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Abstract

Aims: Delayed neurocognitive recovery (dNCR) is a common postoperative com-
plication in geriatric surgical patients for which there is no efficacious therapy.
Cholecystokinin octapeptide (CCK-8), an immunomodulatory peptide, regulates
memory and learning. Here, we explored the effects and mechanism of action of
CCK-8 on dNCR.

Methods: We applied laparotomy to establish a model of dNCR in aged mice.
Morris water maze and fear conditioning tests were used to evaluate cognition.
Immunofluorescence was used to detect the density of CCK-8, A1l reactive astrocytes,
glutamatergic synapses, and activation of microglia in the hippocampus. Quantitative
PCR was performed to determine mRNA levels of synapse-associated factors. Al re-
active astrocytes, activated microglia, and glutamatergic synapse-associated protein
levels in the hippocampus were assessed by western blotting.

Results: Administration of CCK-8 suppressed the activation of microglia, the induction
of Al reactive astrocytes, and the expression of tumor necrosis factor alpha, comple-
ment 1q, and interleukin 1 alpha in the hippocampus. Furthermore, it promoted glu-
tamatergic synaptogenesis and neurocognitive recovery in aged dNCR model mice.
Conclusion: Our findings indicated that CCK-8 alleviated cognitive impairment and
promoted glutamatergic synaptogenesis by inhibiting the induction of A1l reactive as-
trocytes and the activation of microglia. CCK-8 is, therefore, a potential therapeutic
target for dNCR.

KEYWORDS
A1l reactive astrocyte, activated microglia, cholecystokinin octapeptide, delayed
neurocognitive recovery, glutamatergic synaptogenesis
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1 | INTRODUCTION

Delayed neurocognitive recovery (dNCR) is a common postoperative
complication in elderly surgical patients,* which is defined as cognitive
decline up to 30 days postoperatively and characterized by impaired
memory, learning, and attention.2 dNCR is associated with longer hos-
pital stays, higher mortality and heavier social burden.® However, the
neuropathogenesis of dNCR is unclear and lack of effective treatment.
Astrocytes, as the most abundant glial cell in the central ner-
vous system (CNS), play a key role in health and disease.* Extensively
branched processes of astrocytes are in close proximity to synapses;
therefore, their role in regulating the functions of synapses has been
widely discussed.”” Different properties of activated astrocytes have
been demonstrated in age-associated CNS diseases, such as Alzheimer's
(AD), Parkinson's (PD), and Huntington's (HD) diseases.®? Reactive as-
trocytes are classified as neurotoxic type Al and neuroprotective type
A2.Numbers of Al reactive astrocytes are increased in the brain of AD,
PD, HD, and multiple sclerosis patients.’® Several studies show that A1
reactive astrocytes are induced by activated microglia-released factors,
including tumor necrosis factor alpha (TNF-a), complement component
1 q subcomponent (C1q) and interleukin 1 alpha (IL-1a).2%*! Fei et al.}?
demonstrated that etomidate (a common clinical general anesthetic)-
induced long-term synaptic inhibition and cognitive dysfunction via
A1l reactive astrocytes in aged mice. However, it is still unknown that
whether the A1 reactive astrocytes participates in the dNCR.
Astrocyte-secreted neurotransmitters, such as glutamate and D-
serine, modulate the functions of synapses. Additionally, astrocyte-
secreted factors, such as thrombospondins (THBS), secreted protein
acidic and rich in cysteine (SPARC)-like 1, and glypican (GPC), pro-
mote synaptogenesis.13 Meanwhile, decreased hippocampal
glutamatergic synapse density is associated with cognitive dysfunc-
tion.’* Whereas, synaptogenesis-associated factors secreted by as-
trocyte (THBS, SPARCL1 and GPC) has not been reported in dNCR.
Therefore, in the present study, we investigated the neurotoxicity of
A1 reactive astrocytes on hippocampal glutamatergic synaptogene-
sis and the changes of synaptogenesis-associated factors in dNCR.
Cholecystokinin (CCK) is a 33-amino acid peptide hormone found
in the gastrointestinal tract and it is the most abundant peptide neu-
rotransmitter in the brain,> with especially high levels in the hippo-
campus, amygdala, hypothalamus, and ventral tegmental area.’® CCK
regulates feeding, learning, memory, and nociception by binding to
two G-protein receptors: CCK1 and CCK2.}7"* CCK has numerous
isoforms, including CCK-58, CCK-22, CCK-8, CCK-5, and CCK-4.%°
CCK-8 is one of the most abundant isoforms and mediates the bio-
logical functions of CCK in the CNs.2t Although several studies have
confirmed the involvement of CCK in aging and neurodegenerative
disease-induced memory impairment,?22* the functions of CCK in
perioperative cognitive impairment have not yet been reported.
Inthe present study, we found that surgery/anesthesia decreased
the levels of CCK-8 in the hippocampus, especially in CA1 and den-
tate gyrus (DG) regions. Asrican et al. showed that reduced CCK
abundance induced reactive astrocytes and increased the expres-
sion of genes involved in neuroinflammation in the DG.?° Therefore,

we speculated that induction of Al reactive astrocytes by reduced
levels of CCK-8 participates in the neuropathogenesis of dNCR.
Furthermore, we explored the cognitive protective effect and possi-

ble mechanism of action of CCK-8.

2 | MATERIALS AND METHODS

21 | Animals

Aged female C57BL/6 mice (18 months old, 30-40 g) were purchased
from Tiangin Biotechnology Company Limited (Changsha, China).
The mice were group housed, five per cage, with a 12 h light/dark
cycle in a temperature-controlled (24 + 1°C) room with free access
to food and water in accordance with the standards established by
the Experimental Animal Laboratory. Mice were acclimatized to these
housing conditions for a week before commencement of the experi-
ment. Every effort was made to minimize the pain and discomfort
of animals. The study protocol was approved by the Animal Ethics
Committee of Peking University Health Science Center (LA2021423)
and conducted in accordance with the Guiding Principles for the Care
and Use of Animals in Research, the ARRIVE 2.0 guidelines.26 The dia-
gram of the experiment is shown in Figure 1A.

2.2 | dNCR model

The dNCR mouse model was established in accordance with previous
studies.?”"%’ Briefly, mice were anesthetized with 5% sevoflurane for
3 min and maintained with 2.0%-2.5% sevoflurane in 40% oxygen.
After the surgical site was shaved and sterilized, a 1.5 cm vertical inci-
sion was made 0.5 cm below the right costal margin through the skin
and muscle wall. After exploring the abdominal organs (liver, spleen,
kidneys, and bowel), a 10 cm section of the small intestine was re-
moved from the abdominal cavity and rubbed vigorously between
the index finger and thumb for 30 s. The small intestine was placed
back into the abdominal cavity and the incision closed with 4-0 su-
tures. Sevoflurane anesthesia was stopped and lidocaine cream was
applied to reduce incision pain every eight hours for three days after
surgery. During this procedure, which lasted ~30 min, mice were
placed on a heating pad to maintain body temperature. Mice in the
sevoflurane group received the same sevoflurane exposure without

laparotomy, while mice in the control group received no treatment.

2.3 | Drugadministration

Cholecystokinin octapeptide (CCK-8) was purchased from Tocris
Bioscience Ltd (Tocris Cookson, Northpoint, UK, 1166) and dis-
solved in phosphate-buffered saline (PBS, pH 7.4). According to
previous reports,15'30 CCK-8 was thawed daily and administered
intraperitoneally at a dose of 1.6 pg/kg. The control and surgery
groups received an equivalent volume of PBS vehicle (2 ml/kg).
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FIGURE 1 Surgery/anesthesia decreases the levels of CCK-8 in the hippocampus of aged mice. (A) Timeline of the experiment. (B) ELISA
detection of CCK-8 levels in the hippocampus 3 days after surgery (n = 6 per group). (C) Immunofluorescence detection of CCK-8 levels

in CA1 (C, D), CA3 (C, E), and DG (C, F) regions 3 days after surgery (n = 5 per group). Data are expressed as the mean +SEM (one-way
ANOVA followed by Bonferroni's post hoc test).*p < 0.05, **p < 0.01 versus control and sevoflurane groups. FC, fear conditioning; CCK-8,

cholecystokinin octapeptide; MWM, Morris Water Maze

24 | Morris water maze

The Morris water maze (MWM) is used for hippocampus-dependent
tests that reflect the spatial navigation and reference memory of
rodents.> The MWM (Sunny Instruments Co. Ltd., Beijing, China)
consists of a circular white tank (120 cm in diameter and 50 cm high)

containing water (23 + 1°C) that is divided into four quadrants and

a platform (10 cm in diameter) located 1 cm below the water in the
target quadrant. In the place navigation test, the mice were placed in
one quadrant facing the wall of the maze and allowed to explore for
the hidden platform for 90 s in each trial (four trials per day with an
intertrial interval of 5 min). The time to locate the submerged plat-
form was recorded (defined as the escape latency). If the platform

was not found within 90 s, the mice were guided to the platform,
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where they stayed for 15 s. Mice underwent daily testing in the
water maze from day 1 to day 5 after surgery. On postoperative day
6, the submerged platform was removed from the water maze and
a spatial probe test was performed for 60 s. The swimming speed,
escape latency, number of platform crossings, and the time spent in
the target quadrant were recorded by a video camera.

2.5 | Fear conditioning
Fear conditioning consists of a training phase to establish long-term
memory and a testing phase.®?3* Training was performed 1 day prior
to surgery. Mice were allowed to adapt to the conditioning chamber for
2 min, and then a 70 dB tone was played (conditional stimulus, 20 s) fol-
lowed by a trace interval of 25 s. Next, a 2 s 0.7 mA electric foot-shock
was administered (unconditional stimulus). Six pairs of conditional-
unconditional stimuli with 60 s intervals between each pair were ad-
ministered. The mice were then allowed to stay in the chamber for 60 s.
The testing phase consisted of a context test and a tone test. In the
context test, mice were put back in the chamber for 5 min without tone
orelectric foot-shock. The tone test was performed 2 h after the context
test. Mice were placed in a chamber that was different from the train-
ing phase for 5 min. During this period, mice were given sound stimuli
(70 dB 3 min) without electric foot-shock. The total distance and freez-
ing time were recorded using tracking system software (Macroambition
S&T Development Co. Ltd., Beijing, China). After each test session, the

chamber was wiped with 75% alcohol to avoid an odor effect.

2.6 | Western blotting

Hippocampus samples were homogenized using radioimmunopre-
cipitation lysis buffer containing protease and phosphatase inhibi-
tors. The lysate was centrifuged at 15,000 g for 10 min at 4°C to
remove debris. Supernatants were collected, and protein concen-
tration was determined using a bicinchoninic acid protein assay kit
(Applygen, Beijing, China, P1511). Protein samples (40 ug) were
separated by 10% sodium dodecyl-sulfate polyacrylamide gel
electrophoresis and then transferred to polyvinylidene difluoride
membranes (Millipore, Billerica, MA, IPVH00010). After block-
ing with 5% Albumin Bovine V (Solarbio, Beijing, China, A8020)
in TBST (Tris-buffered saline containing 0.1% Tween 20) for 1 h
at room temperature, membranes were incubated overnight at
4°C with the following primary antibodies: anti-IL-1a (1:1000,
Santa Cruz Biotechnology, sc-12741), anti-TNF-a (1:1000, Santa
Cruz Biotechnology, sc-52746), anti-Clq (1:1000, Santa Cruz
Biotechnology, sc-365301), anti-postsynaptic density (PSD)95
(1:1000, Cell Signaling Technology, 36233), anti-vesicular gluta-
mate transporter (vGLUT)1 (1:1000, Abcam, ab227805), anti-GFAP
(1:1000, Cell Signaling Technology, 3670), anti-complement com-
ponent 3 (C3) (1:1000, Proteintech, 21337-1-AP), or anti-B-actin
(1:1000, Santa Cruz Biotechnology, sc-47778). Membranes were
washed three times with TBST and incubated with horseradish

peroxidase-conjugated secondary antibody for 1 hour at room
temperature. The membranes were then exposed to a chemilu-
minescence reagent (TianGen, Beijing, China, PA112-02) and then
analyzed using Image J (National Institutes of Health, USA).

2.7 | Immunofluorescence

Mice were deeply anesthetized with an overdose of sevoflurane and
transcardially perfused with PBS, followed by 4% paraformaldehyde
in PBS. Brains were removed and post-fixed in 4% paraformalde-
hyde at 4°C for 24 h. Brains were then coronally sectioned at 30 um
using a cryostat microtome (Leica, Weztlar, Germany, CM3050S,).
Free-floating sections were washed with PBS (three times, 8 min
each), rinsed and then transferred to blocking buffer (10% normal
goat serum, 0.3% Triton X-100 in PBS) for 1 h at 37°C. After block-
ing, the sections were incubated with mouse anti-PSD95 (1:100, Cell
Signaling Technology, 36233) and rabbit anti-vGLUT1 (1:100, Abcam,
ab227805). After washing in PBS (3 times, 10 min each), the slices
were incubated with FITC-labeled goat anti-rabbit (1:200, ZSGB-Bio,
Beijing, China, ZF-0311) and TRITC-labeled goat anti-mouse (1:200,
ZSGB-Bio, ZF-0313) secondary antibodies for 2 h at 37°C, stained
with DAPI for 10 min at room temperature (25 + 2°C), washed with
PBS (3 times, 10 min each), and mounted in 70% glycerol. Sections
were also incubated with rabbit anti-IBA1 (1:500, Wako, 019-19741),
mouse anti-GFAP (1:100, Cell Signaling Technology, 3670) and rabbit
anti-C3 (1:50, Proteintech, 21337-1-AP) as above. Finally, the immu-
nostained sections were imaged using a TCS SP8 X confocal fluo-
rescence microscope (Mannheim, Germany) or a virtual microscopy
slide-scanning system (VS 120, Olympus, Japan). Images of sections
containing the target brain regions were cropped and analyzed using

ImageJ (National Institutes of Health).

2.8 | Quantitative real-time PCR (qPCR)

Total RNA was extracted from the hippocampus using TRIzol
(TianGen, Beijing, China, DP424) in accordance with the manufactur-
er's protocol. Total RNA concentration and purity were determined
using a NanoDrop spectrophotometer (NanoDrop Technologies).
RNA samples were reverse transcribed into cDNA using the Fastking
1st Strand cDNA Synthesis Kit (TianGen, KR116) and gPCR was per-
formed using SYBR Green Talent gPCR PreMix (TianGen, FP209) ac-
cording to the manufacturer's instructions. p-actin was used as an
internal control. Relative gene expression was calculated using the

2722 method and the primers used are listed in Table 1.

2.9 | Enzyme-linked immunosorbent assay (ELISA)
The concentration of CCK-8 in the hippocampus was quantified
using an ELISA kit in accordance with the manufacturer's instruc-
tions (Reddot Biotech, British Columbia, Canada, RD-CCK-8-Mu).
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TABLE 1 Primers Sequence for qPCR

ID FORWARD
Gpc4 TTGACACCAGCAAGCCAGACATAC
Gpcé AACGGACACAGCAAAGCCAGATAC
Sparc TGTCCTGGTCACCTTGTACGAGAG
Sparcl1 CACATACAGAGCAGCAGGACCAAG
Thbs1 ATGCCTGCGATGATGACGATGAC
Thbs2 AGACCAGGAAGACTCGGACG
p-actin GTACCACCATGTACCCAGGC

2.10 | Statistical analysis

GraphPad Prism 6 (GraphPad, New York, USA) was used for sta-
tistical analyses. The Shapiro-Wilk test was used to analyze the
normality of the data, and we found that the data were normally
distributed. Quantitative data are expressed as the mean + stand-
ard error of the mean (SEM). Statistical significance was determined
using analysis of variance (ANOVA), followed by Bonferroni's post
hoc test. A p-value <0.05 was considered statistically significant.
Statistical power analysis was used to verify significant differences
with respect to sample size (GPower 3, 0.8 for sufficient power
validation).®®

3 | RESULTS
3.1 | Surgery/anesthesia decreases the levels of
CCK-8 in the hippocampus of aged mice

We previously showed that 30 min of inhalation anesthesia alone
did not induce cognitive impairment in mice.®>%¢ Here, we examined
the effect of sevoflurane anesthesia with or without surgical trauma
on the levels of CCK-8 in the hippocampus of aged mice. We found
no significant differences in CCK-8 levels between the control and
sevoflurane groups (Figure 1B-F), indicating that sevoflurane anes-
thesia alone did not change the levels of CCK-8 in the hippocampus
of aged mice. However, surgery/anesthesia significantly decreased
the levels of CCK-8 in the hippocampus (Figure 1B) of aged mice,
especially in the CA1 (Figure 1C, D) and DG regions (Figure 1C, F).
These findings indicated that surgery/anesthesia-induced cognitive
impairment in aged mice may be associated with reduced levels of
CCK-8 in the hippocampus.

3.2 | CCK-8 alleviates hippocampus-dependent
memory impairment in aged dNCR model mice

On the account of the postoperative reduction in CCK-8 levels, we
explored the effect of CCK-8 supplementation on cognitive function
in aged dNCR model mice.

We used the MWM to evaluate spatial learning and mem-
ory.3! There was no significant difference in swimming speed

REVERSE

ATCCGCTTCCACTTCCCTCTCC
TTTGTTGGTCATCACACGGAGAGC
TGGATCTTCTTCACACGCAGCTTC
CACGGCAGCATCGGTAGGTTC
CTGGGCTGGGTTGTAATGGAATGG
TGGCATTGTTCTCAGGGCAC
AACGCAGCTCAGTAACAGTCC

between groups of mice (Figure 2A). However, we found that
surgery/anesthesia significantly increased the escape latency on
postoperative days 2-5 (Figure 2B) and decreased the number of
platform crossings on postoperative day 6 (Figure 2C, D), indicating
that the surgery/anesthesia-induced spatial learning and memory
impairment in aged mice. Furthermore, CCK-8 supplementation
decreased escape latency (Figure 2B) and increased the number of
platform crossings (Figure 2C, D), indicating that CCK-8 can allevi-
ate spatial learning and memory impairment in aged dNCR model
mice.

The fear conditioning test phase consists of a context test and
a tone test. The context test reflects hippocampus-dependent
memory, whereas the tone test reflects hippocampus-independent
memory in rodents.33 Surgery/anesthesia significantly decreased
the freezing times of aged mice in the context test at 2 and 7 days
(Figure 2E, F) postoperatively but not in the tone test (Figure 2G,
H), indicating that surgery/anesthesia impaired hippocampus-
dependent memory but not hippocampus-independent mem-
ory, which was consistent with our previous study.*? Moreover,
CCK-8

memory impairment at 2 and 7 days postoperatively in aged dNCR

supplementation alleviated hippocampus-dependent
model mice (Figure 2E, F). Collectively, the behavioral test results
showed that CCK-8 can relieve impaired cognitive function in aged
dNCR model mice.

3.3 | CCK-8 upregulates the levels of
PSD95 and vGLUT1 in the hippocampus of aged
dNCR model mice

The density of hippocampal glutamatergic synapses is associated
with cognition in rodents and co-localization of PSD95 and vGLUT1
is commonly used to label the synapses of glutamatergic neu-
rons.}* Therefore, we explored the relationship between improve-
ment in cognitive function in response to CCK-8 and hippocampal
glutamatergic synapse density. Surgery/anesthesia significantly
decreased the density of glutamatergic synapses, whereas CCK-8
reversed the reduction in glutamatergic synapse density in hip-
pocampal CA1 and DG regions in aged dNCR model mice (Figure 3).
These results indicated that CCK-8 might improve cognition in aged
dNCR model mice by increasing the density of glutamatergic syn-
apses in the hippocampus.
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FIGURE 2 CCK-8 alleviates hippocampus-dependent memory impairment in aged dNCR model mice. Swimming speed (A) and escape
latency (B) were recorded in the MWM-place navigation test on days 1-5 after surgery. The number of platform crossings (C, D) was
recorded in the MWM-spatial probe test on day 6 after surgery. Freezing time in the context test (E, F) and tone test (G, H) was recorded
on days 2 and 7 after surgery. Data are expressed as the mean + SEM (repeated measure two-way ANOVA followed by Bonferroni's
post hoc test, n = 12 per group).*p < 0.05 versus the control group; #p < 0.05 versus the surgery group

3.4 | CCK-8reduces the density of Al astrocytes
in the hippocampus of aged dNCR model mice

A1 reactive astrocytes impair the function of synapses'; therefore,
we investigated whether surgery/anesthesia induces Al reactive
astrocytes and explored the effect of CCK-8 on A1l reactive astro-
cytes. As shown in Figure 4A-F, surgery/anesthesia significantly in-
duced A1 reactive astrocytes, as indicated by the specific marker
C3,'%11 \while CCK-8 decreased the density of A1 reactive astrocytes
in the CA1 and DG of the hippocampus. These findings indicated
that CCK-8 might increase the density of glutamatergic synapses by
inhibiting the induction of Al reactive astrocytes.

Astrocytes induce excitatory synapse formation by secreting
GPC4/6, SPARC, SPARCL1, and THBS1/281%; therefore, we investigated
the effect of CCK-8 on the levels of these factors. As can be seen in
Figure 4G, surgery/anesthesia increased the expression of Sparc, while
CCK-8 reversed this change in the hippocampus of the aged dNCR model
mice. SPARC is not synaptogenic, but antagonizes the synaptogenic
function of SPARCL1.> Overall, these results indicated that CCK-8 may

decrease the expression of Sparc by inhibiting A1 astrocyte activation.

3.5 | CCK-8inhibits the activation of microglia and
reduces the levels of TNF-«, Clq, and IL-1x in the
hippocampus of aged dNCR model mice

TNF-a, Clq, and IL-1a released by activated microglia-induced
A1 reactive astrocytes. Therefore, we next explored the effect

of CCK-8 on microglia and these factors. CCK-8 significantly in-
hibited the activation of microglia (Figure 5A-C) and reduced the
levels of TNF-a, C1q, and IL-1a (Figure 5D-G) in the hippocampus
of aged dNCR model mice. These data indicate that CCK-8 might
reverse Al astrocyte induction by inhibiting the activation of
microglia.

4 | DISCUSSION

The present study assessed the effect of CCK-8 on cognitive func-
tion in aged dNCR model mice and the potential mechanisms for its
action. Surgery/anesthesia can induce cognitive decline in patients
and rodents“’z; therefore, we used laparotomy under sevoflurane
anesthesia to establish a dNCR model in aged mice. We found that
surgery/anesthesia decreased the levels of CCK-8 in the hippocam-
pus of aged mice, especially in the CA1 and DG regions. Moreover,
CCK-8 alleviated impaired cognition and promoted hippocampal glu-
tamatergic synaptogenesis in aged dNCR model mice. Meanwhile,
CCK-8 significantly inhibited microglia activation and induction of
A1l reactive astrocytes.

Neuropeptides are small proteins of 3 to approximately 100
amino acids that act as neurotransmitters or neuromodulators to
modulate neuronal functions via binding to specific receptors on
the surface of cells.¥” CCK is a gut-brain peptide that exerts vari-
ous biological functions in the CNS, including regulation of learning
and memory.38’40 Low levels of CCK are found in AD patient brains
and in aged and AD model mice with impaired memory.22*-4% Here,
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FIGURE 3 CCK-8 upregulates the levels of PSD95 and vGLUT1 in the hippocampus of aged dNCR model mice. (A) Western blot
detection of PSD95 (A, B) and vGLUT1 (A, C) levels in the hippocampus. Glutamatergic synapses were stained by immunofluorescence
(PSD95-red, vGLUT1-green, Merged image-yellow) in hippocampal subregions, including the CA1 (D, E) and DG (D, F). Data are expressed as
the mean + SEM (one-way ANOVA followed by Bonferroni's post hoc test, n = 6 per group).”p < 0.05; **p < 0.01 versus the control group;

#p < 0.05 versus the surgery group

we found that surgery/anesthesia-induced cognitive impairment in
aged mice, and significantly decreased the levels of CCK-8 in the
hippocampus, especially in CA1 and DG regions. These results indi-
cated that postoperative cognitive impairment was accompanied by
a decrease in CCK-8 levels in the hippocampus, which is consistent
with the above-mentioned reports on cognitive decline. However,
we only detected the concentration of CCK-8 in the hippocampus
3 days after surgery/anesthesia, which did not reflect the changes of
CCK-8 in the development of dNCR. In future study, we will observe
the changes of CCK-8 in the hippocampus at multiple time points
after surgery/anesthesia. Based on these findings, we then explored
the effect of CCK-8 supplementation in aged dNCR model mice. The
most obvious finding was that CCK-8 alleviated the spatial learning
and memory impairment of the aged dNCR model mice, indicating

that CCK-8 was an effective therapeutic agent and might be in-
volved in the pathogenesis of dNCR.
in the

brain.***> The correct number and type of synaptic connections

Synapses are basic information processing units
are essential for normal CNS functions. Specifically, glutamatergic
synapses play a pivotal role in memory formation, learning, and
emotion.*® Xiong and colleagues found that a decreased number of
hippocampal glutamatergic synapses induced cognitive impairment
in rats with neuropathic pain.** Here, we found that CCK-8 upreg-
ulated the levels of presynaptic vGLUT1 and postsynaptic PSD95,
markers of excitatory synapses, in aged dNCR model mice, indicat-
ing that CCK-8 alleviated impaired cognition by promoting glutama-
tergic synaptogenesis in the hippocampus. Since the regulation of

glutamatergic synaptogenesis by CCK have not been reported, ours
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FIGURE 4 CCK-8reduces the density of Al astrocytes in the hippocampus of aged dNCR model mice. (A) Levels of C3 (A, B) and GFAP
(A, C) in the hippocampus were detected by Western blotting. Al astrocytes were stained by immunofluorescence (GFAP-red, C3-green,
Merged image-yellow) in hippocampal subregions, including the CA1 (D, E) and DG (D, F). (G) The levels of Gpc4/6, Sparc/Sparcl1, and
Thbs1/Thbs2 expression were tested by gPCR. Data are expressed as the mean + SEM (one-way ANOVA followed by Bonferroni's post hoc
test, n = 6 per group). **p < 0.01; ***p < 0.001 versus the control group; #p < 0.05; ##p < 0.01 versus the surgery group. C3, Complement
component 3; Gpc4, Glypican 4; Gpcé, Glypican 6; Sparc, Secreted protein acidic and rich in cysteine; Sparcll, Sparc-like 1; Thbs1,

Thrombospondin 1; Thbs2, Thrombospondin 2

findings complemented the cognitive protective mechanisms of CCK
in dNCR.

In the past 20 years, numerous studies have reported key
roles of astrocytes in regulating synapse formation and function.*”
Inflammation or trauma have been demonstrated to induce A1l reac-
tive astrocytes, which are involved in CNS diseases.*® Taylor et al.
showed that disruption to immune response networks can induce
A1l reactive astrocytes, which participate in the pathogenesis of AD-
related dementia, such as early-stage cerebral amyloid angiopathy.49
Furthermore, etomidate induces synaptic inhibition and cognitive

decline in aged mice by inducing Al reactive astrocytes.!? Here,

we found that CCK-8 significantly inhibited Al reactive astrocyte
induction in the hippocampus. These results are in agreement with
those of Asrican et al. They showed that CCK released from CCK
interneurons promoted neurogenic proliferation of radial glia-like
neural stem cells by inhibiting A1 reactive astrocytes.?> Overall, our
findings indicated that CCK-8 upregulates the density of glutamater-
gic synapses by inhibiting A1 reactive astrocyte induction. However,
the relationship between A1l reactive astrocytes and glutamatergic
synapses remains unclear.

Culture of retinal ganglion cells with Al astrocytes resulted in

50% fewer synapses compared with culture with normal astrocytes,
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FIGURE 5 CCK-8 inhibits the activation of microglia and reduces the levels of TNF-a, C1g and IL-1a in the hippocampus of aged dNCR
model mice. (A) Activation of microglia in the CA1 (A, B) and DG (A, C) indicated by IBA1 immunofluorescence (green). (D) Western blot
detection of TNF-« (D, E) C1q (D, F) and IL-1a (D, G) levels in the hippocampus. Data are expressed as the mean + SEM (one-way ANOVA
followed by Bonferroni's post hoc test, n = 6 per group). *p < 0.05; **p < 0.01, ***p < 0.001 versus the control group; #p < 0.05, ##p < 0.01

versus the surgery group

which indicates a supportive property of astrocytes in synaptogen-
esis.1% Astrocytes regulate synaptogenesis by secreting several fac-
tors, such as THBS1/2, GPC4/6 and SPARC/SPARCL1.5°%! SPARC
and SPARCL1 are members of the Sparc family.’> SPARCL1 is lo-
cated on excitatory synapses in the CNS and induces the formation
of synapses between cultured retinal ganglion cells.>8 Although
SPARC cannot directly modulate synaptogenesis, it can specifically
antagonize the synapse formation function of SPARCL1.> Therefore,
we determined the mRNA levels of the above-mentioned factors in
the hippocampus, and speculated whether neurotoxic A1 astrocytes
damaged hippocampal glutamatergic synaptogenesis by modulating
the expression of these factors in aged mice. The most interesting
finding was that surgery/anesthesia only increased the levels of Sparc
mRNA, while CCK-8 reversed this increase. Asrican et al. found that
decreased Gpcé and Sparcll expression in Al reactive astrocytes was
accompanied by increased expression of Thbs1/2,'° which was not
consistent with our findings. A possible explanation for this might be
that Asrican et al. generated Al reactive astrocytes in vitro by stim-
ulating them with IL-1a, TNF-«, and C1q, while we detected the ex-
pression of Thbs1/2, Gpc4/6 and Sparc/Sparcll in vivo. Ours finding
demonstrated that Al reactive astrocytes might damage glutamater-
gic synapses via increasing Sparc in dNCR, which is a complement
to the mechanism of neuronal damage by A1l reactive astrocytes.
Nevertheless, the mechanism by which CCK-8 inhibits Sparc expres-
sion in the aged dNCR model mice warrants further investigation.
A1 reactive astrocytes are mainly induced by IL-1a, TNF-«, and
C1q, which are predominately released by activated microglia.’®>*
CCK-8 alleviates methamphetamine-induced microglial activa-
tion via CCK2 receptorsSS; therefore, we investigated the effect
of CCK-8 on microglia. We showed that CCK-8 significantly inhib-
its activation of microglia and the release of inflammatory factors,

including IL-1a, TNF-a and C1q. To the best of our knowledge, this is
the first report of CCK-8 to inhibit the release of IL-1«, TNF-«, and
C1q, which complements the neuroprotective mechanism of CCK-8.
Li and colleagues found that microglia depletion before etomidate
administration could inhibit etomidate-induced A1l reactive astro-
cyte activation.'? Furthermore, a rat model of chronic postsurgical
pain confirmed that microglia induce A1l reactive astrocytes via the
CXCR7/PI3K/Akt pathway."* Thus, we speculated that CCK-8 re-
duced A1l reactive astrocyte induction by inhibiting microglia activa-
tion. However, these data must be interpreted with caution because
CCK2 receptors are also located on astrocytes.25 CCK released by
CCK interneurons increases neurogenic proliferation of glia-like
neural stem cells by inhibiting Al reactive astrocytes.?> We did not
use astrocyte CCK2 receptor conditional knockout mice to verify
the effect of CCK on neurogenic proliferation; therefore, the direct
effect of CCK on astrocytes via CCK2 receptors cannot be excluded.
In summary, CCK-8 might inhibit A1 reactive astrocyte induction by
reducing the levels of IL-1a, TNF-a, and C1q.

The present study had several limitations. First, we only used
female mice, although a recent study demonstrated no difference
in behavior and physiological state between female and male
mice.>® Second, the lidocaine cream applied relieves incisional
pain, but not visceralgia in aged mice. Therefore, we cannot ex-
clude the effect of postoperative visceralgia on the cognition of
mice. Third, we did not assess surgery/anesthesia-induced pe-
ripheral inflammatory factors entering the CNS via a damaged
blood brain barrier, which is one of the most important pathogenic
mechanisms of dNCR.%7%8 Additionally, CCK-8 can reduce the re-
lease of peripheral inflammatory factors via vagal afferent CCK1
receptor523; therefore, peripheral anti-inflammation effects of
CCK-8 may play a role in dNCR. Fourth, long-term potentiation
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plays a pivotal role in synaptic transmission plasticity, which is
often used in studies of learning and memory.>’ However, we
did not observed the effect of CCK-8 on long-term potentiation.
Finally, we focused only on short-term postoperative cognitive im-
pairment; however, the effects of CCK-8 on long-term cognition in
aged mice warrant further study.

5 | CONCLUSIONS

CCK-8 alleviates postoperative cognitive impairment and promotes
glutamatergic synaptogenesis in the hippocampus via inhibition of
A1 reactive astrocytes, which may be mediated by inhibition of mi-
croglia activation. These findings indicate CCK-8 to be a potential
therapeutic target for dNCR.
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