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Introduction
Major depressive disorder (MDD) is a debilitating mental 

disorder that is characterized by depressed mood, or anhe-

donia, in combination with psychomotor retardation and 

fatigue.  MDD is a common and serious health problem, with 

a high morbidity and mortality[1], which affects approximately 

350 million individuals worldwide[2].  Over the past several 

decades, the monoamine hypothesis has grown to be the most 

extensively accepted etiology of depression[3].  Several drugs 

that are based on monoamine neurotransmitters have been 

used to reduce depressive symptoms[4].  However, meta-analy-

ses suggest that these agents are effective for only one-third to 

one-half of patients who suffer from depression[5].  In addition 

to having a 3 to 6 weeks delay before the patient experiences 

the antidepressant effect, current antidepressant drugs often 
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produce side effects that limit their usefulness[6].  Therefore, 

the development of new antidepressants is urgently needed 

for the treatment of depression.

Accumulating evidence suggests that neuroinflammation 

is accompanied by the activation of microglial cells and the 

release of pro-inflammatory cytokines, which is associated 

with the pathophysiology of MDD[7].  Treatment with IL-2 

or IFN-α in patients with cancer was found to result in high 
depression rates[8].  Furthermore, depression is considered a 

high comorbidity with immune activation-related diseases[9].  

Human postmortem and animal studies have revealed hippo-

campal atrophy in patients with depression[10].  Inflammatory 
cytokines activate cellular cascades that cause excitotoxicity, 

thereby resulting in apoptosis in the hippocampus and cortex, 

which is associated with depressive-like behavior[11].  Con-

versely, down-regulation of chronic inflammatory responses 

can subserve neuroprotective and anti-inflammatory func-

tions[12].  The antidepressant activity of anti-inflammatory ther-

apy has also been observed in patients with autoimmune and 

inflammatory disorders[13].  Therefore, inhibition of neuroin-

flammation may be a potential therapeutic target for MDD[14].

Recently, research has confirmed the effectiveness of herbal 
medicine therapies on depression[15].  A growing number 

of studies have demonstrated that herbs and their compo-

nents act as promising candidates for depression therapy in 

rodent[16].  Salvianolic acid B (SalB) is a major bioactive com-

pound that is extracted from the traditional Chinese medicinal 

herb Salvia miltiorrhiza, which has a variety of pharmacologi-

cal actions, including anti-inflammatory, antioxidant and 

neuroprotective effects in vivo and in vitro[17, 18].  There is also 

evidence suggesting that SalB is capable of maintaining self-

renewal and proliferation of neural stem/progenitor cells, 

thereby protecting neurons from apoptosis and alleviating 

the learning and memory impairment that is induced by tran-

sient cerebral ischemia[19, 20].  In addition, SalB can traverse the 

blood-brain barrier[21] and act directly on the central nervous 

system.

The present study sought to investigate the antidepressant-

like effects of SalB in the chronic mild stress (CMS) mouse 

model, which exhibited a series of behavioral, neurochemical, 

neuroendocrine, and neuroimmune alterations that are similar 

to some of the dysfunctions observed in patients with depres-

sion[22].  The antidepressant-like effects of SalB were evaluated 

by sucrose preference, the forced swimming test (FST), and the 

tail suspension test (TST).  In addition, we assessed cytokines 

expression in the hippocampus and cortex, plasma corticoste-

rone (CORT) levels, cell apoptosis and microglial activation in 

order to explore the association of neuroimmunomodulation 

with antidepressant-like effects of SalB.

Materials and methods
Animals

Male C57BL/6 mice (18–22 g) were purchased from the Labo-

ratory Animals Center of Sichuan Academy of Medical Sci-

ences, Chengdu, China.  The mice were housed individually 

under standard condition (23±2 °C, 50%–70% humidity, on a 

12–12 h light-dark cycle with lights on at 07:00, with access to 

food and water ad libitum) and were allowed to habituate to 

laboratory conditions for 1 week prior to the experiments.  The 

behavioral tests were conducted between 13:00 and 19:00 h.  

All experimental procedures were approved by the Ethics 

Committee of the University of Electronic Science and Tech-

nology of China and carried out in strict accordance with the 

National Institutes of Health Guide for the Care and Use of 

Laboratory Animals (8th edition, revised 2010).

CMS procedure

The CMS procedure was performed according to the method 

described previously[23], with minor modification.  Briefly, the 
mice were subjected to various stressors according to a semi-

random schedule for 6 consecutive weeks (Figure 1A).  The 

stress regime for each week consisted of forced swimming at 

6 °C for 10 min, tail suspension for 10 min, food deprivation 

for 24 h, water deprivation for 24 h, cage tilting (45°) for 24 h, 

damp bedding for 24 h, stroboscopic illumination for 24 h, 

and behavior restriction for 2 h.  The mice received one of 

these stressors on one day of the week, with no same stressor 

applied for two consecutive days.  The control mice were 

housed in a separate room under identical conditions and had 

no contact with these stressed animals.

Drug administration

After the third week of the CMS paradigm, when depressive-

like behaviors occurred, drugs were administered once per 

day for three weeks.  All drugs and vehicle (0.9% normal 

saline) were injected intraperitoneally (ip) between 17:00 and 

19:00 h in a total volume of 10 mL/kg.  The drugs SalB and 

imipramine (IMI) hydrochloride (Sigma-Aldrich, St Louis, 

USA) were dissolved in normal saline to reach appropri-

ate concentrations (2 mg/mL for both SalB and IMI).  SalB 

was isolated from S miltorrhiza powder, to a purity of 95% to 

meet the experimental requirement, according to the method 

described in our previous work[24].  The non-CMS control mice 

were given the same volume of vehicle.  Within 14 h of the 

last injection of drugs and vehicle, behavioral tests were per-

formed.

All mice were randomly divided into four groups: one 

control and three experimental groups [CMS and Vehicle 

(CMS+Veh), CMS and SalB (CMS+SalB), CMS and IMI 

(CMS+IMI)].  In the control group, animals did not receive the 

CMS procedure and received only saline, the CMS+Veh group 

was exposed to the CMS procedure and received freshly pre-

pared vehicle (normal saline), the CMS+SalB as exposed to 

the CMS procedure and received SalB (20 mg/kg, concentra-

tion determined based on data from our previous trial)[24], and 

the CMS+IMI group as exposed to the CMS procedure and 

received IMI (20 mg/kg).

Sucrose preference test (SPT) and body weight measurement

The SPT was performed as described previously[25], with 

minor modification.  Briefly, 72 h before the test, mice were 

habituated to drink 1% sucrose solution, followed by depri-
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vation of water and food for 12 h.  Then, mice were free to 

access either of two bottles containing 1% sucrose solution or 

water.  The positions of the two bottles were switched and 

kept for another 24 h.  The mice were housed in individual 

cages.  The volumes of consumed sucrose solution and water 

were recorded for six weeks through the whole experiment.  

The sucrose preference ratio (SPR) was calculated according to 

the following equation: SPR=sucrose intake (g)/sucrose intake 

(g)+water intake (g).

Body weight was measured between 15:00 and 17:00 h on 

Monday every week to calculate the mean body weight gain 

during the entirety of the experiment.

Forced swimming test (FST)

The FST was conducted using a method adapted from 

Porsolt’s[26], with minor modification.  Mice were individu-

ally placed in a glass cylindrical container (total volume of 

approximately 1000 mL, 21 cm in height and 12 cm in diam-

eter) that was filled with water (22±1 °C) to a depth of 12 cm.  
The FST started 24 h after the last drug administration.  Each 

mouse was exposed to a test session for 6 min, and judged to 

be immobile when it remained floating passively in the water 
without struggling.  The duration of immobility was accu-

rately scored by a blinded observer during the last 4 min of 

the total swimming time.

Tail suspension test (TST)

The TST was carried out based on a previously described 

procedure[27].  Briefly, 48 h after the last drug administration, 
acoustically and visually isolated mice were suspended by 

their tail from a ledge with adhesive tape (5 cm in width), 

10 cm above the tabletop, for 6 min.  The tape was placed 

approximately 1 cm from the tip of the tail.  Immobility was 

defined as the absence of movement, with the time of immo-

bility recorded by an observer that was blinded to the drug 

treatment.

Measurement of locomotor activity

In order to exclude false positive results of SalB as a psycho-

stimulant drug that reduces the immobility time in depression-

related behavior in the FST and TST, the locomotor activity 

test was conducted before the FST and TST.  Thirty minutes 

after the treatment on d-42, the spontaneous activity level was 

examined.  Locomotor activity was measured with a 36-point 

infrared ray passive sensor system (model No ZZ-6, Taimeng 

Tech Ltd Chengdu, China).  The mice were placed in six, sepa-

rate chambers with an autonomous movement instrument.  

The total locomotor activity (standing and movement activity) 

of mice was automatically recorded during the 10-min test.  

All mice were allowed to adjust to the environment for 1 min 

before the test.

Plasma CORT level

The mice were anesthetized by sodium pentobarbital (60 

mg/kg, ip), and the blood samples were collected in tubes 

with heparin for plasma preparation.  The samples were cen-

trifuged for 20 min at 1000×g, and the supernatants of each 

sample were collected and stored at -20 °C for assays.  Plasma 

CORT levels were assayed with an enzyme-linked immuno-

sorbent assay (ELISA) kit (50R- E.1444M, Biovalue Co Ltd, 

China) according to the manufacturer’s instruction.  The low-

est assay sensitivity of the kit is <0.1 ng/mL.

RNA extraction and real-time PCR (RT-PCR)

After the blood samples were collected, all the brains of mice 

were removed using aseptic techniques.  The hippocampus 

was quickly dissected out, placed in sterile tubes, and fro-

zen on dry ice.  Meanwhile, the whole cortex was collected 

and also placed in sterile tubes on dry ice.  Total RNA was 

extracted according to the manufacturer’s protocol with Trizol 

Reagent (Invitrogen Life Technologies, USA).  The final RNA 
samples were resuspended in 30 μL of nuclease-free water.  
The cDNA was synthesized from 1 μL of the RNA sample 
with the First Strand cDNA Synthesis Kit (Invitrogen Life 

Technologies, USA), according to the manufacturer’s instruc-

tions.  The cDNA was subsequently stored at -20 °C.

Pro- and anti-inflammatory cytokine expression was ana-

lyzed by RT-PCR.  For all cytokines, the oligonucleotide 

primers are listed in Table 1.  The reaction mixture for RT-

PCR consisted of 1 μL of template cDNA, 2 μL of primer and 
5 μL of SsoFastTM EvaGreen Supermix (BIO-RAD, USA) in a 

total reaction volume of 10 μL.  Duplicate samples were used 
for analysis in a CFX96 RT-PCR System (BIO-RAD, USA).  

The conditions of RT-PCR used for amplification were as fol-
lows: initial 95 °C for 3 min followed by 40 cycles at 95 °C for  

10 s and annealing/extension at 72 °C for 10 s.  The lengths of 

mRNA products of IL-1β, TNF-α, IL-10, TGF-β, and β-actin 
are 191, 81, 264, 236, and 73 bp, respectively.  The collected 

data were analyzed, and the fold-expression changes were 

normalized against the housekeeping gene β-actin.  Final 
data were expressed in relative quantification units using the 
equation of relative cytokines expression: Ratio (reference/

target)=2Ct(reference)–Ct(target).

Enzyme-linked immunosorbent assay (ELISA)

Mice were sacrificed at 24 h after the last drug administra-

tion and the brain was removed using aseptic technique.  

The hippocampal and cortex tissues were quickly dissected 

out, and then homogenized and centrifuged at 1000×g for 30 

min.  Supernatants were used to examine the concentration of 

Table 1.  Primers of RT-PCR. 

Gene             Forward (5′–3′)  Reverse (5′–3′)
 

IL-1β CCAGCAGGTTATCATCATCATCC CTCGCAGCAGCACATCAAC
TNF-α CAGCCGATGGGTTGTACCTT TGTGGGTGAGGAGCACGTAGT
IL-10 TGGCCCAGAAATCAAGGAGC CAGCAGACTCAATACACACT
TGF-β GACCGCAACAACGCCATCTA GGCGTATCAGTGGGGGTCAG
β-Actin CCGTGAAAAGATGACCCAGATC CACAGCCTGGATGGCTACGT
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TNF-α and IL-10.  The protein levels of TNF-α and IL-10 were 
quantified using ELISA kits (QuantiCyto, China), according 

to the manufacturer’s protocol.  The detection limit for TNF-α 
and IL-10 were 8 pg/mL.  All groups (n=6–8) were used in the 

ELISA test.

Immunohistochemistry and image analysis

Cell apoptosis and microglial activation were examined with 

immunofluorescence staining for the control (n=6), the CMS 

group (n=6) and the SalB-treated CMS group (n=6).  The 

mice were deeply anesthetized with 10% pentobarbital and 

perfused with pH 7.2 phosphate-buffered saline (PBS) for 4 

min and then with 4% paraformaldehyde (PFA) in pH 7.2 

PBS for 6 min.  Brains were excised and post-fixed in 4% PFA 
for 3 d, then dehydrated in 30% sucrose for 48 h.  The brains 

were stored at -80 °C before coronal cryostat sections (35 μm 
thick) were obtained using a sliding vibratome (CM1900; Leica 

Microsystems, Wetzlar, Germany).  Six sequential slices were 

collected into each well of a 12-well plate containing PBS with 

0.02% sodium azide and stored at 4 °C.  To quantify apoptotic 

cells, every sixth section containing the hippocampus was 

selected and permeabilized with 0.5% Triton X-100 in PBS for 

15 min.  The sections were blocked in 10% donkey serum for 

1.5 h, incubated with primary antibodies (mouse anti-cleaved 

caspase-3 (1:100, Cell Signaling Technology, Inc) or goat anti-

Iba1 (1:400, Abcam) overnight at 4 °C and with fluorescent-

dye-conjugated secondary antibodies (DyLight 488-conjugate 

donkey anti-mouse (1:300; Jackson ImmunoResearch); DyLight 

549-conjugate donkey anti-goat (1:300; Jackson ImmunoRe-

search) for 2 h at room temperature.  Sections were imaged 

using fluorescence microscopy (Olympus BX51).
Image analysis was used to quantify the apoptotic cells and 

activated microglia.  The images of every sixth section were 

imported to Image J software (version 1.45 J) and used to 

determine a threshold for positive staining while excluding 

background staining.  The amount and average percent area 

of the positive threshold for all representative pictures are 

reported.  The volumes of the hippocampus were estimated 

based on the Cavalieri principle.  Every sixth section that con-

tained the hippocampus was selected and stained with DAPI 

antibody.  The volume measurements were performed using 

Image J software (version 1.45 J).  The volume of the hippo-

campus was estimated by the sum of the measured areas of 

the hippocampus and multiplied by the cutting thickness (35 

μm) and the number of series.

Statistical analysis

The statistical analyses were performed using SPSS statisti-

cal software package for Windows® v.17 (SPSS Inc, Chicago, 

USA).  Potential differences between the mean values were 

analyzed using one-way analysis of variance (ANOVA) fol-

lowed by the least significant difference test for post hoc com-

parisons.  The correlative analyses were performed using 

GraphPad Prism 5.01.  The level of confidence was set at 95% 
(P<0.05).  All data are shown as the mean±SEM.

Results
SalB ameliorated CMS-induced depressive-like behavior

As a principal evaluation index for anhedonia in an animal 

model of depression, SPR was measured before initiating the 

CMS regimen and then weekly until the end of the 6-week 

CMS procedure (Figure 1A).  All the groups were not signifi-

cantly different in their baseline SPR score (week 0: F3,28=0.048, 

P>0.05, Figure 1B).  After three weeks of CMS, SPR showed 

a significant decrease (week 3: F3,28=5.609, P<0.05) compared 

with the control group (Figure 1B and 1C).  However, there 

were no significant differences in SPR among the CMS+Veh, 
CMS+SalB and CMS+IMI groups (Week 3: F3,28=0.031, P>0.05; 

Figure 1B and 1C).  After three weeks of treatment, SPR 

gradually increased in mice that were treated with SalB or 

IMI compared with CMS+Veh mice (Week 6: F3,28=6.061, 

P<0.01, P<0.01, respectively, Figure 1B and 1D).  In the FST, 

compared with the control group, the mice of CMS+Veh 

exhibited a significantly longer duration of immobility time 

(F3,28=6.351; P<0.01, Figure 1E).  Conversely, the CMS+SalB 

and CMS+IMI groups showed a shorter duration of immobil-

ity in the FST (P<0.01 and P<0.01, respectively, Figure 1E).  In 

the TST, immobility time was significantly shorter both in the 
CMS+SalB and CMS+IMI groups than in the CMS+Veh group 

at the end of week 6 (F3,28=6.671, P<0.05, P<0.05, respectively, 

Figure 1F).  Meanwhile, there were no significant differences 
in immobility time between the CMS+SalB and CMS+IMI 

groups (P>0.05, Figure 1F).

SalB alleviated the depression-related physiological indices

Depression is often accompanied by weight loss, spontaneous 

activity decreases and increased plasma CORT levels.  These 

physiological indices were examined in all groups.  As shown 

in Figure 2A, there were no differences in baseline body 

weight among the groups (week 0: F3,28=0.236, P>0.05, Figure 

2A).  After three weeks of stress, body weight of mice in all 

the three CMS groups was significantly diminished (week 

3: F3,28=4.586, P<0.05; Figure 2B).  With a continuous 3-week 

treatment of SalB (20 mg/kg) or IMI (20 mg/kg) in CMS mice, 

the weight loss was significantly reversed compared with the 
CMS-vehicle mice (P<0.01 and P<0.05, respectively, Figure 

2C).  The CMS+Veh mice showed a significantly decreased 

spontaneous movement level (F3,28=2.151, P<0.05, Figure 2D).  

However, SalB and IMI had no significant effect on spontane-

ous movement level (P>0.05).  Chronic stress induced a sig-

nificant increase of plasma CORT levels in depression-model 
mice (F3,20=10.069, P<0.01, Figure 2E).  Both SalB and IMI sig-

nificantly reduced stress-induced increases in plasma CORT 

levels (P<0.05 and P<0.01, respectively, Figure 2E), but their 

levels were still higher than those of the control mice.

SalB suppressed CMS-induced inflammatory cytokines expres-

sion in hippocampus and cortex

This study also assessed the mRNA or protein expression of 

pro-inflammatory and anti-inflammatory cytokines in the 

hippocampus and cortex using RT-PCR or ELISA, respec-
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tively.  Expression levels of IL-1β were significantly higher in 
the hippocampus (F3,24=22.964, P<0.01; Figure 3A) and cortex 

(F3,24=4.189, P<0.01; Figure 3C) in the CMS+Veh mice than in 

control mice.  Both SalB and IMI effectively restrained IL-1β 

Figure 1.  Effects of SalB and IMI treatment on depressive-like behaviors in CMS-treated C57BL/6 mice.  (A) The experimental design.  (B) Changes 
in sucrose consumption over 6 weeks in the control, CMS+Veh, CMS+SalB, and CMS+IMI groups.  (C and D) The sucrose preference ratio of C57BL/6 
mice at the 3rd and 6th weeks, respectively.  (E and F) The duration of immobility of mice in the FST and in TST at the 6th week, respectively.  Data are 
shown as the mean±SEM.  n=8.  *P<0.05, **P<0.01 vs the control group.  #P<0.05, ##P<0.01 vs the CMS+Veh group.
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expression in the hippocampus (P<0.01 and P<0.01, respec-

tively, Figure 3A), while only SalB significantly inhibited the 
CMS-induced increase of IL-1β in the cortex (P<0.05; Figure 

3C).  In agreement with IL-1β expression, mRNA expres-

sion of TNF-α was significantly increased in the hippocam-

pus (F3,28=27.149, P<0.01; Figure 3B) and cortex (F3,27=19.080, 

P<0.01; Figure 3D) of CMS+Veh mice.  After three weeks 

of treatment, TNF-α mRNA expression was suppressed by 
SalB both in the hippocampus (P<0.01; Figure 3D) and cor-

tex (P<0.01; Figure 3D) of CMS mice.  IMI decreased TNF-α 
expression in the hippocampus (P<0.01; Figure 3D) but not in 

the cortex (P>0.05; Figure 3D).  Nevertheless, the expression of 

anti-inflammatory cytokine IL-10 was significantly decreased 

in the hippocampus (F3,24=13.118, P<0.01; Figure 3E) and cortex 

(F3,24=11.818, P<0.01; Figure 3G) of CMS-exposed mice, while 

TGF-β showed no significant changes in the hippocampus 
(F3,28=3.371, P>0.05; Figure 3F) or cortex (F3,28=1.741, P>0.05; 

Figure 3H).  With a 3-week treatment of SalB, the expression 

of IL-10 and TGF-β was significantly increased not only in the 
hippocampus (P<0.01 and P<0.01, respectively) but also in the 

cortex (P<0.05 and P<0.05, respectively) compared with the 

CMS+Veh group (Figure 3E–3H).  Treatment with IMI had 

no effects on the expression of anti-inflammatory cytokines 

IL-10 and TGF-β in the hippocampus and the cortex except for 
decreasing IL-10 expression in the cortex (Figure 3E–3H).

Consistent with mRNA expression, the TNF-α protein level 

Figure 2.  Effects of SalB and IMI treatment on depression-related physiological indices.  (A) Changes in body weight of mice over 6 weeks.  (B and C) 
The body weights of control, CMS+Veh, CMS+SalB, and CMS+IMI mice at the 3rd and 6th weeks, respectively.  (D) The locomotor activities of mice at 
the 6th week.  (E) The plasma CORT levels in control and experimental groups.  Data are shown as the mean±SEM.  n=8.  *P<0.05, **P<0.01 vs the 

control group.  #P<0.05, ##P<0.01 vs the CMS+Veh group.
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was enhanced in the hippocampus (F3,28=6.356, P<0.01; Figure 

3I) and cortex (F3,28=6.471, P<0.05; Figure 3K) in a CMS mouse 

model of depression.  Both SalB and IMI effectively restrained 

the concentration of TNF-α in the hippocampus (P<0.01 and 

P<0.05, respectively, Figure 3I), while only SalB significantly 
inhibited the CMS-induced increase in TNF-α in the cortex 
(P<0.01; Figure 3K).  The protein level of IL-10 was down-

graded in the hippocampus (F3,24=3.612, P<0.05; Figure 3J) but 

not in the cortex (F3,32=4.048, P>0.05; Figure 3L) of CMS-treated 

mice.  SalB treatment significantly increased IL-10 levels in 

the hippocampus (P<0.01; Figure 3J) and cortex (P<0.01; Fig-

ure 3K), while IMI treatment showed no significant effects on 

IL-10 levels in the hippocampus (P>0.05; Figure 3J) or cortex 

(P>0.05; Figure 3L).

SalB decrease CMS-induced apoptosis in hippocampus and 

cortex

We examined the effects of SalB on CMS-induced apoptosis 

using cleaved caspase 3, a cell-specific marker that detects 

apoptotic cells.  In doing so, we showed that CMS induced 

an increase in the number of apoptotic cells in the hippo-

campus (Figure 4A) and cortex (Figure 4B).  The cleaved 

caspase-3+ area was analyzed by Image J software, and the 

results showed that the percentage of cleaved caspase-3+ area 

Figure 3.  Effects of SalB and IMI treatment on pro- and anti-inflammatory cytokines expression in the hippocampus and cortex.  mRNA expression 
of the pro-inflammatory cytokines IL-1β (A, C) and TNF-α (B, D) and anti-inflammatory cytokines IL-10 (E, G) and TGF-β (F, H) in the hippocampus and 
the cortex were assayed by RT-PCR.  Protein levels of the pro-inflammatory cytokines TNF-α (I, K) and anti-inflammatory cytokines IL-10 (J, L) in the 
hippocampus and the cortex were assayed using ELISA.  Scale bars represent the mean values, and the error bars represent the mean±SEM.  n=6–8.  
*P<0.05, **P<0.01 vs the control group.  #P<0.05, ##P<0.01 vs the CMS+Veh group.
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was significantly increased in the hippocampus (F3,24=7.501, 

P<0.01; Figure 4C) and cortex (F3,24=5.343, P<0.01; Figure 4D) 

of CMS+Veh mice.  After 3 weeks of treatment using SalB, 

the percentage of cleaved caspase-3+ area was significantly 

decreased not only in the hippocampus (P<0.05, Figure 4C) 

but also in the cortex (P<0.05, Figure 4D) compared with the 

CMS+Veh group, while IMI treatment showed no significant 
decrease in the percentage of cleaved caspase-3+ area in the 

hippocampus (P>0.05, Figure 4C) and cortex (P>0.05, Fig-

ure 4D).  In addition, we also assessed the density of DAPI+ 

(nucleus) and hippocampal volume.  The results indicated that 

CMS procedures significantly decreased the cell density in 

the hippocampus of C57BL/6 mice (F3,24=4.590, P<0.01; Figure 

4G).  The hippocampal cell density was restored by treatment 

with SalB (P<0.05, Figure 4G) but not with IMI (P>0.05, Fig-

ure 4G).  Similarly, chronic stress resulted in the reduction of 

hippocampal volume in mice (F3,24=2.543, P<0.01; Figure 4H).  

Stress-induced decreases in volumes of the hippocampus were 

significantly reversed after treatment with SalB (P<0.05, Figure 

4H), while the IMI treatment showed no significant effect on 
the volumes of the hippocampus (P>0.05, Figure 4H).

Apoptosis associated with microglial activation

Immunofluorescence double labeling was performed using 

a cell-specific marker for apoptotic cell (cleaved caspase 3+) 

and microglia (Iba1+) in the hippocampus (Figure 5A–5C) and 

cortex (Figure 5D–5F).  The percentage of Iba1+ area was sig-

nificantly increased in the hippocampus (F3,24=2.187, P<0.01; 

Figure 5G) and cortex (F3,24=3.928, P<0.01; Figure 5H) of 

CMS+Veh mice.  SalB decreased the percentage of Iba1+ area 

Figure 4.  Effects of SalB treatment on CMS-induced apoptosis in the hippocampus and cortex.  (A) Representative images of apoptotic cells (cleaved 
caspase 3+) scattering in the hippocampus.  (C) The bar graph indicates cleaved caspase 3+ cells (percentage of area) in the hippocampus.  (B) 
Representative images of apoptotic cells scattering in the cortex.  (D) The bar graph indicates cleaved caspase 3+ cells (percentage of area) in the 

cortex.  (E) Representative image of the threshold set for DAPI+ staining with no background was used to measure cell density.  (F) Representative image 
of the volume of the hippocampus.  The bar graph indicates cell density (G) and the volumes of the hippocampus from various animals (H).  Data are 
shown as the mean±SEM.  n=6.  *P<0.05, **P<0.01 vs the control group.  #P<0.05, ##P<0.01 vs the CMS+Veh group.  The scale bar represents 100 μm.
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Figure 5.  Effects of SalB treatment on microglial activation in the hippocampus and cortex.  (A and D) Representative staining with the apoptotic cell 
marker (cleaved caspase 3) in the hippocampus and cortex, respectively.  (B and E) Representative labeling with the microglial activation marker (Iba1) 
in the hippocampus and cortex, respectively.  (C and F) Merged images, which indicate that cleaved caspase 3+ cells are associated with Iba1+ cells 

in the hippocampus and cortex.  (G) Representative resting-state microglia images in the absence of apoptotic cells.  (H) Representative activated 
microglia images in the regions of apoptosis.  (I) Representative amoeba-like microglia images, which show their phagocytic activity in targeting 
apoptotic cells.  (J) Representative high-resolution images of the phagocytosis of microglia.  The bar graph indicates the percentage of Iba1+ area in the 

hippocampus (K) and cortex (L).  Correlation between the percentage of cleaved caspase 3+ area and the percentage of Iba1+ area in the hippocampus (M) 

and cortex (N), with each circle representing individual mice (n=24).  All data without (M and N) are shown as the mean±SEM.  n=6.  *P<0.05, **P<0.01 
vs the control group.  #P<0.05, ##P<0.01 vs the CMS+Veh group.  The scale bar represents 100 μm.
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in the cortex (P<0.05, Figure 5H) but not in the hippocampus 

(P>0.05, Figure 5G) of CMS-exposed animals.  Meanwhile the 

IMI treatment showed no significant effect on the percentage 
of Iba1+ area both in the hippocampus (P>0.05, Figure 5K) and 

cortex (P>0.05, Figure 5L).  Much more interestingly, amoeba-

like Iba1+ cells (activated microglia) were recruited into the 

regions of apoptosis both in the hippocampus (Figure 5C and 

5H) and cortex (Figure 5F).  Removal of cleaved caspase-3+ cell 

was performed by phagocytosis by amoeba-like Iba1+ cell (Fig-

ure 5I and 5J).  Moreover, we found a significant correlation 
between the percentage of Iba1+ area and the percentage of 

cleaved caspase-3+ area both in the hippocampus (r=+0.61, P= 

0.0022, Figure 5M) and cortex (r=+0.48, P= 0.0168, Figure 5N).

Discussion
The present study evaluated the potential antidepressant-

like effects of SalB.  Our results showed that SalB significantly 
reversed the decrease of SPR and markedly reduced the immo-

bility in the FST and TST in CMS mice.  In addition, we also 

observed that SalB decreased the levels of CORT in plasma 

and regulated the imbalance of pro- and anti-inflammatory 

cytokines in the hippocampus and the cortex of depressive-

like C57BL/6 mice.

Our previous data from the acute screening paradigm of 

the FST and TST showed that SalB attenuated depressive-like 

behaviors[24].  In the present study, we further determined the 

potent antidepressant-like activity and investigated the active 

mechanism of SalB in the CMS model of depression.  After 

exposure to a series of unpredictable stressors, C57BL/6 mice 

exhibited depressive-like behaviors.  Sucrose preference and 

body weight were significantly reduced, and the immobility 

time of the FST and TST were increased.  The model provides 

a natural induction of a chronic depressive-like state that 

develops gradually over time in response to stress and results 

in persistent changes in behavior, neurochemistry, and neu-

roimmune and neuroendocrinological variables resembling 

those that are observed in depressed patients[28].  This model 

would therefore be the most valid animal model of depres-

sion[29].  C57BL/6 mice respond well to the CMS treatment and 

are commonly used in antidepressant drug research[30].  The 

CMS protocol provides a robust, easily replicable rodent ani-

mal model of depression for investigating the antidepressant-

like consequences of SalB.

Depression is usually manifested in diverse debilitating 

symptoms, including hopelessness and anhedonia[1].  Anhedo-

nia, which is reflected by sucrose preference, is a core symp-

tom of MDD[31].  Immobility in the FST and TST paradigms is 

interpreted as a passive stress-coping strategy or depressive-

like behavior[32].  Such depressive-like behaviors were ame-

liorated by SalB treatment.  The dose of SalB at 20 mg/kg 

was chosen based on our previous experiments[24].  After 

SalB administration for 21 d, we observed that SalB not only 

enhanced sucrose preference but also decreased the immobil-

ity time of CMS mice in the FST and TST.  Weight change is 

one of several additional symptoms in patients with MDD[33].  

CMS mice weight loss was also reversed after three weeks of 

SalB treatment.  There was no significant difference between 
the effects of SalB and those of IMI in the SPT, FST, and 

TST tests.  These findings indicate that SalB, similar to IMI, 

could improve depressive-like behaviors in mice subjected 

to a model of unpredictable CMS procedures.  The locomo-

tor activity was reduced in CMS mice.  Similar to IMI, SalB 

increased locomotor activities in CMS mice, but there was no 

significant difference in overall locomotor activity compared 
with the saline group.  Therefore, the effect of SalB on reduc-

tion of immobility time in the FST and TST seemed unlikely to 

be due to the activation of locomotion.

Recent research has suggested that inhibition of neuroin-

flammation might represent a novel mechanism of action of 

antidepressant treatment[34].  SalB has been shown to provide 

anti-inflammatory, antioxidant, and neuroprotective activity 

by regulating microglial activation[17, 35].  According to recent 

studies, besides functioning as a monoaminergic neurotrans-

mitter, neuroinflammation may also have a key role in the 

pathogenesis of MDD[13, 36].  Growing evidence suggests that 

there is a causative link between depressive-like behaviors 

and life events, inflammation and apoptosis in the brain[37].  

Our previous research indicated that the dysregulation of 

pro- and anti-inflammatory cytokines have a crucial role in 

the pathophysiology of depression[38].  Pro-inflammatory 

cytokines (TNF-α, IL-1β) or lipopolysaccharide-induced 
depressive-like behavior and neuroinflammatory reaction can 
be reversed by anti-inflammatory cytokines, such as TGF-β 
and IL-10[39, 40].  Conversely, anti-inflammatory agents have 

therapeutic benefits for mood disorders[41, 42].  The present 

study demonstrated that CMS induced the imbalance of pro- 

and anti-inflammatory cytokines in the hippocampus and cor-

tex.  SalB suppressed the expression of the pro-inflammatory 
cytokines IL-1β and TNF-α in the hippocampus and cortex.  
SalB also enhanced the expression of the anti-inflammatory 

cytokines IL-10 and TGF-β in the hippocampus and cortex of 
CMS-treated mice.  Chen et al[35] reported that SalB treatment 

had similar effects on IL-1β, TNF-α, IL-10, and TGF-β in the 
brain tissue of mice, thereby suggesting that the neuroprotec-

tive effects of SalB were associated with its anti-inflammatory 
activities.  These findings indicate that SalB is involved in the 
regulation of cytokines expression in the brain and the sub-

sequent depressive-like behaviors that are induced by CMS.  

Conversely, an abnormal hypothalamic-pituitary adrenal 

(HPA) axis is a key endophenotype in MDD patients and ani-

mal models[43].  Plasma CORT, an indicator of HPA axis activ-

ity in rodents, is over-secreted in animal models of depression 

and can be normalized by antidepressants[44].  In our experi-

ment, SalB treatments significantly reduced the CMS-induced 
enhancement in plasma CORT, thereby suggesting that SalB 

has the function of regulating CORT levels and normalizing 

HPA axis hyperactivity, which may be involved in neuroim-

munomodulation[45].

The loss of neurons in hippocampal and cortical regions 

contributes to the etiology of MDD[46].  Recent studies have 

suggested that neuroinflammation is accompanied by the 

activation of microglial cells and the release of inflammatory 
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mediators, which activates cellular cascades and results in 

neural apoptosis in the brain[47, 48].  Our results indicate that 

SalB blocks the CMS-induced increases in apoptosis in both 

the hippocampus and cortex and prevents the decrease of hip-

pocampal volume and cell density.  Interestingly, activated 

microglia were recruited into the regions of apoptosis and a 

significant correlation between apoptosis and microglial acti-
vation was observed both in the hippocampus and cortex, 

thereby indicating that CMS-induced apoptosis is associated 

with a microglia-mediated pro-inflammatory response[49].  

Moreover, we observed that apoptotic cells were phagocytized 

by activated microglia, which suggests that microglia plays a 

dual role in the phagocytosis of apoptotic cells and the regula-

tion of neuroinflammation.  Overall, we observed that SalB 

suppressed CMS-induced pro-inflammatory activation in the 
brain, reversed apoptosis and hippocampal atrophy, and alle-

viated depression-like behaviors in mice.  These findings sup-

port the observation that the antidepressant-like effects of SalB 

involved the regulation of microglia activation, inflammatory 
cytokines release, and inflammatory-mediated neural apopto-

sis (Figure 6).

In summary, the present study demonstrates the potential 

antidepressant-like effects of SalB in a CMS-induced mice 

model of depression, which is associated with the regulation 

of microglia-related apoptosis in the hippocampus and the 

cortex.
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