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Well over 100 different viruses can infect the brain and cause brain inflammation. In the
developing world, brain inflammation is a leading cause for epilepsy and often refractory to
established anti-seizure drugs. Epilepsy generally results from an imbalance in excitatory
glutamatergic and inhibitory GABAergic neurotransmission. GABAergic inhibition is
determined by the intracellular Cl− concentration which is established through the
opposing action of two cation chloride cotransporters namely NKCC1 and KCC2.
Brain-derived neurotrophic factor (BDNF) signaling is known to regulate expression of
KCC2. Hence we hypothesized that viral induced epilepsy may result from aberrant BDNF
signaling. We tested this hypothesis using a mouse model of Theiler’s murine
encephalomyelitis virus (TMEV) infection-induced epilepsy. We found that BDNF levels
in the hippocampus from TMEV-infected mice with seizures was increased at the onset of
acute seizures and continued to increase during the peak of acute seizure as well as in
latent and chronic phases of epilepsy. During the acute phase of epilepsy, we found
significant reduction in the expression of KCC2 in hippocampus, whereas the level of
NKCC1 was unaltered. Importantly, inhibiting BDNF using scavenging bodies of BDNF in
live brain slices from TMEV-infected mice with seizures normalized the level of KCC2 in
hippocampus. Our results suggest that BDNF can directly decrease the relative expression
of NKCC1 and KCC2 such as to favor accumulation of chloride intracellularly which in turn
causes hyperexcitability by reversing GABA-mediated inhibition. Although our attempt to
inhibit the BDNF signaling mediated through tyrosine kinase B–phospholipase Cγ1 (TrkB-
PLCγ1) using a small peptide did not change the course of seizure development following
TMEV infection, alternative strategies for controlling the BDNF signaling could be useful in
preventing seizure generation and development of epilepsy in this model.
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INTRODUCTION

Epilepsy is a devastating neurological disorder affecting around
50 million people worldwide showing a higher prevalence in low/
middle-income countries (LMIC) (Beghi, 2020). In these
countries in particular, viral infection of the central nervous
system (CNS) is a common cause of acquired temporal lobe
epilepsy (TLE) for which there is currently no effective
antiepileptic treatment for patients at risk (Patel and Wilcox,
2017; Löscher and Howe, 2022). Over two dozen antiseizure
drugs are clinically approved that target primarily excitatory and
inhibitory neurotransmission. However, almost one-third of the
epilepsy patients remain pharmacoresistant. Several molecular
mechanisms of epileptogenesis involving alternative molecular
pathways regulating the excitation-inhibition balance have been
proposed. One of these mechanisms involves brain-derived
neurotrophic factor (BDNF) signaling through its major
cognate receptor tyrosine kinase B (TrkB).

BDNF is a growth factor belonging to the neurotrophin family
and mediates diverse functions through TrkB. Given its robust
effects on neuronal development and differentiation, and
synaptic plasticity, perturbations in the BDNF signaling has
been reported in many neurological conditions including
epilepsy (Park and Poo, 2013; Sasi et al., 2017). Earlier studies
found that electric kindling-induced seizures caused an increase
in gene expression of BDNF in cortical and hippocampal neurons
(Ernfors et al., 1991). Similar increase in the induction of BDNF
mRNA was also correlated with seizures induced by a systemic
administration of kainic acid in rats (Dugich-Djordjevic et al.,
1992). Increasing the BDNF signaling either by direct infusion of
BDNF in hippocampus or by genetically overexpressing BDNF or
TrkB in mice increased seizure severity or susceptibility, or
induced spontaneous limbic seizures (Croll et al., 1999;
Scharfman et al., 2002; Lahteinen et al., 2003; Xu et al., 2004).
In contrast, kindling-induced epileptogenesis was markedly
suppressed in mice with a heterozygous deletion of BDNF
gene (Kokaia et al., 1995) and in mice infused
intraventricularly with the recombinant TrkB receptor bodies
that neutralize BDNF (Binder et al., 1999). Collectively these
studies suggested that increased activation of TrkB through
BNDF underlies network hyperexcitability and epileptogenesis.
Further studies supported this conclusion by demonstrating
reduction in seizures and epileptogenesis in mice using genetic
and pharmacological tools designed to inhibit the BDNF-TrkB
signaling (He et al., 2004; Liu et al., 2013; Gu et al., 2015).

BDNF-mediated hyperexcitability is partly caused by its
inhibitory effects on fast GABAergic inhibition, which in turn,
is maintained by low intracellular chloride concentration ([Cl−]i)
(Doyon et al., 2016; Porcher et al., 2018). Two cation-chloride
cotransporters, the K+-Cl− cotransporter 2 (KCC2) and the Na+-
K+-Cl− cotransporter (NKCC1), are responsible for shuttling Cl−

in and out of the cell, respectively (Doyon et al., 2016). An
increase in the ratio of NKCC1/KCC2 can increase [Cl−]i and
cause depolarizing excitatory shift in GABAergic activity.
Furthermore, loss-of-function mutations in KCC2 are causally
linked with human infantile epilepsy and KCC2 impairment have
been found in patients with idiopathic and acquired epilepsy

(Moore et al., 2017). Importantly, BNDF has been shown to
impair fast GABAergic inhibition by reducing the cell surface
expression of KCC2 and raising the intracellular Cl− level (Rivera
et al., 2002; Ferrini et al., 2013).

The present study was performed to question whether BDNF-
TrkB signaling contributes to hyperexcitability by altering the
activity of cation-chloride cotransporters in a model of Theiler’s
murine encephalomyelitis virus (TMEV) infection-associated
acquired limbic epilepsy. We found a significant increase in
the protein levels of BDNF in hippocampus after TMEV
infection that was coincident with seizure activity. Further, a
decrease in the level of hippocampal KCC2 was correlated with
peak acute seizures. Importantly, neutralizing endogenously
released BDNF largely restored the level of KCC2 in
hippocampal slices from the mice with acute seizures.
However, treatment with pY816, an inhibitor of the BDNF-
TrkB-PLCγ1 signaling cascade, had no effect on acute as well
as chronic seizures. In conclusion, these results suggest that
increased release of BDNF may contribute to TMEV infection-
induced seizures by impairing KCC2-mediated maintenance of
fast GABAergic inhibition.

MATERIALS AND METHODS

Animals
C57BL/6J (strain # 000664) and BDNF+/− mice (strain # 002266)
were purchased from the Jackson laboratories, United States.
Both male and female mice aged 7–9 weeks were included in all
the experiments conducted. BDNF+/− mice are on a C57BL/6J
genetic background, and they were genotyped to confirm the
deletion of the gene. Upon arrival, mice were allowed to
acclimatize for at least 3 days at our facility before conducting
the experiments. Mice were housed in groups with maximum five
mice per cage in an environmentally controlled vivarium room
providing 12 h of light and dark cycles starting at 6:00 a.m. Food
and water were freely accessible and provided ad libitum. Total
104 wild-type (WT) C57BL/6J and 10 BDNF+/−mice were used in
the present study. A variation of block randomization method
was used to assign a block of two mice randomly to either
treatment or control group. All the procedures performed
were in accordance with the guidelines provided and approved
by the Institutional Animal Care and Use Committee of
Virginia Tech.

Procedure of TMEV Infection and
Handling-Induced Seizure Monitoring
A Daniel’s strain of Theiler’s murine encephalomyelitis virus
(TMEV) was used to induce seizures in mice. TMEV was kindly
provided by the laboratories of Drs. Karen S. Wilcox and Robert
S. Fujinami from the University of Utah. The titer of the stock
used was 2 × 107 plaque forming units (PFU) per ml.

Mice were briefly anesthetized with 3% isoflurane and injected
with 20 µl of either phosphate-buffered saline (PBS) or TMEV
solution (2 × 105 PFU (biochemical studies) or 3.5 × 105 PFU
(electrocorticography)) intracortically (i.c.) in the right
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hemisphere by inserting a 28-gauge needle perpendicular to the
skull surface. The head surface was disinfected with 70%
isopropyl alcohol swab and the injection site was
approximated slightly medial to the equidistant point on the
imaginary line connecting the right eye and the right ear. A
sterilized syringe containing a plastic sleeve on the needle to
expose only 2.5 mm of needle from the tip was used to restrict the
injection in a cortical region about 2–3 mm lateral and 1–2 mm
posterior to bregma without damaging the hippocampus. The
needle was kept in place undisturbed for about 1 min after
injection and retracted slowly to minimize leakage. The injury
site was disinfected post-injection. Mice resumed their normal
behavior within 5–10 min of the procedure.

TMEV-infected mice experience handling-induced acute
behavioral seizures typically between 2–8 days post-infection
(dpi) (Patel et al., 2017). Mice were briefly agitated by shaking
their cage and observed for behavioral seizures for about 5 min in
two observation sessions daily separately by at least 2 h. Most of
the acute seizures occurred within a minute of handling the mice.
Seizure severity was graded using a modified Racine scale as
follows: stage 1, mouth and facial movements; stage 2, head
nodding; stage 3, forelimb clonus; stage 4, forelimb clonus,
rearing; stage 5, forelimb clonus, rearing, and falling; and stage
6, intense running, jumping, repeated falling, and severe clonus
(Patel et al., 2019b).

Tissue Collection for Protein Analysis
Since most of the TMEV-infected mice developed handling-
induced behavioral seizures, all the biochemical studies were
conducted in TMEV-infected mice that showed acute seizures.
TMEV- and sham-treated mice were sacrificed at 1, 3, 5, 14 and
60 dpi depending on the experiment. The ipsilateral and
contralateral hippocampi were rapidly dissected out and
collected separately. All the tissue samples were flash-frozen
using 2-methylbutane chilled on dry ice and stored at –80°C
until further processing.

Enzyme-Linked Immunoassay
Mature BDNF was measured in the hippocampal lysate using a
rapid ELISA kit (BEK-2211, Biosensis) according to the
manufacturer’s instructions. Briefly, ipsilateral and
contralateral hippocampi were homogenized in an acid
extraction buffer (50 mM sodium acetate, 1 M sodium
chloride, 0.1% Triton X-100, pH 4.0 using glacial acetic acid)
in a 1:10 weight-by-volume ratio (10 µl buffer/mg of tissue) using
a rotor-stator homogenizer. The homogenate was centrifuged
(13,000 g, 30 min, 4°C), and the supernatant was collected. Since
BDNF is bound to its receptors and chaperons within tissues, it is
difficult to detect it by ELISA. However, extraction under acidic
condition releases bound BDNF and precipitates its receptors, so
that it can be immunodetected (Kolbeck et al., 1999). Protein
concentration in supernatant was determined using
bicinchoninic acid (BCA) assay (Pierce™ BCA Protein Assay
Kit, Catalog #23225, ThermoFisher Scientific), and appropriate
amount of supernatant was neutralized (100 mM phosphate
buffer, pH 7.60) before using for ELISA. The concentration of
mBDNF was determined by measuring the absorbance of final

reaction product at 450 nm using a microplate reader (Epoch2,
BioTek).

Gel Electrophoresis and Western Blot
Protein levels of KCC2 and NKCC1 were quantified by Western
blot analysis. The hippocampi samples were homogenized using a
rotor-stator homogenizer in a lysis buffer (50 mM Tris-HCl pH
8.00, 150 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, protease inhibitors
(P8340, Sigma) and phosphatase inhibitors (P0044, Sigma); 10 µl
lysis buffer per mg of tissue), and the supernatant was collected
after centrifugation (15,000 g, 20 min, 4°C). Total protein
concentration was measured by BCA protein assay. 10–25 µg
total protein sample was denatured at 50°C for 15 min and then
electrophoresed using polyacrylamide gel (4–15% or 4–20% tris-
glycine extended polyacrylamide gel; 567–1,085 and 567–1,095,
Bio-Rad) under denaturing conditions. The proteins were
transferred to a PVDF membrane, and immunodetected by
measuring either chemiluminescence or fluorescence.
Densitometric analysis of protein levels was performed using
ImageJ (NIH) or Image Studio (LI-COR) software.

Primary antibodies used were rabbit polyclonal anti-KCC2
IgG (1–2 μg/ml; 07–432, Millipore Sigma), mouse monoclonal
anti-NKCC1 IgG1 (0.5 μg/ml; T4, Developmental Studies
Hybridoma Bank), and mouse monoclonal anti-α-tubulin IgG1
(0.1–0.5 μg/ml; A11126, Invitrogen). Secondary antibodies used
were goat anti-mouse IgG HRP (0.3 μg/ml, 62–6520, Invitrogen),
goat anti-rabbit IgG HRP (0.2 μg/ml; 65–6120, Invitrogen),
IRDyer® 680RD donkey anti-mouse IgG (0.05 μg/ml;
925–68072, LI-COR), and IRDyer® 800CW donkey anti-rabbit
IgG (0.05 μg/ml; 925–32213, LI-COR).

BDNF-TrkB Inhibitors
Recombinant human TrkB Fc chimera protein (rhTrkB-Fc) (688-
TK, R&D) (BDNF scavenging bodies) was used to inhibit BDNF-
mediated signaling in acute brain slices. Recombinant human
IgG1 Fc protein (rhIgG1-Fc) (110-HG, R&D) was used as a
control recombinant protein for rhTrkB-Fc. To test the effect of
these recombinant proteins on the protein level of KCC2, acute
coronal brain slices (300 µm thick) from TMEV-infected mice
with seizures and the control mice were prepared using vibratome
(VT1200S, Leica) at 5 dpi in a cold N-methyl-D-glucamine
(NMDG)-based slicing buffer (concentrations in mM: 130
NMDG, 1.5 KCl, 1.5 KH2PO4, 23 choline bicarbonate,
12.5 D-glucose, 0.4 L-ascorbic acid, 0.5 CaCl2, and 3.5 MgCl2;
pH 7.3–7.4, osmolality 300–320 mOsm/kg). The slices were
collected in artificial cerebrospinal fluid (ACSF) recovery
buffer (concentrations in mM: 125 NaCl, 3 KCl, 1.25
NaH2PO4, 25 NaHCO3, 12.5 D-glucose, 2 CaCl2, and 2
MgCl2; pH 7.3–7.4; osmolality, 310–320 mOsm/kg) and
allowed to recover from the slicing-induced surface damage in
ACSF at 32°C for 30 min. The slices were then washed with ACSF
to remove dead surface cells and debris and incubated in 250 ng/
ml solution of rhTrkB-Fc or rhIgG1-Fc in ACSF at 32°C. All the
solutions used for processing brains and brain slices were
continuously oxygenated with a mixture of 95% oxygen and
5% carbon dioxide. After 4.5 h, drug solution was discarded,
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and the slices were washed with ACSF. The hippocampal and
cortical regions were quickly dissected out and collected in vials
containing lysis buffer (150 and 250 μl, respectively; recipe same
as described in Western blot procedure). The samples were
homogenized using a rotor-stator homogenizer and the
supernatant was collected after centrifugation (15,000 g,
20 min, 4°C). Protein assay and western blot were then
conducted as described above to measure the level of KCC2.

To inhibit BDNF signaling in vivo, a small peptide, pY816, was
used. pY816 (YGRKKRRQRRR-LQNLAKASPVpYLDI) and its
negative control scrambled (Scr) peptide sequence
(YGRKKRRQRRR-LVApYQLKIAPNDLS) were synthesized by
Tufts University peptide synthesis core facility. Mice were treated
with a solution of pY816 or Scr prepared in PBS (10 mg/kg at
5 ml/kg body weight) by retroorbital intravenous (i.v.) injections
once daily between 0–14 dpi starting immediately after TMEV-
infection. Topical anesthetic bupivacaine was applied to the
eyeballs of mice before performing retroorbital injections.

Surgical Procedure for
Video-Electrocorticography (vECoG)
Mice were anesthetized using 3% isoflurane in oxygen, provided
analgesia (0.1 mg/kg buprenorphine intraperitoneal (i.p). and
5 mg/kg carprofen (i.p.), and the head was affixed into a
stereotaxic instrument (David Kopf Instruments). The hair
over the skull area was removed using a hair-removal cream,
the surgical area was cleaned and disinfected using iodine and
70% alcohol, and the skull was exposed. The pitch of head was

adjusted to flatten the skull surface by setting the dorsoventral
levels of bregma and lambda the same. Mice were continuously
anesthetized using nasal tubing supplying 1–2% isoflurane
throughout the surgical procedure. Total five holes (three for
screws and two for electrodes) were drilled in the skull carefully
without causing bleeding (Figure 1). Two electrodes of a three-
channel electrode set up (MS333/8-A, P1 Technologies) were
twisted and implanted in the CA3 region of hippocampus using
stereotaxic coordinates of 1.8 mm lateral (ipsilateral to the
infection site) and 2.00 mm posterior from bregma, and about
2.5 mm ventral from the skull surface to reach the target area at
1.8 mm ventral from the brain surface. The reference electrode
was implanted in the contralateral cortical surface (1.0 mm lateral
and 1.0 mm posterior from bregma). Two anchor screws were
placed in the skull bilaterally anterior to the bregma, and the third
screw was anchored over the left parietal cortex posterior to the
reference electrode. The screws were carefully inserted into the
skull without damaging the brain surface. The electrodes and all
the screws were secured in position using a dental cement and the
skin incision was closed using a tissue glue such that it provided a
clear unobstructed space on the right hemisphere for TMEV/
sham i. c. injection later (Figure 1). All surgically operated mice
were treated humanely and provided post-operative care as per
the NIH guidelines and the institutional animal care protocol.

vECoG and Seizure Analysis
After 10 days of recovery from the surgical procedure, mice
were then enrolled for vECoG recording by connecting to an
EEG100C differential amplifier (BIOPAC Systems) using a

FIGURE 1 | Depiction of the placement of electrodes and the electrodes-anchoring assembly in mice for ECoG. (A) Schematic of the mouse skull showing the
location for electrodes and anchoring screws over the dorsal surface of skull (B–bregma, L–lambda). This schematic was created with BioRender.com. (B) Photographs
of the mouse head captured during surgical procedure showing the holes drilled in skull (upper panel) and the implant of electrodes and anterior screws (lower panel).
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lightweight three-channel cable with a three-channel rotating
commutator (P1 Technologies). The MP160 data acquisition
system and AcqKnowledge 5.0 software from BIOPAC
Systems, Inc. were used to record ECoG. M1065-L network
camera (Axis communications) and media Recorder 4.0
software (Noldus Information Technology) were used to
record the behavior of each mouse. All the cables and
electrical components were sufficiently shielded to minimize
electrical noise. Video and EEG recordings were automatically
synchronized using the Observer XT 14.1 software (Noldus
Information Technology). ECoG signals were bandpass
filtered between 0.5 and 100 Hz, amplified, and digited at a
sampling frequency of 500 Hz. Mice had access to food and
water conveniently during the entire vECoG recording. Mice
were injected with 20 µl of TMEV (3.5 × 105 PFU) or PBS in the
right somatosensory cortex as described above 1 day after the
beginning of recording to get a 24-h baseline recording, and
then the recording was continuously acquired for 100 days
post-infection. The ECoG and video recordings were reviewed
manually by an experimenter blinded to the treatment groups.
Electrographic seizures were defined as rhythmic spikes or
sharp-wave discharges with amplitudes at least two times the
average amplitude of baseline, frequency at least 2 Hz, and
duration at least 5 s. Seizures were also identified by verifying
postictal suppression of the baseline ECoG activity which
typically occurs after seizure but not accompanied by
electrographic artifacts associated with mouse behavior
other than seizures. At the end of the experiment, mice
were transcardially perfused with ice-cold PBS followed by
4% paraformaldehyde, and the brains were collected, and the
placement of the electrode was verified.

Statistics
Datasets with continuous variables are summarized by
plotting mean and the standard error of mean as a scatter
plot with bar showing individual datapoints, and the datasets
with ordinal variables are represented by frequency
distribution unless otherwise stated. Parametric statistical
tests were used if the data were sufficiently normal
distributed and variance within groups was sufficiently
similar. Experimental designs with two comparison groups
were analyzed by a two-tailed unpaired t-test and designs
with more than two comparison groups were analyzed using
either one-way or two-way analysis of variance (ANOVA).
Multiple pairwise comparisons were performed by Tukey’s or
Šídák’s posttest. Average cumulative seizure burden was
calculated from a ranked dataset and analyzed by
Scheirer–Ray–Hare test, which is an extension of the
Kruskal–Wallis test for two randomized factorial designs
(Scheirer et al., 1976). Two groups with binomial outcome
were analyzed by Fisher’s exact test. Survival (percent seizure
free) curves were analyzed by log-rank test. The difference
between the two groups was considered statistically
significant with a p-value less than 0.05. GraphPad Prism 8
and Microsoft Excel software were used for statistical
analysis.

RESULTS

Positive Correlation Between
TMEV-Induced Seizures and mBDNF Level
in Hippocampus
Transcription of the Bdnf gene can yield three distinct BDNF-
derived bioactive proteins, namely proBDNF, mature BDNF
(mBDNF), and the prodomain of BDNF (Sasi et al., 2017).
Opposing effects of proBDNF and mBDNF on neuronal
excitability and synaptic strength have been demonstrated
through their preferential binding to p75 neurotrophin
receptor (p75NTR) and TrkB receptor, respectively. Overall,
the mBDNF-TrkB signaling contributes to neuronal
hyperexcitability, whereas the proBDNF-p75NTR signaling
dampens it (Sasi et al., 2017). To investigate any correlation
between the level of mBDNF during the development of TMEV-
induced seizures, we measured the level of mBDNF in the
hippocampus of TMEV-infected mice by ELISA at various
stages post-infection. The timepoints chosen were 1 dpi
(before appearance of acute seizures), 3 dpi (beginning of
acute seizures), 5 dpi (peak level of acute seizures), 14 dpi
(latent period with no behavioral seizure) and 60 dpi (chronic
epilepsy period with the occurrence of spontaneous seizures).
Since previous studies had found differences in inflammatory and
redox markers between ipsilateral and contralateral hippocampus
after TMEV infection (Bhuyan et al., 2015), the level of mBDNF
was measured in ipsilateral and contralateral hippocampus
distinctly.

Figure 2 shows the absolute level of mBDNF in ipsilateral
(panel A), contralateral (panel B), and in whole hippocampus
(panel C). All the mice in the TMEV-infected group had
seizures, whereas none of the sham-treated mice
experienced any seizure. The level of mBDNF was not
different between both the treatment groups at 1 dpi in
both hippocampi. mBDNF started to increase with the
appearance of seizures at 3 dpi and was significantly
increased compared to the control mice at 5 dpi. The
absolute level of mBDNF remained significantly elevated at
14 and 60 dpi in ipsilateral and in whole hippocampus. The
changes in the mBDNF level in the infected mice can be
conveniently viewed as a percentage of the corresponding
control levels in panels D–F. These results show a positive
correlation between the occurrence of TMEV-induced seizures
and an increase in the levels of mBDNF in hippocampus. The
level of mBDNF in the hippocampus of sham-injected control
mice did not change significantly over 60 dpi. Since mice in
this experiment were not monitored continuously for the
seizures by vECoG, it was not possible to determine which
mice had chronic seizures at 60 dpi. Although TMEV-infected
mice generally do not show behavioral seizures between
2 weeks and 2 months post-infection, focal electrographic
seizures have been recorded in the hippocampus during this
period (Patel et al., 2017). It is likely that increased level of
mBDNF in hippocampus at 60 dpi could be due to underlying
network hyperexcitability. However, further work is needed to
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determine whether increase in mBDNF found in hippocampus
at 60 dpi is mainly due to occurrence of chronic seizures or due
to other pathological factors.

Increase in the Ratio of NKCC1/KCC2 in
Hippocampus During Acute TMEV Infection
Whether increased levels of mBDNF are associated with the
changes in the expression of cation-chloride cotransporters, we
measured the level of NKCC1 and KCC2 in ipsilateral and
contralateral hippocampus by western blot at 5 dpi. We found
no change in NKCC1 in both hippocampi (Figures 3A,C),
whereas KCC2 was found significanlty reduced in ipsilaeral
hippampus and unchanged in contralateral hippocampus
(Figures 3B,D). Overall the level of KCC2 in whole
hippocampus was significanlty reduced (Figure 3D).
Accordingly, the ratio of NKCC1/KCC2 was significantly
elevated in the ipsilateral hippocampus (Figure 3E).

Neutralization of BDNF Rescues Reduction
in Hippocampal KCC2 in Mice with
TMEV-Induced Seizures
We next investigated any causality between an increase in
mBDNF and a concurrent decrease in KCC2 in the
hippocampus during peak TMEV-induced acute seizures using

a recombinant human TrkB-Fc (rhTrkB-Fc), a biological
inhibitor of BDNF signaling, in acute brain slices using
western blot. rhTrkB-Fc is a decoy scavenging body that binds
and sequesters BDNF, and thus inhibits the downstream effects of
BDNF. Intracerebroventricular administration of rhTrkB-Fc
inhibited the development of seizures in the rat model of
electrical kindling-induced epilepsy (Binder et al., 1999).
However, a major disadvantage of in vivo delivery of rhTrkB-
Fc is a poor parenchymal penetration, and therefore, limited
bioavailability of rhTrkB-Fc at the target site (Binder et al., 1999).
To overcome this limitation, we incubated acute brain slices
prepared at 5 days post-TMEV/sham treatment with rhTrkB-
Fc or rhIgG1-Fc at 37°C in a custom-built six well incubation
plate designed to provide continuous supply of 95% oxygen and
5% carbon dioxide (Figure 4A). The slices remained viable and
healthy throughout the process using this system. The
concentration of rhTrkB-Fc or rhIgG1-Fc (250 ng/ml) and
incubation duration (4.5 h) were based on previously
published studies and our pilot experiments (Rivera et al., 2002).

The results showed that scavenging endogenous BDNF
significantly increased KCC2 level in the infected hippocampal
slices (Figures 4B,D). However, it did not completely reverse the
reduction in KCC2 as there was a small but significant difference
between the sham and TMEV groups. We also measured the
effect of rhTrkB-Fc on KCC2 in cortical slices, where we do not
find a reduction in KCC2 during TMEV-induced seizures. There

FIGURE 2 | Increase in the protein level of mature BDNF in the hippocampus of TMEV-infected mice during acute and chronic seizure period. (A-C) Absolute
protein levels of mBDNF in the ipsilateral (A), contralateral (B), and whole hippocampus (C) are plotted at various days post-infection (dpi). (D-F) The protein level of
mBDNF in the ipsilateral (D), contralateral (E), and whole hippocampus (F) at various timepoints after infection are normalized to their corresponding levels in the sham-
treated control samples. Dashed line at 100% on y-axis indicates mean level of mBDNF in the sham-treated control samples. Statistics: Two-way ANOVA, Šídák’s
multiple comparison tests (comparison between the treatment groups at each timepoint, panels A–C) and Tukey’s multiple comparisons tests (comparison between
various timepoints within each treatment group, panels D–F); n = 5 mice per group at each timepoint; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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was no change in the level of KCC2 between any of the treatment
groups–cortical slices from sham or TMEV-infected mice treated
with rhTrkB-Fc or rhIgG1-Fc (Figures 4C,E). These results
suggest that increased release of endogenous BDNF during
TMEV-induced acute seizures directly decrease the expression
of KCC2, which in turn, may contribute to hyperexcitability by
impairing GABAergic inhibition.

BDNF Heterozygous Knockout and
Wild-type C57BL/6J Mice Are Equally
Susceptible to TMEV-Induced Seizures
To test whether enhanced level of BDNF directly contributes to
seizures, we compared the seizure susceptibility of BDNF+/− mice
to TMEV-induced seizures with the WT C57BL/6J mice. It was
desirable to utilize mice lacking both alleles of the Bdnf gene;
however, BDNF−/− mice are growth-impaired and most die
within 2 weeks of birth, whereas BDNF+/− mice are
phenotypically comparable with the WT mice (Ernfors et al.,
1994). Both BDNF+/− and WT mice (n = 10 per group; 5 male, 5
female) were infected with TMEV and monitored for behavioral

seizures up to 2 weeks post-infection by an experimenter blinded
to the genotype of mice. All the seizures observed are shown in
the heatmap in Figure 5A. Average weight of BDNF+/− mice was
about 2–3 g more than the WT mice (Figure 5B). Although 40%
(4/10) of BDNF+/− mice developed acute seizures compared to
60% (6/10) of WT mice, this difference was not statistically
significant (Figure 5C). Mean seizure frequency was measured
as an average number of seizures during the entire acute seizure
period (3-8 dpi) and found similar between both the groups
(Figure 5D). Cumulative seizure burden, as a marker for
seizure severity, at each dpi for each mouse was calculated by
summing all its seizure scores up to corresponding dpi. Seizure
severity was also found similar between both the groups
(Figure 5E). Comparisons based on seizure score found no
difference between both the groups (Figures 5F,G).

The level of mBDNF was measured by ELISA in ipsilateral
(Figure 6A), contralateral (Figure 6B), and whole (Figure 6C)
hippocampus collected from BDNF+/− and WT mice at 14 dpi.
BDNF+/−mice had about half the level of mBDNF compared to
the WT mice irrespective of seizures. Mice that exhibited
TMEV-induced acute seizures had significantly higher level

FIGURE3 |Decrease in the protein level of KCC2 and increase in the ratio of NKCC1/KCC2 in the hippocampus of TMEV-infectedmicewith acute seizures at 5 dpi.
(A–B) Immunoblots show the detection of NKCC1 (A), KCC2 (B) and α-tubulin in the contralateral (CL) and ipsilateral (IL) hippocampi (HC) from the sham- and TMEV-
infected mice. (C–E) Optical density (O.D.) of NKCC1 (C) and KCC2 (D) blots were normalized to the O.D. of α-tubulin blots from the same samples to compare the
relative O.D. between the sham- and TMEV-infected mice. The relative O.D. ratios of NKCC1/KCC2 are plotted in panel (E). Statistics: Unpaired two-tailed t test;
n = 5 mice per group; *p < 0.05, **p < 0.01, ***p < 0.001.
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of BDNF irrespective of their genotype compared to mice
protected from acute seizures. These results suggest that
upregulation of endogenous BDNF in hippocampus occurs
as a consequence of acute seizures rather than TMEV infection
itself.

No Effect of pY816-Mediated Inhibition of
the BDNF-TrkB-PLCγ1 Signaling on TMEV
Infection-Associated Seizures
To overcome the limitations of inhibiting endogenous release of
BDNF, we employed a pharmacological approach using a peptide,
pY816, to inhibit the downstream effects of BDNF mediated
through TrkB receptor. Among the many downstream effector
molecules that mediate the effects of BDNF through TrkB
receptors, activation of PLCγ1 has been implicated in driving
seizures (Gu et al., 2015). pY816 is a selective inhibitor of the

PLCγ1-mediated effects of the BDNF-TrkB signaling. It is a
membrane-permeable peptide containing a sequence of TrkB
motif that directly binds with PLCγ1 and uncouples the
interaction of PLCγ1 with activated TrkB, and thus, inhibits
the downstream effects of BDNF (Gu et al., 2015). pY816 has been
found to reduce seizures and epileptogenesis in the rodent models
of seizures induced by kainic acid (Gu et al., 2015) or electrical
kindling (Krishnamurthy et al., 2019). Since the BDNF-TrkB-
PLCγ1 signaling cascade, along with the Shc/FRS-2 (src
homology 2 domain containing transforming protein/FGF
receptor substrate 2) pathway, was also implicated in
downregulating KCC2 expression in hippocampal slices under
hyperexcitable condition (Rivera et al., 2004), we asked whether
treatment of TMEV-infected mice with pY816 might reduce
acute and/or chronic seizure parameters.

We treated TMEV-infectedmice with pY816 or Scr (n = 13 per
group) once daily during the first 2 weeks of infection and

FIGURE 4 | Inhibition of BDNF increases the expression of KCC2 in hippocampal slices frommice during TMEV-induced acute seizure period. (A) Acute brain slices
(300 µm thickness) from sham- or TMEV-infected mice were treated with rhTrkB-Fc or rhIgG1-Fc (250 ng/ml in ACSF) for 4.5 h at 37 C under continuous carbogenation
(95% oxygen, 5% carbon dioxide) condition before dissecting out hippocampus (HC) and cortex (CTX). (B–C) Representative immunoblots show the detection of KCC2
and α-tubulin in hippocampi (B) and cortex (C) isolated from acute brain slices under different treatment conditions for both groups of mice. (D–E) Fluor intensity
(F.I.) of KCC2 blots were normalized to the F.I. of α-tubulin blots from the same samples to compare the relative F.I. between the sham- and TMEV-infected slices treated
either with rhIgG1-Fc or rhTrkB-Fc. Statistics: One-way ANOVA, Tukey’s multiple comparisons test; n = 4 mice per group; **p < 0.01, ****p < 0.0001.
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FIGURE 5 | No difference in TMEV-induced acute seizures between wild type (WT) and BDNF+/− C57BL/6J mice. (A) Heatmap shows all acute seizures observed
based on their severity score for each mouse between 3–8 days post-infection (dpi). Seizures were induced by handing and the severity was scored three times a day
with at least 2 h of undisturbed period between two observation sessions. (B) Average weight of mice in each group during acute infection period. (C) This panel shows
the percentage of total infectedmice in each group that remained seizure free at each day until 8 dpi. None of themice developed seizures before 3 dpi. (D) Average
number of seizures daily between 3-8 dpi is plotted for eachmouse. (E) Average cumulative seizure burden, which is calculated as amean of the summation of all seizure
scores for each mouse over time, compares seizure severity between WT and BDNF+/− mice during acute infection period. (F) Mean seizure score at each day is
compared. (G) It shows the total number of seizures based on their severity score.

FIGURE 6 | Increase in mBDNF in hippocampus of WT compared to BDNF+/−mice with TMEV-infected acute seizures. (A-C) Absolute protein levels of mBDNF in
the ipsilateral (A), contralateral (B), and total hippocampus (C) from WT and BDNF+/− mice at 14 days post-TMEV infection are compared. S+ indicates mice that
developed acute TMEV-induced seizures and S- indicates mice that did not get seizures. Statistics: One-way ANOVA, Šídák’s multiple comparisons test; n = 3-6 mice
per group at each timepoint; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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monitored them for seizures by continuous vECoG until 100 dpi.
The recoding from three mice in the Scr group and from two in
the pY816 group had to be stopped before 100 dpi due to loss of
electrode or poor health. The representative recording traces from
the Scr-treated mice with and without seizures are shown in
Figure 7A. The recording from the pY816-treated mice also
showed similar electrographic activity. Numbers of mice that had
at least one acute seizure were similar for both the groups
(Scr–11/13, 85%; pY816–9/13, 69%) (Figure 7B). Numbers of
mice with chronic spontaneous seizures during 60–100 dpi were
higher in the pY816 group (Scr–1/10, 10%; pY816–4/11, 36%);
however, this difference was not statistically significant
(Figure 7B). There was no difference in weight, occurrence of

first seizure, and average number of seizures between both the
groups (Figures 7C–E). Seizure frequency and severity, reported
as cumulative number of seizures and cumulative seizure burden,
respectively, were also not different between both the groups
(Figures 7F,G). Seizure duration and number of spikes per ictal
activity were calculated from the vECoG recording and found
similar for both the treatment groups (Figures 7H,I).

DISCUSSION

We have investigated the role of the BDNF-TrkB signaling in the
development of seizures in amodel of TMEV infection-associated

FIGURE 7 | No change in frequency, severity, and duration of TMEV-induced acute and chronic seizures between pY816- and sham-treated mice. (A)
Representative EEG recordings from TMEV-infected mice treated with a scrambled control peptide (Scr). The recording on the upper left is from amouse that developed
seizures and the recording on the upper right is from a mouse that did not have any seizure. Expanded traces corresponding to preictal baseline, ictal spiking, and
postictal suppression period from a tracing on upper left are shown below. (B) Percentage of all TMEV-infected mice treated with either pY816 or a scrambled
control peptide (Scr) that presented with acute and chronic seizures are shown. (C) Average weight of mice in each group during acute infection period. (D) This panel
shows the percentage of total infected mice in each group that remained seizure free at each day until 10 dpi. None of the mice developed seizures before 2 dpi. (E) Total
number of seizures throughout the vECoG monitoring period post-TMEV infection is plotted for each mouse. (F) Average cumulative number of seizures for each
treatment group over 100 days of vECoGmonitoring post-TMEV infection. (G) Average cumulative seizure burden, which is calculated as a mean of the summation of all
seizure scores for each mouse over time, compares seizure severity between Scr-treated and pY816-treated mice up to 100 dpi. (H) A graph plotting the duration of all
seizures show no difference in mean seizure duration between both the treatment groups. (I) Total number of spikes plotted for each electrographic seizure shows no
mean difference between both the treatment groups.
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limbic epilepsy. We found an inverse correlation between the
protein levels of BDNF and KCC2 in mice hippocampus during
the peak seizure activity period following viral infection.
Increased expression of BDNF was found coincident with the
occurrence of both acute and chronic seizures. We also found a
causal connection between the level of BDNF and KCC2 as
neutralizing endogenous BDNF by rhTrkB-Fc significantly
increased the level of KCC2 in hippocampal slices from the
mice with acute seizures. However, genetic and
pharmacological approaches to inhibit excessive effects of
BDNF did not show any difference in behavioral and
electrographic seizures induced by TMEV. Overall, our results
suggest that increased release of BDNF may contribute to TMEV
infection-induced seizures by impairing KCC2-mediated
regulation of [Cl−]i important for maintaining fast GABAergic
inhibition.

The role of BDNF in seizure development has been reported in
some animal models of seizures and epilepsy, mostly electrical
kindling, and post-status epilepticus (SE) models of TLE using
kainic acid and pilocarpine (McNamara and Scharfman, 2012).
These are useful and reliable methods to induce seizures,
however, they are limited by the fact that normal healthy
rodents are used in these models to induce seizures and that
de novo SE is rather rare in humans and thus not a major cause of
acquired epilepsy (Loscher, 2017). Animal models of acquired
epilepsy caused by stroke, CNS infections, or traumatic brain
injury, which are the major etiological factors for human acquired
epilepsy, are more clinically relevant. Viral infection is a major
cause of TLE especially in LMIC (Misra et al., 2008; Vezzani et al.,
2016). However, animal models of TLE caused by infection are
limited. Furthermore, high mortality rate and low rate of epilepsy
development in majority of these models curtail their utility
(Patel and Wilcox, 2017; Löscher and Howe, 2022). In
contrast, TMEV-infected C57BL/6J mice exhibit acute seizures
during active infection, survive the initial infection, exhibit
hippocampal neuropathology and gliotic scar, develop
behavioral comorbidities such as anxiety and cognitive
impairment, and develop epilepsy after about 2–3 months
post-infection (Libbey et al., 2008; Stewart et al., 2010a; b;
Umpierre et al., 2014; Broer et al., 2016; Patel et al., 2017;
Lawley et al., 2021). This model recapitulates many
pathological and behavioral sequelae of human TLE patients,
and therefore, offers a unique opportunity to study the molecular
mechanism(s) underlying seizure generation and epileptogenesis.

The factors that upregulate BDNF expression during TMEV-
induced seizures are speculative. Inflammation is a key driver of
seizures in the TMEVmodel (Cusick et al., 2013; Patel et al., 2017;
Waltl et al., 2018; Zhan et al., 2018; Juda et al., 2019; Howe et al.,
2022). Similar to BDNF, increase in the levels of proinflammatory
cytokines and chemokines correlates with the appearance and
persistence of TMEV-induced seizures. Persistent inflammatory
condition has been shown to upregulate BDNF level (Tao et al.,
2014). Reactive microgliosis, which occurs during acute TMEV
infection and known to release proinflammatory factors, can
induce BDNF synthesis and release through the ATP-P2X4R
signaling cascade (Ferrini and De Koninck, 2013). However, the
interaction between BDNF and neuroinflammation in CNS

disorders is not clearly understood as evident by many
contrasting findings (Lima Giacobbo et al., 2019). Ca2+-
dependent synaptic release of BDNF has been demonstrated in
response to spontaneous activity (Kuczewski et al., 2008),
therefore, it is also likely that the network hyperexcitability
ensued following TMEV infection could itself have contributed
to the increased levels of BDNF. Since BDNF can cause
hyperexcitability through intracellular Ca2+-dependent
mechanisms (Sasi et al., 2017), it is possible that there may be
a positive feedback loop between the release of BDNF and
seizures.

Accumulating evidence suggest that BDNF decreases KCC2
expression and function in several adult brain regions (Moore
et al., 2017), under different neuropathological conditions
including epilepsy (Rivera et al., 2002), traumatic brain injury
(Shulga et al., 2008), and nociception (Ferrini et al., 2013). In a
mature brain, cell surface expression of KCC2 is crucial for
keeping [Cl−]i low, which is essential for establishing and
maintaining fast hyperpolarizing GABAA receptor currents. A
decrease in the Cl− extrusion function of KCC2 causes
depolarizing excitatory shift in the GABAergic action which
may underlie neuronal network hyperexcitability. Impairment
in the function of KCC2 has been reported in many experimental
studies from the animal models of epilepsy as well as in some
cases of human epilepsy (Moore et al., 2017). Although the
consequence of reduced KCC2 level on the fast GABAA

receptor inhibition following TMEV infection is not studied in
this present study, an impaired synaptic inhibition during both
acute and chronic phases of TMEV-induced epilepsy has been
reported in the CA3 region of hippocampus (Smeal et al., 2015)
and in the dentate granule cells (our unpublished data). It is likely
that BDNF-mediated reduction in KCC2 function may have
contributed to this impaired inhibition.

In addition to BDNF, high extracellular glutamate has been
shown to reduce KCC2 level through NMDA receptor and
subsequently calcium-activated protease (Lee et al., 2011).
Increased extracellular glutamate is commonly associated with
neuronal network hyperexcitability (Coulter and Steinhauser,
2015; Patel et al., 2019a). Glutamate-mediated hyperexcitability
occurs in CA3 pyramidal neurons during acute and chronic
seizure periods in the TMEV model of epilepsy (Smeal et al.,
2012). Given these findings, it is possible that excessive glutamate
may have reduced KCC2 in hippocampus during acute TMEV-
induced seizures. However, we have demonstrated a significant
increase in KCC2 in TMEV-infected hippocampal slices after
treatment with BDNF scavenging bodies. Although the level of
KCC2 was still lower compared to control hippocampal slices, the
reduction was much less compared to TMEV-infected
hippocampal slices without any alternation of endogenous
BDNF. Collectively, these results suggest that BDNF directly
contributes in the reduction of KCC2 during TMEV-induced
seizures, however, it may not be the only factor.

Our attempts to inhibit the consequences of increased release of
BDNF either through genetic or pharmacological approaches did
not affect acute as well as chronic seizures caused by TMEV
infection. In contrast to the TMEV model, deletion of single
allele of BDNF gene was sufficient to inhibit the development of
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kindling inmice (Kokaia et al., 1995). As expected, the level of BDNF
in the hippocampus of BDNF+/− mice was at half the level found in
the WT mice. TMEV-infected BDNF+/− mice that did not have
seizures hadmuch less amount of BDNF in hippocampus compared
to BDNF+/− mice that had seizures affirming a positive correlation
between seizures and BDNF level. Alternatively, pharmacological
inhibition of TrkB receptor has been attempted in other epilepsy
models (Lin et al., 2020). Since TrkB also mediates neuroprotective
effects of BDNF and the PLCγ1-mediated effects of the BDNF-TrkB
signaling was primarily identified to impart antiseizure effects,
pY816 was rationally designed to uncouple PLCγ1 from activated
TrkB (Gu et al., 2015). Treatment of mice with pY816 (10 mg/kg, i.
v.) once daily for 3 days following kainic acid-induced SE not only
inhibited seizures within first 2 weeks post-SE but also prevented the
development to epilepsy 5–6 weeks post-SE (Gu et al., 2015). Our
pilot studies informed that this dosing regimen of pY816may not be
enough to control TMEV-induced seizures. Therefore, we treated
TMEV-infected mice with pY816 (10mg/kg, i. v.) once daily for the
first 2 weeks starting immediately after infection as TMEV is cleared
from the brain after 2 weeks of infection (Libbey et al., 2010). We
chose retroorbital route for i. v. dosing because it is effective and less
stressful method for chronic i. v. treatment (Steel et al., 2008).
However, increasing the duration of pY816 treatment did not
affect TMEV-induced seizures. In contrast to kindling and SE
models of epilepsy, lack of effects on TMEV-induced seizures
observed in pY816-treated and in BDNF+/− mice likely reflects
model-specific differences in the mechanisms of ictogenesis. It is
possible that the absence of anticonvulsant effects of pY816 observed
in TMEV-infected mice could be due to lack of its effects on KCC2.
However, further studies are needed to measure the level of KCC2
during the chronic TMEV infection and at various timepoints
following pY816 treatment. Furthermore, BDNF-mediated
downregulation of KCC2 required activation of both PLCγ1-
CREB (phospholipase Cγ1–cAMP response element-binding
protein) and Shc/FRC-2 (src homology 2 domain containing
transforming protein/FGF receptor substrate 2)-mediated
signaling cascade (Rivera et al., 2004). In fact, BDNF either had
no effect on or increased the level of KCC2 respectively in mice with
mutation in TrkB receptor that permitted the downstream signaling
specifically through the PLCγ1-CREB or ShC/FRC-2 pathway
(Rivera et al., 2004). It is likely based on this finding that
uncoupling PLCγ1 from the activated TrkB alone using pY816
could be insufficient to ameliorate the reduction of KCC2 and
suppress TMEV-induced seizures. Lastly, since excessive

inflammatory reaction post-TMEV infection is a major driver for
the development of seizures in thismodel (Löscher andHowe, 2022),
it is likely that inhibiting BDNF signaling mediated through PLCγ1
alone may not have significant anticonvulsant effects.

In conclusion, the present work suggests that increased release
of BDNF could contribute to the development seizures and
epilepsy induced by TMEV infection. BDNF could cause
neuronal network hyperexcitability by reducing the expression
of KCC2, thereby impairing KCC2-mediated chloride
homeostasis critical for maintaining inhibitory control over
neural network. Further studies are warranted to test the
strategies for modulating the BDNF-TrkB signaling and their
impact on chloride homeostasis and occurrence of infection-
associated seizures.
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