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Abstract

Migraine is the third most common disease in the world (behind dental caries and tension-type
headache) with an estimated global prevalence of 15%, yet its etiology remains poorly understood.
Recent clinical trials have heralded the potential of therapeutic antibodies that block the actions of
the neuropeptide calcitonin gene-related peptide (CGRP) or its receptor to prevent migraine.
CGRP is believed to contribute to trigeminal nerve hypersensitivity and photosensitivity in
migraine, but a direct role in pain associated with migraine has not been established. In this study,
we report that peripherally administered CGRP can act in a light-independent manner to produce
spontaneous pain in mice that is manifested as a facial grimace. As an objective validation of the
orbital tightening action unit of the grimace response, we developed a squint assay using a video-
based measurement of the eyelid fissure, which confirmed a significant squint response after
CGRP injection, both in complete darkness and very bright light. These indicators of discomfort
were completely blocked by preadministration of a monoclonal anti-CGRP blocking antibody.
However, the nonsteroidal anti-inflammatory drug meloxicam failed to block the effect of CGRP.
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Interestingly, an apparent sex specific response to treatment was observed with the antimigraine
drug sumatriptan partially blocking the CGRP response in male, but not female mice. These
results demonstrate that CGRP can induce spontaneous pain, even in the absence of light, and that
the squint response provides an objective biomarker for CGRP-induced pain that is translatable to

CGRP; migraine; grimace; non-evoked pain; squint assay; CGRP monoclonal antibody

1. Introduction

Migraine is a debilitating disorder characterized by recurrent severe headaches lasting 4-72
hours, with accompanying symptoms of abnormal sensory sensitivity, including
photosensitivity [5; 9; 20; 51]. The etiology of migraine is not well understood, and there is
an unmet need for better treatments. It is now recognized that actions of the neuropeptide
calcitonin gene-related peptide (CGRP) are critical in migraine pathophysiology [17; 50;
56]. Clinically, elevated levels of CGRP have been reported in the cerebrospinal fluid [67],
serum [19] and saliva [4] of migraineurs experiencing a headache and serum levels were
normalized after treatment [18; 34]. Moreover, an injection of CGRP can trigger migraine-
like headaches in migraineurs [26; 39]. Furthermore, CGRP receptor antagonists are
effective in relieving acute migraine symptoms [10; 30; 49], and monoclonal antibodies
targeting CGRP or its receptor have shown promise in clinical trials as preventative agents
[13; 21; 59-61,; 63].

CGREP is a potent vasodilator and a neuromodulator of nociceptive signaling and neurogenic
inflammation [56]. CGRP and its receptor are present throughout the neuro-anatomical pain
network, including the dorsal horn of the spinal cord and trigeminal nucleus caudalis, dorsal
and trigeminal ganglia, periaqueductal grey, amygdala and thalamus [28; 33]. Multiple
studies show that blocking CGRP actions by using receptor antagonists or CGRP null mice
can prevent sensitization in inflammatory and neuropathic pain states [58; 69]. It is
hypothesized that peripheral and central sensitization of the spinothalamic pathway by
CGRP is a primary driver of the complex symptomatology experienced by migraineurs,
including headache and photophobia [5; 56].

We have previously reported that mice avoid light after either central or peripheral
administration of CGRP [35; 44; 53; 54]. This light-aversive behavior is attenuated by
sumatriptan and a monoclonal CGRP antibody [44]. Light aversion was seen with wildtype
mice exposed to bright light and with CGRP-sensitized transgenic mice exposed to dim light
following intracerebroventricular injection of CGRP. Furthermore, the CGRP-sensitized
mice showed mechanical allodynia in response to intrathecal CGRP, which is indicative of
central sensitization [43]. Although CGRP has been associated with light aversion and
nociceptive reflexes, no studies have shown spontaneous pain responses following CGRP
injection in mice.
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In this study, we characterized spontaneous pain in mice that receive peripheral CGRP using
the mouse grimace scale (MGS) [38]. While this scale can reliably identify pain responses in
mice, it relies on a subjective interpretation of facial features by trained scorers. Therefore,
we also designed a squint assay that allowed us to objectively measure the eyelid fissure
(distance between the eyelids). In both the grimace and squint assays, peripherally
administered CGRP induced non-evoked, spontaneous pain.

2. Materials and Methods

2.1. Animals

Commercially available C57BL/6J (Jackson Labs, Bar Harbor, ME) and CD1 (Charles River
Laboratories, Roanoke, IL) wildtype mice were used in this study. An equivalent number of
male and female mice were used, between 10-14 weeks old. Mice were housed in groups of
5 on a 12-h light cycle with food and water ad libitum. All experiments were performed
between 8 AM and 5 PM. For all experiments, investigators were blinded to genotype and/or
drug treatment. Animal procedures were approved by the University of lowa Animal Care
and Use Committee and performed in accordance with the standards set by the National
Institutes of Health.

2.2. Intraperitoneal drug administration

All injections were performed intraperitoneally (IP) with a 0.3mm x 13mm needle.
Dulbecco PBS (Hyclone) was used as the diluent and vehicle. The amounts injected were as
follows: 0.1 mg/kg rat a-CGRP (Sigma-Aldrich, St Louis, MO), 0.6 mg/kg sumatriptan
succinate (APP Pharmaceuticals, Schaumburg, IL), 2 mg/kg meloxicam (Boehringer
Ingelheim, Ridgefield, CT), and 30 mg/kg ALD405 (a monoclonal anti-CGRP antibody,
Alder BioPharmaceuticals, Inc., Bothell, WA) or control antibodies (monoclonal antibody of
the same isotype but with a different variable region targeting either digoxigenin or human
PCSK®9 protein). Sumatriptan was administered at the same time as CGRP or vehicle.
Meloxicam was administered 30 minutes before CGRP or vehicle. The antibody and control
antibody were administered 24 hours before baseline measurements. Animals were gently
handled so no anesthetic agents were used during injections. All injections were performed
by either AMF, LPS, BJR, or ASW. Following injection, each mouse was placed in a
holding cage for 30 minutes to recover prior to testing, except for the free-moving
experiment where earlier time points were assessed, as described below.

2.3. Free-moving MGS assay

Mice were acclimated to the testing room for one hour before the beginning of the
experiment. Animals were then placed individually in a cubicle (15 x 15 x 15 cm high), with
transparent Plexiglas walls and floor, and a ventilated transparent roof. Bedding from the
animal’s home cage was placed in the cubicle in order to make the environment as stress-
free as possible. Animals were left to acclimate to the cubicle for 5 to 10 minutes before
pictures were taken with a digital camera at all time points (baseline, 5, 10, 15, 30, 60, 90
and/or 120 minutes after injection(s)). For all different time points, 4 pictures were taken at
20 second intervals to increase reliability. If the animal was grooming, actively sniffing or
rearing, then the next available picture was used for scoring. Images were taken from
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multiple angles. Experimental designs and treatments for free-moving experiments are
shown in the corresponding figures. For consistency in assessing grimace score, the same 2
individuals scored all the images in a blinded manner. Five facial parameters (action units)
were scored: orbital tightening, nose bulge, cheek bulge, ear position, and whisker change.
Each action unit was scored 0 (not present), 1 (moderately visible), or 2 (severe) on the basis
of criteria described previously [38]. An initial grimace score of each photograph was
calculated by averaging the scores of the 5 action units and a mean grimace score was
obtained from the 4 images per time point. Scores from the two blinded individuals were
averaged to give the final result. The accuracy and reliability of the scorers for those
experiments are measured by correlation coefficients that range between 0.89 and 0.92
(details shown in Suppl. Fig. 1A).

2.4. Restrained MGS assay

Some assays required the use of a novel, gentle collar restraint for adequate observation of
specific responses during video recording. This restraint was custom made from acrylic
plastic. Mice were first acclimated to the restraint collar to decrease movements. For
C57BL/6J, generally 3 acclimation sessions of 20 minutes each were sufficient, though
occasionally up to 4 acclimation sessions were required prior to testing. For CD1, generally
4 acclimation sessions were sufficient though occasionally 5 sessions were required.
Acclimation was evaluated by the mice laying still in the restraint for at least 10 minutes. An
infrared-transparent dark acrylic chamber was placed over the mouse to eliminate extraneous
light exposure during dark condition testing which was done in a dark room. For light
condition testing the room light was turned on, the lid of the dark acrylic chamber was
removed while an LED light array was simultaneously activated to deliver the bright light
stimulus (Generay SpectroLED Essential 360 Daylight LED Light). Recording of grimace
measurements in the light began 30 seconds post light activation. All experiments were
recorded using three synchronized USB uEye ML video cameras (IDS Imaging
Development Systems GmbH, Germany) capable of visible and infrared image recording.

Since an objective of these experiments was to test whether CGRP caused grimace even in
the dark, we wanted to start with mice in the dark condition without them having
experienced CGRP-induced pain in the light that may have persisted into the dark testing
period. Mice were exposed to one pre-treatment run of the dark-light protocol (2 minutes in
complete dark, 0 lux, followed by 2 minutes 27,000 lux, 5600k white light) to record
baseline measurements. After a minimum 30 minutes rest period in the home cage, mice
received treatment(s) IP in a blinded fashion. Following injection, each mouse was returned
to a holding cage to recover for 30 minutes and then placed back in the gentle restraint and
re-tested with the same light-dark protocol as described previously. Images of the mice were
taken from the video recordings at baseline in the dark (BD), baseline in the light (BL), post-
treatment in the dark (TxD) and post-treatment in the light (TxL). For each of those 4
conditions, images were obtained at 20, 40, 80, and 100 seconds of the video recordings,
using a custom script in MATLAB. Experimental designs for restrained experiments are
shown in the corresponding figures. The scores included orbital tightening, nose bulge,
cheek bulge, and whisker change. Ear position was excluded due to interference by the
collar. Each of the characteristic facial features of discomfort received a score from 0-2 as
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described above. Three trained individuals (out of a group of 5) scored the images of each
experiment in a blinded manner. The accuracy and reliability of the scorers for those
experiments are measured by a correlation coefficient that range between 0.82 and 0.95 with
a mean interscorer correlation coefficient of 0.88 (Suppl. Fig. 1B). For comparison,
Langford et a/reported a value of 0.90 [38].

2.5. Squint assay

The squint assay was developed as an objective way to assess discomfort in mice. The
images previously obtained for the restrained MGS assay were reused for this purpose. The
restraint was equipped with a ruler (millimeter scale) affixed next to the head opening to
properly scale each image for objective measurement. The images were analyzed using the
measurement software (Infinity Analyze), where the maximum distance between inner
surface of the eyelids, or palpebral fissure height, was measured for each image by a blinded
investigator using digital calipers. After proper scaling, the investigator denoted the
palprebral fissure height by marking a point at the center of each inner eyelid in the image
and recorded the measurement equated to the pixel distance between the two points. For
each time point the palpebral fissure heights of both eyes were measured and the mean
distance was calculated.

2.7. Statistical analysis

All data are expressed as means + S.E.M.

The effect of CGRP (compared to PBS) over time in free-moving setting was determined by
a two-way ANOVA (factors: treatment and time) followed by Sidak’s multiple-comparison
test comparing the CGRP and PBS groups at each time-point.

Effects of treatments in the free-moving assay were determined by a two-way repeated
measure ANOVA with factors: treatment (5 treatment groups, corresponding to the different
drug combination administered) and condition (3 levels, corresponding to baseline,
treatments 1 and 2), followed by Dunnett’s multiple-comparison test to compare the effect of
each treatment to their respective baseline. For comparison across treatment groups
involving different animals, differences of changes from baseline were compared across
treatment groups. Deltas (score at treatment time — score at baseline) were compared across
treatment groups using a one-way ANOVA (with factor treatment) followed by Dunnett’s
multiple comparison test.

Significance of experiments using the restraint and a light-dark paradigm were determined
separately for results obtained in the dark and results obtained in the light, using a two-way
repeated measure ANOVA with factors: treatment (PBS/CGRP) and condition (baseline/
treatment) followed by Sidak’s multiple-comparison test to compare each treatment with its
own baseline. For comparison across treatment groups involving different animals,
observations were adjusted from baseline. Deltas (score at treatment time - score at baseline)
were compared across treatment groups using an unpaired t-test when only two deltas were
compared or a one-way ANOVA (treatment factor) followed by Dunnett’s multiple
comparison test. Data were analyzed using GraphPad Prism software (RRID: SCR_002798).
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Significance was set at £< 0.05. For clarity, all statistical details (Fand Pvalues) can be
found in Suppl. Table 1.

Principal components analysis is a procedure that converts a set of original correlated
variables, such as the components in the grimace score, into a set of uncorrelated variables
called the principal components. The first principal component represents the linear
combination of the variables that explains most of the variation (that is, accounts for as
much of the variability in the data as possible). The weights in the linear combination tell us
which of the original variables contributes most to the principal component.

3.1. CGRP induces facial signs of discomfort in the mouse grimace assay

To establish whether CGRP could trigger a spontaneous pain response, the previously
validated mouse grimace assay [38] was used in CD1 mice (Fig. 1A). Peripherally
administered CGRP induced a significantly greater pain response than vehicle controls
starting 10 minutes after injection, peaking at 30 minutes, and lasting for about 60 minutes
(Fig. 1B). The vehicle (PBS) had no significant effect. Representative examples of the facial
changes are shown in Fig. 1C. Ninety minutes after injection, pain responses were similar in
both the CGRP and vehicle groups and back to baseline levels. Importantly, in addition to
the grimace, we noticed that mice injected with CGRP showed piloerection, diarrhea (as
described before [36]), and cutaneous vasodilation. The vasodilation is visible as redness of
the ears (Fig. 1C). Analyzed individually, the different action units of the MGS all showed a
significant effect of CGRP compared to vehicle controls (Suppl. Fig. 2A-E). For comparison
with the subsequent restrained experiments where the ear position action unit had to be
excluded, there was no difference in the pattern or statistical significance of the free-moving
mouse data with or without this action unit (Suppl. Fig. 2F). There was no significant
difference between males and females, although there was an apparent trend of a greater
response in the female mice (Suppl. Fig. 3).

3.2. Effects of sumatriptan, meloxicam, and CGRP antibody treatments on CGRP-induced

grimace

To help determine the nature of the pain elicited by peripheral CGRP, we examined the
effect of three different treatments on the observed phenotype: sumatriptan (5-HT1B/D
agonist considered as gold standard in migraine treatment), meloxicam (non-steroidal anti-
inflammatory drug used to treat pain), and ALD405 (a CGRP-blocking monoclonal
antibody) (Fig. 2A). In free-moving male CD1 mice, sumatriptan partially attenuated the
effect of CGRP, as shown by a smaller difference (or delta) between treatment with CGRP +
sumatriptan and its baseline (Tx1-baseline) compared to the delta between treatment with
CGRP + vehicle and its baseline (Fig. 2B). This effect is only partial since the results
obtained after Tx1 are still significantly different from baseline in the CGRP + sumatriptan
group. In female mice, however, sumatriptan failed to significantly attenuate the effect of
CGRP (Fig. 2C). Meloxicam and control antibody failed to attenuate the effect of CGRP in
either males or females (Fig. 2B, C). As expected, the CGRP antibody ALD405 completely
blocked the spontaneous pain induced by CGRP both in males (Fig. 2B) and in females (Fig.
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2C). Additionally, the CGRP antibody was the only drug that was noted to be able to prevent
piloerection, diarrhea and peripheral vasodilation (Fig. 2D).

3.3. CGRP induces light-independent facial signs of discomfort

Given the subjective nature of the grimace scale, we wanted to develop a continuous and
objective point-to-point measurement of the eyelid fissure. In addition, we wanted to be able
to measure the eyelid fissure in the complete absence of light as well as under very bright
light (~27,000 lux) in order to test whether the phenotype was simply a manifestation of the
previously reported CGRP-induced light sensitivity. To achieve these dual goals, we created
a gentle restraint collar (Fig. 3A) and an infrared-transparent dark acrylic chamber to
monitor the mice at a known distance to the cameras in both complete dark and under very
bright light (Fig. 3B). The first step was to validate the use of this restraint by detection of a
CGRP-induced grimace response. One madification in the grimace scoring was exclusion of
the ear position action unit since the collar prevented normal ear movement. At baseline,
mice in the restraint collar had a higher grimace score than observed with free-moving mice
(for example, compare baselines Fig. 1B and 3C). Nonetheless, CGRP still caused a
significant grimace response in restrained CD1 mice in complete dark (Fig. 3C). In contrast,
vehicle did not have a significant effect and the delta between baseline and CGRP treatment
was significantly greater than the delta between baseline and vehicle treatment (Fig. 3C).

CGRP-induced grimace was also observed under very bright light conditions (Fig. 3D).
Surprisingly, the grimace scores were higher in the dark than in bright light for the CD1
mice (comparison of the delta between baseline and CGRP treatments in dark versus light; p
=0.0002). Subsequent analysis of all four action units in the absence of CGRP showed that
the transition to light caused a significant decrease in orbital tightening and nose bulge at
baseline and with vehicle treatment (Suppl. Fig. 4). This could explain the reduced grimace
response in bright light. In addition, as seen in the dark, vehicle did not cause a significant
response and the delta between baseline and CGRP treatment was significantly greater than
with vehicle (Fig. 3D).

Since we have previously tested C57BL/6J mice for CGRP-induced migraine-like
symptoms, we then asked if CGRP also causes a grimace response in this strain of mice.
C57BL/6J mice showed comparable grimace responses following CGRP administration both
in the dark (Fig. 3E) and light (Fig. 3F). Unlike the CD1 mice, there was no significant
difference between the CGRP-induced grimace in light and dark. As with the CD1 mice,
vehicle did not cause a significant response and the delta between baseline and CGRP
treatment was significantly greater than the delta between baseline and vehicle treatment in
both the light and dark (Fig. 3E, F). As with the free-moving mice, for both strains of mice
and in the light and dark, all the MGS action units showed a significant effect of CGRP
compared to vehicle (data not shown). Collectively, these results indicate that CGRP induces
spontaneous pain in mice through a light independent pathway and validate the use of the
restraint collar.
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3.4. CGRP antibody completely blocks the facial signs of discomfort induced by CGRP in
restrained mice

The efficacy of the CGRP antibody ALD405 was also assessed in both the dark and light
using the restrained C57BL/6J mice (Fig. 4A). The CGRP antibody ALD405, when co-
administered with CGRP, completely prevented the effect of CGRP in both the dark (Fig.
4B) and light (Fig. 4C). The control antibody, when co-administered with CGRP, did not
have any effect, as CGRP significantly increased the grimace score in this group compared
to their baseline levels in both the dark and light (Fig. 4B, C). Together, these results show
that the effect of CGRP and its attenuation by CGRP antibody can be visualized in
restrained animals and is light independent.

3.5. Detection of the CGRP pain response by an objective squint assay

Even though the grimace scale is now fairly well accepted as a measure of spontaneous pain,
its main criticisms are the subjectivity of the assay, the time-consuming scoring, and the use
of a non-continuous scale. We applied a principal component analysis to the four
components of our grimace score. The first principal component (see methods), which put
most of its weight on the orbital tightening, explained 77.1% of the total variation. This
suggests that the squint or orbital tightening carries the largest weight among the four
components that are averaged into the grimace score. We therefore reanalyzed pictures used
for the restrained MGS to measure the eyelid fissure as an assessment of orbital tightening.
The point to point measurements of eyelid fissure and grimace score had a Pearson
correlation of —0.69. The squint assay has a markedly smaller coefficient of variation of 18.1
in dark and 15.6 in light than the grimace values of 46.8 in dark and 49.8 in light.

Using this squint assay, CGRP was found to significantly decrease the eyelid fissure
compared to baseline in both the dark and light for CD1 mice (Fig. 5A, B) and C57BL/6J
mice (Fig. 5C, D). The vehicle had no effect and the changes between baseline and CGRP
treatment were also significantly different from vehicle (Fig. 5). Similar to the effect of light
on the grimace orbital tightening action unit, we also observed that light caused CD1 mice to
open their eyes, independent of CGRP, at baseline and with vehicle treatment (Suppl. Fig.
4). Also, as with the grimace assay, there was no difference in eyelid fissures between the
dark and light states in untreated C57BL/6J mice. Analysis of individual eyes of both strains
revealed that most mice had one eye more open than the other at any given time both in the
light and dark, pre-and post-treatment (Suppl. Fig. 5). This laterality was apparently not
greater after CGRP injection compared to baseline or vehicle. There was no difference
between males and females (data not shown). Finally, the CGRP antibody completely
blocked CGRP-induced squint in C57BL/6J mice in the dark (Fig. 6A) and light (Fig. 6B),
while the control antibody had no significant effect.

4. Discussion

In this report, we describe for the first time a spontaneous pain phenotype induced by CGRP
in mice. This observation fits with human studies in which injection of CGRP caused
headache pain [23; 39] and CGRP receptor antagonists reduced headache intensity [29; 49].
The time course of CGRP-induced pain in wildtype mice in this study matches the initial
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mild headache reported by both migraineurs and non-migraine subjects. Whether a
prolonged or biphasic pain phenotype will be seen in sensitized mouse models similar to that
seen in migraineurs remains to be tested. While migraine attacks can be evoked by specific
triggers, the pain is spontaneous and therefore has been difficult to assess in pre-clinical
studies. Of importance, we find that CGRP-induced spontaneous pain is light-independent,
which was relevant since CGRP induces light-aversion in mice [44]. The results demonstrate
that migraine-related light-aversion and spontaneous pain are independent.

There have been only three other direct assessments of spontaneous pain in rodent models of
migraine. The first was with a transgenic model of familial hemiplegic migraine 1 (FHM1),
which showed an increased grimace compared to littermates [38], along with increased
facial grooming and eye-blinking rates [8]. Consistent with our findings, the FHM1 study
also reported that restrained mice had higher baseline grimace scores compared to free-
moving mice [38]. The second report was repeated cortical spreading depression events,
which yielded an increased grimace compared to sham mice [37]. The latest report was that
repeated nitroglycerin administrations in rats increased facial pain expressions [27]. Thus,
there are now four migraine-related triggers that cause grimace responses in rodents: CGRP,
FHM1 mutation, cortical spreading depression and nitroglycerin.

Other studies have indirectly measured spontaneous pain by assessing non-evoked behaviors
during a migraine-like episode. Application of inflammatory soup onto the dura increased
resting and freezing, decreased motility/exploratory behavior, increased facial grooming,
altered conditioned place preference, and decreased food intake [12; 31; 42; 45; 64].
Likewise, TrpAl agonists on the dura decreased vertical rearing [14]. Taken together, these
results support the use of preclinical assays to measure migraine-like pain.

Our finding that CGRP can cause spontaneous pain builds on decades of studies linking
CGRP and nociception. CGRP is widely expressed in nociceptive sensory neurons and has
been pharmacologically tied to thermal and mechanical evoked nociceptive responses [33].
For example, intrathecal injection of CGRP increased sensitivity to mechanical stimuli and
this tactile allodynia was enhanced in a migraine mouse model genetically sensitized to
CGRP [43]. Where and how might CGRP be acting in the periphery to cause pain? We have
previously proposed that CGRP can act in the meninges and trigeminal ganglia as a
neuromodulator of peripheral sensitization [57]. In the meninges, CGRP could alter the
microenvironment to sensitize trigeminal nociceptors to mechanical stimulation, for example
from vascular pulsations. In the ganglia, CGRP could initiate paracrine, and possibly
autocrine, actions to sensitize nociceptors, for example by ATP-gated ion channels. In both
cases, CGRP would be acting as a neuromodulator of excitatory stimuli that trigger pain
sensations in the CNS. The CGRP monoclonal antibody would prevent this peripheral
sensitization by sequestering CGRP.

In this study, we found that the anti-migraine drug sumatriptan, at a dose sufficient to inhibit
CGRP-induced light aversion [44], could partially attenuate the CGRP-induced pain
response. Unexpectedly, sumatriptan was effective, albeit partially, only in males, not in
females. The reason for this gender difference is not known, but one possibility is that
females had a stronger CGRP response than males and hence could not be rescued by
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sumatriptan. This possibility is supported by recent studies showing more robust or more
rapidly developed phenotypes in female than male rodents in response to migraine-like
triggers [31; 52; 64]. We have also noted that female mice show a trend of greater CGRP-
induced light aversion compared to males [44; 54]. However, while these examples suggest
that females could be more sensitive to CGRP than males, a caveat is that we observed
similar male and female grimace and squint responses. It is possible though that the CGRP
dose used in the present study had a ceiling effect that masked gender differences.
Furthermore, until recently, pre-clinical studies of migraine treatments were mainly assessed
only in male rodents [3; 15; 45]. More recent studies include female rodents, but often fail to
analyze or report sexual dimorphisms [7; 44; 52]. Interestingly, there are sexually dimorphic
pronociceptive effects of sumatriptan [2]. More studies, including a sumatriptan dose
response, are needed. To our knowledge, no clinical study has reported gender differences
for sumatriptan efficacy [25; 32].

In addition to sumatriptan, two other potential therapeutics were tested. A nonsteroidal anti-
inflammatory agent, meloxicam, failed to block CGRP-induced grimace at the suggested
dose to relieve post-surgical pain in mice [6; 65], although other studies have reported only
partial or no relief [40; 46; 55]. As expected, spontaneous pain was completely prevented by
a CGRP antibody. This is consistent with its efficacy in preventing CGRP-induced light
aversion [44]. In addition, we observed that the CGRP antibody seemed to block
piloerection, diarrhea and peripheral vasodilation (based on redness of the ears). The
prevention of diarrhea is in agreement with our previous study [36]. This efficacy both in
males and females in two different strains of mice is consistent with the promising results of
clinical trials using CGRP and CGRP receptor antibodies to prevent migraine [13; 21; 59—
61; 63].

The major tool of this study was the grimace scale. Development of the grimace scale by
Mogil and colleagues was a major advance that allowed scientists to assess spontaneous pain
in diverse animal models [1; 11; 24; 38; 47; 62; 66]. It represents a translatable non-evoked
assay that can stratify the severity and evaluate the efficacy of treatments, but there are
caveats, including its use as an indicator of pain. For example, grimace may not always
equate to pain and is generally more indicative of acute rather than chronic pain [38; 47]. An
inherent weakness of the assay is that it is subjective, its reliability depends on the level of
training of the scorer, and the scoring is non-continuous, which decreases its sensitivity.
Likewise, some of the action units might influence one another. For example, it’s likely that
a nose bulge will in turn induce a cheek bulge. If both action units are scored independently
when they are dependent variables, it could bias the outcome of the grimace score. Finally,
the MGS is time-consuming and requires a minimum of two blinded scorers per experiment.
In light of those shortcomings in speed and objectivity, automation of pain analysis is a
logical step forward. Recently, Tuttle and colleagues have begun to address these factors
with the use of a convolutional neural network to attribute binary pain/no-pain assessment to
facial images of mice [66].

We sought to develop a simplified indicator of grimace. Towards this goal, we found that the
principal component driving the final grimace score is the orbital tightening action unit. As
such, we reasoned that measuring the squint (eyelid fissure) on a continuous scale could
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provide a more sensitive and objective way to assess spontaneous pain. Using restrained
animals, we were able to quantify this squint and as a proof of principle, we found that the
results obtained by this method are similar to the MGS. Importantly, the squint assay has a
smaller coefficient of variation, which is likely due to the objectivity of the assay. Thus,
another advantage of the squint assay is that it should be powered to require fewer animals
compared to the grimace assay. However, the squint assay does not completely replace the
grimace assay as there is a Pearson correlation of —0.69 between the assays, and a stimulus
could trigger eye closure or opening without affecting other indicators of pain. For example,
a light-triggered eye-opening apparently reduced the grimace score of CD1 mice in the light.
Moreover, this test needs to be validated with other stimuli and developed in free moving
animals, since the assay with restrained mice has a diminished dynamic range, due to an
increased MGS score at baseline. Future studies will allow improvement of this assay with
automation to capture eye measurements in freely moving animals that could be translatable
to humans.

In conclusion, we can now add spontaneous pain to the list of migraine symptoms caused by
CGRP. Combined with CGRP roles in light aversive behavior and tactile allodynia, it is
increasingly clear that CGRP directly contributes to multiple migraine symptoms in
preclinical models. The apparent gender difference revealed by sumatriptan treatments
further emphasizes the necessity of studies in both male and female mice. Finally,
development of an objective and continuous scale measuring the squint response will
facilitate further studies on non-evoked pain in mouse models.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Peripheral CGRP induces spontaneous grimace in free-moving mice
(A) Experimental design. (B) Mean grimace scores of CD1 mice measured at baseline (B)

and after receiving vehicle (PBS, 10 ml/kg IP) or CGRP (0.1 mg/kg IP). (C) Representative
pictures at baseline and post vehicle or CGRP injection as indicated. Average between 3
experiments. First experiment assessed baseline, 5, 10 and 15 minute time-points (n=10 per
group). Second experiment assessed baseline, 15, 30, and 60 minute time-points (n=10 per
group). Third experiment assessed baseline, 30, 90 and 120 minute time-points (n=10).
Therefore n=10 to 30 per group in this figure. Experiments were scored by two blinded
individuals, error bars indicate + SEM. Two-way (with factors treatment and time) ANOVA
P<0.0001 for treatment factor, Sidak’s multiple comparison test, ***P< 0.001, ****P <
0.0001 when comparing CGRP to vehicle group at corresponding time point.
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Figure 2. Effect of treatments on CGRP-induced spontaneous grimace
(A) Experimental design. (B, C) MGS scores of male (B) and female (C) CD1 mice at

baseline (B) and after treatments 1 and 2 (Tx1 and Tx2). Mice were pretreated with isotype
controls or CGRP monoclonal antibody ALD405 (30 mg/kg IP) 24 hours prior to testing,
with meloxicam (2 mg/kg IP) 60 minutes prior to testing, or with vehicle (PBS, 10 ml/kg IP)
or sumatriptan (0.6 mg/kg IP) 30 minutes prior to testing. For Tx1, all mice received CGRP
(0.1 mg/kg IP) 30 minutes before testing. For Tx2, all mice received vehicle (PBS) 30
minutes before testing. The mean grimace scores were measured 30 minutes after the last
injection. (D) Representative pictures of a male and a female taken during the assay 30
minutes after the last injection for the CGRP + PBS group (purple), CGRP + sumatriptan
group (green), CGRP + meloxicam group (blue), CGRP + CGRP antibody (red). Average
between 3 experiments scored by two blinded individuals (n=20 to 30 per group, £ SEM).
Two-way repeated measures ANOVA P< 0.0001 for treatment factor, Dunnett’s multiple
comparison test to compare treatment 1 to baseline, ****P< 0.0001. For comparisons across
treatment groups involving different animals, differences of changes from baseline were
compared across treatment groups. Deltas (score at treatment time — score at baseline) were
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compared across treatment groups using a one-way ANOVA (with factor treatment),
followed by Dunnett’s multiple comparison test, AP< 0.05, AAAP < 0.001.
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Figure 3. Peripheral CGRP inducesgrimacein restrained mice
(A) Image of the restraint device and of the infrared-transparent dark acrylic chamber and lid

allowing the dark-to-light transition. (B) Experimental design. (C—F) MGS scores were
measured in CD1 mice in the dark (C) and in bright light (D), and in C57BL/6J mice in the
dark (E) and bright light (F). Mice were restrained and recorded via camera during a two
minute baseline dark condition (BD) followed by a two minute baseline light condition (BL)
(cool white, 27,000 lux). After baseline conditions, mice were given an IP injection of either
vehicle (PBS, 10 ml/kg IP) or CGRP (0.1 mg/kg). Thirty minutes post-injection mice were
again restrained and recorded under a two minute treatment dark condition (TxD) followed
by a two minute treatment light condition (TxL). Average of 2 experiments per strain, scored
by 3 blinded individuals (n=10 per group for CD1 and n=20 per group for C57BL/6J, £
SEM). Two-way repeated measures ANOVA followed by Sidak’s multiple comparison test
to compare baseline and treatment conditions, ****/£ < 0.001. To compare the effect of
treatments, the deltas between the scores after treatment from baseline were compared by an
unpaired t-test, AAP< 0.01, AAAP< 0.001, AAAAP < 0.0001.
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Figure 4. CGRP-induced grimace is blocked by a CGRP antibody in restrained mice
(A) Experimental design. (B, C) C57BL/6J mice in dark (B) and in bright light (C). Mice

were pretreated by IP injection with isotype control or CGRP monoclonal antibody (30 mg/
kg). 24 hours later, mice were restrained and recorded via camera during a two minute
baseline dark condition (BD) followed by a two minute light treatment condition (BL) (cool
white, 27,000 lux). After baseline conditions, mice were given an IP injection of either
vehicle (PBS, 10 ml/kg IP) or CGRP (0.1 mg/kg). Thirty minute post-injection mice were
again restrained and recorded under a two minute dark condition (TxD) followed by a two
minute light condition (TxL). Average of 2 experiments per treatment, scored by 3 blinded
individuals (n=10 per group, £ SEM). Two-way repeated measures ANOVA followed by
Sidak’s multiple comparison test to compare baseline and treatment conditions, **P< 0.01,
****pP<0.001, not significant (ns). To compare the effect of treatments, the deltas between
the scores after treatment from baseline were compared with a one-way ANOVA followed
by Dunnett’s multiple comparison test, AP < 0.05, AAP< 0.01.
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Figure 5. Peripheral CGRP induces squint in restrained mice
Scored images obtained during the restrained MGS experiment (Fig. 3C, D, E, F) were used

to measure eyelid fissure. (A) CD1 in dark, (B) CD1 in light, (C) C57BL/6J in dark and (D)
C57BL/6J in light. Average of 2 experiments per strain, scored by 1 blinded individual
(n=10 per group for CD1 and n=20 per group for C57BL/6J, + SEM). Two-way repeated
measures ANOVA followed by Sidak’s multiple comparison test to compare baseline and
treatment conditions, ****P < 0.001. To compare the effect of treatments, the deltas between
the scores after treatment from baseline were compared with an unpaired t-test, AAAP<
0.001, AAAAP < 0.0001.
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Figure 6. CGRP-induced squint isblocked by a CGRP antibody
(A) C57BL/6J in dark, (B) C57BL/6J in light. Scored images obtained during the restrained

MGS experiments (Fig. 4A, B) were used to measure eyelid fissure. Average of 2
experiments scored by 1 blinded individual (n=10 per group, = SEM). Two-way repeated
measures ANOVA followed by Sidak’s multiple comparison test to compare baseline and
treatment conditions, *P < 0.05, ***P < 0.001, ****P < 0.001, not significant (ns). To
compare the effect of treatments, the deltas between the scores after treatment from baseline
were compared with a one-way ANOVA followed by Dunnett’s multiple comparison test,
AP<0.05.
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