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Abstract

Background: Epilepsy, the world’s third most prevalent chronic brain disorder, significantly affects patients’ quality of life and increases
the economic burden on families and society. Previous studies have demonstrated that FK506-binding protein 51 (FKBP51) plays a cru-
cial role in synaptic plasticity. However, FKBP51 exhibits different functions under various physiological and pathological conditions.
Our study explored the relationship between FKBP51 and epilepsy and its possible mechanism of action. We also analyzed the expression
levels of postsynaptic density-95 (PSD95) and synaptophysin (SYP) in the hippocampus to examine the pathophysiology of epilepsy.
Methods: A chronic epileptic kindling model was established by injecting pentylenetetrazole (PTZ) intraperitoneally, and a spontaneous
seizure model was created by injecting kainic acid (KA) into the dentate gyrus using a stereotaxic apparatus. Endogenous FKBP51 ex-
pression was inhibited using adeno-associated virus (AAV)-FKBP51-Small hairpin RNAs (shRNA). The expression of FKBP51, PSD95,
and SYP in the hippocampus and synaptosomes was measured through western blotting. Golgi staining and electron microscopy were
used to examine spines and synaptic structures. Results: The results showed a significant increase in FKBP51 expression in the hip-
pocampal tissue of the PTZ- and KA-induced epilepsy model groups. Inhibition of FKBP51 expression through AAV-FKBP51-shRNA
resulted in a shorter latency and an elevated seizure grade score in mice. Moreover, the suppression of FKBP51 expression enhanced the
expression of synaptic plasticity-related proteins, increased the density of dendritic spines, and elevated the quantity of spherical synap-
tic vesicles in the presynaptic membrane in the hippocampus. Conclusions: FKBP51 may serve as an endogenous protective factor in
epilepsy by regulating the expression of the synaptic plasticity-related protein PSD95, the density of dendritic spines, and the number of
synaptic vesicles in the hippocampal CA1.
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1. Introduction
Epilepsy is the third most common chronic brain dis-

order worldwide [1]. Presently, there are approximately
70 million patients with epilepsy worldwide, with 9 mil-
lion in China, having an annual increase rate of 400,000
to 500,000 cases [2]. Although existing antiseizure medi-
cations targeting neurons and synapses have achieved cer-
tain clinical efficacy, 20–30% of patients with epilepsy still
develop drug-resistant epilepsy (refractory epilepsy) [3,4].
As a chronic disease characterized by repeated seizures,
epilepsy significantly affects patients’ quality of life and
increases the economic burden on families and society. It
has emerged as a public health problem recognized by so-
ciety [5,6]. However, the specific pathogenesis of epilepsy
remains unknown. Therefore, identifying the mechanisms
underlying epilepsy is paramount for identifying effective
therapeutic strategies.

Abnormal synaptic connections between neurons
gradually enhance neuronal excitability, increasing suscep-
tibility to spontaneous seizures in epilepsy [7,8]. A synapse

is a structure formed by interneuronal connections special-
ized for point-to-point information transfer from a presy-
naptic neuron to a postsynaptic cell [9,10]. Furthermore,
synaptic transmission is influenced by the presynaptic ex-
ocytosis of synaptic vesicles containing neurotransmitters
and the reaction of these neurotransmitters with postsy-
naptic receptors [9]. A previous study revealed the es-
sential roles of axons, dendrites, and synaptic connections
in neurotransmission, neural circuits, synaptic plasticity,
and other neuronal physiology [11]. Through this commu-
nication structure, nerve cells form functional neural cir-
cuits for transmitting and storing information. Synapses
can undergo specific structural changes under the influ-
ence of continuous neuronal activity, known as “synaptic
structural plasticity” [6]. Synaptic plasticity is the neu-
rons’ ability tomodify their connections, mainlymanifested
through changes in dendritic spine morphology and num-
ber, synaptic morphology and density, and the formation
of new synapses [12,13]. Neuronal dendrite and dendritic
spine formation are essential for normal synaptic transmis-
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sion. A study has demonstrated that the remodeling of neu-
ronal synaptic structures is involved in epilepsy occurrence
[14].

FK506-binding protein 51 (FKBP51), highly ex-
pressed and involved in physiological processes in the cen-
tral nervous system (CNS), plays a novel role in neuronal
synaptic plasticity [15,16]. The gene encoding FKBP51,
FKBP5, is located at 6p21.31 in humans and consists of
13 exons and 12 introns across over 150 kb of genomic
DNA [17]. FKBP51 is found in fat cells, skeletal mus-
cles, and various brain regions [18]. FKBP51 is mainly
expressed in the cortex and hippocampus in rodent brains.
It is primarily involved in regulating pathways related to
immune function, autophagy, epigenetic remodeling, apop-
tosis, cell growth, cytoskeletal dynamics, and metabolism.
Additionally, it is associated with various neurological dis-
eases, including Parkinson’s disease, Alzheimer’s disease,
post-traumatic stress disorder, schizophrenia, and depres-
sion [15,19,20]. FKBP51 is crucial in synaptic plastic-
ity [21] and is primarily localized in excitatory neurons
within the neocortex [22]. FKBP51 expression is nega-
tively correlated with dendritic spines and strongly nega-
tively correlated with mushroom dendritic spines in the su-
perficial layer neurons of the neocortex of schizophrenic pa-
tients [22]. Inhibiting FKBP51 expression promotes axon
and dendrite growth on neurons and regulates microtubule-
related protein expression, potentially increasing neuronal
excitability. Conversely, the overexpression of FKBP51
may inhibit axon length and dendritic growth through the
upregulation of RhoA activity, thereby decreasing neu-
ronal excitability [23,24]. A previous study found that
SAFit2 (a specific inhibitor of FKBP51) could promote
axonal growth and enhance neurite growth and the num-
ber of branch points in primary hippocampal neuron cul-
tures [25]. Additionally, SAFit2 increases hippocampal
neural progenitor cell neurogenesis and the axonal com-
plexity and length of these differentiated neurons [25]. In
contrast, Qiu et al. [26] found that long-term potentiation
(LTP) is reduced in FKPB51 knockout (KO) mice, lead-
ing to decreased neuronal excitability and alterations in
glutamatergic and γ-aminobutyric acid (GABA)ergic sig-
naling pathways. The frequency of miniature excitatory
postsynaptic currents (mEPSCs) was decreased in the hip-
pocampus of KO mice, indicating a reduction in excita-
tory synaptic activity. Therefore, the current findings re-
garding FKBP51 are incongruous. To address this, we uti-
lized adeno-associated virus (AAV) transfection to reduce
FKBP51 expression and investigate its involvement in the
onset of epilepsy and the potential underlying mechanisms.

Postsynaptic density-95 (PSD95) is an abundant post-
synaptic protein in excitatory synapses that plays an im-
portant role in regulating synaptic strength and synaptic
plasticity processes [27,28]. Bayés et al. [29] have high-
lighted the importance of the PSD95 protein in epilepsy re-
search. Studies indicate that PSD95 can modulate synaptic

transmission by influencing the function of N-methyl-D-
aspartic acid (NMDA) and α-amino-3-hydroxy-5-methyl-
4-isoxazole-propionic acid (AMPA) receptors [30–32]. In
a mouse model of cyclin-dependent kinase-like 5 (CDKL5)
deficiency epilepsy, the abnormal activation of the brain-
derived neurotrophic factor-tropomyosine receptor kinase
B (BDNF-TrkB) signaling pathway led to enhanced exci-
tatory synaptic transmission and epileptic seizures, which
may be associated with reduced expression of PSD95 [33].
Synaptophysin (SYP) is a specific calcium-binding protein
with a relative molecular weight of 38 kDa and is predomi-
nantly located on the synaptic vesicle membrane of neurons
[10]. SYP is a structural glycoprotein that regulates neu-
rotransmitter release and the development and growth of
neuronal protrusions [34]. Upregulation of SYP has been
reported to have antiepileptic effects and cognitive bene-
fits, in addition to enhancing synaptic plasticity in the hip-
pocampus [35]. Moreover, SYP has the potential to serve
as a biomarker for synaptic transmission and reconstruction
[36]. Studies have found that SYP is important in synap-
tic vesicle fusion with the presynaptic membrane, making
it essential for neurotransmitter release, which provides in-
sights into the density, distribution, number, and efficiency
of synaptic transmission [37–39]. Consequently, we ana-
lyzed the expression levels of PSD95 and SYP in synapto-
somes in the hippocampus of control and epileptic mice to
examine the pathophysiology of epilepsy.

The role of FKBP51 in epilepsy may be quite com-
plex, potentially serving different functions under various
physiological and pathological conditions. In some in-
stances, FKBP51 may regulate neuronal excitability, while
in others, it may contribute to suppressing excessive neu-
ronal activity. Our goal for this study was, therefore, to
explore the relationship between FKBP51 and PTZ- and
kainic acid (KA)-induced epilepsy, investigate its possible
mechanisms, and examine the pathophysiology of epilepsy
by analyzing the expression of PSD95 and SYP in the hip-
pocampus of control and epileptic mice.

2. Materials and Methods
2.1 Animals

This study selected healthy male C57BL/6 mice aged
7–8 weeks and weighing approximately 25–30 g as the re-
search subjects. They were kept in separate cages under a
constant temperature of 23 ± 2 °C with a 12-h alternating
day and night cycle, during which they had free access to
food and water. All C57BL/6 mice were purchased from
Spiff (Beijing, China) Biotechnology Co., Ltd. (License:
SCXK (Beijing, China) 2019-0010) and housed at theMed-
ical Laboratory Animal Center of our university. All animal
experiments adhered to the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 80-23) and were
approved by the Ethics Committee of Affiliated Hospital of
Zunyi Medical University, with Ethics Review Batch Num-
ber: KLLY (A)-2021-02.
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2.2 Establishment of Animal Model
2.2.1 Pentylenetetrazole-Induced Chronic Kindling Model
of Mice

Pentylenetetrazole (PTZ, P6500, Merck & Co., Inc.,
Rahway, NJ, USA) was dissolved in 0.9% sterile normal
saline at a concentration of 2 mg/mL for immediate use.
The weight of each mouse was measured before each injec-
tion, and the corresponding dose of PTZ was administered
intraperitoneally based on the individual mouse’s weight.
PTZ was injected into the lower left or lower right quadrant
of the animal’s abdomen. PTZ (35 mg/kg) and the same
volume of saline were intraperitoneally injected into mice
in the Model group and Control (Con) group, respectively,
every other day for 30 days (15 times in total), and their
behavior was observed for 30 min after each PTZ injection
[40,41]. The severity of seizures was scored, and the incu-
bation period was recorded. Three consecutive seizures of
grade 3 and above were considered a successful induction
of the PTZ chronic epilepsy model.

The seizure behavior of the mice in each group was
mainly recorded regarding seizure grade and latency. The
seizure latency period was defined as the time from the first
intraperitoneal injection of PTZ to the complete induction
of the chronic epileptic model.

Seizure grading [41]: Grade 0: absence of response
and abnormalities; Grade 1: immobilization in a prone posi-
tion; Grade 2: head nodding, twitching of the ears and face,
myoclonic movements in forelimbs or hindlimbs; Grade 3:
persistent whole-body myoclonus, myoclonic spasms, tail
rigidly upright; Grade 4: collapse to one side, erratic run-
ning and jumping, tonic convulsions; Grade 5: generalized
tonic-clonic seizures; Grade 6: lethal outcome.

2.2.2 KA-Induced Epilepsy Model of Mice
An intraperitoneal injection of pentobarbital sodium

(0.3%, 50 mg/kg, P3761, Sigma-Aldrich, St. Louis, MO,
USA) was administered to the mice, which were deeply
anesthetized and fixed in a stereotaxic apparatus (68025,
RWD, Guangdong, China). The skin on the top of the
head was trimmed. Subsequently, the surgical area on the
mouse’s head was thoroughly disinfected with iodophor,
and the scalp was cut along the midline to fully expose the
surgical area and bregma points. KA (anteroposterior (AP):
1.6 mm; mediolateral (ML): 1.5 mm; dorsoventral (DV):
2.0 mm, K911410, MACKLIN, Shanghai, China) was in-
jected into the dentate gyrus of the hippocampus. After
positioning, an electric micro-animal skull drill (SD-300,
Shanghai Yuyan Scientific Instrument Co., Ltd, Shanghai,
China) was used to open the skull. Subsequently, a 2-
µL micro-syringe (KDS LEGATO 130, RWD, Guangdong,
China) was employed to absorb 1.0 nmol of KA solution (50
nL); the needle was slowly inserted vertically at the drilling
site, and the solution was injected at a rate of 5 nL/min.
After each injection, the needle was gently removed af-
ter being left in place for 10 min to prevent regurgitation.

The anchor point was sealed with dental cement; no active
bleeding was observed, and the scalp was sterilized layer
by layer. The mice were disinfected, labeled, and placed
in a warm environment until they awoke. Mouse behavior
was observed via video detection for 30 days, with sponta-
neous seizures considered successful models. The behav-
ioral score was similar to that of the PTZ-induced chronic
kindling epileptic mouse model.

2.3 Construction and Stereotaxic Injection of
AAV-FKBP51-shRNA for Hippocampal CA1 and CA3

The expression of endogenous FKBP51 in hip-
pocampal neurons was lowered by applying AAV-
FKBP51-shRNA. Syngentech Company, located in
Beijing, China, developed and synthesized three
AAV-FKBP51-shRNA sequences (shRNA1: 5′-
AGAAAGACAGAGGAGTATTAA-3′; shRNA2:
5′-AGGCGAGATCTGCCATTTATT-3′; shRNA3: 5′-
ATTTCAAAGGTGAGGATTTAT-3′; Backbone in
(Supplementary Fig. 1) (The certificate of analysis of the
primers is given in Supplementary Material-1.). To de-
termine whether FKBP51 is expressed in the hippocampus
of mice, western blotting was utilized to select the most
effective AAV-FKBP51-shRNA gene sequence. AAV-GFP
served as the vehicle for AAV-FKBP51-shRNA. Mice
were anesthetized with pentobarbital sodium (0.3%, 50
mg/kg, P3761, Sigma-Aldrich, St. Louis, MO, USA).
Then, a stereotaxic apparatus (68025, RWD, Guangdong,
China) was used to inject saline and three AAV-FKBP51-
shRNA sequences into the mice’s hippocampus. Bilateral
multi-point injections (AP: –2 mm; ML: 1.5 mm; DV:
1.5 mm; and AP: –2 mm; ML: 2.5 mm, DV: 1.3 mm)
were performed relative to the bregma point to increase
transfection efficiency. First, after the corresponding
coordinates were marked, the skull was drilled using an
electric micro-animal skull drill. Subsequently, 2-µL
AAV-GFP and AAV-FKBP51-shRNA was drawn with a
micro-syringe; the needle was slowly inserted vertically
into the drilling site, and the solution was injected at a rate
of 0.1 µL/min. The needle was held in place for 10 min
after each injection to prevent regurgitation of the infusion.
The anchor point was then sealed with dental cement. No
active bleeding was observed. The mice were disinfected,
labeled, and placed in a warm environment until they
regained consciousness.

2.4 Cardiac Perfusion Slicing

Four weeks after AAV transfection, mice were anes-
thetized with an intraperitoneal injection of 0.3% pentobar-
bital sodium (50 mg/kg, P3761, Sigma-Aldrich, St. Louis,
MO, USA). They were placed supine on the operating ta-
ble, and their limbs were secured with rubber bands. The
skin under the xiphoid process of the mice was pulled with
tweezers, and the skin, subcutaneous tissue, and peritoneum
were cut layer by layer. The chest was opened to fully
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expose the heart, which was held with tweezers using the
left hand. The puncture needle was slowly inserted at the
heart’s apex with the right hand, the front part was fixed us-
ing hemostatic forceps, and the right auricle was quickly cut
off. The liver was slowly injected with phosphate-buffered
saline (PBS) until it turned white, which was then fixed by a
rapid infusion of 4% paraformaldehyde (P804536, MACK-
LIN, Shanghai, China). Once the mouse’s tail and limbs
stiffened, the brain was carefully removed from the cra-
nium, and the tissues were fixed in 4% paraformaldehyde
for 24 h. For the frozen section, the brain tissue was trans-
ferred to a 30% sucrose solution (S769550, MACKLIN,
Shanghai, China), allowed to settle, and subsequently re-
moved. Parts of the forehead and cerebellar tissues were
trimmed using a blade. After embedding was complete, the
tissues were placed in a –80 °C refrigerator (DW-86L388A,
Haier, Qingdao, China) for 30 min, and coronal sections
were performed using a frozenmicrotome (CM1950, Leica,
Wetzlar, Germany). AAVs exhibited green fluorescence
and were observed using a fluorescence microscope (IX-
plore Standard, Olympus Corporation, Tokyo, Japan) im-
mediately after removal, and images were captured.

2.5 Western Blotting

The mice’s hippocampal tissues were taken out of a –
80 °C refrigerator (DW-86L388A, Haier, Qingdao, China)
and weighed, placed on ice, and added with correspond-
ing doses of radioimmunoprecipitation assay buffer (RIPA,
R0010, Solarbio Science & Technology Co., Ltd., Beijing,
China) and phenylmethylsulfonyl fluoride (PMSF, P0100,
Solarbio Science & Technology Co., Ltd., Beijing, China).
Subsequently, the hippocampal tissues were homogenized
and centrifuged using an ultrasonic crusher. A bicin-
choninic acid (BCA) quantitative kit (PC0020, Solarbio
Science & Technology Co., Ltd., Beijing, China) was used
for quantification. Based on molecular weight, a sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was selected, and the protein samples (10 µL) were
separated. At a constant current of 250 mA, the appropriate
time was determined based on the molecular weight of the
target protein. The membranes were subsequently rinsed
with Tris-buffered saline (T1010, Solarbio Science & Tech-
nology Co., Ltd., Beijing, China) and 0.1% Tween® 20 de-
tergent (TBST, P1001, Solarbio Science & Technology Co.,
Ltd., Beijing, China) on a shaker for 5 min and blocked with
5% skim milk powder for 2 h. This was followed by wash-
ing with TBST for 5 min thrice. FKBP51 rabbit antibod-
ies (1:1000, 14155-1-AP, Proteintech Group, Inc, Wuhan,
China), PSD95 rabbit antibodies (1:5000, 20665-1-AP, Pro-
teintech Group, Inc, Wuhan, China), SYP rabbit antibod-
ies (1:40,000, Cat No. 17785-1-AP, Proteintech Group,
Inc., Wuhan, China), GAPDH rabbit antibodies (1:10,000,
10494-1-AP, Proteintech Group, Inc, Wuhan, China), and
β-tubulin mouse antibodies (1:50,000, 66240-1-Ig, Protein-
tech Group, Inc, Wuhan, China) were added and incubated

overnight on a shaking table at 4 °C. Secondary antibodies
(rabbit secondary antibodies [1:10,000, SA00001-2, Pro-
teintech Group, Inc, Wuhan, China] or mouse secondary
antibodies [1:50,000, SA00001-1, Proteintech Group, Inc,
Wuhan, China]) were prepared. A polyvinylidene fluoride
membrane was placed in a diluent of secondary antibodies
prepared with 5% skim milk and incubated at room temper-
ature for 1 h. The parameters were adjusted, and exposure
was created.

2.6 Immunofluorescence Staining

The prepared paraffin specimens were placed in xy-
lene I and II (X821391, MACKLIN, Shanghai, China) for
20 min each and dewaxed using an alcohol gradient. Anti-
gen repair was performed with 0.01M sodium citrate buffer
(C1010, Solarbio Science & Technology Co., Ltd., Bei-
jing, China), and 0.3% TritonX-100 (IT9100, Solarbio Sci-
ence & Technology Co., Ltd., Beijing, China) drops were
added to the section for membrane breakage. Subsequently,
ready-to-use goat serum was dropped onto the brain tis-
sue, and the specimens were incubated at 37.0 °C for 40
min. FKBP51 antibody (PBS dilution ratio 1:50, P787575,
MACKLIN, Shanghai, China) and NeuN antibody (PBS
dilution ratio 1:200, 26975-1-AP, Proteintech Group, Inc,
Wuhan, China) or glial fibrillary acidic protein (GFAP)
antibody (PBS dilution ratio 1:200, CL488-16825, Pro-
teintech Group, Inc, Wuhan, China) were evenly mixed
and added to the slices, which were then stored in a re-
frigerator at 4 °C for at least 15 h. The following day,
they were reheated for 45 min. The slices were incubated
with 488-labeled anti-rat fluorescent secondary antibody
(1:200, RGAM002, Proteintech Group, Inc, Wuhan, China)
and 594-labeled anti-rabbit fluorescent secondary antibody
(1:500, HA1122, HuaAnBiotechnology Co., Ltd, Zhejiang,
China) in a wet box at 37 °C for 80 min. The slices were
sealed with an anti-fluorescence attenuator containing 4′,6-
diamidino-2-phenylindole (DAPI, S2110, Solarbio Science
& Technology Co., Ltd., Beijing, China), and a fluores-
cence microscope (IXplore Standard, Olympus Corpora-
tion, Tokyo, Japan) was used to observe and capture the
images.

2.7 Synaptic Vesicle Extraction

The required amount of Syn-PER reagent (87793,
Thermo Fisher Scientific Inc., Waltham, MA, USA) was
calculated according to the sample size, and protease
(P6730, Solarbio Science & Technology Co., Ltd., Beijing,
China) and phosphatase inhibitors (P1206, Solarbio Sci-
ence & Technology Co., Ltd., Beijing, China) were used
to reduce the final inhibitor concentration to 1×. The mass
of hippocampal tissue wasmeasured and added to the afore-
mentioned mixture at a rate of 10 µL/mg. The hippocampal
tissue was homogenized on ice using an ultrasonic crusher
(LD-CP650, Shandong Lande Intelligent Technology Co.,
Ltd., Liaocheng, Shangdong, China). The tube was subse-
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quently centrifuged (4 °C, 1200 ×g, 10 min). After cen-
trifugation, the supernatant was transferred to a clean Ep-
pendorf tube. The tube was centrifuged again (4 °C, 15,000
×g, 20 min), the supernatant was discarded, and the precip-
itate was retained. Syn-PER reagent was added to the pre-
cipitate at 1 µL/mg for resuspension, and the mixture was
stored at –80 °C for later use. The remaining steps were
similar to those used for western blotting. All steps, includ-
ing homogenization and centrifugation, were performed at
4 °C to reduce proteolysis, dephosphorylation, and denatu-
ration.

2.8 Golgi Staining

Golgi-Cox staining was performed using an FD Rapid
GolgiStain Kit (PK401, FD Neuro Technologies, Ellicott
City, MD, USA. One day in advance, a solution A and
B mixture was prepared in a 1:1 ratio, incubated at room
temperature away from light, and the supernatant was col-
lected 24 h later. The mice were deeply anesthetized
after injection of 0.3% pentobarbital sodium (50 mg/kg,
P3761, Sigma-Aldrich, St. Louis, MO, USA); the brain
was quickly extracted, and the blood on the brain tissue’s
surface was washed off with double-distilled water. The
brain tissue was cut into small pieces of approximately 1
cm thickness using a blade. These tissue pieces were com-
pletely immersed in the AB mixture and incubated in the
dark at room temperature for 24 h, followed by replace-
ment of the AB solution with fresh solution. After soak-
ing in the dark at room temperature for 2 weeks, the brain
tissue was transferred to a certain amount of solution C (5
mL/cm3), which was subsequently replaced after incuba-
tion in the dark at room temperature for 24 h, 2 days, and 3
days. The soaked brain tissue was removed from solution
C, and the microtome’s thickness was adjusted to 100 µm
for continuous coronal sections, followed by Golgi stain-
ing. The sections were placed in a mixture of equal parts
of solutions D and E and double-distilled water (1:1:2 ra-
tio) for Golgi staining for 10 min, followed by rinsing with
double-distilled water twice for 4 min each. The quantita-
tive analysis of dendritic spine density was performed using
the Skeletonize tool in ImageJ software (version 1.8.0, Na-
tional Institute of Health, Bethesda, MD, USA).

2.9 Transmission Electron Microscopy

Samples from the CA1 region of the fresh hippocam-
pal tissue were cut into small pieces of ~1 mm after fix-
ation. The samples were first fixed in 2.5% glutaralde-
hyde (P1126, Solarbio Science & Technology Co., Ltd.,
Beijing, China) at 4 °C for 3 h and then in 1% osmic acid
(CB0853316, ChemicalBook, Beijing, China) at 4 °C for
2 h. Subsequently, gradient dehydration, infiltration em-
bedding, and resin polymerization were performed. Ultra-
thin sections with a thickness of 70 nm were made using
an ultrathin microtome (UC ENUITY, Leica, Wetzlar, Ger-
many). The slices were picked up with a copper mesh,

stained with lead citrate solution (L885990, MACKLIN,
Shanghai, China) and observed and photographed using a
transmission electron microscope (JEOL JEM-F200, JEOL
Japan Electronics Co., Ltd, Tokyo, Japan). We used ImageJ
(version 1.8.0, National Institute of Health, Bethesda, MD,
USA), an image analysis software, for processing to quan-
titatively analyze the density of neuronal dendritic spines.

2.10 Statistical Analysis
In this study, data analysis and statistics were con-

ducted using SPSS (version 29.0.2.0, IBM SPSS statistics,
Chicago, IL, USA) and ImageJ software (version 1.8.0, Na-
tional Institute of Health, Bethesda, MD, USA). Statistical
charts were created using GraphPad Prism software (ver-
sion 9.4.0.673, GraphPad Software Inc., San Diego, CA,
USA). Experimental data are expressed as mean± standard
deviation (x̄ ± s). Student’s t-test was utilized for compar-
isons between two groups, and p < 0.05 was considered
statistically significant. The one-way analysis of variance
(ANOVA) was employed for comparisons between three
groups. The Bonferroni post-hoc test was typically used for
multiple comparisons following one-way ANOVA to deter-
minewhether significant differences exist between the three
or more groups. We set α< 0.05/n (n = the number of com-
parisons between groups) as the level of significance for the
test. For comparison among the three groups, the adjusted
α’ = 0.05/3, α’ < 0.0167 was considered statistically sig-
nificant, and the comparison among the four groups, α’ =
0.05/6, α’< 0.0083 was considered statistically significant.

3. Results
3.1 Expression of FKBP51, PSD95, and SYP Proteins in
the Hippocampus of Mice in Normal and Epileptic Model
Groups

Western blotting was used to evaluate FKBP51,
PSD95, and SYP expression in the hippocampal tissues of
normal and epileptic model mice. The results revealed that
compared to the Con group, there was a significant upregu-
lation of FKBP51 expression in the hippocampal tissues of
PTZ and KA model mice (p < 0.01). Due to the require-
ment of stereotactic techniques for theKA-induced epilepsy
model, to avoid potential interactions between drugs during
the later stages of stereotactic injection of adeno-associated
viruses, the PTZ-induced chronic kindling model was se-
lected for further experiments. The overall protein expres-
sion levels of PSD95 and SYP did not differ significantly
between the Con andModel groups (p> 0.05). Thus, we in-
vestigated the expression of PSD95 and SYP in hippocam-
pal synaptosomes. The results demonstrated that compared
to the Con group, the hippocampal synaptosomes in the
Model group exhibited reduced expression of PSD95 and
SYP proteins, with statistically significant differences (p<
0.01) (n = 5, Fig. 1 and the original figures of western blot
can be found in the Supplementary Fig. 2).
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Fig. 1. Expression of FKBP51 and SYP in PTZ and KA epileptic mouse models. (A,B) Expression of FKBP51 in PTZ and KA
epileptic mouse models. (C–F) Expression of “total SYP and PSD95” and “SYP and PSD95 after extraction of synaptosomes” in the
hippocampus of normal and epileptic mice in the PTZ epileptic mouse model. (G) Quantitative analysis of FKBP51 expression between
the Con group and Model group in PTZ and KA epileptic models. (n = 5, Student’s t-test: T = 21.663, *p = 0.0039 < 0.01, vs. Con
group). (H) Bar chart of PSD95 and SYP expression in the PTZ model (n = 5, Student’s t-test: T = 21.663, **p = 0.0039 < 0.01, vs.
Con group). FKBP51, FK506-binding protein 51; SYP, synaptophysin; PTZ, pentylenetetrazole; KA, kainic acid; PSD95, postsynaptic
density-95.

3.2 Localization of FKBP51 in Epileptic Brain Tissue by
Immunofluorescence Detection

Immunofluorescence was used to determine the local-
ization of FKBP51 in the hippocampus of epileptic mice.
The results revealed that FKBP51 was expressed in the
CA1 of the hippocampus of epileptic mice, while it was co-
expressed with NeuN, a neuron-specific marker, and with
glial fibrillary acidic protein (GFAP), a specific astrocyte
marker (n = 5, Fig. 2).

3.3 Detection of AAV Transfection Rate

Four weeks after bilateral stereoscopic injection
of AAV-FKBP51-shRNA in the hippocampal CA1, im-
munofluorescence revealed the expression of fluorescent
proteins in the hippocampal CA1 and CA3 (Fig. 3A–
C). Western blotting was used to detect the expression
of FKBP51 protein in the hippocampus after inhibition
of each sequence. The results indicated that the ex-
pression of FKBP51 protein decreased in the transfection
group compared to the PTZ+AAV-GFP group. The AAV-
FKBP51-shRNA1 sequence inhibited approximately 7.3%
expression of FKBP51 protein (α’ > 0. 0083), while the
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Fig. 2. Localization of FKBP51 in epileptic brain tissue detected by immunofluorescence FKBP51 was expressed in the CA1 in
the hippocampus of epileptic mice. White arrows indicate co-expression with GFAP and NeuN (n = 5). The scale bar represents 50
µm. GFAP, Glial fibrillary acidic protein; DAPI, 4′,6-diamidino-2-phenylindole.

Fig. 3. Injection site and the selection of AAV-FKBP51-shRNA sequences. (A) According to the mouse atlas, the injection site is bilat-
erally symmetrical. (B) The AAV-FKBP51-shRNA stereotaxic injection procedure. (C) The fluorescence map of lentivirus transfection
4 weeks after injection of AAV-FKBP51-shRNA into hippocampal CA1 and CA3 of mice. The scale bar = 200 μm. (D,E) Three AAV-
FKBP51-shRNA sequences infection efficiency in normal mice after 4 weeks of AAV-FKBP51-shRNA transfection (n = 5, ANOVAs: F
= 21.663, p = 0.0039 < 0.01; Bonferroni post-hoc test, *α’ < 0.0083 vs. Con group). (F,G) Expression of FKBP51 in hippocampal tis-
sues of mice transfected with Gon, AVV-GFP and AAV-FKBP51-shRNA3 (n = 5, ANOVAs: F = 65.329, p = 0.0085< 0.01; Bonferroni
post-hoc test, *α’ < 0.0167 vs. AAV-FKBP51-shRNA3 group). AAV-FKBP51-shRNA, adeno-associated virus-FK506-binding protein
51-small hairpin RNAs; GFP, green fluorescent protein.
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Fig. 4. Effects of FKBP51 on seizure grade and seizure latency in mice. (A,B) The seizure grades and latent period in the PTZ+AAV-
FKBP51-shRNA group were significantly decreased compared to those in theModel group and PTZ+AAV-GFP group (n = 20, ANOVAs:
F = 17.490, p = 0.007 < 0.01, Bonferroni post-hoc test, *α’ < 0.0167 vs. AAV-FKBP51-shRNA group); (C) Images of grade 4 and 5
seizures in mice.

Fig. 5. Effect of endogenous FKBP51 inhibition on apical dendritic spines in CA1 of the hippocampus. (A) The distribution of
apical dendritic spines in the hippocampal CA1 and local enlarged images of the Con group, Model group, PTZ+AAV-GFP group, and
PTZ+AAV-FKBP51-shRNAgroup are shown. The scale bar = 200 μm, Upper; The scale bar = 50 μm, lower part. (B) The apical dendrites
of the CA1 of the hippocampus in the Con group, Model group, PTZ+AAV-GFP group, and PTZ+AAV-FKBP51-shRNA group under oil
microscope. The scale bar = 50 μm. (C) The top dendrites and bottom dendrites in CA1 (selected from the Model group). The scale bar
= 200 μm. (D) The statistical histogram of apical dendritic spine density in the hippocampal CA1 of each group (n = 5, ANOVAs: F =
8.498, p = 0.007 < 0.01, Bonferroni post-hoc test, *α’ < 0.0083 vs. Con group, #α’ < 0.0083 vs. PTZ+AAV-FKBP51-shRNA group).
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Fig. 6. Effect of endogenous FKBP51 inhibition on synaptic ultrastructure. (A) Clear synaptic structure (selected from Con group),
presynaptic membrane (prm), synaptic cleft (sc), synaptic vesicles (sv), postsynaptic density (PSD), and other structures visible in the
synaptic structure of the CA1 of the mouse hippocampus. The scale bar = 1 μm. (B) Representation of spherical synaptic vesicles in the
presynaptic membrane of the Con group, Model group, PTZ+AAV-GFP group, and PTZ+AAV-FKBP51-shRNA group. The scale bar =
1 μm. (C) Representation of synaptic gap and postsynaptic density in Con group, Model group, PTZ+AAV-GFP group, and PTZ+AAV-
FKBP51-shRNA group. The scale bar = 1 μm. (D–F) Statistical histograms of spherical synaptic vesicles, synaptic gap, and PSD95
thickness in the presynaptic membrane of each group, respectively (n = 5, Synaptic Vesicles: ANOVAs: F = 53.076, p = 0.00013< 0.01,
Synaptic Gap: ANOVAs: F = 0.347, p = 0.347 > 0.05, PSD95 thickness: ANOVAs: F = 5.310, p = 0.026 < 0.05, Bonferroni post-hoc
test, Synaptic Vesicles: *α’ < 0.0083 vs. Con group, #α’ < 0.0083 vs. PTZ+AAV-FKBP51-shRNA group, PSD95 thickness: *α’ <
0.0083 vs. Con group).

AAV-FKBP51-shRNA2 sequence inhibited approximately
44.0% expression of FKBP51 protein (α’ < 0.0083). The
AAV-FKBP51-shRNA3 sequence inhibited approximately
53.5% expression of the FKBP51 protein (α’ < 0.0083,
Fig. 3D,E). Thus, the AAV-FKBP51-shRNA3 sequence
with the highest inhibitory efficiency was used for all ex-
periments. Moreover, after injection of the AAV-FKBP51-
shRNA3, the expression of FKBP51 was significantly de-
creased compared to the Con group and AVV-GFP group
(α’ < 0.0167, Fig. 3F,G). (n = 5, the original figures of
western blot can be found in the Supplementary Fig. 3).

3.4 Effects of FKBP51 on Seizure Score and Seizure
Latency in Mice

Behavioral results demonstrated that after intraperi-
toneal injection of PTZ, the seizure grade score of mice in
the PTZ+AAV-FKBP51-shRNAgroupwas significantly in-
creased and the seizure latency was shortened considerably
compared to the model group and PTZ+AAV-GFP group (n
= 20, α’ < 0.0167, Fig. 4). These results indicate that in-
hibition of endogenous FKBP51 shortened seizure latency
and increased the seizure grade score in mice.

3.5 Effects of FKBP51 on Dendritic Spines

Dendritic spines are functional units of excitatory
synapses involved in synaptic transmission. We observed
the apical dendritic spines in the CA1 of the hippocampus
within each group using Golgi staining. The results were
as follows. Compared to the Con group, apical dendritic
spines increased significantly in the Model group, with a
statistically significant difference (α’ < 0.0083). Com-
pared to the Model group and PTZ+AAV-GFP group, the
dendritic spine density in the PTZ+AAV-FKBP51-shRNA
group increased, with a statistically significant difference
(α’ < 0.0083) (n = 5, Fig. 5).

3.6 Effects of FKBP51 on Synaptic Ultrastructure

The ultrastructure of synapses in the CA1 of the hip-
pocampal tissue of mice in each group was observed using
transmission electron microscopy. Subsequently, synaptic
parameters (number of spherical synaptic vesicles per 10
µm2, PSD thickness, and synaptic gap width) were statisti-
cally analyzed. The results, which are illustrated in Fig. 6 (n
= 5, scale: 1 µm, magnification: 10,000× times), revealed
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Fig. 7. Expression of PSD95 and SYP after decreasing the expression of FKBP51. (A–D) “Total PSD95 and SYP” and “PSD95
and SYP after extraction of synaptosomes” expression in the Model group, PTZ+AAV-GFP group, and PTZ+AAV-FKBP51-shRNA
group after inhibition of endogenous FKBP51. (E) Statistical histogram of the expression of PSD95 and SYP before extracting the
synaptosomes (n = 5, SYP: ANOVAs: F = 0.221, p = 0.808 > 0.05; PSD95: ANOVAs: F = 0.117, p = 0.891 > 0.05). (F) Statistical
histogram of the expression of PSD95 and SYP after extracting the synaptosomes (n = 5, SYP: ANOVAs: F = 0.385, p = 0.696 > 0.05;
PSD95: ANOVAs: F = 18.068, p = 0.003 < 0.01; Bonferroni post-hoc test, *α’ < 0.0167 vs. AAV-FKBP51-shRNA group).

the following: (1) synaptic vesicles: a uniform distribution
of spherical synaptic vesicles was observed in the CA1 of
the hippocampus of mice in all groups. Compared to the
Con group, the number of spherical synaptic vesicles per 10
µm2 was significantly increased in the Model group (α’ <
0.0083, Fig. 6D). Similarly, compared to the Model group
and PTZ+AAV-GFP group, the number of spherical synap-
tic vesicles per 10 µm2 in the PTZ+AAV-FKBP51-shRNA
group was significantly increased (α’ < 0.0083, Fig. 6D).
(2) PSD thickness: PSD thickness was significantly in-
creased in the model group compared to the Con group
(α’ < 0.0083, Fig. 6F). There was no significant differ-
ence in PSD thickness among the model group, PTZ+AAV-
GFP group, and PTZ+AAV-FKBP51-shRNA group (α’ >
0.0083, Fig. 6F). (3) Synaptic gap width: between the
groups, there were no significant differences (α’> 0.0083,
Fig. 6E) (n = 5, Fig. 6).

3.7 Expression of PSD95 and SYP in Hippocampal Tissues
of Mice in Each Group after 4 Weeks of Successful
Transfection with Adeno-Associated Virus

A mouse model of epilepsy was induced by intraperi-
toneal PTZ injection 4 weeks after stereoscopic AAV-
FKBP51-shRNA injection into the CA1 of the bilateral hip-
pocampus. After successful modeling, bilateral hippocam-
pal tissues of each group of mice were analyzed using
western blotting. The results revealed that after endoge-
nous FKBP51 inhibition, there were no significant differ-

ences in PSD95 and SYP protein expression in the model
group, PTZ+AAV-GFP group, or PTZ+AAV-FKBP51-
shRNA group (α’ > 0.0167, Fig. 7A,B,E). After extrac-
tion of synaptosomes from the hippocampus, PSD95 pro-
tein expression in the PTZ+AAV-FKBP51-shRNA group
was significantly higher than that in the model group and
PTZ+AAV-GFP group (α’ < 0.0167, Fig. 7D,F), whereas
SYP expression was not significantly different (α’ >

0.0167, Fig. 7C,F). (n = 5, Fig. 7 and the original figures
of western blot can be found in the Supplementary Fig.
4).

4. Discussion
The pathophysiology of epilepsy has been the subject

of many studies in recent years, including signaling path-
ways, ion channels, receptors, proteins, and enzymes [42–
44]. This study is the first to demonstrate the involvement
of FKBP51 in the development of epilepsy. Our findings
suggest that FKBP51 may regulate the expression of the
synaptic plasticity-related protein PSD95, dendritic spine
density, and the number of synaptic vesicles in the hip-
pocampal CA1 region, thereby functioning as an endoge-
nous protective factor in epilepsy development. Our study
assessed FKBP51 protein expression in the hippocampus
of PTZ- and KA-induced epileptic mice. The results re-
vealed that the expression of FKBP51 protein increased in
both the PTZ-induced epileptic model and the KA-induced
epileptic model. No significant differences were observed
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in the total expression of PSD95 and SYP proteins. How-
ever, in the hippocampal synaptosomes in the Model group,
the expression of PSD95 and SYP decreased. Addition-
ally, subcellular localization by immunofluorescence re-
vealed that FKBP51 was mainly localized in the neuronal
cell membrane and was partially expressed in astrocytes.
A study has demonstrated that astrocytes are involved in
epilepsy development in various ways [45]. Araque et al.
[46] reported that astrocytes not only provide support and
nutrition to neurons but also participate in the modulation
of synaptic transmission and synaptic plasticity. Further-
more, astrocytes are involved in the modulation and release
of neurotransmitters associated with epileptic seizures, en-
hancing synaptic transmission and neuronal excitability,
which contributes to the development of epilepsy [47,48].
Based on these results, we used AAV-FKBP51-shRNA to
inhibit endogenous FKBP51 protein expression. We found
that inhibiting endogenous FKBP51 significantly shortened
seizure latency and increased seizure scores. These results
indicate that FKBP51 is involved in seizure occurrence as
an endogenous protective factor.

After establishing a correlation between FKBP51 and
epilepsy, we further investigated the effects of FKBP51
on the synaptic plasticity of hippocampal neurons in mice.
Previous researchers have identified dendritic spines as
the postsynaptic sites of most excitatory glutamatergic
synapses [49,50]. Neuronal dendritic branches and spines
integrate most excitatory synaptic inputs required for nor-
mal synaptic transmission in themammalian cortex and hip-
pocampus, directly affecting the excitability of neurons and
leading to epileptic seizures [51]. A previous study found
that increased dendritic spine density increases neuronal ex-
citability [52]. However, decreased dendritic spine density
decreases seizure duration and scores [53,54]. In addition, it
was recently suggested that changes in dendritic spine mor-
phology or numbers can disrupt the balance between excita-
tion and inhibition in the brain, leading to epileptic seizures
[51]. Our study found that inhibiting endogenous FKBP51
increased the density of dendritic spines, indicating that
FKBP51 increased susceptibility to seizures by increasing
dendritic spine density. However, current research results
regarding the effects of FKBP51 on neuronal excitability
are inconsistent. Most studies demonstrated that inhibiting
the expression of FKBP51 promotes dendrites and dendritic
spine growth, thereby increasing neuronal excitability [23–
25,55]. Conversely, another study indicated that FKBP5
knockout reduces neuronal excitability [26]. Our findings
align with most studies, as we observed increased dendritic
spine density after inhibiting endogenous FKBP51.

Synapses, introduced in 1897, are asymmetric inter-
cellular junctions that mediate rapid point-to-point com-
munication between neurons or between neurons and mus-
cles or glands [56,57]. Chemical or electrical junctions are
the two main types of communication. Since they release
neurotransmitters, most synapses are considered chemical

in the CNS and spinal cord [57]. Chemical synapses are
mainly categorized into two types (Type I and Type II) [58].
Type I synapses (asymmetric synapses) have a higher post-
synaptic density than presynaptic vesicles, and their synap-
tic vesicles are spherical or round. These synapses are gen-
erally considered to be excitatory and are mainly distributed
on dendritic spines, shafts, and cell bodies. In Type II
synapses (symmetric synapses), the pre- and postsynaptic
membranes have less dense substances, and their synaptic
vesicles are flat or pleomorphic. These synapses are gen-
erally considered inhibitory and are mainly distributed on
dendritic shafts and cell bodies [58]. Synapses are the basic
elements of neural circuits and networks that communicate
all aspects of brain function [59]. Many neuropsychiatric
diseases are thought to be caused by pathological changes
in synaptic structure and function, such as autism spec-
trum disorder, schizophrenia, obsessive-compulsive disor-
der, depression, Alzheimer’s disease, and epilepsy [60–
64]. A study has indicated that the remodeling of neuronal
synaptic structures is involved in epilepsy occurrence [65].
Abnormal synaptic connections between neurons gradually
enhance neuronal excitability, thereby increasing the sus-
ceptibility to spontaneous seizures in epilepsy [7,8]. In this
study, we observed spherical or round synaptic vesicles in
the presynaptic membrane of the mice hippocampus. Com-
pared to the Con group, the number of spherical synap-
tic vesicles in the presynaptic membrane of the CA1 area
increased in the model group. Furthermore, the number
of spherical synaptic vesicles in the PTZ+AAV-FKBP51-
shRNA group was further increased compared to that in the
model and PTZ+AAV-GFP groups.

Synaptic plasticity is mainly manifested by changes
in the synaptic morphology and density, and the forma-
tion of new synapses. A previous study has indicated that
appropriately narrowing the synaptic gap can increase the
concentration of neurotransmitters in the synaptic gap, en-
hance receptor activation in postsynaptic structures, and im-
prove synaptic information transmission [66]. Our study
only found that after inhibiting endogenous FKBP51, the
density of dendritic spines increased, which is consistent
with the results of Matosin et al. [22]. However, there
were no significant differences in synaptic gaps between
the groups, which suggested that synaptic gap is not di-
rectly responsible for the excitability of neurons, but it plays
a crucial role in the process of neurotransmitter transmis-
sion. Finally, the effects of endogenous FKBP51 inhibition
on synaptic plasticity-related proteins were examined. The
PSD is an electron-dense region attached to the postsynap-
tic membrane, critical for synaptic strength and plasticity
in excitatory neurons [67]. Numerous studies have demon-
strated that dysregulation of PSD underlies many CNS dis-
eases, such as depression, schizophrenia, autism spectrum
disorder, and neurodegenerative diseases [68–71]. These
include the PSD95, NMDA receptors, AMPA receptors,
calcium/calmodulin-dependent protein kinase II, and actin
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[67]. PSD95, a major synaptic protein, is crucial in excita-
tory synaptic transmission and postsynaptic density [72]. It
is essential for the plasticity of excitatory neurons, and over-
expression of PSD95 increases synaptic transmission [73].
This study found that after inhibiting endogenous FKBP51,
PSD95 expression increased, indicating increased synaptic
transmission. However, there was no significant change in
PSD thickness, possibly because the occurrence of epilepsy
had already significantly increased PSD thickness. Based
on this, the influence of FKBP51 on PSD thickness was not
obvious. It is also possible that the increased amount of
PSD95 synthesis was insufficient to cause a change in PSD
thickness.

A recent study has found that after FKBP5 knockout,
LTP, the frequency of mEPSC in the hippocampus, and the
expression of excitatory glutamate receptors are reduced
[26]. However, the correlation with epilepsy has not been
confirmed. The mechanisms underlying the association be-
tween FKBP51 and epilepsy need to be further explored.

5. Conclusions
Our study found that the expression of FKBP51 was

increased and the expression of SYP and PSD95 was de-
creased in epileptic mice. After inhibiting endogenous
FKBP51, the latency period shortened, and the severity of
seizures in mice increased. And after inhibition of FKBP51
in the mice’s hippocampus, PSD95 protein expression was
significantly increased, whereas SYP expression was not
changed. These findings indicate that FKBP51 may be in-
volved in the occurrence of epilepsy as an endogenous pro-
tective factor by regulating the expression of PSD95, hip-
pocampus CA1 region spine density, and number of synap-
tic vesicles. Consequently, FKBP51 may serve as a novel
target for epilepsy treatment.

6. Limitations
The primary constraint of this study is the limited sam-

ple size, which might have introduced statistical biases and
affected the generalizability of our results. The small num-
ber of mice might have increased variability and the risk of
Type I and Type II errors. Future studies with larger cohorts
are warranted to validate our findings and to further explore
the relationship between FKBP51, synaptic plasticity, and
susceptibility to epilepsy. Despite these limitations, our re-
sults provide a foundation for further investigation into the
molecular mechanisms underlying epilepsy. Additionally,
future research should include experiments to investigate
the role of FKBP51 within astrocytes and its potential im-
pact on epilepsy outcomes. Finally, the whole-cell patch
clamp technique should be incorporated in future studies to
examine the electrophysiological mechanisms of FKBP51
in epileptogenesis.
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