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Treadmill exercise improves hippocampal neural 
plasticity and relieves cognitive deficits in a mouse 
model of epilepsy

Abstract  
Epilepsy frequently leads to cognitive dysfunction and approaches to treatment remain limited. Although regular exercise effectively improves learning and 
memory functions across multiple neurological diseases, its application in patients with epilepsy remains controversial. Here, we adopted a 14-day treadmill-
exercise paradigm in a pilocarpine injection-induced mouse model of epilepsy. Cognitive assays confirmed the improvement of object and spatial memory 
after endurance training, and electrophysiological studies revealed the maintenance of hippocampal plasticity as a result of physical exercise. Investigations 
of the mechanisms underlying this effect revealed that exercise protected parvalbumin interneurons, probably via the suppression of neuroinflammation 
and improved integrity of blood-brain barrier. In summary, this work identified a previously unknown mechanism through which exercise improves cognitive 
rehabilitation in epilepsy.
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Introduction 
Epilepsy is one of the most common neurological diseases, affecting more 
than 70 million people worldwide (Fiest et al., 2017; Thijs et al., 2019). In 
addition to the repeated seizures and bouts of unconsciousness, epilepsy 
frequently leads to cognitive deficits, which severely affect patient quality of 
life (Sen et al., 2020). The major neurophysiological feature of epilepsy is the 
imbalance between excitation and inhibition across multiple brain regions, 
leading to hyperexcitability and hypersynchrony of the neuronal network in 
the brain (Devinsky et al., 2013; Qi et al., 2022). Neural circuit homeostasis is 
normally achieved via excitatory-inhibitory balance. In addition to excitatory 
glutamatergic neurons, parvalbumin (PV)-interneurons have also been 
reported to be linked with epilepsy pathogenesis (Jiang et al., 2016). Fast-
spiking PV-interneurons are critical for the generation of gamma oscillations, 
which are needed for information processing across brain regions (Kann, 
2016). In human brain slices, patients with temporal lobe epilepsy showed 
a decreased density of PV-positive chandelier cell boutons (Alhourani et al., 
2020), supporting the hypothesis of PV-interneuron dysfunction in epilepsy.

Physical exercise is an effective means to reduce the long-term risk of 
psychiatric and neurological diseases (Chekroud et al., 2018; Liu et al., 2022; 
Cheng et al., 2023; Tan et al., 2023). However, its potential value in epilepsy 

treatment remains highly debated. In the past, clinicians have recommended 
that patients restrict their activity due to safety considerations (Pimentel et 
al., 2015). These suggestions may somehow neglect the nature of seizure 
activity under an exercise paradigm, and recent views tend to agree that 
moderate physical exercise can improve the mental status and efficacy of 
drug treatments (Cavalcante et al., 2021). When tempting to determine 
the mechanism through which exercise affects epilepsy treatment, several 
independent studies have highlighted the role of brain-derived neurotrophic 
factor (de Almeida et al., 2017, 2018; Lin et al., 2019); however, these studies 
paid little attention to interneurons. Interestingly, regular exercise has been 
shown to protect hippocampal PV-interneurons under different disease 
models (Rizzo et al., 2021; Wang et al., 2021a). We thus hypothesized that 
daily exercise can improve epilepsy-related cognitive deficits by modulating 
PV-interneuron activity.

To test this hypothesis, we generated a mouse model of temporal lobe 
epilepsy with acute injections of pilocarpine (Curia et al., 2008). Using this 
model, we tested the effect of a 2-week treadmill-exercise paradigm (1 
hour daily) on cognitive function, specifically memory. We also investigated 
the neural substrate for any changes in memory capability, including long-
term potentiation (LTP) of hippocampal CA1 neurons, microglial activation, 
neuroinflammation, and the integrity of the blood-brain barrier (BBB).
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Methods   
Experimental animals
All animals used in this experiment were purchased from Guangdong 
Yancheng Biological Co., Ltd. (Guangzhou, Guangdong, China, Animal License 
SCXK (Yue) 2019-0010). Because estrogen levels can affect seizure episodes in 
mice (Wang et al., 2021b), we selected 5- to 6-week-old male ICR mice with 
approximate body weights of 30 g for the experiment. During the experiment, 
we adopted a normal 12-hour dark/light (lights on at 8 a.m.) circadian cycle, a 
temperature of 22 ± 2°C, a relative humidity of 60 ± 10%, and ad libitum food 
and water. The experimental procedures were approved by the Experimental 
Animal Use Committee of Jinan University (approved on February 27, 2019 
under approval No. 2019393). All experiments were designed and reported 
according to the Animal Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines (Percie du Sert et al., 2020).

Adult ICR mice were randomly divided into control and model groups. 
All epilepsy model mice received an injection of scopolamine (1 mg/kg, 
intraperitoneal, Sigma, St. Louis, MO, USA), followed after 30 minutes by an 
injection of pilocarpine (300 mg/kg, intraperitoneal, Wako, Osaka, Japan) to 
induce five bouts of acute epilepsy at Racine grade III or above. Lastly, we 
administered diazepam to terminate the acute status epilepticus (Racine, 
1972). The control group was injected twice with an equal volume (0.1 mL) 
of normal saline at the matched time points. We subdivided the model mice 
into an epilepsy-only (Pilo) group and an epilepsy-with-exercise (Pilo+Ex) 
group. Two days after acute pilocarpine injection, mice in the Pilo+Ex group 
began to receive 1 hour of exercise (10 m/min) on the treadmill apparatus 
(Dyets, Wuxi, China) every day for 14 days. The treadmill velocity was set at 
10 m/min, which can reach approximately 70–80% maximum cardiac load, 
and has been employed by most similar studies (Bhambhani et al., 1997). 
We also used a fourth group of mice (Pilo+PLX) whose normal mouse diet 
was changed to a special diet containing 0.12% PLX5622 (Sigma) on the 
second day after pilocarpine injection, and which lasted until day 14 after Pilo 
injection.

Evans blue assay
The animals in each group were injected with 2% Evans blue (Sigma) through 
their tail veins. One hour later, the mice were anesthetized by intraperitoneal 
injection of 10% pentobarbital sodium (100 mg/kg; Sigma). After saline 
perfusion, the brain tissue was weighed, fixed in formamide, homogenized 
with a sonicator (Sonics, Newtown, CT, USA), and incubated at 60°C for 24 
hours. After centrifugation, the supernatant was measured for absorbance at 
620 nm using a spectrophotometer (METASH, Shanghai, China). The standard 
curve was used to determine the content of Evans blue in the brain tissue.

Behavioral tests
Open-field test
The aim of the open-field test was to evaluate the general motor behavior 
and anxiety levels of the animal. On the 18th day after modeling, each test 
mouse was put into the corner of the arena inside a square box (50 cm × 50 
cm × 40 cm). Then, the mouse was allowed to move freely for 5 minutes. A 
computerized video-tracking system (Ethovision XT; Noldus, Wageningen, the 
Netherlands) was connected to an infrared camera, and software calculated 
the total distance moved during the 5-minute period (Sturman et al., 2018).

Novel object recognition test 
The novel object recognition test is commonly used for evaluating the 
working memory of the mouse. This assay was also performed on 18th day 
after modeling. In the learning phase, two identical objects (2× object A) were 
put into a 50 cm × 50 cm box, and the distance between the two objects 
was 25 cm. A mouse was put into the box in the center between the two 
objects and allowed to explore freely for 5 minutes while video was recorded 
throughout. The test phase began after 1 hour. In this phase, we replaced 
one object A with a new object (object B), which had the same texture and 
identical size as object A, but had different shapes. Because mice will spend 
more time exploring new objects (object B), the relative amount of time spent 
exploring the two objects can tell us whether or not a mouse recognizes (i.e., 
remembers) object A. In our test phase, we recorded video as mice explored 
the two objects for 5 minutes. A mouse was said to approach an object if 
they probed with their nose or mouth within 2–3 cm distance of the object 
(Lueptow, 2017). We counted the number of approaches to object A and 
object B, and calculated a recognition index (time spent exploring novel object 
B/total time in exploring object A and object B) as the preference toward the 
novel object during the test phase.

Y-maze test 
The Y-maze assay is another commonly used behavioral test for spatial 
memory function. This assay was performed on the 18th day after modeling. 
Each arm of the Y-maze was 35 cm long and 10 cm wide, and the angle 
between each arm was 120°. One of the arms was randomly selected as the 
“start arm”, another was the “familiar arm”, and the last one was the “novel 
arm”. The novel arm had a shutter that blocked its entrance. Each mouse was 
first allowed to freely explore the start arm and the familiar for 10 minutes. 
After 1 hour, the same mouse was placed in the Y-maze for a 5-minute test 
phase in which the shutter of the novel arm was opened so that it could also 
be freely explored. We recorded the latency of the mouse to enter the novel 
arm and how long it stayed in that arm. Like the novel object recognition test, 

this test relies on the mouse’s tendency to explore the unfamiliar, provided 
they can remember the familiar (Kraeuter et al., 2019).

Enzyme-linked immunosorbent assay
On the 18th day after modeling, mice were anesthetized, and the 
hippocampus was isolated and rinsed three times with pre-cooled 1× 
phosphate buffer saline (PBS). The tissue was mixed with 200 μL protein 
extract (Radioimmunoprecipitation assay buffer: protease inhibitor: 
phosphatase inhibitor = 100: 1: 1) and was completely homogenized using a 
sonicator. Tissue lysates were then incubated on ice for 30 minutes and were 
centrifuged. The supernatant was quantified using the bicinchoninic acid kit 
(Beyotime, Shanghai, China) according to the protein standard curve. The 
concentration of cytokines, including tumor necrosis factor-α (TNF-α) and 
interleukin-6 (IL-6), was measured using enzyme-linked immunosorbent assay 
kits (J&L Biological, Shanghai, China) according to the manuals’ instructions. 

Immunofluorescence staining
On the 18th day after modeling, mice were anesthetized and perfused with 
normal saline followed by 4% paraformaldehyde. The skull was opened to 
remove the whole brain tissue, which was put into 4% paraformaldehyde for 
24 hours of fixation. Gradient (15% and 30%) sucrose solutions were used 
to dehydrate the brain, which was then sectioned into 40 μm slices with 
a sliding microtome (Leica, Wetzlar, Germany). For immunofluorescence 
staining, the hippocampal slices were rinsed in 1× PBS and incubated in a 
500-μL blocking buffer for 2 hours. Brain slices were then transferred to the 
blocking solution containing primary antibody (PV, mouse, 1:1000, Sigma, 
Cat# P3088, RRID: AB_477329; NeuN, rabbit, 1:1000, Abcam, Cambridgeshire, 
UK, Cat# ab177487, RRID: AB_2532109; ionized calcium-binding adapter 
molecule 1 [Iba-1], rabbit, 1:1000, WAKO, Osaka, Japan, Cat# 019-19741, 
RRID: AB_839504; or CD68, rat, 1:1000, Abcam, Cat# ab53444, RRID: 
AB_869007) at 4°C overnight. Brain slices were then washed with 1× PBS and 
transferred to diluted secondary antibody (Donkey Anti-Rabbit [Alexa Fluor® 
647], 1:1000, Abcam, Cat# ab150075, RRID: AB_2752244; Donkey Anti-Rabbit 
[Alexa Fluor® 555], 1:1000, Invitrogen, Carlsbad, CA, USA, Cat# A32794, RRID: 
AB_2762834; Donkey Anti-Mouse [Alexa Fluor® 555], 1:1000, Invitrogen, 
Cat# A31570, RRID: AB_2536180; Donkey Anti-Rat [Alexa Fluor® 488, or 
mCherry conjugated), 1:1000, Invitrogen, Cat# A21208, RRID: AB_2535794; 
Goat Anti-Rabbit [Alexa Fluor® 488, or mCherry conjugated), 1:1000, Abcam, 
Cat# ab150077, RRID: AB_2630356; Goat Anti-Rabbit [Alexa Fluor® 594, or 
GFP conjugated), 1:1000, Abcam, Cat# ab150080, RRID: AB_2650602; or 
Goat Anti-Mouse [Alexa Fluor® 488, or mCherry conjugated), 1:1000, Abcam, 
Cat# ab150113, RRID: AB_2576208) for 2 hours at room temperature. After 
washing, brain slices were spread on an adhesive glass slide, and mounted 
with 4′,6-diamidino-2-phenylindole-containing mounting medium (Thermo 
Fisher Scientific, Belmont, MA, USA). Finally, a fluorescent microscope (Zeiss, 
Batenfuburg Prefecture, Germany) was used for image acquisition and the 
analysis of cell density aided performed by ImageJ (NIH, Bethesda, MA, USA).

Morphological analysis of microglia
Morphological characteristics (synaptic length and number of intersections) 
of microglia in the hippocampus were evaluated by Sholl analysis. First, a 
single microglia skeleton was drawn using Neurolucida360 (MBF Bioscience, 
Williston, ND, USA) for each hippocampus image using a Zeiss LSM700 
confocal laser microscope at 20× zoom, and then Sholl analysis was performed 
using Neurolucida Explorer (MBF Bioscience). Concentric circles were drawn 
with the cell bodies of microglia cells as the center, with a starting radius of 
10 μm, increasing outward by 10 μm at a time.

Electrophysiological recording
On the 18th day after modeling, electrophysiological recording was performed. 
Artificial cerebrospinal fluid (aCSF; comprising 126 mM NaCl, 2.5 mM KCl, 1.25 
mM NaH2PO4, 10 mM glucose, 26 mM NaHCO3, 2 mM CaCl2, and 2 mM MgCl2) 
was added with 5 μM γ-aminobutyric acid (GABA) during the perfusion. The 
aCSF was prepared in a 33°C water bath for 1 hour and was continuously 
perfused with oxygen. The slicing solution (comprising 85 mM NaCl, 75 mM 
sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM glucose, 24 mM NaHCO3, 
0.5 mM CaCl2, and 4 mM MgCl2) was prepared on ice and was bubbled with 
oxygen for 1 hour. 

Mice were first anesthetized with isoflurane for 5 minutes (0.50%; RWD, 
Shenzhen, China) and quickly decapitated. The whole brain was immediately 
extracted and placed in a VibroTome (Leica) to prepare 400-μm thick coronal 
sections that included the hippocampus. The slices were quickly transferred 
to the aCSF, and after incubation for 1 hour, electrophysiological experiments 
were performed using the AXON patch-clamp system (Molecular Devices, 
San Jose, CA, USA). The paired-pulse ratio (PPR) was calculated as the ratio 
of evoked excitatory potentials between two consecutive stimuli. During LTP 
electrophysiological recording, the recording electrode was placed in the 
CA1 radiation layer (using aCSF as the internal buffer of the electrode). The 
stimulating electrode was placed to the left side of the recording electrode 
to stimulate the Schaeffer collateral, and the field excitatory postsynaptic 
potential (EPSP) was measured. Before measuring the baseline, input-
output curves were drawn to determine the stimulus intensity up to half 
of the maximum field EPSP slope for subsequent experiments and LTP was 
recorded 10 minutes after high-frequency stimulation. All field EPSP slopes 
were measured between 30–60 minutes after recording had begun. The 
experimental results were processed with Clampfit 10.4 (Molecular Devices).
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Quantitative polymerase chain reaction
On the 18th day after modeling, total RNA was extracted from hippocampal 
tissue using an RNA extraction kit, according to the manufacturer ’s 
instructions. RNA purity was measured with a spectrophotometer (METASH, 
Shanghai, China). A total of 1 μg RNA was added to the in vitro reverse-
transcription system (Sangon Biotech, Shanghai, China) to produce 
complementary DNA, and was stored at –20°C. A SYBR Green kit (Takara, 
Beijing, China) was used for the quantitative polymerase chain reaction (PCR), 
using the Gapdh gene as the internal reference. The relative gene expression 
was analyzed using the 2–ΔΔCt method (Arocho et al., 2006). Primer sequences 
were as follows: Claudin-5-forward, 5′-GCAAG GTGTA TGAAT CTGTG CT-3′; 
reverse, 5′-GTCAA GGTAA CAAAG AGTGC CA-3′; Gapdh-forward, 5′-AGGTC 
GGTGT GAACG GATTT G-3′; reverse, 5′-TGTAG ACCAT GTAGT TGAGG TCA-3′. 
The PCR parameters were as follows: 95°C × 30 seconds (95°C × 5 minutes, 
plus 60°C × 30 seconds); 40 cycles; ending with 95°C × 30 seconds, 60°C × 
30 seconds, 95°C × 15 seconds. The expression level was normalized against 
Gapdh gene. 

Statistical analysis 
All results were processed using GraphPad Prism (version 8.0.0 for Windows, 
GraphPad Software, San Diego, CA, USA, www.graphpad.com). All data are 
presented as mean ± standard error of the mean (SEM). Student’s t-test was 
used for comparing two groups, and a one-way analysis of variance (ANOVA) 
was used to compare among three groups, followed by Tukey’s post hoc 
comparisons. For the analysis of two-factors, two-way ANOVA was performed 
in conjunction with Tukey’s post hoc comparisons. The significance level was 
set as α = 0.05.

Results
Treadmill exercise relieves memory deficits and improves hippocampal 
neural transmission in the epilepsy mouse model 
Epilepsy is frequently associated with cognitive dysfunction (Braun, 2017), 
including poor memory. We investigated whether or not regular exercise helps 
improve memory impairments by making a mouse model of epilepsy, allowing 
the model mice to use an exercise treadmill for two weeks (1 per day; Figure 
1A), and then evaluating their memory function. An open-field assay showed 
no change in total distance (Figure 1B) covered, suggesting intact locomotor 
activity after daily exercise. We used a novel object recognition test to test 
short-term object memory (Figure 1C). The recognition index showed that 
the Pilo group exhibited impaired object discrimination, while the Pilo+Ex 
group exhibited higher object recognition index compared to Pilo group (one-
way ANOVA, P = 0.0142; Figure 1D). In a second assay employing the Y-maze 
(Figure 1E), we again saw evidence of impaired memory (longer latency to 
enter the novel arm and shorter durations exploring it) in the Pilo group and 
improvements (in terms of latency and preference for the novel arm) in the 
Pilo+Ex group (one-way ANOVA, P = 0.0008; Figure 1F; one-way ANOVA, P = 
0.0002; Figure 1G). These results collectively suggest the retention of normal 
short-term memory function in the epileptic mice after regular physical 
exercise.

To find the neural substrate of these behavioral improvements, we focused 
on plasticity of hippocampal CA1 neurons because the CA1 is a critical region 
involved in memory-related cognition (Klausberger and Somogyi, 2008). We 
calculated PPRs to test the short-term plasticity of CA1 neurons, as the ratio 
of the second pulse to the first pulse usually correlates with LTP under a 
paired stimulation with a fixed interval paradigm (Kleschevnikov et al., 1997). 
In our assay, the PPR in Pilo group increased with shorter stimulation intervals 
(Figure 1H), suggesting elevated excitability in the epilepsy model. However, 
physical exercise decreased PPRs in the Pilo group (two-way ANOVA, P = 
0.0001; Figure 1H). We also measured LTP in CA1 slices. Neurons in the CA1 
of the Pilo group exhibited impaired LTP maintenance, while those from the 
Pilo+Ex group showed enhanced LTP strength obtained from control group 
CA1 neurons (Figure 1I and J). Therefore, regular exercise effectively improved 
hippocampal memory function to baseline levels. 

Physical exercise relieves neuroinflammation and prevents PV-interneuron 
depopulation in the mouse model of epilepsy 
Hippocampal synaptic plasticity is under tight control of PV-interneurons 
(Seo et al., 2021), which have been reported to be the phagocytotic target 
of microglial cells (Crapser et al., 2020). Since epilepsy frequently induces 
neuroinflammation and microglial activation (Jiang et al., 2021), we next 
investigated the potential involvement of microglial cells and PV-interneurons 
in the exercise effect. Immunofluorescence staining showed that the 
density of PV-interneurons in the dentate gyrus (DG) and CA1 regions of 
hippocampus were markedly lower in the Pilo group than in controls. In 
contrast, PV-interneuron density was increased in the Pilo+Ex group (Figure 
2A–C). Moreover, we found that compared with controls, the density of 
microglial cells was higher in the Pilo group, and the microglial population was 
decreased in the Pilo+Ex group (Figure 2D and E). 

The reactivity of microglial populations has been characterized by the 
presence of lysosomal protein CD68 (Bernal et al., 2002). We found that CD68 
levels were elevated in Pilo group, and this was significantly alleviated in 
Pilo+Ex group (Figure 3A and B). We also performed a morphometric study of 
individual microglial cell dendrites (Figure 3C), and analysis showed decreased 
dendritic complexity in the model mice, as well as the improvement of 
cellular morphology in the model mice that were allowed to exercise (Figure 
3D and E). The morphometric data and the lower levels of inflammation after 
exercise (indexed by levels of inflammatory cytokines: interleukin-6 and tumor 
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Figure 1 ｜ Physical exercise helps maintain memory function and synaptic plasticity 
in a muse model of epilepsy. 
(A) Experimental schedules. (B) No significant change of total distance in the open field 
(one-way ANOVA followed by Tukey’s post hoc comparisons; F(2,12) = 0.03448, P = 0.9662). 
(C) Example animal movement paths in the novel object recognition task. (D) Pilocarpine 
reduced mouse preference toward the novel object, and exercise prevented this from 
happening (one-way ANOVA followed by Tukey’s post hoc comparisons; F(2,12) = 6.193, P 
= 0.0142). n = 5 mice in each group in B–D. (E) Schematic illustration of the Y-maze task. 
(F) The Pilo group showed longer latency to enter the novel arm, and exercise training 
decreased this latency (one-way ANOVA followed by Tukey’s post hoc comparisons; F(2,18) 
= 10.97, P = 0.0008). (G) The Pilo group displayed decreased preference for the novel 
arm, while this effect was absent in the Pilo+Ex group (one-way ANOVA followed by 
Tukey’s post hoc comparisons; F(2,18) = 14.08, P = 0.0002). n = 8 mice in each group in F 
and G. (H) Paired-pulse ratio was elevated in the Pilo group when stimulus intervals were 
short, and this hyperexcitability was missing after exercise in the Pilo+Ex group (two-way 
ANOVA with group factor; F(2,129) = 9.834, P = 0.0001). n = 10 neurons from three mice 
in each group. (I) Neurons in brain slices from the model group could not maintain LTP. 
Neurons in brain slices obtained from the Pilo+Ex group displayed normal LTP (two-way 
ANOVA with group factor; F(2,1471) = 289.1, P < 0.0001). (J) The fEPSP slope showed similar 
trends as it was abnormal in slices from the Pilo group and normal in slices from the 
Pilo+Ex group (one-way ANOVA followed by Tukey’s post hoc comparisons; F(2,10) = 20.41, 
P = 0.0003). n = 4 mice in each group in I and J. All data are presented as mean ± SEM. 
ANOVA: Analysis of variance; Ex: exercise; LTP: long-term potentiation; ns: no significant 
difference; Pilo: pilocarpine; PPR: paired-pulse ratio.

necrotic factor-α; Figure 3F and G) converged to support the conclusion that 
neuroinflammation improved as a result of treadmill exercise.

To further illustrate the role of neuroinflammation in the depopulation of PV-
interneurons during epilepsy, we fed mice PLX5622, an inhibitor of colony-
stimulating factor 1 receptor, to eliminate microglial cells (Walter and Crews, 
2017). Two-week oral administration of PLX5622 effectively decreased the 
density of microglial cells in hippocampus (Figure 4A–C). As a consequence, 
PV-interneuron density was markedly elevated in Pilo group (Figure 4D; one-
way ANOVA, P < 0.0001; Figure 4E; one-way ANOVA, P = 0.0007; Figure 4F), 
supporting the role of microglial cells in depleting the hippocampus of PV-
interneurons. Moreover, behavioral assays showed that PLX5622 treatment 
improved memory performance in Pilo treated mice (one-way ANOVA, P = 
0.1846; Figure 4G; one-way ANOVA, P = 0.0005; Figure 4H; one-way ANOVA, 
P = 0.0003; Figure 4I; one-way ANOVA, P < 0.0001; Figure 4J), highlighting the 
participation of neuroinflammation in the pathogenesis of epilepsy-associated 
memory deficits. 

Exercise helps maintain the integrity of the BBB in the mouse model of 
epilepsy
Lastly, to further investigate the neuroinflammation mechanism in this 
epilepsy model, we examined the permeability of the BBB, whose leakage 
amplifies the severity of neuroinflammation (Takata et al., 2021). After 
intravenous injection of Evans blue dye, the Pilo group of mice consistently 
showed higher concentrations of dye in brain tissue than did the control 
group (Figure 5A and B), suggesting that the BBB is compromised in this 
epilepsy model. Conversely, exercise improved BBB function, as evidenced 
the lower amounts of dye in the brain (Figure 5C). Additionally, we further 
assessed the structural integrity of the BBB by quantifying expression levels 
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Figure 2 ｜ Exercise suppresses neuroinflammation and restores PV-interneurons in 
the mouse model of epilepsy. 
(A) Immunofluorescence images of PV-interneurons (mCherry, red) in hippocampal 
DG and CA1. (B) PV-interneuron density in the DG was lower in the Pilo group than 
in controls, and higher in the Pilo+Ex group than in the Pilo group (one-way analysis 
of variance followed by Tukey’s post hoc comparisons, F(2,11) = 6.365, P = 0.0146). 
(C) PV-interneurons in the CA1 were also preserved after treadmill exercise (one-
way ANOVA followed by Tukey’s post hoc comparisons; F(2,11) = 12.96, P = 0.0013). (D) 
Immunofluorescence staining of microglial cells by Iba-1 (green, Alexa Fluor® 594). 
Scale bars: 100 μm in A and D. (E) Microglial population was larger than normal after 
pilocarpine treatment and this effect was suppressed after exercise (one-way ANOVA 
followed by Tukey’s post hoc comparisons; F(2,11) = 14.93, P = 0.0007). All data are 
presented as mean ± SEM (n = 4, 5, and 5 mice in control, Pilo, and Pilo+Ex groups, 
respectively). ANOVA: Analysis of variance; DG: dentate gyrus; Ex: exercise; Iba-1: ionized 
calcium-binding adapter molecule 1; Pilo: pilocarpine; PV: parvalbumin.
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Figure 3 ｜ Activation of microglial cells and neuroinflammation in the mouse model 
of epilepsy with regular exercise.  
(A) Immunofluorescence staining of microglial cells and their reactivity via Iba-1 (GFP, 
green) co-labeling with CD68 (mCherry, red). Scale bar: 100 μm. (B) The activated 
microglial population was significantly suppressed after regular exercise (one-way ANOVA 
followed by Tukey’s post hoc comparisons; F(2,9) = 87.29, P < 0.0001. n = 3, 4 and 5 mice 
in control, Pilo, and Pilo+Ex groups, respectively). (C) Upper panels, fluorescent images of 
representative microglial cells. Lower panels, reconstructions of cellular process contours. 
Scale bar: 20 μm. (D) The total microglia process length was smaller than normal in 
neurons from the Pilo group, and this effect was absent in neurons from the Pilo+Ex group 
(two-way ANOVA with respect to the interaction between group and radius factor; F(6,343) 
= 2.923, P = 0.0086). (E) Microglial process intersected fewer arbitrary concentric circles 
in neurons from the Pilo group, and those effects were absent from the Pilo+Ex group 
(two-way ANOVA with respect to the interaction effect; F(6,343) = 3.230, P = 0.0042). N = 20 
cells from four mice in each group in D and E. (F) IL-6 concentration in the hippocampus 
was elevated in the Pilo group and not elevated in the Pilo+Ex group (one-way ANOVA 
followed by Tukey’s post hoc comparisons; F(2,18) = 11.24, P = 0.0007). (G) TNF-α levels in 
the Pilo+Ex groups were also lower than those in the Pilo group (one-way ANOVA followed 
by Tukey’s post hoc comparisons, F(2,18) = 21.96, P < 0.0001). n = 7 mice per group in F 
and G. All data are presented as mean ± SEM. ANOVA: Analysis of variance; DG: dentate 
gyrus; Ex: exercise; GFP: green fluorescent protein; Iba-1: ionized calcium-binding adapter 
molecule 1; IL-6 interleukin-6; Pilo: pilocarpine; TNF-α: tumor necrosis factor-α.

of Claudin-5 (Cldn5), a critical component of the vascular barrier (Yang et al., 
2021). We found that pilocarpine treatment significantly decreased Claudin-5 
levels, and that either regular exercise or PLX5622 increased its expression 
levels (Figure 5D). PLX5622 treatment also reduced the reactivity of microglial 
cells, as evidenced by lower CD68 fluorescent-signal intensity (Figure 5E 
and F). In summary, our molecular, electrophysiological, and behavioral 
data converged to show that hippocampal plasticity and memory function 
improved in a mouse model of epilepsy after 2 weeks of regular exercise. 

Discussion
Cognitive deficits are prominent symptoms in patients with epilepsy (Sen 
et al., 2020; Chen et al., 2023), while few effective drugs are currently 
available. Our work identified treadmill exercise as a potential intervention 
that protected normal learning and memory functions in our mouse model 
of epilepsy. Interrogation of neural mechanisms identified an unchanged PV-
interneuron population as a key factor that allowed the retention of synaptic 
plasticity in the hippocampus. 

For the treatment of epilepsy, currently available drugs primarily target 
specific ion channels to attenuate the hyperexcitation and hypersynchrony 
of neuronal network activity (Manford, 2017). However, drug-resistance is 
prevalent and largely impedes pharmacological treatments, thus calling for 
alternative treatment approaches (Thijs et al., 2019). Neurosurgery has been 
used for drug-resistant focal epilepsy, and neuromodulation or deep brain 
stimulation devices are also being adopted (Sen et al., 2020; Ryvlin et al., 
2021). Beyond these invasive approaches that attempt to relieve refractory 
epilepsy, lifestyle interventions are worth further investigation. Here, we 
tested the effect of physical exercise on memory function using a mouse 
model of epilepsy. The positive effect of exercise intervention has been 
widely accepted across numerous psychiatric or neurological diseases. In 
patients with epilepsy, however, motor activity is frequently restricted due to 
safety concerns. Nevertheless, there are a growing number of clinical trials 
that have tested the effect of regular exercise in patients with epilepsy. In 
recent reports, physical exercise was shown to improve cognitive function 
(Popp et al., 2021), functional connectivity across brain regions (Koirala et 
al., 2017), and overall health conditions (Zhang et al., 2022). Our work thus 
supports these human cohort studies and supports the application of exercise 
rehabilitation in cases of epilepsy. 

To investigate the potential neural substrate underlying this effect of 
exercise, we focused on modulation of inhibitory neurotransmission. After 
focal epilepsy emerges, PV-interneurons act as the “inhibitory barrier” that 
impedes its propagation (Cammarota et al., 2013). Increasing PV-interneuron 
depolarization could thus limit epileptiform activity (Călin et al., 2021). In fact, 
abnormal PV-interneurons activity has been identified as a factor in epilepsy 

pathogenesis. For example, the ablation of voltage-gated Cav2.1 Ca2+ channels 
in PV-interneurons impairs fast spiking and leads to generalized seizures 
(Rossignol et al., 2013). PV-positive chandelier cell boutons have been 
reported to be fewer than normal in human brain slices from patients with 
temporal lobe epilepsy (Alhourani et al., 2020), supporting the hypothesis 
that PV-interneurons are dysfunctional in epilepsy. As a result, studies have 
proposed a neuromodulatory approach that targets GABAergic transmission 
as a potential treatment for epilepsy. One study reported that the direct 
activation of GABAergic interneurons prevented motor seizures in a kainite-
induced model of epilepsy (Jiang et al., 2018), and another study found that 
cannabidiol restored hippocampal PV-interneuron function in a model of 
temporal lobe epilepsy (Khan et al., 2018). In contrast to these other studies, 
our current study shows that regular exercise acts as a non-pharmaceutical, 
indirect treatment that achieves the same outcome; increased PV-interneuron 
inhibitory transmission. The relatively low cost, plus fewer adverse effects of 
physical exercise, make it a promising strategy for cognitive rehabilitation in 
patients with epilepsy.

In the current study, we found regular exercise effectively protected PV-
interneurons in the DG, and led to normal LTP in CA1 neurons. Indeed, 
the anatomical and functional evidence connecting the DG and CA1 has 
been previously demonstrated as some GABAergic neurons in the DG have 
projections to the contralateral CA1, providing output for information 
processing (Buckmaster et al., 2002; Yuan et al., 2017). Therefore, the effect 
of regular exercise on PV-interneurons helped to reshape the activity of local 
hippocampal circuits, aiding in the improvement of memory disfunctions. 
Similar alleviation of epilepsy via hippocampal PV-interneurons has been 
recently supported by another study in which an optogenetic approach was 
developed to maintain PV-interneuron activity, which reduced the probability 
of epileptiform activity (Călin et al., 2021).
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Figure 5｜ Exercise training maintained BBB integrity and relieved neuroinflammation 
in the mouse model of epilepsy.  
(A) Sample images of the whole brain stained with Evans blue. (B) Increased 
concentration of Evans blue dye was observed at 24 and 48 hours after pilocarpine 
injection (Student’s t-test, n = 3 mice per group in 24 hours, and 6 mice per group in 
48 hours). (C) Exercise training restored BBB function, as evidenced by less Evans blue 
leakage (one-way ANOVA followed by Tukey’s post hoc comparisons; F(2,13) = 5.132, P 
= 0.0028. n = 6, 5, and 5 mice in control, Pilo, and Pilo+Ex groups, respectively). (D) 
Expression of Cldn5 (Caludin-5) was lower than normal in the epilepsy model mice, 
and this trend was prevented by regular exercise or PLX5622 administration (one-
way ANOVA followed by Tukey’s post hoc comparisons; F(3,13) = 8.133, P = 0.0026. n 
= 5, 4, 4, and 4 animals in control, Pilo, Pilo+Ex, and Pilo+PLX5 groups, respectively). 
(E) Immunofluorescence staining of microglial cells and their reactivity via Iba-1 (GFP, 
green) co-labeling with CD68 (mCherry, red). Scale bar: 100 μm. (F) The population of 
activated microglial was smaller in model mice after PLX5622 treatment than when 
only pilocarpine was administered (one-way ANOVA followed by Tukey’s post hoc 
comparisons; F(2,9) = 82.83, P < 0.0001. n = 3, 4, and 5 mice in control, Pilo and Pilo+PLX 
groups, respectively). All data are presented as mean ± SEM. ANOVA: Analysis of 
variance; BBB: blood-brain barrier; Ex: exercise; GFP: green fluorescent protein; Iba-1: 
ionized calcium-binding adapter molecule 1; Pilo: pilocarpine. 

Interestingly, activated microglia seem to preferentially impair PV-interneuron 
function. In one of our ongoing studies, similar phenotypes have been 
replicated using a mouse model of neurodegenerative disease (data 
unpublished). Currently, two major hypotheses have been proposed. (i) 
The relatively high energy requirement (Ruden et al., 2021): Under normal 
physiological conditions, the fast-spiking feature of PV-interneurons confers 
a high energy demand (Kann et al., 2014), making them the primary target 
when cellular metabolism is disrupted, as it is by pilocarpine (Lee et al., 
2012). (ii) The disruption of the extracellular matrix around PV-interneurons: 
Perineuronal nets usually surround PV-interneurons to help them maintain 
normal function (Burket et al., 2021). Pilocarpine is known to affect the 
extracellular matrix of PV-interneurons in the hippocampus (Brenneke et 
al., 2004), and thus it is possible that the epilepsy model compromises 
perineuronal nets, leading to PV-interneuron damage. 

Epilepsy is associated with the activation of neuroinflammation, which 
aggravates neuronal damage via the complement pathway (Jiang et al., 2021). 
In a mouse model of audiogenic epilepsy, PV-interneurons showed dystrophy, 
in association with microglial activation plus elevated interleukin-6 and tumor 
necrotic factor-α levels (Yeung et al., 2018). Regular exercise was recently 
found to relieve neuroinflammation. For example, running exercise repressed 
hippocampal microglia proliferation in a mouse model of chronic stress (Xiao 
et al., 2021). Specifically, microglial phagocytosis can be modulated by regular 
training (Li et al., 2022). Because microglial cells eliminate interneurons from 
the brain network (Denizet et al., 2017; Crapser et al., 2020), we further 
proposed that exercise training would modulate microglial cell activation 
to protect the PV-interneuron population, and thus maintain normal 
hippocampal function.

The current study has certain limitations and weakness. Exercise involves 
the adaptive change of multiple organs throughout the body. Therefore, a 
peripheral-central pathway is likely to be needed for transducing the body 
exercise into a healthier brain. We did not perform related studies to explain 
why treadmill-exercise training helps to improve the BBB integrity. We can 
speculate that it involves certain cytokines and exerkines, which can be 
inspected by proteomics or metabolomics studies. Moreover, the potential 
role of peripheral-derived cytokines, in addition to brain-secreted molecules, 
is worth further investigation. 

In summary, our work identified a previously unrecognized role of physical 
exercise in remodeling excitatory-inhibitory balance within the hippocampus 
of a mouse model of epilepsy. Regular exercise maintained the integrity of the 
BBB and suppressed neuroinflammation, contributing to the preservation of 
PV-interneurons and normal memory function. Our results provide empirical 
evidence that regular exercise can help to improve cognition in epilepsy 
patients. 
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