TYPE Original Research
PUBLISHED 06 August 2024
pol 10.3389/fnmol.2024.1418606

:' frontiers Frontiers in Molecular Neuroscience

@ Check for updates

OPEN ACCESS

EDITED BY
Ye L,
University of Michigan, United States

REVIEWED BY

Gabriele Ruffolo,

Sapienza University of Rome, Italy
Claudia Vianna Maurer-Morelli,

University of Campinas (UNICAMP), Brazil
Uday P. Kundap,

Saint John Regional Hospital, Canada

*CORRESPONDENCE

Kinga Gawel
kingagawel@o?2.pl;
kingagawel@umlub.pl

RECEIVED 16 April 2024
ACCEPTED 19 June 2024
PUBLISHED 06 August 2024

CITATION

Gawel K, Hulas-Stasiak M, Marszalek-Gra
bska M, Grenda A, Siekierska A, Kosheva N,
van der Ent W, Esguerra CV, Krawczyk P and
Turski WA (2024) Induction of seizures and
initiation of epileptogenesis by pilocarpine in
zebrafish larvae.

Front. Mol. Neurosci. 17:1418606.

doi: 10.3389/fnmol.2024.1418606

COPYRIGHT

© 2024 Gawel, Hulas-Stasiak,
Marszalek-Grabska, Grenda, Siekierska,
Kosheva, van der Ent, Esqguerra, Krawczyk and
Turski. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Molecular Neuroscience

Induction of seizures and
initiation of epileptogenesis by
pilocarpine in zebrafish larvae

Kinga Gawel®*, Monika Hulas-Stasiak®?,

Marta Marszalek-Grabska®', Anna Grenda®?,

Aleksandra Siekierska®* Nataliia Kosheva?,

Wietske van der Ent®>, Camila V. Esguerra®®, Pawel Krawczyk®?
and Waldemar A. Turski®?

!Department of Experimental and Clinical Pharmacology, Medical University of Lublin, Lublin, Poland,
2Department of Functional Anatomy and Cytobiology, Maria Curie-Sklodowska University, Lublin,
Poland, *Department of Pneumology, Oncology and Allergology, Medical University of Lublin, Lublin,
Poland, “VirusBank Platform, Department of Microbiology, Immunology and Transplantation, KU
Leuven, Leuven, Belgium, *Chemical Neuroscience Group, Centre for Molecular Medicine Norway,
University of Oslo, Forskningsparken, Oslo, Norway

Objective: Preclinical models of seizures and epilepsy in rodents contributed
substantially to the discovery of currently available antiseizure medications.
These were also broadly used for investigation of processes of epileptogenesis.
Nevertheless, rodent models pose some limitations, thus, new models using
alternative species are in high demand. The aim of this study was to describe
a new model of seizures/epilepsy induced by the cholinomimetic agent,
pilocarpine (PILO), in larval zebrafish.

Methods: Local field potential (LFP) recordings were conducted to analyze
electroencephalographic discharges and correlate it with larval behavior.
Hematoxylin and eosin (H&E) staining, as well as TUNEL staining were performed
to analyze morphology and apoptosis, respectively. Real-time quantitative
polymerase chain reaction (qRT-PCR) was undertaken for gene expression
analysis.

Results: Acute exposure to PILO, in a concentration-dependent manner, induces
electroencephalographic discharges in larval zebrafish, which behaviorally
manifest as decreased locomotion and moving time, but enhanced movement
velocity. The PILO-induced seizure-like activity is behaviorally distinct from
this induced by the application of chemoconvulsant pentylenetetrazole (PTZ).
Zebrafish larvae previously exposed to PILO (2h), after a washing out period,
exhibit spontaneous, unprovoked discharges and apoptotic changes in their
brains.

Significance: Here, we comprehensively investigated a new model of PILO-
induced seizures/epilepsy in larval zebrafish. We propose that this model may
be used to study epileptogenesis and for antiseizure drug screening purposes.

KEYWORDS

zebrafish, pilocarpine, seizure, epileptogenesis, locomotor activity, local field
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1 Introduction

In the early 1980s, a new animal model of convulsions induced by
pilocarpine (PILO) was established (Turski et al., 1983a, 1983b, 1984).
It was then shown that PILO and other cholinomimetics administered
intracerebrally or peripherally induce repetitive seizures that progress
to status epilepticus in rodents. Moreover, the investigations
that
accompanied by characteristic behavioral changes that resemble

demonstrated electroencephalographic  alterations are
temporal lobe epilepsy in humans. Unlike other models of chemically-
induced convulsions, recurrent convulsions and status epilepticus
induced by PILO result in morphological changes in the brain,
primarily in the limbic system (Turski et al., 1983a, 1984, 1989). The
next milestone was the demonstration of the presence of unprovoked
paroxysmal electroencephalographic changes accompanied by
behavioral seizures, which occur in animals long time after the end of
the acute phase of convulsions (Cavalheiro et al., 1991, 1994). It was
found that the spontaneous recurrent seizures are preceded by a
seizure-free period lasting from 1-7 weeks, and then persist throughout
the life of the animal (Cavalheiro et al., 1991, 1994). This silent period
is considered to be the time when the process of epileptogenesis occurs.

The uniqueness of PILO-induced convulsions in rodents lies in
putting into the hands of researchers an animal model that allowed the
exploration of the molecular mechanisms of epileptogenesis and initiated
experimental studies aimed at searching for drugs that modify this process.

Nowadays, studies performed on zebrafish, especially on their
larvae, are steadily growing in popularity (Baraban, 2007). The data
collected demonstrated that either gene manipulation or exposure
of larvae to chemoconvulsants results in convulsions (Stewart et al.,
2012). It is also possible to screen for potential anticonvulsants
(Knap et al., 2023). For this purpose, pentylenetetrazole (PTZ) is
most often used in zebrafish research. Although convulsions
induced by cholinomimetics were reported in several publications
(Park et al., 2008; Vermoesen et al., 2011; Koenig et al., 2016; Lopes
etal, 2016; Winter et al., 2017; Paudel et al., 2020; Szep et al., 2023),
PILO-induced convulsions have not been thoroughly analyzed and
remain poorly understood. Therefore, our aim was to examine
whether PILO exposure to zebrafish larvae causes paroxysmal
electroencepholographic and behavioral changes, and whether it
results in the induction of epileptogenesis, morphological changes
in the brain and the appearance of unprovoked seizures.

2 Materials and methods
2.1 Chemicals

PILO, PTZ and diazepam (DZP) were purchased from Sigma-
Aldrich (St. Louis, MO, United States). PILO stock solution (150 mM)
was prepared each time ex tempore. The following final concentrations
of PILO were applied 1, 10, 30, 50 or 100mM. PTZ was dissolved in
MilliQ water to create a 60 mM stock. DZP (stock solution 10mM) was
dissolved in ethanol and employed in final concentration of 10 or 20 uM.

2.2 Zebrafish husbandry

At the Centre for Molecular Medicine Norway (NCMM),
University of Oslo, Norway, zebrafish larvae of AB background were
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the subject of local field potential (LFP) recordings. In the other
studies, the Centre for Experimental Medicine, Medical University
of Lublin, Poland provided zebrafish embryos of the same strain as
above. In the two laboratories, breeding of embryos and larvae
occurred in E3 medium: 1.5 mM HEPES (pH 7.6), 17.4 mM NaCl,
0.21mM KCl, 0.12mM MgSO,, 0.18 mM Ca(NO,),, with 6 pM
methylene blue (Sigma-Aldrich) as antifungal agent. Larvae were
kept in dedicated incubators (temperature 28.5+1°C, 14h light:
10h dark photoperiod). Immediately after experiments, larvae were
euthanized via 15 pM of tricaine (Sigma-Aldrich).

In the experiments, the larvae age did not exceed 120h post-
fertilization (hpf). Hence, as per current European Union and
Norwegian legislation, ethical permission for experimental purposes
was not required. The experimenters made all possible efforts to avoid
suffering so as to be in compliance with National Institute of Health
Guidelines for the Care and Use of Laboratory Animals and the
European Community Council Directive of November 2010 for Care
and Use of Laboratory Animals (Directive 2010/63/EU). ARRIVE
guidelines were followed for animal reporting. Observers were blind
to treatment groups.

2.3 Toxicity assessment

Exposure to PILO occurred at concentrations of 10, 30, 50, and
100mM for 2h (N=32/group). Viable larvae count was undertaken
2h and 22h post-exposure. The larvae were washed-out 5 times in
fresh medium (without PILO) and maintained in regular medium
(without PILO). All assessments were carried out under light (by a
trained observer).

2.4 Local field potential recordings

Each larva was mounted on a glass slide, which was subsequently
covered with a thin layer of 2% agarose, low gelling temperature
(Sigma-Aldrich). A glass electrode (resistance 1-5MQ) filled with
artificial cerebrospinal fluid (124 mM NaCl, 2mM KCl, 2mM MgSO,,
2mM CaCl,, 1.25mM KH,PO,, 26 mM NaHCO;, 10 mM glucose) was
placed into the optic tectum (a part of the midbrain), and signals
recorded by way of a Digidata 1,550 with a MultiClamp 700B amplifier
(Axon Instruments, United States). Each recording lasted for at most
20min. Data processing occurred via Clampfit 10.2 software
(Molecular Devices Corporation, United States).

2.5 Locomotor activity

Locomotor activity measurement and data processing utilized
Noldus tracker device (Wageningen, Netherlands) and the EthoVision
XT programme, respectively. Individual larvae were placed in wells
with medium (48-well plates) and accommodated to apparatus for
15min. Afterwards, PILO, PTZ or medium was added to reach final
concentrations. After 5min, tracking was undertaken for 60 or
120 min (1 min time intervals), and distance traveled and moving
time were recorded (mm/s). Movement velocity was then calculated
(distance traveled divided by moving time). In the light-dark
transition assay, distance traveled was recorded for four subsequent
phases of 10 min, each: 100% light-dark—100% light—dark.
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2.6 Histology

Larvae were cooled down and fixed in 10% buffered formalin for
24h at room temperature. Subsequently, they were dehydrated and
embedded in Paraplast (Sigma-Aldrich, St. Louis, MO, United States).
Samples were serially sectioned (5pm thickness), then mounted on
polysine-coated glass slides (Thermo Fisher Scientific, Braunschweig,
Germany) according to standard procedure. Hematoxylin and eosin
(H&E) stained slides were examined by means of an Axiovert 200 M
confocal microscope coupled with a digital camera AxioCamHRc and
software Axio Vision 4.8 (Carl Zeiss, Jena, Germany).

TUNEL assay was performed according to manufacturer’s
protocol employing an ApopTag® Peroxidase In Situ Apoptosis
Detection Kit (Chemicon International, Melbourne, Australia).
Negative control consisted of sections fixed without active
enzyme. Cells stained dark brown were interpreted as TUNEL-
All
photographed using an Axiovert 200 M confocal microscope

positive apoptotic cells. slides were examined and
coupled with a digital camera AxioCamHRc and software Axio
Vision 4.8 (Carl Zeiss, Jena, Germany). Midbrain apoptotic cell
count was undertaken by way of public domain Image] (Wayne
Rasband, National Institute of Mental Health, Bethesda, MD,
United States) (3 sections per larva, N=7 larvae/group). All
results were expressed as percentage of apoptotic cells over total
cell number per section per larva.

2.7 Expression of genes on mRNA level

Exposure to PILO (50 mM) took place for 2 h. The larvae were
then thoroughly washed out five times and, afterwards, incubated in
standard medium for 22h. They were then subjected to analysis
(N=6 samples/group, N =25 larvae/sample). Isolation of RNA was
undertaken using PureLink™ RNA Mini Kit (Thermo Fisher
Scientific, Waltham, Massachusetts, United States) via manufacturer’s
instruction. Performance of reverse transcription reactions was by
way of a High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, Waltham, Massachusetts, United States) per
manufacturer’s instruction. Quantitative PCR reaction was
determined utilizing GoTaq® Master Mix (Promega, Madison,
Wisconsin, United States). In the work, 13 ribosomal (18S rRNA) and
beta-2-microglobulin acted as internal control (housekeeping genes).

Primer sequences were:

Gene name Forward Reverse primer Source
primer

casp3a ATGAACGGA TTAAGGAGTGAAG
GACTGTGTG TACATCTCTTTG Spead et al.

casp3b ATGTCGCAC TTATTTAGGGAA (2018)
GTGAAACCA GTAGAGTTCTTTGG

npasda AGCCAAGTCTG  TGCTGTGCTAAAA | Klaric et al.
CCCTTCTTCT GCGAGATCT (2014)

188 rRNA TCGCTAGTTGG | CGGAGGTTCGAAG
CATCGTTTATG  ACGATCA McCurley and

p2-microglobulin | GCCTTCACCCC  GCGGTTGGGATTTA | Callard (2008)
AGAGAAAGG CATGTTG
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All qPCR reactions were duplicated. Relative expression was
determined by applying 274 method.

2.8 Statistical analysis

Experimental data in this study are manifested as median,
mean *standard deviation (SD) or percentage as indicated in the
legends, and statistical comparisons were performed. Statistical
significance level was set at p<0.05. Statistica (version 13.3) software
or GraphPad Prism 9.3.1 version (San Diego, CA, United States) were
employed in the evaluations.

3 Results
3.1 Pilocarpine-induced toxicity

A 2h exposure to PILO (100 mM) resulted in the death of 81.25%
of the larvae; for ethical reasons, all remaining larvae in this group
were euthanized. Exposure to PILO up to concentration of 50 mM did
not cause the death of any larvae after 2h and 24h. Therefore, in
further studies, PILO was used up to 50 mM.

3.2 Acute exposure to pilocarpine induces
seizure-like LFP events

LFP recording of brain activity revealed that acute exposition of
larvae to PILO results in seizure-like activity. The effect was
concentration-dependent. No seizure-like activity was recorded in
control (Figures 1A,B) and in larvae exposed to PILO at concentrations
of 1 and 10mM (Figures 1C,D). Seizure-like activity was found in larvae
exposed to 30mM PILO (Figure 1E). Ictal events recurred repeatedly
several times during the 20 min recording. In larvae exposed to 50mM
PILO, ictal activity increased over time, seizures had greater amplitude
and lasted longer (Figure 1F). Finally, continuous convulsion-like activity
occurred in most of the larvae tested (Figures 2A-E).

3.3 Diazepam counteracts
pilocarpine-induced seizure-like LFP events

Pre-exposure of zebrafish larvae to DZP in concentration of
20 pM for 22 h prevented and/or inhibited seizure-like electrographic
events induced by 50mM PILO in 3 out of 4 larvae (Figures 3A,B).
Only two, short-lasting low-amplitude episodes of ictal activity was
recorded in 1 out of 4 larvae (Figure 3C). DZP in concentration of
10 pM did not prevent seizure-like electrographic events induced by
50mM PILO in 5 out of 5 larvae (data not shown).

3.4 Spontaneous seizure-like activity
caused by prior exposure of zebrafish
larvae to pilocarpine

Spontaneous seizure-like activity was recorded 22 h after cessation of
exposure of larvae to PILO 50mM for 2h (Figures 4A-E). All 5 larvae
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FIGURE 1
Local field potentials (LFPs) recorded from the brain of zebrafish larvae exposed to pilocarpine (PILO) at different concentrations. Larvae were
incubated in different concentrations of PILO (1, 10, 30 or 50 mM) for 5 min, and, afterwards, LFPs were recorded for 20 min: (A,B) control recording;
(C—F) representative pattern of electrographic events recorded after acute exposure of larvae to PILO.

tested experienced unprovoked, repetitive paroxysmal alternations of
brain activity resembling isolated seizures (Figures 4A-E). The incidence
of seizure-like LFP events ranged from 3 to 12 per 20 min of recording per
larvae. There was no continuous convulsive activity observed in any larva.

3.5 Acute exposure to pilocarpine reduces
mobility of zebrafish larvae

Acute exposure of zebrafish larvae to PILO caused a concentration-
dependent alternation of movement pattern (Figure 5A). A decrease in
larval motility measured as distance traveled (Figure 5B,a—c) and
movement time was revealed (Figure 5C,a-c). In contrast, movement
velocity of larvae exposed to all tested concentrations of PILO was
significantly enhanced (Figure 5D,a—c). It was evident that after 40 min
of exposure to PILO 50 mM, a large proportion of the larvae remained
immobile during the 1 min recording intervals (Figure 5D,a). When
the movement pattern of the larvae was observed under the
microscope, it was found that larvae exposed to 50 mM PILO exhibited
paroxysmal, fast, short-lasting, short-distance movements and that
such movements occurred repeatedly. The quartile analysis revealed
that acute exposition to PILO concentration-dependently reduced the
proportion of subjects traveling longer distance and spending more
time moving. Significant changes were found in groups exposed to 30
and 50mM PILO (Figures 5B,C, d). An inverse trend occurred in the
number of fast-moving larvae, which increased as the concentration of
PILO increases from 1 to 10mM (Figure 5D,d).

3.6 Behavioral consequences registered
22 h after prior exposure of zebrafish larvae
to pilocarpine

Exposure of larvae to PILO (10-50mM) for 2h resulted in a
concentration-dependent alternation of their movement pattern as
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recorded 22h later (Figure 6A). PILO 10mM did not significantly
affect distance traveled and movement time of larvae
(Figures 6B,C, a-d). At both 30 and 50 mM, PILO reduced distance
traveled and movement time at 22 h post-exposure (Figures 6B,C, a-d).
Movement velocity of larvae exposed to 10-50mM PILO was
significantly enhanced. Noticeable is the very high fluctuation in the
speed of movement of larvae (Figure 6D,a—d). Prior exposure to PILO
(50 mM) did not significantly affect the response of larvae to a change
in illumination (Figure 6E,a,b), which confirms the ability of larvae to
respond to stimuli and points to unimpaired ability to
perform movement.

3.7 Comparison of locomotor activity of
zebrafish larvae exposed to pilocarpine or
pentylenetetrazole

Acute exposure of zebrafish larvae to PILO (50 mM) or PTZ
(20mM) induced a decrease and increase of locomotor activity as
compared to control, respectively. When the movement pattern of
the larvae was tracked by track visualization analysis it was found
that, unlike PTZ, PILO-exposed larvae performed few whirlpool-
like movements (Figure 7A). PILO, unlike PTZ, reduced distance
traveled by larvae already from the beginning of exposure
(Figure 7B,a). In contrast, PTZ induces a rapid increase in activity
in the first 10-20min followed by its decline to control levels
(Figure 7B,a). The slope of the trend line of mobility affected by
PILO is almost parallel to the control, while the trend for larvae
exposed to PTZ has a different course (Figure 7B,b). The effects
produced by both drugs were statistically significant compared to
control group (Figure 7B,c). The further quartile analysis of larvae
mobility revealed that acute exposition to PILO and PTZ reduces
and increases the proportion of subjects with higher movement
behavior, respectively (Figure 7B,d).
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Time-dependent evolution of electroencephalographic changes recorded from the brain of zebrafish larvae exposed to pilocarpine (PILO). Larvae was
incubated in medium containing PILO (50 mM) for 5min, and, afterwards, LFPs were recorded for 20 min: (A) 4 min after start of recording, no clear-
cut seizure-like events are present; (B) 8 min after start of recording, short ictal and interictal events are seen; (C) 12 min after start of recording;
progression of seizure-like ictal and interictal activity is evidenced (D) 14 min after start of recording, further progression and intensification of seizure-
like ictal and interictal activity is shown; (E) 18—-20 min after start of recording, prolonged and continuous convulsion-like activity.

3.8 Histological consequences of exposure
of zebrafish larvae to pilocarpine

Morphological studies on the brain of zebrafish larvae were
conducted 22h after exposure to 30mM and 50mM PILO. H&E
staining did not reveal the presence of necrotic lesions and areas of
neurodegeneration (Figure 8A). In the TUNEL study;, a significant
increase of the number of apoptotic cells in the brain was found in
larvae exposed to 30 and 50 mM PILO (Figure 8Ba-c,e).

Analysis of expression of genes on mRNA level conducted 22h
post-exposure to 50mM PILO showed a statistically significant
elevation of expression of the marker of neuronal activity, npas4a, and
two markers of apoptosis casp3a and casp3b (Figure 8C).

4 Discussion

Our results indicate that PILO induces seizures in zebrafish
larvae, as evidenced by recurrent, paroxysmal abnormal brain
electrical activity recorded as a change in LFP. The isolated attacks
evolve, from short duration and low amplitude events, to prolonged,
frequently recurring, high amplitude electrographic alternations
which resemble status epilepticus. This activity is completely
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inhibited by DZP, a drug used to prevent or terminate seizures.
Prolonged recurring seizure events brought about by PILO initiate
the process of epileptogenesis, with increased apoptosis occurring in
the brain of zebrafish larvae. This is followed by alterations in the
brain that result in unprovoked, repetitive seizures and distinct
behavioral changes. Thus, the results obtained allow us to conclude
that PILO induces seizures in zebrafish larvae, which can progress to
status epilepticus and initiate the process of epileptogenesis, leading
to the generation of morphological and/or functional reorganization
of the brain and enabling the occurrence of recurring
spontaneous seizures.

The sequence of events recorded in zebrafish larvae exposed to
PILO resembles the behavioral, electroencephalographic and
morphological changes that appear after intracerebral or systemic
administration of PILO and other cholinomimetics in rodents (Turski
et al, 1983a, 1983b, 1984). The process of epileptogenesis and
unprovoked seizures also occurs in rodents (Cavalheiro et al., 1991,
1994). Noteworthy, these phenomena were described in adult
individuals, while PILO was found to be less effective in young
animals (Cavalheiro et al,, 1987; Rose Priel et al., 1996; Curia
et al., 2008).

The demonstration of the occurrence of epileptogenesis-like
changes at such an early stage of brain development and maturation
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overexpression. In rodent studies, the period of epileptogenesis lasts
from 5 to 45 days (Cavalheiro et al., 1994; Curia et al., 2008). It should
also be emphasized the lack of toxicity of PILO at a concentration
of 50mM and its 100% effectiveness in inducing spontaneous
convulsions. In the case of PILO-induced convulsions in rodents, the
mortality rate during status epilepticus and in the first few days
reaches 27-85%, and spontaneous convulsions do not occur in all
animals (Turski et al., 1989; Curia et al., 2008). More favorable results
are achieved in the lithium-PILO model of epilepsy (Ahmed Juvale
and Che Has, 2020), but the presence of lithium in high
concentrations in the cells can interfere with the pathophysiological
processes studied, complicating their unambiguous interpretation.
Other procedures involve administration of PILO several times in
lower doses and/or cessation of the status epilepticus by administration
of either DZP or a cocktail of seizure-interrupting and relaxant drugs
(Curia et al., 2008; Ahmed Juvale and Che Has, 2020).
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FIGURE 4

Spontaneous local field potentials (LFPs) recorded from the brain of
zebrafish larvae previously exposed to pilocarpine (PILO). Larvae
were incubated in medium containing PILO (50 mM) for 120 min,
and, afterwards, larvae were thoroughly washed out 5 times in fresh
medium and incubated in PILO-free medium for the next 22 h.
Subsequently, LFP recordings were performed: (A—E) representative
pattern of electrographic events recorded 22 h after acute exposure
to PILO (50 mM). Note unprovoked, recurrent abrupt seizure-like
events with miscellaneous patterns, duration and amplitude.

Our study also demonstrates that, in contrary to PTZ-induced
convulsions in larval zebrafish which behaviorally display as increased
locomotor activity (Afrikanova et al., 2013; Moradi-Afrapoli et al., 2017;
Gawel et al., 2020), PILO-induced seizures manifest in the form of
decreased locomotion measured as distance traveled. Our observations,
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manner and intensity of zebrafish larvae movement in the well area (red line); the analysis was conducted at 9-10 min interval. (B,a) Each point
represents median value of distance traveled at 1min intervals; (b) locomotion was presented as a linear trend—the equation y=mx+c and
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FIGURE 5 (Continued)

results and statistical analysis as described in (B,a).

squared value R? are given in the graph; (c) total distance traveled in 60 min (data are presented as median values)—statistical analysis was
performed using nonparametric ANOVA Kruskal-Wallis test, followed by Dunn'’s Multiple Comparisons test (significance level was set at p<0.05);
(d) the pie charts show the fractions of larvae in quartiles: LM—larvae with low total mobility, M—larvae with medium total mobility, HM—larvae
with high total mobility—statistical analysis was performed using chi-square (y?) statistics (significance level was set at p<0.05, number of
subjects analyzed N=32/group). (C,a) Each point represents median value of movement time registered at 1min intervals; (b) movement time
was presented as a linear trend; (c) total distance traveled in 60 min; (d) the pie charts show the fractions of larvae in quartiles; presentation of
results and statistical analysis as described in (B,a). (D,a) Each point represents median value of movement velocity registered at 1 min intervals;
(b) movement velocity presented as a linear trend; (c) mean movement velocity traveled in 60 min; (d) the pie charts show the fractions of larvae
in quartiles: LM—larvae with low total mobility, M—larvae with moderate total mobility, HM—larvae with high total mobility; presentation of

however, do not corroborate with the findings of Szep et al. who showed
that in their experimental setup, both PTZ and PILO increased animal
locomotor activity. What is, however, important, Szep et al. applied a
different methodology, that is, they utilized a much longer
accommodation period of 30 min between exposure to the substance
and the start of the analysis (Szep et al., 2023). In our experiments, the
accommodation period lasted 5 min. It should also be noted that in our
study, the most significant differences in motility occurred in the first
period after PILO exposure, i.e., between the 5th and 25th minutes, a
period that was not analyzed by Szept et al. It is also unclear which
strain of fish was used by Szept et al., and the authors did not perform
LFP recordings or molecular analysis (Szep et al., 2023). Other groups
of researchers also reported that PILO brings about increase in bouts in
zebrafish larvae, but, again, there are substantial differences in the
methodology of behavior assessment performed by us and others. In
the study by Vermoesen et al., the duration of observation lasted only
1 min and was preceded by 1 min of accommodation (Vermoesen et al.,
2011). In addition, time moved was counted, but the distance traveled
by the larva was not measured—as in our study. In the study by Lopes
et al., the number of quadrants transitions (crossings) was scored, but
the distance traveled was not measured. Moreover, the trial covered
18 min and began immediately after PILO addition to the medium
(Lopes et al., 2016). In addition, in both publications, quantitative
estimation was done by observer through visual inspection. In our
study, we evaluated the behavior of larvae after exposure to PILO in
detail and in several ways. We also analyzed the distance traveled in
1 min intervals and the total distance traveled during the 60 min of the
trial. In addition, we evaluated the pattern of larvae behavior through
quartile analysis. All analyses consistently indicated that exposure of
larvae to PILO causes a concentration-dependent reduction of
locomotion measured as distance traveled.

Similarly to our results, kainic acid, which is known to induce
seizures progressing to status epilepticus in rodents (Lévesque and
Avoli, 2013), causes chronic epileptic state in larval zebrafish with
decreased locomotor activity (Heylen et al., 2021). Collectively, our
results and data from previous studies demonstrate that, convulsions
in larval zebrafish manifest differentially from PTZ-induced seizures.
Hence, it is fundamental to standardize and unify the way of assessing
PILO-induced seizure activity in zebrafish larvae if this model is to
be used in future studies on epilepsy, as the effects of antiseizure
medications and the processes of epileptogenesis, and the evaluation
will be performed based on behavioral changes.

To further analyze the pattern of larvae behavior during exposure
to PILO, we quantified not only the distance traveled, but also the time
spent in motion (moving time) and the speed of movement (velocity),
which was calculated by dividing the distance traveled by the time spent
moving during the recording period, i.e, 1min. As expected, the
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moving time was reduced, but to our surprise, the speed of movement
was not reduced, but statistically higher than in the control larvae. This
was also the case with larvae investigated 22 h after the end of exposure
to PILO. These observations reveal that PILO did not disrupt the larvae’s
motor apparatus, but rather point to a change in brain activity. This type
of analysis has never been reported before and therefore we propose to
use all three parameters as an algorithm for behavioral assessment of
PILO-induced seizures. In this context, movement velocity appears to
be particularly useful and informative because it is highly sensitive in
terms of statistical significance judgment. Our proposal needs to
be confirmed in further studies and, most importantly, needs to
be verified by assessing what effect antiseizure medications exert on the
behavioral parameters we have indicated in larvae exposed to PILO.
The zebrafish models of seizures and epilepsy are currently widely
applied for screening purposes (Gawel et al., 2020; Knap et al., 2023).

For example, scnllab™~

mutants (a model of Dravet syndrome) have
served as a screening platform and have pinpointed clemizole as a
potential drug candidate for Dravet syndrome patients (Baraban et al.,
2013), and more recently also for STXBPI mutations carriers (Moog
and Baraban, 2022). The translational value of PTZ-induced seizure
model in larval zebrafish is seen for cannabinoids (Samarut et al., 2019;
Thornton et al., 2020) and currently used antiseizure medications
(Afrikanova et al., 2013). Zebrafish seizure models also have provided
data for anticonvulsant activity of antiparkinsonian drug lisuride
(Sourbron et al., 2019), an active ingredient of ginger, i.e., 6-gingerol
(Gawel et al., 2021) or the resveratrol analog, pterostilbene (Nieoczym
et al., 2019). Furthermore, the antiepileptogenic properties of
fenfluramine, potent serotonin-enhancing molecule, was shown by
Tiraboschi et al. in scnllab™~ mutants (Tiraboschi et al., 2020).
Therefore, we propose that our model may serve as a new screening
platform for identification of new molecules with anticonvulsant activity.

The PILO-induced model of seizures in rodents is already
employed for investigation of epileptogenesis processes. In this regard
the unique advantage of zebrafish is ease, compare to rodents, of genetic
manipulation and the relatively short period of time of obtaining
mutants. Zebrafish genome has been sequenced, and 70% of human
genes has at least one orthologue in zebrafish genome (Howe et al.,
2013). A rich toolbox allows investigating changes at molecular and
cellular levels with relative ease and pace. Indeed, the epileptogenic
process has been investigated, e.g., in scnllab™'~ (Tiraboschi et al., 2020)
or tsc2”'~ mutants (model of tuberous sclerosis complex) (Kedra et al.,
2020). Considering our model, the whole process of obtaining seizing
larvae for examination, is very short (2h), easy (incubation), and cheap.
Since most of the cases of epilepsy occurs in two extremities of life—in
children and the elderly—our model especially allows investigating
epileptogenic processes in very early developmental periods (childhood
epilepsy). This is not achievable using PILO in rodents.
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FIGURE 6

Locomotor activity of zebrafish larvae 22 h after exposition to pilocarpine (PILO). Larvae were incubated in different concentrations of PILO
(10, 30 or 50 mM) for 120 min. Next, larvae were thoroughly washed out 5 times, and incubated in fresh medium for subsequent 22 h.
Afterwards, locomotor activity assay was conducted for 120 min: (A) representative track visualizations which show the manner and intensity
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FIGURE 6 (Continued)

of zebrafish larvae movement in the well area (red line) —the analysis was conducted at 9-10 min interval. (B,a) Each point represents median
value of distance traveled at 1 min intervals; (b) locomotion was presented as a linear trend; the equation y=mx+c and squared value R? are
given in the graph; (c) total distance traveled in 60min (data are presented as median values)—statistical analysis was performed using
nonparametric ANOVA Kruskal-Wallis test, followed by Dunn’s Multiple Comparisons test (significance level was set at p<0.05); (d) the pie
charts show the fractions of larvae in quartiles: LM—larvae with low total mobility, M—larvae with medium total mobility, HM—larvae with high
total mobility; statistical analysis was performed using chi-square (¢?) statistics (significance level was set at p<0.05, number of subjects
analyzed was N=32 in control groups and in each PILO exposed group). (C,a) Each point represents median value of movement time
registered at 1 min intervals; (b) movement time was presented as a linear trend; (c) total distance traveled in 60 min; (d) the pie charts show
the fractions of larvae in quartiles; presentation of results and statistical analysis as described in (B,a). (D,a) Each point represents median value
of movement velocity registered at 1 min intervals; (b) movement velocity presented as a linear trend; (c) mean movement velocity traveled in
60 min; (d) the pie charts show the fractions of larvae in quartiles: LM—larvae with low total mobility, M—larvae with moderate total mobility,
HM—larvae with high total mobility; presentation of results and statistical analysis as described in (B,a). (E) Dark-light assay was conducted
with following phases: 100% light—-100% dark—100% light—-100% dark, 10 min each: (a) each point represents median value of distance
traveled at 1 min intervals; horizontal white-black bar illustrates the sequence of illumination changes, light and darkness alternately; (b) total
distance traveled in 10 min intervals; horizontal white-black bar illustrates the sequence of illumination changes, light and darkness alternately
(data are presented as median values)—statistical analysis was performed using nonparametric ANOVA Kruskal-Wallis test, followed by Dunn's
Multiple Comparisons test (significance level was set at p<0.05, number of subjects analyzed was N=16/control group and N=32/each PILO
exposed group).
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FIGURE 7

Comparison of locomotor activity of zebrafish larvae exposed to pilocarpine (PILO) or pentylenetetrazole (PTZ). Larvae were incubated in medium
containing PILO (50 mM) or PTZ (20 mM) for 5min, and, afterwards, locomotor activity assay was conducted for 60 min at 1 min intervals:

(A) representative track visualizations which show the manner and intensity of zebrafish larvae movement in the well area (red line); the analysis was
conducted at 9-10 min trial, the time of highest activity of larvae exposed to PTZ. (B,a) Each point represents median value of distance traveled at 1 min
intervals; (b) locomotion was presented as a linear trend—the equation y = mx + ¢ and squared value R? are given in the graph; (c) total distance
traveled in 60 min (data are presented as median values)—statistical analysis was performed using nonparametric ANOVA Kruskal-Wallis test, followed
by Dunn's Multiple Comparisons test (significance level was set at p <0.05); (d) the pie charts show the fractions of larvae in quartiles: LM—larvae with
low total mobility, M—larvae with moderate total mobility, HM—larvae with high total mobility; statistical analysis was performed using chi-square (%)
statistics (significance level was set at p <0.05, number of subjects N = 48/group).

4.1 Limitations and behavioral changes in larvae recorded 22 h after PILO exposure

and subsequent washing out period are the result of PILO residues in

As potential study limitations, it is worth noting that the study did
not evaluate content of PILO in larvae 22h post exposition to the
drug. Therefore, it cannot be ruled out that the electroencephalographic
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the larvae’s body. However, it seems unlikely, as PILO is water soluble
and does not accumulate noticeably even after its prolonged
administration in humans (Seal et al., 2022; Kannarr et al., 2023).
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Histological changes in the brain of zebrafish larvae exposed to pilocarpine (PILO). (A) Brain morphology under hematoxylin and eosin (H&E) staining—
larvae were incubated in medium containing PILO (30 or 50 mM) for 2 h. Next, larvae were thoroughly washed out X 5 times and incubated in fresh
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medium for subsequent 22 h. Afterwards, larvae were cooled down and fixed in 10% buffered formalin for 24 h at room temperature and processed for
further analysis. DT, dorsal thalamus; H, hypothalamus; MO, medulla oblongata; PT, posterior tuberculum; T, midbrain tegmentum; TeO, tectum
opticum; T/MO, midbrain tegmentum/medulla oblongata boundary. (B) Apoptosis evaluated by means of TUNEL staining. Larvae were incubated in
medium containing PILO (30 or 50 mM) for 2 h. Next, larvae were thoroughly washed out X 5 times and incubated in fresh medium for subsequent
22 h. Afterwards, larvae were cooled down and fixed in 10% buffered formalin for 24 h at room temperature and processed for further analysis: (a—c)
TUNEL staining, arrows indicate representative TUNEL-positive cells marked as dark brown; (d) a negative control was performed without active
TdTenzyme; (e) the percentage of apoptotic cells over the total cell number per section per larva—the data are presented as the means + standard
deviations (SDs) (N = 5/group)—a one-way ANOVA test, followed by Dunnett's multiple comparison analysis, were used for statistical evaluation (the
significance was set at p < 0.05). (C) mRNA expression of npsa4a (marker of neuronal activity), casp3a and casp3b (markers of apoptosis). Larvae were
incubated in medium containing PILO (50 mM) for 2 h. Next, larvae were thoroughly washed out x 5 times and incubated in fresh medium for
subsequent 22 h. Next, samples were collected (n = 6 per group, N = 25 larvae per sample).

Our study did not examine whether unprovoked convulsions
persist for an extended period of time after exposure to PILO. Since
zebrafish larvae demonstrated a high capacity for organ regeneration,
an interesting exploratory aspect may be the assessment of repair
capacity of the brain to insult induced by convulsive activity.

5 Conclusion

In this study, we show that PILO induces seizures in zebrafish
larvae, as evidenced by recurrent, paroxysmal abnormal brain
electrical activity recorded as a change in LFP. A convulsive state
induced by PILO initiates the process of epileptogenesis, with
increased apoptosis occurring in the brain of zebrafish larvae. This is
followed by alterations in the brain that result in unprovoked,
repetitive seizures and behavioral changes. Therefore, we propose the
PILO-induced seizure and epilepsy model as a new platform for
screening purposes in the search for epileptogenesis modifying
drugs, as well as in basic research on epileptogenesis phenomena.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the study involving animals
in accordance with the local legislation and institutional requirements
because the larvae up to 5days post-fertilization were used only.

Author contributions

KG: Conceptualization, Data curation, Formal analysis,

Funding acquisition, Investigation, Methodology, Project

References

Afrikanova, T., Serruys, A. S. K., Buenafe, O. E., Clinckers, R., Smolders, I., de
Witte, P. A., et al. (2013). Validation of the zebrafish pentylenetetrazol seizure model:
locomotor versus electrographic responses to antiepileptic drugs. Burgess HA, Ed. PLoS
One 8:€54166. doi: 10.1371/journal.pone.0054166

Ahmed Juvale, I. I, and Che Has, A. T. (2020). The evolution of the pilocarpine animal
model of status epilepticus. Heliyon 6:€04557. doi: 10.1016/j.heliyon.2020.€04557

Frontiers in Molecular Neuroscience

12

administration, Resources, Software, Supervision, Validation,
Visualization, Writing - original draft, Writing - review & editing.
MH-S: Formal analysis, Investigation, Methodology, Resources,
Writing - review & editing. MM-G: Formal analysis, Investigation,
Methodology, Writing - review & editing. AG: Formal analysis,
Investigation, Methodology, Writing - review & editing. AS:
Formal analysis, Methodology, Writing — review & editing. NK:
Investigation, Writing - review & editing. WE: Investigation,
Writing - review & editing. CE: Resources, Writing - review &
editing. PK: Resources, Writing - review & editing. WAT:
Data
Methodology, Resources, Writing — original draft, Writing -

Conceptualization, curation, Funding acquisition,

review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by the Medical University of Lublin Statutory Funds Project
No. 449 (for KG) and 448 (for WAT).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Baraban, S. C. (2007). Emerging epilepsy models: insights from mice, flies,
worms and fish. Curr. Opin. Neurol. 20, 164-168. doi: 10.1097/
WCO.0b013e328042bae0

Baraban, S. C., Dinday, M. T., and Hortopan, G. A. (2013). Drug screening in Scnla
zebrafish mutant identifies clemizole as a potential Dravet syndrome treatment. Nat.
Commun. 4:2410. doi: 10.1038/ncomms3410

frontiersin.org


https://doi.org/10.3389/fnmol.2024.1418606
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0054166
https://doi.org/10.1016/j.heliyon.2020.e04557
https://doi.org/10.1097/WCO.0b013e328042bae0
https://doi.org/10.1097/WCO.0b013e328042bae0
https://doi.org/10.1038/ncomms3410

Gawel et al.

Cavalheiro, E. A., Fernandes, M. J., Turski, L., and Naffah-Mazzacoratti, M. G. (1994).
Spontaneous recurrent seizures in rats: amino acid and monoamine determination in
the hippocampus. Epilepsia 35, 1-11. doi: 10.1111/j.1528-1157.1994.tb02905.x

Cavalheiro, E. A, Leite, J. P,, Bortolotto, Z. A., Turski, W. A., Ikonomidou, C., and
Turski, L. (1991). Long-term effects of pilocarpine in rats: structural damage of the brain
triggers kindling and spontaneous recurrent seizures. Epilepsia 32, 778-782. doi:
10.1111/§.1528-1157.1991.tb05533.x

Cavalheiro, E. A, Silva, D. E, Turski, W. A., Calderazzo-Filho, L. S., Bortolotto, Z. A.,
and Turski, L. (1987). The susceptibility of rats to pilocarpine-induced seizures is age-
dependent. Dev. Brain Res. 37, 43-58. doi: 10.1016/0165-3806(87)90227-6

Curia, G., Longo, D., Biagini, G., Jones, R. S. G., and Avoli, M. (2008). The pilocarpine
model of temporal lobe epilepsy. J. Neurosci. Methods 172, 143-157. doi: 10.1016/j.
jneumeth.2008.04.019

Gawel, K., Kukula-Koch, W., Banono, N. S., Nieoczym, D., Targowska-Duda, K. M.,
Czernicka, L., et al. (2021). 6-Gingerol, a major constituent of Zingiber officinale
rhizoma, exerts anticonvulsant activity in the pentylenetetrazole-induced seizure model
in larval zebrafish. Int. J. Mol. Sci. 22:7745. doi: 10.3390/ijms22147745

Gawel, K., Langlois, M., Martins, T., Van Der Ent, W,, Tiraboschi, E., and Jacmin, M.
(2020). Seizing the moment: zebrafish epilepsy models. Neurosci. Biobehav. Rev. 116,
1-20. doi: 10.1016/j.neubiorev.2020.06.010

Heylen, L., Pham, D. H., De Meulemeester, A. S., Samarut, E., Skiba, A., and
Copmans, D. (2021). Pericardial injection of Kainic acid induces a chronic epileptic state
in larval zebrafish. Front. Mol. Neurosci. 14:753936. doi: 10.3389/fnmol.2021.753936

Howe, K., Clark, M. D., Torroja, C. E, Torrance, J., Berthelot, C., and Muffato, M.
(2013). The zebrafish reference genome sequence and its relationship to the human
genome. Nature 496, 498-503. doi: 10.1038/naturel12111

Kannarr, S., El-Harazi, S. M., Moshirfar, M., Lievens, C., Kim, J. L., and Peace, ]. H.
(2023). Safety and efficacy of twice-daily pilocarpine HCl in presbyopia: the Virgo phase
3, randomized, double-masked, controlled study. Am. J. Ophthalmol. 253, 189-200. doi:
10.1016/j.ajo.2023.05.008

Kedra, M., Banasiak, K., Kisielewska, K., Wolinska-Niziol, L., Jaworski, J., and
Zmorzynska, J. (2020). TrkB hyperactivity contributes to brain dysconnectivity,
epileptogenesis, and anxiety in zebrafish model of tuberous sclerosis complex. Proc. Natl.
Acad. Sci. USA 117, 2170-2179. doi: 10.1073/pnas.1910834117

Klaric, T., Lardelli, M., Key, B., Koblar, S., and Lewis, M. (2014). Activity-dependent
expression of neuronal PAS domain-containing protein 4 (npas4a) in the developing
zebrafish brain. Front. Neuroanat. 8:8. doi: 10.3389/fnana.2014.00148

Knap, B., Nieoczym, D., Kundap, U., Kusio-Targonska, K., Kukula-Koch, W,, and
Turski, W. A. (2023). Zebrafish as a robust preclinical platform for screening plant-
derived drugs with anticonvulsant properties—a review. Front. Mol. Neurosci.
16:1221665. doi: 10.3389/fnmol.2023.1221665

Koenig, J. A., Dao, T. L., Kan, R. K., and Shih, T. (2016). Zebrafish as a model for
acetylcholinesterase-inhibiting organophosphorus agent exposure and oxime
reactivation. Ann. N. Y. Acad. Sci. 1374, 68-77. doi: 10.1111/nyas.13051

Lévesque, M., and Avoli, M. (2013). The kainic acid model of temporal lobe epilepsy.
Neurosci. Biobehav. Rev. 37, 2887-2899. doi: 10.1016/j.neubiorev.2013.10.011

Lopes, M. W,, Sapio, M. R., Leal, R. B., and Fricker, L. D. (2016). Knockdown of
carboxypeptidase A6 in zebrafish larvae reduces response to seizure-inducing drugs and
causes changes in the level of mRNAs encoding signaling molecules. Biagini G, Ed. PLoS
One 11:€0152905. doi: 10.1371/journal.pone.0152905

McCurley, A. T., and Callard, G. V. (2008). Characterization of housekeeping genes in
zebrafish: male-female differences and effects of tissue type, developmental stage and
chemical treatment. BMC Mol. Biol. 9:102. doi: 10.1186/1471-2199-9-102

Moog, M., and Baraban, S. C. (2022). Clemizole and trazodone are effective antiseizure
treatments in a zebrafish model of STXBP1 disorder. Epilepsia Open 7, 504-511. doi:
10.1002/epi4.12604

Moradi-Afrapoli, F, Ebrahimi, S. N., Smiesko, M., and Hamburger, M. (2017). HPLC-
based activity profiling for GABA , receptor modulators in extracts: validation of an
approach utilizing a larval zebrafish locomotor assay. J. Nat. Prod. 80, 1548-1557. doi:
10.1021/acs.jnatprod.7b00081

Frontiers in Molecular Neuroscience

13

10.3389/fnmol.2024.1418606

Nieoczym, D., Socala, K., Gawel, K., Esguerra, C. V., Wyska, E., and Wlaz, P. (2019).
Anticonvulsant activity of pterostilbene in zebrafish and mouse acute seizure tests.
Neurochem. Res. 44, 1043-1055. doi: 10.1007/s11064-019-02735-2

Park, E., Lee, Y., Kim, Y., and Lee, C. J. (2008). Cholinergic modulation of neural
activity in the telencephalon of the zebrafish. Neurosci. Lett. 439, 79-83. doi: 10.1016/j.
neulet.2008.04.064

Paudel, Y. N., Kumari, Y., Abidin, S. A. Z., Othman, 1., and MohdE S. (2020).
Pilocarpine induced behavioral and biochemical alterations in chronic seizure-like
condition in adult zebrafish. IJMS 21:72492. doi: 10.3390/ijms21072492

Rose Priel, M., Dos Santos, N. E, and Cavalheiro, E. A. (1996). Developmental aspects
of the pilocarpine model of epilepsy. Epilepsy Res. 26, 115-121. doi: 10.1016/
S0920-1211(96)00047-2

Samarut, E., Nixon, J., Kundap, U. P, Drapeau, P, and Ellis, L. D. (2019). Single and
synergistic effects of cannabidiol and A-9-tetrahydrocannabinol on zebrafish models of
neuro-hyperactivity. Front. Pharmacol. 10:226. doi: 10.3389/fphar.2019.00226

Seal, J., Borbridge, L., Wirta, D., and Attar, M. (2022). Plasma pharmacokinetics of
pilocarpine in participants administered VUITY™ (pilocarpine HCl ophthalmic
solution) 1.25%. Invest. Ophthalmol. Vis. Sci. 1808:F0424.

Sourbron, J., Partoens, M., Scheldeman, C., Zhang, Y., Lagae, L., and De Witte, P.
(2019). Drug repurposing for Dravet syndrome in scn1Lab™~ mutant zebrafish. Epilepsia
60, e8-¢13. doi: 10.1111/epi.14647

Spead, O., Verreet, T., Donelson, C. J., and Poulain, F. E. (2018). Characterization of
the caspase family in zebrafish. Neuhauss SCE, Ed. PLoS One 13:¢0197966. doi: 10.1371/
journal.pone.0197966

Stewart, A. M., Desmond, D., Kyzar, E., Gaikwad, S., Roth, A., and Riehl, R. (2012).
Perspectives of zebrafish models of epilepsy: what, how and where next? Brain Res. Bull.
87, 135-143. doi: 10.1016/j.brainresbull.2011.11.020

Szep, D., Dittrich, B., Gorbe, A., Szentpeteri, J. L., Aly, N., and Jin, M. (2023). A
comparative study to optimize experimental conditions of pentylenetetrazol and
pilocarpine-induced epilepsy in zebrafish larvae. Biagini G, Ed. PLoS One 18:€0288904.
doi: 10.1371/journal.pone.0288904

Thornton, C., Dickson, K. E., Carty, D. R., Ashpole, N. M., and Willett, K. L. (2020).
Cannabis constituents reduce seizure behavior in chemically-induced and scnla-mutant
zebrafish. Epilepsy Behav. 110:107152. doi: 10.1016/j.yebeh.2020.107152

Tiraboschi, E., Martina, S., Van Der Ent, W, Grzyb, K., Gawel, K., and
Cordero-Maldonado, M. L. (2020). New insights into the early mechanisms of
epileptogenesis in a zebrafish model of Dravet syndrome. Epilepsia 61, 549-560. doi:
10.1111/epi.16456

Turski, W. A., Cavalheiro, E. A, Bortolotto, Z. A., Mello, L. M., Schwarz, M., and
Turski, L. (1984). Seizures produced by pilocarpine in mice: a behavioral,
electroencephalographic and morphological analysis. Brain Res. 321, 237-253. doi:
10.1016/0006-8993(84)90177-X

Turski, W. A., Cavalheiro, E. A., Schwarz, M., Czuczwar, S. J., Kleinrok, Z., and
Turski, L. (1983a). Limbic seizures produced by pilocarpine in rats: behavioural,
electroencephalographic and neuropathological study. Behav. Brain Res. 9, 315-335. doi:
10.1016/0166-4328(83)90136-5

Turski, W. A., Czuczwar, S. J., Kleinrok, Z., and Turski, L. (1983b). Cholinomimetics
produce seizures and brain damage in rats. Experientia 39, 1408-1411. doi: 10.1007/
BF01990130

Turski, L., Ikonomidou, C., Turski, W. A., Bortolotto, Z. A., and Cavalheiro, E. A.
(1989). Review: cholinergic mechanisms and epileptogenesis. The seizures induced by
pilocarpine: a novel experimental model of intractable epilepsy. Synapse 3, 154-171. doi:
10.1002/syn.890030207

Vermoesen, K., Serruys, A. S. K., Loyens, E., Afrikanova, T., Massie, A., and
Schallier, A. (2011). Assessment of the convulsant liability of antidepressants using
zebrafish and mouse seizure models. Epilepsy Behav. 22, 450-460. doi: 10.1016/j.
yebeh.2011.08.016

Winter, M. J., Windell, D., Metz, ., Matthews, P, Pinion, J., and Brown, J. T. (2017).
4-dimensional functional profiling in the convulsant-treated larval zebrafish brain. Sci.
Rep. 7:6646. doi: 10.1038/541598-017-06646-6

frontiersin.org


https://doi.org/10.3389/fnmol.2024.1418606
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/j.1528-1157.1994.tb02905.x
https://doi.org/10.1111/j.1528-1157.1991.tb05533.x
https://doi.org/10.1016/0165-3806(87)90227-6
https://doi.org/10.1016/j.jneumeth.2008.04.019
https://doi.org/10.1016/j.jneumeth.2008.04.019
https://doi.org/10.3390/ijms22147745
https://doi.org/10.1016/j.neubiorev.2020.06.010
https://doi.org/10.3389/fnmol.2021.753936
https://doi.org/10.1038/nature12111
https://doi.org/10.1016/j.ajo.2023.05.008
https://doi.org/10.1073/pnas.1910834117
https://doi.org/10.3389/fnana.2014.00148
https://doi.org/10.3389/fnmol.2023.1221665
https://doi.org/10.1111/nyas.13051
https://doi.org/10.1016/j.neubiorev.2013.10.011
https://doi.org/10.1371/journal.pone.0152905
https://doi.org/10.1186/1471-2199-9-102
https://doi.org/10.1002/epi4.12604
https://doi.org/10.1021/acs.jnatprod.7b00081
https://doi.org/10.1007/s11064-019-02735-2
https://doi.org/10.1016/j.neulet.2008.04.064
https://doi.org/10.1016/j.neulet.2008.04.064
https://doi.org/10.3390/ijms21072492
https://doi.org/10.1016/S0920-1211(96)00047-2
https://doi.org/10.1016/S0920-1211(96)00047-2
https://doi.org/10.3389/fphar.2019.00226
https://doi.org/10.1111/epi.14647
https://doi.org/10.1371/journal.pone.0197966
https://doi.org/10.1371/journal.pone.0197966
https://doi.org/10.1016/j.brainresbull.2011.11.020
https://doi.org/10.1371/journal.pone.0288904
https://doi.org/10.1016/j.yebeh.2020.107152
https://doi.org/10.1111/epi.16456
https://doi.org/10.1016/0006-8993(84)90177-X
https://doi.org/10.1016/0166-4328(83)90136-5
https://doi.org/10.1007/BF01990130
https://doi.org/10.1007/BF01990130
https://doi.org/10.1002/syn.890030207
https://doi.org/10.1016/j.yebeh.2011.08.016
https://doi.org/10.1016/j.yebeh.2011.08.016
https://doi.org/10.1038/s41598-017-06646-6

	Induction of seizures and initiation of epileptogenesis by pilocarpine in zebrafish larvae
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Zebrafish husbandry
	2.3 Toxicity assessment
	2.4 Local field potential recordings
	2.5 Locomotor activity
	2.6 Histology
	2.7 Expression of genes on mRNA level
	2.8 Statistical analysis

	3 Results
	3.1 Pilocarpine-induced toxicity
	3.2 Acute exposure to pilocarpine induces seizure-like LFP events
	3.3 Diazepam counteracts pilocarpine-induced seizure-like LFP events
	3.4 Spontaneous seizure-like activity caused by prior exposure of zebrafish larvae to pilocarpine
	3.5 Acute exposure to pilocarpine reduces mobility of zebrafish larvae
	3.6 Behavioral consequences registered 22 h after prior exposure of zebrafish larvae to pilocarpine
	3.7 Comparison of locomotor activity of zebrafish larvae exposed to pilocarpine or pentylenetetrazole
	3.8 Histological consequences of exposure of zebrafish larvae to pilocarpine

	4 Discussion
	4.1 Limitations

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References



