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ARTICLE INFO ABSTRACT

Keywords: Epilepsy is characterized by the occurrence of seizures, and the high prevalence of epilepsy-associated comor-
Zebrafish bidities affects the quality of patients’ life. We investigated the effects of pentylenetetrazole (PTZ) exposure in
Memory zebrafish cognitive performance on inhibitory avoidance test. The animals were exposed to 7.5 mM PTZ for 10
Isaelizr:s min, in the acquisition (before training) and in the consolidation memory phases (after training). In the acqui-

PLepsy sition phase, the animals were submitted to PTZ-induced seizures and trained in periods of 1, 24, or 48 h after
Pentylenetetrazole

exposure, and 24 h after training were tested. In the consolidation phase, animals were trained and exposed to
PTZ 10 min after training and were tested 24 h later. Control groups in periods of 1, 24, or 48 h before or 10 min
after training showed a significantly increased latency to enter the dark compartment. The latencies between
training and test sessions did not differ in PTZ groups of animals exposed and trained 1 and 24 h or exposed to
PTZ 10 min after training. At 48 h, animals exposed to PTZ showed an increased latency to enter the dark
compartment. Animals exposed to PTZ and trained 1 h later increased the traveled distance, when compared to
the control group. Traveled distance did not differ in animals that were exposed to PTZ and trained 24 and 48 h,
or 10 min after training. Our findings indicate that PTZ causes a cognitive deficit in the pre-and post-training

phase, allowing us to explore the influence of seizures at different memory phases.

1. Introduction

Epilepsy is a chronic disease that affects around 70 million people
worldwide [1,2]. This neurological condition is characterized by a
predisposition to generate recurrent and spontaneous seizures caused by
abnormal and excessive neuronal activity [1]. In addition to seizures, a
high prevalence of epilepsy-associated comorbidities is noticed, leading
to poor quality of life for patients [3].

Psychiatric and neurological comorbidities are common in 30-50 %
of patients with epilepsy [4]. Memory problems are frequently reported,
especially in temporal lobe epilepsy, where brain structures associated
with memory processes are directly involved in seizures [5]. The
persistence of cognitive deficits changes according to the type and
severity of the seizures, which may persist for minutes to days [6].

Individuals with epilepsy may suffer from episodic amnesia, long-
term forgetfulness where new-acquired memories fade over days to
weeks, and remote memory impairment where remote facts about their
life are forgotten [6-8]. Mechanisms underlying epilepsy-related

cognitive dysfunction remain unclear, especially neurobehavioral re-
sponses observed in the post-ictal period.

The GABAergic system plays an important role in cognitive pro-
cesses, such as memory acquisition and consolidation. Acquisition refers
to the processes that mediate the initial learning of the association be-
tween a stimulus and a given situation (short-term memory formation).
In contrast, consolidation refers to the time-dependent, stabilization of
process that transforms short-term memories into permanent or persis-
tent long-term memories [9,10]. Studies have shown changes in the
memory process through the modulation of the GABAergic system by its
agonists and antagonists [11-14].

Zebrafish is a suitable model organism for investigating the mecha-
nisms behind epilepsy and the biological effects of brain function
modulation [15-17]. In zebrafish larvae and adults, the Pentylenete-
trazole (PTZ)-induced seizure model is characterized by progressive
behavioral changes that occur in a few minutes and they are very similar
to seizure patterns seen in rodents [18,19]. Neuroanatomic analyzes and
electrophysiological responses show that the telencephalon of teleost
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fishes contain a similar function structure to the mammalian hippo-
campus, which may be associated with memory and learning conditions
[20].

Therefore, considering: (i) epilepsy related-comorbidities are poorly
explored in zebrafish, (ii) the relevance of investigating memory pro-
cesses behind seizures, and (iii) a better understanding of epilepsy-
related neurobehavioral phenotypes of zebrafish, this study aimed to
evaluate the adult zebrafish cognitive performance on inhibitory
avoidance task after seizures induced by PTZ.

2. Materials and methods
2.1. Animals

A total of 381 adult zebrafish (Danio rerio) of the wild-type AB strain
(5-7 months old, ~ 50:50 male:female ratio) were used in the experi-
ments. Animals were obtained from our breeding colony and kept in
automated recirculating systems (Zebtec, Tecniplast, Italy) with reverse-
osmosis-filtered water and conditions recommended for the species
[21]. Temperature (28 °C + 2 °C), pH (7.0-7.5), conductivity (300-700
pS), ammonia (<0.02 mg/L), hardness (80-300 mg/L), nitrite (<1
mg/L), nitrate (<50 mg/L), and chloride (0 mg/L) were monitored. Fish
were maintained under 14 h light:10 h dark photoperiod cycle and fed
with commercial flakes (TetraMin Tropical Flake Fish®) three times a
day [22]. All protocols were approved by the Institutional Animal Care
Committee from Pontificia Universidade Catdlica do Rio Grande do Sul
(CEUA- PUCRS, protocol number 9427). This study was registered in the
Sistema Nacional de Gestao do Patrimonio Genético e Conhecimento
Tradicional Associado-SISGEN (Protocol No. A3B073D).

2.2. Experimental design

This study investigated the effects of PTZ-induced seizures on
zebrafish cognitive performance (Fig. 1). To verify the influence of sei-
zures on the memory formation process, the animals were exposed to the
seizure agent in the acquisition phase (before training) and in the
memory consolidation phase (after training). In the memory acquisition
phase, the animals were submitted to PTZ-induced seizures and then
trained in periods of 1, 24, or 48 h after exposure, and 24 h after training
were tested. They were submitted to the locomotor test 10 min before
training. In the consolidation phase, the animals were trained in the
inhibitory avoidance apparatus and then exposed to PTZ 10 min after
training and were submitted to the test session 24 h after the training
session, and they had locomotor activity evaluated next to the test
session.

The experiments were performed between 9 a.m. and 11 a.m., and
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24 h before the beginning of the experiment, the animals were separated
in 2 L aquarium (8 fish per tank). No experimental procedure was car-
ried out in the space intended for the maintenance of fish to avoid any
type of behavioral stress. The animals were fed twice a day at 12 p.m.
and 5 p.m. Animals were not fed before the experiment.

2.3. PTZ-induced seizures

In zebrafish, seizures induced by PTZ are characterized by progres-
sive behavioral changes, which can be identified in three stages: (i)
increased swimming activity (stage I); (ii) rapid and circle swimming
(stage II); and (iii) loss of posture and immobility for 1-3 s (stage III).

The animals were individually exposed to 500 ml of 7.5 mM PTZ
solution in a glass tank (15x 15 x6; L x H x W) for 10 min. Zebrafish had
the behavior recorded on video, and the latency to the first episode of
seizure activity in each stage was identified according described in the
literature [15,18].

2.4. Behavioral analysis

2.4.1. Inhibitory avoidance

Memory was assessed through the inhibitory avoidance test as
described in the literature [23]. The test apparatus consists of an
aquarium (7 cm high x 9cm wide x 18 cm long) with a mobile
guillotine-type partition 9 x 7 cm), which divides the aquarium into
two areas of the same size, one dark (8 lux) and the other light (130 lux).
The dark and light compartments are covered by opaque plastic
self-adhesive films in black and white colors, respectively, covering
external walls, bottom, and corresponding sides of the movable parti-
tion. The aquarium water level was 3 cm high and the partition was
raised 2 cm above the bottom of the aquarium to allow the animals to
move freely from one compartment to the other of the apparatus. In the
dark area, two electrodes were placed, which when activated produced
an electric shock of 3 + 0.2 V. The animals were trained and tested
individually in the inhibitory avoidance apparatus.

During the training session, the fish were placed in the clear area of
the aquarium with the partition closed and, after 1 min of acclimatiza-
tion, the partition was raised, allowing the animals to transition to the
dark side through the opening. After the animal crosses to the dark side,
the partition was closed and the animal received a pulsed electric shock
administered for 5 s. The animals were then removed and placed in their
respective aquariums. After 24 h, the test session occurred, where the
fish were submitted to the same protocol; however, they did not receive
the shock. In this way, the animals had their cognitive performance
evaluated through the latency to enter the dark area and this parameter
is used as an index of memory retention.

TRAINING SESSION

ACQUISITION MEMORY PHASE

Locomotion .
I 10 min

CONSOLIDATION MEMORY PHASE

48h  24h

PTZ exposure

PTZ exposure

TEST SESSION

I I ~Euthanasia

Fig. 1. : Schematic representation of the
experimental procedures. In the acquisition
memory phase, animals were submitted to PTZ-
induced seizures and trained 1, 24, or 48 h after
exposure, and 24 h after training fish were
tested. They were submitted to the locomotor
test 10 min before training session. In the
consolidation phase, the animals were trained
and then exposed to PTZ 10 min after training
and were submitted to the test session 24 h
after the training session. They had locomotor
activity evaluated after to the test session.

- Locomotion

-Euthanasia
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2.4.2. Locomotor activity

Adult locomotor activity was performed as described in the literature
[24,25]. Fish were placed individually in a glass tank (30 cm long x
15 cm high x 10 cm wide) filled with 2 L of non-chlorinated water and
recorded on video for 7 min, being the first minute to habituate the fish.
The videos were analyzed using EthoVision XT® tracking software
(version 11.5, Noldus, Wageningen, Netherlands) at a rate of 30 posi-
tions per second. The distance travelled (m) parameter was chosen to
verify possible locomotor alterations.

2.5. Statistical analysis

Behavioral data are expressed as mean =+ standard error of the mean
(SEM). For all comparisons, a significance level of p < 0.05 was
considered. The distribution of the data was evaluated for normality by
the Shapiro-Wilk test. Parametric data from the locomotor test were
evaluated by Student’s t-test. Nonparametric data of latencies to enter
the dark area in training and test sessions were analyzed by Mann-
Whitney U test. GraphPad Prism 8 (La Jolla, CA, USA) software was
used for statistical analysis.

3. Results
3.1. Behavioral seizure parameters

To investigate seizure development, Fig. 2 shows the latency to the
first behavioral manifestation of each seizure stage (I, II, III) in periods of
1 (Fig. 2A), 24 (Fig. 2B), or 48 (Fig. 2C) hours before the training session
or 10 min after the training session (Fig. 2D). All animals showed pro-
gressive behavioral alterations and reached all seizures stages. We
compared the latency to reach stage III for all treatments and no
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significant differences in the latency to reach stage III for all conditions
tested were observed (data not shown).

3.2. Effects of PTZ-induced seizures on inhibitory avoidance

Fig. 3 shows the effects of animals submitted to PTZ-induced seizures
and then trained 1 (Fig. 3A), 24 (Fig. 3B), or 48 (Fig. 3C) hours after
exposure, or exposure to PTZ 10 min after the training session (Fig. 3D).
Mann-Whitney U test revealed that control groups in periods of 1, 24 or
48 h before training session, or 10 min after training session showed a
significant increase in the latency to enter the dark compartment in test
session (p = 0.0393; p = 0.0069; p < 0.0001; p = 0.0034, respectively).
Conversely, the latencies to enter in the dark compartment between
training and test sessions did not differ in animals that were submitted to
PTZ-induced seizures and then trained 1 and 24 h or exposed to PTZ
10 min after the training session (p = 0.1205; p = 0.4142; p = 0,1383,
respectively). At 48 h, animals exposed to PTZ showed an increased
latency to enter in the dark compartment in the test session
(p = 0.0364).

3.3. Effects of PTZ-induced seizures on locomotor activity

Fig. 4 shows the influence of each treatment on traveled distance by
animals. The Student’s t-test revealed that animals submitted to PTZ-
induced seizures and then trained 1h after exposure increased the
traveled distance when compared to the control group (Fig. 4A,
p = 0.0046). Conversely, traveled distance did not differ in animals that
were submitted to PTZ-induced seizures and then trained 24 and 48 h,
and exposed to PTZ 10 min after the training session (Fig. 4B,
p = 0.5755; Fig. 4C, p = 0.4909; Fig. 4D, p = 0.4701).
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Fig. 2. : Latency to first manifestation of each stage of PTZ-induced seizures at different periods. Exposure to 7.5 mM PTZ (A) 1 h before training session, (B) 24 h
before training session, (C) 48 h before training session and (D) exposure to 7.5 mM PTZ after training session. All animals reached the stages I, II, and III (n = 16

per group).
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4. Discussion

Here we evaluated the cognitive deficit induced by the convulsant
PTZ to reproduce cognitive dysfunctions as epilepsy-related comorbid-
ities, as well as verify the influence of seizures at different periods during
the inhibitory avoidance test. Fish were exposed to PTZ (7.5 mM for
10 min) in the acquisition memory phase, at 1 h, 24 h, 48 h before the
training session, and 10 min after the training session in the consolida-
tion memory phase.

Problems in the process of short-and long-term memory formation
are commonly associated with epilepsy [7]. Difficulties to process,
storing, and retrieving information may be related to the extent and
location of possible brain-impaired structures, as well as the frequency
and severity of seizures [6]. In animal models, seizure induction has
already been shown to cause cognitive impairment [13,26,27], but the
effects of seizures on the memory formation process remain poorly
understood.

In the memory acquisition phase, our results showed that PTZ sei-
zures induced 1 h before the training session were able to impair the
animals’ cognitive performance in the test session, i.e., the animals did
not show memory retention.

However, at the locomotor behavior task, the PTZ caused an increase
in the distance traveled parameter. Changes in the swimming pattern of
animals may cause an equivocated behavioral response during the
inhibitory avoidance test. Therefore, the exposure to PTZ 1 h before the
training session does not generate a robust response because of the
altered zebrafish locomotor behavior. On the other hand, the PTZ
exposure 24 h before the training session impaired the cognitive per-
formance of the animals without altering the locomotor activity, rein-
forcing the deleterious effects of PTZ on learning. Animals exposed to
PTZ 48 h before the training session did not show cognitive deficit or
locomotor alteration. Our results demonstrated a PTZ time-dependent
effect on zebrafish behavior and cognition at the acquisition memory
phase.

In the memory consolidation phase, we observed that PTZ impaired
the cognitive performance of zebrafish since the exposure to PTZ
occurred 10 min after the training session. Changes in the distance
traveled parameter were not observed. Importantly, the locomotor
behavior was not altered 24 h after the exposure period, thus this
response is not associated with locomotor changes but with a learning
response. Similar findings were reported earlier and memory consoli-
dation impaired by PTZ exposure immediately after the training session
was observed in adult zebrafish at the inhibitory avoidance test [28].
PTZ also induced memory deficits when zebrafish were tested in a
T-maze apparatus. Moreover, the PTZ-treated group showed lower
levels of GABA and higher levels of glutamate when compared to the
control group [26,29].

A study demonstrated that rats submitted to a single injection of a
convulsive dose of PTZ before training impaired the acquisition of
spatial memory in the Morris water maze test and conditioned fear test
[13]. However, PTZ administration after training did not affect memory
consolidation. These findings suggest that seizures would have different
effects on the acquisition and consolidation of spatial memory and
conditioned fear. In contrast, our results demonstrated a PTZ-induced
cognitive deficit observed both in the acquisition phase and in the
memory consolidation phase during the inhibitory avoidance test.

Cognitive dysfunction caused by seizures is directly associated with
an alteration in neurotransmitters [6-8]. An imbalance in brain gluta-
mate and GABA levels is observed during the seizures, indicating
increased levels of glutamate and the depletion of GABA [30]. Conse-
quently, this imbalance between excitatory and inhibitory neurotrans-
mission is strongly related to the memory impairment associated with
seizures. Thus, changes in the levels of neurotransmitters and molecules
involved in the process of memory formation would better describe the
findings in this work.

As a limitation of this work, we can highlight that the
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pharmacological model induced by PTZ only reproduces behavioral
phenotypes and electroencephalographic changes observed in seizures
[18]. However, it is known that genetic models would be able to mimic
epilepsy [31]; however, it is relevant to highlight that animal models are
not able to fully represent the complexity of epilepsy, as observed in
humans[32].

The importance of verifying the influence of seizures at different
periods during the inhibitory avoidance test is a way to better under-
stand the comorbidities associated with epilepsy. Our study shows a
cognitive deficit vulnerability window between seizures and memory
formation. Thus, this work contributes to future studies that may
eventually search treatments for memory impairment caused by epi-
lepsy, as well as investigate the association between cognitive deficit
and seizures.

In summary, our data describe alterations in the phases of memory
acquisition and consolidation, caused by a seizure inducer, in the
inhibitory avoidance test. Due to the robust responses, our results sup-
port the use of zebrafish as an effective model for studies of comorbid-
ities associated with epilepsy, such as cognitive deficits.

CRediT authorship contribution statement

Kanandra Taisa Bertoncello: Conceptualization, Investigation,
Methodology, Writing — original draft, Data curation. Rodrigo Zanan-
drea: Investigation, Data curation. Carla Denise Bonan: Conceptuali-
zation, Supervision, Funding acquisition, Writing — review & editing.

Conflict of Interest
The authors declare no conflict of interest.
Acknowledgments

This study was funded in part by the Coordenacao de Aperfeicoa-
mento de Pessoal de Nivel Superior - Brasil (CAPES) - finance code 001,
Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq)
(Proc. 420695/2018-4), Fundacao de Amparo a Pesquisa do Estado do
Rio Grande do Sul (Proc. 17/2551-0000977-0), and Instituto Nacional
de Ciencias e Tecnologia para Doencas Cerebrais, Excitotoxicidade e
Neuroprotecao. K.T.B. is recipient of a fellowship from CAPES. C.D.B.
(Proc. 304450/2019-7) is recipient of CNPq research productivity
grants.

References

[1] LE. Scheffer, S. Berkovic, G. Capovilla, M.B. Connolly, J. French, L. Guilhoto,

E. Hirsch, S. Jain, G.W. Mathern, S.L. Moshé, D.R. Nordli, E. Perucca, T. Tomson,
S. Wiebe, Y. Zhang, S.M. Zuberi, ILAE classification of the epilepsies: position paper
of the ILAE commission for classification and terminology, Epilepsia 58 (2017)
512-521, https://doi.org/10.1111/epi.13709.

[2] A.K.Ngugi, C. Bottomley, I. Kleinschmidt, J.W. Sander, C.R. Newton, Estimation of
the burden of active and life-time epilepsy: a meta-analytic approach: estimation of
the burden of Epilepsy, Epilepsia 51 (2010) 883-890, https://doi.org/10.1111/
j.1528-1167.2009.02481 .x.

[3] M.R. Keezer, S.M. Sisodiya, J.W. Sander, Comorbidities of epilepsy: current
concepts and future perspectives, Lancet Neurol. 15 (2016) 106-115, https://doi.
org/10.1016/51474-4422(15)00225-2.

[4] A.M. Kanner, Management of psychiatric and neurological comorbidities in
epilepsy, Nat. Rev. Neurol. 12 (2016) 106-116, https://doi.org/10.1038/
nrneurol.2015.243.

[5] E. Tramoni-Negre, I. Lambert, F. Bartolomei, O. Felician, Long-term memory
deficits in temporal lobe epilepsy, Rev. Neurol. 173 (2017) 490-497, https://doi.
org/10.1016/j.neurol.2017.06.011.

[6] G.L. Holmes, Cognitive impairment in epilepsy: the role of network abnormalities,
Epileptic Disord. 17 (2015) 101-116, https://doi.org/10.1684/epd.2015.0739.

[7]1 R.V. Blake, Accelerated forgetting in patients with epilepsy: Evidence for an
impairment in memory consolidation, Brain 123 (2000) 472-483, https://doi.org/
10.1093/brain/123.3.472.

[8] C.R. Butler, A.Z. Zeman, Recent insights into the impairment of memory in
epilepsy: transient epileptic amnesia, accelerated long-term forgetting and remote
memory impairment, Brain 131 (2008) 2243-2263, https://doi.org/10.1093/
brain/awn127.


https://doi.org/10.1111/epi.13709
https://doi.org/10.1111/j.1528-1167.2009.02481.x
https://doi.org/10.1111/j.1528-1167.2009.02481.x
https://doi.org/10.1016/S1474-4422(15)00225-2
https://doi.org/10.1016/S1474-4422(15)00225-2
https://doi.org/10.1038/nrneurol.2015.243
https://doi.org/10.1038/nrneurol.2015.243
https://doi.org/10.1016/j.neurol.2017.06.011
https://doi.org/10.1016/j.neurol.2017.06.011
https://doi.org/10.1684/epd.2015.0739
https://doi.org/10.1093/brain/123.3.472
https://doi.org/10.1093/brain/123.3.472
https://doi.org/10.1093/brain/awn127
https://doi.org/10.1093/brain/awn127

K.T. Bertoncello et al.

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

T. Abel, K.M. Lattal, Molecular mechanisms of memory acquisition, consolidation
and retrieval, Curr. Opin. Neurobiol. 11 (2001) 180-187, https://doi.org/10.1016/
S0959-4388(00)00194-X.

S.R. Makkar, S.Q. Zhang, J. Cranney, Behavioral and neural analysis of GABA in
the acquisition, consolidation, reconsolidation, and extinction of fear memory,
Neuropsychopharmacology 35 (2010) 1625-1652, https://doi.org/10.1038/
npp.2010.53.

I. Izquierdo, J.H. Medina, Memory formation: the sequence of biochemical events
in the hippocampus and its connection to activity in other brain structures,
Neurobiol. Learn Mem. 68 (1997) 285-316, https://doi.org/10.1006/
nlme.1997.3799.

I. Izquierdo, J.H. Medina, GABAA receptor modulation of memory: the role of
endogenous benzodiazepines, Trends Pharm. Sci. 12 (1991) 260-265, https://doi.
0rg/10.1016/0165-6147(91)90567-c.

L.S. Leung, B. Shen, C. Huszka, Long-lasting disruption of spatial memory by
GABAB receptor antagonist induced seizures, Epilepsy Behav. 96 (2019) 1-5,
https://doi.org/10.1016/j.yebeh.2019.03.021.

P. Thanapreedawat, H. Kobayashi, N. Inui, K. Sakamoto, M. Kim, A. Yoto,

H. Yokogoshi, GABA affects novel object recognition memory and working
memory in rats, J. Nutr. Sci. Vitam. 59 (2013) 152-157, https://doi.org/10.3177/
jnsv.59.152.

A.M. Siebel, F.P. Menezes, K.M. Capiotti, L.W. Kist, I. da Costa Schaefer, J.

Z. Frantz, M.R. Bogo, R.S. Da Silva, C.D. Bonan, Role of adenosine signaling on
pentylenetetrazole-induced seizures in zebrafish, Zebrafish 12 (2015) 127-136,
https://doi.org/10.1089/zeb.2014.1004.

B.D. Fontana, N.J. Mezzomo, A.V. Kalueff, D.B. Rosemberg, The developing utility
of zebrafish models of neurological and neuropsychiatric disorders: a critical
review, Exp. Neurol. 299 (2018) 157-171, https://doi.org/10.1016/j.
expneurol.2017.10.004.

A.V. Kalueff, M. Gebhardt, A.M. Stewart, J.M. Cachat, M. Brimmer, J.S. Chawla,
C. Craddock, E.J. Kyzar, A. Roth, S. Landsman, S. Gaikwad, K. Robinson,

E. Baatrup, K. Tierney, A. Shamchuk, W. Norton, N. Miller, T. Nicolson,

O. Braubach, C.P. Gilman, J. Pittman, D.B. Rosemberg, R. Gerlai, D. Echevarria,
E. Lamb, S.C.F. Neuhauss, W. Weng, L. Bally-Cuif, H. Schneider, Zebrafish
neuroscience research consortium, towards a comprehensive catalog of zebrafish
behavior 1.0 and beyond, Zebrafish 10 (2013) 70-86, https://doi.org/10.1089/
zeb.2012.0861.

S.C. Baraban, M.R. Taylor, P.A. Castro, H. Baier, Pentylenetetrazole induced
changes in zebrafish behavior, neural activity and c-fos expression, Neuroscience
131 (2005) 759-768, https://doi.org/10.1016/j.neuroscience.2004.11.031.
B.H.M. Mussulini, C.E. Leite, K.C. Zenki, L. Moro, S. Baggio, E.P. Rico, D.

B. Rosemberg, R.D. Dias, T.M. Souza, M.E. Calcagnotto, M.M. Campos, A.

M. Battastini, D.L. de Oliveira, Seizures induced by pentylenetetrazole in the adult

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Behavioural Brain Research 432 (2022) 113974

zebrafish: a detailed behavioral characterization, PLoS One 8 (2013), e54515,
https://doi.org/10.1371/journal.pone.0054515.

C. Salas, C. Broglio, E. Duran, A. Gémez, F.M. Ocana, F. Jiménez-Moya,

F. Rodriguez, Neuropsychology of learning and memory in teleost fish, Zebrafish 3
(2006) 157-171, https://doi.org/10.1089/zeb.2006.3.157.

M. Westerfield, The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish
(Danio rerio), 4th ed., 2000.

M. Westerfield, The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish
(Danio rerio), 5th ed., 2007.

M. Blank, L.D. Guerim, R.F. Cordeiro, M.R.M. Vianna, A one-trial inhibitory
avoidance task to zebrafish: rapid acquisition of an NMDA-dependent long-term
memory, Neurobiol. Learn Mem. 92 (2009) 529-534, https://doi.org/10.1016/j.
nlm.2009.07.001.

S. Altenhofen, M.T. Wiprich, L.R. Nery, C.E. Leite, M.R.M.R. Vianna, C.D. Bonan,
Manganese(Il) chloride alters behavioral and neurochemical parameters in larvae
and adult zebrafish, Aquat. Toxicol. 182 (2017) 172-183, https://doi.org/
10.1016/j.aquatox.2016.11.013.

D. Gusso, S. Altenhofen, P.M. Fritsch, G. Riibensam, C.D. Bonan, Oxytetracycline
induces anxiety-like behavior in adult zebrafish, Toxicol. Appl. Pharmacol. 426
(2021), 115616, https://doi.org/10.1016/j.taap.2021.115616.

U.P. Kundap, Y. Kumari, I. Othman, MohdF. Shaikh, Zebrafish as a model for
epilepsy-induced cognitive dysfunction: a pharmacological, biochemical and
behavioral approach, Front. Pharmacol. 8 (2017) 515, https://doi.org/10.3389/
fphar.2017.00515.

Y. Ben-Ari, G.L. Holmes, Effects of seizures on developmental processes in the
immature brain, Lancet Neurol. 5 (2006) 1055-1063, https://doi.org/10.1016/
S1474-4422(06)70626-3.

J. Canzian, B.D. Fontana, V.A. Quadros, T.E. Miiller, T. Duarte, D.B. Rosemberg,
Single pentylenetetrazole exposure increases aggression in adult zebrafish at
different time intervals, Neurosci. Lett. 692 (2019) 27-32, https://doi.org/
10.1016/j.neulet.2018.10.045.

U.P. Kundap, Y.N. Paudel, Y. Kumari, I. Othman, MohdF. Shaikh, Embelin prevents
seizure and associated cognitive impairments in a pentylenetetrazole-induced
kindling Zebrafish Model, Front. Pharmacol. 10 (2019) 315, https://doi.org/
10.3389/fphar.2019.00315.

A. Alachkar, S.K. Ojha, A. Sadeq, A. Adem, A. Frank, H. Stark, B. Sadek,
Experimental models for the discovery of novel anticonvulsant drugs: focus on
pentylenetetrazole-induced seizures and associated memory deficits, CPD 26
(2020) 1693-1711, https://doi.org/10.2174/1381612826666200131105324.

A. Griffin, C. Krasniak, S.C. Baraban, Advancing epilepsy treatment through
personalized genetic zebrafish models, in: Progress in Brain Research, Elsevier,
2016, pp. 195-207, https://doi.org/10.1016/bs.pbr.2016.03.012.

B.P. Grone, S.C. Baraban, Animal models in epilepsy research: legacies and new
directions, Nat. Neurosci. 18 (2015) 339-343, https://doi.org/10.1038/n1n.3934.


https://doi.org/10.1016/S0959-4388(00)00194-X
https://doi.org/10.1016/S0959-4388(00)00194-X
https://doi.org/10.1038/npp.2010.53
https://doi.org/10.1038/npp.2010.53
https://doi.org/10.1006/nlme.1997.3799
https://doi.org/10.1006/nlme.1997.3799
https://doi.org/10.1016/0165-6147(91)90567-c
https://doi.org/10.1016/0165-6147(91)90567-c
https://doi.org/10.1016/j.yebeh.2019.03.021
https://doi.org/10.3177/jnsv.59.152
https://doi.org/10.3177/jnsv.59.152
https://doi.org/10.1089/zeb.2014.1004
https://doi.org/10.1016/j.expneurol.2017.10.004
https://doi.org/10.1016/j.expneurol.2017.10.004
https://doi.org/10.1089/zeb.2012.0861
https://doi.org/10.1089/zeb.2012.0861
https://doi.org/10.1016/j.neuroscience.2004.11.031
https://doi.org/10.1371/journal.pone.0054515
https://doi.org/10.1089/zeb.2006.3.157
https://doi.org/10.1016/j.nlm.2009.07.001
https://doi.org/10.1016/j.nlm.2009.07.001
https://doi.org/10.1016/j.aquatox.2016.11.013
https://doi.org/10.1016/j.aquatox.2016.11.013
https://doi.org/10.1016/j.taap.2021.115616
https://doi.org/10.3389/fphar.2017.00515
https://doi.org/10.3389/fphar.2017.00515
https://doi.org/10.1016/S1474-4422(06)70626-3
https://doi.org/10.1016/S1474-4422(06)70626-3
https://doi.org/10.1016/j.neulet.2018.10.045
https://doi.org/10.1016/j.neulet.2018.10.045
https://doi.org/10.3389/fphar.2019.00315
https://doi.org/10.3389/fphar.2019.00315
https://doi.org/10.2174/1381612826666200131105324
https://doi.org/10.1016/bs.pbr.2016.03.012
https://doi.org/10.1038/nn.3934

	Pentylenetetrazole-induced seizures cause impairment of memory acquisition and consolidation in zebrafish (Danio rerio)
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Experimental design
	2.3 PTZ-induced seizures
	2.4 Behavioral analysis
	2.4.1 Inhibitory avoidance
	2.4.2 Locomotor activity

	2.5 Statistical analysis

	3 Results
	3.1 Behavioral seizure parameters
	3.2 Effects of PTZ-induced seizures on inhibitory avoidance
	3.3 Effects of PTZ-induced seizures on locomotor activity

	4 Discussion
	CRediT authorship contribution statement
	Conflict of Interest
	Acknowledgments
	References


