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Abstract

Primary headaches such as migraine and cluster headache are neurovascular disorders.
Migraine is a painful, incapacitating disease that affects a large portion of the adult
population with a substantial economic burden on society. The disorder is characterised by
recurrent unilateral headaches, usually accompanied by nausea, vomiting, photophobia
and/or phonophobia. A number of hypothesis have emerged to explain the specific causes
of migraine. Current theories suggest that the initiation of a migraine attack involves a
primary CNS event. It has been suggested that a mutation in a calcium channel renders
the individual more sensitive to environmental factors, resulting in a wave of cortical
spreading depression when the attack is initiated. Genetically, migraine is a complex
familial disorder in which the severity and the susceptibility of individuals are most likely
governed by several genes that vary between families. Genom wide scans have been
performed in migraine with susceptibility regions on several chromosomes some are
associated with altered calcium channel function. With positron emission tomography
(PET) a migraine active region has been pointed out in the brainstem. In cluster headache
PET studies have implicated a specific active locus in the posterior hypothalamus. Both
migraine and cluster headache involve activation of the trigeminovascular system. In
support, there is a clear association between the head pain and the release of the
neuropeptide calcitonin gene-related peptide (CGRP) from the trigeminovascular system.
In cluster headache there is, in addition, release of the parasympathetic neuropeptide
vasoactive intestinal peptide that is coupled to facial vasomotor symptoms. Triptan
administration, activating the 5-HTg/1p receptors, causes the headache to subside and the
levels of neuropeptides to normalise, in part through presynaptic inhibition of the cranial
sensory nerves. These data suggest a central role for sensory and parasympathetic
mechanisms in the pathophysiology of primary headaches. The positive clinical trial with a

CGRP receptor antagonist offers a new promising way of treatment.
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. Introduction

The primary headaches include migraine, tension-type headache, cluster headache, other
trigeminal autonomic cephalalgias and other primary headaches [146]. Tension-type
headache is the most common of these in the general population, however, since little
data exist for a neurovascular component we have only described those briefly below [5].
Migraine headaches are ascribed as neurovascular disorders which world-wide afflict up to
15-20% of the general population. The socio-economic implications are extensive with
considerable impact on productivity and quality of life. In Europe alone it is calculated that
600.000 days of work are lost daily. Migraine, which is the most common type, is
characterised by attacks of moderate to severe headache that last for 4 — 72 hrs, often
unilateral, pulsating and associated with photophobia/phonophobia and/or nausea/vomiting
[147]. In migraine with aura, the headache is preceded by transient focal neurological

symptoms, most often contralaterally [82].

Cluster headache is another of the primary headaches; it has a distinct clinic with
devastating pain. Some of the features of cluster headache overlap with those of other
primary vascular headaches. The pain usually occurs around the eye and is described as
retro-orbital or temporal. This implies involvement of the ophthalmic (first) division of the
trigeminal nerve. In addition to the pain, there are signs of parasympathetic overactivity,
e.g. lacrimation, nasal congestion, and injection of the eye. Short-lasting headaches
associated with autonomic symptoms may sometimes be confused with cluster headache.
Although the exact causes of the primary headaches remain unknown, some pieces of the
pathophysiological puzzle are starting to fall into place, particularly after a series of elegant
positron emission tomography (PET) studies [132-134]. During the last 20 years there has
been a heated debate whether the primary headaches are neurogenic or vascular in
origin. However, current molecular and functional studies suggest a way to incorporate the

different aspects into an integrated hypothesis as neurovascular headaches [39,82,156].



In susceptible individuals, changes in environmental or physiological states are known to
trigger the migraine headache. Migraine susceptibility has been linked to mechanisms
regulating central sensitization. The systems that govern neuronal excitability involve
homeostatic mechanisms and intracellular signalling pathways. The demonstration that
mutations in the calcium channel gene CACNA1A, in approximately 50% of families
suffering from the rare and severe familial hemiplegic migraine (FHM), has offered some
hope that there is a molecular genetic cause also of the more common types of migraine
[150,188]. However, it is well recognised that the central nervous system (CNS) is devoid
of sensory pain receptors and intracranially it is only blood vessels in the dura and the
circle of Willis that are supplied with sensory nerves and receptors that can respond to

thermal, mechanical or distensional stimuli [147,159].

. Where does the attack start ?

Some researchers have suggested that migraine is a disease comprised of two main
subtypes, migraine with aura and migraine without aura. In the former, the aura is
characterized most often by visual field disturbances, but sometimes also by additional
somatosensory disturbances. In these patients changes in cortical blood flow correlate
with areas of hypoperfusion, but no subsequent spreading from the area of hypoperfusion
can be demonstrated, possibly because these patients have been studied late during the
attacks. Olesen and colleagues were the first to observe in patients examined early at the
onset of induced migraine attacks, a pattern of localized blood flow decrease that spread
contiguously over the cerebral cortex [145]. This pattern of “spreading oligemia” or
“spreading hypoperfusion” was apparent only in patients who had migraine with aura. The
hypoperfusion was ipsilateral to the headache and contralateral to the symptoms of the
aura. In one subject who suffered a migraine attack during a series of cerebral blood flow
measurements with PET [201] the headache was associated with bilateral hypoperfusion
which started in the occipital lobes and spread anteriorly into the temporal and parietal
lobes. This provided high-resolution evidence of the spreading nature of the hypoperfusion
associated with a spontaneous migraine attack. This view was further supported by a

study of blood oxygenation level dependent (BOLD) signal changes reflecting the balance



between oxygen delivery and oxygen consumption. In one patient two attacks of induced
migraine aura showed an increase in the mean magnetic resonance (MR) signal (5%)
restricted to the occipital cortex contralateral to the visual aura [94]. These initial changes
were followed by a decrease in the mean MR signal (by 5%), corresponding to the
localised scotoma. The average velocity of the spread of the hypoperfusion over the cortex
was 3.5 mm/min, being in concert with previous experimental studies [121]. In three
spontaneous attacks of migraine with aura that were captured within 20 min of the onset of
visual symptoms; the BOLD data revealed increases in the amplitude of the MR signal
[94].Thus, this study supports previous reports of spreading depression as an initial
cortical grey matter hyperaemia with a characteristic velocity that is followed by
hypoperfusion. It lends support to studies in animals that the hypoperfusion spreads along
the cortical surface at a relatively constant rate, sparing the cerebellum, the basal ganglia
and the thalamus, and ultimately spanning the vascular distributions of the four major
cerebral arteries [121]. A plausible explanation for the blood flow changes seen in
association with the aura in a migraine attack is that they are the result of spreading
depression - a transient marked reduction in electrical activity in the grey matter which
advances across the cortical surface. The rate of advance is consistent with the spread of
symptoms observed and is associated with decreases in blood flow [121]. Spreading
depression can move transcallosally to homologous regions of the opposite hemisphere in
animals, and transcallosal spread may account for the bilaterality observed at the onset of
the headache [201]. One conclusion that has been raised from the studies is that the
migraine aura is not evoked by ischemia, but evoked by aberrant firing of neurones and
related cellular elements. An important question that can be raised is how the event is
linked to activation of the trigeminovascular reflex [136]. One tempting way would be to link
the cortical spreading depression to neurogenic inflammation in the dura mater and from
there activation of sensory and autonomic reflexes [18].However, the dura mater is an
extracerebral structure, separated from the brain by e.g. CSF and is nourished by the
external carotid artery [146]. Alternatively, specific cell bodies projecting from the
brainstem to cerebral vessels such as the extensive adrenergic and serotonergic efferent
from nuclei of the locus coeruleus and of the raphe nuclei, respectively, could be involved.
In fact there are some data to support this suggestion [19,44,160] showing close

association between intracerebral nerve fibers and cerebral blood vessels. This has been



examined at depth subsequently revealing a direct neurogenic control by intrinsic
serotonergic (5-HT) neurons on the cerebral microvascular bed [28].There exist close
association between the 5-HT neurons and microarterioles, capillaries and perivascular
astrocytes; this is more apparent in regions where manipulation of the intrinsic 5-HT

neurons elicits uncoupling between flow and metabolism [28,29]

In patients with migraine without aura, the situation is somewhat more intricate [199].
During attacks, small increases in blood flow were observed in the cingulate, auditory and
visual association cortices, and in brain stem regions. These changes normalized after
injection of sumatriptan and induced complete relief from headache as well as from phono-
and photophobia. However, the changes were small and could only be significant if the
PET data from all nine subjects were normalized, thus being by and large in agreement
with previous negative studies with the '** xenon method which lacks the precision of PET
[145]. Further support for the importance of a brainstem region was obtained in a patient
that developed an attack of migraine without aura after glyceryl trinit-ate administration.
Bahra and colleagues [13]observed activation in the dorsal rostral brainstem region and
hence reproduced those data seen previously by Weiller and colleagues. In addition, the
authors observed a neuronally driven vasodilatation and activation of regions associated

with pain processing [13,199].

A PET study in patients with attacks of cluster headache and of capsaicin-induced head
pain has reported blood flow changes that suggest, in part, a response that is primarily
generated by the pain[132,134]. In this study, the anterior cingulate cortex was activated
as would be expected, as part of the affective response. Activation was also seen in the
frontal cortex, the insulae and the ventroposterior thalamus contralateral to the side of the
pain. The only activated area that was particular to cluster headache was the ipsilateral
hypothalamus. This region is important in the control of circadian rhythm and can be linked
to the neurohormonal imbalance seen in cluster headache. This raised the possibility that
the pathophysiology of cluster headache is driven partially or entirely from the CNS. The
episodic nature of the disorder suggests involvement of at least the suprachiasmatic
region, possibly associated with the human biological clocks. Spontaneous as well as

nitroglycerin induced cluster headache attacks were both associated with cerebral



vasodilatation, interpreted as occurring via a neuronal mechanism [133]. Vasodilatation of
the cranial vessels was not considered to be specific to any particular headache
syndrome, but generic to cranial neurovascular activation involving both sensory and
parasympathetic reflex mechanisms as evidenced previously by the release of the sensory
neurotransmitter CGRP and the parasympathetic messenger VIP in man [73] and

experimentally in animal [74,205].

PET scans of patients with acute attacks of cluster headache demonstrated an unilateral
activation in the ipsilateral hypothalamic grey matter [132]. It is likely that the fundamental
driving process arises in diencephalic pacemakers. While migraine and cluster headache
share much in the expression of the pain, their underlying initiator mechanisms distinguish
them. Indeed, it is the CNS triggering or driving process that ultimately characterizes many
of the primary headache syndromes. In contrast, PET scans of capsaicin-induced pain or
in migraine [134,199] showed no hypothalamic activation. In patients with capsaicin
induced pain blood flow changes were seen in an area consistent with the cavernous
sinus/ carotid artery just as there are blood flow changes in these vessels in cluster
headache. This implies that the activation of the carotid artery does not relate specifically
to cluster headache, but rather a trigeminovascular autonomic reflex. The flow changes
may therefore be epiphenomena of the trigeminal activation, and not part of the disease

generation process.

A possible way to link recently documented alterations in the intracranial circulation to the
genetic theory is via the observation that genetically defect ion channels may more easily
be activated (due to altered membrane potential and/or function) and result in excitation of
neurons in situations where they are exposed to excessive stress. Proof for involvement of
brainstem nuclei in migraine came from a PET study by Weiller and colleagues [199] and
has now been supported by others [13]. During acute attacks, increased local blood flow
was observed in brain stem regions (specifically midbrain and pons regions). The
brainstem activation persisted after injection of sumatriptan. These findings support the
idea that the pathogenesis of migraine (and the associated emesis) is related to an
imbalance in the activity of brainstem nuclei regulating nociception and vascular control.

On the other hand it could equally well be an activation of the PAG acting as a filter to



inhibit the pain [66]. The study revealed activation of the dorsal raphe nucleus (DRN) and
the LC. It is well known that these centers have a dense supply of serotonergic and
adrenergic fibers, respectively. The fibers may evoke vasoconstriction (via catecholamines
or 5-HT) and hence explain the connection with the trigeminovascular reflex. Alternatively,
the DRN and LC send descending fibers to the trigeminal nucleus caudalis (TNC) and
dorsal root ganglia (DRG) where they act in a gate-control function and the PAG acts to
inhibit this. Thus, sensory transmission associated with the TNC appears to be regulated
by a complex system. It is still unclear whether the brainstem finding reveal the origin of
the disease or if it is an accompanying activation designed to limit the symptoms of the

migraine headache.

. The ion channel connection

Clinical studies have revealed that migraine patients usually have a family history [82]. In
the two main types of migraine, with aura and without aura, the familial aggregation cannot
be explained by simple mendelian inheritance patterns. FHM is the only variety of migraine
in which a mendelian type of inheritance has been clearly established. A few years ago a
candidate region on chromosome 19 was identified as a gene that encodes an a 1 A
subunit of a voltage-gated P/Q-type calcium channel [110,111,150]. FHM with cerebellar
signs was subsequently linked to mutations in CACNA1A [15,35,69,150,188,195]. Thus,
this type is now called FHM 1 and has been associated with mutations in CACNA1A [150]
but in others a second locus has been mapped on chromosome 1 [36,71] and is called
FHM 2. In still other cases, the disorder is linked to neither site, suggesting the existence
of a third locus, FHM 3 [36]. Eight mutations in CACNA1A have been identified in 18
families affected by hemiplegic migraine and in two patients with sporadic hemiplegic
migraine [1,150] CACNA1A is specifically transcribed in cerebellum, cerebral cortex,
thalamus, hypothalamus and upper brainstem. The opening and closing of voltage-gated
calcium channels are controlled by changes in voltage across the cell membrane and
mediate the entry of calcium into the cell. These channels are of critical importance
because the gradient between intracellular and extracellular calcium controls

neurotransmitter release, neuronal excitation and other neuronal functions. The calcium



channel is present in axons and dendrites, suggesting that it has both presynaptic and

postsynaptic roles in modulating cell-to-cell communication.

Several different missense mutations in the CACNA1A gene have been detected in
unrelated FHM families [150]. Generally, patients with FHM have missense mutations and
these alter the gating properties of the channel [34,150]. The first FHM mutation (R192Q)
occurs in a region that is believed to be part of the voltage sensor domain of the calcium
channel. The second, most prevalent of the FHM mutations (T666M) is found within the
pore-forming hairpin loop of the second domain of the channel. Two other FHM mutations
(V714A and 11811L) are located in the transmembrane segments that may influence
calcium channel inactivation, thereby blocking calcium transfer. The functional
consequences of FHM 1 mutations are now receiving much attention subsequent to
producing a knock-in mouse that carry the human FHM 1 R192Q mutation [197]. The
researchers found gain-of-function effects that include increased CAr2.1 current density in
cerebellar neurons, enhanced neurotransmission at the neuromuscular junction, and a
reduced treshold and increased velocity of cortical spreading depression [197]. The data
appear to suggest that this mutation may result in increased susceptibility to cortical

hyperexcitability and link spreading depression and aura in migraine.

The gene for FHM 2 was recently identified when an Italian research group found two
different missense mutations in the ATP A2 gene, coding for the alpha 2 subunit of the
Na” K" - ATPase in two families with pure FHM 2 [33], and this has been confirmed in two
Dutch families [198]. This subunit binds sodium, potassium, and ATP, and utilizes ATP
hydrolysis to extrude Na*ions. The Na* pumping provides the steep Na* gradient essential
for the transport of amino acids and calcium. Hypothetically a mutation like this may result
in loss of function which could make the brain more susceptible to spreading depression,

however, more experimentation is needed.

V. Nerves in the walls of intracranial vessels
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Since intracranial vessels are the only source for eliciting intracranial pain and in particular
referred pain [159] the understanding of the vascular innervation by autonomic and
sensory nerves is a prerequisite for the understanding of intracranially pain as it occurs in
primary headaches. The intracranial blood vessels are supplied with nerve fibers that
emanate from cell bodies in ganglia belonging to the sympathetic, parasympathetic and
sensory nervous systems (Figure 1) [91]. In addition, cerebral resistance vessels may be
innervated by fibers that originate within the brain itself thereby representing an intrinsic

nerve supply [40,55].

Sympathetic nervous system

The sympathetic nerves that supply the cerebral vessels arise mainly from the ipsilateral
superior cervical ganglion [142] while some nerve fibers that supply the vertebral and
basilar arteries originate from the inferior cervical ganglion and the stellate ganglion [3].
The activation of these fibers results in vasoconstriction, modulation of cerebrovascular
autoregulation, reduction of intracranial pressure, and a decrease of cerebral blood volume
and cerebrospinal fluid production [55]. The responses are mainly mediated by
noradrenaline (NA) and neuropeptide Y (NPY) [48,49], at least 40-50% of the NA-positive
cells contain NPY [12,186].

The neurotransmitter content in the nerve cell bodies is influenced by various factors:
Activation may increase catecholamine synthesis and NPY mRNA [96] while denervation
results in depletion of NA and NPY [49]. However, some time after sympathectomy, there
is an upregulation of NPY-containing fibers of parasympathetic origin [17]. Furthermore,
there are age-dependent changes in sympathetic neurons; in old rats there is a selective
loss of NPY with a concomitant increase of nerve fibers containing vasoactive intestinal
peptide (VIP) and calcitonin gene-related peptide (CGRP) around cerebral blood vessels
[21] with a significant reduction with age of NPY, VIP, substance P (SP) and CGRP [46].

Electronmicroscopic and functional studies have revealed that NA, NPY and adenosine

triphosphate (ATP) are co-stored in large dense-cored vesicles [21]. Stimulation of the

sympathetic nerves results in the release of these transmitters, the stimulus intensity
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determines the relative contribution of NA and NPY. At resting conditions, little NPY is
released, and hence sympathetic vasoconstriction is largely due to adrenoceptor and
purinergic receptors whereas in situations of high sympathetic activity, the contribution of

NPY becomes prominent [129].

It has been suggested that the small pial vessels on the cortical surface are supplied by
NA-containing fibers emanating from an intracerebral source such as the LC and/or the
hypothalamus [37,151]. Support for this hypothesis comes from studies showing that
destruction of the LC induces a reduction in the number of noradrenergic nerve fibers in
intracerebral vessels [55] and that central stimulation of NA neurons in the hypothalamus
is associated with an increase in hypothalamic blood flow which is unaffected by superior
cervical ganglionectomy or by the B-adrenoceptor antagonist propranolol [163]. It is
tempting to involve such a pathway in coupling neuronal activity to local blood flow

regulation [127].

Parasympathetic nervous system

The “classical” transmitter in parasympathetic nerves is acetylcholine (ACh) and their cell
bodies contain acetylcholinesterase (AChE). Cerebral blood vessels have perivascular
nerves that display AChE activity [61,97,181], and are choline acetyltransferase (ChAT)
positive [164,181]. At the ultrastructural level, varicosities that contain numerous small
agranular vesicles (40-60 nm in diameter) and that remain after sympathectomy are
generally presumed to represent cholinergic nerve terminals [61]. These varicosities
frequently occur in close apposition to large dense-cored vesicles in the neuroeffector
area, thus suggesting that parasympathetic nerves have the potential to interact with
sympathetic nerve terminals near cerebrovascular smooth muscle [61,62]. In several
species, ACh induces constriction of isolated cerebral arteries when deprived of the
endothelium, while transmural nerve stimulation predominantly induces relaxation in the
same preparations [123]. The neurogenic vasodilatation in these preparations is not
blocked by atropine and is thus non-cholinergic [122,123]. One possible explanation is that

additional substances are released together with ACh to mediate dilatation [122,123,164].
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Several neuromessengers, which induce cerebral neurogenic vasodilatation, have been
suggested. Among these are VIP, pituitary adenylate cyclase activating polypeptide
(PACAP) and nitric oxide (NO), which all seem to mediate a major component of the
vasodilator responses of isolated cerebral arteries and in vivo as demonstrated by cerebral
blood flow measurements [83,107,192]. In fact it has been suggested that NO might be the
last link in cholinergic transmission. Another possibility would be that ACh mainly acts
prejunctionally to inhibit neurotransmitter release from autonomic nerves [124]. The vast
majority of parasympathetic nerve fibers to cerebral vessels originates in sphenopalatine

and otic ganglia [51,180].

VIP was the first neuropeptide demonstrated in perivascular nerve fibers around brain
vessels [120]. Other peptides of the VIP family, such as PHI (peptide histidine isoleucine)
[57], its human form PHM (peptide histidine methionine) are seen in nerve fibers that
supply cerebral vessels [40,46,192]. The distribution of VIP-immunoreactive nerve fibers
varies between species. In most species, VIP-containing nerves are most abundant in the
circle of Willis and the major cerebral arteries. The density of the nerve plexus is highest in
the carotid system and diminishes in caudal direction. In man, the VIP-immunoreactive
nerve supply is sparse in both cerebral arteries or veins [52]. In the human sphenopalatine
ganglion there is a rich supply of cell bodies containing VIP, PACAP and NO [194]. In

addition, human sphenopalatine ganglia express mRNA for NPY Y4 and VIP receptors.

In some locations, AChE activity and VIP immunoreactivity can be seen in the same
vascular nerve fibers and this has led to the suggestion that VIP and ACh coexist in
parasympathetic nerve endings [92,128]. Furthermore, immunoelectron microscopic
studies revealed that, in the human superficial temporal artery, VIP immunoreactivity is
localized exclusively to large electron-dense secretory vesicles (diameter 70-100 nm) in
nerve terminal varicosities which also contain numerous smaller sized agranular vesicles
(diameter 40-60 nm) presumed to represent parasympathetic cholinergic neurons [50]. It
should be noted, however, that other studies on the cholinergic and VIPergic
cerebrovascular innervation have demonstrated that ChAT and VIP immunoreactivities are

co-localised in less than 5% of the fibers examined [138].
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Pituitary adenylate-cyclase activating peptide (PACAP) is a vasoactive peptide that
displays 68% homology to porcine VIP and is about 1000 times more potent than VIP in
stimulating adenylate cyclase activity in cultured rat anterior pituitary cells [4]. PACAP-
immunoreactivity and PACAP mRNA have been found in the sphenopalatine and otic
ganglia [194]. Perivascular nerve fibers that contain PACAP immunoreactivity can be seen
in cerebral blood vessels and PACAP mediates dilatation [107,168,192]. The maijority of
the PACAP-immunoreactive nerve fibers constitute a subpopulation of fibers containing
VIP/NOS immunoreactivity as verified by tracing, denervation and co-localization

experiments [47].

NO is a highly labile molecule and information on its cellular localization has largely been
attained by immunocytochemistry for nitric oxide synthase (NOS). There is evidence that
NO is not only a candidate for the endothelium-derived relaxing factor in the endothelium,
but also acts as a neurotransmitter [20]. NO is a non-conventional transmitter, since it
appears to be released by diffusion rather than exocytosis upon formation, is not stored in
vesicles, and its action is not dependent on the presence of conventional membrane-
associated receptors. There is a rich supply of NOS-immunoreactive nerve fibers around
cranial blood vessels from several species, including man [14,20,47,83,143,178,189,202].
In the human circle of Willis, NOS-containing fibers are relatively sparse and mainly
detected in posterior arteries [143,189]. In rodent and bovine cerebral vessels
[14,87,143,178] NOS-immunoreactive nerve fibers contain both VIP and AChE activity and
are assumed to represent parasympathetic nerves originating mainly from the
sphenopalatine ganglion [47]. Lee has [124] suggested that NO is a primary postjunctional
messenger with VIP and that ACh acts to limit the release of NO via prejunctional

receptors.

Sensory nervous system

Most sensory fibers to cranial structures derive from the trigeminal ganglion. Histochemical
studies have revealed a number of signal substances stored in trigeminal ganglion cells.

Based on the sequencing of cDNA for SP, three different SP precursors (a-, p-, and -
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preprotachykinin A) have been predicted. 6-preprotachykinin produces SP only, whereas
proteolytic cleavage of p- and &-preprotachykinin produces SP [59,106] and a second
tachykinin neurokinin A (NKA). The cerebrovascular distribution of NKA resembles that of
SP and coexistence of SP and NKA in cell bodies of sensory ganglia and in perivascular
nerve fibers have been demonstrated [31,41]. NKA-immunoreactive nerve fibers have a
similar distribution to that of SP-containing nerves and are also depleted after capsaicin

treatment.

CGRP immunoreactive nerve fibers supply the major cerebral arteries and pial arterioles of
the cortical surface of several species including man [43,52,57,58,68,89,91,191,203].
Marked species and regional variations are observed in the density of CGRP-
immunoreactive cerebrovascular nerve fibers. While cerebral arteries of laboratory animals
receive a dense supply of CGRP fibers, human cerebral vessels contain only a sparse
network. In perivascular nerve fibers CGRP is often co-localized with SP/NKA
[30,43,47,50-52,179,191]. These results are further supported at the ultrastructural level,
where the use of double immunogold staining demonstrated that CGRP and SP are co-
localized in the same large granular vesicles (70-150 nm in diameter) in both sensory
neurons of the trigeminal ganglion and in varicosities of perivascular nerve fibers of guinea
pig and man [30,50,90].

In the human trigeminal ganglion, CGRP-immunoreactive neurones occur in high numbers
(40% of all neuronal cells) whereas SP-immunoreactive neurones are less numerous
(18%). This agrees well with observations from the cat and the rat in which the relation of
CGRP to SP is approximately 3:1 [51,136,187]. In situ hybridisation has revealed that 40%
of all nerve cell bodies contain CGRP and CGRP mRNA [50,187]. CGRP and SP are
potent vasodilators in vivo and in vitro, the former being 10-1000 times more potent
[45,58,59,106,136]. Several studies have suggested that SP is involved in plasma
extravasation from postcapillary venules in the dura mater during primary headache
attacks [131]. While neurokinin receptor antagonists are potent inhibitors of neurogenic
inflammation [155,172,173] clinical studies have shown that these blockers do not have

any significant effect in acute migraine attacks [86]. Furthermore, while CGRP is released
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during the headache phase of a migraine attack, SP is not [76,79,171,200]. In addition,
there are indications that SP does not take part in vascular nociception in man [99]. This
view is supported by intravital microscope studies demonstrating that vasodilatation during
perivascular stimulation of the middle meningeal artery in vivo was blocked by a CGRP

antagonist but unaffected by neurokinin agonists or antagonists [171,200]

Immunocytochemistry has revealed the expression of PACAP not only in parasympathetic
but also in sensory ganglia [139,187] which has led to the suggestion that PACAP may act
as a neuromodulator in the sensory systems [139]. There is a moderate supply of PACAP
immunoreactive nerve fibers in the cat cerebral circulation [192]. In the rat the majority of
the PACAP-containing fibers around cerebral blood vessels seems to derive from the
sphenopalatine ganglion [47]. In the human trigeminal ganglion, PACAP containing cell
bodies are more numerous than in the laboratory animals, amounting to 15% - 20% [187].
Double immunostaining has revealed that PACAP co-localises with CGRP in some cell
bodies in the trigeminal ganglion. PACAP dilates cerebral arteries and can increase
cerebral blood flow [107,168,192]. Activation of the trigeminovascular system results in
co-release of CGRP and PACAP into the jugular vein of the cat [204], a model used in
studies of migraine [78]. It is also possible that this peptide may participate in antidromic

vasodilatation following activation of the trigemino-vascular reflex [136].

The opioid peptides endorphins, enkephalins and dynorphin belong to a family of
neuropeptides with modulator functions on nociception and inflammation [149]. Their
effects are mediated through three known types of opioid receptors, termed y, & and «
receptors. An additional receptor of this group the ORL-1 (orphan like) receptor has been
demonstrated [140], and the identified endogenous ligand was termed nociceptin because
of its hyperalgesic properties [137,161]. Recently reduced circulating levels of nociceptin
was found in cluster headache attacks and this suggested a reduced “break” in the
disorder [63]

At the cellular level, nociceptin behaves like classical opioids with inhibition of cAMP

production, activation of inwardly rectifying K* channels and modulation of a variety of

16



voltage-dependent Ca?* currents [32]. The action of nociceptin on ion conduction results in
reduced neuronal excitability or presynaptic transmitter release [137]. Pharmacological
studies have shown that nociceptin displays diverse effects on the modulation of pain. In
the CNS, nociceptin may be algesic and thus acting opposite to the opioid agonist. In the
peripherial nervous system there is a substantial overlap of the effects produced by
activation of the ORL-1 receptor and the opioid receptors [72]. The bidirectional effects of
nociceptin may depend on the activation of either u-sensitive secondary cells or «-
sensitive primary cells in the nucleus raphe magnus [152]. Previous studies have revealed
that nociceptin and its receptor are widely distributed in both the central and the peripheral
nervous systems [2,24,105]. Nociceptin immunoreactivity in the superficial dorsal horn is
not affected by dorsal root rhizotomy, suggesting that at the spinal cord level nociceptin is
produced by central rather by primary afferent neurons [162]. In tracing experiments, it has
been demonstrated that the primary trigeminal fibers descend to the superficial layer of the
dorsal horn of the cervical spinal cord [130]. About 70% of neuronal cells in trigeminal
ganglia are nociceptin immunopositive [103]. Double immunostaining has shown that in
the human trigeminal ganglion nociceptin is co-localized with CGRP, SP, NOS and
PACAP.

NO has been suggested as an important molecule for initiation of migraine attacks [148].
The expression of NOS in trigeminal nerve cell bodies supports this suggestion. NO
released from the endothelium (eNOS) from the perivascular nerves (nNOS), or inducible
NOS (iNOS), may activate the guanylate cyclase system in the smooth muscle cells. This
results in a decrease in the local intracellular Ca*" level, giving rise to vasodilatation which
may activate the pain sensitive structures around the cranial vessels [148]. Few trigeminal
neurones express NOS in laboratory animals [47,50,143]. In human trigeminal ganglia
about 15% of the cell bodies contain NOS [187]. Double immunostaining of the cat
trigeminal ganglion has revealed that only few CGRP neurones (less than 5%) are NOS
positive [60]. The relative functional role of CGRP and NO in the trigeminal ganglion has
been studied in the cat; CGRP blockade markedly attenuates the cerebral blood flow
increase following trigeminal nerve activation while NOS blockade is without effect [60] .On

the other hand, activation of the parasympathetic nerves results in a NO-dependent flow
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increase [83], suggestive of a physiological role for NO in the parasymphatetic vasodilator

system.

The human trigeminal ganglion stores several neurotransmitters such as CGRP, SP, NKA,
PACAP, nociceptin and NOS, but a functional system requires receptors. Few studies
have examined the presence of neuropeptide receptors, however, some work has been
done at the mRNA level. Thus, mRNA for both the NPY Y4 and the NPY Y, receptors have
been observed in the human trigeminal ganglion [187]. This lends support to the idea of a
sympathetic modulatory influence on the function of the trigeminal ganglion. In addition,
there is evidence of VIP1 receptor mRNA in human trigeminal ganglia, which suggests that
also parasympathetic nerves may influence the activity in the trigeminal ganglion. In

addition CGRP and nociceptin receptor mRNA has recently been shown [42,103,187].

The capsaicin receptor, also known as vanilloid receptor subtype 1 (TRPV1 receptor), is
an integral membrane protein with homology to a family of putative store-operated calcium
channels [26]. The TRPV1 receptor is activated not only by capsaicin, but also by noxious
heat and acid. It has therefore been suggested as a molecular integrator of those chemical
and physical stimuli that elicit pain [109,114,183]. The TRPV1 receptor is easily
desensitized by its agonist resiniferatoxin and shows slow recovery [184]. Capsaicin is an
excitatory neurotoxin that can release sensory neurotransmitters and selectively destroy
primary afferent neurons expressing the TRPV1 receptor. The majority of these sensory
neurons are small diameter cells. Capsaicin-sensitive neurons are involved in nociception
and are responsible for the neurogenic component of the inflammatory response. In
addition to its excitatory actions, capsaicin desensitizes the tissue with subsequent anti-
nociceptive and anti-inflammatory effects [16]. Within the cranial circulation, capsaicin may

activate the trigeminovascular system and release sensory peptides [39,53,108].

Immunohistochemistry and in situ hybridization have revealed expression of TRPV1
receptors in small- to medium sized neurons both at the mRNA and the protein levels in
the dorsal root ganglia (DRG), the trigeminal ganglia and the brain stem of the rat

[26,93,98,185]. In human trigeminal ganglia the TRPV1 receptor was detected by
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immunohistochemistry and RT-PCR [104]. A low number of human trigeminal neurons
were TRPV1 receptor immunopositive (16% of total neuronal cell bodies). Double
immunostaining showed that 10% of the VR1 receptor immunoreacctive neuronal cells
contained (CGRP), 8%SP and 5% NOS which suggests that activation of the VR1 receptor

may modulate the release of neurotransmitters in man.

Intracerebral innervation

Metabolically produced substances (e.g. H*, CO,, K, Ca®*, adenosine) have been
proposed to mediate the local changes in cerebral blood flow that accompany neuronal
activity. However, they seem not to account fully for the adaptative responses in
vasomotor activity in the microvascular bed. There has been a long quest if intracerebral
neurons can directly control intracerebral microcirculation. One proposal is that regional
changes in brain perfusion are controlled directly by neurons located within the brain
parenchyma. For instance, stimulation of specific brain regions such as the cerebellar
fastigial nucleus, the basal forebrain, or the brainstem raphe nucleus elicits changes in
cerebral blood flow in specific brain areas [28,29,127]. These changes in perfusion occur
independently of those in glucose metabolism, thus implying that neuronal pathways can
exert direct effects on the microcirculation. Furthermore, a population of neurons whose
activity are related to spontaneous waves of cerebral blood flow has been identified in the
cerebral cortex, and is suspected of transducing neuronal signals into vasomotor
responses [85]. Together, these observations suggest that the neuronal control of the
microvascular bed, which is achieved in concert with other mechanisms (vasoactive
metabolic substances, ionic gradients and intrinsic endothelial or myogenic responses
within the vessel wall), is a key determinant in the spatial and temporal adaptation of local
perfusion to cellular activity. This implies that brain neurons send projection fibers to
microvessels in target regions and that resistance microarterioles and possibly capillaries
have the ability to modify their diameters and consequently local blood flow in response to
changes in the level of brain neurotransmitters and/or neuromodulators. In addition, there
are mechanisms that may not only transmit information to the feeding vessels, but also

may redirect blood flow to the areas in demand [55].
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Early morphological studies have documented the presence of nerve fibers and,
occasionally, neuronal cell bodies containing different neurotransmitters and/or
neuromodulators in association with intraparenchymal blood vessels in many areas of the
brain [127]. These perivascular fibers or neuronal perikarya were described as following
the contours of blood vessels, apposed to or literally encircling the vessel walls. Electron
microscopy was employed to study the innervation of intracerebral arterioles and
capillaries in which axon terminals abutted their abluminal walls. Adrenergic vesicles
remained after bilateral cervical sympathectomy, which leads to the hypothesis that
intracerebral vessels receive an adrenergic innervation of central origin. The central
innervation of intraparenchymal arterioles seems to be located primarily at branching sites
— a strategic location for the control of local blood flow [29,56]. There are now morphologic
evidence that nerve fibers of central origin associated with brain intraparenchymal blood
vessels belong to the noradrenergic system [182]. Studies have confirmed that the locus
coerulens is the exclusive source of cortical perivascular noradrenergic nerve terminals,
and ultrastructural analysis has emphasized the frequent association of these fibers not
only with capillaries but also with microarterioles [55], and that they functionally have local
effects [158].

A similar morphologic analysis has been performed for central dopaminergic fibers.
Although no in vivo functional studies attest to a primary vascular effect of dopaminergic
centers (e.g., mesencephalic ventral tegmental area and substantia innominata) on the
local microcirculation, the perivascular application of dopamine in cortical brain slices has
been shown to cause vasoconstriction in about 50% of the microvessels studied [119].
These dopaminergic fibers were closely associated with intracortical microvessels, such as
capillaries, microarterioles, and penetrating arteries. In contrast to the relatively minor
effect on local perfusion exerted by central noradrenergic neurons, stimulation of the
brainstem raphe nuclei (the source of serotonergic nerve fibers throughout the brain) or
the ascending serotonergic pathways results in vascular responses in projection areas,
such as the cerebral cortex, corresponding primarily to vasoconstrictions [28,135].
Histochemical examination has shown intimate associations between serotonergic
neuronal processes and intraparenchymal vessels. This innervation of local microvessels

appears to embrace all vascular elements — arterioles, capillaries, and venules [44]. At the

20



ultrastructural level, perivascular 5-HT nerve terminals labelled for the 5-HT-synthesizing
enzyme tryptophan hydroxylase were associated with capillaries and microarterioles of all
sizes, including penetrating arteries [29]. This view was further supported by Bradley and
colleagues who showed intimate association between brain stem serotonergic neurons
with the wall of large medullary arteries using confocal imaging and electron microscopy
[19].

Therefore, the presence and strategical location of neurovascular appositions, their region-
selective distribution and perivascular proximity in regions known to modify the local
perfusion in response to stimulation of specific neuronal populations, and the exceptional
positioning of cortical interneurons provide convincing morphologic arguments for a role of
neurally produced substances in the control of microvascular tone and, thereby, local
cerebral blood flow [28,127]. This may provide the anatomical link between cerebral
neurons and the trigeminovascular system which is the central communication for the

afferent pain to the brain stem and the central aspects of the migraine symptoms.

V. Neurotransmitters in primary headaches

Trigeminal ganglion stimulation

The trigeminal system provides an important pain-transmitting link from the cranial
vasculature to the CNS. In laboratory animals, the sensory pathway has no resting tonic
influence on regional cerebral blood flow or regional cerebral metabolism [58,136] whereas
stimulation of the trigeminal ganglion increases intracranial blood flow in part via CGRP
release [50,60,81]. In humans, unilateral stimulation of the trigeminal ganglion results in
increased bilateral cortical blood flow, slightly more on the stimulated than on the
contralateral site [190]. Patients under treatment for trigeminal neuralgia are, in addition,
noted to flush on the side of stimulation. While the resting levels of CGRP do not differ
from control, stimulation of the ganglion during operation results in the release of CGRP

and SP, a response that is interrupted following cessation of stimulation [78].
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Migraine attacks

During migraine attacks there is a marked increase in the plasma levels of CGRP in the
bulbus or external jugular vein [79]. At the same time there is no change of CGRP in
peripherial blood or in the levels of NPY, VIP or SP in the jugular vein (Table 1).
Furthermore, there is no difference between migraine with aura or migraine without aura,
both result in substantial increases in venous CGRP levels at the same time as the
patients exhibit pain [70,76,79]. A somewhat higher basal level of CGRP has been noted
in the cubital fossa vein in migraine patients also outside the attack [9]. Quite importantly
Juhasz provoked migraine attacks by sublingual nitroglycerin and collected CGRP
samples from the antecubital vein. It was observed that the CGRP concentration increased
during the migraine attack and returned to baseline after the cessation of the migraine
[113]. In addition, the raised CGRP levels correlated with the timing of the attack and most
importantly with the severity (degree of pain) of a migraine headache. On the other hand a
limited study measuring neuropeptides in the internal jugular vein was negative [67].
Following sumatriptan [76]or rizatriptan administration [176], the CGRP levels returned to
control with successful amelioration of the headache. In addition, sumatriptan caused a
parallel decrease in plasma CGRP and migraine headache during nitroglycerin evoked
attacks [112]. The mechanisms behind this reduction in elevated plasma CGRP in man
may be due to the presence of 5-HT1g and 5-HT4p receptors expressed on the trigeminal
ganglion cells and fibers [102,126] which may during stimulation cause inhibition of
sensory nerve activity. The reason why SP is not released in migraine might be due to a
much lower level of SP than of CGRP within the trigeminovascular system to the
intracranial vasculature. Direct electrical stimulation of the trigeminal ganglion in man,
however, results in co-release of CGRP and SP [78] possibly because here the entire

sensory system to the head is activated.
Cluster headache
Patients with episodic cluster headache have been examined during spontaneous attacks

of headache to determine the release of neuropeptides [73]. During attacks, the levels of

CGRP and VIP are raised in cranial venous blood in all subjects, while no changes are
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seen in NPY or SP levels (Table 1). Treatment with oxygen or subcutaneous sumatriptan
promptly normalizes the CGRP levels while administration of an opiate does not alter the
peptide levels [73]. Activation of the trigeminal pathway results in the release of both
CGRP and VIP; this response is blunted by a 5-HT 4g,1p agonist [74]. Stimulation of the
superior sagittal sinus activates the trigeminovascular pathway and this also results in the
release of CGRP and VIP in the external jugular vein [205]. The CGRP and VIP release is
abolished by surgical lesion to the trigeminal nerve which suggests that the VIP response

is mediated via a brain stem reflex involving the superior salivatory nucleus [205].

Results from patient studies have shown that activation of the trigeminovascular system
and the cranial parasympathetic nervous system plays a key role in the acute attacks of
cluster headache. It is particularly noteworthy that the release of VIP is in concert with the
facial symptoms. The findings agree well with the results of others [64,65] who
demonstrated release of CGRP in nitroglycerine-elicited attacks of cluster headache. They
also saw that nitroglycerin can elicit an attack of cluster headache with CGRP release only
if the patient is in a latent period and thus prone to activation [65]. The finding of elevated
levels of both CGRP and VIP in the cranial venous blood during cluster attacks and in
experiments on laboratory animals suggests that there is activation of a brainstem reflex,
the afferent arc of which is the trigeminal nerve and the efferent the cranial

parasympathetic outflow from the VlIth nerve (Figure 2).

Trigeminal neuralgia

There does not seem to be any difference in the resting levels of neuropeptides in cranial
venous outflow between patients with trigeminal neuralgia and control subjects [78].
Stimulation of the trigeminal ganglion in conjunction with thermocoagulation causes a
marked increase in the external jugular vein levels of CGRP and SP, associated with
unilateral facial flushing. After cessation of the stimulation, the peptide levels returns to

normal.

Vasoactive substances may be responsible not only for causing or being closely

associated with the pain, but also for neurally mediated facial flushing. Thus, local facial
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stimulation by tapping a painful trigger point in a patient with a 17-year history of
intractable left-sided facial pain led to both unilateral pain and flushing [77]. This was
associated with a marked increase in the CGRP level (120%) during the flushing, but there

was no change in SP, NPY or VIP levels.

Chronic paroxysmal hemicrania

Chronic paroxysmal hemicrania (CPH) is a relatively well-recognized syndrome that is
defined by the International Headache Society operational diagnostic criteria as frequent
short-lasting attacks of unilateral pain, usually located in the orbital, supra-orbital or
temporal regions that may last for 2-45 minutes. The attack frequency may vary but is
usually five or more each day. The pain is associated with prominent autonomic symptoms
such as conjunctival injection, lacrimation, nasal congestion, rhinorrhoea, ptosis or eyelid
oedema. According to the diagnostic criteria, the attacks should settle rapidly upon

treatment with indomethacin.

We have studied one such case and observed that, during the pain, the CGRP level rose
by 200% as compared to the level while on indomethacin [75] or in control subjects
[73,76,78,79]. The VIP level rose to 32 pmol/L during an attack, dropping to 7 pmol/L upon
indomethacin treatment [75]. This shows that attacks of CPH are characterized by

activation of both sensory and parasympathetic cranial nerve fibres.

Tension-type headache

Tension-type headache (TTH) is the most common of the primary headaches [146];
increased tenderness of pericranial myofascial tissues is the most prominent finding, but
rather little has been done with regard to neuronal messengers. Ashina [7] analyzed
plasma CGRP during and after infusion of nitroglycerin in patients with chronic TTH but did
not find any change. Furthermore, Bach et al [11] reported normal CGRP levels in CSF of
TTH patients. A more detailed work still revealed that both central and peripheral levels of
CGRP, VIP, SP and NPY were unaltered in chronic TTH [6,8]. There was no relationship
between CGRP levels and muscular factors, however, in eight patients with pulsating pain
showed higher circulating CGRP levels [8].
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VI. Central mechanisms in headache

Once the trigeminovascular reflex is initiated, resulting in an antidromic activation which
involves release of CGRP, the central part of this pathway, the TNC and/or its reciprocal
parts at the C1 and C2 levels, are also activated (Figure 3). Experiments in laboratory
animals as well as in humans, have shown that direct stimulation of either the superior
sagittal sinus or the trigeminal ganglion results in activation of cells in this region [73,84].

This phenomenon may be shared by several of the primary headache forms.

1) How is the trigeminovascular reflex initiated?

Following the identification of the trigeminal vascular pathway and its dependence on
neuropeptides [191] functional studies showed that denervation does not alter the regional
cerebral blood flow or cerebral metabolism, the cerebral vascular responses to carbon
dioxide or the autoregulation [58]. However, vasoconstrictor responses elicited by
noradrenaline [136], alkaline pH, PGF,,, BaCl,, subarachnoidal blood or capsaicin are
modified [53,54]. The general picture is that following denervation there is no alteration in
the maximum contractile response to either of the above agents but the time to return to
the initial basal tone is markedly prolonged (Figure 3). It is hypothetised that the
vasoconstriction triggers an antidromic release of the sensory neuronal messengers,
which results in normalization of the vessel tone. Subsequent studies using antagonists in
combination with denervations have shown that CGRP has a significant role in this
response [53,54]. Vasodilation of cortical arterioles induced by acidic pH is not modified by
the trigeminal denervation [54]. Thus, if the primary headache attack involves a spreading
wave of depression of cortical neurons with subsequent vasoconstriction of cerebral
vessels, the trigeminal vascular system may have a counter-balancing effect designed to
normalize cerebrovascular tone. The activation of this system is noted clinically as an
increase in cranial venous outflow of CGRP during the attacks [73,76,78,79]. In an
experimental study of spreading depression it was demonstrated that CGRP is in part

involved in the local dilatation [157,196]. In contrast, spreading depression per se in
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monkeys did not result in enhanced jugular venous CGRP levels [157] which agrees well
with patient data [67]. If the patient is in a “latent period” [64], then the spreading
depression may induce a strong reflex vasoconstriction which may activate the
trigeminovascular reflex [136] as is seen in acute primary headache attacks [65]. The
connection may be either functionally as suggested by Bolay [18] or anatomically as

discussed above in the section on intracerebral innervation [28].

2) What is the role of the trigeminocervical complexs?

The nociceptive input from the cerebral vessels and the dura mater to the first synapse in
the brain stem is transmitted by small-diameter As- and C-fiber afferents in the ophthalmic
division of the trigeminal nerve via the trigeminal ganglion to nociceptive second-order
neurons to the superficial and deep layers of the medullary dorsal horn of the
trigeminocervical complex. This system extends from the trigeminal nucleus caudalis to
the segments of C2-C3. Detailed tracing has revealed the projection of C-fibers to the LI/II
and the LIV of the dorsal horn of thin C-fibers and A-fibers, respectively [125]. To
understand the pathophysiology of primary headaches it is essential to identify the regions
in the human brain that may process the signs of the disorder. It has been demonstrated
that there is a rich supply of SP-immunoreactive fibers in the marginal layer and in the
substantia gelantinosa of the subnucleus caudalis of the TNC and the Rexed’s laminae |
and Il of the C1 and the C2 levels of the human cervical spinal cord [193]. In addition,
there is a moderate supply of CGRP and PACAP fibres in these areas while NOS or VIP

fibres were not seen [27].

Migraine attacks involve changes that are characterised by pain and nausea, symptoms
that are mediated by the sensory system and by centres in the brain stem. The vascular
components of the disorder are mediated via the trigeminal nerve. Mechanical or electrical
stimulation of the dura mater or of cranial blood vessels reproduces signs of migrainous
pain [159]. Electrical stimulation of the trigeminal ganglion in man and cat results in
increased plasma levels of CGRP and SP in the jugular vein [78,79]. The central
structures that process craniovascular pain have to some degree been mapped.

Stimulation of the trigeminal ganglion in the rat induces a reduction in the
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immunoreactivities of CGRP and SP in the TNC, ipsilateral to the stimulated side
[117,165]. Electrical stimulation of the superior sagittal sinus in the cat leads to increased
metabolic activity in the TNC and in the C2 region of the spinal cord [84]. A marked
increase of the immediate early gene c-fos in laminae | and Il of the TNC and in the
superficial layers of the C1 and C2 regions can be seen upon stimulation of the middle
meningeal artery, the superior sagittal sinus or the trigeminal ganglion in monkeys and
cats [80,101,115]. However, the expression of neuropeptides in the brainstem is unaltered
during 2 hours of superior sagittal sinus stimulation [27]. The c-fos response is reduced by
anti-migraine drugs, such as triptans [116,118]. In man, evidence for a central site of
action of the triptans has come from binding studies that demonstrate their association
with the superficial laminae of the caudal part of the TNC and the cervical dorsal horn as
well as of the nucleus of the tractus solitarius. In an attempt to characterize the receptors
involved it has been suggested that the SHT4g receptors are present in very low
concentrations in all these nuclei in man (below 12% of total specific binding), while the
5HTp receptors account for about 50% of the total specific sumatriptan binding [126]. In
addition, a significant amount of 5HT ¢ —binding sites can be seen [25,153]. The 5HT ¢ site
has been examined using a specific agonist LY334370 [170]. LY334370 had no contractile
effect and did not inhibit CGRP release. However, it was observed that LY334370 could
block the transmission of nociceptive impulses in the TNC [170]. These data held weight to
the proposal that the antimigraine actions could in part be exerted centrally on these
nuclei. In man it was revealed that the immunocytochemical distribution of CGRP, SP and
PACAP coincides with the reported localisation of the 5-HT 4g/1p binding sites in the TNC
and in particular with the distribution of 5-HT 1g/1p receptor [193]. Thus, it is tempting to
suggest that if the triptans can reach the TNC and the C1 and C2 levels they may also
here inhibit the activity of the central aspects of the sensory trigeminal fibers. It also

suggests that the role of nitric oxide and VIP at this site is minor.

VII. Central sensitization

Reduced habituation of event-related potentials (ERPs) and enhanced contigent negative

variation (CNV) appear to be a unique characteristic of migraine with and without aura
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[141,175]. Thus, there is evidence of cortical hyperexcitability and lack of habituation to
repetitive stimuli in the migraine brain. Furthermore, this phenomenon can be normalised
by treatment with beta-blockers, calcium channel blockers, aspirin and 5-HT4 receptor
agonists that show anti-migraine efficacy [174]. Similarly, hyperexcitability in the occipital
cortex has also been demonstrated in migraine [10]. In addition, an investigation of
trigeminal and olfactory ERPs revealed trigeminal hyperexcitability in migraineurs [88].
CNV appears to be under aminergic control [95] and ERP show familial similarities,
suggesting the involvement of a genetic component. Hence, abnormalities in habituation
which leads to altered states of neuronal excitability may support a central theory and the
identification of the genes involved in the regulation of ERPs may be of importance when

investigating in migraine susceptibility [166].

VIIl. Peripheral sensitization

In many patients, pain of long duration often seems to be associated with a sensitized pain
system in which there is a facilitated impulse signalling in nociceptive nerve fibres. A new
load activating already sensitized fibres may in these patients result not only in increased
pain but also in an increased receptive field. Such observations have been made by
headache researchers since decades; hypersensitivity of the skin of the face or scalp,
neck muscle tenderness, and hyperalgesia [169]. There is increasing evidence that the
autonomic and sensory nervous system have the ability to respond to a physical load. In
experimental animals, it has been shown that repeated inflammation or injury may result in
increased sensitivity for pain in the affected area. Thus, repeated short lasting stimulation
of C-fibres in a limb may result in an increased receptive field for the neuron that has been
recorded. It is not clear how this happens, but it may be due to increased sensitivity at
peripheral receptors. A facilitated conduction in nociceptive neurons or perhaps a reduced

inhibition of pain via a decrease in the gate control may be involved.

It is well known that a migraine attack can be triggered by physiological as well as
psychological factors and several hypotheses have emerged regarding the initiation and
recurrence of migraine. One theory is that peripheral sensory fibres innervating the dura

and cranial blood vessels are activated. Other explanations may be that descending
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pathways that facilitate processing of pain signals are activated, or that the descending
pathways that inhibit processing of pain signals in the spinal cord are suppressed.

By analyzing response properties of individual meningeal primary afferent neurons in the
trigeminal ganglion before, during and after exposing the dura to inflammatory agents it
has been shown that mechanically insensitive neurons became mechano-sensitive after
chemical stimulation and that mechano-sensitive neurons that showed only minimal
response prior to the chemical stimulation of the dura increased after the stimulation [177].
In humans such mechanical supersensitivity could mediate the throbbing pain of migraine
and its worsening during coughing or bending over or other physical activities.

By analyzing response properties of individual brainstem trigeminal neurons that receive
convergent input from the dura before, during and after application of the inflammatory
agent to the dura it has been shown that the inflammatory agent not only activates dorsal
horn neurons [38,167], but also sensitizes them for up to 10 h [22]. The sensitized neurons
in the dorsal horn show significant increase in their response to mechanical stimulation of
the dural receptive fields and to mechanical and thermal stimulation of cutaneous
receptive fields; their response thresholds decrease and their response magnitudes
increase. Based on these findings it was predicted that the sensitization that develops in
the dorsal horn following introduction of the inflammatory agent will result in intracranial as
well as extracranial sensory hypersensitivities. Interestingly, it has been seen that a large
number of humans with migraine [23] has a cutaneous allydynia on the skin ipsilateral to

the migraine pain.

IX. Summary

Current data provide a model in which a central “generator” or an “active region”, different
in migraine and in cluster headache, is activated. Following alteration of cerebral blood
vessel tone, the trigeminovascular reflex is initiated to counter-balance cerebrovascular
constriction in part via release of CGRP and VIP. The study of neuropeptide levels in
migraine and cluster headache provides a link between the clinical and the basic research,
work that is crucial for the understanding of the pathophysiology. In migraine (with and

without aura) marked levels of CGRP indicate activation of the trigeminal system and
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normalized by administration of the highly effective triptan antimigraine agents coincident

with the relief of the headache.

The activation of TNC provides the central link to nociception, pain development, and
associated symptoms (Figure 4). Hypothetically, intense activation of the central pain
pathways may involve the superior salivatory nucleus, resulting in parasympathetic VIP
release, and manifestation of additional facial symptoms in e.g. cluster headache. A
number of possibilities to interact with the sensory system have recently appeared. It was
reported that an adenosine A1 receptor agonist acts prejunctionally to inhibit sensory
neurogenic vasodilation, CGRP release and firing of second order neurones in the TNC
[100]. Its clinical usefulness is now evaluated. By blocking CGRP receptors post-
junctionally, a recently developed CGRP blocker [40] has been found to be effective in
acute attacks of migraine [144]. Thus, both in spontaneous cases of migraine and in
headache attacks induced by administration of CGRP, the CGRP receptor antagonist
BIBN4096 BS was effective without any noticeable side effects establishing a new

principle in the acute treatment of migraine [144,154].
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Legends to illustrations
Figure 1.

Schematic illustration of the perivascular nerves in intracranial arteries. Sympathetic
nerves originate in the superior cervical ganglion and store noradrenaline, ATP and
neuropeptide Y. The presynaptic fibres originate in the tract. Parasympathetic nerves
have their major origin in otic and spheno- palatine ganglia and store VIP, PACAP,
nitric oxide and acetylcholine. Sensory fibers originate mainly in the trigeminal
ganglion and store CGRP, substance P, neurokinin A, PACAP and nitric oxide [91]

Figure 2.

Schematic illustration demonstrating the central role of the trigeminovascular system,
bridging from intercranial arteries and veins to the trigeminocervical complex with
e.g. the trigeminal nucleus caudalis (TNC). Intracranial blood vessels are invested
with mechano and sensory Aa- and C, e.g. CGRP, substance P, PACAP, nocicepting
inter alia [200]. Tracing with CTgand WHG .. have determined that the thin C-fibers
end in Lanima | while the Aa- end up in Lanima IV of teh brainstem [125]. From
these synapses the pain signalling carries up to higher levels and involves e.g. PAG
thalamus and cortex.

Figure 3.

Schematic illustration of the trigeminovascular reflex illustrated by local perivascular
administration of noradrenaline (NA). The sensory fibers in cerebral vessels sense
induced vasoconstriction and release stored neuronal messengers (e.g. CGRP) and
quickly normalize tone. After leasioning and the loss of CGRP and substance P the
same amount of vasoconstriction is seen, but the time to normalize the vascular tone
is markedly prolonged [53,54,58,136].

Figure 4.

Schematic illustration of the involvement of the trigemino-vascular system with the
parasympathetic outflow from the superior cervical nucleus to the otic and
sphenopalatine ganglion. This pathway is possibly activated upon intense stimulation
such as that seen in cluster headache. These attacks are associated with the release of
CGRP from the sensory fibers (pain) and also VIP (and other neuronal messengers)
from the parasympathetic system (resulting in facial symptoms).
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TABLE 1 — Overview of changes in perivascular neuropeptide levels occurring in acute attacks of primary headache disorders

NPY VIP Substance P CGRP
Migraine without aura +0 +0 +0 T
Migraine with aura +0 +0 +0 T
Trigeminal neuralgia +0 +0 +0 T
Cluster headache +0 T +0 T
Chronic paroxysmal headache +0 T +0 T

+ 0, no change from before headache
1 significant increase in neuropeptide level



