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ARTICLE INFO ABSTRACT

Keywords: Recent work by us and others has implicated NADPH oxidase (NOX) enzymes as main producers of reactive
NOX2 oxygen species (ROS) following a brain insult such as status epilepticus, contributing to neuronal damage and
Reactive oxygen species development of epilepsy. Although several NOX isoforms have been examined in the context of epilepsy, most
Te;nl[ziosr:;tbbe epilepsy attention has focused on NOX2. In this present study, we demonstrate the effect of gp9lds-tat, a specific
gfatus epilepticus competitive inhibitor of NOX2, in in vitro epileptiform activity model as well as in temporal lobe epilepsy (TLE)
model in rats. We showed that in in vitro seizure model, gp91ds-tat modulated Ca%* oscillation, prevented
epileptiform activity-induced ROS generation, mitochondrial depolarization, and neuronal death. Administration
of gp91ds-tat 1 h after kainic acid-induced status epilepticus significantly decreased the expression of NOX2, as
well as the overall NOX activity in the cortex and the hippocampus. Finally, we showed that upon continuous
intracerebroventricular administration to epileptic rats, gp91ds-tat significantly reduced the seizure frequency

and the total number of seizures post-treatment compared to the scrambled peptide-treated animals.

The results of the study suggest that NOX2 may have an important effect on modulation of epileptiform ac-
tivity and has a critical role in mediating seizure-induced NOX activation, ROS generation and oxidative stress in
the brain, and thus significantly contributes to development of epilepsy following a brain insult.

1. Introduction

Reactive oxygen species (ROS) are critical intercellular signaling
molecules and their level depends on the activity of ROS-producing
enzymes and the antioxidant capacity of cells [1,2]. Under physiolog-
ical conditions, there is a steady balance between ROS generation and
the availability of antioxidants [1]. Oxidative stress (OS) arises when the
level of ROS overcomes the cellular antioxidant defense, either due to
excessive production of ROS or a decrease in cellular antioxidant ca-
pacity [1,3]. Accumulating evidence suggests that OS plays a crucial role
in acute neurological injuries such as stroke, traumatic brain injuries,
and prolonged seizures [3-6] as well as in neurodegenerative disorders
such as Alzheimer and Parkinson’s diseases [7-9]. Several in vivo and in
vitro studies demonstrated that NADPH Oxidase 2 (NOX2) is a primary
source of ROS production, activated by N-methyl-p-aspartate (NMDA)
receptors, which leads to neuronal depolarization and increasing of the
cytoplasmic Ca?* load, playing an essential role in epileptogenesis and
eventually leading to neurodegeneration and cell death [10-14].
Recently, we have demonstrated that following pentylenetetrazol (PTZ)

induced seizure, NOX2 expression in the cortex is decreased within 6 h
then increased at 24 h post-seizure [15]. Interestingly, we found that in
the hippocampus NOX2 was overexpressed for 1-7 days post-seizure.
Moreover, we found that NOX2 expression is increased up to 2 weeks
following kainic acid induced status epilepticus (SE), in both cortex and
hippocampus [15].

Although the engagement of NOX2 with epileptogenesis is well
studied, the effect of specific NOX2 inhibition has not been tested yet.
Here, we demonstrated that in an in vitro epileptiform activity model,
selective NOX2 inhibition using gp91ds-tat, suppresses the formation of
calcium oscillations, inhibits mitochondrial depolarization, ROS pro-
duction, and cell death. Moreover, we showed that following kainic acid
induced SE, gp91ds-tat decreased the expression of NOX2 and the NOX
activity in cortex and hippocampus. Importantly, our studies demon-
strate that, selective gp91ds-tat given to chronic epileptic animals re-
sults in a significant reduction in the frequency of spontaneous seizures
as well as in the cumulative number of seizures experienced per animal
post treatment. Taken together, these data indicate that selective NOX2
inhibition represents a novel approach to reduce neuronal death and
modify chronic epilepsy.

* Corresponding author. The Institute for Drug Research, The School of Pharmacy, Faculty of Medicine, The Hebrew University of Jerusalem, Jerusalem, 91120,

Israel.
E-mail address: Tawfeeq.Shekh-Ahmad@mail.huji.ac.il (T. Shekh-Ahmad).
1 PK.S. and A.S. contributed equally to this work.

https://doi.org/10.1016/j.redox.2022.102549

Received 1 September 2022; Received in revised form 29 October 2022; Accepted 21 November 2022

Available online 28 November 2022

2213-2317/© 2022 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:Tawfeeq.Shekh-Ahmad@mail.huji.ac.il
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2022.102549
https://doi.org/10.1016/j.redox.2022.102549
https://doi.org/10.1016/j.redox.2022.102549
http://creativecommons.org/licenses/by-nc-nd/4.0/

P.K. Singh et al.

Abbreviations

NOX2 NADPH Oxidase 2

ROS Reactive Oxygen Species

oS Oxidative Stress

TLE Temporal Lobe Epilepsy

KA-SE  Kainic acid induced status epilepticus
aCSF artificial cerebrospinal fluid

ECoG Electrocorticography

2. Methods and materials

2.1. Primary cortical cell culture and induction of in vitro epileptiform
activity

Mixed cortical neurons and glial cell culture were prepared from
Sprague-Dawley rat pups (Hebrew University breeding colony, Jerusa-
lem, Israel) of (PO-P1) postnatal stages [16-18] as previously described
[19]. In brief, rat’s pups were sacrificed by cervical dislocation and
brains were collected; followed by isolation of neocortical tissue and
quickly submerged in ice-cold HBSS (Ca®", Mg?*-free, Sigma, H0304).
The neocortical tissues were trypsinized using 1% trypsin (Invitrogen)
for 6-7 min at 37 °C, then blocking of trypsinization by 20% FBS
(Invitrogen) supplemented HBSS media followed by trituration to
dissociate the cells. The neuronal cell suspension was seeded on poly--
L-lysine (1 mg/mL, Sigma) coated 25 mm rounded coverslips, and cul-
ture was maintained in B-27 and 2 mM t-glutamine supplemented
Neurobasal® A medium (Invitrogen) at 37 °C under 5% CO» humidified
atmosphere with CO, incubator. Experiments were carried out at 13-17
days in vitro (DIV) to allow for full maturation of synapse of cells.
Neuronal cell population can be distinguished from glia using
phase-contrast microscopy.

In vitro epileptiform activity was induced by omitting magnesium
from recording solution ie., artificial cerebrospinal fluid (aCSF), as
described previously [20]. For calcium oscillations recording, primary
neuronal cells were treated with 0.005% Pluronic acid and 5 mM
Fura-2-AM (Thermo Fisher, Invitrogen) in aCSF for 30 min, then cells
were washed 3 times.

Invitro low magnesium model or control cells (under aCSF) were pre-
incubated for 1 h either with NOX2 specific inhibitor i.e., Gp91 ds-tat, (5
pM) or with Gp91 ds-tat scrambled peptide (5 pM) before performing the
subsequent in vitro assays.

2.2. Invitro recording solution

All experiments were conducted at room temperature in HEPES
buffered salt solution either containing aCSF or excluding MgCl;, (low-
Mg ") to induce an in vitro seizure model. Composition of aCSF contains:
125 mM NaCl, 2.5 mM KCl, 2 mM MgCl,, 1.25 mM KHyPO4, 2 mM
CaCly, 30 mM glucose and 25 mM HEPES, and pH was adjusted to 7.4
with NaOH.

2.3. Imaging of mitochondrial membrane potential (Aym)

For measurement of mitochondrial membrane potential (Aym),
Culture coverslip carrying dishes were loaded with 1 M Rhodamine 123
(Rh-123) (Sigma, UK) for 15 min prior to recording, followed by three-
time washing. Increased Rh-123 signaling indicates mitochondrial de-
polarization. Rh-123 signals were normalized to the baseline (set 0), and
the maximal signal produced by mitochondrial oxidative phosphoryla-
tion wuncoupling with carbonylcyanide-p-trifluoromethoxyphenyl
hydrazone (FCCP, 1 M; set to 100). Each experiment was conducted five
to seven times in three independent cultures.
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2.4. Imaging of intracellular ROS generation

To measure the rates of reactive oxygen species (ROS) generation in
the cytosol, 5 mM dihydroethidium (HEt) was maintained in all solu-
tions throughout the procedures. To prevent the formation of oxidized
products, no preincubation was performed. Each experiment was done
with three independent cultures and replicated on 5-6 coverslips from
each culture.

2.5. Neuronal death assay

Neuronal death was assessed following a 2-h incubation with low-
Mg2+ at 37 °C, cells were co-stained with 20 pM propidium iodide and
4.5 uM Hoechst-33342 stain (Sigma, St. Louis, MO) in a fluorescent live/
dead assay. Experiments were carried out on 3-5 independent cortical
cultures and repeated on 5-7 coverslips of each experiment. In each
treated culture coverslip, 5-7 random fields were selected for analysis.

2.6. Live imaging and analysis

Fluorescence imaging was performed using a 20 x fluorite objective
coupled epifluorescence inverted microscope with xenon arc lamp
providing excitation light beam passing at 530 nm (dihydroethidium)
(Cairn Research, Kent, UK). Emitted fluorescence was detected by a
cooled CCD camera (Retiga; QImaging). Phototoxicity and photo-
bleaching of cells were minimized by limiting light exposure to the time
of acquisition of the images. Fluorescent images were captured witha 5 s
of a frame interval. Data were analyzed with Andor software (Belfast,
UK). HEt was excited by illumination at 530 nm. For most of the ex-
periments, we chose to perform measurements of ROS production rates
with dihydroethidium at a single wavelength to avoid photobleaching
and phototoxicity from the excitation of cells in the range of UV light.
Rates of ROS increase were determined at various time points (2, 10, and
15 min) following exposure to low-Mg?" and were compared with rates
recorded during a 1-3 min artificial CSF exposure period referred to as
the baseline.

2.7. Quantitative real time - polymerase chain reaction

The NOX2 mRNA level was determined by quantitative RT-PCR
using our previously reported primers [15]. Total RNA from cortex
and hippocampus were extracted using tri-Reagent (Sigma-Aldrich, St.
Louis, MO, USA) and subsequently purity and quantity was determined
by Nanodrop spectrophotometry (Nanodrop Technologies, Thermo,
Waltham, MA, USA); and ratios of 260:280 were 1.8-2.0. Complemen-
tary DNA (cDNA) were synthesized using 1 pg of extracted RNA utilizing
oligo-dT15 primers and GoScriptTM reverse transcription system
(Promega, Madison, WI, USA). The expression of NOX2 was measured
with SYBR Green (PerfeCTa SYBR Green FastMix, Quantabio) and
RT-PCR instrument (CFX Bio-rad). Master-mix from each hippocampus
and cortex tissue sample were prepared separately with final volume of
15 pl per reaction (7.5 pl SYBER green; 3 pl primers (500 nM each); 3 pl
of cDNA template and .5 pl of DEPC water) and subjected to RT-PCR
reaction cycle. RT-PCR reaction cycle comprise of initial incubation
for 15 min at 95 °C followed by 40 cycles of denaturation of 5 s at 95 °C,
15 s at 60 °C and final step of 5 s at 65 °C and 30 s at 95 °C. For each
mRNA, expression of GAPDH (as control) were also analyzed. Each PCR
reaction was performed in duplicates and result were calculated and
expressed with respected to control and normalized to sham-operated
animals, and relative expression of each gene were determined using
method described by Pfaffl et al., 2001 [21].

2.8. Estimation of NADPH oxidase activity

The NADPH oxidase activity was determined using the previously
described method [22]. Animals were anesthetized deeply using
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ketamine (100 mg/kg) and xylazine (10 mg/kg) and their brains were
collected immediately, and cortex and hippocampus were recovered.
Hippocampus and cortex were homogenized and 20 pl of homogenate of
hippocampus and cortex were mixed separately with 900 pl HEPES
buffer of pH 7.4 including triethylenetetramine (1.0 mmol/L), L- N
(G)-nitro-arginine methyl ester (-NAME) (1 mmol/L), an inhibitor of
nitric oxide synthase (NOS), to determine the enzymatic source of ROS,
20 pM/L lucigenin, and SDS (100 pM/L) and aliquot into 96-well under
dark condition at room temperature. Basal luminescence was monitored
using luminometer and enzymatic activity was triggered by adding 0.2
mmol/L of NADPH and enzymatic activity were recorded for 15 min.
Blank reading were subtracted from tissue homogenate-added wells. The
chemiluminescence changes per minute per mg protein in hippocampus
and cortex were determined for percentage change versus sham oper-
ated animals.

2.9. Kainic acid-induced status epilepticus

Status epilepticus (SE) was induced using kainic acid (KA) adminis-
tered according to a previously described protocol (Hellier et al., 1998)
[23]. Briefly, adult male and female Sprague Dawley rats (weight,
200-250 g) were injected intraperitoneally with KA (Hello Bio, Bristol,
UK) dissolved in sterile 0.9% saline (10 mg/ml). Injections were
administered hourly at a dose of 5 mg/kg until class III, IV, or V seizures
were evoked (scored according to a modified Racine’s scale (Racine,
1972; Ben-Ari, 1985)) [24,25]. KA administration was halted when
animals reached class V seizures (rearing with forelimb clonus and
falling over) or when the total dose of KA reached 45 mg/kg. Animals
were included in the study if there was continuous motor seizure activity
for 2 h following the final dose of KA. Ten to 12 weeks after the induction
of SE, rats were implanted with ECoG transmitters to allow for wireless
telemetry recordings, and a brain infusion cannula to access the lateral
ventricle.

2.10. Surgical procedures

Animal experiments were conducted in accordance with the Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care
International and approved by the Institutional Animal Care and Use
Committee of the Hebrew University of Jerusalem (Approve number:
MD-20-16254-5). Naive male and female Sprague-Dawley rats
(180-220 g), a strain of the Hebrew University (obtained from Harlan,
Jerusalem, Israel) were housed under controlled environmental condi-
tions (23C; 50-60% humidity; 12-h light/dark cycle) with free access to
food and water. Animals were acclimatized for 7 days prior to experi-
mental use.

Rats (200-250 g) were anesthetized using isoflurane (3% induction,
1.5-2% for surgery) and fixed to the stereotaxic frame (Kopf, CA, USA).
Before initiating the surgery, rats were injected with buprenorphine
(0.2 mg/kg; SC) and Metacam (1 mg/kg; SC) for pain relief. An ECoG
transmitter (A3028E, Open-Source Instruments) was implanted subcu-
taneously with two subdural intracranial electrodes. The recording
electrode was positioned above the right hippocampus [2.5 mm lateral
and 4 mm posterior of bregma (Paxinos and Watson, 2014)] [26], and a
reference electrode was implanted in the contralateral hemisphere (2.5
mm lateral and 6 mm posterior of bregma (Paxinos and Watson, 2014)
[26]. The electrodes were fixed to the skull with three skull screws and
tissue glue. A brain infusion cannula (Brain Infusion Kit 2, Alzet) con-
nected to vinyl catheter tube was implanted into the right lateral
ventricle of brain [1 mm posterior, 1.2 mm lateral, 4.5 mm ventral from
the bregma, Paxinos and Watson, 2014)]. The catheter tube was plugged
(to allow later connection to mini osmotic pump) and a tunnel was
created to place the tube into a subcutaneous cavity. At the end of sur-
gery, brain incision was sealed with dental cement and rats were
injected with 3-5 ml of warmed Ringer’s solution and amoxicillin
(Betamox LA, 100 mg/kg).
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For the infusion of gp91ds-tat and scrambled peptide, following 3
weeks of baseline ECoG recording, epileptic rats were randomly
assigned to one of two groups, either gp91ds-tat or its scrambled pep-
tide. Rats were anesthetized with isoflurane (2.5%) and then subjected
to stereotaxic implantation of mini osmotic pump (Alzet, model 2002).
The pump was connected to the previously implanted vinyl catheter
tube for ICV infusion of gp91ds-tat or its scrambled peptide as a control
(800 ng/kg/day, 0.5 pl/h) for 2 weeks.

2.11. Statistical analysis

Statistical analyses were performed with GraphPad Prism v9.3.1
(GraphPad software, USA). Data acquisition and analysis were done
blindly. All quantitative data represented as mean + standard error of
mean (mean + SEM), where n indicates number of individual samples.
Unpaired Student’s t-test, ordinary one-way analysis of variance
(ANOVA) with Tukey’s post hoc test, or two-way ANOVA with Dunnett’s
post hoc test were used for data analysis as appropriate. The effects of
treatment on normalized seizure frequency (Fig. 4C were analyzed using
a generalized log-linear mixed model with random effect of animal
(autoregressive covariance) and fixed effects of treatment group, week,
and the interaction between treatment group and week. Statistical sig-
nificance was defined as a value of p < 0.05 and p < 0.01. Sample sizes
were determined based on previous experience with calculating exper-
imental variability. The number of animals utilized are specified in the
respect figures.

3. Results

3.1. Gp91ds-tat dlters Ca®* oscillation during epileptiform activity
Using an in vitro Ca2t oscillation assay of epilepsy [27], we first
tested whether selective NOX2 inhibition by gp91ds-tat can modulate
epileptiform network activity. We induced epileptiform activity in the
rat mixed cortico-culture by omitting Mg?* from culturing medium,
which promote activation of NMDA receptor through release of vesic-
ular glutamate resulting in epileptiform activity and Ca" oscillations in
neurons [28]. The removal of Mg2+ from the culturing media induces
synchronized Ca®" signaling in the untreated neuronal culture (Fig. 1A).
Interestingly, when cultures were treated with gp91ds-tat (5 pM), we
observed a reversible inhibition of Ca?* oscillations that were restored
after washing out the gp9lds-tat (Fig. 1A). During washing in the
gp9lds-tat (n = 7), the Ca?* frequency decreased from 2.9 peaks/mi-
nute to 0.6 peaks/minute (Fig. 1B, p < 0.0001 One-way ANOVA with
Tukey post-hoc test). In addition, the amplitude of Ca?* peaks was also
decreased by ~4 fold (from 1.9 to 0.5; Fig. 1C; p < 0.0001). Importantly,
both the frequency and the amplitude of Ca?* peaks were restored to
baseline levels following wash out of gp91ds-tat (Fig. 1B-C).

Notably, cultures treated with scrambled peptide (scrm gp91ds-tat)
had no difference neither in frequency nor in amplitude of Ca®* peaks
(Fig. 1D-E). These data indicates that selective inhibition of NOX2 iso-
form with gp91ds-tat alter either vesicular glutamate release or activa-
tion of NMDA receptor in low Mg?" model of in vitro epileptiform
activity.

3.2. NOX2 inhibition prevents mitochondrial depolarization and promotes
neuroprotection

A low level of mitochondrial substrates or the opening of the mito-
chondrial permeability transition pore may be the causes of mitochon-
drial depolarization that results from prolonged seizure-like activity in
neurons [28,29]. Omitting Mg?" from the recording solution induced
slow and progressive mitochondrial depolarization in neuronal culture
resulting in 30% reduction in mitochondrial membrane potential (Aym)
following 30 min (Fig. 2A). Pre-treatment of neuronal cultures with
gp9lds-tat (5 pM-1 hr of preincubation, n = 5) prevented the
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Fig. 1. Gp91 ds-tat modulated Ca>* oscillatory signal in neurons.

(A) Representative image of synchronous Ca*" oscillatory signal in neurons,
indicating epileptiform activity induced by replacement of artificial CSF (aCSF)
with low Mg2+ aCSF (indicated by arrow) before, during and after washout of
gp91 (5 pM) to the coverslip solution. (B-C) Bar graphs summarizing the effect
of gp91 (5 pM) on frequency (B) and the amplitude of Ca* oscillations
recorded from rat neuronal cultures (n = 7 experiments) at 13-17 DIV. (D-E)
Bar graphs summarizing the effect of scrambled gp91 ds-tat (control; 5 pM) on
frequency (D) and the amplitude of Ca?" oscillations (n = 7 experiments). Data
are expressed as mean + SEM. ***P < 0.001 relative to low-Mg>" condition, by
one-way ANOVA with Tukey’s post hoc test. ns = not significant.

epileptiform activity-induced mitochondrial membrane potential
(Aym) depolarization (Fig. 2A). Consistent with previous reports [11,
30] we found that low Mg?" induced epileptiform activity increases the
rate of ROS production up to 5-fold (n = 5, Fig. 2B). Upon selective
inhibition of NOX2 with gp91ds-tat (5 pM-1 hr of preincubation), the
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Fig. 2. Selective inhibition of NOX2 promotes neuroprotection in-vitro.

(A) Normalized Rh-123 fluorescence of neurons 5, 10, 20 and 30 min stimulated
with either aCSF (n = 6 experiments (exp.), or low Mg2+ (n = 6 exp.) and
treated acutely either with gp91ds-tat peptide (5 pM; n = 6 exp.) or with
scrambled peptide (5 pM). (B) Normalized rates of ROS generation in neurons at
2, 10, and 15 min in aCSF, low Mg>" aCSF, and gp91ds-tat (5 uM) or scrambled
peptide-treated neurons in low-Mg?* condition (n = 5 exp for all groups). (C)
The percentage of neuronal cell death in cultures following 2 h exposure to
aCSF (n = 7), low Mger (n = 7), and treatment with either gp91ds-tat (5 pM; n
= 7 exp.) or with scrambled peptide (5 pM). Data (Mean + S.E.M.) were
analyzed by either Two-way ANOVA followed by Dunnett’s post hoc test (A and
B) or one-way ANOVA (C) followed by Tukey’s post hoc test. *P < 0.05, **P <
0.01 and ***P < 0.001 versus low Mg?" condition.

rate of ROS production was significantly reduced during epileptiform
activity from 202% to 106%, 2 min post exposure to low-Mg2+ (Fig. 2B,
p = 0.039); and from 357% to 133% and 544%-186% at 10-, and 15-min
post exposure to low-Mg2+, respectively (Fig. 2B; p < 0.0001). In
agreement with previous reports, we found that epileptiform activity
induced by low Mg2+ (for 2 h) is associated with increased neuronal cell
death compared with artificial CSF (36% vs. 19%, p < 0.0001; Fig. 2C).
We therefore asked whether the effect of selective NOX2 inhibition using
gp91ds-tat on mitochondrial membrane potential and ROS production
translated to a neuroprotective effect. Pre-treatment of neuronal cul-
tures with gp91ds-tat (5 pM, 1 h) significantly rescued neurons from
epileptiform activity-induced cell death (Fig. 2C, p = 0.012 vs. low
Mg2+).

3.3. Gp91ds-tat reduces NOX2 expression and NOX activity following
KA-SE

To determine the effect of gp91ds-tat on NOX2 expression and NOX
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activity in-vivo, we analyzed brain samples at a time when NOX2
expression peaked in hippocampus of rats after status epilepticus (SE), i.
e., 24 h post-SE [15]. Rats were first injected with kainic acid to induce
SE. After 2 h of SE, rats were injected with diazepam (10 mg/kg, i. p.)
then 1 h later followed by intracerebroventricular (ICV) administration
of 400 ng/kg gp91ds-tat (Fig. 3A). Treatment with gp91ds-tat at 1 h after
SE significantly reduced the up-regulation of the SE-induced NOX2
expression in the cortex and in the hippocampus (Fig. 3B-C; SE-vehicle

gp91 ds-tat (200 ng; n=)
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vs. SE-gp91 ds-tat, cortex: p = 0.0329; hippocampus: p = 0.005).

We further investigated the effect of gp91ds-tat treatment on overall
NOX enzyme activity in the cortex and hippocampus of rats following
SE. We found that gp91ds-tat significantly inhibited the NOX catalytic
activity by 55% and 60% in the cortex and the hippocampus, respec-
tively (Fig. 3D-E; SE-vehicle vs. SE-gp91 ds-tat, cortex: p = 0.01; hip-
pocampus: p = 0.007).

Moreover, along with the NOX activity in the cortex, we observed a

Fig. 3. Gp91 ds-tat suppresses mRNA expression of

A ~%:;f-vr‘/-WMWMw- or with equivalent dose NOX2 and inhibits the NOX activity in the brain
N of scrambled peptide following SE.
N | (A) Schematic diagram of experimental design and
’ ! procedures to determine the NOX2 mRNA expression
and NOX activity in the study. (B-C) NOX2 mRNA
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similar pattern of ROS production. We found that the increase in NOX
activity in the cortex of rats after SE was accompanied by a significant
(~3-fold) increase in ROS production, which was significantly reduced
by treatment with gp91ds-tat (Supplementary Fig. 1).

3.4. NOX2 inhibition modifies chronic epilepsy

Next, we investigated the alleviating effect of gp91ds-tat treatment
on chronic epilepsy. To this end, we performed a randomized trial in a
rat model of temporal lobe epilepsy (TLE) induced by systemic KA in-
jection. Ten to twelve weeks after induction of SE, rats were implanted
with wireless electrocorticography (ECoG) transmitters for monitoring
the development of spontaneous seizures. We first performed a baseline
ECoG recording for 3-weeks. Epileptic animals were then randomized to
treatment with either gp91ds-tat or its scrambled peptide control (n =9
rats/group), given via ICV administration over 2-weeks using osmotic
pumps. ECoG recording was continued during the 2 weeks treatment
period and for additional 8 weeks. Treatment with gp91ds-tat signifi-
cantly decreased the normalized (to baseline) seizure frequency
compared to scrambled peptide following treatment (generalized log-
linear mixed model on week’s 1-10, treatment group*week interac-
tion effect: F (13,208) = 5.138, P < 0.001; Fig. 4C). Moreover, the
normalized cumulative number of seizures post treatment was signifi-
cantly reduced in the gp91lds-tat group compared to the scrambled
peptide group (Fig. 4C-D, P = 0.026 Student’s t-test). Altogether, these
findings suggest that targeting NOX2 with a specific peptide inhibitor
gp91ds-tat has a modifying effect on chronic epilepsy.

4. Discussion and conclusion

Accumulating evidence suggested that oxidative stress and over-
production of ROS play a crucial role in epilepsy. Under oxidative stress,
it stimulates cascade of events responsible for epileptogenesis [3].
During this seizure-free latent phase, a series of neurological alterations
like neuroinflammation, neurodegeneration and aberrant neuro-
regeneration and reduction in seizure threshold occurs, which eventu-
ally leads to spontaneous recurring seizures [3]. In the last decade, the
ROS-producing enzymes NADPH Oxidases (NOX) attracted great
research interest in its contribution to the ROS burden as well as in its
functional role in various neurological diseases including epilepsy.
Among the seven NOX isoforms, NOX2 was reported as the main isoform
in brain tissues such as glia and neurons [31-33], and its activation has
been linked to brain pathology, implying that NOX2-mediated ROS
production participates in acute and chronic neurological disease [14,
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34,35]. Recently, we studied the spatial and temporal expression of
NOX2 following the acute seizure model (induced by pentylenetetrazol)
and following status epilepticus (SE) induced by systemic administration
of kainic acid [15]. We demonstrated that NOX2 has a transient
expression pattern in the cortex while in the hippocampus its expression
was persistent for up to 1-week post-seizure [15]. Importantly, NOX2
expression was increased up to 2 weeks post-SE, in both the cortex and
the hippocampus [15].

Several other researchers have investigated the effect of pharmaco-
logical NOX inhibitors on seizure and epilepsy models [10,12,19,
36-38]. However, a selective peptide inhibitor of NOX was never tested
before in epilepsy. We have previously reported that a pharmacological
inhibitor of NOX (i.e., AEBSF) showed no effect on Ca’" oscillations at
the tested concentrations in in vitro epileptiform activity model [19]. It
remains unclear whether other pharmacological inhibitors of NOX affect
the Ca?" oscillations, or whether the effect that we observed with gp91
is a specific feature of this peptide inhibitor. Interestingly, a study by
Malkov et al. [37] tested the anti-seizure effect of three pharmacological
inhibitors: (2R)-amino-5-phosphonopentanoate (APV), celastrol, and
GSK2795039, and found that all three inhibitors strongly reduced
seizure activity. The signaling pathway linking the NMDA receptor to
NOX involves Ca®" influx which is normally required to induce excito-
toxicity, as well as phosphoinositol-3-kinase, and protein kinase C [39,
40]. Thus, interventions at any of these steps can prevent ROS produc-
tion and excitotoxic injury that may explain the observed anti-seizure
effects. Nevertheless, future studies are needed to elucidate the exact
mechanism by which these NOX inhibitors can modulate seizure
activity.”

Due to lack of selective pharmacological NOX2 inhibitors, we uti-
lized previously reported peptide-based NOX2-specific inhibitor, gp91
ds-tat, [41] to investigate the effect of specific NOX2 inhibition on in
vitro epileptiform activity, and on temporal lobe epilepsy rat model. A
major advantage of utilizing such peptide-based inhibitors is that they
may efficiently block the targeted protein—protein interactions within
the enzyme complex important for NOX activity and thus, uniquely
block only those sites that are involved in the assembly of the active
complex. To date, the available pharmacological NOX inhibitors display
a lack of specificity for a single NOX isoform [42]. Gp91 ds-tat is the only
isoform-specific peptide-based NOX2 inhibitor currently available [42]
that binds to p47P"** and inhibits its interaction with gp91P"** which
blocks the active activation of NOX2 complex and production of su-
peroxide radicals [42-44]. In recent year, Gp91 ds-tat has been widely
utilized in various studies to investigate the crucial role of NOX2 in
various disease pathophysiology like diabetes [45], hypertension [46],

Fig. 4. Selective therapy with gp9lds-tat inhibits
seizure progression and modifies chronic epilepsy.
(A) Schematic illustration of experimental setup and
timeline. (B) Representative seizures from animals
subjected to KA-SE and treated with gp91lds-tat
(black) or its scrambled peptide control (red). Scale
bar: 10 s and 0.5 mV. (C). Normalized seizure fre-
quency (per week, mean + SEM) in animals recorded
for 3-weeks of baseline, then treated (indicated with
arrow) either gp91 ds-tat (800 ng/kg/day for 2
weeks; n = 9) or gp91ds-tat scrambled peptide (800
ng/kg/day for 2 weeks; n = 9). (D) Normalized (to
baseline) cumulative number of seizures of animals in
C. (E) Total number of seizures after treatment,
normalized to baseline (pre-treatment). In C: *P <
0.05, by generalized log-linear mixed model followed
by Sidak’s post hoc test. In E: **P < 0.01, Student’s t-
test). . (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.)

.

gp91 ds-tat,
scrambled
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aging [47], seizure-like activity [11] and Alzheimer’s disease [48].
Several investigations demonstrated and reported the high efficacy and
specificity of gp91 ds-tat inhibitor to inhibit the NOX2 mediated ROS
production in in vitro and in vivo [44,49,50] and also prevent number of
ROS stimulated cascade of events like hypoxia [51], nutrient depriva-
tion [52], endothelin-1 [53], angiopoietin-1 [54], phenylephrine [55],
shear stress [56], and so on. Previous studies also showed that gp91
ds-tat efficiently prevents the collagen-induced NOX2 activity in plate-
lets [57] and angiotensin II (Angll)-mediated superoxide production
human resistance artery smooth muscle cells [58]. Recent report from
Kovac et al. (2014) showed that low Mg?* induced-epileptiform activity
resulted in elevated ROS production and Ca?" oscillation activity
mediated by NMDA receptor dependent NOX2 activation [11,28]. Our
results show that following in vitro low Mg2+ induced epileptiform ac-
tivity, selective inhibition of NOX2 using gp91 ds-tat significantly
reduce the Ca?' oscillation, a marker of epileptiform activity, as
revealed from the immediate decrease in peak’s frequency and ampli-
tude (Fig. 1). Interestingly, previous reports showed that Ca®" release
from ER specifically regulated by ryanodine receptor (RyR) requires
basal NOX2 activity in neuronal and muscle cells [31,59-61] and
stimulation of RyR activates Racl [62], a subunit of NOX2 complex
[63]. Wilson et al., 2016 also demonstrated that inhibition of NOX2
using gp91 ds-tat peptide inhibits the RyR-mediated Ca?* release
following stimulation of RyR-mediated Ca®' by 4-CMC (4-chlor-
o-m-cresol) [64]. This reduced Ca?' oscillation was rescued in
gp91lds-tat treated cells after removing NOX2 inhibitor i.e., washout
condition (Fig. 1A-C). The Ca?" signal was previously characterized for
its sensitivity to modulation of four crucial targets of antiepileptic drugs
including GABA receptor, glutamate receptor, voltage-gated sodium,
and calcium channels [27]. Here, our experiments do not confirm any
pinpoint mechanism behind the possible antiepileptic effect of gp91
ds-tat. Rather, we speculate the possibilities based on previous reports
on the crosstalk between epileptic ROS and seizure-like activity where
specific inhibition of NOX2 using gp91 ds-tat, might have both charac-
teristics of inhibition of NOX2-mediated ROS production and associated
neuronal cell death, and possibly, modulation of the vesicular glutamate
release or NMDA receptor activation in the low Mg?* model of
seizure-like activity. Previous reports showed that following the pro-
longed seizure like SE, the elevated level of ROS production mediated by
NMDA receptor dependent NOX2 activation [11,30]. ROS and the
resulting peroxynitrite formation can induce lipid peroxidation, mito-
chondrial depolarization (mitochondrial permeability transition pore
opening), enzyme inactivation, DNA damage and leads to cell death
[65]. Similar to previous report [19], our results show that inhibition of
NOX2, prevents the epileptiform activity induced mitochondrial mem-
brane depolarization, reduced the ROS production, and prevented the
epileptiform activity-induced neuronal cell death (Fig. 2C). However, in
our study we used a specific NOX2 inhibitor, isolating, for the first time,
the effect of NOX2 isoform on these parameters. Altogether, the neu-
roprotective effect of gp91ds-tat highlights the profound role that NOX2
isoform plays in seizure-induced cell damage (Figs. 1-2). We further
demonstrate the potential of gp91ds-tat to inhibit NOX2 expression and
activity in-vivo. Indeed, our results demonstrated that gp91ds-tat sup-
presses the SE-induced overexpression of NOX2, and the increase in
overall NOX activity in cortex and hippocampus (Fig. 3). Upon admin-
istration of intraventricular injection of NOX2 inhibitor, gp91 ds-tat, to
KA-SE rats, prolonged seizure induced overall NOX activity (i.e., SE +
Vehicle, Fig. 3D-E) reduced significantly, possibly suggesting that
among the 5 major NOX isoforms (i.e., NOX1 to NOX5), NOX2 expres-
sion and activity predominantly elevated following prolonged seizure
(e.g., KA induced SE). Importantly, we have reported that following
KA-induced SE, NOX2 expression is increased in both neurons and as-
trocytes in the cortex, while in the hippocampus it was increased only in
neurons but not in the astrocytes [15].

In fact, many studies have previously shown that non-specific inhi-
bition of NOX can reduce oxidative stress, leading to improved outcomes

Redox Biology 58 (2022) 102549

in seizure and epilepsy models [12,38,66,67]. To the best of our
knowledge, we are the first to investigate the therapeutic effect of a
specific competitive NOX2 inhibitor in chronic epilepsy model. We
employed a well-established model of TLE, ie., the systemic kainic
acid-induced SE [68,69]. In this model, rats are subjected to 2 h of SE
(induced by kainic acid injection) that is terminated by diazepam. Ac-
cording to our and others previous reports, spontaneous unprovoked
seizures occur within 2-weeks post SE, and progressively increased over
time [20,69]. At 10-12 weeks post-SE, these animals reach a chronic
epilepsy stage, and the seizure frequency reach a plateau. At this time,
epileptic rats were treated (in a randomized and blinded manner) with
either gp91ds-tat or its scrambled peptide. We used mini osmotic pumps
for continuous intraventricular administration of the peptides directly
into the lateral ventricles for a period of 2 weeks. Our results showed
that selective NOX2 inhibition via gp91lds-tat in epileptic animals
significantly decreased the number of subsequent seizures in compari-
son to scrambled peptide-treated animals, as was the cumulative num-
ber of seizures normalized to baseline (Fig. 4B).

Inflammation appears to play a determinant role in epileptogenesis
as well as in chronic epilepsy. In fact, neuroinflammation and oxidative
stress are prevalent across many epilepsies, and both are argued to be
causal and consequential to the pathogenesis of the disease [70,71].
Among the NOX isoforms, NOX2 has been particularly related to
neuronal damage and death, as well as to the resolution of the subse-
quent inflammatory response after brain injury including SE [72]. It is
argued that besides being the major contributor to SE-induced ROS
production in acquired epilepsies, NOX2, expressed mainly in microglia,
is thought to be the major contributor to the neuroinflammation
response [73]. In agreement with these data, we demonstrated that
NOX2 was also expressed in the cortex, as well as in CA1 and CA3 of the
hippocampus 1 week after SE (Supplementary Fig. 2). The contribution
of gp91 to the possible anti-inflammatory effect remains to be elucidated
in future studies.

Altogether, our findings demonstrate that specific inhibition of
NOX2 reduces the seizure mediated ROS production and showed neu-
roprotective effect in seizure induced neuronal death in in vitro model of
epileptiform activity (Fig. 2). Moreover, our results also demonstrated
the disease modifying potential of a specific competitive NOX2 peptide
inhibitor, gp91ds-tat, in in vivo TLE model by reducing the seizure fre-
quency and also the cumulative number of seizures experience by each
rat after treatment (Fig. 4). Studies have verified that NOX2 mediated
ROS production is related to epilepsy [19,35,37,74-77], suggesting
NOX2 as a promising therapeutic target for the prevention and/or
modifying epilepsy. The synthetic peptide gp91ds-tat was reported to be
an efficacious and specific inhibitor of NOX2 that binds directly to the
enzyme, impairing its activity and thus inhibiting ROS production [41].
Despite efficacy in animal models [49,78], gp91ds-tat is very limited by
its pharmacokinetic properties, including weak oral bioavailability [79].
It is also not clear whether it can pass the blood-brain-barrier (BBB).
Therefore, it is unlikely to be orally active or display a suitable phar-
macokinetic profile to have widespread utility as a clinical drug. We,
therefore, administered this synthetic peptide via ICV administration.
The main limitation of our study is that gp91ds-tat was administered ICV
via mini osmotic pumps, which holds little translational value. In spite of
that, our study reveals the proof-of-concept that specific inhibition of
NOX2 has disease modifying effect on chronic epilepsy. To date, there is
only limited knowledge on the role of NOX enzymes on excitability of
neurons. Interestingly, our in vitro results suggest, for the first time, that
NOX2 enzyme may play a vital role in neuronal firing and
hyperexcitability.

In conclusion, the current study provides evidence of an important
role of NOX2 in epilepsy, not only as ROS producer, but also suggesting
anti-epileptic mechanism, and thereby contributes significantly to
neuronal death following brain insult such as SE, and to supress the
development of seizures. Nevertheless, further studies are needed to
investigate the exact mechanism and molecular target of NOX2



P.K. Singh et al.

responsible for the epileptiform activity modulation.
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