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TGR5 dysfunction underlies chronic social defeat stress via
cAMP/PKA signaling pathway in the hippocampus
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Major depressive disorder (MDD) is a debilitating mental health disorder that has a wide impact on many patients and has imposed
a heavy burden on society in recent years. However, the specific pathogenesis of depression remains to be elucidated. Numerous
studies have shown that metabolic disorders and molecules play important roles in MDD. Here, we demonstrate a preliminary
mechanism through which TGR5 functions in the hippocampus during bile acid synthesis dysfunction in mice subjected to chronic
social defeat stress (CSDS). According to the enzyme-linked immunosorbent assay (ELISA), susceptible mice subjected to CSDS
presented reduced expression of key bile acid enzymes in the serum and total bile acids (TBAs) in the hippocampus. The expression
of the bile acid-related receptor TGR5 in the hippocampus was lower in CSDS-exposed susceptible mice than in control mice. By
analyzing the potential downstream signaling pathways of TGR5, we found that specific TGR5/cAMP/PKA regulation effectively
increased the plasticity of Schaffer collateral (SC)–CA1 synapses in the hippocampus and further alleviated anxiety- and depression-
like behavior in susceptible mice. These findings suggest that CSDS susceptibility is accompanied by dysfunction of TGR5 in the
hippocampus and the downstream cAMP/PKA signaling pathway. Activating cAMP/PKA signaling can ameliorate behavioral deficits
in susceptible mice. This study may support the development of potential effective pharmacotherapies for the treatment of MDD.
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INTRODUCTION
Recently, depression has become increasingly recognized world-
wide as a devastating psychiatric disease that limits psychosocial
function and reduces quality of life. In addition to emotional
fluctuations in daily life, patients with depression have difficulty
recovering from negative emotions, which, in the worst cases, can
lead to suicide; therefore, this disease represents a serious health
problem worldwide [1, 2].
There is currently no consensus about the cause of depression,

but many hypotheses exist regarding the mechanism of its
pathogenesis, including hypothalamic‒pituitary‒adrenal axis
hyperactivity [3, 4], neuroinflammation [5], microbiome perturba-
tion [6] and genetic abnormalities [7]. The evidence for the roles of
these mechanisms in depression pathogenesis comes from
research on different animal models and patients. Diverse
perspectives from research on different species will help us the
mechanisms related depression from a multidimensional perspec-
tive. Our team has focused on depression research and has
investigated the occurrence and development of this disease by
constructing advanced research models, including rodent [8],
primate [9, 10], and clinical [11, 12] models.
Humans experience a variety of social stressors in their daily

lives, and these factors can significantly affect their emotional
state. Therefore, our research focuses on social defeat stress, a

stressor that is highly relevant to depression. Many studies have
shown that interpersonal stress, social rejection and social defeat
are among the strongest proximal risk factors for depression [13].
The chronic social defeat stress (CSDS) model has been widely
used to simulate affective disorders caused by social stress in
rodents and has been used extensively in previous studies by our
laboratory. Multiple brain regions, including the medial prefrontal
cortex (mPFC) [14, 15], basolateral amygdala (BLA) [16] and
nucleus accumbens (NAc) [17], are involved in the response to
social defeat. In addition to these regions, the hippocampus is an
essential part of the emotional regulation network. Studies have
confirmed that the hippocampus shows marked changes in gene
expression consistent to some degree with those in the cortex and
amygdala after CSDS exposure [18]. From a more global
perspective, neural circuits between multiple brain regions and
the hippocampus, including the CA1 [19, 20] and CA3 [21] regions
and DG [22], which are interconnected with other brain regions,
are also involved in the effects of CSDS. Multiple subregions
contribute to the activity and regulation of neural networks,
together forming the hippocampal circuit. These findings suggest
that the hippocampus is an extremely important bridge in the
neural network linking CSDS and depression. Clinical investiga-
tions have revealed that the hippocampus is involved in
depression, as indicated by reductions in the volume of principal
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hippocampal substructures and neuroinflammation-related dys-
function [23]. This brain region has also been linked to metabolic
disorders. Some metabolites in the hippocampus have been
confirmed to be associated with depression in clinical studies. For
example, a previous study revealed that the concentration of
taurine in the hippocampus of young women with depression
decreased significantly [24], and another study revealed that the
bioactive lipid metabolites EPA and DHA derived from LOX and
CYP450 are targets for maintaining hippocampal neurogenesis
and protecting against depression in humans [25]. Similarly,
studies on rodents have revealed associations among metabolites,
the hippocampus and depression. For example, adiponectin/
AdipoR1 pathway activation can alleviate hippocampal neuroin-
flammation in mice exposed to chronic unpredictable stress [26].
Takeda G protein-coupled receptor 5 (TGR5), also known as G-

protein-coupled bile acid receptor (Gpbar1), belongs to the G
protein-coupled receptor (GPCR) superfamily and is mainly
regarded as a receptor for bile acids and a metabolic regulator
[27]. However, the function of this receptor in the brain is still
unclear. Several studies have shown that in the hypothalamus,
TGR5 is a key mediator of the neural mechanism that combats
diet-induced obesity [28]. TGR5 can also regulate food intake,
modulate cognitive impairment [29, 30], alleviate neurodegen-
eration [31], mediate analgesia [32], and suppress neuroinflam-
mation [33]. Previous studies reported an association between
TGR5 and affective disorders and described the role of TGR5 in
the hippocampus and its related neural circuits in mediating the
antidepressant response [34, 35], which revealed that the
expression of TGR5 is decreased in the hippocampus of CSDS-
susceptible mice and that genetic manipulation of its expression
level can significantly ameliorate depression-like behavior
caused by CSDS. The electrophysiological changes in the
hippocampus and the downstream pathways of TGR5 remain
unknown. In addition, the specific relationship between TGR5
and bile acid has not been explored. This prompted us to explore
the mechanism by which TGR5 alleviates depression from other
perspectives and investigate its connection with bile acid
metabolism.
In the present study, we explored the role of TGR5 in the

hippocampus in CSDS-induced depressive-like behaviors and the
underlying molecular mechanism. Using a combination of enzyme-
linked immunosorbent assay (ELISA), western blotting (WB), beha-
vioral tests, and patch-clamp recording, we revealed the antidepres-
sant effect of TGR5 in the hippocampus of CSDS-exposed mice. We
established a CSDS model and discovered that susceptibility to stress
resulted in bile acid-related metabolic dysfunction. Additionally, CSDS
susceptibility led to reduced TGR5 expression in the hippocampus.
Pharmacological treatment could enhance synaptic plasticity and
alleviate the depressive-like behaviors induced by CSDS. In summary,
our findings provide evidence that TGR5 may be critically related to
susceptibility to CSDS in model mice and that stress susceptibility can
be alleviated by regulating the downstream cAMP/PKA signaling
pathway. These results indicate the potential of TGR5 as a therapeutic
target for depression.

MATERIALS AND METHODS
Animals
The animals used in this study were all purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd., and included male C57BL/6 J mice
(8–10 weeks old) and male CD-1 mice (18–20 weeks old). The two different
types of mice were raised separately and left untreated until the
experiments began. The mice were given free access to standard food
and water and were maintained on a 12-hour light/dark cycle (8:00
AM–8:00 PM daylight time) in a relatively stable environment (constant
temperature of 23 ± 1 °C, relative humidity of 50 ± 5%). The mice were
allowed to adapt to the environment for 1 week before the start of the
formal experiments. All animal experimental procedures were approved by
the Animal Care and Use Committee of Chongqing Medical University and

were conducted in strict accordance with the guidelines for animal care
published by the National Institutes of Health.

CSDS paradigm
A mouse model of CSDS was constructed on the basis of a standard protocol
[36] and our previous studies. After 7 days of adaptation, aggressive CD-1 mice
were identified, and modeling was performed according to a standard
protocol for 10 days. Mice were exposed to defeat stress for 5min every day.
After defeat stress exposure, the C57BL/6J and CD-1 mice were placed in the
same cage and separated on a transparent plastic plate. C57BL/6J mice in the
control group were maintained in the same type of hamster cage as those in
the experimental group, but the left and right sides of the cage both contained
C57BL/6J mice; the control mice were exposed to different control group mice
each day. During modeling, the mice were treated ethically, and adequate care
and attention were provided.

Behavioral tests
Before the behavioral test, mice were transferred to a dedicated behavioral
testing room for adaptation. The behavioral tests in this study included
social interaction test (SIT), elevated plus maze test (EPM), open field test
(OFT), sucrose preference test (SPT). All behavioral tests were performed in
strict accordance with published protocol standards. The entire behavioral
tests were recorded with high-definition camera and analyzed using
EthoVisionXT13 software. The social interaction (SI) ratio was calculated
after the SIT as follows: SI ratio= time spent in the interaction zone in
phase 2/ time spent in the interaction zone in phase 1. An SI ratio < 1
indicated susceptibility, and mice that were deemed susceptible were the
central focus of this study.

Drug treatment
Hyodeoxycholic acid (HDCA) was purchased from MedChemExpress (MCE).
HDCA (HY-N0169) was dissolved in 10mM dimethyl sulfoxide (DMSO) to
prepare a stock solution and then diluted to 50 µM in artificial
cerebrospinal fluid (aCSF) for field excitatory postsynaptic potential (fEPSP)
recording. H-89 (MCE, HY-15979) was dissolved in 5mM DMSO to prepare
a stock solution and then diluted to 10 µM in aCSF for fEPSP recording.
Forskolin (MCE, HY-15371) was dissolved in DMSO to prepare a stock
solution of 10mM. The solution was subsequently diluted to 50 µM in aCSF
for fEPSP recording and to 0.1 mg/kg for intraperitoneal injection.

ELISA
The serum concentrations of CYP7A1 (Kanglang Biotech, KL-CYP7A1-Mu),
CYP8B1 (Kanglang Biotech, KL-CYP8b1-Mu), and CYP27A1 (Kanglang
Biotech, KL-CYP27A1-Mu) were measured by using ELISA kits. TBA
concentrations in the hippocampus and mPFC (Kanglang Biotech, KL-
TBA-Mu) were measured by using ELISA kits. The specific experimental
steps were as follows: standards and samples were added to the plate, the
plate was incubated, washing solution was added, enzyme-labeled reagent
was added, chromogen A and chromogen B were added, and stop solution
was added to each well. The samples were processed and the results were
analyzed in accordance with the manufacturer’s instructions.

WB
Protein expression levels were quantified via WB. The samples were
homogenized, and the protein concentrations were standardized; then, the
samples were boiled at 100 °C for 5min. Equal amounts of the samples were
separated by 15% sodium dodecyl sulfate‒polyacrylamide gel electrophoresis
and transferred onto polyvinylidene fluoride membranes (Millipore). A 5%
nonfat milk solution was used for blocking. Primary antibodies against the
following proteins were used: TGR5 (1:1000, Abcam, ab72608), PXR (1:1000,
Abcam, ab192579), S1PR2 (1:1000, Proteintech, 21180-1-AP), FXR (1:1500,
Proteintech, 25055-1-AP) and β-actin (1:8000, Proteintech, 66009-1-Ig). Next,
the membranes were washed with TBST and incubated with the appropriate
secondary antibodies, including HRP-conjugated goat anti-rabbit IgG (H+G)
(1:8000, Bio-Rad, 1706515) and HRP-conjugated goat anti-mouse IgG (H+G)
(1:8000, Bio-Rad, 1706516). The membranes were developed using an
enhanced chemiluminescence (ECL) reagent.

fEPSP recording
The brains of the mice were dissected in ice-cold artificial cerebrospinal
fluid (124mM NaCl, 3 mM KCl, 1.25mM NaH2PO4, 1.5 mM MgSO4, 2.5 mM
CaCl2, 26 mM NaHCO3, and 10mM glucose) bubbled with 95% O2/5%

X. Chen et al.

2

Translational Psychiatry          (2025) 15:366 



CO2. Brain slices (300 µm) were cut with a vibratome and kept in an
incubation chamber at 33 °C at the interface of bubbled ACSF for more
than 1 h. The slices were then moved to a submersion-type recording
chamber and perfused with ACSF at 27 ± 1 °C (flow rate= 1–2mL/min). For
the fEPSP recording, a bipolar stimulation electrode was placed near the
Schaffer collaterals (SCs) close to the CA3 area, and the electrodes were
filled with ACSF (2–3 MΩ). A 700b amplifier (Axon, USA) was used to
stimulate the dendritic and pyramidal cell layers of the CA1 region of the
hippocampus. For electrical stimulation, 0.1-ms constant current paired
pulses were delivered to SCs–commissural fibers at 30-s intervals. Evoked
responses with an intensity that was 50–60% of the maximum excitatory
postsynaptic potential were adjusted and used as baseline intensities (set
to 100%).

Statistical analysis
All behavioral analyses were performed in a double-blind manner. Other
experiments were studied in a single-blind manner. The sample size was
determined based on the assumption of normal distribution and similar
variability between experimental groups. All the data obtained in our study
were statistically analyzed with SPSS 21.0 software, and GraphPad Prism
9.0 and Adobe Illustrator CS6 were used to visualize the results. Normality
and equality of variances were tested for each group of data. For normally
distributed data with equal variances, t tests and analysis of variance
(ANOVA) followed by post hoc tests were performed for comparisons
between groups. If the data did not conform to a normal distribution,
nonparametric tests were performed. All the results are reported as the
mean ± SEM, and significance is indicated as follows: *p < 0.05, **p < 0.01,
***p < 0.001, ns- not significant.

RESULTS
CSDS induces significant anxiety and depression-like
behaviors
As illustrated in the experimental timeline (Fig. 1A), we primarily
used a CSDS mouse model, which is a validated model for
simulating social avoidance, anxiety and depression-like beha-
viors in rodents. After 10 days of CSDS exposure, the SIT was
used to compare the stress susceptibility (indicated by an SI
ratio < 1) of the CSDS-exposed mice to that of the control mice.
After the SIT, we performed the following behavioral tests: the
SPT, OPT, and EPM test. Compared with control mice, susceptible
mice presented significantly shorter social interaction times and
higher susceptibility in the SIT test (Fig. 1B–D), lower sucrose
preference ratios in the SPT (Fig. 1J), and longer times spent in
the closed arms in the EPM test (Fig. 1E–G), but there was no
different in locomotor activity in the OFT (Fig. 1H). The time
spent in the central area was not significantly different between
the susceptible group and the control group (Fig. 1I). The
behavioral results suggested that the CSDS model was success-
fully established.

Changes in the classical bile acid synthesis pathway and
hippocampal bile acid levels induced by CSDS in mice
To further study the role of bile acids in the CSDS model, the
expression of key enzymes of various pathways upstream of bile
acid synthesis was measured in susceptible mice [37]. The
expression of key enzymes of classic pathways related to bile acid
synthesis, including CYP7A1 and CYP8B1, was significantly lower in
the susceptible group than in the control group (Fig. 2A, B).
However, there was no significant difference in the expression of
CYP27A1 (Fig. 2C), the key enzyme of the alternative bile acid
synthesis pathway, indicating that downregulation of the expression
of key enzymes in the upstream classic bile acid synthesis pathway
may cause bile acid-related dysfunction in susceptible mice. Next,
we tested the TBA concentration in the mPFC and hippocampus,
two brain regions closely related to depression. The results revealed
that the TBA concentration in the hippocampus of susceptible mice
was significantly lower than that in the hippocampus of control mice
(Fig. 2D). There was no significant difference in the TBA level in the
mPFC between the two groups (Fig. 2E).

The expression of the bile acid-related receptor TGR5 is
decreased in the hippocampus of susceptible mice
To investigate the role of bile acid receptors in stress susceptibility,
we measured the protein expression levels of TGR5 [27], FXR [38],
S1PR2 [39] and PXR [40] in the hippocampus via WB. Among these
receptors, FXR and TGR5 are specific receptors for bile acids,
whereas PXR and S1PR2 are nonspecific receptors. By measuring
the expression levels of these receptors, we hope to identify
receptors whose expression is altered in response to abnormal
bile acid levels in the hippocampus of susceptible mice. Only TGR5
protein expression was decreased in CSDS-exposed mice (suscep-
tible mice) compared with control mice (Fig. 2G), and there was no
significant difference in the expression of FXR (Fig. 2F), PXR (Fig.
2H), or S1PR2 (Fig. 2I). We further assessed TGR5 levels in multiple
brain regions, including the caudate putamen (CPu) (Supplemen-
tary Fig. 1A), amygdala (Supplementary Fig. 1B), and thalamus
(Supplementary Fig. 1C), and found that TGR5 levels in these
regions were not significantly different between susceptible mice
and control mice.

TGR5-mediated potentiation of SC‒CA1 synaptic transmission
in the hippocampus requires the cAMP/PKA signaling
pathway
To identify the function of TGR5 in the hippocampus, we
performed electrophysiological recording of SC–CA1 neural
projections in the hippocampus (Fig. 3A). TGR5-related potentia-
tion of fEPSPs in hippocampal slices from control mice was
induced by the TGR5 agonist HDCA according to patch-clamp
recording [41]. This effect was abolished by H-89 [42] (Fig. 3B).
These results showed that the TGR5-mediated increase in synaptic
transmission is PKA dependent. As previous studies reported that
cAMP is the major upstream signal of PKA, we speculated that
cAMP might also be involve in the TGR5 signaling pathway. To
further confirm the role of cAMP in the TGR5 signaling pathway,
we conducted an blockade experiment. Before the administration
of HDCA, slices were perfused with the cAMP agonist forskolin.
Previous studies reported that synaptic potentiation is induced by
forskolin [43]. No further synaptic potentiation was induced by
HDCA after forskolin pretreatment (Fig. 3C). These results
confirmed the ability of HDCA to activate TGR5 through the
cAMP/PKA pathway.
However, HDCA did not exert a similar effect on brain slices

from susceptible mice, possibly because of the downregulation of
TGR5 in the hippocampus (Fig. 2G). Interestingly, we directly
perfused brain slices with forskolin and observed that forskolin
could significantly induce fEPSP potentiation in susceptible mice.
These patch-clamp experiments revealed the potential for TGR5 to
function through the cAMP/PKA signaling pathway and revealed
the potential role of target molecules in its downstream signaling
pathway.

The cAMP/PKA pathway downstream of TGR5 can reverse
CSDS-induced anxiety and depression-like behaviors
As illustrated in the experimental timeline (Fig. 4A), we designed a
subsequent study to explore whether the TGR5/cAMP/PKA
signaling pathway can alleviate anxiety and depression-like
behaviors and whether forskolin treatment is effective in
ameliorating these behaviors. The mice in the CSDS group were
administered saline or 0.1 mg/kg forskolin (intraperitoneally (i.p.))
for 10 days. Compared with saline treatment, forskolin treatment
did not effectively alleviate the social avoidance behavior of CSDS-
exposed mice (Fig. 4B) but effectively reduced the proportion of
mice susceptible to CSDS (Fig. 4C). According to the results of the
EPM test (Fig. 4D, E) and SPT (Fig. 4H), stress susceptibility-related
behaviors, including anxiety and depression-like behaviors, were
effectively alleviated in the forskolin treatment group compared
with the control + saline group and the CSDS+saline group. We
found no deficits in the locomotor abilities of the mice in the OFT
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(Fig. 4F), and there was no significant difference in the time spent
in the central area (Fig. 4G). Similarly, we conducted a study on
susceptible mice. After CSDS exposure (Supplementary Fig. 2B–G),
we selected susceptible mice and divided them into a susceptible
+ saline group and a susceptible + forskolin group. The results
were similar to those shown in Fig. 4; that is, forskolin treatment
did not effectively ameliorate the social avoidance behavior of
susceptible mice (Supplementary Fig. 2H, I), but anxiety and
depression-like behaviors were effectively alleviated (Supplemen-
tary Fig. 2J–N).

DISCUSSION
The CSDS model was used in this study to simulate the
psychopathological changes observed in humans with depression
and to study social avoidance and affective disorder-like
behavioral deficits after exposure to uncontrollable social defeat
stress. Previous research has shown that the classic 10-day CSDS
paradigm does not lead to stable behavioral deficits in the tail

suspension test (TST) or forced swim test (FST) [44]. However, it
can induce stable behavioral changes in the SPT, which reflects
anhedonia, which is associated with depressive-like behavior. On
the basis of these findings and numerous previous experiments by
our laboratory, the SIT, OFT, EPM test, and SPT, were used in this
study. Using the classic CSDS paradigm, we successfully induced
depressive behaviors in the susceptible group but not in the
control group.
In recent years, a close relationship between depression and

metabolic disorders, in which lipids play an important role, was
established. Studies have shown the potential value of assessing
lipid metabolism in patients with depression to help address this
important clinical challenge [45–47]. Furthermore, a study on
CSDS model rodents revealed that social defeat stress and lipid
metabolism disorders interact and facilitate the development of a
depression-like phenotype [48]. Although the mechanism under-
lying this phenomenon has not been well explained at the
molecular level, these findings provide a framework to better
understand the relationship between social defeat stress and lipid

Fig. 1 CSDS induced significant behavioral deficits. A Schematic timeline of the experimental procedure. B, C Results of the SIT (Kruskal‒
Wallis one-way ANOVA, F (2,44)= 10.119, F (2,44)= 9.227). D Percentage of time spent in the interaction zone by the resilient group and
susceptible group (control, n= 26; susceptible, n= 16; resilient, n= 5). E–G EPM test results (Mann‒Whitney test and t test). H, I OFT results (t
test and Mann‒Whitney test). J SPT results (Mann‒Whitney test; control, n= 26; susceptible, n= 16). (A) was created in BioRender. Chen, X.
(2025) https://BioRender.com/p92m786. The data are expressed as the means ± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001; ns not significant.

X. Chen et al.

4

Translational Psychiatry          (2025) 15:366 

https://BioRender.com/p92m786


metabolism disorders. Past research revealed a significant 4%
correlation between bile acid levels and depression [49], and other
clinical data revealed a strong correlation between blood bile acid
levels and the severity of depressive symptoms [50]. Notably,
anhedonia is a core symptom of clinical depression, so the above
studies reflect the basic connection between bile acid metabolism
and depression in clinical settings. In addition, studies on animal
models have shown that the development of depressive-like
behaviors, including a decrease in sucrose preference, reflecting
anhedonia, is often accompanied by bile acid metabolism
disorders [35, 51, 52]. There are many types of stimuli used to

induce depression in animals, including CSDS stimuli, which are
related to social behavior. Some studies have confirmed that bile
acids can alleviate depressive-like behaviors in animals [53].
Considering the previous findings related to the effects of
antidepressants on bile acid receptors, we hypothesize that the
manipulation of bile acids and their associated pathways has
potential for antidepressant treatment. In this study, the ELISA
results revealed that the levels of CYP7A1 and CYP8B1, the key
enzymes in the classical bile acid synthesis pathway, were
significantly lower in susceptible mice than in control mice,
suggesting that bile acid synthesis was impaired in CSDS-

Fig. 2 CSDS induced dysfunction of peripheral bile acid metabolism in susceptible mice accompanied by decreased expression of TGR5
in the hippocampus. A–C Serum concentrations of (A) CYP7A1 (Mann‒Whitney test; control, n= 15; susceptible, n= 17), B CYP8B1 (t test;
control, n= 15; susceptible, n= 17), and C CYP27A1 (t test; control, n= 11; susceptible, n= 13). D Concentration of TBA in the hippocampus
(t test; control, n= 10; susceptible, n= 10). E Concentration of TBA in the mPFC (t test; control, n= 10; susceptible, n= 10). F–I Expression
levels of (F) FXR, G TGR5, H PXR, and I S1PR2 (t test; control, n= 6; susceptible, n= 6). The data are expressed as the means ± SEMs. *p < 0.05,
***p < 0.001; ns not significant.
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susceptible mice. Newly published research shows that there is a
decrease in the serum bile acid level in CSDS-susceptible mice,
which also supports our findings. In addition, the levels of various
bile acids in the hypothalamus were measured, all of which
tended to be decreased to varying degrees [35]. Does a similar
phenomenon occur in the mPFC and hippocampus, which are
closely related to affective disorders? Next, we measured TBA
levels in these two brain regions, and the results revealed that the
TBA level in the hippocampus but not the mPFC was significantly
decreased in the susceptible group, suggesting that the hippo-
campus is the core region involved in the downstream effects of
these changes.
Previous studies have shown that bile acids can protect the

central nervous system (CNS) from harmful stimuli and inflamma-
tion [54, 55], in part through SC–CA1 synapses. However, the
mechanisms through which bile acids, their specific receptors and
social defeat interact remain unclear. A series of studies have
demonstrated the vital role of TGR5, a GPCR, in the nervous
system and highlighted its potential value as a research target. To
explore the biological mechanism underlying the effect of social
defeat stress, we analyzed the expression of TGR5 in the
hippocampus and preliminarily confirmed its association with
the effects of CSDS, and the results were consistent with the
findings of a recent study [34]. In general, TGR5 is involved in
various biological processes in the brain. For example, it
participates in the anti-inflammatory function of microglia and
plays a neuroprotective role. TGR5 has been reported to be
associated with a variety of neurological and neuropsychiatric
diseases, such as subarachnoid hemorrhage, middle cerebral
artery occlusion, anorexia, and epilepsy. Many signaling pathways
are involved in TGR5 function. For example, the cAMP pathway is
involved in TGR5-mediated anti-inflammatory effects and has
been shown to attenuate oxidative stress and neuronal apoptosis
in subarachnoid hemorrhage [56]. In addition, the BRCA1/Sirt1 [57]
and Sirt3 [57] pathways are involved in the physiological effects of
TGR5 in the brain. Previous studies by others have examined the

expression level of TGR5 in the mPFC, hypothalamus, NAc, ventral
tegmental area (VTA) and dorsolateral striatum (DLS). The results
revealed that the TGR5 expression level was decreased in the
hippocampus, mPFC and hypothalamus. Considering that the
mechanism underlying the antidepressant effect of TGR5 was
previously shown to involve the neural circuit from the
hypothalamus to the hippocampus to the septal nucleus, we
speculate that there may be a neural network in the brain that has
the potential to mediate depressive-like behavior in which TGR5 is
the main target molecule. With respect to the molecular
mechanisms underlying affective disorders, especially depression,
recent research has shown that TGR5 can mediate antidepressant
effects through hippocampal pyramid neurons. CSDS significantly
reduces TGR5 expression levels in hippocampal CA3 pyramidal
neurons, which is similar to our findings regarding TGR5 levels
throughout the hippocampus. The manipulation of TGR5 expres-
sion by AAV injection can significantly mediate depressive-like
phenotypes, whereas the infusion of specific agonists can prevent
CSDS-induced behavioral deficits. However, in TGR5 knockout
mice, the overexpression of TGR5, but not the infusion of a specific
agonist, significantly ameliorates depressive-like behaviors caused
by exposure to CSDS. Our results confirm this result from another
perspective; that is, HDCA could not promote hippocampal
synaptic plasticity in CSDS mice-exposed with reduced TGR5
expression levels. However, by targeting its downstream signaling
pathways, we show that hippocampal synaptic plasticity can be
increased without manipulating TGR5 expression, which presents
another possible treatment option. Further research on neural
circuits has revealed that TGR5 in LHAGABAergic neurons exerts an
antidepressant-like effect by relieving the inhibition of dCA3CaMKIIa

neurons that project to the DLS. This finding suggests that the
hippocampus plays an important role as an intermediate brain
region in the neural network underlying the antidepressant effect
of TGR5, suggesting that it is highly important to study the overall
changes in the hippocampus and the its subregions. Although
multiple findings have shown that the hippocampus is highly

Fig. 3 The ability of HDCA to increase the plasticity of SC‒CA1 synapses in the hippocampus through the cAMP/PKA signaling pathway
could be blocked by TGR5 dysfunction in susceptible mice subjected to CSDS. A Schematic diagram of the method used to record fEPSPs in
mouse brain slices. B Effects of HDCA on fEPSPs at SC‒CA1 synapses in brain slices from the CON+aCSF and CON+H-89 groups and
representative traces of fEPSPs before (black) and after (red) HDCA perfusion. C Effects of HDCA on fEPSPs at SC‒CA1 synapses in brain slices
from the CON+aCSF and CON+forskolin pretreatment groups and representative traces of fEPSPs before (black) and after (red) HDCA
perfusion. D Effects of HDCA and forskolin on fEPSPs at SC‒CA1 synapses in the brain slices of susceptible mice and representative traces of
fEPSPs before (black) and after (red) drug perfusion (n= 3 for each group).
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Fig. 4 Forskolin reversed CSDS-induced behavioral deficits. A Schematic timeline of the experimental procedure. B SIT results (Tukey’s HSD
test, F(2,31)= 3.987). C Percentage of time spent in the interaction zone by the resilient group and susceptible group. D, E EPM test results.
D Number of entries into the open arms (Kruskal‒Wallis test, one-way ANOVA, F(2,31)= 3.897). E Time spent in the closed arms (Dunnett’s T3
test, F(2,31)= 6.447). F, G OFT results. F Total distance traveled in the OFT (Kruskal‒Wallis test, one-way ANOVA, F(2,31)= 0.130). F Time spent
in the central area (Tukey’s HSD test, one-way ANOVA, F(2,31)= 1.278). H SPT results (Kruskal‒Wallis test, one-way ANOVA, F(2,31)= 8.347). (A)
was created in BioRender. Chen, X. (2025). https://BioRender.com/m26q803. The data are expressed as the means ± SEMs. *p < 0.05, **p < 0.01;
ns not significant.
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involved in the mechanism underlying the antidepressant effect of
TGR5, the downstream pathway through which this effect is
mediated remains to be further clarified. Overall, we speculate
that there may be a signaling pathway downstream of TGR5 in the
hippocampus that functions as a signal amplifier and mediates the
biological effects of TGR5.
The SC‒CA1 circuit, which is commonly used to study synaptic

transmission, is a key component of the hippocampal circuitry,
and multiple antidepressants have been found to affect SC‒
CA1 synapses. As a part of the complex neural network in the
hippocampus, the CA3 region plays a key role in information
integration and transmission. It receives information from the DG
via mossy fibers and transmits this information to the CA1 region
through SCs, whereas the CA1 region is responsible for transmit-
ting processed information to other brain regions. These regions
are interconnected and jointly support the function of the
hippocampus. Studies on antidepressants have shown that
ketamine can mediate the rapid and persistent enhancement of
fEPSPs at SC–CA1 synapses through AMPA receptors [58].
Additionally, chronic fluoxetine administration is associated with
enhanced synaptic dynamics atypical of SC–CA1 synapses, ele-
vated hippocampal plasticity, and improved hippocampus-
dependent behavior [59]. As mentioned in the introduction,
neural circuits linking the CA1 and CA3 regions and other regions
of the hippocampus mediate the depression-like phenotype and
social behavior changes caused by CSDS; therefore, exploring the
functions of connections among hippocampal subregions is highly
important. As potential targets of antidepressants,
SC–CA1 synapses show great promise, and whether these
synapses mediate the effects of social defeat and the function
of TGR5 is worthy of further study.
To confirm our hypothesis, we used the natural TGR5-specific

agonist HDCA and recorded fEPSPs via the patch-clamp techni-
que, and we detected significant enhancement of
SC–CA1 synaptic plasticity in the hippocampus. Further experi-
ments revealed that TGR5 enhanced neural plasticity at
SC–CA1 synapses in the hippocampus and that synaptic
transmission could be blocked by the protein kinase A (PKA)
antagonist H-89. H-89 is a potent and selective cAMP-dependent
PKA inhibitor that inhibits PKA in a competitive manner with ATP.
Furthermore, we perfused forskolin and HDCA successively in
blockade experiments to determine the specific relationship

between TGR5 and the cAMP/PKA pathway. These experiments
proved that the ability of HDCA-mediated TGR5 activation to
enhance synaptic plasticity in the hippocampus of control mice
specifically involves the cAMP/PKA pathway, indicating that this
pathway has another important function. Combined with the WB
results, these results suggest that the decrease in TGR5 expression
in the hippocampus of susceptible mice may result in a decrease
in the number of HDCA receptors. A study involving the
administration of the cAMP agonist forskolin to susceptible mice
revealed that it can continuously enhance hippocampal synaptic
plasticity in these mice, which further reinforces our hypothesis.
Forskolin treatment can circumvent the impact of insufficient
TGR5 expression, revealing that the upstream signaling molecule
cAMP can act as a signal amplifier to improve synaptic function.
Increasing neuroplasticity is considered the basis of alleviating

depression. Our results showed that TGR5 and its downstream
signaling molecules can be used as targets to increase neuroplas-
ticity, but further behavioral data are needed for verification.
Given the results observed in brain slices, we focused on whether
drug administration through commonly used methods, such as
intraperitoneal injection, can mediate behavioral changes in
animals. Forskolin (coleonol) is an effective activator of adenylate
cyclase and an inducer of intracellular cAMP formation. Previous
clinical studies have shown reduced adenylyl cyclase activity and
disturbances in the postreceptor cAMP signaling cascade in the
postmortem temporal cortex of depressed suicide victims [60].
Correspondingly, forskolin-stimulated changes in adenyl cyclase
activity appear to reflect qualitative differences in adenyl cyclase
activity in patients with major depressive disorder (MDD). In rats,
forskolin has been shown to exert strong antidepressive effects in
the FST [61]. At a concentration of 0.01–0.1 mg/kg, forskolin dose-
dependently reduces the immobility time of rats in the FST. Its
effect is similar to that of amitriptyline, but it does not affect
spontaneous locomotor activity. In addition, chronic oral admin-
istration of the forskolin analog NKH477 at doses of 0.5–1.5 mg/kg
similarly significantly shortens the duration of immobility. How-
ever, its effect has not been verified the CSDS model. Consistently,
we treated both control and CSDS model mice with 0.1 mg/kg
forskolin (i.p.) for 10 days and observed a significant reduction in
anxiety-like behavior in the EPM test and anhedonic behavior in
the SPT in CSDS model mice. Our study provides a reference for
determining the effective concentration of forskolin and duration

Fig. 5 Graphic summarizing the findings of this study. This figure was created in BioRender. Chen, X. (2025). https://biorender.com/e64j923.
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of forskolin treatment for alleviating anxiety and depression after
CSDS exposure and proves that chronic forskolin treatment can
effectively inhibit behavioral changes caused by CSDS, providing a
basis for future research.
Overall (Fig. 5), our results demonstrated that TGR5 mediates

plasticity SC–CA1 synapses in the hippocampus and behavioral
changes in susceptible mice via the cAMP/PKA signaling pathway.
Through the regulation of downstream signaling pathway-related
molecules, it effectively alleviates anxiety- and depression-like
behaviors. This study not only elucidates the mechanism under-
lying the specific changes induced by CSDS but also identifies
possible molecular targets and their functional pathways. These
findings show that the TGR5/cAMP/PKA pathway can be precisely
regulated to modulate the behavior of mice and may provide
insight into the mechanism underlying the antianxiety and
antidepression effects of this pathway.

DATA AVAILABILITY
Data will be made available on request.
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