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REVIEW

Nitric oxide in primary headaches

Abstract Nitric oxide (NO) has been
proposed to be a key molecule in
migraine. Experimental evidence
suggests its intervention in vasodi-
latation and activation of the trigemi-
novascular system as well as its
involvement in the supraspinal path-
ways implicated in head pain pro-
cessing. Other findings suggest the
implication of NO in coupling neu-
ronal and vascular changes during
spreading depression. A potential
role for NO has also been proposed
in the pathophysiological mecha-
nisms underlying cluster headache
and chronic tension-type headache.
The most relevant evidence for an
increased response to exogenous NO
in all primary headaches emerges
from the experimental model of nitro-
glycerin-induced headache. Moreover,
the effectiveness of non-selective NO
synthase inhibitor L-N-monomethy-
larginine (L-NMMA) further supports
the involvement of NO in migraine
and chronic tension-type headache.
The endogenous increase in NO pro-
duction has been shown only in stud-
ies carried out during spontaneous
migraine attacks which demonstrated
increased levels of nitrites and cGMP
in peripheral blood and internal jugu-
lar blood; the latter was followed by
an increased production of algogenic
and vasodilatatory prostanoids. These
data suggest the potential activation of

cyclooxygenase (COX) due to NO.
Additional evidence suggests the
increased activity of L-arginine/NO
pathway in the platelet model in
migraine patients. This increase was
also evident between attacks, more
accentuated during attacks and
expressed to a greater extent during
late luteal phase in menstrual
migraine. Higher NO production in
platelet was also demonstrated in
patients affected by chronic daily
headache and they are accompanied
by significant lower serotonin content
and higher levels of intracellular cal-
cium. Whether these changes may be
expressed in the central nervous sys-
tem is a matter of discussion. These
data taken together suggest a crucial
role played by NO in neurovascular
headaches and chronic headaches.
Further research concerning NO in all
primary headaches will be aimed at
verifying changes of reliable markers
of NO metabolism and NO effects, to
better understand the complex
COX/NO synthase (NOS) interac-
tions, to investigate the effectiveness
of selective NOS inhibitors in dis-
criminating neural versus vascular
involvement of NO.
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oxide inhibitors
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Introduction

The origin and mechanisms of nociception in migraine and
other primary headaches are not completely understood.

The large intracranial arteries are pain-sensitive struc-
tures: in man, mechanical dilatation during balloon angio-
plasty under local anesthesia gives rise to pain referred to
areas where migraine pain is often experienced [1].
Therefore, both the quality and location of pain elicited
from the large intracranial arteries are similar to the clinical
features during migraine headache.

Friberg and colleagues [2], used a combination of tran-
scranial Doppler (TCD) and single photon emission tomog-
raphy (SPET) to measure middle cerebral artery (MCA)
blood velocity and relative cerebral blood flow (rCBF) in
the supply area of the MCA, during unilateral migraine
headache. They reported a reduced flow velocity on the
headache side only during attacks, without any rCBF varia-
tion. In a successive, extensive investigation, reduced
velocity was definitely demonstrated on the headache side
[3]. This evidence supports the association between unilat-
eral pain in migraine and dilatation of the ipsilateral MCA,
and suggests a vascular involvement during attacks.

In this scenario, the nitric oxide (NO) cascade is heavi-
ly involved, together with vasoactive peptides released from
trigeminal endings after the activation of the trigemino-vas-
cular system. NO is a powerful dilator and exerts strong
effects in cerebrovascular regulation. NO mediates a great
variety of physiological phenomena several of which, theo-
retically, are implicated in the pathophysiology of migraine
(Table 1) [4, 5]. This intra- and intercellular messenger has
a very short half-life (5—15 seconds) and is a highly reactive
free radical which is rapidly converted into stable metabo-
lites, nitrites and nitrates. NO synthase (NOS) is the enzyme
which catalyzes the synthesis of NO from guanidino nitro-
gen atoms of L-arginine. Two isoforms of NOS, the
endothelial form (eNOS) and the neural form (nNOS), are
constitutively expressed and calcium/calmodulin-dependent
[5]. Moreover, glial cells contain an inducible form of NOS
which is calcium/calmodulin-independent and is mainly
stimulated by proinflammatory cytokines [6, 7].

The main NO effects, also found in cerebral blood vessels,
are mediated by the activation of the soluble guanylate cyclase
that causes an increase in the synthesis of cyclic guanosine
3’,5’-monophosphate (cGMP). This is responsible for a reduc-
tion in the intracellular Ca* levels in the target muscle cells of
the cerebral vessels inducing their relaxation [7].

Evidence from experimental animal models demonstrated
that NO is an important transmitter in pain pathways [8].
Activation of these pathways, at least in the spinal cord, may
be associated with upregulation of neural NOS and the gen-
eration of NO. On the other hand, NOS inhibitors decrease
central sensitization in animal models of persistent pain [9].

In a recent report, NOS inhibition reduced FOS expres-
sion in the trigeminal complex of cats due to electrical stim-
ulation of the superior sagittal sinus. These results support
the involvement of NO in the activation of this complex
which is implicated in primary headaches [10].

The nitroglycerin-induced headache model

According to Olesen et al. [11], NO may be considered a
key molecule in the pathogenesis of migraine. They sug-
gested that activation of the pathway involved in its synthe-
sis represents a common mechanism in experimental
headache models, such as nitroglycerin- and histamine-
induced headaches which have been used for trigger attacks
in migraineurs and cluster headache patients [12, 13].

In patients who have migraine with or without aura, nitro-
glycerin infusion induced an early headache (during and
immediately after infusion) which was more severe than that
recorded in healthy controls [14]. It also induced a late
headache, several hours after infusion, that, in the majority of
the cases, fulfilled International Headache Society (IHS) cri-
teria for migraine without aura [14]. These data suggest that
migraine with and without aura share the same NO-mediated
common pathway of nociception and support experimental
evidence showing that cortical spreading depression (CSD)
determines NO liberation contributing to clarification of the
pathophysiologic mechanisms of migraine with aura [15].

Table 1 Physiological effects mediated by NO of relevance to migraine headache

Endothelium: dependent vasodilatation
Neurogenic vasodilatation (NANC nerves)

Release of vasodilatatory peptides from cranial perivascular sensory neural endings

Modulation of excitatory aminoacid release in CNS pathways related to pain perception (primary and secondary hyperalgesia)

Coupling of vascular and neuronal changes underlying cortical spreading-depression

NANC, nonadrenergic non-cholinergic; CNS, central nervous system
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A dilatation of mean cerebral arteries was observed in
patients with migraine without aura in both the early and
late phases following the infusion of nitroglycerin that can
be reversed by sumatriptan. This 5-HTig/p agonist has
been demonstrated to be effective in relieving headache
induced by nitroglycerin [16].

In cluster headache patients, sublingual nitroglycerin is
followed by a typical cluster headache attack only during the
active period and is accompanied by an increase in calcitonin-
gene related peptide (CGRP) levels indicative of the induction
of the activation of the trigeminovascular system [17].

Recently, it has been demonstrated that nitroglycerin
can induce headache also in chronic tension-type headache
patients with an early component which is more severe
compared with control individuals and a late component
(which does not appear in controls), whose characteristics
resembles those of spontaneous headache complained of by
the patients. This finding suggests that NO is involved in
the central sensitization in these patients which follows the
peripheral sensitization due to the increased and sustained
myofascial input in these patients [18].

Many substances capable of inducing migraine attacks,
other than nitroglycerin, such as reserpine, m-chloro-
phenylpiperazine, fenfluramine and prostacyclin, were
believed to act by stimulating endothelial NOS to produce
NO [16].

The molecular and cellular events that mediate the most
representative model of nitroglycerin-induced headache are
not completely understood. NO released from nitroglycerin
might be responsible for head pain, at least in the early
phase. This radical was thought to act on both cerebrovas-
cular endothelium and perivascular endings, also inducing
the release of histamine from endothelium and mast cells.
Additional mechanisms, not yet proven, may also be
involved in the late stages of the nitroglycerin-induced
headache, such as stimulation of vasoactive and algogenic
prostaglandin synthesis, both in the endothelium and at
perivascular sites [16].

A further mechanism which has been advocated to
explain NO-induced headache especially in migraine is an
alteration of the serotonin system. This has been demon-
strated in animal models in which effects of the infusion of
nitroglycerin was investigated before and after the injection
of para-clorophenylalanine, a tryptophan hydroxylase
inhibitor inducing a hyposerotoninergic status. This com-
pound seems to facilitate the physiological and pathological
NO-mediated response in meningeal and cerebral microves-
sels, supporting a potential role for serotonin depletion in the
headache response to NO in migraineurs [19].

Central mechanisms also seem to be implicated in nitro-
glycerin-induced headache, since the drug activates a set of
vegetative, neuroendocrine and nociceptive structures in
the central nervous system [20].

The experimental model of the nitroglycerin-induced
headache suggests the occurrence of hypersensitivity to
exogenous NO (supplied by NO donors) in migraine. On
the other hand, upregulation of the endogenous L-argi-
nine/NO pathway and increased NOS expression, namely
the constitutively expressed form, seem also to take place
during spontaneous attacks [21]. This upregulation may
involve peripheral sites such as endothelium and perivascu-
lar sensory endings, NOS-containing fibers from the nona-
drenergic non-cholinergic (NANC) system supplying cere-
bral circulation, including not only the cerebral tissue sur-
rounding cerebral vessels but also other spinal and
supraspinal structures implicated in the transmission of
head pain such as the trigeminocervical complex.

As far as eNOS and migraine occurrence are concerned,
the upregulation of NO-generating pathways does not seem
to be genetically determined in migraneurs [22].
Experimental data suggest that NO synthesis in endotheli-
um is a consequence of an increased shear stress or may,
alternatively, be activated and potentiated by the stimulation
of specific receptors on endothelial cells by bradykinins,
serotonin, acetylcholine, histamine, substance P (SP) and
CGRP, all substances which are believed to be putative
algogenic substances produced locally around vessels and
mediating head pain [16].

NO has also been induced by contracting substances
produced by endothelial cells, the most potent of which is
endothelin 1 (ET-1) [23, 24].

The involvement of ET-1 in migraine has been demon-
strated by our group. Higher levels of this vasoactive pep-
tide were observed during the whole ictal phase, with a
large increase in the first two hours [25].

This increase has been interpreted as a “physiological”
response of endothelium in counteracting the vasodilatatory
effect mediated by NO, prostacyclin and neuropeptides
from the trigeminovascular system during migraine attacks
or, alternatively, as a consequence of the prevalent activa-
tion of ET-1-mediated relaxation mechanisms.

NO and trigeminovascular system

In experimental models of peripheral neurogenic inflamma-
tion, NO seems to play a relevant role in edema formation, but
not in vasodilatation, due to CGRP release [26, 27]. Moreover
the relationship between endothelial NO production and
release of the vasoactive peptides (CGRP, SP, neurokinin A)
from the trigeminovascular system is only partly known.
Experimental animal models support the intervention of
endothelial-derived NO not only in determining the basal
dural vessel tone but also in increasing the electrically
evoked flow mediated by CGRP released from trigeminal
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afferents [28]. The synergistic vasodilatatory effect exerted
by NO and CGRP is, at least in part, due to the facilitation
of CGRP release by NO. This synergistic effect is believed
to contribute to sensitizing perivascular trigeminal afferent
terminals and to the maintenance of the activation of the
trigeminovascular system, considered the final pathway in
migraine and cluster headache attacks.

The crucial role of NO from endothelial origin in medi-
ating vessel basal tone and increasing electrically evoked
flow in the dural vessels is further supported by efficacy of
the non-selective NOS inhibitor L-NG-monomethyl L-argi-
nine (which exerts its action also on endothelial NOS) in
antagonizing vasodilatation. Conversely, the ineffectiveness
of aminomethyltiazine (a NOS inhibitor selective for iNOS)
and 7-nitroindazole (a NOS inhibitor selective for nNOS)
excludes the involvement of eNOS and nNOS in electrical-
ly evoked flow increase of dural vessels [28].

Not all the available data concur in defining the rela-
tionship between the endothelial production of NO and the
CGRP release from the trigeminovascular system. In some
experimental models in fact, CGRP seems to mainly exert
an endothelium-independent potent vasodilatatory effect
which does not involve NO generation [29]. This effect
seems to be mediated by the stimulation of cAMP which
induces the hyperpolarization of endothelial cells followed
by the activation of calcium-activated potassium channels
(BKca) and ATP-sensitive potassium channels (Karp) [30].
In other experimental models, however, activation of these
channels appears to indirectly involve NO production by
endothelium [31]. In contrast, further experimental data
suggest that vasodilatation induced by CGRP, at least in
the pial arteries of rats, is inhibited by endothelial injury,
supporting the role of NO as the final mediator of the
vasodilatory effects of this peptide from the trigeminovas-
cular system [32, 33].

SP is a potent endothelium-dependent vasodilator par-
ticularly concentrated around the superior sagittal sinus
[32-34]. Neurokinin A (NKA) is co-localized with SP in
perivascular nerve fibers and cerebral vessels and has a sim-
ilar, though less strong, vasodilatatory action [35].

Findings on the relationship between SP and NO are
more consistent. Less data are available on NKA that seems
to prevailingly exert its vasodilatatory effect by interacting
with its own NK; receptors [36].

The relaxant effect of substance P is known to involve
the release of NO from endothelial cells. This effect has
been demonstrated in human extracranial circulation but not
in intracranial circulation [37]. Recent data from Jansen-
Olesen and Edvinsson [38] suggest that the vasodilatatory
response to this neuropeptide is lost after removal of the
endothelium and after treatment with NOS inhibitors. The
response abrogated by NOS inhibitors is restored after
administration of L-arginine.

NO and cerebral spreading depression

CSD is a wave of initial neural excitation followed by sub-
stained depolarization of neural and glial cells that move at
a rate of 2-5 mm/min over the cerebral cortex [39]. This
involves changes in local ionic environment, N-methyl D-
aspartate receptor activation and release of glutamate into
the interstitium [40].

NO is recognized to be one of the major mediators
potentiating glutamatergic transmission and might be
involved in biochemical changes underlying CSD. This
messenger has been suggested to play a central role in the
experimental model of CSD intervening in the coupling of
neural and vascular events which underlie the neural corti-
cal dysfunction [41].

SD induces regular changes of cerebral blood flow
(CBF) which consisted in four phases: a brief hypoperfusion
before the direct current (DC) shift; a marked CBF rise dur-
ing the DC shift; a subsequent protracted increase of CBF;
and finally a prolonged CBF reduction (oligemia) [42].

The hypothesis that NO participates in the vascular
changes associated with CSD has already been tested in
several studies, but the interpretation of results is difficult
due to the different experimental designs and the different
species used. Colonna et al. [43] demonstrated the relevance
of NO to CSD-related arterial dilatation in the rabbit.
Goadsby et al. [41] were able to abolish CSD-associated
hyperemia by systemic inhibition of NOS in cats using NG-
nitro-L-arginine methyl ester.

One of the most relevant evidence for the involvement
of the arginine-NO pathway in cerebrovascular regulation
of CSD comes from a study of Fabricius et al. [44]. In their
experimental model of CSD, NOS inhibition by intravenous
and/or topical application of NG-nitro-L-arginine enhanced
the brief initial hypoperfusion, but the CBF increase and the
subsequent oligemia were unchanged. Conversely, L-argi-
nine prevented the development of the prolonged oligemia
after CSD but had no influence on the marked rise of CBF
during CSD. These data suggest the modulation of CSD by
NO synthase and the potential usefulness of arginine in
restoring reduced CBF, during spreading oligemia in
humans, which may be of importance for the persistence of
neurological deficits in migraine aura. This can be relevant
especially in cases of prolonged aura, where cerebral
ischemia can potentially lead to neuronal cell damage.

In the cat [45], glyceryl trinitrate infusion induced a
biphasic NO release in the pial MCA perfusion territory,
which is associated with a pial artery vasodilatation and
increase in rCBF.

In contrast, there are data which do not support the role
played by NO in coupling CBF changes and metabolism
during neural activation. In rats Zhang et al. [46] found that
systemic NOS inhibition did not significantly influence CBF
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during CSD whereas Wolf et al. [47] showed that nitric
oxide inhibition does not affect the perfusion response and
the tissue PO» during CSD, suggesting that other mecha-
nisms may be involved in brain oxygenation changes in this
condition.

It is important to emphasize that NO is not only a
vasodilator but also a transmitter and that NMDA receptor
activation, essential for the propagation of CSD and for
transmembrane Ca2* influx, is a proper stimulus for consti-
tutively expressed NOS in endothelial cells and in the ner-
vous system. The contribution of both endothelial and neur-
al NOS in CSD should be further investigated by the use of
selective NOS inhibitors.

Markers of NO metabolism in peripheral blood of
headache patients

NO end-products

Several technical problems have delayed research on
endogenous production of NO in patients affected by pri-
mary headaches. The major difficulty encountered in the
study of NO is due to the inherent nature of this molecule,
particularly its short half-life. Another important factor,
which concurs with large variations in the results when
measuring end-products of NO, is hemodilution. Dietary
habits can also influence serum and plasma levels.
Therefore a nitrate-restricted diet is recommended when
studying endogenous variations in NO production. Due to
these limitations, the search for end-products of NO metab-
olism in the peripheral blood has until now yielded incon-
sistent results.

The earliest findings of a slight increase in the peripher-
al levels of nitrites, consistent with a parallel increase in ET-
1 levels, came from a study by Nattero et al. [48] on
migraine patients examined in interictical periods and dur-
ing attacks. There is also evidence of an increase in nitrite
levels in peripheral blood of migraine patients examined
interictally [49].

Recently, an increase of nitrite levels during the active
periods in the peripheral blood of patients with cluster
headache has been demonstrated, supporting the involve-
ment of NO in the pathophysiological mechanisms of this
primary headache [50].

That nitrites can exactly express the biological effects of
NO is also a matter of controversy. Sulphydrylic species,
such as acetylcysteine, and the thiol groups of albumin can
react with NO resulting in nitrosothiols which have a longer
half-life than NO. These nitrosothiols preserve the same
properties of endothelial-derived relaxing factors (EDRF)
and account for the long-term effects of NO, as both a

vasodilatory and anti-platelet agent [51]. There is no evi-
dence of modifications in blood nitrosothiols levels in
migraineurs assessed during attacks.

On the other hand, the fact that hemoglobin and other
heme-containing proteins show high affinity to NO, contribut-
ing to scavenge this radical and prevent NO-induced activation
of soluble guanylate cyclase, should be kept in mind [4]. The
binding of NO to the heme group has not yet been investigat-
ed in migraine patients during or between attacks.

NO can be measured indirectly by the determination of its
intracellular messenger, even in the peripheral blood. One
study, carried out by Stepien and Chalimoniuk [52], took this
into consideration and demonstrated increased peripheral
blood levels of cGMP in migraine patients assessed during
the attacks. The levels of this cyclic nucleotide correlated
with the pain intensity and showed a dramatic decrease after
sumatriptan administration.

It has been hypothesized that there is a close relationship
between the activation of the L-arginine/NO pathway and
production of vasoactive and algogenic prostaglandins dur-
ing spontaneous migraine attacks, but this suggestion needs
to be confirmed. The temporal variations of NO end-prod-
ucts and vasoactive prostaglandins as well as vasoactive
neuropeptides from the trigeminal vascular system during
attacks should also be investigated.

In this regard, our group recently determined nitrites
with HPLC and PGE» and 6 keto PGF1aq, the stable product
of PGL> with RIA method in the internal jugular venous
blood of 5 patients affected by migraine without aura
assessed during attacks [53]. Nitrite and cGMP levels
reached their highest values at the first hour, then they
decreased progressively and returned, after the end of the
attacks, to values similar to or below those detected at the
time of catheter insertion. Similar variations were observed
for the two vasoactive peptides CGRP and NKA from the
trigeminal vascular system. PGE» and 6 keto PGF1a. as well
as cAMP levels also significantly increased at the first hour
but reached a peak at the second hour and remained in the
same range until the fourth and sixth hours.

For the first time, these findings support an early activa-
tion of the L-arginine/NO pathway which accompanies the
release of vasoactive peptides from trigeminal endings and
a late rise in the synthesis of prostanoids with algogenic and
vasoactive properties which may contribute to maintain the
headache phase during migraine attacks.

Cellular models

Cellular models of peripheral blood were proposed for
investigating NO relevance in migraine, and more recently,
in chronic daily headache (CDH).
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Platelets are a useful model not only for studying serotonin-
ergic metabolism but also NO metabolism in migraine patients
[54]. When stimulated by collagen, platelets produce NO, using
L-arginine as a substrate [55]. D’ Andrea et al. showed increased
levels of L-arginine in the platelets of migraine patients, partic-
ularly in those with aura assessed in interictal periods, along
with a reduced responsiveness to collagen [56]. These results
support the hypothesis of an increased activity of the L-argi-
nine/NO pathway in this pathological condition.

Based on these observations, our group investigated vari-
ations in ictal and interictal platelet NO production by mea-
suring the steichiometric conversion of oxyhemoglobin to
methemoglobin due to NOS activity and platelet cGMP pro-
duction in migraine patients with and without aura, as com-
pared to those of a group of age-matched control individuals
[57]. Furthermore, the relationship between these variations
and changes in platelet responsiveness to collagen, both ictal-
ly and interictally, were evaluated in the same patients.We
found a reduced responsiveness to collagen in migraine
patients, which was more accentuated during attacks. This
reduced collagen response was coupled to a significantly
higher basal and collagen-stimulated production of NO and
c¢GMP in the platelet cytosol. This increased production was
further accentuated during migraine attacks. We hypothesised
that the variations in the L-arginine/NO pathway found in the
platelets of migraine patients could be one of the metabolic
counterparts of the pathophysiological alterations in platelet
function and metabolism observed in migraineurs. This could
indirectly reflect a compensatory mechanism intervening in
the downregulation of platelet responsiveness after repeated
stimulation by activating factors.

Taking into account these findings, we also determined
the rate of production of NO and cGMP in the cytosol of
platelets stimulated by collagen in females with menstrual
migraine, assessed interictally and ictally, in the follicular
and luteal phases as well as at mid-cycle [58]. An increased
platelet NO production was demonstrated at the luteal phase
in menstruation-related migraine patients. We hypothesized
that this increase could be expressed also at the central level
and could be involved in conditioning the great susceptibil-
ity to migraine attacks during perimenstrual and menstrual
periods in these patients.

Shimomura et al. [59] further supports the increased
activation of the L-arginine/NO pathway in patients affect-
ed by migraine with and without aura. The authors showed
high levels of nitrite, total nitrate and nitrite as well as
cGMP levels in platelet cytosol during attacks. These levels
decreased after treatment with oral propranolol.

Further research from our group concerned the variations
in L-arginine/NO pathway activity and the platelet cGMP lev-
els in patients affected by chronic daily headache (CDH) [60].
A reduction in platelet aggregation response was found for
every collagen concentration. This was coupled with
increased NO and cGMP production and was greater than that

previously observed in patients with episodic migraine. The
activation of platelet L-arginine/NO pathway was accompa-
nied by a reduced platelet content of serotonin and a con-
comitant increase in cytosolic Ca2* levels, particularly in CDH
patients with analgesic abuse.

We suggested that the upregulation of the L-arginine NO
pathway is not limited to migraine being implicated, even to
a greater extent, in CDH. In this regard, it is necessary to
mention that all CDH patients evolved from a previous histo-
ry of migraine and that drug abuse contributed to the L-argi-
nine/NO pathway overactivity maintaining pain chronicity.

Our findings therefore support the occurrence of NO-
c¢GMP mediated events in CDH, perhaps as a compensatory
mechanism for the cytosolic Ca2* increase observed in
platelets. This compensatory mechanism, however, seems
not to be so efficient in contrasting high platelet Ca2* con-
centration and could be responsible for serotonin depletion.
This has recently been shown in platelets of patients affect-
ed by CDH associated with analgesic abuse [61].Whether
these events also occur in central pathways involved in pain
transmission and nociception remains to be established.

Martelletti et al. proposed mononuclear cells as a cellu-
lar model for revealing involvement of the nitric oxide path-
way in migraine pathophysiology [62]. They found higher
nitrite levels in the culture medium of these cells in the
interictal period and conversely a decreased nitrite level
during NO donor-induced migraine attacks.

Therapeutic aspects
NO and triptans

Recent research aimed at elucidating the role of triptans in
modulating NO during migraine attacks. The effect of
sumatriptan in inhibiting nitroglycerin-induced headaches
in humans is well known as well as reversing cGMP
increase during migraine attacks [52, 63]. There is also evi-
dence of a reduction in the cortical regional blood flow and
NO concentration and a concomitant increase in superoxide
levels after sumatriptan administration in rats infused with
nitroglycerin [64]. These results suggest that sumatriptan
could modulate cell redox state and NO scavenging can be
hypothesized. It is difficult though to believe that this effect
will mediate the anti-migraine effect of the drug primarily at
the neural level, taking into account the difficulty of the
drug in crossing the blood-brain barrier.

On the other hand, there is evidence that the SHTg/ip
agonists sumatriptan and zolmitriptan eliminated the
NMDA receptor-induced enhancement of cGMP in cortical
slices in vitro. This mechanism needs to be further investi-
gated in vivo, particularly in the context of the effectiveness
of these drugs in relieving migraine attacks [65].
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Nitric oxide synthase inhibition

The involvement of NO in initiating and maintaining
migraine attacks has been furthermore demonstrated by the
effectiveness of a NOS inhibitor L-NG-monomethyl L-argi-
nine (L-NMMA) in treating migraine attacks. A recent dou-
ble-blind controlled study [66, 67] showed that L-NMMA
infusion induced a significant improvement of migraine pain
and accompanying symptoms such as phonophobia and pho-
tophobia within 30 minutes. This positive effect was
observed in 66% of the patients treated with the drug versus
a placebo effect of 14%.

Regarding the effectiveness of L-NMMA in migraine, it
should be noted that L-NMMA is not specific for the neural
or endothelial form of NOS. It cannot therefore be excluded
that both neural and endothelial mechanisms could be influ-
enced in the analgesic effect of NOS inhibition in migraine.
The effect of the drug in these patients seems not to be medi-
ated by vasocontriction of cerebral vessels because the flow
velocities in the middle cerebral arteries measured by tran-
scranial Doppler were not affected [66].

NOS inhibition was also proposed as a treatment for
chronic tension-type headache based on the assumption that
the central sensitization due to prolonged nociceptive input
from pericranial myofascial tissues could play a role in the
pathophysiology of this disorder. Taking this into account,
Ashina et al. [68] undertook a double-blind crossover trial in
16 patients with chronic tension-type headache using L-
NMMA or placebo. They demonstrated that 120 min after
administration mean pain scores were significantly
decreased in patients treated with drug compared with place-
bo. Pain intensity on the verbal rating scale was also lowered
by treatment with L-NMMA. In addition, muscle hardness
was significantly reduced at 60 and 120 min, but this did not
occur in the group treated with placebo [69]. Increased mus-
cle hardness in patients with chronic tension-type headaches
has been attributed to a reflect sensitization of the second-
order neurons due to the prolonged nociceptive input from
myofascial tissues. According to the authors the decrease in
muscle hardness after L-NMMA administration could be
due to a reduced central sensitization in the spinal horn. The
antinociception action of L-NMMA seems not to be related
to the vasoactive effect of this NOS inhibitor.

SB-22043

The new benzopiran SB-22043 exhibits a high affinity for a
selective, but not yet characterized, binding site in the
human brain. SB-22043 inhibits NO release and cerebral
vasodilatation following CSD as well as carotid vasodilata-
tion induced by trigeminal nerve stimulation in the cat,

without a direct effect on the middle meningeal artery.
Therefore this compound exerts its potential anti-migraine
action by inhibiting cortical excitability and trigeminal
pathway activation via an NO-producing pathway [70, 71].

Conclusions

Experimental data suggest the involvement of NO in the
pathophysiological cascade of primary headaches, although
the mechanisms of this interaction, in both inducing and main-
taining head pain, are only speculative. Following the patho-
physiological events taking place in head pain (Fig. 1) it can,
at least, be argued, that NOS acts as a protagonist at different
levels of the cascade.

Fig. 1 Involvement of NOS in the pathophysiological cascade of
head pain. CGRP, calcitonin gene related peptide; ¢ NOS, constitu-
tively expressed NOS; e NOS, endothelial NOS; Glu, glutamate;
NA, noradrenaline; NANC, nonadrenergic, non-cholinergic; NKA,
neurokinin A; NMDA-R, N-methyl D-aspartate receptor; NOS, nitric
oxide synthase; n NOS, neural NOS; 5HT, 5-hydroxytryptamine



152

In order to identify the actual role of NO in primary
headaches it is crucial to have reliable markers. For this pur-
pose, the most promising substances, which can be measured
in different biological fluids, are nitrites/nitrates, cGMP and
nitrosothiols. The NO-heme complex can also be investigat-
ed by means of electron paramagnetic resonance (EPR).

Another primary need is to further develop cellular
models, since they permit (i) to study at the same time NOS
pathway and related neurotransmitters and mediators, and
(i) to extrapolate pathophysiological data which could
reflect analogous phenomena taking place in CNS. In this
context, special effort should be spent for a better under-
standing of COX/NOS interactions.

Great attention has been paid up until now to constitu-
tively expressed NOS, both endothelial and neural; perhaps,
also inducible forms could play some role. To this purpose,

an exciting perspective may be offered by experimental
models which can allow us to investigate the role played by
glial cells, which are a natural reservoir of many NOS-
inducing substances.

Finally, the use of selective NOS inhibitors can be pro-
posed for discriminating neural versus vascular involve-
ment of NO in primary headaches; this would have relevant
clinical implications, not only in the field of headache.

Considering the clinical and experimental data herein
presented, nitric oxide certainly represents a piece of the
complex mosaic of the pathophysiological mechanisms
intervening in primary headaches. Although its role has
been partially elucidated, research is continually moving
towards a better understanding of the relationship between
this intracellular and intercellular messenger and the other
pieces trying to reach a unified view.
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