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Abstract

Zebra fish may be an ideal vertebrate model system for numerous human diseases with which the genetics and biological mechanisms of

the disease may be studied. Zebra fish has been successfully used in developmental genetics, and recently, neurobiologists have also started to

study this species. A potentially interesting target disease amenable for analysis with zebra fish is drug addiction, e.g. alcoholism. Although

genetic tools to manipulate the genome of zebra fish are available, appropriate phenotypical testing methods are often lacking. In this paper,

we describe basic behavioral tests to investigate the acute effects of alcohol on zebra fish. These behavioral paradigms will be useful for the

genetic and biological analysis of acute and chronic drug effects as well as addiction. In addition to presenting findings for the acute effects of

alcohol, we briefly describe our strategy for generating and screening mutants. We hope that our pilot work will facilitate the future

development of behavioral tests and the use of zebra fish in the genetic analysis of the biological effects of drugs of abuse. D 2001 Elsevier

Science Inc. All rights reserved.
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Zebra fish

1. Introduction

Zebra fish is a small (3±4 cm long) freshwater teleost

species that can be easily kept and bred in the laboratory

[52]. A female can produce 200 eggs per spawning and the

fry grow quickly and reach sexual maturity within 2±3

months [13]. Most genes discovered in this species are

evolutionarily conserved and have homologs in mammals

[7]. These characteristics and the experimenter's ability to

generate a large number of mutant fish with ease using

chemical mutagenesis [25,51] have made zebra fish popular

in genetics and biomedical research [16,25,28]. By now

libraries containing hundreds of mutants have been gener-

ated [12,16,28,30,33]. Research using such mutants has

focussed on developmental aspects of zebra fish [15,16],

including the embryogenesis of the nervous system [6,8,49],

because the embryo is transparent and allows detailed

anatomical characterization [13,18]. Only a few studies have

attempted to investigate the genetics of behavior or brain

function of zebra fish [17,25,26,41].

The behavioral repertoire of zebra fish is complex and

should allow the development of a range of behavioral

paradigms. Zebra fish is a cyprinid schooling fish [1,34,39].

Individuals exhibit social preference for their conspecifics

so that they form a group [4,5], or school, in which

individuals swim together in close proximity, a behavioral

strategy shown to be effective against predators in several

fish species [37]. Individuals swimming in such a group or

alone exhibit a typical startle reaction and zigzagging in

response to the sudden appearance of a predator or a large

object (for alarm reactions see Refs. [14,31,32]). Based on

the characteristics of its body and mouth, zebra fish is

thought to be specialized for eating small insects from the

water surface, and indeed is often found swimming and

foraging near the surface of water [19]. Males exhibit

territoriality, which includes an elaborate fin erecting dis-

play, dancing movements, and agonistic behavior [2].

Females have also been observed (personal observation)

displaying to an individual opponent. Zebra fish is a diurnal
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species that prefers light to dark during the day but may

hide in darker areas of its habitat in response to danger (Ref.

[19]; and personal observation).

Based on the above characteristics, we decided to

develop behavioral tests that may be used in the analysis

of brain function and the screening of mutant fish. Our goal

was to design simple paradigms with a potential use for

testing the effects of drugs of abuse such as alcohol. Zebra

fish may be especially suitable for this purpose because of

the simplicity of alcohol delivery [46]. Alcohol mixed in the

water of the fish tank is absorbed by the blood vessels of the

gill and the skin of the fish so that blood alcohol levels reach

equilibrium with the external alcohol concentration quickly

[48] (also see Refs. [27,38]).

In this paper, we describe basic behavioral tests that

reveal behavioral patterns characteristic of zebra fish and

present evidence for acute alcohol treatment dependent

behavioral alterations in these tests. Furthermore, we briefly

present our strategy for mutagenesis.

2. Methods

In order to develop fast and simple tests, we investigated

the behavioral characteristics of zebra fish and looked for

consistent behavioral patterns or responses that could be

evoked under certain circumstances and could perhaps be

modified by alcohol without the need for extensive manip-

ulation or training. In accordance with the exploratory

nature of our work, measuring the behavioral responses of

zebra fish was carried out using observational techniques in

all tests. Nevertheless, the tests were designed so that

automation, including videotracking or photocell-based

motion detection, could be easily applied in the future.

2.1. General procedure

To determine characteristic behavioral patterns of zebra

fish, 60 untreated naõÈve fish (3±4-months-old) were used

for the development of the behavioral paradigms described

below (data not presented). To investigate the effects of

alcohol, another set of naõÈve, previously untested, fish

(males and females pooled) were assigned to four groups

(for sample sizes see figures): ETOH 0.00%, ETOH 0.25%,

ETOH 0.50%, and ETOH 1.00%, where ETOH % repre-

sents the corresponding alcohol concentration (volume

percentage) in the holding tank in which experimental fish

were held for 1 h before the behavioral tests. Alcohol

concentrations were chosen on the basis of data published

previously for another cyprinid, the gold fish (Carassius

auratus) [24,46,48] so that potential facilitatory (lower

doses) as well as inhibitory (higher doses) effects of alcohol

could be observed. All fish were exposed to the correspond-

ing alcohol concentrations for 60 min prior to behavioral

testing, a period that is expected to lead to a significant and

stable blood alcohol level in the subjects (extrapolation from

data presented in Ref. [47]). The alcohol-treated or control

fish were tested subsequently in the behavioral paradigms in

the order described below. During these tests, the alcohol

concentration in the test tank was kept identical to that of the

pretest holding tank. Fish were treated and tested in an order

randomized across treatment groups and the group designa-

tions were unknown to the behavioral observer.

2.2. Locomotor activity

In this task, our goal was to describe where and how fast

zebra fish swam upon exposure to a novel place and after

having been habituated to this place. We wanted to deter-

mine if zebra fish exhibited particular swim patterns that

could reveal behavioral patterns characteristic of anxiety

and sensitive to the effects of alcohol. Fish were placed

individually in a small experimental tank (30� 15� 10 cm

length� height�width). Their behavior was videorecorded

for 60 s twice: first, half a minute after having been placed

in the tank (response to novelty) and a second time 10 min

later (habituated state). The videorecordings were later

replayed and analyzed using the Noldus Observer event

recording software (Noldus, Wageningen, The Netherlands)

on a Macintosh computer (PowerBook G3). Locomotion

(swimming activity) was measured by placing a transpar-

ency in front of the TV monitor with vertical lines that

divided the tank into four equal sections and counting the

number of entries by the fish to each section. In addition to

this general measure of activity, the approximate location of

swimming was also recorded by placing a transparency in

front of the TV monitor with horizontal lines that divided

the tank into three layers: bottom, middle, and upper layer,

and by measuring the duration of time the experimental fish

spent in each of these layers.

2.3. Aggression

Interaction between two fish may involve aggressive

responses or the opposite behavioral reaction, social pre-

ference (schooling), both of which may be influenced by

alcohol. The goal of this paradigm was to quantify the

responses of an individual experimental fish to its mirror

image in a way that can be automated using videotracking or

motion detection photocell systems. Fish were individually

netted into a small experimental tank (30� 15� 10 cm

length� height�width). A mirror was placed inclined at

22.5° to the back wall of the tank so that the left vertical

edge of the mirror was touching the side of the tank and the

right edge was further away. Thus, when the experimental

fish swam to the left side of the tank their mirror image

appeared closer to them. Experimental fish were videore-

corded for 60 s after a 30-s short habituation period and

once again for 60 s after a 10-min habituation period. A

transparency was placed in front of the TV monitor with

vertical lines that divided the tank into four equal sections

and allowed counting the number of entries by the fish to
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each section. Entry to the left-most segment (SE1) indicated

preference for proximity to the `̀ opponent,'' whereas entry

to the right-most segment (SE4) implied avoidance. The

amount of time the experimental fish spent in each of the

four segments was analyzed with the Observer event recor-

der program. In addition, the amount of time the fish spent

with aggressive display, or attack behavior, was also mea-

sured and analyzed (aggression). Aggressive display is

defined as a posture during which the fish erects its dorsal,

caudal, pectoral, and anal fins. Usually, this fin erection

display is associated with undulating body movements or

small slaps carried out by the caudal fin. Attack behavior is

a characteristic short bout of fast swimming directed

towards the opponent and is sometimes accompanied by

opening the mouth and biting. Attack behavior often alter-

nates with fin erection display.

2.4. Group preference

Zebra fish is a schooling fish that exhibits preference to

its conspecifics under neutral or mildly aversive conditions.

In the previous task, in which a single experimental fish

was faced with its mirror image, responses may mainly

involve agonistic reactions. In the present task, response of

a group of experimental fish to a school of conspecifics was

tested, a behavior that is more associated with social

preference than agonistic behavior. Fish were placed in

groups of five in a small experimental tank (30� 15� 10

cm length� height�width). On one side of the experi-

mental tank, an empty fish tank was placed and on the other

side, a tank of identical size was holding 15 conspecifics.

The experimental fish were allowed to habituate for a 30-s

period after which their behavior was videorecorded. The

first 10-s of this videorecording was analyzed as follows. A

transparency was placed in front of the TV monitor with a

vertical line that divided the tank into two equal sections.

The amount of time (T2, T3, T4, and T5) during which two,

three, four, or five fish swam on the side of the tank closer

to the conspecific school was measured using the event

recorder program (the smallest number of fish staying in

this side of the tank was two, thus zero or one number of

fish was not recorded and analyzed). The recorded values

were weighted and added to obtain a preference score ( P)

as follows: P = T5�5 + T4�3 + T3�1 + T2�(ÿ 1). The weights

were chosen so that they would weigh behavior with respect

to baseline, i.e. random chance distribution, i.e. 2.5 fish on

each side. Fish in this experimental tank were later tested

for their responses to a moving predator model (see below).

2.5. Antipredatory behavior

Antipredatory behavior is a characteristic aspect of zebra

fish, a response thought to be highly adaptive. Genetic

predisposition is expected to lead to a consistent behavioral

response when zebra fish is exposed to predatory fish or to

stimuli that characterize such fish [9,20]. Alcohol may

modify this behavioral response either by altering levels

of anxiety, perceptual, or motor mechanisms. Fish, placed in

a small experimental tank in groups of five, were first tested

for their preference for conspecifics during a 10-s session as

described above in the `̀ group preference test.'' Immedi-

ately after this session, the fish were exposed to a predator

model. Note that groups of five fish were tested because this

mimics a natural situation and also allows the fish to

habituate to the novel test environment more quickly. Fear

responses to a predator model are markedly different from

behaviors that characterize a school of undisturbed fish.

Habituating the fish to the test environment first and testing

a group of fish thus increased the ability of the experimenter

to recognize and measure antipredatory responses. The

predator model was made of a 5-ml falcon tube that was

painted black and had two eye-like spots (diameter 5 mm,

orange `̀ iris,'' and black `̀ pupil'') placed at the conical end

of the tube. This predator model while facing the experi-

mental fish was moved in a standard manner (2 cm/s) as

follows. First movement: vertical motion from bottom to

top; second movement: vertical from top to bottom; third

movement: horizontal from right to left; fourth movement:

`S'-shaped approach, first motion to the right parallel to the

tank, then turn towards the tank then again moving parallel

to the tank. Each movement was repeated twice and the

number of fish responding with a jump was measured. Jump

is defined as a fast leaping movement mostly with the use of

the caudal fin.

2.6. Light versus dark preference

Zebra fish is active during the day and may rely sig-

nificantly on its vision to detect predators and find food or

conspecifics. Unlike nocturnal rodents, zebra fish is thus

expected to prefer well-illuminated areas to dark places [10].

We tested fish individually in a light/dark preference test.

Fish were netted in a fish tank (50� 30� 25 cm) that was

divided into two compartments: one was illuminated with

diffuse light from fluorescent light tubes and the other was

covered with cardboard paper on all sides and the top. There

was no physical barrier between the two compartments and

the fish were allowed to swim freely in the entire fish tank.

After a 30-s habituation period, the amount of time the fish

spent in the dark compartment during a 60-s session was

measured using the Observer event-recording program. The

behavior of fish was recorded for another 60-s period

10 min later.

2.7. Pigment response

Zebra fish may change their color in response to stimuli.

Fish on a light background tend to be lighter than fish on a

dark background. Fish that exhibit signs of fear, e.g. freez-

ing or erratic movement, quickly loose their color and

become pale, especially when the background is light.

Aggressive, displaying fish are generally darker and exhibit
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more vivid colors irrespective of the background of their

environment. Alcohol may influence this pigment response

by either directly altering the function of the chromophore

cells or by influencing central neural mechanisms. Fish were

exposed to the four alcohol concentrations as explained

above. The fish were individually placed in a small holding

tank (30� 15� 10 cm length� height�width) that was

illuminated by fluorescent light tubes. The bottom of the

tank as well as the wall behind the tank was painted light

grey. Electronic photographs of the fish were taken and the

images were transferred to a computer. The color reaction of

the fish was rated visually by comparing the darkness of the

experimental fish to three standard images of fish placed

behind the same light grey background, a light (L), a

medium (M), and a dark (D) fish. Scoring was done after

the backgrounds of the experimental and standard fish

images were adjusted to the same saturation level as

follows: 0, lighter than L; 1, identical to L; 2, lighter than

M but darker than L; 3, identical to M; 4, darker than M but

lighter than D; 5, identical to D.

2.8. Fish husbandry

Outbred zebra fish used for the behavioral studies were

obtained from Scientific Hatchery (Huntington Beach, CA).

However, for mutagenesis, an inbred strain (e.g. AB) would

need to be used because such a strain provides genetic

homogeneity required for the proper identification of

induced mutations. Fish were maintained in deionized water

supplemented with 60 mg/l Instant Ocean Sea Salt (obtained

from a local pet store). The water was filtered by canister

filters containing a disinfecting ultraviolet light unit as well

as through a biological filter tank in which aquarium gravel

served as substrate for bacterial filtration. A water-dripping

cage rack system (Marine Biotech, Beverly, MA) provided

oxygenation. Fish were fed four times daily: twice with live

brine shrimps (Artemia salina, San Francisco Bay Brand,

San Francisco, CA) and twice with dry food (Tetra-min,

Tetra, Melle, Germany).

2.9. Mutagenesis

The mutagen commonly used for mutagenesis is ethyl

nitrosourea (ENU), which induces point mutations reliably

and with high frequency [50]. Adult male fish are immersed

in aqueous solution containing 3 mM ENU for three

consecutive 1-h periods at weekly intervals. This exposure

level is expected to induce one point mutation per genome

on average [29].

Some behavioral mutations may be inherited as domi-

nant or semidominant traits (e.g. Refs. [35,36]). A breeding

scheme for dominant or semidominant mutations is simpler

than one for recessive mutations and is as follows: muta-

genized males are bred with wild-type females to produce

the F1 generation. F1 fish are heterozygous for any induced

mutation. Each F1 mutant may carry a mutation at a

different locus. Mutants are identified by their abnormal

behavioral patterns revealed by the paradigms described

above. However, as behavioral traits are quantitative and

are subject to variation of the environment, the mutant

status of apparently abnormal fish must be ascertained by

breeding the F1 individuals and testing their offspring. If

the offspring exhibit an alteration similar to that of the

parent, one can be certain that it is an inherited alteration

due to a mutation. Thus, the suspected mutants (the

founders) are bred to wild-type fish, and the resulting F2

offspring are raised to adulthood and tested for altered

behavior. If the mutation is inherited in a Mendelian

fashion, expected in case of a single nonlethal point

mutation, approximately 50% of the F2 generation should

exhibit abnormal behavioral patterns similar to the original

F1 fish (heterozygotes).

In case the behavioral screen involves testing a school of

fish, we suggest an alternative screening strategy. F2 off-

spring are generated from each F1 founder without beha-

viorally testing these founders and only the F2 families are

tested. If the F1 founder carried a heritable mutation, 50% of

the F2 offspring will be heterozygous for the same mutation.

These mutants may significantly alter the behavioral scores

obtained for the fish group making identification of the

mutation possible.

To isolate recessive mutations that affect behavior,

individual F1 founder males are bred with wild-type

females to produce F2 generations. F2 families are raised

to adulthood and then breedings are carried out within each

F2 family. About 25% of the matings are expected to yield

homozygous fish (F3) in which the recessive mutation may

be observed at the phenotypical level. The probability of

finding a mutation in an F2 family is P = 1ÿ 0.75n, where

n is the number of successful matings. Thus, with six

matings (n = 6), for example, P = 82% for each F2 family, a

reasonably high percentage. F3 progeny from each F2

matings are raised to adulthood for behavioral testing. If

a phenotypical abnormality is observed, the F3 fish show-

ing the abnormality are sibmated to produce the F4 gen-

eration, which is tested to confirm that the alteration is

indeed heritable.

The probability of finding a mutation in a family is

P = (1ÿ 0.75n), thus, one may want to analyze a minimum

of 20 individuals, as the chance of finding at least one

mutant out of 20 subjects is 99.6%. Since the time required

to conduct the behavioral assays described above is short

and multiple fish may be tested in an automated manner,

testing 20 fish per family is not an unattainable goal. Once a

mutation is isolated, candidate gene approach or positional

cloning strategies can be employed to isolate the gene

corresponding to the mutation [29].

2.10. Statistical analysis

Data matrix manipulation and statistical analyses were

carried out with Systat 5.1 for Macintosh. Monovariate
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repeated measure or multifactor variance analyses (ANOVA)

were carried out. In case of significant main or interaction

terms, post hoc tests such as the Tukey's Honestly Signifi-

cant Difference (HSD) test, were conducted.

3. Results

The results of the test for locomotory activity are sum-

marized in Figs. 1 and 2. Variance analysis of locomotion

score revealed a significant alcohol effect [ F(3,45) = 42.19,

P < .0001] but no significant time [ F(1,45) = 0.213, P > .50]

or alcohol� time [ F(3,45) = 0.60, P > .50] interaction

effects were detected. Post hoc comparison of the groups

(Tukey's HSD) showed that 0.25% and 0.50% alcohol

treatment led to a significant ( P < .05) activity increase that

was observable both at the first and tenth minute of testing

in the novel experimental tank compared to the control

group or to the group treated with 1.00% alcohol. Interest-

ingly, the latter group was found significantly ( P < .05)

hypoactive not only compared to the other two alcohol-

treated, and highly hyperactive, groups but also compared to

the control group at the first minute of observation, a

difference that diminished after 10 min (Fig. 1).

The location of swimming in the novel tank was also

significantly affected by alcohol treatment (Fig. 2). In the

upper layer, the effects of alcohol [ F(3,50) = 0.92, P > .40]

and time [ F(1,50) = 0.01, P > .90] were found nonsigni-

ficant but the alcohol� time interaction was significant

[ F(3,50) = 5.53, P < .01], indicating a time-dependent alco-

hol effect. In the middle layer, ANOVA revealed a signifi-

cant alcohol effect [ F(3,50) = 4.97, P < .01] but no

significant time [ F(1,50) = 0.30, P > .50] or alcohol� time

effect [ F(3,50) = 0.61, P > .60] was found. In the lower

layer, the results were similar to those obtained for the

upper layer. ANOVA showed no significant alcohol

[ F(3,50) = 0.99, P > .40] or time [ F(1,50) = 0.03, P > .85] effects but revealed a significant alcohol� time interaction

[ F(3,50) = 5.77, P < .01], again indicating a time-dependent

alcohol effect. Tukey's HSD test demonstrated that during

the first minute of testing, fish treated with 0.5% alcohol

spent significantly ( P < .05) more time in the upper layer of

water than other fish, fish treated with 1.00% alcohol spent

significantly ( P < .05) less time in the middle layer com-

pared to other fish, and fish treated with 0.00% alcohol or

1.00% alcohol remained in the lower layer of the tank for

significantly ( P < .05) longer time compared to those treated

with 0.50% alcohol. After a 10-min habituation to the novel

environment, these differences largely disappeared. The

only difference detected was in the amount of time fish

treated with 0.00±0.25% and with 1.00% alcohol spent in

the middle layer of water. The former two remained in this

portion of the tank for significantly ( P < .05) longer periods

of time than the group treated with 1.00% alcohol.

Responses to an individual conspecific are shown in Fig.

3A (first minute) and B (tenth minute). ANOVA revealed a

significant alcohol effect for SEG1 [the segment of the tank

Fig. 1. Locomotory activity is increased by intermediate doses of alcohol in

zebra fish. Locomotion score is calculated as the number of crossings

between segments of the observation tank during a 1-min observation

session at the beginning of the test (panel A) and at the tenth minute of the

test (panel B). Means � S.E. are shown. Sample sizes were as follows:

ETOH 0.00% n = 13, ETOH 0.25% n = 15, ETOH 0.50% n = 13, and ETOH

1.00% n = 16. Note that ETOH 1.00% fish exhibited a dramatic depression

of activity while the other two alcohol-treated groups showed a robust

increase of activity.

Fig. 2. Alcohol alters the location of swimming in zebra fish. Data represent

the relative duration of time fish spent in three (upper, middle, and lower)

horizontal layers of the fish tank. Means � S.E. are indicated. Panel A:

location during the first minute of the recording session. Panel B: location

during the tenth minute of the recording session. Sample sizes are identical

to those given in Fig. 1. Note that 0.50% alcohol treatment led to a

significant increase of time spent by zebra fish in the upper layer of water

and a decrease in the lower layer of water during the first minute of the

recording session. Also note the U-shaped dose ± response in these

measures. The differences diminished by the tenth minute of the session.

R. Gerlai et al. / Pharmacology, Biochemistry and Behavior 67 (2000) 773±782 777



from where the mirror image of the experimental fish

appeared closest; F(3,58) = 10.48, P < .0001] but showed

no significant time or alcohol� time interaction effects

[ F(1,58) = 0.01, P > .90; F(3,58) = 1.02, P > .40]. The results

for the other segments were found nonsignificant. Perusal of

Fig. 3A as well as the results of post hoc Tukey's HSD test

suggest that fish treated with 0.25% alcohol spent signifi-

cantly ( P < .05) more time nearest to the opponent (SEG1)

compared with fish from the other groups during the first

minute of being exposed to the mirror image. After a 10-min

habituation time (Fig. 3B), fish treated with 0.25% or 0.50%

alcohol became statistically indistinguishable, and both

spent significantly ( P < .05) more time near their mirror

image (SEG1) compared to fish from the other two groups

(ETOH 0.00% and ETOH 1.00%). The preference for SEG1

may be due to either agonistic or schooling behavior. Our

results confirmed the former possibility (Fig. 4). Variance

analysis of aggressive display showed a significant alcohol

effect [ F(3,61) = 9.90, P < .0001] and no significant time or

alcohol� time interaction effects [ F(1,61) = 2.33, P > .10;

F(3,61) = 0.91, P > .40]. Post hoc Tukey's HSD revealed

that fish treated with 0.25% alcohol spent significantly more

time exhibiting aggressive behavioral responses compared

to all other fish and that fish treated with 0.5% alcohol were

more aggressive than those receiving 1.00% alcohol both at

the first and at the tenth minute of the recording session.

Alcohol was also found to influence schooling behavior.

Fig. 5 shows the raw data, which were transformed to obtain

a single preference score for each group of five fish as

explained in the Methods section. Analysis of these scores

revealed that treatment with alcohol significantly reduced

the preference for conspecifics in a dose-dependent manner

[ F(3,35) = 2.85, P = .05]. Treatment with higher alcohol

concentrations led to a more scattered, distributed, spatial

location of the experimental fish, implying decreased pre-

ference for the school of stimulus conspecifics.

Antipredator behavior was elicited with a moving pre-

dator model (Fig. 6). Analysis of the total number of jumps

exhibited by groups of five fish during the repeated pre-

sentation of a predator model revealed significant alcohol

effects [ F(3,32) = 19.78, P < .0001]. Post hoc Tukey's HSD

test showed that all groups were significantly ( P < .05)

different from each other with fish treated with 0.25%

alcohol exhibiting the strongest response.

Fig. 4. Intermediate alcohol concentrations enhance aggressive behavioral

responses elicited by the sight of an opponent in zebra fish. Means � S.E.

are shown. Note that an inclined mirror was placed behind the observation

tank and the behavioral responses were elicited by the mirror image of the

experimental fish. Sample sizes were as indicated in Fig. 3.

Fig. 5. Preference for a school of zebra fish is diminished by high doses of

alcohol. The response of groups of five fish is tested. Sample sizes (n)

representing the number of these groups were as follows: ETOH 0.00%

n = 15, ETOH 0.25% n = 9, ETOH 0.50% n = 6, and ETOH 1.00% n = 9.

Error bars show S.E. Note the dose-dependent decrease of the duration of

time during which five fish occupied the side of the tank adjacent to the

stimulus fish. Also note that the more evenly distributed values in fish

groups treated with higher alcohol concentrations represent decreased

preference for the conspecific stimulus fish.

Fig. 3. Intermediate alcohol concentrations enhance preference for a

conspecific opponent in zebra fish. Panel A shows the spatial distribution

(time spent in four equal segments of the fish tank) of zebra fish during the

first minute of the recording session, and panel B shows the results obtained

in the tenth minute of the test. Note that an inclined mirror was placed

behind the observation tank so that the mirror image of the experimental

fish appeared the closest when viewed by the subject from segment 1

(SEG1) and furthest from SEG4. Means � S.E. are indicated. Sample sizes

were as follows: ETOH 0.00% n = 15, ETOH 0.25% n = 16, ETOH 0.50%

n = 16, and ETOH 1.00% n = 18. The solid horizontal line represents

chance level.
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The results obtained in the light/dark preference test are

summarized in Fig. 7. ANOVA revealed a significant

alcohol effect [ F(3,62) = 3.02, P < .05], a significant time

effect [ F(1,62) = 25.72, P < .0001], and a significant alco-

hol� time interaction [ F(3,62) = 4.53, P < .01]. Post hoc

Tukey's HSD showed no significant differences between

groups of fish during the first minute of the observation: all

fish avoided the dark compartment. However, after 10 min

in the tank, fish treated with 0.00% or 0.25% alcohol

showed a dramatic habituation and exhibited no apparent

preference for or avoidance of any compartment, whereas

fish treated with 0.50% or 1.00% alcohol continued to avoid

the dark part of the tank (Tukey's HSD, P < .05). The color

response of fish treated with different concentrations of

alcohol (Fig. 8) was also found significantly to depend on

alcohol treatment [ANOVA F(3,61) = 131.32, P < .0001].

All groups were found to be significantly different from

each other (Tukey's HSD test, P < .05)

4. Discussion

Acute alcohol treatment elicited characteristic behavioral

changes that could be measured in simple and fast beha-

vioral tasks. The tests were designed to be automatable to

allow screening a large number of fish, a necessary require-

ment in a mutagenesis study. The simplicity of alcohol

delivery, the well established methods of mutagenesis

developed for this species, and our present behavioral

results imply that zebra fish will be a potentially successful

model system in the genetic analysis of the effects of alcohol

on behavior and brain function.

The effects of alcohol could be observed in multiple

behavioral paradigms. For example, alcohol significantly

affected the activity of zebra fish in a novel situation. At

lower concentrations (e.g. 0.25% and 0.50%), it increased

locomotion but at a higher dose (1.00%), it depressed

activity even below the level of control fish during the first

minute of the test. The passivity of control (0.00% alcohol)

fish appeared to be associated with novelty-induced fear,

including freezing (decreased activity) and erratic move-

ment (temporarily increased bouts of activity), behavioral

responses associated with anxiety (e.g. Refs. [21,22]).

However, the reduced activity levels of 1.00% alcohol-

treated fish were due to anesthetic-like sedative effects of

alcohol associated with general slowness and impaired

coordination and swimming. Although the forms of passiv-

ity (fear versus slowness) are difficult to differentiate using

automated techniques, the amount of activity increase or

decrease could be measured using motion detection devices.

As such changes were detected quickly (during a 60-s

session in the present study), we conclude that analysis of

swimming activity offers a simple and fast method of

measuring acute alcohol effects.

Alcohol also affected where zebra fish swam. Control

fish swam mostly near the bottom of the observation tank, a

Fig. 7. Higher doses of alcohol decrease habituation of zebra fish to a dark

compartment in a light/dark choice paradigm. Amount of time zebra fish

spent in the dark in an experimental tank that was divided into a well

illuminated and dark compartment of identical size is shown for the first

minute and the tenth minute of the recording session. Error bars represent

S.E. Sample sizes were as follows: ETOH 0.00% n = 15, ETOH 0.25%

n = 16, ETOH 0.50% n = 15, and ETOH 1.00% n = 20. Note that initially all

fish exhibited a robust avoidance of the dark compartment but by the tenth

minute the control group and the group treated with the lowest alcohol dose

(ETOH 0.25%) showed a significant habituation to the dark compartment

whereas fish treated with higher alcohol doses continued to avoid it.

Fig. 8. Alcohol enhances the color of zebra fish. Higher saturation scores

represent darker (more vivid) colors. Means � S.E. are indicated. Sample

sizes were as follows: ETOH 0.00% n = 15, ETOH 0.25% n = 16, ETOH

0.50% n = 16, and ETOH 1.00% n = 18. Note the near linear increase of

saturation score in response to increasing alcohol doses.

Fig. 6. Antipredator behavior, measured as the total number of jumps in

response to a predator model, is facilitated by a low dose of alcohol and

impaired by higher doses. Sample sizes represent the number of such fish

groups (five individuals per group) and were as follows: ETOH 0.00%

n = 15, ETOH 0.25% n = 9, ETOH 0.50% n = 6, and ETOH 1.00% n = 9.

Note the U-shaped dose± response and also that each group is significantly

different from the other.
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response that habituated over time. As zebra fish is normally

found swimming near the surface of the water and its natural

predators include birds, this response may be interpreted as

an antipredatory behavior associated with fear or anxiety

[9]. The effects of alcohol on the location of fish in this tank

were characterized by a U-shaped dose±response curve.

Alcohol can be anxiolytic [3] and our results, as well as the

observation that the differences between treatment groups

diminished after 10 min, are consistent with a suggestion

that alcohol ameliorated fear-induced behavioral responses

in zebra fish. The anxiolytic effect of alcohol may also

explain the findings we obtained in the group preference test

in which increasing amounts of alcohol led to decreasing

preference for a group of conspecifics in a stimulus tank

placed adjacent to the experimental tank. Group cohesion,

and preference for conspecifics, have been found to corre-

late with predator or novelty-induced fear [1,5].

Alcohol has also been demonstrated to influence

aggression in fish [43,44] as well as in rodents and

monkeys [40]. Our results revealed an inverted U-shaped

dose±response curve with the alcohol doses applied, a

finding similar to what has been described in other fish

[44] or mammalian species [40]. Fish receiving 0.25%

alcohol treatment exhibited the strongest preference for the

segment of the tank (SEG1) from where their mirror image

appeared the closest, control fish slightly avoided SEG1,

and fish treated with 1.00% alcohol swam randomly. The

preference for being close to a conspecific may be a result

of aggressive behavior but it could also be due to school-

ing tendencies. Aggression is a strong motivating force,

e.g. access to a conspecific opponent is rewarding and can

sustain performance in instrumental conditioning in fish

[23]. Our results suggested that, indeed, the preference for

SEG1 is due to aggressive behavior. Fish showed elevated

aggressive display and attack behavior when exposed to

their own mirror image. Notably, although aggressive

display and attack behavior are difficult to quantify with

methods other than direct observation, using the inclined

mirror and measuring the spatial location of fish makes

this paradigm amenable to analysis with automated motion

detection devices.

In most of the above paradigms, alcohol at the highest

dose (1.00%) suppressed activity and reduced response

levels. This may be due to a generalized sedative action

[42] affecting basic performance factors such as motor

function and perception. Although the former action appears

obvious as fish treated with 1.00% alcohol exhibited clear

signs of abnormal motor control, the latter possibility may

not be supported by our findings. For example, in the light/

dark preference test, all fish initially exhibited a profound

avoidance of the dark compartment. This suggests that even

fish treated with 1% alcohol can respond to visual stimuli,

so the differential responses found in our other behavioral

tests may not be explained by altered visual perception per

se. Furthermore, the significant habituation to the dark

compartment after 10 min in control and 0.25% alcohol-

treated fish but not in 0.50% and 1.00% alcohol-treated fish

suggests that alcohol was likely to affect central neural

mechanisms rather than perception. Finally, the light/dark

preference test can be conducted using standard shuttle box

hardware and software in an automated manner and

therefore could be a useful test for the analysis of the effects

of alcohol.

The predator model containing species-specific key

stimuli [20] used in the present study elicited consistent

jumping. Alcohol treatment modified this response, and the

dose±response curve was found to be inverted U-shaped.

Importantly, the effect of alcohol on antipredator response

and on general activity did not correlate. For example,

activity was increased in both the ETOH 0.50% and

ETOH 0.25% groups whereas jumping frequency was

increased in the latter and was decreased in the former.

The stimulus presentation as well as the recording of

behavioral responses of the experimental fish in this task

can be automated. However, it is notable that identifying a

mutation based on the behavior of a group of fish, as

conducted in the social preference or antipredator behavior

screen, may require additional steps of breeding (see

Methods section).

Our results indicated a U-shaped dose±response curve

for several behavioral measures recorded. The dose ±

response curves of alcohol-induced changes suggested that,

in general, alcohol has a facilitatory effect at lower and an

inhibitory effect at higher doses. Although this trend was

fairly consistent across the tests, idiosyncratic characteristics

of individual tests were clearly found. One notable example

was the color reaction: increasing doses of alcohol elicited

increasingly dark (more vivid) colors in the fish. Although it

is tempting to speculate that the more vivid colors imply a

more `̀ hedonistic'' state in zebra fish, one cannot rule out

the possibility of a direct effect of alcohol on the chromo-

phore cells, a question that needs to be investigated in the

future. The idiosyncratic characteristics of different tests

may allow one to identify molecular and neurobiological

characteristics specific for certain alcohol-induced changes.

Furthermore, the behavioral tests were used to analyze acute

effects of alcohol but the tests are appropriate for the

analysis of chronic as well as withdrawal effects of alcohol.

Zebra fish may also be an appropriate subject for the

analysis of alcohol preference. Mutants exhibiting altera-

tions in such preference could be identified using the `̀ place

preference'' paradigm (for recent application in rodents see

Refs. [11,45]).

In summary, behavioral tests offer a useful tool with

which the responses of zebra fish to alcohol may be

analyzed. We believe that with the application of multi-

disciplinary research involving behavioral, neurobiological,

and genetic analyses, zebra fish will be a useful model

system in the study of the biological mechanisms of alcohol

effects. The behavioral tests described in the present paper

and those that will be developed in the future will facilitate

the identification of genes involved in such mechanisms.
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