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MK-801 alters Na*, K"'-ATPase activity and oxidative status
in zebrafish brain: reversal by antipsychotic drugs
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Abstract Schizophrenia is a debilitating mental disorder
with a global prevalence of 1% and its etiology remains
poorly understood. In the current study we investigated the
influence of antipsychotic drugs on the effects of MK-801
administration, which is a drug that mimics biochemical
changes observed in schizophrenia, on Na®, K*-ATPase
activity and some parameters of oxidative stress in zebra-
fish brain. Our results showed that MK-801 treatment
significantly decreased Na', K™-ATPase activity, and
all antipsychotics tested prevented such effects. Acute
MK-801 treatment did not alter reactive oxygen/nitrogen
species by 2'7'-dichlorofluorscein (H2DCF) oxidation
assay, but increased the levels of thiobarbituric acid reac-
tive substances (TBARS), when compared with controls.
Some antipsychotics such as sulpiride, olanzapine, and
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haloperidol prevented the increase of TBARS caused by
MK-801. These findings indicate oxidative damage might
be a mechanism involved in the decrease of Na', K-
ATPase activity induced by MK-801. The parame-
ters evaluated in this study had not yet been tested in
this animal model using the MK-801, suggesting that
zebrafish is an animal model that can contribute for pro-
viding information on potential treatments and disease
characteristics.

Keywords Schizophrenia - Antipsychotics - MK-801 -
Na®, K*-ATPase - TBARS - DCF

Introduction

Schizophrenia is a severe neuropsychiatric illness with a
lifetime prevalence of approximately 1% whose etiology
remains poorly understood (Boison et al. 2011; Yu et al.
2011). The disease is characterized by a broad range of
mental and neuropsychological dysfunctions including
(i) positive symptoms characterized by functional excesses
such as delusions, hallucinations, and disorganized think-
ing; (ii) affective symptoms, such as depression or mania;
(iii) negative symptoms, characterized by loss of normal
functions, such as anhedonia, blunted affect, and social
withdrawal, and (iv) cognitive symptoms, reflecting dete-
rioration of memory, selective attention, and executive
functions (Ross et al. 2006; van Os and Kapur 2009). One
of the best characterized animal models of schizophrenia is
based on NMDA hypofunction (Farber 2003). This model
is based on observations that NMDA antagonists, such as
phencyclidine and MK-801, can mimic the complexity of
positive, negative, and cognitive symptoms of the disease
(Li et al. 2011; Rujescu et al. 2006). MK-801 is a
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non-competitive antagonist of NMDA subtype of gluta-
mate receptors and acts by means of open-channel block-
ade (Stuchlik et al. 2009).

Although the pathophysiological mechanisms underly-
ing this disorder remain unclear, many studies point
towards an involvement of oxidative stress in the neuro-
pathological processes of schizophrenia (Gama et al. 2008;
Ng et al. 2008; Zhang et al. 2010). Oxidative stress, which
results from an impaired redox balance, is supposed to be
one of the major causes for schizophrenia (Mahadik and
Scheffer 1996; Fenton et al. 2000). Shifting of the redox
balance towards oxidative stress may occur due to exces-
sive generation of free radicals, decreased antioxidant
activities, or a combination of both (Singh et al. 2008).
Recent findings indicate the role of changes of membrane
phospholipids and fatty acids induced by oxidative stress in
etiopathogenic mechanisms in schizophrenia (Fendri et al.
2006; Yao et al. 2001). Lipid peroxidation assessed by
TBARS was shown to be increased in the plasma of drug-
free and medicated schizophrenic patients (Akyol et al.
2002).

Nat, K'-ATPase (EC 3.6.1.37), also known as the
sodium pump, is a major membrane protein responsible
for generating the membrane potential. The active trans-
port of Na* and K% ions in the central nervous system
(CNS) is indispensable to regulate neuronal excitability
and cellular volume (Kaplan 2002; Aperia 2007). This
enzyme consumes about 40-60% of ATP produced in
brain (Erecinska et al. 2004). Disturbance in Na®, K*-
ATPase density and/or activity might induce significant
damage on brain function. Studies show that its activity is
altered in various brain disorders, such as ischemia (Wyse
et al. 2000), neurodegenerative (Yu 2003; Vignini et al.
2007) and neuropsychiatric diseases (Goldstein et al.
2006). In addition, a decline of Nat, K*-ATPase activity
has been attributed to induce lipid changes and associated
oxidative damage (Chakraborty et al. 2003; Dencher et al.
2007).

Zebrafish represents an attractive vertebrate model in
Developmental Biology, Genetics, Pharmacology, and
Neuroscience (Gerlai et al. 2000; Grossman et al. 2010;
Cachat et al. 2010). The zebrafish have many inherent
advantages as a model organism, such as low cost, easy
handling and maintenance as compared with other verte-
brate models, and 70-80% genetic homology to humans
(Barbazuk et al. 2000; Egan et al. 2009). Behavior-based
chemical screens in zebrafish may improve our under-
standing of neurobiology and drug action and accelerate
the pace of psychiatric drug discovery (Kokel and Peterson
2008; Rihel et al. 2010). Considering (i) oxidative stress is
likely to be involved in the pathophysiology of schizo-
phrenia, (ii) Na*, K*-ATPase activity is critical for normal
brain function, being altered in many disorders, and (iii)
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zebrafish has been used as a model for studying several
diseases, we investigate the effect of MK-801, a drug used
for eliciting schizophrenia-like symptoms, on Nat, K*-
ATPase activity and reactive oxygen/nitrogen species lev-
els in zebrafish brain. The protective effect of antipsychotic
drugs was also evaluated.

Materials and methods
Animals

Adult wild-type zebrafish strains (3-5 cm) of both sexes
were obtained from a specialized commercial supplier
(Redfish, RS, Brazil) and were of genetically heteroge-
neous (randomly bred) stock. The fish were acclimatized to
the laboratory environment for at least 14 days and housed
in a 50-L thermostated aquarium filled with continuously
unchlorinated water at a targeted temperature of 28 £ 2°C,
with constant filtration and aeration (7.20 mg O,/L) and a
density of up to five animals per liter (Westerfield 2007).
Animals were kept on a day:night cycle of 14:10 h and fed
twice a day with flaked fish food that was supplemented
with live brine shrimp.

Fish were manipulated healthy and free of any signs of
disease, according to the ‘‘Guide for the Care and Use of
Laboratory Animals” published by the US National Insti-
tutes of Health (NIH publication No 85-23, revised 1996).
The ethics committee of the Pontifical Catholic University
of Rio Grande do Sul (PUCRS) approved the protocol
under license number CEUA 09/00135.

Pharmacological treatments

A group of five animals were transferred and kept in
500-mL beakers for 30 min divided in two consecutive
15-min periods, as follows: (a) In the first 15-min expo-
sure period, animals were exposed to tank water or 20 pM
MK-801; (b) During the final 15-min-exposure, animals
were treated with tank water or with one of the following
antipsychotic drugs: 9 uM haloperidol (HAL), 100 uM
olanzapine (OLA), or 250 uM sulpiride (SUL). Therefore,
the following experimental groups were tested: (i) water
plus water, (ii) water plus HAL, (iii) water plus OLA, (iv)
water plus SUL, (v) MK-801 plus water, (vi) MK-801 plus
HAL, (vii) MK-801 plus OLA (viii) MK-801 plus SUL.
The MK-801 and haloperidol doses were chosen based on
previous studies with zebrafish (Giacomini et al. 2006;
Swain et al. 2004; Seibt et al. 2010). Moreover, our group
showed that haloperidol, sulpiride, and olanzapine per se
did not induce changes in the locomotion in zebrafish
(Seibt et al. 2010).
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Membrane preparation

Brain membranes were prepared according to the method
previously described (Barnes et al. 1993). Briefly, whole
zebrafish brains were homogenized in 60 volumes (v/w) of
chilled Tris-citrate buffer (50 mM Tris, 2 mM EDTA,
2 mM EGTA, pH 7.4, adjusted with citric acid) in a glass-
Teflon homogenizer. The homogenate was centrifuged at
1,000g for 10 min and the pellet was discarded. After
removing the nuclear and cell debris, the supernatant was
centrifuged for 25 min at 40,000g. The resultant pellet was
frozen in liquid nitrogen, thawed, resuspended in Tris-cit-
rate buffer, and centrifuged for 20 min at 40,000g. The
final pellet was resuspended and used for the enzyme
assays. The material was maintained at 2—4°C throughout
preparation.

Protein determination

Protein was measured by the Coomassie Blue method
(Bradford 1976), using bovine serum albumin as standard.

Na"K*ATPase activity

Na®, K*-ATPase activity was determined as previously
reported (Tsakiris and Deliconstantinos 1984). The enzyme
preparation (3—5 pg protein) was added to the reaction
mixture containing 5 mM MgCl,, 80 mM NaCl, 20 mM
KCl, and 40 mM Tris—HCl buffer, pH 7.4, in a final volume
of 200 pL. The reaction was started by the addition of ATP
(vanadium-free disodium salt) to a final concentration of
3 mM and stopped after 5 min with addition of 200 puL
trichloroacetic acid 10%. The control was assessed under the
same conditions, except that 1 mM ouabain was added to
the reaction medium. The Na*, K*-ATPase activity was
calculated by determining the difference between these two
assays. The released inorganic phosphate (Pi) was measured
by the colorimetric Malachite Green method (Chan et al.
1986) and results were expressed as nmol Pi/min/mg protein.

Measurement of lipid peroxidation

Lipid peroxidation was measured through determination of
thiobarbituric acid reactive substances (TBARS) according
to the colorimetric assay previously described (Ohkawa
et al. 1979). Briefly, samples and reagents were added in
the following order: 100 pL of tissue supernatant; 25 pL of
SDS 8.1%; 190 pL of 20% acetic acid in aqueous solution
(v/v) pH 3.5; and 190 pL of 0.8% thiobarbituric acid. The
mixture was vortexed and the reaction was carried out in a
boiling water bath for 1 h. TBARS were determined by the
absorbance at 535 nm and calculated as nmol of mal-
ondialdehyde (MDA) formed per milligram of protein.

Dichlorofluorescein (H2DCF) oxidation assay

Reactive oxygen/nitrogen species production was mea-
sured following the method based on 2'7'-dichlorofluors-
cein oxidation (Lebel et al. 1992). Briefly, homogenates
from total zebrafish brain (60 pL) were incubated for
30 min at 37°C in the dark with 240 pL of 100 uM 2'7'-
dichlorofluorscein diacetate solution in a 96-well plate.
H2DCEF-DA is cleaved by cellular esterases and H2DCF
formed is eventually oxidized by ROS or RNS present in
samples. The last reaction produces the fluorescent com-
pound DCF, which was measured at 488 nm excitation and
525 nm emission, and the results were represented by nmol
DCF/mg protein. A calibration curve was performed with
purified DCF as standard.

Statistical analysis

Data were expressed as means = SEM. The Na*, K'-
ATPase activity and TBARS data were analyzed by
two-way analysis of variance (ANOVA), followed by
Bonferroni’s multiple test range as post hoc. The DCFH
data was analyzed by one-way analysis of variance
(ANOVA), followed by Tukey’s test. A value of p < 0.05
was considered significant.

Results

At first, we tested 20 uM MK-801 during 15 and 30 min
of exposure in order to determine the time exposure to
further experiments related to antipsychotic effects. Our
results demonstrated that there was a decrease [52.5%;
F(2,9) = 34.56; p < 0.01] of Na*, K*-ATPase activity in
the group submitted to 15 min of exposure to MK-801
(195 =+ 33 nmol Pi. min~' mg™" protein) in relation to the
control group (410 £ 52 nmol Pi. min~' mg™' protein).
However, there were no changes on Na*, K*-ATPase
activity after 30-min MK-801 exposure (405 £ 13 nmol
Pi. min~' mg~' protein) when compared with control
group (410 £ 52 nmol Pi. min~' mg™" protein). There-
fore, we have chosen 15 min-exposure to MK-801 for the
subsequent experiments with antipsychotics.

We investigated the effect of acute administration of
MK-801 and antipsychotic drugs on Na®, K"-ATPase
activity. Figure 1 shows that MK-801/water significantly
decreased Nat, K'-ATPase activity [F(1,11) = 13.18,
p < 0.002]. Water/sulpiride and water/olanzapine alone
did not alter this parameter. However, water/haloperidol
treatment significantly increased Na®, K™-ATPase activity
[F(3,23) = 18,91, p < 0.001]. In addition, the treatment
with MK-801/olanzapine [F(3,23) = 93.64, p < 0.0001],
MK-801/sulpiride [F(3,23) = 25.64, p < 0.0001], and
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Fig. 1 Effect of MK-801 and antipsychotic drug treatment on Na™,
K*-ATPase activity in zebrafish brain. Data are expressed as
mean & SEM for 57 animals in each group. *Significant difference
compared to water/water. *Significant difference compared to
MK-801/water

MK-801/haloperidol [F(3,23) = 68.95, p < 0.0001] rever-
ted MK-801/water-induced effects on Nat, KT -ATPase
activity. Only MK-801/olanzapine and MK-801/sulpiride
maintained the enzyme activity at the same levels of control
group. DMSO 5%, used as the vehicle to sulpiride, was tested
alone and together with MK-801 and Na*t, KT-ATPase
activity was not altered (data not shown).

We also investigated the effect of MK-801/water on
some parameters of oxidative stress, such as production of
reactive oxygen/nitrogen species and TBARS in zebrafish
brain. Figure 2 shows that MK-801/water and water/anti-
psychotic drugs did not change the levels of this marker in
zebrafish brain [F(4,27) = 2.750; P > 0.09]. Figure 3
shows that acute MK-801/water administration signifi-
cantly increased TBARS levels in zebrafish brain, when
compared with controls (water-water treated) [F(1,11) =
8.68; P < 0.01]. Our data also showed that the treatment
with MK-801/antipsychotic drugs, sulpiride [F(3,23) =
10.31; P < 0.01], haloperidol [F(3,23) = 8.53; P < 0.01],
and olanzapine [F(3,23) = 31.07; P < 0.001], reverted this
effect (Fig. 3).

Discussion

Schizophrenia is a brain disorder that has been intensively
studied for over a century; however, its etiology and
multifactorial pathophysiology remain a puzzle (Yao and
Keshavan 2011). Previous studies have demonstrated that
Nat, K™-ATPase activity may be altered in both neuro-
degenerative (Grisar 1984; Wyse et al. 2000) and psychi-
atric disorders (Kurup and Kurup 2002; Goldstein et al.
2006).
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Fig. 2 Effect of acute administration of antipsychotic drugs and MK-
801 on the reactive species levels in zebrafish brain. Data are
expressed as mean = SEM for 5-7 animals in each group. Results are
expressed in nmol/mg protein
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Fig. 3 In vivo effect of acute administration of antipsychotic drugs
and MK-801 on TBARS in zebrafish brain. Data are expressed as
mean + SEM for 5-7 animals in each group. Results are expressed in
nmol MDA/mg protein. *Significant difference compared with water/
water. *Significant difference compared with MK-801/water

Na™, K*-ATPase is a membrane enzyme responsible for
the generation of the membrane potential through the
active transport of sodium and potassium ions in the CNS
indispensable to maintain neuronal excitability, present at
elevated concentrations in brain (Aperia 2007). Previous
studies have shown a significant decrease in Nat, K'-
ATPase activity in patients with schizophrenia
(Rybakowski and Lehmann, 1994; Kurup and Kurup
2002). In the present study, we evaluated the effects of
MK-801 and antipsychotic drugs on Na®, K'-ATPase
activity in zebrafish brain. Our results showed that MK-801
decreased Na*, K*-ATPase activity and that antipsychotic
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drugs (haloperidol, sulpiride and olanzapine) reverted this
effect. Our findings have also shown that haloperidol
administration increased Na®, KT-ATPase activity in
zebrafish brain. These data are consistent with previous
studies that showed haloperidol increased Nat, KT-ATP-
ase activity in the rat brain (Wood et al. 1989). Other
studies have demonstrated similar effects on other drugs,
such as amphetamine (Zugno et al. 2009), fluoxetine
(Zanatta et al. 2001), selegiline (Carageorgiou et al. 2003),
carbamazepine, and lithium (Wood et al. 1989).

Oxidative stress occurs when there is an imbalance
between reactive oxygen species (ROS) generation and
antioxidant defenses in favor of the former. There are mul-
tiple pathological consequences of increased ROS produc-
tion. Oxidative stress and the oxidative changes in different
biomolecules may be involved in the pathology of schizo-
phrenia (Berk et al. 2008). It has been verified that Na™,
K" -ATPase is particularly susceptible to free radical attack
since its inhibition has been correlated with changes in
plasma membrane lipid composition (Dencher et al. 2007),
and in other amino acid residues caused by free radicals or
lipid peroxidation (Potts et al. 2006; Siems et al. 1996).

To verify whether reactive oxidative stress could play a
role on MK-801-mediated effects, TBARS and H,DCF
assays were performed. Our results showed that acute
administration of MK-801 and antipsychotic drugs did not
alter the 2’,7'-Dichlorofluorescein oxidation. However, the
results showed that MK-801 increased TBARS levels in
brain from zebrafish treated with MK-801. We also observed
that administration of antipsychotic drugs after MK-801
treatment significantly reversed the increase on TBARS
levels. These data are consistent with previous studies
showing that oxidative stress and alterations in antioxidant
enzymes have long been described in the pathophysiology of
schizophrenia (Reddy and Yao 1996; Grignon and Chianetta
2007). In addition, Dietrich-Muszalska et al has shown
that the level of TBARS was significantly increased in
plasma of patients with schizophrenia (Dietrich-Muszalska
et al. 2005; Dietrich-Muszalska and Olas 2007), whereas the
activities of antioxidant defense enzymes were diminished
(Dietrich-Muszalska and Olas 2007). Other studies have
shown that chronic treatment with antipsychotics increased
free radical production and oxidative stress (Balijepalli et al.
2001). In addition, chronic use of antipsychotics is also
reported to cause a decrease in the activity of antioxidant
enzymes, superoxide dismutase, and catalase (Cadet et al.
1987).

In summary, we demonstrated that MK-801 adminis-
tration decreased Na™, KT-ATPase activity in zebrafish
brain and that distinct typical and atypical antipsychotics
reverted this effect. The same effect is also evaluated
when testing the TBARS parameter of oxidative stress.
Together, these findings support the involvement of

reactive oxygen/nitrogen species and/or lipid peroxidation
in the MK-801-elicited effects on Na*, K*-ATPase. This
data show that treatment with MK-801 in zebrafish might
mimic some biochemical changes observed in schizo-
phrenic patients, suggesting that the zebrafish is an animal
model that can contribute for providing information about
potential treatments and disease characteristics.
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