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Abstract
Background  Complex febrile seizures (CFS) have been associated with an increased risk of epilepsy in adulthood. 
However, the specific link between blood-brain barrier (BBB) and the predisposition to epilepsy in adults who 
experienced CFS during infancy remains unclear. The objective of this study was to investigate the alteration of BBB 
in adult mice who had experienced CFS during infancy, and to explore the mechanisms of increased susceptibility to 
epilepsy after CFS.

Methods  The CFS pup model was induced using hot air, and the seizure susceptibility was examined using low-dose 
pentylenetetrazole (PTZ) after 8 W. The brain microvessels representing BBB function were isolated and their protein 
expression changes were analyzed using data-independent acquisition (DIA) proteomic techniques. Subsequently, 
the bioinformatic analyses were performed using ClusterProfiler, STRING, Gene Set Enrichment Analysis (GSEA), etc. 
The enriched pathways, changes in the expression of BBB-related proteins, and alterations in metabolites including 
certain neurotransmitters were subsequently validated by Western Blotting, quantitative real-time polymerase chain 
reaction (qRT-PCR), and mass spectrometric imaging (MSI). In addition, we selected the MMP inhibitor Incyclinide to 
verify that dysregulation of the ECM-receptor interaction signaling pathway increases epilepsy susceptibility in adult 
mice.

Results  Mice that experienced CFS in infancy show increased susceptibility to epilepsy in adulthood, and BBB 
proteomic profile was significantly altered in the CFS mice. The network analysis suggests that dysregulation of 
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Introduction
Febrile seizures (FS) are a convulsive disorder in children, 
characterized by an abnormal increase in neuronal excit-
ability and typically triggered by a rapid rise in body tem-
perature during a fever [1]. Currently, FS occur in 3–5% 
of the world’s population of children aged 3 months to 
5 years [2]. Studies have shown that complex febrile sei-
zures (CFS) significantly increase the risk of developing 
epilepsy later in life, with children who experience CFS 
being ten times more likely to develop epilepsy com-
pared to those who do not have FS [3]. Especially, CFS 
prone to develop into epilepsy thus affecting the patient’s 
long-term quality of life [4, 5]. However, it is unclear how 
infantile CFS cause to adult epilepsy; therefore, exploring 
the mechanisms of epilepsy susceptibility after CFS is key 
to preventing the development of epilepsy for adults.

Shortly after neovascularization, endothelial cells 
of brain capillaries are connected through tight junc-
tions (TJs) and adhesion junctions thereby forming the 
blood-brain barrier (BBB) [6]. BBB protects the neuro-
nal microenvironment and regulates brain homeostasis 
under physiological conditions, and exerts an important 
influence on neuronal excitability, connected synaptic 
structure and function under pathological conditions 
[7]. Several studies have shown that cerebral capillary 
endothelial cells have unique biological functions that 
are critical for maintaining central nervous system (CNS) 
homeostasis [8]. This emphasizes the crucial role of 
cerebral capillary transport in the BBB function. More-
over, FS induce an inflammatory response in the body’s 
immune system, prompting microglia to release cyto-
kines that exacerbate BBB leakage and allow cytokines to 
enter CNS, aggravating the development of seizures [9, 
10]. Several researchers have noted a correlation between 
pediatric seizures and alterations in the BBB. Specifically, 
vasogenic edema resulting from prolonged FS is a sign 
of BBB disruption [11]. Also, BBB dysfunction has been 
recognized as a risk factor in the development of epilepsy 
[12]. These findings suggest the potential role of altered 

BBB structure and function in seizures and epilepsy. 
Nevertheless, how specific alterations of the BBB dur-
ing CFS to increase the susceptibility to epilepsy remains 
uncertain.

Cerebral capillaries make up only 0.1% of the total 
brain volume, but they play a crucial role in maintaining 
the BBB [13, 14]. Proteomic analysis can help uncover 
protein expression levels in both the normal physiology 
of the BBB and in pathological states. In our study, we 
evaluated the susceptibility to epilepsy through pentyl-
enetetrazole (PTZ) induced seizures in adult C57BL/6 
mice that had experienced CFS in infancy. For the first 
time, we investigated molecular mechanisms in the BBB 
related to epilepsy susceptibility using proteomic analy-
sis of isolated brain capillaries. Our study may help to 
elucidate the role of BBB alterations in the progression 
of epilepsy susceptibility in adulthood, and provide new 
orientations for subsequent prevention and treatment of 
epilepsy.

Materials and methods
Animals and experimental groups
C57BL/6 mice were purchased from Beijing Spefo Bio-
technology Co. Ltd. (Beijing, China). The animals were 
housed in a temperature-controlled room with free 
access to food and water during a 12-hour light-dark 
cycle. Animal experiments were conducted in strict 
accordance with the Animal Care Guidelines approved 
by the Institutional Animal Care and Use Committee of 
Hebei Medical University (Approval Number: IACUC-
Hebmu-2021022, Shijiazhuang, China). All experimental 
procedures were meticulously designed and executed to 
minimize pain and the overall number of animals used, 
following the basic guidelines set forth by the Labora-
tory Animal Management Center of Hebei Medical 
University.

The mouse pups were randomly divided into two 
groups following strict experimental protocols. The 
birth day of C57BL/6 mice was designated as postnatal 

the extracellular matrix (ECM)-receptor interaction pathway is a key mechanism. Moreover, MSI analysis uncovered 
notable changes in differential metabolites, including amino acids and nucleotide-derived neurotransmitters 
associated with the function of BBB maintaining neuronal homeostasis. Subsequent validation experiments showed 
that dysregulation of the ECM-receptor interaction signaling pathway exacerbated epilepsy susceptibility in adult 
mice.

Conclusion  Our research represents the pioneering demonstration of the modified BBB proteomics associated 
with epilepsy susceptibility in adult mice previously exposed to CFS in infancy. Notably, the increased susceptibility 
is attributed to the dysregulation of the ECM-receptor interaction pathway. These findings may help to elucidate 
the role of BBB alterations in the progression of epilepsy susceptibility, and provide new orientations for subsequent 
prevention and treatment of epilepsy.
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day 0 (P0), and hot-air-induced CFS modeling was con-
ducted on postnatal day 10–11 (P10-11) mouse pups. 
The remaining pups from the same litter were used as the 
control group.

CFS treatment and behavioral analysis
Experimental CFS models use methods adapted from 
previous studies [15–18]. The experiment was con-
ducted from 10:00 am to 05:00 pm. The oven was pre-
heated for 30 min in advance. One liter glass beaker was 
placed inside the oven with a moderately warm airflow 
over the top, located 50 cm from the bottom of the bea-
ker. The temperature of the oven was closely monitored 
using a digital thermometer to ensure it did not exceed 
50  °C. Once the temperature inside the beakers reached 
43 ± 0.5  °C, C57BL/6 mouse pups (P10-11) were gently 
placed in the bottom of the beakers until a convulsive sei-
zure was induced. Pups that did not experience a seizure 
within 55 min were excluded from further experiments. 
The times and temperature characteristics of convul-
sive grand mal seizures were then calculated (Table  1). 
Wherein, once a convulsive seizure was induced, the 
animal was removed from the oven to a cool surface for 
2 min, and the pups were returned to the oven and the 
process repeated for at least 30  min. Observation was 
carried out for an additional 15 min, and the mouse pups 
were returned to their mother’s living cage. The con-
trol animals (n = 8) were operated as described above, 
except that they were not exposed to high-temperature 
conditions. The severity of convulsive seizures was cat-
egorized according to the Racine grading scale: Grade 
I facial clonus, including blinking, whisker movement, 
and rhythmic chewing; Grade II: Grade I plus rhythmic 
head nodding; Grade III: Grade II plus myoclonus of the 
forelimbs, but no hind limb upright position; Grade IV: 
Grade III plus hind limb upright position; Grade V full-
blown tonic-clonic seizure with loss of postural con-
trol. Mice with two seizures of grade V and above were 
defined as successful CFS modeling (n = 12). The two 
pups had only one V-shaped episode in 55  min, which 
was removed.

Examination of epilepsy susceptibility
Mice in both the CFS model group and the control group 
were raised until 8 weeks of age for subthreshold stimu-
lation with PTZ. An intraperitoneal injection of PTZ at 
a dosage of 40 mg/kg was administered, after which the 
mice were placed in a 15 × 15 × 30  cm plastic enclosure 
and observed for seizure behavior for 30 min. Following 
this observation period, the mice were euthanized and 
their brain tissues were carefully extracted for freezing 
in liquid nitrogen. The severity of seizures was classified 
and scored as the Racine grading scale. The experimental 
design and further details are illustrated in (Fig. 1A).

Microvascular isolation and histologic sample Preparation
Referring to the Ogata et al. Method and updated [19], 
cerebral capillaries were isolated from frozen mouse 
brains. Briefly, throughout the brain extraction process, 
we worked quickly on ice (within 1 min) and then imme-
diately underwent liquid nitrogen freezing, followed by 
transfer to a -80 °C freezer for storage. The frozen brain 
tissues were thawed and transferred immediately to a 2 
mL centrifuge tube (within 1 min), 1 mL of homogeniza-
tion buffer (100 mM NaCl, 4.6 mM KCl, 2.5 mM CaCl2, 
1.2 mM KH2PO4, 1.2 mM MgSO4, 15 mM HEPES, pH 
7.4) and stainless-steel beads (3.2  mm, 1.8  g; TOMY 
SEIKO, Tokyo, Japan) were added, then a bead homog-
enizer was used to homogenize the brain tissues at a rate 
of 50 Hz for 2 min. The homogenate was transferred to 
a new 2 mL centrifuge tube and then centrifuged (1000 
g, 10 min, 4  °C). The supernatant (50 µL) after centrifu-
gation was collected in another tube as the entire brain 
fraction. The rest of the homogenate was transferred to 
a new 2 mL centrifuge tube and centrifuged at 1000 g for 
10 min at 4  °C. The supernatant was carefully removed, 
and the precipitate was resuspended in 1 mL of homog-
enization buffer by adding an equal volume of 32% (w/v) 
dextran/homogenization buffer, inverted to mix, and 
then immediately centrifuged at 4500 g for 15  min at 
4  °C. Supernatants were collected in a new 2 mL tube, 
and the precipitate was stored on ice. The supernatant 
was centrifuged again (4500 g, 15  min, 4  °C) and dis-
carded the resulted supernatant. Kimwipe was used to 
remove the fatty components adhering to the top of the 
tube wall (capillaries clumped together at the bottom) to 
prevent lipid contamination from interfering with subse-
quent capillary endothelial cell extraction and functional 
analysis. The precipitate was suspended in Suspension 
Buffer (homogenize buffer containing 25 mM NaHCO3, 
10 mM glucose, 1 mM pyruvate, and 5 g/L bovine serum 
albumin) for 200 µL × 2, and the two suspension samples 
were combined into one tube. The samples were filtered 
through a 70-µm cell filter and washed four times with 
500 µL of suspension buffer. The combined suspen-
sion samples were then added to a cell filter containing 

Table 1  Hyperthermia and seizure characteristics in C57BL/6J 
mice

HT (n = 12) CON (n = 8)
Days 10–11 10–11
Weight at P10-11 (g) 4.77 ± 0.54 4.69 ± 0.67
Threshold temperature(°C) 43 ± 1.5 RT
Animals with seizures (%) 100 NA
Tonic-clonic seizure latency (min) 12 ± 3 NA
The number of tonic-clonic seizures 3 ± 1 NA
Number of deaths 2 NA
NA, not applicable. Data are expressed as means ± SEM
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800  mg of glass beads (0.35–0.5  mm; AS ONE; Osaka, 
Japan) and washed 10 times with 500 µL of suspension 
buffer. After washing, the glass beads were transferred 
to a new tube using a spatula, and 1 mL of suspension 

buffer was added and mixed inverted. The supernatant 
was then quickly transferred to a new tube. Another 500 
µL of suspension buffer was re-added to the glass micro-
beads, inverted and mixed, and the supernatant was 

Fig. 1  Hot Air-Induced CFS mice in infantile increases epilepsy susceptibility in adulthood. A) Protocol for assessing susceptibility to seizures after adult-
hood following CFS. B) Times and overall distribution of grade V grand mal seizures in hot air-induced CFS mice (left Y-axis represents the number of grand 
mal seizures, right Y-axis represents the total proportion of such seizures). C-G). The severity of seizures was evaluated according to Racine’s classification 
after an 8 W injection of 40 mg/kg PTZ, and the overall proportion of seizure classes, grand mal latency, duration, and mortality were assessed, respec-
tively. Con mice (n = 8) and CFS mice (n = 12). (Adapted from BioRender.com (2024). Retrieved from ​h​t​t​p​s​:​​​/​​/​a​p​​p​.​​b​i​o​​r​e​n​d​​e​​r​.​​c​​​o​m​/​​b​i​o​r​​e​n​d​​​e​r​​-​t​e​m​p​l​a​t​e​s.)

 

https://app.biorender.com/biorender-templates
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quickly transferred to the previous tube and the collec-
tion was repeated. Centrifugation (3300 g, 5  min, 4  °C) 
was performed to remove the supernatant, and the pellet 
was centrifuged again (3300 g, 5 min, 4 °C) with BSA-free 
suspension buffer. The pellet was resuspended in 100 µL 
of homogenization buffer, and part of the isolated brain 
capillary fraction was taken for microscopic analysis. The 
remaining samples of the isolated brain capillary frac-
tion were lysed by ultrasound in lysis solution (50 mM 
HEPES, pH 7.5; 1% TritonX-100; 0.1% SDS; 500 mM 
NaCl;10 mM MgCl2;1× protease inhibitor cocktail) [20]. 
Protein concentrations were determined using the Pierce 
BCA protein assay kit (PA115, Tiangen, Beijing, China).

Quantitative discovery-based proteomic analysis of mouse 
brain capillaries
Protein samples were reduced with dithiothreitol (20 
mM) for 1 h at 37  °C and then alkylated with iodoacet-
amide (40 mM) for 45 min in the dark at 25 °C. Six vol-
umes of methanol were added and the proteins were 
precipitated at -40 °C for at least 4 h. The proteins were 
then digested in a digestion buffer (50 mM NH4HCO3) by 
adding sequenced grade trypsin (0000547581, Promega, 
USA) for 16  h at 37  °C at an enzyme/substrate ratio of 
1:20 (w/w). The reaction was terminated by the addition 
of 2% trifluoroacetic acid. The digested peptides were 
desalted using a C18 solid phase extraction (SPE) car-
tridge based on reference [21]. The eluted peptides were 
vacuum dried in a lyophilizer and stored at − 40  °C for 
use.

The desalted peptide samples were redissolved with 10 
µL 0.1% FA-water solution containing the standard pep-
tides and centrifugated at 15,000 g for 5 min. The super-
natant was taken to the injection vial, followed by placing 
it in the 7 °C injection tray of the nanoscale liquid chro-
matograph. Samples were analyzed by Orbitrap Fusion 
Tribrid mass spectrometry (Thermo Scientific, USA) 
coupled with Vanquish Neo UHPLC System (Thermo 
Scientific, USA). The samples were uploaded onto a C18 
column (20  cm × 75  μm id, 3  μm) and separated at a 
flow rate of 300 nL/min. In this study, we used 0.1% for-
mic acid aqueous solution and acetonitrile containing 
0.1% formic acid as solvent A and solvent B, respectively. 
The gradient of samples totaled 135  min: 2–5% solvent 
B in 2  min, 5–24% solvent B in 92  min, followed by an 
increase to 35% B in 20 min, 35–95% solvent B in 10 min, 
and 95–100% solvent B in 5 min.

The MS parameters for sample analysis were: (1) Ion 
source type = ESI; Ion source tube temperature = 300  °C; 
Positive ions = 1800  V; (2) MS: Scanning range 
(m/z) = 350–2000; Resolution: 60,000; Maximum injec-
tion time: 50 ms; Automatic gain Control: 4e5. MS2 scan-
ning parameters: resolution: 30,000; maximum injection 

time: 100 ms; automatic gain control: 1e5; high energy 
fragmentation (HCD): 35%.

Proteomics and bioinformatics analysis
All proteomic raw data files were retrieved using DIA-
NN software based on reviewed mouse database from 
UniProt (https://www.uniprot.org/). Two missed cleavage 
sites were allowed to be used with cysteine aminometh-
ylation, N-methionine excision, N-terminal acetylation, 
and oxidative setup as modifications. The peptide length 
ranges from 7 to 30 amino acids, the precursor charge 
ranges from 1 to 4, and the precursor m/z ranges from 
300 to 1800. A default false discovery rate threshold of 
1% was used at the peptide and protein levels. To inves-
tigate differences in proteomic features, partial least 
squares discriminant analysis (PLS-DA) was employed. 
Differentially expressed proteins (DEPs) were analyzed 
to identify significantly down- or upregulated proteins 
according to the criteria of fold difference ≥ 2 and a sig-
nificance level of P < 0.05 using Volcano plot analysis. The 
DEPs between CFS and control mice were analyzed by 
keyword search using Gene card 5.20 (www.genecards.
org) to identify the list of relevant proteins; the protein-
protein interaction network analysis were conducted by 
STRING 12.0 (https://string-db.org/) and visualized by 
Cytoscape 3.7.2; followed by the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) and Gene ontology (GO) 
signaling pathway enrichment analysis and visualization 
of proteins using STRING 12.0. Gene set enrichment 
analysis 4.3.2 (GSEA) (​w​w​w​.​g​s​e​a​-​m​s​i​g​d​b​.​o​r​g​/​g​s​e​a​/​i​n​d​e​x​
.​j​s​p) was conducted on the entire protein set to calculate 
gene set enrichment scores in functional pathways.

Western blot analysis
Except for the mice used for vascular isolation, other 
individual mouse brain cortex protein samples were 
performed (CON = 3, CFS = 3), and total proteins were 
extracted with RIPA lysis buffer (China Report) contain-
ing protease and phosphatase inhibitors. Protein con-
centration was determined by BCA kit (PA115, Tiangen, 
Beijing, China). Extracts (20  µg protein) were separated 
by 10–12% SDS-PAGE gels and subsequently transferred 
to PVDF membranes (Merck Millipore, MA, USA), 
which were then closed with 5% BSA (S7425, Solarbio, 
Beijing, China) for 2 h at room temperature. The mem-
branes were incubated with primary antibodies against 
Occludin (1:1000, #GB111401, Servicebio, Wuhan, 
China), Aqp4 (1:1000, #WL02267, Wanleibio, Beijing, 
China), and β-actin (1:1000, #GB15003, Servicebio, 
Wuhan, China) at 4  °C overnight. Next, they were incu-
bated with horseradish peroxidase-conjugated secondary 
antibodies for 1 h at room temperature and washed again 
with TBST. Protein bands were visualized by Dual color 
infrared fluorescence imaging system (9260, Odyssey, 

https://www.uniprot.org/
http://www.genecards.org
http://www.genecards.org
https://string-db.org/
http://www.gsea-msigdb.org/gsea/index.jsp
http://www.gsea-msigdb.org/gsea/index.jsp
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USA). The protein results were analyzed and quantified 
using Image J software (version 2.0.0, USA).

RNA extraction and qRT-PCR analysis
The total RNA of the brain tissues was extracted using 
the RNA extraction kit (RR047A, Takara, Beijing, China) 
according to the manufacturer’s protocol. A total of 1 µg 
of RNA was reversely transcribed into cDNA using the 
iScript cDNA synthesis kit. The qRT-PCR analysis was 
performed using SYBR Green Master Mix on the CFX48 
Real-Time PCR system from Illumina (ECO, Illumina, 
USA). GAPDH was used as a housekeeping gene. Rela-
tive mRNA expression was calculated using the 2-ΔΔCT 
method. The sequences for the primers used are listed in 
Supplementary (Table S4).

Immunofluorescence staining
After anesthetized deeply, mice were transcardially per-
fused with ice-cold PBS followed by 4% paraformalde-
hyde to fix the brains. Brains were then removed and 
sequentially immersed in 4% paraformaldehyde, 30% 
sucrose to facilitate fixation and dehydration. Coro-
nal brain sections with a thickness of 25-µm were sliced 
using the freezing microtome (CM1680; Leica, Hessen, 
Germany). After washing with PBS and PBS + 0.3% Tri-
ton, brain sections were blocked with 10% g fetal calf 
serum for 1  h. Subsequently, the brain sections were 
incubated overnight at 4  °C with the following primary 
antibodies: anti-Occludin (1:1000, #GB111401, Service-
bio, Wuhan, China). After washing, Alexa Fluor 488 Con-
jugated Antibody was applied. Following this, nuclear 
staining was performed using DAPI (0100 − 20, South-
ernBiotech, USA). Ultimately, the images were observed 
using Pannoramic Slide Scanners (Pannoramic SCAN; 
3D HISTECH, Hungary), and the quantification process 
was quantified using Image J software (version 2.0.0, 
USA).

TEM
After perfusion, the one mm3 fragments of the mouse 
cerebral cortex were fixed in 4% glutaraldehyde at 4  °C 
overnight, followed by dehydration and embedding. 
Imaging was performed on 70  nm ultra-thin sections 
counterstained with uranyl acetate and lead citrate by 
a HT7800/HT7700 transmission electron microscope 
(Hhitachi). Random microvessel areas from the brain 
tissue of each mouse were oriented for vesicular density 
quantification analysis.

Tissue metabolites imaging by AFADESI-MSI
Custom-built AFADESI-MSI platform (Prosolia Omni-
Spray 2D, Viktor, China) equipped with Orbitrap Fusion 
mass spectrometer (Thermo Scientific, USA) and AFA-
DESI ion source was used for tissue metabolites imaging. 

The experiment was carried out in both positive and 
negative ion modes at m/z 100–1000 Da. The spray sol-
vent used in this study was acetonitrile and water (80:20, 
v/v), and the flow rate of spray solvent was set to 5.0 µL/
min. Sprayer voltages were set at 4500 V and − 4500 V in 
positive and negative ion mode, respectively. The extract-
ing gas flow of AFADESI ion source was 12 L/min. The 
flow rate of nebulizing gas (N2) was set to 0.6 MPa. Imag-
ing analysis was performed by continuously scanning the 
tissue section in x-direction at 150 μm/sec, separated by 
a 100  μm vertical step in y-direction. MassImager Pro™ 
software was used for background subtraction, image 
reconstruction, and the calculation of average metabolite 
expressions in region of interest [22].

All tissue samples were stored at -80  °C before sec-
tioning. Tissue sections were performed at 20  °C using 
a cryotome (CM1680; Leica, Hessen, Germany). Brain 
tissue sections (sagittal) were cut to 12-µm thick and 
subsequently fixed on precooled Fisher slides (12-550-
15, Thermo, Bremen, Germany). After sectioning was 
completed, the slides were stored at -80  °C and trans-
ferred cryogenically to a desiccator at -20  °C for drying 
two hours prior to analysis to avoid condensation effects 
associated with − 80 °C storage of the slides.

Assessment of BBB permeability
The fluorescent tracer Evans Blue (EB) (B0001-7, Red-
Party Tech, USA) was injected through the tail vein at a 
dose of 2% EB (4 ml/kg) before euthanized. Brain sagit-
tal Sect. (12 μm thick) were used to observe tracer leak-
age through the damaged BBB. Data reading, ion image 
reconstruction, and background deduction were per-
formed via the MassImager 1.0 Mass Spectrometry Imag-
ing System workstation. Spectra of average mass regions 
were obtained by overlaying optical images, selecting 
neighboring tissue sections in the region of interest and 
mass spectrometry imaging.

Surgical procedures
The anesthesia protocol involved the use of isoflurane 
(3% for induction, 1.2–1.5% for maintenance) for the 
procedure. Subsequently, the mice were immobilized in 
a mouse-adapted stereotaxic frame. To prevent eye dam-
age, erythromycin ophthalmic ointment was applied. 
A sagittal incision was made in the scalp to access the 
fontanelle for positioning the cranial mounting trocars 
and screws. Body temperature maintenance within the 
normal physiological range was ensured by utilizing a 
heating plate throughout the procedure to safeguard 
the mice’s health. The implantation included EEG elec-
trodes and guide cannulae for facilitating intracerebro-
ventricular (i.c.v.) injections. The trocar was placed on 
the dura mater with the following coordinates of the 
bregma: anteroposterior (AP), − 0.82  mm; lateral (ML), 
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± 1.3 mm; depth (DV), -2 mm, and, to prevent clogging 
during the recovery period, a double needle was inserted 
and secured with a dust cap. The recording electrode was 
mounted anterior to the trocar and the electrode and tro-
car were secured with dental adhesive. After awakening 
from surgery, the mice were placed in an open animal 
cage and allowed to move freely. Subsequent experiments 
were performed 1 week after surgery.

The mouse electrodes were connected to the lead 
socket of the rotary commutator and then linked to 
the PowerLab amplification system to obtain baseline 
recordings. Incyclinide (5  μm) was microinjected into 
each lateral ventricle at a rate of 10 nL/min for a total 
volume of 3ul per ventricle, over a period of 10 min. Fol-
lowing the injection, the micropipette was left in place 
for 5 min before being slowly withdrawn. Subsequently, a 
sub-threshold dose of PTZ (40 mg/kg) was administered 
via intraperitoneal injection to the mice. Thirty minutes 
after PTZ administration, seizure activity in the mice was 
evaluated using EEG and behavioral measures.

Behavioral and EEG analysis
Mouse EEG data were analyzed and quantified using 
LabChart Pro V8.1.13 software (AD Instruments, Aus-
tralia). Data were digitized at 1000 Hz and filtered (EEG, 
0.5–45 Hz) for further analysis. EEG power spectra were 
categorized into δ (0.5 ~ 4 Hz), θ (4–8 Hz), α (8–15 Hz), 
and β (16–35  Hz) according to the different frequency 
bands. PTZ-induced seizures were defined as high-
amplitude (> 2 baseline) high-frequency (> 5  Hz) multi-
spike discharges lasting > 5  s. Epileptic behaviors were 
similarly rated using an adaptive Racine scale. Behaviors 
were scored by observers who were unaware of the treat-
ment. The highest score was recorded every 5  min for 
30 min after PTZ.

Statistical analysis
All data are expressed as mean ± standard error (SEM) 
unless otherwise stated. GraphPad Prism 9.5.1 (Graph-
Pad Software, San Diego, USA) for Windows was used 
for statistical analysis. Unpaired Student’s t-test and 
nonparametric tests were used to compare differences 
between the two groups, P < 0.05 was considered statisti-
cally significant.

Results
CFS exposure in infancy increases epilepsy susceptibility in 
adulthood
To assess the impact of CFS experienced in infancy on 
their vulnerability to developing epilepsy in adulthood, a 
hot air-induced CFS mice model was utilized (Fig. 1A). In 
this model, hot air was used to induce FS in 10-11-day-
old mice (P10-11) as previously described [5], while the 
severity of seizures was assessed using the Racine scale. 

Mice with grade V and above seizures twice were defined 
as successful CFS modeling (Fig. 1B). Thereafter, the mice 
were observed daily for 2 h at consistent intervals and did 
not display any noticeable signs of epileptic behavior.

The mice in each group showed similar body weights, 
indicating the modeling method didn’t affect their later-
life growth (Fig. S1). With 40  mg/kg PTZ, control mice 
had grade III seizures in 37.50% (n = 3) of cases and no 
seizures in 62.50% (n = 5, Fig.  1C ~ D). CFS model mice 
had grade V; seizures in 66.7% (n = 8), grade III in 25.00% 
(n = 3), and no significant seizures in 8.33% (n = 1) of cases 
(Fig.  1C ~ D). It is indicating that mice who had experi-
enced CFS during infancy exhibited significantly greater 
seizure severity and maximum seizure grade in adult-
hood. The latency and duration of grade V seizures were 
significantly shorter and longer, respectively, in the CFS 
mice compared to the control (P < 0.01); while the mor-
tality rate associated with the induction of epileptic sus-
ceptibility in adulthood was not statistically significant 
(Fig.  1E ~ G). Therefore, CFS exposure in infantile mice 
increases epilepsy susceptibility in adulthood.

Characterization of BBB-associated proteins in cerebral 
capillary sites
The expression levels of proteins in isolated brain cap-
illaries were quantified using DIA-based proteomics. 
Proteomics data revealed that proteins unique to brain 
capillary endothelial cells were found in highest abun-
dance within isolated brain capillaries. In contrast, 
proteins that are specifically expressed by astrocytes, 
microglia, neurons, and oligodendrocytes were found to 
be less common in these isolated capillaries [23], but they 
were still identified in our experiment (Fig. 2A).

Taking the control group as an example, we analyzed 
the amounts of brain cell marker proteins in both the 
isolated brain capillary fraction and whole brain frac-
tion (Table S1). Compared to the whole brain fraction, 
the levels of synaptophysin (syp, the marker for neu-
rons) and corona-1a (coro1a, microglia) in the brain 
capillary fraction decreased by 77.8% and 30.1%, respec-
tively. Conversely, Mdr1a, the brain capillary endothelial 
cell marker, increased 60.8-fold in the isolated frac-
tion (Fig. 2B ~ C). The number of astrocyte and pericyte 
marker proteins was significantly elevated in the cerebral 
capillary fraction compared to the whole brain (P<0.05, 
Fig.  2D). Astrocytes and pericytes consistently adher-
ing to the brain capillary endothelial cell and therefore, 
enriched with brain capillaries in our method. The above 
results confirmed that the isolated capillaries method is 
suitable for BBB proteomic studies, as reported in [19].
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Changes of protein expression in isolated brain capillaries 
of CFS mice
To investigate the BBB proteomic changes of epilepsy 
susceptibility of mice, brain capillaries were isolated from 
the brains of CFS and CON mice (Fig.  3A). It is clearly 
shown that most brain tissues were removed (Fig.  3A), 
indicating high purity of capillary fragments. Moreover, 
the levels of the protein in cerebral capillaries isolated 
lysates from CFS mice did not significantly differ from 
those isolated lysates from litter-matched control mice 
(Fig. 3B). This indicates that experiencing CFS in infancy 
does not induce substantial changes in vascular morphol-
ogy and protein expression overall.

The proteomic profiles of brain capillaries (5674 pro-
teins) from CON mice (n = 4) and CFS mice (n = 3) were 
analyzed using PLS-DA, generating score plots (Fig. 4A). 
The plots and ellipses (95% confidence intervals) dem-
onstrated clear separation between cerebral capillaries 
in CFS and CON groups, with PC1 explaining 91.41% 
of variance. The above results suggest that mice that 

experience CFS in infancy alter the proteomic profile of 
the BBB.

A total of 365 DEPs were identified as shown with 
volcano plot, of which 189 proteins were significantly 
down-regulated and 175 proteins were significantly up-
regulated (Fig. 4B). There are 2371 “blood-brain barrier” 
related proteins in GeneCard database. Taking the 2371 
proteins as background library, it is easy to identify 53 
BBB-related DEPs (49 down-regulated, 4 up-regulated; 
Table S2, Fig. 4C ~ D). A more comprehensive analysis of 
the 53 BBB-related DEPs revealed that the DEPs involved 
in BBB permeability, disruption, integrity, and physiolog-
ical function were mostly down-regulated, meanwhile 
the DEPs involved in BBB leakage and damage were all 
down-regulated (Fig.  4E). Therefore, the results sug-
gested that the 53 BBB-related proteins may be related to 
the epilepsy susceptibility of CFS mice.

Fig. 2  Enrichment and characterization of blood-brain barrier-associated proteins in cerebral capillary fraction. A) Number of cell-specific proteins quan-
tified by proteomic analysis (Proteins selectively expressed in each cell type were extracted and selected according to the criteria that the mRNA expres-
sion ratio (fragments per kilobase of exon per million mapped fragments [FPKM] value in most highly expressed cell types/FPKM value in the second 
highly expressed cell types) was over 10-fold [19]. B-C) Amount and ratio of marker proteins between isolated capillary and whole brain fractions of the 
brain. D) Amounts of astrocyte and pericyte marker proteins in isolated capillary fractions and whole brain fractions
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ECM-receptor and integrin signaling pathways related with 
epilepsy susceptibility
To determine the altered biological function of the BBB, 
we performed enrichment analysis of the KEGG path-
way in 365 cases of DEPs in CFS mice, among which 9 
pathways were significantly enriched (P < 0.05), including 
the spliceosome, ECM receptor interaction, and arrhyth-
mogenic right ventricular cardiomyopathy (Fig.  5A). To 
further explore the biological functions associated with 
the 53 DEPs related to the BBB, we conducted KEGG 
annotation on these DEPs. Our analysis revealed that 
the ECM-receptor interaction signaling pathway was the 
most significant (Fig. 5B). This finding indicates that the 
pathway most critically involved in the alteration of the 
BBB in CFS mice is indeed the ECM-receptor interac-
tion. We additionally conducted pathway re-annotation 
on the enriched pathways using the ClueGo-plugin. The 
ECM-receptor interaction was found as the core path-
way. 5 genes (Itgb4, Itga8, Itga10, Col4a5 and Col4a6) 
were significantly enriched in ECM-receptor interac-
tions (Fig. 5C). Next, in order to determine more biologi-
cal functions of the above genes, we similarly performed 
GO annotation analysis by STRING, and notably the sig-
nificantly enriched GO terms integrin-mediated signal-
ing pathways associated with biological processes (BPs) 
were five DEPs (Ctnna1, Nrp1, Itga10, Itgb4, and Itga8 
(Fig.  5D ~ E). Specifically, Itga10, Itgb4, and Itga8 were 
also significantly enriched in the ECM-receptor interac-
tion pathway (Fig. 5C). The results indicate a dysfunction 
in integrins and cell matrix adhesion, suggesting that the 
abnormal expression of these genes may be associated 
with the pathogenesis of epilepsy susceptibility.

Besides, GSEA pathway analysis of the 5,674 identi-
fied proteins found that ECM-receptor interaction and 
integrin-mediated signaling pathways were significantly 
enrichment (P < 0.01, FDR < 0.05; Fig.  5F ~ G). Notably, 
Col4a5, Col4a6, Itgb4, Itga6, and Itga8, which are core 
genes in these pathways, were markedly downregulated, 
suggesting dysregulation of integrin- and ECM-related 
biological processes (Fig. S2). These findings are con-
sistent with the GO and KEGG enrichment analyses 
performed using DEPs, underscoring the critical role of 
ECM-receptor interaction and integrin-mediated signal-
ing pathways in the pathogenesis and progression of epi-
lepsy susceptibility.

The protein-protein interactions among DEPs were 
analyzed using the STRING online platform, and a small 
network was visualized with Cytoscape (Fig.  6A). Each 
node represented a protein. The proteins in the network 
were ranked according to their network degree values. 
The top 10 proteins in descending order were Cldn5, 
Itgb4, Itga8, Aqp4, Itga10, Col4a5, Col4a6, Col14a1, 
Ocln, and Slc38a3. The expression levels of these proteins 
in the CFS group were all down-regulated compared 
to the control group (Fig.  6B ~ C). Interestingly, Itgb4, 
Itga8, Itga10, Col4a5, and Col4a6 are DEPs enriched to 
the ECM-receptor interaction pathway and integrin-
mediated related pathway (Fig. 5B ~ C). The fold changes 
in the levels of proteins related to the top five KEGG 
pathways and biological processes were examined to 
determine their upregulation or downregulation. “ECM-
receptor interaction” (median: -1.77-fold), “GABAergic 
synapse” (median: -1.53-fold), “Focal adhesion” (median: 
-1.77-fold) and “integrin-mediated signaling pathway” 
(median: -1.07-fold) were estimated to be downregulated 

Fig. 3  Isolation of brain capillaries in adult CFS mice. A) Images of isolated brain capillaries from CON and CFS mice. The capillaries were stained with 
trypan blue. Scale bar = 200 μm. B) Protein levels in isolated brain capillaries of CON and CFS mice. The amount of protein was normalized to brain weight. 
Bars represent the mean ± SD values (n = 5). Plotted points represent individual values
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(Fig.  6D ~ E). Ocln and Aqp4 are essential proteins 
involved in maintaining the integrity and function of the 
BBB. We verified the alterations in their protein expres-
sion using Western Blot method (Fig.  6F), which were 
consistent with our proteomic data findings.

mRNA expression data supported the proteomic findings
DEPs associated with the ECM-receptor interaction 
pathway were significantly downregulated, as illustrated 
in the heatmap (Fig.  7A). Integrins, composed of α and 
β subunits, function as transmembrane receptors that 
bind to the ECM extracellularly and to the cytoskeleton 

Fig. 4  Proteomic analysis of identified proteins and BBB-associated proteins in brain capillaries of CFS mice. A) PLS-DA for the identification of proteins 
in isolated brain capillaries. B) Volcano plots of proteins identified in isolated brain capillaries (red dots indicate Log2FC ≥ 1, P < 0.05; blue dots indicate 
Log2FC≤-1, P < 0.05). C) Venn diagram of isolated brain capillaries identifying proteins and proteins in the context of the BBB (365 proteins were identi-
fied in isolated brain capillaries (red circle), 2371 proteins were identified in BBB background (blue circle), and 53 proteins were identified). D) Up- and 
down-regulation of isolated brain capillary differential proteins in the context of the BBB (Their folding changes are shown in Table S2). E) More detailed 
bioinformatic analysis shows the number of proteins involved in the pathophysiology of BBB (Protein names and their fold change are listed in Table S3). 
CON mice (n = 4) and CFS mice (n = 3)
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intracellularly. They transduce signals to regulate cell 
adhesion, migration, proliferation, differentiation, and the 
remodeling of the ECM [24]. Interestingly, integrin fam-
ily members ITGB4, ITGA8, and ITGA10, and the key 

proteins in ECM-receptor interaction pathway includ-
ing collagen family members COL4A5 and COL4A6, 
were all significantly downregulated (Fig.  7A). Then, we 
quantified the mRNA expression levels of these genes 

Fig. 5  Bioinformatics analysis of Deps and GSEA in CFS mice. A) Bubble plot of KEGG pathway enrichment in isolated brain capillary DEPs. (x-axis repre-
sents the strength factor, with larger values indicating a larger proportion of DEPs annotated to the pathway. y-axis represents KEGG pathway annotation 
entries. Dot size indicates the number of DEPs annotated to pathway. Dot color indicates that the enriched KEGG pathway (-log10P-value) is statistically 
significant, with blue being the lowest and red the highest). B) Bubble plot of KEGG pathway enrichment of 53 DEPs associated with BBB. C) DEPs enriched 
in the top ten KEGG pathway. D) Enrichments of the first 5 biological processes, cellular components, and molecular functions. E) DEPs enriched in the top 
ten GO bioprocess pathways. F, G) GSEA enriched to the pathway integrin-mediated signaling pathway and ECM-receptor interaction
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Fig. 6  Changes in biological functions based on differentially expressed proteins in the brain capillaries of CFS mice. A) PPI network of isolated brain 
capillary DEPs in the context of the isolated BBB. (Circles represent genes and lines represent interactions between gene-encoded proteins, The nodes in 
the network are ranked from highest to lowest based on network characteristics with Degree algorithm. The size and color of the dots indicate the impor-
tance of this gene, with yellow being the lowest and red being the highest. PPI, protein–protein interaction). B, C) Expression and differential multiplicity 
of the first 10 central genes in isolated brain capillaries of CFS mice. D) Expression changes of relevant differentially expressed proteins enriched in the first 
five KEGG pathways and GO term. E) Changes in the expression of ECM-receptor interaction and integrin-mediated signaling pathway in isolated brain 
capillaries of CFS mice. Violin plot elements: center line, median; upper and lower lines, upper and lower quartiles. F) Western blotting and quantification 
analysis of Occludin and Aqp4 protein expression in brain tissue (n = 3)
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using qRT-PCR, and the results were consistent with the 
proteomics results (Fig.  7B). Consequently, the mRNA 
expression data supported the proteomic findings.

ECM-receptor interaction pathway dysregulation not 
associated with PTZ treatment
To further support our findings, additional mice (With-
out-PTZ groups) experienced CFS during infancy, and 
their BBB proteomic alterations were observed 8 weeks 
later (Fig. 8A). The proteins related to the ECM-receptor 
interaction pathway are depicted in (Fig.  8B); both the 
protein and mRNA the expression levels of key proteins, 
including ITGB4, COL4a1, COL4a2, HSPG2, and ITGB1, 
were down-regulated (Fig. 8C ~ D). This downregulation 
was consistent with the results observed in PTZ treat-
ment mice (Fig.  8C ~ D). Therefore, the ECM function 
was dysregulated when the mouse experienced CFS dur-
ing infancy with or without PTZ treatment.

CFS increased the degradation of BBB TJs and basement 
membrane in C57 mice
We assessed the structural and functional integrity of 
the BBB in both CFS and CON groups of pups and adult 
mice using immunofluorescence staining for occludin, 
as well as tracer EB and transmission electron micros-
copy. Immunofluorescence staining revealed a significant 

decrease in occludin fluorescence intensity in the brain 
tissues of CFS pups (P11) compared to the control group 
(p < 0.05). Although a similar trend was observed in adult 
mice (8  W), the difference did not reach statistical sig-
nificance (Fig.  9A and C). Functional assessment of the 
BBB using EB tracer injection demonstrated significantly 
increased EB leakage in CFS pups (P11) compared to 
CON pups (p < 0.05, Fig. 9B and D). This increase in EB 
leakage persisted in adult CFS mice (8 W), remaining sig-
nificantly higher than that in CON mice (p < 0.05, Fig. 9B 
and D).

Transmission electron microscopy analysis further sup-
ported these findings. In control pups (P11), astrocyte 
footplates exhibited low local density, uniform thick-
ness, and continuous basement membranes, with well-
defined and abundant tight junctions (TJs). In contrast, 
CFS pups (P11) showed extensive edema in astrocyte 
footplates, along with thinner and less distinct base-
ment membranes, as well as shorter and less defined 
TJs (Fig. 9E). Similarly, in adult control mice (8 W), the 
basement membranes were uniformly thick and well-
structured, with abundant and tightly packed TJs. How-
ever, adult CFS mice (8 W) displayed blurred and slightly 
fractured basement membranes, fewer TJs, and slightly 
wider gaps between them (Fig.  9E). These results col-
lectively indicate that BBB structural and functional 

Fig. 7  Alterations in BBB and ECM-receptor interaction-related proteins in CFS mice. A) BBB-associated DEPs heat maps of mice in control group (n = 4) 
and CFS group (n = 3). B) Validation of selected ECM-receptor interaction-associated DEGs by qRT-PCR (n = 3)
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integrity is significantly disrupted in CFS mouse pups 
compared to controls. Although some degree of recovery 
was observed during growth, BBB impairment persisted 
in adult CFS mice.

Altered neuroexcitatory metabolites following BBB 
destruction
To examine whether brain metabolites change during 
BBB dysfunction, we utilized mass spectrometry imaging 
(MSI) to determine the distribution of metabolites in var-
ious brain regions [25, 26]. MSI has revealed significant 
increases in the intracerebral distribution of glutamate, 

glutamine, AMP (Adenosine monophosphate), and 
GMP (Guanosine monophosphate) levels in the cortex, 
hippocampus and striatum for CFS mice. Conversely, 
the levels of GABA (γ-aminobutyric acid) were notably 
decreased in the hypothalamus, while adenosine lev-
els showed a widespread reduction across various brain 
microregions with a pronounced decrease observed in 
the hippocampus. Moreover, choline levels exhibited 
significant reductions in the striatum, midbrain, and 
medulla oblongata distributions, and the reduction in 
choline phosphate levels was mainly concentrated in the 
vicinity of the striatum (Fig. 10). Alterations in the levels 

Fig. 8  Further validation that infancy CFS affects ECM functioning. A) Hot Air-Induced mouse model of infantile CFS without intervention of epilepsy 
sensitizers. B) PPI networks constructed by core proteins in the ECM-receptor interaction pathway. (Circles represent genes and lines represent interac-
tions between gene-encoded proteins, The nodes in the network are ranked from highest to lowest based on network characteristics with Degree algo-
rithm. The size and color of the dots indicate the importance of this gene, with yellow being the lowest and red being the highest. PPI, protein–protein 
interaction). C) Differential expression of core proteins associated with the ECM-receptor interaction pathway (with or without PTZ) (n = 3). D) Validation 
of selected ECM-receptor interaction-associated DEGs by qRT-PCR (n = 3)
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Fig. 9  CFS increased BBB damage in brain tissue of C57 mice. A) Immunofluorescence staining of Occludin, the red arrows point to brain microvessels. 
B) Representative images of extravasation of Evans blue. C) The expression of occludin was quantitatively analyzed in different groups stained in immu-
nofluorescence (n = 3). D)The content of tracer EB in each group was quantitatively analyzed (n = 6). E) Representative transmission electron microscope 
images of BBB structure (n = 3)
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of these metabolites can influence neuronal excitability, 
potentially triggering epileptic seizures [27, 28]. It is well 
known that BBB destruction causes an imbalance in ionic 
homeostasis, which can lead to abnormal neuronal firing 
and thus affect neurotransmitter synthesis or release [29]. 
Consequently, this evidence confirms that experiencing 
CFS in infancy can lead to changes in the distribution of 
specific neurotransmitters and metabolites in the brain.

Dysregulating the ECM-receptor interaction increases 
epilepsy susceptibility in mice
To further verify the reliability of regulating the ECM-
receptor interaction signaling pathway in increasing sus-
ceptibility to epilepsy in mice, we conducted additional 
validation experiments, the steps of which are shown in 
(Fig. 11A). Normal C57 wild-type mice (8w) were selected 
and divided into NaCl and Incyclinide groups. Their lat-
eral ventricles were injected with NaCl or Incyclinide 
respectively, followed by subthreshold stimulation with 
PTZ (40  mg/kg), and the convulsive behavior of the 
mice was observed within 30 min. Incyclinide is a matrix 
metalloproteinases (MMP) inhibitor that can induce 
dynamic remodeling of ECM and inhibit angiogenesis. 
Subsequently, to validate the accuracy of our lateral ven-
tricle localization, we conducted microinjections into the 
lateral ventricle using the vital tracer EB (Fig. 11B). Con-
tinuous EEG recording and simultaneous video monitor-
ing revealed that all the mice in the group injected with 
Incyclinide developed grand mal seizures, both with 

shorter latency and longer duration, compared with the 
NaCl group (n = 8, Fig.  11G ~ I). As well as the grades 
and power of ictal EEG activity during seizures were also 
higher than that of the NaCl group (Fig.  11C ~ F). If we 
marked the start time after the lateral ventricle micro-
injection intervention, compared with NaCl group, the 
latency period of grade V grand mal seizure was short-
ened from 1578 ± 543.79  s to -143.7 ± 421.01  s, and 
the duration of grand mal seizure was increased from 
3.67 ± 8.98 s to 20.67 ± 7.37 s (Fig. 11H ~ I). These findings 
indicate that the Incyclinide disrupts the ECM-receptor 
interaction signaling pathway, resulting in a substantial 
reduction in the threshold for convulsive seizures and 
heightened susceptibility to epilepsy in mice.

Discussion
Dysfunction of the BBB can result in neuronal damage, 
potentially leading to epileptic changes [29, 30]. Current 
research on susceptibility to post-convulsive epilepsy 
has primarily focused on epigenetic mechanisms, prote-
ases, and inflammation-related genes [30, 31], while the 
specific effects of the BBB on adult epilepsy susceptibil-
ity and the underlying molecular mechanisms remains 
unknown. Our study is the first to investigate this rela-
tionship, revealing from the perspective of blood-brain 
barrier proteomics that dysregulation of the ECM-recep-
tor interaction signaling pathway is the key to increased 
susceptibility to epilepsy after CFS.

Fig. 10  Spatial distribution of neurotransmitters and other metabolites in the brain of CFS mice
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To investigate adult seizure susceptibility, PTZ (40 mg/
kg) as a subthreshold stimulus [32] was administered to 8 
weeks old mice. The study found that 66.7% of CFS mice 
developed grade V seizures in adulthood, compared to 

none of mice in control group (Fig.  1D). Only 37.5% of 
mice in the control group developed grade III seizures 
(Fig. 1D). Additionally, the model group had significantly 
shorter latency and longer duration of grade V seizures 

Fig. 11  Incyclinide increase susceptibility to epilepsy. (A) Flow chart of drug administration in the lateral ventricle of the inhibitor. (B) Evans Blue verified 
lateral ventricle localization. (C-D) Heat maps of maximum EEG power spectra within 30 min after PTZ intervention in the NaCl group and the Incyclinide 
group. (E-F) Maximum EEG total power and power density within 30 min after PTZ intervention in NaCl group and incyclinide group (n = 8). (G-I) After 
microinjection of incyclinide and 40 mg/kg PTZ, the proportion, latency and duration of grade V recurrent seizures were evaluated according to Racine 
classification (n = 8)
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(P < 0.01, Fig.  1E ~ F). These findings, consistent with 
Kawano et al. [15], suggest childhood CFS may increase 
epileptic susceptibility in adulthood.

We successfully prepared brain capillaries, which are 
suitable for BBB proteomic studies (Figs.  2 and 3A). 
Based on the BBB proteomic data and the bioinfor-
matic analysis indicated that ECM-receptor interaction 
and integrin-mediated signaling pathway (P < 0.01) were 
enriched significantly in CFS mice (Fig. 4 ~ 5). The ECM 
signaling pathway is integral to tissue and organ morpho-
genesis [33, 34]. Alterations in this pathway’s components 
not only affect the BBB remodeling but also influence the 
cellular functions. The integrin gene family, acting as 
ECM receptors, is pivotal in regulating intracellular sig-
naling to coordinate cellular responses to environmen-
tal changes through outside-in signaling [35]. Therefore, 
these findings have significant implications that ECM-
receptor interaction pathway could underlie the epileptic 
susceptibility of CFS.

Based on the proteomic data, we found the first nine 
hub genes in the PPI network of 53 DEPs included mem-
bers of the collagen family (Col4a5, Col4a6) in the ECM-
receptor interaction pathway, as well as three members 
of the integrin family (Itgb4, Itga6, and Itga8). It is worth 
mentioning that the important tight junction proteins 
Cldn5 and Ocln, as well as aquaporin Aqp4, were present 
in the network (Fig.  6). Itga8 is responsible for control-
ling the recruitment of mesenchymal cells into epithe-
lial structures, facilitating intercellular interactions, and 
regulating the growth of synapses in sensory and motor 
neurons. Research has confirmed that endothelial cells 
and astrocytes play a crucial role in secreting ECM pro-
teins to create and uphold basement membranes [36, 37]. 
Cldn5 is responsible for regulating the size-selectivity 
of the BBB by forming connections between cerebral 
vascular endothelial cells. Disruption of Cldn5 leads to 
compromised BBB integrity [38, 39]. In contrast, Occlu-
din plays a direct role in the barrier function of the BBB 
by binding to neighboring cells and facilitating paracel-
lular closure, affecting transmembrane resistance [40]. 
Aqp4, predominantly expressed in astrocyte peduncles, 
is crucial for controlling the exchange of water molecules 
across the BBB and brain-cerebrospinal fluid interface 
[41]. The close interaction between the ECM and the 
BBB cells creates an ideal system for maintaining barrier 
integrity [42]. It can be concluded that damage to the cel-
lular matrix and TJ-related proteins can impair the BBB 
to some extents, leading to an imbalance of homeostasis 
in the brain. It was reported that intact ECM can inhibit 
the onset of seizures [43]. Hence, it is clear that these 
genes are associated with an increased risk of developing 
epilepsy in adulthood through their impact on BBB.

The expression levels of protein and mRNA of all the 
aforementioned proteins were down-regulated (Fig.  7). 

Disruptions in the expression of ECM proteins have been 
linked to potential changes in endothelial cell behavior, 
resulting in persistent damage and dysfunction of the 
microvascular system, ultimately affecting the integ-
rity of the BBB [36]. As a result, we have put forward a 
novel hypothesis suggesting that epilepsy susceptibility in 
adults may be influenced, at least in part, by the down-
regulation of the proteins in ECM-receptor interaction 
pathway.

To validate our hypothesis, we selected Incyclinide to 
dysregulate the ECM-receptor interaction signaling path-
way. Lateral ventricular injection of drugs allows direct 
access to the cerebrospinal fluid and easier penetration 
of the drug into the brain parenchyma through exchange 
interactions between the cerebrospinal fluid and brain 
tissue [44, 45]. Compared with the NaCl group, the epi-
lepsy susceptibility threshold of the Incyclinide treat-
ment group was significantly reduced, and the severity of 
seizures was significantly increased (Fig.  11C-I). Under 
physiological conditions, MMPs are crucial for maintain-
ing BBB integrity and CNS homeostasis through dynamic 
regulation of ECM remodeling [46, 47]. Several stud-
ies demonstrate that MMP-mediated proteolysis drives 
the structural and functional changes that occur during 
the development and homeostasis of the CNS [48–51]. 
Incyclinide, by inhibiting MMP activity, disrupts ECM 
remodeling, leading to homeostatic imbalance in the 
brain and interfering with cell migration, proliferation, 
and repair processes within the CNS. Hence, the study 
provided additional insights, highlighting the pivotal role 
of ECM-receptor interaction signaling pathway dysregu-
lation in epilepsy susceptibility.

While our experiments show evidence of partial BBB 
recovery in adult CFS mice compared to infancy, the 
BBB remains significantly dysfunctional (Fig.  9). Meta-
bolic homeostasis is imbalanced after BBB disruption, 
resulting in alterations to the distribution of metabolites 
within the brain. In our MSI study, we observed elevated 
levels of glutamate, glutamine, AMP, and GMP in the 
cortex, hippocampus, and striatum of CFS mice. Con-
versely, we found decreased levels of GABA in the hypo-
thalamus and adenosine in the hippocampus in these 
mice (Fig.  10). It has been reported that when the BBB 
is disrupted, glutamate (a major excitatory neurotrans-
mitter) transporter proteins and catalytic enzymes are 
altered, and the excessive release of glutamate leads to 
neuronal hyperexcitability, which in turn leads to epi-
lepsy [52, 53]. BBB strictly regulates the entry and exit of 
substances, particularly amino acid neurotransmitters, of 
which GABA is the principal inhibitory neurotransmitter 
in the CNS, and a decrease in GABA-mediated inhibi-
tory synaptic transmission has been clinically associated 
with epilepsy [54]. Adenosine also plays a role in regulat-
ing the activity of immune cells that are crucial for the 
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remodeling and upkeep of the ECM [55]. It’s worth not-
ing that ECM not only offers structural support to the 
cell, but also communicates signals through its receptors, 
such as integrins, to regulate cellular activities, such as 
neurotransmitter synthesis and release [56]. In pathologi-
cal states, abnormal remodeling of the ECM may lead to 
the accumulation of neurotransmitter metabolites such 
as phosphocholine, and imbalances in these metabolites 
have been associated with the development of neurologi-
cal disorders [57]. The above studies suggest to us that 
BBB disruption alters brain metabolites associated with 
neuronal excitability.

Limitations: The current study investigated BBB pro-
teomic alterations associated with epilepsy susceptibility 
exclusively resulting from FS in the absence of other con-
tributing factors. The mechanisms underlying epilepsy 
susceptibility in cases of FS combined with genetic pre-
disposition or infectious etiologies are likely to be more 
complex and are not addressed in this work. While we 
identified dysregulation of the ECM-receptor interac-
tion pathway as a key factor in increased epilepsy sus-
ceptibility, further research is needed to investigate the 
exact mechanisms by which the ECM affects susceptibil-
ity. Besides, other potentially relevant pathways, includ-
ing focal adhesion and mRNA export from nucleus, were 
identified but not investigated in depth (Fig. 5A and Fig. 
S3).

Conclusion
Our findings indicate that mice experienced CFS in 
infancy increased susceptibility to epilepsy in adult-
hood. BBB proteomic profile was significantly altered 
in the CFS mice, and revealed that dysregulation of the 
ECM-receptor interaction pathway was a key mechanism 
for the increased susceptibility to epilepsy. The expres-
sion levels of protein and mRNA of the proteins related 
to ECM-receptor interaction pathway were down-reg-
ulated, meanwhile, the distribution of neuroexcitatory 
metabolites within the brain was altered. Subsequent 
validation experiments showed that dysregulation of the 
ECM-receptor interaction signaling pathway exacerbated 
epilepsy susceptibility in adult mice. These findings may 
help to elucidate the role of BBB alterations in the pro-
gression of epilepsy susceptibility, and provide new tar-
gets for subsequent prevention and treatment of epilepsy.
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