations, and 
NOS activity returns progressively to control values. How
ever, as suggested by the kinetic parnmeters of GHB 
binding on rat brain membranes, two populations of GHB 
receptors exist, one of high affinity (Kd, estimated in the 
range 30-580 nM) and the other of lower affinity (Kd in 
the range of 2 to 16 µ,M) [2]. 1-ligh concentrations of GHB 
in the incubation medium could induce a gradient concen
tration of GHB in the tissue high enough to stimulate both 
classes of sites. Under these conditions, the global effect of 
GHB could be a stimulation of C::i2+ influx into the tissue 
with a stimulation of NOS. Previous results have reported 
an increase in calcium ion utilization in the substantia 
nigra, rich in GHB receptors, after local application of 
GHB at doses above 100 µM [23). Lower doses have not 
been tested. In relation to this increase in calcium ion 
influx and the stimulation of NOS activity at high doses of 
OHR, an increase in cGMP concentration has been re
ported in the rat hippocampus in vivo following the admin
istration of 400 mg/kg GHB [24]. A possible decrease in 
cGMP concentrations at low doses of GHB has not been 
tested and is worthy of investigation. 

Thus, several lines of evidence support the notion of a 
reduction of Ca2 ' influx in brain tissue after stimulation of 
GHB receptor, leading to :1 reduction in NOS activity. This 
effect could be blocked by the selective GHB receptor antag
onist NCS-382. Ovcrstimulation of GHB receptor by high 
amounts of GHB for 60 min induces the apparent disappear
ance of this effect. NCS-382 also reduces this second phase 
either by preventing the desensitization of GHB receptors or 
by inhibiting the stimulation of Cal+ entry mediated by 
another class of GHB receptor of lower affinity. The hypoth
esis that a high dose of OHB could snmulate other kinds of 
receptors (in particular GABA 13 receptors) [25] is unlikely, 
because the specific synthetic agonist of GHB receptors 
(NCS-3.56) reproduces the GHB effect. 

It can be concluded that GHB receptor sttmulation 
induces a biphasic effect on calcium ion movements. This 
could be related to the biphasic effect of GHB on in vivo 
release of dopamine in striatum: low doses induce a decrease 
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in dopaminergic firing and a reduction of dopamine release, 
while high doses provoke an cxtrnccllular increase of 
dopamine [26). As the biphasic modulation of NOS activity 
via GHB receptor seems unlikely via other mechanisms 
(e.g. biphasic modulation of NOS phosphorylation) [27], it 
is proposed that the physiological GHB concentration 
reduces Ca2

' influx and NOS activity. By contrast, the 
overload of the GHB system by peripheral administration 
leads to the disappearance of the tonic inhibitory influence 
of GHB on Caz-,- entry, which is followed by an increase in 
dopamine synthesis and release. 
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Abstract 

1-hydroxybutyric acid (GHB} can be synthesized in the brain but is also a known drug of abuse. Although putative GHB receptors have 
been cloned, it has been proposed that, similar to the behavior-impairing effects of ethanol, the in vivo effects of phannacological GHB may 
involve metabotropic -y-aminobutyric acid {GABA} GABA8 receptors. We developed a fmitfly (Drosophila melanogate1·) model lo 
investigate the role of these receptors in the behavioral effects of exogenous GHB. lnjccting GHB inlo male flies produced a dose-dependent 
motor impainnent (measured with a computer-assisted automated system), which was greater in ethanol-sensitive cheapdate mutants than in 
wild-type flies. These effects of pharmacological concentrations of GHB require the presence and activation or GAB/\8 receptors . The 
evidence for this was obtained by phannacological antagonism of GABJ\ 8 receptors with CGP54626 and by RNA interference (RNAi)
induced knockdown of the GABA8 r1) receptor subtype. Both procedures inhibited the behavioral effects of GHB. GHB pretreatment 
diminished the behavioral response to subsequent GHB injections; i.e., it triggered GHB tolerance, but did not produce ethanol tolerance. On 
the other hand, ethanol pretreatment produced both ethanol and GHB tolerance. lt appears that in spite of many similarities between ethanol 
and GHB, the primary sites of their action may difler and that recently cloned putative GHB receptors may participate in actions ofGHB th at 
are not mediated by GABAn receptors. These receptors do not have a Drosophila orthologuc. Whether Drosophila express a different GHB 
receptor should be explored. 
© 2005 Elsevier B.V. All rights reserved. 

Kcywo1·ds: GABAn (mctabon·opic 'Y-aminobutyric acid) rcceplor; GHB (-i-hydroxybutyric acid); Ethanol; RNAi (Drosophila mclanogastei-) 

1. Introduction 

-y•hydroxybutyric acid (GHB) is a naturally occuning 
metabolite of -y-aminobutyric acid (GABA), found in 
mammalian tissues including the brain (Roth and Giitrman, 
1970). Pharmacologically, GHB (sodium oxybate) is con
sidered in the treatment ofnarcolcpsy (Borgen et al., 2004; 

Tunnicliff and Raess, 2002) and occasionally as an 
anesthetic (Kleinschmidt. ct al., 1998). The phatmacological 
profile of GHB is similar to the profile of ethanol (Poldrugo 
and Adclolorato, 1999). Abuse of GHB, which shares its 

behavioral effects with a number of classical sedative/ 

• Com,sponding authm·. Tel.: +I 312 413 4558; fax: +l 312 413 4569. 
E-mail address: HMancv@psych.uic.edu (H. Manev). 

0014-2999/$ - sec front matter Cl 2005 Elsevier B.V. All rights reserved 
doi l 0.1016/j,eJphar.2005.07.0l o 

hypnotics, is an increasing problem (N 1<:holson mid Balster, 

200 I; Ricm1rtc and McCann, 2005). Clinically, there arc 
repmts of severe GHB withdrawal symptoms (Craig ct al., 
2000; Tarabar and Nelson, 2004), and in a rat model, 
repeated administration of GHB produces both behavioral 
tolerance and withdrawal (Bania ct al., 2003). 

It has been proposed that metabotropic GABA receptors, 
GABA 8 receptors, and GHB receptors may mediate the 
actions ofGHB (Andriarnampandry et al., 2003; Carter ct al., 
2003, 2004a,b; Kaupmann et al., 2003). Although a direct 

binding of GHB to GABAB receptors has not been 
conclusively demonstrated (Lingenhoehl et al., 1999; Wu 

et ol., 2004), it appears that to produce its behavioral effects, 
GHB requires these receptors (Carter ct .ii., 2003, 2004a,b; 

Kaupmmm ct al., 2003). In GABAB(J) receptor knockout 
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mice, which lack functional GABA 8 receptors, GHB 
application failed to produce either the behavioral or the 
biochemical responses seen in wild-type mice (K.aupman11 ct 
al.. 2003). On the other hand, the binding of a putative GHB 
antagonist, NCS-382, to !he specific [3H]GHB-binding sites 
was unchanged in GABAB(l) receptor knockout mice, 
suggesting that the behavioral and biochemical effects of 
GHB are GABA13 receptor-dependent whereas the nature 
and signaling properties of the specific [3I-I]GHB-binding 
sites remain elusive. 

Although GABA8 receptor knockout mice are useful for 
behavioral studies, they are developmentally altered and their 
use is complicated by inherited pathologies such as seizures 
(for a review, sec Enna and Bowery, 2004). To circumvent 
these drawbacks, we developed a Drosophila model for the 
adult GABAB(I) receptor knockdown via the injectable RNA 
interference (RNAi) method (Dzitoyeva et al., 2003). Recent 
studies demonstrated that Drosophila can be successfully 
used in neurophannacological research (Ba,nton ct al., 2000; 
Mancv ct al., 2003). Fruit flies possess a physiologically 
active endogenous GABA system {Leal et al., 2004), express 
GABA0 receptors (Mczlcr er al., 2001), and when treated 
with GABAu receptor ligands display distinct behavioral 
responses (Dzitoyeva ct nl, 2003; Dimitrijevic ct al., 2004) 
and developmental abnomrnlities (DzitDycv,1 et al., in press). 
Previously, GHB was administered to Drosophila either via 
food (Connolly et al., 1971) orby injection (Satta eta!., 2003) 
and in both conditions GHB impaired their locomotor 
activity. We observed that similar to mammals, Drosophila 
possess the machinery for GHB synthesis and are capable of 
metabolizing 1,4-butanediol into GHB in vivo (Satta ct al. , 
2003) 

In flies (Dzitoycva ct al.. 2003), similar to mice (Zaleski ct 
al., 200 l ), the cAMP-linked GABA0 receptors participate in 
the behavior-impairing effects of ethanol. Experiments with 
mutant flies provided evidence that the cAMP signaling 
system plays a crucial role in the acute response of fhiitflies 
to ethanol vapor (Moore ct al., 1998). These authors found 
that lack of the amnesiac gene, which is thought to encode a 
peptide that increases levels of cAMP, or a mutation in this 
gene called cheapdate increase sensitivity to ethanol. Herc, 
we investigated whether the cheapdate mutation influences 
behavioral effects of GHB. In this work, we hypothesized 
that GABATJ receptors participate in the behavioral actions of 
GHB in flies, and that flies can be used as an in vivo model to 
investigate the behavioral interactions of GHB and ethanol. 

2, Materials ~nd methods 

2.1. Drosophila and drug treatments 

Canton-S (wild-lype) and cheapda1e flies were cultured at 25 
'C, 50-60% humidity, 12 h/12 h lighi/dark cycle, on yeast, dark 
com syrup, and agar. Studies were performed with 5 to 7 ·day•old 
males. For injections (Dzitoycva ct al., 200 I, 2003), flies were 

anesthetized by CO2 (maximally for 5 min). Osing custom
beveled glass pipelles (20 x 40 µm Lip diameter) coupled to a cell 
injector and a micromanipulalor we injected a volume of 0.2 µI/ 
fly by a pulse pressure of 300 kPa under a stereo microscope 
(Dziloyeva el a L 2 [)03 }. Drugs were prepared as IO x stock 
solutions; 0.2 µI were injected per fly. GHB (Sigma, St. Louis, 
Missouri, USA), [S-(R * ,R *)]-[3-[[1-(3 ,4-Dichlorophenyl}ethyl] 
amino]-2-hydroxypropyl](cyclohcxylmthyl) phosphinic acid hy
drochloride (CGP54626; Tocris, Ellisville, Missouri, USA), 
5, 7, 8,9-tclrahydro-5-hyd roxy-6H-benzocyclohepten-6-ylideneac e
lic acid sodium-potassium salt (NCS-382; Sigma, St. Louis, 
Missouri, USA) and ethanol (Sigma, SL. Louis, Missouri, USA) 
were dissolved/diluted with Ringer solution (NaCl, KCl, CaCI~; 
7.5, 0.35, 0.21 g/1; pH 7.6-7.8; sterile-filtered). The stock 
solutions of CGP54626 and NCS-382 were prepared in 
dimcthylsulfoxide (DMSO; Sigma, St. Louis, Missouri, USA}; 
Lhe DMSO concentration in final solutions was l %. All control 
nies were injected with the corresponding vehicle. When using 
multiple drug treatments, drugs were administered with different 
pipettes and in the indicated time interval {1-4 h). 

2.2. Behavioral assay 

A Drosophila Activity Monitoring System (Trikinctics, Wal
tham, Massachusetts, USA) coupled to a computer was used to 
record the locomotoraclivity of individual flies. In previous st11dics, 
we established methods for evaluating the drug-induced changes in 
locomotor activity, immobility duration , and the number or periods 
ol'irnmobility (Dziloycva et al. , 2003; Sntta ct ul., 2003: Dimilrijcvic 

el al., 2004). To quantify these parameters, the system was modified, 
i.e., the space in each individual recording tube was restricted to a 
length of8 mm in the center of the photo beam. Flies were placed in 
the recording tubes within 2 min of injection and the sampling time 
was set at I-min intervals. After flies recovered from the injection, 
they gradually resumed locomotor activity. 111c locomotor activity 
of nics was calculated as the average number of movements/min 
recorded and quantified for a 30-min period starling al the time of 
reco very from the acute immobility induced by vehicle/drug 
administration. The calculated average I-min activity of vchicl~
treated controls was used to determine the threshold for recovery 
from injection. Thus, the first 1-min interval atler the injection in 
which a fly reaches this threshold, i.e., the number of "average" 
moves/min, was used as the lime of recovery and lo calculate the 
duration o{immobility. Periods of immobility (i.e., I-min periods 
with O movements) during the JO.min observation periods following 

the recovery were also calculated. Typically, 6-l O !lies per 
experimental group were used and experiments were repeated 2- 3 
times. Statistical analysis was performed by Dunnett's test or 
Student's /-test; P<0.05 was taken as significant. 

2 3 Gas chromalographylmass spec/romet,y (GCIMS) assay of 

CHB 

This assay was performed as described elsewhere (San a et 
al .. 2003). Briefly, groups of five !lies were homogenized in 200 
µI of 100 mM phosphate buffer pH 6; d6-GHB (2,2,3,3,4,4-dG; 
Cambridge Isotope Laboratories, Andover, Massachusetts, USA) 

was added (2.5 ng/µI) to each sample as the internal standard. 
Each sample was applied onto 1 ml of a AG 1X8 formate ion 
exchange column preconditioned with successive additions of 10 



AMN1002 
IPR of Patent No. 8,772,306 

Page 714 of 1327 

248 ,y_ Dimitrijevic et al_ I European Journal of f'/1amiawlogy 519 (2005) 216---252 

Table l 

The sequences or the sense DNA ol igonuclcotidcs corresponding to the 
GABAnm and Fs(l)Yb genes used for the in vitro transcription reaction 

GABAB(I!+ T7 
promoter (a) 

GABAn(IJ I-T7 
promoter (b) 

Fs(l}Yb+T7 promoter 

5' -taatacgactcacunattalltgtgtgcatgtgcacaa-3' 

5 1-Laatacgactcactatagctgttggcaggatgc:agcacg-31 

5' -taataegactcaetatattltetgcagtgggaataactt-31 

ml 20% ethanol in 0.5 M fonnic acid and 10 ml distilled water. 
GHB was eluted with the successive addition of 4 ml 20% 
ethanol in 0.5 M formic acid, dried under vacuum, and 1he 
residue was dissolved in 200 µI dimethylfonnamide. After two 
extractions with I ml of hexane, the dimethylformamide layer 
was dried by evaporation under nitrogen. The samples were 
dcrivatized with I 00 µl ethyl acetate and 100 µI BSTFA [N,O.
bis(1rimethylsilyl)tritluoroacetamide] with l % trimethylchlorosi
lane for !O min at 60 °C, and analyzed an a GC/MS system 
equipped with a HP-5 column (30 m x 0.25 mm x 0.25 µm). Two 

µI samples were injected manually, The temperature of the 
injection port was 250 °C. Tbe oven was initially held at 70 °C 
for 4 min; thereafter, it was programmed to increase at a rate of 
8 "C/min lo I 00 °C and al a rate or 25 °C/min ta 175 °C. The 
instrument was operated in the selected ion monitoring mode 
(STh1); the ions 233 and 239 were used for the quantitalion of 
GHB and d6-GHB, respectively. The retention time for GHB 
and d6-GHB was approximately 9.1 min. The calibration curve 
ranged from 0.5 to 5 ng/µI GHB; the detection limit for the 
standard prepared in water was 0.25 ng/µL 

2.4. Synthesis of double-stranded RNA (clrRNA) and RN/d 

We targeted two 22-nucleotide long regions; a) 329-350, and b) 
1402-1423, of the Drosophila GABA 8 oJ gene. As a control 
dsRNA, we used a 22nl of the Fs(l)Yb gene. 39-mer DNA 
oligonucleotides with an attached T7 RNA polymerase promoter 
sequence were synthesized (Integrated DNA Technology, Inc., 
Coralville, Iowa, USA); these aligonucleotides represented both 
sense and antisense strands. The sequences of the sense DNA 
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Fig. I. Increased sensitivity ofcheapdate llies to injected elhanol. Injections 
of ethan~,1 caused a do::;c-dcpcndcnt prnlong.1t~o11 of the lmmohllily observed 
immediately after mJcction in both cheapdate and wild-type flies. However, 
the dose response to ethanol-induced prolongation or immobility time in 
r.:heapdate flies was shifted to the left, indicating their greater sensiliV'jty to 
ethanol. Results (mean±S.E,M.; n~ 14- 16/timc point) arc expressed as a 
percentage of corresponding immobil ily of vehicle-treated controls ["O" 

ethanol; immobility (min) wild-type·-" 7.2+ 1.5; cheapdate 6.9:::0.5). 
•P<0.05 compared lo concsponding wild-type value.,. 
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Fig 2 Increased sensitivity ofd1eapdate tlies to behavioral effecls ofGHB. 

GHB (doses as indicated) was administered intra-abdominally. Rcsu!Ls 
(mean±S.E.M.; 11= 15-24) are expressed as a percentage of the 
corresponding vehicle-heated controls [Locomotor activity (mMement! 
min): wild-type,., 8.2± 2,2; cl,eapdare=7. 7±0.7. Periods of immobility 

(numher of immobile periods in 30 min): wild-type= 3.2±2 O; cbeap
dale-2 9± 1-3.J Locomotor activity (A) and periods of immobility (B) were 

mcusurcd in a 30-min period starting from t11c time of recov1:1.y (Material and 
methods). In cheapdate flies, locomotor activity was decreased and periods 
of immobility were increased at lower doses of GHB compared to wild-type 
flies. A dose of Gr!B 40 1m10l/tly rosulled in impaired behavior in both 
strains of flies (*P<0.05; .. !'<0.00 I) 

oligonucleotides corresponding to the GABA 8 r1; and f'.1·(/)Yb genes 
used far the in vitro transcription reaction nre shown in Table !. 
Only one match was found in the Drosophila genome database 
pattern search for !he GABA8 r11 and Fs(})Yb gene, respectively. 
Equal amounts or oligonuclcotides were annealed to fonn a double
stranded template by heating at 80- 85 °C for 5 min and coaling on 
ice. The in vitro transcription reaction (30 µI volume) for the 
synthesis of Lhe 22 nl RNA run of transcripts contained 0.1 µg of a 
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nme after injection (min) 

Fig. 3. The eHmination rntes of injected GHB arc comparnb1c in cheapdate 
and wild-type nies. GHB (40 nmol!ny; 5 nies/llme point) w"s inJected intra
.abdominally, fljcs were homogenized at djfferent times po.st-injecLion (as 
indicated), and samples were processed for GC/MS assays of GHH. Results 
are expressed as µg G!JB/sample (obtained from 5 nies). Note a similar 
time-dependent GHIJ decrease in cheapdate and wild-type llies; GHB was 

barely detec1able 4 h post-injeclion in both strains. 
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Table 2 

Effects of GABA8 receptor antagonist CGP54626 and GHB antagonist 
NCS-382 on the behavioral effects or GHB 

Treatment Locomotor activity Periods or immobility 
(mo"cmcnt1:../min) (periods/JO min) 

Vehicle+ Vehicle 8.7±0.9 4.4± 1.8 
Vehicle+GHl3 4.8±0.5* JO.!± 1.4• 
CGP54626 8.0± 1.0 4.6± 1.2 

(0.2 mnol/fly) 
+GHB 

\/eh icle +Vehicle 8.1±1.1 2.5±0.9 
Vehielc+GHB 4.6,,0.7* 7.7±2.8* 
NCS-382 4.7±0.8* 8.2±2.7* 

(0.2 nmollfly) 

+GH£3 
NCS-382 4.2±0.7* 9.8± 1.9* 

(l.O nmol/fly) 
+GHB 

Wild-type flies were injected with CGP54626 or NCS- 382 l h prior to GHB 
(40 nmol/fly}. Results are expressed as mean±S.E.M.; *P<0.01 compared 
to the corresponding vehicle+vehicle group. 

template, 500 µMeach CTP, GTP, ATP, and UTP, [x trnnscription 
buffer (Tris-HCI, pH 7.5, IO rnM dithiolhreitol, 1 % bovine serum 
albumin}, 20 U of RN Ase inhibitor, and 50 U T7 RNA polymerase 
(Gibco BRL, Invitrogen, Carlsbad, Cali\'omia, USA}. The reactions 
were carried out al 37 °C for I h, The RNA molecules were 
annealed together in heat denaturing conditions (65-70 °C for 5 
min) and placed on ice. The quality o\' both RNA and DNA 
oligonucleotides was confim1ed on a 4% NuSive agarose gel 
(Sigma, St. Louis, Missomi, USA). Flies were injected with 0.2 µI 
from a stock (I 00 ng/µI} of GABAo(I) a+b or Fs(l )Yb dsRNAs. 
They were used for experiments 3 days after the injection; i.e., when 
a significant reduction of the endogenous GABA 8 cn mRNA 
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Fig. 4. GJ\l3A811 ) receptor RNAi inhibits the benavioml effects of GHB. 
GABAu(IJ dsRNA but not control dsRNA (Table I) injections into adult 
wild-type flies prevented tne decre11se m locomotor activity (A) and the 
increase of immobility periods (B) induced by GHB (40 nrnol/lly), Results 

are expressed as mean±S.E.M.; •P<O 01 compared to the corresponding 
vehicle-treated group (n = 16), 
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Fig. 5. Previous administration of GHB or ethanol diminishes bchavimal 
responses to subsequent GHB injections . Vehicle, GH13 (40 nmo!lfly), and 
ethanol (200 nmol/fly) were injected into wiJcJ.typc nics 4 b prior to 
subsequent injections of vehicle or GHJJ. The1·eal1er locoinotor activity (A) 

and increase of immobility periods (B) were measured. Resulls are 
expressed as mean±S.E.M.; *P<0.05 (n= l l-12). 

content was documented in GABA,i(t) RNAi flies (D,.itoycva ct 
al., 2003}. 

3. Results 

3.1. GNB impairs locomotor aclivity of flies: cheapdaie mutation 
increases sensilivily ro GllB 

Both in wild-type and cheapdate flies, ethanol injections 
induced the dose-dependent prolongation of immobtlity typically 
observed immediately atler the injection. However, the dose
response curve for ethanol-induced prolongation of immobility was 

14 

oi 10 
§ a 
I s 
a, 

[5 4 

,o-GHB + GHB 

30 60 120 240 

Time after the second injection (min) 

Fig. 6. Previous administration of GHB does not alter the elimination rate of 
.subsequently injected GHB. GHB (40 nmol/fly; 5 flies/tim e point) or vehic!e 
were injected intra-abdominally. Tbe nies received two injections (GHB 
+GHn or vchiclc+GHB), 4 h apart, and were homogenized at dilTerent 
times after the second injection (as indicated). Samples were processed for a 
GCIMS assay of GHB. Results are expressed as µg GHB/samplc (obtained 
from 5 flies). Note a similar time-dependent GH£3 decrease in GllB+GHn 
and vehic\e+ GHB groups. 
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shificd to the left in cheapda/e vs. wild-type flies (Fig. 1 ). The 
effects of GHB injections were qualitatively ditrerent from the 
effects of an ethanol injection. Although GHB slightly prolonged 
immobility immediately after injection, !his action was neither 
significant nor dose-dependent (not shown). Instead, once GHB
injected flies recovered from !he injection their locomotor activity 
level was lower and interrupted by periods of immobility (Fig. 2). 
These effects of GHB were observed in both cheapdate and wild
type flies, but cheapdales were more sensitive. In wild-type flies, 
behavioral impairment consistently occurred after 40 nmol/tly GHB 
whereas in cheapdates, even IO nmol/fly was effective (Fig. 2). We 
measured whether the elimination ofinjeeted Gl-IB differs between 
cheapdate and wild-type flies. Using our recently developed GC/ 
MS methodology for GHB measurement, we found no difference in 
GHB elimination in lhcsc two fly strains (Fig. 3). 

3.2. GABA,,- antagonism and OABA 801 RN Ai reduce the behavioral 
e.ffecJs ofGHB 

Pretreating flies with IJ.2 nmol/Ily of the GABAn receptor 
antagonist CGP54626 inhibits the behavioral effects of 40 nmol/tly 
GHB (T~blc 2). On the other hand, pretreatment with the mm 
receptor antagonist NCS-382 did not affect the behavioral 
consequences of GHB (Table 2). We also used our previously 
established RN Ai method for knocking down GABAn111 receptors 
m adult wild-type flies. GHB treatment was introduced 3 days after 
dsRNA injections In control-<lsRNA-inJectcd flies, GHB produced 
the typical behavioral impairments that were absent in GABAnni
dsRNA-injected flies (Fig. 4). 

3.3. Repeated admi11istratio11 o/ OHB produces beltai-ioral 
tolerance 

We found that the previous exposure of flies to GHB reduces the 
behavior-impairing actions ofa second GHB injection administered 
4 h later(T'ig. 5). In contrast, lhe previous exposure to GHB did not 
alter GHB elimination (Fig. 6). 

3.4. Behavioral inreractions between GHB and ethanol 

Interestingly, the behavior-impairing effects of GIIB were 
attenuated not only by previous ex.posurc to GHB but also by 
previous exposure to ethanol (Fig. 5). When flies were first treated 
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Fig. 7. Previous administration of ethanol but not GHB diminishes 
prolongation of immobility due to subsequent. ethanol it1jection. Vehicle, 

ethanol (200 nmol/lly}, and Gl-lB (40 ninol!lly) were injected into wild-type 
flies 4 h prior to subsequent injection of vehicle or ethanol. The time to 
recovery (i.e., duration of immobility due to ethanol) was measured. Results 
arc expressed as mean±S.E.M.; •p-cQ.01 (11~ 16). 

with ethanol and their response to subsequent ethanol administra
tion was examined, we observed diminished behavior impairing 
activity following the second ethanol injection (i.e., a rnpid ethanol 
tolerance). However, pretreatment with GHB did not alter the 
response of !lies to subsequent ethanol injection (fig. 7). 

4. Discussion 

In this work, we demonstrated that phannacological 
concentrations of GHB produce behavioral effects in adult 

Drosophila which require the presence and activation of 
GABA8 receptors. The evidence for this was obtained by 
pharmacological antagonism of GABAH receptors and by 

RNAi-induccd knockdown of GABA!l(ll receptor subtypes. 
Both procedures were capable of inhibiting the behavioral 

effects of GHB. Our findings with in vivo experiments in 
Drosophila arc consistent with observations from in vivo 

experiments with GABAno) receptor knockout mice (Kaup
mann ct <1l., 2003), and arc somewhat at odds with the recent 
notion that GHB does not bind GABA13 receptors in vitro in 

GABAB receptor-expressing HEK 293 cells (Wu ct 1tl., 
2004). However, similar experiments in COS cells found that 

GHB is a weak agonist of recombinant GABAB receptor.; 
{Lingenhodil ct al., I 999). It is possible that the cell type
specific environment could contribute to recombrn,mt 

metabotropic receptor functionality (Gabcllini el al., 1994). 
Furthem10re, the specific GHB binding in the brain of 

GABAn(I) receptor knockout mice was significantly lower 
than in wild-type mice (Wu ct al., 2004), suggesting that a 

component of in vivo GHB binding, and possibly its 
phammcological actions may involve GABA8 receptors. 
On the other hand, the functional role of putative GHB 

receptors, particularly with respect to behavior, is unclear. 
We found that a GHB receptor antagonist, NCS-382, had no 

effect on the behavioral GHB actions in Drosophila. Others 
repo1ted that NCS-382 did not block the behavioral actions 
of GHB in rats whereas these actions in rats were inhibited 

by the GABAn receptor antagonist CGP 35348 (Carter ct al., 
2003, 2004a,b). 

Adult RNJ\i via dsRNA injection into adult insects is a 
useful tool for investigating the loss-of-function phenotypes 
that circumvent developmental alterations (Dzitoyeva et al., 
2001, 2003; Blanrl in et al.. 2002; Am dam et al., 2003; Goto 
et al., 2003: Farooqui e1 al., 2004). We found an inhibition of 
the behavioral effects of GHB with inJCCtable GABA13r1) 

RNJ\i. These results , along with the data obtained with CGP 
54626 inhibition of GHB effects, suggest that functional 
GABA8 receptors are needed to produce behavioral GHB 
activity in Drosophila. 

GABA8 receptors, which mediate some of ethanol's 
behavioral effects in mice (Zaleski et al., 2001) and 
Drosophila (Dzitoyeva ct al., 2003), are linked to complex 
transduction mechanisms and involve negative coupling to 
the ci\MP pathway (Couve ct al., 2004; Knight and Bowery, 
1996). Regulation of the ci\MP pathway is critical for 
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modifying the sensitivity of Drosophila to ethanol. Thus, 
cheapdate mutants, which are characterized by defective 
cAMP signaling, are sensitive to ethanol (Moore et al., 
1998). Using ethanol injections, we confim1ed the increased 
sensitivity of cheapdate compared to wild-type flies in a dose 
range from 50-200 nmol ethanol/fly. The highest ethanol 
dose used (400 nmollfly) was not toxic and prolonged 
immobility in a manner that was no longer sensitive to 
cheapdate-dependent mechanisms. [nterestingly, we found 
that cheapdate mutants are also more sensitive to the 
behavior-impairing actions of GHB. The mcreascd sensitiv
ity to GHB does not appear to be caused by alterations in 
GHB metabolism. We found that both cheapdate and wild
type flies eliminate the injected GHB equally well. Although 
the exact mechanism for the increased ethanol sensitivity of 
cheapdate is not clear, !\foorc et al. (1998) found that this 
enhanced ethanol sensitivity can be reversed by treatment 
with agents that increase cAMP levels or protein kinase A 
(PKA) activity. Conversely, genetic or phaimacological 
reductions in PKA activity resulted in increased sensitivity 
to ethanol, providing ftmctional evidence for the involve
ment of the cAMP signal transduction pathway in the 
behavioral response to impairing levels of ethanol. Our data 
extend this notion to the behavior-impairing effects of GHB. 
Considering the involvement of GABA8 receptors m the 
behavioral effects of GHB, we investigated whether the 
content of GABAH(l) mRNA is altered in cheapdate and 
found no difference between these and wild-type flies (data 
not shown). It is possible that the cAMP-linked functioning 
of GABA8 receptors is altered by the cheapdate mutation. 

Rapid tolerance to repeated ethanol exposures was 
observed under various regimens of ethanol delivery to a 
number of different species including Drosophila (Sdiolz ct 
al., 2000; Ghezzi et a!., 2004). Repeated administration of 
GHB to rats leads to diminished GHB intoxication; i.e., 
tolerance (Bania ct a!., 2003). It has been proposed that the 
development of tolerance to ethanol (Zaleski et al., 2001 ; 
Dzitoyeva ct al., 2003) and GHB (Eckennann et al., 2004) 
may involve GABA 8 receptors. Although our data in 
Drosophila indicate that GABA8 receptors participate in 
the acute behavioral effects of GHB and ethanol, it does not 
appear that a single mechanism; e.g., a direct action of GHB 
on these receptors, is responsible for GHB-induced GHB 
tolerance and ethanol crosstolerance. Namely, although 
GHB pretreatment produced GHB tolerance it did not 
produce ethanol tolerance. On the other hand, ethanol 
pretreatment was able to produce both ethanol and GHB 
tolerance. Thus, it appears that in spite of many similarities 
between ethanol and GHB, the primary sites of their action 
may differ. 

We can only speculate about the mechanisms regulated by 
GABAs receptors that modify the behavioral responses of 
Drosophila to ethanol (Dzituyeva ct al., 2003) and GHB (this 
study). The behavior-impairing effects of ethanol in flies can 
be modified by genetic manipulations that impair the 
function of insulin-producing cells or of the insulin-receptor 

signaling pathway (Corl et al., 2005). Interestingly, GABA8 

receptors contribute to the modulation of glucose-stimulated 
insul111 secretion in rat pancreatic beta cells (Brice et al., 
2002). It should be investigated whether an interaction of 
GABA8 receptors with Drosophila insulin signaling plays 
any role in modifying the behavioral effects of ethanol andlor 
GHB. 

In conclusion, our Drosophila model, similar to recent 
experiments with GABAa(I) receptor knockout mice (Kaup
mann ct al., 2003), indicates that GABAu receptors rather 
than NCS-382-sensitive GHB receptors mediate the acute 
locomotor-impairing effects of GHB. Although GABA8 

receptors also participate in the behavioral actions of ethanol, 
they do not appear to be involved in all of the behavioral 
interactions between GHB and ethanol, for example, in 
erosstolerance. A recently cloned GHB receptor (Andria
mampanclry ct al., 2003) does not have a Drosophila 
011ho!oguc. Whetl1er Drosophila express a different GHB 
receptor should be explored. 
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stimulatory or inhibitory peptides or, conceivably, activate 
precursor forms by limited cleavage. Alternatively, it could 
have a protective role by stopping inhibitory factors from 
gaining access to the luminal cells in the intact tissue. 
Interestingly, although oxycocin (which has powerful action 
on myoepithelial cells) can be hydrolysed by endopepridase-
24.11, it is a very poor substrate compared with peptidL"ll 
such as ANP and bradykinin, thus raising some doubts that 
this hormonal signal is terminated by the surface 
endopeptidase. 

Several new antigens have lately been identified on the 
myoepithelial cell membrane.21

.2& Our hypothesis would 
prediet that some of these antigens may well be other 
members of a battery of cell-surface enzymes that control 
the local milieu. Thus, the overexpression of the c-erbB-2 
gene product on the lateral and basal membranes of breast 
carcinoma cells in a high proportion of intraduct 
carcinomas2

• would be consistent with this molecule's being 
a receptor for a paracrine growth factor (as yet unidentified) 
perhaps produced by the myoepithelial cells, or modified by 
them by means of their endopeptidase activity before its 
reaction with the tumour cells. 

We therefore propose that cell-surface peptidases may 
have a key role in the control of growth and differentiation of 
lllllllY cellular systems by modulating the activity of pt.1)tide 
factors and regulating their access lo adjacent cells. The 
hypothesis is open to direct experimental investigation since 
various well-characterised, non-toxic inhibitors,S acting 
specifically on several of these enzymes, 3 are available. 
These can be tested both in vitro and in vivo for their ability 
to alter growth and differentiation of different cell types in 
tissues with cell-surface peptidase activity. 

CoITCspondcocc should be odchc.ssed to A. J. K., MRC Membrane 
Peptidase Rc•carch Group, Department uf Biochemistry, Unive~ity of 
Lc.ds, Lcoos LS2 9JT. 
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Summary The effect of gamma-hydroxybutyric acid 
(GHB) on ethanol withdrawal syndrome in 

alcoholics was investigated in a randomised double.blind 
study. Patients with withdrawal symptoms were treated 
either with GHB (orally in a syrup preparation) (11 patients) 
or with the syrupalone(I2). GHB treatment (50mg/kg) led 
to a prompt reduction in withdrawal symptoms, such as 
tremors, sweating, nausea, depression, anxiety, and 
restlessness. The only side-effect was dizziness. GHB may 
be useful in the management of alcohol withdrawal 
syndrome in man. 

INTRODUCTION 

Gamma-hydroxybutyric acid ( GHB), a constituent of the 
mammalian brnin, is found in highest concentrations in the 
hypothalamus and basal ganglia.' Since there are central 
recognition sites with high affinity for GHB, this compound 
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EFFECT OF GHll ON ALCOHOL WITHDRAW AL SYNDROME 
.. ~. -

Total score 

After treatment (h) Treatment group --~--...--· 
(no of patients) 30 min before U'~aunent l 2 3 s 7 

GHB(ll) 12·6(6·1) 7·2 (3·9)* 4·2 (3·1)t 2 I (1·6)t 1·5 (1·7)t 2-6 (1·3)t 
Control (12) 11·8 (5·7) ll ·8 (4·7)t 11·3 (3·5) 12-6(9-2) 13-6 (6·5) 14·7 (4-3)• 

-------· 
Values are means (SD). 
*p < 0·(>5j tp < 0-01 (Pratt's test for cCHnparison of soor~ bt""fon: and after m:atrnent). 
:tp < 0-05 (Mann-\Vhitney test for comparison of control and Gl-ffi groups). 

probably functions as a neurotransmitter or as a 
neuromodulator rather than as an incidental metabolite of 
gamma-am.inobutyric acid (GABA). 2 GHB has been used as 
an intravenous hypnotic anaesthetic agent, 3 and in the 
treatment of sleep disturbances. 4 In narcolepsy GHB is 
given orally, at bedtime, to limit the nwnber of rapid eye 
movement episodes during the night, and this reduces 
narcoleptic episodes during the day.' 

In its lactone form, GHB inhibits voluntary ethanol 
consumption in rats that have a strong preference for 
ethanol. 6 GHB also suppresses ethanol withdrawal 
syndrome in rats that have been rendered physically 
dependent on ethanol by repeated ethanol administration.' 

These considerations and the safety of GHB4 led us to 
study the effect of this drug on alcohol withdrawal syndrome 
in alooholics. 

PATIENTS AND METHODS 

Patients included in the study were alcoholics who met the DSM 
III-R criteria of alcohol withdrawal syndrome. Patients gave 
written consent. Patients were excluded if they had convulsions, 
delirium tremens, or concurrent severe illness, or if they abused 
other drogs, or were receiving antiepileptic treatment. On 
ad.mission, patients were clinically examined and randomly 
allocated to one of two groups; one received 1 dose of oral GHB (50 
mg/kg) russolved in a black cherry syrup, and the other received a 
corresponding volume of syrup alone (control group). Both 
preparations wcrc provided by CT, Sanremo, Italy. The patients 
rud nor know whether they were receiving GHB or vehicle. The 
GHB group consisted of 11 patients (8 men, 3 women) and their 
ages ranged from 31 to 63 years (mean 43·9). The control group 
consisted of 12 patients (8 men, 4 women) with a mean age of 43·5 
years (range 28-59). 

Clinical evaluations were done by the same investigator (G. L.) 
who was blinded to treaonent group. On the morning after 
admission, each patient was examined 30 min before the dose of 
GHB was given, and 1, 2, 3, 5, and 7 h later. 6 main withdrawal 
symptoms were cvaluated-ie, tremors, swt:ating~ nausea, 
depression, anxiety, and restlessness. Each symptom was scored on 
a 4-point scale as follows: O, nor present; I, mild; 2, mo<leratc; and 3, 
severe , The sum of these points gave the total score of symptoms for 
each patient, the maximum being 18 points. Jnruvidual alcohol 
withdrawal symptoms were not compared because they varied 
greatly between patients . Instead the sum of the scores for each 
symptom were added together for each patient and the total score 
was used as an index of severicy of withdrawal. Blood pre.~sure and 
heru-t rate were also recorded every day. We used the word fluency 
test of Borkowski ct al" to loak for a possible sedative effect ofGHB. 
Romine laboratory tests we re carried out on admission :md were 
repeated if there were !l!lY abnormalities. Sranwu-d routine therapy 
(diazeparn, vitamins, and sodium valproarc) was available for severe 
distress in both groups of patients, but this was not needed during 
the double-blind phase. 

The Mann-Whitney U-test was used to test differences between 
the two treatment groups. A modified Wilcoxon test (Pran's test) 
was applied for within-patient comparisons. 

RESULTS 

The mean scores of the two groups before treatment were 
similar-ie, 12-6 in the GHB group and 11 ·8 in the (.;()ntrol 
group. In the GHB patients, there was a rapid decrease in 
mean score with a significant effect within 1 h. Nearly all 
withdrawal symptoms disappeared within 2 to 7 h of 
receiving the dose of GJID, By contrast, withdrawal scores 
of control patients did not decrease, and even significantly 
increased after 7 h (table). A small decrease in heart rate 
(10--13%), but no change in blood pressure, was observed 
after Gl·ffi tn:aunent. There were no significant differences 
in the word tluency test between GHB patients and controls. 

After completion of the double-blind phase of the study, 
the rode was broken and control patients were assigned to a 
conventional treatment schedule, as indicated by their 
clinical state. Patients in the GHB group received further 
doses of the drug every 8 h up to the 3rd day. Subsequently, 
the total daily dose was reduced by 30% per day until the 7th 
day when GHB was discontinued. The mean withdrawal 
score of these patients, recorded in open srudy each morning 
before the first daily treatment, remained below 2. 

7 of the 11 patients treated with GHB said that they had 
slight and transient dizziness about 30 min after the first 
drug administration; these symptoms disappeared 
spontaneously within 15 min. Dizziness v.~th similar 
features recurred on the second day in 3 patients after the 
first morning dose of GHB. None of the control group 
reported dizziness. No other side-effects attributable to 
GHB were noted by the observer or the patients. None of 
the patients reported somnolence after GHB. 

lHSCUSSJON 

Despite the small number of patients, the results clearly 
indicated that GHB is effective for the suppression of 
withdrawal symptoms in alcoholics. GHB action has a rapid 
onset and seems to be without serious side-effects. Our 
findings agree with experimental data in rats: therefore, the 
mechanisms involved in ethanol dependence in rats may be 
similar to those in hwnan beings. Thus, study of laboratory 
animals might help to clarify some of the neurochemical 
mechanisms of ethanol dependence in man. 

The protective action of GHB against ethanol withdrawal 
in our patients was not due to sedative and hypnotic effects. 
Moreover, the GHB effect carmot be attributable to other 
central actions of the compound, such as inhibition of 
dopamine release•·10 and increase in acetylcholine release,11 

because the mechanisms of these actions are not yet known. 
The protective effect of GI-IB may be due to its GABA-like 
action:12

·'' drugs which are effective clinically or in 
experimental ethanol withdrawal (eg, benzodiazepines, 
barbiturates, rnuscimol, amineroxyacetic acid, progabide, 
and ethanol itself)1<- 1• all have a direct or indirect GABA-like 
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action in the central nervous system, which eventually leads 
to an increase in the chloride transport across the chloride 
ion channels in the neuronal membrane (see refs 19, 20). 
Although the above drugs are known to pmemiate 
transmission at the level of GABAA receptors, the nature of 
the GABAergic action of GHB is not clear." 

Finiilly, GHB may exert its protective effect by acting on 
its specific receptors in the brain, This hypothesis raises the 
important question of the possible role of such receptoN in 
ethanol dependence. 

Cone;;pond<-nco iliould be sddrcssed ,o G. L. G., Dcparancnt of 
Ncuroscimr.:rJ Univcr'5ity of Cagliari.1 Via Porcell n,4, 09124 Cagliari, Italy. 
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AGE OF ONSET AND TYPE OF LEUKAEMJA 

ANNA BUTTURINI1 ROBERT PETER GALE2 

IJepartmem of Pediarric,, University of Parma, llaly;' and 
Deparm1e11t of Medicini!, Division of Hematology-Oncolagy, UCLA 

School of Medicine, Los Angeles, California, USA' 

fNTRODUL'TION 

LEUKAEMIA is a common cancer in people younger than 
50 years old, especially children. Several types are described, 
including acute lymphoblastic leukaemia (ALL), and acute 
and chronic myelogenous leukaemia (AML and CML). 
ALL occurs predominantly in young children and 
adolescents, whereas CML is uncommon in young people 
( < 20 years). AML occurs in infants, adolescents, and older 
people but not usually in young children.' Why do different 
leukaemias predominate at different ages? If specific 
leukaemogens cause certain types of leukaemia, and if the 
influence of these factors correlates with age, distinct 
leukaemias would be age-associated. An alternative 
hypothesis is that age at leukaemogenesis determines the 
type ofleukacrnia, irrespective of the specific leukaemogenic 
agent.• For example, exposure to the same leukaemogenic 
factor may cause ALL in a child but AML in an adult. 
These two hypothesa; arc not mutually exclusive and both 
might operate with differem leukaemogenic factors. 

Since the cause of most cases of leukaemia is unknown, it 
is difficult to decide between these alternatives. However, 
there are some instances in which either the cause of 
leukaemia or the host factors that predispose to leukaemia 
(other than age) are known. We now review the situations 
that might point to the pathogenesis of leukaemia. 
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EXOGENOUS AND HOST RISK FACTORS 

Known exogenous causes of leukaemia in human beings 
are ionising radiation, mutagenic drugs and chemicals, and 
the HTL V ~ 1 retrovirus .1 There are several examples of 
radiation-induced leukaemogenesis, including the atomic 
bomb survivors, people exposed to diagnostic X-rays in 
utero, and people who have received radiation for malignant 
or non-malignant conditions.3 Data about non-ionising 
radiation are controversial . The leukaemogenic effects of 
drugs and chemicals are most evident in people with cancer 
(usually Hodgkin's disease or ovarian cancer) who are 
receiving chemotherapy,' and in those exposed to benzene, 4 

HTL V-1 is associated with the development of adult T-cell 
leukaemia (ATL) predominantly in Japan but also in other 
areas.-' In addition, several host factors increase the 
likelihood that le1.1kaemia will develop, including congenital 
disorders associated with chromosomal imbalances or 
instability such as Down syndrome and Fanooni's 
anae:m.ia.tJ., 

To see whether age is an important determinant of the 
type of leukaemia that develops in human beings, we will 
consider the interaction of exogenous and host risk factors 
(other than age). 

Radiation 

Atomic bomb survivors• can be grouped into those who 
were exposed after birth and those who were exposed in 
utero_ There is no evidence of an increased risk ofleukaerrria 
in the latter, 0 so we will focus on the former. The incidences 
of ALL, AML, and CML were all greatly increased in 
people exposed to radiations from the atomic bombs; the 
relative risks of getting leukaemia were 20 to 25-fold and 
were highest in those who were the youngest at the time of 
exposure. Also, young people had the shortest latent period 
before developing leukaemia. However, these data do not 
point to any correlation between age at exposure and type of 
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Gamma-Hydroxybutyric Acid in the Treatment of Alcohol 
Dependence: A Double-Blind Study 

Luigi Gallimberti, Mila Ferri, Santo Davide Ferrara, Fabio Fadda, and Gian Luigi Gessa 

The effect of gamma-hydroxybutyric acid on alcohol consumption 
and alcohol craving in alcoholics was investigated In a randomized 
double-blind study versus placebo. Patients were treated as outpa
tients during a three month period either with gamma•hydroxybutyric 
acid {50 mg/kg/day, divided into 1hree daily doses) or with placebo. 
Of the 82 alcoholics that entered the study, 71 completed It, 36 in 
the gamma-hydroxybutyric acid and 35 in the placebo group. Alcohol 
coosumption was assessed by the subject's set! report. At the 3rd 
monlh of treatment, 11 patients in the gamma-hydroxybutyric acid 
group referred to be abstinent and 15 referred controlled drinking; 
while in the placebo group only two end six patients referred absti
nence and controlled drinking, respectively. Senim-gammaglutamyl· 
transferase activity correlated with the admitted alcohol consump
tion. Gamma-hydroxybutyric acid trea1ment decreased alcohol crav
ing during the 3 months of treatment. Transient side effects were 
noled by &ix patients on gamm .. -hydroxybutyric acid and two on 
placebo. The reStJlts suggest thal gamma•llydroxybutyrlc acid may 
be uaelul in the treatment of alcohol dependence. 

Key Words: GHB, Alcohol Dependence, Craving. 

GAMMA-HYDROXYBUTYRIC ACID (GHB), a 
normal brain constituent originating from GABA 

metabolism, is considered to play a neurotransmitter and/ 
or neuromodulatory role in the central nervous system 
(CNS).1 Systemically administered, GHB exerts hypnotic 
and anesthetic effects in animals and in man, therefore it 
was introduced in the clinic as a general anesthetic and 
hypnotic agent. 2 

The mechanism by which GHB produces its central 
effect is not known. It has been suggested that GHB 
enhances GABAergic activity,3 although evidence for a 
direct interference of GHB with GABA transmission is 
not available. Previous results from our laboratory have 
shown that GHB, in its lactone form, inhibits voluntary 
ethanol consumption in a rat line selectively bred for high 
preference for ethanol,4 and that GHB suppresses ethanol 
withdrawal syndrome in rats rendered physically depend
ent on ethanol by forced ethariol administration.5 

More recently in a double-blind study we found that 
GHB, given ora!ly in nonhypnotic doses, is highly effective 
in suppressing the withdrawal symptomatology in alco-
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holies; the GHB effect has a rapid onset and the compound 
is devoid of adverse side effects. 6 

The above considerations and the relative safety ofGHB 
led us to study the clinical efficacy of the compound m 
the treatment of alcohol dependence. 

METHODS 

Eighty-two alcoholic patients entered the study sequentially over a J. 
year period after giving informed consent. Each patient was studied for 
3 months in a double-blind versus placebo trial. Patients included in this 
study had a 5-year or more history of alcohol ism defined according to 
the DMS lll-R criteria. They had an average daily ethanol intake in 
excess of l 50 g for the past 2 years or more. Exclusion criteria were a 
major psychiatric disorder other than alcohol dependence, cirrhosis of 
the liver, pregnancy, renal or heart failure. epilepsy. Within 8 hr of 
admission to the day-hospital, each subject underwent a full physical 
examination by a physician of the team and routine laboratory tests, 
including serum-gammaglutamyltransferase (S-GT), erythrocyte mean 
cell volume (E-MCV), and alcoholuria. Thereafter each subject was 
examined for depression, anxiety, and severity of alcoholism according 
to the rating scales reported in Table I; each subject was randomly 
assigned to the drug or placebo group. 

Tiie active medication consisted of GHB dissolved in a black cherry 
syrup, in the concentration of250 mg/ml. Placebo consisted of a cherry 
syrup with the same organoleptic characteristics as the active medication. 
G HB was administered orally at the dose of 50 mg/kg divided into three 
daily doses. The placebo group received 1he same volume of the syrup. 
Both the active medication and the placebo syrup were supplied by CT 
Laboratories, Sanrcmo, Italy. 

Patients received the first medical interview and treatment in the day
hospital; thereafter they wer~ followed up as outpatients and seen every 
day from 8 11.M to 5 PM for the first 3 days and !hen at weekly intervals. 
Subjects were told by the physician that the goal of the treatment was to 
assess whether a drug that they were going to receive was able to decrease 
alcohol withdrawal symptomatology and alcohol craving, that they 
should try to abstain from alcohol ingestion, but that this was not 
mandatory for the study. The latter was aimed at assessing the real 
efficacy of the drug and any possible side effects. 

At the weekly visit subjects provided a urine sample for measurement 
of alcohol concentration' and were interviewed by one of the physicians 
(L.G. or M.F.) abou, their alcohol in,ake and the inteTisity of alcohol 
craving. A self-reported alcohol intake was recorded as the mean number 
of standard drinks consumed per day and the percentage of days of 
a?sti nence. 

Craving for alcohol was defined as the preoccupation with, thought 
about, and urge for alcohol. The intensity of alcohol craving was asses.,;ed 
with a questionnaire derived, with proper modifications, from Stunkard 
and Messick's questionnaire to measure dietary restraint. disi nhibition, 
and hunger.' The questionnaire contained I I items, each of which 
required a yes or no answer, corresponding to l or O points, respectively; 
therefore, the maximum craving score was 11 points.• 

The self-reported alcohol consumption v,as correlated with the weekly 
measurements of alcoholuria and by any possible information obtained 
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from collaterals of tile patients. Other laboratory tests were repeated at 
monthly intervals. 

Physicians who performed treatments and medical interviews were 
unaware of the tn;atrnent administered. 

RESULTS 

Of the 82 subjects that entered the study, 71 completed 
the course. Of the l I subjects who withdrew from the 
study, four did so for lack of compliance (in failing to 
report at one weekly visit: three in the placebo and one in 
the GHB group), three for dizziness and vertigo and one 
for headache (in the GHB group), one for gastric ulcer 
exacerbation, one for refusal to take the treatment, and 
one for nausea (in the placebo group). The relatively high 
percentage of subjects remaining in the study may be 
attributed to the intensive follow-ups. The placebo group 
consisted of35 subjects, 24 men and l l women; while the 
GHB group numbered 36 subjects, 23 men and 13 women. 
The two groups did not differ in age, initial S-GT, and E
MCV. In fact, the GHB group was aged 41 ± 15 years, S
GT 115 ± 108, E-MCV 97 ± 8 fl; while the placebo group 
was aged 40 ± 13 years, S-GT 118 ± 112, E-MCV 98 ± 6 
fl (means ± so). 

As shown in Tables 1 and 2, subjects in the two groups 
did not differ for severity of alcoholism or alcohol intake, 
they were not depressed and their level of anxiety was 
relatively low. 

Table 1. Characteristics of Subjects IJidergoing Treatment with Placebo or 
Gamma-Hydroxybutyric Acid (GHB) 

Variable 
(mean± so] 

Males 
Females 
Age 
'I ears of alcoholism (OMS· 

111-R) 
VAST scoret 
Anxiety score+ 

Stale 
Trait 

Depression score§ 

p. Student's I test. 
• NS, nat slgnifican1. 

Subjects to receive 

Placebo GHB p 

24 23 
11 13 

36.8 ± 15.6 38.1 ± 13.4 NS' 

6.7 ± 4 .9 7.1 ± 5.1 NS 

26.4 ± 11.3 26.2 ± 14.7 NS 

43.6 ± 11.4 48.4 ± 16.3 NS 

45.3 ± 13.1 46.9 ± 10.2 NS 

6.1 ± 5 .6 5.3 ± 6.1 NS 

t VAST, Veterans Alcoholism Screening Test." The scores reported are referred 
to the pasl year. 

; Spielberger·s State and Trait Anxiety Scale scores range from 20 ~ no anxiety 
to SO = extreme anxiety." 

§ Hamilton Depression Scale scores range from O = no depression to 60 = 
extreme depression.18 

GALLIMBERTI ET AL 

Table 2 shows the effect of GHB treatment on ethanol 
consumption, assessed as the mean number of drinks 
consumed per day and the percentage of days of absti
nence. During the 3-month treatment period, in the pla
cebo group there were no significant variations in both 
the number of daily drinks and in the abstinent days. On 
the other hand, the GHB-treated patients showed a de
crease to about one half in the number of daily drinks and 
a 3-fold increase in the number of abstinent days, 

As Table 3 shows, GHB significantly reduced alcohol 
craving. This effect was present within the I st month of 
treatment and persisted throughout the treatment period. 
Placebo treatment produced a modest reduction in craving 
during the 1st month of treatment. 

At the end of the 3rd month of treatment, on the basis 
of the self-reported ethanol consumption during the pre
vious month, the subjects were assigned to one of three 
categories: abstinence, controlled drinking, and excessive 
drinking. Controlled drinking and excessive drinking were 
defined when the subject admitted ethanol consumption 
of less and more than 40 g/day, respectively. 

As shown in Table 4, 11 and 15 out of the 36 subjects 
reported abstinence and controlled drinking in the GHB
treated group. On the other hand, in the placebo-treated 
group only two and six out of the 35 subjects showed 
abstinence and controlled drinking, respectively, while 27 
subjects reported excessive drinking. 

As Table 3 shows, S-GT values correlated with the 
admitted alcohol consumption. On the other hand no 
significant differences were observed in the E-MCV values 
before treatment and in the follow-up within groups as 
well as between the two groups. The alcoholuria correlated 
with the admitted alcohol consumption (data not shown) 
and the validity of the self report of alcohol intake was 
confirmed by information obtained from the patient's 
collaterals. 

Adverse side effects were investigated using a standard 
questionnaire. Four of the patients on GHB and one on 
placebo complained of dizziness and vertigo after the first 
morning dose on the first 3 days of treatment, the symp
tomatology was transient, disappearing within 6 hr. Two 
patients on GHB and one on placebo complained of 
headache after the first morning dosage persisting for 3 to 
4 hr. This symptomatology disappeared following the 3rd 
day of treatment. 

No subject showed alterations in the renal, blood, and 

Table 2. Effect of Gamma-Hydroxybutyric acid (GH B) on Ethanol Consumption in Alcoholics 

Response 

Daily drinks (mean ± SEM) 

% ot abstiient days (mean ± 
SEM) 

During the 3 months 
before treatment 

Placebo GHB 

11.4 ± Q.6 12.1 ± 0.5 
4.9 ± 0.4 5.6 ± 0.5 

p 

NS 

NS 

During the 3 months 
of treatment period 

Placebo GHB 

9.3 ± 0.7 
6,4 ± 1.6 

4.7 ± 0.4 
25.9±31 

p 

<0.01 
<0.001 

Each value is the mean± SEM lrom 35 placebo and 36 GHB treated subjects. Values of alcohol intake prior to treatment were base<! on a single interview, while tnose 
during treatment were obtained by weekly ,nterviews (means ± SEM}. Therefore, the statistical significance of the results was calculated by oomparing the values of GHB 
versus placebo, during the 3-month treatment period (Student's I test). 
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Table 3. Effect of Gamma-Hydroxybutyric Acid on Ethanol Craving 

Month of 
treatment 

Prior to treatment 
tst month 
2nd month 
3rd month 

Craving score 

Placebo GHB 

85 ± 0.3 
5.1 ± 0.6t 
7.5 ± 0.4 
7.6 ± 0.3 

8.9 ± 0.5 
2.1±0.tt 
3.3 ± 0.4·,t 
31 :!: 0.6',t 

Data are lhe means ± SEM obtained by averaging the scores of the 4 weekly 
nterviews during each month. Baseine scores were those of the first visit prior to 
treatment (maximum score 11 ). • p < 0 .001 with respect to placebo vnlue, t p < 
0.001 with respect to basal value by Student's r test. 

In consideration of the multiple comparisons, in order to protect against false
positive results, revel of significance was 1ixoo as follows /n = o.05/9 - 0.0055; 
the1efore, vaues of p > 0.0054 were considered statistically not significant. 

Table 4. Correlation of Gamma-Hy<'.lroxybutyric Acid Effect on Alcohol 
Consumption, Serum Gamma-Glutamyltransferase (S-GT) and Erythrocyte Mean 

Cell Volume IE-MCV) 

Placebo GHB 

Condition 
~--~~----

S-GT E-MCV S-GT E-MCV 
of patients N (I.U./l} {f!) N (!WL) (ft) 

Belore treatmenl 
Excessive drinking 35 118± 112 98 :!: 6 36 115 ± 108 97 ± 8 

Last month of treatment 
Abstinence 2 33, 48 97 :!: 4 11 31 ± 38' 94 ct 4 
Controlled drinking 6 53 ± 41' 96 ± 7 15 48 ± 61' 90 ± 8 
Excessive drinking 27 118± 1'0 103 ± 6 10 113 ± 131 98 ± 7 

Values are means ± so. 
Cootrolled and excessive drinking· admitted ethanol consumption during the 

p<eceding month period of less and more than 40 g/day, respectlvely. N. number 
of patients. 

• p < 0.01 with respect to pretreatment ,alue (Student's I test). 

liver tests. Blood pressure and pulse rate did not change 
significantly after either placebo or GHB treatment. Scores 
for depression and anxiety did not change significantly 
either in the placebo or GHB-treated patients during the 
3-month treatment period (results not shown). 

COMMENT 

The present study shows that GHB is effective in reduc
ing ethanol consumption and ethanol craving in alcohol
ics. Ethanol consumption was assessed as the patient's self 
report and the reduction was measured as a reduction 
both in the nuff!ber of drinks per day and in the percentage 
of days of abstinence during the 3-month treatment 
period. 

Moreover, the combination of the number of patients 
reporting abstinence and those reporting controlled drink
ing was considered to be an indicator of the treatment's 
success. According to this parameter, the success score 
with GHB was higher than 70% of the subjects at the end 
of the 3rd month of treatment, while it was about 20% 
with placebo. The validity of self-reported data was sup
ported by laboratory tests (S-GT) and weekly urine anal
yses for alcohol. 

It is likely that GHB-induced reduction in ethanol con
sumption is the consequence of its reducing effect on 
alcohol craving. The latter effect is consistent with pre
vious observations showing that the compound is effective 
in suppressing the ethanol withdrawal syndrome in 
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alcoholics6
; craving being considered a symptom of pro

tracted abstinence 10 and the major stimulus for relapses 
into ethanol abuse. The finding that GHB inhibits ethanol 
craving suggests a possible association of the drug with 
disulfiram, which is known to prevent ethanol consump
tion by a negative reaction but fails to reduce craving. 

As mentioned above, we found that GHB suppresses 
voluntary ethanol consumption in rats selected for high 
ethanol preference4 and reduces ethanol withdrawal syn
drome in rats physically dependent on ethanol.5 Therefore, 
our clinical results are not only of practical, but also of 
general theoretical interest, since they stress the predictive 
relevance of the experimental model for clinical research. 

Experimental studies suggest that GHB administration 
interferes with the activity of dopamine," serotonin, 12 

acetylcholine, 13 opioids, 14 and GABA. 15 At present it is 
unknown which of these interactions bears some relevance 
for the suppressant effect on ethanol consumption and 
craving. 

Moreover, since GHB is a normal brain constituent and 
has many of the characteristics of neurotransmitter and/ 
or neuromodulator, 1 the possible relevance of changes in 
the content and activity of endogenous GHB in the path· 
ogenesis of alcoholism might be considered. 

Finally, the possibility exists that GHB might act by 
mimicking the central effects of ethanol. Indeed, ethanol 
moiety is present in the structure of GHB and the latter 
shares with ethanol different pharmacological and neuro
chemical characteristics. Moreover tolerance to ethanol is 
extended to GHB. 5 Should the latter hypothesis be vali
dated, the rationale for using GHB in the treatment of 
alcoholism would be the same as that of using methadone 
in heroin addiction. 

Whatever the exact mechanism of action of GHB, our 
results indicate that GHB deserves more extensive inves
tigation as a clinically useful drug in the treatment of 
alcoholism. 
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Gamma-Hydroxybutyric Acid for Treatment 
of Opiate Withdrawal Syndrome 
uiigi Gallimberti, M.D., Mauro Cibin, M.D., Piero Pagnin, M.D., Roberta Sabbion, M.D., 
Pitr Paolo Pani, M.D., Roberto Pirastu, M.D., Santo Davide Ferrara, M.D., 
Old Gian Luigi Gessa, M. D. 

ii a double-blind placebo-controlled trial, gamma
.,iroxybuty,ic acid (GHB) (25 mg/kg orally) suppressed 
most of the withdrawal symptomatology in 14 heroin 
,il,c/s a,ui 13 methadone-maintained subjects. The GHB 
tft,:t was prompt (within 15 minutes) and persisted for 
ldi«tn 2 and 3 hours. Subsequently, the same patients 
lfaired GHB in an open study every 2 to 4 hours for 
it first l days and 4 to 6 hours for the following 6 
~: mos/ ~bstinence signs and symptoms remained 

suppressed and patients reported felling well. Urine 
analysis failed to detect any presence of opiate 
metabolites. No withdrawal symptomatology recurred 
after 8 days of treatment when GHB was suspended, and 
patients were challenged with an intravenous injection of 
0.4 mg naloxone. The results indicate that GHB may be 
useful in the management of opiate withdrawal. 
/Neuropsychopharmacology 9:77-81, 1993] 

-----·······-"·- ·- --+• ··-~ ·--·- ----- -----

m WORDS: Gamma-hydroxybutyric acid; Heroin; 
Mtfhlldo11e; Opiates; Withdrawal syndrome; Opiate 
ltprndence 
wmma-hydroxybutyric acid (GHB), an endogenous 
D1Stituent of the mammalian brain, is found in the 
lighesl concentrations in the hypothalamus and basal 
pnglia (Snead and Morely 1981). Because there are 
lf'ClllC high-affinity binding sites for GHB in the cen
trll nervous system (CNS), and the compound is lo
Ciltd principally in synaptosomes - from which it is 
n.sed in a Ca2+ -dependent process - GHB is con" 
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sidered to function either as a neurotransmitter or 
neuromodulator rather than as an incidental metabo
lite of garnma-arninobutyric acid (GABA) (Mandel et 
al. 1987). 

Gamrna-hydroxybutyric acid has been used as an 
intravenous hypnotic and anesthetic agent (Mamelak 
et al. 1977) and in the treatment of narcolepsy. In the 
latter condition, GHB is given orally at bedtime to im
prove nocturnal sleep quality, thus reducing cataplexy 
episodes during the day (Mamelak et al. 1986). Previ
ous work in animals has shown that GHB both inhibits 
voluntary ethanol consumption in rats having a strong 
preference for ethanol and suppresses the ethanol 
withdrawal syndrome in rats physically dependent on 
ethanol (Fadda et al. 1989a, 1989b). 

More recently, in a double-blind study we found 
that GHB, given orally in nonhypnotic doses, is highly 
effective in suppressing the withdrawal symptomatol
ogy in alcoholics; the GHB effect being rapid and de
void of negative side effects (Gallimberti et al. 1989). 
By using GHB in the management of the withdrawal 
syndrome in a number of alcoholics who concomi
tantly abused heroin, we observed that GHB not only 
suppressed the alcohol withdrawal symptomatology 

0893-133Xl93/ $6 .00 
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but, even more effectively I that of heroin. The present 
study was undertaken to clarify, in a double-blind con
dition, whether GHB was effective in suppressing the 
withdrawal syndrome in heroin- and methadone-de
pendent subjects. 

SUBJECTS AND METHODS 

The subjects participating the study were 22 male 
heroin users, with a mean age of 27.3 years (range 22 
to 33 years), with a dear history of daily use of heroin 
for over 3 years (3 to 6 years) claiming a high degree 
of opiate dependence; and 19 male subjects, with an 
age ranging from 24 to 31 years (mean 28 years) under
going a methadone maintenance treatment program 
at the Addiction Treatment Service (SERT, USL 21), 
Cagliari. 

Methadone-maintained subjects were receiving a 
stabilized dose of 30 to 60 mg/day of methadone for at 
least 6 months prior to hospitalization. All subjects 
were interested in discontinuing opiate consumption 
and gave informed consent to the study. The present 
study required hospitalization for a period of 8 days. 
Subjects were hospitalized on the morning of the day 
following their last consumption of opiates. On admis
sion each subject underwent a medical and psychiatric 
examination, routine laboratory tests, urine screening 
analysis for opiate metabolites, amphetamine, co
caine, benzodiazepines, barbiturates, cannabinoids, 
and alcohol. 

The first test revealed that all heroin-dependent 
subjects had urinary opiate metabolites. All subjects 
under methadone maintenance presented methadone 
metabolites, three of whom revealed also other opiate 
metabolites. Small concentrations of alcohol and ben
zodiazepine metabolites were found in the urine of 
both groups of patients. After admission, methadone
maintained subjects were left with no opiate adminis
tration for 24 hours and the rating of withdrawal symp
tomatology was started at 8 AM on the second day of 
hospitalization. Fifteen of the 22 heroin-dependent 
subjects showed overt signs of abstinence on the morn
ing of the day of admission; therefore, the rating of 
withdrawal symptomatology for these subjects was 
made on the morning of the same day of admission. The 
other seven heroin-dependent subjects, who showed 
objective signs of abstinence after 6 PM on the day of 
admission, received 1 or 2 intramuscular doses of 15 
mg of morphine to ease their discomfort (no morphine 
was given after midnight) and their withdrawal symp
tomatology was scored on the second day of hospital
ization starting at 8 AM as for methadone-maintained 
subjects. 

Withdrawal symptomatology was evaluated by 
one of the investigators (either RP or PPP) blind to the 

NEUROPSYCHOPHAKMACOLOGY 1993-VOL. 9, N0.1 

treatment conditions. Twenty·one items associated 
with the withdrawal syndrome were rated as presenl 
(1) or absent (0), according to Gold et al. (1978); the 
maximum score attainable was 21. Symptoms consid· 
ered included: craving, nausea, anorexia, anxiety and 
restlessness, aching bones and muscles, insomnia or 
yen sleep, and hot and cold flashes. Signs considered 
comprised: tremors, yawning, vomiting, diarrheo, 
perspiration, lacrimination, rhinorrhea, increased res
piration rate and depth, goose flesh, mydriasis, spon· 
taneous orgasm, increased temperature, tachycardia, 
and increased blood pressure. 

Withdrawal scoring was made every 30 minutes 
for 3 hours prior to treatment (baseline period) and at 
various times afterwards, as indicated in the Results 
Section. The experiment was randomized and double 
blind; subjects, nurse, and physician observer were 
unaware of the substance administered. Active rnedi· 
cation, consisting of GHB 17% solution in a black 
cherry syrup, and an identical placebo were provided 
by CT (San Remo, Italy). Subjects took GHB orally at 
the dose of 25 mg/kg or the placebo syrup. Treatments 
were given by a nurse who was not otherwise ir,. 
valved in the study. The Mann-Whitney U·test was 
used to test differences between placebo and GHJ! 
treatment. A modified Wilcoxon test (Pratt's test) was 
applied for within-patient comparison. 

RESULTS 

All methadone- and heroin-dependent subjects showed 
signs and symptoms of abstinence that increased dw
ingthe 3hours preceding treatment. Table 1 shows the 
reported withdrawal scores obtained during the 31) 

minutes preceding treatment and at various times al
ter treatment. The administration of GHB (25 mglkg) 
reduced most of the withdrawal signs and symptoms 
both in heroin- and methadone-dependent subject;. 
The GHB effect had a rapid onset but short duration. 
Thus, the global withdrawal score was significantly re
duced within 15 minutes and remained mixiJmlly 
suppressed between 30 minutes and 2 hours a/tei 
treatment. At the third hour, withdrawal scores 
tended to increase once again. Table 2 shows the effect 
of GHB on specific items of the opiate withdraw~ 
scale. It appears that GHB was effective in reducing a] 
the signs and symptoms of opiate withdrawal, em~ 
for diarrhea and insomnia, which were res istant totht 
GHB effect. All patients on GHB referred to relief~ 
subjective distress. Placebo had no significant eff«1 
on any of the withdrawal items; therefore, at the end 
of the double-blind trial, these patients were assignfli 
to a more conventional detoxification treatment with 
clonidine or methadone. 

On the other hand, patients on GHB continued 
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this treatment receiving the drug in an open study ev
ery 2 to 4 hours on the ii.rst 2 days and every 4 to 6 
hours the following 6 days, as indicated by the phar
macokinetics of GHB (Lettieri and Fung 1979, Ferrara 
et al. 1992). Every day, withdrawal signs and symp
toms were recorded before each dose. The withdrawal 
score remained reduced throughout the trial. On the 
eighth day, GHB administration was suspended, sub
jects were observed during a period of 5 to 6 hours, 
and then received an intravenous injection of 0.4 mg 
of naloxone. No withdrawal signs and symptoms oc
curred before and after naloxone treatment (see Table 
1). Urine analysis performed every other day during 
the trial failed to detect the presence of opiate metabo
lites. Three methadone-dependent and two heroin
dependent subjects reported transient dizziness or 
vertigo on the second and/or third day following the 
first morning dose of GHB; these symptoms were usu
ally well tolerated. No other side effects attributable to 
this compound were noted either by the observer or 
the subjects themselves. None of the subjects reported 
somnolence after GHB. 

DISCUSSION 

The standard method used in the management of 
heroin withdrawal is the substitution of methadone 
for heroin and gradual dose reduction until complete 
abstinence is obtained. More recently the alpha-2 
agonist, donidine, has been introduced to facilitate 
withdrawal from opioids. Although clonidine is effec
tive in reducing many of the autonomic components 
of the withdrawal syndrome, it fails to suppress its 
subjective components, such as craving, lethargy, in
somnia, and restlessness. Moreover, it is not uncom
mon for clonidine to produce major side effects, such 
as sedation and severe hypotension (see Jaffe 1987). 
Consequently, fmding a nonopioid drug capable of 
suppressing withdrawal symptomatology without 
causing negative side effects is of prime importance. 
Our results indicate that GHB is effective in suppress
ing the opiate withdrawal syndrome in humans. The 
GHBeffect has a rapid onset butshortduration. These 
features are in accordance with the pharmacokinetics 
of GHB, indicating that the compound is readily ab
sorbed after oral administration and is rapidly elimi
nated (Lettieri and Fung 1979; Ferrara et al. 1992). Due 
to the short duration of its effect, GHB should be ad
ministered at frequent intervals. This is a limitation of 
an otherwise effective and well-tolerated compound. 

The mechanism by which GHB suppresses opiate 
withdrawal syndrome is not known. A number of 
mechanisms may be invoked but none can be convinc
ingly accepted. It is possible to discount the sedative 
effect of the compound because no sedation was pro-
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Table 2. Effect of GHB on Specific Signs and Symptoms on Gold's Withdrawal Scale 

Percent of Subjects Presenting a 
Given Sign/Symptom at 

Sign/Symptom 

Craving 
Nausea 
Anorexia 
Anxiety/restlessness 
Aching bones and muscles 
Insomnia or yen sleep 
Hot and cold flashes 
Tremors 
Yawning 
Vomiting 
Diarrhea 
Perspiration 
Lacrimation 
Rhinorrhea 
Increased respiralion rate and depth 
Goose flesh 
Mydriasis 
Spontaneous orgasm 
Increased temperature 
Tachycardia 
Increased blood pressure 

Various Times After GHB 

Before 
Treatment 

100 
89 
59 
92 
96 
96 
74 
71 
81 
18 
51 
78 
52 
39 
63 
71 
50 
0 

41 
85 
96 

1 Hour 

26 
15 
33 
46 
38 
70 
18 
15 

0 
0 

43 
0 
0 
D 
0 

15 
0 
0 
8 

15 
15 

3 Hours 

37 
23 
21 
58 
31 
83 
22 

7 
0 
0 

53 
0 
0 
0 
0 

28 
0 
0 

13 
21 
30 

Data for heroin- (n = 14) and methadone- (n = 13) dependent subjects were pooled . The 21 items 
of the scale were rated as present (l} or absent (0) according to Gold et al. (1978}. 

duced by those doses of GHB suppressing opiate with
drawal. Experimental evidence indicates that GHB in
terferes with the activity of serotonin (Spano and 
Przegalinski 1973), acetylcholine (Sethy et al. 1976), 
GABA (Snead and Nichols 1987), and dopamine (DA) 
(Gessa et al. 1968) in the CNS. The interference of 
GHB with DAergic transmission might be more rele
vant for its suppressant effect on the withdrawal syn
drome. Indeed, recent studies have shown that both 
ethanol and morphine withdrawal syndromes are as
sociated with profound inhibition of DA output in the 
nucleus accumbens and in the ventral caudate nu
cleus, as measured by brain microdialysis (Rossetti et 
al. 1990, 1991; Acquas et al. 1991). 

Contrary to what was observed following anes
thetic doses of GHB (Walters et al. 1973), we have re
cently found that nonanesthetic doses of the com
pound activate the firing rate of DAergic neurons 
(Diana et al. 1991), and Cheramy et al. (1977) have 
reported that GHB increases DA release from the cau
date nucleus of cats. Because the increase in DA out
put is considered to play an important role in the re
warding effects of morphine and alcohol (Di Chiara 
and Imperato 1988), it is reasonable to hypothesize 
that the fall in DA output might be involved in the 
negative symptoms of withdrawal and, vice versa, a 
stimulation of DA output might be implicated in the 

suppressant effect of GHB on withdrawal symptoma
tology. 

Alternatively, it should also be considered that GHB 
is a normal brain constituent, which seems to function 
as a neurotransmitter or neuromodulator (Mandel el 
al. 1987). Therefore possible changes in the endoge
nous content and activity of this compound in the 
pathogenesis of withdrawal from opiates and alcohol 
are worth specific investigation. Whatever the mecha
nism of action of GHB, its efficacy in suppressing both 
opiate and alcohol withdrawal syndrome is of pracHIAI 
importance, because a combination of opiate and alco
hol abuse is not uncommon. Results in preparation 
from our group have shown that GHB prevents the 
emergence of opiate withdrawal signs and symptoms 
evoked by naloxone in opiate-dependent patients. 
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Abstract This paper describes the role of gamma-hy
droxybutyric add (GHB) in the treatment of opiate with
drawal syndrome. In the cwo patients described, after hav
ing abruptly withdrawn from long-term methadone treat
ment, GHB was orally administered (each dose given 
every 4-6 h) for 8~9 days. The GHB showed both a high 
efficacy (some mild and transient symptoms <1ttributable 
to opiate withdrawal were observed, but only in the first 
days of therapy) and a good tolerability (no clinical phe
nomena interpreted as GHB side effects were found). 
These results could be of interest in improving the phar
macological treatment of drug addiction. 

Ke)' words Gamma-hydroxybutyrate · Opiate 
dependence· Opiate withdrawal . Drng addiction 

Introduction 

In opiate addiction pharmacological treatment of with
drawal symptoms is often the first approach. The more ef
fective this initial treatment is and the fewer its side effects, 
the more the patient will be ind11ced to continue treatment. 
Gamma-hydroxybutyric acid (GHB) is a normal component 
of the nervous system in mammals. It was first marketed in 
Italy (under the name of Alcover, by Laboratory C.T. of San 
Remo) in 1992 as a sodium salt. Preclinical pharmacologi
cal studies had shown that in its lactone form GHB inhibits 
voluntary ethanol consumption in a rat line selectively bred 
for high preference for ethanol, and that GHB suppresses 
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ethanol withdrawal syndrome in rats made physically de
pendent on ethanol by forced ethanol administration [l-3J. 

In humans tbese results were supported by our group. In 
a randomized double-blind study (4] a sample of patients 
showing alcohol-withdrawal syndrome were treated either 
with GHB (150 mg/kg/day in a syrup preparation; 11 pa
tients) or wilh a syrup placebo (12 patients). The GHB 
treatment led to a prompt reductio[] in withdrawal symp
toms such as tremor, 8Weating, nausea, depression, anxiety 
and restlessness. The only side effect was dizziness. 

More recently the effect of GHB on alcohol consumption 
and craving in alcoholics was investigated in a randomized 
double-blind study (51. A total of71 outpatients completed 
the 3-month trial , either with GHB (50 mg/kg/day) or 
placebo. During the 3-month treatment period, in the pla
cebo group there were no significant variation~ in either the 
number of daily drinks or rn the abstinent days. The GF!B
treated patients , on the other hand, showed a decrease by 
one-half in the number of daily drinks, and a 3-fold increase 
in the number of abstinent days. The GHB trealmcnt signifi
cantly decreased alcohol craving during the 3 monLhs of treat
ment. Transient side effects (dizziness and headache in the 
first days of treatment) were noted by a few patients on GHB. 

Some of our previous (unpublished) obsen-ations on 
patients with both alcohol and multiple-drug abuse were 
so encouraging that we wished to try out GHB treatment 
on opiate-dependent subjects. This paper reports two clin
ical cases in which GHB treatment was effective in con
trolling opiate-withdrawal syndrome. In Italy GHB may 
only be given to alcohol addicts, therefore a special au
Lhorization was obtained from the Italian Ministry of 
Health for the prescription of GHB to opiate addicts. Both 
patients were informed about this experimental-drug ufal 
and gave their informed written consent. 

Patients and methods 

Case 1 

The first patient, a 30-year~old unmanied female, began inject1ng 
heroin at the age of 15 years. On many occasions she had u11suc-
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cessfully tried to reduce or suspend the use of opiates and had 
marked tolerance to them. Moreover, in early adolescence she had 
often been truant from school, told lies and stole. On examination 
,he was found to be impulsive, could not hold a job, was irritable 
and aggressive and had frequently come into conflict with tht Jaw. 
According to the DSM-III-R she fit the diagnostic criteria for opi
ate addic,ion and antisocial-personality disorder. Since January 
1991 she had been on methadone (mean dose 60 mg/day) with 
only partially successful result~: Urine tests showed the frequent 
presence of morphine. She was then hospi1aliz.ed for "washing 
out" preparatory to entering a residential therapemic community. 

Approximately 25 h afler the first dose of methadone (60 mg) 
withdrawal symptoms of moderate severity appeared (goosef!esh, 
sweating, psychomotor agitation, alternate ho! flushes and cold 
sweats, muscl~ contraction and mydriasis), scoring 30 on Wang's 
scale [6). She was given an initial GHB dose of 50 mg/kg, and 15 
min later all symptoms had completely disappeared (score: 0 on 
Wa.ug's scale; overall feelings of subjective well-being). This dose 
was repeated every 4 h for ? days, and then every 6 h for 2 days. 
The GHB tre~tment was suspended on the 9th day, and a naloxone 
test (0.4 mg i.v.) was given: No symptoms were observed. The pa
tient began naltrexoirn therapy (50 mg/day orally) on that day and 
was discharged in good physical condition, suitable for entry into 
the therapeutic community, During her hospital slay she never re
ported particularly important withdrawal symptoms or fits of opi
ate craving, as measured daily by a 10-cm visual a.nalogue scale: 
(where O was absence of craving and 10 its maximum}, except on 
one occasion (day 3 of GHB therapy, 2 h after a dose), when in
domethacin had to be injected i.m. for extensive muscle pain. 
Urine tests during hospitalization never revealed any intake of psy
choactive substances extraneous to the 1rcatment procedure. 

Case 2 

·n1e second patient, a 24-year-old male, began using heroin con
tinuously at the age of 19 years. Since July 1989.he had spent most 
of his time trying to obtain the drug, had greatly reduced his social 
and work activities, and had marked tolerance. According to tbe 
DSM-lil-R he fit the diagnostic criteria for opiate addiction, but 
did not mee t any diagnostic criteria on a;,;is 2. Si.nee January 1992 
he has been on methadone (fixed dose of 50 mg/day), and urine 
tests have occasionally been positive for morphine, but not for other 
psychotropic substances. He, was hospitalized for a brief "washing 
out" preparatory to entering a residential therapeu(jc community. 

Approximately 30 h after the last dose of methadone, when 
withdrawal symptoms appeared (sweating, psychomolor agitation, 
gooseflesh, extensive muscle pain, dianhca and abdomim1l cramps 
of moderate severity; score of 25 on Wang's scale), an initial GHB 
dose of 30 mg/kg was given. Approximately 20 min later all with
drawal symptoms had completely disappeared (score: 0 on Wang's 
scale; overall sensation of subjective well-being and no craving for 
opiates). This dose was repeated every 4 h. Two days after the be
ginning of GHB treatment three evacuations (semiliguid faeces) 
were observed, but no antidiarrhea treatment had to be given. Dur
ing his hospital stay no fits of opiate craving (measured as in case 
1) or other disturbances linked to opiate withdrnwal symptoms 
were observed The GHB treatment was suspended on the 8th day 
of therapy and a challenge test with naloxone (0.4 mg Lv.) was 
given: No symptoms were observed. During the entire hospital 
stay urine tests did not reveal any opiates or other substances of 
abtise. The patient was then discharged and entered the therapeutic 
community in good physical condition. 

Discussion 

The previously mentioned clinical cases indicate that GHB 
can satisfactorily control withdrawal symptoms and opiate 
craving, both frequent causes of early drop-out during hos
pitalization. Treatment with GHB, with careful considera
tion of its pharmacokinetic properties [7), thus deserves at-

tention, because its control over withdrawal symptoms 
and craving is not associated with the side effects often pro
duced by other drugs more frequently used on a clinical 
basis (e.g. clonidine causes hypotension; benzodiazepines 
and neuro)eptics have marked sedative effects; nonsteroid 
analgesics cause gastric pain). With regard Lo the dosage 
for the two patients described (300 mg/kg/day, subse
quently reduced to 200 mg/kg/day in case 1, and 180 
mg/kg/day in case 2) it seems that under our contrnlled 
clinical use the same dose of GHB caused different re
sponses in different patients and different responses in the 
same person at different times. Again, it must be empha
sized that the dosage that can satisfactorily control opiate 
withdrawal symptoms seems. from these preliminary ob
servations, higher than the dose (150 mg/kg/day) needed to 
control alcohol-withdrawal symptoms (4]. 

There could be doubts as to the possible abuse liability 
of GHB. In this respect, the United States Food and Drug 
Administration (FDA) issued an advisory warning that 
GHB use outside of FDA-approved physician-supervised 
protocols was unsafe and iilicit [8], given that some acute 
(but not lethal) poisonings attributed to GHB had been re
poned to the FDA, and that GHB has been marketed illic
itly to bodybuilders for weight control, as a sleeping aid 
and as a food supplement instead of L-tryptophan. How
ever, our long-term clinical experience with this drug in 
alcoho1ics confirms findings in these two patients: abrupt 
cessation of GHB administration even after long-term use 
does not involve the occurrence of symptoms attributable 
to withdrawal phenomena [5]. We have also never 
recorded any patient behaviour attributable to GHB 
abuse. Further preclinical and clinical trials may clarify 
the pharmacodynamics of GHB so as to she<l some light 
on the biology of drug addiction [9]. 
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: :·,:·w·. ·/·; .. ·.:~- ··.'' ···:,:, :.< 

'.-: -~ 

·• .• ,· Ga~~~hydrm;;~~tyric '-~~i~ ·(OHB~;-, , a ·.physiol0,g1_c . te·nni;1~ls J~Jlowi;1g •ciHBA'ad~ i'ni~tr~~-ion (Stock'e(a1,:· _':, : 
'i: .met;b9J~te 9,f :i~lJi~~~a~inobuty'dc ·aci _(_GA~~; '_Gold .:l?f~);_ ,:()':;':,//\0:• .•. ,' :, \it.\, · :::·:i.''-:io·. -\'. : \ ... 
··:·. and-Rdth,' J 977; fytaifri:i't al., l 9&;3).: has··~en u~ed a,;· an- _':• GAB'A:and.GABArnetaholites arei_nvolved iii the:Con_~· ;>: ·· . 
... __ i:v,:,hyp1i9tf~:a!Jaes.$.efic; _;igent (Lal)9tit et ·al., j?<Wfang iri . . •:tr~l -of .pit(ififo :h~m1qne·s.ecretibn (flac~gni 11 al:~ .l 982);:· 

-_---•-?:' :'.teJ~WW~tttl;lQ~,:bill~l~fil>,a~1t~~lfl~WJ~~tf{:~¥:I~>: .• ···, ~t~ltrit~~i~~~;t!t:J0lft:;\,it:t);~}:t~d:At: 
; ,:,:iliai· show i~;~fe·r~neefb; erti'iiii'al '(Fridcta er a(-1 ~83.}: and ·.,.: .srri;ii ~ai~pi~~h1ealthy vol~ntee'~s (r~~~ha~ii er al., 1977), .. 
. . ,;'i,'upp(~sstis etli;riol ,;·itb~-raw~I -10 ~~~ts p~\·sically qepen-·· . · ·we '.'in'vestiga(ep, pitu'i tary horrnope response to: GHBA 
' ) le11(6ii eih~ni:il Cfaddaei-di., f9~9 j,,Q~JJ3't,.~t:recti-.:em:ss :·::. oral adininisir.aii~n in hum.ans . with tre:ai_irr.of indire_ctly 
. ,i1r; tl1e ,: tr1~.t1J1e1f r?( ~~h~nol_ i ~jthc,lr~-~!11 ,iii'al~oltolic :' . ev!lluatjng"the .~ff~9s of QljBJ\ 6n :G/\13A~"ri,\ic _and 1op, 

. i~f tt1t~ijt;,~t~iR~~tratt;1JX,4f11i~~irti~batzt:::::t::··-:ti~t;ifi.JJ~ttri:n~~~tt~;trtr2i~e;jt:et-re:·~-:~ _ · :_ · · rnay.-be\due: to its GABA-like 'actiV1tf JAn'den-ani:l':Stock; :· : ·.'. ·on'strated· 10'-influe'nce·:.oABA, :recept0r.'$Cllsiiivity (Polt: . :
.,.._ \ i''973;'.:.spead)ri(N_i~~q.l~~.: 1js7L~~t )J}{n_atl!r~·,e!' tl~e:/(.an4:~'q~)t\ .19~)}, o.~t ~\pe.ri~~_ri_t_'als6.'/pclud~q;GH ~nd_ ,' . 

. ·· ·: .. Oi.\~(\e(giq act19~ of·OflB~ r.~tn~ins, ,4n_~Jear;· ... ; ,.: . ,: :.'. ,\·. P;RL:'r~p~11s~~ t9 G!'J~A. in _healthy-,sgbj~cts ,pr~t'r!!ated-·_ . 

- ••:2i,~1aa:j~~'.: 
·, (ljutc'hins -er·a/., 1972) and.in_ the dopaminergi~ ner;,e , .. ,years) ·,were 'included in the study. AIJ the subjects gave ·; 

· · .... ::;t i1i~,~Tc;t!f 1tr,~,:t,t)' Ci > ii' . : .. ?';f ;;'g":''.: '''f''. ~'trt.;·:~'Y,,;'x 'i'i . ''[' 
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.. 1i~1:;~l::;~;:~a:r~tjir~v;y~:r:;ir7 ,it;:;·.:······._' .. :.·:·.····a(F.~_-.•·.z:_:dctl·.o_·u'.)_m'~.···.·c···m0.1······ ... h·:i·l··.n:1:.· ..• ae.11_··.·.··11·~···;·l·s:.~ ... (e) .. 't··t·:_ •. ·.··-~.~--.·-._ ..•••. 1 .• _·.·.a··w:r.1;' .. ·TI· .• ·.·lte·········ia·.·:d'·o·g···,_·_s,'_··.· .. ·.:··· .... ·.l··n··o···d,:• .. 1 •.. ·.·J. ·· .. :·.,:i·····e_ •. :J·.' .. _.·.·_: .. •_.c~.·-•· .. · .. ··lot:: ••. ·.·1··' __ ·.;··.:0•.·· ... : .• ·.•_······na··.·~·······t·· .. ·.d· .•.•. _: .... i1.· ... :.~_9··e·.·_.n_ .. ;.g···,.·.p····a··pd .. _O·.····n·.: ..... •~ . • y·.··.· .. :··i __ ._s·,_n·····1~··.·51g;_ .••• d,J···o'.t,·._.··_h•.T.gfi .• n·'·.i·u .. 1c .•.• n· .. ·.m.l.a_·.··_.e··.· . .l ... :·_:a·,s_::.:_····b·.:_:_._•·.··e·:_····-~-:·.:.r_].•oi···· ... ~_O ..•.• r·l.·····.e.·e:······.•1. .. :.••.·.:··········:aGo····n ..•. ·_·1_J .•. . _:Hµ:: .• _X·t·B!.••.·A.t' )····j_'.\_:·_ •. -.•.:· ..•..••... :.:_··_ .• _: _ .. •.' ····: ;,~i,~,!~ltl\!i~t~t~i~l!;l~~~Jitf" . .. " ' r~ 

ati<?r\ feirdepres~iYe or other majoraffechve disorders\1/itll T~st:c- ... : 

''·.·. : AU suby:cts -were given three tests. in random order: 4. -·· 

da'is sepa.rat_ed§e tests. . ' ' '•' '• ' ' ' 'Bl?od samples \Verethencentrift~ged and the plasma kept 
T~st A . · frozen unti_l a1lalys1s. GH and PR!-, p]asina levels were 
.. ... ·.· ..... ·. ·.. .··.. . . .. , .... . mea~urea ... J:i.y.,re.cific.ractioim .... mu_noassay .. usi.ng·_·co.mme.I~ 

Afte(an§verriight'fas.tallilbedres\ihe_sµbj~c.c:wasseat~d ·· · 1 k' (S ·· I i ).TJi' · • · ... : .. f h . · .. · .··· ·· 
Cin achai{an,tan indwelling ~alii)uia, was i1ise.rted irico.a: ' : .~;~e.KtaAirJ'.k};1~1,·_.r_?;tfIN.~riy11

e{,9. 1 · e,_,·mpthq~si .' 
.foreai:m.veiri at08.30h, .. 'fwo l:>asa,l bloodsamples Vfere·• 

·. taken ,ll()?.45 inq Q9.QO h. QHBA.(r\icovdr CT:Sanrerpo, ·• '' Statistical analysis:· :\ ' .. ' . 
. ··_:_ n•aly}: _l.S g waf then a,dIT1iniste;~d o;ally; physfologkal··· . ·.:aSn .. ta.·d:1_·.i··as-·nt.•.jacla_y'. ls•a

1
_.ns·.a.·

0
··1.·fy.·.t ia·•~_•rwi·.·.:.a:~n::_sc:_·eb. a_ .• (•.•~A:.·~.'N~_/.0

0
·····n_.v•·_,_!·bA __ •. -.-~)'P __ ,._aiie~ :S§Jd~ri.t'i/t~{( .· ...•.•• 

),alii\esol~tion(250ml) ~as slb\i.>lyinjectedJ,v: d~dng the_··.· y 

test,andbl6<idsampleswel'etitkenat·l5~ 30,-45'.60~11d90 ,, ,, ·.',' .,., .. , 
[~iri aft~rthe administ~~tion 6fthe drug:/ :· ', · . . ,· .. ·, RE:SWLT~ 
Te.sis 

·:· :\~lbb4_samples were cbllec_ted using the_ same procedure_. 
and at the' san1e time: in Test A: GHBA I Sg was 

The· .. me'ai1·:!:·S.E.M. baselinebHin theihr~?test/was 
S3 ± oi 4-l ±. 0:3· and 4,4± 0.3 ng/ml (in the GHBA, 
saline and GHBA-flumaieni! tests, respectively i: there . 
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..•. ic/enq{igniJid1~(differr(lt~s i.nbisaLGl-f:1eye1s am?~g ':} . All subjects tolerated th~ ora]·adminjsrj·ationof GHBA .. 
···t~(t1ire~Jestsi.Thecorresporidi11gyaluesfor:baseli1)cPRL i~tzJuc]!t;~~;);~~1!tt::UtftHr:Jf!i;h~J~iit:r:c:;fu1t.··,,: 

. . 

61scGs~ioN 

O~r e~perjrneri.t ~howed that an increase in CiH plasma ··. statisti¢ally non':-§ignifi~llllt ..... [df 8 . .• F(0,~5J;>p> 0.05], ····1evels is:iriduced byGHBA·ac)m.inis~ration,ihuscbnJirin-•• . increaS!! after GHEA during flumazenil fofus.ioll (Ll.,,. ·. ing preyious sludiesJip hs effects ·911 pituitary hormones 

.;~[;)~iif ~}~i~fci'r~~it1fBli~1~Wti:tr ; .. •·.··• .. ·• .. • .. ·:· ... ·:.·· •. · ...•. · ...•• G~s: .• ,f •..... : •. p .• :.UJA.::.·,· .. ·c·;."ta··::·d.th····.~c·n·.·.·j· .• ·, .. ·.: ••. ot····A·t···· .• f. sh.·,;· n· ···;·,··: .. an· .. ··e··.c···g.:···n.l·.G····o·.• .. · •... ·.··d·.c·es···m··~· . . ··.e.·e •. ·:.·: ..•• ··.p11:p·B·.'··.·10 ... ·.l:r .. l~.!.:Atze·.··.····,·o.·.Je'.·x·····.:·,·s:.:'l.··,···-·-•.. :l·l···h·n·d·l·.···a9···n·:a,·::.·.~.1.•.8··~:· ... ·: .. ·.· .. n;::.-,r •.. b.· •. ,· .. · •. :g.·:s·~.;.··.e···k·~l~: .. :·._e···c.·.T:.yft····1····n·.:.···.t·.::.,•.:: ... :s:····:h·.t···e.yeo.·l·.·.Y.·.:::·:"9.s·.·.·.·.·.pmi·····ct.·7· .. :·n·.·e···.·oe: •. ,:·3·' •. ·t.·1·t,n. ·,·.:.)c.·hp· ··r:.: •. : .. h·.·.·::·e·· .. ·f: •. : .. (T~ .• s•.rTU .. ·:··lli:.eh1z:.ai'f:,t:.e·' .. e··ka·····: .• ,· •. ·:m•:.d:.~ .• ·a.i·.·.····n··.·.h.1:··~.· .• ·,~: .. o·:·a·.··.~ .•. 'of.,r.v··:;····.··.· •. ·a1.: .... ··.l·,~. r:···v·:.e···l.~ ..••. ~.e,·.w:.· .•• :.t .. 1··,. ·m·r·:· ···:··:. ·~: .. : .. l:o·····g .. aJ•e. n: .. lf' .•.····1nt •. t·. ·.·t,,.:·,th·, ·· . . r.,:···:n.·t·e··o·,1·····1e:: •. :::f·.9G.a,r·i·:·:··b.:l7·t····l .• }-:·h·:·i··a7 .•. 11:·:ge·.• ... -._.1,····:·.····:····:··:··.:···.··: · :.rlr!ii\t~J~IiJt10,fff1!3t~t·i!~!,~Jt.~~ . 0 

" • • 

·. ·[ill'.. 8. HL39), P.>O.OS]ii pcreasc •after GHBA, .adrhinis-·· · · ..• ity ofbjc.\i<:ullfoe•xa dABAergii:'antagotlist)(o antagonize .· 

iraiion (.1;.;;, ·3:6:t.0.§ rtgimia{45: min; J'esI A>· (3ffl:!A. . . GHBA .. •effects on (}H. sccretioll · (Vijaya~iand JvtcCa~~. 
and 6µm·azenH tbgetl1tr•(TesrBJa11ds~lirie·•aiicl placebo .·. J9'78)i Tl1es[imulati11g role Of·GABAergic drngsonGH·: 
(Test Ql :i11du,ce{no significant chaI1ge in PR°L plasma · sccr~tiori in. htinrnns . has been widely denionstrated 
ie~els.,Lik6wise,pR(responses toGH13Ajn'.fes1Aand to (Cavagnil1i {'t al. , (980). (}ABA-illduced OH relea~~ 
GHBAaridf!umazinil. irt TesiB wereriotsignjficanr1Y difc· .wuid.also be n:ieqiatedthroughthe qopainirierg,c sy~tem, .. ·· · 
fe~~nt (Pig. 2> ... : .. . · : . · . , . · ' . M exa11)p1e.iiirnozicte (a ct.opamiheant.rgontscns ab1e to 

.•. 0:tw~~t~:sJ~:·:~t!;:~~;1;~~i;:.~e ~ot influenced by· ·· •i;tiJ~?••·~(t3f'~02~ts t?H::;s.~Fteji9V:\1:cc~j::?:::af:;:• 
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• .. . , ; ,~;;,; of SI;~;" h;;.., re~,d tlrnt GHBA no;i,~ ·. foc~~sO n,oe,~u; ,; a~ '.f ,;i;, pUt ihi; ,;"~~;,,"! of . 

··• .• :REFEREN.CES .//i. 

,-J~~s~;:r:txi~~;r~iH~~::rti,1'.t1iii 
•·. Ahdeh NE alid•Stock G·:{1.973Hnh1b1iqry effect of gamrnalty-< 
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0
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. . . . . . . . ... . . .. .· ·gic c6,nirol. of lhe mesol1n1bic dopamirie neurons'·possibility 
a1: • .199:+L . . . .. . . . . . . . . . . . .. . . . ot improving 1rca1men1 of. scli,zaphreiiiaby combinea ireat-
: rn our e;,:perim~nfpretreatmeiit with the ·benzodjaz~~ . ·ment with iieur61epticsaiid g~baergic drugs>M~dica(B(n/c,gy; ·, 

· · .. · ... · · .. · . · . , ·. · • .. ' . . .. · :·:.:· ·"'3,-' \77-_l .. 8.3.·.,. . . . ·. . . .. . . . . . pine antagonist f!u inazeniLsignifkantly decn-:ased cm res, .···.·· ;, . . . . . . . . .· · .< ·:.· ·· · .. : 
. '·ponse to :,GHBA ·ora'l adniinisiration. '.this 'finding. is .. Gall1mberti L .. Gen.t1le N. (;!bin M. Fadda F. Canton G: Ferri M. 

· · . . · · ' · ·' · · .. ,. · ·. Ferrara SD and Gessa GL (1989) Gamma-hydroxybutyric . · consistent ·with the theory postulating an interference of .. , ... ' · .... . , · · · . · . · , , , , 

'.'~~£~;i~;iirSJ€?gf ;~~§!if 2··• .. ~~'.f i~~f 1ti~:i;~j;ri;;;;:. · 
· .. ·. ' GABA iece,ptor 'complex (Po)c and bucic, 1991 ) . .The .• Gold Bl and Roth RH.(J9J7) ~m~t,~~ 0 1. 111 l ' l\'0 conversion ?f ... · 

.·. : ... ·· ·. · . ... ·. . . . ·. · · , .· .· • , .· . . .. ·· . . · .. · . · gamma-3H~an11nobutync aqd 10 gamma-3H-hydroxybutyric . 
. . ac.t1 V.l ty of. pe.nzod.1a~~pme : re,ceptor . a1Jtagcm1sts m . .• acid py· rat .brain .. Jouriwl ofNei1rochemisirv; 28, l 069~ l 073: 

Coun~e.ra:etirig G1:iBA-incli.ite9G1:i secretion_ mu.sf be i~tei\ ·.·. fl.echl~r Vi Gobailie S. Bdurgufgnon Jf ahd ·Maitre M ( 199 l) . 
. pteied withcaµtion. Hoykver it is µnlikely that 'ftumazenil . . ExlraceHular events induced by gamma~h)'tlro:,;ybtiiyrate in··:.· 

. · itself causes a deciease'in GH levels since we have foui'id ··• striacum: a ini~nidi~lysis study. Journal oJN_eurhchein.istn·, .· 
iiochang'esihpl~~~aGHfo)lov;in{flu~)azeniladminis~ ~ 5\?38tt4R .. k 'KS dS .. . : ···.;···.· · .·.···: .• > > .·· . ::!;~::~rs~~ ::;~t ;1:'Ji%~"E:a~~~:;;;; . ~i~~~~t:~~;;&t:£:%~!Jf ;l~!t~iJ;?? . 

_·· •. explariation js thar Gl:!BA is releasing a~ endogenous Laboi:it H._ Jona~yJ~iGeraldJ .ahd Fabian F.( 1960i s.ur un sub: 
... :'Jig arid of t.li~ pei-rwdj;izepine receptor thai is causino GH ··. >Strat inetabohque action centra!e_ inhibifrice: Le +hydroxy: 
_,: ·; · ... · .·. · .· •• ;. · . . ,.··• . _. · .. · .. ·· .· ·. ,· . .. · •· .·.• . "' . . ·.. butyrate de Na,Presse Medicale,50; l$61-Hl69:· : ..... ·. · · 

. secret1ot1;)fowev.er, to our knowledge no da.ta ar~ avail, · LevitanES·>S~hefie·J'd"R·..._B. ·t···D···R.R.·he····L.·M· ··w··· . ·.d ·•··w;K h.· ::• . . . .. . . . .. . . . ,. ... . . . . . , . . . . . . • ~ r: , ur . e • 1s en • . o - . 
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· that GI-IBA ihay act through the endogenous opioid Barnard EA and SeeburgiPH ( 1988) Structu~al b'asisfor 
system, since!n the brain GHBA tais.es dynorphin leyels . · .· GAB~ reccp1or ~eternger~ity. l"{aiure, ~55,}6,79. . . . • .· · • • · 
(tvJ.an1ei~; 1989) and [nodulates the activity of opioid .LocAlelh v. Coc~hl J), Bajus~ S , Spampinato>S ~nd ?;,i!ullerEE 
. . · · ·; · • . • ; · ...... 9 · · .. · · · .. , .. . . ·. . ·. _.. ( I 978) ,Prolacun and growth .bor111one releasing activity of . ·• . 
mt??euro~HHec~l~r d al., l. 91!, Th~ ac~1vat,on_.9fthe . ·. )o-¥.et:Pro)-enk~p~alin:i.nii<lfinlhcrataftersystcnii<; admina < ·. 
op101d system could be responsible .fiJr .. GH secretion . )Slrat_l()/);Exp~rie,nria;,34; 16.?0'1651-;' : :. < , .• : ._· > · 

: . : . 2i 4 :. , int&~~aii.o~a1s1f nica]Ps)i~hbpha.;ii1~~ologi_.;, [ 6)9 _:/9sitl .:. 
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·, ,, ' ·.:- \ ,. ···,.::,:.. .;--.>.<: .. :~--'. .... ~·-.·~· . .- . ' '.'·:-., ' .. :;<:: .. · <t{ .. 

· ;~Jt~B~;d:!f:li:;~;{i;\;~g~:~~fpJ~~iff~:'ai;i/ ,.," ··:. ,, . < .::'.··. 

Jit~tit!~~Ji!ii!Il~i111!tt~'ti!{$t:J~:w~;;mkiliB([~,,$~miChY,d,h\Y~~;,,t~,. 
ii '.'e!h ... , . aLi:idJEibpt,..h/cal.::R,e,s~(jr¢lr Coirin11micaiio11.'i,··ll(t· ··· .·. ,.' binding sites' .ev.ideiicefor coupling loachlorideanion chan-. 

. t.1:l l~i[k'.5¥ ~ ri~9{b~~~;:a~YurJ{J~µiYi-~1~tan'. ;nd~~~~~u( Csn~:4. it~Nf J;cii:r1t;~}~iJt6)1tt32} G_a: ma-hydfoxr·:' 
<···,· ... r~gtil~tor'of.inicrgj• .. metabolism. Ne:1iro~del1.cJ 'mid.§fr;b.eha;· . . , bu lyric. acic;l.bi!ldiilgsites;•int~ractimfwith·.the GABA-ben~o' .·· 
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GAMMA-HYDROXYBUTYRIC ACID IN THE TREATMENT OF ALCOHOL 
DEPENDENCE 

G.L. GESSA* and L. GALLIMBERTI** 
*"Bernard B. Brodie" Department of Neuroscience, University 
of cagliari, Cagliari, Italy; ** Drug Abuse unit, USSL 21, 
Padova, Italy. 

Ganuna-hydroxybutyric acid (GHB), a normal brain 
constituent originating from GABA metabolism, is considered 
to play a neurotransmitter and/or neuromodulatory role in 
the CNS. 1 Systemically administered, GHB exerts hypnotic and 
anesthetic effects in animals and in man, therefore it was 
introduced in the clinic as a general anesthetic and 
hypnotic agent.2 

Previous results from our laboratory have shown that 
GHB, in its lactone form, inhibits voluntary ethanol 
consumption in a rat line selectively bred for high 
preference for ethanol, 3 and that GHB suppresses ethanol 
withdrawal syndrome in rats rendered physically dependent on 
ethanol by forced ethanol administration. 4 

More recently in a double blind study we found that 
GHB, given orally in non hypnotic doses, is highly effective 
in suppressing the withdrawal symptomatology in alcoholics; 
the GHB effect has a rapid onset and the compound is devoid 
of adverse side effects. 5 

The above considerations and the relative safety of GHB 
led us to study the clinical efficacy of the compound in the 
treatment of alcohol dependence, 

We investigated the effect of gamrna-hydroxybutyric acid 
on alcohol consumption and alcohol craving in alcoholics in 
a randomized double-blind study versus placebo. Alcohol 
consumption was assessed by the subject's self report. 
Patients were treated as outpatients during a three month 
period either with gamma-hydroxybutyric acid (50 mg/kg/day, 
divided into three daily doses) or with placebo. Of the 82 
alcoholics that entered the study 71 completed it; 36 in the 
gamma-hydroxybutyric acid and 35 in the placebo group. At 
the 3rd month of treatment 11 patients in the gamma
hydroxybutyric acid group referred to be abstinent and 15 
referred controlled drinking; while in the placebo group 
only 2 and 6 patients referred abstinence and controlled 
drinking, respectively. Serurn-ganunaglutarnyltransferase 
activity correlated with the admitted alcohol consumption. 
Gamma -hydroxybutyric acid treatment decreased alcohol 
craving during the 3 months of treatment. Transient side 
effects were noted by 6 patients on gamma-hydroxybutyric 
acid and 2 on placebo . 

Experimental studies suggest that GHB administration 
interferes with the activity of dopamine, 6 serotonin, 7 
acetylcho l ine, 8 opioids9 and GABA. 10 At present it is unknown 
which of these interactions bears some relevance for the 
suppressant effect on ethanol consumption and craving. 

Clin.. Neuropharm., Vol. 15, Suppl J, Pl. A, 1992 303A 
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Moreover, since GHB is a normal brain constituent and 
has many of the characteristics of neurotransmitter and/or 
neuromodulator, 1 the possible relevance of changes in the 
content and activity of endogenous GHB in the pathogenesis 
of alcoholism might be considered. 

Finally, the possibility exists that GHB might act by 
mimicking the central effects of ethanol. Indeed, ethanol 
moiety is present in the .structure of GHB and the latter 
shares with ethanol different pharmacological and 
neurochemical characteristics. Moreover tolerance to ethanol 
is extended to GHB. 4 Should the latter hypothesis be 
validated, the rationale for using GHB in the treatment of 
alcoholism would be the same as that of using methadone in 
heroin addiction. 

Whatever the 
results indicate 
investigation as a 
of alcoholism. 

exact mechanism of action of GHB, our 
that GHB deserves more extensive 

clinically useful drug in the treatment 
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:;;:noRUG METABOLISM 
:Frank J. Gonzalez and Robert H. Tukey 

),ow Humans Cope with Exposure to Xenobiotics. 
. The ability of humans to metabolize and clear drugs is a 
natural process that involves the same enzymatic path
ways and transport systems that are utilized for nonnal 

111etabolism of dietary constituents. Humans come into 
'. ¢0ntact with scores of foreign chemicals or xenobiotics 

.(substances foreign to the body) through exposure to envi
ronmental contaminants as well as in our diets. Fortunate
ly, humans have developed a means to rapidly eliminate 

.. · xenobiotics so they do not cause harm. In fact, one of the 
·· · most common sources of xenobiotics in the diet is from 

plants that have many structurally diverse chemicals, 
some of which are associated with pigment production 
and others that are actually toxins (called phytoallexins) 
that protect plants against predators. A common example 
is poisonous mushrooms that have many toxins that are 
lethal to mammals, including amanitin, gyromit1in, orella
nine, muscarine, ibotenic acid, muscirriol, psilocybin, and 

·. cbprine. Animals must be able to metabolize and elimi
nate such chemicals in order to consume vegetation. 
While humans can now choose their dietary source, a typ-
ical animal does not have this luxury and as a result is 
subject to its environment and the vegetation that exists in 
that environment. Thus, the ability to metabolize unusual 
chemicals in plants and other food sources is critical for 
survival. 

Drugs are considered xenobiotics and most are exten
sively metabolized in humans. It is worth noting that 
many drugs are derived from chemicals found in plants, 
some of which had been used in Chinese herbal medicines 
for thousands of years. Of the prescription drugs in use 

. today for cancer treatment, many derive from plant spe
.. cies (see Chapter 51); investigating folklore claims led to 

the discovery of most of these drugs . It is therefore not 
surprising that anima]s utilize a means for disposing of 
human-made drugs that mimics the disposition of chemi-

71 

3 

cals found in the diet. This capacity to metabolize xenobi
otics, while mostly beneficial, has made development of 
drugs very time consuming and costly due in large part to 
(1) interindividual variations in the capacity of humans to 
metabolize drugs, (2) drug-drug interactions, and (3) spe
cies differences in expression of enzymes that metabolize 
drugs. The latter limits the use of animal models in drug 
development. 

A large number of diverse enzymes have evolved in 
animals that apparently only function to metabolize for
eign chemicals. A$ will be discussed below, there are 
such large differences among species in the ability to 
metabolize xenobiotics that animal models cannot be 
relied upon to predict how humans will metabolize a drug. 
Enzymes that metabolize xenobiotics have historically 
been called drug-metabolizing enzymes, although they are 
involved in the metabolism of many foreign chemicals to 
which humans are exposed. Dietary differences among 
species during the course of evolution could account for 
the marked species variation in the complexity of the 
drug-metabolizing enzymes. 

Today, most xenobiotics to which humans are exposed 
come from sources that include environmental pol1ution, 
food additives, cosmetic products, agrochemicals, pro
cessed foods, and drugs. In general, these are lipophilic 
chemicals, that in the absence of metabolism would not be 
efficiently eliminated, and thus would accumulate· in the .. 
body, resulting in toxicity. With very few exceptions, all . 
xenobiotics are subjected to one or multiple pathV:.ays that 
constitute the phase 1 and phase 2 enzymatic systems. As 
a general paradigm, metabolism serves to convert these 
hydrophobic chemicals into derivatives that can easily be 
eliminated through the urine or the bile. 

In order to be accessible to cells and reach their sites of 
action, drugs generally must possess physical properties 
that allow them to move down a concentration gradient 

I 
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into the cell. Thus, most drugs are hydrophobic, a proper
ty that allows entry through the lipid bilayers into cells 
where drugs interact with their target receptors or pro
teins. Entry into cells is facilitated by a large number of 
transporters on the plasma membrane (see Chapter 2). 
This property of hydrophobicity would render drugs diffi
cult to eliminate, since in the absence of metabolism, they 
would accumulate in fat and cellular phospholipid bilay
ers in cells. The xenobiotic-metabolizing enzymes convert 
drugs and xenobiotics into compounds that are hydro
philic derivatives that are more easily eliminated through 
excretion into the aqueous compartments of the tissues. 
Thus, the process of drug metabolism that leads to elimi
nation plays a major role in diminishing the biological 
activity of a drug. For example, (S)-phenytoin, an anticon
vulsant used in the treatment of epilepsy, is virtually 
insoluble in water. Metabolism by the phase 1 cytochrome 
P450 isoenzymes (CYPs) followed by phase 2 uridine 
diphosphate-g)ucuronosyltransferase (UGT) enzymes pro
duces a metabolite that is highly water soluble and readily 
eliminated from the body (Figure 3-1). Metabolism also 
terminates the biological activity of the drug. In the case 
of phenytoin, metabolism also increases the molecular 
weight of the compound, which allows it to be eliminated 
more efficiently in the bile. 

While xenobiotic-metabo!izing enzymes are responsi
ble for facilitating the elimination of chemicals from the 
body, paradoxically these same enzymes can also con
vert certain chemicals to highly reactive toxic and car
cinogenic metabolites. This occurs when an unstable 
intermediate is formed that has reactivity toward other 
compounds found in the cell. Chemicals that can be con
verted by xenobiotic metabolism to cancer-causing 
derivatives are called carcinogens. Depending on the 
structure of the chemical substrate, xenobiotic-metabo
lizing enzymes produce electrophilic metabolites that 
can react with nucleophilic cellular macromolecules 
such as DNA, RNA, and protein. This can cause cell 
death and organ toxicity. Reaction of these elcccrophiles 
with DNA can sometimes result in cancer through the 
mutation of genes such as oncogenes or tumor suppres
sor genes. It is generally believed that most human can
cers are due to exposure to chemical carcinogens. This 
potential for carcinogenic activity makes testing the 
safety of drug candidates of vital importance. Testing for 
potential cancer-causing activity is particularly critical 
for drugs that will be used for the treatment of chronic 
diseases . Since each species has evolved a unique com
bination of xenobiotic-metabolizing enzymes, nonpri
mate rodent models cannot be solely used during drug 
development for testing the safety of new drug candi-

Phenytoin 

4-Hydroxy
phenytoin 

4-Hydroxy
phenytoin-~-D

glucuronide 

HO 

5 H~_:_( 
OH 

Section I I Generof Principles 

GYP 

Highly lipophilic 

Slightly soluble 
in waler 

i UGT + UDP-GA 

Very soluble in 
water 

Figure J-1. Metabolism of phenytoiu by phase 1 cyto. 
chrome P450 (CYP) a11d phase 2 uridine diphosphate-glucu. 
ronosyltransferase (UGT). CYP facilitates 4-hydroxylation 
phenytoin to yield 5-(-4-hydroxyphtmyl)-5-phenylhydautoin 

(HPPH). The hydroxy group serves as a substrate for UGT that ~ . 
conjugates a molecule of glucuronic acid using UDP-glucuronic .~ 
acid (UD1'-G A) as a cofactor. This converts a very hydrophobicJ 
molecule to a larger hydrophilic derivative that is eliminated via ' 
the bile. 

dates targeted for human diseases. Nevertheless, testing 
in rodent models such as mice and rats can usually iden
tify potential carcinogens. 

The Phases of Drug Metabolism. Xenobiotic rnetabo·: 
lizing enzymes have historically been grouped into the} 
phase l reactions, in which enzymes carry out oxidation,t 
reduction, or hydrolytic reactions, and the phase 2 reac·:f, 
tions, in which enzymes form a conjugate of the sllb·i) 
st.rate (the phase l product) (Table 3- l) . The phase L( 
enzymes lead to the introduction of what are called func'.~ 
tional groups, resulting in a modification of the drug;; 
such that it now carries an -OH, -COOH, -SH, -0- or] 
NH2 group. The addition of functional groups does littkf 
to increase the water solubility of the drug, but can dra·} 
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J "oxygenases" 
Cytochrome P450s (P450 or CYP) 
Flavin-containing monooxygenases (FMO) 

. Epoxide hydrolases (mEH, sEH) 
.Phase 2 "transferases" 
··.Sulfotransferases (SULT) 
UDP-glucuronosyltransferases (UGT) 
Glutathione-S-transferases (GST) 
N-acetyltrnnsferases (NAT) 
Methyltransforases (MT) 
.Other enzymes 
Alcohol dehydrogenases 
Aldehyde dehydrogenases 
NADPH-quinone oxidoreductase (NQO) 

C and O oxidation, dealkylation, others 
N, S, and P oxidation 
Hydrolysis of epoxides 

Addition of sulfate 
Addition of glucuronic acid 
Addition of glutathione 
Addition of acetyl group 
Addition of !nethyl group 

Reduction of alcohols 
Reduction of aldehydes 
Reduction of quinones 

73 

.. niEH and sEH are microsomal and soluble epoxide hydrolase. UDP, uridine diphosphate; NADPH, reduced nicolinamide adenine di nucleotide 

. rnaticaUy alter the biological properties of the drug. 
· Phase 1 metabolism is classified as the functionalization 

· · .· phase of drug metabolism; reactions carried out by phase 
. 1 enzymes usually lead to the inactivation of an active 
drug. In certain instances, metabolism, usually the hydrol
ysis of an ester or amide linkage, results in bioactivation 
of a drug. Inactive drugs that undergo metabolism to an 
active drug are cal led prodrugs. Art exarnple is the anti
tumor drug cyclophosphamide, which is bioactivated to 

·. a cell-killing electrophilic derivative (see Chapter 51). 
Phase 2 enzymes facilitate the elimination of drugs and 

· the inactivation of electrophilic and potentially toxic 
metabolites produced by oxidation. While many phase 1 
reactions result in the biological inactivation of the drug, 
phase 2 reactions produce a metabolite with improved 
water solubility and increased molecular weight, which 
serves to facilitate the elimination of the drug from the 
tissue. 

Superfanrilies of evolutionarily related enzymes and 
~ 
r receptors are common in the mammalian genome; the 
i enzyme systems responsible for drug metabolism are good 
[ examples. The phase 1 oxidation reactions are carried out 

·1.·:·'· .. ·-... ·· ... ·.. by CYPs, flavin-containing monooxygenases (FMO), and epoxide hydrolases (EH). The CYPs and FMDs are com-
posed of superfamilies of enzymes. Each superfamily con
tains multiple genes. The phase 2 enzymes include several 
superfamilies of conjugating enzymes. Among the more 

L 

impo1tant are the- glutathione-S-transferases (GST), UDP
glucuronosy hrnnsferascs (UGT), sulfotransferases (SULT), 
N-acetyltransferases (NAT), and methyltransferases (MT) . 
These conjugation reactions usually require the substrate 
to have oxygen (hydroxyl or epoxide groups), nitrogen, 
and sulfur atoms that serve as acceptor sites for a hydro
philic moiety, such as glutathione, glucuronic acid, sulfate, 
or an acetyl group, that is covalently conjugated to an 
acceptor site on the molecule. The example of phase 1 and 
phase 2 metabolism of phenytoin is shov,m in Figure 3-1. 
The oxidation by phase 1 enzymes either add~ or exposes a 
functional group, permitting the products of phase 1 
metabolism to serve as substrates for the phase 2 conjugat
ing or synthetic enzymes. In the case of the UGTs, glucu
ronic acid is delivered to the functional group, fanning a 
glucuronide metabolite that is now more water soluble 
with a higher molecular weight that is targeted for excre
tion either in the urine or bile, When the substrate is a 
drug, thesereactions usually convert the original drug to a 
form that is not able to bind to its target receptor, thus 
attenuating the biological response to the drug. 

Sites of Drug Metabolism, Xenobiotic metabolizing 
enzymes are found in most tissues in the body with the 
highest levels located in the tissues of the gastrointestinal 
tract (liver, small and large intestines). Drugs that are 
orally administered, absorbed by the gut, and taken to the 
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half-lives than drugs that are rapidly metabolized. Other 
organs that contain significant xenobiotic-metabolizing 
enzymes include the tissues of the nasal mucosa and lung, 
which play importanl roles in the first-pass metabolism of 
drugs that are administered through aerosol sprays. These 
tissues are also the first line of contact with hazardous 
chemicals that are airborne. 

Within the cell, x.enobiotic-metabolizing enzymes are 
found in the intracellular membranes and in the cytosol. 
The phase l CYPs, FMOs, and EHs, and some phase 2 
conjugating enzymes, notably the UGTs, are all located in 
the endoplasmic reticulum of the cell (Figure 3-2). The 
endoplasmic reticulum consists of phospholipid bilayers 
organized as tubes and sheets throughout the cytoplasm of 
the cell. This network ha_s an inner lumen that is physical

liver, can be extensively metabolized. The liver is consid
ered the major "metabolic clearing house" for both endo
genous chemicals (e.g., cholesterol, steroid hormones, 
fatty acids, and proteins), and xenobiotics. The small 
intestine plays a crucial role in drug metabolism since 
most drugs that are orally administered are absorbed by 
the gut and taken to the liver through the portal vein. The 
high concentration of xenobiotic-metabolizing enzymes 
located in the epithelial cells of the GI tract is responsible 
for the initial metabolic processing of most oral medica
tions. This should be considered the initial site for first
pa.~s metabolism of drugs. The absorbed drug then enters 
the portal circulation for its first pass through the liver, 
where metabolism may be prominent, as it is for {3 adre
nergic receptor antagonists, for example. While a portion 
of active drug escapes this first-pass metabolism in the GI 
tract and liver, subsequent passes through the liver result 
in more metabolism of the parent drug until the agent is 
eliminated. Thus, drugs that are poorly metabolized 
remain in the body for longer periods of time and their 
pharmacokinetic profiles show much longer elimination 

ly distinct from the rest of the cytosolic components of the ,; 
cell and has connections to the plasma membrane and + 

'~ nuclear envelope. This membrane localization is ideally ,, 
suited for the metabolic function of these enzymes: hydro- ·:
phobic molecules enter the cell and become embedded in i 
the lipid bilayer where they come into direct contact with ·1 

-~ 

Cell 

Endoplasmic reticulum 

Nucleus 

Cytoplasm 

Lumen 

CYP-oxidoreductase lron-protoporphyrin IX 
complex (Heme) 

M V 
NADPH-P450 
oxidoreductase 

M M 

p V 

p M 

i 
figure J-2. Location of CYPs i11 the cell. The figure shows increasingly microscopic levels of detail, sequentially expanding the :; 
areas within the black boxes. CYPs are embedded in the phospholipid bilayer of the endoplasmic reticulum (ER). Most of the enzyme is ,r: 
located on the cytoso]jc surface of the ER. A second enzyme, NADPH-cytochrome P450 ox.idoreductase, transfer:; electroru; to the CYP)f 
where it can, in the presence of 02 , oxidize xenobiotic substrates, many of which are hydrophobic and dissolved in the ER. A single;), 
NADPH-CYP ox.idoreductase species transfers electrons to all CYP isoforms in the ER. Each CYP contains a molecule of iron-protopor/ 
pbyrin IX that functions to bind and activate~-Substituents _on the porphyrin ring are methyl (M), propionyl (P), and vinyl (V) gro ups. ' 
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~t1J}lt,phase 1 enzym~s. Once subjected to oxidation, drugs 
{;_{.':{/'.:· be conjugated Ill the membrane by the UGTs or by .... ,., . ·. ,,ciill 
:;/'/;:ftiie cytosolic transferases such as GST and SULT. The 
/; ',}f.fuetabolites can then be transported out of the cell through 
(/j,fhe plasma membrane where they are deposited into the 
0;'\-::t1:Modstream. Hepatocytes, which constitute more than 
r;:>.'\90% of the cells in the liver, cmTy out most drug metabo
r\\Jism and can produce conjugated substrates that can also 
\ ,i ,,:!Je transported though the bile canalicular membrane into 

·Jhe bile from which they are eliminated into the gut (see 

\Chapter 2). 
I: 
, > The CYPs. The CYPs are a superfamily of enzymes, all 
f>: :6fwhich contain a molecule of heme that is noncovalent
,, '- Jy bound to the polypeptide chain (Figure 3-2). Many 

enzymes that use 0 2 as a substrate for their reac
contain heme. Heme is the oxygen-binding moiety, 

found in hemoglobin, where it functions in the bind
and transport of molecular oxygen from the lung to 

' other tissues. Heme contains one atom of iron in a hydro-
carbon cage that functions to bind oxygen in the CYP 

site as part of the catalytic cycle of these enzymes. 
CYPs use 0 2, plus H+ derived from the cofactor-reduced 
nicotinamide adenine dinucleotide phosphate (NADPH), 

-co carry out the oxidation of substrates. The H+ is sup-
. . plied through the enzyme NADPH-cytochrome P450 
· oxidoreductase. Metabolism of a substrate by a CYP 

consumes one molecule of molecular oxygen and pro
·. duces an oxidized substrate and a molecule of water as a 

by-product. However, for most CYPs, depending on the 
nature of the substrate, the reaction is "uncoupled," con

. suming more 0 2 than substrate metabolized and produc
. ing what is called activated oxygen or 0 2-. The 0 2- is 
· usually converted to water by the enzyme superoxide 
· ·ctismutase. 

Among the diverse reactions carried out by mammali
an CYPs are N-dealkylation, 0-dealkylation, aromatic 
hydroxylation, N-oxidation, S-oxidation, deamination, and 
dehalogenation (Table 3-2). More than 50 individual 
CYPs have been identified in humans. As a family of 
enzymes, CYPs are involved in the metabolism of dietary 
and xenobiotic agents, as well as the synthesis of endoge
nous compounds such as steroids and the metabolism of 
bile acids, which are degradation by-products of choles-

. terol. In contrast to the drug-metabolizing CYPs, the 
· ·. CYPs that catalyze steroid and bile acid synthesis have 

very specific substrate preferences. For example, the CYP 
that produces estrogen from testosterone, CYP 19 or aro
matase, can metabolize only testosterone and does not 
metabolize xenobiotics. Specific inhibitors for aromatase, 
such as anastrozole, have been developed for use in the 

75 

treatment of estrogen-dependent tumors (see Chapter 51). 

The synthesis of bile acids from cholesterol occurs in the 
liver, where, subsequent to CYP-catalyzed oxidation, the 
bile acids are conjugated and transported tl1rough the bile 
duct and gallbladder into the small intestine. CYPs 
involved in bile acid production have strict substrate 
requirements and do not participate in xenobiotic or drug 
metabolism. 

The CYPs that carry out xenobiotic metabolism have a 
tremendous capacity to metabolize a large number of 
structuraily diverse chemicals. This is due both to multi
ple forms of CYPs and to the capacity of a single CYP to 
metabolize many structurally distinct chemicals. A single 
compound can also be metabolized, albeit at different 
rates, by different CYPs: In addition, CYPs can metabo
lize a single compound at different positions on the mole
cule. In contrast to enzymes in the body that carry out 
highly specific reactions involved in the biosynthesis and 
degradation of important cellular constituents in which 
there is a single substrate and one or more products, or 
two simultaneous substrates, the CYPs are considered 
promiscuous in their capacity to bind and metabolize mul
tiple substrates (Table 3~2). This property, which is due 
to large and fluid substrate binding sites in the CYP, sac
rifices metabolic turnover rates; CYPs metabolize sub
strates at a fraction of the rate of more typical enzymes 
involved in intermediary metabolism and mitochondrial 
electron transfer. As a result, drugs have, in general, half
lives of the order of 3 to 30 hours, while endogenous 
compounds have half-lives of the order of seconds or 
minutes (e.g., dopamine and insulin). Even though CYPs 
have slow catalytic rates, their activities are sufficient to 
metabolize drugs that are administered at high concentra
tions in the body. This unusual feature of extensive over
lapping substrate specificities by the CYPs is one of the 
underlying reasons for the predominance of drug-drug 
interactions. When two coadministered drugs are both 
metabolized by a single CYP, they compete for binding to 
the enzyme's active site. This can result in the inhibition 
of metabolism of one or both of the drugs, leading to ele
vated plasma levels. If there is a narrow tl1erapeutic index 
for the drngs, the elevated serum levels may elicit 
unwanted toxicities. Drug-drug interactions are among the 
leading causes of adverse drug reactions. 

The CYPs are the most actively studied of the xcnobimic metab
ol.izing enzymes since they are responsible for metabolizing the vast 
majority of therapeutic drugs. CYPs are complex and diverse in 
I.heir regulation and catalytic activities. Cloning and sequencing of 
CYP complementary DNAs, and more recently total genome 
sequencing, have revealed the existence of I 02 putatively functional 
genes and 88 pseudogenes in die mouse, and 57 putatively functional 
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Table J-2 
Major Reactions Involved in Drug Metabolism 

I Oxidative reactions 
N-Dealkylation 

0-Dealkylation 

Aliphatic 
hydroxylation 

Aromatic 
hydroxylation 

N-Oxidation 

S-Oxidation 

ROCI-f:i ~ ROH+ CH20 

RCH2CH3 ~ RCHOHCH3 

6-6-¢ 
O OH 

RNHOH 

OH 

Dcamination 
RCHCH3 I 0 

I -- R - c--CHs ->- II + NH3 
NH2 I R-C-CH3 

NH2 

II. Hydrolysis reactions 

III. Conjugation reactions 

Glucuronidation 

R+ 

0 

11 - >- R1COOH -- R20H2 
R1COR2 

a 
II --+- R1COOH -- R2NH2 

R1CNR2 

COOH 

I 

~ --
6 ~ 6"' 

OH UDP 

UDP-glucuronic acid 

76 

+ UC 

Irnipramine, diazepam, codeine, 
erythromycin, morphine, tarnoxifen, 
theophylline, caffeine 

Codeine, indomethacin, dextromethorphan 

Tolbutamide, ibuprofen, phenobarbital, 
mcprobamate, cyclosporine, midazolam 

Phenytoin, phenobarbital, propanolol, 
ethinyl estradiol, amphetamine, war
farin 

Chlorphenirnmine, dapsone, mcperidine 

Cimetidine, chlorpromazine, thior
idazine, omcprazole 

Diazcpam, amphetamine 

Carbamazcpinc 

Procaine, aspirin, clofibrate, meperidine, 
enalapril, cocaine 

Lidocaine, procainamidc, indomethacin 

Acetaminophen, morphine, oxazepam, 
lorazepam 

·) 

ti 
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PAPS + ROH ~ R-0-S02 -0H + PAP Acetaminophen, steroids, methyldopa 

3'-phosphoadcnosine-5' 
phosphosulfate 

3 '-phospll oadenosine-5'
phosphate 

Sulfonamides, isoniazid, dapsone, 
clonazepam (see Table 3-3) 

RO-, RS-, RN- + AdoMet ~ RO-CH1 + AdoHomCys L-Dopa, methyldopa, mercaptopurine, 
captopril 

GSH + R --> R-GSH Adriamycin, fosfomycin, busulfan 

and 58 pscudogenes in humans. These genes are grouped, 
on amino acid sequence similarity, into a !urge number of 

. families and subfamilies. CYPs are named with the root CYP fol
; .::lowed by a number designating the family, a letter denoting the sub-

:.family, and another number designating the CYP fonn. Thus, 
. · CYP3A4 is family 3, subfamily A, and gene number 4. While sever

·. ·al' CYP families arc involved in the synthesis of steroid honnones 
. and bile acids , and the metabolism of rctinoic acid and fatty acids, 
. including prostaglandins and eicosanoids, a limited number of CYPs 
05 in humans) that fall into families l to 3 are primarily involved in 
xenobiotic metabolism (Table 3-1}. Since a single CYP can mi::tab
olize a large number of struc turally diverse compounds, these 
enzymes cau collectively metabofo'.c scores of chemicals found in 
the diet, environment, and administered as drugs. In humans, 12 

.. GYPs (CYPlAl, 1A2, !Bl , 2A6, 2B6, 2C8,.2C9, 2C19, 2D6, 2El, 
· . 3A4, and 3A5} are known to be important for metabolism of xcno

biotics. The liver contains lhe greatest abunc4lnce of xe nob iotic
metabolizing CYPs, thus ensuring efficient first-pass metabolism of 
drugs. CYPs arc also expressed throughout the GI tract, and in 
1.ower amounts in lung, kidney, and even in the CNS. The expres
sion of the different CYPs can differ markedly as a result of dietary 
and environmental exposure to inducers, or through interindividual 
changes resulting from heritable polymorphic differences in gene 
structure, and tissue-specific expression patterns can impact on 
overall drug metabolism and clearance. The most active CYPs for 
·drug metabolism are those in the CYP2C, CYP2D, and CYP3A sub
families. CYP3A4 is the most a bundantly expressed and involved in 
the metabolism of about 50% of clinically used drugs (Figure 3-
JAJ . The CYPlA, CYPlB, CYP2A, CYP2B, and CYP2E subfami
lies are not significantly in volved in the metabolism of thenipeutic 
drugs, but they do catalyze the metabolic activation of many protox
ins and procarcinogcns to their ultimate reactive metabolites. 

·n1ere arc large differences in levels of expression of each CYP 
between individuals as assessed both by clinical pharmacologic 
studies and by analysis of expression in human liver samples. This 
large interindividual variability in CYP expression is due to the 
Presence of genetic polymorphisms and differences in gene regula-

tion (see below). Several human CYP genes exhibit polymorphisms, 
including CYP2A6, CYP2C9, CYP2CJ9, and CYP2D6. Allelic vari
ants have been fonnd in the CYPJBJ and CYP3A4 genus, but they 
are present at low frequencies in humans and appear not to have a 
maJor role in interindivi<lual levels of expression of these enzymes. 
However, homozygous mutations in the CYP 1 B 1 gene are associat
ed with primary conge~ital glaucoma . 

Drug-Drug Interactions. Differences in the rate of 
metabolism of a drng can be due to dmg interactions. 
Most commonly, this occurs when two drugs (e.g., a stat
in and a macrolide antibiotic or antifungal) are coadminis
tcrcd and are metabolized by the same enzyme. Since 
most of these drug-drug interactions are due to CYPs, it 
becomes important to determine the identity of the CYP 
that metabolizes a particular drug and to avoid coadminis
tering drugs that are metabolized by the same enzyme. 
Some drugs can also inhibit CYPs independently of being 
substrates for a CYP. For example, the common antifun
gal agent, ketoconazale (NIZORAL), is a potent inhibitor 
of CYP3A4 and other CYPs, and coadministration of 
ketoconazole with the anti-HIV viral protease inhibitors 
reduces the clearance of the protease inhibitor and increases 
its plasma concentration and the risk of toxicity. For most 
drugs, descriptive infonnation found on the package insert 
lists the CYP that carries out its metabolism and the 
potential for drug interactions. Some drugs are CYP 
inducers that can induce not only their own metabolism, 
but also induce metabolism of other coadministered drugs 
(see below and Figure 3-13). Steroid hormones and herb
al products such as St. John's wort can increase hepatic 
levels of CYP3A4, thereby increasing the metabolism of 
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A 
CYP1A1/2 

CYP1B1 

CYP2A6 

CYP2B6 

CYP2D6 

B 

SUL Ts 

CYP2E1 

Epoxide 
hydro lase 

CYP3A4/5 

UGTs 

Figure J-J. The fraction of clinically used drugs metabo
lized by the major phase 1 and phase 2 enzymes. The relative 
size of each pie section represents the estimated percentage of 
drugs metabolized by the major phase 1 (panel A) and phase 2 
(panel B) enzymes, based on studies in the literature. In some 
cases, more than a single enzyme is responsible for metabolism 
of a single drug. CYP, cytochrome P450; DPYD," dihydropyrim
idine dehydrogenase; GST, glutathione-S-transferase; NAT, N
acetyltransferase; SULT, sulfotransferase, TPMT, thiopurine 
methyltransferase; UGT, UDP-glucuronosyltransferase . 

many orally administered drugs. Drug metabolism can 
also be influenced by diet. CYP inhibitors and inducers 
are commonly found in foods and in some cases these can 
influence the toxicity and efficacy of a drug. Components 
found in grapefruit juice (e.g., naringin, furanocoumarins) 
are potent inhibitors of CYP3A4, and thus some ·drug 
inserts recommend not taking medication with grape
fruit juice because it could increase the bioavailability 
of a drug. 

Te,fenadine, a once popular antihistamine, was removed from 
the market because its metabolism was blocked by CYP3A4 sub-

Section I I General Principles 

strates such as erythromycin and grapefruit juice. Terfenadine 18 
actually a prodrug that require~ oxidation by CYP3A4 to its active 
metabolite, and at high doses the parent compound causi;,d ~rrhyth
mias. Thus, elevated levels of parent drug in the plasma as a result 
of CYP3A4 inhibition caused ventricular tachycardia in some indi
viduals, which ultimately led to its withdrawal from the market. ill , 
addition, interindividual differences in drug metabolism are signifi- ·, 
candy influenced by polymorphisms in CYPs. The CYP2D6 poly- ; , 
morphism has Jed to the, withdrawal of several clinically used drugs .1 
(e.g .• debrisoquine and perhexiline) and the cautious use of others ·.~ 
that are known CYP2D6 substrates (e.g., encainide andflecainide :~ 
[antiauhythrnics], desipramine and 1Wrrriptyline [antidepressants],·~ , 
and codeine). ,, 

... 

Flavin-Containing Monooxygenases (FMOs). The FMOs f 
are another superfamily of phase 1 enzymes involved ) 
in drug metabolism. Similar to CYPs, the FMOs are } · 
expressed at high levels ··in the liver and are bound to { 
the endoplasmic reticulum, a site that favors interaction f : 
with and metabolism of hydrophobic drug substratesJ : 
There are six families of FMOs, with FM03 being the§ 
most abundant in liver. FM03 is able to metabolizeil 
nicotine as well as Hrreceptor antagonists (cimetidin/~ 
and ranitidine), antipsychotics (clozapine), and anti-:;' 
emetics (itopride). A genetic deficiency in this enzyme) 
causes the fish-odor syndrome due to a lack of metaba-t 
!ism of trimethylamine N-oxide (TMAO) to trimethyl-,i 
amine (TMA); in the absence of this enzyme, TMAm'. 
accumulates in the body and causes a socially offensive/ 
fish odor. TMAO is found at hi gh concentrations, up to:~ 
15% by weight, in marine animals where it acts as an;! 
osmotic regulator. FMOs are considered minor contrib-!, 
utors to drug metabolism and they almost always pro-£ 
duce benign metabolites. In addition, FMOs are not{ 
induced by any of the xenobiotic receptors (see below)i: 
or easily inhibited; thus, in distinction to CYPs, FMOs[ 
would not be expected to be involved in drug-drug'!( 
interactions. In fact, this has been demonstrated by& 
comparing the pathways of metabolism of two drugsl.: ' 
used in the control of gastric motility, itopride andJ : 
cisapride. Itopride is metabolized by FM03 while cis:I 
apride is metabolized by CYP3A4; thus , itopride is Jess;; 
likely to be involved in drug-drug interactions than isl 
cisapride. CYP3A4 participates in drug-drug interac·,~ 
tions through induction and inhibition of metabolisrn:· 
whereas FM03 is not induced or inhibited by any dini-~ 
cally used drugs. It remain s a possibility that FMO~} • 
may be of importance in the development of new drugs. A:· 
candidate drug could be designed by introducing a sitt 
for FMO oxidation with the knowledge that selecteg; 
metabolism and pharmacokinetic properties could b1 

accurately calculated for efficient drug-based biolog[:~ . 
cal efficacy. · 
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{{iofytic Enzymes. Two forms of epoxide hydrolase 
.:,. out hydrolysis of epoxides produced by CYPs. The sol

Jt epoxide hydrolase (sl:H) is expressed in ~e cyt?sol 
\ ·-, )'·' £ire·the microsomal epoxtde hydrolase (mEH) IS localized 
i][;'.i.'"ittlemembrane of the e~doplasmic re_ticulum. Epoxides are 
;.J,;J;i:i:gbly reactive electro?hiles that can bmd to cellu~ar n_ucleo
{tJi.piTIJes found in protem1 RNA, and D~llA, resulong m cell 
/)!l.-6kicity and transformation. Thus, epoxide hydrolases partic
f:'.{'[pate in the deactivation of potentially toxic de1ivatives gen
'//Oerated by CYPs. There are a few examples of the int1uence 
/\cifmEH on drug metabolism. Tiie antiepileptic drug carbam
}: .azepine is a prod.mg that is converted to its pharmacological
_"- •Iy active derivative, carbamazepine-10,ll-epoxide by CYP. 

-This metabolite is efficiently hydrolyzed to a dihydrodiol by 
ri1EH, resulting in inactivation oftbe drug (Figure 3-4). Jnhi
.!Jition of mEH can cause an elevation in plasma concentra
,tions of the active metabolite, causing side effects. The tran-

·,. (guilizer valnoctamide and anticonvulsant valproic acid 
/\'uihibit mEH, resulting in clinically significant drug interac

i _tions with carbamazepine. This has led to efforts to develop 
new antiepileptic drugs such as gabapentin and levetirace
tam that are metabolized by CYPs and not by EHs. 

The carboxylesterases comprise a superfamily of 
enzymes that catalyze the hydrolysis of ester- and amide-

Qf) 
N 
/ 

CONH2 i CYP 

QfYO 
N 
I 

CONH~ 

i rnEH 

OH 

QSJ .. OH 

N 
I 

CONH2 

Figure J-4. Metabolism of carhamazepine by CYP and 
microsomal epoxide hydrolase (mEH). Carbamazepine is oxi~ 
dized to the pharmacologically-active metabolite carbam
azepine-10,11-epoxide by CYP. The epoxide is converted to a 
trans-dihydrodiol by mEH. This metabolite is biologically inac
tive and can be conjugated by phase 2 enzymes. 

0 
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o}--o I """' 
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lrinotecan 

SN-38 

79 

H3C OHO 
UDP-glucuron~ic 

acid UGT1A1/7 

UDP 

COOH 

t,-,o) 
H~O 

OH 

SN-38 glucuronide 

H3C OHO 

Figure 3-5. Metabolism of irinotecan (CPT-11). The pro
drug CPT-11 is initial1y metabolized by a serum esterase (CES2) 
to the topoisomerasc inhibitor SN-38, which is the active camp
tothecin analog that slows tumor growth. SN-38 is then subject 
to glucuronidation, which results in loss of biological activity 
and facilitates elimination of the SN-38 in the bile. 

containing chemicals. These enzymes are found in both 
the endoplasmic reticulum and the cytosol of many cell 
types and are involved in detoxification or metabolic acti
vation of various drugs, environmental toxicants, and car
cinogens. Carboxylesterases also catalyze the activation 
of prodrugs to their respective free acids. For example, 
the prodrug and cancer chemotherapeutic agent irinotecan 
is a camptothecin analog that is bioactivated by plasma 
and intracellular carboxylesterases to the potent topoi
somerase inhibitor SN-38 (Figure 3-5). 
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Conjugating Enzymes. There are a large number of 
phase 2 conjugating enzymes, all of which are considered 
to be synthetic in nature since they result in the formation 
of a metabolite with an increased molecular mass. Phase 2 
reactions also terminate the biological activity of the drug. 
The contributions of different phase 2 reactions to drug 
metabolism are shown in Figure 3-3B. Two of the phase 2 
reactions, glucuroniclation and sulfation, result in the for
mation of metabolites with a significantly increased water
to-lipid partition coefficient, resulting in hydrophilicity and 
facilitating their transport into the aqueous compartments 
of the cell and the body. Glucuronidation also markedly 
increases the molecular weight of the compound, a modifi, 
cation that favors biliary excretion. While sulfation and 
acetylation terminate the biological activity of drugs, the 
solubility properties of these metabolites are altered 
through minor changes in the overa11 charge of the mole
cule. Characteristic of the phase 2 reactions is the depen
dency on the catalytic reactions for cofactors such as 
UDP-glucuronic acid (UDP-GA) and 3'-phosphoadenos
ine-5'-phosphosulfate (PAPS), for UDP-glucuronosyltrans
fcrases (UGT) and sulfotransferases (SULT), respectively, 
which react with available functional groups on the sub
strates. The reactive functional groups are often generated 
by the phase 1 CYPs. All of the phase 2 reactions are car
ried out in the cytosol of the cell, with the exception of glu
curonidation, which is localized to the luminal side of the 
endoplasmic reticulum. The catalytic rates of phase 2 reac
tions are significantly faster than the rates of the CYPs. 
Thus, if a drug is targeted for phase 1 oxidation through the 
CYPs, followed by a phase 2 conjugation reaction, usually 
the rate of elimination will depend upon -the initial (phase 
1) oxidation reaction. Since the rate of conjugation is faster 
and the process leads to an increase in hydrophilicity of the 
dmg, phase 2 reactions are generally considered to assure 
the efficient elimination and detoxification of roost drugs. 

Glucuronidation. Among the more important of the 
phase 2 reactions in the metabolism of drugs is that cata
lyzed by UDP-glucuronosyltransferases (UGTs) (Figure 
3-3B). TI1ese enzymes catalyze the transfer of glucuronic 
acid from the cofactor UDP-glucuronic acid to a substrate 
to form ,6-D-glucopyranosiduronic acids (glucuronides), 
metabolites that are sensitive to cleavage by ,B--giucu
roni<lase. The generation of glucuronides can be formed 
through alcoholic and phenolic hydroxyl groups, carbox
y l, sulfuryl, and carbonyl moieties, as well as through pri
mary, secondary, and tertiary amine linkages. Examples 
of glucuronidation reactions are shown in Table 3-2 and 
Figure 3- 5. The structural diversity in the many different 
types of drugs and xenobiotics that are processed d1rough 

Section I I General Principles: 

glucuronidation assures that most clinically efficacious{ 
therapeutic agents will be excreted as glucuronides. · 

There are 19 human genes that encode the UGT proteins. Nine t· 
arc encoded by the UGTl locus and LO are encoded by the ucnfr 
family of genes. Both families of proteins aTe involved in the metabJ\ 
olism of drugs and xenobiotics, while the UGT2 family of protcios:'
appears to have greater specificity for the glucuronidation of endoJ 
genous substances such as steroids . The UGT2 proteins are encoded;; 
by unique genes on chromosome 4 and the su-ucture of each gene 11 . 

includes six exons. 'The clustering of the UGT2 genes on the sarne.f · 
chromosome with a comparable organization of the regions encod-'c 
ing the open reading frames is evidence that gene duplication has,. 
occuned, a process of natural selection that has resulted in the muJ-t · 
tiplication and eventual diversification of the potential to detoxifyJ 
the plethora of compounds that are targeted for glucuronidation. .i! 

The nine fu[lctional UGTl proteins are all encoded by the UGr/; 
locus (Figure 3-6), which is.located on chromosome 2. The UGTif , 
locus spans nearly 200 kb, wi!h over 150 kb encoding a Landem? : 
array of cassette cxonie regions that encode approx.imatelv 280;, 
amino acids of the amino terminal portion of the UGTI A pr~tein& ~ 
Four exons are located at the 3' end of the locus that encode the car-'' 
boxyl 245 amino acids that combine with one of the consccutivcly! · 
numbered array of first exons to form the individual UGTl "ene·· · 
products. Since exons 2 to 5 encode the same sequence for ~acn{ 
UGTIA protein, the variability in substrate specificity for each of:! 
the UGTlA proteins results from the significant divergence iat 
sequence encoded by the exon l regions. The 5' flanking region ofi: 
each fost-exon cassette C?ntains a fully functional promoter capahle~ 
of initialing transcription in an inducible and tissue-specific manner.{ 

From a clinical perspective, the expression of UGTlAl assumes a~f 
important role in drng rnetabulism since the glucuronidation of biJiru.f 
bin by UGTl Al is the rate-limiting step in assuring efficient bilirubiri): . 
clearance , and this rate can be affected by both genetic variation and'£ 
competing subslnites (drugs). Bilirubin is the breakdown product o[i 
heme, 80% of which originates from circulating hemoglobin and 20%0 
from other heme-containing proteins such ns the CYPs. Biliru bin il 

UGT1 Locus 
} 
i: --- ---- Exon 1 sequences } 

12p,,~re:: rw 1 3p rs· F c; 5 r; r;: 2p r,,,,;; 
1 ·-T~T-• +--+ l._..l::___) _________ 1~T_T_•_..1?J»?: 

I 3 Kb 1 BKb 11 Kb 23Kb 9Kb !OK/J 19/(b 5Kb 9Kb t !Kb 1 OKI> c> 

UGT1A1 HUI} 
UGT1A3 I lltii · 

UGT1A4 I um 
UGT1A5 I HW 

UGT1 A 6 1-1---------1-lfff\ 
UGT1 A7 I !Hi) 

UGT1A9 I II-ff: 
UGT1A10t----- ttm 

UGT1A8 I--- ---tffl; 
+----------198872bp------~~ 

Figure J-6, Organization of the UGTIA Locus. Tnmscrip,f 
ti.on of the UGT IA genes commences with the activation 6Q · 
PolII, which i& controlled through tissue-specific events. Con~ 
served exons 2 to 5 are spliced to each respec tive ex.on t 
sequence resulting in the production of unique UG1'1 A sequencJ 
es. The UGTJ A locus encodes nine functional proteins. 
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\~J;i~;;) phobic, associates with serum albumin, and must be metabolized 
,x.·:.J1X'w. by· glucuronidation to assure its elimination. The failure to. effi-
, ·· 'furilier -
j';\i:g;,.··.···t1· ... ·:metabolize bilirubin by glucumnidation leads to elevated serum 
•:. ,-,.•aen Y (J d h b'lirub. · · d. \'it)< : ·. i . · and a clinical symptom ca e yper I menua or Jaun 1ce. 

'i\::1~:e .s are more than 50 genetic lesions in the UGTJA 1 gene that can 
::.:'.\.fJJcto inheritable unconjugated hyperbilirubinernia. Crigler-Najjar 
\ .; ;: ';"' 'tlfome type I is diagnosed as a complete lack of bilirubin glucu-
:; ~yn'dation, while Crigler-Na,Uar syndrome type II is differentiated by 

, · .. ·::~detection of low amounts of bi~ubin glucuronides in duodenal 
) \\';,cretions. Types I aad JI Crigler-NaJJar syndrome are rare, and result 
/, .frtlm genetic polymorphisms in the open reading frames of the 
i•>uc;TJAI gene, resulting in abolished or highly diminished levels of 

• functional protein. . . . _ . 
. · · -· Gilbert's syndrome is a genern.lly bemgn cond1t1on that 1s present 

. · 'n up to IO% of the population; it is diagnosed clinically because cir
.. : . ~ufating bilirubin levels are 60% to 70% higher than those seen in 
:. ·.· .norinal subjects. The most common genetic polymorphism associated 
. i: with Gilbert's syndrome is a mutation in the UGTlAl gene promoter, 
·• · .'\Vhich leads to reduced expression levels of UGT!Al. Subjects diag
··: :nosed with Gilbert's syndrome may be predisposed to adverse drug 

; reactions resulting from a reduced capacity to metabolize drugs by 
. / UGTlA 1. If a drug undergoes selective metabolism by UGTl Al , 
; \ ~iJinpetiLion for drug metabolism with bilirubin glucuronidation will 
/ , eiist, resulting in pronounced hyperbilirubinemia as well as reduced 

<,clearance of metabolized drug. Tra11ilast [N-(3'4'-demetho~ycin
.. namoyl)-anthranilic acid] is an investigational drug used for the pre-

vention of restenosis in patients that have undergone transluminal cor
onary revascularization (intracoronary stents). Tranilast therapy in 

H~C~OOH
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patients with Gilbert's syndrome has been shown to lead to hyperbili
rubinemia as well as potential hepatic complications resulting from 
elevated levels of tranilast. 

Gilbert's syndrome also alters patient responses to irinotecan. 
lrinotecan, a prodrug used in chemotherapy of solid tumors (see 
Chapter 51), is metabolized to its active form, SN-38, by serum car
boxylesterases (Figure 3-5). SN-38, a potent.topoisornerasc inhibi
tor, is inactivated by UGTIAI and excreted in the bile (Figures 3-7 
and 3-8). Once in the lumen of the intestine, the SN-38 glucuronide 
undergoes cleavage by bacterial /3-glucuronidase and re-enters the 
circulation through intestinal absorption. Elevated levels of SN-38 
in the blood lead to hematological toxicities characterized by leuko
penia and neutropenia, as well as damage to the intestinal epithelial 
cells (Figure 3-8), resulting in acute and life-threatening diarrhea . 
Patients with Gilbert's syndrome who are receiving irinotecan thera
py are predisposed to the hematological and gastrointestinal toxici
ties resulting from elevated sernm levels of SN-38, the net result of 
insufficient UGTlA activily and the conseqnent accumulation of a· 
toxic drug ia the GI epithelium. 

The UGTs are expressed in a tissue-specific and of ten induc~ 
ible fashion in most human tissues, with the highest concentration 
of enzymes found in the GI tract and liver. Based upon their physi
cochemical properties, glucuronides are excreted by the kidneys 
into the urine or through active transport processes through the 
apical surface of the liver hepatocytes into the bile ducts where 
they are transported to the duodenum for excretion with compo
nents of the bile. Most of the bile acids that are glucuronidated are 
reabsorbed back to the liver for reutilization by "enterohepatic 

Biliary excretion of 
SN-38 glucuronide (SN-3BG) 

HOd~O 
SN-38 

.. . · figure J-7. Routes of SN-38 transport and exposure to intestinal epithelial cells_ SN-38 is transp orted into the bile following 
,;:· glucuronidation by liver UGTlAl and extrahepatic UGTlA 7. Following ckavage of luminal S N-38 glucuronide (SN-38G) by bacteri
: · al /)--glucuro nidase, reabsorption into epithelia l cells can occur by pass ive diffusion (indicated by the dashed arrows entering the cell) 
·. ·as Well as by apical transporter s. Mo vemen t into epitheli al cells may a lso occur from the blood by basolatcral transporter s. Intestinal 

~N-38 can efflux into the lumen through P-g lycoprotcin (P-gp) and multid rug resistance protein 2 (MRP2) and into the blood via 
.. •. MRPl, Excessive accumulation of the S N-38 in intestinal epithelial cells, resulting from reduced glucmon idation, can lead to cellular 

1;[~amage and toxicity (Tukey et al. , 2002) . 

. :( -_; 

i 
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Blood Supply 

Leukopenia .. 
Neutropenia - Tox1c1ty ..._ Blood Cells 

t IRINOTECAN Carboxylesterase 
(CPT-11) 

,, 
•· 

GI Lumen 

Section I I General Principles 1 

(excretron in feces) 

Figure :J-8. Cellular targets of SN·38 in the Mood a11d intestinal tissues, Excessive accumulation of SN-38 can lead to blood'::. 
toxicities such as leukopenia and neutropenia, as well as damage to the intestinal epithelium. These toxicities are pronounced in indi-t 
victuals that have reduced capacity to form the SN-38 glucuronide, such as patients with Gilbert's syndrome, Note the different body.~ 
compartments and cell types involved (Tukey et al,, 2002). l. 

recirculation"; many drugs that are glucuronidated and excreted in 
the bile can re-enter the circulation by this same process. The /3-D
glucopyranosiduronic acids are targets for {3-glucuronidase activi
ty found in resident strains of bacteria that are common in the 
lower GI tract, liberating the free drug into the intestinal lumen. 
As water is reabsorbed into the large intestine, free drug can then 
be transported by passive diffusion or through apical transporters 
back into the intestinal epithelial cells, from which the drug can 
then re-enter the circulation. Through portal venous return from 
the large intestine to the liver, the reabsorption process allows for 
the re-entry of drug into the systemic circulation (Figures 3-7 and 
3-8). 

Su/fation. The sulfotransferases (SUL Ts) are located in 
the cytosol and conjugate sulfate derived from 3'-phos
phoadenosine-5'-phosphosulfatc (PAPS) to the hydroxyl 
groups of aromatic and aliphatic compounds. Like all of 
the xenobiotic metabolizing enzymes, the SULTs 
metabolize a wide variety of endogenous and exoge
nous substrates. In humans, 11 SULT isoforms have 
been identified, and, based on evolutionary projections, 
have been classified into the SULTl (SULTlAl, SULT1A2, 
SULT1A3, SULTlBl, SULT1C2, SYLT1C4, SULTlEl), 
SULT2 (SULT2Al, SULT2Bl-vl, SULT2Bl-v2), and 

SULT4 (SULT4Al) families. SULTs play an important 
role in nonnal human homeostasis. For example, SULT1B1 
is the predominant form expressed in skin and brain, car
rying out the catalysis of cholesterol and thyroid hor
mones. Cholesterol sulfate is an essential metabolite in 

regulating keratinocyte differentiation and skin develop-
. ' ,. ment. SULT1A3 is highly selective for catecholamines, 
i C)}while estrogens are sulfated by SULTlEl and dehydroepi-

r 

androsterone (DHEA) is selectively sulfated by SULT2Al.:~ 
In humans, significant fractions of circulating catecho!-/ · 
amines, estrogens, iodothyronines, and DHEA exist in the I: : 
sulfated form. · 

The different human SULTs display a variety of unique sub- ,. 
strate specificities, The SUL Tl family isoforms are considered to ; · 
be the major forms involved in drug metabolism, with SULT1Al ': 
being the most important and displaying extensive diversity in its ,'.'· 
capacity to catalyze the sulfation of a wide variety of structurally; 
heterogeneous xenobiotics. The isofonns in the SULT! family 'f 
have been recognized as phenol SULTs, since they have been ) 
characterized lo catalyze the sulfation of phenolic molecules sucb ;,i 
as aceiaminophen, minoxidil, and 17a.-ethinyl estradiol. While ~ 
two SULTlC isoforms exist, little is known about their substratet 
specificity toward drugs, although SULTIC4 is capable of sulfat- .1 
ing the hepatic carcinogen N-OH-2-acetylaminofluorene. Both.'/l 
SULTIC2 and SULT!C4 are expressed abundantly in fetal tissues* 
and decline in abundance in adults, yet little is known about their tl . 
substrate specificities. SULTlE catalyzes the sulfation of endoge· 'I 
nous and exogenous steroids, and has been found localized in livcr :i 
as well as in hormone-responsive tissues such as the testis, breast,.); : 
adn:nal gland, and placenta. ~ • 

The conjugation of drugs and xenobiotics is considered pri- } 
marily a detoxification step, assuring that these agents are comj · 
partmented into the water compartments of the body for targeted':'. · 
elimination. However, drug metabolism through sulfation often ~ 
leads to the generation of chemically reactive metabolites, where.\: 
the sulfate is electron withdrawing and may be heterolyticRllyf; , 
cleaved, leading to the formation of an electrophilic cation. Most:' 
examples of the generation by sulfation of a carcinogenic or toxic:~ . 
response in animal or test mutagecnicity assays have been docu- ,: 
mented with chemicals derived from the environment or fro~,; 
food mutagens generated from well-cooked meat. Thus, it l\i 
important to understand whether genetic linkages can be made bf;,t 
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·, crating known human SULT polymorphisms to cancer epi
·\ that are felt to originate from environmental sources. Since 
\1Al is the most abundant in human tissues and displays 

··d substrate specificity, the polymorphic profiles associated 
:\: {j; this gene and the onset of various human cancers is of con
:·;,y ,::derable interest. An appreciation of the structure of the proteins ,}>~ the SULT family will aid in drug design and advance an under
['[;\funding of the linkages relating sulfation to cancer susceptibility, 
if\i='epioduction: .and development. The _suLTs from ~he SULTl. ~nd 
\?CSULT2 famtlres were among the i1rst xenob1ouc-metabol1Zmg 
"-''"'enzymes to be crystallized and the data indicate a highly con
'·/\served catalytic core (Figure 3-9A). The structures reveal the role >·\

0
f the co-substrate PAPS in catalysis, identifying the conserved 

·. · amino acids that facilitate the 3' phosphate's role in sulfuryl 
·' ' iransfer to the protein and in turn to the substrate (Figure 3-9B). 
· · Crystal structures of the different SUL Ts indicate that while con-

,· .servation in the PAPS binding region is maintained, the organiza
tion of the substrate binding region differs, helping to explain the 

"observed differences in catalytic potential displayed with the dif
ferent SULTs. 

Glutathione Conjugation. The glutathione-S-trans
ferases (GSTs) catalyze the transfer of glutalhione to 
reactive electrophiles, a function that serves to protect 
cellular macromolecules from interacting with electro
philes that contain electrophilic heteroatoms (-0, -N, 
and -S) and in turn protects the cellular environment 
.from damage. The co-substrate in the reaction is the trip
eptide glutathione, which is synthesized from r,glutamic 
acid, cysteine, and glycine (Figure 3-10). Glutathione 
exists in the cell as oxidized (GSSG) or reduced (GSH), 
and the ratio of GSH:GSSG is critical in maintaining a 
cellular environment in the reduced state. In addition to 
affecting xenobiotic conjugation with GSH, a severe 
reduction in GSH content can predispose cells to oxida
tive damage, a state that has been linked to a number of 
human health issues. 

In the formation of glutathione conjugates, the reaction 
generates a thioether linkage with drug or xenobiotic to 
the cysteme moiety of the tripeptide. Characteristically, 
all GST substrates contain an electrophilic atom and are 
hydrophobic, and by nature will associate with cellular 
proteins. Since the concentration of glutathione in cells is 
usually very high, typically - 7 µmol/g of liver, or in the 
10 mM range, many drugs and xenobiotics can react non
enzymatically with glutathione. However, the GSTs have 
been found to occupy up to 10% of the total cellular pro
tein concentration, a property that assures efficient conju
gation of glutathione to reactive electrophiles. The high 
concentration of GSTs also provides the cells with a sink 
of cytosolic protein, a property that facilitates noncovalent 
and sometimes covalent interactions with compounds that 
are not substrates for glutathione conjugation. The cytoso
lic pool of GSTs, once identified as ligandin, has been 
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shown to bind steroids, bile acids, bilirubin, cellular hor
mones, and environmental toxicants, in addition to com
plexing with other cellular proteins. 

Over 20 human GSTs have been identified and divided into two 
subfamilies: the cytosolic and the microsomal fonns. The major dif
ferences in function between the microsomal and cytosolic GSTs 
reside in the selection of substrates for conjugation; the cytosolic 
forms have more ill\portance in the metabolism of drugs and xeno
hiolics, whereas the microsomal GSTs are important in the endoge
nous metabolism of Ieukotrienes and prostaglandins. The cytosolic 
GSTs are divided into seven classes termed alpha (GSTAI and 2), 
mu (GSTMI through 5), omega (GSTOl), pi (GSTPl), sigma 
(GSTS1), theta (GSTTI and 2), and zeta (GSTZl). Those in the 
alpha and mu classes can form heterodimers, allowing for a large 
number of active transferases to form. The cytosolic forms of OST 
catalyze conjugation, reduetion, and isomerization reactions. 

The high concentrations of GSH in the cell, as well as the over
abundance of GSTs, means that few reactive molecules escape 
detoxification. However, while there appears to be an overcapacity 
of enzyme and reducing equivalents, there is always concern that 
some reactive intermediates will escape detoxification, and by 
nature of their electrophilicity, will bind to cellular components 
and cause toxicity. The potential for such an occurrence is height
ened if GSH is depleted or if a specific fo11n of GST is polymor
phic. While it is difficult to deplete cellular GSH levels, therapeu
tic agents th at require I arge doses to be clinically efficacious have 
the greatest potential to lower cellular GSH levels. Acetamino
phen, which is normally metabolized by glucuronidation and sul
fation, is also a substrate for oxidative metabolism by CYP2El, 
which generates the toxic metabolite N-acetyl-p-benzoquinone 
imine (NAPQI). An overdose of acetaminophen can lead to deple
tion of cellular GSH levels, thereby increasing the potential for 
NAPQl to interact with other cellular components. Acetaminophen 
toxicity is associated with increased levels of NAPQI and tissue 
necrosis. 

Like many of the enzymes involved in drug and xenobiotic 
metabolism, all of the GSTs have been shown to be polymorphic. 
The mu (GSTM1 'O) and theta (GSTTl "O) genotypes express a null 
phenotype; thus, individuals thal are polymorphic at these loci are 
predisposed to toxicities by agents that are selective substrates for 
these GSTs. For example, the GSTMI 'O allele is observed in 50% 
of the Caucasian population and has been linked genetically to 
human malignancies of the Jung, colon, and bladder. Null activity in 
the GSTTl gene has been associated with adverse side effects and 
toxicity in cancer chemotherapy with cytostatic drugs; the toxicities 
result from insufficient clearance of the drugs via GSH conjugation. 
Expression of the null genotype can be as high as 60% in Chinese 
and Korean populations. Therapies may alter efficacies, with an 
increase in severity of adverse side effects. 

While the GSTs play an important role in cellular detoxification, 
their activities in cancerous tissues have been linked to the develop
ment of drug resi stance toward chemotherapeutic agents that are 
both substrates and nonsubstrates for the GSTs. Many anticancer 
drugs are effective because they initiate cell death or apoptosis, 
which is linked to the activation of mitogen-activated protein 
(MAP) kinases such as INK and p38. Invesligational studies have 
demonsu·ated lhat overexpression of GSTs is associated with resis
tance to apoptosis and the inhibition of MAP kinase activity. In a 
variety of tumors, the levels of GSTs are overexpressed, which 
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Figure J-9. The proposed reaction mechanism ofsulfuryl transfer catalyzed by the suifotransferases (SUl.Ts). A. Shown in 
figure are the conserved strand-loop-helix and strand-tum-helix structurn of the catalytic core of all SUL Ts where PAPS and xe[1obl10f,;if 

ics bind. Shown is the hydrogen bonding interaction of PAPS with Lys47 and Serm with His107 which complexes with substrate 
biotic). B. The proposed reaction mechanism shows the transfer of the sulfuryl grnup from PAPS to the OH-group on the substrate_ 
the interactions of the conserved SULT residues in this reaction. (For additional information see Negishi et al., 2001.) 
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, Figure 3-10. Glutathione as a co-substrate in the conjuga
>don of a drug or xenobiotic (X) by glutathiane-S-trans.ferase 
(GST). 

.·. ·. leads to a reduction in MAP kinase activity and reduced efficacy of 
chemotherapy. Taking advantage of the relatively high level~ of 
GST in tumor cells, inhibilion of GS T activity has been exploited as 
a therapeutic strntegy to modolate drug resistance by sensitizing 
tumors to anticancer drugs. TLK199, ll glutathione analog, serves as 
a prodrug that undergoes activation by plasma esterases to a GST 
inhibitor, TLKJ 17, which potentiates the toxicity of different anti
cancer agents (Figure 3-11). Alternatively, the elevated level of 
GST activity in cancerous cells has been ut.ilized to develop pro
drugs that can be activated by the GSTs to form elcctmphilic inter 
mediares. TLK286 is a substrate for GST that undergoes a /j-elimi

. nation reaction, fonning a glutathione conjugate and a nitrogen 
· mustard (Figure 3-12) that is capable of alky lating cellular nuc leo

philes, resulting in antiturnor activity. 

N-Acetylation. The cytosolic N-acetyltransferases (NA Ts) 
are responsible for the metabolism of drugs and environ
mental agents that contain an aromatic arnine or hydrazine 
group. The addition of the acctyl group fr.om the cofactor 
acetyl-coenzyme A often leads to a metabolite that is less 
water soluble because the potential ionizable amine is 
neutralized by the covalent addition of the acetyl group. 
NA Ts are among the most polymorphic of all the human 
xenobiotic drug-metabolizing enzymes. 

The characterization of an acetylator phenotype in 
humans was one of the first hereditary traits identified, 
and was responsible for the development of the field of 
pha.rmacogenetics (see Chapter 4). Following the discov
ery that isonicotinic acid hydrazide (isoniazid) could be 
used in the cure of tuberculosis, a significant proportion 
of the patients (5% to 15%) experienced toxicities that 
ranged from numbness and tingling in their fingers to 
CNS damage. After finding that isoniazid was metabo
lized by acetylation and excreted in the urine, researchers 
noted that individuals suffering from the toxic effects of 
the drug excreted the largest amount of unchanged drug 
and the least amount of acetylated isoniazid. Pharmacoge-
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netic studies led to the classification of "rapid" and 
. "slow" acetylators, with the "slow" phenotype being pre
disposed to toxicity. Purification and characterization of 
N-acetyltransferase and the eventual cloning of its RNA 
provided sequence characterization of the gene for slow 
and fast acetylators, revealing polymorphisms that corre
spond to the "slow" acetylator phenotype. There are two 
functional NAT gene,,, in humans, NATI and NAT2. Over 
25 allelic variants of NATI and NA12 have been charac
terized, and in individuals in whom acctylation of drugs is 
compromised, homozygous genotypes for at least two 
variant alleles are required to predispose a patient to low
ered drug metabolism. Polymorphism in the NAT2 gene 
and its association with the slow acetylation of isoniazid 
was one of the first completely characterized genotypes 
shown to impact drug metabolism, thereby linking pharma
cogenetic phenotype to a genetic polymorphism. Although 
nearly as many mutations have been identified in the 
NATI gene as the NAT2 gene, the frequency of the slow 
acety1ation patterns are attributed mostly to polymor
phism in the NAT2 gene. 

A list of drugs that are subject to acetylation and their 
lrnown toxicities are listed in Table 3-3. The therapeutic 
relevance of NAT poJymorphi~ms is in avoiding drug
induced toxicities. The adverse drug response in a slow 
acetylator resembles a drug overdose; thus, reducing the 
dose or increasing the dosing interval is recommended, 
Drugs containing an aromatic amine or a hydrazine group 

TLK199 
(prodrug) 

TLK177 
(active GST inhibitor) 

~ cellular H2~ 
esterases 

HOCH 2CH3 

Figure J-11. Activation of TLKl 99 by cellular estera~·es 
to the glutatlzione-S-(ransferase (GST) inhibitor TLK117. 
(For additional information, see Townsend and Tew, 2003.) 
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Y\ + 
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Lci 
active alkylating agent 

l 
cellular damage 

Figure J-12. Generation of the reactive alkylating agent following the conjugation of glutathione t.o TL/(286. GST interacts '{ 
with the prodrug and GSH analog, TLK286, via a tyrosine in the active site of GST. GSH portion is shown in blue. The interac- I 
tion promotes /3-elimination and cleavage of the prodmg to a vinyl sulfone and an active alk}•lating fragment. (See Townsend and ·1 
Tew, 2003.) i\ 

exist in many classes of clinically used drugs, and if a 
drug is known to be subject to drug metabolism through 
acetylation, confirming an individual's phenotYPe can be 
important. For example, hydralazine, a once popular oral
ly active antihypcrtensive (vasodilator) drug, is metabo
lized by NAT2. The administration of therapeutic doses 
of hydralazine to a slow acetylator can result in extreme 
hypotension and tachycardia. Several drugs, such as the 
sulfonamides, that are known targets for acctylation 
have been implicated in idiosyncratic hypersensitivity 
reactions; in such instm1ces, an appreciation of a patient's 
acetylating phenotype is particularly important. Sul
fonamides are transfom1ed into hydroxylamines that 
interact with cellular proteins, generating haptens that 
can elicit autoimmune responses. Individuals who are 
slow acetylators are predisposed to drug-induced autoim
mune disorders. 

Tissue-specific expression patterns of NATI and NAT2 have a 
significant impact on the fate of drug metabolism and the potential 
for eliciting a toxic episode. NATI seems to be ubiquitously 
expressed among most human tissues, whereas NAT2 is found in 
liver and the GI tract. Characteristic of both NATl and NAT2 is 
the ability to form N-hydroxy-acetylated metabolites from bicydic 

"i 

aromatic hydrocarbons, a reaction that leads to the nonenzymatic ,A' 
?<. ' 

relea~e of the acetyl group and the generation of highly reactive ~ 

nitrenium ions. Thu~. N-hydroxy aeetylation is thought to activate f 
certain environmental toxicants. In contrast, direct N-acetylation of} 
the environmentally generated bicyclic aromatic amines is stable { 
and leads to detoxification. Individuals who are NA T2 fast acctyla- i 
tors are able to efficiently metabolize and detoxify bicyclic aromat- 'J. 
ie amine through liver-dependent acetylation. Slow acetylators ?] 
(NA T2 deficient), however, accumulate bicyclic arommic amines, J 
which then become substrates for CYP-dependent N-oxidation. j 
These N-OH metabolites are eliminated in the urine. In ti ssues such} 
as bladdeJ' epithelium, NATI is highly expressed and can efficient- 1 
ly catalyze the N-hydroxy acctylation of bicyclic aromatic amines, 'i 
a process that leads to de-acetylation and the formation of the ! 
mutagenic nitrenium ion, especially in NAT2-deficient subjects. -; 
Epidemiological studies have shown that slow acetylators are pre-/ 
disposed to bladder cancer if exposed environmentally to bicyclic,':,:i 
aromatic amines. 

Methylation. In humans, drugs and xenobiotics can 
undergo 0-, N-, and S-methylation. The identification 
the individual mcthyltransferase (MT) is based on _ 
substrate and methyl conjugate. Humans express threeJ' 
N-methyltransferases, one catechol-0-methyltransferaJiel 
(COMT) a phenol-0-methyltransforase (POMT). a thio~i 
purine S-mcthyltransferasc (TPMT), and a thiol merhylIJ.t 

f; 
-:.,'.) 

-t~~· 
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Arrhythmias, hypertension Drowsiness, weakness, insomnia ~ 

_ 'hiantadine Influenza A, parkinsonism Appetite loss, dizziness, headache, nightmares ji 
\'~'/.f,,,.,,f,i .. 'minobenzoic acid Skin disorders, sunscreens Stomach upset, contact sensitization D. 
'\'#hAniinoglutethimide Adrenal cortex carcinoma, breast cancer Clumsiness, nausea, dizziness, agranulocytosis i', 

)\JE::r·c acid f 1:::~:=:~ID!ure ~l;!f i~;:i;::~:::::'· I 
. · : :'.f Benzocaine Local anesthesia Dermatitis, itching, rash, methemoglobinemia j! 

J . Caffeine Neonatal respiratory distress syndrome Dizziness, insomnia, tachycardia .. 
. , , ?'f:cCJonazepam Epilepsy Ataxia, diz~iness, slurred speech ,,, 
· C.!(j)apsone Dermatitis, leprosy, AIDS-related Nausea, vomiting, hyperexcitability, methemo- ~ 

:f l<I)ipyrone, metamizole An:~;~::x Ag;~~::~;~a;i:ermatitis :.~.; 
:, ·_ .. ' j \}Iydralazine Hypertension Hypotension, tachycardia, flush, headache _-

:-J, Jsoniazid Tuberculosis Peripheral neuritis, hepatotoxicity 
< t: Nitrazeparn Insomnia Dizziness, somnolence {i 

, \:1,L Phenelzine Depression CNS excitation, insomnia, orthostatic hypoten- '1; 

<. ~ sion, hepatotoxicity ( . :-1 ·· Procainamide V cntricular tachyarrhythmia Hypotension, systemic lupus erythematosus !Ji ·J Sulfonamides Antibacterial agents Hyf
11
e;:~~~~i;~t~dr~;1e~lytic anemia, fever, ~ 

.. ',$ 

.; f::F<_.:~-.. :. ·:··.··-' -.:.:·;·~·-' ,·_-.:~ >.::. <-' .. k _y··_,···~1:·i:··_- .,;.:.,:\F .i .)C' ·'_!., .--:, ·~~ v( ·; _: ,.· ' • ~-_0,::'.;_'. - ;· .. -~··:f-':1.:1': .'.:.:~I~ ·t: -·-•-\:j"•","~}.> .. F' ;;''1r'<"··~ . . ''/"i'.t._." , r;'_;:f~ -. ·_>~ ,~: .... · .• :· ·: : ·_ :---·:-'.'- -···..:, _. __ :,_;ti: ·A -,;·,,.;< ·_·:· !:,p .,:.:', _,, .. .:::·/, :'.'..1-~~s::;.1-;,_.; ·-._ '-'. l-~~:-.·~::::n-.;~;c,,._".··:,,y '·,.);: 

:For details, see Meisel, 2002. 

· transferase (TMT). All of the MTs exist as monomers and 
. use S-adenosyl-methionine (SAM; AdoMet) as the methyl 
: donor. With the exception of a signature sequence that is 
conserved among the MTs, there is limited conservation 

· in sequence, indicatiug that each MT has evolved to dis
play a unique catalytic function. Although the common 
theme among the MTs is the generation of a methylated 
product, substrate specificity is high and distinguishes the 
individual enzymes. 

Nicoti11amide N-methyltransfcrase (NNMT) rnethylates seroto
nin and tryptophan, and pyridine-containing compounds such as nic
orinami de and nicotine. Phenylethanolamine N-methyltransfornse 
(PNMT) is responsible for the methylation of the neurotransmitter 
norepinephrine, forming epinephrine; the histamine N-methyltrans-

,,. ferase (HNMT} metabolizes drugs containing an imida;wlc ring 
, such as that found in histamine. COMT mcthylates neurotransmit-
f1 ••. ·.·.· ters containing a catechol moiety such as dopamine and norepineph-

rine, drugs such as methyldopa, and drugs of abuse such as ecstasy 
(MDMA; 3,4-methylenedioxymethamphetamine). 

r From a clinical perspective, the most important MT may be lt TPMT, whkh c=l ym lhc S-mciliyl,tioc m ,mmahc a,,l hc"m-

cyclic sulfbydryl compounds, including the thiopurine drugs aza
thioprine (AZA), 6-mercaptopurine (6-MP), and thioguanine. 
AZA and 6-MP are used for the management of inflammatory 
bowel disease (see Chapter 38) as well as autoimmune disorders 
such as systemic lupus erythematosus and rheumatoid arthritis. 
Thioguauine is used in acute myeloid leukemia, and 6-MP is used 
worldwide for the treatment of childhood acute lymphoblastic 
leukemia (see Chapter 51 ), Because TPMT is responsible for the 
detoxification of 6-MP, a genetic deficiency in TPMT ca11 result 
in severe toxicities in patients Laking these drugs. When given 
orally at clinically established doses, 6-MP serves as a prodrug 
that is metabolized by hypoxanthine guanine phosphoribosyJ 
transferase (HGPRT) to 6-thioguanine nucleotides (6-TGNs) , 
which become incorpornled into DNA and RNA, resulting in 
arrest of DNA replication and cytotoxicity. The toxic side effects 
arise when a lack of 6-MP methylation by TPMT causes a build
up of 6-MP, resulting in the generation of toxic levels of 6-TGNs. 
The identification of the inactive TPMT alleles and the develop
ment of a genotyping test to identify homozygous carriers of the 
defective allele have now made it possible to idc11tify individuals 
who may be predisposed to the toxic side effects of 6-MP thera
py, Simple adjustments in the patient's dosage regiment have 
been shown to be a life-saving interventi011 for those with TPMT 
deficiencies. 

ti 
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The Role of Xenobiotic Metabolism in the Safe and 
Effective Use of Drugs. Any compound entering the 
body must be eliminated through metabolism and excre
tion via the urine or bile/feces. This mechanism keeps 
foreign compounds from accumulating in the body and 
possibly causing toxicity. In the case of drugs, metabo
lism results in the inactivation of their therapeutic effec
tiveness and facilitates their elimination. The extent of 
metabolism can determine the efficacy and toxicity of a 
drug by controlling its biological half-life. Among the 
most serious considerations in the clinical use of drugs 
are adverse drug reactions. If a drug is metabolized too 
quickly, it rapidly loses its therapeutic efficacy. This 
can occur if specific enzymes involved in metabolism 
are overly active or are induced by dietary or environ
mental factors. If a drug is metabolized too slowly, the 
drug can accumulate in the bloodstream; as a conse
quence, the pharmacokinetic parameter AUC (area under 
the plasma concentration~time curve) is elevated and 
the plasma clearance of the drug is decreased. This 
increase in AUC can lead to overstimulation of some 
target receptors or undesired binding to other receptors 
or cellular macromolecules. An increase in AUC often 
results when specific xenobiotic-metabolizing enzymes 
are inhibited, which can occur when an individual is 
taking a combination of different therapeutic agents and 
one of those drugs targets tbe enzyme involved in drug 
metabolism. For example, the consumption of grapefruit 
juice with drugs taken orally can inhibit intestinal 
CYP3A4, blocking the metabolism of many of these 
drugs. The inhibition of specific CYPs in the gut by 
dietary consumption of grapefruit juice alters the oral 
bioavailability of many classes of drugs, such as certain 
antihypertensives, immunosuppressants, antidepressants, 
antihistamines, and the statins, to name a few. Among 
the components of grapefruit juice that inhibit CYP3A4 
are naringin and furanocoumarins. 

While environmental factors can alter the steady
state levels of specific enzymes or inhibit their catalytic 
potential, these phenotypic changes in drug metabo
lism are also observed cllnically in groups of individu
als that are genetically predisposed to adverse dn.1g 
reactions because of pharmacogenetic differences in 
the expression of xenobiotic-metabolizing enzymes 
(see Chapter 4). Most of the xenobiotic-metabolizing 
enzymes display polymorphic differences in their 
expression, resulting from heritable changes in the 
structure of the genes. For example, as discussed 
above, a significant population was found to be hyper
bilirubinemic, resulting from a reduction in the ability 
to glucuronidate circulating bilirubin due to a lowered 

Section I I Genera{ Principles 

expression of the UGTIAI gene (Gilbert's syndrome). :,, 
Drugs that are subject to glucuronidatiou by UGTlAl, 
such as the topoisomerase inhibitor SN-38 (Figures 3-
5, 3-7, and 3-8), will display an increased AUC 
because individuals with Gilbert's syndrome are unable 
to detoxify these drugs. Since most cancer chemothera
peutic agents have a very narrow therapeutic index, '~ 
increases in the circulating levels of the active form 
can result in significant toxicities. There are a number 
of genetic differences in CYPs that can have a major 
impact on drug therapy. 

Nearly every class of therapeutic agent has been reported to . 
initiate an adve.rse drug response (ADR) In the United States, the 
cost of such response has been estimated at $100 billion and to be 
the cause of over 100,000 deaths annually. It has been estimated 
that 56% of drugs that are associated with adverse responses are 
subjected to metabolism by the xenobiotic-metaboli7-ing enzymes, 
notably the CYPs, whieh metabolir,e 86% of these compounds. 
Since many of the CYPs are subject to induction as well as inhibi
tion by drugs, dietary factors, and other environmental agents, 
these enzymes play an impo1tant role in most ADRs. Thus, it has 
become mandatory that before a new drug application (NDA) is 
filed with the Food and Drug Administration, the route of metabo
lism and the enzymes involved in the metabolism must be known. 
As a result, it has become routine practice in the pharmaceutical 
industry to establish which enzymes are involved in metabolism of 
a drug candidate and to identify the metabolites and determine 
their potential toxicity. 

Induction of Drug Metabolism. Xenobiotics can influ
ence the extent of drug metabolism by activating trans
cription and inducing the expression of genes encoding 
drug-metabolizing enzymes. Thus, a foreign compound 
may induce its own metabolism, as may certain drugs. 
One potential consequence of this is a decrease in plas
ma drug concentration over the course of treatment, ., 
resulting in loss of efficacy, as the auto-induced metabo- ;; 
lism of the drug exceeds the rate at which ne\v dn1g :~ 
enters the body. A list of ligands and the receptors .J.<_ 

through which they induce drug metabolism is shown in }: 
:r 

Table 3-4. A particular receptor, when activated by a ; 
ligand, can induce the transcription of a battery of target J 

· }f;. 

genes. Among these target genes are certain CYPs and } 
drng transporters. Thus, any drug that is a ligand for a ;;; 
receptor that induces CYPs and transporters could lead } 
to drug interactions. Figure 3-13 shows the scheme by f: 
which a drug may interact with nuclear receptors to r 
induce its own metabolism. · 

The aryl hydrocarbon receptor (AHR) is a member :~ 
.!, 

of a superfamily of transcription factors with dJverse t 
roles in mammals, such as a regulatory role in the i'.. 
development of the mammalian CNS and modulating; 
the response to chemical and oxidative stress. This 'i 
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;l hydrocarbon receptor (AHR) 
nstitutive androstane receptor 

.... ,(CAR) 
,-hegnane X receptor (PXR) 
·:Farnesoid X receptor (FXR) 
· Vitamin D receptor 
:'refoxisome proliferator activat
:ii .· ed receptor (PPAR) 

)Retinoic acid receptor (RAR) 

Omeprazole 
Phenobarbital 

Rifampin 
Bile acids 
Vitamin D 
Fibrates 

all-trans-Retina-
(: , . ic acid ~\ 

.J.\Retinoid X receptor (RXR) 9-cis-Retinoic acid W 

. · '·:!,L,,\>c,t,,,;,,,..,,,"'''.:c,.:,·s;r ,.,w;~:.,·;,;, . '"""'':~ \,,,,,;o_r., ... · ;: ,;w:c,:vnI ,.,., 'iii. 

.;.:{~Uperfamily of transcription factors includes Per and 
, :\Sim, two transcription factors involved in development 

, '.: bf the CNS, and the hypoxia-inducible factor 1 a (HIP Ia) 
: ,: i'.fhat activates genes in response to low cellular 0 2 

'\l~vels. The AHR induces expression of genes encoding 

69 

CYPlAl and CYP1A2, two CYPs that are able to met
abolically activate chemical carcinogens, including 
environmental contaminants and carcinogens derived 
from food. Many of these substances are inert unless 
metabolized by CYPs. Thus, induction of these CYPs 
by a drug could potentially result in an increase in the 
toxicity and carcinogenicity of procarcinogens. For 
example, omeprazole, a proton pump inhibitor used to 
treat gastric and duodenal ulcers (see Chapter 36), is a 
ligand for the AHR and can induce CYPlAI and 
CYP1A2, with the possible consequences of toxin/car
cinogen activation as well as drug-drug interactions in 
patients receiving agents that are substrates for either 
of these CYPs. 

Another importantinduction mechanism is due to type 
2 nuclear receptors that are in the same supe1family as the 
steroid honnone receptors. Many of these receptors, iden
tified on the basis of their structural similarity to steroid 
hormone receptors, were originally termed "orphan recep
tors," because no endogenous ligands were known to 
interact with them. Subsequent studies revealed that some 
of these receptors are activated by xenobiotics, including 
drugs. The type 2 nuclear receptors of most importance to 

•· OH 

Figure 3-13. Induction of drug metabolism by nuclear receptor-mediated signal tram·duction. When a drug such as atorva
. · statin (Ligand) enters the cell, it can bind to a nuclear receptor such as the pregnane X receptor (PXR), PXR then forms a cornptex 

· .. with the relinoid X receptor (RXR), binds to DNA upstremn of target genes, recruits coactivator (which binds to the TATA box bind
ing protein, TBP), and activates transcription. Among PXR target genes are CYP3A4, which can metabolize lhe atorvastatin and 
decrease its cellular concentration. Thus, atorvastatin induces its own metabolism. Atorvastatin undergoes both ortho mid para hydrox

.· y1ation. (See Handschin and Meyer, 2003.) 
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drug metabolism and drug therapy include the pregnar,e 
X receptor (PXR), constitutive androstane receptor 
(CAR), and the peroxisome proliferator activated receptor 
(PPAR). PXR, discovered based on its ability to be acti
vated by the synthetic steroid pregnane I 6a-carbonitrile, 
is activated by a number of drugs including, antibiotics 
(rifampicin and troleandomycin), Ca2+ channel blockers 
(nifedipine), statins (mevastatin), antidiabetic drugs (tro
glitazone), HIV protease inhibitors (ritonavir), and anti
cancer drugs (paclitm:e{). Hype1forin, a component of St. 
John's wort, an over-the-counter herbal remedy used for 
depression, also activates PXR. This activation is thought 
to be the basis for the increase in failure of oral contracep
tives in individuals taking St. John's wort: activated PXR 
is an inducer of CYP3A4; which can metabolize steroids 
found in oral contraceptives. PXR also induces the 
expression of genes encoding certain drug transporters 
and phase 2 enzymes including SULTs and UGTs. Thus, 
PXR facilitates the metabolism and elimination of xenobi
otics, including drags, with notable consequences (Figure 
3-13). 

The nuclear receptor CAR was discovered based on its 
ability to activate genes in the absence of ligand. Steroids 
such as androstcmol, the antifungal agent clotrinw.zole, 
and the antiemetic meclizine are inverse agonises that 
inhibit gene activation by CAR, while the pesticide l,4-
bis[2-(3,5-dichloropyridyloxy)]benzene, the steroid 5/3-
pregnane-3,20-dione, and probably other endogenous 
compounds, are agonists that activate gene expression 
when bound to CAR. Genes induced by CAR include 
those encoding several CYPs (CYP2B6, CYP2C9, and 
CYP3A4), various phase 2 enzymes (including GSTs, 
UGTs, and SUL Ts), and drug and endobiotic transporters. 
CYP3A4 is induced by both PXR arid CAR and thus its 
level is highly influenced by a number of drugs and other 
xenobiotics. In addition to a potential role in inducing the 
degradation of drugs including the over-the-counter anal
gesic acetaminophen, this receptor may function in the 
control of bilirnbin degradation, the process by which the 
liver decomposes heme. 

Clearly, PXR and CAR have a capacity for binding a 
great variety of ligands. As with the xenobiotic-metaboliz
ing enzymes, species differences also exist in the ligand 
specificities of these receptors. For example, rifampicin 
activates human PXR but not mouse or rat PXR. Meclizine 
preferentially activates mouse CAR but inhibits gene 
induction by human CAR. These findings further establish 
that rodent model systems do not reflect the response of 
humans to drugs. 

The peroxisome proliferator activated receptor (PPAR) 
family is composed of three members, a, /3, and y. 

Section I I Generaf Principles 
-~ 

PPARa is the target for the fibrate class of hyperlipi- f 
demic drugs, including the widely prescribed genifi_- ~ 

brozil and fenofibrate. While activation of PPARci? 
results in induction of target genes encoding fatty acid J; · 
metabolizing enzymes that result in lowering of serurn f 
triglycerides, it also induces CYP4 enzymes that carry ;'.: 
out the oxidation of fatty acids and drugs with fatty f 
acid-containing side chains, such as leukotriene and 
arachidonic acid analogs. 

Role of Drug Metabolism in the Drug Development ! 
Process. There are two key elements associated with I 
successful drug development: efficacy and safety. Both ( . 
depend on drug metabolism. It is necessary to detennine f · 
how and by whit:h enzymes a potential new drug is t, 
metabolized. This knowledge allows prediction of wheth- J 
er the compound may cause drug-drug interactions or be'.; 
susceptible to marked interindividual variation in metabo- I 
!ism due to genetic polymorphisms. ! 

Historically, drug candidates have been administered to roden~} 
at doses well above the human target dose in order to predict acute /. ' 
toxicity. For drug candidates to be used chronically in humans, such i'. 
as for lowering serum triglycerides and cholesterol or for treatment ; 
of lype 2 diabetes, long-term carcinogenicity studies are carried out J 
in rodent models. For determination of metabolism, the compound 1 

is subjected to analysis by human liver cells or extracts from these 
cells that contain the drug-metabolizing enzymes. Such studies 
determine how humans will metabolize a particular drug, and to a 
limited extent, predict the rate of metabolism. If a CYP i s involved, 
a panel of recombinant CYPs can be used to determine which 
predominates in the metabolism of the drug. If a single CYP, 
as CYP3A4, is found to be the sole CYP that metabolizes a drug 
candidate, then a decision can be m ade about the likelihood of drug 
interactions. Interactions become a problem when multiple drugs are 
simultaneously administered, for example in elderly patients, who 
on a daily basis may take prescribed antiinflammatory drugs, cho
lesterol-lowering drugs, blood pressure medications, a gastric acid 
suppressant, an anticoagulant, and a number of over-the-counter 
medications. Ideally , the best drug candidate would be metabolized 
by several CYPs so that variability in expression levels of one CYP 
or drug-drug interactions would not significantly impact its metabo
lism and pharmacokinetics. 

Similar studies can be carried out with phase 2 en:,;ymes 
drug transporters in order to predict the metabolic fate of a drug. In 
addition to the use of recombinant human xenobiotic-metabolizing 
enzymes in predicting drug metabolism, human receptor-based 
(PXR and CAR) systems should also be used to detennine whether 
a panicular drng candidate could be a ligand for PXR, CAR. or 
PPARa. 

Computer-based computational (in silico) prediction of drug 
metabolism may al so be a prospect for the future, since the struC· 
tures of several CYPs have been determined, including those oi 
CYPs 2A6, 2C9, and 3A4. These structures may be used to predicl 
metabolism of a drug candidate by fitting the compound to the 
enzyme's active site and determining oxidation potentials of sites ou 
the molecule, However, the structures, determined by x-ray analysis 
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\;::_: .. :vr · '.' .. stals of enzyme-substrate complexes, are static, whereas 
-> ::a',-¢: cry s are flexible, and this vital distinction may be linnting. The 

' · enzyme, · · h" h · h b 1· ·_ . . -•: · ·zc of the CYP active sites, w 1c pemuts t em to meta o 1ze 
· . Jarge s1 

· - '.- difforent compounds, also renders them difficult to model. 

>"'fr_;l_il;!~otential for mod~h~g l~gand ?r ~ctivator for the nuclear recep
.. )?'tbrs-also exists with hrrutatlons smular to those discussed for ~e 

·\&:rs. Witl1 refinement of stru~tures and more ~o':erful mode]mg 
'':i: ·''1tware in silica drug metabolism may be a rcahty m the future. 
·-:·-SQ' .: ' 
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Abstract The monocarboxylatc cotransportcr (MCT) 
family now comptises 14 members, of which only the 
first four (MCTl-MCT4) have been demonstrated exper
imentally to catalyse the proton-I inked transport of 
metabolically important monocarboxylates such as lac
t,lte, pyruv,lte and ketone bodies. SLC / 6AJO (T-type 
amino-acid transporter-!, TATl) is an aromatic amino 
acid transporter whilst the other members await charac
terization. MCTs have l 2 transmembrane domains 
(TMDs) with intracellular N- and C-termini and a large 
intracellular loop between TMDs 6 and 7. MCTl and 
MCT4 require a monotopic ancillary protein, CD147, for 
expression of functional protein at the plasma membrane. 
Lactic acid transport across the plasma membrane is 
fundamental for the metabolism of and pH regulation of 
all cells, removing lactic acid produced by glyeolysis and 
allowing uptake by those cells utilizing it for gluconeo
gencsis (liver and kidney) or as a respiratory fuel (heart 
and red muscle). The properties of the different MCT 
isoforms and their tissue distribution and regulation 
reflect these roles. 

Keywords Lactate , Tntraccllul;ir pH , Glycolysis · 
monocarboxylate transp011er (MCT) 

Historical perspective 

Originally thought to be via non-ionic diffusion of the 
free acid, it was only after the demonstration that lactate 
and pyruvate transport into human erythrocytes is 
strongly inhibited by a-cyano-4-hydroxycinnamate 
(CHC) and organomercurials that a specific monocar-
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boxy late trnnsport mechanism was recognised (sec I 13, 
55]). The different d1tm1cteristics of monocarboxylate 
transporter observed after extensive characterisation in 
erythrocytes, cardiac myocytcs and hepatocytes led to the 
proposal that a family of MCTs might exist [55]. The 
molecular identity of the first member of this family, 
MCTI, was established by parallel studies in two 
laboratories. In this laboratory, specific labelling studies 
in rat and rabbit erythrocytes [54] followed by purifica
tion and N-terminal sequencing [56] identified a 40- to 
50-kDa protein. The N-terminus of this protein is 
identical to a putative 12-TMD transporter (MEY) of 
unknown function previously cloned by the group of 
Goldstein and Brown from a mutated Chinese hamster 
ovary cell line tl1at exhibited enhanced mevalonate uptake 
[30]. Subsequently they demonstrated th,tt the wild-type 
protein cmalysed proton-linked pyruv,1te and lactate 
transport activity and named it monocarboxylatc trans
porter-I (MCTI) [33]. They proceeded to clone human 
MCTl [18] and then, by screening a rat liver cDNA 
library, a related protein, MCT2, that is strongly ex
pressed in the liver [19]. During investigations on X
chromosome inactivation, gene sequencing revealed an
other MCT family member, originally called XPCT [for 
X-linked, proline, glutamic acid, scnne, threonine 
(PEST)-containing transporter] and now renamed MCT8 
[351. MCT3 was identified in the chicken retinal pigment 
epithelium 122, 701 whilst, in this laboratory, four more 
members of the MCT family, now named MCT4, MCT5, 
MCT6 and MCT7, were identified [58]. Very recently, a 
sodium- and proton-independent aromatic amino acid 
transporter. TAT 1. was identified as a member of the 
MCT supcrfamily [31, 32]. MCT9 was identified purely 
from analysis of the hllman genomic expressed sequence 
tag (EST) databases [24] and here we report the existence 
of four new family members, identified in a similar 
manner, which we will refer to as MCTl 1. MCTJ 2. 
MCTJ3 and MCT14. lt should be noted that because of 
early confusions in the nomenclature, the MCT and 
SLC/6A numbering of the family do not coincide but are 
correctly annotated in Table l. The topology of the MCT 
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Table I SLC/6-the monocarboxylate transporter family (C <:otransportcr. E exchanger. F facilitated transporter, 0 orphan transporkr G genetic defect) °' '" 0 

Human Protein Aliases Predominant Transp01t Tissue distribution and Link to Human Sequence Splice 
gene name substrates type/coupling cellular/subcellu lar expression disease# gene locus accession lD variants 
name IOllS and their 

spec ific 
features 

SLCJ6Al MCTl Lactate. pyruvate, C/H+ or Ubiciuitous Muscle lpl3.2 NM_003051 
ketone bodies FJmonocarboxylatc weakness 

(exercise 
intolerance) 
G 

SLC/6A2 MCT8 XPCT T3. T4 F Liver, hem1, brain, thymus, Xql3.2 NM_006517 
("was (unpublished) intestine. ovary. prostllte. 
MCT7) pancreas, placenta 

SLC/6A3 MCT4 (''was Lactate. pyrnvate, ou+ Skeletal muscle, chundrocytes, I 7q25.3 NM_004207 
MCT3) ketone bodies leukocytes, testis, lung, 

placenta, heart 

SLCJ6A4 tvfCT5 (:11 was 0 Brain, muscle, liver, kidney, lpl3.3 NM_004696 
MCT4) lung, 11va1-y, placent<1, hc;irt 

SLC16A5 MCT6 ('was 0 Kidney, muscle, brain, hea1t, 17q25. l NM_004695 
MCT5J pancreas, prostate, lung, 

placcnla 

SLC/6A6 MC"f7 (*wa:-1 () Brain, pancreas, mu scle 17q24.2 NM_004694 
MCT6) 

SLCl6A7 MCT2 Pyruvate, lactate, C/H+ Kidney, brain J2ql4.1 NM_00473l 
ketone bodies 

SLCl6A8 MCT3 REMP Lactate C/W (pH Retinal pigment epithelium, 22ql3.l NM_Ol3356 
dependent but choroid plexus 
cotrnnspott not 
confirmed 
experimentally) 

SLCJ6A9 MCT9 0 Endomc1rium, leslis, ovary, 10q2J.2 BN000144 
breasL, brain, kidney~ adrenal, 
retina 

SLCI6A!O TAT! A.nmlalic ,1rnino F Kidney, intestine, muscle, 6q2l-q22 NM_Ol8593 
acids (W. Y. f, placenta. heatt 
L-DOPA) 

SLCl6AI I MCTll 0 Skin, lung. ovary, breast. lung, l7pl3.2 NM_l53357 
pancreas. retinal pigment 
epithelium, choroid plexus 

SLCJ6Al2 MCTl2 0 Kiuney I Oq23.3 ENSGOODOO 152779 

SLC/6.4/3 MCTl3 0 Breast, bone marrow stem cells 17p13.l BN000145 

SLC16Al4 MCTl4 0 Brain, heart, ovary, brca;;t , 2q36.3 BN000146 
lung, pancreas retinal pigme11t 
epithelium, choroid plexus 

~ Prior to publication of (66] 
• Acyuired defo~t 
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MCT1 

CD147 
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Immune· 
globulin like 

dornair:s 

Fig. 1 The proposed topology of Lhc monocarboxylate transporter 
(MCT) family members. CD 147, the mmllary protem tlm; assn~,: 
ares with MCTl and MCT4, is also shown. TI1e N- and C-tc.:rrnin, 
and the Jmge loop between TMDs 6 and 7 show the greatest 
variation between family members, whilst the TMDs themselves 
are highly conserved. Criticul residues identified in MCT I and two 
highlv conserved motifs characteristic of the MCT family are 
included. and further discussed in the section °Biochcrnical and 
structural aspects" 

family is shown in Fig. l and discussed in detail below 
(section ''Biochemical and structural ,1.~pects"). 

Functional characteristics of the family 

MCT 1 catalyses either net transport of one mot~ocai'
boxylate with one proton or the exchange of one 
carboxylate for another 113]. Detailed kinetic analysis 
(sec [55]) suggests that an ordered binding to the can-ier 
of H+ (Km 0.2 ~tM, equi valent to a pK of 6. 7 for the 
accepting group) followed by L-lactate (Km 4-7 mM) 
precedes a confonnatio1rnl change that translocates the 
substrate across the membrane. This is followed by 
release and the return of the empty substrate binding si te 
to the external smfacc. This last step is rate-limiting for 
net lactic acid transpon across the membrane, as 
illustrated by trans-stimulation experiments [13]. The 
translocation cycle is freely reversible, with the kinetic 
parameters for lactic acid influx and efflux thcrmo~y
namically constrained according to the Haldane equatwn 
(V11,.,,/Km)inf!ux"'CVmaJKm)em11, . Transport can be stimulat
ed by decreasing the pH from 8 to 6 on the cis-side 
(primarily through a decrease in the Km for lactate) or ~y 
raising the pH on the opposite side of the membrane (vta 
an increase in the \! max of transport that stimulates the 
rate at which the unloaded carrier re-orientate s in the 
membrane) [55]. 

MCT2, MCT3 and MCT4 al so transport monocar
boxylates with a proton [7], but the detai led kin~tic 
mechanisms of these isoforms have not been studied. 
TAT 1 has been shown to transport aromatic amino acids 
in a sodium-independent manner that also appears to be 
independent of protons 131 J. To date, there are no 
published data on other MCT isoforms. 

62[ 

Distinctive feature of members of the MCT family 

MCTI (SLCJ6AJ) 

MCTI is found in the great majority of tissues of all 
species studied, with no evidence for splice variants. 
Characterisation of endogenous MCTl in erythrocytes 
f13J, and MCTl expressed in Xenopus oocytes 19, 40], 
has revealed that it transports short chain (C-2 to C-5) 
unbranched aliphatic rnonocarboxylates such as acetate 
(Km 3.5 mM) and propionate (Km 1.5 mM). Substitutions 
on C2 and C3 (excluding amino- and amido-) are 
tolerated or even preferred (e.g. pyruvate (Km 0.7 mM), 
L-laetatc (Km 3-5 mM), acetoacetate (Km 4--6 mM) and n
,'J-hydroxybutyrate (Km 10-12 mM). Formate is a very 
poor substrate whilst bicarbonate, dicarboxylates, tric~r
boxylates and sulphonates a.re not transported. The earner 
is stereoselective for 2-hydrnxy-substituted monocar
boxylates (e.g. L- over o-lactatc > IO-fold) hut not for 2-
chloropropionate and ,8-hydroxybutyratc. 

Inhibitors of MCTI can be divided into three cate
gories: 

(i) 

(ii) 

(iii) 

Bulky or aromatic monocarboxylates llre compcti
ti vc inhibitors, including 2-oxo-4-methylpentanoate, 
phcny.l-pyruvate and dciivatives of o:-cyanocinna
mate such as o:-cyano-4-hydroxycinnamate (CHC). 
These arc the most potent inhibitors of this class 
with K; values of 50-500 µM. It is important to note 
that al though CHC is o ften thought of as a specific 
inhibitor of MCTl, it also inhibits the mitochondrial 
pyruvate transporter with a K; of <5 µM, as well as 
the anion exchanger AEl. 
A range of amphiphilic compounds of widely 
divergent structure act as potent inhibitors (Ko.s 1-
10 pM) although they also inhibit AE 1 and other 
rnernbrnne trnnspon processes. These include biofla
vanoids (e.g. qucrcctin and phloretin) and anion 
transport inhibitors such a8 5-nitro-2-(3-phenyl
propylamino)-bcnzoatc (NPPB) and niflumic acid. 
Some 4,41 -substituted stilbenc-2,2'-disulphonatcs 
[such as 4,4' -diisothioeyanostilbene-2,2' -disulpho
nate (DIDS) and 4,4' -dibcnzamidostilbene-2,2 1-dis
ulpl1011atc (DBDS)] act as reversible inhibitors of 
MCTI in erythrocytes, although with much lower 
affinity than for AE 1. Inhibition by DIDS eventually 
becomes irreversible on prolonged incubation, re
flecting covalent modification of the transporter 
[53). MCT I is inhibited i1TCversibly by a range of 
thiol and amino reagents and is especially sensitive 
to tl1c organomercurial thiol reagent p-chlorom:r
curibcnzenc sulphonate (pCMBS). More extensive 
data on the substrate and inhibitor specificity may be 
found elsewhere Jl3, 55]. 
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MCT2 (SLCl6A7) 

MCT2 appears to demonstrate substantial species differ
ences in both its amino acid sequence and tissue 
distribution [27], although some of the reported differ
ences may reflect lack of specificity exhibited by 
commercial antibodies [3]. Northern blot analysis and 
inspection of the human EST database suggests that 
MCT2 is expressed poorly, if al all, in major human 
tissues [ 58], whilst in mouse, rat and hamster Northern 
and Western blot analysis and immunofluorescence 
microscopy have demonstrated MCT2 expression in liver, 
kidney, brain and sperm tails both and in hamster also in 
skeletal muscle and bean [19, 27]. Where MCT2 is 
expressed together with MCTl its exact location within 
the tissue is different [3, l 9, 20, 51, 52], suggesting a 
unique functional role as discussed below {sec Physio
logical implications). There is no evidence for splice 
variants of the protein although alternative splicing in the 
5'- and 3'-untranslated region (UTR) has been shown [27, 
39). Like MCTl, MCT2 (expressed in Xenopus oocytes) 
catalyses the proton-linked transport of a range of 
monocarboxylatcs, but with a considerably higher affinity 
than MCTl. Km values for pyruvatc and L-lactatc: me 
about 0.1 and 0.7 mM respectively [7, 39]. MCT2 is also 
more sensitive than MCTl to inhibition by a range of 
inhibitors including CHC, DBDS and DTDS, but is 
insensitive to pCMBS [7, 19]. 

MCT3 (SLC16A8) 

MCT3 has a unique distribution, being confined to the 
basal membrane of the retinal pigment epithelium and 
choroid plexus epithelia (50 , 70], in contrast to the 
apically located MCTl [2]. No splice variants of MCT3 
are known, but in the case of chicken MCTJ there arc two 
different mRNAs, resulting from different promoter 
usage. These are involved in temporal rather than spatial 
regulation (69]. When expressed in yeast, MCT3 trans
ports L-lactate with a Km of about 6 mM and is imensitivc 
to CHC, phlorctin and pCMBS, but detailed infom1ation 
on the substrate and inhibitor specificity is lacking [22]. It 
sl10uld be noted that MCT4 (below) was originally called 
MCT3 158] on the basis of its sequence homology rather 
than function or localisation [ 50, 66]. 

MCT4 (SLC16A3) 

MCT4 is expressed widely both at the mRNA and protein 
levels and particularly strongly in glycolytic tissues such 
as white skeletal muscle fibres, astrocytes, white blood 
cells, chondrocytes and some mammalian cell lines (4, 14, 
43, 58, 66]. This has led us to propose that it may be of 
particular importance in tissues that rely on high levels of 
glycolysis to meet their energy needs [24, 66]. Indeed, in 
the rat MCT4 is expressed in the neonatal heart, which is 
more glycolytic in its energy metabolism than the adult 

heart where MCT4 is absent [25, 66]. MCT4 is also 
expressed strongly in placenta, which exports lactic acid 
rapidly from the foetal to the mate111al circulation (58]. 
MCT4 expressed in Xenopus oocytes exhibits a much 
lower affinity for most substrates and inhibitors than 
MCTl, with Km and K, values some 5-10 times higher 
114, 40]. Thus Km values for L-lactate and pyruvate are 28 
and 150 mM respectively and little inhibition by DlDS or 
CHC is observed at concentrations giving >50% inhibi
tion of MCTI. 

TAT1 (SLCl6AJ0) 

TA Tl is expressed strongly in intestine (basolateral 
membrane of the epithelial cells), placenta and liver in 
rnt, whereas in humans skeletal muscle and kidney are the 
major sites of expression with lower amounts in heart, 
placenta and intestine [31, 32]. When expressed in 
Xenopus oocytes, both human and rat TAT! transpo11 
aromatic amino acids in a sodium- and proton-indepen
dent manner with Km values (millimolar, with rat values 
in parentheses) for L-phenylalanine, n-phcnylalaninc, L

tyrosine, L-tryptophan and L-DOPA of 0.75 (7.0), 2.3, 
0.64 (2.6), 0.45 (3.7) and 1.21 (6.4) respectively. Mono
carboxylates such as lactate and pyruvatc are not 
substrates. No data arc available on the sensitivity of 
TAT! to inhibitors. 

Other MCT family members 

No data are available on the properties of MCT5, MCT6 
and MCT7 (SLCJ6A4-SLC16A6) although their distribu
tion in human tissues has been subject to Northern blot 
analysis [58]. Recently, in collaboration with Theo 
Visser' s laboratory, we have demonstrated that, when 
expressed in Xenopus oocytes, MCT8, the MCT isoform 
most closely related to TAT!, transports thyroid hormone 
(T4 and T3J in a sodium- and proton-independent manner 
with a Km of about 1 µM. Neither aromatic amino acids 
nor lactate arc transported. Northern blot analysis of 
human tissues has shown MCT8 to be widely expressed, 
but most strongly in liver and heart. An interesting feature 
of MCT8 is that its predicted N-terminal sequence is 
extended by a 75-amino acid sequence that contains the 
PEST motif indicative of rapid degradation [63]. The 
significance of this is currently unknown. MCT9 
(SLCJ6A9, Accession No. BNOOOJ44) was identified by 
searching the human genomic and EST databases (24] 
and, in collaboration with Theo Visser we have used the 
same technique to identify four new MCT family 
members which we will refer to as MCT I. I (SLCI 6A I I , 
NM_ l53357), MCT12 (SLCJ6Al2, ENSG00000152779), 
MCT13 (SLC16Al3, BN000145) and MCT14 
(SLCJ6A14, BN000146). These arc included in Table 1 
but no info1mation is available on their properties or 
function . 
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Physiological implications of MCT family members 

Rapid transport of lactic acid transport across the plasma 
membrane is of fundamental imponance to all mam
malian cells under hypoxic conditions [24] when they 
become glycolytic. Lactic acid is exported by MCTl 

A General role in most tissues 

B Role in liver and kidney 

C Comparlmentat[on of lactate 
metabolism in muscle and brain 

623 

(Fig. 2A) to prevent a fall in cytosolic pH (pHJ and 
inhibition of continued glycolysis [55]. However, for 
those cells that rely on glycolysis for their normal energy 
metabolism MCT4 appears to be the major isoform. The 
high K 111 of MCT4 for pyruvate ensures that this 
metabolite is not lost from the cell but is reduced to 
lactic acid, regenerating NAD+ and so allowing glycolysis 
to continue. The high Km of MCT4 for L-lactate is 
intriguing and may explain why lactic acid accumulates in 
muscle during exercise, causing the decrease in pH; that is 
responsible for fatigue. This probably represents an 
imponant physiological mechanism whereby the fatigue 
prevents exercise continuing to the point at which lactic 
acid would overload the buffering capacity of the blood 
and cause damaging systemic acidosis [29, 40]. rn other 
tissues. lactic acid is transported into the cell to supply 
gluconeogenesis and lipogenesis (liver and kidney: 
Fig. 2B) or, together with ketone bodies, for oxidation 
as a major respiratory fuel (heart, skeletal muscle, brain: 
Fig. 2A) 124]. MCTl fulfils this role m skeletal muscle 
and heart, whilst in liver, kidney and brain either MCTl 
or MCT2 may be used, the latter providing a higher
affinity lactate uptake mechanism [24]. There is one 
tissue with no detectable MCT activity; the ,13-cells of the 
Islets of Langerhans in the endocrine pancreas (72]. This, 
together with low levels of lactate dehydrogenase, ensures 
that pyruvatc is fully oxidised via the citric acid cycle, 
rather than being converted to lactate. so ensunng ATP 
production and thus insulin secretion accurately reflects 
glucose levels. 

In many tissues more than one MCT isoform is found, 
which would appear to correlate with either the influx or 
efflux of lactic acid into different cell types. Two well
documented examples are illustrated in Fig. 2C. In 
skeletal muscle, tl1e white fibres arc glycolytie and 
cont,1in primarily MCT4 that catalyses the efflux of lactic 
acid. This is then taken up and oxidised by the red fibres 
that express primarily MCTJ (and perhaps a little MCT2 
in some species). Similarly, glial cells in the brain, which 
contain MCTl and MCT4, can export lactic acid to be 
oxidised by the neurons that contain MCTl and MCT2. 
MCT2 is especially concentrated in the post synaptic 
density which is rich in mitochondria and thus likely to be 
a major site of lactate oxidation, whilst the endothelial 
cells of the blood vessels contain only MCTl [3, 4, 51 ] . 

.Fig. 2A-C MCT isoforrns play a critical role in the metabolism of 
all cells. A Most cells ox.iclis e glucose to CO2 and warer to produce 
energy, hut some, includin g white skeletal muscle, red blood cells 
and tumour cells, are p,·imarily glycolyLic, convening glucose to 
two lacric acids that must leave the cell. All cells 111ust rely on 
glycolysis when oxygen supplies are low (hypox itvischaemia). 
Some tissues like the heart, red muscl e, spermatowa aml brnin can 
o~idise lactic acid. B The liver and kidney import lactic acid for 
gluconeogenesis. C In some tissues. inlercellular cellular compat1-
mcnL<ltion of lactate metabolism occurs and this is reflected in the 
distribution of different MCT isoforms. Thus in both the brain and 
mixed muscle fibres. some cells (neurnns ,,nd red fibres) ox idise the 
lactic acid produced by other cells (glia and white fibres). MCTs 
are also responsible for the transport of ketone bodies into and out 
of cells Lhat produce them (liver) or utJliz.e them (red muscle, heart 
and brain) 
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There is also evidence that lactate metabolism in the 
retina is subject to a complex interplay between the retinal 
pigment epithelium (RPE), photoreceptor cells (which 
oxidise lactate), other neurons and glial cells (Millier 
cells) which export lactate through MCT4. MCT3 is 
located excLusively on the basolatcral surface of the RPE 
and is responsible for lactate efflux into the choroidal 
blood supply, whereas MCTI is exclusively located on 
the apical surface of the RPE [20, 49, 50, 70]. MCTl has 
been proposed to play an additional role in regulating the 
volume of the sub-retinal space by also transporting water 
with the lactate/protons [71 ]. An accumulation of lactate 
within the subretinal space would cause osmotic swelling, 
resulting in the retina becoming detached from the RPE. 
which could be prevented by an ability of MCT I (in 
association with MCT3) to rapidly transpon both lactic 
acid and water across the RPE and into the blood. 

Although 1.-lactate is quantitatively by far the most 
important substrate of MCT!-MCT4, the~c isoforms also 
catalyse the transport of other metabolically important 
monocarboxylates including the ketone bodies acetoac
etate and ,B-hydroxybutyrnte, and the branched-chain 
keto-acids such as a-kctoisocaproatc formed from trans
amination of amino acids [24, 55]. fn the colon, MCT 1 
may also be important for the uptake of short-chain fatty 
acids such as acetate and butyrate l 12], although these are 
capable of entering most cells by free diffusion [55]. It 
has also been proposed that the MCTs may play an 
important role in communicating information on the 
redox state between cells [:'i5]. The ratio of lactate to 
pyruvate reflects the cytosolic NADI-IJNAD+ ratio 
through equilibration of the lactate dehydrogenase reac
tion. MCTs enable these metabolites to be transported 
between tissues and this may provide some harmonization 
of cytosolie redox potential. Similar ,u-gumcnts may apply 
to the mitochondrial NADH/NAIY ratio through equili
bration of /3-hydroxybutyrate dehydrogenasc and the 
transport of fi-hydrnxybutyrate and acetoacetatc between 
tissues. 

Regulation of MCT isoforms 

In skeletal muscle, MCTI is up-regulated in response to 
chronic stimulation or exercise in rats and humans (see [6, 
8, 21, 29]). Conversely MCTs are down-regulated in 
response to denervation of muscle or spinal injury [29]. 
MCTl expression also increases in the hear1 following 
surgical ligation of a major branch of the left coronary 
artery, presumably reflecting the greater energy demands 
of the remaining functional hypertrophied left ventricle 
l28]. In adipose tissue, heart and skeletal muscle MCTI 
protein expression has been reported to be reduced in 
streptozotocin (STZ)-induced diabetes [23, 151, although 
others have not observed the effect in skeletal muscle 
l61 ]. A decrease in MCT4 expression has been observed 
in skeletal muscle from STZ-indueed diabetic rats [15] 
and obese rats, in which MCT I expression is also 
decreased [60]. There is also evidence for changes in 

MCT isoform expression during development in heart and 
muscle [25], the inner ear [48] clnd brain [37], whilst the 
transition to malignancy is accompanied by changes in 
the level of MCTI expression in the colon [36] and brain 
[17]. In these two tissues there is evidence for up
regulation of MCTl expression mediated by butyrate and 
ketone bodies respectively [12, 38J. [t has also been 
shown that MCT4 expression is up-regulated in skeletal 
muscle of a patient with a mitochondrial myopathy [l]. 

Parallel mea.~urements of MCTl and MCT2 mRNA 
and protein in several tissues suggest that both transcrip
tional and post-transcriptional mechanisms may be 
involved in regulating their expression at the plasma 
membrane [6, 8, 27, 28]. In addition, there is evidence for 
a novel intracellular pool of MCTJ associated with 
cistcrnae close to the t-tubules in hypertrophied left 
ventricles with increased expression of MCTl. This may 
indicate that de-novo synthesis and translocation to the 
sarcolemma occurs via this pool and act as a potential 
regulatory site [28). Interestingly, MCTJ possesses two 
acidic clusters and an LL-motif in the C-tcnninus; these 
motifs are believed to be important in endosomal
lysosomal targeting of glucose uniportcr-4 (GLUT-4) 
[64]. Another potential mechanism for post-transcription
al regulation is at the level of translation and this usually 
involves specific sequences and secondary structure in the 
51

- or, frequently, the 3'-UTR with which initiation factors 
and regulatory factors interact to enhance or repress 
translation [59]. Thus it may be significant that the 31 

-

UTR of MCTI is very long (some 1.2 kb longer than 
either MCT4 or MCT2 iii rats) [24]. There are no 
convincing experimental data to support regulation of any 
MCT isofonn by phosphorylation. 

Biochemical and structural aspects of the MCT family 

Hydropathy plots predict I 0- 12 a-helical TMDs for MCT 
family members, with the N- and C-tcrmini located within 
the cytoplasm as illustrated in Fig. l. This has been 
confirmed experimentally for MCTI in erythrocytes [57J. 
The greatest sequence variation between isoforms is 
found in the long C-tcnninus and the large intracellular 
loop TMD 6-7 that varies substantially in length from l 05 
residues in MCT5 to only 29 residues in MCT4. The 
predicted phylogeny of MCT family members is shown in 
Fig. 3 as a radial tree. Theoretical predictions and 
experimental evidence indicate that no MCT family 
member is glycosylated [11, 24, 701. Two highly 
conserved sequences can be identified as characteristic 
of the MCT family (including its non-mammalian mem
bers); these are [D/E]G[G/S][W/FJ[G/AJW which tra
verses the lead into TMD l and YFxK[R/K][R/ 
LlxLAxJG/A]xAxAG which leads into TMDS !24] 
(residues in bold face are totally conserved whilst 
consensus residues arc indicated in nrnmal type). Site
directed mutagenesis has shown that the conservative 
change of Asp302 to G!u in TMD 8 of rat MCTl leads to 
total loss of laWlte transport activity [62], whibt conver-
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Fig. 3 The predicted phylogeny of MCT family 1.nembcrs. Se
quences were aligned using the Clust~l W algonthm and are 
displ:1yed as a rodial tree, The bar md1~;1tes the_ number_ of 
substitutions per residue with 0. 1 correspond mg t_o a. distance of 10 
substitutions per JOO residues. TI1e calculated, pairwise, percentage 
identity of MCT2, Mcr3, MCf4, MCT5, MCT6. MCT7. MCTS, 
MC.'T9, T AT J, MCTl I, MCTl 2, MCT 13 and MCT1 4 to MCT I ure 
58, 38, 42, 22, 27, 26, 22, 23, 22, 27, 28, 3 l, and 23 respectr~e ly; 
MCT4 is 55% :md 44% identical to MCD and MCT2 respecnvely 
and TAT! 50% identical to MCTS 

sion of Phc,60 in TM 10 lo Cys enables MCTl to transport 
mcvalonate whilst reducing its ability to carry lactate and 
pyruvatc (33]. The DIDS-binding s ite of MCTI is _in the 
C-tetmina l half of the transporter 157 ] and mutation of 
e ither Lys290 in the loop hetwccn TMDs 7 and 8 or Lysm 
in the loop between TMDs l I and 12 to glutamme, 
prevents in-eversible inhibition f 42]. An arginine in T I:18 
(Aro313 of human MCTl ) is conserved in all the putative 
MCTs· from higher eukaryotes except MCT5, and site
directed nrntagencsis of this residue greatly reduces the 
affinity of MCTI for lactate [62] whilst the arginine
specific reagent phenylglyoxal inhibits transport [551. 
This arginine may act as the positively charged group that 
binds the coo- anion much as it does in lactate 
dehydrogenase [ 10, 24, 55] . 

Ancillary prote ins are required for MCT expression 
at the plasma membrane 

MCTl and MCT4 re4uirc CD147 [also known as OX-47, 
extracellular matrix metalloproteinasc inducer (EMM
PRTN), HT7 or basigin) or the related protein GP70 
(Ernbigcn) for proper cell surface express)on and func
tion. 'TI1ese are widely distributed cell surface glycopro
teins with a single trnnsmembrane span, two 
immunoglobulin-l ikc domains in the extracellular region 
and a short C-terminal cytoplasmic tail. In contrast, 
MCT2 does not internet with CD147 although it does 
appear to require an, as yet unidentified, ancillary prote in 
to be properly expressed at the cell surface [34]. In. the_ red 
blood cell , DIDS cross-links MCTl to GP70 whilst m a 
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varie ty of cell lines antibodies against CD- 147 co
immunoprccipitatcs MCT I and MCT4, but not MCT2. 
Irnmunofluorcsccnce microscopy has confinncd that 
CD147 co-localises with MCTJ or MCT4 in other tissues 
[34, 72]. We have confirmed the close association 
between CD147 and MCT1/MCT4 within the plasma 
membrane by co-expressi ng the two proteins with their C
and N-tcrmini tagged wi th cyan- and yellow-fluorescent 
proteins. Fluorescence resonance energy transfer (FRET) 
between the two proteins could be demonstrated, but only 
if both were ragged on intracellular domains [67 1. The 
interaction between MCT!/4 and CD147 appears to be 
essential for their correct expression at the cell surface. 
Only when CDl47 is co-expressed with MCTI or MCT4 
are both proteins correct! y targeted to the plasma 
membrane rather than accumulating in the endoplasmic 
rcriculum/Golgi apparatus [341. Furthe1morc, co-injection 
of Xenopus oocytes with MCTl cRNA and an antisense 
oligonucleotide to a Xenopus homologue of CD 147 
reduced MCTI expression and activity (4 1]. 

Pathological Implications 

The critical imponancc of lactate transport for key 
metabolic processes such as glycolysis and gluconcogen
csis suggest that any impairment in the activ ity of an 
MCT isoform is like ly to have far-reaching consequences. 
These may not be compatible with life unless compen
sated for by changes in expression of another isofonn. 
MCT I has been impl icated in one rare condition known 
as cryptic exercise intolerance. Apparently hcaltl:y suf
ferers of this condition suffer severe chest pa111 and 
muscle cramping on vigorous exercise, and it has been 
s uggested that this may be due to a de.feet in MCT which 
prevents lactate efflux [ 16]. Measurements of lactate 
uptake by the erythrocytes of such patients showed a 
reduction in transport that was attributed to an MCT 
defect. More recently, RT-PCR of MCTI from muscle 
biopsy identified a number of amino acid differences that 
were not attributable to polymorphisms and therefore 
could be affecting protein function f 44, 45]. Of these, 
only a lysine-to-glutamate mutation in the l_argc cytoplas
mic loop between TMDs 6 and 7 was considered a hkcly 
candidate. However, we have expressed the K204E 
mutant in Xenopu.1· oocytes and were unable to demon
strate any difference in its prope1ties from wild type 
MCT l (A.P. Halcstrap, D. Meredith. unpub lished data). 
Thus it remains unclear whether mutations in MCT1 arc 
responsible for cryptic exercise intolerance or whether 
other factors (such as the interaction with CD147 or 
OP70) may be involved . No data are available on 
mutat ions in other MCT isoforms, although it is interest
ing to speculate whether unexplained muscle fatigue 
might be associated with impaired MCT4 expresst0n . 

Many tumour cells exhibit an absolute dependence on 
glycolysis that may re flec t the . tend7ncy . of rapidly 
growing tumours to become hypoxic. It 1s of mterest that 
CD 147 is up-regulated in aggressive tumours [5, 46] 
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whilst the transition from normality to malignancy is 
accompanied by increased MCTl expression in the brain 
[ l 7), although the opposite has been reported in colon 
carcinomas [36]. 

MCTs as a site of pharmacological intervention. 

There is some evidence that MCTs may play a role in the 
transpolt of some drugs across the plasma membrane, 
such as salicylate and valproic acid [26, 65]. atorvastatin 
[68] and natcglinidc [47J. At present, the best MCT 
inhibitors exert powerful effects on other cellular targets 
[24, 55]. Furthermore, as outlined above, it is likely that 
global inhibition of MCT function would have disastrous 
consequences for the well being of an organism. Thus 
MCT inhibitors arc unlikely to be of pharmacological use, 
unless isoform specific compounds become available. 
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Diclofenac sodium was administered as 50 mg tablets to four healthy male volunteers in a two-way randomized 
crossover study in which volunteers were either fasted or were given a standard breakfast immediately prior to 
dosing. Blood samples were obtained upto 9 hours period and drug concentration were determined by HPLC 
method. 
Besides a significantly delayed (at p>O. l) peak in fed state; an increase in absorption rate constant was observed as 
the only significant (at p>0.05) effect of food on biopharmaceutic characteristic of diclofenac sodium. However, the 
intrinsic absorption of diclofenac sodium is also fast and it is not being the rate limiting factor in the bioavailability 
of diclofenac sodium, its decrease upto about 18 minutes (0.31 ± 0.05 hr) from 11 minutes (0.19 ± 0.02 hr) produces 
a nuJI difference as the net effect on bioavailability, particularly when the drug is to be used in multiple dosage 
regimen. 

Keywords: Pharmacokinetics, diclofenac sodium, HPLC method. 

INTRODUCTION 

The first nonsteroidal anti-inflammatory agent introduced 
after salicylic acid was phenylbutazone, which made its 
appearance in 1952. A decade or more later, competitive 
compounds such as mefenamic acid, ibuprofen, and 
indomethacin were introduced (Sallmann, 1975). 

At this point it was decided to start a project aimed at 
developing a novel anti-inflammatory drug which should be 
superior both in activity and tolerability. 

Diclofenac sodium has an acidity constant of 4 and a 
partition coefficient of 13.4. The structural elements include 
a phenylacetic acid group, a secondary amino group, and a 
phenyl ring contain ing chlorine atoms which cause 
maximum twisting of the ring (Salmann, 1986). 

The half- life of diclofenac sodium in plasma varies from l-3 
hours (Adeyeye & Li, 1990; Reynold, 1993; Willis et al., 
1979; Degen el al. , 1988; Said & Sharaf, 1981 and 
Landsdorp et al., 1990), with mean peak plasma levels of 
approximately 0.5 µg/ml and I .0 µg/ml occurring after 
about two hours after single doses of 25 mg and 50 mg of 
enteric-coated tablets respectively (Riess et al. , 1978). 

There are no data available on the distribution of diclofenac 
in organs or tissues of man. Animal studies have sho wn that 
the highest concentrations of diclofenac are found in bile, 
liver, and kidneys followed by blood, heart and lungs (Riess 
et al., 1978). 

Diclofenac, like all NSAIDs, is 2:. 99.5% bound to human 
serum proteins, specifically albumin (Riess et al., 1978 and 
Chamouard er al., 1985). lt accumulates in synovial fluid 
after oral administration, which may explain the duration of 

therapeutic effect that is considerably longer that the plasma 
half-life (lnsel, 199 l ). 

Diclofenac has been marketed since 1973 (Todd & Sorkin, 
1988 and Sengupta e/ al., 1985). It has been approved in the 
United States (Ciba-Geigy, 1988). Experimental and clinical 
findings obtained to date have indicated that diclofonac 
sodium was synthesized on well-founded principles 
(Sallmann, 1986). 

In this study, the effect of food on the pharrnacokinetic 
parameters of diclofenac sodium (voltaren 50 mg) was 
examined in four healthy male volunteers. 

MATERIALS AND METHODS 

Materials and methods utilized in this study are described 
elsewhere (Farid et al., 2004). 

RESULTS AND DISCUSSION 

The plasma concentrations of diclofenac sodium in four 
healthy human volunteers after a single oral administration 
of 50 mg dose (voltaren 50 mg) in fasting and fed 
conditions are given in table-1 (mean ± SEM). The mean 
levels produced by single dose in both the states were 
subjected to super position method for simulating levels in 
multi-dose treatment. Table-2 and table-3 report the 
generated level s after four doses six hourly in fasting and 
fed conditions. Thus it is clear from these tables that multi
dose usage of the drug will finally produce identical steady 
state pattern and thus neither the fasting nor fed condition 
has any beneficial edge over each other as far as the levels 
are concerned. 

Absorption rate is the only parameter in present work which 
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Table l 
Plasma levels of diclofenac sodium in all human volunteers in control state (fasting) 

and in treatment state (after food) after oral administration of50 mg dose in the form of enteric-coated tablet 

Time (hours) 
Control state (fasting) 

Mean± SEM (ug/ml) 

1.00 0.1275±0.0775 

1.50 0.4300 ± 0.3239 

2.00 I .0425 ± 0.6855 

2.50 10150± 0.2216 

3.00 1.0975 ± 0.4389 

3.50 0.6150±0.2141 

4.00 0.3325 ± 0.1048 

4.50 0.2325 ± 0.0671 

5.00 0.1525 ± 0.0413 

5.50 0.1025±0.0217 

6.00 0.0900 ± 0.0187 

7.00 0.0625 ± 0.011 I 

8.00 0.0500 ± 0.0091 

9.00 0.0350 ± 0.0050 

is found significantly different at 0.05 level of significance. 
The absorption half-lives observed in both the states along 
with the results of ANOVA and t-tests; paired and unpaired 
are given in table-4. 

As has been discussed previously that peak time in fed state 
is delayed (Farid el al., 2004). However, the absorption rate 
is significantly (at p>0.05) higher in fed state and 
consequently the half-life is lower. lt is thus concluded that 
the presence of food delays the dissolution which is 
responsible of longer Jag time in fed state, however, once 
the absorption started it was found faster. The possible 
reason which may be offered for this rapid absorption is the 
more blood flow towards, stomach in presence of the food. 

Absorption half-life (mean± SEM) in control as found to be 
0.31 ± 0.05 hr where as in treatment it appeared to be O. J 9 ± 
0.02 hr. 

Willis et al ( 1979) examined the pharmacokinetics of 
diclofenac sodium following intravenous and oral 
administration, to healthy female volunteers. T ndividual 
drug profiles were described by a triexponential function 
and mean- half-lives of the three exponential phases were 
0.05, 0.26 and 1.1 hr. After oral doses of enteric-coated 
tab lets, the lag time between dosing and the appearance of 
drug in plasma varied between 1.0 and 4.5 hr. Peak plasma 

Treatment state (after food) l 
Mean± SEM (ug/ml) i 

0.0975 ± 0.0542 

0.3300 ± 0.2568 I 
0.6300 ± 0.2946 

0.8925 ± 0.5053 

0.8375 ± 0.2418 

0.7525 ± 0.3250 

0.4500 ± 0.1695 

0.2450 ± 0.0913 

0.1675 ± 0.0664 

O.ll50 ± 0.0448 

0.0875 ± 0.0335 

0.0650 ± 0.0185 

0.0500 ± 0.0122 

0.0375 ± 0.0125 

diclofenac levels ranged from 1.4 to 3.0 µg/ml. The mean 
terminal drug half-life in plasma was 1.8 hr after oral doses. 
Fifty percent of orally dosed diclofenac did not reach the 
systemic circulation due to first pass metabolism. 

Said and Sharaf (1981) gave single oral dose of IO mg/kg of 
diclofenac sodium to rabbits and determined serum 
concentrations by a developed HPLC method. The observed 
serum levels of rabbits were fitted to a one-compartment 
open model. The mean values of !u2e, ke, t1,za, ka and tm,x 
were 1.98 h, 0.3455h-1

, 1.2357 h, 0.5653 11·1 and 2.2267 h, 
respectively. 

Thus the value of absorption half-life cited in the above 
studies were 0.05 hr (Willis, 1979) and 1.2357 hr (Said and 
Sharaf, 1981) respectively. A large difference in absorption 
half-lives may be due to physiological variability of subjects 
participated in the studies. 

Distribution half-life (mean ± SEM) in treatment was found 
to be 0.27 ± 0.05 hr where as in control it appeared to be 
0.39 ± 0.06 hr. The distribution half-lives observed in both 
the states along with the results of ANOY A and t-tests; 
paired and unpaired are given in table-5 . 

A previous study (Willis et al. , 1979) indicates the 
distribution half-life of diclofenac sodium in normal state 
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Table 2 
Simulation of plasma levels of diclofenac sodium in an 6 hourly 50 mg dose system upto 4 doses generated through 

superposition technique by utilizing mean levels obtain after single dose oral administration with tablets 
in control (fasting) state 

Time First dose Second dose 

0 0 

I 0.1275 

2 1.0425 

3 1.0975 

4 0.3325 

5 0.1525 

6 0.0900 (+O) 0.0900 

7 0.0625 (+0.1275) 0.19 

8 0.0500 (+ 1.0425) 1.0925 

9 0.0350 (+ 1.0975) 1.1325 

LO 0 ~. (+0.3325) 0.3325 

11 (+0.1525) 0.1525 

12 (+0.0900) 0.0900 

13 (+0.0625) 0.0625 

14 (+0.0500) 0.0500 

15 (+0.0350) 0.0350 

16 (+O) 0 

17 

18 

]9 ' 
20 

-, 

f.--- ---- -
21 

22 

23 

24 

25 

26 

27 

28 

after intravenous administration, which is 0.26 hr. This 
value is not in very close agreement with the value 
estimated in the present work, however; it is not very much 
different. 

I 
! 

! 

The plasma levels versus time profiles in the post-absorptive 
phases of aU subjects were found to have a value of 

Third dose Fourth dose 

·-

. .. 

(-1-0) 0.0900 

( +0.1275) 0.19 

(+10425) 1.0925 

(+ 1.0975) 1.1325 

(+0.3325) 0.3325 

(+0.1525) 0.1525 

{+0.0900) 0.0900 (+O) 0.0900 

(+0.0625) 0.0625 (+0.1275) 0.19 

(+0.0500) 0.0500 (+1.0425) 1.0925 

(+0.0350) 0.0350 (+ 1.0975) 1.1325 

(+O) 0 (+0.3325) 0.3325 ---
(+0.1525) 0.1525 

(+0.0900) 00900 

(+0.0625) 0.0625 

(+0.0500) 0.0500 

(+0.0350) 0.0350 

(+O) 0 

correlation coefficient 0.9. This shows the linear disposition 
of diclofenac sodium for the dose administered. The 
biological half-lives (mean ± SEM) in the two states were 
found to be 2.72 ± 0.29 hr with food and 2 .63 ± 0.19 hr 
without food. The two values are obviously very close and 
resembling. This indicates that food given in the treatment 
state has no effect on drug metabolism or drug filtration 
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Table 3 
Simulation of plasma levels of diclofcnac sodium in an 6 hourly 50 mg dose system upto 4 doses generated through 

superposition technique by utilizing mcan Jcvcls obtain after single dose oral administration 
with tablets in treatment (after food) state 

Time First dose Second dose 

0 0 

I 0.0975 

2 0.6300 

3 0.8375 

4 0.4500 ! 
i 

5 0.1675 

6 0.0875 (+O) 0.0875 

7 0.0650 (+0.0975) 0.1625 

8 0.0500 (+0.6300) 0.68 

9 0.0375 (+0.8375) 0.875 

10 0 (+0.4500) 0.4500 

11 (+0.1675) 0.1675 

12 (+0.0875) 0.0875 

13 (+0.0650) 0.0650 

14 (+0.0500) 0.0500 

15 (+0.0375) 0.0375 

16 (+O) 0 

17 i 

--· 
18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

through kidneys . The difference in this respect apparently is 
non-existent. 

The e limination half-lives observed in both the states a long 
with the results of ANOV A and t-tcsts; paired and unpaired 
are given in Tablc-6. 

Third dose :Fourth dose 

.. 
(+O) 0.0875 

(+0.0975) 0.1625 

(+0.6300) 0 .68 

(+0.8375) 0 .875 

(+0.4500) 0.4500 

(+0.1675) 0.1675 
-

(+0.0875) 0.0875 (+O) 0.0875 

( +0.0650) 0.0650 (+0.0975) 0.1625 

(+0.0500) 0.0500 (+0 .6300) 0.68 

(+0.0375) 0.0375 (+0.8375) 0.875 

(+O) 0 (+0.4500) 0.4500 

(+O. 1675) 0.1 675 

(+0 .0875) 0.0875 

(+0.0650) 0.0650 

(+0.0500) 0.0500 

(+0.0375) 0.0375 

(+O) 0 

Elimination half-lives in the normal states reported by other 
workers ranges between 1-3 hours (Adeycy c & Li, 1990; 
Reynolds, 1993; Willis et al., 1979; Degen et al. , 1988; Said 
& Sharaf, 1981 andLandsdorpela/., 1990). 

Landsdorp el al ( l 990) studied the pharmacokinetics of 
rectal d iclo fenac and its hydroxy metabo lites in man. When 
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Table 4 
Absorption half-lives of diclofenac sodium in control and treatment states 

Volunteer 
Absorption half-lives (!tr) 

Control Treatment 

1 0.2800 0.1400 

2 0.4600 0.2500 

3 0.2700 0.1600 

4 0.2100 0.2000 

Mean±SEM 0.3050 ± 0.0539 0.1875 ± 0.0243 

Analysis of variance 

s.o.v. S.S. DF. M.S. F - -·-
Treatment 0.0276 1 0.0276 --
Residual 0.0420 6 0.0070 3.9470 

Total 0.0696 7 -- --
F-ratio 4.9329 t-test paired = 2.8308 t-tcst unpaired 1.9867 

Table 5 
Distribution half-lives of diclofenac sodium in control and treatment states 

Volunteer 
Distribution halt~lives {hr) 

Control Treatment 

I 0.4200 0.1600 
-

2 0.5300 0.3000 - .. 
3 0.3500 0.2300 

4 0.2400 0.3800 

Mean± SEM 0.3850 ± 0.0609 0.2675 ± 0.0471 

Analysis of variance 

S.O.V. S.S. 

Treatment 0.0276 
-· 

Residual 0.0712 

Total 0.0988 

F-ratio 1.6682 t-test paired 

100 mg diclofenac suppository was given to six human 
volunteers it was well absorbed from the gastrointestinal 
tract. The apparent half-lives of diclofenac and 4'-hydroxy 
diclofcnac were respectively 1.3 ± 0.3 h and 4.3 ± 1.0 h. 
When the t!/2 values are derived from the renal excretion 
rate-time profiles, they are as follows: diclofenac l .8 ± 0.9 
h, 3'-hydroxy and 5-hydroxy diclofenac 2.3 ± 1.0 hand 2.5 
+ 0.4 h respectively, while those of 4'-hydroxy and 4',5-

DF. M.S. F .. 
1 0.0276 --
6 0.0119 2.3277 

7 -- --

1.2918 t-test unpaired = 1.5257 

dihydroxy diclofcnac are respectively 3.6 ± 0.5 hand 3.1 ± 
1.3 h. Diclofenac is excreted for 13.6 ± 6.5%, its renal 
clearance (Cl,) = 3.23 ± 1.03 ml/min. The mean metabolite 
excreted in the urine is 4'-hydroxy diclofcnac (27.2 ± 12% 
dose, Cl, = 6.14 ± 4.04 ml/min). The total body clearance of 
the parent drug and the apparent total body clearance of the 
main metaboilitc are similar 28.0 ± l l .9 1/h, and 27.5 ± 
10.9 1/h. 
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Table 6 
Elimination half-lives of diclofcnac sodium in control and treatment states 

Volunteer 
Elimination half-lives (hr) 

Control Treatment 

I 2.5800 2.0500 -
2 2.1300 3.0100 

3 2.7700 2.4600 

4 3 0300 3.3600 

Mean± SEM 2.6275 ± 0. l 898 2.7200 ± 0.2901 

Analysis of variance 

s.o.v. S.S. DF. M.S. },' 

Treatment 0.0171 l 0.0171 --
Residual 1.4423 6 0.2404 0.0712 

Total 1.4594 7 -· --

F-ratio 0.4277 t-tcst paired -0.2894 t-test unpaired -0.2668 

Table 7 
Mean residence time of diclofenac sodium in control and treatment states 

-- - - -

Volunteer 
Mean residence time (hr) 

Control Treatment 

l 3.7300 3.9500 

2 3.9500 4.8200 

3 3.2800 3.3200 
-

4 2.4600 2.5300 

Mean± SEM 3.3550 ± 0.3293 3.6550 ± 0.4849 

Analysis of variance 

s.o.v. S.S. DF. M.S. F 

Treatment 0.1800 1 0.1800 --
Residual 4 .1234 6 0.6872 I 0.2619 

Total 4.3034 7 -- ! --

F-ratio 0.4611 t-test paired -1.5461 Hes! unpaired -0.5118 

reported by other workers. Our value or elimination half-life is in good agreement with 
the previous findings. Thus the pharmacokinetic parameters 
found in Pakistani subjects are in close agreement with the 
previous findings. The observed pharmaceutical data may 
be used for describing the phannacokinetic character of the 
drug in local population. As far as the effect of food is 
concerned, more or less similar results are obtained as 

The non-compartmental analysis of the data is also 
performed in order to detect effect of food which might not 
be reflected from compartmental analysis. The values of 
mean residence time (MRT) in control and treatment states 
(mean ± SEM) were found to be 3.3550 ± 0.3293 hr and 
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3.6550 ± 0.4849 hr respectively, apparently resembling 
values bearing no significant difference. Mascher (1989) 
found MRT of 5.5 hours after oral administration of a 
sustained-release form of the drug to humans. This high 
value may be attributed to the sustained character of the 
dosage form. However no other values of MRT have been 
reported in the literature. 

The MRTs, values along with the results of ANOVA and t· 
tests; paired and unpaired are given in table-7. 

CONCLUSION 

A possible explanation of these results may be that the 
presence of food in the ga~tric pouch lowers the gastric 
emptying and increases the viscosity of the gastric contents, 
this in turn causes a hindrance in the transfer of drug from 
stomach to its site of absorption , intestine. Since the 
therapeutic action of enteric-coated dosage form depends 
upon its entry into the intestine which is delayed in the 
presence of food. This results in increasing the time to reach 
the peak plasma concentration. But once the drug enters in 
the intestine it is rapidly absorbed. So in order to obtain a 
quick effect, diclofenac sodium should be taken in empty 
stomach or at least one hour before meal may be advised if 
the treatment consists of only one single dose, however; for 
multi-dose treatment this precaution seem unnecessary. 
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CASE REPORT 

Anaesthesia for bullectomy 

A technique with spontaneous ventilation and extradural blockade 

M.A. W. M. HASENBOS ANO M. J.M. GlELEN 

Summary 

A patient 1-rith severe bullous emphyxema in whom one bu/la occupied more than 25% of the hemithorax, 
1rith a shift of the mediastinum to the opposite side, was anaesthetised for bu!lectomy with a combination 
'?/"intravenous gamma-hydroxybutyric acid and a high Jhoracic exrradura/ catheter technique. During the 
operation the patient breathed /0()% oxygen through a double-lumen endobronchial tube in the lateral 
thoracowmy position. Extradural analgesia during 1he operation was provided by bupivacaine 0.25%, with 
adrenaline 1: 2()() 000 and. pos10per(llivel_r. with nicomorphine diluted in dextrose 5%. The advantages of' 
rhis technique are described. 

Key words 

Anaeslhesia; thoracic:. 
Anaesthesia techniques; epidural, thoracic, total intravenous. 

For patients with giant bullae of the lung, who 
require operations either outside or inside the 
thorax. anaesthesia can be provided in several 
ways. 1 - 3 

The development of anaesthetic techniques 
which improve the safety of pulmonary resections 
also increase the number of patients who can be 
considered candidates for such surgical therapy. 
These patients frequently have chronic obstruc
tive pulmonary disease (COPD). with an in
creased risk of postoperative morbidity and 
mortality from respiratory failure. 4 

An anaesthesia technique for resection of a 
giant bulla is described. which appears to be safe 
and to be associated with minimal postoperative 
pulmonary complic:ations. 

Case history 

A 64-year-old male (weight 80.5 kg) with a history 
of emphysema for the last I 5 years, was referred 
to the hospital because of increasing dyspnoea at 
rest. Physical examination showed a dyspnoeic, 
cyanotic man with intercostal recession, and an 
increased anteroposterior diameter of the chest 
wall. The blood pressure was 160/85 mmHg, the 
heart rate 80/minute and breathing frequency 
15/minute. Breath sounds were decreased over 
both lungs and there was prolonged exhalation. 
The electrocardiogram showed sinus rhythm, 
normal atrioventricular and intra ventricular con
duction with no specific repolarisation dis
turbances. The patient was treated with the 

M.A.W.M. Hasenbos. MD. Anaesthetist. M.J.M. Gielen, MD. Anaesthetist, Department of Anaesthesia. Catholic 
University or Nijmegen. Geert Grooteplein Zuid 10, NL-6525 GA NiJmegen. The Netherlands. 
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Table l. Lung function tests: results before and after resection of a large bullous lesion 

rvc 
FRC 
RV 
TLC 
MVV 
Tidal volume 
Breathing 

frequency 
FEV 1 

FEV 1% of IVC 

Nonna I 
value 

4850 ml 
4400 ml 
3000 ml 
7850 ml 

11 l litre/min 

3700 ml 
76 

(SD) 

(550) 
(600) 
(lOO) 
(700) 

(500) 
(7) 

Pre-operative 

2950 ml 
7100ml 
6250 ml 
9200 ml 

13.5 litre/min 
800 ml 

14/min 
450 ml 

15 

Patient values 

Postoperative 

2 months 4 months 

2750 ml 3150 ml 
4850 ml 5100 ml 
4150 ml 3900 ml 
6900 ml 7050 ml 

I 8 litre/min 18 litre/min 
800 ml 900 ml 

14/min 12/min 
600 ml 600 ml 

22 19 

Normal values used in the Netherlands are published by Tammeling G.J. Selected papers. Royal Netherlands 
Tuberculosis Association: 1961; 1: 65. 
The European Coal and Steel Community (ECSC) values are higher for VC and FEY,, to convert them for the 
population in the Netherlands a factor of 0.88 is used. IVC, inspiratory vital capacity, FRC, functional residual 
capacity. RY. residual volume, TLC, total lung capacity, MVV, maximum voluntary ventilation FEV 1, forced 
expiratory volume in 1 second. 

following drugs: prednisolone 10 mg/day, sal
butamol (Ventolin®) 400 mg qds, thiazinamium 
(Multergan®) 300 mg tds, digoxin 0.250 mg/day, 
terbutaline sulphate (Bricanyl®) 5 mg tds and 
doxycycline (Vibramycine~) I 00 mg/day. 

Despite this therapy, his lung function tests 
{Table I) showed signs of marked obstructive 
airways disease. His minute volume was 6. 75 litres 
(0.45 litres x 15 breaths) and his maximum 
voluntary ventilation (MVV) 13.S litres/minute; 
thus, this patient had virtua lly no ventilatory 
reserve. After 30 days of treatment and no real 
improvement, it was decided, after discussion 
with the surgeon and the anaesthetist, that ex
cision of the large bulla would probably improve 
his condition; a left-sided thoracotorny was there
fore planned. 

The patient was premedicated with dia
zepam 10 mg orally, and 0.5 mg atropine and 
prednisolone 50 mg intramuscularly one hour 
before the operation. The extrndural catheter was 
inserted at the T 3-4 interspace, with the patient 
awake and in the sitting position. The para
median approach with the hanging drop tech
nique was used to identify the extradural space. 
The catheter was directed cephalad and advanced 
3-4 cm. The patient was placed supine and an 
initial test dose of 3 ml lignocaine 2% was injected 
through the catheter. 

The block was tested 15 minutes later; the 
segments T l-6 were blocked by this test dose. 
Then 8 ml bupivacaine 0.25% with adrenaline 

l : 200 000 was given through the extradural 
catheter; this resulted in a block of the segments 
T 2--10, Five minutes later, gamma-hydrobutyric 
acid (gamma-OH) 50 mg/kg and droperidol 5 mg 
were given intravenously to induce general anaes
thesia. Topical anaesthesia of the vocal cords with 
lignocaine 10% was followed by intubation with a 
double-lumen bronchial tube (Bronchocath 
41 Fr.-left-sided); the patient was placed in the 
right lateral position and I 00% oxygen ad
ministered. The patient was still breathing 
spontaneously and did so throughout the opera
tion, sometimes with manual assistance. No 
inhalation anaesthetics were added. 

The surgeon removed a large bulla which 
compressed a part of the left lung. Several smaller 
bullae were also removed. Chest tubes were 
inserted and the operation was completed within 
2 hours. 

The patient was extubated in the operating 
theatre and brought to the intensive care unit. 
Arterial blood gas analysis values before, during 
and after the operation are listed in Table 2. 

Analgesia was maintained postoperatively for 
3 days by extradural injection of nico
morphine (the 3,6-dinicotyl ester of morphine) 5 
mg in 10 ml dextrose 5% (Vilan',.,, Nourypharma, 
Oss, The Netherlands; preservative free). Extra
dural nicomorphine was given three times a day 
(5 mg nicomorphine diluted in l O ml dextrose 5%) 
and resulted in effective analgesia of rapid onset 
and a duration of about eight hours. The patient 
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Table 2. Arterial blood gas analysis, during spontaneous respiration 

Added Oz 
litre/min 
by nasal PaOz Paco 2 Base 
catheter (kPaJ pH (kPa) excess 

Pre-operative 0 6.5 7.38 6.6 +4.4 
l.5 7.9 7.39 7.0 +5. 

During operation 
(by lube) 

Supine position 100% 40.3 7.31 8.6 +4.5 
Lateral position JOO% 36.9 7.27 8.7 + J.8 

Postoperative 3 7.0 7.34 6.6 +0.5 
2 9.7 7.38 6.4 +2.9 

First day after 
operation 3 10.4 7.39 5.3 +0.! 

Second day after 
operation 2 8.8 7.44 5.5 +4.1 

Third day after 
operation 2 8.9 7.43 6.0 +5.2 

Pa.o2 , arterial oxygen tension. Paco1 , arterial carbon dioxide tension. 

continued to do well until the fourteenth day after 
operation, when he developed pneumonia in the 
left lung; this was treated with antibiotics. 

The chest tubes were removed on the tenth 
postoperative day. The patient had to be treated 
by a psychiatrist for mental depression and was 
discharged 3 months after the operation without 
requiring oxygen therapy. Subjectively, he was 
greatly improved, but with less improvement in 
his lung function tests than we had hoped (Table 
1). 

Discussion 

The criteria for selecting patients most likely to 
benefit from bullectomy include progressive 
dyspnoea, inability to maintain a normal walking 
pace on level ground and bullae occupying at 
least 25% of one hemithorax. 3 Our patient ful
fi II ed all three criteria. 

It is useful for the anaesthetist to difTerentiate 
between open and closed bullae. Anatomically, 
there are two types in which surgery can be useful: 
open type bullae with wide open connexions to 
the bronchi (type I) and closed type bullae (type 
2). The latter are divisible into stenotic bullac with 
a small connexion to the bronchi and bullae with 
a ball valve mechanism. Type I and 2 can be 
differentiated by the chest X-ray, which shows a 
difference in the size of the bullae from inspira
tion to expiration in the type I bulla. This is the 
method we used 10 confinn the presence of an 
open bulla in our patient. 

The differentiation can also be made with body 
plethysmography, where a large difference is 
only found in type 2 bullae, between functional 
residual capacity (FRC) measured by the gas 
dilution wash-out technique and the plethysmo
graphic method. 

BaJI valve bullae, either unilateral, require 
special anaesthetic precautions since there is a 
risk of rupturing a bulla, thereby producing a 
tension pneumothorax during controJled ventila
tion. This requires avoidance of high inspiratory 
pressures. Oltr patient had an open type bulla, 
which was also confirmed by measuring the FRC, 
using the gas dilution wash-out technique. As can 
be seen in Table I, the FRC after operation was 
22S0 ml less than before the operation. In the case 
of a closed bulla, there would have been no 
difference. 

For safety we had chosen a double-lumen tube. 
[f spontaneous ventilation was inadequate or 
impossible, we could have controlled the ven
tilation of the relatively good right Jung. 

fl is generally accepted that the use of nitrous 
oxide is contra-indicated during an operation for 
bullectomy 5 and that a technique which a voids 
intermittent positive pressure ventilation (IPPV), 
and in which spontaneous ventilation is main
tained, is preferable. 

Three main techniques have been described by 
which nitrous oxide can be avoidcd. 3 Inhalation 
anaesthesia, which carries the disadvantage of 
cardiac depression and hypotension, a neuro
leptic technique which involves a danger of 
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awareness in the absence of nitrous oxide, and 
finally, a technique with ketamine. The prolonged 
effects with this method might prevent 
cooperation for the (important) postoperative 
physiotherapy. The mental disorientation after 
ketamine makes its choice even more question
able. 

Our technique has several advantages: 
Gamrna-OH6

• 
7 produces narcosis after a latent 

period of 5--10 minutes. Sleep is stable and 
adequate and ventilation is not significantly 
depressed. There is tendency for the pulse to slow 
and the blood pressure to increase, which is 
counteracted by droperidol. The quality of the 
recovery is particularly agreeable for the patient 
and is not accompanied by unpleasant 
phenomena. 

If gamma-OH is not available, another potent 
intravenous anaesthetic which does not depress 
circulation or ventilation could be used. 

The use of an cxtradural catheter at a high 
thoracic level for analgesia during the operation 
has several advantages. Most of the afferent 
nervous input from lungs and airways, enters the 
central nervous system along the sympathetic 
nerves to the upper four thoracic segments.8

·
9 

The afferent blockade can prevent and even cure 
bronchospasm. 8 Furthennore, bronchial toilet 
can be accomplished without severe circulatory 
reactions. 1 0 During the operation, we inject weak 
analgesic solutions (bupivacainc 0.25% plus 
adrenaline I : 200 000) into the extradural 
catheter, to ensure blockade with minimal motor 
involvement. As can be seen from the arterial 
carbon dioxide tension {Paco2) values in Table 2. 
motor impainnent cannot be excluded com
pletely. In addition. throughout the operation, 
end-e,.piratory CO 2 was monitored by cap
nometer and did not increase significantly. 

Nicomorphine diluted in dextrose 5% was 
injected extradurally postoperatively; this has 
been found to provide effective analgesia of a 
rapid onset without a!Tecting muscle power, or 
producing ventilatory depression i 1. u in various 
thoracic operations. despite the high position of 
the thoracic extradural catheter. 13 · 14 

We believe that with this technique of balanced 
intravenous anaesthesia (without intravenous. 
opiates. but with high thoracic extradural 
regional block during the operation, and extra
dural nicornorphine postoperatively), there are 
likely to be less pulmonary complica tions com-

pared to balanced intravenous anaesthesia with 
opiates given intravenously during the operation 
and intramuscularly postoperatively. 13• 14 
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Extracellular Events Induced by )'-Hydroxybutyrate 
in Striatum: A Microdialysis Study 

Viviane Hechler, Serge Gobaille, Jean.Jacques Bourguignon, and Michel Maitre 
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Abstract: The modification of dopamine release and accu
mulation induced by -y-hydroxybutyrate (GHB) was studied 
using both striatal slices and in vivo microdialysis of caudate
putamcn. GHB inhibited dopamine release for -5-10 min 
in vitro, and this was associated with an accumulation of 
dopamine in the tissue. Subsequently, there was an increase 
in dopamine release. In the microdialysis experiments. low 
doses of GHB inhibited dopamine release, whereas higher 
doses strongly increased release; the initial decrease seen in 
slices could not be detected in vivo. Thus, GHB had a biphasic 
effect on the release of dopamine: An initial decrease in the 
release of transmitter was followed by an increase. A time
dependent biphasic effect was observed when GHB was added 
to brain slices, and a dose-dependent hiphasic effect was seen 

The modification of dopaminergic activity of the ni
grostriatal pathway by y-hydroxybutyrate (GHB) has 
been the subject of numerous in vitro and in vivo stud
ies (Bustos and Roth, I 972a.b; Cheramy et al., 1977). 
It has been reported that in vivo GHB induces a dim
inution of impulse flow in dopaminergic pathways 
(Roth et al., 1973, 1980). Concomita ntly with these 
electrophysiologic changes there is an increase in the 
level of striatal dopamine, which is closely followed by 
an increase in the levels of 3,4-dihydroxyphenylacetic 
acid (DOPAC) and homovanillic acid (HVA) (Gessa 
et al ., 1966, 1968; Spano et al., 1971); the latter changes 
have been shown to result from GHB-induced acti
vation of tyrosine hydroxylase (Morgenroth et al. , 
1976). 

Over the past several years the existence of an en
dogenous GHB system in brain has been demonstrated. 
GHB is synthesized (Cash et al., 1979; Rumigny et al., 
198 la,b) and released (Maitre et al., 1983b; Vayer and 
Maitre, 1988) in brain, and the presence of specific 
receptor sites for this coml)Ound has been shown in 
brain (Benavides et al., 1982a; Maitre et al., 1983a; 
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in dialysate after systemic administration ofGHB. Naloxone 
blocked GHB-induccd dopamine accumulation and release 
both in vitro and in vivo. GHB also increased the release of 
opioid-like substances in the striatum. A specific antagonist 
of GHB receptors completely blocked both the dopamine 
response and the release of opioid-like substances. These data 
suggest that GHB increases dopamine release via specific re
ceptor.; that may modulate the acli vity ofopioid intemeurons. 
Key Words: -y-Hydroxybutyrate-Dopamine-Striatum-In 
vivo microdialysis-Opioid/dopaminc receptors. Bechler V. 
et al. Extracellular events induced by 'Y-hydroxybutyrate in 
striatum: A micnxtia!ysis study. J. Neurochem. 56, 938-944 
(1991}. 

Hechler et al., l 987), particularly in hippocampus, 
cortex, and striatum. This GHB system may participate 
in the regulation of dopaminergic activity in the stria
tum. To investigate thi s possibility, we carried out ex
periments to analyze GHB effects on dopaminergic 
terminals, both in vitro and in vivo. Naloxone has been 
reported to block GHB-induced elevation of striatal 
dopamine levels (Snead and Bearden, 1980) as well as 
GHB-induced changes in second messenger systems in 
the hippocampus(Vaycr et al., 1987; Vayer and Maitre, 
1989). Because opioid systems have been implicated 
in modifications of dopamine release in striatum (Ni
coll et al. , 1977; Biggio et al., 197 8; Chesselet et al., 
1981; Rudolph et al., 1983), we also examined the pos
sibility that the GHB system might interact with the 
opioid system to modulate doparninergic activity. 

MATERIALS AND METHODS 

In vitro experiments 
Adult Wistar rats were killed and decapitated. Their brains 

were removed, and the striatum was rapidly dissected, Tissue 

Ahhrevia/ions user.I · DOPAC, 3,4-dihydroxyphenylacelic acid ; 
GABA, -y-aminobutyric acid; GHB, -y -hydroxybutyrate; HVA, ho
movanil!ic acid; NCS-382, 6,7,8,9-te1rahydro-Sif-ben1-ocycloheptcnc-
5-oJ-ylideneacetic acid; TTX, tctrodotoxin. 
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slices (300 i,tm thick) were prepared with a Vibratome (Lancer 
Instruments) acoordi ng to the method of Luini et al. (1981) 
and Maitre et al. (1983b). The slices, cut in Krebs-Ringer 
bicarbonate glucose buffer [ 122 mM NaCl, 3.1 mM KC!, 1.3 
mAf CaCI2 , 1.2 mM MgS04 , 0.4 mM KH2PO,, 24.4 mM 
NaHCO,, and 10 mM glucose, pH 7 .4, gassed with 02/C02 
(95:5)] maintained at 33°C, were incubated with 50 µ.A,f ty
rosine for 20 min in the same medium. The slices (-40 mg 
of tissue, wet weight) were next incubated for various times 
in the presence of the same mixture containing l mMGHB. 
Under these conditions, we have demonstrated an active up
take of GHB by striatal slices (Benavides el al., 1982b; Hcchler 
cl al., 1985). Release of dopamine was induced by transferring 
the slices for 3 min to the same Krebs-Ringer bicarbonate 
glucose buffer, but containing 56 mM KCI and 64 mMNaCl. 
The slices were then removed, and the incubation medium 
was analyzed for dopamine content by HPLC (Kontur et al., 
1984). 

Parallel experiments were perfonned to determine the do
pamine content of the slices. The tissue was treated in the 
same manner as for the release experiments except that the 
slices were removed and frozen ( -80 ° C) after the end of the 
incubations with l mM GHB. 

The tissue was homogenized in cold 0.1 M perchloric acid 
(10 µI/mg wet weight) containing l ng/ 10 µl of internal stan
dard (3,4-dihydroxycinnamic acid) and centrifuged at 30,000 
g for 20 min. The supernatants were removed and analyzed 
for dopamine. 

In vivo experiments 
Adult male Wistar rats (weighing 250-300 g) under keta

mine anesthesia ( l SO mg/kg i.p.) were unilaterally implanted 
and mounted in a stereotaxic frame (Narishige). The guide 
cannula was inserted in the middle of the head of the right 
caudate-putamen 0.5 mm anterior and 3 mm lateral to 
bregma with the tip 1.8 mm below the dura (Paxinos and 
Watson, 1986), so that after implantation the probe protruded 
4 mm beyond this guide. The guide cannula was secured to 
the cranium using dental cement. At the same time, a plastic 
tube 2 cm high and l.5 cm in diameter was placed around 
the guide to protect the inlet-outlet tubing from the probe. 

Three days after surgery, the rat was lightly anesthetized 
with ether, and the microdialysis probe (polycarbonate-poly
ether, 20,000 dalton cut-off; 4 mm long and 0.52 mm in 
diameter; Carnegie Medicin) was implanted using the guide 
cannula. The probe was perfused with a nonbuffered saline 
solution (147.2 mMNaCI , 3.4 mMCaC12 , and 4 mMKCl) 
at a rate of l µI/min using a 300-mm length ofTeflon tubing; 
the pH of this medium, initially 6.0, was increased to 7.0-
7.4 after passage through the dialysis probe in vivo. A liquid 
swivel connected the probe to a microinjection pump (CMA 
100; Carnegie). With this system, the rat was allowed 10 move 
freely within a hemispherical bowl (55 cm in diameter). The 
pcrfusates were collected in small tubes containing 5 µI of 
0.5 Mperchloric acid, 5 pmol of internal standard (3,4-dihy
droxycinnamic add) for catecholamine analyses, or IO µl of 
a 20 µM solution of enkcphalinase inhibitor (N-carboxy
methyl-L-phenylalanyl-L-leucinc) for the naloxonc radiore
ceptor assay. Samples were collected at 20-min intervals, and 
at least seven control samples were taken before drug ad
ministrations. GHB was locally applied by a 20-min dialysis 
ofa saline solution containing l mM GHB. 

At the end of each experiment, the site of the dialysis probe 
was verified histologically after fast-blue cresyl violet staining. 

Measurement oflevels of dopamine and metabolites 
The perfusates or the tissue extracts were assayed for do

pamine, DOPAC, and HVA by HPLC with electrochemical 
detection according to the method of Kontur et al. ( 1984) 
with several modifications. The chromatographic system 
consisted of a 25-cm X 4.6-mm Hypersil C1a ODS column 
(particle size, 5 µm; Biochrom, France). The column was 
kept at a constant temperature of30°C with a heating block 
(Waters model TCM), and the flow r.ite was l.2 ml/min 
(Waters model 501 HPLC pump) with a back pressure of 
1,500 psi. The system was linked to a Waters model 460 
electrochemical detector with a glassy-carbon electrode. The 
detector potential was maintained at 0.60 V versus an Ag/ 
AgCI reference electrode. The mobile phase consisted of 0.1 
MNaHzPO, and 0.1 mM disodium EDTA (pH 4.85) in dou
ble-distilled waler with methanol added to a final concentra
tion of 6%. The system was calibrated by injection of various 
amounts (0.2 nmol-20 lino!) of standard solutions con1aining 
dopamine, DOPAC, HVA, and 5 pmol of internal standard. 
Twenty-five microlitcrs of each sample was injected onto the 
column, and peak identification was performed by compar
ison of retention times with regard to the calibration solutions. 

In vitro recovery 
To estimate the recovery of the dopamine and metabolites 

through the membrane, dialysis probes were perfused in vitro 
at adequate flow rates and placed in physiological Ringer's 
solution containing dopamine, DOPAC, and HVA at 10-• 
M. The amount of substance in the perfusate was compared 
with the amount outside the dialysis tube and expressed as 
percent recovery. The same procedure was used to estimate 
the amount ofGHB perfused into the brain through the probe 
using [3H)GHB. 

Experiments were carried out in parallel to measure the 
diffusion space of [3H]GHB in the striatum during in vivo 
dialysis. These results give also the amount ofGHB perfused 
in situ during local application: One millimolar [3H]GHB 
(80 i,tCi/mmol) was perfused U1rough the dialysis probe for 
20 min ( I µ]/min). The animal was killed, and the brain was 
removed and frozen by immersion in isopentane at -40°C 
for l min. The frozen brains were cut in serial sections of 25 
µm with a cryostat microtome at -15°C. Anatomical char
acterization of sections. autoradiographic exposure. and 
computerized image analysis (BIOCOM 500 system) were 
carried out as previously described (Hechler et al., 1987). 
The results showed that l mM [3H]GHB diffused in situ in 
a volume of-70 µI around the probe with a yield of-16%. 

Measurement of opioid-like substances 
This study was performed using a radioreceptor assay with 

[
3H]naloxone according to the method of Pert and Snyder 

( 1973). 
J'.fembrane preparation. Adult male Wistar rats were killed 

by decapitation. Their brains were removed, homogenized 
in 10 volumes of cold 0 .05 M Tris-citrate buffer (pH 7.4), 
and centrifuged at 30,000 g for 20 min. The supernatant was 
removed, and the membranes were frozen at -20°C until 
use for the radioreceptor assay. 

Radioreceptor assay. The microdialysis samples (50 µI) 
were added to 550 /LI of Tris-citrate buffer containing 2 nM 
[
3H]naloxone (final co ncentration). At the same time, dis

placement assay was performed using various concentrations 
of nonradioactive naloxo ne oo-•-10-~ M) to determine a 

J. Ne11ruchcm .• Vu/. 56. No. J. I 99/ 
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standard curve by nonlinear regression. This permitted the 
estimation of the amount of naloxone-like substances con
tained in the microdialysis samples. Nonspecific binding was 
determined by adding 5 X io-• M (final concentration) un
labeled naloxone. The samples were incubated for JO min at 
0°C and then centrifuged at 45,000 g for 2.0 min. The mem
branes were washed twice with ice-cold Tris-citn1te buffer, 
and the radioactivity present was assayed by liquid scintil
lation spectrometry. Nonlinear regression displacement 
curves were calculated using the Graphpad program. 

Statistics 
For release experiments both in vivo and in vitro, a one

way analysis of variance for repeated measures was applied. 
Results showing significant overall changes were subjected 
to a Newman-Kculs multiple comparison test to detennine 
significant changes from control or basal values. 

RESULTS 

Influence of GHB on dopamine release from 
striatal slices 

In the presence of l mM GHB in the incubation 
medium, the K+ -induced release of dopamine was re
duced during the first 5-JO min after GHB stimulation. 
Under these conditions, the GHB concentration in tis
sue is - l 50 µM after a 5-min incubation (Hechler et 
al., 1985). At this concentration ofGHB, the K+-in
duced release of dopamine was reduced by - 25% 
compared with the control (Fig. l }. After a l 5-min in
cubation under these conditions, dopamine release be-
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FIG. 1. Effect of naloxone (5 µM; hatched columns) on GHB-in 
duced (solid columns) effects on dopamine release from rat striatal 
slices. The slices were prelncubated in the presence of SO µM 
tyrosine in Krebs-Ringer oxygenated medium maintained at 33° C. 
The stices were 1hen incubated for "arious times in the presence 
of 1 mM GKB with or w ithout naloxone. Release of dopamine was 
induced by transfer of the slices to a Krebs-Ringer solution oon
taming 56 mM K+. C011trol experiments (open columns) were carried 
out in the same manner but w ithO\Jt any drug exposure. Dopamine
induced release In the presence of naloxone alone showed no 
cliange compared with control experiments (data not shown). Do
pamine content was measured using an HPLC with electroehemical 
detection system. Data are mean ± SEM (bars) values of three 
separate experiments. Basal K• -induced rHlease was 2.43 ± 0.06 
X 10-10 mol/min/mg wet weight. Values significantly different by 
Newman- Keuls multiple comparison test from cont rols are indi
cated: •p < o.os, .. P < 0 .01. 
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FIG. 2. Effect of naloxone (5 µM; hatched columns) and of GHB 
(1 mM; solid columns) on the accumulation of dopamine in rat 
striatal slices. The experiments were perfonned in the same manner 
as described !n Fig. 1 except that the slices were removed and 
frozen at -80°C alter the end of lhe incubation with 1 mM GHB. 
Dopamine was extracted with 0. 1 M perctlloric acid and injected 
into an HPLC with electrochemical detection system. Dopamine
induced accumulation in 1issue slices by naJoxooe alone showed 
no change compared with the control (data not shown). Data are 
mean ± SEM {bars) values of three separate experimen1s. Values 
significantly different by Newman-Keuls multiple comparison test 
from controls (open columns) are indicated: •p < 0.05, .. P < O.Ol. 

gan to increase compared with controls. The increase 
was maximal after 20 min (53% increase). With pro
longed incubation (30 min), dopamine release returned 
to control levels. 

The presence of naloxone (5 µ.M) with GHB (I mM) 
in the incubation medium did not modify decreased 
dopamine release but completely abolished the increase 
of dopamine release (Fig. 1 ) . 

Influence of GHB on dopamine level in striatal slkes 
After a l 0-min incubation with I mM GHB, the 

level of dopamine increased in the slices (by 20%), with 
a maximal increase observed after a 20-min incubation 
(42%). This corresponded to the maximal ORB-in
duced increase in dopamine release. The tissue level 
of dopamine subsequently returned to normal. The 
presence of 5 µ.M naloxone in the incubation medium 
completely blocked the accumulation of dopamine in 
the slices {Fig. 2). 

Effects of intraperitoneal administration of GHB on 
striatal dopamine release 

The influence of GHB on dopamine release from 
striatal terminals was dependent on the dose used. After 
intraperitoneal administration of250 mg/kg ofGHB, 
in vivo dialysis of striatum revealed a decrease in do
pamine release (-90%) that lasted -150 min (Fig. 3). 
Thereafter, the dopamine release slowly increased 
(70%) and returned to the control values 240 min after 
the GHB injection. Administration ofa higher dose of 
GHB to the animals (500 mg/kg i.p.) did not inhibit 
dopamine release. In this latter case, only the increase 
in dopamine release was seen (530%, -60 min after 
administration; Fig. 3). 
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FIG, 3. Effects of GHB, 250 (•land 500 (•) mg/kg l.p., on do
pamine efflux (percent basal re!ease/20 min) In dlalysates collected 
from rat striata. Data are mean± SEM (bars) values of three sep
arate experiments. The overall control (100%) value for dopamine 
release from striata was 160 ::+: 26 fmot/20 min (n = 12). Values 
significantly different by Newrnan-Keuts multiple comparison test 
from controls are indicated: •p < 0.05, ••p < 0.01. 

Effects of direct striat.al application of GHB on 
dopamine release as measured by in vivo dialysis 

As shown in Fig. 4, local application via the dialy~is 
probe of 240 µM GHB (concentration directly mea
sured in tissue by [3H]GHB dialysis) induced an in
crease in dopamine release (258%) in the first three 
fractions followed by a return to baseline. Pretreatment 
of the animals by naloxone ( 10 mg/kg i.p.) or nalor
phine (50 mg/kg i.p.) 20 min before local stimulation 
by GHB blocked the increase in extracellular dopamine 
content. The blockade was complete for nalorphine, 
but with naloxone an increase in dopamine was still 
observed in the first fraction (96%). 

Calcium dependency of GHB-induced release 
of dopamine 

Replacement ofCa2+ with Na+ in the Ringer solution 
resulted in a fall of dopamine output to -2-5% of 
control values after 2 h . This is in accordance with 
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FIG. 4. Effects of natoxone (1 D mg/kg i.p.) [T) and nalorphine (50 
mg/Kg J.p.) (+) on GHB (240 p.M, local applicatloo; .t.)-lnducad In
creases in dopamine efflux (percent basal release/20 min) in dialy
sates from rat striatum. The naloxone or nalorphine (arrow) was 
injected 20 min before GHB administration (the line indicates the 
infusion period). Data are mean ± SEM (bars) values of three sep
arate experiments. Control experiments are not shown. Values 
significantly different t>y Newman-Keuls multiple comparison test 
from controls are Indicated: •p < 0.05, .. p < 0.01 , 

previous results (Imperato and Di Chiara, 1984). Dur
ing this phase of!ow dopamine release in the absence 
ofCaH, direct local application to the striatum via the 
dialysis probe of240 µM GHB (concentration directly 
measured in situ by [3H]GHB dialysis) did not modify 
dopamine release. Thus, the presence of Ca2+ in the 
Ringer solution is apparently necessary for the GHB
induced increase in dopamine release (data not shown). 

Tetrodotoxin (TIX) sensitivity of GHB-induced 
release of dopamine 

TTX has been shown to block in vivo release of 
dopamine by inhibiting voltage-dependent Na+ chan
nels. Figure 5 shows the effects of 1 µ.MITX on striatal 
dopamine release. The contralateral striatum was per
fused simultaneously under the same conditions but 
with normal Ringer solution as a control. TIX reduced 
dopamine release to undetectable levels after -20-30 
min (Fig. 5). Stimulation of dopamine release by GHB 
on both sides (240 µM, local application, real concen
tration in situ) did not induce modification in the s1ri3-
tum receiving TTX as compared with the contralateral 
striatum perfused with normal Ringer solution, which 
exhibits a 290% increase in dopamine release following 
GHB application. Thus, GHB-induced release of do
pamine requires the free movement of Na+ through 
voltage-dependent fast Na+ channels. 

Local application of GHB in striatum induced 
release of opioid-like substances 

Local GHB application (240 µ.M) in a similar ex
periment as previously described induced the release 
ofa significant amount (420%) ofnaloxone-displacing 
substances in the five fractions collected between 140 
and 240 min, a duration longer than that of dopamine 
(Fig. 6). 

300 

- 2 - 1 0 2 
Time (~rs) 

FIG. 5. Effect of TIX (1 pM, local application; 4) on GHB (240 
µM, local application: +Hnduced increases in dopamine release 
from rat striatum. TTX was applied for 2 h, and GHB was given 
80 min later for 20 min. The dialysis experiments were carried out 
with bilateral probes implanted in the left and right striata; the right 
side receiveo TTX plus GH B, and the contralateral side received 
GHB alone, as a control (the lines indicate the Infusion periods). 
Data are rnean :t SEM (bars) values of three separate experiments. 
Values significantly different by Newman-Keuls multiple compar
ison test are indicated: •p < 0.05, ••p < 0.01. 

J. Neiirochem, Vol. 56, No. 3, /991 
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AG. 6. Effects of NCS-382 (500 mg/kg i.p.) on GHB (240 µM, 
local application)-induced increases in efflux of opioid-like sut>
slances in dialysates collected from rat str1atum (1 1<1/mm. 20 min): 
GHB alone (a) and plus NCS-382 (•J. NCS-382 (arrow] was injected 
30 min before GHB local applicatiOfl (the line indicates the infusion 
period). The control experiments (saline solution; •l were performed 
in the same manner but without any treatment Opioid-like sut>
stances were quantified using a radioreceptor assay as described 
in Materials and Methods. Data are mean ± SEM (bars] values of 
three separate experiments. Values significantly different by New
man-Keuls multiple comparison test are indicated: .. p < 0.01. 

Effect of an antagonist substance of GHB receptors 
NCS-382 (6, 7 ,8,9-tctrahydro-5H-be11zocyclohep

te11e-S-ol-ylideneacetic acid, sodium salt), a structural 
analogue ofGHB, is a GHB receptor antagonist (Maitre 
et al., 1990). Pretreatment of animals 60 min before 
local stimulation by GHB with NCS-382 (500 mg/kg 
i.p.) completely inhibited the dopamine response (Fig. 
7). To block the GHB-induccd increase in level of 
opioid-like compounds, the time lapse between NCS-
382 pretreatment and in situ application of GHB had 
to be reduced to 30 min (Fig. 6). 

DISCUSSION 

The effects of GHB on dopamine release and syn
thesis in the striatum have been the subject of several 
reports (Spano et al., 1971; Bustos and Roth, l 972a,b). 
In vivo experiments have shown that peripheral and/ 
or local administration of GHB rapidly induces an in
hibition of the firing rates of dopaminergic cells in the 
substantia nigra (Roth et al., 1980). This phenomenon 
is accompanied by a decrease in dopamine release in 
the caudate-putamen measured in vitro in the presence 
of 10-3 MGHB (Bustos and Roth, 1972b). A parallel 
increase in dopamine synthesis has been observed and 
has been attributed to a stimulation of tyrosine hy
droxylase activity (Morgenroth et al., 1976). These ef
fects result in a progressive tissue accumulation of do
pamine, as demonstrated in vivo by Gessa et al. (1968). 
However, using the push- pull cannula technique in 
vivo, Cherarny et al. ( 1977) demonstrated a stimulation 
of dopamine release in the caudate nucleus after pe
ripheral injection of GHB in the cat. 

The present results closely correspond to the findings 
of Roth et a!. ( 1980), who reported a decrease in do-

J Nr11rochem. Vol. 56. Na. 3. 1991 

pamine cell unit activity of the substantia nigra by 50% 
after intravenous administration of l 50 mg/kg of GHB 
in rats. This injection was sufficient to increase the en
dogenous GHB content of caudate-putamen by -46-
fold (Roth et al., 1980), which corresponds to a con
centration of - l 40 µ,M. 

In parallel with the increased dopamine release, we 
observed an accumulation of dopamine in the slices. 
This has also been reported in vivo (Gessa et al., 1966, 
1968), and as for increased dopamine release, it ap
peared after incubation for 10-15 min. Owing to the 
time required for sample collection with microdialysis 
and push-pull cannula techniques (Cheramy et al., 
1977)-20 min in our experiments and 15 min in the 
experiments of Cheramy et al. ( 1977)-only the in
crease in dopamine release is detected by these tech
niques. 

Thus, it appears that the effects ofGHB on dopamine 
release in striatum are biphasic. At low concentrations 
ofGHB, a decrease in striatal dopaminergic activity is 
observed with a reduction of release. This is probably 
the situation observed in the experiments of rmperato 
and Di Chiara (1984), after injection of ,.-butyrolac
tone, which is generally considered as the prodrug of 
GHB in brain. Jn our hands, in vivo dialysis ofstriatum 
after 250 mg/kg i.p. ofGHB also induced a reduction 
in dopamine release, followed 3 h later by a small in
crease. However, intraperitoneal administration of a 
larger dose (500 mg/kg) induced a large increase in 
dopamine release after a time lag of -40 min. This 
increase is probably due to stimulation of tyrosine hy
droxylase (Morgenroth ct al., 1976) and dopamine ac
cumulation in the tissue (Gessa et al., 1968). Our in 
vitro results showed that the biphasic action of GHB 
is probably due to the slow increase in GHB tissue 
concentration following uptake from the incubation 
medium (Hechler et al., 1985). Thus, the time-depen
dent effect seen in brain slices is probably a dose-de-

r---------------·~ 
400t •• 

JOO '.+)"'·L· 

: ,~t: . L,-·-·- Ji • :__..=r-------,----. 
GHB 

o.----+--+-+---+---->-+----<-___,-+---+ 
- 1 

Tim~ (hrs) 

FIG. 7. Effect of NCS-3821500 mg/kg i.p.) on GHB (240 µM, local 
administration)-induced increases in dopamine release collected 
from rat striata: GHB alone (II) and plus NCS-382 (+). NCS-<382 
(arrow) was injected 60 min before GHB admlnlstra1ion (the line 
indicates the infusion period). The control experiments (saline so
hJlion; A] were conducted in the same manner but without any 
treatment. Data are mean ± SEM (bars) values from three separate 
experiments. Values significantly different by Newman- Keuls mul
tiple comparison test are indicated: .. P < 0.01. 
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pendent effect due to GHB accumulation in the slices 
with time. 

The characteristics of dopamine release in vivo after 
GHB stimulation appear to follow the classical param
eters of dopamine release (TTX sensitivity, Cai+ de
pendence) as described in in vivo dialysis experiments 
by Imperato and Di Chiara ( l 984). Thus, it seems that 
a pharmacological dose of GHB increases dopami
nergic: neurotransmission by stimulating the physio
logical components of basal release. 

To explain the increase in dopamine release induced 
by GHB, Cherarny et al. ( 1977) suggest an effect due 
to GABAergic input, assuming that the nigrostriatal 
dopaminergic neurons are regulated by GABAergic 
descending neurons. This hypothesis cannot be com
pletely ruled out, because we have previously dem
onstrated the in vitro transformation of GHB into 'Y· 
aminobutyric acid (GABA) (Vayer et al., 1985). How
ever, the reported effects of low doses of naloxone 
(Snead and Bearden, 1980), which overcomes GHB 
dopaminergic effects in vivo, and the results of our 
present in vitro and in vivo experiments are in favor 
of an opioid mechanism for controlling dopamine ac
cumulation and increased release. Moreover, in the 
microdialysis experiments, nalorphine exhibited the 
same inhibition as naloxone, which was used at too 
low a dose to support the involvement of a GABAergic 
effect. GHB also induced the extracellular increase in 
content of naloxone-displacing compounds in the mi
crodialysis experiments. This increase might represent 
the effect of GHB stimulation of opioid interneurons, 
which are known to influence dopamine release and 
synthesis in the striaturn (Biggio et al., 1978; Pollard 
et al., 1978; Chesselet et al. , 1981; Wood and Richards, 
1982). 

Finally, the GHB effects in vivo on both opioid and 
dopamine release were blocked by a selective antagonist 
for the GHB receptor in the striatum (Hechler et al., 
1987; Maitre et al., 1990). The shorter NCS-382 pre
treatment time required to block GHB-induced release 
of opioid substances (30 min) seems to indicate that 
opioid substance release is a phenomenon that precedes 
dopamine release. However, the time lapse for sample 
collection in in vivo dialysis make it difficult to know 
the precise sequence of events in the extracellular space. 

Thus, it appears that the GHB endogenous system 
in brain might exert a regulatory influence on the ni
grostriatal dopaminergic pathway. This effect may be 
mediated by opioid interneurons directly stimulated 
by GHBergic input, an organization similar to that 
suggested for the hippocampus that is responsible for 
GHB-induced EEG changes (Vayer et al. , 1988). 

Acknowledgment: This work was supported by grant 88-
046 from the DRET. 
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The History of Divalproex 
in Clinical Neuroscience 

By Thomas R. Henry, MD 

ARSTlUCF - The scienlific and medi:al history oj,miproic awl is rdati·udy long, compared 

with otha.Ji'equent~v used psychophorma,Qiogi", u1;rnt;. h1!proic arid was used as an 

mgani,: rolvmt in /'e,({!(lrch !ahomtor·iesFr eight deradt(, Ullti( tbefurt11itous obsa11ation o/ 
action against pentylenetclnr;;,o/-mduc,!d u;nnd,iom in rodo1!s. Ear1y dinical expaienct 

empha.1i:u:d therapy o/ahsmce ffi·nm'.i i'I primrny ;;t'l'!na!iud epileFrie1. During two 
dtc{.."dc~s ~~fcontrolled trials in />arti:t!-on.0·1/ ai!d gr."-·ncralizaI--011Jet .'i<.?izures and 1nyac!o11t.1J, 

1v11(prot1ft 'O.h1) ts/11/Jlishrd as t.b.t:prol'tJlypnr!i lntJf.!d··.~pec!r£on Nntic·pilt1)l/c drug. r'1nt:cd~;ta/ 

ob.~er7Jations in patients ·u.:ith hoth ~:J;ilr/1..i)' ,,uul 1;u"g_-,ahi l~ ht/fdtuhes 1
: .. uha :u_,ert: .rtarfe.d on 

1..:aiproale led lo _projj'Ju.ti·ve, t"a11d,;n:rt::J rri,u\ :)it'll t-"S!uh ln-1:.'td dn h
0

1higrat'1?c cjlici.u:y. 
E:arJy ohser't'a.ticnJ .1uggeftc1,J ant/nl(!ni,: r'!~·,;i./1H: PIOri: th:.Jn ll dtuidt !l1.tcr> cuntro!!ed 

tlini::a! trials ::xlah!isht·d slgn~firrn·:.t tj?it -'.i ,~V ~;··~;a/pro1rl<~ /11 n-1 iJ111'a .. /lnt1:/>'ro!iji-TaLi·Vi! 

efficts of'valpr,)a/e wrn.• m1expectcd~y nr1/c'd dzl/'in;.:, merh,u:i,-ric .1iudies, /wo rlemdes lat,::· a 

trh1 inten1nue ar(ju.nct ive or rhr:rnc/)rt''f h~n t /·z.;c r::/c ii;. rJni:c/ogy n· hti ng di:,:/i n.t:d lVhi!e phar~·· 
m,Nolcindic studies appear dejiniliT·c, 1r;mpiction :J/cD111p1 ,henJi,1c phar11u1,(H(prnm1,: 

, in"i}eJh~~~alians o./ ·r..,•ut/Jroate '., hi(;thcrn;,.·i,1 / ori/cn.\ (UU{ thnio.d u:'ihty is ycl to he achie•iu.:rl 

! Psychopharrnacology Bullelin. 200.?. r?(S1!ppi .n S· J 6 

INTRODUCTION 

The fortuitous disco·ve,y ~f ru'uropharm.awiogicproperties of the organic 
so/.·oent 2-propy/a'ualerfr acid 

Burton first reported the synthesis of v,1lpnl1c acid in 1882.: Valproic acid (VPA) 
.is ;1 dear, colorless, fatty acid which i~ liquid at roon1 and body tem perature; it is 
onlv slig-htlv soluble in \vatcr, but hi \c!hlv sohtblc in or2"anic solvents. This 

• ' ' · J 1-' ,; '··' 

brancbcd·-chain, 8 ·carbon, aliphatic rno!c,_:ulc derived its current generic na1ne 
fron1 the more descriptive narnc 2-pi opylv;tlcric acid. Orb er descriptive nanics, 
including di- n-propyiacetic acid and 2--propylpcn rnnoic acid, are now rarely used . 

. ··· -····-.. ---···-·-- -· - ' · -.. ---·-·-·····•"·~·-· .. ·---- -- ,, ........ ---··------·· ' «-··-·-·--- ,+·-- - ·- -• - +>··• . 

Dr Henry ls asso,_·;iatf! professor in the D-?.+>.H~rf1(~ii! of l'!t:urctos,v and dirGc~or .er/ ·: i1e Ernorv Epi{epsy 
Center at Emorv Ur.iversitv in /\tlrn1t21. Ct. 
To \:\.,!"'1orn corr esponckHH·~e should i.01c ~ .. :d..:l1 ~s:.:·,c:, ::n l";iC:!na ;=; F; l-ienrv. Thr: E:.rnorv Epdt:.:c:::~y 
C::~nter, lJ epart rri8'nl o f f~curo·~o9v. Er1·1c}rv t.) :"11vc r~;:rv1 V\ff\/F{B:irGOC;O, ·t639 F" ierce Drive , Ar!ar~tr·:, 
(3/:.\ JD~~2 /. : f>lf·101: r.-; 404-··r78--59/?:;;, Fcx: ,!(J/1 -7 ] g . ,)~J0t1, f rn ~-11 !: th9 !lr 01((1}\-~1·nor',;.8du 
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For eight decades valproic acid was used infrequently in laboratory 
work as a "met:abolical.ly inert" solvem for organic compounds. In 1962, 
l::vnard and colieacrues were investi&iating khelline derivatives aspoten--

" b <..,) 1- . 

tial anticonvulsants, but encountered difficulty in dissolving sorne cleriv-
a tives in vvater or the usual organjc solvents. These con1pounds were 
instead solubilized using VPA, based on the suggestion of IVIcunier. 
R.emark1ble anticonvulsant activity of a!J of the solutions vvas observed, 
and it was decided that the solvent itself should be d1eckcd fi)r possible 
anticonvulsant activity. Subsequently, these investigators in Carraz' labo
ratorv first established anriseizurc effects of \lPA, in this instance using 

I -

the pcntylenetetrazol modd.2 The initial human epilepsy trials were 
reported the following ycar.:1 

Succcssfol therapy of generalized ep.ilepsies led to approval of VPA in 
France in 1967, and by rhe United States Food and Drug 
Administration (FDA) in 1983. VVithin another cb::ide, divalproex 
sodium was synthesi·zed, rested, and marketed as a formulation of VPi\ 
that is superior to pure VPA. Divalproex is a stable complex of equirno
!ar quantities of the sodium salt and the ;1cid oC \/PA. Currently, ornl 
cntcric-coared formulations of divalproex, some in extended-release 
forms, arc the most cornmonlv used VPi\--bascd medications fiw g.ener-

, ' 
alized and partial epilepsies, bipolar disorder, mign1ine. :lnd 01he1· disor-
ders. Parenteral and various other 'i/1:'A-bascd forrnulations are also 
widely available. In the follovving. ''VP/\'' will refer to :rny of these VPA
bascd compounds, with additional dcscripti.ons ,tdded \vhcrc distinction 
may be important. 

CLINICAL STUDIES 

Apif epsies 

'I'he c,1rlicst systematic observation,; nf :1djunc1ive VI\\ use in epilepsy 
hcg,m with open clinical trial:,.· .. Tht:sc 1rials 111L·li.1ded p:nicnts Wlt'h 
v:1rious typc:s oC Lmcontro1lcd seizun>,. Seemingly, rhcse triab should have 
provided strong evidence that \/J\\ is cflixtivc in csse:1tially all types of 
seiz.urcs, on retrospective con:;ickratinn o( rhc results of controlled trials. 
:\~oncrhdcss, based on thesl'. lrncon.trnllcd uials, only ,ibsence (pctit mal) 
seizures of primary generalized epilepsies \Vere initially considered the 
therapeutic indication frn VPA 

Anti absence eftects of VP:\ in both syinptomatic generalized and 
prirriary generalized epilepsies were niorc con vi nci ng:iy established in 
controlled tri,tls of adjunctive use during the 197()/ ' .rnd 0f VPA 

h ' . . . - ' ' ·1 ~ . ' 1 ·, 0 ) I< • '' rnonoi' crapy in cornp,1n•;on ag;11 nst eU.oi;w; ,rrnc c uun ng the LJ,-.c s. '· 

Positive effects on generalized tonic -donic (G'fC) :,:ci-;:urcs wc1e nored in 
rn:tny uf these patients, and by the early 1980s controlled studies showed 
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signific1nt VPA efficacy in GTC seizures of generalized cpilepsies. 1
: 

lV1yoclonus often occurs in primary generalized and symptomatic general
ized epilepsies, and VPA effects i.n reducing segmental and nussivc: 
myoc,onus, including infantile spasrns, were established by the early 
1980s.' ':-is Improvements iu ..:ontrol of seizures in generalized epilepsies 
were associated with decreased occurrence of generalized spike-wave 
discharges on interictal electroencephalography (EEG). [_;y, 

Controlled trials in the epilepsies cx.panded to study VPA dkcts on 
partial-onset seizurcst2 17 and on epileptic drop attacks (ronic and atonic 
seizures). Adjunctive and monotherapy trialsf with randomized, prospec
rivc design, have cst,1blished VPJ\ cff1cacy in sirnple partial, cornplcx 
partial, and partial-onset CTC seizures.'',is,i•) The results of these studies 
supported the early characterization of VPA by Chaprnan and colleagrn::scu 

as a very broad spectrum anticpilcptic drug. 
The safe and effective use of VPA has been enhanced bv anecdotal and 

popuhtion reports of adverse effects, toxicity, kinetics, and serurn levels 
in cl inical epileptoiogy. The clinical utility of rne.,suring serurn VPA lev
els to guide dosing was established early on. i ·• The cornmonly accept·ed 

"therapeutic" serum range of 60-100 i.tg/rnl clc:u-ly does not guarantee 
efficacy and absence of adverse cJfects., but offers sumc 
confidence in iniriation of rhcrapy. In particul:u-, this range can serve as 

an initial tart~et for individualized :tdjustrnent of parent eral or tmd load
ing and of early maintenance dosing. In the process of brer adjnsrnicnts 
of nrnintenance dosing , serum VPA levels can be used to clarify phar
niacokinetic drug interactions and patient co1npli ancc. Sornc ·'positive" 
drug mtcractions may occur independently of pcripberal kinetics , 
however, such as rhe antiscizurc syne rgism of'i/P!\ and brno trigine first 
repori::d by Brodic. 1-• Adverse crr<'(_JS and pharrnacokinctics ufVPA were 
first :-tudied in epilepsy, as rcvinvcd below, but :trc equally irnport:lni 111 
other :-iatient popldations. 

1·:1 ;1 t'.'ihY rind rnig,,-;-iint~ are ;nnong the ,nos!" co, nrnon ly n,.:curri ng, d. ncu-· 

n;ki~(,. conditions. Not surprisingly, the e,,rlicsc :mccd<mtl experiences wirh 
VP/\. 1, 'l rniu-rainc arose in 1x1tients with t:ocx·1s(·in l?.· c1,ilct)sy and mi0T:1ine. 

1.) { _> ~ • • > 

F:t1h' open VP/\ trials found benefit in cL1ssic, cornrnon, and duster forms 

of v:iscui~1r headache, and in chronic daily he,tdaches t har may h:wc both 
migr~linc and tension components .. ,·'' Subsequently, pb:cho-controlled, 
randum:zed , prospective trials established v,'f'!\ .. eJ+1c:1ey :n itcutc an<l 
chroni,. rnigrain t: therapy/:;.· an d supponed F[);\ approv.d ltJr :nigraine in 

J lj96 . l lead-to-head cornparisons of new and older ther:tpies have r.irc:1y 
achicYcd fol!v randomized, controlled, and double -blin(ied trial desi g n, lml 

~· . I . . 

in : .. die ,;uch study, VPJ\_ shovvr:d cqt1ivalcnt dfo.:acy tu propanolol in chron-

7 

·(1 
;.~.· .•. ~·:·.: .• ·. 

::..·· 
], 

t· 

::-1 _) 
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ic migrnine prophylaxis.'' Thus, unlike the fitful and circuitous route of 
VPA trials in other neurological and psychiatric indications, in migraine 
therapy VPA was est;,~blished straightfcmvardly from anecdotal to objec
tive etticacy in less than a decade. 

Bipolar disorder 

Lambert initiated VPA therapy for "fits" of manic behavior, using rhc 
amide salt of VPA that was developed by Carraz's group for epileptic 
fits. Flis first published report in 197.5, based on a decade of uncon
trolled observations in France, emphasized an observably greater VPA 
antagonism of manic than of depressed states, and a synergism of 
clinicaJ effect on comcdication with lithium. 1

' The next published clin
ical observations in mania came from Emrich in Germany in 1980,31 
who tried ·vPA based on y-arninobutyric acid (GABA)-ergic theories of 
mania, and reported anti-·manic effect sustained over years in a small 
group of patients. 

Mania and depression trials with VPA began another decade later in the 
US, when other antiepileptic agents were being tried in affective disor
dcrs.14 Early open trials showed antirnanic effects more prominently than 
antickpressanr effects.·"-'1• FDA approval of VPA for mania in 1995 was 
based in part on randomized, prospective, blinded, controiled comparisons 
of VPA wjth placebo or lithium. ,?.:,, Shordy after FDA approval, con

trolled trials addressed the efficacy of oral VPA loading in acute psychot
ic mania, and the utility of rneasuring VPA levels in guiding initial dosing 
targets for chronic therapy."'·" ' OvcrnU, VPA kinetics and adverse effects 
appeared little different in definitive observations of bipolar disorder than 
in the cpil.epsies. Jvlost recently, a controlled trial detected several aspects 
of attenuated depressive morbidity in bipolar disorder treated chronically 
with VPA compared with lithium.'' Comparisons of VPA with other 
newer anticpileptic drugs in rnani ,1 and depression can be expected.''3 

At this time it would be premature to write a final history of VPA in the 
aftective disorders. 

Clinical studies in other cerebral dysfunctions 

Uncontrolled observations in the 1970s and 1980s variously suggested 
that VPA use -vmrscned syn-iptoms of schizophrenia '·' (an observation that 
has been q1.1estionecl by clinicai psychi:a.rrists), and exacerbated motor signs 
in Parkinson's disease·11

••
1
'' (an observation that is accepted by most neurol

ogists). Other anecdotal clinical exper,cncc suggested decreased aggressive 
behavior" and decreased moven1ents of rardivc dvskincsia.08 Bv the , , 
mid 1980s, placcbo- controHed trials sho1,.ved no VPA bencfi t in tardive 
dyskinesia, however.·'1 0

' ' Ongoing controlled 'lPA trials for impulsive 
aggre~sion may yet support L.,ambcrt's uncontrolled observari.ons:'i 
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Antincoplmtic ,jjt:rts 

Antiprolifcrativc effects of VPA Wl~tT discovered fortuitously during 
investigations not designed to study VPA as an antitumor agent. Regan 
used neop1astic;:d1y--transforrncd ncurocctodcrrnal ceU lines to snidy rer
atogenic mechanisms of VrA, and observed cel.l grovvth retardation? 
Subsequent cxpcrirncnts showed additional pro-differentiation cffocts of 
VPA.52 Currently, Vl)\ is viewed by sornc as an adjunctive therapy in slow
ing progression of some solid tumors and hemato.logic malignancies.5

' 

Based in J"Jart on tolcrnbility in chronic use. \il)A also mav nrove uscfol in 
. ,,, ,,;, l 

long-term use for stabilizing resich1a! turnors or for chcmoprcvcntion. 

Ad1,erse effects 

Adverse effects of VPA were fully described in clinical observations of 
epilepsy patients, with most of the defornivc information generated before 

1990. Overall, early clinical studies dc1nonstratcd excellent tolerability in 
acute and chronic VPJ\ therapy, cornp,m::d 1.vith existing medications.,., 

The common adverse effects of VP!\, including lethargy, appetite 
stimulation and weight gain, nausc,1 and upset stomach ( which declined 
rnarkedlv in occurrence 1,vith use of entcnc-rn:1-tcd nrcn:irarions rnken 

· ' / I. 

with meals), so ·called '\tlo1Jccia'' (rcnrescntinl1: increased hair fra!:!ilitv, and r ~- ' ,~ J 

not actual degeneration of hair fc.lllicles), and dose related tremor, '.vere 
rccogni,zed before FDA approval."·;' :,.: Open studies of parenterally 
administered VPA showed some rninor headache occLurcncc, but little 
other difference in adverse cffoct prn!·ilc from oral :1dministration.''' 

1'v1ost of the rare and uncommon adverse effects, such as reversible 
dose --rebtcd thrombocytop cn ia,··' idioparl1ic licp,ttitis/hep,ltic J;tilure,i·1 '·' 

hemorrhagic pancrcatiti,;'J .. , and acute- chronic stupor/encephalopathy 
with or without associated hyper:lrnmoncrnia,' . ,: also were de:;cribed 

with.in the first decade of widespread clinical use. "fhe first reports oC 
spina bifida in infanrs of rnuthers taking VPA appeared in letters to 
various rnedical journals, and by the I ate l. 980s , the nssoci a tion between 
first· trimester VP/\ cxr1osurl: ,md neural tube dcfrxts w:is widely 
accepted.''" ,n \Vhile wonien with epilepsy have ,1 higher incidence of 

reproducrivc dysfunction and polycystic ovaries th;in do women in the 
general population, it has been knovvn fi.ir a decade that polycystic 
ovaries and hyperandrogcni srn ,ire rnorc cornrnon in epileptic \VOmen 

using VP A than other ,rnticpikptic <hugs. 0 ' 

Large-scale descriptive sn idics served in some instances to identif-)· 
groups at increased. risk o( rare but f•OtentiaJJy severc: adverse efl~~cts. For 
example, Dreifuss' leadership in population studies of VP;\ heparotoxicity 
clearly identified h"1gher risk with polythernpy under t1NO years of age." 
Chemical hepatitis had drcady been shown rn be sens itively detectable 
with serurn transaminase dctcnninations,'' per rnitting presyn,ptomatic 

-------·--·"·-----·· 

9 
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identification of hepatic injury. Alterations in prescribing; patterns resulted 
in markedly attenuated occurrence of fulrnin:-rnr hepatitis. The consider
able safr:ty and tolerabilitv of curren1 ·v1)J\ clSl: rnusr in lar:;,.·,c~ 1nc::1sure be 

• i ' 

attributed to these carefol clinical observ,1tions and analyse~ of tl1c 1970s 
and 1980s. 

CLINICAL PHAR1\1ACOKINET1C Ai'\TD PHARl\lACODYN,\l'vHC STUD1ES 

VE-1. absorption, distribution , biottaniformatirm, and elimination 

Rapid and essentially complete absorption 1}f orally administered VPA 
was recognized from its earliest use. The absoluk bioavaibbiiiry of ora.1 
VPA appeared dose to unity) when dose-level data were compared frll-
lowing parenteral and oral admini:;tration.' ; These kinetic studies ,,howed 
tirne to peak levels at under two hours following or:d adrninistration., ··• but 
obviously this docs not apply to the enteric··coated and cxtendcd-rcle.1sc 
fonns now most often used. This high hioav:tdabdity was attributed to 
high membrane permeability and virtual. ab~cncc of hepatic fost-pass 

1 0 extraction. Early animal and human studies -:hmvcd that serum protein 
lf,;,n binding cx.cccdcd 90911, but that brain entry 1v;1;; cipid.' ''' Active transport 

mcc1rnnisn1s for VPA entry into brain were also dtrc~:tcd in (.\trly bnetic 

studies, and probably ,1ccount frir the high kvc:ls of brain VP,\ minutes 
fi>llowing parenteral \!PJ\ administrat ion , ever; in rhc face uf high scrum 
protein binding." l-iurnan ccrehrospinal fluid (CSF) studies frlund brain 
tissue ,lnd CSF concentrations of VPA that usnali \/ were much less than 

30 % of total scnrn1 conccn trations, con sistem with predicted dependence 

of brain 1/PA concentration on unbound plasi I w fractions.;'.:"'' 

1 Jepatic mctaboiisrn accounts for over 95 n,{1 uf \/P;\ t:lirnination, as 
w:1s established in rnu ltiplc i1wcstig;1tions o: rhe 1 'J70~ Jnd 1980s:'!.,:: 
V;1riabiliry in hep,ttic VPA rnetabolisrn :Kcuunis fcir the hrgc intcr

mdividual variations in serum level-dose rcLuion'.;'1ips."" 1 'r hcsc studies 

e i-nplwsi'!.ed the effects of conuirrent ,uu11,·;,1 ions (m hepJtic 
cy tochrome P-450 activity in hydroxy Li tiun ot VI \\.'" · t'hus, while 
chronic VPA use itself does not s1g11itic1111Jy induce hcp~1tic P -4S0 
enzyrn e expressi on, other drug:o which du ~.,) vvere slw,vn during rhc 
1970s to markedly increase VPA e!irnin,nic-r:.'·· Ilcpatic f) oxidation is 
;)lc,o ci ua ntita Livdv irn1Jonant in VP/\ c:imi n,11:ion, :wd i11 this oathwav 

.• ., 1 ., 

VPA competes with endogenous lipids and bri,11clicd chain amino 
:icids:<'i' C1ucnronidation and other hepatic and extrahepatic metabolic 

patinvays ,idd fur ther cornplcxity to the chrn.1!LH1on kmet1cs oi" \/PA.'· ' ··' 
Cornpetirion for glucuronidation rnay account for the fact that chronic 

VP.-\ use ;ipproxirnarcly doubles the scrum ha lf.life of lamotriginc, 

\Vhich has been known for many years.··) Ovcrail, scrurn h,1if--lives of 
VP/\ have long been known to be shorter in individuals receiving 
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polythcn1py ·with P-450 enzyme-inducers, in children, srrghtly longer in 

the otherwise healthy elderly, and longer in clinically significant: hepatic 
failure.''''·'''H• Thus, the "old'' pbarmacoki.netic studies support the current 

clinical w,c of VPA, with teiw remaining questions in any areas that 

might affect clinical practice. 

Clinical studies off/PA pharmacodynamics 

Positron emission tomographic (PET) studies were the earliest brain 
rnapping rcd1na1ue~ us;_-:J to study VP;\ kinetics and tiymunics.""''' In thc
orv, rhc ~erial PE'f in,aging of carbon-11-labekd VPA might 
pn.wide dy:wrw soniatic·ccrebral distribution rn,tps of 1lFA in humans. 
A prelirnin;1ry rcpon of such studies ernphasizcd the synthesis of highly 
purdied [ C- I 1]va1pro:itc and successful detection Ln cerebral PET 
sn1dies.''.; Unfortunately, farther review of the data 1evealecl that kinetic 
modeling had not reliably determined the radiotracer input fimction, so 
that VPA.-~pecific distribution parameters could not be calculated.'"_; 
Pharrnacodynarnic PE'f studies of VPA ,vcrc rr1orc revealing, hovvevcr. 
Acute VP/\ use did not C'J.L1se alt:ered density of cerebral. GABAA 
receptor cornplexes, based on pre- and post-VPA iniag;inp; with the 
c;ABAJ\ -central henzodiazepinc receptor marker [ C-11 J tlumazcniL in 

primary genernlized epilepsy paticnts."8 Introduction of VPA caused 
global cerebral declines in glucose rnetabolisni and blood flow; on corn-
paring pre· and post-VPA ir:naging using PET with [F-1812 fluoro ·2 
dcoxyglucose and [0- 15]watcr in healthy subjects .·;; These ch:mges sug

gest overall reduction in cerebral synaptic ac1ivities during V PA use. 
[Vfognctic rcsornincc spectroscopy (IVIRS) studies provided further 

information on hu rnan VPA pharrnacodynarnics. ;;,,.,,i Artcrnpts l"!) map 

VP/\ spedra with ;vlRS, so as to deterrnine hrain VP!\ dis tribution in 
hurnans, ,vere unsuccessful.i:,, Bipolar patients chronically receiving VPA 
did nor shov,r signif1c;rnr alterations in br,rin N-actybsp:trratc or rn_vo · 
inositol concentrations vvith MRS, cornparcd with unrrwdic:ued healthy 
subjects.:,, ,.,, .. In a case report of l'vlRS during \/PA -induced encepha lopa

thy, ho\vcvcr, brain N--actylasp.irtatc and rr1.yo-inositol c\>nccntrations 

\Vere reduced; these and other imaging findings \,\;ere sirnilar to those of 
hq1atic cncci1halopatbics that are unassoci,itcd ,.vith VVA use.;,, Petroff 
and colleagues t<)und low-to -norrnal GABA signal and normal liorno 
c;irnosine signal in p,ltients us.ing VP.A chronically; these I'vlRS s1udics 

reflected chronic VPA use in partial and generalized epilepsies versus 
healthy subjects not using VPA_;,);'. Hornocarnosine is synthesi7.ed from 
GABA and histidine, and is hydrolyzed vvith camosinasc to release 

GABA, thus constituting a second biochemical patlw.'af few CAB!\ 
rcle:ase that is unique to prirnates_i;, T'l1us, theories of CABAcrgic actions 
of VPA, based on increased GABA srnres, were not supported hy human 

1 1 
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irnaging studies. While eievated CSF glutamine is highly associated 
with VP/\ induced encephalopathy,' 0

' future evaluations of severe 
encephalopathy in patients talci.ng VPA may rely on 1VIRS findings. 

THE HISTORY OF DIVALPROEX IN BASIC NEUROSCIENCE 

RESEARCH 

The history of fondamental VPA research is extensive and beyond the 
scope of the current review. A fi:w cornrnents must s11fficc regarding the 
irnportant but incomplete impact that fiindarnental research has bad on 
the clinical history ofVPA. First, v1)A has long been thought to enhance 
CABA effect. The concept of direct GA.BAA receptor agonism by VPA 
was rejected in ciirly investigations, as were sorne but not aJl of various 
a!terna6ve mechanisms fi_)r increasing GA.BAergic inhibitior1.!''rn~ ;·; To 
date, no disorder that benefits from VPA therapy }ns been shown to ben · 
cfit solelv bv enhanced GABA.ergri.c inhibition. Second, it seems clear that , / 

VPA bas multiple therapeutic mechanisms in cerebral disorders, probably 
involving altered cationic ionophore fimctions (particularly in reducing 

1 2 excessive voltage··scnsitive sodium and pota::,siurn currents, and T-!:1-unnel 

n calcium flux), and involving phospholipid·mcdi;ued alterations in mem
brane properties and in intracytoplasrnic second rnesscngcr systems.' ',I 1' ';, 

Third, it seems clear that VPA has rnultiple rncdunis1m of toxicity, sorne 
of which occur independently of therapeutic mechanisms, including .1lter
ing concentrations of carnitinc, folate and protein-lipid components of 
rnctabolic and signalling-related enzymes in mitochondrial, microsomal, 
and peroxisornai. processes. m 122 J n the foture., rnolccular neuropharrnacol
:igy may further advance '/PA applications in c.Jinical neuroscience, which 
remain largely empirical. -%· 
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DISCLOSURE OF UNLABELED OR UNAPPROVED USES OF DRUGS 

Please note that this revievv article contains discussions of unhheled 
uses of FDA-approved pharmaceutical products. Please refer to the offi-
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cial prescribing ;nformation ior approved indi.cations, contraindications, 

and vnrnings. 
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Pt~nr,-; } KI T k :' ;1 .1c· V:1 ;rr•,iVC 1t'(if:f1 th1: c·,1py lf: p;:ni~d :\~J/U!~!< .-ill: J .-'1-}, ,,,', j 9HB;S,-L I .i-- l t) 

i8. \Vikkr l>;f. R:1;11~:.n PJ:. \ ·hwp!n· J\\<:t ;1L Crn11!.1,tri·:;a,11 ~.1(v;d(,Huir ,,c;d ;:.nd 1.rl 1t'.ny1·\1i1i ln tKn ·h·d1a_~:1:,.,...:tr1 

1rH1:<··· ;,:)~ i11it · ·,,vi .J.! !<t :- ,'\'>., ,n:-1~:~Y. 1 ·)W~: '.{3: 14/4-· l 1i}(i. 

l ~:. f··k ·,d, ;a_;:1 .:\, SJ, l.::.::! .~1 l·:- JC, S 1 HI V. Saf·(~j y ,.l?ld cfri..:ii ,:·:· nf div:Ll [)fl)L..">: ~, ), :1,1 m .1 ~<'1'1..Jthl , ,lJ }\ 11 1 ;~:H·r1.d f.·.i~iicp 
.·T· :1 ,.hiubk- hlin~L ,·, :nn·,irr;H;or,- rt.:.,ponse des·ig:n d.iHi( ,d trial. A'.-ur:;ifi,i:._ __ v.1 9)?;--rn'. 1?..2· 1 ~8 

20. Ch.11 ··~ : :,ui ,.\\ i\ ~·:w,:.- I 11·:. ,\·lddion I BS, Siml ;trid J, Vttn.i,: rr::_; JC, !Vk1..:h,1J1,:-:tn c,r ·.111ri , :1~ 1i \ 1! il ,,1)1H .'l\.·tit>I\ i >i 
·.\dpsl) ,1 1;: /;;·o/: /'./~·.·.,: rAi,(-./ 19tU; 1 l/ :315-:~5'-J . 

. 2L r .( ,:,lhn \ V 1t~p1;_! l i:' i l' a"/ll;n;~tinn ofv;tl_ ~)[Oau.: '.}(.d)1.Hr: '.n St' t' !Jni hy ;.,;:l:~···!l,;i: id --·11.: (,!j~,ll d ~,.{il f~L-.. r:pii<~}.)i<i. 
l t) f''/ : 1 P:...!2 =: ... )) 'i 

12 . :.-:;.:.~ :· ,'.,'·, ;·,:;;'.,'.'. ;:, 11,.,~ ::'i'.'.:,;~::r:~·;::;; 1~:j~,/.~'.:;:;;_a~,L;;~:;::::{.-;\t ;;·/"·!i1tclt v;;ljlr<>\te, , ;-r,,rn 
1
.nd ,t.,d , \i:-,ic ., ! 

2 _"; T':,~T1~·,1il! D'.\I. 1; ,? \, ! ,. i·-: ~ IT), \Vi:1gh tn-1;'.r) L\ C lr.t1._h"·ic k 1)\-V PL1~,111,r (t.1J 11..:r.:ll.~L;r~:·,,:~. 1/ ..:r"1/i·;1 ;·q ,.·;1 'p ro '.::·1.·~ 
' L""'\1 ,·li<l•:i! ,·:.t lti( · /{ .-,;,.-; ,\/,·.(r~/. l ;Jftk1 ·t :.lS-·-L) 

:: :; :--;,;r;:p;,l 'i ! I(\.' :, 1,i'.j Ii"· ,):,-- ,; rrl"'\',' dn,_~ ll'; mig,:ci j:v.: r 1·,; ,p'.l~ >.lA'is . • ·!rt;,',\/(,'.'/"/; / Si a ;1J l );;.;3,: 7S: 1.;,, .. {.f>'., 

16 l··i: T; n:~· I<. h'. Hr;;":i: •, ·\ S i 1t E1..tJ}1 ·,<;dpnJ.:t e 1l' the tT1~·.1tn w11 1 or" t."i n,;rcr i1c 1.d,H:h ~·: ,II! 1"i : ·,c 1·1 ,'.'ii.i';t~.J 1,r.!~'. l . 

(~p/.: .. 1,r\ ,> i fr);\f : j lh i tJ·:-t. 
-.--:- .\l.i~: 1,~w >.:T, :\ i1 ~ '·. ·.,1;'- :1,~i;-~: :n rhc t: (· ,11:a:::n1 nCDt,·~j::r,: n: 1:h :·uc, :,: d·,1d:: l1i.<:;i~.hchc :;i , ,, ,:._n i;:!g ·: :,fiiU\'. 

lf,·.,;,l1,"f,.· };)91)1·:'1 ·,i ,.1 

18. l-frri ~,t~· lt Ku;·:c,k_\ ,.\ Sudr.i1n v~t!pt::i,H1: In t h e pro:,J!1_,,L\(1.i,~· r f"z.:~1rn !c::1r ;>( i;1~g r:1. ir;1,'.; '.i d oultfl· -b!i11d "..t't.JJv 

, .. T 1· .,t :' rL1;,cJ),i, (\:,/.,, /. u'::.i:·i. l ()(),?.JL81-~4. 

]t.l.~lt~r,;:'11 l~, lh'ir,\..·~,. I', (')!c,,l·.1: .J - .Sodi':.:m v,tlpro::k h ,h :-1 F; i:.!pliy!.\cth' .·.-:':-(~-T :· n;,-•.,- .. ·,;1·, ·,-:i n ::11:; .1,i1x , 

!'!''.pk -1~\ n~ l. pL;L·,.:hu -·~·· jp Lro1kd i_:fl1~SO\>'l...'r :~rudy . . :V:.-;1.rr,.-\~'..Y· .l.".J94~,; -~:<')'~ ~: - (L~: I 

."\(i lvL.nhi:\',' \1. \;1; 11·1 I. S:J,,.·:stri 11 S, n :1l. i\.li~~r;1l~x i ,r:,1\h_,Li\i~ \,:it1 i div,dr~rnu: /!·";·l~ /\\•:::--.,:/ l(,J i~;·;,r2~1 -)'.~!, 

H·"'Y 

)_': 
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31. K1.ir1icck.·1 R(}. :'\ ro11~pu}snn of div:1 lpr,)ex ,vi rh propranolol ;H1d phK:dx1 frn the pr~)pbyLtxis i..~f tnig:-:-1.i111: 
\vlrhout aura . ,r'h-d, 1V1-·arul 1997~54:1141-11·:15 

.32. L;1rnb~r, Pf\., C;Hr;1z G, Bor~clll \ Gom:h,udy .:.\L D1propyh.::e.tarnidc tn th~: trrauncnt of 1muiit

dcprt:~~s1n: psrd~u~ts. Er:(cpL1k. 1975):25- 31, 
J ], 1-:,nr,:-h l 1 \-l. von i'.,c., ,l'I) D, Kisshng: IN, .\-loller H_I, \Vind<'rfrr ,\. F.ffrct of sndi(lt1\ 1·alprN,e NI m::ni,1. 

··1 h~ CABA ---ityp; irht:~is ,)f afre;.;riv:..: di~oi:dcc~. An.·h P~/thiatr 1\/d·-t=ci•kr. 1.980;)29: 1--16. 
J1. Ke..:k. Jr PE, )..•li..·Elrc)y SL. Nc,ncroff CB. ;\;: th~OJY\' 1.ds,1nt~ in the He,!uneat o( bipobr di$,"'ir1fr~;-

j l'i,.rmDf-1.~;'dJ!·arr ()in Prytlt.ai1y. l 99:?;54:30~ -JOS. 

35. Brown R. U.S. t:xpcn tnct: wld·1 v;dprouc !n m:.rr\ lc dqm~c;i;i•.tt:: iJ.lnt'ss.: u. n1u~t\i::au:e.c rrid.J Ctf°i·i Psy:;\..-r1!ry. 
1989;50(Supp;): 13-16. 

36. C.th1brcs.c JR, i)clucd1l CA. Sptcrru:n of <·fiJc1q-·· of ,._.·:,lpro;,re in 55 patrcn tt> \.Vitb rq_1i.J-cyd~ng bipohu· 
C-i'.;ofdcr. .·?:.Ji j 1-\y.·hitUi'Y 191.)0; l -~7:43 l -4. 

37. Pupc 1··1(\ )\.-"lt:E]i l)_Y ST,, hcd-: PE! Hud:,t)n n. V;1Jpro,ttt' i1~ rhe trca.nn ,~nt of' in~u1l11 j\ pi.a~·d:ii)-COntrolkd 
5htd;1-/hdi c:r.'r: f\,·,~h.:m:y. 1991;48:62-··68. 

:rn. Frcn1,u1 T\V, C:,,thicr JL, l\1zze1~,fa1 P, Lcmn lv!D, S.vcc11o1 AC. A doublc-hhnd cornp,:rison <>l valpro:ttt 
:;:,d l,ch,u,,.-, in rhe treatment .Jf:,c·.,te n;rnn;, .. Am] P.,vd::it,!ry. ]992;149:lOS-J I l 

3g_ B(>•Ndeu CL~ (kuggcr J\_[\,I, Sw,mi1 AC, et ..iL EfHc,tt~y of divalprocx vs lithinrn ~:td placebo in the trtit[·· 

i-n cr~t" of 1:Hni,1: ~lk l.)cp;i k<:,fe i\1.:ul,1 Srudy ()((h!p.)! JJ11•}11. JlJ94~ 271:918-924. 

40. 0,·lcF.k,):1' SI . Ke:~·k PE, Srnnron SP. tr ,1L A r:trH.ft)1t1izi'"d \'.-.)11'1p ,ni ~nn of dlv:1lpr"<..-,ex ;n:1 l lo ,1d_! ng vcr:--us 

h,·.l npe!·ichi in :-i'1.t· in.itJ,i.l tre ,1t.tH:;1.t 1.it' ;:tG:t:.: p:iy~J ;(1til· rn:ll):.1. J Ci-in }~~yrh~,, ,·~y. l ')96;57:142· l·~h 

4 .l . I3owt.h~n C L,, Ju~:c·:k PC, ()~:·~uLd.;. P, ,:.;: ;~J. Rd,:ttt 1n of" :-c ru'. n v;1 lpn.>ate \.'.i.)J;;ccntrJ~ion :·o ~e:-:p,_;i:l't~ i11 nun\;·L. 

Ao:.f F·\r1:i\-,1h_v- 1~nfr!S L"/65 ---7U 

·'L2. C-yubj L~ f)o\vdni CT .. i\'l.:.l·:]ro:· SL. et ;JL I\·L1lni~~r::.":\';u:: cfi{c;i:·;y l)fd)v;t!pn\('.\ :n d1e p rtV('(:t:fH111r-hpohi~ 

\1~~111~:.~:~·10:i, /'-/r:,•1,·i-_t.1_\';h,:~f;_\·1,1 ,,1a:<;/vi~Y- 200.3;2f{ ; l.)'/1;-.. i.'1S2 . 
.-1.:;_ Post R.\ L ; ) t ,,it~~dl K.1.} Frn: J\-:Ltt t~, ;1L t\ h~t;Toi·y <i rhc 11:-t~ of ;:; nriconv11h::m11:- ;·i s 11)und ~.1.d,iE·1,1.·;·:-; rn tlH: 

(a;~r tv .. ·-~· dc-:-.:irir :. H ( thr.: 20th '...'•:'.tit.He_~:- !Vr:1o ·c1p1yd1r .. :'.•i1>/cxr l lf-JS;.>8:1 S2··· !66 
44. L d:_i.f:11 /\_, 1\ .. i',~L , .... 1 I\ Siaall·~- ;\,f, -!..' t .ti, s~Hh:trn v;dp".'~)r:.rc t+) ').:hizophn~nj,t: ~:orne bloi..·hr;,~nii,:,\l currd,w.:s 

lfr./ P;J'f-1.--i,i;1:i·. 1 ·•so~-i37:2,t0-2,·t4. 

~r;. lhi\~e P.-\) J\1rkc-: _].D. !\J,.1 r~z:en C D, Sod1un1 vJlpt.) ,.l rt: :n tht trt:illilH!nt or k\T•dop~~-i1Kbccd dy~ki::u;i,1 . 
.J N>u ral i\ln ,rorn,:<! P~ ':):'h;,"i!Jy. ·1 i)"?~;-11 :'!().2-!0C:. . 

46 . \ Jua J, \-ViHi;p1 A, Plod(.).n C, t l ~tL 'Trc~,u-:nc111 ;,}( f\,rkin~un's d;sea~c v/l th :indium va!pn)~H<: : d11lir,,!, 
f' ! \::r; r .. 1n >hg ical .i n~i lw\ ,;,1i1n ,d. ')!)~;,~ 1·~-·:.u i<H is. . J C.01 rVtr.- u.,,! Sci. l <)79~6:3 _:1. 7-.'-: .-13 . 

,.;. -; l.,unhcn Pf~. Vct;",Uid (~ l.f:.-..i:· <_d° v:iipr<)(!l idc ~11 p1/•'l·l.)~ti ric :hi·.-;ip.::uri ,:r, . E.,,t,;pb:u>. "198/\} .3 :.-~()7 <{7:l . 

48 L; nno.ila ,iv!, Vi\.d-:-;1r! i\.i, E.i,.·1,:b (). E:fi·{:+:r of \.~d!n!~·! '-' .d t~ ro~tk o t1 t<s.t 1..L vc drsk.'.n;~:;;.i.,. Jfr I; 1,_.,1t ;·/d /r_;:, 

J 'J:t.,;1.1' J·; 1,1 1 1'! 

~19 ;\',1sr::1li.d -. f L\ I lum·;r::- FJ, ~'vL(\dk y· \:Vh'. rtcr:- td. ;\ pl:h'.ch;::,-·r c·,Ir f'n.;lkd tli~J nC va!pn: ... 1t1.· m L1r ; i'1n · 

dy~; k..i 11c•~:L Di(";! 1'·.1·:hi.,;/:y . 1 'j~S;lu:/.t)5 --2t)X_ 

.50. Fi:--k (;(';, York \ (\ L Thl.' ,:(fou o:· ~lhliu1:1 \':.dpn1,1:c (ttl LlnJiv...: dyd ,.\nr: ~i,1···· ··: ·cr!si tc·d. B.-J P :y1.!i1:if,:y. 

i 987; i SU:S--U 5 ~.'1 

', I R,:1; ,>n CM. T h,·· .1pu>t1, L-,·d; ,,f ,. ,diu1J1 v,ilr•ro:1 1c·. inli J! >t! rn,·:oijc ,nd,c,s in ceb of r1cuml 01 :gi11 . iJmi:,, 
It:.1. :!.9HS;.:.: ,17:39:l--.1~JB. 

S1. S!c .. ;J n~<·.r l)A~ s·m:!'.cr I IS. E(J~.·i:.t~ oi' ~1n t~t:,1Jh..'td1~;m ri.; on 1·.cH gro~-vth ~uii~ 4~111,yrn~nlc <•nd receptor hinding 
::.ct ivi iy ii , :1 iwt.i"hla-: trnn:; x gb v1 ~:.~ hybrid 1..\_• U 1..'.tc! ru:1;. 1-jtl/,:p:-ia. 1987~28:214--221. 

J. ) . Bl::h-.:1"::C RA , C ~nar'. ) , _r I' _.\ 1:ti··f!)J1_"1{~r incd i,rni ;::1 1h I.i i' .. \•;1 ipn~;Ht:: a rm ve.l rule. t-( 11 an old drug. :Vhd Re.1 Rt"-.). 
?OD2 :22:-1')2 -S I l . 

~4 - IL11\V H~ ' i ·1,< . \'".Jp;oi< :i...-:d . ,.\ ,\ ··~c J,;,i_t/l .lI-.:'. 1. 9~t_l::·{O,~:h(:; J :\66 

.;;· :.; _ F.t..'_~:::· _f . Pi:t·n F?. L 1-~(frd ':: 1;/· S1 ){.L11 ;·t·1 ·:,dp i(1.tt·._~ r., t )OO l hidr; :f\ ~·:!rh s1_1!'.~·-·l a} ri:f;.•n•:r1,n • u, v,•1_· i~~i:r Rr .'\-1,·,lf 
J 9~2;2 '.·U :5 77 :; ~1, 

) (L J .. 1..: vy Rf-I, C1'.!H:i,1d 13. I J)i.~,.--,01 11, ,·: .:I 
l:.'pi!.t ·· ·''' · i •i ::JCJ;2 ! : 2 7~ . 2SO. 

-,·; , {Cira::- H_J , V'/ dJ ..: r BJ, l i;.t n11:i t.ill ,_i E): ft n.ari,•.11 /\\.\/ \: ;tl1-1 r •\;H~.' tre:;:·!ors . . N{.~~,:·dr,g)'. 1982;32'.-!};'.; -ll.32. 

58. F·1ym:i1\ ~ Jvl , D~i mr~ Pl ) . S~:nclalr KC;. T rcn11_\r d1_11_· 1. ( : sndii.t:1) •,\>lp ro ;1te. 1Vturr,/'.r;gy . l ~t79:2~~-i 1 ·;7. 'i. lkO. 
59. Dcvinsk::,- (), Lcppik L \·Vi.!hr; ,H:.: l J, ct /:I. Sak ty· o f in tr,\','Ci"a\1u :,;. v;.:tlpro ~lt"~.,..Jnn ;,'Vcuro/.1995 JB:()7U- 6l4. 

60 . 1~~<'.t1 p h ...... :·idc::-: /\ J\' . r\utt _!(; , J.,uc:i;.:\! _j R. T'h:·n i:d··t)cy:l">pe:1<;, ch >t),.::i·,!tef.i 'N~th :.:,,1d i11rn v;:dpro;1 tc 1rc·,~t 1;1~·,nr 
/h:n i\!:'i.r.,/. J lj7 '-J:S :3F9-90. 

(j 1. Suchy 1-J; B;-dt,rr\:1) \ \if fh1ch ino J.Ti et :1·: • . /\ 1.:ut,:·: li<:p,(r!t faibn .. ~ as~odc1tc d vvith ti:c 1.1~1_· u 1 ,.;.;-:di urn 
valpro~m:. fVt.1·re F·,;r/J .1\iJ;·1l 1979;:·H)0: '_1()2-tJ!,h 

(1'.?. . \,\!;trt '. s_ ;\-TiJ}.,/ard · S,i d!cr (; J l_ i\.d tlC li VL"I df-. !'. ;l '- t'. ;l '-:,; o t~,H td \~.:ith ::.o d i11rrr \)',l\1i(: ;!r!"~. /(li/,"t'! , 

1noJ1110-111 .J. 
fi '). C-Jrnf,,·!d PR _ P:t::.:.\·, ;itiri ·: dw· u, \';)li~-!-, ., ;c ,1<:;d . J _;n k~· .:. 1 'j) iJ~ 1 :11 ()8. 11 99 
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64. C'ott!tt;r Df ,, ,\lien RJ. Pani.'ff:1l."lt.is ;\~SotiHed \v\rh \';dprnlc ·,h:\d rh,.~r:lpy for epilepsy. Arm l\/c:,;.ro!. 
1980;7:92 

hS. SJ.ckell~H('..; .JC, I .c{~ SJ 1 J)n.·iftn-;;_; FE. S1:upor !Ollov.'ing ;1drninistrat!(,n ofvJ.Jpro1c :i.cid to p:i.ticnt~-; rc::·:c.:lving 
orbtr :1111 iq,ilq1t; <.: drugs. F,j>ii,t,<1'!. J '17'!;20:697 -70.3. 

6{1. C~hadwick [}V\\ C11n-1'.i1lng \1VJ , J ,;1:in~ston~: f, C\udidgt NE. A.cute intoxlc-;itio;1 v:lth s(K11urn valpro-ittc. 
A,n; J\/~·w·r..:l. 19-;~J-.(,:5)2-)53. 

67. Cvuh:cr l)L. A!h:n RJ. Sl:L~dlHL11)· h~;pr'cHnnHin•~1ni:t: a posi~lh!c ntech,1nism fr,rvalpn,)at:.'. <~.rh.~t~phr-.lopilt.hy. 
l..{!11rcl. 1')80;2~131()-1]11. 

(,8. Gc,rn('.1. il1. Possible t,,n1mg .. ,nic:i1yotvall-'rnic .ici<l._f Ped,,u,-. 1980;%:508-509. 

(,9. Rokrr E, Cuil:,1ud P l'vl:i,nr;;1[ v:1lp,·c;<.' acid 01J,d wngcnit:tl 1H:ural tube dcfo,t,. Lmr•'/. 1"182·,2:937. 

70. Un11:,.,gr JC Los (I, Gr<1bbcc DE, c: ed. Tl1e ri,k. of ,pim bi±ida apcrrn afrer Vim-trimester <'XP'-"llr<: to 
v:.1lpl·o:ne in ;) pn.:uarn.l colion. ;\.~_·ar:-Jl,;gt '!992;-41(4 Supp.I 5): 119-· 125 

71 . L~oj·.uvi .Ht LiH1tika·u1e1 'iJ~ Pak~rr'inc11 AJ.junttmcn KI~ 1\'lyiiyk VV_ Polycystic 0v:1ric:; and }1ypcr:rndro

ge1,ism in women r"kiJJg vulp,oatt for CJ>dcp,y. Jlf, .. w Eng} /'v1ni. 1993;329;1383-1388. 

72. r>i-c,t'ctss FE, S:11,r;11; .'-/ , J ,,.n;;er DH, ct :il. Valprn,c :ll'irl hcp:Hi1: fatrtli1:ies: a retrospective: review. Nmro!ogy. 
1987;37:179-.lS'i. 

73 \V:1!111,,(C LJ, W;Jdcr BJ Hru1,: J, Vill:m<:::d HJ. E±frcr ofv~lpr,)i,' acid on Lq•atic firnction. N,,o,!11gf 
i 978;28,961 ·%4 

1·~1. P~>:uct:.1 E, C~nti (_;, Frigo C:\'1, tt JI. Pkurn;u:,)k.inctlc~· ~)f v::clpn)!c ;icid ~jf!cr oral and intr:<.vrnou s 

:Klin~n.istr;irlon. )Jr,/('!i1; Ph.:rr.:,u.1< ,;;/. 1')7B;SJl3-·J lS. 

'/5. I ,\ hrht'.r V\:'1 '\.J;,u I J, D\stfih,J1 ;,,n , 1( ._.·aip101r; ,irJ(J ~tud it.s rnrt-,fr.1ofitc~ in various braln rtt~ion.:·i of dogs ~'-ncl 
1 ;;u :: ,:ftcr ;1n.!k' •. a;d pro!ong,:.:d -; 1':';H11H:u 1 . .f Pb,nm11nl Fxp T'h.:r_ l 983;226:845- S5 1t 

7(, J .~J'.'1.:hcr \!.J . . '\;1u t L S1crn(~•; l·L f\:m.·Lr;1riqf~ t>t" v;. 1p~o-.ue ,uh·i it:; :icrLv,: irictabo!j{e:~ ;nto cercbn.Jsplr;.;d ilud 
~.1f ,:hddr1::·1 \,·itl1 l:pilcpsy-·. /-.j,ilp,/,:1 19~~8;29:.111~316. 

~.::-;_ Corn(i.)nl r~:;\L Diep CJ~ f);\((!ri~ty,,· vvrvl IU:111d hr-;iin b;i rn~:r 7r:Hl~p(>rt of v,1lproic acfd . ./ ]·i~·u,-+1i.·hoN. 

19f!'; A4J5,11 15SO. 

72. \1;1.Jdrl vr. l)u1)n ,Ul C}\j Ph;)hp,;,_f. 13L1din PF". }---f:~1,i:ut bpln, pJ:1\:Jt1:"l, :nid ccrcbro::1pin::d fluid co:1<:{~nt,~11:i(,n 

, ,f :~oci iurn v;llpro~1tt ·,d:lc.:· 12 h.:iur~, of ll1eDpy. /'/cmukgy . .l 98l~11 :48(r •-rn7. 

79 \.V,,>cr .He: C11mpar'1~;crn 1·>f v;d11n:,an: C1.)/li~i.:ntrJtii)I';~ in h111Y"l:i.ll ph:;<naj csr :.1rd hrnin t:iS.jUr~ after ;td111"1n

i~l !';Eion 1A· tfitfrrr~H fl)rini_d;H[rn:s of \·,11p;·,11rc or 1.--il ipn)tnid<.1• f·,j;:'fcp_iy Res. 199.1/):154T-"1 59. 
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USE OF ADENOSINE RECEPTOR SIGNALING TO MODULATE 
PERMEABILITY OF BLOOD-BRAIN BARRIER 

[0001] This application claims the benefit of U.S. Provisional Patent 

Application Serial No. 61/383.628, filed September 16, 20 IO_, which is hereby 

5 incorporated by reference in its entirety. 

10 

[0002] This invention was made with government supp01i under grant numbers 

K22Al057854 and RO 1NS063011 awarded by the National Institutes of Health. The 

Government ha-; certain rights in the invention. 

FIELD OF THE INVENTION 

[0001] The present invention relates to modulation of blood brain barrier 

permeability. 

BACKGROUND OF THE INVENTION 

[0002] The barriers to blood entering the central nervous system ("CNS") are 

15 herein collectively referred to as the blood brain barrier ("BBB"). The BBB is a 

tremendously tight-knit layer of endothelial cells that coats 400 miles of capillaries and 

blood vessels in the brain (Ransohoff et aL, "Three or More Routes for Leukocyte 

Migration Into the Central Nervous System," Nature Rev. lmmun. 3:569-581 (2003}). 

The blood-brain baITicr (BBB) is comprised of brain endothelial cells, which fom1 the 

20 lumen of the brain microvasculaturc (see Abbott ct al., "Structure and Function of the 

Blood-Brain Barrier," Neurobiol. Dis. 37:13-25 (2010)). The barrier function is 

achieved through tightjunctions bet\veen endothelial cells that regulate the 

extravasation of molecules and cells into and out of the central nervous system (CNS) 

(see Abbott et al. , "Structure and Function of the Blood- Brain Barrier," Neurobiol. Dis. 

25 37: 13-25 (20 l 0)). The nearly impermeable junctions between BBB cells are formed by 

the interdigitation of about 20 different types of proteins. Molecules must enter a BBB 

cell through membrane-embedded protein transporters or by slipping directly through 

its v.-axy outer membrane. Once inside, foreign compounds must avoid a high 

concentration of metabolic enzymes and a variety of promiscuous protein pumps 

30 primed to eliminate foreign substances. Having avoided these obstacle:,;, foreign 

molecules must then pass through the inner membrnne of a BBB cell to finally reach 
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the brain. These elaborate defenses allow the BBB to sequester the brain from potential 

harm, but the BBB also obstructs delivery of neurological drugs to a site of disease in 

the brain. Researchers in academia and the biotcch and pharmaceutical industries arc 

learning to bypass the BBB or allow it to let potential drugs into the brain. They arc 

5 designing small drngs that can passively diffuse through the BBB or travel on nutrient 

transpmtcrs to get inside the brain. Others arc attaching potential therapeutics designed 

so that the brain will unwittingly engulf them. 

[0003] TI1e endothelial cells which form the brain capillaries are different from 

those found in other tissues in the body (Goldstein et aL, "The Blood-Brain Barrier," 

10 Scientific American 255:74-83(1986); Pardridge, "Receptor-Mediated Peptide 

Transpmt Through the Blood-Brain Barrier," Endocrin. Rev. 7:314-330(1986)). Brain 

capillary endothelial cells arc joined together by tight interccllular junctions which 

fo1n1 a continuous ,vall against the passive diffusion of molecules from the blood to the 

brain and other parts of the CNS. These cells arc also different in that they have few 

15 pinocytic vesicles which in other tissues allow somewhat unselective transport across 

the capillary ,val!. A !so lacking are continuous gaps or channels running between the 

cells which would allow unrestricted passage. 

[0004] The blood-brain barrier functions to ensure that the environment of the 

brain is constantly controlled. The levels of various substances in the blood, such as 

20 hormones, amino acids, and ions, undergo frequent small fluctuations which can be 

brought about by activities such as eating and exercise (Goldstein et aL. "The Blood

Brain Barrier ," Scientific American 255:74-83(1986); Pardridge, "Receptor-Mediated 

Peptide Transport Through the Blood-Brain Barrier," Endocrin. Rev. 7:314-330(1986)). 

Tf the brain was not protected by the blood brain barrier from these variations in serum 

25 composition, the result could be uncontrolled neural activity. 

[0005] The isolation of the brain from the bloodstream is not complete. lfthis 

were the case, the brain would be unable to function properly due to a lack of nutrients 

and because of the need to exchange chemicals with the rest of the body. The presence 

of specific transpmi systems within the capillary endothelial cells assures that the brain 

30 receives, in a controlled manner, all of the compounds required for normal growth and 

function. In many instances., these transport systems consist of membrane-associated 

proteins, which selectively bind and transport certain molecules across the barrier 

membranes. These transp01ier proteins are known as solute canier transp01iers. 
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100061 Although the BBB serves to restrict the entry of potentially toxic 

substances into the CNS, it poses a tremendous hurdle to the delivery of therapeutic 

drugs into the CNS. It has been estimated that more than 98% of small-molecule drugs 

less than 500 Dain size do not cross the BBB (See Pardridgc, "Brain Drug Targeting: 

5 the Future of Brain Drug Development," Cambridge University Press, Cambridge, [lK 

(2001) and Pardridgc, "The Blood-Brain Banier: Bottleneck in Brain Drug 

Development," NeuroRx 2:3-14 (2005)). Current approaches aimed at altering the 

BBB to permit the entry of therapeutics are either too invasive, painful, can result in 

permanent brain damage or result in loss of drug efficacy (See Broadwell et aL, 

10 "Morphologic Effect of Dimethyl Sulfoxide on the Blood-Brain Barrier," Science 

217: 164-6 (1982); Hanig ct al., "Ethanol Enhancement of Blood-Brain Banicr 

Permeability to Catecholamines in Chicksm," Eur . .J Pharmacol. 18:79-82 (1972); 

Rapoport, "Advances in Osmotic Opening of the Blood-Brain BaITier to Enhance CNS 

Chemotherapy," Expert Opin. lnvestig. Drugs 10: 1809-18 (2001 ); Bidros ct al., "N ovcl 

15 Drng Delivery Strategies in Neuro-Oncology," Neurotherapeutics 6: 539-46 (2009); 

and Hynynen, "MRT-b'Uided Focused Ultrasound Treatments," Ultrasonics 50:221-9 

(2010}). 

[0007] CwTcnt strategics for CNS drug-dclivc1y fall into three broad categories: 

chemical or physical BBB disruption and drug modification (Pardridgc, "The Blood-

20 Brain Barrier: Bottleneck in Brain Drug Development," 1VeuroR.: 2:3-14 (2005)). 

Methods for chemically disrupting the BBB vary. Hypertonic mannitol osmotically 

shrinks brain endothelial cells, thus increasing BBB permeability and facilitating CNS 

delivery of chemotherapeutics (Neuwelt et aL, "Osmotic Blood-brain Barrier 

Dismption: A New Means of Increasing Chemotherapeutic Agent Delivery," Trans Am. 

25 1\/eurol. Assoc. I 04:256-260 ( 1979}). However., it has been demonstrated that this 

proccdw·c caITics the risk of inducing epileptic seizures (Neu welt ct al. , "Osmotic 

Blood-brain Banier Modification: Clinical Documentation by Enhanced CT Scanning 

and/or Radionuclide Brain Scanning," Am. J. Roentgenol. 141 :829-835 ( 1983 ); Marc hi 

ct al., "Seizure-promoting Effect of Blood-brain BaITicr Disruption," Epilepsia 48 :732-

30 742 (2007)). An analogue of the vasoactivc peptide bradykinin was shown to increase 

permeability of the blood-tumor barrier (Raymond et al. , "Pharmacological 

Modification of Bradykinin Induced Breakdown of the Blood-brain Barrier," Can. J. 

1\/eurol. Sci. 13 :214-220 ( 1986)), and to some extent the BBB (Borlongan & Emerich, 
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"Facilitation of Dmg Entry into the CNS via Transient Permeation of Blood Brain 

Ban-ier: Laboratory and Preliminary Clinical Evidence from Bradykinin Receptor 

Agonist, Cereport," Brain Res. Bull. 60:297-306 (2003)), and was moderately effective 

in increasing hydrophilic, but not lipophilic, drug delivery to certain CNS gliomas in rat 

5 models (Bartus et al., "Permeability of the Blood Brain Barrier by the Bradykinin 

Agonist, RMP-7: Evidence for a Sensitive, Auto-regulated, Receptor-mediated 

System," Immunophannacology 33:270-278 (1996); Elliott et al., "Intravenous RMP-7 

Selectively Increases Uptake ofCarboplatin into Rat Brain Tumors," Cancer Res 

56:3998-4005 (1996); Matsukado et al., "Enhanced Tumor Uptake of Carboplatin and 

10 Survival in Glioma-Bearing Rats by Intracarotid Infusion of Bradykinin Analog, RM P-

7," Neurosurl{e1:v 39: 125-133, discussion 13 3-124 (1996); Emerich ct al., "Enhanced 

Delivery of Carboplatin into Brain Tumours with Intravenous Ccrcport (RMP-7): 

Dramatic Differences and Insight Gained from Dosing Parameters," Br . .J. Cancer 

80:964-970 (1999)). However, it failed in clinical trials, due possibly to differences 

15 between rat models and human patients (Prados et al., "A randomized, Double-blind, 

Placebo-controlled, Phase 2 Study ofRMP-7 in Combination with Carboplatin 

Administered Intravenously for the Treatment of Recurrent Malignant Glioma," Neuro. 

Oncol. 5:96-103 (2003)). 

[0008] Physical disruption of the batTicr is the oldest and most invasive method 

20 of by-passing a functional BBB. Direct injections into the brain, especially into the 

ventricles, have been used for years to deliver therapeutics to the CNS (Cook et aL. 

"Intracerebroventricular Administration of Drugs ," Pharmacotherapy 29:832-845 

(2009)). Recently, high-intensity focu sed ultrasound technologies have been developed 

that forcefully push therapeutic compounds past the BBB using compression waves 

25 (Bradley, "MR-guided Focused Ultrasound: A Potentially Disruptive Technology," J. 

Am. Coll. Radio!. 6:510-513 (2009)). Still, physically disrupting the BBB remains 

invasive. 

[0009] Drngs that do not cross the BBB can sometimes be modified to allow 

them to cross. The addition ofmoictics that increase a drug's lipophilicity can increase 

30 the likelihood it will cross the BBB, but these additions also render the drug more 

capable of entering all cell types (Witt et aL, "Peptide Drug Modifications to Enhance 

Bioavailability and Blood-brain Barrier Permeability," Peptides 22:2329-2343 (2001 ) ). 

It is also often the case that the chemical additions themselves significantly increase the 
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size of the dmg ,vhich counteracts the higher lipophilic profile (Witt et al., "Peptide 

Drng Modifications to Enhance Bioavailability and Blood-brain Ba1Tier Permeability," 

Peptides 22:2329-2343 (2001)). Another approach involves so-called "vector-based" 

technologies in which the drug is attached to a compound known to enter the CNS 

5 through receptor-mediated endocytosis. For example, conjugation of neuronal growth 

factor (NGF) to a monoclonal antibody to the transfcrrin receptor, expressed on BECs, 

greatly increased NGF delivery to rat brains (Granholm et al., "NGF and Anti

transferrin Receptor Antibody Conjugate: Short and Long-term Effects on Survival of 

Cholinergic Neurons in lntraocular Septa! Transplants," J. Pharmaco/. Exp. Ther. 

10 268:448-459 (1994}). Vector-based delive1y technologies suffer from two large 

drawbacks: 1) the BBB transp01t ability is limited to receptor expression and 2) 

cndocytotic events arc limited in BBB endothelium, a hallmark of its physiology. 

[0010] There is a monumental need to modulate the BBB to facilitate the entry 

of therapeutic drugs into the CNS. Determining how to safely and effectively do this 

15 could affect a very broad range of neurological diseases, such as Alzheimer's disease 

(AD}, Parkinson's disease, multiple sclerosis, neurological manifestations of acquired 

immune deficiency disorder (AIDS), CNS tumors, and many more. Promising 

therapies arc available to treat some of these disorders, but their potential cannot be 

fully realized due to the tremendous impediment posed by the BBB. Accordingly, 

20 there is need in the art for methods to improve the delivery of compounds into the CNS. 

[0011] In addition .. patients suffering from edema, brain traumas, stroke and 

multiple sclerosis exhibit a breakdown of the BBB near the site of primary insults. The 

level ofbreakdo'.h·n can have profound effects on the clinical outcome of these diseases. 

For instance, the degree of BBB breakdown in patients suffering from multiple 

25 sclerosis (MS) is con-elated to the severity ofthe disease. It has been shown using 

Magnetic Resonance Imaging (MRI) that, ,vhcn a person is undergoing an MS "attack," 

the blood-brain banicr has broken down in a section of the brain or spinal cord , 

allowing white blood cells called T lymphocytes to cross over and destroy the myelin. 

[0012) Despite the importance of this ba1Tier, very little is known about the 

30 molecular mechanisms controlling the integrity and/or permeability of the BBB. Thus, 

there remains a considerable need for compositions and methods that facilitate such 

research and especially for diagnostic and/or therapeutic applications. 
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100131 The present invention is directed to overcoming these and other 

deficiencies in the art. 

SUMMARY OF THE INVENTION 

[0014) The present invention relates to a method for increasing blood brain 

barrier permeability in a subject. This method involves administering to the subject an 

agent which activates both of Al and A2A adcnosinc receptors. 

[0015) The present invention also relates to a method for increasing blood brain 

barrier permeability in a subject. This method involves administering to said subject an 

IO A I adenosine receptor agonist and an A2A adenosine receptor agonist. 

[0016] The present invention fmiher relates to a composition. The composition 

includes an Al adcnosine receptor agonist and an A2A adenosine receptor agonist, and 

a pharmaceutically acceptable caiTier, excipient, or vehicle. 

[0017] The present invention also relates to a method for delivering a 

15 macromolecular therapeutic agent to the brain of a subject. This method includes 

administering to the subject an agent which activates both of Al and A2A adenosine 

receptors and the macromolecular therapeutic agent. 

100181 The present invention also re lates to a method for treating a CNS 

disease, disorder, or condition in a subject. This method involves administering to the 

20 subject at least one agent which activates both of Al and A2A adenosinc receptors and 

a therapeutic agent. 

l 0019] The present invention also relates to a method for treating a CNS 

disease, disorder, or condition in a subject. This method involves administering to the 

subject an Al adenosine receptor agonist. an A2A receptor agonist, and a therapeutic 

25 agent. 

100201 The present invention further relates to a method of temporarily 

increasing the permeability of the blood brain baITier of a subject. The method 

comprises selecting a subject in need of a temporary increase in permeability of the 

blood brain banier, providing an agent which activates either the A I or the A2A 

30 adcnosinc receptor, and administering to the selected subject either the Al or the A2A 

adenosinc recptor agonist under conditions effective to temporarily increase the 

permeability of the blood brain barrier. 
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100211 The present invention also relates to a method for decreasing blood brain 

barrier permeability in a subject. This method involves administering to said patient an 

agent which blocks or inhibits A2A signaling. 

[0022] The present invention also relates to a method of remodeling an actin 

5 cytoskeleton of a blood brain barrier endothelial cell. This method involves contacting 

said endothelial cell with an agent which activates both of Al and A2A adenosine 

receptors. 

[0023] As shown in the examples that follow, it is demonstrated that signaling 

through receptors for the purine nucleoside adenos ine acts as a potent endogenous 

10 modulator of blood-brain barrier permeability. These findings indicate that adenosine 

receptor ("AR") signaling represents a novel endogenous mechanism for controlling 

BBB permeability and a potentially useful alternative to existing CNS drug-delivery 

technologies. Drugs like Lcxiscan, the FDA-approved A2A AR agonist, which 

increases BBB permeability and facilitates CNS entry of macromolecules like dextrans, 

15 represent a possible pathway toward future therapeutic applications in humans. 

Tmportantly, the present findings indicate that this technique can be used for CNS 

delivery of macromolecular therapeutics like antibodies, which traditionally have been 

limited in their use in treating neurological diseases because they required invasive 

delivery technologies (Thakkcr ct al. , "Intracercbrovcntricular Amyloid-bcta 

20 Antibodies Reduce Cerebral Amyloid Angiopathy and Associated Micro-hemorrhages 

in Aged Tg2576 Mice," Proc. Natl. Acad. Sci. USA 106:4501-6 (2009), ,vhich is hereby 

incorporated by reference in its entirety). The results described here represent a novel 

and promising alternative to existing CNS drng-delivery paradigms. 

[0024] The methods and agents of the present invention provide for an 

25 improved treatment of subjects with disorders affecting the blood brain banier. In 

addition, the present invention provides improved methods of controlling the blood 

brain ba1Tier to enhance therapeutic treatment of such patients. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 100251 Figure I shows a graph demonstrating cd73-/- mice are resistant to 

Experimental Autoimmune Enccphalomyclitis ("EAE"). EAE was induced, disease 
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activity was monitored daily, and the mean EAE score was calculated for cd73-
1
~ (open 

. - +/+. -
diamonds, n=l I) and wild type (cd73 ) (closed squares, n=l3) mice. The results 

shown are representative of 1 I separate expeiirnents. 

[0026] Figures 2A-2D show cd73-/- T cells produce elevated levels of TL-I f3 
+t+ _!_ 

5 and IL-17 and mediate EAE susceptibility when transfcn-ed to cd73 ' tcra · mice. 

Figure 2A shows the CD4 and FoxP3 expression measured on splenocytes from na'ive 

and day 13 post-EAE induced cd73-
1
~ and wild type mice. Figure 2B shows 

splenocytes from nai"ve and day 13 post-MOO immunized wild type mice which were 

analyzed for CD4 and CD73 cell surface expression by flow cytometry. Figure 2C 

10 shows s01ied cells from immunized wild type or cd73 _ _, _ mice which were cultured with 

lxl0
4 

iITadiatcd splcnocytes and O or IOµM MOO peptide. Supematants were taken at 

18 hours and mn on a cytokine Bio-plex assay. Results represent the fold change in 

cytokine levels between the O and lOµM MOO peptide groups. Samples were pooled 

from 4 mice and are representative of one out of three similar experiments. Fi1:,'1lre 2 D 

+ -~ 
15 shows CD4 T cells from the spleen and lymph nodes from MOO immunized cd73 ' 

20 

(open diamonds, n=5) or wild type (closed squares, n=5) mice which were adoptively 

. . . . +/+ -/- . . . . 
transferred mto T cell deficient cd73 tcra mice. EA E was mduced and disease 

progression was monitored daily. Results are representative of two separate 

experiment,;;. 

[0027] Figure 3A-3L show cd73-/- mice which display little or no CNS 

lymphocyte infiltration following EAE induction; donor cd73-
1
~ T cells infiltrate the 

+I+ _;_ 
CNS of cd73 · tcra · recipient mice following EAE induction. Frozen tissue sections 

from day 13 post-EAE induction wild type (Figures 3A-3C) and cd73_
1

_ (Figures 3D-

3F) mice were labeled \vith a CD4 antibody. Figure 30 is a bar graph showing the 

25 mean number of CD4 + infiltrating lymphocytes in the brain and spinal cord quantified 

per field in frozen tissue sections from day 13 post-EAE induction wild type and cd73 

!- mice. Eight anatomically similar fields per brain and 4 fields per spinal cord per 
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mouse were analyzed at I Ox magnification (n=S mice/group). Error bars represent the 

standard enor of the mean. Fib'llres 3H-3L show frozen tissue sections ofhippocampus 

(Figures 3H, 31, and 3K) and cerebellum (Figures 3J and 3L) labeled with a CD4 

-~ + 
antibody from EAE-induced tcra · mice that received CD4 cells from wild type 

5 (Figures 3H-J) or cd7I
1
- (Figures 3K-3L) mice at day 12 (Figure 3K), 18 (Figures 3H 

and 3L), or 22 (Figures 31 and 3J) post-EAE induction. lmmunoreactivity was detected 

with HRP anti-rat lg plus AEC (red) against a hemotoxylin stained nuclear background 

(blue). An-ows indicate sites of lymphocyte infiltration. Scale bars represent 500µm. 

[0028] 
_ /_ 

Figures 4A-4K shov,; cd73 · mice which display little or no CNS 

10 lymphocyte infiltration following EAE induction; cd73_,,_ T cells infiltrate the CNS 

+I+ _!_ 

after transfer to cd73 ' tcra' mice and EAE induction. Frozen tissue sections from 

day 13 post-EAE induction wild type (Figures 4A-4C) and cd73-
1
~ (Figures 4D-4F) 

mice were labeled with a CD45 antibody. Frozen tissue sections ofhippocampus 

(Figures 4G .. 4H., and 4J) and cerebellum (Figures 41 and 4K) labeled with a CD45 

- '~ + 
15 antibody from BAE-induced tcra' mice that received CD4 cells from wild type 

(Figure 40-41) or cd73-/- (Fi1:,'llres 4J-4K) mice at day 12 (Figure 4J), day 18 (Figures 

4G and 4K), or day 22 (Figures 4H and 41) post EAE induction. Immunoreactivity was 

detected with HRP anti-rat lg plus AEC (red) against a hemotoxylin stained nuclear 

background (blue). Arrows indicate sites of lymphocyte infiltration. Scale bars 

20 represent 500mm. 

[0029) Figures 5A-5C show myclin specific T cells do not efficiently enter the 

. ~ . . . . . + 
bram of cd73 mice followmg EAE mduct10n. V[3 I I T cells from MOG35 _5 5 

immunized transgenic 2d2 mice, which express TCRs specific for MOG35_55, were 

isolated from the spleen and lymph nodes and adoptively transferred into wild type or 

25 cd73_,_ mice \vith concomitant EAE induction. At days 1, 3 , 8, and 15 post transfer and 

EAE induction , spleens (Fib'llre SA), lymph nodes (Figure SB}, and brnins (Figure SC) 

were removed and cells were harvested. Cells were analyzed for CD45 and V[311 

expression by flow cytometry. The data represent the relative fold change (RFC) in the 

+ + 
percentage of Vf3 I l cells in the CD45 population for each organ on each given day. 
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Values were normalized to the percentage of cells found in each organ at l day post 

transfer/EAE induction, with 1.0 equaling the baseline value. 

[0030] 
+ 

Figures 6A-6D shov,,· adoptively transfcued CD73 T cells from wild 

type mice can confer EAE susceptibility to cd73-I- mice. Figure 6A shows CD4 + T 

5 cells from the spleen and lymph nodes of MOG immunized wild type mice were 
-I~ 

enriched and adoptively transfcned into wild type (closed squares, n=5) or cd73 · 

(open diamonds, n=5) mice followed by concomitant EAE induction. Results are 

shown from one of two independent experiments. Figure 6B shows T cells from the 

spleen and lymph nodes of previously immunized wild type and cd7 I 1
- mice were 

10 sorted bas:ed on CD4 and CD73 expression and adoptively transfcned into cd73-/- mice 

followed by concomitant EAE induction (n=5/each group). Closed squares represent 

donor cells from wi Id type mice that express CD73; open squares represent donor cells 

from wild type mice that lack CD73 expression; open diamonds represent donor cells 
_!_ 

from cd73 · mice. Figure 6C-6D show frozen tissue sections of the CNS choroid 

_ I_ 

15 plexus from na'ive wild type (Figure 6C, left) and cd73 · (Figure 6C, right) mice and 

wild type mice day 12 post-EAE induction (Figure 6D) were stained with a CD73 

(Figure 6C) or CD45 (Figure 6D) specific antibody. Tmmunoreactivity was detected 

with HRP anti-rat lg plus AEC (red) against a hemotoxylin stained nuclear background 

(blue). Brackets indicate CD73 staining. Arrows indicate CD45 lymphocyte staining. 

20 Scale bars represent 500µm. 

100311 Figures 7 A-7D show adenosine receptor blockade protects mice from 

EAE development. Fi1:,'Ure 7A shows mean EAE scores where EAE was induced, 

disease activity was monitored daily, and the mean EAE score was calculated in wild 

type (squares) and cd73+ (diamonds) mice given either drinking water (closed shape) 

25 alone or drinking water supplemented with 0.6giml of the broad spectrum adenosine 

receptor antagonist caffeine (open shape). Results are from one experiment (n=5 mice 

per group). Fi1:,'llre 7B shows adenosine receptor mRNA expression levels relative to 

the GAPDH housekeeping gene in the Z310 murine choroid plexus cell line. Samples 

were run in triplicate; error bars represent the standard error of the mean. Figure 7C 

30 shows results after mice were treated with the A2A adenosine receptor antagonist 
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SCH58261 at 2mg/kg (I mg/kg s.c. and I mgikg i.p.) in 45% DMSO (closed squares, 

n=4 mice/group) or 45% DMSO alone (open squares, n=5 mice/group) I day prior to 

and daily up to day 30 following EAE induction. These results arc representative of 

two experiments. Figure 7D shows the mean number of CD4 + infiltrating lymphocytes 

5 in the brain and spinal cord quantified per field in frozen tissue sections from day 15 

post-EAE induction in SCH5826 l- and DMSO-treated mice are shown. Eight 

anatomically similar fields per brain and 4 fields per spinal cord per mouse \Vere 

analyzed at lOx magnification (n=4 mice). faTor bars represent the standard error of 

the mean. 

10 [0032) Figure 8 shows the A2A adenosine receptor antagonist SCH58261 

prevents ICAM-1 upregulation on the choroid plexus following EAE induction. Mice 

were treated with the A2A adenosine receptor antagonist SCH5826 I 2mgikg (I mg/kg 

given s.c. and lmg/kg given i.p.) in DMSO (n=4 mice/group) or DMSO alone (n=5 

mice/group) 1 day prior to and daily up to day 30 following EAE induction. These 

15 r esults are from one experiment. Frozen tissue sections from day 15 post- EAE 

induction in SC H58261 and DMSO treated mice were examined for lCAM-1 

expression at the choroid plexus. WT treated DMSO (left) or SCH58261 (right) and 

stained for ICAM-1 (red staining, white arrows) and DAPI (blue, nuclei) at 40x 

magnification. Tmages are from 4 separate mice. 

20 100331 Figures 9A-9B demonstmte that CD73-/ - mice, which lack extracellular 

adenosine and thus cannot adequately signal through adenosine receptors, were treated 

with NECA, resulting in an a lmost five fold increase in dye migration vs. the PBS 

control (Figure 9A). WT mice treated with NECA also show an increase over control 

mice (Figure 9B). Pertussis was used as a positive control, as it is known to induce 

25 blood brain barrier leakiness in the mouse EAE model. 

100341 Figure 10 shows adenosine receptor expression on the human 

endothelial cell line hCMEC/D3 . 

100351 Figure 11 shows results after hCM EC/D3 cells were seeded onto 

6 
transwell membranes and allowed to grow to confluencey; 2x IO Jurkat cells were 

30 added to the upper chamber with or without NECA (general adenosine receptor [AR] 

agonist}, CCPA (A I AR agonist}, CGS 21860 (A2A AR agonist), or DMSO vehicle; 

and migrated cells were counted after 24 hours. 
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I 00361 Figure 12 shows results after transwell membranes ,vere seeded with 

6 
Z3 IO cells and allowed to grow to confluencey; 2x IO Jurkat cells were added to the 

upper chamber ,,vith or with out NECA (n=l, general AR agonist), CCPA (n=l, Al AR 

agonist), CGS 21860 (n=l, A2A AR agonist), or DMSO vehiclc(n=l ); and migrated 

5 cells were counted aner 24 hours. 

[00371 Figure 13 shows results after hCMEC/D3 cells ,vere grmvn to 

confluencey on 24 well plates; cells were treated with or without various concentrations 

ofNECA (general AR agonist), CCPA (Al AR agonist), CGS 21860 (A2A AR 

agonist), DMSO vehicle, or Forksolin (induces cAMP); lysis buffer was added after 15 

10 minutes and the cells were frozen at -80C to stop the reaction; and cAMP levels were 

assayed using a cAMP Screen kit (Applied Biosystems, Foster City, CA). 

15 

100381 Figure 14 shows results of female A I adenosine receptor knockout 

(AlARKO, n=5) and wild type (WT, n=5) mice that were immunized with 

CFA/MOG35_55 + PTX on 12-2-08 and scored daily for 41 days. 

[0039] Figures l 5A- l 5B show brains of wild type mice fed caffeine and brains 

from CD73-;- mice fed caffeine, as measured by FITC-Dextran cxtravasation through 

the brain endothelium. 

[0040] Figure 16 shows results in graph form ofFITC-Dcxtran cxtravasation 

across the blood brain banier of wild type mice treated with adenosine receptor agonist, 

20 NECA, ,vhilc SCH58261, the adcnosinc receptor antagonist inhibit FITC-Dcxtran 

25 

extravasation. 

[0041] Figure 17 shows results of Evans Blue dye extravasation across the 

blood brain barrier, as measured by a Bio Tex spectrophotometer at 620nm, after mice 

were treated with adenosine receptor agonist N ECA. 

[0042] Figure 18 shows results in graphical fom1 that demonstrate PEGylatcd 

adcnosinc dcaminasc ("PEG-ADA") treatment inhibits the development of EAE in 

wild-type mice. EAE was induced, disease activity was monitored daily, and mean 

EAE score wa'< calculated in ,vild-typc mice given either control PBS vehicle alone or 

15 units/kg body weight of PEG-ADA i.p. every 4 days. Closed squares represent 

30 wild-type mice given PBS vehicle (n=3); open squares respresent wild-type mice given 

PEG-ADA (n=3). These results are from one experiment. These results demonstrate 
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that adenosine deaminase treatment and adenosine receptor blockade protect wild type 

mice against EAE induction. 

[0043] Figures l 9A-19B arc bar graphs of results showing dose-dependent 

increases in 10,000 Da (Figure 19A) and 70,000 Da (Figure 19B) dextrans into WT 

5 mouse brain 3 h after i. v. administration ofNECA or vehicle (DMSO/PBS) as 

measured by fluorimctry (10-15 animals/group). Inset in Figure 19A is a splined 

scatter plot of data points. Experiments were performed at least twice. Significant 

differences (Student's T-test) from vehicle are indicated(*) where P-<; 0.05. Data are 

mean± s.e.m. These results demonstrate that i. v.-administered NECA increases BBB 

10 permeability to high molecular weight dextrans. 

[0044] Figures 20A-20B shov,; experimental results in graphical fom1 of 

NECA-mcdiated increase in BBB permeability. Figure 20A left panel shows 

cxtravasation of 10,000 Da FlTC-dcxtran into WT mouse brain when co-administered 

with NECA or vehicle (DMSO/PBS). Gray bars = vehicle, black bars = NECA. Figure 

15 20A right panel is a splined scatter plot with scaled time on the x-axis, which shm.vs an 

extravasation time-course of 10 kDa FITC-dextran into WT mouse brain when co

administered i. v. with N ECA (0.08 mg/kg) or vehicle, as measured by fluorimetry ( 10-

15 animals/group). Figure 20B left panel shows the results of extravasation of 70,000 

Da Texas Red-dcxtran into WT mouse brain tissue ,vhcn injected at indicated times 

20 after NECA or vehicle administration. Gray bars= vehicle, black bars= NECA. 

Figure 20B right panel is a splined scatter plot with scaled time on the x-axis, which 

shows cxtravasation time-course of 10 kDa Texas Rcd-dcxtran, administered i. v. 90 

minutes prior to harvest times (as displayed), into WT mouse brain tissue after i. v. pre

treatment (time = 0) ,vith NECA (0.08 mg/kg) or vehicle.as measured by fluorimetry 

25 (3-5 animals/group). Experiments were pe1fonned at least twice. Significant 

differences (Student's T-tcst) from vehicle arc indicated(*) whcrcP-<; 0.05. Data arc 

mean ± s.c.m. Insets in Figures 20A and 20B, left panels, arc splined scatter plots with 

scaled time on the x-axis; diamonds= vehicle, squares = N ECA. These results 

demonstrate that NECA treatment increases BBB permeability in a temporally discrete 

30 and reversible manner. 

[0045] Figures 21A-21J illustrate results that show that increased BBB 

permeability depends on selective agonism of A 1 and A2A adenosine receptors. Figure 

21 A is a bar graph showing relative expression of adenosine receptor subtypes on 
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cultured mouse brain endothelial cells ("BEC")(bEnd.3). Figure 21 B shows images of 

immunofluorescent staining and Figure 21 C sho,vs images of fluorescence in situ 

hybridization of CD31 ( endothelial cell marker; green) and A 1 (left column; red) and 

A2A (right column; red) AR-; near the cortical area of the brain in nai:ve mice (scale bar 

5 = 20µm). Figure 21 D shows an image of western blot analysis of A 1 AR (left panel) 

and A2A AR (right panel) expression in isolated primary BECs from na·ive mice. J3-
actin expression is shown as a loading control. Figures 21£ and 21F arc bar graphs 

showing levels of 10,000 Da FITC-dcxtran in WT and Al AR (Figure 21£) and A2A 

AR (Figure 2 lF) knock-out mouse brain 3 h after i. v. administration of NECA or 

10 vehicle (DMSO/PBS), as measured by fluorimetry. Gray bars = vehicle, black bars = 

NECA. Figure 21G is a bar graph sho"ring decreased levels of dextran in brains of Al 

and A2A AR knock-out mouse brain 3 h after i. v. administration ofNECA (0.08 

mg/kg) or vehicle compared with WT mice, as measured by fluorimetry. No 

significant increase in dextran levels were detected in brains of A 1 knock-out mice that 

15 were pre-treated with the selective A2A antagonist SCH 58261 (5-8 animals/group). 

Also shown are data demonstrating dose-dependent ent1y of 10,000 Da FITC-dextran 

into WT brain tissue 3 h after i. v. co-administration of the specific A2A AR agonist 

CGS 21860 (bar graphs of Figure 2 lH) or the specific Al AR agonist CCP A (bar 

graphs of Figure 21I), as measured by fluorimetry. Figure 21J shows bar graphs 

20 illustrating levels of 10,000 Da FTTC-dextran in WT mouse brain tissue 3 h after i. v. 

administration of vehicle, NECA, CCPA, CGS 2 1680 and in combination. n = 3-4 

mice/treatment group. Expc1iments \Vere repeated at least twice. Significant 

differences (Student's T-test) from vehicle arc indicated(*) whcreP 'S 0.05. Data arc 

mean ± s.c.m. 

25 [0046] Figures 22A-22F show results in graphical fom1 demonstrating that the 

A2A agonist Lcxiscan increases BBB permeability to 10,000 Da dextrans. Figure 22A 

shows results in graphical form that demonstrate Lexiscan administration increases 

BBB permeability in mice. Data bars before the axis break represent groups that 

received 3 Lexiscan injections. The bar after the axis break represents a group that 

30 received a single Lexiscan injection. For the groups receiving 3 injections, perfusion 

occurred 15 min after the initial injection. The group that received a single injection 

was perfused 5 min after injection ( I 0-15 animals/group). Vehicle treated mice (V) 

were perfused 15 min after injection. Figure 22B shows Lcxiscan increases BBB 
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permeability in rats. Animals received 3 injections of Lexiscan, 5 min apart, and were 

perfused 15 min after the initial injection (3-4 animals/group). Fib'ure 22C shows the 

results in graphical form of BBB pcnncability in rats to FITC-dcxtran administered 

simultaneously with 1 µg of Lcxiscan at 5 minutes. As a control reference, animals 

5 received 1 injection ofNECA, and ,vere perfused 15 min after injection. Vehicle 

treated mice (V) were perfused 15 min after injection. Statistics indicate significant 

differences from vehicle(*) or from 0.01 µg Lcxiscan (**), P'S0.05 by Student's T-tcst. 

Data are mean ± s.e.m. Figure 22D is a graph showing the time-course of BBB 

permeability after Lexiscan treatment in mice. Lexiscan (0.05 mg/kg) was 

l O administered at Time O ( I 0-14 animals/group). Figure 22E is a graph showing the 

time-course of BBB pcm1cability after Lcxiscan treatment in rats. Lcxiscan (0.0005 

mg/kg) was administered at Time O (3-4 animals/group). Figure 22F shows i.p. 

administered SCH 58261 decreases BBB permeability to 10,000 Da FITC-dextran in 

mice. All experiments were repeated at least twice. Significant differences (Student's 

15 T-tcst) from vehicle arc indicated (*) where P :S 0.05. Data arc mean± s.c.m. 

[00471 Figures 23A-23H show results demonstrating that i. v.-administered 

antibody to J)-amyloid antibody crosses BBB and labels J)-amyloid plaques in 

transgenic mouse brains after NECA administration. Figures 23A-23D arc 

immunotluorescent microscopic images near the hippocamppi of transgenic AD 

20 (APP/PS EN) mice. Mice were treated with either NECA (0.08 mg/kg) (Figures 23A 

and 23C) or vehicle (Figures 23B and 23D) and antibody to J) -amyloid (6El0) was 

administered i. v. (top panels: Figures 23A and 23B). For mice that did not receive i. v. 

6E IO antibody (lower panels: Figures 23C and 23D}, 6E IO ,vas used as a primary 

antibody to control for the presence of plaques and was applied ex vivoduring 

25 immunostaining. Figure 23A shows the same immunofluorescent microscopic images 

ofhippocamppi of transgenic AD (APP/PSEN) as shown in Figures 23A-23D, as \vell 

as those of WT mice treated with i. v.-administered antibody to J)-arnyloid (Covance 

6E I 0) or not and with 0.8 µg i. v. NECA (left panels) or vehicle (right panels). Tn 

Figures 23A-23E, blue = DAPI and red = Cy5-antibody labeling 6El0-labclcd P-
30 amyloid plaques (scale bar = 50 µrn). Fi.~'ures 23F and 23G are immunotluorescent 

microscopic images of the hippocampal and cortical regions from the brains of 

transgenic AD mice showing an overview (Figure 23F) and close-up (Fib,>ure 23G) of 
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f3-amyloid plaque locations relative to blood vessels ( endothelial cells = CD3 l stained 

green; 13-amyloid plaques= 6El0 stained red; nuclei= DAPl stained blue; scale bars= 

50µm). Figure 23H is a bar graph showing quantification of 6El0-labclcd amyloid 

plaques per mouse brain section in transgenic AD mice treated with NECA or vehicle 

5 alone. 

100481 Figures 24A-24Y show results deominstrating that adenosine receptor 

signaling results in changes in the paracellular but not transcellular pathway on BECs. 

Figure 24A is a bar graph shmving relative genetic expression of adenosine receptor 

subtypes on cultured mouse BECs (Bend.3 ). Figure 24B shows western blot analysis 

10 of Al (left panel) and A2A (right panel) AR expression in cultured mouse BECs 

(Bcnd.3). Figure 24C is a graph showing results that demonstrate that AR activation 

decreases TEER in mouse BEC monolayers. Decreased transendothelial electrical 

resistance ,vas observed after addition ofNECA (1 µM) or Lexiscan (I µM) treatment. 

Significant differences (Student's T-test) from vehicle for Lcxiscan (#) and NECA (*) 

15 are indicated where P '.S 0 .05. Data are mean± s.e.m. Figures 24D-24G are images of 

Bend.3 cells that were incubated with tluorescently labeled albumin and either media 

alone (Figure 240), vehicle (Figure 24E), NECA (1 µM) (Figure 24F), or Lcxiscan (1 

µM) (Figure 24G) for 30 minutes. Albumin uptake was visualized by fluorescence 

microscopy (albumin = red; DAPI stained nuclei = blue). Scale bar = 50 µm. Figure 

20 24H is a bar graph showing albumin uptake results. Albumin uptake is displayed as 

relative values compared to the media alone control (set to 100%). Data arc mean± 

s.c.m (n = 5 fields/group). Figures 24I -24P arc images showing results that 

actinomyosin stress fiber formation correlates with AR activation in cultured BECs. 

Phalloidin staining of Bend.3 cells is shown and reveals increased actinomyosin stress 

25 fiber f01n1ation following treatment with CCPA (1 µM) (Figures 24M and 24N) or 

Lcxiscan (1 µM) (Figures 240 and 24P) when compared with media (Figures 24I and 

24J) or vehicle alone (Figures 24K and 24L). Left panels = 3 min treatment; right 

panels = 30 min treatment. Scale bar = 50 µm. Figures 24Q-24Y arc images showing 

results that demonstrate that AR activation induces changes in tight junction adhesion 

30 molecules in cultured BECs. Z0-1 (Figures 24Q-24S), Claudin-5 (Figures 24T-24V), 

and Occludin (Figures 24 W-24 Y) staining of Bend.3 cells is shown follm.ving I hr 

treatment with DMSO (left column), NECA (1 µM, middle column), and Lcxiscan (1 
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µM, right column). Adhesion molecules = pink/red; DAPI stained nuclei = blue. 

Arrow heads indicate examples of dcscrctc changes in expression (scale bar= 20 µm). 

[0049] Figure 25 is a schematic showing a model of adcnosinc receptor 

signaling and modulation of BBB permeability. (i) Basal conditions favor a tight 

5 barrier. (ii) Activation of the A I or A2A AR results in increased BBB permeability. 

(iii) Activation of both A I and A2A ARs results in even more permeability than 

observed after activation of either receptor alone. (iv) A2A receptor antagonism 

decreases BBB permeability. 

10 DETAILED DESCRIPTION OF THE INVENTION 

[0050] Adenosinc is a cellular signal of metabolic distress being produced in 

hypoxic, ischacmic, or inflammatory conditions. Its primary undertaking is to reduce 

tissue injury and promote repair by different receptor-mediated mechanisms, including 

the increase of oxygen supply/demand ratio, preconditioning, anti-inflammatory effects 

15 and stimulation of angiogenesis (Jacobson et al., "Adenosine Receptors as Therapeutic 

Targets," Nat. Rev. Drug Discov. 5:247-264(2006}, which is hereby incorporated by 

reference in its entirety). 

[ 0051 J The biological effects of adcnosinc arc ultimately dictated by the 

different pattern of receptor distribution and/or affinity of the four known adcnosinc 

20 receptor ("AR") subtypes in specific cell types . Four AR subtypes are expressed in 

mammals: A I, A2A, A2B and A3 (Sebastiao et aL, "Adenosine Receptors and the 

Central Nervous System," Handb. Exp. Pharmaco/. 471-534 (2009), which is hereby 

incorporated by reference in its entirety). Adcnosinc receptors arc now known to be 

integral membrane proteins which bind extracellular adenosine, thereby initiating a 

25 transmembrane signal via specific guanine nucleotide binding proteins !mown as G 

protcins to modulate a variety of second messenger systems, including adcnylyl 

cyclase, potassium channels, calcium channels and phospholipas;c C. Sec Stiles, 

"Adenosine Receptors and Beyond: Molecular Mechanisms of Physiological 

Regulation," Clin. Res. 38(1 ): I 0-18 (1990); Stiles, "Adenosine Receptors ," J. Biol 

30 Chem. 267: 6451-6454 ( 1992), which are hereby incorporated by reference in their 

entirety. 
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100521 The first clues to adenosine's involvement in CNS barrier permeability 

came from the recent findings demonstrating that extracellular adenosine, produced by 

the catalytic action ofCD73 (a 5'-cctonuclcotidasc) from adcnosinc monophosphate 

(AMP), promotes leukocyte entry into the CNS in experimental autoimmune 

5 cnccphalomyditis (EAE) (Mills ct al., "CD73 is Required for Efficient Entry of 

Lymphocytes Into the Central Nervous System During Experimental Autoimmune 

Encephalomyelitis," Proc. Natl. Acad. Sci. [I.S.A. 105: 9325-30 (2008), which is 

hereby incorporated by reference in its entirety). These studies demonstrated that mice 

lacking CD73 (Thompson et al., "Crucial Role for Ecto-5'-nucleotidase (CD73) in 

10 Vascular Leakage During Hypoxia," J. Exp. Med. 200:1395-405 (2004), which is 

hereby incorporated by reference inits entirety), which arc unable to produce 

extracellular adenosine, are protected from EAE and that blockade of the Av, adenosine 

receptor (AR) blocks T cell entry into the CNS (Mills ct al., "CD73 is Required for 

Efficient Entry of Lymphocytes Into the Central Nervous System During Experimental 

15 Autoimmune Encephalomyelitis," Proc. 1,rail. Acad. Sci. U.S.A. 105: 9325-30 (2008), 

which is hereby incorporated by reference in its entirety). Furthermore, in a pilot 

experiment, it was observed that after intravenous (i. v.) injection of fluoresce in 

isothiocyanatc (FlTC)-labclcd 10,000 Da dcxtran, CD73_.,_ mice had much less FTTC

dextran in their brains compared to WT mice; treatment with the broad spectrum AR 

20 agonist 5'-N-ethylcarboxamido adenosine (N ECA) resulted in a dramatic increase in 

FITC-dcxtran cxtravasation in these mice compare to WT mice (data not shown). 

These observations led to the hypothesis that modulation of adcnosinc receptor 

signaling at BECs might modulate BBB permeability to facilitate the entry of 

molecules into the CNS. As is demonstrated in the Examples that follow, AR signaling 

25 represents a novel, endogenous modulator of BBB signaling. 

[0053] As suprisingly sho\vn here, the activation of the Al and the A2A 

adenosine receptors increases the BBB permeability of a subject. In particular, 

adenosine, acting through the Al or A2A receptors, can modulate BBB pe1111eability to 

either facilitate or restrict the entry of molecules into the CNS. These changes in BBB 

30 permeability arc dose-dependent and temporally discrete. Given that adcnosinc has a 

relatively short half-life, - <10 seconds (Klabunde, "Dipyridamole Inhibition of 

Adenosine Metabolism in Human Blood," Eur. J. Pharmacol. 93:21-6 (1983), which is 

hereby incorporated by reference in its entirety), its role as a physiologic modulator is 
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probably limited to the local environment in which it is produced. Indeed, the 

expression ofCD39 and CD73 with adenosine receptors on brain endothelial cells 

indicates these cells have the ability to respond to extracellular ATP, a ,vell-cstablishcd 

damage signal (Davalos ct al., "ATP Mediates Rapid Microglial Response to Local 

5 Brain Injury in vivo," l'lal. Neurosci. 8:752-8 (2005) and Haynes et aL, "The P2Yl2 

Receptor Regulates Microglial Activation by Extracellular Nucleotides," Nat. Neurosci. 

9: 1512-9 (2006), which are hereby incorporated by reference in their entirety). 

Adenosine receptor signaling at BBB endothelial cells is a key event in the "sensing" of 

damage that would necessitate changes in barrier permeability, and BBB permeability 

10 (mediated through A 1 and A2A ARs) operates as a door where activation opens the 

door, antagonism closes the door and local adenosine concentration is the key. The 

absence of elevated levels of extracellular adenosine favors a tight and restrictive 

barrier. As shmvn schematically in Figure 25, activation of either the A 1 or A2A AR 

temporarily increases BBB permeability, while activation of both receptors results in an 

15 additive effect of increased BBB permeability. It is sho"',n here that BBB permeability 

mediated through A I and A2A A Rs operates as a door where activation opens the door 

and local adenosine concentration is the key. 

[0054] One aspect of the present invention is directed to a method for 

20 increasing blood brain barrier permeability in a subject. This method involves 

administering to the subject an agent which activates both of Al and A2A adenosine 

receptors. 

[00551 It will be understood by those of skill in the art that the barrier between 

the blood and central nervous system is made up of the endothelial cells of the blood 

25 capillaries (blood-brain barrier ("BBB")) and by the epithelial eel Is of the choroid 

plexus ("CP") that separate the blood from the cerebrospinal fluid ("CSF") of the 

central nervous system ("CNS"). Together these structures function as the CNS banicr. 

[0056] In one embodiment, the methods of the present invention for increasing 

BBB permeability, increase the pcnneability of the CP. In another embodiment, the 

30 methods of the present invention for increasing the permeability of the BBB, increase 

the permeability of the CNS barrier. 

100571 In one embodiment, the method further involves selecting a subject in 

need of increased BBB pem1eability, providing a therapeutic , and administering to the 
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selected subject the therapeutic and an agent ,vhich activates both of A I and A2A 

adenosine receptors under conditions effective for the therapeutic to cross the blood 

brain ba1Ticr. 

[0058] A suitable subject in need of increased permeability of the BBB 

5 according to the present invention includes any subject that is in need of a therapeutic 

to cross the BBB to treat or prevent a disease, disorder, or condition of the CNS or that 

which manifests within the CNS (e.g., HIV-associated neurological disorders). 

[0059] It ,vill be understood that a therapeutically effective amount of the 

agents according to the present invention is administered. The terms "effective 

10 amount" and "therapeutically effective amount," as used herein, refer to the amount of 

a compound or combination that, when administered to an individual, is effective to 

treat, prevent, delay, or reduce the severity of a condition from which the patient is 

suffering. ln pa11icular, a therapeutically effective amount in accordance ,vith the 

present invention is an amount sufficient to treat, prevent, delay onset of, or otherwise 

15 ameliorate at least one side-effect associated with the treatment of a disease and/or 

disorder. 

100601 Suitable A I and/or A2A adenosine receptor activators according to the 

present invention include agonists that arc selective for the A 1 adcnosinc receptor, 

agonists that arc selective for the A2A adcnosinc receptor, agonists that activate both 

20 the Al and the A2A adcnosine receptors, broad spectrum adenosine activators or 

agonists, and combinations thereof According to certain embodiments of the present 

invention a combination of the Al-selective agonist, A2A-selective agonist, an agonist 

that activates both the Al and the A2A adenosine receptors, and/or broad spectnun 

adenosine activators or agonists are administered. These agents may be administered 

25 simultaneously, in the same or different pharmaceutical formulation, or sequentially. 

The timing of the seq ucntial administration can be determined by a skilled practitioner. 

In cc11ain embodiments, the agonists arc combined in a single unit dosage form. 

[ 0061 J Suitable A2A adenosine receptor activators are A2A agonists, which are 

well known in the ait (Press ct al., "Therapeutic Potential of Adcnosinc Receptor 

30 Antagonists and Agonists ," EJ.,pert Opin. Ther. Patents 17(8): 979-991 (2007), which is 

hereby incorporated by reference in its entirety). Examples of A2A adenosine receptor 

agonists include those described in U.S. Patent No. 6,232,297 and in U.S. Published 

Patent Application No. 2003/0186926 Al to Lindin et aL, 2005/0054605 A I to Zablocki 
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et aL, and U.S. Published Patent Application Nos. 2006/0040888 Al, 2006/0040889 

Al, 2006/0I00169 Al, and 2008/0064653 A I to Li et aL, which are hereby incorporated 

by reference in their entirety. Such compounds may be synthesized as described in: 

U.S. Patent Nos. 5,140,015 and 5,278,150 to Olsson ct al.; U.S. Patent No. 5,593,975 to 

5 Cristalli; U.S. Patent No. 4,956,345 Miyasaka et al.; Hutchinson et al., "CGS 21680C, 

an A2 Selective Adcnosinc Receptor Agonist with Preferential Hypotcnsivc Activity," 

J Pharmacol. Exp. Ther., 251: 47-55 (1989); Olsson et al, "N6-Substituted N

alkyladenosine-5'-uronamides: Bi functional Ligands Having Recognition Groups for 

A I and A2 Adenosine Receptors," J. ,Wed. Chem., 29: 1683-1689 (1986); Bridges et 

10 aL, "N6-[2-(3,5-dirnethoxyphenyl)-2-(2-methylphenyl)ethyl]adenosine and its 

Uronamidc Derivatives: Novel Adcnosinc Agonists With Both High Affinity and High 

Selectivity for the Adcnosinc A2 Receptor," .J Afed. Chem. 31: 1282 (1988); 

Hutchinson ct al., .I. Med. Chem., 33: 1919 (1990); Ukccda ct al., "2-Alkoxyadcnosincs: 

Potent and Selective Agonists at the Coronary Artery A2 Adcnosinc Receptor,".! Afed. 

15 Chem. 34: 1334 (1991); Francis et al., "Highly Selective Adenosine A2 Receptor 

Agonists in a Series ofN-alkylated 2-aminoadenosines," J lfed. Chem. 34: 2570-2579 

(1991); Yoneyama et al, "Vasodepressor Mechanisms of2-(1-octynyl)-adenosine (YT-

146), a Selective Adcnosinc A2 Receptor Agonist, Involve the Opening of 

Glibcnclamidc-scnsitivc K +Channels," Eur. J. Pharmacol. 213 (2): 199-204 (1992); 

20 Peet ct al., "Conformationally Restrained, Chiral (phenylisopropyl)amino-substitutcd 

pyrazolo[3,4-d]pyrimidines and Purines with Selectivity for Adenosine Al and A2 

Receptors," .J ,'vied. Chem., 35: 3263-3269 (1992); and Cristalli ct al.,"2-Alkynyl 

Derivatives ofAdenosine and Adenosine-5'-N-ethyluronamide as Selective Agonists at 

A2 Adenosine Receptors," J i\Ied. Chem. 35(13): 2363-2368 (1992), which are hereby 

25 incorporated by reference in their entirety. Additional examples of adenosine A2A 

receptor agonists arc disclosed in U.S. Patent Application Publication 2004/0809916, 

which is hereby incorporated by reference in its entirety. Particularly suitable A2A 

adenosine receptor agonists include 4-[2-[[6-A rnino-9-(N-ethyl-b- D

ribofuranuronamidosyl)-9H-purin-2yl]amino]cthyl] benzenepropanoic acid ("CGS 

30 21680"), and Lexiscan, or combinations thereof These adenosinc A2A receptor 

agonists are intended to be illustrative and not limiting. 

100621 Suitable A I adenosine receptor activators are A I adenosine receptor 

agonists. A I adenosine receptor agonists are known to those of skill in the art and 
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include, for example, those described in U.S. Patent Application Publication No. 

2005/0054605 Al to Zablocki et al. and Press et aL, "Therapeutic Potential of 

Adcnosinc Receptor Antagonists and Agonists," Expert Opin. Ther. Patents 17(8): 979-

991 (2007), which arc hereby incorporated by reference in their entireties. Suitable Al 

5 adenosine receptor agonists also include, for example, 2-chloro-N6
-

cyclopcnty ladcnosinc ("CCP A"), 8-cyclopcntyl-1,3-dipropy lxanthinc ("DPCPX"), R

phenylisopropyl-adenosine, N6-Cyclopentyladenosine, and N(6)-cyclohexyladenosine, 

or combinations thereof 

100631 In one embodiment, the agent which activates both the A I and the A2A 

10 adenosine receptors is an agonist of both the A 1 and the A2A adenosine receptors. 

Suitable agonists that activate both the Al and the A2A adcnosinc receptors arc known 

to those of skill in the art, and include, for example, AMP 579. In still further 

embodiments, the agonist of both the Al and the A2A adcnosinc receptors may be a 

broad spectrum adcnosinc receptor agonist. Suitable broad spectrum adcnosinc 

15 receptor agonists will be known to those of skill in the art and include, for example, 

NECA, adenosine, adenosine derivatives, or combinations thereof 

100641 According to one embodiment of the present invention , activating both 

the Al and A2A adcnosinc receptors is synergistic as compared to the level of BBB 

permeability when activating either the Al adcnosinc receptor or A2A adcnosinc 

20 receptor alone. In this context, if the effect of activating the two receptors together ( at a 

given concentration) is greater than the sum of the effects when each receptor is 

activated individually (at the same concentration), then the activation of both the Al 

and the A2A receptors is considered to be synergistic. 

[00651 In a further ernbodi ment, activation of both the A I and the A2A 

25 adenosine receptors increases BBB permeability by 2 , 3, 4, 5, 6, 7 , 8, 9, or IO fold, or 

any range encompassed therein. ln one embodiment, activating both the Al adenosine 

receptor and the A2A adcnosinc receptor increases the BBB permeability 7-9 fold. 

[0066] According to certain embodiments of the present invention, the 

activation of both the Al and the A2A receptors is additive. In this context, if the 

30 effect of activating the two receptors together (at a given concentration) is equivalent to 

the sum of the effects when each receptor is activated individually ( at the same 

concentration). then the activation of both the A 1 and the A2A receptors together is 

considered to be additive. 
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100671 In one embodiment according to the present invention, the increase in 

BBB pem1eability lasts up to 18 hours. In further embodiments, the increase in BBB 

permeability la.:;ts up to about 17 hours, 16 hours, 15 hours, 14 hours, 13 hours, 12 

hours, 11 hours, 10 hours, 9 hours, 8 hours, 6 hours, 4 hours, 3 hours, 2 hours, 1 hour, 

5 30 minutes .. 15 minutes .. 10 minutes, or 5 minutes. 

[0068) Another aspect of the present invention relates to increasing blood brain 

barrier permeability in a subject. This method includes administering to the subject an 

A 1 adenosine receptor agonist and an A2A adenosine receptor agonist. 

100691 In one embodiment, the A I adenosine receptor agonist and/or the A2A 

10 adenosine receptor agonist are selective agonists. As used herein, "selective" means 

having an activation preference for a specific receptor over other receptors which can 

be quantified based upon whole cell, tissue, or organism assays which demonstrate 

receptor activity. 

[0070) Suitable Al-selective receptor agonists according to the present 

15 invention include 2-chloro-N6 -cyclopentyladenosine ("CCPA"), N6-

Cyclopentyladenosine, N(6)-cyclohexyladenosine, 8-cyclopentyl-1,3-dipropylxanthine 

("DPCPX"}, R-phenylisopropyl-adenosine, or combinations thereof. 

[0071] Suitable A2A-selective receptor agonists according to the present 

invention include Lcxiscan (also known as Rcgadcnoson), CGS 21680, ATL-146c, YT-

20 146 (2-(1-octynyl)adcnosinc), DPMA (N6-(2-(3,5-dimcthoxyphcnyl)-2-(2-

methylphenyl)ethyl)adenosine), or combinations thereof. 

[0072) In one embodiment, the Al adcnosinc receptor agonist and the A2A 

adenosine receptor agonist may be administered simultaneously. In another 

embodiment according to the present invention, the A I adenosine receptor agonist and 

25 the A2A adenosine receptor agonist may be administered sequentially. 

[0073] ln certain embodiments, the Al adcnosinc receptor agonist and the A2A 

adcnosine receptor agonist arc formulated in a single unit dosage form. Dosage and 

fommlations according to the present invention are described in fmiher detail below. 

[0074) In one embodiment, this method fu1thcr includes the administration of a 

30 therapeutic agent. The therapeutic agent may be administered together with one or both 

of the Al adenosine receptor agonist and the A2A adenosine receptor agonist. or may 

be administered following administration of the A I adenosine receptor agonist and/or 

the A2A adenosine receptor agonist. Suitable therapeutic agents are described in 
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further detail below. In certain embodiments, the agonists may be administered up to 5 

minutes, IO minutes, 15 minutes, 30 minutes, I hour, 2 hours, 3 hours, 4 hours, 5, 

hours, 6 hours, 7 hours, 8 hours, 9 hours, 10 hours, 11 hours, 12 hours, 13 how·s, 14 

hours, 15 hours, 16 hours, 17 hours, or 18 hours before the therapeutic agent. 

[00751 Another aspect of the present invention relates to a composition. The 

composition includes an A 1 adcnosine receptor agonist, an A2A adenosinc receptor 

agonist, and a pharmaceutically acceptable carrier, excipient, or vehicle. 

[00761 In one embodiment according to this aspect of the present invention, the 

A I adenosine receptor agon ist and/or the A2A adenosine receptor agonist are selective 

10 agonists. 

[0077] The compounds, compositions, or agent-; of the present invention can be 

administered locally or systemically. In particular the compounds, compositions, or 

agents of the present invention can be administered orally, parcntcrally, for example, 

subcutaneously, intravenously, intramuscularly, intrapcritoncally, by intranasal 

15 instillation, or by application to mucous membranes, such as, that of the nose, throat, 

and bronchial tubes. They may be administered alone or ,vith suitable pharmaceutical 

carriers, and can be in solid or liquid form such as., tablets, capsules, powders, 

solutions, suspensions, or emulsions. 

[0078] The active compounds or agents of the present invention may be orally 

20 administered, for example, with an inert diluent, or with an assimilable edible carrier, 

or they may be enclosed in hard or soft shell capsules, or they may be compressed into 

tablets , or they may be incorporated directly with the food of the diet. For oral 

therapeutic administration., these active compounds may be incorporated with 

excipients and used in the form of tablets , capsules, elixirs , suspensions, syrups, and the 

25 like. Such compositions and preparations should contain at least 0.1 % of active 

comp0tmd. The percentage of the compound in these compositions may, of course, be 

varied and may conveniently be between about 2% to about 60% of the \.veight of the 

unit. The amount of active compound in such therapeutically useful compositions is 

such that a suitable dosage will be obtained. A convenient unitary dosage formulation 

30 contains the active ingredients in amounts from 0.1 mg to 1 g each, for example 5 mg 

to 500 mg. Typical unit doses may, for example, contain about 0.5 to about 500 mg, or 

about I mg to about 500 mg of an agent according to the present invention. 
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100791 The tablets, capsules, and the like may also contain a binder such as b'llm 

tragacanth, acacia, corn starch, or gelatin; excipients such as dicalcium phosphate; a 

disintegrating agent such a<: com starch, potato starch, alginic acid; a lubricant such as 

magnesium stearate; and a sweetening agent such as sucrose, lactose, or saccharin. 

5 When the dosage unit form is a capsule, it may contain, in addition to materials of the 

above type, a liquid ca1Ticr, such as a fatty oil. 

[0080) Various other materials may be present as coatings or to modify the 

physical form of the dosage unit. For instance, tablets may be coated with shellac, 

sugar, or both. A syrup may contain, in addition to active ingredient, sucrose as a 

10 sweetening agent, methyl and propylparabens as preservatives, a dye, and flavoring 

such as chcffy or orange flavor. 

[0081) These active compounds or agents may also be administered 

parcntcrally. Solutions or suspensions of these active compounds can be prepared in 

water suitably mixed with a surfactant, such as hydroxypropylccllulosc. Dispersions 

15 can also be prepared in glycerol, liquid polyethylene glycols, and mixtures thereof in 

oils. Tllustrative oils are those of petroleum, animal, vegetable, or synthetic origin, for 

example, peanut oil, soybean oil, or mineral oil. In general, water, saline, aqueous 

dextrose and related sugar solution, and glycols such as, propylene glycol or 

polyethylene glycol, arc prcfc1Tcd liquid carriers, paiiicularly for injectable solutions. 

20 Under ordinary conditions of storage and use, these preparations contain a preservative 

to prevent the growth of microorganisms. 

[0082) The pharmaceutical fonns suitable for injectable use include sterile 

aqueous solutions or dispersions and sterile powders for the extemporaneous 

preparation of sterile iruectable solutions or dispersions. Tn all cases., the form must be 

25 sterile and must be fluid to the extent that easy syringability exists. It must be stable 

under the conditions of manufacttffC and storage and must be preserved against the 

contaminating action of microorganisms, such as bacteria and fungi. The earlier can be 

a solvent or dispersion medium containing, for example, water, ethanol, polyol (e.g., 

glycerol, propylene glycol, and liquid polyethylene glycol), suitable mixtures thereof, 

30 and vegetable oils. 

[00831 The compounds or agents of the present invention may also be 

administered directly to the airways in the form of an aerosol. For use as aerosols, the 

compounds of the present invention in solution or suspension may be packaged in a 
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pressurized aerosol container together with suitable propellants, for example, 

hydrocarbon propellants like propane, butane, or isobutane with conventional 

adjuvants. The materials of the present invention also may be administered in a non

pressurized form such as in a nebulizcr or atomizer. 

5 [00841 In one embodiment, the composition according to the present invention 

includes a therapeutic agent. In a fmiher embodiment, the therapeutic is suitable for 

treating a central nervous system ("CNS") disease, disorder, or condition. Such 

therapeutic agents are well known in the art and many are common and typically 

prescribed agents for a relevant disorder. Dosage mnges for such agents are known to 

10 one of ordinary skill in the art and are often found in the accompanying prescription 

information pamphlet ( ofter referred to as the "label"). 

[0085] Disorders of the CNS (which encompass psychiatric/behavioral diseases 

or disorders) may include, but arc not limited to, acquired epilcptifom1 aphasia, acute 

disseminated cncephalomyclitis, adrenolcukodystrophy, agenesis of the corpus 

15 callosum, agnosia, aicardi syndrome, Alexander disease, Alpers' disease, alternating 

hemiplegia, Alzheimer's disease, amyotrophic lateral sclerosis, anencephaly, Angelman 

syndrome, angiomatosis, anoxia, aphasia, apraxia, arachnoid cysts, arachnoiditis, 

Arnold-chiari malformation, arteliovcnous malformation, Asperger's syndrome, ataxia 

tclangiecta.:;ia, attention deficit hyperactivity disorder, autism, auditory processing 

20 disorder, autonomic dysfunction, back pain, Batten disease, Behcet's disease, Bell's 

palsy, benign essential blepharospasm. benign focal amyotrophy. benign intrncranial 

hypertension, bilateral frontoparictal polymicrogyria, binswanger's disease, 

blepharospasm, Bloch-sulzberger syndrome, brachial plexus injury, brain abscess, brain 

damage, brain injury, brain tumor, spinal tumor, Brown-sequard syndrome, canavan 

25 disease, carpal tunnel syndrome (cts), causalgia, central pain syndrome, central pontine 

myelinolysis, centronuclcar myopathy, cephalic disorder, cerebral aneurysm, cerebral 

a1icriosclcrosis, cerebral atrophy, cerebral gigantism, cerebral palsy, charcot-maric

tooth disease, chiari malformation, chorea, chronic inflammatory demyelinating 

polyneuropathy ("CIDP"), chronic pain, chronic regional pain syndrome, Coffin lowry 

30 syndrome, coma (including persistent vegetative state), congenital facial diplegia, 

corticobasal degeneration, cranial arteritis, craniosynostosis, Creutzfeldt-jakob disease., 

cumulative trauma disorders, Cushing's syndrome, cytomegalic inclusion body disease 

("CIBD"), cytomegalovirns infection, dandy-walker syndrome, Dawson disease, de 
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morsier's syndrome, Dejerine-klumpke palsy, Dejerine-sottas disease, delayed sleep 

phase syndrome, dementia, dermatomyositis, developmental dyspraxia, diabetic 

neuropathy, diffuse sclerosis, dysautonomia, dyscalculia, dysgraphia, dyslexia, 

dystonia, early infantile epileptic encephalopathy, empty sella syndrome, encephalitis, 

5 encephalocele, encephalotrigeminal angiomatosis, encopresis, epilepsy. Erb's palsy, 

e1ythromclalgia, essential tremor, Fabry's disease, Fahr's syndrome, fainting, familial 

spastic paralysis, febrile seizures, fisher syndrome, Friedreich's ataxia, Gaucher's 

disease, Gerstmann's syndrome, giant cell arteritis, giant cell inclusion disease, globoid 

cell leukodystrophy, gray matter heterotopia, Guillain-barre syndrome, htlv-1 

10 associated myelopathy, Hallervorden-spatz disease, head injury, headache, hemifacial 

spasm, hereditary spastic paraplegia, heredopathia atactica polyneuritiformis, herpes 

zoster oticus, herpes zoster, hirayama syndrome, holoprosencephaly, Huntington's 

disease, hydranenccphaly, hydrocephalus, hypercortisolism, hypoxia, immune

mediated cncephalomyclitis, inclusion body myositis, incontinentia pigmenti, infantile 

15 phytanic acid storage disease .. infantile refsum disease, infantile spasms, inflammatory 

myopathy, intracranial cyst, intracranial hypertension , Joubert syndrome, Kearns-sayre 

syndrome, Kennedy disease, kinsbourne syndrome, Klippel feil syndrome, Krabbe 

disease, Kugelberg-welander disease, kurn, lafora disease, Lambe1t-eaton myasthenic 

syndrome, Landau-kleffner syndrome, lateral medullary (Wallenberg) syndrome, 

20 learning disabilities, leigh's disease, Lennox-gastaut syndrome, Lesch-nyhan syndrome, 

leukodystrophy, lev.y body dementia, lissencephaly, locked-in syndrome, Lou Gehrig's 

disease, lumbar disc disease, lymc disease - neurological sequclae, machado-joseph 

disease (spinocerebellar ataxia type 3), macrencephaly, megalencephaly, Melkersson

rosenthal syndrome, Meniere's disease, meningitis , Menkes disease, metachromatic 

25 leukodystrophy, microcephaly, migraine, Miller Fisher syndrome, mini-strokes, 

mitochondrial myopathies, mobius syndrome, monomelic amyotrophy, motor neurone 

disease, motor skills disorder, moyamoya disease, mucopolysacchalidoses, multi

infarct dementia, muhifocal motor neuropathy, multiple sclerosis , multiple system 

atrophy with postural hypotension, muscular dystrophy, myalgic encephalomyclitis, 

30 myasthenia gravis, myclinoclastic diffuse sclerosis, myoclonic encephalopathy of 

infants, myoclonus, myopathy, myotubular myopathy, myotonia congenita, narcolepsy, 

neurofibromatosis , neuroleptic malignant syndrome, neurological manifestations of 

aids, neurological sequelae of lupus, neuromyotonia, neuronal ceroid lipofuscinosis, 
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neuronal migration disorders, niemann-pick disease, non 24-hour sleep-wake 

syndrome, nonverbal learning disorder, O'sullivan-mcleod syndrome, occipital 

neuralgia, occult spinal dysraphism sequence, ohtahara syndrome, olivopontocerebellar 

atrophy, opsoclonus myoclonus syndrome, optic neuritis, orthostatic hypotension, 

5 overnse syndrome, palinopsia, paresthesia, Parkinson's disease, paramyotonia 

congcnita, paraneoplastic diseases, paroxysmal attacks, parry-romberg syndrome (also 

known as rombergs syndrome), pelizaeus-merzbacher disease, periodic paralyses, 

peripheral neuropathy, persistent vegetative state, pervasive developmental disorders, 

photic sneeze reflex, phytanic acid storage disease, pick's disease, pinched nerve., 

10 pituitary tumors, pmg, polio, polyrnicrogyria, polymyositis, porencephaly, post-polio 

syndrome, postherpetic neuralgia ("PHN"), postinfcctious encephalomyelitis, postural 

hypotension, Prader-willi syndrome, primary lateral sclerosis, prion diseases, 

progressive hemifacial atrophy (also knO\vn as Romberg's syndrome), progressive 

multifocal lcukoencephalopathy, progressive sclerosing poliodystrophy, progressive 

15 supranuclear palsy, pseudotumor cerebri., ramsay-hunt syndrome (type I and type II), 

Rasmussen's encephalitis, reflex sympathetic dystrophy syndrome, refsum disease, 

repetitive motion disorders, repetitive stress injury, restless legs syndrome, retrovirus

associated myelopathy, rett syndrome, Reye's syndrome, Romberg's syndrome, rabies, 

Saint Vitus' dance, Sandhoff disease, schizophrenia, Schilder's disease, schizencephaly, 

20 sensory integration dysfunction, septo-optic dysplasia, shaken baby syndrome, shingles, 

Shy-drager syndrome, Sjogren's syndrome, sleep apnea, sleeping sickness, snatiation., 

Sotos syndrome, spasticity, spina bifida, spinal cord injury, spinal cord tumors, spinal 

muscular atrophy, spinal stenosis., Steele-richardson-olszewski syndrome, see 

progressive supranuclear palsy, spinocerebellar ataxia, stiff-person syndrome, stroke, 

25 Sturge-weber syndrome, subacute sclerosing panencephalitis, subco11ical 

a1teriosclerotic encephalopathy , superficial siderosis, sydenham's chorea, syncope, 

synesthesia, syringomyelia, tardive dyskinesia, Tay-sachs disease, temporal a1teritis, 

tetanus, tethered spinal cord syndrome, Thomsen disease, thoracic outlet syndrome, tic 

douloureux, Todd's paralysis, Tourette syndrome, transient ischemic attack, 

30 transmissible spongiform encephalopathies, transverse myelitis , traumatic brain injury, 

tremor, trigeminal neuralgia, tropical spastic paraparesis, trypanosomiasis, tuberous 

sclerosis, vasculitis including temporal arteritis, Von Hippel-lindau disease ("VHL"), 

Viliuisk encephalomyelitis ("VE"), Wallenberg's syndrome, Werdnig-hoffman disease, 
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west syndrome, \vhiplash, Williams syndrome, Wilson's disease, and Zellweger 

syndrome. It is thus appreciated that all CNS-related states and disorders could be 

treated through the BBB route of drug delivery. 

[0086] A CNS disease, disorder, or condition according to embodiments of the 

5 present invention may be selected from a metabolic disease, a behavioral disorder .. a 

personality disorder, dementia, a cancer, a neurodegenerative disorder, pain, a viral 

infection, a sleep disorder, a seizure disorder, acid lipase disease, Fabry disease, 

Wemicke-Korsakoffsyndrome, ADHD, anxiety disorder, borderline personality 

disorder, bipolar disorder, depression, eating disorder, obsessive-compulsive disorder, 

10 schizophrenia, Alzheimer's disease, Barth syndrome and Tourette's syndrome, 

Canavan disease, Hallervorden-Spatz disease, Huntington's disease, Lewy Body 

disease, Lou Gehrig's disease, Machado-Joseph disease, Parkinson's disease, or 

Restless Leg syndrome. 

[0087] In one embodiment, the CNS disease, disorder, or condition is pain and 

15 is selected from neuropathic pain, central pain syndrome, somatic pain, visceral pain, 

and/or headache. 

100881 Suitable CNS therapeutics according to the present invention include 

small molecule therapeutic agents. Suitable small molecule therapeutics for treating a 

disease, disorder, or condition of the CNS include acetaminophen, acetylsalicylic acid, 

20 acyltransforase, alprazolam, amantadine, amisulpride, amitriptyline, amphetamine

dextroamphetamine, amsacrine, antipsychotics, antivirals, apomorphine, arimoclomol, 

aripiprazolc, asenapine, aspartoacyclase enzyme, atomoxetine, atypical antipsychotics, 

azathioprine, baclofen, beclamide, benserazide, benserazide-levodopa, 

benzodiazepines , benztropine, bevacizumab, bleomycin, brivaracetam, bromocriptine, 

25 buprenorphine, bupropion, cabergoline, carbamazepine, carbatrol, carbidopa, 

carbidopa-levodopa, carboplatin, chlorambucil, chlorpromazine, chlorprothixene, 

cisplatin, citalopram, clobazam, clomipramine, clonazepam, clozapine, codeine, COX-2 

inhibitors, cyclophosphamide, dactinomycin , dexmethylphenidate, dextroamphetaine, 

diamorphine, diastat, diazepam, diclofenac, doncpezil, doxorubicin, droperidol, 

30 entacaponc, cpirubicin, escitalopram, cthosuximide, etoposidc, fclbamate, f1uoxctine, 

f1upenthixol, f1uphenazine, fosphenytoin, gabapentin, galantamine, gamma 

hydroxybutyrate, gefitinib, haloperidol, hydantoins, hydrocordone, hydroxyzine, 

ibuprofen, ifosfamide, IGF- l, iloperidone, imatinib, imipramine, interferons, irinoteean, 



AMN1002 
IPR of Patent No. 8,772,306 

Page 835 of 1327 

WO 2012/037457 PCT/US2011 /051935 

- 30 -

KNS-760704, lacosamide, lamotrigine, levetiracetam, levodopa, levomepromazine, 

lisdexamfetamine, lisuride, lithium carbonate, lypolytic enzyme, mechlorethamine, 

mGluR2 agonists, memantinc, mepcridine, mcrcaptopurinc, mesoridazine, mcsuximidc, 

methamphetaminc, mcthylphenidate, minocyclinc, modafinil, morphine, N-

5 acetylcysteine, naproxen, nelfinavir, neurotrin, nitrazepam, NSAIDs, olanzapine, 

opiates, oscltamivir, oxaplatin, palipcridone, pantothcnate kinase 2, Parkin, paroxctinc, 

pergolide, periciazine, perphenazine, phenacemide, phenelzine, phenobarbitol, 

phenturide, phenytoin, pimozide, Pink 1., piribedil, podophyllotoxin, pramipexole, 

pregabalin, primidone, prochlorperazine, promazine, promethazine, protriptyline, 

10 pyrimidinediones, quetiapine, rasagiline, remacemide, 1iluzole, risperidone, ritonavir, 

rituximab, rivastigmine, ropinirolc, rotigotinc, rufinamidc, selective serotonin reuptake 

inhibitors (SSIUs), sclegine, selcgiline, sertindole, sertraline, sodium valproate, 

stiripentol, taxancs, tcmazcpam, tcmozolomidc, tcnofovir, tctrabcnazinc, thiamine, 

thioridazinc, thiothixcnc, tiagabine, tolcaponc, topiramatc, topotecan, tramadol, 

15 tranylcypromine, trastuzumab., tricyclic antidepressants, trifluoperazine, 

triflupromazine, trihexyphenidyl, trileptal, valaciclovir, valnoctamide, valproamide, 

valproic acid, venlafaxine, vesicular stomatitis virus, vigabatrin, vinca alkaloids, 

zanamivir, ziprasidone, zonisamide, zotcpine, zuclopenthixol, or combinations thereof. 

[0089] In another embodiment, the composition according to the present 

20 invention may include a therapeutic agent suitable for treatment of human 

immunodeficiency virus ("HIV"). The agent chosen from nucleoside HIV reverse 

transcriptase inhibitors, non-nuclcoside HIV reverse transcriptase inhibitors, HIV 

protease inhibitors.. HIV integrase inhibitors, HIV fusion inhibitors, immune 

modulators, CCR5 antagonists, and antiinfectives. 

25 100901 Pathogens such as HIV seek refuge in the CNS where they can remain 

for the lifo of the host. More than 30 million people world-wide arc currently infected 

with HIV and these numbers arc likely to increase (See United Nations: Rcp01i on The 

Global AIDS Epidemic (2008), which is hereby incorporated by reference in its 

entirety). Without an effective method of getting anti-HIV drugs into the CNS to target 

30 the virus, it seems unlikely that HIV will ever be eradicated. 

[0091] Other therapeutic agents or compounds that may be administered 

according to the present invention may be of any class of dmg or pharmaceutical agent 

which is desirable to cross the BBB. Such therapeutics include, but not limited to, 
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antibiotics, anti-parasitic agents, anti fungal agents, anti-viral agents and anti-tumor 

agents. When administered with anti-parasitic, anti-bacterial, anti-fungal, anti-tumor, 

anti-viral agents, and the like, the compounds according to the present invention may 

be administered by any method and route of administration suitable to the treatment of 

5 the disease, typically as pharmaceutical compositions. 

[0092) Therapeutic agents can be delivered as a therapeutic or as a prophylactic 

(e.g., inhibiting or preventing onset of neurodegenerative diseases). A therapeutic 

causes eradication or amelioration of the underlying disorder being treated. A 

prophylactic is administered to a patient at risk of developing a disease or to a patient 

10 reporting one or more of the physiological symptoms of such a disease, even though a 

diagnosis may not have yet been made. Alternatively, prophylactic administration may 

be applied to avoid the onset of the physiological symptoms of the underlying disorder, 

particularly if the symptom manifests cyclically. ln this latter embodiment, the therapy 

is prophylactic with respect to the associated physiological symptoms instead of the 

15 underlying indication. The actual amount effective for a particular application will 

depend, inter alia, on the condition being treated and the route of administration. 

100931 The therapeutic may be selected from the group consisting of 

immunosupprcssants, anti-inflammatorics, anti-prolifcratives, anti-migratory agents , 

anti-fibrotic agents, proapoptotics, calcium channel blockers, anti-neoplastics, 

20 antibodies, anti-thrombotic agents, anti-platelet agents, Ilblllla agents, antiviral agents, 

anti-cancer agents, chemotherapeutic agents, thrombolytics, vasodilators, 

antimicrobials or antibiotics, antimitotics, growth factor antagonists, free radical 

scavengers, biologic agents, radio therapeutic agents, radio-opaque agents, 

radiolabelled agents, anti-coagulants (e.g., heparin and its derivatives), anti-

25 angiogenesis drngs (e.g. , Thalidomide}, angiogenesis drngs, PDGF-B and/or EGF 

inhibitors, anti-inflammat01ies (e.g. , psoria.<lis drugs) , riboflavin, tiazofurin, zafmin, 

anti-platelet agents (e.g., cyclooxygenasc inhibitors (e.g., acetylsalicylic acid)), ADP 

inhibitors (such as clopidogrel and ticlopdipine), hosphodiesterase II I inhibitors (such 

as cilostazol), lycoprotcin II/IIIIa agents (such as abcix- imab ) , cptifibatide, and 

30 adcnosinc reuptakc inhibitors (such as dipyridmolcs, healing and/or promoting agents 

( e.g., anti-oxidants and nitrogen oxide donors}), antiemetics, antinauseants, tripdiolide, 

diterpenes, triterpenes, diterpene epoxides, diterpenoid epoxide, triepoxides, or 
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tripterygium wifordii hook F(TWHF}, SDZ- RAD, RAD, RAD666, or 40-0-(2-

hydrnxy)ethyl-rapamycin, derivatives, pharmaceutical salts and combinations thereof. 

[0094] In certain embodiments, the therapeutic and the adcnosinc receptor 

activator agcnt(s) (or adenosinc receptor blockers or inhibitor, as described in further 

5 detail belov.,) and/or therapeutics are formulated as a single "compound" formulation. 

This can be accomplished by any ofa number of known methods. For example, the 

therapeutic agent and the activator agent can be combined in a single pharmaceutically 

acceptable excipient. In another approach the therapeutic and the adenosine receptor 

activator (or adenosine receptor blocker or inhibitor) agent can be formulated in 

10 separate excipients that are microencapsulated and then combined, or that fonn separate 

laminae in a single pill, and so forth. 

[0095] In one embodiment, the therapeutic and adenosinc receptor activator 

agent arc linked together. ln ce1iain embodiments, the therapeutic and the adenosinc 

receptor activator (or adenosine receptor blocker or inhibitor) agent arc joined directly 

15 together or are joined together by a "tether" or "linker" to form a single compound. 

Without being bound to a particular theory, it is be! ieved that such joined compounds 

provide improved specificity/ selectivity. 

l 0096] A number of chemistries for linking molecules directly or through a 

linker/tether arc well known to those of skill in the a11. The specific chemistry 

20 employed for attaching the therapeutic(s) and the adenosine receptor activator (or 

adenosine receptor blocker or inhibitor) agent to form a bifunctional compound 

depends on the chemical nature of the therapcutic(s) and the "interligand" spacing 

desired. Various therapeutics and adenosine receptor activator agents typically contain 

a variety of functional groups (e.g., carboxylic acid (COOH}, free amine (- NEE), and 

25 the like}, that are available for reaction with a suitable functional group on a linker or 

on the opposing component (i.e. , either the therapeutic or adeuosinc receptor activator) 

to bind the components together. 

[0097] Alternatively, the components can be derivatized to expose or attach 

additional reactive functional groups. The dcrivatization may involve attachment of 

30 any of a number of linker molecules such as those available from Pierce Chemical 

Company, Rockford Ill. 

I 00981 A "linker'' or "tether II, as used herein, is a molecule that is used to join 

two or more ligands (e.g. , therapeutic(s) or adenosine receptor activator) to fom1 a bi-
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functional or poly-functional compound. The linker is typically chosen to be capable of 

forming covalent bonds to all of the components comp1ising the bi-functional or 

polyfunctional moiety. Suitable linkers arc well known to those of skill in the art and 

include, but arc not limited to, straight or branched-chain carbon linkers, hctcrocyclic 

5 carbon linkers, amino acids, nucleic acids. dendrimers, synthetic polymers. peptide 

linkers, peptide and nucleic acid analogs, carbohydrates, polyethylene glycol and the 

like. Where one or more of the components are polypeptides, the linker can be joined 

to the constituent amino acids through their side groups (e.g., through a disulfide 

linkage to cysteine) or through the alpha carbon amino or carboxyl groups of the 

10 terminal amino acids. 

[0099] In certain embodiments, a bifunctional linker having one functional 

group reactive with a group on the first therapeutic and another group reactive with a 

functional group on the adcnosinc receptor activator agent can be used to form a 

bifunctional compound. Alternatively, dcrivatization may involve chemical treatment 

15 of the component(s) (e.g., glycol cleavage of the sugar moiety of a glycoprotein, a 

carbohydrate, or a nucleic acid, etc.) with periodate to generate free aldehyde groups. 

The free aldehyde groups can be reacted with free amine or hydrazine groups on a 

linker to bind the linker to the compound (Sec, e.g., U.S. Patent No. 4,671,958 to 

Rodwell ct al., which is hereby incorporated by reference in its entirety). Procedures 

20 for generation of free sultbydryl groups on polypeptide, such as antibodies or antibody 

fragments, are also known (See U.S. Patent No. 4,659,839 to Nicolotti et aL. ,vhich is 

hereby incorporated by reference in its entirety). 

[01001 Where the therapeutic and the adenosine receptor activator agent are 

both peptides, a bi functional compound can be chemically synthesized or 

25 recombinantly expressed as a fusion protein comprising both components attached 

directly to each other or attached through a peptide linker. 

[0101] In certain embodiments, lysine, glutamic acid, and polyethylene glycol 

(PEG) based linkers of different leni,,rth are used to couple the components. The 

chemistry for the conjugation of molecules to PEG is well known to those of skill in the 

30 art (sec, e.g. , Veronese, "Peptide and Protein PEGylation: a Review of Problems and 

Solutions," Biomaterials 22: 405-417 (2001); Zalipsky et aL, "Attachment ofDrngs to 

Polyethylene Glycols," Eur. Plym. J. 19( 12): I 177-1 183 ( 1983); Olson et al., 

"Preparation and Characterization of Poly(ethylene glycol)ylated Human Growth 
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Hormone Antagonist," Po~y(ethylene glycol) Chemistr)! and Biological Applications 

I 70-181, Harris & Zalipsky Eds., ACS, Washington, DC ( 1997); Delgado et aL, "The 

Uses and Properties of PEG-Linked Proteins," Crit. Rev. Therap. Drug Carrier Sys. 9: 

249-304(1992); Pedley ct al., 'The Potential for Enhanced Tumour Localisation by 

5 Poly(ethylene glycol) Modification of anti-CEA Antibody," Brit. J. Cancer 70:1126-

1130 (1994 ); Eyre & Farver, Textbook of Clinical Oncology 377-390 (Hollcb ct al. eds. 

1991 ); Lee et al., "Prolonged Circulating Lives of Single-chain of Fv Proteins 

Conjugated with Polyethylene Glycol: a Comparison of Conjugation Chemistries and 

Compounds," Bioconjug. Chem. I 0: 973-981 ( 1999); Nucci et al., "The Therapeutic 

10 Value of Poly(Ethytene Glycol)-Modified Proteins," Adv. Drug Deliv. Rev.6: 133-

151 ( 1991); Francis ct al., "Polyethylene Glycol Modification: Relevance ofimprovcd 

Methodology to Tumour Targeting," .J Drug Targeting 3: 321-340(1996), which arc 

hereby incorporated by reference in their entirety). 

[0102) In certain embodiments, conjugation of the therapeutic and the 

15 adenosine receptor activator (or adenosine receptor blocker or inhibitor) agent can be 

achieved by the use of such linking reagents such as glutaraldehyde, EDCT, 

terephthaloyl chloride, cyanogen bromide, and the like, or by reductive amination. In 

certain embodiments, components can be linked via a hydroxy acid linker of the kind 

disclosed in WO-A- 9317713. PEG linkers can also be utilized for the preparation of 

20 various PEG tethered drugs (Sec, e.g., Lee ct al., "Reduction of Azidcs to Primary 

Amines in Substrates Bearing Labile Ester Functionality: Synthesis of a PEG

Solubilizcd, "Y"-Shapcd Iminodiacctic Acid Reagent for Preparation of Folatc

Tethered Drugs," Organic Leu., 1: 179-181(1999), ,.vhich is hereby incorporated by 

reference in its entirety). In other embodiments, the adenosine receptor activator ( or 

25 adenosine receptor blocker or inhibitor) agent) may be PEGylated (e.g., PEGylated 

adcnosinc dcaminasc). 

[0103] Another aspect of the present invention relates to a method of delivering 

a macromolecule therapeutic agent to the brain ofa subject. This method involves 

administering to the subject (a) an agent which activates both of Al and A2A adcnosinc 

30 receptors and (b) the macromolecular therapeutic. 

[0104] In certain embodiments, the macromolecular therapeutic agent may be a 

bioactive protein or peptide agent. Examples of such bioactive protein or peptides 

include a cell modulating peptide, a chemotactic peptide, an anticoab'Ulant peptide, an 
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antithrombotic peptide, an anti-tumor peptide, an anti-infectious peptide, a growth 

potentiating peptide, and an anti-inflammatory peptide. Examples of proteins include 

antibodies, enzymes, steroids, growth ho1n1one and growth hormone-releasing 

hormone, gonadotropin-relcasing hormone and its agonist and antagonist analogues, 

5 somatostatin and its analogues, gonadotropins, peptide T, thyrocalcitonin, parathyroid 

hom10nc, glucagon, vasopressin, oxytocin, angiotensin I and II, bradykinin, kallidin, 

adrenocorticotropic hormone, thyroid stimulating hormone, insulin, glucagon and the 

numerous analogues and congeners of the foregoing molecules. In some aspects of the 

invention, the BBB permeability is modulated by one or more methods herein above to 

10 deliver an antibiotic, or an anti-infectious therapeutic capable agent. Such anti

infectious agents reduce the activity of or kills a microorganism. 

[0105] The nature of the peptide agent is not limited, other than comprising 

amino acid residues. The peptide agent can be a synthetic or a naturally occurring 

peptide, including a variant or derivative of a naturally occurring peptide. The peptide 

15 can be a linear peptide, cyclic peptide, constrained peptide, or a peptidomimetic. 

Methods for making cyclic peptides are well known in the art. For example, 

cyclization can be achieved in a head-to-tail manner., side chain to the N- or C-terminus 

residues, as ,vcll as cyclizations using linkers. The selectivity and activity of the cyclic 

peptide depends on the overall ring size of the cyclic peptide which controls its three 

20 dimensional structure. Cyclization thus provides a powerful tool for probing 

progression of disease states, as well as targeting specific self-aggregation states of 

diseased proteins. 

[01061 In some embodiments, the peptide agent specifically binds to a target 

protein or strncture associated with a neurological condition. Tn accordance with these 

25 embodiments, the invention provides agents useful for the selective targeting of a target 

protein or structure associated with a neurological condition, for diagnosis or therapy. 

Peptide agents useful in accordance with the present invention arc described in, for 

example, U.S. Patent Application Publication 2009/0238754 to Wegrzyn et aL, ·which is 

hereby incorporated by reference in its entirety. 

30 [0107] In other embodiments, the peptide agent specifically binds to a target 

protein or strncture associated with other neurological conditions., such as stroke, 

cerebrovascular disease, epilepsy, transmissible spongiforrn encephalopathy (TSE); 

AP-peptide in amyloid plaques of Alzheimer's disease (AD), cerebral amyloid 
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angiopathy (CAA), and cerebrnl vascular disease (CVD); o.-synuclein deposits in Lewy 

bodies of Parkinson's disease, tau in neurofibrilla1y tangles in frontal temporal 

dementia and Pick's disease; superoxide dismutase in amylotrophic lateral sclerosis; 

and Huntingtin in Huntington's disease and benign and cancerous brain tumors such as 

5 glioblastoma's, pituitary tumors, or meningiomas. 

[0108) In some embodiments, the peptide agent undergoes a eonfmmational 

shift other than the alpha-helical to beta-sheet shift discussed above, such as a beta

sheet to alpha-helical shift, an unstmctured to beta-sheet shift, etc. Such peptide agents 

may undergo such conformational shifts upon interaction with target peptides or 

10 structures associated with a neurological condition. 

[0109] In other embodiment,;;, the peptide agent is an antibody that specifically 

binds to a target protein or structure associated with a neurological condition, such as a 

target protein or structure (such as a specific conformation or state of self-aggregation) 

associated with an amyloidogenic disease, such as the anti-amyloid antibody 6El0, and 

15 NG8. Other anti-amyloid antibodies are known in the art, as are antibodies that 

specifically bind to proteins or structures associated with other neurological conditions. 

101 IOI In certain embodiments, the macromolecular thernpeutic agent is a 

monoclonal antibody. Suitable monoclonal antibodies include 6£10, PF-04360365, 

13 lI-chTNT-l/B MAb, 131!-Ll 9SIP, l 77Lu-J591, ABT-874, AIN457, alcmtuzumab, 

20 anti-PDGFR alpha monoclonal antibody IMC-3G3, astatine At 211 monoclonal 

antibody 81C6, Bapineuzumab, Bevacizumab, cetuximab, cixutumumab, Daclizumab_. 

Hu MiK-beta-1 , HuMax-EGFr, iodine I 131 monoclonal antibody 3F8, iodine I 131 

monoclonal antibody 81C6, iodine I 131 monoclonal antibody 8H9, iodine I 131 

monoclonal antibody TNT-1 /B, LMB-7 immunotoxin, MAb-425, MGA WN I, Me 1-14 

25 F(ab')2, M-T412, Natalizumab, Neuradiab, Nimotuzumab, Ofatumumab, 

Panitumumab, Ramucirumab, ranibizumab, SDZ MSL-109, Solanezumab, 

Tra,;;tuzumab, Ustekinumab, Zalutumumab, Tanezumab, Afliberccpt, MEDI-578, 

REGN475, Muromonab-CD3, Abiximab, Rituximab, Basilixirnab, Palivizurnab, 

Infliximab, Gemtuzumab ozogamiein, Ibritumomab tiuxetan, Adalimumab, 

30 Omalizumab, Tositumomab, Tositumomab-Il3 l , Efa.lizumab, Abciximab, 

Certolizumab pegol, Eculizumab, AMG-162, Zanolimumab, MDX-010, AntiOMRSA 

mAb, Pexelizumab, Mepolizumab, Epratuzurnab, Anti- RSV mAb, Afelimomab, 

Catumaxomab, WX-G250, or combinations thereof. 
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1011 I I In certain embodiments, the macromolecular therapeutic agent is a 

peptide detection agent. For example, peptide detection agents include fluorescent 

proteins, such as Green Flourescent Protein (GFP), streptavidin, enzymes, enzyme 

substrates, and other peptide detection agents known in the art. 

[01121 In other embodiments .. the macromolecular therapeutic agent includes 

peptide macromolecules and small peptides. For example, ncurotrophic proteins arc 

useful as peptide agents in the context of the methods described herein. Neurotrophic 

proteins include nerve gro,vth factor (NGF), brain-derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3), neurotrophin-4 (NT-4}, neurotrophin-5 (NT-5), insulin-like 

10 growth factors (IGF-I and IGF-Il}, glial cell line derived neurotrophic factor (GDNF), 

fibroblast growth factor (FGF), ciliary neurotrophic factor (CNTF), epidermal growth 

factor (EGF), glia-derived ncxin (GDN), transforming growth factor (TGF-a and TGF

['l), interleukin, platelet-derived growth factor (PDGF) and SIOO['l protein, as well as 

bioactive derivatives and analogues thereof. 

15 [0113] Neuroactive peptides also include the subclasses ofhypothalamic

releasing hormones, neurohypophyseal hormones, pituitary peptides, invertebrate 

peptides, gastrointestinal peptides, those peptides found in the heart, such as atrial 

naturctic peptide, and other ncuroactivc peptides. Hypothalamic releasing hormones 

include, for example, thyrotropin-releasing hom10ncs , gonadotropin-relcasing hormone, 

20 somatostatins, corticotropin-releasing hormone and growth hormone-releasing 

hormone. Neurohypophyseal hormones include, for example, compounds such as 

vas;opressin, oxytocin, and neurophysins. Pituitary peptides include, for example, 

adrenocorticotropic hormone, ~-endorphin, a-melanocyte-stimulating hormone., 

prolactin, luteinizing hormone, growth hormone, and thyrotropin. Suitable invertebrate 

25 peptides include, for example, FM RF amide, hydra head activator, proctolin, small 

cardiac peptides, myomodulins, buccolins, egg-laying hormone and bag cell peptides. 

Gastrointestinal peptides include, for example, vasoaetive intestinal peptide, 

cholecystokinin, gastrin, neurotensin, methionineenkephalin, leucine-enkephalin, 

insulin and insulin-like grm.vth factors I and II, glueagon, peptide histidine 

30 isolcucineamide, bombesin, motilin and secretins. Examples of other neuroactive 

peptides include angiotensin II, bradykinin, dynorphin, opiocortins, sleep peptide(s), 

calcitonin, CGRr (calcitonin gene-related peptide), neuropeptide Y, neuropeptide Yy, 
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galanin, substance K (neurokinin), physalaemin, Kassinin, uperolein, eledoisin and 

atrial naturetic peptide. 

[0114] In yet further embodiments, the macromolecular therapeutic agent is a 

protein associated with membranes of synaptic vesicles, such as calcium-binding 

5 proteins and other synaptic vesicle proteins. The subclass of calcium-binding proteins 

includes the cytoskclcton-associatcd proteins, such as caldcsmon, anncxins, calclcctrin 

(mammalian), calelectrin (torpedo), calpactin I, calpactin complex, calpactin II, 

endonexin T, endonexin H, protein H, synexin T; and enzyme modulators, such as p65. 

Other synaptic vesicle proteins include inhibitors of mobilization (such as synapsin la,b 

10 and synapsin I la,b ), possible fusion proteins such as synaptophysin, and proteins of 

unknown function such as p29, VAMP-1,2 (synaptobrevin), VATl, rab 3A, and rab 3B. 

[0115] Macromolecular therapeutic agents also include a-, ~- and y-intcrforon, 

epoctin, Fligrastim, Sargramostin, CSF-GM, human-IL, TNF and other biotechnology 

drugs. 

15 [0116] Macromolecular therapeutic agents also include peptides, proteins and 

antibodies obtained using recombinant biotechnolo1=,,y methods. 

101171 Macromolecular therapeutic agents also include "anti-amyloid agents" 

or "anti-amyloidogenic agents," vv·hich directly or indirectly inhibit proteins from 

aggregating and/or forming amyloid plaques or deposits and/or promotes 

20 disaggregation or reduction ofamyloid plaques or deposits. Anti-amyloid agents also 

include agents generally referred to in the art as "amyloid busters" or "plaque busters." 

These include drugs which arc pcptidomimctic and interact with amyloid fibrils to 

slowly dissolve them. "Peptidomimetic" means that a biomolecule mimics the activity 

of another biologically active peptide molecule. "Amyloid busters" or "plaque busters" 

25 also include agents which absorb co-factors necessa1y for the amyloid fibrils to remain 

stable. 

[0118] Anti-amyloid agents include antibodies and peptide probes, as described 

in PCT application PCT/US2007/016738 (WO 2008/013859) and U.S. patent 

application Ser. No. 11/828,953, the entire contents of which arc incorporated herein by 

30 reference in their entirety. As described therein, a peptide probe for a given target 

protein specifically binds to that protein, and may preferentially bind to a specific 

stmctural form of the target protein. While not wanting to be bound by any theory, it is 

believed that binding of target protein by a peptide probe will prevent the fom1ation of 
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higher order assemblies of the target protein, thereby preventing or treating the disease 

associated with the target protein, and/or preventing fmiher progression of the disease. 

For example, binding of a peptide probe to a monomer of the target protein will prevent 

self-aggregation of the target protein. Similarly, binding of a peptide probe to a soluble 

5 oligomer or an insoluble aggregate will prevent further aggregation and protofibril and 

fibril formation, while binding of a peptide probe to a protofibril or fibril will prevent 

further extension of that strncture. In addition to blocking further aggregation, this 

binding also may shitl the equilibrium back to a state more favorable to soluble 

monomers, further halting the progression of the disease and alleviating disease 

10 symptoms. 

[0119] In one embodiment, the macromolecular therapeutic agent is a variant of 

a peptide agent described above, with one or more amino acid substitutions, additions, 

or deletions, such as one or more conservative amino acid substitutions, additions, or 

deletions, and/or one or more amino acid substitutions, additions, or deletions that 

15 further enhances the permeability of the conjugate across the BBB. For example, 

amino acid substitutions, additions, or deletions that result in a more hydrophobic 

amino acid sequence may further enhance the permeability of the conjugate across the 

BBB. 

[0120] In another embodiment, the macromolecular therapeutic agent is about 

20 150 kDa in size. In yet another embodiment, the therapeutic is up to about 10,000 Da 

in size_. up to about 70_,000 Dain size, or up to about 150 kDa in size. In still further 

embodiments the therapeutic is between about 10,000 and about 70,000 Da, between 

about 70_,000 Da and 150 kDa, or between about 10_,000 Da and about 150 kDa in size. 

[0121] In one embodiment, the agent that activates both of the A I and A2A 

25 adenosine receptors is administered before the therapeutic macromolecule. In further 

embodiments, the agent that activates both of the Al and A2A adenosine receptors may 

be administered up to 5 minutes, 10 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 3 

hours, 4 hours, 5, hours, 6 hours, 7 hours, 8 hours, 9 hours, l O hours, I I hours, 12 

hours, 13 hours, 14 hours, 15 hours, 16 hours, 17 hours, or 18 hours before the 

30 therapeutic macromolecule agent. 

[0122] In another embodiment_, the agent or agents that activate both of the Al 

and A2A adenosine receptors is administered simultaneously with the therapeutic 

macromolecule. 
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101231 Another aspect of the present invention relates to a method for treating a 

CNS disease, disorder, or condition in a subject. This method involves administering to 

the subject at least one agent which activates both of the Al and the A2A adcnosinc 

receptors and a therapeutic agent. 

5 [01241 Suitable therapeutic agents are described above and may include small 

molecule therapeutic agents, macromolecular therapeutic agents, or combinations 

thereof 

[0125] In one embodiment, the agent which activates both of the A I and the 

A2A adenosine receptors is an agon ist of both the A I and the A2A adenosine receptors. 

10 In further embodiments, the agonist of both the A I and the A2A adenosine receptors is 

a broad spectrum adcnosinc receptor agonist, such as NECA, adcnosinc, adcnosinc 

derivatives, or combinations thereof 

[0126] Another aspect of the present invention relates to a method of treating a 

CNS disease, disorder or condition in a subject. This method includes administering to 

15 the subject (a) an adenosine receptor agonist; (b) an A2A receptor agonist; and (c) a 

therapeutic agent. 

I 01271 In one embodiment according to this aspect of the present invention, the 

the Al adcnosinc receptor agonist and/or the A2A adcnosinc receptor agonist arc 

selective agonists. 

20 [0128] Suitable Al-selective adcnosinc receptor agonist, A2A-selective 

adenosine receptor agonists. and therapeutic agents (along with their preparation and 

administration) arc noted above. 

[0129] In a further embodiment, this method further involves selecting a subject 

in need of treatment or prevention of a CNS disease, disorder, or condition; providing a 

25 therapeutic agent; and administering to the selected subject the therapeutic, an A I 

adcnosinc receptor agonist, and an A2A receptor agonist under conditions effective for 

the therapeutic to cross the blood brain ba1Ticr and treat or prevent the CNS disease, 

disorder or condition. 

[0130] In one embodiment the Al adcnosinc receptor agonist and A2A 

30 adcnosinc receptor agonist arc formulated in a single unit dosage form. 

[0131] In another embodiment the Al adenosine receptor agonist and A2A 

adenosine receptor agonist are administered simultaneously. 
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101321 In yet a further embodiment the A I adenosine receptor agonist and A2A 

adenosine receptor agonist are administered sequentially. 

[0133] In still a further embodiment, the method further includes administering 

a composition that includes an Al adcnosinc receptor agonist and A2A adcnosine 

5 receptor agonist, and a pharmaceutically acceptable carrier .. excipient. or vehicle. 

[0134] Another aspect of the present invention relates to a method of 

temporarily increasing the permeability of the blood brain barrier of a subject. This 

method includes selecting a subject in need of a temporary increase in permeability of 

the blood brain barrier, providing an agent which activates either the Al or the A2A 

10 adenosine receptor, and administering to the selected subject either the A 1 or the A2A 

adenosinc recptor activating agent under conditions effective to temporarily increase 

the permeability of the blood brain barrier. 

[0135] In one embodiment, the Al or the A2A activating agent is an Al or 

A2A agonist. In a further embodiment, the Al or the A2A adenosinc receptor 

15 activating agent is an Al-selective or an A2-selective adenosine receptor agonist. 

Suitable A I and A2A adenosine receptor agonists are known to those of skill in the art 

and are described in detail above. 

[0136] In a further embodiment of this aspect of the present invention, the 

method further includes administering a therapeutic agent to the subject. Suitable 

20 therapeutic agents arc described in detail above. 

[01371 In one embodiment, the agent that activates the Al or the A 2A 

adcnosinc receptor is administered before the therapeutic agent. In further 

embodiments .. the agent that activates the Al or the A2A adenosine receptor may be 

administered up to 5 minutes, IO minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 3 

25 hours, 4 hours, 5, hours , 6 hours, 7 hours, 8 hours, 9 hours, l O hours, I I hours, 12 

hours, 13 hours, 14 hours, 15 hours, 16 hours , 17 hours , or 18 hours before the 

therapeutic agent. 

[0138] In another embodiment the agent that activates the A I or the A2A 

adcnosinc receptor and the therapeutic agent arc administered simultaneously. 

30 [0139] Another aspect of the present invention is directed to a method of 

decreasing BBB permeability in a subject. This method involves administering to the 

subject or patient an agent ,vhich blocks or inhibits A2A adenosine receptor signaling. 
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101401 In decreasing BBB permeability, the selected subject can have an 

inflammat01y disease. Such inflammat01y diseases include those in which mediators of 

inflammation pass the blood brain barrier. Such inflammatory diseases include, but arc 

not limited to, inflammation caused by bacterial infection, viral infection, or 

5 autoimmune disease. More specifically, such diseases include, but are not limited to, 

meningitis, multiple sclerosis, ncuromyclitis optica, human immunodeficiency virus 

("HIV")-1 encephalitis, herpes simplex virns ("HSV") encephalitis, Toxoplams gondii 

encephalitis, and progressive multi focal leukoencephalopathy. 

10141 I Where BBB permeability is decreased, the selected subject may also 

10 have a condition mediated by entry of lymphocytes into the brain. Other conditions 

treatable in this fashion include encephalitis of the brain, Parkinson's disca.:;c, epilepsy, 

neurological manifestations of HIV-AIDS, neurological sequcla oflupus, and 

Huntington's disease, meningitis, multiple sclerosis, neuromyclitis optica, HSY 

encephalitis, and progressive multifocal lcukoenccphalopathy. 

15 [0142] This aspect of the present invention can be carried out using the 

pharmaceutical formulation methods and methods of administrntion described above. 

I 01431 Altering adenosine receptor activity in a subject to decrease blood 

banicr permeability can be accomplished by, but not limited to, deactivating or 

blocking the A2A adcnosinc receptor. 

20 [0144] A number of adenosinc A2A receptor antagonists arc known to those of 

skill in the art and can b e used individually or in conjunction in the methods described 

herein. Such antagonists include, but arc not limited to (-)-R,S)-mcfloquine (the active 

enantiomer of the racemic mixture marketed as MefloquineTM), 3 ,7-Dimethyl-l

propar1=,,ylxanthine (DMPX), 3-(3-hydroxypropyl)-7-rnethyl-8- ( m-methoxystyryl )-1-

25 propar1:,,ylxanthine (M X2}, 3-(3-hy- droxypropyl)-8-(3-methoxystyryl)-7-methyl-1-

propargylxanthin phosphate disodium salt (MSX-3 , a phosphate prodrug of MSX-2), 7-

methyl-8-styrylxanthinc derivatives, SCH 58261, KW-6002, aminofmyltriazolo-tri

azinylaminoethylphenol (ZM 241385), and 8-chlorostyryl- caffeine, KF l 783 7, 

VR2006, istradcfylline, the VERNALIS drugs such as VER 6489, VER 6623 , VER 

30 6947, VER 7130, VER 7146, VER 7448, VER 7835 , VER 8177VER-l 1135, VER-

6409, VER 6440, VER 6489, VER 6623, VER 6947, VER 7130, VER 7146, VER 

7448, VER 7835 , VER 8177, pyrazolo [ 4,3-e]l ,2,4-triazolo[l,5-c]pyrimidines , and 5-

amino-imidazolo-[ 4,3-e]-1,2 ,4-triazolo[l,5-c]pyrimidines, and the like (U.S. Patent 
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Application Publication No. 2006/0128708 to Li et aL, which is hereby incorporated by 

reference in its entirety}, pyrazolo[4,3-e]-[l ,2,4]- triazolo[l,5-c]pyrimidines (See e.g., 

WO 01/92264 to Kase ct al., which is hereby incorporated by reference in its entirety), 

2, 7-dis ubstitutcd-5-amino- [l,2, 4 ]triazolo [l,5-c ]pyrimidines (Sec c. g., WO 03/048163 to 

5 Kase et al., which is hereby incorporated by reference in its entirety), 2 .. 5-disubstituted-

7-amino-[l,2,4]triazolo[l,5-a][l,3,5]triazincs (Sec e.g., Vu ct al., "Pipcrazinc Derivatives 

of [ 1,2,4 ]Triazolo[ l ,5-a][l,3,5]triazine as Potent and Selective Adenosine A2A 

Receptor Antagonists," J. Afed. Chem. 47(17):4291-4299 (2004), which is hereby 

incorporated by reference in its entirety}, 9-substituted-2- (substituted-ethyn-l-yl)-

10 adenines (See e.g., U.S. Patent No. 7,217,702 to Beauglehole et al., which is hereby 

incorporated by reference in its entirety), 7-mcthyl-8-styiylxanthinc derivatives, 

pyrazolo [ 4,3-c )1,2,4-triazolo[l,5-c ]pyrimidines, and 5-amino-imidazolo-[ 4,3-c ]-1,2,4-

triazolo[l,5-c ]pyrimidines (Sec e.g., U.S. Patent Application Publication No. 

2006/0128708 to Li ct al., which is hereby incorporated by reference in its entirety). 

15 These adenosine A2A receptor antagonists are intended to be illustrative and not 

limiting. 

101451 Yet a further aspect of the present invention relates to a method for 

increasing BBB permeability follo\vcd by dcacrcasing BBB permeability. The method 

involves administration of one or more agents that activate the Al and A2A adcnosinc 

20 receptors followed by administration of an agent that blocks or inhibits A2A adcnosine 

receptor signaling. 

[0146] In one embodiment, the one or more agents that activate the Al and 

A2A adenosine receptors is administered simultaneously with a therapeutic agent. In 

another embodiment, the one or more agents that activate both the A I and A2A 

25 adenosine receptors is administered before a therapeutic agent. In this embodiment, the 

agent that blocks or inhibits A2A adcnosinc receptor signaling is administered 

following administration of the therapeutic agent. 

[0147] Yet another aspect of the present invention relates to a method of 

remodeling ai1 actin cytoskelcton of a BBB endothelial cell. This method involves 

30 contacting an endothelial cell with one or more agents that activates both of the Al and 

the A2A adenosine receptors. 

101481 The actin cytoskeleton is vital for the maintenance of cell shape. 

Endothelial ba1Tier permeability can be affected by reorganization of the actin 
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cytoskeleton. The actin cytoskeleton is organized into three distinct structures: the 

cortical actin rim, actomyosin stress fibers, and actin cross-linking of the membrane 

skeleton (Prasain ct al., "The Actin Cytoskclcton in Endothelial Cell Phenotypes," 

Aficrovasc. Res. 77:53-63 (2009), which is hereby incorporated by reference in its 

5 entirety). These strnctures have unique roles in controlling endothelial cell shape. 

[0149) According to one embodiment, the actin cytoskclcton remodeling 

increases space between endothelial cells and increases BBB permeability. 

[01501 

101511 

Suitable A I and A2A adenosine receptor activators are disclosed above. 

In one embodiment according to this aspect of the present invention, the 

10 activation of both of the A 1 and A2A adenosine receptors is synergistic with respect to 

BBB permeability. In yet another embodiment, the activation of both of the Al and 

A2A adenosinc receptors is additive with respect to BBB permeability. 

[0152] While the identification of the Al and A2A ARs as critical mediators of 

BBB permeability represents the first step towards a molecular mechanism, much work 

15 remains to elucidate the specific do,vnstream players that facilitate cellular changes in 

the endothelial cells. Adenosine receptors are G-protein coupled receptors, associated 

with heterotrimeric G-proteins. Several Gu subunits have been localized to tight 

junctions (Denker et al., "Involvement of a Heterotrimeric G Protein Alpha Subunit in 

Tight Junction Biogenesis," J Biol. Chem. 271:25750-3 ( 1996), which is hereby 

20 incorporated by reference in its entirety). These Ga subunits are known to influence the 

activity of downstream enzymes like RhoA and Rael that have been implicated in 

cytoskektal remodeling. h1deed, work by other groups suggests that the RhoA and 

Rael small GTPascs arc responsive to extracellular signaling and mediate changes in 

the actin cytoskcleton (Schrcibclt ct al. , "Reactive Oxygen Species Alter Brain 

25 Endothelial Tight JtU1ction Dynamics Via RhoA, PB kinase, and PKB Signaling," 

Faseh .J 21 :3666-76 (2007); Jou ct al., "Structural and Functional Regulation of Tight 

Junctions by RhoA and Rael Small GTPases," J Cell Biol 142, 101-15 (1998); and 

Wojciak-Stothard et al., "Regulation ofTNF-alpha-induced Reorganization of the 

Actin Cytoskeleton and Cell-cell Junctions by Rho, Rae, and Cdc42 in Human 

30 Endothelial Cells," J. Cell. Physiol. 176: 150-165 (1998), which arc hereby incorporated 

by reference in their entireties). Additionally, there is evidence that adenosine affects 

actin through the Rho GTPase (Sohail et al., "Adenosine Induces Loss of Actin Stress 

Fibers and Inhibits Contraction in Hepatic Stcllate Cells via Rho Inhibition," 



AMN1002 
IPR of Patent No. 8,772,306 

Page 850 of 1327 

WO 2012/037457 PCT/US2011 /051935 

- 45 -

Hepatology 49: 185-94 (2009}, ,vhich is hereby incorporated by reference in its 

entirety). Importantly, inflammation caused by canonical damage signals like TNF-a 

and thrombin increases BBB permeability by altering tight junctions through 

cytoskclctal reorganization (Wojciak-Stothard ct al., "Regulation ofTNF-alpha-

5 Induced Reorganization of the Actin Cytoskeleton and Cell-Cell Junctions by Rho, 

Rae, and Cdc42 in Human Endothelial Cells,"./. Cell. Physiol. 176: 150-65 (1998) and 

Lum ct al., "Mechanisms ofincrcased Endothelial Permeability," Can . .J Physiol. 

Phannacol. 74:787-800 (1996), which are hereby incorporated by reference in their 

entireties). Signaling events initiated by activation of A I and A2A A Rs on brain 

10 endothelial cells result in actin cytoskeletal remodeling which, by changing cell shape, 

increases the space between the endothelial cells and allows increased molecular 

diffusion. Adenosine has been shown to affect other endothelial cell barrier properties 

in a similar manner (Lu et al., "Adenosine Protected Against Pulmonary Edema 

Through Transporter- and Receptor A2-mediatcd Endothelial Ba1Tier Enhancement," 

15 Am . .J Physiol. Lung. Cell. Mo!. Physiol. 298: L755-67 (2010), which is hereby 

incorporated by reference in its entirety). However, here actomyosin stress fiber 

formation in brain endothelial cell monolayers was observed upon A I or A2A AR 

activation with specific agonists. Conversely, blockade of these receptors with AR 

antagonists could act in the opposite fashion and result in increased tightness between 

20 the cells. In the absence of active signaling from A Rs, this model favors a tight barrier 

(Figure 25). This strongly coJTelates AR activation with stress fiber formation. Taken 

together with the present observations that AR agonists also decrease TEER in BEC 

monolayers, it indicates that AR modulation, acting through cytoskelctal clements, 

causes changes in endothelial cell shape that increase barrier permeability. 

25 

30 

EXAMPLES 

[0153] The following examples are provided to illustrate embodiments of the 

present invention but are by no means intended to limit its scope. 

Example 1 - Mice 

[0154] Cd7.f
1
- mice have been previously described (Thompson et aL, "Crucial 

Role for Ecto-5'-Nucleotidase (CD73) in Vascular Leakage During Hypoxia," J Exp. 
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Med. 200: 1395-1405 (2004), which is hereby incorporated by reference in its entirety) 
_;_ 

and have been backcrossed to C57BL/6 for 14 generations. Cd73 · mice have no overt 

susceptibility to infection and appear normal based on the size and cellular composition 

of their lymphoid organs and their T and B cell responses in in vivo and in vitro assays 

5 (Thompson et aL. "Crucial Role for Ecto-5' -Nucleotidase (CD73) in Vascular Leakage 

During Hypoxia," J Exp. )\.fed. 200: 1395-1405 (2004), ,vhich is hereby incorporated by 

reference in its entirety). C57BL/6 and tcnx._
1

_ mice on the C57BL/6 background were 

purchased from The Jackson Laboratories. Mice were bred and housed under specific 

pathogen-free conditions at Cornell University or the University ofTurku. For 

IO adenosine receptor blockade experiments, mice were given drinking water 

supplemented with 0.6g/L of caffeine (Sigma) or 2mg/kg SCH5826 l ( I mg/kg s.c. and 

lmgikg i.p.) in DMSO ( 45% vol. in PBS) or 45% DMSO alone sta11ing 1 day before 

EAE induction and continuing throughout the experiment. All procedures performed 

on mice were approved by the relevant animal review committee. 

15 

Example 2 - EAE Induction and Scoring 

[0155] EA£ \vas induced by subjecting mice to the myelin oligodeudrocyte 

glycoprotein ("MOG") EAE-inducing regimen as described in Swanborg, 

"Experimental Autoimmune Encephalomyelitis in Rodents as a Model for Human 

20 Demyelinating Disease," Clin. Immunol. Immunopathol. 77:4-13 (1995) and Bynoe et 

al., "Epicutaneous Immunization with Autoantigenic Peptides Induces T Suppressor 

Cells that Prevent Experimental Allergic Encephalomyelitis," Immunit;)' 19:317-328 

(2003), which are hereby incorporated by reference in their entirety. Briefly, a I: I 

emulsion ofMOG35_55 peptide (3 mg/ml in PBS) (Invitrogen) and complete Freund's 

25 adjuvant (CFA, Sigma) was injected subcutaneously (50µ1) into each flank. Pertussis 

toxin (PTX, 20ng) (Biological Laboratories Inc.) was given intravenously (200µ1 in 

PBS) at the time of immunization and again 2 days later. Mice were scored daily for 

EAE based on disease symptom severity; O=no disease, 0.5 -1 =weak/limp tail, 2=limp 

tail and partial hind limb paralysis, 3=total hind limb pamlysis, 4=both hind limb and 

30 fore limb parnlysis, 5=death. Mice with a score of 4 were euthanized. 
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Kxample 3 - T Cell Preparations and Adoptiye Transfer 

[0156) Mice were primed with MOG35_55 peptide in CFA without PTX. After 

one week, lymphocytes were harvested from spleen and lymph nodes and incubated 

with ACK buffer (0.15M NH4Cl, 1 mM KHC03, 0.1 mM EDTA, pH 7.3) to lyse red 

5 blood cells. Cells were incubated with antibodies to CD8 (TIB-105), IAh,d,v,p,q,r 

(212.A I), FcR (2.4-02}, B220 (TIB-164}, N K 1.1 (H B 191) and then BioM ag goat anti

mouse lgG, lgM, and goat anti-rat lgG (Qiagcn). After negative magnetic enrichment, 

+ 
CD4 cells were used either directly or fmihcr smicd into specific subpopulations. For 

sorting, cells were stained with antibodies to CD4 (RM4-5) and CD73 (TY /23), and in 

10 some experiments CD25 (PC61), and then isolated utilizing a FACSAria (BD 

+ 
Biosciences). Post-sort purity was routinely >99%. For adoptive transfer, total CD4 

or sorted T cells were washed and resuspended in sterile PBS. Recipient mice received 

:'S 2.5 x 10
6 

cells i. v. in 200µ1 of sterile PBS. 

15 Kxample 4 - Flow Cytometry 

[0157) Cell suspensions were stained with tluorochromc-conjugated antibodies 

for CD4 (RM4-5), CD73 (TY /23 ), or FoxP3 (FJ K-16s). Intracellular FoxP3 staining 

was carried out according to the manufacturer's instructions (eBioscience). Stained 

cells were acquired on a FACSCalibur (BD Biosciences). Data were analyzed with 

20 FlowJo software (Tree Star). 

Example 5 -T-cell Cytokine Assay 

[0158] Smied T cells from MOO-immunized mice were cultured in the 

presence of irradiated C57BL/6 splenocy tes with O or lOµM MOG peptide. 

25 Supernatant:,; were collected at 18 hrs and analyzed utilizing the Bio-pl ex cytokine 

(Biorad) assay for IL-2 , IL-4, IL-5 , IL-10, IL-13, IL-I 7, IL-l !3, and TN Fa . 

Kxample 6 - Immunohistochemistry ("I HC") 

101591 Anesthetized mice were perfused with PBS , and brains, spleens, and 

30 spinal cords were isolated and snap frozen in Tissue Tek-OCT medium. Five µm 
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sections (brains in a sagittal orientation) were affixed to Supefrost/Plus slides (Fisher), 

fixed in acetone, and stored at -80°C. For immunostaining, slides were thawed and 

treated with 0.03'Yo H202 in PBS to block endogenous peroxidase, blocked with Casein 

(Vector) in normal goat sernm (Zymed), and then incubated with anti-CD45 (YW62.3), 

5 anti-CD4 (RM4-5), or anti-ICAM-1 (3E2). Slides were incubated with biotinylated 

goat anti-rat lg (Jackson ImmunoResearch) and streptavidin-HRP (Zymed) and 

developed with an AEC (Red) substrate kit (Zymed) and a hematoxylin counterstain. 

Cover slips were mounted with Fluoromount-G and photographed under light (Zeiss). 

IO Example 7 - Real Time q-PCR 

101601 Using Trizol ([nvitrogen), RNA was isolated from the Z3 IO choroid 

plexus cell line (Zheng et al., "Establishment and Characterization of an Immortalized 

Z3 IO Choroidal Epithelial Cell Line from Murine Choroid Plexus," Brain Res. 

958:371-380 (2002), which is hereby incorpornted by reference in its entirety). cDNA 

15 was synthesized using a Reversc-iT kit (ABGcnc). Primers (available upon request) 

specific for ARs were used to determine gene expression levels and standardized to the 

GAPDH housekeeping gene levels using a SYBR-Green kit (ABGene) run on an ABI 

7500 real time PCR system. Melt curve analyses were performed to measure the 

specificity for each qPCR product. 

20 

Example 8 - Evaluation of the Role of CD73 in EAE 

[0161] Due to the immunomodulatory and immunosuppressive properties of 

adenosine, the role of CD73 in EAE was evaluated. Based on a report of exacerbated 

EAE in A I adcnosinc receptor (AR)-deficicnt mice (Tsutsui ct al., "Al Adcnosinc 

25 Receptor Upregulation and Activation Attenuates Neurointlammation and 

Demyelination in a Model of Multiple Sclerosis," J. l'v'eurosci. 24: 1521-1529 (2004), 

which is hereby incorporated by reference in its entirety}, cd73-l- mice that are unable 

to catalyze the production of extracellular adcnosine were expected to experience 

-/-
severe EAE. Surprisingly, cd73 mice were highly resistant to the induction of EAE. 

30 
+ ~-

However, CD4 T cells from cd73 · mice do possess the capacity to generate an 

immune response against CNS antigens and cause severe EAE when adoptively 
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transferred into cd73 +i+ Teel I-deficient mice. CD73 + CD4 + T cells from wild type 

mice also caused disease when transfened into cd73-!- recipients, indicating that CD73 

expression, either on lymphocytes or in the CNS, is required for lymphocyte entry into 

the brain during EAE. Since cd73 +i + mice were protected from EAE induction by the 

5 broad spectrum AR antagonist caffeine and the A2A AR specific antagonist 

SCH58261, this data indicates that the extracellular adenosine generated by CD73, and 

not CD73 itsel( regulates the entry of lymphocytes into the CNS during EAE. These 

results are the first to demonstrate a role for CD73 and adenosine in regulating the 

development of EA E. 

10 

Example 9 - Cd73-I- Mice are Resistant to EAE Induction 

I 01621 To determine if CD73 plays a role in control ling inflammation during 

EAE progression, cd73_1_ and wild type (cd73 +/+) mice were subjected to the myelin 

oligodendrocyte glycoprotein ("MOG") EAE-inducing regimen (Swanborg, 

15 "Experimental Autoimmune Encephalomyelitis in Rodents as a Model for Human 

Demyelinating Disease," Clin. lmmunol. lmmunopathol. 77:4- 13 (1995); Bynoe et aL, 

"Epicutancous Immunization with Autoantigenie Peptides Induces T Suppressor Cells 

that Prevent Experimental Allergic Encephalomyclitis," Immunity 19:31 7-328 (2003 ), 

which are hereby incorporated by reference in their entirety). Daily monitoring for 

20 EAE development revealed that cd73-/- mice consistently displayed dramatically 

25 

reduced disease severity compared to their wild type counterparts (Fi1,,'llre 1 ). By three 

. . . . -/- . 
weeks after disease mduct10n, cd73 mice had an average EA E score of only 0 .5 

(weak tail) compared to 2.0 (limp tail and partial hind limb paralysis) for wild type 

mice (Figure 1 ). 

+ -/-
Example 10 - CD4 T Cells From cd73 Mice Respond to MOG Immunization 

[0163] It was then asked whether the resistance ofcd7f/- mice to EAE 

_/_ 
induction could be explained by either an enhanced ability of cd73 · lymphocytes to 

suppress an immune response or an inability of these lymphocytes to respond to MOG 
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stimulation. Naturally occurring CD4 + CD25 + FoxP3 + T cells, or Tregs, can regulate 

actively-induced EAE (Kohm ct al., "Cutting Edge: CD4+CD25+ Regulatory T Cells 

Suppress Antigen-Specific Autoreactive Immune Responses and Central Nervous 

System Inflammation During Active Experimental Autoimmune Enccphalomyclitis," .!. 

5 Immunol. 169:4712-4716 (2002), which is hereby incorporated by reference in its 

entirety). As Tregs have recently been shown to express CD73 and some reports 

suggest that the enzymatic activity of CD73 is needed for Treg function (Kobie et al., 

'T Regulatory and Primed Uncommitted CD4 T Cells Express CD73, Which 

Suppresses Effector CD4 T Cells by Conve1ting 5' -Adcnosinc Monophosphatc to 

10 Adcnosinc," .!. Immunol. 177:6780-6786); Dcaglio ct al., "Adcnosinc Generation 

Catalyzed by CD39 and CD73 Expressed on Regulatory T Cells Mediates Immune 

Suppression," J. Exp. Med. 204: 1257-1265 (2007), ,vhich are hereby incorporated by 

reference in their entirety}, it was asked whether the number and suppressive activity of 

Tregs were normal in cd7.f
1
~ mice. As shown in Figure 2A, there were no significant 

15 differences in the frequencies of CD4+ FoxP3 + Trcgs in wild type and cd73+ mice, 

either before or after EA E induction. Similarly, the percentage of CD4 + T cells that 

expressed CD73 changed only modestly after EAE induction in wild type mice (Figure 

2B). Additionally, no significant difference was observed in the suppressive capacity 
_/_ + 

of wild type and cd7 3 · Trcgs to inhibit MOG antigen-specific CD4 effector T cell 

20 proliferation. To determine whether cd73 -/- T cells can respond when stimulated with 

MOG peptide, the capacity of these cells to proliferate and produce cytokines was 

assessed. CD4 + T cells from MOG-i mmunized cd73_,,~ and wild type mice displayed 

similar degrees of in vitro proliferation in response to va1ying concentrations of MOG 

peptide. However, CD4 + T cells from MOG-immunized cd73-i- mice secreted higher 

25 levels of IL-17 and IL-1 f3 following in vitro MOG stimulation, compared to those of 

. + + - + 11 . 1 d 1 ' wild type CD73 CD4 or CD73 CD4 T ce s (Figure 2C). E evate evels ot TL-17 

arc associated with MS (Matuscvicius ct al., "Intcrlcukin-17 mRNA Expression in 

Blood and CSF Mononuclear Cells is Augmented in Multiple Sclerosis," Mult. Seier. 

5: 101-104 ( 1999), ,vhich is hereby incorporated by reference in its entirety) and EAE 

30 development (Komiyama ct al. , "IL-17 Plays an Important Role in the Development of 
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Experimental Autoimmune Encephalomyelitis," J. lmmunol. 177:566-573 (2006), 

which is hereby incorporated by reference in its entirety}, ,vhile high levels of the 

proin±lammatory IL-113 cytokine are a risk factor for MS ( de Jong et al., "Production of 

IL-lbcta and IL-lRa a,;; Risk Factors for Susceptibility and Progression ofRclapsc-

5 Onset Multiple Sclerosis," J. Neuroimmunol. 126: 172-179 (2002}, which is hereby 

incorporated by reference in its entirety) and an enhancer of lL-17 production (Sutton 

ct al., "A Crucial Role for Interleukin (IL)-1 in the Induction ofIL-17-Producing T 

Cells That Mediate Autoimmune Encephalomyelitis," J. Exp. Med. 203: 1685-1691 

(2006 ), which is hereby incorporated by reference in its entirety). No difference in TL-

10 2, IL-4, IL-5, IL-10, IL-13, INF-y and TNF-a secretion was observed between wild 
_;_ 

type and cd73 · T cells following MOO stimulation (Figure 2C). Overall, the results 

from these assays indicate that cd73-
1
~ T cells can respond well to MOG immunization. 

[0164] 
_;_ 

It was then determined whether T cells from cd73 · mice possess the 

+ 
ability to cause EAE. To test this , CD4 T cells from the spleen and lymph nodes of 

15 MOG immunized cd73_
1

_ mice were evaluated for their ability to induce EAE after 

20 

_/_ + /+ -/-
transfer into tcra · (cd73 · ) recipient mice. Tera mice lack endogenous T cells and 

cannot develop EAE on their own (Elliott et al., "Mice Lacking Alpha Beta+ T Cells 

are Resistant to the Induction of Experimental Autoimmune Encephalomyelitis," J. 

1Veuroimmunol. 70: 139-144 (1996), which is hereby incorporated by reference in its 
+/ + _i_ + _;_ 

entirety). Cd73 tcra ' recipient mice that received CD4 T cells from cd7 3 ' 

donors developed markedly more severe disease compared to those that received wild 

type CD4 + T cells (Figure 2D). Wild type and cd73-/- donor CD4 + T cells displayed 

. . . +/ + -!- . . . 
equal degrees of expans10n followmg transfer mto cd73 tcra rec1p1ent mice. 

Thus, CD4 + T cells from cd7 I /- mice are not only capable of inducing EAE, but cause 

25 more severe EAE than those derived from \vild type mice \vhcn transfcn-cd into 

+~ + + 
cd73 ' tcra mice. These results are consistent with in vitro assays in which cd73 

+ . 
CD4 T cells secreted elevated levels ofIL-17 and IL-113 ( which arc known to 

exacerbate EAE) in response to MOG stimulation (Figure 2C) and indicate that cd73-I-
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mice are resistant to MOG-induced EAE because ofa lack ofCD73 expression in non

hematopoietic cells (most likely lack of expression in the CNS). 

Example 11 - Cd73-I- Mice Exhibit Little/No Lymphocyte Infiltration into the CNS 
5 Following EAE Induction 

[01651 EAE is primarily a CD4 + T cell mediated disease (Montero et al., 

"Regulation of Expc1imcntal Autoimmune Enccphalomyclitis by CD4+, CD25+ and 

CD8+ T Cells: Analysis Using Depleting Antibodies," .l Autoimmun. 23: 1-7 (2004), 

which is hereby incorporated by reference in its entirety) and during EAE progression, 

IO lymphocytes must first gain access into the CNS in order to mount their inflammatory 

response against CNS antigens, resulting in axonal demyelination and paralysis (Brown 

et al .. , "Time Course and Distribution oflnflammatory and Neurodegenerative Events 

Suggest Structural Ba.<.es for the Pathogenesis of Experimental Autoimmune 

Encephalomyelitis," J. Comp. Neural. 502:236-260 (2007), which is hereby 

15 incorporated by reference in its entirety). To detcm1ine if CNS lymphocyte infiltration 
_!_ 

is observed following EAE induction in cd73 · mice, brain and spinal cord sections 

+ + 
were examined for the presence of CD4 T cells and CD45 cells by 

immunohistochcmistly. Cd73-
1
~ mice displayed a dramatically lm,vcr frequency of 

+ + 
CD4 (Figures 30-G) and CD45 (Figure 4 [Suppl. Figure I]) lymphocytes in the brain 

20 and spinal cord compared to wild type mice (Figures 3A-C, G) at day 13 post MOG 

immunization. Additionally, in lymphocyte tracking experiments where MOG-specific 

T cells from 2d2 TCR transgenic mice (Bettelli et al., "Myelin Oligodendrocyte 

Glycoprotein-Specific T Cell Receptor Transgenic Mice Develop Spontaneous 

Autoimmune Optic Neuritis," J. Exp. /Wed. 197: 1073- l 081 (2003), which is hereby 

25 incorporated by reference in its entirety) \Vere transferred into either wild type or 

cd73-/- mice ,vith concomitant EA E induction, the percentage of2d2 cells in the CNS 

increased several fold with time in wild type recipient mice, but not at all in cd73_,_ 

recipients (Figure 5). Overall, these results indicate that the observed protection against 
_;_ 

EAE induction in cd73 · mice is associated with considerably reduced CNS 

+ _/_ 
30 lymphocyte infiltration. Nevertheless, CD4 T cells from MOO-immunized cd73 ' 
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mice possessed the ability to gain access to the CNS when transferred into 

+/ + -/-
cd73 tcra mice that were concomitantly induced to develop EAE (Figures 3K and 

3L). In fact, earlier and more extensive CNS CD4 + lymphocyte infiltration ,vas 

+/+ -/- -I~ + 
observed in cd73 tcra mice that received cd73 · CD4 T cells (Figures 3K,L) than 

+ 
5 in those that received wild type CD4 T cells (Figures 3H-J). Therefore, these results 

demonstrate that donor T cells from cd73-/- mice have the ability to infiltrate the CNS 

+/+ 
of cd73 · recipient mice. 

Example 12 - CD73 Must be Expressed Either on Lymphocytes or in the CNS for 
10 Efficient EAE Development 

[OH16J 
. + 

lt was next asked whether CD73 expression on CD4 T cells can 

compensate for a lack ofCD73 expression in the CNS and allow the development of 

+ 
EAE. Therefore, CD4 T cells were adoptively transfe1Ted from MOG-immunized 

wild type mice into cd73-i- recipients, concomitantly induced EAE, and compared 

15 disease activity with that of similarly treated ,vild type recipients (Figure 6A). While 

wild type recipients developed disease following EAE induction as expected, cd73-/

recipients also developed prominent EA E with an average disease score of l .5 by three 

weeks after disease induction. This was much higher than the 0.5 average score that 

cd73-/- mice normally shO\ved at this same time point (Figure 1 ). To further define the 

20 association of CD4 + T cell CD73 expression with EAE susceptibility, sorted 

+ + - + . . . . + 
CD73 CD4 and CD73 CD4 T cells from immunized wild type mice, or total CD4 

(CD73-) T cells from immunized cd73-i- mice, were transferred into cd73-!- recipients 

_/_ + + 
with concomitant EAE induction (Figure 6B). Cd73 · mice that received CD73 CD4 

T cells from wild type mice developed EAE with an average score of approximately 1.5 

25 at three weeks post induction. Conversely, cd73-!- mice that received wild type derived 

- + + 
CD73 CD4 T cells did not develop significant EAE. Additionally, CD4 cells from 

cd73_
1
_ donor mice., which have the ability to cause severe EAE in CD73-expressing 
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tcra-i- mice (Fih,'Ure 2D}, were also incapable of potentiating EAE in recipient cd73-
1
~ 

mice (Figure 6B). Therefore, although CD73 expression on T cells can partially 

compensate for a lack ofCD73 expression in non-hematopoietic cells., EAE is most 

efficiently induced when CD73 is expressed in both compartments. 

[01671 The identity of the CD73-expressing non-hematopoietic cells that 

promote the development ofEAE is not known. Vascular endothelial cells at the BBB 

were considered as likely candidates, as many types of endothelial cells express CD73 

(Yamashita ct aL, "CD73 Expression and Fyn-Dcpcndcnt Signaling on Murinc 

Lymphocytes," Eur . .J Immunol. 28:2981-2990 (1998), which is hereby incorporated 

10 by reference in its entirety). However, immunohistochcmistry revealed that mouse 

brain endothelial cells are CD73-. During these experiments, it was observed that 

CD73 is, however, highly expressed in the brain on the choroid plexus (Figure 6C), 

which is an entry point into the CNS for lymphocytes during EAE progression (Brown 

ct al., "Time Course and Distribution of lnflammatory and Ncurodcgcncrative Events 

15 Suggest Structural Ba.<.cs for the Pathogenesis of Experimental Autoimmune 

Encephalomyelitis," .J Comp. Neurol. 502:236-260 (2007), which is hereby 

incorporated by reference in its entirety). Figure 40 shows infiltrating lymphocytes in 

association with the choroid plexus of wild type mice 12 days post-EAE induction. 

Minimal CD73 staining was also observed on submeningeal regions of the spinal cord. 

20 Taken together, these results indicate that CD73 expression, whether on T cells or in 

the CNS (perhaps on the choroid plexus), is necessa1y for efficient EAE development. 

25 

Example 13 - Adenosine Receptor Antagonists Protect Mice Against EAE 
Induction 

[0168] As CD73 catalyzes the breakdmvn of AMP to adenosine and ARs are 

expressed in the CNS (Tsutsui et al., "Al Adenosine Receptor Upregulation and 

Activation Attenuates Ncuroinflammation and Dcmyclination in a Model of Multiple 

Sclerosis," J. iVeurosci. 24: l 521-1529 (2004)); Rosi et aL, The Influence of Brain 

Inflammation Upon Neuronal Adenosine A2B Receptors," J. Neurochem. 86:220-227 

30 (2003), v.·hich arc hereby incorporated by reference in their entirety), it was next 

determined if AR signaling is important during EAE progression. Wild type and 

cd73-/- mice ,vcrc treated with the broad spectrum AR antagonist caffeine (Dall'lgna ct 
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al., "Caffeine as a Neuroprotective Adenosine Receptor Antagonist," Ann. 

Pharmacother. 38:717-718 (2004}, which is hereby incorporated by reference in its 

entirety) at 0.6 g/L in their drinking water, which corresponds to an approximate dose 

of 4.0 mg/mouse of caffeine per day (Johansson ct al., "Al and A2A Adcnosinc 

5 Receptors and Al mRNA in Mouse Brain: Effect of Long-Tenn Caffeine Treatment," 

Brain Res. 762: 153-164 (1997), which is hereby incorporated by reference in its 

entirety), 1 day prior to and throughout the duration of the EAE experiment (Figure 

7 A). Wild type mice that received caffeine were dramatically protected against EAE 

development (Figure 7 A), comparable to previously published results (Tsutsui et al., 

10 "A I Adenosine Receptor Upregulation and Activation Attenuates Neuroinflammation 

and Demyelination in a Model of Multiple Sclerosis,".!. Neurosci. 24: 1521-1529 

(2004), which is hereby incorporated by reference in its entirety). As expected, cd73-/-

mice that received caffeine did not develop EAE (Figure 7 A). Since CD73 is highly 

expressed on the choroid plexus (Figure 6C}, it was next determined if A Rs are also 

15 expressed on the choroid plexus. Utilizing the Z3 IO mmine choroid plexus cell line 

(Zheng ct al., "Establishment and Characterization of an lmmmtalizcd Z3 l O Choroidal 

Epithelial Cell Linc from Murinc Choroid Plexus," Brain Res. 958:371-380 (2002), 

which is hereby incorporated by reference in its entirety), only mRNA for the Al and 

-/
A2A adenosine receptor subtypes were detected by qPCR (Figure 7B). As AJAR 

20 mice have been previously shown to develop severe EAE following disease induction 

(Tsutsui et a]., "A 1 Adenosine Receptor Upregulation and Activation Attenuates 

Neuroinflammation and Demyclination in a Model of Multiple Sclerosis," .I. 1Veurosci. 

24: 1521-1529 (2004 ), which is hereby incorporated by reference in its entirety), it was 

asked if treatment of,..vild type mice ,vith SCH58261 (Melani et aL. "The Selective 

25 A2A Receptor Antagonist SCH 58261 Protects From Neurological Deficit, Brain 

Damage and Activation of p38 MAPK in Rat Focal Cerebral lschemia," Brain Res. 

1073-1074:470-480 (2006), ,vhich is hereby incorporated by reference in its entirety), 

an AR antagonist specific for the A2A subtype, could protect against EAE 

development. Wild type mice were given 1 mg/kg of SCH5826 I in DMSO or DMSO 

30 alone both i.p. and s.c. (for a total of 2mg/kg) 1 day prior to EAE induction and daily 

for 30 days throughout the course of the experiment (Figure 7C). Wild type mice that 

received SCH58261 were dramatically protected against EAE development compared 
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to wild type mice that received DMSO alone (Figure 7C). Additionally, \vild type mice 

+ 
given SCH5826 I displayed a significantly lo,ver frequency of CD4 lymphocytes in 

the brain and spinal cord compared to DMSO treated wild type mice at day 15 post

EAE induction (Figure 7D). As studies have shown that adhesion molecules (such as 

5 ICAM-1, VCAM-1, and MadCAM-1) on the choroid plexus play a role in the 

pathogenesis of EAE (Engelhardt et aL, "Involvement of the Choroid Plexus in Central 

Nervous System Inflammation," ,Hicrosc. Res. Tech. 52:112-129 (2001), which is 

hereby incorporated by reference in its entirety), it was dctem1incd if SCH5 8261 

treatment affected adhesion molecule expression on the choroid plexus following EAE 

10 induction. Comparison of the choroid plexus from DMSO and SCH58261 treated wild 

type mice shows that A2A AR blockade prevented the up regulation ofICAM-1 that 

normally occurs during EAE progression (Fi6'1Jre 8). 

[0169] Based on these results, it was concluded that the inability of cd7I
1
~ mice 

to catalyze the generation of extracellular adenosinc explains their failure to efficiently 

15 develop EAE follo wing MOG immunization and that CD73 expression and A2A AR 

signaling at the choroid plexus are requirements for EAE progression. 

[01701 TI1e goal of this study was to evaluate the role ofCD73 in EAE, an 

animal model for MS . As CD73 catalyzes the formation of extracellular adenosine 

which is usually immunosuppressive (Bours et al. , "Adenosine 5'-Triphosphate and 

20 Adenosinc as Endogenous Signaling Molecules in Immunity and Inflammation," 

Pharmacol. Ther. I 12:358-404 (2006), which is hereby incorporated by reference in its 
_ / _ 

entirety) and AJAR ' mice exhibit severe EAE (Tsutsui et al., "A I Adenosine Receptor 

Upregulation and Activation Attenuates Neurointlammation and Demyelination in a 

Model of Multiple Sclerosis," J. Neurosci. 24: 1521-1529 (2004}, which is hereby 

25 incorporated by referenc e in its entirety), applicants predicted that cd7.f/- mice vvould 

also develop severe EAE. However, cd73-/- mice were highly resistant to EAE 

induction, a surprising finding considering the plethora of studies demonstrating that 

cd73-!- mice are more prone to inflammation. For example, cd73-f- mice are more 

susceptible to bleomycin-induced hmg injury (Volmer et al., "Ecto-5'-Nucleotidase 

30 (CD7J)-Mediated Adenosine Production is Tissue Protective in a Model of Bleomycin

lnduced Lung Injury," J. lmmunol. 176:4449-4458 (2006}, which is hereby 
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incorporated by reference in its entirety) and are more prone to vascular inflammation 

and neointima formation (Zernecke et aL, "CD73/ecto-5'-Nucleotidase Protects Against 

Vascular Inflammation and Ncointima Formation," Circulation 113 :2120-2127 (2006), 

which is hereby incorporated by reference in its entirety). Consistent with these 

5 rcpmts, applicants showed thatcd73-/- T cells produced higher levels of the EAE

associatcd proinflammatory cytokincs IL-113 and IL-17 following MOG stimulation. 

Furthermore, the adoptive transfer ofcd73-!- T cells to tcra-/- mice, which lack T cells 

but express CD73 throughout their periphery, resulted in severe CNS inflammation 

following MOG immunization, consistent with a role for adenosine as an anti-

10 inflammatory mediator. It is interesting to note that IFN-[3 treatment, one of the most 

effective therapies for MS, has been shown to up regulate CD73 expression on 

endothelial cells both in vitro and in vivo (Airas et al., "Mechanism of Action ofIFN

Beta in the Treatment of Multiple Sclerosis: A Special Reference to CD73 and 

Adenosine," Ann. N. Y. A cad. Sci. 1 1 10:641-648 (2007), which is hereby incorporated 

15 by reference in its entirety). Thus, although the mechanism by which lFN -13 benefits 

MS patients is incompletely understood, increased production of adenosine 

accompanied by its known anti-inflammatory and neuroprotective effects could be a 

factor. 

[0171] Consistent with their resistance to EAE induction, cd7f /- mice had a 

20 lower frequency of cells infiltrating the CNS during EA E compared to wild type mice. 

This was also an unexpected finding, as CD73-gcneratcd adcnosinc has previously been 

shown to restrict the migration of ncutrophils across vascular endothelium during 

hypoxia and of lymphocytes across high endothelial vcnules of draining lymph nodes 

(Thompson ct al. , "Crucial Role for Ecto-5 ' -Nucleotidasc (CD73) in Vascular Leakage 

25 During Hypoxia," J. Exp. Med. 200:1395-1405 (2004), which is hereby incorporated by 

reference in its entirety). Applicants' data, in contrast, indicates that CD73, and the 

extracellular adenosine generated by CD73 , are needed for the efficient passage of 

pathogenic T cells into the CNS. Therefore, the role that CD73 and adenosine play in 

CNS lymphocyte infiltration during EAE is more profound than their role in 

30 modulation of ncuroinflammation. 

[01721 It is important to know where CD73 must be expressed for T cell 

migration into the CNS. CD73 is found on subsets ofT cells (Yamashita ct al. , "CD73 
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Expression and Fyn-Dependent Signaling on Murine Lymphocytes," Eur. J. fmmunol. 

28:2981-2990 ( 1998), which is hereby incorporated by reference in its entirety) as well 

as on some epithelial (Strohmeier ct al., "Surface Expression, Polarization, and 

Functional Significance ofCD73 in Human Intestinal Epithclia," J Clin. Invest. 

5 99:2588-2601 (1997), which is hereby incorporated by reference in its entirety) and 

endothelial cells (Yamashita ct al., "CD73 Expression and Fyn-Dcpcndcnt Signaling on 

Murine Lymphocytes," Eur. J. Immunol. 28:2981-2990 (1998), which is hereby 

incorporated by reference in its entirety). The data presented here clearly demonstrates 

IO 

that although cd73-/- T cells respond well to MOG immunization, they cannot enter the 

+.+ _,_ 
CNS unless CD73 is expressed in non-hematopoietic tissues (i.e. cd73 tcra mice 

+ - I ~ 
which develop EAE after adoptive transfer of CD4 T cells from cd7 3 · mice). A lack 

of CD73 on non-hcmatopoictic cells can also be compensated for, in pai1, by CD73 

expression on T cells (i.e., cd73-/- mice become susceptible to EAE when CD73 +, but 

- + 
not CD73 , CD4 T cells are adoptively transferred). While BBB endothelial cells as a 

15 relevant source of CD73 in the CNS ,vere considered, because CD73 is expressed on 

human brain endothelial cells (Airas et al ., "Mechanism of Action ofTFN-Beta in the 

Treatment of Multiple Sclerosis: A Special Reference to CD73 and Adenosine," Ann. 

1\/~ Y. Acad. Sci. 1110:641-648 (2007), which is hereby incorporated by reference in its 

entirety), immunohistochemistry revealed that mouse brain endothelial cells are CD73-. 

20 However, CD73 was found to be highly expressed on choroid plexus epithelial cells , 

which form the barrier between the blood and the cerebrospinal fluid (CSF) and have a 

role in regulating lymphocyte i mrnunosurveillance in the CNS (Steffen et aL, "CA M-1, 

VCAM-1 , and MAdCAM-1 are Expressed on Choroid Plexus Epithelium but Not 

Endothelium and Mediate Binding of Lymphocytes ln Vitro," Am . .I. Pathol. 148: 1819-

25 1838 (1996), which is hereby incorporated by reference in its entirety). The choroid 

plexus has also been suggested to be the ent1y point for T cells during the initiation of 

EAE progression (Brown ct al. , "Time Course and Distribution ofinflammatory and 

Ncurodegcncrativc Events Suggest Structural Bases for the Pathogenesis of 

Experimental Autoimmune Encephalomyelitis," J Comp. Neurol. 502:236-260 (2007), 

30 which is hereby incorporated by reference in its entirety). While the role of 

lymphocyte-brain endothelial cell interactions via VLA-4/VCAM- l binding in both 
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EAE and MS is 'Nell-documented (Rice et aL, "Anti-Alpha4 Integrin Therapy for 

Multiple Sclerosis: Mechanisms and Rationale," 1\/eurology 64: 1336-1342 (2005}, 

which is hereby incorporated by reference in its entirety), perhaps lymphocyte 

trafficking across the endothelial BBB is more important for disease maintenance and 

5 progression than for disease initiation. at least in EAE. 

[0173) The next issue is how CD73 facilitates the migration ofT cells into the 

CNS. Earlier work showed that lymphocyte CD73 can promote the binding of human 

lymphocytes to endothelial cells in an LF A- I-dependent fashion ( Airas et aL, "CD73 

Engagement Promotes Lymphocyte Binding to Endothelial Cells Via a Lymphocyte 

10 Function-Associated Antigen- I-dependent Mechanism," J. lmmunol. 165:5411-5417 

(2000), ,vhich is hereby incorporated by reference in its entirety). This docs not appear 

to be the function of CD73 in EAE, however, becuase CD73-deficient T cells can enter 
+i+ _;_ 

the CNS and cause severe disease in cd73 · tcm' mice (Figure 2D). Alternatively, 

CD73 can function as an enzyme to produce extracellular adenosine, a ligand for cell 

15 surface A Rs. It is this latter function that is relevant for the cunent work given that AR 

blockade with caffeine or SCH58261 can protect mice from EAE. While the broad 

spectrum AR antagonist caffeine also inhibits certain phosphodiesterases (Choi ct al., 

"Caffeine and Theophylline Analogues: Correlation of Behavioral Effects With 

Activity as Adenosine Receptor Antagonists and as Phosphodiesterase Tnhibitors," Life 

20 Sci. 43:387-398 (1988}, ,vhich is hereby incorporated by reference in its entirety), its 

modulation of EAE progression is most likely through its effect on AR signaling 

(Tsutsui et al. , "A I Adenosine Receptor Upregulation and Activation Attenuates 

Neurointlarnmation and Dernyelination in a Model of Multiple Sclerosis," J. Neurosci. 

24: 1521 -1529 (2004), which is hereby incorporated by reference in its entirety). This 

25 notion is supported by the fact that SCH58261 also prevents; EAE progression by 

specifically inhibiting A2A AR signaling. As CD73 and the Al and A2A AR subtypes 

are expressed on the choroid plexus, extracellular adenosine produced by CD73 at the 

choroid plexus can signal in an autocrine fashion. 

[01741 Adenosine signaling most likely regulates the expression of adhesion 

30 molecules at the choroid plexus. Studies have shown that the up regulation of the 

adhesion molecules !CAM- I, VCAM- 1,andMadCAM- l atthechoroidplexusare 

associated with EA£ progression (Engelhardt ct al., Involvement of the Choroid Plexus 
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in Central Nervous System Inflammation," :Wicrosc. Res. Tech. 52: 112-129 (200 I), 

which is hereby incorporated by reference in its entirety). As mice treated with the 

A2A AR antagonist SCH58261 do not experience increased choroid plexus ICAM-1 

expression (Figure 8), as normally occurs following EAE induction (Engelhardt ct al., 

5 "Involvement of the Choroid Plexus in Central Nervous System Inflammation," 

A1icrosc. Res. Tech. 52: 112-129 (2001 ), which is hereby incorporated by reference in 

its entirety), the present results indicate that A2A AR signaling increases ICAM-1 

during EA E progression. 

101751 In summary, this data shows that CD73 plays a critical role in the 

10 progression of EAE. Mice that lack CD73 are protected from the degenerative 

symptoms and CNS inflammation that arc associated with EAE induction. This is the 

first study to demonstrate a requirement for CD73 expression and AR signaling for the 

efficient entry oflymphocytes into the CNS during EA£. The data presented here may 

mark the first steps of a journey that will lead to new therapies for MS and other 

15 neuroinfiammatory diseases. 

Kxample 14 - The BBB Can be Modulated Through Activation of the Adenosine 
Receptors 

[0176] The objective of this experiment ,va<; to determine if the blood brain 

20 barrier could be modulated by activation of adenosine receptors. NECA is a non

selective adenosine receptor agonist, with similar affinities for Al, A2A and A3 

adcnosinc receptors and a low affinity for the A2b adenosinc receptor. In order to 

determine if activation of adenosine receptors would induce extravasation of Evans 

Blue dye across the blood brain barrier (BBB), mice were treated with: N ECA, a non-

25 selective adenosine receptor agonist (n=5, 100µ1 O.OlnM); SCH58261, an A2A 

adenosine receptor specific antagonist (n=5, lmg/kg); pertussis toxin, an agent known 

to induce BBB leakiness and as such used as a positive control (n=7, 200µ1); and, PBS 

as a vehicle control (n=5, I 00µ1). CD73 _
1

_ mice, which lack the ability to produce 

extracellular adenosine, were also treated with NECA (n=4, 100µ1 O.OlnM). 

30 Treatments were administered as a single i.v. injection one hour prior to i.v. injection of 

200µ1 1% Evans Blue dye (2µg total dye injected). Four hours after administration of 

Evans Blue, mice were anesthetized with a ketamine/xylazine mix and perfused via the 
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left ventricle with ice cold PBS. Brains were harvested and homogenized in n,n

dimethylformarnide (DMF) at 5µ1/mg (v:w). Tissue was incubated for 72 hours at 

room temperature in DMF to extract the dye. Following extraction, the tissue I solvent 

mixture was centrifuged at 500xg for 30 minutes and I 00µ1 of supernatant was read on 

5 a BioTex spectrophotometer at 620mn. Data is expressed as µg Evans Blue/ ml DMF. 

101771 Treating mice with the general adenosine receptor agonist NECA can 

induce migration of dye across the blood brain barrier. This indicates that this barrier 

can be modulated through activation of the adenosine receptors. In Figure 9A, CD73_,_ 

mice, which lack extracellular adenosine and thus cannot adequately signal through 

10 adenosine receptors, were treated with NECA, resulting in an almost five fold increase 

in dye migration vs. the PBS control. SCH5826 l was used as a negative control since 

applicants have shown that blocking of the A2A adenosine receptor using this 

antagonist can prevent lymphocyte entry into the brain (Mills et aL, "CD73 is Required 

for Efficient Entry of Lymphocytes into the Central Nervous System During 

15 Experimental Autoimmune Encephalomyelitis," Proc. /\fat/. A cad. Sci. I 05(27):9325-

9330 (2008), which is hereby incorporated by reference in its entirety). In Figure 9B, 

WT mice treated with NECA also show an increase over control mice. Pertussis is 

used as a positive control, as it is known to induce blood brain barrier leakiness in the 

mouse EAE model. 

20 

Example 15 - The A2A and A2b Adenosine Receptors are Expressed on the 
Human Endothelial Cell Line hCMEC/D3 

[0178] ln order to establish an in vitro blood brain ban-icr (BBB), the human 

brain endothelial cell line hCMEC/D3 (Wckslcr ct al. , "Blood-brain Ban-icr-spccific 

25 Properties of a Human Adult Brain Endothelial Cell Linc," .J Neurochem. 19(13): 1872-

4 (2005); Poller et al. , "The Human Brain Endothelial Cell Line hCMEC/D3 as a 

Human Blood-brnin Barrier Model for Drug Trnnsport Studies," J. Neurochem. 

107(5): 13 58- 1368 (2008), which are hereby incorporated by reference in their entirety) 

was obtained, which has been previously described as having BBB properties. Here, 

30 expression pattern of adenosine receptors on these cells was established. 

[0179] hCMEC/D3 cells were grown to confluence, harvested and RNA was 

extracted using TRizol reagent (Invitrogcn, Carlsbad, CA) according to the 
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manufacturer's instructions. cDNA was synthesized using a Verso cDNA kit (Thermo 

Scientific, Waltham, MA), and Real Time PCR was performed using rower SYBR 

Green (Applied Biosystems, Foster City, CA). 

[0180] As shown in Figure 10, the A2A and A2b adenosine receptors were 

5 found to be expressed on the human endothelial cell line hCMEC/D3. 

Example 16 - Adenosine Receptor Stimulation of Brain Endothelial Cells 
Promotes Lymphocyte Migration Through the BBB 

101811 The blood brain barrier ("BBB") is comprised of endothelial cells. 

10 Duiing late stages of EAE, lymphocytes arc known to cross the BBB. In order to 

determine if adenosine receptor stimulation of brain endothelial cells could promote 

lymphocyte migration through the BBB, an in vitro BBB was established. The human 

brain endothelial cell line hCMEC/D3 (Weksler et al., "Blood-brain Barrier-specific 

Properties of a Human Adult Brain Endothelial Cell Linc," .J Neurochem. 19(13): 1872-

15 4 (2005); Poller et al., "The Human Brain Endothelial Cell Line hCMEC/D3 as a 

Human Blood-brain Barrier Model for Dmg Transport Studies," J. l'v'eurochem. 

20 

25 

I 07(5): 13 58-1368 (2008}, which are hereby incorporated by reference in their entirety) 

was obtained, which has been previously described as having BBB properties. 

[0182] hCMEC/D3 cells were seeded onto Transwell and allowed to grow to 

6 
confluencey. 2xl0 Jurkat cells were added to the upper chamber with or without 

NECA (general adenosine receptor [AR] agonist), CCPA (Al AR agonist), CGS 21860 

(A2A AR agonist), or DMSO vehicle. After 24 hours, migrated cells in the lmver 

chamber ,vere counted. Values are relative to the number of cells that migrate through 

non-HCMECD3 seeded transwells. 

[0183] As shmvn in Figure 11, NECA, a broad spectrum adenosine receptor 

agonist, induced some migration. CGS, the A2A adenosine receptor agonist, promoted 

lymphocyte migration across the in vitro BBB when used at a lower concentration. 

CCrA, the A 1 agonist, induced lymphocyte migrntion at high levels possibly due to 

activation of the A2A adenosine receptor, which has a lower affinity for CCP A and 

30 thus is only activated at higher levels of CC PA. 
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Example I 7- A2A Adenosine Receptor Activation Promotes Lymphocyte 
Migration Across the CP 

[0184] The choroid plexus ("CP") controls lymphocyte migration into the CNS. 

The CP expresses the Al and A2A adenosine receptors. EAE is prevented in mice 

5 when A2A adenosine receptor activity is blocked. EAE is enhanced when the Al 

adenosine receptor is missing. It ,vas hypothesized that A2A adenusine receptor 

activation promotes lymphocyte migration across the CP. Z3 l O cells are a murine 

choroid plexus cell 1 ine. 

10 

101851 To test the hypothesis, Transwell membranes were seeded with Z310 

6 
cells and allowed to grow tu confluencey. 2x 10 Jurkat cells were added to the upper 

chamber with or ,vith out NECA (n=l, general AR agonist), CCPA (n=l, Al AR 

agonist), CGS 21860 (n=l, A2A AR agonist), or DMSO vehicle(n=l ). After 24 hours, 

migrated cells in the lower chamber were counted. Values are relative to the number of 

cells that migrate through nun-Z3 IO seeded trans,vells and the results are shown in 

15 Figure 12. 

[0186] As shmvn in Figure 12, NECA, a broad spectrum adenosine receptor 

agonist, induced migration. CGS, the A2A adenosine receptor agonist, promoted 

lymphocyte migration across the CP. CCPA, the Al agonist, induced lymphocyte 

migration at high levels possibly due to activation of the A2A adenosine receptor, 

20 which has a lower affinity for CC r A and as such is only activated at high levels of 

CCPA. 

25 

30 

Example 18 - Human Brain Endothelial Cells are Sensitive to Adenosine Receptor 
Induced cAMP Regulation 

[0187] Adenosine receptor activation regulates cAMP levels in cells. In order 

to determine the sensitivity of human brain endothelial cells to adenosine receptor 

induced cAM"P regulation, human brain endothelial cells were cultured with adenosine 

receptor agonists at various concentrations, followed by cAMP level analysis, as shown 

in Figure 13 . 

101881 HCM EC D3 cells were grown to confluencey on 24 well plates. As 

adenosine receptor ("AR") stimulation is known to influence cAMP levels, cells were 

treated \Vith or without various concentrations of NECA (general AR agonist) , CCP A 

(Al AR agonist) , CGS 21860 (A2A AR agonist), DMSO vehicle, or Forksolin (induces 
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cAMP). After 15 minutes, lysis buffer was added and the cells were frozen at -80 C to 

stop the reaction. Duplicate samples were used for each condition. cAMP levels were 

assayed using a cAMP Screen kit (Applied Biosystems, Foster City, CA). 

[0189] As shown in Figure 13, the broad spectrum adenosinc receptor agonist 

5 NECA increased cAMP levels, verifying that these cells can respond to adenosine 

receptor signaling. High levels of CCPA, the Al adcnosine receptor agonist, increased 

cAMP levels, again perhaps due to activation of the A2A adenosine receptor, which has 

a lower affinity for CCPA and as such is only activated at high levels ofCCPA. CGS, 

the A2A adenosine receptor agonist slightly increased cAMP levels in the human brain 

10 endothelial cell line. 

Example 19 - Female At Adenosine Receptor Knockout Mice Develop More 
Severe EAE Than Wild Type 

[0190] Al and A2A adenosine receptors arc expressed on the choroid plexus. 

15 A2A adenosine receptor antagonists protect mice from EAE. Are mice that lack the Al 

adenosine receptor prone to development of more severe EAE than wild type controls'? 

To answer this question, disease profiles of wild type and A I adenosine receptor null 

mice were compared. 

[0191] Female Al adenosine receptor knockout (AlARKO, n=5) and wild type 

20 (WT, n=5) mice were immunized with CFA/MOG35_55 + PTX on 12-2-08 and scored 

daily for 41 days. As the results in Figure 14 illustrate .. AlARKO mice develop more 

severe EAE than WT, and also develop disease at a faster rate than WT. 

Example 20 - Brains From \\/ild Type Mice Fed an Adenosine Receptor 
25 Antagonist Have Higher Levels of FITC-Dextran Than Brains from 

CD73-/- Mice Fed an Adenosine Receptor Antagonist 

[0192] ln order to examine the effects of caffeine, a general adcnosinc receptor 

antagonist, on blood brain banicr penncability, mice were fed caffeine for several days 

and then injected with FITC Dextran, commonly used to assess endothelial 

30 permeability. 

101931 More particularly, mice \Vere fed 0.6g/l caffeine (Sigma, St. Louis, MO) 

in water or regular water ad lib for five days. Mice were injected IP with FITC Dextran 

(10,000 MW, Molecular Probes, Eugene, OR) and after 30 minutes mice were perfused 
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with ice cold PBS via the left ventricle. Brains were removed and snap frozen in OCT 

(Tissue Tek, Torrance, CA) and stored at -80°C until sectioning. Tissue sections (5µm) 

were stained with hematoxylin for light microscopy and with DAPI for a fluorescent 

counterstain. The results arc shown in Figure 15. 

[0194] 
-/

As shown in Figure 15A, visualization of brain sections from CD73 

mice fed caffeine displayed a much less intense green color than wild type mice, 

indicating less FITC-Dextran extravasation across the blood brain barrier. Brain 

sections from \Vild type mice displayed an intensely green background (Figure 15 B) 

that is indicative of more FlTC-dextran extravasation across the blood brain barrier. 

l O Figure 16 shows the results for wild-type mice in grnphical form. 

Example 21- Adenosine Receptor Agonist NECA Increases Evans Blue Dye 
Extravasation Across the Blood Brain Barrier 

[01951 The objective of this experiment was to determine if the blood brain 

15 barrier could be modulated by activation of adenosine receptors. N ECA is a non

selective adenosine receptor agonist, with similar affinities for A 1., A2A and A3 

adenosine receptors and a low affinity for the A2B adenosine receptor. 

[0196] In order to determine if activation of adenosine receptors would induce 

extravazation of Evans Blue dye across the blood brain baJTier (BBB), mice were first 

20 treated on day one with NECA, a non-selective adenosine receptor agonist (n=2, 100µ1 

O.OlnM); and .. PBS as a vehicle control (n=2, 100µ1). On day 2 mice "''ere then 

immunized with CFA-MOG35_55 and pertussis to induce EAE. Then NECA or PBS 

was administered every other day on day 3, day 5 , day 7 and day 9. On day 10, mice 

were injected intravenously with 200µ11% Evans Blue dye (2µg total dye injected). 

25 Six hours after administration of Evans Blue, mice were anesthetized with a 

kctamine/xylazine mix and perfused via the left ventricle with ice cold PBS. Brains 

were harvested and homogenized in n ,n-dimethylformamide (DMF) at 5µ1/mg (v:w). 

Tissue was incubated for 72 hours at room temperature in DMF to extract the dye. 

Following extraction, the tissue I solvent mixture was centrifuged at 500xg for 30 

30 minutes and 100µ1 of supernatant was read on a BioTex spectrophotometer at 620nm. 

Data is expressed as pg Evans Blue I ml DMF and is shown in Figure 17. 
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101971 Th is experiment demonstrates that treatment of mice with the general 

adenosine receptor agonist N ECA induces migration of Evans Blue dye into the CNS in 

mice immw1izcd for EAE. This indicates that the blood brain barrier in the EAE model 

can be modulated through activation of the adcnosinc receptors. WT EAE mice treated 

5 with NECA show an increase in BBB permeability over PBS control EAE mice. 

[0198) Figure 18 shows the results in graphical f01n1 ofan addition experiment 

that demonstrate PEGylated adenosine deaminase ("PEG-ADA") treatment inhibits the 

development of EA E in wild-type mice. EA E was induced, disease activity was 

monitored daily, and mean EAE score was calculated in wild-type mice given either 

10 control PBS vehicle alone or 15 units/kg body weight of PEG-ADA i.p. every 4 days. 

15 

Closed squares represent wild-type mice given PBS vehicle (n=3); open squares 

rcsprescnt wild-type mice given PEG-ADA (n=3). These results demonstrate that 

adcnosine deaminase treatment and adcnosinc receptor blockade protect wild type mice 

against EAE induction. 

Example 22 - Mouse and Rat Models 

[0199] C57BL/6 mice from Jackson Laboratories were used as wild types. All 

mice used \Vere aged 7-9 weeks and weighed between 20-25 g. All rats were female 

and aged 8 weeks and weighed 200-220 g. Mice and rats were bred and housed under 

20 specific pathogen-free conditions. All procedures were carried our in accordance with 

approved IACUC protocols. 

Example 23 - Administration of Drugs and Dextrans 

[0200) The adenosinc receptor agonists NECA, CCPA, CGS 21860, and SCH 

25 58261 (Tocris, Ellisville, MO) ,vere each dissolved in DMSO then diluted in PBS to the 

desired concentration; in most cases final DMSO concentrations were < 0.5% (vol/vol). 

Lexiscan (Regadenoson; TRC, Inc., Toronto) was dissolved in PBS. For vehicle 

controls, DMSO was diluted in PBS to the same concentration. Dehydrated dextrans 

labeled with either FITC or Texas Red (lnvitrogen, Carlsbad, CA) were re-suspended in 

30 PBS to 10 mg/ml. All experiments involving dextran injection used 1.0 mg dextran in 

PBS. ln experiments ,vhere drug and dextran were injected concomitantly, 1.0 mg of 

dextran was mixed with the drug to the desired concentration in a final volume of 200 
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µl. In dose-response experiments, drngs and dextrans were injected concomitantly. All 

injections, except injections of SCH 58261, were retro-orbital i. v. with a 27-gauge 

needle. In the SCH 58261 experiment, SCH 58261 injections, 1 mg/kg, were 

intraperitoneal and mice were pre-dosed with this concentration daily for 4 days prior 

5 to the day of the experiment. An additional i1-tjection was administered at the time of 

the experiment. Vehicle/drug and dextrans were injected on day 5 and tissues were 

collected 3 h after vehicle/drug administration. In Lexiscan experiments, Lexiscan was 

administered i. v. with 3 injections, 5 min apart and tissues were collected at 15 min 

unless otherwise indicated. 

IO 

Example 24 - Treatment and Tissue Collection 

[02011 In dose-response experiments and experiments with the Al AR and A2A 

AR knock-out mice, drugs and dextrans were injected concomitantly. After 3 h, the 

mice were anesthetized with ketamine/xyiazine and subjected tu a nose cone containing 

15 isoflurane. They were perfused with 25-50 ml ice-cold PBS through the left ventricle 

of the heart then decapitated. Their brains were removed , weighed and frozen for later 

analysis. 

20 

Example 25 - Fluorimetric Analysis of Dextrans in Brains 

[0202] lee-cold 50 mMTris-Cl (pH 7.6) was added to frozen brains (100 µl per 

100 mg brain) and were to thawed on ice. They were homogenized with a dounce 

homogenizer and centrifuged at 16.lxg in a microfuge for 30 min at room temperature 

(rt). The supernatants were transferred tu ne\V tubes and an equal volume absolute 

methanol \Vas added. The samples were centrifuged again at 16. 1 xg for 30 min at rt. 

25 Supernatant (200 µl) \vas transferred to a Corning costar 96 well black polystyrene 

assay plate (clear bottom). Additionally, a series of standards containing 0.001-IO 

µg/ml dextran in 50% Tris-Cl I 50% absolute methanol (vol/vol) was added to each 

plate. Absolute concentrations of dextrans ,..vere derived from these standard curves . 

Fluorimetric analysis was performed on a BiuTek (Winooski, VT) Synergy 4. FITC-

30 dextran was detected at 488/519 ( excitation/emission) and Texas Red-dextran was 

detected at 592/618. 
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Kxample 26 - Primary Brain Kndothelial Cell Isolation 

102031 This method has been adapted from previously described techniques. 

Song & Patcher, "Culture ofmurine brain microvascular endothelial cells that maintain 

expression and cytoskcletal association of tight junction-associated proteins," In Vitro 

5 Cell. Dev. Biol. Anim. 39:313-320 (2003), which is hereby incorporated by reference in 

its entirety. Briefly, 12-week-old C57BL/6 mice were euthanizcd and decapitated. 

Dissected brains \verc freed from the cerebellum and large surface vessels were 

removed by carefully rolling the brains on sterile Whatman paper. The tissue was then 

homogenized in a Dounce homogenizer in ice-cold DMEM-F 12 medium, 

10 supplemented with L-glutamine and Pen/Strep, and the resulting homogenate was 

cent1ifuged at 3800xg, 4°C for 5 min. After discarding the supernatant, the pellet was 

resuspended in 18% (wivol) dcxtran in PBS solution, vigorously mixed, and 

centrifuged at 10000 x g, 4°C for 10 min. The foamy myelin layer was carefully 

removed with the dextran supernatant by gentle aspiration. The pellet was resuspended 

15 in pre-warmed (3 7°C) digestion medium (DMEM supplemented with 1 mg/ml 

collagenase/dispase, 40 µg/ml DNaseI, and 0.147 µg/ml of the protease inhibitor 

tosyllysinechloromethylketone) and incubated at 37°C for 75 min ,vith occasional 

agitation. The suspension was centrifuged at 3800 x g. The supernatant was discarded; 

the pellet was resuspended in prc-wam1cd (3 7°C) PBS and centrifuged at 3800 x g. 

20 The pellet was; suspended in full medium (DMEM-Fl2 medium containing 10% 

plasma-derived serum, L-glutamine, 1 % antibiotic-antimycotic, I 00 mg/ml heparin, 

and 100 mg/ml endothelial cell growth supplement). The resulting capillary fragments 

were plated onto tissue culture dishes coated with murine collagen IV (50µg/ml) at a 

density corresponding to one brainper 9.5 cm2
. Medium was exchanged after 24 hand 

25 48 h . Puromycin (8 µg/ml) was added to the medium for the first two days. Before 

analysis, the primary mouse brain endothelial cells were grown until the culture 

reached complete confluence after 5-7 days in vitro. 

30 

Kxample 27 - Cell Culture and qRT-PCR 

[0204] The bEnd.3 mouse brain endothelial cell line ,vas obtained from the 

ATCC (Manassas;, VA) and grown in ATCC formulated DMEM supplemented with 

10'% FBS. Using Trizol (Invitrogen) extraction, RNA was isolated from bEnd.3 cells. 
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cDNA was synthesized using Multiscribe reverse transcriptase (Applied Biosystems, 

Carlesbad, CA). P1imers (available upon request) specific for adenosine receptors and 

CD73 were used to determine gene expression levels and standardized to the TBP 

housekeeping gene levels using KapaSybr Fast (KapaBiosystcms, Woburn, MA) run on 

5 a BioRad CFX96 real time qPCR system. Melt curve analyses were performed to 

measure the specificity for each qPCR product. 

10 

Example 28 - Adenosine Receptor Western Blotting and Tmmunofluorescent 
Analysis 

[0205] Primary mouse brain endothelial cells and Bcnd.3 cell cultures were 

grown as described above. Cells were lyscd ,vith 1 ml of lysis buffer containing 

protease inhibitor and condensed with TCA solution up to 200 µl. Samples were run 

on a 12 'Yo SDS-PAGE and transferred to Nitrocellulose paper. Membranes were 

blocked with 1 % PVP (Polyvinyl Pyrrolidone) and incubated with anti Al AR (AAR-

15 006) and A2A AR (AAR-002) primary antibodies (Alomone Labs., Jernsalem, Israel) 

overnight. The membranes were washed and then incubated with goat-anti rabbit HRP. 

Membranes were washed thoroughly and developed with ECL solution and exposed to 

X-ray film. For adenosine receptor immunostaining, anesthetized mice ,vere perfused 

with PBS and brains were isolated and snap frozen in Tissue Tek-OCT medium. Five 

20 µm sections (brains in a sagittal orientation) were affixed to Supcfrost.'Plus slides 

(Fisher), fixed in acetone, and stored at -80°C. Slides were thawed, washed in PBS., 

blocked with Casein (Vector) in normal goat scrum (Zymed), and then incubated with 

anti-CD3 l(MEC 13.3., BD Biosciences) and anti-Al AR (A4104, Sigma) or Anti-A2A 

AR (AAR-002, Alomone Labs). Slides were then incubated with goat anti-mt 

25 lgalexafluor488 (Invitrogen) and goat anti-rabbit lg Texas Red-X (Invitrogen). 

Sections \verc mounted with Vectashield m0tmting media with DAPl (Vector 

Laboratories, Burlingame, CA). Images were obtained on a Zeiss Axio Imager Ml 

fluorescent microscope. 

30 Example 29 - Fluorescence In Situ Hybridization (FISH) 

[0206] For detection of adenosine receptor rnRNA in brain endothelium, we 

performed FlSH using FlTC-labcled Cd31 and either Biotin-labeled Al or A2A DNA 

oligonuclcotide probes (Integrated DNA Technologies, probe sequences available upon 
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request). Anesthetized mice were perfused with PBS and brains were isolated and snap 

frozen in Tissue Tek-OCT medium. Twelve micron cryosections were mounted on 

Superfrost!Plus slides (Fisher). After air d1ying on the slides for 30 minutes, the tissue 

was fixed in 4% neutral buffered paraformaldehyde (PFA) for 20 minutes and rinsed 

5 for 3 minutes in lx PBS. Next .. the tissue was equilibrated briefly in 0.1 M 

triethanolamine and acetylated for 10 minutes in 0.1 M tJiethanolamine \Vith 0.25% 

acetic anhydride. Immediately following acetylation, the sections were dehydrated 

through an ascending ethanol series, and stored at room temperature. The tissue was 

rehydrated for 2 x l 5 min in PBS, and equilibrated for 15 min in 5x SSC (NaCl 0.75M, 

10 Na-Citrate 0.075M). The sections were then prehybridized for 1 hat 42°C in 

hybridization buffer (50% deionized formamide, 4x SSC, salmon sperm DNA 40 

~1g/ml, 20'Yo (w/v) dextran sulphate, lx Denhardt's solution). The probes (JOO ng/ml) 

were denatured for 3 min at 80°C and added to the pre-warmed ( 42°C) buffer 

(hybridization mix). The hybridization reaction was carried out at 42°C for 38 h with 

15 250 ~ll of hybridization mix on each slide, covered with parafilm. Prehybridization and 

hybridization were performed in a black box saturated ,vith a 4x SSC - 50% formamide 

solution to avoid evaporation and photobleaching of FITC. After incubation, the 

sections were washed for 30 min in 2x SSC (room temperature), 15 min in 2x SSC 

(65°C), 15 min in 0.2x SSC, 0.1 %SDS (65 °C), and equilibrated for 5 min in PBS. For 

20 detection of the biotin-probes, sections were incubated for 30 min at room temperature 

with Texas-Red X conjugated streptavidine (Molecular Probes, S6370, 1 µg/ml) in PBS 

containing lx Casein (Vector Laboratories). Excess streptavidin was removed by 15 

min in PBS, followed by 15 min in 0.2x SSC, 0.1 %SDS (65°C), and 15 min in PBS 

washes. Sections were coverslipped with Vectashield mounting medium ,vith DAPT 

25 (Vector Laboratories). Images were acquired using a Zeiss Axio lmager MI 

fluorescent microscope. 

30 

Example 30 - Injection and Anti-fl-Amyloid Antibodies and lmmunofluorescent 
Microscopy 

[0207] Wild type and transgenic (AD) mice were given 0.80 µg NECA (i. v.). 

After 3 h , 400 µg of antibody to J3-amyloid (200 µl of 2 mg/ml ; clone 6E I 0 , Covance, 

Princeton, NJ) was administered i. v. and the mice rested for 90 min. Mice were then 

anesthetized and perfused as described above and their brains ,vere placed in OTC and 
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flash-frozen for later sectioning. Sagital sections (6 µm) were fixed in acetone for 10 

min, then washed in PBS. Sections were blocked with casein for 20 min then incubated 

with 1 :50 dilution of goat anti-mouse IgCy5 (polyclonal, I mg/ml, Abeam, Cabridge, 

MA) for 20 min then wa<;hcd 3 times in PBS. Sections were then d1ied and mounted 

5 with VectashieldHardset mounting media with DAPI (Vector Laboratories, 

Burlingame, CA). lmages were obtained on a Zeiss Axio lmager Ml fluorescent 

microscope. 

10 

Example 31 - Transendothelial Cell Electrical Resistance (TEER) Assays 

[0208] Bend.3 cells were grown in AT CC-formulated DMEM supplemented 

with lO'Yo FBS on 24-well transwell inserts, 8 µm pore size (BD Falcon, Bedford, MA) 

until a monolaycr was established. TEER was assessed using a Voltohmctcr (EVOMX, 

World Precision Instruments, Sarasota, FL). Background resistance from un-sccdcd 

transwells was subtracted from recorded values to determine absolute TEER values. 

15 Change in absolute TE ER from TO for each individual trans well was expressed as 

percentage change and then averaged for each treatment group. 

Example 32 - F-actin Staining of Endothelial Cells 

[0209] Bend.3 cells were grown (a<; described above) on circular cover slips in 

20 24-wcll plates. Cells were treated for 3 or 30 min with 1 µM CCP A , 1 µM Lexiscan, 

DMSO or media alone. Cover slips were washed with PBS, fixed in 4% 

parafonnaldahyde, washed again in PBS and then permeabilized with 0.5% TritonX-

100 in PBS. After washing in PBS/I% BSA, cover slips were blocked with 1% BSA 

then stained with Phailodin-Alexa 568. Cover slips were washed and mounted on 

25 slides with ProlongGold containing DAPl (lnvitrogcn). Images were obtained on an 

Olympus BX5 l fluorescent microscope. 

Example 33 - Albumin Uptake Assay 

Bend.3 cells grown on collagen coated covcrslips were incubated with albumin-

30 alcxafluor 594 (50 mg/ml) (lnvitrogen) and either media alone, DMSO vehicle, NECA 

(lµM}. or Lexiscan (l µM) for 30 minutes. Albumin uptake was visualized (albumin= 

red) utilizing the Zeiss Axio lmager MI fluorescent microscope. Total albumin 
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fluorescence was recorded using Zeiss Axio Vision software, and measured utilizing 

lmage-J software. 

Example 34 - Tight Junction Molecule Staining 

5 Bend.3 cells grown on collagen coated coverslips were incubated with DMSO vehicle, 

NECA ( I µM), or Lexiscan ( I µM) for I h. Cells were washed with PBS, fixed with 

4% parafonnaldehyde, and pem1eabilized with 0.5% Triton-X in PBS. Cells were 

blocked with PBS/BSA/goat scrum and then stained with antibodies (lnvitrogcn) 

against either Z0-1 (1Al2), Claudin-5 (34-1600), or Occludin (3F10). Following a 

10 wash step, cells were incubated with either goat anti-rabbit IgTcxas Rcd-X or goat anti

mouse IgCy5 (Invitrogen). Cover slips were washed and mounted on slides with 

ProlongGold containing DAPI. Images were obtained on a Zeiss Axio Imager MI 

fluorescent microscope. 

15 Example 35 - Analysis Confirms that the Broad Spectrum AR Agonist NECA 
Increases BBB Permeability to Macromolecules 

[0210) Statistical differences, assessed using the Students T-tcst, arc indicated 

where P S: 0.05. 

[0211] It ,vas established that i. v. administration ofNECA, which activates all 

20 A Rs (A I, A2A, A 2B, A3), resulted in a dose-dependent increase in extravasation of 

i. v.-administered fluorescently-labeled dextrans into the CNS of mice (Figure 19). 

Importantly, it was observed that varying the dose of N ECA resulted in dose-dependent 

increases in CNS entry of both 10,000 Da dextrans (Figure 19A) and 70,000 Da 

dextrans (Figure 19B) compared to treatment with vehicle alone. Maximum cnt1y of 

25 dextrans into the CNS was observed with 0.08 mg/kg NECA. Higher concentrations of 

NECA had no additional effect or show diminished efficacy, possibly due to receptor 

desensitization (Ferb'USon et al., "Subtype-Specific Kinetics ofTnhibitory Adenosine 

Receptor Internalization are Determined by Sensitivity to Phosphorylation by G 

Protein-coupled Receptor Kinases," J£o/. Pharmacol. 57:546-52 (2000). which is 

30 hereby incorporated by reference in its entirety). These results demonstrate that 

adenosine receptor activation increases BBB pem1eability. 

[0212] lt was next determined the duration of BBB pc1mcability after NECA 

administration and whether the process is reversible. In time-course experiments using 
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the minimum effective dose of N ECA determined by the dose-response experiments 

(0.08 mg/kg), it was observed that increased barrier permeability following N ECA 

treatment is temporally discrete (Figme 20A), v,,ith maximum entry of labeled dextran 

into the CNS observed between 4-6 h post-treatment. These data represent 

5 accumulation ofFITC-dextran in the brain over time, since the dextran and NECA were 

administered at time zero (T0 ). To determine how much dextran can enter the brain in a 

discrete period of time after NECA treatment, in a second experiment, dextran was 

administered at indicated times after NECA administration (Fi):,'Ure 20B). These data 

represent dextran entry into the brain 90 min after dextran injection. At 8 h post-NECA 

10 treatment (9.5 h collection time}, detectable levels ofdextran in the brain were 

decreased from the maximum and by 18 h post-treatment (19.5 h collection time) the 

levels returned to baseline, as dextrans administered 18 h after NECA treatment were 

not detectable in the brain at significant levels (Figure 20B). These results demonstrate 

that i. v. NECA administration results in a temporally discrete period of increased 

15 barrier permeability that returns to baseline by 8-18 h. 

Kxample 36 - A 1 and A2A AR Activation Increases BBB Permeability 

102131 Four AR subtypes are expressed in mammals : A I , A2A , A2B, and A3 

(Sebastiao ct al. , "Adenosinc Receptors and the Central Nervous System," Handb. Exp. 

20 Pharmacol. 471-534 (2009), ,vhich is hereby incorporated by reference in its entirety). 

To determine which A Rs might function in barrier permeability, the levels ofmRNA 

expression of each receptor subtype was examined in mouse brain endothelial cells. 

Expression of Al and A2A receptors, but not A2B or A3 receptors, was detected in this 

cell line (Figure 2 lA). Additionally, expression of CD73 and CD39., the two ecto-

25 enzymes required for the catalysis of extracellular adenosine from ATP (CD39), ,vas 

observed on cultured mouse brain endothelial cells. As AR activation increases BBB 

permeability to dcxtrans in mice, it was next dctem1ined if receptors for adcuosine arc 

expressed by mouse BECs. Utilizing antibodies and probes against the A 1 and A2A 

A Rs, expression of both A Rs on CD3 1 co-stained endothelial cells within the brains of 

30 mice by immunofluorcsceut staining (Figure 21B) and fluorescence in situ 

hybridization (Figure 2 lC) was observed. Importantly, both Al and A2A AR protein 

expression "':as detected by Western blot analysis on primary endothelial cells isolated 
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from the brains of mice (Figure 21 D). Interestingly, the human brain endothelial cell 

line hCMEC/D3 also expresses both the A I and A2A ARs. These data indicate that 

BECs arc capable of directly responding to extracellular adcnosinc. 

[0214] To investigate the functional contribution of A 1 and A2A receptors in 

5 AR -mediated changes in BBB permeability, this effect was studied in mice lacking 

these receptors. Importantly, there were no significant differences in the basal levels of 

BBB permeability to 10,000 Da dextrans between WT, A 1 AR_,_ and A2A AR_,_ mice 

(Figures 21 E, 21 F, 21 G). Following i. v. administration of NEC A, both A 1 + and A2A_,_ 

mice shm.ved significantly lower levels of i. v.-administered dextrans in their brains 

10 compared to wi Id type mice (Figures 21 E and 21 F). These data indicate that 

modulation of baffier permeability is, at least in part, mediated by these two AR 

subtypes. To examine the effect ofNECA administration on BBB permeability in mice 

when neither the Al nor the A2A AR is available for activation, Al AR-/- mice ,verc 

treated with the selective A2A antagonist SCH 58261 before NECA administration. 

15 When A2A AR signaling was blocked with this antagonist in mice lacking the Al AR, 

no significant increase in BBB permeability was observed (Figure 21 G). These data 

indicate that modulation of BBB permeability is, at least in part, mediated by these t,vo 

AR s ubtypcs. 

[0215] To confim1 these results, the specific Al agonist 2-chloro-N6
-

20 cyclopentyladenosine (CCPA) and the specific A2A agonist 4-[2 -[[6-Amino-9-(N 

ethyl-b-D-ribofuranuronamidosyl)-9H-purin-2yl]amino]ethyl] benzencpropanoic acid 

(CGS 21680) were administered to wild type mice. Both CGS 21680 (Figure 21H) and 

CCPA (Figure 211) treatment resulted in increased dextran entry into the CNS and 

while this increase is substantial compared to vehicle treatment it was significantly 

25 lower than that observed after N ECA administration. Hm.vever, ,vhen used in 

combination, CCPA and CGS 21680 recapitulated the effect of increased dextran entry 

into the CNS that was observed with NECA treatment (Figure 21J). These results 

confirmed that modulation ofadenosine receptors facilitates entry of molecules into the 

CNS. Taken together, these results indicate that while activation of either the A 1 or 

30 A2A AR on BECs can facilitateentry of molecules into the CNS, activation of both 

ARs has an additive effect. 
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Kxample 37 - The Selective A2A AR Agonist Lexiscan Increases BBB 
Permeability 

[0216] To explore the possible therapeutic use of AR agonism to facilitate CNS 

entry of i. v.-administered compounds, a commercially-available, FDA-approved AR 

5 agonist was tested in the experimental paradigm. The specific A2A AR agonist 

Lexiscan, which has been successfully used in myocardial perfusion imaging in humans 

(Iskandrian et aL, "Adenosine Versus Regadenoson Comparative Evaluation in 

Myocardial Perfusion Imaging: Results of the ADVANCE Phase 3 Multicenter 

International Trial," J. Nuc!. Cardiol. 14:645-58 (2007), which is hereby incorporated 

10 by reference in its entirety), did indeed increase BBB permeability to 10,000 Da 

dextrans after i. v. administration (Figure 22A) in mice. Interestingly, FITC-dextran 

was detectable in the brain after 5 min following a single Lexiscan injection. 

Additionally, i. v. administration of Lexiscan also increased BBB permeability in rats 

(Figure 22B). The magnitude of increased BBB permeability after Lcxiscan 

15 administration was much greater than the magnitude of increased permeability after 

NECA administration. Also, interestingly, the duration of increased BBB permeability 

correlates with the half-life of the AR agonist. For example, the time-course of BBB 

opening and closing after treatment \.vith NECA (half-life~ 5 h) is much longer than 

the time-course after treatment with Lexiscan (half-life - 3 min; (Astellas Pharma, 

20 "Lexis can: U.S. Physicians Prescribing Information" (2009), which is hereby 

incorporated by reference in its entirety). In an injection paradigm intended to mimic 

continuous infusion of the drug, 3 injections ofLexiscan over 15 min resulted in 

dramatically high levels of labeled-dextran detected in the brains of rats (Figure 22B). 

To examine the duration of Lexiscan's effects on BBB permeability, we determined 

25 CNS dextran entry over time in both mice and rats. Figure 22C shows the results in 

graphical form of BBB pem1eability in rates to FlTC-dextran administered 

simultaneously with 1 µg ofLexiscan at 5 minutes. Following a single i.v. injection of 

Lexiscan, maximum increased BBB permeability was observed after 30 min and 

returned to baseline by 180 min post-treatment (Figure 22D). Similar results were 

30 observed after Lexiscan treatment in rats (Figure 22E). Importantly, the duration of the 

effects on BBB permeability after Lexiscan treatment is much shorter than after NECA 

treatment, probably due to the different half-lives of the compounds (N ECA - 5 h, 

Lexiscan - 3 min; (Astellas Pharma, "Lexiscan: U.S. Physicians Prescribing 
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Information" (2009}, which is hereby incorporated by reference in its entirety). The 

more than 20-fold increase in labeled-dextran in Fis.'Ure 22B (compared to single 

injections, Figure 22E) is explained by a synergistic effect conferred on BBB opening 

as a result of multiple doses of Lcxiscan. 

5 [02171 These results demonstrate that in addition to the broad AR agonist, 

NECA, and the specific Al and A2A AR agonists, CCPA and CGS 21680, used in this 

study, the FDA-approved A2A agonist Lexiscan increases BBB permeability to 

macromolecules. 

10 Example 38 - A2A Antagonism Decreases BBB Permeability 

[0218] It was further hypothesized that if agonism of A I and A2A receptors 

increases barrier pem1cability, then AR antagonism might decrea<;e barrier permeability 

and prevent molecules from entering the CNS. It was previously observed that in WT 

mice, blockade of the A2A adenosinc receptor inhibited leukocyte migration into the 

15 CNS (Mills ct al., "CD73 is Required for Efficient Entry of Lymphocytes Into the 

Central Nervous System During Experimental Autoimmune Encephalomyelitis," Proc 

Natl Acad Sci USA 105: 9325-30 (2008), which is hereby incorporated by reference in 

its entirety). This hypothesis \Vas tested with a specific A2A AR antagonist. 

lntraperitoneal administration of the A2A AR antagonist 2 -(2- Furanyl)-7 -(2 -

20 phenylcthyl)-7H-pyrazolo[ 4,3-e][l ,2 , 4]triazolo[l ,5-c]pyrimidin-5-amine (SCH 58261) 

resulted in significantly decreased ent1y of 10,000 Da FITC-dextran into WT mice 

brains (Figlffe 22F). This data supports that blocking AR signaling tightens or closes 

the BBB. 

25 Example 39 - Antibodies to f3-amyloid Enter the Brain After NECA 
Administration 

[0219] The most challenging therapeutic agents to get across the BBB arc 

macromolecules such as antibodies, due to their enormous size (- 150 kDa). It was 

asked whether adenosine receptor modulation with NECA can facilitate the entry of 

30 antibodies into the CNS. To test this, a double [amyloid precursor protein 

(APP)/prescnilin (PSEN)] transgenic mouse model of AD [strain B6.Cg

Tg(APPswe.PSENldE9)85Dbo/J] was used . These mice accumulate similar J3-amyloid 
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(AJ3) plaques that are a hallmark of AD (Janko"\h•sky et at, "Mutant Presenilins 

Specifically Elevate the Levels of the 42 Residue Bcta-amyloid Peptide in vivo: 

Evidence for Augmentation ofa 42-spccific Gamma Sccrctasc," Hum .. Hol. Genet. 

13: 159-170 (2004); Mincur ct al., "Genetic Mouse Models of Alzheimer's Disease," 

5 1\/eural. Plast. 12:299-310 (2005), which are hereby incorporated by reference in their 

entirety). 

[0220] The monoclonal antibody 6El0 (Covance) has been shown to 

significantly reduce AP plaque burden in a mouse model of AD when administered by 

intraccrcbrovcntricular injection (Thakkcr ct al., "lntracercbrovcntlicular Amyloid-beta 

10 Antibodies Reduce Cerebral Amyloid Angiopathy and Associated Micro-hemon-hagcs 

in Aged Tg2576 Mice," Proc. Natl. Acad. Sci. USA 106:4501-6 (2009), which is hereby 

incorporated by reference in its entirety). Three hours after i. v. NECA administration, 

the 6 E 10 antibody i. v. was administered. After 90 min, brains were collected, sectioned 

and stained with a secondary Cy5-labelcd antibody. Binding of 6£10 antibody to AP 

15 plaques 'Was observed throughout the brains ofNECA-treated mice, with a 

concentration of AJ3 plaques in the hippocampal region (Figure 23A and 23£). No 

binding of i.v. injected 6E l O antibody was observed in AD mice treated with vehicle 

alone (Figures 23A, 23B, and 23E) or in WT mice treated with NECA or vehicle. 

Neither N ECA nor vehicle treatment alone affected the ability of AD mice to form AJ3 

20 plaques (Figures 23C and 23 D). These results demonstrate that i. v. administered 

antibody to AJ3 can cross the BBB following AR agonism and bind CNS A(J plaques 

(Figure 23H), most of which arc located near blood vessels within the brain (Figures 

23F and 23G). These results demonstrate that antibody to P-amyloid administered i. v. 

can cross the BBB atter AR agonism. 

25 

Example 40 - AR Activation Results in Decreased Transendothelial Resistance in 
Cultured Mouse BEC Monolayers 

[0221] To determine how AR signaling mediates changes in BBB pcnncability, 

we utilized the pre-established mouse brain endothelial cell-line, Bcnd.3 (Montesano ct 

30 al. , "Increased Proteolytic Activity is Responsible for the Aberrant Morphogenetic 

Behavior of Endothelial Cells Expressing the Middle T Oncogene," Cell 62:435-445 

(1990), which is hereby incorporated by reference in its entirety). While there are four 



AMN1002 
IPR of Patent No. 8,772,306 

Page 883 of 1327 

WO 2012/037457 PCT/US2011 /051935 

- 78 -

known AR subtypes expressed in mammals (A I, A2A, A2B and A3 (Sebastiao et aL, 

"Adenosine Receptors and the Central Nervous System," Handb. Exp. Pharmacol. 471-

534 (2009), which is hereby incorporated by reference in its entirety), mRNA 

expression of the Al and A2A receptors, but not A2B or A3 receptors, was detected in 

5 Bend.3 cells (Figure 24A). Additionally, expression of CD73., anecto-enzyme required 

for the catalysis of extracellular adcnosinc from ATP, wa<; observed on these cultured 

mouse BECs (Figure 24A). Importantly, protein expression for the Al and A2A ARs 

were detected on Bend.3 cells (Figure 24B), indicating that these cells are capable of 

directly responding to extracellular adenosine. 

10 [0222] Decreased transendothelial cell electrical resistance (TEER) in 

endothelial cell monolayers has been demonstrated to correlate with increased 

paracellular space between endothelial cells and increased barrier permeability 

(Wojciak-Stothard ct al., "Rho and Rae But not Cdc42 Regulate Endothelial Cell 

Permeability," .J Cell. Sci. 114: 1343-1355 (2001); Dcwi ct al., "In vitro Assessment of 

15 Human Endothelial Cell Permeability: Effects oflnflammatory Cytokines and Dengue 

Virus Tnfection," J Virol. Afethods l 21: 171-180 (2004 ), which are hereby incorporated 

by reference in their entirety). In trans\vel l assays with monolayers of cultured mouse 

BECs (starting absolute TEER mean = 182 ohms; median = 187 ohms), we observed 

decreases in TEER after addition ofNECA or Lcxiscan,as compared with BECs given 

20 vehicle or media alone (Figure 24C). While AR signaling alters TEER in BECs, we 

did not observe any alterations in the rate of transcytosis in BECs following AR 

stimulation. For instance, NECA and Lcxiscan induced AR signaling did not affect the 

rate of tluorescently-labeled albumin uptake in BECs., as compared to media and 

vehicle treated controls (Fi.~•ures 24D-24H). 

25 

Example 41 -AR Activation Correlates with Actinomyosin Stress Fiber Formation 
and Alterations in Tight Junctions in Brain Endothelial Cells 

[0223] The actin cytoskclcton is vital for the maintenance of cell shape and for 

endothelial barrier integrity. Since actomyosin stress fibers arc ncccssa1y for inducing 

30 contraction in cell shape (Hotulaincn ct al. , "Stress Fibers arc Generated by Two 

Distinct Actin A ssembly Mechanisms in Motile Cells," J Cell. Biol. 173:383-94 

(2006); Prasain et aL, "The Actin Cytoskeleton in Endothelial Cell Phenotypes," 

/\.1icrovasc. Res. 77:53-63 (2009}, which are hereby incorporated by reference in their 
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entirety), it was hypothesized that adenosine receptors ignaling results in act in stress 

fiber induction. 

[0224] To test this, brain endothelial cells ("BECs") were treated with either 

CCPA (to agonize Al adeuosinc receptors) or Lexiscan (to agonize the A2A adenosine 

5 receptor) (Figures 24I-24P). The marked induction of actinomycin stress fibers was 

observed upon Al and A2A agonist treatment as compared to treatment with vehicle 

alone, as shown in Figures 241-24L. This indicates that activation ofARs induces 

changes in cytoskeletal elements in BECs to increase barrier permeability. 

102251 While AR signaling induces changes in TEER,which is a functional 

10 measure o-fparacellular permeability, and actinomyosin stress fibers, ,vhich regulate cell 

shape, it is imp01tant to detem1inc if AR signaling alters the junctional interactions 

between BECs. Therefore to determine if AR signaling alters the tight junction of 

BECs, Bend.3 cells were cultured to confluent monolayers and detc1n1incd if the 

expression of Z0-1, claudin-5, or occludin was altered following AR agonist treatment 

15 (Figures 24Q-24Y). While confluent Bend.3 cells formed proper tight junctions when 

grown in media or treated with vehicle (Figures 24Q, 24T, and 24W), AR agonist 

treatment induced alterations in tight junction protein expression. For example, Bend.3 

cells treated with NECA or Lexiscan had severely diminished occludin expression 

following treatment with discreet alterations in Z0-1 and claudin-5 (Figures 24X and 

20 24Y). Overall, these results indicate BEC permeability can be altered by AR signaling 

through changes tight junction molecule expression. 

[0226] As shown schematically in Figure 25, these results demonstrate that 

activation of either the Al or A2A AR temporarily increases BBB permeability, while 

activation of both receptors results in an additive effect of increased BBB permeability. 

25 It is shown here that BBB permeability mediated through A I and A2A A Rs operates as 

a door where activation opens the door and local adenosine concentration is the key. 

[0227] Although prefoned embodiments have been depicted and desclibcd in 

detail herein, it will be apparent to those skilled in the relevant art that various 

modifications, additions, substitutions, and the like can be made ,vithout departing from 

30 the spirit of the invention and these arc therefore considered to be within the scope of 

the invention as defined in the claims which follow. 
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WHAT IS CLAIMED: 

1. A method for increasing blood brain barrier permeability in a subject, 

comprising administering to said subject an agent which activates both of Al and A2A 

5 adenosine receptors. 

2. The method according to claim 1, wherein the increase in blood brain 

permeability lasts up to 18 hours. 

10 3. The method according to claim I, wherein the agent which activates 

both of A1 and A2A adenosine receptors is an agonist of both A 1 and A2A receptors. 

4. The method according to claim 3, wherein the agent ,vhich activates 

both of Al and A2A adenosine receptors is a broad spectrum adenosine receptor 

15 agonist. 

5. The method according to claim 3, wherein the agonist of both A I and 

A2A receptors is AMP 579. 

20 6. The method according to claim 4, wherein the agonist of both Al and 

A2A receptors is NECA. 

7. The method according to claim 3, wherein the activation of both Al and 

A2A receptors is synergistic with respect to blood brain barrier permeability. 

25 

8. The method according to claim 3, wherein the activation of both Al and 

A2A receptors is additive with respect to blood brain banier pem1eability. 

9. A method for increasing blood brain barrier permeability in a subject, 

30 comprising administering to said subject an Al adenosine receptor agonist and an A2A 

adenosine receptor agonist. 
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10. The method according to claim 9, wherein the A 1 adenosine receptor 

agonist and an A2A receptor agonist are A I -selective and A2-selective adenosine 

receptor agonists. 

11. The method according to claim 9, wherein the Al adenosine receptor 

agonist and an A2A receptor agonist arc formulated in a single unit dosage form. 

12. The method according to claim 9, wherein the A 1 adenosine receptor 

agonist and an A2A receptor agonist are administered simultaneously. 

13. The method according to claim 9, wherein the Al adcnosinc receptor 

agonist and an A2A receptor agonist arc administered sequentially. 

14. The method according to claim 10, wherein the Al-selective adcnosinc 

15 receptor agonist is selected from the group consisting ofCCPA, 8-cyclopentyl-1,3-

dipropylxanthine, R-phenylisopropyl-adenosine, N6-Cyclopentyladenosine, N(6)

cyclohexyladenosine, and combinations thereof. 

15. The method according to claim 10, wherein the A2A-selective adenosinc 

20 receptor agonist is selected from the group consisting of Lexiscan, CGS 21680, A TL

l 46e., YT-146 (2-(1-octynyl)adenosine), DPMA (N6-(2-(3,5-dimethoxyphenyl)-2-(2-

mcthylphcnyl)ethyl)adcnosinc), and combinations thereof. 

16. A composition comprising an A I adenosine receptor agonist and an 

25 A2A adenosine receptor agonist, and a pharmaceutically acceptable can-ier, excipient, 

or vehicle. 

17. The composition according to claim 16, wherein the A 1 adenosine 

receptor agonist and an A2A receptor agonist arc Al-selective and A2-sclcctivc 

30 adcnosinc receptor agonists. 

18. The composition according to claim 16, further comprising a therapeutic 

agent. 
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19. The composition according to claim 18, wherein the therapeutic agent is 

suitable for treating a CNS disease, disorder, or condition. 

20. The composition according to claim 19, wherein the therapeutic agent is 

selected from the group consisting of acetaminophen, acctylsalicylic acid, 

acyltransferase, alprazolam, amantadine, amisulpride, amitriptyline, amphetamine

dextroarnphetamine, amsacrine, antipsychotics, antivirals, apomorphine, arimoclomol, 

aripiprazole, asenapine, aspartoacyclase enzyme, atomoxetine, atypical antipsychotics, 

10 azathioprine, baclofen, beclarnide, benserazide, benserazide-levodopa, 

bcnzodiazcpincs, bcnztropine, bcvacizumab, bleomycin, brivaracetam, bromocriptinc, 

buprenorphinc, bupropion, cabergolinc, carbamazcpinc, carbatrol, carbidopa, 

carbidopa-levodopa, carboplatin, chlorambucil, chlorpromazinc, chlorprothixcnc, 

cisplatin, citalopram, clobazam, clomipraminc, clonazcpam, clozapinc, codeine, COX-2 

15 inhibitors, cyclophosphamide, dactinomycin, dexmethylphenidate, dextroamphetaine, 

diamorphine, diastat, diazepam, diclofenac, donepezil, doxombicin, droperidol, 

entacapone, epirubicin, escitalopram, ethosuximide, etoposide, felbamate, fluoxetine, 

flupcnthixol, fluphcnazine, fospheuytoin, gabapcntin, galantamine, gamma 

hydroxybutyratc, gcfitinib, haloperidol, hydantoins, hydrocordone, hydroxyzine, 

20 ibuprofen, ifosfamide, IGF-1, ilopcridonc, imatinib, imipraminc, interferons, irinotccan, 

KNS-760704, lacosamide, lamotrigine, levetiracetam, levodopa, levomepromazine, 

lisdcxamfctamine, lisuridc, lithium carbonate, lypolytic enzyme, mcchlorcthaminc, 

mGluR2 agonists, memantine., meperidine, mercaptopurine, mesoridazine, mesuximide., 

methamphetamine, methylphenidate, minocycli ne., modafinil, morphine, N-

25 acetylcysteine, naproxen, nelfinavir, neurotrin, nitrazepam , N SA IDs, olanzapine, 

opiates, oscltamivir, oxaplatin, palipcridonc, pantothcnatc kinase 2, Parkin, paroxctinc, 

pcrgolidc, pcliciazine, pcrphcnazinc, phcnaccmidc, phcnclzinc, phenobarbital, 

phenturide, phenytoin, pimozide, Pink l, piribedil, podophyllotoxin, prarnipexole, 

prcgabalin, p1imidone, prochlorperazine, promazine, promcthazinc, protripty line, 

30 pyrimidincdiones, quetiapinc, rasagilinc, remacemide, riluzolc, risperidone, ritonavir, 

rituximab, rivastigmine, ropinirole, rotigotine, rnfinamide, selective serotonin reuptake 

inhibitors (SSRls}, selegine, selegiline, sertindole, sertraline, sodium valproate, 

stiripentol, taxanes, ternazepam, ternozolornide, tenofovir, tetrabenazine, thiamine, 
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thioridazine, thiothixene, tiagabine, tolcapone, topiramate, topotecan, tramadol, 

tranylcyprornine, trastuzurnab, tricyclic antidepressants, trifluoperazine, 

triflupromazine, trihexyphenidyl, trileptal, valaciclovir, valnoctamide, valproamide, 

valproic acid, venlafaxine, vesicular stomatitis virus, vigabatrin, vinca alkaloids, 

5 zanamivir, ziprasidone, zonisamide, zotepine. zuclopenthixol, and combinations 

thereof 

21. A method for delivering a macromolecular therapeutic agent to the brain 

ofa subject, comprising administering to said subject: (a) an agent ,vhich activates both 

10 of A 1 and A2A adenosine receptors; and (b) the macromolecular therapeutic agent. 

15 

20 

25 

22. The method according to claim 21, wherein the agent which activates 

both of Al and A2A adenosine receptors is administered before the macromolecular 

therapeutic agent. 

23. The method according to claim 21 , ,vherein the agent which activates 

both of A I and A2A adenosine receptors is administered simultaneously with the 

macromolecular therapeutic agent. 

24. The method according to claim 21, wherein the agent which activates 

both of Al and A2A adenosine receptors is administered up to 5 minutes .. l O minutes .. 

15 minutes , 30 minutes, 1 hour, 2 hours, 3 hours , 4 hours, 5, hours, 6 hours, 7 hours, 8 

hours., 9 hours, 10 hours, 11 hours, 12 hours, 13 hours, 14 hours., 15 hours, 16 hours, 17 

hours, or 18 hours before the macromolecular therapeutic agent is administered. 

25. The method according to claim 21 , wherein the macromolecular 

therapeutic agent is a monoclonal antibody. 

26. The method according to claim 25, wherein the macromolecular 

30 therapeutic agent is a monoclonal antibody selected from the group consisting of 6El0, 

PF-04360365., 13 lI-chTNT-l/B MAb, 131I-Ll9SIP., l 77Lu-J591, ABT-874, AIN457., 

alemtuzumab, anti-PDGFR alpha monoclonal antibody IMC-3G3, astatine At 211 

monoclonal antibody 81 C6, Bapineuzumab, Bevacizumab, cetuxirnab, cixuturnumab, 
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Daclizumab, Hu MiK-beta-1, HuMax-EGFr, iodine I 131 monoclonal antibody 3F8, 

iodine I 13 I monoclonal antibody 81 C6, iodine I 131 monoclonal antibody 8 H 9, iodine 

I 131 monoclonal antibody TNT-1/B, LMB-7 immunotoxin, MAb-425, MGA WNl, 

Mel-14 F(ab')2, M-T412, Natalizumab, Neuradiab, Nimotuzumab, Ofatumumab, 

5 Panitumumab .. Ramucirumab, ranibizumab, SDZ MSL-109, Solanezumab., 

Tra,;;tuzumab, Ustckinumab, Zalutumumab, Tanczumab, Af1ibcrccpt, MEDI-578, 

REGN475, Muromonab-CD3, Abiximab, Rituximab, Basiliximab, Palivizumab, 

Tnfliximab, Gemtuzumab ozogamicin, Tbritumomab tiuxetan, Adalimumab, 

Omalizumab, Tositumomab, Tositumomab-I 131, Efalizumab, Abciximab, 

10 Certolizurnab pegol, Eculizumab, AMG-162, Zanolirnumab, MDX-010, AntiOMRSA 

mAb, Pcxclizumab, Mcpolizumab, Epratuzumab, Anti- RSV mAb, Afclimomab, 

Catumaxomab, WX-G250, and combinations thereof. 

27. The method according to any one of claims 21 through 26, wherein the 

15 administration of the agent which activates both of A 1 and A2A adenosine receptors 

and the administration of the macromolecular therapeutic agent is systemic 

administration. 

28. The method according to any one of claims 21 through 26 , wherein the 

20 administration of the agent which activates both of A 1 and A2A adcnosine receptors or 

the administration of the macromolecular therapeutic agent is systemic administration 

29. A method for treating a CNS disease, disorder, or condition in a subject, 

comprising administering to said subject (a) at least one agent which activates both of 

25 A I and A2A adenosine receptors; and (b) a therapeutic agent. 

30. The method according to claim 29 , wherein the agent which activates 

both of Al and A2A adenosine receptors is an agonist of both A I and A2A receptors. 

30 31. The method according to claim 30, wherein the agent which activates 

both of Al and A2A adenosine receptors is a broad spectrnm adenosine receptor 

agonist. 
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32. The method according to claim 30, wherein the agonist of both A I and 

A2A receptors is AMP 579. 

3 3. The method according to claim 31, wherein the agonist of both Al and 

5 A2A receptors is NECA. 

34. The method according to claim 29, wherein the therapeutic agent is a 

macromolecular therapeutic agent. 

10 35. The method according to claim 34, wherein the macromolecular 

therapeutic agent is a monoclonal antibody. 

36. The method according to claim 35, wherein the monoclonal antibody is 

selected from the group consisting of6El0, PF-04360365, 1311-chTNT-l/B MAb, 

15 131I-Ll9SIP., 177Lu-J591, ABT-874, AIN457., alemtuzumab, anti-PDGFR alpha 

monoclonal antibody TMC-3 G3, astatine At 2 l l monoclonal antibody 81 C6, 

Bapineuzumab, Bevacizumab, cetuximab, cixutumumab, Daclizumab , Hu MiK-beta-1, 

HuMax-EGFr, iodine l 131 monoclonal antibody 3F8, iodine l 131 monoclonal 

antibody 81C6, iodine I 131 monoclonal antibody 8H9, iodine I 131 monoclonal 

20 antibody TNT-1/B, LMB-7 immunotoxin, MAb-425, MGAWNl, Mcl-14 F(ab')2, M

T412, Natalizumab, Neuradiab, Nimotuzumab .. Ofatumumab, Panitumumab, 

Ramucirumab, ranibizumab, SDZ MSL-109, Solanezumab, Trastuzumab, 

Ustekinumab, Zalutumumab, Tanezumab .. Afiibercept, MEDI-578, REGN475, 

Muromonab-CD3, Abiximab, Rituximab, Basiliximab, Palivizumab, Tnfliximab, 

25 Gemtuzumab ozogamicin , Ibritumomab tiuxetan , Adalimumab, Omalizumab, 

Tositumomab, Tositumomab-1131, Efalizumab, Abciximab, Certolizumab pegol, 

Eculizumab, AMG-162, Zanolimumab, MDX-010, AntiOMRSA mAb, Pcxclizumab, 

Mepolizumab, Epratuzumab, Anti- RSV mAb, Afolimomab, Catumaxornab, WX

G250, and combinations thereof. 

30 

37. The method according to claim 29, wherein the therapeutic agent is a 

small molecule therapeutic agent. 
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38. The method according to claim 37, ,vherein the small molecule 

therapeutic agent is selected from the group consisting of acetaminophen, 

acetylsalicylic acid, acyltransforase, alprazolam, amantadinc, amisulpridc, 

amitriptyline, amphctaminc-dextroamphctamine, amsacrine, antipsychotics, antivirals, 

5 apomorphine, arimoclomol, aripiprazole, asenapine, aspartoacyclase enzyme. 

atomoxctine, atypical antipsychotics, azathioprinc, baclofcn, beclamide, bcnserazide, 

benserazide-levodopa, benzodiazepines, benztropine, bevacizumab, bleomycin, 

brivaracetam, brornocriptine, buprenorphine, bupropion, cabergoline, carbarnazepine, 

carbatrol, carbidopa, carbidopa-levodopa, carboplatin, chlorambucil, chlorpromazine, 

10 chlorprothixene, cisplatin, citaloprarn, clobazam, clomipramine, clonazeparn, 

clozapine, codeine, COX-2 inhibitors, cyclophosphamide, dactinomycin, 

dexmcthylphenidatc, dextroamphctainc, diamorphine, diastat, diazepam, diclofcnac, 

donepczil, doxorubicin, droperidol, entacapone, epirubicin, escitalopram, ethosuximidc, 

etoposide, folbamate, fluoxetine, flupenthixol, fluphenazine, fosphenytoin, gabapcntin, 

15 galantamine, gamma hydroxybutyrate, gefitinib, haloperidol, hydantoins. 

hydrocordone, hydroxyzine, ibuprofen, ifosfarnide, TGF-1, iloperidone, imatinib, 

imipramine, interferons, irinotecan, KNS-760704, lacosamide, lamotrigine, 

lcvetiracetam, lcvodopa, lcvomcpromazinc, lisdcxamfotamine, lisuride, lithium 

carbonate, lypolytic enzyme, mechlorethamine, mGluR2 agonists, memantine, 

20 meperidine, mcrcaptopurinc, mcsoridazinc, mesuximide, methamphetaminc, 

methylphenidate, minocycline, modafinil, morphine, N-acetylcysteine, naproxen, 

nclfinavir, ncurotrin, nitrazepam, NSAIDs, olanzapine, opiates, oscltamivir, oxaplatin, 

paliperidone, pantothenate kinase 2 , Parkin, paroxetine, pergolide, periciazine, 

perphenazine, phenacemide, phenelzine, phenobarbitol, phenturide, phenytoin, 

25 pirnozide, Pink!, piribedil, podophyllotoxin, prarnipexole, pregabalin, primidone, 

prochlorperazinc, promazine, promethazine, protriptyline, pyrimidinediones, 

quetiapine, rasagiline, remacemide, liluzolc, risperidone, ritonavir, rituximab, 

rivastigrnine, ropinirole, rotigotine, mfinarnide, selective serotonin reuptake inhibitors 

(SSRis), selcgine, sclegiline, sertindolc, se1traline, sodium valproate, stiripentol, 

30 taxanes, temazcpam, tcmozolomide, tenofovir, tetrabenazine, thiamine, thioridazinc, 

thiothixene, tiagabine, tolcapone, topiramate, topotecan, tramadol, tranylcypromine, 

trastuzumab, tricyclic antidepressants, trifluoperazine, trifluprornazine, trihexyphenidyl, 

trileptal, valaciclovir, valnoctamide, valproamide, valproic acid, venlafaxine, vesicular 
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stomatitis virus, vigabatrin, vinca alkaloids, zanamivir, ziprasidone, zonisamide, 

zotepine, zuclopenthixol, and combinations thereof. 

39. The method according to any one of claims 29 through 38, wherein the 

5 CNS disease, disorder, or condition is a metabolic disease, a behavioral disorder_. a 

personality disorder, dementia, a cancer, a ncurodcgcncrative disorder, pain, a viral 

infection, a sleep disorder, a seizure disorder, acid lipase disease, Fabry disease, 

Wemicke-Korsakoffsyndrome, ADHD, anxiety disorder, borderline personality 

disorder, bipolar disorder, depression, eating disorder, obsessive-compulsive disorder, 

10 schizophrenia, Alzheimer's disease, Barth syndrome and Tourette's syndrome, 

Canavan disease, Hallcrvordcn-Spatz disease, Huntington's disease, Lewy Body 

disease, Lou Gehrig's disease, Machado-Joseph disease, Parkinson's disease, or 

Restless Leg syndrome. 

15 40. The method according to claim 39, wherein the pain is neuropathic pain, 

central pain syndrome, somatic pain, visceral pain or headache. 

41. A method for treating a CNS disease, disorder, or condition in a subject, 

comprising administering to said subject (a) an Al-selective adcnosinc receptor 

20 agonist; (b) an A2A-selective receptor agonist; and (c) a therapeutic agent. 

25 

30 

42. The method according to claim 41, wherein the Al-selective adcnosinc 

receptor agonist and an A2A-selective receptor agonist are formulated in a single unit 

dosage form. 

43. The method according to claim 41 , wherein the A 1-sclccti vc adcnosinc 

receptor agonist and an A2A-selective receptor agonist arc administered 

simultaneously. 

44. The method according to claim 41, wherein the Al-selective adcnosinc 

receptor agonist and an A2A-selective receptor agonist are administered sequentially. 
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45. The method according to claim 41, ,vherein the A I-selective adenosine 

receptor agonist is selected from the group consisting of CCPA, 8-cyclopentyl-1,3-

dipropylxanthine, R-pheny lisopropy 1-adenosine, N6-Cyclopeuty ladenosine, N( 6)

cyclohexy ladenosine, and combinations thereof. 

46. The method according to claim 41, wherein the A2A- selective receptor 

agonist is selected from the group consisting of Lexiscan, CGS 21680, ATL- l 46e, YT-

146 (2-( 1-octynyl)adenosine), DPMA (N6-(2-(3 ,5-dimethoxyphenyl)-2-(2-

methylphenyl)ethyl)adenosine), and combinations thereof. 

47. The method according to claim 41, comprising administering to the 

subject a composition comprising an Al adenosine receptor agonist and an A2A 

adenosine receptor agonist, and a phainmceutically acceptable caITicr, excipient, or 

vehicle. 

48. The method according to claim 4 l ., wherein the therapeutic agent is a 

macromolecular therapeutic agent. 

49. The method according to claim 48, wherein the macromolecular 

20 therapeutic agent is a monoclonal antibody. 

50. The method according to claim 49, wherein the monoclonal antibody is 

selected from the group consisting of6El0, PF-04360365, 1311-chTNT-l/B MAb, 

131T-Ll9STP, 177Lu-J591, ABT-874, ATN457, alemtuzumab, anti-PDGFR alpha 

25 monoclonal antibody IMC-3G3, astatine At 21 I monoclonal antibody 81 C6, 

Bapineuzumab, Bevacizumab, cctuximab, cixutumumab, Daclizumab, Hu MiK-beta-1, 

HuMax-EGFr, iodine I 131 monoclonal antibody 3F8, iodine I 131 monoclonal 

antibody 81C6, iodine I 131 monoclonal antibody 8H9, iodine I 131 monoclonal 

antibody TNT-liB, LMB-7 immunotoxin, MAb-425, MGAWNl, Mel-14 F(ab')2, M-

30 T412, Natalizumab, Neuradiab, Nimotuzumab, Ofatumumab, Panitumumab, 

Ramucirumab, ranibizumab., SDZ MSL-109, Solanezumab., Trastuzumab, 

Ustekinumab, Zalutumumab, Tanezumab, Aflibercept, MEDI-578, REGN475, 

Muromonab-CD3, Abiximab, Rituximab, Basiliximab, Palivizumab, Infliximab, 
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Gemtuzumab ozogamicin, Ibritumomab tiuxetan, Adalimumab, Omalizumab, 

Tositumomab, Tositurnomab-I 131, Efalizurnab, Abcixirnab, Ce1iolizumab pegol, 

Eculizumab, AMG-162, Zanolimumab, MDX-010, AntiOMRSA mAb, Pexelizumab, 

Mepolizumab, Epratuzumab, Anti- RSV mAb, Afolimomab, Catumaxomab, WX-

5 G250 .. and combinations thereof. 

51. The method according to claim 41, wherein the therapeutic agent is a 

small molecule therapeutic agent. 

10 52. The method according to claim 51, wherein the small molecule 

therapeutic agent is selected from the group consisting of acetaminophen, 

acetylsalicylic acid, acyltransforase, alprazolam, amantadine, amisulpride, 

amitriptyline, amphetamine-dextroamphetamine, amsac1ine, antipsyehoties, antivirals, 

apomorphine, arimoclomol, aripiprazole, asenapine, aspartoacyclase enzyme, 

15 atomoxetine, atypical antipsychotics, azathioprine, baclofen, beclamide, benserazide, 

benserazide-levodopa, benzodiazepines, benztropine, bevacizumab, bleomycin, 

brivaracetam, bromocriptine, buprenorphine, bupropion, cabergoline, carbamazepine, 

carbatrol, carbidopa, carbidopa-lcvodopa, carboplatin, chlorambucil, chlorpromazine, 

chlorprothixene, cisplatin, citalopram, clobazam, clomipramine, clonazepam, 

20 clozapine, codeine, COX-2 inhibitors, cyclophosphamide, dactinomycin, 

dexmethylphenidate. dextroamphetaine, diamorphine, diastat, diazepam. diclofenac, 

donepezil, doxorubicin, droperidol, entacapone, epirubicin, escitalopram, ethosuximide, 

etoposide, felbamate, fluoxetine, flupenthixol, fluphenazine, fosphenytoin, gabapentin, 

galantamine, gamma hydroxybutyrate, gefitinib, haloperidol, hydantoins, 

25 hydrocordone, hydroxyzine, ibuprofen, ifosfamide, IGF-1, iloperidone, imatinib, 

imipramine, interferons, irinotecan, KNS-760704, lacosamide, lamotrigine, 

lcvetiracetam, lcvodopa, lcvomepromazine, lisdexamfotamine, lisuride, lithium 

carbonate, lypolytic enzyme, mechlorethamine, mGluR2 agonists, memantine, 

meperidine, mercaptopurine, mcsoridazine, mesuximide, methamphetamine, 

30 methylphenidate, minocyclinc, modafinil, morphine, N-acetylcysteine, naproxen, 

nelfinavir, neurotrin, nitrazepam, NSAIDs, olanzapine, opiates, oseltamivir, oxaplatin, 

paliperidone, pantothenate kinase 2, Parkin, paroxetine, pergolide, periciazine, 

perphenazine, phenacemide, phenelzine, phenobarbitol, phenturide, phenytoin, 
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pimozide, Pink!, piribedil, podophyllotoxin, pramipexole, pregabalin, primidone, 

prochlorperazine, promazine, promethazine, protriptyline, pyrimidinediones, 

quetiapine, rasagiline, remacemide, liluzolc, risperidone, ritonavir, rituximab, 

rivastigmine, ropinirole, rotigotine, rufinamide, selective serotonin reuptake inhibitors 

5 (SSRis), selegine, selegiline, sertindole .. sertraline, sodium valproate, stiripentol, 

taxanes, temazepam, temozolomide, tenofovir, tetrabenazine, thiamine, thioridazine, 

thiothixene, tiagabine, tolcapone, topiramate, topotecan, tramadol, tranylcypromine, 

trastuzumab, tricyclic antidepressants, trifluoperazine, triflupromazine, trihexyphenidyl, 

trileptal, valaciclovir, valnoctamide, valproamide, valproic acid, venlafaxine, vesicular 

10 stomatitis virus, vigabatrin, vinca alkaloids, zanamivir, ziprasidone, zonisamide, 

zotepine, zuclopenthixol, and combinations thereof 

5 3. The method according to any one of claims 41 through 52, wherein the 

CNS disease, disorder, or condition is a metabolic disea,;e, a behavioral disorder, a 

15 personality disorder, dementia, a cancer., a neurodegenerative disorder, pain, a viral 

infection, a sleep disorder, a seizure disorder, acid lipase disease, Fabry disease, 

Wernicke-Korsakoffsyndrome, ADHD, anxiety disorder, borderline personality 

disorder, bipolar disorder, depression, eating disorder, obsessive-compulsive disorder, 

schizophrenia, Alzheimer's disease, Ba1th syndrome and Tourette's syndrome, 

20 Canavan disease, Hallervorden-Spatz disease, Huntington's disease, Lewy Body 

disease, Lou Gehrig's disease, Machado-Joseph disease, Parkinson's disease, or 

Restless Leg syndrome. 

54. The method according to claim 53 , wherein the pain is neuropathic pain, 

25 central pain syndrome, somatic pain, visceral pain or headache. 

55. A method of temporarily increasing the permeability of the blood brain 

barrier of a subject comprising: 

selecting a subject in need ofa temporary increase in permeability of the blood 

30 brain barrier; 

providing an agent which activates either the Al or the A2A adenosine receptor; 

and 
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administering to the selected subject either the A I or the A2A adenosine recptor 

activating agent under conditions effective to tempora1ily increase the permeability of 

the blood brain barrier. 

56. The method according to 55, wherein the Al or the A2A activating 

agent is an Al or A2A adenosine receptor agonist. 

57. The method according to 56, wherein the A I or the A2A agonist is an 

A I -selective or an A2A-selective adenosine receptor agonist. 

58. The method according to 55, wherein the method fu11hcr comprises 

administering a therapeutic agent to the subject. 

59. The method according to 58, wherein the therapeutic agent is suitable 

15 for treating a CNS disease., disorder, or condition. 

60. The method according to 59, wherein the CNS disease, disorder, or 

condition is a metabolic disease, a behavioral disorder, a personality disorder, 

dementia, a cancer, a ncurodcgcnerativc disorder, pain, a viral infection, a sleep 

20 disorder, a seizure disorder, acid lipase disease, Fabry disca.;;c, Wemickc-Korsakoff 

syndrome, ADHD, anxiety disorder .. borderline personality disorder, bipolar disorder, 

depression, eating disorder, obsessive-compulsive disorder, schizophrenia, Alzheimer's 

disease, Barth syndrome and Tourette's syndrome, Canavan disease., Hallervorden

Spatz disease, Huntington's disease, Lewy Body disease, Lou Gehrig's disease, 

25 Machado-Joseph disease, Parkinson's disease, or Restless Leg syndrome. 

61. The method according to claim 58, wherein the therapeutic is selected from 

the group consisting of acetaminophen, acetylsalicylic acid, acyhransferase, 

alprazolam, amantadinc, amisulpridc, amitriptylinc, amphctaminc-dcxtroamphetamine, 

30 amsacrine, antipsychotics, antivirals, apomorphinc, arimoclomol, aripiprazolc, 

asenapine, aspartoacyclase enzyme, atomoxetine, atypical antipsychotics, azathioprine, 

baclofen, beclamide, benserazide, benserazide-levodopa, benzodiazepi nes, benztropine, 

bevacizumab, bleomycin, brivaracetam, bromocriptine, buprenorphine, bupropion, 



AMN1002 
IPR of Patent No. 8,772,306 

Page 897 of 1327 

WO 2012/037457 PCT/US2011 /051935 

- 92 -

cabergoline, carbamazepine, carbatrol, carbidopa, carbidopa-levodopa, carboplatin, 

chlorambucil, chlorpromazine, chlorprothixene, cisplatin, citalopram, clobazam, 

clomipramine, clonazepam, clozapine, codeine, COX-2 inhibitors, cyclophosphamide, 

dactinomycin, dexmethylphenidate, dextroamphetainc, diamorphinc, diastat, diazepam, 

5 diclofenac, donepezil, doxornbicin, droperidol. entacapone, epirnbicin, escitalopram, 

ethosuximidc, ctoposide, fclbamatc, fluoxetinc, flupenthixol, fluphcnazinc, 

fosphenytoin, gabapentin, galantamine, gamma hydroxybutyrate, gefitinib, haloperidol, 

hydantoins, hydrocordone, hydroxyzine, ibuprofen, ifosfamide, TGF-1, iloperidone, 

imatinib, imipramine, interferons, irinotecan, KNS-760704, lacosamide, lamotrigine, 

10 levetiracetarn, levodopa, levomepromazine, lisdexamfetamine, lisuride, lithium 

carbonate, lypolytic enzyme, mechlorcthaminc, mGluR2 agonists, mcmantine, 

meperidinc, mcrcaptopurinc, mesoridazinc, mcsuximide, mcthamphetaminc, 

mcthylpheuidatc, minocycline, modafinil, morphine, N-acctylcystcine, naproxeu, 

ndfinavir, ncurotrin, nitrazepam, NSAIDs, olanzapine, opiates, oscltamivir, oxaplatin, 

15 paliperidone, pantothenate kinase 2, Parkin, paroxetine, pergolide, periciazine, 

perphenazine, phenacemide, phenelzine, phenobarbitol, phenturide, phenytoin, 

pimozide, Pink!, piribedil, podophyllotoxin, pramipexole, pregabalin, primidone, 

prochlorpcrazine, promazine, promcthazinc, protriptylinc, pyrimidinediones, 

quctiapine, rasagiline, remaccmidc, liluzolc, risperidone, ritonavir, rituximab, 

20 rivastigminc, ropinirolc, rotigotinc, rufinamidc, selective serotonin reuptake inhibitors 

(SSRis), selegine, selegiline, sertindole., sertraline, sodium valproate, stiripentol, 

taxancs, temazcpam, tcmozolomidc, tcnofovir, tctrabenazine, thiamine, thioridazinc, 

thiothixene, tiagabine, tolcapone, topiramate, topotecan, tramadol, tranylcypromine, 

trastuzumab, tricyclic antidepressants, trifluoperazine, trifluprornazine, trihexyphenidyl, 

25 trileptal, valaciclovir, valnoctamide, valproamide, valproic acid, venlafaxine, vesicular 

stomatitis virus, vigabatrin, vinca alkaloids, zanamivir, ziprasidonc, zonisamide, 

zotepine, zuclopenthixol, and combinations thereof 

62. The method according to claim 58, wherein the therapeutic is a 

30 macromolecular therapeutic. 

63. The method according to claim 62 , ,vherein the therapeutic is a 

monoclonal antibody. 
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64. The method according to claim 63, wherein the monoclonal antibody is 

selected from the group consisting of 6E 10, PF-04360365, 1311-chTNT-1/B MAb, 

13 lI-Ll 9SIP, 177Lu-J591, ABT-874, AIN457, alcmtuzumab, anti-PDGFR alpha 

monoclonal antibody IMC-3G3, astatine At 211 monoclonal antibody 81C6, 

5 Bapineuzumab, Bevacizumab, cetuximab, cixutumumab, Daclizumab, Hu MiK-beta-1, 

HuMax-EGFr, iodine I 131 monoclonal antibody 3F8, iodine I 131 monoclonal 

antibody 81C6, iodine I 131 monoclonal antibody 8H9, iodine I 131 monoclonal 

antibody TNT-1/B, LMB-7 immunotoxin, MAb-425, MGA WNI, Mel-14 F(ab')2, M

T412, Natalizumab, Neuradiab, Nimotuzumab, Ofatumumab, Panitumumab, 

10 Ramucirumab, ranibizumab, SDZ MSL-109, Solanezumab, Trastuzumab, 

Ustekinumab, Zalutumumab, Tanezumab, Aflibercept, MEDI-578, REGN475, 

Muromonab-CD3, Abiximab, Rituximab, Basiliximab, Palivizumab, Intliximab, 

Gemtuzumab ozogamicin, lbritumomab tiuxetan, Adalimumab, Omalizumab, 

Tositumomab, Tositumomab-1131, Efalizumab, Abciximab, Ccrtolizumab pcgol, 

15 Eculizumab., AMG-162., Zanolimumab, MDX-010, AntiOMRSA mAb., Pexelizumab., 

Mepolizumab, Epratuzumab, Anti- RSV rnAb, Afelirnomab, Catumaxomab, WX

G250, and combinations thereof. 

65. The method according to 58, wherein the Al or the A2A adenosine 

20 receptor activator is administered before the therapeutic agent. 

66. The method according to 65, wherein the Al or the A2A adenosinc 

receptor activator is administered up to 5 minutes, 10 minutes, 15 minutes, 30 minutes, 

I hour, 2 hours, 3 hours, 4 hours, 5, hours, 6 hours, 7 hours, 8 hours, 9 hours, IO hours, 

25 I I hours, 12 hours, 13 hours, 14 hours, 15 hours, 16 hours, 17 hours, or 18 hours before 

the therapeutic agent is administered. 

30 

67. The method according to 58, wherein the A I or the A2A adenosine 

receptor activator and the therapeutic agent arc administered simultaneously. 

68. A method for decreasing blood brain barrier permeability in a subject 

comprising administering to said subject an agent which blocks or inhibits A2A 

signaling. 
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69. The method according to claim 68, wherein the agent which blocks or 

inhibits A2A signaling is an A2A selective antagonist. 

5 70. The method according to claim 69, wherein the A2A antagonist is SCH 

58261. 

71. A method of remodeling an actin cytoskeleton of a blood brain barrier 

endothelial cell, said method comprising contacting said endothelial cell \vith an agent 

10 which activates both of A 1 and A2A adenosine receptors. 

15 

72. The method according to claim 71, wherein the actin cytoskelcton 

remodeling increases space between endothelial cells and increases blood brain barrier 

permeability. 

73. The method according to claim 7 l , ,vherein the agent which activates 

both of Al and A2A adenosine receptors is an agonist of both A I and A2A receptors. 

74. The method according to claim 73 , wherein the agent which activates 

20 both of Al and A2A adenosine receptors is a broad spectrum adenosine receptor 

agonist. 

75. The method according to claim 73, wherein the agonist of both Al and 

A2A receptors is Al'vfP 579. 

25 

76. The method according to claim 74, wherein the agonist of both Al and 

A2A receptors is NECA. 

77. The method according to claim 73, wherein the activation of both Al 

30 and A2A receptors is synergistic with respect to blood brain barrier permeability. 

78. The method according to claim 73 , wherein the activation of both A I 

and A2A receptors is additive with respect to blood brain barrier permeability. 
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