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Migraine patients have chronically low systemic 5-HT, predisposing them to develop migrainous
headache once an attack has been initiated. Changes in platelet 5-HT content are not causally
related, but reflect similar changes at a neuronal level. Stimulation of vascular 5-HT1 receptors,
probably located in the vessel wall within the dural vascular bed, may alleviate the headache and
associated symptoms, but does not interact with earlier mechanisms within the pathophysiological
cascade. These receptors are of an as yet unidentified 5-HT1 subtype, closely resembling, but not
identical to 5-HT1D receptors. Activation of these receptors results in vasoconstriction, inhibiting
depolarization of sensory perivascular afferents within the trigemino-vascular system and thus
stopping the headache. Additional inhibition of the release of vasoactive neuropeptides may be
involved, but seems to be of only secondary clinical importance. • 5-HT receptors, metabolism,
migraine, neuronaI effects, receptors, serotonin, sumatriptan, vascular effects
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Migraine is a recurring disease of unknown cause. Serotonin (5-hydroxytryptamine, 5-HT) has long been implicated
in its pathophysiology (1). The exact role of 5-HT in migraine has not been established. The purpose of this article is
to review the current status of 5-HT and 5-HT receptors in the pathophysiology of migraine, in particular to try to
bridge the gap between clinical observations and pharmacological mechanisms. The following questions will be
addressed: (i) Is 5-HT causally related to migraine and, if so, in what phase of the attack? (ii) Is migraine a low or a
high 5-HT disorder? (iii) Is the mechanism of 5-HT mediated via a peripheral (i.e. vascular) or central (i.e. neuronal)
action? (iv) Which 5-HT receptor subtype is involved?

Physiology of 5-HT

Distribution and metabolism

The distribution, biosynthesis and metabolism of 5-HT have been reviewed recently (2). In humans, significant
levels of 5-HT are found within the enterochromaffin cells of the gastro-intestinal mucosa, the brain, the pineal
gland and the blood (at least 90% within the platelets). In addition, 5-HT can be detected in blood vessels and
several other organs. 5-HT is synthesized in most of the tissues in which it is stored, but not in the blood platelet,
where the essential synthesizing enzyme tryptophan hydroxy-lase is virtually lacking. Notwithstanding, the blood
platelet is believed to be an excellent peripheral model for the pre- and post-synaptic function of 5-HT neurons (3,
4). Accordingly, platelet 5-HT has been studied extensively in various diseases including migraine (vide infra). All
5-HT present in platelets is taken up from the plasma, the bulk originating in the intestinal mucosa, and
subsequently stored within dense granules in large, functionally inactive, aggregates with ADP, ATP and Ca2+.
Under normal conditions very little platelet 5-HT is metabolized. Platelet 5-HT can be released by exocytosis and
drugs. In contrast to platelet 5-HT, extracellular plasma 5-HT potentially is pharmacologically active. Plasma 5-HT
levels, however, are generally lower than 20 ng/ml (5), which is considered to be too low to exert measurable
vascular effects. Several rapidly acting and high capacity processes tend to limit any increase in plasma 5-HT
concentration. Accordingly, if an increase is detected this probably reflects a major rise of 5-HT in the plasma. It
thus appears that there are two compartments of 5-HT in blood, the 5-HT in platelets in the μmol range,
representing a pharmacologically inactive slow turnover, reserve pool, and the plasma 5-HT in the nmol range,
which has a rapid turnover and is potentially pharmacologically active (6). Plasma 5-HT and 5-HIAA levels show
marked and opposite seasonal changes (7) and correlate significantly with 5-HT and 5-HIAA levels in the CSF (8).

Neuronal effects

5-HT predominantly serves as an inhibitory neurotransmitter in brain (9). The anatomy and function of the
central 5-HT system have recently been reviewed (10). The main center is in the raphe nuclei in the brainstem.
Major ascending and descending
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projection systems exist, which transmit signals via both conventional junctional synapses and non-direct contacts.
The central 5-HT system shows clear circadian and annual rhythmicity and has a close interaction with the
noradrenergic system originating in the locus coeruleus (11). Excitatory effects of 5-HT are mediated by neuronal
5-HT3 receptors, which have been found in areas in brainstem and peripheral nervous system involved in the
mechanism of vomiting and critical to nociceptive processing (12-19).

Vascular effects

Depending on vessel tone, diameter, vascular bed, species and administration route (luminal or adventitial),
5-HT can cause vasodilation and vasoconstriction. Vasodilation is mediated directly via vascular smooth muscle
and indirectly via the release of endothelial derived relaxing factor and presynaptic inhibition of release of NA from
vascular sympathetic adrenergic nerve terminals (20). Vasoconstriction appears to be mediated via 5-HT2
receptors in peripheral blood vessels and via 5-HT1-like, presumably 5-HT1d, receptors in the cranial vasculature
(21-26), Infusion of 5-HT in baboons caused constriction of the ipsilateral internal carotid artery without change in
rCBF, presumably because 5-HT does not cross the blood-brain barrier (27, 28). Microapplication of 5-HT in situ
caused dilation of cerebral arterioles with a diameter of less than 70 μmol, which can be blocked by propranolol,
and constriction of larger cerebral arteries with a diameter greater than 200 μmol (29), which can be blocked by the
universal 5-HT receptor blocker methysergide (30) and the 5-HT2 receptor antagonist ketanserin (31).

Interesting links between the central and peripheral vascular 5-HT systems are suggested by the observations
that 5-HT nerve fibers originating from the raphe nuclei innervate pial vessels (32-34) and that activation of nucleus
raphe dorsalis in the monkey increases CBF about 20% via a facial nerve pathway (35).

Biochemical findings in migraine

Platelet 5-HT and 5-HIAA

In patients with migraine without aura, not diet restricted, platelet 5-HT levels were normal between attacks (36),
but reduced by 30% during attacks (Table 1) (36-47). In migraine with aura no such an ictal decrease could be
demonstrated (36). Patients with migraine with aura who were put on a 5-HT and tyrosine (48, 49) or a
phenylethylamine and tyramine restricted diet (50) had significantly higher basal platelet 5-HT levels (48, 49) and
more 3H-spiperone platelet-membrane binding sites (50) compared with migraine without aura patients and healthy
control subjects. Basal platelet 5-HIAA levels were about 50% decreased in both the patients with and those
without aura (48, 49).

Release of platelet 5-HT: specific or non-specific response?

It has been claimed that the release of platelet 5-HT during migraine attacks is specific for migraine (38). This
claim, however, is not supported by experimental data (51). In addition, release of platelet 5-HT has been found in
other diseases (52, 53) and no release of platelet 5-HT was found during migraine attacks with aura (36).
Therefore, release of platelet 5-HT is probably non-specific and only indirectly related to the migraine mechanism.

Mechanism of platelet 5-HT release

Several groups have suggested that the release of platelet 5-HT is caused by a specific "serotonin releasing
factor" appearing in the plasma during migraine attacks (46, 53-55). This hypothesis was based on "in vitro"
incubation experiments, which however suffered from several methodological flaws (for review see (51) and (56)).
Further, in a recent large study Ferrari et al. (56) were unable to confirm this hypothesis. Remarkably, they found a
substantial and specific release of methionin-enkephalin, a pep-tide which is co-stored with 5-HT and other
monoamines in the dense granules (57, 58).

Platelet 5-HT uptake

Contradictory findings concerning platelet 5-HT uptake in migraine have been reported, due to methodological
differences and confounding factors such as mood disorders and use of medication (for review see (59)). In the
most extensive study so far, basal values of the Michaelis-Menten constant Km were significantly increased in
patients with migraine without aura or tension headache, but not in patients with migraine with aura or cluster
headache (59). This difference was independent of age, sex, presence of anxiety or depression and drug intake
during the previous week, but appeared greater in the morning than in the afternoon. Thus platelet 5-HT-uptake
sites of patients with migraine without aura or with tension headache have reduced affinity for 5-HT, particularly in
the morning.

Plasma 5-HT and 5-HIAA

Correct interpretation of 5-HT metabolism in blood of migraine patients has been hampered by inconsistent
definition of plasma 5-HT (for review see (51)). Many authors have used this term also to describe the 5-HT
content of platelet-rich plasma or whole blood, i.e. largely the 5-HT content of the platelets. In this review the term
plasma 5-HT refers



Table 1. Platelet and whole blood 5-HT in migraine patients (mainly)
without aura.

No. of
Attack-free Attack Units % fall patients

0.73 0.44 μg/109 platelets 40 10
0.72 0.45 μg/109 platelets 38 15
0.64 0.40 μg/109 platelets 37 61
0.55 0.44 μg/109 platelets 20 100
0.49 0.24 μg/109 platelets 51 20

   146    93 ng/ml whole 41 12
blood

   214a    182a ng/ml whole 15 18
blooda

   91    58 ng/ml whole 36 11
blood

0.67 0.33 μg/109 platelets 51 6
0.82 0.67 μg/109 platelets 18 6
0.45 0.25 nmole/109 platelets 44 9
4.73 2.51 amol/platelet 43 21b

3.90 4.07 amol/platelet - 10c
a Values are 5-hydroxyindole concentrations; b only migraine without
aura; c only migraine with aura. amol = ato mol = 10-18 mol.

to the potential pharmacologically active extracellular platelet-free plasma portion of 5-HT in blood.

Plasma levels of 5-HT and 5-HIAA have been studied only once in migraine (36). Between attacks, 5-HT
levels were about 60% lower compared to healthy control subjects, and 5-HIAA levels about 20% higher.
During attacks, 5-HT levels increased more than 100% and 5-HIAA levels decreased. The changes in
plasma were the same in migraine with and without aura, in contrast to the changes in platelets (vide supra).
No changes were demonstrated for 5-HT precursor plasma levels.

Depression of enzyme activities involved in 5-HT metabolism

Platelets contain virtually all monoamine oxidase (MAO) and phenolsulphotransferase (PST) present in
blood. Although platelet MAO is not involved directly in 5-HT degradation, its activity appears to reflect central
5-HT turnover and MAO activity in other organs (60-62). PST-M catalyses the sulphoconjugation of 5-HT and
other monoamines (63). These platelet enzyme activities are decreased by about 20% during migraine
attacks both with and without aura (36, 64). This decrease is not due to numerical reduction but rather to a
functional change of the enzymes (36), possibly reflecting a similar depression of these enzymes and 5-HT
metabolism in brain.

5-HIAA in urine

Several groups have reported an increase of 5-HIAA in the urine during migraine attacks (36, 65,

66), but these claims have not been backed up by appropriate statistical analyses. Other groups clearly failed
to detect such an increase (67-69). Comparison of these studies is difficult because of methodological
differences in sampling and urine acidification, circadian rhythmicity, and wide inter-individual and sex
differences. In fact, by comparing the same patients outside and during an attack and by accounting for
circadian rhythm, Ferrari and Odink (68) found reduced diurnal urinary excretion of 5-HIAA per mol creatinine
during migraine attacks when compared with diurnal excretion during headache-free periods. This finding,
and the observation that urine 5-HT was increased during attacks (55, 70) is in keeping with the hypothesis
that systemic 5-HT degradation is less during an attack.

Between attacks, Bousser et al. (71) have found a 31% reduction of urinary 5-HIAA per mol creatinine in
females, but not in male migraine patients compared with age- and sex-matched control subjects. This was
thought to be related to the proneness of females to develop migraine. It is difficult to assess the true
relevance of this finding to migraine because female control subjects had significantly higher excretion of
5-HIAA than male control subjects. From the methods description it was not clear whether these
measurements were done in 24 h, diurnal, nocturnal or mixed urine samples. This is relevant because in the
study of Ferrari and Odink (68), diurnal (but not nocturnal) urinary 5-HIAA tended to be lower in migraine
patients (mainly female), although not reaching statistical significance. In fact the main finding in that study
was a reversal in the circadian rhythm of urinary 5-HIAA excretion in migraine patients compared to controls.
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Finally, it should be noted that the differences in urinary 5-HIAA excretion (71, 72) are far beyond the
expected differences due to changes in platelet 5-HT content alone (72-75), but suggest instead a systemic
disturbance of 5-HT storage and metabolism in migraine patients (71, 72).

5-HIAA in CSF

Recently, 5-HIAA levels were found to be elevated about 40% in suboccipital CSF of migraine patients
(76). This is in agreement with the 5-HIAA findings in plasma (36, 77) and would point to enhanced turnover
of 5-HT in the CNS.

Biochemical findings: conclusion

In summation, only fragmentary and often conflicting data concerning 5-HT in body fluids of migraine
patients are available and only limited conclusions can be drawn. On the basis of the available evidence, the
following can be concluded: (i) Changes in platelet 5-HT are not specific for, and not causally related to
migraine; these changes, however, are different in migraine with and without aura, both outside and during
attacks. (ii) The ictal release of platelet 5-HT occurs only in patients with migraine attacks without aura; there
is no evidence that this release is caused by a specific "serotonin releasing factor". (iii) Migraine patients have
a systemic disturbance of 5-HT metabolism. Between attacks 5-HT turnover is enhanced resulting in low
5-HT and during the .attack the degradation of 5-HT is reduced, resulting in increased 5-HT levels; the ictal
rise of plasma 5-HT may reflect a self-defense mechanism against headache, rather than its cause.

Migraine-provoking factors interacting with 5-HT and/or 5-HT receptors

5-HT depleting drugs

Kimball (78) and others (38, 79) reported that 2.5 mg reserpine im, a 5-HT reuptake inhibitor, caused a
"typical headache" in 19 of 21 migraineurs, but only discomfort in 2-non-migrainous subjects. The
headache-claimed to be identical to but less severe than a spontaneous migraine attack-started between I
and 5 h after reserpine and lasted between 2 and 20 h. No mention was made of associated migraine
features. There was a reduction of platelet 5-HT in most already 1 h after the reserpine, with a maximum
between 7 and 48 h. Kimball et al. reported that five patients with reserpine-induced headache were treated
successfully with iv 5-HT (78). Anthony et al. reported that three patients with reserpine-induced headache
received a slow iv infusion of 2 to 7.5 mg serotonin creatinine sulphate (0.1%): the headache disappeared
completely in one and partially in two patients (38). Aura symptoms have never been reported to occur after
reserpine. From these experiments the following may he derived: (i) im injection of reserpine may cause
headache, but probably not migraine, (ii) there is no solid information on whether this effect is restricted to
migraine patients, (iii) an additional local factor appears unnecessary, but migraine patients may experience
the headache more often unilaterally, e.g. due to a localizing predilection, (iv) reserpine also causes
depletion of platelet 5-HT which outlasts the headache and probably reflects a general loss of 5-HT, (v) the
initial depletion of 5-HT-and not the putative subsequent rise in plasma 5-HT-appears causally important,
because replenishment of 5-HT resolved the headache. Other reports with respect to the effect of 5-HT
depleting agents and headache are more difficult to interpret, but it seems that these agents all have
headache as a prominent side effect (67, 80-84).

Activation of 5-HT1c receptors

Activation of 5-HT1c receptors by m-chloro-phenylpiperazine (m-CPP) induced headache and associated
symptoms (but not aura) in patients with eating disorders who had a personal or family history of migraine,
but not in patients or healthy subjects who had not such a history (85, 86). This occurred 4 to 12 h after the
administration of mCPP, suggesting a slowly developing mechanism. The headache rating correlated
significantly with the peak plasma concentrations of mCPP, 2 to 3 h after administration. Placebo or
tryptophan administration did not cause migraine symptoms (0 of 52) (85, 86). This exact role of 5-HT1c
receptors remains to be defined because mCPP also causes depletion of 5-HT in the CNS (87).

Anti-migraine drugs interacting with 5-HT receptors

Clinical effects

Very few anti-migraine drugs have been tested rigorously in formal trials (88, 89). On the other hand,
ergotamine tartrate generally has an accepted clinical efficacy (90, 91). The drug shows wide intra-and
interindividual variation in bio-availability, metabolism, receptor affinity, clinical efficacy and side-effect profile,
and is mostly given in combination with other drugs (90, 91). The efficacy of ergotamine alone has never
been compared formally against placebo (90). When given early in the attack via the parenteral route,
ergotamine can provide relief in individual patients, alleviating the headache and associated symptoms within
30 min (90, 91). When tested in groups, however, the clinical response rate of ergotamine probably does not
exceed 50% (91, 92) and only when given early in the



attack. Recurrence of the attack within 45 h is uncommon in clinical practice although in a recent study up to
30% of successfully treated attacks recurred within 48 h (92). When ergotamine is used frequently ( ³ 1 dose
per week), so-called "rebound" or "ergot-dependent headache" may develop (93, 94). Patients with
ergotamine-dependent headache show a progressive increase of attack frequency and ergotamine
consumption. Ultimately, patients become addicted and require ergotamine daily to prevent severe
migraine-like rebound attacks within 12 to 24 h of the last dose. Treatment is complete withdrawal of
ergotamine, which causes severe headache, vomiting, diarrhea and other withdrawal symptoms for several
weeks. Recently it was suggested that sumatriptan is able to abolish these ergotamine withdrawal symptoms
(95) (and personal experience, vide infra).

Dihydroergotarnine (DHE)

DHE iv is considered to be a highly effective acute treatment of migraine (96, 97). In comparison with
ergotamine tartrate it is said to induce less nausea and no physical dependency. Clinical experience with
DHE iv is largely confined to North America. Very few controlled trials with DHE iv have been published; most
deal with treatment in the emergency room and none studied the effects of DHE alone, hampering true
evaluation of the effects of DHE. Studies evaluating the efficacy of DHE nasal spray have been unconvincing
(99-101).

Surnatriptan

Sumatriptan is highly and rapidly effective against all features of the headache phase of migraine attacks
(headache, nausea, vomiting, photo- and phonophobia), with and without aura (102-107). Following oral
administration, the bioavailability of sumatriptan is only about 14%, compared to 96% following sc
administration (108). The response rates are also lower, but still considerable and better than placebo (103,
105), or ergotamine (92). In contrast to ergo-famine, sumatriptan also is effective when given late in the
migraine attack (102).

The effects of sumatriptan on aura symptoms are as yet unknown. Aura symptoms are believed to be due
to either vasoconstriction (109) or spreading depression (110). The vasoconstriction may be either at the
arterial level or at the arteriolar level (112). Following systemic administration, sumatriptan primarily causes
constriction of large cerebral conductance vessels and is not known to cause significant rCBF changes (vide
infra). Therefore, sumatriptan is not expected to interfere with the aura symptoms and hence could be given
safely during the aura phase. Anecdotal reports of three patients with familial hemiplegic migraine, who have
used the drug during the hemi-plegic phase of an attack, indeed confirm this notion.

A conspicuous feature of treatment of migraine attacks with sumatriptan is that in at least one third of the
cases the headache recurs within 24 h after initial relief (102). Median time to recurrence is about 10 to 14 h
after sc administration (102) and 18 h after oral administration (92). Interestingly, headache recurrences have
also been found in 18% of placebo treated patients, after a median time of 9 h (102), in 30% of oral
ergotamine-treated patients, at a mean time of 23 h (92), and in 5-HT treated spontaneous and
reserpine-induced attacks (79, 80). Headache recurrences following treatment with sumatriptan may be
severe, but usually can be treated with a repeated dose of sumatriptan (personal observation). The exact
mechanism of these recurrences is unknown. It appears that, because of the short plasma half-life of
sumatriptan of about 2 h (108), the original attack breaks through again, after initial suppression of the
migraine symptoms for several hours.

5-HT

Although only tested in a few patients, 5-HT appears to have a dramatic alleviating effect on migraine pain
and associated features, but with significant side effects, precluding application in clinical practice. Kimball et
al. (78) were the first to report that 5 mg iv 5-HT relieved spontaneous and reserpine-induced migraine
attacks in five patients. The 5-HT precursor 5-HTP also alleviated spontaneous migraine attacks in three
patients. Unfortunately, no detailed clinical information was given and no mention was made as to the total
number of patients studied. Lance et al. (79) reported that slow iv infusion of 5-HT creatinine sulphate (0.1%)
to a total of 2.0 to 7.5 mg abolished spontaneous migraine attacks completely in two and partially in one
patient. A similar response was seen in three patients with reserpine-induced headache (vide supra) (38).
Interestingly, in both the spontaneous and the reserpine-induced group, headache recurred within 24 h of
initial disappearance in one patient. 5-HT does not cross the blood-brain barrier readily, suggesting a
peripheral mechanism of action.

5-HT3 antagonists

Based on the hypothesis that 5-HT3 antagonists may block 5-HT-induced neurogenic dural inflammation
in the distribution area of the trigeminal nerve and thus could potentially prevent migraine (pain) (113), five
highly selective and potent 5-HT3 antagonists have been tested in both the acute and prophylactic treatment
of migraine (114-119). Except for some anti-emetic effect, none of these drugs have proven effective in the
treatment of migraine. This



may have been partly due to the complex (bell-shaped) dose-response relation of these compounds, making
exact titration of the correct dosage difficult. In a recent study (118) promising results were claimed for
granisetron, but at the doses used the results were not clinically relevant.

Prophylactic drugs

In general, the clinical efficacy of prophylactic anti-migraine drugs is poor (response rates of 50% at
most), unpredictable and extremely variable. It appears that most drugs modify attack frequency and some
the duration and severity of the attack. Propranolol probably provides the highest chance of success in an
individual patient and methysergide the best results in terms of reducing attack frequency.

No reliable information is available on the effect of prophylactic drugs on premonitory signs. It has been
suggested that the peripheral dopamine D2 receptor antagonist domperidone may stop the full development
of migraine attacks when given during the premonitory phase (120), but clinical experience does not confirm
this. Finally, it has been claimed that blockade at 5-HT2 receptors may be important in the prophylaxis of
migraine attacks (121). Selective 5-HT2 antagonists are ineffective, however (122).

Pharmacological effects

Sumatriptan

Important general properties include a lack of antinociceptive effects (123) and good experimental
evidence that sumatriptan does not readily cross the blood-brain barrier in animals (124-126). No data on
humans are available and it is possible that functional properties of the blood-brain barrier may alter during a
migraine attack (27, 28). Rare, but sometimes prominent side effects such as transient drowsiness, sedation,
dizziness, vertigo and fatigue may point to some central effects of sumatriptan during an attack (102, 127).
Although these symptoms may also be considered as part of the recovery phase of a migraine attack, it
should be emphasized that these putative central effects occur only minutes after administration, may also be
observed in cluster headache, and are not seen so prominently after successful treatment with other drugs
including NSAIDs. Furthermore, sumatriptan caused dysphoria and apathetic sedation in a controlled study
(128).

Sumatriptan is a potent vasoconstrictor of primarily cerebral vessels in animal and man (129). The drug
contracts dog isolated saphenous vein (130) (via the same receptor as adenylate cyclase is inhibited (131)),
isolated basilar arteries of various species (132-134) and man (135) (the latter via a 5-HT1-like receptor) and
blood vessels within human isolated perfused dura mater (which effect can be blocked by methiothepin
(136)). In in vivo animal studies sumatriptan caused a dose-dependent decrease in carotid arterial blood flow
and increase of carotid arterial vascular resistance, without change in arterial blood pressure (137), due to a
selective vasoconstriction of arteriovenous anastomoses (AVAs) within the carotid vascular bed and no
noticeable effect on the cerebral or extracerebral circulation (138, 139). The sumatriptan-induced constriction
of AVAs was fully blocked by methiothepin, but not by ketanserin (139, 140), indicating a 5-HT1 receptor
mediated mechanism, whereas ergotamine-induced constriction of AVAs was only partly blocked by
methiothepin 3 mg kg-1 (139-141). Perivascular application of sumatriptan caused concentration-related
constriction of pial vessels, while iv administration of sumatriptan caused constriction of the carotid vascular
bed but not of pial vessels (125). Thus, after systemic administration, sumatriptan does not seem to penetrate
the vessel wall intima and does not affect rCBF.

Limited information is available on the vascular actions of sumatriptan in humans. Sumatriptan increases
blood flow velocity (BFV) in the internal carotid artery (ICA) and middle cerebral artery (MCA) (142-144), but
not in the external and common carotid artery (143, 144), in migraine patients both during (142-144) and
between (Caekebeke et al. in prep.) migraine attacks. During attacks, the increase of BFV appears related to
the clinical response and dose (143, 144). Six mg was found to be optimal both in terms of clinical
improvement (102) and increase of BFV (143, 144). Because rCBF, as measured with Xe inhalation, was not
changed (142), because increase in BFV with constant hematocrit usually reflects vasoconstriction (145, 146)
and because of the known vasoconstrictor effect of sumatriptan in animals (vide supra), it was concluded that
sumatriptan constricts large cerebral conductance vessels such as the ICA and MCA, and that this effect may
be related to the clinical efficacy of the drug. When re-examining the patients outside an attack, response of
BFV to sumatriptan was similar to the attack. Those patients who had clinically improved most during the
attack showed the greatest increase in BFV outside the attack, again suggesting a relationship between the
degree of vasoconstriction and clinical efficacy. Thus far no in vivo human data have been published on the
effects of sumatriptan on dural vessels, but preliminary results from our center indicate a clear and rapid
vasoconstricting effect.

Diener et al. (95) investigated BFV in the MCA and basilar artery (BA) of six patients during the withdrawal
phase from ergotamine-induced headache, before and after 4 mg sc sumatriptan. Despite (transient) clinical
improvement, they failed to demonstrate a significant change in BFV. In the
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study of Caekebeke et al. (143, 144), 3 mg sc sumatriptan mildly increased BFV in the MCA during migraine
attacks. The lack of change in BFV may have been related to the lower dose of sumatriptan used, to the
small number of patients investigated or to differences of vasoreactivity in ergotamine-dependent patients.
This would suggest that the clinical effect of sumatriptan in treating ergotamine-with-drawal symptoms may
be independent of its vasoconstrictor action on large conductance vessels.

The effects of sumatriptan on rCBF, i.e. at the microvasculature level, are complex. When considering
cortical (carotid) blood flow only, no consistent uniform changes could be demonstrated after sumatriptan
(142, 147). However, by directly comparing the basilar and carotid blood flow, a differential opposing effect of
sumatriptan on both vascular areas was found during migraine attacks, normalizing the balance of the
carotid/basilar flow towards at-tack-free values (147).

Vasoconstriction within the carotid circulation appears important for anti-migraine action of drugs because
efficacious drugs such as ergotamine, sumatriptan and 100% oxygen all share this ability (26). Recently it
was shown that the vasoconstrictor actions of sumatriptan and ergotamine on the carotid circulation probably
are mediated via different receptor subtypes (140), which may not even belong to the known 5-HT1 binding
subtypes, including the 5-HT1D (141). Further, resolution of ergotamine-withdrawal symptoms by
sumatriptan may be independent of its vasoconstrictor action on large conductance vessels (95). The
possibility remains, however, that constriction of dural vessels is involved.

Neurogenic inflammation (vasodilation and plasma protein extravasation) in dura mater following
stimulation of the trigeminovascular system, may be important to the mechanism of the headache in migraine
(148, 149). Neurogenic inflammation is, at least in part, mediated by release of vasoactive neuropeptides
such as substance P, neurokinin A and the powerful vasodilator calcitonin gene-related pep-tide (CGRP)
(150), which are contained within the ganglia and perivascular sensory fibers of the trigeminovascular system
(148, 150-152). In the rat model, systemic infusion of capsaicin may cause plasma extravasation within dura
mater via an axonal reflex, whereas treatment with substance P or neurokinin A may cause plasma
extravasation via a direct post-synaptic mechanism (133). Electrical trigeminal ganglion stimulation causes, in
addition to plasma extravasation within dura mater (153, 154), ultra-structural changes in blood vessels and
mast cells within dura mater (155-159), plasma extravasation within extracranial cephalic tissues including
conjunctiva, lip and eyelid (151, 153, 157) and increase of CGRP in the superior sagittal sinus (160).

Moskowitz and colleagues (151, 152, 161, 162) demonstrated that pretreatment with clinically relevant
doses of antimigraine drugs such as ergotamine tartrate, DHE, methysergide (long-term), sumatriptan and
indomethacin and aspirin, or pretreatment with (non-selective) 5-HT1b/1d receptor agonists such as
5-carboxymidotryptamine (5-CT), 5-benzyloxytryptamine (5-BT) and 8-hydroxydipropylaminotetraline
(8-OH-DPAT), selectively blocks plasma extravasation from blood vessels in dura mater but not extracranial
tissues, after electrical trigeminal ganglion stimulation. With respect to 5-HT1 receptors, the rank order of
effective blocking doses was 5-CT « 5-BT < DHE < sumatriptan < 8-OH-DPAT, which is most consistent with
a 5-HT1b/1d receptor mediated response. Sumatriptan, ergotamine tartrate and DHE also blocked plasma
extravasation following systemic capsaicin or bradykinin (sumatriptan only), but not after systemic treatment
with substance P or neurokinin A. No blocking effect was noted after pretreatment with 5-HT, and 5-HT2 or
5-HT3 antagonists. The blocking effect of sumatriptan on plasma extravasation was partially antagonized by
pretreatment with the non-specific but high affinity 5-HT1b/d receptor antagonist metergoline, but not by
pretreatment with the non-selective 5-HT1-like receptor antagonist methiothepin or 5-HT2 and 5-HT3
antagonists. Remarkably, 5-CT-blocked plasma extravasation was not attenuated by pretreatment with
metergoline. Pre-treatment with sumatriptan or DHE also attenuated CGRP increase in superior sagittal sinus
and ultra-structural changes in blood vessels and mast cells within dura mater following electrical trigeminal
ganglion stimulation (160). It was concluded that the blocking effect of sumatriptan and ergot-alkaloids on
neurogenic plasma extravasation is not related to their vasoconstrictor action, nor to a post-synaptic effect,
but rather to a pre-synaptic action, presumably by inhibition of the release of vasoactive neuropeptides
mediated by activation of 5-HT1b/1d auto-receptors on sensory fibers (151, 152).

Well in line with these conclusions is the observation that intra-cerebral infusion of sumatriptan, but not
peripheral administration, reduced extracellular levels of 5-HT in the frontal cortex in a dose-dependent
fashion (124), suggesting that sumatriptan inhibits release of 5-HT by stimulating terminal 5-HT
auto-receptors and that sumatriptan crosses the blood-brain barrier only poorly. Thus the mechanism of
sumatriptan action is located peripherally.

Important issues are (i) whether inhibition of neurogenic plasma extravasation in rat represents a true
model for anti-migraine effects in humans, (ii) whether vasoconstriction alone is sufficient to block neurogenic
plasma extravasation, and (iii) to what extent vasoconstricting and neuronal mechanisms are involved in the
anti-migraine action of sumatriptan.

Besides anatomical considerations (148, 149, 163) and the observation that dural vessels are among the



few pain-sensitive intra-cranial tissues (164), the major argument in favor of the contention that blockade of
neurogenic plasma extravasation in rat (as a measure of neurogenic perivascular inflammation) represents a
good model for anti-migraine efficacy in human, is that clinically effective anti-migraine drugs share this ability
(151). Human evidence can be derived from the elegant studies of Goadsby et al. which demonstrated that (i)
thermocoagulation of the trigeminal ganglion causes marked elevation of plasma levels of substance P and
CGRP in the ipsilateral external jugular vein (165), (ii) during migraine attacks there is selective increase in
plasma levels of CGRP (166), and (iii) sumatriptan normalizes these elevated CGRP levels but increased
neuropeptide Y levels (167).

Several reservations against a clinically important role of neurogenic inflammation should also be
considered. First, the blocking drugs were given as pretreatment before trigeminal stimulation. No data are
available whether or not plasma extravasation may be blocked when drugs are given after or during the
stimulus, which would reflect more closely the clinical situation. Second, the clinical effect of sumatriptan is
extremely rapid, particularly in cluster headache. It is hard to conceive that this rapid onset of improvement
can be entirely due to inhibition of neurogenic perivascular inflammation alone. Interestingly, increase of BFV
as a measure of vasoconstriction can be detected very early after the administration of sumatriptan (142-144)
as well as dural vasoconstriction (in prep.). Likewise, it is hard to conceive how sumatriptan would be able to
increase headache severity a few minutes after subcutaneous injection (vide supra) via a purely neuronal
mechanism. Third, inhalation of 100% oxygen is an extremely potent abortive treatment of cluster headache
attacks (168) and causes strong vasoconstriction in the carotid vascular bed (169). Breathing 100% oxygen
(8 1/min) beginning 5 min prior to stimulation did not block neurogenic plasma extravasation (154). Fourth,
patients with ergotamine-dependent headaches suffer from daily migraine-like attacks (93, 94). It is difficult to
conceive that recurrent neurogenic inflammation may occur on a daily or even twice-daily basis. It would be
interesting to see whether chronic treatment of rats with ergotamine, followed by acute withdrawal, would
cause dural plasma extravasation. Fifth, nitrovasodilators are known to induce headache. These agents
activate sensory fibers to release CGRP, which in turn relaxes cerebral vascular smooth muscle by activating
guanylate cyclase (170). Accordingly, vasodilation seems the final pathway and not neuronal mechanisms.
Finally, chronic pretreatment with propranolol, probably the most effective prophylactic anti-migraine (but not
anti-cluster headache) drug in clinical practice, was not able to prevent plasma extravasation (154).

If neurogenic inflammation indeed is important to the clinical situation, the next question is whether
vasoconstriction alone is sufficient to block it. Major arguments raised by Moskowitz and colleagues against
this notion are that vasoconstricting agents such as phenylephrine and angiotensin did not block plasma
extravasation (154, 161), neither did phenylephrine inhibit the release of CGRP in superior sagittal sinus
following electrical trigeminal stimulation (160). Ergot alkaloids did not prevent plasma extravasation in extra
cranial tissues despite a claimed arteriolar and venular constriction (154, 161). It has never been convincingly
demonstrated, however, that these drugs indeed caused vasoconstriction in these models. Therefore,
vasoconstriction cannot be excluded. On the contrary, sumatriptan did not block plasma extravasation into
guinea-pig hind paw following stimulation of saphenous and fibularis nerves, a model in which sumatriptan is
devoid of vasoconstricting effects (171).

Several lines of experiments suggest that in human sumatriptan acts via a 5-HT1d receptor-mediated
mechanism. First, sumatriptan selectively binds to 5-HT1d receptors (Table 2) and activates functional
biochemical models of 5-HT1d receptors (25, 172-174). Sumatriptan possesses also some affinity for
5-HT1a and 5-HT1b receptor subtypes, but the 5-HT1b receptor has not yet been identified in humans.
Second, the rank order of effective plasma extravasation-blocking doses of sumatriptan in Moskowitz's rat
model was most consistent with a 5-HT1d receptor mediated response (vide supra) (151). Finally,
sumatriptan is essentially equipotent to other clinically effective abortive anti-migraine agents with respect to
5-HT1d agonism (172-174).

The 5-HT1d receptor is the most common type of 5-HT receptor subtype in human brain (175-177) and
functions as an auto-receptor controlling the release of 5-HT (124) and other neurotransmitters such as NE
and Ach (178, 179). The 5-HT1d receptor is also believed to closely resemble the vascular 5-HT1-like
receptor (23, 24, 130, 132, 135, 137, 180). Indeed, sumatriptan concentration dependently inhibited PG E2
stimulated cyclic AMP accumulation in dog saphenous vein, via the same receptor which mediated
contraction (131). Recently it was shown that a 5-HT1-like receptor, which correlated with human caudate
5-HT1d binding sites or functional 5-HT1d receptor-coupled adenylate cyclase, was responsible for 5-HT
induced vasoconstriction in human pial arterioles (23, 24). It thus seems that sumatriptan is a highly selective
agonist at a subpopulation of 5-HT receptors (25, 172-174), designated "5-HT1-like" in the vasculature (181)
and 5-HT1d in nervous tissue (130, 132, 135, 137, 180).

Several reservations with respect to a 5-HT1d receptor mediated mechanism of action of sumatriptan
should be considered. First, contraction of iso-



Table 2. Receptor binding profile of sumatriptan at a variety of
neurotransmitter binding sites (22).
Receptor Tissue [3H]ligand pKi
5-HT1A Rat frontal cortex 8-OH-DPATa    6.6
5-HT1B Rat frontal cortex 5-HT    6.8
5-HT1C Pig choroid plexus 5-HT    5.1
5-HT1D Bovine caudate 5-HT    7.2
5-HT2 Rat frontal cortex Spiperone < 5
5-HT3 Mouse neuroblastoma Ondansetron < 5
a1-adrenoreceptor Total rat brain Prazosin < 5
a2-adrenoreceptor Total rat brain Clonidine < 5
ß-adrenoreceptor Rat cerebral cortex Dihydro-alprenolol < 5
Dopamine D1 Rat caudata Dopamine <5
Dopamine D2 Rat corpus striatum Spiperone < 5
Histamine H1 Total rat brain Mepyramine <5
Muscarinic Total rat brain QNBb < 5
Tryptamine Rat cerebral cortex Tryptarnine < 5
μ-Opiate Total rat brain Naloxone    6.1
K-Opiate Total rat brain EKCc < 5
d-Opiate Total rat brain D-Alanine < 5

D-Leucine
enkephalin

g-Aminobutyric acid Rat cerebrellum Muscimol < 5
Glycine Rat medulla and pons Muscinol < 5
me-Thyrotrophin Total rat brain Thyrothrophin < 5
releasing releasing
hormone hormone
CholecystokininA Pancreas Cholecystokinin-8 < 5
CholecystokininB Rat cerebral cortex Cholecystokinin-8 < 5
a DPAT-8-Hydroxy-2-(di-n-propylamino)tetraline; b QNB-Quinuclidinyl-3-benzylate;
c EKC-Ethyl ketocyclazocine.

lated dog saphenous vein and dog carotid artery by sumatriptan is potentially blocked by the non-selective
5-HT1-like receptor antagonist methiothepin, but not by the non-selective 5-HT1d receptor antagonists
metergoline, rauwolscine and vohimbine, even at very high concentrations (181). Next, Den Boer et al. (141)
recently concluded that the constrictor carotid 5-HT1-like receptors are not related to the known 5-HT1
binding subtypes, including the 5-HT1D sub-type, because the reduction in carotid arteriovenous shunting by
sumatriptan was not antagonized by metergoline, despite being susceptible to blockade by methiothepin.
Finally, Buzzi et al. (151) raised several arguments, suggesting "that an additional, as yet unidentified
subtype(s) of 5-HT1 receptor might be more involved in the inhibition of plasma leakage" in their model. Most
importantly, the plasma extravasation-blocking action of sumatriptan could not be inhibited by pretreatment
with methiothepin and only partially by metergoline, and the blocking effects of 5-CT showed an unexpectedly
high potency, which could not be inhibited by metergoline. Further, 5-HT itself was relatively inactive in their
model.

Ergotamine tartrate and DHE

In contrast to sumatriptan, ergot alkaloids show high affinity for a wide range of receptor sites (91, 121, 183)
making interpretation of pharmacological experiments difficult. In animal studies, ergotamine tartrate and
DHE show neuronal and vascular effects similar to sumatriptan. As discussed before, acute pretreatment
with ergotamine tartrate and DHE blocked neurogenic plasma extravasation in the rat (161) and ergotamine
reduced carotid blood flow in pig and cat predominantly by a reduction in AVA blood flow (184). In contrast to
sumatriptan, ergotamine-induced constriction of AVAs was not inhibited by methiothepin up to 3 mg kg-1
(139-141), suggesting mediation via a different receptor sub-type. In humans, ergotamine caused 17-33%
increase in BFV in MCA, without affecting CBF (185), an effect which is similar to that observed for
sumatriptan (142-144). In comparison to ergotamine, DHE possesses mainly venoconstrictor and only
modest arterial constrictor action (186, 187).

Recently, 3H-DHE binding sites were found in cat brain, predominantly in medial and dorsal raphe nuclei
and to a lesser degree in dorsal horn cervical spinal horn, medulla nucleus solitarius, area postrema,
descending spinal trigeminal nucleus, mescencephalon and cortex (188). A role in the anti-migraine effect of
DHE has been postulated for these binding sites. If this assumption is correct, the mechanism of action of
DHE may be different from sumatriptan, which does not cross the blood-brain barrier readily, and would not
reach these binding sites in significant quantities.



Prophylactic drugs

Prophylactic anti-migraine drugs show affinity for many different receptor sites and a great variety of pharmacological actions.
Based on binding studies in human frontal cortex (121) and rat brain (189), affinity for 5-HT1a and/or 5-HT2 receptor sites may be
important common mechanisms. However, clinical studies with agents selectively interacting with 5-HT2 receptors have been
disappointing (122). No clinical data are available on agents selectively interacting with 5-HT1A receptors.

5-HT1c receptors are a prominent central class of 5-HT receptors which located as neurons in thalamic sensory relay nuclei
and neurons involved in the central processing and regulation of nociceptive transmission (190). Activation of central 5-HT1c
re-ceptors has been claimed to provoke migraine attacks (vide supra) (85) and 5-HT1c antagonism has been suggested as a
putative mechanism for prophylactic anti-migraine drugs (86). Although most prophylactic anti-migraine drugs show high affinity for
5-HT1c receptors, propranolol, clinically among the most effective drugs, shows only modest affinity (86, 191). As yet, no clinical
information is available to support the 5-HT1C blocking hypothesis, but further investigations in this direction seem worthwhile.

Antagonism to 5-HT3 receptors has also been suggested as potential mechanism of action of prophylactic drugs (113).
However, a controlled trial with ICS 205-930, a potent 5-HT3 receptor antagonist, produced unconvincing results (116).

Concluding remarks

Substantial, though still indirect, evidence indicates an important role of 5-HT and 5-HT receptors in the mechanism of the
headache of migraine and possibly also cluster headache. Whereas the true etiology of the disease migraine, i.e. being struck by
recurrent attacks, and the actual mechanism of the initiation of attacks are largely unknown, the last part in the migraine cascade,
causing the headache, seems to involve reduced activation at cranial 5-HT1-like re-ceptors. Whether or not these receptors are of
the 5-HT1D subtype is a matter of debate. Likewise, the relative importance of vascular receptors mediating vasoconstriction of
large cerebral conductance arteries, arteriovenous-shunts within the carotid circulation and extra-cerebral dural vessels, versus
pre-junctional neuronal auto-receptor mediated inhibition of vasoactive neuropeptides and neurogenic inflammation, has not been
fully established.

Our interpretation of the available data is that migraine patients suffering from recurrent attacks have chronically low systemic
5-HT, predisposing them to develop headache once an attack has been initiated. Changes in platelet-5-HT content are not
causally related, but reflect similar changes at a neuronal level. Stimulation of vascular 5-HT1 receptors, probably located in the
vessel wall within the dural vascular bed, may alleviate the headache and associated symptoms, but does not influence earlier
mechanisms within the pathophysiological cascade. These receptors are of an as yet unidentified 5-HT1 subtype, closely
resembling, but not identical to 5-HT1D receptors. Activation of these receptors re-suits in vasoconstriction, inhibiting
depolarization of sensory perivascular afferents within the trigemino-vascular system and thus stopping the headache. Additional
inhibition of the release of vasoactive neuropeptides may be involved, but seems to be of only secondary clinical importance.

References

1. Sicuteri F, Testi A, Anselmi B. Biochemical investigations in headache: increase in the hydroxyindoleacetic acid excretion
during migraine attacks. Int Arch Allergy 1961; 19:55 -8

2. Verbeuren TJ. Synthesis, storage, release and metabolism of 5-hydroxytryptamine in peripheral tissues. In: Fozard JR ed
The peripheral actions of 5-hydroxytryptamine. Oxford: Oxford University Press, 1989:1-26

3. Malmgren R, Hasselmark L. The platelet and the neuron: two cells in focus in migraine. Cephalalgia 1988;8:7-24

4. Da Prada M, Cesura AM, Launay JM, Richards JG. Platelets as a model for neurones? Experientia 1988; 44:115-27

5. Berg EK van den, Schmitz JM, Benedict CR, Malloy CR, Wilierson JT, Dehmer GJ. Transcardiac serotonin concentration is
increased in selected patients with limiting angina and complex coronary lesion morphology. Circulation 1989;79:116-25

6. Artigas F, Sarrias MJ, Martinez E, Gelpí E, Alverez E, Udina C. Increased plasma free serotonin but unchanged platelet
serotonin in bipolar patients treated chronically with lithium. Psychopharmacology 1989;99:332-82

7. Sarrias MJ, Artigas F, Martínez E, Gelpí E. Seasonal changes of plasma serotonin and related parameters: correlation with
environmental measures. Biol Psychiatry 1989;26:695 - 706

8. Sarrias MJ, Cabré P, Martínez E, Artigas F. Relationship between serotoninergic measures in blood and cerebrospinal fluid
simultaneously obtained in humans. J Neurochem 1990;54:783-7

9. Baumgarten HG, Lachenmayer L. Anatomical features and physiological properties of central serotonergic neurons.
Pharmacopsychiatry 1985;18:180-7

10. Jacobs BL, Azmitia EC. Structure and function of the brain serotonin system. Physiol Rev 1992;72:165-216

11. Gillespie DD, Manier DH, Sanders-Bush E, Sulser F. The serotonin/norepinephrine-link in brain. II. Role of serotonin in the
regulation of beta adrenoceptors in the low agonist affinity conformation. J Pharmacol Exp Ther 1988; 244:154-60

12. Cubeddu LX, Hoffmann IS, Fuenmayor NT, Finn AL. Efficacy of Ondansetron (GR 38032F) and the role of serotonin in
cisplatin-induced nausea and vomiting. N Engl J Med 1990;322:810-16

13. King FD, Sanger GJ. 5-HT3 receptor antagonists. Drugs of the future 1989;14:875-89

14. Pratt GD, Bowery NG, Kilpatrick GJ, Leslie RA, Barnes NM, Naylor RJ, Jones BJ, Nelson DR, Palacios JM, Slater



P, Reynolds JM. Consensus meeting agrees distribution of 5-HT3 receptors in mammalian hindbrain. Trends Pharmacol Sci 1990;11:135-7

15. Glaum SR, Anderson EG. Identification of 5-HT3 binding sites in rat spinal cord synaptosomal membranes. Eur J Pharmacol 1988;156:287-90

16. Kilpatrick GJ, Jones BJ, Tyrers MB. Identification and distribution of 5-HT3 receptors in rat brain using radioligand binding. Nature 1987;330:746-8

17. Kilpatrick GJ, Jones BJ, Tyers MB. Brain 5-HT3 receptors. In: Paoletti R, Vanhoutte PM, Brunetlo N, Maggi FM eds Serotonin: from cell biology to pharmacology and therapeutics.
Dordrecht: Kluwer, 1990:339-45

18. Richardson BP, Engel G. The pharmacology and function of 5-HT3 receptors. Trends Neurol Sci 1986;9:424-8

19. Fozard JR. Neuronal 5-HT receptors in the periphery. Neuropharmacol 1984;23:1473-6

20. Mylecharane EJ, Phillips CA. Mechanisms of 5-hydroxy-tryptamine-induced vasodilatation. In: Fozard JR ed The peripheral actions of 5-hydroxytryptamine. Oxford: Oxford University
Press, 1989:147-82

21. Feniuk W, Humphrey PPA. Mechanisms of 5-hydroxy-tryptamine-induced vasoconstriction. In: Fozard JR ed The peripheral actions of 5-hydroxytryptamine. Oxford: Oxford University
Press, 1989:100-23

22. Feniuk W, Humphrey PPA, Perren MJ, Connor HE, Whalley ET. Rationale for the use of 5-HT1-like antagonists in the treatment of migraine. J Neurol 1991;238:S57-61

23. Hamel E, Bouchard D. Contractile 5-HT1d receptors in human brain vessels. In: Fozard JR, Saxena PR eds Serotonin: molecular biology, receptors and functional effects. Basel:
Birkhauser Verlag, 1991:264-74

24. Hamel E, Bouchard D. Contractile 5-HT receptors in human pial arterioles: correlation with 5-HT1D binding sites. Br J Pharmaco 1991;102:227-33

25. Deliganis AV, Peroutka SJ. 5-Hydroxytryptamine1d receptor agonism predicts antimigraine efficacy. Headache 1991; 31:228-31

26. Saxena PR, Ferrari MD. 5-Hydroxytryptamine1-like receptor agonists and migraine: possible impact on the pathophysiology of migraine. Trends Pharmacol Sci 1989;10; 5:200-4

27. Harper AM, MacKenzie ET. Cerebral circulation and metabolic effects of 5-hydroxytryptamine in anaesthetized baboons. J Physiol 1977;271:721-33

28. Grome JJ, Harper AM. The effects of serotonin on local cerebral blood flow. J Cereb Blood Flow Metab 1983; 3:71-7

29. Harper AM, MacKenzie ET. Effects of 5-hydroxy-tryptamine on pial arteriolar calibre in anaesthetized cats. J Physiol 1977;271:735-46

30. Edvinsson L, Hardebo JE, MacKenzie ET, Stewart M. Dual action of serotonin on pial arterioles in situ and the effect of propranolol on the response. Blood Vessels 1977;4: 366 - 71

31. Thompson JA, Wei EP, Kontos HA. Inhibition by ketanserin of serotonin induced cerebral arteriolar constriction. Stroke 1954;15:1021-4

32. Reinhard Jr. JF, Liebmann JE, Schlosberg AJ, Moskowitz MA. Serotonin neurons project to small blood vessels in the brain. Science 1979;206:85-7

33. Edvinsson L, Degueurce A, Duverger D, MacKenzie ET, Scatton B. Central serotonergic nerves project to the pial vessels of the brain. Nature 1983;306:55-7

34. Marco EJ, Balfagon G, Salaices M, Sánchez-Ferrer CF, Marin J. Serotonergic innernation of cat cerebral arteries. Brain Res 1985;338:137-9

35. Lance JW, Lambert GA, Goadsby PJ, Duckworth JW. Brainstem influences on the cephalic circulation: experimental data from cat and monkey of relevance to the mechanism of
migraine. Headache 1983;23:258-65

36. Ferrari MD, Odink J, Tapparelli C, Van Kempen GMJ, Pennings EJM, Bruyn GW. Serotonin metabolism in migraine. Neurology 1989;39:1239-42

37. Curran DA, Hinterberger H, Lance JW. Total plasma serotonin, 5-hydroxyindoleacetic acid, and p-hydroxy-m-methoxymandelic acid-excretion in normal and migrainous subjects. Brain
1965;88:997-1010

38. Anthony MA, Hinterberger H, Lance JW. Plasma serotonin in migraine and stress. Arch Neurol 1967;16:544-54

39. Anthony M. Plasma free fatty acids and prostaglandin E1 in migraine and stress. Headache 1976;16:58-63

40. Anthony M. The mechanisms underlying migraine. Med J Aust 1972;2(suppl):11-15

41. Anthony M. Plasma free fatty acids and prostaglandin E1 in migraine and stress. Headache 1976;16:58-63

42. Hilton BP, Cumings JN. 5-Hydroxytryptamine levels and platelet aggregation responses in subjects with acute migraine headache. J Neurol Neurosurg Psychiatry 1972; 35:505-9

43. Betstad JR. Total 5-hydroxyindoles in blood related to migraine attacks. Acta Neurol Scand 1976;54:293-300

44. Rydzewski W. Serotonin (5-HT) in migraine. Headache 1976;16:16-19

45. Somerville BW. The role of estradiol withdrawal in the etiology of menstrual migraine. Neurology 1972;22:355-65

46. Mück-Seler D, Deavonic Z, Dupelj M. Platelet serotonin (5HT) and 5HT-releasing factors in plasma of migrainous patients. Headache 1979;19:14-17

47. D'Andrea G, Toldo M, Cortelazzo S, Milone FF. Platelet activity in migraine. Headache 1982;22:207-12

48. D'Andrea G, Welch KMA, Riddle JM, Grunfeld S, Joseph R. Platelet serotonin metabolism and ultrastructure in migraine. Arch Neurol 1989;46:1187-90

49. D'Andrea G, Welch KMA, Grunfeld S, Joseph R, Nagel-Leiby S. Platelet norepinephrine and serotonin balance in migraine. Headache 1989:657-60

50. Ribeiro CAF, Cotrim MD, Morgadinho MT, Ramos MI, Santos ES, Reis Anastácio de Macedo T don. Migraine, serum serotonin and platelets 5-HT2 receptors. Cephalalgia
1990;10:213-19

51. Ferrari MD, Van Kempen GMJ. 5-HT and 5-HIAA in body fluids of migraine and tension headache patients. In: Olesen J, Saxena PR eds 5-Hydroxytryptamine mechanisms in primary
headaches. New York: Raven Press, 1992

52. Little CH, Stewart AG, Fennessy MR. Platelet serotonin release in rheumatoid arthritis: a study in food-intolerant patients. Lancet 1983:297-300

53. Caspary EA, Field EJ. Serotonin release from blood platelets in multiple sclerosis. The effect of encephalitogenic factor and ovalbumin in vitro. Dtsche Z Nervenheilkunde
1967;190:267-72

54. Dvilanski A, Rishpon S, Nathan I, Zolotowz Korczyn AD. Release of platelet 5-hydroxytryptamine by plasma taken during and between migraine attacks. Pain 1976;2:315-18

55. Anthony M. The biochemistry of migraine. In: Vinken PJ, Bruyn GW, Rose FC eds Handbook of clinical neurology, vol 4 (48): Headache. Amsterdam: Elsevier, 1986:85-105

56. Ferrari MD, Odink J. Frölich M, Tapparelli C, Portielje JEA. Release of platelet MET-enkephalin, but not serotonin, in migraine. J Neurol Sci 1989;93:51-60

57. Boiardi A, Picotti GB, Di Giulio AM, et al. Platelet MET-enkephalin immunoreactivity and 5-hydroxytryptamine concentrations in migraine patients: effects of 5-hydroxytryptophan,
amitriptyline and chloroimipramine treatment. Cephalalgia 1984;4:81-4

58. Di Giulio AM, Picotti GB, Cesura AM, et al. MET-enkephalin-immunoreactivity in blood platelets. Life Sci 1982;30:1605-14



59. Hannah P, Jarman J, Glover V, Sandler M, Davies PTG, Clifford Rose F. Kinetics of platelet 5-hydroxytryptamine uptake in headache patients. Cephalalgia
1991;11:141-5

60. Oreland L, Fowler CJ. Brain and platelet monoamine oxidase activities in relation to central monoaminergic activity in mice and man. In: Kamijo K, Udsin E,
Nagatsu T eds Monoamine oxidase: basic and clinical frontiers. Amsterdam: Excerpta Medica, 1982:312-20

61. Westlund KN, Denney RM, Kochersperger LM, et al. Distinct monoamine oxidase A and B populations in primate brain. Science 1985;230:4722

62. Kitahama K, Arai R, Maeda T, Jouvet M. Demonstration of monoamine oxidase type B in serotonergic and type A in noradrenergic neurons in the cat dorsal
pontine tegmen-tum by an improved histochemical technique. Neurosci Left 1986;71:19-24

63. Hart RF, Renskers KJ, Nelson EB, Roth JA. Localization and characterization of phenolsulphotransferase in human platelets. Life Sci 1979;24:125-30

64. Glover V, Sandler M, Grant E, et al. Transistory decrease in platelet monoamine oxidase activity during migraine attacks. Lancet 1977;i:391-3

65. Deanovic A, Iskric S, Duplj M. Fluctuation of 5-hydroxy-indole compounds in the urine of migrainous patients. Biomedicine 1975;23:346-9

66. Kangasniemi P, Sonninen V, Rinne UK. Excretion of free and conjugated 5-HIAA and VMA in urine and concentration of 5-HIAA and HVA in CSF during
migraine attacks and free intervals. Headache 1972;12:62-5

67. Curzon G, Theaker P, Phillips B. Excretion of 5-hydroxyindolyl acetic acid (5-HIAA) in migraine. J Neurol Neurosurg Psychiatry 66;32:555-61

68. Ferrari MD, Odink J. Urinary excretion of biogenic amines in migraine and tension headache. In: Rose FC ed New advances in headache research. London:
Smith-Gordon, 1989:85-8

69. Blau JN, Horsfield D, Quick J, Cumings JN. The production of migraine and biochemical changes in induced attacks. In: Smith Red Background to migraine.
London: Heinemann, 1967:146-53

70. Anthony M, Hinterberger H. Amine turnover in migraine. Proc Austr Ass Neurol 1975;12:43-7

71. Bousser MG, Elghozi JL, Laude D, Soisson T. Urinary 5-HIAA in migraine: evidence of lowered excretion in young adult females. Cephalalgia 1986;6:205-9

72. Fozard JR. Serotonin, migraine and platelets. Progr Pharmacol 1982;4:135-46

73. Aizenstein ML, Korf J. In elimination of centrally formed 5-hydroxyindoleacetic acid by cerebrospinal fluid and urine. J Neurochem 1979;32:1227-33

74. Kamoun P, Jerome H. Changes in blood serotonin in mental abnormalities. In: Boulin DJ ed Serotonin in mental abnormalities. New York: John Wiley,
1978:119-54

75. Elghozi JL, Laude D, Rey F, Ledard F, Mignot E, Duprat P, Meyer P. Le 5-HIAA arinaire: signification at application aux antimigraineux. In: Meyer P, Albin H,
Jaillon P, Lhoste F eds Les antimigraineux. Paris: Masson, 1985:212-28

76. Kovács K, Bors L, Tóthfalusi L, Jelencsik I, Bozsik G, Kerénui L, Komoly S. Cerebrospinal fluid (CSF) investigations in migraine. Cephalalgia 1989;9:53-7

77. Artigas F, Sarrias MJ, Martínez E, Gelpí E. Serotonin in body fluids: characterization of human plasmatic and cerebrospinal fluid pools by means of a new
HPLC method. Life Sci 1985;37:441-7

78. Kimball RW, Friedman AP, Vallejo E. Effect of serotonin in migraine patients. Neurology 1960;10:107-11

79. Carroll JD, Hilton BP. The effects of resetpine injection on methylsergide treated control and migrainous subjects. Headache 1974;14:149-56

80. Del Bene E, Anselmi B, Del Bianco PL, Fanciullaci M, Galli P, Salmons S, Sicuteri F. Fenfluramine headache: a biochemical and monoamine receptorial
human study. In: Sicuteri Fed Headache: new vistas. Florence: Biomedical Press, 1977:101-9

81. Sylvälahti E, Kangasniemi P, Ross B. Migraine headache and blood serotonin levels after administration of zimelidine, a selective inhibitor of serotonin uptake.
Curr Ther Res 1979;25:299-310

82. Bouchard JM, Delaunay J, Delisle JP, Grasset N, Nermberg PF, Molczadzki M, Pagot R, Richou H, Robert G, Ropert R, Sculler E, Verdeau-Pailles J, Zarifian
E, Hopfner-Petersen HE. Citalopram versus maprotiline: a controlled, clinical, multicentre trial in depressed patients. Acta Psychiatr Scand 1987;76:583-92

83. Curran HV, Lacier M. The psychopharmacological effects of repeated doses of fluvoxarnine, mianserin and placebo in healthy human subjects. Eur J Clin
Pharmacol 1986; 29:601-7

84. Sommervile JM, McLaren EH, Campbell LM, Watson JM. Severe headache and disturbed liver function during treatment with zimelidine. Br Med J
1982;285:1009

85. Brewerton TD, Murphy DL, Mueller EA, Jimerson DC. Induction of migraine-like headaches by the serotonin agonist m-chlorophenylpiperazine. Clin Pharmacol
Ther 1988;43:605-9

86. Fozard JR, Gray JA. 5-HT1c receptor activation: a key step in the initiation of migraine? Trends Pharmacol Sci 1989; 10:307-9

87. Pettibone DJ, WIlliams M. Serotonin-releasing effects of substituted piperazines in vitro. Biochem Pharmacol 1984; 33:1531-5

88. Tfelt-Hansen P, Chairman International Headache Society Committee on Clinical Trials in Migraine. Guidelines for controlled trials of drugs in migraine. First
edition. Cephalalgia 1991;11:1-13

89. Peatfield RC, Fozard JR, Rose FC. Drug treatment of migraine. In: Vinken PJ, Bruyn GW, Rose FC eds Handbook of clinical neurology, vol 4 (48): Headache.
Amsterdam: Elsevier, 1986:173-216

90. Thrush D. Does ergotamine work for migraine? In: War-low C, Garfield J eds Dilemmas in the management of the neurological patient. Edinburgh: Churchill
Livingstone, 1984:106-14

91. Perrin VL. Clinical pharmacokinetics of ergotamine in migraine and cluster headache. Clin Pharmacokine 1985; 10:334-52

92. A randomized, double-blind comparison of sumatriptan and cafergot in the acute treatment of migraine. The multinational oral sumatriptan and cafergot
comparative study group. Eur Neurol 1991;31:314-22

93. Saper JR. Ergotamine clependency-a review. Headache 1987;27:435-8

94. Saper JR, Jones JM. Ergotamine tartrate dependency: features and possible mechanisms. Clin Neuropharmacol 1986;9:244-56

95. Dienet HC, Peters C, Rudzio M, Noe A, Dichgans J, Haux R, Ehrmann R, Tfelt-Hansen P. Ergotamine, flunarizine and sumatriptan do not change cerebral
blood flow velocity in normal subjects and migraineurs. J Neurol 1991;238:245-50

96. Raskin NH. Repetitive intravenous dihydroxyergotamine as treatment for intractable migraine. Neurology 1986; 36:995-7

97. Callaham M, Raskin N. A controlled study of dihydroergotamine in the treatment of acute migraine headache. Headache 1986;26:168-71

98. Mather PJ, Silberstein SD, Schulman EA, McFadden Hopkins M. The treatment of cluster headache with repetitive intravenous dihydroergotamine. Headache
1991;31:525-32



99. Lataste X. Dihydroergotamine nasal spray. In: Ferrari MD, Lataste X eds New trends in clinical neurology series: migraine and other headaches. Camforth: Parthenon,
1989: 249-60

100. Acezat-Mispelter F, Souchet T, Le Bigot JF, Guilmont B, Dubray C. Evaluation of nasal tolerability of dihydroergotamine via the nasal route. Cephalalgia 1987;7(suppl 6):
422-3

101. Andersson PG. Dihydroergotamine nasal spray in the treatment of cluster attacks. Cephalalgia 1986;6:51-4

102. The subcutaneous sumatriptan international study group (Ferrari MD, Melamed E, Gawel Met al). Treatment of migraine attacks with sumatriptan. New Engl J Med
1991;325:316-21

103. Sumatriptan-an oral dose-defining study. The oral sumatriptan dose-defining study group. Eur Neurol 1991;31: 300-5

104. Self-treatment of acute migraine with subcutaneous sumatriptan using an auto-injector device. The sumatriptan auto-injector study group. Eur Neurol 1991;31:323-31

105. The oral sumatriptan international multiple-dose study group. Evaluation of a multiple-dose regimen of oral sumatriptan for the acute treatment of migraine. Eur Neurol
1991;31:306-13

106. Cady RK, Wendt JK, Kirchner JR, Sargent JD, Rothrock JF, Skaggs H. Treatment of acute migraine with subcutaneous sumatriptan. JAMA 1991;265:2831-5

107. Goadsby PJ, Zagami AS, Donnan GA, Symington G, Anthony M, Bladin PF, Lance JW. Oral sumatriptan in acute migraine. Lancet 1991;338:782-3

108. Fowler PA, Lacey LF, Thomas M, Keene ON, Tanner RJN, Baber NS. The clinical pharmacology, pharmacokinetics and metabolism of sumatriptan. Eur Neurol
1991;31:291-4

109. Wolff HG. Headache and other head pain. New York: Oxford University Press, 1963

110. Lauritzen M. Cortical spreading depression as a putative migraine mechanism. Trends Neurosci 1987;10:8-13

111. Solomon S, Lipton RB, Harris PY. Arterial stenosis in migraine: spasm or arteriopathy? Headache 1990;30:52-61

112. Friberg L, Olsen TS, Roland PE, Lassen NA. Focal ischaemia caused by instability of cerebrovascular tone during attacks of hemiplegic migraine. Brain 1987;110: 917-34

113. Fozard JR. Basic mechanisms of antimigraine drugs. In: Critchley M, Friedman AP, Gorini S, Sicuteri F eds Advances in neurology, vol 33. New York: Raven Press,
1982:295-307

114. Hughes JB. Metoclopramide in migraine. Med J Aust 1977;ii:580

115. Loisy C, Beorchia S, Centonze V, et al. Effects on migraine headache of MDL 72,222, an antagonist at neuronal 5HT receptors. Double-blind placebo controlled study.
Cephalalgia 1985;5:79-82

116. Ferrari MD. 5-HT3 receptor antagonist and migraine therapy. J Neurol 1991;238:S53-6

117. Ferrari MD, Wilkinson M, Hirt D, Lataste X, Notter M, and the ICS 205-930 Migraine Study Group. Efficacy of ICS 205-930, a novel 5-hydroxytryptamine3 (5HT3) re-ceptor
antagonist, in the prevention of migraine attacks. A complex answer to a simple question. Pain 1991;45:283-91

118. Rowat BMT, Merill CF, Davis A, South V. A double-blind comparison of granisetron and placebo for the treatment of acute migraine in the emergency department.
Cephalalgia 1991;11:207-13

119. Couturier EGM, Hering R, Foster CA, Steiner TJ, Clifford Rose F. First clinical study of the selective 5-HT3 antagonist, granisetron (BRL 43694), in the acute treatment of
migraine headache. Headache 1991;31:296-7

120. Waelkens J. Warning symptoms in migraine: characteristics and therapeutic implications. Cephalalgia 1985;5:223-8

121. Peroutka SJ. Antimigraine drug interactions with serotonin receptor subtypes in human brain. Ann Neurol 1988; 23:500-4

122. Davies PTG, Steiner TJ. Serotonin S2 receptors and migraine: a study with the selective antagonist ICI 169,369. Headache 1990;30:340-3

123. Skingle M, Birch PJ, Leighton GE, Humphrey PPA. Lack of antinociceptive activity of sumatriptan in rodents. Cephalalgia 1990;10:207-12

124. Sleight AJ, Cervenka A, Peroutka SJ. In vivo effects of sumatriptan (GR43175) on extracellular levels of 5-HT in the guinea pig. Neuropharmacology 1990;29:551

125. Humphrey PPA, Connor HE, Stubbs CM, Feniuk W. Effect of sumatriptan on pial vessel diameter in vivo. In: Jes Olesen ed Migraine and other headaches: the vascular
mechanisms. New York: Raven Press, 1991:335-9

126. Humphrey PPA, Feniuk W, Perren MJ, Beresford IJM, Skingle M. Serotonin and migraine. Ann NY Acad Sci 1990;600:587-98

127. Brown EG, Endersby CA, Smith RN, Talbot JCC. The safety and tolerability of sumatriptan: an overview. Eur Neurol 1991;31:339-44

128. Sullivan JT, Preston KL, Testa MP, Busch M, Jasinski DR. Psychoactivity and abuse potential of sumatriptan. Clin Pharmacol Ther 1992;52:635-42

129. Parsons AA. 5-HT receptors in human and animal cerebrovasculature. Trends Pharmacol Sci 1991;12:310-15

130. Humphrey PPA, Feniuk W, Perren MJ, Connor HE, Oxford AW, Coates IH, Butina D. GR43175, a selective antagonist for the 5-HT1-like receptor in dog isolated
saphenous vein. Br J Pharmacol 1988;94:1123-32

131. Sumner MJ, Humphrey PPA. Sumatriptan (GR43175) inhibits cyclic-AMP accumulation in dog isolated saphenous vein. Br J Pharmacol 1990;99:219-20

132. Connor HE, Feniuk W, Humphrey PPA. Characterization of 5-HT receptors mediating contraction of canine and primate basilar artery by use of GR43175, a selective
5-HT1-like receptor agonist. Br J Pharmacol 1989;96:379-87

133. Parsons AA, Whalley ET. 5-Hydroxytryptamine induced contraction of rabbit and feline isolated basilar arteries. Int J Microcirc Clin Exp 1990;9:227

134. Parsons AA., Whalley ET. Evidence for the presence of 5-HT1-like receptors in rabbit isolated basilar arteries. Eur J Pharmacol 1989;174:189-96

135. Parsons AA, Whalley ET, Feniuk W, Connor HE, Humphrey PPA. 5-HT1-like receptors mediate 5-hydroxy-tryptamine-induced contraction of human isolated basilar artery.
Br J Pharmacol 1989;96:434-49

136. Humphrey PPA, Feniuk W, Motevalian M, Parsons AA, Whalley ET. The vasoconstrictor action of sumatriptan on human isolated dura mater. In: Fozard JR, Saxena PR
eds Serotonin: molecular biology, receptors and functional effects. Basel: Birkhäuser Verlag, 1991:264-74

137. Feniuk W, Humphrey PPA, Perren MJ. The selective carotid arterial vasoconstrictor action of GR43175 in anaesthetized dogs. Br J Pharmacol 1989;96:83-90

138. Perren MJ, Feniuk W, Humphrey PPA. The selective closure of feline carotid arteriovenous anastomoses (AVAs) by GR43175. Cephalalgia 1989;9(suppl 9): 41-6

139. Boer MO den, Villalón CM, Heiligers JPC, Humphrey PPA, Saxena PR. Role of 5-HT1-like receptors in the reduction of porcine cranial arteriovenous anastomotic shunting
by sumatriptan. Br J Pharmacol 1991;102:232-30

140. Boer MO den, Helligers JPC, Ferrari MD, Saxena PR. Ergot alkaloids reduce cranial arteriovenous shunting in pigs: no major role for 5-HT1-like receptors. Cephalalgia
1991;11(suppl 11):203-4



141. Boer MO den, Villalón CM, Saxena PR. 5-HT1-like receptor mediated changes in porcine carotid haemodynamics: are 5-HT1D receptors involved? Naunyn
Schmiedebergs Arch Pharmacol (in press)

142. Friberg L, Olesen J, Iversen HK, Sperling B. Migraine pain associated with middle cerebral artery dilation: reversal sumatriptan. Lancet 1991;338:13-17

143. Caekebeke JFV, Zwetsloot CP, Jansen J, Saxena PRS, Ferrari MD. Sumatriptan increases the cranial blood flow velocity during migraine attacks. In: Olesen J
ed Frontiers in headache research, vol 1. Migraine and other headaches: the vascular mechanisms. New York: Raven Press, 1991: 331-4

144. Caekebeke JFV, Ferrari MD, Zwetsloot CP, Jansen J, Saxena PRS. The antimigraine drug sumatriptan increases blood flow velocity in large cerebral arteries
during migraine attacks. Neurology 1992;42;1522-6

145. Brass LM, Pavlakis SG, DeVivo D, Piomelli S, Mohr JP. Transcranial Doppler measurements of the middle cerebral artery. Effects of hematocrit. Stroke
1988;19:1466-9

146. Sloan MA, Haley EC, Kassel NF, Henry ML, Stewart SR, Reskin RR, Sevilla EA, Torner JC. Sensitivity and specificity of transcranial Doppler ultrasonography
in the diagnosis of vasospasm following subarachnoid hemorrhage. Neurology 1989;39:1514-18

147. Ferrari MD, Haan J, Bloldand JAK, Minnee P, Zwinderman KH, Saxena PR. 99mTc-HMPAO SPECT in migraine attacks without aura and effect of sumatriptan
on regional cerebral blood flow. In: Olesen J ed Migraine and other headaches: the vascular mechanism. New York: Raven Press, 1991;245-8

148. Moskowitz MA, Henrikson BM, Markowitz S, Saito K. Intra- and extracraniovascular nociceptive mechanisms and the pathogenesis of headpain. In: Olesen J,
Edvinsson L eds Basic mechanisms of headache. Amsterdam: Elsevier, 1988:429-37

149. Moskowitz MA. Cluster headache: evidence for a pathophysiologic focus in the superior pericarotid cavernous sinus plexus. Headache 1988;28:584-6

150. McCulloch J, Uddman R, Kingman TA, Edvinsson L. Calcitonin gent-related peptide: functional role in cerebrovascular regulation. Proc Natl Acad Sci USA
1986;83:5731-5

151. Buzzi MG, Moskowitz MA, Peroutka SJ, Buyn B. Further characterization of the putative 5-HT receptor which mediates blockade of neurogenic plasma
extravasation in rat dura mater. Br J Pharmacol 1991;103:1421-8

152. Buzzi MG, Moskowitz MA. Evidence for 5-HT1B/1D receptors mediating the antimigraine effect of sumatriptan and dihydroergotamine. Cephalalgia
1991;11:165-8

153. Markowitz S, Saito K, Moskowitz MA. Neurogenically mediated leakage of plasma protein occurs from blood vessels in dura mater but not brain. J Neurosci
1987; 7:4129-36

154. Markowitz S, Saito K, Moskowitz MA. Neurogenically mediated plasma extravasation in dura mater: effect of ergot alkaloids. Cephalalgia 1988;8:83-91

155. Dimitriadou V, Buzzi MG, Theoharides TC, Moskowitz MA. Ultrastructural evidence for neurogenically mediated changes in blood vessels of the rat dura mater
and tongue following antidromic trigeminal stimulation (in press)

156. Buzzi MG, Dimitriadou V, Theoharides TC, Moskowitz MA. 5-Hydroxytryptamine1 receptor agonist for the abortive treatment of vascular headaches block mast
cell, endothelial and platelet activation within the rat dura mater after trigeminal stimulation. Brain Res (in press)

157. Buzzi MG, Dimitriadou V, Theoharides TC, Moskowitz MA. Morphological effects of electrical trigeminal ganglion stimulation (ETG) on intra- and extracranial
vessels. Soc Neurosci 1990;16:160

158. Dimitriadou V, Buzzi MG, Moskowitz MA, Theoharides TC. Trigeminal sensory fiber stimulation induces morphological changes reflecting secretion in rat dura
mater mast cells. Neurosci 1991;44:97-112

159. Dimitriadou V, Buzzi MG, Lambracht-Hall M, Moskowitz MA, Theoharides TC. In vivo and in vitro ultrastructural evidence for stimulation of dura mast cells by
neuropeptides. Soc Neurosci 1990;16:161

160. Buzzi MG, Carter WB, Shimizu T, Heath HIII, Moskowitz MA. Dihydroergotamine and sumatriptan attenuate the increase in plasma calcitonin gene-related
peptide levels within rat superior sagittal sinus during electrical trigeminal ganglion stimulation. Neuropharmacology 1991;30: 1193-200

161. Saito K, Markowitz S, Moskowitz MA. Ergot alkaloids block neurogenic extravasation in dura mater: proposed action in vascular headaches. Ann Neurol
1986;24: 732-7

162. Buzzi MG, Moskowitz MA. The antimigraine drug, sumatriptan (GR42175), selectively blocks neurogenic plasma extravasation from blood vessels in dura
mater. Br J Pharmacol 1990;99:202-6

163. Moskowitz MA, Hendrikson BM, Beyerl BD. Trigemino-vascular connections and mechanisms of vascular headache. In: Vinken PJ, Bruyn GW, Rose RC eds
Handbook of clinical neurology, vol 4 (48): Headache. Amsterdam: Elsevier, 1986:107-15

164. Ray BS, Wolff HG. Experimental studies on headache. Pain-sensitive structures of the head and their significance in headache. Arch Surg 1940;41:813-57

165. Goadsby PJ, Edvinsson L, Ekman R. Release of vasoactive peptides in the extracerebral circulation of humans and the cat during activation of the
trigeminovascular system. Ann Neurol 1988;23:193-6

166. Goadsby PJ, Edvinsson L, Ekman R. Vasoactive peptide release in the extracerebral circulation of humans during migraine headache. Ann Neurol
1990;28:183-7

167. Goadsby PJ, Edvinsson L. The trigeminovascular system and migraine: studies characterizing cerebrovascular and neuropeptide changes seen in humans
and cats. Ann Neurol 1993;33:48-56

168. Fogan L. Treatment of cluster headache. A double-blind comparison of oxygen vs air inhalation. Arch Neurol 1985;42:362-3

169. Kawamura J, Meyer JS, Terayama Y, Weathers S. Cerebral hyperemia during spontaneous cluster headaches with excessive cerebral vasoconstriction to
hyperoxia. Headache 1991;31:222-7

170. Wei EP, Moskowitz MA, Bocallini P, Kontos HA. Calcitonin gene-related peptide mediates nitroglycerin and sodium nitroprusside-induced vasodilation in feline
cerebral arterioles. Circ Res (in press)

171. Humphrey PPA, Feniuk W, Perren MJ, Skingle M, Beresford IJM, Whalley ET. Further studies on the mechanism of the antimigraine action of sumatriptan.
Cephalalgia 1989;9(suppl 10):361-2

172. Peroutka SJ, McCarthy BG. Sumatriptan (GR 43175) interacts selectively with 5-HT1B and 5-HT1D binding sites. Eur J Pharmacol 1989;163:133-6

173. Waeber C, Hoyer D, Palacios JM. GR43175: a preferential 5-HT1D agent in monkey and human brains as shown by autoradiography. Synapse 1989;4:168-70

174. Schoeffter P, Hoyer D. How selective is GR 431757 Interactions with functional 5-HT1A, 5-HT1B, 5-HT1c and 5-HT1D, receptors. Naunyn Schmiedebergs
Arch Pharma-col 1989;340:135-8

175. Waeber C, Schoeffter P, Palacios JM, Hoyer D. Molecular pharmacology of 5-HT1D recognition sites: radioligand binding studies in human, pig and calf brain
membranes.



Naunyn Schmiedebergs Arch Pharmacol 1988;337:595-601

176. Waeber C, Dietl MM, Hoyer D, Probst A, Palacios JM. Visualization of a novel serotonin recognition
site (5-HT1D) in the human brain by autoradiography. Neurosci Lett 1988;88:11-16

177. Peroutka SJ, Switzer JA, Hamik A. Identification of 5-hy-droxytryptamine1D binding sites in human
brain membranes. Synapse 1989;3:61-6

178. Schlicker E, Fink K, Göthert M, Hoyer D, Molderings G, Roschke I, Schoeffter P. The pharmacological
properties of the presynaptic serotonin autoreceptor in the pig brain cortex conform to the 5-HT1D
receptor subtype. Naunyn Schmiedebergs Arch Pharmacol 1989;340:45-51

179. Hoyer D, Middlemiss DN. Species differences in the pharmacology of terminal 5-HT autoreceptors in
mammalian brain. TIPS 1989;10:130-2

180. Schoeffer P, Hoyer D. 5-Hydroxytryptamine (5-HT)-induced endothelium-dependent relaxation of pig
coronary arteries is mediated by 5-HT receptors similar to the 5-HT1D receptor subtype. J Pharmacol
Exp Ther 1990; 252:387-96

181. Humphrey PPA, Feniuk W, Perren MJ, Connor HE, Oxford AW. The pharmacology of the novel
5-HT1-like receptor agonist GR 43175. Cephalalgia 1989;9(suppl 9): 23-33

182. Perren MJ, Feniuk W, Humphrey PPA. Vascular 5-HT1-like receptors that mediate contraction of the
dog isolated saphenous vein and carotid arterial vasoconstriction in anaesthetized dogs are not of the
5-HT1A or 5-HT1D subtype. Br J PharmacoL 1991;102:191-7

183. Peroutka SJ. 5-Hydroxytryptamine receptor subtypes. Ann Rev Neurosci 1988;11:45-60

184. Bom AH, Heiligers JPC, Saxena PR, Verdouw PD. Reduction of cephalic arteriovenous shunting by
ergotamine is not mediated by 5-HT1-like or 5-HT2 receptors. Br J Pharmacol 1989;97:383-90

185. Tfelt-Hansen P, Sperling B, Andersen AR. The effect of ergotamine on human cerebral blood flow
and cerebral arteries. In: Olesen J ed Migraine and other headaches: the vascular mechanisms. New
York: Raven Press, 1991:339-44

186. Aellig WH. Investigation of the venoconstrictor effect of 8'hydroxydihydroergotamine, the main
metabolite of dihydroergotamine, in man. Eur J Clin Pharmacol 1964;26: 239-42

187. Müller-Schweinitzer E. Pharmacological actions of the main metabolites of dihydroergotamine. Eur J
Clin Pharmacol 1984;26:699-705

188. Goadsby PJ, Gundlach AL. Localization of 3H-dihydroergotamine-binding sites in the cat central
nervous system: relevance to migraine. Ann Neurol 1991;29:91-4

189. Hiner BC, Roth HL, Peroutka SJ. Antimigraine drug interactions with 5-hydroxytryptamine1A receptors.
Ann Neurol 1986;19:511-13

190. Molineux SM, Jessel TM, Axel R, Julius D. 5-HT1C receptor is a prominent serotonin receptor subtype
in the central nervous system. Proc Natl Acad Sci USA 1989;86:6793-7

191. Humphrey PPA. 5-Hydroxytryptamine and the patho-physiology of migraine. J Neurol 1991;238(suppl
1):38-44



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




