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ABSTRACT: Pentylenetetrazole (PTZ)-induced kindling is a
broadly used experimental model to study the anticonvulsive
potential of new and existing chemical moieties with the aim of
discovering drugs hindering seizure progression and associated
neurological comorbidities. In the present study, the impact of
brivaracetam (BRV) (10 and 20 mg/kg) as monotherapy as well as
in combination with 0.25 mg/kg of perampanel (PRP) was
investigated on seizure progression with simultaneous electro-
encephalographic changes in PTZ kindling mouse model.
Subsequently, mice were experimentally analyzed for anxiety,
cognition, and depression after which their brains were biochemi-
cally evaluated for oxidative stress. The outcomes demonstrated that BRV alone delayed the kindling process, but BRV + PRP
combination significantly (p < 0.0001) protected the mice from seizures of higher severity and demonstrated an antikindling effect.
The PTZ-kindled mice exhibited anxiety, memory impairment, and depression in behavioral tests, which were remarkably less (p <
0.001) in animals treated with drug combination (in a dose-dependent manner) as these mice explored central, illuminated, and
exposed zones of open-field test, light/dark box, and elevated plus maze. Moreover, memory impairment was demonstrated by
kindled mice, which was significantly (p < 0.001) protected by BRV + PRP as animal’s spontaneous alteration, object discrimination,
and step-through latencies were increased in various tests employed for the assessment of cognitive abilities. The brains of PTZ-
kindled mice had increased malondialdehyde and reduced antioxidant enzymes while treatment with BRV + PRP combination
prevented kindling-induced elevation in oxidative markers. The outcomes of this study demonstrate that combining the PRP at low
dose augmented the antiseizure properties of BRV as both drugs when administered simultaneously hindered the process of kindling
by reducing PTZ-induced excessive electrical activity and oxidative stress in the brain.

1. INTRODUCTION
Epilepsy is a chronic neurological disorder characterized by
abnormal and uncontrolled neuronal activity in the brain,
resulting in spontaneous seizures as well as behavior
comorbidities.1 According to the WHO, around five million
people are diagnosed every year with epilepsy and 50 million
people are being affected by it worldwide.2 Epileptic seizures
refer to abnormal electrical activity in the brain leading to
epileptogenesis, which is the conversion of a normal brain into
an abnormal epileptic brain.3 Various mechanisms have been
proposed for epileptogenesis, including an imbalanced GABA
and glutamate level, resulting in excess glutaminergic and
diminished GABAergic neurotransmission as well as hyper-
excitability of neurons and excitotoxic damage to the brain.4

Excess glutamate levels in the brain also lead to a decline in
cognitive and motor functions.5

In the recent past, many newer antiseizure drugs (ASDs)
have received regulatory approval, and this number is growing.
However, despite the emergence of newer agents with
innovative mechanisms of action and modest side-effect
profiles, one-third of epileptic patients still experienced partial
seizures during treatment.6 As a result, an appropriate
combination of ASDs must be chosen.7 The use of most of
the ASDs from first and second generations has been
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associated with adverse effects and drug resistance, while third-
generation ASDs offer better safety and efficacy profiles.8

Brivaracetam is a newer third-generation antiseizure drug,
and it is one of the recommended medications for the
management of focal seizures. Brivaracetam, a chemical analog
of levetiracetam, interacts with synaptic vesicular protein
(SV2A) the same way as levetiracetam does but has a higher
affinity for receptors, making it ten times more potent than
levetiracetam.9 Various preclinical studies report that BRV
possesses the ability to reduce the epileptogenic activity in rat
brain.10 In animal models of cardiac stress-induced seizures,
brivaracetam was found to have better antiseizure potential.11

Previous studies showed an increase in density as well as the
hypersensitivity of AMPA receptors in the brains of epileptic
patients.12 Perampanel is an AMPA receptor antagonist that
decreases the AMPA-mediated excitatory mechanisms in the
brain.13 Perampanel has been extensively studied in the
preclinical phase and has been reported to be effective at
lower doses as compared to traditional ASDs. The drug has
also been tested in clinical trials, and findings demonstrate its
effectiveness in patients with partial seizures.14

To recognize the effect of any drug or its combination on
seizure development and progression, an appropriate animal
model is required.15 Various chemoconvulsants used for
preclinical studies are pilocarpine, kainic acid, and pentylenete-
trazole (PTZ).16,17 In pilocarpine and kainic acid models,
animals exhibit episodes of acute status epilepticus followed by
recurrent seizures, while the PTZ model is used to study the
effect of test drugs on seizure development and progression
during the kindling process. The PTZ kindling model has the
benefits of cost affordability and reduced risk of model-induced
mortality in comparison to kainic acid and pilocarpine.18 PTZ
kindling is the process of injecting a subconvulsive dose of
PTZ into animals, resulting in seizures of higher severity.19

PTZ alters GABAergic neurotransmission by antagonizing
GABA receptors, causing neurons to become hyperexcited.
Additionally, PTZ also induces alterations in rodent behaviors,
which indicates that this model also gives an insight view about
behavioral changes that could occur in epilepsy.20

Brivaracetam is effective in focal seizures, and its effectivity
in maximal electroshock, 6 Hz model, and audiogenic seizures
has been previously established.21 In a recent study, 20−40
mg/kg of brivaracetam in combination with 0.9 and 2.7 mg/kg
of perampanel reduced DMCM-induced seizures in immature
rats,22 but the impact was not investigated for seizure-
associated electrographic changes and neurobehavioral comor-
bid changes. So, in this current study, we evaluated the
antiseizure potential of a low-dose combination of brivar-
acetam and perampanel on the seizure development and
progression in PTZ kindling mouse model along with
validation through real-time electroencephalographic (EEG)
changes. Immediately after the kindling process, the animal’s
neurobehavioral changes were evaluated through behavior tests
with an eventual biochemical analysis of isolated brains.

2. MATERIALS AND METHODS
2.1. Animals Used. In this study, 8- to 10-week-old male

BALB/c mice with 30−35 g of body weight were used. These
mice were obtained from the animal house located in the
Faculty of Pharmacy, Bahauddin Zakariya University, Multan,
and kept in polycarbonate cages placed in a clean and well-
controlled environment at the animal house. The animals were
provided with a 12-h light/dark cycle and access to free-

flowing rodent food and water. Regarding ethical approval, all
experiments and protocols were approved by the ethical
committee of the Department of Pharmacology (03-PHL-S-
21), Bahauddin Zakariya University, Multan.
2.2. Drugs and Chemical. Brivaracetam (BRV), per-

ampanel (PRP), diazepam, and pentylenetetrazol (PTZ) were
used in this study. The dose of each drug was adjusted
according to previously published studies. Pentylenetetrazole
(Sigma-Aldrich) was dissolved in normal saline to inject its
dose of 40 mg/kg.18 Brivaracetam (Lot no. NP17−13−
2111003) was obtained from Zhejiang Eazy Pharmchem,
dispensed in distilled water, and its 10 and 20 mg/kg doses
were used.23 Perampanel, available as a triturate tablet, named
Fycompa (Eisai. Co. Ltd., Japan) was solubilized in 1% tween
to use its dose of 0.25 mg/kg.24 Diazepam, available as a
commercial formulation named Valium, from Roche Pharma
was diluted in distilled water, and its dose of 1 mg/kg was
used.25

2.3. Animal Grouping. A total of 116 animals used in this
study were divided into two subsets, i.e., subset A comprised
82 animals without EEG electrodes, while subset B comprised
34 animals with EEG electrodes. These animals were further
divided into 8 subgroups given as

1. Healthy control received 0.9% normal saline intra-
peritoneally (i.p.), 1 mL/kg every other day for 21 days.

2. Diazepam received 1 mg/kg of diazepam i.p. + 40 mg/
kg of PTZ on alternate days for 21 days.

3. PTZ control comprising kindled mice received 40 mg/
kg of PTZ i.p. on alternate days for 21 days.

4. BRV 10 received 10 mg/kg of brivaracetam i.p. daily +
40 mg/kg of PTZ on alternate days for 21 days.

5. BRV 20 received 20 mg/kg of brivaracetam i.p. daily +
40 mg/kg of PTZ on alternate days for 21 days.

6. PRP 0.25 received 0.25 mg/kg of perampanel i.p. + 40
mg/kg of PTZ on alternate days for 21 days.

7. BRV 10 + PRP 0.25 received 10 mg/kg of brivaracetam
and 0.25 mg/kg of perampanel i.p. daily + 40 mg/kg of
PTZ on alternate days for 21 days.

8. BRV 20 + PRP 0.25 received 20 mg/kg of brivaracetam
and 0.25 mg/kg of perampanel i.p. daily + 40 mg/kg of
PTZ on alternate days for 21 days.

All animals except healthy and PTZ control mice were
treated with groupwise-designated treatments once daily on
every alternate day (from day 1 to day 21), and after 40−45
min, a subconvulsive dose of PTZ (40 mg/kg; i.p.) was
administered. The animals were observed for post-PTZ 30
min, and changes in their behavior were noted for seizure
development and progression after every PTZ injection. Every
animal was individually assigned a score, as described by the
Racine scale, i.e., no response (stage 0), immobilization (stage
1), head nodding and facial twitches (stage 2), continuous
myoclonic jerking (stage 3), rearing with colonic seizures
(stage 4), full body tonic−clonic seizures with wild jumping
(stage 5), and death (stage 6). The animals received 11
injections of PTZ, and the ones showing at least three
consecutive stages 4 and 5 seizures were considered kindled.26

2.4. Stereotaxic Surgery. For surgical procedure to
implant EEG electrodes, animals were administered the
mixture of an anesthetic cocktail comprising ketamine and
xylazine (87.5 mg/kg and 12.5 mg/kg, respectively).27 This
anesthetic mixture was given intraperitoneally, and the animal’s
consciousness was monitored by pinching its toe. Animals were
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considered ready for surgery when they did not show any
response when pinching their toe. After successful anesthesia,
animals were fixed onto the stereotaxic device (Stoelting, USA)
supplied with a heating cushion for maintaining the constant
physiological temperature. After shaving the hair from the
required area on the skull, the skin was prepared for incision by
cleaning with isopropyl alcohol. After cleaning, an incision of 2
cm was made by a sharp surgical blade, and soft tissue was
removed so that the surface of the skull became prominent for
proper visualization of bregma and lambda regions. An electric
drill was used to drill holes into the skull. During drilling, it was
ensured not to penetrate the meningeal membrane. After
drilling, the cortical electrodes were implanted by placing two
screws AP + 2 mm, LL ± 1.5 mm from the bregma, and for the
reference electrode, one screw was implanted AP − 2 mm; L −
1.5 mm.18 These electrodes were fixed onto their position with
the aid of dental cement, and animals were given bolus
injections of normal saline to prevent them from dehydration.
After this, the animals were kept under observation and given
5−7 days for recovery from surgery before using them for the
recording of EEG.
2.5. EEG Acquisition. After providing 5−7 days post

surgery recovery period, the electrode-bearing animals of
subset B were administered with respective treatments and
PTZ. After the 11th injection given on the 21st day, the
animal’s post-PTZ behavioral changes were validated electro-
graphically by connecting the animals with a Power lab data
acquisition system joined with bio amplifiers. The EEGs were
recorded using band-pass filter of 0.1 and 60 Hz and a

sampling rate of 200 Hz, and data were acquired with Lab
Chart data acquisition software (Pro version 8.1.19).28

Detailed animal grouping and experimental scheme are
provided in Figure 1.
2.6. Behavioral Studies. On the next day after the 11th

PTZ injection, animals of subset A were tested in a series of
experiments to assess their anxiety, cognition, and depression-
like behavior. Before starting behavior experiments, animals
were permitted to acclimatize to the environment of the
behavior room for at least 30 min before the commencement
of experiments. All behavioral assessments were made by
employing a sequence of tests from slightest to greatest
aversive and conducted from 8:00 am to 6:00 pm. The
behavioral experiments were handled by the experimenter kept
unaware of mice grouping and designated treatments to
eliminate the possibility of biasness in experimental outcomes.
Furthermore, animal activity during the behavioral experiment
was video-recorded by using Logitech camera, and these
recorded videos were analyzed through trial version (7.1) of
ANY-MAZE software (Stoelting Co., USA).
2.6.1. Open-Field Test (OFT). In this test, mice were

permitted to discover the open arena for a specific period, and
their response in terms of anxiety was evaluated by noticing
their preference for a centrally exposed area. The apparatus
consisted of an open arena of 50 cm in length and 50 cm in
breadth surrounded by walls of 38 cm in height to avoid animal
escape during testing. The box was made up of highly dense
and nonporous plastic material. Each animal was tested once
for 5 min, and between the testing of the two animals, the

Figure 1. Pictorial illustration of the complete experimental layout. Subset A consisted of 82 animals without EEG electrodes. These animals, after
PTZ kindling, passed through behavioral experiments for anxiety, memory, and depression. After the behavioral assessment, brains were removed
and processed for biochemical analysis. Subset B consisted of 34 animals having EEG electrodes. These animals had stereotaxic surgery, and after
the recovery period, EEG was recorded after the 11th injection of PTZ to assess the effect of test treatments on electrographic changes induced by
kindling process. This layout figure has been designed using Biorender.com (SJ26947NQM: dated December 24, 2023).
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open-field chamber was cleaned with isopropyl alcohols.29 The
arena of the open-field box was separated into different zones
like the central zone and peripheral zone. The number of
entries and duration spent in the center of the maze were
noted to assess the anxiety of animals, while the number of line
crossings and distance traveled were noted to examine any
possible CNS-suppressing impact of test treatments.
2.6.2. Light and Dark (L/D) Box. To evaluate the

antianxiety potential of drugs, the L/D box has been widely
used as it is a quite simple paradigm in which no animal
training is required. The equipment comprised 21 × 21 × 25
cm illuminated and exposed compartment and 20 × 40 × 40
cm dark and closed compartment.7 Innately, animals prefer to
stay in dark and closed places and avoid lightened places as
open places prove a source of anxiety for them. To evaluate the
anxiety-like behavior of animals, each animal was tested for 5
min in light and dark boxes, and their anxiety was estimated by
quantifying the amount of time spent by them in each zone.
2.6.3. Elevated Plus Maze (EPM). This experiment is based

on the idea that mice naturally have a fear of high and open
spaces but exhibit a natural desire to explore such places. The
apparatus of EPM consisted of four arms, two open (25 × 5.5
cm), which were exposed, while two closed (25 × 5.5 cm)
were surrounded by a wall. All four arms were arranged to
constitute the plus-shaped apparatus, which was positioned 50
cm above the ground. Each animal was tested in EPM for 5
min and allowed to explore all arms.30 To evaluate the anxiety
in animals, the parameters observed were the % entries in open
arms and % time spent there as literature reports that increased
exploration of open arms is associated with reduced anxiety in
rodents.
2.6.4. Y-Maze (Spontaneous Alteration). The apparatus of

Y-maze has three arms (A, B, and C), each comprising the
dimensions of 40 × 8 × 15 cm. Animals to be tested were
individually introduced in the middle of the apparatus, and
their tendency to discover all arms was evaluated for 5 min.31

Due to the inherent curiosity of rodents toward novel
surroundings, mice with remarkable cognitive abilities tend
to investigate novel and previously undiscovered arms of the
maze. By recalling previously visited arms, the sequence of
entries of animals in arms is altered, which is expressed as
spontaneous alternation (SAP) by calculating through the
following formula:

% SAP = (number of alterations)/(total entries in three
arms −2) × 100
2.6.5. Novel Object Recognition Test (NORT). This test

evaluates the cognitive ability of rodents by noticing their
capability to discriminate the novel object from familiarized
object. The test was completed in two phases, designated as
the acquisition phase and the testing phase. In the training
phase, the animals were made familiar with two familiar objects
for 5 min. Immediately after training, one previously
familiarized object was removed, and a new object was
introduced in the test arena. The animals were tested for
another 5 min to note their interaction with the new object to
calculate the discrimination index (DI), which if increased is
considered a sign of good remembrance.32

DI = T1− T2/ T1+ T2
where T1 is the time spent in exploring the novel object, and

T2 is the time spent in exploring the familiar object.
2.6.6. Passive Avoidance Test. In the passive avoidance test,

the capability of the test animals to avoid the compartment in
which shock or any stimulus was given is tested. Each animal

was introduced to the Gemini Passive avoidance system
divided into two chambers (each of 9.5 × 8 × 8 in), a light
chamber and a dark chamber interconnected through a
metallic door. The opening of this door and the shock
stimulus were controlled by software. The whole protocol
consists of 2 days comprising one training session and post-1-h
and post-24-h test sessions.33 During the training session,
animals were introduced to the light chamber and allowed to
acclimatize there for 30 s followed by opening the door to
allow animals to enter the dark chamber. The entry of animals
into the dark chamber was followed by the immediate closure
of the door, and a foot shock was given having an intensity of
0.5 mA, 50 Hz for 2 s. In the testing session, the memory
retention of animals was evaluated by placing them into the
light chamber, and their latency to step into the dark zone was
noted for 300 s after opening the door.
2.6.7. Morris Water Maze. The apparatus consisted of a 100

× 60 cm circular container virtually separated into four
quadrants (NW, SW, NE, and SE). Inside the Morris water
maze, various signs or cues of various geometric shapes and
colors were placed to provide navigational assistance to
animals to remember the location of the platform. Proximal
cues were displayed on the inner wall of the maze above the
water level, while distal cues were mounted on the stands
positioned around the maze. The duration of the test
comprised six consecutive days comprising 2 days for training,
3 days for testing, and 1 day for probe trial.34 During
acquisition days, the mice were trained to locate the visible
platform placed in the NE quadrant of the maze by giving four
trials in a day. The location of the rescue platform was
maintained during the subsequent 3 test days, but the platform
was disguised by adding a nontoxic murky substance (white
nontoxic poster paint), which masked the previously exposed
platform. In the probe trial, the platform was removed, animals
were permitted to explore the entire maze for 2 min, and
animal entries and duration of swimming in the NE quadrant
were noted to evaluate their long-term spatial memory.
2.6.8. Sucrose Preference Test (SPT). In this test, animals’

depression-like behavior was estimated by evaluating their
preference for sweetened water over plain drinking water. This
test was performed after the fasting period of approximately 24
h. After that, the animals were provided with two bottles
comprising tap water and 1% sucrose. Both bottles were kept
in the cage of animals for 24 h, and animals were allowed to
consume any of the two provided solutions.35 The % sucrose
preference was calculated as follows:

% Sucrose preference = (volume (mL) of 1% sucrose
consumed)/(volume (mL) of 1% sucrose consumed + volume
(mL) of plain water consumed) x 100.
2.7. Biochemical Analysis. In this study, from each

experimental group, animals (n = 6) were randomly chosen
and decapitated by cervical dislocation for dissection of whole
brains. After weighing the brains, they were homogenized in
0.1 M phosphate-buffered saline (PBS) at a 1:10 w/v ratio.36

The homogenized mixture was centrifuged for 10 min at a low
temperature of 4 °C at 12 000 rcf. After the centrifugation, the
supernatant was collected, and aliquots were stored at −20 °C.
2.7.1. Malondialdehyde Assay. Malondialdehyde (MDA) is

the marker of lipid peroxidation, and its elevated levels indicate
cellular damage. It has also been reported that epileptic
seizures induce the breakdown of phospholipids and
subsequently glycerol levels. The MDA content was quantified
by adding 100 μL of brain homogenate to the 1:1 mixture of
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trichloroacetic acid and thiobarbituric acid. Next, this whole
mixture was mixed and then boiled, cooled, and then
centrifuged at 3500 rpm for 10 min at 4 °C. The content of
MDA in cells was quantified by a microplate reader
(Spectramax 340 PC384 by Molecular Devices, CA, USA)
with reference to the wavelength of 532 nm. The MDA
content was expressed as nanomoles per milligram of brain
tissue.37

2.7.2. Catalase Assay. To 10 μL of brain homogenate, 50
μL of PBS (Ph 7.4) and 40 μL of two molar hydrogen peroxide
were added. After this step, this reaction mixture was incubated
in the oven for 90 min at 37 °C. After the incubation, 100 μL
of 5% potassium dichromate acetic acid was added. Further
incubation was done at 100 °C for 10 min. The standard and
blank were run simultaneously, absorbance was taken by a
microplate reader at 570 nm, and results were expressed in
μmol/min/mg of protein.35

2.7.3. Glutathione Peroxidase Assay. For the estimation of
glutathione peroxidase levels, 20 μL of brain homogenate was
mixed with 10 μL of hydrogen peroxide, 20 μL of glutathione,
10 μL of sodium azide, and 20 μL of PBS. Following mixing,
the mixture was further processed for 15 min and 40 μL of
TCA was added. After mixing all chemicals, centrifugation of
the reaction mixture was carried out at 1500 rpm for 15 min,
and 30 μL of dibasic sodium phosphate and 70 μL of DTNB
were added. A microplate reader was used to read the mixture
at a wavelength of 412 nm, and glutathione peroxidase content
was noted.18

2.7.4. Superoxide Dismutase Assay. SOD levels were
quantified by taking 50 μL of brain homogenate and mixed
with sodium bicarbonate (50 μL), EDTA (20 μL), and NBT
(40 μL). The reaction was initiated after the addition of HAC
(40 μL). As a result of this reaction, the insoluble formazan
dye was formed, indicated by the formation of a purple color.
After mixing all these chemicals, sample absorbance was taken
in a duplicate manner every 5 min up to 45 min by the
microplate reader38 at a wavelength of 570 nm. The content of
SOD in the brain tissue was expressed in milliunits per
milligram of protein.
2.8. Statistical Analysis. The GraphPad Prism version 8.0

software was used for statistical analysis of all experimental
outcomes. The seizure score was expressed as median range
and evaluated by repeated measure two-way ANOVA with the
Fisher’s LSD test. The behavioral data was tested for normality
by Shapiro-Wilk and Kolmogorov−Smirnov tests, followed by
parametric one-way ANOVA and the Dunnett’s test. Two-way
ANOVA with the Tukey’s test was used to evaluate latencies in
passive avoidance and Morris water maze tests. All behavioral
data were presented as mean ± SEM for n = 10 in behavioral
studies and n = 6 in biochemical analysis, and results were
considered significant when p < 0.05.

3. RESULTS
3.1. Effect of Brivaracetam and Perampanel Alone

and in Combination on Kindling Progression. The results
revealed a prominent change in seizure progression in terms of
seizure scores among differently treated animals [F (7,720) =
108.8; p < 0.0001]. In detail, most of the animals from the
kindled control group showed seizures with head nodding and
myoclonic jerking on the third PTZ injection (p < 0.0001),
which progressed to convulsions with rearing on the ninth
PTZ injection (p < 0.0001), as compared to healthy mice. The
seizure score continued to increase in kindled control mice,

and 80% of animals demonstrated the post-PTZ seizure
progression to rearing and falling on consecutive 3−4 PTZ
injections and were considered kindled (Figure 2A). The

diazepam at the dose of 1 mg/kg had significant effectivity in
protecting the animals from seizure development as 100% of
diazepam-treated animals remained seizure-free throughout the
kindling process.

Treatment of animals with only BRV (10 and 20 mg/kg)
provided dose-dependent protection from PTZ kindling as
BRV 10 was effective in delaying the development of seizures
of higher severity, and most of these animals demonstrated the
full-body mycolic seizures only until the seventh PTZ
injection. However, the results with BRV 20 were significant
after the third PTZ injection with p < 0.001, and these animals
were notably protected from seizure progression throughout
the kindling process (Figure 2B). However, on combining
BRV with PRP, the outcomes were significant at both doses,
and 100% of combination-treated mice showed protection
from generalized convulsions with rearing and falling (stages
4−5). Approximately 60% of BRV 10 + PRP 0.25 animals

Figure 2. Demonstration of the impact of brivaracetam (BRV) alone
and in combination with perampanel (PRP) on seizure severity during
PTZ kindling. After treatment with respective treatments every other
day and after 40−45 min, the animals were injected with a
subconvulsive dose of PTZ for 11 injections to develop the kindling
process in them. During post-PTZ 30 min, the animals were
behaviorally noted for seizure score, and the outcomes were evaluated
to express (A) comparison of healthy control and diazepam with
kindled control, (B) comparison of BRV 10, BRV 20, and PRP 0.25
with kindled control, and (C) comparison of BRV 10 + PRP 0.25 and
BRV 20 + PRP 0.25 with kindled control. The results were evaluated
using repeated measure two-way ANOVA with the Fisher’s LSD test.
All data values in graphs have been expressed as median ± range (n =
10/group), and p < 0.05 was considered statistically significant. ****p
< 0.0001 represents the significance between PTZ control and healthy
control, ####p < 0.0001 represents the significance between diazepam
and PTZ control, ap < 0.05, aap < 0.01, and aaaap < 0.0001 represent
the significance between BRV 10 and PTZ control, bbbp < 0.001, and
bbbbp < 0.0001 represent the significance between BRV 20 and PTZ
control, cp < 0.05, cccp < 0.001, and ccccp < 0.0001 represent the
significance between PRP 0.25 and PTZ control, ddddp < 0.0001
represents the significance between BRV 10 + PRP 0.25 and PTZ
control, and eeeep < 0.0001 represents the significance between BRV
20 + PRP 0.25 and PTZ control.
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maximally progressed to full body myoclonus (stage 3), while
70% of BRV 20 + PRP 0.25 animals presented with the post-
PTZ head nodding with partial myoclonus (stage 2) after 11
PTZ injections, as shown in Figure 2C.

Simultaneously, animals implanted with cortical electrodes
were electrographically monitored to understand the effect of
mono- and duotherapy on kindling-induced spiking activity in
the brain. On the 21st day of the study after the administration
of the 11th PTZ injection, the healthy animals had basal EEG
activity, while treatment with diazepam prevented PTZ-
induced epileptic spikes in the brains of animals (p <
0.0001), as presented in Figure 3A, B. The continuous
administration of PTZ in control mice led to the development
of kindling in the brains of the animals as they progressed into
seizures of higher severity validated through electrographic
changes as continuously appearing epileptic spikes progressed
into spike discharges (p < 0.0001), and these spikes had
significantly higher amplitude (p < 0.0001) as animals
progressed to generalized tonic−clonic seizures, as shown in
Figures 3C and 4. The animals treated with BRV 10 showed
unaffected electrographic activity, which was nonsignificantly
different in spike counts and frequency from kindled mice.

These electrographic events were reduced (p < 0.01) in BRV
20 animals, revealing that there was an overlap between the
behavioral manifestations and electrographic changes observed
in animals. However, the BRV at both doses affected the
amplitude of spikes as the average cyclic height of spikes was
notably less (p < 0.05). The prolonged administration of PRP
0.25 also protected the animals from frequent spikes (p <
0.01), and animals presented with intermittently occurring
spikes after a notable interspike interval. But the coadministra-
tion of BRV with PRP protected the animals from developing
seizures of higher severity, as evidenced from recorded EEG
where animals did not develop generalized convulsions, and
the electrographic activity remained significantly (p < 0.0001)
reduced epileptic spikes at both doses, in comparison to that in
kindled mice.
3.2. OFT. After 24 h of completion of the kindling process,

the mice were tested to examine the impact of prolonged
administration of BRV and PRP on animal locomotion by
evaluating their number of line crossings and distance traveled
in a square-shaped open arena. A significant intergroup
difference was present for a number of line crossings [F
(7,72) = 2.68; p = 0.015] and distance traveled [F (7,72) =

Figure 3. Quantification of post-PTZ EEG recorded for 30 min after the 11th PTZ injection to evaluate the (A) number of spikes, (B) frequency of
spikes, and (C) amplitude of spikes expressed in average cyclic height. All data values in graphs have been expressed as mean ± SEM (n = 4).
****p < 0.0001 represents the significance between PTZ control and healthy control, ####p < 0.0001 represents the significance between diazepam
and PTZ control, ap < 0.05 and aap < 0.01 represent the significance between BRV 10 and PTZ control, bp < 0.05 and bbp < 0.01 represent the
significance between BRV 20 and PTZ control, ccp < 0.01 represents the significance between PRP 0.25 and PTZ control,ddddp < 0.0001 represents
the significance between BRV 10 + PRP 0.25 and PTZ control, and eeeep < 0.0001 represents the significance between BRV 20 + PRP 0.25 and PTZ
control.
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2.75; p = 0.013]. In detail, the animals treated with diazepam
for a long duration had a significant reduction in line crossing
(p < 0.05) and distance traveled (p < 0.05). However, BRV at
10 and 20 mg/kg did not affect the locomotor activity of
animals, revealing that BRV in the dose range of 10−20 mg/kg
has no CNS suppressant effects in mice. However, animals
treated with PRP alone as well as with BRV + PRP
combination showed a notable reduction in line crossing (p
< 0.05) and distance traveled (p < 0.01), revealing the
prolonged administration of PRP at the dose of 0.25 mg/kg
might be exerting brain-suppressing effects in mice, as
presented in Figure 5A,B.

Moreover, the kindling process and test treatments caused
significant variations in central zone preference. The one-way
ANOVA showed this variation for the number of central zone
entries [F (7,72) = 22.38); p < 0.0001] and time in central
zone [F (7,72) = 35.94; p < 0.0001]. The kindled animals
showed anxiety-like behavior as compared to healthy controls
as they preferred the central arena of the maze significantly
less, and both observed parameters were statistically reduced in
these mice (p < 0.0001). In comparison to diseased mice,
treatment with BRV alone at both doses caused a significant
reduction in anxiety-like behavior in mice (p < 0.01). However,
when BRV was combined with PRP, the results were much
improved (p < 0.0001) as these animals visited the central
zone more frequently and spent more time in this zone (Figure
5C,D).
3.3. L/D Test. In the L/D box test, animals of differently

treated groups had a notable variation in their duration spent
in the exploration of the illuminated box [F (7,72) = 72.65; p <
0.0001] and dark box [F (7,72) = 76.87; p < 0.0001]. The
PTZ-kindled animals showed marked anxiety-like behavior and
spent significantly more time (p < 0.0001) in the safer and
innately preferred zone of the apparatus, as compared to
healthy mice. While animals treated with BRV 20 showed an
increased preference for illuminated compartment, with p <
0.01 in comparison with kindled group. Similarly, PRP at a
dose of 0.25 mg/kg worked effectively as the animal’s
preference for a lightened zone was significantly increased (p
< 0.05). However, the outcomes were more pronounced when
animals were treated with the combination of BRV and PRP as
these animals showed remarkably reduced anxiety as they
explored the illuminated zone for a significantly longer time in
a dose-dependent manner, i.e., p < 0.001 was noted for BRV 10
+ PRP 0.25 and p < 0.0001 was noted for BRV 20 + PRP 0.25,
in comparison with kindled mice, as shown in Figure 6A,B.
3.4. EPM. In this test, statistical evaluation of outcomes

showed a significant intergroup difference for % open-arm
entries [F (7,72) = 42.96); p < 0.0001] and % time spent there
[F (7,72) = 44.88); p < 0.0001]. In comparison to healthy
animals, the kindled mice demonstrated a significantly reduced
preference for the exposed zone of the maze as they visited the
open arms less frequently and spent less duration there (p <
0.0001). However, the prolonged administration of BRV 20
caused the animals to show less anxiety for open arms than
kindled mice, as deceptive from their amplified percentage of
visits (p < 0.01) and duration of exploration (p < 0.01).
Similarly, animals of the PRP 0.25 group had marked
improvement in open-arm entries (p < 0.001) and
demonstrated increased exploration of this anxiogenic zone
for a longer time (p < 0.05). In animals receiving a
combination of BRV and PRP, a remarkable rise in the %
open-arm entries was observed (p < 0.0001) (Figure 7A).
Moreover, BRV at both doses, when combined with PRP,
caused improvement in % duration spent in open arms with p
< 0.0001, in comparison to that in the kindled group (Figure
7B).
3.5. Y-Maze Test. A significant intergroup difference in

SAP was noted [F (7,72) = 19.57; p < 0.0001]. The kindled
control showed compromised remembrance capacity as they
poorly remembered the just-visited arm of the Y-shaped
apparatus and revisited already-explored arms significantly
more often (p < 0.0001) as compared to healthy mice. The
mice treated with BRV 20 and PRP 0.25 showed increased
memory retention as their SAP was markedly increased (p <

Figure 4. Representative tracings of EEG recorded in electrode-
implanted animals to depict the impact of given treatments on
kindling development after the 11th PTZ injection. The tracings
demonstrate that no change was noted in healthy animals while
kindled control animals were fully kindled, as validated by the post-
PTZ appearance of epileptic spikes followed by a gust of spike
discharges during generalized seizures of stages 4−5 with a
postseizure reduction in electrographic activity with subsequent
appearance of another discharge of epileptic spikes. In animals treated
with BRV 10, there was frequent spiking activity while the interspike
interval was increased when BRV dose was doubled to 20 mg/kg. PRP
0.25 was found effective in reducing spike frequency, but the
amplitude of spikes remained apparently unaffected by drug alone.
However, in animals administered with BRV + PRP, the effects were
enhanced as only fewer spikes appeared on the electroencephalogram,
and these spikes had very reduced amplitude in comparison to kindled
brains, revealing the significance of this combination in protection
from PTZ-induced kindling progression.
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0.05) than those of kindled mice. A remarkable improvement
in animal memory was noted in animals receiving BRV and
PRP combination. The animals treated with BRV 10 + PRP
0.25 had increased SAP with p < 0.01, and these results were
further upgraded in the group chronically administered with
BRV 20 + PRP 0.25 (p < 0.0001), as shown in Figure 8.
3.6. NORT. The animal’s intellect to recall and recognize

the novelty was evaluated in the test phase of NORT, and a
notable difference in the discrimination index was noted
among all groups [F (7,72) = 11.95; p < 0.0001]. When
outcomes were compared among healthy and kindled mice, the
kindled control group had reduced capability (p < 0.0001) to
retain the identity of familiarized object and spent time with
both objects undistinguishably. The treatment with BRV 20
and PRP 0.25 alone caused a significant increase in
discrimination with p < 0.05 and p < 0.01, respectively. But
this improvement in the animal’s capability to differentiate the
novel object from the familiarized one was conspicuously
improved by treating the mice with BRV and PRP
combination. The rise in the discrimination index was noted
as animals treated with BRV 10 + PRP 0.25 showed
improvement with p < 0.01, while BRV 20 + PRP 0.25 caused
more significant outcomes with p < 0.0001, as depicted in
Figure 9.

3.7. Passive Avoidance Test. The statistical evaluation
demonstrated a significant variation in step-through latencies
(Figure 10) among differently treated mice [F (7,144) = 147.9;
p < 0.0001]. In detail, mice receiving different treatments did
not vary for step-through latencies during the training phase. In
post 1-h test, the PTZ-kindled animals showed poorer
remembrance of the aversive stimuli zone as they stepped
into dark chamber notably earlier than healthy animals (p <
0.0001), revealing their compromised capability to remember
the aversive stimuli delivered an hour ago. The step-through
latencies noted in animals treated with BRV 20 showed that
these animals remembered the aversive stimuli zone as they
avoided the zone for a long time, which resulted in their longer
latencies to step into the dark compartment (p < 0.05).
However, treatment of mice with BRV 10 and PRP 0.25 alone
did not cause notable differences in step-through latencies in
comparison to those in kindled mice. But, when the BRV and
PRP were simultaneously administered, the outcomes were
significantly improved. When PRP was combined, BRV at both
doses (10 and 20 mg/kg) showed better memory retention as
the animals revealed longer step-through latencies in a dose-
dependent manner, i.e., p < 0.001 was noted with BRV 10 +
PRP 0.25, and p < 0.0001 was noted with BRV 20 + PRP 0.25.

Similarly, testing was done after 24 h of the training phase to
estimate the effect of test drugs on long-term remembrance

Figure 5. Impact of prolonged brivaracetam (BRV) and perampanel (PRP) administration on the general locomotor of mice was tested by
monitoring (A) the number of line crossings and (B) distance traveled. Furthermore, assessment of the impact of BRV alone and in combination
with PRP on animal’s anxiety in open-field test was estimated by observing (C) entries in center and (D) time in center. All data in graphs have
been presented as mean ± SEM (n = 10). *p < 0.05 and ****p < 0.0001 represent the significance between PTZ control and healthy control, #p <
0.05 and ####p < 0.0001 represent the significance between diazepam and PTZ control, ap < 0.05 and aap < 0.01 represent the significance between
BRV 10 and PTZ control, bbbbp < 0.0001 represents the significance between BRV 20 and PTZ control, cp < 0.05, ccp < 0.01, and cccp < 0.001
represent the significance between PRP 0.25 and PTZ control, dp < 0.05 and ddddp < 0.0001 represent the significance between BRV 10 + PRP 0.25
and PTZ control, and ep < 0.05 and eeeep < 0.0001 represent the significance between BRV 20 + PRP 0.25 and PTZ control.
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capability. As noted in the post 1-h test session, the kindled
mice displayed shorter step-through latencies (p < 0.0001),
showing that they did not remember the aversive stimuli, in
comparison to healthy mice. The BRV 20 and PRP 0.25
worked effectively in preventing the kindling-associated
memory deficit as these animals had longer step-through
latencies with p < 0.01 and p < 0.05, respectively. Moreover,
the mice treated with BRV and PRP combination had a

remarkable increase in step-through latencies (p < 0.0001),
revealing that this polypharmacy approach had possibly
protected them from seizure-induced neuronal injury and
postkindling cognitive impairment.
3.8. MWM. Significant intergroup differences were noted

for escape latencies in the first 5 days [F (7,288) = 29.30; p <
0.0001]. During the acquisition phase, the mice had training to
trace the position of the platform in the NE quadrant, and

Figure 6. Assessment of anxiolytic action of brivaracetam (BRV) alone and in combination with perampanel (PRP) on PTZ-kindled mice in the
light and dark test. The parameters observed were (A) time spent in the light zone and (B) time spent in the dark zone. All data in graphs have
been presented as mean ± SEM (n = 10). ****p < 0.0001 represents the significance between PTZ control and healthy control, ####p < 0.0001
represents the significance between diazepam and PTZ control, bbp < 0.01 represents the significance between BRV 20 and PTZ control, cp < 0.05
represents the significance between PRP 0.25 and PTZ control, dddp < 0.001 represents the significance between BRV 10 + PRP 0.25 and PTZ
control, and ep < 0.05 and eeeep < 0.0001 represent the significance between BRV 20 + PRP 0.25 and PTZ control.

Figure 7. Assessment of the anxiolytic action of brivaracetam (BRV) alone and in combination with perampanel (PRP) on PTZ-kindled mice in an
elevated plus maze test. The parameters observed were the (A) total number of entries in open arms and (B) % time spent by animals in open
arms. All data in the graphs have been presented as mean ± SEM (n = 10). ****p < 0.0001 represents the significance between PTZ control and
healthy control, ####p < 0.0001 represents the significance between diazepam and PTZ control, bbp < 0.01 represents the significance between BRV
20 and PTZ control, cp < 0.05 and cccp < 0.001 represent the significance between PRP 0.25 and PTZ control, ddddp < 0.0001 represents the
significance between BRV 10 + PRP 0.25 and PTZ control, and eeeep < 0.0001 represents the significance between BRV 20 + PRP 0.25 and PTZ
control.
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different cues mounted around the perimeter of the maze
helped the mice to navigate toward the platform. After the
acquisition phase of 2 days comprising four trials per day, the
PTZ-kindled animals were incapable of remembering the
location of the platform on test days, which was evident from
their longer escape latencies, in comparison to the healthy

control group [F (1,36) = 217.1; p < 0.0001], as presented in
Figure 11A. However, significantly reduced escape latencies
were noted in the animals administered with BRV 20 and PRP
0.25 mg/kg, which shows that both drugs worked when
administered alone effectively in protecting the animals from
PTZ-induced brain damage and cognitive insufficiency. The
BRV 20 animals had longer escape latencies on day 3 (p <
0.05), and the difference was more evident on day 5 (p <
0.001). However, BRV at the dose of 10 mg/kg did not
produce any significant outcomes, revealing that BRV alone at
this dose was not potent enough to protect the mice from
kindling-associated cognitive impairment (Figure 11B). How-
ever, when combined with PRP 0.25, BRV at both doses
caused a remarkable reduction in escape latencies. These
animals were comparatively quicker in locating the hidden
platform during test days, which was clearly portrayed by their
shorter escape latencies noted. On day 5, BRV 10 + PRP 0.25
group had significantly shorter escape latencies (p < 0.001),
and a dose-dependent improvement in outcomes was noted in
animals receiving BRV 20 + PRP 0.25 (p < 0.0001), as shown
in Figure 11C.

On the probe day, the animal’s ability to recall the location
of the rescue platform was estimated by allowing the animals to
swim the entire water maze, and their entries and time spent in
the target quadrant zone were estimated. The results of one-
way ANOVA elaborated significant differences among groups
for the number of entries in the target quadrant [F (7,72) =
33.00, p < 0.0001] and time spent there [F (7,72) = 27.28; p <
0.0001]. In detail, when compared with healthy mice, the

Figure 8. Impact of the combination of brivaracetam (BRV) alone
and in combination with perampanel (PRP) on animal learning and
memory in terms of SAP noted in Y-maze test. All data in the graph
have been presented as mean ± SEM (n = 10). ****p < 0.0001
represents the significance between PTZ control and healthy control,
####p < 0.0001 represents the significance between diazepam and PTZ
control, bp < 0.05 represents the significance between BRV 20 and
PTZ control, cp < 0.05 represents the significance between PRP 0.25
and PTZ control, ddp < 0.01 represents the significance between BRV
10 + PRP 0.25 and PTZ control, and eeeep < 0.0001 represents the
significance between BRV 20 + PRP 0.25 and PTZ control.

Figure 9. Impact of combination of brivaracetam (BRV) alone and in
combination with perampanel (PRP) on animal’s learning and
memory in terms of the discrimination index noted in novel object
recognition test. All data in the graph have been presented as mean ±
SEM (n = 10). ****p < 0.0001 represents the significance between
PTZ control and healthy control, ####p < 0.0001 represents the
significance between diazepam and PTZ control, bp < 0.05 represents
the significance between BRV 20 and PTZ control, ccp < 0.01
represents the significance between PRP 0.25 and PTZ control, ddp <
0.01 represents the significance between BRV 10 + PRP 0.25 and
PTZ control, and eeep < 0.001 represents the significance between
BRV 20 + PRP 0.25 and PTZ control.

Figure 10. Impact of combination of brivaracetam (BRV) alone and
in combination with perampanel (PRP) on step-through latencies in
the passive avoidance test. (A) Comparison of healthy control and
diazepam with kindled control, (B) comparison of BRV 10, BRV 20,
and PRP 0.25 with kindled control, and (C) comparison of BRV 10 +
PRP 0.25 and BRV 20 + PRP 0.25 with kindled control. All data in
the graphs have been presented as mean ± SEM (n = 10). ****p <
0.0001 represents the significance between PTZ control and healthy
control, ##p < 0.01 and ####p < 0.0001 represent the significance
between diazepam and PTZ control, bp < 0.05 and bbp < 0.01
represent the significance between BRV 20 and PTZ control, cp <
0.05 represents the significance between PRP 0.25 and PTZ control,
dp < 0.05 and ddp < 0.01 represent the significance between BRV 10 +
PRP 0.25 and PTZ control, and eeep < 0.001 and eeeep < 0.0001
represent the significance between BRV 20 + PRP 0.25 and PTZ
control.
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kindled mice remained thigmotaxic in the whole water maze
and entered the NE quadrant less frequently (p < 0.0001)
(Figure 12A) and swam in the target quadrant for a shorter
duration (p < 0.0001) (Figure 12B). However, BRV 20 and
PRP 0.25 animals showed improved memory retention, which
was depicted from their frequent visits of the target zone (p <
0.05) and more duration of swimming there (p < 0.01), as
compared to the kindled group. These outcomes were further
augmented in animals treated with the combination of BRV
and PRP. The animals treated with the combination of BRV 10
+ PRP 0.25 had significantly improved remembrance of the NE
zone, which was depicted by their frequent visits and
swimming duration (p < 0.01). Similarly, the animal’s
treatment with BRV 20 + PRP 0.25 caused further improve-
ment in memory retention as the swimming duration of these
animals in the NE zone was significantly increased (p < 0.001).
3.9. SPT. This test was performed to evaluate the

depression-like behavior in mice subject to PTZ-induced
epilepsy. Data were statistically analyzed by one-way ANOVA,
and a significant difference in sucrose preference was noted in
animals of all groups [F (7,72) = 41.00; p < 0.0001]. The
animals of the kindled group showed marked depression-like

behavior in comparison with the healthy control group (p <
0.0001). BRV and PRP alone were found significantly effective
in reducing depressive behavior as the animals of these groups
significantly consumed more sucrose with p < 0.001 and p <
0.05, respectively, in comparison to kindled control. However,
animals treated with the combination of both drugs had a
remarkable increase in preference for sucrose solution over
water (p < 0.0001), as shown in Figure 13.
3.10. Biochemical Assays. A significant difference in

MDA levels among kindled and treated groups was noted [F
(7,40) = 31.3; p < 0.0001]. The intermittently administered
subconvulsive doses of PTZ caused increased MDA levels in
the brains of kindled mice (p < 0.0001). The MDA levels were
significantly reduced in BRV 20 and PRP 0.25 animals (p <
0.05). However, the PTZ-induced lipid peroxidation was
remarkably prevented in animals treated with BRV and PRP
combination, and the MDA levels were dose dependently
affected as BRV 10 + PRP 0.25 animals had a significance of p
< 0.01, which was further increased to p < 0.0001 in mice of
the BRV 20 + PRP 0.25 group (Figure 14A).

The outcomes of one-way ANOVA showed a significant
intergroup difference for catalase [F (7,40) = 215.2; p <

Figure 11. Impact of the combination of brivaracetam (BRV) alone and in combination with perampanel (PRP) on escape latencies along with
representative track plots in the Morris water maze test. (A) Comparison of healthy control and diazepam with kindled control, (B) comparison of
BRV 10, BRV 20, and PRP 0.25 with kindled control, and (C) comparison of BRV 10 + PRP 0.25 and BRV 20 + PRP 0.25 with kindled control. All
data in the graphs have been presented as mean ± SEM (n = 10). ***p < 0.001 and ****p < 0.0001 represent the significance between PTZ
control and healthy control, ###p < 0.001 and ####p < 0.0001 represent the significance between diazepam and PTZ control, bp < 0.05, bbp < 0.01,
and bbbp < 0.001 represent the significance between BRV 20 and PTZ control, ccp < 0.01 represents the significance between PRP 0.25 and PTZ
control, ddp < 0.01 and dddp < 0.001 represent the significance between BRV 10 + PRP 0.25 and PTZ control, and eeep < 0.001 and eeeep < 0.0001
represent the significance between BRV 20 + PRP 0.25 and PTZ control.
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0.0001], SOD [F (7,40) = 26.11; p < 0.0001], and GPx [F
(7,40) = 72.38; p < 0.0001]. In comparison to healthy control,
the levels of these antioxidant enzymes were significantly
reduced in brains of kindled mice (p < 0.0001). BRV alone at a
dose of 10 mg/kg remained ineffective in kindling-induced

reduction in antioxidant enzyme levels. However, catalase and
GPx levels were significantly increased in animals receiving 20
mg/kg of BRV (p < 0.01) and 0.25 mg/kg of PRP (p < 0.05),
as shown in Figure 14B,C. Similarly, SOD levels were
increased in BRV 20 animals (p < 0.05) but PRP 0.25 did
not work significantly in protecting the brains of animals from
these kindling-associated deteriorative changes (Figure 14D).
When simultaneously administered, BRV and PRP combina-
tion yielded additive benefits, and dose-dependent protection
from oxidative stress was noted. The BRV 10 + PRP 0.25
treatment caused increased catalase (p < 0.001), GPx (p <
0.001), and SOD (p < 0.01) levels in comparison to the
kindled group. These outcomes were further improved in
animals receiving BRV 20 + PRP 0.25 for all evaluated
enzymes and catalase, GPx levels were notably higher (p <
0.0001), and SOD was also dose dependently elevated (p <
0.001).

4. DISCUSSION
Approximately 20−40% of epileptic patients become resistant
to monotherapy and continue to endure seizures even after an
initial improvement in the symptoms.39 The management of
refractory epilepsy becomes a challenge and neurologists tend
to prefer a polytherapy approach to overcome the drug
resistance.40 Brivaracetam is a rationally designed chemical
analog of levetiracetam with higher blood−brain barrier
permeability and affinity for SV2A protein, thus regulating
the neurotransmitter release.41 The current study evaluates the
impact of combining brivaracetam with a novel AMPA-
antagonizing antiseizure drug, perampanel, on seizure pro-
gression in the PTZ-induced kindling model. PTZ is a
chemoconvulsant that interrupts GABAergic neurotransmis-
sion, and its repetitive administration causes increased seizure
susceptibility in laboratory animals.42 In the present study, it

Figure 12. Impact of the combination of brivaracetam (BRV) alone and in combination with perampanel (PRP) on (A) entries in the NE quadrant
and (B) time spent in the NE quadrant on probe day in the Morris water maze test. All data in the graphs have been presented as mean ± SEM (n
= 10). ****p < 0.0001 represents the significance between PTZ control and healthy control, ####p < 0.0001 represents the significance between
diazepam and PTZ control, bp < 0.05 represents the significance between BRV 20 and PTZ control, cp < 0.05 and ccp < 0.01 represent the
significance between PRP 0.25 and PTZ control, ddp < 0.01 represents the significance between BRV 10 + PRP 0.25 and PTZ control, eep < 0.01
and eeep < 0.001 represent the significance between BRV 20 + PRP 0.25 and PTZ control.

Figure 13. Impact of the combination of brivaracetam (BRV) alone
and in combination with perampanel (PRP) on % sucrose preference
in the sucrose preference test. All data in the graph have been
presented as mean ± SEM (n = 10). ****p < 0.0001 represents the
significance between PTZ control and healthy control, ####p < 0.0001
represents the significance between diazepam and PTZ control, bbbp <
0.001 represents the significance between BRV 20 and PTZ control,
cp < 0.05 represents the significance between PRP 0.25 and PTZ
control, ddddp < 0.0001 represents the significance between BRV 10 +
PRP 0.25 and PTZ control, and eeeep < 0.0001 represents the
significance between BRV 20 + PRP 0.25 and PTZ control.
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was noted that animals pretreated with diazepam remained free
from behavioral progression to seizures of higher severity and
associated electrographic alterations. Diazepam belongs to
benzodiazepines and is known to reduce neuronal excitation by
increasing the binding of GABA with the GABA-A receptor,
leading to prolonged opening of associated chloride
channels.43 The present study evaluated brivaracetam and
perampanel as an alone and combination therapy against PTZ-
induced kindling. Brivaracetam works as SV2A ligand in the
brain, and SV2A glycoprotein plays a crucial role in the
regulation of neuronal transmission by regulating vesicle
fusion,44 while perampanel works as an AMPA antagonist.
The drugs when used alone worked less effectively in
preventing the seizures as compared to diazepam, and it
might be due to the mechanism of action of diazepam as it
directly prevents the GABA-antagonizing effects of PTZ. A
previous study by Faizi et al. reported the high effectivity of
diazepam against PTZ as the ED50 of diazepam was very low,
i.e., 0.96 mg/kg in mice exposed to a lethal dose of PTZ (100
mg/kg).45

The pretreatment of mice with brivaracetam alone at 10 mg/
kg caused a delay in initiation and progression to PTZ-induced
seizures to convulsions of higher severity, and the difference

was noteworthy after the ninth PTZ injection.46 However,
when the dose of brivaracetam was doubled to 20 mg/kg,
earlier protection from the kindling process was notable after
the fifth PTZ injection, but the EEGs recorded in electrode-
bearing mice demonstrated the frequently occurring spikes of
higher amplitude. These findings bridge with previous studies
reporting that brivaracetam at the dose of 20−40 mg/kg and
perampanel at the dose of 0.9−2.4 mg/kg suppressed DMCM-
induced postnatal seizures in developing rats.22 In another
study, animals pretreated with brivaracetam at the dose of 21.2
mg/kg resulted in significant protection from generalized
convulsions in the amygdala-kindling process.10 The literature
reports the significance of SV2A protein in seizure modulation
as SV2A knockout animals were noted to develop seizures of
higher severity, resulting in their death within 3 weeks. The
SV2A-GABA system has been associated with kindling
progression as Tokudome et al. reported that as SV2A protein
modulates GABA release47 and its dysfunction leads to
impaired release of synaptic GABA in the hippocampus,
leading to elevated susceptibility of rodents to PTZ kindling.48

Perampanel is a drug with a novel mechanism of action and
seems attractive for rational polypharmacy designs. In our
study, when brivaracetam was combined with perampanel, the

Figure 14. Impact of brivaracetam alone and in combination with perampanel on neurochemical analysis on isolated brain samples. (A)
malondialdehyde, (B) catalase, (C) superoxide dismutase, and (D) glutathione peroxidase. All data in the graphs have been presented as mean ±
SEM (n = 6). ****p < 0.0001 represents the significance between PTZ control and healthy control, ####p < 0.0001 represents the significance
between diazepam and PTZ control, bp < 0.05 and bbp < 0.01 represent the significance between BRV 20 and PTZ control, cp < 0.05 and ccp < 0.01
represent the significance between PRP 0.25 and PTZ control, ddp < 0.01 and dddp < 0.001 represent the significance between BRV 10 + PRP 0.25
and PTZ control, and eeep < 0.001 and eeeep < 0.0001 represent the significance between BRV 20 + PRP 0.25 and PTZ control.
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mice remained completely protected from kindling-induced
full-bloom generalized seizures, and their simultaneous EEGs
validated that epileptic spikes were significantly less severe in
terms of both frequency and amplitude. The findings reveal
that this multitarget drug combination might be contributing
synergistically to modify the seizure progression during
kindling process through their diverse mechanism of action
targeting SV2A protein and AMPA receptor to modify
neurotransmitter release, neuronal excitation, and seizure
severity.

Moreover, the locomotor parameters noted in OFT depicted
that brivaracetam at the dose of 10−20 mg/kg has no
behavioral adverse impact as no sedative effects were noted in
animals. A review on the behavioral impact of brivaracetam
treatment has reported that its use has less association with
adverse behavioral changes in rodents.49 Moreover, the
outcomes of randomized blinded trials also showed that the
risk of adverse psychiatric events was lower than 8% after
brivaracetam treatment.44

Epilepsy has been associated with comorbid neurological
conditions including anxiety and depression during the course
of the disease.50 In this study, the impact of brivaracetam in
combination with perampanel showed promising protection
from kindling-associated anxiety and depression-like behaviors
as these animals were more exploratory and fearless toward
open, bright, and exposed areas of experimental mazes and
preferred sucrose over tap water. Among various behavioral
discrepancies following the kindling process, cognitive impair-
ment has been frequently reported.51 It is extensively believed
that epileptiform activity occurring during the kindling process
causes hippocampal damage, which is accompanied by
memory impairment.52 The currently used polytherapy
concept protected the mice from kindling and protected
their brains from pathophysiological changes associated with
reminiscence impairment. The simultaneous and prolonged
administration of brivaracetam and perampanel might protect
from memory dysfunction by reducing PTZ-mediated epileptic
discharges, neuronal excitotoxicity, and oxidative stress. These
findings are supported by Nygaard et al., who revealed that
chronically administered brivaracetam reversed spatial memory
impairment in transgenic mouse model of AD.53 The exact
mechanism behind how SV2A modulators regulate cognition is
unclear, but a study identifies that SV2A proteins are capable
of transporting galactose into the cell, which plays crucially in
regulating neuronal physiology and synaptic plasticity, which
are important for learning and memory.54

The neuronal hyperexcitability during PTZ kindling results
in disturbed excitatory−inhibitory pathways that contribute
toward elevated brain oxidative stress.55 In our study, the
kindling process was associated with increased oxidative stress,
which was evident from reduced levels of endogenously
present antioxidant enzymes in the brain. These findings are
strengthened by previous studies associating kindling-mediated
neuronal excitation with elevated oxidative stress.35,56 The
brivaracetam and perampanel combination exerted neuro-
protective effects as the kindling-induced deteriorative changes
in antioxidant enzymes were ameliorated in a dose-dependent
manner.

Brivaracetam, being the novel SV2A modulator, has very
limited literature available regarding preclinical studies on
epilepsy-associated neurobehavioral impairments. However,
the outcomes of this study provide the beneficial dose-
dependent antikindling potential of brivaracetam, which was

further improved when it was combined with perampanel.
Though the data presented in this study provide a rationale for
the evaluation of brivaracetam and perampanel combination in
the future in other experimental epilepsy models, it is difficult
to obtain any clinical conclusion from this preclinical study
unless similarly designed studies are carried out in the future.

5. CONCLUSION
The outcomes of the present study support that brivaracetam
in combination with perampanel provided extraordinary
protection against experimentally induced kindled brains and
associated neurobehavioral impairments. The outcomes might
be attributed to the synergistic contribution of distinctly
working drugs in combating seizure onset and progression.
The combination also protected the mice from kindling-
associated neurobehavioral impairments including anxiety,
cognitive deficit, and depression, which might be attributed
to potential of both drugs to reduce the kindling-induced
neuronal damage by mitigating the brain oxidative stress.
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