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Circular RNAs (circRNAs) are stable noncoding RNAs that
play a crucial role in neurodegenerative diseases, and they
have been implicated in the pathogenesis of postoperative
cognitive dysfunction (POCD). However, their underlying
molecular mechanisms in POCD remain poorly understood.
This study identified hsa_circRNA_061570 as significantly up-
regulated in plasma after anesthesia/surgery using high-
throughput circRNA microarray screening, correlating with
cognitive decline. Its murine homolog, circITSN1, was further
investigated using shRNA-mediated knockdown in the hippo-
campus. Behavioral tests (open field, Y maze, and fear condi-
tioning) revealed that circITSN1 suppression improved spatial
and contextual memory without affecting motor function.
Neuronal damage analysis via Golgi staining demonstrated
that circITSN1 knockdown alleviated synaptic and dendritic
spine impairments. Mechanistically, circITSN1 directly bound
to RNA-binding protein EIF4A3, stabilizing Itsn1 mRNA and
activating the JNK inflammatory pathway, thereby increasing
pro-inflammatory cytokines. Spatial co-localization of cir-
cITSN1 with neuronal markers and EIF4A3 underscored its
neuron-specific regulatory role. These findings establish cir-
cITSN1 as a critical mediator of neuroinflammation through
JNK pathway activation, positioning it as both a diagnostic
biomarker and a promising therapeutic target for POCD
intervention. The study bridges circRNA biology with neuro-
cognitive pathology, offering novel insights into post-surgical
cognitive impairment mechanisms.

INTRODUCTION

Postoperative cognitive dysfunction (POCD) is a common postoper-
ative severe neurological complication in elderly surgical individuals,
with a reported incidence of up to 54%." It is characterized by a
decline in cognitive functions, including memory, attention, infor-

mation processing, and cognitive flexibility.” Additionally, POCD
extends the duration of patients’ hospital stays and elevates their
financial burdens.> Most importantly, the impact of POCD on
the cognitive function of geriatric patients lasts for several years
and may increase the risk of multiple neurodegenerative diseases,
such as Alzheimer’s disease (AD).>® However, the pathophysiologic
processes of POCD and possible targets for therapeutic intervention
remain unknown.

Surgical trauma and stress lead to cell death, followed by the release of
a variety of damage-associated molecular patterns (DAMPs), which
are recognized by pattern recognition receptors to induce sterile neu-
roinflammation, and the inflammatory response appears to be a key
factor in the development of POCD.”? Circular RNAs (circRNAs),
as one of the DAMPs, may be triggered by surgical trauma to release
them in large quantities, resulting in neuroinflammation.'”!" More-
over, circRNAs, noncoding RNAs characterized by covalently linked
5 and 3’ ends, are reportedly involved in multiple neurodegenerative
diseases, such as Parkinson’s disease and AD.'>'* Since circRNAs are
enriched in the brain, they can regulate various physiological and
pathological processes in nerve cells and mediate the occurrence
and development of nervous system diseases.'” Of note, compared
with traditional linear RNAs, circRNAs are more stable in the blood
or tissues, indicating that circRNAs have excellent potential as bio-

markers for diagnosing and treating the disease.'*'* In recent years,
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an increasing number of studies have proven that circRNAs partici-
pate in the pathological processes of POCD.'®'” For example, Wei
et al. analyzed the differential expression profile of circRNAs in the
hippocampus of 12-month-old mice and reported that mmu_
circRNA_26701 and its parent gene HOMERI were increased in
the glutamate synapse.'® However, few studies have clarified the spe-
cific functions and mechanisms of circRNAs in the pathogenesis
of POCD.

In our previous study, we conducted a combined microarray anal-
ysis on elderly surgical patients with and without POCD, initially
identifying the upregulated hsa_circRNA_00061570 (renamed cir-
cITSN1) in the plasma of elderly POCD patients. In the current
study, we further validated the expression of circITSN1 and
explored its downstream mechanisms using the mouse model.
The primary aim of this study is to investigate the role and under-
lying mechanisms of circITSNI in the development of POCD. We
hypothesized that circITSN1 interacts with the RNA-binding pro-
tein EIF4A3 to stabilize Itsn] mRNA, thereby activating the JNK
inflammatory signaling pathway. This activation leads to synaptic
and dendritic spine damage, resulting in cognitive impairment.
By elucidating the circITSN1/EIF4A3/Itsnl axis, this study seeks
to identify potential biomarkers and therapeutic targets for the pre-
vention and treatment of POCD.

RESULTS

Cognitive decline occurred in aged mice after unilateral
nephrectomy

Following the test paradigm (Figure 1A), there was no significant dif-
ference in the moving distance of mice between the sham group and
the surgery (SY) group, while the SY group spent less time in the cen-
ter area (Figure 1B). This suggested that surgery did not impact mo-
tor ability, but the SY group exhibited increased anxiety levels. On
day 3 after surgery, spontaneous alternation was reduced in the
mice of SY group compared with the sham group in the Y maze
test (Figure 1C). There was no significant difference between the
two groups in the freezing time of the mice at the training baseline
or in the cue tone test, while significantly decreased freezing time
was found in the contextual test in the SY group compared with
the sham group. This indicates that the SY group mice have impaired
memory of fear stimuli (Figure 1D). Thus, these results indicated
that unilateral nephrectomy could cause hippocampus-dependent
cognitive decline in aged mice and the successful establishment of
an aged mouse model of POCD.

CircITSN1 and its parental gene Itsn1 are highly expressed in the
hippocampus of aged mice after unilateral nephrectomy

The experimental process is shown in Figure S1A. In our previous
research, to investigate the potential involvement of circRNAs in
POCD, the blood of non-POCD (NPOCD) group (including 59 pa-
tients) and POCD group (including 39 patients) were collected, and
serum samples were analyzed for circRNA expression profiles using
a high-throughput circRNA microarray. A total of 210 circRNAs
were differentially expressed between groups (133 upregulated and
77 downregulated in POCD patient serum) (Figures S1B-S1D).
Among these differentially expressed circRNAs, hsa_circRNA_061570
was highly increased in the serum of POCD patients. Using circBase
(http://www.circbase.org) and NCBI BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) to perform homologous transformation between hu-
mans and mice, circITSN1 was the murine circRNA homologous to
hsa_circRNA_061570, and the sequencing matching degree was 90%
(Figures S2A-S2C). To determine circITSNI expression in aged
mice after unilateral nephrectomy, we performed immunofluores-
cence staining of circITSN1 through the circRNA probe while the
mice were sacrificed on day 6 post-surgery. We found a significant in-
crease in circITSNI levels in the SY group compared with those in the
sham group after surgery (Figures 1E and 1F). In addition, we per-
formed real-time quantitative PCR (RT-qPCR) to measure circITSN1
expression in the hippocampus and serum of aged mice and found a
significant increase in circITSN1 levels in the SY group compared
with those in the sham group (Figure 1G). Since circITSN1 was gener-
ated from the Itsnl gene, we also investigated the expression of Itsnl.
Western blotting showed increased ITSN1 protein in the hippocampus
in the SY group compared with the sham group (Figures 2A and 2B). In
addition, we performed dual immunofluorescence staining of ITSN1
combined with antibodies against different cell markers for neurons
(MAP2), astrocytes (GFAP), and microglia (IBA1). The increased
ITSN1 expression was primarily located in MAP2-marked hippocam-
pal neurons (Figures 2C and 2D) rather than in IBA1-marked micro-
glia and GFAP-marked astrocytes (Figures 2E-2H). These results
showed that circITSN1 and its parental gene, Itsnl, may play critical
roles in the occurrence of POCD in aged mice.

Mice subjected to unilateral nephrectomy presented activation
of JNK pathway, inflammatory cytokine release, and impaired
hippocampal dendritic spines

JNK signaling, as an intracellular entity with a strong response to
different stressors in the brain, is associated with neuronal plasticity
and dendrite formation.'**° To analyze the activation of the JNK in-
flammatory pathway in POCD, we investigated the phosphorylation

Figure 1. Anesthesia and unilateral nephrectomy led to cognitive impairment in aged mice

(A) Schematic outline of the animal experimental design of the POCD mouse model and behavioral test. (B) Representative chart of the open field test of the sham and SY
groups. Quantification of total distance and time in the central area in the open field test. (C) Representative chart of the Y-maze test of the sham and SY groups is shown.
Quantification of spontaneous alteration rate and total arm entry times in the Y-maze test. (D) Percentage of freezing time in the fear conditioning cued and contextual test
experiment. The percentage of freezing time was defined as the ratio of freezing time to the total time of the test process. (E) FISH analysis showing the position and
expression level of circlTSN1 in the CA1 region of the hippocampus in both the sham and SY groups. Scale bars, 100 um. (F) Quantitative analysis of the relative intensity of
circITSN1 in the CA1 region of the hippocampus in both the sham and SY groups (n = 3). (G) Expression of circITSN1 in the hippocampus and serum was measured by
RT-gPCR (n = 6). Representative chart of test freezing time. All data are presented as the mean + SEM; *p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001.
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Figure 2. ITSN1 was increased in the hippocampus of the POCD mouse model

(A and B) Western blots of ITSN1 and quantitative analysis of relative band intensity (n = 6). (C and D) Immunofluorescence of ITSN1 and MAP2 from aged WT mice hip-
pocampus samples after surgery compared to the sham group. ITSN1 (red) indicated the ITSN1 expression level and MAP2 (green) was used to stain neurons (n = 3). (E-H)
Immunofluorescence of ITSN1 and GFAP/IBA1 from aged WT mice hippocampus samples after surgery compared to the sham group. ITSN1 (red) indicated the ITSN1
expression level and GFAP (green) was used to stain astroglia in (E). IBA1 (green) for microglia in (G). Quantitative analysis of GFAP-ITSN1 and IBA1-ITSN1 positive area
in (F) and (H). Pictures were obtained by fluorescence microscopy (n = 3). Scale bars, 100 pm. All data are presented as the mean + SEM; *p < 0.05, *p < 0.01, **p < 0.001,
and ****p < 0.0001.
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of c-Jun (P-c-Jun levels over total c-Jun levels: p-c-Jun/c-Jun) and
JNK (p-JNK levels over total JNK levels: p-JNK/JNK) in the hippo-
campus. The results showed that the P-c-Jun/c-Jun and P-JNK/
JNK ratios were significantly higher in mice in the SY group than
in mice in the sham group (Figures 3A-3C), indicating significant
activation of the JNK stress pathway in the aged mouse model of
POCD. To further investigate the impact of JNK activation on neu-
roinflammation, we examined the expression of JNK-related inflam-
matory cytokines (mainly including interleukin [IL]-1p, IL-6, and tu-
mor necrosis factor alpha [TNF-a]) and found significant
upregulation of pro-inflammatory cytokines IL-1p, IL-6, and TNEF-
a (Figures 31-3K). Under activation of neuroinflammation, hippo-
campal neuronal plasticity and dendrite formation were further
examined. We performed Golgi staining of neuronal dendrite forma-
tion in the CA1l region, which is critical for learning and memory.
We found that compared with the sham group, the spine density
of the dendritic shaft and branches in CAl pyramidal neurons of
the hippocampus in the SY group were significantly decreased on
day 6 after surgery (Figure 3D). In addition, the total dendritic length
and number of intersections were also reduced in the SY group
compared with the sham group (Figures 3E-3G). Because dendritic
spines are essential targets of synaptic input, we further tested the
expression of the neuronal synaptic plasticity-related proteins post-
synaptic density 95 (PSD95) and synaptophysin (SYN). The expres-
sions of PSD95 and SYN in the hippocampus in the SY group were
significantly lower than that in the sham group (Figures 3H, 3L, and
3M). Taken together, these results showed that the activation of the
JNK pathway may be involved in dendritic spine injury and lead to
the occurrence and development of POCD.

CircITSN1 knockdown improved hippocampus-dependent
memory by reducing ITSN1 expression, pro-inflammatory
cytokine release, and dendritic spine injury

To determine the function of circITSN1, adeno-associated virus
(AAV) circITSN1 (shcircITSN1) and the negative control AAV
(conAAV) were microinjected into the bilateral hippocampus of
aged mice 21 days before surgery to knockdown the expression
of circITSN1 (Figures 4A-4E). Compared with the SY-conAAV
group, the mice treated with SY-shcircITSN1 had significantly
longer freezing times in the contextual test of fear conditioning
and increased spontaneous alternation percentages in the Y maze
test after unilateral nephrectomy, suggesting the involvement of
circITSN1 in the development of POCD (Figures 4F-4]). Since
circITSN1 is generated from the Itsnl gene, we investigated
whether circITSNI1 affects its expression. The results showed a sig-
nificant decrease in the protein level of ITSN1 after the knockdown
of circITSN1(Figure 4K). Based on previous research on the poten-
tial regulation roles of circRNAs,”' we hypothesized that circITSN1
may affect the protein level of ITSN1 by regulating mRNA transla-
tion and targeting mRNA stability. ITSN1 has been reported to be
the key molecule that regulates synaptic plasticity in the hippocam-
pus and can activate the JNK pathway.”>** Then, we performed
western blotting to examine the activation profile of the JNK
pathway and found that compared with the sham-conAAV group,

the P-c-Jun/c-Jun and P-JNK/JNK ratios in the hippocampus were
significantly reduced in the mice of the SY-conAAV group. In
contrast, the ratios were increased in the SY-shcircITSNI group
(Figures S3A and S3B). Moreover, the knockdown of circITSN1
led to significant downregulation of pro-inflammatory cytokines
IL-1B, IL-6, and TNF-a in the hippocampus of surgical mice
(Figure 4L). The morphology of the hippocampal and CA1 neurons
determined via Golgi staining is shown in Figure S4A. Sholl anal-
ysis was used to assess dendritic branching. The dendritic intersec-
tions from the soma were significantly decreased in the SY-
conAAV group (Figure S4B). Similarly, the total dendritic length
was reduced in the SY-conAAV group (Figure S4C). Consistent
with the aforementioned results, the spine density declined in the
SY-conAAV group (Figures S4D and S4E). Moreover, the number
of dendritic intersections, total dendritic length, and spine density
were greater in the SY-shcircITSN1 group compared with the SY-
conAAV group (Figures S4B-S4E). Compared with those in the
sham-conAAV group, the expressions of PSD95 and SYN in the
hippocampus were significantly lower in the SY-conAAV group.
In contrast, their expressions were increased in the SY-
shcircITSN1 group (Figure S4F). These results showed that cir-
cITSN1 could activate the expression of its parent gene Itsnl and
cause dendritic spine injury in the aged mouse model of POCD.

Itsn1, the parent gene of circlTSN1, promoted dendritic spine
injury in the POCD model by activating the JNK pathway and pro-
inflammatory cytokines

To further determine the roles of Itsnl in the hippocampus of aged
mice after unilateral nephrectomy, we injected 0.5 pL of AAV itsnl
(shITSN1) and the conAAV into the bilateral hippocampus of aged
mice 21 days before surgery to knock down the expression of Itsnl
(Figures 5A-5D). Then, we found that compared with those in the
sham-conAAV group, the mice in the SY-conAAV group presented
significantly shorter contextual freezing times and a decreased spon-
taneous alternation percentage after surgery, while the contextual
freezing time was increased and the spontaneous alternation per-
centage was increased in the SY-shITSNI group, indicating the
function of ITSN1 in the development of POCD (Figures 5E-5H).
Meanwhile, compared with those in the sham-conAAV group, the
expressions of PSD95 and SYN were significantly lower in the hippo-
campus of the SY-conAAV group, while their expressions were
increased in the SY-shITSN1 group (Figures S5F and S5G). As re-
ported, the JNK pathway could be activated by ITSN1. We further
examined the P-c-Jun/c-Jun and P-JNK/JNK ratios in the hippocam-
pus by western blotting. The results showed that the P-c-Jun/c-Jun
and P-JNK/JNK ratios in the hippocampus were significantly
increased in the mice in the SY-conAAV group, while the ratios
were decreased in the mice in the SY-shITSN1 group (Figures S3C
and S3D). Similarly, the knockdown of ITSN1 also significantly
downregulated the expressions of the JNK-proinflammatory cyto-
kines IL-1p, IL-6, and TNF-« in the hippocampus of surgical mice
(Figures 5I-5K). Additionally, compared with that in the sham-con-
AAV group, the total dendritic length was reduced in the SY-
conAAV group (Figures S5A-S5C), while the spine density also
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Figure 3. Anesthesia and unilateral nephrectomy led to activation of the JNK pathway and impaired hippocampal dendritic spines in aged mice

(A and B) Western blots of hippocampal tissue show the protein levels of P-c-Jun, c-Jun, P-INK;, JNK, and GAPDH in the sham and SY groups. (C) Quantitative analysis of the
relative band intensity of the P-c-Jun/c-Jun and P-JNK/JNK ratios is shown (n = 6). (D) Golgi staining of the whole hippocampus, CA1 region, and dendritic spine. Scale bars,
500 pm and 100 pm. (E) Quantitative analysis of total dendritic length and synaptic spine density (n = 12). (F and G) Sholl analysis and quantitative analysis of the number of
intersections. (H) Western blotting showed the protein levels of PSD95 and SYN in the hippocampus of both the sham and SY groups. (-K) Changes in expression levels of
pro-inflammatory cytokines IL-1p, IL-6, and TNF-a in the hippocampus of surgical aged mice or sham group (1 = 6). (L and M) Quantitative analysis of the relative band
intensity of PSD95 and SYN is shown (n = 6). All data are presented as the mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

declined in the SY-conAAYV group (Figures S5D and S5E). Moreover, ~ compared with the SY-conAAV group (Figures SSA-S5E). These re-

the number of dendritic intersections, total dendritic length, spine  sults showed that ITSN1 could activate JNK and mediate dendritic
density, and spine density all increased in the SY-shITSN1 group  spine injury in the POCD model.
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Figure 4. CirclTSN1 knockdown in the hippocampus improved POCD in aged mice

(A) Schematic outline of the animal experimental design of microinjection of AAV circlTSN1 and negative AAV in the hippocampus. (B) Diagrammatic drawing showing

microinjection of AAV circITSN1 (shcircITSN1) and the negative control AAV (con AAV) into the bilateral hippocampus of aged mice 21 days before surgery. EGFP (green)

expression levels indicated that microinjection of AAV successfully infected CA1 region neurons, as confirmed by fluorescence microscopy. Scale bars, 250 pm. (C)

Expression of circlTSN1 in the hippocampus after microinjection of AAV was measured by RT-gPCR (n = 6). (D) FISH analysis showed the expression level of circlTSN1 in four

groups of mice. Scale bars, 100 um. (E) Quantitative analysis of the circlTSN1 positive area (n = 3). (F) Quantification of total distance traveled in the open field test (n = 6). (G)
(legend continued on next page)
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EIF4A3 was recruited by circlITSN1 to stabilize /tsn1 mRNA

in vivo and in vitro

According to the prediction of CircInteractome (https://circinter
actome.nia.nih.gov/), hsa_circRNA_061570 could bind with protein
EIF4A3, indicating that hsa_circRNA_061570 has protein-binding ca-
pacity (Figures S6A-S6C). circITSNI1 is the murine circRNA homol-
ogous to hsa_circRNA_061570, and the degree of sequencing match-
ing was 90%. Thus, we speculated that circITSN1 might also bind to
EIF4A3 (Figure 6A). EIF4A3 is an RNA-binding protein that plays a
vital role in monitoring mRNA quality and initiating translation, while
circITSN1 might work together with it to promote POCD occurrence.
Thus, we detected the expression of EIF4A3 in the four groups with
knockdown of circITSN1 expression. The western blot results showed
the upregulation of EIF4A3 in the SY group compared with the sham
group (Figures 6B and 6C). The abnormal expression of EIF4A3
implied that it is essential in POCD. Then, we investigated the role
of ETF4A3 both mechanically and functionally. RNA immunoprecip-
itation (RIP) and RNA pull-down assays were performed to verify that
circITSN1 could bind to EIF4A3 specifically (Figures 6F-6H). In the
SY-conAAYV group, the in-situ hybridization results showed the co-
localization of circITSN1 and EIF4A3 by confocal microscopy
(Figures 6D and 6E). In addition, we overexpressed circITSN1 in
HT-22 cells, a mouse hippocampal cell line, and performed in situ hy-
bridization, which revealed the co-localization of circITSN1 and
EIF4A3 (Figures 7A and 7B). An RIP assay also confirmed that cir-
cITSN1 could bind to EIF4A3 specifically in vitro (Figure 7E). After
circRNA was overexpressed in HT22 cells, there was no significant
change in the mRNA levels of Itsn1 compared with those in the control
group (Figure 7D). However, a significant increase in ITSN1 protein
level in the LV-circITSN1 group was confirmed by western blot anal-
ysis, indicating that circITSN1 mainly affects the process of protein
translation. (Figure 7C). We are trying to uncover the truth behind
the changes in ITSN1 protein levels despite the lack of significant dif-
ferences in Itsnl mRNA levels. EIF4A3 has been reported to bind
circRNAs to regulate mRNA stability.”* By performing an RIP assay,
we confirmed the essential binding between Itsnl mRNA and
EIF4A3 (Figure 7F). Then, we investigated the stability of Itsnl
mRNA in HT-22 cells subjected to actinomycin D after overexpressing
circITSN1 and inhibiting the expression of EIF4A3. We found that
overexpressing circITSN1 could significantly increase the stability of
Itsnl mRNA, while EIF4A3 siRNA could significantly inhibit the
mRNA stability of ItsnI (Figure 7G). In summary, the results demon-
strated that circITSN1 recruited EIF4A3 to increase ITSN1 expression
by enhancing the stability of Itsn] mRNA.

DISCUSSION
Our study demonstrated that circITSN1 was upregulated in the hip-
pocampal tissue and serum of aged mice following unilateral ne-
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phrectomy under anesthesia. circITSN1 exacerbated dendritic spine
injury and cognitive decline, which were reversed with circITSN1
knockdown. Mechanistically, circITSN1 interacted with EIF4A3
and regulated the expression of the parental gene Itsnl, activating
the JNK pathway. Therefore, our study was the first to demonstrate
the critical role of circITSN1 and its host gene Itsnl in POCD devel-
opment in aged mice.

Increasing evidence suggests that the abnormal expression of circR-
NAs is associated with many pathophysiological processes and
plays a vital role in the development of neurodegenerative disea-
ses, including AD, Parkinson’s disease, and other disease condi-
tions.'>*>?° hsa_circRNA_061570 was significantly increased in the
postoperative serum of POCD patients. HOMERI1 and its transcript
mmu_circRNA_26701 were reported to be specifically enriched in
glutamate synapses in aged mice with postoperative delirium.'® To
date, the specific functional mechanism of circRNAs in POCD has
not been clarified, even though researchers have performed many
screening and prediction studies on patients” biological samples or
animal models of POCD.'®” Our previous study successfully
screened 210 differentially expressed circRNAs, with 133 upregulated
and 77 downregulated circRNAs, in the serum of POCD patients and
non-POCD patients.”® Based on the screening process, in this study,
we selected circITSN1, which is homologous to hsa_circRNA_
061570 and whose parental gene Itsnl plays a crucial role in regu-
lating synaptic plasticity and neurodegenerative disease.”’

Although the potential role of circRNAs in neurodegenerative dis-
eases has been widely reported, their downstream regulatory mech-
anism is still largely unclear.” In recent studies, circRNAs were re-
ported to regulate target mRNAs positively or negatively.”’ Qian
and colleagues recently demonstrated that increased expression of
circUBE3B targeted miR-326, which negatively regulated the expres-
sion of MYD88, leading to sevoflurane-induced cell apoptosis and
postoperative cognitive decline.’” circCwc27 was reported to act as
a critical player in the development of AD, in which it directly bound
to purine-rich element-binding protein A (Pur-a), and suppressed
Pur-a recruitment to the promoters of a cluster of AD genes,
inducing AP deposition and cognitive decline.”® Our study found
that circITSN1 acted on EIF4A3, as shown by a series of experi-
mental measurements. EIF4A3 is an essential component of the
exon junction complex and plays a critical role in mRNA splicing,
localization, transportation, and translation.>** For example, the
long noncoding RNA Cascll promoted hepatocellular carcinoma
progression by recruiting EIF4A3 to stabilize E2f] mRNA and
enhance its expression.36 In addition, EIF4A3 was also recruited by
hsa_circ_0068631 to increase C-myc mRNA stability in breast can-
cer.”* Accordingly, we speculated that the combination of circITSN1

Quantification of spontaneous alteration rate in the Y-maze test (n = 6). (H) Representative chart of the Y-maze test. (I) Percentage of freezing time in the fear conditioning
contextual and cued test experiment. The percentage of freezing time was defined as the ratio of freezing time to the total time of the test process (n = 6). (J) Representative
chart of the fear conditioning contextual test. (K) Western blots of hippocampal tissue and quantitative analysis of relative band intensity showed the protein level of ITSN1 in
different groups (n = 6). (L) Changes in expression levels of pro-inflammatory cytokines IL-1p, IL-6, and TNF-a in the hippocampus of mice after circITSN1 knockdown (n = 6).
All data are presented as the mean + SEM; *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001.
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and EIF4A3 might affect the mRNA stability of Itsnl. This finding
was verified in our in vitro experiments through the actinomycin
D assay, and we found that overexpressing circITSN1 in HT-22 cells
increased the mRNA stability of Itsnl.

Moreover, our study also extended the research on the downstream
circITSN1/Itsnl regulatory associations. ITSN1, a member of the
ITSN family, is an evolutionarily highly conserved protein with mul-
tiple domains and is mainly involved in the regulation of cellular
endocytosis and exocytosis, as well as synaptic conduction and
related signaling pathway transmission.”” >’ ITSN1 plays a critical
role in neurodegenerative diseases and cognitive impairment-related
diseases, such as Parkinson’s disease and AD.***' Synaptic plasticity
dysfunction and dendritic spine injury have been reported in POCD
patients, while whether ITSN1 mediates synaptic damage in POCD
patients has not yet been reported.*>** In the present study, we found
an improvement in the postoperative cognitive level and less impair-
ment in synaptic plasticity after inhibiting Itsnl expression and
confirmed the critical role of Itsnl in POCD. A previous study
showed that ITSN1 enhanced huntingtin protein aggregation and
neurodegeneration by activating JNK. The JNK pathway is an intra-
cellular pathway that strongly responds to different stressors and
plays a vital role in central nervous system maintenance and devel-
opment.** JNK has been reported to control synaptic function and
neuronal plasticity, mediate neuroinflammation, and influence
memory formation.*> ** Recently, activation of the JNK pathway
has also been widely reported in POCD.* Notably, Rossato and col-
leagues reported the critical roles of JNK and c-Jun in responding to
stress stimuli and contributing to hippocampal synaptic plasticity.*’
Moreover, JNK signaling activation induces the release of related
downstream pro-inflammatory cytokines, such as IL-1p, IL-6, and
TNF-o.”" Thus, the expression of JNK/p-JNK and its downstream
signals c-jun/p-c-jun in the hippocampus of aged mice detected in
our study indicated the activation of JNK signaling in aged POCD
mice. In contrast, the activation of JNK was alleviated after knocking
down Itsnl, accompanied by a reduction of pro-inflammatory cyto-
kines and improvement of dendritic spine injury in the hippocam-
pus. In summary, we found that circITSN1 affected its parental
gene Itsnl by recruiting EIF4A3 and further activating the JNK
signaling pathway accompanied by dendritic spine injury. All these
interact with each other to trigger POCD occurrence.

In summary, our study mechanistically and functionally demon-
strated that circITSN1 stabilized the parental gene Itsnl mRNA by
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recruiting EIF4A3 and then activating the JNK signaling pathway,
thus increasing hippocampal neuroinflammation and driving
POCD development. Suppressing the circITSN1/EIF4A3/Itsnl axis
may inspire new therapeutic strategies for preventing and treating
POCD. In addition, unlike traditional linear RNA, circRNA has a
closed ring structure that is not degraded by RNA exonucleases
and is more stable and highly expressed in body fluids.>* Therefore,
circRNAs may be considered new ideal diagnostic biomarkers for
POCD in the future.

MATERIALS AND METHODS

Animals and POCD mouse model

Adult male C57BL/6] mice (20-22 months old, weighing 28-35 g),
purchased from Chengdu Dossy Experimental Animals Co., Ltd.,
were group-housed six per cage on a 12-h light/dark cycle in a tem-
perature-controlled (25 + 2°C) room with free access to water and
food. They were allowed 7 days to adapt to our new breeding envi-
ronment before the experiment. The study was approved by the An-
imal Care and Use Committee of West China Hospital (no.
20230526004) and followed the ARRIVE Guidelines.>

The mice were subjected to a unilateral nephrectomy operation un-
der isoflurane anesthesia, as reported previously, with some modifi-
cations.”® They were randomly assigned to the sham or SY groups.
Specifically, anesthesia was induced with 3.0% isoflurane, followed
by maintenance with 1.5% isoflurane carried by gases containing
30% oxygen. Each mouse was placed in the right lateral position,
and a 1 cm transverse incision under the costal margin was made
to remove the left kidney. At the same time, the sham group received
identical treatments except without anesthesia or surgery. The entire
procedure, from the induction of anesthesia to the end of surgery,
lasted 2 h. A heating pad was used to maintain the body temperature
between 36°C and 37°C during the surgery. Following the surgery,
all the mice were allowed to recover fully before being returned to
their home cages.

Behavioral test

Open field test (OFT): Mice were assessed in an open rectangular box
with a bottom edge length of 50 x 50 cm and a height of 60 cm
(RWD Life Science, Shenzhen, China) on day 1 after surgery or
mock treatment. After being placed in the intermediate region of
the box, animal behavior was recorded by a camera for 5 consecutive
minutes. The bottom of the box was divided into a central region
(30 x 30 cm?®) and the remaining peripheral region. The time spent

Figure 5. Itsn1 knockdown in the hippocampus improved POCD in aged mice

(A) Schematic outline of the animal experimental design of AAV itsn1 (shitsn1) microinjection and negative control AAV in the hippocampus. (B) Diagrammatic drawing
showing microinjection of AAV itsn1 and con AAV into the bilateral hippocampus of aged mice 21 days before surgery. EGFP (green) expression levels indicated that AAV
infection of the CA1 region of the hippocampus was successfully confirmed by fluorescence microscopy. Scale bars, 250 pm. (C and D) Western blotting of hippocampal
tissue and quantitative analysis of relative band intensity showed the protein levels of ITSN1 and GAPDH in different groups (n = 6). (E) Quantification of total distance traveled
in the (n = 6). (F) Quantification of spontaneous alteration rate and representative chart in the Y-maze test (n = 6). (G) Percentage of freezing time in the fear conditioning
contextual and cued test experiment. The percentage of freezing time was defined as the ratio of freezing time to the total time of the test process (n = 6). (H) Representative
chart of the contextual freezing time test. (I-K) Changes in expression levels of pro-inflammatory cytokines IL-1p, IL-6, and TNF-a in the hippocampus of mice after ITSN1
knockdown (n = 6). All data are presented as the mean + SEM; *p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001.
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by the animal in each region, as well as the distance moved in the box,
were calculated.

Y-maze test was performed as previously described on day 2 after
surgery. Briefly, the Y-maze apparatus comprised three identical
arms (the size of each arm: 40 cm length x 8 cm width x 15 cm
height, spaced 120° apart; RWD Life Science, Shenzhen, China).
Mice were placed into the maze from the fixed arm and allowed to
explore freely for 8 min while tracking software recorded zone tran-
sitioning and locomotor activity (Smart 3.0 tracking software, Pan-
lab, Kent, UK). Spontaneous alternation was defined as a mouse
entering all 3 arms on consecutive choices (ABC, BCA, or CAB;
but not BAB, CAC, or CBC). Spontaneous alternation was calculated
using the following formula: %spontaneous alternation = (number of
alternations/total arm entries —2) x 100%.

Fear conditioning test was conducted using a conditioning chamber
(062814-14216, UGO BASILE S.R. L, Gemonio, Italy) and an uncon-
ditional stimulus (three periods of foot shock of 0.75 mA during 2 s).
The animal motion was captured by an infrared video camera set in
front of the chamber (Video Freeze; Med Associates). All groups of
mice underwent habituation on day 3 after surgery and the same
training session on day 4 after surgery. During the training day,
mice were placed in the chamber to freely explore for 3 min, followed
by 30 s of 4 Hz sound stimulation, and immediately followed by a
foot electric shock (2 s, 0.75 mA). This pairing stimulus was repeated
3 times, with a 2 min interval between each repetition. On day 5 after
surgery, mice were returned to the same chamber where they had
been trained for contextual and cued tests. For the contextual test,
mice were re-exposed to the chamber without any tones or foot
shocks presented. For the cued test, mice were re-exposed just to
the tones without foot shocks in a different chamber. Two investiga-
tors were blinded to the groups that recorded the “freezing behavior”
analyzed by ANY-MAZE as a total lack of movement, excluding
breathing and movement of vibrissae. The longer freezing time indi-
cated that the mice had better hippocampus-dependent memory of
the conditioned fear stimulus.

Specimen collection for further experiments

After the behavioral tests, hippocampal tissues and whole blood were
harvested in separate cohorts under terminal anesthesia. Whole
blood was collected from the right atrium and stored in RNase-
free Eppendorf tubes. Then, the brain tissues were immediately
removed, and the hippocampus was quickly split in ice-cold PBS,
frozen in liquid nitrogen, and stored at —80°C. After the collection
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of the whole blood, it was left undisturbed at room temperature
(RT) for approximately 30 min. Following centrifugation at
3,000 x g for 10 min at 4°C, the serum was collected. These exper-
iments were all performed under strict RNase-free conditions, and
the samples were further processed for the following experiments.

Stereotaxic surgery and intrahippocampal microinjection

The adeno-associated virus (AAV)-shcircITSN1 and control-AAV
(OBiO, Co., Ltd., Shanghai, China) were diluted with PBS in vivo
transfection reagent (Engreen, Beijing, China). AAV-shITSN1 and
control-AAV (GeneChem Co., Ltd., Shanghai, China) were diluted
with PBS in vivo transfection reagent (Engreen, Beijing, China).
Bilateral intrahippocampal injection was performed using a stereo-
taxic apparatus (RWD Life Science, Shenzhen, China). A total of
0.5 pL of AAV-shcircITSN1 (1 x 10*?) and 0.5 pL control-AAV
(1 x 10') were infused bilaterally in the hippocampus (0.2 pL/
min) using a 33-gauge beveled NanoFil needle, a NanoFil syringe,
and a MicroSyringe Pump Controller (World Precision Instruments,
Sarasota, FL, USA) at the following distances from bregma: antero-
posterior —2.0 mm, medio-lateral 1.8 mm, and dorsoventral
—1.7 mm. The bilateral intrahippocampal injection of AAV-
ShITSN1 was the same as that of AAV-shcircITSN1.

Golgi staining

For dendritic spine analysis, Golgi-stained mice were deeply anesthe-
tized with isoflurane and sacrificed via cervical dislocation. Whole
brains were processed using an FD Rapid Golgi Stain Kit (FD Neuro
Technologies, USA) according to the methods provided by the
manufacturer. The brains were sliced at 150 pm using a cryostat,
and the sections were collected on gelatinized glass slides before
dehydration in absolute ethanol, clearing in xylene, and covering
slips with neutral resin (Bioworld, USA). z stack images of Golgi-
stained neurons were captured using a 20X objective lens and
100x oil immersion lens via brightfield microscopy on a Zeiss
confocal microscope. Sholl analysis, dendritic length, and dendritic
density were analyzed using NIH Image] software.

Fluorescence in situ hybridization

The expression and cellular localization of circITSN1 in the hippo-
campus were detected by fluorescence in situ hybridization (FISH)
analysis. Digoxin-labeled probe sequences for circITSN1 were syn-
thesized for FISH analysis. The probes were designed and synthe-
sized by Exon Biotech Inc. (Guangzhou, China), and the signals of
the probes were detected by a Fluorescent In Situ Hybridization
Kit (Exon Biotech Inc., Guangzhou, China) according to the

Figure 6. The RNA binding protein EIF4A3 interacted with circITSN1 and ltsn1 mRNA, as verified in vivo

(A) Schematic representation of the interaction of the RNA binding protein EIF4A3 with circlTSN1 and /tsn 7 mRNA. (B) EIF4A3 was highly expressed in the four groups with the
knocked-down expression of circlTSN1, as confirmed by western blots. (C) Quantitative analysis of the relative band intensity of EIF4A3 is shown (n = 6). (D) FISH analysis and
immunofluorescence showed the positional relationship between circ_ltsn1 and EIF4A3 in the hippocampal CA1 region of mice. Circ_/tsn1 colocalized with EIF4AA3 mainly in
the SY-conAAV group, and circ_ltsn1 was expressed at a low level in the other three groups. Scale bars, 20 pm. (E) Quantification of FISH analysis and immunofluorescence
of the four groups are shown (n = 3). (F) RIP assay showed that EIF4A3 interacted with circITSN1 in the hippocampus of mice (n = 3). (G) Schematic diagram of the RNA pull-
down assay. (H) RNA pull-down assay showed that EIF4A3 interacted with circlTSN1 in the hippocampus of mice. All data are presented as the mean + SEM; *p < 0.05,

*p < 0.01, ™ p < 0.001, and **p < 0.0001.
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Figure 7. CircITSN1 regulates the mRNA stability of Itsn1 in vitro

(A) Schematic representation of overexpression of CircITSN1 in HT-22 cells. (B) FISH analysis and immunofluorescence showed that circlTSN1 colocalized with EIF4AS3 after
overexpressing circlTSN1 in HT-22 cells. Scale bars, 20 pm. (C) Western blots of ITSN1 in HT-22 cells after transfection with different lentiviruses and quantitative analysis of
relative band intensity (n = 3). (D) Expression of /tsn7 mRNA in HT-22 cells was measured by RT-gPCR (n = 3). (E and F) RIP assays showed that EIF4A3 interacted with
circlTSN1 and /tsn1 mRNA in HT-22 cells (n = 3). (G) Overexpressing circlTSN1 significantly increased the stability of /tsn7 mRNA, while elF4A3 siRNA significantly inhibited
the mRNA stability of /tsn7, as confirmed by RT-gPCR at 0, 3, 6, 9, and 12 h after HT-22 cells were subjected to actinomycin D. All data are presented as the mean + SEM;
*p < 0.05, *p < 0.01, **p < 0.001, and ***o < 0.0001.
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manufacturer’s instructions. The images were captured on a Leica
SP8 Laser Scanning Confocal Microscope (Leica Microsystems,
Mannheim, Germany). NIH Image] software was used to analyze
fluorescence intensity. In brief, samples were fixed and pretreated
with 4% paraformaldehyde and PBS with 0.5% Triton X-100.
Then, circITSN1 Probe Mix was used to hybridize with the samples
at 37°C overnight. Finally, after DAPI staining of the nuclei, the
slides were imaged using a Leica laser scanning confocal microscope.

RNA immunoprecipitation

RIP was performed using an EIF4A3-specific antibody (Proteintech,
cat no. 17504-1-AP, Rabbit), and an IgG antibody was used as a nega-
tive control. Immunoprecipitation was conducted using an RIP kit
(Exon Biotech Inc., Guangzhou, China) according to the manufac-
turer’s instructions. In brief, HT-22 cells were lysed in a lysis buffer
containing proteinase inhibitors and RNase inhibitors. The lysate
was incubated overnight with antibody-coupled magnetic beads
with rotation at 4°C. Bead-antibody complexes were subsequently
washed thoroughly with RIP wash buffer. RNA purification and
extraction were performed using proteinase K digestion and
phenol-chloroform. RNA was obtained for follow-up verification.

RNA pull-down

Lysis buffer was added to HT-22 cells, and total protein was extracted
by freezing and thawing three times in liquid nitrogen. The cir-
cITSN1 probe (Exon Biotech Inc., Guangzhou, China) was added
to generate a circITSN1/protein complex, which was incubated
with streptavidin-complexed magnetic beads at 4°C for 6 h. The
magnetic beads were extracted, and EIF4A3 protein expression
was detected by western blot.

Immunofluorescence staining

In vivo, immunofluorescence staining was conducted to detect
ITSN1 expression and its activated area in hippocampal tissue. The
brains were removed, fixed with 4% paraformaldehyde overnight
at 4°C, and dehydrated in 30% sucrose-PBS. The brain was mounted
in optimal cutting temperature embedding medium, frozen, and cut
coronally at a 40-pm thickness on a kryotome (Leica CM 3050S).
Brain sections were stained with the following primary antibodies
overnight: anti-ITSN1 monoclonal antibody (1:200, bs-18171R, Bio-
ss), neuron marker MAP2 (1:200, ab5392, Abcam), astrocyte marker
GFAP (1:200, 60190-1-Ig, Proteintech), and microglia cell marker
IBA1 (1:100, 011-27991, WAKO). Primary antibodies were cleared
with PBS, and brain sections were incubated with secondary anti-
bodies at RT: Alexa Fluor 555 donkey anti-rabbit IgG (H + L)
(1:500, A31572, Invitrogen), Alexa Fluor 488 donkey anti-mouse
IgG (H + L) (1:500, A21202, Invitrogen), and Alexa Fluor 647
donkey anti-chicken IgG (H + L) (1:500, ab150175, Abam). DAPI
was used to stain cellular nuclei (1:1000, ab104139, Abcam). Immu-
noreactivity was analyzed by NIH Image] software.

Real-time quantitative PCR

Total RNA was isolated from the hippocampus using TRIzol Reagent
(Invitrogen). Subsequently, reverse transcribed (1 pg RNA per reac-
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tion) into complementary DNA using the HiScript II Q Select RT
SuperMix for qPCR (+ gDNA wiper) (R233-01, Vazyme, Nanjing,
China). qPCR was performed using the ChamQ SYBR qPCR Master
Mix (High ROX Premixed) (Q341-02, Vazyme) and the primers
listed in supplemental information Table S2, on a real-time PCR sys-
tem. Expression levels were calculated using the 27*#“? method and
normalized to GAPDH expression.

Western blot analysis

After behavioral tests, hippocampal tissues were harvested under ter-
minal anesthesia and the equivalent amounts of protein in different
groups were separated by 10% SDS-PAGE and transferred onto a
polyvinylidene fluoride membrane (Millipore). The membranes
were sequentially incubated with anti-ITSN1 antibody (Proteintech,
cat no. 21862-1-AP, Rabbit, 1:2000), anti-JNK antibody (Protein-
tech, cat no. 66210-1-Ig, Mouse, 1:3000), anti-p-JNK antibody
(Abcam, cat no. ab124956, Rabbit, 1:3000), anti-JUN antibody (Pro-
teintech, cat no. 66313-1-Ig, Mouse, 1:5000), anti-p-c-JUN antibody
(Proteintech, cat no. 28891-1-AP, Rabbit, 1:1000), anti-PSD95 anti-
body (Proteintech, cat no. 20665-1-AP, Rabbit, 1:5000), anti-synap-
tophysin antibody (HUABIO, cat no. ET1606-56, Rabbit, 1:5,000),
anti-EIF4A3 antibody (Proteintech, cat no. 17504-1-AP, Rabbit,
1:2000), anti-a-tubulin antibody (Proteintech, cat no. 80762-1-RR,
Rabbit, 1:5000), and anti-GAPDH antibody (Proteintech, cat no.
60004-1-Ig, Mouse, 1:15000) overnight at 4°C. Membranes
were incubated with secondary antibodies, including goat anti-
rabbit IgG antibody (Cell Signaling Technology, cat no. 7074P2,
1:3000) and goat anti-mouse IgG antibody (Proteintech, cat no.
RGAMO01, 1:3000). Immunoreactivity was detected with enhanced
chemiluminescence fluorescent detection reagent and analyzed by
NIH Image] software. GAPDH or a-tubulin was used as a loading
control.

Generation of stable circITSN1 overexpressing HT-22 cells

To achieve lentivirus-mediated circITSN1 overexpression, the
lentivirus vectors pcSLenti and pcSLenti harboring circITSN1
(pcSLenti-EF1-EGFP-F2A-Puro-CMV-S-circITSN1) were purcha-
sed from OBiO Technology (Shanghai, China). Then, pcSLenti and
pcSLenti-EF1-EGFP-F2A-Puro-CMV-S-circITSN1 were used to
transfect HT22 cells independently at an MOI of 10. HT22 cells sta-
bly expressed circITSN1. RT-qPCR was used to test the expression of
circITSN1.

EIF4A3 small interfering RNA (siRNA)

Upon reaching 50%-60% confluence, HT22 cells were transfected
with specific siRNA (OBiO Technology, Shanghai, China) or nega-
tive control siRNA (OBiO Technology, Shanghai, China) using Lip-
ofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) in
Opti-MEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA);
EIF4A3 siRNA target sequence, sense strand 5'- CGUGCUAUCA
AGCAGAUAAUUTT-3, antisense strand 5- AAUUAUCUGCUU
GAUAGCACGTT-3'. After 8 h of transfection, the medium was re-
placed with Dulbecco’s modified Eagle medium (DMEM), and the
cells were cultured for an additional 48 h.
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Actinomycin D assay

Actinomycin D can inhibit RNA polymerase activity and prevent
new mRNA synthesis. HT-22 cells, a mouse hippocampal neuronal
cell line, were treated with 2 mg/mL actinomycin D (Merck, Ger-
many) to block transcription. Then, the remaining RNAs extracted
from treated cells were assessed with RTqPCR.

Statistical analysis

Data are presented as the mean + SD, medians (quartiles), or propor-
tions where appropriate. The normality was tested with the Shapiro-
Wilks test. Two-group comparisons were analyzed using an un-
paired Student’s t test. One-way or two-way ANOVA followed by
a post hoc test was used for multiple comparisons in GraphPad
Prism 8 (GraphPad Software, CA, USA). Probability values less
than 0.05 (p < 0.05) were considered statistically significant.
*p < 0.05, **p < 0.01, **p < 0.0001, and ****p < 0.0001.
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