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S-Adenosyl Methionine Improves Depression-Like Behaviours
and Synaptic Markers by Elevating the Expression of
Endogenous Hydrogen Sulfide in the Hippocampus
Xuan Luo*, Tong-Yong Fang1,*, Yuyun Zhang1，An-lei Guo1, Xia Yang1, Yi-peng Pang1, Jing Ren1, Kelly A. Newell3,
Yinghua Yu2,3†, Xu-Feng Huang2,3, Yi Liu1,3,†

Abstract
Hydrogen sulfide (H2S) plays an import role in neuroplasticity; deficiency of H2S is implicated
in chronic stress-induced depression. S-adenosylmethionine (SAM) is an agonist of cystathionine
β-synthase (CBS), which increases endogenous H2S levels. This present study was designed to
investigate the ability of SAM to prevent depression-like behaviors induced by chronic stress and
the underlying mechanisms. A mouse model of chronic unpredictable mild stress (CUMS) was
adopted to examine the effects of SAM on depression-like behaviors as well as synaptic proteins
and synaptic morphology. CUMS induced depression-like behaviors after 2, 4 and 6 weeks as
measured by the open field test, sucrose preference test, and forced swimming test. Further,
there were significant reductions in endogenous H2S, CBS, and brain-derived neurotrophic factor
(BDNF) and synapse-associated proteins (synaptophysin, SYN and postsynaptic density protein 95,
PSD-95) in the hippocampus of the CUMS group. SAM exposure prevented the effects of CUMS on
depressive-like behaviors and the levels of H2S and CBS in the hippocampus. SAM administration also
increased BDNF, SYN and PSD-95 in the hippocampus of CUMS mice, and improved the ultrastructure
of synapses as examined by electron microscopy. These results demonstrate that SAM exerts
antidepressant-like effects in CUMS mice, specifically through enhancing H2S, CBS and neuroplasticity.
These findings highlight the novel role of endogenous H2S in mediating antidepressant-like behaviour
and its potential for the prevention of chronic stress-induced depression.
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CBS, cystathionine β-synthase; BDNF,
brain-derived neurotrophic factor; PSD95, postsynaptic density protein; SYN,
synaptophysin

Depression is the most common neuropsychiatric
illness, which brings substantial health and
economic burden to society. Its pathogenesis
is closely associated with risk factors such as
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chronic stress, especially psychosocial stressors in
humans [1-3]. Increasing evidence indicates that
major depression is characterized by decreased
hippocampal volume, neuronal cell death and
reduced neurogenesis in the hippocampus [4,5].
The hippocampus is particularly vulnerable
to stress [6,7]. Previous studies show that
stress can impair CA1 synaptic plasticity[8,
9]. It is reported that stress exposure induces
morphological alterations in the CA1 subregion
of the hippocampus, but not in other subregions
[10].
Brain-derived neurotrophic factor, also known
as BDNF, is widely believed to be involved in
the pathophysiological processes of depression
[11,12]. For example, BDNF levels are low in
the serum of depressive patients, and can be
increased after antidepressant therapy [13,14].
Meanwhile, hippocampal BDNF is reduced in
mice with depression-like behaviors exposed
to chronic unpredictable mild stress (CUMS)
[15]. BDNF is also responsible for promoting
plasticity in the brain and prevents neuronal
damage [13,14]. Notably, the downstream
effects of BDNF on synaptic plasticity requires
synaptophysin (SYN) and postsynaptic density
protein 95 (PSD-95) [16,17], and decreased
levels of SYN and PSD-95 are found in the
postmortem brain of depression patients [18,19].
Hydrogen sulfide or H2S is an endogenous
signaling gasotransmitter [20], which is essential
for regulating diverse biological functions in the
central nervous system, e.g. neurotransmission,
inflammation, apoptosis and vasodilation
[21-23]. Recent studies demonstrate that the
disturbance of endogenous H2S generation in
the hippocampus is associated with CUMSinduced depression-like behaviors [24]. The
H2S donor, NaHS, prevents depression-like
behaviors in rodents under CUMS and relieves
the symptoms of depression and anxiety in
diabetic patients [25,26]. In mammalian cells,
endogenous H2S is primarily produced from
reactions catalyzed by cystathionine β-synthase
(CBS) [27] and H2S levels can be elevated by
the CBS agonist, S-adenosylmethionine (SAM)
[28-30]. However, little is known about the
ability of SAM to prevent chronic stress-induced
depression. Therefore, the current study was
designed to firstly examine the effects of SAM on
depressive-like behaviors. To further investigate
the related biomolecular mechanism, we
examined endogenous H2S markers (CBS and
H2S), BDNF, and synapse-associated proteins
(SYN and PSD-95) in the hippocampus.
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Methods
 Animals

Adult male Kunming mice weighing 18-22
g were provided by the Experimental Animal
Center (Xuzhou Medical University, Xuzhou,
Jiangsu, China), and maintained in a temperature
and humidity controlled environment with
a 12-hour light/dark cycle. The protocol was
approved by the Animal Ethics Committee,
Xuzhou Medical University, China. All animal
experimental procedures were carried out in
accordance with the Guide for the Care and Use
of Laboratory Animals.
 CUMS procedures

The CUMS procedures have been described
in our previous work with some modifications
[15]. Generally, the mice were subjected to six
weeks of unpredictable mild stressors, including
24 hours without food, 24 hours without water,
5-min swimming in cold water (at 4°C), 5-min
tail pinch (1.0 cm from the tip of the tail), cage
tilting for 24 hours, moisture (200 ml water in
100 g sawdust bedding), immobilization for 4
hours and being illuminated overnight.
 Drug treatment

One hundred and twenty-six mice were
randomly divided into three groups (n = 42):
control group (without any stress conditions);
CUMS group (with CUMS procedure); CUMS
+ SAM group (with intraperitoneal injection of
SAM, 288 mg/kg/day and CUMS procedure).
The mice in each group were sacrificed at four
time points: at Weeks 0, 2, 4 or 6 during CUMS
procedure or/and SAM treatment (n=10-11).
The brains were collected to examine the effects
of the CUMS procedures and SAM treatment
on levels of H2S, CBS, BDNF, SYN, and PSD95 in the hippocampus. The behavioral tests
were conducted two days before the mice were
sacrificed.
 Behavioral tests

Sucrose preference test: Anhedonia, or the
reduced ability to experience pleasure, was
measured by the sucrose preference test as
described in our previous study [15]. Briefly,
during the acclimatisation period, the mice
were given two bottles of 1% sucrose solution
(w/v) on the first day, one bottle of 1% sucrose
solution and one bottle of water on the second
day and without water and food on the third
day. During the test period, the mice were given
free access to one bottle of sucrose solution and
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one bottle of tap water, with food deprivation
for 12 h. The sucrose preference was calculated
according to the following equation:
=
Sucrose preference

sucrose intake
× 100%
water intake + sucrose intake

Open field test: The open field test was performed
as previously described to assess locomotor
activity [15]. The mice were separately placed in
a white open-field square box (40 cm× 40 cm ×
40 cm) which was divided into 8 × 8 cm equal
squares drawn in the floor. Each mouse was
allowed to freely explore for 5 min. All behaviors
were recorded using an infrared camera and
video system, followed by analysis of the number
of crossings and rearings by a mouse behavior
analysis system (SLY-ETS, Beijing Shuo Lin
Yuan Technology, Beijing, China).
Forced swimming test: As previously described
[15], the mice were transferred into glass
cylinders (25 cm in height × 20 cm in diameter)
filled with water to 10 cm at 25 ± 1°C. The test
lasted for 6 min, divided into the pretest period
(the first 2 min) and test period (the last 4 min).
Mice were considered to be immobile if they
held their heads above the water with only slight
movements. The immobility time was recorded
and later scored by three experimenters who
were blind to the experiment design.
 Determination of hydrogen sulfide in

the hippocampus

The fresh hippocampus was homogenized in an
ice bath with 9 volumes (w/v) of ice-cold 100 mM
PBS buffer (pH 7.4). The resultant homogenate
was centrifuged at 12,000 rpm at 4°C for 15
min before determination of hydrogen sulfide
in the supernatants. The protein concentrations
were measured by a Pierce BCA Protein Assay
Kit [31]. The quantity of hydrogen sulfide was
determined where the homogenates were spiked
with Na2S as an internal standard (X, X + 2, X
+ 4, X + 6, X + 8 μM), while 69 μl of PBS buffer
(100 mM, pH 7.4), and H2O and DMSO were
sequentially added. Then, to the supernatants
1.0 μl EPS-HS probe (1.0 mM) was added to
reach a final concentration of 10 μM [32]. After
incubation at 37°C for 20 min, the emission
spectra were measured. The zero point was
gained from the addition of 1.0 ml of 100 mM
ZnCl2 (at a final concentration of 1.0 mM) to
capture H2S in the samples. The calibration
curve of Na2S was used to calculate the level of
H2S in each sample, with the results expressed as
μmol/g protein. The fluorescence measurement
was performed on a Hitachi F4600 Fluorescence
Spectrophotometer.
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 Western blot

Hippocampal tissue was homogenized and
protein extracted using an NP-40 lysis buffer
(ice-cold), as described in previous studies [33].
For detection, membranes were incubated with
different primary antibodies, including rabbit
monoclonal antibody against SYN (1:1,000),
PSD-95 (1:2,000) (Cell Signaling Technology
Inc, Danvers, MA, USA); and rabbit monoclonal
antibody against BDNF, CBS (Epitomicsan Abcam Company, Burlingame, CA, USA,
all 1:1000 dilution), followed by secondary
horseradish peroxidase-linked antibodies. Then,
the protein bands of interest were scanned for
quantification of band density by an automatic
imaging analysis system (Bio-Rad Laboratories,
Hercules, CA, USA)
 Transmission electron microscopy

The dissected hippocampal CA1 tissue (1 mm × 1
mm ×1 mm) was placed in 2.5% glutaraldehyde
at 4oC for 4 h, and then rinsed in 0.1 M sodium
citrate buffer (pH 7.4) before fixed with 1%
osmium tetroxide for 1 h followed by gradient
elution. After an overnight infiltration in a
mixture of one-half propylene oxide, the tissue
was embedded in resin. The resultant tissues were
cut into 70 nm-thick slices and stained with 4%
uranyl acetate for 20 min and 0.5% lead citrate
for 5 min. The ultrastructure of the hippocampal
neurons was observed by TEM (TecnaiG2 Spirit
Twin).
 Statistical analysis

The body weight, sucrose preference, locomotor
activity and immobility time were assessed using
a two way repeated ANOVA with the CUMS
procedure and treatments as the between
variables, and time as the within variable. The
levels of CBS, H2S, BDNF, SYN and PSD95 were analyzed by two-way ANOVA (time
x treatment). The time effect and intervention
effect were analyzed by Dunnett’s post hoc test.
A significant difference was determined when P
< 0.05. The statistical analyses were performed
using SPSS software version 16.0. The results are
expressed as mean ± SEM.
Results
 SAM prevents CUMS-induced

suppression of body weight in mice
The effects of CUMS and SAM treatments on
body weight were measured at Weeks 0, 2, 4,
and 6 (Figure 1). Two-way repeated measures
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ANOVA showed that body weight was
significantly affected by time (P < 0.001) and
treatment (P < 0.05), but there was no interaction
between time and treatment (P > 0.05). In
the control group, the body weight gradually
increased with a significant difference between
Week 0 and 6 (P < 0.05), while no significant
change in body weight was found in the CUMS
group over the 6 weeks. In the CUMS + SAM
group, body weight was significantly increased
at Weeks 4 and 6 of treatment compared with
that at Week 0 (P<0.05). Compared with the
control, body weight of the CUMS group was
significantly lower at Weeks 4 and 6 (both
P < 0.05); SAM treatment restored this with
the CUMS+SAM group showing remarkable
increases in body weight at Weeks 4 and 6
compared to the CUMS group (both P < 0.05)
and no difference compared to the controls.
 SAM improves sucrose preference in

CUMS mice

Two-way repeated measures ANOVA indicated
that sucrose preference was significantly affected
by time and treatment (both P < 0.01), and
an interaction between time and treatment
(P < 0.01) (Figure 2). In the CUMS group
(but not the control or CUMS+SAM groups),
the percentage of sucrose consumption
significantly decreased at Weeks 2, 4 and 6 in
comparison with that at Week 0 (all P < 0.05).
Furthermore, the CUMS group showed lower
sucrose consumption at Weeks 2, 4 and 6 than
the control group (P < 0.05). SAM treatment
prevented the CUMS-induced reductions in
sucrose consumption at Weeks 4 and 6 (both P <
0.05), with the CUMS+SAM group showing no
difference compared to control across all weeks
40
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Figure 1: SAM prevents CUMS-induced suppression of body weight in mice. #P < 0.05 vs
Week 0 within the groups. **P < 0.05 vs the control group at the same time point; & P < 0.05
vs the CUMS group at the same time point. CUMS: chronic unpredictable mild stress; SAM:
S-adenosylmethionine. Date are reported as mean ± SEM (n=10-11).
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(P > 0.05).
 SAM increases locomotor activity in

CUMS mice

The effects of CUMS and SAM treatment on
locomotor activity were measured at Weeks 0,
2, 4, and 6 though the open field test (Figure 3).
Two-way repeated measures ANOVA indicated
that the number of crossings and rearings were
significantly affected by the treatments (P <
0.001) and time (P < 0.01) (Figure 3A, 3B). The
number of crossings and rearings significantly
decreased at Weeks 2, 4 and 6 compared with
that at Week 0 in the CUMS group (all P < 0.05),
but not in the control and CUMS+SAM groups
(all P > 0.05). Furthermore, SAM treatment
prevented the CUMS-induced reductions in the
number of crossings and rearings at Weeks 2,
4 and 6 (all P < 0.05), with the CUMS+SAM
group showing no difference compared to
control (P > 0.05).
 SAM decreases immobility time in

CUMS mice

The effect of CUMS and SAM treatment on
immobility time was examined in the forced
swimming test at Weeks 0, 2, 4, and 6 (Figure 4).
Immobility time was significantly affected by the
interaction between the treatment and time (P <
0.001). In the CUMS group, the immobility time
markedly increased at Weeks 4 and 6 compared
with Week 0 (both P < 0.05). The immobility
time at weeks 4 and 6 were longer in the CUMS
group compared with the control group (both
P < 0.05). The immobility time significantly
decreased in the CUMS+SAM group at week
4 and week 6 compared with the CUMS group
(both P < 0.05), with the CUMS+SAM group
showing no difference compared to control (P >
0.05).
 SAM ameliorates CUMS induced

reduction of CBS in the hippocampus
The effects of CUMS and SAM treatments
on the level of CBS protein were detected by
Western blotting (Figure 5). Two-way ANOVA
indicated that the levels of CBS protein were
significantly affected over time (P < 0.001) and
there was an interaction effect between time and
treatment (P < 0.001). In the CUMS group,
the levels of CBS were significantly decreased at
Weeks 2, 4 and 6 compared with that at Week
0 (all P < 0.05). Furthermore, a significant
reduction in CBS levels was observed in the
CUMS group compared with the control at
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Next we explored whether SAM was able to
affect endogenous H2S production in the
hippocampus. The levels of hippocampal H2S
were examined at Weeks 0, 2, 4, and 6, using
the fluorescent probe EPS-HS [32] which can
monitor H2S sensitivity in cells or animals
(Figure 6). Two-way ANOVA indicated that
the levels of endogenous H2S were significantly
affected by the interaction between the
treatment groups and time (P < 0.001). In the
CUMS group, the levels of endogenous H2S
were decreased at Weeks 2, 4 and 6 (all P < 0.05)
compared with that at Week 0. Furthermore,
the CUMS group produced significantly lower
levels of endogenous H2S than the control group
at Weeks 2, 4 and 6 (all P < 0.05). However,
the levels of endogenous H2S were remarkably
increased in the CUMS+SAM group compared
with those in the CUMS group at Weeks 2, 4 and
6 (all P < 0.05), with the CUMS+SAM group
showing no difference compared to control (P >
0.05).
 SAM improves the levels of BDNF, SYN

and PSD-95 protein in the hippocampus
of CUMS mice
The levels of BDNF, SYN and PSD-95 in the
control, CUMS and CUMS+SAM groups were
measured by Western blotting at Weeks 0, 2, 4,
and 6 (Figure 7). Two-way ANOVA indicated
that the level of BDNF was significantly affected
by time (P = 0.001) and the interaction between
time and treatment (P < 0.001). As shown
in Figure 7, the CUMS group presented
significantly decreased levels of BDNF at
Weeks 2, 4 and 6 (all P < 0.05), and SYN
and PSD-95 at Weeks 4 and 6 (P < 0.05 or
P < 0.01) compared with those at Week 0.
Furthermore, marked decreases were detected
in the levels of BDNF at Weeks 2, 4 and 6,
SYN and PSD-95 at Weeks 4 and 6 in the
CUMS group in comparison with the control
(all P < 0.05). Exposure to both CUMS and
SAM resulted in significantly higher levels of
BDNF at Weeks 2, 4 and 6, and higher SYN

Sucrose preference

reductions in endogenous H2S in the
hippocampus
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Figure 2: SAM improves sucrose preference in CUMS mice. #P < 0.05 vs Week 0 within the groups.
**P < 0.05 vs the control group at the same time point. &P < 0.05 vs the CUMS group at the same
time point. CUMS: chronic unpredictable mild stress; SAM: S-adenosylmethionine treatment.
Date are reported as mean ± SEM (n=10-11).
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Weeks 4 and 6 (both P < 0.05). A combined use
of CUMS and SAM resulted in marked increases
in CBS level compared with CUMS treatment
alone at Weeks 4 and 6 (both P < 0.05), with
the CUMS+SAM group showing no difference
compared to control (P > 0.05).
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Figure 3: The number of crossing and rearings of mice exposed to Control, CUMS, and CUMS +
SAM treatments in the open-field test. (A) The number of crossings. (B) The number of rearings.
#P < 0.05 vs Week 0 within the groups. **P < 0.05 vs the control group at the same time point. &P
< 0.05 vs the CUMS group at the same time point. CUMS: chronic unpredictable mild stress; SAM:
S-adenosylmethionine treatment. Date are reported as mean ± SEM (n=10-11).

and PSD-95 at Weeks 4 and 6 compared to
CUMS treatment alone (P < 0.05 or P < 0.01).
 SAM improves ultrastructure of

synapses in the hippocampus of the
CUMS mice
Next, the neuronal ultrastructure of synapses
was examined using transmission electron
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Figure 4: The immobility of mice exposed to Control, CUMS, and CUMS + SAM treatments
in the forced swimming test. #P < 0.05 vs Week 0 within the groups. **P < 0.05 vs the
control group at the same time point. &P < 0.05 vs the CUMS group at the same time point.
CUMS: chronic unpredictable mild stress; SAM: S-adenosylmethionine treatment. Date are
reported as mean ± SEM (n=10-11).

Figure 5: CBS levels in the hippocampus of mice exposed to Control, CUMS, and CUMS +
SAM treatments. #P < 0.05 vs Week 0 within the groups. **P < 0.05 vs the control group at
the same time point. &P < 0.05 vs the CUMS group at the same time point. CUMS: chronic
unpredictable mild stress; SAM: S-adenosylmethionine treatment. Date are reported as
mean ± SEM (n=4-5).

microscopy at Week 6. The control group
presented integrated structures of presynaptic
and postsynaptic membranes, and the synaptic
cleft was clear in the hippocampal CA1 regions
(Figure 8A). In contrast, in the CUMS group,
the presynaptic and postsynaptic membranes
were ruptured, while the synaptic cleft was
widened and the postsynaptic density tended
to thin (Figure 8B). Furthermore, in the
CUMS+SAM group, the synaptic structure
500
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was improved with narrower synaptic clefts and
thicker postsynaptic densities compared with the
CUMS group (Figure 8C).
Discussion
In the current study, SAM ameliorated the
depression-like behaviors, including anhedonia,
hypolocomotor activity and hypomotility,
in a mouse model of chronic unpredictable
mild stress. The most important finding is
that SAM was able to prevent the decline of
CBS, H2S, BDNF, SYN and PSD-95 levels
in the hippocampus of CUMS mice. These
biochemical alterations were accompanied by
an improvement in synaptic ultrastructure after
SAM administration.
The CUMS mice in the present study exhibited
depression-like behaviors, such as anhedonialike behavior in the sucrose preference test,
anxiety-like behavior and decreased exploration
in the open field test, and immobility in the
forced swimming test, after two or four weeks
of CUMS procedures. Notably, previous studies
reported a reduction in hippocampal H2S levels
in CUMS rats examined by the N,N-dimethylp-phenylenediamine sulfate (NNDPD) method
[24]. Based on a novel fluorescent probe
method in the current study, we confirmed that
endogenous H2S levels were decreased in the
CUMS depression mouse model [32]. As this
finding was accompanied by a reduction in the
H2S synthesizing enzyme, CBS, this suggests
CBS could provide a novel therapeutic target to
prevent H2S decline in stress-induced depression.
SAM, an agonist of CBS, is a natural substance
synthesized from the amino acid L-mehtionine
and adenosine triphosphate through the
l-carbon cycle [34]. Several randomized clinical
trials have supported the efficacy of SAM as an
antidepressant [35, 36]. In the present study,
SAM administration prevented CUMS-induced
depression-like behaviors in mice, including
anhedonia-like behavior, hypolocomotor activity
and immobility. Furthermore, exposure to SAM
was able to relieve the decline in the level of
CBS and endogenous H2S in the hippocampus
during the progression of CUMS-induced
depression in mice. Therefore, these findings
reveal an antidepressant-like action of SAM
and a potential underlying mechanism of H2S
production.
A reduction in BDNF has been considered to be
associated with the pathogenesis of depression
[37-39]. For example, BDNF expression is
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2.0

H2 S (μ mol g-1) protein

decreased in the hippocampus of depressed
suicidal patients, while BDNF immunoreactivity
is increased in the hippocampus of patients
receiving antidepressants [40, 41]. Hippocampal
administration of BDNF induces antidepressantlike behavioral effects in rats [42]. Previously,
the exogenous H2S donor, NaHS, was able to
significantly elevate the level of hippocampal
BDNF in mice with homocysteine-induced
Alzheimer-like dysfunction [43]. According to the
present study, SAM prevented CUMS-induced
BDNF decline in the hippocampus, which may
be through increasing the levels of H2S and
CBS. Overall, these results demonstrated that
SAM-induced H2S production may ameliorate
chronic stress-induced depression through
increasing BDNF expression.
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Figure 6: H2S levels in hippocampus of mice exposed to Control, CUMS, and CUMS + SAM
treatments. #P < 0.05 vs Week 0 within the groups. **P < 0.05 vs the control group at the same
time point. &P < 0.05 vs the CUMS group at the same time point. CUMS: chronic unpredictable
mild stress; SAM: S-adenosylmethionine treatment. Date are reported as mean ± SEM (n=4-5).

Dysregulation of synaptic plasticity in the
hippocampus has been implicated in chronic
stress or depression [44]. SYN and PSD-95,
synapse-associated proteins, are important for
synaptic plasticity [45]. Reduction in both SYN
and PSD-95 protein levels was found in the
hippocampus of patients with major depression
[46]. In the present study, the levels of
hippocampal SYN and PSD-95 were decreased
in CUMS mice, which may contribute to the
molecular mechanism of chronic stress-induced
depressive behaviors. Antidepressants, such as
fluoxetine and tranylcypromine, increased SYN
mRNA expression in the hippocampus of rats
with depressive behaviors [47]. In the present
study, SAM treatment prevented the reduction
of SYN and PSD-95 protein levels in the
hippocampus of CUMS mice. The expression
of SYN and PSD-95 has been reported to be
dependent on BDNF processing [16, 48].
Therefore, these neurochemical findings suggest
that the antidepressive effects of SAM, may be
due to its capability of increasing BDNF and the
synapse-associated proteins and thus improve
the depressive-like behaviors in mice.
Given the effect of stress on CA1 synaptic
plasticity [8, 9], we examined the synaptic
ultrastructure of the CA1 region. It is reported
that stress results in structural remodelling
and loss of axo-spinous synapses in electron
microscopic studies [49, 50]. However, whether
the changes of neuronal synaptic ultrastructure
are associated with depression-like behaviors is
still unknown. Studies have however correlated
hippocampal expression of synaptic marker
molecules with depression-behaviour [51, 52].
In the present study, the reduction in synaptic
proteins may be responsible for the ultra-

Figure 7: The levels of BDNF, SYN and PSD-95 protein in hippocampus of mice exposed to
Control, CUMS, and CUMS + SAM treatments. #P < 0.05 vs Week 0 within the groups. **P < 0.05
vs the control group at the same time point. &P < 0.05 vs the CUMS group at the same time
point. CUMS: chronic unpredictable mild stress; SAM: S-adenosylmethionine treatment. Date are
reported as mean ± SEM (n=4-5 per group).
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Figure 8: TEM images of the hippocampal CA1 fields of mice exposed to Control, CUMS, and CUMS + SAM treatments. (A) The structures of the
presynaptic and postsynaptic membranes are integrated, while the synaptic cleft is clear in the hippocampus CA1 of mice. (B) The presynaptic and
postsynaptic membranes are ruptured, the synaptic cleft is widened (black arrow) and the postsynaptic density becomes thin (red arrow) in the
hippocampus CA1 regions of CUMS mice. (C) The synaptic cleft become narrow (black arrow) and the postsynaptic density is thick (red arrow) in the
hippocampus CA1 of mice after SAM treatment. (Scale bars = 500 nm).
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structural changes such as ruptured presynaptic
and postsynaptic membranes, widened synaptic
cleft and decreased postsynaptic density in the
CUMS mice. More importantly, SAM prevented
this CUMS-induced alteration of synaptic ultrastructure as well as reduction in the synaptic
proteins, synaptophysin and PSD-95. Therefore,
improvement in these synaptic -associated proteins
may underlie changes in the ultrastructure of
synapses associated with depression.

protein content and expression of BDNF. For
example, suppression of ROS by antioxidants
increases BDNF and SYN levels in the retina
and CA1 of diabetic animals [54, 55]. Further
studies are required to determine whether
SAM (endogenous H2S) could target ROS for
improving the CUMS-induced reduction of
BDNF, synapse-associated protein levels and
synaptic ultrastructure.

In this study, endogenous H2S and its
synthesising enzyme, CBS, as well as BDNF
and synapse-associated proteins were gradually
reduced in the hippocampus of mice during the
procedure of chronic unpredictable mild stress.
Importantly, the administration of SAM (a CBS
agonist) showed antidepressant-like effects in
this CUMS-induced depression mouse model.
Furthermore SAM increased hippocampal
H2S, CBS, BDNF and synapse-associated
proteins (SYN and PSD95) in the CUMS mice.
These results demonstrate that SAM may be a
promising novel candidate to improve chronic
stress-induced depression via improvement of
endogenous H2S and CBS and neuroplasticity.
These findings also provide novel insight into
the mechanism underlying endogenous H2Smediated antidepressant-like behaviors for the
prevention of chronic stress-induced depression.
The exact mechanisms underlying the effects of
H2S on BDNF or synaptic proteins are unclear.
It is found that NaHS (H2S donor) decreases
the ROS levels in PC12 cells [53] and the
modulation of ROS levels plays a role in the
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