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ABSTRACT: Migraine is a debilitating neurological con-
dition that involves the neuropeptide calcitonin gene-related
peptide (CGRP). An exciting development is the recent FDA
approval of the first in an emerging class of CGRP-targeted
drugs designed to prevent migraine. Yet despite this efficacy,
there are some fundamental unanswered questions, such as
where and how CGRP works in migraine. Preclinical data
suggest that CGRP acts via both peripheral and central
mechanisms. The relevance of peripheral sites is highlighted
by the clinical efficacy of CGRP-blocking antibodies, even
though they do not appreciably cross the blood-brain barrier.
The most likely sites of action are within the dura and
trigeminal ganglia. Furthermore, it would be foolish to ignore
perivascular actions in the dura since CGRP is the most potent vasodilatory peptide. Ultimately, the consequence of blocking
CGRP or its receptor is reduced peripheral neural sensitization. Underlying their efficacy is the question of why the antibodies
have such an excellent safety profile so far. This may be due to the presence of a second CGRP receptor and vesicular release of
a large bolus of peptides. Finally, despite the promise of these drugs, there are unmet gaps because they do not work for all
patients; so what next? We can expect advances on several fronts, including CGRP receptor structures that may help the
development of centrally acting antagonists, combinatorial treatments that integrate other therapies, and development of drugs
that target other neuropeptides. This is truly an exciting time for CGRP and the migraine field with many more discoveries on
the horizon.
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■ INTRODUCTION

Migraine is more than just a bad headache. It is neurological
disorder involving sensory abnormalities that occur preceding,
during, and following the headache.1−3 The prevalence and
socio-economic impact of migraine cannot be overstated. It is
estimated that 15% of all people suffer from migraine.4,5

Migraine is the second leading cause of years lived with a
disability, and the sixth most common disease globally (>1
billion sufferers).6 The prevalence is 3−4-fold higher in
women, such that over 40% of women experience migraine
in their lifetime.7 The annual cost of migraine in the US alone
is ∼$36 billion.8 Furthermore, headache is in the top five
reasons for emergency room visits4 and is associated with the
overprescription of opioids.9

Clinical studies over the past 3 decades have demonstrated
that migraine involves an increased sensitivity to the
neuropeptide calcitonin gene-related peptide (CGRP).
CGRP is a multifunctional peptide that has potent vasodilatory
activity and has long been implicated in pain pathways.10

Notably, CGRP is both necessary and sufficient to cause
migraine for many people (Table 1). In particular, CGRP
infusion is able to trigger delayed migraine-like headaches in
most migraineurs. Interestingly, the majority of agents in these

types of provocation studies are vasodilators. However, this is
not a property of all vasodilators since infusion of VIP and
adrenomedullin do not trigger a migraine.11,12 This suggests
that the vasodilation activity of CGRP is not sufficient to
trigger a migraine. Nonetheless, we cannot exclude the
possibility that CGRP invokes both vasodilatory and non-
vasodilatory actions in the perivasculature,13 or that there are
important differences in vascular targets and pharmacoki-
netics.14,15 On-going preclinical and clinical studies should
resolve these possibilities.
Perhaps the most persuasive evidence of the importance of

CGRP is efficacy of CGRP-based therapeutic antibodies and
small molecule receptor antagonists.16 Three monoclonal
antibodies have now been approved by the Federal Drug
Administration (FDA). Erenumab (Aimovig, Amgen/Novar-
tis), blocks the CGRP receptor and fremanezumab (AJOVY,
Teva Pharmaceuticals) and galcanezumab (Emgality, Eli Lilly)
block the CGRP ligand. In addition, two receptor antagonists,
ubrogepant (Allergan) and rimegepant (Biohaven Pharma-
ceuticals), and another ligand antibody (eptinezumab, Alder
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Biopharmaceuticals) are expected to be submitted for FDA
approval in 2019. It is especially encouraging that the
antibodies are effective for at least 15 months,17 and have
minimal adverse effects.18−21 This is a stimulating time in the
field because CGRP-based drugs are the first new class of
migraine therapeutics in nearly 30 years.

■ HOW IS CGRP ACTING IN MIGRAINE?

The role of CGRP and the vasculature in migraine is central to
many of the concepts in this article. Historically migraine has
been viewed as a vascular disorder,22 yet over the past two
decades the vascular theory has been challenged by more
neuro-centric theories. This shift was triggered by reports that
vascular changes are neither necessary nor sufficient to trigger
migraine, and by evidence that brain functions are altered
during migraine.3,23 Nonetheless, the debate on vascular
contributions continues (see citations in ref 24).
In this Perspective, I suggest that CGRP actions at the

vasculature should not be ignored. We have recently reviewed
the vascular connections to migraine.24 For example, local
changes in vascular tone are difficult to rule out and recent
studies support a role for meningeal vasodilation.25,26

Furthermore, a meta-analysis of >1 million people concluded
that migraine is associated with elevated risk of cardiovascular
and cerebrovascular events,27 and many genes that are
associated with migraine are expressed in the vasculature.28

Finally, the high therapeutic efficacy of monoclonal antibodies
that do not cross the blood-brain barrier16,29 argues for a
peripheral site of CGRP action. On the basis of these
observations, a critical reevaluation of vascular contributions
to migraine seems justified. Indeed, a neurovascular model of
migraine involving peripheral sensitization in the trigemino-
vasculature was articulated over 25 years ago, although it was
limited to peripheral nerves.22 The model I am proposing is
similar, with the exceptions that the process can be triggered in
both the meninges and CNS, and that it can go in both
directions, that is, neural to vascular and vascular to neural.
I propose a model of perivascular CGRP actions that

involves a cascade from the trigeminovasculature to the
thalamus and eventually the cortex (Figure 1). A key point is
that at both sites of action the blood vessels can modulate
neural activity. In this model, CGRP can act in both the
periphery and CNS to cause migraine symptoms. This
hypothesis is based on our unexpected finding from photo-
phobia studies described below. Namely, when mice were
sensitized to CGRP by overexpression of a receptor subunit
(hRAMP1) in neural tissue, they showed enhanced light
aversive behavior following central administration of CGRP,
but not following peripheral administration.30 Although this
finding does not rule out involvement of the nervous system, it
does indicate that the limiting site of peripheral CGRP action

Table 1. Clinical Evidence of CGRP Involvement in Migraine

1. Elevation of CGRP in migraineurs
•CGRP levels elevated in plasma,80,81 cerebrospinal fluid,82 and saliva83 during spontaneous migraine attacks.

◦Also elevated during nitroglycerin-induced migraine.84

◦Interictal levels elevated in episodic85 and chronic migraineurs.86

◦Reduced by triptans.81,84

•However, elevation not seen in other episodic87 and chronic88 migraine studies.
2. Infusion of CGRP causes migraine

•In 66% of migraineurs, the infusion of CGRP is sufficient to induce a migraine-like headache.89,25,90,91

◦In contrast, healthy controls have only a mild headache,92 suggesting that migraineurs are more sensitive to CGRP.
•However, CGRP infusion not effective in FHM1 patients93,94 and apparently does not induce aura90 or prodrome symptoms.91

3. Eff icacy of CGRP-based drugs
•Small molecule CGRP receptor antagonists effective in clinical trials for abortive treatment of migraine.95−97

◦Lead antagonist dropped due to liver toxicity after repeated use,98 although new compounds, rimegepant and ubrogepant, look promising as
abortive and preventative drugs,73 and are expected to be submitted for FDA approval soon.

•Antibodies that block CGRP or CGRP receptor are effective in clinical trials for prevention of both episodic and chronic migraine.18,19,73,99−101

◦FDA approvals of the receptor antibody erenumab (Aimovig) and two ligand antibodies, fremanezumab (AJOVY) and galcanezumab (Emgality),
for migraine prevention, with another ligand antibody, eptinezumab, expected to be submitted soon.

Figure 1. Model of peripheral and central perivascular CGRP actions. In the periphery, CGRP (green ovals) released from dural trigeminal
afferents acts on perivascular cells to cause vasodilation and neurogenic inflammation, with positive feedback loops (blue arrows) leading to
peripheral sensitization.33 Nociceptive signals are relayed to the CNS to the thalamus directly and via the parabrachial nucleus. In the CNS, release
of CGRP (green ovals) from parabrachial neurons into the posterior thalamic region modulates neural signaling. CGRP in the brain also causes
vasodilation,49 which could lead to neural activation by vascular-neural coupling51 and further dilation of vessels in a positive feedback loop (blue
arrows) that triggers further CGRP release. CGRP-mediated neuromodulation of glutamatergic synapses results in central sensitization33 and
signaling to the cortex that leads to migraine symptoms of photophobia and pain.
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is not neuronal. If neurons are not the limiting site in the
periphery, then which cells are?
In the periphery, it seems likely that a combination of CGRP

actions at multiple sites could alter the microenvironment of
the trigeminovascular system (Figure 1). Peripheral targets
most likely are (1) perivascular cells in the meninges, including
mast cells, glia, vessels, primary afferents and (2) trigeminal
ganglia cell bodies, including neurons and glia.31 Notably,
CGRP is the most potent peptide vasodilator, especially of
cranial vessels,10 and CGRP leads to neurogenic inflammation
by activating mast cells, which release agents that can sensitize
neurons and cause further vasodilation in the dura layer of the
meninges.32 This modulation of neural activity could then
trigger positive feedback loops that lead to peripheral
sensitization of nociceptors.31,33 Dural vessels are fully
peripheral, unlike vessels of the pial layer of the meninges.
The pial afferents are exposed to cerebrospinal fluid and hence,
unlike dural afferents, are within the blood brain barrier.34

CGRP-induced dilation could trigger further dilation by
autoregulation of local cerebral blood flow in the pia and
parenchyma. In the periphery, CGRP is most likely acting by
peripheral sensitization that set up vascular and neural actions
in the CNS.
In the CNS, we expect that multiple neural pathways

influence photophobia and pain, with the thalamus being a
focal point (Figure 1). CGRP and its receptor subunits are
widely distributed throughout the CNS, including the
retina.35,36 The trigeminal nerve carries nearly all the pain
signals from the anterior part of the head31 and is generally
thought to be involved in most photophobia pathways.33 The
trigeminothalamic tract consists of second order trigeminovas-
cular neurons that directly connect from the trigeminal nucleus
to posterior thalamic nuclei (PoT). Note that we use the
designation PoT to include all posterior thalamic nuclei,
including the ventral posteromedial nucleus (VPM). A second
path is via the parabrachial nucleus (PBN), which is known to
relay sensory signals, including pain-producing signals, to the
forebrain. The role of CGRP-expressing neurons in the PBN in
a variety of aversive responses,37 has recently been reviewed.38

In addition, the PBN receives some direct monosynaptic input
from the trigeminal nucleus, which contributes to affective
pain.39 A key study by Burstein and colleagues identified
neurons in the rat PoT (primarily in the dorsal border) that
might be involved; they are coordinately activated by dural
stimulation of trigeminal afferents and melanopsin-containing
retinal ganglion cells.40 A role for CGRP in trigeminal and
thalamic pathways is also supported by the presence of CGRP
and its receptors in the nociceptive pathway from the meninges
to the PoT,41,42 and PoT activation during migraine.43 The
presence of CGRP in PoT neurons of the subparafasicular and
intralaminar thalamic nuclei is especially intriguing because
they receive somatosensory and nociceptive stimuli from
ascending pathways.44 In addition, the convergence of auditory
and nociception inputs to the CGRP-positive subparafasicular
thalamic nucleus are important for conditioned auditory and
visual fear responses.45,46

An under-appreciated function of central CGRP is its ability
to trigger vasodilation of cerebral blood vessels. While long
documented in vitro,47,48 central CGRP-induced vasodilation
was only recently shown in vivo,49 ironically, in the thalamus.
Furthermore, CGRP could potentially act at vessels distant
from its release site by diffusion through interstitial space
(volume transmission).50 This would create a second positive

feedback loop (Figure 1). In the CNS, this activity would be
restricted to perivascular CGRP since it would not pass into
the lumen of cerebral vessels. As an aside, CGRP detected in
the blood is most likely spillover from peripheral nerves (e.g.,
from trigeminal afferents),16 although there are also reports of
nonneuronal sources of CGRP.10 Dilation of cerebral vessels
could then increase neural activity in the CNS by vascular-
neural signals. This mechanism is supported by studies with in
vitro cortical slices, and might occur either directly or via glial
intermediates.51 Coupled with vascular actions, CGRP released
from neurons is known to act as a neuromodulator. This
activity has been shown to increase glutamatergic transmission,
and thus could cause central sensitization.52,53

■ WHAT ARE THE MIGRAINE-LIKE ACTIONS OF
CGRP?

Much of what we know about CGRP actions comes from
preclinical studies with mice (Figure 2). Admittedly, we will

never be sure if a mouse has a migraine; however, we can
examine behaviors that are surrogates for migraine symptoms,
such as photophobia and pain. Light aversion can be used as a
photophobia assay.30,54,55 Grimace and touch sensitivity can be
used as a measure of CGRP-induced spontaneous and evoked
pain.56,57

Photophobia and Decreased Movement. Light aversive
behavior has been established as a surrogate for photo-
phobia.30,54,55 Photophobia reflects an allodynic response, that
is, nonpainful light becomes noxious, and is one of the
diagnostic criteria and most common symptoms of migraine.58

Bright light can trigger a migraine, and even dim light causes
discomfort and pain during a migraine. Administration of
CGRP to mice drove them into the dark zone.30,54,55 While we
cannot be certain that mice experience photophobia, we have
ruled out that increased anxiety alone drives the behavior.
Thus, we presume that aversion to light must reflect an
unpleasant sensation that can overcome their strong, innate
exploratory drive. Coupled with this behavior, we noticed that
the mice also moved less after being given CGRP.
Interestingly, the mice only moved less in the dark zone,
which may be similar to how migraineurs prefer to rest when
they go into the dark.
One important feature of the assay is that either dim or

bright light triggers a response. In dim light (55−70 lx),
CGRP-sensitized mice, that is, mice in which hRAMP1, the
rate-limiting subunit of the CGRP receptor, is overexpressed in
the nervous system (nestin/hRAMP1), but not wildtype or
littermate control mice, spent less time in the light following
intracerebroventricular (icv) injection of CGRP.54 As men-
tioned above, this sensitized phenotype was not seen in nestin/
hRAMP1 mice after peripheral (intraperitoneal, ip) CGRP

Figure 2. Summary of CGRP-induced migraine-like symptoms.
Injection of CGRP into mice can cause the indicated symptoms of
light aversion, decreased movement, and spontaneous and evoked
pain.
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delivery compared to wildtype mice.30 The finding that nestin/
hRAMP1 mice are sensitized to central CGRP but not to
peripheral CGRP suggests that neurons are not the rate-
limiting step for peripheral CGRP actions. Given that people
who do not get migraine are bothered by bright light, it
seemed that if the light intensity is great enough, then wildtype
mice might also show CGRP-induced light aversion. This
proved to be the case for both icv55 and ip30 CGRP delivery to
wildtype mice when the light intensity was increased to the
equivalent of that on a sunny day (25−27K lux). Antimigraine
drugs of the triptan family blocked the effect of bright and dim
light in the contexts of both icv and ip CGRP,30,55 consistent
with their ability to inhibit CGRP-induced migraine in
humans.25

Spontaneous and Evoked Pain. Pain is admittedly a
difficult parameter to objectively measure in mice as well as in
people. An indicator of spontaneous pain is the mouse grimace
scale developed by Mogil.59 Injection of CGRP induces a
grimace response that lasts for over an hour.56 The grimace is
partially attenuated by sumatriptan, consistent with the pain
being at least partially migraine-like. Importantly, given the role
of CGRP in light aversive behavior, the grimace is independent
of light, being observed both in the dark and light.56 A strength
of this assay is that it is translatable to humans, who also
grimace when in pain.59

An indicator of evoked pain is tactile mechanical allodynia of
the periorbital facial region and hindpaw using von Frey
filaments. This tactile sensitivity is considered to be a painful
response to ordinarily nonpainful touch. Sensitivity to light
touch, predominantly in the cephalic region, is reported by
over half of migraineurs.60 We and others have reported that
CGRP enhances sensitivity to von Frey filaments used as
mechanical stimuli to the hindpaw.57 Therefore, grimace and
tactile allodynia assays provide independent assessments of
pain in mice following CGRP treatment.

■ WHY ARE THE CGRP AND CGRP RECEPTOR
BLOCKING ANTIBODIES SO SAFE THUS FAR?

To date, the antibodies have a remarkably clean safety profile.
This is despite reasonable concerns about cardiovascular
complications of blocking CGRP activity,61 especially given
its cardioprotective functions.62 Toward this end, it is
encouraging that the CGRP receptor antibody did not affect
patients with stable angina on a treadmill test.21 While we must
remain cautious, why might the antibodies have been so safe
thus far? The answer could lie in part because the antibodies
knockdown, but do not knockout CGRP signaling (Figure 3).
In the case of the CGRP receptor antibody, it blocks only

the canonical CGRP receptor (Figure 3). This receptor is an
unusual G protein coupled calcitonin-like receptor (CLR) that
requires the RAMP1 accessory protein for both trafficking to
the cell surface and binding of CGRP.63,64 Our data indicate
that RAMP1 is the rate-limiting subunit.65 Interaction of CLR
with related RAMPs generates receptors for adrenomedullin,
which is involved in nociception66 but not migraine.11 The
hRAMP1 subunit is responsible for the species selectivity of
the CGRP receptor antagonists used in clinical studies.67

Importantly, RAMP1 can bind other G protein coupled
receptors. Most notably, RAMP1 converts the calcitonin
receptor (CTR) into an amylin-1 receptor, which can be a
second CGRP receptor.68,69 This receptor is also sensitized in
the transgenic hRAMP1 mice.70,71 The amylin-1 (CTR/
RAMP1) receptor is reportedly not blocked, based on

pharmacological data, by the CGRP receptor antibody that
was raised against CLR/RAMP1.72 Since both the amylin-1
and CGRP receptors are expressed in vessels, as well as the
trigeminal ganglia and trigeminal nucleus,68 this suggests that
there could be at least partial compensation when the CGRP
(CLR/RAMP1) receptor is blocked. Thus, in the presence of
the CGRP receptor antibody, CGRP could still potentially
signal at the amylin-1 receptor.
In the case of the ligand antibodies, the blocking antibodies

likely only dampen, not completely block, the relatively slow
and prolonged actions of neuropeptides over a relatively large
area (Figure 3). The vesicular storage of neuropeptides means
that when a neuron is activated, it rapidly releases peptides in a
huge bolus that could potentially overwhelm the antibodies. In
essence there would be a “binding race” driven by the kinetics
of CGRP binding its receptor and being bound by an antibody.
To appreciate the odds on this race, a relevant consideration is
the number of peptides released from a single vesicle. Primarily
on the basis of peptide and capacitance measurements of
hypothalamic neurons, it can be estimated there are ∼10 000
peptides per dense core vesicle, with ∼103 vesicles released per
sec.50 Thus, millions of neuropeptides can be released in a
short burst from just a single neuron. As a result, it seems likely
that the blocking antibodies will be able to blunt, but are
unlikely to completely block, neuropeptide signaling. Rather, I
suggest that the amplitude and duration of volumetric
transmission (dispersion in extracellular fluid) of the peptides
would be decreased, but not abolished. For a more detailed
discussion of the relevance of peptide release and transmission
in migraine see ref 50. Hence, the inability to completely block
CGRP upon release from neurons and the existence of a
second CGRP receptor may contribute to the excellent safety
profile that has been reported to date for the CGRP- and
CGRP receptor-blocking antibodies in clinical trials.

■ WHAT NEXT?
The development of CGRP-based drugs is clearly a great
beginning;73 however, there are unmet gaps for treatments. For

Figure 3. Model of CGRP and CGRP receptor antibody actions in
the trigeminovasculature. CGRP is released in a large bolus from
dense core vesicles at varicosities and free nerve endings of trigeminal
afferents in the meninges. The ligand antibodies are proposed to
dampen CGRP signaling by binding some, but not all, of the released
CGRP. The receptor antibody blocks the CLR/RAMP1 CGRP
receptor, but apparently not the CTR/RAMP1 amylin-1 receptor,
which would allow CGRP signaling to still occur at CTR/RAMP1 on
vessels and trigeminal nerves.
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example, a clinically relevant end point of 50% reduction of
headache days is achieved in only about half of the subjects in
trials.74 To improve existing treatments and develop new
drugs, we need to know more about where and how CGRP
acts. Along this line, centrally acting CGRP antagonists should
be considered. Importantly, given the actions of CGRP in
central sensitization of pain,75 it seems likely that CGRP
targeted drugs will also be effective for other chronic pain
syndromes. However, this potential benefit of a centrally acting
antagonist will need to be balanced against the likely risk of
greater side effects on CNS function. Likewise, a better
understanding of the structures of both CGRP receptors will
help direct drug design for both peripheral and central target
engagement. In this regard, the recently solved cryo-EM
structure of the active canonical CGRP receptor
(CGRP:CLR:RAMP1:Gs heterotrimer)76 is likely to provide
new perspectives for drug development. In this vein, antibodies
and drugs that target the second CGRP receptor should be
considered. In addition, combinatorial treatments, in which
CGRP targeted therapies may be integrated into other
treatment regimens, such as NSAIDs, may prove effective.
Finally, where to after CGRP? New drug targets should

include other neuropeptides. Indeed, at least two pharmaceut-
ical companies are moving forward with antibodies that block
either PACAP-38 or the PAC1 PACAP receptor. Given the
shared activities of CGRP and PACAP,77,78 this is likely to be a
fruitful endeavor. But these two peptides are just the very tip of
the iceberg. There are hundreds of neuropeptides that can act
within the brain as neuromodulators and within the periphery
as signaling molecules, which makes them well poised to alter
sensory perception in migraine.50 In the periphery, an example
of neuropeptide actions is at the cerebrovasculature, which is
heavily innervated by sensory, parasympathetic, and sympa-
thetic nerves.79 These nerves release several neuropeptides,
including CGRP, PACAP, and NPY, that can either increase or
decrease vascular tone. Whether in the perivasculature or deep
in the CNS, members of the diverse families of neuropeptides
could add to the pathogenesis and complexity of migraine.50

Clearly CGRP will not be the only neuropeptide involved in
migraine and given the emerging evidence for other peptides, it
seems reasonable that altered neuropeptide actions may be a
good target for reducing the heightened sensory state of
migraine.
In summary, the advent of new CGRP-based migraine drugs

established the significance of CGRP in migraine, yet also
highlighted how little we know about the underlying
mechanisms. It seems likely that we are heading for a very
exciting time in the field.
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