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Epilepsy patients experience symptoms such as anxiety, depression, and increased pain sensitivity accompanied by pain
during the preictal and ictal phases; however, the relationship between epileptic seizures and pain remains unclear. We
aimed to investigate the effects of pain on the opioidergic system, ion channels, inflammation, and oxidative stress responses
in a PTZ-induced zebrafish epilepsy model, as well as the effects of valproic acid on these mechanisms in this study. To
examine epilepsy—pain interactions in the brain, zebrafish were divided into five groups to examine the changes in the brain
caused by the interaction between epilepsy and pain: control (C), pentylenetetrazol (PTZ), acetic acid (AA), PTZ+AA, and
PTZ+AA+VPA. After behavioral analysis, we determined the expressions of coxl, il6, trpal, scn8aa, scnla, zasic 1.3,
penka, pdyn, oprkl, and oprll using RT-PCR. Oxidant-antioxidant parameters and acetylcholinesterase activity were
determined spectrophotometrically. Neurotransmitter levels were measured by LC-MS/MS, and GABRA1 and POMC
proteins expressions were determined by Western blot. Total distance, exploration rate, and average speed significantly
decreased in all groups. PTZ caused increased NO and LPO levels, decreased SOD activity and increased cox! and il6
expressions. The expression of scn8aa decreased in the PTZ and AA groups, trpal and zasicl.3 expression increased in the
AA and PTZ+AA groups. The expressions of the pdyn, oprkl, and opril genes increased in the AA group, decreased in the
PTZ and PTZ+AA groups. Additionally, GABRA1 protein expression decreased in the PTZ, AA, and PTZ+AA groups,
POMC protein expression showed a significant increase in all groups. In all groups, decreased dopamine, norepinephrine,
serotonin and acetylcholinesterase indicate a disruption in neurotransmitter balance. This results indicate that the application
of acetic acid in the PTZ-induced epilepsy model disrupts pain response mechanisms and neuromotor activities, increases
pain perception during seizures, and VPA treatment reversed most of these effects.

Keywords: Pain, opioids, oxidative stress, valproic acid, epilepsy, zebrafish

Introduction stimuli'.  Nonetheless, despite  the limited

Epilepsy represents one of the most common
neurological conditions worldwide, which manifests
with recurring seizure episodes that trigger various
symptoms, such as alterations in cognitive/affective
patterns, motor function deficiencies, and attention
deficits. Furthermore, it has been noted that among
patients with epilepsy, episodes of pain are a common
developing comorbid complication in the interictal
period, displaying increased susceptibility to pain

*Correspondence:
E-mail: fdustundag@yahoo.com

understanding of connections between epilepsy and
pain, current evidence suggests that there are possibly
major neurological associations between the two
conditions>®. Therefore, studies concerning the role of
epilepsy in modulating pain thresholds and related
mechanism processes might provide opportunities for
upgrading management of epilepsy.

Pain syndromes are common in epilepsy, taking
many forms, including but not limited to, headache
from migraine, fibromyalgia, and neuropathic pain, as
well as chronic pains®. Notably, there are interictal
changes in pain thresholds, with suggestions that
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between seizures, tolerance to pain, as well as
sensitivity to pain, has been shown to increase'.
Consequently, it becomes critical to discern how, in
epilepsy, and in patients with this condition, seizures
affect tolerance to, as well as sensitivity to, pain.
Seizure-related pains in epilepsy patients also take
many different types, including but not limited to,
hemi corporeal pains, cephalalgia, as well as
abdominal pains’. These seizure-related pains provide
clues to the underlying pathophysiology and underline
the need to clarify how seizures and nociception
interact.

Oxidative stress and inflammation are important
pathophysiological processes involved in the
interaction between epilepsy and pain. In cases of
epilepsy, there can be oxidative stress that brings
about an inflammatory response due to harmful
effects on structures of a cell through free reactive
radicals’®. In epilepsy, enhanced inflammatory
reactions can increase susceptibility to pain, which
can contribute to the modulation of seizure occurrence
and intensity. Changes in pain threshold based on
inflammatory reactions can modulate the sensitivity
of sodium channels and ion channels, which are
critical in the pain transmission pathway and affect
the seizure-related pain threshold’. Anomaly in
sodium  channels can  increase  neuronal
hyperexcitability, thereby providing a mechanism for
comorbid pain and seizure development.

The endogenous opioid system also plays a role in
understanding epilepsy and pain. Families of opioid
peptides, including endorphins, enkephalins, and
dynorphins, provide a major mechanism for analgesia.
These peptides are released through opioid receptors,
including p-opioid receptors (MOR), &-opioid
receptors (DOR), and x-opioid receptors (KOR),
which affect analgesia in response to nociceptive
stimuli®. Endogenous opioids also provide a
mechanism  for regulating epilepsy seizure
development. Some studies suggest that opioids can
lead to a decreased rate of both seizure recurrence and
intensity. An example of this involves nociceptin
(NOP), which, although not part of the opioid family
of receptors, plays a role in modulating pain in
conjunction with epilepsy’. Alongside, the genes
involved in opioid peptide synthesis, namely
proenkephalin (penk) and prodynorphin (pdyn), are
proposed to contribute to both epileptogenesis and
pain regulation'®"".

Studies on the neurobiological associations that
exist between epilepsy and pain are focused on how

neuronal hyperexcitability and neurotransmission
modulation contribute to both conditions. Glutamate,
the principal excitatory neurotransmitter in the central
nervous system, plays a critical role in the
pathophysiology of epileptic seizures. An excess
release of glutamate has been shown to cause
neuronal hyperexcitability, which in turn brings about
seizure episodes'’. In the complex relation between
pain and epilepsy, glutamine, as a glutamate
precursor, can affect pain processing and be involved
in the regulatory processes of the neural circuits of
pain in the CNS. Gamma-Aminobutyric Acid
(GABA) represents a major inhibitory
neurotransmitter that supports overall brain functions
and remains a major target in anti-epileptic therapy.
The dysfunction of the GABA system in epilepsy,
along with neuronal excitability and seizure episodes,
also affects pain processing'’. Serotonin, on the other
hand, influences nociception as well as seizure
initiation and severity. Further, dysfunction of the
serotonin system has been shown to increase pain
thresholds as well as decreased seizure thresholds'.
The serotonin receptor has a crucial role in the neural
circuits associated with seizure and/or pain, and
alterations in this system provide potential therapeutic
strategies for treating both conditions, that of pain and
epilepsy.

The aim of this study was to investigate the
molecular mechanisms of pain in a PTZ-induced
zebrafish model of epilepsy and to clarify how a
superimposed nociceptive challenge with acetic acid
modifies seizure-related changes. We hypothesized
that acetic acid nociception superimposed on PTZ-
induced seizures would aggravate disturbances in
endogenous opioid signaling (pdyn, penka, oprkl,
oprll), pain and seizure related ion channels (scnla,
scn8aa, zasicl.3, trpal), the oxidant—antioxidant
balance and neuroinflammation (cox!, il6), and that
valproic acid would attenuate these alterations. To test
this, locomotor behavior, the body curvature pain
index, oxidant-antioxidant  parameters, gene
expression, GABRA1 and POMC protein levels, and
brain neurotransmitter content were evaluated.

Materials and Methods
Animals and Treatments

AB/AB strain adult zebrafish were housed in a
ZebTEC mini aquarium rack system (Tecniplast,
Italy) at a temperature of 27 + 1 °C under a 14/10
hour light/dark cycle. All procedures were approved
by the Marmara University Institutional Animal Care
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and Use  Committee  (Approval  Number:
68.2020.mar). Anesthesia was achieved using a wet
ice-cold plate before intraperitoneal injections. The
number of fish needed to yield statistically significant
results was calculated through the power analysis
procedure, utilizing the G*Power 3.1 software. The
significance level was set at (o = 0.05), the statistical
power and the effect size were set at (B = 0.8, f=0.4).
Calculations showed that the number of fish needed in
the experimental groups to yield a statistically
significant sample was 14. The fish were randomly
divided into five groups, and each group had 15 fish.
Fish in the pentylenetetrazole (PTZ) group were
injected with 170 mg/kg PTZ (Sigma- USA, CAS no:
54-95-5) and treatment group to 100 mg/kg VPA
(Sigma- USA, CAS no: 1069-66-5), diluted in embryo
medium". Fish in the acetic acid (AA) group, at 5%,
were dissolved in physiological saline. The doses of
PTZ, AA, and VPA were selected according to the
previously reported studies'®*.

All chemicals were injected intraperitoneally with a
Hamilton microinjector after the fish were
anesthetized on a wet ice plate for ~30 s. VPA was
injected 15 min before PTZ, and AA was injected
simultaneously with PTZ. After a 30-60 s interval
(kept short to avoid missing early seizure onset),
locomotor activity was recorded for 10 min. Fish were
then anesthetized on a wet ice plate and sacrificed,
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and brain tissues were promptly harvested for RNA
extraction and biochemical analysis.

Each group consisted of 15 fish. Locomotor activity
and the body-curvature pain index were assessed in 6
fish per group (n = 6), whereas all biochemical assays
(MDA, NO, SOD, GST, AChE), RT-qPCR, Western
blotting and LC-MS/MS were performed on three
biological replicates per group (n = 3). Because a single
adult zebrafish brain yields insufficient tissue and
protein for the full assay panel, each replicate pooled
the brains of three different fish, with the three pools
per group derived from non-overlapping fish (n = 3
independent biological replicates). Each parameter was
measured in triplicate.

The abdominal constriction, writhing-like behavior

The Image J program was used to measure of
zebrafish body curvature indexes after acetic acid
injection. The abdominal narrowing, writhing-like
behavior was measured as previously described'”*"**.
In short, frontal photographs were taken every 30
seconds during the 6 minutes and analyzed using
Image] software. Three points, the anterior part
(anterior to the head), central part (middle, anal, and
dorsal fins), and posterior part (dorsal fin) of the fish,
were chosen for the measurement of body curvature
(Fig. 1c). Differences in results were subtracted from
180° to yield body curvature index values.
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Fig. 1 — Time-dependent changes in the body-curvature index, area under the curve (AUC), and representative phenotype images across
treatment groups. (a) Time course of the body-curvature index, calculated as the angle of abdominal constriction after PTZ, AA and VPA
treatment. (b) AUC of the body-curvature index. (c) Zebrafish angular body curvature, measured using anterior, central and posterior
reference points. Data are mean + SD. Significance was assessed by one-way ANOVA with Tukey's multiple-comparison post-hoc test.
Symbols denote significant differences versus control (*), PTZ (#), AA (x) and PTZ+AA (<); the number of symbols indicates the
significance level (one to four symbols = P < 0.05, < 0.01, < 0.001 and < 0.0001, respectively). C: control; PTZ: pentylenetetrazole; AA:
acetic acid; VPA: valproic acid.
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Behavior Analyses

A glass tank (21 cm x 9 cm x 11 cm) was used to
determine locomotor activities.Video recording for
each fish swimming pattern was taken daily by
individuals, under the same time and same conditions,
for 10 minutes after 30 seconds to 1 minute post-
injection. The camera was placed 30 cm away from
the 21 cm long side of the tank. Using tracking
software (Tox-Track), a section consisting of 25
squares on the y-axis and 60 squares on the x-axis
was created. The average speed of the fish, the total
distance they traveled and the exploration rate were
analyzed™**.

Biochemical Analyses

The fish were decapitated on a wet ice plate, and
the whole brain was rapidly removed under a
microscope. For each group, the brains of three fish
were pooled in physiological saline to prepare 10%
(w/v) homogenates. Pooling was necessary because
the small mass of a single zebrafish brain does not
provide sufficient protein for the complete
spectrophotometric panel. Each pool constituted one
biological replicate, and three independent pools per
group were analysed, so that n=3 corresponds to
three biologically independent replicates [authors:
please confirm the total number of fish used per group
for the pooled samples]. Homogenates were
centrifuged at 3000rpm for 10min, and the
supernatant was used for the biochemical assays.
Protein concentration was determined by the Lowry
method, and all biochemical parameters were
normalized to protein content”. The principle of this
test is based on the measurement of the colored
complex formed by the reduction of the foline reagent
by Cu™ ions in the alkali protein solution in a
spectrophotometer at 500 nm. The level of
malondialdehyde (MDA), the end product of LPO,
was determined using the thiobarbituric acid reagent
according to the Yagi method®®. The results were
expressed as nmol MDA/mg protein, using a molar
extinction coefficient of 1.56x10° M 'em'. Nitric
oxide (NO) levels were determined using the Miranda
method. The Miranda method reduces nitrate to nitrite
with vanadium (III) chloride, and the results were
calculated as nmol NO/mg protein®’. Superoxide
dismutase (SOD) activity was determined by the
Mylorie method. In the Mylorie method, the effect of
riboflavin-sensitized photooxidation of SOD, o-
dianisidine, is enhanced. Results were expressed as
U/mg protein®®. The glutathione-S-transferase activity

was determined through the spectrophotometric
determination at 340 nm of the absorbance
of the product formed by the conjugation of GSH
and 1-chloro-2,4-dinitrobenzene (CDNB)”.
Acetylcholinesterase  (AChE) activity in the
supernatants was determined using the Ellman (1961)
method™.

Reverse transcription (¢cDNA synthesis) and quantitative real-
time PCR

Total RNA was isolated using the RNeasy Mini Kit
and QIAcube (Qiagen, Germany). Each sample was a
pool of three brains and three independent pools were
processed per group (n=3 biologically independent
replicates). RT? Profiler PCR Arrays (Qiagen,
Germany) were used to synthesise single-stranded
cDNA. DNA Master SYBR Green kit (Qiagen,
Germany) was used for the PCRs. The Qiagen
RotorGene-Q Light Cycler instrument was used to
determine the genes of primer sequences are given in
(Table 1). Relative transcript levels were evaluated by
using the Delta—Delta CT (AACT) method through the
normalisation of the values to the housekeeping gene,
B-actin’'.

Western Blot
GABRAI1 and POMC proteins were evaluated by
semiquantitative Western blotting. Tissue samples

Table 1 — Forward and reverse primer sequences used in

this study.
Primers (forward/reverse)
B actin 5-AAGCAGGAGTACGATGAGTCTG-3'
5'-GGTAAACGCTTCTGGAATGAC-3'
coxl 5-AGGGAGCTTCGACTTCAGCC-3’
5-TACCGCACCAGGTCGTGTTT-3'
il6 5-GGCATTTGAAGGGGTCAGGA-3’
5-TCAGGACGCTGTAGATTCGC-3'
trpal 5'-AGCCGATAAAGAAGTGCTCCCA-3'
5'-CCGCTGCGTTTCCTTGCTTA-3'
scn8aa 5'-CCTCCCGAGTGGTCCAAACA-3’
5-TCAGCGCAGATACATTCCCC-3'
senla 5-TCCGCTTGGATCACTGCAT-3’
5-AGACTTTGAGGTCCTGGCGG-3’
zasicl.3 5'-AGCATACGAAGTCGCTGGGT-3'
5-GTCATGCAGAGAAACAATTACCAGA-3'
pdyn 5-GATGCGCGCAACAGATCTCC-3'
5-CGTCTGCGCCTGTATTGAGC-3'
penka 5'- CGTTTACCGGCTCCTCCGAC-3'
5-CAAGGCGATCCTCTTCGGTGA-3'
oprkl 5-CTGCCGTTTACTCCGTGGTG-3'
5-ATGGCCAAGAGTTCAGCAGGT-3’
oprll 5-ATTGGTGTTCCGGCGATGGT-3'

5'-TGGGAGAACTAAGATGCACTCG-3'
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were collected using Qiagen Tissuelyser (Qiagen)
with 200 pl of 1XRIPA (Chem/Cruz, SC-24948A)
buffer containing protease inhibitor (Protease
Inhibitor Cocktail, Chem/Cruz) and 10 mM
phosphatase inhibitor sodium fluoride (Santa Cruz,
SC-24988B), homogenized. Protein quantification
was performed with the Take3™ Multi-Volume Plate
Reader (Synergy HI1, BioTek Instruments Inc.,
Vermont, USA). 30 ug of protein was loaded onto
10% SDS-PAGE and electrophoresed, then
transferred onto a gel to nitrocellulose membranes.
After incubating, the membranes were treated with
primary and secondary antibodies. B-actin (GT5512-
GTX629630, GeneTex) and POMC (ACTH 1-24)
(B427: sc-57021, Santa Cruz) are mouse-produced
monoclonal  antibodies. = GABRAI1(GTX125728,
GeneTex) is a polyclonal antibody produced in rabbits.
Imaging was performed using Chemiluminescent HRP
Substrate (Western Bright ECL-Advansta, K-12045-
D50) after horseradish peroxidase-conjugated secondary
antibody interaction. Band intensities were determined
with the Chemiluminescence Imaging System (Celvin S,
BioStep). While analyzing protein expressions, the
relative evaluation according to the level of f-actin, one
of the housekeeping genes in the cell, was taken as a
basis.

LC/MS-MS analysis

In the brain tissue, the levels of GABA (gamma-
aminobutyric acid), glutamate (Glu), glutamic acid,
dopamine, serotonin, and norepinephrine were
determined by the LC-MS/MS method. The brain
tissues were separated from the fish under anesthesia.
After homogenization with saline, quantitative
determination of GABA (gamma-aminobutyric acid),
glutamate (Glu), and glutamic acid parameters in
homogenates was performed using the Jasem
Quantitative Amino Acid LC-MS/MS analysis kit
(Sem Laboratory Devices Marketing Industry,
Istanbul, Turkey). Quantitative determination of
dopamine, serotonin (5-hydroxytryptamine, 5-HT),
and norepinephrine (NE) parameters was performed
using the Jasem Biogenic Amines LC-MS/MS
analysis kit (Sem Laboratory Devices Marketing
Industry, Istanbul, Turkey). Steps were taken to
follow the analysis kit sample preparation protocols.
950 pL of extract was transferred to an HPLC vial,
and 50 pL of biogenic amine IS mixture was added
and vortexed for 5 seconds. It was then injected into
the LC-MS/MS system. Sample analyses were
performed on a 6470 tandem mass spectrometer

(6470A, Agilent Technologies, Santa Clara, CA,
USA) connected to the Agilent HPLC system. Agilent
MassHunter Data Acquisition software was used to
operate the system, and MassHunter Quantitative
Analysis and Qualitative Analysis software were
used for quantitative and qualitative operations,
respectively.

Statistical Analysis

GraphPad Prism 9.0 was used for statistical
analysis. Data distribution was assessed using the
Shapiro-Wilk normality test. Group differences were
evaluated by one-way ANOVA followed by Tukey's
HSD post-hoc test for all pairwise comparisons.
Tukey's HSD inherently controls the familywise Type
I error rate, thereby addressing the multiple
comparison problem. Variance homogeneity across
groups was verified using the Brown-Forsythe test
(P > 0.05), and all groups featured equal sample sizes.
Results are expressed as mean + standard deviation
(SD), with statistical significance set at P < 0.05.

Results

Body curvature measurement

In this study, in the PTZ+AA group, AUC
significantly increased compared to the PTZ group
(P<0.0001) and it significantly decreased compared to
the AA group (P<0.0001) (Fig. 1b). The AUC, a
quantitative indicator of body curvature index,
increased in all groups compared to the control group
(Panova<0.0001), (Fig. 1a,b). With VPA treatment,
AUC values significantly decreased in the
PTZ+AA+VPA group compared to the AA and
PTZ+AA groups (P<0.0001), (Fig.1b). Acetic acid
caused a writhing-like response (body curvature
index). Time-dependent changes in body curvature
index and AUC measurements are given in Fig. la
and 1b; representative phenotype images illustrating
the body curvature (anterior, central and posterior
reference points) are shown in Fig. 1c.

Locomotor Patterns

The control animals performed swimming patterns
in the entire region for the duration of the 10-minute
in the tank; however, abnormal and circular
locomotor movements, hyperlocomotion, and
spontaneously triggered tonic-clonic seizures were
observed in the PTZ group. In the AA group, fish
exhibited rapid tail movements, hyper locomotion,
and swimming behavior near the upper surface of the
tank (Fig. 2a).
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Fig. 2 — (a) Representative images of the tank areas explored by the fish over 10 min, showing time spent in each zone (blue (—) to red (+)).
Locomotor pattern of the groups expressed as exploration rate (b), total distance (c) and average speed (d). Data are mean + SD (n = 6).
Significance was assessed by one-way ANOVA with Tukey's multiple-comparison post-hoc test. Symbols denote significant differences
versus control (*), PTZ (#), AA (x) and PTZ+AA (2); the number of symbols indicates the significance level (one to four symbols = P < 0.05,
<0.01,<0.001 and < 0.0001, respectively). C: control; PTZ: pentylenetetrazole; AA: acetic acid; VPA: valproic acid.

Total distance and average speed were significantly
reduced in all exposure groups compared to the
control group (P<0.0001), (Fig. 2¢ & Fig. 2d). Fish in
the PTZ+AA group spent more time at the upper
surface of the aquarium similar to the AA group and
exhibited seizure-like swimming behaviors similar to
the PTZ group (Fig. 2a). In the PTZ+AA+VPA group,
improvements in swimming movements induced by
PTZ and AA were observed (Fig. 2a). The exploration
rate was significantly decreased in the PTZ+AA
group compared to the control (P<0,0001), PTZ
(P<0,0001) and AA (P<0,0001) groups (Fig. 2b).
VPA treatment in the PTZ+AA+VPA group
significantly increased the average speed and total
distance compared to the PTZ (respectively,
P=0.0028; P=0,0028), AA (respectively, P=0.0004;
P<0,0001) and PTZ+AA groups (respectively
P<0.0001; P<0,0001), (Fig. 2b, Fig. 2c & Fig. 2d).
Moreover, the exploration rate was also increased in
the PTZ+AA+VPA group compared to the PTZ+AA
group (P<0,0001).

Biochemical Parameters

Malondialdehyde (MDA), a byproduct of lipid
peroxidation, is an organic compound that damages
cell membranes and serves as a marker of oxidative
stress. MDA levels significantly decreased in the AA
(P<0,0001) and PTZ+AA (P<0,0001) groups
compared to the control group (P.nova<0.0001),
while significant increases were observed in the PTZ
(P=0.0033) and PTZ+AA+VPA (P<0.0001) groups.
VPA treatment significantly increased MDA levels in

the PTZ+AA+VPA group compared to the AA and
PTZ+AA groups (P<0.0001) (Fig 3a & 3b).

NO levels were significantly increased in the PTZ
(P=0.0026) group compared to the control group
(Panova<0.0001), while no significant difference was
found in the AA (P=0.0846), PTZ+AA (P=0,6145)
and PTZ+AA+VPA (P=0,9917) groups.

In this study, SOD activity significantly decreased
(Panova<0.0001) compared to the control group in the
PTZ (P=0,0090), PTZ+AA (P=0,0075) groups,
whereas it increased in the AA (P=0,0141) and
PTZ+AA+VPA (P<0,0001) groups. Glutathione S-
transferase (GST) activity significantly increased in
all groups (Panova<0.0001) except the PTZ+AA
group. VPA treatment significantly increased SOD
and GST activity in the PTZ+AA+VPA group
(P<0.0001) compared to the PTZ+AA groups (Fig. 3¢
& 34).

Brain AChE activity decreased in the PTZ
(P=0.007), PTZ+AA and PTZ+AA+VPA (P<0.0001)
groups compared to the control group
(Panova<0.0001). VPA treatment significantly
increased brain AChE activity in the PTZ+AA+VPA
group (P=0.0048) compared to the PTZ+AA group
(Fig. 3e).

RT-PCR Gene Analysis
Changes in Gene Expression Related to Epilepsy, Inflammation,
and Pain

COX-1 promotes the production of prostaglandins,
which lead to inflammation and pain®’, while IL-6
(interleukin-6), an inflammatory cytokine, enhances
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Fig. 3 — Biochemical analysis of oxidative stress: (a) LPO levels, (b) NO levels, (¢c) SOD activity, (d) GST activity and (¢) AChE
activity of the groups. Data are mean + SD (n = 3). Significance was assessed by one-way ANOVA with Tukey's multiple-comparison
post-hoc test. Symbols denote significant differences versus control (*), PTZ (#), AA (x) and PTZ+AA (<); the number of symbols
indicates the significance level (one to four symbols = P < 0.05, < 0.01, < 0.001 and < 0.0001, respectively). C: control;
PTZ: pentylenetetrazole; AA: acetic acid; VPA: valproic acid; LPO: lipid peroxidation; MDA: malondialdehyde.

this process®. TRPA1, which responds to temperature
and mechanical stimuli associated with pain and
inflammation®, can amplify the effects of these
molecules®™. The expression of coxl and il6 in the
PTZ (P.,x;<0.0001, Py5<0.0001), AA (P.,;<0.0001),
PTZ+AA (Peox1<0.0001, Ps=0.0029) and
PTZ+AA+VPA (P.,,;<0.0001, p;=0.0080) groups
was significantly higher compared to the control

group (respectivly, (PANOVAC0x1<0.0001);
(Panovaiis<0.0001)), while VPA treatment
significantly reduced coxI expression in the

PTZ+AA+VPA groups (P..;<0.0001) (Fig. 4a & 4b).
Additionally, the expression of trpal was
significantly increased in the AA (Py,,=0.0440),

PTZ+AA groups (P;,,<0.0001) compared to the
control group (Panova<0.0001), whereas it decreased
in the PTZ group (P.;=0.0259). VPA treatment led
to a decrease in expression in the PTZ+AA+VPA
(Pypar<0.0001) group compared to the PTZ+AA
group (Fig.4c¢).
Changes in Gene Expression Related to Sodium Ion Channels
and Pain Response

The scn8aa and scnla genes encode sodium
channels that regulate neuronal electrical conduction.
Mutations in these genes are associated with increased
epileptic seizures and pain. scn8aa expression was
significantly lower in the PTZ (Py.,5,,=0.002) and AA
(Pyensaa=0.0062) groups compared to the control group
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(Panova<0.0001) but was increased with VPA
treatment in  the PTZ+AA+VPA groups
(Pycnsaac<0.0001), (Fig. 5a). scnla expression was
upregulated (Panova<0.0001) with VPA treatment in
the PTZ+AA+VPA groups (P;,1,<0.0001), (Fig. 5b).

ASICs are proton-gated members of the
degenerin/epithelial Na“ channel family and the
expression of zasicl.3, the most important pH sensor
for pain, was significantly reduced in the PTZ
(P.asic1.5=0.0001) group compared to the control group
(Panova<0.0001), but significantly increased in the
AA  (P.usic13<0,0001) and PTZ+AA  groups
(P.asic1.5<0.0001) (Fig Sc¢).

Changes in Gene Expression Related to the Opioid System

The pdyn and penk genes produce opioid peptides,
dynorphin and enkephalin, which interact with each
other and modulate their effects on pain, stress, and
emotional regulation processes. The expression of
pdyn and penka decreased in the PTZ (p,4,,<0.0001,
Ppenta<0.0001) compared to the control group
(PANOVApdyn<O~0001); PANOVApenka<0-0001)a (Flg 6a &
Fig. 6b). In the AA group, pdyn expression
significantly increased (P,q,<0.0001), while penka

expression showed no  significant change
(Ppenka=0.7686).  pdyn  expression  significantly
decreased in the PTZ+AA group (P4, = 0.0067),
while penka expression no significant change (Ppena=
0,0536). With VPA treatment, pdyn gene expression
increased in the PTZ+AA+VPA (P,4,=0.082) group
compared to the PTZ+AA group. As for penka gene
expression levels, a significant increase was observed
in the PTZ+AA+VPA group (P,ena<0.0001)
following VPA treatment.

The expression of oprll and oprkl increased in the
AA (P,,1=0.0064, P, <0,0001) but decreased in
the PTZ (P,,,<0.0001, P,,;<0,0001) group
compared to the control group (Panovaep«<0.0001;
Panovaop<0.0001), (Fig. 6¢ & Fig. 6d). On the other
hand, the expression of opril significantly decreased
in the PTZ+AA group (P,,;<0,0001) compared to the
control group. Furthermore, with VPA treatment,
oprll and oprkl expression levels increased in the
PTZ+AA+VPA group (P,,;<0.0001, P,,,;<0,0001).

Western Blot Analysis
The protein expressions of GABRA1 and POMC
were measured by comparing their band densities to
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valproic acid.

the housekeeping protein beta-actin and quantified
using the western blot analysis method (Fig.7a).
GABRAI1 protein expression decreased in the PTZ
(P<0.0001), AA (P=0.0037) and PTZ+AA groups
(P=0.0015) compared to the control group
(Panova<0,0001). GABRAI1 protein levels decreased
in the PTZ+AA+VPA group (P=0.0037) compared to
the PTZ+AA group (Fig. 7b). POMC protein
expression significantly increased in all exposure
groups compared to the control group
(Panova<0.0001). With VPA treatment, POMC
protein expression increased in the PTZ+AA+VPA
group (P=0.0023) compared to the PTZ+AA group
(Fig. 7¢).

Neurotransmitter Analysis Using LC-MS/MS

To evaluate the chemical changes in the brain
following exposure, we conducted a molecular
analysis of GABA, Glutamate, Glutamine, Dopamine,
Norepinephrine, and Serotonin levels in zebrafish
brain tissues using LC/MS-MS. GABA levels
significantly  increased in the PTZ, AA,
PTZ+AA+VPA (P<0.0001) groups compared to the
control group (Panova<0.0001), but decreased
significantly in the PTZ+AA group (P<0.0001)
(Fig. 8a). Glutamate levels significantly decreased in

the PTZ (P<0.0001) and PTZ+AA groups
(P<0.0001), but increased in the AA group
(P<0.0001) compared to the control group

(Panova<0.0001). After VPA treatment, glutamate
levels increased significantly in the PTZ+AA+VPA
group (P<0.0001), (Fig. 8b). Glutamine levels
significantly increased in all exposure groups
compared to the control group (Panova<0.0001). In
the groups treated with VPA a significant increased
was noted in the PTZ+AA+VPA group (P<0.0001) as
shown in (Fig. 8c).

Dopamine (DA), Norepinephrine (NE), and
Serotonin (5-HT) levels significantly decreased in all
exposure groups compared to the control group
(PANQVA<00001), (Flg 8d, Flg 86, Flg 8f)
Additionally, there was no significant change in DA
and NE levels in the groups treated with VPA.
However, brain 5-HT levels significantly decreased in
the PTZ+AA+VPA (P<0.0001) group with VPA
treatment.

Discussion

Shared mechanisms between neuropathic pain and
epilepsy suggest a potential role for antiseizure drugs
in pain management. Here, we investigated the
behavioral, oxidative, inflammatory, and
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neuromolecular effects of valproic acid in a
PTZ/acetic acid-induced adult zebrafish model. VPA
treatment improved pain-related body curvature
index, disrupted neuromotor activity, and seizures
observed in the epileptic pain group (distance
traveled, exploration rate, and average velocity) in
this study. PTZ-induced seizures led to oxidative
stress with increased NO and LPO and decreased
SOD activity. It also triggered an inflammatory
response with increased expression of cox-1, i/-6, and
trpal. Furthermore, scnla expression was upregulated
in the AA-induced pain and PTZ+AA groups,
whereas the decrease in scn8aa expression in the PTZ
and AA groups would also indicate of increased pain
transmission. Opioid system genes pdyn, oprkl, and

oprll, were increased in the AA group but decreased
in both PTZ and PTZ+AA groups. A marked
reduction in dopaminergic, norepinephrinergic, and
serotoninergic neurotransmitter content in the brain,
as well as decreased acetylcholinesterase activity in
all groups, suggests a disruption in the
neurotransmitter balance.

Acute seizures induced by PTZ in adult zebrafish
have been demonstrated in previous studies®®’.
Choo et al. was observed that zebrafish pre-treated
with VPA before receiving 170 mg/kg PTZ injections
exhibited regular swimming movements compared to
the PTZ group'®. In our study, zebrafish subjected to
acute i.p. 170 mg/kg PTZ exhibited anxiety-like
behavior and seizure-like movements, as previously
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described in the literature'’*®*°, The reduction in

traveled distance, exploration rate, and average speed
suggests that the impairment in motor activity is
associated with epilepsy. Furthermore, in previous
studies, 100 mg/kg VPA treatment has been shown to
reduce PTZ-induced acute seizures, bring the
swimming behavior of zebrafish closer to normal and
improve these parameters'>*.

Acute exposure to 5% acetic acid resulted in
decreased locomotor activity, which is consistent with
pain-related behavioral responses reported in previous
studies'”?***2 Adedara et al, as well as Cansiz et al.,
showed that in acetic acid-induced zebrafish pain
models, the distance traveled and absolute turn angle
were reduced, while time spent on the upper surface
of the tank was increased, with body curvature being
a pain indicator’*®. In the present study, acetic acid
injection caused zebrafish in the AA group to spend
more time in the upper region of the tank, remain
immobile, and exhibit body curvature and contraction
behaviors, whereas acetic acid administration in the
PTZ group resulted in significant reductions in body
curvature, swimming pattern, and locomotor
parameters (exploration rate, distance traveled, and
swimming speed). These findings suggest that the
combined effects of epilepsy and pain impair
neuromotor function and increase pain sensitivity.
Furthermore, @~ VPA  pretreatment  significantly
ameliorated these behavioral abnormalities, while
epilepsy-associated motor dysfunction may be further
exacerbated by oxidative stress-induced neuronal
damage.

NO levels are a significant cause of
neuroinflammation in epilepsy***’. Watanabe et al.
reported that NO levels in the brain increase fivefold
after PTZ exposure, which may affect the seizure
threshold*. Peroxynitrite (ONOO") radicals and ROS
causes an increase in malondialdehyde (MDA) levels,
which is a product of lipid peroxidation. Similarly, in
our study, as well as studies by Guna et al. and Oktay
et al. in rat models of PTZ epilepsy, MDA levels
significantly increased in the PTZ group, while SOD
activity decreased*®*’. NO and LPO levels increased
in the PTZ group, while NO levels remained
unchanged in the acetic acid and acetic acid-treated
PTZ groups, and LPO levels decreased. Moreover,
acetic acid administration increased SOD enzyme and
GST activities, suggesting the activation of a
neuroprotective mechanism and can be explained by
the anti-inflammatory effects of acetic acid. Our

interpretation is supported by the findings of Tain et
al. have reported that acetic acid, as a short-chain
fatty acid, has anti-inflammatory effects on brain
cells*. Although VPA is used as an anticonvulsant in
seizure treatment, it is known to have toxicity™.
Jafarian et al. demonstrated in rats that valproic acid
(VPA) induces the formation of reactive oxygen
species (ROS) in hepatic tissue’’. Turkyilmaz et al.
and Oktay et al. Shown that VPA exposure decreased
SOD activity in rats*””'. In our study, VPA treatment
led to a significant increase in LPO levels, while SOD
and GST activities also increased. These results
indicate that the antioxidant mechanism is activated
in reaction to oxidative stress induced by
VPA administration. Furthermore, the absence of
significant changes in NO levels in the VPA-treated
groups suggests that peroxynitrite formation did not
reach toxic levels and that antioxidant defense
was preserved.

Oxidative  stress-mediated  neuroinflammation
contributes to nociceptor sensitization through the
COX-1 pathway™*. In this study, cox-1 expression was
upregulated in epilepsy, pain, and epilepsy with pain
conditions, = whereas =~ VPA  attenuated  this
inflammatory response. During epileptic seizures,
increased cox-1 activity and elevated il-6 levels may
enhance prostaglandin production, thereby increasing
pain perception. During epileptic seizures, increased
cox-1 activity and elevated il-6 levels may enhance
prostaglandin production, thereby increasing pain
perception®™ ™. In our study, il6 expression in brain
tissue showed an increase in both epilepsy and in
models of epileptic pain. Yan et al. has been shown
that il6 over-expression reduces the threshold of
action potential in Na’ channels, a result of
hyperexcitability of neurons in rat epilepsy model>®.

Changes in trpal expression in cationic ion
channels, which take place in epilepsy, have been
found to modulate epilepsy-induced seizure
activity’*® as well as affect pain perception due to
injury”’. A decreased expression of trpal in epilepsy
has been found in our study. Also, a high expression
of trpal in both the pain group as well as in the
epileptic-pain group supports this result. Taken
together, it seems that decreased expression of trpal
in this epilepsy model may represent an adaptive,
potentially neuroprotective response that limits
TRPA1-mediated Ca*" influx; because expression was
measured at the transcript level only, this
interpretation remains correlative.  Additionally,
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TRPAT1 channels also present a drug target for various
migraine-inducing medications that have been shown
to suppress channel function®. Furthermore, in the
epileptic-pain group, VPA suppressed this enhanced
trpal expression, a change that is consistent with, but
does not by itself demonstrate, an antinociceptive
effect of VPA. Moreover, overactivation of sodium
channels such as scn/a and scn8a through the TRPA1
channel during episodes of epilepsy can lead to a
decrease in pain tolerance. Increased sensitivity to the
TRPV1 channel can make nociceptor activation
easier, resulting in enhanced pain intensity. In
addition, scnla and scn8a mutations can also lead to
increased pain thresholds.

Epilepsy and pain share ion channel dysfunction
and neuronal hyperexcitability. Altered pain
perception in scn8a-related disorders underscores
their close association. In case a decrease in Nav.1.6
expression, encoded by the scn8aa gene, has been
reported in trigeminal neuralgia® and in diabetic
neuropathy in humans®. Defects in sodium channel
subunits in zebrafish lead to insensitivity
(hyposensitivity) in pain perception®. In present
study, scn8aa expression decreased in the epilepsy
and pain groups but increased in the epileptic pain
group. VPA treatment, scn8aa expression increased in
the epileptic pain group. This increase suggests that
VPA may reduce pain by stabilizing neuronal
excitability. The reduced scn8aa (Nav1.6) expression
observed in the PTZ and AA groups is consistent with
the decreased Navl.6 levels reported in human
neuropathic pain conditions and may indicate reduced
excitability of nociceptive neurons. In contrast, the
elevated scn8aa expression detected in the epilepsy—
pain group may reflect a compensatory response
triggered by the combined effects of seizure activity
and nociceptive stimulation. However, since Nav1.6
was assessed only at the mRNA level, functional
studies are required to confirm these interpretations.

levglevskyi et al. demonstrated that blocking ASIC
conductivity in the hippocampal CAl cells, in
response to kainate-induced seizure-like activity, has
a significant anti-seizure effect®’. Furthermore,
inflammation and tissue damage have been shown to
increase ASIC mRNA expression levels in dorsal root
ganglion (DRG) neurons, and ASICs have been
inhibited by cannabinoids and nonsteroidal anti-
inflammatory drugs®. In this study, the increased
expression of zasicl.3 in the pain and epileptic pain
groups is associated with inflammation, and the

reduced expression of zasicl.3 with VPA treatment
suggests that VPA may reduce pain.

POMC, PENK, and PDYN encode endogenous
opioid peptides involved in pain modulation.
Increased penk and pdyn expression has been
associated with neuropathic pain®. It is also thought
that Enkephalins, by regulating mitochondrial
functions under hypoxic conditions, reduce reactive
oxygen species and play a neuroprotective role®’. In
the acute epilepsy model induced by PTZ®® did not
detect any differences in penk expression in the
hippocampus, neocortex, or prefrontal cortex. penk
expression increased in rats with 24-hour PTZ
administration®. Contrarily, in this study, a
significant decrease in penk expression was evidenced
in the PTZ group, suggesting that seizure episodes can
suppress the opioid system by means of
neuroinflammatory and stress-mediated pathways.
Furthermore, a substantial increase in penk expression
in the pain group suggests that a protective pathway
has been activated in response to nociception. As
calcium ions regulate neuronal excitability and
calcium ion imbalance is thought to trigger epilepsy,
PENK has been linked to calcium ion channels”. In
our study inhibition of penk expression may link that
these altered calcium levels in this study. The fact that
VPA administration leads to a significant increase in
penk expression suggests that it can increase pain
tolerance and pain sensitivity, and these findings
suggest that VPA may alleviate epilepsy-associated
pain by upregulating penk and oprdl expression.
Consistent with the reported anticonvulsant role of
pdyn’', VPA also increased pdyn expression in the
epileptic pain group, further supporting its
antinociceptive effect.

In the pain group, pdyn expression increased with
oprkl expression compared to the control group. On
the other hand, decreased expression of pdyn and
oprkl in the epilepsy and epileptic pain groups
reflects a suppressed endogenous opioid system in
these groups. Suppressed expression of these two
genes supports a disrupted pathway in pain
modulation and a decreased responsiveness to pain.
Increased oprkl expression suggests activation of
kappa-opioid receptors in response to painful stimuli,
hence contributing to the regulation of pain
perception. The increase the expression of pdyn and
oprkl in response to VPA treatment suggests
that VPAcontributes to the management of epileptic
seizures by activating the endogenous opioid
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system. The oprll gene, which encodes the
nociceptin/orphanin FQ receptor, is involved in the
modulation of seizures and pain”. In the present
study, oprll expression decreased in the epilepsy and
epileptic pain groups but increased following VPA
treatment. Similarly, reduced penk expression in
epilepsy may reflect impaired opioid-mediated pain
modulation, whereas VPA-induced upregulation of
penk suggests enhanced opioid signaling and a
potential analgesic effect.

POMC, the precursor of ACTH and -endorphin, is
activated by stress and has neuroprotective and anti-
inflammatory functions’'. Consistent with this,
POMC expression was significantly increased in the
epilepsy and epileptic pain groups. This increase may
reflect a compensatory response to seizure-induced
neuronal stress and excitability”””. ACTH has
demonstrated anticonvulsant efficacy in both
experimental and clinical studies. Nasiri et al.
reported that ACTH administration reduced seizure
episodes, while ACTH was also effective in drug-
resistant generalized epilepsy’”. Furthermore, seizure
control was achieved within weeks using synthetic
ACTH in combination with valproic acid’®, and post-
seizure ACTH release has been shown to attenuate
GABA-related excitotoxicity in the hippocampus’’.
ACTH over-expression in our study was found to be
stimulated not only in epilepsy but also in painful
conditions. VPA therapy in the epileptic pain group
increased protein expression of POMC, which may
point to stress due to a cumulative toxic effect of PTZ,
AA, and VPA.

Choo et al. found that pentylenetetrazol treatment
in zebrafish reduced gamma-aminobutyric acids and
glutamic acids levels, which was determined by
LC/MS-MS analysis of zebrafish brain. The
discrepancy between the reduction in glutamate and
the presence of seizures supports the idea that
transamination reactions in the glutamate-glutamine
cycle are reduced by PTZ'. However, in the pain
group, gamma-aminobutyric acid, glutamic acid, and
glutamine levels significantly increased compared to
the control group. Furthermore, our result suggests
that valproic acid has a role as a positive allosteric
modulator of gamma-aminobutyric acid A receptors,
increasing gamma-aminobutyric acid levels and
modulating GABRA1 protein expression in epilepsy,
acetic acid, and in the epileptic pain groups. The
neuroprotective effect of VPA is related to the
enhancement of GABAergic neurotransmission, a

reduction in glutamate stimulation, and the weakening
of neurogenic inflammation’®,

On the other hand, an increase in glutamate has
been found in patients with migraines, but it is low in
cases of back pain”®*. Peek and colleagues
underlined the differences in both GABA and
glutamate that exist in different types of pains, with a
particularly marked increase in the case of
migraines®'. In the epileptic pain group, GABA and
glutamine levels decreased compared to the control
group, while glutamic acid levels increased. VPA
treatment in the epileptic pain group significantly
increased GABA, glutamic acid, and glutamine levels.
Clinical studies have shown that glutamate levels
increase in epileptic tissue during interictal periods
and seizures® ™. GABA release is likely stimulated
by the depolarizing effects of glutamate and/or
aspartate on  glutamate receptors via the
depolarization of presynaptic GABAergic neurons.
Thomas et al. 2005 reported that GABA levels
increased before seizures in patients with temporal
lobe epilepsy. In our study, we suggest that the
increased GABA levels in the epilepsy and pain
groups may be a response to stimulation, but
prolonged exposure could lead to a decrease in
GABA and an increase in glutamate.

Furthermore, dopamine, serotonin, and
norepinephrine levels significantly decreased in all
groups compared to the control group. Szot et al.
(2004) found that a decrease in endogenous
norepinephrine levels increased susceptibility to
seizures and reported that norepinephrine has potent
antiepileptic effects among neurotransmitters®*. These
findings suggest that increasing norepinephrine (NE)
levels, which has widespread hormonal and stimulant
effects in the body, reduces susceptibility to epileptic
seizures. In this study, striking decreases in serotonin,
dopamine, and norepinephrine levels in the epilepsy
and pain groups, norepinephrine levels increased in
the epileptic pain group after VPA administration.
Before studies suggest that seizures and pain
perception are regulated by neurotransmitters®*’. In
addition, PTZ exposure led to a decrease in
acetylcholinesterase (AChE) activity, consistent with
the findings of decreased AChE activity in the Anesti
2020 studies®. A decreased level of acetylcholine
reduces pain modulation and consequently enhances
pain perception in relation to seizures®®. VPA
improved  cognitive  function by increasing
acetylcholinesterase (AChE) activity among the group
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with epileptic pain. These results show that VPA has
potential use in both epilepsy and pain conditions,
which can be achieved through reestablishing
neurotransmitter balance.

The PTZ-induced epilepsy model employed in the
present study reflects acute seizure activity and
therefore does not fully recapitulate the chronic and
progressive nature of epilepsy. Accordingly, several
limitations should be considered when interpreting the
findings. First, the acute PTZ paradigm captures only
short-term seizure responses and cannot reproduce the
long-term neuronal network remodeling and
neuropathological alterations characteristic of chronic
epilepsy. Second, the molecular analyses were
conducted wusing a limited number of pooled
biological replicates (n = 3), which may have reduced
statistical power and constrained the sensitivity of
multiple-comparison analyses. Third, seizure activity
was assessed based on behavioral observations and
was not validated by electrophysiological techniques
such as electroencephalography (EEG) or field-
potential recordings. Finally, the gene-expression data
were evaluated exclusively at the mRNA level, and
protein expression was assessed only for GABRAI1
and POMC; the remaining targets were not
corroborated by protein-expression analyses or
functional assessments of ion-channel activity.
Therefore, the observed molecular alterations should
be interpreted as associative rather than causal. Future
studies incorporating chronic epilepsy models, larger

independent sample sizes, electrophysiological
validation, and protein- and functional-level
confirmation will be essential for a more

comprehensive understanding of the mechanisms
underlying the interaction between epilepsy and pain.

Conclusions

This study proposes a new model of pain that was
formulated in conjunction with acute epilepsy in
zebrafish. (VPA) attenuated PTZ-induced behavioural
and neuromolecular alterations, supporting the
potential usefulness of this model for further
antiseizure studies. Findings of this study suggest that
acetic acid challenge in conjunction with the PTZ-
induced model of acute epilepsy interfered with pain
regulatory pathways, as evidenced by changes in ion
channels, endogenous opioids, oxidative stress, and

neuroinflammatory components, whereas VPA
showed anti-inflammatory and antinociceptive
properties.Our study examines the molecular

interaction of seizure-induced pain with the
simultaneous induction of epilepsy and pain,
providing insights into how these two conditions
interact at the molecular level and how a commonly
used antiepileptic drug like VPA affects this dynamic.
These findings may help clarify how pain in epilepsy
could be managed and which molecular pathways
might be targeted in future work. By characterising
the interaction between seizures and nociception in an
accessible vertebrate model, the study provides a
basis for further mechanistic and therapeutic
investigation of epilepsy-related pain and adds to the
limited literature in this field.

Ethics approval statement

The experimental procedures were approved by the
Institutional Animal Care and Use Committee of
Marmara University (68.2020.mar).

Acknowledgements

This project has been supported by the Turkish
Technology Research Council (TUBITAK) under
project number "221S054" and by the Marmara
University Scientific Research Projects Foundation
under project number "TDK-2021-10317". Dr. Fiimet
Duygu Ustiindag was supported by the Council of
Higher Education (YOK) through the YOK 100/2000
Priority Areas Doctoral Scholarship throughout her
doctoral education. This study was produced from
PhD thesis of Fiimet Duygu Ustiindag. The authors
would like to thank TUBITAK, Marmara University,
and YOK for providing the necessary resources.

Author Contributions

F.D.U: Conceptualization, Data curation, Formal
analysis, Methodology, Funding acquisition, Writing
— original draft — review & editing. 1.U: Methodology.
U.V.U: Methodology, Writing — review & editing.
D.C: Methodology. SKS: Methodology. MB:
Methodology. E.E.A: Conceptualization, Data
curation, Formal analysis, Supervision. P.M.T:
Conceptualization, Data curation, Supervision,
Funding acquisition, Writing — review & editing. All
the authors have agreed for authorship, read and
approved the manuscript, and given consent for
publication.

Declaration of competing interest
All of the authors do not have financial interests or
personal relationships to disclose.



USTUNDAG et al.: PAIN-RELATED RESPONSES IN ZEBRAFISH EPILEPSY MODEL

References

1

10

11

12

13

14

15

16

17

18

19

Velioglu SK, Gedikli O, Yildimm M & Ayar A, Epilepsy
may cause increased pain sensitivity: evidence from absence
epileptic WAG/RIj rats, Epilepsy Behav, 75 (2017) 146.
Bianchin MM, Londero RG, Lima JE & Bigal ME, Migraine
and epilepsy: a focus on overlapping clinical,
pathophysiological, molecular, and therapeutic aspects, Curr
Pain Headache Rep, 14 (2010) 276.

Hwang ST, Goodman T & Stevens SJ, Painful seizures: a
review of epileptic ictal pain, Curr Pain Headache R,
23 (2019) 83.

Costa C, Sarchielli P, Romoli M, Caproni S & Calabresi P,
Epilepsy, headache, and chronic pain, In The Comorbidities
of Epilepsy, Academic Press, (2019) 187.

Asadi-Pooya AA, Asadollahi M & Sperling MR, Ictal pain:
occurrence, clinical features, and underlying etiologies,
Epilepsy Behav, 61 (2016) 59.

Fabisiak T & Patel M, Crosstalk between neuroinflammation
and oxidative stress in epilepsy, Front Cell Dev Biol, 10
(2022) 976953.

Vezzani A & Viviani B, Neuromodulatory properties of
inflammatory cytokines and their impact on neuronal
excitability, Neuropharmacol, 96 (2015) 70.

Crist RC & Berrettini WH, Pharmacogenetics of OPRMI,
Pharmacol Biochem Behav, 123 (2014) 25.

Gonzalez-Nunez V & Rodriguez RE, The zebrafish: a model
to study the endogenous mechanisms of pain, /LAR J, 50
(2009) 373.

Nirvanie-Persaud L, Millis RM & Persaud LN, Epigenetics
and pain: New insights to an old problem, Cureus, 14 (2022)
€29353.

Brookoff D, Chronic pain: 1. A new disease? Hosp Pract, 35
(2000) 45.

Barker-Haliski M & White HS, Glutamatergic mechanisms
associated with seizures and epilepsy, Cold Spring Harb
Perspect Med, 5 (2015) a022863.

O’Hare L, Tarasi L, Asher JM, Hibbard PB & Romei V,
Excitation-inhibition ~ imbalance in  migraine: from
neurotransmitters  to  brain  oscillations, Int J Mol Sci,
24 (2023) 10093.

Panczyk K, Golda S, Waszkielewicz A, Zelaszczyk D,
Gunia-Krzyzak A & Marona H, Serotonergic system and its
role in epilepsy and neuropathic pain treatment: a review
based on receptor ligands, Curr Pharm Des, 21 (2015) 1723.
Westerfield M, The zebrafish book, (2000).

Gupta P, Khobragade SB & Shingatgeri VM, Effect of
various antiepileptic drugs in zebrafish PTZ-seizure model,
Indian J Pharm Sci, 76 (2014) 157.

Kundap UP, Kumari Y, Othman I & Shaikh MF, Zebrafish
as a model for epilepsy-induced cognitive dysfunction: a
pharmacological, biochemical and behavioral approach,
Front Pharmacol, 8 (2017) 515.

Choo BKM, Kundap UP, bin Johan Arief MF, Kumari Y,
Yap JL, Wong CP & Shaikh MF, Effect of newer anti-
epileptic drugs (AEDs) on the cognitive status in
pentylenetetrazol induced seizures in a zebrafish model,
Neuropsychopharmacol Biol Psychiatry, 92 (2019) 483.
Costa FV, Canzian J, Stefanello FV, Kalueff AV &
Rosemberg DB, Naloxone prolongs abdominal constriction
writhing-like  behavior in a zebrafish-based pain
model, Neurosci Lett, 708 (2019) 134336.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

765

Costa FV, Rosa LV, Quadros VA, Santos AR, Kalueff AV &
Rosemberg DB,  Understanding  nociception-related
phenotypes in  adult zebrafish: Behavioral and

pharmacological characterization using a new acetic acid
model, Behav Brain Res, 359 (2019) 570.

Jaiswal Y, Shaikh MF, Wang I, Yong Y, Lin Lin Lee V &
Williams L, Evaluation of anti-convulsive properties of
aqueous kava extract on zebrafish using the PTZ-induced
seizure model, Brain Sci, 10 (2020) 541.

Adedara IA, Costa FV, Biasuz E, Canzian J, Farombi EO &
Rosemberg DB, Influence of acid-sensing ion channel
blocker on behavioral responses in a zebrafish model of
acute visceral pain, Behav Brain Res, 416 (2022)113565.
Rodriguez A, Zhang H, Klaminder J, Brodin T, Andersson P
& Andersson M, ToxTrac: a fast and robust software for
tracking organisms, Methods ecol evol, 9 (2018) 460.

Nadig A, Nagaraja JS, Nagendra PK & Vinu V,
Amelioration of anxiety and locomotion during circadian
rhythm change of adult zebrafish (Danio rerio) by Pranic
Energy, Egypt J Aquat Biol Fish, 24 (2020) 319.

Lowry OH, Rosebrough NJ, Farr AL & Randall RJ, Protein
measurement with the Folin phenol reagent,J biol Chem,
193 (1951) 265.

Yagi K, Assay for blood plasma or serum, Methods Enzymol,
105 (1984) 328.

Miranda KM, Espey MG & Wink DA, A rapid, simple
spectrophotometric method for simultaneous detection of
nitrate and nitrite, Nitric Oxide, 5 (2001) 62.

Mylroie AA, Collins H, Umbles C & Kyle J, Erythrocyte
superoxide dismutase activity and other parameters of copper
status in rats ingesting lead acetate, Toxicol Appl Pharmacol,
82 (1986) 512.

Habig WH, Pabst MJ & Jakoby WB, Glutathione S-
transferases: the first enzymatic step in mercapturic acid
formation, J Biol Che, 249 (1974) 7130.

Ellman GL, Courtney KD, Andres JV & Featherstone RM, A
new and rapid colorimetric determination of acetylcholinesterase
activity, Biochem Pharmacol, 7 (1961) §8.

Livak KJ & Schmittgen TD, Analysis of relative gene
expression data using real-time quantitative PCR and the
2— AACT method, Methods, 25 (2001) 402.

Barbalho PG, Carvalho BDS, Lopes-Cendes I & Maurer-
Morelli CV, Cyclooxygenase-1 as a potential therapeutic
target for seizure suppression: evidences from zebrafish
pentylenetetrazole-seizure model, Front neurol, 7 (2016)
200.

Li W, Wang Y, Tang Y, Lu H, Qi Y, Li G & Sun H,
Quercetin alleviates osteoarthritis progression in rats by
suppressing inflammation and apoptosis via inhibition of
IRAK1/NLRP3 signaling, J Inflamm. Res, 14 (2021) 3393.
Yao K, Dou B, Zhang Y, Chen Z, Li Y, Fan Z & Guo Y,
Inflammation—the role of TRPA1 channel, Front physiol, 14
(2023) 1093925.

Yin S, Wang P, Xing R, Zhao L, Li X, Zhang L & Xiao Y,
Transient receptor potential ankyrin 1 (TRPA1) mediates
lipopolysaccharide (LPS)-induced inflammatory responses in
primary human osteoarthritic fibroblast-like synoviocytes,
Inflammation, 41 (2018) 700.

Lee Y, Kim D, Kim YH, Lee H & Lee CJ, Improvement of
pentylenetetrazol-induced learning deficits by valproic acid
in the adult zebrafish, Eur J Pharmacol, 643 (2010) 225.



766

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

INDIAN J EXP BIOL, AUGUST 2026

Wong K, Stewart A, Gilder T, Wu N, Frank K, Gaikwad S &
Kalueff AV, Modeling seizure-related behavioral and
endocrine phenotypes in adult zebrafish, Brain Res, 1348
(2010) 2009.

Mussulini BHM, Leite CE, Zenki KC, Moro L, Baggio S,
Rico EP & de Oliveira DL, Seizures induced by
pentylenetetrazole in the adult zebrafish: a detailed
behavioral characterization, PloS one, 8 (2013) e54515.
Kundap UP, Choo BKM, Kumari Y, Ahmed N, Othman IB
& Shaikh MF, Embelin protects against acute
pentylenetetrazole-induced seizures and positively modulates
cognitive function in adult zebrafish, Front Pharmacol, 10
(2019) 1249.

Choo BKM, Kundap UP, Kumari Y, Hue SM, Othman I &
Shaikh MF Orthosiphon stamineus leaf extract affects TNF-a
and seizures in a zebrafish model, Pharmacol, 9 (2018) 139.
Taylor JC, Dewberry LS, Totsch SK, Yessick LR, DeBerry
JJ, Watts SA & Sorge RE, A novel zebrafish-based model of
nociception, Physiol Behav, 174 (2017) 83.

Deakin AG, Buckley J, AlZu’bi HS, Cossins AR, Spencer
JW, AI’'Nuaimy W & Sneddon LU, Automated monitoring of
behaviour in zebrafish after invasive procedures, Sci Rep,
(2019) 9042.

Cansiz D, Unal I, Beler M, Ustundag UV, Ak E, Emekli-
Alturfan E & Alturfan AA, The effect of acetic acid-induced
pain in Parkinson’s disease model in zebrafish,
NeuroToxicology, 99 (2023) 14.

Watanabe M, Miyai A, Danjo S, Nakamura Y & Itoh K, The
threshold of pentylenetetrazole-induced convulsive seizures, but
not that of nonconvulsive seizures, is controlled by the nitric
oxide levels in murine brains, Exp Neurol, 247 (2013) 645.
Kasik¢t ES, Cevreli B, Cengiz K, Coskun U, Gozler T,
Tanhan B & Konuk M, Effect of combined implementation
hesperidin and valproic acid on oxidant-antioxidant defense
in a pentylenetetrazol induced epilepsy model, Eskisehir
Tech Univ J Sci Technol C Life Sci Biotechnol, 8 (1) (2019)
106-120.

Guna V, Saha L, Bhatia A, Banerjee D & Chakrabarti A,
Anti-oxidant and anti-apoptotic effects of berberine in
pentylenetetrazole-induced kindling model in rat, J Epilepsy
Res, 8 (2018) 66.

Oktay S, Bayrak G, Alev B, Ipekci H, Ustundag UV,
Turkyilmaz IB & Yarat A, The effect of vitamin U on the
lung tissue of pentyleneterazole-induced seizures in rats,
Naunyn-Schmiedeberg's Arch, 391 (2018) 177.

Tain YL, Chang SK, Liao JX, Chen YW, Huang HT, Li YL &
Hou CY, Synthesis of short-chain-fatty-acid resveratrol esters
and their antioxidant properties, Antioxidan, 10 (2021) 420.
Tunali S, Cimen ES & Yanardag R, The effects of chard on
brain damage in valproic acid induced toxicity, J Food
Biochem, 44 (2020) e13382.

Jafarian I, Eskandari MR, Mashayekhi V, Ahadpour M &
Hosseini MJ, Toxicity of valproic acid in isolated rat liver
mitochondria, Toxicol Mech Methods, 23(2013) 617.
Turkyilmaz IB, Bilgin Sokmen B & Yanardag R,
Alpha-lipoic acid prevents brain injury in rats administered
with valproic acid, J Biochem Mol Toxicol, 34 (2020)
€22580.

Tsuda M, Inoue K & Salter MW, Neuropathic pain and
spinal microglia: a big problem from molecules in "small"
glia, Trends Neurosci, 28 (2005) 101.

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Dede F, Karadenizli S, Ozsoy OD, Eraldemir FC, Sahin D &
Ates N, The effects of adenosinergic modulation on cytokine
levels in a pentylenetetrazole-induced generalized tonic-clonic
seizure model, Neuroimmunomodulation, 24 (2017) 54.

Scorza CA, Marques MJ, da Silva SG, da Graga Naffah-
Mazzacoratti M, Scorza FA & Cavalheiro EA, Status
epilepticus does not induce acute brain inflammatory
response in the Amazon rodent Proechimys, an animal model
resistant to epileptogenesis, Neurosci Lett, 668 (2018) 169.
Zhang B, Wang L, Ji X, Zhang S, Sik A, Liu K & Jin M,
Anti-inflammation associated protective mechanism of
berberine and  its  derivatives on  attenuating
pentylenetetrazole-induced  seizures in  zebrafish, J
Neuroimmune Pharmacol, 15 (2020) 309.

Yan J, Melemedjian OK, Price TJ & Dussor G, Sensitization
of dural afferents underlies migraine-related behavior
following  meningeal application of interleukin-6
(IL-6), Mol Pain, 8 (2012) 1744.

Naziroglu M, TRPV1 channel: a potential drug target for
treating epilepsy, Curr Neuropharmacol, 13 (2015) 239.
Sawamura S, Shirakawa H, Nakagawa T, Mori Y & Kaneko
S, TRP Channels in the Brain, Neurobiology of TRP
channels (2017).

Obata K, Katsura H, Mizushima T, Yamanaka H, Kobayashi
K, Dai Y & Noguchi K, TRPAT1 induced in sensory neurons
contributes to cold hyperalgesia after inflammation and nerve
injury, J Clin Invest. 115 (2005) 2393.

Nassini R, Materazzi S, Benemei S & Geppetti P, The
TRPA1 channel in inflammatory and neuropathic pain and
migraine, Rev Physiol Biochem Pharmacol, 167 (2014) 1.
Tanaka BS, Zhao P, Dib-Hajj FB, Morisset V, Tate S,
Waxman SG & Dib-Hajj SD, A gain-of-function mutation in
Navl. 6 in a case of trigeminal neuralgia, Mol Med, 22
(2016) 338.

Ren YS, Qian NS, Tang Y, Liao YH, Yang YL, Dou KF &
Toi M, Sodium channel Navl. 6 is up-regulated in the dorsal
root ganglia in a mouse model of type 2 diabetes, Brain Res
Bull, 87 (2012) 244.

Pineda RH, Heiser RA & Ribera AB, Developmental,
molecular, and genetic dissection of I Na in vivo in
embryonic zebrafish sensory neurons, J Neurophysiol, 93
(2005) 3582.

Ievglevskyi O, Isaev D, Netsyk O, Romanov A, Fedoriuk M,
Maximyuk O & Krishtal O, Acid-sensing ion channels
regulate spontaneous inhibitory activity in the hippocampus:
possible implications for epilepsy, Philos Trans R Soc Lond
B Biol Sci, 371 (2016) 20150431.

Voilley N, de Weille J, Mamet J & Lazdunski M, Nonsteroid
anti-inflammatory drugs inhibit both the activity and the
inflammation-induced expression of acid-sensing ion
channels in nociceptors, J Neurosci, 21 (2001) 8026-8033.
Wawrzczak-Bargieta A, Ziodtkowska B, Piotrowska A,
Starnowska-Sokot J, Rojewska E, Mika J & Przewtlocki R,
Neuropathic pain dysregulates gene expression of the
forebrain opioid and dopamine systems, Neurotox Res, 37
(2020) 800.

Burtscher J & Schwarzer C, The Opioid System in Temporal
Lobe Epilepsy: Functional Role and Therapeutic Potential,
Front Mol Neurosci, 10 (2017) 245.

Amada N, Yamasaki Y, Williams CM & Whalley BJ,
Cannabidivarin (CBDV) suppresses pentylenetetrazole



69

70

71

72

73

74

75

76

77

78

79

80

USTUNDAG et al.: PAIN-RELATED RESPONSES IN ZEBRAFISH EPILEPSY MODEL

(PTZ)-induced increases in epilepsy-related gene expression,
PeerJ, 1 (2013) e214.

Rocha L, Cano A, Cruz C, Omana-Zapata I, Villalobos R &
Maidment NT, Opioid peptide systems following a
subconvulsant dose of pentylenetetrazol in rats, Epilepsy Res,
37 (1999) 141.

Xu J, Sun M, Wang Y, Xie A & Gao J, Identification of hub
genes of mesio temporal lobe epilepsy and prognostic

biomarkers of brain low-grade gliomas based on
bioinformatics analysis, Cell Transplant, 29 (2020)
963689720978722.

Jwaszkiewicz KS, Schneider JJ & Hua S, Targeting
peripheral opioid receptors to promote analgesic and anti-
inflammatory actions, Front pharmacol, 4 (2013) 132.
Herzog AG, Disorders of reproduction in patients with
epilepsy: primary neurological mechanisms, Seizure, 17
(2008) 101.

Kurian M & Korff CM, Steroids in pediatric epilepsy:
infantile spasms and beyond, Epileptologie, 28 (2011) 15.
Schoofs L, De Loof A, Matsumoto S, Jegou S & Vaudry H,
Melanotropic peptides in insects, Ann N Y Acad Sci, 680
(1993) 600.

Kalra V, Sharma S & Arya R, ACTH therapy in refractory
generalized epilepsy, Indian J Pediatr, 76 (2009) 91.
Camacho A, Nufiez N, Dekomien G, Hernandez-Lain A, de
Aragon AM & Siméon R, LAMA2-related congenital
muscular dystrophy complicated by West syndrome, Eur J
Paediatr Neurol, 19 (2015) 243.

Oh YJ, Kim HN, Jeong JH, Park DK, Park KH, Ko JS &
Kim DS, Altered expression of adrenocorticotropic hormone
in the epileptic gerbil hippocampus following spontaneous
seizure, BMB reports, 46 (2013) 80.

El-Azab MF & Moustafa YM, Influence of calcium channel
blockers on anticonvulsant and antinociceptive activities of
valproic acid in pentylenetetrazole-kindled mice, Pharmacol
Rep, 64 (2012) 305.

Gonzalez de la Aleja, J Ramos A, Mato-Abad V,
Martinez-Salio A, Hernandez-Tamames JA, Molina JA &
Alvarez-Linera J, Higher glutamate to glutamine ratios in
occipital regions in women with migraine during the
interictal state, J Headache Pain, 53 (2013) 365.

Gussew A, Rzanny R, Giillmar D, Scholle HC &
Reichenbach JR, 1H-MR spectroscopic detection of
metabolic changes in pain processing brain regions in the

81

82

83

84

85

86

87

88

89

90

767

presence of non-specific chronic low back pain, Neuroimage,
54 (2011) 1315.

Peek AL, Rebbeck T, Puts NA, Watson J, Aguila MER &
Leaver AM, Brain GABA and glutamate levels across pain
conditions: a systematic literature review and meta-analysis
of 1H-MRS studies using the MRS-Q quality assessment
tool, Neuroimage, 210 (2020) 116532.

Thomas PM, Phillips JP & O'Connor WT, Microdialysis of
the lateral and medial temporal lobe during temporal lobe
epilepsy surgery, Surg Neurol, 63 (2005) 70.

Cavus I, Pan JW, Hetherington HP, Abi-Saab W, Zaveri HP,
Vives KP & Spencer DD, Decreased hippocampal volume on
MRI is associated with increased extracellular glutamate in
epilepsy patients, Epilepsia, 49 (2008) 1358.

Szot P, Lester M, Laughlin ML, Palmiter RD, Liles LC &
Weinshenker D, The anticonvulsant and proconvulsant
effects of o2-adrenoreceptor agonists are mediated by
distinct populations of a2A-adrenoreceptors, Neuroscience,
126 (2004) 795.

Hamid H & Kanner AM, Should antidepressant drugs of the
selective serotonin reuptake inhibitor family be tested as
antiepileptic drugs? Epilepsy Behav, 26 (2013) 261.

Kim JYV, Tillu DV, Quinn TL, Mejia GL, Shy A, Asiedu
MN & Price TJ, Spinal dopaminergic projections control the
transition to pathological pain plasticity via a DI1/D5-
mediated mechanism, J Neurosci, 35 (2015) 6307.

Yam MF, Loh YC, Tan CS, Khadijah Adam S, Abdul Manan
N & Basir R, General pathways of pain sensation and the
major neurotransmitters involved in pain regulation, Int J
Mol Sci, 19 (2018) 2164.

Anesti M, Stavropoulou N, Atsopardi K, Lamari FN,
Panagopoulos NT & Margarity M, Effect of rutin on anxiety-
like behavior and activity of acetylcholinesterase isoforms in
specific brain regions of pentylenetetrazol-treated mice,
Epilepsy Behav, 102 (2020) 106632.

Gigout S, Wierschke S, Lehmann TN, Horn P, Dehnicke C &
Deisz RA, Muscarinic acetylcholine receptor-mediated
effects in slices from human epileptogenic cortex,
Neuroscience, 223 (2012) 399.

Gigout S, Wierschke S, Dehnicke C & Deisz RA, Different
pharmacology of N-desmethylclozapine at human and rat M
2 and M 4 mAChRs in neocortex, N-S Arch Pharmacol,
388 (2015) 487.



