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a b s t r a c t

Analysis of habituation is widely used to characterize animal cognitive phenotypes and their modulation.
Although zebrafish (Danio rerio) are increasingly utilized in neurobehavioral research, their habituation
responses have not been extensively investigated. Utilizing the novel tank test, we examine intra- and
inter-session habituation and demonstrate robust habituation responses in adult zebrafish. Analyzing
the intra-session habituation to novelty further, we also show that selected anxiogenic drugs (caffeine,
eywords:
ebrafish
abituation to novelty
rug effects
ognition and learning

pentylenetetrazole), as well as stress-inducing alarm pheromone, attenuated zebrafish habituation. Some
acute anxiolytic agents, such as morphine and ethanol, while predictably reducing zebrafish anxiety, had
no effects on habituation. Chronic ethanol and fluoxetine treatments improved intra-session habituation
in zebrafish. In general, our study parallels literature on rodent habituation responses to novelty, and
reconfirms zebrafish as a promising model for cognitive neurobehavioral research.
nxiety
patial working memory

. Introduction

As the simplest form of learning, habituation has long been used
n biological psychiatry research to examine animal cognitive phe-
otypes and their alterations produced by different experimental
anipulations [1,2]. Habituation to novelty represents attenua-

ion of innate behaviors, as subjects become accustomed to the
nvironment [3,4]. Intra-session habituation reflects spatial work-
ng memory, whereas inter-session habituation is commonly used
o assess middle- and long-term spatial memory [6]. In addition,
abituation may represent deeper neurobiological constructs, such
s adaptive processing of sensory information [7] and development
f a cognitive map [5]. Impaired habituation can also be associated
ith increased anxiety [2], thereby providing valuable insight into

nxiety-memory interplay [8–10].
Habituation has been extensively studied in various rodent
xperimental models, showing that animal habituation phenotypes
re highly sensitive to various pharmacological manipulations
11–22]. For example, rats chronically exposed to fluoxetine, dis-
lay increased habituation to novel environments [21,23], whereas
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another agent with anxiolytic properties, morphine, appears to
impair mouse habituation [11,18,24,25]. Although ethanol stim-
ulates locomotion in mice and rats [24,26,27], its repeated
administration impairs animal habituation [20,26], as do the psy-
chostimulant/anxiogenic drug caffeine [12,24] or kindling with low
doses of the anxiogenic agent pentylenetetrazole (PTZ) [16,17,22].

With immense genetic homology to humans and rodents,
zebrafish (Danio rerio) present a highly efficacious model for human
disorders [28,29]. In addition, zebrafish have proven to be beneficial
in the study of behavior and its modulation by various endo- and
exogenous factors [29–34]. Despite being widely studied in various
rodents [1,3,4,26,35,36], habituation has not been extensively eval-
uated in zebrafish–a model species that is becoming increasingly
popular in neurobehavioral research [29,33,37–41].

Until recently, fish behavior was generally assumed to be
instinctively driven, with little cognitive ability (rev. in Ref. [42]).
However, it is currently known that fish are capable of forming spa-
tial memories and cognitive maps [42,43], providing an opportunity
to explore their habituation behaviors in depth. Several recent stud-
ies suggest that zebrafish can habituate to various stimuli, including
conditioned place preference [44,45], light/dark locomotion [46]

and the startle reflex [47,48] testing. Novelty-based paradigms are
commonly used in behavioral neuroscience to study both affec-
tive (e.g., fear, anxiety) [35,49] and cognitive (e.g., habituation)
[1,3,4,36] phenomena. Since relatively little is known about adult
zebrafish habituation, this study aimed to characterize their habit-

http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:avkalueff@gmail.com
dx.doi.org/10.1016/j.bbr.2009.12.023
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ation to novelty in detail, and to assess its sensitivity to different
xperimental manipulations.

. Methods and materials

.1. Animals and housing

A total of 210 adult (3–5-month-old; ≈50:50 male:female ratio) wild type
hort-fin zebrafish were used in this study. The animals were obtained from local
ommercial distributors (Petco, Rockville, MD and 50 Fathoms, Metairie, LA) and
iven at least 20 days to acclimate to the animal facility. The fish were housed in
roups of approximately 20–30 fish per 40-L tank. All tanks were filled with deion-
zed water, with room and water temperatures maintained at ≈25 ◦C and water pH
t 7.0–8.0. Illumination (1170 ± 67 lux) was provided by ceiling-mounted fluores-
ent light tubes on a 12-h cycle (on 6:00 h; off 18:00 h), consistent with the zebrafish
tandard of care [50]. All animals used in this study were experimentally naïve and
ed Tetramin Tropical Flakes (Tetra USA, VA) twice a day.

.2. Experimental manipulations

The first experiment analyzed the normal habituation responses of zebrafish
sing 6- and 30-min trials in the novel tank test (see further). Our second study
xplored the effects on zebrafish (n = 15–16 in each group) habituation produced
y ethanol (acute: 0.3% (vol/vol) × 5 min, chronic: 0.2% (vol/vol) × 2 weeks), acute
orphine (2.0 mg/L × 15 min), acute caffeine (100 mg/L × 15 min), chronic fluoxe-

ine (100 �g/L × 2 weeks), and acute PTZ (900 mg/L × 10 min). Ethanol and morphine
ere used here because both drugs have known anxiolytic effects in human, rodent

nd zebrafish models. Fluoxetine, a selective serotonin reuptake inhibitor (SSRI),
as chosen for its known anxiolytic action in human, rodent and zebrafish (e.g.,

38]) subjects following chronic administration. Caffeine and PTZ were used here
s traditional anxiogenic drugs, known to provoke anxiety in various clinical and
xperimental models (see above).

Acutely exposed fish were pretreated in a 0.5 L plastic beaker for specified times.
hronic agents were dissolved in home tank water for 2 weeks. The doses were
hosen based on our own pilot data and previously published literature (e.g., [38])
onfirming the lack of non-specific toxic/sedative effects of these drugs (also see
urther). Acute exposure to the anxiogenic alarm “pheromone” substance was also
sed in this study (n = 15 in each group). The substance was extracted from epider-
al cells of several euthanized zebrafish, using a razor blade to make 10–15 shallow

ncisions on one side of the body [51]. Incisions were carefully controlled to prevent
ontamination with blood. The cut body side was then placed down into a Petri dish
lled with 10 mL of distilled water and shaken gently for 5 min. The Petri dish was
hen placed on ice to preserve the extracted substance, while the entire procedure
as repeated on the opposite side of the zebrafish [51]. Extracted alarm substance
as administered acutely by adding 7 mL of the collected solution to fresh water in

he novel tank. Control fish tanks received 7 mL of distilled water.

.3. Apparatus and behavioral testing

Behavioral testing was performed using the novel tank test, representing a 1.5-
trapezoidal tank (15.2 cm height × 7.1 cm width × 27.9 cm top × 22.5 cm bottom

ength; Aquatic Habitats, Apopka, FL) maximally filled with aquarium water [38].
ovel tanks rested on a level, stable surface and were divided into two equal hor-

zontal portions, premarked by a line on the outside walls. Behavioral testing took
lace between 11:00 and 16:00 h. Following pre-treatment, the behavior of each
sh was recorded for 6 or 30 min by two trained observers (inter-rater reliability
0.85), scoring the following endpoints: time spent in the top of the tank (s), number
f transitions (entries) to the top, number of erratic movements, and number and
uration (s) of freezing bouts. Erratic movements were defined as sharp changes

n direction and/or velocity, representing rapid anxiety-like darting behaviors [38].
reezing was defined as a total absence of movement, except for the gills and eyes,
or 2 s or longer. In general, reduced exploration (fewer entries to the top, more
reezing) or increased erratic movements correlate with high stress and anxiety
38,51–53].

.4. Habituation analysis

To establish zebrafish as a model of habituation, and obtain a general profile
f their habituation phenotypes, we first analyzed 6-min habituation responses in
relatively large cohort of 38 naïve zebrafish. Animal behaviors were recorded as
escribed above and analyzed for their per-min distribution. Zebrafish habituation
esponses were then analyzed more specifically, by comparing the first vs. last 3 min
or each behavioral endpoint measured. To further assess zebrafish habituation to
ovelty and visualize the change in behavior over a longer period of time, 30-min

rials were next conducted in another cohort of naïve zebrafish (n = 23). Habitu-
tion responses were then assessed in a similar manner, by comparing the first
s. last 6-min measures for each endpoint. In a separate cohort of experimentally
aïve zebrafish (n = 15), inter-session habituation was analyzed using daily 6-min
rials for 7 days, comparing Day 1 scores with those of subsequent days. Finally, for
xperiments with different pharmacological manipulations, zebrafish habituation
esearch 208 (2010) 450–457 451

responses (recorded in 6-min novel tank trials) were analyzed more specifically by
two methods adapted from traditional protocols widely used to study habituation
in rodents [1,3,4,36,54]. First, the ratio of behaviors for each individual animal dur-
ing the first and last minute of the trial (single-minute habituation ratio, SHR) was
calculated. Second, the ratio of behaviors during the first 3-min vs. the last 3-min
(cumulative habituation ratio, CHR) was computed.

2.5. Statistical analysis

All data are expressed as mean ± SEM, and analyzed with a two-sample unpaired
or paired Wilcoxon U-test for significance either between the groups or vs. the ini-
tial observation time (e.g., min 1), respectively. One-way ANOVA (factor: time) with
repeated measures (minutes of test, or testing days) was used to analyze the sig-
nificance of intra- and inter-session habituation, followed by post hoc U-test with
Bonferroni correction. Significance was set at P < 0.05 for ANOVA and U-test, but was
adjusted accordingly for Bonferroni-corrected post-hoc tests.

3. Results

3.1. Habituation trials

In 6-min trials, we found significant increases in exploratory
behavior and decreases in freezing behavior over time (Fig. 1A).
One-way ANOVA revealed significant time effects for transitions
to top (F(1,37) = 45.263, P < 0.0005), time in top (F(1,37) = 44.801,
P < 0.0005), erratic movements (F(1,37) = 21.355, P < 0.0005),
freezing bouts (F(1,37) = 7.246, P < 0.05), and freezing duration
(F(1,37) = 8.798, P < 0.005). In addition, significant differences were
found between first and last 3-min intervals for freezing bouts and
duration (P < 0.05, U-test).

During the 30-min intra-session habituation trials, the zebrafish
exhibited a steady increase over time in transitions to the
top of the novel tank, time spent in the top, as well as a
marked decrease in freezing scores, but not in erratic move-
ments (Fig. 1B). One-way ANOVA revealed significant time effects
for transitions to top (F(1,22) = 17.856, P < 0.0005), time in top
(F(1,22) = 22.023, P < 0.0005), erratic movements (F(1,22) = 15.575,
P < 0.005), freezing bouts (F(1,22) = 13.583, P < 0.005), and freezing
duration (F(1,22) = 16.465, P < 0.005). Notable trends between the
first and last 6-min intervals were also observed in the number
of top entries and time in top (P = 0.05–0.1, U-test). In all end-
points, the greatest behavioral change was observed within the first
5–10 min of the trials (Fig. 1B).

Analyzing inter-session habituation (Fig. 1C), with each suc-
cessive day, we found significantly increased transitions to the
top, and time spent there, as well as significantly reduced freez-
ing behaviors. One-way ANOVA revealed significant time effects
for transitions to top (F(1,14) = 41.222, P < 0.0005), time in top
(F(1,14) = 27.544, P < 0.0005), erratic movements (F(1,14) = 34.977,
P < 0.0005), freezing bouts (F(1,14) = 67.35, P < 0.0005), and freezing
duration (F(1,14) = 170.18, P < 0.0005).

3.2. Anxiogenic treatments

As shown in Fig. 2A, administration of alarm substance lowered
overall transitions to and time spent in the top of the tank. Although
we saw some reduction in erratic movements over time, freezing
behavior remained unaltered (data not shown), and neither SHR
nor CHR demonstrated significant trends in any of the observed
endpoints.

While still exhibiting an increase in transitions and time spent
in the top of the tank over time, the slopes of behavioral curves

of the caffeine-treated zebrafish were reduced (Fig. 2B). Although
freezing frequency and duration remained unaltered (data not
shown), caffeine also exhibited a robust upward effect on the num-
ber of erratic movements, significantly lowering both SHR and CHR
(Fig. 2B).
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Fig. 1. Habituation behavioral responses in zebrafish tested in the novel tank test. (A) Six-minute intra-session habituation trials (n = 38). (B) Thirty-minute intra-session
habituation trials (n = 23). (C) Inter-session habituation responses in zebrafish tested in daily 6-min trials for 7 days (n = 15). *P < 0.05, **P < 0.005, ***P < 0.001, #P = 0.05–0.1
(trend) vs. min 1, U-test with Bonferroni correction.
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Fig. 2. Anxiogenic drugs effects on zebrafish intra-session habituation response in 6-min trials. (A) Alarm “pheromone” substance (7 mL × 15 min). (B) Caffeine
(100 mg/L × 15 min). (C) Pentylenetetrazole (PTZ, 900 mg/L × 10 min). *P < 0.05, **P < 0.005, #P = 0.05–0.1 (trend) vs. min 1, U-test (n = 15–16 in each group). For behavioral
scores, significant difference is shown vs. min 1. For habituation scores, significant difference is shown vs. control group. All anxiogenic drugs used here produced significant
a ical si
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nxiety-enhancing effects compared to control zebrafish (for a better clarity, statist

Following acute PTZ administration, zebrafish failed to habitu-
te to the novel environment, displaying no change in frequency

nd duration of exploratory transitions over time (Fig. 2C). No sig-
ificant effects were seen in freezing behaviors (data not shown)
r in the SHR of CHR scores for these endpoints. In contrast, both
abituation scores for erratic movements were significantly higher

n PTZ-treated fish.
gnificance for these behavioral effects is not shown in this diagram).

3.3. Anxiolytic treatments
Although acute ethanol-treated zebrafish displayed robust anx-
iolytic responses, they showed similar habituation curves for
transitions and time spent in top, compared to control fish (Fig. 3A).
There were also no alterations in the SHR or CHR scores in this
experiment. When the animals were chronically treated with
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Fig. 3. Anxiolytic drugs effects on zebrafish intra-session habituation response in 6-min trials. (A) Acute ethanol (0.3% (vol/vol) × 5 min). (B) Chronic ethanol (0.2% (vol/vol) × 2
weeks). (C) Selective serotonin reuptake inhibitor (SSRI) fluoxetine (100 �g/L × 2 weeks). (D) Morphine (2.0 mg/L × 15 min). *P < 0.05, **P < 0.01, ***P < 0.005, #P = 0.05–0.1
(trend) vs. min 1, U-test (n = 15–16 in each group). For behavioral scores, significant difference is shown vs. min 1. For habituation scores, significant difference is shown
vs. control group. All anxiolytic drugs used here produced significant anti-anxiety effects compared to control zebrafish (for a better clarity, statistical significance for these
behavioral effects is not shown in this diagram).
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thanol, the experimental cohort again had a greater number of
ransitions and longer time spent in top (Fig. 3B), consistent with
educed anxiety levels. In both groups, there was no noticeable
hange in the number of erratic movements or freezing bouts (data
ot shown). In both ethanol experiments, the drug treatment did
ot produce behavioral sedation, as assessed by increased (rather
han non-specifically inhibited) exploratory locomotion (Fig. 3A
nd B). Interestingly, chronic ethanol tended to slightly increase
he CHR, but not SHR, scores for the erratic movements (Fig. 3B).

Following chronic fluoxetine treatment, animals showed higher
xploratory behavior with increased frequencies and durations of
ntries to top, in addition to a reduction in both freezing behaviors
data not shown). The fluoxetine-treated cohort also demonstrated
ignificant alterations in exploratory endpoints (but not in erratic
ovements or freezing) in SHR (Fig. 3C).
Despite producing anxiolytic effects on time spent in top,

cute morphine exposure did not affect habituation responses of
ebrafish (as assessed by unaltered SHR and CHR scores). In line
ith this, the behavioral curves for transitions to top, time spent

n top and the number of erratic movements in the experimental
ohort generally paralleled the slopes of the control group (Fig. 3D).

. Discussion

Although habituation is traditionally utilized to examine rodent
xploration and cognition [36,54,55], it has not been comprehen-
ively evaluated in adult zebrafish. This study was the first in-depth
ystematic analysis of habituation phenotypes, attempting to pro-
ide insights into zebrafish responses to spatial novelty.

To establish zebrafish model of habituation, we first analyzed
ntra-session habituation using both short (6-min) and long (30-

in) trials, and showed steady increases in exploration of the novel
ank within the first minutes of the test (Fig. 1). Likewise, freezing
ehavior steadily decreased until min 10, with no changes observed
fterwards. Low habituation scores for the exploratory behaviors
emonstrate that there were higher values in the last interval of
he trial, therefore lowering habituation ratios. Similarly, the higher
cores in the freezing behavior were due to the substantial amount
f freezing during the first interval, and greatly reduced freezing
uring the last portion of the trial (Fig. 1A and B). Taken together,
his shows that zebrafish display robust habituation to novelty, and
hat methods of habituation analysis adopted from rodent tests
an be applied to analyze zebrafish behaviors. The observation that
ebrafish habituation responses were most robustly affected dur-
ng the first minutes of testing (Fig. 1A) justified the 6-min trials
sed in zebrafish research [38,52] as an accurate, high-throughput,
nd time-efficient assay of zebrafish habituation.

Establishing the utility of the short 6-min habituation trials then
llowed us to assess long term habituation of zebrafish by repeat-
ng novel tank trials daily over the course of 7 days. Re-exposure of
ebrafish to the tank demonstrated steadily increasing locomotion
s well as reductions in freezing behaviors with each subsequent
ay (Fig. 1C), most notably during the last 4 days. Overall, this exper-

ment not only demonstrated the ability of zebrafish to alter their
ehaviors (as they became familiar to the novelty), but also con-
rms their capacity to construct and retain a cognitive spatial map.
onsistent with spatial habituation reported in some other fish
pecies [42,43], these findings support zebrafish as a valid model for
tudying short- and long-term spatial memory and its modulation.

Interestingly, erratic movements showed relatively stable tem-
oral distribution across intra- and inter-session habituation trials
n naïve zebrafish (Fig. 1A–C). While this observation suggests that
rratic behavior may represent a baseline tonic “vigilance” behavior
n the novel environment, further studies are needed to exam-
ne whether this behavior (and its habituation) can be affected by
tronger experimental and/or pharmacological challenges.
esearch 208 (2010) 450–457 455

To further characterize zebrafish habituation, we studied the
effects of various experimental manipulations on their behavior.
Using standard 6-min habituation trials, we found that acute expo-
sure to alarm substance inhibited transitions to the top of the
tank and increased erratic movements (Fig. 2A). The low SHR
and CHR values observed in this experiment imply somewhat
attenuated zebrafish habituation generally consistent with higher
anxiety/vigilance in animals exposed to anxiogenic stimuli. Similar
to the effects of alarm substance, both caffeine and PTZ attenuated
increases in exploratory behavior (Fig. 2B and C). Caffeine admin-
istration also resulted in an increase in zebrafish erratic behavior
over time (Fig. 2B). Detected by both habituation scoring meth-
ods, this suggests poorer habituation in the caffeine group due to
increased anxiety and hyperactivity. Similarly, PTZ markedly inhib-
ited the habituation of exploratory behavior (Fig. 2C). Although
we found a greater effect on CHR for erratic movements, a higher
level of significance was seen in SHR scores, implying that sup-
pression of habituation by PTZ may be due to higher anxiety levels
and impaired spatial awareness. Importantly, all anxiogenic drugs
tested here provoked robust effects on zebrafish anxiety (Fig. 2).
Likewise, all anxiolytic drugs showed strong anti-anxiety action
on zebrafish behavior (Fig. 3), confirming the effectiveness of drug
treatments chosen for this study, regardless of their effect on habit-
uation.

Although anxiogenic agents displayed consistent attenuation of
habituation in zebrafish, the anxiolytic drugs used in this study
demonstrated substantial variability in their effects (Fig. 3). For
example, with no relative change in the habituation ratios, acute
ethanol appears to have minimal effect on zebrafish habitua-
tion (Fig. 3A). However, when exposed to ethanol chronically,
zebrafish exhibited significant increases in exploratory transitions
and time spent in the top, consistent with improved habituation
behavior (Fig. 3B). Although erratic behavior displayed no gen-
eral alteration, the slight increase affected CHR, suggesting that
chronic ethanol may improve habituation by activating exploratory
behavior in the top, and stabilizing baseline erratic behavior. Fol-
lowing chronic administration of fluoxetine, significant changes
were again observed in SHR and CHR of exploratory endpoints
(Fig. 3C). These collective behavioral and habituation data suggest
that habituation-enhancing effects of SSRIs may be due to signif-
icant reduction of zebrafish anxiety, including increased baseline
exploration, and reduced erratic and freezing behaviors. Finally, in
contrast to chronic ethanol and fluoxetine, but similar to the effects
of acute ethanol treatment, acute morphine exposure had no effect
on zebrafish habituation (Fig. 3D).

The differences in modulatory effects of fluoxetine, morphine,
and ethanol on habituation generally support rodent data [21,23],
suggesting that anxiolytic agents may affect anxiety and habit-
uation through different mechanisms. Interestingly, while we
found similar habituation-impairing effects produced by anxio-
genic agents, marked variation in responses to anxiolytic drugs
across animal models must also be noted. For example, our results
contradict mouse data [19] that fluoxetine inhibits habituation, but
support its pro-habituation effects observed in rats [21,23]. In addi-
tion, our ethanol data (Fig. 3A and B) in zebrafish contradict rodent
findings that alcohol attenuates habituation [20,26], but mirror
the hyperlocomotion found in mice after chronic ethanol exposure
[27].

It is likely that several factors can explain these discrepancies,
including species differences, as well as differences in testing appa-
ratuses, and drug administration methods (e.g., acute vs. chronic,

i.p. injection vs. adding to the water). Behavioral manifestation of
habituation responses to novelty may also be different in rodents vs.
zebrafish. For example, rodents usually reduce locomotion as they
become familiar with the novel environment [3,17,23,37], whereas
zebrafish appear to do the opposite (Fig. 1). Such behavioral inhibi-
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ion in zebrafish immediate responses to novelty may represent a
rimitive, evolutionarily ancient form of “passive” adaptive behav-

or (compared to more complex and “proactive” exploration-driven
odent behaviors). Clearly, further comparative analyses of habitu-
tion phenotypes across animal species (e.g., [49,56]) may provide
mportant insights on this topic.

Several other conclusions can be made based on the results of
his study. For example, robust habituation within and between
ovel tank sessions strongly supports the utility of zebrafish and
he novel tank test to study habituation phenotypes. Our findings
how that zebrafish can be utilized to assess the effects of phar-
acological agents on habituation as effectively as rodent models,

nd collectively support zebrafish as a new translational model in
ehavioral pharmacology. Future investigation may further charac-
erize habituation response modulation by environmental factors
uch as novelty properties (e.g., tank size), other stressors (e.g.,
rowding stress, predator exposure or drug withdrawal) or genetic
actors (e.g., different inbred strains and/or genetically modified
ebrafish). Taken together, this study emphasizes the use of adult
ebrafish as a useful model for neurobehavioral cognitive research.

cknowledgements

The authors thank M. Strong, H. Badani and J. DiLeo for their help
ith this project. The study was supported by NARSAD YI award

AVK), Tulane University Neuroscience Program’s and Gordon Fel-
owships (DT), Provost’s Scholarly Enrichment Fund (BB and JT),
urcy Fellowships (BB, DT, and JT), as well as by Newcomb Fellows
rant and Tulane University Intramural Research Funds (AVK).

eferences

[1] Bolivar VJ. Intrasession and intersession habituation in mice: from inbred strain
variability to linkage analysis. Neurobiol Learn Mem 2009;92(2):206–14.

[2] Salomons AR, van Luijk JAKR, Reinders NR, Kirchhoff S, Arndt SS, Ohl F. Identify-
ing emotional adaptation: behavioural habituation to novelty and immediate
early gene expression in two inbred mouse strains. Genes Brain Behav 2009.

[3] Leussis MP, Bolivar VJ. Habituation in rodents: a review of behavior, neurobi-
ology, and genetics. Neurosci Biobehav Rev 2006;30(7):1045–64.

[4] Thompson RF, Spencer WA. Habituation: a model phenomenon for the study
of neuronal substrates of behavior. Psychol Rev 1966;73(1):16–43.

[5] O’keefe J, Nadel L. The hippocampus as a cognitive map. Oxford: Clarendon
Press; 1978.

[6] Muller U, et al. Behavioral and anatomical deficits in mice homozygous for a
modified beta-amyloid precursor protein gene. Cell 1994;79(5):755–65.

[7] Eisenstein EM, Eisenstein D. A behavioral homeostasis theory of habituation
and sensitization: II. Further developments and predictions. Rev Neurosci
2006;17(5):533–57.

[8] Morgan MA, LeDoux JE. Differential contribution of dorsal and ventral medial
prefrontal cortex to the acquisition and extinction of conditioned fear in rats.
Behav Neurosci 1995;109(4):681–8.

[9] Sullivan RM, Gratton A. Behavioral effects of excitotoxic lesions of ventral
medial prefrontal cortex in the rat are hemisphere-dependent. Brain Res
2002;927(1):69–79.

10] Sheehan TP, Chambers RA, Russell DS. Regulation of affect by the lateral septum:
implications for neuropsychiatry. Brain Res Brain Res Rev 2004;46(1):71–117.

11] Airavaara M, et al. Effects of repeated morphine on locomotion, place prefer-
ence and dopamine in heterozygous glial cell line-derived neurotrophic factor
knockout mice. Genes Brain Behav 2007;6(3):287–98.

12] Angelucci ME, et al. The effect of caffeine in animal models of learning and
memory. Eur J Pharmacol 1999;373(2–3):135–40.

13] Bracy OL, et al. Effects of methomyl and ethanol on behavior in the
Sprague–Dawley rat. Pharmacol Biochem Behav 1979;10(1):21–5.

14] Garcia-Moreno LM, et al. Chronic ethanol intake and object recogni-
tion in young and adult rats. Prog Neuropsychopharmacol Biol Psychiatry
2002;26(5):831–7.

15] Gerlai R, Lee V, Blaser R. Effects of acute and chronic ethanol exposure
on the behavior of adult zebrafish (Danio rerio). Pharmacol Biochem Behav
2006;85(4):752–61.
16] Getova DP, Dimitrova DS. Effects of the anticholinesterase drug tacrine on the
development of PTZ kindling and on learning and memory processes in mice.
Folia Med (Plovdiv) 2000;42(4):5–9.

17] Grecksch G, Becker A, Rauca C. Effect of age on pentylenetetrazol-kindling and
kindling-induced impairments of learning performance. Pharmacol Biochem
Behav 1997;56(4):595–601.

[

[

[

esearch 208 (2010) 450–457

18] Heidari P, et al. Influence of morphine and dopamine receptor sensitization on
locomotor activity in mice. Pharmacology 2006;78(4):185–92.

19] Kaneko Y, et al. Selective serotonin reuptake inhibitors, fluoxetine and
paroxetine, attenuate the expression of the established behavioral sen-
sitization induced by methamphetamine. Neuropsychopharmacology
2007;32(3):658–64.

20] Lister RG. The effects of repeated doses of ethanol on exploration and its habit-
uation. Psychopharmacology (Berl) 1987;92(1):78–83.

21] Mar A, Spreekmeester E, Rochford J. Fluoxetine-induced increases in open-field
habituation in the olfactory bulbectomized rat depend on test aversiveness but
not on anxiety. Pharmacol Biochem Behav 2002;73(3):703–12.

22] Voigt JP, Morgenstern E. Pentylenetetrazole kindling impairs learning in mice.
Biomed Biochim Acta 1990;49(1):143–5.

23] Mar A, Spreekmeester E, Rochford J. Antidepressants preferentially enhance
habituation to novelty in the olfactory bulbectomized rat. Psychopharmacology
(Berl) 2000;150(1):52–60.

24] Pastor R, Miquel M, Aragon CM. Habituation to test procedure modulates the
involvement of dopamine D2- but not D1-receptors in ethanol-induced loco-
motor stimulation in mice. Psychopharmacology (Berl) 2005;182(3):436–46.

25] Patti CL, et al. Behavioral characterization of morphine effects on motor activity
in mice. Pharmacol Biochem Behav 2005;81(4):923–7.

26] File SE, Mabbutt PS. Long-lasting effects on habituation and passive avoidance
performance of a period of chronic ethanol administration in the rat. Behav
Brain Res 1990;36(1–2):171–8.

27] Koechling UM, Smith BR, Amit Z. Effects of GABA antagonists and habitua-
tion to novelty on ethanol-induced locomotor activity in mice. Alcohol Alcohol
1991;26(3):315–22.

28] Langheinrich U, Vacun G, Wagner T. Zebrafish embryos express an orthologue
of HERG and are sensitive toward a range of QT-prolonging drugs inducing
severe arrhythmia. Toxicol Appl Pharmacol 2003;193(3):370–82.

29] Goldsmith P. Zebrafish as a pharmacological tool: the how, why and when. Curr
Opin Pharmacol 2004;4(5):504–12.

30] Darland T, Dowling JE. Behavioral screening for cocaine sensitivity in mutage-
nized zebrafish. Proc Natl Acad Sci U S A 2001;98(20):11691–6.

31] Svoboda KR, Vijayaraghavan S, Tanguay RL. Nicotinic receptors mediate
changes in spinal motoneuron development and axonal pathfinding in embry-
onic zebrafish exposed to nicotine. J Neurosci 2002;22(24):10731–41.

32] Peitsaro N, et al. Modulation of the histaminergic system and behaviour by
alpha-fluoromethylhistidine in zebrafish. J Neurochem 2003;86(2):432–41.

33] Gerlai R. Zebra fish: an uncharted behavior genetic model. Behav Genet
2003;33(5):461–8.

34] Gonzalez-Nunez V, Gonzalez-Sarmiento R, Rodriguez RE. Identification of two
proopiomelanocortin genes in zebrafish (Danio rerio). Brain Res Mol Brain Res
2003;120(1):1–8.

35] Ohl F, et al. Cognitive performance in rats differing in their inborn anxiety.
Behav Neurosci 2002;116(3):464–71.

36] Platel A, Porsolt RD. Habituation of exploratory activity in mice: a screening test
for memory enhancing drugs. Psychopharmacology (Berl) 1982;78(4):346–52.

37] Best JD, et al. Non-associative learning in larval zebrafish. Neuropsychophar-
macology 2008;33(5):1206–15.

38] Egan RJ, et al. Understanding behavioral and physiological phenotypes of stress
and anxiety in zebrafish. Behav Brain Res 2009.

39] Leimer U, et al. Zebrafish (Danio rerio) presenilin promotes aberrant amyloid
beta-peptide production and requires a critical aspartate residue for its function
in amyloidogenesis. Biochemistry 1999;38(41):13602–9.

40] Shin JT, Fishman MC. From zebrafish to human: modular medical models. Annu
Rev Genomics Hum Genet 2002;3:311–40.

41] Zon LI, Peterson RT. In vivo drug discovery in the zebrafish. Nat Rev Drug Discov
2005;4(1):35–44.

42] Burt de Perera T. Fish can encode order in their spatial map. Proc R Soc Lond B
2004;272:p4.

43] Riedel G. Long-term habituation to spatial novelty in blind cave fish
(Astyanax hubbsi): role of the telencephalon and its subregions. Learn Mem
1998;4(6):451–61.

44] Ninkovic J, Bally-Cuif L. The zebrafish as a model system for assessing the
reinforcing properties of drugs of abuse. Methods 2006;39(3):262–74.

45] Kily LJ, et al. Gene expression changes in a zebrafish model of drug dependency
suggest conservation of neuro-adaptation pathways. J Exp Biol 2008;211(Pt
10):1623–34.

46] MacPhail RC, et al. Locomotion in larval zebrafish: influence of time of day,
lighting and ethanol. Neurotoxicology 2009;30(1):52–8.

47] Eddins D, et al. Zebrafish provide a sensitive model of persisting neurobehav-
ioral effects of developmental chlorpyrifos exposure: comparison with nicotine
and pilocarpine effects and relationship to dopamine deficits. Neurotoxicol
Teratol 2009.

48] Levin ED, et al. Genetic aspects of behavioral neurotoxicology. Neurotoxicology
2009;30(5):741–53.

49] Perry W, et al. A reverse-translational study of dysfunctional explo-
ration in psychiatric disorders: from mice to men. Arch Gen Psychiatry
2009;66(10):1072–80.
50] Westerfield M. The zebrafish book. A guide for the laboratory use of zebrafish
(Danio rerio). 5th ed. Eugene: University of Oregon Press; 2007.

51] Speedie N, Gerlai R. Alarm substance induced behavioral responses in zebrafish
(Danio rerio). Behav Brain Res 2008;188(1):168–77.

52] Levin ED, Bencan Z, Cerutti DT. Anxiolytic effects of nicotine in zebrafish. Physiol
Behav 2007;90(1):54–8.



rain Research 208 (2010) 450–457 457

[

[

K. Wong et al. / Behavioural B
53] Barcellos LJG, et al. Whole-body cortisol increases after direct and visual contact
with a predator in zebrafish, Danio rerio. Aquaculture 2007;272:774–8.

54] Williams JM, Hamilton LW, Carlton PL. Pharmacological and anatomical disso-
ciation of two types of habituation. J Comp Physiol Psychol 1974;87(4):724–
32.

[

[

55] File SE, Hyde J, Pool M. Effects of ethanol and chlordiazepoxide on social inter-
action in rats [proceedings]. Br J Pharmacol 1976;58(3):465P.

56] Koch M. The neurobiology of startle. Prog Neurobiol 1999;59(2):107–28.


	Analyzing habituation responses to novelty in zebrafish (Danio rerio)
	Introduction
	Methods and materials
	Animals and housing
	Experimental manipulations
	Apparatus and behavioral testing
	Habituation analysis
	Statistical analysis

	Results
	Habituation trials
	Anxiogenic treatments
	Anxiolytic treatments

	Discussion
	Acknowledgements
	References


