
0031-6997/93/4501-0087$03.00/0
PHARMACOLOGICAL REVIEWS Vol. 45, No. 1

Copyright © 1993 by The American Society for Pharmacology and Experimental Therapeutics Printed in U.S.A.

Neutral Endopeptidase 24.11: Structure, Inhibition, and
Experimental and Clinical Pharmacology

BERNARD P. ROQUES, FLORENCE NOBLE, VALERIE DAUGE, MARIE-CLAUDE FOURNIE-ZALUSKI, AND

ANN BEAUMONT

Pharmacochimie Mol#{233}culaire et Structuro,ie (Unite 266 Institut National de Ia Sante et de Ia Recherche Medicale - Unite de Recherche Associ#{233}e D

1500 Centre National de La Recherche Scientifique, Facult#{233} de Pharmo.cie, 4 Avenue de I’Obseruatoire 75270, Pans C#{233}dex06, France

I. Introduction 88

II. Neutral endopeptidase 24.11 a pharmacologically relevant multisubstrate-metabolizing enzyme . 89
III. Neutral endopeptidase 24.11 purification and assay of neutral endopeptidase 24.11 activity 90
Iv. Substrate specificity and mechanism of action of neutral endopeptidase 24.11 91

V. Design of selective neutral endopeptidase 24.11 and aminopeptidase N inhibitors 93

A. Development of selective inhibitors of neutral endopeptidase 24.11 93

1. Thiol inhibitors 93
2. Carboxyl inhibitors 95

3. Bidentate inhibitors 95
4. Phosphorus-containing inhibitors 96

B. Aminopeptidase N and dipeptidyl peptidase inhibitors 96

VI. Development of mixed inhibitors of neutral endopeptidase 24.11 and aminopeptidase N and of

neutral endopeptidase and angiotensin-converting enzyme 96

VII. Molecular biology of neutral endopeptidase 24.11 97
A. Complementary DNA cloning and sequencing 97

B. Site-directed mutagenesis 98
C. Human neutral endopeptidase (common acute lymphoblastic leukemia antigen) gene 99

VIII. Localization of neutral endopeptidase 24.11 100

A. Central nervous system 100
1. Distribution and ontogenesis of neutral endopeptidase 24.11 in spinal cord and

meninges of humans and rats 100
2. Lesion studies and cellular localization of neutral endopeptidase 24.11 in brain tissues . . . 101

3. Cellular and subcellular distribution of neutral endopeptidase 24.11 in the central

nervous system 103

4. In situ hybridization of neutral endopeptidase 24.11 messenger RNA in the central

nervous system 105
B. Localization of neutral endopeptidase 24.11 in peripheral tissues 105

C. Pre- and postnatal ontogeny of neutral endopeptidase 24.11 in central and peripheral

tissues 106
D. Neutral endopeptidase 24.11 in physiological fluids 107

IX. Modulation of neutral endopeptidase 24.11 expression and possible role as regulator of

protein turnover at the cell surface 107

x. Pharmacological studies 109
A. In vitro and in vivo studies of neuropeptide degradation by neutral endopeptidase

24.11 and aminopeptidase N 109
B. Limited antinociceptive effects of selective neutral endopeptidase 24.11 or aminopeptidase N

inhibitors 112

C. Enhanced analgesic responses induced by mixed inhibitors of enkephalin-degrading

enzymes 114
D. Inhibitor-induced spinal antinociception 115
E. Analgesic effects of selective and mixed inhibitors in chronic pain 117
F. Interactions between the cholecystokinin and enkephalin systems in the control of pain . . . . 118

G. Tolerance, dependence, and side effects of selective and mixed inhibitors of neutral

endopeptidase 24.11 and aminopeptidase N 118

87

at V
irginia C

om
m

onw
ealth U

niv T
om

pkins M
cC

aw
 Lib/A

cq S
rv on July 27, 2020

D
ow

nloaded from
 

BIOCON PHARMA LTD (IPR2020-01263) Ex. 1013, p. 001



88 ROQUES ET AL.

H. Effect of peptidase inhibitors on morphine withdrawal 121
I. Behavioral effects of neutral endopeptidase 24.1 1 and neutral endopeptidase

24.11/aminopeptidase N inhibitors 121
J. Gastrointestinal effects of enkephalin-degrading enzyme inhibitors and their clinical

use as antidiarrheal agents 125
K. Role of neutral endopeptidase 24.11 in airways 126

L. Inhibition of neutral endopeptidase 24.11-induced inactivation of atrial natriuretic peptide:
pharmacological and clinical implications 127

M. Possible roles of the common acute lymphoblastic leukemia antigen identified as neutral

endopeptidase 24.11 on lymphoblastic cells 131
XI. Conclusions and perspectives 132

XII. References 133

I. Introduction

Considerable interest in membrane-bound peptidases

emerged at the end of the 1970s following the discovery
that inhibition of ACE* (peptididyl-dipeptidase, E.C.
3.4.15.1), the enzyme implicated in the formation of

angiotensin II from angiotensin I, produced antihyper-
tensive effects (Ondetti et al., 1977) and 3 years later
that inhibition of another membrane-bound Zn metal-

lopeptidase, involved in the inactivation of the opioid
peptide enkephalins in the brain, induced analgesic re-

sponses (Roques et al., 1980). Given its enkephalin-
metabolizing activity, this latter enzyme was designated
“enkephalinase” (Malfroy et al., 1978b) and some time

later was shown to be identical with NEP (E.C.

3.4.24d 1), an already well-characterized Zn metallopep-

tidase known to be present in the brush border cells of
the proximal tubules of the kidney (Kerr and Kenny,
1974a,b).

As studies of metabolizing enzymes progressed, it be-
came apparent that, as was the case for their peptide

substrates, these peptidases were widely distributed, and
the concept of “one peptidase: one substrate” was not to
be realized (Schwartz, 1983; Kenny, 1986). For instance,

*5 Abbreviations: ACE, angiotenSin-conVerting enzyme; NEP, neutral

endopeptidase; ANP, atnial natniuretic peptide; CALLA, common acute

lymphoblastic leukemia antigen; APN, aminopeptidase N; DAP, dipep-

tidylaminopeptidase; SP, substance P; i.c.v., intracerebroventricular;

CCK, cholecystokinin; FTI, N-([fluoresceinyl)-N’-[1-(6-(3-mercapto-

2.benzyl.1-oxopropyl)-amino-1-hexylj-thiocarbamide; TLN, thermo-

lysin�CNS, central nervous system; VTA, Ventral tegmental area;

CGRP, calcitonin gene-related peptide; ANF, atrial natriuretic factor;

SHR, spontaneously hypertensive rat; ALL, acute lymphoblastic leu-
kemia; HACBO-Gly, N-[(2RS)-4-(hydroxyamino)-1,4-dioxo-2-(phen-

ylmethyl)butyhj-glycine; DAMGO, Try-D.Ala-Gly-(Me)Phe-Gly.ol;

DPDPE, Tyr-D.P#{233}n-Gly-Phe-D.P�n; DSTBULET, Tyr-D.Ser(O-ter-

tiobutyl)-Gly-Phe-Leu-Thr; BUBU, Tyr-D.Ser(O-tertiobutyl)Ghy-

Phe-Leu-Thr(O-tertiobutyl); DTLET, Tyr-D.Thr-Gly-Phe-Leu-

Thr-, BDNL, Boc-Tyr(SO3H)Nle-Gly-Trp-Nle-Asp-PheNH2; RB 101,

N-[(R,S)-2-benzyl.3[(S)(2-amino-4-methylthio)butyldithioj-1-oxopro-

pylj-L-phenylalanine; [‘ThIIRB 104, 2-�(3-[’25I]iodo-4-hydroxy)-phenyh-

methyhl-4-N-[3-hydroxyamino-3-oxo-1-(phenyl methyl)propyljamino-

4-oxobutanoic acid BC 264, Boc-Tyr(SO3H)-gNhe-mGhy-Trp-(NMe)

Nle-Asp-PheNH2; RB 38A, N-[3(R)hydroxyaminocarbonyl)-2-benzyl-

1-oxopropyl)-L-phenyhalanine.

NEP was recently found to participate in clearing the

circulating ANP from plasma (Koehn et a!., 1987; Ste-

phenson and Kenny, 1987a; Sonnenberg et al., 1988;

Olins et al., 1989). Moreover, NEP was also shown to be
one of the many proteins used in immunology and leu-

kemia research as lymphocyte markers and was desig-
nated CALLA (CD1O) (Greaves et a!., 1975; Letarte et
al., 1988).

It now appears that, both in nervous and peripheral
tissue, peptides are degraded extracellularly by what is

probably a limited number of enzymes with relatively
broad specificities. Most of these extracellular peptide-
degrading enzymes are ectoenzymes, i.e., integral mem-

brane proteins that have their active sites facing the
extracellular space, and many are Zn metallopeptidases

(Turner et al., 1987; Maroux, 1987). Despite their rela-

tively broad specificities, a certain in vivo specificity
seems to be achieved, governed by both the distribution

of a given peptidase and that of its potential substrates.

Thus, in the brain and the spinal cord, the enkephalins,
like morphine and other classical opiates, interact with

different binding sites such as the recently cloned and
sequenced #{244}-opioidreceptor (Kieffer et al., 1992; Evans
et al., 1992) to produce a multiplicity of pharmacological
responses, such as analgesia and euphoria. Increasing the

levels of endogenous opioid peptides by inhibiting their

inactivating enzymes was, therefore, proposed as a means

of eliminating or minimizing the serious drawbacks (res-
piratory depression, constipation, tolerance, physical,

and psychic dependence) induced by chronically admin-
istered opiates (Roques et al., 1980). These side effects

are thought to be caused by an overstimulation of opioid

receptors in all brain areas in which the enkephalins
might be either tonically or phasically released. A similar

approach is now being followed to potentiate the diuretic,

natriuretic, and vasorelaxant effects of circulating ANP
with the aim of obtaining new antihypertensive agents

(reviewed by Roques and Beaumont, 1990).

The literature concerning these subjects is already
voluminous and includes recent reviews of the develop-

ment of inhibitors for various Zn metallopeptidases (Ro-
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ques et al., 1982a,b; Ondetti and Cushman, 1984; Roques,

1985; Roques and Fourni#{233}-Zaluski, 1986; Chipkin, 1986;

Thorsett and Wyvratt, 1987; Rich, 1990) and their phar-

macological effects (Roques and Fourni#{233}-Zaluski, 1985,

1986; Schwartz et al., 1985; Roques, 1988a, 1991; Dick-

enson, 1986; Needelman et al., 1989; Le Bien and Mc-
Cormack, 1989; Noble et al., 1992d). The main results
reported in these papers will be recalled when necessary,
but the present review is mainly devoted to the molecular

biology and structural characterization of NEP and the
potential use ofthese results for designing either selective

or mixed inhibitors of NEP and APN, another Zn me-

talloenzyme involved in enkephalin metabolism, or NEP
and ACE. We have also looked at the distribution of

NEP and discussed its possible role in various tissues.
Finally, we have tried to provide an extensive survey of
the in vivo actions of the peptidase inhibitors and to

show how these molecules can be used (a) to achieve a

better understanding of the physiological functions of
peptidergic systems and (b) in therapeutics.

II. Neutral Endopeptidase 24.11: A
Pharmacologically Relevant Multisubstrate-

metabolizing Enzyme

The observation that enkephalins were rapidly de-

graded by brain tissue homogenates suggested that pep-

tidases could be involved in the physiological inactivation
of these endogenous opioid peptides. This accounted for

the weak and transient analgesia obtained only with high

doses (0.1 mg) of i.c.v. administered Met-enkephalin in
mice (Belluzi et al., 1976) and the higher potency of

enkephalin analogues protected from peptidase macti-

vation by modifications such as replacement of Gly2 by

an amino acid of the dextro configuration (Pert et a!.,

1976), amidation, or reduction ofthe free carboxyl group,

N-methy!ation of the G!?-Phe4 bond, or replacement of

Phe4 by its D-isomer (Fourni#{233}-Zaluski et al., 1979). Be-

cause the enkephalins are unable to enter cells, the

detection of the metabolites Tyr, Tyr-Gly-Gly, and Tyr-

Gly following i.c.v. administration of Leu-enkephalin
suggested that the peptide was degraded by aminopepti-

dase, DAP, and peptidyl-dipeptidase activities located at

the cell surface and acting, therefore, as ectoenzymes

(Hambrook et a!., 1976; Dupont et aL, 1977; Craves et

al., 1978).
The existence of a relatively low affinity-binding site

(KD approximately 90 nM) for [3H]Leu-enkephalin in rat
striatal membranes different from the receptor-binding
site (Malfroy et a!., 1978a) was subsequently attributed

to the existence of a Tyr-Gly-Gly-releasing enzyme des-

ignated enkephalinase (Malfroy et al., 1978b), and its
presence in brain was confirmed by Sullivan et al. (1978).

In addition, it was shown that the tripeptide was not

produced by the sequential action of a carboxypeptidase

(Guyon et a!., 1979). The Km of the enkephalins for

enkephalinase was subsequently shown to be higher (ap-

proximately 20 �tM) (Vogel and Altstein, 1979; Fourni#{233}-

Zaluski et a!., 1979) than previously estimated (approxi-

mately 90 nM). The physiological relevance of enkepha-
linase in enkephalin metabolism was firmly established

by the naloxone-reversible antinociceptive properties

elicited by the synthetic enkephalinase inhibitor, thior-
phan (Roques et a!., 1980). However, the reported in-
crease in enzyme levels after chronic morphine treatment

(Ma!froy et a!., 1978b) was not confirmed (Barchas et

a!., 1981), particularly when enzyme levels were meas-

ured using quantitative autoradiography (De!ay-Goyet et
a!., 1989a).

ACE was also found to cleave the Gly3-Phe4 bond of

the enkephalins (Erd#{246}set a!., 1978); however, although

they were initially suggested to be identical (Swerts et
a!., 1979a; Benuck and Marks, 1979), enkephalinase and

ACE were shown to be two distinct enzymes (Swerts et

al., 1979b; Buckett, 1979). The enkephalins were found

to have a low affinity for ACE (Km approximately i0�
M), thereby excluding a major role for this enzyme in the
in vivo metabolism of these peptides. However, the ex-

tended opioid peptide, Met-enkephalin-Arg�-Phe7, could

be transformed to the less potent peptide Met-enkepha-

lin by ACE (Benuck et al., 1982). This might explain the

often reported mood elevation in patients treated with
ACE inhibitors. Interestingly, probably for conforma-

tional reasons, fl-endorphin, as we!! as dynorphin 1-13
and 1-17, appear to be resistant to NEP, ACE, and, to a

lesser extent, APN (Turner et a!., 1987). The coidentity

of enkephalinase and NEP was clearly established when
the two enzymes were found to be immunologically in-

distinguishable (Relton et a!., 1983; Matsas et a!., 1983).
Because of their rather homogeneous distribution ap-

parently unrelated to that of enkephalins or opioid re-

ceptors, a physiological role for aminopeptidases as en-
kephalin-metabolizing enzymes was initially questioned

(Schwartz et a!., 1981). Nevertheless, two aminopepti-
dases, differing in their sensitivity to the natural inhibi-

tors puromycin and bestatin, were purified (Hersh, 1981;

Hui, et al., 1983); both were capable of cutting the Tyr’-

Gly2 bond of enkephalins. Bestatin, but not puromycin,
was shown to potentiate the analgesic effect of i.c.v.

injected Met-enkephalin (Carenzi et a!., 1981), suggest-

ing that the puromycin-sensitive aminopeptidase was not

the relevant enzyme. The common identity of the mem-
brane-bound bestatin-sensitive aminopeptidase and
APN was finally established by titration with an anti-

body directed toward the kidney enzyme (Matsas et al.,
1985; Gros et al., 1985). The preferential involvement of

APN in the physiological inactivation of enkephalins
was demonstrated by the increased analgesic potency of

inhibitors more selective for APN than bestatin, such as
kelatorphan (Waksman et al., 1985a).

In addition to these two enzymes, a membrane-bound
DAP was identified in rat brain (Gorenstein and Snyder,

1979) and purified from pig kidney (Ch#{233}rotet a!., 1986a).
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TABLE 1

Selected mixed enzyme inhibitors of NEP/APN or NEP/ACE

L7CdIRLIbIUNIPTM!NSrND1ACE

#{149}O0 CH, CH,
� II I I

HN-C-CH, -CH-CONH-CH.C00

#{149}?�:j� �:H�d�

HN-C-CH2-CH-CONH.CH-C00

.00 CH4 CH

I II I I

HN -C.CH2 -CH - NHCO-C}12 -CH -C00

CH2� ()

HN - C - CH2 - CH - CONH -CH-CH - COO -

SCH,

(CH,),

H,N-CH.CH, -S

CH, s CH, �CH, CH,cD . OH

CH3 -CH-CH-CONH -CH-CONH-CH-C00

CH,4’ CH,4

S-CH2-CH-CONH-CH-C00

CH,

�CH - CH,

CH,’I’ CH,

S-CH2-CH-CONH-CH-COO

CH,4 OCH,O

S -CH,-CH-CONH-CH-C00

K#{233}latorphan

RB 38A

JFH 19

XJ9

PC 18

ST43

ES34

ES 37

PC 57

K1 (nM)

INEP APNI

1.8 380

0.9 120

0.2 2.000

3.8 74

>10.000 8

1.5 >10.000

INEP ACE

4.5 55

5.2 14

1.4 0.2

However, it has been demonstrated using specific inhib-
itors that this enzyme is not critically involved in en-
kephalin metabolism (Ch#{233}rotet a!., 1986b).

The role of NEP and APN in enkephalin degradation
has now been amply confirmed by the use of numerous

inhibitors, either specific for one enzyme or able to
inhibit both (see tables 1 and 2 and section IX). A clear
participation of NEP in the in vivo inactivation of other
neuropeptides is still not well established. However, as
discussed in the following section, NEP could participate
in the interruption of the physiological actions of SP in
the rat substantia nigra (Mauborgne et a!., 1987a) and
neurotensin in structures as yet not well defined (Chec!er
et al., 1983; Coquerel et a!., 1986). The involvement of
NEP in the physiological inactivation of other neuropep-
tides will have to be confirmed by the use of specific
antagonists of neuropeptides capable of reversing both
the pharmacological response induced by the endogenous

effector and that induced by an NEP inhibitor. As dis-

cussed at the end of this review, these requirements are

fulfilled for ANP; this peptide is, therefore, the second

peptide messenger whose action is clearly regulated by

NEP. This does not exclude the participation of the

peptidase in other peptidergic pathways which remain to

be characterized.

HI. Neutral Endopeptidase 24. 1 1 Purification

and Assay of Neutral Endopeptidase 24.11
Activity

NEP has been purified from various tissues, such as

kidney (Kerr and Kenny, 1974b), pituitary (Almenoff et

al., 1981), brain (Relton et al., 1983), and intestine

(Fulcher et a!., 1983), using various detergents or lipo-

philic solvents to solubilize this membrane-bound pro-

tein. Immunoaffinity chromatography with polyclonal
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(Fulcher et a!., 1983) and, especially, monoclona! anti-

bodies (Aubry et al., 1987) has greatly facilitated the
rapid preparation of large quantities of pure enzyme for

functional and structural studies.
Numerous sensitive assays have been developed that

are based on the wide substrate selectivity of NEP.

Current methods include measuring the tripeptide frag-

ments [3H]Tyr-G!y-Gly or [3H]Tyr-D-Ala-G!y formed by

cleavage of the Gly-Phe bond of [3H]Leu-enkephalin or
[3H]D-Ala2-Leu-enkephalin, respectively (Vogel and Alt-

stein, 1977; Llorens et al., 1982). [3H]Leu-enkepha!in is
also currently used to study APN activity. Internally
quenched fluorogenic substrates such as the NEP

selective, commercially available, dansyl-D-Ala-Gly-
Phe(pNO2)-G!y allows continuous recording of NEP ac-
tivity (Florentin et a!., 1984).

NEP activity can also be detected using a two-step
reaction catalyzed sequentially by NEP and APN. The

substrate benzyl-Gly-Arg-Arg-Leu-2NA is cleaved by

NEP at the Arg-Leu bond, leading, after addition of

APN, to the formation of 2-naphtylamine by removal of
the N-terminal amino acid, Lou. 2-Naphtylamine can

then be quantified by fluorescence after diazotation (Al-
menoff and Orlowski, 1984). Owing to the common iden-
tity of NEP and CALLA and to the clinical interest in

characterizing and quantifying this protein on the sur-

face of various cells, new methods have been recently
proposed. A highly sensitive enzyme-linked immunosor-

bent assay method for NEP applicable to material of

porcine and human origin has been developed (Howell
et al., 1991). The limits of using immunological methods

to quantify NEP are their species specificity and their

generally lower sensitivity compared to enzymatic meth-
ods (Beaumont et al., 1989; Milhiet, 1992). Thus, nu-

merous lymphoid cells, defined as CALLA negative using

immunological detection by flow cytometry, were shown
to have low but significant levels of NEP activity at the

surface when [3H]D-Ala2-Leu-enkephalin was used as

substrate. However, due to the low specificity of NEP,
enzymatic methods require control with selective inhib-

itors. For this reason, highly sensitive methods based on

the use of highly selective fluorescent (Milhiet et a!.,

1992b) or radioiodinated (Fourni#{233}-Zaluski et al., 1992c)

NEP inhibitors have been recently developed. The major

advantage of these compounds over monoclonal antibod-
ies is that they recognize NEP independently of the

species and the degree of glycosylation of the enzyme. A
recent study has shown, for example, that, of 20 human

monoclonal antibodies tested, only four cross-reacted

with a rat cell line (H#{233}l#{232}neet a!., 1992).
The fluorescent thiorphan derivative (IC50 = 10 nM on

NEP) has been used to detect NEP on the cell surface,

to follow its intracellular traffic using photomicroscopy
(Milhiet et a!., 1993), and to quantify the presence of the
enzyme on various human or rodent cells by flow cytom-

etry (Milhiet et aL, 1992b). However, the most interest-

ing method of directly characterizing the presence of

NEP, whatever the origin and the cellular or subeellular

localization of the metallopeptidase, is based on the fact

that NEP preserves some of its enzymatic activity after
sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis (Sullivan and Johnson, 1989), a property probably

due to the high content of disulfide bonds in the pepti-

dase. Thus, the highly potent (KD = 0.03 nM) and specific
inhibitor [‘25I]RB1O4 can be used to visualize and quan-

tify as little as 2 ng of the enzyme in crude tissue extracts

after gel electrophoresis (Fourni#{233}-Zaluski et a!., 1992c;

Soleilhac et a!., 1992).

Iv. Substrate Specificity and Mechanism of
Action of Neutral Endopeptidase 24.11

NEP is a glycosylated Zn metallopeptidase inhibited

by nonspecific metal-chelating reagents, such as fi mer-

captoethanol or ethylenediaminetetraacetic acid (Kerr
and Kenny, 1974a,b). The Zn metallopeptidases form a

large group of enzymes which include, in addition to
NEP, APN, carboxypeptidases A, B, and E, ACE, colla-

genases, and the bacterial endopeptidase TLN (reviewed

by Vallee and Auld, 1990).
As shown from the crystallographic analyses of car-

boxypeptidase A (Lipscomb, 1980) and TLN (Kester and

Matthews, 1977a), all of the Zn metalloproteases have

similarities in their active sites and in their respective
mechanisms of action (Kester and Matthews, 1977b;

reviewed by Matthews, 1988). Schematically, the hydrol-
ysis of a peptide bond by these enzymes involves (a) the

coordination of the oxygen of the scissile bond to the Zn

atom; (b) a glutamate-promoted nucleophilic attack by a
water molecule on the carbonyl carbon polarized by the

Zn ion; and (c) the protonation of the nitrogen of the

peptide bond to be cleaved, leading to a breakdown of

the weakened linkage between the tetrahedral carbon

and the protonated nitrogen atoms, with subsequent

release of the two peptide fragments, one of them corre-

sponding to a single amino acid in the case of exopepti-

dases (aminopeptidases or carboxypeptidases). Crystal-

lographic studies of TLN complexed with carboxyl or

hydroxamate inhibitors have suggested that hydrolysis

occurs through the formation of a pentacoordinate com-

plex of the metal, including the oxygen of the scissile

bond and the three Zn coordinating amino acids of the
peptidase, without displacement of the water molecule

initially bound to the Zn atom (Hangauer et a!., 1984;

Matthews, 1988).
The specificity of the Zn meta!lopeptidases is essen-

tially ensured by Van der Waals and ionic interactions

between their 52, 51, Si’ and 52’ subsites and the lateral
chains of the corresponding P2, P1, P1’ and P2’ moieties

of the substrate. Specificity is also determined by several
well-positioned hydrogen bonds between donor and ac-

ceptor groups of the bound molecule and the polar resi-

dues of the peptidases, such as As&’2 and Arg�#{176}3in TLN.
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The structure of NEP is discussed in greater detail in

the following section, but for the purposes of this section

it is important to note that the enzyme preferentially

cleaves peptides on the amino side of hydrophobic resi-
dues (Phe, Leu, Met), suggesting the occurrence of a

lipophilic Si’ subsite similar to that found in TLN (Kerr
and Kenny, 1974b). A more detailed comparison of these

enzymes has shown that the presence of a Phe in the P2
position optimizes the specificity and the turnover rate

constant of NEP, provided that the S1 subsite is occupied

by a Gly or Ala residue, a restriction that does not occur
in TLN (Hersh and Morihara, 1986; Pozsgay et a!., 1986).

However, when we consider the design of better adapted

inhibitors, the results of enzymatic studies suggesting

the presence of putative well-defined subsites in metal-
lopeptidases must be used cautiously. The rate of cleav-
age of substrates is critically dependent on the dissocia-

tion rate of the two metabolites formed, which is a

function of their solvatation and the energy-consuming
transconformational processes associated with their re-

lease from the enzyme’s active site. Most of these param-
eters have no influence on the binding affinity of inhib-

itors which is dominated by ionic and Van der Waals

interactions. Inhibitors (or antagonists in the case of

receptors) are, therefore, better adapted to scrutinize the

presence and the nature of putative subsites in proteins.
NEP has a broad selectivity and can cleave various

short linear or cyclic peptides such as endothelin (Fagny

et a!., 1991) or the ANP (Stephenson and Kenny, 1987a),

as well as polypeptides of intermediate or long length,

such as insulin-B chain (approximately 3000 daltons)
(Kerr and Kenny, 1974b) and interleukin-ce1 (17,000

daltons) (Pierart et al., 1988), although it sometimes acts
more efficiently as a dipeptidylcarboxypeptidase than as
a true endopeptidase. The Km of Leu-enkephalin-amide,

for example, is about 20 times higher than that of Leu-
enkephalin. This finding was interpreted as being due to

a favorable ionic interaction between the free COOH-
terminal carboxyl group of Leu-enkephalin and a well-

positioned, positively charged amino acid in the active

site (Fourni#{233}-Zaluski et al., 1979; 1981a), leading NEP

to be considered as more closely structurally related to a
carboxypeptidase than to an endopeptidase (Malfroy and

Schwartz, 1982, 1985; Hersh and Morihara, 1986). How-

ever, the enzyme also behaves as a very efficient endo-
peptidase, cleaving various linear peptides in vitro, such

as SP and neurokinins (Matsas et a!., 1983, 19Mb; Ste-
phenson and Kenny, 198Th), gastrin and CCKS (Matsas

et a!., 1984a; Durieux et al., 1985; Durieux et al., 1986;
Zuzel et al., 1985), neurotensin (Checler et a!., 1983), and

Met-enkephalin-Arg-Phe. The chemotactic peptide for-

myl-Met-Leu-Phe was also shown to be hydrolyzed by

NEP. The colocalization of NEP immunoreactivity with

senile plaques in brain of patients suffering from Alz-
heimer disease warrants an investigation of a possible

role of NEP in f3-amyloid protein degradation (Sato et

al., 1991). We have recently shown that in vitro NEP

cleaves the �3-amy1oid (fragment 1-40) at several sites

(unpublished results).
The active site of NEP, especially the catalytic subsite,

has been shown to be large (Fourni#{233}-Zaluski et al., 1983),

accounting for the ability of the enzyme to cut the Cys-

Phe bond of ANP, i.e., at a site within the ring formed
by the two half-cystines present in this peptide,
SLRRSSOFGGRMDRIGAQSGLG�CNSFRY (Stephen-

son and Kenny, 1987a). It is important to notice that
TLN cleaves the enkephalins and ANP at the same

bonds as does NEP (E. Lucas Soroca and B. P. Roques,
unpublished results), emphasizing again the close corre-

spondence in the active sites of both enzymes.

In addition to the enkephalins and Met-enkephalin-
Arg-Phe, NEP shows little activity toward other opioid

peptides. All of these peptides are characterized by the
N-terminal sequence of Met or Leu-enkephalin, but the

efficiency of NEP in cleaving their G1y3-Phe4 bonds is
exquisitely sensitive to the length of the amino acid

sequence added at the COOH terminus (Turner et al.,

1987). Thus, dynorphin 1-9, dynorphin 1-13, a- and fi-
neoendorphin, and �3-endorphin are poor substrates, sug-

gesting a conformationally related hindered access of the

enzyme-sensitive bonds to the active site. This is an
important observation because it indicates that the

“opioid” pharmacological effects induced by NEP inhib-
itors, and probably by mixed inhibitors acting on both

NEP and APN, are mainly due to the protection of the

two endogenous enkephalins and perhaps partially to

that of the extended heptapeptide, Met-enkephalin-Arg-

Phe.
Like NEP, with which it is often found colocalized,

the membrane-bound APN also has a broad specificity
(McDonald and Barrett, 1986), although hydrophobic

residues, preferentially aromatic, in the NH2-terminal
position are more rapidly removed. In addition, the’

and 52’ subsites of APN also seem to prefer hydrophobic

residues (Hernandez et al., 1988; Xie et a!., 1989a,b).

The possible involvement of NEP in the degradation
of a peptide in a crude tissue preparation contaminated

by other peptidases is usually demonstrated by using

either thiorphan or phosphoramidon as selective inhibi-
tors. Nevertheless, the in vitro degradation of a peptide

by an enzyme, even using a tissue in which both mole-
cules are localized, does not necessarily mean that the

peptidase is responsible for its metabolism in vivo. Thior-

phan, for example, has little effect on the degradation of
rat striatal CCKS (Butcher et al., 1989) or spinal SP

(Yaksh and Chipkin, 1989; Mauborgne et al., 1991) in

spite of the presence of NEP in these tissues. However,
in other brain regions, such as the substantia nigra, SP

might well be degraded by NEP (Mauborgne et al.,
1987a). Owing to the wide distribution of NEP in periph-

era! tissues, it is probable that other putative physiolog-
ical substrates are yet to be characterized.
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V. Design of Selective Neutral Endopeptidase

24.11 and Aminopeptidase N Inhibitors

Several recent reviews have been devoted to the syn-

thesis of NEP and aminopeptidase inhibitors (Roques
and Fourni#{233}-Zaluski, 1986; Thorsett and Wyvratt, 1987;

Rich, 1990) and to the differences in the active sites of
NEP and ACE (Roques, 1985). Given the large similari-

ties in the active sites of Zn metallopeptidases (reviewed

by Matthews, 1988), the rational design of potent and
selective NEP inhibitors and mixed inhibitors of NEP
and APN was based on the synthesis of molecules that

contain a strong metal-coordinating group and that are
able to satisfy all of the possible energetically favorable

interactions with at least one of the subsites surrounding
the catalytic site. Moreover, for the exopeptidases, the

presence of a positively charged group on the P1 residue

or a negatively charged group on the P2’ residue can be
used to increase the selectivity of inhibitors for amino-

peptidases or peptidyl-dipeptidases, respectively (Roques
and Fourni#{233}-Zaluski, 1986; Rogues, 1988b). Because
ACE is also able to cleave the enkephalins at their Gl?-

Phe4 bond, showing that its active site has some similar-
ities with that of NEP, a comparison of the inhibitory
potencies of some inhibitors will be given for both en-
zymes to illustrate how this problem has been overcome

or how this information is now used to design mixed
NEP/ACE inhibitors. Only the most representative corn-

pounds in each series of inhibitors, characterized by the

nature of the Zn coordinating group, are reported.

A. Development of Selective Inhibitors of Neutral

Endopeptidase 24.11

1. Thiol inhibitors. Extensive studies of enkephalin
ana!ogues and dipeptides have shown that the specificity
of NEP is essentially ensured by the S�’ subsite, which
interacts preferentially with aromatic or large hydropho-

bic moieties. The 52’ subsite has a poor specificity,

although in contrast to ACE, but like TLN, a proline in
this position leads to poor inhibitors (Fourni#{233}-Zaluski et
a!., 1979, 1981a; Llorens et a!., 1980). It was also observed

that N-rnethylation of the Phe4-Met5 amide bond in
enkephalin analogues or in various dipeptides decreased

their affinities for NEP but not for ACE (Fourni#{233}-Zalu-
ski et al., 1979, 1981a). This observation is in agreement
with the good affinity for ACE of inhibitors bearing an
N-methylated amino acid or a proline in the P2’ position.

This property of ACE was advantageously taken into

account in the synthesis of captopril [(S)-2-methyl-3-
mercaptopropionylj-L-proline (Ondetti et a!., 1977).

The above observations were used to design the first
described synthetic potent NEP inhibitor, thiorphan

(HS-CH2-CH(CH2�)-CONH-CH2-COOH, N[(R,S)(3-
mercapto-2-benzyl-propanoyl)]-glycine (K1 = 4 nM) (ta-

ble 2) (Roques et a!., 1980). Thiorphan is only about 50-
fold more potent in inhibiting NEP than ACE. However,
its two enantiorners (R and S) have the same inhibitory

potency toward NEP but not for ACE (S-isomer = 140
nM; R-isomer = 860 nM), indicating large differences in

the stereochemical requirements for optimal interactions

in the active sites of the two enzymes. The similar

affinities of R- and 5-thiorphan for NEP contrast with
the 100-fold better inhibitory potency of L-Phe-Ala (IC�

approximately 1 �tM) as compared with D-Phe-Ala (ICso

approximately 100 tiM), demonstrating the energetically
greater importance of the binding of the coordinating
group (thiol) with the Zn atom than the stereochemica!ly

dependent Van der Waals interactions governing subsite

recognition (Bouboutou et a!., 1984; Fourni#{233}-Zaluski et
a!., 1985). These findings illustrate that caution must be
taken when directly extrapolating the results of inhibi-

tion induced by di- or tripeptides to the design of potent

and selective inhibitors. For example, Phe-Asp is among

the weakest NEP dipeptide inhibitors (Llorens et al.,
1980), but when an Asp residue was introduced in place

of Gly in thiorphan, the inhibitor thus obtained kept the

strong inhibitory potency of its parent compound (Beau-
mont et a!., 1992).

To try to increase NEP selectivity, various structural

modifications ofthe P1’ and/or P2’ moieties of thiorphan
were made (Roques et al., 1982a; Roques, 1985; Fourni#{233}-

Zaluski et a!., 1981a, 1982, 19Mb; Gordon et al., 1983;
Thorsett and Wyvratt, 1987). However, this generally

resulted in the synthesis of numerous highly potent

mixed inhibitors of NEP and ACE (table 1), such as

ES37 (NEP: K1 = 5.2 nM; ACE: K1 = 12 nM) or ES34

(NEP: K1 = 4.5 nM; ACE: K1 = 55 nM) (Fourni#{233}-Zaluski

et a!., 19Mb), subsequently designated SQ 28,133 (Sey-
mour et a!., 1991c). A clear increased selectivity for NEP

was observed by replacing the benzyl group of thiorphan
with a cyclohexyl residue, but this was also associated

with a decreased affinity (NEP: ICso 31 nM; ACE: IC�

> 10,000 nM). Modifications of the COOH-terminal car-

boxy! group of thiorphan, such as esterification or ami-

dification, led to a modest decrease in inhibitory potency

for NEP, which is in agreement with the endopeptidase
nature of this enzyme, but to a larger loss in ACE

inhibition, which underlies the critical role played by the

COOH-terminal carboxyl group and by its spatial on-

entation in ACE substrate recognition (Fourni#{233}-Zaluski

et a!., 19Mb). In agreement with the flexibility of the

side chain of the arginine residue (Arg’#{176}2)located at the
surface of NEP and at the edge of the S1 ‘ subsite (Beau-

mont et a!., 1992), an increased selectivity was obtained

by replacing the glycine moiety of thionphan with longer

amino-alkyl carboxylic acids, such as amino heptanoic
acid in SQ 29,072 [HS-CH2-CH(CH24)-CONH(CH2)6-

COOH] (Seymour et al., 1989b) or by a heterocyclic
hydrazide as in RU 44004 (R,S)HS-CH2-CH(CH2�)-
CONH-NC4H8O (table 2).

The first described thiol inhibitors capable of interact-
ing with the Si, Si’, S2’ domain of NEP, such as IGM22,

HS-CH(CH2CH(CH3)2)-CH(CH24)-CONH-CH(CH3)-
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TABLE 2

Relatively selective NEP inhibitors
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COOH (Fourni#{233}-Zaluski et a!., 1992b; Gomez-Monterrey
et a!., 1993), have ICso values in the same range as
thiorphan, an observation in agreement with the absence
of a true hydrophobic S� subsite in the peptidase (table
2). Replacement of the carboxyl group of thiorphan and
its derivatives by the acidic -SO3H moiety did not signif-
icantly increase their inhibitory potencies but improved
the pharmacokinetic properties of these inhibitors (Mi-
mura et al., 1992).

If we take into account that modifying the ‘ and P2’
residues cannot ensure a complete differentiation of NEP
and ACE inhibition, modification of the amide P’1-P’2
bond of the inhibitors was considered the most promising
discriminating factor. This was confirmed by retnoinven-
sion of the amide bond of thiorphan, because the result-
ing retnothiorphan HS-CH2CH(CH24)-NHCO-CH2-
COOH is almost as potent as thiorphan, having an IC50

of 6 nM, but displays a drastic loss of potency for ACE

(IC50 > 10,000 nM) (Roques et al., 1983). This successful

approach was based on the assumption that the retroin-
version of the natural amide bond of thiorphan would
allow the respective groups of (R)-retrothiorphan to
maintain similar interactions, including hydrogen bond-
ing, with NEP but not with ACE, given the stringent
stereochemical requirements of the S1’-S2’ subsites of
the latter enzyme. As hypothesized, (R)retrothiorphan
(K1 = 2.3 nM) is a better NEP inhibitor than its S-isomer

(K1 210 nM).
Because inhibition experiments using separate R- and

S-isomers of thiorphan and retrothiorphan (Fourni#{233}-
Zaluski et al., 1986) indicated that the specificity of NEP
and TLN were very similar, computer studies and crys-
tallographic determination of the three-dimensional
structures of 5-thiorphan and R-retrothiorphan bound
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to TLN were undertaken. These studies showed that, as

anticipated, the carbonyl oxygen and amide hydrogen

display very similar hydrogen bonding despite the inver-

sion of the -CONH- linkage. The good agreement be-
tween the computer-modeling results (Benchetnit et a!.,

1987) and crystallographic analysis (Rodenick et a!.,

1989) suggest that docking experiments, using a recon-
stituted active site of NEP, may soon be feasible. The

topological concept of retroinversion isomers (Goodman

and Chorev, 1979), extended for the first time to enzyme

inhibitors in retrothiorphan, has since been successfully
extended to other NEP inhibitors. These inhibitors have
the added advantage of an enhanced resistance to enzy-

matic degradation.
Another class of mercapto inhibitors, N-mercaptoace-

tyldipeptides, has been reported by two different groups

(Altstein et al., 1982, 1983; Van Amsterdam et al., 1987).
These compounds were more potent than might be ex-

pected, given the size of the extended chain bearing the

thiol group. This can be explained if the mercapto acetyl

function is assumed to act as a bidentate ligand for the
Zn ion.

The thiol inhibitors, including thiorphan, are relatively

hydrophilic and have limited ability to penetrate the

gastrointestinal and blood-brain barriers. An improve-

ment in the bioavailability of thiorphan has been ob-

tamed by protecting its thiol and carboxyl hydrophilic
groups (Roques et a!., 1980, 1982a,b; Fourni#{233}-Zaluski et

al., 1981a,b). The resulting prodrugs, such as acetorphan

[(R,S)CH3COS-CH2-CH(CH24)-CONH-CH2-CO2CH24�]
or its S-isomer, sinorphan, are rapidly transformed to

thiorphan by esterases in the brain and blood. This

prodrug approach is currently used with other thiol-
containing NEP inhibitors.

2. Carboxyl inhibitors. Introduction of a carboxyl group

at the NH2 terminus of the dipeptide Phe-Leu resulted
in a molecule with an IC50 of 0.1 �tM. Unlike ACE inhib-

itors, however, the affinities ofthese compounds for NEP

were not modulated by the relative positions of the
carboxyl group and the phenyl moiety, which supports

the idea of a larger catalytic site in NEP (Fourni#{233}-Zaluski

et al., 1982, 1983). Consequently, some ofthese molecules
are relatively potent, mixed inhibitors of NEP and ACE.

Based on the high inhibitory potency for ACE exhibited
by enalapnil, a tnipeptide analogue that interacts with

the S1, Si’, and S2’ subsites of the enzyme (reviewed by
Thorsett and Wyvratt, 1987), carboxyl-denived inhibitors

of NEP and various N-carboxyl alkyl dipeptides bearing
an hydrophobic chain on the carboxyalkyl group were

synthesized (Mumford et al., 1982; Chipkin, 1986; North-

ridge et a!., 1989; Haslanger et a!., 1989). The significant
increase in potency obtained with these compounds and

the influence of the chirality of the side chains suggested

the existence of a S� subsite that could exhibit some
selectivity for NEP recognition. However, nonspecific
Van den Waals interactions and bidentate coordination

of the carboxyl group are more probable explanations

(Roques et a!., 1982a,b; Elliot et al., 1985).

Three carboxyl NEP inhibitors have so far been exten-

sively studied, SCH 32,615, SCH 39,370, and UK 69,578

(table 2). In the latter compound, a cyclopentyl group
and a p-aminocyclohexane carboxyl moiety were intro-

duced in the P1 ‘ and P2’ positions, respectively, to im-

prove the selectivity for NEP (Fourni#{233}-Zaluski et a!.,

1984b). Prodrugs of these molecules can be easily ob-

tamed by estenifying the carboxyl function with lipophilic
alcohols.

3. Bidentate inhibitors. A detailed analysis of NEP

inhibition by NH2-terminal hydroxamates was per-

formed by Bouboutou et al. (1984), using four series of

novel dipeptides analogues. This study showed that (a)
hydroxamates are more efficient than N-formyl-N-hy-

droxyamino derivatives, a result identical with that ob-
tamed for TLN (Nishino and Powers, 1978); (b) the
insertion of a methylene spacer between the Zn-chelating

group and the benzyl-bearing carbon increases the inhib-

itory potency of the molecules; and (c) all of the inhibi-

tons have poor affinities for ACE (IC� > 10,000 nM).

Among these derivatives, HACBO-Gly, [HO-NHCO-

CH2-CH(CH2�)-CONH-CH2-COOH] (KD 0.4 nM) was

developed as a tnitiated probe, e.g., [3H]HACBO-Gly, for

binding studies and in vitro or in vivo visualization of

NEP by autoradiography (Waksman et al., 1984; Sales

et a!., 1991).

The optimization of the interactions of hydroxamate

inhibitors belonging to the HACBO-Gly series in the

active site of NEP (Fourni#{233}-Zaluski et a!., 1985; Xie et

a!., 1989a,b) has shown that the absolute configuration

of the Pi ‘ residue, as well as the size and the hydropho-
bicity of the P2’ residue, does not greatly influence en-

zyme recognition. However, these two parameters have

played an important role in the design of selective or

mixed inhibitors of NEP, APN, and DAP; this will be

discussed later. The retroinversion of the amide bond in

dipeptide hydroxamates only led to very efficient NEP

inhibitors with compounds containing a methylene

spacer between the hydroxamate group and the carbon

bearing the P1 ‘ benzyl side chain (Fourni#{233}-Za!uski et a!.,
1989). The first of this series (retro-HACBO-Gly) is a

highly potent and selective NEP inhibitor with an ICso

of 0.5 nM. An increase in NEP affinity was also obtained

by monosubstitution of the P2’ residue. Thus, the

inhibitor, (S,S)HONH-CO-CH2-CH(CH2�)-NHCO-

CH2-CH(CH3)-COOH (JFH19), is more than 100- and
2000-fold more selective for NEP (IC� approximately

0.15 nM) than for APN and DAP, respectively (Fourni#{233}-

Zaluski et al., 1989).
The replacement of Gly in retro-HACBO-Gly by a

highly hydrophobic aromatic moiety in RB1O4 led to a

large increase in NEP affinity (table 2). [125I]RB1O4 is
the most potent NEP inhibitor described so far (KD =

0.03 nM), a property that has been used to directly
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visualize NEP in crude membrane fractions after gel
electrophoresis (Fourni#{233}-Zaluski et al., 1992c).

4. Phosphorus-containing inhibitors. Another interest-
ing series of inhibitors are the phosphorus-containing
dipeptides, among which is the natural competitive in-
hibitor of NEP, phosphoramidon, produced by Strepto-

myces tanashiensis; this compound was initially de-
scribed as a TLN inhibitor (Umezawa, 1972). Various
potent phosphorylated inhibitors of NEP have been de-
scnibed (Altstein et a!., 1982; Garcia-Lopez et a!., 1985),
and more recently, phosphoramidate derivatives have
also been reported (Elliot et a!., 1985). However, these
compounds, although potentially able to interact with

the S1, Si’, and 52’ subsites of NEP, are less efficient
than the phosphorylated dipeptide. Nevertheless, this
series of potential inhibitors deserves further investiga-
tion.

B. Aminopeptidase N and Dipeptidyl Peptidase

Inhibitors

Various natural aminopeptidase inhibitors have been
isolated from actinomycetes. These include puromycin,
which is nonselective and weakly active, and the more
potent peptide analogues bestatin, H2N-CH(CH24)-
CH(OH)CO-Leu (Umezawa et a!., 1985), amastatin, H2
N-CH-[CH2CH(CH3)2J-CH(OH)CO-Val-Val-
Asp, and derivatives (Rich et a!., 1984). However, these
molecules have little selectivity for APN.

Simple molecules that recognize only the S� subsite
and interact with the Zn atom, such as substituted ami-
noethanethiols, were found to be highly potent APN
inhibitors (Chan, 1983; Pickering et a!., 1985; Fourni#{233}-
Zaluski et a!., 1992a). Recently, a-thio!bestatin analogues
(Ocain and Rich, 1988) and sulfur-containing modified
di- or tnipeptides (Gordon et al., 1988) have been synthe-
sized. Several of these compounds exhibit high inhibitory
potencies on various aminopeptidases, but their IC�
values for APN are low (>10 MM). To improve the bio-
availability of phenylalanine-thiol (ICso approximately
20 nM), a hydrophobic carbamate group was introduced
on the thiol function, leading to an aminopeptidase in-
hibitor designated carbaphethiol. This compound is re-
ported to elicit antinociceptive activity after i.v. admin-
istration in mice (Gros et a!., 1988).

Inhibitors of DAP were designed by taking into ac-
count the requirement for a charged amino group in the
P2 position and the hydrophobicity of the extended S�,
Si’, and S2’ active site. The most potent DAP inhibitor,
Tyr-Phe-NHOH (K1 approximately 10 nM), is also highly
selective with IC80 values > 10,000 nM for NEP, APN,
and ACE (Ch#{233}rotet a!., 1986b).

VI. Development of Mixed Inhibitors of Neutral
Endopeptidase 24.11 and Aminopeptidase N and

of Neutral Endopeptidase 24. 1 1 and Angiotensin-
converting Enzyme

Because the enkephalins are degraded by more than
one enzyme, i.e., NEP, APN, and possibly DAP, numer-

ous mixed inhibitors of these enzymes have been de-

signed. This was achieved using the hydroxamate group

as a Zn-chelating moiety by hypothesizing that the

strength of its coordination to the metal should counter-

balance a less than perfect fit of the inhibitor side chains
to the active sites of the three metallopeptidases (Bou-

boutou et al., 1984; Fourni#{233}-Za!uski et a!., 1985). Accord-
ingly, kelatorphan [(R,S)(HONHCO-CH2-CH(CH2�)-

CONH-CH(CH3)-COOH] strongly inhibits NEP (ICso
1.8 nM), APN (IC� = 380 nM), and DAP (IC� = 0.9 nM),

whereas its S,S-stereoisomer is a highly potent and se-

lective NEP inhibitor with ICso values of 1.8 nM for

NEP, 29,000 nM for APN, and 100 nM for DAP (table

1).

A large number of analogues have been synthesized
using this new concept, and all have a pseudodipeptide

structure. RB38A [(R,S)HONH-CO-CH2-CH(CH2�)-

CONH-CH(CH2q�)-COOH] is as active as kelatorphan

on DAP and NEP but is a more potent inhibitor of APN
(ICso 120 nM) (Schmidt et a!., 1991). In contrast, the

S,S-stereoisomer RB38B is a selective and very efficient
NEP inhibitor (ICso 5.6 nM). It was interesting to

observe that a hydrophobic, large residue in the P’2

position significantly increased APN recognition without

affecting NEP and that retroinversion of the amide bond

also led to highly efficient mixed inhibitors (Fourni#{233}-

Zaluski et a!., 1985; Hernandez et al., 1988).
At the present time, kelatorphan and retrokelator-

phan-related bidentates are the only mixed inhibitors

with nanomolar affinities for both NEP and APN. How-

ever, their high water solubility, although favorable for

binding studies and inhibiting enzymes easily accessible
from the circulation, prevents them from crossing the

blood-brain barrier. Efforts to improve their bioavai!-
ability have met with little success. Another strategy

was, therefore, used, which consisted of linking highly
potent thiol-containing APN and NEP inhibitors by a

disulfide bond. In addition to the easy modulation of

their hydrophobicity, one ofthe main advantages of these
mixed inhibitor prodrugs is the stability of the disulfide

bond in plasma, contrasting with its relatively rapid

breakdown in brain (Fourni#{233}-Za!uski et a!., 1992b).
Among the various compound synthesized, RB1O1

[H2N-CH(CH2-CH2-S-CH3)-CH2-S-S-CH2-CH(CH2�)-

CONH-CH(CH2�)-COOCH2�] has been shown to be
very active in antinociceptive tests after i.v or s.c. ad-

ministration at low doses (Noble et a!., 1992a).

Relatively few mixed NEP/ACE inhibitors have been
synthesized so far, but this number will probably grow

in the near future, and attention must be paid to the

introduction of pharmacokinetically favorable cyclic
moieties in the structure of these compounds, thereby

taking advantage of the now well-established structural

differences in the active site of NEP and ACE (Roques
et a!., 1983; Fourni#{233}-Zaluski et al., 19Mb; Roques, 1985).
Based on these findings, we have recently synthesized
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three series of new mixed NEP/ACE inhibitors (B. P.

Roques and M.-C. Fourni#{233}-Zaluski, French patent

91.09306) that exhibit nanomolar affinity and are capa-

ble of blocking almost completely the two peptidases
after oral administration in mice (EDso 0.5 to 5 mg/
kg).

vu. Molecular Biology of Neutral Endopeptidase
24.11

A. Complementary DNA Cloning and Sequencing

The primary structure of rabbit NEP was elucidated
by cloning and sequencing the DNA complementary to

the mRNA coding for the kidney enzyme (Devault et a!.,
1987). The metallopeptidase consists of 749 amino acids

with five N-glycosylation sites accounting for the Mr

94,000 evaluated from sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. The protein also contains 12

cysteine residues which are likely to be involved in di-
sulfide bridges (Tam et aL, 1985). NEP has a short NH2-
terminal cytoplasmic domain (27 amino acids), followed

by a 23-residue hydrophobic domain, which anchors the
protein in the plasma membrane, and a large extracel-

lu!ar domain that contains the active site (fig. 1). These

observations are consistent with previous suggestions
concerning the topological organization of ectoenzymes
such as APN (Maroux, 1987).

Although the sequence of NEP shows only a weak

homology with those of other Zn metallopeptidases, some
of the most important amino acids in the active site of

TLN appear to have been conserved (Benchetnit et a!.,

1988). Several of these residues are included in a consen-
sus sequence VxxHExxH, which has been found in nu-
merous other Zn endopeptidases, such as human colla-

genase, human ACE (Soubnier et a!., 1988), and the
exopeptidase APN (Jongenee! et a!., 1989; Helene et a!.,
1991), but not in the Zn carboxypeptidases so far se-

quenced (Erd#{246}sand Skidgel, 1989; Val!ee and Auld,
1990). The two histidines of this sequence (Hissso and
His�7 in NEP) are Zn-coordinating ligands and the
glutamate (Glu� in NEP) plays a role in catalysis by

polarizing a water molecule. An additional short homol-
ogous sequence was also found, which in TLN contains
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FIG. 1. Schematic model of the primary Structure of NEP. The

intracellular domain (residues 1 to 27) is followed by a membrane-

spanning domain (M, residues 28 to 50) with the rest of the enzyme

being in the extracellular space. C, 12 cysteine residues; “lollypops,”

putative glycosylation sites; hatched region, consonsus soquence with

residues at the active site of TLN.

an essential histidine residue thought to be involved in

stabilizing the transition state of the enzyme-substrate

complex (His637 in NEP). This observation was in agree-

ment with previous reports of the similarities between
NEP and TLN (Roques et al., 1983; Fourni#{233}-Za!uski et

a!., 19Mb), including the presence ofa critical His residue

at the active site of NEP (Beaumont and Roques, 1986)

and in contrast to a Tyr residue in carboxypeptidases
(Lipscomb, 1980). However, subsequent site-directed
mutagenesis of His�7 showed that it has little, if any,

role in NEP activity (Devau!t et a!., 1988a), and His7�

has since been proposed as an essential active site residue

from affinity labeling and site-directed mutagenesis stud-
ies (Bateman et a!., 1990; Kim et al., 1992a). As previ-

ously proposed in the case of TLN (Hangauer et al.,

1984), His7� could be involved in transition state stabi-
lization through hydrogen bonding between the His7�-

NH group and the oxygen of the amide bond to be

cleaved. The role of an additional tyrosine residue in

stabilizing the polarized substrate remains to be firmly
established.

Several other putative active site residues, which could

correspond to those located in the active site of TLN,
were also proposed (Benchetrit et al., 1988) by using the

recently developed technique of hydrophobic cluster

analysis, which predicted that, despite their very low

sequence homologies, the enzymes might have a very

similar active site arrangement.
Interestingly, the exopeptidase APN also possesses the

consensus sequence VxxHExxH (Olsen et al., 1988),

showing that, as suggested (Fourni#{233}-Za!uski et a!., 1985;

Fourni#{233}-Zaluski, 1988), the active site structure and

mechanism of action of APN may be closer to a Zn

endopeptidase than to that of classical exopeptidases.
This has been confirmed both by identifying some of the

critical amino acids (His, Arg) present in the active site
by use of selective chemical reagents (Helene et a!., 1991)

and the proposed model of inhibitor binding confirmed
by crystallographic analysis of bestatin complexed to
leucine-aminopeptidase, another Zn-containing enzyme

(Burley et a!., 1992).

Endopeptidase 24.11 from rat kidney and brain (Mal-
froy et a!., 1987) and human placental NEP (Maifroy et

al., 1988) show a high degree of homology (>90%) with

the rabbit enzyme, with the only important difference
being the number of possible glycosylation sites; there

are five in rabbit and six in human and rat NEP (Malfroy

et a!., 1988). These differences in glycosylation have no

effect on the enzymatic activity, but they could explain

the inconsistencies in the cross-reactivity of antibodies

used to localize NEP from different species (Fuicher et

a!., 1983; Lecavallier et a!., 1989). Differences in glyco-

sylation could also affect antibody recognition in tissues
of the same species, because human NEP from the fibro-

blasts and kidney has been found to have a molecular

weight of approximately 90 kDa, whereas the molecular
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weight of neutrophil NEP was found to be 110 kDa

(Braun et a!., 1984). The recombinant rabbit kidney
enzyme has a molecular weight of 87 and 94 kDa when

expressed in insect or in Cos cells, respectively (Fossiez

et a!., 1992; Devau!t et a!., 1987).

B. Site-directed Mutagenesis

The role of several of the putative active site residues
of NEP has been tested by site-directed mutagenesis

using recombinant enzymes expressed at the cell surface

of COS-1 cells. Replacing G!u� by Va! abolished the

degradation of [3H]Leu-enkepha!in by the enzyme, and
similar results were obtained with an AspSM mutant,

showing that shortening the side chain of Glu5� by a
single methy!ene group is sufficient to suppress the po-

lanization of the water molecule involved in the catalytic

process (Devault et a!., 1988b). Interestingly, the muta-
tions were unable to change the affinity of the inhibitor

[3H]HACBO-Gly, suggesting that G!u� is not involved

in the binding of this Zn-directed bidentate-containing

inhibitor, a finding that can be used to design compounds

capable of profiting from this potential additional inter-

action.

Several groups had suggested the presence of a sub-
strate-binding Arg residue, using the reagents butane-

dione and pheny!g!yoxa! (Ma!froy and Schwartz, 1982;
Beaumont and Roques, 1986; Bateman et a!., 1989). Site-

directed mutagenesis has also shown the presence in the
NEP active site of two arginine residues: Arg’#{176}2,initially

identified by its labeling by [14C]phenylglyoxa! (Bateman

et a!., 1989), and Arg747 (Beaumont et a!., 1991), which

was first proposed to be in the active site by the hydro-
phobic cluster analysis and to correspond to Arg�#{176}3in

TLN (Benchetnit et a!., 1988). Site-directed mutagenesis

of the two indicates that they could both play a role in

substrate binding, Arg102 interacting with the free car-
boxy! group of the P2’ residue of some substrates and

Arg747 with the carbonyl amide group of the P1 ‘ residue.
The proposed localization of these two arginines could

help to explain why NEP has both endopeptidase and

dipeptidylcarboxypeptidase activities. By mutating

Arg102 to G!u it has proved possible to invert the speci-

ficity of the enzyme by charge polarity reversal, thereby

opening the way to the design of recombinant enzymes
with appropriate properties, such as for the enantiomenic

separation of unnatural amino acids (Beaumont et a!.,

1992). This result, confirmed by the replacement of

Arg102 by several other amino acids (Kim et al., 1992b),
also indicates that Arg’#{176}2is located at the edge of the

active site, because previous studies have shown that

charge polarity reversal does not seem to work with a

residue located in the interior of an active site (Hwang

and Warshel, 1988).
The third Zn ligand was identified by site-directed

mutagenesis as Glu�6, and replacement of this residue

by Va! led to a complete loss of enzyme activity and

[3H]HACBO-Gly-binding affinity (Le Moual et a!.,

1991). Interestingly, Asp�6-NEP exhibited similar Km

and K1 va!ues for the substrate [3H]D-A!a-Leu-enkeph-

alin and the inhibitor [3H]HACBO-Gly, respectively, but
had a reduced rate of hydrolysis and a lower affinity for
the Zn. These results have been interpreted by a small

distortion in the geometry of the Zn-binding residues,
provoking a small change in the spatial position of G!u�

which is linked to one of these residues, His�. This

could result in a decreased nucleophi!icity of the water

molecule bound to both the Zn atom and G!u� residue
(Le Moua! et a!., 1991) (fig. 2).

Point mutation experiments have also confirmed that,
as suggested (Benchetrit et a!., 1988), AsnM2 and AIaM3
of NEP are the corresponding residues to Asn112 and

A!a”3 in TLN (H. Le Moual, B. P. Roques, P. Cnine, and

G. Boileau, to be published).
Crystallographic studies have shown the close come-

spondence between TLN and other Zn metal!opeptidases
with regard to the location and function of amino acids

crucially involved in binding and substrate hydrolysis
(Matthews, 1988; Roderick et a!., 1989). Results of these

studies are in agreement with the often underlined con-
servation of active site geometries in the superfamily of
Zn meta!!opeptidases (Vallee and Auld, 1990). The

knowledge of the position of the disulfide bonds and of
the most important amino acids involved in substrate
and inhibitor binding, including those belonging to the

FIG. 2. A schematic representation of the binding of the NEP

inhibitor, retrothiorphan (table 2), to the active site of the enzyme,

with the suithydryl group of the inhibitor pointing toward the Zn atom.

Site-directed mutageneSis StudieS have confirmed the proposed roles of

Glu� in catalysis (Devault et a!., 1988b), His�, HisM7, and Glu� in

Zn binding (Devault et a!., 1988a; Le Moual et al., 1991), Arg747

(Beaumont et al., 1991) and Arg1#{176}�(Bateman et a!., 1989; Beaumont et

a!., 1991, 1992) in ligand binding, and HiS71’ which may be involved in

transition state binding (Bateman et a!., 1990). AsnMl and Ma� are

probably involved in substrate binding (Benchetrit et al., 1988). All of

these residues except Arg1#{176}�have their homologues in the active site of

TLN (Matthews, 1988), and the binding mode of retrothiorphan is

taken from data obtained by cocrystallization of the inhibitor with this

enzyme (Roderick et al., 1989).
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relatively specific P1’ subsite of NEP, which may be

determined using affinity labeling (Beaumont et al.,

1987), could permit the tertiary structure of the active

site of NEP to be modeled through the use of computer
calculations coupled to graphics analysis. This approach

represents an attractive challenge to develop more potent

and selective “tailor-made” inhibitors (Benchetrit et a!.,

1987). However, even with all the information required,
care must be taken because, in spite of a remarkably
similar active site topology, Zn metallopeptidases could

have their respective polypeptide chains following corn-

pletely different courses, as shown for TLN and carbox-

ypeptidase A.

Crystallization of NEP appears to be hampered by its

glycosylation and the presence of a highly hydrophobic
membrane-spanning sequence, causing aggregation in

the absence of detergents. To try to overcome the latter

problem, the secretion of a soluble form of the recombi-
nant NEP from COS-1 cells was induced by fusion of

the cDNA encoding the signal peptide of a secreted
protein (proopiome!anocortin) to the cDNA sequence of

the complete ectodomain of NEP (Lemay et a!., 1989).

The recombinant soluble NEP, which has since been

expressed in large quantities using insect cells trans-

fected by a genetically modified baculovirus (Fossiez et

al., 1992), is fully active and, therefore, could be useful

as a first step in obtaining an enzyme that will readily

crystallize. Attempts to obtain an even shorter, soluble
form of NEP were unsuccessful, very likely because the

modifications removed sequences containing one or more

cysteine residues that are probably involved in disu!fide

bridges (Waksman et al., 1993).

C. Human Neutral Endopeptidase 24. 1 1 (Common Acute

Lymphoblastic Leukemia Antigen) Gene

The human NEP/CALLA gene spans more than 80

kilobases and contains 24 miniexons with (a) exon 3

encoding the initiation site, the cytoplasmic, and trans-

membrane domains; (b) exon 19 encoding the consensus

sequence VxxHExxH associated with Zn binding and

substrate catalysis; and (c) exon 24 encoding the terminal

32 amino acids of the protein and containing the entire

3’-untranslated region (D’Adamio et a!., 1989). Analysis

of clones differing from one another in the 5’-untrans-

lated region suggests that NEP gene transcription could
be controlled by alternative splicing of a common or
distinct pre-mRNAs, leading to differentia!ly controlled

gene expression in a tissue-specific and/or develop-
mentally regulated manner (D’Adamio et a!., 1989).

This could account for the considerable changes in the

expression of CALLA/NEP at the surface of lymphoid
cells in various physiopathological conditions (Le Bien

and McCormack, 1989). A similar mechanism of regula-

tory control has been proposed to explain the large
differences in the rate of synthesis between fetal and
adult ANP in intestinal microvili (Danielsen et a!., 1987,

and references cited therein). NEP expressed on cultured

synovial fibroblasts is negatively regulated by phorbol

diesters (Werb and Clark, 1989), although it remains to

be determined whether this regulation occurs at the 5’-

untranslated region of the gene. Interestingly, autoradi-

ographic studies with the NEP inhibitor [3HIHACBO-

Gly have shown a large increase in the peptidase concen-

tration in the spinal cord during an early stage of human

development (Sales et a!., 1989) and, even more intnigu-

ing, a transient hyperexpression of NEP in heart, intes-

tine, and bone marrow in rat fetus (Dutniez et al., 1992).

The NEP gene is located on human chromosome 3 which

also encodes somatostatin, transferrin, and its receptor,

enzymes such as acetylcholinesterase and $-galactosid-

ase, and the oncogenes c-raf-1, c-erb-A, and c-erb-B.

Deletions and translocations of this chromosome are

frequent in small cell lung and renal cell carcinomas and

malignant cutaneous T-cell lymphoma (Tran-Paterson

et a!., 1989). Inasmuch as NEP is expressed in these

tissues, it will be important to study the NEP gene in

both normal and tumor cells to reveal possible a!terations

associated with malignancy.

Because the gene for human APN has been located on

chromosome 15q,13q-ter and that of another ectoen-

zyme, �y-glutamyl transpeptidase, is on chromosome 22,

it appears that the genes of these ectoenzymes are not

under a common regulatory DNA control (Kruse et al,

1988).

A short mRNA encoding a protein of 255 amino acids

and derived from the NEP gene by alternative splicing

has been characterized in brain tissue (Llorens-Cortes et

a!., 1990). Although the putative protein would contain

the consensus sequence of Zn metallopeptidases, some
important amino acids present in the active site of NEP

are lacking (ArgiO2, AsnM2, and AlaM3). Whether this

protein is indeed expressed and, if so, whether it is

located at the cell membrane and has enzymatic activity

remains to be determined. It is perhaps worth noting

that, when a domain close to that which would be lacking

from this enzyme was deleted from recombinant NEP,

no enzyme was detected at the surface of the COS-1 cells

(G. Waksman et a!., 1993).

A cDNA clone isolated from a human lung library was

also shown to encode a shorter form of NEP character-
ized by the deletion of exon 16 (corresponding to the 27-

amino acid sequence A!a� to Glu49). The recombinant

form of this new NEP, probably produced by alternative

splicing, was found at the surface of COS-7 cells, but
deletion of the 27-amino acid segment reduces enzymatic

activity by a factor of at least 150 (lijima et a!., 1992).

Two new shorter transcripts (1.8 and 0.8 kDa) have been

detected in both B- and T-cells by northern blot analysis,

using probes corresponding to the NH2-terminal and

COOH-termina! coding sequence of CALLA (Man et al,

1992).

BIOCON PHARMA LTD (IPR2020-01263) Ex. 1013, p. 013



100 ROQUES ET AL.

VIII. Localization of Neutral Endopeptidase

24.11

NEP can hydrolyze a variety of regulatory peptides in
vitro. Therefore, it was essential to know its precise
localization and that of its possible substrates and their
receptors to determine its in vivo specificity. Several

groups have studied the distribution of NEP in the CNS

and peripheral organs.

A. Central Nervous System

The first precise localization of NEP in the CNS was
obtained by quantitative autoradiography using the tn-

tiated inhibitor [3H]HACBO-G!y, which selectively in-
teracts with the peptidase with a high affinity (KD = 0.5

nM) (Waksman et a!., 1984, 1985b, 1986a). The same
approach was independently pursued for the visua!iza-

tion of brain ACE using the potent and selective inhibi-
ton, [3H]captopnil (Srtittmatter et a!., 1984).

[3H]HACBO-Gly-binding sites were found to be dis-

cretely distributed in rat brain, with the highest concen-
trations in the choroid plexus, substantia nigra, caudate

putamen, g!obus pallidus, olfactory tuberc!e, nucleus ac-
cumbens, and the substantia gelatinosa ofthe spinal cord
(fig. 3). Moderate binding levels were found in the amyg-

dala, the interpeduncu!ar nucleus, the molecular layer of
the cerebellum, the peniaqueductal gray matter, and the
hippocampus. An intense accumulation of silver grains,
intermingled with streaks of nonlabeled zones corre-

sponding to white matter tracts, was observed in the

region connecting the substantia nigra and the caudate
putamen and which was particularly dense in the ento-
peduncular nucleus. A similar pattern has been reported
in a nigrostniatal pathway for ACE, visualized with [3H]

captopni! (Stnittmatter et a!., 1984).
A good correspondence was found between the distni-

bution of the enzyme and opioid receptors (Waksman et
a!, 1986a, and references cited therein). Thus, in the
caudate putamen, [3H]HACBO-Gly binding overlapped

both patchy is-sites and diffusely labeled #{244}-receptors and
paralleled that of �t- and #{246}-opioidreceptors in the pyram-

ida! cells of the CAl and CA3 regions of the hippocam-
pus. High concentrations of both NEP and is-receptors
were found in the peniaqueducta! gray matter and the

substantia gelatinosa of the spinal cord, areas that are

implicated in pain perception and analgesia (table 3).
Low but measurable levels of #{244}-opioid-binding sites were
found in the substantia gelatinosa, a finding that is in
agreement with a selective involvement of this opioid
receptor type in spinal analgesia (Dickenson et a!., 1986,
1987a). High resolution autoradiography, using emul-
sion-coated coverslips (Zajac et a!., 1988), showed that
in the media! portion of lamina V and in the motoneu-

ronal area only is-binding sites occurred, whereas NEP
was sparsely distributed in the intermediolatera! column,
most likely in Schwann cells as suggested by Matsas et
a!. (1986), who studied the pig peripheral nervous system.

In the cerebellum, high levels of NEP, contrasting with

the sparse distribution of both enkephalins and opioid
receptors, were found, probably presynaptica!y, located

on “y-aminobutynic acid terminals. In human brain, a

high density of NEP overlapping that of �t- and #{244}-opioid
receptors was found in the caudate putamen, globus

pallidus, and substantia nigra. Lower levels were found

in the peniaqueducta! gray and cortical layers (Roques,

1989).
Similar resu!ts were obtained in the pig CNS using a

polyclonal antibody and immunoperoxidase staining

(Matsas et al., 1986) and in rat brain using a 12514odi..
nated monoclona! antibody (Pollard et al., 1989). In both

of these studies, the distribution of NEP was compared

with that of Leu-enkephalin and SP, confirming that SP

could serve as substrate for the peptidase in some regions,
especially the substantia nigra (Mauborgne et al., 1987a).
NEP immunoreactivity has also been found in the pig

(Barnes and Kenny, 1988) and rat (Pollard et a!., 1989)

adenohypophysis. The peptide(s) processed in this region
is as yet unknown. In the median eminence, the relative

distribution of dense enkephalin and NEP immunoreac-

tivities indicates that the endogenous opioid peptides

might reach the hypothalamohypophysea! microcircula-
tion to induce growth hormone secretion from the pitui-

tany. The localization of NEP in some regions has also

been investigated by a fluorescent histochemical method,
leading to resu!ts largely in agreement with those ob-

tamed using the previously discussed methods (Back and

Gorenstein, 1986, 1989).
1. Distribution and ontogerwsis ofneutral endopeptidase

24. 1 1 in spinal cord and meniriges of humans and rats. In
adult human spina! cord, specific [3H]HACBO-Gly bind-
ing was found in the substantia gelatinosa, with a similar

distribution to that already described for the rat (Zajac

et a!., 1987a,b). In the fetus, the enzyme and z- and #{246}-
opioid receptors appear at an early stage of development

(14 weeks), mainly localized in the superficial layer of

the dorsal horn (Sales et a!., 1989). This period, 2 weeks
before the appearance of the enkephalins, corresponds

to the development of diverse types of synapses (Rizui

et a!., 1986), suggesting that NEP and the receptors could
serve to modu!ate developmental activity, such as axonal

growth (Hammer, 1985). NEP concentrations in the

substantia ge!atinosa decrease in the neonate, which

could be related to the final correct formation of axonic

connections. In agreement with this, opioid agonists and

antagonists have brain growth-retarding and -stimulat-

ing effects, respectively (Akoev et a!., 1989). Receptor
occupancy by the endogenous neuropeptides could, there-

fore, participate in transient synaptic circuitry and in
the final establishment of neural connections. These
results could have important repercussions in under-

standing the formation of nociceptive pathways and of
disturbances of infants born to opiate-addicted mothers,

Moreover, the presence in human fetal spinal cord of the
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structural and biochemical elements involved in enke-

pha!inergic transmission, including regulation of en-

kephalin diffusion by meningea! NEP, as discussed be-

low, could offer new possibilities for treating pain in
infants (Sales et al., 1989, and references cited therein).

High levels of NEP have been found in the mat and pig

choroid plexus, using [3H]HACBO-Gly (Waksman et a!.,
1986a; Sales et a!., 1991) and a po!yclonal antibody

(Kenny et a!., 1987), respectively. The enzyme is

uniquely located on the brush border of the apical sum-

face, whereas ACE and APN appear to be much more

abundant on the endothelial lining of microvessels

(Kenny et a!., 1987). NEP may thus play a role in

regulating neuropeptide concentrations in the CSF. The

enzyme has been detected in the meninges of rat and

human spinal cord with [3H]HACBO-Gly (Zajac et a!.,

1987a) and in the brain and spinal cord of pig by immu-

nohistochemistry (Matsas et a!., 1986). In addition, the

rat and human meninges were shown to contain high

concentrations of ACE and aminopeptidase activity (Za-

jac et a!., 1987a). The role of these enzymes in the

meninges could be to maintain the homeostatic concen-

tmation of neuropeptides in the CNS. In the dura mater,

they could be localized in a structure comparable to the

arachnoid villus of the brain, which resorbs cerebrospinal

fluid back into the blood stream, and in the pia matter

they could be part of a similar system for the fluid

entering into the CNS. A specific [3H]HACBO-Gly bind-

ing was found in the fibroblastic, but not in the menin-

gothelial, component of human meningiomas which onig-

mate from arachnoid cells (Mail!eux et al., 1990). NEP

inhibitors could, therefore, be useful for the classification

of the histological phenotypes of the meningiomas, for

clinical diagnosis of small meningiomas using position

emission tomography scanning and for the treatment of

surgically inaccessible meningiomas.

2. Lesion studies and cellular localization of neutral

endopeptidase 24. 1 1 in brain tissues. The levels of NEP

FIG. 3. Autoradiograms showing the relationship between the distribution of NEP (left) and the �a-opioid (center) and #{244}-opioid (right) receptor

subtypes at different levels of the rat brain. Tissue sections were incubated with 3 nM [3H]HACBO-Gly (left), 4 nM [3H]DAMGO (center), and

4 nM [3H]DTLET (right) and exposed to LKB Ultroflim for 2 to 3 months. From top to bottom, caudate-putamen, thalamus-hypothalamus,

substantia nigral, and spinal cord. Optimal photographic representation of individual autoradiograms appears in this figure. For a quantitative

comparison of the levels of NEP and of �t- and t5-opioid-binding sites, see table 3.
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TABLE 3

Comparative distribution of NEP and �i- and #{246}-opioid receptors and enkephalinc in rat brain5

NEP Is a Enkephalins

Telencephalon

Olfactorytubercle ++++ ++ +++ +++

Cortex layers I and IV + +++ + ++

Cortex layers II and V + ++ ++ ++

Cortex layers VI 0(+) ++ ++ +

Nucleusaccumbens +++ +++++ +++ +++

Caudateputamen +++ +++++ +++ +++

Globus pallidus +++ ++ + +++

Hippocampus CAl + +++ + +
Hippocampus CA3 + +++ + +

Dentategypus +++ +++ + +

Lateral septum + ++ + +

Posteromedial cortical amygdaloid nucleus ++ +++++ ++ 0

Diencephalon

Medialhabenula ++ +++++ ++ +

Mediodorsal thalamic nucleus + ++++ ++ +

Ventroposterior thalamic nucleus + +++ + ++

Entopedoncular nucleus +++ +++ + 0

Ventromedial hypothalamic nucleus + +++ + +++

Arcuate hypothalamic nucleus + + 0 +++

Mammilary bodies ++ ++ + +

Choroid plexus +++++ 0 0 ND

Mesencephalon

Superior colliculus

Superficialgraylayer ++ ++++ ++ 0(+)

Intermediate gray layer + ++ + 0(+)

Inferior colliculus + ++++ ++ ++

Medial geniculate nucleus + ++++ ++ ++

Interpedoncular gray matter +++ ++++ ++ ++

Substantianigra ++++ ++++ ++ ++

Periacqueductal gray matter ++ ++++ + ++

Cerebellum

Granulayer layer 0(+) 0 0 +

Molecular layer ++ 0 0 ++

Spinal cord substantia glatinosa +++ +++ + ++

S Densities range from very high (+++++) to null (0); ND, not determined.

and �s- and 6-receptors have also been measured after

different lesions ofthe rat CNS and in some degenerative
nervous diseases in humans (Waksman et a!., 1986b,

1987; Delay-Goyet et al., 1987; Roques, 1989). Injection

of kainic acid in the caudate putamen, which first de-

stroys neuronal penikarya with a subsequent degenera-

tion of nerve terminals, induced a time-dependent reduc-

tion (52% after 3 weeks) in [3H]HACBO-Gly binding,

suggesting a preferential localization of NEP on intrinsic

neostriatal neurons with a possible additiona! localiza-

tion on glial cells (Horsthemke et al., 1983). This is

consistent with histochemical data showing that a large

number of neostniata! penikarya have NEP activity (Back

and Gorenstein, 1989) or have been found to express

mRNA by in situ hybridization (Wilcox et al., 1989). An

electron microscopic study has shown that in the rat

some of these NEP-containing neurons correspond to

medium spiny stniatofugal neurons (Marcel et al., 1990).

It is interesting to notice that most of the stniatal

enkephalinergic neurons also express the dopamine D2

receptor mRNA (Le Moine et a!., 1991). Lesions of the

caudate putamen with kainic acid were also shown to

induce after 3 weeks a distant and large decrease in NEP

(approximately 60%) and in s and #{246}(approximately 40%)

binding sites in the globus pallidus and substantia nigra,

indicating that in both regions a large percentage of NEP

and opioid receptors are presynaptically localized on

axon terminals originating from stniatal neurons (Waks-

man et a!., 1986b). This has been confirmed by an

electron microscopic immunocytochemical study show-

ing that in these regions NEP was almost completely

localized to the plasma membrane of axons and axon

terminals (Barnes et al., 1988) and by the low density of
NEP mRNA found in the rat g!obus pallidus by in situ

hybridization (Wilcox et a!., 1989).

It still remains to be determined whether the stniata!

enkepha!inergic neurons corresponding to the major

opioidergic pathway connecting the neostniatum to the

pallidum (Del Fiacco et a!., 1982) also express NEP and

what type of stniatal neurons express �s- and #{244}-opioid

receptors in the globus pallidus. In addition to the stnia-

topallida! projections, distinct stniatal neurons that send
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their axons to the substantia nigra and contain classical

transmitters such as GABA, or neuropeptides such as
SP and/or dynorphin, are also associated with NEP

(Waksman et a!., 1986a) and ACE (Stnittmatter et al.,
1984) as shown by the large loss of both peptidases
following kainic acid lesions of the stniatum. Further-

more, the substantia nigra contains very high levels of

SP and moderate levels of enkephalins. Therefore, it is

possible that the signal conveyed by these peptides is
presynaptically regulated by both peptidases in this re-

gion (Mauborgne et al., 1987a).
Lesions of the dopamine nigrostniatal or mesolimbic

pathways by injection of 6-hydroxydopamine into the

substantia nigra or the VTA (Waksman et a!., 1986b) do
not induce any significant change of NEP labeling by

[3HJHACBO-Gly in the caudate putamen, globus pa!li-
dus, and substantia nigra of rats, whereas a decrease in

NEP activity was initially reported following similar

lesions (Maifroy et a!., 1979). However, this treatment
was shown to induce a reduction in both �- and #{244}-opioid-

binding sites by about 25% in the caudate putamen and

the nucleus accumbens and by 40% in the globus pa!lidus
(Waksman et a!., 198Gb, 1987; Pollard et a!., 1977a,b),

suggesting the association of opioid receptors with do-

pamine terminals of neurons originating from the sub-
stantia nigra or the VTA. However, in another study no

significant change was observed in the nucleus accum-
bens (Dilts and Kalivas, 1989). Although unlikely, the

opioid receptor down-regulation could be related to a

transynaptic degeneration subsequent to the loss of ac-

cumbens dopaminergic innervation (Unterwa!d et a!.,
1989) or to the well-known enhancement in preproen-

kephalin mRNA and Met-enkephalin levels and in en-

kephalin release following blockade of dopaminergic

transmission. Terminals containing Leu-enkephalin im-

munoreactivity have been shown to be associated in the
VTA with the cell bodies of both dopaminergic and

nondopaminergic neurons (Sesack and Pickel, 1992)
which is consistent with studies hypothesizing that en-

dogenous enkephalins could produce a part of their ef-

fects through dopamine-dependent and dopamine-inde-

pendent pathways (Kalivas et a!., 1983; Dauge et a!.,

1992).
Prefrontocortical ablation produced no changes in

NEP and opioid receptors in the caudate putamen
(Waksman et al., 1987), suggesting that cortical neurons

histochemically reactive for NEP activity (Back and

Gorenstein, 1989) and expressing NEP mRNA (Wilcox
et a!., 1989) do not project to the neostniatum. Because
!esioning the dopamine cells projecting to the neostnia-

turn did not produce significant changes in NEP, the

possible localization of the peptidase on stniata! affer-
ences remains unknown. However, it can be noticed that

the axon terminals where NEP was found to be localized

correspond mainly, if not exclusively, to local arboniza-

tions of intrastniatal neurons (Marcel et a!., 1990).

A large depletion in NEP and in both �s- and #{244}-opioid

receptors, but not in neurotensin receptors, has been

observed in the caudate putamen, the globus pal!idus,

and the substantia nigra in patients with Huntington’s
disease (Roques, 1989), which is characterized by a severe

loss of neurons. Contrastingly, in those with Parkinson’s

disease, no changes in enzyme or opioid receptor levels
were observed in several forebrain regions (Delay-Goyet

et a!., 1987), whereas the neurotensin-binding site de-

creased by 50% in the nigrostniatal neurons (J. M. Zajac,
W. Rost#{233}ne, and B. P. Roques, unpublished results).

ACE levels were also reported to be modified in Hunt-
ington’s and Parkinson’s diseases (Arregui et a!., 1978).

The nociceptive neurons of the dorsal horn are char-
actenized by a dense enkepha!in immunoreactivity asso-

ciated with opioid receptors and NEP (Waksman et al.,
1986a; Zajac et a!., 1989), particularly in laminae I, II,

and V, as we!! as around the central canal. Unilateral

dorsa! root rhizotomy produced a 60% decrease in �s- and

#{244}-opioidreceptors, whereas NEP levels were unaltered
(Zajac et a!., 1989). This indicates that, unlike NEP,

most of the �s- and t5-opioid-binding sites are presynapt-

ica!ly located on afferent fibers. However, the 40% of

binding sites remaining probably reflect the existence of

a significant population of postsynaptic receptors, in

agreement with the observation that numerous spinotha-

lamic neurons receive direct enkephalinergic inputs
(Ruda, 1982).

It seems that the enkephalins and NEP are therefore
present in intemneurons strategically positioned to me-

lease the opioid peptides, not only presynaptically at the

terminal afferent C-fibers in the substantia gelatinosa

but a!so near the dendrites or cell bodies of the spinotha-

lamic neurons in more internal layers of the rat spinal

cord (Besse et a!., 1990) (fig. 4). In agreement with this,

iontophoretic studies have demonstrated an inhibition
of nociceptive dorsal horn neurons by stable enkephalin

analogues and by kelatorphan (Morton et a!., 1987). In

support of this finding the expression of c-Fos evoked by

various nociceptive stimuli was inhibited in a naloxone-
reversible manner not only by morphine but also by

kelatorphan i.v. injected in rats (T#{246}l!eet a!., 1992; J. M.
Besson, C. Abbadie, and B. P. Roques, unpublished me-

sults). The enkephalin action could be both postsynaptic,

by hyperpolanization of the target neurons via an in-
creased potassium conductance (Yoshimura and North,

1983), and presynaptic, by regulation of the release of

other messengers, especially peptides such as SP and
CGRP, from afferent terminals as discussed later.

This plausible neuronal organization could account for

the independent control of nociception resulting from

selective stimulation of spinal �- and 6-receptors, the

latter being selectively recruited by the endogenous en-

kepha!ins to give analgesia (Dickenson et a!., 198Th;

Su!!ivan et al., 1989).
3. Cellular and subcellukzr distribution of neutral en-
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FIG. 4. Schematic representation of the spinal localization of NEP

in a model of “neuropeptide extended synaptic area.” The enkephalins,

released from the spinal interneurons, interact presynaptically with

opioid receptors located on the afferent fiber terminals to modulate

peptide secretion (SP, CGRP). The concentration of the peptides at

the receptor level is dependent on both their passive dilution in the

extended synaptic volume and the efficiency of the inactivation proc-

eases ensured by peptidases, such as NEP, mainly located on the

enkephalin neurons. The fast enkephalin-induced responses observed

in electrophysiological experiments could correspond to the release of

the opioid peptide into a classical synaptic area at the cell body level

of spinothalamic neurons.
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dopeptidase 24. 1 1 in the central nervous system. Lesion
studies generally support a predominantly neuronal lo-
calization of NEP, although the enzyme could be present
on oligodendrocytes surrounding the fibers of the stnia-

topalhida! and stniatonigra! pathways (Waksman et al.,
1986b; Marce! et al., 1990) and on Schwann cells in the
peripheral nervous system (Matsas et a!., 1986; Kioussi
and Matsas, 1991; Kioussi et al., 1992). An electron
microscopic localization of immunoreactive NEP in the

rat neostniatum has shown that the peptidase is mainly
associated with plasma membranes of neurons and to a
lesser extent with oligodendrocytes and astrocytes (Mar-

ce! et al., 1990). Immunoreactive NEP was not prefer-
ential!y concentrated at the level of specific membrane
interfaces, such as the synapse, but rather almost uni-

formly distributed on the surface of neuronal penikarya
and dendrites. The observation that the enzyme is not
strictly synaptosoma! agrees with previous reports show-
ing that NEP is distributed all along the nigrostniatal

pathway (Waksman et al., 1986a). The relatively large
concentration of NEP found on stniatal glial cells con-
trasts with its distribution in the pig globus pallidus
(Barnes et a!., 1988) where the enzyme was found to be
almost exclusively located on synaptic and axonal neu-
mona! membranes in possible agreement with a suggested

presynaptic localization of the peptidase on a stniatopa!-

lidal pathway (Waksman et a!., 1986a,b).
At variance with ACE, no intracellular immunoreac-

tive NEP was observed in the stniatum. Owing to the

problems (diffusion, reduced accessibility of antigenic

site, epitope selectivity, etc.) encountered with the use of

immunoreactive material, it is important to reassess the
cellular and subcellular distribution of NEP, for instance,

by electron microscopic analysis of [3H]RB1O4 binding,
which has been shown to be unchanged after treatment

of various tissues by glutaraldehyde (N. Sales and B. P.
Roques, unpublished results).

Electron microscopy studies have also shown that the
enkephalins are distributed in large vesicles scattered all
along the axon and are sparsely localized at the synapse

(Cou!ter, 1988). Furthermore, electron microscopic stud-
ies, using the selective z ([125I]FK 33,825) and #{244}([1251]

azido-DTLET) agonists (Hame! and Beaudet, 1987; Pas-
quini et al., 1988, 1992) have shown that only a small

proportion (approximately 20%) of j�- and s-receptors

are localized at the synapse, suggesting that endogenous
opioid peptides primarily act nonjunctional!y on the

plasma membranes of dendrites, axons, and, probably,

neurona! penikarya. This reinforces the hypothesis that

interruption of enkephalinergic transmission could be
ensured by a gradual decrease of endogenous peptide

concentrations through inactivation by NEP, the enzyme

being probably located at the various neuronal sites of
peptide release (Waksman et a!., 1986a).

Electron microscopic immunoperoxidase staining of

the substantia nigra ofpig brain with an antibody against

NEP showed that the peptidase is present in the plasma
membranes of axons, axon boutons, and some dendrites.

Both pre- and postsynaptic membranes and occasionally

dendritic membranes were stained, but no peroxidase

reaction was observed in the cytoplasm (Barnes et a!.,
1992). The localization of NEP in the substantia nigra

confirms its probable role in the inactivation of SP and
enkephalins in this region. The lack of intracellular

immunolocalization of NEP observed in the globus pa!-
lidus of pig (Barnes et a!., 1988) and rat (Marcel et al.,

1990) contrasts with the presence of the peptidase in
synaptic vesicles and the cytoskeleton of rat nucleus

tractus solitarius neurons (Lasher et al., 1990). These
apparent discrepancies are probably due (a) to differ-

ences in the antibodies used and (b) to the existence of
various cellular forms of NEP that might be recognized

by one antibody but not by another. NEP was also

detected by immunochemistry using a monoc!onal anti-
body against NEP purified from rat kidney in the nucleus

tractus solitanius of the rat, particularly in the commis-

sural nucleus of the nucleus tractus solitanius which
receives the cardiac afferents of the vagus nerve, in fibers

bordering the area postrema, and in quantities in the
area postrema itself (Lasher et al., 1990).

In immunoreactive presynaptic terminals, the staining

was associated with synaptic vesicles and with both the

pre- and postsynaptic plasma membrane. Most of these
presynaptic terminals formed axo-dentnitic synapses,

typical of vagal afferent terminals. This neuroanatomical
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localization suggests that the enzyme could be involved

in the cleavage of SP released from the vagal afferent.
The metabolites formed, SP 1-7 and SP 7-11, could be

involved in blood pressure regulation, the former by

depressor and bradycardiac effects, the latter producing

conversely a long-lived pressor effect through activation

of postsynaptic receptors (Hall et a!., 1987, 1989a,b). It

would be interesting to know whether other peptides

such as CCK are metabolized by the peptidase in this

region.
4. In situ hybridization of neutral endopeptidase 24.11

messenger RNA in the central nervous system. There
have been few studies of the distribution of NEP mRNA.

Wilcox et al. (1989) found high densities in the rat brain

striatum, whereas none was detected in the globus pal-
lidus and substantia nigra, in agreement with the prob-

able presynaptic localization of pallida! and nigral NEP

on terminals issuing from stniata! neurons (Waksman et
al., 1986a). Using a more efficient mRNA probe, Gau-
doux et a!., (1993) recently found NEP mRNA in brain

structures, such as the red nucleus, in which the enzyme
was initially reported to be not expressed. It wou!d be

interesting to determine the brain structures to which

these NEP-containing neurons project, possibly through

retrograde transport of an inhibitor such as [‘�IJRB104.

Moreover, the modulation of the mu!tiexon NEP gene

expression (Llorens-Cortes et a!., 1990; Man et al., 1992)

could play a role in the ontogeny of numerous organs

(Dutniez et al., 1992) and in the course of differentiation
of lymphoid progenitor cells (reviewed by Le Bien and

McCorrnack, 1989). The substrate candidates for these

assumed autocnine or paracnine NEP-regulated functions

remain unknown.

B. Localization of Neutral Endopeptidase 24. 1 1 in

Peripheral Tissues

The presence of NEP in peripheral organs has been

investigated using an enzymatic assay (L!orens and

Schwartz, 1981), and more precisely, by immunological

methods in pigs (Gee et al., 1983, 1985; Bowes and

Kenny, 1986; Matsas et a!., 1986) and rats (Ronco et a!.,
1988), and by autoradiographic visualization of [3H]

HACBO-Gly labeling in vitro or in vivo in adult rats or

during ontogenesis (fig. 5) (Sales et a!., 1991; Dutriez et

a!., 1992). The use of such an inhibitor for autoradiog-
raphy has advantages over the previous methods by
which quantitation could be hampered by differences in

enzymatic activity in different homogenates or by differ-

ences in the tertiary structure and epitope presentation

of the enzyme in various tissues, as shown in the case of

ACE (Jackson et ak� 1986; Stnittmatter and Snyder,
1987). In contrast, binding of an inhibitor directed to-

ward the active site of the meta!lopeptidase offers a
quick, simple, and reproducible method for visualization

and quantitation of NEP in its intact membrane-an-
chored form. It offers the additional advantage that the

accessibility of the enzyme to circulating inhibitors also

can be studied. [‘�I]RB104 (Foumni#{233}-Za!uski et a!.,
1992c) and the radioiodinated derivative of SCH 39370,

[‘�I]SCH 47896 (Kanazawa et a!., 1992), can also be

used to determine the distribution of NEP after only

some days of exposure.

NEP is particularly abundant in membranes of the

brush border epithe!ial cells of intestine and kidney, the
lymph nodes, and placenta; it is found at lower concen-
trations in lung, testis, prostate, fibroblasts, neutrophi!s,

chondrocytes in articular cartilage, exocnine glands, and
various epithe!ia! and endocrine cells (reviewed by

Kenny et a!., 1987, and Sales et al., 1991).

The distribution of NEP in a great variety of tissues

suggests multiple physiological functions, as discussed
later in the pharmacological sections, for the renal tu-

bules, the vascu!ature epithelium, the alveolar cells of

the lung, or the intestinal mucosa. The presence of NEP
in lymph nodes and bone marrow suggests that the

peptidase could have a critical role in degrading as yet
unknown immunoregulatory peptides. As already dis-
cussed, NEP was recently shown to be identical with

CALLA expressed transiently at the surface of !ympho-

hematopoietic cells (reviewed by Le Bien and Mc-

Cormack, 1989).
Elucidating the functions ofectoenzymes such as NEP,

ACE, and APN on circulating lymphoid cells, including

macrophages, is an exciting area of research aimed at

understanding the complex interrelationships between
neuroendocninological and immunological systems. NEP

might also participate in chemotactic responses, phago-
cytosis, inflammatory processes, and peripheral analge-
sia. The tnipeptide formyl-Met-Leu-Phe, one of the ma-

jon chemotactic peptides produced by bacteria, has been

shown to be cleaved by NEP present on the surface of
the po!ymorphonuc!ear leukocyte neutrophils. When ac-

tivated, these cells destroy bacteria! cells and host tissue

and, hence, contribute to the inflammatory response

(Connelly et a!., 1985). NEP could also play a regulatory
role in controlling inflammatory processes triggered by

other in vitro substrates of the enzyme, such as SP,

bradykinin, angiotensin II etc., which are released by the
injured tissue (Dubner and Ruda, 1992).

In rats, the ectoenzyme has been found in high con-
centrations in the tissue belonging to reproductive organs
(Kenny et a!., 1987; Ronco et al., 1988; Sales et a!., 1991),

which also express the proenkephalin gene (Kilpatnick

and Rosenthal, 1986), but the role of the enzyme and its
putative peptide substrates (vasoactive intestinal pep-

tide, neuropeptide Y, enkephalins) remain to be deter-
mined.

NEP seems to be involved in the degradation of pe-
niphera! enkepha!ins released from myentenic nervous

plexi, where opioid receptors have also been detected.
The main action of the enkephalins in this region could

be to control presynaptically the release of classical
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FIG. 5. A, Ex vivo autoradiogram, generated from a sagittal section of a rat given 60 mCi, i.v., [3H]HACBO-Gly 10 mm prior to killing. Br,

brain; K, kidney; HL, Hind limb; Li, Liver; Lu, Lung; M, mandibula; Sm, submaxillary gland. The brain is not labeled because [3HJHACBO-Gly

does not cross the blood-brain barrier. Nonspecific binding (not shown) determined by i.v. administration of 10 mg HACBO-Gly was negligible

except in the kidney, which is a major route of elimination of the inhibitor. B, In vitro labeling of a sagittal section of rat embryo by 3 ns� [‘H]

HACBO-Gly at gestational day 14. Open arrow, head; p1, placenta; v, vertebrae. C, In vitro labeling of a sagittal-near medial section of rat

embryo by 3 nM [3H]HACBO-Gly at gestational day 16. The head is on the right side. by, blood vessels; h, heart; lu, lung; sc, spinal cord.

neurotransmitters such as acetylcholine, noradrenaline,

or dopamine (North and Egan, 1983). This peripheral

action of enkephalins probably accounts for the nalox-

one-reversible antidiamrhea! effects of opiates such as

loperamide or acetorphan, as discussed in the pharma-

co!ogica! section.

The distribution of NEP in peripheral organs has also

been investigated after an i.v. injection of [3H]HACBO-

G!y (Sales et a!., 1991). The difference between this and

the previous methods is that only the peptidase that is

easily accessible from the circulation is observed. For

instance, no binding occurred in the brain because the

radiolabeled probe is unable to cross the blood-brain

barrier. As expected, a very dense labeling of [3H]

HACBO-Gly was observed in the kidney, inc!uding the

glomeruli, lymph nodes, the lung, the salivary glands,

and fat deposits in the neck region, but the most inter-

esting result was the unexpectedly high binding found in

the bones including the skull, vertebrae, and mandibula

and in the bone marrow and joints, where it could be

involved in the reorganization of the extracel!ular matrix

during embryonic osteogenesis (Mikuni-Takagani and
Cheng, 1987) (fig. 5A). Finally, it is important to note

that several tissues containing important concentrations

of NEP (testes, prostate, eye, gut brush border) are

inaccessible to the i.v. injected inhibitor due to the pres-

ence of functional barriers.

C. Pre- and Postnatal Ontogeny of Neutral

Endopeptidase 24. 1 1 in Central and Peripheral Tissues

A comparison of NEP localization with the appearance

of morphologica!!y differentiated structures and with the

onset of physiological functions was carried out using

[3H�HACBO-Gly (fig. 5, B and C) to try to shed some

light on the physiological role of the peptidase and on

the pharmacology and possible side effects resulting from
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the therapeutic use of its inhibitors (Dutniez et a!., 1992,

and references cited therein).

NEP expression takes place prenatally in mesoblastic

and ectob!astic structures. In the prenatal and developing
CNS ofthe rat, the olfactory bulbs are the only structures
strongly and permanently labeled before and, to a lesser

extent, after birth, suggesting the possibility of an NEP-

regulated role for peptides in olfaction at birth. Surpnis-

ingly, it was only at the end of the second postnatal week
that NEP was demonstrated in the nigrostriata! tracts,
and its appearance seems, in this case, to be more closely

related to that of #{246}-than jz-opioid receptors (Kent et a!.,
1982; Spain et al., 1985). Other NEP-nich brain struc-

tunes in the adult rat, such as the neocortex and the

cerebellum (Waksman et al., 1986a), were not labeled
during the first postnatal month, demonstrating a late

or very progressive appearance of the endopeptidase
unrelated to the development and differentiation of these

brain areas.
The only brain region where NEP is transiently ex-

pressed is the mesencephalic flexure at approximately

the time when nigral neurons extend processes toward

their striata! targets (Dutniez et al., 1992). On the other

hand, NEP expression is strongly enhanced during the
development of sensory organs such as the eyes or the
vibrissae. Therefore, it would be important to study the

expression ofputative NEP substrate(s) during the same

periods. The presence of SP (Tervo et a!., 1982) in the
adult retina and ocular nerve endings is well documented,

although other peptides such as vasoactive intestinal

peptide, neuropeptide Y, CGRP, and enkepha!ins have

also been found in eye tissues (Stone et a!., 1987). In

peripheral non-nervous system organs, such as the kid-

ney, the lungs, and the salivary glands, the appearance
and the tissue localization of NEP closely parallel the

morphological differentiation of the structures, suggest-

ing a progressive involvement of the enzyme in adult

physiological functions. In the placenta, NEP is more

abundant in maternal structures at early stages and in
fetal structures at late stages of gestation. Therefore, it

is possible that NEP fulfills a protective role against

foreign peptides, first for the mother and then for the
fetus (Dutriez et a!., 1992). In addition, the heavy labeling

of the terminal portion of the intestine may be related

to the inactivation of peptides in the amniotic fluid.
There is also considerable evidence implicating several

putative NEP substrates such as gastnin, neuropeptide

Y, CGRP, and CCK in the control of gastrointestinal

epithelia! cell proliferation (Goodlad and Wright, 1987).

Interestingly, the CGRP-like peptide bombesin acceler-

ates the growth of the entire gastrointestinal tract in
suckling rats (Lehy et a!., 1986). The rather weak and

stable labeling of bone marrow could be mainly due to
CALLA-positive lymphoid progenitor cells in the course

of their differentiation (Le Bien and McCormack, 1989)

and/or to neutrophils.

In the heart and major blood vessels, in the genital

tubercle, and in the cervica! region, including the nuchal
ligament and the brown fat pads, the presence of ANP

or of ANP receptors has been shown in the adult, but
often in more limited amounts, suggesting the involve-

ment of NEP in developmental events (Vol!mar et a!.,

1990). In several tissues where NEP has been localized,

such as the testis, adipocytes, interscapular brown fat
pads, and bone, ANP receptors are physiologically cou-

pled to cyclic GMP. Neuropeptide Y, a 36-amino acid
tyrosine-nich peptide also cleaved in vitro by NEP, has

been found to be localized with the metallopeptidase in
the brown fat, where the peptide could exert antilipolytic

effects (Valet et a!., 1990). The distribution of NEP
closely parallels that of ANP during heart development,
both being present in the ventricle at early stages but in
the atnial region only later. Likewise, it is interesting to
observe that, contrasting with the rather high concentra-

tion of NEP in heart and aorta in the fetus, the enzyme
is barely detectable in blood vessels in the adult rat
(Tamburini et a!., 1989; So!eilhac et a!., 1992). It would

be interesting to know whether this hyperexpression of
NEP in the cardiovascular system is related to a concom-
itant increase in released ANP, which could be tran-
sient!y involved in trophic processes.

D. Neutral Endopeptidase 24. 1 1 in Physiological Fluids

A soluble form of NEP has been found in various

human physiological fluids such as plasma, cerebrospinal

fluid, amniotic fluid, and seminal plasma (Spillantini et
al., 1990), and its concentration seems to increase during
inflammatory processes in the synovial fluid (Appelboom

et a!., 1991), in sarcoidosis, or in adult respiratory distress

syndrome (Johnson et a!., 1985). Moreover, NEP was
reported to increase in the serum of patients with end-

stage renal failure (Deschodt-Lanckman et a!., 1989).

The pathological relevance of this increase in soluble
NEP is unknown. Moreover, whether the peptidase con-
responds to a secreted or mature form without the trans-
membranous anchoring fragment, or is released by a

shedding process, remains to be established. However,
secretion of metalloendoproteinase by synoviocytes,

chondrocytes, and osteoblasts (or osteoclasts) plays an
important role in the destruction of the extracellular

matrix in rheumatoid arthritis. It cou!d be interesting to
investigate a potential therapeutic action of NEP inhib-
itors on membrane-bound and/or soluble NEP found at
high levels in joints (Sales et a!., 1991).

IX. Modulation of Neutral Endopeptidase 24.11

Expression and Possible Role as Regulator of
Protein Turnover at the Cell Surface

NEP is synthesized as a nonglycosylated precursor of
apparent molecular weight of 85 kDa which is subse-

quently N-glycosylated in the endoplasmic reticulum
before a final activation step in the Golgi, resulting in a
93-kDa protein. The biosynthetic process takes about 90
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mm and seems to be identical in various cells (Stewart
and Kenny, 1984; Lorkowski et a!., 1987; Lemay et al.,

1990). However, two glycosylation variants of NEP have
been characterized by anion exchange chromatography

(Vida and Hersh, 1992). They differ by their content in

N- and 0-linked carbohydrates and possibly have differ-

ences in their polypeptide backbones.
Little is known about the possible modulation of NEP

expression. However, a decrease in NEP activity has

been reported after treatment of cells by phorbol esters
(Erd#{246}set al., 1989; Werb and Clark, 1989). In contrast,
formyl-Met-Leu-Phe, the calcium ionophore A23187,

and the tumor necrosis factor led to an increase in
membrane-bound NEP on neutrophi!s (Shipp et a!.,

1991a). An increase in NEP activity also was found after
glucocorticoid treatment of transformed human tracheal

epithelial cells (Borson and Gruenert, 1991). Curiously,

the various factors that regulate the expression of NEP

seem to control the expression of secreted Zn metalloen-

doproteinases such as stromelysin and collagenase in an

inverse manner. Thus, phorbol esters were shown to
increase the levels of mRNAs encoding the latter en-

zymes, whereas glucocorticoids and tumor necrosis factor

block their mRNA transcription (Lennarz and Stnitt-

matter, 1991, and references cited therein). The levels of

NEP expressed in human endometnial stroma cells in

monolayer culture were shown to increase in response to

progesterone treatment (Casey et a!., 1991). Therefore,

it was hypothesized that NEP in the endometnium may

occupy a pivotal position in the endometnia! blood flow

and myometnial contractions induced by endothelin-1

(Dickinson et al., 1991). A decrease in progesterone levels
at the end of an ovarian cycle may be associated with a
decline in NEP, facilitating the endothelin-1-evoked

vasospasm of spiral arterioles that precedes menstrua-

tion. Conversely, the increase in NEP activity that occurs
at the mid-luteal phase could serve to maintain a low

level of the vasoconstnictor peptide endothelin-1, thus

facilitating blastocyst implantation. Recently, NEP 1ev-

els were shown to increase during the growth of leukemic

cells in culture; this phenomenon may be related to the
augmentation of cell contact (Milhiet et al., 1992a).

When incubated with leukemia cells (Reh-6), the po-

tent inhibitor HACBO-Gly produced a slight (-15%) but

significant and selective modulation of membrane-bound
NEP expression; the latter effect could be due to an

internalization of the complexed enzyme with a slow
compensatory synthesis of the peptidase (Milhiet et a!.,

1992a). Another study (Jochen and Berhanu, 1987) has

shown that phosphoramidon increases the intracellular

accumulation of insulin in adipocytes, suggesting a role
for NEP in receptor-induced internalization of the hor-
mone. The growth of small cell carcinomas of the lung is

regulated by an autocrine loop whereby tumor cells se-

crete bombesin, express bombesin receptors, and respond

to bombesin stimulation by increased proliferation. Low

levels of NEP are present at the surface of small cell

carcinomas, and the enzyme is able to cleave bombesin,
whose production seems to be increased in cigarette

smokers. The bombesin-dependent growth of small cell

carcinomas in culture is potentiated by phosphoramidon

(Shipp et al., 1991b).
Few studies have been devoted to the cellular traffic

of NEP. However, the transfection of MDCK epithelia!

cells with recombinant rabbit kidney NEP has provided
an interesting experimental model for studying this proc-

ess (Jalal et a!., 1991). A significant internalization of

NEP located at the surface of MDCK cells has been
demonstrated by videomicroscopy using the fluorescent

inhibitor FTI (section II). The disappearence of NEP
from the surface was associated with a fluorescent hon-

eycomb pattern, suggesting that the inhibitor was located

on the inner leaflet of the plasma membrane. The coin-
cubation of FTI with a monoc!ona! antibody, which does

not inhibit FTI binding, produced a large increase in
intracellular fluorescence. All of these results suggest an

endosoma!/lysomal internalization pathway for the corn-
plex NEP-inhibitor or monoclonal antibody-NEP-inhib-

itor which could be used both for studies of intracellular

components of traffic and to improve the vectonization

of drugs inside NEP-beaning cells (Milhiet et al., 1993).

Membrane fusion events seem to require proteolytic

cleavage of membrane proteins (Lucy, 1984) which may,

for example, be important for the fusion and endocytosis

of influenza virus into mast cells (Bosch et a!., 1981).
We have recently shown in preliminary studies that the

expression of NEP, as well as CD4, at the surface of the

lymphoblastic cells CEM are decreased by infection with
the human immunodeficiency virus 1 retrovirus (Milhiet

(1992)). This suggests that NEP/CD1O can be associated

with the CD4-controlled intracellular penetration of the

retrovirus. Furthermore, a possible role of NEP in cells
that can be infected in the absence of CD4 remains to be

explored. In line with this, APN was recently shown to

be a receptor for the enteropathogenic coronavirus,

transmissible gastroentenitis virus (Delmas et a!., 1992),
and for the human coronavirus 229E (Yeager et al., 1992).

It is also interesting to observe that NEP is expressed
at the surface of many lymphoblastic cells, including the

macrophages, which are known to act as a virus reservoir

and are probably capable of entering the brain. More

generally, it is possible that the permanent reorganiza-
tion of the plasma membranes for exocytosis of neuro-

transmitter-filled vesicules or endocytosis of regulatory

peptides, bacteria, and viruses requires the action of a

metallopeptidase, possibly NEP, as occurs in the case of
adrenal chromaffin cells and mast cells (Mundy and

Stnittmater, 1985, and references cited therein). Thus,
both soluble and particulate metal!oendoproteinases, the

latter inhibited by phosphoramidon, have been shown to
play a critical role in exocytoses phenomena, such as

catecholamine secretion in chromaffin cells (Farach et
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a!., 1987) or the acrosome reaction that occurs in sperm

prior to egg fertilization (Strouss et al., 1988). Neverthe-

less, although NEP was found at the surface of these

specialized cells, its direct implication in exocytosis me-

mains to be established. Inhibitors of NEP and/or anti-

bodies could be useful probes for testing its potential role
in these processes.

Recently, cultured T-lymphocytes (Jurkat T-cells)
were shown to express membrane-bound NEP, and the

production of interleukin-2 by activated Jurkat cells was
reduced in a dose-dependent manner by selective NEP

inhibitors (retrothiorphan, phosphoramidon, thiorphan).

This suggests that NEP on human T-cel!s could be
involved in the production of !ymphokines possibly

through the processing of an activating factor at the

surface of the lymphocyte (Man et al., 1992).

x. Pharmacological Studies

The initial report of the naloxone-revemsible antinoci-
ceptive responses induced by i.c.v. injection of thiorphan

(Roques et a!., 1980) prompted numerous pharmacolog-

ica! studies in which the mole of the endogenous opioid
peptides in the CNS and the periphery was characterized
(reviewed by Dickenson, 1986; Roques and Foumni#{233}-Zal-

uski, 1985, 1986; Schwartz et a!., 1985; Roques, 1991;

Roques and Beaumont, 1990). These investigations were

based on the reasonable assumption that inhibitors of

enkephalin degradation produce their physiological ef-

fects by increasing the extracellular levels of endogenous

opioid peptides re!eased from enkepha!in-containing
neurons, either tonically or following stimuli-evoked de-

polarization (phasic release). The effects ofthe inhibitors
will depend, therefore, on (a) the magnitude and duration

ofthe enkephalin release evoked by a particular stimulus,

which probably varies in the different enkephalinergic
pathways (Besson and Chaouch, 1987); (b) the efficiency

of the inhibition (selective inhibition of NEP or APN or

inhibition of both); (c) the efficiency of clearance mech-
anisms (Muldem et al., 1989); and (d) because in vitro the

enkephalins have a 5- to 10-fold higher affinity for �-

than for is-binding sites, one must recognize that the

relative occupancy of �i- and #{244}-meceptonswill, therefore,

be modulated both by the levels of circulating opioid

peptides and by the local concentrations of opioid recep-

tons.
These basic considerations could explain why in many

pharmacological assays the administration of the rather

is-selective antagonist naloxone does not produce a meas-
unable effect on the response induced by the enkephalins.

Thus, naloxone fails to affect pain thresholds in normal
volunteers (El-Sobky et a!., 1976) but lowers the thresh-

olds of patients with naturally high pain thresholds
(Buchsbaum et a!., 1977). Furthermore, the beneficial

effects of acupuncture and electrical nerve stimulation
for the reduction ofpain in humans is completely (Mayer
et a!., 1977) or partially reversed by naloxone (Chapman

and Benedetti, 1977; Sj#{246}lundand Eniksson, 1979). The

variable clinical outcomes observed probably result from

differential recruitment of opiate and nonopiate inhibi-

tory systems (reviewed by Mayer and Watkins, 1984).

This emphasizes the importance of studying the inhibi-

tons after local administration and of comparing the
responses observed with those obtained with selective �-

and #{244}-agonists in the presence or absence of �s- on #{244}-
selective antagonists. In addition, systemic administra-

tion of peptidase inhibitors is likely to produce an initial
homogeneous distribution of the drug in various brain
regions, giving a global representation of the effects

induced by blockade of endogenous enkephalin metabo-

lism and allowing the advantages and limits of the them-

apeutic benefits that could come from the clinical use of
these inhibitors to be defined. As shown by the compar-

ative studies of the distribution of NEP and �- and #{244}-

opioid receptors, the complementary targets of the en-
kephalinergic systems are located in brain areas not only

involved in the control of pain but also in regions ac-
counting for the multiple effects of morphine, especially

those related to euphoria and reward, respiratory depres-

sion, and physical dependence (Waksman et al., 1986a).
In this section, we have reviewed the pharmacological

responses induced by administration of selective or

mixed inhibitors of NEP and APN and their relation-

ships with the stimulation of �s-opioid, #{246}-opioid,or both

opioid receptors. Moreover, the effects of inhibiting per-

ipheral ANP have been surveyed. Recent clinical studies

of these inhibitors as novel analgesics, antidiarrhea!
agents, and antihypertensives are discussed.

A. In Vitro and in Vivo Studies of Neuropeptide

Degradation by Neutral Endopeptidase 24. 1 1 and

Aminopeptidase N

The protection of exogenous or endogenous NEP-

sensitive peptides can be studied using slices of various

tissues. This preparation is physiologically more relevant

than homogenates in which the anatomical organization

of the tissue is destroyed. Moreover, the endogenous

peptides can be released from tissue slices by depolami-

zation and the metabolites measured in the supemfusion

medium (Patey et al., 1981; Waksman et a!., 1985a;

Bourgoin et al., 1986). Under these conditions, an en-

hanced recovery of a given neumopeptide, resulting from
addition of a selective peptidase inhibitor, strongly sup-

ports the involvement of the peptidase in the metabolism
of the peptide. This has been well illustrated with the

mixed NEP/APN inhibitor kelatorphan (table 1), which

almost completely inhibited [3H]Met-enkephalin degra-
dation by rat brain or spinal cord slices (Waksman et
a!., 1985a; Bourgoin et a!., 1986). In these experiments,

the NEP inhibitor thiorphan reduced the formation of

[3H]Tyr-Gly-Gly but enhanced [3H]Tyr levels, whereas
the opposite effect was observed with the APN inhibitor

bestatin, showing that a blockade of both enzymes is
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required to obtain an important increase in the extrace!-

lular levels of endogenous enkephalins. The greater ef-
ficiency of kelatorphan, as compared to the combination

of thiorphan and bestatin, is due both to its better

selectivity for APN than bestatin (Waksman et al.,
1985a) and to kinetically dependent favorable conditions

for dual inhibition because a single compound instead of
two interacts with peptidases expected to be topologically

sequestered (Roques and Foumni#{233}-Zaluski, 1986).

The release of endogenous messengers from neurons

can also be measured by using the radioligand displace-

ment assay proposed by Chavkin and collaborators
(Wagner et a!., 1990). This approach combines the ad-

vantages of the brain slice preparation with the receptor

selectivity of radioligands, thus constituting a sensitive

measure of transmitter release under physiologically mel-
evant conditions, Le., after focal electrical stimulation of

the preparation. It has been possible, using this tech-
nique, to demonstrate that, when protected from degrad-
ing enzymes by kelatorphan or a mixture of peptidase

inhibitors, the endogenous enkephalins released by stim-
ulation of the hippocampal perforant pathway interact

with �i-opioid receptors. The levels of norepinephrine

released in the guinea pig hippocampus from axon ten-

minals of neurons whose penikarya are located in the
locus coeruleus have been estimated using the displace-

ment of [3Hjpropanolol-specific binding (Simmons et a!.,
1992). The secretion of norepinephrine was reduced in a

naloxone-reversible manner by exogenous administra-

tion of a s-agonist or by endogenous opioid peptides

concomitantly released with the catecholamine by tissue
stimulation. This presynaptic activation of �z-neceptors
probably increases calcium conductance (Williams et a!.,

1988), thus blocking calcium-activated fusion of norepi-
nephrine-containing vesicles (Simmons et a!., 1992).

Electrophysiological studies have shown that adrenergic

terminals form excitatory synaptic connections on GA-

BAergic intemneurons in the CA3 region ofthe hippocam-
pus (Caudle et al., 1991). From these results it appears

that the endogenous opioid peptides participate in the

regulation of information processed by the noradrenergic

system in the hippocampus, i.e., selective attention and
arousal. On the other hand, focal stimulation of the

mosey fibers releases endogenous dynorphin that bind,
ic1-receptors in the guinea pig hippocampus (Wagner et

a!., 1991).
The dorsal zone of the spinal cord, which is enriched

in peptidases such as NEP and in �z- and #{244}-opioidrecep-

tore, the latter being mainly presynaptically located on
afferent fibers (Besse et a!., 1990), is an idea! region for

exploring the role of the peptidase on peptidergic neu-
rons. Various nociceptive stimuli (thermal, chemical,

mechanical) have been shown to enhance Met-enkeph-
aim levels in the spinal cord (Yaksh and Elde, 1981;
Cesselin et a!, 1982; Le Bars et a!., 1987; Cesselin et al.,

1989; Bourgoin et al., 1990). Kelatorphan almost com-

plete!y prevented the spinal degradation of exogenous

[3H]Met-enkephalin in superfusions of halothane-anes-
thetized mats (Boungoin et al., 1986). In contrast, in the

same in vivo model, thiorphan or bestatin alone were
inactive and, when coadministered, were only half as

active as kelatorphan. Moreover, when the spontaneous

outflow of endogenous Met-enkephalin was measured,
there was a 2-fold better recovery in the presence of

kelatorphan and a 5-fold enhancement during noxious
stimulation (muzzle pinching) with no apparent change
in the release process itself. This latter result shows that

protection of extracel!ularly released enkephalins has no
significant effect on the secretion of the opioid peptides,

indicating that mixed inhibitors can be used to investi-

gate the existence of tonically or phasically active enke-
phalinergic pathways (Dickenson et al., 1986; Williams

et al., 1987; T#{246}lleet a!., 1992; Roques, 1991).
Recently, the NEP inhibitors, SCH 32,615 (20 to 100

mg/kg, i.v.), SCH 34,826 (30 to 100 mg/kg, p.o.), and
thiorphan (10 to 30 mg/kg, p.o.), have been shown to
cause a dose-dependent increase in both the resting

(Yaksh et al., 1991; Yaksh and Chipkin, 1989) and the
K�-evoked (Yaksh and Chipkin, 1989) levels of enkeph-

alms in rat spinal pemfusates, reaching up to 10-fold the

control values. These results are somewhat surprising
given that thiorphan has a poor penetration of the blood-

brain barrier and that even a mixture of acetorphan and
carbaphethiol, two inhibitors with improved bioavail-

ability that do enter the CNS, was not found to give a

similar effect (Llorens-Comtes et al., 1989).

Tissue slices and spinal cord superfusion have also
been used to investigate peptidase selectivity, showing,
for example, that endogenous SP seems to be partially

degraded by both NEP and APN in slices of substantia
nigra (Mauborgne et al., 1987a). Although kelatorphan

seemed to be less efficient than thiomphan in protecting
the released peptide, this was shown to be due to en-

hanced enkephalin levels stimulating #{244}-opioidreceptors
with a consequent reduction in SP release. In agreement
with this finding, #{244}-selective agonists also decreased SP

release in the spinal cord (Mauborgne et al., 1987b), and

it would be interesting to test the effect of �s-agonists

because the e5-antagonist ICI 154,129 alone leads to an
increase in the K�-evoked release of SP.

In rat spinal cord slices, K�- or veratmidine-induced
SP release was selectively decreased by opioid �-agonists

and enhanced by a is-agonist (Mauborgne et al., 1987b).

These opposing effects probably occurred in capsaicin-

sensitive fibers whose terminals are located in the sub-

stantia gelatinosa, because no opioid agonist control was
observed on the K�-evoked release of SP remaining after

destruction of neonatal C-afferent fibers with capsaicin

(Pohl et a!., 1989). These data show that the negative

influence of opioids on the release of hyperalgesic sub-
stances, such as SP, in the spinal cord results essentially

from the stimulation of spinal #{244}-receptors. This is sup-
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ported by pharmacological studies showing that #{244}-ago-
nists are efficient analgesics in the spinal cord and that

the antinociceptive responses induced by kelatorphan at

the spinal level are selectively blocked by 5-antagonists
and are independent of s-induced effects (Dickenson et

a!., 1988).
In in vivo experiments, the #{244}-antagonist naltnindole

enhanced the outflow of SP like material (+170%), an

observation supporting a tonic inhibitory control due to

the stimulation of #{244}-receptors by endogenous opioids

(Collin et a!., 1991). Interestingly, at variance with find-

ings in the substantia nigra, SP appears to be inactivated

in the spinal cord by a peptidase activity different from

NEP (Mauborgne et al., 1991). This bacitracin-sensitive

enzyme could correspond to an SP-degrading activity
previously shown to be present in human supraspinal

fluid (Nyberg et a!., 1984). Accordingly, in the primate,
it has been shown that the NEP inhibitor SCH 32615
after i.v. administration can enter the CNS and enhance

extracellular levels of enkephalin (9-fold), encrypted en-
kephalins (11-fold), and SP (2-fold) in cenebrospina!

fluid, as compared to vehicle injected into animals.
Plasma peptide levels of enkephalin were not altered by

the inhibitor (Yaksh et a!., 1991).

In slices of rat substantia nigra (Benoliel et a!., 1992),

neither thiomphan nor bestatin affected the K�-evoked

release of CCK�-like immunoreactivity, a finding in

agreement with degradation studies that suggested that

a thiol or a semine CCK5-me!easing protease (McDermott
et a!., 1983; Rose et a!., 1988), but not NEP, could be

involved in the main physiologically relevant metabolic

pathway of CCK8 (Dumieux et a!., 1986). In apparent
contradiction, a combination of these inhibitors, or ke-

latorphan, significantly enhanced CCK8 overflow (Ben-

oliel et al., 1992). Again, this was shown to be due to

elevated levels of endogenous enkephalins in the extra-

cellular fluid, which, in turn, activate #{244}-opioidreceptors

with a consequent stimulation of CCKS release. jz-Opioid
receptor agonists, on the other hand, reduced CCKS

overflow. These in vitro results have been recently con-
firmed by i.c.v. on i.v. injections of kelatorphan or RB 101,

respectively, which increased CCK8 release through stim-

ulation of the opioid #{246}-neceptorby the protected enkeph-
alms (Ruiz-Gayo et a!., 1992b).

The expected increase in brain enkephalin levels fol-
lowing inhibition oftheim degradation has proved difficult

to quantify, because levels of Met-enkephalin in the

extracellular medium have been reported as ranging from

1% to 20% of the total after administration of selective

or mixed peptidase inhibitors (Cesselin et a!., 1981, 1982;
Waksman et a!., 1985a; L!omens-Cortes et a!., 1986).
Nevertheless, a direct demonstration of the increase in

“synaptic” levels of enkephalins following inhibitor ad-

ministration was obtained by in vivo binding expemi-
ments performed under the conditions commonly used

for pharmacological studies (Meucci et a!., 1989; Ruiz-

Gayo et a!., 1992a). Thus, after i.c.v. injection into mouse

brain, Met-enkephalin at a high concentration (7.5 nmo!)

inhibited about 40% of the binding of the .s-agonist [3H]

DAMGO but not that of the #{244}-!igand[3H]DTLET. Pan-
tial protection of Met-enkepha!in degradation by coad-

ministration with thiomphan slightly improved the inhi-
bition of [3H]DAMGO binding, whereas the mixed inhib-
itor RB38A completely blocked [3H]DAMGO binding

and inhibited 80% of [3H]DTLET binding. However, the

most important result was the ability of RB38A alone,
but not thiorphan or bestatin, to inhibit [3H]DAMGO

binding in a dose-dependent manner with a maximum

inhibition (60%) occurring at a dose (150 �zg) at which

mixed inhibitors have been shown to completely inhibit

in vivo enkephalin catabolism (Bourgoin et a!., 1986),

demonstrating that the increase in tonically released
endogenous enkephalins is too low to saturate �s-opioid

receptors. These results have been confirmed by the

displacement of [3H]diprenomphine from opioid-binding
sites following i.v. administration of RB1O1 at doses at
which this mixed inhibitor was found to be pharmaco-

logically active (Ruiz-Gayo et al., 1992a). Interestingly,

the displacement of [3H]diprenorphine binding was in-

creased in stressed mice, which is in agreement with the

well-known enhanced release of endogenous enkephalins

elicited by stressful stimuli (Aki! et a!., 1976a).

Another approach has been to use nadioimmunoassay
to measure the turnover rate of Tym-Gly-Gly, a process

expected to reflect the activity of enkephalinergic neu-

rons, because this metabolite is formed from Met- and

Leu-enkephalin and from Met5-enkepha!in-Arg6-Phe7

(Llonens-Cortes et a!., 1985). Thiorphan or bestatin mod-
ified the level of Tyr-Gly-Gly formed in mouse stniatum

slices, and an apparent rapid turnover rate of 18 ± 2

pmo!/mg/h was calculated. Given the complex mecha-

nisms leading to the final active peptide from preproen-

kepha!in (protein synthesis including posttmanslational

processing, maturation, axonal transport), the rapid

turnover of Tyr-Gly-Gly associated with the high per-
centage (approximately 20%) of extrasynaptosomal Met-

enkephalin suggests a large rapidly mobilizable intracel-

lu!ar pool of enkephalins.
This method has also been used to measure changes

in enkephalin release induced by noxious stimuli in the

superfused spinal cord (Llorens-Cortes et a!., 1989),
yielding results generally similar to those obtained by
measuring Met-enkephalin levels (Bourgoin et a!., 1986).

However, the interpretation of the results obtained in in
vivo experiments is complicated by differences in the

release of opioid peptides that contribute to Tyr-Gly-Gly

formation (L!orens-Cortes et a!., 1989). Thus, the basal
levels of Tym-Gly-Gly, found to be about 10-fold higher

than those of Met-enkephalin in the spinal cord fluid,
were not altered after systemic administration of either

acetomphan or the combination of acetorphan and car-

baphethiol. In the presence of inhibitors, muzzle pinch-
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ing tended to further elevate extracellu!ar Met-enkeph-

alin levels, although the levels reached remained lower

than those observed in the spinal cord supemfused by

kelatorphan (Bourgoin et a!., 1986). Nevertheless, in

microdialysis experiments, the measurement of Tyr-Gly-
Gly levels could be an interesting method of evaluating

the in vivo functioning of enkephalinergic neurons

(Houdi and Van Loon, 1990).

B. Limited Antinociceptive Effects of Selective Neutral

Endopeptidase 24.11 or Aminopeptidase N Inhibitors

The ability of NEP and/or APN inhibitors to poten-
tiate the analgesic effects of exogenous enkephalins or

enkephalin analogues is well documented. A variety of

inhibitors have been tested, such as thiorphan or bestatin

alone or in association (Roques et a!., 1980; Carenzi et
al., 1981; Zhang et al., 1982; Chipkin et a!., 1982a,b,c;
Vaught and Chipkin, 1982; Carenzi et a!., 1983a,b; Chail-

let et a!., 1983b; Davis et a!., 1983; Hachisu et al., 1985),

retrothiorphan (Roques et al., 1983) and phosphonyl

(Altstein et a!., 1982), on carboxyl-containing inhibitors

(Foumni#{233}-Zaluski et al., 1981a, 1982, 1983; Murthy et a!.,

1984; Chipkin et a!., 1988). Different analgesic tests have

been used, such as the hot plate test in mice (Roques et

al., 1980; Hachisu et al., 1985), the tail withdrawal test
in mice (Roques et a!., 1980), the tail flick test in mats

(Chipkin et al., 1982b; Hachisu et al., 1985), and the
writhing test in mice (Hachisu et al., 1985); different

routes of administration have also been used (reviews in

Roques and Foumnie-Zaluski, 1986; Chipkin, 1986). The

antinociceptive responses observed in these studies were

antagonized by prior administration of naloxone. In a
typical study (Foumni#{233}-Zaluski et al., 1984a), bestatin
strongly potentiated the analgesic responses in the mice

hot plate test of Tym-Gly-Gly-MePhe-Met-ol, a peptide

hydrolyzed by aminopeptidases at the Tyr-Gly bond,

whereas thiorphan was unable to increase the noxious
threshold, because the Gly-MePhe bond is protected

from NEP action. The reverse occurred with Tyr-D-Ala-

Gly-Phe-Met, the activity of which was potentiated by

thiomphan but remained unchanged after coadministma-

tion of bestatin, due to the D-A1a2 residue which blocks
aminopeptidase action. With Met-enkephalin, inhibition

of both NEP and aminopeptidases, especially APN

(Waksman et al., 1985a; Giros et al., 1986), is required

to obtain an antinociceptive response.

The most interesting properties of the inhibitors are
their intrinsic opioidergic actions. This was first recog-
nized when i.c.v. injected thiorphan (50 �g) was shown

to increase the noxious threshold of mice in the hot plate

test (table 4); this effect was blocked by prior (table 4)
administration of naloxone (Roques et al., 1980). In this
test the antagonist exhibited pronociceptive properties.

The photoaffinity label azidothiorphan (Foumnie-Zaluski
et a!., 1981b), which has a high affinity for NEP (K1 =

0.75 nM), was found to be as potent as thiomphan in the

vocalization and hot plate jump tests after i.c.v. injection

in mice, although its longer lasting responses suggested
an irreversible in vivo binding (Beaumont et a!., 1987).

The more lipophilic prodrug of thiorphan, acetorphan

(also designated E552 or GN52), injected i.v. in mice
strongly inhibited brain NEP and produced long-lasting

potentiation of antinociceptive effects elicited by i.c.v.
administered D-A!a2-Met-enkepha!in (Lecomte et a!.,
1986). Acetomphan has also been reported to be active

after i.v. administration in the writhing and the hot plate

tests in mice, although it was unable to modify the

nociceptive activities of dorsal horn neurons in the an-
esthetized rat (Villanueva et al., 1985). However, because

of the rather mild thermal nociceptive stimulus used in

this study, the levels of enkephalin released and their

degradation by APN would result in a receptor occupancy
too low to give a pharmacological response. This probably
also explains why acetorphan does not affect flexion

reflexes or pain sensation in humans (Willer et al., 1986).

Likewise, in a double-blind study of 84 patients requiring

myelography, i.v. infusion of 150 mg of thiomphan over

30 mm produced a reduction in the postmye!ographic

side effects (headache, nausea, and vomiting) but did not

reduce the lumbar puncture pain (Flomas et al., 1983).

Unexpectedly, thiorphan has been reported to produce

a weak but significant analgesia in the tail flick test in

mice, albeit after administration of a very high dose (300

mg/kg, i.p.). Under these conditions the concentration

of thiomphan in the brain was calculated to be about 1000

times higher than the IC� of the inhibitor, and when the

brain tissue from treated animals was incubated with

[3H]Met-enkephalin, no [3H]Tyr-G!y-Gly formation was
observed, but, strikingly, a large amount of [3H]Tyr-Gly,

only 2-fold lower than that of [3H]Tyr, was found (Hach-
isu et a!., 1985). Owing to the very high dose of thiorphan

used, this could result from the interaction of the inhib-
itoms not only with NEP but also with various aminopep-

tidases.
Phosphoramidon administered i.c.v. to mats, via an

implanted cannu!a, produced a strong but not dose-

dependent reduction in the vocalization threshold (Ru-

preht et a!., 1983). The potent NEP inhibitor, phos-

phoryl-Phe-Leu, produced naloxone-mevemsible antinoci-

ceptive responses in the hot plate test in mice (Altstein

et a!., 1982). The N-carboxyalkyldipeptide, SCH 34826,
which is about 10-fold less potent than thiomphan as an

NEP inhibitor, was found to be active at 100 mg/kg, p.o.,
in the mouse low-temperature hot plate test, the mouse
acetic acid-induced writhing test, and the mat yeast-paw

test (Chipkin et a!., 1988). In vivo it is deestenified to
SCH 32615, the active constituent, which induces anti-

nociceptive responses in the hot plate and tail flick test
in mats after microinjection into the pemiaqueductal gray,

the ventral medulla, and the amygdala (A!-Rodhan et
a!., 1990), as well as after i.v. administration in the acetic

acid-induced writhing test in mice, rat yeast inflamed-
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TABLE 4
Supraspinol antinociceptive effects of selective or mixed inhibitors

Compounds Administration Analgesic tests Effects References

NEP inhibitors

Thiorphan i.c.v. Hot plate (mice) + Roques et a!., 1980

Acetorphan i.v. Hot plate (mice)

Writhing (mice)

+

++

Lecomte et al., 1986

Phosphoramidon i.c.v. Paw pressure (rats) + Rupreht et a!., 1983
SCH 32826 p.O. Writhing (mice)

Hot plate (mice)

Inflamed paw pressure (rats)

-H-

+

+

Chipkin et a!., 1988

SCH 32615 PAG

i.v.

Hot plate (rats)

Tail flick (rats)

Writhing (mice)

++

++

++

Al-Rodhan et a!., 1990

Chipkin and Coffin, 1991

APN inhibitors

Bestatin i.c.v. Hot plate (mice)

Writhing (mice)

+

++

Chaillet et aL, 1983b

Carbaphethiol i.v. Hot plate (mice) + Gros et al., 1988

NEP + APN inhibitors:
Bestatin + thiorphan i.c.v. Hot plate (mice) +++ �i Chaillet et al., 1984

Mixed inhibitors
Kelatorphan i.c.v. Hot plate (mice)

Writhing (mice)

Tail flick (mice)

+++

+++

+

Schmidt et al., 1991

RB38A i.c.v. Hot plate (mice)

Writhing (mice)

Tail-flick (mice)

Tail-flick (rats)

Tall electrical stimulation

Motor response

Vocalization

Vocalization postdischarge

Pawpressure

++++

++++

+++

++

++

+

+++

++++

Schmidt et a!., 1991

RB1O1 i.v.

i.p.

Hot plate (mice)

Writhing (mice)

Tail flick (rats)

Tail electrical stimulation

Motor response

Vocalization

Vocalization postdischarge

Hot plate (mice)

++++

++++

++

++

+++

++++

++++

�z

�i

�t/#{244}

�a/#{244}

6L

�t

Noble et al., 1992a

paw test, and hot water bath tail flick test in squirrel

monkeys (Chipkin and Coffin, 1991) (table 4).

Stress-induced analgesia, which produces a brief nal-

oxone-reversib!e analgesia probably due to an increased

release of enkephalins in regions involved in pain control,

is sensitive to inhibitors (Akil et al., 1976b; reviewed by

Mayer and Watkins, 1984). Thus, thiorphan potentiates

foot-shock stress-induced analgesia in rats (Chipkin et

a!., 1982c), immobilization stress-induced analgesia in

mice (Greenberg and O’Keefe, 1982), warm water swim

stress-induced analgesia in mice (O’Connor and Chipkin,

1984), and transcranial electrostimulation analgesia

(Main et a!., 1989) measured by the tail flick test.

Likewise, the antinociceptive properties of NEP inhibi-

tons are modulated by stressful REM (rapid eye move-

ment) sleep deprivation (Ukponmwan et a!., 1986).

The analgesic effect of i.c.v. administered Met-enkeph-

alin-Arg-Phe in mice or rats is strongly potentiated by

ACE inhibitors, such as captopril or HOE 498 (2-EN-

[(S)-1-carboxy-3-phenylpropyl]-L-alanyl-(1S,3S,5S)-2-

azabicyclo[3-3.0]octane-3-dicarboxylic acid), but only

weakly by thiorphan; this suggests that the peptide could

be metabolized by ACE in addition to bestatin-sensitive

aminopeptidases (Mellstmom et a!., 1986, 1987; Norman

et a!., 1985). The physiological relevance of this degra-

dation pathway remains to be determined, because Met5-

enkephalin-Arg-Phe derives from the preproenkephalin
precursor and is, therefore, probably coreleased with

Met- and Leu-enkephalin. However, because NEP and
ACE are colocalized in several brain regions, participa-

tion of both peptidases in the metabolism of the various

preproenkephalin derived peptides cannot be disne-

garded. Interestingly, HOE 498 had analgesic activity on

the hot plate test after i.c.v. injection in mice at a dose

only 5-fold higher than that of thiorphan (Norman et

aL, 1985). Curiously, in the same test, although very

efficient in potentiating the effects of Met-enkephalin-

Arg�-Phe7, captopril was about 10-fold less potent than
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HOE 498. Furthermore, mood elevating properties have

been observed in depressed patients treated with ACE
inhibitors (Cohen and Kumz, 1982). The higher affinity

of Met-enkephalin-Arg6-Phe7 for opioid receptors as
compared to Met-enkephalin might compensate for its

lower tissue concentration and could explain the anti-

nociceptive properties of ACE inhibitors. However, no
firm conclusions can be drawn until the effects of opioid

antagonists are known.
The aminopeptidase inhibitor bestatin has been re-

ported to reduce the nociceptive threshold in the hot
plate, writhing, and tail electrostimulation tests in mice

(Chaillet et a!., 1983b; Costentin et al., 1986) after i.c.v.
administration, although other investigators have failed
to find any intrinsic antinociceptive properties (Carenzi

et a!., 1981, 1983a; Zhang et al., 1982). Bestatin demiva-
tives potentiate the Met5-enkephalin induced analgesia

(Matsuoko et a!., 1988). Cambaphethiol (Gros et al., 1988),
a prodrug ofthe APN inhibitor phenyla!aninethiol (Pick-

ering et a!., 1985), was found to be weakly active in the

hot plate test after i.v. injection in mice (table 4).

No significant antinociceptive responses were ob-

served in a large series of APN inhibitors derived from
a-amino acids and bearing a free thiol group. However,

as disulfide forms, they strongly potentiate the weak but
nonsignificant analgesic responses induced by acetor-

phan (Foumnie-Zaluski et al., 1992a). Taken together

these results emphasize the necessity of completely in-

hibiting NEP and APN to obtain a significant morphine-

like analgesia (Roques and Foumnie-Zaluski, 1986).

C. Enhanced analgesic Responses Induced by Mixed
Inhibitors of Enkephalin-degrading Enzymes

As expected, coadministration of NEP and APN in-

hibitors produces stronger analgesic responses than
those achieved by inhibiting only one enzyme. This was

shown by studies using bestatin and thiorphan, camba-
phethiol, and acetorphan or NEP and APN disulfide

inhibitors in the hot plate (jumping), vocalization during

electrical stimulation of the tail, and writhing tests (Car-
enzi et al., 1983b; Chaillet et a!., 1983b; Zhang et a!.,

1982; Foumnie-Zaluski et a!., 1984a; Gros et a!., 1988;

Hachisu et a!., 1987; Noble et a!., 1992a; Foumni#{233}-Zaluski

et a!., 1992b). However, thiorphan plus bestatin had no

significant action in the tail flick, tail withdrawal, and
hot plate (paw licking) tests in either mouse or rat

(Chaillet et a!., 1983b; Chipkin et a!., 1982b; Chipkin,
1986). Because naloxone alone has no pronociceptive

effects in these tests, it has been proposed that the ability

of the inhibitors to induce analgesia is restricted to tests

in which naloxone has intrinsic activity (Costentin et a!.,

1986).

Mixed inhibitors are particularly effective. For exam-

pie, kelatorphan was shown to decrease the dose of Met-
enkephalin required to obtain 50% analgesia (ED�) by a
factor 50,000 (Foumni#{233}-Zaluski et a!., 1984a). Under these

conditions, the ED50 of Met-enkepha!in was not very

different from that of DAMGO, a peptidase-mesistant
enkephalin analogue. These findings are in agreement

with the similar in vitro affinities of both compounds for

the opioid receptors.

Complete inhibition of enkephalin metabolism by i.c.v.
kelatorphan, RB38A, or i.v. RB1O1, induced naloxone-
antagonized antinociceptive responses in all the various

assays commonly used to select analgesics (Foumnie-
Zaluski et a!., 1984a; Xie et a!., 1989a,b; Schmidt et a!.,

1991; Noble et a!., 1990) (table 4). Endogenous enkeph-

alms completely protected from metabolizing enzymes
by mixed inhibitors after central or peripheral adminis-

tration are, therefore, able to elicit pain suppressive

effects not only in tests in which naloxone produces
pronociceptive effects (Schwartz et a!., 1985; Costentin

et a!., 1986) but more generally in morphine-sensitive
assays (Noble et a!., 1992a). However, even at very high
concentrations (150 �g, i.c.v.), at which they have been

shown to completely inhibit enkephalin metabolism

(Waksman et a!., 1985a; Bourgoin et a!., 1986), mixed
inhibitors such as RB38A were unable to produce the

maximum analgesic effect induced by morphine, except

in the hot plate and the writhing tests (Schmidt et al.,

1991). In agreement with the previously discussed in vivo

binding experiments (Meucci et a!., 1989; Ruiz-Gayo et

a!., 1992a), these results indicate that the local increase

in enkephalin concentration is still too low to saturate

opioid-binding sites. This would eliminate, or at least

minimize, receptor overstimu!ation, which is thought to

be responsible for the major side effects of morphine and

its analogues. Another mixed inhibitor, mercaptoacety!-
Phe-Phe (phelorphan), induced a large increase in extra-
cellular stniatal Met-enkephalin and a maximum anti-

nociceptive response in the mouse hot plate test after
i.c.v. administration (Van Amsterdam and Llomens-

Cortes, 1988).

The similar analgesic responses obtained with mor-

phine and endogenous enkephalins in several assays

(Roques and Foumnie-Zaluski, 1986; Roques, 1991) sug-
gest that a smaller fraction of the total population of

functional receptors is probably required with the opioid

peptides because of their higher intrinsic efficacy (Pom-
meca et al., 1990b; Noble et a!., 1992b). Unfortunately,

because the bidentate-containing inhibitors are unable
to cross the blood-brain barmier, the effects resulting from
acute on chronic complete inhibition of enkephalin-de-

grading enzymes could not be investigated following ad-

ministration of the inhibitors by a clinically relevant
route. Therefore, as previously discussed, new lipophilic

thiol-containing APN and NEP inhibitors linked by their

mercapto groups, such as RB1O1, N-[(R,S)-2-benzyl-3-
[(S)(2-amino-4-methylthio)butyldithioj- 1-oxopropyl]-

L-phenyialanine benzy! ester, have been synthesized
(Foumni#{233}-Za!uski et a!., 1992b).

RB1O1 is the first systemically active prodrug gener-
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ating, through a biologically dependent cleavage of the

disulfide bond, the potent APN [(5)2-amino-i-men-

capto-4-methylthiobutane (IC�o 11 nM)J and NEP

[N-[(R,S)-2-mercapto-methyl-1-oxo-3-phenylpropyl]-L-
phenylalanine (IC� = 2 nM)], inhibitors. RB1O1 easily

crosses the blood-brain barrier, as shown by the complete

inhibition of cerebral NEP following i.v. injection in mice

(Noble et al., 1992a). The prodrug induces strong, dose-

dependent antinociceptive responses in mice after i.v.,

i.p., or s.c. administration in the hot plate (ED�,o 9 mg/

kg. i.v) (fig. 6A) and phenylbenzoquinone-induced wri-

thing (ED� = 3.25 mg/kg, i.v) tests. RB1O1 is also active

in the tail flick and tail-electric stimulation tests in rats.

In contrast, as disuifide forms, the above selective APN

or NEP inhibitors are inactive after i.v. administration

and, even when coadministered, are 3-fold less potent

than RB1O1 alone (table 4).
In all of the tests used, the pain-alleviating effect of

RB1O1 was suppressed by naloxone but, except for the

tail flick and the motor response to tail-electric stimu-

lation, not by the 6-selective antagonist naltrindole. The

maximum analgesic effects of RB1O1 occur 10 to 15 mm
after i.v. injection and are still significant 30 to 40 mm

later. In the hot plate test, RB1O1 was only 3.5-fold less

active than i.v. administered morphine (ED� = 1.6 mg/
kg). As discussed later, RB1O1 is the first compound that

permits the analgesia produced by elevating the extra-

cellular levels of enkephalins to be critically compared
with that produced by morphine.

In the presence of increasing concentrations of nalox-

one, i.v. injection of the mixed inhibitor RB1O1 or the

highly s-selective agonist DAMGO resulted in similar

pA2 values (Noble et al., 1992a). In addition, thiorphan

and acetorphan were both shown to induce analgesia in

DBA/2J mice but not in C57BL/6J mice, a strain char-

actenized by a genetic insensitivity to the preferential �s-

agonist morphine (Michael-Titus et a!., 1989). All of

these results support a preferential involvement of �-

receptors in supraspinal analgesia, at least regarding

thermal nociceptive stimuli (Gacel et a!., 1981; Chang et

I I I

5 10 20 mg/kg

al., i982; Chaillet et al., 1984; Fang et a!., 1986; Daug#{233}et

a!., 1987; Shook et al., 1987; Baamonde et al., 1991; Noble

et a!., 1992a); however, a possible modulation of the

analgesic effects through �z-/#{244}-receptor coupling cannot
be completely eliminated as a possibility (Heyman et al.,
1989; Pomreca et al., 1990a).

D. Inhibitor-induced Spinal Antinociception

The physiological relevance of the neuroanatomical

organization of the spinal enkephalinergic system to

control nociceptive messages (see section VII) is strongly

supported by electrophysiologica! and pharmacological

experiments in which kelatomphan was used to reveal the

mole of endogenous enkephalins. In anesthetized spinal
cats, the selective inhibition of nociceptive responses by

Met-enkephalin, administered in the substantia gelati-

nosa, was markedly potentiated by coadministration of

kelatorphan, an effect blocked by electrophoretically ad-
ministered naloxone (Morton et al., 1987). Neurons of

the substantia gelatinosa were also inhibited by kelator-

phan administration; this effect was naloxone reversible.

In contrast, kelatorphan, administered near the cell bod-

ies of !aminae IV and V neurons neither altered evoked

responses nor potentiated Met-enkephalin inhibition of

these cells. When injected in the substantia gelatinosa,

however, the inhibitor reduced the nociceptive responses
of some laminae IV and V neurons, an effect blocked by

e!ectnophometical!y applied naloxone, suggesting that

some dorsal horn neurons are tonically inhibited by an

action of opioid peptides in the substantia gelatinosa

(Morton et al., 1987).
Several studies have used the expression of immediate

early genes as markers for neuronal activity in an at-

tempt to differentiate the pain modulatory effects of

exogenously administered opioids from tonically released

endogenous opioid peptides. The majority of c-FOS-like

immunoneactive neurons, which are concentrated in neu-

ronal area laminae I and II of the lumbar dorsal horn,

receive inputs from enkephalin-immunoreactive axonal

vanicosities (Pretel and Piekut, 1991). T#{246}lleet a!. (1992)

�. Vehicle � RB1O1 NaC1 Morphine

FIG. 6. Analgesic effects of a mixed NEP and APN inhibitor (RB1O1) in mice and lack of physical and psychic dependence after chronic

treatment. A, Antinociceptive effect of RB1O1 administered i.v. in the hot plate jump test. B, Comparison of the withdrawal symptoms induced

by naloxone after chronic treatment with morphine (6 mg/kg, i.p.) and RB1O1 (160 mg/kg, i.p.), injected twice a day for 5 days. C, Comparison

ofthe dependence effects induced by morphine (6 mg/kg, i.p.) and RB1O1 (160 mg/kg, i.p.), injected every other day for 8 days.
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TABLE 5
Spinal antinociceptive effects of selective and mixed inhibitors5

Compounds
% Inhibition

C-fiber-evoked References

Transcutaneous electrical stimulation

Bestatin

Thiorphan

Kelatorphan

Formalin test:

Kelatorphan

17

25

50

100

#{244}

6

Dickenson et al.,

1986, 1988

Sullivan et a!., 1989

S Administration was by intrathecal injection.
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observed that, when administered before heat stimula-

tion, both morphine and, to a lesser extent, kelatorphan
reduced the induction of immediate early genes (c-FOS,

NGF1-a, and c-JUN) in the superficial dorsal horn and

the deep dorsal horn of mats. Naloxone, in contrast,

increased the level of expression of these genes.

Consequently, enhancing the local concentration of

opioid peptides in the spinal cord by inhibiting their

catabolism mimics the effects of exogenously applied
opiates on immediate early gene expression. Neverthe-
less, the effects observed after kelatomphan administra-

tion indicate that the local increases in enkephalin levels
are too low to saturate opioid-binding sites. This limited

opioid receptor occupation by the endogenous ligands is

in agreement with in vivo binding studies (Meucci et a!.,

1989; Ruiz-Gayo et al., 1992a). On the other hand, the

decrease of immediate early gene expression by kelatom-

phan and the increase by naloxone supports the existence

of a tonically active opioidergic gating system in the

dorsal horn. Accordingly, thiorphan and SCH 32615

displayed strong naloxone-revemsible antinociceptive me-

sponses in the hot plate, paw pressure, and tail flick tests

in rats after intrathecal drug administration (Yaksh and

Harty, 1982; Oshita et al., 1990).

The role of endogenous opioid peptides and their me-

ceptors has been examined on the C- and A,�-evoked

responses of convergent dorsal horn neurons in the ha-

lothane-anesthetized intact mat (reviewed by Dickenson,
1991). When an acute noxious stimulus was induced by

transcutaneous electrical stimulation, the direct spinal

application of bestatin, thiorphan, or kelatorphan me-

duced noxious C-fiber-evoked activity in a dose-depend-
ent manner. Kelatorphan was considerably more effec-

tive than thiorphan or bestatin alone and significantly

more efficient than the combination of both inhibitors

(Dickenson et a!., 1987b). The shape ofthe dose-response

curve to kelatorphan paralleled that of selective #{244}-ago-
nists, such as DPDPE or DSTBULET, but not that of

s-agonists, such as DAMGO. This suggests a preferential

involvement of #{244}-opioid receptors in the enkephalin-
mediated control of nociceptive messages conveyed by

afferent C-fibers (table 5). This hypothesis was con-
firmed using the selective #{244}-opioidantagonist ICI 174,864

which reversed the antinociceptive properties of kelatom-

phan that had been locally infused onto the spinal cord

(Dickenson et a!., 1986). In addition, the effects of kela-

torphan were additive with those of the selective �-

agonist DAMGO but not with those of the selective #{244}-

agonist DSTBULET (Dickenson et a!., 1986, 1988).

These studies confirm that endogenous and exogenous

#{244}-opioidreceptor agonists act on a common binding site

to produce spinal antinociception. Accordingly, no anti-

nociceptive cross-tolerance between morphine and t5-

agonists, such as DSTBULET and BUBU, was observed

after systemic administration in normal and arthritic

mats (Desmeules et al., 1993; Kalso et al., 1992, 1993).

Kelatomphan and DSTBULET have also been tested

on the response of convergent dorsal horn neurons to a

more prolonged chemical noxious stimulus elicited by an

s.c. injection of 5% formalin. At a dose of 50 �g, both

kelatorphan and DSTBULET completely abolished C-

fiber-evoked responses, and these effects were selectively

antagonized by ICI 174,864 (Sullivan et a!., 1989) (table

5). The mechanism of action of the #{244}-induced reduction

in nociceptive responses is unknown but could involve

presynaptic inhibition of SP release (Mauborgne et al.,

1987b). At low doses, neither DSTBULET nor kelator-

phan, unlike �-agonists, induced excitatory effects on

spinal neurons (Sullivan et al., 1989). The facilitations

occurring with �i-agonists could be related to their po-

tency in enhancing the release of either SP (Mauborgne

et a!., 1987b) or excitatory amino acids or to the presyn-

aptic autoinhibition of Met-enkephalin release (Ueda et

a!., 1986; Kayser and Guilbaud, 1985; Ghelardini et al.,
1989); the latter effect would imply that the putative

autoreceptor might be of the z-opioid receptor subtype.

However, other authors have shown that the paradoxical

analgesia produced by low doses of the opiate antagonist

naloxone (presumably resulting from antagonism at

opioid presynaptic autoreceptoms) is mediated by inter-

action at a site with characteristics of the #{246}-opioidrecep-

ton (Taiwo et a!., 1989; Kamei et a!., 1992). Whatever

the mechanism implicated, the opioid antagonist-in-

duced antinociceptive responses are very weak compared

to the effects of enzyme inhibitors, showing that enzy-
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matic metabolism can be considered as the main process

involved in clearing enkephalins from their site of action.

Given that theme are pharmacologically discemnable �s-

and #{244}-receptor populations in the spinal cord that inde-

pendently modulate noxious transmission, mixed inhib-

itors such as kelatorphan and/or selective #{244}-agonists may

be of clinical interest in patients insensitive or tolerant
to morphine; these drugs also may be useful as a means

of avoiding or minimizing unwanted side effects mediated
by stimulation of the jz-receptor. This novel approach to
analgesia has provided preliminary promising clinical

results after intrathecal administration of either kelatom-

phan (J. Meynadiem, M. C. Foumnie-Faluski, and B. P.

Roques, unpublished results) in morphine-tolerant pa-
tients or bestatin and thiorphan in normal patients
(Meynadier et a!., 1988).

E. Analgesic Effects of Selective and Mixed Inhibitors in

Chronic Pain

The Freund’s adjuvant-induced arthritic rat is a widely

used model of chronic pain that is characterized by an
increased sensitivity to z-agonists (Neil et al., 1986).

Intracellular opioid peptide levels are markedly enhanced

in the spinal cord of these animals, but this is associated
with a large reduction (50% to 60%) in extracellular

opioid levels. This latter effect was not due to changes

in spontaneous outflow or in the rate of degradation of

the peptides, because the same relative reduction per-

sisted when kelatorphan was added to the superfusion
medium (Bourgoin et al., 1988). Noxious stimuli pro-

duced a significant enhancement of Met-enkephalin me-
lease that was of the same order in arthritic and in

control rats, suggesting that it is the basal and not the
tonic activity of spinal enkepha!inergic neurons that is

reduced in arthritic rats (Bourgoin et a!., 1988).

The ventrobasal complex of mat brain, which contains

neurons activated by various noxious mechanical, then-

mal, or visceral stimuli, is sensitive to both morphine

and aspirin in arthritic mats. The activity of these neurons

is depressed by 56% by 5 to 10 mg/kg, i.v., ES52 (acetom-

phan), and the antinociceptive responses induced by

mechanical and thermal stimuli are reversed by na!oxone

(Kayser et a!., 1984). Nonnoxious messages were also

depressed and, in addition, acetorphan produced a large
expansion of the receptive field of nonnoxious ventro-
basal neurons, emphasizing the complexity of pain con-

trol by endogenous enkephalins and raising the question

of their possible involvement in peripheral analgesia

(Stein et al., 1989).
Kelatomphan, at doses as low as 2.5 mg/kg, i.v., and at

which acetorphan was ineffective, produced potent nal-

oxone-mevemsible antinociceptive responses in normal

rats that were comparable to those induced by 1 mg/kg,
i.v., morphine. At higher doses (5, 10, and 15 mg/kg, i.v.),

however, the effects of kelatomphan were no more pro-
nounced than those of acetorphan (Kayser et al., 1989).

Unlike acetomphan, kelatorphan was much more effective

in raising the vocalization threshold in arthritic (244%)
than in normal (144%) rats, even at 5 mg/kg, i.v.

Automadiographic studies have shown that, at both

supraspina! and spinal levels, the enhanced efficiency of

endogenous enkephalins in the arthritic mat is not di-
nect!y related to changes in the levels of NEP or �i- and

#{244}-opioid-binding sites (Delay-Goyet et a!., 1989b). Be-

cause the penetration of kelatomphan into the brain is
very poor, its efficiency in reducing pain in arthritic rats
after peripheral administration could be due to an in-

creased permeability of the blood-brain barrier. Another

simpler explanation could be that kelatorphan acts at
the periphery to modify the strength of noxious stimuli

at the primary level of nociceptors by increasing the
concentrations of peripherally released endogenous

opioid peptides. Indeed, several studies have shown that

opioid agonists modulate responses to noxious pressure

through a peripheral opioid receptor-specific mechanism
(Stein et a!., 1988, 1989). Moreover, on a model of uni-

lateral inflammatory “pain” (intraplantar injection of
Freund’s complete adjuvant), the stress of a forced cold
water swim induced a greater elevation of paw pressure

threshold in inflamed than in noninflamed paws (Stein

et a!., 1990). This antinociceptive response was signifi-

cantly potentiated and prolonged in rats that received

an intraplantam injection of thiorphan plus bestatin,

showing that this effect seems to be mediated, at least in

part, by endogenous opioid peptides. Evidence for a

peripheral site of action of enkephalin-like peptides in

this model was provided by the antagonism of the action

of the inhibitors by s.c. quatemnary naltrexone, adminis-

tered at doses shown to act exclusively at a peripheral
level (Parsons and Herz, 1990). As expected, slightly

higher effects were observed in the same model following

systemic administration of RB38A or RB1O1 (R. Ma!-

donado, 0. Valverde, and B. P. Roques, unpublished

results).

Inflammatory processes in the skin seem to be asso-

ciated with intensive local activation of the lymphoid

systems. The macmophages and B- and T-cells recruited

overexpress proopiomelanocortin and proenkephalin
mRNAs, possibly induced by a paracnine mechanism

ensured by the secreted !ymphokines. Carboxypeptidase

E activity seems also to be increased, and numerous cells
infiltrating the inflamed subcutaneous tissue are stained

intensively by fl-endorphin and Met-enkephalin antibod-

ies (Przewlocki et a!., 1992).
On the other hand, the flare reaction is associated with

an increase in the release of SP and CGRP from sensory

nerve terminals, the latter peptide producing extravasa-
tion. All of these results show that peptides producing

hyperalgesia (SP, CGRP) or analgesia (enkephalins) are

present in inflamed tissue. Under these conditions,
opioid receptors could be also hypemexpressed in nocicep-

tons, and because NEP is present on lymphoid cells
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(Beaumont et al., 1989), a part of the effect of opiates or

peptidase inhibitors could occur at the primary site of

pain processing. A part of the antinociceptive effects of

selective or mixed NEP inhibitors could, therefore, be
due to the protection of the endogenous opioid peptides

from degrading enzymes at the level of peripheral noci-

ceptors (Kayser et al., 1989), which may have clinical
value in inflammatory disorders. Even though acetor-
phan administered p.o. (200 mg) in humans slightly
potentiated the increases in flare areas and wheal vol-

times induced by SP intradermally administered to vol-

unteers (Nichol et a!., 1992), the nociceptive stimulus

triggered by endogenous SP could be overcome by a larger

increase in pain-alleviating peptides such as the enkeph-

alms.

F. Interactioas between the Cholecystokinin and

Enkephalin Systems in the Control of Pain

Anatomical studies have shown that the distribution
of both CCK and CCK receptors parallels that of endog-

enous opioids and opioid receptors in the pain-processing

regions of both the brain and the spinal cord (Gall et al.,

1987; Pohi et al., 1990). This overlapping distribution

has focused investigations on the role of CCK in noci-

ception. Electrophysiological and behavioral studies sug-

gest that CCK acts as an endogenous antagonist of
opioid-induced antinociception (reviewed by Babem et al.,

1989).
The supraspinal interactions between endogenous en-

kephalins and CCK have been investigated using the hot
plate test in mice. Activation of CCK-A receptors, by

i.c.v. administration of the CCK� analogue BDNL, po-
tentiated the analgesic effects of RB1O1 and DAMGO

(i.v.), whereas activation of CCK-B receptors, by i.c.v.

injection ofthe selective CCK-B agonist BC 264, reduced

them (Noble et a!., 1993b). Taken together these results

suggest the occurrence of a regulatory mechanism be-

tween the CCK and enkephalin systems in the control

of pain. Schematically, the potentiation of the effects of

DAMGO or RB1O1 by BDNL could be related to both
an increase in released enkephalins associated with

CCK-A receptor activation, in agreement with a previous
study using CCK� and a cocktail of peptidase inhibitors

(Hill et a!., 1987), and/on to a direct improvement in the

efficacy of transduction processes occurring at the �t-

sites, which might be allostenically evoked by CCK-A

site occupation (Magnuson et a!., 1990). Moreover, CCK-

B receptor activation could, in turn, negatively modulate

the opioidergic system, in agreement with the blockade

of these binding sites by L-365,260 which significantly

increased the antinociceptive responses induced by

RBiOi (Maldonado et a!., 1993) on morphine in nonac-

cimmated rats exposed to a novel environment (Lavigne
et a!., 1992).

If stimulation of CCK sites modulates the functioning

of the opioidergic system, this could in turn regulate the

release of CCK peptides. Thus, the binding of enkepha-

!ins protected by RB1O1 on ofBUBU to #{246}-siteswas shown

to increase the synaptic concentration of CCK (Ruiz-

Gayo et a!., i992b), which could counterbalance the

hyperalgesic effects of BC 264 through stimulation of
CCK-A sites and subsequent enhancement of enkephalin

release and/or �-CCK-A receptor interactions. This hy-
pothesis is supported by the BUBU-induced reversion of
the hypera!gesic effect of BC 264 in the hot plate test.

On the other hand, activation of�i-receptors was reported
to exert an inhibitory influence on the supraspinal me-

lease of CCK (Benoliel et al., 1991). Accordingly, this
results in a potentiation of the �.s-melated response evoked
by DAMGO on RB1O1 (after nociceptive stimulus) by

reducing the negative influence that results from the

binding of CCK to B sites (fig. 7).

G. Tolerance, Dependence, and Side Effects of Selective

and Mixed Inhibitors of Neutral Endopeptidase 24.11
and Aminopeptidase N

Few studies have been carried out to assess the possible
tolerance and dependence effects resulting from chronic
administration of inhibitors of enkephalin-degmading en-

zymes. Some physical dependence has been observed

after naloxone administration to rats chronically treated
with i.c.v. thiorphan (Bean and Vaught, 1984), whereas

no sign of a withdrawal syndrome was seen in mice

challenged with naloxone after chronic i.v. administra-
tion of acetorphan (Lecomte et a!., 1986). Nevertheless,
at the dose used (50 mg/kg, i.p. ,twice daily, 10 days),
limited antinociceptive responses were observed in the

hot plate test in mice after acute injection (Noble et al.,
1990, 1992a). The naloxone-induced withdrawal syn-
drome in rats has also been studied after central infusion

of comparable antinociceptive doses of the mixed inhib-
itor RB38A, the selective NEP inhibitor RB38B, the �s-

agonist DAMGO, and the #{244}-agonist DSTBULET.
DAMGO induced a severe withdrawal syndrome char-

actenized by a large weight loss, hypothermia, jumping,
mastication, teeth chattering, diarrhea, lacnimation, and
salivation. DSTBULET and RB38A produced a modem-
ate physical dependence with only the incidence of wet

dog shakes and changes in body temperature being sta-
tistically significant. No physical dependence was ob-
served after chronic selective inhibition of NEP by
RB38B (Maldonado et a!., 1990a).

_______4’ ICCK-BL� �‘ �.::::;�E1� ANALGESIA

CCK ENKEPHALINS

1��@
FIG. 7. Hypothetical model of the interactions between CCK, via

CCK-A, CCK-B receptors, and the opioid system via #{244}-opioid and �-

opioid receptors.
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Antinociceptive responses observed after i.v. adminis-

tration of acetorphan were significantly reduced in ani-
mals receiving chronic i.c.v. infusion of thiorphan for 14

days versus chronically saline-treated controls (Boussel-
mame et a!., 1991a). In addition, chronic i.c.v. adminis-

tration of DAMGO, DSTBULET, and RB38A produced
a time-dependent reduction in their analgesic effects,
and, after 120 h of continuous infusion, only RB38A was

still able to induce a significant antinociceptive effect
(Maidonado et a!., i990a). These data suggest that, even

under the drastic conditions of chronic i.c.v. infusion of

a mixed inhibitor, long-term complete inhibition of en-

kephalin catabolism induces only a partial tolerance and

a moderate physical dependence similar to that produced

by #{246}-opioidagonists.
The promising results obtained with the mixed inhib-

itor RB38A were recently confirmed after systemic ad-
ministration of RB1O1, which induces strong antinoci-

ceptive responses (Noble et al., 1992a). Thus, repeated

administration of RB1O1 (twice daily for 5 days) at a

dose that produces a potent analgesic effect (160 mg/kg,
i.p.) did not induce a naloxone-precipitated abstinence

syndrome (fig. 6B). Under the experimental conditions

used, no signs of withdrawal that are accepted as being

reliable indices for quantifying the degree of physical

dependence in mice (jumps, paw shakes, tremor, body

weight loss) were observed in animals treated with the
mixed inhibitor prodrug (Noble et a!., 1992c). Moreover,

chronic administration of RB1O1 (80 mg/kg, i.p., twice

daily for 8 days) did not induce tolerance or cross-

tolerance with morphine (Noble et al., 1992b). A lack of

cross-tolerance between morphine and acetomphan also

was observed in another study (Bousselmame et a!.,

1991b).

Addiction, following chronic treatment with opiates, is

probably due to multiple cellular events. The opioid
receptors have been shown to be functionally coupled to

their second-messenger systems through guanine nucleo-

tide-binding proteins (Childems, 1991). One of the well-

documented mechanisms implicated in these side effects
is the desensitization of opioid receptors (uncoupling of

the receptors from their associated G-proteins, protein

phosphorylation, alteration in adenylate cyclase func-

tioning) (W#{252}steret al., 1985; Christie et a!., 1987; Nestler

and Tallman, 1988; Terwilligen et al., 1991). These effects
have also been explained by a regionally specific down-

regulation of receptors (Rogers and El-Fakahany, 1986;

Morris and Herz, 1989; Steece et a!., 1989).

The moderate degree or the lack of tolerance or phys-

ical dependence observed after chronic treatment with

the mixed inhibitors (RB38A or RB1O1) could be ex-

planed by a weaker, but more specific, stimulation of
the opioid-binding sites by the tonically released endog-

enous opioids, thus minimizing receptor desensitization
or down-regulation that usually occurs after the general

stimulation of opioid receptors by exogenously adminis-

temed agonists. This assumed limited opioid receptor

occupation by the endogenous enkephalins is in agree-
ment with in vivo binding studies (Meucci et a!., 1989;
Ruiz-Gayo et al., 1992a). The local concentration of the

exogenous opioid substances probably largely exceeds the

concentration of endogenous enkephalins in brain me-

gions, such as the peniaqueductal gray or the locus coe-

ruleus of rats, which are rich in is-receptors and where
local injection of morphine or enkephalin analogues has

been shown to cause exceptionally pronounced pharma-

cological effects (Bodnar et al., 1988; Al-Rodhan et al.,

1990; Bodnar et a!., 1991) and where microinjections of

methylnaloxonium precipitate a severe withdrawal syn-

drome in morphine-dependent mats (Maldonado et al.,
1992). The locus coeruleus contains a densely packed
group of nomadrenaline-containing neurons whose firing
is selectively inhibited by �-agonists (Williams et al.,

1987). Chronic morphine treatment induces a hypersen-

sitivity of these neurons, and this is considered to be one

of the main causes of the withdrawal syndrome (Agha-

janian, 1978).
This latter hypothesis appears to be supported by the

reduction in the effects of morphine abstinence by don-

idine, a presynaptic blocker of noradrenaline release. It

is interesting to observe that in slices of rat pons kela-

torphan was able to potentiate strongly the fining of the

locus coeruleus that had been induced by exogenous Met-

enkephalin but had no intrinsic effect, indicating that

theme is little or no tonic endogenous opioid action in

this brain region (Williams et a!., 1987). This is probably

one of the major reasons why the withdrawal syndrome

is significantly milder after chronic treatment by pepti-

dase inhibitors as compared to exogenous opioids. In-
deed, it has been clearly demonstrated that the locus

coeruleus is the most critical structure implicated in the

development of dependence (Duman et al., 1988; Nestler
and Talman, 1988; Rasmussen et al., 1990; Maldonado

et a!., 1992).

Another possible reason for the lack of side effects

following chronic RB1O1 treatment could be a more

efficient release of antiopiate peptides induced by mom-

phine than by the natural ligands of opioid receptors.
Indeed, the concept of an “endogenous antiopioid sys-

tern” has been suggested, involving several neuropeptides

such as MIF-1, CCK, and FMRF amide, Phe-Met-Arg-
Phe NH2 (Fans et al., 1983; Tang et al., 1984; Galina
and Kastin, 1986). This latter peptide is released from

mat brain by morphine infusion (Tang et al., 1984). There

are numerous reasons to suspect that peptides of this

family may be endogenous antiopiate substances. Indeed,

theme is a good correspondence between localization of
binding sites ofthese peptides and that ofthe endogenous

opioid peptides (Allard et al., 1992). Moreover, several

authors have demonstrated that FMRF amide-related

peptides potently antagonize the analgesic effects of opi-

ates thereby inducing withdrawal syndrome (Tang et al.,
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1984; Brussaard et a!., 1989). In addition, it has been
shown that the cerebrospinal fluid of morphine-depend-
ent rats contains a peptide, the octapeptide F8Fa (FMRF

amide-like octapeptide), which is also designated neuro-
peptide FF (Malin et a!., 1990a), that precipitates the

withdrawal syndrome when centrally injected into mom-

phine-dependent rats. Neuropeptide F8Fa appears to be

necessary for the full expression of naloxone-precipitated
opioid withdrawal, because its inactivation by antibody
or antagonist peptide largely prevents the appearance of

the classical signs of naloxone-precipitated abstinence

(Malin et a!., 1990b, 1991). Tolerance to the analgesic

effect of morphine is also prevented by simultaneous
treatment with antagonists of CCK receptors (Watkins

et al., 1984; Xu et a!., 1992), and immunoneutralization
of neuropeptide F8Fa appears to selectively restore mom-

phine sensitivity in opiate-tolerant animals (Lake et al.,

1991). These results support the hypothesis that endog-

enous CCK and neuropeptide F8Fa contribute to opiate

tolerance.
The lack of cross-tolerance between morphine and

acetorphan observed on the hot plate test (Bousselmame

et al., 1991b) led the authors to suggest that the enkeph-
alms protected by acetorphan act on the #{244}-receptor site

to produce antinociception. However, in the study with

the mixed inhibitor RB1O1, where a lack of cross-tolen-

ance also has been shown, the highly 6-selective antago-

nist naltnindole was unable to block the antinociceptive

effects of RB1O1 observed in morphine-tolerant mice.

Moreover, several previous studies have shown the pref-
erential involvement of is-receptors in supraspinal opioid

analgesia using the hot plate test after central (Chaillet
et al., 1984; Fang et al., 1986) or peripheral (Baamonde

et a!., 1991; Noble et a!., 1992a) administration of opioid

agonists on enkephalin-degrading enzyme inhibitors.
The binding characteristics of enkephalins and mom-

phine to the same site, which have been reported to be

different (Abdeihamid and Takemoni, 1991), could lead

to different cellular responses characterized by a rapid
development of tolerance to the effects of morphine, with

no major changes in the effects induced by the enkeph-

alms. On the other hand, the lack of cross-tolerance

between morphine and RB1O1 could be due to the higher
intrinsic efficacy of enkephalins compared to morphine

and analogues. In morphine-treated mice, a large fraction
of the receptors appear to be uncoupled from the asso-

ciated G-proteins, resulting in a loss of transduction of

the agonist effect via second-messenger effectors. Thus,

the lack of cross-tolerance of RB1O1 in momphine-toler-

ant mice could be explained if morphine requires a larger
fraction of functional receptors to produce a given effect

than do the endogenous enkephalins. The higher intnin-

sic efficacy of enkephalins has been demonstrated by the

greaten efficiency of modified enkepha!ins as compared
to morphine and analogues in several studies (Christie

et al., 1987; Gacel et a!., 1988; Porreca et al., 1990b).

A major side effect of opiate analgesia is a central
respiratory depression, which is mainly due to the inhi-

bition of bulbar respiratory neurons. Activation of �s- and
#{244}-receptoms decreases the fining of these neurons with a
subsequent diminution in respiratory rhythm and tidal
volume (Monin-Surun et al., 1984). Kelatorphan, iono-

phonetically applied into the nucleus ambigus of cats,

produces a low, partially naloxone-revemsible, reduction

of respiratory frequency, suggesting a weak tonic release
of endogenous enkepha!ins in the neuronal network that

generates the motor respiratory activity. A dysfunction-
ing in the opioidergic system involved in the control of

breathing could, therefore, be one cause of sudden infant
death syndrome (Momin-Surun et a!., 1992; Boudinot et

a!., 1988). Moreover, after i.v. injection of kelatorphan
in freely moving rats at concentrations that give anal-

gesic responses in the vocalization threshold to paw

pressure in arthritic rats (Kayser et al., 1989), there was
no significant effect on respiratory frequency and tidal

volume (Boudinot et a!., 1988). The NEP inhibitors

acetorphan (Lecomte et al., 1986), SCH 34826 (Chipkin
et al., 1988), and SCH 32615 (Chipkin and Coffin, 1991)

have also been reported to have no respiratory effects in
rodents or squirrel monkeys.

It is well documented that chronic opiate treatment

induces psychic dependence, a major side effect limiting

their clinical utilization. Numerous studies with microin-
jections of selective agonists have shown that the brain

areas most frequently implicated in opioid reward are

the VTA and the nucleus accumbens. The motivational

properties of endogenous enkephalins have been studied

after microinjections of thiorphan into the VTA; rein-
forcing effects were observed (Glimcher et a!., 1984).
Moreover, kelatomphan appears to differentially affect

intracranial self-stimulation behavior with respect to the

neuroanatomical locus of administration. Microinjection
of this inhibitor into the lateral ventricle increased in-

tracranial self-stimulation behavior, whereas local ad-
ministration into the nucleus accumbens reduced it (De
Witte et al., 1989). Unlike morphine, repeated systemic

administration of the mixed inhibitor RB1O1 failed to

establish a conditioned place preference and did not
induce psychic dependence (Noble et al., 1993a) (fig. 6C).

The biochemical mechanisms involved in the reward
systems are unknown, but several studies have shown

that dopaminergic neurons, particularly those that proj-
ect from the VTA to the nucleus accumbens, may play a

major role in the rewarding properties of opiates (Phillips
and LePiane, 1982; Bozarth, 1986; Cador et al., 1991).

Activation of the mesolimbic dopamine system could be

necessary and possibly sufficient to produce a condi-

tioned place preference. Thus, a reduction in the func-

tional responsiveness of dopamine transmission in opiate

dependence was proposed to contribute to the mainte-
nance of opioid self-administration to maintain a toni-

cally active basal dopamine release and subsequent me-
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warding effects (Acquas and Di Chiara, 1992). As dis-

cussed above, chronic opiate treatment desensitizes

opioid receptors by decoupling them from their associ-

ated G-proteins leading to a loss of extracellular mes-
sages. This desensitization could also be due to an alter-

ation of cyclic AMP-dependent protein kinase which

phosphorylates and activates several intracellular pro-

teins (Duman et a!., 1988; Beitner et a!., 1989; Cox, 1991).
Accordingly, Beitner-Johnson and Nestler (1991) have

recently shown that chronic treatment with morphine

decreases the phosphomylation, and thus the activity, of
tyrosine hydroxylase (Zigmond et a!., 1989), the rate-

limiting enzyme in dopamine biosynthesis, specifically
in regions implicated in drug reinforcement such as the

VTA and the nucleus accumbens. The reduced phos-
phorylation of this enzyme could explain the recently
reported decrease in opioid-stimulated dopamine release

(Ostrowski et a!., 1982; Leone et a!., 1991) following

chronic morphine treatment (Acquas et a!., 1991) and

could lead to the “dysphomic” properties of opiate absti-
nence (Bozarth and Wise, 1984; Koob et al., 1989; Stinus

et a!., 1990).
The failure of RB1O1 to establish a conditioned place

preference probably results from a lower recruitment of

opioid receptors, as more fully discussed above, and the
relatively poor capability of endogenous enkephalins to

modify intracellular events such as protein phosphory!-

ation with subsequent modulation of the dopaminergic

transmission in the nucleus accumbens. This hypothesis

is supported by the minimal changes in dopamine release

in the nucleus accumbens after local administration of

kelatorphan into the VTA (Daug#{233}et a!., 1992) and by

the apparent absence of any effects on the levels of

dopamine and its metabolites in the nucleus accumbens

following i.v. administration of acetorphan (Dourmap et

a!., 1990a). Accordingly, when injected in the VTA of

rats, DAMGO and to a lesser extent the #{244}-agonist

DSTBULET were shown to increase the rate of intra-
cranial self-stimulation behavior which reflects the rein-

forcing value of abusive drugs such as morphine. In

contrast, under the same conditions, kelatomphan had
either no effect on slightly decreased the rate of intracra-
nia! self-stimulation (Heidbreder et a!., 1992).

H. Effect of Peptidase Inhibitors on Morphine

Withdrawal

The peptidase-mesistant enkephalin analogues, FK 33-

824 and metkephamid, completely suppress the opiate
withdrawal syndrome in monkeys (Gmemek et a!., 1983).

The nonspecific peptidase inhibitors, apotropin and bac-
itracin (Pinsky et a!., 1982), or the NEP inhibitors,

phosphoramidon (Dzo!jic et al., 1986), thiorphan (Haff-

mans and Dzoijic, 1987), acetorphan (Livingston et al.,

1988) and orally active compounds (Dzoljic et a!., 1992),
and the mixed inhibitor, phelorphan (Haffmans et a!.,

1987), also minimize the severity of the naloxone-precip-

itated morphine withdrawal syndrome in rats. Phelor-

phan was more effective than thiorphan, suggesting that

attenuation of the narcotic withdrawal syndrome is ne-

lated to the level of opioid receptor occupancy by exoge-
nous or endogenous agonists. This was confirmed when

the effects of i.c.v. thionphan, kelatomphan, and RB38A
were compared in the same model (Maldonado et al.,

1989). Jumping, chewing, and tooth chattering were de-

creased by all three inhibitors with an order of potency:
RB38A > kelatorphan > thiomphan. The increase in
plasma corticosterone and hypothermia were reduced by

kelatorphan and RB38A, whereas mhinomrhea was

blocked by thiorphan, tremor by kelatorphan, and diar-
rhea by RB38A. Other signs remained unchanged.

The greater efficiency of the mixed inhibitors in atten-

uating the morphine abstinence syndrome is probably
due to the resulting greaten increase in enkephalins in

certain brain regions, especially those enriched in opioid

pt-receptors, such as the caudal part ofthe peniaqueductal

gray matter, which also contains high levels of NEP in
rats (Waksman et al., 1986a) and could be an important

site of action for the development of physical morphine

dependence (Laschka et al., 1976). In line with this, wet

dog shakes and teeth chattering have been found to
decrease after direct administration of thiorphan into

the peniaqueductal gray matter (Haffmans and Dzoljic,

1987). Furthermore, REM sleep deprivation decreases

the grooming and shaking behavior induced by opiate

withdrawal (Ukponmwan et a!., 1985). As expected, ace-

torphan alleviated the withdrawal syndrome in humans

(H. Loo, unpublished results). On the other hand, the

putative nonspecific enkephalinase inhibition produced

by D-Phe has been claimed to improve the treatment of

alcohol and polydrug abusers (Blum et al., 1989).

I. Behavioral Effects of Neutral Endopeptidase 24.11

and Neutral Endopeptidase 24.11/Amirwpeptido,se N

Inhibitors

In addition to its strong analgesic effect, morphine

induces euphoria and sensations of well-being in humans

(reviewed by Wise and Bozarth, 1987). Enkephalins have

also been shown to be self-administered by rats (Stein

and Belluzi, 1978) and to produce either hyperlocomotor

activity or sedative effects, depending on the dose ad-

ministered. Some of these behavioral responses are not
completely reversed by the ti-selective antagonist na!ox-

one (Havemann and Kuschinsky, 1985), suggesting that
�L- and #{244}-meceptorscould be differentially involved.

High densities of both opioid receptors and NEP are

found in the nucleus accumbens and the caudate nucleus

(Waksman et al., 1986a), forebrain structures that are

involved in emotional, cognitive, and motor functions

and receive a rich innervation from dopaminergic neu-
rons located in the VTA and substantia nigra. Various

pharmacological and biochemical studies have also

shown that morphine and enkephalins are involved in
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the control of behavior such as arousal, locomotion, self-
administration, self-stimulation, learning, and memory

functions through modulation of the motor (nigrostni-
atal) and limbic cortical (mesocorticolimbic) dopami-

nergic systems.

Chronic administration of antidepressant drugs in-
creases Met-enkephalin-like immunoreactivity in the

stniatum and nucleus accumbens of rat brain (De Felipe
et al., 1985). A similar increase has also been observed
after electroconvulsive shock or following chronic admin-

istration of lithium (Hong et al., 1979; Holoday et al.,
1986; Staunton et al., 1982). The physiological relation-

ships between the enkepha!inengic and dopaminergic

systems have been demonstrated clearly by the strong
enhancement of both proenkephalin mRNA and Met-
enkephalin-like immunoreactivity in mat stniatum and

nucleus accumbens after chronic administration of do-

pamine antagonists or after production of 6-hydroxydo-

pamine-induced lesions of dopamine neurons in the sub-
stantia nigra and VTA (Hong et a!., 1979; Thal et al.,

1983; Scott Young et a!., 1986; Morris et al., 1988).
Moreover, in situ hybridization experiments have shown

that, in the rat forebrain, all detectable enkephalin neu-

rons contain the D2 receptor mRNA and that chronic

halopenidol treatment increases the levels of both the D2

receptor and preproenkephalin mRNA (Le Moine et al.,

1991).

Several pharmacological studies have been carried out

to clarify the role of opioids on dopaminergic systems.
Local injection of thiorphan into the rat VTA produced
a naloxone-reversible conditioned reinforcement in a

place preference paradigm, suggesting activation of the
dopaminergic mesolimbic pathway by the endogenous
opioids (Glimcher et a!., 1984). An increase in dopamine

metabolism in the nucleus accumbens and a potentiation

of the behavioral effect of dopamine injected into this
region were induced by foot-shock stress on local infusion

of thiorphan (Kalivas and Bronson, 1985; Kalivas et al.,

1986), or kelatorphan into the VTA (Calenco-Choukroun

et a!., 1991b), suggesting a phasic control ofthe dopamine

mesocorticolimbic pathway by endogenous enkephalins.
This was recently confirmed using in vivo microdialysis
with simultaneous measurement of motor behavior. Un-

der these conditions, microinjection of kelatorphan into
the VTA produced a dose-related increase in both motor
activity and extracellular dopamine in the nucleus ad-

cumbens (fig. 8A) (Daug#{233}et a!., 1992). However, these

effects are weaker than those induced by DAMGO.
Moreover, stimulation of #{244}-opioid receptors in the

VTA by local injection area of the selective agonists

DSTBULET, DTLET, BUBU, or ke!atonphan induced
hyperactivity in familiar (home cage) or unfamiliar (open
field and four-hole box) environments. These effects

were suppressed by a #{244}-se!ective antagonist. The ti-ago-
nist DAMGO also increased locomotion in the actimeter

but decreased the activity in the open field and four-hole

box tests, possibly reflecting an increase in emotion and
fear (Calenco-Choukroun et a!., 1991a). The differences

in the responses induced by kelatomphan or #{244}-agonists
with those produced by DAMGO suggest that �- and #{246}-

receptors are involved in different neurona! pathways in

the VTA. This is supported both by the association of

only a part of enkephalinergic terminals with tyrosine

hydroxylase-containing neurons in the rat VTA (Sesack
and Pickel, 1992) and by a study in which 6-hydroxydo-
pamine-induced lesions of the rat mesoaccumbens path-

way were found to abolish the effects of kelatorphan or
BUBU in the VTA but not those elicited by the s-agonist
DAMGO (Calenco-Choukroun et al., 1991b). Taken to-

gether these results show that the endogenous enkepha-
lins preferentially bind to #{244}-meceptors to induce hypen-
activity. The conditions under which they could activate

�s-receptoms remain an open question.

The nucleus accumbens is one of the major targets of

the dopaminergic neurons originating from the VTA.
Direct injection of modified enkephalins, such as

DAMGO, DTLET, on kelatorphan, into this area led to
opposite effects, i.e., hypoactivity in the case of the �z-

agonists versus hyperactivity in the case of the 5-agonists

and kelatorphan (Daug#{233}et al., 1988). The responses
obtained were antagonized by naloxone or ICI 174,864,

but not by the nonselective but preferential D2 dopamine

antagonist thioproperazine (Daug#{233}et a!., 1989). The

apparent lack of a direct relationship between dopami-

nergic and opioidergic systems in the nucleus accumbens

seems to be supported by the absence of change in the
in vitro release of newly synthesized dopamine that is

observed following addition of �- and 5-agonists or ke-
latorphan to superfused slices of rat nucleus accumbens

(Petit et al., 1986) and by the absence of modification in
dopamine levels in rat nucleus accumbens following i.v.

injection of acetorphan (Doummap et a!., 1990a) (table

6). However, the locomotor stimulant effects produced

by #{244}-receptor stimulation could be dependent on the

activation of D1 receptors (Longoni et a!., 1989).

The complexity of the interactions between dopami-

nengic and opioidergic systems in the nucleus accumbens
is illustrated by the results of 6-hydroxydopamine-in-

duced lesions of the dopaminergic neurons of the VTA
and chronic neuroleptic treatment, both of which poten-

tiate the behavioral effects of exogenous opioids (Stinus
et a!., 1985, 1986; Kalivas and Bronson, 1985) on kela-

torphan (Maldonado et a!., 1990b) infused into the nu-

cleus accumbens. In agreement with the presence of D2
receptors on the forebrain enkephalin neurons, D2-do-

pamine receptor antagonists, such as sulpinide, or the

mixed D1-D2 antagonist haloperidol, but not the D1 an-
tagonist SCH23390, have been found to facilitate the

opioid behavioral effects induced by kelatorphan (Ma!-

donado et al., 1990b). Because both the enkephalinergic
and dopaminengic systems in the nucleus accumbens
appear to function in parallel to increase locomotor ad-
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FIG. 8. A, Effects of kelatorphan injected in the VTA on motor activity and extracellular dopamine levels in the nucleus accumbens of rats.

B, Effects ofnaltrindole (6-antagonist) and SCH 23390 (D1 antagonist) on the effect induced by i.v. injected RB1O1 in the conditioned suppression

of motility test in mice.

tivity (Kalivas et a!., 1983), the supersensitivity of the

opioid system after long-term dopaminergic blockade

could be interpreted as a homeostatic mechanism to

maintain normal locomotor activity. Moreover, the be-
havioral supersensitivity to endogenous opioids pro-

tected by kelatorphan in the nucleus accumbens appears

to be maximum after 2 to 3 weeks. This delay corresponds

to the first appearance of the antipsychotic effects of

neuroleptics, suggesting that alterations in the opioid-

ergic system, very likely through its interrelations with

the dopaminergic pathway, could be taking place in a

neurona! system critically involved in the control of

mood (Roques et a!., 1985; McLennan and Maier, 1983).

In the nucleus accumbens, the enkephalinergic path-

way projecting to the ventral pallidum also seems to
control the functioning of SP and/or dynorphin-contain-

ing neurons which bear D1 receptors and project to the

substantia nigra. Kelatorphan also produces the same

pattern of increase in brain stimulation or locomotor

activity as i.c.v. administered amphetamine and #{244}-opioid

agonists (Heidbneder et a!., 1988; Michael-Titus et al.,

1990).

A link between opioidemgic and dopaminergic systems
has also been demonstrated by the clear antidepressant-

like effects observed in the forced swimming and suppres-

sion of motility test following i.v. administration of the

systemically active mixed inhibitor RB1O1 (fig. 8B) in

mice. These effects, which were shown to be related to

#{244}-receptor and D1 receptor activation, produced an in-

crease in dopamine turnover in the stniatum (Baamonde
et a!., 1992). Subcutaneous administration of SCH 32615

has also been reported to increase DOPAC, 3,4-dihy-

droxyphenylacetic acid in the nucleus accumbens of rats

(Giorgi et a!., 1991). Furthermore, the following results

all support a relationship between the protection of the

endogenous enkephalins and behavioral modifications:

(a) catatonic or hypertonic immobility induced in mice

by i.c.v. injection of �z-agonists on thiomphan plus bestatin

(Chaillet et a!., 1983a); (b) naloxone-meversible potentia-

tion of the stereotypes induced by phencyclidine (Hira-

matsu et a!., 1986) after i.c.v. administration of bestatin
and thiorphan in the cannulated rat; (c) potentiation by

thiorphan or bestatin of the antidepressant actions of a

subeffective dose of imipramine, measured using the

forced swimming test (De Felipe et a!., 1985, 1989); (d)

the slight reduction in immobility time induced in the

same test by either thiorphan or bestatin (Ben Natan et

a!., 1984); (e) the suppression of motility in a conditioned

emotional response to an environment associated previ-

ously with foot shock following i.c.v. administration of

either thiorphan or the combination of thiorphan and

bestatin (Nabeshima et a!., 1988); (f) the reduced behav-
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Compounds Administration Behavioral effects

Thiorphan VTA � behavioral effects

TABLE 6

Relationships between dopaminergic and opioidergic systerms determined using behavioral tests and dopamine turnover5

Kelatorphan

Kelatorphan

Kelatorphan

VTA

VTA

N. Acc.

I behavioral effects

I motor activity

I motor activity (#{244})

Antidepressant-like
effects (#{244})

t motor activity (6)

RB1O1 i.v.

SCH 32615 s.c.

Acetorphan i.v.

SCH 34826 p.o. (chronic)

Thiorphan Striatum

Kelatorphan Striatum

Kelatorphan Striatum

(perfusion)
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Effects on dopamine system

I DA metabolism (N. Acc)

I DA metabolism (N. Acc.)

I Extracellular DA (N. Acc.)
Behavioral effects not antago-

nized by thioproperazine

Effects antagonized by D,-an-

tagonist

I DA metabolism (N. Acc.)

I DA levels in the olfactory
tubercle (no effects in the

striatum and N. Acc.)

I D1 receptors (striatum)
(no effects on D2

receptors)

I DA metabolites (striatum)
Behavioral effects antagonized

by thioproperazine

I Extracellular DA (striatuin)
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ioral responses triggered by learned helplessness after
i.c.v. treatment with RB38 (Tejedor-Real et a!., 1993).

Injection of DTLET or kelatorphan into the mat stnia-

turn increased locomotor activity (Roques et al., 1985;

Daug#{233}et al., 1988). This effect was reversed by the

dopamine antagonist thioproperazine and could be me-

lated to a specific #{244}-induced increase in the spontaneous

and K�-induced release of newly synthesized stniatal

dopamine (Petit et a!., 1986; Daug#{233}et a!., 1989). A

modulation of the dopaminergic system in the stniatum
by the endogenous opioid system was also demonstrated
using NEP inhibitors, such as phosphoryl-Phe-Leu (Al-

geni et al., 1981) and thiorphan (Wood, 1982), which

increased stniatal dopamine metabolites. Furthermore,

kelatorphan that had been infused by microdialysis in

the striatum of anesthetized rats increased extracellular

dopamine, supporting a tonic enkephalinengic modula-
tion of the dopaminergic nigrostniatal pathway (Dour-

map et a!., 1990b). Changes in monoamine turnover have
also been reported following i.c.v. injection in mice of

thiorphan plus bestatin or acetomphan alone (Liomens-

Cortes and Schwartz, 1984; Lecomte et al., 1986). The

inhibitors decreased noradrenaline and increased dopa-

mine and serotonin levels in the cortex and stniatum.

Chronic halopenidol administration, or 6-hydroxydo-

pamine-induced lesions of dopaniine neurons of the sub-

stantia nigra, has also been shown to enhance both

proenkephalin mRNA and Met- and Leu-enkephalin

levels in the stniatum (Scott Young et a!., 1986; Hong et

al., 1979). However, D1 antagonists as well as D1 agonists
were reported to be devoid of effects on in vitro and in

vivo Met-enkephalin release from the mat stniatum,
whereas D2 receptor stimulation enhanced the extracel-

lular level of Tyr-Gly-Gly (Llomens-Cortes et a!., 1991).

Peripheral administration of the selective NEP inhibitor

acetorphan increased dopamine levels in the olfactory

tubercle, but not in the stmiatum and nucleus accumbens,
of rats (Dourmap et al., 1990a) and chronic treatment

with SCH 34826 reduced D1 receptors in rat stniatum

without changing 2om opioid-binding site levels (Tram-

pus et a!., 1991).

The tonic inhibition of the stmiatal opioid neurons by

the nigrostniatal dopaminergic input suggests that, under

normal conditions, dopamine release is under the control
of t5-neceptors, tonically stimulated by endogenous en-

kephalins (Petit et al., 1986). Because halopenidol was

shown to increase the expression of the stniatal D2 mecep-

tons located on enkephalins neurons (Le Moine et a!.,

1991), the tardive dyskinesia syndrome induced by long-

term treatment with neuroleptics might be, at least par-

tially, due to excessive �.t (akinesia) and #{246}(tremor) effects

induced by disinhibition of the enkephalinergic neurons
normally negatively controlled by the dopaminengic in-

put. The molecular events that control the relationships

between these interactions, however, are still largely

unknown.

The observed euphomogenic and anxiolytic properties

of opiates suggest that a defectively operating opioidergic

system may be involved in the pathogenesis of various

kinds of mental illness (Roques et a!., 1985). This hy-

pothesis is supported by (a) the well-known disinhibitory

effects of iauda.num tincture in humans, (b) the antipsy-

chotic effects of opiates (methadone, buprenorphine, fi-

endorphin, and related peptides), and (c) the involve-

ment of endogenous enkephalins in behavioral reinforce-

ment (reward system). The interrelationships between
the opioidergic and dopaminergic systems in the meso-

corticolimbic and nigrostniatal pathways provide strong
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support for a crucial role of endogenous opioids in the

control of mood. Amphetamine enhances the release of

central dopamine, and chronic use of this drug results in

psychotic symptoms resembling schizophrenia. Several
recent studies have shown a cross-sensitization among

amphetamine, stressful stimuli, and thiomphan on kela-

torphan. This suggests that a hypersecretion of endoge-

nous opioid peptides in the mesocorticolimbic pathway

could induce an exaggerated behavioral response to
stressful environmental stimuli, whose repetition could

induce psychotic symptoms (McLennan and Maier, 1983,
and references cited therein). Conversely, depression

might result from a deficiency in enkephalin release,

minimizing their rewarding and euphomogenic effects.
Likewise, drug abuse could be caused by a deficiency in
the internal opioid-controlled rewarding system.

J. Gastrointestinal Effects of Enkephalin-degradirig

Enzyme Inhibitors and Their Clinical Use as

Antidiarrheal Agents

The well-known antidiarrheal effect of opioids has

been therapeutically exploited for many years. The din-

ically used loperamide, an opiate agonist unable to cross

the blood-brain barrier, slows down intestinal transit

(Guandalini et al., 1984; Kachel et al., 1986). Likewise,

the enkephalin analogue, nifalatide (Tyr-D-Met(O)-G!y-

(pNO2)-Pro-NH2, inhibits prostaglandin E2 and castor

oil-induced diarrhea in rats and humans. In this latter

case, a double-blind study showed that orally adminis-

tered nifalatide also decreased the overall stool fre-

quency, the frequency of abdominal cramping, and the
incidence of nausea and vomiting. Moreover, no clinical

signs were observed related to a possible central action
of this modified enkephalin, including respiratory

depression and behavioral changes, in agreement with

the inability of nifalatide to cross the blood-brain barmier

(Ryan et a!., 1986).

The mechanism of the antidiamrheal activity of opioids

has been extensively studied and shown to occur by a

reduction in gastrointestinal motility (Shang et a!., 1986)
and especially through changes in ion and fluid transport

across the mucosal cell membrane (reviewed by Coupan,

1987). The latter effects are caused by activation of
opioid receptors localized on neurons that innervate the

enterocytes of the mucosa, with a subsequent enhance-
ment of basal absorption of Na� and reduction in secre-

tion of C1. Pharmacological studies with selective ago-

nists have shown that opioid control of intestinal elec-

trolyte transport is predominantly mediated by #{244}-opioid

receptors (Sheldon et al., 1990). Thus, when given pe-

nipheraliy at doses much lower than those needed to

cause analgesia, the t3-agonist DPDPE was equipotent
with morphine in inhibiting diarrhea but did not affect

the mate of transit (Shook et a!., 1989). This could be

explained by the differences in the distribution of opioid
receptors in the intestine. Indeed, whereas the myentenic

plexus contains mainly is-receptors (Surpnenant and
North, 1985), only #{244}-neceptomsseem to be present at the

surface of submucous plexus neurons (Mihara and North,

1986; Binder et a!., 1984). Stimulation of #{244}-neceptonsmay

result in a decrease in the release of a neurotransmitter,

i.e., acetylcholine which stimulates mucosal secretion

(Hautefeuille et al., 1985). Moreover, the inhibition of
the electrogenic pump by opioids results in net salt and

fluid absorption, counteracting the secretory actions of

the mucosa.
Numerous studies have shown that NEP, APN, and

ACE inhibitors potentiate the inhibitory effects of ex-

ogenously administered enkephalins on the electrically
stimulated contractions of the guinea pig ileum (Aoki et

a!., 1984). NEP and APN are codistnibuted all along the

gastrointestinal tract, not only at the surface of the brush
border of mucosal cells but also, although in lower con-

centrations, in the myentenic plexus and submucosa!

layers (Matsas et al., 1986; Pollard et al., 1991) where
enkephalin-like immunoreactivity and �s- and #{244}-opioid

receptors are also localized (Nishimura et al., 1986).
Accordingly, pretreatment of cells with phosphoramidon

alone, amastatin alone, or phosphoramidon plus amas-

tatin caused 20-, 2-, and 100-fold, respectively, increases
in the ability of Met-enkephalin to stimulate the con-

traction of gastric smooth muscle cells. This indicates

that opioid receptors, topologically located in the vicinity

of NEP and aminopeptidases, contribute to the degra-
dation ofenkephalins in these cells (Menozzi et a!., 1991).

The possible tonic participation of endogenous en-

kephalins at different levels of the gastrointestinal tract

has been investigated, essentially through inhibition of

NEP by thiorphan (reviewed by Checlen, 1991). Owing

to the reported involvement of central opioid receptors

in gastrointestinal motility (Pomreca et a!., 1986), differ-

ent routes have been used for administering the inhibitor
and opioid antagonists. The antidiamrheal effects of

thiorphan and acetorphan have been compared to those

of loperamide in a model of castor oil-induced diarrhea

in rats (Marcais-Collado et a!., 1987). When adminis-

tered i.v. (or orally, for acetorphan), but not when ad-
ministered i.c.v., both compounds produced a delayed

onset of diarrhea, with no reduction in the gastrointes-

tinal transit as was observed with loperamide. The nal-

oxone-antagonized antidiarrheal effect of thiorphan and
its prodrug seem to result from an antisecnetory effect,

probably due to the stimulation of peripheral #{244}-opioid

receptors by the endogenous enkephalins tonically me-
leased from the submucosal plexus neurons but sparsely

from the myentemic plexus neurons (Kachum et a!., 1980).

Orally administered acetorphan was 6-fold more active
than i.v. thiorphan, probably due to its easier access to

the enzyme located in the peripheral tissues, either by

direct diffusion across the epithelia! cells or after a first
passage into the circulation. Naloxone, administered
i.c.v., failed to prevent the antidiarrhea! effect of orally
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administered acetomphan, showing that the inhibitor acts
peripherally. Given these results, it would be interesting

to test the effects of orally administered mixed inhibitors,
because both NEP and APN are present in the gastroin-

testinal tract. Moreover, the advantages of peptidase
inhibitors over opioid agonists, especially t5-agonists that

are unable to enter the brain, warrant investigation.

Nevertheless, the main advantage of the use of inhib-
itors is, as in the case of analgesia, a more physiological

and selective antisecretory effect occurring probably

through the stimulation of #{244}-opioidreceptors by the

protected endogenous enkephalins, thereby reducing the
risk of tolerance and such rebound effects as a severe

reduction in gastrointestinal propulsion induced by stim-

ulation of s-receptors (O’Brien et al., 1988; Larvol et a!.,
1992; Baumer et al., 1992). For this reason, acetorphan
is now entering the market as an antidiamrheal agent

under the registered trademark TIORFAN (Bemgmann
et a!., 1992). It will be interesting to see the possible
effects of repetitive treatments with TIORFAN on blood

pressure homeostasis and the CNS.

The carboxyl-containing NEP inhibitor, SCH 34826,

has been reported to have no gastrointestinal effects at

doses 30 to 100 times higher than those affecting NEP

or producing analgesia (Chipkin et al., 1988). One pos-

sibie reason could be the less favorable pharmacokinetic

properties of this inhibitor.

Central opioid receptors seem to play a major role in

the facilitatory effect of morphine and thiorphan-pro-

tected opioids in the colonic motor response to feeding

in the dog (Fiomamonti et a!., 1985). In addition, the

localization of both enkephalins and NEP in the wall of
the cat gall bladder could explain the decrease in fluid

secretion that is elicited by 3 mg/kg, i.v., acetorphan
(Jivegard et a!., 1989) in the inflamed and distended gall

bladder. This finding suggests that opioid peptidase in-
hibitors could also be of clinical interest in the treatment

of acute cholecystitis.
The presence of enkepha!ins and opioid receptors in

the myentenic plexus and smooth muscle of the lower

esophagus could explain the weak (12% maximum) in-
hibition of the lower esophageal sphincter observed in

humans after perfusion with acetorphan (2.5 mg/kg, i.v.,

in 20 mm) (Chaussade et a!., 1988).
In conscious rats equipped with chronic gastric fistu-

las, both i.c.v. thiorphan and i.v. acetorphan potently

inhibited both the basal and gastnin-evoked gastric acid

output, suggesting a centrally mediated inhibition of

gastric secretion, very likely through a decrease of the
vagal drive to the stomach (Chicau-Chovet et al., 1988).

However, these effects were not reversed by na!oxone, a

finding at variance with the effects observed in cats
(Bado et a!., 1987) which were partially related to an
opioid-controlled mechanism. A possible explanation

could be that the distribution of NEP is different in the

two species and/or that another peptidase is involved in

the control of gastric acid secretion in the cat. This

peptidase might be ACE because at the high dose used

in these studies, thiorphan could inhibit this enzyme.
This hypothesis seems to be confirmed because captopril

can inhibit gastric acid secretion stimulated by penta-

gastnin in rats. The peptide responsible for this centrally

mediated effect remains to be determined.
Food intake is facilitated by morphine and other opi-

ates, and this effect seems to involve both central and

peripheral stimulation of opioid receptors. Moreover, in
rats, i.c.v. administration of thiorphan did not modify
alimentary behavior, suggesting a lack of tonic control

of food intake by endogenous brain enkephalins (Jackson
and Sewell, 1985). In contrast, the critical role of peniph-

era! opioid receptors that had been phasical!y stimulated
by endogenous opioids is supported by the finding that

acetorphan (5 mg/kg, i.v.) increases food intake in cats

under sham feeding conditions (Bado et a!., 1989).

K. Role of Neutral Endopeptidase 24. 1 1 in Airways

Neuropeptide-containing nerves have been found in

airway smooth muscle epithelia and blood vessels of

several species, including humans (Lundberg et al., 1984).

SP directly contracts airway smooth muscle and poten-

tiates vagal motor pathways. Removal of the epithelium,
which is enriched in NEP, potentiated SP-induced con-

tractions of the airway smooth muscle. Thiorphan or
phosphoramidon also facilitated SP action by inhibiting

NEP located in the nerve plexus and/or submucosa

layers (Djokic et a!., 1989). NEP activity was found to

be decreased by 40% in the tracheal layer of animals

with a viral respiratory infection, suggesting that the
resulting enhanced asthma and bronchoconstnictor me-

sponses (cough) could be due to increased levels of SP

(Dusser et al., 1989; Nadel and Borson, 1988; Nadel,

1990). In agreement with this, human recombinant NEP,
administered by aerosol to guinea pigs, reduced the dras-

tic cough induced by SP inhalation (Kohrogi et al., 1989).
If the loss of NEP activity in the viral infection is not

entirely due to a loss of epithelial cells, then the mecha-
nism by which viruses down-regulate the enzyme remains
an interesting question (see section VIII).

Both NEP and ACE have been shown to be involved

in inhibiting kinin-induced potentiation of ferret trachea

contraction (Dusser et al., 1988). Although the lung
contains both peptidase activities, the enzymes are dif-

ferentially distributed between airway and vascular tis-

sue. ACE is localized at the lumina! surface of the vas-

cular endothelium, whereas NEP is localized within epi-
thelial cells of the alveolar septa and within tracheal

smooth muscle and epithelium (Johnson et a!., 1985).

Nevertheless, it has been suggested that an NEP-like
enzyme, but not ACE, regulates the response to SP
released endogenously from sensory nerve endings in the

airway epithelial layer (L#{246}tvallet al., 1990). Given this
apparently critical regulatory mole of NEP in SP metab-
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olism in airways, coughing coula be a possible side effect

of NEP inhibitors. It would be important to test the

effects of NEP inhibitors in diseases, such as adult

respiratory distress syndrome and septicemia (Johnson
et al., 1985), in which a drastic increase in NEP levels in
blood has been observed, probably due to the release of

the peptidase from lung fibroblasts or bronchial epithe-

hal cells.
The effects of SP and capsaicin, which release tachy-

kinins, on human bronchial smooth muscle contraction

in the presence or absence of an NEP inhibitor in vitro

have been studied to determine the mole(s) of endoge-
nously released tachykinins in human bronchial tissues

and the role(s) of NEP in regulating the effects of the
tachykinins. Phosphomamidon potentiated the SP-in-

duced contraction in a dose-dependent fashion and in-

creased and prolonged the bronchial smooth muscle con-

traction caused by capsaicin. Captopni! did not alter the

contractile response to SP, suggesting that ACE does not
regulate the contractile response to exogenous SP in

human bronchial smooth muscle in vitro (Honda et a!.,

1991). These results suggest that NEP could regulate the
contractile effects of exogenous SP and endogenous sub-

stances, probably tachykinins, released by capsaicin in

the human bronchi. Nevertheless, it has been shown that
the magnitude of potentiation by NEP inhibitors was

smaller for capsaicin (<10-fold leftward shift) than for

the substrate agonists (about 100-fold leftward shift).

This quantitative difference could be explained, at least

in part, by the release of peptides that are not substrates

for NEP (Warner et a!., 1990). Recently, oral adminis-
tration of acetorphan (200 mg) in six asthmatic subjects

did not modify the bmonchoconstmiction produced by

inhalation of metabisulfite, although this reflex is related
to tachykinin release (Nicho! et a!., 1992). The effects of

chronically administered NEP or NEP/ACE inhibitors

have yet to be investigated.

L. Inhibition of Neutral Endopeptidase 24. 1 1 -induced

Inactivation of Atrial Natriuretic Peptide:
Pharmacological and Clinical Implications

This section is not meant to be a comprehensive review

of the abundant literature on ANP because recent arti-

des have focused on its molecular biology (Genest and
Cantin, 1987; Michel and Anna!, 1990), physiology and
distribution (Inagami, 1989), degradation (Kenny and

Stephenson, 1988), and pharmacological and clinical ef-

fects issuing from its protection by NEP inhibitors (Nee-

delman et a!., 1989; Roques and Beaumont, 1990). ANF

was the term originally given to a family of peptides

derived from a 126-residue precursor (Pro-ANF) that

are mainly synthesized in atnial cardiocytes (De Bold
et a!., 1981; De Bold, 1985). The major circulating
form in humans and mats appears to be the COOH-

terminal fragment of Pmo-ANF (99-126) or ANP, a
peptide of 28 amino acids with a 17-residue disulfide-

linked loop. Human a-ANP has the sequence

�SLRRSS�FGGRMDRIGAQSGLG�NSFRY126, and in

rat ANP, Met11#{176}is replaced by Ile. The integrity of the

disulphide loop and the COOH-terminal tnipeptide FRY
have been shown to be important for biological activity,
whereas neither the COOH-temmina! tyrosine nor the

NH2-temmina! tetmapeptide seem to be essential. Brain
natniuretic peptide is a cyclic 26-residue peptide encoded

by a different gene from ANP and which might be

involved in the control of blood pressure by modifying

vasopressin release. Despite its name, this peptide is not

confined to the CNS (Tateyama et a!., 1990; Aburaya et

a!., 1989).

ANP is released into the circulation from the atnia in

response to stimuli that increase the stress-strain mela-

tionship in aunicular tissue (Anai et a!., 1988; reviewed
by Miche! and Anna!, 1990). Its primary sites of action

are the kidney, the vascular endothelium, and smooth

muscle of the blood vessels where it acts on specific
receptors to induce diuresis, natniuresis, vasodilation,

fluid shifts from the intravascular to the interstitial
compartments, interference with the basoreflex control

of circulation, and a functional antagonism of many

actions of angiotensin II (Koseki et al., 1986; Chabardes

et a!., 1987; Butlen et al., 1987; Hamet et a!., 1989). ANP

also inhibits nenin release from the juxtaglomerular cells
by increasing both the concentration of NaCl at the level

of the macula densa cells of the distal tubule and aldo-

sterone secretion from the zona glomerulosa cells of the
adrenal gland. Elevated plasma levels of ANP are found

in cases of cardiac insufficiency, especially congestive

heart failure, pathological hypertension, and renal dys-

function (Burnett et al., 1986; Cody et a!., 1986); the

amounts of circulating ANP appear to be linked to the

gravity of the conditions. In the kidney, ANP could act

at three distinct levels: the glomeru!i, the proximal tu-

bule, and the collecting ducts. Binding sites have also

been reported on brain microvessels in the area postrema
and choroid plexus, i.e., structures outside the blood-

brain barmier where the peptide could alter the production

of cerebrospina! fluid, suggesting that ANP could play a
role in cerebral edema (Steardo and Nathanson, 1987).

The physiological actions of ANP (fig. 9) seem to be

associated with a large increase in extracellular levels of
cyclic GMP that are released from smooth muscle cells

(Hamet et a!., 1984, 1989) following the binding of the

cyclic peptide to two distinct (A and B) ANP receptors

(Chinkens et a!., 1989; Chang et a!., 1989). Both have an
extracellular ligand-binding domain as well as a large

intracellular domain proposed to contain a guanylate

cyclase and an ATP-binding domain. A third ANP me-

ceptor (C) has only a short intracellular domain (Fuller

et a!., 1988) and behaves as a clearance receptor, inter-
nalizing bound ANP for lysosoma! degradation (Maack

et al., 1987). Some preliminary studies have shown that

B-receptors can be down-regulated and desensitized by
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FIG. 9. Scheme of the functional actions of ANP in the regulation

of blood pressure homeostasis. A11, angiotensin II.

exogenous ANP or selective ligands and that the levels

of C-receptors are slightly decreased (reviewed by Cha-

bniem et al., 1990).
In addition to ANP clearance occurring through the

C-receptors, enzymatic degradation, probably both in the
kidney and in the vasculature, was proposed to be me-
sponsible for the short half-life ofANP in the circulation;

this was reported as ranging from 20 to 40 s in the mat
and 3 to 5 mm in humans. Several groups independently

showed that kidney membrane preparations degrade
ANP and that the initial attack is through cleavage of

the Cys7-Phe8 bond, with consequent opening of the
disulphide ring (Koehn et a!., 1987; Stephenson and
Kenny, 1987a; Sonnenbemg et a!., 1988). These results
explain the increased in vivo activity of ANP analogues

having protected Cys7-Phe8 bonds, even though these

peptides are intrinsically less active (Schiller et a!., 1987).
The inactivation of ANP was inhibited by thiomphan and
phosphoramidon and NEP copurified with the ANP-
inactivating activity from mat kidney membranes (me-

viewed by Kenny and Stephenson, 1988). Cleavage of
ANP, hypothesized to be due to NEP in the kidney (Ura

et al., 1987), was shown to modify renal secretion (Sey-

mour et a!., 1987). In addition, ANP was shown to be
cleaved in vascular tissue by a thiorphan-sensitive me-

tallopeptidase (Tamburini et a!., 1989) which has since
been identified as NEP by gel electrophoresis using the

highly potent inhibitor [125I]RB1O4 (So!eilhac et a!.,
1992). NEP mRNA is also present in cultured endothelial
cells of arterial and venous origin (Llonens-Cortes et a!.,

1992).
Following these findings, numerous in vivo studies

with NEP inhibitors were carried out. Thiorphan was
shown to protect infused ANP, enhancing both its di-
uretic and natmiunetic effects (Trapani et al., 1989; Olins

et al., 1989; Webb et a!., 1989). It was also shown at 30
mg/kg (i.v.) to induce a modest increase in diumesis and

urinary sodium excretion in anesthetized or conscious
normotensive mats without changing arterial pressure or

the basal levels of ANP (Trapani et a!., 1989). The 55-

isomer of kelatorphan, which has a high affinity for NEP
(K1 = 1.8 nM), appears to be more potent than thiorphan

in protecting exogenous ANP. Further in vivo studies
with bidentate-containing inhibitors might prove inter-

esting (Olins et a!., 1989).

Potentiation of ANP activity has also been observed
using other NEP inhibitors (Seymour et al., 1989a,b).

Thus, the thiomphan-nelated inhibitor, SQ 29,072, in-

creased the magnitudes, and especially the durations, of
the depressor, natniumetic, and cyclic GMP responses

induced by exogenous ANP in the conscious SHR in

which the elevated blood pressure can be normalized by

ACE inhibitors. Likewise, the carboxy-containing inhib-

itor, SCH 39,370, potentiated the effects of exogenous

ANP and Pro-ANF103.105 in the SHR (Sybertz et al.,
1989).

Although having no effect on arterial pressure in the

SHR, SCH 39,370 significantly decreased blood pressure
in the desoxycorticosterone acetate-Na� mat, a model of

hypertension characterized by increased levels of ANF

and an insensitivity to ACE inhibitors and angiotensin

II antagonists. SQ 28,603 (Seymour et a!., 1991b) and

recently developed orally active NEP inhibitors such as

SCH 34,826 (Sybertz et al., 1990a) and the highly selec-

tive NEP inhibitor retrothiorphan (Pham et a!., 1992) on
sinorphan (Lecomte et a!., 1990), whose affinity for NEP

is only 40 times higher than for ACE, have been shown

to induce a dose-dependent increase in diuresis, urinary

cyclic GMP, and sodium excretion in desoxycorticoster-

one acetate-Nat rats. This natmiumetic action is associ-

ated with the appearance of detectable ANP-like immu-
noneactivity in the urine. The NEP inhibitors also pro-

duced a significant decrease in mean arterial pressure in

these animals. In the SHR, this effect was barely on not
observed at a!!. The carboxy! inhibitor, UK 69,578, in-

creased the diuretic and natniuretic effects of exogenous
ANP in rats and dogs with a surgically induced atnioven-

tniculan block as models of chronic heart failure. The

inhibitor doubled plasma ANP concentrations and in-

creased Na� excretion 4-fold without changing plasma
nenin levels. Chronic administration of candoxatnilat to

rats with aortocaval fistu!a produced a significant down-
regulation of renal medullary and up-regulation of gb-
merulam ANP-binding sites in experimental heart failure

compared to shams, but no further change occurred

during chronic dosing with candoxatnilat. Moreover, can-
doxatnilat significantly attenuated the development of

cardiac hypertmophy following aomtacava! fistula surgery

(Wilkins et a!., 1992). Interestingly, in cardomyopathic
hamsters, which have a significantly lower basal mean

arterial pressure compared to normal hamsters (90 versus

135 mm Hg), thiorphan (10 mg/kg, i.v.), although having
no effect on blood pressure in either group, produced a

3-fold increase in urinary Na� excretion and a doubling

of plasma ANP in cardiomyopathic but not normal ani-
mals (Smits et a!., 1990a). This indicates that the rena!

effects of NEP inhibitors are not hampered by a decrease

in arterial pressure.
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The role of both NEP and the C-receptors in control-

ling the biological activity of ANP has been clarified. At
low plasma concentrations, ANP is probably internalized

through an interaction with the C-receptors and de-
graded in the lysosomes (Maack et al., 1987), whereas at

higher ANP concentrations NEP inactivation also inter-
venes (Knieten et a!., 1989; Koepke et a!., 1989; Olins et

al., 1989).

As expected, the combination of the NEP inhibitor

SCH 34,826 and c-ANP (4-23), a truncated ANP ana-
logue capable of selectively inhibiting the binding of ANP

to the C-receptors, produced a greater reduction in blood
pressure and greater increases in plasma and urinary

excretion of cyclic GMP than either agent alone in
conscious desoxycorticosterone acetate-Na� rats but not
in normotensive rats (Sybertz et a!., 1990a; Vemulapalli
et al., 1991). The additive effects of c-ANP (4-23) are

probably due to blockade of both NEP and C-receptors

but could also involve inhibition of c-ANP (4-23) deg-
radation by NEP.

The mechanism by which NEP inhibitors exert their

effects remains a matter of discussion. Thus, in anesthe-

tized dogs with congestive heart failure, identical in-
creases in plasma ANP levels were induced either by

administration of the NEP inhibitor SQ 28,603 on by
infusion of exogenous ANP. The former treatment re-

suited in diuresis, natriuresis, and increases in urinary

ANP and cyclic GMP, whereas no significant changes,

including natniuresis, were observed with infused ANP.

Arterial pressure did not change in either group. These
studies suggest that NEP inhibitors may potentiate the

natniuretic action of endogenous ANP by a mechanism

that is independent of systemic on renal hemodynamics

and is unrelated to increases in plasma ANP but may be
associated with the appearance of large amounts of ANP

in the urine (Cavemo et a!,, 1990). Thus, NEP inhibition

has been found to produce greaten natniuresis and di-

uresis than that produced by equivalent plasma levels of
ANF obtained from exogenous administration of the

peptide. Accordingly, the high concentrations of unde-

graded ANP was postulated to act directly on ANP

receptors, although they are located on basolatenal mem-

branes on the contraluminal side (Cavero et al., 1990).

The possible role of bradykinin, another substrate of

NEP, on the effects induced by NEP inhibitors is con-
troversial. Bradykinin has potent vasodilator effects
through interaction with vascular receptors. Administra-
tion of an NEP inhibitor is associated with a significant

increase in urinary bradykinin. In desoxycorticostenone

acetate-Na� rats, the antihypertensive response to the

NEP inhibitors, SCH 34,826 and SCH 42,495, was ab-

ruptly reversed by an i.v. injection of a polyclona! anti-

serum to ANP but unaffected by administration of a

bradykinin receptor antagonist (Sybertz et a!., 1990b).
Likewise, in the SHR, the thiorphan-induced natniuresis

was substantially attenuated by antiserum against ANP

but not by a bradykinin antagonist (Hirata et a!., 1991).

The natniuretic effect of retrothiorphan is also found in
kininogen-deficient mats that do not synthesize bradyki-

nm (Pham et a!., 1992). In contrast, in anesthetized
nonmotensive rats, the thiorphan-induced potentiation

of the renal effects of exogenously infused ANP (diuresis
and natniuresis) was completely abolished by the specific

bradykinin antagonist [D-Arg#{176},Hyp3, Thi5, D-Phe7, Thi8]

bradykinin (Smits et al., 1990b). Similarly, in anesthe-
tized volume-expanded rats, the rena! responses elicited

by thiomphan, including the increase in urinary cyclic

GMP, were significantly reduced, not only by anti-ANP
antibodies but also by antibradykinin antibodies (Bralet
et a!, 1991). These data suggest that NEP inhibitors can
potentiate the renal activity of ANP by a mechanism

that may involve accumulation of bradykinin as well as
protection of ANP.

The depressor, natniuretic, and cyclic GMP responses

induced by i.v. administered brain natmiuretic peptide in
conscious SHR and conscious cynomolgus monkeys are
potentiated by the NEP inhibitor SQ 28,603 (Seymour

et a!., 1992). Brain natriuretic peptide, whose plasma

concentration matches or surpasses that of ANP in dis-

ease states such as heart failure and hypertension, pni-

mary aldosteronism, and renal failure, could, therefore,
contribute to the beneficial effects of NEP inhibitors

(Seymour et a!., 1992, and references cited therein). On
the other hand, the very potent vasoconstnicton cyclic

peptide endothelin has been shown to be degraded in
vitro (Vijayaraghavan et al., 1990) and in vivo (Abassi et

a!., 1992) by NEP. SQ 29,072 produces a 55% increase

in endothelin after i.v. administration in rats (60 mg/

kg). Therefore, it is important to verify that prolonging

the lifetime of endothelin by NEP inhibitors does not

produce undesirable effects.
Following the promising results obtained with NEP

inhibitors in various animal models of hypertension,

several studies have been carried out in humans with

systemically active compounds. In 16 normal volunteers,

doses of 0.025 to 10 mg/kg, i.v., UK 69,578 were well
tolerated and bed to a significant increase in plasma levels

of ANP and sodium excretion and a slight reduction in

plasma menin (Northnidge et a!., 1990). A 2-fold increase

in plasma ANP was reached within 2 h and declined to

control values by 8 h after 10 mg/kg, i.v., UK 69,578
(Jardine et a!., 1990). In six patients with mild heart

failure in which the basal levels of ANP are already
increased, UK 69,578 had beneficial effects by increasing

diuresis and decreasing natniuresis and cardiac pressure

(Northnidge et al., 1989).

In healthy volunteers a recently developed orally active

canboxy! NEP inhibitor, UK 79,300, also designated can-

doxatnil, was administered alone (50 mg each 48 h) or

during 5 days before an exogenous ANP infusion. In both

cases, UK 79,300 was shown to enhance plasma ANP

concentrations with a concomitant decrease in plasma
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renin activity and ANP aldosterone concentrations.
Moreover, a significant increase in urinary excretion of

sodium, phosphorus ANP, and cyclic GMP, without

change in urinary potassium, was observed (Richards et

al., 1990, 1991).

In patients with mild heart failure, acute administra-

tion of UK 69,578 and UK 79,300 elevated plasma ANP
levels and urinary sodium excretion. No significant

changes in heart mate, systemic arterial blood pressure,

or echocardiographic left ventricular dimensions were

observed (Northnidge et a!., 1990; Knomem et a!., 1991);
however, a small decrease in pulmonary artery wedge

pressure was measured (Northnidge et a!., 1990). Re-

peated NEP inhibition over a 24-h period with candox-
atnil (150 mg, i.v.) in patients with severe chronic heart

failure was shown to produce persistent elevation of
plasma ANF levels, hemodynamic unloading, and

suppression of neumohumonal activity. However, candax-
otmil did not elicit significant diuresis in these patients.

These results suggest that NEP inhibitors would be

appropriate as diuretic agents in the first stages of disease
rather than in patients with advanced chronic heart

failure (MUnzel et al., 1992). In normal human volun-
teems, acetorphan was shown to be orally active at 100 to

300 mg, leading to a 2-fold increase of ANP levels in the

plasma. Urinary volumes were increased by 35% and

75% following 100 and 300 mg ofacetorphan, respectively

(Gros et a!., 1989). In patients with congestive heart

failure, sinomphan, the S-isomer of acetorphan, was

shown to produce an increase in plasma ANF, diuresis,

and natniuresis. However, as was shown for the other

NEP inhibitors, these changes were not accompanied by
significant effects on left ventricular hydraulic load
(Kahn et a!., 1990).

Sinorphan, at a dose of 100 mg, inhibited 70% of
plasma NEP activity and increased sodium urinary ex-

cretion in cirrhotic patients with ascites, suggesting that

ANP could play a mole in the control of sodium homeo-

stasis in liven cirrhosis with ascites (Dussaule et a!.,
1991). In healthy volunteers who had maintained a high

sodium intake for 5 days, the orally active NEP inhibitor,

SCH 34,826, produced natriuresis and phosphate excre-
tion without modifying blood pressure and heart rate

(Bumnier et a!., 1991). In preclinical trials, the same
results were observed with the thiol inhibitor SQ 28,603

tested in normotensive conscious female cynomolgus
monkeys (Seymour et a!., 1991a).

Taken together these results show that, especially

under conditions of heart loading, inhibition of NEP

potentiates the effects of endogenous ANP, thereby in-
ducing a significant increase in natmiuresis, diuresis, and

cyclic GMP excretion without changing potassium elim-
ination. However, the change in blood pressure is slight
in the SHR and in patients with congestive heart failure

in spite of a large increase in circulating ANP. The

activation of the nenin angiotensin-aldosterone system

was suggested to antagonize the increase in renal hemo-
dynamics and sodium excretion induced by ANP in hu-

mans and animals with congestive heart failure (reviewed

by Margulies et al., 1991; Michel and Anna!, 1990). This

suggestion is in harmony with the genera! properties of

angiotensin II which promotes sodium retention and

vasoconstniction, whereas ANP promotes sodium excre-

tion and vasorelaxation. Accordingly, ACE inhibitors
have been shown to potentiate hemodynamic responsive-

ness in mats (Raya et a!., 1989) and dogs with congestive

heart failure (Vil!annea! and Freeman, 1989).
Based on the above data, we proposed to extend the

concept of mixed inhibitors that were initially developed
to block both NEP and APN also to dual inhibition of

NEP and ACE (Roques and Beaumont, 1990). The de-

sign of such compounds was facilitated by our knowledge

of the structural requirements for inhibition of either

enzyme. Thus, in 1982, two thiol inhibitors, ES34 and

ES37 (table 1), were shown to inhibit both NEP and
ACE with affinities in the nanomolar range (Roques,

1982; Foumni#{233}-Zaluski et a!., 19Mb). Based on these
results, new mixed inhibitors, such as compounds PC57

and PC61 (table 2), with improved affinities and bioa-
vai!abi!ities have been recently synthesized (B. P. Roques

and M.-C. Foumni#{233}-Za!uski, unpublished results),

As expected, in dogs with congestive heart failure

chronic ACE inhibition potentiated both renal hemody-

namic and excretory responses to NEP inhibitors (Mar-

gulies et a!., 1991). Likewise, in the SHR, the maximal

depressor responses (-44 ± 4 mm Hg) induced either by

the combination ofthe selective NEP inhibitor SQ 29,072

and captopnil or by the mixed inhibitor ES34, since
designated SQ 28,133, were greater than the responses

to any of the inhibitors given alone (Seymour et a!.,

1991c). Similar results have been obtained by using either
a combination of retmothiomphan and captopnil (Pham et

a!., 1993) (fig. 10) or a newly designed mixed NEP/ACE

inhibitor (J. B. Michel, M. C. Foumni#{233}-Zaluski, and B. P.

Roques, unpublished results). Inhibition of NEP by oral
administration of candoxatnil (100 mg every 12 h) in

volunteers did not affect the bevel of endogenous angio-

tensin II but reduced clearance of infused angiotensin II.
This could be due to inhibition of NEP-produced cleav-

age ofthe Tyr-Ile bond of angiotensin II when the plasma
concentration of this peptide is acutely increased 3- to

5-fold (Richards et a!., 1992). This suggests that patients
with high renin hypertensive diseases may show en-
hancement of plasma angiotensin II and subsequent

exacerbation of the hypertensive state after NEP inhib-

itor administration. Conversely, in patients with volume-
expanded states, characterized by low menin activity and

high ANP bevels, the hypotensive effect of NEP inhibi-

tion may be potentiated. Clinical trials with NEP inhib-

itors, and probably in the near future with mixed NEP/
ACE inhibitors, should indicate the advantages and the

limits of these approaches in the treatment of essential
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FIG. 10. Hypotensive effects of selective inhibitors of NEP (retro-

thiorphan) and ACE (CE!, captopril) in the SHR. The inhibitors were

administered alone or together by i.v. perfusion (10 mg/kg) at time 0.

Retrothiorphan alone had little effect but significantly potentiated the

hypotensive effect of captopril. CE!, converting enzyme inhibitor.

hypertension, chronic cardiac failure, and sodium meten-
tion states. It is interesting to observe that, in all of the

now large number of studies performed with NEP inhib-

itors no major side effects have been observed. This
suggests that the cough, sometimes associated with
chronic treatment with ACE inhibitors would not be
potentiated by NEP inhibitors.

The main advantage of peptidase inhibitors is their

physiological mechanism of action. Like the enkephalins
in the CNS, use of the peptidase inhibitors could mini-

mize the problem of receptor desensitization that occurs
with agonists such as modified ANP on antagonists of

angiotensin II receptors (Roques, 1988a). Moreover, the
dual inhibition of NEP and ACE will eliminate the
administration of diuretics that are required to poten-

tiate the action of ACE inhibitors but that trigger in-
creases of plasma renin and aldostenone and produce
hypokaliema. In addition, the NEP inhibitor-induced

enhancement of ANP is expected to normalize the de-

crease in glomerular hydrostatic pressure and filtration
observed during treatment with ACE inhibitors in those

pathological states characterized by very low plasma
volume and renal artery stenosis (Corvol and Menand,
1988). Moreover, ANP and the inhibitor SCH 42,495
prevents myointimal proliferation after vascular injury

in rats and coubd, therefore, have therapeutic value in
inhibiting smooth muscle cell proliferation in vivo (Davis
et al., 1992).

M. Possible Roles of the Common Acute Lymphoblastic

Leukemia Antigen Identified as Neutral Endopeptidase

24.11 on Lymphoblastic CelLs

The discovery that the CALLA (CD1O) is NEP pro-
vides an interesting example of how two, apparently
unrelated areas of research can suddenly be brought

together to the mutual benefit of both. In 1975, 1 year

after the first purification of NEP, Greaves et a!. injected

rabbits with ALL cells that had been precoated with

rabbit antibodies against normal lymphocyte antigens.
The resulting antisera recognized an apparently ALL-

specific protein which became known as CALLA.

CALLA was subsequently identified in most cases of

non-T-ALLs which have a B-precursor phenotype, as
well as in some T-ALLs and lymphoblastic lymphomas.

However, although originally thought to be a leukemia-

specific protein, CALLA was also found to appear tran-

siently during the development of normal B-cells (pre-
B) and was also identified in a subset of lymphoid (Bun-

kett’s lymphoma, myeloma) and nonlymphoid (glioma)

malignancies (reviewed by Le Bien and McCommack,

1989). In addition, CALLA was detected in other non-

lymphoid tissues, and, at about the same time as the
peripheral distribution of NEP was being determined,

the antigen was found in the proximal tubes ofthe kidney
and fetal intestine and on the cell surface of neutrophils,

fibroblasts, and macrophages.

CALLA was also purified and shown to be a glycopro-

tein with a molecular weight varying between 95 and 110

kDa, depending on the tissue source. The sequencing of

CALLA cDNA from human kidney cortex (Letarte et

a!., 1988) and a pre-B CALLA� cell line, Nalm 6 (Shipp

et a!., 1988), finally showed that this protein was NEP

and CALLA+ cells, and cell lines have since been shown

to have high levels of NEP activity (Arock et al., 1989;

Beaumont et a!., 1989; Tran-Patenson et a!., 1990). It

should be pointed out, however, that when a more sen-

sitive assay was used (see section II) low NEP activity

was also found in some cells previously classified as

CALLA, including normal B- and T-cells, suggesting

that the enzyme might be expressed all along the differ-
entiation pathway in the B- and T-cell lineage (Beau-

mont et a!., 1989). Interestingly, in agreement with the

presence of CALLA at the surface of macmophages (Lai

et a!., 1985), a low but significant NEP activity was
detected on these cells (Beaumont et a!., 1989).

Anti-CALLA monocbonal antibodies are used to diag-

nose and follow the progression of a disease. Several
studies have shown, for example, that children with

CALLA� ALL have a more favorable prognosis than

those with CALLA ALL. The antibodies have also been
used to try to eliminate leukemic cells ex vivo or in vivo.

The latter treatment has met with limited success, prob-

ably because the antibody-protein complex is rapidly
internalized (Le Bien and McCormack, 1989). Some

attempts have been made to use this internalization
process to target CALLA� cells, and a monoclonab anti-

body coupled to the micin A chain has been reported to

kill an ALL cell line in vitro (Pelham et a!., 1987),
although considering the very high toxicity of nicin A

and the wide tissue distribution of NEP, it is difficult to

see this having any in vivo therapeutic application. How-
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ever, given the high concentrations of NEP on a CALLA�
lymphoblast, this approach might be feasible with ma-

teria! less toxic than nicin A or more specifically toxic to

the leukemic cells. In addition, local destruction of NEP-
bearing cells can be envisioned by vectomization of cyto-

toxic drugs. The coupling of a monocbonal antibody
against NEP designated ALb1, to the deglycosylated A

chain of nicin which has a lower hepatotoxicity is more
adapted to vectomization in brain tissue and has led to

the development of an immunotoxin that keeps intact

the cytotoxicity of the toxin (Milhiet, 1992). Very ne-

cently, a conjugate formed between mitomycin-C and a

CD1O monoclonal antibody (NL-1) was shown to exert

a selective in vivo cytotoxicity for a CD10� tumor with
less myebosuppression than the mitomycin-C alone

(Shida et al., 1992).
The transient, high expression of NEP on pne-B cells

suggests a role for the enzyme in hematopoiesis. Because
NEP generally seems to function as an inactivating

enzyme, this mole could be to temporarily protect the
developing cell from a peptidergic signal, although an

activation process cannot be ruled out. The identity of
the substrate(s) involved, however, is, for the moment, a

matter for conjecture. Numerous factors, such as the

cytokines, have been shown to affect lymphocyte growth
and devebopment. NEP has been shown to cleave inter-

leukin 1 in vitro (Pienart et a!., 1988), although it is

probably not involved in the regulation of intenleukin-i-

induced responses in vivo (Kimura et al., 1991) because

the protein appears to be a poor substrate for the enzyme.
As previously discussed, the addition of the NEP inhib-

itors, thiorphan on phosphonamidon, to cultured T-lym-
phocytes (Jurkat T-cebls) bed to inhibition of interleukin-

2 release, suggesting a role of the ectopeptidase in the

paracnine control of cell secretion by a still unknown
regulatory peptide (Man et a!., 1992). NEP is also pres-

ent on stromal cebls where it has been shown to be

capable of cleaving the thymic humora! factor 72 (Indig

et al., 1989) which could play a role in differentiation

and proliferation of hematopoietic cells.
Among the small peptides already known as NEP

substrates, some, such as the enkephalins and SP, have
been reported to influence immune cell function, a!-

though their robes here are far from clean. This is partic-
ularly true of the opioids which have been reported to
activate natural killer cells through a binding to opioid

receptors (Huckelbnidge et a!., 1990). Neutmophils were
shown to have a relatively high density of NEP/CALLA

at their surface, the mole of which could be to cleave

peptides such as Met:enkephabin, SP, and formyb-Met-
Leu-Phe which are involved in inflammatory responses

(Shipp et al., 1991a). Therefore, NEP inhibitors could

potentiate the local effects of these peptides (Nichol et

al., 1992).
Elucidating the robe of NEP in lymphocyte develop-

ment might help to clarify its role, if any, in leukemia

and other CALLA� malignancies. There are various an-

guments that would suggest that the presence of the
enzyme is merely a secondary consequence of the cell
transformation. Loss of NEP from the cell surface by

antibody-induced internalization appears to have no ef-
fect on lymphoid cell growth, either in vivo or in vitro.
Similarly, inhibition of NEP activity by thiorphan had

no effect on the growth of the CALLA� ALL cell line,

although, if the in vivo substrate is exogenous and not
present in the growth medium, this is hardly surprising

(Amock et a!., 1989). The expression of CD1O/NEP on
munine pre-B-cells and bone marrow stroma! cells sug-

gests a mole for the enzyme in early B-cell ontogeny.
Indeed, in cultures of progenitors, the addition of specific

CD1O/NEP inhibitors such as thiorphan on phosphor-

amidon increased the number of lymphoid colonies at

days 5 to 7 by 34% (Salles et a!., 1992). This suggests

that CD1O/NEP participates in the regulation of the

earliest stages of stromal cell-dependent B-cell lympho-
poiesis (Salles et al., 1992). It remains to be determined

which peptide substrate is involved in this effect and

whether NEP acts in this case as a processing or macti-

vating enzyme.

It is now apparent that other peptidases are transiently

present in elevated levels on lymphocyte membranes.
Significant ACE-like activity has been found in CALLA�

(Reh), one CALLA (JEA) cell line, and a CALLA� ALL

membrane preparation, all of the pme-B phenotype

(Beaumont et a!., 1989). In addition, the human myeboid

leukemia marker, CD13, has recently been shown to be

APN (Look et a!., 1989). Although theme are clear differ-

ences in the expression of CD13/APN and CALLA/NEP
in normal and leukemic hematopoietic cells, it is also

probable that other as yet unidentified lymphoid markers

will turn out to be proteobytic enzymes. Because many

peptides can be cleaved by more than one enzyme, it is

possible that modulation or inhibition of only one will

not be sufficient to produce a measurable response. In-

temestingly, bevels of both NEP and ACE have been
shown to be susceptible to modulation by 7-interferon
for NEP on chronic bymphocytic leukemia B-cells and

by T-cell-conditioned medium for ACE on macmophages
(Beaumont et a!., 1989, and references cited therein).

The elevated levels of NEP, ACE, and APN in certain

leukemias, even if not directly implicated in the disease

itself, could affect the circulating levels of a number of

peptides such as ANP, bmadykinin, and angiotensin I. It

is perhaps surprising, therefore, that no clinical symp-
toms, such as #{232}hanges in blood pressure homeostasis,

resulting from an enhanced degradation of these peptides

seem to have been reported in CALLA� leukemias.

XI. Conclusions and Perspectives

NEP became an interesting pharmacological “target”

following the discovery that it acts to regulate the phys-
iobogical functions of the enkephalins in the brain. Inter-
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POSSIBLE CLINICAL USE OF SELECTiVE NEP INHIBITORS

AND MIXED NEP/APN OR NEP/ACE INHIBITORS

Selective . � inhibitors

- antldiarrheal age�
(without constipation effect,

. treatment of acute cholecystitib

- diuretic and natriuretic agents
(protection of atrial natriuretic peptide)

. new antidepressants

Mixed NEP/APN inhibitors

. analgesics devoid of tolerance and dependence

(protection of endogenous enkephalins)

Mixed NEP/ACE Inhibitors

- new antihypertensive agents

FIG. 11. Possible clinical use of selective or mixed inhibitors.

est was further heightened when it was shown to degrade
ANP in the periphery. The resulting research, carried

out in many laboratories around the world, has led to the
synthesis of numerous inhibitors, some of which have

proved invaluable experimental and clinical tools. The

main advantage of modifying the concentration of en-
dogenous peptides by use of NEP inhibitors is that
pharmacological effects are induced only at receptors
tonically or phasically stimulated by the natural effec-

tons. Moreover, the mechanisms involved in the synthesis
of the clearing peptidase, and of its target peptide pre-
cursors as well as the secretion of the active peptides,

have been found to be barely, or not at a!!, influenced by

changes in the extracellulan concentration of these effec-

tons. The latter effect minimizes receptor ovenstimuba-
tion and the development of tolerance that occur after
chronic treatment with exogenous drugs. The goal of

discovering analgesics endowed with a potency similar to
that of morphine, but devoid of major side effects, may
now have been reached with the mixed NEP/APN inhib-

itors, although these compounds have yet to be evaluated
in clinical trials. In addition to its antidiamrheic property,

acetomphan was shown to induce natriuresis and diuresis

in humans. The marketing of acetomphan will give im-
portant information concerning the possible extension
of the clinical indications for NEP inhibitors, for in-

stance, as new antidepressive agents. Likewise, it seems
from initial studies that the use of NEP, and especially

NEP/ACE inhibitors, as new antihypertensive agents

has a promising future (fig. ii).
Although it might be thought that inhibiting a multi-

functional enzyme would produce undesirable side ef-

fects, from the studies carried out so far this does not
seem to be the case. A similar situation can be found

with ACE, also a widely distributed enzyme capable of

cleaving a number of biobogicably active peptides, be-

cause, after several years of wide utilization, the major
in vivo effects of ACE inhibitors appear to be related to
their actions in reducing arterial pressure. One possible

explanation could be that in some tissues NEP is initially
expressed to participate in tissue differentiation and

thereafter remains at a certain level at the cell surface,
although devoid of a major functional role.

The selective and mixed inhibitors of NEP, APN, and
ACE have been, and will continue to be, of immense
value in determining not only the role of these enzymes

but also the role of their endogenous substrates, as is

amply illustrated in this review for the enkephabins.
These molecules can also be used, in association with
molecular biology studies, to shed light on the intracel-

lulan traffic of NEP, the regulation of its expression at

the cell surface, and its potential use as a target to
vectonize compounds, and it will certainly aid studies
aimed at elucidating the role of NEP/CD1O in virus

infection and immunological and inflammatory proc-

esses. The concept of mixed inhibitors could also con-
ceivabby be extended in the future to molecules capable
of selectively inhibiting more than two enzymes, e.g., the
three Zn metalbopeptidases involved in blood pressure
regulation: NEP, ACE, and the putative big-endothelin-

converting enzyme (Roques, 1988a).
There is no doubt that, in the near future, structural

studies of NEP will lead to important progress in modern
approaches to drug development. NEP was the first Zn

ectopeptidase to be cloned, and the association of site-
directed mutagenesis experiments and structural studies
will be invaluable in the rational design of selective and

mixed inhibitors through molecular modeling studies.
ACE and APN have also now been cloned, which will

allow this approach to be extended to these enzymes,

enabling the proposed analogies and differences in the
active sites of exo- and endo-Zn metalbopeptidases to be
more precisely determined. The experience gained in all

of the studies reported in this review should permit the
characterization of other still unknown biologically mel-
evant Zn metablopeptidases and aid in the rapid design

of efficient inhibitors endowed with appropriate bioa-
vailabibities. One attractive target could be the light chain

of tetanus and botulinum neurotoxin which contains the
consensus sequence HExxH of Zn metallopeptidases.
Indeed, the extraordinary neumotoxicity of these toxins
seems to be related to their abilities to inactivate syn-
aptobmevin, a protein that plays a key role in neumotrans-
mitten release (Schiavo et a!., 1992).
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