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Abstract

While zebrafish Danio rerio) arewidely utilized as a model spes for neurscienceresearchthey
also possess several qualitiizat make thenparticularly useful for studyingstress and anxiety
related behaviors Zebrafish neuroendocrine responsese robust and correlate strongly with
behavioralendpoints These fishare also highly sensitive tovarious environmental challenges,
including novelty stress exposure to mdatos, alarm pheromone anxiogenicdrugs, and drug
withdrawal. In addition, \arying levels of baseline anxietan beobserved in different strains of
zebrafi$. Collectively, this supportsthe validity and efficacy of thedult zebrafish model for

studyingboth acute and chronanxiety



Introduction

As summarized in severahapters of this bookhé zbrafishis commonly use@sa model
speciedn biomedical researcfi13, 40] A vast array of genetic knowledge and a complete genome
sequences available forzebrafish pladng our genetic understanding of tkebrafish on par with
the fruit fly and mouse[41]. Although trese studies havepredominantlyexaminedgenetic and
embryologicalphenomend49], zebrafishare increasing usedin neuroscienceesearch{3-6, 15,

23]. Importantly, zebrafish possesll of thefi c | assi cal 0 n e urvertebraaed3d]mi t t e
suggesting theipotential for studying disorderssuch asP ar ki ,ns Ah » b eanxistgand s ,
depressior{33]. While complexneuropsychiatriadisordersare difficult to reproduce in zebrafish,
analogoudrainmechanismsnay beinvestigatedusing suchmodels[31].

Stress and anxietigave been studied extensively uswayious animal(primarily murine
models[18, 44, 48] Recently, zebrafish have emergedaagromisingnew aganism foranxiety
research due to thenobust cortisol stress responsp], behavioralstrain differenceq14] and
sensitivity to drugreatmen{5, 8, 16, 28] predatorg4] andalarm pheromongt3]. This chapter will
outline several aspects of zebrafish behathat arerelevant to the study of fear and anxietyated
states.

The novel tank divingpar adi gm: a fi sh fAopen fieldo?

Zebmafish behavioral assayare currently used fdmigh-throughputphenotypingandtesting
variouspsychotropicdrugs(6, 25, 27] A popular method of behavioral analysiszebrafish ishe
novel tank diving paradigniFig. 1) conceptually similar to the open field test used for rodents
(Table 1) In the open field test, ite exposed to a novel environment initially exhibit atylike
behavior bystaying close to thavalls (thigmotaxis), but begin to display increasexplorationas

they become acclimated to the new sett[dd]. Similarly, exposureof zebrafishto a novel



environment evokes a robust anxiegsponsg6], as theanimalsdive to the bottomand limit
explorationuntil theyfeel safe taswim in the upper regions of the tafikable 1)

Until recently,quantificationof zebrafish behavior wasostly performed manually, making
it vulnerable to human err@ndincorrect data interpretatioim contrastautomatedzideo-tracking
technologiescan analyze animal behavior to provide standardized observation of behavioral
endpoints and reducsubjective influencg14]. Another advantageof using the videdracking
approach in zebrafish reseaistihe ability to store, replagnd reanalyze videoBinally, during the
novel tank divingtest, videetracking programs canalculate additionabehavioral endpointaot
availablethroughmanualobservationsuch aglistance traveled in top/bottom, velocitgeandering
and angular velocityTable 2).Comparisorof data produced by thedeotracking system with that
recordedmanuallyshowssignificant (>80-90%) correlationbetween the tw¢l4], confirming that
thevideotrackingapproachs a reliablanethodof analysisn zebrafish neurobehavioral research.

Analyzing endocrine responseso stress

Physiologicalphenotypesontributemarkedlyto the utility of zebrafish modglfor anxiety
research The zebrafish hypothalampstuitary-interrenal (HPI) axiss homologous to the human
hypothalamuspituitary-adrenal (HPA) axiswith cortisol beingthe primary stress hormone in both
axes[1, 11] (Fig. 2) Following animal exposure to stressful stimuli, the hypothalamus secretes
corticotropin releasing hormone (CRH), which activates the pituitary gland and signals the pituitary
to release andrenocorticotropic hormone (AQ.T&timulated by ACTH, the adrenah@mmals) or
interrenal (zebrafish) glasdsynthesizeglucocorticoid hormones from a cholesterol precufddr
29]. Increased levels of glucocorticoids initiate metabolic effélsat modulate the stress reaction
[11, 36] including gluconeogenesis, aitflammatory effects and immune system suppreg&i0h

The effects of the s#ss reaction are harmful in excess and are alleviated through a negative



feedback to the hypothalamus and pituitary, which suppresses CRH and ACTH [@&|d&3eThis
evolutionarily conserved stress response between zebrafish and humans makes zebrafish a valic
model to study cortisemnediated stress respon$2s46].

Analysis of the physiological (neuroendocrine) responses to stress in zebrafish is a valuable
tool complementing behavioral studieBne cortisolassay in zebrafis[8, 14] is relatively simple,
inexpensive can be easily adopted in a variety of laboratory settiagsl strikingly parallels
observed anxiety behavior (Fig..3%tatistical analysis of correlation between behavior and
endocrine response may further assist in datat er pr et ati on. For examp
correlation coefficient, used to assess the relationship between two variables, can determine the level
of correlation between behavioral data and cortisol concentration values.

Behavioral responses to expénental stressors: Redators and alarm pheromone
exposure

The presence of a predator is a universal stressor in anifedisafish have demonstrated
significantbehaviorakesponses ttheir natural predator, the Indian Leaf Fislaphdus nandus}nd
to foreign predatorf4] (Fig. 4). Zebrafish ado showan increase in whole body cortisol levafter
visual contact with a predator fisbonfirming theirincreasedstress respong@8]. In geneal, two
possible explanations forpredatoravoidance behaviomclude learned antipredatory responses
(following exposireto a harmful predatdror instinctiveavoidance behavior.

Mounting evidence supports the importance of learning in the developmeamirogl
predatory responsegor example, Wwile visual predator recognition skillseem to be based on
unlearned predispositions, aptiedatory behavior using olfactostimuli can be modified with
experienceparticularly during the initial stages of the predatoey interactiorf19]. Olfactory cues

enable zebrafish to recognize predatoigllowing a single exposure to the predator figty].



However,experimentallynaive zebrafishespondsignificantlystrongerto theirnaturalpredatorthan
to anallopatric predator, suggestingganeticbasedoredator anxiety4].

Our laloraory has recently examinezebrafish stress resposse the Indian Leaf fisha
natural sympatric predatandthe Oscar fishAstronotus ocellatysan allopatric préator native to
South America.Using experimentalinaive zebrafish, we conducted acute and chrprecator
exposure tests using the novahk diving paradigmAs can be seen in Fig. 4A and Bytb acute
and chronicpredatorexposure produced similar behavioral responses to the Irgiah fish.
Notably, dthough the zebrafish displayed a typical response to stress with an increase of erratic
movements, they also displayed a short latency to enter the upper half and more time spend in the
upper half, which are not characteristics asged with stress in the novel tank paradigiables 1
and 3. However,asthe predator fistspent the majority of the time in the bottom of the tahk
appearghatthe zebrafish displayed @earcut learnedavoidancebehaviorby moving to the area
least likely to be occupied by a predatdn contrast,typical anxiety-like behavior was only
significant in the erratic movement endpoint during Oscar fish exposudecating weaker
responsesas compared to the Indian Ledish experiment(Fig. 4C). Although zebrafishwere
noticeably stressed by the Osdeh, these findingsndicate a greater fear of synagric (than
allopatric)predatorsThis suggestthe importance oh genetic, instinctual influence aghezebrafish
fearresponse

In line with this, we havealsoexaminedhe effect ofalarm pheromone in zebrafishs will
be mentioned in this bookhe zebrafish olfactory systemetectsalarm pheromoneeleased by
injured skincells and has been shown to cause bealresponsed/Vhile behavioral alterations in
zebrafish could, in theory, kadfectedby alarm pheromone, theompositionof this moleculds not

completely understoodTherefore, exact concentrations and dostagnot be determinedhen



using nonquantifiableextraction from zebrafish skif84]. After extracting alarm pheromone from
the epidermal cells of euthanized zebraf#8), we exposed naive fish to water containing the alarm
pheromone, and measureehavioraresponseagain through theovel tank paradigm. Acute alarm
pheromone exposuré~ig. 5A) resulted in a robust anxietike behavioral response, notably
represented through significantly decreased exploration and increased erratic movements and
freezing bouts [14]. A recent studyfound that hypoxanthine 3dN-oxide, a molecule common to
several fsh alarm substances, elginore erratic movements and jumps when zebrafish were
acutely exposed tits increasingdoses[34]. In contrast chronic alarm pheromone exposiumeour
studiesproduced no significant chandeom the control cobrt (Fig. ), suggestingthat alarm
pheromone is only effective acuteiyost likely reflecting its natural usas a fastacting danger
signal to nearby shoals.

Pharmacogenic and withdrawalassociated anxiety

Past zebrafish studies demonstrated robust behavioral phenotypkswing acute and
chronic exposure to psychotropic agestsh as diazepam, caffeine, ethanol, morphine, cocaine,
nicotine, barbituratesand hallucinogens[8, 14, 22, 25, 32, 37]The observedoredictable bi
directional behavioralresponsego known anxitytic or anxiogenicdrugs indicate thazebrafish
demonstratéigh translational valum stress and anxiefyharmacological research.

Anxiety symptoms areommonly seeim patientswithdrawingfrom chronic drug therapjy,
17, 24] Increasing interest in the underlgimeurobiological mechanisms of withdraveghdrome
necessitates the developrmerf appropriate animal modelRobustanxiety phenotypes have been
elicited in zebrafish through discontinuation of chronic drug exposuiggesting thexistenceof

withdrawal syndrome in this specidsor exampledrug-evoked anxiogenic effects wereported



following abrupt cessation of chronic cocaine administrafitf], confirming zebrafishasa valid
animal model of withdrawal syndrorassociated anxiefyfable 3)

Strain differencesin zebrafish behavior

As with other species, genetic differences in zebrafish may leadariong behavioral
phenotypesOne study found chronic ethanol exposure to decrease shoaling behavior-tgpeild
shortfin zebrafish, but increase shoaling behavior in longstriped strain [12]. Our group
investigated baseline anxiety levals shortfin and leopard strainsieporting thatthe leopard
zebrdish generallydisplay highetevels of anxietyn the novel tank tegFig. 6). Interestingly, sing
automated video trackonsoftware, wefound no significant differences in swimming velocity or
total distance travelled betwe#rese twastrains(Fig. 6), indicating that thesdifferences in anxiety
were not due to motor/neurologiaficits

Clearly, understandinghe behavioral differences betweeabrafishstrainsis crucial for
expanding this animal model tovestigatepopulation differences in humans atiteir susceptibility
to stressorsin addition,selection of a certain strain coubghtimize data generated in screening of
anxiolytic or anxiogenic drugs. For examptiie to floor/ceiling effectsshoosinga more anxious
(e.g, leopard)strain may provide more robust results if examining the behavioral effects of an
anxiolytic compoud, while the use of a less anxiowsrain(such as shoffin zebrafish couldyield
more cleatcut phenotypesvhile testing anxiogenic drugs and manipulations.

Mutant and transgeniczebrafish

Ease of genet manipulation, high fecunditgndrapid developmenmakezebrafish a useful
tool to studythe genetic factors involved in pathogend2&]. Applied to zebrafishmutagenesis,
trangenesisand mapping approachemable theresearchers to use invertebratgle forward

genetics on a vertebrate organif26]. There are alsaertaindrawbacks to the use of zebrafish in



geneticresearchas they have duplicate genom@&ndnot all duplicated genes have been retained
through ime [21]. For example,tiis frequently argued that further comprehension of zebrafish gene
function will only uncover invalid redundant and speapscific information [21]. However,
duplicate genes can algwovide significant advantageshen zebrafish ceorthologs represent
selected expression patterns and developmental functions of moimedogs. hus restricted
expression of zebrafish genes, in comparison to the corresponding mouse orthologs, may lead to an
improved comprehension of devploental relations in cell lineage or tissue patterning in f2itp

Furthermore, averal transgenic zebrafish exhibit robust aberrant behavioral phenotypes
linked to the knockout of specific target genes. For examplermindnev) gene mutant zebrafish
display severe disruption of optic nerve innervat[d@@]. While their muscularmorphology is
normal,nevdorsal retinotectahxon projections terminate on both the dorsal and ventral side of the
tectum, resulting in atypicdbcomotion such ascorkscrew swimming, in which zebrafigbtate
around their long body axis. Similarlgphingosylphosphorylcholinknockoutzebrafish pgorm
spontaneous erratic movements and escape behaviors (e.g., rapid turning) without provocation from
stressful stimul[35].

Someof the transgenic zebrafish models focus on abnormal developmental patterns that
prevent proper innervations between nuclei and in turn disrupt neurophysiology. One example of this
is the mutation of the Lhx2 homologel, a transcription factor involvedh retinotectal axonal
growth. In zebrafish, achiasmaiimduced oculomotor deficits generate spontaneous eye oscillations
that may model congenital nystagmus in humans, in addition to causing reversed perception of
visual stimuli, misppropriated eye moweentsand circling swimming behavidB8]. It is possibé
to expect that numerous other zebrafish mutations may lead to interesting andtanxietyrelated

behavioral phenotypehat will berevealed in future studies



Conclusion

Although axiety-related disorders continue to be one of the most prevagemosychiatric
conditions their pathologi@ mechanismsare poorly understoodOne hypothesis stipulates that
these disorders are most likebause byabnormaly functioning biological mechanisms that
originally evolved as a function of danger avoidaf®4]. Current challenges to phenotypased
drug discoverynclude expensivemammalian animal modethatrequire ample physical space and
large quantities of compoundsr use in experimentdvlammalian animal models also exhibit
complex behavioral phenotypesatraresometimes todlifficult to characterizeand interpre{49].
Using zebrafish as adternativeanimal mode(Table 3 Fig. 7) effectively reduces thediitations,
and togetherwith computeraided video tracking technologiesndocrine correlatesand genetic
manipulation makes higkthroughput behavioral phenotyping and pharmacological screens a

promising possibility14, 30, 39, 40, 49]
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Pre-treatment beaker

Novel Tank (6 min)

Figure 1. The novel tank diving tesixamines noveltgvokedanxiety Whena zebrafishs exposed
to a novel(potentially dangerousdnvironment, it initially dives to the bottom, and then gradually
explares the top. Inhibited exploratipreduced speed, and increased frequency of edikaparatic
behaviors areusually associated with higher levels of anxiety elicited by different stregsees

Table 2for detailg.
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Figure 2: Zebrafishendocrine stresaxis.
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Cortisol Concentation (ng/g) Cortisol concentration (ng/g) Cortisol concentration (ng/g)
0.3 - 0.4 - * 0.4 -
ok
# 0.3 - 0.3 - r* _‘T
0.2 - T T
I
0.2 - T 0.2 - |
0.1
1 4 4
" 0.1 0.1
0 Chronic Diazepam 0 Control Ethanol 0 Control Chronic  Ethanol
Diazepam Withdrawal (n=7) Withdrawal (n=19) Ethanol Withdrawal
(n=10) (n=9) (n=9) (n=18) (n=20)

Figure 3. Zebrafish endocrine responses (whbtly cortisol, ng/g fish) t@anxiogenic behavioral
effects produced bwithdrawal fromdiazepam anethanol. Data are presented as mean + SEM,

*p<0.05, *p<0.01, **p<0.005 vscontrols U-test (nmodified from[14]).
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A Latency to upper half, s Transitions to upper half Time in upper half, s Erratic Movements
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Figure 4. Anxiogenic effects ofpredator exposure on zebrafisehavior. A, B- exposure to the
sympatric predator Indian Leaf fighlLF): A T acute5-min exposure; B chronic 24h (top) and 72
h (bottom) exposure. € acute 18min exposure tadhe allopatric predator Oscar fisBata are
presented as mea8EM, *P < 0.05, **P < 0.01, ***P < 0.005, # < 0.09 (trend) vs. contrgl U-

test.
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Figure 5: Anxiogenic effects of alarm pheromone on zebrafish behavior in the novel tank diving
test: (A) acute alarm pheromone exposure (6 min). (B) Prolonged alarm pher(8fone). Data
are presented as mas@EM, *P < 0.05, **P < 0.01, **P < 0.005, # < 0.09 (trend) vs. controy-

test(modified from[14]).
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Figure 6: Strain differences in zebrafish novel tank diving test behavior. Two different strains display strain
distinct patterns of their exploratory behavior, as illustrated by representative swimming traces and selected
behavioral endpoints analyzed using videsxking software (@&verSys Inc). Data are presented as

meartSEM, **P < 0.01, ***P< 0.005vs. wild type, U-test(modified from[14]).
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