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Studies with zebrafish use acclimatizing periods of at least one week immediately before the experiments. During
this time, animals can be housed in sexually segregated conditions (only females or males in the tank) or in
mixed-sex conditions (both sexes in the tank). The influence of sex and housing conditions regarding the pre-
sence of one or two sexes is largely unknown in zebrafish. Our aim was to evaluate the influence that sex and
housing regarding the sex of animals had in the open tank task, in the inhibitory avoidance memory test, in
cortisol levels and weight in zebrafish. Four groups of animals were used: 1) segregated housed females (only
females were kept in the tank); 2) segregated housed males (only males were kept in the tank); 3) mixed-sex
housed females (only females were analyzed from a tank containing 50% ratio of each sex); 4) mixed-sex housed
males (only males were analyzed from a tank containing 50% ratio of each sex). Males showed higher total
distance travelled and mean speed when compared to females. In the inhibitory avoidance memory, sexually
segregated animals had higher latencies than their mixed-sex counterparts in the 1 day test and sexually seg-
regated females presented a memory that persisted longer and was able to be reinstated. Whole-body cortisol
levels were higher in mixed-sex animals while weight was lower in these fish. To the best of our knowledge, this
is the first time that effects of sex and housing regarding sex were investigated in behavior and physiology of
zebrafish.

1. Introduction

A common practice for experiments with adult zebrafish is to move
animals from a growing facility to house them in an experimental fa-

Zebrafish advantages as a model organism have promoted its use in
several research fields. Neurochemistry, behavior and memory, devel-
opment, toxicology and genetics are among some of them [1,2]. As a
relatively new model, the rise in methodologies developed for or
adapted to zebrafish can boost even further its use.

Zebrafish is a shoaling species with complex social behaviors. In
nature, the shoals appear to have 50% proportion for each sex [3], with
animals most likely spending their lives exposed to both sexes. Evidence
indicate that exposure or deprivation of contact with the opposite sex
could affect behavior and physiology in zebrafish. Female sexual
pheromone can induce male courtship behavior [4] whereas prolonged
deprivation from male contact can impact femalés ability to lay eggs
[3].

cility at least one week before beginning of experiments (acclimation
period). In this process, fish can be sorted by sex and housed in sexually
segregated housing conditions (only males or females in the tank) or
not sorted and housed in mixed-sex housing conditions (both sexes in
the same tank). Sorting is usually done to avoid sex as a possible ex-
perimental confounder as sex is vastly known to influence from brain
neurochemistry to cognition [5,6]. In zebrafish, studies that evaluated
sex differences observed some conflicting results. Lower cortisol levels,
higher boldness [7] and higher locomotion [8] were found in females.
However, locomotion was also found to be higher in males [9] and
cortisol was unaffected by sex [8].

Despite the literature evaluating sexual distinctions in zebrafish, the
influence of sex per se needs to be further investigated. Moreover, if the
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housing conditions regarding the sexes can indeed affect animals, it is
an experimental confounder mostly ignored. Several researchers do not
mention these housing conditions in the methodological description,
even those whose focus is to describe sex differences. Understanding the
effects that sex and housing conditions may have in routinely evaluated
outcomes for zebrafish, such as behavior and cortisol levels, has the
potential to increase experimental sensitivity and reproducibility as
well as decrease the necessary sample size.

Taking into consideration that the housing conditions regarding the
presence or absence of the opposite sex might influence the behavior
and physiology of zebrafish and sexual segregation is frequent for at
least one week immediately before experiments, our aim is to evaluate
the influence that sex and housing regarding the sex of animals have in
the open tank task, in the inhibitory avoidance (IA) memory test, in
cortisol levels and weight in zebrafish. To the best of our knowledge,
this is the first time that housing conditions regarding the sex is used to
evaluate these behaviors and cortisol measurement in this teleost.

2. Materials and methods
2.1. Animals and growing conditions

Adult male and female wild-type zebrafish (6-12 months old) were
obtained from our breeding facility. Animals were grown in 50 L tanks
filled with water previously treated with AquaSafe® (Tetra, VA, USA)
and kept under filtration at a temperature of 26 = 2°C and pH at
7.0-8.0 with a maximum density of 5 animals per liter with females/
males ratio of ~50%. Fish were subjected to a day/night cycle of
14:10 h (lights on at 7:00 am) and were fed thrice per day with com-
mercial flake food and supplemented once a day with live brine shrimp.
All animals used in this study were experimentally naive, healthy and
free of any signs of disease. All protocols were approved by the Animal
Care Committee from Pontificia Universidade Catélica do Rio Grande
do Sul (14/00412-CEUA-PUCRS).

2.2. Experimental groups and housing

Animals were first sorted by sex and weight in the growing facility
and then transferred to new tanks. In each experiment, animals of all
groups had the same age and sorting was done to avoid weight differ-
ences between groups. Four groups of animals were used: 1) segregated
housed females (only females were kept in the tank); 2) segregated
housed males (only males were kept in the tank); 3) mixed-sex housed
females (only females were analyzed from a tank containing 50% ratio
of each sex); 4) mixed-sex housed males (only males were analyzed
from a tank containing 50% ratio of each sex). The 50% ratio for each
sex in the mixed groups was chosen as it is the observed proportion
found in nature [3] and also used by several researchers.

During the experiments, tank water, pH, temperature, filtration,
light cycle and feeding was the same as in the growing facility. Animals
were kept at a density of 1.6 fish per liter and this was maintained the
same among the groups. To maximize isolation of sexes, animals were
deprived from visual stimulus of other animals, besides those in the
home tank, by surrounding each tank with a plastic board at a
minimum distance of 5 cm from the tank outer wall.

2.3. Experimental conditions

The four groups were maintained as described above for one week
immediately before the experiments. This interval was chosen as it
usually is the minimum period found in the literature for acclimatizing
zebrafish. Each animal was submitted to either the open tank test fol-
lowed by weight measurement, inhibitory avoidance task or whole-
body cortisol levels measurements. Therefore, different animals were
used in each evaluation.

Behavioral tests occurred between 10:00 am and 4:30 pm with
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environmental distractions kept to a minimum. Fish euthanasia for
cortisol measurement was done between 12:00 pm and 1:00 pm. Water
from behavioral apparatuses were adjusted to home tank conditions. To
prevent that pheromones or other compounds in the water from one
group of animals affected the behavior of another group, between as-
sessments of animals from different home tanks, the open tanks and the
inhibitory avoidance apparatus along with its electrodes were thor-
oughly cleaned and water was changed. Moreover, any material in
contact with water or the animals of one tank, e.g. a net, was cleaned
before being used with animals from another tank.

2.4. Open tank

Open tank was performed similar to previously described [10,11].
The apparatus consisted of a rectangular glass tank of 23.5cm by
7.5 cm by 20 cm (WxDxH) filled up to 16 cm with water. A Logitech®
€525 HD webcam (Logitech®, CA, USA) was placed in front of the open
tanks and recorded the experiment. To enhance the contrast between
fish and background, the back and lateral outer walls of the tank con-
tained an opaque plastic self-adhesive film, resulting in a homogeneous
white background.

Animals were carefully removed from their respective housing tank
and placed in the open tank. Immediately after that, recording was
started and lasted 15 min. Each test recorded four subjects individually
placed in four open tanks, the apparatuses were visually isolated from
each other. After the test, animals were weighed in a BG 400 scale
(Gehaka, SP, BR). ANY-Maze" software (Stoelting Co, IL, USA) was used
to analyze behavior. The open tanks were virtually divided in the ANY-
Maze” software into 3 equally sized horizontal zones (bottom, middle,
and top) and 4 equally sized vertical zones (column A, B, C and D, from
left to right). Line crossings were evaluated counting the crossings from
both vertical and horizontal zones. The number of animals used for the
open tank test and weight measurement were: 19 for segregated housed
females, 23 for segregated housed males, 22 for mixed-sex housed fe-
males and 22 for mixed-sex housed males.

2.5. Inhibitory avoidance

Inhibitory avoidance (IA) was performed similar to Blank et al. [12].
The apparatus consisted of 18 cm by 9 cm and 7 cm (length x width x
height) glass tank separated by a sliding guillotine-type partition in two
equally sized compartments. Compartments were externally covered in
opaque plastic self-adhesive film. One compartment was covered in the
color white and the other in black, designated hereon as white and
dark, respectively. The guillotine-type partition was always raised 1 cm
above the tank floor to allow zebrafish to swim freely from one side of
the tank to the other. The apparatus had two electrodes placed on each
far side of the opposing side walls of the dark compartment. The elec-
trodes extend through the wall height and parallel along the tank floor
of the dark compartment. They were attached to an 8 V stimulator and
administered a final 3,6 = 0,4 V AC shock when manually activated.

During training, testing and reminder sessions, zebrafish were in-
dividually and gently placed in the white compartment of the IA ap-
paratus with the partition between compartments closed. After 1 min of
familiarization to the white compartment, the partition was raised, al-
lowing animals to cross to the dark side of the tank. After the fish en-
tered the dark area with their entire body, the sliding partition was
closed and, on the training sessions, a pulsed electric shock was ad-
ministered for 5 s; on the test sessions, no electric shock was adminis-
tered; and on the reminder sessions, a 2 s shock was administered. After
that, in all sessions, all fish were removed from the IA apparatus and
placed in a dedicated tank for temporary housing, in which determi-
nation of sex was visually done by at least 2 experienced observers.

After sex determination, animals returned to their home tank. Fish
were tested on the 1st, 2nd, 7th and 8thday after training (day zero). In
the 7th day test, after the animal entered the dark compartment it
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Fig. 1. Effect of sex and housing in open tank locomotor parameters. The data are presented as mean + S.E.M. Two-way ANOVA. n = 19-23. * indicates statistical significance at

p < 0.05.

received a reminder (reminder session). One day after the reminder
session, animals were tested again (8th day). The latency to enter the
dark compartment, after raising the sliding partition, was measured in
all sessions and the test latencies were used as a measure of retention.
Animals had up to 180s to cross to the dark compartment during
training sessions. If it did not cross during this period, it was excluded
from the experiment. The number of animals used for the IA task were:
16 for segregated housed females; 14 for segregated housed males, 15
for mixed-sex housed females and 13 for mixed-sex housed males.

To ensure that the increased latency seen in females after the re-
minder session is indeed due to training effect and not non-specific
effects (such as hypersensitivity to shock), a new group of naive sepa-
rated females (NSF) were not submitted to training, 1st day test and 2nd
day test and was submitted to the equivalent of the 7th day reminder
session (receiving a pulsed electric shock of 2 s after completely en-
tering the dark area) and were tested 24 h later (equivalent of the 8th
day test). The number of animals used in the NSF group was 16.

2.6. Cortisol extraction and analysis

The determination of whole-body cortisol was performed through
enzyme-linked immune sorbent assay commercial kit (EIAgen
CORTISOL test, Bio ChemImmuno Systems) [13,14]. Fish were cap-
tured and immersed on cold water (1-4 °C) and frozen in liquid ni-
trogen. The cortisol extraction and kit validation was performed ac-
cording to Sink et al. [15]. Briefly, the tissues were homogenized and
suspended in 3 ml of PBS buffer. An aliquot of 1 ml was placed in a new
test tube and the sample was suspended again in ethylic ether, followed
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by freezing in liquid nitrogen. After freezing, the supernatant were
placed in a test tube and left overnight until complete ether evapora-
tion. The extract was then suspended in 200 pl of PBS buffer and stored
at —20°C until ELISA analysis. A pool of 3 animals was used per
sample. The number of samples used were: 5 for segregated housed
females; 5 for segregated housed males, 6 for mixed-sex housed females
and 4 for mixed-sex housed males.

2.7. Sex confirmation

After the end of the experiments, animals were euthanized by
stunning followed by decapitation for the behavioral experiments and
hypothermia followed by liquid nitrogen freezing for the cortisol assay.
Sex was confirmed as described in Gupta and Mullins [16]. Briefly,
zebrafish were pinned to a dissection mat, gonads were dissected and
examined in an Olympus zoom stereomicroscope model SP-ILK
(Olympus, Tokyo, JP). Animals were included in the analysis only after
the correct gonads confirmation from all fish that shared the same tank.
Therefore, the sexual segregation was assured in the segregated groups
and the correct proportion of females to males in the mixed groups.

2.8. Statistics

All data are expressed as mean and standard error of mean (SEM).
Data was analyzed using a two-way ANOVA to identify the main effects
of sex and housing, as well as their interactions, with the exception of
IA data, weight and habituation. A cut-off ceiling was imposed during
training and testing in the IA task, therefore we analyzed it with the
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Table 1

Results of two-way analysis of variance (ANOVA) for effects of sex and housing in be-
havior and cortisol levels. The degrees of freedom for whole-body cortisol ANOVA are:
1,16. The degrees of freedom for all other dependent variables are 1,82.* represents a
statistical difference.

Dependent variable Effects F-value p-Value
Distance travelled in the open tank Sex 4.332 0.041"
Housing 0.230 0.633
Sex x Housing ~ 4.259 0.042"
Mean speed in the open tank Sex 4.334 0.040"
Housing 0.242 0.624
Sex x Housing ~ 4.227 0.043"
Line crossings in the open tank Sex 5.324 0.024"
Housing 0.137 0.712
Sex x Housing  2.674 0.106
Time immobile in the open tank Sex < 0.01 0.999
Housing 0.320 0.573
Sex x Housing  0.777 0.381
Time in the botton zone in the open tank  Sex 0.319 0.573
Housing 0.257 0.614
Sex x Housing ~ 0.057 0.812
Time in the middle zone in the open tank  Sex 0.122 0.728
Housing 0.296 0.588
Sex x Housing ~ 1.967 0.165
Time in the top zone in the open tank Sex 0.865 0.355
Housing 0.931 0.337
Sex x Housing  0.0235 0.629
Time in the column A in the open tank Sex 10.809 0.001"
Housing 0.032 0.858
Sex x Housing ~ 0.449 0.505
Time in the column B in the open tank Sex 1.981 0.163
Housing 0.019 0.891
Sex x Housing  0.021 0.884
Time in column C in the open tank Sex 9.946 0.002"
Housing 0.619 0.434
Sex x Housing  0.916 0.341
Time in column D in the open tank Sex 3.238 0.076
Housing 0.014 0.908
Sex x Housing ~ 0.065 0.800
Whole-Body Cortisol Sex 0.6587 0.428
Housing 8.149 0.011"
Sex x Housing ~ 0.094 0.762

nonparametric test of Kruskal-Wallis followed by Dunn's Multiple
Comparisons between more than 2 groups or Mann Whitney test for 2
groups. Weight was analyzed using a one-way ANOVA. Habituation
between the first and 7th minute of the same group was analyzed using
a paired t-test. In all comparisons, p < 0.05 was considered to indicate
statistical significance. SPSS (SPSS Inc., Chicago, IL, USA) and
GraphPad (GraphPad, La Jolla, CA, USA) softwares were used.

3. Results

3.1. Open tank locomotor parameters are influenced by sex with a sex and
housing effect

Fig. 1 shows locomotor parameters measured in the open tank and
Table 1 summarizes the two-way ANOVA analysis. Total distance tra-
velled and mean speed were influenced by sex, with males having a
higher activity, but not by housing. There was also a sex and housing
interaction. Line crossings were found to be influenced by sex but not
by housing and did not interact. Time immobile was not influenced by
sex, housing and did not interact with each other. Supplementary Fig. 1
shows distance travelled along time.

3.2. Time spent in vertical zones of the open tank and habituation are not
affected by sex and housing

Fig. 2 shows time spent in zones divided vertically and Table 1
summarizes the two-way ANOVA analysis. Time in the bottom, middle
or top zone was not influenced by sex and housing, nor did they
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interact. Sex and housing had no effect on the time spent in the vertical
zones. Supplementary Fig. 2 shows time in the top zone along time.
Supplementary Fig. 3 shows time and number of entries in the top zone
in the first and 7th minute and all groups display habituation as seen in
the increase in both parameters.

3.3. Open tank time spent in vertical zones is affected by sex but not housing

Fig. 3 shows time spent in zones divided vertically and Table 1
summarizes the two-way ANOVA analysis. Time spent in column A and
C were highly influenced by sex. Females spending more time than
males in column A, and males spending more time than females in
column C. Time spent in column B and D was not affected by sex. Time
spent in all columns was not influenced by housing nor did it interact
with sex.

3.4. Memory for inhibitory avoidance is distinct in the groups

There was no difference between groups in training (Kruskal-Wallis
test, Fig. 4). On the first day test, the groups with separated females and
males had a higher latency than their mixed housing counterparts
(Kruskal-Wallis test followed by Dunnis Multiple Comparison test, with
both p < 0.01). Moreover, the latency to cross to the dark compart-
ment is higher in separated females and males (p < 0.01, p < 0.01,
respectively), but not in the mixed females and males when comparing
the respective test and training latencies of each group. These para-
meters indicate that sexually segregated animals showed memory while
mixed animals did not.

In the 2nd day test, separated females had a higher latency than
separated males (p < 0.05), and no group presented a higher latency
when compared with their training. No difference among groups or
comparing test and training latency was found in the 7th day test. In the
8th day test, separated females had a higher latency than mixed females
(p < 0.05) and separated females was the only group to have a higher
latency compared to training (p < 0.05). These results suggest that
isolated females had a memory that persisted longer and was able to be
reinstated one week after training.

No statistical difference was observed between the latencies of the
reminder session and the subsequent test for the new group of naive
separated females (Fig. 5) (Mann Whitney test), indicating that no
performance effects in the separated females group is responsible for
the 24 h after reminder test increase in latency shown in Fig. 4.

3.5. Whole-body cortisol levels are lower in sexually segregated animals

Fig. 6 shows cortisol levels and Table 1 summarizes the two-way
ANOVA analysis. Cortisol levels were influenced by housing but not by
sex and there was no interaction.

3.6. Weight is higher in sexually segregated animals

Fig. 7 shows weight levels in the beginning and end of the experi-
ment. The initial and final mean weight of groups was (respectively):
0.189 and 0.288 g for segregated females, 0.203 and 0.287 g for seg-
regated males, 0.185 and 0.248 g for mixed females and 0.200 and
0.256 g for mixed males. The mean increase in groups was: 0.099 g for
segregated females, 0.084 g for segregated males, 0.063 g for mixed
females and 0.057 g for mixed males.

4. Discussion

Here we show distinct influences of sex and housing (regarding sex
segregation or not) in fish behavior, cortisol profiles and body weight.
Effects from housing conditions are expected to be more pronounced in
social species with complex pheromone communication intra and inter-
sex, such as zebrafish [17].
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We found that locomotor parameters in the open tank were influ-
enced by sex but not housing. We hypothesized that sex influences
baseline activity in zebrafish. Previous findings with this teleost found
that locomotor parameters were not altered [18,19], dependent of the
animals age [20], increased in males [9] or increased in females [8].
Swimming time in the spinning task was not affected by sex [21].

Moreover, we observed that segregated females decreased their lo-
comotion. This result may be due to lack of inter-sex pheromone
communication, leading to female behavior alteration. An example of
an effect that segregation from male contact causes in female zebrafish
is the “eggbound” phenomenon, with impaired egg lay and increased
animals size due to necrotic clumped eggs when segregation occurs for
3 weeks [3]. We segregated females for 1 week and this short period did
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not form necrotic eggs (verified while dissecting animals under the
stereoscope). In agreement with our data showing that segregation
decreases female activity, Ariyomo and Watt [9] housed animals in a
sex-segregated way and observed higher male locomotion, while
Moretz et al. [18] used mixed-sex housing and did not find differences
between sexes. In this way, our results can help explain the dis-
crepancies of previous findings.

Time immobile and time exploring horizontal zones were not in-
fluenced neither by sex nor housing in our study. Tran and Gerlai [22]
observed that average distance from bottom was not different between
sexes along a 7 day test. Time near surface was also found to be the
same between males and females [23]. Nevertheless, Ampatzis et al.
[19] observed that females spent more time in the upper half of the
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tank. Habituation, a simple form of spatial memory, is observed in
zebrafish exposed to the open tank by increase in time and entries in the
upper part of the tank along time [24]. All of our groups displayed
habituation, indicating lack of impairment in spatial working memory.

We verified that time exploring vertical zones was influenced by sex
but not housing. This teleost has homebase behavior (frequent return to
and spend more time in a specific location considered “safe” during
trial) [25] when exploring an open tank [26,27]. It is possible that
homebase behavior is influenced by sex. As far as we found, only one
article explored this matter in a similar way, where sex influence over
the time spent in the center of the open tank was found to be near the
significant value [28]. Our findings indicate that sex is highly influent
over vertical exploration and is relevant to spatial exploration such as
homebase behavior. Moreover, the fact that all groups showed habi-
tuation in the open tank indicates that the distinct patterns of vertical
exploration are not due to unspecific spatial working memory impair-
ment.

Although unexpected, we observed that only the segregated-sex
groups showed a 1st day memory. An interesting finding was that
memory in the segregated females group persisted for a longer period
and was reinstated after one week of training and this result was not
due to unspecific effects. Whole-body cortisol levels were measured in
different animals from those submitted to the IA task, therefore, a direct
causal relationship between aversive memory and cortisol levels is
speculative. However, as cortisol levels were measured in animals
submitted to the same conditions and at the same time of housing (1
week) as those from animals that were trained in IA, it is possible that
cortisol levels on both groups of animals is similar. If so, cortisol at
lower levels enhances memory, however, after a threshold it has an
impairment effect [29], which might explain our findings that mixed-
sex groups with higher cortisol levels showed no 1st day memory. We
observed that cortisol levels were independent of sex but influenced by
housing. It is possible that mixed-sex housing elicited a higher dispute
for mates, resulting in increased cortisol levels. In fact, zebrafish display
aggressive behavior to establish hierarchies, dispute territory and mates
[2,30] and increases whole-body cortisol after social challenge [31].
Also, in mammals, aggression is increased in male mice when exposed
to females [32]. Moreover, pheromones are known to alter behavior
and physiology in vertebrates (for a review see [33]). In humans,
smelling sweat from the opposite sex increased salivary cortisol levels
[34,35]. In salamanders (Plethodon shermani), male exposure to female
pherormones increases plasma corticosterone [36]. Therefore, the
lower cortisol levels seen in sexually segregated animals may be a
consequence of lower aggressive behavior and/or absence of the op-
posite sex pherormones.

One week of sexual segregation is enough for animals to have a
higher weight gain than mixed-sex fish. We verified a statistical dif-
ference only in segregated groups between the initial and final weight,
indicating that housing conditions are affecting the weight of both
sexes. We hypothesize that mixed-sex housing alters the energetic
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balance possibly by eliciting behaviors that increase physical exercise,
such as mate dispute and/or distract animals from feeding. Moreover,
the lower cortisol levels observed in segregated-sex animals may also
influence their higher weight, as cortisol has catabolic effects in muscles
[371.

Moreover, an interesting work from Kurtzman et al. [38] verified an
increase in fecundity and egg viability in sexually segregated zebrafish
when compared to mixed-sex housed animals. Authors argue that seg-
regated-sex housing allows fish to increase mature gametes reserves
and that continuous breeding from mixed-sex housing causes metabolic
strain in females. The metabolic strain may increase cortisol levels
while decreasing body mass seen in mixed-sex housing animals, which
could also be influencing our results.

Zebrafish forms social hierarchies and most information from the
effect of those hierarchies arises from the paired paradigm (only 2
fishes in one aquaria, usually for 5 days). This paired paradigm en-
hances the development of dominance hierarchies that may be more
subtle in larger groups of animals, such as in our experimental design,
where more members of the shoal facilitate escape and avoidance of
repetitive dominant behavior [39]. We did not evaluate how social
hierarchies influence the behavioral and physiological parameters re-
garding sex and housing conditions. Therefore, it is not possible to
exclude their impact on the evaluated outcomes. Further studies are
required to better understand this topic.

Our results strongly suggest that sex and housing regarding the
presence of 1 or 2 sexes in the tank should be taken into consideration.
An interesting perspective from this work is to investigate the neuro-
biological basis for the observed effects. Here it is described for the first
time a dissociation between sex and housing regarding sex for com-
monly investigated outcomes used by researchers working with zebra-
fish. An interesting point is that all these effects were observed with 1
week of housing, the usual minimal period in which zebrafish may be
sexually segregated during acclimation. Our findings might help to
understand conflicting results found in the literature, increase inter-
study reproducibility and decrease the necessary sample size. It is
plausible to suggest that publications using zebrafish should explicit not
only the sex of individuals, but also the housing conditions regarding
the sexes of animals in their study.
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