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Abstract 

Various psychiatric disorders, including schizophrenia, are comorbid with sleep and circadian rhythm 

disruptions.  To understand the links between circadian rhythms and schizophrenia, we analyzed 

wheel-running behavior of Sandy (Sdy) mice, which have a loss-of-function mutation in the 

schizophrenia risk gene Dtnbp1, and exhibit several behavioral features of schizophrenia.  While 

rhythms of Sdy mice were mainly normal under light-dark conditions (LD) or in constant darkness 

(DD), they had a significantly longer free-running period under constant light (LL) compared to wild-

type (WT) littermates. The mutant mice also had a higher subjective day/subjective night ratio of 

activity under LL, indicating lower amplitude, and a lower precision of their onsets of activity under all 

three lighting conditions. These observations are reminiscent of the circadian disruptions observed in 

schizophrenia patients. This prompted us to assess schizophrenia-relevant behavioral abnormalities in 

Sdy mice following alteration of the circadian rhythms by presentation of constant light. Spontaneous 

locomotor activity, prepulse inhibition (PPI) of acoustic startle and anxiety-like behavior were assessed 

under baseline LD conditions, then in LL, and then again in LD. Under LL, the Sdy mice showed 

significantly increased spontaneous locomotion as well as deficits in PPI compared to WT mice. 

Strikingly, these behavioral deficits persisted even after the mice were returned in LD conditions. 

While LL led to an increase in anxiety-like behavior in WT animals that was fully reversed after 3 

weeks in LD, this effect was not observed in the Sdy mutants. Overall, these results suggest that 

Dtnbp1 deficiency may lead to increased vulnerability to schizophrenia under environmental conditions 

where circadian rhythms are altered.  

 

Keywords: circadian clock; light; behavior; schizophrenia; gene-environment interaction; Dtnbp1. 
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1. Introduction 

 

Circadian rhythms are endogenous cycles of about 24 h generated by a master pacemaker located 

in the suprachiasmatic nucleus (SCN) of the hypothalamus and by clocks located in other brain regions 

and in peripheral tissues [1]. At the molecular level, the circadian clock relies on self-sustained 

transcription-translation feedback loops involving clock genes [2]. By modulating physiological 

function, circadian clocks allow the organism to anticipate predictable events such as the day-night 

cycle and daily variations in food availability. Desynchronization between the endogenous rhythms and 

environmental conditions can lead to disruptions in sleep/wake behavior but also to many other health 

problems [3]. 

 Many psychiatric disorders are comorbid with sleep and circadian rhythm disruptions [4]. 

Notably, it was reported that up to 80% of patients with schizophrenia exhibit disrupted sleep, often 

accompanied by unstable circadian rhythms or misalignment of the clock and the external environment 

[5]. Indeed, sleep and circadian disruptions significantly impair the quality of life of schizophrenic 

patients, who often report that the improvement of sleep is an important treatment goal [6]. 

Interestingly, sleep efficiency was reported to be inversely correlated with the severity of psychosis in 

schizophrenic patients, suggesting that amelioration of sleep and circadian rhythm disruptions could 

improve treatment outcome [7, 8]. 

In order to elucidate the mechanisms underlying the comorbidity of sleep and circadian 

disruptions and schizophrenia, several studies have recently turned to mouse models of the disorder. 

For example, the blind-drunk mouse, which captures certain aspects of schizophrenia, was recently 

found to have phase advanced and fragmented circadian locomotor activity rhythms under a 12h-light, 

12h-dark cycle [9]. While the retinal input pathway and the free-running period under constant 

conditions seemed normal in these mice, the rhythms of two SCN outputs, vasopressin and 

corticosterone, also appeared to be phase-advanced, suggesting that the outputs of the SCN clock, 
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rather than light input or the clock mechanism itself, are affected in this model. Other models, such as 

mice with Vipr2, Nrg1 or Cckar gene deletions also display circadian disruptions including shortening 

of the free-running period, fragmentation of rest/activity rhythms and attenuation of light-induced 

phase shifts (reviewed in [10]). Overall, these putative models of schizophrenia emerge as important 

tools for further investigation on the sleep and circadian disruptions in schizophrenia.  

Dtnbp1 (dystrobrevin binding protein 1) has been identified as a risk gene for schizophrenia. 

Variations in human DTNBP1 gene were associated with schizophrenia in several genetic studies [11-

13]. Moreover, this genetic evidence is supported by post-mortem data showing reductions in DTNBP1 

mRNA and its protein product Dysbindin-1 in the hippocampus and prefrontal cortex of schizophrenia 

brains [14, 15]. The cellular functions of Dysbindin-1 are not fully understood. In various cell types, 

Dysbindin-1 was reported to bind to proteins such as cappuccino, muted, pallidin and snapin in a 

complex known as the biogenesis of lysosome-related organelle complex-1 (BLOC-1), which plays a 

role in protein trafficking in the endosomal-lysosomal system [16-18]. The neural and behavioral 

functions of Dysbindin-1 have been investigated in Sandy (Sdy) mice, which have a natural loss-of-

function mutation in the Dtnbp1 gene [19]. The autosomal recessive mutation in Sdy mice abolishes 

Dysbindin-1 protein expression, due to a 38 kb in-frame deletion in the gene [20]. Our group and others 

have previously reported that Sdy mice exhibit a number of behavioral features related to schizophrenia 

[19, 21]. For example, homozygous mutant mice display reduced prepulse inhibition (PPI) of startle, 

altered locomotor responses to amphetamine, impaired social behavior and deficits in working, fear and 

object recognition memories [21-23]. In addition, Sdy mice show altered synaptic plasticity and 

alterations in dopamine and glutamate transmission in cortical and hippocampal regions, consistent 

with schizophrenia phenotype [23-26]. 

Here we used the Sdy mouse model to study the crosstalk between circadian disruptions and 

schizophrenia. We first assessed locomotor activity rhythms in homozygous mutant Sdy and wild-type 

(WT) mice under different lighting conditions to determine whether the SCN clock is impaired by the 



5 

Dtnbp1 mutation. Second, we tested whether constant light conditions, which are known to alter rodent 

behavioral rhythms by disrupting the neuronal network within the SCN, have differential effects on the 

behaviors of WT and Sdy mice. More specifically, constant light increased spontaneous locomotor 

activity and reduced PPI in Sdy mice but not in WT mice, while it increased anxiety-like behavior in 

WT mice, an effect not seen in Sdy mice. Our data show genotype-specific effects of constant light 

conditions on wheel-running rhythms, spontaneous locomotor activity, PPI and anxiety-like behavior.  
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2. Material and methods 

 

2.1. Animals 

Dtnbp1 mutants, which were originally on a DBA/2J genetic background, were backcrossed to 

the C57BL/6J background (Jackson Laboratories) for over 10 generations. Mice for the current study 

were produced by breeding heterozygous parents (C57BL/6J background). The pups were genotyped 

using a duplex PCR procedure yielding PCR products across the deleted Dtnbp1 segment in Sdy mice, 

as reported [22]. Adult male homozygous Sdy and WT mice were used in this study.  Animal use was 

in accordance with the guidelines of the Canadian Council of Animal Care and was approved by 

McGill University Animal Care Committee. 

 

2.2. Experiment 1: Assessment of wheel-running activity under different lighting conditions 

 

2.2.1 Protocol 

The experimental timeline is shown in Fig. 1A. The experiment was conducted in ventilated 

light-proof cabinets. Light in the cabinets is controlled via an external timer, ensuring precise control 

on the lighting schedule. WT and Sdy mice were placed individually in cages equipped with running 

wheels (Actimetrics, Wilmette, IL, USA), bedding and no other enrichment. Mice had ad libitum 

access to standard mouse chow and tap water throughout the experiment. Mice (n=10-11 per genotype, 

9-10 months old) were subjected to a series of light conditions for 3 weeks each: 12h light:12h dark 

cycle (LD, 200 lux), constant darkness (DD), and constant light (LL, 200 lux). 

 

2.2.2 Measures 

The wheel revolutions were recorded and analyzed using the ClockLab software (Actimetrics, 

Wilmette, IL, USA). The last 15 days of each condition were used to determine the period (tau, 
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calculated using a χ2 periodogram and confirmed by fitting a line to the onsets of activity), the duration 

of the active period (alpha), the amount of activity, the subjective day/night activity ratio (where the 

subjective day under DD and LL conditions is the inactive period between the offset of activity and the 

onset of activity and the subjective night is the active period between the onset of activity and the offset 

of activity), the power of the Fast Fourier Transform (FFT), the cycle-to-cycle variability of the activity 

onsets (determined by the reciprocal of the standard deviation of individual activity onsets), the number 

of counts/bout of activity, the duration of activity bouts, the number of activity bouts/day (a bout is 

defined as a sustained period of activity; the threshold was set to 3 counts and the maximum gap set to 

120 min for all bout parameters), and the peak rate of activity (defined as the peak number of 

counts/min, i.e. the most wheel rotations counted in 1 min for every individual bout, averaged for all 

bouts in each conditions). Phase angles of activity onset and offset were also calculated for the LD 

cycle, by subtracting the time of daily onset of activity in the evening from the time of lights off and by 

subtracting the time that daily activity ended in the morning from the time of lights on.  

 

2.3 Experiment 2: Effect of constant light on schizophrenia-relevant behaviors 

 

2.3.1 Protocol 

The experimental timeline is shown in Fig. 1B. WT and Sdy mice were housed individually in 

running wheel cages in lightproof ventilated cabinets (n=9-10 per genotype). The animals were housed 

individually under a 12h light:12h dark cycle (LD1) for 4 weeks. Wheel-running activity was 

monitored during the first three weeks, and mice were then subjected to the following behavioral tasks 

during the fourth week, in order and separated by 48 h between the tests: spontaneous locomotor 

activity, elevated plus maze and prepulse inhibition. Mice were then subjected to constant light (LL, 

200 lux) for 4 weeks, and they underwent the same behavioral tests (same order and delays) during the 

fourth week. Finally, the mice were subjected to LD conditions again (LD2) for 4 weeks, with a third 
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identical behavioral assessment in the fourth week, to see if the behavioral abnormalities were reversed. 

Behavioral tests were all done during the daytime under LD1 and LD2 (between 2 and 5 h after the 

onset of light). Under LL, since the free-running period is longer than 24 h, we ensured that the mice 

were at the same endogenous clock phase by doing the tests during the subjective day, similar to the 

testing in the LD conditions. To define the the beginning of the subjective day (CT 0) under LL, we 

assessed the time of onset of activity of each mouse on the day before testing (onsets being more 

reliable and less variable than offsets), and assumed that the subjective day was starting half a free-

running period later. Using this approach, the exact endogenous circadian time of testing was assessed 

for each mouse: all mice but one were tested in the subjective day, with a testing time between CT 2 

and 9 for most mice. We also performed data analyses with subsets of the data set to ensure their 

robustness, and ensure that any differences we found was due to the effect of genotype and/or lighting 

condition, and not testing time. In all cases, the mice were housed in the cabinets under the same 

lighting conditions (LD or LL, depending on the part of the experiment) between testing sessions. Mice 

were 13-14 weeks old at the time of testing during LD1, 17-18 weeks old at the time of testing during 

LL, and 21-23 weeks old at the time of testing during LD2. 

 

2.3.2 Spontaneous locomotor activity 

The spontaneous locomotor activity was measured as described previously [21] using acrylic 

activity chambers (AccuScan Instruments, Inc., Columbus, OH, USA) (L×W×H=17.5×10×26 cm) in a 

dimly lit room. The chamber arenas were equipped with infrared sensors; beam breaks by the animals 

were used to assess locomotor activity. Data were collected using the Versamax Software (version 4.0, 

2004; AccuScan Instruments, Inc.). Animals were placed in the activity boxes where their spontaneous 

locomotor activity was monitored during next 90 min. The total horizontal distance traveled for the 

whole 90 min session was used in the analysis. 
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2.3.3 Elevated plus maze 

Anxiety-like behavior was assessed in an elevated plus maze. The apparatus (made up of wood, 

painted black) consists of a plus-shaped maze with two closed and two open arms, each 50 cm x 5 cm 

in size raised 70 cm above the ground. The height of the closed arm walls is 15 cm. Animals were 

placed in the central arena, facing an open arm and allowed to explore the maze for 5 min. The session 

was recorded with a video camera positioned above the apparatus, and the recordings were scored for 

the time spent in the open and the closed arms.  The ratio of time spent in the open arms vs. in the 

closed arms was analyzed as a measure of anxiety-like behavior. 

 

2.3.4 Prepulse inhibition (PPI) of acoustic startle 

PPI of the acoustic startle response was measured using SR-LAB system (San Diego Instruments, 

San Diego, CA) as described [27]. The sound-attenuating chambers are equipped with a cylindrical 

Plexiglas animal enclosure and a small electric fan, which generates a 70 dB background noise and 

provides ventilation. Broadband sound pulses are presented via a speaker positioned directly above the 

animal. An accelerometer affixed to the animal enclosure frame detects and transduces motion resulting 

from the animal’s startle response (whole body flinch). Sound pulse parameters are controlled using 

SR-LAB software, which also records the startle responses. For measuring the PPI, each animal was 

acclimated to the enclosure for 5 min before being tested during 32 discrete trials. In the first two trials, 

the magnitude of the startle response to 120 dB sound pulse (30 ms duration) was measured. These first 

two startling pulses were presented to habituate the animals to the testing procedure and were omitted 

from the data analysis. In the subsequent 30 trials, the startle pulse was either presented alone or 100 

ms after the presentation of 30 ms prepulses with intensities of 6, 9, 12 and 15 dB above the 

background noise. Each prepulse was presented five times and varied randomly between the trials. The 

animals received startle pulse alone during the other 10 trials spaced randomly. The average intertrial 

interval was 15 s (range, 5-30 s). %PPI was calculated as: 100 – [(startle response for prepulse 
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followed by pulse trials/startle response for pulse alone trials) x 100]. To assess potential differences in 

acoustic startle characteristics of the animals in different experimental groups, average startle response 

to the 10 pulse-alone trials was also analyzed separately. 

 

2.4. Hormone measurements and RIA 

The mice were housed singly under LD and then under LL (light set at 200 lux). Food and water 

were provided ad libitum. After two weeks under each lighting condition, feces samples of both WT 

and Sdy mice (n=9-10 per genotype) were collected for corticosterone measurement. Twenty-four 

hours before the start of sample collection, old bedding including feces was removed from the cages 

and replaced with a single layer of tissue to avoid contact of feces with urine. Fecal samples over the 

subsequent 24 h were then collected from each cage and stored at -80°C. Corticosterone metabolite 

extraction from each sample was performed as described [28]. Briefly, each frozen sample was thawed, 

dried overnight in a centrifugal evaporator, crushed into a powder-like material, and transferred to a 15 

mL tube. Ten mL ethanol (100%) was added to each sample, which was then boiled in a water bath for 

20 min. Tubes were then centrifuged for 15 min and the supernatant poured off into a new tube. Five 

mL ethanol was added to the pellet, the sample was vortexed for 1 min, re-centrifuged for 15 min, and 

the supernatant added to the previous 10 mL of extract. Supernatants were evaporated in a ventilated 

oven and then reconstituted with 1 mL methanol and stored at -80°C until assay. Quantification of fecal 

corticoids was done using the ImmuChemTM Double Antibody Corticosterone 125I Radioimmunoassay 

Kit (MP Biomedicals, Orangeburg, NY). To ensure antibody binding along the linear portion of the 

standard curve (20 to 80% binding), fecal extracts were diluted 1:5 with diluent provided with the RIA 

kit. All samples were assayed in duplicate, and were run in the same experiment to exclude inter-assay 

variations. The standard curve and specific volumes for all solutions and controls were prepared as 

described in the manufacturer’s protocol. 
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2.5. Statistics 

Data are presented as mean ± SEM. Running wheel activity data were analyzed using two-way 

analysis of variance (ANOVA) for lighting condition and genotype, followed by Tukey’s HSD post-

hoc test. Differences within each lighting condition were analyzed using Student's t test. The data from 

the behavioral tests were analyzed using two-way repeated-measures ANOVA for lighting condition 

and genotype, followed by Tukey’s HSD post-hoc test. The whole data sets for spontaneous locomotor 

activity and PPI were also analyzed using a three-way ANOVA to reveal any interaction of genotype, 

lighting condition, and either time (for locomotion) or prepulses (for PPI). The corticosterone excretion 

levels were analyzed by two-way ANOVA, followed by Bonferroni post-hoc test. A p value below 0.05 

was considered to indicate statistical significance.  
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3. Results 

 

3.1. Effect of different lighting conditions on locomotor activity rhythms in WT and Sdy mice 

In the first experiment, WT and Sdy mice (n=10-11 each genotype) were subjected to different 

lighting conditions. The protocol is depicted in Fig. 1A. Running wheel activity was recorded for each 

lighting condition. Representative actograms for the two genotypes and the three lighting conditions are 

shown in Fig. 2A and average activity profiles for all mice over 15 days of each lighting condition are 

shown in Fig. 2B. The results of the analysis for various parameters are presented in Table 1. A two-

way ANOVA (factors: light condition and genotype) showed that, while no main effects of genotype 

nor interactions were found for most parameters (there was a weak trend for the main effect of 

genotype for the total activity and counts/bout parameters, F1,57=2.90 and F1,55=2.96, respectively, 

p=0.09 for both), there was a condition x genotype interaction for the period (tau) (F2,57=8.0, p<0.01), 

the day/night ratio (F2,57=5.51, p<0.01) and the variability of activity onsets (F2,57=9.283, p<0.001) 

(Table 1). We then analyzed each light condition separately (sections 3.1.1 to 3.1.3). 

 

3.1.1. 12h light:12h dark cycle 

During the 12h-light:12h-dark condition, no significant differences were found between the two 

genotypes for any of the parameters tested (Fig. 2, left panels, and Table 1), except for the cycle-to-

cycle variability of activity onsets, which was higher for Sdy mice (p<0.01): 0.336±0.043 h in Sdy vs. 

0.189±0.015 h in WT (Fig. 2D, left panel). Notably, the absence of a difference in the phase angles of 

onset and offset indicated that the ability of the circadian clock to entrain to normal lighting conditions 

is not disrupted in the Sdy mice. 
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3.1.2. Constant darkness 

When subjected to constant darkness, Sdy mice exhibited no differences in their locomotor 

activity rhythms compared to their WT counterparts (Fig. 2, center panels, and Table 1), except for the 

cycle-to-cycle variability of activity onsets, which was higher for Sdy mice (p<0.05): 0.520±0.065 h in 

Sdy vs. 0.369±0.022 h in WT (Fig. 2D, middle panel). Interestingly, the lack of effect of the Dtnbp1 

mutation on the free-running period in DD (p=0.63) indicates that the endogenous circadian clock of 

Sdy mice is not significantly impaired. 

 

3.1.3. Constant light 

When mice were exposed to constant light (Fig. 2, right panels, and Table 1), Sdy mice were 

found to have a significantly longer free-running period (p<0.05): 25.5 h, compared to 24.9 h for WT 

mice (Fig. 2C, right panels). Moreover, the subjective day/subjective night activity ratio was almost 

three times higher in Sdy mice (p<0.01) (Fig. 2C, right panels). Finally, the cycle-to-cycle variability of 

activity onsets was higher for Sdy mice (p<0.001): 1.491±0.092 h in Sdy vs. 0.868±0.097 h in WT, a 

difference that was more pronounced than in LD and DD (Fig. 2D, right panel). These differences 

indicate that the circadian clock or the clock output pathways are more sensitive to the effects of LL in 

the Sdy mice. Similar observations were made under dimmer light (20 lux) in a separate experiment 

conducted with a new cohort of animals (data not shown). 

 

3.2. Effect of constant light on schizophrenia-related behaviors in Sdy mice. 

WT and Sdy mice were exposed to LD (LD1), then LL (to test the effects of LL), then LD again 

(LD2; to test if any effects of LL were rescued when mice were exposed again to an LD cycle). The 

protocol is schematized in Fig. 1B. The mice were held for 4 weeks under each condition, and different 

behaviors were assessed during the fourth week: spontaneous locomotor activity (see section 3.2.1), 

elevated plus maze (see section 3.2.2) and prepulse inhibition (see section 3.2.3). Wheel-running 
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activity was continuously monitored throughout the experiment in order to ensure that all mice were 

well entrained to the LD cycle in LD1, that they showed the expected free-run under LL and were still 

rhythmic at the time of behavioral testing, and finally that in LD2 they were well entrained to the LD 

cycle at the time of testing (data not shown). 

 

3.2.1. Spontaneous locomotor activity 

We assessed the spontaneous locomotor activity of WT and Sdy mice in a novel environment. All 

mice displayed exploratory activity in the activity chambers, and as expected, they seemed to habituate 

over the course of 90 min (Fig. 3A). A three-way repeated measure ANOVA on locomotion data over 

time showed a significant main effect of genotype (F1,54=18.11, p<0.001) and time (F17,918=48.52, 

p<0.001), but no significant three-way interaction (F34,918=1.04, p=0.402). Further analysis was 

performed on the total locomotor activity for the whole session (Fig. 3B), which showed a sustained 

increased activity under LL conditions specifically in Sdy mice. More specifically, a two-way ANOVA 

showed a significant main effect of genotype (F1,30=14.24, p<0.01) and lighting condition (F2,30=5.40, 

p<0.01), and a trend of genotype x condition interaction (F2,30=2.94, p=0.068). Given the significant 

main effects and the strong trend for the interaction, we performed post-hoc analysis, which revealed 

that WT and Sdy mice showed comparable locomotor activity in the initial LD condition (LD1). 

However, Sdy mice showed a significant increase in locomotor activity compared to WT animals 

following exposure to LL (p<0.001). Moreover, this increase in the activity of Sdy animals following 

the LL phase was also significantly enhanced compared to their activity following the LD1 phase 

(p<0.01). Interestingly, exposure to the second LD phase (LD2) resulted in a partial reversal in the 

locomotor activity of Sdy mice as their activity was significantly reduced compared to the LL phase 

(p<0.05).  However, the level of activity of Sdy mice after LD2 was still higher than for WT mice 

(p<0.05). 

 



15 

3.2.2. Elevated plus maze 

Anxiety-like behavior was assessed using the elevated plus maze test. This test showed once 

again a genotype-specific effect of the LL conditions, with the Sdy being more resistant to anxiety-

promoting effects of LL than WT mice. A two-way ANOVA on the ratio of time spent in the open arm 

vs. closed arm showed a significant main effect of light condition (F2,30=5.12, p<0.05) and a genotype x 

condition interaction (F2,30=4.37, p<0.05) but no effect of genotype (F1,30=0.11, p=0.75). While there 

was no effect of lighting condition on Sdy mice, WT mice spent significantly less time in the open 

arms after the LL condition compared to what was observed after the LD1 condition (post-hoc analysis, 

p<0.001) (Fig. 4A). Also, in LL, WT animals showed a trend toward spending less time in the open 

arms compared to Sdy mice (p=0.053). Notably, 3 weeks of LD exposure after LL (LD2) was sufficient 

to rescue the effect of LL on the anxiety-like behavior of WT mice (p<0.01). Data on the total number 

of open arm entries also showed a significant main effect of light condition (F2,30=3.59, p<0.05) but no 

effect of genotype (F1,30=0.003, p=0.96) and a trend towards significance for genotype x test condition 

interaction (F2,30=2.77, p=0.08) (Fig. 4B).  

 

3.2.3. Prepulse inhibition (PPI) acoustic startle response 

PPI is a measure of sensorimotor gating where startle responses to strong auditory stimuli are 

attenuated when the stimuli are preceded by a weaker stimulus. As observed for the spontaneous 

locomotor activity, a deficit in PPI was found under LL conditions specifically in Sdy mice, and this 

deficit was sustained even after the mice were put back in LD. In the current experiment, the acoustic 

startle response was measured using four different prepulse (PP) intensities. As is typical for this 

paradigm, all the animals displayed an increase in %PPI with increasing prepulse intensities (Fig. 5A). 

A three-way repeated measure ANOVA on %PPI across all PP intensities showed a significant main 

effect of genotype (F1,135=11.38, p<0.01), light condition (F2,135=3.79, p<0.05) and PP intensities 

(F3,135=64.05, p<0.001), but no significant three-way interaction (F6,135=1.44, p=0.203). %PPI data with 
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all PPs collapsed were then analyzed using a two-way ANOVA (Fig. 5B). This showed a significant 

main effect of genotype (F1,30=8.68, p<0.05), light condition (F2,30=4.49, p<0.05), and genotype x light 

condition interaction (F2,30=11.47, p<0.001). Upon constant light exposure (LL), the Sdy mice showed 

a significant deficit in PPI compared to WT mice (post-hoc analysis, p<0.001). The deficit in PPI in 

Sdy mice following LL exposure was also significantly lower than in Sdy mice following LD1 

exposure (p<0.001) (Fig. 5B). This deficit in PPI after LL was not observed in WT mice; in fact WT 

mice showed a slight increase in PPI, statistically non-significant. A light-dark exposure of 3 weeks 

(LD2) after LL partially reversed PPI deficits in Sdy animals (Sdy-LD2 vs. Sdy-LL, p<0.05). However, 

% PPI in Sdy mice was still significantly decreased compared to WT mice after LD2 (p<0.01). The 

baseline acoustic startle response was also analyzed by two-way ANOVA. This showed a significant 

main effect of light condition (F2,30=8.35, p<0.01) but no genotype x light condition interaction 

(F2,30=0.09, p=0.91) or main effect of genotype (F1,30=2.46, p=0.138), indicating that startle 

characteristics did not differ between the groups (data not shown). 

 

3.3. Corticosterone levels of WT and Sdy mice under LD and LL conditions 

We then wished to assess a possible contribution of stress to the interaction between lighting 

conditions and genotype. To do this, we measured corticosterone excretion (through analysis of feces 

collected over 24 h) under both LD and LL conditions, in WT and Sdy mice. We found no difference in 

the levels of corticosterone excretion between WT and Sdy mice under the LD and LL conditions (Fig. 

6). Fecal corticosterone excretion was previously shown to accurately reflect the corticosterone levels 

in the serum [29]. Thus these results indicate that the lighting conditions used in our study have no 

differential effects on corticosterone secretion between the two genotypes.  
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4. Discussion 

 

The main findings arising from our work are: 1) that the effect of exposure to constant light on 

the free-running period, the amplitude and the precision of locomotor activity rhythms are enhanced in 

Dtnbp1 mutant mice compared to WT mice; and 2) that constant light uncovers differences in 

schizophrenia-related behaviors between the mutant mice and their WT littermates. There is a sustained 

impact of constant light on the behavior of Dtnbp1 mutants, as re-introduction of the mice to a normal 

light-dark cycle failed to fully reverse the deficits. It is commonly recognized that the development of 

schizophrenia results from a number of genetic polymorphisms interacting with multiple environmental 

factors [30, 31]. In this regard, our findings provide evidence for a novel gene-environment interaction 

in the expression of schizophrenia-relevant phenotypes in mice. 

Previous research has uncovered behavioral deficits in rodents subjected to altered lighting 

conditions. Subjecting the animals to short light:dark cycles (3.5 h light:3.5 h dark or 10 h light:10 h 

dark), such that it free-runs and light occurs at irregular times with respect to the endogenous clock, 

leads to altered mood and emotion-related behavior, cognition and neuronal function [32, 33]. Under a 

short photoperiod (24 h cycles with 8 h of light and 16 h of dark), mice exhibit increased anxiety-like 

and depression-like behavior, in a strain-specific manner [34]. Closer to the experimental paradigm of 

our study, the impact of either dim light at night or constant light on mood and cognition has been 

studied in different rodent species. For example, in rats, long-term (7-8 weeks) exposure to constant 

light leads to increased depression-like and anxiety-like behavior [35], while in mice, an LL treatment 

of 5-6 weeks did not modify anxiety-like behavior [36]. Other studies, either using a shorter duration of 

LL treatment (generally 3 weeks) or a cycle with dim light at night, also found higher depression-like 

behavior but, interestingly, a reduction in anxiety-like behavior [37-39]. Overall, these studies make it 

clear that aberrant lighting impacts on behavior and brain function. Our data add to this body of 

literature by comparing for the first time the impact of constant light on schizophrenia-relevant 
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behaviors in WT vs. mice with a mutation in a schizophrenia risk gene, Dtnbp1. While WT mice 

showed no changes in general locomotion in response to LL (similar to what Fonken and colleagues 

found [39]), the same treatment increased the locomotion of Sdy mice.  

Similarly, LL conditions reduced PPI in Sdy mice. PPI is a measure of sensorimotor gating, and 

reduction in PPI is considered as a reflection of poor top-down control of startle reflex by cortical and 

subcortical brain structures such as the prefrontal cortex and the nucleus accumbens [40]. Thus, Sdy 

mice after 3 weeks in LL show sensorimotor deficits. This is reminiscent of the reduced PPI observed 

in patients with schizophrenia [41]. Notably, our data show that the startle amplitude per se was not 

significantly altered by light conditions. Also, light conditions had no significant effect on the PPI of 

WT mice, although a weak, non-significant, increase was observed between LD1 and LD2. 

Conversely, we observed an increase in anxiety-related behavior in the WT mice under LL 

(similar to the observations of Tapia-Osorio and colleagues in rats [35]), but Sdy mice seemed resistant 

to this behavioral alteration. Importantly, another new aspect of our study compared to previous 

research is that the behavioral alterations caused by exposure to LL in the context of the Sdy mouse 

genotype persist even several weeks after the mice have been returned to a regular light-dark cycle. 

This shows that the altered behavior is not merely an acute effect of the lighting condition but rather 

involves sustained changes in brain function. 

In some of the previous studies, altered lighting led to behavioral abnormalities but also to 

increased corticosterone levels. For example, in mice under a 3.5 h light:3.5 h dark cycle, 

corticosterone peak levels are higher than on a regular LD cycle [32], while in rats under LL for 

extended periods of time (more than 7 weeks), the day levels become as high as the night levels [35]. 

This led the authors to suggest that the behavioral response to altered lighting might result from the 

stressful nature of the treatment and to altered corticosterone levels. To address the possibility that the 

effects of LL on behavior may be due to increased hypothalamus-pituitary axis activation, we measured 

corticosterone levels in feces from the same animals over a full 24 h cycle in LD and in LL. We found 
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no significant effects of either lighting condition or genotype. This is consistent with other studies 

where corticosterone levels were either unaffected [37] or reduced [39, 42, 43] by the dim light at night 

or constant light. Since we measured total corticosterone excretion over a full 24 h period, our data do 

not allow us to assess whether there was an effect of the lighting conditions or genotype on the 

circadian rhythm of corticosterone (e.g. a phase shift). However, the data allow us to infer that the 

interaction of Dtnbp1 genotype and lighting conditions on schizophrenia-relevant behaviors is likely 

not related to stress under the abnormal lighting conditions. They also indicate that the effects we have 

observed in this study were not due to a direct effect of light on corticosterone secretion. 

Our findings raise the question of how Dysbindin-1 dysfunction could be linked to circadian 

rhythms deficits under constant lighting. Since disrupted rest-activity patterns mainly appear under LL 

conditions, it seems that the constant light exposure itself is causing or unmasking the differences 

observed in the mutants. Interestingly, it is known that constant light induces desynchrony between the 

neurons of the SCN [44], raising the possibility that the LL condition exacerbates pre-existing network 

connectivity impairments in the Sdy mice. Dysbindin-1 is a molecule important for intracellular 

trafficking in various cell types and for synaptic transmission [17, 19, 45]. Dtnbp1 gene is prominently 

expressed in the mouse SCN [46] (http://mouse.brain-map.org/gene/show/60877), suggesting that it 

may have a role within this hypothalamic master clock, possibly through regulation of peptide secretion 

and protein trafficking. The neuronal network in the SCN relies extensively on peptide signaling [47-

49]. In particular, the mutation of genes encoding the SCN-expressed vasoactive intestinal peptide 

(VIP) or its receptor leads to desynchrony of SCN neurons and to dampened molecular and behavioral 

rhythms [48, 49]. Generally, a tight SCN neuron synchrony and consequently, robust locomotor 

activity rhythms rely on a tight regulation of secretory pathways. Notably, SCN proteins with a 

rhythmic abundance are enriched in factors important for protein trafficking and synaptic vesicle 

cycling, and pharmacological inhibition of these mechanisms desynchronizes SCN neurons and 

dampens SCN molecular rhythms [50]. In this context, it is interesting to note that other schizophrenia-



20 

relevant mouse models studied in the context of circadian rhythms also present mutations in genes 

related to protein secretion and peptide signaling (e.g. mice KO for the VIP receptor gene Vipr2, mice 

mutant for synaptosomal associated protein (Snap)-25) [9, 10]. It is tempting to propose that 

Dysbindin-1, as part of BLOC-1 or via other protein complexes, acts on peptide signaling in the SCN, 

which is weakened in the context of the Dtnbp1 mutation, such that constant light conditions uncover a 

deficit of neuronal communication. Cellular assays assessing the SCN neuronal network of Sdy mice 

will be required to test this hypothesis. We should point out though, that the behavioral effects of the 

Dtnbp1 mutation cannot be attributed solely to the absence of the Dysbindin-1 protein. As alluded to in 

the Introduction, Dysbindin-1 interacts with a number of partners within the BLOC-1 complex, and the 

Dtnbp1 mutation in Sdy mice was reported to destabilize this complex, resulting in reductions in muted 

and pallidin (at least in the kidney) [17]. In addition to the BLOC-1 components, Dysbindin-1 also 

interacts with presynaptic proteins such as snapin, a SNAP-25-binding protein. Of note, Feng et al. 

reported reduction of snapin in the hippocampus of Sdy mice [51]. Thus, it is possible that the effects 

of light conditions on the phenotype of Sdy mice could reflect disruption in SNARE-mediated 

presynaptic release of neurotransmitters and modulators. 

As mentioned in the Introduction, the Dtnbp1 mutation leads to alterations in glutamatergic, 

GABAergic and dopaminergic transmission. While the relationships between neurotransmitter and 

behavioral changes have not been clearly established in Sdy mice, with respect to dopamine, a recent 

report shows that adolescent blockade of D2R receptors ameliorated spine deficiency, dysconnectivity 

in the entorhinal-hippocampal circuit and impairment of spatial working memory in Sdy mice [52]. 

Two of the behaviors we studied, the spontaneous locomotor activity in a novel environment and PPI, 

are especially sensitive to mesolimbic dopamine [53, 54]. Therefore, one possibility is that constant 

light produces abnormalities in Sdy mice through dopaminergic mechanisms. However, non-

dopaminergic mechanisms, e.g., serotonergic, adrenergic and glutamatergic, have also been implicated 

in these behaviors [54-56] as well as in the performance in the elevated plus maze task [57, 58]. It is 
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notable that the circadian system interacts with different neurotransmitter systems. In particular, the 

dopaminergic system is showing circadian regulation at different levels [59], and clock transcription 

factors were shown to regulate the expression of enzymes important for dopamine production. Indeed, 

knock-out of the nuclear receptor REV-ERBα and a dominant negative mutation of CLOCK protein 

both led to increased tyrosine hydroxylase expression and dopamine transmission, as well as an 

alteration of related behaviors [60-62]. The molecular clock also controls the expression of the 

Monoamine oxidase A gene [63]. Interestingly, the regulation also occurs in the other direction, as 

dopamine regulates clock mechanisms via the D2R receptor [64, 65], and dopamine depletion in the rat 

forebrain disrupts clock gene expression and wheel-running activity rhythms [66]. Interestingly, 

dopamine depletion in the brain of monkeys led to a deterioration of their locomotor rhythms in LD 

and a much higher sensitivity of the effects of LL [67]. Further studies examining neurotransmitter 

levels and activity in our paradigm are needed to resolve these questions.  

Although it is well known that sleep and circadian disturbances are often associated with 

schizophrenia [4, 5], little is known about the causal relationships between these alterations and the 

etiology of the disease. In particular, it is of high medical and social interest to know whether altered 

behavioral rhythms may lead to a worsening of schizophrenia symptoms. Here, we have used a mouse 

genetic model to uncover a two-way relationship between circadian rhythms and schizophrenia-

relevant behaviors. On one hand, mutation in a gene with altered expression in schizophrenia patients 

leads to circadian disturbances in mouse running-wheel behavior. On the other hand, lighting 

conditions that induce circadian disturbances uncover schizophrenia-like behaviors, effects which are 

long-lasting even weeks after the end of the altered lighting conditions. Alterations of circadian 

rhythms are seen in shift workers, who account for 15-30% of the workforce in industrialized countries 

[68]. More broadly, the modern lifestyle involves irregular schedules of activity and light exposure for 

a large proportion of the population. Our work suggests that such environmental or lifestyle-driven 
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alterations in behavioral and physiological rhythms could act as a predisposing factor for 

schizophrenia. 
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Figure Legends 

 

Fig. 1. Experimental design. (A) In Experiment 1, WT and Dtnbp1 mutant (Sdy) mice were subjected 

to different lighting conditions for 3 weeks each and various parameters of running wheel locomotor 

activity were evaluated in the last 15 days of each condition. Data are shown in Fig. 2. (B) In 

Experiment 2, WT and Sdy mice were exposed to a light:dark cycle (LD1), then to constant light (LL), 

and then to LD again (LD2), 4 weeks for each condition. Behavioral tests were performed in the fourth 

week of each lighting condition in the following order: spontaneous locomotor activity, elevated plus 

maze (EPM) and prepulse inhibition (PPI). Data are shown in Figs 3-5. 

 

Fig. 2. Parameters of locomotor activity rhythms of WT and Dtnbp1 mutant (Sdy) mice under different 

lighting conditions: 12h light:12h dark cycle (LD) (left panels), constant darkness (DD) (center panels) 

and constant light (LL) (right panels). (A) Representative actograms for the three lighting conditions 

and the two genotypes. Only the last 15 days of each condition, which were used to determine the 

rhythm parameters, are shown. (B) Activity profiles, averaged for all mice, over the 15 days (black 

line, WT; grey line, Sdy). (C) Period (tau) and day/night (or subjective day/subjective night in DD and 

LL) activity ratio. (D) Cycle-to-cycle variability of the activity onsets. Student's t test: *** p<0.001, ** 

p<0.01, * p<0.05.  

 

Fig. 3. Spontaneous locomotor activity in WT and Dtnbp1 mutant (Sdy) mice following exposure to 

different lighting conditions. The test was performed during the daytime under LD1 and LD2 (between 

2 and 5 h after the onset of light) and generally during the subjective day (rest period) under LL. (A) 

Time course of locomotor activity over 90 min. (B) Total distance traveled during the whole 90-min 

session. Two-way ANOVA for genotype x condition interaction, F2,30=2.94, p=0.068 (trend); main 
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effect of genotype, F1,30=14.24, p<0.01; main effect of condition, F2,30=5.40, p<0.01. Post-hoc analysis: 

*** p<0.001, ** p<0.01, * p<0.05. 

 

Fig. 4. Anxiety-like behavior assessed by elevated plus maze test in WT and Dtnbp1 mutant (Sdy) mice 

following exposure to different lighting conditions. The test was performed during the daytime under 

LD1 and LD2 (between 2 and 5 h after the onset of light) and generally during the subjective day (rest 

period) under LL. (A) Ratio of the time spent in open arms vs. closed arms. Two-way ANOVA for 

genotype x condition interaction, F2,30=4.37, p<0.05; main effect of condition, F2,30=5.12, p<0.05 (no 

main effect of genotype, F1,30=0.11, p=0.75). Post-hoc analysis: ** p<0.01, * p<0.05. (B) Number of 

entries in the open arms. Two-way ANOVA for genotype x condition interaction, F2,30=2.77, p=0.08 

(trend); main effect of condition, F2,30=3.59, p<0.05 (no main effect of genotype, F1,30=0.003, p=0.96). 

 

Fig. 5. Prepulse inhibition (PPI) of acoustic startle response in WT and Dtnbp1 mutant (Sdy) mice 

following exposure to different lighting conditions. The test was performed during the daytime under 

LD1 and LD2 (between 2 and 5 h after the onset of light) and generally during the subjective day (rest 

period) under LL. (A) Prepulse inhibition, as a function of prepulse intensities (PPs). (B) Prepulse 

inhibition collapsed across all PP levels. Two-way ANOVA for genotype x condition interaction, 

F2,30=11.47, p<0.001; main effect of genotype, F1,30=8.68, p<0.05; main effect of condition, F2,30=4.49, 

p<0.05. Post-hoc analysis: *** p<0.001, ** p<0.01. 

 

Fig. 6. Corticosterone excretion in WT and Dtnbp1 mutant (Sdy) mice during different lighting 

conditions. Samples were collected over 24 h under a light:dark cycle (LD) and constant light (LL). 

Two-way ANOVA for genotype x condition, F1,35=0.0105, p=0.92; main effect of genotype, F1,35=3.37, 

p=0.07; main effect of condition, F1,35=0.93, p=0.34.  
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Table 1. Characterization of the running wheel activity of WT and Sandy mice under different lighting conditions. 

Parameter a Light:dark cycle Constant darkness Constant light Two-way ANOVA b 

 WT Sdy WT Sdy WT Sdy 
Main effect 

of Genotype 

Main effect 

of Condition 
Interaction 

Tau (h) 24.0±0.01 23.9±0.02 23.8±0.03 23.8±0.02 24.9±0.09 25.5±0.23 0.017 0.000 0.0008 

Alpha (h) 12.4±0.16 12.1±0.20 13.6±0.32 12.9±0.40 10.0±0.89 9.9±1.12 0.470 0.000 0.8987 

Total activity (wheel turns/24 h) 8490±1337 10400±2543 7329±1171 9617±2574 3037±626 6477±2191 0.094 0.032 0.9096 

Power of FFT 0.05±0.007 0.06±0.018 0.04±0.009 0.05±0.017 0.04±0.01 0.04±0.01 0.475 0.457 0.9066 

Activity day/night ratio 0.1±0.034 0.09±0.021 0.09±0.035 0.07±0.013 0.1±0.02 0.3±0.07 0.052 0.000 0.0064 

Variability of the activity onset (h) 0.189±0.015 0.336±0.043 0.369±0.022 0.520±0.065 0.868±0.097 1.491±0.092 0.000 0.000 0.0003 

Counts/bout of activity 1279±279 2014±864 1309±358 2240±1183 814±230 1662±703 0.091 0.329 0.9583 

Activity bout duration (min) 47.4±6.4 58.7±14.8 54.9±8.8 61.9±15.5 45.6±10.1 59.2±14.3 0.234 0.186 0.9156 

Bouts/day 7.1±0.42 6.6±0.61 6.3±0.43 6.2±0.52 3.9±0.30 4.5±0.52 0.993 0.000 0.4388 

Peak rate 35.7±2.5 37.8±3.9 33.7±2.8 38.6±5.1 26.5±2.0 31.8±4.9 0.173 0.034 0.9062 

Phase angle of activity onset -0.2±0.033 -0.4±0.116 n/a n/a n/a n/a n/a n/a n/a 

Phase angle of activity offset -0.6±0.171 -0.6±0.119 n/a n/a n/a n/a n/a n/a n/a 

a Un description of the parameters can be found in the Material and methods section. The phase angles of activity onset and offset can 

by definition only be measured under entrained conditions (e.g. a light:dark cycle). For this reason, it is not possible to do a two-way 

ANOVA for Genotype and Condition. 

b For the two-way ANOVA, the table presents the p values for the effects of Genotype and Condition and for the interaction.  

WT, wild-type; Sdy, Sandy (Dtnbp1 mutant); n/a, not applicable 




