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Background

Among people with post-traumatic stress disorder (PTSD), there is an increased prevalence of age-related diseases. However, the biological mechanisms underlying this phenomenon remain incompletely understood.





Methods

The expression of cystathionine β-synthase (CBS), one of the main enzymes for endogenous hydrogen sulfide (H2S) production in the brain, is age-dependent. In this study, we examined the influence of CBS/H2S on anxiety and depression-like behavior following the inescapable foot shock (IFS) procedure during early adolescence (postnatal days 28-35) or adulthood (postnatal days 63-70).





Results

Our results showed that adult PTSD mice exhibited more pronounced decreases in H2S content and CBS expression in the hippocampus, which were associated with anxiety and depression-like behavior compared with adolescent PTSD mice. Administration of exogenous H2S significantly improved anxiety and depression-like behavior, mitigated synaptic plasticity deficits, and activated the CREB/BDNF signaling pathway in the hippocampus of adolescent PTSD mice. In addition, we found that high dose H2S could improve anxiety and depression-like behavior, mitigate synaptic plasticity deficits, and activate the CREB/BDNF signaling pathway, as well as increase H2S levels in the hippocampus. In contrast, injection of CBS antibody in the hippocampus of adult mice increased anxiety and depressive-like behavior. 





Conclusion

These results suggest that CBS/ H2S modulates PTSD-like behaviors in an age-dependent manner and may promote synaptic plasticity through activation of the CREB/BDNF pathway in the hippocampus of mice after IFS exposure.





Keywords: post-traumatic stress disorder, H2S, CBS, inevitable foot shock, hippocampus




1 Introduction

Post-traumatic stress disorder (PTSD) can develop following exposure to an event that involves actual or threatened death, serious injury, or sexual assault. Individuals suffering from PTSD typically experience symptoms of avoidance, intrusion and heightened arousal, as well as significant mood and cognitive changes (1). While many people experience traumatic events, the majority of trauma-exposed individuals do not develop PTSD. Some epidemiological studies suggest that age is one of the risk factors for fear-related disorders. For instance, the incidence of fear-related disorders tends to increase from adolescence to adulthood (2, 3). However, the biological mechanisms underlying this age-related susceptibility remain to be fully elucidated.

Hydrogen sulfide (H2S) is recognized as the third most common gasotransmitter following carbon monoxide and nitric oxide. Evidence indicates that endogenous H2S can be produced in various parts of the body, including the heart, blood and central nervous system (CNS). Endogenous H2S is synthesized from L-cysteine via three key enzymes: cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sulfur transferase (3-MST) (4, 5). CBS is particularly notable as the primary enzyme responsible for H2S production in the brain, with especially high expression especially in the hippocampus (6). H2S functions as a neuromodulator and plays a role in long-term hippocampal potentiation (7). Additionally, recent studies have demonstrated that H2S is involved in various physiological processes and pathological conditions, such as diabetes, ischemia, and depressive disorder (8). Moreover, H2S has been shown to exert antidepressant-like effects in mice exposed to chronic unpredictable mild stress (9, 10). NaHS is one of the exogenous donors of H2S, and NaHS can be hydrolyzed to Na+ and HS-, which can combine with H+ in the body to produce H2S, thereby increasing endogenous H2S levels (11). Therefore, NaHS is chosen as an exogenous donor of H2S in this study because of its stable H2S concentration in NaHS solution (11).

H2S levels can be significantly altered in age-related neurodegenerative diseases. For instance, brain H2S synthesis is severely decreased in Alzheimer’s disease patients, with reductions of up to 55%, and plasma H2S levels are negatively correlated with the severity of Alzheimer’s disease (12). Additionally, endogenous H2S levels decline with age in the hippocampus of adult and senescent mice, primarily due to impaired expression of H2S-generating enzymes such as CBS (13). In a severe 3×Tg-AD mouse model, continuous administration of sodium hydrosulfide, an H2S donor, for three months maintained or slowed brain pathology and subsequent cognitive deficits (14). These studies suggest that H2S and CBS play important roles in maintaining hippocampal function and cognitive ability, and their decreased expression levels may be associated with age-related cognitive dysfunction. Despite these findings, the relationship between endogenous H2S production and age-differences in PTSD process remains unclear. Furthermore, the potential protective effects of H2S supplementation against age-related behavioral alterations are not well understood. To address these gaps, we investigated the effect of inescapable foot shock (IFS) exposure during adolescent and adulthood on H2S levels in the hippocampus. We also explored the underlying mechanisms of H2S action by examining hippocampal synaptic plasticity.




2 Methods and materials



2.1 Study ethics declarations

All studies were conducted with governmental approval and adhered to the NIH guidelines for the care and use of laboratory animals. The experimental procedures followed both the ARRIVE and STAIR guidelines. Additionally, the study protocols were approved by the Animal Ethics Committee of Shandong University (ECSBMSSDU2022-2-83) and were in full compliance with their guidelines.




2.2 Animals and drug treatment

Adolescent (postnatal day 21) and adult male C57BL/6 mice (postnatal day 56) were obtained from the Experimental Animal Center of Shandong University. Mice were housed in a 12-hour dark/light cycle with unrestricted water and food. The ambient temperature was controlled at 20 ± 2°C and humidity at 60-70%. In this study, mice were supplied with endogenous H2S by intraperitoneal injection of NaHS. Based on a large body of previous literature, the dose of intraperitoneal NaHS was 5.6 mg/kg/d, a dose that has been validated by numerous studies for its efficacy and safety in animal models of stress-related diseases (15–17). The selection of 5.6 mg/kg/d NaHS dose was further validated through body surface area (BSA) normalization from established rodent-to-human conversion protocol (18, 19). Based on the standard BSA ratio (mouse:human = 12.3:1), our experimental dose translates to: Human equivalent dose = 5.6 mg/kg/12.3​≈0.45 mg/kg. It was shown that, similar to rats, the average free H2S content in mammalian brains was about 50-160 μM (20). Based on a standard human body weight of 70 kg, this administered dose of H2S achieves an approximate systemic concentration of 16.5 μM. This falls within the clinically relevant range for H2S donors in preliminary human trials.




2.3 IFS procedure

The PTSD model was established using a modified version of a previously described procedure (21). Mice were placed in a closed electric shock chamber, where their feet were subjected to consecutive, unavoidable shocks delivered in a semi-random manner, for a total of 18 shocks. The intervals between shocks were randomly determined and ranged from 30 and 120 seconds. IFS procedure was conducted for 7 days, with two sessions per day, and the interval between the two daily sessions was no less than 4 hours. To prevent interference from environmental factors, mice in the control group were placed in a similar chamber that was shielded from light but did not deliver electric shocks.




2.4 Experimental design

I. To investigate the difference in PTSD-like behavior following IFS exposure between early adolescence and young adulthood, mice were randomly assigned into four groups after a 7-day acclimatization period: adolescent control group (Ado+Control), adult control group (Adu+Control), adolescent IFS group (Ado+IFS), and adult IFS group (Adu+IFS). Mice in the Ado+IFS and Adu+IFS groups underwent the IFS procedure for 7 days, while those in the Ado+Control and Adu+Control groups remained untreated during this period.

II. To investigate the effects of NaHS treatment on PTSD-like behavior following IFS exposure, mice were randomly assigned into four groups: adolescent IFS group (Ado+IFS+PBS), adolescent IFS group receiving NaHS treatment (Ado+IFS+NaHS), adult IFS group (Adu+IFS+PBS), and adult IFS group receiving NaHS treatment (Adu+IFS+NaHS). Mice in the Ado+IFS+NaHS and Adu+IFS+NaHS groups received NaHS (5.6 mg/kg/d) via intraperitoneal injection (i.p.) 30 minutes after the shocks, while the mice in the Ado+IFS and Adu+IFS groups received an equivalent volume of PBS 30 minutes after the shocks. NaHS was dissolved in PBS, and the dose of NaHS was selected based on a previous study (22).

III. To achieve optimal outcomes, adult PTSD mice were administered two doses of exogenous H2S. Mice were randomly assigned to two groups: the adult IFS group treated with PBS (Adu+PBS+IFS+PBS), and the adult IFS group receiving two doses of NaHS treatment (Adu+NaHS+IFS+NaHS). Mice in the Adu+NaHS+IFS+NaHS group received NaHS (i.p.) 30 minutes before the shocks and again 30 minutes after the shock. In contrast, mice in the Adu+PBS+IFS+PBS group received PBS (i.p.) at the same time points.

IV. To investigate the role of the H2S/CBS in PTSD-like behavior, mice were randomly assigned into two groups: adult mice receiving IgG (Adult+IgG) and adult mice receiving the CBS antibody (neutralizing CBS) (Adult+CBS antibody).




2.5 Behavioral tests



2.5.1 Conditioned fear test

To assess contextual freezing, mice were placed back into the same shock box used previously, and their spontaneous activity was observed and recorded for 5 minutes. Subsequently, 1-minute auditory cue was presented to investigate cue-freezing. The mice were then placed in a contextually similar chamber for 5 minutes, and the duration of freezing behavior (defined as the absence of movement except for breathing) was recorded.




2.5.2 Open field test

Mice were placed in the center of a wooden open-field box (40 cm × 40 cm × 40 cm) and allowed to explore freely for 5 minutes. The total distance traveled and time spent in the central square were recorded using a SMART video tracking system (SMART 2.5, Panlab, Cambridge, USA). To eliminate any olfactory cues left by the previous mouse, the floor and walls of the open-field apparatus were thoroughly cleaned with 75% ethanol after each test.




2.5.3 Tail suspension test

The tail suspension test (TST) was used to assess depressive-like behavior in mice. Each mouse was suspended by the tip of its tail using a magnet in a rectangular box. The test duration was 6 minutes, with the first 2 minutes allowing the mice to acclimatize, and the last 4 minutes used to record immobility (resting) times.




2.5.4 Forced swimming test

The forced swimming test (FST) is used to assess despair-like behavior in animals. Each mouse was placed in a transparent cylindrical container approximately 45 cm in height, filled with water maintained at 23 ± 1°C. The test duration was 6 minutes, with the first 2 minutes allocated for acclimatization and the remaining 4 minutes used to record the immobility time of the mice in the water.





2.6 Western blot analysis

Total protein was extracted using radio immunoprecipitation assay lysis buffer containing phenylmethylsulfonyl fluoride solution (Solarbio, Beijing, China) and phosphatase inhibitor (Servicebio, Wuhan, China) at a mixing ratio of 100:1:1. The lysates were then centrifuged at 12,000g for 10 minutes at 4°C to obtain the protein supernatant. Protein concentration was determined using a BCA assay kit. Subsequently, the proteins were separated by SDS-PAGE electrophoresis and transferred onto PVDF membranes. The membranes were blocked with 10% skim milk for 1 hour at room temperature and then incubated with primary antibodies (Supplementary Table S1) overnight at 4°C. After three washes with TBST, the membrane was incubated with the secondary antibodies for 1 hour at room temperature. The protein bands were visualized using a chemiluminescence detection system, and the intensities of the bands were quantified using ImageJ software (NIH, Scion Corporation, Frederick, MD). Protein bands data were processed using the normalization method. The raw band gray values of each group of target proteins were first normalized to the corresponding β-actin in the same lane. Normalized value = (target protein gray value)/(β-actin gray value). Next, the normalized values of all comparison group samples were averaged to establish a baseline. The normalized values of all experimental groups were then divided by this comparison group mean to determine relative protein expression. Final protein levels were expressed as fold changes relative to the comparison group (set as 1.0). Fold change = (normalized target value for treatment group)/(average normalized value for comparison group).




2.7 Golgi staining

After the mice were sacrificed, the brains from each group were placed in 4% paraformaldehyde fixative for at least 24 hours and then stained with a Golgi staining kit. Sholl analysis was performed using ImageJ 6.0 software. The hippocampal cornu ammonis 1 (CA1) and dentate gyrus (DG) regions were analyzed, with six neurons selected from each region. The intersections of neuronal dendrites with concentric circles were counted within a 200× field of view. Additionally, the density of dendritic spines was quantified within a 1000× field of view.




2.8 Stereotactic injection of CBS antibody and IgG

Mice were anesthetized with isoflurane and secured in a stereotaxic apparatus. Small burr holes were drilled on the skull, posterior 2.06 mm posterior to the bregma and 1.5 mm lateral to the midline. A volume of 1 μL of either CBS antibody or IgG was injected at a rate of 0.1 μL/min at a depth of 1.8 mm (23). Following the injection, the microinjector was left in place for 10 minutes before being slowly retracted. Behavioral tests were conducted 3 days after the injection of CBS antibody or IgG. Subsequently, the mice were sacrificed for further experiments.




2.9 Measurement of H2S production

The traditional methylene blue method was used to quantify H2S levels. Briefly, hippocampus tissue was homogenized and incubated with zinc acetate, followed by reaction with N,N-dimethyl-p-phenylenediamine sulfate. The absorbance was measured at 670 nm, and the H2S concentration was calculated using a NaHS calibration curve.




2.10 Hematoxylin and eosin staining

Mice were perfused to remove the heart, liver, spleen, lung, and kidney. These five organs were then fixed in 4% paraformaldehyde for 48 hours, followed by processing into paraffin sections. After deparaffinization, the nuclei were stained with hematoxylin, and the cytoplasm was stained with eosin. The morphology of the organs was subsequently examined under light microscopy.




2.11 Statistical analysis

All data are expressed as the mean ± SD. Behavioral data were analyzed using a two-way analysis of variance (ANOVA), with the IFS exposure and age as fixed factors. One-way ANOVA was used for multiple comparisons, followed by the Bonferroni post hoc test for significant effects. Differences between two groups were assessed using the independent samples t-test (two-tailed). For data that did not fit a normal distribution, the rank sum test was used. Correlation was measured using Pearson correlation analysis. The sample size was determined based on a pilot study to identify the minimum number of mice required to detect significant differences in the behavioral experiment between the control and IFS groups. Using a power analysis (http://powerandsamplesize.com/Calculators/), we estimated that a sample size of 7 mice per group was required to detect a difference with a type I error (α) of 0.05 and a power of 0.8. Based on this calculation, at least 7 mice were allocated to each experimental group to assess the behavioral performance. All statistical analyses were performed using SPSS 25.0 software. Differences were considered significant when the p value was < 0.05.





3 Results



3.1 H2S and CBS expression were decreased in the hippocampus of adult PTSD mice, associated with anxiety and depression-like behavior

The experimental paradigm of IFS was illustrated in Figure 1A. To verify the effect of a plantar electric shock on conditioned fear memory, mice were first assessed on the second day of IFS using the conditioned fear test to measure freezing time. Two-way ANOVA revealed significant interactions between IFS exposure and age for contextual freezing [F(1,36)=12.956, p<0.01] and cue freezing [F(1,36)=9.744, p<0.01]. Mice exposed to IFS exhibited significantly longer freezing times in both the contextual fear test (p<0.01) and cue fear tests (p<0.01) compared to the controls. Additionally, the Adu+IFS group demonstrated longer freezing times in both the contextual fear test (p<0.05) and cue fear test (p<0.05) compared to the Ado+IFS group (Figures 1B, C).




Figure 1 | Adult PTSD mice had more pronounced decrease in H2S content and CBS expression in the hippocampus, associated with greater anxiety and depression-like behavior. (A) Experimental paradigm for mice exposed to inescapable foot shock (IFS) during adolescence or adulthood. After the last day of IFS, the conditioned fear test was performed on the first day, open field test (OFT) was performed on the second day, tail suspension test (TST) was performed on the third day and forced swimming test (FST) was performed on the fourth day. After mice were sacrificed, the H2S content in the hippocampus was tested, and follow-up tests were performed. (B) The freezing time in the contextual freezing test. (C) The freezing time in the cue freezing test. (D) The sample travel pathway in the OFT. (E) The total distance in the OFT. (F) The ratio of time in the central area in the OFT. (G) The immobility time in the TST. (H) The immobility time in the FST. (I) Detection of H2S content in the hippocampus of mice. (J) Western blot analysis of CBS expression in the hippocampus. (K) Correlation analysis of H2S content and CBS expression in the hippocampus. N=10 per group in A-H, N=6 per group in I, N=4 per group in (J) The data were presented as mean ± SD, ns indicates no significant differences, *p<0.05, **p<0.01, ***p<0.001 according to independent samples t-test (Ado+Control and Ado+IFS group as a comparison group), #p<0.05, ##p<0.01 according to two-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc testing in (B-J), and correlation analysis in (K).



To verify the IFS-induced differences in anxiety-like behavior between adolescence and adult mice, OFT was conducted. Anxiety-like behavior was assessed by measuring the time spent in the central region of the open field (Figure 1D). A trajectory diagram illustrating the movement paths of the mice was also shown in Figure 1D. To ensure the results were not confounded by overall mobility due to IFS exposure, the total distance traveled by the mice was measured. No significant differences were observed in the total distance traveled among the groups (Figure 1E). IFS and age had significant effects on the time taken by the mice to enter the central region. Compared with the control group, mice exposed to IFS spent significantly less time dwelling in the central zone (p<0.05), and mice in the Adu+IFS group spent a shorter time dwelling in the central zone compared with the Ado+IFS group (p<0.001, Figure 1F).

To assess IFS-induced differences in depression-like behavior, TST and FST tests were conducted in both adolescence and adult mice. Two-way ANOVA revealed significant interaction between IFS exposure and age in both the TST [F(1,36)=5.892, p<0.05; Figure 1G] and FST [F(1,36)=11.612, p<0.01; Figure 1H]. Furthermore, after exposure to IFS, adult mice showed significantly longer immobility time than adolescence mice (p<0.01). Similarly, immobility time in the FST was significantly increased in mice exposed to IFS, with adult mice displaying significantly longer immobility times than adolescence mice (p<0.05).

H2S contents in the hippocampus of mice exposed to IFS was significantly decreased compared to the control group (p<0.05). The decrease of H2S content was more pronounced in adult mice compared to adolescent mice (p<0.01; Figure 1I). Western blot analysis revealed that the CBS expression in the hippocampus of IFS-exposed mice was significantly reduced compared to controls (p<0.05). This reduction was more significant in adult mice compared to adolescence mice (p<0.01; Figure 1J). Correlation analysis showed a positive correlation between H2S content and CBS expression in mice hippocampus (Figure 1K). H&E staining indicated that IFS exposure did not induce toxicity in the brain or major peripheral organs (heart, liver, spleen, lungs and kidneys) (Supplementary Figure S1).




3.2 PTSD-induced deficits in hippocampal synaptic plasticity were associated with suppressed CREB phosphorylation and BDNF expression in adult mice

Changes in the hippocampal neuronal structure are crucial in the onset and development of cognitive and psychiatric disorders (24). Therefore, we analyzed the dendritic complexity and spine density of CA1 and DG neurons, as well as pyramidal cells in the four groups using Golgi staining (Figure 2A). The total number of intersections indicates the richness of neuronal branching, with more branches and longer lengths indicating better neuronal growth (22). Two-way ANOVA revealed significant interactions between IFS and age for both the number of dendritic branch intersections [F(1,20)=4.563, p<0.05] and the length of dendritic branches [F(1,20)=11.647, p<0.01]. Reductions in the number of intersections (p<0.01) and the longest length (p<0.05) of dendritic branches were more pronounced in the Adu+IFS group compared to the Ado+IFS group (Figures 2B, C). The number of intersections within 250 pixels is shown in a line graph (Figure 2D). Additionally, we analyzed dendritic spines in the hippocampus of adolescence and adult mice using Golgi staining (Figure 2E). Results showed that dendritic spine number (p<0.05) and density (p<0.01) were significantly reduced in IFS-exposed mice compared to controls. These reductions were more pronounced in the Adu+IFS group compared to the Ado+IFS group (p<0.01 for spine number; p<0.05 for spine density; Figures 2F, G). PSD95, a key postsynaptic density (PSD) protein, involved in synaptic development and plasticity (25), was significantly downregulated in IFS-exposed mice (p<0.05). Moreover, the Adu+IFS group exhibited a more pronounced decrease in PSD95 expression compared to the Ado+IFS group (p<0.05; Figure 2H).




Figure 2 | Adult PTSD mice had pronounced decrease in hippocampal synaptic plasticity, associated with less p-CREB/CREB and BDNF expression. (A) Brain atlas showed the locations of CA1 and DG, as well as Golgi staining in these two regions of hippocampus. Scale bar=50 μm. (B) The number of intersections of dendritic branches in the hippocampus of adolescent and adult mice. (C) The longest length of dendritic branches in the hippocampus of adolescent and adult mice. (D) Line graphs of dendritic branch lengths in adolescent and adult mice. (E) Golgi staining of dendritic spines in the hippocampus of adolescent and adult mice. Scale bars=10 μm. (F) Number of dendritic spines in the hippocampus of adolescent and adult mice. (G) Density of dendritic spines in the hippocampus of adolescent and adult mice. (H) Western blot analysis of PSD95 in the hippocampus. (I) Western blot analysis of BDNF in the hippocampus. (J) Western blot analysis of p-CREB and CREB in the hippocampus. N=6 per group in (A–C, F, G); N=4 per group in (H); N=3 per group in I and (J) The data were presented as mean ± SD, ns indicates no significant differences, *p<0.05, **p<0.01, according to independent samples t-test (Ado+Control and Ado+IFS group as a comparison group), #p<0.05, ##p<0.01 according to two-way ANOVA followed by Bonferroni’s post hoc testing in (B–D, F–J).



The CREB/BDNF signaling pathway has been implicated in regulating several functions, including cell survival, synaptic structure, and synaptic plasticity (26). Two-way ANOVA revealed a significant interaction of the expression of BDNF [F(1,8)=5.841, p<0.05; Figure 2I] and p-CREB/CREB [F(1,8)=5.409, p<0.05; Figure 2J] in the hippocampus of both adolescence and adult mice. IFS exposure reduced the expression of p-CREB/CREB and BDNF in the hippocampus of both the Ado+IFS and Adu+IFS groups. Notably, the reduction in p-CREB/CREB (p<0.05) and BDNF (p<0.05) expression were more pronounced in the Adu+IFS group compared to the Ado+IFS group.




3.3 NaHS treatment increased CBS/H2S levels in the hippocampus of adolescent PTSD mice and improved anxiety and depression-like behavior

To investigate whether the decreased H2S levels in the hippocampus after exposure to IFS led to anxiety and depression-like behavior, mice were administered NaHS to observe subsequent behavior change (Figure 3A). Results showed that H2S in the hippocampus was significantly increased in the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.05). Meanwhile, no significant changes in H2S content were observed in the hippocampus of the Adu+IFS+NaHS group compared to the Adu+IFS+PBS group. There was a significant decrease in H2S content in the hippocampus of mice in the Adu+IFS+PBS group compared with mice in the Ado+IFS+PBS group (p<0.05) (Figure 3B). Western blot analysis revealed a significant increase in CBS expression in the hippocampus of the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.05). However, there was no significant change in CBS expression in the hippocampus of the Adu+IFS+NaHS group compared to the Adu+IFS+PBS group (Figure 3C). These findings suggest that NaHS treatment significantly attenuated the IFS-induced reduction in H2S content and CBS expression in the hippocampus.




Figure 3 | NaHS treatment increased CBS/H2S levels in the hippocampus of adolescent PTSD mice and improved anxiety and depression-like behavior. (A) Experimental flow chart. The mice in the Ado+IFS+NaHS and Adu+IFS+NaHS groups were administered NaHS (5.6 mg/kg/d) by intraperitoneal injections (i.p.) 30 min after the shocks, while mice in the Ado+IFS and Adu+IFS groups received PBS 30 minutes after the shocks. After completing IFS, OFT was performed on the first day, TST was performed on the second day and FST was performed on the third day. After mice were sacrificed, the H2S content in the hippocampus was tested, and follow-up tests were performed. (B) Detection of H2S content in the hippocampus of mouse. (C) Western blot analysis of CBS in the hippocampus. (D) The sample travel pathway in the OFT. (E) The total distance in the OFT. (F) The ratio of time in the central area in OFT. (G)The immobility time in the TST. (H) The immobility time in the FST on the third day post-IFS. N=6 per group in (B), N=4 per group in (C), N=10 per group in (D–H). The data were presented as mean ± SD, ns indicates no significant differences, *p<0.05, ***p<0.001 according to independent samples t-test (Ado+IFS+PBS and Adu+IFS+PBS group as a comparison group) in (B–E, F–H).



The results of OFT showed that mice in the Ado+IFS+NaHS group spent more time in the central zone compared to mice in the Ado+IFS+PBS group (p<0.001) (Figure 3F). The total distance traveled by each group of mice did not show any significant differences (Figures 3D, E). In contrast, there was no significant difference in the time taken to enter the central zone between the Adu+IFS+NaHS group and Adu+IFS+PBS group. The results of the TST indicated that the immobility time of the Ado+IFS+NaHS group was significantly reduced compared to the Ado+IFS+PBS group (p<0.001). In contrast, there was no significant change in the immobility time of the Adu+IFS+NaHS group compared to the Adu+IFS+PBS group. Additionally, the immobility time of mice in the Adu+IFS+PBS group was significantly higher than that of the Ado+IFS+PBS group (p<0.05) (Figure 3G). Similarly, in the FST, the immobility time of the Ado+IFS+NaHS group was significantly reduced compared to the Ado+IFS+PBS group (p<0.001), while no significant difference was observed between the two adult groups (Figure 3H). These findings suggest that NaHS treatment effectively improved anxiety and depression-like behavior in adolescence mice but not in adult mice, likely due to insufficient doses of NaHS administered to the adult mice. H&E staining showed that NaHS treatment had no toxic effects on the brain and major peripheral organs (heart, liver, spleen, lungs and kidneys) (Supplementary Figure S2).




3.4 NaHS treatment improved synaptic plasticity in the hippocampus of adolescent PTSD mice

The dendritic complexity and spine density of CA1 and DG neurons in each group were analyzed using Golgi staining (Figure 4A). After NaHS treatment, the number of intersections of dendritic branches was significantly increased in the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.001). In contrast, there was no significant change in the number of intersections of dendritic branches in the Adu+IFS+NaHS group compared to Adu+IFS+PBS group (Figure 4B). In addition, the longest length of dendritic branches was significantly increased in the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.05). However, NaHS administration did not significantly affect the longest length of dendritic branches in the hippocampal region (Figure 4C). The number of intersections of dendritic branches within 250 pixels is shown in a line graph (Figure 4D). Moreover, Golgi staining was performed to analyze neuronal dendritic spines in the hippocampus of adolescence and adult mice (Figure 4E). The results showed that the number of dendritic spine was significantly increased in the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.01). In contrast, there was no significant change in the number of dendritic spines in the Adu+IFS+NaHS groups compared to the Adu+IFS+PBS group (Figure 4F). Moreover, dendritic spine density was significantly higher in the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.01), while no significant change was observed in the Adu+IFS+NaHS group compared to the Adu+IFS+PBS group. The dendritic spine density in the hippocampus of mice in the Adu+IFS+PBS group was significantly decreased compared with that in the Ado+IFS+PBS group (p<0.01; Figure 4G).




Figure 4 | NaHS treatment improved synaptic plasticity in the hippocampus of adolescent PTSD mice. (A) Brain atlas showed the locations of CA1 and DG, as well as Golgi staining in these two regions of hippocampus. Scale bars=50 μm. (B) The number of intersections of dendritic branches in the hippocampus of adolescent and adult mice. (C) The longest length of dendritic branches in the hippocampus of adolescent and adult mice. (D) Line graphs of dendritic branch lengths in adolescent and adult mice. (E) Golgi staining of dendritic spines in the hippocampus of adolescent and adult mice. Scale bars=10 μm. (F) Number of dendritic spines in the hippocampus of adolescent and adult mice. (G) Density of dendritic spines in the hippocampus of adolescent and adult mice. (H) Western blot analysis of PSD95 in the hippocampus. (I) Western blot analysis of BDNF in the hippocampus. (J) Western blot analysis of p-CREB/CREB in the hippocampus. N=6 per group in (A–C, F, G); N=4 per group in (H); N=3 per group in (I, J) The data were presented as mean ± SD, ns indicates no significant differences, *p<0.05, **p<0.01, ***p<0.001 according to independent samples t-test (Ado+IFS+PBS and Adu+IFS+PBS group as a comparison group) in (B–D, F–J).



Furthermore, PSD95, a key postsynaptic density protein, was significantly increased in the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.01). However, there was no significant change in PSD95 in the Adu+IFS+NaHS group compared to the Adu+IFS+PBS group (Figure 4H). Similarly, NaHS treatment significantly increased BDNF in the hippocampus of the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.05). In contrast, no significant changes in BDNF were observed in Adu+IFS+NaHS group compared to the Adu+IFS+PBS group. Additionally, BDNF in the Adu+IFS+PBS group was significantly decreased compared to Ado+IFS+PBS (p<0.05; Figure 4I). Meanwhile, Western blot analysis revealed a significant increase in p-CREB/CREB in the hippocampus of the Ado+IFS+NaHS group compared to the Ado+IFS+PBS group (p<0.05). However, there was no significant change in p-CREB/CREB in the hippocampus of the Adu+IFS+NaHS group compared to the Adu+IFS+PBS group (Figure 4J).




3.5 Increased dose of NaHS improved anxiety and depression-like behavior in adult mice with PTSD and increased CBS/H2S levels in the hippocampus

Anxiety and depression-like behavior, impaired synaptic plasticity in the hippocampus, and decreased p-CREB and BDNF were not significantly reversed in adult PTSD mice treated with a single dose of NaHS. For optimal outcomes, two doses of exogenous H2S administration were required for adult PTSD mice (Figure 5A). It was found that the H2S in the hippocampus of the Adu+NaHS+IFS+NaHS group was significantly elevated compared to the Adu+PBS+IFS+PBS group (p<0.01; Figure 5B). Western blot analysis revealed a significant increase in CBS in the hippocampus of the Adu+NaHS+IFS+NaHS group compared to the Adu+PBS+IFS+PBS group (p<0.01; Figure 5C).




Figure 5 | Increasing dose of NaHS improved anxiety and depression-like behavior in adult mice with PTSD and increased CBS/H2S levels in the hippocampus. (A) Experimental flow chart. The Adu+NaHS+IFS+NaHS group received NaHS (i.p.) 30 min prior to and 30 min after the end of the shocks, while mice in the Adu+IFS group were administered PBS (i.p.) at the indicated time. After completing IFS, OFT was performed on the first day, TST was performed on the second day, and FST was performed on the third day. After mice were sacrificed, the H2S content in the hippocampus was tested, and follow-up tests were performed. (B) Detection of H2S content in the hippocampus of mouse. (C) Western blot analysis of CBS in the hippocampus. (D) The sample travel pathway in the OFT. (E) The total distance in the OFT. (F) The ratio of time in the central area in the OFT. (G) The immobility time in the TST. (H) The immobility time in the FST. N=6 per group in (B), N=4 per group in (C), N=10 per group in (D–H). The data were presented as mean ± SD, ns indicates no significant differences, *p<0.05, **p<0.01 according to independent samples t-test (Adu+PBS+IFS+PBS group as a comparison group) in (B, C, E–H).



Behavioral tests showed no significant difference in the total distance travelled between the two groups (Figures 5D, E). However, the Adu+NaHS+IFS+NaHS group took significantly longer to stay in the central zone compared to the Adu+PBS+IFS+PBS group (p<0.05; Figure 5F). TST results indicated that the immobility time of the Adu+NaHS+IFS+NaHS group was significantly reduced compared to the Adu+PBS+IFS+PBS group (p<0.01; Figure 5G). Similarly, in the FST, the immobility time was significantly reduced in the Adu+NaHS+IFS+NaHS group compared to the Adu+PBS+IFS+PBS group (p<0.01; Figure 5H). Histological examination using H&E staining showed that increased dose of NaHS resulted in no toxicity in the brain and major peripheral organs (heart, liver, spleen, lungs and kidneys) (Supplementary Figure S3).




3.6 Increased dose of NaHS improved synaptic plasticity in the hippocampus in adult post-traumatic stress disorder mice

Next, we analyzed the dendritic complexity and spine density of hippocampal CA1 and DG neurons in mice using Golgi staining (Figure 6A). The number of intersections of dendritic branches was significantly increased in the Adu+NaHS+IFS+NaHS group compared to the Adu+PBS+IFS+PBS group (p<0.001; Figure 6B). Furthermore, increased dose of exogenous H2S significantly enhanced the longest length of dendritic branches in the hippocampus of the Adu+NaHS+IFS+NaHS group (p<0.05; Figure 6C). The number of intersections of dendritic branches within 250 pixels was shown in Figure 6D. Golgi staining of neuronal dendritic spines in the hippocampus of adult mice was performed (Figure 6E). The results showed that the number of dendritic spines was significantly increased in the Adu+NaHS+IFS+NaHS group compared to the Adu+PBS+IFS+PBS group (p<0.01; Figure 6F). Additionally, administration of exogenous NaHS reversed the decrease in spine density in the Adu+NaHS+IFS+NaHS group compared to the Adu+PBS+IFS+PBS group (p<0.001; Figure 6G).




Figure 6 | Increasing doses of NaHS improved synaptic plasticity in the hippocampus of adult PTSD mice. (A) Brain atlas showed the locations of CA1 and DG, as well as Golgi staining in these two regions of hippocampus. Scale bars=50 μm. (B) The number of intersections of dendritic branches in the hippocampus of adult mice. (C) The longest length of dendritic branches in the hippocampus of adult mice. (D) Line graphs of dendritic branch lengths in adult mice. (E) Golgi staining of dendritic spines in the hippocampus of adult mice. Scale bars=10 μm. (F) Number of dendritic spines in the hippocampus of adult mice. (G) Density of dendritic spines in the hippocampus of adult mice. (H) Western blot analysis of PSD95 in the hippocampus. (I) Western blot analysis of BDNF in the hippocampus. (J) Western blot analysis of p-CREB/CREB in the hippocampus. N=6 per group in (A–C, F, G); N=4 per group in H; N=3 per group in (I, J) The data were presented as mean ± SD, *p<0.05, **p<0.01, ***p<0.001 according to independent samples t-test in (B, C, F–I) and rank sum test in (J) (Adu+PBS+IFS+PBS group as a comparison group).



In the Adu+NaHS+IFS+NaHS group, PSD95 was significantly increased compared to the Adu+PBS+IFS+PBS group (p<0.05; Figure 6H). Additionally, increasing the dose of exogenous H2S significantly enhanced BDNF expression in the hippocampus of the Adu+NaHS+IFS+NaHS group compared to the Adu+PBS+IFS+PBS group (p<0.05; Figure 6I). Western blot analysis revealed a significant increase of p-CREB/CREB in the hippocampus of the Adu+NaHS+IFS+NaHS group compared to the Adu+PBS+IFS+PBS group (p<0.05; Figure 6J).




3.7 CBS antibody increased anxiety and depressive-like behavior in adult mice

To further verify whether the CBS/H2S pathway is involved in PTSD-like behavior in mice, the CBS antibody was stereotactically injected into the mouse hippocampus to neutralize CBS expression (Figure 7A). H2S contents in the hippocampus of the Adult+CBS antibody group was significantly decreased compared to the Adult+IgG group (p<0.01; Figure 7B). Western blot analysis also revealed a significant decrease in CBS in the hippocampus of the Adult+CBS antibody group compared to the Adult+ IgG group (p<0.05; Figure 7C). Behavioral results showed that the total distance traveled by the mice did not change (Figures 7D, E). However, the Adult+CBS antibody group spent a shorter time to stay in the central zone compared to the Adult+IgG group (p<0.05; Figure 7F) In both the TST and the FST, the immobility times of the Adult+CBS antibody group were significantly increased compared to those of Adult+IgG mice (p<0.05; p<0.001; Figures 7G, H). Additionally, a strong correlation was observed between hippocampal H2S content and immobility time in the TST (Figure 7I).




Figure 7 | Injection of CBS antibody into the hippocampus of mice led to anxiety and depression-like behavior. (A) Experimental flow chart. Mice were injected stereotactically in the hippocampus with CBS antibody or IgG, and behavioral tests were performed 3 days later. OFT was performed on the first day, TST was performed on the second day, and FST was performed on the third day. After the mice were sacrificed, the H2S content in the hippocampus was tested, and follow-up tests were performed. (B) Detection of H2S content in the hippocampus of mice. (C) Western blot analysis of CBS in the hippocampus. (D) The sample travel pathway in the OFT. (E) The total distance in the OFT. (F) The ratio of time in the central area in the OFT. (G) The immobility time in the TST. (H) The immobility time in the FST. (I) Correlation analysis of H2S content in the hippocampus and the immobility time in the TST. (J) Western blot analysis of BDNF in the hippocampus. (K) Western blot analysis of p-CREB/CREB in the hippocampus. N=6 per group in B, F and G; N=4 per group in C; N=10 per group in E and (I) N=3 per group in J and (K) The data were presented as mean ± SD, *p<0.05, ***p<0.001 according to independent samples t-test (Adu+IgG group as a comparison group) in (B, C, E–H, J, K) correlation analysis in I.



Furthermore, BDNF in the hippocampus of the Adult+CBS antibody group was significantly decreased compared to the Adult+IgG group (p<0.05; Figure 7J). Similarly, Western blot analysis revealed a significant decrease in p-CREB/CREB in the hippocampus of the Adult+CBS antibody group compared to the Adult+IgG group (p<0.05; Figure 7K). These findings suggest that neutralizing CBS expression in the hippocampus led to PTSD-like behaviors and downregulated these key synaptic plasticity related proteins.





4 Discussion

In the present study, we found that adult PTSD mice exhibited more pronounced decrease in H2S content and CBS expression in the hippocampus, which were associated with anxiety and depression-like behavior compared with adolescence PTSD mice. Administration of exogenous H2S (one dose for one day) significantly improved anxiety and depression-like behavior and synaptic plasticity deficits, and activated the CREB/BDNF signaling pathway in the hippocampus of adolescence PTSD mice. We also found that increased doses of exogenous H2S administration could improve anxiety and depression-like behavior, synaptic plasticity deficits, and activate the CREB/BDNF signaling pathway, as well as increase H2S levels in the hippocampus. Moreover, similar anxiety and depression-like behavior were observed in mice after injection of CBS antibodies into the hippocampus. These results suggest that the H2S/CBS system had an age-dependent effect on IFS-induced PTSD and might involve in synaptic plasticity via activation of the CREB/BDNF signaling pathway after IFS exposure.

Individuals with PTSD often experience an increased prevalence of age-related diseases. To elucidate the stress vulnerability across different ages, it is essential to examine the effects of the same types of stressors in both adolescence and adult populations. However, studies of this nature have been limited, and the existing research has yielded inconsistent behavioral results. Some studies have found that adolescent rodents and humans exhibit increased social activity, risk-taking behavior, and impulsivity compared to other age groups (27, 28). For example, mice exposed to social instability stress during adolescence demonstrate greater stress vulnerability compared to adult mice subjected to the same stressors (29). In contrast, some studies have reported that adolescents are more resilient to stress-induced deleterious effects compared to adults. For example, following resident-intruder social stress, defensive burying behavior was found to be decreased in adult mice compared to adolescent mice (30). Moreover, the same types of stressors induced depression-like behaviors and decreased neurogenesis (31), as well as impaired learning and memory function (32, 33) in adult mice but not in adolescent mice. Furthermore, corticosterone treatment resulted in increased anxiety levels and cognitive impairment in adult animals, while adolescent individuals exhibited the opposite behavioral changes (34). Our study found that the same types of stressor exposure produced a series of behavioral and neurobiological effects with striking age differences. Adult PTSD mice exhibited greater anxiety and depression-like behavior and synaptic plasticity deficits, as well as reduced p-CREB and BDNF compared with adolescent PTSD mice. These results indicate that PTSD may render adult individuals less capable of defending themselves against unexpected stimuli compared with adolescent individuals. Further studies are needed to evaluate whether these differing effects on adolescents and adult extend to other contexts.

H2S has been recognized as the third gasotransmitter, following nitric oxide and carbon monoxide, and it exerts important biological effects in the body (35). H2S is endogenously synthesized from l-cysteine by several enzymes, including CSE, CBS, 3-MST and cysteine aminotransferase (CAT) (36). In the CNS, endogenous H2S is mainly produced from L-cysteine catalyzed by CBS (37).

CBS is the main contributor to the production of H2S in the brain (38), especially in astrocytes (39). Depletion of CBS in brain astrocytes leads to mitochondrial dysfunction and oxidative stress. Supplementation with H2S, on the other hand, alleviates this impairment (39). H2S levels and CBS expression were decreased in the hippocampus of depressed mice, whereas aerobic exercise promoted endogenous H2S production as well as an increase in CBS expression and contributed to the improvement of hippocampal neurological function and antidepressant effects (40). CSE is the major H2S-producing enzyme in the vasculature, liver and kidney (41), and CSE is also expressed in smooth muscle and endothelial cells as well as in perivascular adipose tissue (42). It has been shown that knockout of CSE in mice resulted in reduced endogenous H2S levels and hypertension as well as reduced endothelium-mediated vasodilation in mice (43). Meanwhile, genetic deficiency of CSE exacerbates atherosclerosis in murine models, while exogenous H2S administration selectively attenuates these pro-atherogenic effects (41). In the kidney, on the other hand, increasing endogenous H2S content and CSE expression by administration of exogenous H2S was able to reverse renal fibrosis and thus improve diabetes (44). The CSE/H2S pathway is also downregulated in a mouse model of high-fat diet-induced nonalcoholic fatty liver disease (45). In addition, 3-MST is localized to both the mitochondria and the cytosol (46). It has been demonstrated that 3-MST plays an important role in mitochondrial function and ATP production in hepatocytes (47). In addition, 3-MST/H2S attenuation reduced mitochondrial respiration and mitochondrial ATP production and perturbed several pathways in the endothelial cell metabolome (48). In conclusion, under physiological conditions, CBS, CSE and 3-MST play important roles in H2S synthesis in different tissues, respectively.

In addition, studies have reported that administration of exogenous NaHS can enhance CBS protein levels (49). NaHS is one of the donors of H2S and H2S in NaHS solution is stable (11), therefore we chose NaHS as the H2S donor in this study. NaHS can be hydrolyzed into Na+ and HS–, the latter being able to bind H+ in the body to produce H2S (11). For example, exogenous H2S restored CBS and CSE enzyme expression in the hypothalamus 28 days after traumatic brain injury (50). We found that H2S content in the hippocampus was significantly increased in the Ado+IFS+NaHS group compared to the Adu+IFS+PBS group. Meanwhile, no significant changes in H2S content were observed in the hippocampus of the Ado+IFS+NaHS group compared to the Adu+IFS+PBS group. Previous studies have shown that H2S synthase expression is regulated by transcription factors, such as nuclear factor erythroid-2-related factor 2 (Nrf2) (51). It is well known that H2S regulates Nrf2 activity through Kelch-like ECH-associated protein 1 (Keap1) sulfhydration, thereby reducing oxidative stress (52). Thus, it is possible that exogenous H2S binds to Keap1 and induces Nrf2 dissociation, which in turn enhances Nrf2 nuclear translocation and promotes the expression of CBS and CSE enzymes (52). Another study demonstrated that NaHS significantly increased the expression of CBS and production of endogenous H2S after intracerebral hemorrhage injury (53).

NaHS is one of the exogenous donors of H2S. In determining the appropriate dose of NaHS, we carefully referenced previous studies that have established the efficacy and safety of dose in animal models of stress-related disorders. A study reported a dose-dependent increase in SMI-32–positive neurons death starting at 100 μM (54). Moreover, to evaluate the selectivity of the H2S-mediated toxicity to motor neurons, the report examined the survival of the primary spinal GABAergic neurons. NaHS exposure was toxic to GABAergic neurons from a concentration as high as 600 μM (54). Specifically, we adopted a dose of 5.6 mg/kg/day, which was administered 30 minutes after each stress induction session. This dose is therapeutically effective in a variety of disease models as previously reported in the literature. For example, this dose of NaHS is neuroprotective in a vascular dementia model (55). In chronic renal failure, this dose of NaHS exerts anti-inflammatory and anti-apoptotic effects (56). This dose of NaHS was also able to protect against damage caused by myocardial ischemia-reperfusion (57). Meanwhile, several reports have shown that this dose of NaHS plays a therapeutic role in depression (16, 17). In addition, Kitti Göntér et al. reported that compared with the untreated or vehicle group, dimethyl trisulfide at a dose of 60 mg/kg treatment reduced the distance traveled or duration of activity of OFT in mice, but dimethyl trisulfide at a dose of 50 mg/kg did not affect the distance traveled or duration of activity in mice (58). The open field experiment is one of the effective methods to detect the potency of drugs and the individual condition of mice. In our pre-experiment, the administration of 5.6 mg/kg of NaHS was not affect total distance of OFT in control mice and IFS mice. Therefore, we chose a dose of 5.6 mg/kg/day for our experiment.

Some studies have shown that treatment with H2S may become a promising intervention to prevent, delay, or reverse aging (39). For instance, the function of senescent bone marrow mesenchymal stem cells can be rescued using H2S via the calmodulin-NFAT1 signaling pathway (59). In the present study, we first demonstrated that the decrease in H2S content and CBS expression was more pronounced in the hippocampus of adult mice compared to adolescent mice after exposure to PTSD stimuli. This difference led to the inability of a single dose of H2S treatment to reverse PTSD-like behavior, H2S contents and CBS expression in adult PTSD mice. Therefore, for optimal outcomes, we administered two doses of exogenous H2S to adult PTSD mice. Furthermore, we found that increasing dose of exogenous H2S administration could improve anxiety and depression-like behavior, synaptic plasticity deficits, p-CREB/CREB and BDNF, as well as increase H2S levels in the hippocampus. These results indicate that age-dependent variations in hippocampal CBS/H2S levels following IFS contribute to divergent behavioral and synaptic plasticity outcomes between adolescent and adult mice.

Synaptic plasticity refers to the brain’s ability to undergo flexible adjustment and reorganization in response to changes in the neuro-environment. This capacity allows the brain to adapt to altered neural conditions through dynamic structural and functional modifications (60). Previous studies have shown that traumatic stresses can reduce structural synaptic plasticity in the hippocampus of adolescent rats and induce PTSD-like behaviors (22). Consistent with these findings, our study demonstrated that the IFS procedure reduced structural synaptic plasticity in the hippocampus of both adolescent and adult mice compared to control mice. Moreover, this reduction was more pronounced in the hippocampus of adult mice than in adolescent mice following PTSD stimuli. BDNF, an important protein associated with synaptic plasticity, is typically downregulated in patients with PTSD (61). Conversely, increasing BDNF levels has been shown to enhance neural plasticity and reverse affective disorders (62). CREB is a key transcriptional regulator involved in neuronal differentiation, synaptic plasticity, learning and memory, and it regulates the expression of BDNF. In the brain, it plays a significant role in hippocampal neuroplasticity, long-term memory formation, dendritic growth, and neurogenesis. CREB function is mainly regulated by phosphorylation of Ser133 (63). In the brain, CREB activation by phosphorylation at Ser133 and the recruitment of transcription cofactors such as CREB binding protein (CBP) is a critical step for the formation of memory. Phosphorylated CREB, as activated state of CREB, stimulates expression of BDNF and promotes synaptic plasticity and neurogenesis (64, 65). It is reported that during chronic stress damage in neurons during adulthood, BDNF helps to protect neurons, regulates calcium concentration and reduces the necrosis and apoptosis in hippocampal neurons, positively affects neuronal plasticity (66). ω-3PUFAs could increase CREB phosphorylation on ser 133 cite to regulate the expression of multiple proteins involved in memory (67). In addition, BDNF induces phosphorylation of CREB at Ser-133, and p-CREB interacts with other related proteins and is involved in the regulation of mood and memory (68). In summary, CREB/BDNF signaling pathways may improve the molecular basis of neurogenesis, synaptic plasticity, memory, and emotion (69).

A previous study reported that the protein levels of p-CREB and BDNF were decreased in the hippocampus of a PTSD animal model (70), which is consistent with our findings. In our study, the levels of PSD95, p-CREB/CREB, and BDNF protein expression were significantly decreased in the hippocampus of mice subjected to IFS compared to control mice. Additionally, we observed that the decreases in p-CREB/CREB and BDNF protein levels in response to stress were age-dependent. Compared to adolescent IFS mice, adult IFS mice exhibited more pronounced reductions in PSD95, p-CREB/CREB, and BDNF in the hippocampus. Moreover, the levels of these protein were significantly improved in the hippocampus of adolescent IFS mice treated with NaHS (ado+IFS+NaHS) compared to those treated with PBS (ado+IFS+PBS). Similarly, these protein levels were significantly increased in the hippocampus of adult IFS mice treated with NaHS (adu+NaHS+IFS+NaHS) compared to those treated with PBS (adu+IFS+PBS). These improvements were associated with restored dendritic morphology and spine density. In conclusion, CBS/H2S may ameliorate anxiety and depression-like behaviors by activating the CREB/BDNF signaling pathway in the hippocampus of mice exposed to IFS. Conversely, injection of the CBS antibody directly decreased CREB/BDNF signaling pathway and exacerbated PTSD-like behaviors. Additionally, we found a strong correlation between hippocampal H2S levels and PTSD-like behaviors in mice. These results suggest that CBS/H2S modulates age-related differences in stress response and synaptic plasticity through the CREB/BDNF signaling pathway.

Although our study focused on mice, it is important to consider the translational implications for humans. Many studies have shown that H2S concentrations detected in the brain of mammals such as humans, rats, and cattle range from 50 to 160 μM (20, 71–74). This enhances the translational significance of our findings. Thus, our findings in mouse models can be used to understand H2S dynamics in human neurophysiology and pathology. This parallel is particularly important for the development of therapeutic strategies targeting H2S pathways, as it increases the likelihood that interventions that are effective in mice will be successfully translated into human. In addition, the conserved nature of H2S levels supports the use of mouse models in preclinical studies of neurological disorders involving H2S dysregulation, which has the potential to accelerate the development of novel therapeutic approaches for diseases such as Alzheimer’s disease, Parkinson’s disease, and stroke.

The present study acknowledges several limitations. Firstly, though our experiment demonstrated that exogenous H2S administration reversed the decrease in hippocampal synaptic plasticity and p-CREB/CREB and BDNF in mice, we did not delve deeply into the specific underlying mechanisms. This gap highlights a direction for future research. Secondly, numerous studies have shown that the hippocampus, amygdala, and medial prefrontal cortex are all involved in modulating PTSD (75). In our study, we focused on the hippocampus due to its critical role in fear, episodic and contextual learning, and memory processes associated with PTSD symptomatology (76). Indeed, significant reductions in hippocampal volume have been observed in both human PTSD patients (77) and PTSD mice (78). However, we acknowledge that other brain regions, such as the amygdala and medial prefrontal cortex, may also play important roles in the effect of H2S/CBS on age-dependent PTSD. Future studies are needed to identify H2S/CBS-dependent neurobiological changes in each of these regions and to examine how these changes relate to behavior.

In conclusion, our study highlights the age-dependent effects of stress on PTSD-like behaviors and synaptic plasticity, which are mediated by differential changes in hippocampal H2S content and CBS expression following exposure to IFS. Adult PTSD mice exhibited more severe behavioral and neurobiological deficits than adolescents, necessitating tailored therapeutic approaches, such as multiple H2S doses, for optimal outcomes. These findings underscore the potential of H2S-based interventions in addressing age-related vulnerabilities to stress and PTSD, providing a foundation for future research into the mechanistic and translational aspects of H2S signaling in the brain.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was approved by Animal Ethics Committee of Shandong University (ECSBMSSDU2022-2-83). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

BG: Writing – original draft. TL: Data curation, Writing – review & editing. HFZ: Software, Writing – review & editing. RY: Data curation, Writing – review & editing. QL: Methodology, Writing – review & editing. SWY: Formal Analysis, Methodology, Writing – review & editing. TTL: Methodology, Writing – original draft. YJZ: Methodology, Writing – review & editing. DXL: Project administration, Writing – review & editing. ZW: Funding acquisition, Writing – review & editing. CH: Resources, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. Research funding support for this work was received from the National Natural Science Foundation of China (No. 82072535 and No. 82271327) to Dr. Zhen Wang and Natural Foundation of Shandong Provine (No. ZR2024MH038) to Dr. Zhen Wang.




Acknowledgments

We thank Translational Medicine Core Facility of Shandong University for consultation and instrument availability that supported this work. We also thank the Basic Medical Sciences of Shandong University for providing experimental instruments.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2025.1546737/full#supplementary-material



Abbreviations

BDNF, brain-derived neurotrophic factor; CBS, cystathionine β-synthase; CNS, central nervous system; CREB, cAMP-response element-binding protein; CSE, cystathionine γ-lyase; FST, forced swimming test; H&E, hematoxylin and eosin; H2S, hydrogen sulfide; IFS, Inescapable foot shock; Keap1, Kelch-like ECH-associated protein 1; 3-MST, 3-mercaptopyruvate sulfur transferase; Nrf2, nuclear factor erythroid-2-related factor 2; OFT, open field test; PBS, phosphate-buffered saline; p-CREB, phospho-CAMP-response element binding protein; PSD95, postsynaptic density-95; PTSD, post-traumatic stress disorder; TST, tail suspension test.




References

1. Schöner J, Heinz A, Endres M, Gertz K, Kronenberg G. Post-traumatic stress disorder and beyond: an overview of rodent stress models. J Cell Mol Medicine. (2017) 21:2248–56. doi: 10.1111/jcmm.13161

2. Matsuda S, Matsuzawa D, Ishii D, Tomizawa H, Shimizu E. Development of the fear regulation system from early adolescence to young adulthood in female mice. Neurobiol Learn Memory. (2018) 150:93–8. doi: 10.1016/j.nlm.2018.03.007

3. Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime prevalence and age-of-onset distributions of DSM-IV disorders in the National Comorbidity Survey Replication. Arch Gen Psychiatry. (2005) 62:593–602. doi: 10.1001/archpsyc.62.6.593

4. Tan BH, Wong PTH, Bian J-S. Hydrogen sulfide: a novel signaling molecule in the central nervous system. Neurochemistry Int. (2010) 56:3–10. doi: 10.1016/j.neuint.2009.08.008

5. Ou Q, Qiao X, Li Z, Niu L, Lei F, Cheng R, et al. Apoptosis releases hydrogen sulfide to inhibit Th17 cell differentiation. Cell Metab. (2024) 36(1):78–89. doi: 10.1016/j.cmet.2023.11.012

6. Zhang L, Meng WQ, Lu L, Xue YS, Li C, Zou F, et al. Selective detection of endogenous H2S in living cells and the mouse hippocampus using a ratiometric fluorescent probe. Sci Reports. (2014) 4:5870. doi: 10.1038/srep05870

7. Abe K, Kimura H. The possible role of hydrogen sulfide as an endogenous neuromodulator. J Neuroscience: Off J Soc For Neurosci. (1996) 16:1066–71. doi: 10.1523/JNEUROSCI.16-03-01066.1996

8. Cirino G, Szabo C, Papapetropoulos A. Physiological roles of hydrogen sulfide in mammalian cells, tissues, and organs. Physiol Rev. (2023) 103(1):31–276. doi: 10.1152/physrev.00028.2021

9. Liu SY, Li D, Zeng HY, Kan LY, Zou W, Zhang P, et al. Hydrogen sulfide inhibits chronic unpredictable mild stress-induced depressive-like behavior by upregulation of sirt-1: involvement in suppression of hippocampal endoplasmic reticulum stress. Int J Neuropsychopharmacol. (2017) 20:867–76. doi: 10.1093/ijnp/pyx030

10. Svenson SB, Källenius G, Möllby R, Hultberg H, Winberg J. Rapid identification of P-fimbriated Escherichia coli by a receptor-specific particle agglutination test. Infection. (1982) 10:209–14. doi: 10.1007/BF01666912

11. Ren C, Du A, Li D, Sui J, Mayhan WG, Zhao H. Dynamic change of hydrogen sulfide during global cerebral ischemia-reperfusion and its effect in rats. Brain Res. (2010) 1345:197–205. doi: 10.1016/j.brainres.2010.05.017

12. Eto K, Asada T, Arima K, Makifuchi T, Kimura H. Brain hydrogen sulfide is severely decreased in Alzheimer’s disease. Biochem Biophys Res Communications. (2002) 293:1485–8. doi: 10.1016/S0006-291X(02)00422-9

13. Dey A, Pramanik PK, Dwivedi SKD, Neizer-Ashun F, Kiss T, Ganguly A, et al. A role for the cystathionine-beta-synthase/H(2)S axis in astrocyte dysfunction in the aging brain. Redox Biol. (2023) 68:102958. doi: 10.1016/j.redox.2023.102958

14. Vandini E, Ottani A, Zaffe D, Calevro A, Canalini F, Cavallini GM, et al. Mechanisms of Hydrogen Sulfide against the Progression of Severe Alzheimer’s Disease in Transgenic Mice at Different Ages. Pharmacology. (2019) 103:50–60. doi: 10.1159/000494113

15. Qi M-M, Peng HY, Zhang TG, Li Y, Gao MY, Sun WB, et al. NaHS modulates astrocytic EAAT2 expression to impact SNI-induced neuropathic pain and depressive-like behaviors. Sci Reports. (2025) 15:2874. doi: 10.1038/s41598-025-86885-0

16. Tian Q, Chen L, Luo B, Wang AP, Zou W, You Y, et al. Hydrogen sulfide antagonizes chronic restraint stress-induced depressive-like behaviors via upregulation of adiponectin. Front In Psychiatry. (2018) 9:399. doi: 10.3389/fpsyt.2018.00399

17. Huang H-J, Chen S-L, Hsieh-Li HM. Administration of naHS attenuates footshock-induced pathologies and emotional and cognitive dysfunction in triple transgenic alzheimer’s mice. Front In Behav Neurosci. (2015) 9:312. doi: 10.3389/fnbeh.2015.00312

18. Reagan-Shaw S, Nihal M, Ahmad N. Dose translation from animal to human studies revisited. FASEB Journal: Off Publ Fed Am Societies For Exp Biol. (2008) 22:659–61. doi: 10.1096/fj.07-9574LSF

19. Nair AB, Jacob S. A simple practice guide for dose conversion between animals and human. J Basic Clin Pharm. (2016) 7:27–31. doi: 10.4103/0976-0105.177703

20. Zhang M, Shan H, Wang T, Liu W, Wang Y, Wang L, et al. Dynamic change of hydrogen sulfide after traumatic brain injury and its effect in mice. Neurochemical Res. (2013) 38:714–25. doi: 10.1007/s11064-013-0969-4

21. Micale V, Kucerova J, Sulcova A. Leading compounds for the validation of animal models of psychopathology. Cell Tissue Res. (2013) 354:309–30. doi: 10.1007/s00441-013-1692-9

22. Zhao M, Wang W, Jiang Z, Zhu Z, Liu D, Pan F. Long-term effect of post-traumatic stress in adolescence on dendrite development and H3K9me2/BDNF expression in male rat hippocampus and prefrontal cortex. Front In Cell Dev Biol. (2020) 8:682. doi: 10.3389/fcell.2020.00682

23. Bohne P, Schwarz MK, Herlitze S, Mark MD. A new projection from the deep cerebellar nuclei to the hippocampus via the ventrolateral and laterodorsal thalamus in mice. Front In Neural Circuits. (2019) 13:51. doi: 10.3389/fncir.2019.00051

24. Zhuang H, Yao X, Li H, Li Q, Yang C, Wang C, et al. Long-term high-fat diet consumption by mice throughout adulthood induces neurobehavioral alterations and hippocampal neuronal remodeling accompanied by augmented microglial lipid accumulation. Brain Behavior Immunity. (2022) 100:155–71. doi: 10.1016/j.bbi.2021.11.018

25. Chen H, Qiao D, Wang C, Zhang B, Wang Z, Tang L, et al. Fragile X mental retardation protein mediates the effects of androgen on hippocampal PSD95 expression and dendritic spines density/morphology and autism-like behaviors through miR-125a. Front In Cell Neurosci. (2022) 16:872347. doi: 10.3389/fncel.2022.872347

26. Lu R, Zhang L, Wang H, Li M, Feng W, Zheng X. EChinacoside exerts antidepressant-like effects through enhancing BDNF-CREB pathway and inhibiting neuroinflammation via regulating microglia M1/M2 polarization and JAK1/STAT3 pathway. Front In Pharmacol. (2022) 13:993483. doi: 10.3389/fphar.2022.993483

27. Wahlstrom D, White T, Luciana M. Neurobehavioral evidence for changes in dopamine system activity during adolescence. Neurosci Biobehavioral Rev. (2010) 34:631–48. doi: 10.1016/j.neubiorev.2009.12.007

28. Adriani W, Laviola G. Elevated levels of impulsivity and reduced place conditioning with d-amphetamine: two behavioral features of adolescence in mice. Behav Neurosci. (2003) 117:695–703. doi: 10.1037/0735-7044.117.4.695

29. Morrissey MD, Mathews IZ, McCormick CM. Enduring deficits in contextual and auditory fear conditioning after adolescent, not adult, social instability stress in male rats. Neurobiol Learn Memory. (2011) 95:46–56. doi: 10.1016/j.nlm.2010.10.007

30. Bingham B, McFadden K, Zhang X, Bhatnagar S, Beck S, Valentino R. Early adolescence as a critical window during which social stress distinctly alters behavior and brain norepinephrine activity. Neuropsychopharmacology: Off Publ Am Coll Neuropsychopharmacol. (2011) 36:896–909. doi: 10.1038/npp.2010.229

31. Toth E, Gersner R, Wilf-Yarkoni A, Raizel H, Dar DE, Richter-Levin G, et al. Age-dependent effects of chronic stress on brain plasticity and depressive behavior. J Neurochemistry. (2008) 107:522–32. doi: 10.1111/j.1471-4159.2008.05642.x

32. Ricon T, Toth E, Leshem M, Braun K, Richter-Levin G. Unpredictable chronic stress in juvenile or adult rats has opposite effects, respectively, promoting and impairing resilience. Stress (Amsterdam Netherlands). (2012) 15:11–20. doi: 10.3109/10253890.2011.572207

33. Zhang F, Yuan S, Shao F, Wang W. Adolescent social defeat induced alterations in social behavior and cognitive flexibility in adult mice: effects of developmental stage and social condition. Front In Behav Neurosci. (2016) 10:149. doi: 10.3389/fnbeh.2016.00149

34. Li J, Xie X, Li Y, Liu X, Liao X, Su YA, et al. Differential behavioral and neurobiological effects of chronic corticosterone treatment in adolescent and adult rats. Front In Mol Neurosci. (2017) 10:25. doi: 10.3389/fnmol.2017.00025

35. Hao Y, Wang H, Fang L, Bian J, Gao Y, Li C. H2S donor and bone metabolism. Front In Pharmacol. (2021) 12:661601. doi: 10.3389/fphar.2021.661601

36. Kabil O, Banerjee R. Redox biochemistry of hydrogen sulfide. J Biol Chem. (2010) 285:21903–7. doi: 10.1074/jbc.R110.128363

37. Liu S, Xin D, Wang L, Zhang T, Bai X, Li T, et al. Therapeutic effects of L-Cysteine in newborn mice subjected to hypoxia-ischemia brain injury via the CBS/H2S system: Role of oxidative stress and endoplasmic reticulum stress. Redox Biol. (2017) 13:528–40. doi: 10.1016/j.redox.2017.06.007

38. Bruintjes JJ, Henning RH, Douwenga W, van der Zee EA. Hippocampal cystathionine beta synthase in young and aged mice. Neurosci Letters. (2014) 563:135–9. doi: 10.1016/j.neulet.2014.01.049

39. Dey A, Pramanik PK, Dwivedi SKD, Neizer-Ashun F, Kiss T, Ganguly A, et al. A role for the cystathionine-β-synthase/H2S axis in astrocyte dysfunction in the aging brain. Redox Biol. (2023) 68:102958. doi: 10.1016/j.redox.2023.102958

40. Ruilian L, Honglin Q, Jun X, Jianxin L, Qingyun B, Yilin C, et al. H2S-mediated aerobic exercise antagonizes the hippocampal inflammatory response in CUMS-depressed mice. J Affect Disord. (2021) 283:410–9. doi: 10.1016/j.jad.2021.02.005

41. Lefer DJ. A new gaseous signaling molecule emerges: cardioprotective role of hydrogen sulfide. Proc Natl Acad Sci United States America. (2007) 104:17907–8. doi: 10.1073/pnas.0709010104

42. Yang G, Wang R. H2S and blood vessels: an overview. Handb Exp Pharmacol. (2015) 230:85–110. doi: 10.1007/978-3-319-18144-8_4

43. Wagner CA. Hydrogen sulfide: a new gaseous signal molecule and blood pressure regulator. J Nephrology. (2009) 22:173–6.

44. Li H, Sun F, Bai S, Chang G, Wu R, Wei Y, et al. The DR1−CSE/H2S system inhibits renal fibrosis by downregulating the ERK1/2 signaling pathway in diabetic mice. Int J Mol Medicine. (2022) 49(1):7. doi: 10.3892/ijmm.2021.5062

45. Xu W, Cui C, Cui C, Chen Z, Zhang H, Cui Q, et al. Hepatocellular cystathionine γ lyase/hydrogen sulfide attenuates nonalcoholic fatty liver disease by activating farnesoid X receptor. Hepatology (Baltimore Md.). (2022) 76:1794–810. doi: 10.1002/hep.32577

46. Kimura H. Physiological roles of hydrogen sulfide and polysulfides. Handb Exp Pharmacol. (2015) 230:61–81. doi: 10.1007/978-3-319-18144-8_3

47. Módis K, Coletta C, Erdélyi K, Papapetropoulos A, Szabo C. Intramitochondrial hydrogen sulfide production by 3-mercaptopyruvate sulfurtransferase maintains mitochondrial electron flow and supports cellular bioenergetics. FASEB Journal: Off Publ Fed Am Societies For Exp Biol. (2013) 27:601–11. doi: 10.1096/fj.12-216507

48. Abdollahi Govar A, Törő G, Szaniszlo P, Pavlidou A, Bibli SI, Thanki K, et al. 3-Mercaptopyruvate sulfurtransferase supports endothelial cell angiogenesis and bioenergetics. Br J Pharmacol. (2020) 177:866–83. doi: 10.1111/bph.14574

49. Yu Y, Li X, Wu X, Li X, Wei J, Chen X, et al. Sodium hydrosulfide inhibits hemin-induced ferroptosis and lipid peroxidation in BV2 cells via the CBS/H2S system. Cell Signalling. (2023) 104:110594. doi: 10.1016/j.cellsig.2023.110594

50. Huerta de la Cruz S, Rodríguez-Palma EJ, Santiago-Castañeda CL, Beltrán-Ornelas JH, Sánchez-López A, Rocha L, et al. Exogenous hydrogen sulfide restores CSE and CBS but no 3-MST protein expression in the hypothalamus and brainstem after severe traumatic brain injury. Metab Brain Disease. (2022) 37:1863–74. doi: 10.1007/s11011-022-01033-1

51. Hassan MI, Boosen M, Schaefer L, Kozlowska J, Eisel F, von Knethen A, et al. Platelet-derived growth factor-BB induces cystathionine γ-lyase expression in rat mesangial cells via a redox-dependent mechanism. Br J Pharmacol. (2012) 166:2231–42. doi: 10.1111/j.1476-5381.2012.01949.x

52. Hourihan JM, Kenna JG, Hayes JD. The gasotransmitter hydrogen sulfide induces nrf2-target genes by inactivating the keap1 ubiquitin ligase substrate adaptor through formation of a disulfide bond between cys-226 and cys-613. Antioxidants Redox Signaling. (2013) 19:465–81. doi: 10.1089/ars.2012.4944

53. Shan H, Qiu J, Chang P, Chu Y, Gao C, Wang H, et al. Exogenous hydrogen sulfide offers neuroprotection on intracerebral hemorrhage injury through modulating endogenous H2S metabolism in mice. Front In Cell Neurosci. (2019) 13:349. doi: 10.3389/fncel.2019.00349

54. Davoli A, Greco V, Spalloni A, Guatteo E, Neri C, Rizzo GR, et al. Evidence of hydrogen sulfide involvement in amyotrophic lateral sclerosis. Ann Neurology. (2015) 77:697–709. doi: 10.1002/ana.24372

55. Zhang L-M, Jiang C-X, Liu D-W. Hydrogen sulfide attenuates neuronal injury induced by vascular dementia via inhibiting apoptosis in rats. Neurochemical Res. (2009) 34:1984–92. doi: 10.1007/s11064-009-0006-9

56. Wu D, Luo N, Wang L, Zhao Z, Bu H, Xu G, et al. Hydrogen sulfide ameliorates chronic renal failure in rats by inhibiting apoptosis and inflammation through ROS/MAPK and NF-κB signaling pathways. Sci Reports. (2017) 7:455. doi: 10.1038/s41598-017-00557-2

57. Xie H, Xu Q, Jia J, Ao G, Sun Y, Hu L, et al. Hydrogen sulfide protects against myocardial ischemia and reperfusion injury by activating AMP-activated protein kinase to restore autophagic flux. Biochem Biophys Res Communications. (2015) 458:632–8. doi: 10.1016/j.bbrc.2015.02.017

58. Göntér K, Dombi Á., Kormos V, Pintér E, Pozsgai G. Examination of the effect of dimethyl trisulfide in acute stress mouse model with the potential involvement of the TRPA1 ion channel. Int J Mol Sci. (2024) 25(14):7701. doi: 10.3390/ijms25147701

59. Yang S, Su Y, Li X, Wang H, Du J, Feng J, et al. Hydrogen sulfide attenuates mesenchymal stem cell aging progress via the calcineurin-NFAT signaling pathway. Stem Cells (Dayton Ohio). (2023) 41:916–27. doi: 10.1093/stmcls/sxad056

60. Tao W, Yao G, Yue Q, Xu C, Hu Y, Cheng X, et al. 14-3-3ζ Plays a key role in the modulation of neuroplasticity underlying the antidepressant-like effects of Zhi-Zi-Chi-Tang. Phytomedicine: Int J Phytotherapy Phytopharmacology. (2023) 116:154888. doi: 10.1016/j.phymed.2023.154888

61. Almeida FB, Barros HMT, Pinna G. Neurosteroids and neurotrophic factors: what is their promise as biomarkers for major depression and PTSD? Int J Mol Sci. (2021) 22(4):1758. doi: 10.3390/ijms22041758

62. Du Y, Li Y, Zhao X, Yao Y, Wang B, Zhang L, et al. Psilocybin facilitates fear extinction in mice by promoting hippocampal neuroplasticity. Chin Med J. (2023) 136:2983–92. doi: 10.1097/CM9.0000000000002647

63. Montminy MR, Gonzalez GA, Yamamoto KK. Regulation of cAMP-inducible genes by CREB. Trends In Neurosciences. (1990) 13:184–8. doi: 10.1016/0166-2236(90)90045-C

64. Wang AR, Mi LF, Zhang ZL, Hu MZ, Zhao ZY, Liu B, et al. Corrigendum to “Saikosaponin A improved depression-like behavior and inhibited hippocampal neuronal apoptosis after cerebral ischemia through p-CREB/BDNF pathway” Behav. Brain Res. (2021) 403:113138. doi: 10.1016/j.bbr.2023.114596

65. Mehrafza S, Kermanshahi S, Mostafidi S, Motaghinejad M, Motevalian M, Fatima S. Pharmacological evidence for lithium-induced neuroprotection against methamphetamine-induced neurodegeneration via Akt-1/GSK3 and CREB-BDNF signaling pathways. Iranian J Basic Med Sci. (2019) 22:856–65. doi: 10.22038/ijbms.2019.30855.7442

66. Guo C, Liu Y, Fang MS, Li Y, Li W, Mahaman YAR, et al. ω-3PUFAs improve cognitive impairments through ser133 phosphorylation of CREB upregulating BDNF/trkB signal in schizophrenia. Neurotherapeutics: J Am Soc For Exp NeuroTherapeutics. (2020) 17:1271–86. doi: 10.1007/s13311-020-00859-w

67. Gao H, Yan P, Zhang S, Huang H, Huang F, Sun T, et al. Long-term dietary alpha-linolenic acid supplement alleviates cognitive impairment correlate with activating hippocampal CREB signaling in natural aging rats. Mol Neurobiology. (2016) 53:4772–86. doi: 10.1007/s12035-015-9393-x

68. Silva AJ, Kogan JH, Frankland PW, Kida S. CREB and memory. Annu Rev Neurosci. (1998) 21:127–48. doi: 10.1146/annurev.neuro.21.1.127

69. Li DD, Xie H, Du YF, Long Y, Reed MN, Hu M, et al. Antidepressant-like effect of zileuton is accompanied by hippocampal neuroinflammation reduction and CREB/BDNF upregulation in lipopolysaccharide-challenged mice. J Affect Disord. (2018) 227:672–80. doi: 10.1016/j.jad.2017.11.047

70. Liu WG, Zhang LM, Yao JQ, Yin YY, Zhang XY, Li YF, et al. Anti-PTSD effects of hypidone hydrochloride (YL-0919): A novel combined selective 5-HT reuptake inhibitor/5-HT1A receptor partial agonist/5-HT6 receptor full agonist. Front In Pharmacol. (2021) 12:625547. doi: 10.3389/fphar.2021.625547

71. Wang J-F, Li Y, Song J-N, Pang H-G. Role of hydrogen sulfide in secondary neuronal injury. Neurochemistry Int. (2014) 64:37–47. doi: 10.1016/j.neuint.2013.11.002

72. Zhang Q, Yuan L, Liu D, Wang J, Wang S, Zhang Q, et al. Hydrogen sulfide attenuates hypoxia-induced neurotoxicity through inhibiting microglial activation. Pharmacol Res. (2014) 84:32–44. doi: 10.1016/j.phrs.2014.04.009

73. Wang R. Physiological implications of hydrogen sulfide: a whiff exploration that blossomed. Physiol Rev. (2012) 92:791–896. doi: 10.1152/physrev.00017.2011

74. Paul BD, Snyder SH. Gasotransmitter hydrogen sulfide signaling in neuronal health and disease. Biochem Pharmacol. (2018) 149:101–9. doi: 10.1016/j.bcp.2017.11.019

75. Malivoire BL, Girard TA, Patel R, Monson CM. Functional connectivity of hippocampal subregions in PTSD: relations with symptoms. BMC Psychiatry. (2018) 18:129. doi: 10.1186/s12888-018-1716-9

76. Logue MW, van Rooij SJH, Dennis EL, Davis SL, Hayes JP, Stevens JS, et al. Smaller hippocampal volume in posttraumatic stress disorder: A multisite ENIGMA-PGC study: subcortical volumetry results from posttraumatic stress disorder consortia. Biol Psychiatry. (2018) 83:244–53. doi: 10.1016/j.biopsych.2017.09.006

77. Bremner JD, Randall P, Scott TM, Bronen RA, Seibyl JP, Southwick SM, et al. MRI-based measurement of hippocampal volume in patients with combat-related posttraumatic stress disorder. Am J Psychiatry. (1995) 152:973–81. doi: 10.1176/ajp.152.7.973

78. Ruat J, Heinz DE, Binder FP, Stark T, Neuner R, Hartmann A, et al. Structural correlates of trauma-induced hyperarousal in mice. Prog In Neuropsychopharmacol Biol Psychiatry. (2021) 111:110404. doi: 10.1016/j.pnpbp.2021.110404




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Gu, Li, Zhao, Yue, Luo, Yu, Li, Zhao, Liu, Wang and Ho. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpsyt-16-1546737-g006.jpg
Adu+PBS+IFS+PBS Adu+NaHS+IFS+NaHS

—
<
Al ©
\
(@)
)
C D
80 450
) FE* 2 15 o Adu+PBS+IFS+PBS ]:
'E ° = g - = Adu+NaHS+IFS+NaHS
60 = 2 z *
= =T 300 £
5 £ 10
g S - g
S : = En 1 § 5
5 20 =2 = / 1]
> & 0 50 100 150 200 250
A% o & & s (pi
%X‘Q x‘gg g,%xx sx‘Q Radius (plxels)
P&“)Xg \‘xs&% P&“XQ 6“X$‘b
S X
»
F G
£ 60 £ 06 * KK
o * % 2.
[ = =
A z = 40 . 'E 0.4
7)) 5}3 5 5 !
= = el =
& % © 20 S 02
= >
] s 5 B
A ~ = =
E i : 5
2 = Zz 0 J 7 2 0.0 - -
3 )8?’ g‘& xgq’ g‘&
Q$ %X Q% $X
s o = R\
6\‘)8% x$&$ &\’8% X@&%
> P’é\‘ » P’éﬁ
I J
w
2 z L 20 .
LN 1.5 o A =
2 A 2z /M s
5% 53 o 15 ‘
= g 1.0 o g E
2% 2% o 1.0
= £ s =g =
[=TE =y =
g g 2 05
0.0 @
) S S o
&% o 0.0 -
¥ R <% &
22y \E@ ¥ ¢S 53
& S N = R
» 3\@( e XQ?’ ‘S&’X
P’ P}éﬁ “X D





OEBPS/Images/fpsyt-16-1546737-g001.jpg
A

Adolescent &
Adult &

OFT TST FST Sacrifice

H_S content, WB, Golgi
staining, HE staining

Adaptation IFS——>| Conditioned fear test

##
- 300
et 2001 * = =
= 100 . =% S
5 S N oS
S 18 = |+ S AT
= ns . W A2 SR
L= g ‘J ," 4 ‘
— il WA A
< 1 2 q\-_ul r‘ ll"’,)f : ‘l‘ N 1‘\'
: il WA AN
& 9 [ ° r)‘!, “I’.‘}:g VA.:,"";",*/‘W
= 6 SN S Ra e el st
g = :
o 3

TST FST

~ 100
oS

£ 7
- =
C -

2E 50
g g
o 9

S 2 25
=

0

X
NN g
S

5 )

g 6x10° 2.0 " 2 a0’

(=" EIQ) >y

= o0

E 4x103 28 L5 ns | g 3x10°

= £3 * % =

5 £ 10 | | \ E 2x10°

- ) % -

= 2x103 = -

5 =2 05 g 1x10°

= 4 =

S ® S

wn 0 0.0 z 0

2 S (& S S =

= o oo P&oxx‘% P&QX‘Q = 00 05 1.0 15
nOF OO The relative expression of CBS






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Age-dependent effects of H2S on post-traumatic stress disorder in adolescent and adult mice

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Methods and materials

        

          		

            2.1 Study ethics declarations

          



          		

            2.2 Animals and drug treatment

          



          		

            2.3 IFS procedure

          



          		

            2.4 Experimental design

          



          		

            2.5 Behavioral tests

          

            		

              2.5.1 Conditioned fear test

            



            		

              2.5.2 Open field test

            



            		

              2.5.3 Tail suspension test

            



            		

              2.5.4 Forced swimming test

            



          



          



          		

            2.6 Western blot analysis

          



          		

            2.7 Golgi staining

          



          		

            2.8 Stereotactic injection of CBS antibody and IgG

          



          		

            2.9 Measurement of H2S production

          



          		

            2.10 Hematoxylin and eosin staining

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 H2S and CBS expression were decreased in the hippocampus of adult PTSD mice, associated with anxiety and depression-like behavior

          



          		

            3.2 PTSD-induced deficits in hippocampal synaptic plasticity were associated with suppressed CREB phosphorylation and BDNF expression in adult mice

          



          		

            3.3 NaHS treatment increased CBS/H2S levels in the hippocampus of adolescent PTSD mice and improved anxiety and depression-like behavior

          



          		

            3.4 NaHS treatment improved synaptic plasticity in the hippocampus of adolescent PTSD mice

          



          		

            3.5 Increased dose of NaHS improved anxiety and depression-like behavior in adult mice with PTSD and increased CBS/H2S levels in the hippocampus

          



          		

            3.6 Increased dose of NaHS improved synaptic plasticity in the hippocampus in adult post-traumatic stress disorder mice

          



          		

            3.7 CBS antibody increased anxiety and depressive-like behavior in adult mice

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpsyt-16-1546737-g004.jpg
Ado+IFS+PBS Ado+IFS+NaHS

CA1l

DG

450
s =
r g2
= 3 2 300
= o
s %
= = o
g = £ 150
z L Bp
g =
=
0
Q
R
pd® ROt

Ado+IFS+NaHS
Adu+IFS+PBS
Adu+IFS+NaHS

Ado+IFS+PBS
Number of dendritic spines

The relative

The relative
expression of BDNF

Adu+IFS+PBS

Intersections

Adu+IFS+NaHS

Ado+IFS+PBS ¥

3
Ado+IFS+NaHS *
Adu+IFS+PBS
Adu+IFS+NaHS

Ftobd

50 100
Radius (pixels)

[-P]
=
* p—
o
7]
(]
o
=)
::-
D D
ot~
St
S 5
>
~—
* p—
7]
=
%]
a

=
n

e~
=

=
in

=
o






OEBPS/Images/fpsyt-16-1546737-g005.jpg
A
Adult J

ES )

IFS procudure OFT TST  FST Sacrifice H,S content, WB, Golgi
Adaptation I I | I staining, HE staining

LA L

1\ 30 minutes before IFS
B 1‘ 30 minutes after IFS C

=
% 4x103 _— .
on 3
§ 3x10 1
= 2.0
E 2x103 N * K
bl =]
= 00 1.5
£ 1x10° £°3 ‘
S EE 10
= 2 o g 8
& et & 0.5
XQQ,$ 0:3(
N\ e 0.0
» N
n o O
xg S‘A
‘Q‘E’ %X
SH B\
® Q\S
& S
P’ P*é\‘
E F H
OFT FST
150 \? 50 150
s Eg o =
: 100 53 3 £ 100
3 SE z
S ® = =
= 50 =3 20 e
= [ — ) E
= =< 10 £
= L=
0 0 0
S S
?,%X‘Q %X‘Q $X‘Q
4 v o
60)( 66)( 60)(?
» N N






OEBPS/Images/fpsyt-16-1546737-g002.jpg
Ado+Control Adu+Control Adu+IFS

CA1l
; |
B C D
. 100 # 600
3 ns 2 g 12 == Ado+Control
£ 175 - g - ~ Adu+Control
2 | . \ S 2 400 S 3 T - Ado+IFS T %
g b < = b5 - Adu+TFS *
2 50 e0 2. 3
g ; \ =% 200 <
» o on = 4
5 25 = L=
A=
0 y 7y y y 0 o T—INT
\) \)
o w"‘Q &)Xx‘@ oo 0 50 100 150 200 250
A s » 80" Radius (pixels)
2T N p
E F G
2 45 £
2, &
= 2
S S T2 TE
& 5 % % 5§30 )
= = = = S o g -
* + = ° <= 15 ° -
) = = = >y
= = < < 3 £
< < £ g
z 0 2
N :
nd© WO
H
I J L

=
n

&=

in
=
in

The relative expression
of PSD95
[y
j *
The relative expression
of BDNF
o
z
p-CREB/CREB ratio
o
<

0 0.0
o N S S » » S S
XC°‘& XCQ‘& P&QX‘Q &‘XX‘;‘ Coo"‘Q Co\\"‘o wx\‘e 6\‘x\‘e 0.0 "y oy a 3
R B RO MR PR

XCQQ “XCQQ b&“ P,&

(#)

Y





OEBPS/Images/logo.jpg
’ frontiers ‘ Frontiers in Psychiatry





OEBPS/Images/fpsyt.2025.1546737_cover.jpg
& frontiers | Frontiers in Psychiatry

Age-dependent effects of H,S on post-
traumatic stress disorder in adolescent and
adult mice





OEBPS/Images/fpsyt-16-1546737-g003.jpg
A

Adolescent &
Adult N
. IFS procedure OFT TST FST Sacrifice H,S .co.ntent, WB,.G.olgl
Adaptation staining, HE staining
-7 o 007 8 9 10 11 day
i.p.NaHS/PBS

1‘ 30 minutes after IFS

C E OFT
CBS [= = = = ]69 KDa
practin [ == = =142 KDa

\o
X
Uy
=

[

H,S content (nmol/mg protein) oo

6x103 3
70}
==
@ O
3x103 % 2
S
2%
0 = =
S 5
OX‘Q
ECH X 0
6°X‘Q$o
O

Adu+IFS+PBS Adu+IFS+NaHS

.\“{‘ =t f"s:: ":I

L=
N X
NN

N——\_’-_e_;,;;
A
e

K TST H FST
< 60 200
o S O
[+ (5}
:g % 40 g 150
g £ 100
=3 20 é
-
= £ g >
= o]
E )
X
50)(‘?% 60><\Q$
P’ P,bo P’ Pbo






OEBPS/Images/fpsyt-16-1546737-g007.jpg
~Hippocampus CBS antibody/IgG

o~

W =
X X
| sk
= —
w %

H,S content (nmol/mg protein)

1.5
2x103 N
2]
© O
1x103 €% 1.0
ER
72]
0 : 2% 05
Adu+IgG Adu+CBS antibody =5 7
5
0.0
~ 60
oS ©
£ g W
=R g
w— = 40 =
[
S F iy
B = =
58 20 S
£ 2 :
~—
= a

%%“{&0&1
G P =
P&\\)(‘% P&“)( .%
& =
BDNF 17 KDa sz
°a
Z R
N Gy
= o
=
=

Feeding

Brain stereotaxic injection

TST Sacrifice

FST

OFT
H.S content, WB

day

E

OFT

200 ns

[a—y
N
(—]

pa Y i S A

{4 P e
&) T ! 4 L

A
vz
e

Total distance (m)
[
>
<>

N 50
SE
0
Adut+lgG Adu+CBS antibody
Adu+IgG Adu+CBS antibody
TST FST r =-0.7570
H | 4x10°

p =0.0297

Immobility time (s)

N = (=2
(=] — < <
#*
*
*

H,S content
(nmol/mg protein)

- N W

X X X

ot oy p—

e S 9

0 10 20 30 40 50

Adu+IgG Adu+CBS antibody
Immobility time in the TST (s)

%‘\‘.‘w&
15 10 N 1.5
=
R
S
9
Adu+IgG Adu+CBS antibody Adu+lgG Adu+CBS antibody





