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Abstract 12 

The neuropeptide calcitonin gene-related peptide (CGRP) is a major player in migraine 13 
pathophysiology. Previous preclinical studies demonstrated that intracerebroventricular 14 
administration of CGRP caused migraine-like behaviors in mice, but the sites of action in the brain 15 
remain unidentified. The cerebellum has the most CGRP binding sites in the central nervous system 16 
and is increasingly recognized as both a sensory and motor integration center. The objective of this 17 
study was to test whether the cerebellum, particularly the medial cerebellar nuclei (MN), might be a 18 
site of CGRP action. In this study, CGRP was directly injected into the right MN of C57BL/6J mice 19 
via a cannula. A battery of behavioral tests was done to assess migraine-like behaviors. CGRP caused 20 
light aversion measured as decreased time in the light zone even with dim light. The mice also spent 21 
more time resting in the dark zone, but not the light, along with decreased rearing and transitions 22 
between zones. These behaviors were similar for both sexes. In contrast, significant responses to 23 
CGRP were seen only with female mice in the open field assay, von Frey test, and automated squint 24 
assay, indicating anxiety, tactile hypersensitivity, and spontaneous pain, respectively. In male mice, 25 
the responses had the same trend as females but did not reach statistical significance. No detectable 26 
effect of CGRP on gait was observed in either sex. These results suggest that CGRP in the MN 27 
causes light aversion in males, while in females, light aversion is accompanied by increased anxiety, 28 
tactile hypersensitivity, and spontaneous pain. A caveat is that we cannot exclude contributions from 29 
other cerebellar regions in addition to the MN due to diffusion of the injected peptide. These results 30 
reveal the cerebellum as a new site of CGRP actions that may contribute to migraine 31 
pathophysiology and possibly its prevalence in females. 32 

1 Introduction 33 

Migraine is a neurological disease that affects about 15% of the population (1) and is the second 34 
leading cause of disability globally (2). It is characterized by moderate or severe headaches that are 35 
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accompanied by sensory abnormalities, such as photophobia and allodynia (3). Prevalence in women 36 
is about twice as high as in men (1). Despite its high prevalence and large burden to society, the 37 
mechanism underlying migraine have yet to be fully elucidated. Over the last few decades, calcitonin 38 
gene-related peptide (CGRP) has moved to the forefront in migraine pathophysiology. CGRP levels 39 
are elevated in both the ictal and interictal phases in human studies (4-6) and infusion of CGRP 40 
induced migraine-like headaches in ~66% of migraine patients (7-10). Most recently, CGRP-based 41 
drugs have been shown to effectively alleviate migraine symptoms in about 50% of patients (11, 12). 42 
However, despite the significant advancement of CGRP-based drugs as migraine therapeutics, there 43 
is uncertainty regarding the mechanisms by which CGRP induces migraine, especially as to where 44 
CGRP is acting.  45 

The human studies measuring CGRP levels (4-6) and induction of migraine-like headaches by 46 
intravenous CGRP injections (7-10) suggest a peripheral site of action for CGRP in migraine. In 47 
addition, the antibodies targeted against CGRP or CGRP receptors have limited ability to cross the 48 
blood-brain barrier (13). However, previous animal studies demonstrated that peripheral 49 
(intraperitoneal, i.p.) (14) and central (intracerebroventricular, i.c.v.) (15) injection of CGRP induced 50 
similar light-aversive behaviors in wild-type mice. Both behaviors could be attenuated by triptan 51 
migraine drugs (14, 15). Moreover, transgenic mice overexpressing a CGRP receptor subunit in the 52 
nervous system displayed light aversion in response to dim light after i.c.v. CGRP injection(14, 16, 53 
17), while bright light was required to induce light aversion in wild-type mice after i.c.v. CGRP 54 
injection (15). Those data suggest that increased sensitivity to CGRP in the nervous system can cause 55 
migraine-like light-aversive behavior in mice. Finally, it was found that CGRP injection into the 56 
posterior thalamic nuclei, an integration center for light and pain signals, was sufficient to induce 57 
light aversion in wild-type C57BL/6J mice, even in dim light (18). Together, these data suggest that 58 
CGRP can work in the central nervous system to induce migraine-like photophobic behavior in mice.  59 

Similar to the thalamus, the cerebellum integrates multiple sensory signals and motor events (19, 20). 60 
While the cerebellum was originally recognized for its role in motor control (21), there is mounting 61 
evidence that it also plays important roles in perceptual (22), emotional (23), and cognitive functions 62 
(24-26). In particular, it is now appreciated that the cerebellum participates in sensory, emotional, 63 
cognitive aspects of pain, and motor control in response to pain (27). Three lines of evidence support 64 
the link between the cerebellum and migraine pathogenesis. First, changes in cerebellar activation 65 
(28-30), structure (31-35) (36-38) (39-43), and functional connectivity (44-49) are present in 66 
episodic, chronic, and familial hemiplegic migraine patients. When responding to trigeminal stimuli, 67 
cerebellar activity and functional connectivity with the thalamus and cortical areas were changed 68 
(34), suggesting the cerebellum is involved in processing sensory information from the trigeminal 69 
system. Strikingly, migraine patients exhibited decreased cerebellar activation in response to 70 
trigeminal nociceptive stimuli after treatment with erenumab, a CGRP receptor antibody (50). 71 
Second, migraine patients display cerebellar symptoms, e.g., dizziness, vertigo (51), body sway (52, 72 
53), as well as increased body sway accompanied by increased light intensity (54). Third, the 73 
cerebellum communicates directly to migraine-related regions, such as the spinal trigeminal nucleus 74 
(55-57) and the thalamus (58) via direct neural circuits. These data hint to the importance of the 75 
cerebellum in migraine pathophysiology.  76 

Curiously, the cerebellum has the highest binding density to CGRP receptor PET ligands in human 77 
and rhesus brains (59, 60). The canonical CGRP receptor subunits, receptor activity-modifying 78 
protein 1 (RAMP1) and calcitonin receptor-like receptor (CLR), are localized in the human, rhesus 79 
and rat cerebellar cortex (61-66) and in the medial cerebellar nuclei (MN, also known as fastigial 80 
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nuclei in humans) of rats (65). CGRP is also distributed in the cerebellar cortex (61, 62, 65-67) and 81 
the MN (65). In addition, as one of the three deep cerebellar nuclei, the MN receives sensory 82 
information via vestibular nuclei (68) and projects to migraine-related brain regions including the 83 
thalamus (69). The MN can also be activated by noxious thermal stimuli (27). Moreover, injection of 84 
an excitatory amino acid into the MN decreased pain-related responses to visceral stimuli (70, 71). 85 
The same amino acid stimulation increased dorsal column nuclei activity in response to non-noxious 86 
somatic stimuli (72). These findings suggest that the MN, specifically CGRP receptors in the MN, 87 
may be associated with migraine pathophysiology. Thus, we hypothesized that CGRP injection into 88 
the MN might induce migraine-like behaviors in mice.  89 

To address the role of cerebellar CGRP in migraine-like behaviors, we injected CGRP into the 90 
cerebellum centered on the MN and performed a battery of migraine-related behavioral tests. The 91 
results demonstrated that CGRP infusion into the MN induced light aversion in both sexes, while 92 
anxiety, tactile hypersensitivity, and squinting behaviors were predominately in female mice.  93 

2 Materials and Methods 94 

2.1 Animals 95 

Wild-type C57BL/6J mice were obtained from Jackson Labs (Bar Harbor, ME and Sacramento, CA) 96 
at 8-12 weeks of age and were housed in groups of 2-5 per cage before surgery. A total of 55 97 
C57BL/6J mice (28 females; 27 males) were used for this study. Female mice had an average starting 98 
body weight of 18-22 g and males were 20-25 g. Mice with cannulas were housed individually unless 99 
otherwise indicated to prevent mice from losing cannulas. All animals were housed on a 12-hour 100 
light cycle with access to water and food ad libitum. Animal procedures were approved by the Iowa 101 
City Veterans Administration and University of Iowa Animal Care and Use Committees and 102 
performed in accordance with the standards set by the National Institutes of Health. 103 

2.2 Surgery 104 

Cannulas were hand constructed from stainless steel hypodermic tubing (New England Small Tube 105 
Corporation; Supplementary Fig. 1). An 8-mm guide cannula was made from a 23-gauge needle (BD 106 
PrecisionGlide™) with the ventral portion covered by a ~7-mm, 19-gauge tubing (Supplementary 107 
Fig. 1A). The ~7-mm, 19-gauge tubing is ~2 mm higher than the 23-gauge needle to shield the 108 
junction between the guide’s top and the dummy or injection cannula after their insertion 109 
(Supplementary Fig. 1A). The dummy cannula, used to seal and keep the guide cannula free of clogs, 110 
was made by crimping a short segment of ~5-mm, 23-gauge tubing to a ~14 mm piece of 30-gauge 111 
tubing (Supplementary Fig. 1B). The bottom of the 30-gauge tubing was cut to ensure that the 30-112 
gauge segment below the ~5-mm, 23-gauge segment is 9 mm. The injection cannula was made by 113 
adhering a short segment of ~5-mm, 23-gauge tubing ~5 mm below the top of a ~20-mm piece of 30-114 
gauge tubing with adhesive (Pacer Technology) and dental cement (Stoelting) (Supplementary Fig. 115 
1C). The bottom of the 30-gauge tubing was cut to ensure that the 30-gauge segment below the ~5-116 
mm, 23-gauge segment is 10 mm. In this manner, the dummy cannula extended 1 mm beyond the 117 
end of the guide cannula tip when it was inserted into the guide cannula, while the injection cannula 118 
protruded 2 mm from the base of the guide cannula (Supplementary Fig. 1D). 119 

Stereotaxic implantation of a guide cannula into the MN of the right cerebellum was performed under 120 
isoflurane anesthesia (induction 5%, maintenance 1.5%–2%). The coordinates for the right MN are: 121 
anterior/posterior (AP), -6.5 mm posterior to bregma; medial/lateral (ML), -0.85 mm lateral to the 122 
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midline; and dorsal/ventral (DV), -2.7 mm ventral to the pial surface according to the Allen Brain 123 
Reference Atlas. Guide cannulas were implanted 2 mm above the MN (AP: -6.5 mm; ML; -0.8 mm; 124 
DV: -0.7 mm). The implants were secured with bone anchor screws (Stoelting), adhesive, and dental 125 
cement. Dummy cannulas were inserted into guide cannulas when no injection was conducted. After 126 
surgery, mice were housed individually to reduce the loss of the guide or dummy cannulas. Mice 127 
were given ~10 days to recover from the surgery before testing unless otherwise indicated. 128 

2.3 Drug administration 129 

Rat α-CGRP (Sigma-Aldrich) was diluted in 1X phosphate-buffered saline (PBS; HyCloneTM). Mice 130 
were given either rat α-CGRP (1 μg, 5 μg/μl) or 1X PBS (200 nl) as the vehicle through injection 131 
cannulas under anesthetized status (isoflurane: induction 5%, maintenance 1.5%–2%) unless 132 
otherwise indicated (details in Section 2.4.3 Von Frey test). Specifically, the dummy cannula was 133 
removed, and an injection cannula (2 mm extension from the base of the guide cannula) was inserted 134 
into the guide cannula. The injection cannula was connected to a 10 μl syringe (Hamilton) and an 135 
injection pump (Cole-Parmer Instrument Co.) via polyethylene tubing (BD Intramedic™, PE10). The 136 
injection rate was 100 nl/min for 2 min. After completing an infusion, the injection cannula was left 137 
in position for an additional 5-7 min before being withdrawn. Next, mice were returned to their home 138 
cages (individual housing) to recover for 60 min before testing unless otherwise indicated (details in 139 
Section 2.4.3 Von Frey test). The 60-min recovering period was chosen to minimize anesthesia 140 
effects (14, 15). 141 

2.4 Behavioral tests 142 

2.4.1 Light/dark assay 143 

The testing chamber was a transparent, seamless open field chamber divided into two zones of equal 144 
size by a black infrared-transparent dark insert (Med Associates). The mouse activity was collected 145 
with infrared beam tracking and Activity Monitor software (Med Associates), as previously 146 
described (14-16, 18, 73-76). Mice were tested without pre-exposure to the chamber using dim light 147 
(55 lux) after PBS or CGRP administration as described above. One hour post-injection, mice were 148 
placed in the light zone of the light/dark chamber and data were collected for 30 min and analyzed in 149 
sequential 5 min intervals. 150 

Motility outcomes were collected during the light/dark assay, as described previously (14-16, 18, 73-151 
76). Briefly, resting time was measured as the percentage of time animals did not break any new 152 
beams in each zone over the time spent in the same zone. Vertical beam breaks, an assessment of 153 
rearing behavior, was determined as the number of mice breaking the beam at 7.3-cm height in each 154 
zone, which was then normalized to the time spent in the same zone. 155 

2.4.2 Open field assay 156 

This assay is to measure locomotion and anxiety-like behavior. The apparatus was the same as in the 157 
light/dark assay with the absence of the dark insert, as described previously (14, 18, 76). Mice were 158 
placed in the middle of the open field chamber with the light intensity at 55 lux one hour after PBS or 159 
CGRP infusion. The periphery was defined as 3.97 cm from the border with the reminding area of 160 
19.05 x 19.05 cm as the center. The time in the center was calculated as the percentage of time spent 161 
in the center over the total time in the chamber.  162 
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2.4.3 Von Frey test 163 

The test is to evaluate the mechanical nociceptive threshold. For baseline experiments, mice were 164 
habituated to the room for one hour before acclimating to an acrylic chamber (10.80 x 6.99 x 14.61 165 
cm in W x D x H) for one hour. The acrylic chamber was placed over a grid support (Bioseb, 166 
France). On the treatment day, investigators gently restrained the mouse and replaced the dummy 167 
cannula with an injection cannula. Then CGRP or PBS was infused via injection cannulas to the MN 168 
of the conscious and free-moving mice. Anesthesia (isoflurane) was not used since it induced a 169 
noticeable increase in the right hind paw withdrawal sensitivity in our pilot test. The reason is 170 
unclear, but one study reported that different doses of isoflurane had opposite effects on pain 171 
withdrawal sensitivity in response to thermal stimuli (77). Considering that the isoflurane effect 172 
might mask the CGRP effect, we decided to inject mice without anesthesia in the von Frey test. After 173 
injection, mice were allowed to rest in their home cages for 30 min and then placed in the acrylic 174 
chamber for another 30 min before applying von Frey filaments to their hind paws. Right and left 175 
hind paws were tested at the same time after treatment. 176 

The investigator who applied filaments was blinded to the treatments and used the up-and-down 177 
method as previously described (78-80). Briefly, filaments were applied for 5 seconds to the skin of 178 
the mouse plantar surface, with D (0.07 g) as the starting filament. A withdrawal response was 179 
considered when mice withdrew, shook, or licked the tested hind paws. The withdrawal threshold at 180 
which 50% of mice withdrew their hind paws was determined based on an established equation (79, 181 
80). However, the threshold data produced in this method are not continuous and cannot be analyzed 182 
using parametric statistics. Thus, in order to obtain normal distribution, the 50% thresholds (g) were 183 
transformed into log format for data analysis and figure plotting. 184 

2.4.4 Automated squint assay 185 

This assay is to evaluate spontaneous pain by measuring the right-eye pixel areas recorded by a 186 
camera. Mice were acclimated to a customized collar restraint to reduce stress induced by restraint as 187 
well as struggle or head movement as described previously (81). C57BL/6J mice underwent 188 
acclimation for 20 min per session for three sessions. On the test day, after habituation to the room 189 
for one hour, the mouse was placed in the restraint, and squint was recorded for 5 min under room 190 
light as the baseline. Then CGRP or PBS was infused into the MN via an injection cannula. The 191 
mouse was returned to the home cage to rest for one hour, followed by another restraint and squint 192 
recording for 5 min under room light as the treatment recording. Pixel area measurement for the right 193 
eye palpebral fissure was derived every 0.1 seconds (10 frames per second) in the recordings using 194 
trained facial detection software (FaceX, LLC, Iowa City, IA) with the resulting values compiled 195 
with a custom MATLAB script. Individual frames containing a tracking error rate of >15% were 196 
excluded. 197 

2.4.5 Gait dynamic assay 198 

Gait dynamics were measured using the DigiGait imaging system (Mouse Specifics Inc, Boston, MA, 199 
USA). The system consists of a transparent chamber (17.14 x 5.08 x 15.24 cm in W x D x H), a 200 
transparent plastic treadmill belt, an under-mounted digital camera, a light over the chamber for 201 
camera capturing videos (~7200 lux), software to record videos (DigiGait Imager), and an image 202 
analysis software (DigiGait Analysis).  203 
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Mice were habituated to the room for one hour prior to any running. Mice first were placed in the 204 
chamber of the DigiGait apparatus for 1 min to allow them to explore the chamber. The belt was then 205 
turned on and mice were run at 16 cm/s, an optimal speed predetermined in C57BL/6J mice. Images 206 
of the paws were ventrally captured during the run. Each mouse ran until roughly 3-5 seconds of 207 
continuous gait was observed, a range sufficient to acquire adequate quantification of gait 208 
parameters. Mice underwent recordings before PBS or CGRP injection as the baseline. After 209 
injection, mice recovered in the home cages for one hour prior to another recording. A minimum of a 210 
one-hour interval was allotted between baseline and treatment trials to allow mice to recover from the 211 
previous running. 212 

The mouse paw prints were analyzed by DigiGait Analysis to identify stride length and frequency. A 213 
complete stride was defined as the portion of foot strike to subsequent foot strike on the treadmill belt 214 
of the same foot.  215 

2.5 Histology 216 

After finishing all the behavioral tests, the injection sites were identified by the injection cannula tip, 217 
or by infusing Evans blue dye (200 nl, 1% dye, diluted in 1X PBS), or red retrograde beads (200 nl, 218 
Red RetrobeadsTM, LumaFluor, Inc.) to confirm targeting accuracy. Fluorescein-15-CGRP (1 μg; 200 219 
nl mixed in 1X PBS) was injected into 4 mice to determine how far CGRP could spread from the 220 
MN. One hour post-injection, mice were deeply anesthetized with ketamine/xylazine (87.5 221 
mg/kg/12.5 mg/kg, i.p.) and were perfused transcardially with 1X PBS and subsequently with 4% 222 
paraformaldehyde. Brains were removed and post-fixed in 4% paraformaldehyde at 4 °C overnight, 223 
followed by soaking in 10, 20, 30% sucrose per 24 hours in order. Brains were embedded in a tissue-224 
freezing medium and stored at −80 °C until use. 100 μm coronal slices were collected from mouse 225 
brains injected with Evans blue. 40 μm coronal slices were collected from brains injected with red 226 
beads or fluorescein-15-CGRP. Slices from brains injected with fluorescein-15-CGRP were 227 
counterstained by incubation with TO-PRO-3 iodide. Slices were mounted onto Superfrost Plus 228 
slides (Fisher Scientific) using antifade mountant (VECTASHIELD). Images were captured using a 229 
scanning microscope (Olympus, VS120). Imaging of brains injected with Evans blue or red beads 230 
was performed using a light microscope (Olympus, CKX41) equipped with an Infinity 1 camera and 231 
processed using the INFINITY ANALYZE software (Lumenera Corporation).  232 

2.6 Experimental design 233 

To reduce the number of animals used in this study, the cannula system was used to allow the same 234 
mouse to undergo different assays. The first cohort was tested in the light/dark assay, open field 235 
assay, von Frey test, and automated squint assay. Because of the COVID-19 pandemic, the second 236 
cohort which had been exposed to the light/dark assay, open field assay and von Frey test were 237 
euthanized to minimize the burden in the animal facility. To repeat experiments in the automated 238 
squint assay, a third cohort was included. Unlike the previous two cohorts, the third cohort was first 239 
housed in groups after surgery. However, due to the high rate of dummy cannula loss in group 240 
housing conditions for about one week, mice were then housed individually instead, consistent with 241 
earlier cohorts. Von Frey test, gait dynamic and automated squint assays were performed in this 242 
cohort. Data from all cohorts were pooled for the final analysis. 243 

The order of light/dark assay and open field assay was switched in the two cohorts to avoid an order 244 
bias. All the mice received the same treatment in the light/dark and open field assays to ensure the 245 
consistency. The same treatment in the light/dark assay was also given in the squint and gait dynamic 246 
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assays. One cohort received crossover treatment in the automated squint assay. To ensure the 247 
withdrawal threshold in the von Frey test was comparable in control and experimental groups, mice 248 
were divided into two groups using a randomization protocol based on the baseline threshold. Mice 249 
were allowed to recover in their home cages for at least one day between each behavioral test. The 250 
light/dark or open field assays were performed first, followed by the von Frey test and the gait 251 
dynamic assay. The automated squint assay was performed last. All behavioral experiments were 252 
performed between 7:00 A.M. and 6:00 P.M, and mice were habituated to the room for one hour 253 
before experiments.  254 

2.7 Statistical analysis 255 

A power analysis was performed prior to experiments for sample size estimation based on previous 256 
studies from the lab and a post-hoc power analysis was performed to estimate the number of 257 
additional male mice needed to reach significance using ClinCalc.com. In the power analysis, an 258 
alpha of 0.05 and a power of 0.80 was used. The analysis determined that 10 mice in each group were 259 
needed. Data were analyzed using GraphPad Prism 9 and are reported in Supplementary Table 1. 260 
Significance was set at P < 0.05. Error bars represent ± SEM. A two-way repeated measure ANOVA 261 
was performed when data were plotted as a function of time (factor: treatment and time) or for the 262 
scatter plot graphs of the von Frey and squint experiments (factor: treatment and condition). For all 263 
graphs, when the interaction or the condition was significant, Šídák's multiple comparisons test was 264 
used as the post hoc analysis. For the data from the light/dark and open field assays, an unpaired t-265 
test was performed for bar graphs with scatter points to compare the effect of each treatment. 266 

A total of 3 mice died during the surgical procedure and one mouse lost the guide cannula before 267 
running any behavioral test. Two mice from the light/dark assay and one mouse from the open field 268 
assay were excluded due to chamber recording problems. In the von Frey test, 4 total mice were 269 
excluded: 3 mice due to the blockage of injection cannulas and one mouse due to the loss of the 270 
guide cannula. In the gait dynamic assay, 2 mice were excluded due to a video recording problem. In 271 
the automated squint assay, 2 mice were excluded due to the loss of the guide cannulas, 3 mice due to 272 
the blockage of injection cannulas, and 5 mice due to the poor habituation in the restraint or poor eye 273 
recognition by the software. Mouse numbers used for each experiment are reported in the figure 274 
legends. 275 

3 Results  276 

3.1 Injection of CGRP into the MN induced light-aversive behavior and reduced motility 277 
under dim light in both male and female mice 278 

We injected CGRP into the MN of the right cerebellum via permanently placed cannulas and exposed 279 
the mice to the light/dark assay in dim light (55 lux) one hour post-injection. Light aversion was 280 
expressed as both a function of time over the 30-min testing period (Fig. 1A) and the average time in 281 
light for individual mice per 5 min interval (Fig. 1B). Regardless of sex, mice injected with CGRP 282 
spent less time in the light than those injected with PBS during the 30-min testing time (Fig. 1A, 283 
left). On average, the PBS-treated mice spent 141 seconds in the light per 5-min interval, and CGRP-284 
treated mice spent 55 seconds (Fig.1B, left). When data were separated by sex, both male and female 285 
mice spent significantly less time in light after CGRP injection than those with PBS injection (Fig. 286 
1A and B, middle and right). For all mice, confirmation of the targeting site was performed. The 287 
injection sites for mice in all behavioral tests are shown in Fig. 1C. Among 21 mice that experienced 288 
the light/dark assay, injection sites for 6 mice were not in or near the MN, primarily in the cerebellar 289 
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cortex. However, these 6 off-target mice did not display significant differences in time in light from 290 
the on-target mice (data not shown). However, it should be noted that it is underpowered for off-291 
target mice. Together, these data demonstrate that CGRP injection into the MN induces light-292 
aversive behavior in both male and female mice. 293 

Resting behavior was evaluated in the same light/dark assay. No difference was observed in the 294 
percent resting time in the light zone between CGRP- and PBS-injected mice (Fig. 2A and B, upper 295 
panel). In contrast, in the dark zone, CGRP-injected mice spent more time resting than PBS-injected 296 
mice across both sexes (Fig. 2A and B lower panel). In addition, CGRP-injected mice had 297 
significantly fewer rearings (vertical beams breaks) in both the light and dark zones across sexes 298 
(Fig. 2C and D). While there was a trend, the decreased rearing did not reach statistical significance 299 
in the male or female groups after CGRP injection, likely due to the variability and small sample size 300 
in each sex (Fig. 2C and D). Finally, transitions between dark and light zones were significantly 301 
decreased by CGRP for both sexes (Fig. 2E and F).  302 
 303 
Since the cerebellum is well-known for motor control and the MN controls axial and trunk muscles 304 
and maintains posture and balance (68), we tested the effect of CGRP delivery into the MN on gait. 305 
We conducted the gait dynamic assay using DigiGait system. Injection of PBS or CGRP into the MN 306 
did not change the stride length or frequency compared to their respective baselines across and within 307 
sexes (Supplementary Fig. 2). This indicates that CGRP administration into the MN decreases 308 
motility without gait alterations. 309 

3.2 Injection of CGRP into the MN induced anxiety-like behavior primarily in female mice in 310 
the open field assay  311 

To assess anxiety behavior independent of light, we used the open field assay. Inclusion of this assay 312 
was necessary because spending less time in the light in the light/dark assay can be an indicator of an 313 
increased anxiety state (76), and not necessarily a specific aversion to light. It is important to note 314 
though that the two are not mutually exclusive since light aversion may include increased anxiety.  315 

The mice injected with CGRP spent less time in the center than those injected with PBS during the 316 
30-min testing time (Fig. 3A and B, left). However, when data were analyzed by sex, females 317 
exhibited significantly less time in the center over the entire testing time (Fig. 3A and B, middle), 318 
while there was only a trend in males observed in the last 10 min (Fig. 3A and B, right). These data 319 
suggest that CGRP delivery into the MN elicited general anxiety-like behavior primarily in female 320 
mice, which may have contributed to their light-aversive behavior.  321 

3.3 Injection of CGRP into the MN induced plantar tactile hypersensitivity in the 322 
contralateral hind paw primarily in female mice 323 

Cutaneous allodynia is present in approximately 60% of migraine patients with a higher prevalence 324 
in women than men (82, 83). Thus, we investigated the effect of CGRP administration into the right 325 
MN on tactile hypersensitivity as a generally accepted indicator of allodynia by measuring the tactile 326 
sensitivity in the plantar area of the right and left hind paws.  327 

In the contralateral left hind paw, there was a significant decrease in the withdrawal threshold 328 
observed for all the CGRP-treated mice (Fig. 4A, left). However, the difference is primarily driven 329 
by effects in the female mice, who showed a significant decrease in the withdrawal threshold after 330 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2022. ; https://doi.org/10.1101/2022.01.24.477577doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477577
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
9 

CGRP but not PBS injection compared to their respective baselines (Fig. 4A, middle). The CGRP-331 
induced decrease in the threshold was only a trend in male mice (Fig. 4A, right).  332 

In contrast, the ipsilateral right paw results were more complicated due to a significant decrease in 333 
withdrawal threshold compared to baselines in response to not only CGRP, but also PBS vehicle 334 
(Fig. 4B, left). When separated by sex, there was a trend for female mice after PBS treatment and a 335 
significant decrease after CGRP treatment compared to respective baselines (Fig. 4B, middle). A 336 
significant decrease was observed for male mice after either PBS or CGRP treatment (Fig. 4B, right) 337 
compared to baselines. The decrease in males after CGRP treatment is similar to the vehicle effect 338 
observed with PBS injection, suggesting that disturbance to the right MN is enough to increase 339 
ipsilateral hind paw sensitivity. For the von Frey test, 7 of the 43 mice had injection sites not in or 340 
near the MN. When comparing data between on-target mice and off-target mice, no difference was 341 
observed between these two groups, but it should be noted that the off-target mice were 342 
underpowered. Altogether, these data suggest that CGRP increases the contralateral left hind paw 343 
touch sensitivity predominantly in female mice, while injection of either PBS vehicle or CGRP 344 
increases sensitivity in the ipsilateral right hind paw. 345 

3.4 Injection of CGRP into the MN induced squinting behavior primarily in female mice 346 

The grimace scale was developed to evaluate spontaneous pain expression in mice (84). Our 347 
laboratory found that orbital tightening, or squint, is the principal component of mouse grimace score 348 
(85) and has developed an automated video-based squint assay to measure spontaneous pain (81). 349 
Taking advantage of this sensitive automated squint platform, we asked whether mice squint after 350 
CGRP injection in the MN.  351 

For all mice, CGRP-treated mice showed a decrease in the mean pixel area over the 300-second 352 
testing period, while no change was observed in the PBS-treated mice compared to their respective 353 
baselines (Fig. 5A). When data were separated by sex, CGRP-treated females showed a significant 354 
decrease in the mean pixel area (Fig. 5B), while CGRP-treated males only showed a trend (Fig. 5C). 355 
No difference was observed in female or male PBS-treated groups (Fig. 5B and C, left and right). 356 
These data suggest that CGRP injection into the MN induces squint behavior predominantly in 357 
female mice. 358 

3.5 The diffusion range of CGRP from the injection sites 359 

To obtain an estimate of the likely diffusion of CGRP after injection into the MN, we used a 360 
fluorescent CGRP analog. Fluorescein-15-CGRP is a full CGRP receptor agonist but has less potency 361 
than CGRP as measured by cAMP production in HEK293T cells (86). Representative images of the 362 
rostral and caudal borders of fluorescein-15-CGRP diffusion from the MN are shown in 363 
Supplementary Fig. 3A upper and lower panels, respectively. There was considerable diffusion of 364 
fluorescein-15-CGRP from the injection site, with punctate signals found in cell bodies in the MN 365 
that may represent binding sites (Supplementary Fig. 3A, middle panel, box 1). In addition to the 366 
MN, fluorescein-15-CGRP was also observed in nearby regions, including the interposed and lateral 367 
cerebellar nuclei, granular, Purkinje cell, and molecular layers of vermal lobules I/III/IV/V 368 
(Supplementary Fig. 3A, middle panel, box 2). There was some variability in the spread of 369 
fluorescence among the mice injected with fluorescein-15-CGRP, with the smallest spread covering 370 
the MN and few nearby cells in the vermal lobules III/IV/V (Supplementary Fig. 3B, purple shading) 371 
and the largest spread covering the MN and cells beyond the MN including vermal lobules 372 
I/III/IV/V/X, the simple lobule and other cerebellar deep nuclei (Supplementary Fig. 3B, blue 373 
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shading). The reason for variability in diffusion is not known but is apparently not due to injection 374 
site variability based on the injection sites shown by injection of red beads or Evans blue 375 
(Supplementary Fig. 3C and D). 376 

4 Discussion 377 

To our knowledge, this is the first preclinical cerebellar migraine study looking at behavioral 378 
outcomes. Indeed, there have been few animal studies looking at imaging and electrophysiological 379 
links between the cerebellum and migraine (87-92). Brain imaging studies have reported that the 380 
cerebellar sodium concentration and functional connectivity to the insula or anterior cingulate cortex 381 
were altered in animal migraine models induced by nitroglycerin or inflammatory soup (87-89). The 382 
firing rate of Purkinje cells in the rat paraflocculus was decreased in an animal model induced by 383 
trigeminal stimulation (90), and the organization of parallel fibers to Purkinje cell synapses was 384 
abnormal in familial hemiplegic migraine type 1 mouse models (91, 92). There are also preclinical 385 
behavioral studies investigating the role of the cerebellum in pain modulation (70-72, 93-99). Our 386 
finding that several migraine-like symptoms can be induced by CGRP actions in the cerebellum 387 
supports the hypothesis that the cerebellum contributes to migraine pathogenesis. 388 

4.1 The MN and light aversion 389 

Photophobia is a subjective experience in which normal light causes discomfort (100-102). In this 390 
study, we found that administration of CGRP into the MN induced light aversion in male and female 391 
mice. In addition, CGRP evoked anxiety-like behavior in females, but only a trend in males. Thus, 392 
we conclude that the light aversion induced in males is not solely driven by anxiety, while in females 393 
the light aversion may be influenced by an overall increased anxiety level. Anxiety symptoms have 394 
been reported to be positively correlated to light aversion in migraine patients with the possibility 395 
that anxiety contributes to light aversion (103). In male mice, there appears to be a biphasic response 396 
where an anxiety-like response may have occurred during the final 10 min of the assay. While not 397 
significant, it suggests that the light aversion detected in males may be partially driven by increased 398 
anxiety at later time points. 399 

An unexpected finding was that both male and female mice were aversive to even dim light after 400 
CGRP injection, analogous to migraine patients who report light hypersensitivity in dim light that 401 
does not bother control subjects. We had previously reported that transgenic mice overexpressing the 402 
CGRP receptor in the nervous system were sensitive to dim light (~55 lux) after i.c.v. CGRP 403 
injection (14, 16, 17), while light aversion induced in wild-type C57BL/6J mice required bright light 404 
(~27,000 lux, similar to a sunny day) (15). Those data suggested that hypersensitivity to CGRP in the 405 
nervous system leads to light hypersensitivity. Interestingly, in contrast to i.c.v. injections, CGRP 406 
injected directly into the posterior thalamic nuclei (18) and cerebellar MN in this study, caused light 407 
aversion with dim light in C57BL/6J mice. These data indicate that like the posterior thalamus, the 408 
MN is sensitive to CGRP signaling without a need to increase receptor expression, perhaps due to 409 
increased local concentrations of CGRP relative to i.c.v. deliveries.  410 

One model to explain the clinical manifestation of photophobia is convergence of signals from 411 
intrinsically photosensitive retinal ganglion cells onto posterior thalamic neurons that also receive 412 
nociceptive signals from the trigeminal nucleus (104). Light and nociceptive signals are then 413 
integrated and sent to the somatosensory and visual cortices (104). In support of this model, we have 414 
recently reported that injection of CGRP into the posterior thalamic region or optogenetic stimulation 415 
of that same region caused light aversion (18). How might the cerebellum fit into this model? One 416 
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possibility may be via bilateral fibers from the principle sensory trigeminal nucleus and spinal 417 
trigeminal nucleus to the posterior vermis of the cerebellum (57), which projects to the MN (68). The 418 
MN is known to project to various thalamic nuclei including parafascicular, centrolateral, 419 
mediodorsal, ventrolateral, suprageniculate, and posterior nuclei (69). Thus, the MN may lie in a 420 
circuit from the trigeminal system to the thalamus. However, unlike the thalamus, there are no 421 
apparent direct retinocerebellar connections (105, 106). These data place the MN in a prime position 422 
to assist in sensory integration and play a modulatory role in the nociceptive- and light- integrating 423 
function of the thalamus. 424 

4.2 The MN and anxiety 425 

It is striking to observe the apparent sexually dimorphic anxiety-like behaviors predominantly in 426 
female mice after CGRP injection into the MN. These data are consistent with the higher prevalence 427 
of anxiety disorders in women than men (107). The MN sends direct projections to the limbic system 428 
including the amygdala (68), which is key to the anxiety circuitry (108), and projects to the 429 
periaqueductal gray (PAG) (69, 109), which is critical for aversive and anxiety-like responses (110). 430 
The observations of light-aversive behavior accompanied by increased anxiety levels in females are 431 
reminiscent of the behavior induced by optical stimulation of the dorsal PAG (18). This evidence 432 
might explain the anxiogenic effect of the MN. The possible mechanism for the sex difference in 433 
anxiety (or the other behaviors, including plantar tactile hypersensitivity and squinting discussed in 434 
Section 4.3) is not known. It is interesting to point out that sex differences appeared in human fMRI 435 
studies when migraine patients were exposed to a noxious stimulus (111). In that study, female 436 
migraine patients showed higher activation in the cerebellum and higher deactivation of cerebellar 437 
functional connectivity with insula than males in response to noxious heat. Finally, it is possible that 438 
there could be sexually dimorphic differences in the distribution pattern of CGRP receptor 439 
components in the MN or in downstream brain regions. 440 

4.3 The MN and evoked and spontaneous pain  441 

Allodynia is the perception of pain induced by non-noxious stimuli. Nearly 60% of individuals with 442 
migraine have cutaneous allodynia, specifically thermal and mechanical allodynia (82). Cutaneous 443 
allodynia is associated with migraine frequency, severity, and disability, and is more common in 444 
females (82, 83). Moreover, cutaneous allodynia is more frequent in chronic migraine than episodic 445 
migraine (112) and is believed to be a predictor of migraine chronification (113). Allodynia in 446 
migraine is found in cephalic and extracephalic regions, which could be explained by the 447 
sensitization of the second-order trigeminal and third-order thalamic neurons (114).  448 

In this study, we found that CGRP injection into the MN increases sensitivity in response to 449 
mechanical stimuli in contralateral hind paws predominately in female mice, which is consistent with 450 
the clinical finding that cutaneous allodynia is higher in women than in men (82, 83) and a preclinical 451 
study where intraplantar CGRP at a low dose evoked hind paw allodynia only in female rats (115). 452 
Given that we also observed anxiety behavior primarily in female mice, it is interesting that allodynia 453 
is associated with a higher risk for anxiety and a correlation exists between their severity in migraine 454 
patients (116). Anxiety was more prevalent in patients with migraine and probable migraine with 455 
cutaneous allodynia than those without cutaneous allodynia (117). In animal models, stress elicited 456 
higher pain sensitivity (118). These data suggest an association between anxiety and allodynia, so it 457 
is possible that anxiety induced by CGRP injection in female mice is linked to the tactile 458 
hypersensitivity indicative of allodynia. 459 
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How might the cerebellum increase paw sensitivity? There is evidence the cerebellum can affect the 460 
descending pain modulation pathway (93, 98, 99, 119), including via connections to the reticular 461 
formation (69, 93, 98). One study suggested that the MN could impact the dorsal column–medial 462 
lemniscus pathway directly or via the descending pain pathway (72). In addition, the MN projects to 463 
the thalamus bilaterally with contralateral preponderance (69), which might contribute to central 464 
sensitization and then lead to a pain hypersensitive state. However, the specific neuronal type in the 465 
MN that expresses CGRP receptors and specific regions that are modulated by CGRP in the MN are 466 
unknown. 467 

An unexplained observation is that the ipsilateral hind paw showed a significant decrease in 468 
sensitivity after both PBS and CGRP injection into the MN. No change was observed after inserting 469 
the injection cannulas into the MN, without any injections, suggesting that the response was due to 470 
the solution. Because of the vehicle effect, a conclusion cannot be drawn from the ipsilateral paw 471 
data.  472 

Our studies showed that CGRP injection into the MN induced squinting behavior predominately in 473 
females, suggesting CGRP in the MN plays a role in spontaneous pain. This is consistent with dural 474 
application of CGRP also causing grimace only in female mice (115). The magnitude of the squint 475 
response is relatively small in females (12.9%) compared to intraplantar injection of formalin 476 
(25.3%), and is closer to the response seen with wild-type female C57BL/6J mice receiving a small 477 
i.p. CGRP dose (0.01 mg/kg) (17.1%) (81).  478 

4.4 The MN and motor function 479 

We observed increased resting time in the dark while no change in the light in the light/dark assay 480 
across and within sex, corresponding to the preference of migraine patients to go to the dark and rest. 481 
Vertical beam breaks and transitions were decreased, suggesting exploratory behavior was decreased. 482 
The MN is responsible for controlling axial and trunk muscles, posture and balance (68). However, 483 
we did not observe gait difference before or after PBS or CGRP treatment using the DigiGait system. 484 
A recent study reported that an increase in light intensity could enhance postural sway in migraine 485 
patients compared to controls (54), so perhaps additional triggers may be needed to detect such 486 
effects in mouse models. Overall, these data suggest that CGRP injection into the MN does not 487 
induce gait changes.  488 

4.5 Caveats 489 

A caveat of this study is the broad diffusion area of CGRP. We used fluorescein-15-CGRP for 490 
diffusion estimation. Extensive spread was observed from the MN with the injection of fluorescein-491 
15-CGRP, which was not completely unexpected. The diffusion was similar (approximately 800-492 
4000 μm rostral to caudal) as when fluorescein-15-CGRP was injected into the posterior thalamic 493 
region and was estimated to spread at least 1400 um in some cases (18). This is consistent with the 494 
volume transmission reported for some peptides diffusing up to millimeters in the brain (120). The 495 
robust spread of CGRP explains why even the off-target injections had similar behaviors as the on-496 
target injections. While the diffusion is extensive, it apparently did not reach the fourth ventricle, 497 
which is near the MN, since no fluorescein-15-CGRP was detected in the fourth ventricle. 498 
Furthermore, the behavior is not likely due to CGRP diffusing into the cerebrospinal fluid since, as 499 
mentioned earlier, i.c.v. CGRP did not induce light aversion in wild-type C57BL/6J mice under dim 500 
light (15), while injection into the MN did. Nonetheless, the broad diffusion of fluorescein-15-CGRP 501 
beyond the MN decreases the targeting specificity, which makes it difficult to pinpoint which 502 
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regions, in the MN or near the MN, are important for the responses induced by CGRP. Future studies 503 
will need to focus on limiting the spread of CGRP beyond the MN. 504 

A related caveat is that location of CGRP receptor subunits RAMP1 and CLR in the mouse 505 
cerebellum has not been studied. Importantly, clusters of fluorescein-15-CGRP observed within the 506 
MN are consistent with a prior report of MN CGRP receptors in the rat (65). Such clusters were also 507 
found in the molecular, Purkinje cell and granular layers in the vermal lobules and simple lobule in 508 
the hemisphere regions. Previous studies have reported RAMP1 and CLR co-expression in Purkinje 509 
cells in the rat, human and rhesus cerebellum (61, 66). However, consistent data is lacking for 510 
RAMP1 or/and CLR expression in the molecular layer or granular layer in the rat cerebellum (61, 65) 511 
and no reports for mice, to our knowledge. In addition, the possible expression of the second CGRP 512 
receptor (AMY1) (121) in the mouse cerebellum has not been explored.  513 

We observed several responses to cerebellar CGRP that were only statistically significant in female 514 
mice. However, we want to couch that observation with the prediction that if more mice were 515 
analyzed, then the trends seen with male mice could also reach significance for the open field, von 516 
Frey, and grimace assays. Because the study was designed to be sufficiently powered (see section 517 
2.7), we did not try to further increase the number of male mice. However, to estimate how many 518 
more mice might be required to reach significance, we did a post-hoc power analysis for each of the 519 
assays. About twice the number of male mice is predicted to be needed to reach statistical 520 
significance comparable to the females. Hence, as seen with human migraine populations, we are 521 
seeing a quantitative bias for female responses and not an absolute female-only mechanism.  522 

4.6 Conclusions 523 

In conclusion, this study reveals that CGRP injection into the cerebellum is sufficient to induce 524 
migraine-like behaviors primarily in female mice. This discovery provides a new perspective on the 525 
increasingly complex neural circuitry of migraine pathophysiology and suggests a role for central 526 
CGRP signaling in the sexual dimorphic nature of migraine. 527 
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 957 

10 Figure Legends 958 

Fig. 1 Injection of CGRP into the MN induced light-aversive behavior under dim light in both 959 
male and female mice. (A) Time in light every 5-min block during 30-min light/dark assay at 55 lux 960 
following injection of PBS (n=11; F: n=5; M; n=6) or CGRP (1 μg /200 nl; n=10; F: n=5; M: n=5) 961 
into the right MN of C57BL/6J mice via cannulas. Time in light for all mice (left), female mice 962 
(middle), and male mice (right). Data are from two independent experiments. All mice in A are 963 
further analyzed in B. (B) Mean time in light per 5-min block for individual mice. (C) Schematic of 964 
positions of injection cannula tips superimposed on Allen Mouse Brain Atlas coronal images. 965 
Numbers indicate the distance from bregma in the anteroposterior plane. Data are the mean ± SEM. 966 
Statistics are described in Supplementary Table 1.  967 

Fig. 2 Injection of CGRP into the MN reduced motility in both males and females. Motility data 968 
were collected at the same time as light aversion data from the same mice shown in Fig. 1. Mice were 969 
given PBS (n=11; F: n=5; M: n=6) or CGRP (1 μg/200 nl; n=10; F: n=5; M: n=5) into the right MN 970 
of C57BL/6J mice via cannulas. Data are from two independent experiments. (A) Percentage of time 971 
spent resting in the light (upper panel) and dark (lower panel) zones every 5-min block during 30-min 972 
light/dark assay for all mice (left), female mice (middle), and male mice (right). All mice in A are 973 
further analyzed in B. (B) Mean percentage of time in light (upper panel) and dark (lower panel) 974 
zones per 5-min block for individual mice from A. (C) Number of vertical beam breaks per min in 975 
light (upper panel) and dark (lower panel) zones every 5-min block during 30-min light/dark assay 976 
for all mice (left), female mice (middle), and male mice (right). All mice in C are further analyzed in 977 
D. (D) Mean number of vertical beam breaks in light (upper panel) and dark (lower panel) zones per 978 
5-min block for individual mice from C. (E) Number of transitions between light and dark zones 979 
every 5-min block during 30-min light/dark assay for all mice (left), female mice (middle), and male 980 
mice (right). All mice in E are further analyzed in F. (F) Mean number of transitions between light 981 
and dark zones per 5-min block for individual mice from E. Data are the mean ± SEM. Statistics are 982 
described in Supplementary Table 1.  983 

Fig. 3 Injection of CGRP into the MN induced anxiety-like behavior primarily in females in the 984 
open field assay. (A) Percentage of time spent in the center of the open field every 5-min block 985 
during 30-min testing period following injection of PBS (n=11; F: n=5; M: n=6) or CGRP (1 μg/200 986 
nl; n=11; F: n=5; M: n=6) into the right MN of C57BL/6J mice via cannulas. All mice (left) 987 
separated by sex (female: middle; male: right). Data are from two independent experiments. All mice 988 
in A are further analyzed in B. (B) Mean percentage of time in the center per 5-min block for 989 
individual mice. Data are the mean ± SEM. Statistics are described in Supplementary Table 1. 990 

Fig. 4 Injection of CGRP into the MN induced plantar tactile hypersensitivity in the 991 
contralateral hind paw primarily in female mice. Plantar tactile sensitivity was assessed with 992 
injection of PBS or CGRP (1 μg/200 nl) into the right MN of C57BL/6J mice via cannulas. Data are 993 
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from three independent experiments. (A) The individual thresholds of left hind paws for all mice 994 
(left) (PBS: n=17; CGRP: n=26), female mice (middle) (PBS: n=8; CGRP: n=14), and male mice 995 
(right) (PBS: n=9; CGRP: n=12). (B) The individual thresholds of right hind paws for all mice (left) 996 
(PBS: n=17; CGRP: n=26), female mice (middle) (PBS: n=8; CGRP: n=14), and male mice (right) 997 
(PBS: n=9; CGRP: n=12). The mean ± SEM 50% thresholds are presented. Statistics are described in 998 
Supplementary Table 1. 999 

Fig. 5 Injection of CGRP into the MN induced squinting behavior primarily in female mice. (A) 1000 
Mean pixel area over 5-min testing period for all mice without treatment (as baseline), with injection 1001 
of PBS (left) or CGRP (middle; 1 μg/200 nl) into the right MN of C57BL/6J mice via cannulas. Right 1002 
panel is the mean pixel area over 5-min testing period for individual mice (PBS: n=30; CGRP: n= 1003 
27). Data from A separated as female (B) and male (C). Data are from two independent experiments 1004 
and one crossover treatment experiment. (B) Mean pixel area over 5-min testing period for female 1005 
mice (left and middle) and mean pixel area over 5-min testing period for individual female mice 1006 
(right; PBS: n=17; CGRP: n= 14). (C) Mean pixel area over 5-min testing period for male mice (left 1007 
and middle) and mean pixel area over 5-min testing period for individual male mice (right; PBS: 1008 
n=13; CGRP: n=13). Data are the mean ± SEM. Statistics are described in Supplementary Table 1.  1009 
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