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Skepticism of preclinical analgesic devel-
opment has existed since the failed and
discontinued clinical trials of substance P
receptor [neurokinin 1 (NK1)] antago-
nists (Hill, 2000) and TRPV1 antagonists,
respectively (Gavva et al., 2008). Scrutiny
of preclinical pain research has also in-
creased in light of the current opioid epi-
demic. Our field’s limited translational
success has likely resulted from many
factors including less-than-rigorous ex-
perimental design and execution, cross-
species target expression differences, and
animal pain model relevance, including
the disproportionate use of male animals
and tissue samples in preclinical testing
(Mogil, 2009; Clayton and Collins, 2014).
Given these issues, the recent FDA ap-
proval of three monoclonal antibodies
(erenumab, fremanezumab, and galcan-
ezumab) that target calcitonin gene-
related peptide (CGRP) or its cognate
receptor for treating migraine is a signifi-
cant achievement for both preclinical and
clinical pain research. These compounds
are the first treatments to be approved for
migraine attacks since triptan compounds
entered the market in the early 1990s.

Despite the approval of these com-
pounds, questions regarding sex-specific
analgesic efficacy exist because male ro-
dents/tissue were used in many preclinical
studies of this female predominant pain
condition. To address this issue, a recent
Journal of Neuroscience article by Avona et
al. (2019) investigated the sex-specific ef-
fects of CGRP in rodent migraine-like
behaviors. Avona et al. (2019) injected
CGRP directly onto the dura, the outer-
most meningeal layer that encapsulates
the brain, of male and female mice and
rats, and then measured facial mechanical
sensitivity and spontaneous pain-like be-
havior using grimace scoring. Female
rodents developed facial mechanical hy-
persensitivity after dural application of
CGRP doses as low as 1 pg; male rodents
did not develop facial hypersensitivity at
any CGRP dose tested (up to 3.8 �g). Fe-
male mice also exhibited higher grimace
scores after dural CGRP injections; male
mice never displayed altered facial param-
eters after CGRP infusion. Interestingly,
intraplantar injections of CGRP also pro-
duced hindpaw mechanical hypersensi-
tivity in female mice but not males,
suggesting that the sex-specific effects of
CGRP are not limited to dura. Based on
these data, anti-CGRP therapies are ex-
pected to decrease widespread pain-like
behaviors in female subjects, but not males.
However, in previous studies, CGRP anta-
gonists successfully decreased complete
Freud’s adjuvant, osteoarthritis, and hind-

paw plantar incision pain-like behaviors in
male rodents (Hirsch et al., 2013; Bullock et
al., 2014; Cowie et al., 2018). In these mod-
els, circulating CGRP levels may be signifi-
cantly higher than those used by Avona et al.
(2019), and thus, CGRP antagonist analge-
sia may be achievable in both sexes.

The exact mechanisms through which
CGRP drives migraine-like behaviors are
unknown, but primary sensory afferents,
which are required for the transmission of
noxious peripheral stimuli and initiation
of pain-like behaviors, are a convergent
site for CGRP-related activities (Fig. 1).
CGRP increases excitability of peripheral
sensory neurons isolated from male dorsal
root ganglia (DRG) by increasing activity
of protein kinase A (PKA) and protein
kinase C (PKC), subsequent release of cal-
cium from intracellular stores, and sen-
sitization of voltage-dependent calcium
and sodium currents (Natura et al., 2005).
Nonetheless, extracellular application of
CGRP alone does not initiate spiking in
DRG neurons. Similarly, when CGRP is
systemically, intravenously, or topically
applied to the dura, ongoing discharge
rates of trigeminal ganglia (TG) A� and C
fiber neurons do not change (Levy et al.,
2005); again, these experiments were only
completed in male animals. The effects
of CGRP on female TG or DRG neuro-
nal excitability are, to our knowledge,
unknown, but might contribute to the
sex-specific behavioral effects of this
neuropeptide.
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In addition to general cell excitability,
CGRPmightsensitizeligand-ormechanically-
gated ion channels in TG neurons. It is
hypothesized (Levy et al., 2005) that
CGRP-induced vasodilation increases the
mechanical forces within dural blood ves-
sels, and thus may drive TG neuronal ac-
tivity via mechanically-gated (e.g., Piezo2)
or mechanically-relevant (e.g., TRPA1,
TRPV4) ion channels (Huang et al., 2012;
Ranade et al., 2015). Experiments per-
formed by Levy et al. (2005) did not sup-
port this hypothesis, because systemic,
intravenous, or direct dural application of
CGRP did not decrease mechanical thresh-
olds or increase mechanically-induced fir-
ing frequencies of TG A� and C fiber
neurons. Unfortunately, however, these in
vivo recordings were only completed in
male rats and only tested a single CGRP dose
for each administration route. To our
knowledge, CGRP-induced changes in me-
chanical sensitivity have never been investi-
gated in TG or DRG neurons isolated from
female rodents. Investigations of this hy-
pothesized sensitization via patch-clamp
and/or single-fiber recordings would pro-
vide valuable insight into the broader roles
of CGRP in the mechanical hypersensitivity
that develops in chronic pain conditions,
many of which are characterized by neuro-
genic inflammation and local release of
CGRP (Vincent et al., 2013; Schou et al.,
2017; Cowie et al., 2018).

In addition to activation via mechani-
cal stimuli, dural afferents may be acti-
vated by chemical stimuli during migraine
attacks. Avona et al. (2019) reported that
dural administration of a subthreshold
chemical stimulus (e.g., synthetic intesti-
nal fluid pH 7.0 or nitric oxide donor)
elicited facial mechanical hypersensitivity
in female rats that had recovered from
previous dural applications of CGRP
(Avona et al., 2019). It is possible that the
initial application of CGRP induced the
release of NO from CGRP-responsive vas-
cular endothelial cells (Gray and Mar-
shall, 1992) and/or a mixture of cytokines,
histamine, and other proinflammatory
mediators from CGRP-responsive mast
cells (Theoharides et al., 2005). Incuba-
tion of dural C and A� fibers in this pro-
inflammatory microenvironment might
lead to the direct activation or sensitiza-
tion of various channels expressed on the
afferents, including transient receptor po-
tential vanilloid 1 (TRPV1). When small
diameter neurons expressing TRPV1 are
activated by endogenous channel ligands,
including anandamide and protons, CGRP
is released from the peripheral terminals
through a process known as neurogenic in-

flammation (Akerman et al., 2004; Meng et
al., 2009). Neuronal release of CGRP in-
creases local tone, thus further amplifying
CGRP-mediated activities in all cells ex-
pressing the cognate receptor (i.e., endo-
thelial and mast cells). Proinflammatory
mediators released by these cells addition-
ally sensitize TRPV1 so that lower agonist
concentrations are required for channel

opening, thus perpetuating a feedforward
CGRP release process. CGRP-induced sen-
sitization of TRPV1 may also contribute to
the mechanical hypersensitivity observed in
females rodents in these studies (Avona et
al., 2019). Although not intrinsically me-
chanically sensitive, TRPV1 contributes to
behavioral mechanical hypersensitivity in
many proinflammatory conditions (Mickle

Figure 1. Potential mechanisms through which CGRP might modulate dural afferent activity. The rodent dura is a highly
vascularized and innervated tissue. Many dural afferents, the cell bodies of which are located in the trigeminal ganglia, terminate
in close proximity to blood vessel endothelial cells. Circulating CGRP and CGRP released from mast cells activates CGRP receptors.
In neurons, CGRP receptor activity leads to (1) adenylyl cyclase activation, subsequent increases in cAMP, and protein kinase
A-induced sensitization of plasma membrane channels (e.g., voltage-gated sodium channels (Nav)) or (2) phospholipase-C-
mediated synthesis of IP3 and DAG, subsequent activation of protein kinase C and release of intracellular calcium stores. Collec-
tively, these activities can increase neuronal excitability. Specific activation of TRPV1-expressing dural afferents can lead to
peripheral release of CGRP, which can perpetuate CGRP signaling in nearby neurons and non-neuronal cells.
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et al., 2015; Watanabe et al., 2015; Sadler et
al., 2018); the exact mechanisms underlying
this novel channel activity are unclear at
present. To our knowledge, TRPV1 sensiti-
zation and TRPV1-mediated CGRP release
have only been assessed in male rodents, and
thus, additional studies should be com-
pleted in female rodents to determine
whether equivalent processes happen in
both sexes. If they do, this might explain the
female-specific priming effect reported by
Avona et al. (2019).

It is notable that Avona et al. (2019)
never detected CGRP-induced pain-like
behaviors in male mice or rats; these data
conflict with male grimace scores previ-
ously reported by Rea et al. (2018). One
discrepancy between these two studies is
the dose of CGRP: Rea et al. (2018) used
�10-fold higher dose than Avona et al.
(2019). Additionally, Rea et al. (2018) ad-
ministered CGRP via an intraperitoneal
injection, whereas Avona et al. (2019) ap-
plied CGRP directly onto the dura. With-
out testing additional CGRP doses in male
mice, including a dose that elicits me-
chanical hypersensitivity and higher gri-
mace scores after dural application, it is
difficult to assess whether the sex differ-
ences in CGRP-mediated pain-like behav-
iors found by Avona et al. (2019) result
from decreased expression or sensitivity
of CGRP receptor complexes in male TG
neurons or increased basal levels of circu-
lating CGRP in male mice.

An additional critique of this paper,
and the broader migraine field, is the lim-
ited behavioral assays used to study
migraine-like pain. Avona et al. (2019)
used both reflexive (e.g., von Frey) and
spontaneous (e.g., grimace) behavioral
measures in this report, but as many mi-
graineurs will note, the experience of a
migraine is not limited to, or sometimes
even characterized by, similar symptoms.
During a migraine attack, patients often
report nausea, photophobia, osmopho-
bia, and phonophobia. In the study by Rea
et al. (2018), peripheral CGRP adminis-
tration induced light aversion in both
male and female mice; again, these behav-
ioral similarities between sexes may result
from the dose or application route of
CGRP. Regardless, we believe that addi-
tional behavioral tests (e.g., sucrose pref-
erence testing, open-field activity, ability
of anti-CGRP therapies to block CGRP-
induced place aversion, etc.) should be

performed to further characterize sex-
specific migraine-like behaviors as they
relate to CGRP signaling.

Based on the data presented by Avona
et al. (2019), low levels of CGRP drive
migraine-like behaviors in female rodents
only. Although implicated in the pathol-
ogy of many acute and chronic pain con-
ditions, sex-specific CGRP behavioral
effects had not been well described before
this report. As outlined above, this neuro-
peptide may differentially drive pain-like
behaviors in each sex through its direct or
indirect sensitization of numerous mole-
cular targets. Continued investigations
into these processes will allow for tailored
therapy design and application, the latter
of which should be strongly considered
for anti-CGRP therapies.
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