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ARTICLE INFO ABSTRACT

Keywords: The therapeutic potential of aerobic exercise in mitigating seizures and cognitive issues in temporal lobe epilepsy

Epigenetics (TLE) is recognized, yet the underlying mechanisms are not well understood. Using a rodent TLE model induced

Zlet“mni by Kainic acid (KA), we investigated the impact of a single bout of exercise (i.e., acute) or 4 weeks of aerobic
strocytes

exercise (i.e., chronic). Blood was processed for epilepsy-associated serum markers, and DNA methylation
(DNAme), and hippocampal area CA3 was assessed for gene expression levels for DNAme-associated enzymes.
While acute aerobic exercise did not alter serum Brain-Derived Neurotrophic Factor (BDNF) or Interleukin-6 (IL-
6), chronic exercise resulted in an exercise-specific decrease in serum BDNF and an increase in serum IL-6 levels
in epileptic rats. Additionally, whole blood DNAme levels, specifically 5-hydroxymethylcytosine (5-hmC),
decreased in epileptic animals following chronic exercise. Hippocampal CA3 5-hmC levels and ten-eleven
translocation protein (TET1) expression mirrored these changes. Furthermore, immunohistochemistry analysis
revealed that most 5-hmC changes in response to chronic exercise were neuron-specific within area CA3 of the
hippocampus. Together, these findings suggest that DNAme mechanisms in the rodent model of TLE are
responsive to chronic aerobic exercise, with emphasis on neuronal 5-hmC DNAme in the epileptic hippocampus.

5-hydroxymethylcytosine
Ten-eleven translocation
Chronic exercise

Acute exercise

Introduction

Epilepsy is one of the most common neurological diseases charac-
terized by unprovoked, synchronous seizure activity. Epilepsy is a
complex disease with different subtypes and presentation of symptoms
depending on the area of seizure origin [1]. Temporal lobe epilepsy
(TLE) is the most common form of acquired epilepsy, with seizures
largely originating from the hippocampus, and it is characterized by
hippocampal sclerosis and cell loss [2]. The main therapeutic option for
people with epilepsy continues to be anti-seizure medications (ASMs)
that may require multiple tryouts and combinations before seizure
regulation is achieved. More importantly, ASMs primarily help treat
seizure occurrence but provide little to no relief for the associated
epileptic comorbidities such as memory and other cognitive impair-
ments, depression and other mood disorders, and sleep disorders [3].
Additional alternative treatment options that can be used in combina-
tion with ASMs are often necessary to improve the overall quality of life

for people with epilepsy.

Recently, physical activity and exercise have emerged as potential
options to help alleviate comorbid conditions in epilepsy [4]. Exercise is
known to offer a wide range of benefits to healthy individuals, and
scientists have begun to explore its potential benefits in people suffering
from diseases and/or disorders [5]. Aerobic exercise promotes overall
cardiovascular health and increases blood flow and oxygen to the brain
in older adults [6]. A study has shown that adults with epilepsy who
underwent supervised training that included aerobic exercise showed
overall improved memory and cognitive performance and either
improved or no change in seizure control [7,8]. Similar effects have also
been shown using rodent models of epilepsy [9]. However, how exercise
induces molecular changes to impart these positive effects, specifically
with epilepsy, is still unclear. One potential mechanism involves
epigenetic modifications [10].

Epigenetic regulation includes DNA methylation, histone modifica-
tions, and non-coding RNAs. These modifications alter chromatin
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structure and function, leading to changes in gene expression [11].
There is increasing evidence in the literature indicating the importance
of epigenetic mechanisms in epilepsy [12] and how they can influence
gene expression [13]. Although previously believed to be static changes,
epigenetic mechanisms are dynamic and active throughout a lifetime in
the human brain [14]. DNA methylation is a major epigenetic mark
involving a covalent addition of a methyl group at the 5-carbon cytosine,
creating 5-methylcytosine (5-mC). DNA methylation at 5-mC can be
oxidized to 5-hydroxymethylcytosine (5-hmC), and then further
oxidized to formylcytosine (5-fC) and 5-carboxycytosine (5-caC) [15].
DNA methylation is an enzymatic process mediated by DNA methyl-
transferases (DNMTs) and the ten-eleven translocation (TET) enzymes
[16]. Although 5-hmC was previously described as a transient epigenetic
mark, we now know that it is a major regulatory epigenetic mark with
enriched levels of 5-hmC found specifically in the brain [17].

The DNA methylation hypothesis in epileptogenesis suggests that
DNA methylation changes contribute to the progression of the disease
[12]. In our previous work, we have shown that DNA methylation at the
Bdnf gene is impacted with epilepsy-related cognitive deficits, and
supplementation with methionine to increase DNA methylation rescued
memory deficits and methylation at the Bdnf gene [18]. Additionally,
others have shown DNA methylation changes with exercise can be gene-
specific, such as with Bdnf [19,20]. Therefore, DNA methylation is likely
to play an important role in how exercise exerts positive benefits with
epilepsy. Unfortunately, these previous studies were limited in that they
did not afford us the opportunity to independently measure the two
major forms of DNA methylation in the brain, 5-mC and 5-hmC. Since
then, advancements in the field have allowed us the opportunity to
employ approaches to distinguish between these two marks, 5-mC and
5-hmC, and the impact of exercise on epilepsy.

In the present study, we first wanted to determine which exercise
modality would be most effective to explore the effects of exercise in our
experimental model of TLE. Here, we used peripheral blood markers to
compare acute aerobic exercise versus chronic aerobic exercise 24 h post
each intervention. There has been growing interest in monitoring blood
markers in response to different exercise modalities in addition to how
they can be used for better clinical relevance [21]. We chose to measure
two known serum markers for epilepsy: BDNF and IL-6 [22,23]. We then
explored which of the two major forms of DNA methylation is most
affected by aerobic exercise in DNA from whole blood and in the
epileptic hippocampus. Furthermore, we looked at which of the different
DNA methylation enzymes are driving this change. We used both ELISA
and immunohistochemistry to measure bulk levels of DNA methylation
in hippocampal area CA3 and then further explored the cell type spec-
ificity using neuron and astrocyte-specific labeling.

Materials and methods
Animals

2-month-old male Fisher-344 (F344) rats received from Harlan
weighing 160-180 g at the time of arrival were used for these experi-
ments. Animals were double housed in pairs in plastic cages and had
access to water and NIH-31 lab rat diet ad libitum. Upon arrival, animals
were put on a reverse light-dark cycle with lights off at 12:00p.m. and
lights on at 12:00 a.m. Animals adapted to the new light cycle for 3
weeks prior to any experimental procedures and were handled 3-4 times
a week by investigators. During the animal’s dark cycle, a red light was
used to provide adequate lighting for the investigators to perform
routine housing tasks, animal handling, and training. All procedures
were approved by the University of Alabama at Birmingham Institu-
tional Animal Care and Use Committee and done in accordance with the
National Institute of Health and ethical guidelines.
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Treadmill familiarization and pre-selection protocol

All treadmill activities were performed on the Panlab 5-lane rat
treadmill (Harvard Instruments, model). Treadmill familiarization and
training protocol was adapted from the NIH common fund MoTrPAC
animal protocol [24]. In short, after 3 weeks of light-dark cycle adap-
tation, animals underwent a 12-day familiarization protocol to get
accustomed to the treadmill and to identify any non-compliant runners.
Day 1-2, animals were placed on a non-moving treadmill at 0 m/min for
10 min while shock grids were blocked to avoid animals sitting on the
shock grid. Day 3-5, the shock area remained blocked, animals ran at 6
m/min for 10 min, and a pen was used to gently probe animals forward
on the treadmill. Day 6-9, the shock area remained blocked, and animals
ran at 10 m/min for 10 mins while continuing to use a pen to probe the
animals forward. During days 10-12, a light shock was used to
encourage animals to run at 10 m/min for 10 min. On day 11, after each
10-minute familiarization, the treadmill grade was increased to 10 de-
grees and speed to 12 m/min for an additional 2 min. Day 12 was
evaluation day; rats ran on the treadmill for 5 min at 10 m/min. The
final evaluation happened at an increased grade of 10 degrees at 12 m/
min for 5 mins. Animals were scored based on their ability to complete
the exercise protocol, with a score of 1 indicating the animal was non-
compliant and did not complete the activity session. A score of 2 indi-
cated the animal required assistance for more than 25 % of the activity.
A score of 3 indicated the animal required some assistance for less than
25 % of the activity, and a score of 4 indicated the animal required
minimal to no assistance to complete the activity. Once treadmill
familiarization was complete and all animals were scored, animals were
sorted into groups with the compliant runners (a score of 3-4) included
in the exercise groups.

Temporal lobe epilepsy model

Forty-eight hours after completing treadmill familiarization, half of
the animals were subcutaneously (s.c.) injected with saline (SA) (con-
trol), and the other half with 9 mg/kg of KA (0222, Tocris, Minneapolis,
MN, USA). Behavioral seizure severity was measured using the Racine
scale [25]: 1 - mouth and face clonus and head nodding; 2 - clonic jerks
of one forelimb; 3 - bilateral forelimb clonus; 4 - forelimb clonus and
rearing; 5 - forelimb clonus with rearing and falling. The onset of status
epilepticus (SE) was defined as the time from KA injection to the start of
continuous seizure activity with a score of 5 on the Racine scale until
seizure activity stopped [26]. Once KA-injected animals reached 1 h and
30 min in SE, SE was terminated with an intraperitoneal injection (i.p.)
of Midazolam 10 mg/kg. Control saline animals also received the Mid-
azolam injection at 10 mg/kg to reduce any confounding factors be-
tween groups. Additionally, all animals received 3-5 ml of saline
injection at about 8 h post-KA/SA injection to avoid dehydration. This
F344 protocol has been characterized, and animals start to spontane-
ously seize at 1-2 weeks post-SE induction and develop full epileptic
pathology by 28 days post-SE [27,28].

Aerobic exercise intervention

The treadmill aerobic exercise protocol was adapted from the NIH
common fund MoTrPAC animal protocol [24]. Exercise training began
at 6 weeks post-SE induction, during which all epileptic animals expe-
rienced 2 or more behavioral seizures. For the acute exercise protocol,
food was removed from the cages 4 h prior to the exercise protocol. The
animals ran for 30 min at 5 degrees (8.7 %) grade, at 28 cm/s, using light
shock for motivation. Tissue and whole blood were collected 24 h after
completion of the acute exercise protocol, which was around 6 weeks
post-SE induction.

For the 4-week chronic exercise protocol, animals were exercised for
5 days per week using an incremental training protocol designed to
exercise F344 rats at about 70 % VOsmax. Training was conducted
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during the dark/active cycle and would always start 2 h after the lights
were turned off. Day 1 of training started at 5 degrees grade and 13 m/
min for 20 min, and day 20 concluded at 10 degrees grade and 18 m/min
for 30 min. Supplementary Table 1 details the daily exercise protocol. If
an animal was unable to complete the exercise activity on 3 consecutive
days, it was excluded from the study and downstream analysis. Animals
assigned to sedentary control groups were also exposed daily to the
treadmill at 0 m/min for 10 min 5 days per week. Animals were
euthanized by rapid decapitation 24 h after the last bout of exercise at
about 10 weeks post-SE induction. Trunk whole blood, plasma, and
serum were collected post decapitation, 1 brain hemisphere was
collected and frozen on dry ice, and the other hemisphere was used to
isolate the hippocampus and subdissected in ice-cold oxygenated arti-
ficial cerebral spinal fluid (ACSF). The cornu ammonis (CA) region 3 was
collected and frozen on dry ice.

Serum BDNF and IL-6

Trunk whole blood was collected in silicone-coated/clot-activating
tubes (BD Vacutainer) and inverted 3 times. After collection, the
whole blood was left at room temperature for 1 h and then placed on ice
to be kept cold, allowing clots to form. Tubes were then centrifuged
2,000 x g for 10 min in a refrigerated centrifuge for serum separation.
The supernatant/serum was then collected and aliquoted into Cry-
oTubes and then frozen at —80 °C, and later used for protein measure-
ments. Avoiding freeze-thaw cycles, serum BDNF levels were measured
using a quantikine total BDNF immunoassay (R&D Systems) according
to the manufacturer’s protocols. Serum IL-6 levels were measured using
an IL-6 quantikine ELISA kit (R&D Systems) according to the manu-
facturer’s protocol.

DNA and RNA isolation

Trunk whole blood samples collected in K2 EDTA coated tubes (BD
Vacutainer) were aliquoted and frozen at —80 °C. Total DNA was iso-
lated from frozen whole blood, and hippocampal tissue collected, area
CA3, using DNeasy blood and tissue kit (QIAGEN) according to manu-
facturer’s protocol. DNA concentration and purity were quantified using
a Nanodrop spectrometer. RNA was isolated from hippocampal tissue
collected, area CA3, using RNeasy mini kit (QIAGEN) according to
manufacturer protocol. RNA purity and quantity were measured using
Nanodrop spectrometer.

Total 5-methylcytosine and 5-hydrocymethylcytosine

Total 5-mC and 5-hmC were measured using a colorimetric ELISA-
like assay MethylFlash Methylated DNA 5-mC Quantification Kit (Epi-
gentek) and MethylFlash Hydroxymethylated DNA 5-hmC Quantifica-
tion Kit (Epigentek) according to manufacturer’s guidelines.

Quantitative real-time PCR (qRT-PCR)

100 ng of total RNA isolated was converted to cDNA using iScript
cDNA synthesis kit (Bio-Rad). Real-time PCR amplification was per-
formed on the Biorad CFX-96 Real-time system using TagMan® Fast
Advanced Master Mix and TagMan® Gene expression assay following
protocol: UNG activation at 50.0 °C for 2 min, polymerase activation at
95.0 °C for 20 s, denature at 95.0 °C for 3 s, followed by an Anneal/
Extend at 60 °C for 40 cycles. Hprtl (hypoxanthine phosphoribosyl
transferase 1) expression was used to normalize gene expression. Cycle
threshold (Ct) values were analyzed using the comparative Ct method to
calculate differences in gene expression between samples. Primers are as
specified: Hprtl assay ID: Rn01527840_m1 VIC-MGB, Dnmt2 assay ID:
Rn00709664_m1, Dnmt3 assay ID: Rn01027162_g1, Dnmt3b assay ID:
Rn01536418 g1, Tetl assay ID: Rn01428192_ml, Tet2 assay ID:
Rn01522037_m1, Tet3 assay ID: Rn01425643_m1.
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Immunohistochemistry, imaging, and quantification

Fresh frozen brains were embedded in Optimal Cutting Temperature
compound (O.C.T., Tissue-Tek, Sakura Finetek USA), and serial coronal
sections at 14 pm were collected using a Leica CM1950 cryostat. Slides
were stored at —80 °C prior to immunofluorescence. Slides were fixed in
10 % Buffered Formalin for 15 min at room temperature, then washed 5
times in Phosphate-Buffered Saline (PBS) for 5 min. Sections underwent
antigen retrieval by being submerged in boiling sodium citrate buffer
and incubated for 30 min while the buffer cooled. Slides were then
washed 5 times in PBS for 5 min and then dried using a Kimwipe. The
sections were then incubated in blocking buffer for 1 h at room tem-
perature. The blocking buffer contained 5 % normal donkey serum, 5 %
normal goat serum, 0.3 % Triton-X and 10 % Bovine Serum Albumin
(BSA) in PBS. Sections were incubated overnight at 4 °C with primary
antibodies in blocking buffer. Primary antibodies used: NeuN (1:1000,
Millipore Sigma, MAB377), GFAP (1:1000, Abcam, ab4674), 5-hmC
(1:250, Active Motif, 39791). After overnight incubation, slides were
washed 5 times in PBS for 5 min and then incubated in secondary an-
tibodies at 4 °C for 2 h. Secondary antibodies used: Donkey anti-mouse
Alexa fluor 647 (1:500, Invitrogen, A32787), goat anti-rabbit Alexa
fluor 488 (1:500, Invitrogen, A11008), donkey anti-chicken Cy3 (1:500,
Jackson Immuno Research, 703-165-155). Following secondary incu-
bation, slides were washed 5 times for 5 min in PBS and then dried using
Kimwipe. We used Invitrogen ProLong Diamond Antifade Mountant
with DAPI to mount slides and allowed drying for at least 30 min prior to
imaging. Images were collected using an Olympus VS200 Research Slide
Scanner, the hippocampus was selected, and optical sections were ac-
quired at 40x and collapsed to a single image for quantification. Images
were imported into QuPath software for analysis, and the CA3 hippo-
campal subfield was traced and annotated. We used the Positive Cell
detection function to measure the percentage of cells with 5-hmC (FITC)
and DAPI as total cell detection by threshold measurements. Addition-
ally, neurons were identified by NeuN (Cy5) and astrocytes by GFAP
(Cy3). Cells were then identified as 5-hmC positive neurons or 5-hmC
positive astrocytes. Thresholds were set using Nucleus Mean and visu-
ally confirmed for accuracy for each image. All calculations were
normalized to total cell detection by DAPI and graphed as percentages of
each stain compared to the total cells detected.

Protein isolation, western blot, and quantification

Protein lysates were prepared using AllPrep DNA/RNA/Protein Kit
(Qiagen), according to the manufacturer’s instructions. Polyacrylamide
gels were poured in 8 % concentration using 30 % acrylamide/bisa-
crylamide solution (Bio-Rad), sodium dodecyl sulfate (SDS) (Bio-Rad),
ammonium persulfate (APS) (Bio-Rad), tetramethylethylenediamine
(TEMED) (Bio-Rad), Resolving Gel Buffer (Bio-Rad) and Stacking Gel
Buffer (Bio-Rad). Electrophoresis of protein lysates was performed using
10 pL of each sample, followed by Ponceau S staining. Samples were
transferred onto polyvinylidene fluoride (PVDF) membranes (Milli-
pore). The following antibodies were used for the detection of TET1,
TET3, and beta-actin: anti-TET1 in dilution of 1:1000 (Thermo Fisher,
PA5-72805), anti-TET3 in dilution 1:1000 (Abcam, ab 139311) and anti-
beta-actin in dilution of 1:10 000 (Cell Signaling, 4967L). All mem-
branes were incubated with a secondary anti-rabbit IgG antibody in a
dilution of 1:7500, conjugated to horseradish peroxidise (HRP) (Thermo
Fisher). Protein signals were detected by chemiluminescence using
Clarity Max Western ECL Substrate (Bio-Rad) and quantified with
ImageLab software (Bio-Rad). TET1 and beta-actin measurements were
normalized to whole-cell lysate content based on the Ponceau S staining.

Statistical analysis

Data was analyzed using one-way Analysis of Variance (ANOVA)
with multiple comparisons comparing each column with the mean of
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every other column independently. Each comparison was analyzed as a
stand-alone comparison. All data sets assumed a Gaussian distribution
and equal standard deviation. Where not applicable, a Brown-Forsythe
test was used and noted in the text. A repeated measures ANOVA was
used to analyze the effect of the 4-week chronic exercise protocol on
distance traveled and weight overtime in each experimental group. For
comparisons between only 2 groups (non-epileptic vs. epileptic), we
used a Two-sample t-test. Graphs are presented as a mean and standard
error of the mean (SEM). Each data set was screened for technical and
experimental outliers, in addition to using Grubb’s test (« = 0.05), and
outliers were subsequently excluded. Statistical tests and graphs were
generated in GraphPad Prism 9.5.0. For all experiments, n indicates the
number of biological replicates. Significant thresholds were set as * P <
0.05, ** P < 0.01, *** P < 0.001.

Results

Chronic aerobic exercise decreases serum BDNF levels and increases IL-6
levels in TLE animals

Since acute and chronic exercise can have differing effects on pe-
ripheral blood markers [21,29], we first determined which of these two
exercise protocols was sufficient to induce exercise-specific responses in
our model of TLE (Fig. 1.A). To explore this, we measured two known
serum markers for both epilepsy and exercise, BDNF and IL-6 [22,23]. In
our model, acute aerobic exercise did not induce any changes in serum
BDNF 24 h post-exercise (Fig. 1.B) (One-way ANOVA F = 2.299, P =
0.1561). while chronic aerobic exercise (Fig. 1.C) led to a decrease in
serum BDNF, specifically in epileptic exercise compared to sedentary
epileptic animals (One-way ANOVA, F = 3.477, P = 0.0714, followed by
multiple comparisons Uncorrected Fisher’s LSD P = 0.0324 for Epileptic
Sedentary vs. Epileptic Exercise). Measurement of the inflammatory
marker, IL-6, showed similar results to serum BDNF with no changes in
the acute aerobic exercise experiment (Fig. 1.E) (One-way ANOVA F =
0.2903, P = 0.7548). In the chronic aerobic exercise model, serum IL-6
was decreased with epilepsy and increased with the exercise interven-
tion, similar to levels of non-epileptic controls (Fig. 1.F) (One-way
ANOVA, F = 7.940, P = 0.0086, followed by multiple comparisons
Uncorrected Fisher’s LSD, P = 0.0257 for non-Epileptic Sedentary vs.
Epileptic Sedentary and P = 0.0032 for Epileptic Sedentary vs. Epileptic
Exercise). We therefore concluded that the chronic aerobic exercise
protocol is more robust and effective within our outcome measures and
consequently used this protocol for all other experiments.

Next, we confirmed the animal’s ability to complete the exercise
protocol. For each experiment, we measured the distance traveled in
meters for the exercise groups (Supplemental Fig. 1.A), showing no
difference between epileptic and non-epileptic animals during the acute
exercise (Unpaired t-test P = 0.5299). Using repeated measures ANOVA,
we also compared the effect of the 4-week chronic aerobic exercise
protocol on distance traveled over time between non-epileptic and
epileptic animals (F (1, 8) = 1.960, P = 0.1991). Overall, epileptic an-
imals were able to complete the exercise protocols just like their non-
epileptic counterparts. We also collected weekly weight measurements
for each animal for all groups. Supplemental Fig. 1.C, shows no differ-
ences in weight changes between groups during the acute exercise
protocol (Repeated measure ANOVA, F (3, 28) = 0.6252, P = 0.6047).
While Supplemental Fig. 1.D shows no difference in weight changes
between groups during the chronic exercise protocol (Repeated mea-
sures ANOVA, F (3, 15) = 2.773, P = 0.0777). These results gave us
confidence that neither distance traveled, nor weight are confounding
factors in our other measurements.

Chronic aerobic exercise decreases DNA hydroxymethylation in whole
blood and hippocampal area CA3 in TLE animals

After confirming that chronic exercise is necessary to induce serum

Epilepsy & Behavior Reports 25 (2024) 100642

BDNF and IL-6 changes in our model of TLE, we also wanted to explore
how chronic aerobic exercise impacts epigenetic markers in whole
blood. Here, we investigated bulk 5-mC and 5-hmC DNA methylation in
our epileptic animals in response to chronic aerobic exercise. Fig. 2.A,
depicts a condensed experimental outline showing the collection of
whole blood and hippocampal area CA3, 24 h after the last bout of
chronic aerobic exercise (Day 20). We found that epilepsy and chronic
aerobic exercise did not induce any changes in bulk 5-mC levels in whole
blood DNA (Fig. 2.B, One-way ANOVA F = 0.03476, P = 0.9660).
Measurement of bulk 5-hmC levels in whole blood DNA showed an in-
crease in epileptic animals compared to non-epileptic controls, while
chronic aerobic exercise led to a decrease in epileptic compared to
epileptic sedentary without the exercise intervention (Fig. 2.C) (One-
way ANOVA F = 6.533, P = 0.0208, followed by multiple comparisons
Uncorrected Fisher’s LSD, P = 0.1237 for non-Epileptic Sedentary vs.
Epileptic Sedentary and P = 0.0068 for Epileptic Sedentary vs. Epileptic
Exercise). Supplementary Fig. 2.A-B further confirms that these results
are specific to chronic aerobic exercise, as we see no changes in 5-mC or
5-hmC in response to acute aerobic exercise.

Due to the relationship of DNA methylation in whole blood and brain
in different pathologies [30-32], we also measured 5-mC and 5-hmC in
the hippocampus. For this study, we focused specially on the hippo-
campal CA3 aera. Hippocampal area CA3 has been shown to be
important within epilepsy. Specifically, in the KA-induced model of TLE
[33], excitatory outputs from CA3 are required for the generation of
epileptiform activity, while the F344 model of TLE exhibits CA3 damage
similar to patients with TLE [27,28]. Here, we showed that bulk 5-mC
levels in the CA3 area remain unchanged in epileptic animals and in
response to exercise (Fig. 2.D) (One-way ANOVA F = 1.240, P =
0.3345). However, bulk hippocampal 5-hmC in area CA3 is increased in
TLE while the exercise intervention resulted in a decrease of 5-hmC in
the epileptic animals similar to the levels of non-epileptic controls
(Fig. 2.E) (One-way ANOVAF = 6.476, P = 0.0181, followed by multiple
comparisons Uncorrected Fisher’s LSD, P = 0.0085, for non-Epileptic
Sedentary vs. Epileptic Sedentary and P = 0.0214 for Epileptic Seden-
tary vs. Epileptic Exercise).

Chronic aerobic exercise decreases Tet1 expression in TLE animals

Based on the observed bulk DNA methylation changes in response to
chronic aerobic exercise in TLE, we sought to determine its impact on
DNA methylation enzymes. Here, we used qRT-PCR analysis to measure
the expression of 3 different types of DNA DNMTs, Dnmt1, Dnmt3a, and
Dnmt3b, in addition to Tetl, Tet2, and Tet3. We observed, in support of
our 5-mC results, that in hippocampal area CA3, there are no changes in
any of the three DNMT expressions (Fig. 3.A-C) in TLE or in response to
exercise. However, upon measuring Tet genes expression, we observed
an exercise-specific response in TLE with Tet1 levels (Fig. 3.D) (One-way
ANOVA F = 5.747, P = 0.0247, followed by multiple comparisons Un-
corrected Fisher’s LSD, P = 0.0273 for Epileptic Sedentary vs. Epileptic
Exercise). We observed no changes with Tet2 expression (Fig. 3.E) (One-
way ANOVA F = 0.4410, P = 0.6566) in addition to Tet3 expression that
also showed no changes (Fig. 3.F) (One-way ANOVA F = 0.1839, P =
0.8350).

Chronic aerobic exercise reduces protein expression of TET1 in
hippocampal area CA3 in epileptic animals

To analyze TET protein levels, we used western blot analysis to
measure TET1 and TET3 protein expression in subdissected hippocam-
pal area CA3. In Fig. 4.A, we observed an increase in TET1 protein
expression in epileptic animals followed by a decrease in response to
chronic aerobic exercise intervention (One-way ANOVA F = 5.080, P =
0.0300, followed by multiple comparisons Uncorrected Fisher’s LSD, P
= 0.0484 for non-Epileptic Sedentary vs. Epileptic Sedentary and P =
0.0112 for Epileptic Sedentary vs. Epileptic Exercise). This decrease
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Fig. 2. Chronic aerobic exercise-induced changes in hippocampal area CA3 and whole blood DNA methylation.

resulted in similar levels as the non-epileptic control animals. Fig. 4.B,
indicates representative western blot images for each group. We also
measured TET3 protein expression in hippocampal area CA3. Fig. 4.C,
shows no changes in TET3 protein expression in TLE or in response to
exercise (One-way ANOVA F = 0.0005829, P = 0.9994). Fig. 4.D, rep-
resents western blot images for each experimental group.

Chronic aerobic exercise-driven DNA hydroxymethylation changes in TLE
hippocampus area CA3 are primarily observed in neurons

The hippocampus is a well-studied brain region, but as we discover
more about cell type diversity, hippocampus heterogeneity becomes
apparent [34]. This fact is even more relevant in the context of the
epileptic brain and its accompanying neuronal loss [35,36]. We

therefore sought to measure DNA 5-hmC specifically in neurons and
astrocytes. Fig. 5.A, depicts an abbreviated outline of the experiment,
and Fig. 5.B, shows representative images for each individual group. We
used DAPI stain to normalize overall cell counts as seen in Fig. 5.C, there
were no differences in the total number of cells identified by DAPI stain
across all groups (One-way ANOVA F = 0.1428, P = 0.8684). We also
measured the percentage of neurons in Fig. 5.D, and observed that in
TLE there is a decrease of cells identified as neurons by NeuN stain,
compared to the non-epileptic controls while chronic aerobic exercise
increased the percentage of cells identified as neurons to levels similar to
non-epileptic controls (One-way ANOVA F = 5.567, P = 0.0195, fol-
lowed by multiple comparisons Uncorrected Fisher’s LSD, P = 0.0168
for non-Epileptic Sedentary vs. Epileptic Sedentary and P = 0.0115 for
Epileptic Sedentary vs. Epileptic Exercise). We also measured the
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Fig. 3. qRT-PCR analysis in hippocampal area CA3 of DNA methylation enzymes.

percentage of cells identified as astrocytes by GFAP stain but saw no
changes between any of the experimental groups shown in Fig. 5.E, One-
way ANOVA F = 0.1957, P = 0.8248). Fig. 5.F, shows the percentage of
bulk 5-hmC cells compared to total cells. Here, we see as observed by our
previous DNA measurements (Fig. 2), that in TLE there is an increase in
bulk 5-hmC, and once the chronic aerobic exercise intervention is
introduced, the bulk 5-hmC levels are decreased to levels similar to non-
epileptic controls (One-way ANOVA F = 7.121, P = 0.0091, followed by
multiple comparisons Uncorrected Fisher’s LSD, P = 0.0231 for non-
Epileptic Sedentary vs. Epileptic Sedentary and P = 0.0033 for
Epileptic Sedentary vs. Epileptic Exercise). In Fig. 5.G, we see that
regardless of neuronal loss observed in Fig. 5.D, the % 5-hmC cells are
primarily observed in neurons (One-way ANOVA F = 8.410, p = 0.0052,
followed by multiple comparisons Uncorrected Fisher’s LSD, P = 0.0119
for non-Epileptic Sedentary vs. Epileptic Sedentary and P = 0.0020 for
Epileptic Sedentary vs. Epileptic Exercise). No changes were observed in
the percentage of astrocytes expressing 5-hmC shown in Fig. 5.H (One-
way ANOVA F = 1.165, P = 0.3449).

Discussion

While several studies have revealed potential therapeutic effects of
exercise with epilepsy [7,9,37-43], our understanding of the funda-
mental molecular mechanisms remains limited. DNA methylation is a
universal epigenetic mechanism responsible for regulating gene
expression in multiple diseases [44,45], with strong evidence of its role

in epilepsy [10,12]. In this study, we found that DNA methylation,
specifically 5-hmC hydroxymethylation, was altered after a 4-week
chronic aerobic exercise protocol in a KA-induced model of TLE.

To study exercise-specific changes in our rodent model of TLE, we
used the MoTrPAC protocol that was developed specifically for Fisher
344 rats, in parallel with a human protocol, to exercise the subjects at
about 70 % VO-omax [46]. This is critical as the field of exercise science is
growing, and there is a need for uniform protocols that can be translated
from pre-clinical studies to clinical studies. Additionally, exploring po-
tential peripheral blood biomarkers is also of importance for this
growing field. With the limitations of clinical studies in collecting tissue
types, finding peripheral blood markers in addition to tissue markers in
rodents that can also be measured in the clinical setting is crucial.
Different exercise modalities can have varying effects on peripheral
factors in blood, muscle, and brain [29,47].

In this study, we demonstrate using the F344 model of TLE that acute
exercise was not sufficient to induce peripheral blood changes in serum
BDNF protein levels or serum IL-6 protein levels. In contrast, chronic
exercise led to a decrease in serum BDNF protein levels in addition to an
increase in serum IL-6 protein levels in TLE. We chose to use BDNF and
IL-6, two well-known serum blood markers in epilepsy, to explore the
response to acute exercise versus chronic exercise. BDNF has strongly
been linked to epilepsy during epileptogenesis as well as influencing
excitability and connectivity in the adult brain [48-50]. Additionally,
BDNF has been shown to increase in response to exercise [20,51], while
studies have also shown that BDNF expression can vary depending on
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Fig. 4. Western blot analysis of protein expression TET1 and TET3 in hippocampal area CA3.

the exercise intensity and type [21,52]. Serum IL-6 is a pro-
inflammatory cytokine typically present at low levels in the brain but
can be increased with seizures [53]. Additionally, IL-6 has been well
characterized in response to exercise, with its levels also depending on
multiple factors such as exercise duration and intensity [47]. In this
study, we observed no changes in response to acute exercise in serum IL-
6, while we observed an increase in serum IL-6 with chronic aerobic
exercise. While this differs from the prior studies mentioned, we must
note that there is no uniformity across studies in the exercise modality
used, the model of epilepsy, or at what time point post-exercise serum
was collected. Regardless of these discrepancies, we concluded from our
studies that the acute aerobic exercise was not sufficient to induce
measurable changes in serum BDNF and IL-6, specifically in our TLE
model, and that the 4-week chronic aerobic exercise intervention did
induce certain exercise-specific responses in our model of TLE. We
recognize the limitation that we only measured two markers in this
study, while current studies have identified other potential biomarkers
that should also be explored, such as S100 calcium-binding protein B
(S100B), IL-1B, and Tumor necrosis factor-alpha (TNF-o) [54]. Our
ability to detect a change in levels of serum BDNF and IL-6 in response to
chronic exercise provided support for the 4-week chronic aerobic exer-
cise protocol over the acute exercise protocol. Therefore, we focused on
chronic aerobic exercise protocol for all subsequent studies.

Epigenetic changes in response to exercise [20,55-57] and how ex-
ercise can have positive effects on epilepsy [4,7,9,38,58-60] have been
independently previously explored; however, how epigenetic mecha-
nisms are impacted by exercise with epilepsy is unknown. Previous
studies have shown an association between epigenetic mechanisms and
epilepsy [10,12,61]. Specifically, DNA methylation is known to be
impacted with epilepsy [18,62-65]. We found that in our model of TLE,
DNA methylation, specifically 5-hmC, was increased in TLE. How DNA
methylation is impacted during epilepsy is dependent on the model and
during what time point these measures are taken. We have previously
reported that during SE, 5-mC DNA methylation levels remained un-
changed in all hippocampal regions measured, but 5-hmC was altered
during SE in the hippocampal area CA3 [66]. We know from charac-
terization studies using the F344 model of TLE, that area CA3 is
impacted by neuronal loss and shows the closest relationship to the
human TLE condition [27,28]. Studies have reported that in response to
exercise, DNA methylation changes occur in muscle at a gene-specific
level [67-69]. Other studies specifically investigating the hippocam-
pus also showed altered DNA methylation levels in response to exercise
[57,70-73]. Our study carefully quantified global DNA methylation
levels, and we show that in our model of TLE, exercise reduces 5-hmC
DNA methylation to levels of non-epileptic controls. The ability of
chronic aerobic exercise to alter DNA methylation, specifically 5-hmC
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Fig. 5. Chronic aerobic exercise-induced changes in 5-hmC DNA methylation are primarily expressed in neurons.

levels in TLE, is novel and provides evidence of its therapeutic potential.

Our study also aimed to shed light on the enzyme activity responsible
for these 5-hmC changes. The TET family of enzymes, including TET1,
TET2, and TET3, play a pivotal role in regulating DNA methylation
through the conversion of 5-mC to 5-hmC, influencing gene expression
and potentially contributing to the pathogenesis of neurological disor-
ders like epilepsy [44]. Each TET enzyme exhibits unique preferences
and functions. TET1 is often associated with gene regulatory regions
known as CpG islands and is primarily involved in the demethylation of
promoter regions, contributing to gene activation [74]. TET2 is believed
to have a broader genomic distribution and is implicated in regulating
enhancer regions [75], while TET2 and TET3 depletion has been shown
to increase 5-hmC levels [76]. Collectively, the TET enzymes are crucial
for dynamic and context-specific regulation of DNA methylation

patterns. Here, we provided evidence that TET1 is the major contributor
to the 5-hmC DNA methylation changes we observed. Measured by both
gene expression and protein expression, we show that TET1 is the only
DNA methylation enzyme actively changing in response exercise in TLE.
In accordance with our results, recent studies have also suggested a
potential link between aberrant DNA methylation and epileptogenesis,
highlighting TET1 as a key player in this process [65,77].

To date, studies have reported the beneficial effects of exercise in
disease models such as Alzheimer’s disease, spinal cord injury, and
aging [55,78-80]. Specifically, some studies focused on the ability of
exercise to lead to functional restoration and memory improvements
[78,80,81]. DNA methylation also plays an important role in synaptic
plasticity and memory [18,82-86]. However, little is known about the
cell type specificity related to DNA methylation in epilepsy or with
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exercise. Here, we observed that there was a significant decrease in total
cells identified as neurons in TLE, while the aerobic exercise interven-
tion resulted in an increase to levels similar to non-epileptic controls.
This corresponds well with what we previously know about TLE and
neuronal loss [87-89]. Notably, upon measuring 5-hmC-specific
changes on a cell type-specific level, we discovered that the major
changes measured in 5-hmC were neuron-specific and did not corre-
spond to astrocyte expression. Studies have begun to show the impor-
tance of cell type specificity in relation to DNA methylation [15,90,91];
however, to our knowledge, this is the first study to connect 5-hmC-spe-
cific DNA methylation to neurons. These measures only cover bulk DNA
changes, and further gene-specific analysis and exploration of additional
cell types are necessary for better understanding.

Although exciting, the findings in this study only begin to elucidate
the potential role of DNAme exercise-driven epigenetic changes in TLE.
A limitation of this study is that we only measured bulk 5-mC and 5-hmC
DNAme changes in blood and the epileptic hippocampus in response to
exercise. Further studies exploring the gene-specific methylation levels
are warranted. Specifically, the relationship between 5-hmC and tran-
scription is a topic of interest in the field of epigenetics. Changes in
whole genome levels of 5-hmC can potentially influence transcription by
affecting the accessibility of the DNA to the transcriptional machinery,
while higher levels of 5-hmC are frequently detected within the gene
bodies of actively transcribed genes [92].

Additionally, we propose exploring gene expression levels of BDNF
and IL-6 in the epileptic hippocampus and how these correlate to the
changes observed in serum. One proposed mechanism by which the
changes observed in peripheral epilepsy-associated biomarkers travel to
changes in the epileptic hippocampus is by exosomes. Exosomes
demonstrate the ability to cross the blood-brain barrier and transfer
information and have therefore gained increased interest as a link be-
tween peripheral blood changes and brain [93,94].

Conclusions

In this study, we show that DNA 5-hmC is enhanced in TLE and that a
chronic aerobic exercise intervention reduces DNA 5-hmC in epileptic
rats. Tet] gene and protein expression were also impacted with exercise
and epilepsy. We further show that the 5-hmC specific mediated changes
observed in hippocampal area CA3 were mostly observed in neurons. We
therefore conclude that DNA methylation, specifically 5-hmC is a key
epigenetic player in epilepsy and exercise specifically within neurons.
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