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a  b  s  t  r  a  c  t

Schizophrenia  is  a severe  mental  illness  characterized  by  positive  and  negative  symptoms  and  cognitive
deficits.  Reduction  of  glutamatergic  neurotransmission  by NMDA  receptor  antagonists  mimics  symp-
toms  of  schizophrenia.  Modeling  social  interaction  and  cognitive  impairment  in  animals  can  be  of  great
benefit  in  the  effort  to  develop  novel  treatments  for  negative  and  cognitive  symptoms  of  schizophrenia.
Studies  have  demonstrated  that  these  behavioral  changes  are,  in  some  cases,  sensitive  to remediation  by
antipsychotic  drugs.  The  zebrafish  has  been  proposed  as  a candidate  to study  the  in vivo  effects  of  several
drugs  and  to  discover  new  pharmacological  targets.  In  the  current  study  we investigated  the  ability  of
antipsychotic  drugs  to reverse  schizophrenia-like  symptoms  produced  by  the  NMDA  receptor  antagonist
MK-801. Results  showed  that  MK-801  (5  �M)  given  pre-training  hindered  memory  formation  while  both
chizophrenia atypical  antipsychotics  sulpiride  (250  �M)  and  olanzapine  (50  �M)  improved  MK-801-induced  amnesia.
The  same  change  was  observed  in  the social  interaction  task,  where  atypical  antipsychotics  reversed  the
MK-801-induced  social  interaction  deficit  whereas  the  typical  antipsychotic  haloperidol  (9  �M)  was  inef-
fective  to  reverse  those  behavioral  deficits.  Therefore,  MK-801-treated  zebrafish  showed  some  behavioral
features observed  in  schizophrenia,  such  as  cognitive  and  social  interaction  deficits,  which  were  reverted

ical  d
by current  available  atyp

. Introduction

Schizophrenia is a devastating psychiatric disorder character-
zed by positive and negative symptoms and cognitive deficits [55].
ositive symptoms refer to newly acquired behaviors, including
elusions, hallucinations, and thought disorders whereas the neg-
tive symptoms refer to impairments or losses in normal behavior
nd include deficits in social interaction, emotional expression, and
otivation. Cognitive deficits usually manifest as impaired atten-

ion/information processing, problem-solving, processing speed,

erbal and visual learning, memory, and working memory [51,54].

Alterations in several neurotransmitter systems and neu-
oanatomical characteristics have been reported in schizophrenic
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© 2011 Elsevier B.V. All rights reserved.

patients [65]. Different theories have attempted to clarify the
aetiology of schizophrenia but the exact causes of this complex
and multifactorial mental disorder remain unknown. This lack of
information might be attributed in part to the difficulties in mod-
eling the disorder. One of the best characterized animal models of
schizophrenia is based on NMDA hypofunction [22]. This model is
based on observations that NMDA antagonists, such as phencycli-
dine and MK-801, can mimic  the complexity of positive, negative,
and cognitive symptoms of the disease [46,60].

MK-801 is a non-competitive antagonist of NMDA subtype of
glutamate receptors and acts by means of open-channel blockade
[61]. When given to animals, NMDA antagonists cause changes that
resemble some features of schizophrenia, including hyperlocomo-
tion, stereotypical behavior, memory impairment [6,9,35,49], and
social withdrawal [16,57]. These behavioral changes are, in some
cases, blocked by antipsychotic drugs [8,58].
Antipsychotic drugs are widely used for the treatment of psy-
chotic symptoms in patients with several brain disorders, including
schizophrenia. Typical (first-generation) antipsychotics alleviate
psychotic symptoms, but lead to severe motor side effects due to

dx.doi.org/10.1016/j.bbr.2011.05.034
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:cbonan@pucrs.br
dx.doi.org/10.1016/j.bbr.2011.05.034
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he blockade of dopamine D2 receptors [38]. Over the past decade,
typical (second-generation) antipsychotics have been increasingly
sed in the treatment of schizophrenia in preference to ‘conven-
ional’ typical drugs [15]. Atypical antipsychotics, although less
otent in blocking central D2 receptors, have affinity for a wide
ange of other receptors including dopaminergic D1 and D4, sero-
onergic 5-HT2A and 5-HT6, adrenergic �1, histaminergic H1, and

uscarinergic M1 [37].
The teleost Danio rerio, popularly known as zebrafish, have many

nherent advantages as a model organism, such as low cost, easy
andling and maintenance as compared to other vertebrate mod-
ls and 70–80% genetic homology to humans [7,19,30]. Therefore,
ebrafish may  be an ideal vertebrate model system for numerous
uman diseases, where genetic and biological mechanisms of the
iseases may  be studied [18,23,34].  Zebrafish embryos are perme-
ble to drugs and can easily be manipulated using well-established
enetic and molecular approaches [39]. Transparency of zebrafish
mbryos and early larvae allows direct visualization of tissue mor-
hogenesis as it occurs in a live organism [7].  In addition, zebrafish
ehavior can be easily observed and quantified in a controlled envi-
onment [45]. Behavior-based chemical screens in zebrafish may
mprove our understanding of neurobiology and drug action and
ccelerate the pace of psychiatric drug discovery [41,56].

It is well known that systemic administration of the non-
ompetitive NMDA receptor antagonist MK-801 causes an increase
n rodent locomotion [14], and this effect was fully replicated in

 previous study from our laboratory using the zebrafish as ani-
al  model [58]. The present study was designed to determine if
K-801 also causes memory and social interaction impairments

n zebrafish. Since various antipsychotics have been reported to
odulate MK-801-induced changes, we also examined the abil-

ty of typical and atypical antipsychotics to reverse the deleterious
ffects of MK-801. Therefore, our work evaluated the potential of
ebrafish as a reliable animal model to study NMDA antagonist-
nduced cognitive deficits and negative symptoms and a possible
ew approach for drug screening.

. Material and methods

.1. Animals and maintenance

Adult male zebrafish (<8 months old) were obtained from a local commercial
upplier (Redfish, RS, Brazil). All fish were kept in 50 l housing tanks with AquaSafe®

Tetra) conditioned water continuously aerated (7.20 mgO2/l) at 25 ± 2 ◦C, under a
4–10 h light/dark photoperiod in at a density of up to five animals per liter. Ani-
als were acclimated for at least 2 weeks before the experiments and were fed

hree times a day with commercial flake food (TetraMin Tropical Flake®). Groups
onsisted of 11–12 animals and different animals were used for each experiment.
ll protocols were approved by the Institutional Animal Care Committee (09/00135,
EUA–PUCRS) and followed Brazilian legislation, the guidelines of the Brazilian Col-

egium of Animal Experimentation (COBEA), and the Canadian Council for Animal
are  (CCAC) Guide on the care and use of fish in research, teaching, and test-

ng.

.2. Chemicals

Haloperidol, sulpiride, olanzapine, MK-801 hydrogen maleate and dimethyl-
ulfoxide (DMSO) were used. The antypsychotics used were from clinical
rade/suppliers, while MK-801 and DMSO were purchased from Sigma–Aldrich (St.
ouis, USA). Tank water was  used as the vehicle for haloperidol and olanzapine and
ank  water with 5% DMSO was  used as the vehicle to sulpiride.

.3. Pharmacological treatment

Immediately before the behavioral tests, fish were treated either individu-
lly  (for inhibitory avoidance protocol) or in groups of five (for social interaction
rotocol) in 500-ml beakers for 30 min, which are divided in two  consecutive

5  min-periods, as follows: (a) In the first 15 min-exposure period, animals were
xposed to tank water (CTRL) or 5 �M MK-801. (b) In the second 15 min-exposure,
nimals were treated with tank water or with one of the antipsychotic drugs (9 �M
aloperidol, 50 �M olanzapine or 250 �M sulpiride). Therefore, the following exper-

mental treatments were tested: (i) CTRL plus CTRL, (ii) CTRL plus HAL, (iii) CTRL plus
esearch 224 (2011) 135– 139

OLA, (iv) CTRL plus SUL, (v) MK-801 plus CTRL, (vi) MK-801 plus HAL, (vii) MK-801
plus OLA (viii) MK-801 plus SUL. An additional control group receiving 5% DMSO
was  simultaneously tested in both inhibitory avoidance and social interaction tests,
showing identical responses to those of the water-treated control group (data not
shown).

The  MK-801 and haloperidol doses were chosen based on previous studies with
zebrafish [25,58,63].  The doses of other antipsychotic agents used in this study
were chosen based on drug potencies observed in humans [40,47], rats [33,53],
and  zebrafish [58,59]. Previous studies have shown that haloperidol, sulpiride, and
olanzapine per se did not induce changes in the locomotion in zebrafish [58].

2.4.  Behavioral analysis

2.4.1. Inhibitory avoidance
Long-term memory was evaluated using an inhibitory avoidance (IA) protocol

described in detail by Blank et al. [11]. Briefly, a glass tank (18 cm × 9 cm × 7 cm
length × height × width) divided in two  equally sized compartments, designated
here as dark and white, by a sliding guillotine-type partition (9 cm × 7 cm)  was used.
The tank water level was 3 cm and the partition raised 1 cm above the tank floor to
allow zebrafish to swim freely from one side of the tank to the other. Two elec-
trodes extending through the wall height and placed on each end side of the dark
walls attached to an 8 V stimulator administered a final 3 ± 0.2 V AC shock when
manually activated. On training session, animals were placed in the white side of
the tank while the partition between compartments was closed. After 1 min  of adap-
tation with the new environment the partition was raised, allowing fish to cross to
the dark side of the tank. When animals entered the dark side with their entire
body the sliding partition was closed and a pulsed electric shock administered for
5  s. Fish were then removed from the apparatus and placed in the dedicated tem-
porary tank. Animals were tested 24 h after training. The test session repeated the
training protocol except that no shock was  administered and animals immediately
removed from the dark compartment. The latency to completely enter the dark com-
partment was measured on both sessions and the test latencies used as an index of
retention.

2.4.2. Social interaction
The zebrafish is a schooling fish that may exhibit preference for its con-

specifics under certain circumstances. The rationale behind using a group of five
fish as subjects is that this social setting biases behavior toward schooling. Fish
were placed in groups of five in a small experimental tank (30 cm × 15 cm × 10 cm
length × height × width). On one side of the experimental tank an empty fish tank
was placed, and on the other side a tank of identical size held 15 zebrafish, hereon
designed “stimulus fish”. The experimental fish were allowed to acclimate to the
experimental tank for a 30 s period, after which their behavior was video recorded.
In  order to quantify their preference between the “stimulus fish” side of their tank
in  detriment of the empty tank, the experimental fish tank was divided in two  equal
sections and the amount of time the five experimental fish spent on the side of the
tank closer to the conspecific school was measured using an event recorder program
[24].

2.5. Statistical analysis

Results are expressed as mean ± S.E.M. In the social interaction test compar-
isons between groups were made by two-way ANOVA followed by Tukey’s post
hoc test. Inhibitory avoidance data are expressed as medians ± interquartile ranges
and data were analyzed by Kruskal–Wallis non-parametric analysis of variance fol-
lowed by Mann–Whitney U-test (two-tailed) for comparisons among treatment
groups. Significance was set at p < 0.05. All data were evaluated with SPSS 18.0 for
Windows.

3. Results

Fig. 1 shows the effects of haloperidol (HAL), sulpiride (SUL), and
olanzapine (OLA) on MK-801-induced amnesia in the inhibitory
avoidance task. Significant and consistent differences (p < 0.05,
Wilcoxon) between training and test sessions were observed in all
groups except for MK-801 and MK-801 plus HAL (p > 0.05). These
results show that only the atypical antipsychotics (sulpiride and
olanzapine) were able to reverse the memory impairment induced
by MK-801.

Fig. 2 shows the effects of HAL, SUL, and OLA  on MK-801-
induced social interaction impairment in zebrafish. As expected,
MK-801 significantly decreased (p < 0.001) the time of social inter-

action when compared to controls, whereas HAL, SUL, and OLA
per se were devoid of effects. However, when zebrafish were
treated with HAL, SUL, and OLA after MK-801 pre-treatment,
a two-way ANOVA revealed a main effect of pre-treatment
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Fig. 1. Effects of haloperidol (HAL), sulpiride (SUL) and olanzapine (OLA) on MK-
801-induced amnesia in the inhibitory avoidance task. Significant differences
(*p < 0.05, Wilcoxon test) between training and test sessions were observed in all
groups, except for MK-801 and MK  + HAL (p > 0.05). Data are expressed as medi-
ans  ± interquartile ranges and were analyzed by Kruskal–Wallis non-parametric
analysis of variance followed by Mann–Whitney U-test (two-tailed) for comparisons
among treatment groups.
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ig. 2. Effects of haloperidol (HAL), sulpiride (SUL) and olanzapine (OLA) on
K-801-induced social interaction deficits in zebrafish. Data are expressed as
ean ± S.E.M. *p < 0.01 × control group.

F(1,67) = 87.4, p < 0.001), treatment (F(3,67) = 46.2, p < 0.001), and of
re-treatment × treatment interaction (F(3,65) = 25.6, p < 0.001). Post
oc analyses indicated that treatment with SUL and OLA, but not
ith HAL, reversed the effects of MK-801 in the social interaction

est. Therefore, atypical antipsychotic drugs reversed MK-801-
nduced cognitive and social interaction deficits in zebrafish. No
hanges in latency for inhibitory avoidance and social interaction
ere induced by DMSO (data not shown).

. Discussion

Schizophrenic patients suffer from enduring and persistent
ymptoms, as well as deficiencies in cognitive abilities and social
nteraction. Given the negative impact of cognitive and social dys-
unction on long-term function and quality of life, the lack of
ffective treatment is clearly a key unmet clinical need [27]. There is
vidence that, at least some of the pathology and symptomatology
particularly cognitive and negative symptoms) of schizophrenia
esults from a dysfunction of the glutamatergic system, which may
e modeled in animals through the use of NMDA receptor antago-
ists.

There is a growing interest in zebrafish as a model organism

n behavioral pharmacology [29,64]. Zebrafish, a vertebrate model
rganism amenable to high throughput screening, is an attractive
ystem to model and study the mechanisms underlying human
iseases. In a previous work [58], our group characterized the
search 224 (2011) 135– 139 137

behavioral effects of MK-801 and investigated the effect of typi-
cal and atypical antipsychotic treatments on locomotor activity as
well as on the hyperlocomotion induced by MK-801 in this animal
model. In the present study, using social interaction and mem-
ory deficits as key schizophrenia-like symptoms, we demonstrated
that acute MK-801 treatment induced a deficit in cognition and
social interaction in zebrafish, which was completely restored by
acute administration of atypical antipsychotics, but not by a typical
antipsychotic.

It is currently accepted that the glutamatergic neurotransmit-
ter system plays an important role in the aetiopathogenesis of
schizophrenia, as supported by findings on various aspects of neu-
ral substrates ranging from molecular interactions to the neuronal
networks in the human brain [26,42]. Moreover, administration of
non-competitive antagonists of NMDA glutamate receptors (phen-
cyclidine, ketamine, and MK-801) has been reported to induce
behavioral abnormalities related to symptoms of schizophrenia,
such as impairment of information processing and attention, as well
as hyperlocomotion in response to a novel environment, which are
all ameliorated by antipsychotic use [4,14,58].

Modeling cognitive impairment in animals can be of great bene-
fit in the effort to develop novel treatments for psychotic, negative,
and cognitive symptoms of schizophrenia. Previous studies have
shown that acute MK-801 impairs working memory in the delayed
alternation task in rodents [9,67] whereas no information is avail-
able on the behavioral effects of MK-801 chronic treatment and/or
withdrawal. Acute phencyclidine treatment, other NMDA recep-
tor antagonist, impairs performance at rats in the Morris maze,
and this effect can be reversed by clozapine and other atypical
antipsychotics, but not by haloperidol [17]. In accordance with
these studies, we found that acute treatment with MK-801 caused
memory impairment in the inhibitory avoidance task, and MK-
801-induced cognitive impairment was  ameliorated by atypical
antipsychotics, such as sulpiride and olanzapine, but not by typical,
such as haloperidol.

According to Rung et al. [57], social deficits can be consid-
ered a core negative symptom in schizophrenia. Social withdrawal
in rats, in response to non-competitive NMDA-receptor antago-
nists, is an accepted model for negative symptoms of schizophrenia
[10,20,57].  Haloperidol, a typical antipsychotic, does not reverse
acute NMDA antagonist-induced deficits in social investigation
[12], and conflicting data exist for clozapine, which is either inactive
[12] or effecting in reversing social investigation deficits [10]. Acute
treatment with the atypical drugs ziprasidone and aripiprazole
has been reported to reverse subchronic phencyclidine-induced
deficits in social investigation, whereas similar treatment with
haloperidol or clozapine has no effect [60]. In this study, sulpiride
and olanzapine prevented the MK-801-induced social withdrawal
in zebrafish whereas haloperidol was  ineffective. The fact that
social interaction is diminished by NMDA glutamate antagonists in
zebrafish and improved by some atypical antipsychotics suggests
that NMDA antagonist-reduced social interaction might repre-
sent an useful model for evaluating novel antipsychotics in this
species.

Neurochemical data suggest that NMDA antagonists increase
serotonin release, which in turn activates serotonin 5-HT2A recep-
tors on glutamatergic neurons in the cerebral cortex to release
glutamate [2,3]. The increased glutamate release may  act on
post-synaptic AMPA/kainate receptors causing changes in behav-
ioral responsiveness and inducing the neuropathological changes
observed with NMDA antagonist exposure [48,52]. Despite the fact
that atypical antipsychotics do not directly target glutamatergic

receptors, the ability to modulate the glutamatergic system has
been proposed as the basis of olanzapine and sulpiride atypical
profile [32,43].  Atypical antipsychotics show marked polyphar-
macology, with affinities for a wide range of other receptors.
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vins et al. [21] have shown that clozapine, an atypical antipsy-
hotic, alters serum glutamate concentrations [21], facilitates
MDA-mediated neurotransmission [5],  and antagonizes NMDA
ntagonist-mediated behaviors. Thus, this drug may  also facilitate
MDAR activity indirectly through inhibition of the glycine trans-
orter, up-regulating glycine binding to its positive modulatory
ite on the NMDAR [36]. However, it remains unclear whether the
ncreased NMDA receptor binding can be attributed to increased
MDAR expression, an alteration of receptor conformation or
ffinity for MK-801 [28]. Behaviorally, chronic administration of
lozapine restores NMDAR function after phencyclidine treatment
50] and reverses the prepulse inhibition (PPI) deficits induced by
etamine and MK-801 [1,13,44]. Su et al. [62] showed that the atyp-
cal antipsychotic risperidone inhibits NMDA antagonist-induced
lutamate release in the medial prefrontal cortex by blocking
erotonin 5-HT2A receptors on glutamatergic terminals, leading
o attenuation of the activity of cortico-subcortical glutamatergic
eurons [62]. Therefore, it is possible that atypical drugs such as
lanzapine and sulpiride inhibit MK-801-induced social interaction
nd cognitive impairments through a similar mechanism.

Monoaminergic, cholinergic, GABAergic and peptidergic neu-
ons can be identified early on zebrafish development, developing
n similar spatial and temporal patterns than those observed in

ammals [31]. Additionally, zebrafish maintains the typical brain
tructural organization observed in vertebrates, enabling extrap-
lation of findings from zebrafish to mammals, despite specific
mbryological aspects and relative position of homologous struc-
ures [for a detailed review see Ref. [66]]. The general subdivision
f vesicles during brain development and their resulting structures
re evolutionary conserved, and zebrafish shows telencephalic
egions that are homologous to the hippocampus and amygdala,
ritical for memory and emotion processing, in addition to multi-
le diencephalic nuclei, reinforcing zebrafish advantages in screens
or drugs with potential neural effects [31,66].  Despite some pro-
eomic and neuroanatomical differences between zebrafish and

ammals, the effects of drugs that act on the dopaminergic and
erotonergic systems (receptor agonists or antagonists, transporter
nhibitors, etc.) on zebrafish behavior are similar to those observed
n rodents [19,25,58].  However, there are no studies evaluat-
ng affinity, efficacy and transduction mechanisms for duplicated
ebrafish receptors in relation to different drugs, such antipsy-
hotics.

The behavioral syndrome produced by NMDA antagonists has
een widely used as an animal model to study the mecha-
ism of action of conventional and atypical antipsychotics. Our

nterest to establish this behavioral syndrome in zebrafish was
upported by numerous practical advantages of this species in
ehavioral experimentation combined to its substantial genetic
imilarity to mammals. In this work we demonstrated that MK-
01-treated zebrafish mimics some behavioral features observed

n schizophrenia, such as cognitive and social interaction deficits,
hich responded positively to available atypical treatments, sup-
orting the use of this animal model for drug screening.
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