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Abstract

Zebrafish larvae are ideally suited for high-throughput analyses of vertebrate behavior. The larvae
can be examined in multiwell plates and display a range of behaviors during early development.
Previous studies have shown that zebrafish larvae display a preference for the edge of the well and
several lines of evidence suggest this edge preference (thigmotaxis) may be a measure of anxiety.
In the present study, we further examined the relation between edge preference and anxiety by
imaging zebrafish larvae exposed to three psychoactive drugs diazepam (Valium), fluoxetine
(Prozac), and caffeine. The edge preference was first examined in a five-fish assay, with and
without visual stimuli. Diazepam, a benzodiazepine that binds to GABA receptors, reduced the
larval edge preference, with or without visual stimuli. In contrast, fluoxetine, a selective serotonin
reuptake inhibitor, did not affect the edge preference. Caffeine increased the preference for the
edge in response to visual stimuli. Similar effects were observed in a two-fish assay; diazepam-
exposed larvae showed a reduced edge preference and caffeine exposed larvae showed an
increased edge preference. These results suggest that the edge preference in zebrafish larvae is a
measure of anxiety and further illustrate that the pharmaceuticals used in the study have different
mechanisms of action. Although there are substantial differences between zebrafish and human
brains, our results indicate that the signals that regulate anxiety are similar on a molecular level.
We propose that high-throughput assays in zebrafish may be used to uncover genetic or
environmental factors that cause anxiety disorders and may contribute to the development of novel
strategies to prevent or treat such disorders.
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1. Introduction

Zebrafish are an emerging model system in behavioral neuroscience [1]. Sophisticated
genetic and optical tools are available to examine neural patterns in the brain and automated
imaging systems have been developed for high-throughput analyses of behaviors such as
fear and anxiety, social behavior, and learning and memory [2]. Large-scale screens can be
carried out using adult zebrafish [3, 4]. However, there is a particular growing interest in
zebrafish embryos, which can be collected and tested in much larger quantities and due to
their rapid development into free-swimming larvae.

Zebrafish larvae hatch from their chorion between 2 and 3 days post fertilization (dpf). By
4-5 dpf, the larvae inflate their swim bladder and start to exhibit a broad range of behaviors,
including hunting, avoidance, escape, phototaxis, and thigmotaxis, which are readily
quantified in automated assays [5-7]. The larvae are small enough that they can be imaged in
multiwell plates. For example, zebrafish embryos and larvae have recently been utilized for
high-throughput studies to determine the quantitative effects of small molecules on rest,
wake, and motor behavior [8, 9]. In these studies, thousands of small molecules and
compounds were tested in a short period of time. Other behaviors have been examined using
automated imaging systems that analyze larval interactions or analyze the response to local
visual stimuli [6]. It was shown that larvae exposed to visual stimuli (a red ‘bouncing ball’)
avoid the stimulus by moving to the opposite side of the well (avoidance) and by moving
towards the edge of the well (thigmotaxis). Several lines of evidence suggest that this latter
behavior, thigmotaxis, is a measure of anxiety [10, 11].

Recently, an increasing number of behavioral methods to detect fear and anxiety in rodents
and adult zebrafish have been developed. The studies in zebrafish often utilize high-
throughput detection of behaviors such as shoaling, erratic movements, freezing, and
jumping in response to pharmaceuticals, visual stimuli representing a predator, or alarm
substances from wounded fish [12-14]. One specific anxiety-related behavior is thigmotaxis,
which has been studied in detail in both rodents and zebrafish [12, 13]. In rodents, a standard
assay for testing novel anxiolytics is the elevated plus maze [15]. The maze has two
enclosed arms and two open arms and the time spent in the enclosed arms is a measure for
anxiety. Similarly, zebrafish may swim along the walls or the bottom of the tank. These
behaviors have been examined in adult zebrafish, using pharmaceuticals that have known
anxiolytic (decreased anxiety) or anxiogenic (increased anxiety) properties in humans. When
adult zebrafish are transferred to a novel tank, they initially dive to the bottom of the tank
and start to explore the upper layers of the tank after a period of adjustment. It is thought
that the novel environment induces anxiety and this idea has been validated using
pharmaceuticals, such as the anxiolytic diazepam (Valium), which reduces the time that the
fish spend on the bottom of the tank [16]. Scototaxis, a preference for darkness, is also
indicative of anxiety in adult zebrafish. If adult zebrafish are given chronic fluoxetine
(Prozac), an anti-depressant with anxiolytic properties, the zebrafish spend significantly
more time in the white area compared to controls, whereas caffeine had the opposite effect,
producing anxiogenic behaviors with zebrafish spending less time in the white arena [17].
Overall, these studies suggest that the signaling pathways that regulate anxiety are conserved
in vertebrate species.

In the present study, we use a similar strategy to the one that was successful in adult fish, i.e.
zebrafish larvae were exposed to known psychoactive drugs in order to examine the relation
between thigmotaxis and anxiety.

Behav Brain Res. Author manuscript; available in PMC 2013 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Richendrfer et al.

Page 3

2. Materials and Methods
2.1 Zebrafish

Adult wild type zebrafish were originally obtained from Carolina Biological and are
maintained at Brown University as a genetically diverse outbred strain. This wild type line is
similar to the AB line in the larval edge preference (unpublished results). However, to avoid
measuring specific behaviors that are introduced by many years of inbreeding in a laboratory
setting, we used the outbred line for all experiments in this study. The fish were kept in a
mixed male and female population on a 14 hour light / 10 hour dark cycle and were fed a
combination of flake food and frozen brine shrimp. Embryos were collected from the tanks
at ‘dawn’ and were raised at 28.5°C in egg water, containing 60 mg/L sea salt (Instant
Ocean) in deionized water and 0.25 mg/L methylene blue to inhibit fungal growth in the
culture medium. Embryos were grown at a density of 250 embryos per 2L of egg water in
Aguatic Habitats breeder tanks. Dead embryos were removed and egg water was replaced
every other day up until the day of behavioral analysis at 7 days post fertilization (dpf).

2.2 Exposure to pharmaceuticals

At 7 dpf, zebrafish larvae were exposed to diazepam (Sigma Aldrich D0899) at ranges of
0.05 mg/L - 5 mg/L, fluoxetine (Sigma Aldrich F132) at ranges of 0.2 - 2 mg/L, and caffeine
(Sigma Aldrich C0750) at ranges of 10 - 100 mg/L. For the five-fish assay, the highest drug
dosages used in the current study correspond to the lowest doses that elicited behavioral
changes when used in previous studies [16, 18, 19]. Caffeine was dissolved directly in egg
water. Diazepam and fluoxetine were dissolved in DMSO and stored at —20°C. At the onset
of the experiment, the stock solutions in DMSO were diluted in egg water to their final
concentrations. The corresponding DMSO concentrations were used as a solvent control.
Embryos were exposed to the pharmaceuticals for two hours prior to behavioral analysis and
kept in the same solutions during the behavioral assays, which lasted one hour. The drug
exposure time was chosen as an acute exposure to affect neural function, since chronic
exposures during the embryonic and larval stages might interfere with neural patterning and
brain development. Possibly the effect of chronic exposures on neural function could be
examined in older fish, when neural patterning and brain development have been completed.
Chronic exposures have not been examined in this study, but could be very interesting with
pharmaceuticals such as fluoxetine, which are most effective in humans during longer
treatments.

2.3 Image collection

Our laboratory recently developed a high-throughput imaging system for automated
analyses of behavior in zebrafish larvae [6]. Briefly, this system includes a 15 megapixel
digital camera mounted on the top shelf of a tall cabinet. The 7 dpf zebrafish larvae were
imaged in 6-well or 12-well plates (Corning Costar 3506 and 3512). The multiwell plates
were placed on the bottom of the cabinet, on top of a laptop screen. The laptop is used both
to provide a white background and to present visual stimuli to the zebrafish larvae (Fig. 1 A-
B). A single imaging unit can image four multiwell plates simultaneously. The optics of the
multiwell plates was improved by utilizing an agarose ring on the outer edges of each of the
wells. In the 6-well plates, each well was filled with 5 ml agarose (0.5% wi/v in deionized
water); after the agarose hardened, the center portion of the agarose was stamped out to
create a 27 mm diameter x 5 mm deep swimming area surrounded by an agarose ring. In the
12-well plates, each well was filled with 1.5 ml agarose and the center was stamped out to
create a 14 mm diameter x 3 mm deep swimming area.
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2.4 Five-fish behavioral assay

The five-fish behavioral assay was carried out as described previously [6]. This assay is
useful because it has a low well-to-well variability, which increases the statistical power of
the experiment. The assay provides quantitative information on the number of larvae down
in the well and on the edges of the well. Briefly, five zebrafish larvae, kept in their
respective treatments, were placed in each well of a 6-well plate. We used an interval
sampling method to record the location of the larvae in the wells, i.e. images were collected
every 30 seconds for one hour. During the first half hour larvae were imaged on a white
background without visual stimuli and during the second half hour larvae were imaged while
exposed to visual stimuli. The visual stimuli were created in Microsoft PowerPoint, using an
animated presentation with a red moving disc (“bouncing ball™) in the upper half of the well
and a red stationary ball in the bottom half of the well (Figure 1B). A red bouncing ball
moved continuously from left to right and back and is an aversive stimulus that the larvae
avoid by moving away from the ball and demonstrating a preference for the edge
(thigmotaxis) [6]. A stationary ball was used to counter-balance for brightness and color of
the red bouncing ball. The RGB values for the red balls were 255, 0, 0. This color value was
chosen because it is easily removed during the image analysis (Fig. 1C-F).

2.5 Two-fish behavioral assay

Two zebrafish larvae, kept in their respective treatments, were placed in each well of a 12-
well plate. This assay is useful because it gives a quick and reliable measure of the distance
between the two larvae in the well and allows us to determine the number of larvae that are
up or down in the well or on the edge of the well. Previous studies have shown that it is
possible to calculate distances between adult zebrafish in small groups of fish [14, 20]. Our
system is currently not set up for measuring distances between five zebrafish larvae;
although, it would be interesting to develop such capabilities in future research. The 12-well
plates were imaged on a white background without visual stimuli. We used an interval
sampling method to determine how often larvae were located on the edge of the well and
how often the two larvae were located in the same quadrant of the well. Images were
collected every 60 seconds for one hour.

2.6 Swim speed

In order to acquire data on swim speed, one zebrafish larva was placed in each well of a 12-
well plate (one-fish assay). With only one larva per well, our system can automatically
calculate the swim speed from the X,Y coordinates of the larva in each image. The 12-well
plates were imaged on a white background without visual stimuli, using a 6 second interval
between images. We tested the swim speed of larvae exposed to diazepam, fluoxetine, and
caffeine at various concentrations and examined activity of larvae exposed to the anesthetic
Tricaine (MS222) at a 0.016% wi/v concentration. In all cases, the exposures started 2 hours
before the imaging experiments and continued during the imaging experiments.

2.7 Automated image analysis using ImageJ

The acquired images were analyzed in ImageJ, an image analysis package that can be
downloaded free of charge from the National Institutes of Health (http://rsb.info.nih.gov/ij/).
We have developed an automated ImageJ macro that measures the location and orientation
of 7 dpf zebrafish larvae in a large number of images [6]. Briefly, the macro removes the
visual stimuli by splitting the color channels, applies a threshold for dark objects to separate
the larvae from the background, and identifies the larvae by particle analysis (Fig 1C-F).
The macro generates a ‘Results’ file which consists of a long list of coordinates, showing the
midpoint of the well, well number, and the X,Y coordinates of the larval centroids. The
Results file is then opened in Microsoft Excel for further analysis.
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2.8 Data analysis in MS Excel

The X,Y coordinates of the larval centroids were compared to the X,Y coordinates of the
well’s midpoint as described previously [6, 21, 22]. If the Y coordinate of a larva is smaller
than the Y coordinate of the midpoint of a well, the larva is in the upper half of the well
(‘up’). If not, the larva is located in the lower half of the well (‘down’). When a visual
stimulus is presented, ‘up’ is close to the stimulus and ‘down’ is away from the stimulus.
‘Up’ or ‘down’ in the dish is not a vertical measure, rather a horizontal one. A larva is
considered to be in the “center’ if the distance between the larva and the midpoint of the well
is smaller than the square root of the radius of the swimming area. If not, the larva is
considered to be located on the ‘edge’. In both cases, up:down and edge:center are matched
for area. Thus, there is a 50% chance that a larva is located down and a 50% chance that a
larva is located on the edge if the larvae are distributed randomly in the swimming area.
Previous studies have shown that 7 dpf larvae display a preference for the edge of the well
and avoid the bouncing ball in the upper half of the well [5, 6].

2.9 Statistical Analyses

The statistical analyses were carried out in MS Excel. Excel’s ‘COUNTIFS’ function was
used to count how often larvae were located down in the well and how often the larvae are
located on the edge of the well. Since larvae in the five-fish and two-fish assays may
interact, the data was analyzed on a per well basis (n = number of wells). This assures that
the measured values are independent. Average values (+ standard error of the mean) were
calculated for all wells within an experimental group. Differences in behavior before and
during the visual stimuli were tested for significance using a two-tailed t-test with unequal
variance. Similarly, differences between pharmaceutical exposures (diazepam, fluoxetine,
and caffeine) and the corresponding controls (DMSO and egg water) were tested for
significance using a two-tailed t-test with unequal variance. The asterisks in the graphs
indicate a significant difference between the pharmaceutical exposures and the
corresponding egg water or DMSO controls.

3. Results

3.1 Effects of diazepam in the five-fish bouncing ball assay

The effect of diazepam on avoidance behavior was examined in the five-fish bouncing ball
assay, by measuring how often the larvae are down in the well away from the moving
stimulus (Fig. 2A). The five-fish bouncing ball assay was chosen as it is more robust than
the one- or two-fish bouncing ball assays [6]. Control larvae, exposed to the solvent DMSO,
displayed a significant avoidance response to the bouncing ball stimulus (t (94) = 4.47,
p=2-10"°, n=48 wells). Larvae were 52.3% (+1.5) down in the well prior to the visual
stimuli and 61.8% (+1.5) down in the well when shown the visual stimuli. A slightly lower
avoidance response was observed in diazepam exposed larvae (n=36 wells), i.e. larvae were
51.8% (x2.2) down in the well prior to the visual stimuli and 56.9% (+2.7) down in the well
during the visual stimuli. The differences between the DMSO and diazepam-exposed groups
were not significant (t (66) =.162 and t (55) = 1.57, p>0.05), suggesting that diazepam has a
minimal effect on the larvae’s ability to respond to aversive stimuli.

The same five-fish assay was used to measure how often the larvae were located on the edge
(Fig. 2B). Control larvae, exposed to the solvent DMSO, displayed a strong preference for
the edge of the well. Larvae were 85.4% (£0.9) on the edge prior to the visual stimuli and
91.5% (£0.7) on the edge when shown the visual stimuli. This increase in edge preference in
response to the bouncing ball is significant (t (89) = 5.39, p=6-10~7, n=48 wells). The
diazepam-exposed larvae were 75.1% (+2.4) on the edge prior to the visual stimuli and
77.9% (£1.8) on the edge during the visual stimuli. Thus, diazepam significantly suppressed
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the larvae’s preference for the edge, both prior to (t (45) = 4.08, p=2-10"%) and during the
visual stimuli (t (46) = 7.18, p=5-10"9, n=36 wells). Based on these results, we conclude that
diazepam affects the larvae’s preference for the edge of the well.

3.2 Effects of fluoxetine in the five-fish bouncing ball assay

The effect of fluoxetine on avoidance behavior was measured in the five-fish bouncing ball
assay (Fig 3A). Control larvae, exposed to the solvent DMSO, displayed a significant
avoidance response to the bouncing ball stimulus (t (69) = 4.88, p=7-106, n=36 wells).
Larvae were 52.7% (+1.4) down in the well prior to the visual stimuli and 63.1% (+1.6)
down in the well when shown the visual stimuli. Fluoxetine-exposed larvae were 48.6%
(£3.0) down in the well prior to the visual stimuli and 56.0% (+2.7) down in the well during
the visual stimuli (n=36 wells). The 56% down is a significant reduction compared to the
DMSO control (t (57) = 2.29, p=0.03), indicating that fluoxetine affects avoidance behaviors
in zebrafish larvae.

Fluoxetine did not have a significant effect on the larvae’s edge preference (Fig. 3B).
Control larvae, exposed to the solvent DMSO, were 80.9% (+1.1) on the edge prior to
exposure to the visual stimuli and 87.2% (+1.0) on the edge during the visual stimuli (n=36
wells). Fluoxetine-exposed larvae were 82.1% (+1.6) on the edge prior to the visual stimuli
and 85.2% (x1.9) on the edge during the visual stimuli (n=36 wells). These results suggest
that fluoxetine has a minimal effect on the larvae’s edge preference.

3.3 Effects of caffeine in the five fish bouncing ball assay

The effect of caffeine on avoidance behavior was measured in the five-fish bouncing ball
assay (Fig. 4A). Control larvae in egg water displayed a significant avoidance response to
the bouncing ball stimulus (t (117) = 6.85, p=4-10"19, n=60 wells). Larvae were 53.6%
(£1.0) down in the well prior to the visual stimuli and 64.0% (+1.1) down in the well during
the visual stimuli. Caffeine-exposed larvae were 48.7% (3.7) down in the well prior to the
visual stimuli and 54.3% (+3.4) down in the well during the visual stimuli (n=35 wells). The
54.3% down is a significant reduction compared to the egg water control (t (43) = 2.7,
p=0.001), indicating that caffeine affects avoidance behaviors in zebrafish larvae.

The effect of caffeine on edge preference was examined in the same five-fish assay (Fig.
4B). Control larvae in egg water were 81.1% (+0.8) on the edge prior to the visual stimuli
and 89.2% (+0.7) on the edge during the visual stimuli. The increase in edge preference in
response to the bouncing ball is significant (t (113) = 7.61, p=9-10"12, n=60 wells).
Caffeine-exposed larvae were 91.1% (+1.0) on the edge prior to the visual stimuli and
91.9% (+1.2) on the edge during the visual stimuli (=35 wells). These edge preferences
prior to and during the visual stimuli are significantly higher than the corresponding egg
water controls (t (74) = 7.50, p=1-10"10 and t (58) = 2.03, p=0.047, respectively). These
results indicate that caffeine exaggerates the larvae’s edge preference.

Overall, the data from the five-fish assay show that diazepam, fluoxetine, and caffeine each
affect larval behavior differently. Diazepam reduces the % edge, fluoxetine reduces the %
down, and caffeine reduces the % down and increases the % edge. The data also show that
the % down may not be a straightforward measure of anxiety, since the % down was
reduced both after exposure with the anxiolytic fluoxetine and the anxiogenic caffeine. In
contrast, the % edge may provide information on both reduced and increased anxiety.
Larvae are less on the edge after exposure to the anxiolytic diazepam and more on the edge
after exposure to the anxiogenic caffeine. An additional advantage of measuring the % edge
is that it can also be acquired using larvae placed in 12-well plates without visual stimuli.
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3.4 Effects of diazepam, fluoxetine, and caffeine in the two-fish assay

The two-fish assay was carried out in 12-well plates without visual stimuli (Fig. 5). This
assay provides information on the % edge and can be used to examine larval interactions
[22]. In both the egg water and DMSO controls, larvae show a clear preference for the edge
(Fig. 6). Larvae in egg water were located 86.4% (+0.7, n=143 wells) on the edge and
control larvae exposed to the solvent DMSO were located 88.0% (+1.2, n=48) on the edge.
Diazepam-exposed larvae were located 79.2% (+2.0, n=48 wells) on the edge, a significant
reduction compared to the DMSO controls (t (77) = 3.80, p=3-10"%). Fluoxetine did not have
a significant effect on the edge preference (t (27) = 1.14, p>0.05). Caffeine-exposed larvae
were located 91.3% (£1.0, n= 48) on the edge, a significant increase compared to the egg
water controls (t (94) = 3.91, p=2-10"4). We also examined how often the larvae were
together in the same quadrant. The expected value in a random distribution is 25% vs. an
observed 14.9% (+0.5, n=143 wells) in the egg water controls and 13.3% (+0.9, n=48 wells)
in the DMSO controls. However, none of the pharmaceuticals tested showed a significant
difference compared to controls (p>0.05). Overall, the results of the two-fish assay are
consistent with the five-fish assay in regards to edge preference; diazepam exposure leads to
a reduced edge preference and caffeine exposure leads to an increased edge preference.

3.5 Swim speed

Since the psychoactive drugs used in our study can tend to have sedative effects, we
examined whether the observed edge effects might be explained by a reduction in swim
speed. The swim speed was measured in a one-fish assay using a 12-well plate without
visual stimuli (Fig. 7). The egg water and DMSO-control larvae displayed swim speeds of
32.8 mm/min (2.7, n=34 wells) and 36.4 mm/min (+4.2, n=36 wells), respectively. Larvae
exposed to 5 mg/l diazepam, 2 mg/I fluoxetine, or 100 mg/I caffeine, the same
concentrations used in the previous experiments, displayed a significant reduction in swim
speed (t (39) = 7.28, p=1-10"8, t (45) = 6.48, 6:1078, t (37) = 9.39, 2:1011, respectively).
Diazepam reduced the speed to 4.8 mm/min (x1.0, n=12 wells), fluoxetine reduced the swim
speed to 5.8 mm/min (£2.1, n=11 wells), and caffeine reduced the swim speed to 6.4 mm/
min (0.7, n=12 wells). However, in all exposure groups the larvae were able to swim and
the swim speed was significantly higher (t (11) = 3.86), p=3-1073, t (10) = 2.40, 0.04, t (11)
=7.52, 1-107°) than the slow 0.8 mm/min drift (+0.02, n=12 wells) that can be observed in
tricaine-anesthetized larvae. We conclude that the swim speed is affected by all
pharmaceutical treatments, but that the observed edge effects cannot be explained by a
reduction in swim speed. Namely, diazepam and caffeine both reduce the swim speed, but
have opposite effects of each other with respect to the % edge.

The swim speed experiments raise the question if edge effects can be observed at near-
normal swim speeds. To address this question, we first reduced the pharmaceutical
concentrations to a level where the larvae display a near-normal swim speed, i.e. a swim
speed that is at least half of the swim speed observed in the egg water controls. This was
accomplished with 0.05 mg/l diazepam, 0.2 mg/l fluoxetine, and 20 mg/l caffeine (Fig. 7).
We then used the two-fish assay to examine the % edge and % together at these low
pharmaceutical concentrations. Larvae in egg water were located 84.4% (£0.6, n=247 wells)
on the edge and control larvae exposed to the solvent DMSO were located 86.9% (1.1,
n=71 wells) on the edge (Fig. 8). Fluoxetine- and caffeine-exposed larvae displayed an edge
preference that was similar to the corresponding controls. In contrast, diazepam-exposed
larvae were located 77.5% (£1.5, n=45 wells) on the edge, a significant reduction compared
to the DMSO controls (t (90) = 5.05, p=2-10"%). The % together was significantly reduced
after exposure to 20 mg/I caffeine (t (199) = 5.69, p=4-10"8). Larvae in egg water were
together in the same quadrant 13.3% (0.4, n=247 wells) of the time, and larvae exposed to
caffeine were located together 8.5% (+0.7, n=114) of the time. These results indicate that
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specific behavioral defects can be observed at a near-normal swim speed using low
concentrations of diazepam and caffeine.

4. Discussion

Previous studies have suggested that avoidance behaviors and thigmotaxis in zebrafish may
be a measure of anxiety [5, 10, 23, 24]. In the present study, we further examined the
relation between these behaviors and anxiety by imaging 7-day-old zebrafish larvae exposed
to the psychoactive drugs diazepam (Valium), fluoxetine (Prozac), and caffeine. We show
that two-hour exposures to diazepam, fluoxetine, and caffeine induce significant changes in
both avoidance behaviors and thigmotaxis. Thigmotaxis may be the most reliable measure of
anxiety, since the larvae displayed either reduced or increased edge preferences, depending
on the pharmaceutical treatment administered.

Avoidance behaviors were examined by quantifying the percentage of larvae ‘down’ in the
dish when using a bouncing ball stimulus, which the 7-day-old larvae may perceive as a
large predator or the shadow of a large predator. Diazepam-treated larvae showed an
avoidance response similar to the controls. In contrast, fluoxetine and caffeine-exposed
larvae displayed a reduced avoidance response. The differences between the diazepam and
fluoxetine are likely due to the fact that these drugs target different neuronal signaling
pathways [23]. Diazepam (Valium) is a benzodiazepine that binds to neuronal GABA
receptors. It has a sedative and anxiolytic effect and is most widely prescribed for anxiety
and sleep disorders, and panic attacks [25]. In addition, because this drug enhances the
actions of GABA, it produces muscle relaxant effects and sedation depending on the dose
administered illustrated by the reduction in swim speed of the larvae after exposure.
Fluoxetine is a selective serotonin reuptake inhibitor (SSRI) and most commonly used as an
anti-depressant even though is it sometimes used to treat anxiety and obsessive-compulsive
disorders [26]. Because caffeine can affect a number of behaviors, its effect is more difficult
to interpret. Caffeine is an antagonist of adenosine receptors and has been shown to act as a
stimulant at lower doses, but higher doses have been shown to decrease locomotor activity
[27]. In addition, caffeine produces anxiogenic effects in humans, adult zebrafish, and mice
[19, 28, 29]. We anticipated that caffeine-treated larvae would show an increased avoidance
response, but instead the caffeine-treated larvae showed a reduced avoidance response.
Possibly, caffeine triggers another predator avoidance strategy, such as freezing or hiding on
the edge, similar to the response seen with adult zebrafish in the novel tank diving test [19].

The edge preference (thigmotaxis behavior) was examined in a five-fish bouncing ball assay
and in a two-fish assay without visual stimuli. In both assays, the edge preference was
reduced by different dosages of diazepam, was not affected by fluoxetine, and was increased
by caffeine at a high dose. The caffeine-induced preference for the edge was similar to the
bouncing ball induced preference for the edge, suggesting that the two stimuli may be
comparable in their anxiogenic effect. Our results may also be similar to studies in adult
zebrafish, where caffeine evokes anxiety when measured by an increase in white avoidance
behavior [30]. Because larvae show significantly less thigmotaxis behavior after exposure to
the anxiolytic diazepam but not to the anti-depressant fluoxetine, this suggests that our high-
throughput assay is extremely useful for the detection of anxiety-related behaviors in
zebrafish larvae and that the behavior is easily quantified by our high-throughput system. As
a caveat, diazepam, fluoxetine, and caffeine all reduced the larval swim speed in varying
levels depending upon the dosage administered. However, this reduction of swim speed
cannot explain the observed edge effects, i.e. diazepam and caffeine cause a similar
reduction of swim speed and have an opposite edge effect. Despite the slower swim speed in
these groups, the activity levels were all well above those of larvae treated with MS-222.
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Overall, the pharmaceuticals had very different effects on avoidance behaviors and edge
preference. Avoidance behaviors were suppressed by fluoxetine and caffeine, and the edge
preference was suppressed by diazepam and increased by caffeine. These differences are
likely due to the fact that these pharmaceuticals target different neuronal signaling pathways.
In addition, these differences may be explained on a cognitive level, i.e. it is possible that
the different pharmaceutical profiles and behavioral measures reflect differences between
fear and anxiety. An imminent threat such as a mock predator is likely to induce fear, and
the anticipation of an unspecified threat is likely to induce anxiety [23]. Thus, the diazepam-
treated larvae may retain their normal fear for a nearby stimulus, but have less general
anxiety. On the other hand, the fluoxetine-treated larvae may be less fearful of the mock
predator, but have a normal general level of anxiety. If correct, the two behavioral assays
could potentially be used to screen for novel anxiolytics.

In conclusion, our studies show that the signals that drive avoidance and thigmotaxis in
zebrafish larvae are similar to the signals that control anxiety in humans. The high-
throughput assays developed in our laboratory may be used to screen for genes,
environmental toxicants, or pharmaceuticals that cause anxiety disorders. In addition, the
same assays may be used to develop novel strategies to prevent or treat these disorders.
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Figure 1. The five-fish assay for measuring avoidance behavior and edge preference

A) 7-day-old zebrafish larvae are imaged in four 6-well plates containing five larvae per
well. The larvae are first imaged for 30 minutes without visual stimuli. B) The same larvae
are then imaged for 30 minutes in the presence of visual stimuli, a PowerPoint presentation
with a ‘bouncing’ red ball in the top half of the well and a stationary red ball in the bottom
half of the well. C) The high-resolution color images show the location and orientation of
the larvae. D) Larval behavior is examined by automated image analysis in ImageJ. First, the
visual stimuli are removed from the image by splitting the color channels. E) Dark areas in
the background are removed by background subtraction. F) Larvae are separated from the
background using a threshold for dark objects. Small air bubbles and specks of dust are
removed with a filter for object size and the X,Y coordinates of the larvae are measured by
particle analysis. The X, Y coordinates are imported in MS excel to calculate how often the
larvae are located in the bottom half of the well, away from the bouncing ball (avoidance)
and how often the larvae are located along the edge of the well. Scale bar = 1 cm.
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Figure 2. Diazepam-exposed larvae in the five fish bouncing ball assay

A) Control larvae exposed to the solvent DMSO show an avoidance response to the red
bouncing ball. Before the bouncing ball stimulus, larvae are located down in the well 52.3%
of the time. This percentage increased to 61.8% in the presence of a bouncing ball stimulus.
A similar avoidance response was observed in larvae exposed to diazepam (Valium). B)
Control larvae exposed to the solvent DMSO show a strong preference for the edge of the
well, i.e. larvae are located on the edge 85.4% of the time. This edge preference increased to
91.5% in the presence of a bouncing ball stimulus. Larvae exposed to diazepam show a
reduced edge preference, both before and during the bouncing ball stimulus. Up:down and
edge:center were matched for area. The dotted line indicates the expected value based on a
random 50:50 distribution. Pre BB = before the bouncing ball stimulus, red BB = during the
bouncing ball stimulus. Asterisks indicate a significant change compared to the DMSO
control (p<0.001).
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Figure 3. Fluoxetine-exposed larvae in the five-fish bouncing ball assay

A) Avoidance behaviors of larvae exposed to DMSO and fluoxetine (Prozac). The
fluoxetine exposed larvae show a reduced avoidance response (p<0.001). B) The edge
preference in the fluoxetine exposed larvae is similar to the edge preference in the DMSO
controls. The dotted line indicates the expected value based on a random 50:50 distribution.
Pre BB = before the bouncing ball stimulus, red BB = during the bouncing ball stimulus.
Asterisk indicates a significant change compared to the DMSO control (p<0.05).
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Figure 4. Caffeine-exposed larvae in the five fish assay

A) Larvae exposed to caffeine show a significantly reduced avoidance response. B) The
caffeine-exposed larvae show a significant increase in their edge preference. The dotted line
indicates the expected value based on a random 50:50 distribution. Pre BB = before the
bouncing ball stimulus, red BB = during the bouncing ball stimulus. Asterisks indicate
significant changes compared to the egg water controls (p<0.01).
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Figure 5. The two-fish assay for measuring edge preference and social avoidance

A) 7-day-old zebrafish larvae are imaged in four 12-well plates containing two larvae per
well. The larvae are imaged for one hour on a white background. B) Larval locations are
measured by automated image analysis. C) Overlay of the well and measured larvae. The
X,Y coordinates of the larvae are imported in MS Excel to calculate how often the larvae are
located on the edge of the well and how often the larvae are located together in the same
quadrant of the well. Scale bar = 1 cm.
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Figure 6. Edge preference in the two-fish assay

Zebrafish larvae display a strong edge preference in the two fish assay. The edge preference
is reduced in larvae exposed to diazepam and is increased in larvae exposed to caffeine.
Asterisks indicate a significant change compared to the corresponding controls (p<0.001).
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Figure 7. Swim speed

7-day-old larvae were imaged in 12-well plates containing one larva per well. Larvae
exposed to 5 mg/l diazepam (diaz), 2 mg/l fluoxetine (fluox), or 100 mg/I caffeine (caff)
display swim speeds that are much lower than the egg water or DMSO controls, but not as
low as the subtle drift that can be observed in tricaine-anesthetized larvae. When larvae are
exposed to 0.05 mg/l diazepam, 0.2 mg/l fluoxetine, or 20 mg/l caffeine, the larvae display
swim speeds that are at least half of the swim speed in the egg water and DMSO controls.
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Figure 8. Exposure to low concentrations of diazepam, fluoxetine, and caffeine

Zebrafish larvae were exposed to 0.05 mg/l diazepam, 0.2 mg/l fluoxetine, or 20 mg/I
caffeine and imaged in 12-well plates containing two larvae per well. Larvae exposed to
0.05 mg/l diazepam display a reduced preference for the edge (p<0.001).
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