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a  b  s  t  r  a  c  t

Zebrafish  is an  ideal  vertebrate  model  for neuroscience  studies  focusing  on  learning  and  memory.
Although  genetic  manipulation  of  zebrafish  is  available,  behavioral  protocols  are  often  lacking.  In  this
study  we  tested  whether  physical  activity  can facilitate  zebrafish’s  learning  process  in an  associative
conditioning  task.  Learning  was  inferred  by  the approach  of  the  feeding  area  just  after  the  conditioned
stimulus  (light).  Unexercised  zebrafish  showed  conditioning  response  from  the  5th  testing  day  while
fish  previously  submitted  to  swim  against  the water  current  showed  learning  by  the  3rd  day  of  testing.
It  seems  that  physical  activity  may  accelerate  associative  learning  response  in zebrafish,  indicating  the
benefits  of exercise  for cognitive  processes.  We  suggest  that this  preliminary  work  could  be  useful  for
high throughput  screening.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Learning refers to acquiring new information from experi-
ences, made viable by the nervous system plasticity (Kolb and
Whishaw, 1998). It is widely observed in animals; both intrinsic
(age, gender, nutritional state) and extrinsic factors (tempera-
ture, light) may  affect it (Coble et al., 1985). The most important
neural area involved in learning is the hippocampus, whose vul-
nerability to degenerative processes leads to neurological diseases
such as Alzheimer’s (Flood and Coleman, 1990; Bird et al., 2010;
Venkateshappa et al., 2012).

Many neuroscience and psychobiology studies (primarily on
mammals) focus on behavioral features related to learning and
memory. However, research using phylogenically distant animals
may  shed a light on the mechanism of brain route formation for
learning and memory. Due to their strong genetics, their ability
to perform cognitive tasks and their simpler neural pathways and
brain structures zebrafish represent an adequate model for learning
studies (Gerlai et al., 2000; Gerlai, 2002; Pather and Gerlai, 2009;
Souza and Tropepe, 2011; Karnik and Gerlai, 2012).

In this study, we aimed to stimulate associative learning in
the zebrafish through increased physical activity. Moderate exer-
cise seems to decrease stroke risk (Fujimoto et al., 2012), increase
prolactin and endorphin release (Paez et al., 2007), decrease
distress (George et al., 2012) and promote hippocampus neuro-
genesis (Mustroph et al., 2012). Since neurophysiologic systems
in zebrafish share many organizational and functional character-
istics with other vertebrates, including mammals, this study has
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potential translational relevance, even to humans. Understanding
associative learning may, therefore ultimately help prevent and
reverse clinical effects of neurodegeneration and open possibili-
ties to deeply understanding behavioral processes in the functions
of the brain. The simplicity of the proposed associative task allowed
us to first, quantify the reaction of the experimental zebrafish and
second to develop a simple conditioning learning paradigm.

2. Materials and methods

A group of zebrafish (Danio rerio) from a local pet store (Natal,
Brazil) were maintained in glass aquarium with aerated and fil-
tered water at 28 ± 1 ◦C, and on a 12/12-light/dark cycle for 1 month
prior to the experiments. Fish were fed twice a day ad libitum
with commercial food (38% protein, 4% lipid, Nutricom Pet). All
animal procedures were performed with the permission of the Eth-
ical Committee for Animal Use of the Universidade Federal do Rio
Grande do Norte (CEUA 014/2011).

The experimental strategy was  the evaluation of the behavioral
effects of physical activity on an associative learning task. Twelve
zebrafish were randomly chosen from the stock aquarium to exer-
cise for 20 consecutive days. Each group of 4 fish was submitted
to an intense water current, so that the fish would swim against
the water flow. The water current was  generated by a submersible
pump connected to a transparent plastic tube, inside an aquar-
ium (40 cm × 25 cm × 20 cm,  15 L; Fig. 1a). Each fish group was
kept in the water current until they were exhausted, which was
when the fish were pushed by the water through the tube to the
aquarium. The mean duration time inside the tube progressively
increased as the days went on. For instance, mean duration time
was 5.4 ± 0.6 min  on day 1 and reached 18.9 ± 1.0 min  by day 10.
Due to the increased swimming capacity in the course of the days,
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Fig. 1. Schematic draw of (a) physical activity aquarium, containing a submersible pump connected to a transparent tube where groups of 4 fish were placed to swim against
the  water current until exhaustion, when the water pushed them to the aquarium area, and (b) conditioning task aquarium, with the feeding area at the upper left region
and  the lamp (unconditioned stimulus) above.

different submersible water pumps were used. For the first 10 days
a 280 L/h pump (Moto Bomba SARLO S300, 220V, 60 Hz. Sarlobet-
ter Equipamentos Ltda., São Caetano do Sul-SP) was  used, and for
the last 10 days it was changed to a 520 L/h pump (Moto Bomba
SARLO S520). The mean duration time inside the swimming tube
was 7.4 ± 0.6 min  on day 10 and increased to 36.5 ± 1.9 min  by day
20.

The sessions were conducted once a day for 20 days. All fish
performed the same amount of exercise. At the end of these ses-
sions, 8 zebrafish were randomly chosen for the conditioning
test. Fish for the control group were kept in one glass aquarium
(40 cm × 25 cm × 20 cm,  15 L) without any manipulation for 20 days
and received food twice a day ad libitum.

For the conditioning tests, the exercised (3.53 ± 0.05 cm and
0.55 ± 0.08 g) and naïve zebrafish (3.48 ± 0.03 cm, 0.52 ± 0.05 g)
were chemically, acoustically and visually isolated from each
other in glass aquarium (40 cm × 25 cm × 20 cm,  15 L), where there
was a small opaque divide at the upper left region delimitating
the feeding area (25 cm × 2 cm)  and a lamp on the central area
of the aquarium (Fig. 1b). Illumination (910 ± 2 lux) and feeding
were used as conditioned and unconditioned stimuli, respectively.
Temperature and photoperiod were set the same as in holding con-
ditions; ambient light was 47.5 ± 0.1 lux.

All aquaria were placed behind an opaque curtain so that the
researcher could handle the light (on and off) and feed them
through small holes in the curtain. It prevented fish from associ-
ating the researcher with unconditioned stimuli. Food was  offered
once a day using a manual feeder (a small recipient connected to a
long tube), always delivered at the feeding area just after the light
stimulus.

Fish behavior was recorded daily using a digital video camera
during a 2 min  and 10 s period between 11 and 12:00 h for 8 consec-
utive days. The records included 1 min  before conditioned stimulus
and 1 min  after the end of the stimulus. Light (conditioned stimulus)
was offered for 10 s, followed by food delivery.

The fish dispersion in the aquarium and distance from the feed-
ing area was analyzed. The dispersion area occupied during 1 min
before and 1 min  after light stimulus was used to estimate the fish
activity. The fish distance from the feeding area was registered
every 10 s and then the mean distance was calculated. The differ-
ence between the distances of feeding area after and before the
conditioned stimulus expressed the approach index [AI = (distance
from the feeding area after light stimulus) − (distance from the
feeding area before light stimulus)]. To validate the index used, we
compared the position of the fish prior to the light stimulus on each
condition. Learning was inferred from this index: the more nega-
tive the values, the more the fish approached the feeding area. The
mean approach index from the 8 recorded days of conditioning was
grouped into a 2-day period for analysis.

The Friedman test was used to compare the position of the fish
before the light stimulus, aiming to validate the approaching index.
Repeated-measures ANOVA were used to analyze dispersion and
approach index of the exercised and control groups. The post hoc
test used was Student Newman Keuls. Independent Student’s t-
test was  used to compare the index between exercised and control
groups in the same session. A probability level of p < 0.05 was  used
as an index of statistical significance.

The generalized linear analysis (GLM) was  conducted to com-
pare the performance of the control and exercised groups along
the 8 experimental days. The GLM was used to adjust the response
variable (Y-approach index) to the explicative variable (X-days).
The probability distribution model used f (Y) was  normal and the
link function used was identity (ı(�) = �). The proposed model
showed the following structure: approach index ∼  ̌ + days, where

 ̌ is the intercept. Analysis of covariance (ANCOVA) was performed
to investigate differences between the control and exercise models
(slope parameter).

3. Results

The position of the fish prior to the light stimulus did not dif-
fer between control and exercised groups (Friedman: H = 20.09,
p = 0.13). The mean distance of the control group was 5.25 ± 1.78 cm
and the exercise group was 5.80 ± 2.38 cm.

Fish dispersion decreased after the light signal over the days;
both the control group (unexercised) and the exercised group
decreased dispersion immediately after the light stimulus in the
second block of days (RM ANOVA control: F = 3.75 p = 0.01; exercise:
F = 3.11 p = 0.03). There were no significant differences in dispersion
between the control group and the exercise group in any block
of days (Student’s t-test, 1st block: t = 0.09 p = 0.92; 2nd block:
t = −1.21 p = 0.23; 3rd block: t = 0.30 p = 0.76; 4th block: t = 0.55
p = 0.58).

The control group showed significant approaching of the feeding
area from the third block of days (days 5 and 6) onward and main-
tained this until the end of the test (RM ANOVA F = 3.82 p = 0.014).
However, the exercised group approached the feeding area after the
light signal already on the second block of days (days 3 and 4), and
the approaching response increased on the last block of days (7 and
8) (RM ANOVA F = 4.64 p = 0.007, Fig. 2). The comparison between
the two  groups indicates significant difference in the approach-
ment of food placement on the second block of days (Student’s t
test t = 3.09 p = 0.004) and on the fourth block of days (Student’s t
test t = 3.28 p = 0.002). On the first 2 days there was  no difference
between the groups (Student’s t test t = 0.35 p = 0.72), nor on the
third block (Student’s t test t = −0.01 p = 0.98, Fig. 2).

The angular coefficient (control: −0.110 and exercise:
−0.34002) analysis from the generalized linear model (GLM)
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Fig. 2. Approach index of the feeding area (mean ± SEM) of the zebrafish during 8
days of the conditioning test using food as reinforcement. The approach index was
calculated by the distance of the feeding area on the 2nd min  minus the distance
on the 1 st min. The more negative the values, the shorter the distance from the
feeding area after the light signal. Days 1 and 2 composed the 1st block, days 3 and
4  composed the 2nd block, days 5 and 6 composed the 3rd block and days 7 and 8
composed the 4th block of days. Control group is represented by white bars (n = 9).
Exercised group (fish that experienced forced swimming for 20 days before the test)
is  represented by black bars (n = 8). Data from 8 days of test was  grouped in blocks of
2  days for analysis. Different lowercase letters indicate statistical difference among
white bars (control group: RM ANOVA, p < 0.05). Different capital letters indicate
statistical difference among black bars (exercise group: RM ANOVA, p < 0.05). *Indi-
cates difference between control group and exercise group on the same block of
days (2nd and 4th blocks: Student’s t, p < 0.05).

indicated that the exercise group approached the feeding area
faster than the control group throughout the experimental days.
The linear equation was y = −0.110x + 0.4635 for the control group
and y = −0.34002x + 0.68332 for the exercised group. All data used
passed on the normality (control: 0.857 and exercise: 0.138),
constant variance (control: 0.262 and exercise: 0.443) and power
of performed test (alpha 0.05; control: 0.893 and exercise: 0.231).
The ANCOVA showed that control group slope is statistically
different from the exercise group slope (F = 5.457 p = 0.021, Fig. 3).

4. Discussion

We  found that fish undergoing physical exercise treatment
improve the ability to associate stimulus in the conditioning test.

Although significant approaching of the feeding site over time indi-
cates that both the control (days 5–6) and the exercised (days 3–4)
groups learn to associate the light stimulus (conditioned) to food
(unconditioned stimulus), exercised fish respond faster than con-
trolled fish (Figs. 2 and 3). Our data suggests that physical exercise
may  have accelerated the process of association and learning. This
is the first time exercise is tested for fish in a simple behavioral
protocol.

It is possible that these results are due to differences in motor
performance, leading to immobility or increased activity levels,
which could induce differential learning performance. However,
our observation of the dispersion revealed no modifications in
motor patterns due to previous exercises. Both groups appear to
move normally. Also, the analysis of the distance of the feeding
area before the light stimulus did not confirm differences between
the groups. The control group showed learning by days 5–6 (Fig. 2).
These results reinforce the idea that zebrafish are able to achieve
good performance in associative learning tasks, corroborating stud-
ies of Bilotta et al. (2005), Pather and Gerlai (2009) and Sison and
Gerlai (2010).

Growing number of studies in humans and animals have sug-
gested that exercise may  influence brain functions, including
cognition, learning and memory. In humans, robust effects of exer-
cise have been linked, especially in the elderly population, to the
improvement of memory and decrease of mental illness risk such
as senile dementia and Alzheimer’s disease (Colcombe and Kramer,
2003; Weuve et al., 2004; Heyn et al., 2004). In agreement with
these studies, researches using rodents indicate that physical activ-
ity facilitates memory retention by the activation of hippocampal
areas in tests utilizing a water maze (van Praag et al., 2005), a radial
maze (Schweitzer et al., 2006), aversive tests (Radak et al., 2006)
and object recognition (O’Callaghan et al., 2007). In recent years,
knowledge about the biological mechanisms that underlie exercise
benefits has increased, but what molecular and cellular pathways
are involved in the cognition improvement need to be confirmed.

In teleost fish, intense neurogenesis continuously occurs during
adult life and several brain cells increase with age and body size
(Zupanc and Horschke, 1995; Zupanc, 2006). Studies approaching
cellular proliferation in the lateral pallium of the fish brain - consid-
ered the evolutionary precursor of the mammalian hippocampus
(Friedrich et al., 2010)- linked this phenomenon to environmental
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Fig. 3. Linear regression of the zebrafish approach of the feeding area during 8 days of the conditioning test using food as reinforcement. The approach index was calculated
by  the distance of the feeding area on the 2nd min  minus the distance on the 1st min. The more negative the values, the shorter the distance from the feeding area after the
light  signal. Control group is represented by gray dots (n = 9) and exercised group is represented by black dots (n = 8). Dashed gray line is the linear regression for the control
group,  with angular coefficient of −0.110 and solid black line is the linear regression for the exercise group, with angular coefficient of −0.34002. The comparison between
groups  by ANCOVA test showed statistical difference with p = 0.02.
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challenges, such as enrichment (von Krogh et al., 2010) and stress-
ors (Gould et al., 1997; Mirescu and Gould, 2006). Physical exercise
challenges the body which then signals to the brain centers that
may  have affected the learning process. This idea corroborates our
data of better learning performance in exercised zebrafish. How-
ever, the systemic and brain alterations due to exercise as well as
its effects on memory retention require investigation and must be
addressed in future studies of our group.

Our findings establish zebrafish as a model to study how
physical may  lead to improved brain processes. The performance
parameter measured (distance from an area) is easy to quantify,
what suggests this paradigm for high throughput screening, as
addiction drugs (Klee et al., 2012) or appetite regulating drugs
(Shimada et al., 2012). Although some questions will have to be
explored, our results demonstrate significant learning acquisition
after the exercise of the zebrafish. It is a key area for future research
on neural plasticity and cognitive ability mainly relevant to the
neural processes of evolution understanding.

5. Conclusion

Zebrafish is gaining popularity in behavioral brain research
but high throughput paradigms are lacking. Our study used a
novel paradigm and showed that physical exercise accelerates the
zebrafish process of learning in an associative task. The simplicity
of the model will make it useful for high throughput screening.
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