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Background: FEarly adverse life stress is an important dangerous factor in
the development of psychiatric disorders, particularly depression. Available clinical
antidepressant agents, such as fluoxetine, [a selective serotonin reuptake inhibitor
(SSRI)], are unsatisfactory because of their side effects. SiNiSan (SNS) is a classic
Chinese medicine prescription regarded to disperse stagnated liver gi to relieve qi
stagnation. Therefore, this study was designed to detect the effects and molecular
mechanism of SNS treatment in rats subjected to maternal separation (MS).

Method: Male neonatal Wistar rats were divided into six groups including
control + ddH>O, MS + ddH»O, MS + fluoxetine (5 g/kg), MS + SNS -low dose (2.5
g/kg), MS + SNS -medium dose (5 g/kg), MS + SNS -high dose (10 g/kg). The volume
of drugs and ddH20 in each group are according to the weight of rats every day (10
mlL/kg). Each group comprised 16 pups with 8 young and 8 adult pups. Except for
the control group, all MS groups were separated from their mothers for 4 h/day from
9:00 to 13:00 during postnatal days (PNDs) 1 to 21. After MS, the six groups were
intragastrically administered with ddH20, fluoxetine, and different doses of SNS until
PND 28 (for young pups) and PND 56 (for adult pups). The pups were weighed every
day, and depression-like behavior was assessed by sucrose preference test, open field
test, and forced swimming test. Serotonin 1A (5-HT1A) receptor, phosphorylated protein
kinase A (p-PKA) substrate, CAMP response element-binding protein (CREB), p-CREB
and brain-derived neurotrophic factor (BDNF) in the hippocampus were examined by
Western blot, and in situ 5-HT1A receptor expression was measured by IHC.

Results: Young and adult MS rats exhibited depression-like behavior. However, the
depression-like behavior was ameliorated by SNS in both age groups. The levels of
5-HT1A receptor, p-CREB, and BDNF in the hippocampus were reduced in young
and adult MS rats. SNS treatment significantly up-regulated the expression of 5-HT1A
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receptor, p-CREB, and BDNF in the hippocampus of adult MS rats. However, few
significant effects on the protein expression were observed in the young MS rats.

Conclusion: MS in infancy could develop depression-like behavior in young and adult.
SNS treatment may perform antidepressant effects on young and adult MS rats through
the BDNF/PKA/CREB pathway.

Keywords: SiNiSan, early life stress, depression, brain-derived neurotrophic factor, serotonin 1A receptor

INTRODUCTION

Adverse stress in early life is an important dangerous factor
for suffering from many types of mental disease, such as
depression, posttraumatic stress disorder, and schizophrenia.
Several reports have shown that adversity in early life is closely
related to the occurrence and development of depression, which
is likely to be accompanied with impulsive, suicidal, and self-
injurious behavior (1, 2). Maternal separation (MS) in rats,
which temporarily deprives pups from their mothers to a new
environment during lactation, has been established as a model
to replicate early life adversity in animal experiments (3).
MS has been suggested to induce depression-like behavior in
rodents, such as behavioral despair during forced swimming
test (FST) and anhedonia in sugar water preference test (4,
5). In addition, MS could trigger anxiety-like behavior in
the open field test (OFT) (6). On one hand, for juvenile
and adult rats, postnatal MS procedure could downregulate
new born cells in the hippocampus and granule cells in the
dentate gyrus of the hippocampus. Thus, MS may affect the
development and neuroplasticity in the hippocampus of rats
(7). These results indicate that the emotions and behavior of
individuals could be significantly affected by postnatal MS in the
long term.

The change in the serotonin system has been demonstrated
to be closely related with mental disorders, but this relationship
needs further investigation (8, 9). Serotonin 1A (5-HTIA)
receptor is closely related to emotional disorders. Moreover, the
brain-derived neurotrophic factor (BDNF) has been increasingly
investigated for depression in animal models. BDNF is generally
distributed in the hippocampus and participates in neurogenesis
and development of the hippocampus. Previous study showed
that the expression of BDNF in the hippocampus of rats that
experienced postnatal MS declined with age but increased in
the medial prefrontal cortex for normal rats. BDNF significantly
decreased in these two regions during the early adulthood of
rats (10). A systematic review of the change in BDNF expression
using the social isolation model of rats revealed that BDEN
could be downregulated in the hippocampus by stress during
postnatal period but not altered in the cerebral cortex (11).
Another study has reported the correlation of serotonin and
BDNF and showed that these molecules played to some extent
crucial roles in neuroplasticity and were associated with certain
neurological diseases, especially during aging (12). Furthermore,
the relative signaling pathways of BDNF caused by early life stress
have been studied to explore the mechanism of depression and
antidepressants. BDNF and CREB/BDNF signaling pathways,

including the expression of BDNE, phospho-cAMP response
element-binding protein (CREB) (pCREB), phospho-ERK1/2,
phospho-Protein kinase B (AKT), and TrkB (a receptor of
BDNF), were downregulated in the cerebral hippocampus of
depression models that underwent stress (13, 14). Moreover,
numerous studies have shown certain correlation between CREB
and the pathogenesis of depression as well as the mechanism
of antidepressants. CREB, which is regarded as a crucial
transcription factor, could be activated by various signaling
pathways. Protein kinase A (PKA), which is the upstream
signal for CREB, may be associated with the pathogenesis of
depression. Several studies have reported that the disorder of
adenosine cyclophosphate (cAMP)-PKA-CREB-BDNF signaling
pathway in the hippocampus of animals could be involved in the
pathophysiological process of depression (15, 16).

Monoamine-based antidepressants, such as selective
serotonin reuptake inhibitors (SSRIs), are frequently used
for depression. However, SSRIs, such as fluoxetine, are
unsatisfactory for depression because of their side effects,
such as delayed onset of ~6-8 weeks after taking the medicine
and the insensitivity for the drug by some patients (17, 18).
In traditional Chinese medicine, the primary pathogenesis
of depression is emotional upset and stagnation of gi in the
liver. Depression belongs to melancholia in traditional Chinese
medicine, and the treatment should be based on soothing the
liver and relieving depression. SiNiSan comes from the Treatise
on Febrile Diseases, and is mainly used to regulate the liver-qi.
This compound is considered the most fundamental formula
on soothing the liver and resolving depression. Moreover,
several animal experiments have demonstrated the effects of
SiNiSan on depressive behavior, such as recovering the loss of
weight, anhedonia in sucrose preference test (SPT), and low
activity in OFT for CUMS models (19). However, few studies
have focused on the effect of SiNiSan treatment for depression
triggered by early life adversity through the signaling pathway of
5-HT1A receptor/CREB/BDNF. Although these findings have
indicated the depression-like behavior caused by postnatal MS
and the effect of SiNiSan on depression, the effect of SiNiSan on
depression induced by postnatal MS in young and adult rats is
rarely investigated.

In the present study, we explored the effect of SiNiSan
treatment on young and adult Wistar rats maternally
separated during early development by behavioral tests and
expression detection of several relative proteins in the 5-HT1A
receptor/ CREB/BDNF signaling pathway. The results provided
valid evidence for the clinical use of SiNiSan on depressive
patients who experienced MS during childhood.
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MATERIALS AND METHODS

Animals

The 20 Wistar pregnant rats with 16-day gestation were bought
from the Experimental Animal Center in Guangzhou University
of Chinese Medicine and housed in a controlled environment. All
animals were raised on a 12h light/12h dark cycle (lights on at
19:00) and with free access to food and water. The environmental
conditions were maintained at 22°C and relative humidity of 40-
70%. All pregnant rats produced ~8-10 pups per dam, and 91
male pups were selected from all 20 dams for the experiment. At
the end of molding at postnatal day (PND) 21, the male pups were
randomly divided into six groups based on the weight, namely,
control group (non-MS), model group (MS administration),
positive group (fluoxetine treatment), low-dose SNS treatment
(SNS-L), medium-dose SNS treatment (SNS-M), and high-dose
SNS treatment (SNS-H). All experimental procedures strictly
followed the guidelines of the International Association for the
Use of Animals in Research and permitted by the Committee of
Animal Experiment Ethics Review in Guangzhou University of
Chinese Medicine.

Maternal Separation

The day of birth was regarded as PND 0. The groups, except
the control, were all maternally separated from PND 1 to PND
21, while the control group was undisturbed. This procedure
was according to the method employed in a previous study (10).
One male pup from each litter was randomly left in the cage
with his mother, and marked as the control group (NMS group).
The rest of the male pups were separated from their mothers to
another room from PND 1 to PND 21 for 4 h per day (from 10:00
to 14:00). In addition, cotton was laid on the bottom plate of
the pup cage to keep the pups warm from PND 1 to PND 10.
During the separation, pups from the same litters were placed
in the same pup cage but isolated from each other by several
hardboards to avoid contact. After weaning at PND 21, the
medicine group was administered with medicine intervention.
All male rats underwent behavioral test during young stage (PND
22-28) and adult stage (PND 50-55) and sacrificed to gather
complete brains and hippocampus for Western blot (WB) test
and immunohistochemistry (IHC) at PND 28 and PND 56.

Drug Treatment

SNS is composed of four Chinese medicinal herbs, namely,
Zhigancao, Zhishi, Chaihu, and Shaoyao with equal ratio at
1:1:1:1. SNS was bought from the First Affiliated Hospital of
Guangzhou University of Chinese Medicine. The herbs were
ground into coarse powder and soaked in ten times volume
of ddH,O more than the herb for 60 min. After boiling by
strong fire, the herbs were heated by slow fire for 40 min. After
cooling, the decoction was filtered using several layers of gauze
to collect the colature concentrated to 1 g/mL of raw drug by a
rotary evaporator. The Quality Control of Sinisan was performed
by HPLC. It was performed on an Agilent Technologies 1260
Infinity system with a 1260 DAD VL detector at 240 nm.
Kromasil CI8 (250 mm x 4.6 mm, 5 pm) column was used and
the temperature was set at 30°C. The mobile phase was consisted
of acetonitrile (A) and water containing 0.1% phosphoric acid

(B). A linear gradient elution program was used as follows: 0—
10 min, 0%-10% A; 10-20 min, 20%-25% A; and 20-28 min,
25%-29% A, 28-40 min, 29%-40% A , 40-50 min, 40%-55% A,
50-60 min, 55%-73% A. The flow rate was set at 1.0 mL- min~'.
The injection volume was 10 wL (Supplementary Materials).
Considering low dose as an equivalent dose, the low dose was
calculated from the equivalent dose coefficient conversion on
people and rats. The low, medium, and high doses of SNS
were 0.25, 0.5, and 1 g/mL, respectively. Fluoxetine was bought
from the First Affiliated Hospital of Guangzhou University of
Chinese Medicine and dissolved in ddH,O to 0.5 mg/mL, which
also depended on the equivalent dose coefficient conversion on
people and rats. After molding at PND 22, the groups were
intragastrically intervened by ddH,O, fluoxetine, and different
doses of SNS rats until PND 28 (young rats) and PND 56 (adult
rats). The process time points are shown in Figure 1.

Behavioral Test

Body Weight (BW)

The change in BW was compared with the baseline data
measured at PND 21 to evaluate the impact of MS on the food
preference. The data were recorded per day and measured on
PNDs 21, 28, 35, 42, 49, and 56 to observe the weight variation
and alteration in BW gain (Figure 2, Table 1).

Sucrose Preference Test

The preference of sucrose intake by the male rats was evaluated by
the decrease in the consumption of sucrose water. This behavior
has been considered as an indicator of anhedonia, which usually
appears in depression (5, 6). All rats were exercised to adapt to
1% sucrose solution during the period of adaptation. For the first
2 days, the rats were provided two bottles of 1% sucrose solution
for 24 h, and then one bottle of water and one 1% sucrose solution
for the second 24h with an exchange of bottles at half time.
Then, following a 24 h period of food and water deprivation, all
rats placed in individual cages were tested simultaneously with
two pre-weighed bottles, one bottle of sucrose (1% w/v) and
the other water, for 2h. The two bottles were exchanged one
time at the middle time. After the test, the bottles of 1% sucrose
solution and water were reweighted and recorded to calculate
the liquid consumption. Sucrose preference was calculated from
the following formula as applied in previous studies: Sucrose
preference = {Sucrose consumption (g)/[Sucrose consumption
(g) + water consumption (g)]} x 100. SPT was measured on PND
24 and PND 54 per rat (20). Anhedonia was presented by reduced
sucrose preference.

Open Field Test

General curiosity and detective activity of each rat were detected
to assess the anxiety-like behavior during OFT as described
in previous studies (6). The open field apparatus consisted
of a 100x100cm square space with black walls and black
baseplate (The Spontaneous Activity Open Field, Guangzhou
Feidi Biotechnology Co. LTD). Each rat was carefully placed
at the center of the open field floor and allowed to move
independently and explore freely for 3min. To evaluate the
ability of the rats to adapt to a new environment and the
detective activities, the time and distance spent in the central
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Behavioral test: body weight,
sucrose preference test (SPT),
open field test (OFT), forced
swimming test (FST).

Maternal separation

Behavioral test: body weight,
sucrose preference test (SPT),
open field test (OFT), forced
swimming test (FST).
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FIGURE 1 | Process time points. The process time points are shown by the timeline.

The completed brains are fixed by
paraformaldehyde used to
Immunohistochemistry (IHC) for detecting
5-HT1A receptor. The fresh hippocampus
are used to examined by Western blot (WB)
for the expression levels of BDNF, CREB,
phospho-CREB, phospho-PKA substrate
and 5-HT1A receptor.
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FIGURE 2 | Effects of SNS on the changes in body weight (BW). The effect of
SNS on the changes in the BWs of MS male rats during PND21-26 was
expressed in the graph. The weights on PND 21, 35, 42, 49, and 56 are
presented as means + SEM.

area were traced and recorded. These parameters are considered
indices of locomotor activity. After each test, 75% ethyl alcohol
was used to clean the urine and feces left behind by the
other rats which could produce odor signals that would
interfere the next rats to be tested. OFT was performed on
PNDs 22 and 51.

Forced Swimming Test

The FST, especially for young rats, was originally described in a
previous study (21). The rats were placed in a plexiglass cylinder
with a diameter of 30 cm and a height of 50 cm. The cylinder was

filled with ~30 cm of water at 23-26°C such that the rats could
not touch the bottom of the cylinder. On the first day for exercise,
the animals underwent a 15-min pre-test swim. After the pretest,
the rats were immediately removed from the cylinder and mildly
dried with a towel. After completely dried, the rats were returned
to their home cages. On the second day after the pre-test, the rats
were placed in a water-filled cylinder for the test, and the behavior
was recorded by videotape for 5min. The water in the cylinder
was changed after each rat had been tested. After the test swim
was completed, the rats were dried similarly as that during the
pre-test. Then, the rats were returned to their cages until they
were dried.

Biochemical Assays

Western Blot Analysis

The rats in the six groups were sacrificed on PNDs 28 and 56.
The animals were anesthetized with an injection of 10% chloral
hydrate (0.35 mL/100g, i.p.). Then, all rats were sacrificed by
decapitation. Six rats per group were administered decollation to
gather the fresh hippocampus from the brain. The hippocampus
was quickly frozen in liquid nitrogen and then transferred to an
—80°C refrigerator for the WB, which was performed as follows.
The samples were homogenized with RIPA lysis buffer (strong)
which was added with protease inhibitor cocktail for protein
extraction at a proportion of 1:100. Then, the supernatant was
collected after centrifugation at 12,000 rpm under 4°C for 15 min.
The total protein content was determined using BCA assay.
After the quantitative determination and addition of loading
buffer for the total protein content, the proteins of each sample
in the Eppendorf tube were denatured in water at 100°C for
5 min. Subsequently, protein samples were fractionated through
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TABLE 1 | The effects of SNS on weight increase of MS male rats (g).

PND28 PND35 PND42 PND49 PND56
Control 21.64 +£1.00 66.73 = 1.85* 92.43 + 3.34 147.40 + 3.09 1562.31 £ 2.62
Model 18.24 £+ 0.80 58.36 £ 2.77 80.72 £ 5.32 148.80 + 8.97 152.86 £ 8.57
Positive 19.98 £ 1.13 57.82 £2.98 81.13+7.36 149.88 + 8.04 145.74 £ 6.90
SNS-low 23.98 £ 1.76 68.69 £+ 2.81* 98.46 + 6.67* 168.73 £ 11.21 175.69 £ 12.14
SNS-medium 22.51 4+ 2.06 71.88 +£2.11* 107.47 £ 6.23" 175.68 + 9.74 180.63 + 10.93
SNS-high 21.81 +£1.30 70.62 £+ 2.40* 99.03 + 6.56" 172.36 + 8.66 170.64 + 8.61

The body weights of all male rats were weighed per day from PND 21 after MS. The data of PND 21 were used as the starting point. Weight gain was measured on weeks 1, 2, 3, 4,
and 5 at the age of PND 28, 35, 42, and 56. Differences were analyzed by one-way ANOVA with Fisher's LSD. Data are presented as means =SEM. *P < 0.05, **P < 0.01 compared

with the model group (statistically significant).

12% SDS-polyacrylamide gel electrophoresis. The proteins of
samples were electro-transferred onto polyvinylidene difluoride
membranes with constant current at 300mA for 75min.
The membranes were blocked with 5% bull serum albumin-
TBST for 3h at room temperature. Protein expression was
detected by incubation with rabbit polyclonal primary antibodies
against BDNF (1:1,500), CREB (1:1,000), pCREB(1:1,000),
pPKA substrate (1:1,000), 5-HT1A receptor (1:1,000), and rat
polyclonal primary antibody GAPDH (1:5,000) at 4°C overnight.
After incubation with the primary antibody, the membranes were
incubated with goat anti-rabbit HRP-conjugated IgG (1:3000-
5,000) and goat anti-rat HRP-conjugated IgG (1: 5,000) at
room temperature for 1 h. All antibodies were dissolved in 0.5%
blocking reagent. The bound antibodies were expressed using
an enhanced chemiluminescence reagent by ECL kit (BIO-RAD
Molecular Imager™ XRS+) and quantified using Image Lab™
software. The experiments were performed four times with four
samples per group. In the WB analysis, GAPDH was used as
loading control to normalize the levels of target protein detected.
The mean optical density value of each protein band relative to
that of the GAPDH band from the same sample was calculated.

Immunohistochemistry (IHC)

After sacrificing on PNDs 28 and 56, two rats from each group
were administered with 4% paraformaldehyde solution perfusion
to collect the complete brain samples. The samples were stored in
the perfusion solution for IHC. Briefly, IHC was performed such
that the fixed brain tissue with 4% paraformaldehyde solution
was separated from the hippocampus, that is, 1.30-5.30 mm from
the bregma. Then, the brain samples were dehydrated thrice for
30 min using different concentrations of ethyl alcohol (70, 90,
96, and 100%) and xylene and set in paraffin. After dewaxing
by xylene twice for 8 min, ethanol (70, 80, 95, and 100%) for
5min, and distilled water for 3 min, the sections were put into
citrate buffer solution (0.01 M pH 6.0) and heated in a microwave
oven. The slides were blocked using 6.5% BSA for 30 min at room
temperature (RT) and incubated in a first rabbit anti-5-HT1A
receptor polyclonal IgG (1:500) at 4°C overnight. After washing
thrice in 0.05 M PBS for 5 min at RT, the sections were incubated
with a secondary goat anti-rabbit IgG (1:1,000) for 1h at RT
and incubated in an avidin—biotin—peroxidase complex for
1 h. Finally, the sections were dehydrated by serial rinsing with
alcohol, dewaxed in dimethyl and benzene, and cover-slipped.

Results were scanned by 3D HISTECH Pannoramic 250, MADE
IN Hungary.

Statistical Analysis

Statistical significance was assessed using one-way ANOVA
followed by Fisher’s least significant difference (LSD) analysis
with P < 0.05 as statistically significant. SPSS was used for
statistical analysis. Data were expressed as means & standard
error of the mean (SEM).

RESULTS
Effects of SNS on Body Weight

Several variations in BW of the male rats were observed from
PND 21 to PND 56. The BWs of all male rats were weighed per
day from PND 21 after MS. The lower BW was shown in the
model group than the control group after MS. The BWs of the MS
male rats presented relatively slow weight gain compared with the
control group. However, the three groups administered with SNS
showed more rapid increase in BW in a dose-dependent manner
from PND 42 to PND 56 than model group (Figure2). MS
significantly restrained the increase in weight of these male rats
on PND 35. The weight gain of the MS male rats was markedly
decreased compared with the control rats from PND 21 to PND
35 (P < 0.05). Meanwhile, compared with the model group, the
male rats in the three SNS-treated groups gained more weight
on PND 35 (P < 0.05). In addition, from PND 21 to PND 42,
the BWs of the three SNS-treated groups significantly increased
compared with the model group (SNS-L and SNS-H, P < 0.05;
SNS-M, P < 0.01). Moreover, no significant differences were
observed among the six groups from PND 21 to PND 28, 49,
and 56 (Table 1).

Effects of SNS on Anhedonia

SPT was performed for 2h on PND 28 and PND 56 for the
young and adult stages, respectively, to evaluate depression-like
behavior. MS contributed to anhedonia in both stages. SNS-
H and SNS-L treatments alleviated the depressive behavior in
young and adult MS male rats. Among the young MS male
rats, specific consumption of 1% sugar water in the model
group was markedly reduced compared with the control group
(P < 0.05). However, data from the SNS-H group showed
significantly reversed results compared with MS rats without
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FIGURE 4 | Effects of SNS on the behavioral despair of MS male rats during the forced swimming test (FST). The rats were assessed by immobility time on PND 28
(A) and PND 56 (B). Data were analyzed by one-way ANOVA with Fisher’s LSD from 6 young rats and 5 adult rats per group and expressed as means + SEM.
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treatment (P < 0.01) (Figure 3A). Compared with the control
group, specific consumption of 1% sugar water of the adult male
rats in the model group was significantly decreased (P < 0.05).
Nevertheless, SNS-L treatment on the MS male rats markedly
increased the consumption of 1% sugar water compared with the
model group (P < 0.05) (Figure 3B).

Effects of SNS on Behavioral Despair

FST was used to assess the depression-like behaviors on PND
28 and PND 56 for the young and adult stages, respectively.
All male rats underwent FST for 5min after a 15min pre-
test session on the day before. MS induced behavioral despair
on both stages. However, medication administration did not
affect this depressive behavior during FST for young MS male
rats, but relief of behavioral despair was observed for adult MS
male rats. On PND 28, the immobility time of the MS male
rats in the model group was significantly augmented compared

with the control male rats (P < 0.05). However, only reduced
immobility time was observed in the MS male rats in all drug
intervention groups, compared with the MS male rats in the
model group, but without statistical significance (Figure 4A).
The immobility duration of the adult male rats in the model
group was markedly increased compared with that in the control
group (P < 0.05), but significant decrease in immobility time
was observed in the MS male rats in all drug intervention groups
(P < 0.05) (Figure 4B).

Effects of SNS on Anxiety-Like Behavior

OFT was performed on PND 28 and 56 to evaluate the anxiety-
like behavior. MS induced anxiety-like behavior in the MS adult
male rats during OFT, and fluoxetine mitigated this behavior.
The results showed that the central region time and distance of
young male rats had no marked differences among the six groups,
only a decreasing tendency was observed in the model group
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FIGURE 5 | Effects of SNS on the anxiety-like behavior of MS male rats. The animals were evaluated by the time spent at the central region on PND 28 (A) and PND
56 (C) and the distance within the central region on PND 28 (B) and PND 56 (D) in the open field test (OFT). Data were analyzed by one-way ANOVA with Fisher’s
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vs. the control group and increased in the positive, SNS-L, SNS-
M, and SNS-H groups vs. the model group (Figures 5A,B). For
the adult male rats during OFT, the MS rats in the model group
exhibited significant decline in the central region time compared
with the control rats, and comparing with MS rats in model group
the data from MS rats treated by fluoxetine were significantly
reversed (P < 0.05, Figure 5C). However, significant differences
were not found in the central region distance in the adult male
rats, which only showed a trend similar to that in the central
region time (Figure 5D).

Impact of SNS on 5-HT1A Receptor by

Immunohistochemistry

The expression of 5-HT1A receptor in the CAl region of the
hippocampus of the male rats was detected by IHC (Figure 5).
MS triggered the decrease in 5-HT1A receptor expression in the
CA1 region in the hippocampus of young (PND 28) and adult
(PND 56) male rats compared with control rats without MS.
However, the expression was upregulated by SNS treatment on
MS rats compared with model group. The results show that the
expression of 5-HT1A receptor was slightly reduced in the CA1l
of hippocampus of the male rats subjected to MS at PND 28

compared with control rats. This phenomenon was reversed by
fluoxetine and medium and high SNS doses compared with MS
rats but no treatment (Figure 6). On PND 56, the expression of 5-
HTI1A receptor was obviously downregulated by MS in the CA1
region of hippocampus of adult male rats compared with control
group. The downregulation of 5-HT1A receptor expression in the
CA1 in the hippocampus of adult male rats subjected to MS was
reversed by fluoxetine and SNS treatment compared with model
group (Figure 7).

Impact of SNS on BDNF Signal Pathway at
PND28

The results indicated that, compared with the young male rats
in the control group, the expression of pCREB (Figure 8D)
and BDNF (Figure 8B) in the cerebral hippocampus of MS
rats was significantly downregulated (P < 0.05), but without
statistical significance for the medication treatment groups
compared with the model group. The expression of 5-HT1A
receptor in the cerebral hippocampus of young male rats in the
model group was downregulated by MS compared with that
in the control group, but fluoxetine and SNS administration
reversed this downregulation, compared with the MS rats in the
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SNS-Low

SNS-Medium

FIGURE 6 | Change in the hippocampal 5-HT1A receptor expression of rats on PND 28 by immunohistochemistry (IHC). The effects of SNS treatment on 5-HT1A
receptor expression in the CA1 area of cerebral hippocampus of MS male rats on PND28 as shown by IHC. Scale bar = 50 um.
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> Control

Model

SNS-Medium

FIGURE 7 | Change in the expression of hippocampal 5-HT1A receptor of rats on PND 56 by IHC. The effects of SNS treatment on 5-HT1A receptor expression in
the CA1 area of cerebral hippocampus of MS male rats on PND56 as shown by IHC. Scale bar = 50 um.
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model group. These results are without statistical significance
(Figure 8F). Nevertheless, the expression of CREB (Figure 8C)
and pPKA substrate in the cerebral hippocampus of adult
male rats (Figure 8E) showed no marked differences among the
groups. In addition, the bands of these proteins are expressed
in Figure 8A.

Impact of SNS on BDNF Signal Pathway at

PND56

The results of CREB/BDNF signal pathway of cerebral
hippocampus in adult male rats were analyzed (Figure 8).
CREB/BDNF signal pathway in the cerebral hippocampus of
adult male rats was downregulated by MS compared with control
rats, and SNS treatment reversed this downregulation on MS
rats compared with the MS rats in model group. The results
showed that the expression of 5-HT1A receptor was significantly
decreased in the cerebral hippocampus of adult MS male rats
in the model group compared with the control group, and SNS
treatment markedly reversed the downregulation compared
with the MS rats in the model group (Figure 9F). No significant
differences were found in the expression of CREB in the cerebral
hippocampus of adult male rats between the control and model
groups. However, fluoxetine and low SNS dose administration
significantly upregulated CREB expression of MS rats compared
with MS rats in the model group (P < 0.05, P < 0.01; Figure 9C).
One-way ANOVA demonstrated that the expression of pCREB
in the cerebral hippocampus of adult male rats was markedly
decreased in the model group compared with control group,
which was significantly reversed by low and medium doses
SNS compared with the MS rats in model group (P < 0.05;
Figure 9D). The expression of pPKA substrate in the cerebral
hippocampus of adult male rats was downregulated in the MS
rats in the model group vs. the control group but upregulated
in the MS rats administered with medication vs. the untreated
MS rats in model group (Figure9E). MS markedly reduced
the expression of BDNF in the cerebral hippocampus of adult
male rats compared with the control rats. Meanwhile, low and
medium doses of SNS significantly upregulated the BDNF
expression compared with the MS rats in the model group
(P < 0.05; Figure 9B). All protein bands are shown in Figure 9A.

DISCUSSION

In present study, we manifested several attractive findings on
the antidepressant effect of SNS treatment from the results of
behavior and molecular level in depressive rats. The MS paradigm
used for the animal model of depression in this study has been
considered as a classic depressive model for early life stress
on rats (22). Our study was aimed to illustrate the effects of
SNS on depression-like behavior of both young and adult rats
that experienced MS during the postnatal period. Moreover,
we further detected the relative proteins of potential signaling
pathway involved in the mechanism of depressive symptoms and
the antidepressant effect of SNS. Thus, the results might present
a new discovery that may guide the clinical medication for new
therapy for depression caused by trauma during childhood.

Antidepressant Effect of SNS

In our study, the BW was measured from PND 21 pre-treatment
and throughout the whole experiment. The weights of the MS
rats presented a lower trend than normal rats and MS rats
administered with SNS from PND 21 to PND 56. However,
fluoxetine exerted no effects on weight in MS rats (Figure 2).
From the BW gain of rats with the baseline at PND 21, MS
reduced the BW gain at PNDs 28, 35, 42, 49, and 56, but SNS
treatment reversed this process. However, compared with the
MS group, the fluoxetine group exhibited no increasing trend
in the BW gain, although significant statistical difference was
only observed on PND 35 (Table 1). The results showed that
SNS could improve the loss of weight in MS rats during the
growth stage until adulthood, which showed that the MS rats
could develop some symptoms, such as eating less and losing
weight, whereas SNS might ameliorate this appetite and nutrition
condition in MS rats. The result on weight was consistent
with several studies which have indicated that the postnatal MS
could reduce the weight gain compared with normal breast-
feeding in rats and caused under nutrition accompanied with
the damage to insulin-like growth factor-1 (IGF-1) levels and
growth and alteration of the hippocampus (23, 24). Meanwhile,
a recent study manifested the effect of SNS on the psychological
stress and stress-related nonalcoholic fatty liver disease. The
results indicated that the SNS group administered with long-
term chronic restraint stress showed a significant increase in
BW gain compared with the stress group (25). However, the
absence of effect of fluoxetine on the loss of weight in MS rats
may be attributed to the enhanced satiety for food and restrain
hunger-related pathways, as previously reported (26).

SPT and FST are usually applied to rats to evaluate depression-
like behavior and antidepressant effect. The effect of SNS on
mental disorders and chronic stress-related diseases, such as
depression, has been already demonstrated in some studies, but
age specificity was not mentioned (27, 28). Our results indicated
that young and adult MS rats exhibited anhedonia during SPT
as shown by the reduced sucrose consumption and behavioral
despair during FST as shown by augmented immobility time.
The effect of fluoxetine and SNS on depression-like behavior
could be observed in young (PND 28) and adult (PND 56)
MS rats. Fluoxetine and SNS treatment resulted in increased
sucrose consumption during SPT and reduced immobility time
during FST, when compared with the untreated MS rats. For
the young rats, only high SNS dose significantly improved
anhedonia during SPT, which was observed in the low dose
group for adult rats (Figure 3). During FST, although all SNS
and fluoxetine groups showed significantly higher immobility
time compared with the MS group in adult rats, SNS and
fluoxetine increased the immobility time of young MS rats but
without statistical significant difference (Figure 4). However, no
significant difference was found between the SNS and fluoxetine
groups in all rats. These findings illustrated that SNS could
take effect on depression-like behaviors depending on the doses
and duration of treatment for rats that experienced early life
stress, such as MS. In addition, the reason why the effect of
fluoxetine on depression-like behaviors only emerged in adult
rats presented by FST might due to its side-effect, such as
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FIGURE 8 | Impacts of SNS on the expression of 5-HT1A receptor/CREB/BDNF in MS rats on PND 28. Impacts of SNS treatments on the 5-HT1A
receptor/CREB/BDNF signaling in the cerebral hippocampus of MS male rats on PND 28. The bands of protein in the hippocampus of each group tested by Western
blot (WB) are shown in (A). Differences were analyzed by one-way ANOVA with Fisher’s LSD. The results are presented as means + SEM. The relative protein levels of
the brain-derived neurotrophic factor (BDNF) (B), cAMP-response element binding protein (CREB) (C), phospho-CREB (pCREB) (D), phospho-protein kinase A
(PPKA) substrate (E), and serotonin 1A (5-HT1A) receptor (F) in the cerebral hippocampus of young (PND28) male rats of each group (n = 4) were detected by WB.
*P < 0.05 compared with the model group.

delayed onset time (29). Nevertheless, only a few studies have  This investigation is needed to be the next step to provide
focused on the onset time of SNS treatment on mental disorders,  evidence for clinical medication. In addition, no statistical
especially for emotional diseases induced by early life stress.  differences were found on the time and distance spent during
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FIGURE 9 | Impacts of SNS on the expression of 5-HT1A receptor/CREB/BDNF in MS rats on PND56. Impacts of SNS treatments on the 5-HT1A
receptor/CREB/BDNF signaling in the cerebral hippocampus of MS male rats on PND 56. The bands of protein in the hippocampus of each group tested by WB are
shown in (A). Differences were analyzed by one-way ANOVA with Fisher’s LSD. The results are shown as means + SEM. The relative protein levels of BDNF (B),
CREB (C), pCREB (D), pPKA substrate (E), and 5-HT1A receptor (F) expression in the cerebral hippocampus of adult (PND56) male rats of each group (n = 4) were
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OFT between MS and normal rats for young rats but with
decreasing trend. However, for adult rats, the time, rather than
distance spent, at the central area were significantly decreased
by MS. Meanwhile, although SNS treatment increased the time

and distance spent at the central area in the young and adult
rats, no statistical difference was found in the improvement
of anxious symptom for the fluoxetine group, which showed
marked increase in these two indicators (Figure 5) During OFT,
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no statistical differences were found probably because of the
insufficient sample size. Therefore, our results during OFT could
indicate that the impact of MS on anxiety-like behavior might
emerge from the young stage to the adult stage, and SNS could
alleviate this symptom to some extent. Only a few studies
have focused on the effect of SNS to mitigate the depression-
like behavior of young rats. Nevertheless, a previous study
reported that modified SNS treatment (from PND 24 to PND 51)
relatively improved the depression-like behavior of adolescent
rats maternally deprived from PND 1 to PND21I, followed by
chronic unpredictable stress from PND 24 to PND 51. The
improvement was observed in weight assessment, SPT, OFT,
and the level of hypothalamic pituitary adrenal (HPA) axis (30).
Similar to the present study, several previous studies illustrated
the antidepressant effect of SNS and its active ingredients on
chronic unpredictable stress rats expressed by behavioral tests,
such as SPT, FST, OFT, or tail suspension test, during adulthood.
SNS could improve anhedonia, behavioral despair, and anxiety-
like behavior of adult rats (31-33). Therefore, SNS may be used
to treat emotional diseases, especially the depression caused by
early life adversity.

Role of PKA/CREB/BDNF Pathway on
Antidepressant of SNS

The BDNF plays an important role on neurogenesis,
neuroplasticity, and nerve cell survival in the hippocampus,
which is closely associated with the pathogenesis of depression
and involved in the mechanism of antidepressant (34-36).
Previous studies showed that the PKA-CREB-BDNF pathway
and the phosphorylation of PKA and CREB proteins in the
hippocampus could be downregulated by CUMS, whereas the
expression of these proteins was normalized by traditional
Chinese prescription or its active ingredient (37). Moreover,
the role of 5-HT1A receptor, as a crucial receptor of serotonin
system regarded as the major mechanism of mood modification
under stress, has been previously reported. The 5SHT1A receptor
played an important role in the neurogenesis and synapse
formation probably by activating certain signaling pathways
and may be linked to a certain deficit in behavior and cognition
(38). Thus, we paid attention to the alterations in 5-HT1AR
and BDNE as well as the relative protein on the relative
pathway (including the pPKA substrate, CREB, and pCREB),
influenced by SNS treatment on MS-induced depressive rats. In
the present study, SNS administration influenced the 5-HT1A
receptor/pPKA substrate/ CREB/BDNF  signaling pathway in
the cerebral hippocampus of MS rats on PND 28 (young)
and PND 56 (adult) as shown by the measured expression
of the 5HT1A receptor, pPKA substrate, CREB, pCREB, and
BDNEF protein.

First, at PND 28, the IHC results showed that the expression
of 5-HT1A receptor in the hippocampal CAl area was
reduced by postnatal MS but reversed by fluoxetine and
high dose SNS (Figure 6). Moreover, MS also downregulated
the hippocampal expression of the 5-HT1A receptor, CREB,
pCREB, and BDNF protein. However, statistical significant
difference was found only on pCREB and BDNEF, compared

with the control rats, as shown by the WB test. Although SNS
upregulated the hippocampal expression of 5-HT1A receptor,
CREB, pCREB and BDNF protein, compared with untreated
MS rats, no significant differences were observed among
these proteins (Figure 8). One previous study suggested that
MS could impair the synaptogenesis with decreased spine
formation and maturation during the early development of
brain in postnatal period. This phenomenon may be mediated
by downregulating the BDNF/ERK signaling pathway and
may produce certain impairment of hippocampal-dependent
learning ability (39). The impairment of MS on the function
of cerebral hippocampus, which is as a crucial region involving
the mechanism of depression, may emerge during the early
development of rats. Thus, the evidence provided in (39)
is consistent with our findings, that is, postnatal MS could
impair the pCREB/BDNF expression in the hippocampus of
MS-induced depressive rats emerging in early development.
Thus, during the young stage, MS reduced the hippocampal
phosphorylation of CREB such that enough transcription of
BDNF gene could not be activated. Thus, the depression-like
behavior caused by postnatal MS accompanied alterations in
the BDNF upstream signaling pathway in young rats. However,
although SNS or fluoxetine treatment did not significantly
mitigate the 5SHT1A receptor-pPKA substrate-CREB-pCREB-
BDNF pathway in the hippocampus of MS rats, compared
with the model group, medium and high SNS doses partly
restored the expression of 5-HT1A receptor, CREB, pCREB,
and BDNF (Figure 8). Only a few studies have investigated the
antidepressant effect of SNS on the BDNF relative signaling
pathway for MS-induced depressive rats during young stage
at PND 28. The present results on young rats may indicate
that the impairment of 5HT1A receptor-pPKA substrate-CREB-
pCREB-BDNF pathway could not be completely recovered by
SNS and fluoxetine for only 1 week treatment, although the
depressive symptoms were alleviated by high SNS dose for a
week. This result could account for the delayed onset of the
antidepressant drug for at least 2 weeks of drug administration.
This phenomenon was also reported by a previous study on the
effect of active components in SNS for chronic stress induced-
depression (40).

Then, up to the adulthood of rats at PND 56, the
expression of 5-HT1A receptor in the hippocampal CA1l area
was downregulated by MS during early life but reversed by
fluoxetine and SNS treatment in IFC (Figure 7). Furthermore,
we found that 5-HT1A receptor, phosphor-CREB, and BDNF
expression were significantly downregulated by postnatal MS
in adult rats, and the expression of CREB and pPKA substrate
was reduced only with downtrend compared with the non-
MS group, as shown by WB analysis. After drug treatment
for 5 weeks, SNS significantly restored the expression of 5-
HT1A receptor, CREB, pCREB, and BDNF expression and
slightly upregulated the pPKA substrate expression in the
MS adult rats but without dose specificity. In addition,
fluoxetine slightly upregulated these proteins, except for CREB
with significant difference compared with the model rats
(Figure 9). Thus, MS during early life could generate long-
term impacts on the expression of upstream relative protein
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of BDNF in the hippocampus of rats during adulthood, which  in accordance with our results on MS adult rats (43, 44).
coincided with their depression-like behavior. SNS treatment A previous research on the effect of SNS treatment on the
on the MS rats may improve the pCREB/BDNF pathway, depression caused by chronic stress also showed that the SNS
which is activated by increased 5-HT1A receptor for adult administration group had significantly higher expression of 5-
rats that experienced early life stress. A recent study has HT1A receptor than the model group (45). In vitro study
illustrated that CREB/BDNF signaling pathway was involved  on the antidepressant mechanism demonstrated that Jiawei
in the mechanism of antidepressant effect. The increased  SNS exhibited nerve protection and antidepressant effect by
ratio of p-CREB/CREB and mBDNF/proBDNF expression in  upregulating the expression of CREB and pCREB on PCl12
the hippocampus might contribute to the therapeutic effects  cell stressed by corticosterone and glutamate (46). Therefore,
on the lipopolysaccharide-intervention rats (41). In addition,  our results indicated that the depression-like behaviors in the
similar to the present results, the results from an assay  young and adult rats which experienced early life stress could
showed that MS could trigger the depression-like behavior  be alleviated different doses of SNS by regulating the 5-HT1A
accompanied with downregulated CREB/BDNF expression and ~ receptor/CREB/BDNF signaling pathway. However, whether
mRNA level of BDNF (42). Moreover, several studies have  pPKA substrate could be significantly altered under MS and
stated that antidepressant administration, including physical =~ SNS treatment could not be observed just with the trend on
and Chinese herbs, mitigated depressive behavior by increasing ~ PND 56, probably because the antibody we applied was a
5HT1A receptor-mediated cAMP/PKA/CREB pathway in the  substrate protein instead of the original pPKA. The substrate
hippocampus of rats that underwent chronic stress for adults,  protein of pPKA contained the pCREB that was activated
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FIGURE 10 | Abridged general view of the potential pathway for the effect of SNS. The mechanism of antidepressant effect for SNS is illustrated. SNS upregulated
the 5-HT1A receptor expression, which in turn activated the phosphorylation of PKA. The activation of pPKA mediated the phosphorylation of CREB. Then, pCREB
transcribed the expression of the BDNF gene, upregulated the production of BDNF to benefit the hippocampal neurogenesis, and alleviated the mental disorders
closely related to the hippocampus.
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by pPKA. Therefore, to some degree, the significant change
on pCREB may reflect the effect of MS/SNS on the pPKA
substrate. This phenomenon needs further verification by co-
immunoprecipitation in our next study. The above results show
that the antidepressant effect of SNS on maternal separation
rats may work through upregulating the 5-HTIA receptor
expression which in turn activated the phosphorylation of PKA.
The activation of pPKA mediated the phosphorylation of CREB.
Then, pCREB transcribed the expression of the BDNF gene,
upregulated the production of BDNF to benefit the hippocampal
neurogenesis, and alleviated the mental disorders closely related
to the hippocampus (Figure 10).

CONCLUSION

In summary, our study still needs to further expound the
mechanism of onset time and concentration of SNS on MS
models, especially on the pPKA/CREB/BDNF pathway mediated
by 5-HTIA receptor and the impacts on the hippocampal
neurogenesis. The results showed the positive effects of SNS
on the MS-induced depression-like behavior. The present
study elucidated the antidepressant effect of traditional Chinese
medicine SNS for depression, which may be used for young
and adult individuals who have experienced adversity in
early life. Importantly, our data first illustrated that the
regulation of the hippocampal 5-HT1A receptor/CREB/BDNF
pathway may contribute to the antidepressant effect of SNS.
Therefore, our findings may provide evidence and clinical
guidance to formulate an effective therapy for children and
adults undergoing depression caused by stress during early
life adversity.
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