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Abstract Neurotrophic factors are well-known to be in-
volved in the pathophysiology of depression and treatment
of antidepressants. Brain-derived neurotrophic factor
(BDNF), one of the most widely distributed and the most
highly studied neurotrophic factors, has been demonstrated
to play an important role in the pathophysiology of depression
and the mechanism of antidepressants. According to the pre-
vious studies, we found that animal tissues were dissected for
BDNF measurement mainly in daytime. Considering the cir-
cadian rhythm of BDNF expression, our present study evalu-
ated the circadian variations in behaviors, serum corticoste-
rone concentrations, hippocampal BDNF expression and neu-
ronal cell proliferation in mice exposed to chronic mild stress
(CMS), one of the most widely used depression-like animal
models. Our results provided the first evidence that the
difference of BDNF expression and neuronal cell prolifera-
tion between CMS and control mice underwent an oscilla-
tion related to the circadian variations (maximum at
20:00 h, minimum at 12:00 h or 16:00 h), while the dif-
ference of sucrose preference and first feeding latency was
not affected by circadian rhythm. This oscillation difference
was attributed to the relative constant BDNF expression
and cell proliferation in CMS mice and the fluctuating
BDNF expression and cell proliferation in control mice.
CMS exposure might destroy the circadian rhythm of BDNF

expression and cell proliferation in hippocampus of normal
individual. Our present study suggests that animal decapitation
at 20:00 h is the best time for BDNF-related measurement in
CMS experiment, since the difference reaches the maximum.
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Introduction

Chronic mild stress (CMS), a depression-like animal model
introduced by Katz and subsequently developed byWillner, is
widely used for studying the pathophysiology of depression
and the mechanism of antidepressants in lab (Katz et al. 1981;
Willner et al. 1987). CMS mimics depression in a naturalistic
way of socio-environmental stressors, involves the exposure
of animals to a series of mild and unpredictable stressors
during several weeks and results in a variety of behavioral,
neurochemical, neuroendocrine, neuroimmune and neuro-
trophic alterations resembling some of the dysfunctions ob-
served in depressed patients. Most abnormal effects of CMS
can be reversed by antidepressant treatments, suggesting a
strong predictive validity (Zhang et al. 2010).

Brain-derived neurotrophic factor (BDNF), which is
present in high concentration in the hippocampus, plays
an important role in the maintenance and survival of neu-
rons and in synaptic plasticity. It promotes differentiation of
neurons from stem cells, enhances neurite outgrowth and syn-
aptogenesis, and prevents programmed cell death (Marosi and
Mattson 2014). Clinical evidence suggests that regulation of
BDNF expression and function in hippocampus could con-
tribute to the pathophysiology and treatment of depression
(Shirayama et al. 2002). Animal studies indicate that stress
reduces BDNF expression or activity in the hippocampus
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and that this reduction can be prevented by treatment with
antidepressant drugs (Yi et al. 2014). As a result, a growing
number of studies evaluated the effects of CMS on the hippo-
campal BDNF levels.

Circadian rhythm, a powerful feature of the animal
body, plays an important role in nervous regulation and
reflects some degree of organization in the biological
clock (Robillard et al. 2014). Time of day affects memory,
executive function and attention in brain (Duncan and
Northoff 2013). Evidence suggests that major depression has
been linked to circadian rhythms alterations (Monteleone et al.
2011; Comai and Gobbi 2014). In addition, circadian rhythm
controlled the BDNF expression in hippocampus in animals
(Bova et al. 1998; Schaaf et al. 2000). However, according to
the published reports, CMS animals were sacrificed mainly in
the daytime especially at noon (Chandran et al. 2013; Liu et al.
2014). The circadian variations in BDNF levels of CMS ani-
mals remain unknown. Therefore, we hypothesized that the
difference of BDNF levels between CMS animals and control
animals displayed a circadian rhythm and thereby induced
circadian changes in the cell proliferation. To investigate this,
the hippocampal BDNF mRNA and protein levels were mea-
sured at different time points. In addition, we also measured
the hippocampal cell proliferation at these time points.

Materials and methods

Animals

Male ICR mice (24±2 g; 5 weeks old) were purchased from
Shanghai Slac Animal Center, PR China. Eight animals were
housed per cage (320×180×160 mm) with a normal 12-h/
12-h light/dark schedule with the lights on at 07:00 a.m.
(Circadian Time CT 0). The animals were allowed one week
to acclimatize themselves to the housing conditions before the
beginning of the experiments. Ambient temperature and rela-
tive humidity were maintained at 22±2 °C and at 55±5 %,
respectively, and the animals were given standard chow and
water ad libitum for the duration of the study. All procedures
were approved by the Ethics Committee and performed in
accordance with the published guidelines of the China
Council on Animal Care (Regulations for the Administration
of Affairs Concerning Experimental Animals, approved by
the State Council on 31 October, 1988 and promulgated
by Decree No. 2 of the State Science and Technology
Commission on 14 November, 1988).

CMS procedure

The procedure of CMS was performed as described previous-
ly (Yi et al. 2014). Briefly, the weekly stress regime consisted
of food and water deprivation, exposure to an empty bottle,

exposure to a soiled cage, light/dark succession every 2 h,
space reduction, 45° cage tilt, overnight illumination, and
predator sounds (Table 1). All stressors were applied individ-
ually and continuously both day and night. The control ani-
mals were housed in a separate room and had no contact with
the stressed groups. To prevent habituation and ensure the
unpredictability of the stressors, all of the stressors were ran-
domly scheduled over a one-week period and were repeated

Table 1 Schematic presentation of CMS schedule

Day Stressor used

Day 1 Food and water deprivation

Day 2 Soiled cage

Day 3 Light/dark succession & Space reduction

Day 4 45° cage tilt & Overnight illumination

Day 5 Predator sounds

Day 6 Soiled cage & Predator sounds

Day 7 Empty bottle & Light/dark succession

Day 8 Food and water deprivation

Day 9 Empty bottle & Light/dark succession

Day 10 Predator sounds & 45° cage tilt

Day 11 Space reduction & Overnight illumination

Day 12 Light/dark succession & Soiled cage

Day 13 Soiled cage & Space reduction

Day 14 Empty bottle & Predator sounds

Day 15 Food and water deprivation

Day 16 45° cage tilt

Day 17 Light/dark succession & Empty bottle

Day 18 Predator sounds & Space reduction

Day 19 Overnight illumination & Soiled cage

Day 20 45° cage tilt & Space reduction

Day 21 Predator sounds

Day 22 Food and water deprivation

Day 23 Space reduction

Day 24 Light/dark succession & 45° cage tilt

Day 25 Empty bottle & Predator sounds

Day 26 Overnight illumination & Soiled cage

Day 27 Space reduction

Day 28 Predator sounds

Day 29 Food and water deprivation

Day 30 Empty bottle & Overnight illumination

Day 31 Light/dark succession

Day 32 Space reduction & Soiled cage

Day 33 45° cage tilt

Day 34 Space reduction

Day 35 SPT

Day 36 Predator sounds

Day 37 NSFT

Day 38 Sacrifice
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throughout the five-week experiment. Body weights of all
animals were measured every week.

Sucrose preference test (SPT)

The SPTwas conducted at the end of 5-week CMS exposure.
Briefly, before the test, the mice were trained to adapt to su-
crose solution (1 %, w/v): two bottles of sucrose solution were
placed in each cage for 24 h, and then one bottle of sucrose
solution was replaced with water for 24 h. After the adapta-
tion, the mice were deprived of water and food for 24 h. The
test was conducted at CT 1 (8:00 h), CT 5 (12:00 h), CT 9
(16:00 h), CT 13 (20:00 h), CT 17 (24:00 h) and CT 21
(4:00 h), in which the mice were housed in individual cages
and had free access to two bottles containing sucrose solution
and water, respectively. After 24 h, the volumes of the con-
sumed sucrose solution and water were recorded.

Novelty-suppressed feeding test (NSFT)

The NSFT was conducted 24 h after the SPT. The NSFT
was performed during an 8-min period as previously de-
scribed (Yi et al. 2014). Briefly, the testing apparatus
consisted of a plastic box (50×50×20 cm). Food was with-
held from the mice for 24 h before the test. At the begin-
ning of the test, a single pellet of food was placed on a
white paper platform positioned at the center of the box. A
mouse was placed in a corner of the maze and a stopwatch
was immediately started. The scoring to measure the interest
did not begin until the mouse reached for the food with its
forepaws and began eating. The home-cage food consumption
within 15min was measured immediately following the test as
a control value.

Serum and tissue sample collection

Twenty-four hours after completion of the NSFT, six mice per
group were sacrificed by decapitation at different circadian
time points CT 1 (8:00 h), CT 5 (12:00 h), CT 9 (16:00 h),
CT 13 (20:00 h), CT 17 (24:00 h) and CT 21 (4:00 h), respec-
tively. Blood was collected on ice and separated in a refriger-
ated centrifuge at 4 °C. Serum was stored at −20 °C until
assays were performed. Whole brains were rapidly removed
from mice and chilled in an ice-cold saline solution. Whole
hippocampus was dissected on a cold plate and frozen in
liquid nitrogen immediately. The tissue samples were
stored at −80 °C until assay.

Serum corticosterone assay

Serum corticosterone levels were measured using an enzyme
immunoassay kit (Enzo Life Sciences, USA).

Real-time RT-PCR

Total RNA was isolated from the hippocampus using Trizol
reagent following the manufacturer’s instructions. Reverse
transcription was performed using M-MLV reverse tran-
scriptase for cDNA synthesis. Real-time PCR reactions
were performed using a SYBR Premix Ex Taq Kit in
ABI-7500 system. The BDNF (forward 5′-TTATTTCA
TACTTCGGTTGC-3′; reverse 5′-TGTCAGCCAGTGATGT
CG-3′) and the internal control GAPDH (forward 5′-GGGT
GTGAACCACGAGAAAT-3′; reverse 5′-GGAAGAATGG
GAGTTGCTGT-3′) primers were used. The fluorescence
signal was detected at the end of each cycle. Melting curve
analysis was used to confirm the specificity of the products.
The results were analyzed by the 2−ΔΔCT method. The
results were normalized to the mRNA expression level of
GAPDH in each sample.

BDNF ELISA

Brain samples were homogenized in lysis buffer containing
137 mM NaCl, 20 mM Tris–HCl (pH 8.0), 1 % Tergitol-type
NP-40, 10% glycerol, 1 mMphenylmethanesulfonyl fluoride,
10 μg/ml aprotinin, 1 μg/ml leupeptin, 0.5 mM sodium van-
adate. The homogenate was centrifugated at 16,000×g for
30 min at 4 °C, and the supernatant was collected and stored
at −80 °C until assay.

Protein levels of samples were measured using the Lowry
Method. BDNF protein was measured using BDNF ELISA
kit (Boster, P.R. China) according to the protocol of the
manufacturer.

Brain extraction and immunohistochemistry

For analysis of hippocampal cell proliferation, four mice per
group were injected with BrdU (50 mg/kg, twice per day for
two successive days). At 24 h after the last BrdU injection, the
mice were immediately anesthetized with chloral hydrate
(0.35 g/kg) and then sacrificed by intracardial perfusion with
heparinized 0.9 % saline followed by ice-cold 4 % parafor-
maldehyde at different circadian time points CT 1 (8:00 h), CT
7 (14:00 h), CT 13 (20:00 h) and CT 19 (2:00 h), respectively.
The brains were removed and postfixed with 4 % paraformal-
dehyde overnight and incubated with 30% sucrose solution in
PBS at 4 °C for 2 days.

To determine the number of BrdU-incorporated cells in the
hippocampus, six coronal sections (40 μm) were randomly
selected throughout the hippocampus between 1.70 and
2.57 mm posterior to the bregma, as defined in the mouse
brain atlas, and the sections were analyzed by immunohisto-
chemistry. Free-floating brain sections were incubated for
15 min in 0.3 % H2O2 at room temperature to eliminate en-
dogenous peroxidase. To detect BrdU-incorporated cells, the
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free-floating sections were rinsed extensively with PBS
(0.05 M), and the sections were incubated for 30 min in HCl
at 37 °C to denature the DNA. The sections were neutralized
by incubating them for 10 min in borate buffer. Then, the
anti-BrdU antibody was used as a primary antibody
(1:5000) overnight at room temperature. Subsequently,
the sections were intermittently rinsed with PBS and incu-
bated with a biotinylated anti-rat IgG secondary antibody
(1:200) followed by ABC complex (1:100) for 1 h at
room temperature. BrdU-incorporated cells were visualized
with 0.02 % 3,3’-diaminobenzidine tetrahydrochloride and
0.01 % hydrogen peroxide in 0.05 M PBS for approxi-
mately 3 min. The total number of BrdU-labelled cells per
section was determined and added to obtain the total num-
ber of cells per animal.

Statistical analyses

All data are expressed as mean±S.E.M. Data was analyzed
using a two-way analysis of variance (ANOVA) followed by
Bonferroni’s post-hoc test. Avalue of P<0.05 was considered
statistically significant for analysis.

Results

Body weight during the CMS procedure

As illustrated in Table 2, the body weight of animals between
control and CMS did not have a significant difference at the
beginning. A repeated ANOVA showed that during the 5-
week experiment period, body weight during the whole
experiment showed a continual increase [F (5,410)=
607.30, P<0.01], and the CMS also reduced the body
weight of animals [F (5,82)=106.68, P<0.01]. In a sepa-
rate one-way ANOVA, the body weight of CMS mice was
significantly lower than that of control mice from week 1 to
week 5 [Week 1: F (1,83)=6.72, P<0.05; Week 2: F (1,83)=
78.30, P<0.01; Week 3: F (1,83)=82.62, P<0.01; Week 4:

F (1,83)=99.82, P<0.01; Week 5: F (1,83)=120.53,
P<0.01; respectively].

The circadian variations in behaviors of CMS mice

The effects of CMS at different CTon sucrose preference were
shown in Fig. 1. Two-way ANOVA indicated that only stress
effect [F (1,108)=33.71, P<0.001] was significant on the su-
crose preference. However, time effect [F (5,108)=0.19,
P>0.05] and stress× time interaction [F (5,108)=0.06,
P>0.05] did not reach a statistic significance. In addition,
we did not detect any significant difference between any time
points according to the post hoc test.

The effects of CMS at different CT on first feeding latency
were shown in Fig. 2. Two-way ANOVA indicated that only
stress effect [F (1,108)=37.42, P<0.001] was significant on
the first feeding latency. However, time effect [F (5,108)=
0.61, P>0.05] and stress×time interaction [F (5,108)=0.04,
P>0.05] did not reach a statistic significance. In addition, a
non-significant difference between any time points was shown
according to the post hoc test.

On the other hand, there was no difference in the home-
cage feed consumption conducted immediately following the
NSFT (Data not shown), indicating that the effects were not
due to a general increase in feeding.

The circadian variations in the serum corticosterone
concentrations of CMS mice

The effects of CMS at different CT on the serum corticoste-
rone concentrations are shown in Fig. 3. Two-way ANOVA
revealed a significant stress effect [F (1,72)=52.61,P<0.001],
a significant time effect [F (5, 72)=3.85, P<0.01] but not
stress×time interaction [F (5, 72)=0.38, P>0.05] on the se-
rum corticosterone concentrations. The minimum difference
was observed at CT 17 (24:00 h), and the maximum difference
was observed at CT 1 (8:00 h). Post hoc test showed that the
serum corticosterone concentrations at CT 13 [P<0.01] and
CT 17 [P<0.05] was significantly increased as compared with
that at CT 1 in control animals.

Table 2 The body
weight of mice during
the CMS procedure

Week Control CMS

Week 0 26.19±0.21 26.30±0.23

Week 1 30.84±0.38 29.32±0.45*

Week 2 34.55±0.26 31.22±0.27**

Week 3 38.44±0.37 33.83±0.35**

Week 4 40.39±0.38 34.55±0.44**

Week 5 42.02±0.41 36.05±0.36**

Data are represented as mean±S.E.M. from
42 mice/group. *P<0.05 and **P<0.01 vs
control-vehicle group
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Fig. 1 Circadian variations in sucrose preference in CMS and control
mice. Data were represented as mean±S.E.M. from 10 mice/group.
*P<0.05 vs control-vehicle group at each CT
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The circadian variations in hippocampal BDNF
expression of CMS mice

The effects of CMS at different CT on hippocampal BDNF
mRNA expression were shown in Fig. 4. Two-way ANOVA
revealed a significant stress effect [F (1,36)=139.40,
P<0.001], a significant time effect [F (5,36)=10.80,
P<0.001] and stress× time interaction [F (5,36)=6.77,
P<0.001] on BDNFmRNA expression. The minimum differ-
ence was observed at CT 9 (16:00 h), and the maximum dif-
ference was observed at CT 13 (20:00 h). Post hoc test showed
that the BDNFmRNA expression at CT 13 [P<0.001] and CT
17 [P<0.01] was significantly increased as compared with
that at CT 9 in control animals. In addition, BDNF mRNA
expression at CT 13 [P<0.001] and CT 17 [P<0.01] was
significantly increased as compared with that at CT 5.

Two-way ANOVA revealed a significant stress effect
[F (1,60)=133.69, P<0.001] and a significant time effect
[F (5,60)=3.65, P<0.01] on the BDNF protein levels (Fig. 5).
However, stress×time interaction [F (5,60)=2.14, P=0.073]
did not reach a significant level. The minimum difference was
observed at CT 5 (12:00 h), and the maximum difference was
observed at CT 13 (20:00 h). Post hoc test showed that the
BDNF protein levels at CT 13 [P<0.01] was significantly in-
creased as compared with that at CT 5 in control animals.

The circadian variations in hippocampal cell proliferation
of CMS mice

The effects of CMS at different CT on hippocampal cell pro-
liferation were shown in Fig. 6. Two-way ANOVA revealed a

significant stress effect [F (1,36)=243.03, P<0.001], a signif-
icant time effect [F (5,36)=27.70, P<0.001] and stress×time
interaction [F (5,36)=10.00, P<0.001] on cell proliferation.
The minimum difference was observed at CT 9 (16:00 h), and
the maximum difference was observed at CT 13 (20:00 h).
Post hoc test showed that the cell proliferation at CT 13
[P<0.001], CT 17 [P<0.001] and CT 21 [P<0.01] was sig-
nificantly increased as compared with that at CT 9 in control
animals. In addition, cell proliferation at CT 13 [P<0.001],
CT 17 [P<0.001] and CT 21 [P<0.001] was significantly
increased as compared with that at CT 5.

Discussion

In the present study, we provide the first evidence that, the
difference of BDNF expression and neuronal cell proliferation
between CMS and control mice undergoes an oscillation re-
lated to the circadian variations. However, the difference of
behaviors is not affected by circadian rhythm.

While comparing body weight from the beginning to the
end of the stress procedure, we observed that the body weight
of CMSmice was significantly lower than that of control mice
from week 1 to week 5. This phenomenon was also found in
other studies that CMS caused a reduction in body weight
(Schweizer et al. 2009; Nollet et al. 2011). However, it should
be noted that all the animals maintain a body weight gain
during the five-week CMS procedure.
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Fig. 2 Circadian variations in first feeding latency in CMS and control
mice. Data were represented as mean±S.E.M. from 10 mice/group.
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Fig. 3 Circadian variations in serum corticosterone concentrations in
CMS and control mice. Data were represented as mean±S.E.M. from 7
mice/group. *P<0.05 and **P<0.01 vs control-vehicle group at each CT
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Fig. 4 Circadian variations in hippocampal BDNF mRNA expression in
CMS and control mice. Data were represented as mean±S.E.M. from 4
mice/group. *P<0.05, **P<0.01 and ***P<0.001 vs control-vehicle
group at each CT
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Fig. 5 Circadian variations in hippocampal BDNF protein levels in CMS
and control mice. Data were represented as mean±S.E.M. from 6
mice/group. *P<0.05, **P<0.01 and ***P<0.001 vs control-vehicle
group at each CT
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As a widely used model for researching and developing
antidepressants (Willner 1997), the sucrose preference re-
duction, a measurement index of the CMS procedure,
which reflects a state of anhedonia to produce a condition
similar to human depression, can be restored by therapeu-
tically effective drugs for the treatment of depression. The
present results showed that a reduction of sucrose prefer-
ence was induced by CMS procedure. However, no circa-
dian variation in the difference of sucrose preference be-
tween CMS and control mice was observed. A similar
study reported by Willner group also found that the differ-
ence of sucrose preference between CMS and control rats
tended to be same between light phase and dark phase after
4 weeks’ CMS procedure (D’Aquila et al. 1997). In this
case, our present study further supported their conclusion
and demonstrated that the difference of sucrose preference
was equal at any time point.

Considering that depression displays high comorbidity
with anxiety and cognitive disorders (Bessa et al. 2009), we
tested the first feeding latency of mice, an indication of in-
creased anxiety levels in NSFT. In parallel with the sucrose
preference, although the prolonged first feeding latency was
induced by CMS, the difference of first feeding latency be-
tween CMS and control mice remained unchanged. Thus, our
present study indicates that the behaviors in CMS are not
affected by circadian variations.

The CMS model causes not only behavioral dysfunctions,
but also elicits neuroendocrine alterations in animals resem-
bling several dysfunctions observed in depressed patients.
Serum corticosterone is considered the main glucocorticoid
involved in regulation of stress responses in rodents.
Growing evidence suggests that CMS destroys the feedback
of the hypothalamic–pituitary–adrenal axis, and shows a
significant increase of corticosterone (Pan et al. 2010;
Christiansen et al. 2012). We found that CMS mice main-
tained higher concentrations of serum corticosterone. In
contrast, the serum corticosterone concentrations in control
mice showed a circadian rhythm related oscillation. The
maximum difference appeared in the light phase, while

the minimum difference appeared in the dark phase. The
difference change was consistent with previous studies
(Ushijima et al. 2006; Toth et al. 2008).

Although clinical and experimental studies were providing
some insights into the pathophysiological processes that may
occur in depression, recent analyses indicated that approxi-
mately 30 % of depressive patients failed to respond satisfac-
torily to commercially available monoaminergic antidepres-
sants (Papakostas et al. 2008). Therefore, besides the mono-
amine hypothesis of depression, neurotrophic hypothesis is
proposed and accepted by most of researchers. One of the
most widely distributed and the most highly studied neuro-
trophic factors is BDNF. The neurotrophic hypothesis has
been tested using various strategies for over-expression or
knockdown of BDNF (Duman and Li 2012). Although there
are some limitations, the results are consistent with the hy-
pothesis that down-regulation of BDNF contributes to depres-
sion and that up-regulation of BDNF plays a role in the actions
of antidepressant treatment (Duman and Monteggia 2006).
Moreover, since a delayed onset of antidepressant action is
parallel with the delayed up-regulation of BDNF, BDNF
may be used to monitor the onset of therapeutic action.
Accordingly, there is an abundance of research that has exam-
ined the effects of CMS and antidepressants on BDNF expres-
sion (Hill et al. 2012).

Based on the previous published reports, we found that
most of CMS animals were sacrificed and brain tissues were
dissected in the daytime especially at noon (CT 5, 12:00 h). In
this way, the BDNF levels were merely measured at CT 5 in
these studies. In addition, the difference of BDNF levels be-
tween CMS and control animals did not reach a significance
level in some reports. The non-significant difference finally
resulted in a failure of antidepressant evaluation. Therefore,
we hypothesized that the difference may be significant at other
time points. In other words, it may be easy to obtain the dif-
ference of BDNF levels between CMS and control at other
CT. Considering that a high significance of BDNF difference
is benefit for the antidepressant evaluation, it is necessary to
measure BDNF levels at different time points.
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Fig. 6 Circadian variations in
hippocampal neuronal cell
proliferation in CMS and control
mice. Data were represented as
mean±S.E.M. from 4
mice/group. *P<0.05, **P<0.01
and **P<0.001 vs control-vehicle
group at each CT
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In contrast to the constant difference of behaviors between
CMS and control mice, an oscillation of BDNF mRNA and
protein levels during the 24-h period was observed in the
hippocampus. The results indicated that the circadian
rhythm of BDNF expression in control mice was statisti-
cally significant. However, CMS mice did not exhibit a
significant oscillation of the BDNF levels. As a result, we
found that the maximum difference of BDNF expression
between CMS and control mice occurred at CT 13 (20:00 h);
while the difference reached a minimum at CT 5 (12:00 h) or
CT 9 (16:00 h).

It is well accepted that neuronal cell proliferation is regu-
lated by BDNF (Hill et al. 2012). Knocking-out BDNF gene
or blockade of BDNF receptor tyrosine receptor kinase B
(TrkB) is reported to inhibit the cell proliferation in hippocam-
pus. Thus, CMS decreases and antidepressant treatment in-
creases the expression of BDNF, which in turn contributes to
the regulation of cell proliferation (Duman and Li 2012). To
understand whether circadian variations in BDNF affect the
cell proliferation in a circadian rhythm way, we also assessed
the hippocampal cell proliferation at different time points.
Consistent with the circadian variations in BDNF expression,
the difference of proliferation between CMS and control mice
displays an oscillation during the day. Additionally, the
change of control mice parallels the findings seen in a recent
study (Bouchard-Cannon et al. 2013). The difference was also
shown the maximum at CT 13 (20:00 h) andminimum at CT 9
(16:00 h). Similarly, this oscillation was attributed to the con-
stant proliferation of CMS and various proliferation of control,
which were mediated by distinguishing BDNF-TrkB signal-
ing conduction regulation.

Our results showed that the circadian variations in the hip-
pocampal BDNF expression and cell proliferation could be
observed in control mice but not in CMS mice, this observa-
tion strongly suggested that the CMS exposure might destroy
the circadian rhythm of BDNF expression and cell prolifera-
tion in hippocampus of normal individual. This point was
similar to a previous study which evaluated whether vitamin
A deficiency affected circadian rhythmicity of retinoic acid
nuclear receptors in the hippocampus (Navigatore-Fonzo
et al. 2013). They found that vitamin A deficiency phase
shifted the circadian rhythmicity of retinoic acid nuclear re-
ceptors expression, and abolished the circadian expression of
a clock gene, PER1. In addition, previous study showed N-
acetylserotonin, a TrkB agonist, activated BDNF-TrkB signal-
ing in a circadian rhythm and displayed antidepressant-like
effect (Jang et al. 2010). They found that TrkB receptor was
activated higher at night and lower during the day. In addition,
another previous study found TrkB is crucial in gating the
circadian auditory clock to sound. Therefore, lack of BDNF
expression after night noise resulted in the increased possibil-
ity of hearing loss. In contrast, TrkB agonist can recover brain
activity after noise overexposure (Meltser et al. 2014). These

results indicated that stress affected the circadian rhythm of
BDNF expression, and the TrkB agonist can serve as a poten-
tial drug for the stress related disease. In this way, we specu-
lated that antidepressant-like agents also induced BDNF-TrkB
signaling in a circadian rhythm, and extensively normalized
the signaling at night rather than in the daytime.

Furthermore, the most striking feature of our present study
is the fact that we provide a best time point (CT 13, 20:00 h)
for the BDNFmeasurement in the further research. First of all,
due to the discrepancy (such as strains of animals, experimen-
tal conditions and stressed time) in the procedure of the CMS
establishment, some studies did not obtain a result of BDNF
reduction in animals exposed to CMS (Allaman et al. 2008;
Fortunato et al. 2010). Therefore, if the animals were killed at
the suggested CT 13, a significant reduction of BDNF expres-
sion in hippocampus might be observed. Additionally, several
studies reported that some antidepressant agents improved the
sucrose preference of animals in CMS (Hansson et al. 2011;
Reus et al. 2012), however, the agents did not reverse the
reduction of BDNF expression in hippocampus. Although it
cannot be denied the fact that the antidepressant-like effect of
some agents is mediated by a BDNF independent mechanism
(Lindholm et al. 2012), at least we should consider another
possibility that a longer treatment period or a higher dose is
required for BDNF up-regulation. In such case, if we mea-
sured the BDNF expression at CT 13 instead of daytime, the
antidepressant treatment duration might be shortened, or the
dose might be lowered.

On the other hand, it should be noted that the neuronal
nuclear antigen such as NeuN was not labeled in our present
study, so that we cannot distinguish whether cell proliferation
was occurring in neuronal precursors or in astroglia. This is
one of the limitations of the present study.

Conclusion

These studies can be viewed as preliminary yet useful, dem-
onstrating the potential circadian variations in BDNF in a
widely used depression-like model. The relative constant
BDNF expression in CMS and fluctuating BDNF expression
in control contribute to the oscillation difference between
CMS and control mice. The best time for BDNF and cell
proliferation measurement in CMS study is CT 13 (20:00 h),
since the difference reach the maximum. On the other hand, it
should be noted that mice are nocturnal creature and therefore
they remain active during the night. In this way, the unaffected
behaviors by circadian rhythm may be attributed to this
feature. More research will need to be further conducted
in order to more fully understand what exact mechanism
of the variations is and whether BDNF circadian variations
are regulated by circadian gene.
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