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Abstract

Migraine is a strongly disabling disease characterized by a unilateral throbbing headache lasting for up to 72 h for each indi-
vidual attack. There have been many theories on the pathophysiology of migraine throughout the years. Currently, the neu-
rovascular theory dominates, suggesting clear involvement of the trigeminovascular system. The most recent data show that
a migraine attack most likely originates in the hypothalamus and activates the trigeminal nucleus caudalis (TNC). Although
the mechanisms are unknown, activation of the TNC leads to peripheral release of calcitonin gene-related protein (CGRP),
most likely from C-fibers. During the past year monoclonal antibodies against CGRP or the CGRP receptor have emerged
as the most promising targets for migraine therapy, and at the same time established the strong involvement of CGRP in the
pathophysiology of migraine. The viewpoint presented here focuses further on the activation of the CGRP receptor on the
sensory Ad-fiber, leading to the sensation of pain. The CGRP receptor activates adenylate cyclase, which leads to an increase
in cyclic adenosine monophosphate (cAMP). We hypothesize that cAMP activates the hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels, triggering an action potential sensed as pain. The mechanisms behind migraine pain on a
molecular level, particularly their importance to cAMP, provide clues to potential new anti-migraine targets. In this article
we focus on the development of targets related to the CGRP system, and further include novel targets such as the pituitary
adenylate cyclase-activating peptide (PACAP) system, the serotonin 5-HT ) receptor, purinergic receptors, HCN channels,
adenosine triphosphate-sensitive potassium channels (K,rp), and the glutaminergic system.

A migraine attack most likely originates in the hypo- A migraine attack is typically initiated by premonitory
thalamus, leading to activation of the trigeminovascular symptoms, followed by a unilateral throbbing headache last-
system. ing for up to 72 h [1]. There have been several hypotheses

attempting to explain the pathophysiology of migraine over
the years. Initially the vascular theory dominated, followed
by a theory in which neurological aspects were in focus
[2]. The current view integrates both of these, with general
understanding of the importance of the trigeminovascular

The hallmark of trigeminovascular activation is release
of calcitonin gene-related protein from trigeminal C-fib-
ers, which we postulate sensitizes and activates Ad-fibers
via a cyclic adenosine monophosphate (CAMP) pathway.

Current anti-migraine drugs in development target the system. Recent advances both in preclinical and clinical
trigeminovascular system, with particular focus on the research allow us to integrate the findings in a model that
cAMP signaling pathway. offers a potential explanation regarding the mechanism of

pathophysiology of migraine (Fig. 1). The understanding

of the mechanisms behind migraine and the migraine pain,

54 Kristian Agmund Haanes particularly on a molecular level, provides hints about the

kristian.agmund.haanes @regionh.dk areas where potential new targets can be found (Fig. 2). In

the current article we present our view of the mechanism of
migraine, from the trigger to the sensation of pain.
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Fig. 1 Current view of migraine pathophysiology and potential mech-
anisms of available specific treatments. The migraine attack is initi-
ated with premonitory symptoms and activation of the hypothalamus.
Following hypothalamic activation, the trigeminus nucleus caudalis
(TNC) is activated. This leads to activation of the trigeminal gan-
glion (TG), most likely one-sided, and calcitonin gene-related peptide
(CGRP) release. The CGRP release, here exemplified at the middle
meningeal artery (MMA), leads to vasodilation. Furthermore, CGRP
activates the calcitonin receptor-like receptor/receptor activity-mod-
ifying protein (CLR/RAMPI, the CGRP receptor) on the Ad-fiber.
The CGRP receptor activates adenylate cyclase (AC), increasing
intracellular cyclic adenosine monophosphate (cAMP). The increase
in cAMP leads to a hyper-excitability and a hypothesized activation
of hyperpolarization-activated cyclic nucleotide-gated (HCN) chan-

2 Triggering Migraine

A migraine attack is divided into four phases: (1) premoni-
tory symptoms; (2) the aura (not in all patients); (3) the
headache; and (4) the postdrome phase [3]. Referring to their
migraine pain, patients will typically name triggers of their
attacks such as stress, cheese, chocolate, wine, bright light,
or lack of sleep [4, 5], but there is little evidence that these
are the actual triggers of migraine. Experimental provoca-
tion using self-reported triggers only caused migraine with
aura in a very small subgroup of patients [6]. These triggers
are now considered part of the actual migraine attack [7].
As an example, the sensation of craving (e.g., for chocolate)
might be a part of the migraine attack. Following this the
migraineur will eat chocolate and report that the migraine
attack was triggered by chocolate consumption. The craving
of a special food might instead be due to preparations for an
incoming attack. As the premonitory symptoms precede the
headache phase, this stage has been widely studied in order
to understand the real migraine trigger.
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nels. cAMP increases the open-probability giving an action poten-
tial from the Ad-fiber, which travels back to the TNC and is further
sensed as pain. Sensitization of Ad-fibers might, in addition, lead
to normal stimuli, such as touch, being sensed as pain. The current
specific treatment for migraine is the triptans, which prevent CGRP
release, induce vasoconstriction on the MMA, and lead to hypo-excit-
ability of the Ad-fiber. The novel monoclonal antibodies bind either
the CGRP receptors or CGRP directly and prevent the effects of
CGRP. CGRP vesicular fusion is dependent on three exocytotic Solu-
ble N-ethylmaleimide sensitive fusion Attachment Protein REcep-
tor (SNARESs), which include SNAP25, syntaxin 1, and synapto-
brevin. SNAP25 is cleaved by botulinum toxin serotype A (BoNT-A,
Botox®), which prevents exocytosis. ATP adenosine triphosphate

2.1 Central Triggering Mechanisms

In the search for the migraine trigger, the brainstem was
proven to be crucially involved in migraine attacks [8, 9].
Although still highly relevant in understanding the migraine
physiology, it is now currently accepted that the migraine
trigger is further upstream. Based on the current understand-
ing of the premonitory systems, the most likely modula-
tor/initiator of migraine pain has been suggested to be the
hypothalamus [10]. The most important study leading in this
direction was performed by Schulte and May [11]. In their
study, a single migraine patient was scanned for 30 days,
and they found that the hypothalamus was more active in the
final 24 h preceding the migraine attack [11]; a study with a
larger cohort of patients is underway from the same authors.
This activity further coupled strongly to the brainstem and
down to the trigeminal nucleus caudalis (TNC) during the
ictal stage. Although Raffaelli and Menon [12] might have
been the first to suggest a link between the limbic system
and migraine in 1975, this has gained renewed interest in
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Fig.2 Novel anti-migraine targets. The nerve fiber endings are exem-
plified here at the middle meningeal artery (MMA). Potential tar-
gets at the C-fibers lead to reduced calcitonin gene-related peptide
(CGRP) release, most likely thorough reducing cyclic adenosine
monophosphate (cAMP). Potential targets for agonists are ditans
at the serotonin 5-HT  receptor or purinergic receptors such as the
P2Y 5 receptor. Both these targets will also lead to hypo-excitability
when expressed in the Ad-fiber. Targets at the Ad-fiber links to the
same intracellular cAMP pathways. Further targets at the Ad-fiber
include the pituitary adenylate cyclase-activating peptide (PACAP,

light of the recent functional magnetic resonance imaging
(fMRI) scans showing hypothalamic involvement. The lim-
bic system, particularly the responses to stress and reward,
has been suggested to play an important modulatory role in
the hypothalamus [13]. We believe that the link between the
limbic system and hypothalamus will be highly relevant for
further understanding the underlying neurological origins of
a migraine attack. An important part of the limbic system,
the nucleus accumbens, has been linked to the placebo effect
[14], which could explain this recurrent issue in clinical anti-
migraine studies.

The fMRI scans in Schulte and May’s [11] study showed
that hypothalamic activity precedes the migraine attack, with
connections to the thalamus and different brainstem regions
followed by activation of the TNC. TNC activation could
further lead to increased activity of neurons that facilitate
trigeminovascular pain transmission. However, we do not
believe that the origin of migraine pain sensation lies in the
TNC. First and foremost, this is because the TNC is out of
reach of current anti-migraine medications [15, 16] (which
we return to in Sect. 4.2.2). We therefore speculate that

yellow) or PACAP receptor 1 (PAC,). One hypothesized target of
cAMP is the hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels. Increase in cAMP leads to hyperexcitability and
action potentials through the HCN channel. Furthermore, increasing
the activity of phosphodiesterase (PDE) will lead to breakdown of
cAMP. Activating of adenosine triphosphate (ATP)-dependent potas-
sium channels (K ,p) leads to prolonged hyperpolarization and could
trigger the HCN channel. Inhibiting these channels could have anti-
migraine potential. AC adenylate cyclase, CLR/RAMPI calcitonin
receptor-like receptor/receptor activity-modifying protein

changes in the TNC cause further activation of the trigemi-
nal ganglion (TG). A further mismatch in the communica-
tion or tuning of the TG might lead to sensitization and pos-
sibly triggering of calcitonin gene-related protein (CGRP)
release from only one of the ganglia. From that point for-
ward, the migraine attack is no longer only central, and we
continue to postulate on the origin of this peripheral pain.

2.2 Peripheral Mechanism of Pain Sensation

Following the altered activity of the TNC, we postulate
that the TG is activated. This appears to be associated with
increased release of CGRP. Goadsby et al. [17] showed that
trigeminal activation in cats caused CGRP release. Subse-
quently, a similar mechanism was seen in humans during
a migraine attack and an increased release of CGRP was
found in blood collected from the jugular vein [18]. The
enhanced secretion of CGRP must originate from outside
of the blood-brain barrier (BBB) as it is not permeable
to the CGRP peptide [19]. Furthermore, a migraine treat-
ment that was in the final stages of development at that time
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(sumatriptan) not only prevented migraine pain but simulta-
neously reduced the CGRP levels in blood [18]. Later, both
in vitro and in vivo experiments on CGRP release showed
the inhibitory effects of triptans [20, 21]. Therefore, it is
clear that the migraine pain is associated with the release
of CGRP, which is known to originate from the trigeminal
C-fibers [22].

CGRP binds to calcitonin receptor-like receptor/receptor
activity-modifying protein (CLR/RAMPI; the CGRP recep-
tor), both of which are widely distributed in the trigemino-
vascular system [22]. Potential targets for CGRP include the
middle meningeal artery [23, 24], mast cells [25], satellite
glial cells [26], and, importantly, A3-neurons [27]. Regard-
ing mast cells, it is worth mentioning that the full CGRP
receptor appears to only be expressed in rodent mast cells
and not in human mast cells [22]. When CGRP is released
either locally or as a result of antidromic stimulation of the
TG, one will observe middle meningeal vasodilation (ori-
gin of the vascular theory), vasodilation of arteries in sen-
sory organs (which might lead to sensitization), mast cell
degranulation (in rats), and possible activation of satellite
glial cells (surrounding TG neurons). The increased release
of CGRP could therefore explain most of the phenotypical
changes observed during a migraine attack. Although CGRP
can be linked to the symptoms observed, these changes can-
not directly explain the migraine pain. This is exemplified by
the fact that not all vasodilators cause migraine pain [28, 29].

CGRP being released from the C-fibers can directly
activate the Ad-neurons, and there is recent experimental
evidence of this occurring [27, 30]. The Ad-fibers transmit
pain signals from the periphery and could very well be the
origin of the migraine pain signal. With the current suc-
cess of the novel migraine medications directly targeting
the CGRP/CGRP receptors, we suggest that the pain must
originate from the Ad-fibers as these pain-transmitting neu-
rons are the only nerve fibers containing CGRP receptors in
the periphery [16, 22]. However, binding of CGRP to CLR/
RAMPI1 on the Ad-fibers most likely causes an increase in
cyclic adenosine monophosphate (cAMP), cAMP response
element-binding protein (CREB), and p38 (mitogen-acti-
vated protein kinase), similar to the data on human and rat
trigeminal neuronal bodies [31], which cannot itself lead to
excitation of the neuron.

3 Generation of Pain

There are now strong data on CGRP being involved in trig-
gering delayed migraine pain in migraine patients. Work
from Ashina et al. [32] has nicely demonstrated the involve-
ment of several molecules and pathways in migraine pain.
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The triggering of pain was originally linked to the vasodila-
tory effects of the migraine triggers [33, 34]. Although all
known triggers are vasodilators, not all vasodilators trigger
a delayed migraine attack [28, 29]. A review of the migraine
triggers shows that they all link to activation of cAMP or
cyclic guanosine monophosphate (cGMP) pathways. The
current data show that CGRP and other neuropeptides such
as pituitary adenylate cyclase-activating peptide (PACAP)
can trigger a migraine attack in slightly more than 50% of
migraineurs [35]. Furthermore, both cAMP [36, 37] (down-
stream of the CGRP receptor) and cGMP induction trigger
migraine in around 80% of patients [38]. The most recent
data show that the potassium channel opener levcromakalim
causes migraine pain in 100% of the patients (preliminary
results reported at the Migraine Trust International Sym-
posium [MTIS] in London in 2018 [39]; ClinicalTrials.gov
identifier NCT03228355 [40]). This order indicates that as
we travel down the signaling pathway the success rate of
triggering a migraine increases. Of note, cilostazol is not
completely phosphodiesterase (PDE) 3 specific as it also
inhibits adenosine uptake and increases extracellular adeno-
sine [41]. Adenosine causes middle meningeal vasodilation
ex vivo and in vivo [42, 43].

As mentioned earlier, cAMP activation does not cause
pain per se. When CGRP was injected peripherally in the
skin, there was no mention of pain generation (only vasodila-
tion) [44]. Similar data were obtained from injection into the
facial skin when CGRP alone caused no pain; this is in con-
trast to CGRP co-injection with Substance P or Substance P
alone, which was painful [45, 46]. In addition, CGRP does
not cause pain or migraine in healthy volunteers, only a weak
headache associated with the vasodilation [47]. Therefore,
a mechanism must exist that transmits the increased CGRP
release, CGRP receptor activation, and cAMP into the sensa-
tion of pain, particularly in migraineurs. Here, we speculate
on the origin of migraine pain. The peripheral fibers from
the TG contain C-fibers that store CGRP and Ad-fibers have
CGRP receptors [22]. As the Ad-fibers might be stimulated
with CGRP, or artificially with cAMP/cGMP breakdown
inhibitors, this initiates intracellular increase in these cyclic
nucleotides. One channel group that is activated both by
increases in cCAMP and in cGMP is the hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels [48],
which are known to be involved in neuropathic pain [49].
Increase in cAMP/cGMP increases the open-probability,
and hence increases neuronal excitability and firing of the
neurons [50, 51].

HCN channels are expressed in the TG, but most of the
current knowledge originates from studies on the dorsal root
ganglion (DRG). HCN channels are expressed in the DRG
neurons and are involved in neuropathic pain generation
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from Ad-fibers. The HCN expression profile is similar when
comparing DRG and TG [52]. Furthermore, inflammation
(Freund’s complete adjuvant applied to the dura) increases
the expression of HCN channels in the TG, and Cho et al.
[53] suggest that HCN1 and HCN2 channels are involved in
inflammation-induced sensory neuron hyperexcitability. We
hypothesize that CGRP leads to an increase in cAMP in the
Ab-fibers, leading to an increase in the open-probability of
HCN channels, which induces triggering of spontaneous firing
and generation of an action potential. The action potential is
transmitted to the TNC and further to the central pain centers,
and the perception of migraine pain occurs. This is exempli-
fied by the signal after application of inflammatory soup at the
dura, which travels through the TNC and increases the gluta-
mate [54]. The increase in glutamate correlates with sensory
thresholds on the face. In addition, it has been shown that p38,
one of the downstream signaling molecules following CGRP
receptor activation in trigeminal neurons [55], also modulates
HCN function [56].

The recent review and hypothesis from Ashina et al. on
the involvement of K* channels in migraine pathophysiology
[57], might seem counter-intuitive as the opening of K* chan-
nels leads to neuronal hypo-excitability, exemplified by the
effect in intracardiac neurons [58]. It has therefore been sug-
gested by this group that the pain most likely originates from
the induced arterial dilation [57]. We propose a different view
that integrates the opening of K* channels and the sensation
of pain. HCN channels are, as the name suggests, activated
by hyperpolarization. Adenosine triphosphate-sensitive potas-
sium channel (K ,rp) openers (such as levcromakalim) increase
the K* permeability of the AS-fibers, the fibers hyperpolar-
ize, and then the HCN channels will open. After a delay, the
HCN channels will trigger an action potential as a response to
prolonged hyperpolarization, which has been demonstrated in
other systems [59]. The action potential generated by the HCN
channel is sensed as pain [59, 60].

HCN channels might not be the only origin of pain. When
CGREP is increasing the cAMP in the Ad-fibers, they could
also become hyper-excitable for other stimuli [30]. Ad-fibers
are known to be high-threshold receptors; they are only acti-
vated by severe mechanical stimulation or extreme heat (above
+45 °C) or cold (below + 15 °C). However, after being acti-
vated by CGRP, the threshold for these responses might be
lowered and normal touch or hot/cold stimulation could now
be perceived as pain. Preventing sensitizing of Ad neuronal
synapses was recently shown to be a possible mechanism of
action of the CGRP antibodies [27]. We therefore believe that
the search for new targets should be focused on modulators
of neuropeptide signaling and cAMP/cGMP targets in the AS
fibers. It is worth noting that cGMP inhibits breakdown of
intracellular cAMP [61]; hence, the full pathophysiology could
be explained by cAMP increases alone.

4 Novel Approaches to Known Targets
4.1 Serotoninergic Targets

The most used acute treatment for migraine is agonists
for the serotonin (5-hydroxytryptamine [5-HT]) recep-
tors, particularly those targeted against 5-HT,,p [62].
The triptans have been used as the first line for the acute
treatment of migraine for nearly 30 years. They were
originally developed as vascular constrictors, with high
craniovascular selectivity. Indeed, the triptans constrict
the middle meningeal artery, particularly through 5-HT 5
receptors [63]. Advances in the understanding of migraine
have expanded on the hypothesis behind the mechanisms
of actions responsible for the therapeutic effects of the
triptans. One of the first clinical experiments to illustrate
a potential second mechanism of action showed that the
anti-migraine effect of the triptans correlated with nor-
malization of CGRP levels in migraine patients [18]. The
authors therefore suggested that triptans might not only
lead to vasoconstriction but also reduce the secretion of
CGRP, and expanded on this hypothesis in several pre-
clinical studies [64]. In line with this, the current under-
standing of the mechanism of action behind the triptans
is that the activation of G;-coupled 5-HT g, receptors
reduces the intracellular cAMP [65]. This would reduce
CGREP release from C-fibers [20] and potentially reduce
neuronal excitability in Ad-fibers [66].

Although the triptans were developed as cranio-selec-
tive vasoconstrictors, they still cause vasoconstriction in
other parts of the vasculature, particularly the coronary
arteries [67, 68]. Therefore, there has been a focus on
developing serotoninergic agonists without vasoconstric-
tive properties. Several of the triptans bind to the 5-HT
receptor [69], and it is believed that the vasoconstrictive
properties are linked mainly to 5-HT g [63]. The 5-HT
receptor is also expressed in the trigeminovascular sys-
tem [70, 71]. Further development of targeted 5-HT i led
to development of L.Y344864 and LY334370; both drugs
were developed as specific 5-HT, antagonists that pre-
vented dural protein extravasation [72, 73]. These agonists
did not cause vascular constriction [72, 74] and LY334370
was proven to be effective in migraine [75]. Unfortunately,
it caused liver toxicity in long-term use experiments in
beagle dogs [76]. Further 5-HT, agonist development led
to LY573144, which was investigated by CoLucid (COL-
144), now acquired by Eli-Lilly [77].

LY573144/COL-144 has been renamed lasmiditan, and
very recently a phase III trial was completed with posi-
tive results [78]. Compared with placebo, more patients
administered lasmiditan 200 mg were free of headache
pain at 2 h after dosing (32.2% vs. 15.3%). Furthermore,
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compared with placebo, more patients administered las-
miditan 200 mg (40.7% vs. 29.5%) were free of their most
bothersome symptom at 2 h after dosing. Interestingly,
this study included more than 75% of patients with one
or more cardiovascular risk factors. Adverse events were
mostly mild or moderate in intensity, with the most com-
mon adverse events (>2% than placebo) being dizziness,
fatigue, lethargy, nausea, paresthesia, and somnolence
[78]. This promising study provides class I evidence that
lasmiditan increased the proportion of adult patients with
migraine who were headache pain free at 2 h after treat-
ing an acute migraine attack. Hence, there is a promis-
ing future for the ‘ditans’—agonists targeting the 5-HT
receptor.

Returning to the intracellular signaling pathway, the
5-HT p receptor is also a G; protein-coupled receptor [79]
but, unlike the triptans, it is devoid of vasoconstrictive prop-
erties [74]. The newest ditan, lasmiditan, further prevents the
release of CGRP from structures of the trigeminovascular
system [80], suggesting that vasoconstrictive properties are
not necessary for mitigation of migraine pain. In contrast,
reduction of CGRP levels might be one of the hallmarks of
potential migraine treatments [81].

4.2 Calcitonin Gene-Related Protein (CGRP) System

2018 was a remarkable year for the current treatment
options for migraine as patients received the first treatment
developed to directly modulate the CGRP-ergic part of the
trigeminovascular system [81]. So far, all the anti-migraine
medications targeting the CGRP system have been proven
efficient [82]. In the early 2000s the first small-molecule
antagonist against the CGRP receptor created huge enthusi-
asm for a novel treatment for migraine patients not respond-
ing to triptans [83]. Unfortunately, long-term studies on
the oral compound telcagepant showed liver toxicity in
some patients when used on a daily basis, and despite the
migraine-preventive effect, its development was terminated
[84]. The current anti-migraine treatments targeted against
CGRP can be divided in two groups: gepants and monoclo-
nal antibodies (mAbs).

4.2.1 Gepants

Although telcagepant failed to reach the market, the receptor
target remains relevant, and currently there are two small-
molecule gepants being investigated in acute migraine.
Ubrogepant (MK-1602) and rimegepant (BMS-927711) are
both chemically distinct from telcagepant, and both have
positive results from a phase II clinical trial [85, 86]. The
results from the phase III trials are not published yet but
Tfelt-Hansen and Loder [87] beautifully summarize the data
released from the trials so far. The major concern raised in
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their commentary is the effect size of these compounds, as
they are not superior to the triptans. However, they might
be very effective in a subset of patients. Atogepant (AGN-
241689) is a third gepant with similar structure to ubroge-
pant, which is currently in trials as a prophylactic anti-
migraine treatment with promising results (NCT02848326
[88]).

4.2.2 Monoclonal Antibodies

The mAb treatments for migraine have been a huge mar-
ket hit, and hundreds of thousands of patients are currently
being treated (mainly in the USA). The mAbs were recently
approved in European countries but await political decisions
on reimbursement policies. All the mAb trials for galcan-
ezumab, fremanezumab, and eptinezumab, targeting CGRP
itself, and erenumab, which targets the CLR/RAMP-1 recep-
tor, were successful and surprisingly well-tolerated with few
adverse effects [82]. This lack of adverse effects is partially
due to the lack of permeability of antibodies in general
through the BBB [89]. There is no clear proof that the BBB
is altered in migraine attacks [15, 81]. Further, there must
be body-wide compensatory mechanisms at play. In con-
clusion, the anti-migraine effect of the specific targeting of
CGREP is very strong evidence for the involvement of CGRP
in migraine pathology [81].

The safety aspects of CGRP antibodies over triptans have
been discussed elsewhere [90]. In general, mAbs do not
cause any adverse effects on blood pressure and do not lead
to vasoconstriction. Whether preventing CGRP signaling
during an ischemic event could lead to a worsened outcome
of said event is not known [91]. Nevertheless, with the view
of developing new treatments, one might question whether
CGRP antagonists (either mAbs or gepants) target the same
mechanisms as the triptans. In addition, does targeting
CGRP signaling directly only lead to fewer adverse events,
or does it further improve migraine outcome? A protocol
used to study the effect of fremanezumab allowed up to 30%
of patients using a stable dose of one migraine-preventive
medication to continue these medications [92]. The freman-
ezumab trial showed similar reduction in migraine days as
the other clinical trials on CGRP/CGRP receptor mAbs
(summarized in Lambru et al. [93]), despite the inclusion
of patients already using medications. The paper describing
the results from the fremanezumab clinical trial does not
report data that separates the patients using other medica-
tions. We believe that any difference in outcomes between
patients using and not using preventing medications would
have been reported (if observed), although the sample size
may have been too low to observe such differences. It is our
belief that both triptans and CGRP/CGRP receptor mAbs
would target the same system in a majority of patients. Are
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there patients in whom either triptans or mAbs might be
superior, or even in whom a combination could be favorable?

Triptans prevent the release of CGRP [18, 20] and, work-
ing through the same mechanism [65], would also theoreti-
cally prevent the release of other neuropeptides (such as
PACAP), which has been shown to be clinically relevant in
humans [94]. Hence, if CGRP is not the only neuropeptide
involved in migraine, adding triptans might be beneficial.
In addition, activation of 5-HT g,p, receptors will lead to
a generally reduced neuronal excitability [66], which could
be beneficial in patients treated with mAbs. Nevertheless,
we believe that the group that will benefit most from mAbs
treatment is patients in whom triptans do not lead to reduced
CGRP release. The expression of 5-HT,g,,p/ 1 receptors
might vary between patients (which is also observed in coro-
nary arteries, with some standard error of the mean values
being greater than 50% of the mean [67]), and this might
be the cause of the low effect of triptans in some patients.
To date, finding these patients can only be achieved by test-
ing the effect of mAbs as there are currently no molecular
explanations or markers available.

4.3 Botulinum toxin serotype A (Botox®)

Botulinum toxin serotype A (BoNT-A, Botox®) is a neu-
rotoxin that is rapidly taken up in peripheral nerve endings
by binding to the cell membrane [95]. Once present in the
cytosol, BONT-A is cleaved and the light chain proceeds to
cleave, a Soluble N-ethylmaleimide sensitive fusion Attach-
ment Protein REceptor (SNARE), which is important in ves-
icle docking. This prevents release of neurotransmitters [96],
mainly within the cholinergic system. Regarding migraine,
the exact site and mode of action is still unclear. Because
the trigeminovascular system holds a key position in head
pain, it is hypothesized that preventing CGRP release is the
most likely/desirable mechanism of action [97]. BONT-A has
been approved in migraine following the positive outcome
of two multicenter trials using subcutaneous administration
into facial, temporal, and neck skin [98, 99]. Specific admin-
istration to tissues outside the calvaria (extracranial site of
administration) in rats showed that BoNT-A could inhibit
C-fiber stimulation induced by the transient receptor poten-
tial cation channel subfamily V member 1 (TRPV1) agonist
capsaicin. BoONT-A had no effect on Ad-fibers [100]. Com-
bined, this indicates that the effect of BONT-A is to lower the
activity of the nociceptive C-fibers, putatively at an extrac-
ranial site. We postulate that although BoNT-A might not
target the sensory nerves that are directly involved in the
trigeminovascular dysregulation in migraine, it might lower
their overall activity.

Novel BoNT-A treatments are currently on the way,
with the most novel approach involving the development of
various BoNT-A chimeras. BONT-A and BoNT-E chimeras

act more transiently and BoNT-E is a superior inhibitor of
mediated neuropeptide release [101]. A second example,
binary toxin (BiTox), is a synthetic recombinant BoONT-A
chimera that appears to lack paralytic effects [102], while
it suppresses evoked action potentials in trigeminovascu-
lar neurons [103]. Further developments include a sub-
stance P-conjugated BoNT-A protein (which targets neuro-
kinin [NK]-1-positive neurons), which can be endocytosed
by TG neurons in culture while retaining its activity [104]. A
more efficient version of this molecule inhibited inflamma-
tory and neuropathic pain [105]. However, NK-1 antagonists
had no effect in migraine prevention [106], and therefore
this might not be the right approach in migraine. In contrast,
targeting BoNT-A towards TRPV 1-positive fibers could be
a more specific mode of action in preventing CGRP release.
A secondary approach could be targeting BoONT-A to CGRP
receptor-positive Ad-neurons. This would prevent Ad-fiber
activity by reducing glutamate release, in a similar way as
for the kynurenic pathway (see Sect. 5.4). Full characteriza-
tion of the protein expression within the nociceptive cranial
sensory system could uncover potential targets for novel
selective BoNT-A.

5 Novel Targets

5.1 The Pituitary Adenylate Cyclase-Activating
Peptide (PACAP) System

In addition to CGRP, the neuropeptide PACAP has been
in focus as a potential anti-migraine target [107]. Initial
investigations on neuropeptides and migraine showed that
only CGRP was elevated during a migraine attack [18]. In a
later study, elevated PACAP levels were detected in the ictal
period relative to the attack-free period (where PACAP lev-
els were actually significantly lower than in healthy volun-
teers) [94, 108]. Injection of both CGRP and PACAP causes
migraine-like symptoms in migraine patients [35]. However,
in the same study only PACAP significantly induced pre-
monitory symptoms [35]. Therefore, PACAP might precede
CGRP and be important in the early phase of a migraine
attack.

Unlike PACAP, vasoactive intestinal peptide (VIP) does
not lead to migraine when injected in migraine patients
[28, 29]. Both PACAP and VIP can bind VPAC, (VIP and
PACAP receptor 1) and VPAC, receptors, with similar affin-
ity, but the PACAP receptor 1 (PAC,) binds PACAP with
much higher affinity than for VIP [109]. This suggest that
the induction of migraine by PACAP most likely occurs
through the PAC, receptor. As a side note, in dural vessel
studies there seems only to be VPAC,,, receptors mediat-
ing dilatation [110], suggesting that the PACAP migraine
mechanisms are likely not related to vasodilation. In line
with findings from the in vivo patient studies, Amgen
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produced and started clinical testing a mAb against the PAC,
receptors (AMG301), which is currently in a phase II trial
(NCT03238781 [111]); no data are publicly available at this
time. Similar to the CGRP-ergic system, a mAb directed
against PACAP-38 itself has been developed and is in clini-
cal trials by Alder (ALD1910). Data from preclinical studies
on ALD1910 have just been published [112], showing posi-
tive results in an umbellulone-induced rat model of neuro-
genic vasodilation and parasympathetic lacrimation. Details
of upcoming clinical studies have not been disclosed as yet.

5.2 Targeting the Cyclic Adenosine Monophosphate
(cAMP) System

When reviewing the current literature, there is overwhelming
evidence that the cAMP pathway is significantly involved in
the pathophysiology of migraine. Both triptans and ditans
target receptors that generally decrease cAMP levels [65,
79]. Known inducers of migraine are CGRP and PACAP,
both binding to receptors that result in increasing cAMP
levels in the cells where they are expressed [31, 113], and
increasing cAMP directly (by inhibiting PDEs) leads to a
migraine attack in migraineurs [36]. In addition, there is evi-
dence that an increase in cGMP also leads to migraine-like
attacks in migraineurs [38]. We believe that the molecular
pathways activated in migraine are essential to understand-
ing new treatments, at least from the perspective of treating
peripheral symptoms.

There are three potential ways of targeting the cAMP
system: (1) application of agonists to receptors that couple
to G;; (2) inhibition of adenylate cyclase, leading to preven-
tion of cAMP production; and (3) enhancing breakdown of
cAMP by stimulating PDE.

5.2.1 Purinergic Receptors

There are several potentially interesting receptors that can
result in decreased cAMP. Here we focus on the puriner-
gic receptors, which are largely understudied. Despite the
receptor family comprising 19 receptors, only one drug
(clopidogrel and its analogs) has made it to the market
[114], where its effect is antithrombic. Three receptors, the
P2Y12, P2Y13 and P2Y 14 receptors, couple through G;
and thereby will decrease intracellular cAMP levels [115].
Agonists of these receptors could potentially be interesting
anti-migraine targets. Inhibition of presynaptic transmission
of sympathetic [116] and cholinergic nerves [117] has been
reported following adenosine diphosphate-induced activa-
tion of the P2Y 12 or P2Y 13 receptors, respectively. P2Y 12
receptors are most likely not a suitable candidate, as they
are known to sensitize platelet aggregation, e.g., to thrombin
[118]. Regarding the P2Y 13 receptors, there are some inter-
esting preliminary data demonstrating that a P2Y 13 receptor
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agonist shows very similar results to sumatriptan in preclini-
cal models of migraine [119]. Further studies are needed to
make conclusions regarding a potential anti-migraine effect.

5.2.2 cAMP/Cyclic Guanosine Monophosphate (cGMP)
Phosphodiesterase Activators

Sildenafil (PDES inhibitor) and cilostazol (PDE3 inhibi-
tor) are both known to induce migraine [36, 38], further
strengthening the view that cAMP (and cGMP) accumu-
lation could be part of an important pathway that triggers
migraine. Therefore, activation of cAMP-selective PDEs
(PDE3 or PDES) should be considered as a possible new
target in migraine treatment. To our knowledge, no such
activator has been developed for PDE3 or PDES. Interest-
ingly, this does exist for PDE4, illustrating a first proof of
concept [120]. Despite the potential promising effect, the
risk of serious adverse events is likely as these systems are
widely distributed in the body.

5.3 Membrane Channels

As discussed in Sect. 3, neither CGRP nor cAMP activation
can trigger pain directly. For pain to develop, nociceptive
nerve fibers need to be activated and depolarized. Preventing
such a depolarization could be a potential migraine target.
Here we have chosen to focus on one specific and novel pain
target, the HCN channels. The noted activation of cAMP/
cGMP increases the open-probability, and hence the neu-
ronal excitability and firing of the neurons [48]. Preventing
the open-probability by applying an HCN antagonist is an
interesting target in many types of neuropathic pain [53],
but also for migraine. In an inflammatory migraine model,
expression of HCN channels increases in the TG, and the
authors suggest that HCN1 and HCN2 channels are involved
in inflammation-induced sensory neuron hyperexcitability
[53]. Furthermore, in data presented at MTIS London 2018
[121], Professor McNaughton showed that ivabradine pre-
vented both glyceryl trinitrate (GTN)- and medication over-
use (repeated exposure to sumatriptan)-induced hyperalge-
sia. Unfortunately, in clinical use ivabradine causes strong
bradycardia with no therapeutic window [122]. This is
caused by the repetitive firing in the cardiac action potential
being driven by the HCN4 channel [123]. The structure of
a HCN channel was recently determined [124]—this might
lead to a more specific antagonist, devoid of cardiac effects
[125].

Levcromakalim opens K rp channels, leading to hyper-
polarization, and K,rp channels have been proposed as
potential antimigraine targets [57]. K rp channel activators
or activation in vivo leads to hyperpolarization [58]. After
a delay, the HCN channels could trigger an action potential
as a response to a prolonged hyperpolarization, as has been
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demonstrated in other systems [59], which could be sensed
as pain [59, 60]. There are few data on these mechanisms
and we can only speculate that prolonged hyperpolarization
might trigger migraine pain. If this is the case, potassium
channel antagonists might be potential anti-migraine chan-
nels as they prevent long-term hyperpolarization.

5.4 Glutamate/Kynurenate

Signals travelling through the Ad-fibers are further transmit-
ted to the second-order neurons of the TNC, where gluta-
mate is the main excitatory neurotransmitter [126]. Target-
ing the glutaminergic system might therefore prevent the
pain signal from ever reaching the brain [127]. However,
targeting this system must be approached with utmost care
due to potential adverse effects. A small number of clini-
cal trials exist targeting the glutaminergic system. Tezam-
panel (LY293558) targets the GluK5 subunit of the kainate
receptor. One phase II trial showed positive results in the
primary endpoint of 2 h pain freedom but this has not been
investigated further [128]. Similarly, adx10059, a negative
allosteric modulator for mGlu5, has also been tested for
efficacy in migraine. The study had a positive result for the
primary outcome, but liver enzyme elevation stopped further
development [129, 130]. Preventing communication between
the TG and TNC is still an interesting target, as a potential
modulator might have an anti-nociceptive effect.

Furthermore, regulating the connection between the
TG and TNC might be affected by the kynurenic pathway.
Kynurenate has been shown to be involved in the pathophysi-
ology of migraine [131]. Its effect is most likely mediated by
inhibitory effects on ionotropic glutamate receptors [132].
There have been some preclinical studies on kynurenate.
For example, GTN infusion led to expressional changes in
the kynurenate pathway in one study [133]. In addition, in a
model of trigeminovascular inflammation [134], kynurenate
and its analogs have been shown to suppress nociceptive
activation of the trigeminal pathway and reduce the release
of glutamate [135].

6 Concluding Remarks

The current line of treatments and those in development all
target the peripheral symptoms of migraine. The availabil-
ity of receptors and ease of modulating signaling targets
in the peripheral trigeminovascular system has made it a
preferred target over the central nervous system [15]. At the
same time, central adverse effects are less likely if peripheral
structures are the treatment target.

We are now much closer to understanding the pathophys-
iology of migraine. Nevertheless, discovering the mecha-
nism behind the initial trigger and a migraine cure (unlike

mitigating pain) still seems far away. Preventing peripheral
pain will therefore most likely be the main target in the near
future. When the signaling and modulation of the hypothala-
mus is better understood, there might be hope for a true
migraine cure.

The question therefore remains, can we in the meantime
treat all patients and provide pain relief? The current best
approach—both CGRP/CGRP receptor mAbs and triptans
[81, 136]—is to find the right combination of neuropep-
tide release inhibitors and prevent activation of their tar-
gets. However, in some patients, other neuropeptides such
as PACAP might be involved in the origin of migraine pain
[108]. In addition, there may be neurons for which triptans
are not the best agonist to modulate neuronal excitability.
The need for novel modulators will hopefully be met as
research focus turns to the cAMP and cGMP systems and
their activation in migraine. We also believe that the hypoth-
esized involvement of HCN channels offers an interesting
explanation for the actual sensation of pain, which deserves
future focus.
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