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The neuropeptide calcitonin gene-related peptide (CGRP) is a key player in migraine. Although migraine can be treated using CGRP
antagonists that act peripherally, the relevant sites of CGRP action remain unknown. To address the role of CGRP both within and outside
the CNS, we used CGRP-induced light-aversive behavior in mice as a measure of migraine-associated photophobia. Peripheral (intra-
peritoneal) injection of CGRP resulted in light-aversive behavior in wild-type CD1 mice similar to aversion seen previously after central
(intracerebroventricular) injection. The phenotype was also observed in C57BL/6J mice, although to a lesser degree and with more
variability. After intraperitoneal CGRP, motility was decreased in the dark only, similar to motility changes after intracerebroventricular
CGRP. In addition, as with intracerebroventricular CGRP, there was no general increase in anxiety as measured in an open-field assay
after intraperitoneal CGRP. Importantly, two clinically effective migraine drugs, the 5-HT1B/D agonist sumatriptan and a CGRP-blocking
monoclonal antibody, attenuated the peripheral CGRP-induced light aversion and motility behaviors. To begin to address the mechanism
of peripheral CGRP action, we used transgenic CGRP-sensitized mice that have elevated levels of the CGRP receptor hRAMP1 subunit in
nervous tissue (nestin/hRAMP1). Surprisingly, sensitivity to low light was not seen after intraperitoneal CGRP injection, but was seen
after intracerebroventricular CGRP injection. These results suggest that CGRP can act in both the periphery and the brain by distinct
mechanisms and that CGRP actions may be transmitted to the CNS via indirect sensitization of peripheral nerves.
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Introduction
The neuropeptide calcitonin gene-related peptide (CGRP) is now
recognized as a key player in the pathogenesis of migraine (Russo,

2015). CGRP is found in neurons of both the CNS and PNS and
its receptors are widespread throughout the body, where it has
been implicated in diverse functions (Russell et al., 2014). Most
notably, in the CNS, CGRP has been linked to nociceptive signal-
ing and, in the periphery, it is the most potent vasodilatory pep-
tide and contributes to neurogenic inflammation in part by its
actions on mast cells. Both the central and peripheral effects of
CGRP action are consistent with migraine symptoms.

Early clinical studies supported a peripheral site of action for
CGRP. Plasma levels were increased during induced and sponta-
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Significance Statement

The neuropeptide calcitonin gene-related peptide (CGRP) is a central player in migraine pathogenesis, yet its site(s) of action
remains unknown. Some preclinical studies have pointed to central sites in the brain and brainstem. However, a peripheral site of
action is indicated by the ability of intravenous CGRP to trigger migraine in humans and the efficacy of CGRP receptor antagonists
that evidently do no penetrate the CNS in effective amounts. Resolving this issue is particularly important given recent clinical
trials showing that anti-CGRP monoclonal antibodies can reduce and even prevent migraine attacks. In this study, we report that
CGRP can act in both the brain and the periphery of the mouse to cause migraine-like photophobia by apparently distinct
mechanisms.
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neous migraine; moreover, migraines could be triggered by in-
travenous injection of CGRP in the cubital vein (Lassen et al.,
2002). Later, clinically effective, small-molecule CGRP receptor
antagonists were shown to have relatively low brain penetrance.
Despite this, the possibility of central action has been debated
(Petersen et al., 2004; Edvinsson, 2008a, 2008b; Durham and
Vause, 2010). Furthermore, therapeutic efficacy of CGRP-
blocking and CGRP-receptor-blocking monoclonal antibodies
(Dodick et al., 2014a; Dodick et al., 2014b; Bigal et al., 2015b;
Bigal et al., 2015c; Sun et al., 2016) strongly supports a peripheral
site of CGRP action (Bigal et al., 2015a; Edvinsson, 2015). Not-
withstanding the evidence that peripheral-acting CGRP antago-
nists can treat migraine, CGRP in the CNS may also play a role in
some migraine symptoms. For example, preclinical studies have
demonstrated central modulation of trigeminal nerve activity by
CGRP (Storer et al., 2004; Fischer et al., 2005; Levy et al., 2005;
Levy, 2010). Therefore, we have reasoned that CGRP is well po-
sitioned to act in both the CNS and on peripheral nerves (Radd-
ant and Russo, 2011); hence, either central or peripheral
administration of CGRP might be sufficient to induce at least a
subset of migraine-like symptoms in mice.

To address the possible sites of CGRP in migraine, we have used
a mouse model of photophobia. Photophobia is an abnormal dis-
comfort to non-noxious levels of light that is a diagnostic feature of
migraine. We have shown previously that intracerebroventricular
injection of CGRP in both wild-type and CGRP-sensitized trans-
genic mice induced light aversion, a surrogate for photophobia (Re-
cober et al., 2009a; Recober et al., 2010; Kaiser et al., 2012). The
CGRP-sensitized mice have the human receptor activity-modifying
protein 1 (RAMP1) subunit of the CGRP receptor overexpressed in
the nervous system (nestin/hRAMP1) (Zhang et al., 2007). RAMP1 is
an obligatory subunit that helps form a binding pocket for CGRP
(Booe et al., 2015) and was shown to be the rate-limiting component
of the receptor in both trigeminal neuron and vascular smooth mus-
cle cultures (Zhang et al., 2006; Zhang et al., 2007). RAMP1 interacts
with both the canonical CGRP receptor, calcitonin receptor-like re-
ceptor (CLR) (Poyner, 1992), and a second CGRP receptor, calci-
tonin receptor (CTR) (Walker et al., 2015). The key behavioral
difference between the transgenic and wild-type mice is that the
former are affected by even dim light after intracerebroventricular
CGRP administration (Recober et al., 2009b; Recober et al., 2010),
whereas wild-type mice require a bright light stimulus and lowered
exploratory drive (Kaiser et al., 2012). However, there is a caveat to
these prior studies. The intracerebroventricular injections were done
by direct injection through the scalp, which allowed leakage onto the
meninges. Therefore, one goal of this study was to minimize this
leakage to confirm a central site of action.

In this study, we have demonstrated that peripheral injec-
tion of CGRP causes light aversion in wild-type mice similar in
many respects to centrally administered CGRP. This aversion
to bright light could be pharmacologically attenuated by clin-
ically effective agents. However, unlike centrally administered
CGRP, peripheral CGRP did not induce aversion to dim light
in the CGRP-sensitized nestin/hRAMP1 mice. These data sug-
gest that peripheral and central CGRP act by distinct, possibly
overlapping, mechanisms to cause light-aversive behavior in
mice.

Materials and Methods
Animals. Two strains of wild-type mice were used: C57BL/6J �RRID:
IMSR_JAX: 000664; https://www.jax.org/strain/000664� and CD1 �http://www.
criver.com/products-services/basic-research/find-a-model/cd-1-mouse�. Equi-
valent numbers of adult male and female mice, aged 10 –20 weeks, were used

in all experiments. The transgenic nestin/hRAMP1 line has been de-
scribed previously (Recober et al., 2010). Double-transgenic progeny
from crosses of the parental CX1-GFP-hRAMP1 mice and nestin-cre
(Jackson Laboratories, stock 003771) were used. Mice were housed in
groups of three to five per cage, unless otherwise indicated, on a 12 h light
cycle with food and water ad libitum. All behavioral experiments were
performed between 8:00 A.M. and 2:30 P.M. For all experiments, inves-
tigators were blinded to genotype and drug treatment. Animal proce-
dures were approved by the University of Iowa Animal Care and Use
Committee and performed in accordance with the standards set by the
National Institutes of Health.

Intraperitoneal drug and antibody administration. All drugs that re-
quired dilution were prepared with Dulbecco PBS (Hyclone) as the ve-
hicle. The amounts injected were as follows: 0.1 mg/kg (unless otherwise
indicated) rat �-CGRP (Sigma-Aldrich), 0.6 mg/kg sumatriptan succi-
nate (APP Pharmaceuticals), 30 mg/kg ALD405 (a monoclonal anti-
CGRP antibody), and 30 mg/kg AD26 –10v2 (a monoclonal IgG control
antibody). The antibody dose corresponded to 8 nmol per mouse, which
is �8-fold excess antibody (16-fold excess binding sites) over exogenous
CGRP (1 nmol). CGRP, sumatriptan, and vehicle were administered at
10 �l/g bodyweight with a 30 g � 0.5 in the needle. Antibody was admin-
istered with BD Biosciences ultrafine 31 g insulin syringes. Antibodies
were administered via intraperitoneal injection 24 h before treatment
with CGRP or vehicle. All injections were performed by either B.N.M. or
A.K. Animals were gently held but not anesthesized during injection.
After CGRP or vehicle injection, mice were allowed to recover for 30 min
in their home cages before testing based on original studies using the light
aversion assay (Crawley and Goodwin, 1980).

Intracerebroventricular drug administration. Drugs were administered
via intracerebroventricular injection in the right lateral ventricle with a
needle as described previously (Recober et al., 2009b) or via a cannula.
Mice were given CGRP (1 �g/�l) at a volume of 2 �l. To ensure a slow
delivery through the cannula, the rate of injection was 0.5 �l/min for 4
min. Cannulas were hand constructed from 304 stainless steel 24-gauge
hypodermic tubing cut to 8 mm. Obturators used to seal the opening of
the cannula were made by soldering a short 3 mm cannula to a 12 mm
piece of 30-gauge wire tubing. The cannula was implanted using a ste-
reotaxis frame at the target coordinates (1 mm ML, 0.3 mm AP, 2.2 mm
DV). Once surgery was complete, mice were housed individually to re-
duce the risk of cannula displacement and allowed to recover for �2
weeks before the first exposure to light aversion assay. All surgeries were
performed by the same person (B.N.M.), with a success rate of �95% as
demonstrated by injections of dye into the cannulated ventricles. B.N.M.
and A.K. performed all injections. Before injections, mice were anesthe-
tized with 3.5% isofluorane in an induction chamber. During injections,
anesthesia was sustained with 1.5% isofluorane through a nose cone.
After administration of drugs, mice were allowed to recover for 60 min in
their home cages before testing. The 60 min post-intracerebroventricular
injection time frame is preferable to minimize anesthesia effects (Kaiser
et al., 2012).

Light aversion and motility assays. Light/dark boxes with infrared beam
tracking were used (Med Associates). Wild-type mice were preexposed to
the chamber twice every 3 d before treatment exposure. After exposure,
mice were tested in the light/dark boxes 3 d after treatment. In addition,
these mice were tested using bright light (27,000 lux), as described pre-
viously (Kaiser et al., 2012). For transgenic mice, mice naive to the cham-
ber were tested using dim light (55 lux), as described previously (Kaiser et
al., 2012). Data were collected for 30 min and analyzed in sequential 5
min intervals, as well as average time spent on each side of the chamber
per 5 min interval.

Motility outcomes were measured as described previously (Kaiser et al.,
2012). To account for the variation in the amount of time mice spent in each
zone, data were normalized to time spent in the dark and light zones.

Open-field assay. This assay was performed as described previously
(Kaiser et al., 2012). Mice were placed in the center of the chamber and
tested for 30 min. The periphery was defined as 4.22 cm from the border
with the remaining 18.56 � 18.56 cm area as the center.

Statistical analysis. The data were analyzed between treatment groups
(e.g., vehicle vs CGRP) within each exposure to the chamber. A two-way,
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repeated-measures ANOVA (factors: treatment and observation time)
was used with a Bonferroni multiple-comparisons test to compare treat-
ment groups at each interval. For experiments with mice tested in the
chamber multiple times, a two-way repeated-measures ANOVA was also
used to compare between exposure days; treatment day was compared
with the pretreatment exposure and after treatment at each interval. A
one-way repeated-measures ANOVA was used to determine whether
overall significant effects were observed in bar graphs with individual
points. Bonferroni or Tukey multiple-comparisons test was used as the
post hoc analysis. Data are reported as mean � SEM. Data were analyzed
using GraphPad Prism software (RRID: SCR_002798).

Exclusions were applied to the dataset for the following reasons: never
leaving the light zone during 30 min of testing, mice had an overall
resting time �90%, or mice were considered statistical outliers according
the GraphPad Prism criteria (�3 SDs from the mean). For all CD1 mice,
four mice were excluded for resting �90% and two mice were considered
statistical outliers for a total of six mice for all experiments. Of all
C57BL/6J mice, three were excluded due to loss of cannula and two mice
were excluded for resting �90% for a total of five excluded for all
experiments.

Results
Peripheral CGRP administration elicits light aversion in mice
As a starting point, we looked at the effect of peripheral CGRP
using wild-type mice. Two wild-type strains were tested,
C57BL/6J and CD1. The C57BL/6J strain was chosen to match
our previous studies with wild-type mice (Kaiser et al., 2012) and
the transgenic hRAMP1 mice, which are on a predominantly
C57BL/6J background (Recober et al., 2009b). The CD1 strain
was chosen based on blood flow observations suggesting the pos-
sibility these mice might be more responsive to sensory neuro-
peptides than C57BL/6J mice (Markovics et al., 2012; Botz et al.,
2013).

CD1 and C57BL/6J mice were given vehicle or CGRP in a
single intraperitoneal injection after two preexposures to the
chamber to reduce exploratory drive (Kaiser et al., 2012). Testing
began 30 min after the mice were injected. In CD1 mice, CGRP
elicited significant light aversion in all 6 5 min intervals compared
with vehicle, with a significant overall effect (p � 0.0001; F(1,36) 	
26.93; Fig. 1A). The CGRP-treated mice (Tx) spent significantly
less time in the light compared with pretreatment exposure 2
(Pre2) and posttreatment exposure (Post; p � 0.0001). There
were no significant differences for vehicle-treated mice. On aver-
age, the vehicle-treated CD1 mice spent 106 s in the light per each
5 min interval compared with 28 s for CGRP-treated mice
(p � 0.0001).

Similar results were seen with C57BL/6J mice (p � 0.0001;
F(1,84) 	 24.18; Fig. 1B). However, the C57BL/6J responses were
not as profound as those seen with CD1 mice. Furthermore, in 2
of 8 experiments with C57BL/6J mice, intraperitoneal CGRP (0.1
or 0.5 mg/kg) did not yield a significant light-aversive response
(all data are included in the figure). In contrast, with CD1 mice,
significant responses were seen in five of five experiments. These
data suggest that the CD1 strain is more sensitive to CGRP. To
further explore differences between CD1 and C57BL/6J mice, a
dose–response curve was generated to compare the responses of
C57BL/6J and CD1 mice. These data demonstrate that CD1 mice
are significantly more susceptible than C57BL/6J mice to admin-
istration of peripheral CGRP at both 0.1 and 0.5 mg/kg CGRP
(F(1,238) 	 26.33), whereas the vehicle-treated mice were not sig-
nificantly different between the two strains (Fig. 1C). Therefore,
peripheral administration of CGRP elicited light aversion in both
wild-type strains of mice, although the response was greater and
more consistent with CD1 mice.

Peripheral CGRP administration reduces motility only in the
dark zone
We evaluated the effect of intraperitoneal CGRP on motility as
measured by resting time, transitions, ambulatory distance, and
vertical rearing. Consistent with intracerebroventricular injec-
tion of CGRP (Recober et al., 2010; Kaiser et al., 2012), intraperi-
toneal CGRP reduced motility only in the dark zone (Fig. 2). In
both CD1 and C57BL/6J mice, the resting time was significantly
increased in the dark zone (CD1, F(1,36) 	 16.52; C57, F(1,84) 	
12.24; Fig. 2A), along with decreased rearing behavior (CD1,
F(1,36) 	 26.51; C57, F(1,84) 	 24.20; Fig. 2B) and ambulatory
distance (data not shown). In the light zone, whereas there was a
trend toward decreased rearing in both genotypes, this was not
significant for CD1 and was significant for only two time points
with C57BL/6J mice. Mice also transitioned significantly less be-
tween light and dark zones after CGRP treatment compared with
vehicle treatment (CD1, F(1,36) 	 27.17; C57, F(1,84) 	 10.09; Fig.
2C). For the CD1 mice, in all measures of motility, the CGRP
cohort was significantly different from the Pre2 and Post treat-
ment periods, but this was not always seen for the C57BL/6J mice
(Fig. 2). Analysis of motility data comparing C57 and CD1 mice
revealed that peripheral CGRP significantly increased resting in
CD1 mice more than in C57BL/6J mice when calculated as the
increase in resting compared with vehicle (F(3,122) 	 19.19; p �
0.01) or change from Pre2 baseline (p � 0.001). In addition,
CGRP-induced reduction in rearing was significantly greater in
CD1 than in C57BL/6J mice when calculated as the decrease in
rearing compared with vehicle (F(3,122) 	 27.09; p � 0.0001) or
change from Pre2 baseline (p � 0.05).

Central CGRP administration elicits light aversion and
light-dependent resting behavior
Given the ability of peripheral CGRP administration to elicit light
aversion and light-dependent resting behavior, we reexamined
the effect of centrally administered CGRP under conditions to
minimize leakage of CGRP during the intracerebroventricular
injection. This was a potential confounder of our previous intra-
cerebroventricular studies (Recober et al., 2009b; Recober et al.,
2010; Kaiser et al., 2012). C57BL/6J mice were used in this exper-
iment because our previous reports used C57BL/6J WT mice and
our transgenic mice are on the C57BL/6J background. To reduce
peripheral leakage, we inserted a cannula to allow slow delivery of
CGRP into the ventricles. Consistent with our previous findings,
intracerebroventricular injection of CGRP via a cannula resulted
in significant light-aversive behavior (F(1,22) 	 12.23; Fig. 3A). In
addition, the mice showed increased resting behavior in the dark,
but not light, zone (F(1,22) 	 17.67; Fig. 3B). These findings are
consistent with observations seen with C57BL/6J mice injected
with intracerebroventricular CGRP via direct CGRP administra-
tion without a cannula (Kaiser et al., 2012).

Peripheral CGRP does not enhance anxiety behavior in the
open field
To determine whether the peripheral CGRP light-aversive phe-
notype was being driven by an increased anxiety state, we used the
open-field test. Mice that had been tested previously in the light/
dark assay were placed in an open field 2–3 d after the posttreat-
ment exposure (Fig. 1). The light intensity remained at 2.7 � 10 4

lux. The mice were tested 30 min after intraperitoneal injection of
CGRP or vehicle, as was done with the light/dark assay. There was
no significant difference in the time the mice spent in the center
of the open field between treatments in either CD1 or C57BL/6J
mice (Fig. 4A,B). This suggests that peripheral administration of
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Figure 1. Peripheral CGRP elicits light aversion in two strains of wild-type mice. A, Time spent in the light zone by CD1 mice during sequential exposures in the light/dark chamber at 2.7 � 10 4

lux (left). Mice were preexposed to the chamber twice (Pre1, Pre2) at 3 d intervals to reduce exploratory drive, then treated with vehicle (Veh, n 	 19) or 0.1 mg/kg CGRP (n 	 19) on treatment day
(Tx), followed by a Post measurement. The mean � SEM is shown, with significance indicated for comparisons of vehicle to CGRP at each time point and comparisons of Tx with Pre2 and Post
indicated by brackets, *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. Right panel shows the mean time (�SEM) in light per 5 min interval for individual mice on treatment day, ****p �
0.0001. Data are from 2 independent experiments. B, Time spent in the light zone by C57BL/6J mice at 2.7 � 10 4 lux (left). Mice were treated as described in A with vehicle (Veh, n 	 42) or 0.1
mg/kg CGRP (n 	 44). Right panel shows the mean time (�SEM) in light per 5 min interval for individual mice on treatment day, ****p � 0.0001. Data are from four independent experiments.
C, Dose-dependent effect of CGRP on time in light in CD1 and C57BL/6J (C57) mice (left). Mice were treated with vehicle (CD1, n 	 29, 5 experiments; C57BL/6J, n 	 83, 8 experiments), 0.1 mg/kg
CGRP (CD1, n 	 19, 2 experiments; C57BL/6J, n 	 44, 4 experiments), 0.5 mg/kg CGRP (CD1, n 	 28, 3 experiments; C57BL/6J, n 	 51, 4 experiments). CGRP-treated C57BL/6J and CD1 mice spent
significantly less time in the light at 0.1 and 0.5 mg/kg compared with vehicle (****p�0.0001). Right panel shows the mean time (�SEM) in light per 5 min interval for individual CD1 and C57BL/6J
mice on treatment day. CD1 mice spent significantly less time in the light compared with C57BL/6J mice at both 0.1 mg/kg CGRP (***p � 0.001) and 0.5 mg/kg CGRP (****p � 0.0001) and were
not significant (ns) with vehicle.
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Figure 2. Peripheral CGRP reduces motility. Motility was measured at the same time as light aversion with the same mice shown in Figure 1. A, Resting time in light and dark zones.
After intraperitoneal injection, CGRP-treated mice (CD1, n 	 19; C57BL/6J, n 	 44) spent significantly more time resting in the dark zone compared with vehicle-treated mice (CD1, n 	
19; C57BL/6J, n 	 42) and compared with the Pre2 and Post periods. There were no significant differences in the light zone. B, Number of vertical beam breaks per minutes in light and
dark zones. For both strains, CGRP treatment decreased the number of vertical beam breaks in the dark and to a lesser degree in the light. C, Number of transitions between the light and
dark zones. For both strains, CGRP decreased transitions between zones, although to a greater degree with CD1 mice. For all panels, the mean � SEM is shown, *p � 0.05, **p � 0.01,
***p � 0.001, ****p � 0.0001.
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CGRP does not increase anxiety behaviors in mice to influence a
light-aversive phenotype, which is consistent with prior studies
involving intracerebroventricular CGRP in nestin/hRAMP1 mice
(Recober et al., 2009b) and C57BL/6J mice (Kaiser et al., 2012).

Sumatriptan attenuates light aversion induced by
peripheral CGRP
Sumatriptan is one of the 5-HT1B/D agonists that are considered
the gold standard in migraine treatment and administered pe-
ripherally to abort migraine (Loder, 2010). We have reported
previously that a related triptan, rizatriptan, was able to attenuate
light aversion in mice given intracerebroventricular CGRP (Kai-
ser et al., 2012). Mice were given an intraperitoneal injection of
CGRP, vehicle, sumatriptan, or coadministration of CGRP plus
sumatriptan 30 min before light aversion testing on treatment
day. As with centrally administered CGRP, the effect of periph-
eral CGRP in mice was attenuated by sumatriptan (Fig. 5A,B).
Coadministration of sumatriptan with CGRP via intraperitoneal
injection in CD1 mice fully rescued the phenotype seen with
CGRP treatment alone (F(3,79) 	 8.91; Fig. 5A). Likewise, in
C57BL/6J mice, cotreatment of CGRP and sumatriptan also re-
duced light aversion, but did not fully inhibit the CGRP-induced
behavior observed with CD1 mice (F(3,77) 	 10.59; Fig. 5B). How-
ever, a potential confounder to the C57BL/6J data was that the
CGRP-treated mice did not return to baseline during the postex-

posure period in this experiment. The persistent light aversion
in the C57BL/6J mice (Fig. 5B) cannot be explained in this one
experiment. However, in four other experiments (Fig. 1B), the
C57BL/6J mice returned to baseline levels after CGRP treat-
ment. For both CD1 and C57BL/6J mice, sumatriptan pre-
vented CGRP-mediated increased resting in the dark zone
(CD1, F(3,79) 	 4.31; C57, F(3,77) 	 11.74; Fig. 5C) and de-
creased vertical rearing (CD1, F(3,79) 	 4.08, p � 0.05; C57,
F(3,77) 	 10.64 p � 0.05; data not shown). Coadministration of
CGRP and sumatriptan also partially rescued the amount of
transitions between zones for both genotypes (data not
shown). Together, these data indicate that sumatriptan can
attenuate peripheral CGRP-induced light aversion.

CGRP-blocking antibody prevents CGRP-induced
light aversion
We then tested whether a monoclonal antibody that binds CGRP
would be able to block CGRP-induced light aversion in CD1 mice
(Fig. 6A,B). For this experiment, we used a sequential treatment
paradigm. The first treatment with intraperitoneal CGRP or ve-
hicle was followed by intraperitoneal injection with antibodies
before a second treatment with intraperitoneal CGRP or vehicle.
The antibody dosage was theoretically sufficient to attenuate
both exogenous and endogenous CGRP actions. This paradigm
established the responses of individual mice before treatment

Figure 3. Central injection of CGRP through a cannula elicits light aversion. A, Time spent in the light zone by C57BL/6J mice at 2.7 � 10 4 lux (left). The mice were preexposed to the chamber
twice (Pre1, Pre2), then treated with vehicle (Veh, n 	 11) or CGRP (2 �g/mouse, ICV, n 	 13) on treatment day (Tx), followed by a Post measurement. After intracerebroventricular injection,
CGRP-treated mice spent less time in light compared with vehicle (*p � 0.05, ***p � 0.001) and compared with Pre2 and Post as indicated by brackets (****p � 0.0001). Right panel shows the
mean time (�SEM) in light per 5 min interval for individual mice on treatment day, **p � 0.01. Data are from two independent experiments. B, Resting time in light and dark zones measured at
the same time as light aversion with mice shown in A. CGRP-treated mice spent significantly more time resting in the dark compared with vehicle-treated mice and Pre2 and Post periods (mean �
SEM, **p � 0.01, ***p � 0.001, ****p � 0.0001).
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with antibodies. During the first treatment (Tx1), CGRP-treated
mice spent significantly less time in the light compared with
vehicle-treated mice (F(2,42) 	 11.83) and compared with Pre2
and Post periods. Posttreatment was used to ensure that the time
spent in light by the treated mice had returned to levels before
treatment. The mice that were given CGRP in the first treatment
were then given either the control antibody or the anti-CGRP
antibody 24 h before testing with a second injection of CGRP.
Likewise, the vehicle-treated mice were given a second injection
of vehicle. During the second treatment (Ab Tx), mice treated
with CGRP plus the control antibody spent less time in the light
compared with mice that received CGRP plus anti-CGRP anti-
body or vehicle plus anti-CGRP antibody (F(2,42) 	 6.35). Anti-
body treatment also abolished the change in resting activity (Fig.
6C) and rearing behavior (Fig. 6D) induced by CGRP.

Central CGRP, but not peripheral CGRP, elicits sensitized
light aversion in nestin/hRAMP1 mice
To begin to identify the site of CGRP action in the periphery, we
took a genetic approach using the CGRP-sensitized nestin/
hRAMP1 mice. These mice have conditional overexpression of
the hRAMP1 subunit of the CGRP receptor in both the CNS and
PNS (Zhang et al., 2007). We have reported previously that in-
tracerebroventricular CGRP induces light-aversive behavior in
these mice at much lower light intensity (55 lux) compared with

the 27,000 lux required with wild-type mice (Recober et al.,
2009b; Recober et al., 2010; Kaiser et al., 2012). Furthermore,
unlike wild-type mice, nestin/hRAMP1 mice do not require pre-
exposure to the chamber to demonstrate CGRP-induced light
aversion. Surprisingly, after intraperitoneal administration of
CGRP to naive mice, the nestin/hRAMP1 mice did not exhibit
enhanced light aversion under these low-light conditions of 55
lux (Fig. 7A). As a control, we showed that intracerebroventricu-
lar injections of CGRP could induce light aversion under these
experimental conditions. Nestin/hRAMP1 mice were tested by
both intracerebroventricular and intraperitoneal CGRP injection
over the same period of time and, in one experiment, cage mates
were tested on the same day. As predicted, nestin/hRAMP1 mice
given intracerebroventricular CGRP were light aversive (F(3,86) 	
10.44; Fig. 7B). In addition, the nestin/hRAMP1 mice given intra-
peritoneal CGRP did not show any change in motility, whereas
mice given intracerebroventricular CGRP rested more in the dark
(data not shown). As a control, we wanted to show that nestin/
hRAMP1 mice did have the ability to respond to intraperitoneal
CGRP in bright light analogous to wild-type mice. A cohort of
nestin/hRAMP1 mice that had previously not responded to
CGRP in dim light (Fig. 7A) were tested at 27,000 lux. Both
nestin/hRAMP1 and control littermates responded to intraperi-
toneal CGRP to approximately the same degree (Fig. 7C).

Figure 4. Peripheral CGRP does not induce anxiety in the open-field assay. A, Time spent in the center of the open field after intraperitoneal injection of vehicle (n 	 10) or CGRP (0.1 mg/kg, n 	
10) or in CD1 mice over the 30 min testing period (left). Right panel shows the mean percentage time (�SEM) in center per 5 min interval for individual mice. B, Time spent in the center of the open
field after intraperitoneal injection of vehicle (n 	 9) or CGRP (0.1 mg/kg, n 	 9) or in C57BL/6J mice over the 30 min testing period (left). Right panel shows the mean percentage time (�SEM)
in center per 5 min interval for individual mice on treatment day. In both A and B, there were no significant differences.
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Figure 5. Sumatriptan attenuates light aversion induced by peripheral CGRP. A, Time spent in light zone by CD1 mice at 2.7 � 10 4 lux (left). Mice were injected intraperitoneally with vehicle
(Veh, n 	 19), CGRP (0.1 mg/kg, n 	 22), sumatriptan (Suma, 0.6 mg/kg, n 	 19), or CGRP plus sumatriptan (CGRP
Suma, 0.1 mg/kg CGRP, 0.6 mg/kg Suma, n 	 23). Data are from two
independent experiments. Right panel shows the mean time (�SEM) in light per 5 min interval for individual mice on treatment day. B, Time spent in light zone by C57BL/6J mice at 2.7 � 10 4 lux
(left). Mice were injected intraperitoneally with vehicle (n 	 20), CGRP (0.1 mg/kg, n 	 21), Suma (0.6 mg/kg, n 	 19), or CGRP
Suma (0.1 mg/kg CGRP, 0.6 mg/kg sumatriptan, n 	 21). Data
are from two independent experiments, although the postexposure is from only one experiment. Right panel shows the mean time (�SEM) in light per 5 min interval for individual mice on
treatment day. For both A and B, mean � SEM is shown, with significance indicated for CGRP compared with vehicle as #p � 0.05, ##p�0.01, ###p � 0.001, ####p � 0.0001; CGRP compared
with Suma as ^p � 0.05, ^^p � 0.01, ^^^^p � 0.0001; CGRP compared with CGRP
Suma as *p � 0.05, **p � 0.01. Time spent in the light between treatment days with significance is
indicated for CGRP (*) and CGRP
Suma (#). C, Resting time was measured concurrently with light aversion for the same mice in A and B. CGRP-treated mice spent significantly more time (mean �
SEM) resting in the dark compared with mice treated with vehicle, Suma, or CGRP
Suma, with significance indicated as described for A and B.
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Discussion
In this study, we report that peripherally ad-
ministered CGRP can induce light aversion
in two strains of wild-type mice. This pe-
ripheral administration is clinically relevant,
because CGRP injection studies and clinical
trials with CGRP receptor antagonists and
CGRP-blocking antibodies suggest a pe-
ripheral site of CGRP action in migraine
(Lassen et al., 2002; Doods et al., 2007; Han-
sen et al., 2010; Bigal et al., 2015a; Edvins-
son, 2015). However, the neural symptoms
of migraine and several preclinical studies
have pointed to actions in the CNS (Storer
et al., 2004; Fischer et al., 2005; Levy et al.,
2005; Levy, 2010). In this regard, we have
now confirmed our previous finding that
intracerebroventricular injection of CGRP
induces light aversion in mice. This confir-
mation was desired as the previous intrace-
rebroventricular protocol could not rule out
the possibility of peripheral actions of
CGRP in the meninges. Importantly, the
abilities of an antimigraine drug, su-
matriptan, and a CGRP-blocking antibody
to attenuate light aversion provide valida-
tion that peripheral CGRP-induced light
aversion in mice is analogous to photopho-
bia experienced by migraineurs. To-
gether, these findings support our
hypothesis that CGRP has central and
peripheral actions that cause migraine-
like light aversion in mice, notwith-

Figure 6. Pretreatment with a monoclonal CGRP antibody prevents light aversion induced by peripheral CGRP in CD1 mice. A,
Time spent in the light zone during sequential exposures in the light/dark chamber at 2.7 � 10 4 lux (left). Mice were preexposed
to the chamber twice (Pre1, Pre2) at 3 d intervals to reduce exploratory drive before the first treatment (Tx1) with an intraperito-
neal injection of vehicle (n 	 11) or CGRP (0.1 mg/kg, two random cohorts: CGRP(1) n 	 14, CGRP(2) n 	 14). CGRP-treated mice
spent less time in light compared with vehicle (for CGRP(1) *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001; CGRP(2)

4

#p � 0.05, ###p � 0.001, ####p � 0.0001) and compared
with Pre2 and Post indicated by brackets, ***p � 0.001,
###p � 0.001, ####p � 0.0001. Four days after posttreat-
ment, antibody treatment (Ab Tx) was done by intraperitoneal
injection of control antibody (Con Ab) or CGRP-blocking anti-
body (CGRP Ab). The following day, mice were injected with
intraperitoneal vehicle or CGRP (0.1 mg/kg). Mice that re-
ceived CGRP after Con Ab (CGRP(2) 
Con Ab, n 	 14) spent
less time in the light compared with CGRP after CGRP Ab (CGRP
(1)
CGRP Ab, n 	 14), *p � 0.05, **p � 0.01 and com-
pared with vehicle after CGRP antibody (Veh
CGRP Ab, n 	
11), #p � 0.05. Data are from two independent experiments.
B, The mean time (�SEM) in light per 5 min interval for indi-
vidual mice during the first treatment (Tx1) and second treat-
ment (Ab Tx) after injection of Con Ab or CGRP Ab is shown.
Data are from A, **p � 0.01, ##p � 0.01, ns 	 not signifi-
cant. C, Resting time was measured concurrently with light
aversion for the same mice in A and B. CGRP-treated mice and
CGRP(2)
Con Ab mice spent more time (mean � SEM) rest-
ing in the dark during Tx1 and Ab Tx, respectively (CGRP(1)
*p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001;
CGRP(2) #p � 0.05, ####p � 0.0001). D, Number of vertical
beam breaks per minutes in light and dark zones. CGRP-
treated mice and CGRP
Con Ab had significantly less vertical
beam breaks in the dark during Tx1 (CGRP(1) **p � 0.01,
***p � 0.001; CGRP(2) #p � 0.05, ##p � 0.01, ####p �
0.0001) and Ab Tx compared with Veh
CGRP (*p � 0.05)
and compared with CGRP(1)
CGRP Ab (#p � 0.05). Data are
from two independent experiments.
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Figure 7. Peripheral CGRP does not induce enhanced light aversion in CGRP-sensitized nestin/hRAMP1 transgenic mice. A, Time spent in light by naive mice (no preexposure to the light/dark
chamber) at 55 lux after intraperitoneal injection of vehicle or CGRP (0.1 mg/kg; left). Nestin/hRAMP1 mice treated with CGRP (hRAMP1/CGRP, n 	 29) had no significant reduction in time spent in
light compared with vehicle (hRAMP1/Veh, n 	 28) or control littermates treated with vehicle (Control/Veh, n 	 29) or with CGRP (Control/CGRP, n 	 30). Data are from three independent
experiments. Right panel shows the mean time (�SEM) in light per 5 min interval for individual mice on treatment day, not significant (ns). B, Time spent in light by naive mice at 55 lux after
intracerebroventricular injection of vehicle or CGRP (2 �g/mouse; left). Nestin/hRAMP1 mice treated with CGRP (hRAMP1/CGRP, n 	 30) spent less time in the light compared with vehicle
(hRAMP1/Veh, n 	 16) or control littermates treated with vehicle (Control/vehicle, n 	 15) or with CGRP (Control/CGRP, n 	 29), ***p � 0.001, ****p � 0.0001. Data are from three independent
experiments. Right panel shows the mean time (�SEM) in light per 5 min interval for individual mice on treatment day, ****p � 0.0001. C, Time spent in light by mice at 27,000 lux (bright light)
after intraperitoneal injection of vehicle or CGRP (0.1 mg/kg; left). Nestin/hRAMP1 mice that had previously been tested at 55 lux in the chamber (A) were re tested in bright light. The mice that were
treated with CGRP (hRAMP1/CGRP, n 	 11) spent less time in the light compared with vehicle (hRAMP1/Veh, n 	 11), ***p � 0.001, ****p � 0.0001. Control littermates treated with CGRP
(Con/CGRP, n 	 12) spent less time in the light compared with vehicle (Con/Veh, n 	 12), #p � 0.05. Right panel shows the mean time (�SEM) in the light per 5 min interval for individual mice
on treatment day, hRAMP1/CGRP compared with hRAMP1/Veh, ****p � 0.0001; Con/CGRP compared with Con/Veh, #p � 0.05.
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standing that blocking CGRP effects peripherally is sufficient
to treat or prevent migraine.

Although CGRP elicited light aversion in both wild-type
strains of mice, the response was greater and more consistent
with the albino CD1 mice. In addition to light aversion, CD1
mice also displayed a greater reduction in movement than
C57BL/6J mice. Although it is possible that the intrinsic lack of
retinal pigment could contribute to the phenotype, it does not
seem likely to be a major cause because both genotypes spent
similar time in the light during the preexposures and in response
to vehicle. This suggests that CD1 may have greater sensitivity to
CGRP than C57BL/6J. This conclusion is consistent with the
greater blood flow in CD1 than C57BL/6J mice observed after
stimulation of peptidergic sensory nerve terminals by topical
mustard oil (Botz et al., 2013). Although that study did not ex-
plicitly show CGRP involvement, it seems likely given CGRP’s
role as the most potent vasodilatory peptide. Indeed, Mogil et al.
(2005) reported strain variability in thermal sensitivity due to
differences in CGRP levels. They found that CD1 mice showed a
trend toward lower CGRP expression in dorsal root ganglia than
C57BL/6J mice and suggested that mice with low basal CGRP
expression have increased heat sensitivity after injection of
CGRP. Therefore, it seems possible that differences in either basal
CGRP or CGRP receptor levels could contribute to the strain
differences observed in the light aversion assay.

The ability of peripheral CGRP to induce a fairly rapid light-
aversive response in mice is consistent with recent human
studies. Ashina and colleagues reported the average onset of pho-
tophobia was 30 min (range 19 min-9 h) after intravenous CGRP,
whereas the average onset of migraine headache was �3 h (range,
10 min to 12 h; Guo et al., 2016). Therefore, it seems possible that
aversion to light may not be secondary to headache, although we
cannot rule out the possibility of a biphasic (early and delayed)
light-aversive response in mice. In addition, whereas migraine is
more prevalent in women, we did not detect a significant differ-
ence in the time spent in light between male and female mice.
However, there was a trend toward CD1 female mice spending
less time in the light after 0.5 mg/kg CGRP. Future tests during
the estrous cycle may reveal sex differences during CGRP-
induced light aversion.

The efficacy of triptans to attenuate both central (Kaiser et al.,
2012) and peripheral CGRP-induced light aversion and motility
in mice is consistent with the ability of triptans to reduce CGRP-
induced migraine in humans (Asghar et al., 2011). Triptans are a
family of antimigraine drugs that activate 5-HT1B/D receptors
that induce vasoconstriction and inhibit the release of CGRP and
other neuropeptides from nociceptors (Loder, 2010), including
possibly inhibition of CGRP release by trigeminal afferents in this
study. Despite being studied for �20 years, the sites of action of
triptans remain controversial (Ahn and Basbaum, 2005), but the
similar efficacy of various triptans regardless of their brain pen-
etrance supports the importance of a peripheral site of action
unless there is blood– brain barrier breakdown, which has yet to
be demonstrated (Edvinsson and Tfelt-Hansen, 2008). In addi-
tion, the ability of sumatriptan to attenuate the effects of CGRP
on both light aversion and motility suggests that these responses
may be mediated by overlapping mechanisms. This speculation is
consistent with both light aversion and motility being more pro-
nounced in CD1 mice and the ability of the CGRP antibody to
attenuate all these responses.

Along the same lines, the ability of a CGRP-blocking antibody
to block light aversion in mice also supports a peripheral site of
CGRP action in migraine. Several pharmaceutical companies

have engineered humanized monoclonal antibodies against
CGRP and its receptor to prevent migraine prophylactically. Hu-
manized antibodies are preferred to avoid immunogenicity; fur-
thermore, antibodies also have a prolonged half-life and avoid
off-target liver toxicity that has hindered the development of
small-molecule receptor antagonists to date (Bigal et al., 2015a;
Russo, 2015). Currently, all phase II clinical trials with CGRP-
blocking and receptor-blocking antibodies have successfully re-
duced the number of migraine attacks (Dodick et al., 2014a;
Dodick et al., 2014b; Bigal et al., 2015b; Bigal et al., 2015c; Sun et
al., 2016). The success of antibodies suggests a peripheral site of
action; moreover, in one recent report, only �0.1% of one of the
anti-CGRP antibodies could be detected in the CNS (Johnson et
al., 2016). Nonetheless, the relevant sites of antibody action re-
main unknown. The mechanism and site of action will be partic-
ularly intriguing given reports that a single injection of one of the
CGRP-blocking antibodies can prevent migraine attacks for at
least several months (Dodick et al., 2014b). This suggests a long-
lasting desensitization of CGRP actions in migraine. Future stud-
ies with preclinical mouse models should be able to address the
mechanism by which inhibiting CGRP actions can prevent mi-
graine.

The unexpected inability of peripheral CGRP to induce aver-
sion to dim light in nestin/hRAMP1 mice suggests that peripheral
CGRP causes light aversion by both a mechanism that is most
likely distinct from central CGRP and a non-neuronal mecha-
nism. However, we cannot exclude the alternative possibilities
that the lack of response of nestin/hRAMP1 mice to dim light is
due to dim light aversion being an exclusive feature of CGRP CNS
signaling or that aversion to dim and strong lights is mediated by
different mechanisms. In either case, in the CNS, the most likely
mechanism would seem to involve CGRP’s role as a neuromodu-
lator, by which it can increase synaptic transmission (Seybold,
2009; Han et al., 2010). For example, CGRP has been reported to
increase both NMDA and AMPA receptor activity (Benarroch,
2011). In the periphery, a modulatory role on peripheral neurons
also seems likely, but by an indirect mechanism. An indirect
mechanism in the meninges would be consistent with studies that
have failed to identify CLR/RAMP1 CGRP receptors on afferent
trigeminal fibers (Lennerz et al., 2008) and the inability of direct
application of CGRP or antagonists onto afferent trigeminal fi-
bers in the meninges to activate or inhibit nerve signaling to the
spinal cord (Storer et al., 2004; Fischer et al., 2005; Levy et al.,
2005). However, another study did find CLR and RAMP1 immu-
noreactivity on trigeminal A-fibers in the dura mater (Eftekhari
et al., 2013) and the possibility of CGRP actions within the tri-
geminal ganglia at either CLR/RAMP1 or CTR/RAMP1 receptors
on neuronal cell bodies (Eftekhari et al., 2010; Eftekhari et al.,
2013) must be considered. The possibility of CTR/RAMP1 recep-
tors on afferent fibers has not yet been examined. In these scenar-
ios, CGRP could sensitize trigeminal nociceptors by autocrine or
paracrine mechanisms via CTR/RAMP1 or CLR/RAMP1 recep-
tors, although the lack of sensitization in the nestin/hRAMP1
mice suggests that neuronal CGRP receptors are not rate limiting
for peripheral CGRP induction of light aversion in mice. There-
fore, our results suggest that CGRP actions are transmitted to the
CNS via indirect sensitization of the peripheral nerves.

If CGRP is not acting directly on peripheral neurons, the ques-
tion remains where else might CGRP act outside of the CNS. The
neurovascular model of migraine, articulated �20 years ago
(Moskowitz and Macfarlane, 1993), suggests that vascular in-
flammatory signals in the meninges lead to sensitization and ac-
tivation of trigeminal nociceptors. Within the trigeminovascular
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system, there are CGRP receptors on satellite glia in the ganglia
(Lennerz et al., 2008; Eftekhari et al., 2010), vascular smooth
muscle (Eftekhari et al., 2013), possibly endothelial cells (Hirata
et al., 1988), and dural mast cells (Lennerz et al., 2008), although
reportedly not on human mast cells (Eftekhari et al., 2013). Even
though the weight of the evidence argues against a causal link
between vasodilation and migraine (Goadsby, 2009), a nonvaso-
dilatory role for the vasculature should not be ruled out (Jacobs
and Dussor, 2016). It is possible that CGRP actions on vessels
could sensitize peripheral nociceptors by release of nitric oxide
from endothelial cells, along with cytokines and inflammatory
agents from nearby mast cells (Olesen et al., 2009; Olesen and
Ashina, 2011; Russo, 2015). Such a mechanism on afferent fibers
could act in concert with CGRP actions in the trigeminal ganglia
that could also sensitize nociceptors, for example, by cytokine
release from satellite glia. In all of these mechanisms, a common
prediction is that peripheral CGRP acts to alter the microenvi-
ronment of the trigeminovascular system. Future genetic dissec-
tion using the conditional transgenic hRAMP1 expression system
should help to reveal how these still poorly understood mecha-
nisms contribute to migraine.
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