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Epilepsy is a debilitating neurological disorder characterized by recurrent unprovoked seizures. Anxiety, cog-
nitive deficits, depressive-like symptoms, and social dysfunction are psychiatric comorbidities with high pre-
valence in epileptic patients. Due to the genetic and behavioral tractability, the zebrafish is a promising model
organism to understand the neural bases involved in epilepsy-related comorbidities. Here, we aimed to char-

;Z’;Z? deficits acterize some behavioral phenotypes paralleling those observed in epilepsy-related comorbidities after a single
ZebraﬁZh pentylenetetrazole (PTZ) exposure in zebrafish. We also analyzed the influence of whole-body cortisol levels in

the behavioral responses measured. Fish were exposed to 10 mM PTZ for 20 min to induce epileptic seizures.
After 24 h recovery period, locomotion and anxiety-like responses (novel tank and light-dark tests), social in-
teraction (shoaling behavior task), and memory retention (inhibitory avoidance protocol) were assessed.
Basically, PTZ impaired habituation to novelty stress, evoked anxiogenic-like behaviors, disrupted shoaling, and
caused memory consolidation deficits in zebrafish without changing whole-body cortisol levels. In conclusion,
our novel findings further validate the use of zebrafish as a suitable tool for modeling epilepsy-related co-
morbidities in translational neuropsychiatric research.

1. Introduction

Epilepsy is a neurological disorder characterized by recurrent epi-
leptic seizures and unpredictable disruptions of brain homeostasis
(Sierra-Paredes and Sierra-Marcuno, 2007). This debilitating condition
affects 1-2% of the population (~70 million people worldwide) (Sierra-
Paredes and Sierra-Marcuno, 2007; Singh and Trevick, 2016). Because
epileptic seizures have a multifactorial basis (Engel et al., 2013), the
mechanisms underlying the neurobehavioral responses observed in the
recovery period are still obscure. Basically, epilepsy involves increased
glutamatergic excitability and decreased GABAergic function in the
central nervous system (CNS) (Sierra-Paredes and Sierra-Marcuno,
2007). The exposure to chemical agents, such as pentylenetetrazole
(PTZ), which antagonizes GABA, receptors in the brain (Huang et al.,
2001), is commonly used to measure seizure-like phenotypes in ex-
perimental models (Dhir, 2012; Mussulini et al., 2013). Furthermore,

epileptic seizures may trigger various comorbidities in humans and
rodents, including anxiety, cognitive deficits, depressive-like symp-
toms, and social dysfunction (Di Liberto et al., 2018; Henbid et al.,
2017; Hunter et al., 2019; Zhu et al., 2018).

Mounting evidence demonstrates a correlation between epilepsy
and psychiatric comorbidities. For example, depression- and anxiety-
related disorders are described in 10-30% pediatric and adult epileptic
patients (Tellez-Zenteno et al., 2007). Treatments for anxiety-related
disorders that modulate glutamatergic activity also evoke anxiolysis
(Murrough et al., 2015), suggesting that psychiatric comorbidities and
epilepsy may share similar underlying mechanisms (Mazarati, 2016).
Because seizures and psychiatric comorbidities are associated with
changes in the CNS homeostasis, the validation of alternative model
organisms in psychiatric research is needed.

The zebrafish (Danio rerio) is emerging as an interesting tool in
neuropsychiatric research (Fontana et al., 2018). This species displays
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Fig. 1. Schematic representation of the experimental design and protocols used for assessing the effects of PTZ (10 mM, 20 min) on different behavioral domains of
zebrafish 24 h after the exposure period. Control (CTRL) fish were kept in non-chlorinated water for the same period, in the absence of PTZ. (A) Locomotor, anxiety,
and social behavior were tested using the novel tank test, light-dark test, and the shoaling test, respectively. (B) Inhibitory avoidance task, in which the effects of PTZ
on consolidation memory were assessed in animals exposed immediately after the training session. (C) Whole-body cortisol measurement.

several advantageous features, such as high genetic similarities when
compared to humans (Howe et al., 2013), robust pharmacological
sensitivity (Goldsmith, 2004), and conserved physiological responses
(Kalueff et al., 2013). Although the effects of GABAlytics PTZ and pi-
crotoxin have been reported in zebrafish (Baraban et al., 2005; Choo
et al., 2018; Wong et al., 2010b; Yang et al., 2017), the influence of
epileptic seizures in different behavioral domains following recovery, in
which the convulsant agent is completely out of the system, still re-
mains poorly understood. Recent data have shown that a single PTZ-
exposure increases aggression after the recovery period, suggesting the
use of zebrafish models to study epilepsy-related comorbidities
(Canzian et al., 2019). Moreover, PTZ-challenged zebrafish show ne-
gative impacts on spatial memory and changes in GABA and glutamate
levels in the brain, supporting the evaluation of epilepsy-induced
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cognitive dysfunction (Choo et al., 2019; Kundap et al., 2017). Because
epilepsy and its associated comorbidities are still poorly explored in this
aquatic species, which represents a powerful system to assess epilepsy-
related neurobehavioral phenotypes (Alfaro et al., 2011; Baraban et al.,
2005; Canzian et al., 2019; Choo et al., 2018; Mussulini et al., 2013;
Wong et al., 2010b), this study aimed to evaluate whether PTZ mod-
ulates distinct behavioral domains (e.g., anxiety, exploratory pattern,
social behavior, and memory consolidation) 24 h after a single exposure
period. Moreover, since neuroendocrine responses can be associated to
behavioral changes in epilepsy models (Wong et al., 2010b), the in-
fluence of whole-body cortisol levels in the behavioral responses was
tested.
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Fig. 2. Effects of PTZ on locomotion and exploratory pattern 24 h after a single exposure. (A) Locomotor parameters. (B) Vertical exploratory activity. Data were

+

expressed as means
per group, *p < 0.05).

2. Materials and methods
2.1. Animals

Adult zebrafish (Danio rerio) (4-6 months-old, ~50:50, male: female
ratio, short fin phenotype) were obtained from a commercial supplier
(Hobby Aquérios, RS, Brazil). Subjects were kept in 40 L tanks filled
with non-chlorinated water at 25 * 2°C and pH 7.1, conductivity at
1300-1500 pScm ™!, dissolved oxygen at 6.0 + 0.1 mg/L, total am-
monia at < 0.01 mg/L, nitrate < 50 mg/L, nitrite < 0.1 mg/L, alka-
linity and hardness at 75 mg/L CaCOs. Importantly, we ensured that
physico-chemical conditions of water were similar to those of system
water throughout the experimentation to minimize stress. Illumination
was provided by fluorescent lamps on a 14/10 light/dark photoperiod
cycle (lights at 7:00 a.m. and off 9:00 p.m.). Fish were fed thrice daily
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S.E.M. and analyzed by unpaired Student's t-test. Statistical significance was set at p < 0.05 (CTRL: control; PTZ: pentylenetetrazole; n = 12

with commercial flake fish food (alcon BASIC™, Alcon, Brazil). All ex-
perimental procedures were approved by the Ethics Commission to
Animal Use of the Federal University of Santa Maria (protocol number
8707070316).

2.2. Experimental design

Animals were exposed to a single dose of PTZ (10 mM) for 20 min to
induce epileptic seizures as described elsewhere (Canzian et al., 2019;
Fontana et al., 2019; Mussulini et al., 2013). PTZ was added directly to
the water and control fish were kept in non-chlorinated water for the
same period. All animals tested in PTZ group reached scores 4 and 5,
characterized by corkscrew swimming and loss of posture, respectively,
described as generalized tonic-clonic seizure-like phenotypes (data not
shown) (Canzian et al., 2019; Mussulini et al., 2013). After the
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Fig. 3. Anxiety-like responses in zebrafish measured in the light-dark test 24 h after a single PTZ exposure. Data were represented as means =

S.E.M. and analyzed

by unpaired Student's t-test. Statistical significance was set at p < 0.05 (CTRL: control; PTZ: pentylenetetrazole; n = 12 per group, *p < 0.05; **p < 0.01).

exposure, animals were kept in tanks filled with aerated non-chlori-
nated water to ensure recovery. Behaviors were measured 24 h after
PTZ exposure, a period that showed prominent effects on aggression, an
epilepsy-related comorbid symptom (Canzian et al., 2019). Behavioral
tests were recorded between 09:00 a.m. and 4:00 p.m. and precautions
to ensure representative data were taken. During the experimental
procedures, fish were moved gently among the experimental appara-
tuses. Two batches of fish were tested for each experimental group and
the tank water was replaced by non-chlorinated water across the trials.
All behavioral tests were recorded in the same room, minimizing en-
vironmental influence between trials. Fig. 1 depicts a schematic re-
presentation of the experimental design.

2.3. Behavioral tests

2.3.1. Novel tank diving test

To measure locomotion and vertical activity reflecting habituation
to novelty stress (Cachat et al., 2010; Rosemberg et al., 2011), fish were
placed in a glass aquarium (25cm length x 15cm height X 25cm
width) filled with 2.0 L of non-chlorinated water, which was virtually
divided into two equal horizontal areas (bottom and top) (Egan et al.,
2009). Behaviors were recorded for 6 min using appropriate video-
tracking software (ANY-maze™, Stoelting, CO, USA). The following
endpoints were measured: distance traveled, absolute turn angle,
transitions to top area, time spent in top area, average duration per
entry in top area, and latency to enter the top area. Experiments were
performed using n = 12 per group.

2.3.2. Light-dark test

To assess anxiety-like responses, the light-dark test was performed
as described elsewhere (Maximino et al., 2010b; Mezzomo et al., 2016).
Animals were individually placed in a rectangular glass tank (25cm
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length X 15 cm height X 25 cm width) divided into two equally sized
partitions with a black and white self-adhesive film externally covering
the walls and floor of the tank. Behaviors were recorded for 6 min and
the following endpoints were quantified: time spent in lit area, shut-
tling, latency to enter the dark area, and risk assessments. While the
shuttling behavior expresses the transitions between compartments,
which may reflect exploration in the light-dark test, risk assessments
were characterized as fast (> 1s) entries into the white section fol-
lowed by re-entries intro the black section, or as partial entries in the lit
area (Kalueff et al., 2013; Maximino et al., 2011). Risk assessments
were measured manually by two trained observers blinded to the ex-
perimental condition (inter-rater reliability > 0.85). Experiments were
performed using n = 12 per group.

2.3.3. Shoaling behavior test

To measure the effects of PTZ on social behavior, four fish were
simultaneously placed in the test tank (25cm length X 15cm
height X 25 cm width) for 5min (Canzian et al., 2017). Videos were
further exported to Image J 1.49 software for Windows™ and the
shoaling behavior was measured using screenshots made every 15s
over the test period (total of 20 screenshots per group) (Canzian et al.,
2017; Green et al., 2012). Screenshots were further calibrated to the
size of the tank and each fish was marked to allow automated quanti-
fication of the proximity between the fish (inter-fish distance, nearest
neighbor distance, and farthest neighbor distance), and the group dis-
persion (shoal area). Social interaction index was measured considering
the proximity to conspecifics at a maximum distance of 3 body lengths
(6 cm) (Canzian et al., 2017). Indexes vary from low cohesion (“0”) to
complete cohesion (“6”) and the area under de curve (AUC) was used to
estimate the number of social interactions. Two trained observers
(inter-rater reliability > 0.85) blinded to the experimental condition
analyzed the results. Experiments were performed using n = 12 per
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Fig. 4. PTZ disrupts shoaling behavior 24 h after a single exposure. (A) Temporal analysis of the inter-fish distance. (B) Shoal area across the 5-min trial. (C) Social
interaction among conspecifics. (D) Representative images displaying the shoal cohesion of zebrafish groups. Data from inter-fish distance and shoal area were
expressed as means + S.E.M. and analyzed by repeated measures ANOVA followed by Student-Newman-Keuls multiple comparison test when necessary (temporal
analyses) or by unpaired Student's t-test. The number of interactions across time was expressed as median * interquartile range and the AUC was expressed as
means + S.E.M. and analyzed by unpaired Student's t-test. Statistical significance was set at p < 0.05 (CTRL: control; PTZ: pentylenetetrazole; n = 8 per group,
***p < 0.005; ****p < 0.001).
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Fig. 5. Effects of PTZ on memory consolidation using the inhibitory avoidance test. (A) Latency to enter the dark area in training and test sessions. (B) Memory
retention index showing negative effects of PTZ on learning performance. Data from training and test sessions were expressed as median * interquartile range and
analyzed by Wilcoxon matched-pairs signed rank test. Memory retention indexes were calculated by subtracting the latencies to enter the black side of the tank
(recorded to a maximum of 300s) in test (T») and training (T;) sessions and expressed as means + S.E.M. and analyzed by unpaired Student's t-test. Statistical
significance was set at p < 0.05 (CTRL: control; PTZ: pentylenetetrazole; n = 12-14 per group, **p < 0.01; ***p < 0.005; ns: non-significant).

group. isolation stress (Maximino et al., 2018). The apparatus was a rectan-
gular tank (30 cm length X 10 cm height X 10 cm width) filled with
1.3 L of non-chlorinated water. Tank was divided into two equally sided
black and white sections separated by a manually operated opaque
guillotine-type partition (10cm X 10cm). The black compartment
contained three pairs of stain steel metal bars (1 cm diameter) spaced
5 cm within bars, connected to a 12 V stimulator. The shock frequency
was set at 100 Hz (50 pulses of 5ms every 500 ms) (Bertoncello et al.,

2.3.4. Inhibitory avoidance test

The inhibitory avoidance was performed as described elsewhere
(Bertoncello et al., 2019; Blank et al., 2009; Ng et al., 2012). First,
zebrafish cohorts were habituated for three days in perforated housing
tanks (50 cm length X 6 cm height X 35 cm width), with similar divi-
sion to each fish (6cm X 6cm X 6cm), aiming to minimize the
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posure when compared to control (CTRL). Data were expressed as
means *+ S.E.M. and analyzed by unpaired Student's t-test. Statistical sig-
nificance was set at p < 0.05 (n = 8 per group).

2019). At the training session, zebrafish were individually placed on the
white partition of the tank. After 1 min acclimatization, the guillotine
door was opened, allowing fish to enter the black side. When fish
crossed to the black compartment, the sliding partition was closed and a
mild electric shock (125mA, 3 + 0.2V AC) was administered for 5s.
To verify whether PTZ affects memory consolidation, fish were care-
fully removed from the apparatus and exposed to non-chlorinated water
(control) or PTZ for 20 min, immediately after the training session.
Later, animals were placed in their respective perforated housing tanks.
Memory retention was evaluated after 24 h similarly to the training
session, except that no shock was administered. The retention index
was estimated as the difference (in seconds) of latencies to enter the
black side of the tank (recorded to a maximum of 300 s) in test (T5) and
training (T;) sessions. Experiments were performed using n = 12-14
per group.

2.4. Cortisol extraction and analysis

Whole-body cortisol was extracted as described elsewhere
(Mezzomo et al., 2019; Rosa et al., 2018). After behavioral analyses,
animals (n = 8 per group) were weight and immediately frozen in li-
quid nitrogen for 10-30s, followed by storage at —20 °C until cortisol
extraction. Each fish was minced and homogenized in 1 mL phosphate
buffer saline (PBS, pH 7.4). Then, samples were transferred to 2.5 mL
ethyl ether, mixed for 1 min, centrifuged (800 x g for 10 min at 4°C),
and immediately frozen in liquid nitrogen. The portion containing ethyl
ether and cortisol was transferred to another tube and completely
evaporated. The cortisol fraction was resuspended in 100 uL. PBS and
used to measure whole-body cortisol content (EIAgen™ CORTISOL test,
BioChem ImmunoSystems). Both cortisol standard curve (0.5, 2, 5, 10,
30, and 60 pg/dL) and samples were run in duplicate and data were
expressed as ng cortisol/g tissue (Oliveira et al., 2014).

2.5. Statistical analysis

Normality of data and homogeneity of the variances were analyzed
by Kolmogorov-Smirnov and Bartlett's tests, respectively. Data nor-
mally distributed and homoscedastic were expressed as means *
standard error of the mean (S.E.M) and further analyzed by unpaired
Student's t-test. Nonparametric data (number of interactions and
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latency to enter the black compartment) were expressed median *
interquartile range. The latencies to enter the black side in training and
test sessions of the inhibitory avoidance task were analyzed by
Wilcoxon matched-pairs signed rank test and temporal effects on
shoaling behavior were assessed using repeated measures analysis of
variance (ANOVA) followed by Student-Newman-Keuls multiple com-
parison test when necessary. Results were considered significant when
p < 0.05.

3. Results
3.1. PTZ alters the exploratory pattern in the novel tank test

Fig. 2 shows the effects of PTZ on locomotion and exploratory
pattern of zebrafish in the novel tank diving test 24 h after the exposure.
No differences were observed in both distance traveled
(t.os12) = 0.5393, p=0.5951) and absolute turn angle
(t.05;12) = 0.2414, p = 0.8115) between groups (Fig. 2A). However,
PTZ-exposed fish showed more transitions to the top (t«.0s;12) = 2.344,
p = 0.0285) and spent more time in top (t(.05;12) = 2.666, p = 0.0141)
than control. Although PTZ did not change the average duration per
entry in top area (ty.0s;12) = 0.8735, p = 0.3918), a shorter latency to
enter the top was observed (t(.05;12) = 2.133, p = 0.0444) (Fig. 2B).

3.2. PTZ evokes anxiogenic-like behavior

Fig. 3 shows the effects of PTZ on anxiety-like responses measured
in the light-dark test. PTZ-exposed fish spent less time in the lit area
(t.05;12) = 2.742, p = 0.0109) and showed fewer risk assessments
episodes (t(.05;12) = 3.606, p = 0.0013) than control. No differences in
the latency to enter the dark area (t(.0s;12) = 0.1907, p = 0.8503) and
shuttling (t(.0s;12) = 0.4369, p = 0.665) were verified.

3.3. PTZ disrupts shoaling behavior

Fig. 4 demonstrates the effects of PTZ on shoaling behavior. Re-
peated measures ANOVA yielded significant effects of treatment for
both inter-fish distance (Fq,14) = 17.75, p = 0.0009) and shoal area
(Fa 4y = 35.14, p < 0.0001). Overall, PTZ increased the inter-fish
distance (t¢.05;12) = 0.4231, p = 0.0008) (Fig. 4A) and the shoal area
(t.05;12) = 5.91, p < 0.0001) (Fig. 4B) compared to control. AUC
analyses showed a reduced social interaction (to.0s;12) = 5.75,
p < 0.0001) in PTZ-exposed fish across the 5-min trial (Fig. 4C).
Fig. 4D shows representative images of control and PTZ shoals.

3.4. PTZ impairs memory consolidation

Fig. 5 shows the effects of PTZ on memory consolidation. Wilcoxon
test comparison indicated that control fish showed memory retention
on test session (W = 99.00; p = 0.0006), while the latencies to enter
the dark compartment between training and test sessions did not differ
in PTZ-exposed group (W = 4.0; p = 0.9097) (Fig. 5A). Unpaired Stu-
dent's t-test revealed significant differences in the retention indexes,
showing impaired cognition of PTZ-exposed group (t..os, 12) = 2.868;
p = 0.0085) in the inhibitory avoidance task (Fig. 5B).

3.5. PTZ does not alter whole-body cortisol levels

To investigate whether changes in the stress response could play a
role in the behavioral responses measured, we determined whole-body
cortisol levels 24h after PTZ exposure. No significant changes were
observed between control and PTZ-exposed groups (tp.os, sy = 0.5819;
p = 0.5749) (Fig. 6).
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4. Discussion

This study characterized some behavioral phenotypes that parallel
those observed in epilepsy-related comorbidities using the zebrafish as
a model organism. Here, fish were challenged with PTZ at a convulsant
dose (10 mM for 20 min) and different behavioral domains were tested
24h after the exposure, a period in which PTZ is expected to get
completely out of the system. For the first time, we observed that PTZ-
exposed fish showed robust changes in the exploratory pattern during
novelty stress, as well as anxiogenic-like responses, disrupted shoaling
behavior, and impaired memory consolidation without modifications in
whole-body cortisol levels 24 h after a single PTZ exposure. Because
psychiatric comorbidities are predominant in epileptic patients con-
tributing to the overall burden of disease (Di Liberto et al., 2018), these
data reinforce the utility of zebrafish as a promising tool to investigate
the neurobehavioral bases underlying epileptic seizures and associated
comorbidities in translational neuropsychiatric research.

Mounting evidence shows that both larval and adult zebrafish dis-
play clonus-like convulsions when acutely exposed to PTZ (Baraban
et al., 2005; Canzian et al., 2019; Fontana et al., 2019; Mussulini et al.,
2013). PTZ antagonizes GABA, receptors, inducing ictal and interictal-
like electrographic discharges, as well as increased c-fos expression in
the CNS (Baraban et al., 2005; Pineda et al., 2011). Additionally to the
oxidative stress in the brain (Fontana et al., 2019), these robust seizure-
like phenotypes are accompanied by elevated whole-body cortisol le-
vels following PTZ exposure (Wong et al., 2010b), suggesting the in-
volvement of neuroendocrine responses and oxidant processes with
epilepsy pathogenesis.

Epilepsy may trigger various comorbid conditions, including an-
xiety, social dysfunction, and memory deficits (Josephson and Jette,
2017; Tramoni-Negre et al., 2017). Among these comorbidities, anxiety
is a psychiatric disorder that impairs millions of people worldwide
(Kessler et al., 2005). Anxiety-like behaviors can be assessed in zebra-
fish by analyzing both habituation to novelty stress (Rosemberg et al.,
2011; Wong et al., 2010a) and the preference for dark environments in
detriment of bright ones (scototaxis) (Maximino et al., 2010a). Using
the novel tank diving test, we verified that PTZ increased the time spent
in top area and reduced the latency to enter the top 24 h after the ex-
posure period. In the light-dark test, PTZ-exposed fish spent less time in
the lit area and showed fewer risk assessment episodes. These findings
suggest heightened anxiety-like behavior and a disrupted habituation to
novelty stress following the recovery period. Similarly, anxiogenic
substances, such as alarm pheromone, caffeine, increase scototaxis
(Maximino et al., 2011; Quadros et al., 2016). Because GABA, receptors
are classical pharmacological targets involved in anxiety and epilepsy
(Jones-Davis and Macdonald, 2003; Lydiard, 2003), the antagonism of
GABAergic receptors caused by PTZ play a role in anxiogenic-like re-
sponses (Treiman, 2001). Furthermore, genes involved in oxidant pro-
cesses have been associated with anxiety-like phenotype, since the ac-
tivity of antioxidant enzymes is elevated in anxious mice (Bouayed
et al., 2009; Hovatta et al., 2005). These set of data corroborate pre-
vious findings, reinforcing a key role of increased anxiety levels and
impaired spatial awareness in the suppression of habituation after PTZ
exposure (Wong et al., 2010a).

Decreased sociability is one epileptic seizure-related comorbidity,
which is a phenomenon associated to various neuropsychiatric dis-
orders, such as autism and schizophrenia (Green, 2016; Pelphrey et al.,
2004; Pinkham et al., 2008). Because the zebrafish is a social species
(Oliveira, 2013), measuring the shoaling behavior is a simple protocol
to evaluate the social interaction among conspecifics (Buske and Gerlai,
2011; Maaswinkel et al., 2013). Here, we observed a markedly dis-
ruption of shoaling behavior 24 h after PTZ exposure. The involvement
of GABAergic system in social behavior has been postulated, since pi-
crotoxin and PTZ administration reduces sociability of rats (File and
Lister, 1984). Thus, the reduced shoaling observed herein may be occur
due to antagonism of GABA, receptor, suggesting a modulatory role of
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epileptic seizures in zebrafish sociability.

Cognitive deficits have been recognized as another epilepsy-related
comorbidity (Leeman-Markowski and Schachter, 2016). Due to the
presence of a rich behavioral repertoire, which has been extensively
characterized (Kalueff et al., 2013), the zebrafish is an emerging model
system to study the neural bases involved in learning and memory
processes (Bertoncello et al., 2019; Blank et al., 2009; Gerlai, 2016).
Using the inhibitory avoidance task, we observed that PTZ impairs
memory consolidation in zebrafish since exposure was performed im-
mediately after the training session. Importantly, because distance
traveled was not altered 24 h after the exposure period (as observed in
the novel tank test), this response is not associated with locomotor
changes, reinforcing the deleterious effects of PTZ on cognitive pro-
cesses. PTZ modulates GABA and glutamate levels and induces spatial
memory deficits when zebrafish are tested in a T-maze apparatus at 3
and 24 h post-challenge, supporting a modulatory role of epileptic
seizures in cognition (Choo et al., 2019; Kundap et al., 2017, 2019).
Because the mechanisms underlying the effects of PTZ on memory are
multifactorial, changes in neurotransmitter levels and/or in the func-
tionality of molecules involved in long-term memory processing (e.g,
CaMKII and cAMP) (Dong and Rosenberg, 2004; Pi et al., 2004) may
play a role in the novel findings regarding the memory consolidation
deficit described here.

Cortisol is the main hormone responsible for triggering stress re-
actions in both humans and zebrafish (Alsop and Vijayan, 2009;
Baiamonte et al., 2015; Fontana et al., 2018). In zebrafish, PTZ in-
creases whole-body cortisol levels immediately after epileptic seizures
(Wong et al., 2010b). This effect on neuroendocrine stress response can
be associated with the inhibitory effect on the GABAergic system, since
GABA-mimetic drugs reduce the cortisol-mediated signaling (Basta-
Kaim et al., 2007; Mikkelsen et al., 2008; Zhang and Liu, 2008). Based
on our findings and considering the cortisol peak in zebrafish (15 min
after an acute stressor) (Mezzomo et al., 2019), we hypothesize that the
activation of stress response is not sustained for a 24 h period following
PTZ exposure, which exclude a role of cortisol on the behavioral re-
sponses measured. Nonetheless, future studies using the recently de-
scribed PTZ-induced kindling model (Kundap et al., 2019) as well a
time-dependent evaluation of cortisol levels at the recovery period can
be performed to explore the involvement of stress response in different
behavioral domains.

5. Conclusion

In sum, our data describe multiple behavioral phenotypes that clo-
sely resemble comorbid symptoms of epilepsy in zebrafish 24 h after a
single PTZ exposure. Due to the high genetic and behavioral tractability
of this aquatic species (Howe et al., 2013; Kalueff et al., 2013), our data
foster markedly the utility of zebrafish models for studying the neuro-
biological bases of epilepsy-related comorbidities in a translational
perspective. Finally, combining the high-throughput potential of zeb-
rafish (Choo et al., 2019; Gerlai, 2010) and the availability of auto-
mated video-tracking systems for behavioral neurophenotyping (Cachat
et al., 2011), our data help validate the use of alternative fish species to
investigate the fundamental neural mechanisms involved in epilepsy-
related comorbidities.
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