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Abstract

Background: Disturbances in circadian rhythm-related physiological and behavioral processes are frequently observed in
depressed patients and several clock genes have been identified as risk factors for the development of mood disorders.
However, the particular involvement of the circadian system in the pathophysiology of depression and its molecular regulatory
interface is incompletely understood.

Methods: A naturalistic animal model of depression based upon exposure to chronic mild stress was used to induce anhedonic
behavior in mice. Micro-punch dissection was used to isolate basolateral amygdala tissue from anhedonic mice followed by
quantitative real-time PCR-based analysis of gene expression.

Results: Here we demonstrate that chronic mild stress-induced anhedonic behavior is associated with disturbed diurnal oscillation of
the expression of Clock, Cry2, Per1, Per3,1d2, Rev-erba, Ror-B and Ror-y in the mouse basolateral amygdala. Clock gene desynchronization
was accompanied by disruption of the diurnal expressional pattern of vascular endothelial growth factor A expression in the
basolateral amygdala of anhedonic mice, also reflected in alterations of circulating vascular endothelial growth factor A levels.
Conclusion: We propose that aberrant control of diurnal rhythmicity related to depression may indeed directly result from
the illness itself and establish an animal model for the further exploration of the molecular mechanisms mediating the
involvement of the circadian system in the pathophysiology of mood disorders.
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Introduction

Mood disorder patients frequently present with disturbances
in circadian rhythm-related physiological and behavioral pro-
cesses, such as alterations in sleep/wake cycles, daily depend-
ent patterns of body temperature and hormone release and
diurnal mood changes (as reviewed in Bunney and Bunney,
2013). Conversely, disruptions of circadian rhythms, as resulting
from shift work, have been reported to negatively affect mood
and emotionality (Gordon et al., 1986; Costa, 1997; Choobineh

et al., 2006). In experimental animals, light deprivation has
been found to induce depression-like behavior together with
cellular and molecular alterations related to mood disorders
(Gonzalez and Aston-Jones, 2008). Correspondingly, bright light
therapy has been proven to be effective as a nonpharmacologi-
cal intervention for the treatment of specific forms of depres-
sion, mainly seasonal affective disorders (as reviewed in Golden
et al., 2005).
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In mammals, the endogenous molecular circadian rhythm is
organized by autonomously regulated clock genes. These genes
form a complex mechanism of positive and negative transcrip-
tion-translation feedback loop which is orchestrated by the supra-
chiasmatic nucleus (SCN) of the hypothalamus as the master
neuronal circadian pacemaker (as reviewed in Albrecht, 2012).
Interestingly, the functional activity of the SCN is not only regu-
lated by light but is also subject to modulation by emotion- related
physiological states (Lamont et al., 2005). Clock genes have also
been found to be expressed in other areas of the brain (Lamont
etal.,, 2005; Yang et al., 2007; Jilg et al., 2010) as well as nonneuronal
tissues (Storch et al., 2002).

With regard to the association between emotions and altera-
tions thereof in mood disorders and circadian rhythms, there
are reports on the expression of clock genes in brain areas form-
ing part of the neural circuitry involved in depression. As such,
in the amygdala, which is critically involved in the expression
and modulation of emotions and associated to the pathophysi-
ology of depression (as reviewed in Ressler and Mayberg, 2007),
clock gene expression has been reported both in experimental
animals and human samples (Ino, 2004; Lamont et al., 2005;
Kitajima et al., 2006; Segall et al., 2009; Mozhui et al., 2010; Wyse
and Coogan, 2010; Li et al., 2013). Specifically, a seminal study
recently described a flattening in the circadian pattern of gene
expression in human amygdala tissue derived from postmor-
tem brains of major depressive disorder patients (Li et al., 2013).

We here aimed to build upon this work by investigating
whether comparable alterations could be observed in a naturalistic
animal model of the disorder which would allow to further inves-
tigate the molecular basis of the described association between
circadian abnormalities and mood disorders (Li et al., 2013). To this
end we used the chronic mild stress (CMS) model of depression
to systematically evaluate clock gene rhythmicity and its modula-
tion by induction of a depressive-like state in the mouse basolat-
eral amygdala (BLA). Specifically, given the critical importance of
growth factor support and deficiencies thereof in the pathophysiol-
ogy of depression, we investigated whether the vascular endothe-
lial growth factor (VEGF)—which has been recently identified as a
direct target of a circadian regulatory gene (Jensen and Cao, 2013)
and associated with stress-related disorders, including depressive
disorders (Kahl et al., 2009; Elfving et al., 2010; Khan et al., 2014)—
showed diurnally oscillating expression patterns in the mouse BLA
and might be linked to stress-induced anhedonia.

Methods

Animals

C57BL/6N male mice (Charles-River Laboratories, Germany), aged 8
to 10 weeks at the onset of experiments, were used in all instances.
All animals were naive, that is, without any prior manipulation, at
the onset of experiments. Mice were single-housed in a sound-
attenuated room with constant temperature of approximately
21°C under a 12-h-light/-dark cycle with light on at 7:00 AM
(defined as Zeitgeber Time [ZT] 0). The light intensity at the level
of the animals’ cages was approximately 200 lux. Food and water
were available ad libitum throughout the experiment, unless oth-
erwise specified. All experiments were designed to reduce animal
suffering and keep the number of animals used at the minimum
level. Sample sizes were similar to those reported in previous stud-
ies (Griesauer et al.,, 2014; Khan et al., 2014). Animal experiments
described in this study were approved by the national ethical
committee on animal care and use (GZ-66.009/0215-11/10b/2009;
Bundesministerium fiir Wissenschaft und Forschung) and carried
out according to international laws and policies.

Behavioral Paradigms

CMS Procedure

Upon delivery of mice to the local animal facility, all animals
were randomly (alternating within each cage) assigned to one
of the two experimental groups (CMS and control, respectively),
and behavioral assessments were carried out blind to the exper-
imental conditions. The CMS procedure was based on the pro-
tocol described by Strekalova et al., 2004 and was carried out
with minor modifications. Briefly, for 4 weeks mice were daily
exposed to one of the following stressors: exposure to rat (15
hours), space restraint (in a plastic transparent tube with a 2.6-
cm internal diameter; 2 hours) and tail suspension (6 minutes).
Stressors were applied in the following order: exposure to rat
(days 1-7), restraint (days 8-10), exposure to rat (days 11-17),
tail suspension (days 18-22), restraint (days 23-25), and tail sus-
pension (days 26-28). All procedures, except the rat exposure
(overnight), were carried out during the light phase. Body weight
measurements and fur state were monitored weekly. Control
animals were handled only for several minutes every day.

Sucrose Preference Test

The Sucrose Preference Test (SPT) was carried out essentially as
previously described (Khan et al., 2014). Briefly, during a 4-day
training phase, mice were habituated to drink a 2% sucrose solu-
tion. The day before the SPT, mice were deprived of food and
water for 18 hours. During the test, subjects were given a free
choice between 2 bottles, one with the sucrose solution and the
other with water. Mice were tested for 3 hours, starting at 9:00
AM. To prevent possible effects of side preference in drinking
behavior, the position of the bottles (right/left) was alternated
between animals. Total liquid consumption was measured by
weighing the bottles before and after the SPT. Sucrose prefer-
ence was calculated as percentage of sucrose solution con-
sumed relative to the total amount of liquid intake.

Tissue Dissection

Mice were sacrificed by cervical dislocation at 6 equally spaced
time points during a 24-hour interval and brains were rapidly
removed and frozen on dry ice. Samples of the BLA were isolated
using a micro-punch procedure. Briefly, 3 brain coronal sections
of 300 pm, starting at -0.94mm from bregma point (Paxinos and
Franklin, 2001), were collected. Then, 3 bilateral samples of BLA
were extracted with a blunted 0.69-mm-diameter sample can-
nula (Fine Science Tools, Germany), put into 700 pL Qiazol lysis
buffer, vortexed and kept at -80°C until use.

RNA Purification and qRT-PCR

Total RNA from the BLA was isolated using a miRNA Micro kit
(QUIAGEN, CA), amplified using T-Script reverse transcriptase
(QuantiTect Whole Transcriptome, QUIAGEN, CA), and quanti-
fied by the Quant-iT PicoGreen dsDNA Reagent (Invitrogen CA).
Then 2 pL of cDNA from each sample were subjected to quan-
titative real-time PCR (qRT-PCR) using Power SYBR Green PCR
Master Mix (Applied Biosystems, CA) according to the recom-
mendations of the manufacturer. Transcription levels of tar-
get genes were assayed in duplicates and normalized against
the amount of B-actin mRNA (delta cycle threshold (dCT)).
Primer sequences for mouse clock genes were as follows: mus_
Clock, forward, 5-GGCGTTGTTGATTGGACTAGG-3’, reverse,
5’-GAATGGAGTCTCCAACACCCA-3’; mus_Bmall, forward, 5’-AA
CCTTCCCGCAGCTAACAG-3’; reverse, 5-AGTCCTCTTTGGGCC
ACCTT-3’; mus_Cryl, forward, 5-AGGAGGACAGATCCCAATG



GA-3’; reverse, 5-GCAACCTTCTGGATGCCTTCT-3’; mus_Cry2,
forward,5’-AGCTGATGTGTTCCCAAGGCT-3’;reverse,5’-CATAATG
GCTGCATCCCGTT-3’; mus_Per1, forward, 5’-CCAGATTGGTGGAG
GTTACTGAGT-3’; reverse, 5-GCGAGAGTCTTCTTGGAGCAGT
AG-3’; mus_Per2, forward, 5-AGAACGCGGATATGTTTGCTG-3’;
reverse, 5'-ATCTAAGCCGCTGCACACACT-3’; mus_Per3, forward,
5’-CCGCCCCTACAGTCAGAAAG-3’; reverse, 5’-GCCCCACGTGCTT
AAATCCT-3’; mus_Id2, forward 5’-AGGCATCTGAATTCCCTTCT
GA-3’; reverse, 5’'-AGTCCCCAAATGCCATTTATTTAG-3’; mus_Rev-
erb o, forward, 5’-CCCTGGACTCCAATAACAACACA-3’; reverse,
5’-GCCATTGGAGCTGTCACTGTAG-3’; mus_Rev-erb f, forward,
5’-GGAACGGACCGTCACCTTT-3’; reverse, 5'-TCCCCTGCTCCCA
TTGAGT-3’; ROR-a, forward, 5-TTGCCAAACGCATTGATGG-3’;
reverse, 5-TTCTGAGAGTCAAAGGCACGG-3’; ROR-B, forward,
5’-ATGGCAGACCCACACCTACG-3’;reverse,5’-TATCCGCTTGGCGA
ACTCC-3’; ROR-y, forward, 5’-CGAGATGCTGTCAAGTTTGGC-3;
reverse, 5’-TGTAAGTGTGTCTGCTCCGCG-3’; Dec1, forward, 5’-CC
CGTCTCTGATGAATAAAGACCA-3’; reverse, 5'-GGACAGCATGCC
GTAGAAGTGA-3’; Dec2, forward, 5’-ATGAATGCATTGCTCAGCTG
AAAG-3’;reverse,5’-GCTGCTGCTCAGTTAAGGCTGTTAG-3’; mus_
E4bp4, forward, 5’-AGAACCACGATAACCCATGAAAG-3’; reverse,
5’-GACTTCAGCCTCTCATCCATCAA-3’;mus_Npas2,forward,5-AC
GCAGATGTTCGAGTGGAAA-3’;reverse,5 -CGCCCATGTCAAGTGC
ATT-3’; mus_Neuro D1, forward, 5’-CGAGTCATGAGTGCCCAGC
TTA-3’; reverse, 5'-CCGGGAATAGTGAAACTGACGTG-3’. Primers
used for amplification of mouse VEGFA, VEGFB, VEGFC, VEGFR1,
VEGFR2, and VEGFR3 were previously described (Catteau et al.,
2011).

Enzyme-Linked Immunosorbent Assay

Animals were deeply anaesthetized with an intraperitoneal injec-
tion of ketamine/xylazine (100/40mg/kg), and blood samples were
collected by cardial puncture at 6 equally spaced time points as
described above. Then 15 pL of heparin (Sigma, MO) wer immedi-
ately added to blood samples, and plasma was obtained by cen-
trifugation for 5 minutes at 14000rpm at 4°C. VEGFA concentration
levels were determined using a commercially available assay kit
following the manufacturer’s instructions (R&D Systems, MN). All
samples were analyzed in duplicates. Photometric quantification
was performed on an enzyme-linked immunosorbent assay plate
reader (Stat Fax-2100, Awareness Technologies, CT).

Immunohistochemistry

Mice were deeply anaesthetized with an intraperitoneal injec-
tion of ketamine/xylazine (100/40mg/kg) at ZT12 and perfused
intracardially with 4% paraformaldehyde. Brains were removed,
cryoprotected for 48 hours and cut into 30 pm-thick coronal sec-
tions at a section interval of 60 um. Free-floating sections were
incubated in 10mM citrate buffer (pH 6) for 30 minutes at 70°C
for antigen retrieval. Sections were then blocked in Tris-buffered
saline solution containing 0.25% Triton Tx-100, 2.5% bovine serum
albumin, and 2% normal goat serum for 1 hour, prior to an over-
night incubation at 4°C with a rabbit polyclonal antibody against
CLOCK (1:500; PA1-520, Thermo Scientific, MA). Slices were then
incubated for 2 hours with Alexa Fluor 488 goat anti-rabbit (1:1000,
Invitrogen, MA) at room temperature in Tris-buffered saline solu-
tion containing 0.25% Triton, 2.5% bovine serum albumin, and
2% normal goat serum for 1 hour. Slices were incubated with red
Fluoro Myelin (1:300; Molecular Probes, OR) for 20 minutes, then
mounted and cover-slipped using Fluorogel with Tris mounting
medium (Electron Microscopy Sciences, PA).
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Image Analysis

Tissue sections containing the BLA were analyzed on a
confocal microscope (Zeiss Axiovert 200, Zeiss, Germany).
Immunofluorescent signals were sequentially captured using
the 488 (green) and 543 (red) channels and processed using Zeiss
LSM510 Image Browser. Eight images of the BLA (4 right and 4
left) were evaluated for each subject, starting at -0.94mm from
bregma point (Paxinos and Franklin, 2001). NIH Image]J software
(National Institute of Health, MD) was used for image process-
ing and densitometric analysis of positive cells. BLA borders
were delineated according to the Fluoro Myelin staining and
the mouse brain atlas (Paxinos and Franklin, 2001). Background
staining was subtracted from each image. Profile of expression
was determined by densitometric analysis of particles, repre-
sented by CLOCK immunopositive cells. For each particle, the
integrated density (mean grey valuexarea, expressed in pm?)
was measured. Immunoreactivity for each slice was obtained by
the average of the integrated density within that slice.

Data Collection and Statistical Analysis

Cosinor analysis was performed to determine significant cir-
cadian patterns in mRNA expression. Data were analyzed
using CircWave statistic software (V1.4) according to the equa-
tion Y=c+aSIN (i2m t/24)+bCOS (i2m t/24), where Y is delta cycle
threshold, t is ZT, and a, b, and c were predicted. Further nonlin-
ear regression analysis was used to determine peak time, trough,
and amplitude of the curve, using the center of gravity param-
eter. Comparisons of mRNA expression levels were made using
a 2-way analysis of variance (ANOVA), with treatment and ZT as
factors. For VEGF protein studies, the relative expression of VEGF
was analyzed by 2-way ANOVA, with treatment and ZT as fac-
tors. Post-hoc pairwise comparisons, with Bonferroni correction
for multiple comparisons were conducted where appropriate.
For statistical analysis of CLOCK protein expression, data were
tested for normality using the Kolmogorov-Smirnov test followed
by an unpaired 2-tailed Student’s t test. Reductions in sucrose
preference and body weight during the experimental period were
analyzed by 1-way ANOVA followed by posthoc pairwise com-
parisons, with Bonferroni correction for multiple comparisons.
All data were analyzed using SPSS (SPSS 18.0, IBM, NY) statistical
software with the alpha level set at 0.05 at all instances.

Results

Diurnal Pattern of Clock Gene Expression in the
Mouse BLA Is Disrupted in Anhedonic Mice

To first assess the presence and potential cyclic rhythmicity of
the expression of 18 clock genes constituting major elements
of the endogenous molecular circadian machinery in the BLA,
brain samples of control mice were collected every 4 hours
for a 24-hour period (7:00 aM defined as ZT 0). gRT-PCR analy-
sis indicated the expression of all the clock genes examined in
the mouse BLA (listed in Table 1a). Subsequent cosinor analysis
revealed a statistically significant rhythmic pattern of expres-
sion for the following clock genes: Clock (P=.004) peaking in
the morning (ZT4); Bmall (P=.005) peaking at night (ZT16); Cry2
(P=.008) peaking in the late night (ZT21); Perl (P=.04) and Per3
(P=.0005) peaking in the morning (ZT3 and ZT4); Id2 (P=.005)
peaking at night (2T18); Rev-erba (P=.03) peaking in the morn-
ing (ZT3); Ror-p (P=.007) peaking in the morning (ZT4); and Ror-y
(P=.03) peaking in the late night (ZT21) (Table 1b and1lc).
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Table 1. Characterization of Clock Gene Expression in the Mouse
BLA. (a) Comparison of cosinor analysis of the cyclic expression of
18 clock genes in basolateral amygdala (BLA) tissue between control
(total of n = 49) and anhedonic (total of n = 30) mice). P values <.05
denote a statistically significant cosinor analysis fitted curve, indi-
cating diurnally rhythmic gene expression. (b) Peak time, trough and
amplitude of clock genes exhibiting diurnally rhythmic gene expres-
sion in the mouse BLA. (c) Comparison of BLA and suprachiasmatic
nucleus (SCN) expression pattern of clock genes.

1la

Cosinor Analysis P Value
Gene Control Anhedonic
Clock .004 .63
Bmall .005 .01
cry1 07 97
Cry2 .008 .52
Perl .04 22
Per2 .82 .53
Per3 .0005 .92
1d2 .005 .06
Rev-erba .03 93
Rev-erbf3 .63 .94
Ror-a 3 51
Ror-f .007 .19
Ror-y .03 .38
Decl 22 31
Dec2 12 75
E4bp4 13 .09
Npas2 .34 .35
NeuroD1 2 .84
1b
Gene Peak (ZT) Trough (ZT) Amplitude
Clock 4 16 1.42
Bmall  16/23 (anhedonic) 4/11 (anhedonic) 0.67/0.42 (anhedonic)
Cry2 21 9 0.48
Perl 3 15 1.32
Per3 4 16 1.81
1d2 18 6 0.34
Rev-erba 3 15 1.04
Ror-f 4 16 0.85
Ror-y 21 9 1.47

Abbreviation: ZT, Zeitgeber Time.

To investigate whether depression-like behavior may affect
diurnal patterns of clock gene expression, mice were exposed to
a CMS paradigm to induce a depressive-like state. Sucrose intake
was evaluated before and after the CMS procedure (SPT1 and
SPT2). The mean percentage change (14.51%) in sucrose prefer-
ence between SPT1 and SPT2 in control animals, which were han-
dled only for the same period of time, was used as the criterion to
separate responders (susceptible) from nonresponders (resilient).

A total of 46.27% of mice responded to the CMS proce-
dure by a significant reduction in sucrose preference (P=.001)
(Figure 1a), which was paralleled by a significant reduction in
the percentage of body weight gain (P=.001) during the experi-
mental period (Figure 1b) and were termed “anhedonic.” Change
in sucrose preference and percentage of body weight gain was
comparable between the remaining “nonanhedonic” (53.73% of
all animals) and handled-only “control” mice. Cosinor analysis

1c

Peak (ZT) mRNA expression

Gene BLA SCN

Clock 4 Constitutive (Zheng et al., 1999;
Shearman et al., 2000)

Bmall 16 16-18 (Shearman et al., 2000)

Cry2 21 —/15 controversial (Kume et al,,
1999; Mendoza et al., 2005)

Perl 3 4 (Shearman et al., 1997; Zheng
et al., 1999)

Per3 4 6-9 (Zylka et al., 1998;
Shearman et al., 2000)

1d2 18 18 (Ueda et al., 2002)

Rev-erba 3 4 (Onishi et al., 2002)

Ror-B 4 4 (Sumi et al., 2002)

Ror-y 21 — not expressed in SCN

(Ueda et al., 2002)

Abbreviation: ZT, Zeitgeber Time.

of clock gene expression in the BLA of anhedonic mice revealed
a disruption in the diurnal expression pattern of all clock genes
analyzed (Table 1a). For all clock genes (with the exception of
Bmall, where the induction of a depressive-like state resulted
in a shift in the rhythmic expression pattern as indicated by an
alteration in the peak time [from ZT16 to ZT23] compared with
control mice [Table 1b]), the diurnal rhythmicity in clock gene
expression was abolished in anhedonic mice (Table 1a; Figure 2;
Supplementary Table S1).

Changes in BLA CLOCK Protein Expression Induced
by Chronic Stress Parallel Alterations at the
mRNA Level

To exemplarily demonstrate that the observed changes of clock
gene expression in anhedonic mice were paralleled by respective
alterations of protein levels, BLA protein expression of CLOCK
was compared between anhedonic and control mice at ZT12
(Figure 3a). ZT12 was chosen as representative time point, since
2-way ANOVA analysis followed by Bonferroni posthoc tests of
mRNA expression levels had indicated significant differences
between control and anhedonic mice specifically during the night
phase, at ZT12 (P=.2E-4); ZT16 (P=.001); ZT20 (P=1.56E-07), with
higher Clock expression in the BLA of anhedonic mice (significant
main effect of treatment (F ,, =50.72, P=1.43E-09), significant main
effect of time points (F,,,=4.61, P=.001) and significant interac-
tion between treatment and time points [F ., = 3.60, P=.006]).

Thus, for protein expression analysis, the CMS procedure
was carried out in a parallel group of mice, and handled mice
again served as controls. CLOCK was found to be expressed in
the BLA of both control and anhedonic mice. Analysis of the
relative intensities of CLOCK protein expression revealed a sig-
nificant difference between the 2 groups (t,,=-2.61; P=.02), with
higher relative intensity in the anhedonic group (Figure 3b), thus
paralleling the results at the mRNA level.

Diurnal Pattern of VEGFA Expression Is Abolished in
the BLA of Anhedonic Mice

Searching for the molecular link between alterations in clock gene
expression and the observed depressive-like state of anhedonic
mice, we focused on the analysis of VEGF, previously described
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Figure 1. Chronic mild stress (CMS) induces anhedonic behavior and reduction in body weight gain in a subset of mice. After 28 days of CMS, a subset of mice (46.37%)
displayed (a) a decrease in sucrose preference compared with the baseline evaluation before the start of the CMS; and (b) a reduction in body weight gain over the
experimental period and were termed “anhedonic.” Sucrose preference and percentage of body weight gain were comparable with control animals in the remaining
animals (53.72%) (nonanhedonic). **P<.001 denotes comparison by posthoc tests between anhedonic and control and nonanhedonic mice, respectively.

to be both directly regulated by circadian genes (Koyanagi et al.,
2003) and related to the pathophysiology of depression (Kahl
et al., 2009; Elfving et al., 2010; Khan et al., 2014). Thus, mRNA lev-
els of VEGFA, VEGFB, VEGFC, and their receptors VEGFR1, VEGFR2,
and VEGFR3 were analyzed by gRT-PCR at the same 6 time points
used for clock gene expression evaluation in the BLA of control
mice. Cosinor analysis revealed a rhythmic diurnal pattern of
expression for VEGFA (P=.02) peaking in the early morning (2T1),
VEGFB (P=.007) peaking at night (ZT18), and VEGFC (P=.005) peak-
ing at dawn (ZT23) (Table 2a-b). None of the VEGFRs analyzed
was found to exhibit diurnal expression patterns (Table 2a). To
investigate the effect of a depressive-like state on the rhythmic-
ity of VEGF expression, VEGF gene expression was subsequently
examined in the BLA of anhedonic mice. Cosinor analysis pro-
vided evidence that the rhythmic expression of VEGFA was com-
pletely abolished in anhedonic mice (P=.25) (Figure 4a). Although
the diurnal oscillation of VEGFB (P=.009) and VEGFC (P=.01) was
preserved in anhedonic mice (Figure 4b-c), a slight shift in peak
time expression was observed (Table 2b; Supplementary Table S2).

Depressive-Like States Are Reflected in Alterations of
Plasma VEGFA Levels

To test whether modulation of VEGFA expression in the BLA of
anhedonic mice was paralleled by respective changes in periph-
eral concentrations of VEGFA, VEGFA plasma levels were ana-
lyzed at the same 6 time points in control and anhedonic mice.
No diurnal rhythmicity of plasma VEGFA levels was observed
(P=.33) (Figure 4d). Two-way ANOVA analysis, however, revealed
a significant main effect of treatment on VEGFA concentration
(F=543, P=.02). The enhancement of plasma VEGFA con-
centration in anhedonic mice (Figure 4d) is thus paralleling the
observed changes in the BLA. No significant effect of time point

(Fig45=0.59, P=.71) or interaction between treatment and time
points (F,;,=0.65, P=.67) was observed.
Discussion

Despite the tight association between alterations in circadian
rhythms and mood disorders, a systematic investigation of the

endogenous molecular circadian machinery in the amygdala,
a central component of the neural circuitry involved in emo-
tional regulation and its modulation by a depressive-like state
in experimental animals has not been carried out so far.

Using CMS-induced anhedonia as a naturalistic animal
model of depression, we propose that aberrant control of diurnal
rhythmicity related to affective disorders may indeed directly
result from the illness itself and extend from the regulation
of clock genes to other molecular key players relevant to the
pathophysiology of depression. This conclusion is based upon:
(1) the disruption of the diurnal expressional oscillation of Clock,
Cry2, Perl, Per3, Id2, Rev-erba, Ror-, and Ror-y in BLA tissue of
anhedonic mice; (2) an anhedonia-induced modulation of the
cyclic pattern of VEGFA, VEGFB, and VEGFC expression result-
ing in augmented mRNA levels with a complete abolishment of
VEGFA diurnal amygdala expressional oscillations; and (3) a cor-
responding enhancement of peripheral VEGFA concentration in
anhedonic vs control mice.

Amygdala Clock Gene Expression

Reports on the presence of individual clock genes in the amyg-
dala are available (Ino, 2004; Lamont et al., 2005; Kitajima et al.,
2006; Segall et al., 2009; Mozhui et al., 2010; Wyse and Coogan,
2010). The present study for the first time simultaneously ana-
lyzed 18 canonical clock genes and showed that all of them are
detectable at the mRNA level in the mouse BLA, with 9 of them
showing clear diurnal rhythmicity. Of those, there are parallels
to reported peak times even in other species, for example, Perl
peaks at ZT3 both in the present study in mice and in humans
(Li et al., 2013). For other genes, circadian oscillations were
observed in the current analysis that had not been detected by
others, for example Bmall. Vice versa, in the present study, was
not observed circadian oscillation of Per2, as described in previ-
ous studies (Lamont et al., 2005; Li et al., 2013). This may relate to
differences in mRNA vs protein expression, species specificity,
or technical aspect of the individual detection methods applied.

To our knowledge, this is the first description of Ror-o, part of
an additional regulatory loop that activates Bmall transcription
in the SCN (Sato et al., 2004) and Ror-y gene expression in the
amygdala. The present study showed also for the first time the
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Figure 2. Modulation of circadian patterns of clock genes expression in the basolateral amygdala (BLA) of anhedonic mice. Data represent relative mRNA expression
(dCT) of (a) Clock, (b) Bmali, (c) Cry2, (d) Per1, (e) Per3, (f) 1d2, (g) Rev-erba, (h) Ror-B, and (i) Ror-y determined by quantitative real-time PCR (qQRT-PCR) of BLA tissue of control
(blue) and anhedonic mice (red); total of n=49 for control and n=30 for anhedonic mice. Data are reported as dCT values (inversely proportional to the amount of gene
expression) and displayed as mean values + SEM. Posthoc pair-wise comparisons with Bonferroni correction were carried out when a statistically significant interac-
tion between treatment and Zeitgeber Time (ZT) was detected to determine differences between groups at individual time points. *P<.05, *P<.01, **P<.001, denote

differences revealed by posthoc tests.

expression of Cry2 and Decl, two important negative regulatory
components of the core clock machinery (Vitaterna et al., 1999;
Honma et al., 2002) and E4bp4, a basic leucine zipper transcrip-
tion factor controlling the circadian oscillation of expression of
its target genes (Mitsui et al., 2001), in the amygdala. Detection
of all core clock genes examined suggests that control by the
circadian system may importantly contribute to the regula-
tion of BLA function, thereby contributing to the modulation of
emotional states. The functional relevance of diurnally oscil-
lating clock gene expression in the BLA is further validated by
the fact that, as in the SCN (Shearman et al., 1997; Shearman
et al., 2000), BLA Perl expression is also at an ~180° antiphase
angle to the Bmall expression. The overall temporal phasing of
most clock genes observed in the BLA was synchronous with
previous reports of the expression of the respective genes in the
mouse SCN (Shearman et al., 1997, 2000; Zylka et al., 1998; Zheng
et al.,, 1999; Onishi et al., 2002; Sumi et al., 2002; Ueda et al., 2002)
(Table 1c). As in other brain regions (Jilg et al., 2010) and in periph-
eral tissues (Storch et al., 2002), the expression of Clock showed
a clear diurnal rhythmicity in the BLA while being constitutively

expressed in the SCN (Zheng et al., 1999; Shearman et al., 2000).
Similarly, mRNA levels of Ror-y, which is not expressed in the
SCN (Ueda et al., 2002), robustly cycle in the BLA, as previously
described in extra-neural tissues (Kang et al., 2007). Currently, is
not clear why some extra-SCN cerebral clocks oscillate in phase,
others in antiphase to clock gene expression in the SCN (Girotti
et al., 2009). However, given the tight coupling of temporal phas-
ing of the major core components of the BLA molecular clock to
the SCN, a direct regulatory control of the master clock on the
circadian machinery of the BLA can be hypothesized, as also sug-
gested by previous findings (Lamont et al., 2005). In principle, the
SCN could be acting on the BLA via neural or humoral routes. The
paraventricular nucleus of the hypothalamus is thus far the only
identified brain region directly relaying synaptic signals from
the SCN to the amygdala (Peng and Bentivoglio, 2004), but the
expression of several clock genes in the paraventricular nucleus
has been demonstrated to be in antiphase with the correspond-
ing gene products in the SCN (Girotti et al., 2009), the neural
pathway is most likely not mediating the impact of the SCN on
BLA cyclic activity. With regard to the humoral factors, a likely
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Figure 3. Alterations of CLOCK protein expression in the basolateral amygdala (BLA) of anhedonic mice. (a) Representative immunofluorescence images of CLOCK pro-
tein expression in the BLA of control (left) and anhedonic (right) mice during late day-dusk (Zeitgeber Time [ZT]12). The 30-pm amygdala coronal sections were stained
with CLOCK antibody (green) and red Fluoro Myelin (red). Dotted white lines indicate the areas analyzed in each tissue section. Scale bar: upper 200 pm, lower 100 pm.
(b) Quantification of relative intensities of CLOCK protein expression in the BLA of control (n=6; blue) and anhedonic (n=7; red) mice at ZT12. Data are displayed as

mean + SEM, * P<.05.

Table 2. Characterization of VEGF and VEGFR Expression in the
Mouse BLA. (a) Comparison of cosinor analysis of the cyclic expres-
sion of vascular endothelial growth factor VEGFA, VEGFB, and VEG-
FC in basolateral amygdala (BLA) tissue (total of n = 52 for control
and n = 26 for anhedonic mice). P values < .05 denote a statistically
significant cosinor analysis fitted curve, indicating diurnally rhyth-
mic gene expression. (b) Peak time, trough, and amplitude of VEGFs
exhibiting diurnally rhythmic gene expression in the mouse BLA.
2a

Cosinor Analysis P Value

Gene Control Anhedonic
VEGFA .02 .25

VEGFB .007 .009
VEGFC .005 .01

VEGFR1 94

VEGFR2 .39

VEGFR3 43

2b

Gene Peak (ZT) Trough (ZT) Amplitude
VEGFA 1 13 1.77
VEGFB 18/2 (anhedonic) 6/14 (anhedonic) 0.55

VEGFC 23/1 (anhedonic) 11/13 (anhedonic) 2.36

Abbreviation: ZT, Zeitgeber Time.

candidate potentially synchronizing the transcriptional regula-
tion of BLA clock genes to SCN rhythms is Gastrin-releasing pep-
tide (GRP). GRP, which is known to communicate photic signals
within the SCN hereby regulating circadian behavior and clock
gene expression (Aida et al., 2002), is also highly expressed in

the amygdala where, through binding to its receptor GRPR, it is
involved in the regulation of emotional behaviors (Monje et al.,
2011; Martel et al., 2012).

Alternatively, it has to be considered that non-SCN mediated
rhythms may also be involved in the regulation of amygdala clock
gene expression, as direct photic inputs to the amygdala have
been described (Hattar et al., 2006; Morin and Studholme, 2014).

This observation proposes SCN-independent modulatory
effects of light exposure on molecular events in the amygdala
and related physiological and behavior outputs as intriguing
novel aspects that should be further addressed in future studies.

We next set out to address the question whether the diur-
nal oscillation of BLA clock genes was disrupted in a natural-
istic animal model of depression. Using the CMS paradigm, we
observed that, in agreement with previous reports, only a sub-
set of animals displays a reduction in sucrose preferences after
exposure to CMS (“anhedonic”), an effect described as partial
depressive-like outcome in chronic stress models of depression
in the literature (Strekalova et al., 2004, 2006; Bergstrom et al.,
2007; Krishnan et al., 2007; Li et al., 2010; Vialou et al., 2010).
Anhedonic mice, but not nonanhedonic or control animals, also
presented with a significant decrease in percent body weight
change during the experimental period, as previously described
by others (Strekalova et al., 2004, 2006; Strekalova et al., 2008;
Strekalova and Steinbusch, 2010).

Circadian analysis of clock gene expression revealed that,
with the exception of Bmall, whose peak was shifted, the rhyth-
mic expression of all clock genes that were diurnally expressed
in BLA of control mice was abolished in CMS-induced anhedonic
mice. However, rhythm desynchronization among the individual
subjects may also contribute to the apparent loss of clock gene
oscillation in the anhedonic group, which is indeed analyzed as
a “population rhythm.”

The CMS paradigm employed herein does not allow for a
concomitant analysis of circadian wheel running activity; thus,
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Figure 4. Modulation of circadian patterns of vascular endothelial growth factor (VEGF) gene expression in amygdala and plasma of anhedonic mice. Data are reported
as dCT values (inversely proportional to the amount of gene expression) and displayed as mean values + SEM. Patterns of (a) VEGFA, (b) VEGFB, and (c) VEGFC deter-
mined by quantitative real-time PCR (qQRT-PCR) analysis of BLA tissue of control (blue) and anhedonic mice (red); total of n=52 for control and n=26 for anhedonic
mice. Two-way ANOVA analysis revealed a significant effect of treatment (ie, anhedonic vs control) for the expression of all individual VEGF genes analyzed (VEGFA,
Fie9=16.75,P=.0001; VEGFB, F, ,, =13.80, P=.0004; VEGFC, F, ;; =16.33, P= .0001). Posthoc pairwise comparisons with Bonferroni correction have been carried out when a
statistically significant interaction between treatment and Zeitgeber Time (ZT) was detected to determine differences between groups at individual time points. *P<.05,
**P<.01, denote differences revealed by posthoc tests. (d) Concentration of VEGF at 6 time points in plasma of control mice (n=23; blue) and anhedonic mice (n=24; red),
with 3 to 4 animals per time point. VEGF levels (pg/mL) were determined by enzyme-linked immunosorbent assay. Two-way analysis of variance (ANOVA) revealed a

significant main effect of treatment (ie, anhedonic vs control) (Fms)
an independent study will be required to examine whether
disrupted amygdala clock gene oscillation is also paralleled
by disturbed behavioral rhythms. However, a previous study
showed that CMS caused disturbances of the diurnal and cir-
cadian rhythm of wheel-running locomotor activity in rats
(Gorka et al., 1996). Along these lines, the physiological rhyth-
mic pattern of the core body temperature has been found to
be disrupted in rats exposed to a CMS paradigm (Ushijima
et al., 2006). Considering that it has been previously shown that
CMS alters hepatic clock gene expression without affecting the
respective rhythms in the SCN (Takahashi et al., 2013), it can
be speculated that circulating factors, such as corticosterone,
may directly confer CMS-induced alterations in amygdala clock
gene oscillation. This hypothesis gains further support from a
previous finding demonstrating an altered pattern of circadian
corticosterone secretion in chronically stressed mice (Dalm
et al,, 2012), as rhythms in corticosterone have been identified
as modulators of clock gene expression (Lamont et al., 2005;
Segall et al., 2006).

=5.43, P<.05). Data are displayed as mean + SEM, *P<.05.

A large body of clinical data has proved a correlation
between clock gene functions and mood disorders, including
bipolar disorder (Benedetti et al., 2003), seasonal affective disor-
der (Partonen et al., 2007), and major depression (Li et al., 2013).
A seminal study recently for the first time identified disrup-
tion of diurnal oscillatory patterns of gene expression, includ-
ing elements of the molecular circadian machinery, in several
brain regions using postmortem material of depressed patients
(Li et al,, 2013). Although in rats the effect of chronic stress on
individual clock genes in the hippocampus has been assessed
(Jliang et al., 2013), this is the first comprehensive analysis of the
diurnal expression of all core elements of the molecular clock
in the mouse amygdala and its disruption in a validated animal
model of depression. Whereas the nature of the design of the
present study does not allow inferring a direct causal relation-
ship between the alteration of clock gene rhythmicity and the
depressive-like state, it further corroborates evidence for the
pathophysiological relevance of several clock genes, including
Clock, Bmall, Cry2, Perl, and Per3, which have been previously



strongly associated with mood disorders based upon genetic
studies in the human population (Benedetti et al., 2003; Carpen
et al., 2006; Artioli et al., 2007; Partonen et al., 2007; Lavebratt
et al,, 2010) and relevant animal models (Griesauer et al., 2014).

VEGFA Cyclic Pattern of Expression and Disruption
in Anhedonic Mice

Searching for the downstream effectors potentially medi-
ating the effects of altered clock gene rhythmicity on depres-
sive-like behavior, we turned towards the analysis of growth
factors previously implicated in mood disorders, specifically
VEGF (Kahl et al., 2009; Elfving et al., 2010; Khan et al., 2014).
The VEGF-signaling pathway was a likely candidate considering
previously published evidence for a direct regulatory impact of
elements of the molecular clock machinery on VEGF expression
(Koyanagi et al., 2003).

We here firstly describe the diurnal oscillation of VEGF
expression in the central nervous system by examining the
cyclic pattern of expression of VEGFA, VEGFB and VEGFC in
the mouse BLA. Interestingly, though all 3 genes exhibited a
clear diurnal rhythmicity, mRNA levels of VEGFA and VEGFC
peaked in the light phase, while VEGFB expression was higher
in the dark phase of the cycle in control mice. In agreement
with our findings, rhythmic expression of VEGFA (isoform 120
and 164) was previously observed in implanted tumor cells
(Koyanagi et al., 2003), with a peak in the light phase. Strikingly,
the diurnal oscillation of VEGFA was completely abolished
and a shift in the peak time expression of VEGFB and VEGFC
was recorded in the BLA of anhedonic mice. Considering the
observed alterations in clock gene expression in anhedonic
mice, these findings suggest that correct functioning of the
molecular clock is required for the proper diurnal oscillation
of VEGF in the amygdala. Moreover, in view of the available evi-
dence for a link between altered VEGF levels and depression
(Kahl et al., 2009; Elfving et al.,, 2010; Khan et al., 2014), it can
be hypothesized that disruption of the cyclic nature of VEGF
expression, potentially resulting from aberrant rhythmicity of
the endogenous molecular clock, presents a pathophysiological
correlate of altered emotional states in mood disorders.

Interestingly, although no diurnal pattern of plasma VEGFA
levels was detected, augmented peripheral VEGFA concentra-
tions paralleled the general trend for increased levels of the 3
individual members of the VEGF family of growth factors in the
BLA of anhedonic mice. These results support previous findings
of increased plasma VEGF concentrations in depressed patients
(Kahl et al., 2009), which, however, had not been observed in
other studies (Dome et al., 2009; Ventriglia et al., 2009).

To conclude, this study establishes an animal model for
the impact of prodepressogenic environmental stimuli on
diurnal oscillation of elements of the endogenous clock as a
valid tool to further explore the molecular mechanisms medi-
ating the involvement of the circadian system in the patho-
physiology of mood disorders. Moreover, the results presented
herein lay the ground for future investigations aiming at the
identification of alternative drug targets and novel biomark-
ers for depression and invite consideration of the relevance of
amygdala circadian rhythmicity in therapeutic interventions
for the disorder.

Supplementary materials
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