
British Journal of Clinical
Pharmacology

DOI:10.1111/bcp.12686
© 2
CGRP as a neuropeptide in
migraine: lessons from mice
Andrew F. Russo1,2,3

1Department of Molecular Physiology and Biophysics, University of Iowa, Iowa City, IA 52242, USA,
2Department of Neurology, University of Iowa, Iowa City, IA 52242, USA, and 3Veterans Affairs

Medical Center, Iowa City, IA 52246, USA
015 The British Pharmacological Society Br J Clin Pharm
Correspondence
Professor Andrew F. Russo, Department
of Molecular Physiology and Biophysics,
University of Iowa, IowaCity, IA 52242, USA.
Tel.: +1 319 335 7872
Fax: +1 319 335 7330
E-mail: andrew-russo@uiowa.edu
----------------------------------------------------

Keywords
calcitonin gene-related peptide, CGRP,
migraine, mouse model, neuropeptide,
photophobia
----------------------------------------------------

Received
6 February 2015

Accepted
18 May 2015

Accepted Article
Published Online
29 May 2015
Migraine is a neurological disorder that is far more than just a bad headache. A hallmark of migraine is altered sensory perception. A
likely contributor to this altered perception is the neuropeptide calcitonin gene-related peptide (CGRP). Over the past decade, CGRP
has become firmly established as a key player in migraine. Although the mechanisms and sites of action by which CGRP might trigger
migraine remain speculative, recent advances with mouse models provide some hints. This brief review focuses on how CGRP might
act as both a central and peripheral neuromodulator to contribute to the migraine-like symptom of light aversive behaviour in mice.
What is a migraine?

To appreciate the actions of the neuropeptide calcitonin
gene-related peptide (CGRP) in migraine, it is essential to
recognize that migraine is more than just a headache.
Migraine is a complex neurological disorder that involves
altered sensory perception and processing. This has been
documented by functional imaging studies and patient
reports that point to altered brain function, even between
attacks [1, 2]. Migraine appears to involve a number of brain
structures, including the cortex, hypothalamus, brainstem,
trigeminal nerve and meninges [3, 4]. Despite this complexity,
an emerging feature shared by many, if not all, of these
structures is communication with the trigeminovascular
pathway [5] and involvement of CGRP [6–8].
Mouse models

Given the complexity of migraine, there is a need for animal
models to understand the pathology and develop new
therapeutics. Many of the models for studying migraine have
been recently reviewed [9–12]. Perhaps themost widely used
model is meningeal stimulation by direct application of
inflammatory compounds. Inflammatory soup administered
onto the dura activates nociceptive trigeminal ganglia
neurones, leading to peripheral and central sensitization, as
shown by electrophysiological and nociceptive assays [13].
In recent years, this model has been refined to allow repeated
stimulation of the dura coupled to behavioural assays
[14, 15]. The model has also been adapted to conditioned
place preference assays that go beyond nociceptive reflexes
[16]. These types of operant-based preference and aversion
assays hold great promise for future studies.

More recent animal models often use established human
triggers of migraine [17] or genetic mutations identified in
rare familial forms of migraine [18, 19]. The most widely used
rodent models based on human triggers involve infusion of
nitroglycerine, which generates nitric oxide (NO). While reser-
vations have been raised about this model [20], nitroglycerine
induces allodynic responses to fine touch [21], and has been
shown to induce light aversive behaviour [22]. A promising
new model is based on medication overuse headaches
experienced by people who overuse triptan migraine
drugs [23]. The model that is the focus of the present review
is based on the ability of CGRP injections to cause a delayed
migraine-like headache in migraineurs. This model has
overexpressed CGRP receptor activity in the nervous system,
as described below. The converse knockout models lacking
CGRP or receptor subunits have some interesting pain and
vascular phenotypes, but have either not yet been fully tested
or been very informative with respect to migraine [24–26].
CGRP and migraine

CGRP is a multifunctional neuropeptide that is widely
recognized as a regulator of the cardiovascular system, a
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mediator of neurogenic inflammation and a modulator of
nociceptive input [8, 24, 27]. These neurovascular and
nociceptive activities made it a logical candidate to be
involved in migraine. Clinical studies have fully established
the importance of CGRP in migraine pathogenesis [6–8].
Briefly, there are three lines of evidence that support this
conclusion. First, CGRP levels have been reported to be
elevated during spontaneous and nitroglycerine-induced
migraine and reduced by triptans, coincident with pain
relief. This elevation was not seen in one well-controlled
study, which may reflect the heterogeneity of migraine
pathology or differences in techniques [28]. Elevated CGRP
levels have also been reported between attacks in people
with chronic migraine [29].

Second, intravenous injection of CGRP caused
delayed headaches, which for some subjects met the
criteria for experimentally induced migraine [30–32].
Notably, the delayed onset of migraine-like headaches
was seen only in migraineurs. Nonmigraineurs experi-
enced only an initial mild headache or fullness-of-head
sensation [31, 33]. This suggests that migraineurs are
unusually sensitive to CGRP actions, and provided the
rationale for designing a CGRP-sensitized mouse model,
discussed below [34, 35]. CGRP-induced migraines were
also reversed by a triptan [32]. Although two other
vasodilators, nitroglycerine and pituitary adenylate
cyclase-activating polypeptide (PACAP), can also induce
delayed migraine-like headaches similarly to CGRP, this
is not a general property of vasodilators [36]. Vasoactive
intestinal peptide can induce significant cerebral vasodi-
lation, but does not cause migraine [37]. Results with the
vasodilatory peptide adrenomedullin were somewhat
more complex as, although it did not cause migraine
yet dilated the extracranial temporal artery, it apparently
did not dilate intracranial arteries [38]. Along this line,
extracranial blood vessels are not dilated and intracranial
arteries are only slightly dilated during spontaneous
migraine [39], although technical limitations preclude
analysis of smaller intracranial dural vessels [40]. Hence,
although a direct connection between migraine and
vasodilation cannot yet be ruled out or in, the ability of
CGRP to induce migraine apparently involves more than
just its vasodilatory actions.

Third, a total of five small-molecule CGRP receptor
antagonists have proven effective in phase II and III
clinical trials [41–46]. These drugs relieved both the pain
and associated symptoms of migraine, including photo-
phobia. Although one of these drugs, telcagepant, was
successful in six phase III trials, further development
was halted following reports of liver toxicity after
repeated usage [47]. The site(s) of action of these drugs
remain unknown [6, 7, 48–50]. As they are not very
central nervous system (CNS)-penetrant, it is possible
that peripheral inhibition of CGRP is sufficient to treat
migraine. However, other evidence suggests a central
site of action and it is possible that sufficient amounts
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can enter the CNS [48]. In addition to small molecule
antagonists, a promising complementary strategy is to
block CGRP actions using monoclonal antibodies (mAbs)
that have been designed as biological drugs against
either CGRP or its receptor [51]. Because of their prolonged
half-life, humanized mAbs have tremendous potential as
prophylactic drugs to prevent migraine. Currently, four
mAbs are under development for preventing migraine,
and initial reports indicate that they are successful [52,
53]. The safety profile of CGRP-targeting drugs to date is
consistent with CGRP being primarily a compensatory and
modulatory peptide. It should be noted, however, that
CGRP has long-term protective effects in prolonged hyper-
tension in mouse models [54, 55]. Nonetheless, to date, the
clinical trials have supported the safety of CGRP antibodies
in humans. Thus, although long-term safety remains to
be demonstrated, there is no evidence from human studies
to date that suggests that the antibodies should be
contraindicated in hypertensive individuals or patients with
cardiovascular disease.
Strategy to sensitize mice to CGRP

The rationale to generate a CGRP-sensitized mouse
was based on reports that injection of CGRP caused
migraine-like headaches in migraineurs, but not nonmi-
graineurs [30, 33]. This suggested that migraineurs are
more sensitive to CGRP. One mechanism that could
account for this increased sensitivity might be elevated
CGRP receptors (Figure 1A). We therefore reasoned that
increasing CGRP receptor expression might sensitize a
mouse to CGRP actions. However, CGRP acts at an
unusual G protein-coupled receptor called calcitonin-like
receptor (CLR) which has an obligate requirement for a
subunit called receptor activity-modifying protein 1
(RAMP1). CLR also binds an intracellular protein, receptor
component protein (RCP) which increases G protein
coupling. RAMP1 is necessary for trafficking CLR to the
cell surface and CGRP binding specificity [56]. Interaction
of CLR with the related RAMP 2 and 3 subunits generates
adrenomedullin receptors that have lower affinity for
CGRP, but can still bind CGRP. Importantly, RAMP1 can
also bind other G protein-coupled receptors. Most
notably, RAMP1 converts a calcitonin receptor (CTR) to
an amylin receptor [57]. Further studies found that the
CTR/RAMP1 complex can also bind CGRP with relatively
high affinity and is present in trigeminal nerves [58].
Our studies with adenoviral vectors encoding human
RAMP1 (hRAMP1) in cultured trigeminal ganglia
neurones and vascular smooth muscle revealed that
RAMP1 is functionally rate limiting [59, 60]. These
observations provided the rationale for engineering
CGRP-sensitized mice by transgenic overexpression of
hRAMP1. Use of the human RAMP1 gene had two advan-
tages. First, it allowed detection of an untagged RAMP1



Figure 1
Calcitonin gene-related peptide (CGRP)-induced light-aversive behaviour
in nestin/human receptor activity-modifying protein 1 (hRAMP1) mice.
(A) A schematic of the CGRP receptor complex consisting of calcitonin-like
receptor (CLR), receptor activity-modifying protein 1 (RAMP1), and receptor
component protein (RCP) is shown (reproduced from Russo [8]). (B) The
conditional hRAMP1 expression strategy is outlined (modified from Zhang
et al. [60]). The parental green fluorescent protein (GFP)–hRAMP1 mouse
transgene contains a GFP stop sequence that prevents the expression of
hRAMP1 in the absence of Cre recombinase action at loxP sites. After
crossing GFP–hRAMP1 mice with nestin–cre mice, the GFP stop sequence
is removed and hRAMP1 is expressed in the nervous system of double
transgenic nestin/hRAMP1 mice. (C) CGRP administration by intracerebro-
ventricular injection caused nestin/hRAMP1 mice to spend less time in
the light compared with control mice or mice injected with vehicle.
*P < 0.05). Data obtained from Recober et al. [34]
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transgene (at the time, there was controversy over
whether tagged RAMP1 functioned correctly, but it is
now known to be fine). Second, the human gene would
potentially generate mice more sensitive to the CGRP
receptor antagonists olcegepant and telcagepant, which
had surprising human selectivity.
We chose a conditional expression strategy that relies
on Cre recombinase to activate the RAMP1 transgene
(Figure 1B). The first studies were done using RAMP1
expressed throughout the peripheral and CNS both in glia
and neurones. These mice, referred to as nestin/hRAMP1,
are double transgenics that express hRAMP1 only after re-
moval of an upstream stop sequence in neurones and glia
by Cre recombinase under control of the nestin promoter
[60]. Nestin/hRAMP1 mice have 1.5–2.0-fold greater levels
of total mouse and human RAMP1 in peripheral ganglia
and the CNS and increased CGRP-induced neurogenic
inflammation [60]. We have subsequently overexpressed
hRAMP1 in all tissues, referred to as global hRAMP1 mice.
These mice are sensitized to CGRP actions on the vascula-
ture, with improved baroreceptor sensitivity and resistance
to angiotensin II-induced hypertension [61, 62].

The nestin/hRAMP1 mice have additional properties
that are probably not relevant to migraine. Of particular
note, they have an unexpectedly lean phenotype, which
is most likely caused by increased sympathetic activation
of brown fat metabolism due to enhanced amylin activity
in combination with CGRP actions [63, 64]. Although this
metabolic phenotype is interesting, increased metabo-
lism is not a symptom of migraine.
How do you tell if a mouse has a
migraine?

Having established the transgenic mouse, we faced the
question of how migraine can be measured in a mouse.
Of course, wewill never fully know if a mouse hasmigraine.
Instead, we reasoned that the associated nonheadache
symptoms could be measurable parameters. The primary
migraine-like symptom that we tested was photophobia.
Photophobia is a subjective experience in which normal
levels of light are perceived as unpleasant or painful [65].
It is one of the diagnostic criteria of migraine [66] and is
one of the most common migraine symptoms, affecting
66–88% of migraineurs [67]. Sensitivity to light is also
reported between attacks, albeit to a lesser degree [67].
As a secondary indicator, we also measured movement
as aggravation of the headache by movement is one of
the diagnostic criteria of migraine. Although not further
discussed in the present review, we also found that the
nestin/hRAMP1 mice developed CGRP-induced cutaneous
allodynia owing to central sensitization [68]. Mechanical
allodynia is reported by over half of migraineurs [69].
Light-aversive behaviour in mice

The strategy to measure photophobia in mice was to use
light-aversive behaviour as a surrogate. To do this, we
used the classic light/dark box developed to study
anxiety behaviour in rodents [70, 71]. This assay has been
Br J Clin Pharmacol / 80:3 / 405



A. F. Russo
further developed with variations to address anxiety
issues by Matynia and colleagues [72]. When CGRP was
administered by intracerebroventricular injection, the
transgenic hRAMP1 mice spent significantly less time in
the light compared with either vehicle- or CGRP-treated
control mice (Figure 1C) [34, 73]. Although there have
been no significant differences based on gender, female
mice generally show a trend towards greater light
aversion. Further studies that monitor the oestrus cycle
and/or test hormone replacements may possibly reveal
a gender bias. The receptor specificity of CGRP-induced
light aversion was confirmed by coinjecting olcegepant,
which was effective in migraine clinical trials [43] and
has greater affinity for CLR/hRAMP1 than for
CTR/hRAMP1 [57]. Although this suggests that the
CTR/hRAMP1 receptor has only minimal contributions
in this mouse model, a caveat is that the drug concentra-
tions at the relevant sites are not known. Thus, we cannot
exclude a combination of multiple receptor actions con-
tributing to the light-aversive phenotype. In this regard,
the ability of the CTR/hRAMP1 amylin receptor to also
act as a CGRP receptor in cultured trigeminal ganglia
neurones raises the prospect of parallel pathways
activated by CLR/RAMP1 and CTR/RAMP1 receptors in
migraine [74]. Further studies with amylin and the amylin
antagonist AC187 in mouse models should prove
interesting.

The motility measurements in the light and dark cham-
bers were also very informative. In general, our findings
with control and nestin/hRAMP1 mice agreed with previ-
ous reports that CGRP decreases motor activity [34, 73].
Unexpectedly, we found that CGRP-treated nestin/
hRAMP1 and control mice had similar behaviour in the
light zone, whereas in the dark zone, nestin/hRAMP1
moved less than control mice [73]. We interpret this
light-dependent difference to indicate that when the mice
have reached the non-aversive dark environment, they
prefer not to move as much. This may reflect pain being
aggravated upon movement and is consistent with the
preference of people to lie down in a dark room during a
migraine.

As mentioned earlier, the light/dark assay was origi-
nally developed to test drugs and mutations on anxiety.
As such, CGRP-induced light aversion could be due to
increased anxiety or fear behaviour. We ruled out a major
contribution from anxiety using open-field and predator-
odour behavioural tests [34]. However, it is important to
realize that this does not rule out an anxiety component
to light-aversive behaviour. Indeed, we have speculated
that the presence of CGRP in amygdalo–thalamic fibres
suggests that the amygdala might modulate photopho-
bia [65]. In addition, although CGRP was centrally admin-
istered, these experiments do not rule out a peripheral
site of action, especially as some extracranial leakage
occurred during injection [75]. Future experiments with
targeted activation of the hRAMP1 transgene and/or
406 / 80:3 / Br J Clin Pharmacol
injection of CGRP should elucidate the pathways under-
lying light-aversive behaviour.

We then reasoned that, given a sufficiently strong stim-
ulus, even wild-type mice might show CGRP-induced light
aversion. With the light increased from 55 lux (a dim room)
to 27 000 lux (equivalent to a bright sunny day), there was
an apparent trend, although not significant, for wild-type
mice to prefer the dark zone following CGRP injection. In
this test, we noticed that the trend appeared to be greater
the longer that the mice were in the testing chamber. We
reasoned that prior habituation to the chamber might
reduce the drive to explore the adverse lit zone. When
the mice were habituated to the chamber and in the
presence of very bright light, CGRP treatment drove them
into the dark [75]. This wild-type phenotype demonstrated
that endogenous CGRP receptors are sufficient to induce
light-aversive behaviour, which indicates that the nestin/
hRAMP1 phenotype was due to an elevated number of
CGRP receptors, not ectopic transgene receptors.
Importantly, the antimigraine drug rizatriptan attenuated
the CGRP-induced behaviour in wild-type mice [75], as
well as in hRAMP1 transgenic mice [76].

In summary, the efficacy of clinically proven migraine
drugs on CGRP-induced light aversion in mice validates
this behaviour as a surrogate for migraine-associated
photophobia. Furthermore, as with migraineurs, the
CGRP-sensitized mice prefer the dark, even at low light
levels, whereas wild-type mice only respond in very bright
light. Interestingly, the behaviour coincides with reduced
locomotor activity in the dark, but not in the light.
Where might CGRP be acting?

Given the ability of CGRP to induce light-aversive behav-
iour, where might it be acting? Over the past decade,
several neural networks have been implicated in the en-
hanced light sensitivity and pain of photophobia [77, 78].
These paths include primarily central locations, but also
peripheral sites. A target shared by many of the central
and peripheral mechanisms is the trigeminal nerve [79].
The trigeminal nerve is ideally poised at the interface of
the CNS and periphery, with central efferent terminals
and peripheral afferent fibres. Indeed, it seems likely that
CGRP has actions in both the CNS and the periphery that
ultimately contribute to migraine pathophysiology. The
mechanisms by which CGRP could potentially act at both
central and peripheral sites are briefly discussed below.
CGRP as a central modulator

CGRP is widely distributed across the CNS [80]. The
predominant CGRP-immunoreactive cell bodies are in the
thalamus (especially in the posterior thalamic nuclear group),
hypothalamus, ventral tegmental area, periaqueductal gray
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(PAG) and brainstem nuclei, including the spinal trigeminal
nucleus [81–83]. Fibres containing CGRP project to the
frontal cortex, amygdala and nucleus accumbens [84]. CGRP
receptor binding sites have been mapped to many central
structures, including the cortex, limbic system (amygdala,
nucleus accumbens, hypothalamus) and brainstem (PAG,
medulla, pons) [80, 85, 86] and are enriched in the PAG
and amygdala [80]. The PAG receives ascending pain signals
and is part of the descending pain inhibitory system [87]. It
also cooperates with the amygdala in processing fear and
anxiety [88]. The amygdala is a principal site for processing
these behaviours and also relays nociceptive information
[89]. In the rat, CGRP is involved in the processing of fear-
related sensory information [90], fear conditioning [91, 92]
and the neuroendocrine fear response [93]. The amygdala
is of particular interest, given its high levels of both CGRP
and CGRP receptors [80].

With respect to light aversion, perhaps the most rele-
vant sites of CGRP receptors are in the spinal trigeminal
nucleus (also called the trigeminal nucleus caudalis),
posterior thalamic nuclei, PAG, amygdala nuclei, selected
nuclei in the hypothalamus, and the visual and somato-
sensory cortices (Figure 2). Particular interest has been
focused on the posterior (Po), lateral posterior (LP) and
ventroposteromedial (VPM) thalamus, where Burstein
and colleagues [77, 94, 95] showed convergence of
signals initiated by dural trigeminal afferents and
Figure 2
Potential sites of CGRP action in light-aversive behaviour. The rodent brain is sh
nuclei and input from the trigeminovascular system and light detected by the e
and respond to CGRP to modulate either affective behaviour or spinal trigemin
tation. Abbreviations are as follows: Amg, amygdala; Hyp, hypothalamus (whic
ganglion (which includes neurones and satellite glia); PAG, periaqueducta
ventroposteromedial and lateral posterior thalamus); Rmg, raphe magnus nuc
V2, visual cortex. Dural mast cells and blood vessels with associated trigeminal fi
resents the dura)
melanopsin retinal ganglion cells. Moreover, the VPM
nucleus is known to contain CGRP receptors, and CGRP
receptor antagonists can inhibit nociceptive tri-
geminovascular activation of this nucleus [96]. However,
a CGRP modulatory role in this region remains to be
tested. A recent report described a number of potential
modulators in fibres from relevant hypothalamic nuclei,
although, surprisingly, there was a lack of CGRP fibres ad-
jacent to thalamic trigeminovascular neurones [97].
Nonetheless, it remains possible that CGRP could diffuse
from nearby neurones. In the thalamus, CGRP-
immunopositive neurones are located in the
peripeduncular nucleus, subparafascicular nucleus and
posterior thalamic nuclear group as well as areas ventro-
medial to this group [82]. Interestingly, somatosensory
and nociceptive activity is integrated and relayed from
ascending pathways to higher cortical areas via CGRP-
containing neurones of the subparafascicular thalamus
and the caudal part of the posterior thalamic group [98, 99].
These CGRP-containing fibres project to the secondary
somatosensory cortex, amygdala, insula and hypothalamus
[98–100], indicating roles in nociception, stress, autonomic
responses, anxiety and auditory perception. It should
prove interesting to see if light perception is also
modulated by these neurones.

CGRP is a recognized neuromodulator in the CNS that can
enhance synaptic transmission mediated by glutamatergic
own schematically, with arrows indicating pathways between relevant
ye. These nuclei have calcitonin gene-related peptide (CGRP) receptors
al nucleus activity. Not all pathways are shown in this simplified presen-
h refers to the A11 nucleus and paraventricular nucleus); TG, trigeminal
l gray; Po, posterior thalamic nuclei (which include the posterior,
leus; SpV, spinal trigeminal nucleus; S1, S2, somatosensory cortex; V1,
bres and Schwann cells (not shown) are also indicated (brown line rep-
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signalling and contribute to central sensitization [6, 27, 50].
Central sensitization inmigraine has been extensively studied
and reviewed by Burstein and Burstein [13]. CGRP actions in
the central terminals of sensory neurones can increase the
responsiveness of glutamate receptors [79, 101, 102]. CGRP
may also promote heat hyperalgesia through additional
mechanisms [103]. Recently, CGRP in the ventrolateral PAG
has been shown to influence nociceptive transmission in
the trigeminal nucleus from dural afferents [104]. Higher in
the brain, CGRP can modulate synaptic transmissions to the
amygdala and nearby bed nucleus of the stria terminalis,
which cause fear and anxiety-like responses [105], and
between the lateral parabrachial nucleus and the central
nucleus of the amygdala, which is associated with central
sensitization and pain-related behaviour [106, 107].
Likewise, CGRP has been shown to act on the paraventricular
nucleus (PVN) of the hypothalamus to increase corticotrophin-
releasing hormone release in the stress response [108], and the
PVN has recently been shown to regulate trigeminovascular-
evoked activity in the spinal trigeminal nucleus, although
a direct CGRP connection has not yet been made [109].
CGRP is also involved in descending efferent pathways
from the nucleus raphe magnus and A11 neurones in
the posterior hypothalamus that modulate nociception
in the spinal trigeminal nucleus [110, 111]. The interaction
of pain and limbic pathways is especially intriguing. These
pathways could potentially be involved in the affective
aspects of photophobia [65]. Thus, CGRP is involved in
nociceptive central sensitization at multiple levels within
the CNS. Whether any of these are involved in light-aversive
behaviour can now be tested with mouse models.
CGRP as a peripheral modulator

The ability of peripherally administered CGRP to cause a
migraine in people and the prophylactic efficacy of CGRP
mAbs strongly suggest (but do not prove) peripheral
CGRP actions in migraine. Although the blood–brain
barrier prevents 99.9% of most antibodies from reaching
the CNS, it is not an absolute barrier [112]. So, it could
always be argued that the small amounts of antibodies
that do cross the barrier are clinically effective. Such an
argument seems unlikely to hold up, but a similar debate
has raged with respect to peripherally administered
small-molecule CGRP receptor antagonists, which are
also not very CNS penetrant [49]. In this regard, a recent
positron emission tomography study using telcagepant
indicated that central CGRP receptor-mediated effects
are not responsible for clinical efficacy [113], which
supports (but does not prove) a peripheral site of action.

In the periphery, there are CGRP receptors in the
trigeminovasculature on dural mast cells, Schwann cells,
trigeminal ganglia neurones and satellite glia, and, of
course, blood vessels (Figure 2). CGRP actions on vessel
tone cannot be ignored. However, although the role of
408 / 80:3 / Br J Clin Pharmacol
the vasculature in migraine remains a possibility [114],
most evidence suggests that vascular changes are an epi-
phenomenon [115]. Could CGRP actions on the vasculature
play a causal role in migraine, even if the vasodilation is an
epiphenomenon? As discussed below, one possible mech-
anism may involve CGRP-induced vascular and nonvascu-
lar synthesis and release of NO, which can affect nerves.
Indeed, peripheral action does not only involve the vascu-
lature. It is generally accepted that migraine involves the
activation and sensitization of the trigeminal nerves that
innervate meningeal blood vessels, and the major peptide
of these nerves is CGRP [5, 6, 8]. Indeed, given thatmigraine
is a neurovascular disorder, a peptide such as CGRP, which
sits at the interface of trigeminal neural and vascular
systems, is an ideal modulator.

In the trigeminovasculature, CGRP contributes to
both neurogenic inflammation and peripheral sensitiza-
tion of nociceptive neurones. There is good evidence
for peripheral sensitization in migraine [116], and a likely
mechanism involves neurogenic inflammation [13, 50].
Although the role of CGRP in neurogenic inflammation
is commonly thought to be only as a vasodilator, it can
also play an indirect role in plasma extravasation by
increasing substance P release [60], and by triggering
the release of inflammatory signals from mast cells and
glia [117, 118]. A direct role for CGRP in degranulation
is supported by the presence of receptors on rodent
mast cells [119], but this has been cast into doubt by a
recent study that did not find receptors on human mast
cells [120]. Both rodent and human glia of the trigeminal
ganglia and nerve contain CGRP receptors [119, 121],
which can lead to sensitization of sensory neurones
[122–124]. However, despite many animal studies, it
remains controversial whether neurogenic inflammation
plays a role in human migraine. Moreover, importantly,
CGRP administration fails to cause nociceptor activation,
and dural administration of a receptor antagonist does
not prevent the activation of meningeal nociceptors
[125, 126].

What, then, might be the mechanism of action of
CGRP in the periphery? One possibility is that CGRP
may play more of a long-term modulatory role by
increasing the expression of nociceptive genes involved
in feedback loops that lead to neural sensitization. Three
examples of potential CGRP-triggered feedback loops
are: NO synthesis and release, purine receptor signalling,
and CGRP synthesis and release.

A two-way connection between CGRP and NO that
could result in a self-sustaining positive feedback loop
has been suggested by rodent and cell culture studies.
The evidence for this regulation has been reviewed by
Messlinger and colleagues [127]. For example, CGRP
can increase NO synthesis and release from trigeminal
glia [128, 129] and NO release from the vascular endothe-
lium [130]. Conversely, NO can increase CGRP synthesis
and release from trigeminal neurones [131, 132]. A recent
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study has extended this observation by demonstrating
that NO can form an NO-like molecule, nitroxyl (HNO)
with hydrogen sulfide, to cause CGRP release from
trigeminal fibres in the dura via a transient receptor
potential cation channel A1 (TRPA1)-dependent mecha-
nism [133]. The link between CGRP and NO is further
emphasized by the ability of olcegepant to block
nitroglycerine-induced activation and sensitization of
neurones in the spinal trigeminal nucleus [134]. It is inter-
esting that Tvedskov et al. found that olcegepant was
unable to block nitroglycerine-induced migraine [135].
One interpretation that the authors suggest is that CGRP
acts upstream of NO release. Thus, CGRP actions on glia
and the vascular endothelium could contribute to
migraine independently of vasodilation by a positive
feedback mechanism involving CGRP and NO.

A second candidate nociceptive molecule regulated
by CGRP is the purine receptor P2X3. CGRP is known to
increase P2X3 gene expression in nociceptive trigeminal
ganglia neurones by a direct autocrine mechanism and
by a paracrine mechanism involving brain-derived
neurotrophic factor (BDNF) [136]. The P2X3 receptor is
an ATP-gated ion channel involved in inflammatory pain
transmission [137] and BDNF is also involved in
nociception [138] and is elevated during migraine [139].
Although it is not known if BDNF or P2X3 signalling feed-
back increases CGRP synthesis, it seems likely, given their
signalling activities and colocalization with CGRP.

Finally, CGRP can induce its own synthesis in trigemi-
nal ganglia neurones by paracrine and autocrine mecha-
nisms. Neuronal release of CGRP induces the release of
tumour necrosis factor-α from satellite glia [122], which
feeds back onto the neurones to activate CGRP transcrip-
tion [140]. Direct autocrine regulation of the CGRP gene
in trigeminal ganglia was demonstrated in primary
cultures [60] and supported by elevated CGRP levels in
the cerebrospinal fluid of the nestin/hRAMP1 transgenic
mice [34]. Although the possibility of autocrine regula-
tion in the trigeminal ganglia under normal conditions
is unlikely as the CGRP receptor subunits were only rarely
colocalized with CGRP in situ [119, 121], NO treatment
leads to an increase in the number of cell bodies express-
ing the RAMP1 receptor subunit [141], and CGRP
receptor subunit expression can also be induced by
other migraine-relevant stimuli (e.g. stress and hypoxia)
[57]. Thus, we propose that CGRP can initiate direct and
indirect positive feedback loops that lead to a sustained
peripheral sensitization and eventually central sensitiza-
tion of nociceptive neural pathways.
Conclusion

Migraine is a debilitating headache with sensory distur-
bances that may in part be attributable to the neuropep-
tide CGRP. Animal studies have demonstrated that CGRP
can induce several symptoms consistent with a migraine
state. Although the sites of action are still not known,
CGRP actions in both the periphery and CNS are well
positioned to contribute to these symptoms. Future
studies with mouse models should continue to provide
clues to the mechanisms played by CGRP in migraine.
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