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Editorial

Pathogenesis and Targeted Therapy of Epilepsy

Prosper N’Gouemo

Department of Physiology and Biophysics, Howard University College of Medicine, Washington, DC 20059, USA;
prosper.ngouemo@howard.edu; Tel.: +1-202-806-9708

The Biomedicines Special Issue (BSI) of “Pathogenesis and Targeted Therapy of Epilepsy”
seeks papers providing new insights into the roles of voltage-gated and ligand-gated ion
channels and their related signaling in the pathogenesis and pathophysiology of acquired
epilepsy and inherited epilepsy. We are pleased that several renowned researchers have
contributed to this first edition of BSI, comprising seven original articles and four reviews.
Topics in this BSI include the identification of altered postsynaptic glutamate receptors
as a potential mechanism underlying epileptogenesis in the hippocampus using the 4-
aminopyridine in vitro model of epileptiform activity [1]. Another report suggests the
activation of Ca2+-activated chloride channels as a novel cellular mechanism for suppress-
ing acoustically evoked generalized tonic-clonic seizures in the strain of the genetically
epilepsy-prone rats exhibiting moderated seizure severity [2]. Using another model of
acoustically evoked seizures (Wistar Audiogenic Rat, WAR), Lazarini-Lopes et al. [3] report
that TRPV1 channels might contribute to the cellular mechanism underlying epileptoge-
nesis and anxiety-like behavior following repetitive episodes of seizures. Furthermore,
a comprehensive review discusses the relationship between acoustically evoked seizure
susceptibility and post-ictal catalepsy and motor hyperactivity [4]. In another token, Kim
and Kang [5] provide evidence of an upregulation of tandem of the P domain in weak
inwardly rectifying K+ channels (TWIK)-related acid-sensitive K+-1 (TASK-1) channels in
hippocampal CA1 astrocytes in the pilocarpine post-status epilepticus model of temporal
lobe epilepsy. Another report from the same group reveals that co-treatment with an
elective TASK-1 inhibitor and levetiracetam (LEV) reduced the severity of LEV refractory
seizures. Additional studies from Kim et al. [6] provide evidence that dysregulation of
AKT/GSK3b/CREB-mediated glutamate ionotropic receptor AMPA type 1 subunit (GRIA1)
surface expression may contribute to AMPA receptor antagonists’ refractory seizures in
the pilocarpine model of temporal lobe epilepsy. Similarly, dysregulation of PP2B-ERK1/2-
SGK1-NEDD4-2-mediated GRIA1 ubiquitination may also contribute to AMPA receptor
antagonists’ refractory seizures [7]. In a model of traumatic brain injury (TBI), Wang
et al. [6] report that peripheral infection after TBI increases neuronal excitability and fa-
cilitates post-traumatic epileptogenesis in the pentylenetetrazole model of seizures [8].
Furthermore, Ndoke-Ekane et al. [9] provide evidence that magnetic resonance imaging
(MRI) improves the placement accuracy of intracerebral electrode implantation and that
chronically implanted electrodes do not increase cortical and hippocampal atrophy in a rat
model of post-traumatic epilepsy. A review by Yamanaka et al. [10] discusses the neuroin-
flammatory role of brain pericytes in epilepsy. Finally, another study by Bucknix et al. [11]
examines the potential mechanisms underlying the anticonvulsant effects mediated by the
orexigenic peptide ghrelin.

Epilepsies are disorders of neuronal excitability characterized by the occurrence of
spontaneous, repeated episodes of seizures, and their incidence rate continues to increase
yearly. Although many antiseizure medications (ASM) are available, about 30% of epileptic
patients have ASM-refractory seizures. Thus, there is a need to develop new therapies to
mitigate epileptogenesis and ASM-refractory seizures based on novel molecular targets
for controlling neuronal hyperexcitability that leads to seizures. This first edition of BSI
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provides evidence of novel molecular targets for controlling epileptogenesis, generalized
tonic-clonic seizures, and ASM-refractory seizures.
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Short-Term Epileptiform Activity Potentiates Excitatory
Synapses but Does Not Affect Intrinsic Membrane Properties of
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Abstract: Even brief epileptic seizures can lead to activity-dependent structural remodeling of neural
circuitry. Animal models show that the functional plasticity of synapses and changes in the intrinsic
excitability of neurons can be crucial for epileptogenesis. However, the exact mechanisms underlying
epileptogenesis remain unclear. We induced epileptiform activity in rat hippocampal slices for 15 min
using a 4-aminopyridine (4-AP) in vitro model and observed hippocampal hyperexcitability for at
least 1 h. We tested several possible mechanisms of this hyperexcitability, including changes in
intrinsic membrane properties of neurons and presynaptic and postsynaptic alterations. Neither
input resistance nor other essential biophysical properties of hippocampal CA1 pyramidal neurons
were affected by epileptiform activity. The glutamate release probability also remained unchanged, as
the frequency of miniature EPSCs and the paired amplitude ratio of evoked responses did not change
after epileptiform activity. However, we found an increase in the AMPA/NMDA ratio, suggesting
alterations in the properties of postsynaptic glutamatergic receptors. Thus, the increase in excitability
of hippocampal neural networks is realized through postsynaptic mechanisms. In contrast, the
intrinsic membrane properties of neurons and the probability of glutamate release from presynaptic
terminals are not affected in a 4-AP model.

Keywords: temporal lobe epilepsy; hippocampus; 4-aminopyridine; epilepsy model; long-term
potentiation; AMPA receptor

1. Introduction

A significant number of cases of temporal lobe epilepsy in humans develop in healthy
people as a result of injury or disease. Acquired epilepsy is often a progressive disease
that is resistant to pharmacological treatment [1]. Therefore, it is crucial to know the initial
molecular and cellular abnormalities specific to epileptogenesis. Based on this knowledge,
more promising therapeutic strategies for the prevention of acquired temporal lobe epilepsy
can be developed [2,3].

In vitro brain tissue preparations allow the simple and accessible study of brain
networks and provide an opportunity to understand the brain’s molecular and cellular
mechanisms of functioning in health and disease with detail that is unattainable in vivo.
Therefore, in vitro brain slices are generally recognized as an optimal model for study-
ing epileptiform activity in the brain tissue [4]. Among multiple in vitro models, many
researchers utilized a 4-aminopyridine (4-AP)-based model to successfully induce epilep-
tiform activity in the hippocampus and cortical areas [5–8]. 4-AP blocks voltage-gated
potassium channels Kv1.1, Kv1.2, and Kv1.4, which are particularly important for action
potential repolarization. This, in turn, promotes the enhanced release of glutamate and,
therefore, an overactivation of glutamate receptors [9]. At the same time, GABA-mediated
transmission paradoxically facilitates neuronal hyperexcitation in 4-AP-based epilepsy
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models [8]. Ultimately, both pyramidal neurons and interneurons seem to contribute to the
generation of 4-AP-induced epileptiform activity [10–12].

Even relatively short seizures can lead to activity-dependent structural remodeling of
neural circuits, resulting in increased network excitability. Although most mesial temporal
lobe structures are highly susceptible to seizures, the hippocampal area demonstrates the
heaviest damage in response to seizure activity [13,14]. Several mechanisms can provoke
changes in the excitability of neuronal networks, including changes in intrinsic neuronal
excitability [15–17], potentiation of excitatory synaptic contacts [9,18–21], changes in synap-
tic inhibition [22–25], and cell loss and sprouting of axons [26–28]. However, relatively
little is known about the precise mechanisms of the network excitability increase resulting
from a brief episode of epileptic activity—what specific changes occur at presynaptic and
postsynaptic levels, and how these changes affect hippocampal circuit functioning.

In the present study, using a 4-aminopyridine model of epileptiform activity in vitro,
we experimentally investigated mechanisms involved in the increased neuronal excitability
in the CA1 hippocampal area. We focused on the alternations that persist 1 h after the
short-term epileptiform activity.

2. Materials and Methods

2.1. Animals and Brain Slice Preparation

Juvenile Wistar rats (postnatal days 21–23) were used in this study. All the experiments
were carried out according to the Guidelines on the Treatment of Laboratory Animals effec-
tive at the Sechenov Institute of Evolutionary Physiology and Biochemistry of the Russian
Academy of Sciences. These guidelines comply with Russian and international standards.

Acute brain slices were obtained as previously described [29]. In brief, rats were
decapitated and the brains were quickly removed and placed in ice-cold oxygenated
(95% O2: 5% CO2) artificial cerebrospinal fluid (ACSF) containing (in mM) 126 NaCl,
24 NaHCO3, 2.5 KCl, 2 CaCl2, 1.25 NaH2PO4, 1 MgSO4, and 10 dextrose. Horizontal
entorhinal-hippocampal brain slices (300–350 μm) were prepared with Microm HM 650V
vibratome (Microm, Dreieich, Germany) and allowed to recover for 1 h before electrophysi-
ological experiments began.

2.2. Induction of Short-Term Epileptiform Activity In Vitro

Epileptiform activity was induced by an epileptogenic low-magnesium solution with
the voltage-gated potassium ion channel inhibitor 4-AP. The solution contained the fol-
lowing (in mM): 120 NaCl, 8.5 KCl, 1.25 NaH2PO4, 0.25 MgSO4, 2 CaCl2, 24 NaHCO3,
10 dextrose, and 0.05 4-AP. This solution induced epileptiform activity in the slice with a
delay of 3–5 min. The brain slices were kept in this solution for 20 min at 30 ◦C. After that,
the slices were washed in ACSF for 1 h. All solutions were oxygenated (95% O2/5% CO2).

2.3. Field Excitatory Postsynaptic Potential (fEPSP) Recordings

Field EPSPs were registered from the CA1 stratum radiatum using a glass microelec-
trode (0.2–1.0 MΩ) filled with ACSF. Synaptic responses were evoked by local extracellular
stimulation of the Schaffer collaterals using a bipolar twisted stimulating electrode made
of insulated nichrome wire (0.7 mm in diameter). The stimulating electrode was placed
in the stratum radiatum at the CA1–CA2 border at 1 mm from the recording electrode.
The dependence of fEPSP amplitude and the fiber volleys (FVs) amplitude on stimulation
strength was determined by increasing the current intensity from 25 to 300 μA with a step
of 25 μA via an A365 stimulus isolator (World Precision Instruments, Sarasota, FL, USA).
Responses were recorded with the Model 1800 Microelectrode AC Amplifier (A-M Sys-
tems, Carlsborg, WA, USA). They were digitized with ADC/DAC NI USB-6211 (National
Instruments, Austin, TX, USA) using WinWCP v5 software (University of Strathclyde,
Glasgow, UK). As previously described [17], the maximum rise slope of the input–output
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(I/O) relationships (fEPSP amplitude vs. FV amplitude) was calculated for every slice by
fitting with a sigmoidal Gompertz function:

f
[

I; a, k, Iin f l

]
= ae−e

(−k(I−Iin f l ))
(1)

where e is Euler’s number (e = 2.71828 . . . ), a is the asymptote of the maximum response
amplitude, Iin f l is the inflection current (in pA), which was the value of the stimulation
current at which the maximum slope of the curve was observed, and k is the positive
number that determines the slope of the curve. The maximum slope of the curve (in
Hz/pA) was calculated as a × k/e.

2.4. Patch-Clamp Experiments

CA1 hippocampal pyramidal neurons were identified using a Zeiss Axioscop 2 micro-
scope (Zeiss; Oberkochen, Germany) equipped with differential interference contrast optics
and the video camera PointGrey Grasshopper3 GS3-U3-23S6M-C (FLIR Integrated Imaging
Solutions Inc., Wilsonville, OR, USA). Signals were recorded using a Multiclamp 700B
(Molecular Devices, Sunnyvale, CA, USA) patch-clamp amplifier and an NI USB-6343 A/D
converter (National Instruments, Austin, TX, USA) using WinWCP 5 software (University
of Strathclyde, Glasgow, UK).

Patch pipettes with tip resistance 2–5 MΩ were pulled from borosilicate filamented
glass capillaries (World Precision Instruments, Sarasota, FL, USA) using a P-1000 Mi-
cropipette Puller (Sutter Instrument; Novato, CA, USA). The intracellular patch pipette
solution for whole-cell recordings contained (in mM) 136 K-Gluconate, 10 NaCl, 5 EGTA,
10 HEPES, 4 ATP-Mg, and 0.3 GTP; pH was adjusted to 7.25 with KOH. A cesium-
methanesulfonate-based intracellular patch pipette solution was used for the recordings of
the AMPAR- and NMDAR-mediated currents; the composition, in mM, was 127 CsMeSO4,
10 NaCl, 5 EGTA, 10 HEPES, 6 QX314, 4 ATP-Mg, and 0.3 GTP; pH was adjusted to 7.25
with CsOH. Access resistance was typically 10–15 MΩ and remained stable during the
experiments (< 30% increase) for all cells included in the analysis.

The synaptic responses were evoked with a bipolar stimulating electrode placed
at 100–200 μm from the recorded neuron. To evaluate the dependence of the AMPAR-
mediated response amplitude from the stimulation current, the AMPAR-mediated EPSCs
were recorded in the presence of an NMDAR channel blocker MK-801 (10 μM, Alomone
Labs, Jerusalem, Israel) at the holding potential of −56 mV, which is equal to the reversal
potential of GABAaR-mediated currents as it was found in our previous studies utilizing
the same pipette and extracellular solutions [12,21,30].

The dependence of the evoked EPSC (eEPSC) amplitude on stimulation strength was
determined by increasing the current intensity from 0 to 1000 μA via an A365 stimulus
isolator (WPI Inc., Blacksburg, VA, USA). The obtained dependence was fitted with a
sigmoid Gompertz function (Equation (1)).

In order to investigate the AMPA/NMDA ratio, the AMPAR-mediated EPSCs were
recorded at the holding potential of −80 mV in the presence of bicuculline (20 μM), a
GABAa receptor blocker. NMDAR-mediated EPSCs were recorded at +40 mV, in the
presence of bicuculline and DNQX (10 μM, Tocris Bioscience, Bristol, UK), an AMPAR
antagonist. The AMPA/NMDA ratio was calculated as a peak amplitudes ratio. Data were
analyzed with Clampfit 10.0 software (Molecular Devices, Sunnyvale, CA, USA).

Recordings of miniature EPSCs (mEPSCs) were done in the presence of tetrodotoxin
(TTX, 0.5 μM; Alomone Labs) and GABAR blockers (picrotoxin, 50 μM and bicuculline,
10 μM, Tocris Bioscience). Miniature events were detected and analyzed using Clampfit
10 software (Molecular Devices, Sunnyvale, CA, USA). The mEPSC amplitudes were
determined from the baseline to the peak.

Intrinsic membrane properties of neurons were evaluated from the voltage responses
to the series of 1500-ms current steps with 10–20 pA increments using custom scripts written
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in Wolfram Mathematica 10 (Wolfram Research, Champaign, IL, USA). Only neurons with
the typical regular-spiking pattern were included.

The resting membrane potential (Vrest, in mV) was measured as an averaged potential
before the current step application. The input resistance (Rinput; in MΩ) was calculated
as the voltage–current (V–I ) curve slope. The membrane time constant (τm; in ms) was
estimated by fitting a single exponential function to the voltage transient induced by the
−25 pA current step.

The firing rate–current (f/I) curves were used to describe the firing properties of
neurons. The firing rate was estimated as the number of action potentials per current
step. The rising part of the f/I curve was fitted with a sigmoidal Gompertz function
(Equation (1)).

2.5. Data Analysis and Statistics

The data were processed with Statistics 8 (StatSoft Inc., Tulsa, OK, USA), OriginPro 8
(OriginLab Corporation, Northampton, MA, USA), and Sigmaplot 12.5 (Systat Software
Inc., San Jose, CA, USA). Statistical significance was assessed using the Student’s t-test and
ANOVA as stated in the text. All data are presented as the mean with the standard error of
the mean. p < 0.05 was considered statistically significant.

3. Results

3.1. Epileptiform Activity in Entorhinal-Hippocampal Slices

This study investigated the short-term (within 1 h) effects of epileptiform activity
on synaptic and nonsynaptic plasticity in the hippocampus. Epileptiform activity in rat
entorhinal-hippocampal slices was induced by 20-min exposure to the 4-AP-containing
bath solution with altered extracellular ion concentrations (8.5 mM K+; 0.25 mM Mg2+).
As we have shown previously, this epileptogenic solution reliably induced discharges
in the rat entorhinal cortex approximately 7−10 min after application [30]. In the CA1
hippocampal area, the first discharges emerged even earlier, in 3–5 min (Figure 1). Thus,
the total duration of epileptiform activity in the hippocampal network was about 15 min.

Figure 1. Epileptiform activity in rat brain slices. (a) Representative recording of epileptiform activity in the CA1 hip-
pocampal area induced by the epileptogenic solution (local field potential (LFP) recording). (b,c) The interictal discharges
registered in CA1 pyramidal cells (whole-cell current-clamp recordings at different time scale).

3.2. Epileptiform Activity Increases the Gain of Input–Output Relationship in CA3-CA1 Synapses

One hour after washing the sections in Ringer’s solution, we examined the properties
of synaptic transmission in the hippocampal CA3-CA1 synapses. This time interval is
sufficient to trigger intracellular signaling cascades and induce plasticity [31].

We registered fEPSPs in response to extracellular stimulation of Shaffer collaterals
at a range of current intensities (Figure 2a). Even in one hour, the 4-AP-treated slices
(4-AP slices) exhibited significantly increased excitability compared with the control. Al-
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though the threshold of fEPSP initiation was similar in both groups (Figure 2b, control:
52 ± 2 μA, n = 11; 4-AP–slices: 46 ± 4 μA; n = 6; t-test = 1.49, p = 0.16), the amplitude of
fEPSP increased significantly faster with increasing stimulation current strength (Figure 3a,
repeated-measures ANOVA: F7,105 = 4.3, p < 0.001). In addition, the threshold of popula-
tion spike generation was much lower than that in the control slices (Figure 2c, control:
150 ± 21 μA, n = 11; 4-AP–slices: 58 ± 5 μA; n = 6; t-test = 3.18, p < 0.01).

Figure 2. The effect of the short-term epileptiform activity on the basic synaptic transmission at CA3-
CA1 hippocampal synapses. (a) Examples of local field excitatory postsynaptic potentials (fEPSP)
recorded in stratum radiatum in control (CTRL) and after the period of the short-term epileptiform
activity (4-AP). On the right, the same recordings are shown with the shift. The arrows point to
the notches corresponding to the population spikes in the fEPSP recordings. Diagrams show the
threshold of fEPSP initiation (b) and the threshold of population spike generation (c). All the data
are presented as mean ± standard error of the mean, and each dot represents an individual value.
** p < 0.01: A significant difference versus the control group (t-test).
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Figure 3. The effect of the short-term epileptiform activity on the basic synaptic transmission at
CA3-CA1 hippocampal synapses. (a) Stimulation response relationships for fEPSP amplitudes, and
(b) presynaptic fiber volley (FV), accordingly. (c,d) Changes in the maximal I/O slope after the period
of the short-term epileptiform activity * p < 0.05, a significant difference versus the control group
according to the Student’s t-test.

To determine whether this increase in synaptic strength could result from enhanced
presynaptic excitability, we have plotted the relationships between FV amplitude, a measure
of presynaptic axon depolarization, and stimulus strength in control and 4-AP–slices
(Figure 3b). We found that these relationships did not differ between the groups (effect of
epileptiform activity: F1,105 = 3.4, p = 0.08), suggesting that the excitability of presynaptic
axons was not affected.

To estimate the efficacy of basal synaptic transmission, we assessed the average slope
of I/O curves plotted as fEPSP amplitudes vs. FV amplitudes (Figure 3c,d). Using a
sigmoidal Gompertz function [17] to determine the maximum rise slope of the curves, we
found that this value was significantly larger in 4-AP–slices (9 ± 2) than in control ones
(4.8 ± 0.7, t = 2.35, p = 0.03; Figure 3d).

Together, these data suggest that short-term epileptiform activity increases neuronal
excitability in the CA1 hippocampal area by increasing the synaptic efficacy in the CA3–
CA1 synapses.

Next, we performed a similar experiment using the patch-clamp recording technique
(Figure 4). We determined the relationships between the amplitude AMPAR-mediated
eEPSCs and the stimulation current magnitude and then fitted them with the Gompertz
function (Figure 4a,b).
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Figure 4. The effect of a period of epileptiform activity on the AMPAR-mediated eEPSC. (a) A representative set of 11
AMPAR-mediated eEPSCs, induced by the stimulation current of the increasing magnitude (from 0 to 1000 μA with the step
of 100 μA). (b) The peak amplitude of AMPAR-mediated response vs. stimulus strength in control conditions and following
a period of epileptiform activity (n = 10 for both cases). The data were normalized to the maximal response and fitted with
the Gomperz function (Equation (1)). (c) The parameters of the Gompertz function under control conditions and following
a period of epileptiform activity. A decrease in the inflection current (left) and an increase in the maximal slope of the curve
(right) were detected; * p < 0.05, a significant difference versus the control group according to the Student’s t-test.

In the presence of intact GABAergic transmission, we saw that following a period
of epileptiform activity, the inflection current was decreased, and the slope of the curve
was increased compared to the control (Figure 4c). These results indicate that smaller
stimulation currents could evoke the same amplitude AMPAR-mediated eEPSCs (Figure 4).

Several factors can potentially contribute to the increased excitability of pyramidal
neurons following epileptiform activity. This may be due to an increase in the probability
of glutamate release, the number of receptors on the postsynaptic membrane, or the input
resistance of the membrane. The latter would result in increased membrane depolarization
for the same amount of incoming current through the synaptic receptors.

3.3. Biophysical Properties of CA1 Pyramidal Neurons

The change in membrane properties may explain the fact that we observed a significant
increase in the amplitude of fEPSPs, but saw more minor changes in postsynaptic currents.
To estimate the effect of short-term epileptiform activity on biophysical properties of
hippocampal neurons, we recorded the responses of CA1 pyramidal neurons to current
steps (from −50 to +25 pA with an increment of 25 pA). We evaluated input resistance,
resting membrane potential, and membrane time constant (Figure 5). With the intact
inhibitory synaptic transmission, only a slight increase of the resting membrane potential
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from −61.8 ± 0.5 mV to −60.1 ± 0.5 mV was detected following a period of seizures
(Figure 5b; t-test, p = 0.03), while the other two parameters were unaltered. No significant
changes in any of these parameters were detected in the presence of bicuculline, a GABAa
receptor blocker (Figure 5c). The observed depolarizing effect of GABAergic transmission
may indicate that changes in the driving force of Cl− ions that occur during epileptiform
activity [24] persist for at least one hour. Thus, epileptiform activity had almost no effect
on the subthreshold properties of the CA1 pyramidal neurons.

Figure 5. Changes of the subthreshold membrane properties of the neurons following a period of epileptiform activity
induced by 4-aminopyridine-containing solution (4-AP). (a) A representative set of subthreshold responses to current steps
from −50 to +25 pA. The gray bar indicates the time interval used to obtain the average values of membrane potential for
the estimation of the input resistance. (b) Comparison of the membrane properties with the intact GABAergic synaptic
transmission. (c) The exact comparisons in the presence of bicuculline, a GABAa receptor blocker. Data are presented as
the mean with standard error of the mean. Each circle represents a value obtained in an individual neuron. * p < 0.05, a
significant difference versus the control group according to the Student’s t-test.
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Additionally, we investigated whether epileptiform activity affected the firing proper-
ties of hippocampal neurons (Figure 6). We fitted the rising parts of the f/I curve with the
Gompertz equation (Equation (1)) and investigated whether the obtained parameters were
altered after epileptiform activity (Figure 6a,b). We detected no significant changes in the
maximal slope, inflection current, and the maximal frequency of the AP generation, both
with intact GABAergic inhibition (Figure 6c) and in the presence of bicuculline (Figure 6d).
Taken together, these results indicate that a period of epileptiform activity did not change
the intrinsic excitability of CA1 neurons.

Figure 6. The firing properties of CA1 neurons do not change following a period of epileptiform activity induced by a
4-aminopyridine-containing solution (4-AP). (a) A representative set of voltage responses to depolarizing current steps was
used to obtain the f/I curve (b). The data were fitted with the Gompertz function. (c) The comparisons of the parameters of the
f/I curves, obtained with the intact GABAergic synaptic transmission. (d) Same comparisons in the presence of bicuculline, a
GABAa receptor blocker. In both cases, no significant changes were detected (t-test was used for all comparisons).
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3.4. Presynaptic Properties of CA1 Pyramidal Neurons 1 H after the Epileptiform Activity

To assess possible changes in the probability of glutamate release, we measured
the frequency of mEPSCs and the paired-pulse ratio of eEPSCs. These parameters are
traditionally employed to evaluate the transmitter release probability [32].

The registration of mEPSCs was carried out in the presence of tetrodotoxin (0.5 μM)
and GABAa receptor blockers (picrotoxin, 50 μM and bicuculline, 10 μM; Figure 5a). Nei-
ther frequency (control: 0.21 ± 0.05 Hz; n = 7 vs. 4-AP–group: 0.18 ± 0.03 Hz; n = 7;
t-test = 0.55, p = 0.60) nor amplitude (control: 20.3 ± 1.0 pA; n = 7 vs. 4-AP–group:
22.6 ± 1.7 pA; n = 7; t-test = 1.17, p = 0.26) differed significantly from control values
(Figure 7).

Figure 7. Properties of miniature excitatory postsynaptic currents (mEPSCs) 1 h after the period of short-term epileptiform
activity. (a) Miniature EPSCs registered in the CA1 pyramidal neuron in the control (left) and 1 h after epileptiform activity
(right). Vhold = −80 mV. (b) Representative examples of averaged mEPSCs from control (black) and 4-AP (red) pyramidal
neurons. Graphs showing amplitude (c) and frequency (d) of mEPSCs in control (CTRL) and 1 h after epileptiform activity
(4-AP). Data are presented as the mean with standard error of the mean. Each circle represents a value obtained in an
individual neuron. No significant difference was detected between the control and 4-AP groups.

The eEPSC responses to paired stimuli are shown in Figure 8. There was no significant
change in PPR following epileptiform activity (control: 1.72 ± 0.09; n = 11 vs. 4-AP group:
1.73 ± 0.11; n = 9; t-test for independent samples = 0.02, p = 0.98).
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Figure 8. The paired-pulse amplitude ratio (PPR) of eEPSC recorded in the CA1 region of rat hippocampus in control and
1 h after short-term epileptiform activity. Representative examples of CA1 pyramidal neuron responses to a paired stimulus
(inter-stimulus interval = 50 ms) in control (a) and 1 h after EA (b). (c) The bar graph shows PPR in control (CTRL) and 1 h
after epileptiform activity (4-AP). Data are presented as the mean with standard error of the mean. Each circle represents a
value obtained in an individual neuron. No significant difference was detected between the control and 4-AP groups.

The absence of differences in the frequency of mEPSCs and PPR indicates that the
probability of glutamate release from presynaptic terminals has not changed.

3.5. Postsynaptic Properties of CA1 Pyramidal Neurons

As shown above, in this model, epileptiform activity strongly enhances AMPAR-
mediated neurotransmission. Therefore, we tested whether epileptiform activity alters the
contribution of AMPAR- and NMDAR-mediated currents at the postsynaptic membrane.
We found that epileptiform activity leads to a significant increase in the AMPA/NMDA
ratio (Figure 9, control: 2.61 ± 0.20; n = 10 vs. 4-AP group: 3.91 ± 0.34; n = 9; t-test for
independent samples = 3.39, p < 0.01). These results indicate the incorporation of new
AMPARs into the postsynaptic membrane.
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Figure 9. Postsynaptic properties of CA1 pyramidal neurons before and after the period of short-term epileptiform activity
induced by 4-aminopyridine-containing solution (4-AP). Representative examples of AMPAR- or NMDAR-mediated
currents in control (a) and 1 h after the period of short-term epileptiform activity induced by 4-AP (b). AMPAR-mediated
responses were recorded −80 mV in the presence of bicuculline (20 μM), a GABAa receptor blocker. NMDAR-mediated
EPSCs were recorded at +40 mV in the presence of bicuculline and DNQX (10 μM), an AMPAR antagonist. (c) The bar
graph shows the AMPA/NMDA amplitude ratio increase after the period of the short-term epileptiform activity. Data are
presented as the mean with standard error of the mean. Each circle represents a value obtained in an individual neuron.
** p < 0.01: A significant difference with the control group (t-test).

4. Discussion

A brief period of epileptiform activity increased hippocampal excitability, as demon-
strated by the change in the I/O ratio of the fEPSPs. We tested several possible mechanisms,
including changes in intrinsic membrane properties of neurons, and pre- and postsynaptic
alterations. Neither input resistance nor other essential biophysical properties of hip-
pocampal CA1 pyramidal neurons were affected by epileptiform activity. Furthermore,
we did not detect any differences in the PPR of eEPSC amplitudes nor the frequency of
mEPSC, leading us to conclude that 4-AP-induced epileptiform activity did not affect
glutamate release probability. The absence of changes in the amplitude of fiber volley also
indicates that presynaptic properties of glutamatergic transmission are not responsible for
the observed increase in excitability. However, epileptiform activity in the 4-AP model
increased the AMPA/NMDA ratio, suggesting that the alterations in the properties of
postsynaptic glutamatergic receptors are the most likely explanation for the enhancement
of basic synaptic transmission.

Our data are consistent with results obtained in other studies focused on the effects of
short-term epileptiform activity in vitro. The 10-min perfusion of hippocampal slices with
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high K+ (10 mM) solution changed the slope of fEPSP recorded in the stratum radiatum of
CA1. The observed potentiation reached its maximum level about 30 min after washout and
was still detectable 60 min after washout [33]. Similar results were obtained in two other
studies: (1) The potentiation of the fEPSPs was observed 50 min after the washout of high-
K+-containing solution [34] and (2) at least 40 min after the washout of 4-AP (200 μM) [9].
Interestingly, even a brief period of epileptiform activity (40 s) has been observed to
potentiate the amplitudes of fEPSPs (20 min after the washout), albeit hippocampal slices
were exposed to very high levels of extracellular K+ (50 mM KCl) [18]. Organotypic
hippocampal slice cultures demonstrated potentiation at CA3-CA1 synapses in response
to a very brief period of epileptiform activity (0.5–3 min) induced either by bicuculline
or by Mg2+-free solution. Potentiation of the fEPSP amplitude lasted at least 15 min after
the washout of Mg2+-free solution and at least 30 min after the washout of bicuculline-
containing solution [19]. In another study, using a high K+ model, the potentiation of the
fEPSP slope in the CA1 area was reported, while the amplitude of FV was not affected [35].

The blockade of GABAaR-mediated inhibition and subsequent epileptiform activity
has also been shown to lead to persisting changes in the properties of fEPSPs recorded
in CA3 stratum radiatum/moleculare. Potentiation, defined as at least a 20% increase in
the rising phase slope of fEPSPs, has been seen as long as 120 min after the washout of
penicillin (2000 IU/mL) and cessation of spontaneous bursting [36].

Several mechanisms of increased excitability of hippocampal neural networks after
epileptiform activity have been elucidated. For instance, a change in the neuronal net-
work activity level can alter the intrinsic membrane properties of neurons [37–39]. Input
resistance, especially, demonstrates close ties with mechanisms of homeostatic and non-
homeostatic plasticity [40]. It should be noted that 4-AP alters the intrinsic membrane
properties of neurons by inhibiting voltage-gated potassium ion channels, expanding action
potentials [41]. However, in our experiments, we measured the membrane properties of
neurons as early as one hour after washout of 4-AP, so this effect of 4-AP can be neglected.

In patients with pharmacoresistant epilepsy, neuronal loss in the CA1 region is fre-
quently observed [42], suggesting that CA1 pyramidal neurons are among the most vulner-
able cells to seizures. In this study, we found no significant effect of epileptiform activity
on the passive membrane properties or firing properties of CA1 hippocampal neurons,
although some studies have shown such changes. For example, 4-AP-induced epileptiform
activity in the neocortex increased input resistance of parvalbumin-expressing neurons and
reduced the action potential threshold for parvalbumin-expressing and pyramidal neurons
both [43]. Apart from the 4-AP model, an increase in input resistance has been observed
in the CA1 neurons of genetically epilepsy-prone rats [44], kindled rats [45], and in the
pentylenetetrazole model [17]. However, after acute kainate-induced status epilepticus,
there were no changes in input resistance in CA1 neurons [46], and the resting membrane
potential and input resistance in piriform cortex neurons were not affected by abnormal
activity induced by repeatedly applied tetanic stimulation [47]. In the lithium-pilocarpine
model, seizures decreased the input resistance in entorhinal neurons [16]. As for other
biophysical properties, there had been a decrease demonstrated in the membrane time
constant in entorhinal and prefrontal neurons [16], significant membrane depolarization in
CA1 neurons of kindled rats [45], latency of action potentials was prolonged, and the action
potential half-width was increased 3–4 h after acute kainate-induced SE [46]. The exposure
of immature hippocampal-cultured neurons to tetrodotoxin (0.5 μM) for 7–9 days, which
led to spontaneous discharges, also affected the biophysical properties of cultured neu-
rons. Neurons exhibited action potential broadening, lack of afterhyperpolarization, and
had higher firing rates long after the medium was returned to standard composition [48].
The abnormal neuronal activity has also been shown to decrease A-type potassium cur-
rents [15] and hyperpolarization-activated currents [49,50], and increase T-type calcium
channel-mediated currents [51,52] and persistent sodium currents [53]—the alternations
mentioned above all have an impact on passive and active neuronal properties. Thus,
changes in membrane properties depend primarily on the model used and the duration of
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epileptic activity. Likely, the short period of epileptiform activity in the model used was
not sufficient to affect the membrane properties of neurons. Therefore, this mechanism is
not involved in increasing the excitability of hippocampal neural networks.

In the presented work, we did not reveal presynaptic changes after epileptiform
activity. The application of 4-AP affects the paired-pulse ratio, and during continuous
perfusion of brain slices with 4-AP paired-pulse facilitation, turns into paired-pulse depres-
sion [9,54,55], suggesting an increase in neurotransmitter release probability. The frequency
of mEPSCs was also significantly elevated during 4-AP-induced epileptiform activity, sup-
porting that idea [9]. However, the duration of this effect remains unclear. In a model using
overnight incubation in the bicuculline (50 μM), an increase in the frequency of mEPSC
was detected. However, this is probably not due to changes in the probability of neuro-
transmitter release since no differences in the paired-pulse ratio were observed. Instead,
this can be caused by the conversion of silent synapses into functional synapses [56].

We believe that postsynaptic changes are the primary mechanism of increased ex-
citability of hippocampal neural networks. An increase in the AMPA/NMDA ratio is
in favor of this assumption. It indicates that epileptiform activity led to the incorpora-
tion of AMPARs into the postsynaptic membrane. The incorporation of AMPARs is a
well-known mechanism of synaptic plasticity that mediates activity-dependent synaptic
changes during learning and memory [57]. The regulation of AMPAR trafficking to and
from synapses involves lateral diffusion [58] and vesicular trafficking [59]. When on the
membrane, AMPARs usually rapidly diffuse, while upon long-term potentiation (LTP),
AMPARs get trapped at postsynaptic sites [58,60]. As confirmed recently, receptor trap-
ping and clustering occur selectively opposite presynaptic release sites to ensure optimal
receptor activation on neurotransmitter release [61,62].

AMPAR-mediated plasticity during epileptiform activity is rapid and often involves
the incorporation of calcium-permeable AMPARs. The change in AMPAR-mediated trans-
mission can be triggered by a 10–20-min period of epileptiform activity, as demonstrated
in the in vitro epilepsy model [62] and pilocarpine model [63]. Peak AMPAR-mediated
responses have been increased 2-fold during 4-AP-induced epileptiform activity in the en-
torhinal cortex, remained potentiated 15 min after short-term epileptiform activity in vitro,
and this potentiation was shown to be NMDAR-dependent and at least partly mediated
by the incorporation of calcium-permeable AMPARs [21]. There are multiple reports of
changes in AMPAR protein expression levels and AMPAR subunit phosphorylation in the
hippocampus several hours after seizures. The phosphorylation of 2 GluR1 subunit sites
(S831 and S845) has been detectable 1 h after hypoxia-induced seizures and reached its
maximum of 24 h after seizures [64]. Another study reports that surface expression of the
GluA1 subunit was increased 60 min after the beginning of pilocarpine-induced SE [65]. A
different pattern of AMPAR protein expression has been seen 3 h after pilocarpine-induced
seizures. Reduced expression of GluA1, GluA3, and GluA4 subunits has been reported, in
parallel with an elevation of GluA2 subunit expression [66].

Many studies also noted that epileptiform activity alters the AMPA/NMDA ra-
tio and mEPSC in the hippocampus. In organotypic hippocampal slice cultures, an
overnight incubation in the bicuculline (50 μM) increased the amplitude of mEPSCs and
the AMPA/NMDA ratio. The addition of the NMDAR blocker CPP to the incubation
solution prevented the changes in the AMPA/NMDA ratio and properties of miniature
EPSC, pointing to the NMDAR-mediated nature of discussed changes [56]. Potentiation
of AMPAR-mediated currents was noted 1 h after hypoxia-induced seizures in postnatal
day 10 rats. Amplitudes of mEPSCs were elevated 1 h after seizures [64]. Amplitudes of
mEPSCs recorded from CA1 pyramidal neurons were also increased in slices obtained
from animals that had undergone pilocarpine-induced status epilepticus [65].

In our study, the amplitude of mEPSC remained indistinguishable from control levels.
The difference in the effect of seizures on the amplitude of mEPSCs and eEPSCs in our
experiments may arise because miniature events reflect the sheer broadness of the efferents
CA1 receives from other areas. In contrast, the stimulation of Shaffer collaterals only
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provides CA3 input. Furthermore, it has been shown recently that spontaneous and
synchronous transmitter release are distinct processes [67–69].

Overall, our data emphasize that AMPARs play a crucial role in seizure-induced
synaptic plasticity. Considering that even a brief episode of epileptiform activity resulted
in significant postsynaptic changes, the therapeutic strategies that rely on pharmacological
modulation of postsynaptic glutamatergic receptors appear to have a good chance at
alleviating damage associated with seizures or even preventing epileptogenesis.

Author Contributions: Formal analysis, J.L.E., D.V.A., T.Y.P. and A.V.Z.; investigation, J.L.E., D.V.A.,
T.Y.P. and E.B.S.; methodology, J.L.E., D.V.A. and A.V.Z.; project administration, A.V.Z.; writing—
original draft, J.L.E., D.V.A., T.Y.P., E.B.S. and A.V.Z.; writing—review and editing, J.L.E., D.V.A. and
A.V.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Foundation for Basic Research (RFBR), project
number 19-34-90122.

Institutional Review Board Statement: The study was conducted according to the EU Directive
2010/63/EU for animal experiments and approved by the Ethics Committee of the Sechenov Institute
of Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences (Ethical permit
number 13-k-a, 15 February 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pitkänen, A.; Sutula, T.P. Is epilepsy a progressive disorder? Prospects for new therapeutic approaches in temporal-lobe epilepsy.
Lancet Neurol. 2002, 1, 173–181. [CrossRef]

2. Herman, S.T. Epilepsy after brain insult: Targeting epileptogenesis. Neurology 2002, 59, S21–S26. [CrossRef]
3. Arzimanoglou, A.; Hirsch, E.; Nehlig, A.; Castelnau, P.; Gressens, P.; De Vasconcelos, A.P. Epilepsy and neuroprotection: An

illustrated review. Epileptic Disord. 2002, 4, 173–182.
4. Dulla, C.G.; Janigro, D.; Jiruska, P.; Raimondo, J.V.; Ikeda, A.; Lin, C.K.; Goodkin, H.P.; Galanopoulou, A.S.; Bernard, C.; de Curtis,

M. How do we use in vitro models to understand epileptiform and ictal activity? A report of the TASK 1- WG 4 group of the
ILAE / AES Joint Translational Task Force. Epilepsia Open 2018, 3, 460–473. [CrossRef]

5. Martin, E.D.; Pozo, M.A. Valproate Reduced Synaptic Activity Increase Induced by 4-Aminopyridine at the Hippocampal
CA3-CA1 Synapse. Epilepsia 2004, 45, 436–440. [CrossRef]

6. Heuzeroth, H.; Wawra, M.; Fidzinski, P.; Dag, R.; Holtkamp, M. The 4-Aminopyridine Model of Acute Seizures in vitro Elucidates
Efficacy of New Antiepileptic Drugs. Front. Neurosci. 2019, 13, 677. [CrossRef] [PubMed]

7. Avoli, M.; Jefferys, J.G. Models of drug-induced epileptiform synchronization in vitro. J. Neurosci. Methods 2016, 260, 26–32.
[CrossRef] [PubMed]

8. Perreault, P.; Avoli, M. Physiology and pharmacology of epileptiform activity induced by 4-aminopyridine in rat hippocampal
slices. J. Neurophysiol. 1991, 65, 771–785. [CrossRef]

9. Gu, Y.; Ge, S.-Y.; Ruan, D.-Y. Effect of 4-aminopyridine on synaptic transmission in rat hippocampal slices. Brain Res. 2004, 1006,
225–232. [CrossRef]

10. Ziburkus, J.; Cressman, J.R.; Barreto, E.; Schiff, S.J. Interneuron and Pyramidal Cell Interplay During In Vitro Seizure-Like Events.
J. Neurophysiol. 2006, 95, 3948–3954. [CrossRef]

11. Amakhin, D.V.; Smolensky, I.V.; Soboleva, E.B.; Zaitsev, A.V. Paradoxical Anticonvulsant Effect of Cefepime in the Pentylenetetra-
zole Model of Seizures in Rats. Pharmaceuticals 2020, 13, 80. [CrossRef] [PubMed]

12. Chizhov, A.V.; Amakhin, D.; Zaitsev, A.V. Computational model of interictal discharges triggered by interneurons. PLoS ONE
2017, 12, e0185752. [CrossRef] [PubMed]

13. McCormick, D.A.; Contreras, D. On The Cellular and Network Bases of Epileptic Seizures. Annu. Rev. Physiol. 2001, 63, 815–846.
[CrossRef] [PubMed]

14. Thom, M. Review: Hippocampal sclerosis in epilepsy: A neuropathology review. Neuropathol. Appl. Neurobiol. 2014, 40, 520–543.
[CrossRef] [PubMed]

15. Bernard, C.; Anderson, A.; Becker, A.; Poolos, N.P.; Beck, H.; Johnston, D. Acquired Dendritic Channelopathy in Temporal Lobe
Epilepsy. Science 2004, 305, 532–535. [CrossRef]

16. Smirnova, E.Y.; Amakhin, D.; Malkin, S.L.; Chizhov, A.V.; Zaitsev, A.V. Acute Changes in Electrophysiological Properties of
Cortical Regular-Spiking Cells Following Seizures in a Rat Lithium–Pilocarpine Model. Neuroscience 2018, 379, 202–215. [CrossRef]

17



Biomedicines 2021, 9, 1374

17. Postnikova, T.Y.; Amakhin, D.V.; Trofimova, A.M.; Smolensky, I.V.; Zaitsev, A.V. Changes in Functional Properties of Rat
Hippocampal Neurons Following Pentylenetetrazole-induced Status Epilepticus. Neuroscience 2019, 399, 103–116. [CrossRef]

18. Fleck, M.W.; Palmer, A.M.; Barrionuevo, G. Potassium-induced long-term potentiation in rat hippocampal slices. Brain Res. 1992,
580, 100–105. [CrossRef]

19. Debanne, D.; Thompson, S.M.; Gähwiler, B.H. A Brief Period of Epileptiform Activity Strengthens Excitatory Synapses in the Rat
Hippocampus in Vitro. Epilepsia 2006, 47, 247–256. [CrossRef]

20. Postnikova, T.Y.; Amakhin, D.V.; Trofimova, A.M.; Zaitsev, A.V. Calcium-permeable AMPA receptors are essential to the synaptic
plasticity induced by epileptiform activity in rat hippocampal slices. Biochem. Biophys. Res. Commun. 2020, 529, 1145–1150.
[CrossRef]

21. Amakhin, D.; Soboleva, E.; Ergina, J.L.; Malkin, S.; Chizhov, A.; Zaitsev, A.V. Seizure-Induced Potentiation of AMPA Receptor-
Mediated Synaptic Transmission in the Entorhinal Cortex. Front. Cell. Neurosci. 2018, 12, 486. [CrossRef]

22. Gibbs, I.J.W.; Sombati, S.; DeLorenzo, R.J.; Coulter, D.A. Physiological and Pharmacological Alterations in Postsynaptic GABAA
Receptor Function in a Hippocampal Culture Model of Chronic Spontaneous Seizures. J. Neurophysiol. 1997, 77, 2139–2152.
[CrossRef] [PubMed]

23. Joshi, S.; Rajasekaran, K.; Hawk, K.M.; Brar, J.; Ross, B.M.; Tran, C.A.; Chester, S.J.; Goodkin, H. Phosphatase inhibition prevents
the activity-dependent trafficking of GABAAreceptors during status epilepticus in the young animal. Epilepsia 2015, 56, 1355–1365.
[CrossRef] [PubMed]

24. Burman, R.J.; Selfe, J.S.; Lee, J.H.; Berg, M.V.D.; Calin, A.; Codadu, N.K.; Wright, R.; E Newey, S.; Parrish, R.R.; A Katz, A.; et al.
Excitatory GABAergic signalling is associated with benzodiazepine resistance in status epilepticus. Brain 2019, 142, 3482–3501.
[CrossRef] [PubMed]

25. Zaitsev, A.V. The Role of GABAergic Interneurons in the Cortex and Hippocampus in the Development of Epilepsy. Neurosci.
Behav. Physiol. 2017, 47, 913–922. [CrossRef]

26. Feng, Y.; Duan, C.; Luo, Z.; Xiao, W.; Tian, F. Silencing miR-20a-5p inhibits axonal growth and neuronal branching and prevents
epileptogenesis through RGMa-RhoA-mediated synaptic plasticity. J. Cell. Mol. Med. 2020, 24, 10573–10588. [CrossRef] [PubMed]

27. Curia, G.; Lucchi, C.; Vinet, J.; Gualtieri, F.; Marinelli, C.; Torsello, A.; Costantino, L.; Biagini, G. Pathophysiogenesis of Mesial
Temporal Lobe Epilepsy: Is Prevention of Damage Antiepileptogenic? Curr. Med. Chem. 2014, 21, 663–688. [CrossRef] [PubMed]

28. Dingledine, R.; Varvel, N.H.; Dudek, F.E. When and How Do Seizures Kill Neurons, and Is Cell Death Relevant to Epileptogenesis?
In Issues in Clinical Epileptology: A View from the Bench; Springer: Dordrecht, The Netherlands, 2014; Volume 813, pp. 109–122.

29. Amakhin, D.V.; Malkin, S.L.; Ergina, J.L.; Kryukov, K.A.; Veniaminova, E.A.; Zubareva, O.E.; Zaitsev, A.V. Alterations in Properties
of Glutamatergic Transmission in the Temporal Cortex and Hippocampus Following Pilocarpine-Induced Acute Seizures in
Wistar Rats. Front. Cell. Neurosci. 2017, 11, 264. [CrossRef]

30. Amakhin, D.; Ergina, J.L.; Chizhov, A.; Zaitsev, A.V. Synaptic Conductances during Interictal Discharges in Pyramidal Neurons
of Rat Entorhinal Cortex. Front. Cell. Neurosci. 2016, 10, 233. [CrossRef]

31. Citri, A.; Malenka, R.C. Synaptic Plasticity: Multiple Forms, Functions, and Mechanisms. Neuropsychopharmacology 2007, 33,
18–41. [CrossRef] [PubMed]

32. Zucker, R.S.; Regehr, W.G. Short-Term Synaptic Plasticity. Annu. Rev. Physiol. 2002, 64, 355–405. [CrossRef] [PubMed]
33. Morgan, S.L.; Teyler, T.J. Epileptic-like activity induces multiple forms of plasticity in hippocampal area CA1. Brain Res. 2001, 917,

90–96. [CrossRef]
34. Iyengar, S.S.; Mott, D.D. Neuregulin blocks synaptic strengthening after epileptiform activity in the rat hippocampus. Brain Res.

2008, 1208, 67–73. [CrossRef]
35. Lopantsev, V.; Both, M.; Draguhn, A. Rapid plasticity at inhibitory and excitatory synapses in the hippocampus induced by ictal

epileptiform discharges. Eur. J. Neurosci. 2009, 29, 1153–1164. [CrossRef]
36. Schneiderman, J. The role of long-term potentiation in persistent epileptiform burst-induced hyperexcitability following GABAA

receptor blockade. Neuroscience 1997, 81, 1111–1122. [CrossRef]
37. Sourdet, V.; Russier, M.; Daoudal, G.; Ankri, N.; Debanne, D. Long-Term Enhancement of Neuronal Excitability and Temporal

Fidelity Mediated by Metabotropic Glutamate Receptor Subtype 5. J. Neurosci. 2003, 23, 10238–10248. [CrossRef]
38. Desai, N.S.; Rutherford, L.C.; Turrigiano, G.G. Plasticity in the intrinsic excitability of cortical pyramidal neurons. Nat. Neurosci.

1999, 2, 515–520. [CrossRef]
39. Cudmore, R.; Turrigiano, G.G. Long-Term Potentiation of Intrinsic Excitability in LV Visual Cortical Neurons. J. Neurophysiol.

2004, 92, 341–348. [CrossRef] [PubMed]
40. Beck, H.; Yaari, Y. Plasticity of intrinsic neuronal properties in CNS disorders. Nat. Rev. Neurosci. 2008, 9, 357–369. [CrossRef]

[PubMed]
41. Mitterdorfer, J.; Bean, B.P. Potassium Currents during the Action Potential of Hippocampal CA3 Neurons. J. Neurosci. 2002, 22,

10106–10115. [CrossRef] [PubMed]
42. Blümcke, I.; Thom, M.; Aronica, E.; Armstrong, D.D.; Bartolomei, F.; Bernasconi, A.; Bernasconi, N.; Bien, C.G.; Cendes, F.; Coras,

R.; et al. International consensus classification of hippocampal sclerosis in temporal lobe epilepsy: A Task Force report from the
ILAE Commission on Diagnostic Methods. Epilepsia 2013, 54, 1315–1329. [CrossRef] [PubMed]

43. Codadu, N.K.; Graham, R.T.; Burman, R.J.; Jackson-Taylor, R.T.; Raimondo, J.V.; Trevelyan, A.J.; Parrish, R.R. Divergent paths to
seizure-like events. Physiol. Rep. 2019, 7, e14226. [CrossRef] [PubMed]

18



Biomedicines 2021, 9, 1374

44. Verma-Ahuja, S.; Pencek, T.L. Hippocampal CA1 neuronal properties in genetically epilepsyprone rats: Evidence for increased
excitation. Epilepsy Res. 1994, 18, 205–215. [CrossRef]

45. Ghotbedin, Z.; Janahmadi, M.; Mirnajafi-Zadeh, J.; Behzadi, G.; Semnanian, S. Electrical Low Frequency Stimulation of the
Kindling Site Preserves the Electrophysiological Properties of the Rat Hippocampal CA1 Pyramidal Neurons From the Destructive
Effects of Amygdala Kindling: The Basis for a Possible Promising Epilepsy Therapy. Brain Stimul. 2013, 6, 515–523. [CrossRef]

46. Minge, D.; Bähring, R. Acute Alterations of Somatodendritic Action Potential Dynamics in Hippocampal CA1 Pyramidal Cells
after Kainate-Induced Status Epilepticus in Mice. PLoS ONE 2011, 6, e26664. [CrossRef]

47. Pelletier, M.R.; Carlen, P.L. Repeated tetanic stimulation in piriform cortex in vitro: Epileptogenesis and pharmacology. J.
Neurophysiol. 1996, 76, 4069–4079. [CrossRef]

48. Niesen, C.E.; Ge, S. Chronic epilepsy in developing hippocampal neurons: Electrophysiologic and morphologic features. Dev.
Neurosci. 1999, 21, 328–338. [CrossRef]

49. Shah, M.; Anderson, A.E.; Leung, V.; Lin, X.; Johnston, D. Seizure-Induced Plasticity of h Channels in Entorhinal Cortical Layer
III Pyramidal Neurons. Neuron 2004, 44, 495–508. [CrossRef]

50. Marcelin, B.; Chauviere, L.; Becker, A.; Migliore, M.; Esclapez, M.; Bernard, C. h channel-dependent deficit of theta oscillation
resonance and phase shift in temporal lobe epilepsy. Neurobiol. Dis. 2009, 33, 436–447. [CrossRef]

51. Sanabria, E.R.G.; Su, H.; Yaari, Y. Initiation of network bursts by Ca 2+ -dependent intrinsic bursting in the rat pilocarpine model
of temporal lobe epilepsy. J. Physiol. 2001, 532, 205–216. [CrossRef] [PubMed]

52. Yaari, Y.; Yue, C.; Su, H. Recruitment of apical dendritic T-type Ca2+channels by backpropagating spikes underliesde novointrinsic
bursting in hippocampal epileptogenesis. J. Physiol. 2007, 580, 435–450. [CrossRef] [PubMed]

53. Royeck, M.; Kelly, T.; Opitz, T.; Otte, D.-M.; Rennhack, A.; Woitecki, A.; Pitsch, J.; Becker, A.; Schoch, S.; Kaupp, U.B.; et al.
Downregulation of Spermine Augments Dendritic Persistent Sodium Currents and Synaptic Integration after Status Epilepticus.
J. Neurosci. 2015, 35, 15240–15253. [CrossRef] [PubMed]

54. Peña-Ortega, F.; Bargas, J.; Tapia, R. Paired pulse facilitation is turned into paired pulse depression in hippocampal slices after
epilepsy induced by 4-aminopyridine in vivo. Neuropharmacology 2002, 42, 807–812. [CrossRef]

55. Smirnova, E.Y.; Chizhov, A.; Zaitsev, A.V. Presynaptic GABAB receptors underlie the antiepileptic effect of low-frequency
electrical stimulation in the 4-aminopyridine model of epilepsy in brain slices of young rats. Brain Stimul. 2020, 13, 1387–1395.
[CrossRef]
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Abstract: Inherited seizure susceptibility in genetically epilepsy-prone rats (GEPR-3s) is associated
with increased voltage-gated calcium channel currents suggesting a massive calcium influx resulting
in increased levels of intraneuronal calcium. Cytosolic calcium, in turn, activates many processes,
including chloride channels, to restore normal membrane excitability and limit repetitive firing of the
neurons. Here we used EACT and T16Ainh-A01, potent activator and inhibitor of calcium-activated
channels transmembrane protein 16A (TMEM16A), respectively, to probe the role of these channels in
the pathophysiology of acoustically evoked seizures in the GEPR-3s. We used adult male and female
GEPR-3s. Acoustically evoked seizures consisted of wild running seizures (WRSs) that evolved into
generalized tonic-clonic seizures (GTCSs) and eventually culminated into forelimb extension (partial
tonic seizures). We found that acute EACT treatment at relatively higher tested doses significantly
reduced the incidences of WRSs and GTCSs, and the seizure severity in male GEPR-3s. Furthermore,
these antiseizure effects were associated with delayed seizure onset and reduced seizure duration.
Interestingly, the inhibition of TMEM16A channels reversed EACT’s antiseizure effects on seizure
latency and seizure duration. No notable antiseizure effects were observed in female GEPR-3s.
Together, these findings suggest that activation of TMEM16A channels may represent a putative
novel cellular mechanism for suppressing GTCSs.

Keywords: acoustically evoked seizures; EACT; generalized tonic-clonic seizures; inherited epilepsy;
TMEM1A channels; wild running seizures

1. Introduction

Epilepsy is one of the most common chronic neurological disorders characterized by
recurrent seizures, which result from hypersynchronous discharges of neurons in specific
brain networks. This disorder is associated with increased morbidity and death, and gener-
alized tonic-clonic seizures (GTCSs) are the most common risk factor of sudden unexpected
death in epilepsy, the leading cause of death in patients with epilepsy [1,2]. Significant
progress has enhanced our understanding of the pathogenesis and pathophysiology of
seizures and epilepsy, resulting in numerous antiseizure medications. However, some
seizures are still refractory to optimal treatment with two or more antiseizure medications
in about one-third of patients with epilepsy [3–6]. Therefore, there is an urgent need to
develop additional therapeutic approaches based on new mechanisms underlying neuronal
hyperexcitability that leads to seizures. Elevated levels of intraneuronal Ca2+ contributed to
the generation and propagation of seizure activity and activated multiple Ca2+-dependent
mechanisms, including Ca2+-activated chloride channels (CaCCs) [7–10]. Hence, systemic
administration of inhibitors of voltage-gated Ca2 + channels (VGCCs) and activator of small
conductance Ca2+-activated K+ channels markedly suppressed acoustically evoked seizures
in the genetically epilepsy-prone rats (GEPRs) and DBA/2 mice [11–15]. These findings
suggested a functional and molecular remodeling of these channels, at least in the inferior
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colliculus (IC), the site for initiating acoustically evoked seizures in the GEPRs [11–15].
Accordingly, we found an upregulation of VGCCs and current density in the IC of the
GEPR-3s, the moderated seizure severity strain of the GEPR [16,17]. Although a significant
accumulation of intraneuronal chloride accompanies seizure activity, the role of CaCCs in
the initiation and propagation of seizures has not been fully understood [18,19]. CaCCs
are voltage-gated channels activated by rising intracellular Ca2+ concentration and play
multiple physiological roles, including neuronal excitability regulation [20,21]. Anoctamin
and bestrophin are the significant components of CaCCs; furthermore, anoctamins form
a family of transmembrane (TMEM16) proteins, including TMEM16A, TMEM16B, and
TMEM16C [22–26]. Interestingly, TMEM16A mRNA and proteins were expressed in au-
ditory brainstem nuclei; such expression may also occur in the IC [27]. Here, we probe
the role of TMEM16A channels in the mechanisms underlying seizures by evaluating the
effects of EACT and T16Ainh-A01, potent activator and inhibitor of TMEM16A channels, re-
spectively, on acoustically evoked seizure susceptibility in the GEPR-3, a model of inherited
generalized tonic-clonic epilepsy.

2. Materials and Methods

2.1. Animals

The present study used 54 GEPR-3s (eight-week-old, male, and female) obtained from
our animal colony maintained at Howard University College of Medicine. The GEPR-3s
were housed in a temperature/humidity-controlled room on a 12 h/12 h light/dark cycle
with free access to food and water. We made all possible efforts to minimize the number of
animals used in experiments and their discomfort. Thus, the same animals were used as
controls for each tested dosage of a given pharmacological agent. The Institutional Animal
Care and Use Committee approved all experimental procedures (Protocol MED-20-04)
following the National Institutes of Health Guide for the Care and Use of Laboratory
Animals [28].

2.2. Acoustically Evoked Seizure Testing

Following administration of vehicle, EACT, and T16Ainh-A01, GEPR-3s were placed
in an acoustic chamber (Med Associates, St. Albans, VT, USA) and tested for acoustically
evoked susceptibility at 0.5 h, 1 h, and 2 h post-treatment. To evaluate the long-lasting
effects of EACT and T16Ainh-A01, the GEPR-3s were again tested for acoustically evoked
susceptibility 24 h later. To induce seizures, an acoustic stimulus that consisted of pure
tones at a 100–105 decibels sound pressure level (Med Associated, St. Albans, VT, USA)
was presented until either seizure was elicited, or 60 s passed with no seizure activity. The
GEPR-3s were closely monitored following the administration of EACT and T16Ainh-A01.
The phenotype of seizures was classified into seven stages [29]: stage 0, no seizures in
response to an acoustic stimulus; stage 1, wild running seizures (WRSs); stage 2, two or
more episodes of WRSs; stage 3, one episode of WRSs followed by generalized tonic-clonic
seizures (GTCSs) characterized by tonic dorsiflexion of the neck, tonic flexion of shoulder
and bouncing clonic seizures (or clonus, i.e., tonic-clonic seizures while the animal is lying
on its belly); stage 4, two episodes of WRSs followed by GTCSs, stage 5, one episode of
WRS followed by GTCSs and tonic forelimb extension (FLE, partial tonic seizures); and
stage 6, two episodes of WRSs followed by GTCSs and FLE.

In another set of experiments, male and female GEPR-3s (n = 6/group) were used to
assess the general behavior (up to 48 h) following administration of EACT at the dose of
2.5, 5, and 10 mg/kg body weight (p.o.) and T16Ainh-A01 at the dose of 10 mg/kg body
weight (p.o.). We recorded the occurrence of lethargy, ataxia, tremor, Straub’s tail, change
in body temperature, and spontaneous seizures. We humanely euthanized all animals at
the end of the experiments.
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2.3. Pharmacological Treatments

To evaluate the role of CaCCs in inherited seizure susceptibility in the GEPR-3, we used
EACT (3,4,5-Trimethoxy-N-(2-methoxyethyl)-N-(4-phenyl-2-thiazolyl)benzamide) (R&D
systems, Minneapolis, MN, USA), and T16Ainh-A01 (2-[(5-Ethyl-1,6-dihydro-4-methyl-
6-oxo-2-pyrimidinyl)thio]-N-[4-(4-methoxyphenyl)-2 thiazolyl]acetamide (R&D Systems,
Minneapolis, MN, USA), potent activator and inhibitor of TMEM16A channels, respectively.
For EACT and T16Ainh-A01 experiments, the GEPR-3s were randomly separated into
groups of n = 9 and n = 6, respectively, and were used as their controls. The GEPR-3s
were first tested for acoustically evoked seizures 30 min following vehicle administration.
Those GEPR-3s exhibiting seizures were referred to as controls and subsequently used
for pharmacological studies one hour later. Eact (2.5, 5 and 10 mg/kg body weight) and
T16Ainh-A01 (10 mg/kg body weight) were dissolved in dimethyl sulfonic acid (1%)
and sterile water using sonication (80 kHz, 100% power); the solutions were filtered and
administered 30 min before seizure testing. The vehicle, Eact, and T16Ainh-A01 were given
per os (p.o.) by gastric intubation with a volume of 0.2 mL/100 g body weight using an
18-gauge stainless steel feeding needle (round tip, ball diameter 3 mm). The tested dose
range and the 30 min timeframe interval were chosen based on our previously published
in vivo pharmacological studies and preliminary data. The order of seizure testing was
randomized and counterbalanced by dose and sex. For EACT experiments, each seizure
testing dosage was performed at a minimum of 72 h to allow its washout.

2.4. Data Analysis

The investigators were blinded to group allocation during experiments and data
analysis. The Origin 2021 software (Origin Northampton, MA, USA) and Primer 6th
edition software (Primer of Biostatistics, McGraw-Hill, NY, USA) were used for statistical
analyses and to create graphs. Following EACT pretreatment and seizure testing, the
GEPR-3s that did not display seizures within the 60 s observation period were considered
protected from seizure activity. Therefore, only data obtained in control conditions and
following administration of EACT and T16Ainh-A01 were included in the analysis. The
incidences of WRSs, GTCSs, and FLE were recorded for each group. The time interval from
the start of acoustic stimulus to the onset of the first episode of WRSs was recorded as the
seizure latency (or seizure onset). The incidences of WRSs, GTCSs, and FLE were analyzed
using Fisher Exact test. The seizure severity was analyzed using the Wilcoxon signed-rank
test or Mann Whitney test. The seizure latency was analyzed using one-way ANOVA
followed by Bonferroni correction; before performing ANOVA, data were subjected to the
Kolmogorov Smirnov test for normality and Levene’s test for homogeneity of variances.
The cut-off for statistical significance was p < 0.05. Data are presented as percentages (%)
for the incidences of WRSs and GTCSs, mean ± S.E.M. for seizure latency, and median
score ± median average deviation score for the seizure severity.

3. Results

Twenty-four-hour monitoring revealed that administration of EACT at the tested
doses did not alter the gross behavior of the GEPR-3s. No loss of righting reflex, Straub
tail, sedation, lethargy, ataxia, and spontaneous seizures were observed following EACT
and T16Ainh-A01 treatments. In addition, we did not observe an exacerbation of seizure
severity (e.g., the occurrence of complete tonic seizures characterized by forelimb and
hindlimb extension) in the GEPR-3s subjected to seizure testing. We also did not find
notable changes in body temperature.

3.1. Effects on EACT at the Dose of 2.5 mg/kg on Acoustically Evoked Seizures in GEPR-3s

First, we evaluated the effects of acute EACT treatment at the dose of 2.5 mg/kg on
acoustically evoked seizure susceptibility in the GEPR-3s. In the control testing conditions
(pre-EACT treatment), all-male (n = 9) and all-female (n = 9) GEPR-3s experienced WRSs
(Figure 1A,B), and GTCSs (Figure 1C,D); FLE was observed in one female but not in male
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GEPR-3s. Fisher Exact test showed that EACT pretreatment did not considerably reduce the
incidence of the occurrence of WRSs in male GERP-3s at 0.5, 1, 2, and 24 h post-treatment
time points compared with the control testing conditions (Figure 1A). Similarly, EACT also
did not considerably reduce the incidence of the occurrence of WRSs in female GEPR-3s at
0.5, 1, 2, and 24 h post-treatment time points compared with the control testing conditions
(Figure 1B). The analysis showed that EACT significantly reduced the incidence of the
occurrence of GTCSs in male GEPR-3s by 56% (p < 0.029) at 2 h but not 0.5, 1, and 24 h post-
treatment time points compared with the control testing conditions (Figure 1C). In female
GEPR-3s, EACT did not considerably reduce the incidence of the occurrence GTCSs at all
tested post-treatment time points compared with the control testing conditions (Figure 1D).

In addition to the incidence of the occurrence of seizures, we also evaluated the effects
of EACT’s treatment on the seizure latency and duration (Figure 1E–H). In the control
conditions, the seizure latency was 19.78 ± 3.79 s (n = 9) and 19.44 ± 2.54 s (n = 9) in male
and female GEPR-3s, respectively (Figure 1E,F); the seizure duration was 24.44 ± 2.12 s
(n = 9) and 26.67 ± 3.22 s (n = 9) in male and female GEPR-3s, respectively. ANOVA showed
that, in male GEPR-3s, EACT did not considerably delay the seizure latency and decreased
the seizure duration at all tested post-treatment time points compared with the control
testing conditions (Figure 1E,G). Quantification also showed that, in female GEPR-3s, EACT
did not considerably delay the seizure latency and decrease the seizure duration at all tested
post-treatment time points compared with the control testing conditions (Figure 1F,G).

We also examined the effects of EACT on the severity of acoustically evoked seizures.
Wilcoxon signed-rank test showed that EACT significantly reduced the seizure severity
in male GEPR-3s at 2 h (z = 2.16, p < 0.031), but not at 0.5, 1, and 24 h post-treatment time
points compared to the control testing conditions (Figure 2A). However, in female GEPR-3s,
EACT did not alter the seizure severity at all tested post-treatment time points compared
with the control testing conditions (Figure 2B).

3.2. Effects on EACT at the Dose of 5 mg/kg on Acoustically Evoked Seizures in GEPR-3s

Next, we evaluated the efficacy of EACT at 5 mg/kg (p.o.) to determine if this dose
can either alter the seizure susceptibility in female GEPR-3s or completely suppress seizure
susceptibility in male GEPR-3s. In the control testing conditions (pre-EACT treatment), all-
male (n = 9) and all-female (n = 9) GEPR-3s experienced WRSs and GTCSs (Figure 3A–D);
FLE was not observed in the GEPR-3s. The Fisher Exact test revealed that, in male GEPR-3s,
EACT significantly reduced the incidence of the occurrence of WRSs by 56% (p < 0.029)
and 67% (p < 0.009) at 2 and 24 h post-treatment time points, respectively, compared with
control testing conditions (Figure 3A). Furthermore, EACT did not considerably reduce the
incidence of the occurrence of WRS at 0.5 h and 2 h post-treatment time points, respectively,
compared with control testing conditions (Figure 3A). However, in the females, EACT did
not reduce the incidence of the occurrence of WRSs at all tested post-treatment time points
compared with the control testing conditions (Figure 3B). Quantification also showed that
pretreatment with 5 mg/kg EACT significantly reduced the incidence of the occurrence of
GTCSs in male GEPR-3s by 56% (p < 0.029), and 56% (p < 0.029), and 67% (p < 0.002) at 1, 2
and 24 h post-treatment time points, respectively, compared with control testing conditions.
However, EACT did not considerably reduce the incidence of the occurrence of WRSs at
0.5 h post-treatment compared to the control testing conditions (Figure 3C). Furthermore,
in female GEPR-3s, EACT treatment did not considerably reduce the incidence of the
occurrence of GTCSs at all tested post-treatment time points compared with the control
testing conditions (Figure 3D).
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Figure 1. Effects of acute EACT treatment at the dose of 2.5 mg/kg on acoustically evoked seizures.
The putative seizure suppressive effects EACT, a potent activator of TMEM16A, were evaluated at
different post-treatment time points of 0.5, 1, 2, and 24 h in adult male (n = 9) and female (n = 9)
GEPR-3s. (A) EACT treatment did not considerably reduce the incidence of the occurrence of WRSs in
males. (B) Similarly, EACT treatment also did not considerably reduce the incidence of the occurrence
of WRSs in females. (C) EACT treatment significantly reduced the incidence of the occurrence
of GTCSs at the 2 h post-treatment time point in males. (D) However, EACT treatment did not
considerably reduce the incidence of the occurrence of GTCSs in females. (E) EACT treatment did
not considerably delay the seizure latency in males. (F) Similarly, EACT treatment also did not
considerably delay the seizure onset in females. (G) EACT treatment did not considerably reduce
the seizure duration in males. (H) Similarly, EACT treatment also did not considerably reduce the
seizure duration in females. Data from the incidence of the occurrence of WRSs and GTCSs were
represented as a mean percentage (%), and the Fisher Exact test was used for analysis. Data from the
seizure latency and duration were presented as mean ± S.E.M., and one-way ANOVA followed by
Bonferroni correction was used for analysis. Opened and filled bar graphs represent control-treated
(pre-EACT) and EACT-treated GEPR-3s, respectively. * p < 0.05.
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Figure 2. Effects of acute treatment with EACT (E) and T16Ainh-A01 (T), a potent blocker of
TMEM16A channels, on the severity of acoustically evoked seizures. The effects of EACT, a potent
activator of TMEM16A channels, on the seizure severity were evaluated at various doses (2.5, 5, and
10 mg/kg, p.o.), and at different post-treatment time points (0.5, 1 h, 2 h, and 24 h) in adult male and
female GEPR-3s. T16Ainh-A01 was tested only at the dose of 10 mg/kg, p.o.) and the data were
compared with EACT (10 mg/kg, p.o.) (A) EACT treatment significantly reduced the seizure severity
at the 2 h post-treatment time point in males. (B) EACT treatment did not alter the seizure severity in
females. (C) EACT treatment significantly suppressed the seizure severity at 2 and 2 h post-treatment
time points in males. (D) EACT treatment did not considerably alter the seizure severity in females.
(E) EACT treatment significantly suppressed the seizure severity at 1, 2, and 24 h post-treatment time
points in males. (F) EACT treatment did not considerably alter the seizure severity in females. (G) In
males, T16Ainh-A01 treatment (T) reversed the antiseizure effects following EACT administration
(E), but no statistical significance was reached. (H) In females, T16Ainh-A01 did alter the effects of
EACT. The seizure severity data were represented as median ± median average deviation, and the
Wilcoxon signed-rank test was used to compare paired EACT data or T16Ainh-A01 data, and the
Mann-Whitney test was used to compare the EACT and T16Ainh-A01 groups. Opened and filled
bar graphs represent control-treated (pre-EACT) and EACT treated GEPR-3s (n = 9), respectively.
* p < 0.05, ** p < 0.01.
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Figure 3. Effects of acute EACT treatment at the dose of 5 mg/kg on acoustically evoked seizures.
The effects EACT, a potent activator of TMEM16A, were evaluated at different post-treatment time
points of 0.5, 1, 2, and 24 h in adult male (n = 9) and female (n = 9) GEPR-3s. (A) EACT treatment
significantly reduced the incidence of the occurrence of WRSs at 2 and 24 h post-treatment time points
in males. (B) EACT treatment did not considerably reduce the incidence of the occurrence of WRSs in
females. (C) EACT treatment significantly reduced the incidence of the occurrence of GTCSs at 1,
2, and 24 h post-treatment time points in males. (D) EACT treatment did not considerably reduce
the incidence of the occurrence of GTCSs in females. (E) EACT treatment significantly delayed the
seizure onset at 2 and 24 h post-treatment time points in males. (F) In females. EACT treatment also
significantly delayed the seizure onset at the 24 h post-treatment time point. (G) EACT treatment
significantly reduced the seizure duration at the 2 h post-treatment time point in males. (H) EACT
treatment did not alter the seizure duration in females. Data from the incidence of the occurrence
of WRSs and GTCSs were represented as a mean percentage (%), and Fisher Exact test was used for
analysis. Data from the seizure latency and seizure duration were presented as mean ± S.E.M., and
one-way ANOVA followed by Bonferroni correction was used for analysis. Opened and filled bar
graphs represent control-treated (pre-EACT) and EACT treated GEPR-3s, respectively. * p < 0.05,
** p < 0.01.
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We also evaluated the effects of EACT’s treatment on seizure latency and duration
(Figure 3E–H). In the control conditions, the seizure latency was 21.67 ± 2.93 s (n = 9)
and 14.33 ± 0.79 s (n = 9) in male and female GEPR-3s, respectively (Figure 3E,F); seizure
duration was 22.67 ± 0.79 s (n = 9) and 20.11 ± 0.48 s (n = 9) in male and female GEPR-3s,
respectively (Figure 3G,H). ANOVA showed that EACT pretreatment significantly altered
the seizure latency in male GEPR-3s (F(4.40) = 3.488, p < 0.015). Multiple comparisons
revealed that the seizure onset was delayed at 2 h (t = 2.962, p < 0.005) and 24 h (t = 3.79,
p < 0.002) post-treatment time points compared to control testing conditions; the seizure
latency was not considerably altered at 0.5 and 1 h post-treatment time points (Figure 3E).
The analysis also showed that EACT pretreatment significantly altered the seizure duration.
Multiple comparisons revealed that EACT significantly reduced the seizure duration at 2 h
(t = 3.075, p < 0.038) post-treatment time point compared to control testing conditions; the
seizure duration was not considerably reduced at 0.5, 1, and 24 h post-treatment time points
(Figure 3G). In female GEPR-3s, ANOVA showed that EACT pretreatment significantly
alters the seizure latency (F(4.40) = 7.846, p < 0.00009). Multiple comparisons revealed that
EACT significantly delayed the seizure onset at 24 h (t = 4.895, p < 0.002) post-treatment time
points compared with control testing conditions; the seizure latency was not considerably
increased at 0.5, 1, and 2 h post-treatment time points (Figure 3F). The analysis also showed
that EACT treatment did not alter the seizure duration in females GEPR-3s (Figure 1H).

We also evaluated the effects of EACT pretreatment on the severity of acoustically
evoked seizures. Wilcoxon signed-rank test showed that at a dose of 5mg/kg, EACT
treatment significantly suppressed the seizure severity in male GEPR-3s at 2 h (z = 2.22,
p < 0.033), and 24 h (z = 2.33, p < 0.031) post-treatment time points compared with the
control testing conditions; the seizure severity was not considerably reduced or changed at
1 and 0.5 h post-treatment, respectively (Figure 2C). In female GEPR-3s, EACT did not alter
the seizure severity compared with the control testing conditions (Figure 2D).

3.3. Effects on EACT at the Dose of 10 mg/kg on Acoustically Evoked Seizures in GEPR-3s

Since no anticonvulsant effects were seen in female GEPR-3s following administration
of EACT at the doses of 2.5 and 5 mg/kg, we evaluated the effects of EACT pretreatment
at the dose of 10 mg/kg on acoustically evoked seizure susceptibility in the GEPR-3s.
In the control testing conditions (pre-EACT treatment), all-male (n = 9) and all-female
(n = 9) GEPR-3s experienced WRSs and GTCSs (Figure 4A–D). FLE was not observed in
both male and female GEPR-3s. The Fisher Exact test showed that the incidence of the
occurrence of WRSs, in male GEPR-3s, was significantly reduced by 56% (p < 0.029) and
67% (p < 0.009) at 2 and 24 h post-treatment time points compared with control testing
conditions; no considerable reduction of the incidence of the occurrence of WRSs was seen
at 0.5 and 1 h post-treatment time points (Figure 4A). However, in females, EACT did not
considerably alter the incidence of the occurrence of WRSs at all tested post-treatment time
points compared with the control testing conditions (Figure 4B). We also evaluated the
effects of EACT on the incidence of the occurrence of GTCSs. Analysis revealed that EACT
significantly reduced the incidence of the occurrence of GTCSs, in male GEPR-3s, by 67%
(p < 0.009) and 78% (p < 0.002) at 2 and 24 h post-treatment time points compared with
control testing conditions; no considerable reduction of the incidence of the occurrence
of GTCSs was seen at 0.5 h and 1 h post-treatment time points (Figure 4C). In female
GEPR-3s, EACT significantly reduced the incidence of the occurrence of GTCSs by 56%
(p < 0.029) at 24 h post-treatment time point compared with the control testing conditions;
no considerable change was observed at other post-treatment time points (Figure 4D).
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Figure 4. Effects of acute EACT treatment at the dose of 10 mg/kg on acoustically evoked seizures.
The effects of EACT, a potent activator of TMEM16A, were evaluated at different post-treatment time
points of 0.5, 1 h, 2 h, and 24 h in adult male and female GEPR-3s. (A) EACT treatment significantly
reduced the incidence of the occurrence of WRSs at 2 and 24 h time points in males. (B) However,
EACT treatment did not considerably alter the incidence of the occurrence of WRSs in females.
(C) EACT treatment significantly reduced the incidence of the occurrence of GTCSs at 2 and 24 h post-
treatment time points in males. (D) EACT treatment also significantly reduced the incidence of the
occurrence of GTCSs at 24 h post-treatment time point in females. (E) EACT treatment significantly
delayed the seizure onset at 24 h post-treatment time points in males. (F) Similarly, EACT treatment
also significantly delayed the seizure onset at 24 h post-treatment time point in females. (G) EACT
treatment significantly reduced the seizure duration at 2 and 24 h post-treatment time points in
males. (H) However, in females, EACT did not considerably alter the seizure duration. Data from
the incidence of WRSs and GTCSs were represented as a mean percentage (%), and Fisher Exact
test was used for analysis. Data from the seizure latency and seizure duration were presented as
mean ± S.E.M., and one-way ANOVA followed by Bonferroni correction was used for analysis.
Opened and filled bar graphs represent control-treated (pre-EACT) and EACT treated GEPR-3s
(n = 9), respectively. * p < 0.05, ** p < 0.01, **** p < 0.0001.
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We also evaluated the effects of EACT pretreatment on the severity of acoustically
evoked seizures. The Wilcoxon signed-rank test showed that EACT significantly reduced
the seizure severity in male GEPR-3s at 1 h (z = 2.22, p < 0.031), 2 h (z = 2.22, p < 0.031),
and 24 h (z = 2.33, p < 0.019) post-treatment time points compared with control testing
conditions. However, the seizure severity was not considerably decreased at the 0.5 h
post-treatment time point (Figure 2E). In females, EACT did not considerably alter the
seizure severity up to 2 h post-treatment time points compared to the control conditions
(Figure 2F).

We also quantified the effects of EACT pretreatment on seizure latency and seizure
duration. In the control conditions, the seizure latency was 23.56 ± 2.49 s (n = 9) and
12.78 ± 0.68 s (n = 9) in male and female GEPR-3s, respectively (Figure 4E,F); the seizure
duration was 23.67 ± 1.67 s (n = 9) and 21.11 ± 0.90 s (n = 9) in male and female GEPR-3s,
respectively (Figure 4G,H). ANOVA showed that EACT pretreatment significantly alter
the seizure latency in male GEPR-3s (F(4.40 = 2.786, p < 0.0393). Multiple comparisons
revealed that EACT significantly delayed the seizure onset at the 24 h (t = 3.024, p < 0.043)
post-treatment time point in male GEPR-3s compared with control testing conditions. No
considerable delay of the seizure onset was seen at the other tested post-treatment time
points (Figure 4E,F). In female GEPR-3s, the analysis showed that EACT pretreatment
significantly alter the seizure latency (F(4.40) = 12.159, p < 0.000001). Multiple compar-
isons revealed that the seizure onset was only significantly delayed at the 24 h (t = 6.351,
p < 0.0001) post-treatment time point compared with the control testing conditions. EACT
did not considerably alter the seizure latency at the other tested post-treatment time points
(Figure 4F). We also evaluated the effects of EACT pretreatment on the seizure duration.
Analysis also showed that EACT pretreatment significantly alters the seizure duration in
male GEPR-3s (F(4.40) = 3.776, p < 0.0107). Multiple comparisons revealed that, in male
GEPR-3s, EACT significantly reduced the seizure duration at 2 h (t = 3.254, p < 0.0232) and
24 h (t = 3.417, p < 0.0147) post-treatment time points compared with control testing condi-
tions. No considerable changes in the seizure duration were seen at other post-treatment
time points (Figure 4G). However, EACT did not considerably alter the seizure duration in
female GEPR-3s (Figure 4H).

In another set of experiments, we probed the extent to which inhibition of TMEM16A
channels reversed the antiseizure effects seen following activation of these channels. Thus,
we evaluated the effects of T16Ainh-A01 (10 mg/kg, body weight, p.o.), a potent inhibitor
of TMEM16A channels on the acoustically evoked seizure susceptibility in both male (n = 6)
and female (n = 6) GEPR-3s. Quantification showed that T16Ainh-A01 pretreatment did
not alter the incidence of the occurrence of WRSs and GTCSs, the seizure latency, the
seizure duration, and the seizure severity (compare Figures 4 and 5, and see Figure 2E–H).
Comparison of the effects of EACT and T16Ainh-A01 on the seizure susceptibility revealed
T16Ainh-A01 significantly rescued EACT-induced delay of the seizure latency (Figure 5E)
and EACT-induced decreases in the seizure duration (Figure 5H) in male GEPR-3s. In
female GEPR-3s, T16Ainh-A01 significantly rescued EACT-induced increases in the seizure
latency 24-h post-treatment (Figure 5F). T16Ainh-A01 also increased the seizure duration
compared to EACT pretreatment in female GEPR-3s at all tested post-treatment time points
(Figure 5H). However, both EACT and T16Ainh-A01 did not alter the incidence of the
occurrence of WRSs in both male and female GEPR-3s (Figure 5A,B). T16Ainh-A01 also did
not considerably rescue the suppressive effects of EACT on the incidence of the occurrence
GTCSs (Figure 5C,D) and the seizure severity (Figure 2G,H) in both male and female
GEPR-3s.
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Figure 5. Effects of acute treatment with EACT (E) and T16Ainh-A01 (T), a potent activator and
blocker of TMEM16A channels, respectively. The effects of EACT (n = 9) and T16Ainh-A01 (n = 6) on
acoustically evoked seizures were evaluated at the dose of 10 mg/kg and at various posttreatment
time points (0.5, 1 h, 2 h, and 24 h) in adult male and female GEPR-3s. Data were compared to
determine the extent to which T16Ain-A01 treatment reverses the antiseizure effects seen in the
EACT-treated group. (A) The incidence of the occurrence of WRSs was similar in both the EACT-
treated and the T16Ainh-A01-treated groups in males. (B) Likewise, the incidence of the occurrence
of WRSs was similar in both the EACT-treated group and T16Ainh-A01-treated group in females.
(C) T16Ainh-A01 treatment reversed the reduced incidence of GTCSs seen in the EACT-treated
group in males, but this effect did not reach statistical significance. (D) Similarly, T16Ainh-A01
treatment did alter the effects of EACT on the incidence of the occurrence of WRSs in female GEPR-3s.
(E) T16Ainh-A01 treatment significantly reversed the effect of EACT treatment on the seizure latency
in males. (F) In females, T16Ainh-01 also significantly reversed the effect of EACT on the seizure
latency. (G) T16Ainh-A01 treatment significantly reversed the effect of EACT treatment on the seizure
duration in males. (H) In females, T16Ainh-01 also significantly reversed the effect of EACT on the
seizure duration. Data from the incidence of the occurrence of WRSs and GTCSs were represented as
a mean percentage (%), and Fisher Exact test was used for analysis. Data from the seizure latency
and duration were presented as mean ± S.E.M., and one-way ANOVA followed by Bonferroni
correction was used for analysis. Opened and filled bar graphs represent EACT-treated GEPR-3s (E)
and T16Ainh-A01-treated GEPR-3s (T). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Finally, we evaluated the effects of seizure susceptibility between male and female
GEPR-3s used in this study. Analysis revealed no considerable changes in the seizure
latency, seizure severity, incidence of the occurrence of WRSs and GTCSs, and seizure
severity between male and female GEPR-3s (data not shown).

4. Discussion

In this study, we evaluated the role of activating TMEM16A channels as a putative
novel mechanism for seizure suppression in the GEPR-3s. We found that activation of
TMEM16A channels reduced the occurrence of both WRSs and GTCSs, and the seizure
severity. We also found that activation of TMEM16A channels delayed the seizure onset
and reduced the seizure duration. These antiseizure effects were primarily seen in male
GEPR-3s. The effects on the seizure latency and duration (and seizure severity to a lesser
extent) were markedly reversed by inhibiting TMEM16A channels. Together, these findings
suggest that TMEM1A channels may play essential roles in the pathophysiology of inherited
seizure susceptibility in the GEPR-3s. The prolonged seizure onset following activation
of TMEM16A channels suggests that these channels may play a role in the propagation
of seizure activity from the initiation site to networks responsible for the expression of
seizure phenotypes. The reduced seizure duration following activation of TMEM16A
channels indicates that these channels may play a role in the mechanisms underlying
seizure termination. Finally, the suppression of the seizure severity suggests a role of
TMEM16A channels on the seizure threshold and seizure initiation.

Acoustically evoked seizure susceptibility is associated with increased VGCC currents
in IC neurons, suggestive of massive Ca2+ influx resulting in abnormal levels of intracel-
lular Ca2+ that can activate chloride channels among other Ca2+-dependent mechanisms.
Therefore, CaCCs may play a role in the mechanisms underlying neuronal hyperexcitability
that leads to seizures. Accordingly, selective deletion of TMEM16C channels in the brain
exhibited enhanced susceptibility to hyperthermia-induced tonic-clonic seizures and de-
creased the seizure latency in rodent pups [30]. Furthermore, knockdown of TMEM16B
channels in thalamocortical neurons reduced spike frequency adaptation and significantly
decreased the afterhyperpolarization conductance, consistent with the enhanced neuronal
excitability that can lead to seizures [31]. Interestingly, reduced spike frequency adaptation
and slow afterhyperpolarization conductance were found in CA1 and CA3 neurons of the
hippocampus in the GEPR-9, the most severe seizure severity strain of the GEPRs [32,33].
Such altered spike frequency adaptation and slow afterhyperpolarization may also occur in
the GEPR-3s and contribute to enhancing the seizure susceptibility [14,34]. The mechanisms
of how activation of CaCCs suppresses seizures are complex. Nevertheless, we posit that
activation of CaCCs allows chloride influx that contributes to hyperpolarization of the
neurons and modulates the spike-frequency adaptation via the shunting effect, leading
to seizure suppression in the GEPR-3s [35–38]. Activation of CaCCs also contributes to
elevated intraneuronal chloride levels, which have been reported to accompany seizure
activity [18,19,39]. However, elevated intraneuronal chloride loading by itself does not
trigger a complete ictal activity [39].

Other molecular targets can mediate the antiseizure effects of EACT. Evidence indicates
that EACT also activates the transient receptor potential vanilloid 1 (TRPV1) channel in
addition to CaCCs, suggesting a potential role of these channels in EACT’s antiseizure
effects [40]. However, we previously reported that capsazepine, a potent inhibitor of TRPV1
channels, completely suppressed the seizure susceptibility in female (but not male, as seen
in the present study with EACT) GEPR-3s [41]. These findings ruled out the possible role
of TRPV1 channels in EACT’s antiseizure effects in male GEPR-3s. In the present study,
we also found that EACT’s antiseizure effects were mainly seen in male but not female
GEPR-3s, suggesting that male GEPR-3s are more sensitive to the activation of CaCCs. The
underlying biological mechanisms for the differential sex effect of EACT’s antiseizure effects
are unknown in GEPR-3s. Nevertheless, sex-related EACT’s antiseizure effects may be due
to sex differences in inherited seizure susceptibility in GEPR-3s. However, this study found
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no notable differences in the parameters and phenotypes of acoustically evoked seizures
between male and female GEPR-3s. Steroid hormones and endogenous neuro-steroids
have been implicated as factors contributing to sex differences in epilepsy and may play
a role in the lack of EACT’s antiseizure effects in female GEPR-3s [42]. However, female
GEPR-3s consistently exhibited seizures over 30 days of repetitive acoustic stimulations,
ruling out the possible role of steroids and neuro-steroids in EACT’s antiseizure effects [43].
A potential sex-related mechanism of the EACT’s antiseizure effects may include altered
function and expression of TMEM16A channels, at least in the IC, the initiation site of
acoustically evoked seizures in the GEPR.

Despite the novelty of our findings, this study has a limitation of its translational value
because no mutations of the genes encoding for CaCCs are yet associated with seizure
phenotypes and epilepsy syndromes in humans [2,44].

In conclusion, activation of TMEM16A channels is sufficient to suppress seizure
susceptibility in the male GEPR-3s, providing a putative novel cellular mechanism for
controlling tonic-clonic seizures and epilepsy.
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Abstract: Epilepsies are neurological disorders characterized by chronic seizures and their related
neuropsychiatric comorbidities, such as anxiety. The Transient Receptor Potential Vanilloid type-1
(TRPV1) channel has been implicated in the modulation of seizures and anxiety-like behaviors in
preclinical models. Here, we investigated the impact of chronic epileptic seizures in anxiety-like
behavior and TRPV1 channels expression in a genetic model of epilepsy, the Wistar Audiogenic Rat
(WAR) strain. WARs were submitted to audiogenic kindling (AK), a preclinical model of temporal
lobe epilepsy (TLE) and behavioral tests were performed in the open-field (OF), and light-dark box
(LDB) tests 24 h after AK. WARs displayed increased anxiety-like behavior and TRPV1R expression in
the hippocampal CA1 area and basolateral amygdala nucleus (BLA) when compared to control Wistar
rats. Chronic seizures increased anxiety-like behaviors and TRPV1 and FosB expression in limbic
and brainstem structures involved with epilepsy and anxiety comorbidity, such as the hippocampus,
superior colliculus, and periaqueductal gray matter. Therefore, these results highlight previously
unrecognized alterations in TRPV1 expression in brain structures involved with TLE and anxiogenic-
like behaviors in a genetic model of epilepsy, the WAR strain, supporting an important role of TRPV1
in the modulation of neurological disorders and associated neuropsychiatric comorbidities.

Keywords: epilepsy; anxiety; TRPV1 channels; neuronal activity; neuropsychiatric comorbidity;
immunofluorescence; temporal lobe epilepsy; audiogenic kindling

1. Introduction

Epilepsies are neurological disorders characterized by chronic epileptic seizures and
their consequent neuropsychiatric comorbidities [1,2]. Among them, we can highlight
anxiety, which is one of the most common comorbidities associated with epilepsies, not
only because of the epileptogenic processes but also as a cause of its exacerbation, which
indicates a bidirectional relationship between epilepsies and anxiety [3–5]. Therefore,
anxiety symptoms, or anxiogenic-like behaviors, may be present either as intrinsic as-
pects of epileptic seizures or as events related to inter-ictal alterations [6–8]. Additionally,
anxiety management can overlap epilepsy, and some antiseizure drugs may modulate
anxiety in patients with epilepsies, while classical anxiolytic drugs also display antiseizure
effects [2,3,9].

The phenomenon of the bidirectionality between neurological disorders and neu-
ropsychiatric comorbidities has been frequently discussed in the literature [10,11]. Studies
demonstrated that seizure severity is highly correlated with anxiety and other neuropsy-
chiatric comorbidities, such as depression, in patients with epilepsies, supporting a direct
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relationship between seizures and affective disorders. Consequently, the diagnosis of
epilepsies increases the chances of suicide and further diagnosis of anxiety, but the opposite
is also true once patients with anxiety and depressive disorders have a higher risk of
developing epilepsies in comparison to those who do not suffer from mood or anxiety dis-
orders [3,5,6,12,13]. Additionally, it is worth noticing that brainstem and limbic structures,
such as the periaqueductal gray matter (PAG), superior colliculus, basolateral amygdala
nucleus (BLA), and hippocampus, are intrinsically involved with epileptic seizures mani-
festations [14–17], as well as with anxiogenic, emotional and defensive behaviors [18–21],
indicating that neuroplastic and functional alterations in these neuronal networks can
impact epilepsy and anxiety comorbidity.

Psychiatric and neurological disorders are commonly associated with changes in
neural calcium ion signaling pathways. The transient receptor potential vanilloid (TRPV)
channel family is composed of seven different subfamilies, and most of their members
are closely related to the modulation of calcium influx. The TRPV type-1 (TRPV1) is a
non-selective calcium-permeable cation channel with high Ca2+ permeability that has been
associated with a wide range of biological functions, such as synaptic plasticity, anxiety,
fear, stress, thermoregulation, and pain [22–26]. TRPV1 channels are widely expressed in
the brain, but cortical and limbic structures present the highest levels of TRPV1 protein
and mRNA [27,28]. Moreover, TRPV1 signaling is associated with other neurotransmitter
systems related with neuropsychiatric disorders, especially the endocannabinoid [29–31],
which makes its neurobiological function even more complex to understand.

Since TRPV1 receptors are involved with calcium mobilization, these channels have
been shown to be intrinsically involved with synaptic excitability and, consequently, with
epileptic seizure susceptibility and manifestation [32–34]. Increased mRNA and protein
levels of TRPV1 channels were observed in the hippocampus and cortex of patients with
temporal lobe epilepsy (TLE) [35] and preclinical models suggest an important role for
TRPV1 in seizure susceptibility, especially because its pharmacological activation facilitates
seizure manifestation [33,36,37]. Additionally, evidence supports the role of TRPV1 chan-
nels located in the brainstem and limbic structures in the modulation of emotional and
anxiety-like behaviors [22,38,39].

The Wistar Audiogenic Rat (WAR) strain is a genetic model of epilepsy with animals
susceptible to audiogenic seizures (AGS)—for a comprehensive review see [40]. Acute AGS
mimics generalized tonic-clonic seizures associated with brainstem hyperactivity, where
the inferior colliculus (IC), deep layers of the superior colliculus (DLSC), and dorsal PAG
(dPAG) play an important role in seizure susceptibility and manifestation [15,41]. However,
during the chronic protocol of AGS, the audiogenic kindling (AK), firstly demonstrated
by Marescaux et al. [42], limbic seizures, modulated by cortical and limbic brains sites,
coexist with brainstem seizures. Thus, AK in genetically susceptible rodents is considered
a model of TLE with limbic recruitment characterized by electrographic and behavioral
seizures [43–48], similar to those described by Racine in the amygdala kindling protocol [49].
It is worth noting that genetic selection for seizure susceptibility in the WAR strain also
selected physiological and behavioral alterations associated with epilepsy related comor-
bidities [40,50]. Additionally, chronic seizures in WARs induce spatial memory deficits [51]
and increase the expression of glutamate receptor subunits [52] and CB1 receptors [53] in
limbic structures. Therefore, genetic susceptibility and chronic epileptic seizures are both
involved with manifestations of neuropsychiatric comorbidities underlying epilepsy in the
WAR strain.

However, the impact of both genetic background and chronic epileptic seizures on
anxiety-like behaviors still needs to be appropriately investigated in WARs. Similarly,
despite TRPV1 channels being closely related with epilepsies and their comorbidities,
possible neuroplastic alterations in their expression have never been analyzed, either in
WARs or in other genetic models of audiogenic seizures. Therefore, the present study aimed
to investigate endogenous alterations in TRPV1 channels expression in the brainstem and
limbic structures involved with seizure susceptibility and anxiogenic-like behaviors in
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the WAR strain. We also characterized the impact of AK, a model of TLE, on anxiety-like
behaviors and TRPV1 and FosB expression in the brainstem and limbic structures involved
with the comorbidity epilepsy and anxiety in animals of the WAR strain.

2. Materials and Methods

2.1. Animals

Adult male Wistar (n = 16) and WAR (n = 16) rats (2–4 months old) were provided
by the Central Vivarium of the University of São Paulo, Ribeirão Preto, and by the Special
Rat Strains’ Vivarium of the Ribeirão Preto School of Medicine, respectively. Animals were
kept at the Animal Housing Facility of the Physiology Department of the Ribeirão Preto
School of Medicine, University of São Paulo, housed in groups of 3–4 animals per cage in a
controlled temperature (23 ± 2 ◦C) under light/dark cycle of 12/12 h. (lights on at 6:00 a.m.),
with access to food and water ad libitum. The experimental protocol was approved by the
Ethics Committee in Animal Research of the Ribeirão Preto School of Medicine, University
of São Paulo (Protocol number: 057/2017; approval date: 2 August 2017).

2.2. Chronic Audiogenic Seizure (AGS) Protocol: Audiogenic Kindling (AK)

Chronic AGS were induced as previously described [43,53]. Briefly, animals were
placed into an acrylic cylindrical chamber located at a soundproof wood chamber. A small
speaker connected to a computer was placed on the top of the acrylic chamber. In every
test session, animals were placed into the chamber and after 1 min the sound (110–120 dB;
5–20 kHz) was manually triggered by the researcher and applied until the onset of a tonic
seizure, or for a maximum of 60 s if no seizure was observed. Animal behavior was
recorded for 1 min before sound, maximum of 1 min during sound exposure, and 1 min
after sound. During the AK, WARs (n = 8) were submitted to 20 acoustic stimulations for
10 days (2 per day), every morning (8:00–9:00 a.m.) and afternoon (5:00–6:00 p.m.). The
apparatus was cleaned with 5% ethanol solution after each test session.

Wistar rats (n = 8) were submitted to the same protocol, for two reasons: as a control of
the specificity of the AK protocol to induce seizures only in genetically susceptible rats and
to investigate if changes induced by the AK in WARs were, in fact, due to the epileptogenic
process and not merely due to the chronic sound exposure. Additionally, to investigate
possible endogenous alterations in anxiety-like behaviors, chronic neuronal hyperactivity,
and TRPV1 expression in the WAR strain, control (non-stimulated) WARs (n = 8) and
Wistars (n = 8) were submitted to a false AK (Sham) protocol, exactly as described for
chronic stimulated animals, but the sound was never applied in these groups.

Brainstem seizure severity was analyzed according to the Brainstem index [54],
where: 0 = no seizure; 1 = one running; 2 = one wild running (running with jumps and
atonic falls); 3 = two wild runnings; 4 = tonic convulsion; 5 = tonic seizure followed by
generalized clonic convulsion; 6 = index 5 plus head ventral flexion; 7 = index 6 plus
forelimb hyperextension; 8 = index 7 plus hindlimb hyperextension. Limbic seizures were
measured according to the Racine scale [49], where: 0 = no seizure; 1 = facial and years my-
oclonus; 2 = head myoclonus; 3 = forelimb myoclonus; 4 = forelimb myoclonus, followed
by elevation; 5 = forelimb myoclonus, followed by elevation and fall.

2.3. Behavioral Tests for Anxiety

In the morning (8:00–11:00 a.m.) after the last AGS or sham exposure to the cylinder,
animals were submitted to the open-field (OF) test followed by the light/dark box (LDB)
test to investigate possible alterations in anxiety-like behaviors (see Figure 1).

The OF consists of an acrylic circular arena (90 cm diameter) with a 40 cm wall, and
a floor divided into 12 equal areas. Animals were placed in the center of the apparatus
(50 lux) and behaviors were recorded for 5 min by a camera located above the apparatus.
The time spent in the central area of the apparatus was calculated and the locomotory
activity was measured according to the number of crossings. Duration and frequency of
vertical exploratory behaviors (rearings) and grooming were also measured.
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Figure 1. Experimental design. Animals were submitted to the audiogenic kindling (AK) protocol
with 20 acoustic simulations. After that, animals were submitted to behavioral tests, and tissue was
collected for immunohistochemistry. Abbreviations: OF—open field test, LDB—light/dark box test,
ICx—inferior colliculus cortical area, dPAG—dorsal periaqueductal gray matter, DLSC—deep layers
of superior colliculus, BLA—basolateral amygdala nucleus, CA1—dorsal hippocampus sub-region.

The light/dark box (LDB) test was performed 5 min after the OF in a different room.
The apparatus consists of an acrylic box with overall dimensions of 100 × 50 × 40 cm
(length, width, height) divided into a light and a dark compartment with a doorway
(10 × 10 cm) communicating both sides. The lit side (65 lux) has floor and walls painted
white, a transparent roof, and corresponds to 2/3 of the size of the apparatus. The dark
compartment (0 lux) has floor, walls, and roof all painted black and corresponds to 1/3 of
the size of the apparatus. Animals were individually placed in the center of the lit compart-
ment turned back to the doorway separating both compartments. Behavior was recorded
for 5 min by a camera located above the apparatus and the following parameters were
measured: number of entries and time spent into the lit compartment, latency to the first
transition to the dark compartment, latency to the first return to the lit compartment, and
frequency and duration of rearings. The number of risk assessment behaviors, such as
stretched attempt postures and pokes, were also measured. After each session, the OF and
LDB were cleaned with 5% ethanol.

2.4. Tissue Processing and Immunohistochemistry

Animals were anesthetized with sodium thiopental (50 mg/kg; i.p.; Abbott,
São Paulo, Brazil) and perfused with phosphate-buffered saline (PBS 0.1M, pH 7.4) fol-
lowed by paraformaldehyde (PFA 4%, pH 7.4) 24 h after behavioral tests. Brains were
post-fixed in PFA for 4 h and then cryoprotected in sucrose solution 30% at 4 ◦C and, after
that, they were frozen in isopentane and dry ice. Using a cryostat (Microm HM-505-E,
Microm International, Walldorf, Germany), serial coronal sections (40 μm) from the dorsal
hippocampus, BLA, DLSC, dPAG, and the cortical area of the IC (ICx) were cut following
the coordinates from Paxinos and Watson [55]. Slices were stored in a cryoprotection solu-
tion (50% PBS, 30% ethylene glycol, 20% glycerol) until immunohistochemical experiments.
Representative images of each structure are illustrated in Figure 1.

Immunofluorescence for TRPV1 channels was performed in the DLSC, dPAG, BLA,
and in the CA1 region of the dorsal hippocampus, as we have previously described [56].
Briefly, after washing in PBS, free-floating sections were incubated overnight in a mouse
polyclonal antibody that recognizes the C-terminal of the TRPV1 receptor (Abcam, ab203103,
Cambridge, UK) diluted in normal goat serum (1:1000). Tissues were washed in PBS and
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then incubated for 2 h in an anti-mouse IgG Rhodamine B (AP192R) diluted in normal
goat serum (1:1000). The slides were mounted in Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA) and stored at 4 ◦C. Immunostaining for FosB+ neurons
were performed in the ICx, DLSC, dPAG, and BLA as previously described [57]. Briefly,
free-floating sections were washed in PBS and incubated overnight in a rabbit polyclonal
primary antibody (1:1000; sc-48, Santa Cruz Biotechnology, Dallas, TX, USA) diluted in
a 2% solution of bovine serum albumin solution (BSA, Amresco, Solon, OH, USA). On
the next day, slices were washed in PSB and incubated for 2 h in a biotinylated secondary
antibody anti-rabbit IgG (1:1.000; BA-1000, lot. Zb0318, Vector) diluted in BSA solution.
Immunoreactive sites were visualized using the 3,3′-diaminobenzidine (DAB) peroxidase
substrate with nickel (SK-4100, Vector). Slices were mounted on glass slides and cover-
slipped with Permount (Sigma-Aldrich, Inc., St. Louis, MO, USA).

For FosB and TRPV1R immunohistochemical protocols, negative control sections were
incubated as described, but without the primary antibody, and immunoreactivity was
absent in these sections.

2.5. Image Processing and Analysis

Immunoreactive sites were visualized and photographed in a scanning microscope
(Olympus BX61VS). Tissues processed for TRPV1R immunofluorescence and FosB+ neurons
were analyzed in 400× magnification and the software ImageJ (National Institute of Mental
Health, Bethesda, MD, USA) was used for image processing analysis as we previously
described [56,57].

To analyze the TRPV1 immunofluorescence images, we used the Integrated Opti-
cal Density (IOD) method. Six slices per animal were analyzed for each structure of
interest, with a sample of six animals randomly selected per group. The intensity was
analyzed using the software ImageJ (https://imagej.nih.gov/ij/ version 1.8.0; accessed
on 20 November 2021) and the mean value of the integrated density (the product of the
area and the mean gray value) was calculated using the mean value of the three regions of
interest (ROI), randomly selected within each structure of each animal. In smaller areas,
such as CA1 and dPAG, we used 3 ROIs with 2.500 μm2, while in the BLA, DLSC, and
IC, 3 ROI with 10.000 μm2 were used. For FosB immunostaining, three slices per animal
were analyzed for each region of interest, with a sample of five animals randomly selected
per group. To analyze the number of FosB+ neurons, we opted for the manual counting
method (blind researcher). For each animal, we used the arithmetic mean of the total
number of FosB+ cells detected in 3 ROIs (10.000 mm2 each one) randomly selected within
each structure.

2.6. Statistical Analysis

Data were tested for normality using the Shapiro–Wilk test. Statistical analysis was
performed using Two-Way ANOVA (variables: STRAIN and AK) followed by post hoc
Tukey’s test. Data were expressed as mean ± standard error of the mean, and the software
GraphPad Prism 9.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to perform
statistical analysis and to create the graphics. Significant differences: p < 0.05.

3. Results

3.1. Audiogenic Kindling (AK) Progression

In the beginning of the protocol, WARs developed brainstem AGS in response to
intense sound stimulation; seizures were characterized by wild running with jumps and
atonic falls followed by generalized tonic-clonic seizure behaviors, such as forelimb hy-
perextension, partial or generalized clonic seizures. During AK, limbic seizures coexist
with those that originated from brainstem structures; this phenomenon is illustrated by the
appearance of novel clonic seizure behaviors such as those described by Racine [49], similar
to facial and forelimb myoclonus, followed by body elevation and fall (Figure 2). All WARs
developed AGS during the AK protocol and 4/8 rats from the WAR-AK group developed
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severe limbic seizures (Racine ≥ 4) during the AK and were classified as forebrain-recruited;
the remaining four WARs from this group developed consistent generalized tonic-clonic
seizures, but limbic seizures were not detected. Wistar rats submitted to chronic auditory
stimulation did not develop AGS.

Figure 2. Evolution of audiogenic kindling (AK) in WARs. Mean of brainstem (blue circles) and
limbic (green circles) seizure severity during AK. Only brainstem generalized tonic-clonic seizures
were detected at the beginning of the protocol; however, during the AK, limbic seizures coexist with
those that originated from the brainstem. Data are represented by mean ± standard error mean
(n = 8/group).

3.2. Open-Field (OF) Test

Results from the OF test are presented in Figure 3. Firstly, regarding the time in
the center of the OF, two-way ANOVA showed a significant effect of strain with WARs
spending less time in the center (F1, 28 = 5.626; p = 0.0248), but no AK effect (F1, 28 = 0.9779;
p = 0.3312) was detected, neither in WARs nor in Wistars.

Regarding the locomotor activity during the OF test, two-way ANOVA showed a
powerful strain effect, with WAR presenting less crossings than Wistars (F1, 28 = 73.23;
p < 0.0001), but AK showed no significant effects (F1, 28 = 0.04102; p = 0.8410).

Vertical exploratory activity was impaired in WARs in comparison with Wistars in both
parameters, frequency (F1, 28 = 23.44; p < 0.0001) and percentage of time (F1, 28 = 21.52;
p < 0.0001). However, neither AK (WARs) nor the chronic exposure to intense sound
stimulation (Wistars) had any effect on frequency (F1, 28 = 1.113; p = 0.3004) or percentage
of time (F1, 28 = 8.439 × 10−21; p > 0.9999) of the vertical exploratory behaviors in WARs
and Wistar, respectively.

Two-Way ANOVA showed a significant strain effect regarding grooming behav-
ior, with WARs expressing increased number (F1, 28 = 35.13; p < 0.0001) and duration
(F1, 28 = 4.756; p = 0.0377) of grooming patterns in comparison to Wistars. However, as for
the previous parameters, neither AK (WARs) nor the chronic exposure to intense sound
stimulation (Wistar) changed the frequency (F1, 28 = 0.9138; p = 0.3473) or the percentage
of time of grooming behaviors (F1, 28 = 2.324; p = 0.1386).
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Figure 3. Assessment of anxiety-like behavior in the open-field (OF) test. The measures analyzed were
(A) percentage of time in the center, (B) the number of crossings, (C) frequency of elevation, (D) time
of elevation, (E) frequency of grooming, and (F) time of grooming. The behavioral tests in the OF were
performed during 5 min on the 11th experimental day. # p < 0.05 Tukey test comparing WAR-Sham
and Wistar-Sham groups. NS = non-significant difference. Data are expressed as means ± standard
error mean. N = 8/group.

3.3. Light Dark Box (LDB) Test

Results from the LDB test are illustrated in Figure 4. Firstly, regarding the percentage
of time spent in the lit side of the LDB, Two-Way ANOVA revealed significant effects
of both, strain (F1, 28 = 35.9; p < 0.0001) and AK (F1, 28 = 7.895; p = 0.0089). Tukey’s
post-test revealed that WARs spent less time spent in the lit side than Wistars (p = 0.0262).
Additionally, the time in the lit side was reduced even more in WARs after AK (p = 0.0184),
but the AK protocol did not change the time spent in the lit side of the LDB in Wistar
rats (p = 0.8502).
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Figure 4. Assessment of anxiety-like behavior in the light/dark box (LDB) test. The measures ana-
lyzed were (A) percentage of time in the lit side of the box, (B) the number of crossings, (C) frequency
rearing, (D) time of rearing, (E) latency to the dark side, (F) latency to the lit side, and (G) risk assess-
ment behaviors. The LBD test was performed during 5 min on the 11th experimental day. * p < 0.05
Tukey test comparing WAR-AK and WAR-Sham. # p < 0.05 Tukey test compared to WAR-Sham and
Wistar-Sham. Data are expressed as mean ± standard error mean. N = 8/group.

Two-Way ANOVA showed a significant strain effect in the number of entries in the lit
side of the LDB, with WARs presenting a reduced number of entries in the lit side in compar-
ison to Wistars (F1, 28 = 70.10; p < 0.0001). Again, the AK protocol showed no effects on the
number of entries in the lit side, neither in WARs nor in Wistars (F1, 28 = 0.9333; p = 0.3423).
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Similar to that observed in the OF test, vertical exploratory activity was impaired
in WARs when compared to Wistars in both, frequency (F1, 28 = 70.23; p < 0.0001) and
duration (F1, 28 = 54.96; p < 0.0001). However, AK showed no significant impact, either in
frequency (F1, 28 = 3.279; p = 0.0809) or in duration (F1, 28 = 4.088; p = 0.528) of vertical
exploratory behaviors.

Regarding the first latency to the dark compartment, two-Way ANOVA showed a
significant strain effect with WARs presenting a shorter latency than Wistars (F1, 28 = 12.86;
p = 0.0013). The AK protocol did not modify the latency to the dark compartment
(F1, 28 = 1.501; p = 0.2317). The latency to the first return to the lit compartment was
significantly increased in WARs in comparison to Wistars (F1, 28 = 13.75; p = 0.0009), Multi-
ple comparisons test showed that animals from the WAR-Sham group had a higher latency
to their first return to the lit compartment in comparison to Wistar-Sham (p = 0.1).

Risk assessment behaviors were measured based on the number of stretched at-
tempt postures and pokes displayed by animals. Despite no significant strain effect
(F1, 28 = 0.02965; p = 0.8645), there is an effect of the AK protocol (F1, 28 = 9.965; p = 0.0038),
as well as an interaction between both factors (F1, 28 = 7.277; p = 0.0117). Multiple com-
parisons analysis showed an increased number of risk assessment behaviors in WARs
submitted to AK in comparison to the WAR-Sham group (p = 0.0016).

3.4. Immunohistochemistry for FosB+ Neurons

Results from FosB immunostaining are illustrated in Figure 5. In the ICx, two-way
ANOVA showed strain (F1, 16 = 26.93; p < 0.0001) and AK effects (F1, 16 = 19.67; p = 0.0004),
besides an interaction between both factors (F1, 16 = 19.21; p = 0.0005). Post hoc analysis
revealed that the WAR-AK group presented an increased number of FosB+ neurons in
comparison to all the other experimental groups (p < 0.0001).

In the DLSC significant strain (F1, 14 = 7.539; p = 0.0158) and AK effects (F1, 14 = 8.540;
p = 0.0111) were detected, as well as a significant interaction between both factors
(F1, 14 = 6.360; p = 0.0244). Additionally, post hoc analysis showed that the WAR-AK group
presented an increased number of FosB+ neurons in the DLSC when compared to all the
other groups (p ≤ 0.0108).

FosB expression in the dPAG was significantly affected by strain (F1, 15 = 50.33;
p < 0.0001) and AK effects (F1, 15 = 53.37; p < 0.0001). Two-way ANOVA also detected an
interaction between both factors (F1, 15 = 43.54; p < 0.0001). Post hoc analysis showed sig-
nificant differences only when comparing the WAR-AK group with the other experimental
groups (p < 0.0001).

Finally, regarding the FosB expression in the BLA, significant strain (F1, 16 = 28.09;
p < 0.0001) and AK effects (F1, 16 = 34.97; p < 0.0001) were detected. Additionally, two-way
ANOVA showed significant interaction between strain and AK (F1, 16 = 27.17; p < 0.0001).
As observed in the other structures, post hoc analysis showed that the WAR-AK group
presented an increased number of FosB+ neurons in comparison to all the other groups
(p < 0.0001).

3.5. Immunofluorescence for TRPV1 Channels

Results from immunofluorescence for TRPV1 channels are presented in Figure 6. Two-
way ANOVA revealed significant strain (F 1, 20 = 70.05; p < 0.0001) and AK (F1, 20 = 70.17;
p < 0.0001) effects of TRPV1R immunofluorescence in the DLSC. Additionally, a significant
interaction between strain and AK (F1, 20 = 70.40; p < 0.0001) was detected. Post hoc
analysis showed no difference between WAR-Sham and Wistar-Sham groups (p > 0.9999),
however, chronic seizures increased TRPV1 expression in the DLSC in the WAR-AK group
in comparison to all experimental groups (p < 0.0001). Chronic exposure to intense sound
stimulation did not change TRPV1 expression in the DLSC of Wistar rats (p > 0.9999).
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Figure 5. FosB immunostaining after the audiogenic kindling (AK) protocol. (A) Representative
images of every analyzed area in each experimental group. FosB+ neurons are characterized by
black dots, which indicate the nucleus of each immunopositive neuron. (B) inferior colliculus
cortical area—ICx. (C) dorsal periaqueductal gray matter—dPAG. (D) deep layers of superior
colliculus—DLSC. (E) basolateral amygdala nucleus—BLA. * p < 0.05 Tukey test compared to WAR-
Sham. Data are expressed as mean ± standard error mean. N = 4–5/group. Scale bars = 200 μm.
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Figure 6. Immunofluorescence for TRPV1 channels after the audiogenic kindling (AK) protocol.
(A) Representative images of every analyzed area in each experimental group. (B) dorsal periaque-
ductal gray matter—dPAG. (C) deep layers of superior colliculus—DLSC. (D) basolateral amygdala
nucleus—BLA. (E) CA1 area of the dorsal hippocampus. # p < 0.05 Tukey test compared to Wistar-
Sham. * p < 0.05 Tukey test compared to WAR-Sham. N = 6 animals/group. Scale bars = 200 μm.

In the dPAG, significant strain (F1, 20 = 10.71; p = 0.0038) and AK (F1, 20 = 10.07;
p = 0.0048) effects were observed in TRPV1R expression. Significant interaction between
both factors was detected (F1, 20 = 9.21; p = 0.0065). Post hoc analysis showed no difference
between Wistar and WAR Sham groups (p = 0.9983), but chronic seizures increased TRPV1R
expression in the WAR-AK group in comparison to all experimental groups (p < 0.0015).
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Chronic exposure to intense sound stimulation did not affect TRPV1R expression in Wistars
(p = 0.9997).

In the BLA, significant strain (F1, 20 = 79.01; p < 0.0001), but no AK (F1, 20 = 0.0071;
p = 0.9337) effects were detected. No significant interaction was detected by two-way
ANOVA (F1, 20 = 0.0064; p = 0.9370). Post hoc analysis revealed that WARs present
increased TRPV1R expression than Wistars, regardless of the experimental condition
(p < 0.0001). However, neither the chronic seizures in WARs (p = 0.9994), nor the chronic
exposure to intense sound stimulation in Wistars (p > 0.9999) changed TRPV1R expression
in the BLA.

In the CA1 of the dorsal hippocampus, two-way ANOVA revealed significant strain
(F1, 20 = 87.47; p < 0.0001) and AK (F1, 20 = 44.74; p < 0.0001) effects. Significant interaction
between factors were detected (F1, 20 = 4,862; p = 0.0393). Post hoc analysis demonstrated
endogenous differences between non-stimulated Wistar and WARs, with WARs presenting
increased TRPV1R expression (p = 0.0003). Additionally, AK increased TRPV1R expression
in CA1 of WARs (p < 0.0001), as well as the chronic exposure to intensity sound stimulation
increased TRPV1R immunofluorescence in CA1 of Wistars (p = 0.0229).

4. Discussion

In the present study, we demonstrated that increased TRPV1 immunoreactivity in
limbic brain structures, such as the hippocampus and BLA, is associated with genetic
susceptibility to epileptic seizures and increased anxiety-like behavior in a genetic model
of epilepsy, the WAR strain. Additionally, the AK protocol, a preclinical model of TLE,
increased anxiety-like behaviors and TRPV1 immunoreactivity in the dPAG, DLSC, and
CA1 in the WAR-AK group compared to control animals. Supporting these alterations,
WARs submitted to chronic seizures also displayed an increased number of FosB+ neurons
in brainstem and limbic regions related to seizure and anxiety-like behavior manifestation,
such as the ICx, dPAG, DLSC, and BLA, indicating increased chronic hyperactivity in
these areas.

AK progression in WARs developed similarly as previously described [43,44,58]. Ini-
tially, acoustic stimulation induced generalized tonic-clonic seizures, but during the AK,
a preclinical model of TLE [43], epileptogenic events modify seizures patterns, which
leads to the expression of limbic seizures typical of forebrain recruitment [44,46,58]. It is
worth noting that Wistars (non-epileptic control rats) submitted to the AK protocol did not
develop AGS, and the chronic high intense sound stimulation had no impact on anxiety or
chronic neuronal hyperactivity and only a minor effect on TRPV1 expression. The increased
TRPV1 expression in the CA1 of Wistars chronically stimulated was, initially, an unexpected
result, especially because it was not associated with any FosB or anxiogenic-like alterations.
However, previous data showed that hippocampal TRPV1 signaling is an important mech-
anism of stress adaptation, once stress effects on hippocampal synaptic activity and spatial
memory were prevented by focal and systemic capsaicin administration [59]. Therefore,
the increased TRPV1 expression in the CA1 of Wistar rats submitted to chronic intense
sound stimulation could be a reflex of adaptive neuroplastic changes in response to chronic
stressful situations, such as intense sound exposure.

To our knowledge, the present study is the first to investigate neuroplastic alterations
in TRPV1 channels associated with seizure susceptibility in a genetic model of epilepsy, but
similar neuroplastic changes have already been reported in other preclinical models. TRPV1
knock-out mice were less susceptible to febrile seizures than control mice; however, seizure
development increased TRPV1 mRNA and protein levels in the cortex and hippocampal
formation of control mice [60]. Increased TRPV1 protein levels were detected in the
dentate gyrus of mice during the acute and chronic phase of the pilocarpine-induced
Status Epilepticus (SE) model [34,36]. Additionally, bath application of capsaicin increased
synaptic transmission in hippocampal slices from epileptic rats but showed no effect
on basal synaptic transmission in tissue from control animals [34]. Thus, our results of
increased TRPV1 expression in the BLA and dorsal hippocampus agree with previous
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studies that used febrile and chemical models of epileptic seizures. Furthermore, we also
measured TRPV1 immunofluorescence in brainstem structures involved with generalized
tonic-clonic seizures and, similar as observed in the BLA, increased TRPV1 expression was
detected in the dPAG and DLSC. Therefore, our results suggest an important role of TRPV1
channels in brainstem generalized tonic-clonic and limbic seizures, and these neuroplastic
alterations in the BLA, when associated with increased FosB+ neurons, might be related to
the intensification of anxiogenic behavior and chronic seizures manifestation.

Previous studies reported anxiogenic-like behaviors in several genetic models of
epilepsies. Similar to the results from the present study, animals from the Genetically
Epilepsy Prone Rats (GEPR) and Krushinsky-Molodkina (KM), which are also strains genet-
ically susceptible to AGS, display increased anxiety- and depressive-like behaviors [61,62],
supporting the presence of emotional behavioral alterations that mimic neuropsychiatric
comorbidities in those models. Here, it is crucial to mention that although it is still unclear
if alterations in TRPV1 expression and functionality are involved with emotional behav-
ioral alterations found in GEPRs [61], its antagonism with capsazepine have already been
shown to attenuate AGS in male and female GEPRs [63]. Furthermore, genetic models of
childhood absence epilepsy, such as the Wistar Albino Glaxo from Rijswijk (WAG/Rij) and
the Genetic Absence Epilepsy Rats from Strasbourg (GAERS) strains, display increased
anxiety- and depressive-like behaviors [64,65]. Similarly, increased anxiogenic-like behav-
iors and cognitive impairments were detected in the Scn1a +/− mouse model of Dravet
syndrome [66], as well as in chemical models of limbic seizures induced by chronic and
sub-chronic pentylenetetrazole (PTZ) administration [67,68]. Anxiogenic-like behaviors
were also observed in rodents submitted to the pilocarpine-induced SE during the acute
(6–10 days after SE) and chronic (3 and 10 months after SE) phase of the model, suggesting
that increased anxiogenic-like behavior may underlie epileptogenic events that lead to fur-
ther seizure manifestation [69–71]. Therefore, the present results are in line with previous
data and support the presence of the neuroplastic changes in TRPV1 expression underlying
the comorbidity of epilepsy and anxiety in genetic and chemical models of epilepsies.

Strikingly, in a previous study, authors performed several behavioral analyses in
Wistar and WAR rats, including sucrose preference, forced swimming test, social preference,
aversive memory tests, OF, and EPM [72]. WARs displayed several behavioral alterations in
these tests, but no difference was detected in the exploration of the open and enclosed arms
of the EPM. Briefly, a study conducted with the original WAR strain [50] detected decreased
exploration of the open arms in the EPM. However, results from Castro et al. [72] are from
a branch of the original WARs, maintained in a different location (Federal University of
Minas Gerais, Belo Horizonte, Brazil). Powell et al. [73], compared seizures, behavior, and
brain morphology between four different GAERs colonies and they detected variations
in seizure severity, anxiety- and depressive-like behaviors. Such behavioral divergences
could be associated, therefore, with epigenetic signatures (e.g.,: DNA methylation, histone
modifications, and noncoding RNAs). We speculate that several of these factors are also
involved in the variations observed between WARs from different colonies.

Neuronal networks involved with generalized tonic-clonic and limbic seizures mani-
festations are closely related to emotional and anxiogenic-like behaviors [15,18,19]. This
relationship can be particularly observed in the WAR strain. Once the IC is the main brain-
stem structure involved with auditory processing associated with seizures, it plays a key
role in AGS susceptibility and manifestation [74], especially the ICx area, which presents
increased epileptogenic activity and sends glutamatergic projections to the dPAG and
DLSC [75–77]. Thus, the hypersynchronism and hyperactivity in these structures mediate
the motor manifestation of generalized tonic-clonic seizures [15,78]. During AK, chronic
brainstem hyperactivity, especially in excitatory projections from the ICx to the medial
geniculate body and then to the BLA, hippocampal formation, and several cortical areas,
lead to the phenomenon called limbic recruitment. Once recruited, forebrain regions such
as cortical and limbic areas display epileptogenic activities associated with the expression
of electrographic and behavioral limbic seizures [42–46,48,58].
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Differently from other models of TLE, such as the pilocarpine-induced SE [79], in the
AK, the hippocampus does not present neuronal loss, and it is extremely resistant to recruit-
ment; however, c-Fos immunostaining becomes evident in the BLA after 5–10 AGS, when
limbic seizures start to coexist with brainstem seizures [76]. Nevertheless, the hippocampus
of WARs does present neuroplastic alterations associated with epilepsy susceptibility and
neuropsychiatric alterations, such as reduced GABAergic currents in hippocampal neu-
rons [80,81], increased CB1 expression [53], hippocampal hyperplasia [82], and increased
calcium concentration in hippocampal synaptosomes [83]. The amygdaloid complex, es-
pecially the BLA, is probably the limbic structure most susceptible to AK epileptogenic
events, presenting neuronal loss and increased neo-Timm+ staining (Zn+ sprouting) [58],
as well as increased neuronal hyperactivity and CB1 expression [53,57].

Additionally, fully kindled GEPR-9s have their post-tonic clonic seizure abolished
after administration of a selective adenylyl cyclase inhibitor directly into the lateral amyg-
dala nucleus [84]. Similar results were also observed in kindled GEPR-3s who had limbic
seizures prevented by administering the NMDA receptor antagonist AP7 into the same
structure [85]. Thus, the increased TRPV1 expression endogenously detected in the hip-
pocampus and BLA of WARs is in line with previous neuroplastic alterations and add new
information regarding epilepsy susceptibility and calcium mobilization in these limbic
brain sites.

Although the dPAG and DLSC are involved with AGS expression [16,17,41,86], they are
also intrinsically associated with anxiety-like, defensive, and panic-like behaviors [87–89].
Pharmacological manipulations of TRPV1 channels in these structures have also been
shown to modulate anxiety. Capsaicin administration into the dPAG increased anxiogenic-
like behaviors in rodents [90,91], while TRPV1 antagonism with capsazepine induced the
opposite effects [91]. Although TRPV1 channels from neurons located in the superior
colliculus have been shown to play an important role in long-term synaptic plasticity [92],
there is still a lack of studies investigating their role on either epilepsy or anxiety. Therefore,
our results indicate that increased TRPV1 expression and signaling in the dPAG and DLSC
of chronically stimulated WARs may be involved with the increased number of FosB+
neurons in the same area. Together these neuroplastic alterations might play an important
role on seizure susceptibility and anxiogenic-like behaviors displayed by epileptic rats.

In forebrain sites, activation of TRPV1 located at the dorsal hippocampus induced
anxiogenic-like behaviors [29], while its antagonism in the ventral hippocampus induced
anxiolytic-like behaviors [39]. Furthermore, anxiolytic-like effects induced microinjection
of anandamide within the BLA were shown to be dependent on previous antagonism of
TRPV1 located in the same structure, suggesting that anxiolytic effects were associated
with CB1 activation [93]. While the local activation of CB1 inhibits calcium channels and
excitatory neuronal activity [94], TRPV1 activation promotes calcium influx and gluta-
mate release [95,96]. Thus, once TRPV1R are activated by the endogenous cannabinoid
anandamide and its signaling leads to intracellular calcium mobilization and increasing
neuronal excitability [31], its increased expression in the analyzed brain structures may
explain, at least in part, the genetic susceptibility to epilepsy and the anxiogenic-like behav-
iors displayed by WARs. Therefore, given the dual role of these receptors in the modulation
of emotional behaviors [97], the results from the present study may be associated with the
increased CB1 expression previously detected in limbic brain sites of WARs [53], where
CB1 receptors could be up-regulated in response to the increased excitability related to
increased TRPV1 expression and signaling.

Although we did not perform a co-localization immunohistochemical study to verify
if increased TRPV1R immunoreactivity was present in FosB+ neurons, our results from
both immunohistochemical protocols, coupled with behavioral analysis, suggest that the
increased neuronal hyperexcitability detected in chronically stimulated WARs is due to the
increased TRPV1 expression and activity in these neurons, increasing calcium signaling
and neuronal firing. This explanation is supported by the increased number of FosB+
neurons in the ICx, DLSC, dPAG, and BLA, and the increased TRPV1R expression in the
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dPAG, DLSC, BLA, and hippocampal CA1 region. Furthermore, using a genetic model
coupled with a chronic protocol of epileptic seizures (AK) and histological analyses are
important tools for translational neuroscience, especially in the context of neuropsychiatric
comorbidities commonly observed in patients with epilepsies. Intriguingly, several of the
mentioned neural substrates or neuronal networks are extensively overlapped when we
study either defense systems associated with panic or flight behaviors [19,87,88,98] or those
involved in the behavioral and electrographic expression of epileptic seizures [15–17,57].
The actual meaning of these overlayed substrates in the context of behavioral and evolutive
neuroscience, although not the main goal of the current study, deserves further examination.
Indeed, that challenge has been taken brightly in a recent comprehensive literature review
by Inga Poletaeva´s research group [99].

In conclusion, increased TRPV1 channels expression in the hippocampus and BLA
are associated with seizure susceptibility and anxiogenic-like behaviors in the WAR strain.
Additionally, epileptogenic events underlying the limbic recruitment intensified anxiogenic-
like behaviors and increased TRPV1 expression in the brainstem and limbic regions in-
volved with the modulation of seizures and emotional behavior. Therefore, the present
study added new neuropathological information about the epileptogenic process underly-
ing the limbic recruitment associated with AK, a TLE model, and the consequent develop-
ment of neuropsychiatric comorbidities. These data shade light on an important role for
TRPV1 channels and calcium mobilization in the regulation of endogenous mechanisms
related to seizure susceptibility in animals genetically susceptible to epilepsies, supporting
a key role for this receptor in epilepsy and anxiety as comorbidities.
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Abstract: The review presents data which provides evidence for the internal relationship between
the stages of rodent audiogenic seizures and post-ictal catalepsy with the general pattern of animal
reaction to the dangerous stimuli and/or situation. The wild run stage of audiogenic seizure fit could
be regarded as an intense panic reaction, and this view found support in numerous experimental
data. The phenomenon of audiogenic epilepsy probably attracted the attention of physiologists as
rodents are extremely sensitive to dangerous sound stimuli. The seizure proneness in this group
shares common physiological characteristics and depends on animal genotype. This concept could
be the new platform for the study of epileptogenesis mechanisms.

Keywords: audiogenic epilepsy; rodents; fear reaction; behavior genetics

1. Introduction

It is widely known that the survival of animals (and of rodents in particular) in the
wild depends on their acoustic sensitivity (and on their prompt reaction following danger
stimulus). This obvious statement usually escapes the attention of investigators who
analyze the rather well-known phenomenon of rodent audiogenic epilepsy (AE). At the
onset of loud sound rats, mice, and hamsters of several strains develop typical audiogenic
seizures. Such seizure fits develop according to the similar pattern in animals of different
species and genotypes [1–6] and Figure 1. These fits start as violent running and jumpings,
the stage named “wild run” or “clonic run” [7]. There were experimental evidences [8]
that this stage of the audiogenic fit is “ambiguous” by its mechanisms; animal reaction
reveals the traits of the violent flight reaction (defense behavior in order to escape aversive
stimulation), but contains some type of forced movements as well, which are regarded as
the signs of seizure process initiation. If the experiment is designed in such a way that
during “wild run” an animal is able to escape from the sound source (into a safe place),
some animals (but not all) will choose to escape [9]. Antipanic treatment ameliorates
the wild run intensity [8]. It is likely that the “polygonal arena” for studying the escape
reaction in rats could be of use as the device for further analysis of this ambiguity [10]. The
further development of the audiogenic seizure in time is well described elsewhere [11–14].
Of course, the “wild run” stage in animal with audiogenic-epilepsy is different from
that of a normal animal experiencing a panic state. But this difference is determined by
differences in the CNS function in such animals. The panic state is induced usually by more
complicated stimulus or stimulus situation (i.e., frightening environment, predators, etc.)
and the prompt panic reaction help animal to find the safer place. Most animals usually
don’t develop “wild-run” in response to a loud sound. Non-AE-prone animals in their
majority respond to sound onset by more or less intense startle-reaction. This could signify
that sound sensitivity in AE-prone animals is abnormally enhanced. Nevertheless it has
some features which resemble panic. The phenotypic similarity in movement patterns
and the involvement of the similar brain regions (see below) could be the indications of
their “relatedness”.
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Figure 1. The schematic representation of both-brain structures, involved in the audiogenic seizure
progress and the respective animal reactions, which unfold in parallel with certain structure involvement.

The same conclusions could be drawn concerning the “similarity” between post-ictal
catalepsy in AE-prone animals and the freezing reaction of the normal rodent in response
to a threatening situation in which presumably there is no way to escape. The common
feature of these two states is the suppression of body movements, although significant
differences between these two states do exist as well. For example, specific cataleptic
muscle tone had been investigated rather extensively. This state models the important
aspects of Parkinson’s symptoms. It is widely known that haloperidol catalepsy develops
due to abnormalities in striatal DA-receptors. At the same time the detailed research of this
peculiar body muscles state (namely the body postural flexibility/rigidity) are not well
known. Freezing is the component of the fear-anxiety reaction and it had been analyzed as
a component of this state without special attention to muscle tone state per se.

This paper represents the attempt to demonstrate that rodent wild run, clonic, and
tonic seizures in response to sound as well as the following catalepsy are the animal’s
exaggerated reactions to danger, which adopts the real pathological pattern due to the
“constellation” of certain genetic elements. Such genetic anomalies could occur in ro-
dent populations and discovered during laboratory breeding. The respective selection
in laboratories increased the penetrance of these traits, so that the AE-prone lines could
be created.

In other words, the successful selection of rats, mice and hamsters for high AE seizure
intensity means that natural rodent populations harbor their respective genetic variants,
although no data on AE seizures in wild populations could be found.

2. The General Pattern of AE Seizure Development

At the start of EEG era of neurology (around 1940s) Penfield and Jasper proposed
that seizures became generalized as the pathological excitation spreads into the brain stem
nuclei (i.e., medulla, pons and midbrain), including reticular formation (which had been
described around this time). The brain stem structures are extensively connected to many
brain regions and their excitation is the basis for epileptic discharge to become widespread.

The participation of brain stem structures in the genesis of audiogenic clonic-tonic
seizures had been demonstrated independently in rats of audiogenic seizure prone strains
such as the Krushinsky-Molodkina strain [14], which originated from Wistar population
and GEPR (genetically epilepsy prone rats) from the Sprague-Dawley outbred strain. Later,
the same pattern of AE seizure had been confirmed in the new strain, Wistar Audiogenic
Rats (WAR) [6].

According to an explicit review of C. Faingold [12], based on GEPR data, the extensive
firing in inferior colliculi (IC) increases before the seizure develops, which is the indication
that this structure is the initial point of AE seizure fit development. The “wild running” ex-
pression depends on the activation of superior colliculi (SC) deep layers. The development
of AE clonic-tonic seizures depends on the pontine reticular nucleus and periaqueductal
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gray (PAG), with further spread of excitation to the spinal cord [15]. During post-ictal
depression, all areas except the pontine reticular nucleus are quiescent. This hierarchical
neuronal network of AE, which determines this pathology, does not involve structures
rostral to the midbrain.

The electrophysiological and neurochemical investigations made the serious impact
concerning the participation of inferior-superior colliculi and other brain stem structures.
The participation of PAG, ventral tegmental area (VTA) and substantia nigra as well as
of other brain stem nuclei in the development of AE seizure [6,12,16,17] was established.
Figure 2 (one of the first EEG records of AE seizure in KM rats) shows the neural excitation
in the brain stem with typical lack of epileptic activity in the neocortex. However, it is
worth noting that the reactivity of the visual cortex decreased after the seizure (less intense
responses to light flashes) in comparison to pre-seizure recording.

 

Figure 2. The electroencephalogram (EEG) and electromyogram (EMG) patterns, recorded from
chronic electrodes in KM rat during experiment before seizure onset (upper part), during seizure
(two middle parts) and after the seizure (the lower part of the figure). Electrodes positions: 1, brain
stem; 2, visual cortex; 3, electromyogram (EMG). Calibration: horizontal bar-time scale, vertical bars,
60 mcV for EEG; 200 mcV for EMG (see also [18]).

3. The Neuroanatomical Correlates between AE Seizure Attack and Defense Reactions

3.1. Corpora Quardigemina

Inferior and superior colliculi had been recognized as the site of AE fit initiation rather
long ago [19]. Among other experimental evidences is the fact that bilateral lesions of
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IC abolished AE-fit development (see [16]). The onset of acoustic stimulus evokes the
typical mammalian “startle” reaction, with IC and PAG mediating this reaction [20]. The
review of IC role in this respect was performed by N. Garcia-Cairasco [6]. The initiation
and propagation of AE activity relies upon hyperexcitability in the auditory system (and
IC in particular) [16,21–23]. Thus, as it was mentioned above, the IC is considered to be the
crucial structure for the AE-fit “ignition”, and it was shown in mouse and rat AE models
and in normal animals as well [24,25]. The activation pattern of different nuclei of IC
as the process, which is causally connected with IC initiation, was proved using c-Fos
immunoreactivity [13,26–30].

The genetic volumetric differences in IC of GEPR and WAR rat strains in comparison
to controls were also demonstrated (with differences between these strains as well) [31].

At the same time, the IC is the structure responsible for the development of the innate
defense reaction, at least in rodent brains, which could be expressed either as flight or as
freezing [25,32–34]. The details were reported; ventral and dorsal IC regions are involved
in the expression of the defensive reaction and audiogenic seizures, respectively [33],
and aberrant neuronal reactions in the IC-SC system were described [22]. Ferreira-Netto
et al. [33] demonstrated that in normal rats, freezing inducing chemical stimulation of these
two brain regions activates different brain circuits, and apart from IC they include the
forebrain structures.

The experimental data demonstrate that wild run could be the expression (or the
-homologous) of the fear-induced flight reaction [2], which is the result of neuronal ex-
citation spreading into lower-level brain stem structures [35] and the spinal cord. The
special experiments and respective argumentation made it obvious that panic behavior
is a phenomenon which is not similar to the anxiety traits [31,36]. Thus, the flight-like
stage (wild run) of the AE fit could be regarded as the pathologically increased panic
attack. The naturally occurring panic attacks (provoked in rats by ultrasonic stimulation)
are the valid model of the respective human disorder [37]. Of course, panic behavior is
the phenomenon which is not homogenous, and this was demonstrated by the effects of
experimental interventions into the function of GABAergic and opioid systems in corpora
quarigemina, substantia nigra, and other structures ([31,38–41], as the examples). The data
obtained also demonstrated that forebrain excitation exert the plausible impact in panic-like
behavior of different origin [42]. Thus, the AE-proneness is, presumably, the cause of IC
auditory function disorder [43,44].

3.2. Brain Stem Structures (PAG in Particular)

The ventrolateral part of PAG (vlPAG) is responsible for mediating the excitation from
IC [45] and for generation of the tonic AE stage [3,11,18,45,46]. It was demonstrated in
GEPR-9 (in electrophysiological experiments) and confirmed in other AE models. It is
worth noting that in cases of human partial epilepsy, these attacks sometimes resemble
panic attacks as the patients experience the intense fear.

4. The Neurochemical Parallels between the AE Fit and Defense Reactions

Wild run (panic reaction). Some considerations in this respect were made above. Thus,
the “wild run” stage of AE-seizure fit has the traits which permit to make the parallels
with the panic-like animal behavior (namely in non-seizure prone animals). The panic-like
behavior, realized as the successive neuronal excitation of IC, SC, PAG and other brain
stem nuclei, share the neurochemical “sensitivity” with seizure fits induced by sound and
demonstrate the participation of forebrain structures [47].

Freezing reaction. In rodents (and not only in rodents, but in other mammals as
well) the encounter of fear-inducing situation evokes a freezing reaction (i.e., a normal
response) which helps to avoid direct contact with danger. Freezing is expressed as the
still posture (i.e., complete absence of body movements). The detailed analysis of this
brain state in case of electrical stimulation of different PAG regions convinced authors [48]
that there exist “at least four different kinds of freezing with specific neural substrates”.
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However, the brain stem stimulation creates the excitation pattern, which is different from
the “natural” one when animal faces the natural danger. This means that direct comparisons
are difficult to perform. As different intensities of IC electrical stimulation induced either
freezing or escape reactions, the local infusions of semicarbazide or bicuculline (modulating
GABAergic system) also induce these two types of reactions, respectively, demonstrating
some type of similarity with AE neurochemical traits [49].

Catalepsy. The freezing reactions which are induced either in nature, or as the re-
sult of direct brain stimulations could be related to abnormal brain state-catalepsy. The
cataleptic state induced by haloperidol (modulating dopamine transmission) was shown
to be sensitive to aversive stimulations [50], and this type of cataleptic reactions could be
modulated by changes in glutamatergic transmission in IC [51]. This could be regarded as
the indication that cataleptic muscle tone pattern has probably some common links with
the brain stem defense circuits. The special analysis of post-ictal catalepsy and/or of post
sound cataleptic-like states in several rat strains indicated the relationship of AE seizures
and this type of catalepsy [52]. The parallels of freezing-catalepsy expression could be
partially confirmed by neurochemical and genetic data on pinch-induced catalepsy [53–56],
which was shown to depend on brain tryptophan hydroxylase activity. Pinch-induced
catalepsy (demonstrated in rats and mice) is regarded as a change in muscle tone, which
resembles and probably is related to the non-responsiveness, developed in young pups
when the mother transports them by holding the pup by the nape. The pinch-induced
catalepsy in AE-prone rats of KM strain correlated with the intensity of their post-ictal
catalepsy [55]. The special selection program for the spontaneous catalepsy from the Wis-
tar population demonstrated several peculiarities in this strain such asthe appearance of
“nervous” animals in the population of rats, selected for catalepsy as well as the certain
percentage of animals which were AE-prone [54].

The schematic description of neurochemical substrate of AE seizure. It was shown rather
long ago [24] that injecting metal ions and pyridoxal-5′-phosphate to normal mice made
them prone to AE, and this change was accompanied by the elevation of glutamate and
aspartate levels and the decrease of gamma-amino butyrate in IC. Thus, this chemical
mimicking of AE seizure proved that the excitability level of this structure is connected
with AS. The neuronal excitation (in norm and pathology) depends to a large extent on
the glutamatergic brain system, which was demonstrated by induction of seizures by Glu-
receptors agonists. The normal brain function depends on the balance between glutamate
and GABA systems, which is deteriorated in cases of epilepsy. In AE, the misbalance of
these neuronal circuits had been demonstrated in IC, SC and PAG [29,57–59].

Numerous studies demonstrated the involvement of glutamatergic, GABAergic,
opioid, serotonin, and dopamine neurotransmitter systems in expression of reactions
which belong to the “defense” domain. They are panic-like run, freezing, startle and
AE [28,33,35,60–65]. Panicolytic-like effect of BDNF in the rat brain stem was also re-
ported [66]. The hamster AE-prone strain demonstrated behavioral and molecular effects
as the reaction to cannabidiol and valproate administration [67].

5. Genetics of AE

The expression of genetic acoustic peculiarities in rat and mouse AE strains. It is natural
to ask question, whether the acoustic sensitivity in AE-prone animals is to blame for the
audiogenic epilepsy in rodents. There were no data on KM rats, but other models are more
or less investigated in this respect [12,68–70] (for details see the review in [71]).

Acoustic “equipment” in AE animals, single mutations. The finding that acoustic thresh-
olds in AE-prone rodents were elevated, was common for AE data. Cochlea morphological
anomalies, differing in details, were present in almost all studies. It is worthwhile to
note the following. The defect in acoustic sensitivity was found in Black Swiss mouse
strain, carrying the jams1 gene, which is responsible for AE. However, this acoustic defect
and AE-proneness were shown to be independent traits in these mice [69]. The detailed
analysis of cochlear functions in albino Frings mice, namely in their inbred descendants,
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was also performed [72]. The thresholds of cochlear action potentials of the AE-susceptible
RB/1 bg mice were abnormally high, while the AE resistant inbred RB/3 bg mice had
normal audiograms of evoked potentials. The F1 hybrid mice were heterotic for cochlear
function. This RB/1 bg line showed little age-related cochlear loss, which probably ac-
counts for its robust sensitivity to audiogenic seizures over most of its lifespan. Earlier
studies demonstrated that in the susceptible RB line, they demonstrated robust evoked
potentials with little or no cochlear microphonic events. The susceptible RB/1 bg mice
had well-defined potentials and cochlear microphonic [72]. Thus, we see that of course the
acoustic anomalies accompany AE traits. However, they probably develop in parallel (i.e.,
they are not the cause of this pathology).

Frings mice are also the reliable genetic model of AE susceptibility with the gene
mass1 (monogenic audiogenic seizure-susceptible, now referred to as Mgr1) being identified
as responsible for this pathology. This gene codes for the membrane protein, which does
not belong to ion channels “family”. Frings mice display a robust AE, demonstrating
sound-induced c-Fos immunoreactivity including the external and dorsal nuclei of the
inferior colliculi. The subthreshold acoustic stimulation activates c-Fos immunoreactivity in
the central nucleus of the IC [27]. Recently the genetic variant of this gene was found in AE
prone WAR strain which is thought to be responsible for AE-proneness of these animals [73].
Homozygous carriers of Scn8a gene mutation in mouse, which affects generalized seizure
susceptibility, demonstrated also the typical audiogenic epilepsy with high amplitude EEG
signals and c-fos immunohistochemistry labelling in the IC [26,30,59].

Polygenic inheritance. The successful selection of rat strains for elevated incidences of
AE seizures was the first indication that the AE is the genetically determined trait.

The diallel cross and F2 hybrids analysis [14,71,74,75] of AE-proneness in KM strain
demonstrated the recessive polygenic nature inheritance, the data on genetic basis of
GEPR and WAR strains is rather sparse [17,76–78]. Ribak and Morin [26] and Ribak [59]
demonstrated that the IC GABA levels in GEPR were increased in comparison to controls
and the number of GABAergic neurons was also atypical with the significantly large
number of small GABAergic cells. The anomalies in GABAergic cells in IC and SC were
found in KM rats, although the histological pattern of differences between AE-prone and
resistant animals was different [73,79]. The IC ERK1/2 kinases activity was shown to be
different between KM rats and Wistars [80]. The possible animal model for anticonvulsant
mechanism was suggested by Arida et al. [81], namely the spiny rat Proechimys guyannensis,
in which the decreased seizure proneness to forebrain convulsions was found. Although
no data on AE in this species could be found.

Acoustic startle reaction. The genetic basis of differences in startle reaction in strains,
which differ in AE-proneness and/or in defense reactions, was also shown [25,82,83]. The
precise location of the chromosome fragment in mice was indicated, which is responsible
for pinch-induced catalepsy [56]. These data are of importance as they signify the plausible
ways for further investigation of AE-proneness mechanisms and thus for the origin of
epilepsy phenomenon.

More information on genetic differences in neurochemical indices. The features which could
be interpreted as common within pairs “wild run-panic”, and “catalepsy-freezing” are
perceived as distant ones in normal “non-epileptic brain”. Although in cases of KM, GEPR
and WAR strains numerous neurochemical anomalies were described which could be
due to pathological transition from panic flight into wild run stage and from freezing
as a defense reaction into catalepsy. The neurochemical deviations from non-AE normal
state which are presumably of genetic origin were found in all three best investigated
AE-prone rat strains (KM, GEPR and WAR). The brain monoamine system was analyzed
as the first one [84–93], but deviations in other brain systems, which plausibly could affect
behavioral reactions, were also noted (e.g., oxidative stress reactivity and histaminergic
brain system) [94,95], as well as early gene expression patterns [96]. These neurochemical
deviations were described not only in AE-prone animals; it seems that they are inherent
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to the “epileptic brain” in general [97,98]. It should be noted that these neurochemical
peculiarities lay apart from already described glutamate-GABA misbalance in epilepsy.

The genetic basis of these deviations could be searched in the early stages of CNS development.
It looks more or less plausible that the disturbances in gene expression patterns, which
occur rather early in development, could be responsible for the expression of AE. Such
disturbances (mutations) nevertheless permit the embryo to develop into the phenotype,
which is still compatible with the embryo survival and future viability of an organism
(which, probably, is reduced, as these mutation effects were found in laboratory only). The
respective mutations are not yet identified, although several examples which probably
fit this line of considerations, are now available. It was found that simultaneous genetic
inactivation of three transcriptional factors (PAR bZip proteins, connected with circadian
rhythms-albumin D-site-binding protein proline, hepatic leukemia factor, and thyrotrophic
embryonic factor) induce the audiogenic epilepsy in young mice [99]. The target gene of this
transcription factors family is the pyridoxal kinase (Pdxk), which catalyzes the conversion
of vitamin B12 derivatives into pyridoxal-phosphate. The latter is the coenzyme of many
enzymes participating in the neurotransmitter metabolism. It was demonstrated that in the
triple mouse KOs the levels of brain pyridoxal-phosphate, serotonin and dopamine were
decreased [99].

Mutations of other genes, which are identified as being involved in the early stages of
CNS development, could also be possible candidates for AE-type dysfunction. These could
be also the disheveled genes, as proteins, coded by this gene family, which are the impor-
tant signaling components of beta-catenin/Wnt pathway, are important for developmental
processes (cell proliferation and patterning etc.). Dvl3 (−/−) mice died prenatally with
several developmental defects, the detected stereocilia orientation anomaly in the organ of
Corti being the example, which attracts attention [100].

The hypothesized abnormal “developmental” genes could induce the CNS anomalies,
AE symptoms being among them. Such anomalies could cause the channelopathies in the
certain brain regions (or in the brain as a whole), which are crucial for AE expression. As
channelopathies (the full list not yet described) are the regular findings in many human
epilepsy cases, AE models for respective investigations being of certain clinical value.
One should not forget that the rodent brain is especially vulnerable for extreme acoustic
stimulation for animals that avoid danger in natural habitats.

The general outline presented in this paper does not consider the mechanisms of
so-called audiogenic kindling (i.e., the development of specific myoclonic seizures (type
of “jerks”)), which have the forebrain localization and appear after systemic repetitive
daily sound exposures [1]. This phenomenon is the result of ascending influences from
the (abnormally functioning) brain-stem structures of AE-prone animals. At the same
time there are two clear indications that the reverse influences (i.e., from the forebrain to
brain stem) also exist, as strong olfactory stimulation resulted in the decrease of AE-seizure
intensity [101,102].

6. The Experimental Evidences Which Are Not Compatible with the
Hypothesis Presented

Of course, the parallels which could be derived between wild run AE stage and panic
reaction and between cataleptic traits and behavioral freezing are not “complete” as biologi-
cal variability exists in physiological processes determining the AE. This “similarity” could
not be “ideal”, and the respective evidences presented above are not totally convincing.
Some arguments against these parallels could be found, as they concern the metabolic
correlates of seizure state. The seizure intensity in human patients and in experimental ani-
mals depends on the blood pH values and on the NMDA-receptors’ excitability [103,104].
The acidosis (low pH) was described as occurring during seizure process as well [105,106].
The analysis of the brain stem area “responsible” for respiration function was found to
be different in WAR in comparison to controls [107]. Schimitel et al. [108] presented the
results of complicated study of CO2 and PAG stimulation effects on panic-like behavior
in rats with the detailed description of animals’ autonomic reactions. Panic expression
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increased as the result of sodium lactate and inhalation of 5% CO2 in panic-predisposed
patients [108]. This inspired authors to analyze this issue in animal model. Exposure to CO2
induced some kind of behavioral arousal, but also attenuated PAG-evoked immobility (i.e.,
the homologue of freezing reaction). This data as well as those, cited above, are in contrast
with the CO2 seizure attenuating effects demonstrated in KM strain, which were found by
L.V. Krushinsky as early as the begin of 1950s, this being one of the first experimental data
obtained in this model.

7. The General Comparison of Normal and Pathological Reactions in AE Models

The general outline of rodent abnormal reaction as the response to loud sound (“au-
diogenic seizures”) is presented, which could probably be instructive as the comparison
was made with the patterns of normal animal behavioral reactions. One may find that
the wild run stage resembles the species-typical (although pathologically exaggerated)
flight, wherein an animal aims to avoid imminent danger. Similarly, the drastic change in
the muscle tone (catalepsy), occurring after the tonic AE-seizure stage could be regarded
as pathologically exaggerated biologically normal freezing reaction. As described above,
this resemblance could probably be determined by the close brain stem topographical
locations of brain substrates of these two types of behavioral reactions. It could be that
this parallelism is a mere coincidence. However, the question of the AE origin stays unan-
swered. Another hypothesis could be tested as well, namely that such region-specific
channelopathies arise in rats and mice as the result of the abnormal pattern of CNS devel-
opment per se, the rodent brain being especially vulnerable for loud sound as these animals
rely on sound sensitivity in avoiding danger in natural habitats.

The dysfunction of ion-channels (channelopathy) is known not only for AE [109,110], but
for epilepsy and neuromuscular pathology in general [111–114]. Thus the membrane-potential
disturbances look like the most crucial proximate cause of AE and other seizure states.

The complex interconnections between genetic elements and behavior are different in
different AE strains. Although one may conclude the existence of hypothetical “common
pathway”, namely the mechanism which underlie the seizure state (and AE) and defense
behavior. One may also hypothesize the endophenotype for audiogenic epilepsy—the specific
seizure provoking constellation of genetic and (further) neurochemical events (distortions),
which function, probably, at both levels—in peripheral hearing organ and in brain struc-
tures. The development of regional specific channelopathies and/or of the misbalance in
GABA and glutamate systems (both central and cochlear) could be the possible links which
would help to delineate the AE endophenotype. The key components of any identified en-
dophenotype are heritability and stability (state independence). Endophenotype approach
is useful as, according to I.I. Gottesman and T.D. Gould [115], “it reduces the complexity
of symptoms and multifaceted behaviors”, successful identifying of “units” for analysis
being the positive result.

The data presented above in a short way demonstrated that apart from phenotypical
similarity of AE seizures there are not many traits common for all AE models explored
(non- identical hearing system defects and the pattern of brain neurotransmitter systems
misbalance). The data of modern volumetric estimation of brains from WAR and GEPR is
also the illustration [31]. The dysfunction patterns of brain neurotransmitter systems in
cases of AE not always coincide in different AE genotypes.

One more moment should be mentioned in this respect, namely the attempt of
Traub et al. [116] to transfer the notion of “central pattern generator”, CPG (which is used
in invertebrate neurobiology and neuroethology) to the domain of circuits, generating
vertebrate motor patterns. Authors suggest that the concept of CPG could be useful for
analyzing not only normal cortical oscillations, but also the transition of normal activity
pattern to epileptiform pathology. The generality of CPG notion could be the helpful
theoretical framework for further studies of seizure development.
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The final summarizing Tables 1 and 2 are presented (containing the facts and literature
references) which could help to acknowledge the new aspect on AE data presented in
this review.

Table 1. The data evidencing the neurobiological parallels between defense behavior and
AE phenomena.

The Phenomenon Described The Connection to AE Phenotype References

Flight behavior and panic reaction The involvement of colliculi inferior in
both states (AE and defense behavior) [2,25,31–34,36]

Behavioral freezing Cataleptic states [48–52]

The specific neurochemicalstate in
brain stem nuclei

The common misbalance in
glutamate-GABA signaling [28,33,35,60–65]

Table 2. The genetic data on AE susceptibility origins.

The Type of Inheritance The Neurobiological “Unit” Affected References

Monogenic

Cochlea [43,68–70]

Non-“channel” coding gene mass1 (Mgr1) [27]

Different channellopathies [30,109,110]

Several genes, expressed in early
development, coding for PAR bZip proteins,

e.g., Pdxk.
Participant of wnt cascade Dvl3 gene

[114,115]

Polygenic Dominant-recessive inheritance, diallel cross [14,17,72,74–78]

8. Conclusions

The literature analysis, presented above, represents an attempt to find the “biological
roots” of the peculiar trait, inherent to the series of rodent species, namely the production
of intense seizure reaction in response to sound. As these seizures typically start as the
wild run and jumps, the first parallel, which crosses the observers mind, is that an animal
is eager to run away from the source of the unpleasant sensation. This excitation, being
enhanced in certain genotypes, could be followed by motor seizures as this abnormal
excitation spreads into the brain stem and further downstream to the motor centers. The
parallelism between audiogenic epilepsy and abnormally enhanced escape reaction could
be perceived as exotic. However, a range human epilepsy cases (first) and the necessity
(second) for the search of epileptogenesis roots (taking the whole brain) is not sufficient to
reject this point of view.

Author Contributions: Conceptualization, I.I.P., I.B.F., G.M.N.; software, I.I.P.; validation, I.I.P., I.B.F.,
A.V.R.; resources, N.M.S.; data curation, G.M.N.; writing—original draft preparation, I.I.P.; writing—
review and editing, I.I.P.; supervision, I.B.F.; funding acquisition, I.I.P., I.B.F. All authors have read
and agreed to the published version of the manuscript.

Funding: The work was partly supported State Scientific Assignment No.121032500080-8 for Moscow
State University and by Interdisciplinary Scientific and Educational School of Moscow University
Brain, cognitive systems, artificial intellect.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

65



Biomedicines 2021, 9, 1641

References

1. Moraes, D.M.F.; Galvis-Alonso, O.Y.; Garcia-Cairasco, N. Audiogenic kindling in the Wistar rat: A potential model for recruitment
of limbic structures. Epil. Res. 2000, 39, 251–259. [CrossRef]

2. Moraes, M.F.; Chavali, M.; Mishra, P.K.; Jobe, P.C.; Garcia-Cairasco, N. A comprehensive electrographic and behavioral analysis
of generalized tonic-clonic seizures of GEPR-9s. Brain Res. 2005, 1033, 1–12. [CrossRef]

3. N’Gouemo, P.; Faingold, C.L. Periaqueductal gray neurons exhibit increased responsiveness associated with audiogenic seizures
in the genetically epilepsy-prone rat. Neuroscience 1998, 84, 619–625. [CrossRef]

4. Midzyanovskaya, I.S.; Galina, D.; Kuznetsova, G.D.; Liudmila, V.; Vinogradova, L.V.; Shatskova, A.B.; Coenen, A.M.L.; van
Luijtelaar, G. Mixed forms of epilepsy in a subpopulation of WAG/Rij rats. Epilepsy Behav. 2004, 5, 655–661. [CrossRef] [PubMed]

5. Francois, J.; Boehrer, A.; Nehlig, A. Effects of carisbamate (RWJ-333369) in two models of genetically determined generalized
epilepsy, the GAERS and the audiogenic Wistar AS. Epilepsia 2008, 49, 393–399. [CrossRef] [PubMed]

6. Garcia-Cairasco, N. A critical review on the participation of inferior colliculus in acoustic-motor and acoustic-limbic networks
involved in the expression of acute and kindled audiogenic seizures. Hear. Res. 2002, 168, 208–222. [CrossRef]

7. Fehr, C.; Shirley, R.L.; Metten, P.; Kosobud, A.E.K.; Belknap, J.K.; Crabbe, J.C.; Buck, K.J. Potential pleiotropic effects of Mpdz on
vulnerability to seizures. Genes Brain Behav. 2004, 3, 8–19. [CrossRef] [PubMed]

8. de Paula, H.M.; Hoshino, K. Antipanic procedures reduce the strychnine-facilitated wild running of rats. Behav. Brain Res. 2003,
147, 157–162. [CrossRef]

9. Fless, D.A.; Salimov, R.M. An analysis of prespasmodic motor excitation in rats with audiogenic seizures. Bull. Exptl. Biol. Med.
1974, 78, 31–33.

10. Freitas, R.L.; Felippotti, T.T.; Coimbra, N.C. Neuroethological validation of an experimental apparatus to evaluate oriented
and non-oriented escape behaviours: Comparison between the polygonal arena with a burrow and the circular enclosure of an
open-field test. Behav. Brain Res. 2016, 298, 65–77. [CrossRef]

11. Faingold, C.L.; Walsh, E.J.; Maxwell, J.K.; Randall, M.E. Audiogenic seizure severity and hearing deficits in the genetically
epilepsy-prone rat. Exp. Neurol. 1990, 108, 55–60. [CrossRef]

12. Faingold, C.L. Neuronal networks in the genetically epilepsy-prone rat. Adv. Neurol. 1999, 79, 311–321. [PubMed]
13. Garcia-Cairasco, N.; Rossetti, F.; Oliveira, J.A.; de Furtado, M.A. Neuroethological study of status epilepticus induced by systemic

pilocarpine in Wistar audiogenic rats (WAR strain). Epilepsy Behav. 2004, 5, 455–463. [CrossRef] [PubMed]
14. Poletaeva, I.I.; Surina, N.M.; Kostina, Z.A.; Perepelkina, O.V.; Fedotova, I.B. The Krushinsky-Molodkina rat strain: The study of

audiogenic epilepsy for 65 years. Epilepsy Behav. 2017, 71, 130–141. [CrossRef] [PubMed]
15. Noga, B.R.; Kriellaars, D.J.; Brownstone, R.M.; Jordan, L.M. Mechanism for activation of locomotor centers in the spinal cord by

stimulation of the mesencephalic locomotor region. J. Neurophysiol. 2003, 90, 1464–1478. [CrossRef] [PubMed]
16. Ross, K.C.; Coleman, J.R. Developmental and genetic audiogenic seizure models: Behavior and biological substrates. Neurosci.

Biobehav. Rev. 2000, 24, 639–653. [CrossRef]
17. Garcia-Cairasco, N.; Umeoka, E.H.L.; Cortes de Oliveira, J.A. The Wistar Audiogenic Rat (WAR) strain and its contributions to

epileptology and related comorbidities: History and perspectives. Epilepsy Behav. 2017, 71, 250–273. [CrossRef] [PubMed]
18. Rossetti, F.; Cairrao, M.; Rodrigues, A.; de Oliveira, J.A.C.; Garcia-Cairasco, N. EEG wavelet analyses of the striatum–substantia

nigra pars reticulata–superior colliculus circuitry: Audiogenic seizures and anticonvulsant drug administration in Wistar audiogenic
rats (War strain). Epilepsy Res. 2006, 72, 192–208. [CrossRef] [PubMed]

19. Willott, J.F. Comparison of response properties of inferior colliculus neurons of two inbred mouse strains differing in susceptibility
to audiogenic seizures. J. Neurophysiol. 1981, 45, 35–47. [CrossRef]

20. Parham, K.; Willott, J.F. Effects of inferior colliculus lesions on the acoustic startle response. Behav. Neurosci. 1990, 104, 831–840.
[CrossRef] [PubMed]

21. Willott, J.F.; Demuth, R.M.; Lu, S.M. Excitability of auditory neurons in the dorsal and ventral cochlear nuclei of DBA/2 and
C57BL/6 mice. Exp. Neurol. 1984, 83, 495–506. [CrossRef]

22. Chakravarty, D.N.; Faingold, C.L. Aberrant neuronal responsiveness in the genetically epilepsy-prone rat: Acoustic responses
and influences of the central nucleus upon the external nucleus of inferior colliculus. Brain Res. 1997, 761, 263–270. [CrossRef]

23. de Oliveira, A.R.; Colombo, A.C.; Muthuraju, S.; Almada, R.C.; Brandao, M.L. Dopamine D2-Like Receptors Modulate uncondi-
tioned fear: Role of the inferior colliculus. PLoS ONE 2014, 9, e104228. [CrossRef]

24. Chung, S.H.; Johnson, M.S. Experimentally induced susceptibility to audiogenic seizure. Exp. Neurol. 1983, 82, 89–107. [CrossRef]
25. Bagri, A.; Sandner, G.; Di Scala, G. Aversive effects elicited by electrical stimulation of the inferior colliculus in normal and

audiogenic seizure susceptible rats. Neurosci. Lett. 2005, 379, 180–184. [CrossRef]
26. Ribak, C.E.; Morin, C.L. The role of the inferior colliculus in a genetic model of audiogenic seizures. Anat. Embryol. 1995, 191,

279–295. [CrossRef] [PubMed]
27. Klein, B.D.; Fu, Y.H.; Ptacek, L.J.; White, H.S. c-Fos immunohistochemical mapping of the audiogenic seizure network and

tonotopic neuronal hyperexcitability in the inferior colliculus of the Frings mouse. Epilepsy Res. 2004, 62, 13–25. [CrossRef]
28. Bandara, S.B.; Eubig, P.A.; Sadowski, R.N.; Schantz, S.L. Developmental PCB exposure increases audiogenic seizures and

decreases glutamic acid decarboxylase in the inferior colliculus. Toxicol. Sci. 2016, 149, 335–345. [CrossRef] [PubMed]
29. Ishida, Y.; Nakahara, D.; Hashiguchi, H.; Nakamura, M.; Ebihara, K.; Takeda, R.; Nishimori, T.; Niki, H. Fos Expression in

gabaergic cells and cells, immunopositive for NMDA and related emotions in mammals. Braz. J. Med. Biol. Res. 1994, 27, 811–829.

66



Biomedicines 2021, 9, 1641

30. Makinson, C.D.; Dutt, K.; Lin, F.; Papale, L.A.; Shankar, A.; Barela, A.J.; Liu, R.; Goldin, A.L.; Escayg, A. An Scn1a epilepsy
mutation in Scn8a alters seizure susceptibility and behavior. Exp. Neurol. 2016, 275, 46–58. [CrossRef] [PubMed]

31. Lee, Y.; Rodriguez, O.C.; Albanese, C.; Santos, V.R.; Cortes de Oliveira, J.A.; Donatti, A.L.F.; Fernandes, A.; Garcia-Cairasco, N.;
N’Gouemo, P.; Forcelli, P.A. Divergent brain changes in two audiogenic rat strains: A voxel-based morphometry and diffusion
tensor imaging comparison of the genetically epilepsy prone rat (GEPR-3) and the Wistar Audiogenic Rat (WAR). Neurobiol. Dis.
2018, 111, 80–90. [CrossRef] [PubMed]

32. Schenberg, L.C.; Povoa, R.M.F.; Costa, A.L.P.; Caldellas, A.V.; Tufik, S.; Bittencourt, A.S. Functional specializations within the
tectum defense systems of the rat Neurosci. Biobehav. Rev. 2005, 29, 1279–1298. [CrossRef] [PubMed]

33. Ferreira-Netto, C.; Borelli, K.G.; Brandão, M.L. Distinct Fos expression in the brain following freezing behavior elicited by
stimulation with NMDA of the ventral or dorsal inferior colliculus. Exper. Neurol. 2007, 204, 693–704. [CrossRef] [PubMed]

34. Xiong, X.R.; Liang, F.; Zingg, B.; Ji, X.-Y.; Ibrahim, L.A.; Tao, H.W.; Zhang, L.I. Auditory cortex controls sound-driven innate
defense behaviour through corticofugal projections to inferior colliculus. Nat. Commun. 2015, 6, 7224. [CrossRef] [PubMed]

35. Capelli, P.; Pivetta, C.; Esposito, M.S.; Arber, S. Locomotor speed control circuits in the caudal brainstem. Nature 2017, 551,
373–377. [CrossRef] [PubMed]

36. Andreatini, R.; Blanchard, C.; Blanchard, R.; Brandão, M.L.; Carobrez, A.P.; Griebel, G.; Guimarães, F.S.; Handley, S.L.; Jenck, F.;
Leite, J.R.; et al. The brain decade in debate: II. Panic or anxiety? From animal models to a neurobiological basis. Braz. J. Med.
Biol. Res. 2001, 34, 145–154. [CrossRef] [PubMed]

37. Klein, S.; Nicolas, L.B.; Lopez-Lopez, C.; Jacobson, L.H.; McArthur, S.G.; Grundschober, C.; Prinssen, E.P. Examining face
and construct validity of a noninvasive model of panic disorder in Lister-hooded rats. Psychopharmacology 2010, 211, 197–208.
[CrossRef] [PubMed]

38. Schenberg, L.C.; Bittencourt, A.S.; Sudré, E.C.; Vargas, L.C. Modeling panic attacks. Neurosci. Biobehav. Rev. 2001, 25, 647–659.
[CrossRef]

39. da Silva, J.A.; Biagioni, A.F.; Almada, R.C.; de Souza Crippa, J.A.; Hallak, J.E.C.; Zuardi, A.W.; Coimbra, N.C. Dissociation between
the panicolytic effect of cannabidiol microinjected into the substantia nigra, pars reticulata, and fear-induced antinociception
elicited by bicuculline administration in deep layers of the superior colliculus: The role of cb1-cannabinoid receptor in the ventral
mesencephalon. Eur. J. Pharmacol. 2015, 758, 153–163. [PubMed]

40. da Silva, J.A.; Almada, R.C.; de Figueiredo, R.M.; Coimbra, N.C. Blockade of synaptic activity in the neostriatum and activation of
striatal efferent pathways produce opposite effects on panic attack-like defensive behaviours evoked by GABAergic disinhibition
in the deep layers of the superior colliculus. Physiol. Behav. 2018, 196, 104–111. [CrossRef] [PubMed]

41. Calvo, F.; Almada, R.C.; da Silva, J.A.; Medeiros, P.; da Silva Soares, R., Jr.; de Paiva, Y.B.; Marroni Roncon, C.; Coimbra, N.C. The
Blockade of μ1- And κ-Opioid Receptors in the Inferior Colliculus Decreases the Expression of Panic Attack-Like Behav-iours
Induced by Chemical Stimulation of the Dorsal Midbrain. Neuropsychobiology 2019, 78, 218—-228. [CrossRef]

42. Tannure, R.M.; Bittencourt, A.S.; Schenberg, L.C. Short-term full kindling of the amygdala dissociates natural and periaqueductal
gray-evoked flight behaviors of the rat. Behav. Brain Res. 2009, 199, 247–256. [CrossRef]

43. Pinto, H.P.P.; de Oliveira, L.E.L.; Carvalho, V.R.; Mourão, F.A.G.; de Oliveira Guarnieri, L.; Mendes, E.M.A.M.; de Castro Medeiros,
D.; Moraes, M.F.D. Seizure susceptibility corrupts inferior colliculus acoustic integration. Front Syst. Neurosci. 2019, 13, 63.
[CrossRef] [PubMed]

44. Pinto, H.P.; Carvalho, V.R.; Medeiros, D.C.; Almeida, A.F.; Mendes, E.M.; Moraes, M.F. Auditory processing assessment suggests
that Wistar audiogenic rat neural networks are prone to entrainment. Neuroscience 2017, 347, 48–56. [CrossRef] [PubMed]

45. Brandão, M.L.; Tomaz, C.; Borges, P.C.; Coimbra, N.C.; Bagri, A. Defense reaction induced by microinjections of bicuculline into
the inferior colliculus. Physiol. Behav. 1988, 44, 361–365. [CrossRef]

46. Kincheski, G.C.; Mota-Ortiz, S.R.; Pavesi, E.; Canteras, N.S.; Carobrez, A.P. The dorsolateral periaqueductal gray and its role in
mediating fear learning to life threatening events. PLoS ONE 2012, 7, e50361. [CrossRef] [PubMed]

47. Canteras, N.S.; Graeff, F.G. Executive and modulatory neural circuits of defensive reactions: Implications for panic disorder.
Neurosci. Biobehav. Rev. 2014, 3, 352–364. [CrossRef]

48. Brandao, M.L.; Zanoveli, J.M.; Ruiz-Martinez, R.C.; Oliveira, L.C.; Landeira-Fernandez, J. Different patterns of freezing behavior
organized in the periaqueductal gray of rats: Association with different types of anxiety. Behav. Brain Res. 2008, 188, 1–13.
[CrossRef]

49. Borelli, K.G.; Ferreira-Netto, C.; Brandão, M.L. Distribution of Fos immunoreactivity in the rat brain after freezing or escape
elicited by inhibition of glutamic acid decarboxylase or antagonism of GABA-A receptors in the inferior colliculus. Behav. Brain
Res. 2006, 170, 84–93. [CrossRef]

50. Barroca, N.C.B.; Guarda, M.D.; da Silva, N.T.; Colombo, A.C.; Reimer, A.E.; Brandão, M.L.; de Oliveira, A.R. Influence of aversive
stimulation on haloperidol-induced catalepsy in rats. Behav. Pharmacol. 2019, 30, 229–238. [CrossRef] [PubMed]

51. Melo, L.L.; Santos, P.; Medeiros, P.; Mello, R.O.; Ferrari, E.A.; Brandão, M.L.; Maisonnette, S.S.; Francisco, A.; Coimbra, N.C.
Glutamatergic neurotransmission mediated by NMDA receptors in the inferior colliculus can modulate haloperidol-induced
catalepsy. Brain Res. 2010, 1349, 41–47. [CrossRef] [PubMed]

52. Fedotova, I.B.; Sourina, N.M.; Malikova, L.A.; Raevsky, K.S.; Poletaeva, I.I. The investigation of cataleptic muscle tonus changes
in rats after audiogenic seizures. Zh. Vyssh. Nerv. Deiat. Im. I P Pavlov. 2008, 58, 620–627.

67



Biomedicines 2021, 9, 1641

53. Kulikov, A.V.; Kozlachkova, E.Y.; Kudryavtseva, N.N.; Popova, N.K. Correlation between tryptophan hydroxylase activity in the
brain and predisposition to pinch-induced catalepsy in mice. Pharmacol. Biochem. Behav. 1995, 50, 431–435. [CrossRef]

54. Kolpakov, V.G.; Kulikov, A.V.; Alekhina, T.A.; Chuguı̆, V.F.; Petrenko, O.I.; Barykina, N.N. Catatonia or depression: The GC rat
strain as an animal model of psychopathology. Genetika 2004, 40, 827–834. [CrossRef] [PubMed]

55. Surina, N.M.; Fedotova, I.B.; Kulikov, A.V.; Poletaeva, I.I. Pinch-induced catalepsy in rats of various genetic groups with different
predisposition to audiogenic epilepsy. Zh. Vyssh. Nerv. Deiat. Im. I P Pavlov. 2010, 60, 364–371.

56. Kulikova, E.A.; Bazovkina, D.V.; Akulov, A.E.; Tsybko, A.S.; Fursenko, D.V.; Kulikov, A.V.; Naumenko, V.S.; Ponimaskin, E.;
Kondaurova, E.M. Alterations in pharmacological and behavioural responses in recombinant mouse line with an increased
predisposition to catalepsy: Role of the 5-HT1A receptor. Br. J. Pharmacol. 2016, 173, 2147–2161. [CrossRef] [PubMed]

57. Faingold, C.L. Role of GABA abnormalities in the inferior colliculus pathophysiology—Audiogenic seizures. Hear. Res. 2002, 168,
223–237. [CrossRef]

58. Castellan-Baldan, L.; da Costa Kawasaki, M.; Ribeiro, S.J.; Calvo, F.; Corrêa, V.M.; Coimbra, N.C. Topographic and functional
neuroanatomical study of GABAergic disinhibitory striatum-nigral inputs and inhibitory nigrocollicular pathways: Neural
hodology recruiting the substantia nigra, pars reticulata, for the modulation of the neural activity in the inferior colliculus
involved with panic-like emotions. J. Chem. Neuroanat. 2006, 32, 1–27. [CrossRef]

59. Ribak, C.E. An abnormal GABAergic system in the inferior colliculus provides a basis for audiogenic seizures in genetically
epilepsy-prone rats. Epilepsy Behav. 2017, 71, 160–164. [CrossRef]

60. Graeff, F.G. Neuroanatomy and neurotransmitter regulation of defensive behaviors. J. Cereb. Blood Flow Metab. 1989, 9, 821–829.
[CrossRef]

61. Nobre, M.J.; Sandner, G.; Brandão, M.L. Enhancement of Acoustic Evoked Potentials and Impairment of Startle Reflex Induced
by Reduction of GABAergic Control of the Neural Substrates of Aversion in the Inferior Colliculus. Hear. Res. 2003, 184, 82–90.
[CrossRef]

62. Miguel, T.L.; Pobbe, R.L.; Spiacci, A., Jr.; Zangrossi, H., Jr. Dorsal raphe nucleus regulation of a panic-like defensive behavior
evoked by chemical stimulation of the rat dorsal periaqueductal gray matter. Behav. Brain Res. 2010, 213, 195–200. [CrossRef]
[PubMed]

63. Reimer, A.E.; De Oliveira, A.R.; Brandao, M.L. Glutamatergic mechanisms of the dorsal periaqueductal gray matter modulate the
expression of conditioned freezing and fear-potentiated startle. Neuroscience 2012, 219, 72–81. [CrossRef] [PubMed]

64. Muthuraju, S.; Talbot, T.; Brandão, M.L. Dopamine D2 receptors regulate unconditioned fear in deep layers of the superior
colliculus and dorsal periaqueductal gray. Behav. Brain Res. 2016, 297, 116–123. [CrossRef] [PubMed]

65. Chou, X.-L.; Wang, X.; Zhang, Z.-G.; Shen, L.; Zingg, B.; Huang, J.; Wen, Z.; Mesik, L.; Zhang, L.; Tao, H.W. Inhibitory gain
modulation of defense behaviors by zona incerta. Nat. Commun. 2018, 9, 1151. [CrossRef]

66. Casarotto, P.C.; de Bortoli, V.C.; Corrêa, F.M.; Resstel, L.B.; Zangrossi, H., Jr. Panicolytic-like effect of BDNF in the rat dorsal
periaqueductal grey matter: The role of 5-HT and GABA. Int. J. Neuropsychophar. 2010, 13, 573–582. [CrossRef]

67. Cabral-Pereira, G.; Sánchez-Benito, D.; Díaz-Rodríguez, S.M.; Gonçalves, J.; Sancho, C.; Castellano, O.; Muñoz, L.J.; López, D.E.;
Gómez-Nieto, R. Behavioral and molecular effects induced by cannabidiol and valproate administration in the GASH/Sal model
of acute audiogenic seizures. Front. Behav. Neurosci. 2021, 14, 612624. [CrossRef] [PubMed]

68. Penny, J.E.; Brown, R.D.; Hodges, K.B.; Kupetz, S.A.; Glenn, D.W.; Jobe, P.C. Cochlear morphology of the audiogenic-seizure
susceptible (AGS) or genetically epilepsy prone rat (GEPR). Acta Otolaryngol. 1983, 95, 1–12. [CrossRef] [PubMed]

69. Misawa, H.; Sherr, E.H.; Lee, D.J.; Chetkovich, D.M.; Tan, A.; Schreiner, C.E.; Bredt, D.S. Identification of a monogenic locus
(jams1) causing juvenile audiogenic seizures in mice. J. Neurosci. 2002, 22, 10088–10093. [CrossRef] [PubMed]

70. Sánchez-Benito, D.; Gómez-Nieto, R.; Hernández-Noriega, S.; Murashima, A.A.B.; de Oliveira, J.A.C.; Garcia-Cairasco, N.; López,
D.E.; Hyppolito, M.A. Morphofunctional alterations in the olivocochlear efferent system of the genetic audiogenic seizure-prone
hamster GASH: Sal. Epilepsy Behav. 2017, 71, 193–206. [CrossRef] [PubMed]

71. Poletaeva, I.I.; Fedotova, I.B.; Sourina, N.M.; Kostina, Z.A. Audiogenic Seizures—Biological Phenomenon and Experimental
Model of Human Epilepsies. In Clinical and Genetic Aspects of Epilepsy; Zaid Afawi, C., Ed.; InTechOpen: London, UK, 2011; pp.
115–148. ISBN 978-953-307-700-0.

72. Henry, K.R.; Buzzone, R. Auditory physiology and behavior in RB/1bg, RB/3bg, and their F1 hybrid mice (Mus musculus):
Influence of genetics, age, and acoustic variables on audiogenic seizure thresholds and cochlear functions. J. Comp. Psychol. 1986,
100, 46–51. [CrossRef] [PubMed]

73. Solius, G.M.; Revishchin, A.V.; Pavlova, G.V.; Poletaeva, I.I. Audiogenic epilepsy and GABAergic system of the colliculus inferior
in Krushinsky-Molodkina rats. Dokl. Biochem. Biophys. 2016, 466, 32–34. [CrossRef]

74. Romanova, L.G.; Zorina, Z.A.; Korochkin, L.I. A genetic, physiological, and biochemical investigation of audiogenic seizures in
rats. Behav. Genet. 1993, 23, 483–489. [CrossRef] [PubMed]

75. Fedotova, I.B.; Kostyna, Z.A.; Poletaeva, I.I.; Kolpakov, V.G.; Barykina, N.N.; Aksenovich, T.I. Genetic analysis of the predisposi-
tion to audiogenic seizure fits in Krushinsky-Molodkina rat strain. Genetika 2005, 41, 1487–1494. [CrossRef]

76. Ribak, C.E.; Roberts, R.C.; Byun, M.Y.; Kim, H.L. Anatomical and behavioral analyses of the inheritance of audiogenic seizures in
the progeny of genetically epilepsy-prone and Sprague-Dawley rats. Epilepsy Res. 1988, 2, 345–355. [CrossRef]

68



Biomedicines 2021, 9, 1641

77. Kurtz, B.S.W.; Lehman, J.; Garlick, P.; Amberg, J.; Mishra, P.K.; Dailey, J.W.; Weber, R.; Jobe, P.C. Penetrance and expressivity of
genes involved in the development of epilepsy in the genetically epilepsy-prone rat (GEPR). J. Neurogenet. 2001, 15, 233–244.
[CrossRef] [PubMed]

78. Damasceno, S.; Fonseca, P.A.S.; Rosse, I.C.; Moraes, M.F.D.; de Oliveira, J.A.C.; Garcia-Cairasco, N.; Godard, A.L.B. Putative
causal variant on Vlgr1 for the epileptic phenotype in the model Wistar Audiogenic Rat. Front. Neurol. 2021, 12, 647859. [CrossRef]
[PubMed]

79. Revishchin, A.V.; Solus, G.M.; Poletaeva, I.I.; Pavlova, G.V. Audiogenic Epilepsy and Structural Features of Superior Colliculus in
KM Rats. Dokl. Biochem. Biophys. 2018, 478, 47–49. [CrossRef] [PubMed]

80. Chernigovskaya, E.V.; Lebedenko, O.O.; Nidenfyur, A.V.; Nikitina, L.S.; Glazova, M.V. Analysis of ERK1/2 kinases in the inferior
colliculus of rats genetically prone to audiogenic seizures during postnatal development. Dokl. Biochem. Biophys. 2017, 476,
296–298. [CrossRef] [PubMed]

81. Arida, R.M.; Scorza, F.A.; de Amorim Carvalho, R.; Cavalheiro, E.A. Proechimys guyannensis: An Animal Model of Resistance to
Epilepsy. Epilepsia 2005, 46, 189–197. [CrossRef] [PubMed]

82. Popova, N.K.; Barykina, N.N.; Plyusnina, I.Z.; Alekhina, T.A.; Kolpakov, V.G. Expression of the Startle Reaction in Rats Genetically
Predisposed Towards Different Types of Defensive Behavior. Neurosci. Behav. Physiol. 2000, 30, 321–325. [CrossRef] [PubMed]

83. Runke, D.; McIntyre, D.C.; St-Onge, V.; Gilby, K.L. Relation between startle reactivity and sucrose avidity in two rat strains bred
for differential seizure susceptibility. Exp. Neurol. 2011, 229, 259–263. [CrossRef]

84. Laird, H.E.; Dailey, J.W.; Jobe, P.C. Neurotransmitter abnormalities in genetically epileptic rodents. Fed. Proc. 1984, 43, 2505–2509.
[PubMed]

85. Jobe, P.C.; Dailey, J.W.; Reigel, C.E. Noradrenergic and serotonergic determinants of seizure susceptibility and severity in
genetically epilepsy-prone rats. Life Sci. 1986, 39, 775–782. [CrossRef]

86. Browning, R.A.; Wade, D.R.; Marcinczyk, M.; Long, G.L.; Jobe, P.C. Regional brain abnormalities in norepinephrine uptake and
dopamine beta-hydroxylase activity in the genetically epilepsy-prone rat. J. Pharmacol. Exp. Ther. 1989, 249, 229–235. [PubMed]

87. Dailey, J.W.; Lasley, S.M.; Burger, R.L.; Bettendorf, A.F.; Mishra, P.K.; Jobe, P.C. Amino acids, monoamines and audiogenic seizures
in genetically epilepsy-prone rats: Effects of aspartame. Epilepsy Res. 1991, 8, 122–133. [CrossRef]

88. Medvedev, A.E.; Gorkin, V.Z.; Fedotova, I.B.; Semiokhina, A.F.; Glover, V.; Sandler, M. Increase of brain endogenous monoamine
oxidase inhibitory activity (tribulin) in experimental audiogenic seizures in rats: Evidence for a monoamine oxidase A inhibiting
component of tribulin. Biochem. Pharmacol. 1992, 44, 1209–1210. [CrossRef]

89. Jobe, P.C.; Mishra, P.K.; Browning, R.A.; Wang, C.; Adams-Curtis, L.E.; Ko, K.H.; Dailey, J.W. Noradrenergic abnormalities in the
genetically epilepsy-prone rat. Brain Res. Bull. 1994, 35, 493–504. [CrossRef]

90. Clough, R.W.; Browning, R.A.; Maring, M.L.; Statnick, M.A.; Wang, C.; Jobe, P.C. Effects of intraventricular locus coeruleus
transplants on seizure severity in genetically epilepsy-prone rats following depletion of brain norepinephrine. J. Neural Transplant.
Plast. 1994, 5, 65–79. [CrossRef] [PubMed]

91. Statnick, M.A.; Dailey, J.W.; Jobe, P.C.; Browning, R.A. Abnormalities in brain serotonin concentration, high-affinity uptake,
and tryptophan hydroxylase activity in severe-seizure genetically epilepsy-prone rats. Epilepsia 1996, 37, 311–321. [CrossRef]
[PubMed]

92. Kosacheva, E.S.; Kudrin, V.S.; Fedotova, I.B.; Semiokhina, A.F.; Raevskiı̆, K.S. The effect of carbamazepine on the content of
monoamines and their metabolites in the brain structures of rats with audiogenic epilepsy. Eksp. Klin. Farmakol. 1998, 61, 25–27.
[PubMed]

93. Sorokin, A.I.; Kudrin, V.S.; Klodt, P.M.; Tuomisto, L.; Poletaeva, I.I.; Raevskiı̆, K.S. The interstrain differences in the effects of
D-amphetamine and raclopride on dorsal striatum dopaminergic system in KM and Wistar rats (microdialysis study). Genetika
2004, 40, 846–849. [CrossRef] [PubMed]

94. Fedotova, I.B.; Semiokhina, A.F.; Arkhipova, G.V.; Burlakova, E.B. The possibilities of correcting some complex behavioral
reactions in KM rats by using an antioxidant. Zh. Vyssh. Nerv. Deiat. Im. I P Pavlov. 1990, 40, 318–325.

95. Onodera, K.; Tuomisto, L.; Tacke, U.; Airaksinen, M. Strain differences in regional brain histamine levels in genetically epilepsy-
prone and resistant rats. Methods Find. Exp. Clin. Pharmacol. 1992, 14, 13–16. [PubMed]

96. López-López, D.; Gómez-Nieto, R.; Herrero-Turrión, M.J.; García-Cairasco, N.; Sánchez-Benito, D.; Ludeña, M.D.; López, D.E.
Overexpression of the immediate-early genes Egr1, Egr2, and Egr3 in two strains of rodents susceptible to audiogenic seizures.
Epilepsy Behav. 2017, 71, 226–237. [CrossRef] [PubMed]

97. Szot, P.; Weinshenker, D.; White, S.S.; Robbins, C.A.; Rust, N.C.; Schwartzkroin, P.A.; Palmiter, R.D. Norepinephrine-deficient
mice have increased susceptibility to seizure-inducing stimuli. J. Neurosci. 1999, 19, 10985–10992. [CrossRef] [PubMed]

98. Werner, F.M.; Coveñas, R. Classical neurotransmitters and neuropeptides involved in generalized epilepsy in a multi-
neurotransmitter system: How to improve the antiepileptic effect? Epilepsy Behav. 2017, 71, 124–129. [CrossRef] [PubMed]

99. Gachon, F.; Fonjallaz, P.; Damiola, F.; Gos, P.; Kodama, T.; Zakany, J.; Duboule, D.; Petit, B.; Tafti, M.; Schibler, U. The loss of
circadian PAR bZip transcription factors results in epilepsy. Genes Dev. 2004, 18, 1397–1412. [CrossRef] [PubMed]

100. Etheridge, S.L.; Ray, S.; Li, S.; Hamblet, N.S.; Lijam, N.; Tsang, M.; Greer, J.; Kardos, N.; Wang, J.; Sussman, D.J.; et al. Murine
dishevelled 3 functions in redundant pathways with dishevelled 1 and 2 in normal cardiac outflow tract, cochlea, and neural tube
development. PLoS Genet. 2008, 4, e1000259. [CrossRef] [PubMed]

69



Biomedicines 2021, 9, 1641

101. Delfino-Pereira, P.; Bertti-Dutra, P.; de Lima Umeoka, E.H.; de Oliveira, J.A.C.; Santos, V.R.; Fernandes, A.; Marroni, S.S.; Del
Vecchio, F.; Garcia-Cairasco, N. Intense olfactory stimulation blocks seizures in an experimental model of epilepsy. Epilepsy Behav.
2018, 79, 213–224. [CrossRef]

102. Poletaeva, I.I.; Surina, N.M.; Fedotova, I.B. The effects of toluene vapor inhalation on the intensity of audiogenic seizure fits in
rats of Krushinsky–Molodkina strain. Sechenov. Ross. Fisiol. J. 2019, 105, 742–748.

103. Brosnan, R.J.; Pham, T.L. Carbon dioxide negatively modulates N-methyl-D-aspartate receptors. Br. J. Anaesth. 2008, 101, 673–679.
[CrossRef] [PubMed]

104. Ohmori, I.; Hayashi, K.; Wang, H.; Ouchida, M.; Fujita, N.; Inoue, T.; Michiue, H.; Nishiki, T.; Matsui, H. Inhalation of 10% carbon
dioxide rapidly terminates Scn1a mutation-related hyperthermia-induced seizures. Epilepsy Res. 2013, 105, 220–224. [CrossRef]
[PubMed]

105. Inamura, K.; Smith, M.L.; Hansen, A.J.; Siesjö, B.K. Seizure-induced damage to substantia nigra and globus pallidus is accompa-
nied by pronounced intra- and extracellular acidosis. Synapse 2002, 46, 100–107. [CrossRef] [PubMed]

106. Garcia-Gomes, M.S.A.; Zanatto, D.A.; Galvis-Alonso, O.Y.; Mejia, J.; Antiorio, A.T.F.B.; Yamamoto, P.K.; Olivato, M.C.M.; Sandini,
T.M.; Flório, J.C.; Lebrun, I.; et al. Behavioral and neurochemical characterization of the spontaneous mutation tremor, a new
mouse model of audiogenic seizures. Epilepsy Behav. 2020, 105, 106945. [CrossRef]

107. Totola, L.T.; Takakura, A.C.; Oliveira, J.A.; Garcia-Cairasco, N.; Moreira, T.S. Impaired central respiratory chemoreflex in an
experimental genetic model of epilepsy. J. Physiol. 2017, 595, 983–999. [CrossRef]

108. Schimitel, F.G.; De Almeida, G.M.; Pitol, D.N.; Armini, R.S.; Tufik, S.; Schenberg, L.C. Evidence of a suffocation alarm system
within the periaqueductal gray matter of the rat. Neuroscience 2012, 200, 59–73. [CrossRef] [PubMed]

109. N’Gouemo, P.; Faingold, C.L.; Morad, M. Calcium channel dysfunction in inferior colliculus neurons of the genetically epilepsy-
prone rat. Neuropharmacology 2009, 56, 665–675. [CrossRef] [PubMed]

110. N’Gouemo, P.; Yasuda, R.; Faingold, C.L. Seizure susceptibility is associated with altered protein expression of voltage-gated
calcium channel subunits in inferior colliculus neurons of the genetically epilepsy-prone rat. Brain Res. 2010, 1308, 153–157.
[CrossRef]

111. Ptácek, L.J. Channelopathies: Ion channel disorders of muscle as a paradigm for paroxysmal disorders of the nervous system.
Neuromuscul. Disord. 1997, 7, 250–255. [CrossRef]

112. Wei, F.; Yan, L.M.; Su, T.; He, N.; Lin, Z.J.; Wang, J.; Shi, Y.W.; Yi, Y.H.; Liao, W.P. Ion Channel Genes and Epilepsy: Functional
Alteration, Pathogenic Potential, and Mechanism of Epilepsy. Neurosci. Bull. 2017, 33, 455–477. [CrossRef] [PubMed]

113. Bartolini, E.; Campostrini, R.; Kiferle, L.; Pradella, S.; Rosati, E.; Chinthapalli, K.; Palumbo, P. Epilepsy and brain channelopathies
from infancy to adulthood. Neurol. Sci. 2020, 41, 749–761. [CrossRef] [PubMed]

114. Menezes, L.F.S.; Sabiá, E.F., Jr.; Tibery, D.V.; Carneiro, L.D.A.; Schwartz, E.F. Epilepsy-Related Voltage-Gated Sodium Chan-
nelopathies: A Review. Front. Pharmacol. 2020, 11, 1276. [CrossRef] [PubMed]

115. Gould, T.D.; Gottesman, I.I. Psychiatric endophenotypes and the development of valid animal models. Genes Brain Behav. 2006, 5,
113–119. [CrossRef] [PubMed]

116. Traub, R.D.; Whittington, M.A.; Hall, S.P. Does epileptiform activity represent a failure of neuromodulation to control central
pattern generator-like neocortical behavior? Front. Neural Circuits 2017, 11, 78. [CrossRef] [PubMed]

70



Citation: Kim, J.-E.; Kang, T.-C.

Blockade of TASK-1 Channel

Improves the Efficacy of

Levetiracetam in Chronically

Epileptic Rats. Biomedicines 2022, 10,

787. https://doi.org/10.3390/

biomedicines10040787

Academic Editor: Prosper

N’Gouemo

Received: 15 February 2022

Accepted: 26 March 2022

Published: 28 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

Blockade of TASK-1 Channel Improves the Efficacy of
Levetiracetam in Chronically Epileptic Rats

Ji-Eun Kim and Tae-Cheon Kang *

Department of Anatomy and Neurobiology and Institute of Epilepsy Research, College of Medicine,
Hallym University, Chuncheon 24252, Korea; jieunkim@hallym.ac.kr
* Correspondence: tckang@hallym.ac.kr; Tel.: +82-33-248-2524; Fax: +82-33-248-2525

Abstract: Tandem of P domains in a weak inwardly rectifying K+ channel (TWIK)-related acid
sensitive K+-1 channel (TASK-1) is an outwardly rectifying K+ channel that acts in response to
extracellular pH. TASK-1 is upregulated in the astrocytes (particularly in the CA1 region) of the
hippocampi of patients with temporal lobe epilepsy and chronically epilepsy rats. Since levetiracetam
(LEV) is an effective inhibitor for carbonic anhydrase, which has a pivotal role in buffering of
extracellular pH, it is likely that the anti-epileptic action of LEV may be relevant to TASK-1 inhibition,
which remains to be elusive. In the present study, we found that LEV diminished the upregulated
TASK-1 expression in the CA1 astrocytes of responders (whose seizure activities were responsive to
LEV), but not non-responders (whose seizure activities were not controlled by LEV) in chronically
epileptic rats. ML365 (a selective TASK-1 inhibitor) only reduced seizure duration in LEV non-
responders, concomitant with astroglial TASK-1 downregulation. Furthermore, ML365 co-treatment
with LEV decreased the duration, frequency and severity of spontaneous seizures in non-responders
to LEV. To the best of our knowledge, our findings suggest, for the first time, that the up-regulation
of TASK-1 expression in CA1 astrocytes may be involved in refractory seizures in response to LEV.
This may be a potential target to improve responsiveness to LEV.
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1. Introduction

Epilepsy is a chronic neurological disease that is characterized by the presence of
spontaneous aberrant neuronal discharges which manifest as seizures. The causes of
epileptic seizure generation (ictogenesis) are imbalance of excitatory/inhibitory trans-
missions, channelopathies, neuroinflammation, and aberrant synaptic plasticity [1–4].
Since shifts in activity-dependent intracellular and extracellular pH regulate the initiation
and cessation of seizure activity [5–7], impaired acid-base balance also contributes to an
augmented capability to generate epileptic discharges. Indeed, recurrent epileptiform
activity results in biphasic pH shifts, consisting of an initial extracellular alkalinization
followed by a slower acidification in the CA1 region of the hippocampus [7]. Extracellular
alkalinization decreases the inhibitory conductance through γ-aminobutyric acid type A
receptor (GABAA receptor) [8] and increases the N-methyl-D-aspartate (NMDA) receptor-
mediated excitatory current [9,10]. Thus, activity-dependent extracellular alkaline shifts
initiate the seizure activity, while extracellular acidification terminates the epileptiform
activity [6,7].

Astrocytes play an important role in the redistribution of K+ in extracellular space
(K+ buffering) that is involved in the control of resting membrane potential and neuronal
firing. When K+ buffering becomes hindered, an accumulation of extracellular K+ leads to
hyperexcitability of neurons by inhibiting K+ efflux from neurons during repolarization. In-
terestingly, astrocytes in the CA1 region (CA1 astrocytes) have lost barium (Ba2+)-sensitive
K+ buffering in the epileptic hippocampi of humans and rats, unlike those in the dentate
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gyrus [11,12]. Furthermore, the ratio of inward-to-outward K+ conductance in astrocytes is
significantly lower in the hippocampus of temporal lobe epilepsy (TLE) patients [13]. There-
fore, the dysfunction of astrocyte-mediated extracellular K+ homeostasis is an important
factor in the pathogenesis of epilepsy.

Tandem of P domains in a weak inwardly rectifying K+ channel (TWIK)-related acid
sensitive K+-1 channel (TASK-1) is an outwardly rectifying K+ channel that acts in response
to extracellular pH. Low extracellular pH (6.0–6.4) completely inhibits TASK-1 current,
whereas high extracellular pH (7.2–8.2) potentiates it [14,15]. TASK-1 is upregulated
in astrocytes (particularly in the CA1 region) of the hippocampi of TLE patients and
chronically epileptic rats [16,17]. Furthermore, conventional antiepileptic drugs (AEDs,
currently termed as anti-seizure medication (ASM)) reduce astroglial TASK-1 expression
in seizure-prone gerbils (a genetic epilepsy model) [18]. Thus, it is plausible that TASK-
1 upregulation can contribute to seizure activity by increasing astroglial K+ outward
rectification in response to extracellular alkalinization.

More than ~10–30% of TLE patients show intractable seizures that are uncontrolled
by AEDs [19]. Therefore, pharmacoresistances to AEDs are a major clinical problem
in the medication of TLE patients. The anti-epileptic properties of levetiracetam (LEV,
2S-(oxo-1-pyrrolidinyl)butanamide, Keppra®) are relevant to the high-affinity binding to
synaptic vesicle protein 2A (SV2A) that may affect presynaptic neurotransmitter release.
Although LEV treatment often results in seizure-free conditions in TLE patients who
show refractory seizures to other AEDs, LEV does not mitigate spontaneous seizures in
approximately 30% of TLE patients at the beginning of the pharmacotherapy [20]. Similar
to the case of TLE patients, ~25–40% of pilocarpine-induced chronically epileptic rats do
not show a significant response to LEV [21,22]. On the other hand, LEV also leads to a
pH shift by inhibiting the transmembrane HCO3

−-mediated acid extrusion and carbonic
anhydrase, like other AEDs [23–27]. Thus, it is likely that the anticonvulsive potency of
LEV may be closely relevant to the induction of extracellular acidification, which would
inhibit the upregulated TASK-1 in the epileptic hippocampus. In the present study,
therefore, we performed a comparative analysis of TASK-1 expression in the hippocampi
of responders (whose seizure activities were responsive to LEV) and non-responders
(whose seizure activities were uncontrolled by LEV) in chronically epileptic rats, and
validated the effect of ML365 (a selective TASK-1 inhibitor) co-treatment with LEV on
refractory seizures in response to LEV to extend our understanding of the underlying
mechanisms of pharmacoresistant epilepsy.

2. Materials and Methods

2.1. Experimental Animals and Chemicals

In the present study, we used male Sprague-Dawley (SD) rats (7 weeks old). Rats
were housed in a controlled environment at a humidity of 55 ± 5% and a temperature of
22 ± 2 ◦C on a 12 h light/dark cycle and provided with food and water ad libitum [22,28,29].
All animal studies were performed in accordance with protocols approved by the Institu-
tional Animal Care and Use Committee of Hallym University (No. Hallym 2018-2, 26 April
2018; No. Hallym 2018-21, 8 June 2018; and Hallym 2021-3, 27 April 2021). All reagents,
unless otherwise noted, were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Generation of Chronically Epileptic Rats

To generate chronically epileptic rats, we applied the status epilepticus (SE) model.
For SE induction, animals were treated with LiCl (127 mg/kg) via intraperitoneal injection
(i.p.) 24 h prior to pilocarpine treatment. Animals were given atropine methylbromide
(5 mg/kg i.p.) 20 min before pilocarpine (30 mg/kg). Two h after SE onset, all rats received
diazepam (Hoffman la Roche, Neuilly sur-Seine, France; 10 mg/kg, i.p.) to cease SE
and was repeated as needed. The control rats were treated with the same volume of
saline in place of pilocarpine. SE-experiencing rats were video monitored 8 h a day to
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select for the chronically epileptic rats showing the occurrence of spontaneous seizures
(Racine’s scale ≥ 3 more than once) [22,28–30].

2.3. Electrode Implantation and ML365 Infusion

The control and epilepsy rats were anesthetized with isoflurane anesthesia (3% induc-
tion, 1.5–2% for surgery, and 1.5% maintenance in a 65:35 mixture of N2O:O2) and placed in
a stereotaxic frame. Thereafter, a monopolar stainless-steel electrode (#MS303-1-AIU-SPC,
diameter 0.01 inch, Plastics One, Roanoke, VA, USA) was implanted in the right hippocam-
pus at the following coordinates: 3.8 mm posterior, 2.0 mm lateral and −2.6 mm depth to
bregma. A brain infusion kit 1 (Alzet, Cupertino, CA, USA) was also inserted into some
animals for the infusion of vehicle or ML365 (a specific TASK-1 inhibitor, 400 nM [31]) into
the right lateral ventricle at the following coordinates: 1 mm posterior, 1.5 mm lateral and
3.5 mm depth to the bregma. The electrode and brain infusion kits were secured to the
exposed skull with dental acrylic [22,28,29].

2.4. Drug Trial Protocols

Figure 1 illustrates the experimental design in the present study, which is a modified
drug trial methodology based on our previous studies [22,28,29].

Figure 1. Scheme of the experimental design in the present study.

2.4.1. Experiment I

Baseline seizure activity in chronically epileptic rats were recorded over a 3-day
period. Electroencephalographic (EEG) signals were acquired with a DAM 80 differential
amplifier (0.1–1000 Hz bandpass; World Precision Instruments, Sarasota, FL, USA) 2 h a
day at the same time over a 7-day period. Thereafter, animals received LEV (500 mg/kg,
i.p., UCB Korea, Seoul, Korea) or saline (vehicle) once a day (at 6:00 p.m.) over a 7-day
period [22,28,29]. The EEG data were digitized and analyzed using a LabChart Pro v7
(ADInstruments, Bella Vista, New South Wales, Australia). Racine’s scale was applied to
quantify behavioral seizure severity, as aforementioned. Animals whose seizure frequency
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was unaffected by LEV during recording, as compared to the pre-treatment stage, were
defined as non-responders (Figure 1).

2.4.2. Experiment II

After saline treatment over a 7-day period, non-responders in experiment I were
infused vehicle or ML365 (400 nM [31]) by connecting Alzet 1007D osmotic pump (Alzet,
Cupertino, CA, USA). The pump was inserted into a subcutaneous pocket in the dorsal
region. Some animals were also administered LEV (500 mg/kg, i.p., UCB Korea, Seoul,
Korea) once a day.

2.5. Western Blot

After recording (18 h after the last drug treatment), animals were sacrificed by decapi-
tation. Thereafter, the hippocampi were rapidly dissected and homogenized in lysis buffer.
The lysis buffer contained protease inhibitor cocktail (Roche Applied Sciences, Branford, CT,
USA) and phosphatase inhibitor cocktail (PhosSTOP®, Roche Applied Science, Branford,
CT, USA). The protein concentration was determined using a Micro BCA Protein Assay
Kit (Pierce Chemical, Rockford, IL, USA). An equal amount (10μg each) was loaded on a
bis-tris sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). The proteins were sepa-
rated by electrophoresis and transferred to membranes. The membranes were blocked with
tris-buffered saline (TBS; in mM 10 Tris, 150 NaCl, pH 7.5, and 0.05% Tween 20) containing
2% bovine serum albumin and then incubated with primary antibodies (Table 1) overnight
at 4 ◦C. The proteins were visualized using an electrochemiluminescence (ECL) Western
Blotting System (GE Healthcare Korea, Seoul, Korea). For data normalization, β-actin was
used as an internal reference. An ImageQuant LAS4000 system (GE Healthcare Korea,
Seoul, Korea) was used to detect and quantify the Western blot data [22,28,29].

Table 1. Primary antibodies used in the present study.

Antigen Host
Manufacturer

(Catalog Number)
Dilution

Glia fibrillary acidic protein
(GFAP) Mouse Millipore (MAB3402) 1:4000 (IH)

Neuronal nuclear antigen
(NeuN) Guinea pig Millipore

(ABN90P) 1:2000 (IH)

TASK-1 Rabbit Millipore
(AB5250)

1:50 (IH)
1:200 (WB)

β-actin Mouse Sigma
(A5316) 1:5000 (WB)

IH, immunohistochemistry; WB, Western blot.

2.6. Immunohistochemistry

Animals were transcardially perfused and fixed with 4% paraformaldehyde under
deep anesthesia with urethane (1.5 g/kg, i.p.). The brains were then removed and post-
fixed in the same fixative overnight and left in 30% sucrose in phosphate buffer (PB) until
sunk. Coronal sections (30 μm) of the brain samples were cut using a cryostat. Sections
were placed in a plate, rinsed with phosphate-buffered saline (PBS) for over 10 min,
and subsequently blocked for 30 min at room temperature in 10% goat serum (Vector,
Burlingame, CA, USA). After blocking, samples were incubated with primary antibodies
overnight at 4 ◦C. Sections were then washed for over 10 min three times with PBS
and incubated with appropriate secondary antibodies (1:200, Vector, Burlingame, CA,
USA) for 1 h at room temperature. After washing, sections were mounted in Vectashield
mounting media with 4′,6-diamidino-2-phenyulindole (DAPI, Vector, Burlingame, CA,
USA). The brain sections incubated with either preimmune serum (for GFAP) or the
primary antibody reacted with the control peptide (for TASK-1) were used as negative
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controls [16]. Immunoreaction was observed using an Axio Scope microscope (Carl
Zeiss Korea, Seoul, Korea). Five hippocampal sections from each animal were randomly
captured and the areas of interest (1 × 105 μm2) were selected from the stratum radia-
tum and the stratum pyramidale of the CA1 region. Thereafter, fluorescent intensity
and the number of double-stained cells was measured using AxioVision Rel. 4.8 and
ImageJ software. The quantification of TASK-1 fluorescent intensity and double-stained
cells was performed in the left hippocampus to avoid the interfering effect of reactive
astrogliosis induced by electrode implantation. The investigators were blinded to ex-
perimental groups in performing morphological analysis and immunohistochemical
experiments [28,29].

2.7. Data Analysis

In the present study, the effects of each compound on seizures were analyzed based
on the following seizure parameters: Seizure frequency was number of seizures in each
animal during the 2 h recording. Seizure duration was the overall time spent in convulsive
and non-convulsive seizures in each animal during the 2 h recording. Seizure severity
was the behavioral seizure score in each animal during the 2 h recording. Total seizure
frequency was the total seizure occurrence (number of seizures) in each animal over a
7-day period. Total seizure duration was the overall time spent in convulsive and non-
convulsive seizures in each animal over a 7-day period. Average seizure severity was the
average behavioral seizure core in each animal over a 7-day period. Seizure parameters
were assessed by different investigators who were blind to the classification of animal
groups and treatments. All data are presented as the means ± standard deviation (SD) or
standard error of mean (SEM). After the Shapiro–Wilk W-test was used to evaluate the
values on normality, the Student’s t-test (for total seizure duration, immunohistochemistry
and Western blot data), the Mann–Whitney U test (total seizure frequency and average
seizure severity), a repeated measures ANOVA (seizure duration over a 7-day period), the
Friedman test (seizure frequency and seizure severity over a 7-day period) and a one-way
ANOVA followed by Bonferroni’s post hoc comparisons (for immunohistochemistry and
Western blot data) were applied to determine the statistical significance of the data. A
p-value less than 0.05 was considered statistically significant.

3. Results

3.1. Effects of LEV on Spontaneous Epileptic Seizures

First, we explored the efficacy of LEV on spontaneous seizure activity in chronically
epileptic rats. In vehicle-treated epileptic rats (n = 14), total seizure frequency (number
of seizures), total electroencephalographic (EEG) seizure duration and average seizure
severity (behavioral seizure core) were 11.3 ± 2.1, 681 ± 145 s, and 3.4 ± 0.6 over a 7-day
period, respectively (Figure 2A–C). About 57% of the LEV-treated group (n = 70) were
identified as responders whose seizure frequency (χ2

(7) = 19.4, p = 0.007, Friedman test),
seizure duration (F(7,483) = 4.1, p < 0.001, repeated measures ANOVA), and seizure severity
(χ2

(7) = 17.8, p = 0.013, Friedman test) were effectively alleviated by LEV treatment over a
7-day period (Figure 2A,B). In this group, total seizure frequency, total seizure duration
and average seizure severity were also attenuated to 4.4 ± 1.2 (Z = 3.2, p = 0.002 vs. vehicle,
Mann–Whitney U-test), 349 ± 65 s (t(82) = 3.9, p = 0.002 vs. vehicle, Student t-test), and
2 ± 0.3 (Z = 2.4, p = 0.01 vs. vehicle, Mann–Whitney U test) over a 7-day period, respectively
(Figure 2C). LEV did not influence seizure activity in 52 out of 122 rats (~43% in LEV-treated
rats). Thus, they were identified as non-responders (Figure 2A–C).

75



Biomedicines 2022, 10, 787

Figure 2. The effects of levetiracetam (LEV) on spontaneous seizure activities in chronically epileptic
rats and the localization TASK-1 in the hippocampus of the control and chronically epileptic rats.
LEV effectively attenuated spontaneous seizure activity on EEG in responders (A) at 4 days after
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treatment, accompanied by reductions in seizure frequency (Friedman test), seizure duration (re-
peated measures ANOVA), seizure severity (seizure score, Friedman test), total seizure frequency
(Mann–Whitney U test), total seizure duration (Student’s t-test) and average behavioral seizure score
(seizure severity; Mann–Whitney U test) over a 7-day period (B,C; *, p < 0.05 vs. vehicle (Veh)-treated
animals; error bars, SD). However, the non-responders did not respond to LEV treatment (B,C). Dou-
ble immunofluorescent data reveal that TASK-1 expression is observed in GFAP-positive astrocytes,
but not in NeuN-positive neurons in both control and chronically epileptic rats (D).

3.2. Effects of LEV on TASK-1 Expression in the Epileptic Hippocampus

Consistent with previous studies [16,17,32], TASK-1 expression was rarely observed in
CA1 neurons in both control and epileptic rats (Figure 2D). In contrast, TASK-1 expression
was prominently detected in the astrocytes within the stratum radiatum and stratum
lacunosum-moleculare of the CA1 region of the control rats (n = 7). TASK-1 expression was
also detected in the astrocytes in the molecular layer and the hilus of the dentate gyrus of
control rats (Figures 2D and 3A). In chronically epileptic rats (n = 7), TASK-1 expression
was obviously detected in most of the reactive CA1 astrocytes, showing hypertrophy
and hyperplasia of cell bodies and processes (Figure 2D). TASK-1 expression was rarely
observed in reactive astrocytes within the dentate gyrus (Figure 3A). TASK-1 fluorescent
intensity was increased to 1.62-fold of control level (t(12) = 14.4, p < 0.001, Student’s t-test,
Figure 3A,B). However, the fraction of TASK-1 positive astrocytes in total astrocytes of
chronically epileptic rats was similar to that in control animals (Figure 3C). As compared to
the vehicle-treated animals (n = 7), responders to LEV (n = 7) showed a reduction in TASK-1
fluorescent intensity (F(2,17) = 49.7, p < 0.001, one-way ANOVA), while the TASK-1 intensity
in non-responders to LEV (n = 6) was unaffected by LEV treatment (Figure 3A,B). Thus,
the fraction of TASK-1 positive astrocytes in total astrocytes was decreased in responders,
as compared to the vehicle-treated animals (F(2,17) = 5.4, p = 0.015, one-way ANOVA,
Figure 3C). Compatible with the immunohistochemical data, the Western blot revealed
that TASK-1 density was elevated to 1.65-fold of control level in chronically epileptic rats
(t(12) = 11.9, p < 0.001, n = 7, Student’s t-test, Figure 3C,D). In responders (n = 7), LEV
reduced TASK-1 density in the hippocampus (F(2,17) = 37.1, p < 0.001, one-way ANOVA)
but not in the non-responders (n = 6 Figure 3C,D, Supplementary Figure S1). Together with
the effects of LEV on seizure activity, these findings indicate that the upregulated TASK-1
expression in CA1 astrocytes may be relevant to spontaneous seizure activity and affect the
responsiveness to LEV.

3.3. Effects of ML365 on the Spontaneous Seizures and TASK-1 Expression in Chronically
Epileptic Rats

To directly investigate the role of TASK-1 in spontaneous seizure activity, we applied
ML365 (a selective TASK-1 inhibitor) to non-responders to LEV. In vehicle-treated non-
responders to LEV (n = 10), the total seizure frequency, total EEG seizure duration and
average seizure severity over a 7-day period were 14.4 ± 3.3, 751 ± 197 s, and 3.2 ± 0.5,
respectively (Figure 4A–C). In ML365-treated non-responders to LEV (n = 10), seizure
duration was gradually decreased over a 7-day period (F(7,63) = 3.326, p = 0.004, repeated
measures ANOVA; Figure 4A,B). In this group, the total seizure duration was also dimin-
ished to 519 ± 55 s over a 7-day period (t(8) = 2.5, p = 0.035 vs. vehicle, Student’s t-test;
Figure 4C). Furthermore, ML365 reduced the TASK-1 fluorescent intensity to 0.73-fold of
the vehicle levels (t(8) = 8.8, p < 0.001 vs. vehicle, Student’s t-test, n = 5). In addition, ML365
diminished the fraction of TASK-1 positive astrocytes of the total astrocytes (t(8) = 2.7,
p = 0.027, Student’s t-test, Figure 5C). Consistent with the immunohistochemical study, the
Western blot data showed a reduction in TASK-1 density to 0.71-fold of the vehicle levels
(t(8) = 6.4, p < 0.001 vs. vehicle, Student’s t-test, n = 5) in ML365-treated non-responders
(Figure 5D,E, Supplementary Figure S1). These findings indicate that TASK-1 in reactive
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CA1 astrocytes may be involved in the prolongation of seizure duration rather than seizure
generation (ictogenesis) in non-responders to LEV.

Figure 3. The effect of levetiracetam (LEV) on TASK-1 expression in chronically epileptic rats. As
compared to control animals, TASK-1 expression is upregulated in CA1 astrocytes of epileptic
rats. LEV significantly attenuated TASK-1 upregulation in responders, but not non-responders.
(A) Representative photos of the TASK-1 expression in the hippocampus. SP, stratum pyramidale; SR,
stratum radiatum; SLM, stratum lacunosum-moleculare; ML, molecular layer of the dentate gyrus;
DGL, dentate granule cell layer. (B) Quantitative analyses of the effect of LEV on TASK-1 expression
based on the immunohistochemical data (*,#, p < 0.05 vs. the control and vehicle (Veh)-treated
animals, respectively; one-way ANOVA with post hoc Bonferroni’s multiple comparison, open circles
indicate each individual value, horizontal bars indicate the mean value, error bars indicate the SEM).
(C) Quantitative analyses on the effect of LEV on the fraction of TASK-1 positive astrocytes in total
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astrocytes (*, p < 0.05 vs. control animals; one-way ANOVA with post hoc Bonferroni’s multiple
comparison; error bars, SEM). (D,E) Representative images for Western blot of TASK-1 protein
expression in the hippocampal tissues and quantifications of TASK-1 level based on Western blot
results (*,#, p < 0.05 vs. control and vehicle (Veh)-treated animals, respectively; one-way ANOVA
with post hoc Bonferroni’s multiple comparison).

Figure 4. The effects of ML365 on spontaneous seizure activities in non-responders to levetiracetam
(LEV). ML365 diminished only seizure duration. (A) Representative EEG signal in each group at
4 days after treatment. (B) Quantitative analyses of the effects of LEV on seizure frequency (Friedman
test), seizure duration (repeated measures ANOVA) and seizure severity (seizure score, Friedman
test) over a 7-day period (*, p < 0.05 vs. vehicle (Veh)-treated animals; error bars, SD). (C) Quantitative
analyses of total seizure frequency (Mann–Whitney U test), total seizure duration (Student’s t-test)
and average behavioral seizure score (seizure severity, Mann–Whitney U test) over a 7-day period
(*, p < 0.05 vs. vehicle (Veh)-treated animals; open circles, each individual value; horizontal bars,
mean value; error bars, SD).

3.4. Effect of ML365 Co-Treatment on Refractory Seizures in Non-Responders to LEV

When considering the effect of ML365 on seizure activity and TASK-1 expression in
CA1 astrocyte (Figures 4 and 5), it is likely that ML365 co-treatment may improve the
efficacy of LEV in non-responders. Thus, we validated the effects of ML365 co-treatment on
intractable seizures in non-responders to LEV. As compared to vehicle co-treatment (n = 10),
ML365 co-treatment (n = 10) gradually reduced seizure frequency (χ2

(7) = 18.9, p = 0.009,
Friedman test), seizure duration (F(7,63) = 25.1, p < 0.001, repeated measures ANOVA) and
seizure severity (χ2

(7) = 15.6, p = 0.029, Friedman test) in non-responders to LEV over a
7-day period (Figure 6A,B), although it could not completely inhibit spontaneous seizure
activity (Figure 6A,B). ML365 co-treatment also diminished total seizure frequency (Z = 2.7,
p = 0.007 vs. vehicle co-treatment, Mann–Whitney U test), total seizure duration (t(8) = 15.7,
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p < 0.001 vs. vehicle co-treatment, Student’s t-test) and average seizure severity (Z = 2.6,
p = 0.009 vs. vehicle co-treatment, Mann–Whitney U test) in non-responders to LEV over a
7-day period (Figure 6C). In addition, ML365 co-treatment decreased TASK-1 fluorescent
intensity to 0.73-fold of the vehicle co-treatment animal level (t(8) = 7, p < 0.001 vs. vehicle
co-treatment, Student’s t-test, n = 5) in non-responders. ML365 co-treatment reduced the
fraction of TASK-1 positive astrocytes of the total astrocytes (t(8) = 2.9, p = 0.019, Student’s
t-test, Figure 7A–C). TASK-1 density also diminished to 0.7-fold of the vehicle co-treated
animal level (t(8) = 6, p < 0.001 vs. vehicle co-treatment, Student’s t-test, n = 5) in non-
responders (Figure 7D,E, Supplementary Figure S1). Taken together, our findings suggest
that TASK-1 inhibition by ML365 may improve the efficacy of LEV in non-responders.

Figure 5. The effect of ML365 on TASK-1 expression in non-responders to levetiracetam (LEV).
As compared to the vehicle (Veh), ML365 reduces TASK-1 expression in CA1 astrocytes within
the hippocampus of non-responders. (A) Representative photos of TASK-1 expression in the
hippocampus (SP, stratum pyramidale; SR, stratum radiatum; SLM, stratum lacunosum-moleculare;
ML, molecular layer of the dentate gyrus; DGL, dentate granule cell layer). (B) Quantitative analyses
of the effect of ML365 on TASK-1 expression based on immunohistochemical data. Open circles
indicate each individual value. Horizontal bars indicate the mean value. Error bars indicate SEM
(*, p < 0.05 vs. vehicle-treated animals; Student’s t-test). (C) Quantitative analyses of the effect of
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ML365 on the fraction of TASK-1 positive astrocytes in total astrocytes (*, p < 0.05 vs. control animals;
Student’s t-test; error bars, SEM). (D) Representative images for Western blot of TASK-1 protein
expression in the hippocampal tissues. (E) Quantification of TASK-1 levels based on Western blots (*,
p < 0.05 vs. vehicle-treated animals; Student’s t-test).

Figure 6. The effect of ML365 co-treatment with levetiracetam (LEV) on spontaneous seizure activities
in non-responders to LEV. ML365 co-treatment improved the efficacy of LEV in non-responders.
(A) Representative EEG signal in each group at 4 days after treatment. (B) Quantitative analyses of
the effects of ML365 co-treatment on seizure frequency (Friedman test), seizure duration (repeated
measures ANOVA) and seizure severity (seizure score, Friedman test) over a 7-day period (*, p < 0.05
vs. vehicle (Veh)-treated animals; error bars, SD). (C) Quantitative analyses of total seizure frequency
(Mann–Whitney U test), total seizure duration (Student’s t-test) and average behavioral seizure score
(seizure severity, Mann–Whitney U test) over a 7-day period (*, p < 0.05 vs. vehicle (Veh)-treated
animals; open circles, each individual value; horizontal bars, mean value; error bars, SD).
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Figure 7. The effect of ML365 co-treatment with levetiracetam (LEV) on TASK-1 expression in
non-responders to LEV. ML365 co-treatment reduced TASK-1 expression in CA1 astrocytes within
the hippocampus of non-responders. (A) Representative photos of TASK-1 expression in the hip-
pocampus (SP, stratum pyramidale; SR, stratum radiatum; SLM, stratum lacunosum-moleculare; ML,
molecular layer of the dentate gyrus; DGL, dentate granule cell layer). (B) Quantitative analyses of
the effect of ML365 co-treatment on TASK-1 expression based on immunohistochemical data. Open
circles indicate each individual value. Horizontal bars indicate the mean value. Error bars indicate
SEM (*, p < 0.05 vs. LEV-treated animals; Student’s t-test). (C) Quantitative analyses of the effect of
ML365 co-treatment on the fraction of TASK-1 positive astrocytes in total astrocytes (*, p < 0.05 vs.
control animals; Student’s t-test; error bars, SEM). (D) Representative images for Western blots of
TASK-1 protein expression in the hippocampal tissues. (E) Quantifications of TASK-1 levels based on
Western blot results (*, p < 0.05 vs. LEV-treated animals; Student’s t-test).

4. Discussion

The major findings of the present study are that (1) LEV reduced TASK-1 expression in
reactive CA1 astrocytes of responders, (2) TASK-1 inhibition by ML365 shortened seizure
duration in non-responders, and (3) ML365 co-treatment with LEV effectively attenuated
seizure activity in non-responders.

In the present study, 43% of chronically epileptic rats did not show a significant
response to LEV. These results are consistent with previous studies that demonstrated the
ratio of non-responders to LEV in TLE patients and chronically epileptic rats [20–22,33].
Basically, the anti-epileptic effects of LEV are relevant to the binding to SV2A [20]. However,
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LEV also leads to intracellular acidification in neurons, which is coupled with extracellular
pH shift [23,34]. Furthermore, LEV inhibits carbonic anhydrase, which leads to extracellular
acidification [24–27]. Since extracellular acidification ceases the seizure activity [7–10,34], it
is likely that extracellular acidic shifts may be one of the anti-epileptic potencies of LEV.
Therefore, our findings suggest that the impairment of extracellular acidic shifts may be
one of the causes of the low efficacy of LEV in non-responders.

Seizure activity increases the extracellular K+ concentration due to K+ efflux from
neurons during repolarization, accompanied by an initial extracellular alkalinization. Thus,
astrocyte-mediated K+ buffering plays an important role in ictogenesis and seizure termi-
nation to regulate extracellular K+ level [7,11,12,35]. Indeed, the low ratio of inward-
to-outward K+ conductance in astrocytes is reported in the hippocampus of TLE pa-
tients [13]. Since extracellular alkalinization potentiates TASK-1-mediated outward K+

currents [14,15,36], TASK-1 may participate in a rise of extracellular K+ concentration dur-
ing or following seizure activity. In the present study, TASK-1 expression was increased in
reactive CA1 astrocytes of chronically epileptic rats. Furthermore, LEV decreased seizure
activity in responders, concomitant with TASK-1 downregulation in CA1 astrocytes. Con-
sidering astroglial roles in neuronal hyperexcitability [37,38], it is likely that aberrant
elevation of extracellular K+ concentration, induced by upregulated TASK-1, may affect
seizure activity in the epileptic hippocampus, which would be abolished by LEV-induced
extracellular acidification. Conversely, LEV may ameliorate seizure activity by directly
regulating astroglial TASK-1 expression independent of extracellular pH shifts, since LEV
reduces delayed rectifier K+ current [39] and activates renal outer medullary inwardly
rectifying K+ channel-1 (ROMK1, also known as KCNJ1 or Kir1.1) [40]. The present data
also reveal that ML365 effectively diminished TASK-1 expression in CA1 astrocytes and
decreased seizure duration in non-responders. In addition, ML365 co-treatment increased
the efficacy of LEV. These findings indicate that the inhibition of TASK-1-mediated out-
wardly K+ rectification may overcome the ineffectiveness of LEV in extracellular acidic
shifts and/or the direct regulation of TASK-1 expression in non-responders. Therefore,
the present data suggest that TASK-1 is a potential therapeutic target for improving the
responsiveness to LEV in non-responders.

On the other hand, the localization of TASK-1 in the hippocampus has been still con-
troversial; TASK-1 expression is mainly observed in astrocytes of the hippocampus [16,32],
whereas neuronal TASK-1 expression has been also reported [41]. Although the basis
remains unclear, this discrepancy may be attributable to the age of animals used in the
studies (adult [16,32], the present study vs. young [41]). Indeed, TASK-1 mRNA expression
peaks by 7 days postnatal, and then gradually declines by 28 days postnatal in the mouse
hippocampus [42]. Conversely, it is plausible that functional levels of TASK-1 expression
on neurons would be extremely too low to be detectable with immunohistochemistry. If
present on neurons, however, extracellular acidic shifts induced by LEV would result in
prolonged depolarization by inhibiting TASK-1-mediated K+ efflux from neurons. Fur-
thermore, actions of LEV or ML365 on TASK-1 would increase the excitability of principal
neurons and interneurons. Under these conditions, the delayed repolarization would
impair the fast-spiking capability of interneurons, and lead to uncontrolled epileptiform
discharges in principal neurons due to reduced GABAergic inhibition [43]. Similar to
chronically epileptic rats, TASK-1 expression is rarely observed in principal neurons of
TLE patients but is predominantly detected in astrocytes [17]. In addition, the massive
degeneration of hippocampal neurons (particularly, CA1 pyramidal cells and interneurons)
are observed in chronically epileptic rats [28,29]. Therefore, our findings suggest that LEV
or ML365 may diminish spontaneous seizures by inhibiting TASK-1 in CA1 astrocytes
rather than neurons in chronically epileptic rats.

In the present study, we could not access the underlying mechanisms of the modu-
lation of astroglial TASK-1 expression. However, it is worth considering that serum- and
glucocorticoid-inducible kinase (SGK)-mediated signaling pathway may be involved in
astroglial TASK-1 regulation. This is because SGK1 activity is lower in chronically epileptic
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rats as compared to the controls [44], and SGK inhibits TASK-1 current and its surface
expression [45]. Further studies are needed to elucidate the role of SGK-mediated signaling
pathway in astroglial TASK-1 regulation.

5. Conclusions

In the present study, we demonstrated, for the first time, that LEV ameliorated spon-
taneous seizure activity in responders by reducing the upregulated TASK-1 expression
in CA1 astrocytes. Furthermore, ML365 co-treatment improved the efficacy of LEV in
non-responders. Therefore, our findings suggest that the dysregulation of TASK-1 function
may be one of the causes of refractory seizures to LEV, and TASK-1 inhibition is a potential
therapeutic target for improving the responsiveness to LEV in non-responders.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Abstract: The neural precursor cell expressed by developmentally downregulated gene 4-2 (NEDD4-
2) is a ubiquitin E3 ligase that has a high affinity toward binding and ubiquitinating glutamate
ionotropic receptor α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) type subunit
1 (GRIA1, also referred to GluR1 or GluA1). Since dysregulation of GRIA1 surface expression is
relevant to the responsiveness to AMPA receptor (AMPAR) antagonists (perampanel and GYKI 52466)
in chronic epilepsy rats, it is likely that NEDD4-2 may be involved in the pathogenesis of intractable
epilepsy. However, the role of NEDD4-2-mediated GRIA1 ubiquitination in refractory seizures to
AMPAR antagonists is still unknown. In the present study, both AMPAR antagonists recovered the
impaired GRIA1 ubiquitination by regulating protein phosphatase 2B (PP2B)-extracellular signal-
regulated kinase 1/2 (ERK1/2)-serum and glucocorticoid-regulated kinase 1 (SGK1)-NEDD4-2
signaling pathway in responders (whose seizure activities are responsive to AMPAR), but not
non-responders (whose seizure activities were uncontrolled by AMPAR antagonists). In addition,
cyclosporin A (CsA, a PP2B inhibitor) co-treatment improved the effects of AMPAR antagonists
in non-responders, independent of AKT signaling pathway. Therefore, our findings suggest that
dysregulation of PP2B-ERK1/2-SGK1-NEDD4-2-mediated GRIA1 ubiquitination may be responsible
for refractory seizures and that this pathway may be a potential therapeutic target for improving the
treatment of intractable epilepsy in response to AMPAR antagonists.

Keywords: 3-phosphoinositide-dependent protein kinase-1; AKT; cyclosporin A; GluA1; GluR1;
intractable epilepsy; PDK1; refractory seizure

1. Introduction

Epilepsy is a brain function disorder characterized by recurrent and unprovoked
seizures. The prevalence of epilepsy in the general population is approximately 0.6−0.8% [1].
Initial/acute prolonged seizure (status epilepticus, SE), trauma, stroke or infections are
postulated as precipitating factors of epilepsy [2]. Mesial temporal lobe epilepsy (MTLE) is
the most common form of epilepsy and a medically intractable syndrome that is partially
or totally uncontrolled by conventional anti-epileptic drug (AED) treatments [3]. Although
disturbances in glutamatergic/GABAergic transmissions and the related signaling path-
ways are associated with the pathogenesis of MTLE in humans, the underlying mechanisms
of MTLE remain largely unclear.

The pilocarpine model (including LiCI-pilocarpine model) serves as a reliable animal
model of intractable epilepsy. The profiles of spontaneous recurrent seizures in this model
resemble those of human MTLE. This model shows limbic seizures that become secon-
darily generalized, evolving to SE, which lasts for several hours (acute period). The SE
is followed by a latent “seizure-free” period (about 15−30 days) and by a chronic period
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characterized by the presence of spontaneous recurrent seizures. The lesions of mesial
temporal structures, including a well-known hippocampal sclerosis, in this model are also
similar to those of human MTLE patients [4,5]. Therefore, the pilocarpine model provides
the opportunity to investigate the pathogenesis of MTLE.

The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) is
one of the major subtypes of ionotropic glutamate receptors. AMPARs are comprised
of combinations of glutamate ionotropic receptor AMPA type subunit 1 (GRIA1, also
referred to GluR1 or GluA1)—GRIA4, which are assembled as homo- or heterotetramers [6].
The regulation of AMPAR trafficking is critical for homeostatic regulation of synaptic
strength and the pathogenesis of epilepsy [7]. Indeed, AMPAR antagonists inhibit seizure
activity in chronic epilepsy rats, accompanied by reduced GRIA1 surface expression in the
hippocampus [4,8–10].

The neural precursor cell expressed by developmentally downregulated gene 4-2
(NEDD4-2) is a ubiquitin E3 ligase that has a high affinity toward binding and ubiquiti-
nating membrane proteins [11]. Some neuronal membrane receptors/channels have been
identified as substrates of NEDD4-2: voltage-gated Na+ channel (Nav)1.6 [12], voltage-
gated K+ channels Kv7/KCNQ [13–15] and neurotrophin receptor TrkA [16]. NEDD4-2 also
regulates neuronal activity and seizure susceptibility through ubiquitination of the GRIA1
subunit of AMPAR [11,17]. Therefore, it is likely that NEDD4-2 may be involved in the fine-
tuning of AMPAR-mediated neuronal excitation. Indeed, at least three missense mutations
in the NEDD4-2 gene are identified through genomic mutation screening in patients with
epilepsy [18–20]. Furthermore, NEDD4-2 plays an important role in seizure progression in
response to kainic acid through regulation of AMPAR ubiquitination [11,17,21,22].

On the other hand, multifactorial events are involved in the underlying mechanisms
of pharmacoresistant epilepsy: (1) a reduced yield of AED concentration in the brain by
hyper-activation of drug efflux transporter or sustained inflammatory conditions [23,24],
(2) dysfunctions of ion/neurotransmitter channels of transporters [25], and (3) abnormal
neural networks [25]. Interestingly, GRIA1 surface expression is higher in the hippocampus
of chronic epilepsy rats than that of normal rats, which is attenuated by AMPAR antagonists
(such as perampanel and GYKI 52466) in responders whose seizure activities are reduced
by them [4,10,26]. Since ubiquitination of GRIA1 is linked to AMPAR surface expression
and trafficking [27–29], it is postulated that AMPAR antagonists may modulate NEDD4-2
activity that is required for limiting GluA1 surface expression and functionality of AMPAR
in the epileptic hippocampus. However, little data are available to describe whether
NEDD4-2-mediated GRIA1 ubiquitination is changed, and this alteration is relevant to the
generation of refractory seizures to AMPAR antagonists in a chronic epilepsy model. In the
present study, therefore, we investigated the effects of AMPAR antagonists on NEDD4-2-
mediated GRIA1 regulation in responders and non-responders (whose seizure activities
were uncontrolled by AMPAR antagonists) of a LiCl-pilocarpine epilepsy rat model to
elucidate the role of NEDD4-2 in MTLE.

Here, we demonstrate that the anti-convulsive effects of AMPAR antagonists are
closely related to the regulation of GRIA1 ubiquitination via protein phosphatase 2B (PP2B)-
extracellular signal-regulated kinase 1/2 (ERK1/2)-serum and glucocorticoid-regulated
kinase 1 (SGK1)-NEDD4-2 signaling pathway. In addition, impairment of this signaling
pathway resulted in refractory seizures to AMPAR antagonists, which was improved by
cyclosporin A (CsA, a PP2B inhibitor) co-treatment. Therefore, our findings suggest that
the PP2B-ERK1/2-SGK1-NEDD4-2 pathway may be a potential therapeutic strategy to
improve the treatment of intractable MTLE in response to AMPAR antagonists.

2. Materials and Methods

2.1. Experimental Animals and Chemicals

Male Sprague Dawley (SD) rats (seven weeks old) were provided with a commercial
diet and water ad libitum under controlled temperature, humidity and lighting conditions
(22 ± 2 ◦C, 55 ± 5% and a 12:12 light/dark cycle with lights). Animal protocols were
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approved by the Institutional Animal Care and Use Committee of Hallym University
(Code number: #Hallym 2018-2, 26 April 2018, #Hallym 2018-21, 8 June 2018 and #Hallym
2021-3, 27 April 2021). All reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA), except where noted.

2.2. Generation of Chronic Epilepsy Rats

Animals were intraperitoneally (i.p.) given LiCl (127 mg/kg) 24 h before pilocarpine
treatment. On the next day, animals were treated with pilocarpine (30 mg/kg, i.p.) 20 min
after atropine methylbromide (5 mg/kg i.p.). Two hours after SE on-set, animals were
administered diazepam (Valium; Hoffman la Roche, Neuilly sur-Seine, France; 10 mg/kg,
i.p.) as needed. Control animals received saline in place of pilocarpine. Animals were
video-monitored 8 h a day for general behavior and occurrence of spontaneous seizures by
four weeks after SE (Figure 1). We classified chronic epilepsy rats that showed behavioral
seizures with seizure score ≥ 3 more than once.

Figure 1. Scheme of the experimental design in the present study.

2.3. Surgery

Control and epilepsy rats were implanted with monopolar stainless steel electrodes
(Plastics One, Roanoke, VA, USA) in the right hippocampus (stereotaxic coordinates was
−3.8 mm posterior; 2.0 mm lateral; −2.6 mm depth to bregma) under isoflurane anesthesia
(3% induction, 1.5−2% for surgery, and 1.5% maintenance in a 65:35 mixture of N2O:O2).
Some animals were also implanted with a brain infusion kit 1 (Alzet, Cupertino, CA, USA)
to infuse with vehicle or cyclosporin A (CsA, a PP2B inhibitor, 250 μM) into the right
lateral ventricle (1 mm posterior; 1.5 mm lateral; −3.5 mm depth to the bregma, see below).
The CsA concentration did not affect spontaneous seizure activities in chronic epilepsy
rats [30]. Throughout surgery, the core temperature of each rat was maintained at 37–38 ◦C.
Electrodes were secured to the exposed skull with dental acrylic.

2.4. Drug Trials, EEG Analysis and Quantification of Behavioral Seizure Activity
2.4.1. Experiment I

Figure 1 illustrates the design of the drug trial methodology, which was a modified
protocol based on previous studies [10,26,30,31]. After baseline seizure activity was deter-
mined over three days, perampanel (8 mg/kg, i.p, Eisai Korea Inc., Seoul, Korea), GYKI
52466 (10 mg/kg, i.p.) or saline (vehicle) was daily administered at 6:00 PM over a one-
week period [4,30]. Electroencephalographic (EEG) signals were detected with a DAM
80 differential amplifier (0.1–3000 Hz bandpass; World Precision Instruments, Sarasota, FL,
USA) 2 h a day at the same time over a one-week period. The data were digitized (1000 Hz)
and analyzed using LabChart Pro v7 (ADInstruments, Bella Vista, New South Wales,
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Australia). Behavioral seizure severity was evaluated according to Racine’s scale [32]: 1,
immobility, eye closure, twitching of vibrissae, sniffing, facial clonus; 2, head nodding
associated with more severe facial clonus; 3, clonus of one forelimb; 4, rearing, often ac-
companied by bilateral forelimb clonus; and 5, rearing with loss of balance and falling
accompanied by generalized clonic seizures. After recording (18 h after the last drug
treatment), animals were used for Western blot.

2.4.2. Experiment II

Some non-responders in experiment I were given saline (i.p.) over a seven-day period.
Thereafter, perampanel or GYKI 52466 was daily administered by the aforementioned
method. Non-responders were also connected with Alzet 1007D osmotic pump (Alzet,
Cupertino, CA, USA) containing vehicle or CsA (250 μM). The pump was placed in
a subcutaneous pocket in the dorsal region. After recording (18 h after the last drug
treatment), animals were used for Western blot.

2.5. Co-Immunoprecipitation

The hippocampal tissues were lysed in radioimmunoprecipitation assay buffer (RIPA:
50 mM Tris–HCl pH 8.0; 1% Nonidet P-40; 0.5% deoxycholate; 0.1% SDS, Thermo Fisher
Scientific Korea, Seoul, South Korea) containing a protease inhibitor cocktail (Roche Applied
Sciences, Branford, CT, USA), phosphatase inhibitor cocktail (PhosSTOP®, Roche Applied
Science, Branford, CT, USA) and 1 mM sodium orthovanadate. Protein concentrations were
calibrated by BCA protein assay (Pierce Chemical, Rockford, IL, USA) and equal amounts
of total proteins were incubated with NEDD4-2, SGK1 or GluA1 antibody (Table 1) and
protein G sepharose beads at 4 ◦C overnight. Beads were collected by centrifugation, eluted
in 2× SDS sample buffer, and boiled at 95 ◦C for 5 min. Thereafter, Western blots for
ubiquitin were performed.

2.6. Western Blot

Animals were sacrificed by decapitation, and their hippocampi were obtained and
homogenized in lysis buffer containing protease inhibitor cocktail (Roche Applied Sci-
ences, Branford, CT, USA) and phosphatase inhibitor cocktail (PhosSTOP®, Roche Applied
Science, Branford, CT, USA). Thereafter, total protein concentration was calibrated using
a Micro BCA Protein Assay Kit (Pierce Chemical, Rockford, IL, USA). Western blot was
performed by the standard protocol: Sample proteins (10μg) were separated on a Bis-Tris
sodium dodecyl sulfate-poly-acrylamide gel (SDS-PAGE) and transferred to membranes.
Membranes were incubated with 2% bovine serum albumin (BSA) in Tris-buffered saline
(TBS; in mM 10 Tris, 150 NaCl, pH 7.5, and 0.05% Tween 20), and then reacted with primary
antibodies (Table 1) overnight at 4 ◦C. After washing, membranes were incubated in a
solution containing horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h
at room temperature. Immunoblots were detected and quantified using an ImageQuant
LAS4000 system (GE Healthcare Korea, Seoul, Korea). Optical densities of proteins were
calculated with the corresponding amount of β-actin.

2.7. Data Analysis

The Shapiro–Wilk W-test was used to evaluate the normality values. Mann–Whitney
U-test, Wilcoxon signed rank test, Student’s t-test, and paired Student’s t-test were ap-
plied to determine statistical significance of data. Comparisons among groups were also
performed using repeated measures ANOVA, Friedman test and one-way ANOVA fol-
lowed by Bonferroni’s post hoc comparisons. A p-value less than 0.05 was considered to
be significant.
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Table 1. Primary antibodies used in the present study.

Antigen Host
Manufacturer

(Catalog Number)
Dilution Used

NEDD4-2 Rabbit Abcam (ab131167): IP
Abcam (ab46521): WB

1:100 (IP)
1:1000 (WB)

GRIA1 Mouse Synaptic systems
(#182011)

1:100 (IP)
1:1000 (WB)

p-NEDD4-2 S342 Rabbit Cell signaling
(#12146) 1:1000 (WB)

p-NEDD4-2 S448 Rabbit Abcam (ab168349) 1:1000 (WB)

SGK1 Rabbit ST John’s Laboratory
(STJ25513)

1:100 (IP)
1:1000 (WB)

p-SGK1 S78 Rabbit Thermo (PA5-38392) 1:1000 (WB)

p-SGK1 S422 Rabbit Abcam (ab55281) 1:1000 (WB)

Ubiquitin Rabbit Abcam(ab7780) 1:1000 (WB)

ERK1/2 Rabbit Biorbyt (Orb160960) 1:1000 (WB)

p-ERK1/2 Rabbit Bioss (bs-3330R) 1:1000 (WB)

PDK1 Rabbit Cell signaling(#3062) 1:1000 (WB)

p-PDK1 S241 Rabbit Cell signaling (#3061) 1:1000(WB)

AKT Rabbit Cell signaling (#9272) 1:1000 (WB)

pAKT S473 Rabbit Cell signalling (#4060) 1:1000 (WB)

PP2A Rabbit Cell signaling (#2038) 1:5000 (WB)

p-PP2A Y308 Rabbit Sigma (SAB4503975) 1:1000 (WB)

PP2B Rabbit Millipore (07-068-I) 1:1000 (WB)

p-PP2B S197 Rabbit Badrilla (A010-80) 1:1000 (WB)

β-actin Mouse Sigma (#A5316) 1:5000 (WB)
IP, immunoprecipitation; WB, Western blot.

3. Results

3.1. AMPAR Antagonists Attenuate Spontaneous Seizure Activity in Responders

In epileptic rats, the total seizure frequency (number of seizures), the total electroen-
cephalographic (EEG) seizure duration and average seizure severity (behavioral seizure
core) were 12.6 ± 2.9, 945.8 ± 102 s and 3.7 ± 0.5 over a one-week period, respectively
(n = 7, Figure 2A–C). In responders (showing the significant reduction in seizure activities),
perampanel gradually reduced seizure frequency (χ2

(1) = 5.1, p = 0.024, Friedman test, n = 7),
seizure duration (F(1,12) = 6.8, p = 0.022, repeated measures ANOVA, n = 7) and the seizure
severity (χ2

(1) = 5.6, p = 0.018 Friedman test, n = 7) over a one-week period (Figure 2A,B).
The total seizure frequency was 6.57 ± 1.72 (z = 3.07, p = 0.002 vs. vehicle, Mann–Whitney
U-test, n = 7), the total seizure duration was 538.3 ± 127 s (t(12) = 8.54, p < 0.001 vs. vehicle,
Student t-test, n = 7), and the average seizure severity was 1.9 ± 0.4 over a one-week period
(z = 3.14, p = 0.002 vs. vehicle, Mann–Whitney U-test, n = 7; Figure 2C). Six out of thirteen
rats in the perampanel-treated group were identified as non-responders whose seizure
activities were uncontrolled by perampanel (total seizure frequency, 11.5 ± 1.9; total seizure
duration, 909 ± 103.9 s; average seizure severity, 3.8 ± 0.2; Figure 2B,C).
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Figure 2. The effects of perampanel (PER) and GYKI 52466 (GYKI) on spontaneous seizure activities in chronic epilepsy
rats. Both α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) antagonists effectively attenuate
spontaneous seizure activities in responders. (A) Representative electroencephalograms (EEG) in each group at 2 days
after treatment. (B) Quantitative analyses of the chronological effects of AMPAR antagonists on seizure frequency, seizure
duration and seizure severity (seizure score) over a seven-day period. Error bars indicate SD (* p < 0.05 vs. vehicle
(Veh)-treated animals; Friedman test for seizure frequency and seizure severity; repeated measures ANOVA for seizure
duration). (C) Quantitative analyses of seizure frequency, total seizure duration and average behavioral seizure score
(seizure severity) over a seven-day period. Open circles indicate each individual value. Horizontal bars indicate mean value.
Error bars indicate SD (* p < 0.05 vs. vehicle (Veh)-treated animals; Mann–Whitney U-test for seizure frequency and seizure
severity; Student t-test for seizure duration).

GYKI 52466 also decreased seizure frequency (χ2
(1) = 4.6, p = 0.033, Friedman test,

n = 6), total seizure duration (F(1,11) = 5.9, p = 0.033, repeated measures ANOVA, n = 6),
and seizure severity (χ2

(1) = 4.7, p = 0.031, Friedman test, n = 6) in responders over a
one-week period (Figure 2A,B). In responders to GYKI 52466, the total seizure frequency
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was 6.3 ± 1.4 (z = 3.01, p = 0.001 vs. vehicle, Mann–Whitney U-test, n = 6), the total seizure
duration was 571.2 ± 94.1 s (t(11) = 6.82, p < 0.001 vs. vehicle, Student t-test, n = 6), and
the average seizure severity was 2.5 ± 0.4 over a one-week period (z = 2.94, p = 0.003
vs. vehicle, Mann–Whitney U-test, n = 6; Figure 2C). Six out of twelve rats in the GYKI
52466-treated group were identified as non-responders (total seizure frequency, 12 ± 2.4;
total seizure duration, 935.2 ± 95.3 s; average seizure severity, 3.7 ± 0.2; Figure 2B,C).

3.2. AMPAR Antagonists Facilitates NEDD4-2-Mediated GRIA1 Ubiquitination by Enhancing
NEDD4-2 S448 Phosphorylation in Responders

NEDD4-2 plays an important role in the regulation of seizure susceptibility, and its
phosphorylation level is closely related to the maintenance of its stability, which modulates
AMPAR functionality [17,33]. Thus, we explored whether AMPAR antagonists affect
NEDD4-2 protein expression and its phosphorylation levels.

Consistent with previous studies [34], NEDD4-2 protein level was 39% lower in the
epileptic hippocampus (t(12) = 14.2, p < 0.001 vs. control animals, Student t-test; Figure 3A,B
and Figure S1), as compared to control animals. Compatible with its protein level, NEDD4-
2 S342 and NEDD4-2 S448 phosphorylation levels were decreased to 0.61 (t(12) = 13.3,
p < 0.001 vs. control animals, Student t-test) and 0.65 times (t(12) = 12.9, p < 0.001 vs. control
animals, Student t-test) the control level in the vehicle-treated epilepsy rats, respectively
(Figure 3A,C,D and Figure S1). The NEDD4-2 S342 and S448 phosphorylation ratios in
epilepsy rats were similar to those in control animals (Figure 3E,F and Figure S1).

In responders to perampanel and GYKI 52466, NEDD4-2 protein levels were increased
to 0.78 and 0.77 times the control level, respectively (F(2,17) = 35.8, p < 0.001 vs. vehicle,
one-way ANOVA; Figure 3A,B and Figure S1). NEDD4-2 S342 phosphorylation level was
unaffected by both AMPAR antagonists (F(2,17) = 1.4, p = 0.28 vs. vehicle, one-way ANOVA;
Figure 3A,C and Figure S1). Due to upregulation of NEDD4-2 protein level induced by
AMPAR antagonists, S342 phosphorylation ratios were reduced to 0.84 and 0.83 times the
control level in perampanel and GYKI 52466-treated epilepsy rats, respectively (F(2,17) = 8.3,
p = 0.003 vs. vehicle, one-way ANOVA; Figure 3A, E and Figure S1). However, perampanel
and GYKI 52466 increased NEDD4-2 S448 phosphorylation level to 0.84 and 0.83 times
the control level, respectively (F(2,17) = 47.9, p < 0.001 vs. vehicle, one-way ANOVA;
Figure 3A,D). In contrast to NEDD4-2 S342 phosphorylation ratio, neither AMPAR an-
tagonist altered NEDD4-2 S448 phosphorylation ratios (F(2,17) = 0.01, p = 0.99 vs. vehicle,
one-way ANOVA; Figure 3A,F and Figure S1). In non-responders to perampanel and GYKI
52466, NEDD4-2 protein level and its S342 and S448 phosphorylation levels/ratios were
unchanged by each compound (Figure 3A–F and Figure S1). Since phosphorylation stabi-
lize NEDD4-2 against ubiquitination [17,35], we also investigated the effects of AMPAR
antagonists on NEDD4-2 ubiquitination. In epileptic hippocampuses, NEDD4-2 ubiqui-
tination (ubiquitin (Ub)-NEDD4-2 binding) was increased to 3.07 times the control level
(t(12) = 11.2, p < 0.001 vs. control animals, Student t-test; Figure 3A,G and Figure S1), while
GRIA1 ubiquitination was reduced to 0.58 times the control level (t(12) = 13.1, p < 0.001 vs.
control animals, Student t-test; Figure 3A,H). In responders to perampanel and GYKI 52466,
NEDD4-2 ubiquitination was reduced to 1.67 and 1.76 times the control level, respectively
(F(2,17) = 38.8, p < 0.001 vs. vehicle, one-way ANOVA; Figure 3A,G and Figure S1). In
contrast, GRIA1 ubiquitination was increased to 0.8 and 0.76 times the control level, respec-
tively (F(2,17) = 20.7, p < 0.001 vs. vehicle, one-way ANOVA; Figure 3A,H and Figure S1).
In non-responders to perampanel and GYKI 52466, ubiquitination of NEDD4-2 and GRIA1
were unaffected by each AMPAR antagonist (Figure 3A,G,H and Figure S1). Therefore,
our findings indicate that the regulation of NEDD4-2-mediated GRIA1 ubiquitination
may be relevant to the responsiveness to AMPAR antagonists that inhibit spontaneous
seizure activity.
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Figure 3. The effects of perampanel (PER) and GYKI 52466 (GYKI) on total NEDD4-2 protein expression/phosphorylation
and ubiquitination of NEDD4-2 and GRIA1. (A) Representative images for Western blot of NEDD4-2 protein expres-
sion/phosphorylation and ubiquitination of NEDD4-2 and GRIA1 in the hippocampal tissues. (B–F) Quantifications
of NEDD4-2 level (B), p-NEDD4-2 S342 level (C), p-NEDD4-2 S448 level (D), p-NEDD4-2 S342/NEDD4-2 ratio (E) and
p-NEDD4-2 S448/NEDD4-2 ratio (F) in the hippocampal tissues. (G–H) Quantifications of the bindings of NEDD4-2 (G)
and GRIA1 (H) with ubiquitin (Ub) in the hippocampal tissues. Open circles indicate each individual value. Horizontal
bars indicate mean value. Error bars indicate SEM (*,# p < 0.05 vs. control and vehicle (Veh)-treated animals, respectively;
one-way ANOVA with post hoc Bonferroni’s multiple comparison).

94



Biomedicines 2021, 9, 1069

3.3. AMPAR Antagonists Enhance SGK1 S78 Phosphorylation, but Not Protein Level,
in Responders

Serum and glucocorticoid-regulated kinase 1 (SGK1) plays a key role in NEDD4-2
phosphorylation, and SGK1 and NEDD4-2 regulate one another in a reciprocal manner:
SGK1-mediated NEDD4-2 phosphorylation increases SGK1 ubiquitination by NEDD4-
2 [36]. Therefore, we investigated the effects of AMPAR antagonists on SGK1-NEDD4-2
interactions in chronic epilepsy rats.

In the epileptic hippocampus, SGK1 protein level was increased to 1.26 times the
control level (t(12) = 7.5, p < 0.001 vs. control animals, Student t-test; Figure 4A,B and
Figure S2). SGK1 S78 and S422 phosphorylation levels were decreased to 0.61 (t(12) = 14.9,
p < 0.001 vs. control animals, Student t-test) and 0.43 times (t(12) = 18.5, p < 0.001 vs. control
animals, Student t-test) the control level in epilepsy rats, respectively (Figure 4A,C,D). The
SGK1 S78 and S422 phosphorylation ratios in epilepsy rats were reduced to 0.48 (t(12) = 24.3,
p < 0.001 vs. control animals, Student t-test) and 0.34 times (t(12) = 25.8, p < 0.001 vs. control
animals, Student t-test) the control level (Figure 4E,F and Figure S2).

In responders, both AMPAR antagonists restored SGK1 protein levels to control level
(F(2,17) = 29.7, p < 0.001 vs. vehicle, one-way ANOVA; Figure 4A,B). Perampanel and GYKI
52466 also increased SGK1 S78 phosphorylation level to 0.79 and 0.75 times the control
level, respectively (F(2,17) = 18.6, p < 0.001 vs. vehicle, one-way ANOVA; Figure 4A,C and
Figure S2). The SGK1 S78 phosphorylation ratios were increased to 0.77- and 0.73 times the
control level in perampanel and GYKI 52466-treated animals, respectively (F(2,17) = 36.5,
p < 0.001 vs. vehicle, one-way ANOVA; Figure 4A,E). However, neither AMPAR antagonist
affected the S422 phosphorylation level (F(2,17) = 0.1, p = 0.92 vs. vehicle, one-way ANOVA;
Figure 4A,C,D and Figure S2) or its phosphorylation ratio (F(2,17) = 1.7, p = 0.22 vs. vehicle,
one-way ANOVA; Figure 4E,F and Figure S2).

Unlike NEDD4-2, SGK1 ubiquitination was reduced to 0.52 times the control level
in the epileptic hippocampus (t(12) = 14.4, p < 0.001 vs. control animals, Student t-test;
Figure 4A,G). In responders to perampanel and GYKI 52466, SGK1 ubiquitination were 0.78
and 0.77 times the control level, respectively (F(2,17) = 19.6, p < 0.001 vs. vehicle, one-way
ANOVA; Figure 4A,G and Figure S2). In non-responders to perampanel and GYKI 52466,
SGK1 protein level, its S78 and S422 phosphorylation levels/ratios, and SGK1 ubiquiti-
nation were unaffected by each compound (Figure 4A–G and Figure S2). These findings
indicate that AMPAR antagonists may selectively enhance SGK1 78 phosphorylation, which
phosphorylates NEDD4-2 S448 site. Furthermore, considering NEDD4-2-mediated SGK1
ubiquitination [36], it is likely that upregulation of NEDD4-2 phosphorylation induced by
AMPAR antagonists will lead to SGK1 ubiquitination.

3.4. AMPAR Antagonists Increases ERK1/2, but Reduces PDK1, Phosphorylation in Responders

Mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase 1/2
(ERK1/2) and phosphatidylinositol 3-kinases (PI3K)/3-phosphoinositide-dependent pro-
tein kinase-1 (PDK1)/AKT pathways phosphorylate SGK1 at S78 and S422 sites, respec-
tively [37–40]. In addition, PI3K/PDK1/AKT cascade directly phosphorylates NEDD4-2 [41].
Thus, we explored the effects of AMPAR antagonists on PDK1 and AKT
activities (phosphorylation).
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Figure 4. The effects of perampanel (PER) and GYKI 52466 (GYKI) on total SGK1 protein expression/phosphorylation and
SGK1 ubiquitination. (A) Representative images for Western blot of SGK1 protein expression/phosphorylation and SGK1
ubiquitination in the hippocampal tissues. (B–F) Quantifications of SGK1 level (B), p-SGK1 S78 level (C), p-SGK1 S422 level
(D), p-SGK1 S78/SGK1 ratio (E) and p-SGK1 S422/SGK1 ratio (F) in the hippocampal tissues. (G) Quantifications of the
binding of SGK1 with ubiquitin (Ub) in the hippocampal tissues. Open circles indicate each individual value. Horizontal
bars indicate mean value. Error bars indicate SEM (*,# p < 0.05 vs. control and vehicle (Veh)-treated animals, respectively;
one-way ANOVA with post hoc Bonferroni’s multiple comparison).

In the present study, ERK1/2 phosphorylation level and its ratio were decreased to
0.51 (t(12) = 11.6, p < 0.001 vs. control animals, Student t-test) and 0.52 times (t(12) = 10.9,
p < 0.001 vs. control animals, Student t-test) the control level in epilepsy rats, respectively,
without altering ERK1/2 protein level (Figure 5A–D and Figure S3). In contrast, PDK1
phosphorylation level and its ratio were increased to 1.55 (t(12) = 10.0, p < 0.001 vs. control
animals, Student t-test) and 1.57 times (t(12) = 8.7, p < 0.001 vs. control animals, Student t-
test) the control level in epilepsy rats, respectively, while PDK1 protein level was unchanged
(Figure 5A,E–G and Figure S3). AKT phosphorylation level and its ratio were also increased
to 1.8 (t(12) = 8.9, p < 0.001 vs. control animals, Student t-test) and 1.81 times (t(12) = 8.4,
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p < 0.001 vs. control animals, Student t-test) the control level in epilepsy rats, respectively,
without changing AKT protein level (Figure 5A,H–J and Figure S3).

Figure 5. The effects of perampanel (PER) and GYKI 52466 (GYKI) on protein and phosphorylation levels of ERK1/2,
PDK1 and AKT. (A) Representative images for Western blot of protein and phosphorylation levels of ERK1/2, PDK1 and
AKT. (B–J) Quantifications of ERK1/2 level (B), p-ERK1/2 level (C), p-ERK1/2 ratio (D), PDK1 level (E), p-PDK1 level (F),
p-PDK1 ratio (G), AKT level (H), p-AKT level (I) and p-AKT ratio (J) in the hippocampal tissues. Open circles indicate
each individual value. Horizontal bars indicate mean value. Error bars indicate SEM (*,# p < 0.05 vs. control and vehicle
(Veh)-treated animals, respectively; one-way ANOVA with post hoc Bonferroni’s multiple comparison).
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In responders, neither AMPAR antagonist affected ERK1/2 protein levels (F(2,17) = 0.3,
p = 0.78 vs. vehicle, one-way ANOVA; Figure 5A,B and Figure S3). However, perampanel
and GYKI 52466 enhanced ERK1/2 phosphorylation level to 0.76 and 0.78 times the control
level, respectively (F(2,17) = 26.9, p < 0.001 vs. vehicle, one-way ANOVA; Figure 5A,C and
Figure S3). The ERK1/2 phosphorylation ratios were also increased to 0.77 and 0.8 times the
control level, respectively (F(2,17) = 15.6, p < 0.001 vs. vehicle, one-way ANOVA; Figure 5A,D
and Figure S3). In contrast to ERK1/2, both AMPAR antagonists restored PDK1 phosphory-
lation level (F(2,17) = 50.5, p < 0.001 vs. vehicle, one-way ANOVA), PDK1 phosphorylation
ratio (F(2,17) = 49.6, p < 0.001 vs. vehicle, one-way ANOVA), AKT phosphorylation level
(F(2,17) = 52, p < 0.001 vs. vehicle, one-way ANOVA) and AKT phosphorylation ratio
(F(2,17) = 45.4, p < 0.001 vs. vehicle, one-way ANOVA) to control level without affecting
their protein levels (Figure 5A,E–J and Figure S3). In non-responders, perampanel and
GYKI 52466 did not result in these phenomena (Figure 5A–J and Figure S3). These find-
ings indicate that AMPAR antagonists may increase NEDD4-2 S448 phosphorylation via
ERK1/2-mediated SGK1 activation, independent of PI3K/PDK1/AKT signaling pathway.

3.5. Effects of AMPAR Antagonists on Protein Phosphatase Phosphorylation

Protein phosphatase 2A (PP2A) and protein phosphatase 2B (PP2B) inhibit ERK1/2
kinase activity by dephosphorylating threonine and tyrosine residues [42,43]. In our
previous study [30], perampanel increases PP2B, but not PP2A, phosphorylation ratio
(inactivation), while their expressions/phosphorylation ratios in epileptic animals are lower
than those in normal animals. Since PP2A leads to SGK1 inactivation [44], we confirmed
whether both AMPAR antagonists activate ERK1/2-medaited SGK1 S78 phosphorylation
by inhibiting PP2B, but not PP2A.

Consistent with our previous study [30], the present study showed that PP2A protein
level was 0.5 times the control level in the epileptic hippocampus (t(12) = 16.3, p < 0.001 vs.
control animals, Student t-test; Figure 6A,B and Figure S4). PP2A phosphorylation level
and its ratio were 0.28 (t(12) = 26, p < 0.001 vs. control animals, Student t-test) and 0.58 times
(t(12) = 8, p < 0.001 vs. control animals, Student t-test) the control level in epilepsy rats,
respectively (Figure 6A,C,D and Figure S4). Similarly, PP2B protein level was reduced to
0.49 times the control level in the epileptic hippocampus (t(12) = 12.6, p < 0.001 vs. control
animals, Student t-test; Figure 6A,E and Figure S4). PP2B phosphorylation level and its
ratio were decreased to 0.26 (t(12) = 30.3, p < 0.001 vs. control animals, Student t-test) and
0.55 times (t(12) = 12.9, p < 0.001 vs. control animals, Student t-test) the control level in
epilepsy rats, respectively (Figure 6A,F,G and Figure S4). Since phosphorylation negatively
regulates PP2A and PP2B activities [45,46], these findings indicate that PP2A and PP2B
activities may be enhanced in the epileptic hippocampus as compensatory responses to
downregulation of their protein levels.

In responders, neither AMPAR antagonist affected PP2A protein levels (F(2,17) = 0.3,
p = 0.73 vs. vehicle, one-way ANOVA), PP2A phosphorylation levels (F(2,17) = 0.1, p = 0.93
vs. vehicle, one-way ANOVA) or its phosphorylation ratio (F(2,17) = 0.11, p = 0.89 vs. vehicle,
one-way ANOVA; Figure 6A–D and Figure S4). In contrast, perampanel and GYKI 52466
increased PP2B phosphorylation level to 0.45 and 0.44 times the control level (m, p < 0.001
vs. vehicle, one-way ANOVA), respectively, without altering its protein level (Figure 6A,E,F
and Figure S4). Thus, PP2B phosphorylation ratios were enhanced to 0.88 and 0.89 times
the control level in perampanel- and GYKI 52466-treated animals, respectively (F(2,17) = 32.7,
p < 0.001 vs. vehicle, one-way ANOVA; Figure 6A,G and Figure S4). In non-responders,
perampanel and GYKI 52466 did not affect the protein and phosphorylation levels of
these phosphatases (Figure 6A–G and Figure S4). These findings indicate that AMPAR
antagonists may increase PP2B, but not PP2A, phosphorylation (inactivation), which would
affect the ERK1/2-SGK1-NEDD4-2 signaling pathway.
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Figure 6. The effects of perampanel (PER) and GYKI 52466 (GYKI) on protein and phosphorylation levels of PP2A and PP2B.
(A) Representative images for Western blot of protein and phosphorylation levels of PP2A and PP2B. (B–G) Quantifications
of PP2A level (B), p-PP2A level (C), p-PP2A ratio (D), PP2B level (E), p-PP2B level (F) and p-PP2B ratio (G). Open circles
indicate each individual value. Horizontal bars indicate mean value. Error bars indicate SEM (*,# p < 0.05 vs. control and
vehicle (Veh)-treated animals, respectively; one-way ANOVA with post hoc Bonferroni’s multiple comparison).

3.6. Co-Treatment of PP2B Inhibitor Increases the Efficacies of AMPAR Antagonists
in Non-Responders

To confirm the role of the PP2B-ERK1/2-SGK1-NEDD4-2 signaling pathway in GRIA1
ubiquitination and refractory seizures to AMPAR antagonists, cyclosporin A (CsA, a PP2B
inhibitor) was co-treated with perampanel or GYKI 52466 in non-responders. In non-
responders to perampanel, total seizure frequency was 12.4 ± 3.1, total seizure duration
was 946.4 ± 153.1 s, and average seizure severity was 4 ± 0.4 over a one-week period (n = 5,
Figure 7A–C). In non-responders to GYKI 52466, total seizure frequency was 12 ± 2.7, total
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seizure duration was 908.8 ± 146.9 s, and average seizure severity was 3.8 ± 0.3 over a
one-week period (n = 5, Figure 7A–C).

Figure 7. The effects of CsA co-treatment with perampanel (PER) and GYKI 52466 (GYKI) on spontaneous seizure
activities in non-responders. CsA co-treatment effectively improves the anti-epileptic effects of both AMPAR antagonists
in non-responders. (A) Representative electroencephalograms (EEG) in each group at two days after CsA co-treatment.
(B) Quantitative analyses of the chronological effects of CsA co-treatment withAMPAR antagonists on seizure frequency,
seizure duration and seizure severity (seizure score) over seven-day period. Error bars indicate SD (* p < 0.05 vs. vehicle
(Veh)-treated animals; Friedman test for seizure frequency and seizure severity; repeated measures ANOVA for seizure
duration). (C) Quantitative analyses of seizure frequency, total seizure duration and average behavioral seizure score
(seizure severity) in seven-day period. Open circles indicate each individual value. Horizontal bars indicate mean value.
Error bars indicate SD (* p < 0.05 vs. vehicle (Veh)-treated animals; Wilcoxon signed rank test for seizure frequency and
seizure severity; paired Student t-test for seizure duration).

CsA co-treatment gradually decreased seizure frequency (χ2
(3) = 8.4, p = 0.038, Fried-

man test, n = 5), total seizure duration (F(3,16) = 4.2, p = 0.023, repeated measures ANOVA,
n = 5), and seizure severity (χ2

(3) = 9.7, p = 0.021, Friedman test, n = 5) in both perampanel-
and GYKI 52466-treated groups over a one-week period (Figure 7A,B). In non-responders
to perampanel, CsA co-treatment reduced the total seizure frequency to 7.4 ± 1.5 (z = 2.02,
p = 0.043, Wilcoxon signed rank test, n = 5; Figure 7A,C), the total seizure duration to
660 ± 136.8 s (t(4) = 3.58, p = 0.02, paired Student t-test, n = 5; Figure 7A,C), and aver-
age seizure severity to 2.3 ± 0.3 (z = 2.03, p = 0.042, Wilcoxon signed rank test, n = 5;
Figure 7A,C). In non-responders to GYKI 52466, CsA co-treatment also attenuated the
seizure frequency to 7.5 ± 1.3 (z = 2.04, p = 0.041, Wilcoxon signed rank test, n = 5;
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Figure 7A,C), the total seizure duration to 680.8 ± 153.1 s (t(4) = 3.2, p = 0.03, paired Student
t-test, n = 5; Figure 7A,C), and the seizure severity to 2.6 ± 0.4 (z = 2.02, p = 0.043 vs. vehicle,
Wilcoxon signed rank test, n = 5; Figure 7A,C). Taken together, these findings indicate
that dysregulation of the PP2B-ERK1/2-SGK1-NEDD4-2 signaling pathway may play an
important role in the generation of refractory seizures to AMPAR antagonists.

3.7. CsA Co-Treatment Facilicates GRIA1 Ubiquitination in Non-Responders to
AMPAR Antagonists

Next, we investigated whether CsA co-treatment influences ERK1/2- or AKT-mediated
SGK1-NEDD4-2 regulation in non-responders to AMPAR antagonists.

CsA co-treatment did not affect ERK1/2 protein level in non-responders (Figure 8A,B).
However, CsA co-treatment enhanced ERK1/2 phosphorylation to 0.82 and 0.78 times the
control level in non-responders to perampanel (t(8) = 4.73, p = 0.001, Student t-test) and
GYKI 52466 (t(8) = 4.9, p = 0.001, Student t-test), respectively (Figure 8A,B and Figure S5).
Thus, CsA co-treatment increased ERK1/2 phosphorylation ratio in non-responders to
perampanel (t(8) = 4.67, p = 0.002, Student t-test) and GYKI 52466 (t(8) = 5.88, p < 0.001,
Student t-test), respectively (Figure 8A,B and Figure S5). CsA co-treatment restored the
increased SGK1 protein level to control level in non-responders to perampanel (t(8) = 6.8,
p < 0.001, Student t-test) and GYKI 52466 (t(8) = 6.2, p < 0.001, Student t-test), respectively
(Figure 8A,C and Figure S5). However, CsA co-treatment enhanced SGK1 S78 phospho-
rylation to 0.78 and 0.77 times the control level in non-responders to perampanel (t(8) = 4,
p = 0.004, Student t-test) and GYKI 52466 (t(8) = 4.8, p = 0.001, Student t-test), respectively
(Figure 8A,C and Figure S5). CsA co-treatment increased the SGK1 S78 phosphorylation
ratio to 0.77 and 0.74 times the control level in non-responders to perampanel (t(8) = 5.9
p < 0.001, Student t-test) and GYKI 52466 (t(8) = 5.8, p < 0.001, Student t-test; Figure 8A,C
and Figure S5), respectively. In addition, CsA co-treatment increased NEDD4-2 protein
level to 0.83- and 0.77 times the control level in non-responders to perampanel (t(8) = 6.7,
p < 0.001, Student t-test) and GYKI 52466, respectively (t(8) = 5.1, p < 0.001, Student t-test;
Figure 8A,D and Figure S5). CsA co-treatment enhanced NEDD4-2 S448 phosphorylation
to 0.8 and 0.74 times the control level in non-responders to perampanel (t(8) = 7, p < 0.001,
Student t-test) and GYKI 52466 (t(8) = 4, p = 0.004, Student t-test), respectively (Figure 8A,D
and Figure S5). However, CsA co-treatment did not change AKT protein level and its phos-
phorylation level/ratio (Figure 8A,E and Figure S5). These findings indicate that the PP2B
inhibition may improve anti-convulsive effects of AMPAR antagonists in non-responders
by regulating ERK1/2-SGK1-NEDD4-2 signaling pathway without affecting AKT activity.
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Figure 8. The effects of CsA co-treatment with perampanel (PER) and GYKI 52466 (GYKI) on expression/phosphorylation
levels of ERK1/2, SGK1, NEDD4-2 and AKT, and ubiquitination of NEDD4-2 and GRIA1. (A) Representative images
for Western blot of ERK1/2, SGK1, NEDD4-2 and AKT and ubiquitination of NEDD4-2 and GRIA1 in the hippocampal
tissues. (B–E) Quantifications of protein level, phosphorylation level and phosphorylation ratio of ERK1/2 (B), SGK1
(C), NEDD4-2 (D) and AKT (E) in the hippocampal tissues. (F–H) Quantifications of GRIA1 level (F) and the bindings of
NEDD4-2 (G) and GRIA1 (H) with ubiquitin (Ub) in the hippocampal tissues. Open circles indicate each individual value.
Horizontal bars indicate mean value. Error bars indicate SEM (*,# p < 0.05 vs. control and vehicle (Veh)-treated animals,
respectively; one-way ANOVA with post hoc Bonferroni’s multiple comparison).
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3.8. CsA Co-Treatment Reversely Regulates Ubiquitination of NEDD4-2 and GRIA1 in
Non-Responders

Finally, we investigated whether PP2B inhibition affects ubiquitination of NEDD4-2
and GRIA1 in the hippocampus of non-responders, since perampanel reduces total GRIA1
protein level in responders and NEDD4-2 phosphorylation facilitates GRIA1 ubiquitina-
tion [4,10,17,26,30].

The present study shows that the total GRIA1 protein level in the epileptic hippocam-
pus was 0.66 times the control level (t(8) = 7.3, p < 0.001 vs. control animals, Student t-test;
Figure 8A,F and Figure S5). AMPAR antagonists did not affect GRIA1 protein level in
non-responders (Figure 8A,F). CsA co-treatment decreased GRIA1 protein level to 0.48 and
0.5 times the control level in non-responders to perampanel (t(8) = 4.5, p = 0.002, Student
t-test) and GYKI 52466 (t(8) = 4.7, p = 0.001, Student t-test), respectively (Figure 8A,F).
Consistent with NEDD4-2 S448 phosphorylation, CsA co-treatment also reduced NEDD4-2
ubiquitination to 1.57 and 1.67 times the control level in non-responders to perampanel
(t(8) = 9.2, p < 0.001, Student t-test) and GYKI 52466 (t(8) = 5.7, p = 0.004, Student t-test),
respectively (Figure 8A,G and Figure S5). GRIA1 ubiquitination in the epileptic hippocam-
pus was 0.64 times the control level (t(8) = 5.7, p < 0.001 vs. control animals, Student
t-test; Figure 8A,H and Figure S5). AMPAR antagonists did not affect GRIA1 ubiqui-
tination in non-responders (Figure 8A,H and Figure S5). However, CsA co-treatment
increased GRIA1 ubiquitination to 2.48 and 2.23 times the control level in non-responders
to perampanel (t(8) = 9, p < 0.001, Student t-test) and GYKI 52466 (t(8) = 11.5, p < 0.001,
Student t-test), respectively (Figure 8A,H and Figure S5). These findings indicate that CsA
may increase the responsiveness to AMPAR antagonists in non-responders by increasing
NEDD4-2-mediated GRIA1 ubiquitination.

4. Discussion

Although the pathogenesis of MTLE has been studied for decades, the underlying
mechanisms of intractable MTLE are still elusive. Recently, the dysregulation of ubiquitina-
tion has been considered as a potential factor for the generation of refractory epilepsy, since
ubiquitination is involved in the modulation of synaptic function [47,48]. Ubiquitination is
a posttranslational modification that degrades proteins through a sequential reaction by
the ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin
ligase enzyme (E3) [47,48]. Among E3 ubiquitin ligases, NEDD4-2 has been focused on
for its dysregulation of cellular trafficking/endocytosis and lysosomal degradation of ion
channels and transporters in MTLE [17,34]. Under physiological conditions, NEDD4-2
contributes to the elevation of spontaneous neuronal activity, particularly spontaneous
spike frequency, when the AMPAR is activated [11]. Indeed, NEDD4-2andi mice (in whom
one of the major forms of NEDD4-2 in the brain is selectively deficient) are less sensitive
to AMPAR activation but very sensitive to AMPAR inhibition. Briefly, the direct AMPAR
stimulation by AMPA treatment elevates the synchrony of neuronal activity in wild-type
mice more than NEDD4-2andi mice. In contrast, NEDD4-2andi mice are very sensitive to 2,3-
dihydroxy-6-nitro-7-sulphamoyl-benzo(F)quinoxaline (NBQX, an AMPAR antagonist) with
regard to spontaneous spike frequency, although average spontaneous spike amplitude
and electrode burst activity do not differ after AMPA or NBQX treatment for either geno-
type [11]. Paradoxically, NEDD4-2andi mice show a higher seizure susceptibility than kainic
acid, which is recovered by the genetically reducing GRIA1 level [11]. Furthermore, kainic
acid-induced seizure activity increases NEDD4-2 ubiquitination without altered GRIA1
surface expression [17]. In addition, the upregulated NEDD4-2 ubiquitination increases
the latency of seizure onset and seizure progression in response to kainic acid, accompa-
nied by reduced GRIA1 ubiquitination [17]. Therefore, it is likely that the dysregulated
GRIA1/AMPAR-mediated intracellular signaling pathway, rather than the direct AMPAR
functionality, may contribute to the dysfunction of NEDD4-2-mediated GRIA1 ubiquitina-
tion in the epileptic hippocampus. In the present study, NEDD4-2 protein level was lower
in the epileptic hippocampus than that in the normal one, concomitant with decreased
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phosphorylation levels. AMPAR antagonists effectively increased NEDD4-2 protein and
its S448 phosphorylation level in responders, but not in non-responders. Furthermore,
AMPAR inhibitions decreased NEDD4-2 ubiquitination in responders. Since NEDD4-2
itself is a substrate of the ubiquitin-proteasome system, which is negatively regulated
by phosphorylation [17,49], AMPAR antagonists may increase NEDD4-2 protein level by
inhibiting its ubiquitination. Compatible with NEDD4-2 protein level, furthermore, GRIA1
ubiquitination was reduced in epilepsy rats as compared to control animals, which was
restored by both AMPAR antagonists in responders. Although it could not be excluded that
the higher clearance of AMPAR antagonists by multidrug efflux systems or the lower affini-
ties of AMPAR antagonists on GRIA1 due to allosteric changes of AMPAR [23–25] would
decrease the efficacies of AMPAR antagonists in non-responders, our findings indicate
that maladaptive regulation of intracellular signaling pathways for NEDD4-2-mediated
GRIA1 ubiquitination may be one of the important factors in pharmacoresistant seizures to
AMPAR antagonists.

The binding of NEDD4-2 to substrates is differently regulated by phosphorylation. In
the unphosphorylated state, NEDD4-2 binds to epithelial Na+ channels (ENaC), Nav1.6,
KCNQ2/3 and KCNQ3/5, and facilitates their ubiquitination [12–15]. In the phosphory-
lated condition, however, NEDD4-2 preferentially potentiates the degradations of SGK1,
GRIA1 and glutamate transporter-1 (GLT-1) [11,17,36,50]. Thus, it is likely that the phos-
phorylation status may contribute to switching the downstream substrate specificity of
NEDD4-2, which is pending further investigation. SGK1 is a serine–threonine kinase
that plays an important role in NEDD4-2 phosphorylation [51]. Interestingly, the en-
hanced SGK1-mediated NEDD4-2 phosphorylation decreases SGK1 protein levels in a
dose-dependent manner by increasing SGK1 ubiquitination/degradation in the 26S protea-
some. Thus, SGK1 and NEDD4-2 regulate one another in a reciprocal manner [36]. SGK1
protein level is upregulated in the temporal neocortex of patients with pharmacoresistant
epilepsy and chronic epilepsy rats [52]. Consistent with this report, the present study
shows that SGK1 protein level was increased, while its ubiquitination was reduced, in the
epileptic hippocampus as compared to the normal (control) hippocampus. Furthermore,
AMPAR antagonists restored SGK1 level to control level by increasing its ubiquitination
and NEDD4-2 protein level in responders. Considering the reciprocal SGK1-NEDD4-
2 interactions [36], these findings indicate that SGK1 upregulation may be relevant to
the NEDD4-2 degradation in the epileptic hippocampus, which would be attenuated by
AMPAR antagonists.

SGK1 is activated by phosphorylating S78 and S422 sites through MAPK-ERK1/2 and
PI3K-PDK1-AKT pathways, respectively [37–40]. NEDD4-2 can also be directly phospho-
rylated by AKT [41]. Consistent with previous studies [4,10,30], the epileptic hippocampus
showed upregulated PDK1-AKT phosphorylation and downregulated ERK1/2 phospho-
rylation, which were reversely regulated by AMPAR antagonists. However, both SGK1
S78 and S422 phosphorylation ratios were lower in epilepsy rats than those in control
animals. In addition, AMPAR antagonists enhanced S78, but not S422, phosphorylation
level in responders, although they inhibited the PDK1-AKT signaling pathway. Taken
together, our findings suggest that reduced ERK1/2 activity (phosphorylation) may lead to
dysregulation of SGK1-mediated NEDD4-2 activation, independent of PI3K-PDK1-AKT
signaling cascade.

In the present study, PP2A and PP2B expressions in chronic epilepsy rats were lower
than those in control animals. Furthermore, their phosphorylation ratios were also reduced
in epilepsy animals. Since phosphorylation inhibits protein phosphatase activities [45,46],
it is likely that the reduced phosphorylation ratios of PP2A and PP2B may be compen-
satory responses for maintenance of their activities against downregulation of expressions.
Consistent with our previous study [30], furthermore, both AMPAR antagonists elevated
PP2B phosphorylation in responders, indicating the decreased PP2B phosphatase activ-
ity. Considering that PP2A and PP2B deactivate ERK1/2 kinase activity [42,43], these
findings indicate that AMPAR antagonists may enhance ERK1/2 phosphorylation by in-
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hibiting PP2B activity. Indeed, CsA co-treatment improved the anti-epileptic effects of
AMPAR antagonists in non-responders, concomitant with the increases in ERK1/2 and
SGK1 S78 phosphorylation, NEDD4-2 protein level, NEDD4-2 S448 phosphorylation and
ubiquitination of NEDD4-2 and GRIA1. Taken together, these findings indicate that dys-
regulation of PP2B-ERK1/2-SGK1 signaling pathway may play an important role in the
generation of refractory seizures to AMPAR antagonists via impaired NEDD4-2-mediated
GRIA1 ubiquitination.

PP2A also leads to SGK1 inactivation [44]. In the present study, however, neither
AMPAR antagonist affected PP2A expression or its phosphorylation. Recently, we have
reported that AMPAR antagonists inhibit casein kinase 2 (CK2) that binds to PP2A and
increases PP2A activity [53]. Thus, the possibility that AMPAR antagonists may reduce
CK2-PP2A-mediated SGK1 dephosphorylation in a phosphorylation-independent manner
cannot be excluded.

Under physiological conditions, AMPARs contain the GRIA2 subunit, which are per-
meable to Na+ and K+, but not Ca2+ [54]. In chronic epilepsy rats, membrane GRIA1/GRIA2
ratio is significantly higher than that in control animals, indicating a preponderance of
GRIA2-lacking (Ca2+-permeable) AMPAR [4,10,26]. A higher expression of Ca2+-permeable
AMPAR in the epileptic hippocampus results in a subsequent elevated Ca2+ influx fol-
lowed by PP2B activation [55–57]. AMPAR antagonists decrease GRIA1/GRIA2 ratio in
responders by reducing GRIA1, but not GRIA2, surface expression [4,10,26]. The present
study also demonstrates that AMPAR antagonists increased GRIA1 ubiquitination in re-
sponders, which indicates the decreased Ca2+-permeable AMPAR level. Furthermore,
the hyper-activation of AKT-glycogen synthase kinase 3β (GSK3β)-Ca2+/cAMP response
element-binding protein (CREB) pathway leads to increased Ca2+-permeable AMPAR in
non-responders [20,26], suggesting that dysregulation of AKT/GSK3β/CREB-mediated
GRIA1 surface expression may also be responsible for the prolonged PP2B activation. There-
fore, it is plausible that the increased Ca2+-permeable AMPAR expression would be a fun-
damental reason for the lack of response to the AMPAR antagonists in the non-responders.
However, the present data show that the lower efficacies of AMPAR antagonists to the
PP2B-ERK1/2-SGK1-NEDD4-2-mediated GRIA1 ubiquitination and the inhibition of spon-
taneous seizure activities (presumably due to the higher clearance of AMPAR antagonists
or the lower affinities of AMPAR antagonists on GRIA1 [23–25]) in non-responders were
improved by CsA co-treatment. If the upregulated GRIA2-lacking AMPAR expression
resulted in refractory seizures to AMPAR antagonists, CsA co-treatment would not inhibit
seizure activity in non-responders, since a lack of effects of CsA on neuronal excitability
and seizure activity is well known [30,58,59]. Therefore, our findings suggest that the
upregulated GRIA2-lacking AMPAR expression in non-responders may not be a primary
cause of intractable seizures to AMPAR antagonists (although it may be relevant to ictogen-
esis), but may be a consequence of the irresponsiveness to AMPAR antagonists. Moreover,
PP2B inhibition may enhance the efficacies of AMPAR antagonists in non-responders by
recovering the dysregulation of ERK1/2-SGK1-NEDD4-2-mediated GRIA1 ubiquitination
and secondarily reducing Ca2+-permeable AMPAR expression.

On the other hand, deubiquitination (the removal of ubiquitin moieties) also plays a
role in AMPAR-mediated neurotransmission [60,61]. Ubiquitin-specific protease (USP) 46,
a deubiquitinating enzyme, inhibits GRIA1 ubiquitination, accompanied by a decreased
rate in GRIA1 degradation and an increase in AMPAR synaptic accumulation [60]. With re-
spect to this, it is likely that downregulated GRIA1 deubiquitination may be involved in the
intractable seizures to AMPAR antagonists, and CsA co-treatment would also inhibit deu-
biquitinases of GRIA1 in non-responders via unknown mechanisms. However, retigabine,
an AED and a Kv7 channel opener, alleviates the acute stress-induced GRIA1 downregula-
tion by increasing USP2 expression [61]. Therefore, further studies are needed to elucidate
the role of GRIA1 deubiqutination in intractable seizures to AMPAR antagonists.
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5. Conclusions

The present study reveals that AMPAR antagonists ameliorated spontaneous seizure
activity by affecting the PP2B-mediated ERK1/2-SGK1-NEDD4-2 signaling pathway, which
is relevant to the enhanced GRIA1 ubiquitination. In addition, the dysregulation of this
pathway was one of the causes of refractory seizures to AMPAR antagonists. Therefore, our
findings suggest that PP2B-ERK1/2-SGK1-NEDD4-2 pathway may be one of the potential
therapeutic targets for the treatment of intractable TLE.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9081069/s1; Figure S1: Representative full-gel images of Western blots in Figure 3;
Figure S2: Representative full-gel images of Western blots in Figure 4; Figure S3: Representative
full-gel images of Western blots in Figure 5; Figure S4: Representative full-gel images of Western
blots in Figure 6; Figure S5: Representative full-gel images of Western blots in Figure 8.

Author Contributions: J.-E.K. and T.-C.K. designed and supervised the project. J.-E.K., D.-S.L., H.P.,
T.-H.K. and T.-C.K. performed the experiments described in the manuscript. J.-E.K. and T.-C.K.
analyzed the data and wrote the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by a grant from the National Research Foundation of Korea
(NRF) grant (No. 2021R1A2C4002003 and No. 2021R1A2B5B01001482).

Institutional Review Board Statement: All experimental protocols were approved by the Animal
Care and Use Committee of Hallym University (#Hallym 2018-2, 26 April 2018, #Hallym 2018-21, 8
June 2018 and #Hallym 2021-3, 27 April 2021).

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest. The
funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in
the writing of the manuscript; or in the decision to publish the results.

References

1. Fiest, K.M.; Sauro, K.M.; Wiebe, S.; Patten, S.B.; Kwon, C.S.; Dykeman, J.; Pringsheim, T.; Lorenzetti, D.L.; Jetté, N. Prevalence and
incidence of epilepsy: A systematic review and meta-analysis of international studies. Neurology 2017, 88, 296–303. [CrossRef]
[PubMed]

2. Herman, S.T. Epilepsy after brain insult: Targeting epileptogenesis. Neurology 2002, 59, S21–S26. [CrossRef] [PubMed]
3. Sillanpää, M.; Schmidt, D. Natural history of treated childhood-onset epilepsy: Prospective, long-term population-based study.

Brain 2006, 129, 617–624. [CrossRef] [PubMed]
4. Kim, J.E.; Park, H.; Lee, J.E.; Kim, T.H.; Kang, T.C. PTEN is required for the anti-epileptic effects of AMPA receptor antagonists in

chronic epileptic rats. Int. J. Mol. Sci. 2020, 21, 5643. [CrossRef]
5. Löscher, W. Animal models of epilepsy for the development of antiepileptogenic and disease-modifying drugs. A comparison

of the pharmacology of kindling and post-status epilepticus models of temporal lobe epilepsy. Epilepsy Res. 2002, 50, 105–123.
[CrossRef]

6. Egbenya, D.L.; Hussain, S.; Lai, Y.C.; Xia, J.; Anderson, A.E.; Davanger, S. Changes in synaptic AMPA receptor concentration and
composition in chronic temporal lobe epilepsy. Mol. Cell. Neurosci. 2018, 92, 93–103. [CrossRef]

7. Anggono, V.; Huganir, R.L. Regulation of AMPA receptor trafficking and synaptic plasticity. Curr. Opin. Neurobiol. 2012, 22,
461–469. [CrossRef]

8. Fritsch, B.; Stott, J.J.; Joelle Donofrio, J.; Rogawski, M.A. Treatment of early and late kainic acid-induced status epilepticus with
the noncompetitive AMPA receptor antagonist GYKI 52466. Epilepsia 2010, 51, 108–117. [CrossRef]

9. Mohammad, H.; Sekar, S.; Wei, Z.; Moien-Afshari, F.; Taghibiglou, C. Perampanel but not amantadine prevents behavioral
alterations and epileptogenesis in pilocarpine rat model of status epilepticus. Mol. Neurobiol. 2019, 56, 2508–2523. [CrossRef]

10. Kim, J.E.; Lee, D.S.; Park, H.; Kang, T.C. Src/CK2/PTEN-mediated GluN2B and CREB dephosphorylation regulate the respon-
siveness to AMPA receptor antagonists in chronic epilepsy rats. Int. J. Mol. Sci. 2020, 21, 9633. [CrossRef]

11. Zhu, J.; Lee, K.Y.; Jewett, K.A.; Man, H.Y.; Chung, H.J.; Tsai, N.P. Epilepsy-associated gene NEDD4-2 mediates neuronal activity
and seizure susceptibility through AMPA receptors. PLoS Genet. 2017, 13, e1006634. [CrossRef]

12. Ekberg, J.A.; Boase, N.A.; Rychkov, G.; Manning, J.; Poronnik, P.; Kumar, S. Nedd4-2 (NEDD4L) controls intracellular Na(+)-
mediated activity of voltage-gated sodium channels in primary cortical neurons. Biochem. J. 2014, 457, 27–31. [CrossRef]

13. Ekberg, J.; Schuetz, F.; Boase, N.A.; Conroy, S.J.; Manning, J.; Kumar, S.; Poronnik, P.; Adams, D.J. Regulation of the voltage-gated
K(+) channels KCNQ2/3 and KCNQ3/5 by ubiquitination. Novel role for Nedd4-2. J. Biol. Chem. 2007, 282, 12135–12142.
[CrossRef]

106



Biomedicines 2021, 9, 1069

14. Goel, P.; Manning, J.A.; Kumar, S. NEDD4-2 (NEDD4L): The ubiquitin ligase for multiple membrane proteins. Gene 2015, 557,
1–10. [CrossRef]

15. Schuetz, F.; Kumar, S.; Poronnik, P.; Adams, D.J. Regulation of the voltage-gated K(+) channels KCNQ2/3 and KCNQ3/5 by
serum- and glucocorticoid-regulated kinase-1. Am. J. Physiol. Cell. Physiol. 2008, 295, C73–C80. [CrossRef]

16. Yu, T.; Calvo, L.; Anta, B.; López-Benito, S.; López-Bellido, R.; Vicente-García, C.; Tessarollo, L.; Rodriguez, R.E.; Arévalo, J.C.
In vivo regulation of NGF-mediated functions by Nedd4-2 ubiquitination of TrkA. J. Neurosci. 2014, 34, 6098–6106. [CrossRef]
[PubMed]

17. Kim, J.E.; Lee, D.S.; Kim, M.J.; Kang, T.C. PLPP/CIN-mediated NEDD4-2 S448 dephosphorylation regulates neuronal excitability
via GluA1 ubiquitination. Cell Death Dis. 2019, 10, 545. [CrossRef] [PubMed]

18. Epi4K Consortium; Epilepsy Phenome/Genome Project; Allen, A.S.; Berkovic, S.F.; Cossette, P.; Delanty, N.; Dlugos, D.; Eichler,
E.E.; Epstein, M.P.; Glauser, T.; et al. De novo mutations in epileptic encephalopathies. Nature 2013, 501, 217–221. [PubMed]

19. Dibbens, L.M.; Ekberg, J.; Taylor, I.; Hodgson, B.L.; Conroy, S.J.; Lensink, I.L.; Kumar, S.; Zielinski, M.A.; Harkin, L.A.; Sutherland,
G.R.; et al. NEDD4-2 as a potential candidate susceptibility gene for epileptic photosensitivity. Genes Brain Behav. 2007, 6, 750–755.
[CrossRef]

20. Vanli-Yavuz, E.N.; Ozdemir, O.; Demirkan, A.; Catal, S.; Bebek, N.; Ozbek, U.; Baykan, B. Investigation of the possible association
of NEDD4-2 (NEDD4L) gene with idiopathic photosensitive epilepsy. Acta Neurol. Belg. 2015, 115, 241–245. [CrossRef]

21. Kim, J.E.; Lee, D.S.; Kim, T.H.; Park, H.; Kim, M.J.; Kang, T.C. PLPP/CIN-mediated Mdm2 dephosphorylation increases seizure
susceptibility via abrogating PSD95 ubiquitination. Exp. Neurol. 2020, 331, 113383. [CrossRef]

22. Kim, J.E.; Lee, D.S.; Kim, T.H.; Park, H.; Kim, M.J.; Kang, T.C. PLPP/CIN-mediated NF2-serine 10 dephosphorylation regulates
F-actin stability and Mdm2 degradation in an activity-dependent manner. Cell Death Dis. 2021, 12, 37. [CrossRef] [PubMed]

23. Löscher, W.; Potschka, H. Blood-brain barrier active efflux transporters: ATP-binding cassette gene family. NeuroRx 2005, 2, 86–98.
[CrossRef] [PubMed]

24. Vezzani, A.; Balosso, S.; Ravizza, T. Neuroinflammatory pathways as treatment targets and biomarkers in epilepsy. Nat. Rev.
Neurol. 2019, 15, 459–472. [CrossRef]

25. Tang, F.; Hartz, A.M.S.; Bauer, B. Drug-resistant epilepsy: Multiple hypotheses, few answers. Front. Neurol. 2017, 8, 301.
[CrossRef] [PubMed]

26. Kim, J.E.; Lee, D.S.; Park, H.; Kim, T.H.; Kang, T.C. Inhibition of AKT/GSK3β/CREB pathway improves the responsiveness to
AMPA receptor antagonists by regulating GRIA1 surface expression in chronic epilepsy rats. Biomedicines 2021, 9, 425. [CrossRef]
[PubMed]

27. Widagdo, J.; Chai, Y.J.; Ridder, M.C.; Chau, Y.Q.; Johnson, R.C.; Sah, P.; Huganir, R.L.; Anggono, V. Activity-Dependent
Ubiquitination of GluA1 and GluA2 Regulates AMPA Receptor Intracellular Sorting and Degradation. Cell Rep. 2015, 10, 783–795.
[CrossRef]

28. Lin, A.; Hou, Q.; Jarzylo, L.; Amato, S.; Gilbert, J.; Shang, F.; Man, H.Y. Nedd4-mediated AMPA receptor ubiquitination regulates
receptor turnover and trafficking. J. Neurochem. 2011, 119, 27–39. [CrossRef] [PubMed]

29. Schwarz, L.A.; Hall, B.J.; Patrick, G.N. Activity-dependent ubiquitination of GluA1 mediates a distinct AMPA receptor endocytosis
and sorting pathway. J. Neurosci. 2010, 30, 16718–16729. [CrossRef]

30. Kim, J.E.; Choi, H.C.; Song, H.K.; Kang, T.C. Perampanel affects up-stream regulatory signaling pathways of GluA1 phosphoryla-
tion in normal and epileptic rats. Front. Cell. Neurosci. 2019, 13, 80. [CrossRef] [PubMed]

31. Ko, A.R.; Kang, T.C. Blockade of endothelin B receptor improves the efficacy of levetiracetam in chronic epileptic rats. Seizure
2015, 31, 133–140. [CrossRef] [PubMed]

32. Racine, R.J. Modification of seizure activity by electrical stimulation. II. Motor seizure. Electroencephalogr. Clin. Neurophysiol. 1972,
32, 281–294. [CrossRef]

33. Lee, K.Y.; Jewett, K.A.; Chung, H.J.; Tsai, N.P. Loss of fragile X protein FMRP impairs homeostatic synaptic downscaling through
tumor suppressor p53 and ubiquitin E3 ligase Nedd4-2. Hum. Mol. Genet. 2018, 27, 2805–2816. [CrossRef] [PubMed]

34. Wu, L.; Peng, J.; Kong, H.; Yang, P.; He, F.; Deng, X.; Gan, N.; Yin, F. The role of ubiquitin/Nedd4-2 in the pathogenesis of mesial
temporal lobe epilepsy. Physiol. Behav. 2015, 143, 104–112. [CrossRef]

35. Chandran, S.; Li, H.; Dong, W.; Krasinska, K.; Adams, C.; Alexandrova, L.; Chien, A.; Hallows, K.R.; Bhalla, V. Neural precursor
cell-expressed developmentally downregulated protein 4-2 (Nedd4-2) regulation by 14-3-3 protein binding at canonical serum
and glucocorticoid kinase 1 (SGK1) phosphorylation sites. J. Biol. Chem. 2011, 286, 37830–37840. [CrossRef]

36. Zhou, R.; Snyder, P.M. Nedd4-2 phosphorylation induces serum and glucocorticoid-regulated kinase (SGK) ubiquitination and
degradation. J. Biol. Chem. 2005, 280, 4518–4523. [CrossRef]

37. Kobayashi, T.; Cohen, P. Activation of serum- and glucocorticoid-regulated protein kinase by agonists that activate phosphatidyli-
nositide 3-kinase is mediated by 3-phosphoinositide-dependent protein kinase-1 (PDK1) and PDK2. Biochem. J. 1999, 339, 319–328.
[CrossRef]

38. Lee, C.T.; Ma, Y.L.; Lee, E.H. Serum- and glucocorticoid-inducible kinase1 enhances contextual fear memory formation through
downregulation of the expression of Hes5. J. Neurochem. 2007, 100, 1531–1542.

39. Lee, C.T.; Tyan, S.W.; Ma, Y.L.; Tsai, M.C.; Yang, Y.C.; Lee, E.H. Serum- and glucocorticoid-inducible kinase (SGK) is a target of the
MAPK/ERK signaling pathway that mediates memory formation in rats. Eur. J. Neurosci. 2006, 23, 1311–1320. [CrossRef]

107



Biomedicines 2021, 9, 1069

40. García-Martínez, J.M.; Alessi, D.R. mTOR complex 2 (mTORC2) controls hydrophobic motif phosphorylation and activation of
serum- and glucocorticoid-induced protein kinase 1 (SGK1). Biochem. J. 2008, 416, 375–385. [CrossRef]

41. Lee, I.H.; Dinudom, A.; Sanchez-Perez, A.; Kumar, S.; Cook, D.I. Akt mediates the effect of insulin on epithelial sodium channels
by inhibiting Nedd4-2. J. Biol. Chem. 2007, 282, 29866–29873. [CrossRef]

42. Waskiewicz, A.J.; Cooper, J.A. Mitogen and stress response pathways: MAP kinase cascades and phosphatase regulation in
mammals and yeast. Curr. Opin. Cell Biol. 1995, 7, 798–805. [CrossRef]

43. Gabryel, B.; Pudelko, A.; Adamczyk, J.; Fischer, I.; Malecki, A. Calcineurin and Erk1/2-signaling pathways are involved in the
antiapoptotic effect of cyclosporin A on astrocytes exposed to simulated ischemia in vitro. Naunyn. Schmiedebergs Arch. Pharmacol.
2006, 374, 127–139. [CrossRef] [PubMed]

44. Park, J.; Leong, M.L.; Buse, P.; Maiyar, A.C.; Firestone, G.L.; Hemmings, B.A. Serum and glucocorticoid-inducible kinase (SGK) is
a target of the PI 3-kinase-stimulated signaling pathway. EMBO J. 1999, 18, 3024–3033. [CrossRef] [PubMed]

45. Hashimoto, Y.; King, M.M.; Soderling, T.R. Regulatory interactions of calmodulin-binding proteins: Phosphorylation of calcineurin
by autophosphorylated Ca2+/calmodulin-dependent protein kinase II. Proc. Natl. Acad. Sci. USA 1988, 85, 7001–7005. [CrossRef]
[PubMed]

46. MacDonnell, S.M.; Weisser-Thomas, J.; Kubo, H.; Hanscome, M.; Liu, Q.; Jaleel, N.; Berretta, R.; Chen, X.; Brown, J.H.; Sabri, A.K.;
et al. CaMKII negatively regulates calcineurin-NFAT signaling in cardiac myocytes. Circ. Res. 2009, 105, 316–325. [CrossRef]

47. Schwarz, L.A.; Patrick, G.N. Ubiquitin-dependent endocytosis, trafficking and turnover of neuronal membrane proteins. Mol.
Cell. Neurosci. 2012, 49, 387–393. [CrossRef] [PubMed]

48. Hallengren, J.; Chen, P.C.; Wilson, S.M. Neuronal ubiquitin homeostasis. Cell Biochem. Biophys. 2013, 67, 67–73. [CrossRef]
[PubMed]

49. Bruce, M.C.; Kanelis, V.; Fouladkou, F.; Debonneville, A.; Staub, O.; Rotin, D. Regulation of Nedd4-2 self-ubiquitination and
stability by a PY motif located within its HECT-domain. Biochem. J. 2008, 415, 155–163. [CrossRef] [PubMed]

50. García-Tardón, N.; González-González, I.M.; Martínez-Villarreal, J.; Fernández-Sánchez, E.; Giménez, C.; Zafra, F. Protein kinase
C (PKC)-promoted endocytosis of glutamate transporter GLT-1 requires ubiquitin ligase Nedd4-2-dependent ubiquitination but
not phosphorylation. J. Biol. Chem. 2012, 287, 19177–19187. [CrossRef]

51. Snyder, P.M.; Olson, D.R.; Kabra, R.; Zhou, R.; Steines, J.C. cAMP and serum and glucocorticoid-inducible kinase (SGK) regulate
the epithelial Na+ channel through convergent phosphorylation of Nedd4-2. J. Biol. Chem. 2004, 279, 45753–45758. [CrossRef]

52. Wang, L.; Zhou, C.; Zhu, Q.; Luo, J.; Xu, Y.; Huang, Y.; Zhang, X.; Wang, X. Upregulation of serum- and glucocorticoid-induced
protein kinase 1 in the brain tissue of human and experimental epilepsy. Neurochem. Int. 2010, 57, 899–905. [CrossRef]

53. Pérez, M.; Avila, J. The expression of casein kinase 2α’ and phosphatase 2A activity. Biochim. Biophys. Acta 1999, 1449, 150–156.
[CrossRef]

54. Pellegrini-Giampietro, D.E.; Gorter, J.A.; Bennett, M.V.; Zukin, R.S. The GluR2 (GluR-B) hypothesis: Ca2+-permeable AMPA
receptors in neurological disorders. Trends Neurosci. 1997, 20, 464–470. [CrossRef]

55. Hell, J.W. How Ca2+-permeable AMPA receptors, the kinase PKA, and the phosphatase PP2B are intertwined in synaptic LTP
and LTD. Sci. Signal. 2016, 9, e2. [CrossRef] [PubMed]

56. Ma, Y.; Sun, X.; Li, J.; Jia, R.; Yuan, F.; Wei, D.; Jiang, W. Melatonin Alleviates the Epilepsy-Associated Impairments in Hippocampal
LTP and Spatial Learning Through Rescue of Surface GluR2 Expression at Hippocampal CA1 Synapses. Neurochem. Res. 2017, 42,
1438–1448. [CrossRef]

57. Lorgen, J.Ø.; Egbenya, D.L.; Hammer, J.; Davanger, S. PICK1 facilitates lasting reduction in GluA2 concentration in the
hippocampus during chronic epilepsy. Epilepsy Res. 2017, 137, 25–32. [CrossRef] [PubMed]

58. Taubøll, E.; Gerdts, R.; Gjerstad, L. Cyclosporin A and brain excitability studied in vitro. Epilepsia 1998, 39, 687–691. [CrossRef]
[PubMed]

59. Handreck, A.; Mall, E.M.; Elger, D.A.; Gey, L.; Gernert, M. Different preparations, doses, and treatment regimens of cyclosporine
A cause adverse effects but no robust changes in seizure thresholds in rats. Epilepsy Res. 2015, 112, 1–17. [CrossRef]

60. Huo, Y.; Khatri, N.; Hou, Q.; Gilbert, J.; Wang, G.; Man, H.Y. The deubiquitinating enzyme USP46 regulates AMPA receptor
ubiquitination and trafficking. J. Neurochem. 2015, 134, 1067–1080. [CrossRef]

61. Li, C.; Zhang, J.; Xu, H.; Chang, M.; Lv, C.; Xue, W.; Song, Z.; Zhang, L.; Zhang, X.; Tian, X. Retigabine ameliorates acute
stress-induced impairment of spatial memory retrieval through regulating USP2 signaling pathways in hippocampal CA1 area.
Neuropharmacology 2018, 135, 151–162. [CrossRef] [PubMed]

108



biomedicines

Article

Inhibition of AKT/GSK3β/CREB Pathway Improves
the Responsiveness to AMPA Receptor Antagonists
by Regulating GRIA1 Surface Expression in Chronic
Epilepsy Rats

Ji-Eun Kim, Duk-Shin Lee, Hana Park, Tae-Hyun Kim and Tae-Cheon Kang *

Citation: Kim, J.-E.; Lee, D.-S.; Park,

H.; Kim, T.-H.; Kang, T.-C. Inhibition

of AKT/GSK3β/CREB Pathway

Improves the Responsiveness to

AMPA Receptor Antagonists by

Regulating GRIA1 Surface Expression

in Chronic Epilepsy Rats. Biomedicines

2021, 9, 425. https://doi.org/

10.3390/biomedicines9040425

Academic Editor: Prosper N’Gouemo

Received: 26 March 2021

Accepted: 13 April 2021

Published: 14 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Anatomy and Neurobiology, Institute of Epilepsy Research, College of Medicine,
Hallym University, Chuncheon 24252, Korea; jieunkim@hallym.ac.kr (J.-E.K.); dslee84@hallym.ac.kr (D.-S.L.);
M19050@hallym.ac.kr (H.P.); hyun1028@hallym.ac.kr (T.-H.K.)
* Correspondence: tckang@hallym.ac.kr; Tel.: +82-33-248-2524; Fax: +82-33-248-2525

Abstract: α-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) has been re-
ported as one of the targets for treatment of epilepsy. Although maladaptive regulation of surface
expression of glutamate ionotropic receptor AMPA type subunit 1 (GRIA1) subunit is relevant to the
responsiveness to AMPAR antagonists (perampanel and GYKI 52466) in LiCl-pilocarpine-induced
chronic epilepsy rats, the underlying mechanisms of refractory seizures to AMPAR antagonists
have yet been unclear. In the present study, we found that both AMPAR antagonists restored the
up-regulations of GRIA1 surface expression and Src family-mediated glycogen synthase kinase 3β
(GSK3β)-Ca2+/cAMP response element-binding protein (CREB) phosphorylations to control levels
in responders (whose seizure activities were responsive to AMPAR) but not non-responders (whose
seizure activities were uncontrolled by AMPAR antagonists). In addition, 3-chloroacetyl indole
(3CAI, an AKT inhibitor) co-treatment attenuated spontaneous seizure activities in non-responders,
accompanied by reductions in AKT/GSK3β/CREB phosphorylations and GRIA1 surface expression.
Although AMPAR antagonists reduced GRIA2 tyrosine (Y) phosphorylations in responders, they
did not affect GRIA2 surface expression and protein interacting with C kinase 1 (PICK1) protein
level in both responders and non-responders. Therefore, our findings suggest that dysregulation of
AKT/GSK3β/CREB-mediated GRIA1 surface expression may be responsible for refractory seizures
in non-responders, and that this pathway may be a potential target to improve the responsiveness to
AMPAR antagonists.

Keywords: 3CAI; GRIA1; GRIA2; intractable epilepsy; PICK1; protein kinase C

1. Introduction

Epilepsy is a common clinical neurological disease characterized by spontaneous
seizures due to abnormal neuronal discharges. Over decades, the incidence of epilepsy
presents an increasing tendency with a reported number of 65 million patients worldwide.
About 30% temporal lobe epilepsy (TLE) patients show refractory seizures that are uncon-
trolled by standard medications with antiepileptic drugs (AEDs). In addition, patients with
intractable seizures have a high mortality rate [1,2]. Given the inefficacy of AEDs and the
unrelenting nature of intractable epilepsy, therefore, the necessity to explore the underlying
mechanisms of generation of refractory seizures is undoubted.

Although the pathogenesis of epilepsy remains to be fully elucidated, hyper-activation
of the glutamate receptor is one of the important causes of epilepsy. A massive release
of glutamate and the subsequent over-activation of glutamate receptors cause aberrant
neuronal hyper-excitability, followed by delayed neuronal death and secondary injury [3,4].
Recently, α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) has
been focused on as one of the major therapeutic targets for treatment of epilepsy [5]
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since AMPAR antagonists, but not N-methyl-D-aspartate receptor (NMDAR) antagonists,
terminate status epilepticus (SE, a prolonged seizure activity) and seizure activity in animal
models and preferentially suppress seizure-related long-term consequences [6–8].

AMPAR is one of the ionotropic glutamate receptors, which exists as a homomeric or
heteromeric assembly of four subunits (glutamate ionotropic receptor AMPA type subunit
(GRIA) 1–4) encoded by different genes [9]. GRIA subunits preferentially dimerize soon after
the translocation in the endoplasmic reticulum (ER) and tetramerize prior to ER exit [10].
Activity-dependent phosphorylation/dephosphorylation of intracellular C-terminal sites on
the AMPAR subunits GRIA1 and GRIA2 regulate their synaptic trafficking and functional
properties [11,12]: Phosphorylation of GRIA1 at serine (S) 831 and/or S845 sites increases
both open channel conductance and its surface expression [13,14]. In contrast, GRIA2 S880
phosphorylation facilitates its internalization [15]. Interestingly, GRIA2 subunit regulates the
ion-permeable properties of AMPAR. GRIA2-containing AMPAR is permeable to Na+ and K+

but not Ca2+. In contrast, GRIA2-lacking AMPAR is highly permeable to Ca2+, which activates
a series of intracellular protein kinases or immediate early genes. In the hippocampus of
epileptic animals, GRIA2 surface expression is decreased [16,17], while >95% of AMPARs
contain the GRIA2 subunit under physiological conditions [18]. Therefore, it is likely that
increased membrane GRIA1/GRIA2 ratio may be an important component of the ictoge-
nesis and the seizure-associated consequences by leading to a high Ca2+ permeability of
AMPAR in the epileptic brain. Indeed, we have reported that membrane GRIA1/GRIA2 ratio
is significantly higher in chronic epilepsy rats than that in control animals, indicating the
existing preponderance of Ca2+-permeable AMPAR, although both GRIA1 and GRIA2 levels
are lower in the hippocampus. In addition, AMPAR antagonists (perampanel and GYKI
52466) decrease membrane GRIA1/GRIA2 ratio by reducing GRIA1, but not GRIA2, surface
expression [19,20]. These effects of AMPAR antagonists are relevant to Src family/casein ki-
nase 2 (CK2)/phosphatase and tensin homolog deleted on chromosome ten (PTEN)-mediated
Ca2+/cAMP response element-binding protein (CREB) S133 phosphorylation, which are ob-
served in responders (whose seizure activities are responsive to AMPA antagonists), but not
non-responders (whose seizure activities are not uncontrolled) [19]. However, the up-stream
signaling pathways regulating membrane GRIA1/GRIA2 ratio in the epileptic hippocampus
have yet been elusive.

On the other hand, GRIA2 phosphorylations regulate their surface expression through
interactions with glutamate receptor interacting protein 1 (GRIP1) and protein interact-
ing with C kinase 1 (PICK1) that contains the postsynaptic density-95/Discs large/zona
occludens-1 (PDZ) domain. GRIP1 enhances GRIA2 surface expression, whereas PICK1
facilitates its internalization [21,22]. Src family-mediated GRIA2 phosphorylations on
tyrosine (Y) 869, Y873, and Y876 sites destabilize its interaction with GRIP1 and allow more
GRIA2–PICK1 binding to promote its internalization [23,24]. In addition, protein kinase C
(PKC)-mediated S880 phosphorylation also decreases GRIA2 binding to GRIP1, but not to
PICK1, and results in rapid GRIA2 internalization [21]. However, the regulations of the
GRIA2 subunit phosphorylations in response to AMPAR antagonists in the epileptic hip-
pocampus are largely unknown. In an effort to understand the pathogenesis of intractable
epilepsy, therefore, it will be noteworthy to more specifically investigate the underlying
mechanisms of refractory seizures to AMPAR antagonists.

Here, we demonstrated that the anti-convulsive effects of AMPAR antagonists were
closely relevant to the regulation of AKT/glycogen synthase kinase 3β (GSK3β)/CREB-
mediated GRIA1 surface expression rather than the modulation of PICK1–GRIA2 internal-
ization. In addition, impairment of this signaling pathway resulted in refractory seizures
in response to AMPAR antagonists, which were improved by 3-chloroacetyl indole (3CAI,
an AKT inhibitor) co-treatment. Therefore, our findings suggest that AKT/GSK3β/CREB
pathway may be a potential therapeutic strategy to improve the treatment of intractable
TLE in response to AMPAR antagonists.
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2. Materials and Methods

2.1. Experimental Animals and Chemicals

Male Sprague–Dawley (SD) rats (7 weeks old) were provided with a commercial diet
and water ad libitum under controlled temperature, humidity, and lighting conditions
(22 ± 2 ◦C, 55 ± 5% and a 12:12 light/dark cycle with lights). Animal protocols were
approved by the Institutional Animal Care and Use Committee of Hallym University
(Hallym 2018-2, 26 April 2018 and Hallym 2018-21, 8 June 2018). All reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA), except as noted.

2.2. Generation of Chronic Epilepsy Rats

Figure 1 illustrates the design of the drug trial methodology, which was a modified
protocol based on Ko and Kang [25]. Animals were intraperitoneally (i.p.) given LiCl
(127 mg/kg) 24 h before the pilocarpine treatment. Animals were treated with pilocarpine
(30 mg/kg, i.p.) 20 min after atropine methylbromide (5 mg/kg i.p.). Two hours after
SE on-set, animals were administered diazepam (Valium; Hoffman la Roche, Neuilly sur-
Seine, France; 10 mg/kg, i.p.) and dosage was repeated, as needed. Control animals
received saline in place of pilocarpine. Animals were video-monitored 8 h a day for general
behavior and occurrence of spontaneous seizures by 4 weeks after SE induction. Behavioral
seizure severity was evaluated according to Racine’s scale [26]: 1, immobility, eye closure,
twitching of vibrissae, sniffing, facial clonus; 2, head nodding associated with more severe
facial clonus; 3, clonus of one forelimb; 4, rearing, often accompanied by bilateral forelimb
clonus; and 5, rearing with loss of balance and falling accompanied by generalized clonic
seizures. We classified chronic epilepsy rats that showed behavioral seizures with seizure
score ≥3 more than once.

Figure 1. Scheme of the experimental design in the present study.

2.3. Surgery

Control and epilepsy rats were implanted with monopolar stainless steel electrodes
(Plastics One, Roanoke, VA, USA) in the right hippocampus (stereotaxic coordinates were
−3.8 mm posterior; 2.0 mm lateral; −2.6 mm depth to bregma) under Isoflurane anesthesia
(3% induction, 1.5–2% for surgery, and 1.5% maintenance in a 65:35 mixture of N2O:O2).
Animals were also implanted with a brain infusion kit 1 (Alzet, Cupertino, CA, USA) to
infuse with 3CAI (an AKT inhibitor, 25 μM) into the right lateral ventricle (1 mm posterior;
1.5 mm lateral; −3.5 mm depth to the bregma, see below). Throughout surgery, core
temperature of each rat was maintained at 37–38 ◦C. Electrode was secured to the exposed
skull with dental acrylic.
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2.4. Drug Trials, EEG Analysis and Quantification of Behavioral Seizure Activity
2.4.1. Experiment I

After baseline seizure activity was determined over 3 days, perampanel (2-(2-oxo-1-
phenyl-5-pyridin-2-yl-1,2-dihydropyridin-3-yl)benzonitrile; 8 mg/kg, i.p, Eisai Korea Inc,
Seoul, South Korea), GYKI 52466 (1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-
benzodiazepine hydrochloride, 10 mg/kg, i.p.) or saline (vehicle) was daily administered
at 6:00 p.m. over a 1-week period [19,20,27]. Electroencephalographic (EEG) signals were
detected with a DAM 80 differential amplifier (0.1–3000 Hz bandpass; World Precision
Instruments, Sarasota, FL, USA) 2 h a day at the same time over a 1-week period. The data
were digitized and analyzed using LabChart Pro v7 (ADInstruments, Bella Vista, New
South Wales, Australia). Behavioral seizure severity was measured according to Racine’s
scale [26], as aforementioned. Non-responders were defined as showing no reduction in
total seizure frequency in a 7-day period, as compared with the pre-treatment stage. After
recording (18 h after the last drug treatment), animals were used for Western blot.

2.4.2. Experiment II

Some non-responders in experiment I were given saline (i.p.) over a 7-day period.
Thereafter, animals were daily given perampanel or GYKI 52466 by the aforementioned
method. Rats were also connected with Alzet 1007D osmotic pump (Alzet, Cupertino, CA,
USA) containing vehicle or 3CAI (25 μM) [28]. The pump was placed in a subcutaneous
pocket in the dorsal region. In a pilot study and our previous study [28], this dosage of
3CAI did not show behavioral and neurological defects and could not change the seizure
susceptibility and seizure severity in response to pilocarpine. After recording (18 h after
the last drug treatment), animals were used for Western blot.

2.5. Western Blot

Animals were sacrificed by decapitation, and their hippocampi were obtained and
homogenized in lysis buffer containing protease inhibitor cocktail (Roche Applied Sciences,
Branford, CT, USA) and phosphatase inhibitor cocktail (PhosSTOP®, Roche Applied Sci-
ence, Branford, CT, USA). Thereafter, total protein concentration calibrated using a Micro
BCA Protein Assay Kit (Pierce Chemical, Rockford, IL, USA). To analyze membrane GRIA
subunit expressions, the bilateral hippocampal tissues (~100 mg) were washed gently
with ice-cold PBS and chopped and homogenized for 10 strokes using a Dounce tissue
homogenizer. Thereafter, membrane proteins were extracted with a subcellular Protein
Fractionation Kit for Tissues (Thermo Scientific Korea, Seoul, South Korea), according to the
manufacturer’s instructions. Western blot was performed by the standard protocol: Sample
proteins (10μg) were separated on a Bis-Tris sodium dodecyl sulfate-poly-acrylamide gel
(SDS-PAGE) and transferred to membranes. Membranes were incubated with 2% bovine
serum albumin (BSA) in Tris-buffered saline (TBS; in mM 10 Tris, 150 NaCl, pH 7.5, and
0.05% Tween 20), and then reacted with primary antibodies (Table 1) overnight at 4 ◦C.
After washing, membranes were incubated in a solution containing horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 h at room temperature. Immunoblots were
detected and quantified using ImageQuant LAS4000 system (GE Healthcare Korea, Seoul,
South Korea). Optical densities of proteins were calculated with the corresponding amount
of β-actin or N-cadherin.
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Table 1. Primary antibodies used in the present study.

Antigen Host Manufacturer (Catalog Number) Dilution Used

CREB Rabbit Novus biologicals (NBP1-90364) 1:500 (WB)

GRIA1 Mouse Synaptic systems (#182011) 1:1000 (WB)

GRIA2 Rabbit Sigma (AB1768-I) 1:1000 (WB)

GSK3β Rabbit Elapscience (ENT2082) 1:1000 (WB)

N-cadherin Rabbit Abcam (ab182030) 1:4000 (WB)

p-CREB S133 Rabbit Novus biologicals (NB110-55727) 1:5000 (WB)

p-GRIA2
Y869/Y873/Y876 Rabbit Cell signaling (#3921) 1:1000 (WB)

p-GRIA2 S880 Rabbit Invitrogen (#PA5-38134) 1:1000 (WB)

p-GSK3β S9 Rabbit Biorbyt (orb14745) 1:1000 (WB)

p-PKC T497 Rabbit Abcam (ab76016) 1:1000 (WB)

p-Src family Y416 Rabbit Cell signaling (#6943) 1:1000 (WB)

p-Src family Y527 Rabbit Cell signaling (#2105) 1:1000 (WB)

PICK1 Rabbit Abcam (ab3420) 1:1000 (WB)

PKC Rabbit Abcam (ab23511) 1:1000 (WB)

Src family Rabbit Cell signaling (#2108) 1:1000 (WB)

β-actin Mouse Sigma (#A5316) 1:5000 (WB)

2.6. Data Analysis

Seizure parameters (frequency, duration and Racine scores) were assessed by different
investigators who were blind to the classification of animal groups and treatments. Shapiro–
Wilk W-test was used to evaluate the values on normality. Mann–Whitney U-test, Wilcoxon
signed rank test, Student’s t-test, and paired Student’s t-test were applied to determine
statistical significance of data. Comparisons among groups were also performed using
repeated measures ANOVA, Friedman test, and one-way ANOVA followed by Bonferroni’s
post hoc comparisons. A p-value less than 0.05 was considered to be significant.

3. Results

3.1. Effects of AMPAR Antagonists on Chronic Spontaneous Seizure Activity

In epileptic rats, the total seizure frequency (number of seizures), the total electroen-
cephalographic (EEG) seizure duration, and average seizure severity (behavioral seizure
core) were 11.9 ± 2.5, 996.4 ± 121 s, and 3.7 ± 0.5 over 1-week period, respectively (n = 7,
Figure 2A–C). In responders, perampanel gradually reduced seizure frequency (χ2

(1) = 5.5,
p = 0.019, Friedman test, n = 7), seizure duration (F(1,12) = 6.6, p = 0.025, repeated measures
ANOVA, n = 7), and the seizure severity (χ2

(1) = 5.3, p = 0.021, Friedman test, n = 7) over
1-week period (Figure 2A,B). The total seizure frequency was 6.42 ± 1.5 (Z = 3.14, p = 0.001
vs. vehicle, Mann–Whitney U-test, n = 7), the total seizure duration was 538.3 ± 127 s
(t(12) = 13.43, p < 0.001 vs. vehicle, Student t-test, n = 7), and the average seizure severity
was 1.9 ± 0.2 over 1-week period (Z = 2.89, p = 0.002 vs. vehicle, Mann–Whitney U-test,
n = 7; Figure 2C). Six out of thirteen rats in perampanel-treated group were identified as
non-responders whose seizure activities were uncontrolled by perampanel (total seizure
frequency, 10.8 ± 2.5; total seizure duration, 852.2 ± 150.5 s; average seizure severity, 3.8 ±
0.3; Figure 2B,C).
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Figure 2. The effects of perampanel (PER) and GYKI 52466 (GYKI) on spontaneous seizure activities in chronic epilepsy
rats. Both α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) antagonists effectively attenuate
spontaneous seizure activities in responders. (A) Representative electroencephalograms (EEG) in each group at 2 days
after treatment. (B) Quantitative analyses of the chronological effects of AMPAR antagonists on seizure frequency, seizure
duration, and seizure severity (seizure score) over 7-day period. Error bars indicate SD (* p < 0.05 vs. vehicle (Veh)-treated
animals; Friedman test for seizure frequency and seizure severity; Repeated measures ANOVA for seizure duration).
(C) Quantitative analyses of seizure frequency, total seizure duration and average behavioral seizure score (seizure severity)
in 7-day period. Open circles indicate each individual value. Horizontal bars indicate mean value. Error bars indicate
SD (* p < 0.05 vs. vehicle (Veh)-treated animals; Mann–Whitney U-test for seizure frequency and seizure severity; Student
t-test for seizure duration).

GYKI 52466 also decreased seizure frequency (χ2
(1) = 6.2, p = 0.013, Friedman test,

n = 6), total seizure duration (F(1,11) = 5.9, p = 0.033, repeated measures ANOVA, n = 6),
and the seizure severity (χ2

(1) = 4.8, p = 0.029, Friedman test, n = 6) in responders over
1-week period (Figure 2A,B). In responders to GYKI 52466, the total seizure frequency was
5.2 ± 1.2 (Z = 3.01, p = 0.001 vs. vehicle, Mann–Whitney U-test, n = 6), the total seizure
duration was 551.7 ± 92.9 s (t(11) = 10.01, p < 0.001 vs. vehicle, Student t-test, n = 6), and the
average seizure severity was 2.1 ± 0.3 over 1-week period (Z = 2.86, p = 0.002 vs. vehicle,
Mann–Whitney U-test, n = 6; Figure 2C). Six out of twelve rats in GYKI 52466-treated
group were identified as non-responders (total seizure frequency, 10.8 ± 2.3; total seizure
duration, 870.8 ± 80.5 s; average seizure severity, 3.7 ± 0.3; Figure 2B,C).

3.2. Effects of AMPAR Antagonists on GRIA2 Phosphorylations

The phosphorylations of GRIA2 regulate its surface expression and influence AMPAR
functionality [15,21–24]. Therefore, we first explored whether AMPAR antagonists affect
GRIA2 protein expression and its phosphorylation levels in the epileptic hippocampus.
Consistent with previous studies [16,17], total GRIA2 protein level was 37% lower in
the epileptic hippocampus (t(12) = 10.0, p < 0.001 vs. control animals, Student t-test;
Figure 3A,B and Figure S1), as compared to control animals. Compatible to its protein
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level, GRIA2 Y869/Y873/Y876 phosphorylation levels were decreased to 0.49-fold of
control level in the vehicle-treated epilepsy rats (t(12) = 14.8, p < 0.001 vs. control animals,
Student t-test; Figure 3A,C). GRIA2 Y phosphorylation ratio was 0.79-fold of control level
in the vehicle-treated epilepsy rats (t(12) = 3.8, p < 0.001 vs. control animals, Student t-test;
Figure 3A,D).

Figure 3. The effects of perampanel (PER) and GYKI 52466 (GYKI) on total glutamate ionotropic receptor AMPA type
subunit 2 (GRIA2) expression and its phosphorylations in chronic epilepsy rats. (A) Representative images for Western
blot of GRIA2 and its phosphorylation levels in the hippocampal tissues. (B–F) Quantifications of GRIA2 (B), p-GRIA2
Y869/Y873/Y876 (C), p-GRIA2 Y869/Y873/Y876/GRIA2 ratio (D), p-GRIA2 S880 (E), and p-GRIA2 S880/GRIA2 ratio
(F) in the hippocampal tissues. Open circles indicate each individual value. Horizontal bars indicate mean value. Error bars
indicate SEM (*, # p < 0.05 vs. control (Cont) and vehicle (Veh)-treated animals, respectively; one-way ANOVA with post
hoc Bonferroni’s multiple comparison). (G–I) Linear regression analyses between p-GRIA2 Y869/Y873/Y876/GRIA2 ratio
and total seizure frequency (G), total seizure duration (H), and seizure severity (I) in chronic epilepsy rats.
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In responders to perampanel and GYKI 52466, GRIA2 Y869/Y873/Y876 phospho-
rylation levels were significantly reduced to 0.39- and 0.38-fold of control levels without
affecting GRIA2 protein levels, respectively (F(2,17) = 4.8, p = 0.02 vs. vehicle, one-way
ANOVA; Figure 3A–C and Figure S1). Thus, its Y phosphorylation ratios were 0.61- and
0.6-fold of control levels, respectively (F(2,17) = 4.1, p = 0.04 vs. vehicle, one-way ANOVA;
Figure 3A,D). In non-responders to perampanel and GYKI 52466, GRIA2 protein level and
its Y869/Y873/Y876 phosphorylation levels/ratios were unaffected by each compound
(Figure 3A–D). Similar to Y869/Y873/Y876 phosphorylation level, GRIA2 S880 phospho-
rylation level was reduced to 0.56-fold of control level in the vehicle-treated epilepsy rats
(t(12) = 12.6, p < 0.001 vs. control animals, Student t-test; Figure 3A,E and Figure S1). Thus,
S880 phosphorylation ratio was 0.91-fold of control level in the vehicle-treated epilepsy
rats (t(12) = 1.2, p = 0.26 vs. control animals, Student t-test; Figure 3A,F). In responders,
GRIA2 S880 phosphorylation level (F(2,17) = 0.4, p = 0.65 vs. vehicle, one-way ANOVA;
Figure 3A,E) and its ratio (F(2,17) = 0.08, p = 0.92 vs. vehicle, one-way ANOVA; Figure 3A,F)
were unaffected by perampanel and GYKI 52466. In non-responders, both perampanel
and GYKI 52466 did not alter GRIA2 S880 phosphorylation level/ratio (Figure 3A,E,F).
In addition, we analyzed the correlation between GRIA2 Y phosphorylation ratio and
seizure parameters in chronic epilepsy rats. Linear regression analysis showed a direct
proportional relationship between GRIA2 Y phosphorylation ratio and total seizure fre-
quency with linear correlation coefficients of 0.4052 (t(30) = 2.428, p = 0.0214; Figure 3G).
The GRIA2 Y phosphorylation ratio also showed direct proportional relationships with
total seizure duration (linear correlation coefficients, 0.4585; t(30) = 2.856, p = 0.008; Figure
3H) and seizure severity (linear correlation coefficients, 0.5903; t(30) = 4.006, p = 0.0004;
Figure 3I). These findings indicate that anti-epileptic effects of AMPAR antagonists may be
correlated with GRIA2 Y869/Y873/Y876 phosphorylations.

3.3. Effects of AMPAR Antagonists on PKC and Src Phosphorylations

Src family and PKC phosphorylate GRIA2 at Y869/Y873/Y876 and S880 sites, respec-
tively [21,23,24]. Therefore, we confirmed whether both AMPAR antagonists affect GRIA2
phosphorylations through PKC and/or Src family-mediated signaling pathways.

In epileptic rats, PKC expression and its phosphorylation level were decreased to 0.72-
(t(12) = 7.9, p < 0.001 vs. control animals, Student t-test; Figure 4A,B and Figure S2) and
0.68-fold (t(12) = 7.6, p < 0.001 vs. control animals, Student t-test; Figure 4A,C) of control
levels, respectively. However, PKC phosphorylation ratio was similar to that in controls
(t(12) = 0.97, p = 0.35 vs. control animals, Student t-test; Figure 4A,D). Both perampanel
and GYKI 52466 did not affect PKC protein level (F(4,27) = 1.4, p = 0.26 vs. vehicle, one-way
ANOVA), PKC phosphorylation (F(4,27) = 1.1, p = 0.36 vs. vehicle, one-way ANOVA),
and its phosphorylation ratio (F(4,27) = 0.7, p = 0.58 vs. vehicle, one-way ANOVA) in
non-responders as well as responders (Figure 4A–D and Figure S2).
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Figure 4. The effects of perampanel (PER) and GYKI 52466 (GYKI) on total protein kinase C (PKC) expression and its
threonine (T) 497 phosphorylation in chronic epilepsy rats. (A) Representative images for western blot of PKC and its T497
phosphorylation level in the hippocampal tissues. (B–D) Quantifications of PKC (B), p-PKC T497 (C), and p-PKC/PKC
ratio (D) in the hippocampal tissues. Open circles indicate each individual value. Horizontal bars indicate mean value.
Error bars indicate SEM (* p < 0.05 vs. control animals; one-way ANOVA with post hoc Bonferroni’s multiple comparison).

In chronic epilepsy rats, Src family protein level was similarly observed, as compared
to controls. Both AMPAR antagonists did not affect it (F(4,27) = 0.9, p = 0.49, one-way
ANOVA; Figure 5A,B and Figure S3). Src Y416 phosphorylation level was 0.54-fold lower
in the epileptic hippocampus than that in controls (t(12) = 8.6, p < 0.001 vs. control animals,
Student t-test; Figure 5A,C) and its phosphorylation ratio was 0.57-fold of control level (t(12)
= 7.4, p < 0.001 vs. control animals, Student t-test; Figure 5A,D). In responders, perampanel
and GYKI 52466 decreased Src Y416 phosphorylation level to 0.25- and 0.3-fold of control
level, respectively (F(2,17) = 19.6, p < 0.001 vs. vehicle, one-way ANOVA; Figure 5A,C
and Figure S3). Both perampanel and GYKI 52466 reduced Y416 phosphorylation ratios
to 0.25- and 0.31-fold of control level, respectively (F(2,17) = 19.3, p < 0.001 vs. vehicle,
one-way ANOVA; Figure 5A,D). In non-responders, both AMPAR antagonists did not
affect Y416 phosphorylation level (F(2,16) = 0.11, p = 0.89 vs. vehicle, one-way ANOVA;
Figure 5A,C) and its ratio (F(2,15) = 0.14, p = 0.87, one-way ANOVA; Figure 5A,D). In the
epileptic hippocampus, Src Y527 phosphorylation level was also decreased to 0.65-fold
of control level (t(12) = 10.1, p < 0.001 vs. control animals, one-way ANOVA, Student
t-test; Figure 5A,E and Figure S3). Y527 phosphorylation ratio was 0.69-fold of control
level (t(12) = 8.9, p < 0.001, Student t-test; Figure 5A,F). In responders, perampanel and
GYKI 52466 recovered Src Y527 phosphorylation level (F(2,17) = 31.1, p < 0.001 vs. vehicle,
one-way ANOVA) and its phosphorylation ratio to control level (F(2,17) = 16.5, p < 0.001
vs. vehicle, one-way ANOVA), respectively (Figure 5A,E,F). In non-responders, both
AMPAR antagonists did not affect Y527 phosphorylation level (F(2,16) = 0.22, p = 0.81
vs. vehicle, one-way ANOVA; Figure 5A,E) and its ratio (F(2,16) = 0.3, p = 0.74, one-way
ANOVA; Figure 5A,F). Src family activities are reversely modulated by phosphorylation
of two distinct tyrosine sites: Y416 autophosphorylation upregulates Src kinase activity.
In contrast, Y527 phosphorylation inhibits its activity, although dephosphorylation at this
site cannot fully activate it [29,30]. Therefore, these findings indicate that refractory seizure
activity to AMPAR antagonists may be relevant to dysregulated Src activity rather than
PKC phosphorylation in responders.
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Figure 5. The effects of perampanel (PER) and GYKI 52466 (GYKI) on Src family and its phosphorylations in chronic
epilepsy rats. (A) Representative images for Western blot of Src family and its phosphorylation levels in the hippocampal
tissues. (B–F) Quantifications of Src2 (B), p-Src Y416 (C), p-Src Y416/Src ratio (D), p-Src Y527 (E), and p-Src Y527/GRIA2
ratio (F) in the hippocampal tissues. Open circles indicate each individual value. Horizontal bars indicate mean value. Error
bars indicate SEM (*, # p < 0.05 vs. control (Cont) and vehicle (Veh)-treated animals, respectively; one-way ANOVA with
post hoc Bonferroni’s multiple comparison).

3.4. Effects of AMPAR Antagonists on PICK1 Expression

PICK1 negatively regulates GRIA2 surface expression [21,22]. Src family and/or
PKC-mediated GRIA2 phosphorylations facilitate GRIA2–PICK1 bindings, which lead
to GRIA2 internalization and a relative increase of GRIA2-lacking, Ca2+-permeable AM-
PARs [21,23,24]. However, both perampanel and GYKI 52466 decrease GRIA1/GRIA2
ratio by reducing GRIA1, but not GRIA2, surface expression [19,20]. Considering GRIA2
phosphorylations, it is likely that altered PICK1 expression may be involved in unaffected
GRIA2 surface expression by AMPAR antagonists. To confirm this, we evaluated the effects
of perampanel and GYKI 52466 on PICK1 expression in the epileptic hippocampus. In the
present study, PICK1 protein level was lower in chronic epilepsy rats than that in controls
(t(12) = 10.4, p < 0.001, Student t-test; Figure 6A,B and Figure S4), which was unaffected
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by AMPAR antagonists (F(4,27) = 0.2, p = 0.93, one-way ANOVA; Figure 6A,B). These find-
ings indicate that reduced PICK1 expression may decrease its binding to phosphorylated
GRIA2, which would serve to maintain GRIA2 surface expression as an adaptive response.
In addition, it is unlikely that PICK1-mediated GRIA2 internalization may be a contributor
to generation of refractory seizures in response to AMPAR antagonists.

Figure 6. The effects of perampanel (PER) and GYKI 52466 (GYKI) on protein interacting with C kinase 1 (PICK1) expression
and glycogen synthase kinase 3β (GSK3β) expression and its phosphorylation in chronic epilepsy rats. (A,B) Representative
images for Western blot of PICK1 expression (A) and quantifications of PICK1 expression (B) in the hippocampal tissues.
(C–F) Representative images for Western blot of GSK3β expression and its phosphorylation (C) and quantifications of
GSK3β (D), p-GSK3β S9 (E), and p-GSK3β S9/GSK3β ratio (F) in the hippocampal tissues. Open circles indicate each
individual value. Horizontal bars indicate mean value. Error bars indicate SEM (*, # p < 0.05 vs. control (Cont) and vehicle
(Veh)-treated animals, respectively; one-way ANOVA with post hoc Bonferroni’s multiple comparison).
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3.5. Effects of AMPAR Antagonists on GSK3β Phosphorylation

GSK3β is a serine/threonine kinase that phosphorylates various substrates and is in-
volved in cellular and synaptic functions. Phosphoinositide 3-kinases (PI3K)/AKT-mediated S9
phosphorylation inhibits its activity, which is negatively regulated by PTEN [31–33]. GSK3β
phosphorylates PICK1 and promotes the GRIA2–PICK1 interaction [34]. Furthermore, inacti-
vated (phosphorylated) GSK3β promotes CREB S133 phosphorylation [32] that increases in
human patients and animal models of epilepsy and participates in ictogenesis [35,36]. Further-
more, AMPAR antagonists activate PTEN-mediated CREB S133 dephosphorylation [19]. Since
CREB is required for the maintenance of the GRIA1 surface expression under physiological
conditions [37], it is likely that impaired AKT/GSK3β-mediated CREB S133 phosphorylation
would result in refractory seizures in response to AMPAR antagonist.

In the present study, there was no difference in GSK3β protein level between con-
trol and the epileptic hippocampus (t(12) = 1.1, p = 0.27, Student t-test; Figure 6C,D and
Figure S5). Both perampanel and GYKI 52466 did not affect GSK3β protein level in re-
sponders and non-responders (F(4,27) = 0.8, p = 0.53, one-way ANOVA; Figure 6C,D and
Figure S5). However, GSK3β S9 phosphorylation level was 1.34-fold higher in the epileptic
hippocampus than that in controls (t(12) = 10.2, p < 0.001, Student t-test; Figure 6C,E and
Figure S5) and its phosphorylation ratio was 1.39-fold of control level (t(12) = 12.4, p < 0.001,
Student t-test; Figure 6C,F). In responders, perampanel and GYKI 52466 restored GSK3β
phosphorylation level to control level (F(2,17) = 20.3, p < 0.001, one-way ANOVA; Figure
6C,E and Figure S5). Both AMPAR antagonists also recovered GSK3β phosphorylation ratio
to control level (F(2,17) = 27.5, p < 0.001, one-way ANOVA; Figure 6C,F). In non-responders,
perampanel and GYKI 52466 did not affect GSK3β phosphorylation level (F(2,16) = 0.5, p =
0.62, one-way ANOVA; Figure 6C,E) and its ratio (F(2,16) = 0.7, p = 0.5, one-way ANOVA;
Figure 6C,F). These findings indicate that AMPAR antagonists may liberate GSK3β from
S9 phosphorylation-mediated inhibition.

Consistent with our previous study [19], furthermore, CREB protein level in the
epileptic hippocampus was 1.25-fold higher than that in controls (t(12) = 7.1, p < 0.001,
Student t-test; Figure 7A,B and Figure S6), which was unaffected by AMPAR antagonists
(F(4,27) = 0.2, p = 0.94, one-way ANOVA; Figure 7A,B). CREB S133 phosphorylation level
was 1.51-fold higher in the epileptic hippocampus than that in controls (t(12) = 9.8, p < 0.001,
Student t-test; Figure 7A,C and Figure S6) and its phosphorylation ratio was 1.41-fold of
control level (t(12) = 6.9, p < 0.001, Student t-test; Figure 7A,D). In responders, perampanel
and GYKI 52466 decreased CREB S133 phosphorylation level to 1.21- and 1.23-fold of
control level, respectively (F(2,17) = 9.1, p = 0.002, one-way ANOVA; Figure 7A,C). Both
AMPAR antagonists reduced S133 phosphorylation ratios to control level (F(2,17) = 7.7,
p = 0.004, one-way ANOVA; Figure 7A,D). In non-responders, perampanel and GYKI
52466 did not affect CREB S133 phosphorylation level (F(2,16) = 0.3, p = 0.75, one-way
ANOVA; Figure 7A,C) and its ratio (F(2,16) = 0.1, p = 0.89, one-way ANOVA; Figure 7A,D).
These findings indicate that the GSK3β-CREB signaling pathway may be involved in
anti-convulsive effects of AMPAR antagonists.
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Figure 7. The effects of perampanel (PER) and GYKI 52466 (GYKI) on total Ca2+/cAMP response element-binding protein
(CREB) expression and its S133 phosphorylation in chronic epilepsy rats. (A) Representative images for Western blot of
CREB and its S133 phosphorylation level in the hippocampal tissues. (B–D) Quantifications of CREB (B), p-CREB S133
(C), and p-CREB/CREB ratio (D) in the hippocampal tissues. Open circles indicate each individual value. Horizontal bars
indicate mean value. Error bars indicate SEM (*,# p < 0.05 vs. control (Cont) and vehicle (Veh)-treated animals, respectively;
one-way ANOVA with post hoc Bonferroni’s multiple comparison).

3.6. Effect of 3CAI Co-Treatment on Refractory Seizures in Non-Responders
to AMPAR Antagonists

As mentioned earlier, GSK3β is inhibited by AKT-mediated S9 phosphorylation,
which inhibits GRIA2–PICK1 interaction but promotes CREB S133 phosphorylation [31–34].
To confirm the roles of GSK3β signaling pathway in CREB activity and refractory seizures
to AMPAR antagonists, 3CAI (an AKT inhibitor) was co-treated with perampanel or
GYKI 52466 in non-responders (Figure 1). This is because the direct GSK3β activator is
unavailable. In non-responders to perampanel, total seizure frequency was 9.6 ± 2.3, total
seizure duration was 815.6 ± 213.7 s, and average seizure severity was 3.6 ± 0.3 over 1-
week period (n = 5, Figure 8A–C). In non-responders to GYKI 52466, total seizure frequency
was 9.2 ± 2.5, total seizure duration was 839 ± 144.1 s, and average seizure severity was
3.6 ± 0.4 over 1-week period (n = 5, Figure 8A–C). 3CAI co-treatment gradually decreased
seizure frequency (χ2

(3) = 8.9, p = 0.031, Friedman test, n = 5), total seizure duration (F(3,16)
= 4.8, p = 0.014, repeated measures ANOVA, n = 5), and the seizure severity (χ2

(3) = 8.3,
mboxemphp = 0.041, Friedman test, n = 5) in both perampanel- and GYKI 52466-treated
groups over 1-week period (Figure 8A,B). In non-responders to peramanel, 3CAI co-
treatment reduced the total seizure frequency to 5.4 ± 1.6 (Z = 2.02, p = 0.04, Wilcoxon
signed rank test, n = 5; Figure 8A,C), the total seizure duration to 409.2 ± 131.6 s (t(4) = 3.12,
p = 0.04, paired Student t-test, n = 5; Figure 8A,C), and average seizure severity to 1.6 ± 0.4
(Z = 2.04, p = 0.04, Wilcoxon signed rank test, n = 5; Figure 8A,C). In non-responders to
GYKI 52466, 3CAI co-treatment also attenuated the seizure frequency to 5.8 ± 1.6 (Z = 2.03,
p = 0.04, Wilcoxon signed rank test, n = 5; Figure 8A,C), the total seizure duration to
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433.2 ± 100.1 s (t(4) = 2.91, p = 0.04, paired Student t-test, n = 5; Figure 8A,C), and the
seizure severity to 2.1 ± 0.7 (Z = 2.06, p = 0.04 vs. vehicle, Wilcoxon signed rank test,
n = 5; Figure 8A,C). These findings indicate that PI3K/AKT-mediated GSK3β inhibition
may be one of the important signaling pathways for generation of refractory seizures to
AMPAR antagonists.

Figure 8. The effects of 3CAI co-treatment with perampanel (PER) and GYKI 52466 (GYKI) on spontaneous seizure
activities in non-responders. 3CAI co-treatment effectively improves the anti-epileptic effects of both AMPAR antagonists
in non-responders. (A) Representative electroencephalograms (EEG) in each group at 2 days after 3CAI co-treatment.
(B) Quantitative analyses of the chronological effects of 3CAI co-treatment withAMPAR antagonists on seizure frequency,
seizure duration, and seizure severity (seizure score) over 7-day period. Error bars indicate SD (* p < 0.05 vs. vehicle
(Veh)-treated animals; Friedman test for seizure frequency and seizure severity; Repeated measures ANOVA for seizure
duration). (C) Quantitative analyses of total seizure frequency, total seizure duration, and average behavioral seizure score
(seizure severity) in 7-day period. Symbols indicate each individual value. Horizontal bars indicate mean value. Error
bars indicate SD (* p < 0.05 vs. vehicle (Veh)-treated animals; Wilcoxon signed rank test for seizure frequency and seizure
severity; paired Student t-test for seizure duration).

3.7. Effect of 3CAI Co-Treatment on PICK1 Expression and Phosphorylations of GSK3β and CREB
in Non-Responders

Next, we investigated whether 3CAI co-treatment affects PICK1 expression and
phosphorylations of GSK3β and CREB in non-responders to AMPAR antagonists. 3CAI
co-treatment did not affect GSK3β protein level in non-responders (Figure 9A,B). How-
ever, 3CAI co-treatment reduced GSK3β S9 phosphorylation level to control level in non-
responders to perampanel (t(8) = 6.1, p < 0.001, Student t-test) and GYKI 52466 (t(8) = 4.0,
p = 0.004, Student t-test; Figure 9A,C and Figure S7). Thus, 3CAI co-treatment restored
GSK3β S9 phosphorylation ratio to control level in non-responders to perampanel (t(8) = 4.2,
p = 0.003, Student t-test) and GYKI 52466 (t(8) = 3.2, p = 0.01, Student t-test), respectively
(Figure 9A,D). Similar to the case of GSK3β, 3CAI co-treatment did not alter CREB protein
level in non-responders to perampanel and GYKI 52466 (Figure 9A,E and Figure S7). How-
ever, 3CAI co-treatment decreased CREB S133 phosphorylation level in non-responders
to perampanel (t(8) = 6.4, p < 0.001, Student t-test) and GYKI 52466 (t(8) = 5.7, p < 0.001,
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Student t-test), respectively Figure 9A,F and Figure S7). 3CAI co-treatment restored CREB
S133 phosphorylation ratio to control level in non-responders to perampanel (t(8) = 5.4,
p < 0.001, Student t-test) and GYKI 52466 (t(8) = 4.9, p = 0.001, Student t-test), respectively
(Figure 9A,G). 3CAI co-treatment did not alter PICK1 protein level in non-responders
to perampanel and GYKI 52466 (Figure 9A,H). These findings indicate that the GSK3β
activation may improve anti-convulsive effects of AMPAR antagonists in non-responders
by regulating CREB activity rather than PICK1 expression.

Figure 9. The effects of 3CAI co-treatment with perampanel (PER) and GYKI 52466 (GYKI) on expression levels of
GSK3β, CREB, and PICK1 and the phosphorylation levels of GSK3β and CREB in non-responders. (A) Representative
images for Western blot of total GSK3β, CREB, and PICK1 levels and the phosphorylation levels of GSK3β and CREB.
(B–H) Quantifications of GSK3β (B), p-GSK3β S9 (C), p-GSK3β S9/GSK3β ratio (D), CREB (E), p-CREB S133 (F), p-CREB
S133/CREB ratio (G), and PICK1 (H) in the hippocampal tissues. Open circles indicate each individual value. Horizontal
bars indicate mean value. Error bars indicate SEM (*, # p < 0.05 vs. control (Cont) and vehicle (Veh)-treated animals,
respectively; one-way ANOVA with post hoc Bonferroni’s multiple comparison).
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3.8. Effect of 3CAI Co-Treatment on Surface GRIA Expressions in Non-Responders

Finally, we investigated whether 3CAI co-treatment affects surface GRIA1 and GRIA2
expressions in the hippocampus of non-responders. The present study showed total GRIA1
protein level in the epileptic hippocampus was 0.74-fold of control level (t(8) = 7.7, p < 0.001
vs. control animals, Student t-test; Figure 10A,B), which was further reduced to 0.51- and
0.54-fold of control level in responders by perampanel and GYKI 52466, respectively (F(2,12)
= 24.4, p < 0.001 vs. vehicle, one-way ANOVA; Figure 10A,B). However, both AMPAR
antagonists did not influence total GRIA1 protein level in non-responders, which was
unaffected by 3CAI co-treatment (Figure 10A,B and Figure S8).

Figure 10. The effects of 3CAI co-treatment with perampanel (PER) and GYKI 52466 (GYKI) on surface expressions of
GRIA1 and GRIA2 in chronic epilepsy rats. (A) Representative images for Western blot of total and membrane GRIA1
and GRIA2 expression levels. (B–H) Quantifications of total GRIA1 expression (B), membrane GRIA1 expression (C),
membrane/total GRIA1 ratio (D), total GRIA2 expression (E), membrane GRIA2 expression (F), membrane/total GRIA2
ratio (G), and membrane GRIA1/GRIA2 ratio in the hippocampal tissues. Open circles indicate each individual value.
Horizontal bars indicate mean value. Error bars indicate SEM (*, # p < 0.05 vs. control (Cont) and vehicle (Veh)-treated
animals, respectively; one-way ANOVA with post hoc Bonferroni’s multiple comparison).
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Membrane GRIA1 expression in the epileptic hippocampus was 0.89-fold of con-
trol level (t(8) = 4.1, p = 0.004 vs. control animals, Student t-test; Figure 10A,C). Thus,
membrane/total GRIA1 ratio in the epileptic hippocampus was increased to 1.23-fold
of control level (t(8) = 3.4, p = 0.01 vs. control animals, Student t-test; Figure 10A,D and
Figure S8). Perampanel and GYKI 52466 decreased membrane GRIA1 expression to 0.47-
and 0.51-fold of control level in responders, respectively (F(2,12) = 51.5, p < 0.001 vs. vehicle,
one-way ANOVA; Figure 10A,C). Both AMPAR antagonists restored membrane/total
GRIA1 ratio to control level in responders (F(2,12) = 5.2, p = 0.02 vs. vehicle, one-way
ANOVA; Figure 10A,D). Although both AMPAR antagonists did not affect membrane
GRIA1 expression in non-responders, 3CAI co-treatment reduced it to 0.65- and 0.64-fold
of control level in non-responders to perampanel (t(8) = 5.7, p < 0.001, Student t-test) and
GYKI 52466 (t(8) = 6.4, p < 0.001, Student t-test), respectively (Figure 10A,C and Figure S8).
3CAI co-treatment also diminished membrane/total GRIA1 ratio to control level in non-
responders to perampanel (t(8) = 5.4, p < 0.001, Student t-test) and GYKI 52466 (t(8) = 4.1,
p = 0.003, Student t-test), respectively (Figure 10A,D). Both AMPAR antagonists and 3CAI
co-treatment did not affect total GRIA2 protein level, membrane GRIA2 expression, and
membrane/total GRIA2 ratio in both responders and non-responders (Figure 10A,E–G and
Figure S8).

Membrane GRIA1/GRIA2 ratio in the epileptic hippocampus was 1.6-fold of control
level (t(8) = 18.8, p < 0.001 vs. control animals, Student t-test; Figure 10A,H and Figure S8).
Both AMPAR antagonists restored membrane GRIA1/GRIA2 ratio to control level in
responders (F(2,12) = 23.1, p < 0.001 vs. vehicle, one-way ANOVA) but not non-responders
(Figure 10A,H). 3CAI co-treatment decreased membrane GRIA1/GRIA2 ratio to 1.12- and
1.23-fold of control level in non-responders to perampanel (t(8) = 2.9, p = 0.02, Student
t-test) and GYKI 52466 (t(8) = 3.2, p = 0.01, Student t-test), respectively (Figure 10A,H and
Figure S8). These findings indicate that 3CAI may increase the responsiveness to AMPAR
antagonists in non-responders by reducing surface GRIA1 expression.

4. Discussion

The principal findings of the present study were that AMPAR antagonists ameliorated
spontaneous seizure activity by regulating surface expression of GRIA1 but not GRIA2. In addi-
tion, impaired AKT/GSK3β-mediated CREB S133 activation was involved in refractory seizures
in response to AMPAR antagonists, which suggests that the regulation of these pathways may
be a potential therapeutic strategy to improve the medication of intractable TLE.

Since the activation and desensitization kinetics of AMPAR are much faster than
those of NMDAR [38], AMPAR antagonists have been focused to prevent ictogenesis and
steadily progressive seizure-related brain pathologic plasticity in the epileptic brain [5].
Indeed, AMPAR antagonists terminate SE and seizure activity that are uncontrolled by
NMDAR antagonists [6–8]. Among them, only perampanel is marketed for the treatment
of focal epilepsy, which is a novel non-competitive AMPAR antagonist without affecting
the NMDAR or kainate receptors [5], although its effects on signaling pathways remain to
be elucidated. In the present study, both perampanel and GYKI 52466 ameliorated sponta-
neous seizure activity in 54% and 50% of animals (responders) in each group, concomitant
with the reduced membrane expression of GRIA1 but not GRIA2. Furthermore, both
AMPAR antagonists restored upregulated membrane/total GRIA1 ratio and membrane
GRIA1/GRIA2 ratio to control levels. These effects of AMPAR antagonists were relevant to
inhibition of AKT/GSK3β/CREB signaling pathway in responders. Because both AMPAR
subunits are also located in endomembrane systems, such as the Golgi complex, endo-
somes, and ER [39,40], the GRIA1 and GRIA2 concentrations in membrane fraction may
not directly represent the “pure surface expressions” in the present study. Considering
that AMPAR trafficking is tightly regulated from the synthesis in ER to surface expres-
sion [41,42] and CREB regulates surface GRIA1 expression [37], however, the decreases in
membrane/total GRIA1 ratio and membrane GRIA1/GRIA2 ratio indicate the diminished
surface GRIA expression [19,20].

125



Biomedicines 2021, 9, 425

CREB activity (phosphorylation) is increased in human patients and animal models of
epilepsy [35,36]. CREB phosphorylation is regulated by the activation of multiple signaling
cascades, including GSK3β, PKC, protein kinase A (PKA), and Ca2+-calmodulin-dependent
protein kinase II (CAMKII) [32,33,43,44]. In the present study, we found that GSK3β S9 (but
not PKC) and CREB S133 phosphorylations were higher in the epileptic hippocampus than
those in normal one, which were abolished by both AMPAR antagonists in responders, but
not non-responders. Since the increased GSK3β-mediated CREB S133 phosphorylation
participates in ictogenesis in human patients and animal models of epilepsy [32,35,36],
these findings indicate that AMPAR antagonists may negatively regulate surface GRIA
expression via GSK3β/CREB signaling pathway in responders.

PI3K/AKT-mediated GSK3β phosphorylation inhibits its activity, which is conversely
regulated by PTEN [31,33]. Recently, we have reported that PTEN expression is decreased
in the epileptic hippocampus, concomitant with the reduced Src/CK2-mediated phospho-
rylations [19]. Regarding phosphorylation-mediated inhibition of PTEN activity [45], we
have postulated that the reduced PTEN phosphorylation (the increased activity) may be
an adaptive response to the decreased expression in the epileptic hippocampus, while
this alteration may be insufficient to suppress spontaneous seizure activities. This is be-
cause AMPAR antagonists further diminish PTEN phosphorylation only in responders,
accompanied by increasing its expression, which is abrogated by dipotassium bisper-
oxovanadium(pic) dihydrate (BpV(pic), a PTEN inhibitor) [19,20]. In the present study,
3CAI-induced AKT inhibition improved the responsiveness to AMPAR antagonists in
non-responders through GSK3β-mediated CREB regulation. Furthermore, 3CAI reduced
surface GRIA1 expression in non-responders to AMPAR antagonists. Therefore, it is likely
that the regulation of the PTEN/AKT/GSK3β/CREB pathway be essentially required
for the anti-epileptic effects of AMPAR antagonists. Indeed, the hippocampi of animal
models and the surgically resected hippocampal tissues from drug-resistant TLE patients
show upregulated AKT activity (phosphorylation) [46–48]. Similar to the present data, fur-
thermore, topiramate (TPM, an AED) modulates AMPAR-mediated AKT/GSK3β/CREB
signaling pathway [49]. Therefore, our findings suggest that maladaptive regulation of
AKT/GSK3β/CREB pathway may be one of the important causes in pharmacoresistant
seizures in response to AMPAR antagonists.

PICK1 contributes to a shift in the AMPAR composition to GRIA2-lacking (Ca2+-
permeable) by facilitating GRIA2 internalization [21,23,24]. In the present study, GRIA2 and
PICK1 expression levels in the epileptic hippocampus were lower than those in the control
(normal) hippocampus. These findings are consistent with a previous study demonstrating
downregulation of GRIA2 and PICK1 expression in kainic acid-induced chronic epilepsy
rats [17]. The present study also demonstrates that both AMPAR antagonists effectively
reduced GRIA2 Y phosphorylations in responders, but not in non-responders, without
affecting its S880 phosphorylation. Furthermore, GRIA2 Y phosphorylations showed direct
proportional relationships with seizure parameters. Phosphorylations regulate surface
GRIA2 expression through interactions with GRIP1 and PICK1: PKC-mediated S880 phos-
phorylation reinforces its internalization by inhibiting GRIP1–GRIA2 bindings [15,21].
In contrast, Src family-mediated Y phosphorylations facilitate PICK1–GRIA2 interaction
to promote GRIA2 internalization [23,24]. Consistent with our previous studies [19,50],
both AMPAR antagonists reduced Src family, but not PKC, activity. Considering the
roles of GRIA2 phosphorylations in its interactions with GRIP1/PICK1 [15,21,23,24], it
is plausible that both AMPAR antagonists would attenuate seizure activity by inhibiting
PICK1-mediated GRIA2 internalization. However, AMPAR antagonists cannot influence
surface GRIA2 expression [20]. In addition, the present data show that AMPAR antagonists
did not influence the reduced PICK1 expression in the hippocampi of both responders
and non-responders, which was unaffected by 3CAI co-treatment in non-responders, al-
though PICK1 is a substrate of AKT/GSK3β pathway [34]. Therefore, it is likely that the
reduced GRIA2 Y phosphorylations may reflect the decreased Src family activity induced
by AMPAR antagonists rather than the inhibition of GRIA2-lacking AMPAR assembly.
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Furthermore, it is hypothesized that reduced PICK1 expression in the hippocampus would
be involved in ictogenesis in chronic epilepsy rats via other pathways rather than the
regulation of surface GRIA2 expression since PICK1 interacts with type III metabotropic
glutamate receptor (mGlu7R) in the presynaptic active zone and regulates glutamate re-
lease [50]. Indeed, mGlu7R deletion and a polypeptide interfering PICK1 and mGlu7R show
typical epileptic seizures [51,52]. Therefore, our findings indicate that PICK1-mediated
regulation of surface GRIA2 expression may not be involved in the anti-epileptic effects
and responsiveness of AMPAR antagonists, although both perampanel and GYKI 52466
inhibited Src-mediated GRIA2 Y phosphorylations.

On the other hand, SE and spontaneous seizure activity lead to vasogenic edema
formation (serum extravasation) induced by brain–blood barrier (BBB) disruption, which
deteriorates seizure activity [53–55]. During recovery of vasogenic edema, multidrug efflux
transporter expressions, such as p-glycoprotein (p-GP), breast cancer resistance protein
(BCRP), and multidrug resistance protein-4 (MRP4), are increased in the hippocampus,
which reduce AED concentrations in the brain and cause pharmacoresistant epilepsy [53].
Since we did not compare the pharmacokinetics of AMPAR antagonists between responders
and non-responders in the present study, the possibility could not be excluded that the de-
creased responsiveness of AMPAR antagonists in non-responders would be a consequence
from the lower concentration of these compounds induced by over-expression or hyper-
activation of drug efflux transporters. In addition, AKT is one of the common down-stream
molecules during seizure-induced BBB leakage. Indeed, 3CAI effectively attenuates SE-
induced vasogenic edema formation, although it does not show anti-epileptic effects [28].
Thus, it is likely that 3CAI would also increase the efficacies of AMPAR antagonist by
inhibiting AKT-mediated serum leakage or upregulation of multidrug efflux transporter.
On the other hand, CREB activation plays a protective role against BBB disruption [56,57].
Considering the inhibitory effect of 3CAI on AKT/GSK3β/CREB signaling pathway in the
present study, however, it is unlikely that 3CAI may be involved in the CREB-mediated
regulation of vascular permeability. Further studies are needed to elucidate whether 3CAI
enhances the responsiveness to AMPAR antagonists by inhibiting serum extravasation
and/or multidrug efflux systems.

5. Conclusions

The present study revealed that AMPAR antagonists ameliorated spontaneous seizure
activity by affecting the Src-mediated AKT/GSK3β/CREB signaling pathway, which was
relevant to the regulation of surface expression of GRIA1 rather than GRIA2. In addition,
the dysregulation of this pathway was one of the causes of refractory seizures to AMPAR
antagonists. Therefore, our findings suggest that the Src/AKT/GSK3β/CREB pathway
may be one of the potential therapeutic targets for the treatment of intractable TLE.
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Abstract: Peripheral infections occur in up to 28% of patients with traumatic brain injury (TBI), which
is a major etiology for structural epilepsies. We hypothesized that infection occurring after TBI acts
as a “second hit” and facilitates post-traumatic epileptogenesis. Adult male Sprague–Dawley rats
were subjected to lateral fluid-percussion injury or sham-operation. At 8 weeks post-injury, rats
were treated with lipopolysaccharide (LPS, 5 mg/kg) to mimic Gram-negative peripheral infection.
T2-weighted magnetic resonance imaging was used to detect the cortical lesion type (small focal
inflammatory [TBIFI] vs. large cavity-forming [TBICF]). Spontaneous seizures were detected with
video-electroencephalography, and seizure susceptibility was determined by the pentylenetetrazole
(PTZ) test. Post-PTZ neuronal activation was assessed using c-Fos immunohistochemistry. LPS
treatment increased the percentage of rats with PTZ-induced seizures among animals with TBIFI

lesions (p < 0.05). It also increased the cumulative duration of PTZ-induced seizures (p < 0.01),
particularly in the TBIFI group (p < 0.05). The number of c-Fos immunopositive cells was higher in the
perilesional cortex of injured animals compared with sham-operated animals (p < 0.05), particularly
in the TBI-LPS group (p < 0.05). LPS treatment increased the percentage of injured rats with bilateral
c-Fos staining in the dentate gyrus (p < 0.05), particularly in the TBIFI group (p < 0.05). Our findings
demonstrate that peripheral infection after TBI increases PTZ-induced seizure susceptibility and
neuronal activation in the perilesional cortex and bilaterally in the dentate gyrus, particularly in
animals with prolonged perilesional T2 enhancement. Our data suggest that treatment of infections
and reduction of post-injury neuro-inflammation are important components of the treatment regimen
aiming at preventing epileptogenesis after TBI.

Keywords: c-Fos; early gene activation; epileptogenesis; lipopolysaccharide; pentylenetetrazole;
post-traumatic epilepsy; seizure susceptibility; traumatic brain injury

1. Introduction

Approximately 2.5 million people in both Europe (www.center-tbi.eu/ accessed on
23 November 2021) and the United States (www.cdc.gov/traumaticbraininjury accessed
on 22 November 2021) experience traumatic brain injury (TBI) each year. The risk of
epileptogenesis increases according to the severity of the TBI: approximately 2- to 4-fold
after mild, 8-fold after moderate, and 16-fold after severe TBI [1–3]. Up to 53% of patients
with penetrating TBI develop epilepsy [4,5]. TBI causes 10% to 20% of symptomatic epilepsy
and 5% of all types of epilepsy [6,7]. Despite the large number of epidemiologic studies
reporting risk factors for epileptogenesis after TBI [8], the factors and events occurring
over the lifetime of a given subject that lead to post-traumatic epilepsy (PTE) remain
largely unknown.

The evolution of post-traumatic epileptogenesis overlaps with the progression of
secondary brain damage, which can continue for days to weeks to months after TBI and
includes neuroinflammation, oxidative stress, excitation-inhibition imbalance, and blood–
brain barrier damage, as well as synaptic and network plasticity alterations [9]. Some of
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these molecular and cellular changes contribute to post-traumatic epileptogenesis, whereas
others can support spontaneous recovery [10]. To date, the effects of additional events
modulating secondary damage during the post-TBI aftermath have received little attention,
even though their prevention and/or treatment could present an important avenue for
mitigating post-traumatic epileptogenesis.

The concept of “microglia priming,” in which “the brain is primed by chronic central
nervous system (CNS) diseases to show exaggerated responses to a subsequent hit, which
induces an inflammatory response, whether systemic or central in origin,” was introduced
by Combrinck et al. [11]. Activation of innate inflammatory pathways is an elementary
component of the secondary injury in both experimental and human TBI [12]. In animal
models, the inflammatory response is most robust during the 1 to 3 weeks post-TBI, but
microglia can remain activated in the brain for months [13]. A positron emission tomogra-
phy (PET) imaging study in humans with TBI using [11C] (R)PK11195 demonstrated that
microglial activation can last up to 17 years, and is associated with cognitive decline [14].

Bacterial infections represent important post-TBI secondary hits as they commonly
occur but seem innocuous because they are treatable by existing medications. Up to 50%
of severe TBI patients have been suggested to suffer from infections during their hospital
stay, and infection-related mortality can be as high as 28% [15–20]. Infections are most
common in patients with the lowest Glasgow Coma Scale scores, that is, in patients with
the highest risk of epileptogenesis [18]. To date, no evidence for a clear association between
TBI-related infections and PTE has been reported, which may relate to relatively small
study populations and short follow-up. Weisbrod and coworkers reported that up to 29%
of patients who suffered penetrating TBI in combat due to gunshots or blast had systemic
infections, and 25% had meningitis during acute hospitalization; up to 39% developed
epilepsy in a 2-year follow-up [21]. In another study, Saadat and coworkers found a
poor outcome if the military perforating injury was associated with CNS infection. CNS
infections co-occurred with epilepsy, but the association between epilepsy and infections
was not specifically analyzed [22]. A recent study demonstrated that elevated systemic
levels of lipopolysaccharide (LPS), a component of the outer membrane of Gram-negative
bacteria, due to the breakdown of the gastrointestinal barrier was associated with PTE
in a rat lateral fluid-percussion injury (FPI) model [23]. Despite the important clinical
ramifications, little is known about whether or not the re-activation of inflammation by
peripheral infection in an adult TBI-primed brain facilitates epileptogenesis.

The present study was designed to test the hypothesis that LPS-induced peripheral
infection at a chronic time-point after TBI in rats will serve as a “second hit,” thereby
increasing neuronal excitability in the perilesional cortex and hippocampus and facilitating
post-traumatic epileptogenesis.

2. Materials and Methods

The study design is summarized in Figure 1.

Figure 1. Study design. Traumatic brain injury (TBI) was induced by lateral fluid-percussion injury (FPI). Lesion endophe-
notype (focal inflammatory [TBIFI] vs. cavity-forming [TBICF]) was assessed with T2-weighted magnetic resonance imaging
(MRI) at 6 weeks after TBI. At 8 weeks post-TBI, rats received a single injection of lipopolysaccharide (LPS; 5 mg/kg,
i.p.) or vehicle. Epidural skull electrodes (ei) were implanted at 14 weeks following TBI. Thereafter, 4-week-long video-
electroencephalogram (vEEG) monitoring was performed starting at 16 weeks after TBI to detect spontaneous seizures. The
pentylenetetrazole (PTZ) seizure-susceptibility test was performed under vEEG at 23 weeks post-TBI (i.e., 15 weeks after
LPS injection). Finally, rats were perfused for histology at 2 h after PTZ administration (~6 months post-TBI). Sham-operated
controls underwent all of the same procedures except the induction of TBI.
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2.1. Animals

A total of 46 adult (10-week-old) male Sprague–Dawley rats (300–350 g, Harlan
Netherlands B.V., Udine, Italy) were used. Throughout the experiments, animals were
housed in individual cages in a controlled environment (temperature 22 ± 1 ◦C; humidity
50 ± 10%; 12 h light/12 h dark cycle). Food and water were available ad libitum. All animal
procedures were approved by the Animal Ethics Committee of the Provincial Government
of Southern Finland and carried out in accordance with the European Council Directive
(2010/63/EU).

2.2. Induction of TBI by Lateral FPI

Traumatic brain injury (TBI) was triggered by lateral FPI, as described previously [24].
Briefly, animals (n = 26) were anesthetized with a cocktail (6 mL/kg, i.p.) containing
sodium pentobarbital (58 mg/kg), magnesium sulfate (127.2 mg/kg), propylene glycol
(42.8%), and absolute ethanol (11.6%). A craniectomy (Ø 5 mm) was performed over the
left parieto-temporal cortex between lambda and bregma (anterior edge 2.0 mm posterior
to bregma; lateral edge adjacent to the left lateral ridge). The bone was carefully removed
without disruption of the underlying dura. A female Luer-Lock connector was positioned
into the craniotomy hole, its edges carefully sealed with Vetbond tissue adhesive (3M,
St. Paul, MN, USA), and the cap filled with sterile saline and fixed to the skull with dental
acrylate (Selectaplus powder #10009210; Selectaplus liquid CN #D10009102, DeguDent,
Germany). About 90 min after administration of anesthesia cocktail, when the toe reflex
reappeared, the rat was attached to the fluid-percussion device (AmScien Instruments,
Richmond, VA, USA). Lateral FPI was induced by a transient (21–23 ms) fluid pulse impact
against the exposed dura. The pendulum height was adjusted to produce severe injury
[~3.0 atm; expected <72 h mortality 25%; [4]]. Sham-injured animals (n = 7) also underwent
anesthesia and craniectomy procedures without exposure to lateral FPI. Naive animals
(n = 5) were not subjected to anesthesia, craniectomy, or injury.

2.3. Magnetic Resonance Imaging (MRI)

Our previous MRI and histologic studies indicated inter-animal heterogeneity in the
progression of cortical lesion pathology after lateral FPI-induced TBI [5,25–27]. To stratify
the rats into different treatment groups based on the main lesion endophenotype [focal
inflammatory (TBIFI) vs. cavity-forming (TBICF)], rats underwent MRI at 6 weeks post-TBI.
MRI was conducted under isoflurane anesthesia (1.5% isoflurane, O2/N2 30/70% as carrier
gas) at 9.4 T horizontal magnet (Varian Inc., Palo Alto, CA, USA) interfaced to Bruker Phar-
mascan console (Bruker Biospin, Ettlingen, Germany) using actively decoupled volume
transmitter and quadrature surface receiver coils. Anatomical T2-weighted images were ac-
quired using rapid acquisition with relaxation enhancement (RARE) sequence (TE 40 ms, TR
4000 ms, flip 90◦, 25 slices, thickness 1 mm, a field of view 30 × 30 mm, 256 × 256 matrix,
2 averages, RARE factor 8) and T2 maps were acquired using multi-slice multi-echo (MSME)
sequence (TR 5000 ms, TE 12, 24, 36, 48, 60, 72, 84, 96, 108, 120 ms, 10–15 slices to cover the
lesion area, thickness 1 mm, interleaved collection, 256 × 128 matrix).

Anatomical T-weighted images were acquired at 7 T Bruker Pharmascan MRI scanner
using fast spin-echo pulse sequence (TR 4000 ms, effective TE 40 ms, 25 slices, slice thickness
1 mm). In T2-weighted MRI, 10–15 slices that covered the entire rostrocaudal extent of the
lesion were analyzed. Imaging was conducted using a 9.4 T horizontal magnet (Varian
Inc., Palo Alto, CA, USA) interfaced to a Direct Drive console (Varian Inc.) as previously
described by Immonen et al. [5]. According to the distribution and extent of signal intensity
in T2-weighted MRI, 15 rats with TBI had developed the TBIFI endophenotype and 11 had
developed the TBICF endophenotype of cortical lesion by the time of the MRI.

2.4. Lipopolysaccharide (LPS) Injection

To model peripheral infection occurring during the post-TBI recovery phase caused
by Gram-negative bacteria activating TLR4-mediated signaling [28], rats with the TBIFI
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or TBICF endophenotype were randomized into the vehicle or LPS treatment groups. At
8 weeks post-TBI, animals received a single intraperitoneal injection of LPS (serotype 055:B5,
Sigma-Aldrich; 5 mg/kg) or vehicle (0.9% NaCl, 2.5 mL/kg). Naïve and sham-operated
animals were injected with vehicle only. This resulted in 6 different groups: Naïve-Veh
(n = 5), Sham-Veh (n = 7), TBIFI-Veh (n = 7), TBIFI-LPS (n = 8), TBICF-Veh (n = 5), TBICF-LPS
(n = 6).

2.5. Electrode Implantation for Electroencephalogram (EEG) Monitoring

To monitor the spontaneous and pentylenetetrazole (PTZ)-induced epileptiform activ-
ity, 4 stainless steel epidural screw electrodes, 1 reference electrode, and 1 ground electrode
were inserted into the skull (Ø 1 mm, Plastics One, Inc., Roanoke, VA, USA) on weeks
15 after TBI as described by Kharatishvili et al. [29]. Video-EEG monitoring was initiated
after a 7-d recovery period. A lost headset was re-implanted once if the skull was intact
and not infected, and monitoring was continued.

2.6. Video-EEG Monitoring and Analysis of Occurrence of Spontaneous Seizures

A 4-weeks continuous (24/7) video-EEG (vEEG) monitoring was started on weeks
17 post-TBI to detect epileptiform activity as described in detail by [30].

Digital EEG files were scanned on the computer screen and manually analyzed by
a blinded investigator. A spontaneous electroencephalographic seizure was defined as a
high amplitude (more than twice baseline) rhythmic discharge that clearly represented
a new pattern of tracing (repetitive spikes, spike-and-wave discharges, and slow waves)
and lasted >5 s. Epileptic events occurring with an interval of less than 5 s without the
EEG returning to baseline were defined as belonging to the same seizure. In addition, the
occurrence of epileptiform discharges (EDs), defined as rhythmic transients (≥1 s, but <5 s)
containing spikes and uniform sharp waves, was analyzed.

If an electrographic seizure was observed, its behavioral severity was assessed from
the corresponding video recording according to a modified Racine’s scale [31]. As de-
scribed previously by Rodgers et al. [32], we also noted the occurrence of spike-and-wave
discharges in both the sham-operated and injured rats, but they were not counted as
TBI-related seizures.

2.7. Pentylenetetrazole (PTZ) Seizure Susceptibility Test

Seizure susceptibility was assessed at 23 weeks post-TBI (i.e., 3 weeks after completing
the continuous vEEG monitoring). Animals were placed in a transparent plexiglass cage
(47 cm × 29 cm × 50 cm) and connected to the vEEG system 24 h before the test. After
a baseline vEEG recording, animals were injected with a subconvulsive dose of PTZ
(25 mg/kg, i.p., Sigma-Aldrich, YA-Kemia Oy, Finland) and continuously vEEG monitored
for 120 min. As outcome parameters, we assessed (1) latency to the first spike (s), (2) latency
to the first ED (s), (3) occurrence of electrographic seizures (yes/no), (4) latency to the first
electrographic seizure (s), (5) duration of an electrographic seizure (s), and (6) number and
severity of induced behavioral seizures [31].

2.8. Histology

Processing of brain tissue. At 120 min after PTZ injection, animals were disconnected
from the vEEG, deeply anesthetized (as described before), and perfused intracardially
with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.4. Brains were
post-fixed in 4% paraformaldehyde in 0.1 M PB, cryoprotected in 20% glycerol in 0.02 M
potassium phosphate-buffered saline (KPBS, pH 7.4), frozen on dry ice, and stored at
−70 ◦C until further processed.

c-Fos immunohistochemistry. A series of free-floating sections (1-in-10 series, 25 μm)
was rinsed, and then, treated with 1% H2O2 in 0.02 M KPBS at room temperature (RT)
for 15 min to remove endogenous peroxidase. Then, sections were incubated for 72 h at
4 ◦C in a primary antibody solution containing rabbit-polyclonal antibody raised against
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c-Fos (1:20 000, sc-253, Santa Cruz Biotechnology), 1% NGS, and 0.5% TX-100 in 0.02 M
KPBS. After 3 washes in 2% NGS in 0.02 M KPBS, sections were incubated at RT for 1 h in
a secondary antibody solution containing biotinylated goat anti-rabbit IgG (1:200, BA-1000,
Vector Laboratories, Burlingame, CA, USA) with 1% NGS and 0.5% TX-100 in 0.02 M
KPBS. After 3 washes, sections were incubated in avidin–biotin solution (1:200, PK-4000,
Vector Laboratories) in 0.02 M KPBS for 45 min at RT. Then, sections were recycled into
the secondary antibody solution (45 min at RT), washed 3 times, and recycled into avidin–
biotin solution (30 min at RT). After 3 washes (0.02 M KPBS, 10 min each), the sections were
incubated in a solution containing 0.1% 3′,3′-diaminobenzidine (DAB, Pierce Chemicals,
Rockford, IL, USA) and 0.08 % H2O2 in 0.02 M KPBS for visualization of the staining. Then,
the sections were mounted on gelatin-coated microscope slides, dried overnight at 37 ◦C
and the reaction product was intensified with osmium (OsO4; #19170; Electron Microscopy
Sciences, Hatfield, PA, USA) and thiocarbohydrate (TCH; #21900; Electron Microscopy
Sciences) according to by Lewis et al. [33]. Finally, slides were covered using DePex as a
mounting medium.

2.9. Assessment of the Density of c-Fos Immunoreactive Neurons in the Perilesional and
Corresponding Contralateral Cortex

To assess the pattern of PTZ-induced neuronal activation in the brain undergoing
epileptogenesis after TBI, we measured the distribution and density of c-Fos labeling
in the cerebral cortex from digital photomicrographs of immunostained sections using
Image J software (version 1.46r, http://rsb.info.nih.gov/ij/ accessed on 22 November
2021). For the analysis, we selected 2 sections from each rat: 1 from the most rostral and
another from the most caudal level of the cortical lesion. A series of contiguous images
was then captured from each section at 5× magnification, and a single montage image
of the whole section was generated using a Zeiss Imager M2 microscope equipped with
a Zeiss Axiocam 506 color camera operated by ZEN software. Four regions of interest
(ROIs) were drawn in each section: a 1 mm wide cortical area bordering the lesion core
medially (medial perilesional cortex) and laterally (lateral perilesional cortex), and the
corresponding areas in the contralateral cortex. Each cortical area was further subdivided
into the area containing layers II-IV and layers V-VI. This resulted in the following 4 ROIs:
medial perilesional supragranular layers (including internal granular layer IV), medial
perilesional infragranular layers, lateral perilesional supragranular layers, and lateral
perilesional infragranular layers. Accordingly, the corresponding contralateral cortex was
also divided into 4 areas, resulting in a total of 8 ROIs per section. Next, the RGB color
images were converted into gray-scale images. Then, gray-scale images were thresholded
manually to match with the c-Fos positivity in the immunostained section. Then, the (a)
total area of the ROI (total number 8) and (b) area of c-Fos positivity in a thresholded image
were calculated. The c-Fos expression-% (c-Fos-%) in each ROI was calculated as (c-Fos
positive area/ROI area) × 100%.

2.10. Statistical Analysis

Statistical analysis was performed using SPSS for Windows (version 19.0) and Graph-
Pad Prism5. The non-parametric Kruskal–Wallis test was used to assess differences in the
parameters of the PTZ test (latency to the first electrographic seizure, latency to the first
spike, latency to the first ED, seizure duration, and behavioral score) and the density of
c-Fos expression between treatment groups. Post hoc analysis was performed using the
Mann–Whitney U test. The Wilcoxon test was applied to test the differences in c-Fos expres-
sion between different brain areas (ipsilateral vs. contralateral, rostral vs. caudal, medial
vs. lateral, supragranular layers vs. infragranular layers) within the same animal. The
chi-square (χ2) test was applied to analyze differences in the occurrence of PTZ-induced
seizures and increased c-Fos expression in the dentate gyrus between experimental groups.
The non-parametric Spearman rank correlation test was used to analyze correlations be-
tween c-Fos expression density and the total seizure duration or the maximum behavioral
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score in the PTZ test. Data are presented as mean ± standard deviation or as mean ±
standard error of the mean. Statistical significance was set at p < 0.05.

3. Results

3.1. Impact Pressure, Occurrence of Post-Impact Seizure-Like Behavior, Apnea Time, and Mortality

Impact pressure. The impact pressure used to induce lateral FPI was 3.23 ± 0.09 atm
(range 2.91–3.39 atm). There was no difference between the rats that developed TBIFI
(3.21 ± 0.07) or TBICF (3.23 ± 0.11) endophenotypes at 6 weeks post-TBI (p = 0.096).

Apnea. The post-impact time in apnea was 20 ± 14 s (range 5–60 s). There was no
difference between the TBIFI (23 ± 16) and TBICF (17 ± 11) endophenotypes (p = 0.3709).

Acute and follow-up mortality. Acute post-impact mortality (<72 h) was 21% (7/33 rats
with TBI), indicating moderate severity of the TBI [24,34,35]. Follow-up mortality (>72 h
post-injury) was 31% (8/26) and typically occurred during the anesthesia-related to elec-
trode implantation or unknown causes. In sham-operated animals, acute mortality was 0%
(0/7) and follow-up mortality 28% (2/7; during electrode implantation-related anesthesia).

3.2. MRI Indicated Equal Distribution of TBIFI and TBICF Endophenotypes at 6 Weeks Post-TBI

Consistent with our previous follow-up studies [5,26,27], MRI analysis of cortical
pathology at 6 weeks post-TBI (n = 26) indicated 2 major structural cortical lesion endophe-
notypes. One endophenotype was characterized by a focal cortical lesion surrounded by an
enhanced T2 signal, reporting on ongoing perilesional inflammation, and is referred to here
as “focal inflammatory endophenotype” (TBIFI) (Figure 2A). The second endophenotype
presented as a large cortical cavity accompanied by an enlarged ipsilateral lateral ventricle
and very narrow or no perilesional inflammation, referred to here as a “cavity-forming
endophenotype” (TBICF) (Figure 2B). At 6 weeks post-TBI, 58% (15/26) of the TBI rats
had developed a TBIFI endophenotype, and 42% (11/26) developed a TBICF endopheno-
type. Consequently, the 26 surviving rats of both endophenotypes were randomized into
the LPS or vehicle treatment groups, resulting in 4 experimental groups: TBIFI-Veh (7),
TBIFI-LPS (8), TBICF-Veh (5), and TBICF-LPS (6).

Figure 2. Cortical lesion endophenotypes. Representative unfolded MRI and histologic cortical maps of 2 rats with lateral
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fluid-percussion-induced traumatic brain injury (TBI), showing the extent and location of the cortical lesion in the focal-
inflammatory (rat #17 from the TBIFI-LPS group; left panels) and cavity-forming (rat #36 from the TBICF-LPS group; right
panels) endophenotypes. The horizontal lines indicate the 2 rostrocaudal levels, from which the immunostained sections
were sampled for analysis of c-Fos expression. (A) Four representative coronal T2-weighted MRI slices (a1 most rostral,
a4 most caudal) used for the unfolding of the lesion in MRI images at 6 weeks post-TBI. White arrows indicate the lesion.
(B) Four thionin-stained sections (23 weeks post-TBI) corresponding to levels of MRI slices in panel (A). Dashed 1 mm
wide squares in b1 (rostral) and b4 (caudal), extending throughout layers I-VI indicate the areas used for the quantitative
analysis of c-Fos-immunoreactivity (ir) in the medial (m) and lateral (l) perilesional cortex. (C) Unfolded MRI (blue) and
histologic (pink) cortical lesion overlaid on the unfolded template prepared as previously described [26]. Abbreviations: CF,
cavity-forming; FI, focal inflammatory; ir, immunoreactivity; L, lateral; LPS, lipopolysaccharide; M, medial; MRI, magnetic
resonance imaging; TBI, traumatic brain injury. Scale bar = 1 mm.

3.3. Spontaneous Seizures and Epileptiform Discharges

In the 4-weeks vEEG monitoring that started on weeks 17 post-TBI (i.e., 8 weeks
after LPS injection) 1 rat in the TBIFI-Veh group (#22) expressed 1 spontaneous seizure
(Racine score 1) lasting for 117 s (Figure 3A). Another rat in the TBIFI-Veh group (#43) had
a spontaneous seizure during the overnight vEEG recording preceding the PTZ test. The
seizure lasted 185 s and had a Racine score of 5. In both animals, the seizures occurred
during the transition from N3 sleep to REM (Figure 3A). No handling-related seizures
were observed.

One of the 5 rats in the TBIFI-LPS group expressed EDs (Figure 3B, no spontaneous
seizures were observed). All except 3 sham and TBI rats (1 in TBIFI-Veh, 1 in TBIFI-LPS,
and 1 in TBICF-LPS group) showed spike-and-wave discharges (SWDs, Figure 3C).

3.4. Peripheral Infection at 8 Weeks Post-TBI Increased Seizure Susceptibility in the PTZ Test

The effect of TBI with or without LPS treatment on seizure susceptibility was tested
using the PTZ-test at 4 weeks after completing the 4-weeks vEEG monitoring, i.e., 23 weeks
after TBI and 15 weeks after LPS injection. Data are summarized in Table 1.

Occurrence of PTZ-induced seizures. PTZ-induced seizures occurred more often in the
TBI-LPS group than in the sham-injured group (80% vs. 20%, p < 0.05, χ2-test). Seizure
occurrence did not differ between the TBI-LPS and TBI-Veh groups (80% vs. 46%, p > 0.05,
χ2-test) (Table 1).

When the 2 endophenotypes were analyzed separately, PTZ-induced seizures within
1 h after PTZ injection occurred more often in the TBIFI-LPS group than in the TBIFI-Veh
group (100% vs. 43%, p < 0.05, χ2-test). Occurrence of induced seizures in the TBICF-LPS
group, however, did not differ from that in the TBICF-Veh group (60% vs. 50%, p > 0.05,
χ2-test). In addition, there was no difference between the TBIFI-LPS and TBICF-LPS groups
(100% vs. 60%) or between the TBIFI-Veh and TBICF-Veh groups (43% vs. 50%) (Figure 4A).

Number of PTZ-induced seizures. The mean number of PTZ-induced seizures did not
differ between the TBI-LPS and TBI-Veh groups (1.8 ± 1.0 vs. 1 ± 0, p > 0.05). In addition,
no differences were detected between the endophenotypes (data not shown).

Latency to the first electrographic seizure. Only 1 of the sham-operated rats developed a
seizure after PTZ injection (latency 1 628 s). The latency to the first electrographic seizure
in the TBI-LPS group tended to be shorter than that in the TBI-Veh group (331 ± 258 s vs.
604 ± 345 s, p > 0.05) (Table 1). Even though the different pathologic endophenotypes did
not differ from each other, the latency to the first PTZ-induced seizures seemed the shortest
in the TBICF-LPS group (206 ± 133 s) (Figure 4B).
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Figure 3. Video-electroencephalogram (vEEG) analysis. (A) A spontaneous seizure in a rat (#22) from the TBIFI-Veh group
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that occurred during the transition from stage III sleep to rapid eye movement sleep (REM). Black arrows indicate the
beginning and end of the seizure. Asterisks refer to arousals. The duration of the electrographic seizure was 117 s, and
the behavioral Racine score was 3 [31]. The X-Y scale in the right lower corner indicates the voltage and duration or
electrographic patterns and applies to panels A-C. Stars indicate muscle artifacts. (B) An example of the epileptiform
discharge (ED) lasting 1.2 s in a rat (#39) from the TBIFI-LPS group. Note the peak in relative power at 5.5 Hz. (C) An
example of a spike-and-wave discharge (SWD) in a rat (#40) in the TBIFI-Veh group. Note the peak in relative power
at 8 Hz and subsequent harmonics. SWDs were also found in the sham-operated group and were considered to be
age-related oscillations in Sprague–Dawley rats]. (D) Green circle indicates the craniotomy. Positions of the 4 epidural
recording electrodes (Ø 1 mm, blue circles), a reference electrode (black), and ground electrode (orange). Abbreviations: cF,
contralateral frontal; cP, contralateral posterior; ED, epileptiform discharge; FI, focal inflammatory; iF, ipsilateral frontal;
iP, ipsilateral posterior; LPS, lipopolysaccharide; REM, rapid eye movement sleep; SWD, spike-and-wave discharge; TBI,
traumatic brain injury; Veh, vehicle.

Table 1. Electroencephalograhic (EEG) events in the pentylenetetrazol (PTZ) seizure susceptibility
test at 23 weeks after traumatic brain injury (TBI) and 15 weeks after lipopolysaccharide (LPS)
administration in the whole animal group.

Parameter
Sham
(1/5)

TBI + Veh
(5/11)

TBI + LPS
(8/10)

latency to the first spike (s) 287 ± 230 730 ± 765 374 ± 401
latency to the first ED (s) 288 ± 229 775 ± 802 400 ± 399

occurrence of PTZ-induced seizures 20% 46% 80%
latency to the first electrographic seizure (s) 1 628 604 ± 345 331 ± 258

mean seizure duration per rat (s) 24 35 ± 19 114 ± 53 *
mean cumulative seizure duration per rat (s) 24 35 ± 19 163 ± 90 **

mean behavioral seizure score per rat 3 3.2 ± 2.0 4.0 ± 1.0
Abbreviations: ED, epileptiform discharge;TBI, traumatic brain injury; Veh, vehicle. Data are shown as
mean ± standard deviation of the mean. Statistical significances: * p < 0.05; ** p < 0.01 (Mann–Whitney U test
compared to the TBI-Veh group).

Cumulative duration of PTZ-induced electrographic seizures. Cumulative seizure duration
was longer in TBI-LPS rats (163 ± 90 s, range 77–338 s, median 168 s) than in TBI-Veh rats
(35 ± 19 s, range 10–52 s, median 46 s, p < 0.01) (Figure 4C). In particular, the cumulative
seizure duration in the TBIFI-LPS group (193 ± 103 s, range 77–338 s, median 196 s) was
prolonged compared with that in the TBIFI-Veh group (40 ± 18 s, range 20–52 s, median
49 s, p < 0.05) (Figure 4D). It should be noted that rats in the TBICF-LPS group also tended
to have a prolonged cumulative seizure duration compared with the TBICF-Veh group. As
only 2 rats in the TBICF-Veh group had PTZ-induced seizures, however, the difference was
not significant (Figure 4D).

Behavioral severity of PTZ-induced seizures. The mean seizure behavioral score was
4.0 ± 1.0 (range 3–5, median 4) in the TBI-LPS group, 3.2 ± 2.0 (range 0–5, median 3) in the
TBI-Veh group, and 3 in the sham group (only 1 seizure) (Table 1). No differences were
detected between groups or endophenotypes (data not shown).

Latency to the first spike. The latency to the first spike after PTZ treatment tended to be
reduced in the TBI-LPS group compared with the TBI-Veh group (Table 1). The difference
did not reach statistical significance, however, regardless of whether the 2 endophenotypes
were analyzed together or separately (data not shown).

Latency to the first ED. Similarly, the latency to the first ED after PTZ administration
tended to be shorter in the TBI-LPS group compared with the TBI-Veh group (Table 1).
The difference did not reach statistical significance, however, regardless of whether the
2 endophenotypes were analyzed together or separately (data not shown).
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Figure 4. Effect of lesion endophenotype on PTZ seizure susceptibility test. (A) Occurrence of PTZ-induced seizures was
increased by the “second hit” in the TBIFI endophenotype (TBIFI-LPS 100% vs. TBIFI-Veh 43%). (B) Latency to the first
electrographic seizure was not affected by the endophenotype of the cortical lesion. Please note that only a subpopulation of
animals developed PTZ-induced seizures (e.g., only 1 rat showed a seizure after PTZ administration in the sham-operated
group). (C) TBI-LPS rats showed a longer cumulative seizure duration (163 ± 90 s, range 77–338 s, median 168 s) compared
with TBI-Veh rats (35 ± 19 s, range 10–52 s, median 46 s). (D) Further analysis revealed that the difference resulted from
the prolonged cumulative seizure duration in the TBIFI endophenotype. Data are presented as mean ± standard error of
the mean (SEM) (panels (B,C)). Statistical significances: # p < 0.05 (χ2-test); * p < 0.05, ** p < 0.01 (Mann–Whitney U test).
Abbreviations: CF, cavity-forming; FI, focal inflammatory; LPS, lipopolysaccharide; PTZ, pentylenetetrazole; TBI, traumatic
brain injury; Veh, vehicle.

3.5. Peripheral Infection at 8 Weeks Post-TBI Enhanced PTZ-Induced c-Fos Expression in the
Perilesional Cortex and Dentate Gyrus

We focused our analysis of c-Fos activation on the perilesional cortex and hippocampus,
which are known to be involved in PTE-related excitability in the lateral FPI model [27,29,36].
Our initial visual analysis of immunostained preparations revealed differences in PTZ-
induced nuclear c-Fos expression (a) along with the rostrocaudal extent of the cortical lesion,
(b) between the supragranular and infragranular cortical layers, (c) between the TBIFI and
TBICF endophenotypes (both cortical and hippocampal c-Fos expression), (d) between LPS-
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and vehicle-treated injured animals, and (e) between rats with or without induced seizures
in the PTZ test.

3.6. Topography of PTZ-Induced c-Fos Expression along the Rostrocaudal Extent of Cortical Lesion

To assess the topography of PTZ-induced c-Fos activation, we divided the lesioned
cortex into the medial and lateral perilesional cortex, which were analyzed both rostrally
and caudally. As shown in detail below, the c-Fos activation in the TBI-Veh group was
greater in the lateral perilesional cortex (area closer to the rhinal fissure) compared with
the medial perilesional cortex (closer to midline; p < 0.05, Supplementary Figures S1–S4).
In addition, the rostral areas were more activated than the caudal areas after TBI (Figure 5
and significances therein). In sham-operated animals, no medial-lateral or rostral-caudal
gradients were observed.

Rostral perilesional cortex. In the Sham-Veh group, the density of c-Fos expression was
comparable between the ipsilateral (side of craniotomy) and contralateral rostral cortex
(AP from −0.96 to −1.80 from the bregma; the levels correspond to rostral levels of the
cortical lesion in TBI rats).

Ipsilateral perilesional c-Fos expression was greater in the TBI-Veh group than in the
Sham-Veh group (p < 0.01). Ipsilateral labeling was also higher than that contralaterally
(p < 0.001) (Figure 5A).

In the TBI-LPS group, c-Fos expression was increased both ipsilaterally and contralat-
erally compared with the Sham-Veh group (both p < 0.001). Contralateral labeling was also
higher than that in the TBI-Veh group (p < 0.01). Such as in the TBI-Veh group, the labeling
was higher ipsilaterally than contralaterally. (p < 0.05) (Figure 5A).

Caudal perilesional cortex. In the Sham-Veh group, the density of c-Fos expression was
comparable between the ipsilateral and contralateral caudal cortex (AP −5.88 to −6.24 from
bregma; the levels correspond to caudal levels of the cortical lesion in TBI rats).

The density of ipsilateral c-Fos labeling was greater in the TBI-Veh group than in the
Sham-Veh group (p < 0.05). Ipsilateral labeling was also higher than that contralaterally
(p < 0.001) (Figure 5B).

Ipsilateral c-Fos expression was greater in the TBI-LPS group than in the Sham-Veh
group (p < 0.001). Ipsilateral labeling was also higher than that in the TBI-Veh group
(p < 0.05). Such as in the TBI-Veh group, the labeling was higher ipsilaterally than contralat-
erally (p < 0.01) (Figure 5B).

Rostral vs. caudal perilesional cortex. In the TBI-Veh group, ipsilateral perilesional c-Fos
expression was greater rostrally than caudally (p < 0.05). In the TBI-LPS group, both
ipsilateral and contralateral c-Fos expression was greater rostrally than caudally (both
p < 0.05) (Figure 5).

3.7. Laminar Analysis of PTZ-Induced c-Fos Expression

Next, we assessed c-Fos expression in layers II-IV (supragranular layers) and layers
V-VI (infragranular layers) in the rostral perilesional cortex, in which we found the highest
c-Fos expression levels. As shown in Supplementary Figure S2, most of the c-Fos expression
was in layers II-IV (medial and lateral perilesional cortex combined). The levels were high-
est in animals that expressed seizures in the PTZ-test, whether or not they had been treated
with vehicle or LPS. Compared with the contralateral side, there was a clear asymmetry
in the TBI-Veh group (p < 0.001). In the TBI-LPS group, however, c-Fos expression in the
superficial layers was increased bilaterally.

In addition, in the caudal perilesional cortex, the most robust activation was observed
in layers II-IV (data not shown).
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Figure 5. c-Fos expression in the rostral and caudal perilesional cortex. (A) Rostral perilesional cortex. In the Sham-Veh group,
the density of c-Fos expression was comparable between the ipsilateral and contralateral perilesional cortex rostrally. In
the TBI-Veh group, c-Fos expression was increased ipsilaterally compared with the Sham-Veh group. In the TBI-LPS group,
the density of c-Fos expression was higher both ipsilaterally and contralaterally than in the Sham-Veh group. Contralateral
labeling was also higher than that in the TBI-Veh group. Inter-hemispheric analysis showed higher c-Fos labeling ipsilaterally
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than contralaterally in both the TBI-Veh and TBI-LPS groups. (B) Caudal perilesional cortex. In the Sham-Veh group, the
density of c-Fos expression was comparable between the ipsilateral and contralateral perilesional cortex caudally. The c-Fos
labeling density was higher ipsilaterally in the TBI-Veh group than in the Sham-Veh group. In the TBI-LPS group, c-Fos
expression was increased ipsilaterally compared with the Sham-Veh and TBI-Veh groups. Interhemispheric analysis revealed
more c-Fos activation ipsilaterally than contralaterally in both the TBI-Veh and TBI-LPS groups. Comparison of c-Fos
expression between the rostral and caudal perilesional cortex showed that c-Fos expression in the ipsilateral perilesional
cortex was higher rostrally than caudally in the TBI-Veh group (p < 0.05, Wilcoxon). In the TBI-LPS group, rostral c-Fos
expression was increased bilaterally compared with the caudal c-Fos expression (p < 0.05, Wilcoxon). Abbreviations: CF,
cavity-forming; contra, contralateral; FI, focal inflammatory; ipsi, ipsilateral; LPS, lipopolysaccharide; TBI, traumatic brain
injury; Veh, vehicle. Statistical significances: # p < 0.05, ## p < 0.01, ### p < 0.001 (Wilcoxon); * p < 0.05, ** p < 0.01, *** p < 0.001
(Mann–Whitney U test).

3.8. Effect of Lesion Endophenotype on the Pattern of c-Fos Expression

As the cumulative duration of PTZ-induced seizures was longer in the TBIFI rats than
in the TBICF rats, the highest activation of c-Fos expression was observed in rats with the
post-TBIFI endophenotype, whether or not they were treated with LPS (Figure 5, red lines
with closed circles). Figures 6 and 7 show representative photomicrographs PTZ-induced
c-Fos activation of the rat with TBIFI and Figures 8 and 9 with TBICF endophenotype.

3.9. Effect of the Occurrence of PTZ-Induced Seizures on the Pattern of c-Fos Expression

Perilesional cortex. As only a subgroup of animals expressed electrographic seizures
after PTZ administration, we next compared the activation patterns between animals with
or without PTZ-induced seizures.

As summarized in Figure 5, in both the TBI-Veh and TBI-LPS groups, the highest
densities of c-Fos activation were observed in rats with PTZ-induced seizures both rostrally
and caudally (Figure 5, red circles and lines). Moreover, the activation was more robust
ipsilaterally than contralaterally except in the TBI-LPS group, in which the rostral activation
was high bilaterally (Figure 5 and significances therein). It should be noted that the injured
rats without PTZ-induced seizures also tended to have higher c-Fos expression ipsilaterally
than contralaterally (Figure 5).

Next, we assessed whether the density of c-Fos expression was associated with the
maximal behavioral seizure score. In the TBI-Veh group, the higher the behavioral score,
the greater the c-Fos expression in the ipsilateral rostral perilesional cortex (r = 0.9487,
p < 0.05) (Figure 10). In the TBI-LPS group, the higher the behavioral seizure score, the
higher the c-Fos expression in the contralateral cortex (r = 0.7638, p < 0.05) (Figure 10). No
associations were detected between the cumulative seizure duration and c-Fos activation
in the TBI-Veh and TBI-LPS groups (Figure 10).

In the TBI-Veh group, 9 of 11 rats had a behavioral seizure score < 4 or no seizure in
the PTZ-test. Interestingly, 1 of the rats showed increased c-Fos activation in the dentate
gyrus. This rat expressed a spontaneous seizure lasting 185 s approximately 23 h before the
PTZ injection (in baseline vEEG). Of the 11 rats in the TBI-Veh group, 2 scored 4–5 seizures
after PTZ administration, and both of these rats had increased c-Fos activation in the
dentate gyrus.

In the TBI-LPS group, 3 of 10 animals had a behavioral seizure score < 4 or no seizure
in the PTZ-test. One of these rats (seizure score 3) showed increased c-Fos activation in
the dentate gyrus. Of the 10 rats, 7 developed seizures that reached stage 4–5 within 2 h
after PTZ administration, and all of these rats had increased c-Fos activation in the dentate
gyrus. Consequently, the c-Fos expression increase in the dentate gyrus was higher in the
TBI-LPS group (8/10 rats) than in the TBI-Veh group (3/11 rats, p < 0.05, χ2-test) or the
sham group (0/5 rats, p < 0.01, χ2-test) (Figure 11).
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Figure 6. LPS enhances the seizure-induced c-Fos expression and changes its pattern in the rostromedial perilesional cortex.
Representative high-magnification photomicrographs showing c-Fos immunolabeling (A1–D1) and thionin staining (A2–D2)
in the rostromedial perilesional cortex (somatosensory cortex, see Figure 3C) of a vehicle-treated sham-operated rat and
a vehicle or LPS-treated injured rat with a TBIFI endophenotype at 2 h after PTZ injection (15 weeks after LPS injection
and 23 weeks post-TBI). (A1,A2) A rat from the Sham-Veh group without PTZ-induced seizure (#28). Note the very low
c-Fos expression level throughout the cortical layers. (B1,B2) A rat from the TBIFI-Veh group without a PTZ-induced seizure
(#16). Note the intense c-Fos labeling in layer IV apparently reporting on the TBI-induced chronic excitability. (C1,C2) A
rat from the TBIFI-Veh group with a PTZ-induced seizure (#50, Racine score 5 seizure). Note the intense c-Fos labeling in
layers II-III. (D1,D2) A rat from the TBIFI-LPS group with a PTZ-induced seizure (#17, Racine score 5 seizure) with intense
c-Fos labeling in layers II-III and scattered immunopositive cells in deeper layers. Note that the occurrence of PTZ-induced
seizures changed the overall pattern of perilesional c-Fos expression in TBI animals (with or without LPS). In addition to
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labeling in layer IV, layers I-III were activated (e.g., (D1) vs. (B1)). A rat in the TBIFI-Veh group with PTZ-induced seizure
(C1) showed higher c-Fos activation than a rat without a seizure ((C1) vs. (B1)), particularly in the supragranular layers.
An LPS-treated rat with a TBIFI endophenotype and a PTZ-induced seizure had robustly enhanced c-Fos expression in
all cortical layers (D1) compared with a vehicle-treated seizing TBI rat (C1). Abbreviations: FI, focal inflammatory; FPI,
fluid-percussion injury; LPS, lipopolysaccharide; nS, no seizure; PTZ, pentylenetetrazole; S, seizure; TBI, traumatic brain
injury; Veh, vehicle; WM, white matter. Scale bars = 200 μm. * Enlarged ipsilateral lateral ventricle.

Figure 7. LPS enhances the seizure-induced c-Fos expression and changes its pattern in the caudomedial perilesional
cortex. Representative high magnification photomicrographs showing c-Fos immunochemistry (A1–D1) and Nissl staining
(A2–D2) in the caudomedial perilesional cortex in rats from the Sham-Veh and TBIFI endophenotype groups at 2 h after
PTZ injection (23 weeks post-FPI and 15 weeks after LPS injection). (A1,A2) Example of a rat from the Sham-Veh group
without PTZ-induced seizure (#28). (B1,B2) Example of a rat from the TBIFI-Veh group without a PTZ-induced seizure (#16).
(C1,C2) Example of a rat from TBIFI-Veh group with a PTZ-induced seizure (#50, seizure Racine score 5). (D1,D2) Example of
a rat from TBIFI-LPS group with a PTZ-induced seizure (#17, seizure Racine score 5). Note that in rats without a PTZ-induced
seizure, TBI increased PTZ-induced c-Fos expression ((B1) vs. (A1)). In the TBIFI-Veh group, a rat with a PTZ-induced
seizure (C1) exhibited higher c-Fos activation compared to a rat without a seizure (B1), particularly in the supragranular
layers. In the TBIFI endophenotype with PTZ-induced seizure, LPS treatment at a chronic time-point after TBI further
enhanced c-Fos expression (D1) compared with vehicle treatment (C1) in all layers. Abbreviations: FI, focal inflammatory;
FPI, fluid-percussion injury; LPS, lipopolysaccharide; nS, no seizure; PTZ, pentylenetetrazole; S, seizure; TBI, traumatic
brain injury; Veh, vehicle; WM, white matter. Scale bars = 200 μm.
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Figure 8. Pattern of c-Fos expression in the rostromedial perilesional cortex. Representative high magnification photomicro-
graphs showing c-Fos immunochemistry (A1–D1) and Nissl staining (A2–D2) in the rostromedial perilesional cortex in rats
from the Sham-Veh group and TBICF endophenotype at 2 h after PTZ injection (23 weeks post-FPI and 15 weeks after LPS
injection). (A1,A2) Example of a rat from the Sham-Veh group without a PTZ-induced seizure (#28). (B1,B2) Example of a rat
from the TBICF-Veh group without a PTZ-induced seizure (#33). (C1,C2) Example of a rat from the TBICF-Veh group with a
PTZ-induced seizure (#48, seizure Racine score 0, only electroencephalographic seizure). (D1,D2) Example of a rat from
the TBICF-LPS group with a PTZ-induced seizure (#45, seizure Racine score 4). Note that in rats without a PTZ-induced
seizure, TBI increased PTZ-induced c-Fos expression, particularly in layer IV ((B1) vs. (A1)). In the TBICF-Veh group, a rat
with a PTZ-induced seizure (C1) revealed higher c-Fos activation compared to a rat without a seizure (B1), particularly in
the supragranular layers. In the TBICF endophenotype with a PTZ-induced seizure, LPS treatment at a chronic time-point
after TBI further enhanced c-Fos expression (D1) compared with vehicle treatment (C1) in all layers. Abbreviations: CF,
cavity-forming; FPI, fluid-percussion injury; LPS, lipopolysaccharide; nS, no seizure; PTZ, pentylenetetrazole; S, seizure;
TBI, traumatic brain injury; Veh, vehicle; WM, white matter. Scale bars = 200 μm. * Enlarged ipsilateral lateral ventricle.
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Figure 9. Pattern of c-Fos expression in the caudomedial perilesional cortex. Representative high magnification photomicro-
graphs showing c-Fos immunochemistry (A1–D1) and Nissl staining (A2–D2) in the caudomedial perilesional cortex in
rats from Sham-Veh group and TBICF endophenotype at 2 h after PTZ injection (23 weeks post-FPI and 15 weeks after LPS
injection). (A1,A2) Example of a rat from the Sham-Veh group without a PTZ-induced seizure (#28). (B1,B2) Example of a rat
from the TBICF-Veh group without a PTZ-induced seizure (#33). (C1,C2) Example of a rat from the TBICF-Veh group with a
PTZ-induced seizure (#48, seizure Racine score 0, only electroencephalographic seizure). (D1,D2) Example of a rat from the
TBICF-LPS group with a PTZ-induced seizure (#45, seizure Racine score 4). Note that in rats without a PTZ-induced seizure,
TBI increased PTZ-induced c-Fos expression ((B1) vs. (A1)). In the TBICF-Veh group, no difference was detected between rats
with a PTZ-induced seizure (C1) and those without a seizure (B1). In the TBICF endophenotype with a PTZ-induced seizure,
LPS treatment at a chronic time-point after TBI further enhanced c-Fos expression (D1) compared with vehicle treatment (C1)
in all layers. Abbreviations: CF, cavity-forming; FPI, fluid-percussion injury; LPS, lipopolysaccharide; nS, no seizure; PTZ,
pentylenetetrazole; S, seizure; TBI, traumatic brain injury; Veh, vehicle; WM, white matter. Scale bars = 200 μm. * Enlarged
ipsilateral lateral ventricle.

Dentate gyrus. Szyndler et al. [37] reported increased c-Fos immunoreactivity in the
dentate gyrus in rats that showed a stage 5 generalized tonic-clonic seizure after PTZ
induction (35 mg/kg, i.p., repeated administration). Due to the increased seizure suscep-
tibility of TBI rats to PTZ-induced seizures, we administered PTZ at a dose of 25 mg/kg.
Consequently, none of the sham-operated animals developed stage 4–5 behavioral seizures,
and none of them showed c-Fos activation in the dentate gyrus.
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Figure 10. c-Fos expression and seizure susceptibility. Correlations between the density of rostral perilesional c-Fos
expression and seizure susceptibility (maximal behavioral seizure score, cumulative seizure duration) in the PTZ-test.
(A1) Ipsilaterally, the higher the density of c-Fos expression, the higher the maximal behavioral seizure score in the TBI-Veh
group (r = 0.949, p < 0.05). (A2) Contralaterally, the higher the c-Fos expression, the higher the maximal behavioral score
in the TBI-LPS group (r = 0.764, p < 0.05). No correlations between the density of c-Fos expression and the cumulative
seizure duration were detected (B1) ipsilaterally or (B2) contralaterally in the TBI-Veh or TBI-LPS groups. Abbreviations:
LPS, lipopolysaccharide; ns, non-significant; r, correlation coefficient; TBI, traumatic brain injury; Veh, vehicle. Statistical
significances: * p < 0.05 (r, Spearman’s rho correlations).

In the TBIFI endophenotype, activation of the dentate gyrus was more common in
the TBIFI -LPS group than the TBIFI -Veh group (100% vs. 43%, p < 0.05, χ2-test) or the
sham group (100% vs. 0%, p < 0.01, χ2-test) (Figure 12). In the TBICF endophenotype, c-Fos
activation in the dentate gyrus did not differ between the vehicle- and LPS-treated animals
(0% vs. 60%, p > 0.05) (Figure 11).

In all animals, the increase in c-Fos expression was bilateral along the septotemporal
axis of the dentate gyrus.
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Figure 11. c-Fos expression in the dentate gyrus (DG). (A) Percentage of animals with increased c-Fos expression in the
dentate gyrus was higher in the TBI-LPS than in the TBI-Veh and Sham-Veh groups. (B) All rats in the TBIFI-LPS group
more commonly showed increased c-Fos activation in the dentate gyrus than rats in the TBIFI-Veh and Sham-Veh groups.
Abbreviations: CF, cavity-forming; DG, dentate gyrus; FI, focal inflammatory; LPS, lipopolysaccharide; TBI, traumatic brain
injury; Veh, vehicle. Statistical significances: * p < 0.05, ** p < 0.01 (χ2-test).

Figure 12. Pattern of c-Fos expression in the dentate gyrus. Representative photomicrographs showing
mild granule cell damage and dispersion in the dentate gyrus (A–D) and calcifications in the ipsilateral
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thalamus (E,F) in a rat (#38, Racine score 5) in the TBIFI-Veh group with an induced seizure at 2 h after
PTZ injection. A c-Fos immunostained (A) and a Nissl-stained section (C). A higher-magnification
photomicrographs of c-Fos immunohistochemistry (B) and Nissl staining (D) taken from the region
indicated with a dashed box in panel (A,C), respectively. Note the granule cell loss indicated by a closed
arrow with iron deposits (dark dots) and dispersed granule cells in the molecular layer. (E) Thalamic
calcification (dashed box). (F) A higher magnification photomicrograph was taken from the region
indicated with a dashed box in panel (E). Abbreviations: FI, focal inflammatory; FPI, fluid-percussion
injury; PTZ, pentylenetetrazole; TBI, traumatic brain injury; Veh, vehicle. Scale bar = 200 μm (panel
(A,C,E)); 50 μm (panel (B,D,F)).

4. Discussion

The aim of the present study was to identify factors that facilitate epileptogenesis after
TBI. We hypothesized that LPS treatment at 8 weeks after TBI, mimicking Gram-negative
peripheral infection at a chronic post-injury time-point, will increase neuronal excitability
and facilitate post-traumatic epileptogenesis. We had three major findings. First, LPS
injection at 8 weeks post-TBI increased seizure susceptibility, particularly in rats with the
TBIFI endophenotype. Second, LPS augmented PTZ-induced c-Fos expression, a marker
of neuronal activation in the injured ipsilateral cortex. Third, LPS enhanced PTZ-induced
c-Fos bilateral expression in the dentate gyrus, particularly in the TBIFI endophenotype.

4.1. Occurrence of Late Spontaneous Seizures

Previous studies demonstrated that approximately 10% of rats with lateral FPI have
epilepsy at 3 months, 25% at 6–7 months, and 40% to 50% at 12 months post-injury [29].
Consistent with previous studies, approximately 10% of rats with TBI had electrographic
seizures when vEEG-monitored during the fifth post-injury month. Consequently, we used
PTZ-induced seizure susceptibility rather than the occurrence of spontaneous seizures as
an outcome measure when assessing epileptogenesis in different treatment groups.

4.2. Peripheral Infection at a Chronic Time-Point Post-TBI Increased Seizure Susceptibility

Several studies revealed that peripheral inflammation in normal immature and/or
mature rodents induced by LPS increases seizure susceptibility to convulsants, hyper-
thermic exposure, or kindling [38–44]. Our 6-month follow-up study extended previous
observations by showing that LPS injection at 2 months after TBI, modeling peripheral
Gram-negative infection in subjects with brain injury, enhanced seizure susceptibility in the
PTZ test. This is consistent with earlier studies showing that post-injury immune challenge
can worsen the functional post-TBI outcome. For example, LPS administration at 30 days
post-TBI exacerbated cognitive impairment and induced depression-like behavior, both
of which were associated with microglial reactivation and an exaggerated production of
pro-inflammatory cytokines IL1-β and TNFα [45,46].

Such as in humans, brain injury caused by TBI in adult rodents presents differently
between animals, even when the impact force is comparable [47]. In addition, the progres-
sion of injury varies: smaller lesions with a perilesional inflammatory rim in approximately
50% of rats and fast-progressing cortical lesions with an extensive loss of cortical tissue and
large ventricle size in another 50% [47,48]. The inter-animal variability confirmed in the
present study allowed us to compare the effect of a second hit induced by LPS treatment
according to the lesion type. Interestingly, rats with smaller focal lesions and a perilesional
inflammatory rim developed a greater response to PTZ test than animals with large cortical
lesions. This correlates with our previous functional MRI study, indicating perilesional
focal seizure onset following PTZ-administration in rats with a TBIFI endophenotype on
the basis of the blood-oxygen-level-dependent (BOLD) response [27]. Overall, these data
suggest a greater presence, and consequently, a more extensive focal reactivation of the
immune cells by a “second hit” in rats with the TBIFI endophenotype.
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4.3. TBI-Induced Perilesional Cortical Neuronal c-Fos Expression Was Augmented by
LPS Treatment

Expression of c-Fos immunoreactivity is widely used as a biologic marker of neuronal
activation following various stimuli. Both seizure and injury effects are reported. After
PTZ administration, the increase in the brain c-Fos expression peaks at 2 h [49]. Here,
we analyzed c-Fos expression to map the PTZ-induced spatial distribution and density
of neuronal activation in the perilesional cortex and hippocampus in injured and sham-
operated rat brain with or without exposure to LPS treatment at 2 h after convulsant
exposure. As expected, we found a clear injury effect on excitability as the neuronal c-
Fos activation to the convulsant challenge was substantially greater in rats with TBI as
compared to sham-operated experimental controls. In addition, we found an infection effect
on c-Fos levels: in non-infected animals, the augmented c-Fos expression was ipsilateral,
whereas in LPS-treated animals, not only was the ipsilateral activation greater, but the
contralateral cortex was also activated. Laminar analysis of c-Fos activation revealed
greater activation in layers II-IV than in layers V-VI in both the TBI-Veh and TBI-LPS
groups, indicating the contribution of the supragranular layers to the ictogenic network.

Our observations of the injury effect on c-Fos expression are consistent with previous
studies in various TBI models. Following penetrating brain injury, induction of c-fos
mRNA and protein is focal and restricted to the ipsilateral hemisphere [50]. In controlled
cortical impact injury and lateral FPI models, c-fos mRNA expression increases in the
ipsilateral cortex [51,52]. In addition to injury type, impact severity affects the distribution
of c-Fos activation. [52]. Raghupathi et al. reported that mild TBI triggered by lateral
FPI induced c-fos mRNA in the injured hemisphere, while moderate injury-induced c-fos
mRNA bilaterally [53].

The functional significance of c-fos induction after TBI remains to be investigated.
However, the protein product of c-fos forms a heterodimer with c-JUN, which binds to the
AP-1 DNA site and regulates the function of multiple targets, encoding enzymes, receptors,
growth factors or structural proteins, and can contribute to the remodeling of neuronal
circuits within the lesioned area, eventually leading to PTE [54].

4.4. TBI-Induced Neuronal c-Fos Expression in the Dentate Gyrus Was Augmented by
LPS Treatment

Such as in the cerebral cortex, an injury effect on c-Fos expression in the dentate gyrus
has been described both in lateral FPI and cortical contusion injury models [51,52]. Some
studies also demonstrated an injury-induced increase in c-Fos expression in the dentate
gyrus only when stage 5 generalized tonic-clonic seizures occurred in the PTZ-kindling
model [37].

Our data reproduced both the injury and seizure effects on dentate gyrus c-Fos
expression in the lateral FPI model. These data add to previous findings by showing that
post-injury peripheral infection augmented the dentate gyrus neuronal c-Fos activation.
In 2 of 11 rats in the TBI-Veh group and in 7 of 10 rats in the TBI-LPS group with stage
4–5 seizures, increased c-Fos expression was observed in the dentate gyrus. Interestingly,
1 animal in TBI-Veh group also showed enhanced dentate c-Fos expression even though
no seizure developed after PTZ injection. This particular rat, however, had experienced a
stage 5 spontaneous seizure at 23 h before PTZ injection. Elevated c-Fos expression was
also observed in 1 rat in the TBICF-LPS group that developed a stage 3 seizure in the PTZ
test. Thus, 80% of rats in the TBI-LPS group and 27% in the TBI-Veh group exhibited
neuronal activation in the dentate gyrus, showing augmentation of the dentate gyrus
response to convulsant challenge in rats with post-TBI infection. In particular, rats with the
TBIFI cortical lesion endophenotype showed robust bilateral dentate gyrus activation to
PTZ challenge.
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5. Conclusions

In conclusion, our data provide the first evidence that peripheral infection at a chronic
post-TBI time-point enhances neuronal excitability in the perilesional cortex and bilaterally
in the dentate gyrus, particularly in animals with prolonged focal cortical T2 enhancement
around the lesion core. Our results emphasize the need for careful diagnosis and treatment
of peripheral infection after TBI as a component of antiepileptogenesis treatment strategies.

Supplementary Materials: The following are available online https://www.mdpi.com/article/10.339
0/biomedicines9121946/s1. Figure S1: c-Fos expression in the rostromedial and rostrolateral perile-
sional cortex and corresponding contralateral cortex. Figure S2: Density of c-Fos expression in layers
II-IV (supragranular layers) and layers V-VI (infragranular layers) in the rostral perilesional cortex.
Figure S3: Representative higher magnification photomicrographs showing c-Fos immunochemistry
and Nissl staining in the rostromedial contralateral cortex. Figure S4: Representative high magnifi-
cation photomicrographs showing c-Fos immunochemistry and Nissl staining in the caudomedial
contralateral cortex.
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Abstract: Brain atrophy induced by traumatic brain injury (TBI) progresses in parallel with epilep-
togenesis over time, and thus accurate placement of intracerebral electrodes to monitor seizure
initiation and spread at the chronic postinjury phase is challenging. We evaluated in adult male
Sprague Dawley rats whether adjusting atlas-based electrode coordinates on the basis of magnetic
resonance imaging (MRI) increases electrode placement accuracy and the effect of chronic electrode
implantations on TBI-induced brain atrophy. One group of rats (EEG cohort) was implanted with
two intracortical (anterior and posterior) and a hippocampal electrode right after TBI to target co-
ordinates calculated using a rat brain atlas. Another group (MRI cohort) was implanted with the
same electrodes, but using T2-weighted MRI to adjust the planned atlas-based 3D coordinates of each
electrode. Histological analysis revealed that the anterior cortical electrode was in the cortex in 83%
(25% in targeted layer V) of the EEG cohort and 76% (31%) of the MRI cohort. The posterior cortical
electrode was in the cortex in 40% of the EEG cohort and 60% of the MRI cohort. Without MRI-guided
adjustment of electrode tip coordinates, 58% of the posterior cortical electrodes in the MRI cohort
will be in the lesion cavity, as revealed by simulated electrode placement on histological images. The
hippocampal electrode was accurately placed in 82% of the EEG cohort and 86% of the MRI cohort.
Misplacement of intracortical electrodes related to their rostral shift due to TBI-induced cortical and
hippocampal atrophy and caudal retraction of the brain, and was more severe ipsilaterally than
contralaterally (p < 0.001). Total lesion area in cortical subfields targeted by the electrodes (primary
somatosensory cortex, visual cortex) was similar between cohorts (p > 0.05). MRI-guided adjustment
of coordinates for electrodes improved the success rate of intracortical electrode tip placement nearly
to that at the acute postinjury phase (68% vs. 62%), particularly in the posterior brain, which exhibited
the most severe postinjury atrophy. Overall, MRI-guided electrode implantation improved the quality
and interpretation of the origin of EEG-recorded signals.

Keywords: cortical atrophy; hippocampal atrophy; intracerebral electrode; magnetic resonance
imaging; posttraumatic epilepsy; traumatic brain injury

1. Introduction

Traumatic brain injury (TBI) is an alteration in brain function or brain pathology
caused by an external force [1]. Postimpact secondary pathologies include axonal injury,
neurodegeneration, blood–brain barrier dysfunction, and neuroinflammation, which can
progress over days to weeks to years [2–7]. The progressive reorganization of neuronal
networks can result in chronic comorbidities that compromise the quality of life, such as
posttraumatic epilepsy (PTE) [8,9].

The risk of PTE increases with the severity of the TBI, and is approximately 16% after
severe TBI [10]. The risk of epilepsy post-TBI increases with impact severity in both humans
and animal models [11]. Clinical and experimental studies show that the seizure focus
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and epileptogenic network locate in cortical structures, including the cerebral cortex and
hippocampus [12–14]. As epileptogenesis occurs over a period of weeks to months and
the frequency of unprovoked seizures is low, mechanistic studies of the evolution of PTE
require chronic electroencephalogram (EEG) recordings of the severely damaged brain with
an ongoing progressive secondary pathology [11]. On the other hand, to detect unprovoked
seizures (i.e., epilepsy diagnosis), electrodes are often implanted months to weeks after
the injury. The usefulness of atlas coordinates for electrode placement into the atrophied
cortical structures long after the occurrence of TBI and the effect of the presence of chronic
intracerebral electrodes on brain pathology, however, are unknown.

In patients with epilepsy, advanced structural magnetic resonance imaging (MRI)
techniques are used extensively in the clinic to facilitate intracerebral navigation during
implantation of intracerebral EEG electrodes for identifying epileptic foci or for stimulation
therapy [15,16]. To our knowledge, MRI guidance has not been applied in preclinical
studies. One of the objectives of the National Institutes of Health (NIH)-funded Centers
without Walls project EpiBioS4Rx (https://epibios.loni.usc.edu/; access on 14 March 2022)
is to perform chronic intracerebral EEG recordings over the course of epileptogenesis after
lateral fluid-percussion injury (FPI)-induced TBI. Lateral FPI is a widely used preclinical
model of TBI, leading to epilepsy in approximately 25% of animals within 6 to 7 months
postinjury [7,11,17,18]. Like in humans with PTE, progressive brain damage involves epilep-
togenic regions, including the cerebral cortex and hippocampus [7,19,20]. The progression
of cortical and hippocampal atrophy and spatial distortion, however, varies significantly
between animals over time [7,21–23].

Epileptogenesis studies often require large animal cohorts, and therefore optimizing
the quality of EEG recordings and their interpretation in atrophied brain is critical for
maintaining the feasibility and affordability of the studies [24]. As such, we aimed to
develop methodologies to (a) maximize the accuracy of recording-electrode placement
into the atrophied brain using preimplantation in vivo MRI, (b) reliably assess electrode
locations to correctly interpret the origin of the EEG-recorded signal, and (c) respond to
concerns related to the effect of chronic electrode implantations on TBI-induced brain
atrophy. We hypothesized that (a) MRI-guided electrode implantation will improve the
accuracy of perilesional intracortical and intrahippocampal electrode placements at a
chronic postinjury time point, and (b) chronic electrode implantation does not worsen
lateral FPI-induced cortical damage. The data presented include analysis of 297 electrode
locations in 25 sham-operated experimental controls and 74 rats with severe TBI induced by
lateral FPI in the University of Eastern Finland (UEF) subcohort of the EpiBioS4Rx Project 1.
In 57 rats, electrode implantation was performed immediately after the injury (EEG cohort).
In 42 rats, the electrodes were implanted after MRI was performed at 5 months postinjury
(MRI cohort). At the end, all animals were perfused for ex vivo MRI and histology.

2. Materials and Methods

This study is part of the National Institutes of Health funded Centers without Walls
international multicenter project EpiBioS4Rx, which aims to identify biomarkers for post-
traumatic epileptogenesis (https://epibios.loni.usc.edu/, accessed 14 March 2022). We
report data from the University of Eastern Finland (UEF) subcohort, including histological
sections and MRI findings for assessing electrode locations.

2.1. Animals and Study Design

Animals. Adult male Sprague Dawley rats (300–350 g at the time of injury) were
used. Animals were quarantined for 1 week (3–6 per cage) upon arrival at the animal
facility. Thereafter, they were individually housed in a controlled environment (temper-
ature 22 ± 1 ◦C; humidity 50–60%; lights on from 07:00 to 19:00 h) until the end of the
experiments. Food and water were provided ad libitum for the duration of the study.
All animal procedures were approved by the Animal Ethics Committee of the Provincial
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Government of Southern Finland and carried out in accordance with the guidelines of
European Community Council Directives 2010/63/EU.

Study design (Figure 1). The study design, randomization, and interventions performed
in the 2 study cohorts are summarized in Figure 1. The rats were divided into EEG (14 sham,
43 TBI) and MRI (11 sham, 31 TBI) cohorts. In the EEG cohort, electrodes were implanted
immediately after the induction of lateral FPI. Starting immediately after the TBI, video-
EEG was performed first for 1 month and then during the 1st week of months 2 through
6. In the 7th post-TBI month, the rats underwent a 24 h/7 days video-EEG to record
unprovoked spontaneous seizures (i.e., confirm epilepsy diagnosis). In the MRI cohort, the
rats were imaged at 2, 9, and 30 days and at 5 months post-TBI; electrodes were implanted
14.02 ± 1.34 days (range: 4–40 days) after the last MRI, and video-EEG monitoring was
performed during the 7th post-TBI month to detect unprovoked seizures (Figure 1A). Both
groups were killed at the end of the 7-month follow-up, and the brains were processed for
ex vivo MRI and histological analysis (Figure 1).

The EEG cohort was used to assess the sensitivity and specificity of ex vivo MRI to
determine the electrode tip locations compared with histology. The MRI cohort was used
to assess both (a) the accuracy of in vivo MRI-guided electrode implantation at the chronic
phase and (b) the sensitivity and specificity of ex vivo MRI to detect electrode tip locations.
Finally, we compared the accuracy of early (EEG cohort) and late (MRI cohort) electrode
implantations.
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Figure 1. Study design, electrode montage, and atlas or MRI-planned electrode coordinates. (A) Study
design. Following TBI, rats were divided into either the EEG or MRI cohort. The rats of the EEG
cohort were implanted with electrodes after fully righting themselves following induction of TBI. The
rats were followed up immediately afterward with 1 month video-EEG and then for 1 week monthly
until the 6th post-TBI month. The rats of the MRI cohort were magnetic resonance-imaged at 5 months
post-TBI and T2-wt images were used to calculate the coordinates of the intracerebral electrodes
implanted at 6 months post-TBI. Both cohorts were continuously monitored with video-EEG for
30 days at 7 months post-TBI to diagnose epilepsy. At the end of the 7-month follow-up period, all
rats were euthanized and the brains processed for histological identification of the location of the
intracerebral electrodes. (B) Electrode montage used in the study. Four epidural screw electrodes (C3,
C4, O1 and O2), 3 intracerebral bipolar wire electrodes (anterior cortical Cx1, posterior cortical Cx2,
and hippocampal HC), a ground (Gr) and reference (Ref) electrode. (C) Atlas plates demonstrating
the planned coordinates used in the EEG cohort to implant the anterior cortical, hippocampal, and
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posterior cortical electrodes. The black dot refers to the upper tip and the red dot to the lower
tip of the bipolar electrode (1 mm apart). Reprinted/adapted with permission from [25]. 2007,
Elsevier Inc. (D) MRI T2-wt images of rat 1139 demonstrating the planned-MRI coordinates of the
intracerebral anterior cortical, hippocampal, and posterior cortical electrodes. The anteroposterior
(AP) coordinate was determined by aligning the MR images with the atlas [25]. The mediolateral
(ML) and dorsoventral (DV) coordinates were determined using ImageJ software (version 1.47v,
Wayne Rasband and contributors, National Institute of Health, USA).

2.2. Induction of Lateral FPI

Severe TBI was induced by lateral FPI as previously described [26,27]. The rat was
placed into an anesthesia induction chamber and isoflurane anesthesia was induced at
5% (room air as carrier gas; Somnosuite, SS6069B, Kent Scientific, Torrington, CT, USA).
The anesthetized rat was mounted in a stereotaxic frame, a probe was inserted into the
rectum to continuously assess core temperature, and a heating pad was placed below
the abdomen. The temperature of the heating pad was regulated based on the animal
core temperature (max 38 ◦C). Isoflurane was delivered via a nose cone mounted on the
stereotaxic frame and maintained at 1.9% throughout the surgery. The scalp incision site
was shaved and cleaned using sterile 0.9% NaCl before subcutaneous injection with 0.5%
lidocaine (7 mg/kg). Approximately 3 to 5 min later, a midline incision was made, and
the surface of the skull was cleaned. A craniotomy 5 mm in diameter (center coordinate:
anteroposterior [AP] −4.5 mm from the bregma; mediolateral [ML] 2.5 mm) was made
over the left cortex using a handheld trephine with the dura left intact. A plastic female
Luer lock connector was inserted into the craniotomy vertical to the skull surface, and its
edges were sealed with tissue adhesive glue (3M Vetbond, 3M Deutschland GmbH, Neuss,
Germany). Dental acrylate was spread around the Luer lock and the connector setup was
secured to the skull with an ipsilateral frontal screw. To induce TBI, the Luer lock was
filled with saline and the rat was connected to a straight-tipped fluid-percussion device
(model FP 302, AmScien Instruments, Richmond, VA, USA). The pressure was adjusted to
produce severe injury with an anticipated mortality rate of 20% to 30% within the first 48 h.
The mean impact pressure was 2.9 ± 0.01 atm (range: 2.4–3.3 atm). The duration of the
impact was <1 s. After injury, the rat was disconnected from the device, placed on a heating
pad, and a rectal temperature probe was inserted. Occurrence of postimpact seizure-like
behavior and its duration, duration of postimpact apnea, and time to return of the righting
reflex were recorded. Sham-operated controls underwent all surgical procedures except
exposure to FPI. To reduce impact of experimenter-induced variability in the experimental
outcome, all surgical procedures, including TBI induction and electrode implantation, were
performed by the same person.

2.3. Electrode Implantation

EEG cohort. Electrodes were implanted immediately after the lateral FPI using coordi-
nates based on a rat brain atlas (Figure 1B,C) [25]. In brief, after return of the righting reflex,
the rat was reanesthetized with isoflurane and placed in a stereotaxic frame. Four recording
epidural stainless-steel screw electrodes (EM12/20/SPC; P1 Technologies, Roanoke, VA,
USA) were implanted into the skull: 2 ipsilaterally (frontal cortex; C3, AP: −1.7, ML: left
2.5 and parieto-occipital cortex; O1, AP: −7.6, ML: left 2.5) and 2 contralaterally (frontal
cortex; C4, AP: right 1.7; ML: −2.5 and parieto-occipital cortex; O2, AP: −7.6; ML: right 2.5;
Figure 1B). Three intracerebral tungsten bipolar recording electrodes (EM12/3-2TW/SPC;
P1 Technologies.; Ø 0.5 mm, tip separation 1.0 mm) were implanted ipsilaterally in the ante-
rior perilesional cortex (AP: −1.72; ML: −4.0; DV: 1.8), septal hippocampus (AP: −3.0; ML:
−1.4; DV: 3.6), and posterior perilesional cortex (AP: −7.56; ML: −4.0; DV: 1.8; Figure 1C).
In addition, 1 epidural screw electrode serving as a ground was placed ipsilaterally pos-
terior to lambda, and another serving as a reference electrode was placed contralaterally.
Atlas-based placement of electrodes relies on calculating the target coordinates based on
fixed skull surface landmarks, i.e., identification of bregma and midline sutural landmarks.
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Thus, the coordinates are defined independently of the intracranial changes in brain volume
and orientation, which progress over time after TBI.

MRI cohort. Electrodes were implanted approximately 6 months (164 ± 1.4 days,
range: 156–195 days) post-TBI. The locations of the epidural recording screws, ground,
and reference electrodes were the same as in the EEG cohort described above. Due to
progressive brain atrophy and ventricle enlargement, we first assessed the severity of
cortical and hippocampal atrophy in each rat on MRI T2-weighted (T2-wt) images to define
the AP, ML, and DV coordinates to avoid electrode misplacements (see below) (Figure 1D).
Based on the analysis, the distance between the tips of the bipolar electrodes was reduced
from 1.0 mm to 0.5 mm to fit within the atrophied cortex (upper tip in layer I, lower tip in
layer V) or hippocampus (upper tip in CA1, lower tip in hilus).

2.4. Postoperative Care and Body Weight Monitoring

After surgery, rats were placed on a body-temperature–regulated heating pad (+38 ◦C)
controlled by the SomnoSuite system (SS6069B, Kent Scientific). A subcutaneous injection
of buprenorphine (0.01 mg/kg, Temgesic®, Reckitt&Colman Products Ltd., Hull, UK) and
0.9% NaCl (saline) was administered. Analgesia treatment was repeated based on animal
well-being. Upon return to the home cage, rats received either powder or soft pellet food
(until they could eat on their own) and saline (twice daily for 3 days). Rats were weighed
daily for the first 14 days post-TBI, weekly until 30 days post-TBI, and then once a month
throughout the 6-month follow-up. Adverse complications following TBI were monitored
using a strict physiologic monitoring paradigm to assess general appearance; hair, coat and
skin condition; bowel and gastrointestinal function; body conditioning score; condition of
injury scar; and external bleeding. Any identified complication was treated according to
the laboratory animal center’s guidelines.

2.5. Video-EEG Monitoring and Analysis

The video-EEG monitoring schedule is summarized in Figure 1. In the EEG cohort,
monitoring was started immediately after surgery. In the MRI cohort, video-EEG monitor-
ing was started at 6 months postinjury.

Monitoring. For video-EEG monitoring, the electrode headset attached to the rat skull
was connected to a 12-pin swivel commutator (SL12C, PlasticsOne Inc., Roanoke, VA, USA)
via a flexible shielded cable (363/2-363/2, PlasticsOne Inc.), allowing the rat to move freely
during the EEG recordings. The commutator was connected to an amplifier with a flexible
shielded cable 363/2-441/12 (PlasticsOne Inc). High-fidelity electrical brain activity was
monitored using a 320-channel Digital Lynx 16SX amplifier (Neuralynx, Bozeman, MT,
USA) with a 10 kHz sampling rate. The amplifier had an analogue bandwidth between
DC to 80 kHz. It had 80 independent analogue references, allowing for a configuration
of independent references for each animal. Data from each channel were converted in-
dividually into 24 bits. Each animal was video-monitored with a single high-resolution
camera (Basler acA1300-75gm GigE, Basler, Germany) configured to record 30 frames per
second (maximum 75) with a resolution of 1.3 megapixels and compressed using H.264.
At night, cameras recorded under cage-specific infrared illumination (24 V, 150 mA). The
EEG and video were synchronized using the precision time protocol IEEE-1588. The entire
system generated approximately 1.5 TB of data every 24 h. For data storage, the video-EEG
system was connected to network-attached storage (Synology RS4017xs+) comprising
200 TB of storage configured at RAID6 for redundancy and checksum for data integrity.
The video-EEG recorded starting at 7 days after electrode implantation was analyzed for
unprovoked seizures.

Analysis of EEG. Seizures were detected from video-EEG recordings by browsing the
files visually and using the semiautomatic seizure detection algorithm [28]. A seizure was
defined as a high-amplitude rhythmic discharge with frequency and amplitude modula-
tion that clearly represented an abnormal EEG pattern (repetitive spikes, spike-and-wave
discharges, polyspike-and-wave, or slow waves) and lasted at least 10 s. Behavioral sever-
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ity of electrographic seizures was scored according to Racine [29]. Rats were defined as
having epilepsy if at least 1 unprovoked electrographic seizure occurred during the 6-
month EEG recording [30]. Seizure frequency was calculated as the number of unprovoked
seizures/number of recording days.

2.6. MRI Acquisition

The animals were imaged in vivo using a 7-Tesla Bruker PharmaScan MRI scanner
(Bruker BioSpin MRI GmbH, Ettlingen, Germany). The animals were anesthetized using
1% to 2% isoflurane mixed with carrier gas (70% N2, 30% O2), keeping their breathing rate
at 50–70 breaths/min. The animal bed was heated to maintain the core temperature at
36–37 ◦C.

The MRI sequences used were described previously [31] [https://doi.org/10.1016/j.
eplepsyres.2019.01.001, accessed 7 August 2022]. Briefly, T2-wt images were acquired using
a 2D multislice fast-spin echo sequence with a repetition time of 3.4 s and an effective echo
time of 45 ms. The image stack included 23 coronal slices with 800 μm thickness and an
in-plane resolution of 117 μm × 117 μm. Additionally, 3D multigradient echo (MGRE)
images with whole brain coverage at resolution 160 μm × 160 μm × 160 μm were acquired.
Thirteen echoes with echo times between 2.7 ms and 40 ms were collected with a repetition
time of 66 ms and a flip angle of 16◦. The echo images were summed to create a high
signal-to-noise ratio anatomic image.

2.7. MRI-Based Adjustment of Electrode Coordinates

As post-TBI cortical atrophy is common in the lateral FPI model, especially in the
caudal aspects of the cortex [32], T2-wt MR images obtained at 5 months post-TBI were
used to determine the anteroposterior (AP), mediolateral (ML), and dorsoventral (DV)
coordinates of the depth electrodes in the MRI cohort. The aim was to position both tips
of each bipolar depth electrode (0.5 mm vertical tip separation) in the rostral and caudal
perilesional cortex or the septal hippocampus, instead of the lesion cavity or enlarged
ventricles.

Intracortical electrodes. The 800 μm-thick in vivo T2-wt MRI coronal slices (11 slices
from bregma to lambda) were converted to TIFF images. The images were uploaded into
ImageJ software (version 1.47v, Wayne Rasband and contributors, National Institute of
Health, USA), and scaled and aligned with the coronal plates of the rat brain atlas [25].
Then, the AP level (slice) near the planned anterior/posterior electrode location in which
the cortex around the lesion cavity was thick enough to harbor both electrode tips (i.e.,
about 1 mm) was determined. The TIFF image (MR image) of that slice was used to define
the ML and DV coordinates of the lower electrode tip using the ImageJ software line tool.
First, a horizontal line was drawn from the pial surface of the brain midline laterally until
its perpendicular vertical level reached layer V of the perilesional cortex approximately
500 μm from the lesion edge (Figure 1D). The horizontal length of the line was recorded as
the ML coordinate. Then, the length of the vertical line to layer V was recorded as the DV
coordinate (see details in [33]).

Intrahippocampal electrodes. An MRI T2-wt slice of the septal hippocampus approxi-
mately 3 to 4 mm from the bregma was selected. The MRI slice was opened in ImageJ as
a TIFF file. To determine the ML coordinate, a horizontal line was drawn from the pial
surface of the brain midline laterally until its perpendicular vertical level reached the hilus
of the dentate gyrus. The horizontal length of the line was recorded as the ML coordinate
(Figure 1D). The length of the vertical line to the hilus was recorded as the DV coordinate
(see details in [33]).

The procedures were repeated for each rat because the lesion distribution as well as
the cortical and hippocampal atrophy varied between rats.
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2.8. MRI-Based Estimation of Cortical and Hippocampal Shrinkage

In the initial MRI-guided calculations of the AP and ML electrode coordinates, we
did not consider tissue shrinkage or hippocampal transformation (rotation, tilting), which
occurred over the follow-up and apparently contributed to some electrode misplacements.
To improve the success rate, we next assessed the AP and ML shrinkage of both the
ipsilateral and contralateral cortex and the hippocampi to further adjust the calculations
for optimizing the electrode positions in the MRI cohort.

AP shrinkage. The coronal, sagittal, and horizontal in vivo MR 3D MGRE slices (160 μm
thick) of each animal in the MRI cohort were opened in the medical images analysis
application Aedes (version 1.0 rev 218, GitHub: aedes_getfilefilter.m, Juha-Pekka Niskanen,
University of Eastern Finland, Finland), using MATLAB software (version R2019b, The
MathWork, Inc, Natick, MA, USA). In the sagittal slices 4 mm from the midline (i.e., ML
coordinate of the anterior intracortical electrode), the AP length of the ipsilateral and
contralateral cortex was measured by calculating the geometric distance between the
2 points (160 × 160 × 160 μm resolution images) in Aedes (see detail in Section 3.4.1)

ML shrinkage. To set the ML level for the measurement, the targeted AP location of the
rostral intracortical electrode was used as a reference (AP −1.72). Typically, it was located
in a slice that was 1.56 mm (i.e., approximately ten 160 μm-thick MRI slices) caudal to the
level where the ipsilateral and contralateral legs of the anterior commissure fuse, which
occurs approximately at the level of the bregma (see detail in Section 3.4.1). Then, the ML
distance from the midline to the lateral edge of the cortex was measured in a horizontal
slice 1.7 mm below the surface of the brain (targeted DV location of the lower electrode tip;
see detail in Section 3.4.1).

Hippocampal shrinkage. The AP hippocampal distortion was measured in the sagittal
slice 1.4 mm from the midline as the distance from the rostral edge of the frontal cortex
to the rostral edge of the hippocampus (see detail in Section 3.4.2) The ML shrinkage was
measured as the distance from the brain midline to the lateral edge of the hippocampus in
a horizontal slice at 2.8 mm below the brain surface (see details in Section 3.4.2).

2.9. Histology

At the end of the 7-month follow-up period, all rats were transcardially perfused
with saline (5 min, 30 mL/min) followed by cold 4% paraformaldehyde (PFA; 30 min,
30 mL/min). The brain was removed from the skull, postfixed in 4% PFA (2 h at 4 ◦C), and
cryoprotected by immersing in 20% glycerol for 36 h (4 ◦C). The brains were then frozen on
dry ice and stored at −70 ◦C until further processing. The brains were sectioned at 30 μm
in a 1-in-5 series using a sliding microtome.

The first series of sections was stained with thionine, mounted on glass slides, and
cover-slipped from xylene. The mounted thionine-stained sections were scanned at 40×
magnification with a digital slide scanner (Hamamatsu C12000-02 model) and analyzed
using the Hamamatsu NDP viewer 2® software (Hamamatsu Photonics K.K., Hamamatsu
City, Japan).

2.10. Generation of Unfolded Cortical Maps

The unfolded cortical maps were generated from coronal histological sections using
software developed in-house, as described previously [32,34,35]. The unfolded maps
were used to determine (a) the location of the cortical lesion in various cytoarchitectonic
fields of the cortical mantle, (b) the total lesion area, (c) the lesion area within different
cortical cytoarchitectonic subareas, (d) the planned vs. final AP and DV coordinates of the
intracerebral electrodes, and (e) the distance of the electrode tips from the lesion edge. The
unfolded map software is openly available at https://www.unfoldedmap.org/ (accessed
30 November 2020) [34] and the source code at https://github.com/UEFepilepsyAIVI/
CortexMap (accessed 30 November 2020) [35].
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Histological sections. To determine the final AP and DV locations of the electrode tip(s),
the digitized image of the histological section(s) containing a trace of the electrode tip was
matched with the best-fitting level of the rat brain atlas.

As the ML coordinate cannot be easily determined based on the atlas due to shrinkage
related to histological processing, we first estimated the shrinkage factor for each animal
by measuring the distance from the midline to the rhinal fissure in the histological section
containing the electrode tip. The midline-hinal fissure distance was then measured at
the matching atlas plate (EEG cohort) or T2-wt MRI slice (MRI cohort) and divided by
the corresponding histological measure, resulting in a shrinkage factor specific for each
brain (sham: 1.08 ± 0.01, range: 1.02–1.2, n = 25; TBI: 1.08 ± 0.01, range: 1.01–1.2, n = 74).
Cortical and hippocampal electrode tip distances from the midline were then measured
in histological sections and multiplied by the shrinkage factor to obtain the normalized
ML distance.

To measure the distance of the electrode tip from the lesion cavity edge, a straight line
was drawn from the tip to the lesion edge along layer V.

2.11. Statistical Analysis

Data were analyzed using GraphPad Prism (version 9.3.1, GraphPad Software, LLC,
USA) and IBM SPSS Statistics (version 27, IBM Corp., USA). A Shapiro–Wilk test was
performed to test for normality. The data were not normally distributed. Thus, the Mann–
Whitney U test was used to analyze (1) the difference between the atlas, histological, and/or
MRI-based coordinates (sham vs. TBI rats, EEG and MRI cohorts), (2) the difference in
the distance of the electrode tip from the lesion edge (TBI rats, EEG vs. MRI cohorts), and
(3) the difference in cortical and hippocampal shrinkage (sham vs. TBI rats, MRI cohort).
The Wilcoxon signed-rank test was used to test the difference between the targeted and
“true” histologically verified tip coordinates between the anterior and posterior cortical
electrodes ipsilateral vs. contralateral cortical and hippocampal shrinkage. The Pearson
chi-squared statistic was used to test the difference in the distribution of the DV location
(layers) of the lower tip of the intracortical electrodes (sham vs. TBI rats, anterior vs.
posterior cortical electrodes, separately in the EEG and MRI cohorts). All data are presented
as means ± SEM.

3. Results

Altogether, the analysis included the location of 99 anterior intracortical, 99 posterior
intracortical, and 99 intrahippocampal electrodes implanted in 99 rats (57 in the EEG cohort
and 42 in the MRI cohort). In the EEG cohort, electrodes were implanted immediately after
the lateral FPI using coordinates based on a rat brain atlas (Figure 1A–C). In the MRI cohort,
electrodes were implanted approximately 6 months post-TBI using MRI T2-weighted (T2-
wt) images from each rat to define the AP, ML, and DV coordinates to avoid electrode
misplacements (see below) (Figure 1A,B,D).

3.1. Success in Positioning the Anterior Intracortical Electrode
3.1.1. Electrode Locations—An Overview

EEG cohort. Histological analysis indicated that the tip of the anterior intracortical
electrode was within the cerebral cortex in 83% (47/57) of the cases. In the remaining
17% (10/57), the tip was located in either the external capsule or the corpus callosum.
The histologically verified AP and ML electrode tip locations were within 0.5 mm of the
targeted atlas-based coordinates in 11% (6/57) and 65% (37/57) of the rats, respectively
(Figure 2A,B). The histological DV location of the cortical electrode tip was in the planned
target (i.e., layer V) in 28% (16/57) of the animals. In the remaining 72% (41/57), the tip
was located in either layer VI, the external capsule, or the corpus callosum (Figure 2C and
summary Table 1).
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Figure 2. Anterior intracortical electrode—schematic representations of the atlas, histological, and
MRI-guided coordinates in each rat of the EEG and MRI cohorts. (A) Anteroposterior (AP) coordinate.
In the EEG cohort (electrode operation right after injury), the fixed atlas-based target AP coordinate
of −1.72 mm from the bregma was applied to implant the electrodes (orange dots). In the MRI cohort
(electrode operation 5 months after injury), the target AP coordinate was individually determined
using the 5-month in vivo T2-weighted MR images. The target coordinate fluctuated depending on
the extent of the TBI (traumatic brain injury)-induced lesion. Note the anterior shift (y-axis) in the
histologically verified “true” AP coordinate (blue dots) relative to the target coordinate (orange
dots) in both cohorts. The deviations were comparable between the sham and TBI animals (p > 0.05).
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Animal numbers are shown on the x-axis. (B) Mediolateral (ML) coordinate. In the EEG cohort,
the fixed atlas-based target ML coordinate at 4 mm lateral to midline was targeted. In the MRI
cohort, the target ML coordinate was individually determined using the 5-month in vivo MRI. Note a
small deviation of the histologically verified “true” ML coordinate from the target coordinate in both
cohorts. (C) Dorsoventral (DV) coordinate. In both cohorts, the lower tip of the bipolar electrode was
aimed to layer V in the selected AP and ML coordinates (see above). Electrode tips were located in
the cortex in 83% (36/43) of the EEG cohort and 77% (24/31) of the MRI cohort. Importantly, even
though the lower tip in the remaining cases went down into the external capsule or corpus callosum,
the upper tip of the bipolar electrode, being 1 mm higher in the EEG and 0.5 mm in the MRI cohort,
was still recording in the cortex. The percentages of electrode locations in the sham-operated and
TBI animals are shown on the right side of the panel. (D) Dot plots of the AP and ML shift in the
histological AP and ML coordinate, and % of electrode in the targeted layer V (number of cases
in brackets). Note posterior and medial shift of some cases from the target (vertical dashed line).
y-axis represents distance from target coordinate (Y = 0) or % of cases in targeted area. Abbreviations:
cavity, cortical lesion cavity; cc, corpus callosum; cg, cingulum; S, subiculum; ec, external capsule;
HC, hippocampus; and V, ventricle.

Table 1. Summary of the location of the dorsoventral tip of the intracerebral electrodes.

EEG Cohort
Atlas-Based

% (n)

MRI Cohort
Atlas-Based without

MRI Guidance
% (n)

MRI Cohort
with MRI Guidance

% (n)

EEG and MRI Cohorts
% (n)

Sham TBI All Sham TBI All Sham TBI All Sham TBI All

Anterior cortical electrode
Within 1 mm of target

coordinate #
29%

(4/14)
26%

(11/43)
26%

(15/57)
100%

(11/11)
100%

(31/31)
100%

(42/42)
55%

(6/11)
32%

(10/31)
38%

(16/42)
42%

(10/25)
28%

(21/74)
31%

(31/99)

In cortex 79%
(11/14)

84%
(36/43)

83%
(47/57)

100%
(11/11)

32%
(10/31)

50%
(21/42)

73% *
(8/11)

77%
***

(24/31)

76%
(32/42)

76%
(19/25)

81%
(60/74)

78%
(79/99)

In brain 100%
(14/14)

100%
(43/43)

100%
(57/57)

100%
(11/11)

52%
(16/31)

64%
(27/42)

100%
(11/11)

100%
***

(31/31)

100%
(42/42)

100%
(25/25)

100%
(74/74)

100%
(99/99)

Not recording in brain 0%
(0/14)

0%
(0/43)

0%
(0/57)

0%
(0/111)

48%
(15/31)

36%
(15/42)

0%
(0/11)

0% ***
(0/31)

0%
(0/42)

0%
(0/25)

0%
(0/74)

0%
(0/99)

Hippocampal electrode
Within 1 mm of target

coordinate #
93%

(13/14)
77%

(33/43)
81%

(46/57)
100%

(11/11)
100%

(31/31)
100%

(42/42)
82%

(9/11)
52%

(16/31)
60%

(25/42)
88%

(22/25)
66%

(49/74)
72%

(71/99)

In hippocampus proper/DG 86%
(12/14)

81%
(35/43)

82%
(47/57)

100%
(11/11)

100%
(31/31)

100%
(42/42)

100%
(11/11)

81% *
(25/31)

86%
(36/42)

92%
(23/25)

81%
(60/74)

84%
(83/99)

In brain 93%
(13/14)

93%
(41/43)

95%
(54/57)

100%
(11/11)

100%
(31/31)

100%
(42/42)

100%
(11/11)

84% *
(26/31)

88%
(37/42)

96%
(24/25)

91%
(67/74)

92%
(91/99)

Not recording in brain 7%
(1/14)

5%
(2/43)

5%
(3/57)

0%
(0/111)

0%
(0/31)

0%
(42/42)

0%
(0/11)

16% *
(5/39)

12%
(5/42)

28%
(7/25)

10%
(7/74)

8%
(8/99)

Posterior cortical electrode
Within 1 mm of target

coordinate #
43%

(6/14)
51%

(20/39)
49%

(26/53)
100%

(11/11)
100%

(31/31)
100%

(42/42)
36%

(4/11)
21%

(6/29)
25%

(10/40)
40%

(10/25)
38%

(26/68)
41%

(38/93)

In cortex 21%
(3/14)

46%
(18/39)

40%
(21/53)

91%
(10/11)

42%
(13/31)

55%
(23/42)

46% *
(5/11)

66% *
(19/29)

60%
(24/40)

32%
(8/25)

54%
(37/68)

48%
(45/93)

In brain 100%
(14/14)

97%
(34/35)

90%
(48/53)

100%
(11/11)

42%
(13/31)

57%
(24/42)

100%
(11/11)

93%
***

(27/29)

95%
(38/40)

100%
(25/25)

90%
(61/68)

92%
(86/93)

Not recording in brain 0%
(0/14)

13%
(5/39)

10%
(5/53)

0%
(0/11)

58%
(18/31)

43%
(18/42)

0%
(0//11)

7% ***
(2/29)

5%
(2/40)

0%
(0/25)

10%
(7/68)

8%
(7/93)

# Within <1 mm radius from the atlas-planned anteroposterior and mediolateral coordinate. The success rate was
evaluated based on the location of the lower tip of bipolar electrode. Abbreviations: DG, dentate gyrus. Statistical
significance: * p < 0.05; *** p < 0.001 compared to MRI cohort atlas-based without MRI guidance ( 2 test).

MRI cohort. Histological analysis indicated that the tip of the anterior intracortical
electrode was within the cerebral cortex in 76% (32/42) of the cases. In the remaining 24%
(10/42), the tip was located in either the external capsule or the corpus callosum. The
histological AP and ML electrode tip locations were within 0.5 mm of the targeted atlas-
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based coordinates in 10% (4/42) and 86% (36/42) of the rats, respectively (Figure 2A,B).
The histological DV location of the cortical electrode tip was in the planned target (i.e.,
layer V) in 31% (13/42) of the animals. In the remaining 69% (29/42), the tip was located
in either layer VI, the external capsule, or the corpus callosum (Figure 2C and summary
Table 1).

3.1.2. Anteroposterior Location of the Anterior Intracortical Electrode Tips

Based on estimation of the progression of the cortical lesion [7,27,32], the anterior
intracortical electrode was aimed to the atlas-based AP level 1.72 mm from the bregma
(primary somatosensory cortex, S1) to ensure proper EEG recording in the lesion vicinity
during the 7th post-TBI month (Figure 1C).

EEG cohort. Histological examination showed neurodegeneration along the electrode
path and around the electrode tip, often accompanied by iron deposits (Figure 3A,D,F).
Occasionally, the electrode-associated lesion merged with the TBI-induced lesion cavity.
The unfolded cortical map indicated that 100% of the electrode tracks were in S1. Further,
83% (47/57) of the electrode tips (at least one of the tips) were found in S1 (Figure 4A,B).
The remaining 17% (10/57) of the lower electrode tips were located in either the exter-
nal capsule or the corpus callosum (Figures 2C and 4A,B). The upper tip of the bipolar
electrode (1.0 mm from the ventral tip), however, recorded in the targeted S1 cortex. In
most of the rats, the histological AP electrode location was anterior to the targeted atlas-
defined coordinate (−1.7 mm) (Figure 2A,D), the average deviation being 1.21 ± 0.07 mm
(range: 0–2.56 mm, median: 1.24 mm). The rostral shift was comparable between the sham-
operated experimental controls and TBI rats (sham 1.16 ± 0.15 mm vs. TBI 1.22 ± 0.09 mm;
p > 0.05) (Figure 2A,D).

Figure 3. (A–F) Electrode tracts. Histological images from the coronal thionine-stained sections of
6 rats, showing the tracts of the bipolar intracortical electrodes and location of the lower electrode tip
(filled arrowhead). Roman numerals indicate the cortical layers. In panels (A,B) the electrode tip is
located in layer V of the perilesional cortex. Note the electrode track-related lesion on the surface
of the brain in panel (A) (open filled arrow). In panel (A), the electrode tip is within 500 μm from
the edge of the TBI-induced lesion cavity (asterisk). In panel (C), the electrode tip is in the external
capsule (ec). In panel (D) the electrode tip is within the cortical lesion, close to the angular bundle.
Open arrow points to the electrode path associated neurodegeneration. In panel (E), the electrode tip
is close to the edge of the lesion cavity (asterisk). In panel (F), the electrode tip is within the angular
bundle (closed arrowhead). The open arrowhead points to the location of the upper electrode in layer
IV (open arrow). The dark staining indicates iron deposits (arrowheads) adjacent to the electrode
path. Scale bar = 500 μm.
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Figure 4. Location of the lower tip of the anterior and posterior intracortical electrodes on atlas plates
and unfolded cortical maps. (A) In the EEG cohort (upper panel), the dorsoventral (DV) location
of at least 1 of the tips of all anterior bipolar electrodes (atlas plate: bregma −1.4 mm) was within
the primary somatosensory cortex (S1) and that of the posterior electrode (lower panel; atlas plate:
bregma −6.8 mm) was within the visual cortex. Each dot represents 1 bipolar electrode. (B) An
unfolded map (UFM) showing the location of electrode tracks in the EEG cohort as seen from the
surface of the brain. The intersection of the electrode path with cortical layer V was used as reference.
The UFMs confirmed the location of the anterior electrode paths in the S1 and posterior electrode
paths in the visual cortex. (C) Atlas plate showing the DV locations of the anterior (upper panel) and
posterior (lower panel) intracortical electrodes in the MRI cohort. As in the EEG cohort, the anterior
electrode was in S1 and the posterior electrode was in the visual cortex. (D) A UFM showing the
location of electrode tracks in the MRI cohort as seen from the surface of the brain. All electrode
tracks were within S1 or the visual cortex. Note that in the MRI cohort, we used the 5-month in vivo
MRI to adjust the electrode coordinates to target the perilesional cortex and to avoid lesion cavities,
underlying brain areas, or ventricles. As expected, this resulted in a more heterogeneous distribution
of electrode paths than in the EEG cohort with atlas-based fixed coordinates. Atlas plates and UFMs
were generated using the Paxinos rat brain atlas (6th edition).
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MRI cohort. Electrode-associated cortical lesions were rare in the MRI cohort (Figure 3A,D).
As summarized in the cortical unfolded map, 100% of the electrode tracks (100%) and 76%
(32/42) of the electrode tips were within S1 (Figure 4C,D). In the remaining cases, the lower
tip was located within the external capsule or the corpus callosum (Figure 4C,D). Still, the
upper tip of the bipolar electrode (0.5 mm from ventral tip) should have recorded in the
targeted S1 cortex. As in the EEG cohort, the histological electrode location was anterior
to the targeted MRI-guided AP coordinate, the average being 1.18 ± 0.08 mm (range:
0.2–2.16 mm, median: 1.19 mm) (Figure 2A,D). The rostral shift was comparable between
the sham-operated controls and TBI groups (sham 0.99 ± 0.14 mm vs. TBI 1.25 ± 0.09 mm;
p > 0.05) (Figure 2A,D).

3.1.3. Mediolateral Location of the Anterior Intracortical Electrode Tips

EEG cohort. Histological assessment revealed that the tip was lateral in 93% (53/57)
of the cases and medial to the atlas-based coordinates (4 mm from midline) in 7% (4/57)
of the cases (Figure 2B). The mean distance between the histological and MRI-guided
ML coordinate was 0.58 ± 0.05 mm (range: 0–1.50 mm, median: 0.5 mm) (Figure 2D).
The distance was comparable between sham-operated controls (0.68 ± 0.09 mm) and TBI
(0.55 ± 0.06 mm) rats (p > 0.05) (Figure 2D).

MRI cohort. Histological assessment revealed that the tip was lateral to the MRI-
based coordinates in 41% (17/42) of the cases and medial in 59% (25/42) of the cases
(Figure 2B). The mean distance between the histological and MRI-guided ML coordinate
was 0.44 ± 0.04 mm (range: 0–1.0 mm, median: 0.4 mm) (Figure 2D). The distance was com-
parable between the sham-operated controls (0.48 ± 0.09 mm) and TBI rats (0.42 ± 0.05 mm;
p > 0.05) (Figure 2D).

3.1.4. Dorsoventral Location of the Anterior Intracortical Electrode Tips

Cortical layer V was set as the DV target for the lower tip of the bipolar intracerebral
electrode in both cohorts.

EEG cohort. Histological analysis revealed that 83% (47/57) of the electrodes had
at least one tip within the cerebral cortex. Of the 47 electrodes, 28% (16/57) were in
layer V and 55% (31/57) were in layer VI. In the remaining 17% (10/57), the tip was
identified in either the external capsule or the corpus callosum (Figure 2C). The DV distri-
bution of the electrode tips was comparable between sham and TBI rats ( 2 test; p > 0.05)
(Supplementary Table S1).

MRI cohort. The DV location of the electrode tip was within the cortex in 76% (32/42)
of rats, being in layer V in 31% (13/42) and layer VI in 45% (19/42) of the cases. In the
remaining 24%, the tip was located in either the corpus callosum (7%, 3/42) or the external
capsule (17%, 7/42) (Figure 2C). The DV distribution of the electrode tips was comparable
between sham and TBI rats ( 2 test; p > 0.05).

3.2. Success in Positioning the Posterior Intracortical Electrode
3.2.1. Electrode Locations—An Overview

EEG cohort. The electrode tip was within the cortex in 40% (21/53) of the rats. In the
remaining 60% (31/53), it was either in the angular bundle, dorsal subiculum, or cortical
lesion cavity (Figure 5 and Table 1). In four rats, the quality of the histological sections
was not sufficient to determine the electrode location. The histological AP tip and ML
electrode tip locations were within a 0.5-mm radius of the planned atlas coordinates in 19%
(10/53) and 89% (47/53) of the rats, respectively (Figure 5A,B). The DV tip location was in
the planned depth (layer V) in only 6% (3/53) of the rats. In the remaining 94% (50/53),
it was either in layer VI, the angular bundle, dorsal subiculum, or cortical lesion cavity
(Figure 5C).
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Figure 5. Posterior intracortical electrode—schematic representations of the atlas-based, histological,
and MRI-guided coordinates in each rat of the EEG and MRI cohorts. (A) Anteroposterior (AP) coor-
dinate. In the EEG cohort (n = 47, electrode operation right after injury), the fixed atlas-based target
AP coordinate of −7.56 mm from the bregma was applied to implant the electrodes (orange dots). In
the MRI cohort (n = 40, electrode operation at 5 months postinjury), the target AP coordinate was
individually determined using the in vivo 5-month T2-weighted MR images. The target coordinate
fluctuated depending on the TBI (traumatic brain injury)-induced lesion extent. Note a mild anterior
shift (y-axis) in the histologically verified “true” AP coordinate (blue dots) relative to the target
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coordinate (orange dots) in both cohorts. In general, the anterior shift was less than that in a case of
the anterior intra-cortical electrode (compare to Figure 1). Animal numbers are shown on the x-axis.
(B) Mediolateral (ML) coordinate. In the EEG cohort (n = 47), the fixed atlas-based ML coordinate
at 4 mm lateral to midline was targeted. In the MRI cohort (n = 40), the target ML coordinate
was individually determined using the 5-month MRI. Note almost a negligible deviation of the
histologically verified “true” ML coordinate from the atlas-based (EEG cohort) or MRI-guided (MRI
cohort) coordinates. (C) Dorsoventral (DV) coordinate. In both cohorts, the lower tip of the bipolar
electrode was targeted to layer V in the selected AP and ML coordinates (see above). In the EEG
cohort, 46% (18/39), and in the MRI cohort, 66% (19/29) of the electrode tips in injured animals
were in the cortex. Importantly, even though the lower tip in the remaining cases went down into
the external capsule or corpus callosum, the upper tip of the bipolar electrode, being 1 mm higher
in the EEG and 0.5 mm in the MRI cohort, was still recording in the cortex in 79% (31/39) of the
rats in the EEG cohort and in 72% (21/29) in the MRI cohort. In 5 rats (3 sham, 2 TBI) in the EEG
cohort and 10 rats (4 sham, 6 TBI) in the MRI cohort, the electrode was recording hippocampal rather
than cortical activity, which affected the interpretation of the EEG data. The percentages of electrode
locations in the sham-operated and TBI animals are shown on the right side of the panel. (D) Dot
plots of the AP and ML shift in the histological AP and ML coordinate, and % of electrode in the
targeted layer V (number of cases in brackets). Note posterior shift of some TBI cases from the target
(Y = 0). The y-axis represents distance from target coordinate (Y = 0) or % of cases in targeted area.
Note that in 4 animals in the EEG cohort and 2 in the MRI cohort, the DV location of the electrode tip
could not be reliably determined in histological sections. Abbreviations: cavity, cortical lesion cavity;
cc, corpus callosum; cg, cingulum; dcw, deep cerebral white matter; ec, external capsule; fmj, forceps
major corpus callosum; HC, hippocampus; S, subiculum; V, ventricle.

MRI cohort. The electrode tip was within the cortex in 60% (24/40) of the rats. In
the remaining 40% (16/40), it was either in the external capsule, corpus callosum, dorsal
subiculum, hippocampus, or ventricle. In two rats, the quality of the histological sections
was not sufficient to determine the electrode location. The histological AP and ML electrode
tip locations were within a 0.5 mm radius of the planned MRI coordinates in 8% (3/40)
and 100% (40/40) of the rats, respectively (Figure 5A,B and Table 1). The DV tip location
was in the planned depth (layer V) in only 20% (8/40) rats. In the remaining 80% (32/40),
the tip was located in either layer IV or VI, the external capsule, corpus callosum, dorsal
subiculum, hippocampus, or ventricle (Figure 5C).

3.2.2. Anteroposterior Location of the Posterior Intracortical Electrode Tips

Based on estimation of the progression of the cortical lesion, which tends to be more
extensive caudally than rostrally [7,27,32], the posterior intracortical electrode was targeted
to the atlas-based AP level −7.56 from the bregma (primary visual cortex, V1) to ensure
proper EEG recording in the lesion vicinity during the 7th post-TBI month (Figure 1A).

EEG cohort. The unfolded cortical map indicated that all electrode tracks passed
through the visual cortex. The electrode tips were in the visual cortex in only 40% (21/53)
of the rats. In the remaining 60% (31/53), they were in the angular bundle, dorsal subiculum,
or cortical lesion cavity (Figure 4A,B and Figure 5C). Typically, the tip location was anterior
to the targeted atlas-based AP coordinate, the average deviation being 1.16 ± 0.09 mm
(range: 0–2.28 mm, median: 0.96 mm) (Figure 5A,D). The rostral shift was comparable
between the sham-operated controls and TBI rats (1.11 ± 0.17 mm vs. 1.18 ± 0.10 mm;
p > 0.05) (V). The rostral shift of the posterior intracortical electrode was comparable to that
of the anterior intracortical electrode (p > 0.05).

MRI cohort. As in the EEG cohort, histological analysis revealed that most of the
posterior intracortical electrodes (60%, 24/40) were in the visual cortex. In the remaining
40% (16/40) of rats, the electrode track was in the visual cortex, but the tip penetrated
either the deep cerebral white matter, cingulum, dorsal hippocampal commissure, hip-
pocampus proper, or ventricle (Figure 4C,D and Figure 5C). In 95% (38/40) of the rats,
the electrode tip was anterior to the targeted MRI-guided AP coordinate (Figure 5A,D
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and Figure 6A,B,D,E), the average deviation being 1.39 ± 0.09 mm (range: 1.28–2.64 mm,
median: 1.42 mm). The rostral shift was comparable between the sham-operated controls
and TBI rats (sham 1.26 ± 0.18 vs. TBI 1.45 ± 0.12; p > 0.05) (Figure 5D). The rostral shift
of the posterior intracortical electrode was comparable to that of the anterior intracortical
electrode (p > 0.05).

Figure 6. Histological confirmation of the success of MRI-guided electrode placement. Left panel
(A–C): Anterior intracortical electrode MRI-planned coordinate, histological confirmation, and “vir-
tual” electrode. Right panel: Posterior intracortical electrode MRI-panned coordinate histological
confirmation, and “virtual” electrode. (A) T2-weighted MRI and (B) histological images showing the
MRI-guided (insert) and histology-confirmed “true” location of the anterior intracortical electrode
in rat 1139. The anteroposterior (AP) coordinate was estimated by aligning the magnetic resonance
images with the rat brain atlas [25]. The mediolateral (ML) and dorsoventral (DV) coordinates (inserts
in (A,D)) were determined using ImageJ software (version 1.47v, Wayne Rasband and contributors,
National Institute of Health, USA). Note that in this case, the confirmed AP location was about
1.8 mm more rostral than the planned location (−1.20 mm vs. −2.96). Lesion area is denoted in
black-dashed-line circle. (C) A “virtual” location of the electrode tip (black line) if the electrode
had been implanted to the targeted atlas-based coordinate (−1.75 mm from bregma, 4 mm from
midline, 1.8 mm from the surface of the brain). (D) MRI-guided (insert) AP, ML and DV coordinates
and (E) histology-confirmed “true” location of the posterior intracortical electrode tip in rat 1139.
The black-dashed-line circle denotes the lesion area. Note that the confirmed AP location was ap-
proximately 1.4 mm more rostral than the planned location (−3.96 vs. −5.36). Thus, even though
both the anterior and posterior intracortical electrodes were more rostral than planned, their tips
were recording EEG signals in the perilesional cortex. (F) A “virtual” electrode (black line) at the
atlas-based coordinates would have ended up in the lesion cavity. Scale bar in (A,D) = 1 mm, and in
(B,C,E,F) = 2 mm.
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3.2.3. Mediolateral Location of the Posterior Intracortical Electrode Tips

EEG cohort. The histological ML tip coordinate was lateral to the targeted atlas-based
coordinate in 62% (33/53), on target in 2% (1/83), and medial in 36% (19/53) of the rats
(Figure 4B). The mean deviation from the atlas-based ML coordinate (0.38 ± 0.05 mm,
range: 0–1.26 mm, median: 0.3 mm) was less than that of the anterior intracortical electrode
(0.58 ± 0.05 mm, range: 0–1.50 mm; p < 0.05) (Figure 5D). The average deviation was com-
parable between sham-operated controls (0.45 ± 0.09 mm) and TBI rats (0.35 ± 0.05 mm;
p > 0.05) (Figure 5D).

MRI cohort. The histological ML tip coordinate was lateral to the MRI-guided coordi-
nate in 25% (10/40) and medial in 75% (30/40) of the rats (Figure 4B). The mean distance
between the histological ML and MRI-guided coordinate was 0.45 ± 0.04 mm (range:
0.03–1.29 mm, median: 0.4 mm). The deviation was comparable between sham-operated
controls (0.62 ± 0.09 mm) and TBI rats (0.39 ± 0.04 mm; p > 0.05) (Figure 5D). Also, the
deviation from the MRI-based ML did not differ from that of the anterior intracortical
electrode (0.44 ± 0.04 mm; p > 0.05) (Figure 5D).

3.2.4. Dorsoventral Location of the Posterior Intracortical Electrode Tips

EEG cohort. The histologically verified DV location of the lower tip of the posterior
intracortical electrode was more diverse compared with the anterior electrode, with only
40% (21/52) within the cortical layers (6% in layer V, 34% in layer VI) (Figure 5C and
Table 1). Moreover, 40% (21/52) of the tips had traveled down to the angular bundle, 10%
(5/53) to the dorsal subiculum, and 10% (5/52) to the underlying cortical lesion cavity
(Figure 5C).

Further analysis indicated that the laminar location of the electrode tips differed
between the posterior and anterior electrodes ( 2 test; p < 0.001). The overall percentage
of posterior electrode tips in the cortex was less than that of the anterior electrode (40%
vs. 83%; p < 0.001) (Table 1). Also, fewer posterior electrode tips were located in the
targeted layer V compared with anterior cortical electrode tips (9% vs. 28%; p < 0.01)
(Figure 5C, Supplementary Table S1). Surprisingly, the overall percentage of posterior
cortical electrodes in the cortex was comparable between sham (46%; 5/11) and TBI rats
(67%, 19/29; p > 0.05). Also, there was no difference in the overall DV distribution of the
locations of the posterior intracortical electrode tips between sham and TBI rats ( 2 test;
p > 0.05) (Supplementary Table S1).

MRI cohort. Altogether, 60% (24/40) of the posterior intracortical electrodes had the
lower tip within the cortex, of which 2% (1/40) were in layer IV, 20% (8/40) in layer V, and
38% (15/40) in layer VI (Figure 5C and Table 1). The tip had reached the external capsule
or cingulum in 8% (4/40), the angular bundle or hippocampus proper in 27% (11/40), and
the ventricle in 5% (2/40). Unlike in the EEG cohort, none of the electrode tips appeared to
enter the lesion cavity (Figure 5C). The overall DV tip distributions did not differ between
sham-operated controls and TBI rats ( 2 test; p > 0.05) (Supplementary Table S1).

The overall percentage of tips in the cortex was comparable between the anterior and
posterior cortical electrodes (76% vs. 60%, 2 test; p > 0.05), and between sham and TBI rats
(46% vs. 66%, 2 test; p > 0.05) (Table 1). Like in the EEG cohort, however, the overall DV
distribution of the electrode tips differed between the anterior and posterior intracortical
electrodes ( 2 test; p < 0.01). Particularly, the percentage of electrodes entering into the
septal hippocampus was greater in the TBI rats than in the sham group (27% vs. 0%, 2

test; p < 0.001).

3.3. Success in Positioning the Intrahippocampal Electrode
3.3.1. Electrode Locations—An Overview

The lower tip of the hippocampal electrode was targeted to the hilus of the septal end
of the dentate gyrus (AP: −3.0; ML: −1.4; DV: 3.6) in both the EEG and MRI cohorts.

EEG cohort. The electrode tip was in the hippocampus or dentate gyrus in 82% (47/57)
of the rats (Table 1). In the remaining 18% (10/57), the tip was located in either the
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fimbria, ventricle, dorsal thalamus, or out of the hippocampus (unidentified tip location)
(Figure 7). The histologically verified AP and ML electrode tip locations were within 0.5
mm of the planned atlas coordinates in 65% (37/57) and 100% (56/56) of rats, respectively
(Figure 7A,B). In one rat, the quality of the histological sections was not sufficient to
determine the electrode location. The DV tip location was in the dentate gyrus in 54%
(31/57) of rats. In the remaining 46% (26/57), the tip was located in either the CA1 or CA3
subfield of the hippocampus proper, fimbria, ventricle, or dorsal thalamus (Figure 7C).

Figure 7. Hippocampal electrode—schematic representations of the atlas-based, histological, and
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MRI-guided coordinates in each rat of the EEG and MRI cohorts. (A) Anteroposterior (AP) coordinate.
In the EEG cohort (electrode operation right after injury), the fixed atlas-based target AP coordinate
of −3 mm from the bregma was applied to implant the electrodes (orange dots). In the MRI cohort
(electrode operation 5 months after injury), the target AP coordinate was individually determined
using the 5-month in vivo T2-weighted MR images. The target coordinate fluctuated, depending
on the TBI-induced hippocampal structural abnormality. Note the anterior shift (y-axis) in the
histologically verified “true” AP coordinate (blue dots) relative to the aimed target coordinate (orange
dots) in both cohorts. Note the great variability in the anterior shift from animal to animal, particularly
in the MRI cohort. Animal numbers are shown on the x-axis. (B) Mediolateral (ML) coordinate. In the
EEG cohort, the fixed atlas-based target ML coordinate at 1.4 mm lateral to midline was targeted. In
the MRI cohort, the target ML coordinate was individually determined using the 5-month MRI. Note
only a very small deviation of the histologically defined “true” ML coordinate from the atlas-based
(EEG cohort) or MRI-guided (MRI cohort) coordinates. (C) Dorsoventral (DV) coordinate. In both
cohorts, the lower tip of the bipolar electrode was aimed at the hilus in the selected AP and ML
coordinates (see above). In the EEG cohort, most of the tips were recording in the hippocampus proper
or the dentate gyrus. In the EEG cohort, in only 19% (8/43) of TBI cases, the tip was either in fimbria,
ventricle, or went through the septal hippocampus to the dorsal thalamus or to an unidentified
location. In the MRI cohort, in only 14% (6/31) of TBI cases, the tip was outside the hippocampus or
the dentate gyrus. The percentages of electrode locations in the sham-operated and TBI animals are
shown on the right side of the panel. (D) Dot plots of the AP and ML shift in the histological AP and
ML coordinate, and % of electrodes in the targeted dentate gyrus (number of cases in brackets). Note
posterior shift of some cases from the target (vertical dashed line). The y-axis represents distance
from target coordinate (Y = 0) or % of cases in targeted area. Abbreviations: alv, alveus; CA1, CA1
subfield of the hippocampus; CA3, CA3 (CA3b, CA3c) subfield of the hippocampus; gcl, granule cell
layer (s-gcl, suprapyramidal blade, i-gcl, infrapyramidal blade); hf, hippocampal fissure; l-m, stratum
lacunosum moleculare of CA1; mol, molecular layer of the dentate gyrus; V, ventricle.

MRI cohort. The electrode tip was in the hippocampus proper or dentate gyrus in 86%
(36/42) of rats (Table 1). In the remaining 14% (6/42), the tip was located in either the
ventricle or fimbria (Figure 7). The histologically verified AP and ML electrode tip locations
were within 0.5 mm of the planned atlas coordinates of the MRI-guided location in 14%
(6/43) and 100% (42/42) of rats, respectively (Figure 7A,B). The electrode tip was in the
planned DV coordinate in 38% (16/42) of the rats. In the remaining 62% (26/42), the tip
was located in either the hippocampal CA1 or CA3 subfields, hippocampal fissure, fimbria,
or ventricle (Figure 7C).

3.3.2. Anteroposterior Location of Hippocampal Electrode Tips

EEG cohort. Only 9% (5/57) of the electrode tips were in the planned atlas-based
coordinate (AP: 3.0 mm). The remaining 77% (44/57) were positioned rostrally and 14%
(8/57) were positioned caudally (Figure 7A). The mean deviation of the histologically
verified coordinate from the atlas-based coordinate was 0.57 ± 0.07 mm (range: 0–2.52 mm,
median: 0.48 mm). The deviation was comparable between sham-operated controls and
TBI rats (0.54 ± 0.09 mm vs. 0.58 ± 0.09 mm; p > 0.05) (Figure 7D).

MRI cohort. The AP distribution of MRI-guided hippocampal electrode tip placements
was anterior in 93% (39/42) and posterior in 7% (2/42) of the cases (Figure 7A). The average
deviation of the histologically verified coordinate from the MRI-guided coordinate was
0.95 ± 0.08 mm (range: 0.04–2.28, median: 0.84) (Figure 7D). The deviation was comparable
between sham-operated controls and TBI rats (0.66 ± 0.11 mm vs. 1.06 ± 0.10 mm; p > 0.05)
(Figure 7D).

3.3.3. Mediolateral Location of Hippocampal Electrode Tips

EEG cohort. The hippocampal electrode was located anterior to the atlas-defined target
in 48% (27/56), medial in 50% (28/56), and on target in 2% (1/56) of the rats (Figure 5B).
The mean deviation of the histologically defined coordinate from the atlas-defined co-
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ordinate was 0.21 ± 0.02 mm (range: 0–0.63 mm, median: 0.2 mm) (Figure 7D). The
deviation was comparable between sham-operated controls and TBI rats (0.24 ± 0.04 mm
vs. 0.19 ± 0.03 mm; p > 0.05) (Figure 7D).

MRI cohort. The histologically defined tip coordinate was lateral to the MRI-guided
coordinate in 17% (7/42) and medial in 83% (34/42) of the rats. The average deviation of
the histologically defined coordinate from the MRI-guided coordinate was 0.34 ± 0.04 mm
(range: 0–0.9 mm, median: 0.3 mm) (Figure 7D). The deviation was comparable between
sham-operated controls and TBI rats (0.35 ± 0.07 mm vs. 0.34 ± 0.05 mm; p > 0.05)
(Figure 7D).

3.3.4. Dorsoventral Location of Hippocampal Electrode Tips

EEG cohort. Histology revealed electrode path-associated lesions (see details in
Section 3.4.2). In some TBI rats, the electrode path appeared slanted rather than verti-
cal, probably due to hippocampal distortion related to enlarged ventricles.

The electrode tip was in the dentate gyrus in 49% (28/57) of the rats, locating in the
molecular layer of the dentate gyrus in 17% (10/57) and in the granule cell layer in 32%
(18/57) of the cases. No tips were observed in the hilus (Figure 7C). In the remaining rats,
the tip was located in the hippocampus proper in 33% (5% [3/57] in the stratum lacunosum
moleculare or hippocampal fissure, 5% [3/57] in CA1, 23% [13/57] in CA3), most of the
tips in the CA3 subfield being in the CA3c subfield (Figure 5C). In 9% (5/57) of the cases,
the tip was in the fimbria or ventricle. In 9% (5/57), the electrode went through the septal
hippocampus and ended in the dorsal thalamus (n = 2) or in an unidentified location (n = 3)
(see details in Section 3.4.2). The DV distribution of the electrode tips was comparable
between sham-operated controls and TBI rats ( 2 test; p > 0.05).

MRI cohort. Unlike in the EEG cohort, electrode path-associated lesions were small.
Also, the electrode paths were vertical rather than slanted.

The electrode tip was in the targeted dentate gyrus in 36% (15/42) of animals, being
8% (3/42) in the molecular layer and 28% (12/42) in the granule cell layer (Figure 7C). No
electrode tips were observed in the hilus. In 50% of the rats, the tip was in the hippocampus
proper (7% [3/42] in the stratum lacunosum moleculare or hippocampal fissure, 5% [2/42]
in CA1, and 38% [16/42] in CA3). Like in the EEG cohort, most of the tips in the CA3 were
in the CA3c subfield (Figure 7C). In the remaining 14% (6/42), the tip was located in either
the fimbria (n = 1) or the ventricle (n = 5) (Figure 7C). The DV distribution of tip locations
was comparable between sham-operated controls and TBI rats ( 2 test; p = 0.741).

3.4. Cortical and Hippocampal Atrophy after TBI
3.4.1. Cortical Atrophy

Anteroposterior. In sham-operated controls, there was no difference in the cortical AP
length at 4 mm lateral to the midline between the ipsilateral (13.89 ± 0.19 mm, range:
12.48–0.56 mm, median: 14.1 mm) and contralateral hemispheres (13.70 ± 0.09 mm, range:
13.12–14.24 mm, median: 13.6 mm; p > 0.05) (Figure 8A1,B,C).

In TBI rats, the cortical AP length was shorter ipsilaterally (12.37 ± 0.16 mm, range:
10.08–13.76 mm, median: 12.23 mm) than contralaterally (13.13 ± 0.17, range: 11.04–14.72 mm,
median: 13.12 mm; p < 0.001) (Figure 8A2–A4,B). Both the ipsilateral (p < 0.001) and
contralateral (p > 0.05) AP lengths were shorter in the TBI rats than in the sham group
(Figure 8B,C).

Mediolateral. In sham-operated controls, the ML length was similar ipsilaterally
(5.62 ± 0.06 mm, range: 5.28–6.08 mm, median: 5.6 mm) and contralaterally (5.51 ± 0.06 mm,
range: 5.12–5.76, median: 5.6 mm; p > 0.05).

In the TBI group, the ML length was shorter ipsilaterally (5.03 ± 0.03 mm, range:
4.64–5.44, median: 4.96 mm) than contralaterally (5.27 ± 0.04 mm, range: 4.80–5.92 mm,
median: 5.28 mm; p < 0.001). Both the ipsilateral (p < 0.001) and contralateral (p < 0.05) ML
lengths were shorter in the TBI rats than in the sham group (Figure 8D).
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Figure 8. Anteroposterior and mediolateral shrinkage of the brain. In vivo magnetic resonance 3D
multigradient echo (MGRE) images acquired at 5 months after TBI were used to estimate cortical
shrinkage in the MRI cohort. (A1–A4) coronal, sagittal (ipsilateral and contralateral) and horizontal
MGRE images of a sham rat (A1) and TBI rats (A2–A4). Anteroposterior (AP) cortical shrinkage was
estimated by measuring the distance between the rostral and caudal cortical surface (double-headed
arrows) in the sagittal slice at 4 mm from the midline both ipsilaterally (orange) and contralaterally
(white). Note the change in the shape of the ipsilateral cortex (sagittal images) in TBI rats, indicating
the TBI-induced cortical atrophy (see also turquoise arrows in (A3,A4)). Mediolateral (ML) shrinkage
was assessed by measuring the distance between the midline and the lateral edge of the cortex
(turquoise double headed arrow) in a horizontal slice at 1.7 mm below the pial surface at AP level
−1.56 (corresponding to the targeted location of the anterior intracortical electrode tip). (B) A dot plot
showing the ipsilateral (orange) and contralateral (blue) cortical AP lengths (y-axis) in the sham and
TBI groups (x-axis). Note that both the ipsilateral and contralateral cortical AP lengths were reduced
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in TBI rats compared with sham-operated animals. Also, in the TBI group, the cortical AP length
was shorter ipsilaterally than contralaterally. (C) A paired dot plot showing that the ipsilateral vs.
contralateral shrinkage in each rat. The greater the ipsilateral shrinkage, the greater the contralateral
shrinkage in the TBI compared with sham group. Arrows point to the 3 cases illustrated in panels (A1–
A4). (D) A dot plot showing the ipsilateral and contralateral cortical ML lengths in sham-operated
and TBI rats. Note that both the ipsilateral and contralateral cortical ML lengths were reduced in
TBI rats compared with sham-operated animals. Also, in the TBI group, the cortical ML length was
shorter ipsilaterally than contralaterally. Statistical significance: *** p < 0.001 compared with the
contralateral hemisphere (Wilcoxon signed-rank test); ### p < 0.001, # p < 0.05 compared with the
sham group (Mann–Whitney U test).

3.4.2. Hippocampal Atrophy

Anteroposterior. In the sham group, the average AP length was similar ipsilaterally
(7.40 ± 0.12 mm, range: 6.88–8.0 mm, median: 7.36 mm) and contralaterally (7.36 ± 0.09 mm,
range: 7.04–8.0 mm, median: 7.36 mm; p > 0.05) (Figure 9D1,E,F).

Figure 9. (A–C) Electrode tracts. Histological images from the coronal thionine-stained sections of 3 rats,
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showing the tracts of the bipolar intracortical electrodes and locations of the lower electrode tip
(filled arrowhead). The target of the lower tip was the hilus. In panel (A), the electrode tip is in the
suprapyramidal blade of the granule cell layer. In panel (B), the tip went through the dentate gyrus
down to the dorsal thalamus. In panel (C), the tip is in the infrapyramidal blade of the granule cell
layer. Note the electrode-path associated lesion in CA1 (open arrow). (D1–D3) Coronal, sagittal and
horizontal in vivo magnetic resonance 3D multigradient echo (MGRE) images of the ipsilateral and
contralateral hippocampus were used to assess hippocampal shrinkage after traumatic brain injury
(TBI). (D1–D3) Hippocampal distortion and shrinkage. Panel (D1): A sham-operated experimental
control (1107). Panels (D2,D3): Two rats with TBI (1028, 1144). The anteroposterior (AP) shift of the
hippocampus was assessed by measuring the distance from the rostral edge of the frontal cortex to
the rostral edge of the hippocampus at 1.4 mm from the midline in the horizontal slice 2.8 mm below
the surface of the brain (left hemisphere: orange double-headed arrow; right hemisphere: white
double-headed arrow). Mediolateral (ML) shrinkage was assessed by measuring the distance from
the brain midline to the lateral edge of the hippocampus in the same horizontal plane (2.8 mm below
the surface of the brain, turquoise double-headed arrow) in a slice sampled at AP level −2.8 mm,
corresponding to the AP level of the atlas-based target coordinate. In both TBI rats (D2,D3), the
distance from the frontal pole to the rostral edge of the hippocampus was longer than that in the
sham-operated animal, indicating retraction of the septal hippocampus caudally. The ML length in
TBI rats (D2,D3) was shorter than that in the sham-operated animal (D1), indicating a shift toward
midline. (E) A dot plot showing the ipsilateral (orange) and contralateral (blue) anteroposterior
lengths (y-axis) in the sham and TBI groups (x-axis). Note that both the ipsilateral and contralateral
cortical AP lengths were increased in TBI rats compared with sham-operated animals. Also, in the
TBI group, the cortical AP length was greater ipsilaterally than contralaterally. (F) A paired dot plot
showing the ipsilateral vs. contralateral backward “movement” in each rat. The greater the ipsilateral
“movement”, the greater the contralateral “movement”. Arrows point to the 3 cases illustrated in
panels (D1–D3). (G) A dot plot showing the ipsilateral and contralateral hippocampal ML lengths
in sham-operated and TBI rats. Note that both the ipsilateral and contralateral cortical ML lengths
were reduced in TBI rats compared with sham-operated animals. Also, in the TBI group, the ML
length was shorter ipsilaterally than contralaterally. Statistical significance: ##, p < 0.05; ###, p < 0.001
as compared to the sham group (Mann–Whitney U test); *** p < 0.001 compared with the contralateral
hemisphere (Wilcoxon signed-rank test). Scale bar in (A–C) = 500 μm.

In the TBI group, the AP length was greater ipsilaterally (8.16 ± 0.09 mm, range:
7.2–8.96 mm, median: 8.16 mm) than contralaterally (7.83 ± 0.07 mm, range: 6.88–8.64 mm,
median: 7.84 mm; p < 0.001) (Figure 9D2,D3,E,F). Both the ipsilateral (p < 0.001) and
contralateral (p < 0.01) AP lengths were greater in the TBI rats than in the sham group.

Mediolateral. In the sham group, the ML length was comparable ipsilaterally (4.09
± 0.05 mm, range: 3.68–4.32 mm, median: 4.16 mm) and contralaterally (3.83 ± 0.06 mm,
range: 3.52–4.0 mm, median: 3.84 mm; p > 0.05) (Figure 9D1,G).

In the TBI group, the ML length was shorter ipsilaterally (2.48 ± 0.08 mm, range:
1.92–3.84 mm, median: 2.4 mm) than contralaterally (3.53 ± 0.04 mm, range: 3.04–4.0 mm,
median: 3.52 mm; p < 0.001) (Figures 7G and 9D2,D3). Both ipsilateral (p < 0.001) and
contralateral (p < 0.01) ML lengths were shorter in the TBI rats than in the sham group
(Figure 9).

3.5. “Virtual Electrode”—Comparison of Success Rate in Atlas-Based vs. MRI-Guided
Electrode Placements

Finally, to assess whether the MRI images indeed improved the targeting of the
electrode tip to the perilesional cortex, and not, for example, to the lesion cavity, we
reexamined the histological sections of TBI rats in the MRI cohort. We focused on the
caudal aspect of the brain, as targeting this area without the use of MRI was challenging
due to remarkable TBI-related cortical atrophy.

A hypothetical “virtual” electrode was placed at the atlas-defined coordinate of the
posterior intracortical electrode (Figure 10). We then reconstructed the destination of the
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electrode tip in the available histological sections by assessing (a) whether it was located in
the cortex or lesion cavity and (b) the distance of the tip from the lesion edge. We found that
by using the atlas-based coordinate (AP −7.56), 58% (18/31) of the electrodes had been in
the lesion cavity compared with 0% for the MRI-guided implantations (Figures 5C and 10
and Table 2). The remaining 42% (13/31) of the “virtual” electrodes were located medial
to the lesion cavity, except in one case (rat 1103), in which the tip location was caudal to
the lesion. The average distance of the electrode tip to the lesion edge was 0.64 ± 0.1 mm
(range: 0–1.3 mm) (see also Supplementary Table S2 for further details).

Figure 10. Location of electrode tip at 5 months postinjury without prior MRI analysis. Photomi-
crographs of thionine-stained coronal brain sections of 4 animals; (A) #1019, (B) #1139, (C) #1158
and (D) #1036 in the MRI cohort with electrode implantations at 5 months after TBI. Left panels:
MRI-guided placement of the posterior cortical electrode. Note that all electrodes are within the
perilesional cortex. Right panels: The location of the electrode tip (arrow), if the electrode was
implanted according to the targeted atlas-based coordinates (−7.56 mm from bregma, 4 mm from
midline, 1.8 mm from the surface of the brain). Note that in all rats except 1019, the electrode tip
ended in the lesion cavity. Table 2 summarizes the locations for all cases. Scale bar = 2 mm.
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Table 2. Location of the “virtual electrode”. Summary of the locations of the posterior intracortical
electrodes in the MRI cohort, if implanted according to the atlas-based coordinates. Note that 58%
(18/31) of the lower electrode tips were in the cortex while 42% (13/31) of the lower tips were in the
lesion cavity. After MRI-guidance, 71% (22/31) of the lower tips were recording in the cortex. In
5 additional cases, the upper tip (0.5 dorsal to the lower tip) was expected to record in the cortex,
resulting in a total of 87% (27/31) of the electrodes recording in the cortex. Only 1 electrode was not
recording in the brain.

Atlas-Based MRI-Guided

Animal AP Level
DV Location

(Distance from Lesion Edge)
AP Level DV Location

1008 7.56 Lesion cavity −4.68 Layer VI
1012 7.56 Lesion cavity −5.20 CA1
1019 7.56 Perilesional cortex (medial, 0 mm) −4.20 Layer V
1024 7.56 Lesion cavity −4.68 angular bundle
1028 7.56 Lesion cavity −4.36 Layer VI
1029 7.56 Lesion cavity −4.36 corpus callosum
1031 7.56 Lesion cavity not found
1036 7.56 Lesion cavity −5.28 Layer VI
1038 7.56 Perilesional cortex (medial, 0.7 mm) −4.68 alveus of the hippocampus
1043 7.56 Lesion cavity −3.96 Layer IV
1046 7.56 Lesion cavity −4.08 Layer V
1090 7.56 Perilesional cortex (medial, 0.53 mm) −4.36 Layer VI
1095 7.56 Perilesional cortex (medial, 0.32 mm) −3.96 Layer VI
1099 7.56 Perilesional cortex (medial, 0.93 mm) −4.20 Layer VI
1103 7.56 Perilesional cortex (caudal, 0.2 mm) −4.20 Layer V
1104 7.56 Perilesional cortex (medial, 0.73 mm) −5.28 Layer V
1105 7.56 Lesion cavity −4.68 Layer VI
1138 7.56 Perilesional cortex (medial, 0.71 mm) −3.96 Layer V
1139 7.56 Lesion cavity −5.40 Layer V
1140 7.56 Perilesional cortex (medial, 1.1 mm) −5.52 Layer VI
1142 7.56 Lesion cavity −4.20 corpus callosum
1144 7.56 Lesion cavity −4.80 ventricle
1145 7.56 Perilesional cortex (medial, 0.63 mm) −4.20 CA1
1149 7.56 Lesion cavity −4.20 Layer VI
1150 7.56 Lesion cavity −4.20 Layer VI
1152 7.56 Perilesional cortex (medial, 0.91 mm) −4.68 Layer V
1153 7.56 Lesion cavity −4.20 Layer VI
1154 7.56 Lesion cavity −5.40 Layer VI
1156 7.56 Perilesional cortex (medial, 0.28 mm) −4.68 Layer VI
1158 7.56 Lesion cavity −4.20 Layer VI
1159 7.56 Perilesional cortex (medial, 1.3 mm) not found

4. Effect of Electrode Implantation on Progression of the Cortical Lesion

Next, we assessed whether a 6-month-long presence of intracortical electrodes en-
hanced cortical atrophy. We hypothesized that (1) the lesion area would be greater in the
EEG cohort than in the MRI cohort and (2) the cortical electrode tips would be closer to the
lesion cavity (expected distance ≥ 500 μm) in the EEG cohort than in the MRI cohort.

Lesion area and location. The cortical lesion spread laterally and caudally, typically in-
volving the sensory, auditory, and visual cortices, as previously described [32] (Figure 11A).
The average total lesion area was comparable between the EEG (27.31 ± 2.29 mm2, range:
1.72–93.8 mm2, median: 25.8 mm2) and MRI (25.69 ± 2.32 mm2, range: 5.7–47.6 mm2,
median: 26.1 mm2) cohorts (p > 0.05) (Figure 11B). Also, the mean lesion area in the primary
somatosensory (4.89 ± 0.41 mm2 vs. 5.16 ± 0.55 mm2; p > 0.05) and visual cortex (7.73 ±
0.72 mm2 vs. 7.37 ± 0.51 mm2; p > 0.05) was similar in the EEG and MRI cohorts (Table 3).
In the secondary somatosensory cortex (S2) (0.56 ± 0.07 mm2 vs. 1.07 ±0.17 mm2; p < 0.01)
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and the primary auditory cortex (Au1) (3.77 ± 0.20 mm2 vs. 4.32 ± 0.30 mm2; p < 0.05) the
lesion area was smaller in the EEG cohort than in the MRI cohort (Table 3).

Figure 11. Distance of the intracortical electrodes from the edge of the cortical lesion cavity. (A) An
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unfolded cortical map of a rat 1064, showing the cytoarchitectonic distribution of the cortical lesion
(blue outline) and the location of the anterior (brown filled circle in the S1BF) and posterior (yellow
filled circle in the V2L) intracortical electrodes. Note that the lesion had progressed laterally and
caudally. Consequently, the posterior electrode was closer to the lesion cavity edge than the anterior
electrode. (B) A scatter plot showing the cortical lesion area in the EEG and MRI cohorts (each
dot represents 1 rat). The lesion area was comparable between cohorts (p > 0.05). (C) In the EEG
cohort, the distance from the electrode tip to the lesion cavity edge (layer V intersection was used as
reference) was similar between the anterior and posterior intracortical electrodes (p > 0.05). (D) In the
MRI cohort, the distance from the anterior intracortical electrode tip to the cavity edge was slightly
greater than that from the EEG cohort (p < 0.05). (E) In the EEG cohort, the larger the lesion, the
closer the posterior electrode tip to the lesion cavity edge (p < 0.001). (F) In the MRI cohort, the larger
the lesion, the closer the posterior electrode tip to the cavity edge (p < 0.001). Abbreviations: S1BF,
primary somatosensory barrel field; V2L, secondary visual cortex lateral area. Statistical significance:
#, p < 0.05 compared with the EEG cohort (Mann–Whitney U test).

Electrode distance from the lesion cavity. In the EEG cohort, 54% of the anterior intra-
cortical electrodes were located anterior to the rostral edge of the lesion and 46% were
located medial to the lesion. The average distance to the lesion edge was 0.79 ± 0.08 mm
(range: 0–2.36 mm, median: 0.71 mm) (Figure 11C). All posterior intracortical electrodes
were located medial to the lesion; 33%, however, were observed on the edge of the lesion
or in the lesion cavity. The mean distance to the lesion edge was 0.63 ± 0.11 mm (range:
0–2.17 mm, median: 0.38 mm), comparable to that of the anterior intracortical electrode
(p > 0.05).

In the MRI cohort, 41% of the anterior intracortical electrodes were located anterior to
the rostral edge of the lesion and 59% were located medial to the lesion. The distance to the
lesion edge was greater in the MRI (1.038 ± 0.10 mm, range: 0–2.3 mm, median: 1.03 mm)
than in the EEG cohort (p < 0.05). All posterior intracortical electrodes (100%) were located
medial to the lesion. Unlike in the EEG cohort, none of the tips was at the lesion edge or in
the cavity. The distance of the posterior electrode tip to the lesion edge (0.79 ± 0.15 mm,
range: 0–2.7 mm, median: 0.54 mm) was comparable to that of the anterior intracortical
electrode (p > 0.05) (Figure 11D) or the posterior intracortical electrode in the EEG cohort
(p > 0.05).

In both cohorts, we were unable to verify the hypothesis that the greater the lesion,
the closer the tip of the anterior intracortical electrode to the lesion edge as there was
no correlation between lesion size and the distance of the anterior intracortical electrode
from the lesion edge (EEG cohort: R = −0.237; p > 0.05; MRI cohort: R = −0.288; p > 0.05)
(Figure 9E,F). In the case of posterior cortical electrodes, however, the larger the lesion,
the closer the tip to the lesion edge (EEG cohort: R = −0.712; p < 0.0001, MRI cohort:
R = −0.411; p < 0.05) (Figure 9E,F).
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Table 3. Cytoarchitectonic distribution of the TBI-induced cortical lesion in the EEG and MRI cohorts.

EEG Cohort MRI Cohort

Cortical Area
Area (mm2)

(Mean ± SEM)
Min–Max % of Rats

Area
(Mean ± SEM)

Min–Max % of Rats

DLEnt 0.27 ± 0.01 0.27–0.27 5 (2/43) 0 (0/30)
PRh 0.44 ± 0.11 0.01–1.35 44 (19/43) 0.79 ± 0.16 0.10–1.61 37 (11/30)
Ect 1.47 ± 0.20 0.01–3.82 77 (33/43) 1.77 ± 0.33 0.08–5.11 70 (21/30)
DI 0 (0/43) 0.18 0.18–0.18 3 (1/30)
GI 0 (0/43) 0.12 ± 0.05 0.03–0.24 13 (4/30) #

TeA 2.35 ± 0.17 0.01–3.92 91 (39/43) 2.33 ± 0.26 0.01–3.92 87 (26/30)
AuV 0.91 ± 0.09 0.01–2.45 93 (40/43) 1.22 ± 0.15 0.02–2.62 90 (27/30)
Au1 3.77 ± 0.20 0.86–5.78 100 (43/43) 4.32 ± 0.30 * 0.66–5.86 100 (30/30)
AuD 2.31 ± 0.06 0.58–2.61 100 (43/43) 2.32 ± 0.09 1.04–2.61 100 (30/30)

S1ULp 0.75 ± 0.09 0.03–1.98 93 (40/43) 1.14 ± 0.12 * 0.13–2.52 80 (24/30)
S1 1.16 ± 0.03 0.49–1.23 98 (42/43) 1.09 ± 0.05 0.02–1.23 97 (29/30)

S1BF 3.79 ± 0.36 0.56–10.44 98 (42/43) 3.42 ± 0.41 0.16–8.68 93 (28/30)
S1DZ 0.19 ± 0.06 0.02–0.3 9 (4/43) 0.01 0.01–0.01 3 (1/30)
PtPR 0.61 ± 0.03 0.06–0.75 95 (41/43) 0.61 ± 0.04 0.01–0.75 97 (29/30)
PtPD 0.47 ± 0.05 0.01–0.97 86 (37/43) 0.47 ± 0.05 0.01–0.96 83 (25/30)
V2L 4.62 ± 0.27 0.02–6.28 100 (43/43) 4.60 ± 0.32 0.87–6.48 100 (30/30)
V1B 2.12 ± 0.23 0.02–4.59 81 (35/43) 2.19 ± 0.30 0.15–4.81 80 (24/30)
V1 0.73 ± 0.16 0–2.13 56 (24/43) 0.37 ± 0.09 0.05–1.21 60 (18/30)

V1M 1.42 ± 0.26 0.01–3.98 47 (20/43) 1.32 ± 0.28 0.12–3.54 53 (16/30)
V2ML 0.68 ± 0.29 0.03–2.7 21 (9/43) 0.24 ± 0.14 0.01–0.76 17 (5/30)
V2MM 0.76 ± 0.50 0.04–2.26 9 (4/43) 0.28 ± 0.15 0.02–1.01 20 (6/30)
MPtA 0.04 ± 0.02 0.02–0.06 5 (2/43) 0 (0/30)
LPtA 0.83 ± 0.22 0.06–1.62 16 (7/43) 0.04 ± 0.03 0.01–0.09 10 (3/30)
S1Tr 0.54 ± 0.27 0.2–1.09 7 (3/43) 0 (0/30)
S1Sh 0.01 0.01–0.01 2 (1/43) 0 (0/30)
S1FL 0.12 0.12–0.12 2 (1/43) 0 (0/30)

S2 0.56 ± 0.07 0.04–2.10 95 (41/43) 1.07 ± 0.17 * 0.38–3.09 80 (24/30) #

RSD 1.09 ± 0.91 0.17–2.0 5 (2/43) 0.20 ± 0.08 0.02–0.42 13 (4/30)
RSGc 0.37 0.37–0.37 2 (1/43) 0 (0/30)

Sum of S1 4.89 ± 0.41 0.00–12.09 (43/43) 5.16 ± 0.55 0.00–11.55 (30/30)
Total S 5.43 ± 0.44 0.00–13.22 (43/43) 6.01 ± 0.65 0.00–12.59 (30/30)

Sum of V1 2.80 ± 0.46 0.00–10.20 (43/43) 2.68 ± 0.49 0.00–9.12 (30/30)
Sum of V2 4.84 ± 0.31 0.02–10.76 (43/43) 4.69 ± 0.34 0.87–7.71 (30/30)

Total V 7.63 ± 0.72 0.02–20.95 (43/43) 7.37 ± 0.78 0.87–15.82 (30/30)
Total Au 6.93 ± 0.34 1.44–10.84 (43/43) 7.73 ± 0.51 1.86–11.08 (30/30)

Total Area 25.33 ± 1.74 1.72–52.88 (43/43) 25.69 ± 2.32 5.66–47.61 (30/30)

Abbreviations: Au1, primary auditory cortex; AuD, secondary auditory cortex, dorsal area; AuV, secondary
auditory cortex, ventral area; DLEnt, dorsolateral entorhinal cortex; DI, dysgranular insular cortex; Ect, ectorhinal
cortex; GI, granular insular cortex; LPtA, lateral parietal association cortex; MPtA, medial parietal association
cortex; PRh, perirhinal cortex; PtPD, parietal cortex, posterior area, dorsal part; PtPR, parietal cortex; RSD,
retrosplenial dysgranular cortex; RSGc, retrosplenial granular cortex, c region; S1, primary somatosensory
cortex; S2, secondary somatosensory cortex; S1BF, primary somatosensory cortex, barrel field; S1DZ, primary
somatosensory cortex, dysgranular zone; S1FL, primary somatosensory cortex, forelimb region; S1Sh, primary
somatosensory cortex, shoulder region; S1Tr, primary somatosensory cortex, trunk region; S1ULp, primary
somatosensory cortex, upper lip region; TeA, temporal association cortex; V1, primary visual cortex; V1M,
primary visual cortex, monocular area; V1B, primary visual cortex, binocular area; V2L, secondary visual cortex,
lateral area; V2ML secondary visual cortex, mediolateral area; V2MM, secondary visual cortex, mediomedial area.
Area is shown as a mean ± standard error of the mean (SEM). Animal numbers are in parenthesis. Statistical
significances: *, p < 0.05 as compared to the area in the EEG cohort (Mann-Whitney U); #, p < 0.05 as compared to
the percentage of rats in the EEG cohort ( 2 test).

5. Discussion

To address the challenges related to chronic implantation of electrodes in brain-
damaged rats, our objective was to develop methodologies to maximize the accuracy
of chronic recording-electrode placements using preimplantation structural MRI. In the
material available, we also assessed the effect of chronic electrode implantations on TBI-
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induced brain atrophy. Our data revealed that (1) animal-dependent progression of the
cortical lesion after TBI compromises the placement accuracy of depth electrodes implanted
at later time-points when only atlas-based coordinates are used; (2) MRI-guided adjustment
of atlas-based coordinates increases the placement accuracy of intracerebral electrodes
at the chronic post-TBI phase, particularly in the perilesional cortex; and (3) chronically
implanted electrodes do not increase cortical and/or hippocampal atrophy.

5.1. Electrode Implantation Immediately after TBI Resulted in Good Location Accuracy of
Intracerebral Electrode Tips Rostrally, but Was Less Accurate Caudally

In the EEG cohort, we implanted two bipolar intracortical and one bipolar hippocam-
pal electrode ipsilateral to the lesion immediately after TBI to monitor the acute post-TBI
electrophysiologic events and followed up the evolution of epileptiform activities over
the following 7 months [36,37]. We assumed that the deformation and atrophy of the
brain were not compromising the electrode placement accuracy at this early postinjury
time-point, and thus we could rely on the rat brain atlas designed for the normal brain
in defining the AP and DV coordinates for electrode placements. The fixed atlas-based
cortical and hippocampal AP coordinates were chosen based on our previous observations
that the cortical lesion progresses laterally and caudally [32]. In particular, it is critical to
position the electrode tip in the anticipated epileptogenic area in the perilesional cortex,
but avoid the lesion cavity [13].

Despite the unpredictable caudal progression of the cortical lesion, 83% of the anterior
and 40% of the posterior cortical electrodes were within the cortex, and there was no differ-
ence in the overall DV distribution of the electrode tips between sham-operated controls
and TBI rats. In 10% of the animals, however, the electrode tip of the posterior cortical elec-
trodes had entered the lesion cavity when assessed at 7 months after implantation. This was
particularly evident in cases with a large lesion size, which associated with robust cortical
thinning. Also, 10% of the posterior cortical electrodes had entered the hippocampus, and
consequently, recorded hippocampal EEG instead of cortical EEG. Progression of cortical
lesions in the lateral FPI model is known to be variable and unpredictable [7,21,32,38]. It is
possible that the progressive cortical atrophy “melting” of the brain around the electrode
tips may have caused many of the electrode tips to end in the lesion cavity or subcortical
areas, including the angular bundle and hippocampus. Even in the presence of an acute
preimplantation MRI of the rats included in the EEG cohort, it was difficult to estimate the
correct location for the intracerebral cortical electrodes 7 months later.

Although we were quite successful in implanting the electrode tips in the cortical
tissue, both the anterior and posterior electrodes tended to locate slightly more anterior
than planned. The anterior deviation from the target was typically less than 1 mm, however,
and the mediolateral deviation was even smaller. We assume that the use of the Sprague
Dawley strain in the present experiments instead of Wistar rats, which were used in the
atlas preparation, and also mild human errors in reading bregma, could have affected the
accuracy of the electrode placements. It is also important to note that depending on the
skull size, the location of the 5 mm-diameter craniotomy slightly varied, which could also
affect electrode insertion.

The target of the lower hippocampal electrode tip was at the hilus of the dentate gyrus.
Consequently, the upper tip was expected to be in the CA1 subfield. As such, we aimed to
have at least one electrode tip recording hippocampal epileptiform activity. Although in
previous studies we noticed the development of hippocampal atrophy and deformations
over months postinjury, we had no quantitative data to estimate the adjustments needed
to fix the atlas-guided electrode tip coordinates. Somewhat disappointingly, at 7 months
after the electrode implantation in the EEG cohort, the electrode tip was outside the dentate
gyrus in half of the cases. In the remaining cases, the electrode tips were mainly in the
CA3c subfield of the hippocampus proper. Only 7% of the electrodes were outside the
hippocampus and not recording. In two cases, the electrodes were recording in the thalamus.
We assume that postimpact subdural hematoma and/or edema affected the reading of the
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pial surface, which is used to calculate the DV coordinate, leading to mild misplacement
of the hippocampal electrode in the TBI rats, particularly as the CA3c misplacement was
observed in 1 sham rat only. Moreover, the implantation was technically challenging, as
the AP coordinate of the hippocampal electrode was very close to the rostromedial edge
of the craniotomy, leading in some cases to more rostral electrode repositioning of the AP
coordinate planned during the surgery.

Taken together, our data show that the location of intracortical electrodes implanted
immediately after TBI in the lateral FPI model, particularly to the posterior parts of the
brain, can be compromised by unpredictable caudolateral progression of the cortical lesion
and cortical thinning, leading to electrode misplacement affecting the EEG recordings.
The hippocampal electrode placements immediately after TBI for chronic EEG follow-
up are generally more stable and less affected by post-TBI hippocampal morphologic
transformations; even the acute cortical swelling and subdural hematoma can affect DV
electrode placement. As 30% of the 297 intracortical or hippocampal electrodes were
recording outside the target tissue (cortex or hippocampus/dentate gyrus), verification of
the electrode tip locations is needed for accurate interpretation of chronic EEG recordings
even when the electrode implantations are performed in the early postinjury time period.

5.2. Preimplantation Structural MRI Improved the Accuracy of Electrode Implantations at
5 Months Postinjury

The interim review of MRIs imaged during the 5-month follow-up of animals in the
MRI cohort confirmed our previous observations of the progression of cortical lesion in
injured rats and raised concerns about the accuracy of electrode placements for the 1-month
24 h/7-day high-density video-EEG recordings, which was critical for the epilepsy pheno-
typing in our animal cohorts. It is generally recognized that proper electrode placement
is a basis for accurate EEG data interpretation. To maximize the success rate of electrode
implantations, we used images of coronal in vivo MR T2-wt slices obtained at 5 months
post-TBI to generate rat-specific AP, ML, and DV coordinates for the anterior and posterior
cortical electrodes, as well as the hippocampal electrodes. The aim was to place the cortical
electrodes in the perilesional cortex within 500 μm of the lesion cavity, similar to that in the
EEG cohort. Moreover, we wanted to get the DV coordinate of the ventral electrode tip to
layer V of the sometimes very atrophied cortex. As in the EEG cohort, the hippocampal
electrode tip was targeted to the dentate gyrus.

Analysis of histological sections prepared from the same rats approximately 1 month
after the MRI, i.e., right after finishing the 1-month video-EEG monitoring, revealed a
rostral shift of both the cortical and hippocampal electrodes relative to the MRI-guided
coordinate. These data suggest that cortical atrophy, retracting the brain backwards may
have contributed to the anterior shift and low accuracy of the cortical electrodes, particu-
larly the posterior cortical electrode, in injured animals [7,17,39]. In case of hippocampal
electrodes, the anterior shift was clearer in TBI rats than in sham animals, similar to the EEG
cohort. Even though deviation of the hippocampal electrodes from the planned position
can also relate to hippocampal atrophy, changes in its septotemporal orientation, rotation,
and medial shift toward midline can contribute to electrode misplacements [23].

Generally, despite the unexpected divergence between the MRI-defined and histo-
logically verified “true” coordinates, our data demonstrate that the MR images were
useful when targeting the perilesional cortex for EEG recordings during the chronic phase
post-TBI. Our “simulation” revealed that most (60%) of the MRI-guided posterior corti-
cal electrode placements were in the cortex compared with 42% of the posterior cortical
electrode placements when only the atlas-based coordinate was used. Moreover, with
MRI-guided implantation, we were able to avoid the cortical lesion cavity. Additionally,
the effect of cortical thinning on the DV location of the posterior electrode was mitigated,
as the percentage of electrodes in the cortex was comparable between sham and TBI rats.
Moreover, there was a 40% increase in cases with a cortical electrode location and a 14%
increase in reaching the target layer V compared with the EEG cohort. We also demon-
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strated that despite the inaccuracy in adjusting the hippocampal AP coordinate when using
MRI guidance, 36% of the hippocampal electrodes were recording in the dentate gyrus in
the MRI cohort compared with 49% in the EEG cohort. This finding suggests that a 3D
change in hippocampal orientation, which was less evident in the 2D MR images used in
this study, compromised the estimation of the hippocampal AP coordinate. The 2D images
were effective for determining the DV hippocampal target as the overall DV distribution of
the electrode tip in the dentate gyrus was the same between sham and TBI rats.

One question is: Would presurgery MRIs help to improve the interpretation of post-
surgery MRIs and the accuracy of electrode placements? In addition to the cost, it is
important to note that unlike MRI, the histology-based rat brain atlas offers a benefit of
using skull landmarks for calculation of coordinates for electrode positioning, that is, using
the bregma as a reference point. Histological sections also give a higher spatial resolution
and possibility to also assess the laminar placement of electrode tips.

Taken together, MR images were useful in targeting the AP and DV locations of perile-
sional intracortical electrodes in the chronic post-TBI phase. For hippocampal electrode
implantations, the MR images were not as useful in targeting the AP location, but im-
proved the precision of targeting the DV electrode tip into the dentate gyrus. To increase
the accuracy of estimating the AP coordinate for intracerebral electrode implantation at
the chronic post-TBI phase, we suggest using a 3D reconstruction of the brain to fully
understand the effect of the ipsilateral cortical and hippocampal atrophy and orientation
affecting the electrode placements. We propose the following MRI protocol for estimating
the adjustments needed for atlas-based coordinates to successfully and accurately implant
electrodes in the chronic post-TBI phase (see also Supplementary Figure S1):

1. Acquire T2-weighted MRI and 3D MGRE datasets.
2. Select the coronal T2-weighted and/or MGRE images containing the target region of

the intracerebral electrode (e.g., perilesional cortex or hippocampus).
3. In each MGRE image selected in step 2, calculate the ML distance of the intended

electrode tip location (e.g., perilesional cortex). Select the sagittal MGRE image at
that ML coordinate. In MGRE sagittal images, calculate the DV distance (from the
brain surface) to which the tip of the electrode will be targeted, and select the MGRE
horizontal images at that depth.

4. In the sagittal and horizontal images selected in step 3, estimate the cortical AP (in the
sagittal plane) and ML (in the horizontal plane) distances (shrinkage) for a given rat
as described in this study, using available 3D slice viewer and analysis software

5. Determine the ratio of the AP distance based on the atlas coordinates/AP distance
measured in the sagittal slice in a given rat (estimated in step 4).

6. To determine the final MRI AP coordinate, align the selected coronal images (step
2) with the atlas. Multiply the atlas AP coordinate at this location with the ratio
determined in step 5.

7. To determine the final MRI ML location, repeat steps 5 and 6 in the horizontal plane.

5.3. Chronic Intracerebral Electrode Implantation Did Not Affect the Cortical Lesion Area or
Cortical and Hippocampal Atrophy over the 7-Month Follow-Up

Chronic electrode implantation has been proposed to add tissue damage due to blood–
brain barrier damage and chronic inflammation in the electrode path [40]. Therefore, we
expected to see more cortical atrophy in the EEG than the MRI cohort. The cortical lesion
areas were comparable in the EEG and MRI cohorts. Also, the percentage of the lesion area
in cytoarchitectonic areas targeted by the electrode tips did not differ between the EEG
cohort and MRI cohort. Taken together, the progression of the cortical lesion in the EEG
cohort was not augmented by the chronically implanted electrodes.

We recently demonstrated that the hippocampus undergoes a series of post-TBI mor-
phologic transformations, including atrophy and orientation changes due to neurode-
generation, white-matter atrophy, and expanding ventricles [23]. The present analysis
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revealed a caudal shift of the hippocampus. Apparently, the expanding ventricles pushed
the hippocampus backward and toward the midline.

6. Conclusions

Our study demonstrates the benefit of using MR images for adjusting atlas-based
coordinates to improve the accuracy in chronic intracerebral electrode placements into
atrophied and distorted brain areas, which is critical, e.g., for a high-quality recording of
various epileptiform activities in candidate epileptogenic regions after TBI. Future studies
should consider using T2-wt MRI slices much thinner than 800 μm or 3D spatial encoding
with close to isotropic resolution to allow for accurate visualization in coronal, sagittal,
and horizontal planes to enhance the accuracy of MRI-guided electrode implantations.
Importantly, comparison of the cortical lesion area and cytoarchitectonic distribution
between cohorts with 7-month- or 1-month-long electrode implantations did not reveal any
worsening of brain atrophy by the chronic electrode implantation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10092295/s1. Supplementary Table S1. The distri-
bution of the dorsoventral location of the lower tip of the anterior and posterior intracortical electrodes
in sham-operated and TBI rats. Supplementary Table S2. Location of the “virtual electrode”. Sum-
mary of the locations of the anterior and posterior intracortical, and hippocampal electrodes in the
MRI cohort, if implanted according to the atlas-based coordinates. Supplementary Figure S1. A
schematic presentation of the MRI protocol for estimating the adjustments needed for atlas-based
coordinates (See discussion for further details).
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Abstract: Pericytes are a component of the blood–brain barrier (BBB) neurovascular unit, in which
they play a crucial role in BBB integrity and are also implicated in neuroinflammation. The association
between pericytes, BBB dysfunction, and the pathophysiology of epilepsy has been investigated,
and links between epilepsy and pericytes have been identified. Here, we review current knowledge
about the role of pericytes in epilepsy. Clinical evidence has shown an accumulation of pericytes
with altered morphology in the cerebral vascular territories of patients with intractable epilepsy.
In vitro, proinflammatory cytokines, including IL-1β, TNFα, and IL-6, cause morphological changes
in human-derived pericytes, where IL-6 leads to cell damage. Experimental studies using epileptic
animal models have shown that cerebrovascular pericytes undergo redistribution and remodeling,
potentially contributing to BBB permeability. These series of pericyte-related modifications are
promoted by proinflammatory cytokines, of which the most pronounced alterations are caused by
IL-1β, a cytokine involved in the pathogenesis of epilepsy. Furthermore, the pericyte-glial scarring
process in leaky capillaries was detected in the hippocampus during seizure progression. In addition,
pericytes respond more sensitively to proinflammatory cytokines than microglia and can also activate
microglia. Thus, pericytes may function as sensors of the inflammatory response. Finally, both
in vitro and in vivo studies have highlighted the potential of pericytes as a therapeutic target for
seizure disorders.

Keywords: pericytes; mural cells; cytokine; blood-brain barrier; neuroinflammation

1. Introduction

Accumulating evidence has demonstrated that the pathogenesis of epilepsy is linked
to neuroinflammation and cerebrovascular dysfunction [1–6]. Traditionally, microglia
had been considered to be responsible for the cytokine-centered immune response in the
central nervous system (CNS); however, brain pericytes can respond to inflammatory
signals, such as circulating cytokines, and convey this information to surrounding cells
through chemokine and cytokine secretions [7–10]. Recent studies have demonstrated that
pericytes may act as sensors for the inflammatory response in the CNS, as pericytes react
intensely to proinflammatory cytokines when compared to other cell types (e.g., microglia)
that constitute the CNS and factor-induced reactive pericytes can also activate microglia
in vitro [9,11–13].

Pericytes provide physical support to the blood–brain barrier (BBB) and play an
integral role in CNS homeostasis and BBB function [14]. Pericyte degeneration and/or
dysfunction contribute to the loss of BBB integrity, which is an early hallmark of several
neurodegenerative and inflammatory conditions [8,15,16]. Another notable feature of
pericytes is their ability to regulate the migration of leukocytes across the brain microvas-
cular endothelial cell (BMVEC) barrier, which secretes key molecules that support the
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BBB barrier [17,18]. Recent research on the pathogenesis of epilepsy has begun to eluci-
date the mechanisms mediating peripheral-to-CNS cell infiltration in human and mouse
models [19,20]. Pericytes may contribute to the mechanisms, while emerging research
is investigating the extent of peripheral immune cell involvement in the inflammatory
pathology of epilepsy.

The various functions of pericytes and their involvement in CNS diseases, including
ischemic stroke [21], spinal cord injury [22], brain injury [23], and multiple sclerosis [24],
has been reported.

The association between pericytes and epilepsy has attracted attention, while sev-
eral recent studies have illustrated the contributions of pericytes to the pathogenesis of
epilepsy [2,25–32]. These studies suggested that pericytes might participate in the patho-
genesis of epilepsy, consisting of neuroinflammation and BBB damage and the interaction
between peripheral and central immunity. Thus, evidence on the relationship between
pericytes and the pathogenesis of epilepsy is gradually accumulating. Therefore, this study
aimed to investigate the pathogenesis of epilepsy and pericytes because none of the re-
view articles focused on this, even though therapeutic targets for pericytes in neurological
disorders were investigated [17,33,34].

This review (1) explores the current literature regarding the role of pericytes in the
pathogenesis of epilepsy and (2) highlights novel directions for research on therapeutic
interventions for epilepsy that target pericytes. Given the paucity of knowledge on pericyte
function in seizures and epilepsy-related pathologies, further studies are warranted to
investigate pericytes as a potential therapeutic target for epilepsy treatment.

2. What Are Pericytes?

Pericytes were first described by the French scientist Charles-Marie Benjamin Rouget
and were originally called Rouget cells in 1873 [35]. Later, this population was rediscovered
by Zimmermann as a cell that shows a specific morphology around microvessels, and
became widely known as a “pericyte” [36]. Pericytes are mural cells that are implanted in
the basal membrane surrounding endothelial cells in capillaries and small vessels, includ-
ing precapillary arterioles and postcapillary venules. Although the origin of all pericytes
has not been clarified, blood vessels in the CNS are predominantly covered by neural
crest cell-derived pericytes, while mesoderm-derived pericytes mainly contribute to blood
vessel coverage in the trunk [37]. In the brain, pericytes constitute a vital component
of the BBB/neurovascular unit (NVU) and cover the BMVECs lining the capillaries on
the parenchymal side, where there are astrocytic end feet that enclose cerebral vessels,
perivascular microglia/macrophages, and neurons [17,38,39]. Pericytes form a crucial
component of the brain microvasculature and play an integral role in CNS homeostasis and
BBB function [14] in normal physiological (Figure 1) and pathological conditions (Figure 2).
A potential mechanism of pericyte action is the regulation of signaling through platelet-
derived growth factor receptor beta (PDGFRβ), which is commonly used as a marker of
pericytes and regulates pericyte survival, proliferation, and migration signals [40]. In the
CNS, platelet-derived growth factor-beta subunit (PDGF-BB) is released by endothelial cells
and binds to PDGFRβ at the cell surface of pericytes to promote pericyte vascularization
within the BBB [41]. The PDGFRβ signaling pathway is involved in pericyte survival and
subsequent development as well as the function of the BBB during adulthood and senes-
cence, as demonstrated by experiments in pericyte-deficient mice [17,38]. In addition to its
role as a marker of CNS pericytes, PDGFRβ is expressed in oligodendrocyte precursor cell
(OPC)/neuron-glial antigen 2 (NG2) parenchymal glial cells [2,25,42]. Other markers for
pericytes exist (Table 1), but these remain inconclusive. Anatomical studies are required to
investigate the characteristics of pericytes that possess longitudinal processes along vessels
and contribute to BBB maintenance [15]. Pericytes in the brain are highly heterogeneous
and have different morphologies as well as functions depending on their location in the
vasculature [10]. Further, transgenic mice generated to study pericyte function may yield
information on other cell types [43]. Therefore, “peripheral blood-specific” markers must
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be used with caution [44]. Although there is no scientific consensus on what constitutes
true pericytes [45], the current review focuses on studies using definitive pericyte-related
markers and anatomy.

Figure 1. Regulatory functions of pericytes. In the central nervous system (CNS), platelet-derived
growth factor-beta subunit (PDGF-BB) is released by endothelial cells and binds to PDGFRβ at the
cell surface of pericytes to promote pericyte vascularization within the blood–brain barrier (BBB).
Secretion of angiopoietin-1 (ANGPT-1) and plasminogen activator inhibitor type 1 (PAI-1) from
pericytes promotes the development of vascular endothelial cells and contributes to the maintenance
of the BBB (1). Pericytes maintain neuronal health by secreting factors such as nerve growth factor
(NGF), brain-derived nerve growth factor (BDNF), and pleiotrophin (2). Pericytes are involved in
angiogenesis by secreting ANGPT-1 and erythropoietin (3) and produce a factor (Lama2) that facilitates
the differentiation of oligodendrocyte progenitor cells (OPCs) into mature oligodendrocytes (4).

Figure 2. In pathological conditions, pericytes generate various inflammatory factors. Pericytes
secrete IL-6 that can polarize parenchymal microglia to a proinflammatory phenotype to activate
microglia (1). The secretion of chemokines (CCL2, CXCL1, CXCL8, and CXCL10) by pericytes recruits
leukocytes to the CNS parenchyma via the upregulation of ICAM-1 and VCAM-1 adhesion molecules
on the endothelium (2). MMP-9 secretion stimulates the production and secretion of vascular
endothelial growth factor (VEGF), resulting in endothelial dysfunction (3). Secretion of reactive
oxygen species/reactive nitrogen species (ROS/RNS), nitric oxide (NO), and prostaglandins (PGE2)
by pericytes lead to vasodilation and breaching of the blood–brain barrier. Pericytes themselves are
morphologically altered by inflammatory mediators (4).
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Table 1. Common markers used to identify pericytes in the central nervous system of mice that also label other cell types.

Marker Cells Labeled Main Function Reference(s)

PDGFRβ
(platelet-derived growth factor receptor beta) Fibroblasts, SMCs, pericytes Tyrosine kinase receptor [14,41]

NG2
(CSPG4; chondroitin sulfate proteoglycan 4) OPCs, NSCs, SMCs, pericytes Cell-membrane proteoglycan [46]

CD13
(aminopeptidase N) Fibroblasts, SMCs, pericytes Cell-membrane aminopeptidase [14]

αSMA
(actin, aortic smooth muscle) SMCs, myofibroblasts, pericytes Cytoskeletal protein [14]

Desmin SMCs, pericytes Intermediate filament [14]

Rgs5
(regulator of G protein signaling 5) SMCs, pericytes Regulator of G protein [47]

CD146
(cell surface glycoprotein MUC18) SMCs, pericytes Membrane proteins [48]

SUR2
(sulfonylurea receptor 2) SMCs, pericytes Potassium-channel [47,49]

Kir6.1
(K+ channel pore-forming subunit) SMCs, fibroblasts, pericytes Potassium-channel [47,49]

NeuroTrace 500/525
(fluorescent Nissl dye/FluoroNissl Green) Pericytes - [50]

Vitronectin SMCs, Pericytes Complement-binding protein [49,51]

Note: NSCs, neural stem cells; OPCs, oligodendrocyte progenitor cells; SMCs, smooth muscle cells.

3. Pericytes and Neuroinflammation

Evidence accumulated from experimental models and human samples implicates im-
munological processes in the pathogenesis of epilepsy [1,4]. The involvement of pericytes
in the CNS immune responses has attracted significant attention. Pericytes present hetero-
geneous signals to the surrounding cells and actively modulate inflammatory responses in
a tissue- and context-dependent manner. The expression of various pattern-recognition
receptors (PRRs), including toll-like receptors (TLRs) and nucleotide-binding and oligomer-
ization domain (NOD)-like receptor families, has been detected in brain pericytes [52].
Given the abundance of surface receptors, pericytes can respond to inflammatory medi-
ators, such as monocyte chemoattractant protein-1 (MCP-1/CCL2) and tumor necrosis
factor (TNF)-α, which in turn induce the secretion of CCL2, nitric oxide (NO), and several
cytokines [7–9,53]. Pericytes act as promoters of both the innate and adaptive immune
system [43]. In the CNS, microglia are a hallmark of the immune response, which produce
cytokines such as interleukin (IL)-1β, TNF-α, IL-6, and various other chemokines [54],
and related effector pathways, including cyclooxygenase-2 (COX-2)/prostaglandin (PGE2)
and complement factors [55]. The rapid activation of microglia impairs neuronal function
by inducing inflammatory mediators, such as NO, reactive oxygen species (ROS), and
proinflammatory cytokines [56,57].

Pericytes have been shown to be more sensitive to proinflammatory cytokines com-
pared to other cells in the NVU [9,11–13]. Specifically, cytokine and chemokine release
profiles from brain pericytes in response to TNF-α are distinct to those of other cell types
comprising the NVU, and TNF-α-stimulated pericytes release macrophage inflammatory
protein (MIP)-1α and IL-6. Among BBB cells, pericytes stimulated with TNF-α induced
the highest levels of iNOS and IL-1β mRNA expression, which indicates the activation
of BV-2 microglia [9]. The mechanism underlying TNF-α-induced IL-6 release involves
the inhibitor kappa B (IκB)-nuclear factor kappa-light-chain-enhancer of activated B cells
(NFκB) and the Janus family of tyrosine kinase (JAK)-signal transducer and activator of
transcription (STAT) 3 pathways [13]. NFκB plays a key role in inflammation, immune,
and stress-related responses, as well as in the regulation of cell survival and in the growth
of neural processes in developing peripheral and central neurons [58]. These findings
indicate that the activated brain pericytes trigger the development of uncoordinated NVU
function, including glial activation, and may act as sensors at the BBB in TNF-α-mediated
brain inflammation.
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Pericytes also release anti-inflammatory factors, highlighting their involvement in
regeneration and protection [7,59,60]. Pericytes respond to lipopolysaccharide (LPS), se-
crete anti-inflammatory cytokines such as IL-10 and IL-13 [61], and produce neurotrophins
such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), which
regulate neuronal development [42,62]. Pericytes upregulate neurotrophin-3 production
in response to hypoxia, resulting in increased NGF production in astrocytes, thereby
protecting neurons from hypoxia-induced apoptosis [62]. These actions highlight the
neuroprotective functions of pericytes under pathological conditions.

4. Pericytes and Epilepsy

Table 2 summarizes the research on pericytes and epilepsy.

Table 2. Research and key findings on pericytes and epilepsy.

No. Patients/Model Species Key Findings Reference

1 Intractable complex partial seizures Humans

• Degeneration of pericytes (aggregates of
cellular debris within the basement
membrane) with the morphological changes
in pericyte-basement membrane unit
thickness and pericyte cytoplasmic density
were observed in the spiking area of
microvessels in an electron microscopy study
of brain tissue

[63]

2

TLE with HS Humans
• PDGFRβ+ cells are distributed around the

cerebrovasculature and are present in the
brain parenchyma of human TLE specimens

[2]

NG2DsRed or C57BL/6J mice
(intraperitoneal KA injections) Mice

• Constitutive cerebrovascular NG2DsRed
pericyte coverage is impaired in response to
SE in vivo or seizure-like events in vitro

• Redistribution of parenchymal and vascular
PDGFRβ+ cells occurs in vitro and in vivo

• Vascular and parenchymal PDGFRβ+ cells
partially co-localize with NG2DsRed and
NG2, but not with IBA-1 (indicators
of microglia)

3

FCD, TLE without HS,
cryptogenic epilepsy Humans

• FCD and TLE-HS display the highest
PDGFRβ immunoreactivity at the
microvasculature identifying pericytes

• Cryptogenic epilepsy patients also showed a
similar immune response pattern, although to
a lesser extent than that in FCD

• The amount of perivascular PDGFRβ
immunoreactivity was found to be associated
with increased hippocampal angiogenesis in
tissues from patients with TLE-HS

[25]

Neurovascular dysplasia rat model
(Sprague-Dawley rats with pre-natal
exposure to methyl-axozy methanoic

acid), pilocarpine

Mice

• Pericyte-vascular dysplasia was detected in
hippocampi corresponding to
neuronal heterotopias

• Severe SE was associated with a
region-specific increase in
PDGFRβ immunoreactivity

4 TLE Humans
• Chronic IFN-γ treatment blocks signaling

through PDGFRβ by enhancing agonist
PDGF-BB

[26]

5 Drug-resistant TLE
(microarray analysis) human

• TGFβ1 decreased pericyte proliferation and
decreased phagocytosis

• TGFβ1 also upregulates the expression of
IL-6, MMP-2, and NOX4, which disrupt the
function of the BBB, and these responses to
TGFβ1 may not be therapeutic for the
neurovascular system

[27]
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Table 2. Cont.

No. Patients/Model Species Key Findings Reference

6 Dynamics of NG2 mural cells under SE
with systemic KA injection in mice Mice

• NG2 mural cells are added and removed from
veins, arterioles, and capillaries after
status epilepticus

• Loss of NG2 mural cells is proportional to
seizure severity and vascular pathology (e.g.,
rigidity, perfusion, and permeability)

• Treatment with PDGF-BB reduced NG2 mural
cell loss, vascular pathology, and epileptiform
electroencephalogram activity

[28]

7

TLE with or without HS, FCD Humans

• Pericyte-microglia assemblies with
IBA1/HLA microglial cells outlining the
capillary wall were observed in TLE-HS and
FCD-IIb specimens

• Proinflammatory cytokines such as IL-1β
cause morphological changes and IL-6 causes
cell damage in human-derived pericytes

[29]

NG2DsRed/C57BL6 (unilateral
intra-hippocampal KA injections) Mice

• IL-1β elicited pericyte morphological changes
and pericyte-microglia clustering in
NG2DsRed hippocampal slices

8 NG2DsRed/C57BL6 (unilateral
intra-hippocampal KA injections) Mice

• Multicellular scarring occurs at the outer
capillary wall in the hippocampus during
seizure progression

• PDGFRβ stromal cells and collagens III and
IV participate in the localized pericyte-glial
scarring and capillary pathology in
hippocampal subregions

• PDGFRβ is a proposed anti-inflammatory
entry point for chronic disease stages in vivo

[30]

9
Transgenic mice (4-aminopyridine or

low-Mg2+ conditions)
Mice

• Pericytes regulate changes in vascular
diameter in response to neuronal activity

• Recurrent seizures are associated with
impaired neurovascular coupling and
increased BBB permeability in capillaries

• Recurrent seizures lead to depolarization of
pericytic mitochondria and subsequent
vasoconstriction

[31]

10
Traumatic brain injury model
(C57BL/6J mice with CCI and

pilocarpine injections)
Mice

• PDGFRβ levels were increased from 1 h to 4
days after CCI in the injured ipsilateral
hippocampus prior to increased expression of
markers of microglia and astrocytes; this
supports the postulated role of pericytes as
initiators of the CNS immune response

• Treatment with imatinib on postoperative
days 0–4 reduced seizure susceptibility,
demonstrating the usefulness of imatinib
in vitro

[32]

CCI, controlled cortical impact; FCD, focal cortical dysplasia, HS, hippocampal sclerosis; IP, intraperitoneal; KA, kainic acid; PDGF-BB,
platelet-derived growth factor-beta subunit; SE, status epilepticus; TBI, traumatic brain injury; TLE, temporal lobe epilepsy.

5. Blood-Brain Barrier Disruption in the Pathogenesis of Epilepsy

Experimental evidence of BBB impairment in the pathogenesis of epilepsy has been
demonstrated in patients and animal models [64–67], which is a hallmark of epilepsy. BBB
disruption can also directly induce seizure activity and exacerbate epileptogenesis; the
relationship between epilepsy and BBB breakdown is bidirectional [64,65].

BBB dysfunction and subsequent infiltration of serum albumin into the brain leads to
changes in epileptogenesis, including astrocyte changes, neuroinflammation, excitatory
synapse formation, and pathological plasticity [68,69]. These BBB alterations are not only
due to leakage, as demonstrated by Evans Blue staining [65]. There is involvement of vari-
ous inflammatory mediators as nondisruptive changes at the molecular level of pericytes
are also involved in the changes of the BBB; specifically, they secrete various mediators as
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follows: IL-1β, TNF-α, IFN-γ, matrix metalloproteinases (MMPs), ROS/reactive nitrogen
species (RNS), (NO), and prostaglandin E2 (PGE2). Pericyte-derived MMP-9 upregulation
in the cerebral microvasculature can cause endothelial dysfunction through degradation of
tight junctions and extracellular matrices, resulting in subsequent pericyte loss from the
microvasculature and BBB disruption [11,43]. Moreover, the secretion of ROS/RNS, NO,
and PGE2 lead to vasodilation and breaching of the BBB [9]. Epileptic seizures can cause
pericytes surrounding the blood vessels to rearrange [2] and morphologically alter, which
is facilitated by the inflammatory mediators [29,30]. These series of alterations are thought
to be linked to the pathogenesis of epilepsy, although further details are warranted.

6. Leukocyte Recruitment and Peripheral-to-Central Infiltration

Pericytes regulate the migration of leukocytes across the BMVEC barrier and secrete
key molecules that support the BBB [17,18]. Chemokines (CCL2, CXCL1, CXCL8, and
CXCL10) secreted by pericytes in both basal and inflammatory states recruit peripheral
immune cells, including monocytes, B and T cells, and neutrophils, to the CNS parenchyma
via upregulation of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhe-
sion molecule-1 (VCAM-1) on the endothelium [7–9,70]. Although the human brain is
considered an immune-privileged area [68,71], this is not preserved during inflammatory
conditions. Analysis of brain parenchyma in patients with epilepsy showed that there
have been both positive [72,73] and negative [74] reports on the occurrence of infiltration of
peripheral leukocytes into the brain tissue. Recent experimental research demonstrated that
peripheral-to-CNS cell infiltration, particularly monocytes, occurs in the status epilepticus
(SE) model, without evidence of infections or immune disorders [20,75,76]. The possibility
of classifying peripheral monocytes and indigenous microglia, which have been considered
difficult to differentiate, has been increased using genetic engineering [75,77,78].

In chemokine receptor 2 (CCR2)-knockout mice, the CCL2 receptor, which blocks
peripheral monocyte invasion into the brain tissue, attenuated neuronal damage in SE mod-
els [75]. Analysis of the brain tissue from pediatric patients with drug-resistant epilepsy
(DRE) revealed that seizure frequency was correlated with the number of infiltrating pe-
ripherally activated CD3+ T cells and monocytes, but not microglia [19]. Current analysis
of pediatric patients with DRE also demonstrated a correlation between the number of
seizures and intracellular IL-1β levels in monocytes [79], while experimental data and
human research attributed seizure-induced neuronal death to the activation of resident mi-
croglia [78,80]. Whether the peripheral monocytes or the resident microglia are the primary
triggers of epilepsy, as well as the extent to which the infiltrated cells are significant, remains
to be determined; nevertheless, the combination of the roles of the pericytes in maintaining
the BBB integrity, producing inflammatory mediators, and recruiting leukocytes indicate
that the pericytes could be intimately involved in the pathogenesis of epilepsy.

7. Clinical Evidence Links Pericytes to Epilepsy

The disarray of the pericyte-basal lamina interface in patients with epilepsy was
first described in 1990 [63]. Evidence of pericyte degeneration with basement membrane
unit thickness and cytoplasmic density has also been reported in most of the spiking
area microvessels in human brain tissues of intractable complex partial seizures using an
electron microscope [63].

With the advent of PDGFRβ, though a nonspecific CNS pericyte marker, the immunos-
taining reports of the presence of PDGFRβ+ cells have emerged in the brain specimens
of patients with intractable epilepsy in focal cortical dysplasia (FCD) and temporal lobe
seizures (TLE) [2,25,29]. In tissues from patients with refractory TLE and hippocampal scle-
rosis (HS), the presence of PDGFRβ+ cells associated with blood vessels and parenchyma
was observed, although findings were heterogenous [2]. Indeed, the highest perivascular
PDGFRβ immunoreactivity was detected in patients with TLE-HS, specifically in the mi-
crovasculature [2]. Tissue from patients with cryptogenic epilepsy has exhibited a similar
immune response pattern, although to a lesser extent than that of FCD. Increased perivascu-
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lar PDGFRβ immunoreactivity was associated with increased hippocampal vascularization
in the cells of patients with TLE-HS [25].

Another study of TLE and FCD specimens revealed robust PDGFRβ-positive cell
pericyte immunoreactivity surrounding the blood vessels, particularly in TLE with HS
specimens, with aggregation of IBA1/HLA microglial cells and pericyte-microglia out-
lining the capillary wall [29]. The morphological changes in pericytes were induced by
proinflammatory cytokines, including IL-1β, TNFα, and IL-6; in particular, IL-6 exposure
was drastically associated with apoptosis, suggesting pericyte damage [29].

Collectively, the accumulation of pericytes (PDGFRβ-positive cells) in the cerebral
vascular regions was consistently observed in patients with refractory epilepsy [2,25,29].
The degree of accumulation correlates to some extent with the clinical picture [25,29], and
morphological changes of the pericytes might be due to proinflammatory cytokines [29].
In addition, the amount of angiogenesis, which is associated with epileptogenesis, was
related to the number of PDGFRβ-positive cells [25], suggesting a relationship between
PDGFRβ-positive cells and the pathogenesis of epilepsy.

8. Experimental Evidence Links Pericytes to Epilepsy

An in vivo study of NG2DsRed mice, which enabled the visualization of cerebrovas-
cular pericytes, revealed heterogeneous perivascular prominence of NG2DsRed cells with
PDGFRβ expression in an SE model induced by intraperitoneal kainic acid (KA) [2]. These
heterogeneous perivascular patterns of PDGFRβ+ cells are inconsistent with the afore-
mentioned human tissue findings [2,25,29], which have also been observed in a rat model
of neurovascular dysplasia SE, particularly in the hippocampus with a neurovascular
dysplasia SE rat model [25].

An in vitro and in vivo study by Milesi et al. demonstrated that the parenchymal and
vascular PDGFRβ+ cells were redistributed, alongside partial colocalization of vascular
and parenchymal PDGFRβ+ cells with NG2DsRed and NG2, but not with IBA-1 [2]. These
findings, suggesting that the accumulation of pericytes and microglia is associated with
epileptic seizure events, have been documented in recent studies [29,30].

Klement et al. employed a model of TLE (associated with HS) in NG2DsRed mice
to assess the impact of seizure progression on capillary pericytes and surrounding glial
cells [29]. In vivo, SE mice presenting with spontaneous recurrent seizures (SRS) exhib-
ited disorganized NG2DsRed-positive pericyte somata in the hippocampus at 72 h and
1 week after SE (epileptogenesis) in the hippocampus. Pericyte modifications clustered
with IBA1-positive microglia, surrounding capillaries, and overlapped topographically
with pericytes lodged within microglial cells [29]. Residual microglial clustering was also
observed surrounding NG2DsRed pericytes in SRS, proinflammatory mediators, such
as IL-1β, IL-6, TNF-α, and particularly IL-1β; however, the in vitro study in humans re-
vealed that IL-6 induced these morphological changes of pericyte-microglia clustering in
NG2DsRed hippocampal slices [29]. In addition, Klement et al. also reported a pericyte-glia
perivascular scar with capillary leaks in the hippocampus during seizure activity. These
scars in the cornu ammonis region developed an abnormal distribution or accumulation
of extracellular matrix collagen III/IV as the seizure progressed [30]. In vitro experiments
induced by 4-aminopyridine and low-Mg2+ conditions repeated seizures that cause vaso-
constriction associated with the depolarization of mitochondria in pericytes and gradual
neurovascular disconnection, suggesting that the pericyte damage causes vascular dys-
function in epilepsy [31]. The gradual progression of neurovascular decoupling during
recurrent seizures suggests that pericyte damage induces vascular dysfunction in epilepsy
(Figure 3) [31].
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Figure 3. Schematic representation of the events linking pericytes to epilepsy. Status epilepticus leads
to redistribution and remodeling of cerebrovascular pericytes, potentially contributing to blood–brain
barrier permeability [2,28,29]. A significant clustering of microglia/macrophages around pericytes
occurs one week after the attack, although pericyte proliferation is significantly increased as early as
72 h [29]. These series of pericyte-related modifications are promoted by proinflammatory cytokines,
including IL-1β, TNFα, and IL-6. Alterations caused by IL-1β, which is one of the cytokines most
deeply involved in the pathogenesis of epilepsy, were most pronounced. These pericyte-associated
modifications and pericyte-microglia clustering may be facilitated by IL-1β [29], and pericyte-glial
scarring with collagens III and IV process leaky capillaries during seizure progression [30]. Recurrent
seizures can lead to pericytic injury with neurovascular decoupling and BBB dysfunction at the
arterial and capillary levels. Moreover, capillary vasoconstriction is accompanied by a loss of
mitochondrial integrity in pericytes [81]. In vitro and in vivo studies have highlighted the potential
of pericytes as a therapeutic target for seizure disorders [28,30,32].

9. Prospects for Pericyte-Mediated Epilepsy Therapy

PDGFRβ can regulate pericyte survival, proliferation, and migration signals and is
commonly used as a marker for pericytes [40]; PDGFRβ suppression has been proposed as
a possible treatment for epilepsy [28,30,32].

As described above, a pericyte-glia perivascular scar with capillary leaks induced by
seizures and a high expression of PDGFRβ transcript and protein levels were detected [30].
In the organotypic hippocampal cultures, PDGFRβ reactivity surrounding capillaries is
also enhanced by electrographic activity and was reduced by PDGF-BB (a PDGFRβ agonist)
and PDGFβ inhibitor imatinib [30]. Furthermore, PDGF-BB can reduce mural cell loss,
vascular pathology, and epileptiform electroencephalography activity in a KA-induced SE
model [28]. Recently, traumatic brain injury (TBI) has been highlighted as a major factor in
epilepsy owing to certain intractable cases. The evaluation of the involvement of pericytes
in the pathogenesis of epilepsy was performed using a controlled cortical impact (CCI)
device. PDGFRβ levels were significantly increased following CCI in the injured ipsilateral
hippocampus; pilocarpine-induced seizures can be regulated by imatinib treatment in this
CCI model [32]. The efficacy of imatinib was also observed in vitro.

The findings from both in vitro and in vivo studies highlight the potential of pericytes
as a therapeutic target for seizure disorders, as indicated by the efficacy of PDGF-BB and
imatinib in blocking PDGFRβ. However, both PDGFRβ and PDGF-BB are required for the
pericyte coating of the BBB in the developing CNS [38,41]. Under pathological conditions,
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mural cells in the immediate postacute phase (SE, ischemic stroke, and head trauma)
require support from the PDGFRβ activation [28]; hence, the inflammatory involvement of
PDGFRβ may be relevant in long-term progression as well as in chronic stages.

When considering the pharmacological modulation of pericyte signaling pathways as
a means of attenuating disease progression and capillary pathology, the impact of pericyte
modulation in the epileptic brain must consider the activation state of the glial cells and
the disease stage (e.g., acute vs. chronic) [29]. Further, considering the distinct functions of
PDGFRβ at different developmental stages, the timing of PDGFRβ inhibition needs to be
carefully studied; moreover, avoiding imatinib in the acute phase of the disease may be
considered. It remains debatable whether the changes in pericytes and accumulation of
microglia associated with PDGFR expression in this series of studies should be suppressed.

Transforming growth factor-beta 1 (TGFβ1) is a multifaceted cytokine in the brain
that plays a role in regulating cell proliferation, differentiation, survival, and scar for-
mation [82,83]. Since 1989, the possibility of PDGF-induced TGF-β signaling has been
suggested [84]; PDGFR-β and TGF-β with PDGFR-β might mediate the endothelial
cell/pericyte interaction to protect the BBB integrity [33]. The potential involvement
of TGF-β in epileptogenesis has been recognized from an experimental model showing
TGF-β upregulation as part of the inflammatory response [85]. Microarray analysis of
TGFβ1-stimulated human brain pericytes isolated from intractable TLE demonstrated
inhibition of pericyte proliferation and phagocytosis by TGFβ1 [27]. However, TGFβ1 also
enhanced the expression of IL-6, MMP-2, and NOX4, which can disrupt BBB functioning;
thus, these reactions caused by TGFβ1 might not lead to the treatment of the neurovascular
system [27].

Although the brain pericyte-derived TGF-β contributes to the upregulation of BBB
functions [86], suppression of TGFβ1 indicates improvement in epilepsy [87]. Losartan, an
angiotensin-type 1 receptor (AT1) antagonist, prevents phosphorylation of Smad proteins
of TGF-β signaling [88,89], which has demonstrated both neuroprotective and antineuroin-
flammatory effects [90–92].

These in vitro studies also suggest that human-derived pericytes are morphologically
altered by proinflammatory cytokines that induce apoptosis [29], indicating the potential of
targeting IFN-γ for pericyte-mediated epilepsy treatment [26]. IFN-γ is a central component
of the CNS inflammatory response and is secreted by microglia, astrocytes, endothelial
cells, and circulating immune cells [93–95]. This classical inflammatory mediator has
been implicated in CNS diseases, including epilepsy [96,97]. Altering the proportion of
microglial phenotypes via IFN-γ treatment improved the prognosis in a mouse model of
epilepsy [98].

Notably, in epileptiform conditions, IL-1β, a neurotoxic cytokine and one of the
cytokines chiefly involved in the pathogenesis of epilepsy, prominently contributes to the
morphological changes in the pericytes [29]. There is evidence that the IL-1/IL-1R1 axis
plays an important role in the inflammatory response in epilepsy, as presented by Vezzani
et al. in an excellent review [4,99]. IL-1β agonist, the IL-1 receptor antagonist (IL-1RA),
has already been tested for clinical application for epileptic syndromes using anakinra,
and has shown favorable clinical outcomes [100–103]. The use of anakinra on pericytes in
status epilepticus has not yet been investigated. To ensure the involvement of pericytes in
epilepsy, it is worthwhile to confirm that anakinra suppresses the morphological changes
in pericytes and reduces seizures.

Previous reports have demonstrated that inhibition of pericytes could have positive
effects of neuroprotection [26,28,30,32]; however, there is also a concern that the suppres-
sion of pericytes by TGFβ1 may not necessarily have a positive effect on the CNS [27].
Since TGFβ1 suppresses pericyte phagocytosis and reduces the expression of central leuko-
cyte trafficking chemokines and adhesion molecules while increasing the expression of
proinflammatory cytokines and enzymes that promote BBB disruption, a paradoxical
reaction has been reported [27]. The TGFβ1 response of pericytes may differ from the

200



Biomedicines 2021, 9, 759

anti-inflammatory response of microglia [104–107]; therefore, further studies are required
to obtain any effect on this nonuniform response.

In the pathogenesis of epilepsy, pericytes adopt a phenotype that is neither solely
pro- nor anti-inflammatory [27]. Merely suppressing pericytes may not be sufficient to
improve the treatment of epilepsy, and it may be necessary to seek a treatment tailored
to the affected child in combination with various therapies that have been introduced in
recent reviews [108].

10. Conclusions

In this review, we present evidence for the substantive role of pericytes in the patho-
genesis of epilepsy. The roles of pericytes in maintaining BBB integrity, producing inflam-
matory secretions, and recruiting leukocytes highlights the potential role of pericytes in the
pathogenesis of epilepsy. Pericytes may also act as sensors of inflammatory processes in
the CNS and regulating them may lead to the development of novel therapies for epilepsy.
However, as there remains a lack of absolute molecular markers for pericytes, and since
pericytes originate from multiple cellular sources and vary in morphology, localization as
well as function in different tissues leaves several issues to be addressed. In addition, we
are unable to determine whether brain inflammation is an initiator or a consequence of a
systemic inflammatory process.

Several reports have suggested entry points that may also act as a basis for various
neurovascular therapies, including anakinra [100,101] and losartan [87], though the level
of evidence for both drugs is limited for the establishment of treatment for epilepsy. These
drugs provide an avenue for novel therapeutic, anti-inflammatory, or cerebrovascular repair
to mitigate epileptic pathophysiology. Unfortunately, definitive treatments for epilepsy
are currently lacking. BBB integrity and systemic peripheral inflammation may contribute
to epilepsy and hold potential for molecular biomarkers and targets in the treatment of
epilepsy. Moreover, human pluripotent stem cell-derived brain pericyte-like cells induced
BBB properties in BMECs, resulting in strengthening of the barrier and a reduction in
transcytosis [109]. These stem cell techniques could be applied to examine the possibility
of new strategies to selectively target pericytes and the role of pericytes in epilepsy more
specifically. Novel tools to control pericytes should be developed to target inflammatory
vascular-related processes during seizure progression or activity.
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Abstract: Epilepsy is a neurological disease affecting more than 50 million individuals worldwide.
Notwithstanding the availability of a broad array of antiseizure drugs (ASDs), 30% of patients suffer from
pharmacoresistant epilepsy. This highlights the urgent need for novel therapeutic options, preferably
with an emphasis on new targets, since “me too” drugs have been shown to be of no avail. One of the
appealing novel targets for ASDs is the ghrelin receptor (ghrelin-R). In epilepsy patients, alterations
in the plasma levels of its endogenous ligand, ghrelin, have been described, and various ghrelin-
R ligands are anticonvulsant in preclinical seizure and epilepsy models. Up until now, the exact
mechanism-of-action of ghrelin-R-mediated anticonvulsant effects has remained poorly understood
and is further complicated by multiple downstream signaling pathways and the heteromerization
properties of the receptor. This review compiles current knowledge, and discusses the potential
mechanisms-of-action of the anticonvulsant effects mediated by the ghrelin-R.

Keywords: epilepsy; ghrelin; ghrelin receptor

1. Introduction

Epilepsy is a neurological disease characterized by spontaneous and recurrent seizures [1].
With approximately 50 million patients, it is one of the most common neurological diseases
worldwide [2]. Despite the availability of a wide range of antiseizure drugs (ASDs), up to
30% of patients suffer from pharmacoresistant epilepsy [2], of which a large proportion has
temporal lobe epilepsy (TLE) [3,4]. This highlights the urgent need for the development of
novel pharmacological treatment options.

One of these potential options is the orexigenic peptide, ghrelin. Ghrelin exerts both
peripheral as well as central effects, and is primarily secreted by X/A-like cells in the
stomach [5], but also, to less extents, in the small intestine, kidney, testis, pancreas, and
the brain [5–10]. Peripherally, ghrelin plays an important role in gastric acid secretion,
gastric emptying, and gastric motility [11–13], and it maintains glucose homeostasis via the
inhibition of the insulin response to glucose administration [14]. Additionally, ghrelin is
generally accepted to be a cardioprotective peptide [15,16].

In the central nervous system (CNS), ghrelin and its receptor are best known for their
critical role in food intake, mediated by neuropeptide Y and agouti-related peptide [17–19]
(reviewed in [20]). Additionally, ghrelin confers a regulatory role on growth hormone
(GH) release [19], is implicated in learning and memory [21–23], modulates motivation and
reward [24,25], and regulates the stress response (reviewed in [26]).

Soon after its discovery in 1999 [27], the interest in ghrelin within the context of
epilepsy started to emerge. Ghrelin levels were shown to be altered in epilepsy patients,
and ghrelin administration in preclinical seizure and epilepsy models is considered to be
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anticonvulsive [28–31]. However, up until now, the exact mechanism-of-action remains to
be understood.

2. Ghrelin and Its Receptor

The main molecular form of ghrelin is a 28-amino acid (AA)-long peptide, with
the active form containing a unique acylation on serine 3 [32]. Ghrelin is transcribed
as a 117-AA-long preproghrelin. This is cleaved to render proghrelin, after which it
undergoes acylation on serine 3, established by the membrane-bound enzyme, ghrelin
O-acyltransferase (GOAT), which is distributed in a similar manner to ghrelin [33,34]. The
acylation is either an octanoylation (eight-carbon fatty acid) or decanoylation (ten-carbon
fatty acid) [33,34]. This action is followed by further processing of the 94-AA-long acylated
pro-ghrelin by prohormone convertases 1/3 (PC1/3), which results in acylated ghrelin
(AG), and also yields the mature peptide, obestatin [35]. Acylation on serine 3 was first
believed to be imperative for the ability of ghrelin to bind to its receptor and to exert
ghrelin’s biological function [27]. Later, it became clear that desacyl ghrelin (DAG) is not
completely devoid of physiological actions, as it was shown to also induce food intake,
albeit through orexin neurons and not ghrelin receptor (ghrelin-R)-expressing neurons [36].
On the other hand, the anticonvulsant effects elicited by DAG required the presence of the
ghrelin-R [37]. DAG shares some physiological functions similar to ghrelin but antagonizes
others. Therefore, opposite effects might be mediated via a distinct receptor, and similar
effects may be mediated by the ghrelin-R [38].

In human plasma, circulating esterases deacylate ghrelin, and 90% of total ghrelin
consists of DAG, while only 10% consists of acylated ghrelin [39]. Ghrelin is rapidly cleared
from plasma, with a plasma half-life ranging from 9–13 min for ghrelin, and 27–34 min
for total ghrelin, including DAG [40,41]. Although the plasma concentration of DAG is
much higher than that of ghrelin, its binding capacity to the ghrelin-R is substantially lower
compared to ghrelin [38,42], which may explain why DAG was initially considered to be
the “nonactive” variant of the peptide.

Recently, GOAT was shown to be expressed on the cell surface of mature bone marrow
adipocytes, and to be necessary for DAG to promote adipogenesis in mice [43]. In line with
this observation, GOAT was shown to be localized in the hilar border of dentate gyrus
(DG) in the hippocampi of mice, and the incubation of live hippocampal slice cultures with
DAG showed equal binding to the ghrelin-R as incubation with ghrelin, reliant on both
the ghrelin-R and GOAT expression [44]. These data suggest that the local reacylation of
DAG via GOAT expression at the cell surface may occur, and that it may be relevant for the
biological functions of DAG mediated via the ghrelin-R.

2.1. Signaling Pathways and Heteromerization Complicate Ghrelin-R Signaling

Ghrelin establishes its numerous effects by interacting with its G-protein-coupled
receptor (GPCR), of which two isoforms exist: the full-length (366 amino acids (AA) long)
7-transmembrane GPCR GHSR1a (a growth hormone secretagogue receptor, denoted
as “ghrelin-R”), and a shorter (289 AA long) 3′-truncated variant, GHSR1b [27,45]. This
nonsignaling short variant lacks the ability to exert biological effects in response to ghrelin
and hampers the cell surface expression of the functional GHSR-1a variant, thus acting as
a coregulator of ghrelin-R signaling [46,47].

The ghrelin-R is present in the brain and the periphery. The peripheral sites of ghrelin-
R expression include the pancreas, spleen, bone tissue, cardiac tissue, the thyroid gland
and immune cells, the adrenal glands, adipose tissue, and the vagal afferents [45,48].

Centrally, the ghrelin-R is widely expressed in a variety of brain areas and shows
high expression levels in several nuclei of the hypothalamus, among which are the arcuate
nucleus and the anterior hypothalamic nucleus. The receptor is further expressed in the
olfactory bulb, the neocortex, in a variety of nuclei in the midbrain, in the pons, and in
the medulla oblongata. These include the globus pallidus, the area postrema, the nucleus
tractus solitarius, the substantia nigra, and the ventral tegmental area. In the hippocampus,
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the ghrelin-R was shown to be modestly expressed in the Cornu Ammonis (CA)1, compared
to the higher expression levels in CA2, CA3, and DG of the mouse brain [45,49–51].

The expression of the ghrelin-R is highly dynamic, and depends on the developmental
stage [52], the disease states [53,54], the metabolic state of the organism [55], or ghrelin
availability [49]. Additionally, the receptor has a rich molecular pharmacology, with
a multitude of signaling pathways associated with the receptor, and an ability to alter
canonical ghrelin-R signaling via the formation of functional heteromeric complexes with
other receptors. These factors contribute to diverse ghrelin-R signaling patterns.

The signaling pathways downstream of the ghrelin-R include Gαq/11, Gαi/o, and
Gα12/13 signaling, followed by β-arrestin recruitment [56–58]. The canonical Gαq protein
activates the phospholipase C (PLC)—inositol 1,4,5-triphosphate (IP3)—diacylglycerol
(DAG) pathway, which leads to an intracellular calcium (Ca2+) increase [59,60]. Gαi/o
activates phosphatidylinositol-3-kinase (PI3K) [61] and reduces cyclic AMP (cAMP) levels
via reduced adenylyl cyclase (AC) activity [60]. Gα12/13 signaling is associated with the
activation of Ras homolog family member A (RhoA), other Rho guanine exchange factors,
and their associated Rho kinases [62] (reviewed by [63]). Finally, G-protein-mediated signal-
ing is halted via the recruitment of β-arrestin to the receptor [64], which not only vouches
for the desensitization and internalization, but may also activate G-protein independent
signaling pathways (reviewed in [65,66]). Recent studies have shown the ability of the
β-arrestin-mediated activation of ERK1/2, mitogen-activated protein kinase (MAPK), the
Akt/protein kinase B (PKB) pathways, and RhoA signaling [56,61,67] (Figure 1).

Figure 1. Signaling pathways associated with the ghrelin receptor. The ghrelin receptor employs
Gαq/11 signaling, Gαi/o signaling, and Gα12/13 signaling, followed by β-arrestin recruitment. Each
G-protein/β-arrestin is associated with physiological effects. AC: adenylyl cyclase; AMPK: adenosine-
monophosphate-activated protein kinase; ERK: extracellular signal-regulated kinase; mTOR: mam-
malian target of rapamycin; p-: phosphorylated-; RhoA: Ras homolog family member A; SRE: serum
response element. Created with BioRender.com.

The ghrelin-R confers extraordinarily high intracellular signaling in the absence of
ghrelin or a ghrelin-R full agonist, signaling at approximately 50% of its maximal capac-
ity [67,68]. Constitutive activity includes signaling via G-proteins, while it does not entail
β-arrestin-mediated endocytosis [67–69].
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2.2. What Is Known about Ghrelin’s Central Availability?

Ghrelin, DAG, or synthetic compounds must access the brain to be centrally active.
The transport of ghrelin across the blood–brain barrier (BBB) has been shown to occur
via saturable mechanisms in mice [23,70], and does not depend on the expression of the
ghrelin-R [71]. The notion that the BBB may be compromised in epilepsy should be taken
into account, which would facilitate the availability of ghrelin to the CNS.

Additionally, systemically injected ghrelin was shown to cross the fenestrated capil-
laries in the circumventricular organs (CVO) via passive diffusion, and dose-dependently
impacted more distant brain areas [72]. Finally, fluorescent ghrelin was shown to internalize
in ependymal cells located in the choroid plexus and in β-type tanycytes, which constitute
the foundation of the blood–cerebrospinal fluid (CSF) barrier (BCSFB). Fluorescent ghrelin
was detected in periventricular hypothalamic tissue, and decreased with distance from the
third ventricle [73]. The transport of ghrelin via the BCSFB depends predominantly on the
presence of the ghrelin-R [74]. The kinetics of diffusion into the brain via the BCSFB is some-
what slower compared to the diffusion via the CVOs, with the CSF ghrelin concentrations
peaking approximately 30 min after the ghrelin plasma concentration peak, depending
on plasma ghrelin levels [75]. Additionally, an in vitro study showed that ghrelin was
internalized in rat primary tanycytes via clathrin-coated vesicles [76].

Up until now, it has remained incompletely understood whether ghrelin is centrally
available in areas more remote from the aforementioned barriers. It is possible that circulat-
ing ghrelin reaches certain permeable parts of the brain, and affects other areas indirectly,
via the innervation of the nuclei located in the vicinity of accessible brain parts. This was
shown in the case of the area postrema, which directly notes alterations in plasma ghrelin
levels and innervates the nucleus tractus solitarius [72]. Additionally, central ghrelin ex-
pression may serve as an explanation for the high ghrelin-R expression in brain areas that
are seemingly inaccessible to circulating ghrelin [9,27]. Indeed, central ghrelin messenger
ribonucleic acid (mRNA) expression and immunoreactivity have been shown in multiple
studies; however, there are also some studies refuting this notion (reviewed in [77]).

3. Studies in Humans

In humans, the majority of total circulating ghrelin consists of DAG, due to the
deacylation of AG [39]. The acylation is located at the N-terminal part of the peptide, while
the rest of the molecule is equivalent between AG and DAG. The studies outlined below do
not always specify the portion of the peptide that is recognized by the used assays, nor is
this information always available on the manufacturer’s website. Failing to specify which
isoform was measured may explain some of the observed interstudy variations. Most of the
studies investigating AG or DAG levels assessed this peptide in plasma (in a small number
of studies, the saliva and urine ghrelin levels were also assessed) after overnight fasting
and were conducted in children and adolescents. Ghrelin levels are negatively correlated
with age [78], and even pubertal children have significantly lower total plasma ghrelin
levels compared to prepubertal children [79]. Therefore, in this review, a distinction is
made between studies on adults and studies on children.

3.1. Adults

Up to now, there has been no general consensus regarding the differences in inter-
ictal ghrelin levels between adult epilepsy patients and healthy subjects. Three studies
showed lower ghrelin levels in seizure-controlled epilepsy patients compared to healthy
controls [80–82], while two studies did not detect differences in plasma ghrelin levels
between epilepsy patients and controls [83,84]. One study demonstrated that patients with
seizure-controlled epilepsy had significantly higher serum ghrelin compared to healthy con-
trols [85]. Three studies demonstrated that patients suffering from focal epilepsy had higher
ghrelin plasma levels compared to patients suffering from generalized seizures [80,81,85].
Two studies were not able to replicate this finding [84,86] (Table 1).
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Table 1. Overview of interictal ghrelin levels in adults with focal and generalized epilepsy. AG: acyl
ghrelin; ASD: antiseizure drug; CBZ: carbamazepine; DAG: desacyl ghrelin; DR-TLE: drug-resistant
temporal lobe epilepsy; PHT: phenytoin; Ref: reference; TLE: temporal lobe epilepsy; VPA: valproic
acid. * the different ghrelin levels in epilepsy patients versus controls. ** the differences in generalized
epilepsy versus focal epilepsy.

ASD Ghrelin Form
Controls
(pg/mL) *

Epilepsy Patients (pg/mL)

** RefFocal
Seizures

Generalized
Seizures

VPA, PHT,
CBZ Total 93 ↑ 234 134 ↓ [85]

VPA, PHT,
CBZ

DAG
AG

DAG: 585
AG: 46 ↓ DAG: 439

AG: 35
DAG: 267

AG: 23 ↓ [80]

VPA, PHT,
CBZ Total 700 ↓ 500 300 ↓ [81]

VPA N/A 381 = 364 (both types) / [83]

VPA, CBZ DAG
AG

DAG: 196
AG: 7

= DAG: 207-239,
AG: 7-22

DAG: 250
AG: 8 = [84]

N/A DAG
AG

DAG 242
AG: 13 ↑

DAG: 238
AG: 14.5

DAG: 245
AG: 19 ↑ [86]

N/A N/A 1320 ↓ TLE: 1010 DR-TLE: 910 / [82]

The AG/DAG ratio was significantly higher in epilepsy patients compared to con-
trols, and it did not differ between different epilepsy types, or between refractory and
nonrefractory epilepsy [84]. In females with Rett syndrome, the AG/total ghrelin ratio
was significantly increased compared to epilepsy patients not diagnosed with Rett syn-
drome [87]. An assessment of the ratios of AG and DAG or total ghrelin may explain
the difficult-to-reconcile observations in the ghrelin levels, and may appear as a good
alternative read-out for these studies. However, measuring AG from plasma is technically
challenging, and the best practices for handling AG plasma samples are, up to now, not
entirely resolved [88]. Thus, the sensitivity of AG to sample handling can lead to large
observed interstudy variations.

To elucidate the impact of ASD treatment or epilepsy disease progression on ghrelin
levels, some studies have assessed the interictal ghrelin plasma levels before and after
ASD treatment. After two years of successful valproic acid treatment, only patients that
had developed obesity had significantly lower plasma ghrelin levels compared to controls,
while this was not the case in patients that had not developed obesity [83]. The serum
DAG levels did not differ after three months of ASD treatment, while the AG levels were
decreased after three months [80]. Finally, ASD-responsive patients had increased ghrelin
levels compared to nonresponders in two studies, but not in another study [82,86,89].
A significant positive correlation has been shown between both the AG and DAG levels
and disease duration, which could be indicative of ghrelin resistance, but could also be
related to ASD use [84].

One study assessed the alterations in plasma ghrelin immediately after seizures. The
AG and DAG levels decreased as soon as five minutes after a generalized seizure, and were
restored after 24 h [89]. Moreover, in the preclinical pentylenetetrazole (PTZ) model, AG,
but not DAG, as well as total ghrelin plasma levels, decreased 30 min after the induction of
a seizure (see further) [90]. Overall, most studies show lower ghrelin levels in patients with
epilepsy compared to healthy controls, or a decrease in ghrelin levels after a seizure.

3.2. Children

The latter statement could be extrapolated to children, as total ghrelin levels were sig-
nificantly lower in prepubertal children with epilepsy compared to healthy controls [91,92].
Another study assessed the AG and DAG plasma levels within six hours after a seizure
in children not yet receiving treatment (pretreatment), three months after treatment (post-
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treatment), and in healthy controls. The AG levels were significantly lower in the pretreat-
ment group compared to the post-treatment group and the controls [93]. DAG levels were
significantly higher in the post-treatment group compared to the pretreatment group in
urine and saliva, but not in serum [93] (Table 2). Within the epilepsy group, lean children
on valproic acid had significantly higher total ghrelin plasma levels compared to children
on carbamazepine [91], but not compared to children receiving topiramate [94].

Table 2. Overview of interictal ghrelin levels in children. AG: acylated ghrelin; ASD: antiseizure
drug; CBZ: carbamazepine; TPM: topiramate; DAG: desacyl ghrelin; Ref: reference; VPA: valproic
acid. * the different ghrelin levels in epilepsy patients versus controls. ** the difference in condition
2 versus condition 1 within epilepsy patients. Age denotes either the mean age of the patient groups
rounded to the nearest integer, or the age range.

ASD
Ghrelin

Form
Controls
(pg/mL)

* Epilepsy Patients (pg/mL) ** Age (Years) Ref

VPA, CBZ Total 554 ↓ VPA: 381 CBZ: 283 ↓ 5 [91]

VPA, TPM N/A 267 = VPA: 240 TPM: 267 = 6–15 [94]

VPA DAG
AG

DAG: 446
AG: 45 ↓

Pretreatment:
DAG: 420

AG: 36

Post-treatment:
DAG: 459

AG: 51
↑ 9 [93]

VPA N/A 333 ↓ Pretreatment:
355

Post-treatment:
263 ↓ 11 [92]

The majority of studies that assessed ghrelin levels related to disease progression did not
detect significant differences between ghrelin levels measured over time (Table 3) [95–97].
One study showed that plasma ghrelin was significantly decreased after the initiation of
valproic acid treatment in pubertal children, but not in prepubertal children, nor in children
on oxcarbazepine. In the latter case, this may be due to the increased weight gain in the
children receiving valproic acid [98].

Table 3. Overview of interictal ghrelin levels in children after ASD or KD intervention. AG; acylated
ghrelin; ASD: antiseizure drug; CBZ: carbamazepine; d: day; DAG: desacyl ghrelin; Int: intervention;
KD: ketogenic diet; LEV: levetiracetam; m: month; OXC: oxcarbazepine; PHT: phenytoin; Ref:
reference; T: time; TPM: topiramate; VPA: valproic acid; y: year. * the different ghrelin levels in
epilepsy patients over time. ± the concentrations derived from graphs.

Int. Ghrelin Form
Baseline
(pg/mL)

T1 T2 T3 T4 *
Age

(Years)
Ref

OXC N/A 327 6 m: 306 18 m: 320 / / = 9 [95]

OXC N/A 310 6 m: 288 18 m: 345 / / = 13 [98]

VPA N/A 18 6 m: 18 12 m: 18 / / = 9 [96]

VPA N/A 334 6 m: 275 18 m: 245 / / ↓ 14 [98]

VPA N/A 1.37 6 m: 2.19 / / / ↑ 8 [99]

TPM N/A 1121 3 m: 1184 6 m: 1292 / / = 8 [97]

LEV N/A 1900 6 m: 2950 / / / = 7 [100]

KD DAG
AG

DAG: ±160
AG: ±250

15 d:
DAG: ±110
AG: ±210

30 d:
DAG: ±100
AG: ±140

90 d:
DAG: ±140
AG: ±110

/ ↓ 7 [101]

KD AG ±400 15 d: ±250 30 d: ±200 90 d: ±200 1 y: ±200 ↓ 6 [102]

KD N/A 20 6 m: 19 12 m: 19 / / / 8 [103]

The Ketogenic Diet

The ketogenic diet (KD) is an alternative treatment option for refractory epilepsy and
has often been proven useful, particularly in children. It remains to be elucidated to what
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extent the alterations in AG or DAG may mediate some of the effects of the KD [104]. Both
AG and DAG levels were shown to be decreased after the initiation of a KD in children
with drug-resistant epilepsy [101]. Another study showed that AG plasma levels were
decreased as soon as 30 days after the initiation of a KD in children with pharmacoresistant
epilepsy [102]. One study did not detect alterations in ghrelin levels after the onset of a KD
in drug-resistant epilepsy patients [103] (Table 3).

4. Preclinical Evidence for Ghrelin as a Potential Antiseizure Drug

Ghrelin, in both its acylated and deacylated form, as well as synthetic ligands, have
been studied in rodent seizure and epilepsy models. The majority of these studies focus on
the administration of ghrelin or ghrelin-R ligands to modulate seizures or epilepsy, while
only a few studies have assessed plasma ghrelin levels in these models.

4.1. Ghrelin in Seizure and Status Epilepticus Rodent Models

Both systemic and intrahippocampal ghrelin administration were anticonvulsant in the
acute rat PTZ model [105–108]. A longer pretreatment of 10 days with ghrelin elicited the
same antiseizure effect [107]. One study showed that ghrelin administration in PTZ-treated
rats enhanced cognitive capacity in terms of spatial memory [109], which is interesting in
light of cognitive impairments as important comorbidities of epilepsy [110].

AG, but not DAG, and total ghrelin plasma levels were decreased 30 min after the
induction of a seizure in the PTZ model [90]. This decrease was confirmed in another study,
where total ghrelin serum and brain levels were lower in rats after acute PTZ injection,
but also after chronic PTZ kindling [111]. Finally, the brain tissue and plasma total ghrelin
levels were decreased in mice that exhibited seizures, which were elicited after 24 h of
fasting, followed by scopolamine administration [112].

In a study conducted on a rat penicillin model performed under anesthesia, only
1 μg, but not 2 μg of ghrelin administered 30 min after penicillin significantly lowered the
spike frequency. These data imply that ghrelin might not follow a linear dose–response
curve [113]. There is one study that recently demonstrated ghrelin administration to
be proconvulsive in a WAG/Rij rat model presenting with absence seizures, as ghrelin
increased the number of spike–wave discharges and the total seizure duration one hour
after administration [114].

Ghrelin has been assessed in various status epilepticus (SE) models. However, given
the short duration of these experiments, they only reflect the effects of ghrelin on the
phenomenon of SE, and not on the subsequent chronic recurrent seizures. Ghrelin was
not anticonvulsant in SE models in rats [31,115], except for one study [116], while ghrelin
exerted anticonvulsant effects in a pilocarpine tail infusion mouse model and an intrahip-
pocampal kainic acid (IHKA) mouse model [29,116]. One explanation for these observations
could be the short timing of ghrelin administration prior to the stimulus (only 10 min)
in the rat models. Additionally, the doses that were used in these studies varied highly.
Interestingly, it appears that the choice of species may be involved as well, as ghrelin
(both at a dose of 0.08 mg/kg and 1.8 mg/kg) was anticonvulsant in mice, but not in the
pilocarpine or KA rat model at a dose of 1.5 mg/kg. On the other hand, the effects exerted
by ghrelin may not be strong enough to interfere with the development of SE (Table 4).
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Table 4. Overview of effects of ghrelin in experimental epilepsy models. i.c.v.: intracerebroventricular;
i.h.: intrahippocampal; IHKA: intrahippocampal kainic acid; i.p.: intraperitoneal; KA: kainic acid;
min: minute; pen: penicillin; pilo: pilocarpine; PTZ: pentylenetetrazole; Ref: reference.

Dose Administration Regimen Anticonvulsant Animal Model Ref

0.02–0.08 mg/kg i.p.
30 min prior to PTZ yes PTZ i.p. rat model [105,117]

0.08 mg/kg i.p.
30 min prior to PTZ no PTZ i.p. rat model [118]

0.3 nmol/μL
i.h. infusion 1 x

30 min prior to PTZ
or 10 days

yes PTZ i.p. rat model [106,107]

0.08 mg/kg i.c.v.
30 min prior to PTZ yes PTZ i.p. rat model

(female rats) [108]

0.5, 1 and 2 μg i.c.v.
30 min after pen yes Intracortical

penicillin rat model [113,119]

0.08 mg/kg i.p., immediate
assessment no WAG/Rij rat model [114]

0.01–10 μM i.h. infusion, 120 min prior
to pilo yes Pilocarpine i.h.

infusion rat model [116]

1.5 mg/kg i.p.
10 min prior to pilo no Pilocarpine i.p.

rat model [31,115]

1.5 mg/kg i.p.
10 min prior to KA no KA i.p.

rat model [115]

0.08 mg/kg i.p. 30 min prior to KA,
and 24 h after KA yes KA i.p.

mouse model [29]

1.8 mg/kg i.p.
30 min prior to pilo yes Pilocarpine tail

infusion mouse model [116]

Ghrelin’s deacylated form, DAG, was anticonvulsant in the IHKA rat model, the
intracerebroventricular pilocarpine rat model, and the pilocarpine tail infusion mouse
model [37,115] (Table 5). While this was not the case with ghrelin, the administration
of DAG only 10 min prior to a pilocarpine or IHKA stimulus was anticonvulsant [115].
A possible explanation may rely on the fact that DAG has a faster transport rate across the
BBB in mice compared to ghrelin [71].

Table 5. Overview of effects of desacyl ghrelin in experimental epilepsy models. i.c.v.: intracere-
broventricular; i.p.: intraperitoneal; KA: kainic acid; min: minute; pilo: pilocarpine; Ref: reference.

Desacyl Ghrelin

Dose Administration Regimen Anticonvulsant Animal Model Ref

1.5 mg/kg i.p.
10 min prior to pilo

yes/no
(p = 0.07)

Pilocarpine i.p.
rat model [115]

1.5 mg/kg i.p.
10 min prior to KA yes KA i.p.

rat model [115]

1–10 μM i.c.v.
2 h prior to pilo yes Pilocarpine i.c.v. rat

model [37]

3/5 mg/kg i.p.
30 min prior to pilo yes Pilocarpine tail

infusion mouse model [37]

Another possible explanation could be the presence of GOAT in the hippocampus,
which may locally acylate extracellular DAG [44]. This leads to the compelling hypothesis
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that DAG may exert anticonvulsant effects via its superior brain availability compared to
ghrelin, in combination with local acylation, to render AG in the hippocampus and exert
anticonvulsant effects via the ghrelin-R. This mechanism would drastically improve ghrelin
availability at such difficult-to-reach brain areas. Additionally, this hypothesis may fit into
the notion that DAG was shown to require ghrelin-R expression to exert anticonvulsant
effects [37].

All preclinical studies involving the effect of ghrelin on seizures or SE have been
conducted in male rodents. There is one study that used female rats to investigate whether
ghrelin administration differentially affects the incidence of seizures at various time points
of the estrous cycle. The authors found that ghrelin was anticonvulsant during all phases
of the estrous cycle; however, the effects were more outspoken during the luteal phase
compared to the follicular phase [108].

4.2. Ghrelin Receptor Agonists

A large number of shorter ligands with binding affinity at the ghrelin-R have been
synthetized, of which the ghrelin-R agonists, macimorelin, capromorelin, and hexarelin
have been tested in animal models of seizures or epilepsy (Table 6).

The pseudotripeptide, macimorelin (H-Aib-(d)-Trp-(d)-gTrp-formyl, also known as
“JMV-1843”) was first synthesized in 2003 [120], and it is currently on the market for the diag-
nosis of GH deficiency [121,122]. It is a full agonist of the ghrelin-R and has a longer plasma
half-life compared to the endogenous agonist [122,123]. Our group showed that macimore-
lin was anticonvulsant in both the acute 6-Hz mouse model and fully 6-Hz-kindled mice
through the ghrelin-R [124], and in a dopamine 1 receptor (D1R)-mediated mouse kindling
model [125]. Macimorelin did not exert anticonvulsant effects in the SE pilocarpine rat
model [31,115], but was anticonvulsant in the IHKA mouse model [126]. These studies
differed in the dose, the timing of the administration, and the species used, which may
explain these conflicting findings.

As ghrelin or macimorelin were shown to exert neuroprotective [28–31] and anti-
inflammatory effects [31,121,122] in seizure models (see further), our group recently stud-
ied whether macimorelin was able to interfere with epileptogenesis. The prevention or
attenuation of the development of epilepsy could drastically reduce morbidity and the so-
cioeconomic costs associated with refractory epilepsy. However, we found that macimorelin
was anticonvulsive, but not antiepileptogenic, in the IHKA mouse model [126].

Capromorelin is a ghrelin-R full agonist with a high affinity for its receptor [127], and
it is currently FDA-approved for veterinary use for increasing food intake [128,129]. Capro-
morelin was intrahippocampally infused two hours prior to intrahippocampal pilocarpine
infusion in rats and decreased the total seizure severity score [116].

The hexapeptide, hexarelin, was developed as a GH secretagogue prior to the discovery
of ghrelin [130]. Its potential anticonvulsant effects were assessed in both the pilocarpine
rat model and the IHKA rat model. While a low dose (0.33 mg/kg) was anticonvulsant
in the pilocarpine rat model, the same administration regimen was not anticonvulsant in
the IHKA rat model [115]. This once more underscores the variation between the models
and the species used in the discovery of novel potential ASDs, and advocates for the use of
multiple seizure or epilepsy models in the discovery of potential new ASDs.

4.3. Administration of Other Ghrelin Receptor Ligands

Neutral antagonists prevent the activation of a receptor by blocking the agonist binding
to the receptor, but do not affect its basal constitutive activity. Three ghrelin-R antagonists
have been investigated in a variety of epilepsy models, of which the neutral antagonist,
JMV-2959, was without effects in the pilocarpine rat model, in acute 6-Hz- or fully kindled
mice, and in the D1R-mediated kindling model [115,124,125]. The hexapeptide, EP-80317
(Haic-D-Mrp-D-Lys-Trp-D-Phe-Lys-NH2), was anticonvulsive in the pilocarpine SE model
and the 6-Hz-kindled mouse model [115,131,132] (Table 6). Interestingly, resistance to the
initial anticonvulsant effects of EP-80317 treatment were observed with seizure progression
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in the 6-Hz-kindling model [131,132]. Its anticonvulsant effects were shown to be dependent
on the peroxisome-proliferator-activated receptor, S-gamma (PPAR-γ), presumably via the
cluster of differentiation (CD)36 receptor [131,132]. By contrast, one recent study showed that
the ghrelin-R antagonist, D-Lys-3-GHRP-6, induced spontaneous seizures in an amygdala-
kindled rat model, [133].

Intrahippocampal infusion of the inverse agonists, A778193 and [D-Arg1, D-Phe5,
D-Trp7,9, Leu11]-substance P, were anticonvulsant in the intrahippocampal pilocarpine
infusion rat model. Inverse agonists are typified by their ability to block the intracellular
signaling of a receptor, including basal constitutive signaling, which resembles an absence
of the receptor. In line with this notion, ghrelin-R knock-out (KO) mice were shown to be
protected from seizures [116,124], which suggests that the absence of ghrelin-R signaling
is anticonvulsant. In agreement with this, the biased agonist, YIL671, a Gαq and Gα12
selective biased ligand of the ghrelin-R that is not able to recruit β-arrestin, increased the
seizure burden in the D1R-mediated kindling model [125].

Table 6. Overview of anticonvulsant effects of ghrelin-R ligands in experimental epilepsy models.
D1R: Dopamine 1 receptor; i.v.: intravenous; i.h.: intrahippocampal; IHKA: intrahippocampal
kainic acid; i.p.: intraperitoneal; KA: kainic acid; min: minute; pilo: pilocarpine; Ref: reference; SP:
[D-Arg1,D-Phe5,D-Trp7,9,Leu11]substance P.

Compound Dose Administration Regimen Anticonvulsant Animal Model Ref

Agonists

Macimorelin 0.33 mg/kg i.p
10 min prior to pilo no Pilocarpine i.p.

rat model [31,115]

Macimorelin 5 mg/kg i.p., 20 min prior to stimulus yes Acute 6-
Hzmouse model [124]

Macimorelin 5 mg/kg i.v. infusion yes Fully kindled 6-Hz
mouse model [124]

Macimorelin 5 mg/kg 30 min prior to SKF yes
D1R-mediated
kindling mouse

model
[125]

Macimorelin 5 mg/kg 14 days, 2×/day yes IHKA
mouse model [126]

Capromorelin 0.01–10 μM i.h. infusion 120 min
prior to pilo yes Pilocarpine i.h.

infusion rat model [116]

Hexarelin 0.33 mg/kg i.p.
10 min prior to pilo yes Pilocarpine i.p.

rat model [115]

Hexarelin 0.33 mg/kg i.p.
10 min prior to KA no KA i.p.

rat model [115]
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Table 6. Cont.

Compound Dose Administration Regimen Anticonvulsant Animal Model Ref

Antagonists

EP-80317 0.33 mg/kg i.p.
10 min prior to pilo yes/no Pilocarpine i.p.

rat model [115]

EP-80317 0.33 mg/kg i.p.
10 min prior to KA no KA i.p.

rat model [115]

EP-80317 0.33 mg/kg i.p. 10–15 min prior
to stimulus yes 6-Hz repeated

mouse model [131]

JMV-2959 0.33 mg/kg i.p.
10 min prior to pilo no Pilocarpine i.p.

rat model [115]

JMV-2959 10 mg/kg i.p. 20 min prior to stimulus no Acute 6-Hz
mouse model [124]

JMV-2959 10 mg/kg i.v. infusion no 6-Hz
fully kindled mice [124]

JMV-2959 5 mg/kg i.p.
30 min prior to SKF no D1R-mediated kindling

mouse model [125]

D-Lys-3-GHRP-6 1–100 μg i.c.v. 30 min prior
to stimulus no Amygdala kindling

rat model [133]

Inverse Agonists

A778193 0.01–10 μM i.h. infusion
120 min prior to pilo yes Pilocarpine i.h.

infusion rat model [116]

SP 0.01–10 μM i.h. infusion
120 min prior to pilo yes Pilocarpine i.h.

infusion rat model [116]

Biased Agonists

YIL781 5 mg/kg i.p.
30 min prior to SKF no D1R-mediated kindling

mouse model [125]

5. Molecular Mechanisms-of-Action

5.1. Mechanisms of Ghrelin’s Anticonvulsant Action

Ghrelin-R expression is dynamic and may be influenced by the presence of a disease
state, or may depend on exposure to ghrelin [54,55,134], which are both relevant in the
context of ghrelin administration in seizure and epilepsy models. Neither ghrelin nor pilo-
carpine altered hippocampal ghrelin-R mRNA expression in the pilocarpine rat model [28],
while another group showed a decrease in the hippocampal ghrelin-R mRNA expression
in pilocarpine-treated rats, which was restored upon ghrelin administration [30].

Hippocampal Akt signaling was decreased in a pilocarpine rat model, which could
be restored by ghrelin administration [28,30]. Akt is a downstream target of the ghrelin-R,
which can be activated both by Gαq signaling and β-arrestin recruitment. The ghrelin-R
antagonist, EP-80317, restored the increased hippocampal phosphorylation levels of the
other canonical downstream target ERK in the 6-Hz mouse model [131].

Up until now, the exact signaling pathways responsible for anticonvulsant effects
downstream of ghrelin-R have remained elusive, but a few possibilities exist, on the basis of
previous findings. Not only ghrelin-R agonists, but also ghrelin-R inverse agonists exerted
anticonvulsant effects, and ghrelin-R KO mice were protected from seizures [116,124].
The truncated ghrelin variant, ghrelin (1–5) amide, shows similar EC50 values compared
to ghrelin with regard to the ghrelin-R signaling pathways, but is unable to internalize
the ghrelin receptor, and was not able to exert anticonvulsant effects [116]. Because of
these intuitively irreconcilable observations, a novel concept emerged, hypothesizing that
the absence of the ghrelin-R on the cell surface was responsible for exerting ghrelin’s
anticonvulsant effect [116]. We showed that a Gαq and Gα12 selective biased ligand of
the ghrelin-R, YIL781, increased seizure severity in a kindling model [125]. Given these
observations, β-arrestin recruitment remains the most probable pathway involved in
ghrelin-R-mediated anticonvulsive effects and it requires further investigation.
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However, we cannot completely exclude that G-protein-dependent signaling may be
required for ghrelin-R-mediated anticonvulsant effects, as Akt and ERK activation have
been described [30,32,135]. However, this would not fit with the notions of ghrelin-R KO
mice being protected from seizures, and inverse agonists exerting anticonvulsant effects; in
these cases, there is no G-protein-dependent signaling downstream of the ghrelin-R. Finally,
one could hypothesize that the possibility exists that the signaling pathways downstream
of β-arrestin may be responsible for ghrelin’s anticonvulsant effects. Indeed, Akt and ERK
are mediators that can also be activated via β-arrestin-dependent signaling. Nonetheless,
and also here, the data obtained from the experiments with ghrelin-R KO mice and inverse
agonists [116] suggest otherwise, and point towards an absence of signaling, which is
imperative for ghrelin’s anticonvulsant effects.

5.2. Mechanisms of Neuroprotection

Ghrelin increased the number of surviving neurons in the CA1 and CA3 hippocampal
regions in the pilocarpine rat model [28]. Pilocarpine reduced the apoptotic repressor, B-cell
lymphoma 2 (Bcl-2), increased the proapoptotic member Bcl-2-associated X protein (Bax),
and increased cleaved caspase-3, crucial in apoptosis. Ghrelin was able to restore these
markers, and may thus exert neuroprotection through antiapoptotic effects [28].

This latter finding was confirmed in the i.p. KA mouse model, in which ghrelin
decreased cleaved caspase-3 immunoreactivity in pyramidal CA1 and CA3 neurons, and
restored neuronal loss in CA1 and CA3 [29]. Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL)-positive cells were abundantly present in vehicle-treated KA
mice, but no TUNEL-positive cells could be observed in ghrelin-treated KA mice. All of
the above described effects were dependent on ghrelin-R, as they were reversed by the
concurrent administration of a ghrelin-R antagonist [29]. A study conducted by Zhang and
colleagues confirmed the necessity of ghrelin-R availability in order for ghrelin to exert its
neuroprotective effects [30]. Ghrelin significantly rescued neuronal cell loss in CA3, and
inhibited cleaved caspase-3 activation, mediated via the phosphorylation of Akt [30].

A two-week-long administration of the ghrelin-R agonist, macimorelin, in the IHKA
mouse model, exerted anticonvulsant effects on spontaneous recurrent seizures, but did
not increase neuronal survival in the CA1, CA3, and DG of the hippocampus. This could
be due to the omission of pretreatment, as the onset of the treatment commenced 24 h after
SE induction, or due to the additional two-week wash-out in this study [126]. A lower dose
of macimorelin, administered prior to SE, was found to increase neuronal survival and
decrease apoptosis in the DG in the pilocarpine rat model, but not in CA1 [31]. Additionally,
this study was able to demonstrate neuroprotective effects exerted by macimorelin, but not
anticonvulsant effects against the pilocarpine-induced SE.

The possibility should be considered that ghrelin exerts neuroprotective effects via
the activation of a variety of signaling pathways mediated through the employment of G-
proteins, whereas the rapid and subsequent internalization via β-arrestin signaling may be
responsible for anticonvulsant effects. Unraveling which ghrelin-R downstream signaling
pathway is responsible for a particular effect may be obtained by doing further experiments
in genetic models, or by using biased ligands that selectively activate a subset of pathways
while leaving others untouched.

5.3. Inflammation

Inflammation is a major hallmark of epileptogenesis, seizures, and chronic epilepsy.
This ranges from infiltration of the inflammatory cells and the release of proinflammatory
mediators to widespread gliosis [134–137]. Given the fact that inflammation is known to
progress the development of epilepsy [138], one of the presumed mechanisms-of-action of
ghrelin may rely on its ability to attenuate inflammation, stemming from both direct central
actions, and through peripheral anti-inflammatory effects [139].

Ghrelin significantly reduced the elevated plasma calcitonin gene-related peptide
(CGRP), substance P, interleukin (IL)-6, tumor necrosis factor (TNF)-α, and IL-1β in the
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PTZ rat model [117,118]. Additionally, ghrelin inhibited KA-induced increases in TNF-α,
IL-1β and cyclooxygenase-2 (COX2) mRNA levels in CA1 and CA3 in the i.p. KA mouse
model, mediated via the ghrelin-R [29]. Ghrelin restored KA-induced increased matrix
metalloproteinase 3 levels, which is an important mediator of inflammation and neuronal
cell death [29]. Additionally, KA-induced increases in microglia and glial fibrillary acidic
protein (GFAP) immunoreactivity in CA1 and CA3 three days after SE were inhibited by
ghrelin [29]. This was not detectable after a two-week wash-out following macimorelin
administration in the IHKA mouse model, in which macimorelin was administered after
KA, and not as a pretreatment [126]. Another study showed that ghrelin administration de-
creased cortical TNF- α and NF-κB expression in the pilocarpine rat model [140]. However,
ghrelin did not alter serum levels of galanin, fibroblast growth factor (FGF-2), IL-6, TNF-α,
and IL-1β in the Wag/Rij rat model with nonconvulsive absence seizures [114].

5.4. Oxidative Stress

Seizures induce oxidative stress, which, in turn, exacerbates seizures (reviewed
by [141]). Ghrelin prevented the PTZ-induced decrease in the catalase activity in both
the CNS and erythrocytes, and prevented the augmentation in thiobarbituric acid reactive
substances levels, a measure for lipid peroxidation [142]. Additionally, ghrelin normalized
superoxide dismutase levels, an enzyme responsible for clearing superoxide anion in the
erythrocytes, brain, and liver [142]. These data suggest that ghrelin protects against oxida-
tive stress caused by PTZ. It remains unclear whether the effects of ghrelin on decreasing
oxidative stress are caused directly, or because ghrelin is anticonvulsant, and the lower
number of seizures leads to decreased oxidative stress. However, in the WAG/Rij rat model
with nonconvulsive absence seizures, ghrelin was not anticonvulsant, but it still reduced
the malondialdehyde [114].

6. Functional Implications of Diminished Ghrelin-R Signaling in the Context
of Excitability

While several molecular mechanisms-of-action have been described, it remains un-
known how these contribute to the anticonvulsant effects of ghrelin, and how they lead
to an overall decrease in the brain excitability. The heteromerization of the ghrelin-R with
other receptors can lead to the preferential recruitment of other noncanonical signaling
pathways [143]. Ghrelin, as well as other signaling molecules, may exploit this phenomenon
for inducing ghrelin-R-mediated anticonvulsant effects.

Ghrelin-R activation results in intracellular Ca2+ increases through the canonical Gαq
protein [59,60]. One possible mechanism-of-action would be a decrease in intracellular Ca2+

in ghrelin-R-expressing neurons. Elevated levels of intracellular Ca2+ are associated with
epileptiform activity and epileptogenesis [144,145]. Therefore, a reduction in intracellular
Ca2+ may be an interesting putative mechanism for seizure suppression in the absence
of ghrelin-R signaling. Various studies have shown the differential effects of ghrelin on
neuronal excitability and synaptic transmission, which all support that ghrelin acts in
a brain-region-specific manner [146–148].

The ghrelin-R is expressed in both excitatory neurons, as well as in inhibitory interneu-
rons in the dorsal CA1. It was recently shown that a selective increased expression of the
ghrelin-R in excitatory neurons was detrimental for learning and memory in mice, while
an increased expression of the ghrelin-R in interneurons had a beneficial effect [149]. It
remains to be uncovered if a dual effect on excitability also exists by, for instance, decreas-
ing Gαq signaling in excitatory neurons via β-arrestin, while increasing Gαq signaling in
inhibitory interneurons. Indeed, while GPCRs may be associated with several signaling
pathways, these signaling pathways are not always all operative in the same cell. Thus far,
the knowledge concerning the cell-specific expression of signaling pathways downstream
of the ghrelin-R is lacking and requires further studies.
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7. Conclusions and Future Perspectives

Ghrelin is increasingly recognized as a potential important player in seizures and
epilepsy. Most studies show lower ghrelin levels in patients suffering from epilepsy, or
lower ghrelin levels after a seizure. The exact implications of plasma ghrelin level alterations
in epilepsy have remained, up until now, unknown, and should be further investigated in
light of its treatments as well, including the KD. It is increasingly evident that there may be
important differences between AG and DAG. This may advocate for future investigations
of both isoforms of ghrelin in epilepsy, or for studying further whether the contributions of
GOAT expression and the local reacylation of DAG are relevant for seizure control.

With only a few exceptions, ghrelin and synthetic agonists of the ghrelin-R are anti-
convulsant in seizure, epilepsy, and SE models. The notion that both agonists and inverse
agonists were anticonvulsant stirred up the discussion concerning the signaling pathways
responsible for ghrelin-R-mediated anticonvulsant effects. The hypothesis that β-arrestin
recruitment is involved should be more thoroughly investigated to confirm the relevance
of this pathway. Overall, the complexity of ghrelin-R signaling, and the extensive list of
other factors possibly influencing it, highlight the need for further investigations into the
mechanism behind ghrelin-induced anticonvulsant effects.
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