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Abstract
The abundant expression of circular RNAs (circRNAs) in the central nervous system and their contribution to the patho-
genesis of depression suggest that circRNAs are promising therapeutic targets for depression. This study explored the role 
and mechanism of circKat6b in esketamine’s antidepressant effect. We found that intravenous administration of esketamine 
(5 mg/kg) treatment decreased the circKat6b expression in the astrocytes of hippocampus induced by a chronic unpredictable 
mild stress (CUMS) mouse model, while the overexpression of circKat6b in the hippocampus significantly attenuated the 
antidepressant effects of esketamine in depressed mice. RNA-sequencing, RT-PCR, and western blot experiments showed that 
the stat1 and p-stat1 expression were significantly upregulated in mouse astrocytes overexpressing circKat6b. In the CUMS 
mouse model, overexpression of circKat6b in the hippocampus significantly reversed the downregulation of p-stat1 protein 
expression caused by esketamine. Our findings demonstrated that a novel mechanism of the antidepressant like effect of 
esketamine may be achieved by reducing the expression of circKat6b in the astrocyte of the hippocampus of depressed mice.
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Introduction

Major depressive disorder (MDD) is a prevalent and endur-
ing mental disorder that impacts approximately 300 million 
individuals within the global population [1]. Conventional 
antidepressants have drawbacks such as delayed onset of 
therapeutic effects, adverse reactions, and limited efficacy 
in approximately 30% of treated individuals [2]. Esketa-
mine is the S-enantiomer of ketamine (R,S-ketamine) that 
has a rapid and obvious antidepressant effect [3]. On March 
4, 2019, the US Food and Drug Administration (FDA) 
approved a nasal spray form of esketamine for treating 
adult patients with treatment-resistant depression (TRD) [4]. 

However, the negative side effects of esketamine include 
psychotic and transient dissociative symptoms [5], and 
hence, a comprehensive understanding of the mechanisms 
underlying its antidepressant effects is required to facilitate 
the identification of more efficacious therapeutic targets and 
advance novel antidepressant interventions with reduced 
adverse effects.

CircRNAs represent a distinct class of non-coding RNA 
molecules characterized by the absence of both a 5′ cap 
structure and a 3′ polyadenylated tail, instead possessing 
a covalently closed circular configuration. They exhibit a 
broad distribution [6], are highly conserved [7], and dem-
onstrate tissue-specificity throughout the developmental 
process [8]. CircRNAs generated from the cyclization of 
exons are mostly distributed in the cytoplasm and have post 
transcriptional regulation function [9]. Research showed 
that circRNAs were closely related to the pathogenesis of 
various diseases, among which they played a crucial role 
in regulating the physiological and pathological processes 
of the nervous system, including neural development and 
plasticity, cell growth, Alzheimer’s disease, and depres-
sion [10–12]. Our previous study showed that the levels 
of rno-circRNA-005442 and rno-circRNA-014900 were 
reported to be significantly reduced in the hippocampus of 
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rats after treatment with sub-anesthetic doses of ketamine, 
and rno-circRNA-005442 was shown to form via cycliza-
tion of an exon in the rat Kat6b gene [13]. However, the 
mechanism of circKat6b in the antidepressant effect of 
esketamine is unclear.

Research indicated that the antidepressant efficacy of 
esketamine is significantly associated with its anti-inflam-
matory impact on the central nervous system (CNS) [14, 
15]. Microglia and astrocytes are identified as the main 
contributors to CNS inflammation, with research indicat-
ing that dysfunction of astrocytes may be a significant 
factor in the development of depression [14]. Evidence 
showed that astrocyte dysfunction can lead to excessive 
inflammatory response in the brain, releasing inflamma-
tory factors and chemokines such as interleukin-6 (IL-6), 
tumor necrosis factor-α (TNF-α), inducible nitric oxide 
synthase (iNOS), and C–C motif chemokine ligand 2 
(CCL2), thereby aggravating central nervous system dam-
age and participating in the pathological process of depres-
sion [16]. Clinical studies have found that alterations in 
astrocyte function and morphology were discernible in the 
brains of depression patients, alongside a notable upregu-
lation of pro-inflammatory factors and chemokines in the 
serum and cerebrospinal fluid of depressed patients [17]. 
The hippocampus of CUMS mice exhibited a notable 
decrease in the expression of the astrocyte marker glial 
fibrillary acidic protein (GFAP), as well as a significant 
reduction in the number of cells displaying positive GFAP 
expression [18, 19]. The JAK-STAT signaling pathway is 
a well-established mechanism involved in the inflamma-
tory response, and its key constituents are extensively dis-
tributed throughout the cerebral cortex and hippocampal 
tissue [20]. An analysis of protein–protein interaction net-
works indicated that the activation of JAK-STAT signal-
ing is a significant pathway that contributes to immune 
impairments in individuals with major depressive disorder 
[21], and activation of stat1 induced astrocytes to pro-
duce inflammatory factors, chemokines, and other factors 
involved in the inflammatory response of the nervous sys-
tem [22, 23], suggesting that stat1 plays an important role 
in astrocyte-mediated neuroinflammation. Our previous 
study showed that miR-221-3p directly targeted interferon 
regulatory factor 2 (IRF2) to upregulate interferon alpha 
(IFN-α) expression in astrocytes and thus participated 
in the antidepressant effects of ketamine [24], implying 
that miRNAs also play an important role in the inflam-
matory pathway in astrocytes. With further research, it 
was found that not only miRNAs but also long non-coding 
RNAs (lncRNAs), circRNAs, and other non-coding RNAs 
exert a regulatory influence on central nervous system 
inflammation [25, 26]. Thus, the potential involvement of 
circKat6b in the antidepressant effects of esketamine via 

stat1-mediated neuroinflammatory responses in astrocytes 
remains uncertain.

In the present study, we made a novel discovery that 
esketamine reduced the expression level of circKat6b in 
hippocampal astrocytes of depressive-like mice. The anti-
depressant properties of esketamine were attenuated by the 
overexpression of circKat6b, which effectively counteracted 
its inhibitory effects on inflammatory factors within the hip-
pocampus of CUMS mice. Furthermore, the regulatory role 
of circKat6b in astrocyte function was found to involve stat1. 
Our study provides evidence of the significant involvement 
of circKat6b in the antidepressant properties of esketamine, 
thereby suggesting that circKat6b may be a promising thera-
peutic target for depression treatment.

Materials and Methods

Animals

Male C57BL/6 J mice weighing 20.0 g and 26.0 g and aged 
6–8 weeks were procured from Chongqing Tengxin, a Chi-
nese supplier. The mice were randomly assigned to different 
experimental groups and were maintained under a controlled 
temperature (22 °C ± 2 °C) and humidity (50% ± 20%) with a 
12/12-h light/dark cycle (lights on at 7:00 a.m.). This study 
complied with the guidelines of the Animal Ethics Commit-
tee of the Affiliated Hospital of Southwest Medical Univer-
sity (approval number: SWMU20220087).

CUMS Protocol and Behavioral Tests

As shown in Fig. 1 (Experiment 1), depressive-like behavior 
was induced in mice using the CUMS protocol as previ-
ously described [27]. The mice were subjected to experi-
mental stressors in a randomized sequence over 21 days, 
ensuring that each stressor was not administered for two 
consecutive days and was limited to a maximum of twice 
per week. Significant variations in depression-like behaviors 
obtained on experimental days 22–25 compared to those of 
the control group were used to judge whether the CUMS 
model had been successfully established. The antidepres-
sant effect of esketamine was assessed by behavioral testing 
24 h after a single dose of esketamine (5 mg/kg, dissolved 
in 0.9% saline 100 µL, tail vein injection; batch number: 
H20193336, Minsheng Pharma Holdings, China). Each test 
was conducted by the same rater between the hours of 9:00 
and 17:00 in a soundproofed environment with dim light-
ing, followed by subsequent evaluation. Prior to testing, the 
mice were acclimated to the testing room for a minimum 
duration of 3 h. Animals completed the sucrose preference 
test (SPT), tail suspension test (TST), and forced swim test 
(FST) as described in the previous study [27]. After the last 
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behavioral test was completed, mice from each group were 
decapitated under 1% sodium pentobarbital (40 mg/kg, ip) 
anesthesia, and bilateral hippocampus was taken out on ice 
and immediately cooled in liquid nitrogen tanks, then stored 
in − 80 °C refrigerators.

Overexpression of circKat6b in the Hippocampus 
of Mice Using Adeno‑associated Virus (AAV) 
and Microinjection

As shown in Fig. 1 (Experiment 2), the AAV-mediated vec-
tors used in this study were procured from Hanbio Biotech-
nology (Shanghai, China). The company executed subse-
quent protocols to produce the viral vectors, which were 
derived from the primary pHBAAV-GFAP-EGFP plasmid 
that features an astrocyte-specific promoter and the selected 
AAV9 serotype. The coding sequence of the circKat6b 
(circbank: mmu-circ-0000505) was amplified and inte-
grated into the pHBAAV-GFAP-EGFP vector using EcoRI 
and HindIII. The pHBAAV-GFAP-EGFP plasmid served 
as a control. The recombinant plasmid (pHBAAV-GFAP-
circKat6b-EGFP) was co-transfected into 293 T cells with 
the pAAV-RC plasmid and pAAV helper for 72 h for viral 
packaging. Following transfection, AAV-293 T cells were 
harvested and subjected to freeze–thaw cycles and cen-
trifugation. The resulting supernatant was purified using a 
Biomiga Adeno-Associated Virus Purification Kit (V1469-
01). The final purified circControl-AAV or circKat6b-AAV 
viruses were collected and stored at − 80 °C. We next estab-
lished the circKat6b overexpression mouse model on day 
30 before CUMS, as previously described [28]. Specifically, 
male C57BL/6 J mice were subjected to bilateral microinjec-
tions of either circControl-AAV or circKat6b-AAV (1 µL 

1 × 1012 vg/mL, Hanbio, China) into the hippocampus. The 
AAV vectors were stereotaxically injected into the bilateral 
hippocampus area (AP-2.0 mm, ML ± 1.0 mm, DV 2.0 mm) 
at a rate of 0.5 µL /min, with the needle being retained in 
place for 5 min before being gradually removed. Follow-
ing suturing of the skin incision, the mice were individually 
housed in cages after regaining consciousness.

Cell Culture and Treatment

Astrocytes (C8D1A), microglia (BV2), and neurons (HT22) 
were obtained from the Chinese Academy of Sciences stem 
cell bank. The cells were cultured in DMEM (GBICO, USA) 
supplemented with 10% fetal bovine serum (PEAK SERUM, 
US), penicillin (100 U/mL), and streptomycin (100 µg/mL) 
in a 5% CO2 atmosphere at 37 °C. To detect the effect of 
esketamine in vitro, the cells were treated with 25 µM of 
esketamine (Figure S1). Total RNA was extracted from 
C8D1A cells using the TRIzol reagent (Ambion, USA), and 
the cells were divided into two groups. In one group, the 
RNA was pretreated with RNase R (Beyotime, China) at a 
concentration of 3 U/µg RNA at 37 °C for 30 min, followed 
by inactivation at 70 °C for 10 min. The remaining group 
served as controls. RT-PCR was conducted to assess the 
expression of circKat6b and β-actin, both with and without 
RNase R treatment.

Cell Transfection

The gene sequences of circKat6b were obtained from 
NCBI, and a pair of primers were designed based the 
Kat6b gene sequences: forward 5′-CGG​AAT​TCT​AAT​
ACT​TTC​AGG​TCT​TGG​TTT​CCT​AAA​GATG-3′ and 

Fig. 1   Experimental design. CUMS, chronic unpredictable mild stress; SPT, sucrose preference test; FST, forced swim test; TST, tail suspension 
test; ICV, intracerebroventricular injection
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reverse 5′-CGT​GAT​CAA​GTT​GTT​CTT​ACC​TGG​TCT​
TTC​TCA​TGG​GGTA-3′. The interference segment was 
ligated into the pCDH5-circRNA-copGFP-Puro cloning 
vector (pCDH5-copGFP) to construct the circKat6b over-
expression vector (pCDH5-circKat6b). To generate the 
recombinant lentivirus LV-circKat6b, 293 T cells were co-
transfected with 2 µg pCDH5-circKat6b plasmid, 0.5 µg 
VSVG plasmid, and 1.5 µg DVPR plasmid in 8 µL jet-
PRIME transfection reagent. The lentivirus supernatants 
were collected 48 h and 72 h after transfection. The stably 
transfected cells were selected using 5 µg/mL puromycin 
72 h after infection with the lentiviral supernatant, and 
C8D1A cells with stable circKat6b overexpression were 
validated by RT-PCR.

RNA Extraction and RT‑PCR

Total RNA from cells or animal tissues was isolated using 
TRIzol reagent according to the manufacturer’s instruc-
tions (Ambion). Then, 1 µg of RNA was used for cDNA 
synthesis using the HiScript III 1st Strand cDNA Synthe-
sis Kit (+ gDNA wiper) (Vazyme, China). PowerUp SYBR 
Green Master Mix (Thermo Fisher Scientific) was used to 
conduct qRT-PCR with QuantStudio 5 Applied Biosys-
tems (Thermo Fisher Scientific). The fold-change in the 
expression of the target gene was determined using the 
comparative Ct approach (2-ΔΔCt method) with β-actin 
as the housekeeping gene. The primer sequences used for 
qRT-PCR are listed in Table 1.

The RNA levels of circKat6b, GABAB1, and stat1 were 
detected using the following RT-PCR method: 94 °C for 
3 min, and then 35 cycles of 94 °C for 30 s, 55 °C for 
30 s, and 72 °C for 30 s. The reactions included DNA 
polymerase (Tiangen Biotech Co. Ltd. Beijing, China) 
and specific primers (Table 1) and was performed in a 
MyCycler thermal cycler (Bio-Rad, Hercules, CA, USA). 

The PCR products were separated in a 1.5% agarose gel 
by electrophoresis.

RNA Sequencing Library Construction and RNA‑seq

Total RNA was extracted from C8D1A cells expressing 
pCDH5-copGFP or pCDH5-circKat6b using TRIzol reagent 
as described. An initial input of 1 µg total RNA was used 
to construct each sequencing library. All purified libraries 
were then sequenced on the Illumina Novaseq 6000 plat-
form at Majorbio Corporation to generate 300-bp paired-end 
sequence reads. Three replicates were sequenced for each 
group, and differentially expressed genes (DEGs) were iden-
tified using the DESeq2 package with a threshold of adjusted 
P-value < 0.05 and |log2 fold change (FC)|≥ 1.

Immunofluorescence Staining andFluorescenceIn 
SituHybridization(FISH)

Immunofluorescence assays were performed as described 
previously [27]. C8D1A cells were cultured on coverslips 
and fixed with 4% paraformaldehyde (PFA) for 10 min, 
washed with PBS three times for 5 min each, and processed 
to detect circKat6b expression following the manufacturer’s 
instructions (RiboBio). Images were captured using a micro-
scope (ZEISS, Germany, ls810). The sequence of the probe 
used for detecting mouse circKat6b was 5′-FITC-CAU​CUU​
UAG​GAA​ACC​AAG​ACC​UGG​UCU​UUC​UCAUG-3′, with 
biotinylation at the 5′ terminus.

Western Blot and Enzyme‑Linked Immunosorbent 
Assay (ELISA)

Equal amounts of protein lysates were resolved by SDS-
PAGE and transferred onto a nitrocellulose membrane. The 
membranes were incubated with the primary antibodies at 
4 °C overnight and then hybridized with the corresponding 
secondary antibodies at room temperature for 1 h. Then, the 
protein bands were visualized using the ECL western blot-
ting substrate (Solarbio, Beijing, China). The primary anti-
bodies used were GFAP (Proteintech, 1:10000), GABAB1 
(Abcam, 1:100), Stat1 (Proteintech, 1:2000), Phosphor-stat1 
(Ser727) (Cell Signaling Technology, 1:1000), and β-actin 
(Proteintech, 1:5000). Hippocampal tissue was homogenized 
in RIPA lysis buffer, and the total protein lysate was col-
lected by centrifugation at 12,000 rpm at 4℃ for 15 min. 
CCL-2, IL-6, iNOS and TNF-α levels were measured in the 
supernatants from hippocampal tissues using an ELISA kit 
according to the manufacturer’s instructions (#ZC-38588, 
#ZC-37988, #ZC-38979, #ZC-39024; ZCIBIO, China).

Table 1   RT-PCR primers

Primer name Sequence

Mouse-circKat6b-F AAT​GGG​AGG​TTA​CTG​AAG​GA
Mouse-circKat6b-R AAG​CAA​CAG​CAT​AGG​GAC​AA
Mouse-Kat6b-F ACA​ACA​ACA​GGG​GGA​CAC​AA
Mouse-Kat6b-R CCG​CAT​GGC​AGA​TTC​TCT​CT
Mouse-stat1-F GAT​CGC​TTG​CCC​AAC​TCT​TG
Mouse-stat1-R ACT​GTG​ACA​TCC​TTG​GGC​TG
Mouse-GABAB1-F CGG​GTG​GAT​TTC​CGA​TGT​GA
Mouse-GABAB1-R TGT​GGC​GTT​CGA​TTC​ACC​TG
Mouse-β-actin-F CCT​AAG​GCC​AAC​CGT​GAA​AA
Mouse-β-actin-R GAG​GCA​TAC​AGG​GAC​AGC​ACA​
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Statistical Analyses

Statistical analyses were performed using GraphPad Prism 
7 software. Significance was determined using Student’s 
t-test for comparisons between two groups. One-way analy-
sis of variance (ANOVA) and two-way ANOVA, followed 
by Tukey’s test, were used for multigroup comparisons. All 
data are presented as the mean ± SEM. Statistical analyses 
performed for different experiments are described in the 
respective figure legends, and the results were considered 
significant at P < 0.05.

Results

Esketamine Decreases circKat6b Expression 
in the Hippocampus of CUMS Mice

Sequencing analysis revealed that rno-circRNA-005442 
was homologous to Kat6b, with high species homology 
(Fig. 2A). This circular RNA was formed by the circu-
larization of exon 3 of the human Kat6b gene or exon 2 
of the mouse Kat6b gene (Fig. 2B). The use of divergent 
and convergent primers in the amplification of circKat6b 
demonstrated that the head-to-tail junction-specific primers 
could only amplify circKat6b cDNA, but not genomic DNA, 
confirming that circKat6b molecules had circular structures 
(Fig. 2C). The circKat6b was resistant to ribonuclease R 
digestion, whereas linear Kat6b mRNA was easily degraded 
(Fig. 2D).

CUMS mice showed a significant decrease in sugar water 
preference (Fig. 2E, P < 0.001) and an increase in immo-
bility time (Fig. 2F and G, P < 0.01), which were accom-
panied by the upregulation of circKat6b expression in the 
hippocampus (Fig. 2H, P < 0.001). Intravenous administra-
tion of esketamine (5 mg/kg) treatment of CUMS mice sig-
nificantly increased the sugar water preference rate (Fig. 2E, 
P < 0.001) and decreased the immobility time (Fig. 2F and 
G, P < 0.01), which correlated with the downregulation of 
circKat6b expression (Fig. 2H, P < 0.05).

CircKat6b Attenuates Esketamine Antidepressant 
Efficacy in CUMS Mice

After 1 month of AAV injection, the expression of green flu-
orescent protein (GFP) adeno-associated virus was predomi-
nantly localized within the entire hippocampus (Fig. 3A), 
while the expression of circKat6b significantly increased in 
the hippocampus (Fig. 3B,P < 0.01). Our data showed that 
both CUMS-circCon and CUMS-circKat6b groups of mice 
exhibited symptoms of depression when compared to the 
control group (Fig. 3C–E, P < 0.01). Whereas intravenous 
administration of esketamine(5 mg/kg) treatment increased 

sucrose preference of CUMS-circCon group and decreased 
immobility time in the FST and TST (Fig. 3C–E, P < 0.05), 
however, these effects were attenuated in mice overexpress-
ing circKat6b when compared with the CUMS + Es-circCon 
group (Fig. 3C–E, P < 0.01).

CircKat6b Reduced the Beneficial Effect 
of Esketamine on Astrocyte Dysfunction in CUMS 
Mice

The highest level of basal circKat6b expression was 
observed in untreated C8D1A cells (Figure S2A, P < 0.05). 
Following a 24-h treatment with 25 µM esketamine, the 
expression of circKat6b was significantly downregulated in 
the C8D1A cells (Figure S2B, P < 0.05), while no signifi-
cant changes were observed in the HT22 and BV2 cells. The 
expression of circKat6b in C8D1A cells was further con-
firmed using in situ hybridization, which revealed the pre-
dominant cytoplasmic localization of circKat6b in C8D1A 
cells (Figure S2C). The CUMS-circCon and CUMS-circK-
at6b mice had increased expression levels of CCL2 (Fig. 4A, 
P < 0.01), IL-6 (Fig. 4B, P < 0.01), iNOS (Fig. 4C, P < 0.01), 
and TNF-α (Fig. 4D, P < 0.01) inflammatory factors when 
compared with the control group (Fig. 4A–D). However, 
circKat6b overexpression resulted in a significant reduction 
in the inhibitory effect of esketamine on the expression of 
these inflammatory factors (Fig. 4A–D, P < 0.01). Immu-
nofluorescence analysis revealed that the number of astro-
cytes in the hippocampus was significantly reduced in both 
groups of CUMS mice when compared to that of the control 
group (Fig. 4E and F, P < 0.01), while the overexpression of 
circKat6b effectively reduced the increase in astrocytes in 
the CUMS-circCon group treated with esketamine (Fig. 4E 
and F, P < 0.01). This finding was further confirmed by west-
ern blot analysis of GFAP. The expression levels of GFAP 
were notably decreased in the hippocampus of mice in the 
CUMS-circCon and CUMS-circKat6b groups compared 
with the control group (Fig. 4G and H, P < 0.01). And over-
expression of circKat6b significantly inhibited the upregu-
lation of GFAP expression in the CUMS-circCon group by 
esketamine (Fig. 4G and H, P < 0.01).

CircKat6b Regulates Stat1 Expression in Astrocytes

Astrocytes stably overexpressing circKat6b were established 
(Figure S3) to conduct a comprehensive transcriptome anal-
ysis. We found that the overexpression of circKat6b resulted 
in the upregulation of 266 genes and the downregulation of 
200 genes in the transcripts (Fig. 5A; details of the top 20 
DEGs are shown in Tables S1-S2). Gene ontology (GO) 
analysis revealed that most of the differentially expressed 
genes (DEGs) were enriched in “immune system process” 
and “response to stimulus” categories, which are associated 
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with depression [29, 30] (Fig. 5B). Moreover, the KEGG 
and reactome enrichment analysis demonstrated that the 
DEGs between the pCDH5-circKat6b and pCDH5-copGFP 
groups were highly associated with several pathways, includ-
ing the “ABC transporters,” “NOD-like receptor signaling 

pathway,” “PI3K-Akt signaling pathway,” “GABA receptor 
activation,” “GABAB receptor activation,” and “Activation 
of GABAB receptors” (Fig. 5C and D). Finally, among the 
top 20 upregulated genes, stat1 was significant associated 
with immunoinflammatory responses, and among the top 

Fig. 2   Identification of circKat6b. A Sequence alignment of human, 
rat, and mouse circKat6b. Asterisk (*) represents the same base. B 
The circular sequence of human and mouse circKat6b. C RT-PCR 
amplification of linear and circular Kat6b. D Treated with RNase R 
(20 U/µL) for 1  h, circKat6b, linear Kat6b levels were detected by 
RT-PCR. Convergent, convergent primers for amplification of linear 
RNA. Divergent, divergent primers for amplification of circRNA. 

E–G SPT, TST, and FST were performed after a single dose of 
5 mg/kg esketamine (N = 8). H Relative circKat6b expression levels 
of hippocampus (N = 6). Data represent the mean ± SEM. Statisti-
cal analysis of experimental conditions vs control group, **P < 0.01, 
***P < 0.001; vs CUMS group, #P < 0.05, ##P < 0.01, ###P < 0.001 
using two-way ANOVA followed by Tukey’s test
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20 downregulated genes, GABAB1 was strongly associated 
with GABAB receptor activation. Our results demonstrated 
that stat1 expression significantly increased at both the tran-
scriptional and protein levels following the overexpression 
of circKat6b, while no significant change in the GABAB1 
expression was observed (Fig. 5E and F, P > 0.05).

CircKat6b Increases p‑Stat1 Level to Reduce 
Esketamine Effects on Astrocyte Dysfunction 
in CUMS Mice

Our data revealed a significant upregulation of p-stat1 pro-
tein expression in the hippocampus of CUMS mice when 
compared to that of the control group (Fig. 6A, P < 0.01). 
Following intravenous administration of esketamine (5 mg/
kg) treatment, the expression of p-stat1 was downregulated 
(Fig. 6A; P < 0.05); however, the overexpression of circK-
at6b effectively attenuated the decrease in p-stat1 protein 
expression observed in the esketamine-treated CUMS-circ-
Con group (Fig. 6B, P < 0.01). Immunofluorescent labeling 
provided additional evidence of nuclear enrichment of stat1 
in astrocytes in the CUMS group when compared with that 

of the control. Notably, circKat6b overexpression attenuated 
the nuclear translocation of stat1 that was induced by esketa-
mine treatment. Similarly, circKat6b overexpression in the 
hippocampus via AAV infection partially attenuated the 
esketamine-induced increase in astrocyte count (Fig. 6C).

Discussion

Similar to ketamine, the routine use of esketamine in daily 
medical practice is hindered by adverse effects, including 
transient dissociative and psychotic symptoms [5]. There-
fore, uncovering the molecular mechanisms underlying the 
antidepressant activities of esketamine/ketamine and iden-
tifying potential downstream therapeutic targets are promis-
ing for the treatment of major depressive disorders. In the 
present study, we present the first characterization of circK-
at6b, a newly identified exon-derived circular RNA that is 
highly conserved and expressed in astrocytes. Furthermore, 
we demonstrate that circKat6b plays a crucial role in medi-
ating the antidepressant effects of esketamine. CircKat6b 
responds to esketamine/ketamine treatment, suggesting it 

Fig. 3   CircKat6b mediates the antidepressant effect of esketamine. 
A The expression of circKat6b in the hippocampus visualized with 
immunofluorescence. Scale bar = 200  µm. B qRT-PCR results of 
circKat6b expression in the hippocampus (N = 4), with statistical 
analyses of experimental results vs circCon group, **P < 0.01 using 
Student’s t-test. C–E Effects of circKat6b AAV microinjection on 

depressive-like behaviors in CUMS mice. SPT, TST, and FST were 
measured at the end of CUMS modeling and after a single injection 
of 5 mg/kg esketamine (N = 10). vs control-circCon group, *P < 0.05, 
**P < 0.01; vs control-circKat6b group, $$P < 0.01; vs CUMS-circCon 
group, #P < 0.05; vs CUMS + Es-circCon group, &&P < 0.01 using 
two-way ANOVA followed by Tukey’s test
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may be a potential therapeutic target and diagnostic strategy 
for patients with depression.

CircRNAs are present in many types of tissues, exosomes, 
and bodily fluids, including blood, urine, cerebrospinal fluid, 
and saliva [31]. Given their abundance and high stability, 
circRNAs have a remarkable potential as biomarkers for 

disease diagnosis, monitoring, and prognostication [32]. 
CircKat6b has a high degree of homology among mice, rats, 
and humans, and its circular structure is relatively stable 
against RNase R degradation. The properties of circRNAs 
determine their important roles in transcription and post-
transcription processes. Evidence suggests that precursor 

Fig. 4   Effect of circKat6b on hippocampal astrocyte function in 
CUMS mice. A–D Effect of overexpression of circKat6b on inflam-
matory factors in the hippocampus was measured using ELISA 
(N = 6). E Representative immunohistochemical images of astrocytes 
expressing GFAP in the mouse hippocampus. Scale bar = 50  µm. F 
Quantification of GFAP-positive cells per mm2 in the mouse hip-

pocampus; N = 4. G, H Protein expression of GFAP in the hippocam-
pus (N = 6), vs control-circCon group, *P < 0.05, **P < 0.01; vs con-
trol-circKat6b group, $$P < 0.01; vs CUMS-circCon group, #P < 0.05, 
##P < 0.01; vs CUMS + Es-circCon group, &&P < 0.01 using two-way 
ANOVA followed by Tukey’s test
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mRNAs originating from spliced exon or intron sequences 
can generate different circRNAs, with the former primarily 
localized in the cytoplasm and the latter in the nucleus [33]. 
CircKat6b is circularized from the Kat6b exon 2 in mice 
and is localized primarily in the cytoplasm of astrocytes. 
In this study, we observed an upregulation of circKat6b 
expression in the hippocampus of mice subjected to CUMS, 
whereas esketamine treatment resulted in the downregula-
tion of circKat6b expression and a significant improve-
ment in the depressive-like behavior of the CUMS mice. 
Moreover, the overexpression of circKat6b significantly 

reduced the antidepressant effects of esketamine, suggest-
ing that circKat6b mediated the antidepressant effects of 
esketamine. It should be noted that existing literature sug-
gests that motor activity may be changed by hippocampal 
function [34–36]. As this study did not evaluate the effect 
of circKat6b-AAV overexpression in the hippocampus on 
locomotor activity of mice, the results obtained in FST and 
TST may be influenced by the change in spontaneous activ-
ity of mice, which was a limitation of this study. There is 
substantial evidence indicating that circRNAs are involved 
in the pathogenesis of depression and their significance in 

Fig. 5   Differential expression and functional analysis in astrocytes 
overexpressing circKat6b. A Volcano map of DEGs in the pCDH5-
circKat6b vs pCDH5-copGFP where red represents upregulated 
genes and blue represents downregulated genes. B GO (CC, MF, BP) 
classification, C KEGG pathway analysis, and D reactome enrich-

ment analysis of DEGs related to circKat6b overexpression. E RT-
PCR results of GABAB1, stat1, and circKat6b mRNA in C8D1A 
overexpressing circKat6b. F Western blot results of GABAB1, stat1, 
and p-stat1 in C8D1A overexpressing circKat6b. N = 4, vs pCDH5-
copGFP group, *P < 0.05, **P < 0.01 using Student’s t-test
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antidepressant therapies. Zhang et al. reported that circDYM 
mitigates depression-like behaviors through its interaction 
with miRNA-9, leading to the regulation of HSP90 ubiquit-
ination and subsequent microglial activation [12]. Aberrant 

expression of circSTAG1 and circHIPK2 is associated with 
astrocyte dysfunction and may partially induce depressive 
symptoms [28, 37]. In addition, the antidepressant saponins 
from the leaves of Panax notoginseng upregulate the level 

Fig. 6   CircKat6b regulates 
astrocyte function via stat1. 
A Protein expression of stat1 
and p-stat1 protein in the hip-
pocampus in each group. N = 6, 
vs control group, **P < 0.01; vs 
CUMS group, #P < 0.05 using 
one-way ANOVA followed by 
Tukey’s test. B Effect of circK-
at6b overexpression on stat1 
and p-stat1 protein expression in 
the hippocampus in each group. 
N = 6, vs control-circCon group, 
**P < 0.01; vs control-circKat6b 
group, $$P < 0.01; vs CUMS-
circKat6b group, ##P < 0.01; 
vs CUMS + Es-circCon group, 
&&P < 0.01 using two-way 
ANOVA followed by Tukey’s 
test. C Representative double-
staining immunofluorescence 
of p-stat1 and GFAP in brain 
sections from different groups 
following esketamine treatment. 
Scale bar = 20 µm
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of mmu-circ-0001223 to increase the expression of brain-
derived neurotrophic factor (BDNF) and ultimately amelio-
rate depressive-like behavior in mice [38]. In conclusion, 
circRNAs have a substantial impact on the pathogenesis 
of depression and potential as biomarkers for epigenetic or 
pharmacological interventions in depression. However, the 
precise mechanisms underlying the effects of circKat6b on 
the antidepressant properties of esketamine remain elusive.

Previous studies have demonstrated the significant 
involvement of astrocytes in the pathophysiological mech-
anisms underlying depression, indicating that they are 
potential candidates for screening novel antidepressant 
medications [39, 40]. Astrocyte dysfunction in depression 
is characterized by various alterations including diminished 
cell density, anomalous morphology (e.g., decreased branch 
length, volume, and number), decreased GFAP expression, 
and aberrant membrane channel function [41]. Antidepres-
sant administration can reduce neuronal apoptosis within the 
hippocampus and decrease the secretion of pro-inflamma-
tory factors IL-1β, IL-6, and TNF-α by astrocytes and micro-
glia [42, 43]. These findings are consistent with our experi-
mental results that the expression of IL-6, TNF-α, iNOS, and 
CCL2 were significantly upregulated in the hippocampus of 
depressive-like mice administered CUMS, and this altera-
tion was reversed by esketamine treatment. Overexpression 
of circKat6b effectively attenuated the esketamine-induced 
effects, including inflammatory factor expression in CUMS 
mice. Furthermore, improvement in the number of astrocytes 
in the hippocampus was concomitant with GFAP protein 
expression level. These results suggest that circKat6b may 
affect depression-like behavior in mice by modulating astro-
cyte function.

To elucidate the precise mechanism underlying circK-
at6b-induced astrocyte dysfunction, we performed an RNA-
seq analysis. The DEGs in response to circKat6b expres-
sion were identified by comparing the pCDH5-copGFP and 
pCDH5-circKat6b groups. GO, KEGG, and reactome analy-
ses revealed that these DEGs were significantly enriched 
in pathways related to cell growth, energy metabolism, 
immune-inflammatory responses, and GABA receptor 
activation. The gene stat1 was upregulated in circKat6b-
expressing cells, which exhibited a significantly enriched 
immune-inflammatory response pathway. Conversely, 
GABAB1, which is predominantly enriched in the GABA 
receptor activation pathway, was downregulated in response 
to circKat6b expression. We also identified significant differ-
ences in the gene and protein expression of stat1 and p-stat1, 
suggesting that stat1 may serve as a downstream target for 
circKat6b action.

The JAK2/STAT1 signaling pathway is an extensively 
preserved inflammatory pathway that is strongly correlated 
with neuronal cell activation, synaptic plasticity, and modu-
lation of cognitive functions [44]. The expression of stat1 
significantly increased in whole blood tests conducted on 
patients with treatment-resistant depression [45]. Activation 
of stat1 in the hippocampal tissue of depressed mice induced 
by lipopolysaccharides (LPS) leads to neuroinflammation, 
suggesting an important role for stat1 the pathogenesis of 
depression [46]. We found that p-stat1 expression increased 
in the CUMS mouse model and subsequently decreased 
following esketamine administration. However, circKat6b 
overexpression significantly attenuated esketamine-induced 
downregulation of p-stat1 in the CUMS mouse model, fur-
ther suggesting that stat1 may serve as a putative regulator 

Fig. 7   A schematic diagram 
depicting how esketamine 
affects the function of astrocytes 
through the regulation of stat1 
expression via circKat6b to 
exert an antidepressant effect
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of the pathogenesis and maintenance of depression. Upon 
phosphorylation, stat1 undergoes polymerization, resulting 
in the formation of an activated transcription activator that 
can translocate to the nucleus and bind specific target genes 
to facilitate their transcription [47]. Stat1 activation is impli-
cated in cellular responses to pro-inflammatory cells such as 
IL-1 and TNF-α, as well as growth factors and immunomod-
ulatory proteins [48]. Furthermore, stat1 activation induces 
astrocytes to produce adhesion molecules (e.g., ICAM-1/
VCAM-1), inflammatory factors (e.g., TNF, IL-6), and 
chemokines (e.g., CCL2, CXCL8, and CXCL10) to initiate 
inflammatory responses within the nervous system to exert 
its regulatory function [22, 23]. Immunofluorescence results 
highlighted the enrichment of stat1 in astrocytes, along with 
significant nuclear location of stat1 in the CUMS mouse 
model, concomitant with a reduction in the astrocyte popu-
lation. Conversely, the overexpression of circKat6b attenu-
ated the nuclear translocation of stat1 induced by esketamine 
treatment. These findings indicate a potentially significant 
correlation between stat1 activation and astrocyte dysfunc-
tion, identifying stat1 is a promising target for antidepressant 
intervention, although further investigation is necessary to 
validate this hypothesis.

CircRNAs function through the following mechanisms: 
(1) as a “sponge” that absorbs miRNAs in the cytoplasm 
[49], (2) interacting with RNA-binding proteins (RBPs) 
in the cytoplasm [50], (3) regulating parental gene expres-
sion in the nucleus [51], and (4) translating novel peptides 
[52]. Given that circKat6b is predominantly localized in the 
cytoplasm of astrocytes, it is plausible that it regulates the 
expression level of stat1 by sponging miRNAs, interacting 
with RBPs, and participating other regulatory mechanisms. 
Consequently, this modulation influences the functionality of 
astrocytes and implicates their involvement in the progres-
sion of depression. Elucidating these aspects of circKat6b 
function will be the focus of our forthcoming experiments.

In conclusion, this study successfully established a novel 
functional association between esketamine and circKat6b 
expression. Specifically, esketamine administration down-
regulated circKat6b expression in astrocytes within the 
hippocampus of a depression-like mouse model, leading to 
reduced stat1 phosphorylation and enhanced astrocyte func-
tionality, ultimately exerting antidepressant effects (Fig. 7). 
Therefore, circKat6b has emerged as a promising target for 
the diagnosis and treatment of depression and provides valu-
able insights into preventive strategies and effective diagnos-
tic and therapeutic approaches for depression.
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