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Abstract

Ketamine, a dissociative anesthetic, induces behavioral and molecular 

alterations associated with psychosis-like phenotypes. However, the 

epigenetic mechanisms bridging its cellular effects with behavioral outcomes 

are poorly defined. Here, we report that ketamine induces histone H3 Ser10 

phosphorylation in both hippocampal neurons (HT22 cells) and the mouse 

hippocampus, an effect primarily driven by JNK activation. Critically, 

pharmacological inhibition of JNK with SP600125 not only reversed this 

epigenetic mark but also robustly attenuated ketamine-induced 

hyperlocomotion and cognitive deficits in mice. Integrated multi-omics 

analysis of the hippocampus 30 minutes post-ketamine revealed coordinated 

transcriptional and chromatin accessibility changes. We identified 262 

differentially expressed genes (e.g., MAP3K9) enriched in MAPK signaling 

and neuroactive ligand-receptor pathways, alongside 165 differentially 

accessible regions, with motif analysis implicating CTCF as a key regulator. 

Our findings suggest that JNK-mediated H3S10 phosphorylation may play a 

critical role in linking ketamine exposure to psychosis-like phenotypes, 

providing a mechanistic framework that connects stress-sensitive signaling 

to rapid chromatin remodeling and sustained transcriptional reprogramming. 

This work unveils potential novel therapeutic targets for psychosis centered 

on the JNK–H3S10 phosphorylation axis.

Key Words: Ketamine, JNK signaling, MAPK, Histone H3 phosphorylation, 
Transcriptomics, Chromatin Accessibility.
1. Introduction
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Ketamine, first synthesized in 1962 as a dissociative anesthetic, produces 

analgesic and dissociative effects through modulating glutamatergic 

neurotransmission, leading to inhibition of the thalamo-cortical system 1–3. 

Controlled administration of ketamine in healthy volunteers leads to positive, 

negative, and cognitive symptoms similar to those observed in patients with 

schizophrenia 4. At sub-anesthetic doses, repeated ketamine administration 

induces psychotic-like behavioral and neurochemical alterations in rodents, 

and therefore has been widely employed as a pharmacological model to 

investigate the pathophysiology of schizophrenia 5,6. Moreover, positron 

emission tomography (PET) studies in vivo have demonstrated that sub-

chronic ketamine treatment upregulates dopamine synthesis capacity in the 

midbrain, consistent with the dopaminergic disturbances long recognized in 

schizophrenia 7,8.

Accumulating evidence highlights the role of the mitogen-activated protein 

kinase (MAPK) signaling cascade in schizophrenia 9,10. Schizophrenia-

associated genes have been linked to MAPK pathways, and transcriptomic 

analyses in demyelination and cognitive impairment models reveal 

enrichment of differential expressed genes in the PI3K–Akt and MAPK 

cascades 11,12. Beyond transcriptional regulation, MAPK signaling also 

influences chromatin structure through histone post-translational 

modifications (PTM). Phosphorylation of histone H3 at serine 10 or 28, 

mediated by ERK1/2 and p38, represents a critical nucleosomal activation 

event. For instance, glutamate stimulation activates ERK and p38, promoting 
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H3 (Ser10) phosphorylation (H3S10ph) and driving transcription of 

immediate-early genes such as c-Fos and c-Jun 13–17. Dysregulation of this 

pathway has been linked to hippocampal neurodegeneration and persistent 

learning and memory deficits following ketamine exposure in rodents 18–20, 

while elevated H3S10ph has also been observed in peripheral blood 

mononuclear cells of schizophrenia patients 21. However, which specific 

MAPK member mediates ketamine-induced H3S10ph, and whether this 

signaling axis underlies ketamine's psychotic-like behavioral effects, remain 

unknown. We therefore hypothesize that aberrant MAPK-H3S10ph signaling 

represents a mechanistic link between ketamine exposure and psychotic-like 

phenotypes, and set out to identify the responsible upstream kinase.

In this study, we first examined the induction of H3S10ph and the activation 

of MAPK family members (JNK, P38, ERK) following ketamine treatment in 

vitro. To delineate the responsible signaling cascade, we applied 

pharmacological modulators of MAPK pathways in vitro and identified the 

specific pathway mediating ketamine-induced H3S10ph, which was 

subsequently validated in mouse models. Behavioral assessments were then 

conducted to determine whether this pathway contributes to ketamine-

induced psychotic-like phenotypes. Additionally, given our previous finding 

that ketamine modulates DRD1 expression22, conditional DRD1 knockout 

mice were employed as an exploratory approach to assess potential 

interactions with the identified signaling pathway. Finally, integrated ATAC-

seq and RNA-seq analyses were performed to identify transcriptional 
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regulators and downstream gene expression changes associated with these 

pathways.

2. Materials and Methods

2.1. Cell culture

The HT22 mouse hippocampal neural cell line was purchased from Procell 

Life Science and Technology, Co, Ltd (Wuhan, China). The cells were 

cultured in DMEM high glucose medium (Viva Cell Bioscience, Shanghai, 

China) containing 10% fetal bovine serum (Procell Life Science and 

Technology) and maintained at 37 °C in a 5% CO2 incubator.

2.2. Cell treatment

When the cell density reached 60%, the cells were incubated in 0, 10, 20, 

50, 100, 200, 500, 1000 μmol/L of Ketamine hydrochloride (Fujian Gutian 

Pharmaceutical Co., Ltd., Gutian, Fujian, P.R. China), 20 μmol/L P38 

pathway inhibitor SB203580, 20 μmol/L ERK pathway inhibitor PD98059, 

20 μmol/L JNK pathway inhibitor SP600125 or 1 μmol/L P-ERK1/2 agonist 

Ro67-7476 (MedChem Express, USA) (Table 1). The detailed treatments 

were shown using the timeline in the following figures and Table 2.

2.3. Animals

The experimental protocol was approved by the Ethics Committee for Animal 

Experiments of China Medical University. Eight-week-old male C57BL/6 mice 

were obtained from Huafukang Bio-Technology, Co, Ltd (Beijing, China) and 
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were housed in a standard laboratory condition (12-hour light/dark cycle, 

22±2 °C, 40–60% humidity) with unrestricted access to food and water. To 

minimize the impact of environmental change on the behavior, the mice 

underwent a minimum acclimation period of one week prior to the start of 

the study.

C57BL/6J-EMX1-Cre+/+ mice (Stock No. C001011) and C57BL/6J-DRD1flox/- (

Quote:CKOAI211013ZQ1-UP) heterozygous recombinant mice were purchas

ed from Cyagen Biosciences Inc, respectively. To delete DRD1 in the cerebr

al cortex and hippocampus23,24, C57BL/6J-DRD1flox/- mice were firstly inter-c

rossed to generate homozygous (C57BL/6J-DRD1flox/ flox) mice. Then, C57BL/

6J-DRD1flox/ flox mice were crossed with C57BL/6J-EMX1-Cre+/+ mice25 to gen

erate mice that are heterozygous for the DRD1 allele and hemizygous/heter

ozygous for EMX1-Cre (EMX1-Cre+/-; DRD1 flox/- mice). Finally, EMX1-Cre+/-; 

DRD1 flox/- mice were crossed with homozygous C57BL/6J-DRD1flox/ flox mice 

to generate targeted EMX1-Cre+/-; DRD1 flox/flox mice (DRD1 cKO mice). The 

genotyping was performed according to the manufacturer’s recommendatio

ns.

2.4. Drug administration

The C57BL/6 Mice were randomly divided into four groups: saline group (NC 

group, negative control, n=15), ketamine group (KET group, n = 15), JNK 

pathway inhibitor + ketamine group (SP600125+KET group, n = 6) and JNK 

pathway inhibitor group (SP600125 group, n = 6). Of these, 11 NC and 11 

KET mice were used as counterparts for the JNK inhibition and DRD1 cKO 
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experiments, whereas the remaining 4 NC and 4 KET mice were subjected to 

hippocampal RNA-seq and ATAC-seq. The cKO mice were randomly divided 

into two groups: EMX1-Cre+/-; DRD1flox/ flox group (cKO-NC group, n = 5), and 

EMX1-Cre+/-; DRD1flox/ flox ketamine group (cKO-KET, n = 5). The mice 

received daily intraperitoneal injections of saline or drugs from 17:00 to 

18:00 for seven days. All drugs were diluted in 0.9% saline. The specifics of 

the drug administration were as follows:

NC group: Mice were injected intraperitoneally with 0.9% NaCl (w/v) 

solution at a volume of 100 μl/10 g, followed by a second injection of the same 

dose 30 minutes later.

KET group: Ketamine hydrochloride was dissolved in saline at a 

concentration of 10 mg/ml. Mice were injected intraperitoneally with 0.9% 

NaCl (w/v) solution at a volume of 100 μ l/10 g. Thirty minutes later, mice 

were injected intraperitoneally at a volume of 100 μl/10 g with a final 

ketamine concentration of 100 mg/kg in the mice. The selection of this 

dosage was according to the previous studies 22,26.

SP600125+KET group: Mice were injected intraperitoneally with SP600125 

(HY-12041, MedChemExpress, NJ, USA) at a concentration of 1.5 mg/ml, at 

an injection volume of 100 μl/10 g. The final concentration of SP600125 in 

the mice was 15 mg/kg. Thirty minutes after the SP600125 injection, the mice 

were injected intraperitoneally with ketamine at a concentration of 10 mg/ml, 

at an injection volume of 100 μl/10 g. The final concentration of ketamine in 

the mice was 100 mg/kg.
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SP600125 group: Mice were injected intraperitoneally with SP600125 at a 

concentration of 1.5 mg/ml, at an injection volume of 100 μl/10 g. The final 

concentration of SP600125 in the mice was 15 mg/kg. Thirty minutes later, 

mice received an additional intraperitoneal injection of 0.9% NaCl (w/v) 

solution at the same volume (100 μl/10 g).

cKO-NC group: Mice were injected intraperitoneally with 0.9% NaCl (w/v) 

solution at a volume of 100 μl/10 g, followed by a second injection of the same 

dose 30 minutes later.

cKO-KET group: Ketamine hydrochloride was dissolved in saline at a concen

tration of 10 mg/ml. Mice were injected intraperitoneally at a volume of 100

 μl/10 g with a final ketamine concentration of 100 mg/kg in the mice. Thirty 

minutes later, mice received an additional intraperitoneal injection of 0.9% 

NaCl (w/v) solution at the same volume (100 μl/10 g).

2.5. Behavioral tests

Behavior was observed after 30 minutes of daily administration. On day 1, 

the mice were acclimated to the open field environment. Their autonomous 

behavior was then evaluated on days 3, 5, and 7. For the Barnes maze test, 

the mice underwent an acclimatization learning phase from days 3 to 7, 

followed by the formal evaluation on day 8. The forced swimming test was 

then conducted six hours after the completion of the Barnes maze evaluation 

on day 8.

2.5.1 Open field test

The open field test was employed to evaluate the autonomous behavior, 
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exploratory behavior, and anxiety levels of mice. This test took place in a 

white wooden box measuring 40 cm × 40 cm × 30 cm, which was divided into 

central and surrounding areas. Prior to the experiment, each mouse was 

given 5 minutes to acclimate to the box. The ALSVision tracking software 

(AniLab Co., Ltd., Ningbo, Zhejiang, P.R. China) was used to record the total 

distance traveled and average speed of the mice during the 10-minute 

experiment. After each mouse finished the experiment, the wooden box was 

cleaned with 15% alcohol to eliminate any residual odor.

2.5.2. Barnes maze test

The Barnes maze experiment was conducted to assess the spatial memory 

abilities of mice. The experiment involved the mice escaping from the center 

of a bright white circular platform (d=92 cm) to a dark box located beneath 

the platform's edge, known as the target box. The experiment consisted of 

two phases: an acclimatization learning phase and a formal experimental 

phase.

In the acclimatization learning phase, the mice were placed in an opaque 

container for 30 seconds to adapt to the dark environment in the middle of 

the platform. After the container was removed, the mice were timed for three 

minutes. If the mice found the target hole within this time frame, they were 

allowed to remain in the hole for 30 seconds. Conversely, if the mice failed to 

locate the target hole within three minutes, they were guided to enter the 

target hole and stay there for 30 seconds.

The formal experimental phase lasted for one day and involved the use of 
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ALSVision tracking software. This software was employed to record the 

trajectory of the mice as well as the time it took for them to reach the target 

hole.

2.5.3. Forced swimming test

The forced swimming test has been utilized as an experimental paradigm for 

evaluating avolition, a key negative symptom of schizophrenia. This test was 

conducted in a cylinder with a diameter of 10 cm and a depth of 22 cm, filled 

with water at a temperature of 20–22°C. Each mouse had a total swimming 

time of 8 minutes, including a 2-minute adaptation period. After the 

adaptation period, the immobility time for each mouse, the absence of active 

struggle with the mouse floating in the water, was recorded using SMART™ 

tracking software (San Diego Instruments, San Diego CA, USA).

2.6. Sample collecting

The cells were collected for western blot analysis or fixed with 4% 

paraformaldehyde for cellular immunofluorescence after 24 hours of drug 

treatment. In animal studies, mice were anesthetized with overdose 

sevoflurane and decapitated on the eighth day after behavioral experiments 

or 30 minutes following the seventh-day injection. The prefrontal cortex (PFC) 

and hippocampus of the mice were harvested. The hippocampus of four mice 

in NC, KET group was used for western blot analysis, RNA sequencing and 

ATAC sequencing, while the the brain tissue of the other mice in each group 

was used for western blot analysis.

Peripheral blood samples from six individuals with schizophrenia and two 
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healthy individuals were collected from the Mental Health Center of Hanting 

District, Weifang City, Shandong Province, P.R. China. Informed consent was 

obtained and the study was approved by the Ethics Committee of Weifang 

Medical College. The patients were diagnosed according to the American 

Diagnostic and Statistical Manual of Mental Disorders (5th edition). All 

individuals with schizophrenia met DSM-5 criteria for schizophrenia. The 

cohort included six individuals (3 males and 3 females; mean age 41.7 ± 3.7 

years) presenting with prominent positive symptoms (e.g., auditory 

hallucinations, persecutory delusions) and negative symptoms (e.g., affective 

flattening, avolition), with a mean illness duration of 12.8 ± 3.6 years. Blood 

samples were collected at admission. Healthy controls included two 

individuals (1 male, 1 female; mean age 41.0 ± 2.8 years) with no personal or 

family history of psychiatric disorders.

2.7. Western blot

The cells were washed twice with sterile PBS to remove the medium. NP40, 

mixed with PMSF (10%, v/v) and phosphatase inhibitors (1%, v/v), was used 

to extract total proteins from the cells and mice. The protein was quantified 

using the bicinchoninic acid (BCA) method. Subsequently, the proteins were 

denatured at 100°C for 5 minutes, separated by SDS-PAGE gel 

electrophoresis, and transferred to a PVDF membrane using wet transfer at 

100V for 1 hour. Following a 3-hour incubation at room temperature with 8% 

skim milk for blocking, the membranes were incubated overnight at 4°C with 

the primary antibody at a proper dilution (Table 3). After three washes with 
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TBST, the blots were incubated for 2 h with secondary antibody (1:5000, goat 

anti-rabbit, cat. #A21020, Abbkine, CA, USA; 1:5000, goat anti-mouse, cat. 

#A21010, Abbkine). The target proteins were detected using an ECL 

luminescent solution and the Tanon-5500 chemiluminescence imaging 

analysis system (Tanon, Shanghai, China). The target protein levels of each 

sample were quantified from the grayscale value using ImageJ software.

2.8. Immunofluorescence

The detail was presented in supplementary material.

2.9. RNA-seq

The detail was presented in supplementary material.

2.10. ATAC-seq

The detail was presented in supplementary material.

2.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism (Ver. 8.0.1). 

Behavioral test, western blot, and immunofluorescence data are presented as 

the mean ±  standard error of the mean (SEM). A value of P < 0.05 was 

considered statistically significant.

For single-factor experiments involving comparisons with a normalized 

control value (e.g., k ketamine concentration gradients or single 

pharmacological treatments in HT22 cells, where the control was set to 1), 

one-sample t‑test was used to determine whether each treatment group mean 

significantly differed from the theoretical value of 1. This approach was 

chosen because each gel contained only one NC control, making one-way 
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ANOVA with post hoc comparisons inappropriate. Effect sizes (Cohen’s d) and 

degrees of freedom are reported in Supplementary statistical data table. For 

experiments involving two independent variables (e.g., ketamine × 

pharmacological inhibitor treatment), two-way ANOVA followed by Sidak's 

multiple comparisons test was applied. For behavioral assays involving 

repeated measurements across time, repeated-measures two-way ANOVA 

followed by Sidak's multiple comparisons test was used.

For immunofluorescence analyses involving multiple groups (eight groups in 

total), statistical comparisons were performed using one-way ANOVA 

followed by Tukey's multiple comparisons test.

All statistical data are presented in the Supplementary statistical data table.

3. Results

3.1. Transcriptomic profiling identifies MAPK signaling as a potential 

regulator associated with schizophrenia

To explore molecular pathways potentially associated with schizophrenia, we 

first performed RNA-seq using peripheral blood samples from six individuals 

with schizophrenia and two healthy controls. Differential expression analysis 

revealed that the altered genes were significantly enriched in the MAPK and 

PI3K–Akt signaling pathways (Figure 1a, Figure S1). These findings 

highlighted MAPK signaling as a potentially important regulatory pathway in 

schizophrenia-related molecular changes. Guided by this result, we 

subsequently investigated whether ketamine-induced molecular alterations 

in our experimental model involved components of the MAPK pathway.
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3.2. Ketamine activates JNK signaling and induces histone H3 Ser10 

phosphorylation in HT22 cells

To determine whether ketamine modulates MAPK signaling in neuronal cells, 

HT22 cells were exposed to increasing concentrations of ketamine for 24 

hours. Western blot analysis showed a dose-dependent elevation of p-

JNK/JNK and p-H3(Ser10)/H3, with phosphorylation of H3 (Ser10) peaking at 

200 μ M ketamine (Figure 1b–1d). In contrast, p-ERK/ERK levels 

progressively decreased, while p-P38/P38 exhibited only a slight increase. 

These results indicate that ketamine preferentially activates the JNK pathway 

and enhances H3 Ser10 phosphorylation, a chromatin mark associated with 

rapid transcriptional activation.

3.3. Pharmacological dissection identifies JNK as the critical mediator 

of ketamine-induced H3 Ser10 phosphorylation

To further clarify the contribution of each MAPK subpathway, HT22 cells 

were pre-treated with specific inhibitors or agonists. The JNK inhibitor 

SP600125 significantly reduced the p-H3(Ser10)/H3 ratio despite a 

compensatory decrease in total JNK that elevated the p-JNK/JNK ratio (Figure 

S2b–c). The ERK inhibitor PD98059 enhanced p-H3(Ser10)/H3, mimicking 

ketamine’s effect. The P38 inhibitor SB203580 increased p-JNK/JNK and p-

H3(Ser10)/H3 without altering P38 phosphorylation (Figure S2b–c). Because 

ERK inhibition unexpectedly increased H3S10 phosphorylation, an ERK 

agonist (Ro67-7476) was used for confirmation. ERK activation failed to block 

ketamine ’ s effect on H3S10 phosphorylation, whereas SP600125 robustly 
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attenuated it (Figure 1e–k). Immunofluorescence further confirmed a 

significant reduction in ketamine-induced p-H3(Ser10) signals following JNK 

inhibition (Figure 2a–b).

These findings suggest that JNK activation is a major upstream regulator 

contributing to ketamine-induced H3S10 phosphorylation.

3.4. JNK inhibition attenuates ketamine-induced psychosis-like 

behaviors in mice

To examine whether JNK signaling contributes to ketamine-induced 

behavioral abnormalities, mice were treated with SP600125 and ketamine for 

seven days. In open field test, ketamine markedly increased total moving 

distance, movement duration, and center-zone exploration on days1, 3, 5, and 

7. SP600125 co-administration significantly reversed these hyperlocomotive 

and excitatory behaviors (Figure 3b–c). Ketamine impaired spatial learning 

and memory in Barnes maze, as reflected by longer latency and more errors 

before locating the target hole. SP600125 significantly ameliorated these 

deficits, whereas SP600125 alone slightly improved performance relative to 

controls (Figure 3d–e). No significant differences were observed among the 

groups in forced swimming test (Figure S2e). Together, these results indicate 

that JNK inhibition robustly mitigates ketamine-induced locomotor 

hyperactivity and cognitive impairment, supporting an association between 

JNK–H3S10 signaling and psychosis-like behavioral alterations.

3.5. JNK pathway inhibition reduces H3 Ser10 phosphorylation and 

downstream transcription factor activation in the hippocampus
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To connect behavioral changes with molecular alterations in the brain, 

protein levels were analyzed in the PFC and hippocampus on day 8. Although 

ketamine induced a nonsignificant upward trend of p-H3(Ser10)/H3 in the 

PFC, SP600125 markedly reduced p-H3(Ser10)/H3 in both brain regions 

(Figure 3f–h). Notably, SP600125 also decreased phosphorylation of c-Jun 

and ATF-2 in hippocampus, two major transcription factors downstream of 

JNK. The increase of p-MKK4, an upstream kinase of JNK, further confirmed 

pathway involvement in hippocampus.

Given the transient nature of histone phosphorylation, the modest effect in 

the hippocampus at day 8 likely reflects a missed detection window. To 

capture early responses, hippocampal tissue was collected 30 minutes after 

ketamine injection on day 7 under the same dosage and schedule. Ketamine 

significantly increased the p-H3(Ser10)/H3 ratio compared to the control 

group (Figure 3i), indicating rapid induction of hippocampal H3S10 

phosphorylation. This effect was blocked by the JNK inhibitor SP600125 

(Figure 3f–h), suggesting that ketamine-induced H3S10 phosphorylation is 

mediated by JNK signaling.

3.6. Early hippocampal transcriptomic and chromatin changes after 

ketamine

RNA-seq was performed on hippocampal tissue collected 30 minutes after the 

final ketamine injection (100 mg/kg, i.p., Day 7; Figure 4a). Differentially 

expressed genes (DEGs) were defined by |fold change| ≥ 1.5 and P < 0.05, 

yielding 262 DEGs (68 upregulated, 194 downregulated) in the KET group 
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relative to NC controls (Figure 4b–c, Table S1). The predominance of 

downregulated genes suggests that acute ketamine exposure broadly 

suppresses hippocampal transcriptional activity at this early timepoint. KEGG 

enrichment analysis of all DEGs highlighted pathways involved in neuroactive 

ligand–receptor interaction, PI3K-Akt signaling, MAPK signaling, axon 

guidance, and Alzheimer's disease (Figure 4d, Table S2), consistent with 

ketamine's known actions on glutamatergic and dopaminergic 

neurotransmission and its activation of MAPK cascades demonstrated in the 

preceding experiments. GO molecular function enrichment further identified 

protein serine/threonine kinase activator activity as a significantly enriched 

term (Figure S4a), and protein–protein interaction network analysis 

identified MAP3K9 as a hub node among DEGs (Figure S4b).

Given that H3S10 phosphorylation promotes chromatin remodeling and 

accessibility during interphase, we performed ATAC-seq on the same 

hippocampal samples to profile ketamine-induced chromatin accessibility 

changes. DARs were identified using fold change ≥  2 and FDR ≤  0.05 as 

thresholds, yielding 165 DARs (Figure 5a, Table S3). Genomic annotation 

revealed that 60.98% of DARs were located in distal intergenic regions, with 

approximately 10% mapping to promoter-proximal regions (≤ 3 kb from TSS; 

Figure 5b). KEGG and GO enrichment analyses of genes associated with 

promoter-proximal DARs highlighted nitrogen metabolism, zinc ion binding, 

and ATP binding (Figure 5c–d). Motif enrichment analysis of promoter-

associated DARs using MEME-CHIP (P < 0.05) identified CTCF, CTCFL, and 
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ABI4 as the most significantly enriched transcription factor binding motifs 

(Figure 5e). CTCF motif was associated with DARs annotated to Blcap, Xkr5, 

Rad51b, and Adgb (Figure 5f).

Circos visualization of paired RNA-seq and ATAC-seq data demonstrated a 

general correspondence between regions of increased chromatin 

accessibility and higher gene expression at the chromosomal level (Figure 

S4c). The nine-quadrant plot showed that the majority of DAR-associated 

genes did not reach DEG thresholds at this 30-minute timepoint (Figure S4d). 

Venn diagram analysis identified SP9 and ACE2 as transcription factors 

present in both the promoter-associated DAR motif enrichment results and 

the DEG list (Figure S4e).

3.7. Cortical DRD1 deletion modulates ketamine responses

To explore upstream modulators of JNK–H3S10P signaling, EXM1-Cre⁺/⁻; 

DRD1^flox/flox mice with cortical excitatory neuron-specific DRD1 deletion 

were generated. Behaviorally, DRD1 deletion alone increased locomotor 

activity and Barnes maze latency, while ketamine exposure in cKO mice 

partially reversed these effects. Molecularly, cKO mice displayed elevated 

basal p-MKK4, p-P38/P38, and p-H3(Ser10), and ketamine partially reduced 

these levels without affecting p-c-Jun (Figure S3). These findings suggest that 

DRD1 may modulate the baseline state of JNK–H3S10P signaling and 

ketamine responsiveness, rather than serving as a direct upstream driver of 

this pathway, providing a potential upstream regulatory influence.

4. Discussion
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In this study, we provide evidence that ketamine preferentially activates the 

JNK pathway in hippocampal neurons, leading to rapid phosphorylation of 

histone H3 at Ser10 (H3S10ph). RNA-seq analysis of peripheral blood from 

patients with schizophrenia suggested enrichment of MAPK signaling, which 

guided our mechanistic exploration. Consistently, in HT22 cells, ketamine 

induced a dose-dependent increase in p-JNK and H3S10ph, with maximal 

H3S10 phosphorylation observed at 200 μM. Pharmacological inhibition with 

SP600125 fully reversed ketamine-induced H3S10ph, supporting JNK as a 

major upstream regulator contributing to this epigenetic modification. 

Similarly, in mice, JNK inhibition attenuated ketamine-induced H3S10ph in 

both the hippocampus and prefrontal cortex, demonstrating the in vivo 

relevance of this mechanism. Importantly, independent studies have reported 

alterations in MAPK signaling, including dysregulated JNK-related kinase 

activity in postmortem prefrontal cortex and increased histone H3 Ser10 

phosphorylation in peripheral blood cells of individuals with schizophrenia, 

indicating that both components of this signaling cascade are individually 

affected in the clinical condition21,27.

Although our initial dataset was derived from a small cohort of patients with 

schizophrenia and cannot be generalized, the enrichment of MAPK signaling 

is noteworthy. Importantly, this observation converges with larger-scale 

transcriptomic studies28 reporting dysregulation of MAPK-related gene 

networks in schizophrenia, which guided our mechanistic exploration despite 

the limited sample size. The differences in transcriptomic profiles between 
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patients with schizophrenia and ketamine-treated mice likely reflect 

differences in disease chronicity, experimental paradigm, tissue origin, and 

species29,30.

In vitro, exposure of HT22 cells to increasing concentrations of ketamine (0–

1000 μM, 24 h) resulted in dose-dependent increases in both JNK and 

H3S10ph, with H3S10ph peaking at 200 μM. This concentration was 

therefore selected for subsequent in vitro experiments. Notably, the JNK 

inhibitor SP600125 fully reversed ketamine-induced H3S10ph in HT22 cells, 

an effect that was similarly observed in mouse models, further supporting a 

JNK-dependent contribution to H3S10 phosphorylation. The previous studies 

similarly reported increased H3S10ph at c-fos and c-jun promoters in 

formaldehyde-treated lung adenocarcinoma cells through JNK pathway31. In 

addition to formaldehyde, JNK-mediated H3S10ph can also be observed 

following exposure to carcinogenic stimuli such as cigarette smoke and 

arsenite32,33. JNK has also been shown to promote G2/M entry via H3S10ph, 

with SP600125 blocking this modification and inhibiting cell cycle 

progression34. Together, these findings suggest that ketamine-induced 

H3S10ph is JNK-dependent, highlighting JNK ’ s central role in neuronal 

signaling, epigenetic regulation, and potential pharmacological effects.

Studies have also demonstrated that ketamine and esketamine modulate 

MAPK signaling in a context-dependent manner. For example, esketamine 

improves postoperative cognitive dysfunction through the TLR4/MyD88/p38 

pathway and reduces neuronal apoptosis via p38 inhibition, whereas 
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ketamine has also been shown to downregulate p38 signaling and 

proinflammatory cytokines 35–37. Likewise, in the ERK cascade, ketamine 

upregulates DRD1-ERK-c-Fos signaling in the nucleus accumbens and alters 

MEK/ERK activation during hypnosis and neuroplasticity 38,39. In the JNK 

pathway, ketamine attenuates spinal astrocytic activation in pain models40 

but can also enhance autophagy and ER stress via IRE1-TRAF2-ASK1-JNK 

signaling41. Collectively, these findings highlight that ketamine exerts 

nuanced and bidirectional regulation of MAPK signaling, with outcomes 

determined by tissue type, brain region, and dose.

The results of the open field and Barnes maze tests indicate that ketamine 

induces hyperlocomotion and impairs spatial learning and memory in mice, 

effects that are significantly attenuated by JNK inhibition, supporting an 

association between JNK signaling and ketamine-induced hyperactivity and 

cognitive impairment. Studies by Inoue et al. 42 and Sherrin et al. 43, 

employing C. elegans and mouse models, demonstrated that JNK deficiency 

enhances memory. Moreover, a 2018 study44 reported that mice with JIP1-

mediated impairment of JNK activation displayed enhanced performance in 

hippocampus-dependent tasks, including contextual fear conditioning and 

the Morris water maze. Collectively, these findings support the concept that 

JNK signaling acts as a negative regulator of learning and memory, consistent 

with our observation that JNK inhibition attenuates ketamine-induced 

cognitive deficits in mice. Beyond cognitive effects, additional studies45 have 

shown that systemic administration of JNK antagonists reduces exploratory 
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behavior in the open field in both acute stress–exposed and healthy mice, 

indicating that JNK also modulates anxiety-related and locomotor behaviors. 

Taken together, these results suggest that JNK plays a multifaceted role in 

the central nervous system, integrating regulatory effects on learning, 

memory, and general behavioral responses.

Our research findings present several phenomena that merit detailed 

discussion. Notably, an increase in H3S10ph was observed in HT22 

hippocampal neuron cells of mice exposed to high doses of ketamine, whereas 

this phosphorylation elevation was not detected in the PFC and hippocampus. 

Although direct evidence elucidating the cause of this discrepancy remains 

elusive, the previous studies provide indirect evidence that may explain this 

phenomenon 46. The H3S10ph reached its peak at one hour after treatment 

and returned to baseline within three hours post-induction. In our study, the 

behavioral tests after ketamine administration may inadvertently overlook 

the peak phosphorylation period, resulting in observations of phosphorylation 

levels reverting to baseline. Consequently, we excluded the behavioral 

experiments prior to RNA-seq and conducted protein detection 30 minutes 

after injection on Day 7 and we observed an elevation in H3S10ph.

Additionally, we observed a reduction in ERK phosphorylation levels in HT22 

cells following ketamine treatment, while ERK phosphorylation levels were 

elevated in the PFC and hippocampus of mice following ketamine injection. 

Previous research has confirmed the elevation in ERK phosphorylation within 

the nucleus accumbens in rats after ketamine administration. Ketamine may 
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induce DRD1 activation, thereby augmenting ERK phosphorylation 39. Yet 

another investigation showed that DRD1 antagonists increased hippocampal 

ERK phosphorylation in morphine-addicted rats47. This discrepancy may be 

ascribed to ketamine's differential regulation of ERK phosphorylation across 

various cell types and brain regions, reflecting its multifaceted 

neurophysiological effects.

H3S10ph is a rapid, stimulus-coupled nucleosomal mark that facilitates 

chromatin remodeling and immediate-early gene transcription48–50. To 

determine whether ketamine-induced JNK–H3S10ph activation is 

accompanied by corresponding epigenomic and transcriptional changes, we 

performed paired ATAC-seq and RNA-seq at the established peak of H3S10ph 

elevation (30 minutes post-ketamine). At the transcriptome level, enrichment 

of MAPK signaling and serine/threonine kinase activator activity among DEGs, 

together with MAP3K9 emerging as a network hub, provides independent 

transcriptome-level support for JNK pathway activation, corroborating the 

protein-level findings reported above.

At the chromatin level, the predominant localization of DARs to distal 

intergenic regions rather than gene promoters, combined with enrichment of 

CTCF and CTCFL motifs in promoter-proximal DARs, suggests that ketamine-

induced chromatin remodeling preferentially reorganizes three-dimensional 

chromatin architecture via CTCF-mediated enhancer–promoter looping 

rather than directly opening gene promoters51. The limited DAR–DEG overlap 

at 30 minutes is consistent with a temporal hierarchy in which enhancer 
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accessibility precedes steady-state transcriptional changes52, and supports 

an enhancer-priming interpretation rather than a disconnect between 

chromatin and transcriptional responses. The co-identification of SP9 and 

ACE2 at both the chromatin accessibility and transcriptional levels nominates 

them as candidate factors bridging early epigenetic remodeling to 

downstream gene expression, though their functional roles require direct 

experimental validation. Collectively, these multi-omics findings are 

consistent with a model in which JNK-mediated H3S10ph preferentially 

remodels distal regulatory elements to prime transcriptional programs, with 

full transcriptional consequences likely extending beyond the 30-minute 

window examined here. Direct causality between H3S10ph, chromatin 

remodeling, and behavioral outcomes remains to be established; targeted 

ChIP-seq for H3S10ph, time-course ATAC-seq, and cell-type-resolved single-

cell approaches are warranted to address this.

To explore upstream regulation, we examined EXM1-Cre⁺/⁻;DRD1^flox/flox 

mice with cortical excitatory neuron-specific DRD1 deletion. DRD1 knockout 

increased basal p-H3S10ph in both hippocampus and PFC, yet did not 

consistently alter JNK activation, and ketamine-induced H3S10ph persisted 

in cKO mice. These results indicate that DRD1 may modulate baseline 

phosphorylation levels but does not directly mediate ketamine-induced JNK–

H3S10ph signaling, suggesting a modulatory rather than causal upstream 

role. Notably, ketamine produced opposing behavioral and molecular effects 

in cKO mice relative to NC controls, including improved spatial learning and 
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attenuated H3S10ph, suggesting that the behavioral consequences of 

ketamine are sensitive to the integrity of DRD1-dependent dopaminergic 

signaling. This contrasting phenotype may reflect compensatory shifts in 

circuit-level responses following DRD1 deletion, potentially involving altered 

balance between dopaminergic and glutamatergic transmission53, though the 

precise mechanistic basis remains to be established. Interestingly, trends in 

p-P38 parallel H3S10ph changes, suggesting a potential modulatory role for 

other MAPK branches that warrants further investigation.

There are still several limitations. Initially, despite the utilization of blood 

samples from individuals with schizophrenia, in vitro cell models, and animal 

models, each approach possesses inherent limitations. For instance, HT22 

cell lines and C57 mouse models may not accurately replicate the complexity 

of human schizophrenia. Particularly for behavioral phenotypes involving 

extensive neural network and environmental interactions, the applicability of 

these models is constrained. In behavioral tests, ketamine-induced models 

exhibited increased locomotor activity and impaired learning and memory, 

but these reflect psychotic-like behavioral alterations rather than a disease 

state. Therefore, the repeated ketamine administration paradigm is widely 

used to model schizophrenia-related psychotic-like behaviors, but it does not 

constitute a disease model of schizophrenia itself. In addition, although JNK 

inhibition alleviated ketamine-induced behavioral and molecular alterations, 

the absence of complementary JNK activation experiments limits our ability 

to establish causality and pathway sufficiency. Moreover, additional 
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pharmacological modulators used in vitro were not evaluated in vivo, which 

may have provided further resolution for distinguishing pathway-specific 

contributions to ketamine-induced behavioral phenotypes. Through 

transcriptome sequencing and chromatin open reading frame sequencing, 

the purpose of this study was to reveal the changes of gene expression caused 

by ketamine. However, it is not entirely clear whether these changes directly 

lead to the behavior of schizophrenia, or whether there are other 

intermediary mechanisms. The mechanism needs to be further revealed in 

the future. The present multi-omics analyses are mainly correlative and lack 

cell-type and temporal resolution to define precise regulatory mechanisms. 

Future studies using single-cell and time-resolved approaches are needed to 

further clarify the downstream network underlying ketamine-induced effects.

5. Conclusion

In conclusion, this study demonstrates that ketamine preferentially activates 

the JNK signaling pathway, leading to rapid phosphorylation of histone H3 at 

Ser10 in neuronal cells and in the mouse hippocampus. Pharmacological 

inhibition of JNK effectively attenuated ketamine-induced hyperlocomotion 

and cognitive impairment, supporting a functional contribution of JNK-

dependent chromatin modification to psychotic-like behavioral alterations. 

Early hippocampal multi-omics profiling further revealed coordinated 

changes in gene expression and chromatin accessibility, particularly at distal 

regulatory elements enriched for MAPK signaling, neuroactive ligand–

receptor interactions, and synaptic function, with CTCF emerging as a 
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potential regulatory factor. Although causality between H3S10ph, chromatin 

remodeling, and transcriptional outcomes requires further validation, our 

findings establish JNK-mediated histone phosphorylation as a mechanistic 

link between intracellular signaling responses and ketamine-induced 

molecular and behavioral phenotypes. Together, this work provides an 

integrated epigenetic framework for understanding ketamine ’ s 

neuropsychiatric effects and highlights JNK-H3S10ph signaling as a 

promising target for future mechanistic and therapeutic investigations in 

psychotic-like behavioral alterations.
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Table 1. HT22 cells treatment and grouping.

Group 1 2 3 4 5 6 7 8 9 1
0

1
1

1
2

1
3

1
4

1
5

Saline + + + + + + + + + + + + + + +

Ketamine (10 μmol/L) - + - - - - - - - - - - - - -

Ketamine (20 μmol/L) - - + - - - - - - - - - - - -

Ketamine (50 μmol/L) - - - + - - - - - - - - - - -
Ketamine (100 
μmol/L)

- - - - + - - - - - - - - - -
Ketamine (200 
μmol/L)

- - - - - + - - - - - + + + -
Ketamine (500 
μmol/L)

- - - - - - + - - - - - - - -
Ketamine (1000 
μmol/L)

- - - - - - - + - - - - - - -
P38 pathway inhibito
r 
SB203580 (20 μmol/L
) 

- - - - - - - - + - - + - - -

ERK pathway inhibito
r 
PD98059 (20 μmol/L)

- - - - - - - - - + - - - - -

JNK pathway inhibito
r 
SP600125 (20 μmol/L
)

- - - - - - - - - - + - + - -

P-ERK1/2 agonist 
Ro67-7476 (1 μmol/L)

- - - - - - - - - - - - - + +
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Table 2. The list of bioactive molecules used in cells and mice.

Bioactive molecule Cat. #       
Company Concentration

P38 pathway inhibitor 
SB203580

HY-
10256 MCE 20 μmol/L for 

cells
ERK pathway inhibitor 

PD98059
HY-

12028 MCE 20 μmol/L for 
cells

P-ERK1/2 agonist Ro67-
7476

HY-
100403 MCE 1 μmol/L for 

cells

JNK pathway inhibitor 
SP600125

HY-
12041 MCE

20 μmol/L for 
cells

15 mg/kg for 
mice
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Table 3. Antibody list

Maker Cat. #  Company    Dilution 
ratio Host

Histone-H3 17168-1-
AP Proteintech 1:2000 rabbit

p-Ser10 Histone-H3 3377S CST
   1:1000 

1

 1:200 2
rabbit

JNK sc-7345 Santa Cruz 1:500 mouse
p-JNK (Thr 183 and Tyr 

185) sc-6254 Santa Cruz 1:500 mouse

ERK sc-
514302 Santa Cruz 1:500 mouse

p-ERK (Tyr 204) sc-7383 Santa Cruz 1:500 mouse
P38 sc-7972 Santa Cruz 1:500 mouse

p-P38 (t Tyr 182) sc-7973 Santa Cruz 1:500 mouse
p-SEK1/MKK4 (Ser257) #4514 CST 1:1000 rabbit

p-c-Jun (Ser63) #2361 CST 1:1000 rabbit
p-ATF-2 (Thr71)/ATF-7 

(Thr53) #15411 CST 1:1000 rabbit

β-actin TA-09 ZSGB-BIO 1:2000 mouse
β-Tubulin TA-10 ZSGB-BIO 1:3000 mouse

1: Dilution ratio for western blot
2: Dilution ratio for immunofluorescence
Figure 1. Protein levels of HT22 cells after treatments with eight different 

concentrations of ketamine and inhibitors/agonist for 24 hours

a. Classification and annotation of environmental information process pathways 

generated by comparing differentially expressed genes (DEGs) of patients with 

schizophrenia via KEGG database. b. Timeline of HT22 cells exposed to different 

concentrations of ketamine ranged from 0μmol/L to 1000μmol/L. c-d. Protein levels of p-

JNK, JNK, p-ERK, ERK, p-P38, P38, p-H3 (Ser10) and Histone H3 of HT22 cells (n = 5). 

Western blot data were normalized to the NC group (0 μmol/L ketamine), and statistical 

comparisons were performed using one‑sample t‑test against the theoretical normalized 

value of 1. e. Timeline of ketamine and inhibitors/agonist treatments. f-g. P-H3 (Ser10), 

Histone H3, p-P38 and P38 protein levels of HT22 cells after the treatment of saline, 
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200μmol/L ketamine, 20μmol/L P38 pathway inhibitor SB203580+200μmol/L ketamine 

and 20μmol/L SB203580 (n = 4). h-i. P-H3 (Ser10), Histone H3, p-ERK and ERK protein 

levels of HT22 cells under the treatment of saline, 200μmol/L ketamine, 1μmol/L p-

ERK1/2 agonist Ro-67-7476+200μmol/L ketamine and 1μmol/L Ro-67-7476 (n = 3). j-k. 

P-H3 (Ser10), Histone H3, p-JNK and JNK protein levels of HT22 cells under the 

treatment of saline, 200μmol/L ketamine, 20μmol/L JNK pathway inhibitor 

SP600125+200μmol/L and 20μmol/L SP600125 (n = 4). Western blot data in f-k were 

normalized to the NC (saline) group, and statistical comparisons were performed using 

two-way ANOVA followed by Sidak's multiple comparisons test. Data were presented as 

the mean ± standard deviation. The significance of differences compared to the NC 

group data was indicated by "*" (*p < 0.05, **p < 0.01, ***p < 0.001) and the significance 

of differences compared to the KET group data was indicated by "#" (#p < 0.05, ##p < 

0.01, ###p < 0.001).
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Figure 2. Immunofluorescence analysis of p-H3 (Ser10) in HT22 cells

a-b. Immunofluorescence of p-H3 (Ser10) of HT22 cells after treatments with saline, 

200μmol/L ketamine, 20μmol/L SB203580+200μmol/L ketamine, 20μmol/L SB203580, 

1μmol/L Ro67-7476+ketamine, 1μmol/L Ro67-7476, 20μmol/L SP600125+ketamine and 

20μmol/L SP600125 for 24 hours (n = 12 independent samples per group). Data were 

presented as the mean ± standard deviation. Statistical comparisons among the eight 
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groups were performed using one-way ANOVA followed by Tukey's multiple comparisons 

test. The significance of differences compared to the NC group data was indicated by 

"*" (*p < 0.05, **p < 0.01, ***p < 0.001) and the significance of differences compared to 

the KET group data was indicated by "#" (#p < 0.05, ##p < 0.01, ###p < 0.001).
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Figure 3. Behavioral tests and protein levels in the PFC and hippocampus of mice for 

the NC, KET, SP600125+KET and SP600125 groups

a. Timeline of intraperitoneal drug injection, behavioral tests and tissue collecting. b. 
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Left: path diagrams for the open field tests of the four groups. Right: hot point map 

displaying the movement speed of mice from the four groups. c. Total distances, moving 

duration and central zone crossing times in the open field tests for the four groups (n = 

6). Statistical analyses of the open field test data were performed using repeated-

measures two-way ANOVA followed by Sidak's multiple comparisons test. d. Path 

diagrams for the Barnes maze tests of the four groups. e. Toal distances traveled, latency 

and number of error holes before the mice into the target hole in Barnes maze. Statistical 

analyses of the Barnes maze test data were performed using two-way ANOVA followed 

by Sidak's multiple comparisons test (n = 6). f-h. P-H3 (Ser10), H3, p-JNK, JNK, p-MKK4, 

p-ATF2 and p-c-Jun protein levels in the PFC and hippocampus of mice for the four 

groups (n = 6). Statistical analyses were performed using two-way ANOVA followed by 

Sidak's multiple comparisons test. i. P-H3 (Ser10) and H3 protein levels in the 

hippocampus from both the NC and KET groups of mice 30 mins post-injection (n = 3), 

and statistical comparisons were performed using unpaired (independent) two-tailed t-

test. All western blot data were normalized to the NC group and data were presented as 

the mean ± standard deviation. The significance of differences compared to the NC 

group data was indicated by the symbol "*" (*p < 0.05, **p < 0.01, ***p < 0.001) and the 

significance of differences compared to the KET group data was indicated by the symbol 

"#" (#p < 0.05, ##p < 0.01, ###p < 0.001).
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Figure 4. Analysis of RNA-seq of hippocampal tissue from NC and KET groups of mice 

(n = 4)

a. Timeline of intraperitoneal drug injection, tissue collecting, RNA-seq and ATAC-seq. 

b. Left: the number of differentially expressed genes (DEGs) between NC group and KET 

group (A vs B) (selection criteria of DEGs: |Fold Change|≥1.5 and P value < 0.05) Right: 

DEGs volcano plot c. Hierarchical cluster analysis heat map of DEGs across all samples. 

d. KEGG pathway classification map of DEGs
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Figure 5. Analysis of ATAC-Seq of hippocampal tissue from NC and KET groups of mice

a. Volcano plot of differentially accessible regions (DARs) between NC and KET groups 

(A vs B), with selection criteria: |Fold Change| ≥ 2, FDR < 0.05 b. Annotation 

classification plot of differentially accessible peak regions c. KEGG pathway enrichment 

scatter plot for genes associated with differential peaks in the promoter region d. GO 

enrichment plot for genes associated with differential peaks in the promoter region 
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(Molecular Function) e. Enrichment bubble plot comparing motifs from all samples to 

known transcription factors in the database. Significantly enriched motifs were 

identified using MEME-CHIP with a threshold of P < 0.05. f. Above: motif annotation of 

differential peaks below: annotated motifs and their associated target genes

Figure S1. RNA-seq of peripherical blood of healthy individuals and patients with 

schizophrenia

a. The number of DEGs between healthy individuals and patients with schizophrenia (NC 
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vs SCZ, selection criteria of DEGs: |Fold Change|≥1.5 and P value < 0.01) b. Volcano 

map of differential expression between NC vs SCZ c. Hierarchical cluster analysis heat 

map of DEGs d. Classification and annotation of environmental information pathways 

based on DEGs comparison between NC and SCZ in the KEGG database e. Interaction 

network of MAPK pathway-related gene homologues proteins and related proteins
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Figure S2. The results of HT22 pre-experiment and other data of mouse behavioral tests

a. Timeline of HT22 cells exposed to ketamine, SB203580, PD98059 and SP600125 

treatments. b-c. Protein levels of p-JNK, JNK, p-ERK, ERK, p-P38, P38, p-H3 (Ser10) and 

Histone H3 of HT22 cells for saline, ketamine, SB203580, PD98059 and SP600125 

groups (n = 4). Western blot data were normalized to the NC group, and statistical 

comparisons were performed using one‑sample t‑test against the theoretical normalized 

value of 1. d. Center zone moving duration percents and center zone moving distance 

percents in the open field tests of the mice for NC, KET, SP600125+KET and SP600125 

groups e. Resting time in forced swim tests of the mice for NC, KET, SP600125+KET 

and SP600125 groups. f. Center zone moving distance percents of the mice for the NC, 

KET, cKO-NC and cKO-KET groups. Statistical analyses of the open field test data were 

performed using repeated-measures two-way ANOVA, while the Barnes maze and forced 

swim test data were analyzed using two-way ANOVA, both followed by Šídák's multiple 

comparisons test. Data were presented as the mean ± standard deviation. The 

significance of differences compared to the NC group data was indicated by the symbol 

"*" (*p < 0.05, **p < 0.01, ***p < 0.001) and the significance of differences compared to 

the KET group data was indicated by the symbol "#" (#p < 0.05, ##p < 0.01, ###p < 

0.001).
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Figure S3. Behavioral tests and protein levels in the PFC and hippocampus of mice for 

the NC, KET, cKO-NC and cKO-KET groups

a. Timeline of intraperitoneal drug injection, behavioral tests and tissue collecting. b. 

Left: path diagrams for the open field tests of the four groups. Right: hot point map 

displaying the movement speed of mice from the four groups. c. Total distances, moving 

duration center zone moving duration percentage and central zone crossing times in the 

open field tests for the four groups (n= 5). Statistical analyses of the open field test data 

were performed using repeated-measures two-way ANOVA followed by Sidak's multiple 

comparisons test. d. Path diagrams for the Barnes maze tests of the four groups. e. Toal 

distances traveled and latency before the mice into the target hole in Barnes maze (n= 
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5). f. The resting time in the forced swim tests of the four groups (n= 5). Statistical 

analyses of the Barnes maze and forced swim test data were performed using two-way 

ANOVA followed by Sidak's multiple comparisons test. g-i. p-JNK, JNK, p-MKK4, p-ATF2, 

p-c-Jun, p-ERK, ERK, p-P38, P38, P-H3 (Ser10) and H3 protein levels in the PFC and 

hippocampus of mice for the four groups (n= 3). Statistical analyses were performed 

using two-way ANOVA followed by Sidak's multiple comparisons test. Data were 

presented as the mean ± standard deviation. The significance of differences compared 

to the NC group data was indicated by the symbol "*" (*p < 0.05, **p < 0.01, ***p < 

0.001) and the significance of differences compared to the KET group data was indicated 

by the symbol "#" (#p < 0.05, ##p < 0.01, ###p < 0.001).
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Figure S4. Additional analysis of RNA-seq and RNA-ATAC combined analysis

a. GO enrichment bubble plot of DEGs (molecular function) b. Protein-protein interaction 

network of DEGs c. Circos plot of ATAC-Seq signal and gene expression data at the 

chromosomal level. d. Nine-quadrant plot categorizing genes related to differentially 

accessible regions and differentially expressed genes. e. Venn diagram illustrating 

overlapping transcription factors enriched in the promoter regions of differentially 
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opened regions and differentially expressed genes
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