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Introduction: Geraniol (Ger), a monoterpene, is a common constituent of several essential oils. This study explored the antic-
onvulsant effect of Ger in-vitro using nerve growth factor (NGF) prompted PC12 cell injured by Glutamate (Glu) and in-vivo using
Pentylenetetrazole (PTZ)-induced kindling through the GABAergic pathway.

Materials: To assess the effect of Ger on NGF prompted PC12 cells injured by Glu, Ger at concentrations of 25, 50, 100, 200 and 400 pg/
mL was used. GABA, 5-HT, IL-1B, IL-4, and TNF-a levels and the gene expressions of GABAA-Ral, NMDAR1, GAD 65, GAD 67, GAT
1 and GAT 3 were measured in NGF-induced PC12 cells treated with Ger (100, and 200 pg/mL). Mice were randomly separated into five
groups. Normal and PTZ groups in which mice were injected with saline or PTZ, respectively. PTZ + Ger 100, PTZ + Ger 200 and PTZ + SV
groups in which mice orally administered Ger or sodium valproate (SV), respectively, then injected with PTZ.

Results: Ger up to 400 pg/mL did not display any toxicity or injury in PC12 cells. Ger (100 to 200 pg/mL) reduced the injury induced
by Glu, increased the gene expression of GABAA-Ral, GAD65 and GAD67 and decreased GAT 1, GAT 3 and NMDARI1 expression
in NGF-induced PC12 cells damaged by Glu. Ger (100 to 200 pg/mL) increased GABA and reduced TNF-a, IL-4 and IL-1 levels in
NGF-induced PC12 cells injured by Glu. As for the in-vivo results, Ger increased GABA, GAD, GAT 1 and 3 and lowered GABA
T. Ger mitigated MDA, NO, IL-1p, IL-6, TNF-a and IFN-y, GFAP, caspase-3, and —9 levels and Bax gene expression and escalated
GSH, SOD, catalase, BDNF and Bcl2 gene expression.

Conclusion: Ger reduced the oxidative stress status, neuroinflammation and apoptosis and activated GABAergic neurotransmission,
which might clarify its anticonvulsant. Ger protects animals against PTZ prompted kindling as established by the enhancement in short
term as well as long-term memory. Ger mitigated the injury induced by Glu in NGF prompted PC12 cell.
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Introduction

Geraniol (Ger) is a common ingredient of numerous essential oils such as ninde oil, rose oil, palmarosa oil and citronella
oil." Ger has a distinguished rose-like odour and taste and is thus extensively utilised as a fragrance material in cosmetic
and household products.” Pavan et al® performed a study to identify Ger’s pharmacokinetics and bioavailability and
concluded that Ger has high bioavailability and is able to permeate the central nervous system following its oral
administration, reaching detectable amounts in the Cerebrospinal fluid (CSF). Ger exhibits various pharmacological
properties including antimicrobial,* anti-oxidant, anticancer, anti-inflammatory’ proposing this monoterpene alcohol as
a promising drug candidate. Ger exhibited neuroprotective effects in diverse neurological conditions including spinal
cord injury (SCI).® Also, Ger improves functional outcomes in cerebral ischemia/reperfusion (I/R),” diminished the
neuropathic pain after spinal cord injury (SCI)° and attenuated behavioral and neurochemical impairments in animals
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exposed single-prolonged-stress (SPS) provoked post-traumatic disorder (PTSD).® Also, Ger exerted an antidepressant
action in chronic unpredictable mild stress (CUMS),” protected against rotenone-induced PD.'°

Epilepsy, a common neurological disorder, is a recurrent seizure caused by an abnormal discharge of cerebral
neurons. At present, the existing antiepileptic medications have inadequate efficiency and are associated with several
their adverse effects that limit their use. Thus, a key objective in epilepsy investigation is to identify new medications
with greater efficacy as well as fewer toxicities.'' The disproportion between excitatory neurotransmitters (Glutamate
(Glu)) and inhibitory neurotransmitters (y-aminobutyric acid (GABA)) is a leading element in epilepsy. Multiple studies
demonstrated the enhancement of endogenous GABA signaling as well as exogenous GABA delivered to the brain,'*'?
which could regulate and restore the excitation/inhibition imbalance to prevent seizures in the epileptic brain.'*

GABA signaling includes GABA receptors, glutamic acid decarboxylase (GADs) and GABA-transporters (GATs)
mainly. Stimulation of GABA receptor leads to the opening of Cl channel, causing Cl— current to enter rapidly, leading to
the hyperpolarization consequently preventing the over discharge. GABA receptors are allocated into GABAA, GABAB
and GABAC, from which GABAA is utmost closely correlated to epilepsy.'> GADs, motivate synthesize of GABA, are
encoded by two genes, GAD2 (GAD 65) and GAD1 (GAD 67).'® GATs specifically, GAT 1 and GAT 3 are expressed in
nerve terminals and glia to remove GABA from the synaptic cleft.”

PTZ is regularly utilized to identify the neurobiology associated with epilepsy as well as to estimate the efficiency of
novel treatments. Additionally, PC12 cells (pheochromocytoma cells) are generally considered as an in-vitro model for
neurological diseases, including epilepsy.'® PC12 neuron-like cells promoted by nerve growth factor (NGF), which
promote neuronal differentiation, and regeneration, are frequently used for examining nerve cell differentiation.'® Glu
mediates excitatory neurotransmission and is involved in neural development and synaptic plasticity.*® Therefore, NGF-
induced PC12 cells injured by Glu were chosen to explore neurological conditions in-vitro, such as epilepsy.'®
NMDARI, Glu receptor, is closely correlated with epilepsy, and over stimulation of NMDAR receptor is associated
with epilepsy pathogenesis.

The current study explored the anticonvulsant effect of Ger in-vitro using NGF-prompted PC12 cell injured by Glu
and in-vivo using PTZ-induced seizures in mice through considering the GABAergic pathway.

Materials and Methods

In-vitro Studies

Cell Culture

Pheochromocytoma-derived PC12 cells were provided by the cell culture unit of Holding Company for Biological
Products and Vaccines (VACSERA), Egypt and maintained in RPMI medium mented with 5% horse serum, 5% FBS and
1% penicillin/streptomycin. PC12 cells were incubated at 37 °C in 5% CO2 atmosphere. PC12 cells were treated with 50
ng/mL of NGF for 48 h for cell differentiation.”’ NGF-induced PC12 cells without both Ger and Glu were considered as
normal cells, whereas NG provoked PC12 cells injured by Glu (20 mmol/L) were considered as model cells.

Cell viability assay

To estimate Geraniol (Ger) alone action on cell viability, Ger at different concentrations including 25, 50, 100, 200, and
400 pg/mL were added to cells, which were inoculated in 96-well plates for 24 h, and cultured at 37 °C for 24 h in 5%
CO2. Subsequently, ten pL of CCK-8 solution were introduced to each well and maintained at 37 °C for 1 h then the
absorbance was assessed at 450 nm.

To assess the effect of Ger on NGF prompted PC12 cells injured by Glu viabilities, Ger at concentrations of 25, 50,
100, 200 and 400 pg/mL for were added and cultured at 24 h at 37 °C. Subsequently, subjected to Glu (20 mmol/L) for
another day to establish injure based upon the preliminary studies and previous studies.”? Then, ten pL of CCK-8
solution were added and maintained at 37 °C for 1 h followed by measuring the absorbance at 450 nm.

Assessment of GABA, 5-hydroxytryptamine receptors or serotonin (5-HT), interleukin-1 beta (IL-1p), interleukin-4
(IL-4), and Tumor necrosis factor (TNF-a)) content in PC12 Cells.
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Table 1 The Sequence of Primers Used

Gene Forward Reverse

GABAA-Ral | CGCTCAGTGGTTGTGGCAGAAGATGG | GTCACGGTCAGAACGGTCGTCACTCC
NMDARI GGCACACAGGAGCGGGTAAACAACAG | AAGCGGTCCAGCAGGTACAGCATCA
GAD 67 GTGCTGCTCCAGTGTTCTGCCATCC AATCCCACAGTGCCCTTTGCTTTCCA
GAD 65 CAAGTGGAAGCTGAACGGTGTGGAGA | TCTGACCAGGAGAGCCGAACATTGC
GAT | TTGGCTGGCGGGCGTGTTTCTCTTCA TGCGGCTGCTCAGGACCATTCTCA
GAT 3 GGTGCTGGCTCATGGCTCTGTCCT AAGTGCGTCTCCTTCTCTGTGATGGC
B-actin GAAGATCAAGATCATTGCTCC TACTCCTGCTTGCTGATCCA

NGF-induced PC12 cells were inoculated for 24 h, then Ger (100, and 200 pg/mL) was introduced and cultured for
another day followed by Glu, which was cultured for 24 h. The media were collected, centrifuged, and kept at 80 °C.
GABA, 5-HT, IL-1p, IL-4, and TNF-a levels were measured by ELISA kits.

Quantitative Chain Real-Time Polymerase Reaction (RT-PCR) Assay

Total RNA of the NGF-induced PC12 cells was extracted following the producer’s directions. Two pg RNA was
reversely transcribed into cDNA using the Revert Aid First Strand cDNA Synthesis Kit. RT-PCR was performed
using an ABI Step OnePlus System. The sequence of primers used is shown in Table 1. The gene expressions of
GABAA-Ral, NMDARI1, GAD 65, GAD 67, GAT 1 and GAT 3 were standardized to B-actin and analyzed by using
2744CT method.

In-vivo Studies: PTZ Prompted Kindling Model

Animals Attaining and Ethics Permission

Male Swiss albino mice (25 to 35 g) were secured from the Animal Research Centre, King Saud University, Riyadh,
KSA and were continued with standard food and water in ventilated cages throughout the experiment. The Institutional
Animal Care and Use Committee of King Faisal University endorsed the study procedure (KFU-REC-2024-JUN-
ETHICS1883).

Experimental Plan

Forty Mice were haphazardly clustered into five groups (n = 8). Normal group in which mice were given saline (0.9%).
PTZ group in which mice administered PTZ (35 mg/kg,14 ip injections, every other day). PTZ + Ger 100, PTZ + Ger 200
and PTZ + SV groups in which mice were administered Ger (100 and 200 mg/kg)® and sodium valproate (SV, 300 mg/
kg) orally, respectively, and injected with PTZ.** Mice were monitored for half an hour after PTZ injection to evaluate
the seizure following Racine score.”* Mice displayed with stage 5 seizures on two continual PTZ doses were assumed to
be entirely kindled and used in the behavioral tests as illustrated in Figure 1.

Behavioral Assessments

Passive Avoidance (Step-Through)

Two-compartment avoidance device was used. The sessions occurred after 1 and 24 h of animals training to evaluate the
animals short-term as well as long-term memory.>> On the behavioral test first day, animals were positioned in the white
start compartment. After 5 second, the sliding door was raised to allow mice to go into the darkened chamber. Then, the
door was closed for 20s, and the mice were kept there for habituation. After 30 minutes, the acquisition trial was
conducted. Each mice was located in the light partition; after 5 s, the door was opened. As soon as the animal entered the
dark chamber, the door was locked, and the foot shock (0.5 mA for 2 s) was provided. After twenty second, the mice
were located in a temporary cage for attainment training. This test was recurred after two minutes. Mice had a foot shock
each time it walked into the dark compartment with all its four paws. When the animal was kept in the light room for two
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Figure | Experimental design for chronic administration of PTZ experiment.

minutes sequentially, the learning training was completed. All the animals learned the task with 2 maximum trials in the
control group. On the second day, long-term memory was evaluated by a recovery test. Each mice was positioned in the
illuminated compartment for twenty second, subsequently the door was opened, and the step-through latency was
documented (up to 400 s) with no electric shocks were delivered to mice throughout that time. Mice suffering
from cognitive deficits tends to enter the aversive stimuli zone.

Y-Maze Test

Y-maze test appraised the spatial short-term memory in PTZ tested animals as mentioned before?® in which arms entries
no and the unplanned fluctuations were calculated. The device comprised three identical arms (A, B, C) arranged at 120°
angles to form a Y-shape. On the last day of the study, 1 hour after different treatment administrations, mice were
positioned separately in one of the three starting arms for 8 min for exploration. The number of arms entries and the
spontaneous alternations were assessed. Spontancous alternation is the repeated entrance into the 3 different Y-maze arms
in any sequence. The spontancous alternation percentage was assessed following this equation:
% Spontaneous Alternation = [(Number of alternations)/(Total arms entries — 2)]x 100.%°

Novel Entity Recognition

Novel object recognition was applied to appraise mice’s recognition memory as stated before.?” This test was accom-
plished using an open field with 40 cm length x 40 cm width X 25 cm high. The day before the last day of the experiment,
mice were placed separately in the open field arena for five minutes for place familiarization. After 1 h of the last PTZ
dose and for two days, both the acquisition and retention phases were performed. In the retention part, two identical
objects (A and A) were offered to each mice for five minutes as an exploration session. Exploration is considered when
the animal touches the object or point its nose less than 2 cm towards the object. On the subsequent day, one of the
objects that was displayed throughout the acquisition phase was exchanged into a new entity (B) and each mice was
permitted to inspect the two items (A+B) for five minutes as the day before. The time needed by each animal to recognize
entity A or entity B was noted as tA and tB, respectively. Lastly, discrimination index (DI) was examined
DI = (tB — tA)/(tB + tA).

Open Field Test

Animals were located in the open field test (dimension: 40 cm length x 40 cm width x 45 c¢cm high; divided into 16
smaller squares of equal (10 cm x 10 cm)) to assess the exploratory behavior, motor coordination, and locomotor
ability.”® One-hour subsequent to the novel object recognition test, animals were submitted to the open field test. The
number of lines crossed, rearing, grooming, and the time consumed in the center were documented.
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Rotarod Test

The motor coordination was estimated via the rotating rod to conclude the neuroprotective actions of Ger in PTZ
administered animals as stated before.?’ One hour after the open field test, each mice was placed on the rotating bar of the
rotarod apparatus with a speed of 16 revolutions/minutes for 60 second to evaluate animal stability, which indicates the
motor coordination of mice.

Biochemical Evaluations
Subsequent to the behavioral investigations, animals were sacrificed to separate the brains, which were washed with
saline. Prefrontal cortex and hippocampus regions were obtained.

Hippocampal Histopathology

Four um hippocampal sections were obtained and stained by hematoxylin and eosin (H&E). Hippocampal sections were
randomly chosen, photographed, appraised. The morphological changes in the neurons, such as cytoplasmic vacuolation,
nuclear chromatin clumping, condensed cytoplasm, and fragmentation of cells, were examined by an independent
pathologist to clarify the neuronal damage and scored as follows normal or no injury = 0; rare neuronal injury (< 5
clusters) = 1; occasional neuronal injury (5-15 clusters) = 2; frequent neuronal injury (> 15 clusters) = 3; diffused
neuronal injury = 4 as mentioned before.*°

Assessment of GABAergic Neurotransmitters
GABA content (ug/g of tissue),>’ GAD and y-aminobutyric acid transaminase (GABA-T) (both expressed as pg/min/mg
of tissue) were assessed within the cortex and hippocampus homogenates.

Assessment of Oxidative and Nitrosative Stresses and Lipid Peroxidation
Glutathione (GSH, Cat. No. ab239727) content (mol/g of tissue), Catalase (CAT, Cat. No. ab118184) (mmol H,O,/min/g
tissue) and superoxide dismutase (SOD, Cat. No. ab285309) activities and Malondialdehyde (MDA, Cat. No. ab238537)
level, stated as pumol/g of tissue, were assessed using the specified ELISA kits obtained from Abcam Co., Eugene,
OR, USA.

In addition, NO, which induces various harmful situations known as nitrosative stress, was assessed using the Griess
reagent.””

Assessment of Inflammatory Mediators

Tumor necrosis factor-alpha (TNF-a, Cat. No. ab46070), interleukin-1 (IL-1p, Cat. No. ab100768), interferon-gamma
(INF-y, Cat. No. ab239425), and interleukin-6 (IL-6, Cat. No. ab100772), were calculated consuming specific ELISA kits
attained from Abcam Co., USA.

Assessment of Glial Fibrillary Acidic Protein (GFAP) and Brain-Derived Neurotrophic Factor (BDNF)
GFAP (Cat. No. ab233621), brain astrocyte activation indicator, and BDNF (Cat. No. ab213899) were analyzed using
their relevant ELISA kits, which were secured from Abcam Co., USA.

Hippocampal mRNA Expression Using RT-PCR

The hippocampus obtained from different groups was instantly frozen and stored to be designed for total RNA extraction,
as mentioned before.’® The relative changes in gene expression were accomplished using the 2 - AACT method.>* The
primers used are as follows GAT-1 (NM_178703.4) F: 5’-GAAAGCTGTCTGATTCT GAGGTG-3’, R: 3’-
AGCAAACGAT GATGGAGTCCC-5’; GAT-3 (NM_172890.3) F: 5’- ATTATGTCT CCTGGCGGCCT3’, R: 3’-
AAAAGATCTGCGTCCCAGCG-5; Bcl-2 F: 5’-GTGGATGACTGAGTACC T =3, R: 5'-
CCAGGAGAAATCAAACAGAG -3’ Bax: F: 5- CTACAGGGTTTCATCCAG -3, R- 5- CCA
GTTCATCTCCAATTCG -3; B actin F: 5-ACGGCCAGGTCATCACTATTG-3’, R: 3’-CAAGAAGGAAG
GCTGGAAAAGA.
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Hippocampal Protein Expression by Western Blotting

Protein was separated via SDS PAGE and blotted onto PVDF membranes, which were blocked, washed with TBS,
incubated with the primary antibodies (1:2000 dilution) for 2 hours, followed by the secondary antibody (goat anti-rabbit
HRP-conjugated, 1:5.000 dilution). The chemiluminescence developed from the luminol reagent was detected with the
C-DiGit chemiluminescence scanner, and the band intensity was analyzed using the scanner software.

Assessment of Apoptotic Signaling
Caspase- 3 (Cat. No. ab39401 and caspase 9 (Cat. No. ab65608) were evaluated in hippocampus homogenates using

ELISA kits acquired from Abcam Co., USA.

Statistical Analysis

Numbers are revealed as mean + SD. Graph Pad software was utilized to perform one-way ANOVA then Tukey—Kramer
as a post hoc test for multiple comparisons using 0.05 level of probability as a significance level.

Results

In-vitro Outcomes

Outcome of Different Concentrations of Ger on NGF-Induced PCI2 Cells Viability

Ger at different concentrations up to 400 pg/mL did not display any toxicity or injury in PC12 cells as displayed in
Figure 2A. Ger diminished the injury induced by Glu from concentrations of 100 to 500 pg/mL, when compared to the
model cells (P < 0.001) indicating that Ger had a possible neuroprotective action against the Glu prompted damage in
NGF-induced PC12 cells (Figure 2B). In subsequent experiments, the current study focused on these two efficient doses
of Ger which are 100 and 200 pg/mL.

Influences of Ger on Gene Expressions of GABA Signaling Molecules in NGF Prompted PC12 Cells Damaged
by Glu

To scrutinize the shielding action of Ger on NGF prompted PC12 cells damaged by Glu, gene expressions of GABAA-
Ral, NMDARI1, GAD 65, GAT 1, GAT 3 and GAD 67 were identified. The model cells showed elevated gene
expressions of NMDARI, GAT 1, and GAT 3 as well as diminished GABAA-Ral, GAD 65 and GAD 67 expression
(P <0.001). On the other hand, Ger (100 and 200 pg/mL) considerably amplified GABAA-Ral, GAD65 and GAD67 and
decreased GAT 1, GAT 3 and NMDARI expressions relative to the model cells (Figure 2C-H).
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Figure 2 The outcome of Ger at different concentrations on the (A) normal cells viability (B) NGF-induced PCI2 cells injured by Glu (20 mmol/L) viability. Effects of Ger
(100 and 200 pg/mL) on the gene expressions of (C) GABAA-Ral, (D) NMDARI, (E) GAD 65, (F) GAD 67, (G) GAT | and (H) GAT 3 in NGF prompted PCI2 cells
damage by Glu. PCI12 cells (induced by 50 ng/mL NGF for 48 h) were treated with Ger (100 or 200 ug/mL) for 24 h, then Glu (20 mmol/L) for another 24 h. Normal cells
are NGF-induced PCI12 cells without Ger and Glu. *P<0.0219 vs normal cells “#P< 0.001 vs normal cells; **P< 0.0013 vs model cells; ***P< 0.001 vs model cells.
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Figure 3 Outcomes of Ger on (A) GABA, (B) 5-HT, (C) IL-1, (D) IL-4 and (E) TNF-a in model cells. PCI2 cells (induced by 50 ng/mL NGF for 48 h) were treated with
Ger (100 or 200 pg/mL) for 24 h, then Glu (20 mmol/L) for another 24 h. ##P<0.01 vs normal cells; ##P< 0.001 vs normal cells; **P< 0.001 vs model cells. Normal cells are
NGF prompted cells without Ger and Glu; Model cells are NGF prompted cells damaged by Glu (20 mmol/L).

Influences of Ger on GABA, 5-HT, IL-1B, IL-4 and TNF-a Levels in NGF Prompted PCI2 Cells Damaged by
Glu

As revealed in Figure 3, GABA and 5-HT levels were substantially declined (P < 0.001) in model cells. In Ger-treated
cells (100 and 200 pg/mL), GABA level was clearly amplified compared with the model cells. As for 5-HT, only Ger
(200 pg/mL) instigated significant elevation related to the model cells. IL-1p, IL-4 and TNF-a were augmented in model
cells, while Ger (100 and 200 pg/mL) considerably reduced them (P < 0001).

In vivo Results

Behavioral Assessments

Assessment of Ger Effects on PTZ Kindling-Induced Seizures

No seizures were witnessed in the control group. Kindling (score 5/5) was attained after repetitive PTZ injections (35 mg/
kg, 14 ip injections, every other day) showing Racine score of 5. Ger administration (100 or 200 mg/kg) with PTZ
injections suppressed the development of kindling considerably (P < 0.001) as established by the reduction in seizure

scores in correlation with the PTZ alone (Figure 4A).

Assessment of Ger Effects on Passive Avoidance and Y-Maze Tests

Repetitive seizures were associated with significant comorbidities, such as, learning and memory insufficiency. Kindling
prompted by PTZ (35 mg/kg, 14 ip injections, every other day) drastically declined memory retrieval, which can be
assessed by passive avoidance and Y maze tests. In passive avoidance tests, the latency to go in the dark room was
considerably reduced in full-kindled animals, whereas Ger administration improved the latency to enter the dark room
compared to the PTZ (P < 0.001) (Figure 4B). In the Y maze, kindling induction by PTZ considerably lessened the % of
spontaneous alternations, reaching 28.17+ 2.64% from 91.5 + 4.73% in the normal group. Ger and SV increased
spontaneous alternations percentage, reaching 38.98 + 4.45%, 51.18 £ 2.35%, and 61 + 2.56%, respectively, when
related with the PTZ, as illustrated in Figure 4C. Similarly, arms entries escalated from 11.81 + 1.85 in the PTZ
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Figure 4 The outcomes of Ger (100 and 200 mg/kg) and SV (300 mg/kg) administration in PTZ (35 mg/kg, 14 ip injections, every other day) kindled mice on different
behavioral assessments including (A) Racine seizures scale, (B) latency to enter the dark room, (C) % of spontaneous alternations, (D) number of arms entries, (E)
exploration time of the familiar object, (F) exploration time of the novel object (G) discrimination index, (H) rearing, (I) crossing, (J) grooming (K) center time and (L) time
on the rotating bar. Data are expressed as mean % SD (n=6); **P<0.001 compared to the normal group, *P<0.002 compared to the PTZ group, P<0.00| compared to the
PTZ group.
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administered animals to 24.73 £+ 2.52, 31.06 + 1.84, and 33.56 + 1.82 in mice administered Ger and SV, respectively
(Figure 4D). These outcomes suggest that Ger modified the memory impairments occurring in PTZ prompted kindling.

Assessment of Ger Effects in the Novel Object Recognition Test

PTZ amplified the exploration time of the familiar entity and diminished the exploration time of the novel entity as well
as DI, as presented in Figure 4E and F. On the other hand, Ger considerably lowered the exploration time of the familiar
entity and augmented the time of the novel entity and DI (Figure 4G).

Assessment of Ger Effects on the Open Field and the Rotarod Tests of PTZ-Kindled Animals

PTZ amplified the number of rearing and reduced the number of crossing and grooming and the center time in the open
field, as depicted in Figure 4H and K. Whereas Ger-administered mice showed lowered number of rearing as well as
increased number of crossings, grooming, and the center time in the open field. In addition, the period consumed on the
rotating bar was considerably diminished in the PTZ-administered animals. An effect that was inverted by Ger and SV
(Figure 4L).

Assessment of Ger Effects on the GABAergic Pathway

As GAD is one of the chief regulators in GABA synthesis and GAT-1 and GAT-3 are responsible for the regulation of
extracellular GABA levels.*® Therefore, in the current study, GABA, GAD and GABA T were evaluated in hippocampus
and cortex as well as GAT 1 and GAT 3 gene and protein expression were measured (Figure 5). In PTZ induced kindled
animals, GABA and GAD were suppressed reaching a reduction percentage of 61.30% and 64.13% for GABA and in
70% and 62.97% for GAD in both hippocampus and cortex, respectively, whereas GABA T was increased in both
hippocampus and cortex. These outcomes indicate that PTZ is associated with lowered GABA synthesis and availability
in synapse. On the contrary, Ger significantly restored GABA level and GAD activity and lowered GABA T in both
hippocampus and cortex as presented in Figure 5.
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Figure 5 The outcomes of Ger (100 and 200 mg/kg) and SV (300 mg/kg) administration in PTZ (35 mg/kg, 14 ip injections, every other day) kindled mice on GABAergic
pathway specifically (A and B) GABA, (C and D) GAD and (E and F) GABAT levels in the hippocampus and cortex respectively. Data are expressed as mean * SD (n=6);
### compared to normal group (P<0.001), ¥*Compared to PTZ group (P<0.001) using One-Way ANOVA tailed by Tukey's post hoc test.
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Additionally, PTZ induced kindled animals, GAT 1 and 3 gene and protein expression were suppressed, whereas Ger
significantly increased GAT 1 and 3 gene and protein expression as presented in Figure 6.

Assessment of Ger Effects on Oxidative/Nitrosative Stress and Lipid Peroxidation in PTZ-Kindled Animals
PTZ induced a considerable escalation in the MDA level. However, management with Ger (100 and 200 mg/kg) lessened
MDA when linked with PTZ-group (Figure 7A and B). Likewise, NO levels were extensively amplified in PTZ.
However, Ger (100 and 200 mg/kg) and SV exhibited a substantial reduction in NO, causing a % reduction of 22.6%,
51.78%, and 60% in the hippocampus and 20.65%, 42.63% and 57.8% in the cortex, respectively (Figure 7C and D).
Oral administration of Ger reversed the GSH insufficiency produced by PTZ, as illustrated in Figure 7E and F. PTZ
produced a % decline of 66.45% and 60.9% in GSH in hippocampus and cortex respectively. Whereas Ger (100 and
200mg) amplified GSH in the hippocampus and cortex, when compared to PTZ. In the same way, PTZ prompted a %
deficiency in the SOD and catalase activities in the hippocampus and cortex when compared with normal animals,
while Ger (100 and 200 mg/kg) augmented SOD catalase activities (Figure 7).
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Figure 6 The outcomes of Ger (100 and 200 mg/kg) and SV (300 mg/kg) administration in PTZ (35 mg/kg, 14 ip injections, every other day) kindled mice on GABAergic
pathway specifically on the gene and protein expression (A and B) GAT |, and (C and D) GAT 3 in the hippocampus. Data are expressed as mean % SD (n=6); ***compared
to normal group (P<0.001), **Compared to PTZ group (P<0.001) using One-Way ANOVA tailed by Tukey’s post hoc test.
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Figure 7 The outcomes of Ger (100 and 200 mg/kg) and SV (300 mg/kg) administration in PTZ (35 mg/kg, 14 ip injections, every other day) kindled mice on lipid
peroxidation and oxidative/nitrosative stress specifically on (A and B) MDA, (C and D) NO, (E and F) GSH, (G and H) SOD and (I and J) Catalase in the hippocampus and
cortex respectively. Data are expressed as mean % SD (n=6); “*Compared to normal group (P<0.001), *Compared to PTZ group (P<0.0002), ***Compared to PTZ group
(P<0.001) using One-Way ANOVA tailed by Tukey’s post hoc test.

Assessment of Ger Effects on Inflammatory Markers in PTZ-Kindled Animals

PTZ alone administered to mice experienced a boost in IL-18. However, Ger (100 and 200 mg/kg) exhibited an
attenuation in IL-1f, attaining a percentage decline of 12.70% and 32.3% in the hippocampus and 21.47% and
34.53% in the cortex, respectively (Figure 8). Whereas Ger (100 and 200 mg/kg) administration significantly lowered
IL-6 levels.

In the same way, TNF-a level was augmented by PTZ application alone when compared to the normal animals. PTZ
administered mice that were treated with Ger (100 and 200 mg/kg) exhibited a percentage decline of 20.49% and 36.92%
(P <0.001) in the hippocampus and 14.97%, and 37.53% (P <0.05) in cortex, respectively, when related with PTZ alone
group.

Alike, PTZ animals displayed an elevation in IFN-y in the hippocampus from 116.03 £ 7.67 pg/mL in normal group to
307.08 +11.9 pg/mL in PTZ given mice and in the cortex from 101.54 +8.57 pg/mL in normal animals to 281.75 + 8.46
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Figure 8 The outcomes of Ger (100 and 200 mg/kg) and SV (300 mg/kg) administration in PTZ (35 mg/kg, 14 ip injections, every other day) kindled mice on inflammatory
markers, specifically (A and B) IL- 1B, (C and D) IL-6, (E and F) IFN-y and (G and H)TNF-a levels in the hippocampus and cortex respectively. Data are expressed as mean
+ SD (n=6); " Compared to normal group. (P<0.001), ***Compared to PTZ group (P<0.001) using One-Way ANOVA tailed by Tukey's post hoc test.

pg/mL in the PTZ group. On the other hand, Ger (100 and 200 mg/kg) exhibited a percentage decline of 18.55% and
40.31% (P <0.001) in the hippocampus and 19.54%, and 39.56% (P <0.001) in cortex, respectively.

Assessment of Ger Effects on Brain Astrocytes and Microglia Biomarkers Levels in PTZ-Kindled Animals

GFAP and BDNF levels were presented in Figure 9A and B. PTZ- group exposed a noteworthy upsurge in GFAP levels,
indicating astrocyte triggering, and a diminishing in BDNF protein levels. On the contrary, Ger (100 and 200 mg/kg)
administration significantly lowered GFAP by 16.63% and 30.54%, respectively, and increased BDNF levels by 46.55%
and 86.02%, respectively, in the hippocampus.

Assessment of Ger Effects on Apoptotic Signaling Markers in PTZ-Kindled Animals

PTZ increased caspase-3 and —9 levels and Bax gene expression and diminished Bcl2 gene expression (Figure 9).
Alternatively, Ger (100 and 200 mg/kg) significantly reduced caspase-3 and —9 levels and Bax gene expression and
escalated Bcl2 gene expression.

Assessment of Ger Effects on Histopathological Alteration

The hippocampal CA1 region in PTZ kindling mice displayed fragmented, contracted, and pyknotic neurons comple-
mented with perineuronal edema, which presented apparent regular hippocampal layers. Ger-administered animals
exhibited inferior neural degenerative as well as intercellular edema with a decline in the scoring when compared to
the PTZ group (Figure 10).

Discussion
Several plant extracts that contain Ger were assessed for anticonvulsant activity such as Cymbopogon winterianus Jowitt
(Poaceae) leaf essential oil*® 1,%7

and Ocimum basilicum leaf essential oil,”" hydro-alcoholic extract of R. damascena and
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Figure 9 The outcomes of Ger (100 and 200 mg/kg) and SV (300 mg/kg) administration in PTZ (35 mg/kg, 14 ip injections, every other day) kindled mice on (A) GFAP and
(B) BDNF levels and on apoptotic markers specifically (C) caspase 3, (D) caspase 9, the gene expression of (E) BAX, and (F) Bcl2 levels in the hippocampus. Data are
expressed as mean % SD (n=6); **#Compared to normal group (P<0.001), ***Compared to PTZ group (P<0.001) using One-Way ANOVA tailed by Tukey’s post hoc test.

Cymbopogon citratus Stapf leaves essential oil and hydroalcoholic extract in zebra fish.*® However, robust is known
about the anticonvulsant effect of Ger alone. Therefore, the current study tried to scrutinize the antiepileptic effect of
Ger using both in-vitro via NGF-prompted PC12 cell injured by Glu and in-vivo models via PTZ-induced seizures in
mice through with regard to the GABAergic pathway.

The neuron-like PC12 cell is extensively utilized to develop neuroprotective agents and identify the underlying
molecular mechanisms.*® Ger reduced the injury induced by Glu, indicating that Ger had a possible defensive action in
Glu prompted injury in PC12 cells. The next step was to explore GABA signaling pathway. In brain tissues, the GABA
accessibility is synchronized by GABA synthesizing glutamate decarboxylases (GAD65 and GADG67) activity, the
GABA degrading GABA aminotransferase (GABAT), and the GABA transport proteins (GAT1-3 and BGT-1).*’ Loss-
of-function mutations in GABAAR genes are an essential mechanism in the pathophysiology of familial idiopathic
generalized epilepsy.*’ GABAAR a-subunit changes play a significant role in the process of epileptogenesis.*> GAT 1
and GAT 3, as GATs, are expressed in nerve terminals and glia to remove GABA from the synaptic cleft in the brain, and
lack of expression of GATs would enhance the ability of GABA to spread through the extracellular space.'” In PTZ-
induced kindling was associated with an upregulated gene expression of GAT-1 and GAT-3 indicating that PTZ might
affect GABA homeostasis by regulating the GABA transporters.”> GAD657" mice develop spontaneous seizures
associated with increased mortality,*® whereas GAD67 "~ mice showed a 93% reduction in GABA concentration in
the cerebral cortex.** Furthermore, clinical confirmations further showed that lowered GAD activity is associated with
several forms of epilepsy.*’

The results showed Ger (100 and 200 pg/mL) amplified the gene expressions of GABAA-Ral, GAD65 and GAD67
and decreased GAT 1, GAT 3 and NMDARI1 expression in NGF prompted PC12 cells damaged by Glu. Additionally,
GABA and 5-HT levels were increased in Ger-treated cells (100 and 200 pg/mL). These outcomes signify that Ger
escalates the GABA signaling pathway, which is a major inhibitory neurotransmitter.
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Figure 10 The action of Ger on the histopathological alteration of hippocampus stained with H&E stain showing the GL includes 4-6 cell layers (long arrow), PTZ showing
apparent reduction in the number of GL cell layers with swelling cells (long arrow) and dilated blood vessel (arrow head), Ger (100 and 200 mg/kg) and SV (300 mg/kg)
administration with PTZ revealed amendment in the hippocampus structure, with a noticeable increase in the number of GL cell layers and normally sized blood vessels, and
histopathological alteration scoring. “*Compared to normal group (P<0.001), ***Compared to PTZ group (P<0.001).

Regarding inflammatory mediators, TNF-a, IL-4 and IL-1fB contents were increased in NGF prompted PC12 cells
damaged by Glu whereas Ger reduced these inflammatory cytokines by demonstrating the anti-inflammatory effect.

The in-vitro outcomes achieved displayed that PTZ chronic administration caused a intense alteration of memory.
These effects are in line with preceding outcomes that disclosed that PTZ induced kindling in mice disturbs short-term as
well as long-term memory. The Y-maze and the novel object recognition task are extensively applied to recognize the
implication of diverse brain areas in cognitive abilities.>” The passive avoidance test estimates the capability of the
animal to learn and to maintain an associative rule.*® In the current study, Ger increased the percentage of spontaneous
alternations suggesting that it may protect mice from memory impairment. Also, Ger mitigated PTZ prompted spatial and
recognition memory deficiency signifying anti-amnesic effects of Ger in epileptic animals. Moreover, the outcomes of the
open field and rotarod tests propose that locomotion, exploratory behavior and motor coordination are enhanced
by Ger in PTZ kindled mice. Earlier studies showed that Ger abated SPS-induced locomotor and memory diminishing,
as well as behavioral despair in SPS-induced PTSD.® Also, Ger improved passive avoidance memory and hippocampal
synaptic plasticity deficits in Alzheimer’s disease*’ and enriched neuronal construction and spatial memory in
D-galactose (D-gal) generated cognitive diminishing.*®

In the current study, Ger diminished PTZ induced escalations in GABA-transaminase activity and reductions GABA,
GAD and GABA receptor in hippocampus and cortex. These effects advocate that Ger has anticonvulsant, antiepilepto-
genic, as well as anti-amnesic properties via affecting GABAergic pathway.

Formerly, Ger increased DA, 5-HT concentrations and GAD enzyme activity in SPS-induced PTSD.® Also, Ger
showed antipruritic abilities of on acute and chronic itch via modifying spinal GABA/GRPR signaling.*’ A prior study
investigated the neuroprotective actions of C. citratus essential oil and hydroalcoholic extract, as well as of its correlated
ingredients citral and geraniol in PTZ provoked seizures in zebrafish. The increase in the latency time for the first seizure,
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was reduced when zebrafish were pretreated with Flumazenil, signifying the contribution of GABAA receptor in the
anticonvulsant actions of Ger in zebrafish.*®

Oxidative stress is another contributor in the pathogenesis of seizures.’® The existing study exposed that PTZ
persuaded oxidative stress, manifested as provoked MDA and NO levels and reduced GSH level, and CAT and SOD
activities. Whereas Ger inhibited NO and lipid peroxidation as well as increased GSH level and CAT and SOD activities,
proposing that Ger protected brain cells against the destructive actions of reactive oxygen and nitrogen species.
Previous studies revealed that Ger exhibited antioxidant effects through which it exerted neuroprotective potential in
the cerebral I/R injury,” acrylamide,”" and cisplatin®* induced neurotoxicity. Furthermore, Ger efficiently amended aging-
related memory weakening through intensifying GSH, BDNF, Ach levels, and SOD activity in D-gal prompted cognitive
diminishing.*®

Another participant involved in the epilepsy pathophysiology is the neuroinflammatory response to epileptogenic
insults.”® PTZ-induced kindling triggered neuroinflammatory response causing an elevation in the brain cytokines.
Remarkably, Ger prevented the escalation in brain cytokines prompted by PTZ implying that Ger exerts anti-
inflammatory properties in epileptic mice. Previous reports revealed that Ger exhibited anti-inflammatory against
lipopolysaccharide (LPS) induced inflammation,>* carbon tetrachloride (CCl4) instigated in liver fibrosis,” trinitroben-
zene sulfonic acid (TNBS) induced colitis.’® As for neurological actions, Ger exhibited anti-inflammatory potential
against SPS-induced PTSD.® Prior studies revealed the molecular mechanisms of the potent anti-inflammatory effect of
Ger. For instance, Ger protected against traumatic SCI by downregulating the NF-kB and p38 MAPK pathways in SCI
rats.® A another study demonstrated that in Ox-LDL-stimulated HUVECs, Ger suppressed the nuclear translocation and
activity of NF-kB as well as phosphorylation of IkBa.”” Also, Ger effectively reduces the expression of COX-2, mPGES-
I (produces PGE2), PTGDS (produces PGD2) and MMP-1 expressions in complete Freund’s adjuvant (CFA)-induced
inflammatory arthritis (IA) in rats.

Both oxidative stress and neuroinflammatory are associated with apoptosis. In the current, Ger reduced caspase-3, and
—9 levels and Bax gene expression and escalated Bcl2 gene expression, indicating deterring PTZ associated apoptosis.
Similarly, Ger relieved LPS-induced acute lung damage via deterring lung inflammation and apoptosis.”® Also, Ger
defended against oxidative stress-induced apoptosis in liver I/R damage.”

In the existing study, SV was administered as a positive control in PTZ kindling-induced seizures. SV associated
antioxidant, anti-inflammatory, antiapoptotic, and neuronal damage-preventing effects in mice were due to its ability in
preventing seizures and subsequent lower neuronal damage and therefore lesser oxidative stress, inflammation and
apoptosis occurring in the animals’ brains. On the other hand, valproic acid alone can be used to induce brain damage®®~
% and autism-like symptoms in animals,®> °® and in zebra fish.®’

The limitations of the current study include the lack of pharmacokinetics and bioavailability experiments for Ger in
the CNS and the absence of cell death-specific assays such as TUNEL assay.

Conclusions

Outcomes of the existing study showed that Ger protects animals against PTZ prompted kindling as established by the
enhancement in short term as well as the long-term memory. Ger activated GABAergic neurotransmission, which might
elucidate its anticonvulsant effect. Furthermore, Ger reduced the oxidative stress and neuroinflammation in PTZ kindled animals.
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