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Zebrafish Danio rerio) associative responses are useful for pharmaedatici toxicology screening,
behavioral genetics, and discovering neural meshasinvolved in behavioral modulation. In novel
environments, zebrafish swim to tank bottoms antt Backgrounds, behaviors attributed to anxiety
associated with threat of predation. To examinasiibe genetic effects of inbreeding and
segregation on this behavior, we compared Zebré#figdrnational Resource Center (ZIRC) AB and
WIK lines to zebrafish and GloFish® from a pet stdPETCO)in two qualitatively different novel
environments: the dive tank and aquatic light/daitis maze. Behavior was observed in the dive
tank for 5 min, immediately followed by 5 min inethight/dark plus maze. Among strains, WIK
spent more time in the dive tank top than AB (780+vs. 17 +11 sec), and AB froze in the plus
maze center for longer than PETCO or GloFish® (2621 vs. 72 29 or 27_+27 sec). Further,
behavior of zebrafish exposed for 3 min to 25 magfcotine, desipramine, chlordiazepoxide,
yohimbine, 100 mg/L citalopram, 0.05% DMSO, or 0.5hanol was compared to controls.
Approximately 0.1% of drug is available in braineafsuch exposures. Desipramine or citalopram-
exposed fish spent more time in the dive tank toq both reuptake inhibitors bound to serotonin
transporters in zebrafish brain with high affinitg; = 7 +5 and 9_+5 nM). In the plus maze,
chlordiazepoxide, ethanol and DMSO-exposed fislssgd more lines and spent more time in white
arms. Neither 25 mg/L nicotine nor yohimbine atkzebrafish behavior in novel environments, but
nicotine was anxiolytic at higher doses. Ovettllé light/dark plus maze and dive tank are distinct
behavioral measures that are sensitive to treatméht anxiolytic compounds, but zebrafish line
selection and solvents can influence baseline behawvthese tests.
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Animal models of anxiety, depression and other mdsbrders are in
demand for translational biomedical research. @it Oanio rerio) are gaining
popularity in behavioral neuroscience, pharmacolagyd toxicology (e.g.,
Rubinstein, 2006; Ton, Lin, & Willett, 2006). Asall, resilient vertebrates with
mapped and malleable genomes, zebrafish are upigueénable to studies of
genetic and neurophysiologic bases of behaviorcagditive function (Guo, 2004;
Linney, Upchurch, & Donerly, 2004). While theirraeus systems are simpler
than those of mammals, zebrafish still perform clempbehaviors that are
similarly modulated by central neurotransmitterteyss. Useful fish associative
behaviors need to be reliably reproducible (Bla&dberlai, 2006), responsive to
pharmaceutical treatments, and ideally, resembpeecis of human behavioral
pathology.

Zebrafish for research in the United States can ob&ined from
commercial/retail suppliers, donor laboratoriesfrom the zebrafish international
resource center (ZIRC). Progenitors of the AB lmed by George Streisinger in
the 1970's came from a pet shop in Albany, Oreg&@ince zebrafish research
lines, such as AB, have been selected for highotemmtive capacity and embryo
survivorship (Spence, Gerlach, Lawrence, & Smith08), natural selection for
predator avoidance has ceased. We therefore ptetuthat innate predator
vigilance in an unfamiliar environment could wamnenh these inbred populations.
To test this hypothesis, we compared anxiety resgmin two novel environments
between ZIRC AB and WIK lines, the latter of whidbscends more recently from
wild populations in India. Further, we comparediaty responses in GloFish®,
with added fluorescent protein genes, to standeldafish from PETCO pet stores
to examine the influence of this heritable insertion behavior in novel
environments.

Anxiety disorders are prevalent psychiatric coaisi that affect emotion
and cognition; they exhibit > 50% co-morbidity witepression (Morilak &
Frazer, 2004). Anxiety is associated with behaliogsponses that are replicable
in animal models and altered by anxiolytic drugsghsas the elevated plus maze
for rodents (Lapiz-Bluhm, Bondi, Doyen, Rodrigu&g&dard-Arana, & Morilak,
2008). To model anxiety in fish, cues tied to @téxh threat such as predator
odors, alarm pheromones or fleeing conspecificsygnieally used (Bass & Gerlai,
2008; Ferrari, Messier, & Chivers 2008; Speedie &l&, 2008). Such studies
provide insight into physiological pathways andlationary pressures involved in
fear, anxiety, or evasive strategies. Howeverggeeated predator avoidance
under circumstances posing no threat may be oftgredinical relevance, as
exemplified by zebrafish thigmotaxic or light avaite behaviors in novel
environments.

Herein, we utilize two novel environment paradigrtiee dive tank and
light/dark plus maze, to compare initial respontesinfamiliar environments as
indicators of zebrafish anxiety state. The divektanxiety test, used by Levin, et
al. (2007), is based on the tendency of zebrafisreimain in side and bottom
contact with solid boundaries (a thigmotaxic reg@nin a novel tank. The
aquatic light/dark plus maze is based on the tenyef zebrafish to seek dark
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backgrounds (or avoid light backgrounds) in unféamiénvironments (Guo, 2004;
Serra, Medalha, & Mattioli, 1999). Both tests abehhance rapid drug or toxin
screening and reveal two independent dimensionsmatinctive zebrafish anti-
predator anxiety responses.

In both novel environments we surveyed the acutecef of moderate
doses of several water-soluble anxiolytic (chlazdiaoxide, ethanol, nicotine) or
anxiogenic (yohimbine) compounds, as well as monoanmeuptake inhibitors
(MRIs) desipramine and citalopram, on zebrafish legpory vs. defensive
behavior. Additionally we examined the effect bétsolvent DMSO, as it is a
commonly usedn vivo vehicle for insoluble compounds. We traced aaupeatic
uptake of fH] citalopram into zebrafish muscle and brain toamfify its
bioavailability, which might be indicative of otheompounds of similar size and
molecular structure. Finally, since zebrafish tmim transporters (SERTS) are
target sites of MRIs, and SERT modulation may affaoxiety state, we
characterized high-affinity SERT binding and itssplacement by MRIs in
zebrafish brain membrane homogenates.

In summary, the primary aim of this study was tapare innate anxiety
responses in novel environments among zebrafigs lirsed in neurobehavioral
research, and to assess the effects of compourtdsanxiogenic and anxiolytic
properties on this behavior. Other aims were &ngjty drug uptake into zebrafish
brain and explore the properties of ligand bindiagtheir SERT, one of many
target sites for drugs altering anxiety statesartabrates.

M ethods
Experimental subjects: zebrafish

Adult zebrafish Danio rerio) were obtained from one of four sources. PETCOm#shi
Suppliers Inc., retail branch in Paramus, NJ (caa® headquarters in San Diego, CA) was the
source for “PETCO” and GloFish® lines. The AB amiK lines were obtained from the Zebrafish
International Resource Center (ZIRC) at the Unitgisf Oregon, Eugene, OR. These were used in
experiments conducted at William Paterson Univgrsifayne, NJ in 2007-2008. The third source
of zebrafish was Aquatic Eco-Systems (Apopka, Fhd #she fourth was a PETCO branch in San
Antonio, TX; both were used in binding studies andecond round of behavioral experiments
conducted at the University of Texas Health Scie@emter at San Antonio in 2008-2009. All
zebrafish were housed in either 3 L or 10 L tamks ibenchtop aquatic habitat with re-circulating
filtered de-ionized tap water supplemented with B@fJL Instant Ocean salts (Aquatic Eco-Systems,
Apopka, FL). Zebrafish were fed twice daily a dié¢brine shrimp Artemia franciscana, GSL Brine
Shrimp, Ogden, UT) and flake fish food (Wardley dlotropical, Hartz Mountain, Secaucus, NJ).
Fish were maintained on a 14-hour light/10-hourkdeycle with lights on at 0700 h, and all
behavioral assays were run during the light cytteall experimental groups, mature zebrafish males
and females were present in roughly equal numb@tsanimals were maintained and procedures
were performed in accordance with the InstitutioAnimal Care and Use Committees of William
Paterson University and the University of Texas|the&cience Center at San Antonio, following the
Institute for Laboratory Animal Research (ILAR) &@od the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) glelines.
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General procedure for drug exposures and behavioral testsin novel environments

Zebrafish behavior in novel environments was te&édwing acute exposure to dissolved
drugs or solvents at one or more concentratioribarrange of 25 — 100 mg/L, in a 1L beaker filled
with 500 mL water from their aquatic habitat. Dragd solvents included citalopram (Forrest
Laboratories, Jersey City, NJ), nicotine, desipremnichloridazepoxide, yohimbine, 0.05% DMSO
(Sigma, St. Louis, MO), and 0.5% ethanol (Fisheieific, USA). Zebrafish were transferred by
net from home tanks into the beaker containing ®Q0of tank water with dissolved test compound
(no additive for controls) for 3 - 4 min. Behaabtesting consisted of a 5 min session in the dive
tank immediately followed by netting and transfemat5 min session in the light-dark plus-maze. All
fish were drug and environment naive. Tests werglacted between 0900 and 1700 h. Test time
from drug exposure to completion was 14-15 minfigér. Water filling the novel environments was
refreshed with habitat water after each fish’d.tria

Nove dive tank. The dive tank was a transparent, triangular 4 h fank (Aquascene 1,
TopFin, Phoenix, AZ) filled to a depth of 18 cm fwi8.5 L of home tank water (Figure 1). Lines
dividing the tank into thirds were drawn on thesidé with marker to aid observation. The tank sat
on a black countertop, with a 24 cm x 22 cm whitard against its back wall to enhance contrast for
video recording by digital camera (HP Photosmard RfficeMax, USA). Fish in the dive tank
were observed and digitally recorded for 5 min étedmine the amount of time spent in the top 2/3
vs. bottom 1/3 of the tank. This dive tank teas based on Levin and colleagues (2007).

Figure 1. The novel dive tank. Upon introduction to the disak, untreated controls initially dwell
in the bottom third of the tank before venturingtaghe top 2/3 of the tank (per Levin et al., 2007
Observations are made over 5 min.

Novel light-dark plus maze. The aquatic plus maze test was performed in then7{H) x
51 cm (W) X 10 cm (D) offset cross maze (Ezra SdienSan Antonio, TX), subdivisible into 10 x
10 cm square (10 Anunits by drop-in doors. The plus maze module leg®the 10 crhcenter
section and surrounding four 10 Tarms (Figure 2). The clear acrylic maze wasdille a depth of
4 cm. Two opposite arms were lined with black ptiylene 10 cfsquares and the other two were
lined with white polyethylene 10 énsquares cut from folders and secured to walls tiitider clips.
The grey background of the copy stand (Kaiser B4 Photo, New York, NY) showed through
the middle 10 cfhsection of the maze. A lit 60 W desk lamp wasatitd on the copy stand above
the maze and behind the digital camera (HP Phott$k7&2) during testing.
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10.16 cm

Figure 2. The novel aquatic light/dark plus maze. Uneddish tend to freeze in the center and
initially enter black arms when first introduceddrthe plus maze. After several minutes they begin
to explore the maze. Observations are made omen5

Fish netted from the dive tank were released inéocenter section of the plus maze for 5
minutes of observed and digitally recorded testiiguring this trial, the amount of time the fish
spent in white arms, the number of crosses intdeadn black arms, and the amount of time that fish
spent motionless in the center section upon intton (initially frozen) were recorded by two
cognizant observers (one recording time, the athesrding arm entries), as per scoring of rathién t
elevated plus maze (Lapiz-Bluhm et al., 2008). edicccordings from both the dive tank and plus
maze tests were subsequently reviewed by a tre&dotiad observer to confirm real time data
collection of times and line crosses.

Multivariate analysis of variance (ANOVA) of beharal data was performed using
Satistica for the Macintosh (Statsoft, Tulsa, OK). Companis among strain and drug exposures
were made for the following behavioral measuresosds spent in top 2/3 of dive tank, number of
line crossings in plus maze, % white of total laressings, time spent in white arms and initialetim
frozen (introduction immobility) in the middle dfe plus maze.

Uptake of [®H] citalopram from water into zebrafish muscle and brain. Adult zebrafish
were exposed in 25 mL beakers filled with habitatew to either 75 nM or 35 nM of the selective
serotonin reuptake inhibitor radiologartH] citalopram (79 Ci/mmol, Perkin-Elmer, Boston, WA
for 3 min. Fish were removed from radioligand Isattith forceps and rapidly decapitated with a
scalpel. {H] citalopram labeled zebrafish brains and a squs@gment of lateral muscle were
removed, weighed and placed in 1.5 mL microcergafuubes containing 20QL scintillation
cocktail (Ecolume, Fisher Scientific, USA). Latelbrains and muscles were homogenized with a
small plastic pestle in the microcentrifuge tubesl dhen transferred to 8 ml scintillation vials
(Beckman Mini Poly-Q, Fisher Scientific, USA), tchigh 5 mL of scintillation cocktail (Ecolume,
Fisher Scientific, USA) was added. Tissue homotgnan vials were vortexed, and tritium label
(DPM) was measured on a Packard 1900 TR liquidtiBation counter (Packard Instrument Co.,
Downers Grove, IL) with an efficiency of 40%.

[H] Citalopram saturation and displacement binding in brain membrane homogenates.
Radioligand binding to zebrafish serotonin tranggrsr (SERTS) in whole brain homogenates was
performed as in previous studies (Gould, Brook$;r&zer, 2007). Whole brains pooled from 10-12
adult zebrafish of mixed gender (Aquatic Eco-SysteApopka, FL) were homogenized in 25 mL of
4°C 50 mM Tris, 120 mM NaCl, 5 mM KCI buffer, pH47at 26°C, for 15 sec on a Polytron
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homogenizer (Brinkman, Westbury, NY). The homogeneas centrifuged for 10 min at 30,600 x G
at 4°C. The supernate was discarded and the pedlsuspended with a Potter Elrehijem
homogenizer into 25 mL 4°C buffer and centrifugethe final pellet was suspended in a 12 mL
buffer and protein concentration was determinedgi8radford reagent (Sigma), BSA standards and
a spectrophotometer (DU 640, Beckman, USA).

Incubation with fH] citalopram was carried out in triplicate for /ah26°C in pH 7.4 Tris-
HCI, NaCl, KCI buffer. Each tube contained j00 of brain homogenate, in a total volume of 250
pL. The radioligand concentration for saturatiosass ranged from 0.1-10 nM, for which non-
specific binding was defined with 3fM fluoxetine (Eli Lilly & Co., Indianapolis, IN), owas 2.5
nM [3H] citalopram for displacement assays. The seintarorepinephrine, and dopamine reuptake
inhibitors desipramine (Sigma), sertraline (Pfizérpton CT), and GBR12909 (Sigma) were used as
displacing agents. ] citalopram incubation was terminated by additafrt mL of pH 7.4 at 4°C
buffer. Labeled homogenates were captured byafiittn under vacuum onto glass fiber filters
(Schleicher and Schuell, Keene, NH) pre-soaked%npolyethyleneimine (Sigma) with a Brandel
tissue harvester (Gaithersburg, MD). Filters wemsshed twice more with 4 mL of buffer.®H]
Radioactivity trapped by the filters was measuredaoscintillation counter (1900 TR, Packard
Instrument Co., Downers Grove, IL) with 40% effivdy. Binding data were analyzed by non-linear
regression using DeltaGraph (Red Rock, Salt Lakg, QUT) to determine the equilibrium
dissociation constant g and estimate maximal binding (Bmax), and Chend Rrusoff (1973)
correction was used to determine inhibition consii) values for competition curves.

Results

Effects of line and compound exposures on vertical location of zebrafish in the
divetank

In the dive tank, untreated WIK zebrafish spenhigigantly more time in
the top of the tank (76 30 sec) than AB zebrafish (1714 sec) (ANOVA Iz42) =
2.88, Tukey’'s HSDp < 0.05). There was no significant anxiolytic effeof
nicotine exposure at 25 mg/L in any zebrafish ({Rg4,) = 1.58,p = 0.22). An
additional group of PETCO zebrafish was exposedi¢otine at 125 mg/L for 3
min (N = 4), but spent only 4 4 sec as compared to the 17 sec control mean at
the dive tank top. Results of the four-strain camgon and 25 mg/L nicotine
exposure on fish performance in the dive tank hosva in Figure 3. In a follow-
up experiment conducted at UTHSCSA the next yearfound a trend (k1) =
3.01, Tukey HSDp = 0.08, N = 5 - 6) toward nicotine exposure insneg time
spent in the tank top 2/3 at 50 mg/L (735 sec), but not at 100 mg/L (_11+sec),
over untreated PETCO zebrafish controls (1104sec).

After 3 min exposure of PETCO zebrafish to 25 mgdf the
norepinephrine reuptake inhibitor desipramine, figlent significantly more time
in the top of the dive tank than untreated fish G\WA F 35y= 2.57, Tukey HSIp
< 0.05). There was a non-significant trend towselrafish spending more time in
the top 2/3 of the tank after exposure to 0.5%reshthan controls (Fisher’'s LSD
p = 0.08). The solvent DMSO had no significant aiytic effect on the time
zebrafish spent in the top 2/3 of the tank. Thiega are shown in Figure 4.
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Figure 3. Behavior of zebrafish lines and lack of nicotaféect at 25mg/L in dive tank. WIK line
zebrafish spent more time in the top 2/3 of theehalwe tank than AB fish, and nicotine treatment
had no significant effect. Mean $.E.M. are shown. Sample sizes (N) for AB anKWl 6,
GloFish® = 5, and PETCO zebrafish = 8, both foreated and nicotine treated fish. An * indicates
significantly more time in the top of the tank thtae AB strain | < 0.05).
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Figure 4. Drug and solvent effects on dive tank exploratioZebrafish treated for 3 min with
25mg/L desipramine (DMI) spent significantly moime in the top 2/3 of the dive tank than controls
(CTRL). Mean_+S.E.M. are shown, N = 8. Fish were obtained fRETCO, Paramus, NJ. An *
indicates significantly more time in top 2/3 of kathan controls < 0.05). There was a non-
significant trend for zebrafish exposed to 0.5%aath (EtOH) to spend more time in the top 2/3 of
the tank p = 0.08), indicated by. Neither 25 mg/L nicotine (NIC) nor 0.05% DMSCreated
behavior in the dive tank.
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In a subsequent experiment, zebrafish from Aqudfico-Systems
(Apopka, FL) were used as subjects. These zehrsfisnt significantly more time
in the top 2/3 of the tank after 3 min exposurel@ mg/L of the serotonin
reuptake inhibitor citalopram than unexposed cdsit(BNOVA Fg3 = 23.3,
Tukey HSDp < 0.001). Treatment of zebrafish with 25 mg/lesther thea-
noradrenergic antagonist yohimbine, or the GAB#enzodiazepine site receptor
agonist chlordiazepoxide resulted in mean timestsipethe dive tank top 2/3 that
did not differ from untreated control fish. Theksa are shown in Figure 5.

300 *

L
250 e

7

CONTROL YOH (25) CDE(25)  CIT (100}
ACUTE DRUG TREATMENT (mgiL)

_|_
50+ J.

TIME SPENT I TOP 243 TAMEK (zac)
o
T

Figure 5. Anxiolytic, but not anxiogenic drug effects oebzafish behavior in the dive tank.
Citalopram exposure for 3 min at 100mg/L resultedzébrafish spending significantly more time
than controls in the top 2/3 of the dive tank. WeaS.E.M. are shown, sample size = 9. Fish were
obtained from Aquatic-Ecosystems. An * indicatégniicantly more time in top of tank than
controls or other treatment groups € 0.001). Exposure to 25 mg/L yohimbine (YOH) or
chlordiazepoxide (CDE) did not affect zebrafishtioad localization within the dive tank.

Effects of zebrafish line and compound exposure on behavior in the light/dark
plus-maze

In the aquatic plus maze, among AB, WIK, PETCO &idFish, there
was no effect of zebrafish line or exposure to ZBLmicotine in total number of
arm entries, which averaged 3412 entries for all groups combined (ANOVA
Fstrain 3,49= 0.7, p =0.54; Kotine (1,44= 0.13,p = 0.71). There was also no effect of
line or nicotine on % white arm entries of totatras, which averaged 175 %
for all groups (Eyrain 3,499= 1.48,p =0.23; Ficotine 1,499= 1.26, p = 0.27), nor was
there an effect on the amount of time spent in evhitms, for which the pooled
average was 49 23 secC (Eain 3,49= 0.44,p =0.72; Ficotine (1,44y= 0.32, p = 0.58).
However, AB line fish spent significantly more tinmtially frozen (immobile
upon introduction) in the center of the maze befemeering any arm than either
PETCO zebrafish or GloFish, but not in comparismthe WIK line (Eyain (3,44y=
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3.10,p < 0.05, Tukey's HSIp < 0.05). Zebrafish line effect on initial timeofen
in the center is shown in Figure 6.

Exposure of PETCO zebrafish to a higher dose ajtme (125 mg/L, N=
4) had no significant effect on arm entries (39 entries), % of white entries (25 +
3 %), total time spent in white arms (54 s), or time frozen in the middle (57 +
17 s) as compared to untreated PETCO zebrafishereTivere no significant
interactions between nicotine treatment and sfi@irany parameter. In zebrafish
from a PETCO in San Antonio, TX doses of 50 an@ a@®/L of nicotine had no
effect on white arm entries or time spent in wiaites (F,14)= 0.13 or 0.84,p =
0.88 orp = 0.45) in the light-dark plus maze. However,raéibh administered
100 mg/L nicotine spent significantly more time,(ky = 5.91, Tukey’'s HSIp <
0.005) frozen in the center of the maze (1986+sec) than zebrafish administered
50 mg/L nicotine (9 6 s), but not controls (8148 s); N =5 - 6.
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Figure 6. AB line zebrafish exhibited significantly greatatency to enter an arm than PETCO or
GloFish zebrafish, but not WIK line zebrafish. dline exposure had no influence on this parameter.
Mean + S.E.M. are shown. Sample sizes for AB, Wit GloFish® = 6, and PETCO zebrafish =
8. An *indicates significantly more time initiglfrozen in the middle of the plus-maze than GlboFis
or PETCO zebrafish (ANOVA and Tukey’'s HSD post-hps; 0.05).

Exposure of PETCO zebrafish to 0.5% ethanol or %.@dMSO resulted
in a significant increase in total arm entries (AN® F,34 = 3.6, p = 0.01,
Fisher's LSDp < 0.05). Neither nicotine nor desipramine expesad any effect
on arm entries (see Figure 7a). There was nordifte between untreated
controls and any of the drug or solvent treatmamtthe % white of total arm
entries (k34 = 1.99p = 0.12); the pooled group average was_2% entries.
However, ethanol-exposed fish spent significantbrertime in white arms (126 +
20 s) than untreated controls (41L#S) (k34 = 2.86,p < 0.05, Fisher’s LSIp <
0.01), as shown in Figure 7b. There was no saif difference among controls
and drug or solvent treatment groups in initialgtifmozen in the middle (Fs4) =
1.30,p = 0.29). One male ethanol-exposed zebrafish wjased during transfer
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from dive tank to plus-maze, so data from this fisks dropped from the analysis
(ethanol N = 7, all other drug/solvent groups N)= 8
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Figure 7 (a) Zebrafish from PETCO exposed to ethanol (0.586)DMSO (0.05%) entered
significantly more arms in the aquatic light/datkgsmaze than controls (ANOVA and Fisher's LSD
post-hocp < 0.05). Mean S.E.M. are shown, sample size = 8, except N er The EtOH group in
which one fish was injured on transfer. Nicotid§) and desipramine (DMI) treatment had no
effect on this measure. (b) White time: percametispent in white arms. PETCO zebrafish exposed
to 0.5% ethanol (EtOH) or 0.05% DMSO spent sigaifity more time in white arms than untreated
controls (ANOVA and Fisher’s LSD post-hqz,< 0.05).

Zebrafish from Aquatic Eco-Systems treated withhesit 25 mg/L
yohimbine, chlordiazepoxide or 100 mg/L citaloprdid not differ in total arm
entries, which averaged 367#entries across groups (ANOVAgk» = 0.19,p =
0.9). Chlordiazepoxide-treated fish entered whitas more frequently (36 5%
of total entries) than untreated fish (22%) (Rs 32 = 4.91, Fisher's LSI[p < 0.01)
and spent more time in the white arms than contf?d +25 s, vs. 60 10 s
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(F@32) = 3.05,p < 0.05). Neither chlordiazepoxide nor citalopragated fish
froze in the middle of the maze upon introductibnt this response was not
significantly different from the behavior of yohimle-treated or untreated controls
(F@32)= 1.69,p = 0.19). Figure 8a shows the effects of thesgsinn % white of
total entries, and 8b. shows drug effects on timehite arms.

60—

2% WHITE ENTRIES
[+
T

10 7

CTRL YOH (25) CDE ({25  CIT (100}
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Figure 8. Effects of drugs targeting excitatory and intubj neurotransmitter systems on behavior
of zebrafish from Aquatic Eco-Systems in the ligatk plus-maze. Mean + S.E.M. are shown,
sample size = 9, CTRL = control, YOH = yohimbine i2§/L, CDE = chlordiazepoxide 25 mg/L;
CIT: citalopram 100 mg/L. Total arm entries didt rbffer significantly among drug treatment
groups, yet (a) chlordiazepoxide-treated zebrdfeth proportionally more white arm entries, and (b)
spent more time in white arms than untreated ctn{dNOVA and Fisher's LSD post-ho@ <
0.05).
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Figure 9 (a) Saturation binding ofifl] citalopram to serotonin transporters (SERTs)érafish
whole brain membranes by non-linear regression (8l assays). Membranes pooled from 10-12
adult mixed-sex zebrafish were incubated with catregions of $H] citalopram ranging from 0.1 to
10 nM. Non-specific binding was defined by @® fluoxetine. The k of zebrafish brain SERT
binding sites is 15.6 6 nM and Bmax is 278 ¥0 fmol/mg protein. (b) Displacement of 2.5 nM
[*H] citalopram from zebrafish whole brain membrabgssertraline, desipramine and GBR 12909
(N = 3 assays). Sertraline (Ki =_95tnM) and desipramine (Ki = 7 5 nM) exhibit similar high
affinities for zebrafish SERT binding sites, whiBBR 12909 (Ki > 1000 nM) exhibits negligible
affinity for them.

[*H] Citalopram uptake into zebrafish tissues from water
Zebrafish exposed to 75 nNH] citalopram (24.31g/L) for 3 min took up

115 +37 ng/g wet weight in brain, and 1933 ng/g wet weight in muscle tissue
(N = 6). With bath exposure to 35 nM (fufy/L) [*H] citalopram, zebrafish brain

-54 -



took up 100 +13 ng/g, and muscle took up 704-+ng/g wet weight. Assuming a
linear relationship between fish tissue uptake laatth concentration of citalopram,
exposure to 100 mg/L would result in citalopramasmtrations of 11@g/g in wet
brain, and 949ug/g in wet muscle tissue. Henc#l] citalopram acute uptake in
zebrafish brain and muscle is approximately 1/1866 1/100 of bath solution
concentration.

Zebrafish brain SERT binding properties

Specific PH] citalopram saturation binding to zebrafish senit
transporters (SERTs) was fit by single site noedin regression {r> 0.99).
Addition of a second binding site to the model dat improve the’value of the
curve fit. PH] citalopram binds to zebrafish SERT(s) with g ¥ 15.6 +5.0 nM
and B.x= 278 +70 fmol/mg protein. A plot offH] citalopram saturation binding
is shown in Figure 9a. Both desipramine and der&rehave high affinity for
zebrafish SERT(s), with K= 7 +5 nM and 9_+5 nM, as determined by their
displacement of*H] citalopram. In contrast, GBR 12909 has neglaiaffinity
for zebrafish SERTS, its;ke 1714 +500 nM. Figure 9b showsH] citalopram
displacement from zebrafish SERT by monoamine ekepinhibitors.

Discussion

Herein we examined the effects of genetic lineagg several anxiety-
state altering drugs (including monoamine reuptakbibitors (MRIS)) on
zebrafish behavior in two novel environments:theediank and light/dark plus
maze, and we characterized the binding propertfesh® zebrafish serotonin
transporter, an MRI target, the status of which edfect anxiety states in
zebrafish. Zebrafish behavior in novel environmergsessentially the time-
dependent outcome of a trade-off between anxiautsfeedator or defensive) vs.
exploratory (food-gathering, territorial or sociafjstincts. Individual zebrafish
introduced into novel tanks initially swim close tbhe walls and bottom, a
thigmotaxic response that may evade detection leggiors (Peitsaro, Kaslin,
Anichtchik, & Panula, 2003). After several minutesth no predator cues,
individual zebrafish begin to explore the novelieowment more extensively. We
anticipated that the AB line and GloF®&hwould exhibit a muted predator
“anxiety” or avoidance response as compared toredtiVIK or standard PETCO
zebrafish lines. However, the outbred WIK line r@psignificantly more time in
the top 2/3 of the dive tank. Fluorescent GloRighd not behave differently from
either standard PETCO or AB, all three lines spleatmajority of the test time in
the bottom of the dive tank. In the wild, zebrafege found in shallow ponds and
rice paddies that are generally free of large pgredaand only occur in rivers and
streams due to monsoons, during which time theylldstethe outer edges but
occupy the entire height of the water column (Sper@erlach, Lawrence, &
Smith, 2008). Hence the apparent lack of anxietgoaiated with a novel
environment in WIK, in contrast to retail or AB zabish lines, might be due to
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absence of predation pressure in Indian wild pdjmia, compounded by the
common experience of netting and transfer in ta&ed zebrafish.

In our initial line x nicotine study, 3 min of expare to 25 mg/L of
nicotine failed to alter the amount of time spanttie top 2/3 of the tank by any
zebrafish line, and patrticularly of interest, exjpesto 125 mg/L had no effect.
Yet in previous studies, nicotine at 50 and 100 Lmdwses reduced zebrafish
bottom dwelling at earlier time points in novel éitanks (Levin et al., 2007). In a
follow-up study we exposed zebrafish to 50 and m@IL nicotine and found that
the 50 mg/L dose dramatically increased time spetite top 2/3 of our dive tank,
but the 100 mg/L dose failed to do so. As zebnaéisposed to 100 or 125 mg/L
were relatively less mobile than controls or fiskpesed to lower doses, it is
possible that nicotine has sedative effects orratise induces immobility at the
higher doses. We did not impose a 5 min delay éetwthe 3 min exposure and
testing in the dive tank, as was done in priorissidLevin et al., 2007; Bencan &
Levin, 2008). By testing the fish 5 min earlier e®uld have missed the maximal
effect of the 100 mg/L dose, but this seems unjileshce our 50 mg/L dose of
nicotine dramatically increased time spent by zediraat the top of the tank.
Differences in the shape or dimensions of the dark aquaria (trapezoidal vs.
triangular), and different housing conditions mavé contributed to increased
bottom dwelling in our 100 mg/L nicotine exposethradish compared to those of
Levin and colleagues (2007).

As observed previously (Gerlai, Lahav, Guo, & Rdkeh 2000), 0.5%
ethanol tended to increase zebrafish top dwellimd) lacomotor activity in novel
dive tanks, but this trend was not significanthie present study, perhaps due to
our 3 min vs. their 60 min ethanol exposure. mother study, buspirone and
diazepam exposures reduced bottom dwelling by fighrabut chlordiazepoxide
did not (Bencan, Sledge, & Levin, 2009). We alsanid that chlordiazepoxide
failed to increase zebrafish dwelling at the topghaf tank. Yohimbine (25 mg/L)
was expected to exhibit anxiogenic properties, iyadid not increase bottom
dwelling by zebrafish under these exposure conwitioExposure to 25 mg/L of
the norepinephrine reuptake inhibitor desipraminel@ mg/L of the serotonin
reuptake inhibitor citalopram significantly incredsthe amount of time spent by
zebrafish in the upper sections of the dive tanthenpresent study, which suggests
that both drugs exhibit anxiolytic properties imstparadigm. However, zebrafish
swim bladders have cholinergic, adrenergic andteeengic innervation, so fish
buoyancy is potentially sensitive to ligands taimggtthese systems (Finney,
Robertson, McGee, Smith, & Croll, 2006), and cozdtifound assessment of fish
anxiety levels by vertical localization.

An alternative novel environment test is the lightk plus-maze for
zebrafish. The aquatic light/dark plus maze tsspredicated on the observed
innate preference of zebrafish for dark backgrouS#sra et al.,1999). Analogous
to the rodent elevated plus maze, entry into whites parallels exploration in
opened arms, and dwelling in black arms or clogatsas a defensive (or anxious)
response. Most naive fish initially freeze or emtely black arms before exploring
the white arms minutes later. This behavior appdaren by a telencephalic fear
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response to white or pale backgrounds rather thaneterence for dark (Lau,
Gould, & Guo, 2010). Exposure to ethanol or arptiol drugs reduces this
propensity for light avoidance (Guo, 2004).

We examined zebrafish behavior in the plus mazeddiately after the
dive tank so response to drug exposure in botls tasild be compared directly
within their previously demonstrated 20 min windofumaximum effect (Levin et
al., 2007). As both novel environments are distincappearance, the tests are
brief (5 min each) and there is an interveningingtand transfer, acclimation to
the novel light/dark plus maze due to prior divektaxposure is unlikely to occur.
For example, two or more trials must transpire tefeebrafish respond in a
stereotypical manner to a single aversive stimuthsas an advancing net (Arthur
& Levin, 2001). In this study naive zebrafish espd to tank water or a dose of
compound were used to generate the dive tank arsdrphze data such that each
fish was the subject in one tandem test trial run.

In the aquatic light/dark plus maze, there waddifference among AB,
WIK, PETCO or GloFis® lines in the number of line crosses, white linesses,
or time spent in white arms. However time spemhohile or frozen in the middle
square upon introduction to the plus maze was f&ignitly greater for the AB
strain than any other strain aside from WIK. Assaived with rodents in the
elevated plus maze, time frozen (immobile) in thezencenter can be interpreted
either as an anxiety response of greater magnitadesk assessment state, a
sedative-hypnotic effect or as locomotor impairm@drobrez & Bertoglio, 2005;
Lapiz-Bluhm et al., 2008). In this context, weeirgret AB freezing to be either an
anxiety response or a state of risk assessmemo asugs were administered to
half of the WIK fish and their locomotor activity home tanks was not impaired.
Nicotine at 25 mg/L and doses1®0 mg/L had no significant effect on zebrafish
behavior in the plus maze, but exposure to 50 msgghificantly reduced freezing
in the maze middle relative to the 100 mg/L dos#,not relative to controls.

Exposure to 0.5% ethanol or 0.05% DMSO signifiairicreased total
arm entries by zebrafish in the light/dark plus eazhich is consistent with their
increased swimming activity, but neither compoundréased white arm entries.
However, both ethanol and DMSO-exposed zebrafigimtsgignificantly more
time in white arms. Hence 0.5% ethanol exposuoeyred robust effects in both
novel environments, while DMSO did so only in tHaspmaze. Thus, if ethanol
or DMSO are used as solvent vehicles in bath expssto otherwise insoluble
drugs, researchers should anticipate and measteatia anxiolytic effects on
baseline response. Such an effect, if reversitield enhance the detection of
anxiogenic drug properties by raising control bageValues for time spent in the
top 2/3 of the dive tank or time and entries intatesarms in the plus maze. For
example, we failed to observe increased anxiefyorese with 25 mg/L yohimbine
exposure, which could be due to either a true laiclanxiogenic properties of
yohimbine in zebrafish, an inappropriate dose selecor a “floor effect” of
exploratory behavior in both the dive tank andphes maze. Further studies are
needed to clarify the dose-response profile of @wptic compounds for zebrafish
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behavior in novel environments and their interaiovith DMSO or other non-
polar solvents.

Chlordiazepoxide significantly increased both wharm entries and time
spent in white arms by zebrafish, in contrast sof#tilure to decrease bottom
dwelling in the dive tank (present study and Bencaledge, & Levin, 2009).
Chlordiazepoxide also increased the amount of etferafish spent on the light
side of a tank in a light avoidance test (Lau et al2010). All GABAergic
receptors are functionally conserved among mamiauads zebrafish, and exhibit
similar pharmacological properties (Renier et &Q007). Chlordiazepoxide
displaced H] flunitrazepam binding (K = 1.5 + 0.4 nM) in zebrafish whole brain
membranes with an inhibition constant ®143 +55 nM, indicative of a lower
affinity for the benzodiazepine site than diazepath a K = 23 +4 nM (Lau et
al., 2010). It is plausible that greater affirstier the benzodiazepine site, such as
those of diazepam, are required to reduce bottomlliehy in the dive tank, as
observed by Bencan and colleagues (2009). GABgonism at benzodiazepine
binding sites generally reduces anxiety at low damad sedates at higher doses.
However, the anxiolytic effects of benzodiazepimegebrafish may be limited to
reducing the light avoidance response and maympact vertical localization in
the dive tank.

In contrast, neither desipramine nor citalopramdpo®d any anxiolytic
behaviors in the plus maze, while both increased tspent in the dive tank top.
The effect of these monoamine reuptake inhibitarssertical localization in the
dive tank may selectively reduce thigmotaxis andiehao affect on light
avoidance. Alternatively the response in the diaek could be mediated by
increased systemic serotonin levels stimulatingnsvdladder inflation due to
blockade of plasma SERT activity (Finney et alQ@0 Both doses of these drugs
should have produced substantial occupancy ofébeafish SERT, given that 100
mg/L citalopram exposure is anticipated to reaokle> 100ug/g, and citalopram
Kp = 16 nM and desipamine K 7 nM in the zebrafish brain. Selective serotonin
reuptake inhibitors produced anxiogenic effectsaits tested on the elevated plus
aze (rats spent less time in opened arms and dntbean less frequently);,
benzodiazepines produced anxiolytic effects, andipdemine had no effect
(Drapier et al., 2007). Hence, similar to thegkaf effect in mammalian anxiety
tests, monoamine reuptake inhibiting antidepressardy not exhibit anxiolytic
properties in zebrafish.

Water-soluble compounds, with similar chemical pamies to the
serotonin reuptake inhibitor citalopram that arately administered to zebrafish
via submersion in bath solution, are likely to b&en up into brain at roughly
1/1000 and into muscles at 1/100 of bath conceatmtafter 3 minutes, if this
process approximates a linear relationship at destsnding fromug/L into the
mg/L range. Our findings of a 1:1000 brain: batlugon ratio for acute aquatic
uptake of drug is consistent with previous findingszebrafish for exposure to
morphine sulfate as assessed by LC tandem MS chography (Lau, Bretaud,
Huang, Lin, & Guo, 2006). Effects of longer expastimes, nonlinear uptake,
distinct chemical properties, and timing of maxiratiect after bath administration
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of water-soluble drugs to zebrafish certainly watrdurther pharmacokinetic

investigations. However, the present finding faalopram provides an estimate
the relationship between bath uptake and brairadiiity of citalopram and other

drugs administered in this study over 3 min prior the novel environment

behavioral assay.

The pharmacological properties of the zebrafish inbrgerotonin
transporter(s), or SERTSs, differ somewhat from mafian SERTs, as was
reported previously in other minnow lineages (Gatl@dl., 2007). The of [*H]
citalopram in zebrafish brain was an order of magig higher (15.6 5 nM) than
it is for mammalian SERT, indicating a relativebmler affinity for the zebrafish
SERT. Further, we found that desipramine bind& Wigh apparent affinity (Ki =
7 + 5 nM) to zebrafish SERTSs, similar findings of tmeipramine derivatives
desipramine and didesmethylimipramine having hitjimiy for zebrafish SERTs
in transfected HEK cells have been reported (Sesen, Sinning, Muller, &
Wiborg, 2008). In comparison, desipramine exhihifinity for SERT that is an
order of magnitude lower than that of sertralingha rat brain (Owens, Morgan,
Plott, & Nemeroff, 1997). While two SERTs (SERTadaSERTb) have been
cloned from zebrafish brain, SERTa is more homalsgo mammalian SERTS, is
more widely distributed throughout brain, and bimdth high affinity to serotonin
reuptake inhibitors. In contrast, SERTDb is limitedhe medulla and retina, and is
therefore unlikely to contribute substantially ighhaffinity binding in the present
study (Norton, Folchert, & Bally-Cuif, 2008; Wangakai, Yoshioka, & Shirabe,
2006).

In conclusion, both zebrafish novel environmenagssan enhance rapid
drug or toxin screening for anxiolytic propertiesecause they reveal two
independent dimensions of novel environment induaexliety states. Further
studies are necessary to characterize anxiogespomses to drugs in the zebrafish
light/dark plus maze and dive tank, independerthefpharmacological blockade
of the behavioral effects of anxiolytic drugs. bk of water-soluble drugs into
zebrafish brain through bath exposure produces lthaig concentrations that are
roughly 1/1000 of bath concentrations. Further,ilevithe pharmacological
properties of neurotransmitter and drug bindingssire largely conserved among
zebrafish and mammals, as exemplified by GABPeceptors, evolutionary
divergence has also rendered some differencesyideneed by slightly lower
affinity for citalopram and greatly enhanced affinfor desipramine in zebrafish
as compared to mammalian SERTs. Moreover, becaasebility among the
zebrafish lines surveyed in this study influencepl@ratory behavior in the dive
tank as well as freezing behavior in the light/dptlss maze, the selection of
Danio rerio line for similar behavioral studies should be ¢dered carefully, pilot
tested, and should be specified in publicationbadfavioral studies in which they
have been used. Overall, zebrafish at adult akaseémbryonic life-stages, are
well suited for simultaneous examination of germeigdand environmental factor
effects on neurotransmission, neurophysiology, aeflavior. Findings from
studies employing their associative behavioral asps, such as anxiety in novel
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environments may greatly advance translational diexgelopment and toxicology
research.
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