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a b s t r a c t

Lysergic acid diethylamide (LSD) is a potent hallucinogenic drug that strongly affects animal and human
behavior. Although adult zebrafish (Danio rerio) are emerging as a promising neurobehavioral model, the
effects of LSD on zebrafish have not been investigated previously. Several behavioral paradigms (the novel
tank, observation cylinder, light–dark box, open field, T-maze, social preference and shoaling tests), as
well as modern video-tracking tools and whole-body cortisol assay were used to characterize the effects
of acute LSD in zebrafish. While lower doses (5–100 �g/L) did not affect zebrafish behavior, 250 �g/L
LSD increased top dwelling and reduced freezing in the novel tank and observation cylinder tests, also
dult zebrafish
ehavioral paradigms
ortisol
allucinogenic drugs
creening

affecting spatiotemporal patterns of activity (as assessed by 3D reconstruction of zebrafish traces and
ethograms). LSD evoked mild thigmotaxis in the open field test, increased light behavior in the light–dark
test, reduced the number of arm entries and freezing in the T-maze and social preference test, without
affecting social preference. In contrast, LSD affected zebrafish shoaling (increasing the inter-fish distance

who
t the
in a group), and elevated
to LSD action, and suppor

. Introduction

Lysergic acid diethylamide (LSD) is the most potent known hal-
ucinogenic drug [1–4]. Despite a long history of LSD research,
he mechanisms of its action are complex and poorly under-
tood [1,4–6]. The drug acts on several neurotransmitter systems,
odulating various serotonin [5,7–12] and dopamine [1,13–18]

eceptors. The clinical effects of LSD are also complex, and range
rom anxiety/panic and mood swings, to hyperactivity/euphoria,
epersonalization, hallucinations [1,2,6,15,19,20], altered social
ehavior and memory [1,21–23].

LSD has been extensively tested in rodents, affecting their ago-
istic behaviors [24–27], sensorimotor gating [10], exploration
nd locomotion [5,28–30]. LSD exerts complex context-specific
ffects on animal social behaviors and cognition, including social

ggression [26,27,31], memory and learning [30,32,33]. The drug
as a characteristic biphasic action on rodent behavior, which

ncludes initial anxiety and hypoactivity followed by hyperloco-
otion [9,18,26,29,34–37]. Central serotonin 5-HT1a, 2a, 2c, and
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le-body cortisol levels. Overall, our findings show sensitivity of zebrafish
use of zebrafish models to study hallucinogenic drugs of abuse.

© 2010 Elsevier B.V. All rights reserved.

5a [7,8,28,34,37,38] and dopamine D1, 2 and 4 [17,18] receptors,
have been shown to contribute to LSD behavioral effects.

Soon after its discovery, LSD was tested in fish, evoking sur-
face swimming, nose-up/tail-down position and hypolocomotion
in beta splenders, guppies, neons, carps, minnows and goldfish
[23,39–47]. However, these early studies focused on general assess-
ment of fish locomotion, and did not evaluate other behavioral
domains. A recent resurge of interest in LSD research [1,6,21,48–50]
requires novel approaches, tools and animal models to better
understand the effects of this drug on the brain and behavior.

The zebrafish (Danio rerio) is rapidly becoming a popular
model species for neurobehavioral and pharmacology research
[51–55]. These fish exhibit robust behavioral responses, their
genome is well-characterized, and they contain homologous neural
and endocrine systems to humans [56,57]. Previous research has
utilized zebrafish as models sensitive to pharmacological manip-
ulations affecting humans and rodents [52,53,55,58]. Since LSD
effects have not yet been reported in this model, here we examine
in-depth the behavioral and physiological effects of LSD on adult
zebrafish.
2. Methods

2.1. Animals and housing

Total 530 adult (5–7 month-old) male and female “wild type” (short fin)
zebrafish were obtained from a local commercial distributer (50 Fathoms,

dx.doi.org/10.1016/j.bbr.2010.05.039
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:avkalueff@gmail.com
dx.doi.org/10.1016/j.bbr.2010.05.039
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Fig. 1. Behavioral effects of LSD (250 �g/L) on zebrafish tested in the novel tank test. *P < 0.05, **P < 0.01, ***P < 0.001, #P = 0.05–0.1 (trend) vs. control, U-test. (A–C) Standard
6-min novel tank test (Experiment 1, n = 10–12 per group) following a 20-min pre-treatment with LSD. Representative traces (A) at the bottom left of this panel were generated
by Noldus Ethovision XT7 software using the side view video-recording. The three-dimensional reconstructions of zebrafish behaviors (B) were obtained by plotting zebrafish
traces across the time of the test (see Section 2 for details). In all these 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 zebrafish locomotion. (D) 30-min Novel tank test (Experiment 2,
n = 15 in each group) with LSD solution added to the novel tank water.
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Fig. 2. Effects of LSD (250 �g/L) on zebrafish behavior (top) and its patterning (ethograms, bottom) in the 6-min observation cylinder (n = 15 in each group). *P < 0.05,
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*P < 0.01, ***P < 0.001, #P = 0.05–0.1 (trend) vs. control, U-test. Ethograms were gen
he diameter of each circle corresponds to the frequency of each individual behavi
hese behaviors. Asterisks next to the circles denote significant differences vs. the
ifferences in the respective transitions (compared to the respective controls).
etairie, LA). All fish were given at least 14 days to acclimate to the labo-
atory environment and housed in groups of 20–30 fish per 40-L tank. The
anks were filled with filtered (facility) water and maintained at 25–27 ◦C.
llumination (1000–1100 lx) was provided by ceiling-mounted fluorescent light
ubes on a 12-h cycle (on: 6.00 h, off: 18.00 h) according to the standards

ig. 3. Summary of behavioral effects of LSD (250 �g/L) on zebrafish tested in the 6-min l
enerated by Ethovision XT7 software using the top view video-recording; only light pa
P = 0.05–0.1 (trend) vs. control, U-test.
based on frequencies and transitions between each individual behavioral activity.
tivity; the arrow width and direction reflect the frequency of transitions between

ctive control fish behaviors; asterisks placed on top of arrows indicate significant
of zebrafish care [59]. All fish used in this study were experimentally naïve,
and fed Tetramin Tropical Flakes (Tetra USA, Blacksburg, VA) twice a day. Fol-
lowing behavioral testing, the animals were euthanized in 500 mg/L Tricaine
(Sigma–Aldrich, USA), and immediately dissected on ice for further analy-
sis.

ight–dark box test (n = 12 in each group, Experiment 4). Representative traces were
rt of the box and a small part of the dark part are shown in this panel. *P < 0.05,
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ig. 4. Summary of behavioral effects of LSD (250 �g/L) on zebrafish tested in the 2
anel) were generated by Noldus Ethovision XT7 software using the top view video

.2. Behavioral testing and apparatuses

Behavioral testing was performed between 11.00 and 15.00 h using tanks with
ater adjusted to the holding room temperature. The present study used six dif-

erent behavioral tests, including the novel tank, observation cylinder, light–dark
ox, open field, T-maze, social preference and shoaling tests. To avoid the test
attery effect, each test was performed on a separate cohort of naïve fish. All appa-
atuses rested on a level, stable surface. Zebrafish behavior was recorded by trained
bservers (inter-rater reliability >0.85), manually scoring different behavioral end-
oints with subsequent analysis of traces by Ethovision XT7 (Noldus Information
echnology, Netherlands).

The novel tank test, used to assess zebrafish anxiety and locomotion [53,60,61],
as a 1.5-L trapezoidal tank (15 cm height × 28 cm top × 23 cm bottom × 7 cm
idth; Aquatic Habitats, Apopka, FL; Fig. 1A) maximally filled with water and divided

nto two equal virtual horizontal portions, by line marking the outside walls [53].
n Experiment 1, fish (n = 10–12 in each group) were pre-exposed to LSD for 20 min,
nd tested either in the standard, 6-min novel tank test. Experiment 2 targeted
apid LSD action, and exposed zebrafish (n = 15 in each group) to a 30-min novel
ank filled with drug-treated water. Zebrafish behavior was recorded by trained
bservers, scoring the latency to reach the top half of the tank (s), time spent in top
s), number of entries to the top, average entry duration (s), as well as the number
nd duration (s) of freezing bouts. Freezing was defined as a total absence of move-
ent, except for the gills and eyes, for 2 s or longer. Trials were also recorded to
computer using a USB webcam (2.0-Megapixel, Gigaware, UK) and subsequently

nalyzed by Ethovision XT7, assessing distance travelled (m) and velocity (m/s).
The observation cylinder test (Experiment 3) was used to assess zebrafish activ-

ty, similar to the novel tank test. The apparatus represented a 2-L glass cylinder
12 cm diameter, 19 cm height) maximally filled with water and divided horizontally
nto two equal virtual portions. Since LSD effects on behavioral organization were
eported in rodents [25,28], this test also examined the microstructure (patterning)
f zebrafish spontaneous behavior. Fish (n = 15 in each group) were pre-treated with
SD or a vehicle, and placed individually in the cylinder, and observed for 6 min, scor-
ng the latency to top (s), time spent in top (s), number of top entries, average entry

uration (s), as well as the number and duration (s) of freezing bouts. Videos were
e-analyzed manually off-line, recording the sequence of the following behavioral
pisodes: normal swimming, vertical drift (passive trans-like vertical motion), back-
ard swimming, bouts of erratic movement, bottom freezing, nose-up/tail-down

urface freezing, and horizontal surface freezing. These endpoints were selected
ased on the normal zebrafish behavioral repertoire (e.g., normal swimming, bot-
open field test (n = 15 in each group, Experiment 5). Representative traces (bottom
rding. *P < 0.05 vs. control, U-test.

tom freezing, erratic movements [53]) as well as represented specific phenotypes
evoked in other fish species by LSD [39–47] or in zebrafish by other hallucinogenic
drugs [58]. This data was then used to create ethograms (Fig. 2)—visual diagrams
that reflect frequencies and transitions between each individual behavioral activity
(e.g., [62,63]) and characterize overall patterning of animal behavior. Ethograms for
both LSD-treated and control fish were generated in this experiment. The diame-
ter of each circle in the ethograms corresponds to the frequency of each individual
behavioral activity, while the arrow width and direction reflect the frequency of
transitions between these behaviors (Fig. 2).

The light–dark test (Experiment 4), based on the natural preference of zebrafish
for dark environments [54,64], was a rectangular tank (15 cm height × 30 cm
length × 16 cm width) filled with water to a height of 12 cm, and divided into two
equal vertical portions (Fig. 3), demarcated by black and white coloration [54]. Fish
(n = 12 in each group) were individually introduced into the black half (facing the
wall), and video-recorded for 6 min, scoring the latency to enter (s), time spent (s),
average entry duration (s), and the number of entries to the white half (due to the
dark background, zebrafish behavior in the black compartment was not assessed
here). To further characterize zebrafish light–dark preference, the white:total time
spent ratios were calculated for both cohorts.

The open field test (Experiment 5), conceptually similar to rodent open field
test [54,65], consisted of a white plastic cylinder (21 cm diameter, 24 cm height,
Fig. 4) filled with water to a height of 12 cm. The bottom of the tank was divided
into two virtual zones—center and periphery (the area within 5 cm from the walls).
Following a pre-treatment, the animals (n = 15 in each group) were individually
placed in the center of the tank, and recorded for 6 min, using Ethovision XT7 to
calculate the time spent (s), distance travelled (m), and the number of visits to pre-
defined central and peripheral zones. To further characterize zebrafish thigmotaxis,
the center:periphery time spent ratios were calculated for both groups.

Spontaneous exploration of zebrafish was also assessed in the T-maze appa-
ratus (Experiment 6), a clear acrylic T-shaped box with a 10 × 10 cm central area
and three 20-cm arms (10 cm width, 10 cm height; Ezra Scientific, San Antonio, TX,
Fig. 5A), maximally filled with water. The maze was not used here to study mem-
ory in zebrafish, but rather served as an additional novel arena to assess animal

activity and exploration. Following a pre-treatment, zebrafish (n = 12 in each group)
were introduced individually to the bottom arm of the T-maze (facing the wall) and
observed for 6 min by trained observers, scoring the number of center and total arm
entries, as well as the number of freezing episodes and their duration (s).

The social preference test (Experiment 7) examined zebrafish social behavior
and locomotor activity, similar to the mouse social preference paradigm [66,67].
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ig. 5. Behavioral effects of LSD (250 �g/L) on zebrafish tested in the 6-min T-ma
-maze test (n = 12 in each group, Experiment 6). (B) The social preference test (n
erving as dividers between the apparatus’ arms and conspecific or empty box. (C)

he apparatus was modified from the T-maze described above, by blocking the bot-
om arm with the sliding door, resulting in a 50-cm Plexiglas corridor (Fig. 5B). The
arget conspecific fish was introduced to an exposure compartment (conspecific box),
eparated by transparent sliding doors from the rest of the apparatus. To avoid lat-
ral bias in zebrafish cohorts, the left/right location of target fish alternated between
he trials. After a 20-min pre-treatment, control and LSD zebrafish (n = 10 in each
roup) were introduced individually to the central zone, temporarily separated by
liding doors from the two arms of the corridor. Following a 30-s interval (to reduce
ransfer/handling stress), the two sliding doors were gently lifted, and zebrafish was
eleased to explore the apparatus for 6 min. Fish behavior was scored manually by
rained observers, assessing the number of center entries, time spent in center (s),
he number of “conspecific” arm entries, the number of “non-conspecific” (empty)
rm entries, total arm entries, as well as time spent (s) in the respective zones of
he apparatus. The ratios of conspecific:empty and conspecific:total entry and time
pent was calculated based on this data.

The shoaling test (Experiment 8, Fig. 5C) was performed to examine the effects of
SD on social behavior of zebrafish shoals, given early reports on LSD modulation of
hoaling in neons [3,68] and recent zebrafish data on shoaling sensitivity to various
rugs [69,70]. Groups of 8 zebrafish were pre-exposed to either LSD (2 groups, n = 16)
r water (2 groups, n = 16) for 20 min, and group-tested in the novel tank. Zebrafish
hoaling behavior was video-recorded for 6 min, and analyzed using 8 screenshots
ade every 20 s during the last half of the observation period. A total of 16 screen-

hots from LSD-treated cohorts, and 16 screenshots from control cohorts were used
or analyses in this study. Each screenshot was properly calibrated and analyzed
y trained observers, manually measuring the distances (cm) between each fish in
he group, and then averaging this data to obtain an average inter-fish distance per
creenshot (final shoaling data for control and experimental cohorts represented
veraged results for 16 screenshots per group).

.3. Video-tracking and track reconstruction
Recorded videos were analyzed with Ethovision XT7 software, as described pre-
iously [52,55]. All arenas were calibrated across the bottom and walls of the tanks,
nd the calibration axes were placed to designate the origin (0,0) at the center of each
ank. Behavioral data were then exported to Excel to generate total and per-minute
lots for each endpoint and each group. The track data for each fish was exported
social preference tests. *P < 0.05, #P = 0.05–0.1 (trend) vs. control, U-test. (A) The
each group, Experiment 7). Small arrows indicate the transparent sliding doors,

oaling test (n = 16 in each cohort, Experiment 8).

as raw data into separate spreadsheets, providing spatial coordinates and endpoint
values for each fish across a time scale broken down into fractions of a second. The
exported traces were independently rated from 1 to n (based on similarity to each
other) by 2 trained observers (inter-rater reliability >0.85), on a consensus basis. The
middle trace was selected as representative for the group, to illustrate the pattern
of exploration. Spatiotemporal 3D reconstructions were created for the novel tank
test (Fig. 1B) with a Scatter 3D Color plotter, in which the X center, Y center and
time were plotted on the X-, Y- and Z-axis, respectively, and the final images were
exported using screen capture software (Debut Video Capture, NCH Software, Aus-
tralia). Again, the generated 3D traces were rated from 1 to n (as described above),
and the middle trace was selected as representative for the group.

2.4. Pharmacological manipulations

LSD doses and treatment time were chosen based on previous studies using
LSD in fish [42,44–46] and our pilot studies to determine the effective dose range
in zebrafish. While LSD at 5, 25, 50 and 75 �g/L did not affect fish behavior in the
novel tank test, 100 �g/L produced only non-significant trends (data not shown). In
contrast, 250 �g/L evoked marked behavioral responses (Fig. 1), justifying the utility
of this dose for probing LSD effects in zebrafish tested here. In all experiments except
Experiment 2, the drug pre-treatment was performed by submerging zebrafish into
a 3-L plastic beaker containing 250 �g/L of LSD, for 20 min prior to the testing. In
Experiment 2, LSD treatment was performed by dosing the 250 �g/L directly to the
novel tank prior to testing. Control fish were exposed to drug-free water in all these
experiments.

2.5. Whole-body cortisol assay

Whole-body samples were taken from fish used in Experiments 1, 4 and 5.
Individual body samples obtained from experimental and control cohorts were

homogenized in 500 �L of ice-cold 1× PBS buffer. The homogenizing rotor blade
was then washed with an additional 500 �L of PBS and collected in a 2-mL tube
containing the homogenate. Samples were transferred to glass extract-O tubes and
cortisol was extracted twice with 5 mL of diethyl ether (Fisher Scientific, USA).
After ether evaporation, the cortisol was reconstituted in 1 mL of 1× PBS. To quan-
tify cortisol concentrations, ELISA was performed using a human salivary cortisol



282 L. Grossman et al. / Behavioural Brain Research 214 (2010) 277–284

F ng/g b
(

a
V
b
b
c

2

e

3

d
a
a
u
d
t
r
s
t
t
d
[
i
d

a
m
i
i
t
e
t
h

d
fi
a
a
c

(
l
t
i

t
t
t
(

ig. 6. Effects of LSD (250 �g/L) on zebrafish whole-body cortisol concentrations (
trend) vs. control, U-test.

ssay kit (Salimetrics LLC, State College, PA) [53]. ELISA plates were measured in a
ICTOR-WALLAC plate reader using the manufacturer’s software package. Whole-
ody cortisol levels were determined using a 4-parameter sigmoid minus curve fit
ased on the absorbencies of standardized concentrations, and presented as relative
oncentrations per gram of body weight for each fish [53].

.6. Statistical analysis

The experimental data was analyzed using the Mann–Whitney U-test. Data were
xpressed as mean ± SEM. Significance was set at P < 0.05.

. Results

In the 6-min novel tank test (Fig. 1), 250 �g/L LSD pro-
uced significantly shorter latency to enter the top, less freezing,
nd markedly more transitions, time spent in top and longer
verage entry duration. The distance travelled and velocity was
naffected in this study. Representative traces (Fig. 1A) clearly
emonstrate active top swimming in LSD-treated fish, compared
o the predominant bottom dwelling in controls. A detailed 3D
econstruction revealed altered spatiotemporal characteristics of
wimming in LSD-treated fish (Fig. 1B). Control fish dove to
he bottom, froze there and then gradually increased the ampli-
ude of their activity, first in horizontal, and later in vertical,
imensions. This pattern, typical for normal zebrafish behavior
53,55,60], was markedly affected by LSD that caused fish to swim
n both dimensions with a high amplitude and prevalence of top
welling.

Experiment 2 assessed the immediate effects of the drug using
30-min novel tank test filled with LSD-treated water. While
ost behaviors were similar to those observed in Experiment 1

n the 6-min tests, the LSD affected zebrafish in this test almost
mmediately, within several minutes (Fig. 1D). There were nei-
her rapid anxiogenic nor pronounced behavioral inhibition-like
ffects, as LSD-treated zebrafish displayed lower freezing duration
hroughout this test (also see similar results in other tests used
ere).

In the observation cylinder test, LSD produced similar top
welling and somewhat lowered freezing behavior in LSD-treated
sh (Fig. 2). A detailed analysis of ethograms in this test revealed
ltered behavioral patterning in LSD-treated fish, which included
dditional behaviors and transitions typically not seen in normal
ontrol fish (Fig. 2).

In the light–dark box, the LSD-treated zebrafish spent more time
trend) and had significantly higher average entry durations to the
ight half (Fig. 3). Similar trends were observed for higher light:total
ime spent ratio. Representative traces, shown in Fig. 3, further
llustrate higher light activity in LSD group in this test.
Fig. 4 shows behavioral effects of LSD in the open field test. While
he drug did not affect distance travelled or velocity, it evoked
higmotaxis, significantly reducing center dwelling. Representative
races also confirm higher peripheral activity in LSD-treated fish
Fig. 4).
ody weight) measured using human salivary cortisol ELISA. *P < 0.05, #P = 0.05–0.1

In the T-maze test, 250 �g/L LSD tended to reduce the number
of arm entries or center entries and significantly lowered freez-
ing duration and frequency (Fig. 5A). In the social preference test,
LSD significantly reduced the number of total arm entries, center,
con-conspecific and empty entries, but did not influence zebrafish
social preference ratios (Fig. 5B). In the shoaling test, LSD dis-
rupted normal shoaling behavior by significantly increasing the
average inter-fish distance (Fig. 5C). Finally, LSD significantly ele-
vated whole-body cortisol levels in fish tested in Experiment 5, with
the similar trends for Experiments 1 and 4 (Fig. 6).

4. Discussion

Zebrafish-based paradigms are becoming increasingly pop-
ular in behavioral neuroscience and pharmacology research
[71–73]. Although LSD has been studied in various animals,
including fish [39–47], relatively little is known about LSD
effects on fish behavior. Our study is the first report assess-
ing LSD effects on zebrafish. We used a wide spectrum of
behavioral paradigms to target multiple domains, from anxiety
and activity to behavioral organization and social preference. In
addition, behavioral testing was combined with modern video-
tracking tools and a neuroendocrine (cortisol) assay, to reveal
complex effects of LSD on zebrafish behavior and physiol-
ogy.

Overall, LSD induced strong behavioral effects on zebrafish
in all tests used here. The drug evoked robust top dwelling in
zebrafish, reversed dark preference, induced thigmotaxis, altered
spatiotemporal patterns of locomotion, reduced freezing duration,
altered shoaling behavior, reduced the number of arm entries in
T-maze and social preference test, but did not alter their social
preference. LSD-treated zebrafish generally swam in a calmer and
slower fashion, without frequent freezing bouts intermixed with
erratic/darting behavior and rapid change of direction (typical
for control zebrafish in novelty tests). The fact that LSD-exposed
fish were moving constantly with minimal freezing resulted in
unaltered distance travelled and average velocity. In the novel
tank and observation cylinder, LSD rapidly increased top dwelling,
generally paralleling data in other fish species [39,40,44,45]. In
contrast to early fish studies [41,44,45,74], LSD-treated zebrafish
were not immobile, as demonstrated by unaltered distance trav-
elled, significantly reduced freezing (Figs. 1A and B and 3A), and
3D reconstruction of their locomotion (Fig. 1B). The latter finding is
important in showing that LSD markedly alters overall 3D topogra-
phy of zebrafish locomotion. Notably, a similar phenotype was seen
in zebrafish chronically treated with fluoxetine [53], or exposed to

its high acute doses (own unpublished observations). Therefore,
this response may be serotonergically mediated, and induced by
elevated serotonin or its agonists (such as LSD).

Although LSD has complex biphasic effects in rodents and
humans [5,8,37,38], our experiments failed to detect anxiety
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esponses in zebrafish (Fig. 1C and D). The exact reasons why anxi-
ty phase of the biphasic LSD profile was not observed here, require
urther studies. For example, this may be due to species differences
or the roles that various neurotransmitter receptors, targeted by
SD, play in specific behaviors. Similarly, since hallucinogenic drugs
lter sensory functions [10], it is possible that top dwelling observed
n fish (Figs. 1–5) [42,43,46] reflects hallucinogenic effects of LSD.
iven similar effects on zebrafish produced by opioid hallucino-
ens [58], this possibility seems indeed likely. Furthermore, while
ncreased light behavior in the light–dark test (Fig. 3) can be due to
igher locomotion (e.g., increasing chances of fish being in the light
ompartment), zebrafish did not make more entries to the light
art. This phenotype is inconsistent with hyperactivity, but can
e explained by distorted perception. The thigmotaxic response in
ebrafish open field test (Fig. 4) parallels the effects of LSD and other
allucinogens in rodents [9], suggesting that it may be a common
ehavioral profile of hallucinogenic drugs in different species.

Interestingly, LSD produced conflicting effects on human [21,22]
nd animal [24–27] social behavior, with positive, negative and
o effects reported in the literature. In our study, despite fewer
onspecific arm entries in the social preference test, LSD globally
educed arm entries (Fig. 5A and B), which, together with unaltered
onspecific:total or conspecific:empty arm ratios and time spent
n the conspecific arm, suggests altered spatial exploration but
naltered social preference. Shoaling is also relevant to zebrafish
ocial behavior. The fact that LSD has been reported to disorga-
ize shoaling in other fish [3,68], and the sensitivity of zebrafish
hoaling to various psychotropic drugs [69,70,75], emphasize the
mportance of this phenotype. In our study social preference was
ot affected, but shoaling was (Fig. 5C), suggesting that various
ocial behaviors in zebrafish can be differentially modulated by LSD.
ince disrupted shoaling behavior may reflect LSD hallucinogenic
ction, other tests, such as social hierarchy, dominance and bold-
ess [76–78], may be used in future studies to dissect the LSD effects
n zebrafish social and motor behavior.

Finally, LSD induced higher levels of cortisol in zebrafish. Ana-
yzing this phenotype in zebrafish, it should be noted that LSD
imilarly activates the endocrine axis and elevates corticoids in
umans [79] and animals [80,81]. Although cortisol positively cor-
elates with zebrafish anxiety [52,53], overt anxiogenic responses
ere not observed in this study. Given this, and because the sero-

onergic system (especially via 5-HT1A receptors) tightly controls
he endocrine axis in teleost fish [82], it is possible that elevated
ortisol in zebrafish may be due to central modulation of the fish
ndocrine system by LSD.

There were several additional limitations of this study. For
xample, complex dose-and time-dependent effects on behavior
ave been reported for LSD in various rodent studies [9,34]. There-

ore, testing LSD doses both acutely and chronically, as well as using
longer observation time, may enable further characterization of

SD effects in zebrafish. Receptor mediation of the observed behav-
ors also requires an in-depth investigation, using selective agonists
nd antagonists. Given mounting rodent evidence [7,9,28,38], tar-
eting a wider spectrum of behavioral repertoire, as well as sex
nd strain differences in zebrafish sensitivity to LSD, merit further
crutiny. Furthermore, other hallucinogens [4], such as mescaline,
hencyclidine, lisuride or 3,4-methylenedioxymethamphetamine
MDMA), can be tested. For example, LSD and MDMA exert simi-
ar behavioral effects in zebrafish (own unpublished observations),
onfirming the utility of these fish for testing various hallucinogenic
rugs.
In summary, LSD evokes marked physiological and behavioral
esponses in zebrafish that parallel some of its effects on humans
nd rodents. In line with recent studies on other hallucinogens [58],
ur data strongly support the utility of adult zebrafish for drug
buse research.
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