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The zebrafish (Danio rerio) has emerged as a promising model organism for affective or cognitive neuro-
science research, and may be useful to study the interplay between memory and anxiety-related states.
To assess the effects of acute psychological stress on spatial and cued memory, adult zebrafish were
trained in an aquatic plus-maze for 14 days using food bait as a reward. Two ecologically relevant stres-
sors (alarm pheromone or Indian leaf fish exposure) were applied to acutely stress zebrafish immediately
prior to the final (testing) trial. Overall, acute single inescapable stress markedly impaired spatial and
cued memory in zebrafish plus-maze test, reducing the number of correct arm entries and time spent in
the target arm. This observation parallels rodent and clinical literature on memory-impairing effects of
acute stress, strongly supporting the utility of zebrafish in neurobehavioral research.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zebrafish (Danio rerio) are emerging as a new model species in
experimental neuroscience (Egan et al., 2009; Gerlai et al., 2006;
Piato et al., 2010). Representing the third most completely geneti-
cally characterized animal species after the mouse and the fruitfly
(Grunwald and Eisen, 2002), the zebrafish is extensively used in
genetic and signaling pathway research (Spitsbergen and Kent,
2003). Moreover, their neurophysiological similarities to other ver-
tebrates (Segner, 2009) and robust anxiety-like behavior (Blaser
et al., 2010; Blaser and Gerlai, 2006; Egan et al., 2009) have estab-
lished zebrafish as a useful model of stress-related affective states.

Mounting clinical and experimental evidence indicates that
stress strongly affects memory and learning. For example, chronic
restraint stress (Yun et al., 2010; Chen et al., 2010; Wright and
Conrad, 2005; Hu and Wang, 2006) and exposure to a predator or
its odors (Sandi et al., 2005; Diamond et al., 1999, 2006; Morrow
et al., 2000; Park et al., 2008; El Hage et al., 2006; Cohen et al.,
2009; Kozlovsky et al., 2008; Woodson et al., 2003) impair mem-
oryinrodents. Similarly, acute psychological stress affects cognitive
functions in humans (Hardison and Purcell, 1959). Although the
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link between stress and memory is well-recognized, the neurobi-
ology of their interplay remains poorly understood (Kalueff and
Nutt, 1996, 2007; Kalueff and Murphy, 2007; Park et al., 2006), and
requires novel approaches and new models species.

In addition to stress-related affective behaviors, zebrafish dis-
play robust memory and learning abilities, exhibiting strong
habituation responses (Wong et al.,, 2010), olfactory memory
(Harden et al., 2006; Braubach et al., 2009) and good learning in
tasks using food or the sight of a conspecific as reward (Al-Imari
and Gerlai, 2008; Sison and Gerlai, 2010). Zebrafish can perform
well in tasks involving cued (Sison and Gerlai, 2010; Williams
et al., 2002) or spatial memory (Levin and Chen, 2004; Sison and
Gerlai, 2010; Darland and Dowling, 2001), and display overt learned
avoidance behavior (Blank et al., 2009; Xu et al., 2007; Barcellos
et al., 2010). Possessing robust affective and cognitive pheno-
types, adult zebrafish may represent a promising model to study
stress—-memory interplay. To address this important biomedical
problem, the present study focused on examining how acute stress
affects zebrafish spatial and cued memory.

2. Materials and methods
2.1. Animals
A total of 60 adult (5-7 month-old, ~50:50 male:female ratio)

wild type, short-fin zebrafish were used in this study. The animals
were obtained from a local commercial distributor (50 Fathoms,
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Fig. 1. The flowchart summarizing the experimental design of the present study. The generic diagram illustrates the overall rationale of this study for both cued (n=30) and
spatial (n=30) memory tasks used here. Experimental phases: I, initial habituation to the apparatus (2-h trials for days 1-2); II, habituation to the bait (days 3-5); III, group
learning (in shoals of 5 fish; days 6-9); IV, individual 6-min daily learning trials (days 10-20); V, the final testing trial (day 21). The plus-maze apparatus used in this study
is shown in the inset diagram (only one plus-maze trial per day was used in all experiments of the present study; see Grossman et al., 2011 for methodological details).

Metairie, LA) and were given at least 20 days to acclimate to the
animal facility. The fish were housed (15 fish per tank) in 40-L
glass tanks (14 cm x 15 cm x 30 cm) at the Tulane University Vivar-
ium. All tanks were filled with filtered facility water, with room
and water temperatures maintained at 25-27°C and water pH at
7.0-7.5. The ceiling-mounted fluorescent lights provided illumi-
nation of 1170+ 671ux on a 12-h cycle (on 6:00h; off 18:00h,
consistent with the zebrafish standard of care (Westerfield, 2000)).

2.2. Behavioral testing

The cued memory task used in this study was similar to the
protocol recently developed in our laboratory for adult zebrafish
(Grossman et al.,, 2011). Briefly, zebrafish (n=30) in this experi-
ment were required to associate a visible cue (red card placed at
different arms) with a food reward (bait). In the spatial memory
protocol, zebrafish (n=30) were required to correlate the spatial
location of the food reward using external cues (doors, shelves
and tables) of the experimental room. One trial was performed
per day in all experiments of this study. After 20 days of trials,
on the last day of the experiment, all animals were divided into
3 groups (n=20) consisting of controls, alarm pheromone- and
predator-exposed zebrafish (see Fig. 1 for details of the experimen-
tal design of this study). In the alarm pheromone-exposed group,
zebrafish were exposed to alarm pheromone extract ((Egan et al.,
2009), see Section 2.3). The predator-exposed group consisted of
zebrafish exposed to the natural sympatric predator, Indian leaf
fish (Nandus nandus). After a standard 6-min acute exposure to the
respective stressors, cued or spatial memory was assessed in an
unbaited plus-maze trial (Fig. 1).

The test apparatus was a transparent four-armed plus-shaped
maze made of Plexiglas (Ezra Scientific, San Antonio, TX) similar to
those used in several previous studies (Rodriguez et al., 2002; Salas

et al., 1996; Grossman et al., 2011). The arms were 10cm wide,
10cm high, 50cm long, and interconnected by a 10cm x 10cm
central platform (Fig. 1, inset). The maze was filled with room
temperature facility water (25 °C). The fish was initially placed for
30s in the central compartment, separated from the maze arms by
transparent plastic partitions (to avoid bias). These partitions were
then raised simultaneously, allowing the fish to explore the four
arms freely.

To minimize procedural novelty stress, the fish first underwent
a series of habituation trials (Fig. 1), which also served to reduce
handling stress. To acclimate fish to the plus-maze apparatus, 2-h
initial habituation trials were administered on the first two days
of the experiment (according to Sison and Gerlai, 2010). During
these trials, the fish (in groups of 15) were allowed to freely explore
the plus-maze. To minimize acute social isolation stress, zebrafish
groups were only gradually reduced in size during the experiment
(according to Gleason and Weber, 1977), starting with 15 fish per
group on days 1-3 to 10 fish per group on day 4, 5 fish per group on
days 6-9, and individual fish testing starting from day 10 (Fig. 1). On
days 3-4, the trials lasted 15 min, on days 5-9, the fish were tested
in groups of 5 for 6 min. On days 10-20, there were individual-
fish 6-min learning trials. To avoid chronic social isolation stress,
the animals were returned to their tanks after each plus-maze trial,
and housed in their home tanks in groups of 15, as described earlier
(Grossman et al., 2011).

Food reward was chosen here as a known efficient reinforce-
ment in zebrafish learning tasks. The need to localize the food
position in the maze required a custom insoluble bait (rather than
standard Tetramin Tropical flakes; Tetra USA, Blacksburg, VA).
For this, a special jelly-like bait was developed and used in the
present study. Briefly, 2 g of Tetramin fish food was dissolved in
10ml of deionized water and vortexed for 2 min, 3g of Gelatin
(Sigma-Aldrich, St. Louis, MO) was then added to this solution and
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Fig. 2. The effects of acute stressors (6-min alarm pheromone or Indian leaf fish exposure) on cued and spatial memory of zebrafish in the 6-min plus-maze testing trial
(day 21; see Fig. 1 for protocol details). Asterisks above data bars indicate significance vs. control group; asterisks above horizontal lines indicate significance between the
respective experimental groups. 'p < 0.05, post-hoc Tukey test for significant ANOVA data (n=10 in each group).

heated to 80 °C for 3 min. The mixture was again vortexed for 2 min,
cooled overnight at —20°C, and used as a bait on subsequent days.
Fresh bait was prepared on every second day of this study.

In addition to the apparatus and handling stress, novel food
exposure may also confound animal behavioral performance.
Therefore, to avoid food neophobia, habituation to the bait (Sison
and Gerlai, 2010) was also performed on days 3-5 of the experiment
(Fig. 1), in parallel with fish acclimation to the maze apparatus.
Since shoaling behavior is innate in zebrafish (Engeszer et al., 2007)
and facilitates learning by social transmission (Hall and Suboski,
1995), we started with a 15-fish shoal on day 3, after which the
shoal size and trial duration were gradually decreased. Accordingly,
the number of baited arms was also gradually reduced, as part of
fish habituation to novel food (bait). On day 3, all four arms were
baited, on day 4 - only three arms, on day 5 - two arms, and starting
from day 6 - only one arm per trial. During individual learning tri-
als (days 10-20), the fish were food-deprived to evoke hunger (as
in Smith et al., 2010), and feeding was permitted only during trials,

in order to facilitate procedural reinforcement (e.g., Williams et al.,
2002; Fig. 1).

The learning trials started after 5 days of habituation to the appa-
ratus (days 1-2) and bait (days 3-5). Following 4 days of group
learning (days 6-9), fish were food-deprived for 24 h before begin-
ning individual learning trials, and were only fed in the plus-maze
apparatus (Smith et al., 2010; Kim et al., 2010) (Fig. 1). Cumula-
tively, there were ten 6-min one-arm baited trials over a period of
10 days (days 10-20), followed by a final unbaited testing trial on
day 21 (Fig. 1).

For the cued memory task, a red plastic 10cm x 10cm cue
card (chosen because zebrafish can see and react to the red color
(Brockerhoff et al., 1997)) was placed adjacent to the reward arm.
During the trials, the baited arm location (denoted by the red card)
was randomly changed to prevent bias. Since spatial learning is
robust in fish species (Salas et al., 2008), it was used in our zebrafish
study. The location of the reward in this paradigm was not marked
by an intra-maze visible cue, but was instead identified based upon
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external visual cues surrounding the plus-maze (e.g., table, door
and fluorescent lights). For both memory tests, there were four
5-fish (days 6-9) and ten single-fish baited trials (days 10-20),
followed by a final unbaited testing trial on day 21 (Fig. 1).

2.3. Stressors

Alarm pheromone and Indian leaf fish were used here as
ecologically relevant stressors, both known to strongly affect
zebrafish behavior. These two stressors evoke consistent anxio-
genic responses in zebrafish tested by several different groups
(Jesuthasan and Mathuru, 2008; Speedie and Gerlai, 2008; Gerlai
et al,, 2009; Ahmed et al., 2011), and are routinely used in our
laboratory to evoke anxiety-like behavioral and endocrine (corti-
sol) responses in zebrafish (Egan et al., 2009; Cachat et al., 2010a;
Stewart etal.,2010). Alarm pheromone is secreted by damaged epi-
dermal cells, eliciting an innate fear in nearby fish (Hall and Suboski,
1995; Rehnberg et al., 1989). The extraction procedure was adapted
from previous studies (Speedie and Gerlai, 2008; Egan et al., 2009)
and performed using a surgical blade in a Petri dish kept on ice. Fif-
teen shallow cuts were made on each side of the euthanized fish and
washed with 10 ml of distilled water. Shallow cuts were made to
prevent contamination by blood, and the extract was immediately
collected. Zebrafish were then individually transferred to the 3-L
exposure beaker, exposed to 7 ml of the alarm pheromone extract
for 6 min, and placed individually into the plus-maze for the final
(testing) trial (Cachat et al., 2010b). Control fish were exposed to a
3-L beaker containing pheromone-free facility water.

The Indian leaf fish is a natural sympatric predator of zebrafish
(Talwar and Jhingran, 1991), eliciting their strong fear/anxiety-
like responses (Gerlai et al., 2009; Bass and Gerlai, 2008; Egan
et al., 2009). The zebrafish and the Indian leaf fish were housed
in separate tanks, not visible to one another. The Indian leaf
fish was adequately fed, and as a nocturnal feeder, did not
show predatory attacks during the exposure. Precautionary mea-
sures were taken during the procedure to prevent harm to the
experimental animals. Zebrafish were individually placed in a 3-
L exposure beaker with an unrestrained well-fed predator for
6 min, followed by the plus-maze testing trial (Fig. 1). Control
fish were exposed to an empty (predator-free) 3-L exposure
beaker.

2.4. Behavioral analyses

The zebrafish behavior during the final testing trial was analyzed
by Ethovision XT7 (Noldus IT, Wageningen, Netherlands). The plus-
maze was divided into right, left, bottom and top arenas. For each
analysis, one of the four arms was denoted as the target (correct)
arm, and the other three were grouped as incorrect arms. Behav-
ioral quantification was performed for the following endpoints:
latency to the target arm (s), the number of target arm, incorrect
arm and total arm entries, duration in the target or incorrect arms
(s), as well as velocity (m/s), distance moved (m) and swimming
duration (s). To assess the efficacy of zebrafish memory, we com-
pared the number of target vs. incorrect arm entries and time spent
demonstrated by the control groups in the study (after 14 days of
learning trials) on the final testing trial (day 21, Fig. 1). We also
examined the ratios of target:incorrect and target:total arm entries
and time spent on the testing trial for all three experimental groups.

2.5. Statistics

Behavioral data were analyzed statistically using SPSS 18.0 by
one-way ANOVA tests (factor: group/stress treatment), followed
by a Tukey post-hoc test for significant ANOVA data. Target vs.
incorrect arm behavior of the control groups in both memory tests

was analyzed using the paired Wilcoxon-Mann-Whitney U-test.
All results were expressed as mean £ S.E.M. and significance was
set at p<0.05.

3. Results

To confirm the efficiency of the learning trials, we compared the
target vs. incorrect arm behaviors in the final (testing) trial in the
control fish cohorts. In the cued memory task, control fish showed
significantly longer duration in the target arm (3184 11s vs.
23+ 7s) and made more correct entries (1442 vs. 5+ 1, p<0.005,
U-test), confirming very good zebrafish learning and memory in
this study. Similarly, in the spatial memory task, control fish spent
significantly more time in the target arm (260 +25s vs. 70 +£22,
p<0.01, U-test), although the number of correct entries (124 0.8
vs. 9+ 1.8, NS) did not reach significance.

We next assessed the effects of acute stressors on zebrafish
cued memory. One-way ANOVA revealed a significant group
effect for the latency to the target arm (F(329y=9.3, p<0.001),
with the predator-exposed animals showing significantly longer
latency to the target arm, compared to both the control and
alarm pheromone-exposed groups (Fig. 2). One-way ANOVA also
found a significant group effect for the number of target arm
entries (F29)=15.8, p<0.00001), with both alarm pheromone-
and predator-exposed fish showing significantly fewer target arm
entries (Fig. 2). The predator-exposed group spent less time in the
target arm compared to the other two groups in the cued memory
task. There were also significant group effects for duration in the
target arm (F29)=8.9, p<0.001) and incorrect arms (Fy79)=8.5,
p<0.001), but not for total or incorrect arm entries (Fig. 2). Overall,
predator-exposed fish spent less time in target arm, and more time
inincorrect arms, compared to both control and alarm pheromone-
exposed groups. Analysis of the target:incorrect and target:total
ratios showed that the predator stress strongly affected fish behav-
ior in this task, significantly reducing both ratios for the number of
entries and time spent endpoints. Alarm pheromone exposure pro-
duced similar effects on target:incorrect arm entries ratio, but did
not significantly affect other ratios (Fig. 2). There were no significant
group effects on zebrafish velocity, distance traveled or swimming
duration in this paradigm (Fig. 3).

In the spatial memory task, one-way ANOVA testing revealed
significant group effects for the number of target (F29)=4.5,
p<0.05), incorrect (Fz9y=3.8, p<0.05) and total arm entries
(F2.20)=4.7, p<0.05), as well as for the duration in target arm
(F(2,29)=3.3,p <0.05), but not for the latency to target arm, duration
in incorrect arms, target:incorrect arm entries or duration ratios,
and target:total arm entries ratio (Fig. 2). Similarly, there were no
group effects for velocity and distance traveled, but a significant
group effect on swimming duration (F; 9)=4.7, p<0.05; Fig. 3).

Overall, the alarm pheromone-exposed fish displayed fewer tar-
get and total arm entries, and spent more time frozen, compared
to the other two groups (Figs. 2 and 3). The predator-exposed
group spent less time in the target arm, compared to control,
and significantly more time in the incorrect arm vs. the alarm
pheromone-exposed fish (Fig. 2). The alarm pheromone-exposed
group spent less time swimming, compared to controls, whereas
the predator-exposed fish showed a lower target:incorrect arm
duration ratio in this paradigm.

4. Discussion

Stress is known to affect cognitive functions in humans (Cousijn
etal., 2010; Daversa, 2010; Patil et al., 1995), and may impair learn-
ing and memory in various animal models (Zhang et al., 2003; Ohl
and Fuchs, 1999), including mice (Grootendorst et al., 2001) and
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rats (Park et al., 2008; Diamond et al., 1999, 2006; Sandi et al., 2005;
Cohen et al., 2009). Recently, the effects of stress have also been
examined in zebrafish, using predator exposure, electric shock or
alarm pheromone as stressors (Barcellos et al., 2007; Blank et al.,
2009; Gerlai et al., 2009; Jesuthasan and Mathuru, 2008; Pradel
etal., 2000; Wong et al., 2010). The impact of chronic unpredictable
mild stress has also been studied in zebrafish anxiety and cognitive
tests (Piato et al., 2010). Although good learning and memory abili-
ties have been demonstrated in various zebrafish studies (Sison and
Gerlai, 2010; Al-Imari and Gerlai, 2008; Blank et al., 2009; Colwill
et al., 2005), the effects of acute stress on their memory have only
recently been explored (Piato et al., 2010; de Castro et al., 2009).
This study is the first report specifically focusing on the impact of
acute stress on performance in memory tests in adult zebrafish.

Overall, our experiments showed that the target arm preference
(duration and target:incorrect ratios) was significantly affected by
acute stress in the cued memory task, suggesting that acute psy-
chological stressors may extend the amount of time required to
associate alearned cue with the food location. Likewise, acute stress
may also cause overall confusion in regards to locating the food,
as demonstrated by a significant decrease in target arm entries,
without overt variations in velocity or distance traveled during the
experimental trial (Figs. 2 and 3).

In the spatial memory task, target, incorrect and total arm
entries were also significantly affected by the predator stress.
Unlike the cued memory task, spatial learning develops as zebrafish
associate immediate environmental landmarks with the location of
a food reward. Alarm pheromone-exposed fish made less target or
incorrect arm entries, and spent significantly less time swimming
(Figs. 2 and 3), whereas the predator-exposed fish initiated more

incorrect arm entries and spent less time in the target arm. The
overall decrease in the target arm preference suggests that preda-
tor exposure strongly affected zebrafish performance in the spatial
memory test (Fig. 2).

One logical explanation for acute stress-evoked impaired per-
formance in zebrafish here may be hyper-arousal, known to affect
memory according to the Yerkes-Dodson law. In line with this,
acute pro-arousal stressors such as alarm pheromone or anxiogenic
drugs pentylenetetrazole (PTZ) and caffeine impaired zebrafish
spatial working memory (habituation) in our previous studies
(Wong et al., 2010). In addition to these effects on spatial working
memory, PTZ also impaired passive avoidance learning in zebrafish
(Lee et al., 2010; Kim et al., 2009). Together with our present data,
these findings indicate that zebrafish may be a sensitive model to
study the effects of various experimental stressors on cognitive
functions.

In addition to memory modulation per se, several alterna-
tive possibilities include sensorimotor impairments evoked by
acute stressors, as well as reduced foraging motivation, increased
escape-seeking, or both. However, if the stressors reduced foraging
motivation, the cued memory task performance (based on asso-
ciation of cue with food reward) would have been more affected
compared to the spatial memory task (based on spatial mapping).
If stress increased the avoidance motivation in this study, then
spatial memory task performance would have been affected more
strongly, compared to the cued memory test. In contrast, our results
indicate that the two stressors used here affected performance of
zebrafish in both memory tasks equally well, based on the number
of significantly affected endpoints, especially those related to target
arm preference (Fig. 2). This suggests that a single motivation was
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unlikely to underlie the observed phenotypes in this study. An alter-
native possibility could be simultaneous modulation of these two
motivations. However, increased avoidance should result in more
total entries and, most likely, higher velocity and longer distance
traveled. Figs. 2 and 3 show that stress did not cause this response
in the present study, therefore negating the possibility that two
motivations are simultaneously affected by stress. Finally, the fact
that stress exposure did not alter the general motor characteris-
tics of zebrafish swimming (Fig. 3) implies the lack of sensorimotor
impairment in zebrafish in these tasks. Taken together, this sup-
ports the possibility that memory impairment evoked by acute
stress exposure was the major cause of the observed behavioral
phenotypes, in line with stress-evoked memory modulationin clin-
ical and rodent findings (Kalueff and Nutt, 1996, 2007; Kalueff and
Murphy, 2007).

Taken together, our results support the need for further research
testing the effects of experimental stressors on various forms
of memory in adult zebrafish. In addition to the approach used
here, other types of stressors (including both acute and chronic
stress), different forms of memory and additional cognitive tasks
may be applied. Likewise, the effects of other experimental chal-
lenges (including mnemotropic drugs, strain differences, sex, age
or genetic manipulation) on zebrafish memory may be examined
using our protocol (see, for example, the effects of piracetam on
improving zebrafish memory in the cued memory task (Grossman
et al,, 2011)). Additionally, the plus-maze memory paradigm may
be useful in identifying and characterizing the genetic and phys-
iological factors, as well as the circuits and signaling pathways,
involved in cognitive impairment. Overall, the efficacy of acute
stressors in their modulation of zebrafish performance in mem-
ory tasks indicates the relevance of this paradigm to modeling the
interplay between memory and stress.
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