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N E U R O S C I E N C E

Hippocampal Zkscan4 confers resilience to chronic 
stress–induced depression-like behaviors
Kai Gao1,2, Yang Yang1, Xiaoxuan Sun1, Jinxin Wang3, Xiaqin Sun1, Tianlan Lu1, Lifang Wang1,  
Ming Li4, Weihua Yue1,5, Hesheng Liu2, Dai Zhang1,2, Jun Li1*

Major depression is a prevalent and devastating psychiatric disorder. However, our understanding of the underly-
ing molecular mechanisms is limited. Here, we found reduced expression of zinc finger protein with Krüppel-
associated box and SCAN domains 4 (Zkscan4) in the hippocampi of patients with major depressive disorder and 
stress-susceptible mice. Zkscan4 disruption (Zkscan4−/−) was sufficient to induce depression-like behaviors fol-
lowing subthreshold social stress. Zkscan4 regulated excitatory synaptic transmission mainly through direct inter-
action with the Htr2a promoter and the recruitment of glucocorticoid receptors for the transcriptional repression 
of 5-hydroxytryptamine receptor 2a (Htr2a). Reduced excitatory synaptic transmission in the hippocampus and 
stress susceptibility in Zkscan4−/− mice were restored by pharmacological inhibition, genetic knockdown of Htr2a, 
or overexpression of the amino-terminal SCAN domain of Zkscan4 (Zkscan41–133) in cornus ammonis region 3. Our 
findings demonstrate an essential role of Zkscan4 in promoting stress resilience, suggesting a potential antide-
pressant effect of Zkscan41–133.

INTRODUCTION
Major depression (MD), a common mental illness and a leading 
cause of disability worldwide, is characterized by depressed mood, 
interest, and pleasure, often accompanied by vegetative symptoms 
(1). Current first-line antidepressants take weeks or months before 
they achieve full effects. Relapse occurred among one-third of patients 
within 6 months after antidepressant discontinuation, and another 
one-third of patients showed poor response to current antidepres-
sants (2, 3). MD is attributable to both genetic and environmental 
factors, including stressful life events (4–6). One of the most impor-
tant risk factors for MD is chronic stress, and maladaptive transcrip-
tional regulation in response to chronic stress is involved in the etiology 
of MD (7–9). However, only a few individuals show rapid progres-
sion to MD, while most people exhibit resilience to chronic stress. 
Further understanding of transcriptional regulation implicated in 
stress resilience might provide more insights into the relevant mech-
anism and identification of therapeutic targets for MD.

5-hydroxytryptamine receptor 2a (Htr2a), a 5-hydroxytryptamine 
receptor subtype, is highly expressed in the medial prefrontal cortex 
(mPFC) (10) and moderately expressed in the hippocampus, espe-
cially in cornus ammonis region 3 (CA3) and part of CA1 (11, 12). 
HTR2A is reportedly overexpressed in the brain and peripheral blood 
of patients with major depressive disorder (MDD) (13, 14), especially 
in patients resistant to selective serotonin reuptake inhibitors (15). 
Moreover, HTR2A can be down-regulated by chronic use of classical 
antidepressants (16, 17). These findings suggest that HTR2A plays a 
critical role in the pathogenesis of MDD and antidepressant treat-
ment. However, the transcriptional mechanism by which HTR2A lev-
els are regulated is largely unclear.

Several recent genome-wide association studies with large 
sample sizes reported that the zinc finger protein with Krüppel-
associated box (KRAB) and SCAN domains 4 (ZKSCAN4), which 
encodes a C2H2-zinc finger protein, is significantly associated 
with MD (18–21). This association was further confirmed in a 
transcriptome-wide association study, which indicated that de-
creased ZKSCAN4 expression might confer susceptibility to MD 
(21). However, the involvement of ZKSCAN4 in the onset of depres-
sion and the relevant mechanisms of transcriptional regulation re-
main unclear.

Here, we demonstrate that Zkscan4 directly binds to the Htr2a pro-
moter and recruits glucocorticoid receptors (GRs) to repress Htr2a 
transcription in the hippocampus. Zkscan4 deletion up-regulates the 
expression of Htr2a at Schaffer collateral (SC)–CA1 synapses, resulting 
in a specific reduction in the miniature excitatory postsynaptic current 
(mEPSC) frequency and increased susceptibility to depression-like 
behaviors in mice. The overexpression of the amino-terminal SCAN 
domain of Zkscan41–133 in the CA3 region partly inhibits the tran-
scription of Htr2a, thereby ameliorating excitatory synaptic dysfunc-
tion and stress-induced depression-like behaviors. In summary, we 
identified an important mechanism of transcriptional dysregulation 
that mediates the synaptic dysfunction and depression-like behaviors 
caused by Zkscan4 deficiency.

RESULTS
Vulnerability to chronic stress is associated with decreased 
hippocampal Zkscan4
RNAscope showed that Zkscan4 mRNA was widely expressed across 
the mouse brain, especially in the hippocampal CA and dentate gy-
rus (DG) regions (fig. S1A). To further investigate the relevance of 
Zkscan4 and stressors in mice, we treated C57BL/6J adult male mice 
with chronic social defeat stress (CSDS), a well-established animal 
model of depression (22). After exposure to CSDS, C57BL/6J mice 
were divided into susceptible and resilient subgroups based on the so-
cial interaction ratio (Fig. 1, A to C), which was confirmed by sucrose 
preference, forced swimming, and tail suspension tests (fig. S1, B to E). 
We found that Zkscan4 mRNA and protein levels in the hippocampus 
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Fig. 1. Reduced hippocampal Zkscan4 expression in stress-susceptible mice and patients with MDD. (A) CSDS and social interaction behavioral tests. (B) Represen-
tative heatmaps of the time spent in the social interaction test. (C) Decreased individual social interaction ratio in susceptible (Sus) mice, but not resilient (Res) mice. n.s., 
not significant. (D and E) Zkscan4 mRNA levels were lower in the hippocampi of stress-susceptible mice than in that of control (Ctrl) mice and were correlated with social 
avoidance. r, correlation coefficient. (F to H) Zkscan4 protein levels were lower in the hippocampi of stress-susceptible mice and correlated with social avoidance. Gapdh, 
glyceraldehyde-3-phosphate dehydrogenase. (I and J) Zkscan4 mRNA levels were normal in the mPFC of stress-susceptible mice and were not correlated with social 
avoidance. (K) ZKSCAN4 mRNA levels were lower in the hippocampus (HIP), but not in the DLPFC, of patients with MDD. HIP ctrl, n = 72; HIP MDD, n = 60; DLPFC ctrl, n = 97; 
DLPFC MDD, n = 111. (L) Timeline of virus injection and behavioral studies and representative image of neurons infected with adeno-associated virus (AAV) construct and 
Zkscan4 protein expression following virus injection in the hippocampi of stress-naive mice. Scale bars, 1 mm (normal magnification) and 200 μm (high magnification). 
DAPI, 4′,6-diamidino-2-phenylindole. (M) Representative heatmaps showing the amount of time spent in the social interaction test after CSDS. (N to Q) Zkscan4 overex-
pression in the hippocampus promoted resilience to CSDS-induced depression-like behaviors in C57BL/6J mice, as assessed by the social interaction test, sucrose prefer-
ence test, forced swimming test (FST), and tail suspension test (TST). All the data are presented as the means ± SEMs. One-way analysis of variance (ANOVA), two-sided 
Pearson’s correlation, and two-tailed Student’s t test with Welch’s correction. *P < 0.05; **P < 0.01; ***P < 0.001.
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were lower in the susceptible mice than those in the unstressed con-
trols and resilient mice (Fig. 1, D, F, and G). Further analysis indi-
cated a positive association of hippocampal Zkscan4 mRNA and 
protein levels with the social interaction ratio (Fig. 1, E and H). In 
addition, hippocampal Zkscan4 mRNA was also associated with su-
crose preference index, immobility time in forced swimming, and 
tail suspension tests (fig. S1, F to H). However, Zkscan4 mRNA lev-
els in the mPFC of susceptible mice were not different from those in 
the mPFC of unstressed controls or resilient mice (Fig. 1I), and no 
correlation between Zkscan4 mRNA and social avoidance behaviors 
was noted (Fig. 1J), indicating that CSDS-induced Zkscan4 down-
regulation is potentially region specific. Furthermore, 28 days, rather 
than 6 days, of unpredictable chronic mild stress, a widely used non–
social stress–induced depressed mouse model, also induces depression- 
like behaviors with reduced hippocampal Zkscan4 mRNA (fig. S1, I 
and J). Last, we analyzed data on ZKSCAN4 mRNA expression in 
the hippocampus and dorsolateral prefrontal cortex (DLPFC) of 
postmortem patients with MDD, which were deposited at the data-
base of Genotypes and Phenotypes (dbGaP; accession number phs00‑ 
0979.v3.p2). ZKSCAN4 mRNA expression was lower in the hippo
campus but not in the DLPFC of patients with MDD compared with 
healthy controls (Fig. 1K). These findings suggested a cross-species 
correlation between reduced hippocampal Zkscan4 expression 
and depression-like phenotypes. Therefore, we hypothesized that 
Zkscan4 expression in the hippocampus, but not the prefrontal cortex, 
plays a critical role in regulating chronic stress–induced depression-
like behaviors.

To explore the effect of hippocampal Zkscan4 overexpression on 
stress-induced depression-like behaviors, we injected an adeno-asso‑ 
ciated virus (AAV) expressing Zkscan4–enhanced green fluorescent 
protein (EGFP) driven by the calcium- and calmodulin-dependent 
protein kinase II (CamkII) promoter into the hippocampus of C57BL/ 
6J mice, which were then allowed to recover for 4 weeks before CSDS 
(Fig. 1L). After exposure to CSDS for 10 days, the mice injected with 
AAV-CamkII-EGFP showed notable depression-like behaviors (Fig. 
1, M to Q) compared to the unstressed mice; however, depression-like 
behaviors were not observed in the mice with hippocampal Zkscan4 
overexpression (Fig. 1, M to Q, and fig. S1, K and L), suggesting that 
hippocampal Zkscan4 expression is critical for resilience to chronic 
stress–induced depression-like behaviors.

Zkscan4 expression in the hippocampus bidirectionally 
regulates stress-induced depression-like behaviors
To investigate the potential causal role of hippocampal Zkscan4 
down-regulation in CSDS-induced depression-like behaviors, we first 
established a Zkscan4 knockout (Zkscan4−/−) mouse model (Fig. 2, A 
and B, and fig. S2, A to C) that exhibited normal gross morphology 
of the hippocampus and cortex (fig. S2, D to G). The complexity of 
dendrites in CA3 pyramidal neurons in unstressed Zkscan4−/− mice 
was comparable with that of their wild-type (WT) littermates; however, 
the dendritic morphology of CA3 pyramidal neurons in Zkscan4−/− 
mice was reduced after 4 days of subthreshold CSDS (SCSDS) (fig. S2, 
H and I). Baseline depression-like behaviors were assessed but not 
observed in Zkscan4−/− mice that had not experienced any stress 
(Fig. 2, D to J). Then, Zkscan4−/− mice were subjected to SCSDS, 
which was not sufficient to induce depression-like behaviors in their 
WT (Zkscan4+/+) littermates (Fig. 2C). We found that stressed 
Zkscan4−/− mice spent less time in social interaction with unfamiliar 
CD1 mice (Fig. 2, D and E) and traveled a normal distance (Fig. 2F). 

They also showed anhedonia, as assessed by the sucrose preference 
test (Fig. 2G), but their total fluid consumption was not affected 
(Fig. 2H). Moreover, Zkscan4−/− mice had more immobility time in 
the forced swimming test (Fig. 2I) and tail suspension test (Fig. 2J). 
In addition, Zkscan4−/− mice exhibited much longer escape laten-
cies and a greater number of escape failures than their WT litter-
mate controls in the learned helplessness paradigm (Fig. 2, K and L) 
(23). These results suggested that Zkscan4−/− mice were vulnerable 
to stress-induced depression-like behaviors.

Locomotor activity was normal (fig. S3A), and anxiety-like be-
haviors (fig. S3, B to D) were also not observed in Zkscan4−/− mice, 
regardless of whether they experienced stress. The general learning 
ability and memory of the Zkscan4−/− mice were also normal in the 
novel object recognition (fig. S3E), Y maze (fig. S3, F and G), fear 
conditioning (fig. S3H), and Barnes maze (fig. S3, I and J) tests.

To further explore whether reexpression of Zkscan4 in the hippo-
campus can rescue susceptibility to stress, we injected AAV containing 
CamkII-driven Zkscan4-EGFP into the hippocampi of Zkscan4−/− 
mice aged 3 weeks, and controls were injected with AAV-CamkII-
EGFP (Fig. 2M). As expected, compared with WT mice, Zkscan4−/− mice 
treated with AAV-CamkII-EGFP displayed notable social avoidance, 
as measured by the social interaction ratio, whereas Zkscan4−/− mice 
injected with AAV-CamkII-Zkscan4-EGFP did not show social 
avoidance after SCSDS (Fig. 2, N and O, and fig. S4A). In addition, 
SCSDS-induced anhedonia (Fig. 2P and fig. S4B), despair in forced 
swimming (Fig. 2Q) and tail suspension (Fig. 2R), and foot shock–
induced learned helplessness behavior (Fig. 2, S and T) were also 
improved by Zkscan4 reexpression in the hippocampi of Zkscan4−/− 
mice. These results suggested that hippocampal Zkscan4 expression 
bidirectionally regulates stress-induced depression-like behaviors.

Loss of Zkscan4 leads to Htr2a up-regulation and 
synaptic dysfunction
To identify the downstream targets of Zkscan4 in mediating resis-
tance to depression-like behaviors, we isolated the hippocampi of 
adult Zkscan4−/− mice and their littermates after exposure to SCSDS 
and performed RNA sequencing (RNA-seq). A cutoff of P < 0.05 
and |fold change| ≥ 1.5 was used to identify differentially expressed 
genes (Fig. 3A). As Zkscan4 mainly acts as a transcriptional repres-
sor, we focused on gene up-regulation in Zkscan4−/− mice. Zkscan4 
knockout caused the up-regulation of 209 genes (data S1) that were 
enriched in signaling pathways according to the Gene Ontology 
(GO) database with a cutoff of q ≤ 0.05, especially genes related to 
synaptic organization, assembly, and transmission (Fig. 3B). To ex-
plore whether Zkscan4 disruption alters synaptic function, we con-
ducted the whole-cell recordings in CA1 pyramidal neurons from 
nonstressed mice. By recording mEPSCs, we found that the frequency, 
rather than the amplitude, of mEPSCs was lower in Zkscan4−/− mice 
than in their WT littermates (Fig. 3, C to E). However, neither the 
frequency nor the amplitude of miniature inhibitory postsynaptic 
currents (mIPSCs) differed between the two genotypes (fig. S4, C to 
E). These results indicated that excitatory synaptic transmission in 
the hippocampus was affected by Zkscan4 disruption.

Among the up-regulated genes in Zkscan4−/− mice, Htr2a up-
regulation (approximately 1.5-fold) was validated at the individual 
gene level by quantitative real-time polymerase chain reaction (PCR) 
and Western blotting in unstressed Zkscan4−/− mice (Fig. 3, F to H). 
In addition, Htr2a mRNA level in the hippocampi of Zkscan4−/− 
mice was twofold greater than that in the hippocampi of WT controls 
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Fig. 2. Zkscan4 disruption is sufficient to induce depression-like behaviors, and Zkscan4 reexpression in the hippocampus restores depression-like behaviors. 
(A and B) Zkscan4 mRNA and Zkscan4 protein cannot be detected in the hippocampi of stress-naive Zkscan4−/− mice compared to their littermates. Scale bar, 200 μm. 
(C) Four days of treatment with SCSDS and social interaction behavioral tests. (D) Representative heatmaps showing the amount of time spent in the social interaction 
test after SCSDS. (E to J) Zkscan4 knockout in mice treated with SCSDS induced depression-like behaviors, as assessed using the social interaction test, sucrose preference 
test, forced swimming test, and tail suspension test. The effect was compared to that in unstressed mice and stressed Zkscan4+/+ mice. (K and L) Zkscan4 knockout in mice 
after unpredictable and inescapable foot shocks induced learned helplessness behaviors, as assessed by mean escape latencies and the number of failures to escape. 
(M) Timelines of the virus injection and behavioral studies, representative image of neurons infected with AAV construct, and Zkscan4 protein following virus injection in 
the hippocampus of stress-naive mice. Scale bars, 1 mm (normal magnification) and 200 μm (high magnification). (N) Representative heatmaps showing the amount of 
time spent in the social interaction test after SCSDS. (O to R) Zkscan4 reexpression in the hippocampus reversed SCSDS-induced depression-like behaviors in Zkscan4−/− 
mice, as assessed by the social interaction test, sucrose preference test, forced swimming test, and tail suspension test. (S and T) Zkscan4 reexpression in the hippocampus 
reversed the learned helplessness behaviors in Zkscan4−/− mice induced by unpredictable and inescapable foot shocks, as assessed using the mean escape latency and 
the number of failures to escape. All data are presented as the means ± SEMs. One-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3. Loss of Zkscan4 expression leads to Htr2a up-regulation and excitatory transmission dysfunction, and pharmacological blockade of Htr2a rescues syn-
aptic dysfunction and depression-like behaviors. (A) Clustering of all differentially expressed genes (DEGs) in the hippocampus of Zkscan4−/− mice and their litter-
mates. The red and blue colors indicate up- and down-regulation, respectively. (B) GO enrichment of DEGs. The enriched pathways were mainly related to synapse 
organization and assembly and synaptic transmission. (C) Representative traces of mEPSCs recorded in hippocampal slices from Zkscan4−/− and Zkscan4+/+ mice. PNs, 
pyramidal neurons. (D and E) Loss of Zkscan4 led to decreased mEPSC frequency, but not mEPSC amplitude. (F to H) Htr2a up-regulation in the hippocampi of Zkscan4−/− 
mice as assessed using reverse transcription quantitative polymerase chain reaction (RT-qPCR) and Western blotting. (I) Chromatin immunoprecipitation with an anti-Flag 
antibody showed that Zkscan4-Flag directly binds to the Htr2a promoter. TSS, transcription start site; IgG, immunoglobulin G; bp, base pair. (J) Dual-luciferase experiments 
demonstrated that Zkscan4 repressed the transcription of Htr2a. Luc2p, destabilized and optimized firefly luciferase with the -Pro-Glu-Ser-Thr sequence. (K to M) In vivo 
confirmation of the transcriptional repression of hippocampal Htr2a by Zkscan4, as measured using RT-qPCR and Western blotting. (N) Representative traces of mEPSCs 
recorded in hippocampal slices from different groups of mice. MDL, MDL100907. (O and P) MDL100907 improved the frequency of mEPSCs in CA1 pyramidal neurons of 
Zkscan4−/− mice but did not affect the amplitude. (Q) Representative heatmaps showing the amount of time spent in the social interaction test after SCSDS. (R to 
U) Pharmacological inhibition of Htr2a reversed SCSDS-induced depression-like behaviors in Zkscan4−/− mice, as assessed using a social interaction test, sucrose prefer-
ence test, forced swimming test, and tail suspension test. All the data are presented as the means ± SEMs. Two-tailed Student’s t test and one-way ANOVA. *P < 0.05; 
**P < 0.01; ***P < 0.001.
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after SCSDS (fig. S4F), suggesting that social stress might further 
increase the transcription of Htr2a in Zkscan4−/− mice. To deter-
mine whether the Htr2a gene is a direct target of Zkscan4, we performed 
chromatin immunoprecipitation (ChIP) using a stably transfected 
Zkscan4-Flag cell line and found that the Htr2a promoter was im-
munoprecipitated by an anti-Flag antibody (Fig. 3I), which was also 
detected in vivo (fig. S4G). Moreover, a dual luciferase assay using 
the L929 cell line also showed that Zkscan4 overexpression inhibited 
luciferase activity controlled by the Htr2a promoter and that Zkscan4 
knockdown increased luciferase activity (Fig. 3J), indicating that 
Htr2a might represent a direct target of Zkscan4 and that its expres-
sion could be inhibited by Zkscan4. Reexpression of Zkscan4 in the 
hippocampi of Zkscan4−/− mice also restored Htr2a mRNA and pro-
tein levels (Fig. 3, K to M). These results indicated that Htr2a tran-
scription is directly regulated by Zkscan4. Moreover, to explore 
whether there are regional differences between CA1 and CA3 pyra-
midal neurons in their response to chronic stress, we isolated the 
CA3 and CA1 regions from the hippocampi of Thy1-GFP mice (with 
or without CSDS; fig. S4H) and found that both Zkscan4 and Htr2a 
were substantially altered in both CA3 and CA1 pyramidal neurons 
from mice exposed to CSDS when compared with controls (fig. S4, 
I to N). Zkscan4 mRNA was inversely correlated with Htr2a mRNA 
in both CA3 and CA1 pyramidal neurons (fig. S4, K and N), suggest-
ing that Zkscan4 transcriptionally represses Htr2a in the pyramidal 
neurons across the hippocampus.

Htr2a antagonism restores synaptic and behavioral 
abnormalities in Zkscan4−/− mice
As Htr2a was identified as a downstream transcriptional target of 
Zkscan4, we examined whether Htr2a was involved in the Zkscan4-
mediated regulation of synaptic dysfunction and depression-like 
behaviors. As expected, the decrease in the frequency of mEPSCs in 
CA1 pyramidal neurons was reversed by bath application of the 
Htr2a antagonist MDL100907 (1 μM) (Fig. 3, N to P). Intraperitoneal 
injection (1.0 mg/kg) of MDL100907 30 min before SCSDS reduced 
social avoidance, anhedonia, and despair behaviors in Zkscan4−/− 
mice (Fig. 3, Q to U, and fig. S4, O and P). However, MDL100907 
treatment for 10 days before behavioral tests had no effect on CSDS-
induced depression-like behaviors in C57BL/6J mice (fig. S4, Q to 
U). In addition, MDL100907 treatment cannot reverse the decreased 
frequency of mEPSC in CA1 pyramidal neurons from susceptible 
C57BL/6J mice exposed to CSDS (fig. S4, V to X). These results sug-
gested that Htr2a up-regulation is involved in glutamatergic synaptic 
dysfunction and subthreshold stress–induced depression-like be-
haviors in Zkscan4−/− mice.

Htr2a knockdown restores synaptic and behavioral 
abnormalities in Zkscan4−/− mice
RNAscope analysis revealed that Htr2a was mainly expressed in 
CA3 and CA1 pyramidal cells but not in DG granule cells in the hip-
pocampus (fig. S5A). To further investigate the exact region of Htr2a 
in stress-induced depression-like behaviors and CA3-CA1 synaptic 
dysfunction in Zkscan4−/− mice, we injected AAV-mediated Htr2a 
short hairpin RNA (shRNA) into the CA3 or CA1 region for Htr2a 
knockdown (Fig. 4, A and B). The CA3 knockdown of Htr2a reduced 
SCSDS-induced social avoidance, anhedonia, and despair behaviors 
in Zkscan4−/− mice (Fig. 4, C to G) without affecting locomotion or 
total fluid intake (fig. S5, B and C). The decrease in the frequency of 
mEPSCs in CA1 pyramidal neurons was also reversed by the knock‑ 

down of Htr2a in CA3 (Fig. 4, H to J). In addition, to enhance the 
CA3-CA1 synaptic drive, we delivered the AAV-CamkII-Gq-coupled 
human M3 muscarinic designer receptor exclusively activated by 
designer drug (hM3Dq) -EGFP/AAV-CamkII-EGFP virus into the 
CA3 region (fig. S5D). Clozapine N-oxide intraperitoneal injection 
(1.0 mg/kg) 30 min before SCSDS prevented stress-induced depression- 
like behaviors in Zkscan4−/− mice (fig. S5, E to G). However, knock-
down of Htr2a in the CA1 region (Fig. 4, K and L) did not ameliorate 
stress-induced depression-like behaviors (Fig. 4, M to Q, and fig. S5, 
H and I) or excitatory synaptic dysfunction in Zkscan4−/− mice (Fig. 4, 
R to T). These results indicated that CA3, but not CA1, Htr2a up-
regulation plays an important role in stress-induced depression-like 
behaviors and synaptic dysfunction in Zkscan4−/− mice.

Zkscan41–133 ameliorates synaptic dysfunction and 
depression-like behaviors in Zkscan4−/− mice
Zkscan4 is a member of the KRAB zinc fingers, which function as 
transcriptional repressors. It has been reported that human ZKSCAN4 
interacts with GRs (24). First, a coimmunoprecipitation assay dem-
onstrated that mouse Zkscan4 interacts with mouse glucocorticoid 
receptor (Gr) (Fig. 5A). After the cells were treated with dexametha-
sone, the interaction between Zkscan4 and Gr increased (fig. S6, A to 
D). Using a dual luciferase reporter assay on the L929 cell line tran-
siently transfected with the mouse mammary tumor virus (MMTV) 
promoter, Zkscan4 was found to inhibit Gr transactivation by up to 
70%, with v-rel reticuloendotheliosis viral oncogene homolog A 
(Rela) and 12S E1A serving as positive controls (Fig. 5B) given their 
reported ability to repress Gr transactivation (25,  26). Further-
more, Zkscan4 was still found to repress Gr transactivation with 
stably transfected MMTV promoters (fig. S6E). However, Zkscan4 
did not affect the expression of Gr or the nuclear translocation of Gr 
(fig. S6, F to H). Htr2a was reported to be a target of Gr (27). In the 
present study, we explored the binding of Gr to the Htr2a pro-
moter in nonstressed Zkscan4−/− mice using a ChIP assay. The 
ChIP-PCR assay demonstrated that the Htr2a promoter region con-
tained two binding sites for Gr in the mouse hippocampus (Fig. 5C, 
left), and ChIP-qPCR results confirmed that the amount of Gr 
bound to the promoter of the two Htr2a promoter regions was lower 
in Zkscan4−/− mice than in WT mice (Fig. 5C, right). These results 
indicated that Zkscan4 inhibits the transcription of Htr2a by direct-
ly interacting with the Htr2a promoter and recruiting Gr (fig. S6I).

To further identify which domain of Zkscan4 is responsible for the 
interaction with Gr, we performed pull-down assays using various 
glutathione S-transferase (GST) fusions of Zkscan4, revealing that 
full-length Zkscan4 and the N-terminal SCAN domain Zkscan41–133, 
especially the Zkscan451–133 mutant, could directly bind to Gr (Fig. 5, 
D and E). Zkscan41–133 attenuated the interaction between full-length 
Zkscan4 and Gr (Fig. 5, F and G), and Zkscan41–133 repressed the 
transactivation of Gr (Fig. 5H). Moreover, Zkscan41–133 inhibited lu-
ciferase activity under the control of Htr2a (fig. S6J). These results in-
dicated that Zkscan41–133 likely inhibits Htr2a transcription through its 
direct interaction with Gr.

To explore whether Zkscan41–133 plays a transcriptional regula-
tory role in Htr2a expression in vivo, we introduced CamkII-driven 
Zkscan41–133 into the CA3 region of Zkscan4−/− mice using an AAV 
tool (Fig. 5I) and found that it could repress the up-regulation of 
Htr2a in Zkscan4−/− mice at both the mRNA and protein levels, al-
though the level of Htr2a was still slightly greater than that in the WT 
group (Fig. 5, J to L). Furthermore, Zkscan41–133 improved excitatory 
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synaptic dysfunction (Fig. 5, M to O) and social stress–induced 
depression-like behaviors in Zkscan4−/− mice (Fig. 5, P to T) without 
affecting locomotion or total fluid intake (fig. S6, K and L). These re-
sults indicated that Zkscan41–133 alone could promote stress resistance.

DISCUSSION
The present study showed that hippocampal Zkscan4 was down-
regulated in both patients with MDD and susceptible mice exposed 

to CSDS, and we also found that Zkscan4 in the hippocampus was 
a critical transcription factor in stress coping strategies. Further-
more, Zkscan4 confers resilience to stress-induced depression 
mainly through its inhibitory effect on the transcription of Htr2a. 
Dysregulation of CA3, rather than CA1, Htr2a disrupts excitatory 
synaptic transmission in the hippocampus, ultimately leading to 
behavioral changes in susceptible individuals, suggesting that CA3 
Htr2a might increase the vulnerability to chronic stress–induced 
depression-like behaviors.

Fig. 4. Genetic knockdown of Htr2a in the CA3 region, but not in the CA1 region, reverses synaptic dysfunction and depression-like behaviors in Zkscan4−/− 
mice. (A) Representative image of neurons in the CA3 region of the hippocampus infected with the virus. Scale bars, 1 mm (normal magnification) and 200 μm (high 
magnification). (B) AAV–short hairpin Htr2a (shHtr2a)–EGFP treatment decreased Htr2a expression in Zkscan4−/− mice. (C) Representative heatmaps showing the amount 
of time spent in the social interaction test after SCSDS. (D to G) Htr2a knockdown in the CA3 region reversed SCSDS-induced depression-like behaviors in Zkscan4−/− mice, 
as assessed using a social interaction test, sucrose preference test, forced swimming test, and tail suspension test. (H) Representative traces of mEPSCs recorded in hip-
pocampal slices from different groups of mice. (I and J) Htr2a knockdown in the CA3 region improved the frequency of mEPSCs in CA1 pyramidal neurons in Zkscan4−/− 
mice but did not affect the amplitude of mEPSCs. (K) Representative image of neurons in the CA1 region of the hippocampus infected with the virus. Scale bars, 1 mm 
(normal magnification) and 500 μm (high magnification). (L) Htr2a knockdown in the CA1 region decreased Htr2a expression in Zkscan4−/− mice. (M) Representative 
heatmaps of time spent in the social interaction test after SCSDS. (N to Q) Htr2a knockdown in the CA1 region did not affect depression-like behaviors, as assessed using 
a social interaction test, sucrose preference test, forced swimming test, and tail suspension test. (R) Representative traces of mEPSCs recorded in hippocampal slices from 
different groups of mice. (S and T) Genetic knockdown of Htr2a in the CA1 region did not affect the frequency and amplitude of mEPSCs in CA1 pyramidal neurons. All 
the data are presented as the means ± SEMs. One-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 5. Zkscan41–133 ameliorated synaptic dysfunction and depression-like behaviors in Zkscan4−/− mice through partial inhibition of Htr2a transcription and 
recruitment of Gr. (A) The interaction between Zkscan4 and Gr. HA, hemagglutinin. (B) Zkscan4 inhibited the transactivation of Gr signaling. LTR, long terminal repeat. 
MusZkscan4, mouse Zksca4; MusRela, mouse Rela. (C) Decreased Gr binding to the Htr2a promoter in the hippocampus of Zkscan4−/− mice in both Gr binding elements 
(GRE1, −242 to −227; GRE2, −792 to −777). GRE, glucocorticoid response element. (D) Schematic representation showing the proteins used for the glutathione S-
transferase (GST) pull-down assay. GST is the control, and Gr is the target protein. aa, amino acid. (E) The N-terminal SCAN domain of Zkscan4 (Zkscan41–133) and full-length 
(FL) Zkscan4 directly interacted with Gr. (F and G) Zkscan41–133 inhibited the interaction between Zkscan4 and Gr. (H) Zkscan41–133 inhibited Gr transactivation, as assessed 
using a dual luciferase assay. (I) Representative image of neurons infected with control virus in the CA3 region of the hippocampus. Scale bars, 1 mm (normal magnifica-
tion) and 200 μm (high magnification). (J) Htr2a mRNA expression was partly reversed by AAV-CamkII-Zkscan41–133-EGFP injection in Zkscan4−/− mice. (K and L) Western 
blotting demonstrated that Htr2a up-regulation was partly counteracted by AAV-CamkII-Zkscan41–133-EGFP injection in Zkscan4−/− mice. (M) Representative traces of 
mEPSCs recorded in hippocampal slices from different groups of mice. (N and O) Decreased mEPSC frequency, but not amplitude in the CA1 pyramidal neurons of 
Zkscan4−/− mice, was partly counteracted by AAV-CamkII-Zkscan41–133-EGFP injection in the CA3 region. (P) Representative heatmaps showing the amount of time spent 
in the social interaction test after SCSDS. (Q to T) AAV-CamkII-Zkscan41–133-EGFP injection in the CA3 region reversed depression-like behaviors, as assessed by the social 
interaction test, sucrose preference test, forced swimming test, and tail suspension test. All data are presented as the means ± SEMs. Two-way ANOVA and one-way 
ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001.
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The role of transcriptional mechanisms in mediating stress-
induced depression has been widely studied in recent years (28, 29). 
It has been reported that the transcriptional programming driven by 
zinc finger protein 189 in the prefrontal cortex and orthodenticle 
homeobox 2 in the ventral tegmental area exerts stress-resilient and 
antidepressant-like effects (30, 31). In the present study, we found that 
Zkscan4, a zinc finger transcriptional repressor encoded by a suscepti-
bility gene for MD, was selectively down-regulated in the hippocampi 
of mice with depression-like behaviors. Our experiments demon-
strated that hippocampal Zkscan4 was important for CSDS-induced 
depression-like behaviors, which may provide further evidence sup-
porting the important role of zinc finger proteins in psychiatric dis-
orders, including MD.

Zkscan4 is a transcriptional repressor belonging to the KRAB-
containing zinc finger transcription factor family and is involved in 
a wide range of biological events, such as genomic imprinting, me-
tabolism, and cell differentiation (32). The KRAB domain recruits 
tripartite motif-containing 28 (Trim28) to form a scaffold for a 
heterochromatin-inducing complex primarily composed of the his-
tone 3 lysine 9 methyltransferase SET domain bifurcated histone 
lysine methyltransferase 1, heterochromatin protein 1, and the his-
tone deacetylase–containing nucleosome remodeling deacetylase 
complex to repress the transactivation of other transcription factors 
(33). ZKSCAN4 suppresses p53, nuclear factor κB, and GR signaling 
(24, 34, 35), and we found that mouse Zkscan4 inhibits Gr transac-
tivation. Moreover, forebrain Trim28 knockout mice are vulnerable 
to stress (36), which further supports our finding that Zkscan4−/− 
mice are more susceptible to stress. The present study demonstrated 
that Htr2a is a common target of both Zkscan4 and Gr and that Gr 
enrichment in the Htr2a promoter was decreased in Zkscan4−/− 
mice. Our results were similar to those of a prior study showing that 
corticosterone increases Htr2a expression in the frontal cortex and 
reduces Gr binding to the Htr2a promoter (27). Although our in vivo 
evidence demonstrated that Zkscan4 is essential for the binding of 
Gr to the Htr2a promoter in nonstressed mice, the exact role of Gr 
in regulating Htr2a expression under chronic stress has not been 
investigated. Furthermore, whether Gr directly contributes to the 
suppression of Htr2a expression in the hippocampus and to stress-
induced depression-like behaviors remains to be elucidated. In addi-
tion, full-length Zkscan4 and its domain Zkscan41–133 play similar 
roles in the transcriptional repression of Htr2a and stress resistance, 
suggesting that the peptide Zkscan41–133 might represent an attrac-
tive target for depression treatment.

In rat and tree shrew models of chronic restraint stress and chronic 
social stress, pyramidal neurons in the CA3 region of the hippocam-
pus exhibited significant dendritic atrophy (37–39), and 5-HT reup-
take enhancer tianeptine prevented the dendritic atrophy in CA3 
pyramidal neurons caused by repeated restraint stress (38). We found 
that the dendritic morphology of CA3 pyramidal neurons in Zkscan4−/− 
mice was reduced following SCSDS. These findings indicated that 
Zkscan4 deletion with the abnormal up-regulation of Htr2a might 
also increase the susceptibility of CA3 pyramidal neurons to den-
dritic atrophy. Thus, we speculate that immoderate 5-HT signaling 
might be involved in the dendritic atrophy in CA3 pyramidal neu-
rons after chronic stress. Moreover, a growing body of evidence has 
indicated that dysfunction of synaptic transmission, especially ex-
citatory synaptic transmission, may be associated with the patho-
physiology of depression (40, 41). Numerous studies have reported 
that the dendrite length and branching of hippocampal pyramidal 

neurons, including those in the CA1 and CA3 regions, are reduced 
(42, 43) and that basal excitatory synaptic transmission at hippo-
campal CA3-CA1 synapses is decreased after exposure to chronic 
stress (44). Furthermore, the enhanced excitability of hippocampal 
CA1 pyramidal cells through disinhibition has an antidepressant ef-
fect similar to that of ketamine or scopolamine, suggesting the dys-
function of CA3-CA1 synaptic transmission in depression (45). In 
the present study, we found that excitatory synaptic transmission, 
rather than inhibitory transmission, at hippocampal CA3-CA1 syn-
apses was decreased in Zkscan4−/− mice, indicating that these mice 
are susceptible to stress.

Htr2a has been implicated as a functional candidate in a series of 
behaviors and neuropsychiatric disorders. Htr2a also plays a role in 
associative learning or dystonia onset under stressful conditions 
(46, 47). However, studies on the transcriptional mechanism by 
which Htr2a is regulated have largely focused on its pharmacologi-
cal effects (48, 49), and these studies yielded complicated or even 
paradoxical results (50). It has been reported that Htr2a is up-
regulated by a variety of stressors (46, 51, 52), which is consistent 
with our finding that hippocampal Htr2a was up-regulated in sus-
ceptible mice exposed to CSDS compared with that in nonstressed 
controls and resilient mice. However, the upstream transcriptional 
regulation of Htr2a by stress is largely unknown. Previous studies 
have shown that Htr2a in the frontal cortex can be up-regulated via 
early growth response 3, PHD finger protein 8, and Gr (27, 51, 53). 
In the present study, we found that Zkscan4 was an upstream tran-
scriptional repression factor regulating Htr2a expression in response 
to stress, in which Gr might be a vital corepressor through its inter-
action with Zkscan4 in the hippocampus. The expression of Htr2a, a 
common target gene of Zkscan4 and Gr, in the hippocampi of stress-
exposed naive Zkscan4−/− mice is increased, and the transcriptional 
repression effect of Zkscan4 is reduced. When Zkscan4−/− mice were 
exposed to subthreshold chronic social stress, Htr2a expression and 
depression-like behaviors were further increased compared with 
those of their WT littermates; this result is consistent with reports in 
the literature indicating that Htr2a is up-regulated in response to 
stress. Combining the evidence that previous studies have reported, 
Htr2a knockout does not alter the onset or severity of depression-
like behaviors induced by chronic stress (54, 55), and we proposed 
that Htr2a up-regulation, but not Htr2a knockout, might be involved 
in chronic stress–induced depression-like behaviors. Furthermore, we 
also found reduced Gr enrichment at the Htr2a promoter in Zkscan4−/− 
mice, which is consistent with the finding that maternal immune 
activation can induce Htr2a dysregulation through Gr (27).

Accumulating evidence indicates that classic serotonergic psy-
chedelics (e.g., psilocybin) hold promise as rapid and sustained anti-
depressants for both patients with MD and animal models primarily 
through Htr2a activation (56–58), although this is not supported by 
all studies (59). These findings are inconsistent with our finding that 
MDL100907, a selective antagonist, improved the synaptic dysfunc-
tion and stress susceptibility of Zkscan4−/− mice. There are several 
explanations for this contradiction. First, psychedelics can mediate 
pharmacological effects through the activation of Htr2a located in 
cortical and subcortical structures (60, 61), and we found that 
MDL100907 may have an antidepressant effect mainly through the 
blockade of Htr2a in the CA3 region in subthreshold stress model. 
Second, although psychedelics mainly act on Htr2a, they also stimu-
late other serotonergic receptors, such as Htr1a (61). Third, recent 
studies have indicated that psychedelics exert an antidepressant 
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effect and enhance synaptic strength, which is not dependent on Htr2a 
activation, suggesting that Htr2a activation may not be required for 
an antidepressant response to psychedelics (62, 63). There are also 
studies supporting our finding that HTR2A down-regulation contrib-
utes to the antidepressant-like properties of psychedelics (17, 64, 65). 
Recently, a phase 3 randomized double-blind placebo-controlled 
study showed that lumateperone, a potent HTR2A antagonist and 
dopamine D2 receptor modulator, improved depression symptoms 
(66). Pharmacological blockade of Htr2a effectively reverses synaptic 
dysfunction and alleviates subthreshold stress–induced depression-
like behaviors in Zkscan4−/− mice; however, it fails to rescue chronic 
stress–induced synaptic dysfunction and depression-like behaviors 
in WT mice. This discrepancy may stem from differences in stress 
severity, as the impact of stress on the hippocampus depends on 
both its duration and intensity (9). Another possible explanation is 
that the treatment duration in WT mice may have been insufficient, 
as reversing the physiological, behavioral, and molecular effects in-
duced by CSDS requires at least 4 weeks of chronic antidepressant 
treatment (67, 68). Although Htr2a is essential for the delayed anti-
depressant response and its transcriptional down-regulation is associ-
ated with chronic antidepressant treatment (69, 70), the up-regulation 
of Htr2a in WT mice with depression-like behaviors may be a con-
sequence, rather than a cause, of CSDS-induced synaptic dysfunc-
tion and behavioral abnormalities. Its precise role in the pathogenesis 
of depression-like behavior in WT mice remains uncertain and re-
quires further investigation.

We demonstrated that Htr2a up-regulation in the CA3 region, 
but not in the CA1 region, is involved in stress-induced depression-
like behaviors in Zkscan4−/− mice. This finding aligns with previous 
reports indicating that the CA3 region is the most vulnerable region 
for chronic stress (71, 72) and might represent a big step in under-
standing the role of hippocampal formation in regulating chronic 
stress–induced depression-like behaviors. However, it remains un-
clear whether Htr2a functions presynaptically and/or postsynapti-
cally to alter the characteristics of CA3 pyramidal neurons and 
thereby affects CA3 to CA1 excitatory synaptic transmission, which 
requires further investigation. Moreover, the involvement of CA3 
pyramidal neurons projecting to other targets beyond CA1 pyrami-
dal neurons in depression-like behaviors in Zkscan4−/− mice could 
not be completely excluded. For instance, neural projections from 
CA3 pyramidal neurons to somatostatin neurons in the dorsolateral 
septum have been shown to bidirectionally regulate depression-like 
behaviors (73). Another limitation of the present study is whether 
these changes are specific to pyramidal neurons. Investigating whether 
inhibitory neurons or glial cells are also affected is an important 
next step for a more comprehensive understanding of how stress 
regulates Zkscan4 expression and in which contexts Zkscan4 regu-
lates Htr2a expression. In addition, the CA3-CA1 synaptic trans-
mission was impaired, but spatial learning and memory were normal 
in Zkscan4−/− mice. The possible reason is that the hippocampal SC-
CA1 long-term plasticity was not altered in Zkscan4−/− mice although 
the basal synaptic transmission is impaired, which is worthy of fur-
ther investigation.

In summary, the present study revealed that the transcription-
al repressor Zkscan4 was critical for regulating stress-induced 
depression-like behaviors related to the Zkscan4/Gr-Htr2a axis (fig. S7). 
Zkscan4−/− mice exhibit excitatory transmission dysfunction and 
stress susceptibility phenotypes (social withdrawal, anhedonia, 
and despair), and this effect can be rescued by blockade of Htr2a 

or overexpression of Zkscan41–133 in the CA3 region. Our find-
ings suggest that Zkscan41–133 may represent potential targets 
for antidepressants.

MATERIALS AND METHODS
Animals
The Zkscan4−/− mouse model was established using the CRISPR-
Cas9 system by the Nanjing Biomedical Research Institute of Nan-
jing University (China). Briefly, Cas9 mRNA and single guide RNAs 
were microinjected into fertilized embryos of C57BL/6J mice. Het-
erozygous Zkscan4 mutations in the mice were confirmed using 
Sanger sequencing. Homozygous Zkscan4−/− mice were born from 
a heterozygous intercross and used for behavioral analyses, with 
age- and sex-matched WT littermates serving as the control group. 
All mice were genotyped 2 weeks after birth using PCR with specific 
primers (forward, 5′-ACTTGCCAGCTGAATTTTCGAG-3′, and re-
verse, 5′-GGTTCTCTAGCCATTCTGTGC-3′, for Zkscan4+/+ mice; 
forward, 5′-ACTTGCCAGCTGAATTTTCGAG-3′, and reverse, 5′- 
GGTCCTCGTTAGAACTTCTTCAGA-3′, for Zkscan4−/− mice), and 
the animals were housed until weaning. Thy1-GFP were genotyped 
using PCR with specific primers (forward, 5′-CGGTGGTGCAG- 
ATGAACTT-3′, and reverse, 5′-ACAGACACACAC CCAGGACA-
3′). All mice were housed (five mice per cage) in an environment 
with a temperature of 23° ± 1°C, a relative humidity of 50 ± 1%, 
and a light/dark cycle of 12/12 hours (lights were on from 0800 to 
2000 every day), with food and water available ad libitum. Seven- to 
12-week-old (unless otherwise specified) Zkscan4−/− mice and age- 
and sex-matched WT controls were used for behavioral experiments. 
All animal studies were approved by the Ethics Committee for Ani-
mal Research of Peking University (no. LA2018131) and performed 
in compliance with Peking University institutional animal care and 
use committee guidelines and Association for Assessment and Ac-
creditation of Laboratory Animal Care International guidelines.

Behavioral tests
Mouse behaviors were recorded as video files and analyzed with 
EthoVision XT 8.0 (Noldus, Netherlands) (see the Supplementary 
Materials for further details).

ZKSCAN4 expression in patients with MD and controls
To compare ZKSCAN4 mRNA expression between patients with MD 
and healthy individuals, we obtained microarray data (quantified by 
Illumina HumanHT-12 v4 BeadChips) from the DLPFC (controls: 97; 
cases: 111) and hippocampus (controls: 72; cases: 60) of adult controls 
and patients with MD from dbGaP (accession number phs000979.
v3.p2) (74). All the participants were of European ancestry. Gene ex-
pression intensities were extracted using the Illumina GenomeStudio 
version 2011.1 software. The data were normalized to log2 ratios of 
fluorescent intensities.

In vitro electrophysiological recording
The electrophysiological recording was performed as previously de-
scribed (75). Zkscan4−/− mice and their WT littermates (7 to 10 weeks 
old) were anesthetized with an intraperitoneal injection of 1% sodium 
pentobarbital (70 mg/kg of body weight) and perfused immediately 
with an ice-cold cutting solution, which contained 206 mM sucrose, 
2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM d-glucose, 
2 mM MgSO4·7H2O, 2 mM CaCl2·2H2O, 1 mM l-ascorbic acid, and 
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3 mM sodium pyruvate (oxygenated with 95% O2 and 5% CO2, pH 7.2 
to 7.4, and 285 to 295 mOsmol). Acute brain slices (350 μm) contain-
ing the hippocampus were cut using a vibratome (Leica, VT1200 S) in 
ice-cold cutting solution. Hippocampal slices were incubated in artifi-
cial cerebrospinal fluid (pH 7.2 to 7.4 and 285 to 295 mosmol), which 
contained 120 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM 
NaHCO3, 10 mM d-glucose, 1.3 mM MgSO4·7H2O, and 2.5 mM 
CaCl2·2H2O, for 1 hour at room temperature before recording. Whole-
cell voltage-clamp recordings of CA1 pyramidal cells were made in 
a submersion chamber with patch electrodes (3 to 6 megohm resis-
tance) filled with internal solution containing 130 mM CsMeSO3, 
2.8 mM NaCl, 5 mM tetraethylammonium chloride, 20 mM Hepes, 
0.4 mM EGTA, 2.5 mM MgATP, 0.25 mM Na3GTP, and 5 mM N-
(2,6-Dimethylphenylcarbamoylmethyl)triethylammonium chloride 
(pH 7.2 and 285 to 295 mosmol). The mEPSC was isolated by add-
ing the γ-aminobutyric acid receptor antagonist picrotoxin (100 μM) 
and tetrodotoxin (1 μM) to the bath solution, and the mIPSC 
was isolated by adding the AMPA receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (20 μM), the N-methyl-d-aspartate re-
ceptor antagonist D-2-amino-5-phosphonovale‑rated (50 μM), and 
tetrodotoxin (1 μM) to the bath solution. All recordings were per-
formed at a holding potential of −60 mV with a MultiClamp 700B 
amplifier (Molecular Devices, Sunnyvale, CA, USA) under a micro-
scope (infrared differential interference contrast) at room tempera-
ture. The data were filtered at 2 kHz, sampled at 10 to 20 kHz, and 
then acquired using the Clampfit 10 software (Molecular Devices). 
The data were analyzed using the Mini Analysis Program (Synaptosoft, 
Decatur, GA, USA) with an amplitude threshold of 0.5 mV (current 
means picoampere) for mEPSC analysis.

RNAscope in situ hybridization
RNAscope was performed using an RNAscope 2.5 HD Assay 
(brown or red; ACDBio) according to the manufacturer’s instruc-
tions. Briefly, coronal brain sections (15 μm) were prepared and 
hybridized with appropriately designed probes for 1 hour at 40°C 
with a hydrophobic barrier around the perimeter of each section 
before further processing.
Viruses
AAV2/9-CamkII-3xFlag-Zkscan4-P2A-EGFP, AAV2/9-CamkII-3× 
Flag-Zkscan41–133-P2A-EGFP (5 × 1012 viral genomes (v.g.)/ml), 
and the control virus AAV2/9-CamkII-3×Flag-P2A-EGFP were pro-
duced by Shanghai OBiO Technology (China). The short hairpin se-
quence 5′-GCTCAATTCCAAACTCCTTAA-3′ was used for Htr2a 
knockdown. The specificity and efficiency of the shRNAs were vali-
dated, and high titers of engineered AAVs (AAV2/9-H1-ShHtr2a-
P2A; 1.94 × 1013 v.g./ml) were produced by Shanghai OBiO Technology 
(China). AAV-CamkIIα-hM3Dq(Gq)-EGFP (2 × 1012 v.g./ml) and 
the control virus rAAV-CamkIIα-EGFP were purchased from Bra-
inVTA (Wuhan, China).
Stereotaxic surgery
The mice were anesthetized with pentobarbital sodium (70 mg/kg, 
intraperitoneally) and performed as previously described (75). A 
small craniotomy was performed to expose the skull, allowing a 
small hole to be drilled. AAV (300 nl) was injected into the hippo-
campus using a 5-μl syringe (Hamilton, USA) at a rate of 50 nl/min. 
After the injection, the needle was left unremoved for an additional 
5 min and then withdrawn slowly. The scalp was sutured, and the mice 
were placed into their home cages for at least 3 weeks to recover 
for behavioral analyses. Then, the stereotaxic coordinates for the 

hippocampus (Anteriorposterior, AP: –1.7, mediolateral, ML: ±1.2, 
and dorsoventral, DV: –1.5; AP: –2.3, ML: ±1.75, and DV: –1.75; 
AP: –2.8, ML: ±3.0, and DV: –3.0; and AP: –3.1, ML: ±2.85, and 
DV: −3.75), the CA1 region (AP: −2.6 mm; ML: ±2.3 mm; and DV: 
−1.9 mm), and the CA3 region (AP: −2.6 mm; ML: ±2.8 mm; and 
DV: −3.0 mm) were set. Following electrophysiological experiments, 
the brains were sectioned and photographed using a confocal mi-
croscope (Olympus, FV1200) to validate viral expression or lysate 
for Western blotting.

RNA sequencing
Total mRNA was extracted from the hippocampus of Zkscan4−/− 
mice and their littermates (controls). High-throughput RNA-seq 
was performed using Illumina HiSeq 2500 (Illumina, San Diego, CA) 
at CapitalBio Corporation (Beijing, China), and the raw sequencing 
data were aligned to the mouse reference genome (GRCm38, mm10). 
The P value and fold change cutoff value were set at P < 0.05 and 
|fold change| > 1.5, respectively, for the detection of differentially 
expressed genes using RNA-seq analysis. Pathway analysis (q < 0.05) 
of these up-regulated genes was conducted using The Database for 
Annotation, Visualization, and Integrated Discovery tools (https://
david.ncifcrf.gov/), and the results are provided in the Supplemen-
tal Materials.

Statistical analysis
All experiments and data analyses were conducted with blinding of 
the genotypes of the mice. The number of animals or replicates (n) 
is indicated in the figure legends. All normally distributed data are 
presented as the means ± SEMs. Statistical comparisons were per-
formed with the appropriate statistical methods, and quantification 
graphs were generated using GraphPad Prism 9.0, as indicated in 
the figure legends. Normally distributed data were tested using one- 
and two-way analysis of variance (ANOVA), followed by post hoc 
Bonferroni correction for multiple comparisons and unpaired or 
paired two-sample Student’s t test for two-group comparisons. Non-
normally distributed data were analyzed using the Mann-Whitney 
U test or Kruskal-Wallis test for intergroup comparisons, followed 
by Dunn’s multiple comparisons test. The one-sample χ2 test was 
used to identify the mice that had a significantly different chance 
(from the expected 1:1) of achieving an outcome in the tube test. 
P < 0.05 was considered to indicate statistical significance.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S7
Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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