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Neurobiology of Disease

Role of Calcitonin Gene-Related Peptide in Light-Aversive
Behavior: Implications for Migraine

Ana Recober,' Adisa Kuburas,> Zhongming Zhang,? John A. Wemmie,>* Michael G. Anderson,>* and Andrew F. Russo?
Departments of 'Neurology, 2Molecular Physiology and Biophysics, 3Psychiatry, and “Ophthalmology and Visual Sciences, University of Iowa, and
SDepartment of Veteran’s Affairs Medical Center, Iowa City, lowa 52242

Migraine is a chronic neurological disorder characterized by recurrent episodes of severe unilateral throbbing head pain and associated
symptoms, such as photophobia. Our current understanding of the mechanisms underlying migraine has been hampered by limitations
in ascertaining migraine symptoms in animal models. Clinical studies have established the neuropeptide calcitonin gene-related peptide
(CGRP) as a key player in migraine. Here, we establish a genetic model of photophobia by engineering increased sensitivity to CGRP in
mice. These transgenic mice (nestin/hRAMPI) display light-aversive behavior that is greatly enhanced by intracerebroventricular injec-
tion of CGRP and blocked by coadministration of the CGRP receptor antagonist olcegepant. This behavior appears to be an indicator of
photophobia and cannot be fully explained by gross abnormality of ocular anatomy or differences in general anxiety or motor activity.
Our findings demonstrate that a single gene, receptor activity-modifying protein 1 (RAMPI), can be a modifier of photophobia and, by
extension, suggest that genetic or epigenetic modulation of RAMP1 levels may contribute to migraine susceptibility. Moreover, they
validate CGRP hypersensitive mice as a tool for exploring the neurobiology and novel therapies for migraine and other disorders

involving photophobia.

Introduction

Migraine is a complex neurovascular disorder (Goadsby et al.,
2002) that has a major impact on the patient and society (Lipton
etal., 2007). Although the field of migraine pathophysiology has
experienced decisive advances in the past decades, there are still
many unanswered questions, in part attributable to the lack of
appropriate animal models. A key player in migraine pathophys-
iology is the neuropeptide calcitonin gene-related peptide
(CGRP) (Arulmani et al., 2004). Plasma levels of CGRP have
been found to be elevated during migraine attacks (Goadsby et
al., 1990; Goadsby and Edvinsson, 1993; Juhasz et al., 2005), al-
though this is controversial (Tvedskov et al., 2005; Benemei et al.,
2007; Tfelt-Hansen and Le, 2009). Importantly, individuals with
migraine (Lassen et al., 2002) but not healthy controls (Petersen
et al., 2005) develop a migraine-like headache in response to
intravenous administration of CGRP, suggesting that mi-
graineurs are especially sensitive to CGRP. Finally, CGRP recep-
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tor antagonists are effective at alleviating the pain and associated
symptoms of a migraine attack (Olesen et al., 2004; Ho et al,,
2008).

Photophobia leading to light-aversive behavior is commonly
reported by migraineurs during acute attacks and, to a lesser
degree, between attacks (Mulleners et al., 2001). Photophobia
also accompanies other less frequent but likewise disabling con-
ditions, such as cluster headache and other trigeminal autonomic
cephalalgias and blepharospasm (Goadsby and Edvinsson, 1994;
Bahra et al., 2002; Hallett et al., 2008; Irimia et al., 2008). The
mechanisms underlying photophobia are not known; however, it
seems likely that there is involvement of the trigeminal system
(Drummond and Woodhouse, 1993; Kowacs et al., 2001; Oka-
moto et al., 2009). Photophobia in blind patients suggests contri-
butions from a nonvisual pathway (Amini et al., 2006). In addi-
tion, trigeminal autonomic cephalalgias, a less common group of
primary headache disorders, are characterized by unilateral
trigeminal-mediated pain frequently associated with ipsilateral
photophobia (Irimia et al., 2008). As a major neuropeptide in the
trigeminal system, CGRP is likely to be involved in the develop-
ment of photophobia, but to date, this has not been directly
tested.

To test the role of CGRP in photophobia and determine
whether heightened CGRP sensitivity leads to migraine-
associated symptoms in mice, we developed an experimental
model of photophobia-related behavior using conditional trans-
genic mice with elevated expression of human receptor activity-
modifying protein 1 (NRAMP1). RAMP1 is a required subunit of
the CGRP receptor that is necessary for trafficking to the cell
surface and ligand-binding specificity (McLatchie et al., 1998).
RAMP1 is also responsible for the species selectivity of the CGRP



Recober et al. @ CGRP-Induced Light Aversion: Implications for Migraine

receptor antagonists being used in clinical studies (Mallee et al.,
2002). Nestin/hRAMPI mice selectively express human RAMPI
in nervous tissues. These are double transgenic mice that express
hRAMP1 after conditional removal of an upstream stop sequence
by Cre recombinase under control of the nestin promoter (Zhang
etal., 2007). Nestin/hRAMPI mice have twofold greater levels of
total mouse and human RAMP] in the peripheral nervous system
and CNS and an increased neurogenic inflammatory response to
CGRP (Zhang et al., 2007). In this study, we have used nestin/
hRAMPI mice to demonstrate that increased sensitivity to CGRP
leads to light-aversive behavior in mice, which we propose to be
analogous to photophobia in migraine patients.

Materials and Methods

Animals

As specified throughout the text, two strains of nestin/hRAMPI mice with
differing genetic background were used, both with identical Tg(Nes-
cre)1Kin/] and Tg(RAMPI) alleles (Tronche et al., 1999; Zhang et al.,
2007). For STOCK Tg(Nes-cre)1KIn Tg(RAMPI), abbreviated as nestin/
hRAMP]I, Nes-cre was introduced by an intercross involving a B6;129
mixed genetic background, yielding mice with contributions from the
B6, 129, and SJL genetic backgrounds. For B6;SJL-Tg(Nes-cre)1Kln
Tg(RAMPI), abbreviated as nestin]/hRAMP1, Nes-cre was introduced by
an intercross involving mice obtained from The Jackson Laboratory
(stock 003771) and only the B6 genetic background, yielding mice with
contributions from the B6 and SJL genetic backgrounds. Control mice
were littermates nontransgenic (R—/C—) or single transgenic (not ex-
pressing hRAMP1) nestin-cre (R—/C+) or Cx1-green fluorescent pro-
tein (GFP)-hRAMP1 (R+/C—). All mice were used only once, except
those tested in the open field (uninjected), which were subsequently
tested in the predator odor-evoked fear assay (uninjected). For the light-
aversion assay, all mice were 10—20 weeks old. For the open field and
predator odor-evoked fear assay, all mice were 8—10 weeks old. Animal
care and procedures were approved by the University of Iowa Animal
Care and Use Committee and performed in accordance with the stan-
dards set by the National Institutes of Health.

Drugs

Rat gGRP (Sigma) was diluted in PBS (0.5 nmol). Olcegepant (BIBN-
4096BS) was diluted in PBS and 2.5% DMSO (0.5 nmol). Inhaled 3%
isoflurane was used for brief anesthesia during intracerebroventricular
injections. Drug administration was by direct injection in the right lateral
ventricle through the intact scalp aiming at 1 mm posterior to bregma
and 1 mm right from the midline. All the injections were performed by
the same person (A.R.) after a period of training yielding a success rate of
89% (24 of 27 mice) demonstrated by injections of dye in the ventricles.
The avoidance of deep anesthesia and stereotaxic guidance was impor-
tant to allow quick recovery of the mice and appropriate performance in the
behavioral tests. We used an injector made with a 30-gauge needle connected
by a polyethylene tube to a microsyringe. A 1 cm polyethylene tube was fitted
to the needle to control the depth of the injection (2.5 mm).

Behavior assays

Light-aversion test. Mice were individually tested in a custom-made light-
aversion chamber [60 length (L) X 60 width (W) X 45 height (H) cm]
with two equally sized compartments: one brightly lit [1000 lux, thermal-
neutral fiber optic source (Fiber-lite)], painted white and lacking a top,
the other not lit, painted black, and fully enclosed. A small opening (7 X
7 cm) connects the two compartments. This test differs from the origi-
nally described light—dark box (Crawley and Goodwin, 1980) by using a
more intense light source that does not produce heat. Before testing, mice
were acclimated at least 1 h in their cages in the testing room with the
lights on (200 lux inside the cage). The light-aversion chamber was thor-
oughly cleaned with 95% EtOH, between animals. Each mouse was
gently held on the investigator’s palm with minimal tail restrain and
placed in the center of the open side of the box, facing away from the dark
side. A video tracking system (View Point Life Sciences) was used to
monitor behavior and to quantify the total time that mice spent in the
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Figure 1.  Light-aversive behavior in nestin/hRAMPT mice. A, Schematic of CGRP receptor
(CLR, calcitonin-like receptor; RCP, receptor component protein). B, Total time spent in light by
female nestin/hRAMPT mice (n = 14) compared with female control littermates (Con; n = 26;
*p = 0.0147) and male nestin/hRAMP1 mice (n = 22) compared with male control littermates
(Con; n = 29;*p = 0.0358). C, Total time spent in light by nestin/hRAMPT mice (R+/C+;n =
36) compared with control littermates (open columns) of all three possible genotypes: non-
transgenic (R—/C—; n = 14; *p = 0.0119), single transgenic nestin-cre (R—/C+; n = 26;
*p = 0.0018), single transgenic (X1-GFP—hRAMP1 (R+/C—; n = 15; *p = 0.0124)
(hRAMP1, R; cre, C). Error bars indicate SEM.

light versus the dark compartment during 300 s monitoring intervals.
Tests were done in untreated mice and 30 min after intracerebroventric-
ular injection of 2 ul of CGRP (0.5 nmol), CGRP with olcegepant (0.5
nmol each), or vehicle. Mice were briefly anesthetized with 3% isoflurane
during the intracerebroventricular injections and allowed to recover in
individual cages for 30 min. Mice were excluded if they showed signs of
distress after the injection that interfered with the behavioral assay; this
was defined as spending >90% of the time inactive in the light compart-
ment of the chamber (automatically determined by the video tracking
system). Four out of 100 mice were excluded.

Predator odor-evoked fear test. Mice were placed individually in an
acrylic glass chamber (18 W X 18 L X 18 H cm) with a beaker containing
tissue wipes with 30 ul of trimethylthiazoline (TMT) (PheroTech) and
videotaped for 10 min. Videos were watched, and fear-related freezing be-
havior was recorded for each minute. Freezing was defined as the absence of
movement except for respiration. The test was performed at baseline (no
intracerebroventricular injection) and 30 min after intracerebroventricular
injection of CGRP or vehicle as done for the light-aversion test.

Open-field test. Mice were tested for 30 min in a 40.6 W X 40.6 L X
36.8 H cm open field (San Diego Instruments). A 60 watt light bulb was
placed over the open field (400 lux). Time spent in center is measured as
a percentage relative to time spent in periphery (periphery was set as 5
cm). Activity was defined as total number of beam breaks in the field. The
test was performed at baseline (no intracerebroventricular injection) and
30 min after intracerebroventricular injection of CGRP or vehicle as
done for the light-aversion test.
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Figure2.  (GRP-induced light-aversive behaviorin nestin/hRAMP1 and nestinJ/hRAMPT mice. A, Total time spent in light in the
first 300 sinterval by nestin/hRAMPT mice after intracerebroventricular CGRP (NRAMP1; n = 10) compared with vehicle (NRAMP1;
n = 8;*p = 0.0117) and compared with control (Con) littermates after intracerebroventricular CGRP (n = 11; *p = 0.0221). B,
Total time spentin lightin the second 300 s interval by nestin/hRAMP1 mice after intracerebroventricular CGRP (NRAMP1;n = 10)
compared with vehicle (N\RAMP1; n = 8; *p = 0.0009) and compared with control littermates after intracerebroventricular CGRP
(Con;n=11;*p = 0.0313). (, Spontaneous motor activity (centimeters per second) in light-aversion chamber by nestin/hRAMP1
mice after intracerebroventricular CGRP (\RAMP1; n = 10) or vehicle (NRAMP1; n = 8) and control littermates after intracere-
broventricular CGRP (Con; n = 11) or vehicle (Con; n = 8). D, Total time spent n light in the first 300 s interval by nestin//hRAMP1
mice after intracerebroventricular vehicle (\RAMP1; n = 4) compared with CGRP (hRRAMP1;n = 11;*p = 0.0158) and compared
with control littermates after intracerebroventricular CGRP (Con; n = 11; *p = 0.0087). E, Total time spent in light in the second
300sinterval by nestin//hRAMPT mice after intracerebroventricular vehicle (\RAMP1; n = 4) compared with CGRP (\RAMP1;n =
11; *p = 0.0050) and compared with control littermates after intracerebroventricular CGRP (Con; n = 11; *p = 0.0025). Error
bars indicate SEM.

Slit-lamp examination. Eyes were examined with a slit-lamp biomicro-
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immunoassay (SPI-Bio; Cayman Chemical) was
used to measure levels of CGRP in CSF.

Statistical analysis

For the light-aversion studies, we used the two-
tailed unpaired Mann—Whitney test to assess
two-sample comparisons and the Kruskal—
Wallis test for multiple comparisons followed
by Mann-Whitney test for the relevant com-
parisons. Two-tailed unpaired Student’s ¢ test
was used for CSF determinations. ANOVA was
used to analyze the anxiety related behavior and
motility studies. p < 0.05 was considered signif-
icant. Error bars indicate SEM.

Results
Nestin/hRAMP1 mice display light-
aversive behavior at baseline
To measure light aversion, we used an ex-
ploratory assay in which mice have the
choice of being in the light or dark area of a
chamber. Time spent in the light was com-
pared between nestin/hRAMPI1 mice and
control littermates at baseline (untreated)
conditions. Nestin/hRAMPI mice have el-
evated nervous system expression of the
hRAMP1 subunit of the CGRP receptor
(Fig. 1 A). In the absence of treatment, nes-
tin/hRAMP] mice spent 30% less time in
the light (73.7 £ 6.7 s, mean = SEM) than
control littermates (105.5 = 4.2 s, mean *
SEM; p = 0.0002). This was observed in
both male and female mice (Fig. 1 B). The
difference between nestin/hRAMPI mice
and control littermates was observed when
compared with either the nontransgenic
or the two single transgenic control litter-
mates not expressing hRAMPI (Fig. 1C). Af-
ter establishing that there were no differ-
ences based on sex or control genotypes,
both sexes and the three control genotypes
were pooled in subsequent analyses.
Ophthalmic slit-lamp examinations
demonstrated normal-appearing eyes in
nestin/hRAMPI and control littermates
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

Nestin/hRAMP]1 mice have higher levels
of CGRP in CSF

A potential mechanism underlying this
baseline enhanced light aversion could be
elevated levels of endogenous CGRP as a
result of hRAMP1 expression. To test this
hypothesis, we measured CGRP levels in
CSF in the mice. We found that CGRP levels
were significantly higher in CSF of nestin/
hRAMPI mice (n = 6;815.8 = 189.5 pg/ml,
mean * SEM) compared with control litter-

scope and photographed with a 40X objective lens.

CSF measurements

Mice were anesthetized with intraperitoneal ketamine/xylaxine (87.5/
12.5 mg/Kg). Between 5 and 8 ul of CSF were collected by doing a midline
scalp incision and introducing a capillary in the cisterna magna. An enzyme

mates (n = 6;485.1 = 174.3 pg/ml, mean * SEM; p = 0.037).

Exogenous CGRP enhances light aversion in

nestin/hRAMPI mice

We then tested the effect of exogenous CGRP, since acute eleva-
tions of CGRP during migraine attacks have been reported in
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some, although not all, studies (Benemei et al., 2007; Tfelt-
Hansen and Le, 2009). CGRP-treated nestin/hRAMPI1 mice
showed a significant increase in light aversion (Fig. 2A, B). Dur-
ing the first 300 s testing interval, nestin/hRAMPI mice spent
~50% less time in the light after intracerebroventricular CGRP
compared with vehicle and control mice (Fig. 2A). To identify
possible effects of acclimation to the chamber, we doubled the
duration of the test and analyzed the behavior separately between
the first and second 300 s intervals. As expected, all groups of
mice spent less time exploring the more aversive side in the sec-
ond interval. Even more striking, though, was the light-aversive
effect of CGRP in nestin/hRAMPI mice in the second 300 s inter-
val. Nestin/hRAMPI mice spent >85% less time in the light dur-
ing the second interval (Fig. 2 B).

CGRP had other general effects that were observed in all ge-
notypes while recovering from the injection in their cages. These
were decreased escape response, decreased exploration, piloerec-
tion, and diarrhea. Potential effect of CGRP in spontaneous mo-
tility was of particular concern, because it can be a confounding
factor in the light—dark box (Crawley and Goodwin, 1980). We
analyzed spontaneous motor activity during the light-aversion
test and found no differences between the groups (Fig. 2C). A
caveat to this result is that the video tracking system only allowed
us to evaluate movements in the open side of the chamber and
not in the dark.

A different strain of nestin-cre mice (nestin]/hRAMPI) was
used to confirm the contribution of nestin-cre driven hRAMP1
expression to the phenotype independent of the genetic context.
The same results obtained with nestin/hRAMPI mice (Fig. 2A, B)
were replicated with nestinJ/hRAMPI mice (Fig. 2D, E).

CGRP receptor antagonist prevents CGRP-induced
light-aversive behavior

To demonstrate that the CGRP-induced light aversion was me-
diated by the CGRP receptor, we used the CGRP receptor antag-
onist olcegepant (BIBN-4096BS). This antagonist was selected
because of its high affinity for the human CGRP receptor (Doods
et al., 2000) and its proven clinical effectiveness to alleviate pho-
tophobia and other migraine symptoms in humans during a mi-
graine attack (Olesen et al., 2004). Simultaneous intracerebro-
ventricular injection of the CGRP receptor antagonist olcegepant
(0.5 nmol) with CGRP (0.5 nmol) prevented the CGRP-induced
light aversion (Fig. 3). Olcegepant had no apparent effect when
injected alone (Fig. 3). Furthermore, CGRP and olcegepant had
no effect on control littermates (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).

Light-aversive behavior is not attributable to anxiety or
differences in motor activity

To test whether the nestin/hRAMPI behavior observed in the
light-aversion test was influenced by differences in anxiety, we
analyzed two fear- or anxiety-related behaviors: predator odor-
evoked freezing and center avoidance in the open field. At base-
line, in the absence of either vehicle or CGRP injection, nestin/
hRAMPI mice displayed less freezing than control littermates
over the entire monitoring period (Fig. 4A), suggesting that
hRAMP1 expression might reduce fear. Total time freezing in 10
min was lower in nestin/hRAMPI mice (174.55 * 21 s) than
control mice (244.25 = 14.5 s; p = 0.01). Overall, there was no
difference between predator odor-evoked freezing behavior in
nestin/hRAMPI and control littermates after intracerebroven-
tricular CGRP or vehicle (Fig. 4 B). However, during the first 4
min of the monitoring period, there was a significant increase in
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Figure 3.  Effect of CGRP receptor antagonist in CGRP-induced light-aversive behavior in
nestin/hRAMP1 transgenic mice. A, Total time spent in light in the first 300 s interval by nestin/
hRAMPT mice after intracerebroventricular vehicle (light gray column; n = 12) compared with
CGRP (black column; n = 21; *p = 0.0022) and compared with CGRP plus olcegepant (hatched
column; n = 12; *p = 0.0129). B, Total time spent in light in the second 300 s interval by
nestin/hRAMPT mice after intracerebroventricular vehicle (light gray column; n = 11) com-
pared with CGRP (black column; n = 21; *p << 0.0001) and compared with CGRP plus olcege-
pant (hatched column; n = 12; *p = 0.0259). Both nestin/hRAMP1 and nestin//hRAMPT mice
were pooled for these studies, and the vehicle and CGRP treatment data are taken from Figure 2.
Error bars indicate SEM.
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freezing behavior induced by CGRP in
both nestin/hRAMPI and control mice.
Thus, CGRP increased freezing behavior
initially, but the effect was not genotype
specific and therefore cannot explain the
behavior differences observed in the light-
aversion test.

As a second measure of anxiety, we ex-
amined the percentage of time spent in the
center of an open field over 30 min. Un-
treated nestin/hRAMPI mice and control
littermates exhibited similar behavior (Fig.
4C). Likewise, neither intracerebroven-
tricular CGRP nor vehicle had any effect
on the percentage of time in the center of
the field in either genotype (Fig. 4C). We
conclude that neither hRAMP1 expression
nor CGRP altered anxiety-related behav-
ior in the open field or predator odor-
induced freezing assays.

Spontaneous motor activity in the
open-field test was similar in untreated
nestin/hRAMPI and control littermates
(Fig. 4D). However, after intracerebro-
ventricular treatment with vehicle or
CGRP motor activity was decreased in
both nestin/hRAMP1 and control mice
(Fig. 4 D). This was in contrast to the light-
aversion chamber (Fig. 2C). CGRP had a
more pronounced effect on motor activity
of nestin/hRAMP]I mice than littermates in
the open field (Fig. 4D).

Discussion

We have generated a conditional trans-
genic mouse that is sensitized to CGRP asa
potential model to study some of the be-
havioral aspects of migraine. The rationale
for this model was based on the apparent
sensitivity of migraineurs to CGRP (Las-
sen et al., 2002) and the reported efficacy
of CGRP antagonists for treating migraine
(Olesen et al., 2004; Ho et al., 2008). A key
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Figure 4. Anxiety and motor activity assessment in nestin/hRAMPT mice. A, TMT induced freezing behavior in untreated

nestin/hRAMPT mice (n = 8) compared with control littermates (n = 9). B, TMT induced freezing behavior in nestin/hRAMP1
mice after intracerebroventricular vehicle (n = 7) and CGRP (n = 9), compared with control littermates after intracerebroven-
tricularvehicle (n = 6) and CGRP (n = 9). Left panel shows freezing behavior over time; right panel shows total freezing behavior
in 10 min. Two-way ANOVA revealed no significant effects over 10 min; however, in the first 4 min, there was a significant main
effect of CGRP (F(; ,;) = 6.36, p = 0.02), no main effect of genotype (F <<1), and no CGRP X genotype interaction (F <1). (,
Percentage of time spent in the center of open field by untreated nestin/hRAMPT mice and control littermates and after intrace-
rebroventricular vehicle or CGRP (n = 1011 per group). One-way ANOVA revealed no significant differences between the groups
(Fis 58 = 1.61, p = 0.339). D, Motility in open field by nestin/hRAMP1 and control littermates untreated and after intracerebro-
ventricular vehicle or CGRP (n = 1011 per group). Two-way ANOVA revealed significant main effects of genotype (F; 55 = 10.5,p =
0.002) and treatment (no injection vs vehicle vs CGRP; £, 55 = 39.3,p << 0.001) and no genotype by treatment interaction (F <1). Post
hoc pairwise comparisons (least significant difference) revealed no difference in motor activity in untreated nestin/hRAMP1 versus control
littermates. Significant post hoc comparisons (*p << 0.05) are indicated. Error bars indicate SEM.

feature of these mice is selective expression

of the human RAMP1 subunit in the cen-

tral and peripheral nervous systems. We have previously reported
that RAMP1 is functionally rate limiting in cultures of aortic
smooth muscle and trigeminal ganglia (Zhang et al., 2006, 2007).
In addition, nestin/hRAMPI mice show greater CGRP-induced
neurogenic inflammation, as measured by plasma extravasation
(Zhang et al., 2007), and CGRP-induced mechanical allodynia
probably mediated by central sensitization (Marquez de Prado,
2009). To study migraine, we chose to investigate migraine-
associated symptoms, since the subjective experience of headache
cannot be assessed in rodents. In this report, we have objectively
quantified one of the most common nonheadache symptoms of
migraine, photophobia.

Nestin/hRRAMP]I transgenic mice were more light aversive
than littermates. This aversion was greatly enhanced by intrace-
rebroventricular administration of CGRP. Specificity of CGRP
action was confirmed by coinjection of the CGRP receptor antag-
onist olcegepant. Involvement of CGRP was important to estab-
lish, because RAMP1 is known to interact with additional

G-protein-coupled receptors (Hay et al., 2006a). For example,
hRAMP1 can interact with the calcitonin receptor to generate the
AMY(,, amylin receptor, which has a relatively high affinity for
CGRP (Hay et al., 2006a). Nevertheless, olcegepant has ~150-
fold lower affinity for AMY,,, than the CGRP receptor (Hay et
al., 2006b). However, given that the drug concentrations at the
relevant sites are not known, it is possible that the nestin/hRAMPI
phenotype may reflect a combination of CGRP and AMY,, re-
ceptor actions in the nervous system. Although our results clearly
establish an essential role for CGRP in the light-aversive behav-
ior, future studies are needed to identify the mechanisms of
CGRP action.

We have demonstrated a novel role for CGRP, but the exact
site of action of CGRP remains unknown. CGRP receptors are
widely distributed in the nervous system (van Rossum et al.,
1997). However, a likely site of action is in the trigeminal nucleus
caudalis. Recently, Okamoto et al. (2009) demonstrated that
bright light evokes Fos-like immunoreactivity in multiple regions
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of the caudal trigeminal brainstem complex of anesthetized rats,
including laminae I-II at the trigeminal caudalis/cervical cord
junction region. Hence, CGRP actions in the trigeminal system,
as well as perhaps elsewhere in the nervous system, are likely
involved in the mechanisms underlying photophobia.

We speculate that the observed light aversion seen in un-
treated nestin/hRAMPI mice may be equivalent to the relatively
mild photophobia that occurs in migraine patients outside of
acute migraine attacks (Main et al., 1997, 2000; Mulleners et al.,
2001; Claustrat et al., 2004). A potential mechanism underlying
the baseline enhanced light aversion could be the elevated levels
of endogenous CGRP we measured in the CSF of nestin/hRAMP]
mice. An elevation of CGRP levels in the nestin/hRAMPI mice is
consistent with our previous data from neuronal cultures dem-
onstrating that CALCA gene transcription is upregulated by
CGRP through a self-sustaining positive feedback loop mediated
by the CGRP receptor (Zhang et al., 2007). Thus, expression of
the hRAMPI transgene appears to cause a chronic elevation of
CGRP synthesis in the nervous system, possibly by an increase in
CALCA promoter activity. Interestingly, some studies have re-
ported that plasma CGRP levels are elevated in migraineurs even
between attacks (Ashina et al., 2000) and elevation of CGRP in
the CSF has been reported in patients with chronic migraine
(Sarchielli et al., 2001, 2007; Gallai et al., 2003).

Before concluding that the light aversion reflects photopho-
bia, we first ruled out other causes leading to preference for the
dark. We demonstrated that the aversive behavior seen in nestin/
hRAMPI mice cannot be fully explained by gross abnormality of
ocular anatomy, increased general anxiety, or decreased motor
activity. Nestin/hRAMPI mice do not show increased anxiety-
related center avoidance behavior in the open field when com-
pared with control littermates, either untreated or after adminis-
tration of CGRP. The baseline behavior (uninjected) in the
predator odor assay suggests that nestin/hRAMPI1 mice were ac-
tually less anxious than littermates. Interestingly, CGRP seemed
to increase early freezing behavior equally in nestin/hRAMPI and
control mice. Although this suggests that exogenous administra-
tion of CGRP may have a subtle effect in the fear response, the
effect was comparable in both nestin/hRAMPI and control mice.
These findings corroborate that the light-aversive behavior ob-
served in nestin/hRAMPI mice is not driven by fear or anxiety.

Likewise, the preference for darkness displayed by nestin/
hRAMPI mice seems to be attributable to light aversion and not
an effect of reduced motility, as shown by the identical spontane-
ous motor activity during the light-aversion assay. Differences in
spontaneous motor activity in the open field and light-aversion
tests after intracerebroventricular CGRP administration may be
attributable to the possibility of escaping to the dark region only
in the latter test. Because animals in discomfort are less sponta-
neously active, we speculate that the reduced activity observed in
the intracerebroventricularly injected groups in the open field
may be attributable to cranial discomfort and/or absence of es-
cape. The greater reduction in activity in nestin/hRAMPI mice
treated with CGRP may reflect more severe discomfort. In fact,
one of the diagnostic criteria of migraine is aggravation of the
headache by routine physical activity (walking or climbing stairs)
(Headache Classification Subcommittee of the International
Headache Society, 2004). Hence, we believe that the light-
aversive behavior represents an objective and measurable param-
eter equivalent to photophobia. Although caution is required
when comparing rodent and human behavior, we believe that the
stimulus leading the mice to avoid the light must be quite un-
pleasant to overcome their innate and strong exploratory in-
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stinct. This is the first study to indicate that migraine symptoms
are not unique to humans and may be experimentally induced in
rodent models.

Our findings suggest that a single gene, RAMPI, is a modifier
of photophobia and by extension migraine. A genetic or epige-
netic elevation of RAMP1 levels provides a mechanism for the
reported sensitivity to CGRP of migraineurs (Lassen et al., 2002;
Petersen et al., 2005). RAMP1 is known to confer species speci-
ficity to the CGRP receptor; thus, rodents have previously been
an inadequate model for the development of CGRP receptor an-
tagonists for humans. By expressing human RAMPI, nestin/
hRAMPI mice offer a useful tool for future drug development.
We conclude that hypersensitivity to CGRP attributable to ele-
vated hRAMP1 could contribute to migraine susceptibility. Fur-
thermore, nestin/hRAMPI mice may represent a model for the
development of novel therapeutic strategies and mechanistic
studies of migraine and other conditions associated with
photophobia.
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