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SUMMARY: 25 
Rodents are not able to report migraine symptoms. Here, we describe a manageable test 26 
paradigm (light/dark and open field assays) to measure light aversion, one of the most common 27 
and bothersome symptoms in patients with migraines.  28 
 29 
ABSTRACT:  30 
Migraine is a complex neurological disorder characterized by headache and sensory 31 
abnormalities, such as hypersensitivity to light, observed as photophobia. Whilst it is impossible 32 
to confirm that a mouse is experiencing migraine, light aversion can be used as a behavioral 33 
surrogate for the migraine symptom of photophobia. To test for light aversion, we utilize the 34 
light/dark assay to measure the time mice freely choose to spend in either a light or dark 35 
environment. The assay has been refined by introducing two critical modifications: pre-36 
exposures to the chamber prior to running the test procedure and adjustable chamber lighting, 37 
permitting the use of a range of light intensities from 55 lux to 27,000 lux. Because the choice 38 
to spend more time in the dark is also indicative of anxiety, we also utilize a light-independent 39 
anxiety test, the open field assay, to distinguish anxiety from light aversive behavior. Here, we 40 
describe a modified test paradigm for the light/dark and open field assays. The application of 41 
these assays is described for intraperitoneal injection of calcitonin gene-related peptide (CGRP) 42 
in two mouse strains and for optogenetic brain stimulation studies.  43 
 44 
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INTRODUCTION:  45 
Migraine is a prevalent neurological disease, affecting approximately 17% of Americans1 and is 46 
the second leading cause of disability globally2,3. Patients experience headache that lasts 4-72 47 
hours accompanied with at least one of the following symptoms: nausea and/or vomiting, or 48 
photophobia and phonophobia4. Recent advances in the development of calcitonin gene-49 
related peptide (CGRP) antibodies that are now FDA approved have begun a new era for 50 
migraine treatment5-7. These antibodies block either CGRP or its receptor and prevent migraine 51 
symptoms in approximately 50% of migraine patients7. Within the past year, two small-52 
molecule antagonists of the CGRP receptor have also been FDA approved for abortive 53 
treatment of migraines, and two more are in the pipeline8. Despite this therapeutic progress, 54 
mechanisms by which migraine attacks occur still remain elusive. For example, the sites of 55 
CGRP action are not known. The efficacy of therapeutic antibodies that do not appreciably cross 56 
the blood-brain barrier suggests that CGRP acts at peripheral sites, such as the meninges and/or 57 
trigeminal ganglia. However, we cannot rule out central actions at circumventricular organs, 58 
which lack a blood-brain barrier9. At least for photophobia, we think this is less likely given our 59 
results with light aversion using transgenic nestin/hRAMP1 mice in which hRAMP1 is 60 
overexpressed in the nervous tissue10. Understanding mechanisms of migraine pathophysiology 61 
will provide new avenues to the development of migraine therapeutics. 62 
 63 
Preclinical animal models are critical to understanding disease mechanisms and the 64 
development of new drugs. However, migraine assessment in animals is challenging since 65 
animals cannot verbally report their sensations of pain. Given the fact that 80-90% of migraine 66 
patients exhibit photophobia11, light aversion is considered to be an indicator of migraine in 67 
animal models. This led to the need to develop an assay to assess light aversion in mice.  68 
 69 
The light/dark assay contains a light zone and a dark zone. It is widely used for measuring 70 
anxiety in mice based on their spontaneous exploration of novel environments that is 71 
countered by their innate aversion to light12. Some studies set 1/3 of the chamber as the dark 72 
zone, while others set 1/2 of the chamber as the dark zone. The former setting is often used to 73 
detect anxiety13. While we initially chose equally sized light/dark chambers, we have not 74 
compared the two relative sizes. We can comment that the overall size of both chambers is not 75 
a major factor since the initial testing box14 was considerably larger than the subsequent 76 
apparatus15, yet results were essentially the same. 77 

 78 
Two critical modifications to this light/dark assay to assess light aversion were: the testing 79 
condition and the light intensity (Figure 1). First, mice are pre-exposed to the light/dark 80 
chamber to reduce exploratory drive16 (Figure 1A). The necessity and times of pre-exposures 81 
depend on mouse strains and models. Wildtype C57BL/6J mice usually require two pre-82 
exposures10, while only one pre-exposure for CD1 mice is sufficient17. In this manner, light 83 
aversive behavior can be unmasked in these two mouse strains. Second, the chamber lighting 84 
has been adapted to include an adjustable range of light intensities from dim (55 lux) to bright 85 
(27,000 lux) where 55 lux is comparable to a dark overcast day, and 27,000 lux is comparable to 86 
a bright sunny day in the shade10. We have found that the required light intensity varies with 87 
the strain and genetic model. For this reason, individuals should first assess the minimum light 88 
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intensity for their experimental paradigm.  89 
 90 
Even with these modifications to the assay, which can reveal a light-aversive phenotype, it is 91 
necessary to test anxiety-like behavior to distinguish between light aversion due to light alone 92 
versus due to anxiety. The open field assay is a traditional way to measure anxiety based on the 93 
spontaneous exploration of novel environments. It differs from the light/dark assay in that the 94 
exploratory drive is countered by the innate aversion to unprotected open spaces. Both the 95 
center and edges of the chamber are in the light, so the open field assay is a light-independent 96 
anxiety assay. Thus, the combination of the light/dark and open field assays enables us to 97 
distinguish between light aversion due to an avoidance of light versus an overall increase in 98 
anxiety.  99 
 100 
CGRP is a multifunctional neuropeptide that regulates vasodilation, nociception, and 101 
inflammation18. It is widely expressed in the peripheral and central nervous systems. It plays an 102 
important role in migraine pathophysiology18. However, the mechanism underlying CGRP action 103 
in migraine is unclear. By utilizing the light/dark and open field assays with this modified test 104 
paradigm, we were able to identify light-aversive behavior in mice following peripheral10,16 105 
(Figure 2) and central14-16,19 CGRP administration. In addition to neuropeptides, the 106 
identification of brain regions involved in light aversion is also important in understanding 107 
migraine pathophysiology. The posterior thalamic nuclei are an integrative brain region for pain 108 
and light processing19, and the thalamus is activated during migraine20. Thus, we targeted 109 
posterior thalamic nuclei by injecting adeno-associated virus (AAV) containing 110 
channelrhodopsin-2 (ChR2) or eYFP into this region. By combining this optogenetic approach 111 
with these two assays, we demonstrated that optical stimulation of ChR2-expressing neurons in 112 
the posterior thalamic nuclei induced light aversion19 (Figure 3). In this experiment, given the 113 
dramatic effect on the evoked light aversion in these optogenetically manipulated mice, pre-114 
exposures to the chamber were skipped.  115 
 116 
PROTOCOL:  117 
Animal procedures were approved by the University of Iowa Animal Care and Use Committee 118 
and performed in compliance with the standards set by the National Institutes of Health. 119 
 120 
1. Light/dark assay 121 
 122 
1.1 Light/dark chamber apparatus (see Table of Materials) setup. All the equipment in this 123 
section is commercially available. 124 
 125 
1.1.1 On a shelf, place the sound-attenuating cubicle (interior: 59.7 x 38 x 35.6 cm in W x H x D) 126 
containing a pull-out drawer for easy access to the chamber and dark insert.  127 
 128 
1.1.2 Connect the DC power supply and a DC-regulated power supply to the sound-attenuating 129 
cubicle. 130 
 131 
1.1.3 Place the transparent seamless open field chamber (27.31 x 27.31 x 20.32 cm in L x W x H) 132 
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on the pull-out drawer of the cubicle.  133 
 134 
1.1.4 Place the black, infrared (IR)-transparent plastic dark insert (28.7 X 15 X 20.6 cm in L x W x 135 
H) in the open field chamber. Ensure that the chamber is divided into two zones of an equal 136 
size: a dark zone and a light zone. 137 
 138 
1.1.5 Connect three sets of 16-beam IR arrays on the X, Y and Z axes of the open field chamber 139 
to the IR USB controller via cables.  140 
 141 
1.1.6 Connect the IR USB controller to a computer. 142 
 143 
1.1.7 Install the tracking software on the computer which can record and collect mouse location 144 
and activity. 145 
            146 
1.1.8 For the light panel setup, first remove the light-emitting diode (LED) light panel (27.70 x 147 
27.70 cm in L x W; 360 LEDs, daylight-balanced color, 5600K, 60° flood beam spread) from its 148 
original housing. 149 
 150 
1.1.9 Assemble the light panel with the LED driver, the heat sink, and the power supply. 151 
Multiple LED light panels can be connected to one power supply, heat sink, and LED driver to 152 
achieve uniform light panel control. 153 
 154 
1.1.10 Construct a customized acrylic platform (29.77 x 27.70 x 8.10 cm in L x W x H) comprising 155 
of 7 identical shelves at 0.53 cm intervals (Figure 1B). Permanently affix the customized acrylic 156 
shelf to the ceiling inside the cubicle above the chamber. 157 
 158 
1.1.11 Insert the LED light panel into the slot between the bottom two shelves. Adjust the light 159 
panel to different heights (Figure 1B,C), if necessary (e.g., if using optogenetic mice. Details are 160 
discussed in Section 3). 161 
 162 
1.1.12 Turn on the heat sink, LED driver, and power supply. Confirm that the LED driver can 163 
dictate the LED light intensity by measuring the light intensity on the chamber floor and confirm 164 
that the floor is lit evenly. 165 
 166 
1.2 Behavioral test procedure 167 
 168 
NOTE: Mice are housed on a 12 h light cycle. All behavioral experiments are performed during 169 
the light cycle. Mice, including both males and females, aged 10-20 weeks old, are used. In this 170 
protocol, naïve wildtype CD1 and C57BL/6J mice experience two pre-exposures to the 171 
light/dark chamber followed by exposure with treatment and a post-treatment exposure. There 172 
is a three-day interval between each exposure to allow mice to recover (Day 1, 4, 7 and 10 as 173 
described below and Figure 1A). However, CD1 mice do not require the 2nd pre-exposure and 174 
can be tested in dim light. 175 
 176 
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1.2.1 On day 1 (Pretreatment 1), turn the light/dark assay apparatus on and set the light 177 
intensity to 27,000 lux.  178 
 179 
1.2.2 Open the tracking software and set up a new protocol. In the New Protocol setting, set 180 
the Duration to 30 min. In the New Analysis setting, set Data Bins by Duration to 300 s.  181 
 182 
1.2.3 In the New Zone setting, choose Pre-Defined Zones. Choose 2 and then Horizontal. Check 183 
if the chamber is divided into two equal-size zones horizontally for recording.  184 
 185 
1.2.4 Habituate mice to the testing room for 1 h prior to the testing. During habituation, keep 186 
the room light on to not disrupt the mouse’s circadian rhythm. Make sure all the equipment for 187 
the light/dark assay is turned on, allowing the mice to fully acclimate to the testing room 188 
environment. 189 
 190 
1.2.5 Select Acquire Data. Enter mouse IDs. Start the protocol 191 
 192 
1.2.6 Pull the drawer outside of the sound-attenuating cubicle to access the light/dark chamber 193 
and the dark insert. Gently place a mouse in the light zone of the chamber and push the drawer 194 
inside of the cubicle. Ensure that the software detects the mouse immediately and begins to 195 
record activity.  196 
 197 
1.2.7 Wait for the recording to automatically stop after 30 min. Return the mouse to its home 198 
cage. 199 
 200 
1.2.8 Clean the chamber and dark insert using alcohol-odor germicidal disposable wipes 201 
containing 55.0% isopropyl alcohol, 0.25% alkyl C12-18 dimethyl ethylbenzyl ammonium, and 202 
0.25% alkyl C12-18 dimethyl benzyl ammonium chloride as anti-microbial active ingredients to 203 
eradicate any olfactory cues left by the previous mouse. 204 
 205 
1.2.9 On day 4 (Pretreatment 2), repeat steps 1.2.1 to 1.2.8. 206 
 207 
1.2.10 On day 7 (the treatment day), repeat step 1.2.1 and 1.2.4. After the habituation, 208 
administer mice with CGRP (0.1 mg/kg, intraperitoneal injection (i.p.)). Return mice to their 209 
home cages. 210 
 211 
1.2.11 After 30 min, start the protocol and run the mouse in the light zone as mentioned in 212 
steps 1.2.5 to 1.2.7. The recovery time in home cages after injections can be shortened or 213 
lengthened depending on the treatment21. 214 
 215 
1.2.12 Clean the chamber and dark insert as described in step 1.2.8. The experiment can be 216 
paused at step 1.2.12 before starting the open field assay. 217 
 218 
1.2.13 On day 10 (post-treatment day), repeat steps 1.2.1 to 1.2.8.  219 
 220 
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2. Open field assay 221 
 222 
2.1 The apparatus setup 223 
 224 
2.1.1 Open field chamber setup: Use the same sound-attenuating cubicle and open field 225 
chamber used in the light/dark assay, without using the dark insert.  226 
 227 
2.1.2 Light panel setup: Use the same setup used in the light/dark assay. Ensure that the light 228 
intensity is the same as used in the light/dark assay. 229 
 230 
2.2 Behavioral test procedure 231 
 232 
2.2.1 Turn the apparatus on. Set the light intensity to 27,000 lux. 233 
 234 
2.2.2 Open the tracking software.  235 
 236 
2.2.3 Set up a new protocol, the same as is used in the light/dark assay except for the New 237 
Zone settings. Choose 1 followed by the Center in the New Zone settings. Set the periphery as 238 
3.97 cm from the perimeter and the center as 19.05 × 19.05 cm. 239 
 240 
2.2.4 Habituate mice to the testing room as described in step 1.2.4.  241 
 242 
2.2.5 Administer CGRP (0.1 mg/kg, i.p.) to the mice. Return the mice to their home cages.  243 
 244 
2.2.6 After 30 min, start the protocol. Pull the pull-out drawer outside of the sound-attenuating 245 
cubicle and gently place a mouse in the middle of the open field chamber. Push the drawer 246 
inside of the cubicle. 247 
 248 
2.2.7 Track behavior for 30 min. Then return mice to their home cages.  249 
 250 
2.2.8 Clean the apparatus as described in step 1.2.8.  251 
           252 
3. Modified light/dark assay for optogenetic mice 253 
 254 
3.1 The apparatus setup 255 
 256 
3.1.1 Make two modifications to the dark insert. 257 
 258 
3.1.1.1 Modify the opening of the dark insert to 5.08 x 5.08 cm (W x H) with a small slit 0.95 x 259 
10.16 cm (W X H) between the top and the opening of the dark insert (Figure 1D top left).  260 
 261 
NOTE: This modification allows a mouse to go to the dark zone without difficulty when the 262 
fiber-optic cannula on the mouse head is attached to the patch cord. 263 
 264 
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3.1.1.2 Extend the top of the dark insert over the light area as a triangular porch (H=6.5 cm) 265 
(Figure 1D top right and bottom left). Cut a circular hole (D=1.7 cm) out of the porch and insert 266 
a holder into the hole to place and stabilize the rotary joint, which connects the laser and the 267 
fiber-optic patch cords (Figure 1D top left and bottom left). 268 
 269 
NOTE: The modifications result in small change in the light intensity reaching the floor of the 270 
dark zone (17 lux with modifications vs 14 lux without modifications, measured on the back-271 
right corner of the dark zone under 27,000 lux). 272 
 273 
3.1.2 Insert the rotary joint into the holder on the dark insert.  274 
 275 
3.1.3 Connect the 30.5 cm fiber-optic patch cord to the rotary joint. Confirm that the rotary 276 
joint can rotate smoothly so that the patch cord can rotate without difficulty as the mouse 277 
traverses the chamber. 278 
 279 
3.1.4 For the rest of the setup, use the same apparatus setup as used in section 1 (light/dark 280 
assay).  281 
 282 
3.2 Behavioral test procedure 283 
 284 
NOTE: Unlike the wildtype mice, the optogenetic mice do not receive pre-exposures 285 
(Pretreatment 1 and 2). 286 
 287 
3.2.1 On the test day, insert the LED light panel into the second lowest slot (28.23 cm from the 288 
floor of the camber) to allow space for connecting the patch cord. Turn the light/dark assay 289 
apparatus on and set the light intensity to 55 lux.  290 
 291 
3.2.2 Use the same protocol setup as that in 1.2.2 and 1.2.3 except that Data Bins By Duration 292 
is set to 60 s in the New Analysis setting to be congruent with the laser stimulation protocol in 293 
Step 3.2.3. 294 
 295 
3.2.3 Turn the laser power button on. Set the laser pulse controller to stimulate for 1 min 296 
followed by 1 min without stimulation over 30 min. 297 
 298 
3.2.4 Habituate mice to the testing room with the light on for 1 h prior to the testing. 299 
 300 
3.2.5 Start the protocol. Pull the pull-out drawer outside of the sound-attenuating cubicle to 301 
access the light/dark chamber and the dark insert.  302 
 303 
3.2.6 Gently restrain the mouse and couple the optic-fiber cannula on the mouse head to the 304 
fiber-optic patch cord via a mating sleeve (Figure 1D bottom right). Place the mouse gently in 305 
the light zone and push the drawer inside of the cubicle. Make sure that the protocol will begin 306 
to record mouse behavior automatically.  307 
 308 
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3.2.7 At 1 min, switch on the pulse controller and then turn the failsafe key to ON. Make sure 309 
laser stimulation of the targeted brain region is occurring every other minute.  310 
 311 
3.2.8 After 30 min when the protocol stops automatically, turn the failsafe key to OFF. Then 312 
turn the pulse controller off.   313 
 314 
3.2.9 Uncouple the mouse and the fiber-optic patch cord. Return the mouse to the home cage.  315 
 316 
3.2.10 Clean the chamber and dark insert as described in step 1.2.8. 317 
           318 
4. Modified open field assay for optogenetic mice 319 
 320 
4.2 The apparatus setup 321 
 322 
4.2.1 Stabilize the rotary joint above the chamber using a stand and a clamp (Figure 1E). 323 
 324 
4.2.2 Connect the fiber-optic patch cord with a length of 50 cm to the rotary joint. Check if the 325 
rotary joint can rotate smoothly. 326 
 327 
4.2.3 Set the rotary joint to the appropriate height on the stand: ensure that the fiber-optic 328 
patch cord can only just reach every corner of the chamber, which will help avoid any 329 
interference with mouse movement.  330 
 331 
4.2.4 For the rest of the setup, use the same apparatus setup as used in section 1 (Light/dark 332 
assay), but without the dark insert. 333 
 334 
4.3 Behavioral test procedure 335 
  336 
4.3.1 Turn the light/dark assay apparatus on and set the light intensity to 55 lux. 337 
  338 
4.3.2 Use the same protocol setup as that in the modified light/dark assay (section 3) except 339 
for the New Zone settings. Choose 1 following by Center in New Zone settings. Set the 340 
periphery as 3.97 cm from the perimeter and the center as 19.05 × 19.05 cm. 341 
 342 
4.3.3 Turn the laser power button on. Set laser pulse controller to stimulate for 1 min 343 
followed by 1 min without stimulation over 30 min. 344 
 345 
4.3.4 Perform habituation and the rest of the test as described in steps 3.2.4 to 3.2.10 except 346 
for two changes to step 3.2.6: place the mouse gently in the middle of the chamber instead of 347 
the light zone; keep the pull-out drawer outside of the cubicle due to the patch cord connecting 348 
to the mouse’s head. 349 
 350 
REPRESENTATIVE RESULTS:  351 
This behavioral test paradigm is designed to test light aversive behavior. It can be performed 352 
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using both naïve wildtype mice and optogenetic mice to investigate light aversion in real time 353 
during the stimulation of a targeted neuronal population. 354 
 355 
This procedure has been used to study the effect of peripheral CGRP treatment in CD1 and 356 
C57BL/6J mice10,16 and optical stimulation of neurons in the posterior thalamic nuclei in 357 
C57BL/6J mice19 on light-aversive behavior. Mice, including both males and females, aged 10-20 358 
weeks old, were used in the experiments (Figure 2A, Figure 2B-D, and Figure 3). The results 359 
revealed that i.p. injection of CGRP significantly decreased the duration of time spent in the 360 
light zone in the light/dark assay in CD1 (Figure 2A) and C57BL/6J (Figure 2B) mice, but did not 361 
affect the time mice spent in the center in the open field assay in CD1 (data not shown) and 362 
C57BL/6J mice (Figure 2D)10,16. This suggests that peripheral CGRP induces light aversion but 363 
not general anxiety. Treatment with CGRP also increased the amount of time mice rested in the 364 
dark zone but not in the light zone in both CD1 (data not shown) and C57BL/6J mice (Figure 2C). 365 
 366 
For the optogenetic protocol, we targeted calmodulin kinase II alpha (CaMKIIa)-expressing 367 
neurons in the posterior thalamic nuclei by injecting AAV2-CaMKIIa-hChR2(E123A)-eYFP or the 368 
control virus AAV2-CaMKIIa-eYFP19. At the same time, a fiber-optic cannula was implanted in 369 
the posterior thalamic nuclei. Three weeks following injection to allow sufficient time for ChR2 370 
expression, we performed optical stimulation of neurons in the posterior thalamic nuclei and 371 
noted a corresponding decrease in the duration mice spent in the light zone in the light/dark 372 
assay in ChR2-injected mice compared to control virus-injected mice (eYFP) (Figure 3A). There 373 
was no noted difference in the time in center in the open field assay between ChR2 and control 374 
eYFP mice (Figure 3C), indicative of a light-aversive response that was not solely driven by 375 
anxiety19. Furthermore, an increase in the resting time in the dark zone, but not in the light 376 
zone, was also noted (Figure 3B). The same results were obtained when using 55 lux and 27,000 377 
lux (Figure 3). The 55-lux procedure was included because migraine patients are sensitive even 378 
to dim light. 379 
 380 
FIGURE AND TABLE LEGENDS:  381 
Figure 1: The light/dark assay timeline and apparatus. (A) Timeline of the testing paradigm: 382 
After two pre-exposures to the light/dark chamber (Pre 1 and Pre 2), mice are administered 383 
CGRP (0.1 mg/kg, i.p.) followed by a post-treatment measurement (Post). At least one day after 384 
the light/dark assay, mice are given CGRP (0.1 mg/kg, i.p.) again and are run in the open field 385 
assay. (B) The LED panel is held at the top of the chamber by an acrylic shelf and illuminates the 386 
test area. The height of the light panel can be adjusted by using slots at different heights. (C) 387 
The light/dark chamber contains a dark insert with a small opening. A LED light panel is above 388 
the chamber. (D) Front, side, and top views of the modified dark insert. The opening in the dark 389 
insert is extended with a small slit for the movement of the patch cord (top left). The top of the 390 
dark insert extends over the light area as a triangular porch with a holder for the rotatory joint 391 
(top right and bottom left). The optic-fiber patch cord is connected to the fiber-optic cannula via 392 
a mating sleeve (bottom right). (E) The modified open field assay. The stand and clamp hold the 393 
rotatory joint. The chamber is pulled out to the front of the cubicle with the doors left open to 394 
allow the free movement of the mouse with the patch cord attached to the mouse head. 395 
 396 
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Figure 2: Peripheral CGRP administration evokes light aversion in bright light in two strains of 397 
wildtype mice. CD1 and C57/BL6J mice were tested according to the timeline described in 398 
Figure 1A. (A) The time CD1 mice spent in the light zone per 5 min interval over 30 min (27,000 399 
lux). Time in light data is shown over time during the test (left panel) and as the average time 400 
per 5 min interval for individual mice (right panel). Comparisons were made between vehicle 401 
and CGRP at each time point, and between Tx and Pre2 or Post as indicated by brackets. (Veh, 402 
n=19; 0.1 mg/kg CGRP, n=19) (B) Time C57BL/6J mice spent in the light zone per 5 min interval 403 
over 30 min (27,000 lux). Time in light data are shown over time during the test (left panel) and 404 
as the average time per 5 min interval for individual mice (right panel) (Veh, n=42; 0.1 mg/kg 405 
CGRP, n=44). (C) The mice from panel B were also analyzed for resting behavior in the dark and 406 
light zones during the light/dark assay. (D) The mice from panel B were subsequently tested in 407 
the open field assay. The percentage of time spent in the center of the chamber per 5 min 408 
interval over 30 min after treatment with vehicle or CGRP (0.1 mg/kg, i.p.) (Veh, n=9; 0.1 mg/kg 409 
CGRP, n=9). The percentage of time in the center data is shown over time during the test (left 410 
panel) and as the average percentage of the time in the center per 5 min interval for individual 411 
mice (right panel). For all panels, mean±SEM is shown, *p<0.05, **p<0.01, ***p<0.001, 412 
****p<0.0001. This figure is modified from Mason et al. 201710.  413 
 414 
Figure 3: Optical stimulation of CaMKIIa-expressing neurons in the posterior thalamic nuclei 415 
induces light aversion in both dim and bright light. (A) Posterior thalamic nuclei of C57BL/6J 416 
mice injected with AAV encoding either ChR2 or eYFP (at 55 lux: eYFP n = 8, ChR2 n = 11; at 417 
27,000 lux: eYFP n = 12, ChR2 n = 18) were stimulated by blue laser (473 nm, 20 Hz, 5 ms pulse 418 
width, 10 mW/mm2). Left panel shows the time mice spent in the light zone per 5 min interval 419 
over 30 min at 55 or 27,000 lux. Comparisons were made between eYFP and ChR2 groups at 420 
each time point. Right panel shows the average time per 5 min interval for individual mice. (B) 421 
The mice from panel A were also analyzed for resting behavior in the light (left panel) and dark 422 
(right panel) zones during the light/dark assay. (C) The mice from panel A were subsequently 423 
tested in the open field assay. Average percentage of the time spent in the center of the open 424 
field chamber per 5 min interval over 30 min (Laser: 473 nm, 20 Hz, 5 ms, 10 mW/mm2). (eYFP n 425 
= 8, ChR2 n = 9). For all panels, mean±SEM is shown, *p<0.05, **p<0.01, ***p<0.001, 426 
****p<0.0001. This figure is modified from Sowers et al. 202019.  427 
 428 
DISCUSSION:  429 
The light/dark assay is widely used to assess anxiety-like behavior12. The assay relies on the 430 
innate aversion of mice to light and their drive to explore when placed into a novel 431 
environment (light zone). However, as we report here, this assay can also be used to assess 432 
light-aversive behavior as well. 433 
 434 
It is critical to consider the number and necessity of pre-exposures prior to testing. This 435 
depends on the mouse strain or model. For example, in our light/dark assay protocol, naïve 436 
wildtype CD1 and C57BL/6J mice are pre-exposed to the light/dark chamber twice prior to 437 
undergoing the treatment test procedure, while optogenetic mice do not undergo pre-438 
exposure. A recent publication reported that one pre-exposure is sufficient for CD1 mice to 439 
display light aversion after i.p. CGRP administration17. Consequently, the significance of the 440 
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novelty parameter will have lessened upon arrival of the treatment day10,16. Pre-exposures can 441 
unmask light-aversive phenotypes by reducing the exploratory drive and thus altering the 442 
balance between exploration and aversion. In some cases, pre-exposure is not necessary. For 443 
example, with genetically altered mice with increased CGRP receptors in the nervous system, 444 
pre-exposure was not necessary14. Likewise, with optogenetically manipulated mice, in which 445 
CaMKIIa-expressing neurons in the posterior thalamic nuclei were targeted for optical 446 
stimulation, pre-exposure was not necessary, presumably because the light-aversive response 447 
was so robust upon direct stimulation of the brain19. Thus, the number and necessity of pre-448 
exposures to the chamber must be carefully considered when using different mouse strains or 449 
models. Indeed, overexposure of mice to the chamber may reduce exploratory behavior. This 450 
will lead to the mice preferentially occupying the dark zone, regardless of treatment, therein 451 
reducing the ability to observe a light-aversive response. Conversely, insufficient pre-exposure 452 
to the assay may lead to exploratory behavior masking potential light-aversive behavior. 453 
 454 
A post-treatment exposure serves to identify whether a mouse has fully recovered from the 455 
CGRP injection administered 2 days prior. This is essential prior to running the open field assay 456 
or any other assay to confirm that no prolonged treatment effect is present that will affect 457 
future behavioral tests. 458 
 459 
We opted for a 30-min protocol duration based on previous observations10. We have tested 460 
mice in the light/dark assay for 10 min15, 20 min16 and 30 min10 separately. CGRP decreased the 461 
amount of time mice spent in the light between 0-30 min, but past 30 min the control mice 462 
preferred to spend more time in the dark compared to 0-30 min, hence leading to the decision 463 
to test for 30 min. In a similar fashion, the testing duration can be adjusted with reference to 464 
the time-response curve for different mouse models. It should be noted that lengthening the 465 
exposure time to the light/dark chamber may reduce motivation to explore the light zone. 466 
 467 
We analyzed many different parameters to assess the animal behavior. One essential feature of 468 
the light/dark assay is a measurement of the time a mouse spends in the light zone, directly 469 
reflecting light aversion. Percentage of time spent resting, the number of vertical beam breaks 470 
(to measure rearing activity) in light or dark zones, and the number of transitions between the 471 
two zones are used to assess motility. Resting time and vertical beam breaks are normalized to 472 
the time spent in each zone in order to avoid false conclusions regarding movement. We 473 
include all mice in the analyses except: mice that remain in the light zone for the entire 30 min 474 
of testing, mice that spend over 90% of time resting in total (both light and dark zones), and 475 
statistical outliers (>3 SDs from the mean). The number of mice that are excluded is generally 476 
less than 1%. For the open field assay, the percentage of time in center is the main 477 
measurement used to assess anxiety-like behavior. 478 
 479 
In the modified light/dark assay, the positioning of the fiber-optic cannula at some brain regions 480 
can greatly restrict mouse movement and, in some instances, prevent the mouse from reaching 481 
the dark zone. Consequently, entry into the dark zone will be negatively reinforced and, after 482 
multiple attempts, the mouse may show a learnt preference for the light, even remaining in the 483 
light zone during the entire testing period. This can be rectified by modifying the size and shape 484 
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of the opening in the dark insert. As an example, when fiber-optic cannulae were installed in 485 
the cerebellum of wildtype C57BL/6J mice, the mice had difficulty crossing the opening of the 486 
dark insert. After altering the width of the opening to 6.10 cm instead of 5.08 cm, the mice 487 
were able to traverse the opening freely. 488 
 489 
A 30.5 cm fiber-optic patch cord is used in the modified light/dark assay, based on the size of 490 
the open field chamber, allowing the mouse to move freely. A shorter cord length will prevent a 491 
mouse from moving to the corners, while a longer cable may tangle and hinder movement. The 492 
length of the fiber-optic patch cord used for the modified open field assay is 50 cm. The length 493 
is not as strict as that in the light/dark assay since the height of the rotary joint can be adjusted 494 
according to the length of the fiber-optic patch cable, ensuring that the mouse is able to just 495 
reach the corners of the chamber. 496 
 497 
Based on power analyses, 10-12 mice per group are needed for CD1 and C57BL/6J mice with i.p. 498 
CGRP, and for optogenetic C57BL/6J mice to detect significant light aversion. However, the 499 
C57BL/6J group size was considerably larger than the CD1 group size (Figure 2A,B) because the 500 
C57BL/6J mice were unresponsive to CGRP in a subset of the tests10, meaning multiple tests 501 
were conducted to account for this high variability in light-aversive behavior in these mice. 502 
Specifically, two experiments were combined for the CD1 mice and four experiments were 503 
combined for C57BL/6J mice with i.p. CGRP (Figure 2A,B)10. The reason for this variability is not 504 
known, but humans also show variability in their responses to CGRP and light. Intravenous (i.v.) 505 
injection of CGRP induced migraine attacks in around 63~75% of migraine patients, with 506 
70~90% of patients who displayed migraine attacks exhibiting photophobia22-25. Altogether, the 507 
assay has considerable variability and in addition to the number of mice, it is essential to do at 508 
least two and preferably three fully independent experiments with different cohorts of mice.  509 

 510 
Bedding is not required in the light/dark chamber and the experimenter is not required to pre-511 
handle or habituate the mice. As a precautionary measure the two pre-exposure procedures 512 
serve the purpose of acclimating the mice to the olfactory and physical cues of the 513 
experimenter; however, Ueno H. et al. demonstrated that there is no difference in time in light 514 
in the light/dark assay or time in center in the open field assay between mice after repeated 515 
handling and mice with no handling26. 516 
 517 
The open field assay can assess the contribution of anxiety towards a light-aversive phenotype. 518 
There are other well-validated anxiety-related assays, such as the elevated zero maze and the 519 
elevated plus maze27; however, the open field assay is the most procedurally relevant control to 520 
the light/dark protocol since the same testing chamber is used for both assays. Even so, an 521 
assessment of anxiety can be strengthened by utilizing multiple assays or by measuring multiple 522 
parameters in a single test given that anxiety is a complicated and multifaceted behavior. 523 
Importantly, even if there is no anxiety phenotype in the open field assay, this does not rule out 524 
an anxiety component to the light-aversive phenotype. For example, light might be triggering 525 
an anxiety response. The open field test only indicates that anxiety alone is not driving the 526 
response to light. While an anxiolytic drug, such as benzodiazepame, might be used in this 527 
assay, such an approach would have complications, e.g., anxiolytic drugs affect locomotion. 528 
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Instead, we opted to use clinical anti-migraine medications, including sumatriptan, to validate 529 
the migraine-like status of the light-aversive phenotype. Sumatriptan successfully reversed 530 
CGRP-induced light aversion in both CD1 and C57BL/6J mice10. 531 
 532 
Unlike the modified light/dark assay, the chamber on the pull-out drawer is outside of the 533 
cubicle with cubicle doors open in the modified open field assay due to the patch cord 534 
connecting to the mouse’s head. Instead of 55 lux, the room light reaches the floor of the 535 
chamber at ~1000 lux. Even though the light intensity is different, the open field assay is a light-536 
independent test. In detail, increasing the light intensity from 55 to 27,000 lux in the open field 537 
assay resulted in a trend of a decrease in time in the center in C57BL/6J mice, suggesting that 538 
the light intensity may influence mouse behavior28. However, the difference between the 539 
control and experimental groups was not significant under neither 55 nor 27,000 lux28. 540 
Additionally, the difference in light intensity between 55 and 1000 lux is far more subtle than 541 
between 55 and 27,000 lux. Wireless optogenetics can solve this problem as there would be no 542 
patch cord, allowing the open field chamber to be pushed inside of the sound-attenuating 543 
cubicle. 544 
 545 
In addition, the patch cord still limits mouse movement despite selecting an optimal length. In 546 
the future, wireless optogenetics will offer a non-invasive alternative to cable-based 547 
optogenetic techniques.  548 
 549 
It should be noted that we used acute injection of CGRP, which only replicates in part the 550 
prolonged CGRP release that accompanies migraine attacks. While we injected CGRP into mice 551 
to model migraine based on the premise that plasma CGRP levels were increased29 and that i.v 552 
CGRP induced migraine attacks in migraine patients22-25,30, this will not replicate the condition in 553 
the patient where CGRP is maintained at high levels for a relatively long time (patient 554 
measurements were taken at a median 3 hours after the migraine started29), nor does it 555 
replicate chronic migraine where levels are reported to be elevated even between attacks31. 556 
Moreover, other pain-induced mediators have not been tested in our paradigm. 557 
 558 
When performed in conjunction with the open field assay, the light/dark assay is effective in 559 
assessing light-aversive behavior in mice.  560 
 561 
The Mogil group modified the elevated plus maze to measure light aversion in mice, with the 562 
closed arms being illuminated by bright light and the open arms remaining dark32. The standard 563 
elevated plus maze has often been used to detect anxiety-related behavior in animals. This 564 
assay is based on the conflict between a mouse’s innate desire to explore a novel environment 565 
and being placed in a compromising position in the open unprotected maze arms. In the 566 
modified protocol, mice are forced to select between the closed arms, which are illuminated 567 
with bright light, and the open unprotected arms, which are dark. The preference to the former 568 
suggests anxiety overrules light aversion while the preference to the latter suggests light 569 
aversion takes precedence over anxiety. The Mogil group also conducted a standard elevated 570 
plus maze to evaluate anxiety-like behavior32. The purpose is the same as conducting the open 571 
field assay in our protocol. Cacna1a mutant mice, a familial hemiplegic migraine model, showed 572 
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photophobia when the closed arms were bright. In contrast, anxiety-like behavior was not 573 
detected when the standard elevated plus maze was conducted32. In rats, by using both the 574 
modified elevated plus maze and the light/dark assay, it was demonstrated that nitroglycerin 575 
(NTG) was able to induce photophobia33,34, which was rescued by sumatriptan34. In the 576 
standard elevated plus maze setting where light is absent within the closed arms, NTG induced 577 
anxiety-like behavior in rats34, suggesting that NTG-induced light aversion is accompanied with 578 
anxiety. To our knowledge, there are no publications using the light/dark assay and the 579 
modified elevated maze in the same mouse model. All in all, both the modified elevated plus 580 
maze and the light/dark assay proposed in this protocol have been demonstrated as effective 581 
measures of light-aversive behavior in mice. 582 
 583 
We use the daylight LED panel with a daylight-balanced color (5600K), with a 60° flood beam 584 
spread, yielding no shadowing at a height of ~30 cm from the floor of chamber at either 55 lux 585 
or 27,000 lux. Other studies investigating light aversion have utilized the light/dark assay with 586 
varying modifications. For example, studies have used different light intensities for the light 587 
zone, ranging from hundreds to thousands of lux35-37; used light at different wavelengths (e.g. 588 
blue and yellow)38; or used different temperatures of light (cold and warm)39. Caution should be 589 
taken for the heat produced by the light since it can affect the temperature of the dark and 590 
light zones and interfere with the mice’s behavior, potentially causing a preference to a specific 591 
zone. Besides, it is also important to use the light with a good viewing angle to avoid shadow on 592 
the floor of the chamber. Light intensity is important for the test too. 25,000 -27,000 lux is 593 
approximately equivalent to bright daylight. By conducting the light/dark assay at such a high 594 
light intensity, it is possible to amplify the treatment effect; however, it is essential to consider 595 
the retinal damage40 and the negative effect of such a high light intensity on a mouse’s 596 
willingness to go into light. Some studies reported that mouse eyes exposed to direct light41 and 597 
mice exposed to bright light for several hours (e.g. 30,000 lux for 4 hrs42) experienced retinal 598 
damage. In the light/dark assay, there is a dark zone for the mouse to escape from the bright 599 
light if the mouse desires. In addition, previous studies found that mice in the control group 600 
(C57BL/6J mice) spent a similar amount of time in the light zone under 55, 1000 and 27,000 601 
lux28. For CD1 mice, the control group spent about 1/3 of the time in the light under 27,000 602 
lux10 and unpublished data show similar results at 55 lux. It suggests that 27,000 lux light on its 603 
own does not make CD1 and C57BL/6J mice distressed. Nonetheless, caution should be taken 604 
when opting for a higher light intensity. 605 
 606 
Alongside differences in light setting, researchers have opted for a variety of approaches in 607 
analyzing the light/dark data. When assessing light aversion, the amount of time spent in the 608 
light zone with the light switched off (or with red light illumination of the light zone, given that 609 
mice eyes are less receptive to red light) are included in the calculation. For example, aversion 610 
index= (time in light0 lux-time in lighttest)/ time in light0 lux was used by the Gorin group to assess 611 
light aversion43. Here, the ‘light off’ or ‘red light’ conditions are included to confirm that the 612 
avoidance of the light zone is conditional on light being present in opposed to simple place 613 
preference. We conducted this procedure with i.p. injection of CGRP and found that mice 614 
receiving CGRP did not have a place preference with light off in the light zone, confirming that 615 
CGRP-induced aversion is light-dependent16. Lastly, the Gorin group used the time mice spent in 616 
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the periphery of the light zone in the light/dark assay as a measure of anxiety36. We utilize a 617 
traditional test for anxiety, the open field assay. No matter which analysis method is chosen, it 618 
should be noted that the contribution of anxiety to light aversion cannot be ignored. This 619 
protocol attempts to partition out anxiety-like and light-aversive behavior by utilizing the 620 
light/dark and open field assays in tandem.  621 
 622 
This protocol addresses the use of the light/dark and open field assays for the detection of 623 
light-aversive behavior in mice. This provides a useful tool to identify the mechanisms of neural 624 
circuits and brain regions driving photophobia. The test paradigm can be migraine-specific or 625 
can be expanded into other disorders involving photophobia. With respect to migraine, we 626 
have tested two other neuropeptides associated with migraine pathogenesis: pituitary 627 
adenylate cyclase-activating polypeptide (PACAP) and vasoactive intestinal peptide (VIP). 628 
PACAP and VIP were demonstrated to induce light aversion in CD1 mice17,21. In addition to 629 
migraine, photophobia is also a symptom of many other disorders, including bradyopsia, acute 630 
ocular injury or inflammation, traumatic brain syndromes, Lyme disease, albinism and cone 631 
dystrophy36. Thus, this test paradigm provides a tool to investigate mechanisms underlying 632 
photophobia-related disorders. Moreover, the pairing of optogenetic methods with 633 
conventional pharmacological approaches will undoubtedly assist in the development of novel 634 
therapeutics for photophobia-related disorders. 635 
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Response: We thank the reviewer for the suggestion. We have added this point to the 

discussion, page 11. In brief, we have considered this, but realized that the most commonly 

used anxiolytic drugs (benzodiazepams) have side effects, such as decreased motility, which 

could be a confounder. While we recognize that there is no perfect solution, the 

pharmacological approach we chose was to test anti-migraine medications to validate the 

migraine-like aspect of the light aversion phenotype. 

 

The test seems to present high variability. Please comment on this and add the number of 

animals used in each experimental protocol in the figure's legends. 

Response: The reviewer is correct. There is high variability in the average time in light in both 

CD1 and C57BL/6J mice after i.p. vehicle or CGRP. We have added this to the manuscript along 

with power analysis data, page 10-11. Based on the power analysis, to see significant light 

aversion, 10-12 mice per group are needed for CD1 and C57BL/6J mice with i.p. CGRP and for 

optogenetic C57BL/6J mice. However, our group size for the C57BL/6J mice was considerably 

larger than the CD1 mice, as presented in Fig. 2A and 2B, because the C57BL/6J mice were 

unresponsive to CGRP in a subset of the tests, which was stated in the publication (Mason, B.N., 

et al., J Neurosci, 2017). We still do not know why some cohorts of C57BL/6J were non-

responsive and have seen it twice since as well. What it does mean is that multiple cohorts 

were used to account for this high variability in light-aversive behavior in these mice, ensuring a 

convincing result. Specifically, two experiments were combined for the CD1 mice and four 

experiments were combined for C57BL/6J mice with i.p. CGRP (Mason, B.N., et al., J Neurosci, 

2017). Such variability also exists in human subjects. This would be an interesting topic to 

explore in the future. We have also added the number of mice in figure legends. 
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There is evidence that systemic CGRP does not cross the blood brain barrier. Please comment 

on this and also on the role of peripheral and central CGRP in inducing light aversion. 

Response: The reviewer is correct. We agree that there is no evidence that CGRP can cross the 

blood brain barrier. We have added this point to the introduction, page 2.  While we think that 

the likely sites of peripheral CGRP action are outside the brain, we acknowledge that we cannot 

rule out central action at circumventricular organs. CGRP binding and the receptor component, 

RAMP1 mRNA is distributed in the subfornical organ and area postrema, which lack blood brain 

barrier characteristics (Eftekhari, S., & Edvinsson, L. Ther Adv Neurol Disord., 2010). But the 

function of the CGRP receptor in these regions is unknown. Previous studies in our lab showed 

that i.p. injection of CGRP did not induce light aversion under 55 lux in nestin/hRAMP1 mice in 

which hRAMP1 is overexpressed in the nervous tissue. Conversely, i.c.v injection of CGRP 

induced light aversion under 55 lux in the nestin/hRMAP1 mice (Mason, B.N. et al., J Neurosci, 

2017).  It suggests that peripheral injection of CGRP is unlikely to cross the blood brain barrier in 

sufficient amounts to exert an effect centrally.  

 

In this light aversion detected in this paradigm observed with other pain-induced mediators? 

Response: This is an interesting question. We do not know. We have not tested other pain-

induced mediators in our paradigm. We have added this caveat to the discussion, page 12. 

 

C57BL mice showed reduction in the time in center in the OF test 10 min after CGRP injection 

(Figure 2D). CGRP has a very short half-life and one single systemic injection does not reflect 

sustained CGRP release that occurs during a migraine crisis. Please comment on this limitation. 

Response: We thank the reviewer for bringing up the timing issue. With respect to Figure 2D, 

while it appears that there is a decrease in time in center, it is not statistically significant and 

likely reflects normal variation in mouse behavior. Furthermore, that 10 min dip was not seen in 

other studies (Recober A. et al., J Neurosci, 2009; Kaiser, E.A., et al., J Neurosci, 2012; Mason 

B.N. et al., Cephalalgia, 2020; Kuburas A. et al., J Neurosci, 2021) and does not correlate with 

the time in light behavior. 

With respect to the duration of CGRP effect and its short half-life in plasma (5-7 min), that is an 

interesting point. We have added this point to the discussion, page 12. In short, we recognize 

the caveat that a single acute injection cannot replicate prolonged elevation that is likely 

experience in episodic and even more so in chronic migraine. This would be an interesting topic 

to explore in the future, for example with an osmotic pump for prolonged elevation. 

 

Reviewer #2: 

Manuscript Summary: 



In this study, authors used 1) modified light/dark box with a range of light intensities (55 lux to 

27,000 lux) to explore light aversive behaviors induced by CGRP injection, 2) modified open 

field assay to distinguish anxiety-like behavior from light aversive behavior, in CD1 and 

C57BL/6J mice strains and for optogenetic stimulation studies. They found that CGRP induces 

anxiety-free light aversive response in these two strains. Moreover, optical stimulation of 

CaMKIIa-expressing neurons in the posterior thalamic nuclei induces light aversion in both dim 

and bright light. 

 

 

Reviewer #3: 

Manuscript Summary: 

"Investigating migraine-like behavior using light aversion in mice" is a methods paper, 

describing the use of the light sensitivity assay in mice, especially in relation to migraine and 

photophobia. The authors have done an extensive work of validating their light sensitivity assay 

with two models. The animals are habituated to the test setup and are then put through the 

light-dark box protocol with a subsequent open field test to distinguish between light sensitive 

and anxiety-based behavior. The authors provoke light sensitivity in two ways: chemically by 

using the known migraine-provoking drug CGRP or optogenetically by using laser stimulation of 

certain brain regions (here AAV2-infected neurons in the posterior thalamic nuclei). Through 

trial and error, the authors describe how they eventually settled on this protocol incl. 

modification of light conditions and number of habituations days. 

Overall, this is a well-written and detailed paper with a good overview of the protocol and 

testing setup. Some concerns have been addressed below. 

 

Major Concerns: 

1) There are no detailed specifications of the animals used in the model. The authors discuss 

using two genotypes (C57BL/6J and CD1) but offer no additional information on sex, age or 

group sizes. Are both sexes used and are they used in the same test chambers? As shown in the 

attached figures, the group sizes vary quite substantially between the different experiments - 

that should be addressed. How many animals are needed to have enough power and see a 

significant effect? If this paper is to serve as a guide for other researchers interested in using 

these models, supplementary information such as whether bedding is added to the test 

chambers or whether pre-handling/habituation to the experimenter is necessary, would be nice 

as well. 

Response: We thank the reviewer for pointing out these important factors. We have added all 

the suggested information to the protocol section, page 4, and result section, page 7. In brief, 

we used both sexes, aged 10-20 weeks, and tested in the same chamber. We cleaned the 

chamber between mice to ensure that no olfactory cue was left from the previous mouse. 

There was no bedding present in the testing chamber. Habituation to the investigator was not 

necessary. 



With respect to the numbers, this is also a good point. The assay has considerable variability 

and in addition to the number of mice, we also emphasize that it is essential to do at least two 

and preferably three fully independent experiments with different cohorts of mice. We have 

added the power analysis and need for independent cohorts to the discussion, page 10-11. 

 

2) My main concern with this specific model is the use of an extremely bright light (27,000 lux), 

especially in albino mice (CD1). The extreme light intensity causes retinal damage and from an 

animal welfare standpoint, there are no cause to use this high lux. (If of interest, see this 

review: "Blinded by the light: retinal phototoxicity in the context of safety studies" by De Vera 

Mudry et al. (2013) https://pubmed.ncbi.nlm.nih.gov/23271306/). The authors reference other 

studies using different light intensities (l. 453) - being 700 (ref. 23), 1000 (ref. 24) and 7000 lux 

(ref. 25), respectively. However, there is still a huge leap from that to 27,000 lux. The authors 

also discuss the difference between blue and yellow light, but it is not clear which light they use 

themselves (lines 453-456). The authors do mention that high light intensity might have a 

negative effect (lines 456-458) but because of the nature of this methods paper (and from an 

animal welfare standpoint) some argumentation or explanation on the light source and 

intensity should be added (does not have to be long). 

Response: The reviewer has raised a good point and we appreciate the literature 

recommendation, which we have added to the manuscript. We agree that intense light could 

cause retinal damage, especially with CD1 albino mice. However, for the light damage exposure 

paradigm, studies usually exposed mice eyes directly to the light (White D.A., et al., Invest. 

Ophthalmol. Vis. Sci. 2007) or expose mice to the light for several hours to induce retinal 

damage (e.g. 30k lux for 4 hrs, Song. D. et al., PLOS ONE, 2017). Moreover, in the light/dark 

assay, there is a dark zone for the mouse to escape from the bright light. In addition, previous 

studies in our lab detected the time C57BL/6J mice spent in light using <0.05, 55, 1000 and 

27,000 lux and found mice spent similar time in the light zone under 55, 1000 and 27,000 lux 

(Kuburas A. et al., Invest Ophthalmol Vis Sci. 2014). CD1 mice exhibited similar time in the light 

at 27,000 lux as the C57BL/6J mice (Mason, B.N., et al., J Neurosci, 2017). In unpublished data, 

we have seen that CD1 mice showed similar time in the light at baseline (~1/3) under 55 lux and 

27,000 lux. This suggests that 27,000 lux does not have a negative effect on the eyes of CD1 and 

C57BL/6J mice under the conditions of the assay. Nonetheless, we appreciate the animal safety 

concern and the explanation has been added to the discussion, page 13. We have pointed out 

that caution should be taken on the choice of light intensity when using different mouse strains.  

Regarding the light wavelength, we use the daylight LED panel with a daylight-balanced color 

(5600K) and a 60° flood beam spread, yielding no shadowing at a height of ~30 cm from the 

floor of chamber at either 55 lux or 27,000 lux. We have added the explanation on the light 

source to the discussion, page 12. 

 

Minor Concerns: 



1) There are many different protocols to the light-dark box as well as specifications. Perhaps the 

authors could mention why they use a 50/50 setup with light and dark side when some use 1/3 

dark and 2/3 light? 

Response: The reviewer raised a good point. We have added the rationale to the introduction, 

page 2. In brief, we do not know if one size is preferable to another. We have seen similar 

results with two different chambers that differ in overall size, but both are 50/50 dark and light 

(Recober, A., et al., Neuropharmacology, 2010). 

 

2) Line 161: are the lights on or off in the testing room when the mice habituate? Although it is 

mentioned in studies from the same group (ref. 14), ideally it should also be written here as it is 

a methods paper. 

Response: Mice are tested during the light hours. We do not want to alter their circadian 

rhythm, so lights are on in the testing room when the mice are habituated. We have added it in 

the protocol, page 4. 

 

3) Regarding the protocol for open field optogenetics (lines 273-275): the lux is measured to 

1000 instead of 55 because of the probe although it should be the latter. The authors state 

"even though the light intensity is different, the open field assay is a light-independent test", 

however, that does not seem like enough of an argument. In theory, the open field is light-

independent but perhaps the shift in light intensity for the optogenic mice may alter the 

behavior regardless? Have the authors examined whether they see altered behavior or 

avoidance of the brighter 1000 lux areas compared to the dimmer ones? If possible, this should 

be addressed. 

Response: We thank the reviewer for the insight. We agree that it should be 55 lux. But 

because of the patch cord, it is impossible to do so.  Kuburas et al. (Kuburas A. et al., Invest 

Ophthalmol Vis Sci. 2014) demonstrated that there was a trend for C57BL/6J mice to spend less 

time in the center at 27,000 lux compared to 55 lux, suggesting that light intensity may 

influence the behavior of mice. Despite this trend, there is no significant difference between 

control and experimental mice at either 55 lux or 27,000 lux, suggesting that light intensity 

would not affect the difference between control and experimental groups, and thus not affect 

the interpretation. Thus, we feel confident using 1000 lux in the open field test. Besides, the 

same light-aversive results were obtained in 55 and 27000 lux for optogenetic mice in the 

light/dark assay. We have added it to the discussion, page 11, and pointed out that wireless 

optogenetics would help solve the problem. 

 

4) There is a mistake in the lines 290 - 296. Firstly, the authors write that CGRP DECREASES time 

spent in light. Then it is written that CGRP DECREASED time resting in dark zone. I think the 

wording should be increased, when discussing time resting? Because in the figure (2D), the 



authors have shown that CGRP-treated animals significantly rest more than vehicle animals, 

when in the dark. 

Response: We apologize for the mistake. We have corrected it. 

 

5) The sentence "These phenotypes are congruent with the observation that migraine patients 

preferentially seek a dark space to rest during an attack." (lines 296-297) is an over-

interpretation of the animal model. Although it would be nice, I would argue that one cannot 

translate the behavior so directly. Migraine patients may prefer to be in the dark and are 

indeed often resting (whether it be in the dark or not) but it cannot be directly translated to say 

that the phenotype of resting slightly more in the dark side of the light-dark box is 

corresponding to patients seeking dark spaces to specifically rest in. Perhaps pain (allodynia) or 

something else could be responsible for the increased resting time. If possible, this should be 

rephrased. 

Response: We thank reviewer for the suggestion. We agree that it is over-interpreted. We have 

deleted the sentence.  

 

6) Regarding the optogenetic protocol: the authors mention in lines 308-309 that the same 

effect was seen at 55 and 27,000 lux. Although it seems obvious, it would be nice if a statement 

was put in on why 55 lux was then used for further studies. 

Response: We thank the reviewer for the suggestion. We have added the reason for testing at 

55 lux to the result section, page 8. Migraine patients are sensitive even to a dim light. It led us 

to test these optogenetic mice at 55 lux. Surprisingly, optogenetic C57BL/6J mice also showed 

light aversion under 55 lux. 

 

7) In the discussion section (starting at line 429), from line 438 on: the authors compare the 

modified elevated plus maze model from the Mogil group to their own where mice have to 

"select between remaining in comfort of the dark chamber or embracing their vulnerability and 

exploring the light chamber". This statement is a bit too much of a stretch. The modified 

elevated plus maze with opposing lights is a more complicated model and the behavior 

advances to risk assessment as well. I would not qualify the light/dark box to measure such 

complex behavior, it is more of a light sensitivity and anxiety test. Perhaps the authors could 

rephrase this section. 

Response: We thank the reviewer for the suggestion. We agree that the modified elevated 

maze is a more complex test. We have deleted the sentence “mirrors ours with mice being 

required to select between remaining in comfort of the dark chamber or embracing their 

vulnerability and exploring the light chamber” to ensure that we are not attempting to make a 

direct comparison. We were guilty of becoming a bit too poetic for a scientific paper, which was 

not appropriate. 



 

8) Regarding statement in lines 441-446: the authors should make clear that these references 

are from experiments in rats which might not yield the same response as nitroglycerin in mice. 

Response: We thank the reviewer for the suggestion. We made the amendment, page 12. 

 

9) Regarding the discussion section starting at line 478: the wording implies that the model is 

migraine specific. However, I would argue that the model is only migraine-specific when 

migraine-relevant drugs are used. Light aversion is relevant in many different fields, and the 

authors' overall protocol and setup could likely be used for other disorders as well. Perhaps a 

short statement or sentence about how the model is not restricted to only migraine research 

but can be migraine-specific when using the relevant drugs, could be added. 

Response: We thank the reviewer for the suggestion and certainly agree that this assay is 

applicable beyond migraine. Light aversion is not only involved in migraine, but also other 

diseases, like bradyopsia, acute ocular injury or inflammation, traumatic brain syndromes, Lyme 

disease, albinism and cone dystrophy etc. (Thiels, E. Curr. Eye Res., 2008). We have made this 

point and added other photophobia-related disorders in the discussion, page 13-14. 

 

10) Although it seems obvious, I would like to see one sentence somewhere in the manuscript 

about the relevance of the post-treatment exposure and why it is used. (This is also mentioned 

in the authors' other paper (ref. 14) but should also be written in this methods paper) 

Response: We thank the reviewer for the suggestion. The purpose of the post-treatment 

exposure is to identify whether mice have fully recovered from the CGRP injection which was 

administered 2 days prior. This is essential prior to running the open field assay or any other 

assay, to make sure that no prolonged treatment effect is present that will influence mice’s 

future behavior. We have added it to the discussion, page 9. 

 

11) I would like to see a short discussion or explanation on the testing time. Why are the 

animals tested for 30 min? Some of the authors' previous work test the mice for 20 min, for 

example. 

Response: Thanks for the reviewer’s insight. The early publications from our lab tested mice in 

the light/dark assay for 10 min. Mice spent less time in the light at 0-5 min and 5-10 min in the 

treatment group compared to the control group (Recober, A., et al., Neuropharmacology, 

2010), but the second interval showed a greater effect. Based on this observation, along with 

our effort to reduce exploratory drive to reveal a CGRP effect in wildtype mice, we extended 

the testing time to 20 min (Kaiser, E.A., et al., J Neurosci, 2012). Finally, we reasoned that a 

longitudinal analysis might be informative, so we extended the testing time to be 30 min 

(Mason, B.N., et al., J Neurosci, 2017). In unpublished data, we have found that all mice tend to 

spend more time in the dark after 30 min, most likely due to diminished exploratory drive over 



time. Thus, we chose to use 30 min as the stopping point for our following tests. We have 

added this point (without the unpublished data) in the discussion, page 10. 

 

12) Overall, the figures are nice, and I appreciate the setup pictures as well. However, the 

differences between Figure 1C and 1D is not very clear. Either arrows indicating the 

modifications or better lighting should be added to 1D because it is difficult to see atop the dark 

side. Alternatively, I would argue that 1E might be enough to show the alteration. Also, if a 

clearer picture of 1F is possible, that would also be good. 

Response: We thank reviewer’s suggestions. We have edited the image to make sure it is clear. 

 

Thank you. 
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