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Views and Perspectives

CGRP and Brain Functioning: Cautions for Migraine
Treatment

Jonathan M. Borkum, PhD

Background.—Calcitonin gene-related peptide has emerged as a therapeutic target in migraine. Monoclonal antibodies
and small molecule receptor antagonists (gepants) directed against CGRP have been approved or are in Phase II or III
clinical trials. For monitoring the long-term safety of these drugs, it is helpful to consider the role of CGRP in brain
functioning.

Methods.—Qualitative review of the preclinical literature on CGRP in brain physiology and pathophysiology.

Results.—Within the brain, CGRP is upregulated by stresses such as ischemia, injury, hyperthermia, and seizure, and
activates neuroprotective processes. Thus, CGRP buffers intracellular calcium, triggers antiapoptotic signaling, upregulates
a number of neurotrophins (including insulin-like growth factor-1/IGF-1, basic fibroblast growth factor/bFGF, and nerve
growth factor/NGF), reduces brain edema, and likely increases antioxidant defenses. When released outside the blood-brain
barrier, CGRP likely protects the endothelium, upregulates growth factor signaling from the endothelium to the brain pa-
renchyma, strengthens the blood-brain barrier, protects the immune privilege of the brain by inhibiting the movement of
neutrophils and monocytes, and facilitates neurogenesis and angiogenesis at stem cell niches.

Conclusions.—CGRP participates in a wide range of neuroprotective processes. In theory, migraineurs with comorbid
brain pathology might be at increased risk from CGRP inhibition. However, the extent of compensating processes is unknown
and will determine whether these risks materialize in practice.
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bFGF basic fibroblast growth factor, cAMP cyclic adenosine monophosphate, CGRP calcitonin gene-related
peptide, CLR calcitonin receptor-like receptor, CREB cyclic AMP response element-binding transcription
factor, eNOS endothelial nitric oxide synthase, GDNF glial cell line-derived neurotrophic factor, IGF-1 insulin-
like growth factor-1, mAbs monoclonal antibodies, MCP-1 monocyte chemoattractant protein-1, MS multiple
sclerosis, NGF nerve growth factor, NMDA N-methyl-D-aspartate glutamate receptor, PI3K phophoinositide
3-kinase, PACAP pituitary adenylate cyclase-activating polypeptide, RAMP receptor activity-modifying protein,
RCP receptor component protein, TRPV1 transient receptor potential vanilloid 1 receptor, VEGF vascular
endothelial growth factor

(Headache 2019;59:1339-1357)

Migraines, comprised of moderate-to-severe head
From the Department of Psychology, University of Maine,
Orono, ME, USA (J.M. Borkum); Health Psych Maine, o ]
Waterville, ME, USA (J.M. Borkum). ful sensitivity to light and sound, and often exacer-

pain accompanied by nausea, vomiting, and/or pain-

bated by routine daily activities"* affect 17% of women
Address all correspondence to: J.M. Borkum, Department of y y %

. . . . 3
Psychology, University of Maine, Orono, ME, 04469-5782  and 6% of men in the United States in any given year
USA, email: jborkum@hpmaine.com

Conflicts of Interest: None
Accepted for publication May 9, 2019. Funding: None

1339


mailto:﻿￼
https://orcid.org/0000-0002-5943-3156
mailto:jborkum@hpmaine.com

1340

and 1.06 billion people globally.* For the individual,
migraines are the sixth leading cause of disability,4
the fifth leading cause of emergency room visits,” and
add an average of $1705 (episodic migraines) or $4943
(chronic migraines) to annual medical expenses.6
Societally, they are estimated to entail $13 billion in
costs per year in the United States, mostly due to lost
productivity.7 Thus, finding more effective treatments
is imperative.

Recent efforts have focused on the role of a-calci-
tonin gene-related peptide (CGRP) in migraine. CGRP
is a 37-amino acid (5 KDa) peptide produced in the
body by an alternative splicing of the calcitonin gene.
It is transduced by a receptor complex comprised of
(1) the calcitonin receptor-like receptor (CLR), (2)
receptor activity-modifying protein 1 (RAMP1), which
confers a degree of substrate specificity for CGRP, and
(3) receptor component protein (RCP), which helps
connect the receptor to intracellular signaling mech-
anisms.® In particular, the receptor is coupled to a G
protein that activates adenylyl cyclase, raising levels
of cyclic AMP (cAMP), and influencing an array of
downstream targets.9 Effects include relaxation of
arterial smooth muscle with resulting vasodilation, sen-
sitization of the NMDA receptor in pain pathways,'
and direct and indirect activation of growth factor and
antiapoptotic signaling.”'°

Several lines of evidence implicate CGRP as a key
effector molecule in the migraine attack.”!"'? Outside
of the brain, CGRP is released by sensory nerve ter-
minals, including in the perivascular meninges and
around the extracranial vessels,® thought to be the
peripheral site of migraine pain. It is a potent vaso-
dilator, causes mast cells to release inflammatory
mediators, and thereby may sensitize peripheral noci-
ceptors.* CGRP is also an important neuromodulator
in the trigeminal ganglion and, within the brain, in the
trigeminal nucleus caudalis, an early processing center
for pain from the head," as well as the periaqueductal
grey, and possibly the cerebellum. In pain pathways,
CGRP intensifies glutamatergic signaling16 and acti-
vates microglia to a proinflammatory state.!”'® Thus,
CGRP is thought to contribute to sensitization to sen-
sory input and to the pain of the migraine attack.”

Its concentration is elevated in the plasma
of people with episodic and, more so, chronic
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migraine between?® and during® migraine attacks.
Administration of CGRP elicits a headache and
sometimes a delayed migraine in migraineurs.*>*
Conversely triptans, by activating presynaptic 5-HT,
and 5-HT, receptors,24 inhibit release of CGRP in
the trigeminal ganglion® and normalize plasma lev-
els during a migraine in concert with a reduction in
headache pain.26'28

Thus, 2 categories of CGRP blockers have been
introduced or are in late-stage trials for migraine:*
(I) Monoclonal antibodies (mAbs) against the CGRP
receptor (erenumab) or against CGRP itself (epti-
nezumab, fremanezumab, and galcanezumab). (2)
Traditional CGRP receptor antagonists (“gepants”)
— ubrogepant, rimegepant, and atogepant — which
are in clinical trials for acute migraine treatment or
prevention.

These 2 categories differ in half-life (21-32 days
for mAbs, 3-6 hours for gepants), route of elimination
(lysis into peptides and amino acids by the reticu-
lo-endothelial system for mAbs, hepatic metabolism,
and/or renal or biliary excretion for gepants), and tar-
geting for acute treatment (rimegepant, ubrogepant)
or prevention (atogepant and all of the mAbs).*>*" In
addition, while mAbs are likely far too large to cross
the blood-brain barrier (BBB), at least some of the
CGRP antagonists likely do.”!

The clearest data so far are for the mAbs. In
phase 3 clinical trials, these molecules reduced mi-
graine frequency, had very few reported side effects,
and caused no changes in vital signs, blood chemis-
try, or EKG.*** Erenumab had only a small effect
on angina during treadmill exercise in patients with
coronary artery disease®® (however, see Maassen van
den Brink et al®*). Drug-drug interactions are very
unlikely with mAbs.*® Nonetheless, identifying subtle
effects that may become consequential under partic-
ular circumstances or with long-term use will require
more experience with the drugs.’” To know where to
look for potential adverse reactions it is helpful to
consider the physiological role of CGRP.

Long-term theoretical risks to the body of CGRP
inhibition — the cardiovascular system from impaired
vasodilation, the gastrointestinal tract from inflam-
mation and impaired tissue homeostasis, and the
skin and bones from impaired healing — have been
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reviewed in depth elsewhere.**** However, except
for the possibility of ischemic stroke from impaired
vasodilation, the potential risks to the brain do not
seem to have been reviewed. Therefore, in what fol-
lows we will consider a number of such risks, drawing
on what is known or can be deduced about the normal
functions of CGRP in the central nervous system. The
goal will be to understand the place of CGRP in brain
functioning beyond its role in generating migraine.

CGRP AND THE BLOOD-BRAIN BARRIER
The actions of CGRP in migraine take place
peripherally in the meninges and trigeminal ganglion
(neurogenic inflammation, vasodilation, and pain sen-
1314 and centrally in the brain (pain transmis-
sion and sensory processing).> As mAbs and some of

sitization)

the gepants function outside of the BBB, they directly
block only the peripheral effects of CGRP. However,
whether these are truly 2 separate systems, and if so,
whether they influence each other, is not yet known.
Hinging on this is the question of whether CGRP and
its blockade in the blood vessels and meninges have
downstream effects in the brain. The simplest way
for this to occur would be if CGRP, released during a
migraine, itself crosses the blood-brain barrier. Several
factors have bearing on this possibility.

Ordinarily, molecules have free passage
through the BBB only if they are both lipophilic
and small (<400 Da). However, this is not absolute.
A member of the calcitonin family, amylin which,
like CGRP, consists of 37 amino acids, shows some
passive diffusion*® and active tramsport41 into the
brain, potentially accounting for central effects of
the peptide.*

Similarly in the rat, after intravenous injection,
modest amounts of radiolabeled CGRP reach the
cerebrospinal fluid, as well as the cortex, the hippo-
campus, and presumably other regions of brain paren-
chyma.* Interestingly, peripheral (intraperitoneal)
injection of CGRP is sufficient to elicit mild photo-
phobia in mice, a central effect, although this may
be from propagation of neural signaling rather than
actual brain penetrance of CGRP** Alternatively,
circulating CGRP may enter the brain at places such
as the circumventricular organs, where the BBB is
absent.*
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Nonetheless, it is unclear that the amount of
brain penetrance is sufficient to have an effect. The
BBB remains intact to a gadolinium-based contrast
agent during migraine with*® and without aura.*’ In
fact, applying CGRP seems to further strengthen the
BBB.* Moreover, there is currently no evidence for
active transport of CGRP into the brain.

Therefore, in what follows we will consider the in-
tracerebral and extracerebral functions of CGRP as
separate systems. The intracerebral will most likely
be relevant to prospective small molecule CGRP an-
tagonists which cross the BBB. Of relevance to mAbs,
we will then discuss those functions of CGRP outside
the BBB that may have downstream effects within the
brain. We will also consider pathologies in which the
BBB may be compromised.

NEUROPROTECTIVE PROPERTIES OF
CGRP WITHIN THE BRAIN

The distribution of CGRP has been studied pri-
marily in rats, where it is widespread throughout
the brain. In particular, CGRP and/or its receptor
have been found in the cortex, hippocampus, thala-
mus, hypothalamus, pituitary, striatum, amygdala,
cerebellum, and such migraine-relevant sites in the
brainstem as the locus ceruleus, raphe nuclei, and the
trigeminal nucleus caudalis.?*®

Fluctuations in the amount of CGRP have been
studied mostly in the hippocampus, where CGRP is
markedly induced by such stresses as injury, ischemia,
hyperthermia, adrenalectomy, kainic acid-induced sei-
zure, and exposure to a toxin.*~? Based on studies of
heat stress, CGRP likely increases in the cortex, stria-
tum, and cerebellum as well.*>> There, it may protect
neurons by buffering intracellular calcium to prevent
excitotoxicity, apoptosis, and lysis.>*

Moreover, CGRP seems to set in motion an
array of other neuroprotective processes: It activates
antiapoptotic signaling via the cyclic AMP response
element-binding transcription factor (CREB) and B
cell lymphoma 2 survival protein (Bcl-2),>> promotes
neurotrophic signaling via insulin-like growth fac-
tor-1 (IGF-1), basic fibroblast growth factor (bFGF),
and nerve growth factor (NGF),53’56’57

brain edema by inhibiting overexpression of aqua-
B48.58

reduces

porin-4>* and, as noted, strengthens the BB
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Elsewhere in the body, CGRP downregulates the
production of oxidants and upregulates antioxidant
enzymes.” Thus, in ischemia and subsequent reper-
fusion, CGRP protects the heart muscle by reducing
oxidative stress, maintaining mitochondrial mem-
brane potential, and preventing apoptosis.®’ This
type of protection might occur in the brain as well.
CGRP receptors in the cerebellum, when stimulated
by the related compound adrenomedullin, reduce the
production of oxidants.®! Presumably, stimulation by
their primary ligand, CGRP, has the same effect.

An effect on the brain is suggested by antide-
pressant properties of CGRP, administered into a
cerebral ventricle, in psychosocial stress.’”%? The
antidepressant properties seem to be mediated by in-
creased NGF and markedly increased angiogenesis
in the hippocampus.’’ Further, the CGRP-mediated
release of hippocampal IGF-1 improves neurogenesis
and cognition.’*% Conversely, CGRP knockout mice
seem to have impaired spatial learning, apparently
because of lower IGF-1 levels.*®

In addition to neurons, other types of brain cells
including astrocytes, oligodendrocytes, and microglia
have receptors for CGRP®* In particular, microglia
appear to be partially deactivated by CGRP injected
directly into cerebrospinal fluid, leading to reduced
neuroinflammation and disease severity in an animal
model of multiple sclerosis (MS).**®° This effect is stim-
ulus- and tissue-specific. CGRP is anti-inflammatory
when microglia are activated through toll-like receptors
[innate immunity, as in the MS model] but proinflam-
matory in pain pathways when microglia are activated
by nociceptive signaling.*®

Moreover, CGRP has shown promise in vitro for
supporting the survival of adipose-derived stem cells
and their differentiation into neurons®’ and, in vivo, for
chemotaxis, attracting intrathecally injected human
umbilical cord stem cells to the site of spinal cord in-
jury.%® It is unknown whether CGRP functions endog-
enously in brain repair. However, the neurotrophic and
chemotactic properties of CGRP have been implicated
in physiologic regeneration of peripheral nerves.*""

CGRP is a strong vasodilator, suggesting that it
is a defense against ischemia.”"”> However, vasodila-
tion by itself would not be a sound protective strat-
egy by the body because the reperfusion would cause
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oxidative damage to the endothelium and ischemic
tissue.® By pairing vasodilation with antioxidant
defense and growth factor signaling, CGRP can pro-
tect against both ischemia and reperfusion injury.
Surprisingly, CGRP seems to facilitate the excito-
toxic death of hippocampal neurons in a kainic acid
1> However, facilitation of apoptosis
under conditions in which necrosis would otherwise

seizure mode

occur may be neuroprotective, because without it, the
debris from necrotic cells would elicit microglial acti-
vation and an acute phase response.51 This function
of CGRP is reminiscent of brain-derived neurotrophic
factor (BDNF), which protects against apoptosis when
the damage is mild and potentiates it when the dam-
age is severe.”*” Similarly, the antidepressant effect of
CGRP may be bivalent: When psychosocial stress is
combined with ischemia — a particularly severe con-
stellation — CGRP may exacerbate depression.”

Of note, all of these effects are due to intracere-
bral CGRP, which may not be relevant in migraine.
As we have seen, CGRP is traditionally not thought to
cross the BBB and thus its release during a migraine
may not lead to it entering the brain."* However, these
effects may indeed be relevant to CGRP blockers that
do cross the blood-brain barrier. Moreover, while the
BBB is intact in normal conditions and most likely
in migraine, it is disrupted in a wide range of brain
pathologies, including multiple sclerosis, ischemic
or hemorrhagic stroke, traumatic brain injury, pro-
longed hyperthermia, cold injury, Alzheimer’s dis-
ease, and possibly depression and schizophrenia.””’®
BBB disruption also may contribute to epilepsy that
follows head injury or stroke.”

NEUROPROTECTIVE CONSEQUENCES
OF CGRP OUTSIDE THE BLOOD-BRAIN
BARRIER
Let us, therefore, consider the ways in which
CGRP outside of the BBB can have impact on cer-
ebral functioning. In fact, there are 5 potential mech-
anisms by which CGRP released in the periphery
during a migraine may have neuroprotective effects
in the brain:
CGRP as a Defense Against Ischemia.—In the
body, production and release of CGRP are likely

79,80

increased by ischemia and help defend against
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it in animal models of cerebral

ischemia-reperfusion, intraperitoneal or intravenous

Similarly,

administration of CGRP decreases the extent of tissue
damage and behavioral deficit.”**>%! Intravenous
CGRP also decreases the lesion size in a mouse
model of permanent ischemia.’> Presumably, these
central effects of peripherally administered CGRP are
facilitated by breakdown of the BBB in ischemia.

Several mechanisms seem at work. As a potent
vasodilator, CGRP may help preserve and restore
blood flow.”® Thus, CGRP appears to protect against
vasospasm and resulting ischemia following subarach-
noid hemorrhage®® and helps to maintain cerebral
blood flow (cerebrovascular autoregulation) when
there is a fall in systemic blood pressure.** CGRP also
binds to platelets, inhibiting their aggregation.®’

In addition, CGRP seems to reduce NMDA-
mediated excitotoxicity.®! By inhibiting glycogen
synthase kinase-3p, CGRP can prevent hyperphos-
phorylation of tau and the consequent neural degener-
ation.” Further, by activating the CREB transcription
factor, growth factor signaling cascades, and the pro-
tein Bel-2, CGRP prevents apoptosis.” 5,81,82,86

A CGRP knockout model suggests additional
mechanisms. Mice genetically lacking CGRP show
increased inflammation, astroglial activation, oxida-
tive DNA damage, decreased expression of vascular
endothelial growth factor (VEGF) and IGF-1, and
reduced compensatory formation of new capillalries.87
Of note, this was found not only in an acute ischemic
event but also in chronic, low-grade ischemia from
experimental carotid artery stenosis.’’

VEGF also increases capillary density in healthy
brain tissue in regions of increased neural activity, an
effect that may be set in motion by local hypoxia.88
As CGRP facilitates VEGF expression, it may be rel-
evant to this neurovascular coordination.

It should be noted in this regard that migraine
with aura confers a twofold increased risk for ischemic
stroke, an effect that is higher in females, in people
younger than 45, and, markedly, with oral contracep-
tive use, smoking, and their combination.® Leaving
migraine aside, women who use combined oral con-
traceptives are at greater risk of myocardial infarc-
tion and ischemic stroke than non-users (RR = 1.6).”
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CGRP in the Neurotrophic Support of the Brain.—
BDNF, the most abundant growth factor in the brain,
is important in antioxidant defense, protecting
neurons from apoptosis, facilitating the formation and
plasticity of synapses, and promoting neurogenesis and
neural repair.”’ Thus, BDNF is neuroprotective in
animal models.”>

Of note, approximately 50% of BDNF in brain tis-
sue is produced in the blood vessel endothelium ***
Endothelial production of BDNF is set in motion by
nitric oxide.”* Conversely, in a positive feedback cycle,
BDNF increases the endothelial production of nitric
oxide.”® Thus, the endothelium helps to maintain not
only cerebrovascular integrity but the functioning of
brain tissue as well.

CGRP appears relevant to this neuroprotection
in part because it protects the endothelium from
oxidative stress. It prevents damage and apoptosis
of human umbilical vein endothelial cells from oxi-
dized low-density lipoprotein.97 CGRP also protects
endothelial cells from the effects of angiotensin II by
reducing the production of oxidants and preserving
antioxidant defenses, thus maintaining the expres-
sion of endothelial nitric oxide synthase (eNOS).”® By
similar mechanisms, and upregulation of the anti-ag-
ing protein klotho, CGRP prevents the accelerated
senescence of endothelial progenitor cells caused by

angiotensin I1.%

These antioxidant processes likely
also have a sparing effect on nitric oxide, increasing
its availability for facilitating BDNF.

In addition, by increasing blood flow to a region,
CGRP may intensify sheer stress and thus the produc-
tion of nitric oxide by the endothelium.'”

Moreover, CGRP has been directly implicated
in production of VEGF!"! and bFGF>*% by the en-
dothelium. VEGF protects endothelial cells by induc-
ing antiapoptotic genes and cytoprotective signaling
pathways via the Akt/PI3K palthway.wz'104 Moreover,
VEGTF is thought to stimulate the expression of eNOS
and the production of nitric oxide.'” Under most con-
ditions, nitric oxide then stimulates VEGF gene ex-
pression in a positive feedback loop.!%

Of note, the VEGF phase of CGRP signaling is
likely time-limited, as high levels of nitric oxide feed

back and reduce VEGF activity.!” This, too, may be
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protective, as excessive VEGF signaling can disrupt
the BBB.'"

Thus, CGRP protects the endothelium and,
through VEGF and, likely, sheer stress, increases pro-
duction of nitric oxide and presumably BDNF. CGRP
may also directly raise plasma levels of BDNF as, at
least in vitro, it causes neurons in the trigeminal gan-
glion to secrete BDNE.!?7108

In these ways, CGRP outside the BBB may main-
tain and increase the brain’s supply of BDNF.

Further, VEGF is itself neurotrophic. It readily
crosses the BBB, at least at neural stem cell niches,
where angiogenesis and neurogenesis appear to be
coordinated. There, VEGF is responsible for the
increased level of neurogenesis induced by physical
exercise or an enriched environment.'”!! In a model
of adult neurogenesis, the seasonal development of a
vocal center in male songbirds, VEGF also triggers
endothelial cells to produce BDNFE.'"> Of note, the
role of VEGF seems restricted to induced rather than
basal levels of neurogenesis.'””

Of course, an even more direct mechanism would
be for CGRP, as a vasodilatory molecule, to itself
phosphorylate eNOS and increase the production
of nitric oxide. CGRP receptors have been found in
the endothelium of the basilar and pial arteries and
the cerebral microvasculature.'*'"* Moreover, in the
human brain, CGRP receptors may be more com-
mon in the venous endothelium than in the arterial.!®
Further, endothelial CGRP receptors are induced by
CGRP.!’" As migraineurs have higher plasma levels
of CGRP between?® and during21 migraine attacks,
their cerebral endothelium might be more sensitive to
CGRP.

However, CGRP receptors have not been found
in the endothelium of human meningeal, middle
cerebral, or superficial temporal arteries.'®!'"” In
the cerebral arteries, removing the endothelium or
blocking the activity of eNOS does not affect the
magnitude of the vasodilation, suggesting that if
there is a vasodilatory effect from the endothelium,
it is swamped by the effect of CGRP in relaxing the
smooth muscle layer.!”® In all, in the human brain,
vasodilation by CGRP is thought to be mediated by
the smooth muscle layer of the arteries, while the
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actions of CGRP on the endothelium involve growth
factor signaling.

Through a number of mechanisms, then, CGRP
very likely preserves and potentiates downstream
neurotrophic signaling from the endothelium to the
brain.

CGRP in the Immune Privilege of the Brain.—The
effect of CGRP on the trafficking of leukocytes is
complex, with some studies suggesting that CGRP,
released from sensory axons, may help guide
leukocytes to the site of injury.118 Nonetheless, CGRP
reduces production by the endothelial cells of CCL2
(also termed monocyte chemoattractant protein-1/
MCP-1) and certain other chemokines such as
CXCLI and CXCL8."™"

CGRP, a key effector molecule for neurogenic
inflammation, downregulates Thl-type classical in-
flammation, decreasing the production of tumor
necrosis factor-a, interleukin-2, and interferon-y,
and the innate immune response in macrophages.121
Administration of CGRP is protective in a mouse
model of sepsis'>> by limiting the movement of neu-
trophils and monocytes from blood vessels into the
mouse peritoneal cavity."”> CGRP also inhibits neu-
trophil chemotaxis in barrier tissues such as the lung
and skin.!2>1%*

Similarly, CGRP may protect the immune priv-
ilege of the brain by preventing movement of leu-
kocytes through the BBB. In particular, CCL2/
MCP-1 is constitutively expressed in small amounts
by brain microvascular endothelial cells and by neu-

rons, astrocytes, and microglia.125

When its expres-
sion is upregulated by inflammatory stimuli such as
lipopolysaccharides, or by axonal damage, CCL2
weakens the BBB and attracts monocytes into brain
tissue.'” In so doing, CCL2 plays an important role
in the early stages of MS.'*® Similarly, the chemok-
ine CXCLS is constitutively expressed in brain endo-
thelial cells.!”” It attracts neutrophils into the brain,
exacerbating the reperfusion injury following isch-
emia and increasing the severity of focal traumatic
brain injuries.'” Thus, CGRP, administered outside
the BBB, by inhibiting the expression of CCL2 and
CXCL8,!" helps strengthen and preserve the immune

privilege of the brain.!*®
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This might be relevant clinically for people with
MS, a condition in which the prevalence of migraines
is three times greater than in the general popula-

tion,'%

and in which the BBB is compromised for up
to several months after a flare-up.”” As we have seen,
CGRP, injected into a cerebral ventricle, reduces dis-
ease severity in an animal model of MS 546

CGRP likely strengthens the BBB in other ways
as well, under pathological conditions such as heat

128 and ischemia-reperfusion.”® That is, in isch-

stress
emia-reperfusion injury, CGRP attenuates ultra-
structural damage to the capillary endothelial cells,
the tight junctions between them, and the surround-
ing basement membrane, thereby preserving the
BBB.’® CGRP protects endothelial cells under oxidiz-
ing conditions, and thus at least part of the endothe-
lial protection may be through CGRP’s antioxidant
activities.* Moreover, as neutrophils damage the

B3I the above-noted

endothelium when they adhere to it,
downregulation of CXCLS is also likely protective.

As we have seen, the BBB is disrupted in various
other conditions that might occur, by accident or as
a comorbidity, in someone with migraines, including
sepsis and traumatic brain injury. In these, CGRP is
thought to play a protective role.

Note, however, that this neuroprotective effect of
CGRP pertains to pathological states, when chemok-
ine production is enhanced. There is no evidence that
the low-level constitutive expression of brain endothe-
lial chemokines is harmful. Indeed, CXCLS8 has neu-
rotrophic properties in vitro, although whether and
how this is relevant in vivo is not yet known.'?

In inflammation as well, however, there is sug-
gestion of bivalent actions: In an animal model of
amyotrophic lateral sclerosis, CGRP preserves the
neuromuscular junction at early stages by releasing
glial cell line-derived neurotrophic factor (GDNF),
but accelerates the decline in later stages by intensify-
ing neuroinflammation.'*

CGRP in Cognition and Adult Neurogenesis.—CGRP
is involved in pain transmission from the periphery
through the trigeminal ganglion to the trigeminal
nucleus caudalis within the brain. However, capsaicin-
sensitive pain fibers from the periphery also transmit
signals to the parabrachial nuclei, which in turn relay
the signal to the dentate gyrus of the hippocampus,
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increasing neurogenesis, angiogenesis, synaptic func-
tion, and cognitive performance.56 That is, there is
a rather direct link between nociceptive stimulation
in the periphery and neurogenesis in the hippocampus.
To the extent that CGRP contributes to episodic pain
transmission and sensitization, directly or through
activation of mast and glial (satellite) cells, it presumably
participates in this neuroregenerative process.
Elsewhere, the role of CGRP in information pro-
cessing is not well understood. In pain circuits in the
brain, such as between the parabrachial nucleus and
the central nucleus of the amygdala, CGRP causes a
sustained increase of glutamatergic signaling by sen-
sitizing the NMDA receptor.10 CGRP is distributed
widely in the brain, including the cortex,”* but it
is unknown whether it participates in glutamatergic
neurotransmission outside of pain pathways. Any
such role would be within the brain and thus relevant
primarily to gepant antagonists that cross the BBB.
It is also possible, however, that the vasodilatory
actions of CGRP, outside the BBB, play a role in in-
formation processing, consistent with the hemo-neu-
ral hypothesis.100 The nitric oxide and BDNF likely
produced by the endothelium in response to CGRP,
may help fine-tune nearby neural circuits.'”’ The tem-
perature changes and mechanical pressure on neu-
rons from dilated arterioles can activate ion channels
and change electrochemical dynamics. The voltage
gradient across the BBB may introduce fluctuations
in the electrical environment of neurons that change
with blood vessel diameter.!*> Moreover, changes in
brain arteriolar diameter are transduced by adjacent
astrocytes, which inhibit the firing of nearby neurons
in response to vasoconstriction and facilitate it in
response to vasodilation.'** Such vasculo-neuro-
nal coupling might play a role in brain homeostasis
at rest, adjusting neuronal activity to match blood
supply, or it might indicate an active contribution of
vasomotor changes to information processing.
CGRP as a Component of a Neuroprotective
Program.—Implicit in the choice of CGRP as
a therapeutic target in migraine is the assumption
that the migraine attack is a disorder to which
treatmentshould bedirected. Analternative possibility
is that the attack is a physiologic response to threats

to the brain, serving to restore homeostasis.!*>13
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While the focus of the current article has been
on CGRP, the migraine attack involves many other
components, including platelet activation, release of
substance P, plasma protein extravasation, activa-
tion of eNOS, production of BDNF, release of sero-
tonin and, in migraine with aura, cortical spreading
depression.'* Each of these processes can decrease
the production of oxidants, increase antioxidant de-
fenses and antiapoptotic and growth factor signaling,
decrease microglial activation, increase neurogenesis,
recruit endothelial progenitor cells, downregulate
energy-demanding pathways, and/or facilitate mito-
chondrial biogenesis."**!*" Thus, through its release
during a migraine, CGRP may facilitate a number of
other processes that are neuroprotective.

A related issue is whether CGRP blockers, which
prevent the migraine attack clinically, are also pre-
ventive physiologically, that is, whether they intervene
in the poorly understood sequence of events that cul-
minates in an attack.'* In favor of such an effect, re-
lease of CGRP seems necessary for cortical spreading
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depression, thought to underlie the migraine aura,

41 The in vivo animal evidence is mi)(ed,l42’143

in vitro.
but 28% of migraineurs reported aura symptoms after
infusion of CGRP.*> Moreover, fremanezumab has
been shown clinically to reduce photophobia and pho-
nophobia."** As both can also be prodromal symptoms
of migraine, this suggests a capacity of the antibody to
intervene physiologically prior to the attack. However,
in migraineurs, the interictal period is characterized
by progressive alterations in electrophysiology, and
in serotonergic neurotransmission, particularly in the
dorsal raphe nucleus. These changes are then reset by
the migraine attack. For example, the latency of the
P3 component of the visual evoked potential shows a
progressive loss of inhibition, beginning at least 8 days
before an attack.'” In the dorsal raphe nucleus, the
availability of 5-HT, receptors increases, possibly in-
dicating reduced synthesis of serotonin, throughout the
interictal period.'*® These changes may represent a vul-
nerability of the brain to migraine. There is no data so
far that CGRP antagonism can mitigate them.

Table 1.—Protective Processes Facilitated by CGRP

Endothelium

Blood-Brain Barrier

Intracerebral

Antioxidant Structural
| Oxidant production

1 Antioxidant defenses

Preserve tight junctions (in ischemia-reperfusion)
| Ultrastructural damage (in heat stress)

Antioxidant
| Oxidant production
1 Antioxidant defenses

Nitric oxide Immune/chemotactic Neuroprotection
1 eNOS | Neutrophil entry into brain (in TBI, reperfusion) | Edema/aquaporin-4
Neurotrophic | Monocyte entry into brain (in MS) | Excitotoxicity
1t VEGF | Hyperphosphorylation of tau
1T BDNF | Neuroinflammation
1 bFGF Neurotrophic
| Apoptosis 1 IGF-1
1 bFGF
1 NGF

| Apoptosis (1 CREB, 1 Bcl-2)
Neural repair

1 Angiogenesis

1 Neurogenesis

1 Homing and survival of neural

stem cells

Behavioral

| Depressive behaviors

1 Learning and memory

Bcl-2 = B cell lymphoma 2 survival protein; BDNF = brain-derived neurotrophic factor; bFGF = basic fibroblast growth factor;
CREB = cyclic AMP response element-binding transcription factor; eNOS = endothelial nitric oxide synthase; IGF-1 = insulin-like
growth factor-1; MS = multiple sclerosis; NGF = nerve growth factor; TBI = traumatic brain injury; VEGF = vascular endothelial

growth factor.
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It should be emphasized that migraines them-
selves are not risk factors for accelerated cognitive
decline."” Indeed, when an effect has been found, the
data have suggested a protective role of migraines.
Thus, in the Baltimore Epidemiologic Catchment
Area Study, a diagnosis of migraine with aura was
associated with slower decline in immediate and
delayed recall with age.148 In the Epidemiology of
Vascular Aging study, diagnosis with migraine pro-
tected against decline in scores on the Digit Symbol
Substitution test of the Wechsler Adult Intelligence
Scale-Revised.'"

The neuroprotective processes of CGRP are sum-
marized in the Table 1.

PITUITARY ADENYLATE CYCLASE-
ACTIVATING POLYPEPTIDE (PACAP)
Although the focus here is on CGRP, similar con-
siderations may emerge as blockade of PACAP is de-
veloped as a therapeutic strategy in migraine."” Like
CGRP, PACAP is a vasodilator and contributes to
peripheral and central pain sensitization. '*! Its blood
levels rise in spontaneous migraine attacks.'” Its in-
fusion causes headache in healthy subjects, reversible

153

by sumatriptan, > and a delayed migraine in 58% of

migraineurs without aura.'>*

Like CGRP, PACAP activates adenylyl cyclase
and cAMP-dependent downstream pathways.'> Not
surprisingly, then, in vitro and animal models sug-
gest that PACAP elicits similar neuroprotective pro-
cesses.”™® These include antiapoptotic signaling,'>®
production of BDNF'"*"13 and nitric oxide,'™® adult

159,160 161,162

neurogenesis, and antioxidant defenses.

PACAP may confer resistance to excitotoxicity by
facilitating the uptake of glutamate by astrocytes,'®
and by changing the configuration of NMDA re-
ceptors.”” PACAP appears to strengthen the BBB
under conditions of glucose deprivation and oxida-
tive stress'® and it facilitates angiogenesis and cap-
illary formation by cerebral microvessel endothelial
cells.'® In a head injury model, PACAP reduced brain

156 156

edema” and blunted the activation of microglia.

Not surprisingly, PACAP has shown promise in an-
imal models of traumatic brain injury, transient or

permanent ischemia, and Parkinson’s, Alzheimer’s,

161

and Huntington’s Diseases. Interestingly, IV
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administration of PACAP also improved memory in
normal rats."”* PACAP crosses the BBB through ac-
tive transpor‘[.166

That two different effector molecules of the mi-
graine attack would have broad neuroprotective
properties is consistent with the idea that the attack
itself is neuroprotective. As with CGRP, however, it
will be important to establish whether PACAP block-

ade outside the BBB has an intracerebral effect.'®’

PROCESSES THAT MIGHT COMPENSATE
FOR LOSS OF CGRP

Despite these theoretical concerns, reported
side effects in clinical trials have been mild-to-mod-
erate and generally infrequent.*>%!%%17! The con-
cerns noted above would be more likely to emerge
with long-term exposure or if the CGRP blockade
were present during a pathological event — head
injury, transient ischemic attack, bone fracture, or
MS, among others.

Still, the data so far do not point to long-term
harm. Decreased activation of eNOS through CGRP
blockade should increase the probability of hyperten-

sion,'”?

yet no increases in blood pressure were seen
in clinical trials.* Similarly for the hypothesized re-
duction in VEGF-mediated neurogenesis: Decreased
neurogenesis is an essential feature of clinical depres-

sion,'”?

yet there have been no reports of new or wors-
ened mood disorder in clinical trials.*

In fact, the long-term effects of CGRP inhibition
depend particularly on 3 unknown factors. The first is
the extent of compensating mechanisms. taCGRP is part
of a family of peptides comprised also of BCGRP, adre-
nomedullin, adrenomedullin II (also termed interme-
din), amylin, and calcitonin itself.® In «CGRP knockout
mice, expression of the genes encoding BCGRP, which
differs by only 3 amino acids from aCGRP, and adre-
nomedullin, were upregulated.m’98 BCRGP is a strong
agonist and adrenomedullin is a weak agonist at the
CGRP receptor.® Adrenomedullin itself seems to de-
crease the production of oxidants in the brain."1™
Thus, overlapping functions among different peptides
in the calcitonin family presumably allow for some
degree of compensation when CGRP is disabled.

There is also overlap among the receptors for
these peptides. As discussed above, the CGRP
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receptor consists of 3 parts: the calcitonin recep-
tor-like receptor (CLR), receptor component pro-
tein (RCP), and receptor activity-modifying protein
1 (RAMPI1).® Substituting RAMP2 or RAMP3 for
RAMPI yields the receptor for adrenomedullin or
intermedin, respectively. Combining the calcitonin
receptor, rather than CLR, with RAMP1, RAMP2,
or RAMP3 gives the amylin I, II, or III receptors.8
As a result, some effects of CGRP may be medi-
ated by the amylin and adrenomedullin receptors.®
Except for the amylin 1 receptor this effect may be
very weak when the downstream measure is cCAMP
and smooth muscle vasodilation; however, it may
be stronger when Akt signaling and growth factor
production is the measure.® Presumably, this allows
for some compensation when the CGRP receptor is
blocked.

The second factor is whether the neuroprotective
functions of CGRP are partially constitutive, ie, part
of normal neural housekeeping, or are elicited only
paroxysmally by a threat to the brain such as isch-
emia, heat shock, sepsis, or head injury. By analogy,
CGRP seems to be constitutively active in protecting
the gastric mucosa,'” possibly in neurogenesis in the
hippocampus,’® and in pain transmission at the dor-
sal horn.'® In contrast, it is likely not constitutive as a
vasodilator, as blocking CGRP does not cause signif-
icant vasoconstriction.!’®

The third factor is whether frequent migraine at-
tacks are a reflection of frequent threats to the brain
(eg, from poor antioxidant defenses) or an overly sen-
sitive migraine response system. These might repre-
sent different subtypes of migraine disorder.

Of note, certain effects of CGRP develop over
time. In an animal model of hind limb ischemia, a
CGRP-mediated increase in capillary density and
blood flow peaked at 7 days post-injury.®’ Therefore,
some of the protective effects of CGRP could likely be
maintained if short half-life CGRP antagonists were
rapidly discontinued. This would not be possible for
mADbs, however, with half-lives of 3-4 weeks.

POTENTIAL BENEFITS OF BLOCKING
CGRP

The contention here is not that CGRP antago-
nism is inherently harmful. Indeed, there may be

September 2019

conditions in addition to migraine in which blocking
CGRP is therapeutic.

In the nervous system, CGRP likely contributes to
pain sensitization on sensory and affective levels."> The
evidence is strongest for synovial fluid and tissue in os-
teoarthritis, and blood in muscle and ligament pain.'”’
In animal models of pain, CGRP in the spinal cord and
trigeminal nucleus caudalis contributes to hyperalge-
sia by way of microglial activation.!”!® That is, CGRP
may contribute to classical inflammation in pain pro-
cessing regions and may attenuate such inflammation
elsewhere in the brain. CGRP has also been implicated
in signaling cascades in neurons, microglia, and astro-
cytes underlying tolerance to morphine.178

Moreover, CGRP, while suppressing cell-medi-
ated (Th1) immunity, may facilitate the humoral (Th2)
response. In particular, CGRP seems to activate the
immune system in complex regional pain syndrome,
leading to autoimmunity, which may contribute to the
disorder.'” Similarly, via neurogenic inflammation
and local immune activation, CGRP may participate
in psoriasis and possibly rosacea and atopic derma-
titis.!®" As there may be pathophysiological links be-
tween migraine and atopic dermatitis,'! there could
be dual benefit in CGRP blockade.

Abnormal sprouting of CGRP-containing fibers
may underlie the autonomic dysreflexia and prone-
ness to severe hypertension seen in spinal cord inju-
ries above the T5 level.

CGRP is part of the signaling network by
which the skin regulates its microbiome.'®> CGRP
helps constrain the invasiveness of Staphylococcus
epidermidis, under normal conditions a harm-
less commensal bacterium on the skin.'®* Blocking
CGRP might alter this balance. However, the effect
is strain- and measure-dependent. In necrotizing
fasciitis, certain bacteria such as Streptococcus
pyrogenes exploit the immunosuppressant prop-
erties of CGRP against neutrophils and mono-
cytes.!** Possibly, CGRP blockers might prevent
limb amputations in this otherwise hard-to-treat
illness. CGRP-based immunosuppression has also
183 and lethal

Staphylococcus aureus pneumonia.123 In these con-

been implicated in septic peritonitis

ditions, too, blocking CGRP might help in clearing
the infection.
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The upregulation of growth factor signaling by
CGRP is not necessarily benign; it has been impli-
cated in renal fibrosis.'** Moreover, the combination
of growth factors, anti-apoptotic signaling, angiogen-
esis, and immunosuppression might contribute to the
growth of tumors.'s

Thus, there are circumstances besides migraine
in which CGRP blockade may be therapeutic.
Indeed, genetically deleting the TRPVI1 ion chan-
nel preserves metabolic heath and extends lifespan
in mice, effects that seem dependent on reduced
CGRP levels.!s¢ Similarly, blocking CGRP seems
to have an anti-aging effect.’®® These results are
striking, with the longest-lived mice reaching excep-
tional ages. Note, however, that mortality in labora-
tory mice is disproportionately from cancer (chiefly,
lymphoma), while of course in people it is primar-
ily from heart disease. A molecule such as CGRP,
which may protect against heart disease but potenti-
ate cancer, can theoretically reduce lifespan in mice
while extending it in people.

CONCLUSIONS

From animal studies, within the brain CGRP
is upregulated by physiological threats and in turn
activates a wide range of neuroprotective processes.
This may be relevant to small molecule antago-
nists that cross the BBB and in conditions such as
ischemia, brain injury, and MS, in which the BBB
is disrupted. Outside the BBB, CGRP protects
the endothelium and the immune privilege of the
brain, and may facilitate neurogenesis and the sup-
ply of growth factors to the brain. Post-marketing
surveillance should include monitoring for neuro-
logical side effects, particularly depression (from
decreased neurogenesis), ischemic events, and cog-
nitive decline. Nonetheless, the risks noted here are
theoretical and depend on the unknown extent of
compensating mechanisms. If actual risk emerges, it
would be more likely in migraineurs with neurologi-
cal comorbidities.
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