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Abstract: Migraine is a common condition with disabling attacks that burdens people in the prime
of their working lives. Despite years of research into migraine pathophysiology and therapeutics,
much remains to be learned about the mechanisms at play in this complex neurovascular condition.
Additionally, there remains a relative paucity of specific and targeted therapies available. Many
sufferers remain underserved by currently available broad action preventive strategies, which are
also complicated by poor tolerance and adverse effects. The development of preclinical migraine
models in the laboratory, and the advances in human experimental migraine provocation, have led to
the identification of key molecules likely involved in the molecular circuity of migraine, and have
provided novel therapeutic targets. Importantly, the identification that vasoconstriction is neither
necessary nor required for headache abortion has changed the landscape of migraine treatment
and has broadened the therapy targets for patients with vascular risk factors or vascular disease.
These targets include nitric oxide synthase (NOS) and several neuropeptides that are involved in
migraine. The ability of NO donors and infusion of some of these peptides into humans to trigger
typical migraine-like attacks has supported the development of targeted therapies against these
molecules. Some of these, such as those targeting calcitonin gene-related peptide (CGRP), have
already reached clinical practice and are displaying a positive outcome in migraineurs for the better
by offering targeted efficacy without significant adverse effects. Others, such as those targeting
pituitary adenylate cyclase activating polypeptide (PACAP), are showing promise and are likely
to enter phase 3 clinical trials in the near future. Understanding these nitrergic and peptidergic
mechanisms in migraine and their interactions is likely to lead to further therapeutic strategies for

migraine in the future.
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1. Introduction

Migraine is a complex brain disorder characterised by recurrent attacks of headache
as well as other symptoms, such as sensory sensitivities, nausea and vomiting, cognitive
dysfunction, and altered arousal [1]. A proportion of those with migraine will experience
aura symptoms associated with attacks, which are typically visual and can include sensory
and speech symptoms, as well as brainstem and hemiplegic symptoms [2]. Whilst a family
history of migraine is often present in those afflicted (estimated to be around 42% [3]),
genome-wide association studies (GWAS) of migraine have revealed a total of more than
180 single-nucleotide polymorphisms (SNP’s) or mutations within genes that may be
implicated in migraine [4-9], with a suggestion that heritability is higher in migraine with
than without aura [10]. Monogenic forms of migraine, such as familial hemiplegic migraine
(FHM), are considerably rarer than the more common polygenic form and tend to cause
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more severe aura phenotypes, as well as other associated symptoms [11]. A significant
number of the mutations implicated in these disorders cause a change in ion channel
function or alter synaptic neurotransmission, thereby increasing cortical hyperexcitability.
Neuronal and smooth muscle cell types have been implicated through genes encoding
these functions, and these may mediate a threshold to cortical spreading depression (CSD),
the presumed neurophysiological correlate to migraine aura, as well as affect vascular
function [12].

2. Basic Pathophysiology

Migraine is well recognised as being a neurovascular disorder, in which primarily
neural dysfunction in areas such as the brainstem, hypothalamus, and basal ganglia struc-
tures [13], with subsequent secondary vascular involvement, causes the heterogeneous
neurological phenotype [14]. The links between aura and headache biologically remain
debated, as aura is thought to be a cortical phenomenon that typically occurs before or with
headache [15], but can occur at any time in the migraine cycle [2,16], be prolonged [17]
or persistent [18], and affects only 30% of those with migraine [19]. Indeed, it is more
likely even for those with migraine with aura to experience headache attacks without aura
associated [10]. Genetics have therefore contributed to the understanding of migraine mech-
anisms and possible drug targets, particularly in migraine with aura, but more common
migraine is polygenic in nature. Much remains to be learned about how and if the same
mechanisms are involved in migraine without aura, and what the associations between
aura and headache are.

Additional understanding of the mechanisms of disease in migraine has come from
an appreciation of the molecular biology of migraine. This has been recently contributed to
by the increase in the development and use of experimental provocation models of human
migraine [20]. The ability to use an exogenous compound to trigger phenotypically similar
migraine-like attacks to spontaneous ones, to observe these and investigate treatment
effects, as well as to conduct repeated measures imaging protocols during these attacks,
have been important advances to the migraine research space. These human models
have provided an opportunity to further develop an understanding of migraine molecular
chemistry and, therefore, the development of drug targets.

3. Migraine Triggering Models

Whilst some models have been used for some time, such as the nitroglycerin (NTG)
model, which triggers migraine through nitric oxide (NO) mechanisms [21], others have
followed more recently, and have already led to important improvements in migraine thera-
peutics. One such provocation agent is calcitonin gene-related peptide (CGRP), a neuropeptide
widely expressed in brain regions of interest in migraine as well as in the cerebral vasculature,
and which has had a demonstrated role in migraine since the 1980s [22-24]. Its proposed roles
in migraine biology and subsequently identified ability to provoke migraine-like attacks
when infused into humans [25] contributed to the development of targeted treatments
against this pathway, which are now in clinical use in many countries for the acute and
preventive management of migraine [26]. Similarly, pituitary adenylate cyclase activating
polypeptide (PACAP), another neuropeptide in the vasoactive intestinal peptide (VIP)
family, demonstrated to have a role in migraine and cluster headache possibly via the
parasympathetic cranial outflow pathway in the sphenopalatine ganglion (SPG) and supe-
rior salivatory nucleus (SSN) [27-30], has also been shown to provoke migraine-like attacks
when infused into patients with migraine [31]. Similarly to CGRP, targeted treatments
against this pathway have shown preclinical [32] and clinical [33] promise in migraine
treatment. Whilst VIP has historically not been thought to provoke migraine-like attacks
despite causing vasodilatation [34], there is now current evidence to the contrary [35].
Interestingly, these triggering compounds all cause extracranial dilatation and delayed
headache in patients with migraine [36,37], though using similar imaging methodologies,
these vascular changes are not present in spontaneous attacks [38]. Aura is infrequently trig-
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gered with them, even in those with migraine with aura [31,35,39,40] or familial hemiplegic
migraine [41-44].

Additional triggering compounds of interest have emerged more recently within the
calcitonin-CGRP family and include amylin [45] and adrenomedullin [46]. Levcromakalim,
an ATP-sensitive potassium channel opener, can also trigger migraine-like attacks and,
interestingly, also aura [47,48], and this has alluded to additional downstream neurochemi-
cal pathways implicated in migraine pathophysiology and potential therapeutic targets.
Despite considerable research in migraine therapeutics, there remains a paucity of specific
and targeted treatments available, and many patients remain underserved by current op-
tions. The increased understanding of disease mechanisms, therapeutic substrates, and
therapeutic development is therefore vital to improving the lives of those afflicted.

4. Functional Neuroimaging

Functional neuroimaging work in migraine has identified headache-related activation
in brain areas containing nuclei, such as the locus coeruleus (LC), dorsal raphe nuclei (DRN),
and hypothalamus [49-52]. These areas are rich in aminergic fibres and project to other
areas involved in trigeminovascular processing in migraine, such as the trigeminal nucleus
caudalis (TNC), which express CGRP and PACAP [14]. Modulation of trigeminovascular
processing may also involve other receptors, such as GABA, glutamate, cannabinoid,
and opioid receptors [14]. For example, the expression of GABA, subunit mRNAs has
previously been detected with an overlapping distribution within LC and DRN [53,54], and
may therefore regulate serotoninergic and noradrenergic neuronal activity in these regions
in migraine. Broad dysfunction within aminergic, peptidergic, and other neurotransmitter
networks is likely to be involved in the heterogeneous phenotype.

This review will select NO and some neuropeptides of interest and review their
speculated role in migraine, the evidence for this, and the potential for future therapeutics.
This will be preceded by a brief introduction to the current understanding of migraine
biology and anatomy. This review cannot comprehensively cover all the neuropeptides
implicated in migraine biology, so for ease of reading and conciseness, a selection has
been chosen.

5. Migraine Pathophysiology

The quality and features of migraine headaches are thought to be caused by meningeal
nociceptor activation, whose axons originate in the trigeminal ganglion and innervate
dural vasculature [55]. Mechanical or electrical dural stimulation has been shown to cause
vasodilatation and increased cerebral blood flow and axonal terminal neurochemical re-
lease of neuropeptides, such as CGRP, substance P, neurokinin A, VIP, and PACAP [56-58].
Nociceptive information is relayed from craniovascular structures via the trigeminal nu-
cleus caudalis (TNC) and its cervical extension (the TCC; trigeminocervical complex), and
from here via ascending projections through the brainstem, hypothalamic and thalamic
areas, and ultimately to the cerebral cortex for sensory processing. These areas include the
noradrenergic locus coeruleus (LC) in the pons, the serotoninergic dorsal raphe nucleus
(DRN) in the periaqueductal grey (PAG), the raphe magnus (NRM) in the medulla, and
the dopaminergic ventral tegmental area (VTA) and A11 nucleus within the hypothala-
mus. There are also descending modulatory pathways via brainstem nuclei involved, as
well as a trigeminal autonomic reflex mediated by a parasympathetic reflex loop via the
sphenopalatine ganglion (SPG) and superior salivatory nucleus (S5SN) in the pons to dural
vasculature [59]. This pathway mediates the cranial autonomic symptoms (CASs), includ-
ing lacrimation, conjunctival injection, rhinorrhoea, and aural discomfort, that patients
with primary headache disorders can report. A projection from the TCC to the SSN is
thought to link the sensory nociceptive and autonomic pathways in migraine [59].

The release of neuropeptides from trigeminal sensory fibres is thought to contribute
to vasodilatation, as well as cause other perivascular changes and a cascade of events
that ultimately activate and sensitise the trigeminovascular system and promote headache
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maintenance [14]. Activation of the trigeminovascular system in experimental settings
causes the release of CGRP, substance P, neurokinin A, PACAP, and NO from trigeminal
sensory nerve fibres, as well as VIP, PACAP and NO, and other neurotransmitter releases
from parasympathetic fibres innervating the cranial vasculature [60]. Migraine is, therefore,
a neurovascular disorder, and the interaction between the innervation of the cranial vascu-
lature and the effect of subsequent neuropeptide and neurotransmitter release is vital to
the perception of head pain, the CAS, which can be associated with migraine, as well as
other associated symptoms. It is clear that brainstem and diencephalic regions are activated
on brain imaging in migraine, both during headache [49-51] and before headache onset
during premonitory symptoms [13,61-64], which in some patients can warn of impending
headache [65]. These brain areas correlate with aminergic symptoms such as altered arousal
and cognition, yawning, nausea, and food cravings that patients commonly report during
this time [1]. The involvement of vasoactive neuropeptides and aminergic brainstem nuclei
provides a backdrop for the molecular neurochemistry of this complex disorder.

We will now discuss NO and some of the neuropeptides implicated in migraine and
their therapeutic potential for migraine treatment.

6. Nitric Oxide (NO)
6.1. Preclinical Evidence for NO Mechanisms in Migraine

Nitric oxide (NO) has many neurophysiological functions and is a potent vasodilator.
The role of NO has been supported by preclinical models of migraine [66]. A single sub-
cutaneous injection of NTG into rats causes neuronal activation in several brain regions
known to be implicated in migraine biology, such as the periaqueductal grey (PAG) and
TNC [67], and also sensitises central trigeminocervical neurons [68] and peripheral trigem-
inal afferents [69]. There is activation of brainstem and hypothalamic areas in rodents
prior to TNC activation following NTG exposure [67,70], and central trigeminovascular
excitation is at the level of the thalamus and the TCC [71]. Infusion of NTG into the TNC or
onto the pial surface promotes the release of CGRP, substance P, and neuronal nitric oxide
synthase (NNOS) and subsequent vasodilatation [71,72], suggesting that activation of the
NO system promotes vasoactive neuropeptide release from perivascular nerve terminals.
NOS is the enzyme, of whichall isoforms promote NO production.

Central neuropeptide responses can be inhibited by sumatriptan [68], olcegepant, a
small molecule CGRP antagonist, and a 5HT;p antagonist (ditan) [73], all drugs proven
to be clinically efficacious in migraine [74]. L-NGmethylarginine hydrochloride (546C88)
(L-NAME), a non-specific NOS inhibitor, sumatriptan, and indomethacin, when admin-
istered as pre-treatment, can all inhibit TNC activation caused by NTG administration or
electrical stimulation of the superior sagittal sinus (both experimental animal models of
migraine) [67,71,75]. Many migraine drugs may therefore exert a therapeutic action via
NO- and CGRP-mediated pathways. In animal models, NTG also mediates facial and
hind-paw hypersensitivity to cutaneous stimulation, and this neuronal sensitisation is
the likely correlate for migraine-related allodynia [68], and it can provoke other migraine-
related symptoms, such as anxiety and altered social behaviour [76]. Repeated exposure
to NTG has also been used pre-clinically as a model of chronic migraine and sensitisation,
and increased periorbital and hind paw hypersensitivity has been demonstrated [77]. An
electrophysiology study using an NO donor model (sodium nitroprusside) showed that
there is an initial increase in basal firing of meningeal nociceptive neurons following drug
exposure and, thereafter, a delayed and prolonged facilitation [78]. Olcegepant reverses this
effect at the level of second-order trigeminovascular neurons [79]. There is further support
for NTG causing delayed facilitation of basal trigeminal tone and for sensitisation of sen-
sory responses to cutaneous stimulation during this time [68,73]. This is analogous to the
initial headache observed in humans during NTG infusion and the delayed migraine-like
headache following some hours later [80].

The interaction between NO and CGRP mechanisms is thought to facilitate the role
of NO in migraine. There is evidence that NO can directly increase CGRP release via the
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TRPV1 receptor [81], although clinical trial evidence does not support a role for TRPV1
blockade in migraine [82], and CGRP may cause vasodilatation via NO mechanisms [83].
nNOS promotes CGRP release from trigeminal fibres, and CGRP activates NO production
via endothelial NOS (eNOS) [84]. This bidirectional interaction between NO and CGRP
mechanisms is likely, therefore, to be important in migraine.

6.2. Human Evidence for NO Mechanisms in Migraine

The NTG experimental model has been the most widely used in human migraine
research. The realisation that NTG can cause headaches, particularly amongst those with
underlying migraine, most likely via NO mechanisms [85-87], led to the development
of triggering models using NTG in migraine experimental research. NTG can provoke
mild headaches that are throbbing and movement sensitive, but lack other migraine fea-
tures amongst healthy controls [21]. In patients with migraine, NTG infusion leads to a
more severe and persistent headache that fulfils diagnostic criteria for migraine without
aura, and the migraine-like headache typically occurs at a delay of some hours following
infusion [88,89]. It is important to note that the majority of, but not all, patients with mi-
graine will trigger attacks of migraine without aura with NTG [80], suggesting that NO is
unlikely to have a key role in aura.

NTG is a potent vasodilator that is thought to be converted into NO in the endothelial
layer of vascular walls as its mechanism for the triggering of headaches [90]. NTG-triggered
migraine is not associated with vascular dilatation in the cerebral or meningeal circula-
tion [91]. The migraine-like attack that follows NTG exposure can be effectively treated
with sumatriptan [92], which is a 5HT;p,/1p receptor agonist and causes vasoconstriction,
but has primarily neural actions in migraine abortion [93]. L-NGmethylarginine hydrochlo-
ride (546C88) effectively aborts acute migraine attacks [94]. Unfortunately, in clinical
studies of iNOS inhibitors in migraine, there has been no evidence of an acute [95] nor a
preventive [96] effect. There is a similar suggestion of the failed effect of a mixed nNOS
inhibitor/5HT g ,1p receptor agonist when taken during the aura phase, although this
study was limited by a high drop-out rate and underpowering due to the small remaining
sample size [97].

Raised nitrite [98] and CGRP [23,99] levels have been demonstrated in the central
circulation during a migraine attack, and CGRP levels normalise following sumatriptan
administration [100], akin to during spontaneous migraine attacks [23,24]. Importantly,
as well as triggering headaches, NTG infusion can also provoke premonitory symptoms,
which occur before headache and in the absence of headache and allude to widespread
brain dysfunction [13,61,62,80,101]. There must therefore be a downstream mechanism of
NTG and NO in migraine beyond the cerebral vasculature, given that intravenous NTG has
a half-life of 34 min [102], yet these symptoms and associated brain changes occur later.

6.3. Therapeutic Scope

There is understandable interest in NOS inhibition in migraine therapeutics. All
the enzyme isoforms in the NOS family increase the production of NO. Alongside the
suggestion of non-specific NOS inhibition in migraine therapeutics [94], preclinical studies
suggest that targeting specific enzymes in the family may also hold promise without the
unwanted side effects of targeting all the enzymes.

A study demonstrated a combined nNOS inhibitor and 5HT;p/1p agonist could inhibit
CGRP release from trigeminal ganglion and TNC [103], although it was not effective in a
clinical trial [104]. NTG also upregulates dural mRNA for iNOS, as well as plasma protein
leakage, both inhibited by iNOS inhibition [105]. Unfortunately, a specific iNOS inhibitor
failed in both acute [95] and preventive [96] clinical trials in migraine.

Further understanding of the specific NOS isoforms and their roles, as well as targeted
inhibition, may hold relevance in future migraine therapeutics.
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7. Calcitonin Gene-Related Peptide (CGRP)
7.1. Preclinical Evidence for CGRP in Migraine

CGRP has been a subject of interest in migraine for some time, following initial studies
showing its release into the central circulation in an animal model of migraine [22,106]. The
CGRP receptor has three protein components: the receptor activity modifying protein 1
(RAMP1), the calcitonin receptor-like receptor (CLR), and the receptor component protein
(RCP) [107]. Differing dimerisations produce different receptor types with varying affinities
for CGRP.

The anatomy of CGRP (largely x-CGRP) expression has been mapped in animals
and is shown to involve several areas of interest in migraine pathophysiology, such as
the brainstem, TCC, trigeminal ganglion [108-110], as well as SPG [111]. NOS and other
neuropeptides are also expressed here, and the SPG may be a site for the interaction between
sensory and parasympathetic pathways in migraine [112]. There are CGRP projections
from sensory trigeminal ganglion to the cerebral and dural vessels (via C and A¢ fibres)
and to the spinal cord, but not to meningeal trigeminal afferents [109,110]. In the trigeminal
ganglion, CGRP is co-expressed with serotonin, PACAP, and NOS [113,114]. The satellite
glial cells of the trigeminal ganglion express RAMP1 and CLR [110], and the neuron-glial
interaction may be important in migraine and peripheral sensitisation and be mediated
via CGRP in part [115]. Satellite glial cells are activated by CGRP release and cause further
release of proinflammatory cytokines, augmenting the neuronal response [115]. Indeed, it
has been shown that one site of action for CGRP in the trigeminovascular system may be
the nodes of Ranvier [116].

In animal models, stimulation of the trigeminal ganglion, which innervates the cranial
vasculature, causes the release of substance P and CGRP from the perivascular nerve
terminals [24], causing vascular dilatation that is inhibited by the triptans [117]. Whilst
CGRP is a vasodilator like NTG, it is a large peptide in molecular structure and, therefore,
may not penetrate the blood-brain barrier well in the same way as NO, and may exert
at least some of its actions in migraine peripherally. CGRP vasodilatation can be NO-
mediated, as discussed previously, via phosphokinase A-mediated activation of eNOS, but
it can also occur independently of NO mechanisms via direct CGRP binding onto vascular
smooth muscle [118].

In addition, CGRP has neuromodulatory roles, including effects on the glutaminergic
system [119]. Locally applied CGRP causes trigeminovascular [119] and thalamic [120]
activation of neurons with nociceptive inputs, which can be inhibited by CGRP receptor
antagonists olcegepant or CGRPg.37, respectively. This is a potential mechanism for central
sensitisation in migraine that may be mediated by CGRP. Similar responses have been
demonstrated when CGRP is locally applied to PAG in rodent models, where CGRP causes
activation of dural nociceptive trigeminovascular neurons, and this effect can be reversed
by olcegepant applied in the same area [121].

A CGRP-sensitised mouse has also been developed as a preclinical migraine
model [122-124] and demonstrates the role of CGRP in migraine-related behaviours apart
from headaches, like photophobia. This effect may occur via third-order neurons in the
thalamus [120,125]. CGRP may exert its action in migraine via a range of mechanisms, such
as peripheral sensitisation, both through vasodilatation and additional potential indirect
effects of CGRP on plasma extravasation, as CGRP stimulates substance P release, which,
along with neurokinin A, are the main mediators of plasma extravasation that cause acti-
vation of meningeal nociceptors [126]. Importantly, plasma extravasation blockers [127]
and substance P/neurokinin-1 receptor antagonists [128] have proven ineffective in clinical
trials for migraine. Mast cell degranulation, initiation of a cyclic AMP signalling cascade,
central sensitisation via glutamatergic signalling, and CSD may be further mechanisms of
CGRP actions in migraine [129].
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7.2. Clinical Evidence for CGRP in Migraine

As discussed above, alongside the release of NO during acute migraine attacks, other
vasoactive neuropeptides, such as CGRP, have been historically shown to be increased
in the central circulation during acute migraine attacks in humans [23]. Further studies
have demonstrated elevated saliva and blood CGRP levels during both spontaneous and
triggered attacks [130,131] and a reduction in CGRP levels following treatment correlating
with headache intensity. Interictal serum CGRP levels have been demonstrated to be ele-
vated in both episodic [132] and chronic migraine [133]. In those with migraine, as is seen
with NTG, CGRP can provoke migraine without aura attacks [25,40]. Healthy volunteers
experience non-migrainous head discomfort or fullness following CGRP exposure [40,134].
There is a suggestion that novel treatments targeting the CGRP pathway may be more
efficacious in those who successfully trigger migraine-like headaches with CGRP infu-
sion [135]. This concept may prove to be the basis of potentially using provocation models
for treatment response prediction. Akin to NTG, not all patients with migraine trigger
with CGRP, and interestingly, the triggering of premonitory symptoms is reported to be
less common than with NTG [136], although this may have a clinical explanation, and
aura is not commonly triggered [42,44]. CGRP-triggered migraine-like attacks respond
to sumatriptan treatment [137]. Another possible link to migraine relates to the circadian
variation in CGRP levels [138,139]. The late morning changes correlate with the relative
distribution of migraine attacks throughout the day [140], which has a distinct predilection
in large data sets for late morning.

7.3. Therapeutic Scope

Recently, CGRP-targeted therapies have reached clinical practice and are changing
the landscape of migraine treatment for the first time since the triptan era, by providing
specific and targeted acute and preventive treatments for migraine. The small molecule
CGRP antagonists, the gepants, of which seven have been synthesized, have all shown
clinical efficacy. Initial concerns of liver toxicity led to the halting of telcagepant and
MK-3207 development [141-145]. Olcegepant was the first one formulated, but it was in
intravenous form and was never commercialised [146]. Subsequently, rimegepant [147-150],
ubrogepant [151-156], atogepant [157-160], and zavegepant [161,162] have demonstrated
clinical efficacy without liver toxicity [163]. Rimegepant offers an opportunity to utilise the
quantum between acute and preventive therapy in migraine, with the same drug being
effective acutely and preventively. Importantly, post hoc analyses of the gepant trials show
the drugs are well tolerated in those with vascular disease [148,151] and are effective in
participants who report having not responded to triptans [164,165]. Interestingly, there
is emerging evidence that ubrogepant may be useful in preventing headache onset when
taken during the premonitory phase and also in reducing non-headache-related attack
burden [166,167].

Preventively, monoclonal antibodies targeting the CGRP peptide (galcanezumab,
eptinezumab, and fremanezumab) or canonical receptor (erenumab) have been developed
for migraine treatment [168-178], and again all have shown unanimous efficacy without
significant side effects or safety concerns. Galcanezumab has been demonstrated to be able
to reduce the burden from premonitory symptoms, triggers, and aura following 3 months
of use [179]. The site of action of these agents and of the gepants remains unclear [180].
Whilst an intact blood-brain barrier in migraine has been demonstrated in imaging studies
macroscopically [181-183], and it has been suggested that CGRP-targeted therapies exert
their action peripherally [184], there is emerging evidence for central functional imaging
effects of the large molecular size monoclonal antibodies [185] and for clinical effects
of these drugs on symptoms that could only be deemed as centrally neurally driven,
such as cognition and fatigue [186], and premonitory symptoms, triggers and aura [179].
Moreover, it has been known for some decades that immunoglobulins can be found in the
cerebrospinal fluid [187], so it remains to be seen if CGRP monoclonal antibodies can be
detected centrally; we think this is highly likely.
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It seems that CGRP probably has important roles in migraine both peripherally, via
its release from sensory neurons innervating blood vessels, causing vasodilatation and
peripheral sensitisation. Similarly, a role through central mechanisms via expression in
several brain areas important in migraine, therefore contributing to central sensitisation,
sensory aversion, and CSD [188], may be of equal, or perhaps, greater, importance.

CGRP-targeted therapies provide an exciting new option in migraine therapeutics. It
is vital to remember that not all patients with migraine will respond to these therapies, and
there are, therefore, likely to be other mechanisms, environmental, genetic, and epigenetic
factors [189] at play mediating the threshold to migraine. Further work into other CGRP-
related receptor subtypes, aside from the canonical CGRP receptor, such as the amylin and
adrenomedullin receptors, is warranted, given an amylin analogue and adrenomedullin
can both trigger migraine-like attacks in those with migraine [45,46].

Despite the significant interest in CGRP in migraine over recent times sparked by
the introduction of exciting new targeted therapies in clinical practice, recent years have
also produced the identification of and interest in several other migraine mechanisms
apart from CGRP. Some of these involve other neuropeptides, and some involve other
non-NO intracellular targets and ion channels [190]. Some of the non-CGRP peptidergic
mechanisms will be discussed here.

8. Pituitary Adenylate Cyclase Activating Polypeptide (PACAP)
8.1. Preclinical Evidence for PACAP in Migraine

PACAP is expressed throughout the central nervous system and peripheral tissues,
including those involved in migraine biology [56,191,192], and in particular by parasympa-
thetic fibres extracranially and in the SPG [112]. PACAP binds to three different G-protein
coupled receptors: the VPAC1, VPAC2, and PAC1 receptors [193]. The first two also bind
vasoactive intestinal peptide (VIP), another potent vasodilatory neuropeptide in the same
family. The PAC1 receptor is more specific to PACAP and has therefore had the most inter-
est in migraine, particularly given initial suggestions that VIP was not implicated in the
pain part of migraine [34]. PACAP and VIP, as well as being from the same neuropeptide
family and acting on similar receptors, also functionally interact; PACAP38 fibres innervate
VIP neurons [194], and PACAP38 promotes VIP gene expression [195] and VIP release [196].

Unlike CGRP, which is a large molecule peptide and is thought to not penetrate the
blood-brain barrier in significant concentrations, PACAP has a transporter pump offering
the ability to cross the blood-brain barrier [197]. This may explain why premonitory symp-
toms are less readily provoked by CGRP compared to NTG and PACAP [80,101,136,198].
PACAP is heavily expressed in the hypothalamus [199], and this area of the brain is thought
to be crucial in mediating premonitory symptoms [13,61,63,200].

A shared mechanism between CGRP and PACAP in migraine biology is the possi-
ble role of both peptides in mediating photophobia. These mechanisms are likely to be
distinct, given that both can trigger light-aversive behaviours in animal models, but CGRP-
mediated light aversion could only be inhibited by a CGRP monoclonal antibody and not a
PACAP one, and vice versa [201]. PACAP can also provoke periorbital allodynia in animal
models, and this can be reversed with a PACAP receptor antagonist [202]. Other mouse
models have also suggested distinct roles of CGRP and PACAP in mediating migraine-like
behaviours, such as hypersensitivity as a correlate for allodynia [203]. Mice pre-treated
with an anti-CGRP antibody and in RAMP-1 knockout mice lacking CGRP receptors could
still display allodynic behaviours in response to PACAP, but NTG-mediated allodynia
could be prevented by anti-CGRP antibodies and in the RAMP-1 knockout mice. NTG
and CGRP, therefore, are likely to act via shared mechanisms distinct from PACAP in
mediating sensory sensitivities, but the interaction of these molecules in the wider migraine
phenotype remains unclear. A role of PACAP in intracellular signalling pathways, some
shared with CGRP given the co-expression of both peptides in many brain regions involved
in migraine, like those via cAMP, is also likely [204].
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8.2. Clinical Evidence for PACAP in Migraine

PACAP, particularly PACAP-38, which makes up around 90% of all PACAP (and the
remainder is PACAP-27), is another neuropeptide, which, like CGRP, is released during
acute migraine in both experimental and clinical settings, and blood levels are reduced
following sumatriptan administration [30,205]. There is also a suggestion that blood levels
of PACAP fluctuate in a dynamic fashion during different phases of migraine and may
actually be lower in patients with migraine compared to healthy controls interictally but at
a peak ictally [29]. Interestingly, PACAP levels are elevated in migraine attacks, but VIP
levels are only elevated if there are CAS associated [23], and both are elevated in the cranial
circulation in cluster headache [206], a condition in which CAS are necessary for diagnosis.
This suggests that PACAP and VIP are both involved in the mediation of CAS, with PACAP
having additional roles in trigeminovascular nociceptive processing.

PACAP38 can also trigger migraine-like attacks [31] and premonitory symptoms [136]
when infused into patients with migraine. PACAP-triggered migraine can be prevented
with pre-medication with sumatriptan [207]. Human imaging studies have shown that
similarly to NTG and CGRP, PACAP is a vasodilator of the extracranial vasculature and does
not affect intracranial arteries [36,208], and PACAP-triggered migraine causes widespread
functional brain network changes [209]. There is a suggestion that PACAP27 can also
trigger migraine [210], with further work in this area warranted.

8.3. Therapeutic Scope

The suggestion of a central PAC1-mediated mechanism in migraine suggested by
initial rodent studies has been further interrogated using a rodent-specific PAC1 receptor
antibody. The antibody was able to reduce trigeminocervical complex firing in response
to stimulation, which was mediated via its binding at the trigeminal and sphenopalatine
ganglia without central binding [32]. This study supported the role of targeting the PAC1
receptor in migraine therapeutics. Recently, a phase 2 clinical trial conducted by Lundbeck
has released exciting positive results of a PACAP monoclonal antibody acting against the
PACAP ligand in human migraine prevention (Lu AG09222) [33], and phase 3 studies are
likely to follow to further investigate this effect. A recent healthy control study suggested
that the antibody was able to reduce PACAP and VIP-induced facial vasodilatation and
mild headaches in this patient group [211].

Targeting the PACAP pathway, as a neuropeptide pathway distinct from CGRP, holds
therapeutic promise in migraine therapeutics going forwards.

9. Vasoactive Intestinal Peptide (VIP)
9.1. Preclinical Evidence for the Role of VIP in Migraine

Parasympathetic cell bodies supplying the perivascular nerves of the cranial circu-
lation are found in the otic and sphenopalatine ganglia and contain VIP/PACAP and
NOS, whilst PACAP is also found in trigeminal ganglion without VIP co-expression [212].
In animal models, stimulation of the superior sagittal sinus as an experimental migraine
model causes raised external jugular VIP levels [106], and locus coeruleus stimulation could
increase cranial blood flow by a mechanism antagonised by VIP polyclonal antibodies [213].
Immunohistochemical studies subsequently demonstrated VIP-ergic fibres in central ner-
vous system areas important in migraine, such as the PAG and NRM [191], although,
interestingly, not in the TNC or C1 and C2 [192]. A study examining neuropeptide and
NOS co-localisation and interacting effects found that increasing PACAP concentrations
caused CGRP release in the TNC, and there was no effect of VIP nor of a PAC1 agonist or
antagonist on CGRP levels [214]. PACAP and VIP had no effect on NOS activity, and CGRP
and PACAP shared co-localisation in the TNC and trigeminal ganglion, and PACAP and
nNOS did so in the trigeminal ganglion [214]. This study therefore suggested that CGRP
and NOS mechanisms may interact in migraine, PACAP mechanisms may be somewhat
distinct, and VIP likely also does not interact with the CGRP and NOS systems.
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Similarly to CGRP, VIP can induce photophobia in a rodent model [215], but it failed
to induce periorbital allodynia in a mouse model [202]. In a rat model of migraine, using
unilateral sympathectomy, VIP could reduce sympathectomy-induced raised dural NO
levels [216]. Using a similar model, VIP reduced mast cell numbers and immunoreactivity
in the ipsilateral trigeminal nucleus, which the authors hypothesised suggests the role of
VIP as a modulator of neurogenic dural inflammation [217].

9.2. Clinical Evidence for the Role of VIP in Migraine

VIP is a potent vasodilatory neuropeptide that has dominant effects on the cranial
and extracranial vasculature via parasympathetic mechanisms [23]. VIP levels have been
shown to be elevated in interictal episodic and chronic migraine patients and to correlate
with clinical CAS associated with migraine [133,218]. These levels normalise in saliva [219]
and in external jugular blood [220] with headache abortion following triptan therapy.
Serum VIP levels can also predict clinical outcomes following botulinum toxin therapy in
migraine [221] and may therefore be an interesting therapeutic biomarker in migraine.

Whilst initially, VIP infusion was thought to not trigger migraine in humans despite
causing extracranial arterial dilatation [34,36], nor did it cause significant vasodilatory
headache in healthy controls [222], it was thought to be involved in CAS mediation in the
rarer trigeminal autonomic cephalalgia (TAC) headaches [206] and in migraine [218,223].
There is, however, recent evidence that VIP, when administered as a prolonged infusion,
may trigger migraine-like attacks in those with migraine [35] and delayed headaches in
healthy controls [224]. Given that CAS are increasingly recognised in migraine [225] and
can present in the premonitory phase before headache [80], combined with emerging
evidence that VIP may;, in fact, be involved in the headache phase of migraine, VIP may
emerge as a potential therapeutic target in migraine again in the future. In the SPG, VIP is
co-expressed with CGRP and PACAP [27,112], and this may provide an interaction between
the sensory and parasympathetic systems in migraine.

9.3. Therapeutic Scope

The recent demonstration that VIP can, in fact, trigger migraine in those with under-
lying migraine [35], as well as other migraine-related behaviours in animal models [226],
suggests that the VPAC1 and VPAC2 receptors may also hold therapeutic potential as
migraine targets for the future.

10. Neuropeptide Y (NPY)
10.1. Preclinical Evidence for the Role of NPY in Migraine

NPY, a neuropeptide involved in the sympathetic nervous system, acts as a vaso-
constrictor and interacts with the orexinergic pathways in the hypothalamus, thereby
modulating several physiological processes such as sleep and feeding (promotion of feed-
ing) [227]. It is co-localised with noradrenaline in sympathetic nerve terminals [191] and
may therefore be involved in the adrenergic influence on the TNC via the LC in the pons.
NPY is also located in the intra- and extracranial vasculature, where it plays a role in
cerebral blood flow regulation [228]. Given the links between these physiological mecha-
nisms and migraine, NPY has been of interest in migraine. NPY binds to several receptors,
including NPY Y1 and NPY Y2 receptors, which are located within the trigeminal sensory
system in the trigeminal ganglion and TNC [192], as well as in the hypothalamus and limbic
brain areas involved in behavioural, emotional, and homeostatic regulation [229]. NPY
injection into the hypothalamus promotes feeding [230], and this response is modulated
via orexin A, which activates it [231], and leptin, which inhibits it [232]. NPY is localised in
orexinergic hypothalamic neurons that project to several pain-modulating areas, such as the
PAG [233], and is involved in nociception [234]. Orexins have been implicated in migraine
biology [235-238], and orexin A reduces TCC firing in a rodent model of migraine [238]
and also promotes NPY release [239], so these neuropeptides are likely to anatomically and
functionally interact in physiological and perhaps migraine pain mechanisms.
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In a rodent model, NPY reduced neuronal activity in the TCC, which was reduced by
an NPY Y1 agonist, suggesting that NPY may be involved in trigeminovascular processing
via an NPY Y1 mechanism [240]. Subsequently, a rat model of migraine using repeated
electrical stimulation of the trigeminal ganglion revealed increased NPY levels (as well as
CGRP, PACAP, and VIP) in both trigeminal ganglion and blood [241]. In an NTG mouse
model of migraine, NPY Y1 activation reduced NTG-provoked allodynic and anxiety
behaviours via the habenula, suggesting that the NPY Y1 receptor is involved in analgesic
and anxiolytic effects following NTG exposure [242]. NPY Y1 deficient mice seem to display
mild hyperinsulinaemia and obesity, and this could be relevant in the interactions between
glucose and insulin metabolism and migraine [243]. A rodent study also demonstrated
supportive evidence for the role of feeding hormones, such as insulin, leptin, and glucagon,
on trigeminovascular sensory processing, thus supporting the interaction between sensory,
metabolic, and homeostatic systems in migraine [244].

NPY has differing effects on sleep patterns in rodent models, depending on where
it is administered [245,246]. It is also involved in stress responses via the hypothalamic—
pituitary axis [247], and via its role in nociception as well as the physiological processes of
feeding, sleep, and stress, may be involved in migraine biology.

10.2. Clinical Evidence for the Role of NPY in Migraine

Clinical studies in patients with migraine have revealed inconclusive results regarding
blood NPY levels during attacks [23,248] and interictally [249-251], although further larger
studies on patients not on migraine prevention are likely warranted. CSF NPY immunore-
activity has been demonstrated to be higher ictally in patients with migraine compared to
controls in one study [252], although this study was in contrast to a former one which did
not find altered CSF NPY reactivity in suboccipital CSF [251]. Specific NPY antagonism
has not been tried in migraine, but a dual orexin antagonist failed in a clinical trial of
migraine [253], although this was a non-specific drug dosed once at night. More targeted
approaches and different dosing schedules may yield different results.

The interaction between feeding and migraine, in that some foods are considered
migraine triggers and migraine attacks can cause altered feeding (cravings, hyperphagia,
or anorexia) [254], and the link between obesity and migraine [255] and between type
2 diabetes and migraine, all implicate the interaction between feeding hormones such as
NPY in migraine biology [256]. A study found that insulin resistance amongst non-obese
premenopausal women with chronic migraine could be mediated by NPY, as fasting levels
were found to be elevated [257], demonstrating a possible link between migraine and these
other disorders via feeding pathways. In addition, NPY has roles in sleep and shortens
sleep latency in humans [258] and in response to stress and mood [247], providing possible
links between migraine and altered physiological processes that are commonly reported by
patients [259].

10.3. Therapeutic Scope

Whilst no specific NPY agonists have been trialled clinically in migraine, NPY Y1
agonism may hold therapeutic promise as a future target. Specific targeting within the
orexinergic pathway may also hold similar promise and provide an opportunity to target
more than the pain phase of the attack.

Some of the neuropeptides that have been implicated in migraine are summarised in
Table 1.
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Table 1. Some of the neuropeptides that have been implicated in migraine biology and the possible

role of targeting them in migraine therapeutics.

Neuropeptide

Role in Migraine

Role in Migraine Therapeutics

CGRP

Sensitisation, vasodilatation, mast cell
degranulation, CSD, circadian variability to
migraine, photophobia, allodynia, and interactions
with NOS

Small molecule CGRP antagonists (gepants) for
attack abortion and rimegepant for both acute and
preventive effects (oral and nasal formulations)
Monoclonal antibodies against CGRP ligand or
canonical receptor for migraine prevention
(subcutaneous and intravenous formulations)

PACAP

Vasodilatation, photophobia, allodynia,
sensitisation, and CASs

PAC1 and PACAP receptor antibodies hold
potential

VIP

Vasodilatation, CASs, mast cell regulation, and
interaction between sensory and parasympathetic
systems

VPAC1 and VPAC?2 receptors may hold potential
in the future

Neuropeptide Y

Regulation of sleep, promotion of feeding, stress
responses, anxiety, allodynia, and interaction
between pain and physiological processes

NPY Y1 agonism may hold potential in the future

Agouti-related peptide and
proopiomelanocortin (POMC) and
cocaine and amphetamine-related

transcript (CART)

Regulation of feeding, with opposing signalling
effects in response to leptin, hypothalamic
projections regulating energy balance homeostasis,
and links between migraine and feeding and
obesity and diabetes

Nil as yet, but these peptides alter appetite and
may be implicated in the links between migraine
and disordered feeding (and there may be a role of
the ventral tegmental area in both migraine
headache and modulating food craving) [260,261]

Orexins A and B

Sleep regulation, glucose metabolism, and possible
preclinical role in headache [236,237]

Specific Ox1 antagonism may hold therapeutic
promise in the future [253]

Leptin

Appetite suppression and possible link to raised
BMI in migraine [262], preclinical evidence for a
possible role in headache [244]

Targeting the interactions between migraine and
impaired metabolic homeostasis may hold future
therapeutic promise

Substance P and neurokinin A

Vasodilatation, plasma protein extravasation, mast

Neurokinin 1 inhibition and plasma protein
extravasation inhibitors have failed in clinical trials

cell degranulation, and platelet aggregation of migraine [263,264]

11. Conclusions

Migraine is a complex disorder of altered brain sensory, limbic, and homeostatic
processing and involves the anatomical and functional interactions between pathways
involving nociception and other physiological processes, such as those modulating sleep,
behaviour, feeding, and mood. Several brain areas are affected in mediating the heteroge-
neous clinical phenotype and involve several monoaminergic diencephalic and brainstem
nuclei, even before pain onset in the premonitory phase, when these areas act as feasible
neural substrates for premonitory symptoms [1]. There is also preclinical and clinical
evidence for the role of these neurotransmitters in trigeminal pain perception [14]. Various
neurotransmitters may be involved via important brain nuclei and regions and support
the interplay between nociceptive and physiological mechanisms in migraine. Some of
these are peptidergic and involve vasodilatory neuropeptides such as CGRP, PACAP, and
VIP, the vasoconstrictive NPY, and other neuropeptides such as the orexins and somato-
statin [265]. Others are monoaminergic and exert their actions via similar brain areas
and involve dopamine, serotonin, adrenaline, and noradrenaline. NO is also involved in
vasodilatation and in interacting with CGRP transmission. Neuropeptide release in the
periphery, at the level of the dural vasculature, is likely involved in vasodilatation and
peripheral sensitisation via CGRP, PACAP, and VIP. PACAP and VIP are likely involved
in CAS mediation, but given these can present before headache in both migraine [80] and
cluster headache [266,267], activation of this reflex does not require headache. PACAP
and NOS may be involved in attack initiation, given their ability to trigger premonitory
symptoms [80,101,136,198]. Central effects of CGRP and PACAP may be involved in pain
transmission at the level of the TCC and in central sensitisation mechanisms. The role of
these neuropeptides in other symptoms of migraine, like premonitory symptoms, remains
to be further investigated. The interactions between monoaminergic and peptidergic neu-
rotransmission centrally are likely the basis of the molecular circuitry of migraine, both
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before and during headaches. The interaction between monoaminergic and peptidergic
neurotransmission via brain areas of interest and which symptoms may be displayed by
these are summarised in Figure 1.

Cerebral cortex (including
somatosensory and cingulate):

Striatum: sensory, limbic, and emotional
emotional and processing of pain, and sensory
cognitive and limbic symptoms Thalamus: sensory

sensitivities,
allodynia, limbic
processing

symptoms CGRP
N8 N

PACAP
S

CGRP
- DA A
A CGRP PACAP
CGRP PACAP -
INZ
- =

CGRP PACAP
Amygdala: affective
pain processing and

emotional symptoms

CGRP PACAP

" A )

SHT

Midbrain including PAG,
VTA: headache, nausea,
cognitive and behavioural
symptoms

Hypothalamus: homeostatic
and autonomic symptoms
and interactions between

migraine and sleep, feeding

and stress
Pons including SSN,

parabrachial nucleus, LC:
pain, CAS, interactions with

arousal, sleep and feeding Medulla including RVM

NRM, TCC, spinal
trigeminal nuclei:
headache, allodynia, and
neck stiffness

Figure 1. Summary of the interaction between monoaminergic and peptidergic neurotransmission
centrally via areas of interest in migraine biology and the symptom correlates for each area (dural
vasculature, trigeminal ganglion, and SPG are not included). VIP is likely involved in peripheral
mechanisms of dural vasodilatation and the parasympathetic reflex via the dural vasculature, SSN and
SPG. DA; dopamine, NA; noradrenaline, and 5HT; serotonin. Free to use sagittal brain image https:
/ /upload.wikimedia.org/wikipedia/commons/a/a0/Brain_human_sagittal_section.svgby, Patrick
J. Lynch, medical illustrator, CC BY 2.5 <https:/ /creativecommons.org/licenses/by/2.5>, via Wiki-
media Commons. The authors have annotated the figure for the purpose of this article.
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Identification of these implicated molecules has led to the exciting translation of bench-
to-bedside research over recent years, with the emergence of peptide-targeted therapies
in migraine clinical practice since the triptan era in the 1990s. Other peptide targets hold
promise for the future. Much remains to be learned about the molecular and neurochemical
basis of migraine, but it is clear that there is unlikely to be a ‘one shoe fits all” therapeutic
approach that will serve all sufferers. Despite extracranial vasodilatation being a feature of
migraine and many of the implicated neuropeptides being vasodilatory, vasoconstriction is
neither necessary nor required for pain abortion. The development of different targeted
strategies is, therefore, key to improving the lives of those underserved by current therapies,
and dissecting molecular circuitry, receptor systems, and non-vascular targets is likely to
be the best way forward in the future.

12. Future Directions

Designated targeting of the PAC1, NPY Y1, and OX1 receptors [14] and of nNOS may
form exciting therapeutic options for migraine. An understanding of different receptor
subtypes and their roles will allow further development of specific agents which lack
the adverse effects of broad receptor targets. The ability to treat headaches as well as
other migraine-associated symptoms via neuropeptides that link headaches and other
physiological systems is attractive to both physicians and patients to ultimately limit
migraine-related burden. The role of PACAP and NOS in premonitory symptoms remains
to be elucidated, and the treatment of the migraine attack before headaches with targeted
treatments against these systems may hold promise in treating associated symptoms
and in preventing pain onset. This has already been demonstrated in early studies of
ubrogepant [166,167], despite CGRP previously showing a lower affinity for triggering
premonitory symptoms compared to NTG and PACAP [136]. The potential ability to
treat the migraine attack before the headache has even started is a unique opportunity in
migraine, and the role of targeting NOS and peptidergic therapies in this signals the start
of an exciting era in migraine therapeutics, which is only likely to advance with time and
increased understanding of these pathways, mechanisms, and interactions.
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