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Abstract

Background—Emerging evidence implicates circadian abnormalities as a component of the
pathophysiology of major depressive disorder (MDD). The suprachiasmatic nucleus (SCN) of the
hypothalamus coordinates rhythms throughout the brain and body. On a cellular level, rhythms are
generated by transcriptional, translational, and post-translational feedback loops of core circadian
genes and proteins. In patients with MDD, recent evidence suggests reduced amplitude of
molecular rhythms in extra-SCN brain regions. We investigated whether unpredictable chronic
mild stress (UCMS), an animal model that induces a depression-like physiological and behavioral
phenotype, induces circadian disruptions similar to those seen with MDD.

Methods—Activity and temperature rhythms were recorded in C57BL/6J mice before, during,
and after exposure to UCMS, and brain tissue explants were collected from Period2 luciferase
(Per2::1uc) mice following UCMS to assess cellular rhythmicity.

Results—UCMS significantly decreased circadian amplitude of activity and body temperature in
mice, similar to findings in MDD patients and these changes directly correlate with depression-
related behavior. While amplitude of molecular rhythms in the SCN was decreased following
UCMS, surprisingly, rhythms in the nucleus accumbens were amplified with no changes seen in
the prefrontal cortex or amygdala. These molecular rhythm changes in the SCN and the nucleus
accumbens (NAc) also directly correlated with mood-related behavior.

Conclusions—These studies find that circadian rhythm abnormalities directly correlate with
depression-related behavior following UCMS and suggest a desynchronization of rhythms in the
brain with an independent enhancement of rhythms in the NAc.
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INTRODUCTION

Disruptions in circadian rhythms have been implicated in a variety of psychiatric disorders
including major depressive disorder (MDD) (1). Core symptoms of MDD include low mood
and anhedonia, with patients experiencing a variety of other symptoms, many of which are
thought to stem from disruptions in the circadian system. For instance, MDD subjects
display changes in the sleep/wake cycles and altered daily activity patterns (2, 3). In addition
they frequently display altered rhythms in body temperature, hormones, cortisol, and certain
neurotransmitters (2, 4). Furthermore, treatments modulating the circadian cycle, such as
light therapy and Agomelatine (a melatonin receptor agonist) are effective antidepressant
treatments (5, 6) and appear to require an intact master circadian pacemaker (7), suggesting
that certain MDD symptoms may be related to circadian disruption.

Circadian function is controlled by the master clock in the suprachiasmatic nucleus (SCN)
SCN of the anterior hypothalamus (8). Circadian rhythms in the SCN and other brain
regions are generated by a cycle of gene expression in individual cells that form
transcriptional-translational feedback loops (9). The SCN also coordinates subordinate
oscillators throughout the brain and periphery (e.g. rhythms in other brain regions and organ
systems). Increasing evidence in rodents suggests that region-specific oscillations in limbic
regions are instrumental regulators of emotional and motivational behaviors due to their
integration of information from the SCN and homeostatic cues from hormonal states (10).
For example, acute and chronic stress, major precipitating factors of MDD, likely affect
rhythms in sub-oscillators, without affecting phase and period of the circadian pacemaker
(112). In addition, rhythms of the central circadian gene Period 2 (Per2) are selectively
altered in emation-related brain regions (e.g. amygdala) following disruption of circulating
corticosterone (12, 13). Further support for a role of molecular clocks in MDD was recently
shown in a study reporting significant alterations in the diurnal variation of expression of
core circadian genes in extra-SCN brain regions, including the amygdala, prefrontal cortex,
hippocampus, and nucleus accumbens (NAc), of human postmortem subjects with MDD
(14). In patients with bipolar disorder, skin fibroblasts transfected with Per2 luciferase
reporter constructs (Per2::1uc) displayed longer circadian periods compared to healthy
controls, and lithium (a common treatment for bipolar disorder) resynchronized and
enhanced the amplitude of the dampened molecular rhythms in these cells (15). Collectively,
these pioneering studies in humans suggest circadian disruptions could precipitate or
underlie the psychopathology of mood disorders, and these alterations or disruptions to
rhythms may lie in the SCN or other brain regions.

While there is emerging evidence in MDD for disruption of circadian rhythms in the brain,
the direct effect of chronic stress on molecular, physiological, and behavioral circadian
rhythms is unclear. Furthermore, it is unknown which brain regions are primarily affected by
circadian disruptions in MDD, and what specific circadian parameters are altered by chronic
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stress in mood regulating brain regions. Here, we exposed mice to unpredictable chronic
mild stress (UCMS), a well-established rodent model of a depression-like syndrome, to first
characterize the effects of chronic stress on physiological and molecular rhythms in mice.
We used Per2::luc reporter mice to non-invasively and continuously monitor the effects of
UCMS on brain region specific molecular rhythms. By identifying specific brain regions
where circadian disruptions are most prominent, we can then target these regions in future
studies to fully investigate the role of circadian mechanisms underlying depression.

METHODS AND MATERIALS

Animals

Adult male C57BL/6J (B6) mice were used for the telemetry and gene expression studies
(Jackson Laboratory, Bar Harbor, ME). Period2::luciferase mice (Per2::luc) were
maintained on a C57BL/6J background. Mice were housed under a standard light-dark (LD)
cycle (lights on at 800 h and lights off at 2000 h) during the entire experiment. Experiments
were conducted in compliance with the NIH laboratory animal care guidelines and protocols
approved by the IACUC at the University of Pittsburgh.

Unpredictable Chronic Mild Stress

Mice (telemetry or lumicycle and gene expression cohorts) were subjected to four weeks of
UCMS, as previously described (16) (Supplement 1). Fur ratings were as follows (see 16):
1=Generally well-groomed; 2=Slightly “fluffy” with spiky patches; 3=Most of body fluffy
with coat discoloration; eye conjunctivae slightly red; and 4=Fluffy, stained, dirty coat with
bald patches; eye conjunctivae red.

Behavioral Assays

Behavioral assays were conducted during the day (Zeitgeber Time (ZT) 4-10 corresponding
to ZTO (or 24) “lights on” and ZT12 “lights off) using the elevated plus maze (EPM), open
field (OF), dark/light box (D/L box), novelty suppressed feeding (NSF), and the forced
swim test (FST) (Supplement 1).

Telemetry Recording

Telemetry transmitters (TA-F20; Data Sciences International; St. Paul, MN) were implanted
in the abdomen of B6 mice (Control: N=7 and UCMS: N=16). Control mice were implanted
with non-functioning “dummy” transmitters. Following recovery of two weeks from
surgery, locomotor activity and body temperature were recorded for the duration of the
experiment (10min bins across 24h per day). Rhythms were recorded before (2 weeks),
during (6 weeks), and after (3 weeks) UCMS (Figure 1A).

Lumicycle Recordings

Following UCMS, Per2::luc mice underwent behavioral testing (Figure 1B), and then were
sacrificed to extract explants of brain regions implicated in MDD: medial prefrontal cortex
(mPFC), central amygdala (CeA), basolateral amygdala (BLA), nucleus accumbens (NAc),
ventral tegmental area (VTA), and suprachiasmatic nucleus (SCN). Individual samples were
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cultured on a culture membrane in a 35mm dish (PICMORGS50, Millipore, Billerica, MA),
as previously described (17). Circadian rhythms were assessed for four days by continuous
recording of bioluminescence of Per2::luc reporter activity using the LumiCycle 32
(Actimetrics Wilmette, IL).

Quantitative real time RT-PCR

Following UCMS, male B6 mice (Control: N=36 and UCMS: N=36) underwent behavioral
testing (Figure 1C) and mice were sacrificed at six ZTs across the day. RNA was isolated
and converted to cDNA, followed by gene expression analysis for Per2 normalized to the
housekeeping gene Gapdh (Supplement 1).

Data Analysis

RESULTS

Due to the masking effects of light in housing conditions consisting of a standard LD cycle,
period and phase are not reported here for locomotor activity and body temperature rhythms
because under entrained conditions these become unreliable measures of rhythm. Therefore,
we used circadian amplitude as the primary marker of disruption for activity and
temperature rhythms. The amplitude of activity and temperature rhythms were calculated as
the spectral power at the corresponding peak tau or period of the rhythm as calculated from
Chi-square periodogram analyses (ClockLab Software, Actimetrics). Circadian activity and
temperature waveforms were constructed for the last week of each experimental period and
also over the entire duration of the control or UCMS paradigms. These were analyzed using
repeated measures ANOVA (Baseline, UCMS, Recovery) followed by Tukey’s posthoc
tests corrected for multiple comparisons. Per2::luc rhythms in brain region explants were
de-trended and assessed for period, amplitude, and phase (Supplement 1). Fur rating and
body weights were analyzed using one-way ANOVA followed by Dunnett’s multiple
comparisons test. Locomotor activity and body temperature rhythms were analyzed using
repeated-measures ANOVA followed by Dunnet’s posthoc tests. Behavioral tests were
analyzed independent samples t tests. Gene expression was analyzed using CircWave v.1.4
to test for significant rhythmicity using harmonic regression comprised of both sine and
cosine waveforms (constrained period of 24 h and a=0.05) and two-way ANOVA with the
main factors of group and time and Bonferroni post-hoc tests to investigate significant
interactions. The center of gravity for each fitted waveform was used as an estimated
acrophase and average amplitude was also extracted from the fitted curve. Amplitude was
compared using unpaired t-tests. Correlations between rhythm amplitude and behaviors were
assessed using one-tailed Pearson analyses based on a priori hypotheses of the direction of
the correlation (R-coefficient), and amplitude correlations with fur ratings were analyzed
using Spearman Rank non-parametric analyses (R correlation coefficient). Data is
represented as the mean + SEM. Significance was set at a=0.05.

UCMS alters anxiety-like and depression-like behaviors and reduces the amplitude of
physiological circadian rhythms in mice

During the last week of UCMS, mice underwent behavioral testing (behaviors across cohorts
were combined for analyses) (Supplemental Figure S1). Fur ratings and body weights were
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combined also, except for the molecular rhythms cohort (Figure 1B) because the effects of
UCMS were more pronounced on weight gain in this cohort (Supplemental figure S2B). As
expected, UCMS significantly increased the fur rating, indicating less attention to grooming,
which resolved during the recovery phase (F, 39 = 88.36, p<0.001; posthoc, p<0.001)
(Figure 1A). In addition, UCMS attenuated weekly body weight gain compared to controls,
which persisted during the recovery phase (F2 30 = 15.56, p<0.001; posthoc: baseline vs.
UCMS p<0.05, baseline vs. recovery p<0.01) (Figure 1B and supplemental figureS 2A for
Per2::luc cohort during and following 4 week UCMS). Mice with or without UCMS
displayed similar feeding times during the NSF paradigm (Supplemental figure S2B; t1g=
-0.03, p=0.84). Other behavioral tests showed that relative to the control group, mice
exposed to UCMS spent significantly less time in the open arms of the EPM (Figure 1C;
t40=2.56, p=0.014) and in the aversive (light) side of the D/L box (Figure 1D; t7=2.28,
p=0.02), with a near significant reduction in the amount of time spent in the center of the OF
(Figure 1E; ty7=1.93, p=0.06) without changes in total activity (Supplemental figure S1C).
UCMS exposed mice also displayed a significant reduction in the amount of time spent
swimming during the FST (Figure 1F; t37=4.72, p<0.0001). Thus, the UCMS paradigm
successfully induced a physiological and behavioral syndrome that is typically indicative of
a depression-like state.

To assess the effect of UCMS on diurnal rhythms, locomotor activity and body temperature
rhythms were recorded continuously during baseline, UCMS, and recovery experimental
periods (Supplemental figure S1). UCMS significantly reduced the circadian amplitude of
both activity and temperature (Activity: F; 30=104.77, p<0.001; posthoc: baseline vs.
UCMS, p<0.001. Body temperature: F» 30=139.08, p<0.001; posthoc: baseline vs. UCMS,
p<0.001). Decreased activity amplitude persistent into the recovery phase (posthoc: baseline
vs. recovery, p<0.001), while body temperature amplitude recovered (posthoc: baseline vs.
recovery, p<0.001) (Figures 2A and 2B, respectively). There were no differences in average
total activity (p=0.14) or average body temperature (p=0.27) between baseline and UCMS
indicating that the decreased amplitude is not simply due to stress-induced changes in
locomotor activity (Figures 2C and 2D).

Indeed, mice were more active in the light phase (p<0.001) and less active in the dark phase
(p<0.001) during the UCMS period, resembling a “shift” of activity rhythms, rather than an
overall change in activity level (Two-way ANOVA: Circadian phase, F1 99p=762.8,
p<0.0001; Treatment, F5 9o=17.29, p<0.0001; Phase x Treatment, F» 9o=37.75, p<0.0001).
During UCMS, body temperature rhythms were similarly altered across the light (posthoc:
baseline vs. UCMS, p<0.05) and dark (posthoc: baseline vs. UCMS, p<0.001) phases (Two-
way ANOVA: Circadian phase, F1 99=2601, p<0.0001; Treatment, F 9o=3.363, p=0.039;
Phase x Treatment, F» 90=16.94, p<0.0001) (Figure 2F). Activity and body temperature
circadian waveforms during the last week of baseline, UCMS, and the recovery period also
reflected the reduction in rhythm amplitude compared to baseline, particularly during the
night (For activity: time, F4g 2160=41.25, treatment, F 2160=77.99, and interaction,

Foe 2160=3.71. For temperature: time, F4g 2160=464.5, treatment, F, 7160=573.3, and
interaction, Fgg 2160=28.01. All p<0.0001. Posthoc tests: baseline vs. UCMS, time (hr) 8, 9,
9.5, 10, 10.5, 11, 16-17.5, all p<0.05) (Figure 4). Posthoc tests also showed increased
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activity during the day in UCMS exposed mice (0, 0.5, 1, 7, 7.5, all p<0.05) (Figure 3A).
Increased body temperature was observed during the light phase (Posthoc tests: time (hr), 0—
7.5 and 20.5-24, all p<0.05) and decreased during the dark phase (Posthoc tests: time (hr),
8-20, all p<0.05) (Figure 3B). There was a decrease in average body temperature and total
activity during the recovery phase (Activity, one-way ANOVA: F; 45=10.81, p<0.0001,
posthoc: baseline vs. recovery, p<0.001; temperature, one-way ANOVA: F; 45=63.60,
p<0.0001, posthoc: baseline vs. recovery, p<0.0001), which could account for post-UCMS
changes in rhythm amplitude (Figure 2C and 2D). Circadian waveforms for activity and
body temperature averaged across all weeks of each period of the experiment are in
supplemental figure S3. These data indicate that chronic stress alters the circadian amplitude
of physiological measures.

Circadian activity and body temperature amplitudes correlate with mood-related behaviors

We next examined whether circadian activity and body temperature amplitude were
correlated with mood-related behaviors. We found that the time spent swimming during FST
was strongly correlated with both circadian activity and body temperature amplitude (Figure
4A and 4B, respectively). There was a positive relationship between activity amplitude and
the amount of time spent swimming (reduced despair-like behavior) (p=0.05, R=0.437)
(Figure 4A). A similar relationship was found for temperature amplitude and FST behavior
(p=0.05, R=0.4404) (Figure 4B). In addition, time spent in the center of the OF was
significantly correlated with activity amplitude (p=0.003, R=0.65) (Figure 4C). This
relationship was unrelated to any change in overall activity (distance traveled in cm) during
the OF assay (control: 4759.9 + 268.1 and UCMS: 4402 + 106.6; t=1.273, p=0.21). Other
behaviors showed no significant correlations with activity amplitude or temperature
amplitude (Supplemental figure S4).

UCMS selectively alters circadian amplitude of molecular rhythms in a brain region-
specific manner

Per2 is a commonly used marker of molecular rhythm integrity (18). To investigate whether
UCMS alters rhythms in specific brain regions associated with depression, Per2::luc mice
were exposed to UCMS, tested for anxiety-like and depression-like behaviors, and explants
of six brain regions (SCN, NAc, PFC, VTA, BLA, and CEA) were immediately dissected
and examined for rhythmicity over a period of four days (Supplemental Figure S1).

As expected, the SCN displayed the most robust rhythms with only 2 of 44 samples (4.5%)
eliminated based on our exclusion criteria (see methods). SCN, NAc, PFC, and BLA showed
robust rhythms with a relatively low percentage of sample attrition (4.5%, 13.6%, 6.8%, and
10.3%, respectively). While, it was difficult to obtain consistent rhythms in VTA and CEA
samples (Supplemental figure S5), 61% of VTA samples (N=7 control and 11 UCMS) and
66.7% of CEA (N=9 control and 11 UCMS) samples displayed weak rhythms and were able
to be used for analysis. Representative plots for each region are shown in Figures 5A,B and
supplemental figure S6. Average period, phase, and amplitude of Per2 rhythms were
examined across all six regions. Period and phase were unchanged between control and
UCMS groups in all regions (Figure 5D,E, respectively). However, UCMS significantly
reduced Per2::luc rhythm amplitude in the SCN (p=0.01) (Figure 5A,C), while surprisingly,
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rhythm amplitude in the NAc was significantly increased (p=0.05) (Figure 5B,C). Luciferase
reporter rhythms in other brain regions were unchanged (Figure 5C-E and supplemental
figure S5).

UCMS also altered diurnal rhythms of expression for several of the core circadian genes in
the SCN (Figure 6A-D) and NAc (Figure 6E—H; see statistics in supplemental table S1).
Rhythms were detected for all genes except for Per1 (UCMS) and Clock (Control) (fitted
curves, p<0.05). Chronic stress reduced diurnal rhythms of Perl in the SCN (n.s. curve;
Figure 6A) and NAc (p<0.001; Figure 6E), while significantly altering expression of Per2 in
the SCN (p=0.03; Figure 6B) and NAc (p<0.01; Figure 6F). Per1 was also significantly
phase advanced (p<0.01; Figure 7B) in the NAc due to stress. Diurnal rhythms of Clock and
Bmal1 were also altered by stress. In the SCN, stress significantly delayed the acrophase for
both genes (p<0.05; Figure 7A). In the NAc, stress seemed to induce a robust diurnal rhythm
of Clock (fitted curve, p<0.05; Figure 6G), while reducing the amplitude of Bmal1 and
delaying its acrophase (Figure 6H and 7B, respectively). Thus, UCMS significantly altered
the amplitude of Per2::luc rhythms and the diurnal expression rhythms of core circadian
genes in the SCN and NAc.

Circadian molecular rhythm amplitudes correlate with anxiety-like and depression-like

behaviors

Similar to our previous correlation analysis, we examined whether the amplitude of region-
specific molecular rhythms reflected changes in mood-related behaviors. Focusing on the
two regions where we saw significant amplitude changes (SCN and NAc), we found strong
correlations between circadian amplitude and time spent swimming in the FST and time
spent in the open arms in the EPM (Figure 8). Time spent swimming positively correlated
with Per2::luc rhythm amplitude in the SCN (p=0.015, R=0.418) (Figure 8A), while rhythm
amplitude in the NAc negatively correlated with time spent swimming (p=0.044, R=0.297)
(Figure 8B). Time spent in the open arms also positively correlated with Per2::luc rhythm
amplitude in the SCN (p=0.025, R=0.383) (Figure 8C), but not with amplitude in the NAc
(n.s.) (Figure 8D). These data indicate that increased anxiety-like and depression-like
behavior is related to lower rhythm amplitude in the SCN and higher amplitude in the NAc.
We also found that Per2::luc rhythm amplitude in the NAc was significantly correlated with
fur rating following UCMS, such that increased amplitude was associated with increased fur
rating (p=0.045, R=0.267) (Figure 8F). Fur rating failed to significantly correlate with
Per2::luc rhythm amplitude in the SCN (p=0.11, R=-0.21) (Figure 8E). Significant
correlations were not found for any other brain region (Supplemental figure S6).

DISCUSSION

In the present study, we demonstrated that UCMS alters the circadian amplitude of both
physiological rhythms and molecular rhythms in the mouse brain. Following UCMS, there
were significant reductions in circadian amplitude for both activity and body temperature,
which appear to approximate the circadian defects observed in humans suffering from MDD
(1, 2). In addition, UCMS induced brain-region specific alterations in circadian amplitude
were correlated with behavioral and physiological markers of a depression-like syndrome.
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UCMS as a Model of Circadian Amplitude Disruptions in MDD

While a rodent model that fully recapitulates human depression is unattainable, UCMS is
becoming a well-validated paradigm to induce a depression-like syndrome that has high face
validity to human depression, including response to antidepressant treatment (16). UCMS
was used to investigate the biological links between circadian rhythms and depression, in
part, because mice are exposed to stressors randomly across the circadian cycle, which
prevents entrainment to daily stressors. Our data indicates that UCMS accurately
recapitulates physiological disruptions of circadian rhythms reported in humans with MDD
(1, 19)—namely decreased circadian amplitude in both activity and body temperature. In our
study, mice exposed to UCMS displayed decreased amplitude of physiological and
behavioral rhythms that is not due to a change in average activity level or body temperature;
however, changes in average activity level and body temperature could account for altered
amplitude in the recovery phase and could indicate long-term consequences of UCMS (20).
Rats exposed to a more intensive chronic stress procedure were also shown to have
decreased amplitude of circadian activity (21) and mice susceptible to chronic social defeat
stress have decreased body temperature amplitude (22). Moreover, chronic restraint stress in
mice and chronic unpredictable stress in rats both alter PER2 expression in the SCN (23,
24). Thus, these changes in rhythms are common among different depression-related
paradigms, suggesting that they are important in the development of a similar depression-
like syndrome.

A recent study from human postmortem brains reported reduced rhythm amplitude of
circadian genes, which were accompanied by shifts in acrophase and disrupted phase
relationships between individual circadian genes (14). We also found that overall Per2
expression in the SCN was dampened. In the NAc, we found a robust increase in Per2;:luc
rhythm amplitude when measured within individual animals, but did not see a similar
increase in amplitude in Per2 gene expression when measured from separate cohorts over
the light/dark cycle. Continuous monitoring of ex-vivo Per2::luc reporter rhythms poses
distinct advantages over reconstructing circadian gene rhythms by cross-sectional sampling,
such as enhanced measurement sensitivity of gene rhythms over multiple days within the
same animal. In humans with MDD, the primary circadian abnormality most often reported
is dampened circadian amplitude (19, 25). Importantly, it has been postulated that the
therapeutic effects of some first line medications for mood disorders, including lithium,
valproic acid, and fluoxetine, are partially due to their strong ability to increase circadian
rhythm amplitude (14, 15, 26-29). Future experiments will determine whether UCMS leads
to an enhancement of circadian “coupling” between individual neurons in the NAc or
“decoupling” between pacemaker neurons in the SCN.

In both UCMS and human depression the negative feedback of the HPA stress axis, which
enhances glucocorticoid (GC) release in response to stress, is impaired (30-34).
Interestingly, UCMS increased and decreased the amplitude Per2::luc rhythms in the NAc
and SCN, respectively, while these rhythms were relatively unaffected in other regions
commonly associated with anxiety and depression. Differential effects of chronic stress on
rhythm amplitude between the NAc and SCN may be due to differences in glucocorticoid
receptor (GR) distribution. GRs are highly expressed in the NAc, and other areas of the
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mesocorticolimbic system, which regulate the activity of dopaminoceptive neurons in
response to glucocorticoid (GC) release (35-37). Similar to peripheral tissues, GR may bind
to glucocorticoid response promoter elements to enhance the expression of Per1 and Per2
(38-40). Previously, we implicated the Per genes in response to stress and anxiety behavior
specifically in the NAc (41). It is possible that chronic stress enhances the amplitude of local
molecular clocks in the NAc independently of SCN-derived inputs, possibly through GC
signaling. GC signaling may entrain, or induce other alterations, in the NAc, which has been
shown in peripheral tissues (42). However, the effects of UCMS on SCN rhythm amplitude
are likely independent of GC signaling. The SCN is among the few brain regions that
completely lack GR expression (38) and GR agonists fail to alter the circadian amplitude of
Per2 (43). Future studies will examine the effects of UCMS on the activity of SCN
afferents, including the paraventricular nucleus, medial raphe, and the dorsomedial nucleus
of the hypothalamus, on SCN neuronal activity and rhythm amplitude (44, 45).

It is also possible that the SCN may send indirect projections to the NAc through the VTA,
which suggests UCMS may “uncouple” these two brain regions. We were consistently faced
with weak or immeasurable rhythms in the CEA and VTA, which is likely due to the rapid
desynchronization of individual neurons in these regions upon dissociation from the SCN
(46-48). The SCN sends multisynaptic connections to the VTA primarily through the medial
preoptic area (48-50) and lesions to the SCN tend to produce an “antidepressant” effect,
strongly suggesting the master circadian pacemaker regulates mood and affect through
modulation of limbic circuits (51, 52). Also, the SCN strongly entrains the activity and firing
of certain neuronal populations in the VTA (53), and following SCN lesions the rhythms of
both the dopamine transporter (DAT) and tyrosine hydroxylase (TH) expression are
disrupted—Ileading to constitutively higher DAT and higher TH levels across the diurnal
cycle (54). Therefore, the SCN may inhibit neuronal activity in the NAc at certain times of
day, which potentially has a direct role in the circadian regulation of emotion and mood.

Circadian Amplitude Correlates with Mood-related Behaviors

Chronic stress induced alterations in molecular rhythm amplitude may affect neuronal
activity and firing, cellular synchrony within a brain region, and/or neurocircuitry
communication and coherence. We found that circadian amplitude of locomotor activity,
body temperature, and molecular rhythms in the SCN and the NAc were significantly
correlated with behaviors related to anxiety and depression. Both circadian locomotor
activity and temperature were positively associated with swimming time during the FST, a
model of behavioral despair (55-58). Molecular rhythm amplitude was significantly
correlated with swimming time during the FST, such that lower SCN amplitude and higher
NAc amplitude were associated with increased depression-like behavior. A similar direction
of association was found for open arm time during the EPM, a behavioral measure of
anxiety-like behavior. In addition, lower SCN and higher NAc amplitude was associated
with poorer fur quality. These results strongly suggest that variations in circadian
behavioral, physiological, and molecular rhythms reflect variations in mood-related
behaviors, in particular depression-like behavior in mice may be more related to altered
circadian rhythms than anxiety-like behaviors.
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Conclusions and Future Directions

Circadian disruption of specific brain regions may underlie certain mood-related behaviors
and these results have implications for future investigations targeting region specific
circadian mechanisms related to MDD. Combining Per2::luc rhythm assays with powerful
tools, such as other molecular assays, in vitro and in vivo electrophysiology, and
optogenetics, we will be able to specifically test the functional and physiological relevance
of UCMS induced changes in circadian rhythm amplitude. Neurotherapeutics, behavioral
modifications, and other treatments that alter circadian amplitude may contribute to
alleviating depression-related symptoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

UCMS induces a physiological and behavioral depression-like phenotype. UCMS worsened
coat quality (A) and attenuated weight gain that persisted during the recovery period (B).
UCMS increased anxiety-like and depression-like behaviors (C—F), as evident by: reduced
time spent on the open arms of the elevated plus maze (C) and in the light side of dark-light
box (D); and reduced the amount of time spent swimming during the forced swim test (F).
Center time in the open-field approached significance (p=0.06) (E). *, p < 0.05; **, p<
0.01; **** p < 0.0001; one-way ANOVA followed by Dunnett’s multiple comparisons test
or independent sample t test. Data is represented as the mean + SEM.

Biol Psychiatry. Author manuscript; available in PMC 2016 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 15

900- : 5 1600-
S 800 < 14004
< )
% 7004 . 'g 12004 \
600+ =
3 _,_| o 1000+ .
Z 500- £
« 8004
E 400- ®
2 3004 g 6007
> 2004 S 4001
© o
< 1004 £ 200
- T T = 0- T T
C Baseline UCMS Recovery Baseline UCMS Recovery
16000- F 37.00-
o e = 23675 =
< 120004 == 9 36.50 —_
< o 36
§'10000- ‘3 36.254
g N g 36.001 ==
T E 35.754
2 A @ 35.50-
2000+ £ 35.25-
0- ; T T Z 35.00- T T
Baseline UCMS Recovery Baseline UCMS Recovery
E F— F s
801 Il Baseline 501 Il Baseline ——
704 E1 uCMS 7:/,7 37.251 g ucms Tk ok
__ 604 3 Recovery i o ‘® 37.004 3 Recovery "j-
=) ]
< 501 L 36.751
Za] [ 3650 ..
S 204 £ 36.254 * wnn
o 30 ) = 2
< 201 £ 36.004 5
[}
104 Ll 35.75-] I-I
0- . . 35.50- L, .
Light Dark Light Dark

Figure 2.
Effects of UCMS on circadian amplitude of locomotor activity and body temperature.

UCMS reduced circadian amplitude of locomotor activity (A) and body temperature (B),
which was independent of changes in total activity and average temperature (C,D).
Circadian amplitude of locomotor activity remained reduced during the recovery period (A),
whereas temperature amplitude recovered to baseline levels (B). UCMS increased locomotor
activity specifically during the light phase of light-dark cycle, which returned to baseline
levels during the recovery period (E). UCMS induced reductions in activity during the dark
phase remained during the recovery period (E). Similarly, body temperature (average)
increased during the light phase and decreased during the dark phase of the light-dark cycle
(F). *, p<0.05; **, p<0.01; ***, p < 0.001; one-way ANOVA followed by Dunnett’s
multiple comparisons test or two-way ANOVA followed by Tukey’s post hoc test. Data is
represented as the mean + SEM.
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Figure 3.

UCMS reduces locomotor activity and body temperature during the dark (or active) phase of
the light dark cycle. Circadian waveforms for locomotor activity during the last full week of
baseline (week 2), UCMS (week 8), and recovery (week 11) experimental periods show

UCMS primarily reduced locomotor activity during the dark (or active) phase, which

persisted during the recovery period (A). UCMS also reduced body temperature primarily

during the active phase, although this was reversed during the recovery period (B). See

results for significant differences between groups at specific time-points. Main effects of
groups are depicted. **** p < 0.0001; repeated-measures two-way ANOVA followed by

Tukey’s multiple comparisons tests. Data is represented as the mean + SEM.
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Figure 4.

Behavioral and physiological circadian amplitudes positively correlate with depression-like
and anxiety-like behaviors. Mice exposed to UCMS tended to have reduced circadian
amplitudes of locomotor activity and body temperature. Both activity and temperature
circadian amplitudes significantly correlated with time spent swimming during the forced
swim test (FST) (A,B), whereas only activity amplitude correlated with time spent in the
center of the open-field (C). These correlations strongly suggest that reduced circadian
amplitude is associated with increased depression-like and anxiety-like behaviors following
UCMS. One-tailed Pearson analyses with R correlation coefficient. Significance was set at

=0.05.
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Figure 5.

UCMS alters circadian amplitude of molecular rhythms specifically in the SCN and NAc of
mice. Representative traces of Per2::luc reporters in the SCN (A) and NAc (B) displaying
alterations in molecular rhythm amplitude in UCMS exposed mice. UCMS reduced the
Per2::luc reporter circadian amplitude in the SCN (A,C), and increased the amplitude in the
NAc (B,C), without affecting amplitude in the PFC or BLA. UCMS had no significant
effects on circadian acrophase or period (D,E). *, p < 0.05; two-way ANOVA (main effects:
time and treatment) or independent samples t test (control vs. UCMS).
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Figure 6.

UCMS alters diurnal rhythms of circadian gene expression in the SCN and NAc of mice.
Brains were collected across the day (ZT4-24) and the SCN and NAc were micropunched
for gene expression analyses. Chronic stress altered the diurnal rhythms of gene expression
for the core circadian genes, including Perl, Per2, Clock, and Bmall in the SCN (A-D), and
in the NAc (E-H). Sine wave fits using linear harmonic regression with an assumed period
of 24 h for control and UCMS mice (solid and dotted lines, respectively) are superimposed
with group means + SEM for each ZT. Straight line denotes no significant curve fit, and thus
a lack of detectable rhythms. All curve fits are significant (p<0.05). **, p<0.01 and ***,
p<0.001, unpaired t-tests between control and UCMS amplitude (graph inlets). #, represents
no amplitude value due to an undetectable rhythm.
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UCMS alters the acrophases of diurnal expression rhythms of core circadian genes in the
SCN and NAc of mice. Chronic stress delayed the acrophase of Clock and Bmall in the
SCN (A) and Bmal1 in the NAc (B), while promoting rhythm robustness of Clock in the
NAc (B). Acrophases were derived from the center of gravity values of the fitted harmonic
curves (+ SEM) and represent estimations of the circadian phase corresponding to the peak
of the rhythm. *, p<0.05; **, p<0.01; unpaired t-tests between control and UCMS. #,
represents no amplitude value due to an undetectable rhythm.
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Figure 8.
Opposing changes in molecular rhythm amplitude in the SCN and NAc following UCMS

are correlated with mood-related behaviors and fur rating. Per2::luc reporter circadian
amplitude for the SCN positively correlated while for the NAc amplitude negatively
correlated with time spent swimming during the forced swim test (A,B). Similar correlations
were found for time spent on the open arms of the elevated plus maze (C,D). Molecular
rhythm amplitude in the SCN was also negatively correlated fur rating (E), although this
failed to reach significance (p = 0.11), and for the NAc, was positively correlated with fur
rating (F). Correlations were analyzed using mice from both control (black dots) and UCMS
(red dots) groups. One-tailed Pearson analyses (R correlation coefficient) for amplitude and
behavioral measures; Spearman Rank non-parametric analyses (R correlation coefficient) for
amplitude and fur ratings. Significance was set at a=0.05.
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