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ARTICLE INFO ABSTRACT

Long-term treatment with 3-nitropropionic acid (3-NPA), a toxin derived from plants and fungi, may reproduce
symptoms and biochemical characteristics of Huntington's disease (HD). Our study evaluated the effects of 3-
NPA on the physiological and behavioral responses in zebrafish larvae and adults. Larvae exposed to 0.1, 0.2, or
0.5 mM 3-NPA exhibited an increase in heart rate at 2- and 5-days post-fertilization (dpf). There was a decrease
in the ocular distance at 5 dpf with 0.05 mM 3-NPA treatment. However, 3-NPA did not alter larval locomotor
parameters. Adult zebrafish received 3-NPA intraperitoneal injections (a total of seven injections at doses 10, 20,
or 60 mg/kg every 96 h) and showed a decrease in body weight , locomotion and aggressive behavior. No
changes were observed in anxiety-like behavior and social interaction between 3-NPA-exposed animals and
control groups. However, 3-NPA-treated animals (at 60 mg/kg) demonstrated impaired long-term aversive
memory. Overall, 3-NPA exposure induced morphological and heart rate alterations in zebrafish larvae.
Additionally, our study showed behavioral changes in zebrafish that were submitted to long-term 3-NPA
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treatment, which could be related to HD symptoms.

1. Introduction

Huntington's disease (HD) is a fatal, autosomal dominant neurode-
generative disorder caused by an expansion of a CAG triplet repeat in
exon 1 of the huntingtin (htt) gene. This change leads to an expanded
polyglutamine (polyQ) region in the encoded protein htt (Bailus et al.,
2017; Rai et al., 2019). It is estimated that the mean HD prevalence is 5
in 100,000 people (Baig et al., 2016; Illarioshkin et al., 2018). HD is
characterized by progressive motor dysfunction (chorea, bradykinesia,
and dystonia), psychiatric disturbance, and cognitive decline (Blum
et al., 2018; Mason et al., 2018). These dysfunctions can be attributed
to multiple brain regions that exhibit neurodegeneration, including the
cerebral cortex, thalamus, subthalamic nucleus, globus pallidus, sub-
stantia nigra, and hypothalamus. However, the hallmark of the disease
is the pronounced neuronal loss in the striatum (caudate nucleus and
putamen; Rubinsztein, 2002; Ramaswamy et al., 2007; Coppen and
Roos, 2017). Furthermore, HD patients may develop metabolic symp-
toms such as weight loss, cardiac dysfunction, and insulin resistance
(Blum et al., 2018; Croce and Yamamoto, 2018; Dufour and McBride,
2019). The remarkable anatomical and physiological similarities

between humans and animals allow researchers to investigate a wide
range of mechanisms and develop novel therapies using animal models
before applying their discoveries to humans. The HD animal models
include approaches that span from pharmacological-induced models to
refined strategies to develop genetically-modified experimental animals
(Kaur et al., 2017). Genetic models have been developed in several
species (Chan et al., 2015; Schuldenzucker et al., 2017; Morton, 2018;
Stricker-Shaver et al., 2018), and studies in huntingtin-deficient zeb-
rafish show impaired neuronal development, morphological alterations,
and hematological defects during the embryo-larval stage (Lumsden
et al., 2007; Diekmann et al., 2009). However, there is no behavioral
analysis in the larval and adult stages (Lumsden et al., 2007; Diekmann
et al., 2009).

The great advantage of the pharmacological HD models is their ease
of use, control, and acquisition of drugs that can induce HD-like
symptoms. Among them, the most used is 3-nitropropionic acid (3-
NPA), a natural toxin produced by fungi and plants. Several studies
demonstrated that there is a decrease in mitochondria, calcium, ATP
and mitochondrial complex II, IIT and IV activity in the striatum of HD
patients (Gu et al.,, 1996; Johri et al., 2013; Carmo et al., 2018).
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Fig. 1. Timeline of the experimental procedure. (a) Zebrafish larvae were exposed to water (control group) or 0.01, 0.05, 0.1, 0.2, 0.5, 1.0 or 2.0 mM 3-
Nitropropionic acid (3-NPA). The exposure occurred from 0 dpf (day post-fertilization) to 7 days post-fertilization. The analysis lasted 14 days post-fertilization and
included survival rate, heart rate, morphological evaluation, and exploratory behavior. (b) Zebrafish adults received seven intraperitoneal injections of 10, 20, or
60 mg/kg 3-Nitropropionic acid or saline (vehicle-control group). The injections occurred over 28 days, and the analysis included a novel tank test, social interaction,

aggression, and inhibitory avoidance task.

Interestingly, 3-NPA promotes irreversible inhibition of the enzyme
succinate dehydrogenase (SDH) of mitochondrial complex II of the re-
spiratory chain. Furthermore, 3-NPA can cross the blood-brain barrier
(BBB) and therefore damage the central nervous system (CNS) even
after systemic administration (Brouillet et al., 1999; Tunez and
Santamaria, 2009; Ttnez et al., 2010; Kaur et al., 2017).

Accidental ingestion of 3-NPA in humans causes cell death in the
bilateral putamen and caudate nucleus and motor impairment

characterized as dystonia, involuntary spasms, and facial grimaces
(Ludolph et al.,, 1991; Ming, 1995). In rodents, acute and chronic
treatment with 3-NPA mimics the motor symptoms and cellular al-
terations observed in HD. These dysfunctions include ataxia, chorei-
form movements, insanity, bradykinesia, muscle weakness, rigidity,
weight loss, SDH inhibition, oxidative stress, and mitochondrial dys-
function, among others (Kim et al., 2000; Fernagut et al., 2002;
Bortolatto et al., 2017; Kaur et al., 2017).
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In this context, the zebrafish is an excellent animal model for
studying and developing neurodegenerative disease models due to the
myriad advantages over other animal models. These benefits include a
relatively low cost, fast development and large progenies, ease of ge-
netic manipulation, and physiology that is highly similar to humans
(Goldsmith, 2004; Rico et al., 2011; Howe et al., 2013; Fontana et al.,
2018; Vaz et al., 2018). The zebrafish CNS is also well characterized,;
brain development occurs within 3 days post fertilization (dpf), and the
BBB develops from 3 to 10 dpf (Fleming et al., 2013; d'Amora and
Giordani, 2018; Vaz et al., 2018; Quinonez-Silvero et al., 2019). Ad-
ditionally, the behavioral repertoire of this species associated with its
high drug sensitivity permits its use as a platform for mechanistic and
therapeutic research (Stewart et al., 2014; Da Silva et al., 2015;
Baxendale et al., 2017).

Given these advantages, the present study evaluated the effects of 3-
NPA on the behavioral responses of zebrafish (Danio rerio) in larval and
adult stages. Thus, the effects of this compound on morphology, ex-
ploratory behavior, aggression, social interaction, and cognition were
investigated.

2. Materials and methods
2.1. Animals

Embryos and larvae (0-14 dpf) and adult (6-14 months, 0.2-0.4 g)
wild-type Danio rerio, from the AB background, were used. Animals
were obtained from our breeding colony and maintained in re-
circulating systems (Zebtec, Tecniplast, Italy) with equilibrated filtered
water to reach the species standard temperature (28 + 2 °C), pH (7.0
to 7.5), conductivity (300-700 pS), and ammonia (< 0.02 mg/L), ni-
trite (< 1 mg/L), nitrate (< 50 mg/L), and chloride (0 mg/L) levels.
Animals were subjected to a light/dark cycle of 14/10 h, respectively.
Animals received paramecium between 6 and 14 dpf, and after 14 dpf,
they received commercial flakes (TetraMin Tropical Flake Fish®) three
times a day that were supplemented with brine shrimp (Westerfield,
2000).

For breeding, females and males (1:2) were placed in breeding tanks
(Tecniplast, Italy) overnight. They were separated by a transparent
barrier that was removed after the lights went on the following
morning. For the larval experiments, embryos were collected, sanitized,
and subjected to the treatment. For the experiments with adult animals,
the embryos were collected and maintained for up to 7 dpf at a density
of 1 larva per 7 mL in Petri dishes in a biochemical oxygen demand
(BOD) incubator. They were immediately transferred to a tank in the
recirculation system with a density of 1 larva per 60 mL. When the
animals reached 30 dpf, they were maintained at a density of 1 animal
per 200 mL until adulthood. All protocols were approved by the Animal
Care Committee of the Pontifical Catholic University of Rio Grande do
Sul (8024- CEUA- PUCRS). This study was registered in the Sistema
Nacional de Gestdo do Patrimdnio Genético e Conhecimento
Tradicional Associado - SISGEN (Protocol No. A3B073D).

2.2. Treatments

2.2.1. Larval treatment

Embryos were placed in Petri dishes (60 X 16 mm) and subjected to
3-NPA (O,N(CH»)CO,H; Sigma-Aldrich, St. Louis, MO, USA) treatment
at the concentrations of 0.01, 0.05, 0.1, 0.2, 0.5, 1.0, or 2.0 mM (Colle
et al., 2012) diluted in water for 7 dpf (2 h post fertilization [hpf] to 7
dpf; Fig. la) without medium changes. These concentrations were
chosen based on a previous study (Colle et al., 2012), which tested 3-
NPA in cortical and striatal neurons. The control group was exposed to
water and maintained under the same conditions as the treatment
group. Importantly, animals exposed to concentrations of 1.0 and
2.0 mM 3-NPA died over the 7 days. For this reason, these concentra-
tions were excluded in the subsequent experiments.
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The pH of the solution was adjusted between 7.2 and 7.6 with so-
dium hydroxide (NaOH) and was verified daily. 3-NPA is very soluble
in water. During the exposure period, the medium was not changed to
minimize the animal's stress. There was no appearance of crystals or
odor changes, and the pH remained between 7.2 and 7.6 at all tested 3-
NPA concentrations. From 7 to 14 dpf, the animals only remained in the
water and the medium was changed daily. Animals were monitored
daily for survival, determined by the presence of a heartbeat visualized
using an inverted stereomicroscope (Nikon, Melville, EUA).

2.2.2. Adult animal treatment

Adult animals of both sexes, aged between 6 and 10 months, re-
ceived seven intraperitoneal (i.p.) injections of 3-NPA or saline (vehicle,
for the control group) every 96 h (Fig. 1b). Prior to injection, the ani-
mals were anesthetized by immersion in 250 mg/L tricaine solution
until they showed a lack of motor coordination and a reduced re-
spiration rate. The animals received an i.p. injection of 10, 20 or 60 mg/
kg body weight 3-NPA or saline (vehicle-control group) in a 10-uL
volume. We selected these doses from other studies testing the effects of
3-NPA in rodents, which demonstrated behavioral changes in acute and
chronic exposure to 3-NPA (Borlongan et al., 1995; Fernagut et al.,
2002).

After the injection, the animals were placed in a tank with a highly
aerated recirculation system to facilitate their recovery from anesthesia.
After recovery, the animals were returned to their home tank. L.p. in-
jections were conducted using a 3/10-mL U-100 BD Ultra- Fine™ Short
Insulin Syringe with an 8 mm (5/16 in) X 31 G short needle (Becton
Dickinson and Company, New Jersey, USA).

2.3. Larval analysis

2.3.1. Heart rate

Heart rate measurement was performed at 2 and 5 dpf using a ste-
reomicroscope. Treated larvae and the controls were placed in 96-well
plates (1 larva per plate), and their heart rates were monitored for 60 s
(n = 30). For all groups, water or treatment temperature was kept
stable at 28 °C using a thermoplate coupled to the stereomicroscope
(Macchi et al., 2018; Nabinger et al., 2018).

2.3.2. Morphological evaluation

Morphological evaluation was performed by monitoring morpho-
logical defects using a stereomicroscope (3 X magnification) at 5 dpf
(n = 30). Body length (um), ocular distance (um), and surface area of
the eyes (urnz) were evaluated using NIS-Elements D software for
Windows 3.2 (Nikon Instruments Inc., Melville, USA). The animals were
placed in the dorsal position in 96-well plates (1 larva per plate). Body
length was estimated according to Altenhofen et al. (2017); the distance
from the larval mouth to the pigmented tip of the tail was measured.
The ocular distance was evaluated by the distance between the inner
edge of the two eyes (similar to the inner intercanthal distance in hu-
mans), and the size of the eyes was determined by measuring the sur-
face area of the eyes (Lutte et al., 2015; Altenhofen et al., 2017).

2.3.3. Exploratory behavior

Larval exploratory behavior was evaluated at 7, 10, and 14 dpf
(n = 20) and conducted according to Colwill and Creton (2011) and
Altenhofen et al. (2017). The experiments were performed in a tem-
perature-controlled room (27 # 2 °C) between 13:00 and 17:00. The
exploratory behavior of the animal was recorded in a video for 5 min
after the 1-min acclimatization (Colwill and Creton, 2011; Altenhofen
et al.,, 2017). The performance was video recorded for automated
analysis using EthoVision XT software (version 11.5, Noldus), which
can track the swimming activity of the animals at a rate of 15 positions
per second. The video-tracking data were then used to determine the
relevant measures through detecting animals by looking at the contrast
them and the background of the apparatus. Each larva was placed
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individually in a 24-well cell culture plate that contained 2 mL water
per well (Altenhofen et al., 2017; Altenhofen et al., 2019), in a designed
protocol that virtually divided each 15 mm diameter well in the inside
area (7.5 mm diameter) and outside area (7.5 mm diameter)
(Altenhofen et al., 2019). The locomotor parameters evaluated were
total distance traveled (m) and velocity (m/s, the ratio between dis-
tance traveled and movement) and were considered as parameters of
exploration of the new environment. The parameter movement was
defined as the period during which the zebrafish exceeded the start
velocity (defined as 0.06 cm/s) and remained moving until reaching the
stop velocity (defined as 0.01 cm/s; Mahmood et al., 2013). The an-
xiety-like behavior was also measured, and the time spent in each well
position (outside vs. inside area) was considered an index of anxiety.
This task exploits the natural tendency of zebrafish to spend most of the
time in the outside area when introduced to a novel environment. Then,
the animals gradually extend the swimming range to include the inside
portion of the test well. A longer time spent in the outside area and less
time spent in the inside of the well indicates increased anxiety (Colwill
and Creton, 2011). We also determined the absolute turn angle (°) of
the animal, which evaluates erratic movements (Nabinger et al., 2018).
This measure reports the sum of the absolute angle between each
movement vector of the animal. To calculate this parameter a vector of
movement from one position of the animal's center point to the next is
created. For each vector, the angle between it and the previous vector is
calculated with anti-clockwise movement being negative and the
clockwise movement is positive (i.e. the angle is from —180° to 180°).
The absolute value of this angle is summed for all the positions of the
animal throughout the test. The video recorded from the top of the well
(Altenhofen et al., 2017).

2.4. Adults analysis

2.4.1. Body weight measurement

The individual body weight was calculated as the difference be-
tween baseline body weight, obtained before beginning 3-NPA treat-
ment, and body weight at the end of treatment (Bortolatto et al., 2017):

Change in body weight = body weight 29th day — body weight 1st day.

2.4.2. Novel tank test

Twenty-four h after each injection (days 1, 5, 9, 13, 17, 21, and 25)
and 120 h (day 29) after the last injection, the exploratory behavior of
each animal was measured (n = 20). The experiments were performed
in a temperature-controlled room (27 * 2 °C) between 8:30 and 12:00.
The animals were placed individually in experimental tanks (30 cm
long X 15 cm high x 10 cm wide). After 60 s habituation, their lo-
comotor behavior was recorded for 5 min (Altenhofen et al., 2017;
Nabinger et al., 2018) for subsequent analysis with EthoVision XT
software. The analyzed behavioral parameters were distance traveled
(m), velocity (m/s, the ratio between distance traveled and movement),
time spent in upper zone (s), and turn angle (). The time spent in the
upper zone is indicative of anxiolytic/depression-like behavior. When
zebrafish are introduced into a new environment, they tend to spend
more time at the bottom of the tank until gradually moving to the upper
zone after a few minutes (Levin et al., 2007). The parameter movement
was defined as the period during which the zebrafish exceeded the start
velocity (0.6 cm/s) and remained moving until reaching the stop ve-
locity (0.59 cm/s, Tran et al., 2016).

2.4.3. Social interaction

Zebrafish are schooling fish that may exhibit a preference for their
conspecifics under certain circumstances. Adult social interaction was
evaluated at the end of the 29-day treatment (n = 20) between 8:30
and 12:00. Each fish was individually placed in an experimental tank
(30 cm long x 15 cm high x 10 cm wide). An empty fish tank was
placed on one side of the experimental tank. The other side contained
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an identically sized tank that held 15 zebrafish, which were designated
the “stimulus fish”. The fish undergoing evaluation was allowed to
acclimatize to the experimental tank for 30 s, after which its behavior
was video recorded over 5 min for subsequent analysis with EthoVision
XT, according to Nabinger et al. (2018). To quantify fish preference
between the “stimulus fish” side of their tank at the expense of the
empty tank, the experimental tank was virtually divided into four equal
sections. Zones 1 and 2 corresponded to the segments closer to the
conspecific school and zones 3 and 4 were considered as the segments
closer to the empty tank. The amount of time the experimental fish
spent in each zone was measured during the 5 min experiment.

2.4.4. Aggression test

After the social interaction analysis, aggressive behavior was eval-
uated at the end of the 29-day treatment in adult animals (n = 20)
between 8:30 and 12:00. The mirror test was used to measure aggres-
sion according to the procedure described by Nabinger et al. (2018),
with modifications. Each fish was individually placed in an experi-
mental tank (30 cm long x 15 cm high x 10 cm wide). A mirror
(45 cm X 38 cm) was placed at the side of the tank at an angle of 22.5°
to the back wall of the tank so that the left vertical edge of the mirror
touched the side of the tank and the right edge was further away. Thus,
when the experimental fish swam to the left side of the tank, their
mirror image appeared closer to them. After 1-min acclimatization, a 5-
min session was recorded for subsequent quantification of aggression
with EthoVision XT. Virtual vertical lines were used to divide the tank
into four sections to allow the researchers to record the number of
entries the fish made into each section. Entry to the left-most segment
indicated a preference for proximity to the “opponent”, whereas entry
to the right-most segments implied avoidance. The amount of time the
experimental fish spent in each segment was measured. We also eval-
uated the number of bites against the mirror image as an aggression
parameter. The video-tracking data were used to determine the relevant
measures through detecting animals by examining the contrast between
them and the background of the apparatus.

2.4.5. Inhibitory avoidance task

To assess whether 3-NPA could impair memory in adult animals, we
performed an inhibitory avoidance test at the end (29 days) of long-
term treatment (n = 10) between 9:00 and 12:00 (Blank et al., 2009;
Nabinger et al., 2018). There were two sessions, training and test, with
a 24-h interval between them. In each session, animals were placed
individually in an experimental tank (18 cm long X 9 cm wide X 7 cm
high) with water, divided by a guillotine door into two compartments of
equal size: one black (right side) and one white (left side). During the
training session, the animal was placed in the white compartment (with
the door closed) for 1-min habituation and environmental recognition.
After this period, the divider was lifted. Once the animal crossed into
the black side of the tank, the guillotine door was closed again, and two
electrodes attached to an 8.8 V stimulator delivered a 3 * 0.2 V AC
shock pulse (intensity measured between electrodes and the center of
the dark compartment) for 5 s. The animal was removed from the ap-
paratus and returned to its housing tank with only water for 24 h until
the test session, which consisted of the same protocol as the training
session, but without the electric shock. The latency to enter the black
compartment during each session was measured, and the expected in-
crease in the test session was used as an index of memory retention. A
180-s ceiling was imposed on test session latency measurements.

2.5. Statistical analysis

The data are presented as the mean = standard error of the mean
(S.E.M), except for larval survival that is presented as percentages.
Larval survival during the 14 experimental days was examined with
Kaplan-Meier analysis. Data from heart rate, morphological evaluation,
and locomotor parameters in larvae were evaluated with one-way
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analysis of variance (ANOVA) followed by post-hoc comparisons using
Tukey's test. Exploratory behavior data from adults were analyzed with
two-way ANOVA followed by post-hoc comparisons using Bonferroni
corrections. Body weight, social interaction and aggression data from
adults were evaluated with one-way ANOVA followed by post-hoc
comparisons using Tukey's test. Inhibitory avoidance training and test
latencies for each group were compared using the Mann-Whitney U
matched pairs test. The latencies of multiple groups were compared
using Kruskal-Wallis and Mann-Whitney U tests. For all comparisons,
the significance level was set at p < 0.05.

3. Results
3.1. 3-NPA exposure in zebrafish larvae

3.1.1. Survival

Exposure to 3-NPA decreased the larval survival rate when all
groups were compared (p < 0.0001, n = 50). Larvae survival for the
control group at the end of the experiment (14 dpf) was 96%. The
survival rate decreased in animals exposed to 0.01 (68%, p < 0.0004),
0.05 (72%, p < 0.0014), 0.1 (74%, 0.0028), 0.2 (68%, p < 0.0004),
and 0.5 (54%, p < 0.0001) mM 3-NPA. Moreover, animals exposed to
1.0 (0%, p < 0.0001) and 2.0 (0%, p < 0.0001) mM 3-NPA died by
the seventh and fifth day of observation, respectively, with a survival
percentage of 0%. Therefore, these concentrations were excluded from
the study. Overall, all 3-NPA-exposed groups showed significant dif-
ferences in survival from the control (96%) at the end of the experiment
(14 days, Fig. 2).

3.1.2. Heart rate

Heart rate was measured at 2 dpf (Fig. 3a) and 5 dpf (Fig. 3b). At 2
dpf, embryos exposed to 0.2 and 0.5 mM 3-NPA exhibited an increased
heart rate compared to unexposed controls, whereas at 5 dpf, larvae
exposed to 0.1, 0.2, and 0.5 mM 3-NPA had an increased heart rate (F
(5,174) = 4.051; p < 0.05 at 2 dpf; F (5,169) — 4.255; p < 0.01 at 5
dpf).

3.1.3. Morphology

The teratogenic effect of 3-NPA on the morphology of larvae was
evaluated at 5 dpf. There were no differences in body length and eye
surface area between the control and the 3-NPA exposed groups (F
5,173) = 1.589; p = 0.1656; F (5172) = 1.528; p = 0.1833). However,
there was a significant decrease in ocular distance with 0.05 mM 3-NPA

100 -
- CTRL

-5 - 0.01mM
= 0.05 mM
< = 0.1 mM
= ~ 02mM
5 - 05mM
25 - 1.0mM
-+ 20mM

0-

T T T T T T T 1

012345678 9101112131415
Days Post Fertilization

Fig. 2. Kaplan-Meir survival for zebrafish larvae treated with 3-nitropropionic
acid. 3-Nitropropionic acid significantly impaired survival at 1.0 and 2.0 mM
when compared to the control group at days 4, 5, and 7 of the experiment (Log-
rank [Mantel-Cox] test, p < 0.0001). Additionally, there was a significant
difference between the animals exposed to 0.01, 0.05, 0.1, 0.2, and 0.5 mM 3-
nitropropionic acid and the control group (Log-rank [Mantel-Cox] test,
p < 0.05). Data are expressed as the mean from 50 animals analyzed in-
dividually for each group.
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treatment compared to the control group (F (s173) = 4.224;p < 0.05)
(Table 1, Supplementary Fig. 1).

3.1.4. Exploratory behavior

The exploratory behavior of the larvae was examined at 7, 10, and
14 dpf to determine whether 3-NPA exposure could alter larvae loco-
motion and orientation. There were no differences in distance traveled,
velocity, time spent outside the area and absolute turn angle at any of
these ages (Table 2, Supplementary Fig. 2).

3.2. 3-NPA treatment in adult zebrafish

3.2.1. Body weight

Administration of 3-NPA significantly altered adult body weight
(Fig. 4). Specifically, 10 (F 376y = 4.474; p < 0.05) and 60 (F
3,760 = 4.474; p < 0.01) mg/kg 3-NPA significantly decreased body
weight when compared to control animals. The control group showed
an increase in body weight.

3.2.2. Novel tank test

The behavior pattern of adult animals was analyzed at days 1, 5, 9,
13, 17, 21, 25, and 29, approximately 24 h after each i.p. injection. All
concentrations markedly altered the locomotion pattern of the exposed
zebrafish compared to the controls (Fig. 5). The total distance traveled
at 60 mg/kg 3-NPA was decreased at all time points (except day 9)
when compared with the control group (F 3608y = 56.24;p < 0.001).
In contrast, fish treated with 10 or 20 mg/kg 3-NPA demonstrated a
difference in the distance traveled at days 1, 5, 9, 25, and 29 (F
3,608) = 56.24; p < 0.05) and days 1, 13, and 25 (F (3608) = 56.24;
p < 0.05), respectively (Fig. 5a). Furthermore, 60 mg/kg 3-NPA
treatment decreased velocity only at day 25 when compared to the
control group (F 3608y = 8.073; p < 0.05; Fig. 5b). To observe
changes in anxiety, we evaluated the time the fish spent in the upper
zone of the tank. As illustrated in Fig. 5c, there were no significant
differences in the time spent in the upper zone among the 3-NPA
treated groups at any time point when compared with the control
group. Another analyzed locomotor parameter was the absolute turn
angle. Zebrafish exposed to 20 or 60 mg/kg 3-NPA showed significant
changes in the absolute turn angle at day 5 when compared to the
control group (F (3605) = 5.584; p < 0.05; Fig. 5d, Table 3).

3.2.3. Aggression

Treatment with 3-NPA significantly impacted aggressive behavior,
as evaluated by the time spent in the segment nearest to the mirror
image. Our results showed that 60-mg/kg-treated animals spent less
time in the segment nearest to the mirror compared to the control group
(F 3,76y = 7.688; p < 0.01; Fig. 6a). However, there were no differ-
ences at 10 or 20 mg/kg when compared with the control group.
Moreover, the animals treated with 20 (p < 0.05; Fig. 6b) and 60
(p < 0.01; Fig. 6b) mg/kg 3-NPA showed a significant decrease in the
biting episodes when compared to the control group.

3.2.4. Social interaction

Treatment with 3-NPA at all examined doses did not induce any
social interaction deficit in zebrafish since there is no significant dif-
ference in the time spent in the stimulus zone between 3-NPA-treated
and control animals (Fig. 6¢). Also, 3-NPA treatment did not alter the
mean distance traveled in the stimulus zone (Fig. 6d) and in the non-
stimulus zone (Fig. 6e).

3.2.5. Inhibitory avoidance task

The effects of 3-NPA treatment on long-term memory were also
analyzed in zebrafish. Sixty mg/kg 3-NPA treatment significantly im-
paired inhibitory avoidance long-term memory compared to the control
group (p < 0.05; Fig. 7).
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Fig. 3. Larval heart rate measured at 2 days post-fertilization (a) and 5 days post-fertilization (b). Data are expressed as the mean = S.E.M (n = 30) and were
analyzed with a one-way ANOVA followed by a post-hoc Tukey's test. *p < 0.05, **p < 0.01.

Table 1
The effects of morphological parameters of control and 3-Nitropropionic acid-treated zebrafish larvae at 5 days post-fertilization.
Variable Effects Mean = S.E.M (per group) F-value DF p-Value
Body length (um) Treatment (Group) Control: 3371 23.05 1.589 5 0.1656
0.01 mM 3-NPA: 3356 + 18.50
0.05 mM 3-NPA: 3340 + 14.23
0.1 mM 3-NPA: 3310 + 22.97
0.2 mM 3-NPA: 3323 + 16.74
0.5 mM 3-NPA: 3311 + 2241
Ocular distance (um) Treatment (Group) Control: 107.09 + 2.064 4.224 5 0.0012
0.01 mM 3-NPA: 97.69 =+ 2.585
0.05 mM 3-NPA: 95.37 + 2.853
0.1 mM 3-NPA: 100.5 *= 2.803
0.2 mM 3-NPA: 102.1 + 2.331
0.5 mM 3-NPA: 109.1 + 3.182
Surface area (um?) Treatment (Group) Control: 48904 + 823.3 1.528 5 0.1833
0.01 mM 3-NPA: 50988 + 1117
0.05 mM 3-NPA: 49533 =+ 1052
0.1 mM 3-NPA: 46959 *+ 1295
0.2 mM 3-NPA: 48517 =+ 1090
0.5 mM 3-NPA: 47888 + 1302
Notes: DF, degrees of freedom; significant effects (p < 0.05) are given in bold font.
Table 2 0.08 -
Exploratory behavior of control and 3-NPA treated zebrafish larvae at 7, 10,
and 14 days post-fertilization. 0.06 -
Variable Effects F-value DF p-Value a
< 0.04-
Distance total traveled (m) - 7 dpf =~ Treatment (Group) 1.381 5 0.2368 E :
Distance total traveled (m) - 10 dpf =~ Treatment (Group) 0.7500 5 0.5877 k= * ok
Distance total traveled (m) — 14 dpf  Treatment (Group) 2.233 5 0.0557 g 0.02-
Velocity (m/s) - 7 dpf Treatment (Group) 1.932 5 0.0943 S
Velocity (m/s) — 10 dpf Treatment (Group) 0.4962 5 0.7785 ko]
Velocity (m/s) - 14 dpf Treatment (Group) 1.026 5  0.4058 8 0.00
Time spent outside area (s) — 7 dpf Treatment (Group) 2.093 5 0.0713 | | I
Time spent outside area (s) - 10 dpf  Treatment (Group) 0.6331 5 0.6748 <
Time spent outside area (s) - 14 dpf  Treatment (Group) 0.2369 5 0.9455 -0.02+
Absolute turn angle (°) - 7 dpf Treatment (Group) 1.030 5 0.4035 I|
Absolute turn angle (°) — 10 dpf Treatment (Group) 0.9006 5 0.4834 -0.04 . n . .
Absol rn angle (°) - 1 f Treatment (Gr¢ 1.502 .1
solute turn angle (°) — 14 dp: eatment (Group) 50 5 0.1947 Control 10 mg/kg 20 mg/kg 60 mglkg
Notes: DF, degrees of freedom; dpf, day post-fertilization; significant effects 3-NPA

(p < 0.05) are given in bold font.
4. Discussion

This study demonstrated that exposure to 3-NPA caused morpho-
logical and physiological alterations in zebrafish larvae. When the adult
animals were exposed to 3-NPA, body weight, locomotor activity, and
aggressive behavior were decreased, and there was impairment in long-
term memory in the inhibitory avoidance task. To the best of our

Fig. 4. Body weight of control and 3-nitropropionic acid-treated adult zebra-
fish. Weight measurements were performed before the first dose and at the end
of the experiment. Data are expressed as the mean + S.E.M (n = 20) and were

analyzed with a one-way ANOVA followed by a post-hoc Tukey's test. *
p < 0.05, **p < 0.01.
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Fig. 5. Locomotion of control and 3-Nitropropionic acid-treated zebrafish. Twenty-four h after each injection, total distance traveled (a), velocity (b), time spent in
the upper zone (c), and absolute turn angle (d) were evaluated. Data are expressed as the mean *+ S.E.M (n = 20) and were analyzed with a two-way ANOVA
followed by a Bonferroni post-hoc test. * p < 0.05, ** p < 0.01, ***p < 0.001, ****p < 0.0001.
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Table 3
The main effects of behavior adult analysis and the interaction between day and
group of treatment with 3-Nitropropionic acid.

Dependent variable Effects F-value DF p-Value
Total distance Interaction 1.482 21 0.0768
Day 6.508 7 0.0001
Treatment (Group) 56.24 3 0.0001
Velocity Interaction 0.9061 21 0.5834
Day 6.995 7 0.0001
Treatment (Group) 8.073 3 0.0001
Time spent in upper zone Interaction 0.8515 21 0.6554
Day 9.473 7 0.0001
Treatment (Group) 1.431 3 0.2326
Absolute turn angle Interaction 1.255 21 0.1987
Day 9.132 0.0001
Treatment (Group) 5.584 3 0.0009

Notes: DF, degrees of freedom; significant effects (p < 0.05) are given in bold
font.

knowledge, this study is the first to demonstrate the toxic effects of 3-
NPA in physiological and behavioral parameters in zebrafish larvae and
adults.

Our findings showed that larvae exposed to the two highest 3-NPA
concentrations had a mortality rate of 100% at 7 dpf. Studies reported
that 3-NPA concentrations between 0.3 and 10 mM cause high cellular
mortality and important biochemical changes (Ryu et al., 2003; Vis
et al., 2004; Colle et al., 2018). Ryu et al. (2003) and Colle et al. (2012)
observed in their in vitro studies that 3-NPA treatment at 1, 5, and
10 mM and 0.5 and 1 mM, respectively, reduced the viability and in-
creased the cell death. In a recent study, Colle et al. (2018) observed
that 0.3, 1, 3, and 10 mM 3-NPA significantly decrease viability in a
culture of cortical neurons obtained from mouse and increase cell
mortality. Vis et al. (2004) found that when cortical cells from mice are
exposed to 50, 100, 250, or 500 uM 3-NPA for 24 h, there is elevated
lactate dehydrogenase activity at 250 and 500 uM treatments and a
dose-dependent increase in lactate and a decrease in pyruvate at all
concentrations when compared to the control. These findings demon-
strate the harmful potential of 3-NPA because concentrations lower
than those used in our study can alter the biochemical machinery in cell
culture.

Although HD is primarily a neurological disease in humans, it also
affects other systems, including the cardiovascular system (Bellosta
Diago et al., 2018). Cardiac alterations are observed in HD patients at
the early and late stages of pathology (Kobal et al., 2017; Critchley
et al., 2018). Previous studies with transgenic HD animal models cor-
roborate the cardiac dysfunction in HD (Mihm et al., 2007; Kiriazis
et al., 2012; Mielcarek et al., 2014). In the present study, larvae treated
with 0.1, 0.2, and 0.5 mM 3-NPA showed an increased heart rate at 2
and 5 dpf. Moreira (2017), when examining the effects of 3-NPA on
intrinsic innervation of the heart in mice, found an increase in heart
rate when compared to the control group. The mechanisms that un-
derlie 3-NPA cardiotoxicity can involve inhibition of oxygen con-
sumption and reduction of ATP, oxidative damage caused by increased
oxidized proteins, lipid peroxidation, and the consequent generation of
reactive oxygen species in cardiac cells (Castillo et al., 1993; Lopez
et al., 1998; Milutinovi¢ and Zorc-Pleskovié, 2012; Silva-Palacios et al.,
2017). These mechanisms can promote cardiac insufficiency and de-
crease cardiac output, changes that will reduce the oxygen supply and
blood flow below the levels needed for metabolic demands. Conse-
quently, the sympathetic activity will increase to promote cardiac va-
soconstriction and elevate the heart rate.

Importantly, we also observed that 3-NPA causes small morpholo-
gical alterations in zebrafish larvae. The findings showed that 0.05 mM
3-NPA decreased the ocular distance when analyzed at 5 dpf. However,
this change may have limited biological significance, given the subtle
effect and lack of a dose-response relationship. Furthermore, this
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mycotoxin did not alter other morphological parameters such as body
length and the surface area of the eyes. Lumsden et al. (2007) and
Diekmann et al. (2009) observed that huntingtin-deficient zebrafish
larvae have remarkably smaller head and eyes compared to the control
fish. Studies also revealed that 3-NPA-like mycotoxins may cause
morphological changes in zebrafish larvae. Zebrafish exposure to the
mycotoxin ochratoxin A (OTA) decreases the growth of the animal and
causes craniofacial deformity and curvatures in the body (Haq et al.,
2016; Khezri et al., 2018).

Toxins, such as paraquat and mitoparaquat, that affect the mi-
tochondrial complex may alter exploratory parameters in zebrafish
larvae (Wang et al., 2018; Pinho et al., 2019). In contrast to these
studies, we demonstrated that 3-NPA exposure did not alter locomotion
in zebrafish larvae. Kotlar et al. (2018) also observed that 1 and 10 mM
3-NPA is unable to alter locomotion in animals when comparing the
toxic effects of quinolinic acid and 3-NPA in the nematode Cae-
norhabditis elegans. 3-NPA is a toxin that affects energy metabolism, and
thus it is expected to affect the locomotor activity of zebrafish larvae.
The unexpected lack of a 3-NPA effect on locomotor parameters may be
due to adaptive responses to energy decrease occurring at this stage of
development.

Weight loss occurs in HD patients and is a hallmark of the disease
(Chen, 2011; van der Burg et al., 2017). Interestingly, in our study,
animals administered 10 and 60 mg/kg 3-NPA showed weight reduc-
tion compared to control animals. According to the literature, 3-NPA
decreases body weight due to interference with energy metabolism
(Saydoff et al., 2003; Ahuja et al., 2008). Our results are consistent with
the literature since previous studies in rodents showed that 3-NPA
treatment induces weight loss (Saydoff et al., 2003; Ahuja et al., 2008;
Dhadde et al., 2016; Bortolatto et al., 2017).

During the manifestation phase of HD in humans, hyperkinesia is
observed during the initial stage and bradykinesia at the late stage
(Ghosh and Tabrizi, 2018). He et al. (1995) and Ming (1995) were the
first to report that human intoxication with 3-NPA (through the in-
gestion of sugarcane) causes an acute non-inflammatory syndrome,
with development of motor symptoms similar to those of HD, such as
choreatic movements in the hand and fingers, facial grimace, dysar-
thria, and dystonia. 3-NPA toxicity in animals was first seen in Western
regions of North America when animals poisoned with Indigofera and
Astragallus plants had motor abnormalities such as muscle weakness,
motor incoordination, and rigidity (Ludolph et al., 1991). When in-
jected with 3-NPA, different animal species can mimic HD symptoms.
However, sensitivity to this toxin differs according to the species. Doses
should be chosen and administered according to the phenotypic profile
and desired biochemical changes (Ttinez and Santamaria, 2009).

In adult zebrafish, our data demonstrated that 10 and 20 mg/kg 3-
NPA treatment reduced locomotion, but not at every evaluation.
However, treatment with 60 mg/kg reduced locomotion from the first
injection (1 day) until the end of the treatment (i.e., after the last i.p.
injection on day 29). Thus, while there was a pattern of decreased lo-
comotor activity for all doses, 60 mg/kg 3-NPA would be the most ef-
fective and best dose to study the late-stage of HD hypolocomotion from
to start until the end of the treatment. Studies in rodents (rats) de-
monstrated that acute treatment with 3-NPA (two 10-mg/kg doses)
induces hyperkinetic locomotive phenotypes (Hamilton and Gould,
1987; Borlongan et al., 1997). Chronic 3-NPA administration (more
than four injections over a course of days) causes hypokinetic move-
ments in non-human primates (Brouillet et al, 1995) and rats
(Borlongan et al., 1997; Guyot et al., 1997). This hypokinetic pattern is
hypothesized to result from a decrease in dopamine and its metabolites
because this neurotransmitter is responsible for motor, cognitive, and
memory functions (Arias-Carrion et al., 2010; Cepeda et al., 2014;
Kacsprzak et al., 2017).

We also measured the absolute turn angle, which reveals changes in
the swimming direction of zebrafish. The groups treated with 20 and
60 mg/kg 3-NPA demonstrated an increased turning angle only at day
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Fig. 6. Effects of 3-Nitropropionic acid on aggression (aand b) and social interaction (c, d and e) in zebrafish. Time spent close to stimulus in mirror (a), bite episodes
(b), time spent in stimulus zone (c), mean distance in the stimulus zone (d) and mean distance in the non-stimulus zone (e). Data are expressed as the mean *+ S.E.M
(n = 20) and were analyzed with a one-way ANOVA followed by a post-hoc Tukey's test.

5. Consistently, Bortolotto et al. (2014), when analyzing the behavioral
parameters in adult zebrafish treated with i.p. injections of paraquat, an
herbicide that reproduces the symptoms of Parkinson's disease, showed
that the 10 mg/kg body weight paraquat-treated group exhibits an in-
crease in the turning angle only at day 10. In addition to motor al-
terations that result from the degeneration of dopaminergic neurons,
HD causes non-motor symptoms. Multiple neuronal systems appear to
be involved in HD pathophysiology, and these dysfunctions lead to
cognitive and psychiatric disturbances (Glass et al., 2000; Cepeda et al.,

2014; Ferrante et al., 2014). Therefore, we also evaluated cognitive and
social behaviors in adult zebrafish treated with 3-NPA, such as anxiety,
social interaction, aggression, and memory.

When introduced into a new environment, the zebrafish stayed at
the bottom of the aquarium and gradually explored the upper portions.
We did not observe any changes in the time spent in the upper zone
between the 3-NPA-treated and control animals. These data suggest
that treatment with 3-NPA does not cause anxiety-like behavior in these
animals. These results conflict with a previous study conducted in
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Fig. 7. Inhibitory avoidance task performance for training and long-term
memory test sessions of control and 3-Nitropropionic acid-treated adult zeb-
rafish after 28 days of treatment. Data are expressed as the mean + S.E.M
(n = 10) and were analyzed individually for each group; * p < 0.05, ***
p < 0.001, and ****p < 0.0001 indicate the differences between training and
test sessions for each group using the Mann-Whitney U matched pair test. There
were no differences between training performances among all groups, as
evaluated by the Kruskal-Wallis test.

Wistar rats, where 10 mg/kg 3-NPA injections for 14 days promote
anxiety-like behavior (Jain and Gangshettiwar, 2014). Previous studies
that addressed anxiety-like behavior in a transgenic rat model of HD at
different ages observed that the animals at 6, 8, 10, 12, 15, and
20 weeks have reduced anxiety-like behavior when compared to wild
type littermates (File et al., 1998; Cao et al., 2006; Zeef et al., 2012).
These divergent results may be due to age, treatment time, and varia-
bility among animal species.

Apathy and aggression are two neuropsychiatric alterations of HD.
The genetic rodent HD model exhibits alteration in social interaction
and aggressive behavior when compared to animals without this pa-
thology (Shelbourne et al., 1999; Wood and Morton, 2015; Manfré
et al., 2018). Zebrafish exhibit social behavior, including aggression
and social interaction, and they greatly prefer their conspecifics under
certain circumstances (Das and Rajanikant, 2014). In the present study,
we analyzed whether treatment with 3-NPA altered this conspecific
preference. We observed that treated animals did not differ from their
controls. However, 60 mg/kg 3-NPA treatment decreased aggressive
behavior during the mirror image test. Moreover, at 20 and 60 mg/kg 3-
NPA, there was a decrease in the number of bite episodes against the
mirror image. This decrease in aggression may be related to the reduced
locomotion of these animals after chronic 3-NPA exposure.

We also evaluated long-term memory using the inhibitory avoid-
ance task. We found a significant impairment in long-term memory in
60 mg/kg 3-NPA-treated animals. These data suggest that long-term
exposure to 3-NPA induces memory impairment. Studies demonstrated
that HD patients present cognitive decline at various stages of the dis-
ease. These deficits are observed in the subject's attention, psychomotor
speed, executive functions, learning, and short and long-term memory,
but long-term memory is impaired only at the final stage of the pa-
thology (Lawrence et al., 1998; Paulsen et al., 2001; Beglinger et al.,
2005). Kamble et al. (2018), when analyzing changes in cortical ex-
citability and cognitive dysfunction in HD through neuropsychological
tests, demonstrated that HD patients have significant impairment in
these measures when compared to subjects without the disease. These
findings suggest that attention, memory, learning, visuospatial abilities,
and cognitive functions are impaired in HD (Kamble et al., 2018).
Previous studies revealed that 3-NPA treatment in non-human primates
and rats impairs cognitive and memory tasks (Palfi et al., 1996; Kumar
et al., 2010). Therefore, our results are consistent with the literature
and further suggest that 3-NPA induces memory impairment.

In summary, our findings indicate that 3-NPA exposure during the
early stages of life induces morphological and cardiac physiological
alterations. Furthermore, in adult zebrafish, repeated i.p. injections of
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3-NPA produced a hypolocomotion profile, impaired long-term
memory, decreased aggressive behavior, and promoted weight loss.
Therefore, we identified symptoms observed in the late stage of HD
through long-term exposure to 3-NPA in zebrafish. This study is the first
to report 3-NPA-mediated neurotoxic alterations in zebrafish that clo-
sely resemble the behavioral pathology of late-stage HD. Future studies
could use a zebrafish model to screen drugs for their potential to
ameliorate late-stage HD symptoms. Taken together, these results
highlight the importance of zebrafish as a complementary and alter-
native model for mammals to study the mechanisms and the behavioral
phenotype of HD.
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