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The zebrafish Danio rerio) is becoming increasingly popular in the field of neurobemaVio
research, including experimental, genetic, and pharmacolagicdkls of human brain disorders.
While zebrafish research is rapidly expanding, its apptiocatis a translational neurobehavioral
model is still in its relative infancy. Therefore, funthiavestigation of new models is needed for
targeting more domains and new, more complex brain disorfleesmain aim of this paper is to
discuss recent developments in the field of zebrafish newavloell research, and to outline
important emerging topics for further studies.

The zebrafish Danio rerio) is a promising model organism in
neurobehavioral and biological psychiatry research. The toégs of zebrafish
phenotypes makes this species an excellent animal for stueypgrimental,
genetic, and pharmacological models of neurobehavioral disordersfish
represent perhaps the dawn of the evolution of vertebratesiogmabehavior, the
main aim of this paper is to outline recent developmentse field of zebrafish
neurobehavioral research, and to summarize the emergpagtant new topics for
further studies in this field. Another aim of this papetoidiscuss what can be
done to further improve and promote zebrafish neurobehaviorarcese

Exploratory-Based Models

Zebrafish behavioral assays are currently used for higlughput
phenotyping and testing of various psychotropic drugs (Blas&eflai, 2006;
Levin, Bencan, & Cerutti, 2007; Lopez-Patino, Yu, CabralZigdanova, 2008),
Fig. 1. A popular method of behavioral analysis in zebhafesearch is theovel
tank test(Fig. 2a), conceptually similar to the open field testdusor rodents,
which exhibit anxiety-like behavior by staying close to thdsv@higmotaxis), but
increase exploration as they become acclimated to thenewnment (Choleris,
Thomasb, Kavaliersa, & Prat, 2001). Similarly, exposura twvel environment
evokes a robust anxiety response in zebrasfish (Blaser &iG2adI6), as they
dive to the bottom (geotaxis) until they feel safe to swirthe upper regions of
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the tank. Typical endpoints in this test include the latelocgnter the top, the
number of transitions to the top, time spent in top:ottom time ratio, the
number of fear/escape-like erratic movements, as agefreezing frequency and
duration (Cachat et al., 2009; Levin et al., 2007; Wong £2@Q9).

Until recently, quantification of zebrafish behavior swgrimarily
performed manually, making it vulnerable to human eand incorrect data
interpretation. However, automated video-tracking technologres bacoming
widely used to analyze animal behavior, providing a starmEaddunbiased
observation of behavioral endpoints (Egan et al., 2009a)than@dvantage of
using the video-tracking approach is the ability to storelaye@mnd reanalyze
videos. Finally, video-tracking tools can calculate additidredavioral endpoints
that are not available through manual observation, sactistance traveled in
top/bottom, velocity, meandering and angular velocity. Comparissnsata
produced by the video-tracking system with that recordeduaignshow a high
correlation between the two (Egan et al., 2009a; Ge?@D5), confirming the
video-tracking approach as a reliable method of analysiszebrafish
neurobehavioral research.

The light/dark boxs traditionally used in rodent behavioral neuroscience,
and is based on the innate aversion to open illuminatedsa(scotophilia,
scototaxis) (Bourin & Hascoet, 2003). Previous researchshasn that while
anxiolytic compounds can facilitate exploratory activitg.(increased entries and
duration in the light part), anxiogenic drugs cause the ompesiect (Bourin &
Hascoet, 2003). Importantly, this test is now being appliezkbwafish, in which
they exhibit a natural preference for the dark side (S&emlalha, & Mattioli,
1999) (Fig. 2b). Several different modifications exist for ikl fight-dark box test
(e.g., Blaser, Chadwick, & McGinnis, 2010; Serra et al., 1988psistently
demonstrating the utility of light-dark situation to model aéish anxiety. Our
own observations also support this notion, showing that “ramegsive” light
behaviors in zebrafish may be modulated by anxiogenic and gixidkugs,
strikingly paralleling the mouse light-dark behaviors.

The open field testanother apparatus traditionally used in experimental
biopsychology in rodents (Carola, D'Olimpio, Brunamonti, MandgiaRenzi,
2002; Choleris et al., 2001; Koplik, Salieva, & Gorbunova, 198&lsh &
Cummins, 1976), also offers a promising new area of reséarzbbrafish. For
example, some studies have applied the open field testrt@l | models
(Lockwood, Bjerke, Kobayashi, & Guo, 2004). The utility of tipeo field test for
adult zebrafish research also seems very logical. Asi@e, zebrafish exhibit a
natural tendency to stay close to walls of the apparatpsciedly the corners. As
they habituate to the novel arena, zebrafish predictably sti@the open central
area, showing increased exploration (Fig. 2c).

Overall, this brief summary of zebrafish exploration-basecthgigms
leads to several important observations. First, zedtraxploration appears to be
driven by the same, evolutionarily conserved factors dsntobehavior, which is
much better studied and understood. These factors include tecédletween
exploration (novelty-seeking, curiosity) and avoidance of axestimuli
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Figure 1. The developing utility of zebrafish models in behavioral netieoge research (other
models popular in biomedical research incliEgecoli, C. Elegans Drosophila rodents, primates
and humans).

(thigmotaxis, scototaxis), thereby reconfirming the use ebrafish in
experimental and comparative biopsychology research. Finallykeunbdent
models, zebrafish behavior is 3-dimensional, and includeaddrionalvertical

dimension (geotaxic top-bottom behavior), thereby introduaingvel aspect to
their exploration-based phenotypes.

Zebrafish habituation behavior

Relevant to both exploration and emotionality, habituatothé simplest
form of learning, and has long been used to examine acwgaitive phenotypes
(Bolivar, 2009; Salomons, van Luijk, Reinders, Kirchhof, ArngitOhl 2009).
Habituation to novelty represents attenuation of innate W@isa as subjects
become accustomed to the environment (Leussis & Bolivar, 2006; Thor&pson
Spencer, 1966). Intra-session habituation reflects spatiakivgormemory,
whereas inter-session habituation is commonly used to assedke- and long-
term spatial memory (Muller et al., 1994). Despite being lyigeudied in various
rodents (Bolivar, 2009; File & Mabbutt, 1990; Leussis & Baljva006; Ohl,
Roedel, Storch, Holsboer, & Landgraf, 2002; Platel & Par4@i82; Thompson &
Spencer, 1966), habituation has not been extensively evalmaretbrafish until
recently (Best et al., 2008; Egan et al., 2009b; Gerlai, 2008js@ith, 2004;
Leimer et al., 1999; Shin & Fishman, 2002; Zon & Peter2005).
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Figure 2. Experimental paradigms to study zebrafish behavior.h&) fovel tank test examines
novelty-evoked anxiety. When a zebrafish is exposed to a notehfjadly dangerous) environment,
it initially dives to the bottom, and then gradually explattes top. Inhibited exploration, reduced
speed, and increased frequency of escape-like erratic behaxéorsually associated with higher
levels of anxiety elicited by different stressors. b) Nartight-dark preference in adult zebrafish (

= 15) tested in a 6-min light-dark box test (data obtained framual registration of video-recorded
behaviors). c) Open field thigmotaxic behavior in repriegeve adult zebrafish tested for 30 min (top
view; behavioral traces are generated using Noldus EioovKT7 video-tracking software).
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Until recently, fish behavior was generally assumedéoinstinctively-
driven, with little cognitive ability (rev. in Burt de Peag 2004). However, it is
currently known that fish are capable of forming spatial oréga and cognitive
maps (Burt de Perera, 2004; Riedel, 1998), providing an opportungypiore
their habituation behaviors in depth. Several recent studgggestuthat zebrafish
can habituate to various stimuli, including conditioned plaederence (Kily et
al., 2008; Ninkovic & Bally-Cuif, 2006), light/dark locomotion @dPhail et al.,
2009) and startle reflex (Eddins, Cerutti, Williams, Linng&y, evin, 2009; Levin
et al., 2009) testing.

Experiments undertaken in our laboratory have comprehensively
characterized zebrafish habituation to novelty (Wong.et2809). Using short 6-
min novel tank trials, we found significant increasesxpl@&atory behavior and
decreases in freezing behavior over time. We have fdwatddturing30-min intra-
session habituation trials, the zebrafish exhibited adgt@azcrease over time in
transitions to the top of the novel tank, time spent indpe as well as a marked
decrease in freezing scores, but not in erratic movements (\&oag, 2009).
Finally, by analyzing inter-session habituation (Fig. 3}hweach successive day,
we found significantly increased transitions to the tapsimilar trend for time
spent there, as well as reduced freezing behaviordedBeely, these findings
confirm robust habituation phenotypes in zebrafish (simdathat observed in
various rodent models) and emphasize the utility of zelrafis study both
cognitive and emotional behaviors.

Other behavioral models

Fostering high-throughput translational paradigms in zelwafine area
that is rapidly developing is the neurobiology of the acouddidistreflex (ASR).
In humans, ASR assesses hearing sensitivity as welhesntact activity of
multiple neuronal circuits (Musiek, 2003). The startle respasisevolutionarily
advantageous (because it provides a form of protection frogedsiin the natural
habitat), and its endpoints are thought to reflect seation, habituation, and pre-
pulse inhibition (PPI) (Koch, 1999). In humans, lowered PBIldeen reported in
patients with neurological damage, schizophrenia or Huntingtisésase (Musiek,
2003). For example, Burgess and Granato (Burgess & Gra@o) Bave shown
that PPI does modulate ASR in zebrafish just as in hightgbrate, such as mice,
also reporting that reduced PPl (modulated by dopamine agjordan be
counteracted by antipsychotic drugs (Rigdon & Weatherspoon, 1992).

Olfaction plays a key role in zebrafish behavioral responiseline with
this, recent studies (Braubach, Wood, Gadbois, Fine, &I1,CB8l09) have
characterized zebrafish olfactory behaviors and thmeodifications through
learning. Exposing zebrafish to L-alanine and L-valine (twananacids that
induce appetitive behavior), the researchers measuredigblappetitive behavior
by counting >90° turns in a circular flow-through tank. Thegeements paired
the amino acids (unconditioned stimulus) with the conditioned stimulus
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(phenylethyl alcohol), thereby eliciting a conditioned response toewiral
stimulus by pairing it with an olfactory cue (Braubacllet2009).

Figure 3. Habituation responses in zebrafish tested daily in the 6-nviel tank for 7 daysn(=23),
adapted from (Wong et al., 2009p ¥ 0.05, *p < 0.01, *** p < 0.005, # = 0.05-0.1, trend (U-test
with Bonferroni correction, where applicable, vs. Day fhe test) for significant ANOVA data).
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Finally, social behaviors are commonly seen in zebrafialsing the
possibility of modeling social behavior in these animaistodents, social defeat
stress has been shown to induce anxiety and depression iroslee” “animals
(Becker, Zeau, Rivat, Blugeot, Hamon, & Benoliel, 2008; Koadhde Boer, De
Rutter, Meerlo, & Sgoifo, 1997). While most research inaodefeat has been
focused on higher organisms (Bjorkqgvist, 2001; Koolhaas et al., 1898@)afish
are also capable of establishing dominant-subordinatéoretatps and exhibiting
agonistic behavior (Larson, O’Malley, & Melloni, 2006), op® an interesting
new avenue for further study. For example, it may be plesghat with repeated
aggression (induced through many ongoing social defeat tsalsje fish would
emerge as persistent “losers”, leading to chronic sabédéat similar to that
observed in rodents.

Current Approaches and Methodological Considerations
Larval vs. adult zebrafish research

Larval zebrafish have emerged as a popular model for a nuwhibeain
pathologies. Larvae display learning, sleep, drug addicsiod,other quantifiable
neurobehavioral phenotypes (Best & Alderton, 2008). Anothernsayga of using
zebrafish larva is the ability to study multiple animals Wdiemeously within a
high-throughput battery (Best & Alderton, 2008; Best et al., 2008t08, 2009).
However, such models have some limitations, since they dexmibit the rich
behavior of the adult animals (e.g., Creton, 2009, FigAl%), larval models have
somewhat limited developmental applications, for exampégkihg fully
established mediatory and endocrine systems (Kimmel, Bakammel, Ullmann,
& Schilling, 1995), as well as some neural circuits and praest{Kastenhuber,
Kratochwil, Ryu, Schweitzer, & Driever, 2010). Likewise, aeioral endpoints
observed in larval animals may not be fully translgtechave good homology) to
adult subjects’ behavior. Thus, larval research is unabfelly replace the adult
zebrafish studies. This notion is important, since ZAetraneuroscientists
sometimes remind us of Montekki and Capuletti in the lavgaladult zebrafish
dilemma. Although testing multiple adult fish simultaneousigy be an interim
solution, a better strategy may be to accept both appwamheé use them
complementarily to advance zebrafish research.

Thinking outside the brain: endocrine responses to stresgebrafish

Thinking outside of the traditional “box” is important in exjmental
modeling of brain disorders (Kalueff, LaPorte, Murphy, & SufR@08; Kalueff,
Wheaton, & Murphy, 2007). Here we argue that focusing on bodiggsses, in
addition to pure brain mechanisms, may be a fruitful directobrzebrafish
biobehabioral research. The hypothalamic-pituitary-eadrédPA) axis mediates
the endocrine response to stress in humans and mammals @ls6@ayan,
2008). Under stress, the paraventricular nucleus of the hypotislgroduces
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corticotropin releasing factor (CRF), which is delivkt® the anterior pituitary
gland via the hypothalamic-hypophysial portal blood vesselesys(Suzuki,

Kawasaki, Ohnishi, Nakamura, & Ueta, 2009). CRF stimuldbes anterior
pituitary gland, causing release of andrenocorticotropimboe (ACTH) into the
blood stream (Tsigos & Chrousos, 2002). When stimulated®@yH the adrenal
cortex synthesizes glucocorticoid hormones that modulate ttleessreaction
(Dedovic, Duchesne, Andrews, Engert, & Pruessner, 2009; Pruesster2010).

Figure 4. Zebrafish endocrine responses (whole-body cortisol, ng/g fishyithdrawal from
diazepam and ethanol. Left to right then down: 72-h withdrawai thronic diazepam (7/mL, 2
weeks); 12-h withdrawal from chronic ethanol (0.3%, 1 week)prébrethanol exposure (0.3%, 1
week) and 12-h withdrawal from chronic ethanol (0.3%, 1 weekpa B presented as mean + SEM
(*p<0.05, *p<0.01, $=0.05-0.1, trend, U-test).

A similar evolutionarily conserved mechanism has been fauzdbrafish
(To et al, 2007), whose hypothalamus-pituitary-intefre(dPl) axis is
homologous to the HPA axis. With cortisol as the main mediaforthe
physiological response to stress (Winberg, Nilsson, Hylla®dderstom, &
Nilsson, 1997), zebrafish may be an excellent model for em#ogcesearch
(Winberg et al., 1997). Figure 4 summarizes recent datargted by our lab from
a series of experiments evoking strong anxiety in zebrafibh. consistency of
increased whole-body cortisol concentrations followingsstiul stimuli is in line
with behavioral data gathered in these and previous stHgan et al., 2009a)
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Such ability to parallel physiological responses with beral phenotypes
provides researchers with an important tool for investigatstress-related
phenomena.

Neurodegenerative disorders

The two key endophenotypes of Alzheimer's disease (AD)udwcla
buildup of amyloid-beta plaques in the nervous system, andadigbgroduction
of uncoordinated meshwork of neurofibrillary tangles causgddamaged Tau
protein (Best & Alderton, 2008; Paquet et al., 2009). As sugtjestese neuronal
damages can lead to memory impairment, and have spkgibiean noted in 50%
of patients with dementia (Vandenberghe & Tournoy, 2005). Towreft is
possible that learning and memory acquisition in zebrafeh be effectively
modeled based on amyloid-beta plaques and tangled neuraatiform

Paradigms which use ASR, raised platform, or T-maeeaa can assess
learning and memory capabilities in fish (Best & Aldert@908), including
tauopathic zebrafish (Barut & Zon, 2000; Paquet et al., 2009)yhigiévant to
AD. Likewise, Parkinson’'s disease (PD), the most common meredisorder in
humans, is also well-studied in zebrafish (Paquet, 8th& Haass, 2006;
Shankaran, Schmid, & Kahle, 2006). In addition, various PDaimd) drugs have
also been evaluated in both larval and adult zebré&digh, Guo, 2009).

Addiction

Recent analyses of gene expressibanges following acute or chronic
exposure to drugef abuse (Kily et al., 2008), have established the genetic
correlates of addiction. For example, chronic treatroérgebrafish with ethanol
and nicotine alters the expression of multiple CNS genes sbmhich have been
identified as components of the addiction pathways in masnfK#l et al., 2008).
Further evidence also suggests the sensitivity of zebrafighruig withdrawal,
which is the cornerstone of addictive behavior (Cachdt,e2@G09).

For instance, ethanol discontinuation disrupts zebrafisniagdaehavior
(Gerlai, Chatterjee, Pereira, Sawashima, & Krishneni2909), while cocaine
withdrawal evokes marked alterations in their locomotion @zePatino et al.,
2008; Lopez Patino, Yu, Yamamoto, & Zhdanova, 2008). Our labgrdias
demonstrated that withdrawal also modulates zebrafistisabtevels (Fig. 4),
implicating their cortisol abnormalities as a phenotypeac(@t et al., 2009)
consistent with glucocorticoid dysregulations in human esdent withdrawal
syndrome (Borlikova, Le Merrer, & Stephens, 2006; Keedwell, Poon
Papadopoulos, Marshall, & Checkley, 2001; Lovallo, 2006; Rapbtajhashemi,

& Mesripour, 2009).
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New Potential Applications of Zebrafish Models
Serotonin syndrome

As the clinical use of selective serotonin reuptake inhibi(8SRIS) is
rapidly increasing, their toxicity also becomes a seribisnedical problem.
Serotonin syndrome (SS) is a severe adverse drug interadtaracterized by
altered mental status, autonomic dysfunction, and neuromusdidarmalities. SS
symptoms can include agitation, delirium, coma, mydriasigphoresis,
hyperthermia, tachycardia, fluctuating blood pressure, tEemaigidity,
myoclonus, and seizures. Although mild cases of the conditioallysresolve
within 24-72 h (Martin, 1996), SS is particularly difficult toadnose, and may
have a rapid development (Boyer & Shannon, 2005). While SS has be
previously modeled in rodents (Fox, Jensen, Gallagher, & Murphy, ZZ0drich
& Hen, 2001; Kalueff, Fox, Gallagher, & Murphy, 2007), this cdodithas not
been assessed in zebrafish, although they also have a wetipEValerotonergic
system.

Here we suggest that when attempting to model SS in zebragsmay
need to select behavioral (e.g., anxiety, immobilityjipoints, and focus on the
toxic effects of a combination of several serotornergigsir(since a single drug
may not reliably and effectively induce SS). For instaacenonoamine oxidase A
inhibitor administered in conjunction with an SSRI carekpected to induce SS-
like states in zebrafish, similar to the SS-like st#tas the two drugs would evoke
in mice or humans. Agents that can be expected to \&chigs result include
fluoxetine, tranylcypromine, olanzapine or clomipramine. In lggireo behavioral
abnormalities, endocrine and/or neurochemical (e.g., bramtasin levels)
endophenotypes can be assessed to more fully mimi§8dike behaviors.

Depression

Though attempts to model depression in zebrafish have dzeésr non-
existent, some attempts have been made to model bippleasd®n in mice. One
such model is based on administration of one drug followed by andthgr
causing the opposing behavioral effects. For examplengiesadministration of
psychostimulants such as amphetamine or methamphetamimes ¢tgperactivity,
which is then used to test the efficacy of anti-margatinents such as lithium and
valproate. Furthermore, behavioral sensitization byeated administration of
psychostimulants such as amphetamine, methamphetaminep@aidechas also
been used as a model of bipolar disorder in mice (Kato, tdul# Kasahara,
2007). Since repeated exposure to cocaine can induce datmscibr cycling in a
variety of neurochemical and physiological systems (Anteleiaal., 1998), we
suggest that it may also be possible to evoke "bipolar’\wehan zebrafish, for
example, by using a combination of cocaine and anti-psychggitns
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LPS response and sickness behavior

Cytokine-mediated sickness behavior is an animal syndrorénthades
decreased locomotor activity, inhibited exploration of thghysical and social
environment, reduced food and water intake, and impairedilgaand memory
(Dantzer, 2001). Notably, zebrafish possess a wide afraytakines, similar to
humans and mice (Lieschke, 2001). Drawing on already esdtebliknowledge
that bacterial lipopolysaccharide (LPS) is capable aié¢inty sickness behavior in
zebrafish via the induction of pro-inflammatory cytokineseriky et al., 2008),
LPS exposure may possibly serve as a model for sicknes@dreinazebrafish.

The inflammatory response is initiated by the uptakbaateria and their
products by the cells of the innate immune system, whictyrn, continues with
various mechanisms, including the elevation of cytokines amti&mokines such
as TNF-, IL-1, IL-6, and IL-8 (Decker, 2004). While affective pathogsis is
attributed to various exogenous stressors (Nemeroff, 2007; RLEAD), recent
studies have directly linked affective disorders with varioytekines (Asberg et
al., 2009; Hoge, Brandstetter, Moshier, Pollack, Wong, ®@dsi, 2009; Jonsdottir,
Hagg, Glise, & Ekman, 2009; Lu, Jensen, Huang, Kealey,&laVhitehead,
2009). Therefore, the induction of a cytokine response via ihP&brafish may
produce a promising model of cytokine-mediated behavioral symes.

Schizophrenia and autism

Traditional methods of modeling schizophrenia in animals wesol
dopamine agonist-mediated hyperactivity, and measuring the nsEspoto
antipsychotic dopaminergic antagonists, including the elevaewets of dopamine
metabolites, dihyroxyphenylacetic acid, and homovanilic acalnd in the
cerebral spinal fluid and urine of human patients). We sidge utilization of the
same antipsychotic drugs administered to rodents (suchlegehidol, clozapine,
risperidone, and olanzapine), could produce similar behavi@sponses in
zebrafish. Clearly, more models of schizophrenia inafedir are needed. The only
current model to date was developed through Burgess andt@sasuccessful use
of sensory gating, in which it was demonstrated that amfijsdic drugs can
suppress disruptions in zebrafish PPl induced by dopamine agy@Bigigess &
Granato, 2007).

Many of behavioral abnormalities associated with autispectrum
disorders (ASDs) are inherently difficult to model in aaisn However, previous
experimentation suggests that it is possible to model defesocial interaction in
zebrafish, as well as the developmental and cellular tetiest correspond to such
symptomology. For instance, zebrafish homologues of the gendgatad in
ASDs (such aseurexinsreelin, mecp2 andme) have been identified, and assays
that measure social interaction have been developed &GplBaldwin, Johnson,
& Scholz, 2009). Thus, like mice, but empowered by the ease métige
manipulations, zebrafish may lead to new experimental andtigemodels
relevant to ASD.
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Conclusions

With an organism as promising as the zebrafish, ihfgerative to develop
new models and to refine and expand upon current models in ordsiect this
species’ full potential. In addition to establishing new modals paradigms,
adding new behavioral endpoints and using novel observatidmodsetsuch as
automated video-tracking systems, will bolster the utility z#brafish in
neurobehavioral research. Using biomolecular markers (sughre expression or
endocrine measures) to parallel zebrafish physiology witre\betal data is
another important direction of research. Finally, expantiregarea of zebrafish
research by including cross-domain modeling (e.g., drug weittel/anxiety), new
disorders (e.g., ASD, schizophrenia), and new pathwags {®ain genes, central
and peripheral cytokines) may lead to new translatiormais using both larval
and adult zebrafish.
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