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A B S T R A C T   

The involvement of lipids in the mechanism of depression has triggered extensive discussions. Earlier studies 
have identified diminished levels of lysophosphatidic acid (LPA) and autotaxin (ATX) in individuals experiencing 
depression. However, the exact significance of this phenomenon in relation to depression remains inconclusive. 
This study seeks to explore the deeper implications of these observations. We assessed alterations in ATX and LPA 
in both the control group and the chronic unpredictable mild stress (CUMS) model group. Additionally, the 
impact of ATX adeno-associated virus (AAV-ATX) injection into the hippocampus was validated through 
behavioral tests in CUMS-exposed mice. Furthermore, we probed the effects of LPA on synapse-associated pro
teins both in HT22 cells and within the mouse hippocampus. The mechanisms underpinning the LPA-triggered 
shifts in protein expression were further scrutinized. Hippocampal tissues were augmented with ATX to assess 
its potential to alleviate depression-like behavior by modulating synaptic-related proteins. Our findings suggest 
that the decrement in ATX and LPA levels alters the expression of proteins associated with synaptic plasticity in 
vitro and in vivo, such as synapsin-I (SYN), synaptophysin (SYP), and brain-derived neurotrophic factor (BDNF). 
Moreover, we discerned a role for the ERK/CREB signaling pathway in mediating the effects of ATX and LPA. 
Importantly, strategic supplementation of ATX effectively mitigated depression-like behaviors. This study in
dicates that the ATX-LPA pathway may influence depression-like behaviors by modulating synaptic plasticity in 
the brains of CUMS-exposed mice. These insights augment our understanding of depression’s potential patho
genic mechanism in the context of lipid metabolism and propose promising therapeutic strategies for amelio
rating the disease.   

1. Introduction 

Major depressive disorder (MDD) is one of the most prevalent mental 
disorders, impacting approximately 350 million individuals worldwide. 
Even with therapeutic interventions, a notable portion of patients fail to 
achieve a satisfactory response to treatment (Gaynes, 2016). The path
ogenesis of depression has long been enigmatic, and understanding the 
intricate mechanisms that underlie depression is essential for addressing 
its onset and progression. In recent years, an increasing body of evidence 

has highlighted the significant potential of lysophosphatidic acid (LPA) 
molecules in elucidating this complexity (Kim et al., 2018). 

While most lipid-related depression studies predominantly rely on 
plasma samples, it is crucial to consider that depression is a brain dis
order. Assessing lipid indicators in peripheral blood, primarily influ
enced by peripheral status, may only offer an indirect reflection of the 
central nervous system (CNS) status. Two studies utilizing cerebrospinal 
fluid (CSF) have provided valuable insights, revealing a significant 
decrease in both LPA and autotaxin (ATX, ENPP2), an enzyme crucial for 
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Fig. 1. ATX Supplementation Reverses CUMS-Induced Hippocampal ATX and LPA Reduction. The timeline illustrates the temporal nodes for virus injection and 
modeling procedures (A). ELISA was used to measure ATX (Kruskal-Wallis test, n = 5–8, p = 0.0003) and LPA (One Way ANOVA, n = 5–8, F2,15 = 25.32, p < 0.0001) 
levels in the hippocampal lysates of mice from the control group, CUMS group, and CUMS plus AAV-ATX group (B–C). The ELISA results for ATX and LPA in the 
serum of mice from the AAV-Con group and the AAV-Con plus CUMS group are as follows (D-Two tailed t-test n = 10–11 p = 0.8988, E− Two tailed t-test n = 10–11 
p = 0.2140). Immunofluorescence analysis was conducted to assess ATX expression in the hippocampal region of mice in the control group, CUMS group, and CUMS 
plus AAV-ATX group (F-G, One Way ANOVA, n = 4, F2,9 = 105.1, p < 0.0001). Scale bar: 20 μm. The figure illustrates the site of adenovirus injection (H). 
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LPA synthesis, in individuals with MDD compared to healthy controls 
(Itagaki et al., 2019; Omori et al., 2021). Furthermore, findings from 
Itagaki et al. (2019) suggest that ATX levels in the serum of MDD pa
tients increased following electroconvulsive therapy treatment, high
lighting a crucial role for ATX, and consequently LPA, in the 
pathophysiological framework of depression. 

LPA is omnipresent across all tissues studied to date (Plastira et al., 
2020). The synthesis of LPA involves various enzymatic pathways, 
among which ATX emerges as a key enzyme. This secreted glycoprotein 
catalyzes the conversion of lysophosphatidylcholine (LPC) into LPA 
(Magkrioti et al., 2019). LPA acts as an intercellular communication 
mediator by attaching to G protein-coupled receptors (GPCRs) on the 
cell membrane (Sapkota et al., 2020). The most thoroughly researched 
LPA receptors thus far are LPA1 to LPA6 (Roza et al., 2019). Notably, the 
LPA1, LPA2, LPA4, and LPA6 receptors are present in the hippocampus 
(Suckau et al., 2019). Disruptions in LPA signaling are deeply inter
twined with brain development and numerous neurological conditions, 
influencing aspects such as myelin sheath formation, synaptic activity, 
neural precursor cells, and brain immune function (Yung et al., 2015). 
LPA is directly involved in regulating the proliferation of adult hippo
campal progenitor cells and neurogenesis, potentially through the AKT 
and MAPK pathways (Walker et al., 2016). ATX, a soluble enzyme found 
extracellularly, is significantly concentrated in the plasma and CSF of 
mammals (Herr et al., 2020). Similar to LPA, mutants lacking ATX 
exhibit underdeveloped vasculature, prominent neural tube defects, and 
asymmetrical cranial folds, highlighting the role of ATX in vascular and 
neuronal formation (Savaskan et al., 2007). There are also supporting 
data for the role of the ATX-LPA axis in advancing Alzheimer’s disease 
(Herr et al., 2020). Both excessive and deficient ATX and LPA levels 
correlate with the emergence of related illnesses. Given the body’s 
critical need for balance in its biochemical constituents for regular 
physiological operations, we hypothesize that reduced ATX and LPA 
levels have significant physiological and pathological consequences for 
patients with depression. Several pieces of research point to a strong link 
between LPA and synaptic plasticity (Roza et al., 2019; García-Morales 
et al., 2015; Robinson, 2015). The diminished concentrations of ATX 
and LPA in the brains of patients with depression might influence syn
aptic plasticity, thereby contributing to the onset of disease. However, 
no reports are showing the role of ATX and LPA in depression-like be
haviors in rodents. 

Hence, the current study aims to establish, using murine hippo
campal cell lines and live mouse models, whether ATX and LPA induce 
depression by disrupting synaptic function. We also investigated 
whether supplementing ATX can improve synaptic function and 
depressive behaviors. 

2. Methods 

2.1. Cells 

HT22 cells (mouse hippocampal neuronal cell line) were purchased 
from Procell Life Science & Technology Co., Ltd. Cells were cultured at 
37 ◦C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) supplemented with 10% fetal bovine serum (FBS, WISENT, 
Catalog# 086–150) and 1% penicillin/streptomycin (Gibco, Catalog# 
15140-122). The processing of LPA (C21H41O7P, MedChemExpress, 
Catalog# HY-137862), the LPA receptor inhibitor ki16425 

(MedChemExpress, Catalog# HY-13285), and the ERK (extracellular 
regulated protein kinases) inhibitor SCH772984 (MedChemExpress, 
Catalog# HY-50846) begins when the HT22 cell density reaches 
approximately 80%. The cellular experiments in this study involved 
treatment with LPA (at varying concentrations), Ki16425 (at 50 μM), 
and SCH772984 (at 10 μM). 

2.2. Mice 

C57BL/6J (~20 g) male mice were purchased at 7 weeks of age from 
Hunan SJA Laboratory Animal Co., Ltd. The aforementioned mice will 
undergo a one-week acclimatization period in the animal facility, 
ensuring ample hydration and provision of sustenance with a 12 h/12 h 
light/dark cycle throughout. The ambient temperature was upheld 
within the range of 19–23 ◦C, while humidity levels were maintained at 
approximately 40–45%. The animal experiments pertinent to this study 
underwent ethical review and received approval from the Animal Ethics 
Committee. The mice were divided into three groups: 1) AAV-CON 
(Empty vector virus), 2) AAV-CON (Empty vector virus) plus chronic 
unpredictable mild stress (CUMS), and 3) ATX adeno-associated virus 
(AAV-ATX) plus CUMS. The procedures for handling and modeling the 
animals were elucidated in the subsequent sections (Fig. 1, Fig. 2, 
Fig. 7); However, in Figs. 5 and 6, the mice were not subjected to CUMS 
modeling. We have exerted maximum efforts to minimize the suffering 
of animals and reduce the number of animals used. Additionally, we 
endeavor to employ in vivo cell whenever feasible to conduct certain 
experiments. The animal study protocol was approved by the Institu
tional Review Board of Renmin Hospital of Wuhan University (protocol 
code WDRM20230603C and date of approval is June 13, 2023). 

2.3. Chronic unpredictable mild stress (CUMS) 

The procedure for CUMS was conducted following a previously 
described protocol (Li et al., 2021). Briefly, the mice were initially 
acclimated to a suitable standard laboratory housing for a week to 
ensure adaptation. Behavioral observations of the mice in their baseline 
state were conducted using open field and tail suspension experiments. 
The stimulation methods employed in this study are categorized into 
long- and short-term stimulation. The long-term stimulation-specific 
procedures were as follows: 24-h water deprivation period, 24-h fasting 
period, 24-h exposure to 45-degree tilt, 24-h empty cage condition, and 
24-h exposure to specific odors. The short-term stimulation-specific 
procedures were as follows: tail clamping for 5 min, cool water for 5 
min, oscillation for 5 min, and restraint for 6 h. Long- and short-term 
stimuli were selected every day for 3 consecutive days without repeti
tion, lasting for 5 weeks. 

2.4. Open field test (OFT) 

Each mouse was placed individually in the center of a 50 × 50 × 40 
cm open field chamber equipped with 16 holes in the floor. The mice 
were given 5 min to freely explore the open field in a quiet room after 
their weight was measured. The parameters evaluated included the time 
spent in the central and peripheral areas and the distance traveled 
within the central region of the chamber. 

Fig. 2. Increasing ATX alleviates depression-like behavior and synaptic damage. The pre-injection and pre-modeling OFT result for each group (A, One Way ANOVA, 
n = 8–11, F2,26 = 0.6562, p = 0.5272). The pre-injection and pre-modeling TST result for each group (B, One Way ANOVA, n = 8–11, F2,26 = 0.6562, p = 0.6296). 
The results of the FST in the normal control group, the CUMS group, and the CUMS-supplemented AAV-ATX group of mice (C, One Way ANOVA, n = 8–11, F2,26 =

5.512, p = 0.0101). SPT results of the normal control group, the CUMS group, and the CUMS-supplemented AAV-ATX group in mice (D, Kruskal-Wallis test, p =
0.0075). The results of the TST in mice: a comparison between the normal control group, the CUMS group, and the CUMS group supplemented with AAV-ATX (E, One 
Way ANOVA, n = 8–11, F2,26 = 6.166, p = 0.0064). Golgi staining showed dendritic spines in the hippocampus of the normal control group, the CUMS group, and the 
CUMS-supplemented AAV-ATX group (F-G, One Way ANOVA, n = 3, F2,6 = 27.04, p = 0.0010). TEM of synaptic activity in the hippocampus of the normal control 
group, the CUMS group, and the CUMS-supplemented AAV-ATX group mice (H–I, One Way ANOVA, n = 3 or 4, F2,7 = 43.40, p = 0.0001). 
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2.5. Forced swim test (FST) 

Following a previously published protocol, swimming sessions were 
performed using cylindrical containers (30 cm height × 10 cm diameter) 
filled with 25 ◦C water to a depth of 20 cm, preventing the mice from 
touching the bottom with their feet. The FST lasted for 6 min, during 
which the immobility time was measured and recorded in the last 4 min. 

2.6. Tail suspension test (TST) 

Mice were suspended individually by their tails to a vertical bar 
located at the top of a box measuring 30 × 30 × 30 cm. To ensure sta
bility, adhesive medical tape was attached 2 cm away from the tail tip. 
The duration of immobility time was measured during a 6-min testing 
session in the last 4 min. Immobility in the TST was defined as the 
absence of any limb or body movements, except those resulting from 
respiration. 

2.7. Sucrose preference test (SPT) 

For the SPT, the mice underwent a 96-h training period before the 
test to become accustomed to a 1% sucrose solution (w/v). Initially, two 
water bottles were provided in each cage for 24 h, followed by the 
introduction of two bottles of 1% sucrose solution in each cage. After an 

additional 24 h, one bottle with 1% sucrose was replaced with tap water 
for 12 h, and then the positions of the bottles were switched. Following 
the adaptation period, mice were deprived of water for 24 h. Subse
quently, the sucrose preference test was conducted, where mice were 
individually housed and offered two bottles: one containing 200 ml of 
1% sucrose solution (w/v) and the other containing 200 ml of water. 
After 24 h, the sucrose preference was calculated as the percentage of 
consumed 1% sucrose solution relative to the total liquid intake. 

2.8. Lateral ventricle injection and hippocampus injection 

Following isoflurane anesthesia, the mice had their head hair shaved 
and securely positioned on a stereotactic injection device. The skin was 
incised to separate the subcutaneous tissue and expose the anterior 
fontanelle, which served as the origin for the coordinates. The lateral 
ventricle site (X: ±1.0 mm, Y: − 0.3 mm, Z: − 2.3 mm) and the hippo
campus site (X: ±1.5 mm, Y: − 2.06 mm, Z: − 1.85 mm) were identified. 
After intraperitoneal injection of the LPA receptor inhibitor Ki16425 
(Sánchez-Marín et al., 2018) (30 mg/kg) for 30 min, the needle was 
inserted slowly, and 300 μM/5 μl solution of LPA (C21H41O7P) dis
solved in anhydrous ethanol was injected bilaterally into the lateral 
ventricles. The control group received an equimolar injection of anhy
drous ethanol. The aforementioned treated mice did not undergo CUMS 
modeling (Figs. 5–6). CMV-betaGlobin-MCS-3Flag-autotaxin (1.4*1012 

Fig. 3. LPA augments BDNF, SYP, and SYN expression in vitro. Western blot analysis showed the expression of synaptic-associated proteins (SYP, SYN, BDNF, PSD95) 
in HT22 cells treated with different concentrations of LPA (A, B-One Way ANOVA, F3,8 = 17.63 p = 0.0007, C-One Way ANOVA, F3,8 = 8.536 p = 0.0071, D-One Way 
ANOVA, F3,8 = 4.880 p = 0.0325, E-One Way ANOVA, F3,8 = 0.7075 p = 0.5740). Western blot analysis was performed to assess the expression of synaptic-associated 
proteins (SYP, SYN, BDNF, PSD95) in HT22 cells treated with LPA for varying durations (F, G- Kruskal-Wallis test, p = 0.0044, H-One Way ANOVA, F3,8 = 7.556 p =
0.0101, I-One Way ANOVA, F3,8 = 5.074 p = 0.0295, J-One Way ANOVA, F3,8 = 0.9262 p = 0.4712). Immunofluorescence display of synaptic-associated protein 
expression (SYN, SYP, BDNF) in HT22 cells under different concentrations of LPA (K, L-One Way ANOVA, F3,16 = 19.14 p < 0.0001, M-One Way ANOVA, F3,8 = 5.143 
p = 0.0132, N-Kruskal-Wallis test, p = 0.0024). The scale bar positioned in the lower right corner of the image corresponds to a length of 50 μm. 

Fig. 4. LPA enhances BDNF/SYP/SYN expression via the ERK/CREB signaling pathway. Western blot analysis of the effects of different concentrations of LPA on the 
ERK/CREB signaling pathway in HT22 cells (A, C-One Way ANOVA, F3,8 = 26.30 p = 0.0002, D-One Way ANOVA, F3,8 = 30.21 p = 0.0001). Western blot analysis of 
the effects of LPA treatment with varying durations on the ERK/CREB signaling pathway in HT22 cells (B, E-One Way ANOVA, F3,8 = 11.51 p = 0.0028, F-One Way 
ANOVA, F3,8 = 12.77 p = 0.0020). 
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v.g/ml) (AAV-ATX) was injected into the hippocampus, with a volume 
of 500 nl administered on each side. It is important to emphasize that the 
injection should be performed at a slow rate. The mice underwent CUMS 
modeling after adenovirus injection (Figs. 1, Fig. 2, Fig. 7). 

2.9. Paraffin sections 

After anesthetization, the mice were euthanized, and 0.9% physio
logical saline and 4% paraformaldehyde were utilized for cardiac 
perfusion. Fresh tissue was collected and promptly placed in tissue 
fixative for a minimum of 24 h. Subsequently, the tissues were dehy
drated using a dehydration machine and an alcohol gradient. For 
paraffin embedding and sectioning, the wax-soaked tissue was placed in 
the embedding machine before transferring the trimmed wax block to 
the paraffin sectioning machine for sectioning at a thickness of 4 μm. 

2.10. Immunofluorescence 

The paraffin sections were dewaxed by immersing them in xylene 
solution three times, with each immersion lasting 25 min. Subsequently, 
the sections were immersed in the following sequence: absolute ethanol, 
95% ethanol, 85% ethanol, 75% ethanol, and ultrapure water, with each 

immersion lasting 5 min. The brain slice was then submerged in Triso
dium citrate solution at 94 ◦C for 20 min to facilitate antigen retrieval 
before allowing the slice to naturally cool to room temperature. The 
processed brain slices or cell slides fixed with 4% PFA were washed three 
times with phosphate buffered saline (PBS) and sealed at room tem
perature for 1 h with 3% BSA containing 3 Triton-X 100. A circle was 
drawn around the brain slice using a hydrophobic pen before incubation 
with antibodies (Synapsin-I 1:200, Abclone; Synaptophysin 1:200, Pro
teintech; BDNF 1:200, Abcam; LPA 1:200, Echelon; ATX 1:200, Abclone) 
at 4 ◦C for a minimum of 24 h. After incubation, the slides were washed 
five times with PBS and incubated with the fluorescent secondary 
antibody (1:500, Proteintech) at room temperature for 2 h. Following 
another five washes with PBS, sealing agent was added dropwise 
(Abcam 104139) to the glass slide for sealing. Finally, images of the 
brain slices were captured using a fluorescence microscope (Leica- 
DMi8). 

2.11. Enzyme-linked immunosorbent assay (ELISA) 

The levels of LPA and ATX were measured using ELISA kits (Bio
swamp, Catalog# LPA- MU30816 and ATX- MU30993) following the 
manufacturer’s instructions. Initially, the tissue samples were washed 

Fig. 5. LPA increases BDNF/SYP/SYN expression in vivo through the ERK/CREB pathway. Illustration of the temporal nodes for LPA injection (A). Western blot 
analysis showed that in the brains of mice, LPA injection into the lateral ventricles affected the expression of synaptic-related proteins in the hippocampus (B–E) (C- 
Kruskal-Wallis test, p = 0.0071, D-One Way ANOVA, F3,9 = 8.741 p = 0.0050, E-One Way ANOVA, F3,9 = 14.52 p = 0.0009). Western blot showing the effect of LPA 
injected into lateral ventricles on the ERK/CREB signaling pathway in the hippocampus in mice (B, F-G) (F-One Way ANOVA, F3,9 = 15.76 p = 0.0006, G-Kruskal- 
Wallis test, p = 0.0023). 
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with PBS (0.01 M, pH 7.4) to remove surface impurities before weighing 
and finely mincing them for efficient homogenization. The tissue was 
combined with prechilled PBS (with added protease inhibitor), main
taining a 1:9 tissue weight to PBS volume ratio (e.g., 1 g of tissue sample 
corresponds to 9 ml of PBS). The mixture was then homogenized on ice 
or in a cold bath, followed by centrifugation at 4 ◦C for 5–10 min at 
5000×g to collect the supernatant. Protein content was determined 
using the BCA method and adjusted to a uniform total protein concen
tration. Next, diluted standards were prepared at concentrations of 640, 
320, 160, 80, 40, and 0 pg/ml. Subsequently, 50 μl of each standard was 
added sequentially before carefully adding the sample to the bottom of 
each well in the enzyme-labeled plate, taking care to avoid touching the 
well walls. The plate was shaken gently to ensure thorough mixing of the 
sample before proceeding with the sequential steps of enzyme addition, 
incubation, solution preparation, washing, color development, termi
nation, and determination. 

2.12. Golgi-cox staining 

The mice were euthanized, and the samples were collected and fixed. 
The brain tissue was harvested and immersed in a fixation solution for at 
least 48 h. Mouse brain tissue was sliced into 2–3-mm blocks and rinsed 
with physiological saline. The tissue blocks were transferred to a round- 
bottomed EP tube and submerged in Golgi staining solution for 14 days. 
Distilled water was used to perform three rinses before overnight im
mersion in 80% glacial acetic acid to soften the tissue. After rinsing with 
distilled water, the tissue was placed in a 30% sucrose solution. Using an 
oscillating slicer, the tissue was cut into 100-μm sections and affixed to 
gelatin-coated slides. The sections were left to air dry in the dark over
night. Subsequently, the dried tissue slides were treated for 15 min with 
concentrated ammonia water, followed by a 1-min rinse with distilled 
water. An acidic hardening fixing solution was applied for 15 min, fol
lowed by a 3-min distilled water wash. Finally, the slides were dried and 
sealed with glycerol gelatin. Power on the histological slide scanner and 
launch the Pannoramic Scanner software. Utilize automatic or manual 
methods to identify the scanning area. Opt for the depth-of-field 
expansion scanning mode. The scanner will autonomously focus and 
capture composite images. Select intact secondary branches with clearly 
visible dendritic spines at the apex of the CA1 region in the hippocampal 
tissue. Analyze five neurons per hippocampal tissue slice. 

2.13. Transmission electron microscopy (TEM) staining 

First, we selected an appropriate sampling site for fresh tissue to 
minimize mechanical damage, such as traction, contusion, and 
compression. The tissue samples were collected within a time frame of 
1–3 min, ensuring a sample size of 1 mm3. Then, 1% osmic acid prepared 
with 0.1 Phosphate buffer PB (pH 7.4) was added to fix the tissue in the 
dark at room temperature for 2 h. Thereafter, room temperature dehy
dration, osmotic embedding, polymerization, ultrathin sectioning, 
staining, and finally observation under TEM (Hitachi- HT7800/HT7700) 
were performed to collect images for analysis. 

2.14. Western blot 

Cells or mouse hippocampal tissues were lysed using RIPA buffer 

(Servicebio) supplemented with protease and phosphatase inhibitors 
(MedChemExpress). Subsequently, the tissue lysate was transferred into 
an ultrasonic cell pulverizer and centrifuged at 13,200 rpm for 25 min at 
4 ◦C. After centrifugation, the supernatant was collected, and the protein 
concentration was measured using the BCA method to determine the 
appropriate amount of protein sample to be used. The recommended 
protein loading volume is within the range of 5–20 μg. The protein 
samples were then transferred onto a PVDF membrane (Millipore). We 
then performed the sealing step using a 5% BSA solution before 
immersing the membrane in the primary antibody solution at 4 ◦C 
overnight. The following antibodies were used: Synapsin-I (SYN, 
1:4000, Abclone), Synaptophysin (SYP, 1:4000, Proteintech), Brain- 
derived neurotrophic factor (BDNF, 1:2000, Abcam), Postsynaptic 
density protein 95 (PSD95, 1:4000, Proteintech), β-Tubulin (1:10000, 
HUABIO), p-ERK (1:1000, Cell Signaling Technology), ERK (1:2000, 
Cell Signaling Technology), p-CREB (1:1000, Cell Signaling Technol
ogy), and CREB (1:2000, Cell Signaling Technology). The next day, the 
membrane was rinsed with TBST 4 times, with each rinse lasting 5 min. 
Subsequently, the membrane was incubated with the secondary anti
body (mouse or rabbit antibody, 1:8000, SAB) at room temperature for 
1 h. Finally, the membrane was washed six times with TBST and 
developed using a chemiluminescence instrument. 

2.15. Statistical analysis 

All quantitative data are presented as the mean ± standard error of 
the mean (s.e.m.). When the data adheres to normality distribution and 
homogeneity of variance, statistical analysis was conducted using Two- 
tailed t-test or one-way analysis of variance (ANOVA) by the LSD test for 
post hoc comparisons. Conversely, when such assumptions are not 
satisfied, non-parametric tests (Kruskal-Wallis test) are employed. Dif
ferences with P values < 0.05 were considered to be statistically sig
nificant (*P < 0.05, **P < 0.01, ***P < 0.001). 

3. Results 

3.1. ATX supplementation reverses CUMS-induced hippocampal ATX and 
LPA reduction 

The illustration depicts the temporal nodes of adenovirus injection 
and chronic unpredictable mild stress (CUMS) modeling in this study 
(Fig. 1A). Given the findings of previous studies indicating a reduction in 
ATX and LPA levels in the serum and CSF of individuals with depression 
(Omori et al., 2021), we investigated alterations in ATX and LPA levels 
within the hippocampus of mice with or without CUMS. The ELISA 
findings indicated lower ATX and LPA levels in the hippocampus of mice 
in the CUMS group compared to those in the control group, while the 
AAV-ATX injection group exhibited elevated levels of ATX and LPA 
compared to those in the CUMS group. (Fig. 1B–C). We also assessed the 
levels of ATX and LPA in the serum of mice from the AAV-Con group and 
the AAV-Con plus CUMS group (Fig. 1D–E). Simultaneously, our 
immunofluorescence results indicated that the CUMS group had lower 
ATX levels than the control group, whereas the CUMS plus AAV-ATX 
injection group had higher ATX levels (Fig. 1F–G). The following 
figure illustrates the site of adenovirus injection (Fig. 1H). 

Fig. 6. Reduction of BDNF/SYP/SYN expression by inhibiting the LPAR/ERK/CREB signaling pathway. Western blot analysis showed the expression of synaptic- 
related proteins (SYP, SYN, BDNF) in HT22 cells treated with different groups (Vehicle, LPA, Ki16425, SCH772984) (A, B-One Way ANOVA, F3,8 = 22.27 p =
0.0003, C-One Way ANOVA, F3,8 = 64.40 p < 0.0001, D-One Way ANOVA, F3,8 = 126 p < 0.0001). Western blot showing the effects of different treatment groups 
(Vehicle, LPA, Ki16425, SCH72984) on ERK/CREB in HT22 cells (A, E-One Way ANOVA, F3,8 = 7.482 p = 0.0104, F-One Way ANOVA, F3,8 = 20.70 p = 0.0004). 
The timeline depicts the temporal nodes for LPA intracerebroventricular injection and Ki16425 administration (G). Immunofluorescence showed the effect of 
different treatment groups (Vehicle, LPA Lateral ventricles injection, LPA Lateral ventricles injection plus Ki16425 intraperitoneal injection) on the expression of 
synaptic-related proteins in the hippocampus of mice (H–J). Immunofluorescence analysis was conducted to assess SYN, SYP, BDNF expression in the hippocampal 
region of mice in the Vehicle group, LPA group, and LPA plus Ki16425 group (K-One Way ANOVA, n = 4, F2,9 = 30.10, p = 0.0001, L-One Way ANOVA, n = 4, F2,9 =

9.491, p = 0.0061, M-One Way ANOVA, n = 4, F2,9 = 9.584, p = 0.0059). Scale bar: 20 μm. 
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3.2. Increasing ATX alleviates depression-like behavior and synaptic 
damage 

We observed that the administration of ATX in the hippocampal 
region of mice effectively improved depression-like behavior. Before 

virus injection and modeling, there were no significant differences in the 
total distance traveled by mice in the OFT among the various groups, 
indicating no discernible disparities in locomotor abilities among the 
groups of mice (Fig. 2A). There were also no significant differences 
observed in the immobility time during the tail suspension test among 

Fig. 7. Elevating ATX expression in the hippocampus boosts synaptic-related protein expression. Immunofluorescence display of LPA and ATX expression in the 
hippocampus of different groups of mice (Control group, CUMS group, CUMS plus AAV-ATX group) (A–C). Western blot showing the expression of synaptic-related 
proteins in the hippocampus of different groups of mice (control group, CUMS group, CUMS plus AAV-ATX group) (D, E-One Way ANOVA, F2,10 = 8.917 p = 0.0060, 
F-Kruskal-Wallis test, p = 0.0083, G-One Way ANOVA, F2,10 = 10.16 p = 0.0039). Scale bar: 20 μm. 
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the various groups of mice before virus injection (Fig. 2B). During the 
forced swimming experiment after CUMS, we noted a significant 
decrease in the duration of immobility behavior in the CUMS group 
supplemented with ATX compared to the CUMS group alone (Fig. 2C). 
Similarly, in both the sugar preference and tail suspension tests, we 
observed a consistent pattern in that the CUMS group supplemented 
with ATX exhibited a higher preference for sugar water intake (Fig. 2D) 
and an decreased duration of immobility compared to the CUMS group 
(Fig. 2E). Regarding synapses, our observations from Golgi staining 
revealed a significant increase in the ratio of dendritic spines to dendritic 
length in the CUMS group supplemented with ATX compared to the 
CUMS group (Fig. 2F–G). The results obtained by TEM indicated a sig
nificant reduction in the number of synapses within the CUMS group 
compared to the control group. Conversely, the CUMS plus AAV-ATX 
group exhibited a considerable increase in the number of synapses 
compared to the CUMS group (Fig. 2H and I). 

3.3. LPA augments BDNF, SYP, and SYN expression in vitro 

Considering the impact of the ATX–LPA axis on synapses, we con
ducted further research to investigate whether LPA enhances the 
expression of proteins associated with synapses. As depicted in Fig. 3A, 
the expression of SYN, SYP, and BDNF in HT22 cells increased upon 
diverse concentrations LPA treatment. However, LPA did not elicit any 
notable effect on the expression of PSD95. The statistical diagram 
illustrating the relevant changes is shown in Fig. 3B–E. Similarly, 
through western blotting, we observed that LPA with varying durations 
also increased the expression of BDNF, SYP, and SYN in HT22 cells 
(Fig. 3F). The corresponding statistical diagram is shown in Fig. 3G–J. 
Moreover, using immunofluorescence, we detected consistent changes 
where LPA augmented the expression of BDNF, SYP, and SYN in HT22 
cells (Fig. 3K). The statistical diagram is shown in Fig. 3L–N. 

3.4. LPA enhances BDNF/SYP/SYN expression via the ERK/CREB 
signaling pathway in vitro and in vivo 

To delve deeper into the specific mechanism underlying the pro
motion of synaptic-associated protein expression by LPA, we 

investigated potential changes in signaling pathways associated with 
protein production. Western blotting demonstrated that LPA can acti
vate the ERK/CREB signaling pathway in HT22 cells (Fig. 4A–B). The 
correlation statistics depicting the dose-dependent relationship between 
p-CREB and p-ERK with LPA are shown in Fig. 4C and D, and the cor
relation statistics illustrating the time-dependent relationship between 
p-CREB and p-ERK with LPA are shown in Fig. 4E and F. Previous 
research has suggested that the production of BDNF, SYP, and SYN is 
associated with the activation of the ERK/CREB signaling pathway (Yao 
et al., 2022; Xue et al., 2009; Guo et al., 2020). Therefore, we speculate 
that LPA enhances the expression of synaptic-related proteins by acti
vating the ERK/CREB signaling pathway. The aforementioned research 
primarily focused on the cellular level. Subsequently, we conducted 
further investigations to examine the impact of LPA on synaptic-related 
proteins and associated signaling pathways in the mouse hippocampus, 
to determine whether the results were similar to those observed in iso
lated somatic cells. The concluding timeline presents the temporal nodes 
for LPA injection in the context of these results (Fig. 5A). Following the 
administration of LPA into the lateral ventricles, western blot analysis 
revealed a notable increase in synapse-related proteins in the mouse 
hippocampus (Fig. 5B–E), together with activation of the ERK/CREB 
pathway (Fig. 5B, F-G). 

3.5. Reduction in BDNF/SYP/SYN expression by inhibiting the LPAR/ 
ERK/CREB signaling pathway 

The abovementioned research suggests that LPA enhances the 
expression of synaptic-related proteins through the activation of the 
ERK/CREB signaling pathway. To investigate further, we explored 
whether the effects of LPA could be hindered by inhibiting the activation 
of ERK/CREB. In HT22 cells, western blot analysis demonstrated a 
noteworthy reduction in synaptic-associated proteins in both the LPA 
plus LPA receptor 1/3 inhibitor (Ki16425) group and the ERK inhibitor 
(SCH772984) group compared to the LPA group (Fig. 6A–D). Moreover, 
the ERK/CREB signaling pathway exhibited significant inhibition in 
these groups (Fig. 6A–E, F). We also conducted a verification experiment 
on animals. The concluding timeline illustrates the temporal nodes for 
LPA intracerebroventricular injection and Ki16425 intraperitoneal 

Fig. 8. Illustration of the ATX-LPA signaling pathway in depression (by Figdraw). LPC (lysophosphatidylcholine), LPA (lysophosphatidic acid), LPAR (lysophos
phatidic acid receptor), SYP (synaptophysin), SYN (synapsin-I), BDNF (brain-derived neurotrophic factor). 
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injection in this study (Fig. 6G). The immunofluorescence results indi
cated a significant increase in the expression of SYN in the CA1 region, 
SYP in the CA3 region, and BDNF in the CA3 region of the mouse hip
pocampus following LPA injection into the lateral ventricles. In contrast, 
the expression of SYN, SYP, and BDNF in the LPA plus Ki16425 intra
peritoneal injection group exhibited a notable decrease compared to 
that in the LPA injection group (Fig. 6H–J). The fluorescence statistics 
are illustrated in the accompanying figure (Fig. 6K-M). 

3.6. Increased ATX expression in the hippocampus boosts synaptic-related 
protein expression 

Subsequently, we investigated whether supplementation of ATX in 
the hippocampus of mice could ameliorate depressive-like behavior by 
enhancing the expression of synaptic-related proteins. Using immuno
fluorescence, we observed a substantial elevation of LPA and ATX in the 
CA1, CA3, and DG regions of the hippocampus in the CUMS plus AAV- 
ATX group, in contrast to the CUMS group (Fig. 7A–C). The western 
blot results revealed a significant decrease in SYP, SYN and BDNF levels 
in the hippocampus of the CUMS group compared to the control group 
(Fig. 7D–G). Conversely, the hippocampus of the CUMS plus AAV-ATX 
injection group exhibited a remarkable increase in SYN and BDNF 
expression compared to the CUMS group (Fig. 7D, F, G). Regrettably, we 
observed an increase in SYP levels in the CUMS plus ATX injection group 
compared to the CUMS group, albeit with no significant differences 
(Fig. 7E) 

4. Discussion 

Our findings indicate that the reduction in ATX and LPA levels in
duces changes in the expression of proteins linked to synaptic plasticity 
both in vitro and in vivo, including SYN, SYP, and BDNF. Furthermore, we 
identified the involvement of the ERK/CREB signaling pathway in 
mediating the effects of ATX and LPA. Notably, targeted supplementa
tion of ATX significantly alleviated depression-like behaviors. This study 
suggests that the ATX-LPA pathway could impact depression-like be
haviors by regulating synaptic plasticity in the brains of mice exposed to 
CUMS. 

The observation of reduced ATX and LPA levels in mouse hippo
campal lysates (Fig. 1B–C) prompted us to investigate the potential 
advantages of ATX supplementation. Interestingly, no changes in ATX 
and LPA were observed in the murine serum, which could potentially be 
attributed to the presence of the blood-brain barrier (Fig. 1D–E). Pre
vious research has shown that ATX inhibitors can decrease spontaneous 
postsynaptic currents, thereby influencing synaptic function (Vogt et al., 
2016). Simultaneously, the LPA/LPAR (LPA receptor) signaling pathway 
has been reported to be associated with alterations in glutamate trans
mission and synaptic plasticity (Roza et al., 2019; Peñalver et al., 2017). 
Given prior research on the relationship between ATX-LPA and synaptic 
plasticity, we further explored the potential impact of ATX-LPA on 
synaptic plasticity in depression. Our results showed that ATX supple
mentation effectively mitigated depressive-like behavior and synaptic 
impairment (Fig. 2). In terms of the specific mechanisms through which 
LPA impacts neural cells, we found that LPA significantly boosts the 
synthesis of various synaptic-related proteins (SYP, SYN, BDNF) in vitro 
and in vivo. Evidence from two perspectives confirmed that LPA can 
enhance the expression of synaptic-related proteins. While existing 
research confirms LPA’s ability to promote BDNF expression (Fujita 
et al., 2008), there has been sparse investigation into LPA’s effects on 
synaptic plasticity beyond its known influences on BDNF expression. 
Our study further illuminates LPA’s role in synaptic plasticity. Consid
ering the unique properties of SYP (Thiel and Synapsin, 1993) and SYN 
(Shupliakov et al., 2011), LPA may notably affect synaptic vesicle op
erations. Following the validation of the abovementioned research 
findings, we did not confine ourselves solely to studying the relationship 
between LPA and synaptic-related proteins. Instead, we further explored 

the molecular mechanisms by which LPA enhances the expression of 
synaptic-related proteins. 

In light of the phenomena previously discussed, we delved into the 
potential mechanisms by which LPA might stimulate the production of 
synaptic-related proteins. Our in vivo and in vitro experiments confirmed 
that ATX and LPA could promote the formation of these proteins 
through the ERK/CREB signaling pathway. Various studies have docu
mented that activating the ERK/CREB signaling pathway can alleviate 
neuroinflammation and nerve damage, resulting in antidepressant-like 
effects (Yan et al., 2020; Zhang et al., 2020; Jiang et al., 2021; Li 
et al., 2019), providing additional validation for our conclusions. We 
extended our research to examine the potential impact of ATX supple
mentation on depression-like behaviors in vivo. The findings revealed 
that ATX supplementation significantly increased the expression of 
synaptic-related proteins and effectively alleviated the synaptic damage 
induced by depression (Fig. 7). For clarity, we have encapsulated our 
findings regarding the signaling pathway in a detailed diagram (Fig. 8). 
However, it is crucial to acknowledge that ATX supplementation could, 
in some contexts, lead to neurological harm (Wang et al., 2018; Hoel
zinger et al., 2008; Kishi et al., 2006). Consequently, it is imperative to 
discern the appropriate circumstances under which ATX should be 
administered. 

This study acknowledges certain limitations that merit consider
ation. First, due to the prolonged modeling duration of CUMS, we cannot 
feasibly sustain the peripheral supplementation of LPA over an extended 
period while ensuring its efficacious penetration through the BBB. 
Consequently, our ability to observe the impact of LPA supplementation 
on depressive-like behaviors is constrained. Second, the LPA receptor 
inhibitor Ki16425 used in this study inhibits both LPA1 and LPA3 re
ceptors. Due to indications in the literature, it is plausible that LPA3 may 
not be present in the hippocampus (Suckau et al., 2019), and we infer 
that the function of LPA may be mediated through the LPA1 receptor, 
although we cannot completely exclude LPA3’s potential role. Thirdly, 
we chose ELISA as our primary technique for LPA detection instead of 
mass spectrometry. This decision limits our ability to achieve a more 
detailed categorization of LPA species. Finaly, we have not yet sub
stantiated, at the murine level, the behavioral effects of the drugs LPA, 
Ki16425, and SCH772984 on mice in the depression model. 

In conclusion, the present findings indicate that the ATX-LPA 
pathway may influence depression-like behaviors by modulating syn
aptic plasticity in the brains of CUMS-exposed mice. These insights 
enhance our understanding of depression’s etiology and progression 
concerning lipid metabolism and suggest potential therapeutic ap
proaches for depression. 
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