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Abstract
Abnormal amino acid metabolism in neural cells is involved in the occurrence and development of major
depressive disorder. Taurine is an important amino acid required for brain development. Here,
microdialysis combined with metabonomics analysis showed that the level of taurine in the extracellular
�uid of the cerebral medial prefrontal cortex (mPFC) was signi�cantly reduced in mice with chronic social
defeat stress (CSDS)-induced depression. Therefore, taurine supplementation may be an intervention for
depression. We found that taurine supplementation could effectively rescue the decreased preference for
sucrose consumption and the increased immobility time during a tail suspension assay and improve
social avoidance behaviors in CSDS mice. Moreover, taurine treatment protected the CSDS mice from
impairments of dendrite complexity, spine density, and spine ratios. The expression of N-methyl D-
aspartate receptor subunit 2A (NR2A), an important synaptic receptor, was largely restored in the mPFC
after taurine supplementation. These results demonstrated that taurine exhibited an antidepressive effect
by protecting cortical neurons from dendritic spine loss and synaptic protein de�cits.

Introduction
With the development of society and the economy, people are more likely to suffer from major depressive
disorder (MDD), a psychiatric and dysthymic disorder characterized by a range of symptoms such as
depressed mood, anhedonia, social avoidance, cognitive impairment, and sleep disturbances [1, 2].
However, the molecular pathogenesis of depression is not fully clear. Typical antidepressant medications,
such as tricyclic antidepressants, monoamine oxidase inhibitors and selective serotonin reuptake
inhibitors, may take more than three weeks to work, and many patients do not respond to these
treatments [1, 2, 3]. Therefore, the identi�cation of novel mechanisms and targets is urgently needed to
design corresponding therapeutic strategies for MDD.

Taurine, a sulfur-containing amino acid, is known to be semiessential in mammals. In recent decades,
taurine has been reported to have many physiological and pharmacological functions, including
maintaining membrane stabilization, attenuating in�ammation- and oxidative stress-induced injuries,
modulating endoplasmic reticulum stress and osmotic pressure, maintaining calcium homeostasis, and
acting as a trophic factor in the central nervous system [4]. Taurine can be transported into the brain
through taurine transporter (TAUT), which is widely expressed in the brain parenchyma and blood–brain
barrier (BBB). The level of taurine has been reported to be decreased in the brains of patients with MDD,
suggesting that taurine may be implicated in the development of depression [5]. However, whether and
how taurine supplementation is bene�cial for MDD patients are still largely unknown.

In the present study, we found signi�cantly reduced levels of interstitial taurine in the cerebral medial
prefrontal cortex (mPFC) in chronic social defeat stress (CSDS) mice [6]. In addition, depression-like
behaviors, dendrite morphology, and synapse-associated protein expression were further evaluated in
CSDS mice after taurine treatment.
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Materials And Methods

Animals
Male C57BL/6J mice (∼24 g) and CD-1 male mice 7–8 months of age (∼45 g) were purchased from
Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. (China). All mice were kept at a
temperature under 22 ± 2°C and on a 12 h light and 12 h dark cycle with food and water available ad
libitum. All animal handling and experimental procedures followed the Animal Welfare Act and the Guide
for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of
the Fourth Military Medical University.

Chronic social defeat stress (CSDS) model
CSDS was performed as previously described [6]. First, CD-1 mice were screened for aggressive behavior
during social interactions for three consecutive days before the start of the social defeat sessions. They
were then housed in the social defeat cage 24 h before the start of defeats on one side of a clear
perforated Plexiglas divider (26.7 cm width × 48.3 cm depth × 15.2 cm height, pore size 0.6 cm × 45.7 cm
× 15.2 cm). Experimental C57BL/6J mice were subjected to physical interactions with a novel CD-1
mouse for 10 min once per day over 10 consecutive days. After the interactions, the experimental
C57BL/6J mice were transferred to the opposite side of the social defeat cage and allowed sensory
contact over the subsequent 24 h period. Unstressed control C57BL/6J and CD-1 mice were individually
placed into the same cages and rotated daily in a similar manner without exposure to the CD-1 mice.
After the last interaction, all experimental C57BL/6J and CD-1 mice were singly housed for 24 h before
the behavioral testing.

Social interaction test (SIT)
First, C57BL/6J mice were habituated to the testing suite for 1 h before testing. Second, the mice were
placed in a square open-�eld arena (50 cm × 50 cm × 50 cm) with a small plastic cage placed at the
middle of one side of the square for 2.5 min, and the movements of the mice were monitored and
recorded automatically by a Sony camera and SMART V3.0-Panlab Harvard Apparatus; these movements
were used as baseline exploratory behavior and locomotion in the absence of a social target. At the end
of 2.5 min, the mouse was removed and returned to its home cage until the next stage, and the arena was
wiped with 75% alcohol to remove any smells. Third, the movements of the mice in the presence of a
novel social target inside the small cage were monitored and recorded for 2.5 min. Fourth, the time spent
in the interaction and overall locomotion were compared between the two recordings. The SI ratio was
calculated by dividing the time spent in the interaction zone with the target CD-1 mouse present by the
time spent in the interaction zone without the presence of the target CD-1 mouse.

Sucrose preference test (SPT)
The SPT re�ects anhedonia, a core symptom of depression. On the �rst day, the water bottle on the home
cage was replaced by two 50 mL tubes with sipper tops �lled with water, and mice were allowed 24 h of
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acclimation to the tubes before the start of testing. On the second day, water in one of the two tubes was
replaced with a 1% sucrose solution. The placement of the two tubes was changed every 8 h in case of
position preference. On the third day, the food and the two tubes were removed for 24 h to induce thirst in
the mice. On the fourth day, the food and both tubes �lled with water and 1% sucrose solution were
replaced. Both tubes were weighed, and mice were allowed to drink ad libitum for 12 h. During the tests,
the placement of the two tubes was switched 2 times. At the end of the testing, sucrose preference was
calculated by dividing the total amount of sucrose consumed by the total amount of �uid consumed over
the 12 h of sucrose availability.

Tail suspension test (TST)
The depressive behavior of the mice was analyzed with the TST. Mice were suspended individually by
adhesive tape from a tail suspension experimental shelf. The mice were isolated from each other. The
tape was placed 1 cm from the tip of the tail. The mice were observed for a period of 3.5 min, and the
activity of the mice was monitored and recorded automatically by a Sony camera and SMART V3.0-
Panlab Harvard Apparatus. Their immobility time, which was de�ned as the time spent completely
motionless, was recorded.

Microdialysis
A microdialysis probe (4-mm guide cannula length, 0.22-mm membrane outer diameter, 1-mm membrane
length, MW cutoff 50 kD; Eicom Corp) was stereotaxically inserted into the mPFC (15° angle, 1.75 mm
anterior and 0.75 mm lateral from bregma, and 1.5 mm ventral to the dura) through the cannula guide.
Arti�cial cerebrospinal �uid (ACSF) (124 mM NaCl; 4.4 mM KCl; 2 mM CaCl2; 2 mM MgSO4; 25 mM
NaHCO3; 1 mM KH2PO4; and 10 mM glucose; pH 7.4) was perfused at a �ow rate of 1 µl/min using a
microinjection pump. After equilibrium for 1 h, the mouse brain interstitial �uid was continuously
collected into microvials for 4 h, and these interstitial �uid samples were subsequently lyophilized and
redissolved in 20 µl of ACSF.

Metabonomics analysis
One sample (100 mg) was homogenized in 300 µl of water. Cold steel balls were placed into the mixture,
which was then incubated on ice for 10 min. The steel ball was removed, 500 µl of pure methanol was
added, and the mixture was vortexed at 2500 rpm for 5 min. Next, the mixture was centrifuged at 12,000
rpm at 4℃ for 10 min, and 600 µl of the supernatant was transferred to another centrifuge tube. Then,
100 µl of 5% methanol (95% water) was added to the dried product, mixed and centrifuged at 12000 rpm
at 4°C for 10 min. The supernatant was collected for LC-MS/MS analysis. The analytical conditions were
as follows: UPLC: column, Waters ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 mm*100 mm); column
temperature, 35℃; �ow rate, 0.3 mL/min; injection volume, 1 µL; solvent system, water (0.01% methanolic
acid): acetonitrile; gradient program for positive mode, 95:5 V/V at 0 min, 79:21 V/V at 3.0 min, 50:50 V/V
at 5.0 min, 30:70 V/V at 9.0 min, 5:95 V/V at 10.0 min, and 95:5 V/V at 14.0 min; gradient program for
negative mode, 95:5 V/V at 0 min, 79:21 V/V at 3.0 min, 50:50 V/V at 5.0 min, 30:70 V/V at 9.0 min, 5:95
V/V at 10.0 min, and 95:5 V/V at 14.0 min. The original data �le obtained by LC-MS analysis was
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converted into mzML format by ProteoWizard software. Peak extraction, alignment and retention time
correction were performed by the XCMS program. The “SVR” method was used to correct the peak area.
The peaks were �ltered with a deletion rate > 50% in each group of samples. Next, metabolic identi�cation
information was obtained by searching the laboratory’s custom-built database and integrating the public
database and metDNA. Finally, statistical analysis was carried out with the R program.

Immunoblotting
The mPFC samples were collected and lysed in RIPA buffer with protease and phosphatase inhibitors
(Roche). Protein levels were assessed with a Bradford assay with BSA as the standard. Approximately 10
µg of denatured proteins was separated by 10% SDS-polyacrylamide gel electrophoresis and then
transferred onto polyvinylidene di�uoride (PVDF) membranes (Roche). Nonspeci�c binding was blocked
with TBST (TBS-1% Tween20) with 5% (w/v) nonfat milk for 2 h at room temperature. PVDF membranes
were then incubated overnight at 4°C in TBST with the following primary antibodies: rabbit anti-NR2A
(1/500, ab106590, Abcam), rabbit anti-NR2B (1/500, ab28373, Abcam), rabbit anti-CSAD (1/1000,
ab91016, Abcam), rabbit anti-CDO1 (1/1000, 12589-1-AP, Proteintech), rabbit anti-Syntaxin 1A (1:1000,
#18572, Cell Signaling Technology), anti-PSD95 (1:1000, ab18258, Abcam), and mouse anti-β-actin
(1:5000, 60008-1-ig, Proteintech). Membranes were then incubated at room temperature for 2 h in TBST
with secondary antibodies (1/5000, Invitrogen). Protein bands were detected by chemiluminescence
(Tanon, Shanghai, China) and quanti�ed by densitometry with ImageJ (ImageJ 7.0 software). Protein
levels were normalized to the level of β-actin as a control.

Immuno�uorescence
Mice were anesthetized with 5% pentobarbital and transcardially perfused with 20 ml of ice-cold PBS
followed by 40 ml of 4% paraformaldehyde (PFA). Brain samples were post�xed in 4% PFA for 2 h,
followed by an additional 48 h of dehydration in 30% sucrose at 4°C. Then, the brain samples were
sectioned at 18 µm using a freezing microtome (CM-1950, Leica) at -20°C. Sections were washed with
0.01 mM PBS (pH 7.4) and blocked with 3% bovine serum albumin (3% BSA and 0.3% Triton-X in PBS) for
1 h at room temperature, followed by an overnight 4°C incubation with the following primary antibodies:
rabbit anti-taurine (1/50, AB5022, Sigma-Aldrich) and rabbit anti-NR2A (1/500, ab106590, Abcam). After
rinsing with PBS, the sections were incubated with the corresponding secondary antibodies conjugated
with �uorochromes for 2 h in PBS with Alexa 594-A�niPure donkey anti-rabbit IgG antibody (1/1000,
Jackson). Next, the sections were incubated with Hoechst (1:1000) for another 10 min and then washed
with 0.01 mM PBS. Finally, the sections were mounted and cover slipped with Fluoromount-G and stored
at -20°C. A confocal microscope (Olympus, Japan) and FLUOVIEW software (ver. 1.7a, Olympus, Japan)
were used for image acquisition.

Golgi-Cox staining
The mouse brains were rinsed in bidistilled water and immersed in impregnation solution made by mixing
equal volumes of commercial solutions (potassium dichromate, mercuric chloride, and potassium
chromate) and stored for 1 week in darkness at room temperature. The blocks were then transferred into



Page 7/21

PBS. Subsequently, coronal sections were cut at a thickness of 150 µm, still in darkness, using a
vibratome, and mounted on gelatinized slides in PBS. The slides were rinsed in bidistilled water, stained in
the staining solution, dehydrated in successive baths of ethanol, cleared in xylene, and cover slipped with
Permount TM Mounting Medium. A confocal microscope (Olympus, Japan) and FLUOVIEW software (ver.
1.7a, Olympus, Japan) were used for image acquisition. Images were acquired at a resolution of 2048
pixels in the X–Y–Z dimension. Z dimensions were variable. For the analysis of dendritic branches and
spines, neurons were imaged using a 20× objective lens (numerical aperture = 0.75). The Z-dimensional
increment was 2 µm. Neurons selected for analysis were randomly picked from at least 10 brain slices of
three control, three CSDS, and three taurine-treated CSDS mice. The stack images were analyzed using
Imaris software (version 7.7.1, serial number: 32mr-rfhf-7hbu-jb58, Bitplane, Switzerland). The total length
of the dendrites and the volume of the cell body were automatically calculated. For Sholl analysis,
spheres were constructed continuously from the center of the cell body with an increase in the radius of
50 mm. The number of intersections between each sphere and the dendrites was calculated for
comparison. Compared with the use of 2D images, the use of 3D images for Sholl analysis can provide
statistical results that are closer to the actual structure of the neurons, especially when analyzing
dendrites with different angles. Spine shape was de�ned by the length of the spine and the widths of the
spine neck and spine head, which allowed us to classify the spines into four types: stubby, mushroom,
long thin, and �lopodia. The stubby type had a length < 1 mm; the mushroom type had a length > 3 mm,
and the maximum width of the head/the mean of the neck was > 2; the long thin type had a ratio of the
mean width of the head/mean width of the neck of ≥ 1; and the rest of the spines were �lopodia. Spine
measurements were performed using a MATLAB-X Tension Spines Classi�er in Imaris. All imaging data
were analyzed by an investigator who was blinded to the experimental groups.

Statistical analysis
Mice were randomly assigned to the control, CSDS, and taurine-treated CSDS mouse groups. Analyses
were performed in a manner blinded to treatment assignments in all experiments. Statistical analyses
were performed using GraphPad Prism software v 7.0, and all data are presented as the mean ± SEM.
Statistical signi�cance was evaluated using Student’s t-test analysis or one-way ANOVA followed by the
Tukey-Kramer post hoc test. P < 0.05 was used to determine signi�cance where indicated.

Results

Taurine de�ciency in the interstitial �uid of the mPFC in
CSDS mice
Chronic stress-associated neurometabolic abnormalities are thought to be critical in the development of
MDD [7, 8]. To identify the critical metabolic substances that are implicated in chronic stress-induced
depression, we used CSDS mice to mimic depression-like behaviors in humans. The CSDS mice showed
depressive symptoms, which were validated by the social interaction test (SIT), tail suspension test (TST)
and sucrose preference test (SPT) (Fig. 1a). In the SIT, CSDS mice exhibited a signi�cantly decreased
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social interaction (SI) ratio and sparser trajectory near the aggressor (CD1 mice) compared with the
control mice (Fig. 1b). In addition, the sucrose preference was decreased (Fig. 1c), and the immobility
time was increased (Fig. 1d) in the CSDS mice.

Next, we screened the aberrant metabolic substances in the mPFC, the essential brain area for MDD [9], in
CSDS mice. We found a signi�cant reduction in taurine and betaine in the interstitial �uid of the mPFC in
CSDS mice compared with control mice (Fig. 1e). Immunoblotting and immunostaining further revealed
that taurine was markedly decreased in the mPFC (white arrows) of CSDS mice (Fig. 1f, g). We
additionally investigated the levels of interstitial taurine in chronic restraint stress (CRS) mice, another
depressive animal model. After a 14-day CRS treatment, the mice showed typical depression-like
behaviors, including decreased sucrose preference and increased immobility time (Supplementary Fig. 1a,
b). The levels of interstitial taurine in the mPFC were also signi�cantly decreased in the CRS mice
(Supplementary Fig. 1c).

To explore whether the taurine de�cit is associated with impaired synthesis or absorption in CSDS mice,
we measured the expression of enzymes involved in taurine synthesis, including cysteine dioxygenase
(CDO) and cysteine-sul�nate decarboxylase (CSAD). We found that CDO and CSAD expression was not
changed in the mPFC of CSDS mice. In addition, the expression of TAUT, a taurine transporter, also
remained unchanged (Supplementary Fig. 2).

Next, to assess whether a taurine de�cit is critical in the development of depression, we used a structural
analog of taurine, β-alanine, to competitively inhibit the uptake of taurine. β-Alanine-injected mice
exhibited a decreased SI ratio (Supplementary Fig. S3a). However, the level of taurine in the mPFC was
not affected after β-alanine administration (Supplementary Fig. S3b). Altogether, these �ndings suggest
that dysfunction of taurine in the brain promotes depression-like phenotypes in mice.

Taurine administration alleviates depression-like behaviors
in CSDS mice
To further identify whether taurine supplementation can rescue abnormal behaviors in CSDS mice, we
next administered exogenous taurine to CSDS mice by intraperitoneal injection (i.p.) for 10 days during
CSDS (Fig. 2a). Taurine de�cits in CSDS mice were effectively restored by intraperitoneal injection
(Fig. 2b, c). Notably, the social interaction ratio, sucrose preference and immobility time were signi�cantly
rescued by taurine treatment (Fig. 2d, e and f). These results indicate that taurine supplementation
signi�cantly alleviates depression-like behaviors in CSDS mice.

Taurine supplementation rescues dendritic structural
impairment in CSDS mice
The function of taurine is important [10]. Taurine provides neurons with nutritional support and is
fundamental to the functional regulation of dendritic spines [11, 12]. Here, we performed 3D
reconstruction of pyramidal neurons in the mPFC and analyzed the complexity of their dendrites (Fig. 3a).
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We found that the detailed dendritic processes of these pyramidal neurons were conspicuously divergent
between control and CSDS mice. The results showed that the number of dendritic intersections was
reduced in the mPFC of CSDS mice, especially in dendrites 50 µm and 60 µm in length, and that taurine
supplementation signi�cantly alleviated these reductions (Fig. 3b). Moreover, both the length and volume
of dendrites were decreased in CSDS mice, and taurine treatment rescued these decreases (Fig. 3c, d).
Altogether, our �ndings indicated that dendritic complexity was impaired and that taurine
supplementation protected dendrites in the mPFC from this damage in CSDS mice.

We further analyzed the details of the morphology of dendritic spines (Fig. 4a). The total dendritic spine
and mushroom spine (mature spine) densities were signi�cantly decreased in CSDS mice and were
rescued after exogenous taurine administration (Fig. 4b, c). However, the densities of other spine types,
including stubby, long thin and �lopodia spines, did not markedly change among the control mice and
CSDS mice with or without taurine treatment (Fig. 4d, e and f). These data suggest that taurine de�cits
caused by CSDS are involved in abnormal dendrite and spine morphology and that taurine
supplementation can alleviate dendrite and spine loss.

Taurine treatment rescues the expression of NR2A and
Syntaxin 1A in mice with depression-like behaviors
N-methyl-d-aspartate receptor (NMDAR) are speculated to be involved in the pathogenesis of several
neurological diseases, such as depression [13]. Taurine exerts its protective function against glutamate-
induced neuronal excitotoxicity through its action in reducing the glutamate-induced elevation of
intracellular free calcium [14]. However, whether glutamate signals and synaptic proteins are associated
with taurine-mediated neural protection is still unclear. Therefore, we �rst examined the protein levels of
N-methyl-d-aspartate (NMDA) and alpha-amino-3-hydroxy-5-methyl-4- isoxazolepropionic acid (AMPA)
receptors, two main types of glutamate receptors. We observed a de�cit in NR2A but not NR2B, two
subtypes of NMDA receptors, in the mPFC of CSDS mice (Fig. 5a, b). However, no signi�cant differences
in GluR1 and GluR2, two subtypes of AMPA receptors, were found (Fig. 5c). In addition, we examined the
levels of synapsis-associated proteins Syntaxin 1A and PSD95, which are mainly located in the
presynaptic and postsynaptic membranes, respectively. We found a loss of Syntaxin 1A but not PSD95 in
CSDS mice (Fig. 5d). These results indicate that impaired NR2A and Syntaxin 1A expression
simultaneously occurred with taurine de�cits in CSDS mice.

To explore whether the NR2A decrease could be reversed by taurine administration, we used
immunoblotting and immuno�uorescence analysis to measure the expression of NR2A. The taurine-
treated CSDS mice showed a recovery in the expression of NR2A compared with the saline-treated CSDS
mice (Fig. 6a, b). In addition, the expression of Syntaxin 1A was rescued in taurine-treated CSDS mice
compared with the saline-treated CSDS mice (Fig. 6c). Taken together, these data suggest that the level of
taurine associated with NR2A and Syntaxin 1A is implicated in the development of depression.

Discussion
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In the present study, we showed the function and mechanism of taurine in preventing the development of
depression under chronic stress. Importantly, we found that exogenous taurine supplementation could
alleviate depression-like behaviors, rescue impaired dendritic structures, and restore synaptic protein
expression in CSDS mice.

The pathogenesis of depression is complicated and involves both neuroendocrine and central nervous
system dysfunction, as well as neurobiological and morphological alterations across several brain
regions that are particularly vulnerable to stress [15, 16]. Although many types of antidepressant
medications have bene�cial effects on patients, most of the currently used tricyclic antidepressants,
monoamine oxidase inhibitors and selective serotonin reuptake inhibitors have been shown to have
different disadvantages, including slow onset, low response rates, toxic effects to organs and drug
resistance [17, 18]. Therefore, ingredients from natural food that could prevent depression and medicine
with fewer adverse effects have been increasingly welcomed [5]. As a semiessential amino acid for
humans, taurine has an observed safe level of supplemental intake in normal healthy adults of up to 3
g/day and was veri�ed to have no adverse effects at up to 1,000 mg/kg/day by the European Food
Safety Authority [19].

Evidence has demonstrated that the concentrations of taurine are greatly diminished in plasma,
cerebrospinal �uid, and the brain in mental depression patients [20, 21]. Taurine pretreatment has been
shown to exert antidepressant effects in a mild stress-induced depression rat model [5]. Here, we found
that the content of taurine was decreased in the mPFC, one of the most frequently susceptible brain
regions in depression patients and mouse models, which is consistent with previous clinical data [22, 23,
24]. However, a report indicated that the levels of taurine were elevated in depressed patients [25]. To date,
the conclusions on taurine in depression patients or mouse models are not inconsistent.

Taurine pretreatment was previously found to prevent neuronal death in the cerebral and cerebellar
cortices and abrogate the decrease in dendritic arborization [26]. Here, we found that taurine treatment
attenuated the decrease in dendritic length and volume and impaired morphological complexity in CSDS
mice. Taurine supplementation also prevented a decrease in dendritic spine densities, especially the
numbers of mushroom spines. The mushroom spines are mature and are the most abundant dendritic
spines [27]. The structures of dendritic spines are closely related to synaptogenesis, and changes in the
length and volume of dendritic spines may affect synaptic transmission through the proteins distributed
in these synapses. A variety of glutamate receptors and their coupled scaffold proteins are usually
located on the tip of dendritic spines [28, 29]. After blocking NMDARs, synaptic density does not increase
due to the induction of high-frequency stimulation in depression mice [29, 30]. We found that taurine can
e�ciently rescue the expression of NR2A, a subunit of NMDAR [31–34], which may be implicated in
taurine-mediated neural protection.

There were several limitations of this study. First, we measured the expression level of enzymes involved
in taurine synthesis, including CDO and CSAD. While the activity of these enzymes was not investigated,
the reason for the decrease in taurine in CSDS mice has not been explained. Second, we found a decrease
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in the levels of NMDA2A and SYN, but we did not directly rescue these two proteins in CSDS mice. Finally,
we did not remove taurine in the brains of control mice and investigate the straightforward effect of
taurine de�ciency on depression-like behaviors.

In summary, a brain taurine de�cit is associated with the development of depression in CSDS mice.
Taurine supplementation is a promising therapeutic strategy for alleviating depressive symptoms by
preventing dendritic structure impairment and synaptic protein de�cits.
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Figure 1

Decreased taurine in the mPFC of CSDS mice a Experimental timeline of 10-day CSDS, SI, SPT and TST
behavioral screening and tissue collection of the mPFC. b CSDS induced depression-like behaviors as
assessed by social interaction tests (n = 9 per group; Student’s t-test, ****p < 0.0001). c CSDS induced
depression-like behaviors as assessed by sucrose preference (n = 9 per group; Student’s t-test, **p < 0.01).
d CSDS induced depression-like behaviors as assessed by the tail suspension test (n = 9 per group;
Student’s t-test, **p < 0.01). e Broad-spectrum metabolite analyses showed that the levels of taurine and
betaine were signi�cantly decreased in the interstitial �uid of the mPFC in CSDS mice (n = 6 per group). f
Taurine levels were shown to be reduced in the mPFC of CSDS mice after 10 days of CSDS by a taurine
test kit (n = 9–13 per group; Student’s t-test, *p < 0.05). g The �uorescence intensity derived from taurine
decreased in the mPFC of CSDS mice after 10 days of CSDS (n = 7 per group; Student’s t-test, ***p <
0.001, Scale bars = 50 μm). Data are presented as the mean ± SEM.
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Figure 2

Taurine administration alleviated depression-like behaviors in CSDS mice a Experimental timeline of
enterocoelia injection of taurine and behavioral studies. b Taurine levels were shown to be reduced in the
mPFC of CSDS mice after 10 days of CSDS by a taurine test kit. Taurine levels were increased after
enterocoelia injection of taurine in the mPFC (n = 9–12 per group; Student’s t-test, **p < 0.01). c The
�uorescence intensity derived from taurine decreased in the mPFC of CSDS mice after 10 days of CSDS.
The �uorescence intensity derived from taurine increased after enterocoelia injection of taurine in the
mPFC (n = 7 per group; Student’s t-test, **p < 0.01, Scale bars = 50 μm). d-f Depression-like behaviors as
assessed by social interaction tests, sucrose preference, and tail suspension tests (n = 5–10 per group;
Student’s t-test, *p < 0.05, **p < 0.01). Data are presented as the mean ± SEM.
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Figure 3

Taurine treatment prevented reduced dendritic complexity in the mPFC a Representative images showing
the distribution of neurons in the mPFC of control, CSDS, and taurine-treated CSDS mice. Up, scale bar:
100 µm. Down, scale bar: 30 µm. b Sholl analysis showed reduced dendritic complexity of neurons in
CSDS mice compared with those in control mice and taurine-treated CSDS mice, and speci�c differences
existed in the Sholl radius (n = 15 per group; Friedman’s M test, ****p < 0.0001; Sholl radius in 50 µm,
Student’s t-test, ***p < 0.001; Sholl radius in 60 µm, Student’s t-test, ****p< 0.0001). c The dendritic length
of neurons was decreased between CSDS mice and control mice. The dendritic length of neurons was
increased between CSDS mice and taurine-treated CSDS mice (n = 15 per group; Student’s t-test, **p <
0.01). d The dendritic volume of neurons was decreased between CSDS mice and control mice. The
dendritic volume of neurons was increased between CSDS mice and taurine-treated CSDS mice (n = 15
per group; Student’s t-test, *p < 0.05, **p < 0.01). Data are presented as the mean ± SEM.
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Figure 4

Taurine supplementation rescued dendritic spine impairment a Representative spine and reconstructed
images in the mPFC of control, CSDS- and taurine-treated CSDS mice. Scale bar: 100 µm. b The total
dendritic spine density was reduced in CSDS mice compared with control mice. The total dendritic spine
density was increased between CSDS mice and taurine-treated CSDS mice (n = 15 per group; Student’s t-
test, *p < 0.05, **p < 0.01). c The density of mushroom spines was reduced in CSDS mice compared with
control mice. The density of mushroom spines was increased in CSDS mice compared with taurine-
treated CSDS mice (n = 15 per group; Student’s t-test, *p < 0.05, ***p < 0.001). d The densities of stubby
spines did not obviously change in CSDS mice or taurine-treated mice compared with control mice (n = 15
per group; Student’s t-test, p > 0.05). e The densities of long thin spines did not obviously change in CSDS
mice or taurine-treated mice compared with control mice (n = 15 per group; Student’s t-test, p > 0.05). f
The densities of �lopodia spines did not obviously change in CSDS mice or taurine-treated mice
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compared with control mice (n = 15 per group; Student’s t-test, p > 0.05). Data are presented as the mean
± SEM.

Figure 5

The expression levels of proteins associated with taurine transfer and synaptic transmission in CSDS
mice a The protein levels of NR2A and NR2B in control and CSDS mice (n = 3 per group; Student’s t-test,
*p < 0.05). b The �uorescence intensity derived from NR2A decreased in the mPFC of CSDS mice after 10
days of CSDS (n = 7 per group; Student’s t-test, ***p < 0.001, Scale bars = 50 μm). c The protein levels of
GLUR1 and GLUR2 in control and CSDS mice (n = 3 per group; Student’s t-test, p > 0.05). d The protein
levels of Syntaxin 1A and PSD95 in control and CSDS mice (n = 3 per group; Student’s t-test, *p < 0.05).
Data are presented as the mean ± SEM.
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Figure 6

Taurine administration protected against the decline in NR2A expression in CSDS mice a The
�uorescence intensity derived from NR2A increased in the mPFC of taurine-treated CSDS mice after 10
days of CSDS (n = 7 per group; Student’s t-test, ****p< 0.0001, Scale bars = 50 μm). b The protein levels of
NR2A after taurine treatment in CSDS mice (n = 3 per group; Student’s t-test, **p < 0.01). c The protein
levels of Syntaxin 1A after taurine treatment in CSDS mice (n = 3 per group; Student’s t-test, *p < 0.05).
Data are presented as the mean ± SEM.
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