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Abstract 41 

Opsin-3 (Opn3, encephalopsin) was the first non-visual opsin gene discovered in mammals. 42 

Since then, several Opn3 functions have been described, and in two cases (adipose tissue, 43 

smooth muscle) light sensing activity is implicated. In addition to peripheral tissues, Opn3 is 44 

robustly expressed within the central nervous system, for which it derives its name. Despite this 45 

expression, no studies have investigated developmental or adult CNS consequences of Opn3 46 

loss-of-function. Here, the behavioral consequences of mice deficient in Opn3 were 47 

investigated. Opn3-deficient mice perform comparably to wild-type mice in measures of motor 48 

coordination, socialization, anxiety-like behavior, and various aspects of learning and memory. 49 

However, Opn3-deficient mice have an attenuated acoustic startle reflex relative to littermates. 50 

This deficit is not due to changes in hearing sensitivity, even though Opn3 was shown to be 51 

expressed in auditory and vestibular structures, including cochlear outer hair cells. Interestingly, 52 

the acoustic startle reflex was not acutely light-dependent and did not vary between daytime 53 

and nighttime trials, despite known functions of Opn3 in photoreception and circadian gene 54 

amplitude. Together, these results demonstrate the first role of Opn3 on behavior, although the 55 

role of this opsin in the CNS remains largely elusive.  56 
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Significance Statement 57 

Despite developmental and adult expression of Opsin-3 (Opn3, encephalopsin) in the cerebral 58 

cortex, striatum, thalamus, cerebellum, vestibular and auditory structures, and numerous nuclei 59 

of the hypothalamus and brainstem among other areas, mice that lack Opn3 have remarkably 60 

normal performance in a variety of cognitive, motor, and auditory tests. This study identifies a 61 

role for Opn3 in the potentiation of the acoustic startle reflex as the first function of Opn3 on 62 

behavior. While most behaviors assessed do not vary between Opn3-expressing and Opn3-63 

deficient mice, this study establishes an important baseline into the behavioral physiology of 64 

Opn3 and provides the first insights into the functions of Opn3 within the central nervous 65 

system.66 
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Introduction 67 

Animals have evolved a family of specialized G protein-coupled receptors, known as opsins, to 68 

detect and respond to light. When Opsin-3 (Opn3) was discovered, expression was shown in 69 

the mammalian brain. The opsin was thus termed encephalopsin (Blackshaw and Snyder, 1999; 70 

Halford et al., 2001). More recent analysis has shown that Opn3 is expressed quite broadly in 71 

tissues outside the central nervous system. Several roles for encephalopsin have been defined. 72 

These functions include regulation of peripheral clock gene oscillation amplitude (Buhr et al., 73 

2015; Upton et al., 2021) and light-dependent smooth muscle relaxation (Barreto Ortiz et al., 74 

2018; Dan et al., 2021; Wu et al., 2021; Yim et al., 2020, 2019). In addition, Opn3 in white 75 

adipocytes is required for light-dependent enhancement of lipolysis and regulation of body 76 

temperature (Nayak et al., 2020; Sato et al., 2020). A role for Opn3 in skin pigmentation has 77 

also been proposed (Haltaufderhyde et al., 2015; Ozdeslik et al., 2019; Regazzetti et al., 2018). 78 

In the periphery, functions of Opn3 were demonstrated to be both light-dependent (Barreto Ortiz 79 

et al., 2018; Dan et al., 2021; Nayak et al., 2020; Regazzetti et al., 2018; Sato et al., 2020; Wu 80 

et al., 2021; Yim et al., 2020, 2019) and light-independent (Haltaufderhyde et al., 2015; Ozdeslik 81 

et al., 2019). There is currently no clear function for Opn3 within the brain. 82 

Opn3 is expressed broadly throughout the brain and spinal cord. This expression begins 83 

early in neurodevelopment in post-mitotic neurons and expression continues throughout life in 84 

most brain areas (Davies et al., 2021; Olinski et al., 2020). During development, Opn3 appears 85 

to be expressed in all cranial and spinal nerves, most thalamic nuclei, the cerebellum, cortex, 86 

striatum, and several hypothalamic nuclei (Davies et al., 2021). Within the cortex, Opn3 is 87 

expressed in layer V pyramidal neurons whereas in the striatum, Opn3 is expressed in Pthlh+ 88 

interneurons (Muñoz-Manchado et al., 2018; Zeisel et al., 2018, 2015). In the cerebellum, Opn3 89 

is expressed in a subset of Purkinje neurons (Blackshaw and Snyder, 1999; Davies et al., 90 

2021). Given the diverse roles of the various Opn3-expressing neurons in the developing and 91 
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adult mouse, a broad survey of behaviors was required to investigate the role of Opn3 within the 92 

central nervous system. 93 

Across a variety of behaviors, Opn3-deficient mouse performance was comparable to 94 

wild-type mice except for the acoustic startle reflex, in which Opn3-deficient mice had an 95 

attenuated response. Despite previous studies in which Opn3 functions in circadian rhythmicity 96 

and direct light-responsiveness, the acoustic startle reflex (ASR) was not acutely modulated by 97 

time of day or by ambient lighting. Additionally, despite Opn3 expression in cochlear outer hair 98 

cells, loss of Opn3 did not affect hearing sensitivity or hair cell survival. These results indicated 99 

that attenuation of the acoustic startle reflex was likely to be centrally mediated. Remarkably, 100 

rotarod performance did not vary by genotype despite high expression of Opn3 in the striatum, 101 

thalamus, and cerebellum. Together, these results identify the first role for Opn3 on behavior 102 

and indicate that the startle response is reduced by the loss of Opn3. 103 

Materials and Methods 104 

Experimental Animals 105 

All animal use was conducted in accordance with protocols approved by the Institutional Animal 106 

Care and Use Committee at Cincinnati Children’s Hospital Medical Center. All mice were reared 107 

on a 12:12 light-dark cycle with access to food and water ad libitum. Prior to behavioral 108 

experiments, mice were transferred to a 14:10 light-dark cycle and given at least two weeks to 109 

adjust prior to assessment. For behavior assessment, all mice were 2-3 months old at the start 110 

of experiments. No more than one male and one female per genotype was used per litter to 111 

minimize maternal and litter effects. Behavioral testing was conducted in the Animal Behavior 112 

Core at Cincinnati Children’s Hospital Medical Center. Experimenters performing behavioral 113 

assessments were blinded to genotype. Previously described mouse lines used in this study 114 

include: Opn3-eGFP, Opn3creER, Opn3lacZ, Opn3flox, Rosa26Ai6(ZsGreen), and Emx1-cre (Buhr et al., 115 
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2015; Gorski et al., 2002; Nayak et al., 2020). Male and female mice were used for all 116 

behavioral experiments. 117 

Behavioral Assessments 118 

Acoustic Startle Reflex with Prepulse Inhibition: The startle reflex was assessed in SR-LAB 119 

apparatus (San Diego Instruments, San Diego, CA) by placing mice in cylindrical enclosures 120 

with a piezoelectric accelerometer attached and within a sound-attenuated chamber as 121 

described (Mann et al., 2019). Following a 5-min acclimation period, a 4 x 4 Latin square 122 

sequence of trials was presented consisting of: pulse (20 ms, 120 dB SPL white noise with 123 

1.5 ms rise time), pulse with 59 dB SPL prepulse, pulse with 70 dB SPL prepulse, or pulse 124 

with 80 dB SPL prepulse. Prepulses were presented for 20 ms and occurred 70 ms prior to 125 

pulse onset. The intertrial interval was between 4-12 s. Each set of 16 trials was repeated 126 

until a total of 100 trials/day for 2 days. For Opn3lacZ experiments, mice were tested with the 127 

experimental design on two successive days during the circadian day with a white house 128 

light on within the sound attenuated chamber. For Emx1-cre experiments to assess the role 129 

of cortical Opn3, light, and time of day, mice were tested on four successive days at either 130 

CT2 (subjective day) or CT16 (subjective night) with the house light either on or off and 131 

adapted to the light or darkness for 20 min prior to testing. The response was determined as 132 

the maximum amplitude response (mV) within 100 ms of stimulus onset. 133 

Auditory Brainstem Response: Three monopolar needle electrodes (a recording at the base 134 

of the ear, a reference at the apex of the skull, and a ground at the base of the opposite ear) 135 

were placed into a ketamine-xylazine anesthetized mouse. Mice were between 2-3 months 136 

of age. Rectal temperature was monitored via rectal thermometer and controlled via a 137 

heating pad for the duration of data collection. Electrodes were connected to a pre-amplifier 138 

(Medusa RA4PA, Tucker Davis Technologies (TDT), Alachula, FL) and bandpass filter (0.3 139 

– 3 kHz) for digitization of the electrophysiologic activity using TDT’s RZ6 processor and 140 
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BioSigRz software. A speaker (MF1, TDT) was placed 6 cm away from the ear and a 141 

microphone (B&K4938, Bruel & Kjaer, Denmark) was placed immediately next to the left ear 142 

for calibration of stimulus intensity. Stimuli were generated with SigGenRz software (TDT) 143 

and included 100- μs clicks and 20-ms tonebursts with center frequencies of 8, 16, and 32 144 

kHz with an inter-stimulus interval of 100 ms. The auditory brainstem response (ABR) 145 

waveforms were averaged over a minimum of 500 stimulus repetitions. ABR threshold 146 

searches were completed by presenting clicks and tonebursts in descending intensity steps 147 

of 5 dB from 100 to 10 dB SPL. ABR threshold was identified as the lowest sound intensity 148 

in dB SPL at which the waveform peaks (i.e. peaks I-V, see Figure 3G) remained 149 

distinguishable from the background electroencephalographic activity. 150 

Rotarod Performance Test: Mice are placed on an automated computer-controlled rotating 151 

rod (San Diego Instruments, San Diego, CA). The speed gradually increased until mice 152 

were no longer able to remain on the rod and fell to a padded surface. Total distance 153 

travelled and latency to fall were recorded. 154 

Three Chambered Social Approach: Mice were placed in the middle chamber of a three-155 

chamber apparatus and allowed to habituate for 10 min then removed. A stranger mouse 156 

was placed in a small holding cage in the left or right chamber and the test mouse was 157 

placed back in the center chamber and tracked for time spent in each chamber (Amos-158 

Kroohs et al., 2016). 159 

Elevated Zero Maze: Elevated zero maze was performed as described (Mann et al., 2019). 160 

The elevated zero apparatus was a 50 cm inner diameter circular platform divided into four 161 

quadrants; two opposing quadrants had 15 cm high walls whereas the remaining two 162 

quadrants are open except for a clear 0.5 cm high acrylic curb. Mice were placed into a 163 

walled quadrant and allowed to explore for 5 min. Movement was video recorded and 164 

analyzed with AnyMaze software (Stoelting Instruments, Wood Dale, IL). The latency to 165 
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enter an open quadrant, time spent in an open quadrant, and number of entries into an open 166 

quadrant were measured. 167 

Novel Object Recognition: Novel object recognition was performed as described (Mann et 168 

al., 2019). Mice were habituated to a 40 cm x 40 cm AnyBox with AnyMaze tracking 169 

(Stoelting Instruments, Wood Dale, IL) for 10 min on day 1 with a different object in each 170 

corner. On the test day, mice were familiarized for 10 min to four identical objects, different 171 

from those used in habituation. Next, mice and objects were removed. Following a 1 h 172 

delay, mice were returned to the chamber with three copies of the familiar object and one 173 

novel object. Mice were given 30 s of combined time to interact with objects. Response was 174 

measured as the time interacting with the novel object. 175 

Fear Conditioning: Fear conditioning took place over 4 days. On day 1 (acquisition), mice 176 

were placed into the apparatus (25 cm x 25 cm; San Diego Instruments, San Diego, CA) 177 

that each had a speaker, light, metal floor grid, and an array of infrared beams (1.5 cm apart 178 

in XY coordinates) that was situated inside a sound attenuating cabinet. Following a 6 min 179 

habituation, mice were conditioned to 6 tone-light-foot shock pairings. For pairings, the light 180 

and tone (85 dB SPL, 2 kHz, 30 s duration) were immediately followed by a foot shock 181 

(unconditioned stimulus of 2 s duration, 1.3 mA). Light-tone-shock pairings were separated 182 

by 30 s intervals with no stimuli. On day 2 (context-dependent recall), mice were placed 183 

back into the apparatus for 6 min with no light-tone. On day 3 (cue-dependent recall), mice 184 

were placed in a different apparatus (varying in shape, color, and texture). For the first 3 185 

min, no stimuli or shock was presented followed by 10 trials of alternating 30 s periods of 186 

stimulus-on and 30 s of stimulus-off, but no foot shock. On day 4 (extinction), mice were 187 

again placed in the apparatus used on day 3 and presented with 5 trials of alternating 188 

stimulus-on and stimulus-off trials. Number of beam breaks were analyzed. 189 
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Morris Water Maze: Morris water maze tests was performed as described (Mann et al., 190 

2019; Vorhees and Williams, 2006). For all trials, mice were placed in a white polyethylene 191 

circular pool (122 cm diameter, 51 cm deep) filled to a depth of 25 cm with room 192 

temperature water (~21oC). Distinctive visual cues were placed on the walls outside the 193 

pool. Mice were tested in 4 phases: training, acquisition, reversal, and cued (Vorhees and 194 

Williams, 2006). When present, the platform was placed 1.5 cm under the surface of the 195 

water and was white as was the tank. Training consisted of 5-6 trials on one day with a 196 

visible platform from a fixed start to a fixed goal to expose mice to the test conditions. 197 

Acquisition (platform in the SW quadrant) and reversal (platform in the NE quadrant) 198 

consisted of 4 trials (90 s maximum per trial)/day for 5 days to a hidden platform from 199 

pseudo-random start positions and the platform in a fixed location and a probe trial (45 s) 200 

before platform trials on day 3 and a second probe trial on day 6 with no platform. Cued 201 

consisted of 4 trials/day for 2 days with a visible platform and curtains closed around the 202 

pool to obscure distal cues with start and platform positions randomized on each trial to 203 

prevent spatial navigation as a test of proximal cue learning. Tests were video recorded and 204 

analyzed with AnyMaze software (Stoelting Instruments, Wood Dale, IL). 205 

Immunofluorescence Staining and Confocal Imaging 206 

Unless otherwise specified, all mice used in imaging experiments were anesthetized with 207 

isoflurane and transcardially perfused with phosphate buffered saline (PBS) followed by 4% 208 

paraformaldehyde (PFA) in PBS. Brains were post-fixed in PFA overnight at 4oC and then 209 

cryoprotected in 15% and 30% sucrose. Brains were embedded and sectioned with a cryostat 210 

(Leica CM3050 S). For inner ear samples, perfusion fixed samples were dissected and mounted 211 

on glass slides. For immunofluorescence, sections were incubated in primary antibody. After 212 

primary staining, sections were washed and stained with fluorescent secondary antibodies. 213 

Finally, sections were counterstained with either Hoechst 33342 (1:1,000; Invitrogen) or Nissl 214 
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(1:100; NeuroTrace 435/455, Invitrogen) or phalloidin 594 (1:100; ATT Bioquest) before cover 215 

slipping. All images were captured with a Zeiss LSM700 confocal microscope (Jena, Germany). 216 

Quantification and statistical analysis 217 

Behavioral data were analyzed using generalized linear mixed-effect models with repeated-218 

measures (SAS version 9.2, SAS Institute, Cary, NC). Results were considered statistically 219 

significant if P < 0.05. Variance-covariance matrices of best fit were used with Kenward-Roger 220 

first order estimated degrees of freedom. Follow-up analyses were carried out by slice-effect 221 

ANOVAs for significant interactions. For ABR experiments, two-way ANOVA was performed 222 

across genotypes and frequencies for narrowband stimuli and a two-way unpaired t-test was 223 

performed for click-evoked responses. Summary and statistical table for each test can be found 224 

in Table 1-1. 225 

Results 226 

Opn3 Potentiates the Acoustic Startle Reflex 227 

When a loud noise occurs, the sound is detected by hair cells in the cochlea, which transmit this 228 

information via the vestibulocochlear nerve (CN VIII) to the cochlear nucleus (Figure 1A). For 229 

startle-eliciting noises, the cochlear nucleus excites giant cells of the caudal pontine reticular 230 

nucleus (PnC), which synapse directly onto lower motor neurons within the spinal cord to 231 

generate a flinch (Fendt et al., 2001; Fendt and Koch, 1999; Gómez-Nieto et al., 2014a, 2014b; 232 

Koch et al., 1993). This pathway occurs independent of conscious perception and is distinct 233 

from the pathway involved in auditory perception (Figure 1A). Neurons of the PnC are primarily 234 

regulated by inhibitory acetylcholine release from the pedunculopontine tegmental nucleus 235 

(PPTN), both of which express Opn3 during development (Davies et al., 2021). In turn, the 236 

PPTN is part of a larger, higher-order circuit involved in top-down regulation (Gut and Winn, 237 

2016). One way in which the ASR can be modified is by presentation of stimuli (pre-pulse) 238 
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immediately preceding the startle stimulus (pulse). A prepulse stimulus can be auditory, visual, 239 

or tactile (Yeomans et al., 2002). When a prepulse is presented during particular intervals prior 240 

to the pulse, the startle reflex is attenuated, a phenomenon known as prepulse inhibition (PPI) 241 

(Plappert et al., 2004). This complex neurological process is known as sensorimotor gating and 242 

is involved in the filtering of salient stimuli from irrelevant stimuli (the cocktail party effect) 243 

(Swerdlow et al., 2016). Sensorimotor gating is influenced by sensory systems, attentional 244 

processing, motivational salience, and arousal state. Interestingly, PPI is known to be impaired 245 

in individuals with season-of-birth-dependent neurological disorders such as schizophrenia and 246 

autism spectrum disorders as well as their first-degree relatives (Beck and Catuzzi, 2013; Braff 247 

et al., 2001; Greenwood et al., 2013, 2007; Kohl et al., 2014, 2013; Perry et al., 2007; Seidman 248 

et al., 2015; Takahashi et al., 2016; Thaker, 2008). 249 

PPI is mediated via a circuit of brain regions including the striatum, cortex, cerebellum, 250 

and thalamus, all of which express Opn3 (Blackshaw and Snyder, 1999; Davies et al., 2021; 251 

Gómez-Nieto et al., 2020; Olinski et al., 2020; Swerdlow et al., 2016). For these reasons, ASR 252 

with and without PPI was assessed in Opn3+/+ and Opn3lacZ/lacZ mice. Interestingly, while PPI 253 

was intact in Opn3-deficient mice, the baseline ASR was attenuated (Figure 1B). As Opn3 254 

expression can be detected throughout multiple components of the circuit regulating ASR, these 255 

results may either be the result of impaired startle detection (i.e. poor hearing), increased 256 

inhibition of PnC giant cells from the PPTN, or an impaired motor response. 257 

The auditory system was investigated first. Opn3 expression was detected in numerous 258 

vestibular and auditory structures, including the cochlear outer hair cells, spiral limbus, spiral 259 

ganglion and root cells of the cochlea, cristae ampullaris, and utricular macula using two distinct 260 

reporter mouse lines (Figure 2A-E). Despite this expression, Opn3-deficient mice had normal 261 

hearing sensitivity to a range of acoustic stimuli, including broadband and narrowband sounds 262 

(Figure 2F-G). Additionally, there was no evidence of worsened age-related hair cell loss in 263 
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Opn3-deficient mice (Figure 2H-M). Taken together, no differences in hearing sensitivity or hair 264 

cell survival were found that could explain the attenuated ASR. Additionally, there were no 265 

deficits in motor performance in Opn3-deficient mice that would suggest that Opn3-deficient 266 

mice would have an impaired ability to generate a normal muscle contraction (see below, Figure 267 

3, Figure 8-1C, 8-1F, 8-1I, 8-1L). Thus, by elimination, the attenuated ASR appears to be 268 

mediated via increased central inhibition of the reflex. 269 

The ASR and PPI were repeated with a protocol in which mice were either light- or dark-270 

adapted prior to test trials to assess if the startle reflex could be acutely modulated by light. 271 

Additionally, experiments took place either 2 h after lights-on (CT2) or 2 h after lights-off (CT16) 272 

to assess if there was a circadian influence on the response. Mice with conditional loss of Opn3 273 

from the cortex were used, as this was hypothesized to be a potential source of Opn3-274 

dependent top-down modulation of the ASR. Cortical deletion of Opn3 was achieved using 275 

Emx1-cre, which is expressed in excitatory neurons of the cortex and hippocampus, including 276 

cortical Opn3-expressing pyramidal neurons but not in other Opn3-expressing domains (Gorski 277 

et al., 2002). The results indicate that ASR is not acutely modulated by light (Figure 1-1). This 278 

indicates that the previous finding that the acoustic startle is attenuated in Opn3-deficient mice 279 

is not due to an acute potentiation by light acting via Opn3. Additionally, the ASR and PPI did 280 

not vary at two different times of day, during the active and inactive phases (Figure 1-1). This 281 

result suggests that the mechanism by which Opn3 facilitates the ASR is not dependent on 282 

Opn3-dependent clock gene amplitude, as seen in other non-neural Opn3-expressing tissue 283 

(Buhr et al., 2015; Upton et al., 2021). Surprisingly, loss of cortical Opn3 resulted in a 284 

potentiation of the ASR, rather than an attenuation as originally observed in germline knockout 285 

mice (Figure 1-1). These findings also demonstrated a sexual dimorphism that was not 286 

previously observed in Opn3lacZ mice, in which the entirety of the effect of genotype was driven 287 

by a potentiated response in males (Figure 1-1). Taken together, these results indicate that 288 
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Opn3 modulates the acoustic startle reflex, although not via acute light sensitivity or circadian 289 

regulation. Alternative mechanisms by which Opn3 could regulate ASR include developmental 290 

effects of the loss of Opn3, chronic light exposure, or through light-independent mechanisms. 291 

The attenuation seen in Opn3lacZ/lacZ mice does not appear to be via cortical expression of Opn3, 292 

although cortical Opn3 may function in conjunction with other Opn3-expressing domains to 293 

modulate the response. 294 

Additional Behavioral Assessments 295 

Based on the broad expression of Opn3, other behaviors were assessed. Although Opn3 is 296 

expressed in Purkinje neurons of the cerebellum, Pthlh+ interneurons of the striatum, and 297 

vestibular structures in the inner ear, which function in coordination, motor function, and 298 

balance, respectively, there were no deficits in rotarod performance (Figure 3). Despite 299 

expression in layer V pyramidal neurons and oxytocinergic neurons of the PVN, which function 300 

in social behavior, there were no Opn3-dependent differences on the three-chambered social 301 

preference test ( Figure 4). Similarly, there was no difference in anxiety-like behavior, as 302 

assessed via latency to enter open quadrants, time spent in open quadrants, or head dips 303 

during elevated zero maze (Figure 5). 304 

Given the expression in brain areas associated with higher order functions (i.e. cortex, 305 

striatum, cerebellum, thalamus), various types of memory were assessed including 306 

hippocampal-dependent memory, amygdala-dependent memory, and spatial memory. Opn3-307 

deficient mice did not have differences in novel object recognition, a test of hippocampal-308 

dependent incidental memory (Figure 6). Similarly, Opn3-deficient mice did not show 309 

differences in context-recall, cued-recall, or extinction in fear conditioning (Figure 7). Lastly, in 310 

the Morris water maze, a measure of spatial learning and cognitive flexibility, Opn3-deficient 311 

mice did not show differences in acquisition or reversal, and no differences in proximal cue 312 

learning in the visible platform phase of testing (Figure 8). Furthermore, there were no 313 
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differences in path length or efficiency and Opn3-deficient mice had similar swim speeds as 314 

control mice, again reflecting normal motor performance (Figure 8-1). Similar to ASR data in 315 

Opn3lacZ/lacZ mice, none of the above behavioral tests demonstrated an interaction between 316 

genotype and sex (Table 1-1). 317 

Discussion 318 

Despite widespread expression of Opn3, mice that lack Opn3 are remarkably similar to wild-319 

type littermates with only subtle behavioral phenotype differences. Perhaps the most surprising 320 

result is that Opn3-deficient mice have normal motor performance, both as assessed via rotarod 321 

performance as well as swim speed during the Morris water maze. This normal performance is 322 

despite loss of Opn3 from vestibular structures in the inner ear, striatal interneurons, thalamic 323 

nuclei, and the cerebellum. All these structures in different ways contribute to balance and 324 

motor coordination. Also surprising was normal hearing sensitivity across the auditory spectrum 325 

despite loss of Opn3 from outer hair cells, and normal social approach, despite loss of Opn3 326 

from oxytocinergic paraventricular neurons. One pattern that has emerged from various studies 327 

on Opn3 is that there are seldom baseline phenotypes. For example, Opn3-deficient mice have 328 

a normal baseline body temperature at room temperature. However following cold exposure, 329 

Opn3-deficient mice are unable to maintain their body temperature when compared to control 330 

animals (Nayak et al., 2020). Similarly, with ad libitum access to standard chow, Opn3-deficient 331 

mice have normal body mass, however in response to high fat diet, Opn3-deficient mice gain 332 

more weight and have increased adiposity than wild-type controls (Nayak et al., 2020; Sato et 333 

al., 2020). Thus, the lack of a phenotype in many of these behavioral paradigms may reflect a 334 

lack of Opn3 function in baseline behavior, however, under particular stressors, an Opn3-335 

dependent phenotype may manifest. In this manner, Opn3 may function in a context-dependent 336 

manner across the various tissues in which it is expressed. 337 
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Of the behaviors assessed, only the ASR had a clear Opn3-dependent effect on 338 

performance. In the absence of germline Opn3, these mice had attenuated startle reflexes. 339 

These results were consistent with a role for Opn3 in the potentiation of the reflex, via increased 340 

top-down facilitation, or in the disinhibition of the reflex, via decreased top-down suppression of 341 

this reflex. Interestingly, this effect was not acutely modulated by light or time of day, suggesting 342 

three possible explanations. First, that Opn3 may alter neurodevelopment given its robust 343 

expression early in development, although no developmental effects of Opn3 have been noted 344 

to date (Davies et al., 2021). Second, Opn3 may function in the CNS on longer timescales than 345 

20 min. However, all light-dependent effects of Opn3 have been demonstrated on the order of 346 

seconds to minutes, so this explanation seems unlikely given that it would contradict previous 347 

findings (Barreto Ortiz et al., 2018; Nayak et al., 2020; Sato et al., 2020; Wu et al., 2021; Yim et 348 

al., 2019). Lastly, Opn3 may regulate this pathway independent of light. as has been observed 349 

in other peripheral tissue (Ozdeslik et al., 2019). The findings that the ASR did not vary between 350 

the active and inactive phases is in contrast to ASR findings in rats, in which the response is 351 

greater during the active phase (Chabot and Taylor, 1992; Frankland and Ralph, 1995; 352 

Longenecker et al., 2018). Study design differences should be noted, including that this study 353 

involves mice rather than rats and that this study included prepulse inhibition throughout ASR 354 

trials. 355 

An interesting pattern that is emerging in Opn3 expression is that it is often found in 356 

multiple regions of the same pathway. For example, in the osmoregulatory system, Opn3 is 357 

expressed in the subfornical organ, the median preoptic nucleus, the paraventricular nucleus, 358 

and the supraoptic nucleus (Davies et al., 2021). Similarly, within the visual system, Opn3 is 359 

detected in RGCs in the retina, the LGN in the thalamus, and the visual cortex (Davies et al., 360 

2021). Likewise, Opn3 is detected in hair cells of the cochlea, medial geniculate nucleus of the 361 

thalamus, and the auditory cortex (Davies et al., 2021). This pattern continues for more complex 362 



 

Page 16 of 23 
 

sensory systems, such as balance/coordination where Opn3 is detected in the ampulla and 363 

utricle as well as the cerebellum, striatum, and motor cortex. This complex pattern of expression 364 

may underlie its function in these circuits and may be responsible for the findings in ASR 365 

experiments. 366 

Surprisingly, the conditional deletion of Opn3 from the cortex resulted in a potentiation of 367 

the acoustic startle reflex in males only. Not only was the direction of effect opposite than that 368 

seen in germline Opn3-deficient animals, but there was no difference between sexes in the 369 

germline knockout. One explanation for this observation is that multiple Opn3-expressing 370 

domains are contributing to the regulation of the startle reflex in an Opn3-dependent manner. In 371 

the cortex, Opn3 would appear to attenuate the reflex, whereas in another brain area, Opn3 372 

might function to potentiate the reflex. The germline results may therefore reflect either a 373 

summation of these responses, if the nuclei function in parallel, or only reflect this non-cortical 374 

contribution, if the nuclei function in series. This effect could be investigated in future studies 375 

using various mouse lines to target additional and overlapping Opn3-expressing domains. For 376 

example, a pan-neuronal cre-line would more directly support a central role for Opn3 in 377 

regulating the ASR. Telencephalon-specific cre-lines (e.g. Foxg1-cre) and striatum-specific cre 378 

lines (e.g. Dlx1/2-cre) could be compared with those that are cortex-specific (Emx1-cre) to 379 

better understand the role of Opn3 in top-down modulation of this reflex from various regions of 380 

the brain. Interestingly, all three types of estrogen receptors (α, β, and G protein coupled 381 

estrogen receptor 1) are expressed in the cortex, which may provide a source of interaction 382 

between Opn3 and the sex of the mouse (Ye et al., 2019; Zang et al., 2020; Zeisel et al., 2018, 383 

2015). It is worth summarizing that this is the only condition in which an Opn3-dependent 384 

phenotype demonstrates differences between males and females, both within this study of 385 

behavior and previous studies, although both sexes have not been routinely examined (Dan et 386 

al., 2021; Nayak et al., 2020; Sato et al., 2020; Wu et al., 2021). This result further reiterates the 387 
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need to investigate both male and female animals, unless there is a biologic or mechanistic 388 

reason they should be analyzed separately (Yim et al., 2020). Further work will be needed to 389 

identify the source of this reversal of effect on the ASR and interaction with sex. 390 

Overall, these results and the ubiquity of Opn3 expression, particularly in development, 391 

suggest that Opn3 may have important roles in various neurological systems. During 392 

development, Opn3 is the first opsin expressed, around embryonic day 9.5, and during 393 

neurodevelopment, is expressed in every spinal nerve and cranial nerve as well as a variety of 394 

cortical and subcortical structures (Davies et al., 2021). The variety of cells expressing Opn3 395 

likely suggests that its role in these neurons is more global, rather than specific to a particular 396 

neural/sensory system. Despite this widespread expression of Opn3, their behavior is 397 

remarkably normal. There may be functional redundancy between Opn3 and another protein 398 

which would hinder changes in the Opn3 loss-of-function mice. Thus, while Opn3 likely has 399 

developmental functions within the nervous system given its breadth of expression, its precise 400 

role remains to be determined. 401 

This study represents a broad assessment of Opn3 under baseline conditions. Most 402 

behaviors were unaffected by germline loss of Opn3, including locomotor and auditory 403 

functions, with the exception of the ASR. Given the lack of baseline effects in other Opn3-404 

dependent functions, elucidating the role of centrally expressed Opn3 may require additional 405 

stressors or else, loss of Opn3 may mediate susceptibility to other neurological insult, either 406 

developmentally or in the adult. Based on previous studies on Opn3, these results would predict 407 

that conditions that increase hypervigilance in an animal would exacerbate the difference in 408 

ASR between mice with and without Opn3.409 
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Figure Legends 542 

Figure 1: Acoustic startle reflex, but not prepulse inhibition, is potentiated by Opn3. (A, 543 
left) Pathway from hair cells within the cochlea to muscle twitch in the acoustic startle reflex. (A, 544 
right) Pathway from hair cells within the cochlea to cortex for conscious auditory perception and 545 
anatomical location of waves generated during the auditory brainstem response. (B) Pulse (120 546 
dB SPL was presented alone or with 59, 70, or 80 dB SPL prepulse. Same protocol was used 547 
across days. P-values reflect significant effects of genotype at given prepulse intensity for each 548 
given day. Abbreviations: CN (cochlear nucleus), CN VIII (vestibulocochlear nerve), CTX 549 
(cortex), IC (inferior colliculus), MGN (median geniculate nucleus), PnC (pontine reticular 550 
nucleus), PPTN (pedunculopontine tegmental nucleus), SOC (superior olivary complex). See 551 
Figure 1-1 for additional data. 552 

Figure 2: Opn3 and the auditory system. (A,B) Expression of Opn3-eGFP in outer hair cells 553 
of the cochlea and (C) expression of Opn3creER-dependent reporter in cochlear and (D,E) 554 
vestibular structures. (F) Auditory brainstem responses in Opn3+/+ and Opn3lacZ/lacZ mice to click 555 
and low, medium, and high frequencies. (G) Representative auditory brainstem response with 556 
five peaks indicated at top. (H-M) Representative cochlear hair cells from 3-month-old Opn3+/+ 557 
and Opn3lacZ/lacZ mice. Abbreviations: IHC (inner hair cell), OHC (outer hair cells), PGP9.5 558 
(protein gene product 9.5), SG (spiral ganglion), SL (spiral limbus), SM (scala media), ST (scala 559 
tympani), SV (scala vestibuli). Scale bar: 50 μm. 560 

Figure 3: Opn3-deficient mice have normal motor performance. (A-B) Kaplan-Meier curves 561 
of two-day rotarod performance. 562 

Figure 4: Opn3-deficient mice have normal sociability. Time spent in chamber during (A) 563 
habituation and (B) when a stranger was placed in a cage within one chamber during three-564 
chambered social approach. 565 

Figure 5: Opn3-deficient mice do not demonstrate anxiety-like behavior. (A) Kaplan-Meier 566 
curve of latency to enter an open quadrant during elevated zero maze. (B) Total time spent in 567 
open quadrants and (C) number of head dips during elevated zero maze. 568 

Figure 6: Fear conditioning is not dependent on Opn3. (A) Locomotor activity during 569 
conditioning between foot-shock (unconditioned stimulus) and an auditory tone (conditioned 570 
stimulus). (B) Locomotor activity during context-dependent recall. (C) Locomotor activity during 571 
cue-dependent recall in which the conditioned stimulus is re-presented in the absence of the 572 
unconditioned stimulus. (D) Extinction of fear conditioning. 573 

Figure 7: Novel object recognition is independent of Opn3. 574 

Figure 8: Morris water maze performance in wild-type and Opn3-deficient mice. (A) 575 
Latency to submerged platform averaged across daily trials for 5 subsequent days during initial 576 
spatial learning. (B) Time spent in target quadrant once submerged platform was removed on 577 
two subsequent days. (C) Latency to submerged platform averaged across daily trials for 5 578 
subsequent days during reversal phase. (D) Time spent in target quadrant once submerged 579 
platform has been removed following spatial learning when platform was in reversal position. (E) 580 
Latency to submerged platform during cued-random phase of training and (F) latency to the 581 
cued platform when probed on subsequent days. See Figure 8-1 for additional data. 582 

Figure 1-1: Acoustic startle reflex and prepulse inhibition is not acutely dependent on 583 
lighting or time of day,but is inhibited by cortical Opn3. Average startle response in Opn3 584 
wild-type mice at either 2 h after lights-on or 2 h after lights-off in darkness or under light 585 
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exposure. (A) Averages for both combined males and females, or (B) males and (C) females 586 
analyzed separately. 587 

Figure 8-1: Morris Water Maze performance is independent of Opn3. (A) Path length to 588 
platform and (B) path efficiency per day averaged across trials during initial acquisition of spatial 589 
memory. (C) Mean swim speed per day averaged across trials during initial acquisition of spatial 590 
memory. (D) Distance, (E) platform crossings, and (F) average swim speed when hidden 591 
platform was removed for two subsequent days. (G) Path length to platform and (H) path 592 
efficiency per day averaged across trials during reversal learning. (I) Mean swim speed per day 593 
averaged across trials during reversal of platform location. (J) Distance, (K) platform crossings, 594 
and (L) average swim speed when hidden platform was removed for two subsequent days. 595 

Table 1-1: Statistical Table. Contains relevant statistical information for all statistical tests 596 
performed, included test performed for each experiment, n for each condition, and all p-values. 597 


















