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Ketamine is a non-competitive glutamatergic antagonist used to induce sedation and analgesia. In sub-
anesthetic doses, it induces hyperlocomotion, impairs memory and evokes stereotypic circling in rodents.
Zebra! sh (Danio rerio) emerged as a promising new animal model to screen the effects of psychotropic
compounds. Here, we investigated the effects of sub-anesthetic doses of ketamine on anxiety, locomotion,
habituation and social behavior of adult zebra ! sh. Acute 20-min exposure to 20 and 40 mg/L (but not 2 mg/L)
of ketamine reduced anxiety, impaired intra-session habituation, evoked circular swimming and disrupted

Keywords: N o . ; .
Aquatic models zebra! sh shoaling. Additionally, ketamine reduced whole-body cortisol levels and elevated brain c-fos
Anxiety expression in zebra! sh. Our ! ndings demonstrate the sensitivity of zebra ! sh to behavioral and physiological
Locomotion and circling effects of sub-anesthetic doses of ketamine, further supporting the utility of this species as a model for
Cortisol neuropharmacological research, including testing ketamine and related drugs.
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1. Introduction

Ketamine is a sedative drug used in clinical and veterinary m edicine
toinduce analgesia and anesthesia [14,31,84]. It acts as a non-competitive
antagonist of N-methyl- p-aspartate (NMDA) glutamate receptors, and
at high doses also modulates opioid, monoamine, cholinergi ¢ and
! -aminobutyric acid (GABA) receptors  [23,26,38,42,44,60,81].

Due to its common use as an anesthetic drug, behavioral and
physiological effects of ketamine have been studied extensively in
various rodent models. In rodents, sub-anesthetic ketamine increases
locomotion [39,86] and stereotypic behaviors, impairs social interac-
tion [20,32], and exerts antidepressant or anxiolytic effects [29]. In
humans, ketamine produces hallucinogenic, sedative [25,51], disso-
ciative, pro-psychotic [50,59] and antidepressant effects [94]. How-
ever, the complex pharmacological pro ! le of ketamine remains poorly
understood, and warrants testing in new experimental paradigms and
with novel model organisms.

Various aquatic species have been extensively used in psycho-
pharmacology and neurotoxicology research [1,33,36,53,69]. The
zebra! sh (Danio rerio) is emerging as a promising high-throughput
model for neurobehavorial research due to its well-characterized
genome, robust behavioral responses, and physiological similarity to
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humans [55]. While larval screens have provided important insights
into neuropharmacology of various agents [21,76], adult zebra! sh
models are becoming widely used due to their developed physiological
systems and more complex behavior [17,73].

A recent study tested ketamine in adult zebra ! sh, showing
aberrant circling behavior [93]. Together with the presence of
functional NMDA receptors in zebra ! sh brain [22], this supports the
zebra! sh sensitivity to various NMDA antagonists (e.g., [77]). Here,
we used several behavioral paradigms to further investigate the
effects of acute ketamine exposure in zebra ! sh. To parallel behavioral
and physiological responses, we also examined the effects of this drug
on zebra! sh neuroendocrine responses using a whole-body cortisol
assay recently developed in our laboratory [18,28]. Finally, given the
ability of ketamine and other hallucinogens to induce early proto-
oncogene c-fos gene expression in rodents [43,63,67], and the similar
actions of LSD and MDMA in zebra! sh ([74] and own unpublished
observations), we examined the effects of ketamine exposure on brain
c-fos expression.

2. Methods
2.1. Animals and housing

Atotal of 183 adult (5 "7 months) male and female wild type  short-! n
zebra! sh were obtained from a local commercial distributor;
(50 Fathoms, Metairie, LA) and housed in groups of 20 "30 ! sh per 40-L
tank, !lled with !ltered system water maintained at 25 "27"C.
llumination was provided by ceiling-mounted " uorescent light tubes
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on a 14:10-h cycle according to the standards of zebra ! sh care [83]. All
! sh used in this study were experimentally na#ve, and fed twic e daily
[35]. Following behavioral testing, the animals were euthanize d in
500 mg/L Tricaine (Sigma-Aldrich, St. Louis, MO). Animal ex periments
were approved by IACUC and adhered to National and Instituti onal
guidelines and regulations.

2.2. Pharmacological manipulations

Ketamine for this study was obtained through Sigma-Aldrich (St.
Louis, MO). Its doses (2, 20, and 40 mg/L) were chosen based on our
pilot studies with the drug and extrapolated from previousl vy
published research on ketamine effects in zebra ! sh [93]. A standard
20-min pre-treatment time was chosen here based on our experience
with ketamine and other similar hallucinogenic drugs  [35,74,75], and
was consistent with the time course of ketamine®©s effects reported in
earlier rodent studies [39,80]. Based on our experience, this exposure
time was also suf! cient for physiological (e.g., cortisol and c-fos)
responses of zebral sh to develop. Drug exposure in this study was
performed by submerging the individual zebra ! sh in a 1-L plastic
beaker for 20 min prior to the testing. The solution was regularly
changed after each exposure to ensure that each ! sh is exposed to a
consistent concentration of ketamine. Control ! sh were exposed to
drug-free water for the same treatment time, as described above.

2.3. Behavioral testing

Behavioral testing was performed between 11.00 and 15.00 h
using tanks !lled with water adjusted to the holding room
temperature. Zebra! sh behavior was recorded by the same three
highly trained observers (inter-rater reliability NO.85), who were
blinded to the treatments and manually scored different behavioral
endpoints with subsequent analysis of traces by Ethovision XT7
software (Noldus IT, Wageningen, Netherlands) [35].

The novel tank test (Experiment 1) was used to assess zebra ! sh
behavior for 6 min following a 20-min pre-treatment with varying
doses of ketamine (2, 20 and 40 mg/L). The novel tank test was a 1.5-L
trapezoidal tank (15 height%28 top%23 bottom%7 cm width;
Agquatic Habitats, Apopka, FL) maximally ! lled with water and divided
into two equal virtual horizontal portions (top and bottom), by a line
marking the outside walls [28]. Zebral sh behavior was video-
recorded by a side-view camera to calculate the latency (s) to the
upper half (top), distance traveled (m), velocity (m/s), transitions
(whole-body crossing into upper half) to, and time spent (s) in the
top. Trained observers also scored manually the frequency of erratic
movements (sharp changes in direction, high velocity, unorganized
darting typically along bottom of tank), as well as the frequency and
duration (s) of freezing bouts (total absence of movement, except for
eyes and gills, for 2s or longer), as described previously [28,35].
Anxiety-like states are typically accompanied with reduced top
locomotion and increased bottom dwelling, erratic movements and
freezing [28,35].

Once behavioral data was generated for each minute of the test in
Experiment 1, we examined intra-session habituation (as an index of
spatial working memory) of zebra ! sh behaviors by comparing
behavioral scores for the ! rst and the last minute (min 1 vs. min 6)
of the novel tank trials, as described previously [88].

Given previous rodent data on ketamine and rotational behavior
[61,62], we also analyzed zebra! sh circling behavior, initially focusing
on three possible types of rotations: i) circling behavior in the
horizontal plane, ii) circling in the vertical axis, and iii) spiraling-like
circling in the horizontal plane while moving vertically. As ketamine
induced only horizontal circling in this model, this type of rotation
behavior was further evaluated in the present study. For this, video
track data generated by Noldus Ethovision XT7 were replayed in slow
motion, to analyze zebra ! sh circling behavior and record the direction

(right/left hand) of each complete turn. Since ketamine evoked
characteristic tight circling in zebra ! sh, rotation was de ! ned as a full
360" circle of ~5 cm (~2 ! sh lengths) in diameter. The data was then
analyzed for total rotations, right-handed rotations, left-handed
rotations, and left-handed:right-handed ratio. In additi on, we
assessed the number of ! sh demonstrating #high rotation $behavior
(de! ned as 5 or more full rotations per trial) in this study.

Since Experiment 1 identi ! ed the lowest dose of 2 mg/L as inactive
(Fig. 1), only two higher doses (20 and 40 mg/L) of ketamine were
used in Experiments 2 " 5. The light" dark test (Experiment 2) was a
rectangular tank (15 height%30 length% 16 cm width) ! lled with
water to a height of 12 cm, and divided into two equal vertical
portions demarcated by black and white coloration  [73]. The light"
dark test is based on zebra! sh innate aversion of light areas, and is
sensitive to anxiolytic manipulations which generally increase the
number of entries to, and time spent in, the light  [73]. Fish (=12 in
each group) were exposed to ketamine (20 or 40 mg/L) or water
(control). Zebra ! sh were individually introduced into the black half
(facing the wall), and video-recorded by top-view camera for 6 min,
scoring the latency to enter (s), time spent (s) and the number of
entries into the white, as well as the average entry duration (s; time
spent divided by the number of entries) [35]. Due to the dark
background, zebra! sh behavior in the black compartment was not
assessed here.

The open ! eld test (Experiment 3) represented a white plastic
cylinder (21 diameter%24 cm height) ! lled with water to a height of
12 cm. Following a 20-min pre-treatment with ketamine (20 and
40 mg/L) or water, the animals (n=10 "12 in each group) were
individually placed in the center of the tank, and recorded by a top-
view camera for 6 min, using Ethovision XT7 to calculate distance
traveled (m) and velocity (m/s). In addition, rotation (circling)
behaviors were examined in this study by trained observers analyzing
traces of zebra! sh swimming, similar to the novel tank test described
earlier.

The social preference test (Experiment 4) consisted of a 50-cm
Plexiglas corridor divided into !ve cells (10%10cm). The target
conspecl ¢ ! sh was introduced to an exposure compartment (con-
speci! ¢ box), separated by a transparent divider from the rest of the
apparatus [35] . To avoid lateral bias in zebra ! sh cohorts, the left/right
location of target ! sh alternated between the trials. After a 20-min
pre-treatment, control and ketamine-exposed zebra !sh (n=12 in
each group) were introduced individually to the central zone,
temporarily separated by sliding doors from the two arms of the
corridor. Following a 30-s interval (to reduce transfer/handling
stress), the two sliding doors were gently lifted, and the zebra ! sh
was released to explore the apparatus for 6 min. Fish behavior was
scored manually by trained observers, assessing the number of entries
and time spent (s) in center, conspeci ! c arms or empty arms [35]. The
ratios of conspeci! c:empty entries and duration were also calculated
based on this data.

The shoaling test (Experiment 5) was performed to examine the
effects of ketamine on social behavior of zebra ! sh shoals. Zebra sh
are sociable animals and form shoals as they swim in various tanks
[71,72,90,91]. Shoal cohesion is usually higher in more anxious
animals, and can be measured by the average inter- ! sh distance for
each shoal. Groups of 8 zebra! sh (2 groups/16 ! sh per dose) were
pre-exposed to ketamine (20 or 40 mg/L) or water (control) for
20 min, and group-tested in the novel tank, as described elsewhere
[35] . Zebral sh shoaling behavior was video-recorded by a side-view
camera for 6 min, and analyzed using 8 screenshots made every 20 s
during the last 3 min of the observation period. A total of 16
screenshots from each group were assessed in this study. Each
screenshot was calibrated and analyzed by trained observer s,
measuring the distances (m) between each ! sh in the group, and
then averaging this data to obtain an average inter- ! sh distance per
screenshot using ImageTool software (UTHSCSA, San Antonio, TX).
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The top/bottom preference was also assessed by counting the number
of I'sh in top and bottom areas of the tank per screenshot. Final
shoaling data for control and experimental cohorts represented
averaged results for 8 screenshots per group.

2.4. Video-tracking

During manual observation, videos were recorded in MPEG1
format with the maximum sample rate 30 fps for each trial by auto-
focusing 2.0 MP USB webcams, placed 50 cm in front of or on top of
the tanks, and attached to laptop computers. Recorded videos were
analyzed with Ethovision XT7 software, as described previously
[16,35,88]. All environments were calibrated for each arena, and the
calibration axes were placed to designate the origin (0,0) at the center
of each tank. The track data for each ! sh was exported as raw data into
separate spreadsheets. The exported traces were independently rated
on a consensus basis from 1 to n (based on similarity to each other) by
trained observers blinded to the treatments. The middle trace was
selected as representative of the group to illustrate the spatial pattern
of zebra! sh swimming activity [35].

2.5. Whole-body cortisol and brain c-fos assays

Whole-body and whole brain samples for this study were obtained
from ! sh tested previously in the novel tank and shoaling tests.
Individual body samples obtained from experimental and control
cohorts were homogenized in 1 mL of ice-cold 1% PBS buffer and
transferred to glass extract-O tubes for cortisol extraction with 5 mL
of diethyl ether. After ether evaporation, the cortisol was reconsti-
tuted in 1 mL of 1% PBS and quanti! ed using a human salivary cortisol
ELISA assay kit (Salimetrics LLC, State College, PA). Whole body
cortisol levels were determined using a 4-parameter sigmoid minus
curve ! t, and presented as relative concentrations per gram of body
weight for each ! sh [18].

QT-PCR was next performed for zebra! sh c-fos mRNA. Whole
brains were used in this study based on recent studies utilizing whole
brains to examine genomic responses in adult zebra ! sh [48,52,82],
and our own studies of drug-evoked c-fos expression in zebra! sh
[74,89]. The brains were dissected and 2"4 brains were pooled to
obtain 6 samples per group [74]. RNA was extracted from these
samples, and quanti! ed using a Nanodrop ND-1000 spectrophotom-
eter (Thermo Scienti ! ¢, DE). The cDNA was synthesized using random
primers and iScript Select cDNA Synthesis Kit (Bio Rad, CA). For QT-
PCR, cDNA was ampll ed with c-fos primers for zebra!sh, and
ampli! ed products were compared against the reference gene,
elongation factor 1 alpha, as described elsewhere [78]. C-fosdata was
expressed as the relative fold change vs. the respective control (taken
as 100).

2.6. Statistical analysis

The experimental data was analyzed using one-way ANOVA
(factor: dose) followed by post-hoc Tukey testing for signi ! cant
ANOVA data. Intra-session habituation in Experiment 1 was analyzed
using the paired U-test to compare min 1 vs. min 6 data. C-fos
expression for each dose was individually compared with the
respective control group, and analyzed using non-paired  U-test.
Inter-rater reliability for the observers was determined by Spearman
correlation. Data were expressed as mean<SEM; signi ! cance was set
at Pb0.05.

3. Results
In the novel tank test, ANOVA revealed a signi ! cant drug effect on

time spentintop (F (3, 35 =10.7, P b0.0001), number of entries to top
(F(s, 35y =3.8, P b0.05), latency to top (F (3, 35y =3.1, P b0.05), but not

distance traveled, velocity, freezing bouts, freezing duration or the
number of erratic movements (NS). Post-hoc analysis revealed
signi! cantly longer time spent in top induced by 20 and 40 mg/L of
ketamine, shorter latency to top evoked by 20 mg/L, and fewer
transitions to top in 2 and 40 mg/L, with a similar trend in 20 mg/L
cohorts ( Fig. 1A). Representative 2D traces clearly demonstrate active
top swimming in ketamine-treated ! sh, compared to control zebra-
I sh (Fig. 1A). Right-hand, left-hand and total rotations were generally
higher in ketamine groups, although these effects did not reach
signi! cance by ANOVA (Fig. 1B). While no lateralization in the
direction of rotations was found by calculating the left-hand:right-
hand ratio (NS), there was a signi ! cant drug effect for the number of
animals showing #igh rotation $phenotype (F (3, 35 =5.2, P b0.005),
with 40 mg/L of ketamine signi ! cantly increasing circling in zebra ! sh
(Fig. 1B). Likewise, inter-trial habituation in the novel tank test was
statistically signi ! cant for the number of entries to top and time spent

in top in control zebra !sh (Pb0.05, min 1 vs. min 6, U-test),
demonstrated a trend (P=0.05 "0.1) for 2 mg/L, and was impaired
by both 20 and 40 mg/L of ketamine (NS, min 1 vs. min 6).

In the light " dark box test, ketamine produced a signi ! cant effect
on the number of transitions to white (F  (,, 35) =5.6, P b0.001) but not
the latency to white, time spent in white or average entry duration
(NS). Post-hoc analysis showed that the dose of 20 mg/L of ketamine
evoked signi! cantly more entries to the white, compared to control
zebra! sh (Fig. 1C).

In the open !eld test, there was no signi ! cant drug effect for
distance traveled or velocity. Interestingly, like in the novel tank,
analysis of zebra! sh swim traces showed rotation movements ( Fig. 2).
Although right-hand, left-hand and total rotations were generally
higher in ketamine-treated groups, these effects did not reach
signi! cance by ANOVA. There was neither overt lateralization in the
direction of rotations, nor signi ! cant difference in the number of
animals showing #high rotation $phenotype (NS, Fig. 2).

In the social preference test, one-way ANOVA found signi ! cant
drug effect for the number of entries to center (F ;35 =5.5, P b0.01),
conspeci! ¢c arm (F(,, 35 =15.7, P b0.005) and empty arm (F (5, 35 =
18.1, Pb0.005), as well as time spent in the empty arm (F (5, 35) =9.5,
Pb0.05). Both doses tested signi! cantly increased entries into all
three portions of the tank, with more time spent in the empty arm
produced by 40 mg/L of ketamine ( Fig. 3A). However, the ratios of
conspeci! c:empty entries and time spent were not signi ! cantly
affected in this test.

In the shoaling test, one-way ANOVA vyielded signi ! cant drug
effect on the inter- ! sh distance (F(, 47)=64.8, P b0.05) and top
preference (F(, 47)=23.7, P b0.05). Both doses of ketamine tested
signi! cantly increased the average inter- ! sh distance and evoked top
dwelling in zebra ! sh shoals (Fig. 3B).

Ketamine produced a signi ! cant effect on cortisol levels in the
shoaling test (F (2, 44) =15.2, P b0.0001), with a similar (albeit non-
signi! cant) pro ! le in the novel tank test ( Fig. 4A). Finally, the drug
dose-dependently elevated c-fos expression in zebra! sh tested in
the novel tank, showing a trend towards a similar elevation in the
shoaling test ( Fig. 4B).

4. Discussion

Aquatic models are becoming increasingly popular in behavioral
pharmacology and neurotoxicology research [7,40,41,79]. Despite the
common use of ketamine in clinical and experimental studies, there
are relatively few reports of its effects in ! sh [3,85], including
zebra! sh [93]. The current study tested sub-anesthetic doses of
ketamine in several experimental models, demonstrating anxiolytic-
like effects, impaired habituation, increased circling, reduced shoal-
ing, lower cortisol levels and elevated c-fos brain expression,
compared to water-treated controls ( Figs. 1'4). While the low dose
(2 mg/L) of ketamine was inactive in our study, the two higher doses



A 1. Distance traveled, m B Control

Control 20mg/L 40 mg/L

0.00 - Velocity, m/s

0.06 A
0.03 A
0 -

Control 20mg/L 40 mg/L

N
3

SN

A

C o Left-hand a1 Right-hand 3 Left:Right Ratio 34 Total Rotations 5 Animals with High Rotation
6 14 7 16 0.6
3 7 4 8 0.3
0 0 0 0 (1]
Control  20mg/L  40mg/L Control ~ 20mg/L  40mg/L Control  20mg/L  40mg/L Control  20mg/L 40 mg/L Control  20mg/L 40mg/L

Fig. 2. Behavioral effects of 20-min acute exposure to ketamine on zebra ! sh tested in the open ! eld test (Experiment 3; n=10 " 12 per group). Behavioral data (A) and representative traces (B) were generated by Noldus Ethovision XT7
software using the side view video-recording. In all experiments, the traces were examined for each experimental cohort, rated from 1 to n (based on similarity to each other), and the middle trace was selected as representative, to illustrate

the patterns of zebra ! sh locomotion. C: Rotation data obtained in the open ! eld test (endpoints represent the average number of left, right or total rotations, the respective left:right ratio, and the average number of animals per group
displaying high rotation behaviors (5 or more full rotations) during the 6-min test).

299

199859 (T102) €€ ABojoresa L pue AB0J0DIX0J0INBN / [e 18 |yB1d o



Fig. 3. Behavioral effects of 20-min acute exposure to ketamine on zebra ! sh tested in the social preference and shoaling tests. A: Standard 6-min social preference test (n=12 per group; Experiment 4). Traditional endpoints in this test
represent the average number and duration of entries to center, empty or conspeci ! c arms. B: Standard 6-min shoaling test (n=16 per group; Experiment 5). Traditional endpoints in this test represent the average number of ! shintop and
the average inter- ! sh distance. *Pb0.05 vs. controls; post-hoc Tukey test for signi ! cant ANOVA data.
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Fig. 4. Whole-body cortisol and brain  c-fos expression levels in zebra ! sh exposed to ketamine for 20 min. A: Whole-body cortisol (ng/g body weight for each individual

! sh). B: Brain c-fos (fold increase relative to the respective controls, 6

pooled samples per group). Samples were collected from cohorts used in Experiment 1 (n=12 per group, left diagram) and Experiment 5 (n=16 per group, right diagram). For cortisol data in panel A: *P b0.05, **Pb0.01 vs. controls, post-hoc

Tukey test for signi ! cant ANOVA data. For c-fos data in panel B: *P b0.05, &Pb0.05" 0.1 (trend), U-test vs. respective controls.
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(20, 40 mg/L) evoked anxiolytic-like responses in the novel tank and
light " dark box tests ( Fig. 1), resembling anti-anxiety effects produced
by ketamine in rodents [19,87] and by MK-801 in zebra ! sh [27].

In addition, circling behavior was observed for this drug ( Figs. 1
and 2), consistent with rotations previously reported for ketamine in
zebra! sh [93], and evoked by this drug [11,39,62,86] and other NMDA
antagonists [4,30,37,80] in rodents. As already mentioned, circling in
our study occurred only in the horizontal plane near the surface,
without spiraling or vertical rotations, and was mostly observed in
ketamine-treated ! sh (Figs. 1 and 2). Since a recent study noted
lateralized circling in zebra ! sh, with a right-circling preference bias
evoked by ketamine [93], we analyzed zebra! sh swimming trajecto-
ries and the direction of their movement in the novel tank and open
| eld tests. Our analysis ( Figs. 1 and 2) showed that ketamine did not
affect the direction of rotation (similar to the lack of lateral bias in
circling evoked in zebra ! sh exposed to another NMDA antagonist,
MK-801 [77]). Again, although rotations were generally higher in
ketamine-treated groups in the novel tank and open ! eld tests, these
effects (except for the number of ! sh with #high rotation $phenotype
in the novel tank) did not reach signi ! cance by ANOVA, most likely
due to high variance of these endpoints ( Figs. 1 and 2). The fact that
our study revealed milder circling (comparedto  [93]) may also be due
to the difference in ketamine treatments (5-min with 2 g/L [93] vs.
20 min with lower doses of 20 and 40 mg/L in the present study).
However, the similarity in the ketamine-evoked rotation between the
two studies indicates that circling in zebra ! shis indeed modulated by
ketamine.

In general, one possibility for the circling phenotype in zebra ! sh
may be due to hallucinogenic-like effects of ketamine (well-known to
distort perception in humans [65]). However, other hallucinogenic
drugs recently tested in zebra ! sh, such as lysergic acid diethylamide
(LSD), 3,4-Methylenedioxymethamphetamine (MDMA), cocaine and
salvinorin A ( [35,74]; own unpublished data), did not evoke rotation
in zebra! sh. Together with circling behavior evoked in zebra ! sh by
MK-801 [77], this raises the possibility that ketamine-induced
rotation may be speci ! c to NMDA antagonism, rather than halluci-
nogenic action in general. It is also possible that the observed
responses in zebra! sh are relevant to psychosis-like states induced by
acute ketamine, known to trigger clinical and experimental psychoses
[9,64] as well as hyperactivity and repetitive behaviors in humans  [59]
and rodents [9,19,61,62]. Further research will be needed to elucidate
this problem, for example, by testing anti-psychotic drugs and their
ability to modulate the effects of ketamine on zebra ! sh behavior.

Intra-session habituation was used in this study as a simple form
of spatial working memory [88]. While control ! sh exhibited typical
habituation of entries to top and time spent in top of the novel tank,
ketamine at 20 m and 40 mg/L signi ! cantly impaired the habituation
of these endpoints. Since ketamine can impair memory in rodents
[2,5,58,60] and humans [50], our zebra! sh data is consistent with
this pro ! le. However, given the link between memory and anxiety
[46,47], the amnestic-like pro ! le of ketamine may also be due to
anxiolysis (known to reduce memory). Finally, similar memory-
inhibiting effects were produced by other NMDA antagonists in
rodents [60] and zebra! sh [77], suggesting that glutamatergic
modulation may contribute to the effects of ketamine on habituation
observed here.

Additionally, zebra ! sh behavior was markedly altered in the
shoaling and social preference tests. In the shoaling test, ketamine-
treated zebra! sh showed predominantly top swimming with dose-
dependent increase in inter- ! sh distance (Fig. 3; see similar effect of
MK-801 in the shoaling test [27]). While this may be interpreted as
impaired social interaction (similar to its effects in rode nts
[8,19,49,70]), our social preference data show overall elevation in
arm exploration in ketamine-treated ! sh, without an increase in
social preference (Fig. 3A). Together with the fact that anxiolytic
agents generally reduce shoal cohesion and increase top dwelling, this

suggests that ketamine may not impair social behavior in zebra ! sh
per se, but rather evokes behavioral activation and anxiolysis.

The reported anxiolytic pro !le of ketamine in several different
behavioral paradigms ( Figs. 1' 3) was further supported by its effects
on cortisol levels ( Fig. 4). Ketamine tended to reduce whole-body
cortisol in zebra! sh, consistent with similar effects of other
anxiolytics in zebra ! sh [17]. Finally, our results showed elevated
brain c-fos expression produced by ketamine (' Fig. 4). This response is
consistent with behavior-activating properties of this drug, and
strikingly similar to well-known ketamine-induced c-fos elevation in
rodents [43,66].

Furthermore, there were several limitations of this study. For
example, ketamine has a complex pharmacological pro ! le thatincludes
glutamatergic, monoaminergic, and GABA-ergic activity [6,51,54,68]. All
these mediators are known to modulate activity and anxiety in a
number of species, including zebra ! sh [10,12,15,34,46,54,77,92].
Therefore, the behavioral effects of ketamine in this study may not be
limited to a single mechanism, such as NMDA antagonism. However, a
similar anxiolytic and behavior-activating pro !le in zebra! sh was
reported for another NMDA antagonist, MK-801  [77]. Our own pilot
experiments with MK-801 yielded anxiolytic responses in zebra ! sh
novel tank, accompanied by reduced cortisol and elevated c-fos
expression (own unpublished data). Similar to ketamine, circling was
also evoked in both rodent and zebra ! sh by MK-801 [24,77], supporting
the similarity between the behavioral and physiological effects of the
two glutamatergic drugs on zebra ! sh. However, other mediators may
also be involved, requiring further studies. For example, screening
various NMDA agonists and antagonists, including chronic ketamine
and its long-term effects, as well as co-administration of ketamine with
other drugs (similar to rodent studies [62,86]) will be necessary.
Likewise, testing a wider spectrum of behavioral domains, such as
sensory functions, cognition and aggression, as well as age, sex and
strain differences in zebra ! sh sensitivity to ketamine, merits further
studies.

Finally, in addition to ketamine [15,93], mounting evidence
indicates that zebra ! sh are sensitive to various other hallucinogenic
drugs, such as cocaine [45,56,75], LSD [35,57], MDMA [74] and
salvinorin A [13]. Complementing these reports, our present study
further supports the utility of zebra ! sh for the screening of behavioral
and physiological effects of ketamine and related anxiotro pic
hallucinogenic agents. Further studies are also needed to elucidate
the mechanisms of ketamine action in zebra ! sh and other model
species.
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