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Neurogenic inflammation
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treatment of migraine |
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Article abstract—The trigeminal nerve transmits headache pain from blood vessels of the pia mater and du_ra—;,;'ti
Triggers for this pain are not well understood, but probably are multiple and largely chemical and develop Withi.ni'.
brain parenchyma, the blood vessel wall, and the blood itself. These unknown triggers stimulate the trigeminovasg,
axons, causing pain and releasing vasoactive neuropeptides from perivascular axons. Released neuropeptides activay
endothelial cells, mast cells, and platelets to then increase extracellular levels of amines, arachidonate metaboljis.
peptides, and ions. Hyperalgesia and prolongation of pain develop as a consequence, mediated by products from j
vated cells and injured tissue. Within postsynaptic brain stem neurons of the trigeminal nucleus caudalis, trigemipy
vascular activation stimulates the expression of an early immediate response gene c-fos. Both neurogenic inflamm
tion and c-fos expression are blocked by sumatriptan and ergot alkaloids via prejunctional mechanisms involving puiz
tive 5-HT receptors closely related to the 5-HT,;, subtype on trigeminovascular fibers. The mechanisms of act.ia:% |
sumatriptan and ergot alkaloids decribed herein are unrelated to the nature of the migraine trigger or to the cont‘;gi}:‘ '

tile state of vascular smooth muscle.
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Neurogenic inflammation within cephalic tissue,
involving vasodilation and plasma protein extrava-
sation, has been proposed as a mechanism in
headache pathogenesis.!* This article is a review of
the roles of neurogenic inflammation and prejunc-
tional mechanisms in headache pathogenesis and
the treatment of vascular headache.

Pathophysiology. Neurogenic inflammation is
mediated by the release of the vasoactive neuropep-
tides substance P,® neurokinin A, and calcitonin
gene-related peptide (CGRP) from sensory fibers
that innervate blood vessels.®” Both the endotheli-
um-dependent vasodilation and the enhanced per-
meability induced by the tachykinins are mediated
by receptors located on the vascular endothelium;
dilation produced by CGRP is mediated by recep-
tors on vascular smooth muscle.?

Neurogenic plasma protein extravasation.
During electrical trigeminal ganglia stimulation or
after IV administration of capsaicin, neurogenic
plasma protein extravasation develops within the

dura mater.? This tissue, an important source of .

headache pain,!® provides a thick covering for the
brain and contains blood vessels with fenestrated
capillary endothelia.’! The dura mater and its
attendant blood vessels are innervated by neu-
ropeptide-containing trigeminal and upper cervical
sensory nerve fibers;1%13 perivascular sensory

axons, located within the adventitial layer, at
unmyelinated and small. i

When plasma proteins, such as iodinated albi
min or horseradish peroxidase, are administerei
leakage from vessels into surrounding tissue canbéf
demonstrated after trigeminal nerve stimulation
This extravasation is markedly attenuated o
absent in animals whose perivascular afferent]
fibers have been destroyed by capsaicin treatment
during the neonatal period. In comparison, the s/
temic administration of substance P or neurokin’
A produces the same amount of leakage from duré!
vessels as do vehicle-treated, electrically sti.mu}a“_
ed controls. Plasma proteins do not extravasaiﬂ
from the pial circulation under the same coD
tions, probably because of the blood-brain barriel:

Trigeminal ganglia and electrical stimulatio®s
Recent light and electron microscopy studies &%
shown that following electrical trigeminal ganglith
stimulation, striking changes occur in the agpgtﬁ
ance of endothelial and mast.cells as well as 11+
platelets surrounding or within postcapillary :hB;
nules.* Platelet aggregates appeared within o '
lumen on the stimulated side only shortly afte]
stimulation; some were found adhering t0 "
endothelium. Endothelial cells later develoP?,
numerous clear cytoplasmic vesicles and VE-CUD.]']'{
the endothelium hypertrophied and micro¥} =
formed. Mast cells also showed signs of gecreti®
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b degranulation as seen in the loss of normal
! -.griﬂl properties, ultrastructural disintegration
g jasma membrane, and loss of electron-dense
Eierial within cy?:oplasmic granules. Following a
[l jinute st_imulatmn period, frank degranulation
l -ame evident 20 minutes later. All of these
E}lges depended on the presence of small, un-
*sJinated fibers and were not noted after gan-
it hic stimulation in animals treated with cap-
n as neonates.
nsitization and hyperalgesia. In migraine,
ous triggers, which remain to be identified, ini-
"» a complex cascade of events within the me-

m: 4 zes that cause both pain through depolarization
welop Within't']ié & imary affergn_ts and long-lasting e_n_hanpement
igeminovaseyly, figociceptor activity that leads to sensitization and
peptides actiyagy $igeralgesia.®'*1¢ Neither event, of course, is
1ate metabolifas

Lique to the meninges or to migraine, and both
dalis. oo cti- § oy within the skin,_joints, and eye, as well as in
)genié ].;’g;nn?lgf b urinary apd respiratory tracts.”® Important
g involving;?t:f tomical mediators _that Ipodulate sensory trans-
isms of action g ion in affected tissue include potassium, sero-
)T to the contrae. Umin (5-HT), bradykinin, histamine, prosta-
~ Bndins, leukotrienes, substance P, and CGRP.2°
hinjured tissue—or tissue threatened with
jiry—the extracellular concentrations of these
emicals increase by release from local cells
tial layer, are §iptassium, histamine, 5-HT), local synthesis
mrostaglandins, leukotrienes, bradykinin), or
ase from sensory axons (neuropeptides).
eralgesia and pain occur as a consequence of
nitial trigger and the cellular response to neu-
nic inflammation.
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iodinated albu-
+ administered,
1g tissue canbe &
ve stimulation, i
attenuated or |
icular afferent #i
aicin treatment

king neurogenic plasma protein extrava-
on. Pharmacologic observations that 5-HT,

arison, the sys: ists with some selectivity for the D-type recep-
2 or neurokmig lock inflammation selectively within the dura
tage frOIF d« er, support the belief that neurogenic inflam-
ically stimulaz lon is especially relevant to vascular head-

ot extravasate
1e same condr
brain barrier:
al stimulations
sy studies have
sminal gangliod
' in the ag_p_@
s well as in the ¥
ysteapillary ¥
red within &

1821 Vasoconstriction mediated by 5-HT,;
ptors on vascular smooth muscle plays a minor
if any.

Sponse to sumatriptan and related compounds.
es have shown that neurogenic plasma pro-
&xtravasation from blood vessels in the dura
can be significantly reduced by drugs such
Umatriptan, 5-carboxamidotryptamine (5-CT),
: ddTOErgotamine (DHE), ergotamine tartrate,
._.,m‘ithysergide. The dosage of sumatriptan
Hlired o plock extravasation is similar to that
red to treat acute migraine in humans.15:22

“© response to these agents has been most con-
it With an effect mediated by 5-HT,;, receptors
| alogous 5-HT,3 receptors in rats. Some no-
A €Xceptions were found, however. Pre-
: menF with the 5-HT, antagonist metergoline
Partially reversed the response to sumatrip-

school, Boston: 'ua:'d methiothepine did not reverse the
_ o St € at all. The effect of 5-CT was not blocked
spital, 32 FT¥ Ith,

T antagonist, and serotonin itself appears
€ 1D thic madal Dratraatmant with K HT
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antagonists (pizotifen, ketanserin) or 5-HT; antago-
nists (MDL 7222, ICS 205-930) did not affect leak-
age, which is consistent with a 5-HT, receptor-
mediated response.

However, the rank order of effective dosages, or
threshold concentrations of 5-HT,;, selective com-
pounds, does not correlate with affinities for the
same drugs at the 5-HT,, receptor binding site
determined by ligand binding in vitro. Hence,
emerging pharmacology suggests that a receptor
subtype other than 5-HT,; may mediate the
antineurogenic inflammatory effects of sumatrip-
tan and DHE. This receptor is present only in
intracranial tissue innervated by the trigeminal
nerve; the equivalent or higher concentrations of
sumatriptan or ergot alkaloid do not block plasma
protein extravasation in extracranial cephalic tis-
sue.

Prejunctional mechanisms and inhibited neu-
ropeptide release. Several lines of evidence support
the conclusion that 5-HT heteroreceptors are locat-
ed on neuropeptide-containing unmyelinated C
fibers. Prejunctional mechanisms and inhibited
neuropeptide release mediate drug blockade of
plasma leakage within the dura mater. First,
sumatriptan and DHE are inactive when tested
against concentrations of substance P or neu-
rokinin A, which cause plasma leakage. Later
experiments have found sumatriptan, also, to be
inactive against leakage caused by a-methyl 5-HT,
a 5-HT, agonist that stimulated endothelial cell
leakage directly. Extravasation caused by a-methyl
5-HT was blocked by pretreatment with the 5-HT,
antagonist pimozide. Second, DHE and, to a lesser
extent, sumatriptan attenuated the increase in
immunoreactive CGRP within sagittal sinus blood
(venous effluent) during electrical stimulation of
the trigeminal ganglion.?® This presumably reflects
the inhibition of neuropeptide release. Third,
sumatriptan and DHE pretreatment block platelet
aggregation, endothelial vesicle formation within
postcapillary venules, mast cell secretion, and
degranulation in the dura mater.2

These findings are difficult to reconcile with a
mechanism based on activation of postjunctional
receptors on vascular smooth muscle, endothelial
cells, or sympathetic fibers. Sympathetic fibers
were in fact ruled out as a possible mediator by
direct experiments showing that sumatriptan
inhibits neurogenic plasma extravasation in sym-
pathectomized animals.

Recently, in situ hybridization studies have
demonstrated that the 5-HT,p5 gene is expresed
within trigeminal ganglia.?® Moreover, the ex-
pressed gene has been amplified using the poly-
merase chain reaction and oligonucleotide probes
complementary to the cDNA prepared from the
5-HT,p receptor message (unpublished data).

Role of 5-HT, receptors. Studies involving suma-
triptan and endopeptidase 24.11 (enkephalinase),
an enzyme that degrades substance P and CGRP,

cricraact a roninlineg haturcon tha R HT ranantar and
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the blockade of neuropeptide release. When admin-
istered after stimulation, the two agents were
found to exhibit nearly identical time-dependent
effects. They blocked plasma extravasation, even
when administered 60 minutes after the 5-minute
stimulation period. After terminating the stimulus
in our model, neuropeptide release from sensory
fibers appeared to continue for some time.
Blockade of neuropeptide release from sensory
fibers was consistent with the role of 5-HT,; recep-
tors as inhibitors of presynaptic neurotransmitter
release within brain and perivascular sympathetic
nerve fibers.?*26 More recent data indicate that o,
H;, p-opioid, and somatostatin receptors may also
be located on trigeminovascular fibers-and may
block neurogenic plasma extravasation.?’

C-fos expression. C-fos protein, a nuclear phos-
phoprotein that regulates the transcription rate of
target genes, may play a role in the long-term
alteration of cellular function.?®3! This phosphopro-
tein can be induced in neurons in the dorsal horn of
the spinal cord by noxious and non-noxious
stimuli.32% Noxious stimuli increase the number of
cells expressing c-fos protein within Rexed’s lami-
nae (I and II,), where unmyelinated C fibers termi-
nate and spinothalamic projecting neurons predom-
inate.3436

Continuous or prolonged stimulation evokes the
most robust response, and the number of cells con-
taining c-fos protein correlates with stimulus inten-
sity. In the same way, the number of positive cells
decreases after analgesic administration. For
example, the number of positive cells in the dorsal
horn has been correlated with the nociceptive
behavioral response observed in rats after formalin
has been injected into the hind paw. In the forma-
lin experiments, the number of expressing cells
decreased after morphine administration in a dose-
dependent, naloxone-sensitive manner.353¢ C-fos
expression provides both spatial and temporal
markers of neuronal activation following sensory
stimulation.

The trigeminal nucleus caudalis. We have re-
cently studied c-fos expression within the trigemi-
nal nucleus caudalis after instilling autologous
blood into the subarachnoid space of rats.3” The
trigeminal nucleus caudalis receives the major
synaptic input from the trigeminal nerve and con-
tains neurons that discharge when the meninges
are stimulated.3?

When placed in the subarachnoid space, blood is
noxious, as evidenced by the development of severe
headache, nausea and vomiting, photophobia, and
vasoconstriction in humans. In our model, the
injection of blood increased the number of cells
expressing the c-fos protein within laminae I and
II,. The number of expressing cells corresponded to
the amount of blood injected, and the number of
responding cells was maximal 2 hours after injec-
tion. After surg'lcal or chemical denervation, the
number of expressing cells was reduced by 50% or
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more. In our model, inhibition of c-fos ex
was probably also related to the develg Ment. orve
analgesia because pretreatment with morpl}lé._ﬂf P Jation of trigel
decreased the number of expressing cells. 1 _, for the decadu
Pretreatment with 5-HT, agonists with g B giological anc
selectivity for the B- and D-subtype receptqyg [0“1 1&% cipate @ and prov
morphine) reduced the number of c- fou,_p lh
cells caused by instilling blood. CP-93 199 39‘;1
selective 5-HT,; agonist, sumatriptan, or dlh
ergotamine decreased the number of positiye
s1gn1ﬁcantly in laminae I and II,, compareq
those in vehicle-treated animals.! Sumatriptay n gig | sasc:
not block c-fos expression in the trigeminal ny, cleu,' aeura] transmiss
caudalis following formalin application to the 4 | fbers and, by so
mucosa. This means that sumatriptan is fllndat stsynaptic brain
mentally different from such analgesics ag Illur oy block the neu
phine. ) ing afferent fiber
Inhibiting c-fos expression. Drug-induced bl A\ app plications of thes
ade of c-fos expressmn may well be medlated ;; gsociated with me
receptors on primary afferent (trigeminovasculgy. mnsxderatr
fibers. Consistent with this conclusion, we fougf | The occurance o
that chemical or surgical denervation, as well g nal nucleus caud
drugs such as CP-93 129, sumatnptan and DHY | depression suggest
caused a similar pattern of c-fos inhibition withiy nde a potential s
the brain stem. This was seen in the reduced num: § gra
ber of expressing cells in the caudalis but not 1nthe For more detail
nucleus of the solitary tract or area postrema: ‘”«"h ussed in this arti
Administering CP-93 129 did not decrease the § the originz! rese
number of expressing cells below the 50% inhibi . o 121621243758
tion in chemically denervated animals, suggesting
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¥ ation of trigeminovascular fibers. The chal-
" o for the decade ahead is to identify those neu-
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ion to the nag ﬁl oS and_, by so doing, gene expression W11_:h1n
ptan is fung, | jsynaptic brain stem neurons. At the same time,
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