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Cholecystokinin ameliorates cognitive @
impairment via inhibiting microglia

phagocytosis of excitatory synapses in sepsis-
associated encephalopathy mice
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Abstract

Background Sepsis-associated encephalopathy (SAE) is characterised by cognitive impairment and is a common
complication in patients with sepsis. Microglia are involved in various cognitive impairment-related diseases through
phagocytic synapses. Cholecystokinin (CCK), an abundant neuropeptide in the brain, is closely related to cognitive
function. However, the role of CCK in SAE and the relationship between CCK and microglial phagocytosis of synapses
are unknown.

Methods Lipopolysaccharide (LPS) was used to construct SAE models in 3-month-old male mice and BV2

microglial cells. To investigate the effects of CCK on cognitive impairment in SAE model mice, we used exogenous
CCKinjection into the dorsal hippocampal CA1 region or the chemogenetic activation of CCK-positive neurons

to promote endogenous CCK release. Morris water maze and fear conditioning test were used to assess cognitive
function in mice. RNA sequencing was performed to explore the potential signalling pathways involved in CCK-
induced neuroprotection. Western blot and immunofluorescence were used to assess the effects of CCK on

microglial phagocytosis of synapses, neurotoxic astrocytes, and excitatory synapses. Whole-cell recording was used to
determine excitatory synaptic transmission.

Results LPS successfully established in vivo and in vitro models of SAE. Both exogenous CCK injection and activation
of CCK-positive neurons in hippocampal CAT1 region attenuated cognitive impairment in SAE mice. Mechanistically,
CCK significantly alleviated excitatory synaptic plasticity damage via inhibiting complement 1q (C1g)-mediated
microglial phagocytosis of synapses and neurotoxic astrocyte polarisation. Moreover, in vitro SAE model of BV2 cells
demonstrated that CCK exerts neuroprotective effects through microglial CCK2-type receptor.
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Conclusions CCK may alleviate cognitive impairment by inhibiting microglia C1g-mediated phagocytosis of
excitatory synapses, suggesting that both CCK drugs and specific activation of CCK-positive neurons are potential

treatments for SAE.

Keywords Sepsis-associated encephalopathy, Cholecystokinin, Microglia, Complement 1q, Excitatory synapse

Introduction

Sepsis-associated encephalopathy (SAE) refers to sepsis-
induced diffuse or multifocal brain dysfunction, exclud-
ing that caused by direct brain infection and other
diseases [1]. SAE is the most common encephalopathy
in the intensive care unit [2], with a prevalence of up to
70% in patients with sepsis and an annual incidence of
approximately 750,000 cases in the United States alone
[3]. Compared with patients without neurological symp-
toms, patients with SAE have significantly extended
hospitalisation periods and a 26-49% increase in mor-
tality, which brings serious harm to society and fami-
lies [4]. Although there are many hypotheses regarding
the pathogenesis of SAE, including blood-brain barrier
damage, oxidative stress, brain microenvironment dys-
function, and the abnormal activation of glial cells, there
remains a lack of effective treatments [5]. It is therefore
crucial to explore the pathogenesis of SAE and develop
effective therapeutic measures.

Neuropeptides are widely distributed in the central
nervous system (CNS); they act as neurotransmitters or
neuromodulators to mediate communication between
neurons and other cells [6]. Cholecystokinin (CCK)
was one of the first neuropeptides to be identified, and
is widely distributed in brain regions such as the hippo-
campus and amygdala, as well as in the peripheral diges-
tive system. CCK can be sheared to form many isoforms
of different lengths; CCKS is one of the most abundant
isoforms and has all of the biological functions of CCK
[7]. Our previous study demonstrated that intraperito-
neal CCK8 injection improves postoperative delayed
neurocognitive recovery in aged mice [8]. Another study
demonstrated that CCK8 enhances spatial memory per-
formance in the Morris water maze (MWM) in wild-type
rodents [9], and electrophysiological recordings indicate
that CCK8 can induce long-term potentiation in the
cornu ammonis 1 (CA1) subregion of rat hippocampal
slices [10]. However, it remains unclear whether CCK8
ameliorates synaptic plasticity and cognitive impairment
in SAE model mice.

Microglia are the resident immune cells in the CNS,
and previous studies have mainly focused on their
role in modulating the inflammatory response [11]. In
recent years, microglia have also been demonstrated to
play an important role in pruning excessive synapses in
the developing brain, as well as in synaptic dynamics in
the adult brain [12]. The role of microglia in regulating
synaptic function has therefore attracted the attention

of researchers. Microglia-mediated synaptic pruning
involves the classical complement pathway (part of the
innate immune system), which contributes to the phago-
cytic removal of microbes and damaged cells [13]. In
particular, Clqa microglial-produced protein and the
promoter of the classical complement system in the
brain-localises at synapses and mediates synaptic elimi-
nation via phagocytic microglia [14]. In addition, C1q can
cause an increase in neurotoxic reactive astrocytes (also
termed Al astrocytes), thereby damaging synapses [15].
Gou et al. reported that CCKS8 is anti-inflammatory via
its inhibition of microglial activation, similar to the find-
ings of our previous study [8, 16]. However, it remains
unclear whether CCK attenuates cognitive impairments
by inhibiting microglial C1q-dependent synaptic loss in
SAE model mice.

In the present study, we therefore aimed to assess the
role of CCK and CCK-positive neurons of the dorsal hip-
pocampus CA1l region in improving cognitive function
in SAE mice. We hypothesised that CCK attenuating
Clg-mediated synaptic plasticity damage and ultimately
improving cognitive dysfunction in SAE mice.

Methods

Animals

Wild-type C57BL/6 mice were purchased from the
Peking University Health Science Center Department of
Laboratory Animal Science (Beijing, China), and CCK-
Cre (C57 background) mice were gifted by the labora-
tory of Professor Miao He (Institutes of Brain Science,
Fudan University). The mice were housed eight per cage
on a 12-h light/dark cycle in a temperature-controlled
room (20 °C+2 °C) with free access to water and food.
The mice were acclimatised to the environment for 7 days
before the experiments, and 3-month-old male mice were
used for all experiments. The protocol was approved by
the animal ethics committee of Peking University Health
Science Center (ethics number: LA2021534). All experi-
ments followed the Guiding Principles for the Care and
Use of Animals in Research and the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) 2.0 guide-
lines [17].

SAE mouse model

In accordance with previous studies [4, 18], a single intra-
peritoneal injection of 5 mg/kg LPS from Escherichia
coli O55:B5 (Sigma-Aldrich, St. Louis, MO, USA, Cat.
No. L2880) was dissolved and diluted in endotoxin-free
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phosphate-buffered saline to establish the SAE mouse
model. For 7 days after the LPS injection, the body weight
and sepsis score of each mouse was recorded daily [19].
The sepsis score was based on the consciousness level,
spontaneous activity, response to touch and auditory
stimuli, respiration rate and quality, and appearance.
Each of these variables was given a score from zero to
four by trained research staff; higher scores indicated
more severe symptoms of sepsis. Mice were euthanised
if the sepsis score was >21 or if the respiratory quality
or rate increased by more than three at any time. Of the
13 mice injected with LPS, only one died on the second
day after injection, which is similar to the survival rate
reported in previous study [20].

Cannula implantation and viral injection

Mice were fixed on the stereotaxic apparatus under 1-2%
sevoflurane anaesthesia. For pharmacological experi-
ments, a bilateral cannula (RWD Life Science, Shenzhen,
China) was implanted into the dorsal hippocampal CA1
(anteroposterior: —2.00; mediolateral: +1.50; dorsoven-
tral: —1.35; mm relative to bregma) for the infusion of
CCK8 or L365,260 (a CCK2 antagonist). The coordinates
were selected using the Mouse Brain in Stereotaxic Coor-
dinates (Third Edition). One stainless steel screw was
implanted in the skull for reinforcement, and the cannula
and screw were secured using dental cement.

For the chemogenetic experiments, we performed a
bilateral stereotaxic injection of 100 nL AAV2/9-Efla-
DIO-hM3Dq-mCherry-WPREs (activation virus) or
AAV2/9-Efla-DIO-mCherry-WPREs  (control  virus)
(BrianVTA, Wuhan, China, Cat. No. PT-0042) into the
hippocampal CA1 (anteroposterior: —2.00; mediolateral:
+1.50; dorsoventral: —1.40; mm relative to bregma) at a
rate of 30 nL/min. The needle was left in place for 10 min
after the infusion before being slowly withdrawn. Two
weeks later, the mice were used for experiments. Thirty
minutes before behavioural testing, an intraperitoneal
injection of 5 mg/kg clozapine N-oxide was used to acti-
vate the CCK-positive neurons.

MWM
The MWM is commonly used to assess hippocampus-
dependent learning and memory in mice [8]. The MWM
equipment (Sunny Instruments Co. Ltd., Beijing, China)
consisted of a cylinder (diameter: 120 cm, height: 50 cm)
with a video camera positioned above it. The MWM was
divided into four quadrants, and the quadrant contain-
ing the platform was termed the target quadrant. Milk
powder was added to the water to easily distinguish each
mouse from the background, and the water temperature
was maintained at 21 °C+1 °C.

The MWM test comprised a place navigation test
and a spatial probe test. In the place navigation test, the
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mice were gently placed into quadrants facing the wall
of the maze, and were then allowed to search for the
platform (placed 1 ¢cm underwater) for 60 s. The taken
time to locate the platform was recorded and defined as
the escape latency. If the mouse was unable to find the
platform within 60 s, it was guided to the platform and
left there for 15 s, and the escape latency was recorded
as 60 s. In the spatial probe test, the submerged platform
was removed, and the latency to the platform, number
of platform crossings, and time spent in the target quad-
rant of mice were recorded over a 60 s period. Swimming
speed was recorded throughout the tests to rule out any
influence of changes in exercise capacity on the experi-
mental results.

Fear conditioning test (FCT)

The FCT detects changes in fear memory in mice, and
includes training and testing phases [21]. The training
phase was performed 1 day before LPS injection. Mice
were Gently placed into the FCT chamber for 3 min, fol-
lowed by 20 s of sound stimulus (80 dB, 5000 Hz) and 1 s
of electrical foot-shock (0.8 mA) after a 20-s interval for
two cycles. This phase was used to build up fear memory
related to the experimental background, acoustic sound,
and electrical foot-shock.

The testing phase consisted of context and tone tests on
day 3 after LPS injection. The context test was performed
first. In this test, the mice were placed in the same back-
ground as the training phase of the chamber and allowed
to explore freely for 5 min. The freezing time of the mice
was recorded, reflecting hippocampus-dependent fear
memory. The tone test was performed 2 h after the con-
text test. In this test, the background pattern of the cham-
ber was changed to exclude the interference of context
memory. The mice were placed in the chamber for 3 min
and then given a sound stimulus (80 dB, 5000 Hz) for
20 s for two cycles, and the freezing time was recorded;
this mainly reflected non-hippocampus-dependent fear
memory [11]. Tracking system software (Macroambition
S&T Development Co. Ltd., Beijing, China) was used to
record the total distance travelled and the freezing time.
After each test session, the chamber was wiped with 75%
alcohol to avoid any effects of odour.

BV2 cell culture and treatment

The immortalised murine BV2 microglial cell line
was purchased from China Infrastructure of Cell Line
Resource (Beijing, China). Cells were cultured in Dulbec-
co’s modified Eagle medium (Thermo Fisher Scientific,
Waltham, MA, USA, Cat. No. C11995500BT) contain-
ing 10% foetal bovine serum (Gibco, Invitrogen, Grand
Island, NY, USA, Cat. No. 10270106) and 1% penicillin/
streptomycin at 37 °C under 5% CO, and 95% air.
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Stimulation of BV2 cells by LPS was used to establish
a microglial in vitro model of SAE. On the basis of pre-
vious studies [22, 23], we chose different concentrations
of LPS (0.1, 0.2, 0.5, 1, and 2 pg/mL) to stimulate BV2
cells for various amounts of time (1, 3, 6, 12, and 24 h). To
determine the most suitable LPS concentration and dura-
tion for the present study, C1q expression was evaluated.

Next, to select the effective dose of CCKS8 for inhibit-
ing Clq expression, different doses of CCK8 (0.2, 0.5, 1,
and 2 puM, Tocris, Bristol, UK, Cat. No. 1166) were used.
After determining the effective dose of CCK8, we used
the CCK2R antagonist 1365,260 (10 uM, Tocris, Cat.
No. 2767) and the CCKIR antagonist SR27897 (10 pM,
Tocris, Cat. No. 2190), based on previous literature, to
validate the receptors responsible for CCK8 action [16].

The culture medium from BV2 cells was placed in a
centrifuge tube and centrifuged to remove detached cells
and cell debris. Subsequently, the Liquid Sample Protein
Recovery Kit (Applygen, Cat. No. P1255) was used to
extract proteins from the culture medium for the detec-
tion of extracellular proteins. After washing the BV2 cells
in the culture dish twice with pre-cooled PBS, the BV2
cells were transferred to a centrifuge tube for the intra-
cellular protein detection.

Western blotting

Mice were euthanised by cervical dislocation, and the
bilateral hippocampus was isolated on ice. Hippocampal
tissues or BV2 cells were then placed in radioimmunopre-
cipitation lysis buffer containing protease (Applygen, Cat.
No. P1265) and phosphatase (Applygen, Cat. No. P1260)
inhibitors and subsequently homogenised using a grinder
(Verder Shanghai Instruments and Equipment Co., Ltd.,
Shanghai, China). The lysate was centrifuged at 12,000
x g (15 min, 4°C) and the supernatant was collected. A
bicinchoninic acid protein assay kit (Applygen, Cat. No.
P1511) was used to detect the protein concentration.
Next, protein samples were separated by 10% sodium
dodecyl-sulphate polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA, Cat. No. IPVH00010).
The membranes were blocked with 5% Albumin Bovine
V (Solarbio, Beijing, China, Cat. No. A8020) in Tris-buft-
ered saline containing 0.1% Tween 20 (TBST) for 1 h at
room temperature. They were then incubated overnight
at 4°C with the following primary antibodies: rabbit anti-
CCK-8 (1:1000, Immunostar, Hudson, WI, USA, Cat.
No. 20078, RRID: AB_572224), rabbit anti-C3 (1:1000,
Proteintech, Wuhan, China, Cat. No. 21337-1-AP, RRID:
AB_2878843), mouse anti-glial fibrillary acidic protein
(GFAP; 1:1000, Boster, Wuhan, China, Cat. No. BM0055,
RRID not available), mouse anti-postsynaptic density
protein 95 (PSD95; 1:1000, Cell Signaling Technology,
Danvers, MA, USA, Cat. No. 36233, RRID: AB_2721262),
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rabbit anti-vesicular glutamate transporter 1 (vGlutl;
1:1000, Abcam, Cambridge, UK, Cat. No. ab227805,
RRID: AB_2868428), rabbit anti-Clq (1:1000, Abcam,
Cat. No. ab182451, RRID: AB_2732849), and rabbit anti-
B-actin (1:5000, Proteintech, Cat. No. 81115-1-RR, RRID:
AB_2923704). The membranes were then washed three
times with TBST before being incubated for 40 min at
room temperature with horseradish peroxidase-con-
jugated secondary antibodies. Subsequently, the mem-
branes were washed three times with TBST, and were
then exposed to a chemiluminescence reagent (Tian-
Gen, Beijing, China, PA112-02). Finally, Image] software
(National Institutes of Health, Bethesda, MD, USA) was
used to analyse the grey values of bands.

RNA sequencing (RNA-seq) analysis

Total hippocampal RNA was extracted using an RNA
extraction kit (TianGen, Cat. No. DP419) according to
the manufacturer’s instructions. Using a 2100 Bioana-
lyzer system (Agilent, Santa Clara, CA, USA), RNA with
an RNA integrity number>9.0 was subjected to RNA
sequencing library preparation using the RNA Library
Prep Kit (TianGen, Cat. No. NR102). The library was
then subjected to paired-end sequencing using next-gen-
eration sequencing based on the HiSeq sequencing plat-
form (Illumina, San Diego, CA, USA). Differential gene
expression was then tested using DESeq (Bioconductor
version 3.10). Genes that had an expression |log2 fold
change| > 1 and adjusted p-value <0.05 were used for the
subsequent analysis.

Quantitative real-time polymerase chain reaction (qPCR)
TRIzol (TianGen, Cat. No. DP424) was used accord-
ing to the manufacturer’s protocol to extract total RNA
from the mouse hippocampus and BV2 cells. A Nano-
Drop 2000 (Thermo Fisher Scientific) was used to detect
the concentration and purity of the total RNA. The RNA
was reverse-transcribed into cDNA using a FastKing 1st
Strand ¢cDNA Synthesis Kit (TianGen, Cat. No. KR116)
according to the manufacturer’s instructions. SYBR
Green Talent qPCR PreMix (TianGen, Cat. No. FP209)
was used to perform qPCR according to the following
steps: 95°C for 3 min, followed by 40 cycles of 95C for
5sand 60°C for 15 s. Relative Gene expression was calcu-
lated using the 272" method with B-actin as the internal
control. The primer sequences are listed in Table 1.

Enzyme-linked immunosorbent assay (ELISA)

Following the manufacturer’s instructions, the CCK
ELISA kit (RayBiotech, Atlanta, GA, USA, Cat. No.
EIAM-CCK-1) was used to detect CCK concentrations
in the mouse hippocampus. TNF-a (Boster, Cat. No.
EK0527), IL-1B (Boster, Cat. No. EK0394), IL-6 (Boster,
Cat. No. EK0411), IL-10 (Boster, Cat. No. EK0417) and
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Table 1 Primer sequences for quantitative real-time polymerase
chain reaction

ID Forward (5'-3") Reverse (5'-3')

B-actin GTACCACCATGTACCCAGGC  AACGCAGCTCAGTAACAGTCC

Clga ACTGAAGGGCGT- TTCTGGTATGGACTCTCCTG-
GAAAGGCAAT GTTGG

Cigb GCTAGAGCAAGAGGAGGTT- TCAGGGAAAAGCAGAAAGC-
GTTCAC CAGTG

Clgc TGCCTGCTGCTGCT- AGTCCATCATGCCCGTCCTTCC
GTTTCTTC

MCP-1 (Boster, Cat. No. EK0568) ELISA kit were used to
detect the levels of corresponding cytokines in the mouse
serum.

Immunofluorescence

Mice were deeply anaesthetised with sevoflurane and
fixed on an operating table. Cold phosphate-buffered
saline (PBS) was perfused transcardially. Once the fluid
from the auricula extra had cleared, 4% paraformalde-
hyde was used for perfusion. The brain was then isolated
from the skull and placed in 4% paraformaldehyde for
24 h, followed by dehydration for 48 h in 30% sucrose
solution. Next, the brains were coronally sectioned at
35 um using a cryostat microtome (Leica, Wetzlar, Ger-
many, CM3050S). The sections were then washed three
times with PBS and blocked in 10% normal goat serum
with 0.3% Triton for 1 h at 37°C. Subsequently, the sec-
tions were incubated overnight at 4°C with the following
primary antibodies: mouse anti-PSD95 (1:100, Cell Sig-
naling Technology, Cat. No. 36233, RRID: AB_2721262),
rabbit anti-vGlutl (1:100, Abcam, Cat. No. ab227805,
RRID: AB_2868428), rabbit anti-c-Fos (1:500, Cell Sig-
naling Technology, Cat. No. #2250, RRID: AB_2247211),
chicken anti-GFAP (1:1000, Abcam, Cat. No. ab4674,
RRID: AB_304558), rabbit anti-C1lq (1:200, Abcam, Cat.
No. ab182451, RRID: AB_2732849), rabbit anti-ion-
ized calcium-binding adapter molecule 1 (Ibal; 1:500,
Wako, Richmond, VA, USA, Cat. No. 019-19741, RRID:
AB_839504), chicken anti-Ibal (1:500, HUABIO, Cat. No.
HA601376) and rabbit anti-C3 (1:50, Proteintech, Cat.
No. 21337-1-AP, RRID: AB_2878843). After three washes
with PBS, the sections were incubated with fluorescent
secondary antibodies for 50 min at 37°C, followed by
staining with 4,6-diamidino-2-phenylindole for 10 min
at 37°C. A confocal fluorescence microscope (ZEISS,
Oberkochen, Germany) was used to photograph the
brain sections, and ZEN 3.3 (blue edition) software was
used to process and analyse the data. The Imaris software
(version 10.1, Oxford Instruments) was used to analyse
the morphology and 3D reconstruction of microglia.

Electrophysiological recordings
Similar to our previous studies [24, 25], in vitro whole-
cell recordings from dorsal hippocampal CA1 excitatory
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neurons were used to examine synaptic transmission
after CCK8 treatment. First, each mouse was deeply
anaesthetised with pentobarbital sodium (50 mg/kg,
intraperitoneally) and sacrificed. After removing the
skull, the brain was immediately immersed in cold oxy-
genated cutting solution and coronally sectioned at
300 pum using a vibratome (Leica, VT1200S). Slices were
then transferred to oxygenated artificial cerebrospinal
fluid (ACSF) for at least 1 h at 30°C. The ACSF included
(in mM): 125.0 NaCl, 1.2 NaH,PO,, 26.0 NaHCO,, 5.0
KCl, 2.6 CaCl,, 1.3 MgCl,, and 10.0 glucose (pH 7.3-7.4,
305 mOsm/kg). For recording, an individual slice was
placed in the submersion-recording chamber and contin-
uously perfused with ACSF (2 mL/min). Only one neu-
ron was recorded in each slice.

An Axonpatch 700B Amplifier, a Digidata 1500B Digi-
tal Converter, and pClamp 10 software (all Molecular
Devices, San Jose, CA, USA) were used to obtain and
analyse the electrical signals. The recording pipettes
(World Precision Instruments, Sarasota, FL, USA, 4-7
MQ) were filled with an internal solution containing (in
mM): 122.0 potassium-gluconate, 2.0 MgCl,, 0.3 CaCl,,
5.0 NaCl, 5.0 EGTA, 10.0 HEPES, 4.0 Mg-ATP, and 0.3
Na;-GTP (pH 7.3-7.4, 300 mOsm/kg). Spontaneous
excitatory postsynaptic currents (SEPSCs) were recorded
at —70 mV with picrotoxin (50 pM), and 1 mM tetro-
dotoxin was then added to record miniature excitatory
postsynaptic currents (mEPSCs). Traces of a fixed length
(5 min) were analysed using pClamp 10 software.

Statistical analysis

A website (www.randomization.com) was used to per-
form the randomisation of each group of animals or cells.
The animal and cell interventions, data collection, and
data analyses were blinded using different experimenters.
Similar to our previous studies, statistical power analysis
was used to allow significant differences with respect to
sample sizes (GPower 3, >0.8 for sufficient power valida-
tion) [8, 26].

Prism 7.0 (GraphPad, Boston, MA, USA) was used for
the statistical analyses, and data normality was assessed
using the Shapiro—Wilk test. Quantitative data are
expressed as the meanzstandard deviation (SD). Stu-
dent’s ¢-test was used to compare differences between
two groups. One-way or two-way analysis of variance
(ANOVA) was used for more than two groups, fol-
lowed by Bonferroni post hoc test. Repeated measures
ANOVA was used to analyse the data from repeated
measurements, followed by Bonferroni post hoc test. A
p-value <0.05 was considered significant.
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Results

Cognitive dysfunction is accompanied by reduced
hippocampal CCK and excitatory synapses in SAE model
mice

The experimental timeline is shown in Fig. 1A. Com-
pared with mice in the control group, LPS-injected mice
had increased serum cytokine levels (TNF-q, IL-1p, IL-6,
IL-10 and MCP-1) at 3 and 6 h (Fig. 1B-F), higher sepsis
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scores on days 1-3 after injection (Fig. 1G) and lower
body weights on days 1-4 after injection (Fig. 1H). These
data indicate that 5 mg/kg LPS injection can be success-
fully used to construct a sepsis model in mice.

The FCT context test and MWM reflect hippocampus-
dependent memory, whereas the FCT tone test reflects
hippocampus-independent memory in rodents [27, 28].
In the training phase of the FCT, there was no significant

Body weight and sepsis score were recorded daily
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Fig.1 Cognitive dysfunction is accompanied by reduced hippocampal cholecystokinin (CCK) and excitatory synapses in sepsis-associated encephalopa-
thy (SAE) model mice. (A) Experimental timeline. ELISA was performed to detect the serum levels of TNF-a (B), IL-1( (Q), IL-6 (D), IL-10 (E) and MCP-1 (F),
and hippocampal CCK concentration (P). (G) Daily sepsis scores of control mice and mice after lipopolysaccharide (LPS) injection. (H) Daily body weights
of control mice and mice after LPS injection. The percentages of freezing time in the (1) training phase, (J) context test, and (K) tone test were recorded
on day 1 before and day 3 after the LPS injection. (L) Swimming speed and (M) latency to the platform were recorded in the training and place naviga-
tion tests. (N) The number of platform crossings and (O) time spent in the target quadrant were recorded in the Morris Water Maze (MWM) spatial probe
test on day 7 after LPS injection. (Q, R) Protein levels of CCK, PSD95, and vGlut1 were detected by western blot. (S, T) Immunofluorescence was used to
detect the number of excitatory synapses (white arrows) in the dorsal hippocampal CA1 region. Data are expressed as the mean + SD (n = 12 per group
for behavioural tests; n = 3-5 per group for ELISA, immunofluorescence and western blot). Data B-F, P and R were analysed by one-way ANOVA followed
by Bonferroni post hoc test; data G, H, L and M were analysed by repeated measures ANOVA followed by Bonferroni post hoc test; data I-K, N and O were
analysed by student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. control group



Chen et al. Journal of Neuroinflammation (2025) 22:217

difference in the percentage of freezing time between
mice in the control and LPS groups (Fig. 1I). However,
compared with the control mice, the percentage of freez-
ing time was lower in LPS-injected mice on day 3 after
injection in both the context and tone tests (Fig. 1], K),
indicating both hippocampal- and non-hippocampal-
dependent fear memory impairments on day 3 after LPS
injection.

In the MWM, there was no significant difference in
swimming speed between mice in the control and LPS
groups (Fig. 1L), indicating that SAE model mice had
normal locomotor activity. Compared with mice in
the control group, the latency to the platform was lon-
ger in LPS-injected mice on days 4 and 5 after injection
(Fig. 1M). However, there were no significant differ-
ences in the number of platform crossings or time spent
in the target quadrant between mice in the control and
LPS groups (Fig. 1N, O), indicating that cognitive func-
tion recovered on day 7 in the SAE model mice. Together,
these findings indicate that a model of cognitive dysfunc-
tion was established successfully in the SAE model mice.

Both ELISA and western blot results revealed a
decrease in hippocampal CCK protein levels on days 1
and 4 after LPS injection relative to control mice (Fig. 1P-
R). Moreover, compared with mice in the control group,
the protein levels of PSD95 and vGlutl (Fig. 1Q, R) and
the number of excitatory synapses in the dorsal hip-
pocampal CA1 region (Fig. 1S, T) were lower on day 4
after LPS injection. Together, these results suggest that
decreased CCK and excitatory synapses accompany cog-
nitive dysfunction in SAE model mice.

Dorsal hippocampal CA1 region CCK8 injection
ameliorates cognitive dysfunction in SAE model mice

The cannula implantation site and experimental timeline
are shown in Fig. 2A. Because previous studies have dem-
onstrated that CCK enhances cognition [29], we explored
the effects of different doses of CCK8 (2, 10, and 50 ng)
on cognitive function in SAE model mice.

In the training phase of FCT, there were no significant
differences in the percentage of freezing time among the
five groups (Fig. 2B). Both 10 and 50 ng CCKS8 increased
the percentage of freezing time in SAE model mice in the
context test (Fig. 2C) but not in the tone test (Fig. 2D).
Furthermore, there were no significant differences in
swimming speed (Fig. 2E) or latency to the platform
(Fig. 2F) among the five groups in the MWM training
phase. In the MWM spatial navigation test, there were
no significant differences in swimming speed among the
five groups (Fig. 2G), indicating that 2, 10, or 50 ng CCK8
injection does not affect the locomotor ability of mice.
However, 10 ng CCK8 injection decreased the latency
to the platform and increased both the number of plat-
form crossings and time spent in the target quadrant.
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Furthermore, 50 ng CCKS8 injection reduced the latency
to the platform and increased the time spent in the target
quadrant of LPS-exposed mice (Fig. 2H-K).

CCK8 ameliorates excitatory synaptic plasticity in the
dorsal hippocampal CA1 of SAE model mice

The experimental timeline is shown in Fig. 3A. Because
both 10 ng and 50 ng CCK8 improved cognitive dysfunc-
tion in SAE model mice, we chose 10 ng CCK8 for the
follow-up experiments. We hypothesised that CCK8 may
ameliorate cognitive dysfunction by modulating synap-
tic plasticity; we therefore detected the effects of CCK8
on the number and function of synapses in dorsal hip-
pocampal CA1 excitatory neurons. CCK8 increased the
PSD95 and vGlutl protein levels (Fig. 3B, C) as well as
the number of excitatory synapses (Fig. 3D, E) in the
dorsal hippocampal CA1l region of SAE model mice.
These findings suggest that CCK8 may ameliorate cog-
nitive dysfunction in SAE model mice by increasing the
number of excitatory synapses. To explore the effects of
CCK8 on glutamatergic transmission, whole-cell patch
clamping was performed to record sEPSCs of excitatory
neurons in dorsal hippocampal slices. CCK8 significantly
increased the frequency of SEPSCs in dorsal hippocampal
CA1 excitatory neurons of SAE model mice (Fig. 3F-H).
In addition, we recorded mEPSCs to assess single syn-
aptic responses to individual synaptic vesicles. The fre-
quency of mEPSCs was significantly increased in SAE
model mice after CCK8 injection (Fig. 3I-K). Together,
these results indicate that CCK8 can ameliorate glutama-
tergic transmission impairments.

CCKS8 inhibits C1g-mediated microglial phagocytosis of
synapses and A1 astrocyte polarisation

The experimental timeline is shown in Fig. 4A. We used
RNA sequencing to explore the potential targets of CCK8
in the regulation of excitatory synaptic plasticity. Com-
pared with the LPS group, 26 Genes were upregulated in
the control group and 39 genes were upregulated in the
LPS+CCK8 group. There was no overlap between the
two sets of different genes (Fig. 4B). However, of the 201
Genes that were downregulated in the control group and
the 94 genes that were downregulated in the LPS + CCK8
group compared with the LPS group, there were 82 genes
in common (Fig. 4B). The 10 genes with the most sig-
nificant changes are presented in a heatmap (Fig. 4B),
and include the Clga, Cigb, and Clgc isoforms of Clg,
which have been suggested to be associated with synap-
tic plasticity [30]. We therefore postulated that CCK8
might regulate synaptic plasticity and cognitive function
by suppressing C1q expression in SAE model mice. Our
western blot and qPCR results were consistent with the
RNA sequencing findings, and supported our assump-
tion (Fig. 4C-E).
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It is thought that Clq-labeled synapses result in
microglial phagocytosis, which may be a driver of synap-
tic loss [31]. The number of Clq-labeled synapses (Clq
colocalised with PSD95) phagocytosed by microglia
were increased in the dorsal hippocampus CA1l region
of SAE model mice compared with control mice, while
these changes were reversed by CCK8 injection, suggest-
ing that CCK8 can inhibit the Cl1q-mediated microglial
phagocytosis of synapses (Fig. 4F, J). In addition, CCK8
significantly inhibited microglial activation, as evidenced
by reduced microglial fluorescence intensity and soma
volume, and increased branch length compared to SAE
mice (Fig. 4F-I). Together, these results indicate that
CCKS8 inhibited microglial activation, while enhancing
synaptic plasticity in the dorsal hippocampal CA1 region
by inhibiting microglial C1q expression.

Previous studies have demonstrated that Clq can
induce the polarisation of Al astrocytes, thereby indi-
rectly impairing synaptic plasticity [8, 32]. We therefore
detected the number of Al astrocytes in the dorsal hip-
pocampal CA1 region. The protein levels of the A1 astro-
cyte marker C3 and the astrocyte marker GFAP (Fig. 4M,
N) were both increased in LPS-injected mice compared
with control mice, and there was increased colocalization
of the two markers. However, these phenomena were
reversed by CCK8 injection (Fig. 4K, L). Together, these
findings suggest that Clqg-induced Al astrocyte polari-
sation may be another mechanism underlying synaptic
plasticity impairments.
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Activation of CCK-positive neurons ameliorates cognitive
dysfunction in SAE model mice

Previous studies have demonstrated that the activation
of CCK-positive neurons in the hippocampal DG region
can induce CCK release [33]. To evaluate whether the
activation of CCK-positive neurons in the dorsal hip-
pocampal CA1 region might play a role in the cognitive
dysfunction of LPS-exposed mice by releasing CCK,
a chemogenetic approach (CCK-Cre mice received
an injection of AAV-Efla-DIO-hM3Dq-mCherry or

AAV-Efla-DIO-mCherry into the dorsal hippocampal
CA1l) was used to activate CCK-positive neurons. The
activation of CCK-positive neurons led to the release of
CCK and other neurotransmitters, and CCK2R is the pri-
mary receptor for CCK in the CNS [33, 34]. We therefore
used the CCK2R antagonist L365,260 to explore whether
CCK released by CCK-positive neurons plays a role in
the observed effects. The AAV injection site and experi-
mental timeline are shown in Fig. 5A.
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In the training phase of FCT, there were no significant
differences in the percentage of freezing time among the
four groups (Fig. 5B). The activation of CCK-positive
neurons increased the percentage of freezing time of
SAE model mice in the context test but not the tone test.
However, L365,260 blocked the effects of CCK-positive
neuronal activation (Fig. 5C, D). In the MWM train-
ing phase, the four groups had no significant differences
in swimming speed (Fig. 5E) or latency to the platform
(Fig. 5F). Similarly, in the place navigation test of MWM,
there were no significant differences in swimming speed
among the four groups (Fig. 5G). The activation of CCK-
positive neurons decreased the latency to the platform
and increased both the platform crossings and time spent
in the target quadrant of SAE model mice, and L365,260
blocked the effects of CCK-positive neuronal activation
(Fig. 5H-K).

Activation of CCK-positive neurons inhibits the C1g-
mediated microglial phagocytosis of synapses

SAE model mice with AAV-Efla-DIO-hM3Dq-mCherry
injection had more c-Fos-positive cells in the dorsal hip-
pocampal CA1l region than mice with AAV-Efla-DIO-
mCherry injection (Fig. 5L, M). These results suggest that

the designer receptors exclusively activated by designer
drugs approach can effectively activate CCK-positive
neurons in the dorsal hippocampal CA1 region of LPS-
exposed mice. Furthermore, there was no significant
difference in c-Fos-positive cell number between AAV-
Efla-DIO-hM3Dq-mCherry + L365,260 (hM3Dq+L)
group and AAV-Efla-DIO-hM3Dg-mCherry (hM3Dq)
group (Fig. 5L, M). This finding indicates that L365,260
injection does not affect the activity of CCK-positive
neurons.

To confirm whether CCK-positive neuronal activa-
tion has a similar effect to that of CCK8 injection, we
investigated the Clg-mediated microglial phagocytosis
of synapses. CCK-positive neuronal activation inhibited
the total hippocampal protein levels of Clq (Fig. 5N, O).
Furthermore, CCK-positive neuronal activation inhibited
microglia activation and C1q-mediated microglial phago-
cytosis of synapses, similar to CCKS8 injection (Fig. 5P, T),
while L365,260 was able to block the effects of CCK-posi-
tive neuronal activation (Fig. 5N-T).

CCK8 inhibits C1q expression via CCK2R in BV2 microglia
The experimental timeline is shown in Fig. 6A. Because
Clq was produced by microglia in the CNS, the BV2
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cell line was used to establish the in vitro SAE model.
We observed Clq protein levels to determine the opti-
mal concentration and duration for LPS exposure in BV2
cells. First, BV2 microglia were exposed to different con-
centrations of LPS (0.1, 0.2, 0.5, 1, and 2 pg/mL) for 6 h.
Both 1 and 2 pg/mL LPS exposure increased C1q protein
levels in the medium and in cells (Fig. 6B, C). We there-
fore exposed BV2 cells to 1 pug/mL LPS for 1, 3, 6, 12,
and 24 h; LPS exposure for 6, 12, and 24 h increased Clq
expression (Fig. 6D, E). Ultimately, 1 pg/mL LPS expo-
sure for 6 h was selected to construct the in vitro SAE
model in BV2 cells.

Different concentrations of CCK8 were then used to
treat LPS-exposed BV2 cells. Both 1 and 2 uM of CCK8
were able to inhibit the intracellular and medium levels of

Clq (Fig. 6F, G). Moreover, the different concentrations
of CCK8 did not affect BV2 cell viability (Fig. 6H). Next,
the CCK2 antagonist 1L365,260 was used to confirm that
CCK8 acts through microglial CCK2R. Indeed, L365,260
blocked the CCK8-induced inhibition of Clq expression
in BV2 cells (Fig. 6], J). In addition, the CCK1R antago-
nist SR27897 was used to confirm the lack of a role for
CCKIR in these effects; as expected, SR27897 did not
block the CCK8-induced inhibition of Clq expression
(Fig. 6K, L).

Discussion

The present study aimed to evaluate the roles of CCK8
and CCK-positive neurons of the hippocampal CAl
region in enhancing synaptic plasticity and alleviating
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cognitive impairments in SAE model mice. In our in vivo
experiments, CCK levels and excitatory synapse num-
bers in the hippocampus were significantly decreased in a
mouse model of SAE. Moreover, CCK8 supplementation
or the activation of CCK-positive neurons in the hippo-
campal CA1 region was able to inhibit the C1q-mediated
microglial phagocytosis of synapses and the Al polarisa-
tion of astrocytes, thereby improving synaptic plasticity
and cognitive impairments in SAE model mice. In the
in vitro experiments, CCK8 inhibited Clq expression
via CCK2R in LPS-stimulated BV2 cells. Together, these
data indicate the crucial role of CCK8 and CCK-positive
neurons of the hippocampal CAl region in enhancing
SAE-induced synaptic plasticity and alleviating cognitive
impairments in mice. Notably, the results of the present
study demonstrate the important effects of CCK8 and
CCK-positive neurons on synaptic plasticity and cogni-
tive impairments in the context of SAE (Fig. 7).
Intraperitoneal LPS injection and cecum Ligation and
puncture are two common ways to construct sepsis mod-
els in animals. Compared with cecum Ligation and punc-
ture, intraperitoneal LPS injection has the advantage of
being simple to model and having high reproducibility

while simulating the pathophysiology of sepsis. In accor-
dance with previous studies, 5 mg/kg LPS intraperitoneal
injection was used in the present study to construct the
sepsis mouse model [4]. Our LPS-injected mice had sig-
nificantly higher serum cytokine levels and sepsis scores
than control mice, indicating the successful establish-
ment of the sepsis model. In addition, MWM and FCT
results demonstrated that our sepsis mice had cognitive
impairment. Taken together, our findings indicate that an
SAE model with cognitive impairment was successfully
established in mice.

Neuropeptides are the most diverse signalling mol-
ecules of the mammalian brain and involve many physi-
ological functions, such as cognition, sleep—awake cycles,
and pain [35-37]. Substance P, calcitonin gene-related
peptide, neuropeptide Y, vasoactive intestinal polypep-
tide, and somatostatin are other well-known neuropep-
tides; however, CCK is one of the earliest identified and
most abundant neuropeptides in the brain [38]. In the
present study, hippocampal CCK levels were signifi-
cantly decreased in SAE model mice. An analysis of bio-
markers revealed that higher cerebrospinal fluid levels of
CCK are associated with higher memory-related scores
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in SAE mice

and lower chances of developing mild cognitive impair-
ment or Alzheimer’s disease [7]. CCK is also significantly
decreased in an APP/PS1 mouse model of Alzheimer’s
disease, suggesting that CCK may be involved in the
development of this disease [39]. In the present study,
we further validated the role of CCK in cognitive impair-
ment by supplementing exogenous CCK8 in the hippo-
campal CA1 region of our mouse model. CCK8 (10 and
50 ng) was able to alleviate hippocampus-dependent
memory impairment but not hippocampus-independent

(FCT tone test) memory impairment, which may be
because CCK8 was injected into the CAl region only,
rather than via systemic administration.

Previous studies have revealed that the activation of
CCK neurons in the hippocampal DG region promotes
CCK release [33]. We therefore injected chemogenetic
activation virus (AAV2/9-Efla-DIO-hM3Dq-mCherry-
WPREs) into the hippocampal CA1 region of CCK-Cre
mice, and achieved the activation of CCK neurons in the
CAL1 region via the intraperitoneal injection of clozapine
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N-oxide. We thus investigated the effects of promoting
endogenous CCK release on cognitive impairment in
SAE model mice. Activation of CCK-positive neurons in
the hippocampal CA1 region alleviated cognitive impair-
ment in SAE model mice, similar to the effects observed
with CCK8 injections. Although the receptors for the
action of CCK are CCKI1R and CCK2R, CCK2R is pre-
dominant in the CNS. Asrican et al. reported that the
activation of CCK-positive neurons in the hippocampal
DG region promotes the neurogenic proliferation of neu-
ral stem cells, and noted that these effects can be blocked
by CCK2R antagonists [33]. Furthermore, Chen et al.
demonstrated that high-frequency stimulation induces
neocortical long-term potentiation by releasing CCK,
whereas a CCK2R antagonist can block the role of CCK
[29]. Similarly, the results of this study suggest that the
effect of CCK-positive neurons activation on improv-
ing cognitive function in SAE mice can be blocked by
CCK2R antagonist (L365,260), which rules out the pos-
sibility that CCK-positive neurons activation affects cog-
nitive function in SAE mice through the release of other
neurotransmitters. This provides a theoretical basis for
future gene therapy to treat cognitive impairments in
SAE.

Synapses are structures that are essential for signalling
between neurons. The structural and functional integrity
of hippocampal excitatory synapses plays a critical role
in regulating learning and memory [40]. In the present
study, SAE model mice had hippocampal CA1 excitatory
synaptic loss, which is consistent with the findings of pre-
vious studies [41]. In addition, CCK8 increased the excit-
atory synapse number and the frequency and amplitude
of EPSCs in the hippocampal CA1 region of SAE model
mice, suggesting that CCK8 may improve cognition in
these mice by enhancing synaptic plasticity. Similarly,
Dehghani et al. reported that CCK8 positively affects
hippocampal synaptic plasticity, and consequently cogni-
tive function, in rats [42]. Moreover, CCK knockout mice
have deficits in neocortical long-term potentiation and
dysfunctions in cue—cue associative learning, and these
effects can be rescued by the local injection of CCK [29].
These reports are consistent with the present findings,
and suggest that CCK improves cognitive impairments in
SAE model mice by attenuating excitatory synaptic plas-
ticity damage.

In the current study, although we elucidated the role
of CCK in cognitive impairment in SAE model mice, the
molecular mechanisms by which CCK improves synap-
tic plasticity remain unclear. We thus performed RNA
sequencing to screen for potential targets of CCKS.
Notably, CCKS8 significantly inhibited hippocampal Clq
expression in the SAE model mice. Clq is produced by
microglia in the CNS and is an initiating factor of the
classical complement cascade [43]. Microglia clear away

Page 14 of 16

Clqg-localised dysfunctional synapses via phagocytosis,
which can provide space for synapse formation to ensure
appropriate neural connectivity in the physiological state.
However, increased C1q expression in pathological states
may induce microglia to over-phagocytose synapses, ulti-
mately leading to CNS disease [44]. It has been reported
that Clq expression is increased in the hippocampus
and prefrontal cortex of a mouse model of Alzheimer’s
disease, and that the inhibition of Clq expression or
the antagonism of its receptor can reduce phagocytic
microglial numbers and synaptic loss [30]. Moreover,
aged Clq-deficient mice exhibit enhanced synaptic plas-
ticity and hippocampus-dependent memory [45]. Consis-
tent with these previous reports, our results indicate that
increased Clq leads to excessive synaptic phagocytosis by
microglia in the hippocampal CA1 region of SAE model
mice, and that this can be inhibited by CCKS injection.
Furthermore, our previous study indicated that CCK8
intraperitoneal injection decreases Clq expression by
inhibiting microglial activation in mice with delayed neu-
rocognitive recovery [8], which provides additional sup-
port to the results of the present study. Taken together,
our findings suggest that microglia-induced activation of
the complement system is a common pathogenic mecha-
nism of both delayed neurocognitive recovery and SAE.
Moreover, Clq can induce the polarisation of neurotoxic
Al astrocytes and indirectly affect the structure and
function of synapses [15], and we noted that Al astro-
cyte numbers were significantly increased in the CAl
region of SAE model mice, whereas CCK8 suppressed
this increase. We thus speculate that the CCK8-induced
inhibition of Clq expression may subsequently affect
excitatory synaptic plasticity in the hippocampal CA1l
region of SAE model mice through two pathways: first, by
inhibiting the microglial phagocytosis of synapses, and
second, by supressing the synaptic toxicity induced by A1l
astrocytes.

There were several limitations in the present study.
First, we only used murine BV2 microglial cells for the
in vitro experiments. It therefore remains to be further
investigated whether the results of our experiments
can be replicated in primary mouse or human microg-
lia. Second, 5 mg/kg LPS caused short-term cognitive
impairments in SAE model mice in the present study. By
contrast, cecum ligation and puncture or higher doses of
LPS result in relatively long-term cognitive impairments.
Thus, it remains unclear whether CCK8 and dorsal hip-
pocampal CCK-positive neurons play a role in alleviat-
ing more severe cognitive impairments in SAE model
mice; this warrants further investigation. Third, synaptic
plasticity is the cellular and morphological basis of learn-
ing and memory [46]. Although our study suggests that
CCK8 can reverse the damage to synaptic plasticity and
cognitive function in SAE mice, it cannot be ruled out
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that CCK8 may affect cognitive function through other
pathways.

Conclusions

The findings from the present study indicate that CCK
inhibits C1q expression through microglial CCK2R, thus
attenuating C1q-mediated synaptic plasticity damage and
ultimately improving cognitive dysfunction in SAE model
mice. Both CCK drugs and specific activation of CCK-
positive neurons are potential treatments for SAE.
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