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Abstract Preliminary studies conducted in our labora-
tory have confirmed that Bacopaside I (BS-I), a saponin
compound isolated from Bacopa monnieri, displayed anti-
depressant-like activity in the mouse behavioral despair
model. The present investigation aimed to verify the anti-
depressant-like action of BS-I using a mouse model of
behavioral deficits induced by chronic unpredictable mild
stress (CUMS) and further probe its underlying mecha-
nism of action. Mice were exposed to CUMS for a period
of 5 consecutive weeks to induce depression-like behav-
ior. Then, oral gavage administrations with vehicle (model
group), fluoxetine (12 mg/kg, positive group) or BS-I (5,
15, 45 mg/kg, treated group) once daily were started dur-
ing the last two weeks of CUMS procedure. The results
showed that BS-I significantly ameliorated CUMS-induced
depression-like behaviors in mice, as characterized by an
elevated sucrose consumption in the sucrose preference
test and reduced immobility time without affecting sponta-
neous locomotor activity in the forced swimming test, tail
suspension test and open field test. It was also found that
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BS-I treatment reversed the increased level of plasma cor-
ticosterone and decreased mRNA and protein expressions
of glucocorticoid receptor induced by CUMS exposure,
indicating that hypothalamic—pituitary—adrenal (HPA) axis
hyperactivity of CUMS-exposed mice was restored by BS-I
treatment. Furthermore, chronic administration of BS-I ele-
vated expression levels of brain-derived neurotrophic factor
(BDNF) (mRNA and protein) and activated the phospho-
rylation of extracellular signal-regulated kinase and cAMP
response element-binding protein in the hippocampus and
prefrontal cortex in mice subjected to CUMS procedure.
Taken together, these results indicated that BS-I exhib-
ited an obvious antidepressant-like effect in mouse model
of CUMS-induced depression that was mediated, at least
in part, by modulating HPA hyperactivity and activating
BDNF signaling pathway.
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Abbreviations

BDNF Brain-derived neurotrophic factor

BS-1 Bacopaside 1

CUMS Chronic unpredictable mild stress

FST Forced swimming test

GR Glucocorticoid receptor

HPA Hypothalamic—pituitary—adrenal

MR Mineralocorticoid receptor

OFT Open field test

Pcreb Phosphorylated cAMP response element-bind-
ing protein

pERK1/2 Phosphorylated extracellular signal-regulated

kinase Y2
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SPT Sucrose preference test
TST Tail suspension test
Introduction

Depression is one of the most frequently-occurring, debili-
tating and life-threatening mental disorders worldwide and
brings a serious health burden to the families and society
[1, 2]. It is clinically featured by a loss of interest, guilty
conscience, appetite changes, difficulties in sleeping or con-
centrating, and suicidal tendencies [3]. Available data from
the World Health Organization revealed that by the year
2020, depressive disorder would become the second lead-
ing cause of disabling disease, only after heart disease [4].
Currently, pharmacological therapies treating depressive
disease include the tricyclic antidepressants, selective neu-
rotransmitters reuptake inhibitors and monoamine oxidase
inhibitors [2, 5]. However, not all people with depression
respond to them, and most clinical antidepressants exhib-
ited a low efficacy and even undesirable adverse effects,
such as fatigue, insomnia, dryness of the mouth, sedation,
and sexual dysfunction [6, 7]. Therefore, higher effective
and better tolerated antidepressants that could further ame-
liorate pharmacotherapy of depression should be sought.

Clinical studies have shown that stressful life events
are one of most great pathogenic conditions in psychiat-
ric disorders such as depression, and play a key role in the
onset and evolution of depressive disease in human [8]. In
rodents, chronic unpredictable mild stress (CUMS) induced
depressive behaviors and neurobiological changes resemble
those observed in depressive patients [9, 10]. Moreover,
the animal model of CUMS has been commonly employed
in preclinical antidepressant assessment for probing the
pathophysiology of depressive disorder and the beneficial
therapeutic effect [11].

Recently, sufficient evidence has suggested that patho-
physiology of neurological disorders and stress responses
are related to the hypothalamic—pituitary—adrenal (HPA)
axis hyperactivity [12, 13]. Preclinical and clinical investi-
gations have confirmed that chronic repeated stress leaded
to depression-like behaviors accompanied by hyperactiva-
tion of HPA axis, characterized by elevated levels of cir-
culating glucocorticoids [14] and decreased expressions
of glucocorticoid receptor (GR) mRNA and protein [15].
However, chronic stress resulted in depression-like behav-
iors and the HPA axis dysregulation are significantly
restored by antidepressant drugs [16]. Brain-derived neuro-
trophic factor (BDNF), a kind of trophic factor, is closely
linked with neuronal cell survival and neurogenesis and
plays a vital role in the pathological mechanisms of depres-
sive disease. Clinical evidence has shown a decreased lev-
els of BDNF in brain tissues from depressive patients in the
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postmortem analyses [17], while in rodent experiments an
antidepressant-like effect was observed by brain infusion
of BDNF [18]. It has been reported that a reduced BDNF
level was also found in patients suffering from depression
compared to the control subjects [19], and chronic admin-
istration of antidepressants was revealed to normalize the
BDNF levels [20]. These studies implied that stimulation
of BDNF signaling pathway could provide a novel strategy
for depression treatment.

Bacopa monnieri (L.) Wettst. (Scrophulariaceae), an
ancient Ayurvedic medicinal herb, has been applied for
thousands of years as a neural tonic and memory enhancer
[21]. In recent years, pharmacological studies have shown
that standardized extracts of B. monnieri possess a variety
of functions, such as anti-oxidant, anticonvulsant, antie-
pileptic, anti-inflammatory functions, antidepressant-like
[22], as well as promote memory and intellect [23]. Baco-
paside I (BS-I) (Fig. 1), one saponin compound isolated
from B. monnieri. [24], has been studied because of its
antidepressant-like effect in rodent models [25]. Earlier
investigations have verified that oral gavage administra-
tion with BS-I leaded to an obvious decrease of immobil-
ity duration in both tail suspension test (TST) and forced
swim test (FST) in our laboratory, which might be related
to the activation of antioxidant and the noradrenergic sys-
tem [26]. Previous studies have also shown that BS-I exhib-
ited neuroprotective effects in rats subjected to cerebral
ischemia injury [27]. However, the potential mechanism for
antidepressant-like activity of BS-I whether involved in the
HPA axis activation or BDNF signaling pathway remains
unknown.

Considering the above, the current study was there-
fore carried out to explore the protective effect of BS-I on
CUMS-induced depressant mice using various behavioral

Fig.1 The chemical structure of Bacopaside I (BS-I, 3-O-o-L-
arabinofuranosyl-(1—2)-[6-O-sulphonyl-f-p-glucopyranosyl-(1—3)]-
a-L-arabinopyranosyl pseudojujubogenin)
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experiments, including the sucrose preference test (SPT),
open field test (OFT), TST and FST. Furthermore, we then
explored whether BS-I possesses the ability to down-reg-
ulate HPA hyperactivity or activate BDNF signaling path-
way in mice exposed to CUMS.

Materials and Methods
Drugs and Chemicals

BS-I was obtained and identified by our laboratory (purity
>98%, as shown in supporting information). Fluoxetine
was purchased from Changzhou Siyao Pharmaceuticals
Co., Ltd (Changzhou, China). BS-I and fluoxetine were
respectively dissolved in saline. The volume for oral gavage
administration was 0.1 mL/10 g body weight.

Animals

All experimental protocols carried out in our study were
conducted in keeping with the Guidelines for the Care and
Use of Laboratory Animals and approved by the Animal
Care and Use Committee of Second Military Medical Uni-
versity, Shanghai, China. Male C57BL/6J mice (20-22 g;
7-8 weeks old) were provided by the Experiment Animal
Center of the Second Military Medical University. The
mice were housed (6-10 per cage) under standard labora-
tory conditions (room temperature 22-24 °C and humid-
ity 50+10%) with a 12-h light/dark cycle. All mice were
allowed to acclimatize for 7 days with ad libitum access
to food pellets and water before the beginning of the
experiments.

Chronic Unpredictable Mild Stress Procedure

The CUMS regimen was conducted as recorded earlier
[28] with minor modifications. During the experiment, the
animals from the control (non-stressed) group were undis-
turbed in the cages except for ordinary daily care such as
cage cleaning, whereas each mouse in CUMS-exposed
groups was kept in a single cage and subjected to the fol-
lowing stimuli once per day for 5 consecutive weeks. The
stressors included cage tilting at 45° for 24 h, restraint in
a plastic tube for 6 h, cage shaking at 200 rpm for 40 min,
wet bedding for 20 h, water deprivation for 24 h, overnight
illumination and food deprivation for 24 h. And the stressor
of overnight illumination was performed twice per week
with an interval of 3—4 days. These various stressors were
applied in random sequence over a period of 1 week and
repeated with an unpredictable order during the following
4 weeks (as shown in Table 1).

Table 1 Schedule for chronic unpredictable mild stress (CUMS) procedure

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Week

Soiled bedding for 20 h

Water deprivation for Cage shaking for Food deprivation for ~ Overnight illumina-
24 h

Restraint for 6 h over-

Cage tilted (45°) for

24 h

First week

tion
Soiled bedding for

24 h
Cage tilted (45°) for

40 min

night illumination

Restraint for 6 h

Water deprivation for Food deprivation for ~ Overnight illumina-
24 h

Cage shaking for

Second week

24 h 20h

tion

24 h

40 min overnight

illumination
Restraint for 6 h

Soiled bedding for Cage tilted (45°) for ~ Water deprivation for Cage shaking for Overnight illumination

20 h overnight
illumination

Food deprivation for

Third week

40 min

24 h

24 h

24 h

Cage shaking for Soiled bedding for Restraint for 6 h Overnight illumina-  Food deprivation for
40 min

Cage tilted (45°) for

Water deprivation for

24 h

Fourth week

24 h

tion

20 h overnight
illumination

24 h

Soiled bedding for Restraint for 6 h Water deprivation for Overnight illumina-  Cage tilted (45°) for =~ Cage shaking for

Food deprivation for

24 h

Fifth week

tion 24 h 40 min

24 h

20 h overnight
illumination
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Experimental Design

The doses and route of BS-I and fluoxetine administra-
tion adopted in this experiment were selected on the
basis of previous studies [26]. The mice were randomly
assigned to six different groups (10 individuals in each
group), including a non-stressed group (Control + vehicle),
a CUMS group (CUMS + vehicle), a fluoxetine-treated
group (CUMS + 12 mg/kg Flu) and 3 BS-I treated groups
(CUMS+5, 15, 45 mg/kg BS-I, respectively). Animals
were orally administered with BS-I, fluoxetine or vehicle
once a day from 9:00 a.m.—10:00 a.m. during the last two
weeks along with chronic stress. Mice from the control
group were also orally treated with saline solution of equal
volume. The schedule of the experimental design is given
in Fig. 2.

Behavioral Evaluation
Sucrose Preference Test (SPT)

The SPT was conducted as reported previously [29] with
slight modifications. Briefly, before the examination, each
mouse was separately housed and simultaneously provided
with two bottles, one filling with 1% sucrose solution (w/v)
and the other tap water. After 24 h, one bottle of sucrose
solution was taken the place of tap water for another 24 h.
Then, 24 h of water and food deprivation was managed
after the adaptation process. To prevent possible position
preference, the distance of the two bottles to the mouse
in the cage was equal and their position was interchanged
every 12 h. The SPT was conducted during the dark phase
(7:00 p.m. to 9:00 p.m.), in which mice were presented
with two bottles filling with sucrose solution (1%, w/v) and
tap water respectively. The consumptions of the two solu-
tions were measured respectively after 2 h of exposure. The
baseline SPT was performed before stress, and then carried
out at the end of 3- and 5-week CUMS procedure. Sucrose

Fig. 2 The schedule of the

experimental design for the

CUMS procedure, drug admin-

istration and behavioral tests. Adaptation
Blood samples and brain tissues

(hippocampus and prefrontal | l’

preference (SP) was calculated via the sucrose intake rate
by the following formula: SP = (sucrose intake (g)/(sucrose
intake (g) + water intake (g))) X 100%.

Open Field Test (OFT)

The OFT was employed to assess spontaneous locomotor
activity in animals, and the experimental method was based
on those reported earlier [30]. The instrument applied
in the test was made of a black square wooden arena
(40x60x50 cm) with 12 equal squares on the floor of
arena and equipped with a red bulb above the arena. Each
animal was softly placed in the center of the arena for 30 s
of acclimation, and freely permitted exploring the zone
for 5 min. Total behaviors including the total running dis-
tance and time spent in the center zone were recorded by
ANY-maze software. After each trial, the floor was wiped
thoroughly with a 75% alcohol solution to remove possible
clues from previous animal. The technical observers were
blinded to the whole experiment.

Tail Suspension Test (TST)

The immobility duration in the TST was detected by the
conventional method documented previously [31]. Briefly,
the single mouse was suspended by an adhesive tape for
6 min and hung 50 cm above the floor. The total time of
immobility during the last 4 min of each trial was recorded
by ANY-maze software. Animals were defined to be immo-
bile when they passively hung and did not show any body
movement during the trials. The trained person was igno-
rant of the animals groups.

Forced Swimming Test (FST)

The FST was conducted as reported earlier after 5-week
CUMS exposure [32]. Briefly, the animal was sepa-
rately placed in a glass cylinder (20 cm diameter X 40 cm
height) contained approximately 30 cm high water

D1-35: CUMS procedure
(except control group)

SPT D36-41: Behavior test
SPT OFT TST FST
y vy oy

cortex) were collected and kept Days

at —80 °C for subsequent deter- I Il
mination. CUMS chronic unpre- T
dictable mild stress, FST forced
swimming test, OFT open field
test, SPT sucrose preference
test, 7'ST tail suspension test
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CUMS: vehicle Hippocampus
BS-I: 5, 15, 45 mg/kg Frontal cortex
Flu: 12 mg/kg
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(25+1 °C) and compelled to swim for 6 min. The water
for each trial needed to be changed. The immobility dura-
tion during the final 4 min was recorded. The total time
of immobility was judged the time spent by the animal
floating passively in an upright posture without strug-
gling, and making only slight motion to maintain the head
above the water. The technical observers were blinded to
the animals groups.

Determination of Corticosterone Concentrations
in Plasma

Mice were anesthetized 1 day after the behavioral assess-
ments. Blood from each mouse was obtained through
the retro-orbital plexus into a centrifuge tube containing
10 pl of heparin solution (6250 IU/ml). Plasma was col-
lected by centrifugation at 3000xg for 15 min at 4 °C and
then kept at —80 °C until examination. The levels of cor-
ticosterone were analyzed using a commercially available
ELISA kit (Enzo Life Sciences, USA) on the basis of the
manufacturer’s protocol.

Determination of Glucocorticoid Receptor
and Brain-Derived Neurotrophic Factor mRNA
Expressions by Real-Time Quantitative PCR Assay

After blood collection, the brain tissue was quickly
removed from each mouse by dissection and rinsed with
ice-cold saline. The tissues of hippocampus and pre-
frontal cortex were obtained on a cold plate, then rap-
idly frozen in liquid nitrogen and kept at —80 °C until
assay. Total RNA was extracted from these various
brain regions by Trizol reagent (Invitrogen, San Diego,
CA, USA) on the basis of the manufacturer’s manual.
Isolated RNA samples were reverse transcribed by a
PrimeScript™ RT Master Mix kit (Takara Bio, Inc.,
JP). The primers were applied in this study as follows:
BDNF (forward 5'-TTATTTCATACTTCGGTTGC-3';
reverse 5'-TGTCAGCCAGTGATGTCG-3'; product size,
165 bp), GR (forward 5'-AGCTCCCCCTGGTAGAGA
C-3; reverse 5-GGTGAAGACGCAGAAACCTT-3%
product size, 120 bp), and f-actin (forward 5-GGCTGT
ATTCCCCTCCATCG-3'; reverse 5'-CCAGTTGGTAAC
AATGCCATGT; product size, 154 bp). Real-time quan-
titative PCR was conducted with a StepOnePlus™ real-
time PCR system (Applied Biosystems, Inc., Foster City,
CA). The amplified conditions was used as follows: 30 s
hold at 95 °C, followed by 40 cycles of 5 s at 95 °C, 45 s
at 57 °C, and 45 s at 72 °C. The relative levels of detected
mRNAs were analyzed by the 2724 method with p-actin
expressions as an internal control.

Western Blot Analysis

The frozen hippocampus and prefrontal cortex from the
mice were homogenized in radio-immunoprecipitation
assay (RIPA) buffer (Thermo Fisher Scientific, US), and
then centrifuged at 12,000xg for 30 min at 4 °C. The super-
natants were harvested, and the concentrations of protein
were detected by a bicinchoninic acid protein analysis kit
(Thermo Fisher Scientific, US). The same quantity of pro-
tein was separated by 15% SDS-PAGE, and subsequently
transferred to polyvinylidene difluoride membranes. After
blocking with 5% skimmed milk for 1 h at room tempera-
ture, the transferred membranes were incubated overnight
at 4 °C with primary antibody anti-BDNF (1:1000; Santa
Cruz Biotechnology, CA, USA), anti-GR (1:1000; abcam,
UK), anti-extracellular signal-regulated kinase (ERK,
1:1000; Cell Signaling Technology, MA, USA), anti-phos-
phor-ERK (1:5000; Cell Signaling Technology, MA, USA,)
anti-cAMP response element-binding protein (CREB,
1:1000; Cell Signaling Technology, MA, USA), anti-phos-
phor-CREB (1:1000; abcam, UK) and anti-f-actin (1:2000;
Cell Signaling Technology, MA, USA). The antigen—anti-
body complexes were then treated with the appropriate
horseradish peroxidase-conjugated secondary antibodies
(1:2000; Santa Cruz Biotechnology, CA, USA) at room
temperature for 1 h. The immunoreactive bands were vis-
ualized with a Tanon™ 4200 Chemiluminescent Imaging
System and analyzed using the Gel Image System Software
(Tanon™ Version 4.2).

Statistical Analysis

The GraphPad Prism software (Version 5.0; San Diego,
CA, USA) was utilized to perform the calculation and pre-
pare graphical data. Significant differences were performed
using a one-way analysis of variance (ANOVA), followed
by Dunnett’s post hoc test between groups. All the data are
presented as the mean =+ standard error of the mean (SEM).
Statistical significance was determined as P <0.05.

Results

BS-I Treatment Reversed the Chronic Unpredictable
Mild Stress-Induced Anhedonia

Anhedonia, as an important characteristic of depressive
disease, can be reflected by the decreased percentages of
sucrose consumption in depressed animals. Figure 3a—c
showed the effects of BS-I treatment on sucrose preference
in mice exposed to CUMS procedure. Before the CUMS
regimen, No obvious difference was found in sucrose con-
sumption among any of the experimental groups (P> 0.05).
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Fig. 3 BS-I treatment reversed the depression-like behaviors of
mice induced by CUMS procedure. a—c¢ BS-I treatment elevated the
percentages of sucrose consumption of mice subjected to CUMS in
the SPT. The SPT was conducted before CUMS (a), 3 weeks after
CUMS (b) and 5 weeks after CUMS (c). In the OFT, BS-I treatment
displayed no evident changes on spontaneous locomotor activity in
mice. Each column represented mean d total running distance and e
time spent in the center zone. f BS-I treatment reduced the immobil-

However, after 3 weeks of CUMS exposure, the sucrose
preference was evidently reduced in stressed mice rela-
tive to the control mice (P<0.01). BS-I administration at
doses of 5, 15 and 45 mg/kg for 2 weeks distinctly reversed
CUMS-induced decrease in sucrose consumption relative to
the CUMS-vehicle group (P<0.05, P<0.01 and P<0.01,
respectively). The sucrose consumption was increased by
65+1091%, 71+11.18 and 67+9.15 respectively. Simi-
larly, treatment with the positive control fluoxetine (12 mg/
kg) dramatically elevated the levels of the percentages of
sucrose solution intake in animals exposed to CUMS pro-
cedure (P<0.01).
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ity duration of mice exposed to CUMS in the TST. g BS-I treatment
decreased the immobility time of mice exposed to CUMS in the FST.
Data are expressed as the mean+SEM. #P<0.01, compared with
the control group. “P<0.05 and **P<0.01, compared with CUMS-
vehicle group. CUMS chronic unpredictable mild stress, FST forced
swimming test, OFT open field test, SPT sucrose preference test, 7ST
tail suspension test

BS-I Treatment Displayed No Changes on Spontaneous
Locomotor Activity of Mice

The OFT was used to probe the effect of BS-I adminis-
tration on spontaneous locomotor activity in animals. As
shown in Fig. 3d—e, after 5 consecutive weeks of CUMS
exposure, no significant changes in the total running dis-
tance and time spent in the center zone were observed
between the stressed mice and non-stressed mice (P> 0.05).
Moreover, animals treated with BS-I (5, 15 and 45 mg/
kg) or fluoxetine (12 mg/kg) did not result in significant
changes in above tested motivational behaviors (P> 0.05).
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BS-I Treatment Reversed the Increased Immobility
Time of Chronic Unpredictable Mild Stress Mice

The effect of BS-I administration on immobility duration in
the TST was presented in Fig. 3f. Mice exposed to CUMS
displayed a distinct elevation in immobility time relative
to the control mice (P <0.01). Chronic administrations of
BS-I at the three selected doses all distinctly reduced the
immobility duration in CUMS-exposed mice relative to the
model group (P <0.01, P<0.05 and P <0.01, respectively).
Besides, fluoxetine treatment at dose of 12 mg/kg evidently
decreased the immobility duration relative to the stressed
mice treated with saline (P <0.01).

The similar results obtained from the FST also indicated
the antidepressant-like effect of BS-I (Fig. 3g). In CUMS-
exposed animals, there was an obvious elevation in immo-
bility time relative to the control mice in the FST. BS-I
treatment at doses of 5, 15 or 45 mg/kg (P <0.01, P<0.05
and P <0.01, respectively) reversed CUMS-induced eleva-
tion of immobility duration relative to the model animals
(CUMS + vehicle). The immobility duration of mice sub-
jected to the CUMS procedure was also significantly
reduced by the treatment of fluoxetine at dose of 12 mg/kg
after 2-week administration (P <0.01).

BS-I Treatment Reduced the Chronic Unpredictable
Mild Stress-Induced Elevation of Plasma Concentration

As presented in Fig. 4, after 5 weeks of CUMS exposure,
the levels of plasma corticosterone were dramatically ele-
vated in the CUMS group relative to those in the control
mice. However, repeated administration with BS-I (5, 15
and 45 mg/kg) for 2 weeks distinctly decreased the CUMS-
induced elevation of the plasma corticosterone levels

400+
##

Plasma corticosterone
levels (ng/mL)
[ )
S

0 )

Control Vehicle 12 5 15

Flu BS-I
CUMS

45 (mg/kg)

Fig. 4 BS-I treatment reduced the elevation of plasma corticoster-
one levels induced by CUMS procedure. Data are expressed as the
mean +SEM. #P <0.01, compared with the control group. P <0.05
and “P<0.01, compared with CUMS-vehicle group. CUMS chronic
unpredictable mild stress

relative to the CUMS-vehicle group (P <0.05, P<0.05 and
P<0.01, respectively). Fluoxetine (12 mg/kg) also pro-
duced an obvious decrease in the corticosterone concentra-
tions in plasma of mice subjected to CUMS paradigm com-
pared with the model (CUMS + vehicle) group (P <0.01).

BS-I Treatment Up-regulated Glucocorticoid Receptor
and Brain-Derived Neurotrophic Factor mRNA
Expressions in the Hippocampus and Prefrontal Cortex
of Chronic Unpredictable Mild Stress Mice

The findings revealed that the levels of GR mRNA in the
hippocampus and prefrontal cortex from the model animals
were both dramatically decreased when compared with that
of the control animals (P<0.01). However, after admin-
istration of BS-I for 2 consecutive weeks, the expressions
of GR mRNA were elevated in the hippocampus and pre-
frontal cortex, especially at high dose (P <0.01). Adminis-
tration with fluoxetine at dose of 12 mg/kg also obviously
reversed CUMS-induced reduction in GR mRNA expres-
sions (Fig. 5a, b).

A similar trend was found in BDNF mRNA levels.
Significant reductions of BDNF mRNA expressions were
observed in the hippocampus and prefrontal cortex in
mice subjected to CUMS paradigm relative to the con-
trol mice (P <0.01). However, the levels of BDNF mRNA
were significantly increased by chronic administration of
BS-I at the doses of 5, 15 or 45 mg/kg in the hippocam-
pus (P<0.05, P<0.01 and P<0.01, respectively), similar
to that in prefrontal cortex (P <0.01, P<0.05 and P<0.01,
respectively) (Fig. 5c, d). This effect was also observed in
the positive control group.

BS-I Treatment Up-regulated Protein Expressions

of Glucocorticoid Receptor, Brain-Derived
Neurotrophic Factor, Phosphorylations of ERK

and CREB in the Hippocampus and Prefrontal Cortex
of Chronic Unpredictable Mild Stress Mice

As presented in Fig. 6, western blot results revealed that
the expressions of GR, BDNF, pERK and pCREB were
reduced in both the hippocampus and prefrontal cortex in
CUMS-vehicle mice relative to that in the control mice
treated with saline (P <0.01). By contrast, after treatment
of graded doses of BS-I, the expressions of GR were sig-
nificantly reversed in the hippocampus (P <0.05, P<0.01
and P<0.01, respectively) and prefrontal cortex (P <0.05,
P<0.05 and P<0.01, respectively). Similar phenomenon
about BDNF protein expressions was also observed in
the hippocampus and prefrontal cortex. In addition, com-
pared with the CUMS-vehicle group, BS-I markedly ele-
vated pERK (P <0.05, P<0.05 and P<0.01) and pCREB
(P<0.05, P<0.01 and P<0.01) at doses of 5, 15 or 45 mg/
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kg in the hippocampus and prefrontal cortex. Similarly,
fluoxetine administration (12 mg/kg) restored the pERK
and pCREB levels to the control level. By contrast, the lev-
els of ERK and CREB protein were not altered among all
experimental groups.

Discussion

In the current study, mice subjected to CUMS process
for 5 consecutive weeks exhibited an obvious depressive
state, as characterized by a decreased sucrose preference,
and elevated immobility durations in the FST and TST,
suggesting that the animal depression model was success-
fully established. Anhedonia, a prominent characteristic
of human depressive disease, is mostly applied to assess
the depression-like behaviors in preclinical investiga-
tions [33]. Sucrose preference is widely utilized to repre-
sent the alteration of anhedonia-like behavior in CUMS
depression mode, indicating a loss of interest or pleasure
[33, 34]. The present investigation confirmed that CUMS
animals displayed a reduction of sucrose preference com-
pared with the control animals, which was consistent with
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Fig. 6 BS-I administration reversed the CUMS-induced reductions»
in GR, BDNF, pERK and pCREB expressions in the hippocampus
(a—e) and prefrontal cortex (f—j). a and f Representative bands of GR,
BDNF, pERK and pCREB expressions analyzed by western blot-
ting in the hippocampus. b—e Densitometric analysis for the protein
expressions of GR, BDNF, pERK and pCREB in the hippocampus.
g—j Densitometric analysis for the protein expressions of GR, BDNF,
pERK and pCREB in the prefrontal cortex. Data are expressed as the
mean +SEM. #P <0.01, compared with the control group. “P <0.05
and “"P<0.01, compared with CUMS-vehicle group. CUMS chronic
unpredictable mild stress, GR glucocorticoid receptor, BDNF brain-
derived neurotrophic factor, ERK extracellular signal-regulated
kinase, CREB cAMP response element-binding protein

previous findings [28, 30]. Chronic administration of BS-I
significantly ameliorated the behavioral change, indicating
the antidepressant-like activity of BS-I in depression mice
induced by CUMS.

The FST and TST, also known as the behavior despair
paradigms, are most frequently used to assess antide-
pressant drug effects in experimental studies and deter-
mine underlying mechanisms involved in antidepressant
responses, due to their ease of use, high predictive valid-
ity, and good reliability [35, 36]. Numerous investigations
have demonstrated that mice exposed to repeated stress

=]

1.59
w
D
=
S 1.0
3
=
=5
&=
L 0.54 ##
[
=

0.0+ T i

Control Vehicle 12 5 15 45  (mg/kg)
Flu BS-1
CUMS

1.5
»
D
=
S 1.04
&
=
=
&=
£ 0.5
=)
=

Control Vehicle 12 5 15 45  (mg/kg)
Flu BS-1
CUMS

mean +SEM. #P <0.01, compared with the control group. “P <0.05
and “"P<0.01, compared with CUMS-vehicle group. CUMS chronic
unpredictable mild stress, GR glucocorticoid receptor, BDNF brain-
derived neurotrophic factor



Neurochem Res (2017) 42:3233-3244

3241

A Hippocampus
} CUMS

BDNF " e wame e s s

pERK

PCREB = v s — — —

CREB W e s s s =
Pactin N G - — — —

Control Vehicle Flu 5 15 45
BS-I (mg/kg)

B 150

100+ kg

50

GR/B -actin (% control)
in hippocampus
R IIKR]
R

X

5

&

S
&

&

P

Control Vehicle 12 5 15
Flu BS-1

S
n

(mg/kg)

100+

50

BDNF/f -actin (% control)
in hippocampus

0-
Control Vehicle 12 5 15 45 (mg/kg)
Flu BS-1
CumMs
D 15019
1004

Yo%
*

XXX
00000
0’0‘0‘0‘0’0’0‘0‘0‘

X

in hippocampus

IS

KRR

PERKI/2/ERK1/2 (% control)
'0’0

Control Vehicle 12 5 15 45 (mg/kg)
Flu BS-1

100+ *3% %
sk

2255

RIS
RRRXA

TR

##

3
RS

2
E
2
£
b
S *
-5
=
=
=

TR
RN
XXX
0.:’0

X

5%

X

X
X

pCREB/CREB (% control)

Y

Control Vehicle 12 5 15
Flu BS-1

S
n

(mg/kg)

Prefrontal cortex
p——— CUMS ——

GR W - e -

g y e

BDNF
PERK
ERK
PCREB
CREB

B-actin

G

Control

pERKI1/2/ERK1/2 (% control) BDNF/f -actin (% control) GR/p -actin (% control)

pCREB/CREB (% control)

in prefrontal cortex

in prefrontal cortex

frontal cortex

in pre

in prefrontal cortex

Vehical Flu 5 15 45
BS-T (mg/kg)

1501

100+

XIS
SRRXRA

A

n
=3
T
ARRRRRNRNRRY
RHRX
Sodetoled

.

R
XL

X

X3

AN
&

AR,

&3

Control Vehicle 12 (mg/kg)
Flu BS-1
CuMs

1509

100+

XXX
%%

50

o
4% %% % %!

RRRRRRRRKK]

B
B
o
RS
&
RS
*
B
B
K

X
!

b
15

Control Vehicle 12 s 15 45 (mg/kg)
Flu BS-1

100+

S

50

OO
IR

Control Vehicle 12 B 15 4
Flu BS-1

n

(mg/kg)

CUMS

100+

Control Vehicle 12 5 15 45 (mg/kg)
Flu BS-1
CuMs

@ Springer



3242

Neurochem Res (2017) 42:3233-3244

displayed an obvious extension of immobility duration in
the FST and TST [36, 37]. Consistently, the present inves-
tigation found that increased total time of immobility in
both FST and TST was also observed in mice subjected to
CUMS paradigm compared with that in unstressed mice.
The data showed that BS-I administration for 2 weeks
dramatically reduced the immobility duration of CUMS-
treated mice, similar to the established antidepressant effect
of fluoxetine. Additionally, to avoid the possibility that the
decrease in the immobility duration caused by the com-
pound might be due to an enhancement in spontaneous
activity, the OFT was performed to examine locomotor and
exploratory behaviors in experimental mice. The data from
the current investigation showed that there were no altera-
tions observed in time spent in the center zone and total
running distance among any of the experimental group.
This finding suggested that BS-I had no direct psycho-
stimulation or unspecific responses. Taken together, these
results from behavioral experiments suggested that BS-I
exhibited a robust antidepressant-like efficacy in mouse
model of depressive disorder caused by CUMS exposure.
After the behavioral evaluation, we then focused on the
influence on the HPA axis by detecting the corticoster-
one level in the plasma. As we all known, the activation
of HPA system is associated with various stressful stimuli
and plays a critical role in the pathological mechanisms of
stress-induced mental diseases such as depressive illness
[38, 39]. Previous study data indicated that elevated blood
glucocorticoid levels resulting from HPA axis feedback
dysfunction observed in rodents (corticosterone) or human
depressive disorder (cortisol) [16]. In accord with several
previous results, we observed that mice from CUMS-
vehicle group displayed higher plasma corticosterone con-
centrations when compared with the control mice, and all
BS-I treatment groups attenuated the abnormal alterations,
especially at high dose. Two different receptor including
GR and mineralocorticoid receptor (MR) are associated
with glucocorticoid feedback regulation [15]. It’s generally
believed that MR is involved in the adjustment of circadian
fluctuations while GR regulates stress responses [16]. Glu-
cocorticoid suppresses stress-related injure and the secre-
tion of corticotrophin releasing hormone through GR acti-
vation, which conversely reduces corticosterone production
[36]. However, once subjected to chronic stress, excessive
glucocorticoid secretion results in the impaired HPA axis
negative feedback and decreased GR expression [40]. It
has been documented that the GR expressions (mMRNA and
protein) in hippocampus were reduced in animal model of
depression, and that long-term antidepressants treatment
could reverse this changes by regulating GR expression
[16, 36]. Consistent with this, present data revealed that
mice subjected to repeated stress exhibited lower levels of
GR mRNA and protein in the hippocampus and prefrontal
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cortex, while chronic treatment with either BS-I or fluox-
etine significantly restored the down-regulated expressions
of GR mRNA and protein induced by CUMS exposure.

To further elucidate the pharmacological mechanism
of BS-I, the current investigation probed the effects of
BS-I on BDNF signaling pathway. A large number of pre-
vious studies suggested that chronic stress could result in
neuronal atrophy and stress-induced inhibition of neu-
rogenesis in the brain tissues, which are involved in the
pathogenesis of depressive illness [30, 41]. Trophic fac-
tors, especially BDNF are thought to be associated with
the development of depressive disease and responsible for
antidepressants activity in preclinical and clinical studies.
It has been suggested that various stress procedures like
CUMS caused an evident reduction of BDNF expressions
(mRNA and protein) in the hippocampus and prefron-
tal cortex, while chronic treatment with antidepressants
obviously elevated BDNF levels in those regions [42].
Consistently, in this investigation, Exposure of CUMS
paradigm was observed to reduce levels of BDNF mRNA
and protein in the hippocampus and prefrontal cortex of
mice, and BS-I administration inhibited the decrease of
the expressions of BDNF mRNA and protein induced by
CUMS paradigm, which provided evidence that elevation
of BDNF expression may be contributed to the antide-
pressant property of BS-1. Then, we detected the changes
in ERK and CREB activity. Increasing evidence showed
that phosphorylations of ERK and CREB are involved
in affecting neurotrophic activity and neurogenesis via
activating intracellular signaling cascades [43, 44]. More
interestingly, activation of pERK and pCREB was also
observed in the hippocampus and prefrontal cortex of
animals administrated with BS-I. As a result, chronic
administration of BS-I for 2 consecutive weeks alleviated
the CUMS-induced inhibition of ERK and CREB phos-
phorylations in those regions. Our results suggested that
the antidepressant-like property of BS-I might be related
to elevation of BDNF mediated by activation of pERK/
pCREB/BDNEF signaling.

In conclusion, our studies demonstrated that chronic
administration of BS-I exhibited significant antidepres-
sant-like properties in CUMS-induced depressed mice.
And this beneficial effect is mediated, at least in part,
by modulating HPA hyperactivity and activating BDNF
signaling pathway in the hippocampus and prefrontal
cortex. Hence, our investigation provided new insights
into the potential of BS-I in therapeutic interventions for
depressive disorder. Further studies are need to explore
whether BDNF signaling is essential mediator of the anti-
depressant-like effects as well as the side effects of BS-I.
It remains unclear that whether BS-I modulate other
pathways such as P13K-Akt signaling pathways as well as
neurotransmitters.
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