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Abstract

Background and Purpose: Post-traumatic epilepsy is the confirmed progression of unprovoked seizures after head trauma in the

general population. This study was designed to control the devastating chronic consequences of post-traumatic epileptogenesis.

Experimental Approach: Cerebral trauma was experimentally induced in Wistar rats to challenge the seizure susceptibility for

futuristic PTE. The efficiency of Flufenamic acid, and fasudil hydrochloride, were assessed and compared with valproic acid

for abnormal neurobehavioural symptoms, biomolecular levels, and apoptotic changes through histopathology. Key Results:

Initial brain insult was successfully exacerbated the normal pathophysiology and neurobehavior changes in an experimental

model. The lowered seizure threshold confirmed the epileptogenesis progression when a jab of Pentylenetetrazol(35mg/kg),

gave the first successive seizure. Disrupted BBB permeability, neuronal infarction, and brain edema were found restored

to normal after the treatment when compared to disease controls. The altered levels of neurotransmitters, mitochondrial

complexes, cytoplasmic biomolecules/cytokines, different genes, and channel proteins were also restored to normal after 14-days

treatments. No seizures have been observed with the test dose of Pentylenetetrazol. We analyzed the histopathological changes

of hippocampus/cortex regions and found a significant decrease in the count of non-evident nucleoli, nuclear pyknosis, vascular

congestion, and perineural vacuolization in treatment groups compared to injury controls. Conclusion and Implications: All the

drugs greatly minimized the epileptogenesis cascade of futuristic PTE, confirms their neuroprotective capabilities. Flufenamic

acid was found more effective with many potential abilities to minimize epileptogenesis compared to fasudil hydrochloride but

its combination with valproic acid has much neuroprotection and efficacy.

INTRODUCTION

Traumatic brain injury is a global health concern. It is an unexpected diversified condition for most enerva-
tive consequences like post-traumatic epilepsy. TBI is the foremost reason for death worldwide and disability
in the youths, sportspersons, and army veterans. It has been estimated that nearly 69 million population
worldwide get brain insult annually(James et al., 2019; Maas et al., 2008) but in India, road traffic injuries
cost 60% of total TBI cases(Gururaj, 2008; Murray & Lopez, 1996). Brain trauma in the general popu-
lation, reports 20% of symptomatic epilepsy and 5% of all epilepsy(Immonen et al., 2019). Primary brain
insult confirms brain hemorrhage, an increase in intracranial pressure, and cellular swelling which results
in brain edema and blood-brain barrier damage. The cerebral bruises and tissue damage, complicate the
secondary cascade by exacerbating neuronal inflammation and mitochondrial ETC dysfunction(Chen et al.,
2021). Activated immune cells of inflamed sites initiate other catastrophic mechanisms by overproduction
of proteases, ROS/RNS, and NF-κβ that interfere with the expressions of different inflammatory markers
and pro-inflammatory cytokines(Shao et al., 2021). This pathophysiology counted for the progression of
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the epileptogenesis cascade which lowers down the seizure threshold of the injured brain and gives the first
post-traumatic successive seizure(Pitkänen et al., 2007).

Fluid Percussion Injury and Cortical Compact Injury studies were performed on mice models of brain trauma
and they have detected increased seizure susceptibility for sub convulsive doses of pentylenetetrazole (i.e.
non-convulsant at 35mg/kg)(Mukherjee et al., 2013). Disturbed Na+ and Ca2+ influx through Transient
Receptor Potential Melastatin-2 (TRPM2) channels prop up membrane depolarization, induce production of
prostaglandins, disrupt the mitochondrial and endoplasmic reticulum functions which further led to enhance
the intracellular Ca2+ through TRPM2 channels(Perraud et al., 2001). Rho signaling pathway was found
highly activated in brain injuries due to inflammation and injury in the neuronal cytoskeleton(Brabeck et al.,
2004). Inflammatory markers like TNF-α and glutamate also contribute to early cell death following TBI, by
activating Rho kinases i.e. Rho-associated Protein Kinase (ROCK2)(Neumann et al., 2002). An experimental
rat model of weight drop injury produces a diffuse type of injury by mimicking clinical complication and its
complex pathophysiology provide post-traumatic complications(Chandel et al., 2016; Ye Xiong et al., 2013).

FDA-approved anti-seizure therapies include Valproic Acid, carbamazepine, lamotrigine, phenytoin but we
still lack anti-epileptogenic therapy(Romoli et al., 2018). It was investigated that valproic acid influences rat
hippocampus for the levels of glutamate and GABA transporter proteins during epileptogenesis(Ueda & Will-
more, 2000). Flufenamic Acid belongs to the fenamate class of Non-Steroidal Anti-Inflammatory Drug, COX
enzyme inhibition, and TRPM2 channel blocker which was found neuroprotective in in-vitrostudies(Khansari
& Coyne, 2012). Fasudil Hydrochloride is a selective ROCK2 inhibitor that induces neuroprotection in-
vitro and also a specific inhibitor of NF-κB and protects against axonal degeneration and neuronal apopto-
sis(Fujimura et al., 2011; Xiao et al., 2014). The altered TBI pathophysiology is described in figure-1.

So, this study hypothesized that the recruitment of Ca2+ antagonists, TRPM2 channel blockers, and ROCK2
inhibitors might be effective for the initiation of neuroprotective responses after initial brain insult to stop or
minimize the activated TBI associated epileptogenesis consequences. Hence this study was aimed to explore
the in-vivo effects, efficacy, and potential of flufenamic acid and fasudil hydrochloride for the treatment of
TBI induced epileptogenesis in experimental weight drop injury model of TBI.

MATERIAL AND METHODS

Adult Wistar rats were procured from Institutional Advanced Small Animal Facility PGIMER, Chandigarh,
India. The necessary approvals were collected before experimental studies. All the experimental animals
were accommodated in the groups of 2/3 under standard polypropylene cages under controlled hygienic
environmental conditions and had proper access to food and waterad libitum at temperature 23 ± 4ºC
under a 12-hour light-dark cycle throughout the experiment.

Experimental Design and Statistical Analysis:

TBI Model Standardization by Marmarou’s weight-drop method: TBI instrument was designed
with essential modifications to stabilize the actual energy impact for model standardization which included
6 subgroups of Wistar rats (150-450gm). The standardization was done by calculating the difference in the
impact of injury concerning the adjustments of height and the weight falls. The impact of freefalling brass
weights was correlated with by physical formula of Impact force and the reading of the impactometer. The
rats were anesthetized withketamine and xylazine (i.e. 100mg/kg and 10mg/kg) before inducing the diffuse
type injury by Marmarou’s weight drop method on Day0. The injury progression and neurobehavioural tests
were assessed on Day0, Day1, Day3, Day7, and Day14. The treatment experiments were continued with the
selected group having a lower seizure threshold and less mortality after TBI.

Epileptogenesis confirmation for Post-traumatic epilepsy: After following the TBI procedure of
Marmarou’s weight-drop method, rats were administrated with a sub-convulsive dose of pentylenetetrazole,
35mg/kg after 2 weeks of surgery i.e. on Day14. The rats were assessed for 2 hours for seizure detection
in a plexiglass chamber(Racine et al., 1972). The effect of Post-traumatic complications was assessed for
molecular changes in the rat hippocampus and final results were correlated with histological changes.
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Evaluation of neuroprotective effects of Flufenamic Acid, Fasudil Hydrochloride and Valproic
Acid in TBI induced Epileptogenesis model: Four treatment groups have been completed with the
administration of Fasudil Hydrochloride (FH), Flufenamic Acid (FFA), Valproic Acid (VPA), and Valproic
Acid + Flufenamic Acid (FFA). FH was dissolved and diluted in normal saline before use and was admi-
nistered by i.p. route of 10 mg/kg. FFA was dissolved in CMC and was administered by the oral route as
20mg/kg after standardization to injured rats. VPA was dissolved and diluted in normal saline before use
and was administered by i.p. route as 350 mg/kg animals. Forth treatment group has been designed with
the combination of a half dose of VPA and the half dose of more effective treatment between FH and FFA.
All the drugs were administered to TBI-induced rats after 6 hours of the injury and once every 24 hours for
14 Days. An equal volume of vehicle was administered in control and sham animals i.e. normal saline. No
drugs have been given to TBI and EPLT group. All the groups were examined for seizure scoring with sub
convulsive dose of PTZ i.e. 35mg/kg after Day14 for 2 hours except control and sham groups. At the end of
the animal experiment, the rats were sacrificed under ether anesthesia by decapitation procedure. The brains
were washed by saline perfusion method before collection and stored in appropriate storage conditions till
molecular experiments.

Experimental Parameters Analysis:

Assessment of Animal’s Weight: Difference in weight was assessed for the abnormal metabolism after
injury. And the comparison of the differences has been made to analyze the weight loss in injury controls
and weight maintained in treatment groups.

Neurological Severity Scale Testing: A 28-point Neuroscore test was performed for each animal in
this study, which ranging from simple observation to traversing a horizontal bar, involve in general condi-
tion, reflexes, behavior, motor tests, and grip strength [Stanford Behavioral and Functional Neuroscience
Laboratory, Version 4.0]

Rotarod Test: Rotarod tests were employed for muscle coordination with a latency time of 120 sec.

Seizure confirmation of Epileptogenesis: Modified Racine scale was used for the assessment of neuro-
behavioral progression of seizures and monitored up to 2 hours following PTZ (35mg/kg). The maximum
stage of seizure activity was analyzed in each 5-minute interval. Diazepam 4 mg/kg, i.p. was given an intra-
peritoneal route to terminate seizures if convulsions last for more than 2 hours.

2,3,5-Triphenyltetrazolium Chloride Staining: Whole-brain tissue viabilities and lesion size were esti-
mated by 2,3,5- triphenyl tetrazolium chloride (TCC) staining. The excised brains were sliced into coronal
sections of 2mm thickness and were incubated in a 2% TTC solution for 20-30min at 37°C.

Blood-Brain Barrier Permeability Estimation: A 2% (4 mL/kg i.p. of body weight) solution of Evans
Blue in normal saline was injected and was measured by spectrophotometer (Shimadzu Japan) at 610nm. The
brain tissue was quantified according to a standard curve and results were presented as ng/100mg(Manaenko
et al., 2011).

Brain Edema Estimation: Whole-brain water content was measured with the wet-dry method for quan-
tifying brain edema. The brains were weighed immediately after sacrifice the animals to yield wet weight.
The tissues were placed for drying in a desiccating oven for 48 hours at 70oC and reweighed after 24 and
48 hours to calculate the weight loss. The %age of lost water content in the tissues was calculated by the
average readings.

Biochemical Estimations : Biochemical imbalance alters the pathophysiology of TBI in the brain and
such conditions open the doors for treatment check and development of antioxidant strategies to optimize
brain insult i.e. tissue used was hippocampus and cortex.

Protein Assay: To estimate protein content in brain homogenates, the Biuret method was used in which
bovine serum albumin was used as standard(GORNALL et al., 1949).
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Acetylcholinesterase (AChE) activity: AChE activity has been determined by photometric method for
cell suspensions, homogenates, and tissue extracts(Abass, 2014).

Catalase Activity: The activity of catalase was measured by the Luck, 1963 method.

Malondialdehyde (MDA): Thiobarbituric acid-reactive substances were measured to evaluated tissue
LPO levels. MDA is a product of LPO that gives red light absorbance at 535nm after reacting with thiobar-
bituric acid.

Super Oxide Dismutase (SOD): The activity of SOD was estimated by the Kono et al. method which
was developed in 1978.

Reduced Glutathione Assay (GSH): Jollow et al., in 1974 used DTNB as a substrate to developed yel-
low color and estimated reduced glutathione levels immediately at 412 nm as μmol GSH/g tissue.Enzyme-
Linked Immunosorbent Assay Method ( ELISA) was proceeded in biological samples (i.e. brain tissue
i.e. hippocampus, and cortex & blood serum) and analyzed over LISA Plus Microplate Reader in the form of
concentration (pg/mL). The ELISA kits were procured from Diaclone and QAYEE-BIO.Gene Expression
by Real-Time PCR: Brain tissues (especially hippocampus) were subjected to isolate total RNA from
all experimental groups. The positive control of housekeeping gene β-actin was run. Different genes were
standardized as per definite melting temperatures. The RT-PCR reaction conditions were set at 95°C for
15 min, 40 cycles of 95°C for 15 sec, and 61°C for 30sec. The termination step was set at 72°C for 30 sec.
A sensitive and quantitative technique Real-time Polymerase chain reaction (i.e. TaqMan real-time QRT-
PCR Applied Biosystem StepOnePlus, ThermoFisher) was used to simultaneously measure relative mRNA
expression i.e. relative standard curve and comparative CT value of different biomarkers in the rat hippocam-
pus.Histopathological Estimation: A 4% cold paraformaldehyde and PBS was perfused transcardially in
experimental rats before their brains were removed and immersed in paraformaldehyde for 2–3 Days. Sagittal
sections were selected after cut to study the hippocampus and cortex part in embedded paraffin blocks which
were mounted and used for Hematoxylin and eosin staining H&E(10μm) and immunohistochemistry(5μm).
Each group was observed under an optical microscope (OPUS) at magnifications of 20X & 40X and results
have been shown @100μm scale. The scoring of apoptotic neurons in H&E staining was done based on
Nuclear Pyknosis & Non-evident Nucleoli (NP&NN), Perineural Vacuolization (PV), Vascular Congestion
(VC), and Brain Edema (BE)(Mena et al., 2004; Schmued et al., 1997; Schmued & Hopkins, 2000). All
the primary antibodies were procured from Sigma-Merck and were diluted to the manufacturer’s protocol to
optimized again for the perfect dilutions. The following primary Abs were used having sensitivity for Rat: a
rabbit polyclonal anti-glial fibrillary acidic protein GFAP(Sigma-Aldrich Cat# G4546, RRID:AB 1840895)
for astrocytes, a mouse monoclonal anti–ionized calcium-binding adaptor molecule-1, Iba1 (Sigma-Aldrich
Cat# SAB2702364, RRID:AB 2820253) for microglia, a rabbit polyclonal anti-ROCK2(Sigma-Aldrich Cat#
HPA007459, RRID:AB 1079828) for axonal marker protein, and a rabbit polyclonal anti-TRPM2(Sigma-
Aldrich Cat# SAB2103193, RRID:AB 10665621) for neuronal receptor protein. For enzymatic detection
(HRP or AP secondary conjugates) anti-goat anti-rat IgG H&L (Alexa Fluor® 488) was used. The scoring
of neurons in IHC was done based on apoptotic and necrotic neurons. Examination Scale includes Negative
(-), Weak (+), Moderate (++), and Strong (+++)(Moriyama et al., 1997; Seeger et al., 2003).

Statistical Analysis: Results of this study were expressed as mean +- SD. Intergroup difference was
estimated by one-way analysis of variance, ANOVA test which was followed by Post hoc Bonferroni and Post
hoc Dunnett test. The data for biochemical, histology and molecular studies were analyzed with appropriate
or suitable parametric tests. The p<0.05 was considered significant. Graph-Pad Prism 9 software was used
to analyze the records.

RESULTS

The rat model development has been confirmed when it mimicked the clinical pathophysiology of futuristic
PTE in Wistar rats (200-250 grams). The brass weight of 500 grams was dropped over the exposed skull
from the height of 1.4 meters. This impact generated 0.70 joules of force which gives a moderate type of
primary injury in the head. The initial brain insult exacerbated the epileptogenesis cascade in the form of
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secondary injury by lowering the seizure threshold in the Wistar rats and they became susceptible to the
first successive seizure with a sub-convulsive dose of PTZ(35mg/kg).

Evaluation of neuroprotective effects of different treatments in TBI induced Epileptogenesis
in rats:

Model standardizing studies confirmed the altered neurobehavioral and brain complications results in fu-
turistic PTE. Fasudil Hydrochloride (FH, 10mg/kg i.p.), Flufenamic Acid (FFA, 20mg/kg oral), valproic
acid (VPA, 350mg/kg i.p.), and Valproic Acid + Flufenamic Acid (VFA, 175mg/kg i.p. + 10mg/kg oral)
treatment groups were compared against disease and normal healthy controls to check the efficacy in TBI
progression. TBI was induced into 6 treatment groups in which 2 were TBI control, EPLT group, and 4
were selected for treatment studies. One control and one surgery group i.e. Sham were also considered for
comparisons to conclude the surgery effect. All the groups were analyzed for bodyweight difference, neuro-
logical severity score, and motor coordination on Day0, Day1, Day3, Day7, and Day14 before proceeding
towards molecular estimation.

Animal Body Weight Difference: The weight severity profile was observed followed by the head injury.
The line graph of weight difference on Day3, Day7, and Day14 showed a significant difference in weight
difference (grams). All treatment groups i.e. FH, FFA, VPA, and VFA were found to be significantly
effective to maintain the rat weight compared to disease controls i.e. TBI/EPLT groups on Day7. There
was no significant difference observed between intra-treatment groups on Day7 (Figure-2).

Neurological Severity Scale Estimation: The NSS observed in the VFA group was more significant to
restoring the neurological score on Day3, Day7, and Day14 when compared to the TBI and EPLT group.
The other treatment groups showed a significant increase in NSS scores on Day3, Day7, and Day14 when
compared to disease controls (Figure-2).

Rotarod Test for Motor Co-ordination: The latency to fall (in seconds) was found to be significant for
all treatment groups when compared to disease controls on Day7 and Day14 (Figure-2).

Seizure Score assessment after Brain Trauma: A sub-convulsive dose of PTZ(35mg/kg) was injected
on day14 and injured rats were observed for seizure scoring for 2hours. Increased susceptibility for seizures
was confirmed in the EPLT group with a low seizure threshold. EPLT group showed behavioral arrests,
complex partial, dileptic, and tonic-colonic seizures. But no seizures were observed in any treatment groups
(Table in Figure-2).

Brain Infarction by TTC Staining:The infarction was visible in the striatum and cortex leaving the
hippocampus. Control and Sham group observed deep red in staining with normal histology with no in-
farction in the brain. TBI and EPLT groups were showed hypoperfusion significantly in the area of infarct
(white pale color) when compared to normal controls. FH, FFA, VFA treatment groups showed a significant
difference to the disease control in red staining i.e. less hypoperfusion and rich red stain when compared to
TBI and EPLT groups. But VPA significantly shows nearly red staining of injured brain tissue with very
less area of infarct (Figure-3).

Evan’s Blue concentration: Evan’s blue (2%, 4mL/kg i.p.) was administered in rats and an abrupt
increase of Evan’s blue was seen in TBI and EPLT groups. But the Evans concentration in FH, FFA, VPA,
and VFA groups was found significantly less compared to injury controls. VPA alone and in combination
with FFA was found very effective as compared to FH and FFA alone (Figure-3).

Brain Edema difference:Surgically removed rat brains were weighed just after the sacrifice and after 24
and 48 hours when placed in an incubator at 70oC. The brain edema in all the treatment groups showed no
significant differences when compared to disease controls after 24 hours but there is a significant difference
after 48 hours i.e. the value of water content in the treatment groups was found less as compared to the
TBI/EPLT groups (Figure-3).

Oxidative Stress Parameters:

5
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A biochemical assay was used to detect, quantify the activity of biological molecules in the brain tissue
samples homogenate (Figure-4).

1. Acetylcholinesterase: Acetylcholinesterase activity was found to be significantly decreased in
TBI (0.38x10-4+-0.046x10-4) and EPLT (0.32x10-4+-0.026x10-4) groups when compared to control
(0.98x10-4+-0.166x10-4) and sham (1.05x10-4+-0.112x10-4) group. The treatment group include VPA
alone (1.02x10-4+-0.217x10-4) and in combination with FFA were (1.02x10-4+-0.316x10-4) significantly
increased the acetylcholinesterase activity as compared to injury groups. The FH & FFA groups were
found significant i.e. (0.72x10-4+-0.217x10-4) & (0.82x10-4+-0.217x10-4) compared to disease groups.

2. Catalase: Catalase enzyme activity was assayed by measuring the degradation rate of H2O2. The
levels were measured in U/g and the catalase enzyme activity was found to be significantly increased
in the injured brain i.e. TBI (0.261 +- 0.04) and EPLT (0.264 +- 0.05) groups as compared to Control
(0.127 +- 0.02) and Sham (0.133 +- 0.03) group. The treatment group include FH (0.154 +- 0.05),
FFA (0.125 +- 0.04), VPA (0.137 +- 0.05) and VFA (0.124 +- 0.02) significantly restored the level of
Lipid peroxidation as compared to disease controls.

3. Lipid peroxidase:Malondialdehyde (MDA, a by-product of LPO) helps in the measurement of free
radical levels (nmols/g) which were significantly increased in the injured brain i.e. TBI (0.62 +- 0.2)
and EPLT (0.66 +- 0.24) groups as compared to Control (0.76 +- 0.25) and Sham (0.71 +- 0.15) group.
The treatment group includes FH (0.68 +- 0.18), FFA (0.72 +-0.27), VPA (0.78 +- 0.38), and VFA
(0.73 +- 0.27) significantly restored the level of Lipid peroxidase as compared to disease controls.

4. Superoxide dismutase:The levels were significantly increased in the injured brain i.e. TBI (1.24 +-
0.15) and EPLT (1.27 +- 0.13) groups when compared to Control (0.89 +- 0.18) and Sham (0.91 +-
0.17) group. The treatment group includes FH (1.00 +- 0.18), FFA (0.95 +- 0.12), VPA (0.97 +- 0.17)
and VFA (00.98 +- 0.21) significantly restored the level of reduced glutathione as compared to disease
controls.

5. Reduced Glutathione Assay: The levels of reduced glutathione were found to be significantly
decreased in the injured brain i.e. TBI (3.67 +- 1.5) and EPLT (3.32 +- 1.75) groups when compared
to Control (12.5 +- 2) and Sham (12.3 +- 1.4) group. The treatment group includes FH (8.33 +-
1.4), FFA (8.83 +- 1.3), VPA (10.5 +- 2.26), and VFA (10.5 +- 1.6) significantly restored the level of
reduced glutathione as compared to disease controls.

Inflammatory Markers Estimation:

1. Dopamine: Brain injury significantly increased the Dopamine levels in brain tissue of disease control
[i.e. TBI (25.91 +- 1.08), EPLT (26.46 +- 0.87) groups as compared to normal controls [i.e. Control
(19.95 +- 1.99), Sham (20.29 +- 1.45). The treatment groups showed a significant decrease in the
levels of NSE when compared to disease controls. The decrease in the concentration of NSE treatment
groups was calculated as [i.e. FH (20.95 +- 1.01), FFA (20.4 +- 0.93), VPA (20.29 +- 1), VFA (20.2
+- 1.3)]. The levels of Dopamine were significantly restored by the treatments applied.

2. Mitochondrial complex-I: Brain injury damaged the ETC machinery of mitochondria which results
in apoptosis of the neurons. Brain levels for Mitochondrial complex-I were markedly found to be
significantly increased in injury treated [i.e. TBI (6.77 +- 0.47), EPLT (6.73 +- 0.45) groups as
compared to normal controls [i.e. Control (4.33 +- 0.69), Sham (4.46 +- 0.73). The decrease in the
concentration of treatment groups was calculated as [i.e. FH (5.40 +- 0.55), FFA (4.99 +- 0.72), VPA
(4.78 +- 0.49), VFA (4.8 +- 0.48)] which significantly restored the levels compared to injury groups.

3. Neuron-Specific Enolase: Brain and serum levels for NSE were markedly found to be significantly
increased in injury treated [i.e. brain tissue: TBI (22.33 +- 2.64), EPLT (22.44 +- 3.2) and blood
serum: TBI (10.4 +- 0.8) EPLT (10.8 +- 1.2)] groups as compared to normal controls [i.e. brain tissue:
Control (14.58 +- 1.04), Sham (15.25 +- 1.37) and blood serum: Control (7.5 +- 1.2), sham (7.7 +-
0.6)]. But the treatment groups were shown a significant decrease in the levels of NSE [i.e. brain
tissue: FH (16.8 +- 2.3), FFA (16 +- 2.04), VPA (15.8 +- 2.3), VFA (16.13 +- 1.98), and blood serum:
FH (8.7 +- 1.01), FFA (8.3 +- 1.01), VPA (7.8 +- 0.9), VFA (8.2+- 1.1)] when compared to disease
controls.
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4. Nerve Growth Factor-Beta: Brain levels for Nerve Growth Factor-Beta (NGF-b) were markedly
found to be significantly increased in injury treated [i.e. TBI (94.9 +- 6.1), EPLT (96.9 +- 6.8) groups
as compared to normal controls [i.e. Control (52.1 +- 5.1), Sham (53.47 +- 6.2). But the decrease
in the NGF-b concentration in treatment groups was calculated as significant [i.e. FH (77.58 +- 8.2),
FFA (68.56 +- 7.7), VPA (66.1 +- 7.6), VFA (60.43 +- 8.6)] when compared to disease controls.

5. Ubiquitin Carboxyl-terminal Hydrolase Isozyme L1: Brain and serum levels for UCHL-1 were
markedly found to be significantly decreased in injury treated [i.e. brain tissue: TBI (7.58 +- 0.92),
EPLT (7.28 +- 1.13) and blood serum: TBI (4 +- 0.78) EPLT (3.96 +- 0.46)] groups as compared
to normal controls [i.e. brain tissue: Control (11.92 +- 1.29), Sham (12.18 +- 1.4) and blood serum:
Control (6.9 +- 0.71), sham (6.45 +- 0.7)]. The increase in the concentration of UCHL-1 has been
found significant in treatment groups [i.e. brain tissue: FH (9.11 +- 0.75), FFA (9.46 +- 1.10) and
blood serum: FH (4.69 +- 0.36), FFA (5.19 +- 0.47)]. The concentration values to standard drug
therapy VPA, and its combination with FFA [i.e. brain tissue VPA (10.91 +- 0.52), VFA (11.31 +-
1.18) and blood serum VPA (5.61 +- 0.5), VFA (5.79 +- 0.6)] was found more significantly increased
when compared to disease controls.

6. Interleukin-1beta: Brain and serum levels for IL-1β were markedly found to be significantly increased
in injury treated [i.e. brain tissue: TBI (29.117 ± 2.34), EPLT (29.517 ± 3.69) and blood serum: TBI
(11.23 ± 1.4) EPLT (11.83 ± 1.5)] groups as compared to normal controls [i.e. brain tissue: Control
(9.97 ± 1.9), Sham (10.47 ± 1.46) and blood serum: Control (5.72 ± 1.11), sham (5.87 ± 1.36)]. The
decrease in the concentration of IL-1β treatment groups [i.e. brain tissue: FH (14.95 ± 3.13), FFA
(12.122 ± 3.08) and blood serum: FH (7.4 ± 1.11), FFA (6.6 ± 0.97)] was found less when compared
the concentration values to standard drug therapy VPA, and its combination with FFA [i.e. brain tissue
VPA (12.017 ± 1.8), VFA (11.27± 1.61) and blood serum VPA (6.33 ± 0.9), VFA (5.98 ± 0.68)]. The
overall treatment groups were shown a significant decrease in the levels of IL-1β when compared to
disease controls.

7. Interleukin-10: Blood serum levels for IL-10 were markedly found to be significantly increased in
injury treated [i.e. TBI (279.1 ± 4.3), EPLT (289.5 ± 9.6) groups as compared to normal controls
[i.e. Control (200.41 ± 9.1), Sham (210.83 ± 11.2)]. The treatment groups were shown a significant
decrease in the levels of IL-10 [i.e. FH (232.08 ± 20.4), FFA (226.25 ± 16.1), VPA (221.6 ± 21.7), VFA
(221.43 ± 15.9)] when compared to disease controls.

8. Tumor necrosis factor-alpha: Brain and serum levels for TNF-α were markedly found to be signif-
icantly increased in injury treated groups [i.e. brain tissue: TBI (63.6 ± 5.8), EPLT (63.9 ± 4.8) and
blood serum: TBI (17.8 ± 1.87) EPLT (18.13 ± 2.6)] as compared to normal controls [i.e. brain tissue:
Control (26.2 ± 6), Sham (35.2 ± 6) and blood serum: Control (13.5 ± 3.71), sham (14 ± 3.22)]. The
decrease in the concentration of TNF-α treatment groups [i.e. brain tissue: FH (38.13 ± 3.12), FFA
(34.91 ± 6) and blood serum: FH (15.81 ± 3.45), FFA (14.94 ± 1.6)] was found less when compared the
concentration values to standard drug therapy VPA, and its combination with FFA [i.e. brain tissue
VPA (36.22 ± 3.8), VFA (36.1± 4.4) and blood serum VPA (15.43 ± 2.87), VFA (14.66 ± 2.6)]. But
the overall treatment groups were shown a significant decrease in the levels of TNF-α when compared
to disease controls.

Relative mRNA Expression: The relative mRNA expression of pro-inflammatory/inflammatory genes
has been assessed for overall change (Figure-6).

1. Cyclooxygenase-2: The overall fold change in COX-2 expression was found to be significantly high in
TBI and EPLT groups when compared to Control and Sham. A significant decrease in the expression
of the COX-2 gene has been found in injury treatment groups i.e. FH, FFA, VPA, and VFA. The
overall change in expression was similar in all treatment groups.

2. Heme Oxygenase-2: The overall fold change in HO-2 expression was found to be significantly less
in TBI and EPLT groups when compared to Control and Sham. But a significant increase in the
expression of the HO-2 gene has been found in disease treatment groups i.e. FH, FFA, VPA, and VFA.

3. Nuclear factor (erythroid-derived 2)-like 2: The overall fold change in Nrf-2 expression was
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found to be significantly high in TBI and EPLT groups when compared to Control and Sham groups.
A significant decrease in the expression of the Nrf-2 gene has been found in disease treatment groups
i.e. FH, FFA, VPA, and VFA.

4. Nuclear Factor-: The overall fold change in NF-β expression was found to be significantly high in
TBI and EPLT groups when compared to Control and Sham groups. And a significant decrease in the
expression of the NF-β gene has been found in disease treatment groups i.e. FH, FFA, VPA, and VFA.

5. Ιντερλευκιν-1β: The overall fold change in IL-1β expression was found to be significantly high in
TBI and EPLT groups when compared to Control and Sham. A significant decrease in the expression
of the IL-1β gene has been found in disease treatment groups i.e. FH, FFA, VPA, and VFA. FH drug
was found less effective than FFA, VPA, and VFA in treatment groups while compared to disease
controls.

6. Interleukin-6: The overall fold change in IL-6 expression was found to be significantly high in TBI
and EPLT groups when compared to Control and Sham groups. A significant decrease in the expression
of the IL-6 gene has been found in disease treatment groups i.e. FH, FFA, VPA, and VFA. The overall
change in expression was similar in all treatment groups but FFA efficacy was found less compared to
FH, VPA, and VFA.

7. Interleukin-10: The overall fold change in IL-10 expression was found to be significantly increased
in TBI and EPLT groups when compared to Control and Sham groups. A significant decrease in the
expression of the IL-10 gene has been found in disease treatment groups i.e. FH, FFA, VPA, and VFA.
The VPA was found more effective to reduce the change in expression in all treatment groups.

8. Tumor necrosis factor-alpha: The overall fold change in TNF-α expression was found to be sig-
nificantly high in TBI and EPLT groups when compared to Control and Sham groups. A significant
decrease in the expression of the TNF-α gene has been found in disease treatment groups i.e. FH, FFA,
VPA, and VFA. The overall change in expression was similar in all treatment groups.

9. Protein Kinase-B: The overall fold change in Akt expression was found to be significantly high in
TBI and EPLT groups when compared to Control and Sham groups. A significant decrease in the
expression of the Akt gene has been found in disease treatment groups i.e. FH, FFA, VPA, and VFA.
The overall change in expression was similar in all treatment groups but combination therapy VFA
was less effective than other treatments.

10. Phosphatase and tensin homolog: The overall fold change in PTEN expression was found to be
significantly high in TBI and EPLT groups when compared to Control and Sham groups. A significant
decrease in the expression of the PTEN gene has been found in disease treatment groups i.e. FH, FFA,
VPA, and VFA. The change in expression was high in the combination VFA group in all treatment
groups.

11. Phosphatidylinositol 3-kinase: The overall fold change in PI-3k expression was found to be sig-
nificantly high in TBI and EPLT groups when compared to Control and Sham groups. A significant
decrease in the expression of the PI-3k gene has been found in disease treatment groups i.e. FH, FFA,
VPA, and VFA. The overall change in expression was similar in all treatment groups FH was found
less effective.

Hematoxylin-Eosin Staining for Neuronal Injury Scoring: It has been found that the morphology
of neurons was intact and good in the case of the Control and Sham groups. They exhibited normal size,
shape and were arranged compactly with a prominent nucleus i.e. no apoptosis was observed. The disease
groups i.e. TBI and EPLT showed diffuse neuronal injury with features such as rarefaction of neuropil,
eosinophilic cytoplasm, shrunken and pyknotic nuclei in hippocampus and cortex region i.e. moderate and
severe apoptosis was observed. In the case of treatment groups, we have seen fewer apoptotic neurons as
compared to disease controls. The scoring system revealed mild apoptosis in the case of FH, FFA, and VFA
but no proper distinguished apoptotic neurons were found in the VPA group (Figure-7).

Along with it, no significant histopathological changes have been found in vital organs i.e. liver and kidneys
of injury controls when compared to treatment groups.

Protein Expressions by Immunohistochemistry method:

8



P
os

te
d

on
31

J
an

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

66
67

28
.8

49
92

89
7/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

1. GFAP, Astroglial Marker protein: In this protocol, the injured brain sections were incubated
with anti-GFAP Antibody (1:100). The injured brain significantly expressed up-regulated GFAP in
the injured hippocampus and cortex. It has been observed that the treatment therapy applied i.e.
FH, FFA, VPA, and VFA significantly reduced the GFAP protein expression in astroglial cells in the
Cerebral Cortex and hippocampus. The standard drug treatment along with the combination of a
standard with FFA was more effective in the hippocampus when compared to FH and FFA. Moreover,
all the treatment effect was noticeable in reducing the expression of GFAP in cortex region (Figure 8).

2. Iba-1, Microglial Marker protein: The injured brain sections were incubated with anti-Iba-1
Antibody (1:100). Iba-1 is predominantly expressed in the injured brain and is significantly found to
be up-regulated in brain-injured tissues especially the hippocampus and cortex. It has been observed
that the treatment therapy applied i.e. FH, FFA, VPA, and VFA significantly reduced the Iba-1 protein
expression in microglial cells of the Cerebral Cortex and hippocampus. VFA combination was found
less effective when compared to FH, FFA, and VPA in both the regions likewise FH in the cortex
(Figure 8).

3. ROCK2, Axonal Marker protein: In this IHC procedure, the injured brain sections were incubated
with anti-ROCK2 Antibody (1:200). ROCK2 is predominantly expressed in the injured brain i.e.
hippocampus and cortex and this also was found to be significantly up-regulated. It has been observed
that the treatment therapy applied i.e. FH, FFA, VPA, and VFA significantly reduced the ROCK2
protein expression in axon cells of the hippocampus and cortex. FH, FFA, and VFA combinations were
found less effective when compared to VPA in Cerebral Cortex likewise FH and FFA combinations in
the cortex (Figure 8).

4. TRPM2, Neuronal Receptor protein: The s ections were incubated with anti-TRPM2 Antibody
(1:100). TRPM2 was predominantly expressed in the injured brain and was found to be significantly
up-regulated in brain-injured tissues. It has been observed that the treatment therapy applied i.e.
FH, FFA, VPA, and VFA significantly reduced the TRPM2 protein expression in the neurons of the
hippocampus and cortex. FH, FFA, and VFA combinations were found less effective when compared
to VPA in Cerebral Cortex likewise FH combination in the cortex (Figure-8).

DISCUSSION AND CONCLUSION

Progression periods of head injury studies showed a difference in brain physiology and a decrease in body
weight(Aadal et al., 2015). The neurological abnormalities confirmed the disturbed brain pathophysiology
in injury controls, as reported in previous studies(Umschwief et al., 2010; Villasana et al., 2014). This study
also confirmed the weight loss, abnormal grip strength, poor motor coordination, disturbed beam-walk, and
abnormal routine functions in injury groups due to abnormal brain conditions. PTZ challenge confirms the
progression of epileptogenesis and animals were reported for behavioral arrests, complex partial dileptic, and
tonic-clonic seizures. Brain edema induces ICP due to excessive accumulation of fluid in intra/extracellular
spaces i.e. due to ruptured blood vessels and damaged neurons(Shiozaki et al., 2005). In this study, the
treatments applied significantly restored the body weight, neurological abnormalities, and no seizures were
confirmed after 2 weeks for PTZ challenge in treatment groups. FH and FFA significantly reduced the brain
edema volume but VPA and VFA combination were more effective to restore the neurophysiological and
behavioral abnormalities.

Post-injury BBB disruption abruptly increases Evan’s blue penetration to parenchyma(Rákos et al., 2007)
and VPA is reported to restore BBB in transient focal brain ischemia rat model(Xuan et al., 2012). We
detected a very less amount of dye in the brain homogenates after treatment. Especially in VPA and VFA
has significantly more impact to restore the BBB. TTC staining confirms tissue viability i.e. less stained
area means, more number of infarct cells(Bederson et al., 1986). Infarction was significantly visible with a
high number of infarct cells in the striatum hippocampus and cerebral cortex area in injury controls. But
treatments reduced the apoptotic neuronal count i.e. less hypoperfusion and a rich red stain. Secondary
insult of CNS exacerbates the free radical’s formation i.e. ROS/RNS in the brain, resulting in oxidative
stress(Lipton, 1999). These activities alter neurotransmitters and enzyme levels in the brain. AChE activity
was reported acutely elevated in the brain of ischemic/blast injury but lowered AChE activity was seen in the
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neo-cortex of TBI patients with chronic cognitive symptoms(Östberg et al., 2011). There was a significant
decrease in the levels of AChE after a head injury but the treatments significantly elevated the AChE levels
in the hippocampus and cerebral cortex. Increased catalase activity has also been restored with treatment
drugs. The injured brain degrades LPO into aldehydic malondialdehyde(Ostergard et al., 2016). But the
increased level significantly came to normal with our treatments. When SOD enzyme concentration was
calculated, significant elevation due to injury was estimated which has been reduced by the treatments
applied. Antioxidants such as GSH which acts as an intracellular buffer for ROS and get increased in injury
conditions were also significantly restored after treatments.

CNS inflammation due to dopamine metabolism was altered at 28-Days post-injury along with microglial
activation(Van Bregt et al., 2012). But altered levels of dopamine were significantly recorded stable after
the treatment applied confirmed lesser loss of neurons in the injured brains. Mitochondrial dysfunction
enhances ROS production, brain apoptosis, and elevated levels of Mitochondrial complex-I in injury(Sullivan
et al., 2005; Y. Xiong et al., 1997). The present study has found that the treatment groups significantly
decrease the levels of Mitochondrial complex-I when compared to injury controls. NSE plays a crucial role
in erythrocytes, neuronal cell glycolysis(Chabok et al., 2012). We have found the increased NSE levels have
been significantly restored by treatment to maintain the normal functional amount of enzyme in the blood
and brain. It has been reported, hypoxia and brain insult induce local up-regulation of NGF-β(Kossmann
et al., 1996). But a significant decrease in the levels of NGF-β in the brain was recorded in this study.
Previous literature showed robust and significant elevation of UCHL-1 in the acute phase which is the main
marker for Parkinson’s Disease and over the Day7 of the study period when compared the serum and CSF
levels in TBI patients(Mondello et al., 2012). But a significant decrease in the levels of UCHL-1 in the brain
and serum was assessed after 2 weeks in injury controls which significantly elevated after the treatment.
This treatment may help in PD pathophysiology. Our findings have found the overlapping insults with
brain damage by pro-/inflammatory cytokines upregulation. CSF and serum concentrations showed IL-
10 elevation in severe trauma patients up to Day22 to 6 months(Csuka et al., 1999). The present study
confirms blood serum levels for IL-10 significantly increased after 2 weeks in injury controls which got a
significant decrease after treatment applied. TNF-α was reported elevated in Marmarou’s model of hypoxic
injury(Yan et al., 2011). But this study significantly confirmed elevated TNF-α levels in injury controls and
was significant reduced after treatment. The functional deficits result in disturbed COX-2 levels following
diffuse TBI(Cernak et al., 2002). HO-2 has been found elevated in the adult rodent brain(Ewing and Maines,
1997). Nrf2 was found able to regulate HO-1 via the phosphorylated PI3K/Akt/GSK3β pathway(Singh et
al., 2017). But the overall fold change in HO-2 gene expression was significantly less in injury groups
which get increased in treatment groups. But COX-2 and Nrf-2 expression was found to be significantly
high in injury groups and treatment restored it to normal. NF-kβ activation may potentially involve long-
term inflammation following TBI(Nonaka et al., 1999). Increased IL-1β expression after the primary insult
exacerbates epileptogenicity(Semple et al., 2017). The significantly elevated overall fold change in NF-β
and IL-1β expression in injury groups were decreased after treatment. IL-6 was also reported elevated in
mTBI(Goodman et al., 2011) and our study and it was significantly decreased by the treatment applied.
Initial brain insult increased IL-10 overproduction by resident microglia(D’Mello et al., 2009). But the
overall fold change in IL-10 expression was found significantly low in injury controls which got significantly
elevated in disease treatment groups. TNF-α was found elevated in our experiment and also reported
elevated in the FPI injury model(Knoblach et al., 1999) but the overall fold change in TNF-α expression was
found to be significantly decreased in treatment groups. Glial cells and hippocampal neurons also involved
in post-traumatic dementia and neuroinflammation by releasing TNF-α and IL-1β via PI3K/AKT/NF-κβ
signaling pathway(Zhao et al., 2014). The phosphorylation of Protein Kinase-B was found to increase in rat
hippocampus at Day1 after the initial blast and last for at least 6 weeks(Wang et al., 2017). Phosphatase
and tensin homolog expression was found upregulated after TBI(Ding et al., 2013). In the present study, we
have found the overall fold change in PK-B-Akt/ PTEN and PI-3k expression was found to be significantly
high in TBI and EPLT groups which were recorded significantly decreasing in treatment groups. It confirmed
the neuroprotection abilities of these drugs in dementia comorbidities also.
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H&E is the further insight into necrosis and apoptosis and our study confirms the morphology of neu-
rons in normal controls was normal size and intact shape with prominent nucleus like the old literature
reported(Isaksson et al., 2001). But in the case of injury controls, DAI was seen with neutrophil rarefaction,
eosinophilic cytoplasm, shrunken and pyknotic nuclei in the hippocampus and cerebral cortex. Our treat-
ment altered the apoptotic scoring by reducing the nuclear pyknosis, karyolysis, and nuclear lacking cellular
structures. We haven’t found proper distinguished apoptotic neurons in the VPA group. The present study
investigated the widespread heterogeneous distribution of different neuronal proteins. GFAP was found up-
regulated when CNS insult was followed by reactive gliosis(Schiff et al., 2012). Iba-1 confirmed the activated
microglial expression after TBI up to 2-3 weeks(Neri et al., 2018). The ROCK2 is an axonal protein ex-
pressed in axonal retraction balls and intermittent swellings from 6hours to 1-week post-injury(Zhang et al.,
2016). Many studies reported elevated TRPM2 expression following experimental trauma in rats at Day3-5
post-trauma, especially in DG neurons(Cook et al., 2010). In our injury controls, GFAP and Iba-1 predom-
inately over-expressed and significantly up-regulated in the hippocampus and cortex region. ROCK2 and
TRPM2 are also predominantly over-expressed and significantly up-regulated. But the treatment therapy
significantly reduced the protein over-expression in astroglial, microglial, and axon cells of the hippocampus
and cerebral cortex. VPA and VFA were found much effective treatments to minimize the apoptotic neurons.

We also checked the toxicity profile in vital organs of all animals and observed the location, cell size and
boundary area of organ tissues were intact and at the exact position in all the groups i.e. no major significant
changes were observed.

The present study demonstrated that the fasudil hydrochloride(10mg/kg, i.p.) acts as a potent Rho-kinases
inhibitor that stopped the post-injury neuronal apoptosis and flufenamic acid(20mg/kg, oral) with anti-
inflammatory properties can modulate the inflammatory environment of post-traumatic epileptogenesis. We
confirmed the neuroprotective nature of these drugs for holding and minimizing the epileptogenesis progres-
sion (Figure-9). VPA alone was observed much efficient compared to a combination of FFA in molecular and
histopathological findings and the FFA was observed potentially more neuroprotective compared to FH. Our
study was limited to cover few pathways of epileptogenesis but the complexity of this condition needs more
studies on regulatory mechanisms of intracellular signaling molecules during epileptogenesis progression for
PTE.

SUMMARY:

What is already known:

Post-traumatic epilepsy is the most provoking consequence after head trauma with no specific treatment
measure.

Epileptogenesis is key term sequelae of altered brain pathophysiology after brain injury for futuristic PTE.

What this study adds

Potential novel targets have been selected for protecting external cytoskeleton and internal cytoplasmic
infrastructure.

These proposed targets were tried to perform normal functions with specific potential drug regimens after
TBI.

Clinical significance

Fasudil hydrochloride and Flufenamic acid have a significant role to minimize cerebral edema and inflam-
mation.

The combination groups with Valproic acid have been found more effective to minimize epileptogenesis in
futuristic PTE.
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