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Abstract  DTNBP1 is a gene associated with schizophrenia. Postmortem stud-
ies found a reduced expression of DTNBP1 in regions associated with schizo-
phrenia in patients’ brains. Sandy (Sdy) mice have a loss-of-function mutation
in Dtnbpl gene, resulting in behavioral deficits and brain changes similar to
those seen in patients with schizophrenia. We previously showed that exposing
adult Sdy mice to circadian disruption led to an exacerbation of schizophrenia-
relevant behaviors. Here we asked whether the interaction between this genetic
risk factor and circadian disruption occurs during adolescence, a period when
environmental insults can promote schizophrenia symptoms, and whether sex
affects this interaction. Starting at postnatal day 21, wild-type (WT) and Sdy
males and females were housed for 4 weeks either in a 12h light:12h dark (LD
12:12) cycle or under chronic jetlag (CJL). Then, after 2weeks in LD 12:12,
behavioral assessments were conducted, including elevated plus maze (EPM),
novel object recognition (NOR), social interaction, and prepulse inhibition (PPI)
of acoustic startle. NOR and social novelty tests showed that, surprisingly, CJL
during adolescence had opposite effects on WT and Sdy males, that is, behav-
ioral deficits in WT males while rescuing preexisting deficits in Sdy mice. CJL
led to decreased sociability in WT and Sdy mice while decreasing PPI only in
females. Sdy mice showed decreased anxiety-like behavior compared with
wild-type (WT), which was further accentuated by CJL in males. Thus, circa-
dian disruption during adolescence, on its own or in association with Dtnbpl
mutation, can influence cognition, sociability, sensorimotor gating, and anxi-
ety-like behaviors in a sex-dependent manner.
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Schizophrenia is a neurodevelopmental disorder
with symptoms including hallucinations, delusion,
social and emotional deficits, as well as cognitive
impairments (McCutcheon et al., 2020). Adolescence
is a critical period in the development of the disease
as the onset of symptoms is typically during late ado-
lescence or early adulthood (McGrath et al., 2004;
Patel et al., 2021; van Os and Kapur, 2009). It is gener-
ally believed that the development of schizophrenia
is guided by an interaction between genetic and envi-
ronmental factors, including viral infections in utero,
childhood trauma, as well as adolescent substance
abuse and social isolation (Buka et al., 2001; van Os
et al., 2002; Varese et al., 2012; Wicks et al., 2005).

We previously reported that circadian disruption
could act as another environmental risk factor for
schizophrenia (Bhardwaj et al., 2015; Delorme et al.,
2020). Circadian disruptions are disturbances of cir-
cadian rhythms, which are near 24h endogenous
rhythms governing metabolism, body temperature,
hormone secretion, and many more physiological
variables and systems (Bollinger and Schibler, 2014).
These endogenous rhythms arise from a central clock
located in the suprachiasmatic nucleus, as well as
clocks located in all other tissues and organs.
Furthermore, clocks, including the central clock, can
be entrained by external cues, the most potent one
being light (Golombek and Rosenstein, 2010).
Irregular schedules of exposure to light can lead to
altered circadian rhythms, or to a misalignment
between endogenous rhythms and behavioral activi-
ties (Baron and Reid, 2014).

Studies have found that up to 80% of patients with
schizophrenia exhibit sleep and circadian disruptions
(Wulff et al., 2012). Indeed, patients with schizophre-
nia display reduced total sleep time, reduced sleep
quality and reduced slow-wave sleep (Hofstetter
et al., 2005; van Kammen et al., 1988). Using mouse
models to study schizophrenia, multiple reports have
also shown abnormal circadian phenotypes, such as
decreased dark phase activity and increased daytime
activity (Bhardwaj et al., 2015; Delorme et al., 2020,
2021; Ingiosi et al., 2019; Lee et al., 2018).

The interaction between schizophrenia and circa-
dian disruption seems bidirectional. Circadian dis-
ruption leads to a dysregulation of the midbrain
dopamine pathways, which results in altered reward-
motivated behaviors (Acosta et al., 2020). Dopamine
pathways and behaviors are critical parts of schizo-
phrenia pathophysiology (Howes et al., 2012).
Furthermore, an increase in psychotic episodes was
found following sleep disruption in humans (Waters
et al., 2018).

Family, twin and adoption studies have consis-
tently demonstrated an important genetic component
to schizophrenia, with 80% heritability (Gejman et al.,

2010). Sandy (Sdy) mice are used to study aspects of
schizophrenia given their loss of function muta-
tion in the schizophrenia-associated gene Dtnbpl
(Dysbindin-1). This mutation in Sdy mice leads to
behavioral and cognitive deficits analogous to
those seen in the patients, for example, reduced pre-
pulse inhibition (PPI) of acoustic startle, reduced
auditory-evoked response adaptation, reduced social
interaction, and reduced spatial and declarative
memory (Bhardwaj et al., 2009; Lamont et al., 2007; Li
et al., 2003; Talbot, 2009). Although DTNBP1 is not
among the top genes found in genome-wide associa-
tion studies (Harrison, 2015), its reduced expression
in the prefrontal cortex, superior temporal gyrus, and
hippocampus of patients with schizophrenia,
together with studies in Sdy mice, have established
this gene as a potentially important gene implicated
in schizophrenia (Talbot et al., 2004, 2011; Tang et al.,
2009; Wang et al., 2017; Weickert et al., 2004, 2008). We
have previously shown that exposing adult Sdy mice
to constant light, leading to circadian disruption,
resulted in behavioral changes including an increase
in locomotor activity, a “resistance” to anxiety-like
behaviors, and reduced prepulse inhibition of acous-
tic startle (Bhardwaj et al., 2015).

However, our previous study was conducted in
adult mice, which were older than 2months at the
time of environmental circadian disruption, an age
when many important neurodevelopmental changes
in the brain have already taken place (Agoglia et al.,
2017; Hammelrath et al., 2016; Konrad et al., 2013). To
our knowledge, there are no studies examining the
interaction between genetic risk factors of schizo-
phrenia and circadian disruption during adolescence,
which is a critical period for the onset in the develop-
ment of abnormal behavior in schizophrenia
(Androutsos, 2012). Given our previous study show-
ing the impact of constant light on schizophrenia-
relevant behaviors and the importance of adolescence
in the development of the disease, we hypothesized
that circadian disruption during adolescence can act
as a risk factor for schizophrenia, leading to the devel-
opment and/or worsening of the symptoms. To test
this, we subjected Sdy and WT males and females
either to chronic jetlag (CJL) or to a regular 12h
light:12h dark cycle (LD 12:12) during pre-adoles-
cence and adolescence (3-7weeks old). Cognitive
behaviors of WT mice were negatively impacted by
circadian disruption, whereas Sdy mice had a rescue
of their cognitive decifits. We also found multiple
effects of circadian disruption during adolescence,
leading to decreased sociability in males and females,
reduced sensorimotor gating in females and
decreased anxiety-like behavior in males. Our data
uncover a novel interaction between the genetic risk
factor, Dtnbp1, and circadian disruption.
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MATERIALS AND METHODS

Animals

Sandy mice were originally on a DBA /2] genetic
background. We previously backcrossed these mice
to the C57BL/6] background (Jackson Laboratories)
for over 10 generations. Animals used in this project
were bred from heterozygous parents in the lab. They
were genotyped using a duplex polymerase chain
reaction procedure as previously described (Bhardwaj
et al., 2015; Cox et al., 2009). Homozygous WT and
Sdy males and females were used in the experiments.
Animals used as strangers during the 3-chamber
social interaction test were all on a C57BL/6 genetic
background. These strangers were either homozy-
gous WT mice from other colonies in the lab or
ordered 1 week prior testing from Charles River
Laboratories (Saint-Constant, QC, Canada), age- and
sex-matched with the experimental mice. Animal use
was in accordance with the guidelines of the Canadian
Council of Animal Care and was approved by the
McGill University Animal Care Committee.

Chronic Jetlag During Adolescence

At postnatal day 21 (beginning of pre-adolescence)
(Brust et al., 2015), mice were weaned and placed in
ventilated light-proof cabinets (Actimetrics, Wilmette,
IL, USA) having a 12hour light: 12hour dark (LD
12:12) cycle. The light intensity was between 150 and
2001lux. At postnatal day 23, some mice started a CJL
procedure known to disrupt circadian rhythms: a 6-h
dark phase advance every 2days, for 4weeks
(Casiraghi et al.,, 2012). A control group of mice
remained in a LD 12:12 cycle. Males and females were
housed in different cabinets. To ensure that all mice
were tested at the same circadian time, they were
then reentrained to LD 12:12 for 2weeks before
undergoing behavioral assessment (Figure 1). Indeed,
we previously showed that Sdy mice do not show cir-
cadian alterations under LD 12:12 (Bhardwaj et al.,
2015). Therefore, any phenotypes would likely not be
caused by altered phase and/or sleep-wake states.

Behavioral Testing

Given the small litter sizes in the Sdy colony, a
number of cohorts had to be successively raised
under CJL (or control LD 12:12) and tested. We
ensured consistency throughout CJL and behavioral
testing by having the same person conduct the exper-
iments. Behavioral testing was performed during a
restricted time slot every day (details for each test,
below). Statistical tests specific for each of the

behavioral tests (described for each test, below), were
redone by removing each cohort individually to con-
firm that the effects observed were not driven by 1
litter.

The tests were performed in order of least to most
stressful: EPM, NOR, social interaction, and PPI. Mice
had 2 days of rest between EPM and NOR, and
between NOR and social interaction. Three days sep-
arated the 3-chamber social interaction test from PPI.
All behavioral tests were started at ZT2 and were per-
formed until ZT6 or ZT8 depending on the duration
of each test, that is, tests that are longer to perform
ended later in the day (for animals under an LD cycle,
zeitgeber time (ZT) represents the number of hours
since lights were turned on (ZT0)).

Elevated Plus Maze (EPM). An elevated plus maze
was used to measure anxiety-like behavior (Walf and
Frye, 2007). The test was performed as previously
described (Bhardwaj et al., 2015), in dim light (101ux),
between ZT2 and ZT6. The time spent and number of
entries in open arms, closed arms, and central area
were scored using the recordings made using an
overhead camera. The ratio of time in the open arms
versus closed arms and ratio of entries in open versus
closed arms were used as a measure of anxiety-like
behavior:

Time Spend in Open Arms +
Time Spend inthe Middle
2
Time Spend in Closed Arms +
Time Spend inthe Middle
2

Time Ratio =

Number Entry Open Arms

Entry Ratio=
Number Entry Closed Arms

Mice that jumped out of the maze were excluded
from the analysis (11,,,.;: Sdy LD 12:12=3, Sdy CJL=3;
Mgemates: 94y LD 12:12=1). One WT CJL male was also
excluded from the analysis given that it spent the
entire test grooming in the closed arm and was a sig-
nificant outlier according to the ROUT test. One Sdy
CJL female was also excluded for being a significant

outlier in the ROUT test.

Novel Object Recognition (NOR). Open field Sentra
gray boxes were used to measure recognition mem-
ory (Sik et al., 2003). The test was performed as previ-
ously described (Srikanta et al., 2021) between ZT2
and ZT8 in dim light. On Day 1 of testing, mice were
habituated to the empty open-field boxes for 10 min.
On the morning of Day 2 (training segment of the
test), mice were allowed to explore 2 identical objects
for 10min. Four hours later (NOR segment of the
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Figure 1. Protocol for the circadian disruption and behavioral testing during adolescence. (a) Wild-type (WT) and Sandy mice under-
went either a 12h light:12h dark (LD 12:12) light cycle or a chronic jetlag starting at postnatal day (PND) 23 for 4 weeks. At the end of
these 4 weeks, mice were returned to LD 12:12 for 2 weeks before undergoing behavioral tests: elevated plus maze (EPM), novel object
recognition (NOR), 3-chamber social interaction test (3-chamber), prepulse inhibition (PPI) of acoustic startle. Figure created with Bio-
render.com. (b) Light cycles experienced by mice of the chronic jetlag group from birth up to the end of the experiment. Yellow boxes
indicate lights on, and dark gray boxes indicate lights off. Zeitgeber times (ZT) refer to the times under the initial and final LD 12:12
conditions. Color version of the figure is available online.
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test), mice were allowed to expore the familiar object
and the novel object for 10min. Tracking was done
using a stopwatch program coded for this experi-
ment using the Wing Python IDE, Wing101 (version
2.7.16 for MacOS, Cambridge, Massachusetts USA,
https:/ /wingware.com/). We used the ratio of time
spent with novel over familiar object as a measure of
recognition memory:

Time Spent Exploring Novel Object
Time Spent Exploring Familiar Object

Discrimination Ratio =

For the training segment, the discrimination ratio
was calculated using time spent exploring the object
that will subsequently be changed/time spent explor-
ing the object that will remain in place (“familiar
object” in the next segment).

One WT CJL male was a significant outlier accord-
ing to the ROUT test and had a preference for one of
the objects during training, which led to its removal
from the test analysis.

Three-chamber Social Interaction Test. Three chambered
boxes were used to assess sociability and social nov-
elty preference (Yang et al., 2011). The apparatus is
made of 3 chambers separated by walls, each having
a vertical opening allowing the mice to travel between
chambers. The left and right chambers have weighted
cups in the middle of the chamber. The test was
divided into 3 segments, each lasting 10 min: habitu-
ation, sociability, and social novelty preference. The
mouse started each segment in the middle chamber.
During habituation, both cups were empty. During
the sociability segment, one of the cups had a conspe-
cific sex- and age-matched stranger and the other one
had an object about the same size as a mouse. During
the social novelty preference segment, the object was
replaced by a novel stranger. Testing was done in dim
light, between ZT2 and ZT8.

The night before the experiment, stranger mice
were habituated to the apparatus. During the habitu-
ation of stranger mice, a mouse was put under each
weighted cup for 10min. The mouse under the left
cup was then allowed to discover the apparatus for
10min. This mouse was put back under the cup and
the other mouse was allowed to discover the appara-
tus for 10min.

Tracking was done using a stopwatch program
coded using Wing101, for this experiment. The time
spent interacting with the weighted cups, defined as
time at which the mouse is directly interacting with
the cups by sniffing or walking on them, was used to
assess sociality and social novelty preference:

Time spend interacting with mouse

Sociability Ratio = — - - - -
Time spend interacting with object

Timespendinteracting
withanovel mouse

Social Novelty Ratio =— - -
Time spend interacting

witha familiar mouse

Mice that jumped out of the apparatus were
excluded from the analysis, starting from the trial
during which they jumped out (1., WT CJL=6,
Sdy CJL=5; ngpaes: Sdy LD 12:12=1, Sdy CJL=1).
Furthermore, significant outliers according to the
ROUT test during sociability were excluded from
both the sociability and social novelty analysis (11,,,;,:
WT CJL=1, Sdy LD 12:12=1, Sdy CJL=1; 1 jes: WT
LD 12:12=2, Sdy CJL=1).

Prepulse Inhibition of Acoustic Startle. Prepulse inhi-
bition (PPI) of acoustic startle was used to measure
sensorimotor gating (Shoji and Miyakawa, 2018).
The test was performed between ZT2 and ZT6 with
the lights on, using SR lab system (San Diego
Instruments, San Diego, CA), as previously
described (Bhardwaj et al., 2015). SR lab’s GPPIDR1
session was used to generate sound pulses. Mice
were first habituated to the enclose for 5min. To
habituate the animal to the experimental proce-
dures, two 120dB pulses were generated. These
pulses were followed by 30 trials. A startle pulse
lasting 30msec was presented either alone or
100 msec after a prepulse lasting 20msec. These
prepulses were presented randomly 5 times each
and had intensities of 6,9, 12, or 15dB above back-
ground noise. To measure sensorimotor gating, we
calculated the percentage PPI:

startle response for prepulse
%PPI =100 —| | followedby pulsetrials / startle | x 100
response for pulsealonetrials

Mice showing abnormal acoustic startle response
(startle amplitude close to zero or higher than 300)
were excluded from the analysis (11,,,,.c- WIT CJL=2,
Sdy LD 12:12=3, Sdy CJL=5; 1y .1e WT CJL=1, Sdy
LD 12:12=3) (Manning et al., 2021). Indeed, these
mice were excluded because baseline acoustic startle
close to zero or above 300 show abnormal responses
to the test either due to recording errors, impaired
hearing capacities or impaired capacity to process
sounds in the brain (Lauer et al., 2017). Although
most excluded mice were Sdy mice, a previous study
did not report differences in startle responses
between Sdy mice and WT mice (Carlson et al., 2011).
Furthermore, in the same study, Sdy mice on the
C57BL/6 background were shown to not have audi-
tory deficits unlike Sdy mice on the previous DBA /2]
genetic background (Carlson et al., 2011).
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Statistical Analysis

GraphPad Prism (version 9.3.0 for Windows,
GraphPad Software, San Diego, California USA) was
used to perform statistical analysis and graphing.
Assumptions of normality and homogeneity were
verified using both GraphPad Prism and JASP (ver-
sion 0.13.1 for Mac OS, JASP Team, Amsterdam, The
Netherlands, https://jasp-stats.org). Interaction
between two factors (genotype and lighting) during
nonparametric Kruskal-Wallis (KW) tests was verified
using R Studio (version 2021.9.1.372 for macOS,
RStudio Team, RStudio: Integrated Development
Environment for R, Boston, Massachusetts, USA,
http:/ /www.rstudio.com/).

The ROUT test was used to find significant outli-
ers in data sets. A value is considered an outlier if it
is significantly different (Q=1%) from the entire
data set.

Two-way between-factor analysis of variance
(ANOVA) and 3-way between-factor ANOVA were
performed on normally distributed data sets with
equal variance across groups. JASP was used to per-
form simple main effects as post hoc. Upon violation
of normality during 2-way ANOVAs, nonparametric
Kruskal-Wallis tests were done using JASP and R
Studio (ratio of time spend in open/close arm for
males; ratio of time spend with novel/familiar object
for males and females during NOR; sniffing time
during sociability for males; sniffing time during
social novelty for females; acoustic startle response
for males and females). Upon violation of normality,
anonparametric post hoc was done by using the mul-
tiple Mann-Whitney test (sniffing time during socia-
bility for males). One-tailed paired Student ¢ tests
were used to assess differences between training and
NOR during the NOR test. We used paired Student ¢
tests as the direction of the difference was expected;
mice with proper recognition memory were expected
to show a higher ratio of time spent with novel/
familiar object during NOR. One sample Student ¢
tests were performed to see deviations from expected
mean of 1 (i.e. showing no recognition memory during
NOR). Student ¢ tests and 1 sample Student ¢ tests are
necessary during the analysis of NOR to ensure no pref-
erence for any object during the training phase of the
test and to verify an expected significant difference
between NOR and the training phase, indicating proper
recognition. This is important as abnormal learning of
the objects during training, that is, a training ratio above
or below 1, showing a preference for 1 of the 2 identical
objects, could lead to false positives. Levene’s test was
done using R Studio to determine differences in vari-
ability between males and females during NOR. The
average PPI across different prepulse intensities was

studied using a 3-way ANOVA to see any interaction
of genotype, lighting or prepulse intensity. Differences
were considered significant when p <0.05 and con-
sidered trending when p <0.1.

RESULTS

Anxiety-like Behavior

Anxiety-like behavior was assessed using the
elevated plus maze (EPM) test. There was no main
effect of genotype, H(1)=0.774, p=0.379, lighting,
H(1)=0.368, p=0.544, or interaction between geno-
type and lighting, H(3)=3.857, p=0.2773, for the
time spent in the open compared with the close
arms for males (Figure 2a). In contrast, there was a
main effect of lighting, F(1,42,=7.531, p=0.0089, for
the number of entries in the open compared with
closed arms for males, with a decreased anxiety-like
behavior for CJL compared with LD 12:12 males
(Figure 2b). Although we did not find any interac-
tion, it is interesting to look at whether the main
effect of lighting is significant for both WT and Sdy
mice. To answer this question, we used a simple
main effect test, which revealed that this decrease in
anxiety-like behavior was mainly significant for
Sdy CJL males compared with Sdy LD 12:12 males
(p=0.0106). There was also a trend toward an effect
of genotype for males for the number of entries,
F(1,42=3.600, p=0.0647, with Sdy males having
lower anxiety-like behavior compared with WT
(Figure 2b). Therefore, CJL males, especially Sdy,
showed reduced anxiety-like behavior.

No main effect of lighting was found in female
mice for the ratio of entries, F(1, 36) =2.301, p=0.1380.
However, a main effect of genotype was found in
female for both the ratio of time spent in the open
arms, F(1, 36)=14.09, p=0.0006 (Figure 2c), and the
ratio of entries, F(1, 36)=9.355, p=0.0042, with Sdy
females showing lower anxiety-like behavior com-
pared with WT (Figure 2d). Although no interaction
was found, we wanted to know whether these differ-
ences in genotypes are seen in both lighting condi-
tion. We found that differences between Sdy and WT
were seen after both LD 12:12 (p=0.005) and CJL
(p=0.030). There was no significant interaction
between genotype and lighting for the ratio of time
spent in the open arms, F(1,36)=0.4780, p=0.4937,
and the ratio of entries, F(1,36)=1.168, p =0.2869. This
shows that Sdy females, in contrast to males, were
not affected by CJL during adolescence, whereas
Dtnbpl mutation led to a reduction in anxiety-like
behavior compared with WT mice.
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elevated plus maze test was used to assess anxiety-like behaviors. Proportion of time spent in the open compared with close arms
for (a) males and (c) females. Proportion of entries in open compared with close arms for males (b) and females (d). Individual data

points represent independent mice (1,

WT LD 12:12=11, WT CJL=11, Sdy LD 12:12=10, Sdy CJL=14; 11, ;10c: WT LD 12:12=7,

WT CJL=11, Sdy LD 12:12=12, Sdy CJL=10) and data are represented as mean = SEM. Two-way between-factor ANOVA with simple
main effect post hoc (c and d). Kruskal-Wallis test (a). Abbreviations: WT =wild-type; LD = light-dark cycle; CJL=chronic jetlag;

ANOVA =analysis of variance.
*p <0.05. **p <0.01. ***p <0.001.

Recognition Memory

Recognition memory was assessed using the NOR
test. A paired Student t test showed a significant dif-
ference between the ratio of time spent with novel/
familiar object during NOR compared with the ratio
during training for LD 12:12 WT males, #(10) =2.745,
p=0.0103. This indicates a proper recognition of the
novel object (Figure 3a). In contrast, the difference in
ratios between NOR and training was trending but
not significant in WT CJL males, indicating a reduc-
tion in recognition memory by CJL, #(13=1.458,
p=0.0853 (Figure 3b). This result is in concordance
with our hypothesis that circadian disruption would
lead to the development and/or worsening of schizo-
phrenia-relevant behaviors including cognitive defi-
cits. Sdy LD 12:12 males also did not show differences

between NOR and training, #(12)=0.3473, p=0.3672)
(Figure 3c), consistent with previous reports
(Al-Shammari et al., 2018; Bhardwaj et al., 2009).
Surprisingly, there was a significant difference
between training and NOR for Sdy CJL males,
t(16)=2.238, p=0.0199 (Figure 3d). However, an
abnormal training ratio, such as a mouse that has a
preference for 1 of the 2 objects during training (but
not during NOR), could lead to a significant differ-
ence between training and NOR without showing
proper recognition of the novel object. Thus, to verify
whether the male mice differed from the expected
ratio of 1 during training, a 1-sample Student ¢ test
was used and showed no significant difference for
these Sdy CJL males during the training phase of test-
ing, 1(16)=0.2954, p=0.7715. However, the ratio was
significantly different from 1 for these mice during
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Figure 3. Opposite impact of chronic jetlag on recognition memory of WT and Sdy male mice. Novel object recognition was used to
assess recognition memory in male mice. Proportion of time spent for WT LD 12:12 (a), WT CJL (b), Sdy LD 12:12 (c) Sdy CJL (d) with the
novel compared with the familiar object. (e) Ratio time familiar/novel object during the NOR phase of testing for all groups. Individual
data points represent independent mice (n,,,,.;; WT LD 12:12=11, WT CJL=13, Sdy LD 12:12=13, Sdy CJL=17), and data are represented
as mean = SEM. One-tailed paired Student t test and 1-sample £ test for (a-d). Kruskal-Wallis test (e). Abbreviations: WT =wild-type; LD
= light-dark cycle; NOR =novel object recognition; CJL=chronic jetlag.

*p <0.05.

NOR, showing proper recognition of the object,
t(16)=2.558, p=0.0211) (Figure 3d). Thus, CJL during
adolescence rescued impairments in recognition
memory previously seen in the Sdy mouse model.
When comparing the NOR segment for all groups,
Kruskal-Wallis tests found no significant main effect
of genotype, H(1)=1.659, p=0.198, or lighting,
H(1)=0.291, p=0.589. There was no significant inter-
action between genotype and lighting using non-
parametric and parametric tests, KW: H(3)=3.264,
p=0.3527, ANOVA: F(1,50)=1.731, p=0.1943 (Figure
3e). Therefore, WT males’ cognitive behavior was
negatively impacted by CJL, whereas under these
altered lighting conditions Sdy males had a rescue in
their preexisting cognitive deficits.

For all females groups, we did not find evidence of
proper recognition memory. Indeed, none of the dif-
ferences between NOR and training were significant,

WT LD 12:12: #7)=1.342, p=0.1108; WT CJL:
t(10)=1.036, p=0.1622; Sdy CJL: #(10)=1.331,
p=0.1064 (Figure 4a, 4b and 4d). There was a trend
toward an increased ratio of time novel/familiar dur-
ing NOR compared with the training for Sdy LD
12:12 mice, #(10)=1.773, p=0.0533) (Figure 4c).
However, the ratio of time spent with the object did
not differ from 1, confirming that there was not a
proper recognition of the novel object, £(10)=1.616,
p=0.1372. Furthermore, 1-sample Student t tests were
not significant for all the other groups, WT LD 12:12:
t(7)=1.535,p=0.1687, WT CJL: t(10) =1.672, p =0.1255;
Sdy CJL: #(10)=1.499, p=0.1649. Finaly, when com-
paring the NOR segment for all groups, there was no
significant main effect of genotype, H(1)=0.186,
p=0.666, or lighting, H(1)=0.006, p=0.937. There was
also no significant interaction between genotype and
lighting using nonparametric and parametric tests,
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Figure 4. Impaired recognition memory in female mice. Novel object recognition was used to assess recognition memory in female
mice. Proportion of time spent for WT LD 12:12 (a), WT CJL (b), Sdy LD 12:12 (c) Sdy CJL (d) with the novel compared with the familiar
object. (e) Ratio time familiar/novel object during the NOR phase of testing for all groups. Individual data points represent independent
mice (10t WT LD 12:12=8, WT CJL=11, Sdy LD 12:12=11, Sdy CJL=11) and data are represented as mean * SEM. One-tailed paired
Student t test and 1-sample £ test (a-d). Kruskal-Wallis test (e). Abbreviations: WT =wild-type; LD = light-dark cycle; NOR =novel object

recognition; CJL =chronic jetlag.

KW:H(3)=0.231,p=0.9724, ANOVA:F(1,37)=0.04372,
p=0.8355) (Figure 4e). The lack of differences found
during the 2-way ANOVA confirms that all the mice
groups behaved similarly. However, no significant
differences were found using Student ¢ tests and the
1-sample Student t tests, indicating a lack of recogni-
tion of the novel object. This apparent absence of rec-
ognition memory in females will be addressed in the
discussion.

Sociability and Social Recognition Memory

The 3-chamber test was used to measure sociabil-
ity and social recognition memory. As hypothesized,
there was a main effect of lighting on the sociability of
male mice, H(1)=4.636, p=0.031, with CJL mice hav-
ing a reduced sociability compared with LD 12:12

mice (Figure 5a). During the social novelty preference
phase, an interaction between genotype and lighting
was found, F(1,37)=4.855, p=0.0339. Interestingly,
post hoc analysis showed that the differences lied
between LD 12:12 and WT CJL mice (p=0.0192). WT
mice that underwent a CJL during their adolescence
spent less time with the novel conspecific compared
with WT LD 12:12 males (Figure 5b). These differ-
ences indicate social recognition deficits are similar to
the trends observed in NOR (Figure 3e).

Similar to the males, female mice showed an effect
of lighting during the sociability portion of the test,
F(1,31)=7.282, p=0.0112 (Figure 5c). Females from
the CJL group showed reduced sociability compared
with females staying in LD 12:12. No significant main
effects of genotype, H(1)=1.416, p=0.234, or lighting,
H(1)=1.333, p=0.248, were found for females during
the social novelty preference phase (Figure 5d).
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Figure 5. Reduced sociability after jetlag and opposite impact of jetlag on social recognition memory for WT and Sdy mice. The 3-cham-
ber social interaction test was used to assess sociability and social recognition in mice. Sociability indicated by the proportion of time
spent with the mouse compared with the object for males (a) and females (c) (n,,,.;: WT LD 12:12=11, WT CJL=10, Sdy LD 12:12=12,
Sdy CJL=13; #1516 WT LD 12:12=5, WT CJL=9, Sdy LD 12:12=9, Sdy CJL=12). Social novelty preferences indicated by the propor-
tion of time spent with the novel mouse compared with the familiar mouse for males (b) and females (d) (n,,,.;: WT LD 12:12=11, WT
CJL=7, Sdy LD 12:12=12, Sdy CJL=11; 1, . WT LD 12:12=5, WT CJL=9, Sdy LD 12:12=9, Sdy CJL=11). Individual data points
represent independent mice and data are represented as mean = SEM. Two-way between subject ANOVA with simple main effect post
hoc (b-c). Kruskal-Wallis test (a and d) with multiple Mann-Whitney post hoc (a). Abbreviations: WT =wild-type; LD = light-dark cycle;

CJL=chronic jetlag; ANOVA =analysis of variance.

*p>0.05.

Therefore, although sex-specific differences are seen genotypes and lighting conditions were uncovered
for social novelty, sociability was negatively affected when looking across the different PP intensities using

by CJL for both sexes and genotypes. a 3-way ANOVA (Figure 6¢).
There were no main effects of genotype,
H(1)=1.515 X 10, p=0.990 or lighting, H(1)=0.043,
Sensorimotor Gating p=0.836, for baseline acoustic startle response in the
females (Figure 7a). When analyzing the average
Sensorimotor gating was assessed using the PPI percentage PP, there was a significant main effect of

test. A Kruskal-Wallis test showed no main effect of lighting, F(1,39) =18.61, p=0.0001 (Figure 7b); female
genotype, H(1)=0.038, p=0.845, or lighting, mice that underwent CJL had a reduced average
H(1)=1.312, p=0.252, for acoustic startle response, percentage PPI compared with females that stayed

showing that all male groups had similar baseline in LD 12:12. As an exploratory analysis, a post hoc
startles and no hearing impairments (Figure 6a). test was done to see whether differences could be
Furthermore, we did not find any main effect of gen- found under both genotypes. It revealed that this
otype, lighting or interaction for PPI of acoustic star- reduction in % PPI was significant for both WT

tle for males, F(1,44)=0.8935, 1.407 and 1.019, p (p=0.003) and Sdy (p=0.007) females. This effect of
values > 0.2 (Figure 6b). No more differences between lighting was also seen using a 3-way ANOVA, when
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Figure 6. No effect of chronic jetlag or Dtnbp1 mutation on sensorimotor gating in male mice. Prepulse inhibition of acoustic startle was
used to assess sensorimotor gating in male mice. (a) Acoustic baseline startle response for males. (b) Percentage PPI averaged across all
prepulse (PP) intensities. (c) Average prepulse inhibition across different prepulse intensities. PP intensities are indicated as the number
of decibels above background noise. Three-way 2 between (genotype and lighting), 1 within (decibel intensities) ANOVA. Individual
data points represent independent mice (n,,,,..;: WT LD 12:12=12, WT CJL=13, Sdy LD 12:12=11, Sdy CJL=12) and data are represented
as mean = SEM. Two-way between subject ANOVA (b). Kruskal-Wallis test (a). Abbreviations: WT =wild-type; LD = light-dark cycle;
PPI=prepulse inhibition; PP =prepulse; ANOVA =analysis of variance; CJL=chronic jetlag.

**%p < 0.0001.

looking across PP intensities (main effect of light- ratio of entries in the open/close arms, F(1,78)=7.952,
ing: F(1, 39)=18.36, p=0.0001, main effect of PP p=0.0061, indicating that male and female mice are
intensities: F(1.771, 69.06) =15.33, p <0.0001 and no indeed behaving differently during this test. Males
interaction between lighting and PP intensities: and females were also significantly different during the
F(3,117)=0.2197, p=0.8825) (Figure 7c). Therefore, sociability test, F(1,73)=7.216, p=0.0089, and during
CJLhad a sex-dependent effectleading to a decrease prepulse inhibition of acoustic startle, F(1,83)=8.492,

in sensorimotor gating in females. p=0.0046. In addition, for PPI, there was a significant

sex X lighting interaction, F(1,83)=13.95, p=0.0003.
Evaluating Sex Differences. To confirm that the effects However, interestingly, males and females did not
seen above are sex-dependent, we performed a 3-way show any difference on the recognition memory tests:

ANOVA (factors sex, genotype, lighting) for each of social novelty, F(1,67)=0.01948, p=0.8894; NOR,
the behavioral tests. Results from this 3-way ANOVA F(1,87)=0.004156, p=0.9487. However, a sex X lighting

are found in Supplementary Table S1. For the ele- interaction was trending during social novelty,
vated plus maze, we found a significant main effect F(1,67)=3.152, p=0.0804. The lack of significant differ-
of sex when looking at both the ratio of time in the ence between sexes regarding cognition might be due

open/close arms, F(1,78)=5.471, p=0.0219, and the to the lower number of females, reducing statistical
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Figure 7. Reduced sensorimotor gating after chronic jetlag in female mice. Prepulse inhibition of acoustic startle was used to assess
sensorimotor gating in female mice. (a) Acoustic startle response for females. (b) Percentage PPI averaged across all prepulse. (c) Average
prepulse inhibition across different prepulse intensities. PP intensities are indicated as the number of decibels above background noise.
Three-way 2 between (genotype and lighting), 1 within (decibel intensities) ANOVA. Individual data points represent independent
mice (1.0 WT LD 12:12=8, WT CJL =10, Sdy LD 12:12=12, Sdy CJL=13) and data are represented as mean = SEM. Two-way between
subject ANOVA with simple main effect post hoc (b). Kruskal-Wallis test (a). Abbreviations: WT =wild-type; LD = light-dark cycle;
PPI=prepulse inhibition; PP =prepulse; ANOVA =analysis of variance; CJL=chronic jetlag.

*4p < 0.01. #*p <0.001. ****p < 0.0001.

power. This analysis further emphasizes sex differ-
ences found after CJL and/or Dtnbpl mutation.

DISCUSSION

Here, we report an interaction between a known
risk factor of schizophrenia, a mutation in Dtnbp1, and
circadian disruption during adolescence in mice. We
found clear sex-dependent effects, with circadian dis-
ruption and Dtnbpl mutation affecting male and
female mice differentially. In particular, we found that
the interaction between CJL and Dtnbpl mutation led
to further reduction in anxiety-like behaviors and

cognitive alterations in males. Furthermore, these
effects were persistent for 2 weeks after a return to LD
12:12. Therefore, these are not acute effects of CJL,
which indicates that the impacts on behavior are long
lasting and might be due to neurodevelopmental alter-
ations. This work is, to our knowledge, the first dem-
onstration of an interaction between a genetic risk
factor of schizophrenia and exposure to circadian dis-
ruption during adolescence. It also represents a signifi-
cant contribution to the knowledge on sex-specific
differences in Sdy mice, as to our knowledge, only 1
paper previously reported behavioral sex differences
in this strain, in the rotarod and EPM (Cox et al., 2009).

Previous studies have shown a decrease in anxi-
ety-like behavior in Sdy mice (Al-Shammari et al.,
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2018; Cox et al., 2009). This phenotype has also been
shown in other mouse models of schizophrenia (Lee
et al., 2018; Takashima et al., 2011). We previously
observed that Sdy mice, unlike WT mice, did not
show an increase in anxiety-like behaviors after expo-
sure to constant light during adulthood, thus show-
ing a resistance to anxiety-like behaviors (Bhardwaj
et al., 2015). We wondered if CJL during adolescence
could further accentuate this decrease in anxiety-like
behaviors. Surprisingly, females were not impacted
by CJL. In contrast, although both WT and Sdy males
were affected by CJL during adolescence, Sdy males
seem to have a further decrease in anxiety-like behav-
iors as they enter the open arm more often compared
with Sdy LD 12:12 mice. It would be interesting to
look at other paradigms of anxiety-related behaviors
in future experiments to see whether they are simi-
larly affected.

We also uncovered an effect of jetlag on sociability
in WT and Sdy male and female mice. Mice that
underwent repeated jetlag during their adolescence
were less sociable compared with the mice that stayed
in a regular LD 12:12. Decreased sociability is a trait
known to be a negative symptom of schizophrenia
(Goldberg and Schmidt, 2001). This impairment in
sociability by CJL is consistent with a previous study
where disruption of circadian rhythms by housing
mice under 20h light-dark cycles resulted in shorter
dendrites and decreased neuronal complexity in the
prefrontal cortex (Karatsoreos et al., 2011). We did not
find any differences in sociability between Sdy and
WT mice that stayed in LD 12:12, unlike previous
studies (Cox et al., 2009; Feng et al., 2008). However,
these studies used Sdy mice on a DBA/2] genetic
background, which is known to have several muta-
tions, 4 of which are associated with neuronal impair-
ments (Talbot et al., 2009). Studies on Sdy mice on the
C57BL/6 genetic background, like the mice used in
this study, have not looked at sociability. Instead, a
study found that Sdy/C57BL/6 mice are a good
model of schizophrenia due to their hyperactivity
and cognitive deficits (Cox et al., 2009). Indeed, there
is no mouse model directly aiming to model schizo-
phrenia itself. Instead, mouse models like the Sdy
mice allow to model known human risk factors like
the mutation in DTNBPI1. Even in humans, symp-
toms of the disease are very diverse and having a
single genetic risk factor for the disease is not likely to
cause schizophrenia. The disease will rather occur
upon the addition or interaction between risk factors,
which mouse models are well suited to investigate. In
this study, we are therefore using the Sdy mouse
model to study such interactions between risk fac-
tors. Furthermore, we have shown that although
Sdy/C57BL6 do not show social impairments unlike
previously seen on the DBA /2] background, CJL can

lead to a decrease in sociability for both Sdy and WT
mice. Therefore, showing a very negative impact of
CJL during adolescence on schizophrenia-associated
behaviors.

Prepulse inhibition is a translational paradigm
often conducted in mice and in humans to assess sen-
sorimotor deficits in schizophrenia. It is known that
men with schizophrenia have a lower PPI compared
with healthy men (Kumari et al., 2004). However, this
difference between patients with schizophrenia and
healthy controls is not seen in women. Surprisingly,
we have seen the opposite in our PPI data: female
Sdy mice exhibited a reduced sensorimotor gating
following CJL during adolescence, which was not the
case for males. We therefore uncovered a potential
neurodevelopmental impact of jetlag on sensorimo-
tor gating functions for females. Behavioral studies
using female mice modeling aspects of schizophrenia
are sparse; studies in some transgenic mice have
shown no difference in PPI between female WT and
transgenic mice overexpressing Neuregulin 1 Type I1I
(Olaya et al., 2018). Interestingly, in the present study
we did not observe a significant effect of genotype on
PPI in the male mice, which is unexpected given that
previous results showed a reduction in percentage
PPI in Sdy males compared with WT after 4weeks
housing in constant light (Bhardwaj et al., 2015). This
suggests that this reduction in percentage PPI in Sdy
males was an acute effect of constant light since 3
weeks of LD 12:12 partially rescued this phenotype
(Bhardwaj et al., 2015).

When investigating object recognition memory,
there was a genotype by lighting interaction in males
while females did not have any significant differ-
ences. In fact, we have found that WT males that
underwent a CJL during their adolescence had a
reduction in recognition memory compared with
WT LD 12:12 mice. This result follows our hypothe-
sis that exposure to circadian disruption during
adolescence could be a risk factor for the disease.
Furthermore, a previous study has shown that
exposing rats to an advance jetlag procedure (a 6h
advance each week, for 8 weeks) resulted in cogni-
tive impairment during NOR due to a decrease in
hippocampal neurogenesis (Horsey et al., 2020).
These findings support our results that jetlag leads to
detrimental effect on cognition.

Unlike our previous study using constant light, we
opted for CJL because it can better model irregular
light exposure that teenagers are exposed to daily.
Indeed, during adolescence, circadian rhythms are
delayed, resulting in later bedtimes and wake up
times. These “night owls” are therefore greatly affected
by early morning awakening for school. Indeed, their
light phase is advanced during weekdays compared
with weekends since they wake up earlier than their
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internal clock to go to school (Hasler and Clark, 2013).
Circadian misalignment can thus be a consequence of
a mismatch between internal rhythms and social activ-
ities. Our study indicates that such circadian mis-
alignment could results in cognitive deficits, adding
to the list of deficits associated with misalignments
during adolescence in humans: poor executive func-
tion, deficits in impulse control and altered neural
response to reward (Logan et al., 2018). Such cogni-
tive deficits during adolescence and early adulthood
have been associated with an increased risk for psy-
chosis later in life for men (MacCabe et al., 2013). As
previously shown, Sdy males that stayed in a regular
LD cycle during their adolescence also showed such
cognitive deficits (Al-Shammari et al., 2018; Bhardwaj
et al., 2009). Surprisingly though, CJL in male Sdy
mice did not result in such recognition memory
impairments. This is the opposite of what we would
expect given the reduced cognition seen in WT mice.
Furthermore, it has been shown that deficits in
DTNBP1 in the Sdy mouse model leads to a reduced
neuronal differentiation (Ma et al.,2011; Nihonmatsu-
Kikuchi et al., 2011). Thus, given the impact of CJL on
recognition memory of WT mice, and preexisting
cognitive deficits in Sdy mice, we expected CJL and
Dtnbp1 mutation to interact, resulting in greater defi-
cit in recognition memory, which is the opposite of
what we are seeing. It would be interesting to look at
other learning and memory paradigms after CJL and
at neurogenesis in the brains of WT and Sdy mice
after CJL or LD 12:12. The latter study would allow
to study this interaction at the cellular level by seeing
whether Sdy CJL mice show differences in hippocam-
pal neurogenesis compared with WT CJL mice.

The differences in response to CJL in WT compared
with Sdy males were also seen during social novelty
in males, confirming the opposite responses to jetlag
between WT and Sdy mice. Indeed, CJL in WT mice
once again resulted in cognitive deficits. However,
CJL did not have an impact on Sdy mice, which
already had cognitive impairments. This lack of effect
from CJL could potentially be due to a floor effect
since the ratio of time spent with the novel/familiar
mouse is already very low for Sdy mice that stayed in
LD. Furthermore, Sdy mice social recognition mem-
ory was not rescued as seen during NOR. Although
possible impairments in the hippocampus of Sdy mice
might be rescued by CJL leading to a rescue in cogni-
tive deficits as supposed during NOR, other brain
regions related to social cognition might be affected
leading to the continuation of deficits in proper recog-
nition in Sdy mice during social novelty.

As mentioned, in the NOR test none of the female
groups showed proper recognition of the novel
object. Although this result was surprising at first, it

has been shown in rats that the exploration of novel
objects (novelty-seeking behaviors) is different
between males and females during adolescence.
Indeed, female rats during mid-adolescence showed
less preference for the novel object compared with
the males (Cyrenne and Brown, 2011). Late adoles-
cence in mice is defined as the time at which mice
start to disperse, that is, time at which mice leave
their birthplace to pursue reproduction, which is
around postnatal day 49 for males and postnatal day
71 for females (Groo et al., 2013). Furthermore, there
are many known sex differences in rodent brain
development during adolescence (Juraska et al,,
2013). Indeed, the volume of the anteroventral peri-
ventricular nucleus (AVPv) in the hippocampus, an
important region for cognition, increases signifi-
cantly between PND30 and 60 in female rats, but
was already stable at PDN30 in male rats (Davis
et al., 1996). Our mice were tested around postnatal
days 65-66. This is approximately early adulthood
for male mice. On the other hand, the female mice
might still have been in their late adolescence at the
time of NOR; this is the period at which males
showed more recognition memory by having a
higher novelty-seeking behavior compared with
females in rats (Cyrenne and Brown, 2011). This
might explain why females did not show proper
recognition memory even in the control group (WT
LD 12:12). Another explanation could be related to
increased variability in females, due to the estrous
cycle. Indeed, it was previously shown that the
phase of the estrous cycle has an impact on NOR
memory in mice, where females in the Metestrus/
Diestrus phase of the cycle had a lower recognition
memory compared with mice in the Proestrus/
Estrus phase of the cycle (Cordeira et al., 2018).
However, we did not find a difference in variability
between males and females using a Levene’s test,
F(1, 93)=0.0643, p=0.8003. Therefore, although we
cannot fully exclude the estrous cycle as a factor
preventing seeing recognition memory, there might
be additional factors. Further studies analyzing
recognition memory in female throughout devel-
opment and the estrous cycle would be necessary
to understand this phenomenon.

Women with schizophrenia have been shown to
have fewer cognitive deficits compared with men
(Zhang et al., 2017). Our observation of the lack of
difference on cognitive tasks between WT and Sdy
females was therefore consistent and seen again
during the social novelty recognition test. In a pre-
vious study in females of a mouse model used to
study schizophrenia, WT and neuregulin 1 type III-
overexpressing females failed to recognize the novel
mouse (Olaya et al., 2018).
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Although CJL during adolescence caused or accen-
tuated behavioral alterations, it is unclear whether
these effects are the result of circadian disruption
occurring specifically during adolescence. An inter-
esting follow-up study would be to subject adult Sdy
mice to CJL to see whether these changes in behaviors
are still seen or whether they are restricted to disrup-
tion during adolescence. In a previous study using a
similar CJL procedure, male mice showed an
increased depression-like behavior but no changes
found in anxiety-like behavior in the elevated plus
maze (Chen et al., 2021). This is in contrast to our
mice exposed to CJL during adolescence, which show
alterations of anxiety-like behavior. This suggest that
at least some of the behavioral alterations depend on
circadian disruption at a time when neurodevelop-
ment is still going on.

In conclusion, we have uncovered a behavioral
interaction between a mutation in Dtnbpl and cir-
cadian disruption during adolescence, leading to
consequences on cognition. We have also shown
that female mice were less affected by the Dtnbpl
mutation than male mice in most behavioral tests.
We expected to see an interaction leading to addi-
tive effects of these 2 hits and found such interac-
tions. However, we also found more complex
interactions where the effects of the 2 factors act in
opposite directions. Given that behavioral tests are
dependent upon many brain regions, it is not so
surprising that the effects of CJL be different
between behavioral tests. CJL might therefore have
distinct impacts on different brain regions, leading
to additive effects with the Sdy mutation in some
cases, or in contrast, to the rescue in recognition
memory for Sdy mice but reduction in recognition
memory for WT mice. These complex interactions
warrant more studies on how circadian disruption
or abnormal lighting impact cognition. A large
proportion of teenagers are experiencing social jet-
lag, with earlier awakening on school days com-
pared with weekends (Cetiner et al., 2021; Goldin
et al., 2020; Hasler and Clark, 2013; Hena and
Garmy, 2020; Mathew et al., 2019). Furthermore,
exposure to light at night is an important source of
circadian misalignment experienced by teenagers
(Hena and Garmy, 2020). It is therefore important
to study the effects of circadian disruption during
adolescence on mental health. Research on potential
new risk factors for schizophrenia and other mental
disorders is therefore essential to find new preven-
tion strategies and treatments. Indeed, circadian-
based therapies combined with other therapies as
well as prevention strategies, such as later school
start in the morning, can be interesting avenues to
treat or prevent neurodevelopmental disorders
like schizophrenia.
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