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Abstract

Evidence from experimental and clinical studies implicates immuno-inflammatory responses as playing an important
role in epilepsy-induced brain injury. Captopril, an angiotensin-converting enzyme inhibitor (ACEi), has previously
been shown to suppress immuno-inflammatory responses in a variety of neurological diseases. However, the thera-
peutic potential of captopril on epilepsy remains unclear. In the present study, Sprague Dawley (SD) rats were intra-
peritoneally subjected to kainic acid (KA) to establish a status epilepticus. Captopril (50 mg/kg, i.p.) was administered
daily following the KA administration from day 3 to 49. We found that captopril efficiently suppressed the KA-induced
epilepsy, as measured by electroencephalography. Moreover, captopril ameliorated the epilepsy-induced cognitive
deficits, with improved performance in the Morris water maze, Y-maze and novel objective test. RNA sequencing
(RNA-seq) analysis indicated that captopril reversed a wide range of epilepsy-related biological processes, particularly
the glial activation, complement system-mediated phagocytosis and the production of inflammatory factors. Interest-
ingly, captopril suppressed the epilepsy-induced activation and abnormal contact between astrocytes and microglia.
Immunohistochemical experiments demonstrated that captopril attenuated microglia-dependent synaptic remod-
eling presumably through C3-C3ar-mediated phagocytosis in the hippocampus. Finally, the above effects of captopril
were partially blocked by an intranasal application of recombinant C3a (1.3 ug/kg/day). Our findings demonstrated
that captopril reduced the occurrence of epilepsy and cognitive impairment by attenuation of inflammation and
(C3-mediated synaptic phagocytosis. This approach can easily be adapted to long-term efficacy and safety in clinical
practice.
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Introduction

Epilepsy is a brain dysfunction disease characterized by
sudden abnormal high-frequency discharges in local
brain lesions and spread to surrounding tissues [1]
{Cihan, 2018 #7}, which may be accompanied by tran-
sient movement, sensory, conscious, and autonomic
nerve dysfunction. Temporal lobe epilepsy (TLE), which
originates in the hippocampus or amygdala, is the most
prevalent form of seizure, accounting for 60% of the over-
all incidence of epilepsy [2]. If not treated immediately,
severe neurological damage associated with epilepsy
increases, including the development of cognitive comor-
bidities, such as hippocampal-dependent spatial learning
and memory deficits [3]. Current therapeutics (such as
carbamazepine, sodium channel blockers, etc.) for epi-
lepsy aim to inhibit the abnormal discharge of neurons to
control the initiation and progression of seizures. Unfor-
tunately, about one-third of patients still fail to achieve
control and evolve into drug-resistant epilepsy, mani-
fested by multiple seizures types and progressive cogni-
tive and developmental deterioration [4]. Therefore, it is
essential to find new therapeutic targets for epilepsy and
its related comorbidities [5].

It is becoming clear that brain inflammation promotes
neuronal hyperexcitability and seizures. Dysregulation in
the glia immune-inflammatory function is a common fac-
tor in the human brain and experimental epilepsy models
[6]. Onset of epileptogenesis is strongly interconnected
with the production of proinflammatory cytokines in
microglia and astrocytes, including interleukin-1 (II-1p),

11-6, tumor necrosis factor-a (Tnf-a) and other cytotoxic
factors, which initiate further inflammatory cascades and
contribute to impairment of neuronal function [7-9].
Moreover, microglia and astrocytes undergo structural
remodeling towards proinflammatory phenotypes under
the stimulation of inflammatory factors [10] and dysfunc-
tional of energy homeostasis in astrocytes can contribute
to neuronal hyperexcitability in the pathophysiological
processes that lead to the development of epilepsy [11].
Chronically activated astrocytes and microglia are
prominent features of epileptic foci that can irreversibly
damage the brain, contributing to the pathophysiology
of epilepsy and cognitive impairment [12, 13]. Conse-
quently, targeting molecules with activation of glial cells
and production of inflammatory factors is currently in
development as promising antiepileptogenic therapeutic
approach.

Accumulated evidence shows that the complement
system plays a critical role in glia-mediated effects dur-
ing physiological and pathological processes of neuro-
immune diseases [14, 15]. Recent studies also prove that
RNA transcripts and protein levels of Clq and C3 are
increased in the hippocampus of patients and animal
models of epilepsy [16]. The complement components
Clq and C3 mediate synapse elimination during devel-
opment and neurodegeneration through C3-dependent
microglia phagocytosis [16, 17]. In this signaling path-
way, complement protein C3 splits into C3a and C3b.
C3a covalently binds to the specific receptor C3ar located
on the surface of macrophages and microglia, exerting
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a series of inflammatory reactions including synaptic
phagocytosis and the release of proinflammatory factors
and chemokines, which can directly cause neuronal dam-
age and cell death in the diseases [18, 19].

Although the relationship between epilepsy and inflam-
mation has been well established, attempts to prevent
epileptogenesis by modulating various inflammation and
immune-related abnormalities have had only limited suc-
cess. Research shows that the renin—angiotensin system
(RAS) system participates in producing inflammatory
cytokines both in the peripheral and central nervous sys-
tem (CNS) [20]. Angiotensin-converting enzyme (ACE)
converts angiotensin I (Ang I) to Ang II, which stimu-
lates angiotensin type 1 receptor (AT;R) on the surface of
astrocytes and microglia resulting in enhanced produc-
tion and release of multiple proinflammatory factors [21].
It has been established that Ang II levels are elevated in
epilepsy, causing dysregulation of the neuronal-micro-
glial signaling and production of proinflammatory fac-
tors Tnf-a [22]. Ang II also stimulates several cellular
inflammatory responses, including increased expres-
sion of vascular cell adhesion molecule 1 (Vcam-1),
II-1B, CC chemokine ligand (Ccl) 2 and Ccl5, thus lead-
ing to an accumulation of immune cells [23]. Treatment
of angiotensin-converting enzyme inhibitors (ACEi) can
prevent proconvulsant activation exerted by Ang II, thus
reducing the detrimental consequences resulting from
epilepsy [24]. Captopril is one of the ACEis that reduces
the formation of Ang II and exerts beneficial anti-inflam-
matory effects in lipopolysaccharide (LPS)-treated glial
culture [25]. Continuous blocking AT,R was effective
against neuronal loss and exerted neuronal protection
in the hippocampus in rats with epilepsy [26, 27]. How-
ever, the specific effects and molecular mechanisms of
ACEis on immuno-inflammatory responses during epi-
lepsy remain obscure [28, 29]. Interestingly, the latest
research has demonstrated that ACE can directly cleave
the downstream product C3f of C3 through two homolo-
gous catalytic activity domains (N- and C-domains). The
cleavage of C3f inversely promotes the synthesis of com-
plement C3, which was significantly suppressed in ACE
knockout mice [30]. In addition, ACE inhibition by sys-
temic administration of captopril ameliorated cognitive
function and neurodegeneration in several Alzheimer’s
disease (AD) models by reducing the expression of com-
plement protein C3 [31]. Therefore, studying the effects
of ACE inhibitors on the C3-dependent glial activation
is of great significance for the clinical medication for
epilepsy.

In the present study, we identified captopril as a poten-
tial complement signaling blocker and tested its efficacy
in preventing epilepsy and cognitive impairment. We
found that the captopril treatment significantly protected
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rats from long-term complications of epilepsy. Mecha-
nistically, continuous captopril therapy inhibited glial
activation and aberrant synaptic phagocytosis in the hip-
pocampus by reducing complement C3—C3ar expression
in epilepsy. Furthermore, when C3a, an active cleav-
age product of C3, was administered intranasally, we
found the beneficial effects of captopril on the preven-
tion of epilepsy and its related complications were par-
tially blocked. This result indicated a causal relationship
wherein the therapeutic effects of captopril treatment
were mediated by suppressing the C3-C3ar signaling
pathway. Taken together, these data suggest that hyper-
activation of C3-C3ar is critical for the detrimental
effects associated with synaptic phagocytosis in epilepsy.
Thus presenting pharmacological inhibition of C3—C3ar
through ACEi is a promising target for the treatment of
epilepsy and cognitive complications.

Materials and methods

Animals and seizure monitoring

Animal protocol was in accord with the guidelines of
Zhejiang University Animal Care. Male Sprague Daw-
ley (SD) rats (120-140 g) were purchased from Shang-
hai SLAC Laboratory Animal Co., Ltd (certificate: SCXK
2017-0005) and were raised at room temperature of
22 £ 1 °C with food and water ad libitum.

Rats were randomly divided into 3 groups: control
group (with saline intraperitoneal (ip) injection), KA
group (with 14 mg/kg kainite acid (ab120100, Abcam,
USA) ip injection), and KA + Cap group (with 50 mg/kg
captopril ip injection). Seizure severity was rated by the
Racine scale: category 1, immobility and facial twitch;
category 2, head nodding; category 3, forelimb clonus;
category 4, rearing; and category 5, rearing and fall-
ing. The onset of seizures was defined as the beginning
of category 4-5 seizures. Seizures were terminated by
0.1% diazepam (10 mg/kg) after 3 h. If the animals did
not develop category 4—5 seizures, every 1 h after a KA
injection, an additional injection at 50% of the initial dose
was given until they developed stage 4-5 seizures. If the
animals did not develop stage 4 seizures after 2 additional
applications of KA, they were excluded from the subse-
quent study.

The model of epilepsy has been described extensively
[32]. Epilepsy develops after nonconvulsive status epilep-
ticus lasting for at least 3 h, initially induced by 14 mg/kg
KA injection intraperitoneally. Recurrent seizures usually
start 1 week after the induction of status epilepticus and
can last for at least up to 2 months. The baseline of epi-
lepsy in each rat is stable and reproducible, and seizures
do not occur in clusters, as assessed by measuring the
frequency and duration of EEG ictal events from week
2 to 7 after the development of status epilepticus. This
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feature is a key prerequisite for reliable pharmacological
studies.

Systemic captopril administration

Captopril (C4042, Sigma, USA) was freshly prepared in
0.9% NaCl. The KA-injected rats received daily doses of
vehicle (0.9% NaCl) or captopril (50 mg/kg by ip injection
from the 3rd day after the KA injection) for 7 weeks. Rats
were weighed weekly. The selection of captopril dosing
was based on previous studies [33-35].

Intranasal treatment of C3a

Purified human C3a peptide (A113, Complement Tech-
nologies, USA) was diluted in sterile phosphate-buffered
saline (PBS) to a concentration of 200 nM, and a total of
20 pL (10 pL/nostril; corresponding to 1.13 mg/kg body
weight) of PBS was given intranasally (in) to awake, hand-
restrained rat held in a supine position. Solutions were
administered through a pipette tip, drop-wise into 5-pL
portions at a time interval of 1 min to allow for absorp-
tion [36]. C3a or PBS was given daily from Day 3 to 49
after the KA induction and along with the captopril treat-
ment. Rats were assigned to C3a or PBS treatment using
randomization stratified by body weight to avoid poten-
tial confounding effects of body weight on behavioral
performance. The investigation carrying out behavioral
studies and data analysis were blinded to the treatment

group.

Total RNA isolation and quantitative polymerase chain
reaction

Total RNA was extracted from the samples using TRIzol
(10296010, Invitrogen, USA), according to the manufac-
turer’s instructions. The total RNA was quantified using
a spectrophotometer (Nanodrop 2000, Thermo Fisher,
USA). All the samples presented 260/280 nm ratios
between 1.8 and 2.0.

RNA samples of the hippocampus from 3 rats from
each group were collected and sent to WuHan Bioacme
Biological Technologies Corporation (Wuhan, China).
After the initial Quality Control (QC) assessment
(RNA concentration and integrity were assessed by the
Nanodrop spectrophotometer, the samples presented
260/280 nm ratios between 1.8 and 2.0. Later, RNA integ-
rity was assessed by an Agilent Bioanalyzer Nano-ChlIP,
relative integrity index (RIN) of RNA samples were >9).
The mRNA was then enriched by oligo (dT) beads. After
concentrations were determined with an adaptor-specific
q-PCR kit, equimolar samples were pooled and clustered
for sequencing on the HiSeq2000 (Illumina, USA).

The fragments per kilobase of transcript per mil-
lion mapped reads were used to estimate gene expres-
sion levels in each sample. Differential gene analysis was
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carried out using the DESeq2 package in the R environ-
ment [37]. Differences with p value<0.05 and log2 |fold
change|>1 were considered significant. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis were performed using DAVID
(https://david.ncifcrf.gov/) on the rat genome. The gene
set enrichment analysis (GSEA) was performed using the
ranked list of genes based on the log-fold change.

Primer design and real-time quantitative PCR (RT-qPCR)
Gene sequences were obtained from the Ensem-
ble Genome Browser database and primer pairs were
designed aligned in different exons using Primer 3 (Table.
1). Quality and specificity were evaluated using Primer-
BLAST, respectively. Primers were synthesized by IDT—
Integrated DNA Technologies (Sangon Biotech).

Reverse transcription reaction was carried out with
total RNA from all samples using the PrimeScript’ RT
reagent Kit (RR037A, Takara Bio, Japan) according to
the manufacturer’s instruction. RT-qPCR was performed
using the LightCycler® 480 Instrument II (Roche, Swit-
zerland) and the protocol of the TB Green® Premix Ex
Taq " (RR420A, Takara Bio, Japan), and the cycling con-
ditions were as follows: an initial 30 s denaturation at
95 °C and 35 cycles (5 s at 95 °C and 40 s at 60 °C). The
efficiency of the primers was verified through a dilution

Table 1 Sequences of the primers

Gene Primer Sequence
1-18 Forward TGACTCGTGGGATGATGACG
Reverse AGGCCACAGGGATTTTGTCG
Tnf-a Forward ATGGGCTCCCTCTCATCAGT
Reverse CAAGGGCTCTTGATGGCAGA
1-18 Forward GAGCTGGAGGACAAGGGAAC
Reverse GCCCGTTATGGTGGACAGAA
Ccl2 Forward GCCTGTTGTTCACAGTTGCT
Reverse ACCCATTCCTTATTGGGGTCAG
Ccl3 Forward TGCTGCTTCTCCTATGGACG
Reverse AGATCTGCCGGTTTCTCTTGG
Cxcl13 Forward CAGTGGCAGGGATTCACTTCA
Reverse ACTTGGGGACACCCTTTAGC
3 Forward TGGGCAAGACAGTCGTCATC
Reverse TCCATCAGCACTTTTCGGCT
C3ar Forward ACTGGCCCTATGGCTTGTTC
Reverse TCATCCGGGAAATCATGGGC
Ibal Forward GCCAGAGCAAGGATTTGCAG
Reverse CGTCTTGAAGGCCTCCAGTT
Gfap Forward TGGCCACCAGTAACATGCAA
Reverse GAGTGCCTCCTGGTAACTCG
B-actin Forward ATATCGCTGCGCTCGTCGT
Reverse GAGGCATACAGGGACAACACA
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series curve. The housekeeping gene B-actin was selected
as a reference gene. Transcript levels were normalized
using the control group as the calibrator. All samples
were run into triplicates, and the results were analyzed
using the 222 method.

Immunostaining and image analysis

After perfusion with 4% paraformaldehyde (PFA), the rat
brains were fixed with 4% PFA overnight at 4 °C and then
transferred into 30% sucrose solution. Brain sections
(30 um) were cut using a sliding microtome (HM525,
Microm, Germany) and stored at — 20 °C in a cryopro-
tectant. For each experiment, 3—4 corresponding sections
between 4.56 and 3.60 mm posterior from the bregma in
one hemisphere of the rat brain were collected from 3
animals per group. After washing in PBS, sections were
blocked with QuickBlock™ blocking buffer for immu-
nol staining (P0260, Beyotime, China) for 1 h and then
were incubated in primary antibody diluted in the block-
ing solution overnight at 4 °C (mouse anti-Cd68, 1:100,
ab955, Abcam, UK; rabbit anti-Ibal, 1:1000, PTR2404,
Wako, Japan; chicken anti-Gfap, 1:1000, ab5541, Abcam,
UK; mouse anti-C3, 1:1000, sc-28294, Santa Cruz, USA;
mouse anti-C3ar, 1:100, HM3028, Hycult, USA; guinea
pig anti-Synapsinl/2, 1:1000, 106,004, Synaptic Sys-
tems, Germany). After washing, the sections were incu-
bated with corresponding secondary antibodies: Alexa
488-conjugated goat anti-mouse IgG (1:1000, A21121,
Invitrogen, USA), Alexa 568-conjugated goat anti-
guinea pig IgG (1:1000, A11075, Invitrogen, USA), Alexa
568-conjugated goat anti-chicken IgG (1:1000, A11041,
Invitrogen, USA) or Alexa 647-conjugated goat anti-rab-
bit IgG (1:1000, A32733, Invitrogen, USA) for 2 h at 37 °C
temperature; then mounted with DAPI solution after the
final wash. The sections were imaged by a laser scanning
spectral confocal microscope (TCS SP8, Leica Microsys-
tems, USA).

Analysis of glia morphology and interaction

Confocal images of microglia (Ibal) and astrocytes
(Gfap) were collected with Z-stack (optical slices of 1 um)
using 20 x objective. Images were acquired using a 2 airy
unit (AU) pinhole while holding constant the gain and
offset parameters for all sections and rats per experiment.
Images were taken from three animals in each group.
Three sections from each animal were examined. The
number of glia was counted stereologically [38].

To quantify the morphology of the glial cell, Ibal-pos-
itive microglia were imaged under a 63 x oil objective
using the confocal microscope at a step size of 0.5 um.
The image background was subtracted and microglia
morphology was analyzed using the AnalyzeSkeleton in
Image] (NIH, USA) [39]. Images were taken from three
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animals in each group and three sections from each ani-
mal for microglia counting. At least 12 randomly chosen
microglia in the CA1 per animal were analyzed.

To quantify the percentage of astrocytes contacted by
microglia, Z-series stacks of confocal images of Gfap™
cells and Tbal™ cells were taken. The projection images
were traced and were analyzed with Image]. Briefly,
images were acquired at 1 um Z-stack intervals. Gfap-
positive fluorescence intensity with cell bodies contacting
microglia processes or cells were counted using Image]J-
3D reconstruction with a 10 um, 30 pm and 50 pm diam-
eter distance from the microglia cell body, respectively.
At least 10 randomly chosen Ibal™ cells in the CA1 per
animal were analyzed.

Synaptic puncta staining and analysis
Phagocytic microglia were identified by immunolabe-
ling with Cd68. Colabeling of lysosomal marker Cd68
and Synapsinl/2 was used to image the successful pro-
gress from microglial phagocytosis. The intensity of
Cd68" and Synapsinl/2 clusters within microglia was
measured using Image] [40]. Briefly, brain sections were
co-immunostained with the anti-Synapsinl/2, anti-Ibal
and anti-Cd68 antibodies. Sections were imaged with
the 63 x objective oil with 2 x zoom using the confocal
microscope at 0.5 pm Z-stack step. Image background
was subtracted using Image]J, and microglia and synapsin
intensity were calculated using Plot Profile in Image].
Synaptic puncta were quantified as previously
described. All confocal images of Synapsinl/2 were
acquired with Z-stack (step at 0.5 um) using 63 x objec-
tive with 2xzoom. Analysis was performed using
Image]. Images were acquired using a 1 AU pinhole while
holding constant the gain and offset parameters for all
sections and rats per experiment. All contrasting images
were adjusted to the same threshold for the analysis.
Post-analysis images were adjusted for brightness and
contrast across the entire image for presentation.

Electroencephalography (EEG) recording

The rats were monitored for seizures by weekly video-
EEG recording sessions from week 2 to 7 after KA
administration (Fig. 1A). For the surgical implanta-
tion of epidural electrodes, rats were anesthetized with
10% chloral hydrate in a stereotaxic frame 3 days after
KA administration. For cortical EEG recordings, we
implanted recording electrode on the left side of the rats
(AP: —4.08 mm; ML: 3.6 mm; DV: — 0.8 mm). Two screws
were placed on the right and inferior sides of the cerebel-
lum’s skull to serve as reference and ground electrodes for
EEG recording. All screws were soldered on electronic
pins and were secured with dental cement. After the sur-
gery, rats were allowed for 7 days of recovery before EEG
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recording. Rats were acclimated in cylindrical 10-inch-
diameter acrylic cages for at least 1 day before monitor-
ing with a digital video-EEG acquisition system (Spike 2,
CED, UK). EEG was acquired using standard alternating
current amplifiers with no bandpass filters. Rats were
monitored continuously for the 7 weeks, and EEG was
synchronized with video recording continuously for 8 h/
day. Video-EEG data were analyzed by two independ-
ent trained observers. All EEG data from each monitor-
ing session were reviewed for electrographic seizures,
and video was analyzed as needed to confirm behavio-
ral correlates of electrographic seizures and to rule out
sources of artifacts. Electrographic seizures were identifi-
able as the discrete periods of repetitive, evolving spike
discharges that lasted at least 30 s. In addition, interictal
spikes were identified and defined as a fast (200 ms) epi-
leptiform waveform that was at least twice the amplitude
of the background activity [41]. Seizure frequency (num-
ber of seizures per 8 h period) and total seizure duration
(per 8 h period) were counted.

Behavioral analysis

A metallic Y-maze comprising 3 arms forming the Y
shape was used to estimate the short-term memory in the
present investigation. Each arm was 35 cm long, 25 cm
high, and 10 cm wide and was positioned at 120° extend-
ing from a central platform. Each rat was placed on the
central platform and allowed to move freely through
the maze for 8 min. The total number and direction of
arm entries were recorded. Nonoverlapping entrance
sequences were defined as spontaneous alternations.
The percentage of spontaneous alternation behavior was
calculated as the ratio of actual alternations to possible
alternations multiplied by 100. The maze was cleaned
with 70% ethanol after each rat was tested to remove
any olfactory cues that may have resulted in erroneous
observations.

The Novel object recognition (NOR) task is a com-
monly used behavioral assay to investigate various
aspects of learning and memory. Rats were habituated to
the environment on the morning of behavior day 1, and
then they were introduced to two identical objects and
allowed to explore them for 5 min. Twenty-four hours fol-
lowing the training trial, one of the objects was replaced
with a novel object (which differed in color, shape and
size), and rats were allowed a 5-min exploratory trial. The
duration spent investigating each object and the discrim-
ination index (novel/familiar) were calculated.

The Morris water maze (MWM) test records the
learning capacity and visuospatial memory of animals.
A large circular pool made of stainless steel (150 cm in
diameter and 60 cm in height) was used in the present
study. The pool was half-filled with water maintained
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at room temperature and divided arbitrarily into four
equal quadrants with the help of two threads that were
perpendicular to each other and fixed to the rim of the
pool. A submerged platform (10 cm in width, 28 ¢cm in
height), painted in black, was put inside the target quad-
rant of this pool 2 cm below the water surface. During
the four subsequent days, the rats underwent three trials
per day with the platform in place. For each training trial,
rats were placed in the water facing the pool wall in dif-
ferent pool quadrants, with an interval of at least 30 min
between the trials. The maximum time for each trial was
60 s. When a rat located the platform, it was permit-
ted to remain on it for 10 s. If the rat did not locate the
platform within 60 s, it was gently guided onto the plat-
form and was placed on the platform for 10 s. The mean
escape latency (MEL) time taken by each rat to find the
hidden platform was recorded for each rat during each of
the trials performed over the four testing days and was
used as an index of acquisition or learning. On the fifth
day, the platform was removed from the pool and rats
were allowed to swim for 60 s to search for the previously
acquired information. The time spent by each rat in the
target quadrant in which the hidden platform was previ-
ously placed, was recorded as the escape latency.

Statistical analysis

GraphPad Prism 8.0 software (GraphPad Software
Inc, USA) was used for graphing and analysis. Two-
way ANOVA with Dunnett’s post hoc test was used to
determine significance between time curves of different
groups in the MWM test. Student’s t test was used to
compare differences between two groups, and one-way
ANOVA with Tukey’s post hoc test was used for multiple
groups. Data in this study are presented as mean =+ stand-
ard error (SE). Each experiment was performed with at
least 3 biological replicates, and p<0.05 was considered
statistically significant.

Results

Captopril treatment prevents kainate-induced epilepsy
We established a KA (ip injection of 14 mg/kg KA)
induced chronic epilepsy model to evaluate the effects
of captopril on preventing the development of epilepsy.
Captopril at a dose of 50 mg/kg/day was administered
intraperitoneally from the 3™ day after the KA induction
(Fig. 1A). Electroencephalogram (EEG) was recorded
from week 2 to 7, and the typical records of seizures in
KA and KA+ Cap groups in the 7" week are shown in
Fig. 1B. The EEG results indicated that 50 mg/kg cap-
topril treatment significantly reduced the frequency
of recurrent seizures from weeks 2 to 7, as shown in
Fig. 1C (*p<0.05 and **p<0.01, with an average of 0.94
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vs. 2.53, KA+ Cap vs. KA group). Furthermore, capto-
pril treatment reduced the seizure duration in both 2 and
7 weeks following the KA induction (2 weeks: **p <0.01,
169.40+73.07 vs. 519.00+81.34; 7 weeks: *p<0.01,
19.504+12.69 vs. 337.00+93.10, KA 4 Cap vs. KA group,
Fig. 1D).

Captopril treatment ameliorates the epilepsy-associated
cognitive impairment

To determine the effects of captopril on the epilepsy-
associated cognitive deficits, we assessed the hip-
pocampal-dependent short-term learning and memory
performance by Y-maze and NOR test (Fig. 2A, D).
The KA group exhibited memory deficits in Y-maze
and NOR test, compared to the control group, which
were evident from the significant reduction of the ratio

of discrimination index in the NOR test (*p<0.01,
0.43+0.04 vs. 0.60+0.02, KA vs. control group,
Fig. 2B, C) and the alternation score in the Y-maze test
(fp<0.05, 63.22+4.46% vs. 79.65+4.16%, KA vs. con-
trol group, Fig. 2D, E). Moreover, captopril treatment
markedly improved the ratio of discrimination index to
the control level in the NOR test (**p<0.01, 0.61+0.02
vs. 0.43 +0.04, KA + Cap vs. KA group, Fig. 2B, C) and
the alternation score in the Y-maze test, compared to
the KA group (*p<0.05, 83.354+4.20% vs. 63.22 £ 4.46%,
KA+ Cap vs. KA group, Fig. 2D, E). Thus, captopril
attenuated the KA-induced impairment in short-term
memory.

Spatial learning and memory were tested using
MWM 7 weeks after the KA induction. An average of
three trials held each day for each group was recorded.
The time escape latency in control, KA and KA + Cap
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Fig. 2 Captopril treatment ameliorates epilepsy-related memory impairment in rats. A The experiment diagram of NOR is shown. B, C
Representative heat map of traveling track diagram around objects and quantification of discrimination index show captopril treatment
significantly ameliorates the epilepsy-related cognitive function impairment. D A schematic diagram of Y-maze test is shown. E Quantification of
spontaneous alteration rate in Y-maze test shows captopril treatment reverses the epilepsy-related deficits in spatial memory. F The mean escape
latency to the hidden platform in the water maze as a short-term learning function of 4 training days shows no significant difference among the
groups. n =6 rats/group, two-way ANOVA followed by Dunnett's post hoc test. G, H Representative swimming paths and quantification of time
spent in the platform quadrant on day 5 (spatial probe test day) show captopril treatment significantly improves the epilepsy-impaired short-term
memory. n=6 rats/group, *p <0.05, ip < 0.01, compared to control; *p < 0.05, **p < 0.01, compared to KA, one-way ANOVA followed by Tukey’s post

groups were decreased over successive days, which
showed no obvious difference on the training day 1-4
(control: 28.71 £3.57 s; KA: 33.22+5.48 s; KA + Cap:
27.15+£5.20 s, Fig. 2F). On the probe test day, KA
group revealed a significant decrease in the time spent
in the target quadrant, where the platform was previ-
ously located, compared to the control group. Typical
swimming route paths for each group are shown in
Fig. 2G. The KA 4 Cap group spent more time in the
target quadrant compared to the KA group (*p<0.05,
0.23+0.01 s vs. 0.334+0.04 s, KA vs. control group;
*p<0.05, 0.33+0.03 s vs. 0.234+0.01 s, KA+ Cap vs.

KA group, Fig. 2H). These data indicate that the KA-
induced cognitive decline is ameliorated by captopril
treatment.

Captopril treatment suppresses phagocytosis

and inflammatory responses in the hippocampus 9 weeks
after the KA induction

To gain a deeper understanding of the molecular mech-
anisms underlying the effects of captopril treatment,
we performed RNA sequencing (RNA-seq) analysis
using the hippocampal tissues from the control, KA
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and KA + Cap groups 9 weeks after the KA induction.
We identified 692 differentially expressed genes (DEGs,
adjusted p<0.05, 517 up and 175 down) in the KA group,
compared to the control group, and 371 DEGs (130 up
and 241 down) in the KA + Cap group, compared to the
KA group (Fig. 3A, B). Further cross-genotype compari-
sons showed that captopril treatment reversed about
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one-third of the DEGs compared to the KA and control
group (Fig. 3C). Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways anal-
ysis of the DEGs revealed a significant down-regulation
of various immune pathways in the KA+ Cap group,
including inflammatory response, immune response,
phagocytosis, complement and coagulation cascades,
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Fig. 3 Captopril treatment reduces the KA-induced phagocytosis and inflammatory responses in the hippocampus. RNA-seq analysis was
performed using the hippocampal tissues 9 weeks after the KA induction. Results were normalized to the control group. P-values were obtained
by edgeR using an exact test through the negative binomial distribution. A The volcano plot is shown for gene expression in the hippocampus
with significantly increased (red) or decreased (blue) expression (p <0.05, |log2|> 1) compared between the control and KA group (left) or between
the KA and KA + Cap group (right). B Hierarchical clustering was performed for all the significantly altered gene expression. Magenta indicates the
number of up-regulated genes and blue indicates the number of down-regulated genes. C The number of the shared and distinct DEGs in the
hippocampus in the KA and KA+ Cap groups. D GO and KEGG analysis of the transcripts with the shared DEGs in the KA and KA 4+ Cap groups are
shown. E The STRING analysis of the interactions of 240 top-regulated genes recovered after captopril treatment is shown. n= 3 rats/group
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etc. (Fig. 3D). To explore potential mechanisms related
to the effects of captopril treatment, we analyzed the
known and predicted protein interactions of these differ-
ent genes. The results showed that the central regulatory
proteins of these genes include Cd68, Cd44, Ccl2, matrix
metallopeptidase 9 (Mmp9) and tissue inhibitor of metal-
loproteinases 1 (Timp1), all of which are associated with
the glia activation-related immune and inflammatory
responses (Fig. 3E).

To investigate the enrichment of DEGs between the
KA and KA + Cap group, we performed GSEA assay, a
robust computational method that determines whether
an a priori-defined set of genes shows statistical sig-
nificance, concordant difference between the 2 groups.
In the KA group, the genes related to the phagocytosis
signaling pathway (rno 04145), the complement system
(rno 04610) and cytokine—cytokine receptor interaction
(rno 04060) were up-regulated compared to the control
group (NES=1.90, FDR=0.01; NES=2.01, FDR=0.01;
NES=1.80, FDR=0.13), which were significantly
down-regulated by captopril treatment (NES=— 1.53,
FDR=0.25; NES=— 1.92, FDR=0.16; NES=— 1.52,
FDR=0.21). Noticeably, the changes in phagocyto-
sis were more significant than that of inflammatory
cytokines (Fig. 4A).

Most significantly down-regulated genes by captopril
treatment were immune response-related genes. These
DEGs can be divided explicitly into phagocytosis related
genes, such as Clr, C3, Itga5, Itgfp2, etc. (Fig. 4B); comple-
ment system signaling pathway genes, such as Clq, C3,
C3arl, Cd68, etc. (Fig. 4C) and chemokine genes, such
as Ccl2, Ccl3, Ccl7, Cxcl13, etc.; cytokine genes, such as
11-18, Il-1P and cytokine receptor genes, such as Il-1r, etc.
(Fig. 4D).

To confirm the reliability of the expression profiles
generated by the RNA-seq and DEGs analysis, qRT-
PCR was performed to validate the expression of the
typical significantly up-regulated genes. Microglia and
astrocytes activation is associated with increased pro-
inflammatory cytokines, including Il-1p, 11-18 and Tnf-
a, and chemokines, such as Ccl2, Ccl3 and Cxcl13, all
of which were elevated in the hippocampus of the KA
group. Captopril treatment significantly lowered the
KA-induced transcriptional levels of cytokine, consistent

Page 10 of 22

with the results from the RNA-seq experiments (II-1f:
**¥p<0.001, 1.741+0.15 vs. 3.09+0.42; 11-18: *p<0.05,
2.23+0.54 vs. 3.95+0.38; Tnf-a: *p<0.05, 1.24+0.12 vs.
1.66 +0.05; Ccl2: **p<0.01, 1.61£0.34 vs. 13.80+3.77;
Ccl3: **p<0.001, 1.93+0.45 vs. 5.19+0.50, KA+ Cap
vs. KA group, Fig. 4E).

Captopril treatment reduces the activation of astrocytes
and microglia in the hippocampus 9 weeks after the KA
induction

Given that microglia and astrocytes are the main cell
types exerting inflammatory and immune responses in
the brain, we performed qRT-PCR and immunofluores-
cence staining for microglia and astrocyte marker genes
to investigate the effects of captopril on glial activation in
the hippocampus 9 weeks after the KA induction when
recurrent seizures were supposedly formed. We found
that the mRNA expression of Ibal and Gfap was signif-
icantly increased in the hippocampus in the KA group,
which were almost totally reversed by captopril treat-
ment (Ibal: #p<0.01, 1.654+0.09 vs. 1.00£0.13, KA
vs. control group; **p<0.01, 0.994+0.14 vs. 1.65+0.09,
KA + Cap vs. KA group; Gfap: “p <0.001, 4.0440.46 vs.
1.00+£0.10, KA vs. control group; ***p<0.001, 1.51+0.36
vs. 4.04+0.46, KA+ Cap vs. KA group, Fig. 5A). The
quantitative analysis of immunostaining in the hip-
pocampal CA1l area revealed that captopril treatment
markedly decreased GFAP' and Ibal® cell numbers
and area compared to the KA group, which was con-
sistent with the results from the qRT-PCR analysis.
(Gfap: *p<0.05, 49.33+£3.38 vs. 72.33+5.23; **p<0.01,
4.114+0.30 vs. 17.74+1.19, KA+ Cap vs. KA group;
Ibal: **p<0.01, 51.33+1.45 vs. 72.00£3.51; **p<0.01,
2.75+0.34 vs. 540+041, KA+ Cap vs. KA group,
respectively, Fig. 5B—D).

In addition, we found that microglia in the KA group
underwent a morphological change from a “resting”
ramified phenotype to an “activated” bushy phenotype.
Sholl analysis of astrocyte microglia morphologies using
the Image] software showed reduced branch number and
branch length in the KA group. Noticeably, these pheno-
types were reversed by captopril treatment (***p <0.001,

(See figure on next page.)

Fig. 4 Captopril treatment suppresses the genes expression within the inflammation and phagocytosis. A Gene set enrichment analysis (GSEA)
indicates captopril treatment recovers the KA-induced down-regulation of gene expression regarding cytokine—cytokine receptor interaction,
phagocytosis, complement and coagulation cascades in the hippocampus. B-D The heat map shows the top-regulated gene expression of
phagocytosis, complement and coagulation cascades, and cytokine—cytokine receptor interaction in the hippocampus in the KA and KA+ Cap
groups. E Captopril treatment significantly reduces the gene expression related to inflammatory and immunological regulation in the hippocampus
compared to the KA group. n =6 rats/group, “p < 0.05, ¥p < 0.01, #p <0.001, compared to control; *p < 0.05, **p < 0.01, ***p < 0.001, compared to
KA, one-way ANOVA followed by Tukey’s post hoc test. Data are presented as mean 4 SE
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Fig. 5 Captopril treatment suppresses the KA-induced glial cell activation in the hippocampus. A Captopril treatment significantly reduced the
KA-induced gene expression of glial markers in the hippocampus 9 weeks after the induction. n =6 rats/group. B Representative images show Ibal
(cyan) and Gfap (red) staining in the control, KA and KA+ Cap groups. Scale bar= 50 um. C Quantitative analysis shows that captopril treatment
significantly attenuates the KA-induced upregulation of the number of Iba1 (cyan) and Gfap (red) positive glial cells in the hippocampal CA1.D
Quantitative analysis shows captopril treatment significantly attenuates the KA-induced upregulation of Iba1 (cyan) and Gfap (red) intensity in the
hippocampal CA1, n=3 images from 3 rats/group. E Representative images show the microglial morphology (Iba1, cyan; transformed skeleton,
gray) in the control, KA and KA+ Cap groups. Scale bar=5 um. F Quantification of the branch number (top) and length (bottom) of the microglia
process shows that captopril treatment significantly attenuates the epilepsy-induced microglia activation compared to the KA group. n=12

cells from 3 rats/group, *p < 0.05, #p < 0.01, *#¥p < 0.001, compared to control; *p < 0.05, **p <0.01, **p < 0.001, compared to KA, one-way ANOVA
followed by Tukey’s post hoc test. Data are expressed as mean £ SE




Dong et al. Journal of Neuroinflammation (2022) 19:226

33.83+£1.49 vs. 17.08+:0.77; 70.80 £4.69 vs. 27.78 £2.78
KA + Cap vs. KA group, Fig. 5E, F).

Double immunostaining of astrocytes and microglia
showed that they had a tendency to approach each other
in the KA group, indicated by the fluorescence inten-
sity of Gfap at different distances of 10, 30 and 50 pm
from the center of microglia, which was significantly
restored by the captopril treatment (10 um: ***p <0.001,
608.10+21.17 vs. 1323.004+111.70; 30 um: ***p<0.001,
5570.00£254.30 vs. 11,513.00£637.5; 50 pm:
**p<0.001, 15,584.00£619.8 vs. 33,367.00=2269.00,
KA+ Cap vs. KA group, Fig. 6A, B). Taken together,
these data suggest a pivotal role for captopril in amelio-
rating the KA-induced glial cell activation and contact in
the hippocampus.

Captopril treatment attenuates the KA-induced glial
activation through C3-C3ar negative expression in the
hippocampus 9 weeks after the KA induction

To investigate the role of C3—C3ar signaling in immune
regulation and glial activation, we examined the mRNA
expression of C3 and C3ar in the hippocampus 9 weeks
after the KA induction. The results of RT-qPCR showed
that mRNA expression of C3 and C3ar was increased in
the KA group, which was almost completely abolished
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by captopril treatment (C3: **p <0.001, 11.02 +2.53 vs.
1.00£0.19 KA vs. control group; **p<0.01, 2.81 +0.59
vs.11.02£2.53, KA+Cap vs. KA group; C3ar:
#p<0.01, 1.714+0.11 vs. 1.00+0.67, KA vs. control
group; *p<0.05, 1.16 £0.14 vs. 1.714+0.11, KA+ Cap
vs. KA group, Fig. 7A).

Consistent with the elevated C3 and C3ar mRNA in
the hippocampus, we detected a drastic increase of C3
intensity in the CA1l, which was concentrated in the
Gfap™ astrocytes in the KA group (Fig. 7B). In addition,
the C3ar intensity in the CAl area was significantly
increased, concentrated in Ibal™ microglia (Fig. 7D).
Noticeably, both C3 and C3ar co-localized signals with
astrocytes or microglia were significantly attenuated
after captopril treatment (***p<0.001, C3 intensity:
43.16 £6.56 vs.113.80+9.25; C3 in Gfap: 8.38 £1.28 vs.
53.98 £ 5.42; C3ar intensity: ***p <0.01, 54.43 £4.60 vs.
96.64£8.27; C3ar in Ibal: 1.914+0.24 vs. 8.824+0.71,
KA + Cap vs. KA group, Fig. 7E, F). Co-immunostain-
ing of C3 and Ibal revealed no positive C3 protein sig-
nal in Ibal-positive microglia (Fig. 7 C). These results
suggest that captopril attenuates epilepsy-related astro-
cyte and microglia activation and the production of
proinflammatory cytokines through the C3-C3ar sign-
aling pathway.
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Fig. 6 Captopril treatment suppresses the KA-induced contact between glial cells in the hippocampus. A Representative anti-lbal and anti-Gfap
double immunostaining indicates that captopril treatment reduces the KA-induced contact between astrocytes and microglia. Scale bar=5 um. B
Quantification of Gfap (red) signal intensity around microglia (cyan) is shown. n=10-12 cells from 3 rats/group, #h <0.001, compared to control;
"p<0.001, compared to KA, one-way ANOVA followed by Tukey's post hoc test. Data are expressed as mean = SE
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Captopril treatment reduces microglia-mediated synaptic
phagocytosis in the hippocampus 9 weeks after the KA
induction

The complement pathway has been implicated in micro-
glia-mediated synapse pruning. The activation of C3
receptors on microglia triggers their activation and syn-
aptic elimination by phagocytosis [42]. To further char-
acterize the effects of captopril treatment on microglia
phenotype, Cd68 and Ibal double staining were con-
ducted to identify phagocytic microglia (Fig. 8A). Quanti-
fication of Cd68 immunoreactivity revealed that captopril
treatment dampened the proportion of Cd68-positive
microglia in the hippocampal CA1l area (***p<0.001,
21.48£6.13% vs. 74.90 £ 3.57%, KA 4 Cap vs. KA group;
#p<0.001, 74.904+3.57% vs. 30.7442.03%, KA vs.
control group, respectively, Fig. 8B, C). To investigate
whether captopril treatment attenuated total synaptic
loss in the model, we quantified the synapsin immuno-
reactivity in the hippocampal CA1l (Fig. 8D), where it
showed a significant reduction of synapsin positive sig-
nals in the hippocampal CA1 area in the KA group, com-
pared to the control group (*#p <0.001, pyramidale layer:
58.42+5.51 vs. 93.88+2.68; radiatum layer: 69.73 +6.96
vs. 124.00+5.17, KA vs. control group, Fig. 8E). Capto-
pril treatment significantly ameliorated the KA-induced
synaptic loss indicated by an elevated synapsin immu-
noreactivity in both the pyramidale and radiatum lay-
ers, compared to the KA group (***p<0.001, pyramidale
layer: 101.30+19.58 vs. 58.42+5.51; radiatum layer:
132.70£8.32 vs. 69.73 £6.96, KA + Cap vs. KA, Fig. 8E).
Together, these results indicate that captopril treatment
attenuates the KA-induced synaptic phagocytosis by
microglia in the hippocampal CAl, which may further
prevent synaptic loss in the KA-induced rat model of

epilepsy.

Intranasal C3a treatment leads to cognitive impairment

in the KA-induced model of epilepsy after captopril
treatment

The above results demonstrated a prominent role of
C3-C3ar signaling in the therapeutic effects of captopril
on the KA-induced model of epilepsy. To further verify
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that captopril treatment acted through the suppression
of C3-C3ar signaling, C3a was administered intrana-
sally to the captopril-treated rats after the KA induction,
then EEG and cognition-related behavioral performance
were assessed (Fig. 9A). The KA+ Cap+C3a group
exhibited more severe memory deficits in both NOR
and Y-maze tests compared to the KA+ Cap group,
evident from a significant reduction of the ratio of dis-
crimination index in NOR test (¥p<0.05, 0.4240.05 vs.
0.6140.04, KA + Cap + C3a vs. KA 4 Cap group, Fig. 9B,
C) as well as a reduction of the alternation score in
Y-maze test (“¢p<0.01, 56.46 +5.42% vs. 83.35+4.20%,
KA +Cap+C3a vs. KA+4Cap group, Fig. 9D, E). The
mean time escape latency of 4 groups were all reduced
over successive days, which showed no obvious difference
(control: 28.71+3.57 s; KA: 33.224+5.48 s; KA+ Cap:
27.15£5.20 s; KA+ Cap+C3a: 40.61£5.39 s, Fig. 9F).
For the MWM test, typical swimming route paths for
each group are shown in Fig. 9G. Furthermore, on the
probe test day of the MWM task, the KA+ Cap+ C3a
group spent less time in the target quadrant com-
pared to the KA+ Cap group (¥p<0.05, 0.2040.03 s
vs. 0.331+0.03 s, KA+ Cap+C3a vs. KA+ Cap group,
Fig. 9H). Taken together, intranasal C3a worsened the
cognitive deficits after captopril treatment in epileptic
rats.

Intranasal C3a treatment leads to the development

of epilepsy and synaptic phagocytosis after captopril
treatment

We next assessed the effects of intranasal C3a treat-
ment on the therapeutic effects of captopril on pre-
venting epileptogenesis. We found that daily intranasal
administration of 1.3 pg/kg C3a partially reversed the
therapeutic effects of captopril on the prevention of epi-
leptogenesis, indicated by more frequent seizures and
total seizure duration 7 weeks after the KA induction
(Seizures frequency: %p <0.05, 2.00+0.44 vs. 0.33 4 0.20;
Total seizure duration: 244.504+79.13 vs. 19.50+12.69,
KA+Cap+C3a vs. KA+Cap group, respectively,
Fig. 10A, B).

(See figure on next page.)
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Fig. 7 Captopril treatment attenuates the KA-induced C3 expression in astrocytes and C3ar expression in microglia in the hippocampus 9 weeks
after the KA induction. A Captopril significantly reduces the KA-induced upregulation of mMRNA expression of C3 and C3ar in the hippocampus.
n=6 rats/group. B Representative anti-C3 (green) and anti-Gfap (red) double immunostaining indicates captopril attenuates the KA-induced
elevation in astrocytic C3 production. C Representative anti-C3 (green) and anti-Iba1 (cyan) double immunostaining indicates C3 is not expressed
in microglia in the hippocampus. D Representative anti-C3ar (red) and anti-Iba1 (cyan) double immunostaining indicates captopril attenuates
the KA-induced elevation in microglia C3ar expression. E Quantification of C3 (green) signal intensity within Gfap™ (red) astrocytes is shown. F
Quantification of C3ar (red) signal intensity within Iba1 (cyan) microglia is shown. Scale bar=10 um. n=9 images from 3 rats/group, *p <0.01,
p<0.001, compared to control; ‘p<0.05, **p <0.01; **p < 0,001, compared to KA, one-way ANOVA followed by Tukey’s post hoc test. Data are
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Fig. 8 Captopril treatment reduces the KA-induced synaptic phagocytosis by activated microglia. A Immunostaining of Cd68 (green), synapsin
(red) and Iba1 (cyan) in the hippocampal CA1 indicates captopril significantly attenuates the KA-induced synaptic pruning by microglia. Top, scale
bar=5 um. Bottom, scale bar= 10 um. B Quantification of Cd68 and synapsin immunofluorescent signals within Ibal™ microglia indicates captopril
treatment significantly reduces the KA-induced microglia engulfment capacity as measured by lysosomal content within each microglia (CD68
immunoreactivity per cell). C Quantification shows that captopril reduces the KA-induced upregulation of the proportion of microglia with Cd68™
(green) signal in the hippocampal CA1. D Representative confocal images of synapsin (red) from pyramidale and radiatum in the hippocampal CA1
are shown. Scale bar=>5 um. E Quantification of punctuated integrated signal intensity of synapsin indicates captopril significantly attenuates the
KA-induced synaptic loss in the pyramidale and radiatum layer of hippocampal CA1. Scale bar=5 um. n =9 images from 3 rats/group, *#p <0.001,
compared to control; ***p <0.001, compared to KA, one-way ANOVA followed by Tukey's post hoc test. Data are presented as mean =+ SE
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Fig. 9 Nasal instillation of C3a aggravates epilepsy-related cognitive dysfunction after captopril treatment. A The experimental design is shown.
B Representative heat maps of the duration the rat spent around the old and new objects are shown. C C3a nasal drip reverses the cognitive
amelioration by captopril treatment in NOR test. D A schematic diagram of Y-maze test is shown. E C3a nasal drip reverses the spatial memory
amelioration from captopril in spontaneous alternation in Y-maze task. F The mean escape latency to the hidden platform in the water maze as

a short-term learning function of 4 training days shows no significant difference. n =6 rats/group, two-way ANOVA followed by Dunnett’s post
hoc test. G Representative swimming paths in the MWM test for day 5 (spatial probe test day) are shown. H C3a nasal drip significantly reverses
the therapeutic effects of captopril on the short-term memory impairment, indicated by a reduction in the percentage of time spent in the target
quadrant where the platform is located. n=6 rats/group, “p < 0.05, #¥p <0.01, compared to control; *p <0.05, **p < 0.01, compared to KA+ Cap;
4p<0.05;%p <0.01, compared to KA+ Cap, one-way ANOVA followed by Tukey’s post hoc test. Data are presented as mean = SE

Next, we assessed the effects of intranasal C3a  Co-immunostaining of C3ar and Ibal revealed a higher
treatment on the therapeutic effects of captopril level of expression and a higher degree of co-localization
on glial activation-mediated synaptic remodeling. in the KA+ Cap+ C3a group, compared to the KA + Cap
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Fig. 10 Intranasal instillation of C3a promotes epileptogenesis after captopril treatment in the KA-induced model of epilepsy. A Representative
2-min EEG recording during epilepsy (7 weeks after KA induction) from the KA, KA+ Cap, and KA+ Cap + C3a groups are shown. B C3a nasal drip
significantly elevates the frequency and total duration of seizures compared to the KA+ Cap group 7 weeks after the KA induction. n=6 rats/group,
*p<0.05, compared to KA; ¥p < 0.05, compared to KA+ Cap, one-way ANOVA followed by Tukey's post hoc test. Data are presented as mean = SE

7w

Weeks after KA injection

group (C3ar intensity: “p<0.05, 80.22+6.56 vs.
54.05 4 4.72; C3ar within Ibal: % <0.001, 57.45+6.40
vs. 840+1.22, KA+ Cap+C3a vs. KA+ Cap group,
Fig. 11A, B). Co-immunostaining of Cd68 with Ibal
revealed that C3a treatment partially blocked the effects
of captopril treatment on inhibiting microglia phagocyto-
sis in the hippocampal CA1 (*%%p<0.001, 72.33 4 2.84%
vs. 29.26+3.62%, KA 4 Cap+ C3a vs. KA+ Cap group,
Fig. 11C, D). Moreover, C3a treatment also reversed
the therapeutic effects of captopril treatment on synap-
tic loss in the hippocampal CA1 to a similar level of the
KA group (**%p<0.001, pyramidale layer: 55.20+3.37
vs. 107.90%3.72; radiatum layer: 74.824+4.48 vs.
150.70+3.43, KA+4Cap+C3a vs. KA+ Cap group,
Fig. 11E, F). These findings indicate that intranasal C3a
treatment starting on the 3™ day following the KA induc-
tion contributes to cognitive deficits, epileptogenesis,
C3-mediated glial activation and synaptic phagocytosis
after the captopril treatment.

Discussion

In this study, we found that captopril prevented epi-
leptogenesis and improved cognitive impairment in a
KA-induced rat model of epilepsy. Captopril treatment
inhibited glial activation and interaction, as well as the
expression of cytokines and chemokines. Furthermore,
captopril treatment reduced complement C3 production
in astrocytes while inhibiting C3—C3ar signaling-medi-
ated glial activation, potentially preventing synaptic loss,
epileptogenesis, and cognitive impairment. Long-term
intranasal administration of recombinant C3a partially
reversed the effects of captopril treatment, including the
transcriptional signature of epilepsy-related microglia,

decreased in markers of synapse, and ultimately reversed
the recovery of cognitive function in captopril-treated
epileptic rats.

Captopril, an angiotensinase inhibitor, was used in our
study to demonstrate the potent effects against epilepsy
and improving epilepsy-related cognitive dysfunction,
which can be considered a potential drug candidate for
treating epilepsy by targeting the ACE. Mechanistically,
inhibiting RAS against epilepsy may have anti-convul-
sant, anti-inflammatory, anti-oxidant, and neuroprotec-
tive effects [24]. In the nervous system, dysregulation of
classical inflammatory cytokines, such as II-1B, Tnf-a
and I1-6, results in deficits in synaptic plasticity and con-
tributes to neuropathology [43]. In the present study, the
mechanism of captopril in the suppression of epilepsy
was investigated comprehensively by transcriptomic
sequencing technology. In addition to confirming pre-
viously reported anti-inflammatory cytokines by qRT-
PCR, we discovered inhibitory effects in the rat model
on glial cell activation, phagocytosis, and synaptic prun-
ing. Furthermore, the protein interaction networks were
used to dissect potential core genes that the captopril
treatment regulated. Cd44, one of these genes, has pre-
viously been shown to regulate immune and proinflam-
matory cytokine expression in primary astrocytes and
microglia [44]. Mmp9 and Timp1l were found to be over-
expressed in neuronal and glial cells and are thought to
be biomarkers of blood—brain barrier (BBB) dysfunc-
tion in animal models of epilepsy and clinical patients
[45, 46]. Captopril treatment normalized the expression
of nearly half of the up and down-regulated genes and
reversed the microglia and astrocyte phenotypes, accord-
ing to the sequencing analysis. Furthermore, the results
of qPCR and immunofluorescence staining validated
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Fig. 11 Intranasal instillation of C3a promotes the microglia-mediated synaptic phagocytosis after captopril treatment. A Representative anti-C3ar
(red) and anti-Iba1 (cyan) double immunostaining indicates that C3a nasal drip reverses the C3ar suppression in microglia following captopril
treatment. Scale bar= 10 um. B Quantification of C3ar (red) signal intensity within Iba1* (cyan) microglia is shown. C, D Immunostaining of Cd68
(green), synapsin (red) and Ibal (cyan) and quantification of microglia with Cd68* signal in the hippocampal CA1 indicate that C3a significantly
reverses the inhibitory effects of captopril on synaptic pruning by microglia. Scale bar=10 um. E Representative confocal images of synapsin (red)
from pyramidale and radiatum layer in the hippocampal CA1 are shown. Scale bar=5 um. F Quantification of integrated signal intensity synapsin
indicates C3a significantly reverses the therapeutic effects of captopril treatment on reducing synaptic loss in the pyramidale and radiatum layer in
the hippocampal CA1. n=9 images from 3 rats/group, ***p <0.001, compared to KA; ¥ <0.05, %¢p <0.001, compared to KA 4+ Cap, one-way ANOVA
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the transcriptomic sequencing results. Therefore, our
research provides a new drug candidate as well as novel
mechanisms of ACEi action in preventing epileptogen-
esis and improving cognitive function.

One of the key factors contributing to cognitive dys-
function in various neuroinflammatory diseases is glial
activation-mediated neuroinflammation and phagocy-
tosis [47]. In the immediate aftermath of seizure induc-
tion, astrocytes and microglia were found to interact via

the C3-C3ar signaling pathway, which promoted glial
activation [15]. Blocking the C3-C3ar signaling path-
way decreased glial activation and neuroinflammation,
improving seizure outcomes [15]. Using transcriptomic
sequencing, we discovered glial activation, neuroinflam-
mation, and synaptic pruning during spontaneous and
reflex seizures, which are closer to the genuine context
of epileptic seizures. The expression of C3 and C3ar was
found to increase in the hippocampus of epileptic rats
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using qPCR and immunofluorescence staining, accom-
panied by glial activation, increased contacts between
astrocytes and microglia, and elevated Cd68-mediated
microglial phagocytosis on synapses. Furthermore, we
found a significant reduction in the number of synapses
in the hippocampus, which is thought to be highly cor-
related with epileptogenesis and cognitive impairments.
Seizures can cause neuronal or direct synaptic damage,
as well as microglia-mediated synaptic pruning, result-
ing in decreased synapse numbers [48]. The C3 signal-
ing pathway is primarily responsible for the latter [13].
Previous research found that the expression of C3 sign-
aling pathway-related proteins was elevated in clinical
epilepsy samples as well as in brain tissues from animal
models of epilepsy [16, 49]. Expression of these proteins
was negatively correlated with cognitive-behavioral per-
formance in the animal models [49]. We discovered
that captopril effectively reversed epilepsy-induced glial
activation, neuroinflammation, and synaptic prun-
ing, the order and causality of these effects need to be
investigated further. Although the number of synapsin
recovered after captopril treatment, the function of syn-
apses needs to be further verified by electrophysiologi-
cal experiments. Captopril’s effects on epilepsy-related
glial activation, neuroinflammation, synaptic pruning,
epileptogenesis, and cognitive dysfunction were at least
partially reversed by administration of the effective C3
cleaved product, C3a. This result suggests that capto-
pril acted at least in part through the C3—C3ar signaling
pathway. Furthermore, the mechanism of this pathway is
relatively upstream in the various possible mechanisms
for the treatment of epilepsy via RAS inhibition. The pre-
cise mechanism of ACEi or RAS inhibition on C3-C3ar
is unknown. We cannot rule out the possibility that our
in vivo findings acted via indirect mechanisms, such as
the inhibition of epilepsy-related hypertension [50].

One dose of captopril (50 mg/kg per day, ip) [34] was
used in this study to investigate the mechanisms of ACEi
on a KA-induced epileptic model in rats. This captopril
dose has been widely used in rat pharmacological stud-
ies. Captopril’s optimal and safe dose should be investi-
gated further in future studies. Captopril has been shown
not to enter the brain when administered systemically
with the BBB intact [51]. However, the seizures were pre-
disposed to BBB damage [52], which allows captopril to
enter the brain via ip administration, implying the feasi-
bility of systemic captopril administration for treating epi-
lepsy in clinical practice. The KA-induced epilepsy model
in SD rats is one of the most widely used pharmacological
animal models and is relatively reliable for epileptogenesis
and cognitive-behavioral assays [53]. We investigated the
effects and mechanisms of captopril on epileptogenesis and
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epilepsy-related cognitive deficits in this study. However,
it remains to be seen whether captopril has a therapeutic
effect in reversing established epilepsy. Furthermore, C3a
activation also influenced gene expression signatures in the
brain consistent with activating immune cell activation, as
well as increasing neuroinflammation and BBB permeabil-
ity [54]. Intranasal administration of recombinant human
C3a protein has been shown to have brain effects [36],
but its specific pharmacokinetics, tissue distribution, and
mechanism of action need to be investigated further.

In conclusion, we discovered that captopril inhibited glial
activation-related neuroinflammation and synaptic prun-
ing by inhibiting the C3—-C3ar signaling pathway, thereby
preventing epilepsy formation and cognitive-behavioral
impairment. Given the widespread and safe clinical use of
captopril, we proposed that it be used in clinics for long-
term epilepsy control and cognitive improvement, while
recognizing that the efficacy and safety of C3 and C3ar
signaling pathway inhibitors remain unknown. In addition,
our research uncovered new molecular mechanisms and
potential therapeutic targets for preventing epileptogenesis
and epilepsy-related cognitive-behavioral disorders.
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