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Haloperidol (HAL), olanzapine (OLZ), and sulpiride (SULP) are antipsychotic drugs widely used in the
pharmacotherapy of psychopathological symptoms observed in schizophrenia or mood-related psychotic
symptoms in affective disorders. Here, we tested the in vitro effects of different concentrations of a typical
(HAL) and two atypical (OLZ and SULP) antipsychotic drugs on ectonucleotidase activities from zebrafish
brain membranes. HAL inhibited ATP (28.9%) and ADP (26.5%) hydrolysis only at 250 pM. OLZ decreased

Keywords: ATPase activity at all concentrations tested (23.8-60.7%). SULP did not promote significant changes on
S“jf;’gfgf"l ATP hydrolysis but inhibited ADP hydrolysis at 250 uM (25.6%). All drugs tested, HAL, OLZ, and SULP,
Olanzapine did not promote any significant changes on 5’-nucleotidase activity in the brain membranes of zebrafish.
Antipsychotic These findings demonstrated that antipsychotic drugs could inhibit NTPDase activities whereas did not
Schizophrenia change 5'-nucleotidase. Such modulation can alter the adenosine levels, since the ectonucleotidase path-
Ectonucleotidase way is an important source of extracellular adenosine. Thus, it is possible to suggest that changes pro-
Zebrafish moted by antipsychotic drugs in the bilayer membrane could alter the NTPDase activities, modulating

extracellular ATP and adenosine levels.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Schizophrenia has traditionally been treated with the so-
called typical antipsychotic drugs, such as chlorpromazine or
HAL, which have potent D2 dopamine receptor antagonist prop-
erties. These drugs are effective in reducing the positive symp-
toms of schizophrenia, such as hallucinations and delusions.
However, they are less effective at reducing the incidence of
negative symptoms such as apathy and poor social functioning,
nor do they have significant effects on cognitive deficits of the
illness. These drugs are also associated with a high incidence
of extrapyramidal symptoms (EPS). Clozapine (CLO), the first
drug to be introduced into clinical practice as an atypical anti-
psychotic drug, maintains efficacy in treating the positive and
negative symptoms. CLO also has a low incidence of EPS and it
is considered as the first-choice drug for treatment-resistant
schizophrenic patients (Kane et al.,, 1988; Fleischhacker, 1999).
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This drug has been classified based on less selective activity
across several neurotransmitter receptors (moderately potent
antagonists at 5HT, receptors with lesser and equal potency at
D1, D2, and «4-adrenergic receptors) (Kapur et al., 1999; Waden-
berg et al., 2001; Seeman, 2002).

The neuromodulator adenosine has been proposed to contrib-
ute to the pathophysiology of schizophrenia. This hypothesis pos-
tulates that a dysfunction in adenosinergic activity in
schizophrenia would lead to putative alterations of dopaminergic
and glutamatergic activities. Moreover, the ubiquity of adenosine
could also account for some of the systemic alterations reported
in schizophrenic patients (Lara and Souza, 2000; Lara et al.,
2006). The proposed adenosine dysfunction in schizophrenia, lead-
ing to a synaptic adenosinergic deficit, could be due to receptor
alterations or altered metabolism, decreased production/release
or increased degradation/uptake of adenosine (Lara et al., 2006).
ATP and adenosine are important signaling molecules in the cen-
tral nervous system (Ralevic and Burnstock, 1998). ATP is synthe-
sized, stored and released by the central and peripheral nervous
systems upon depolarization (Phillis and Wu, 1981; Bodin and
Burnstock, 2001). It has been proposed that extracellular ATP
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evokes responses by two families of P2 receptors, namely, P2X
ionotropic ligand-gated ion channel receptors and P2Y metabotro-
pic G protein-coupled receptors (for a review see Burnstock, 2006).
The signaling actions induced by extracellular ATP are directly cor-
related to the activity of ectonucleotidases once they trigger the
enzymatic conversion of ATP to adenosine (Zimmermann, 2001,
Robson et al., 2006). Ectonucleotidases constitute a highly refined
system for the regulation of nucleotide-mediated signaling, con-
trolling the rate, amount and timing of nucleotide degradation
and formation. The hydrolysis of ATP to AMP is catalyzed mainly
by a family of ectonucleotidases, named nucleoside triphosphate
diphosphohydrolases (NTPDases). The nucleotide AMP is hydro-
lyzed to adenosine, an important neuromodulator, by the action
of an ecto-5'-nucleotidase (Zimmermann, 1992, 1996, 2001). The
neuromodulator adenosine can mediate different cellular functions
by operating G-protein-coupled receptors, named A;, Aza, Az, and
As which can inhibit (A; and As) or facilitate (Aza and Azg) neuro-
nal communication (Fredholm et al., 2001).

Our laboratory has characterized the presence of NTPDase and
ecto-5'-nucleotidase activities in the zebrafish brain membranes
(Rico et al., 2003; Senger et al., 2004). Zebrafish is a small freshwa-
ter teleost fish widely used as a model to study vertebrate develop-
mental, neurobiological, and toxicological mechanisms (Fetcho and
Liu, 1998; Hill et al., 2005). This species may be an ideal vertebrate
model system for numerous human diseases, where genetic and
biological mechanisms of the diseases may be studied (Dodd
et al., 2000; Gerlai et al., 2000; Ivetac et al., 2000). Zebrafish genes
present a high degree of conservation and share a 70-80% homol-
ogy with human genes (Dooley and Zon, 2000).

Studies have shown that antipsychotics, such as chlorproma-
zine, are able to inhibit Na*, K*-ATPase, and Ca®*-ATPase activity
in rat brain (Mazumder et al., 1990). Furthermore, fluphenazine
and HAL (both of which can induce severe EPS in humans) develop
movement defects in larval zebrafish. In contrast, OLZ, which pro-
duces mild to little EPS in humans, leads to minimal movement de-
fects in larval zebrafish (Giacomini et al., 2006). Clozapine also
produced a rapid and profound effect on locomotor activity (hypo-
activity) in larval zebrafish (Boehmler et al., 2007). In addition, it
has been shown that serum adenosine deaminase activity, which
converts adenosine into inosine, is increased in schizophrenic pa-
tients treated either with typical antipsychotics or clozapine
(Brunstein et al., 2007).

Considering that zebrafish may be an ideal vertebrate model
system for numerous human diseases and that purinergic system
is present in the zebrafish brain, the aim of this study is to evaluate
the in vitro effects of different concentrations of a typical antipsy-
chotic (HAL) and two atypical (OLZ and SULP) antipsychotic drugs
on ectonucleotidase activities from the zebrafish brain
membranes.

2. Material and methods
2.1. Animals

Adult zebrafish of both sexes were obtained from a commercial
supplier (Delphis, RS, Brazil) and acclimated for at least two weeks
in a 50-1 thermostated aquarium filled with unchlorinated and
constantly aerated water. Fish were kept on a 12 h light/dark cycle
(with lights turning on at 7:00 am), and at a temperature of
25 +2°C. They were used according to the “Guide for the Care
and Use of Laboratory Animals” published by the US National Insti-
tutes of Health (NIH publication N° 85-23, revised 1996), being
healthy and free of any signs of disease. The Ethics Committee of
Pontifical Catholic University of Rio Grande do Sul (PUCRS) ap-
proved the protocol under the number 014/08-CEUA.

2.2. Chemicals

SULP, HAL, OLZ, Trizma Base, EDTA, EGTA, sodium citrate, Coo-
massie blue G, bovine serum albumin, malachite green, ammo-
nium molybdate, polyvinyl alcohol, nucleotides, calcium, and
magnesium chloride were purchased from Sigma (St. Louis, MO,
USA). All other reagents used were from analytical grade.

2.3. In vitro treatments

Antipsychotics, HAL, SULP, and OLZ, were added to reaction
medium before the preincubation with the enzyme, and were
maintained throughout the enzyme assays. Antipsychotics were
tested at final concentrations of 1, 10, 50, 100, and 250 pM.

2.4. Membrane preparation

The preparation of brain membranes was performed as de-
scribed previously by Barnes et al. (1993). Zebrafish were eutha-
nized by decapitation, their brains were removed from the
cranial skull by the dissection technique. For each sample (mem-
brane preparation), a pool of five zebrafish brains was used, which
were briefly homogenized in 60 volumes (v/w) of chilled Tris-cit-
rate buffer (50 mM Tris, 2 mM EDTA, 2 mM EGTA, pH 7.4, with cit-
ric acid) in a motor driven Teflon-glass homogenizer. The samples
were centrifuged at 1000 g for 10 min and the pellet was discarded.
The supernatant was centrifuged for 25 min at 40000g. The resul-
tant pellet was frozen in liquid nitrogen, thawed, resuspended in
Tris—citrate buffer, and centrifuged for 20 min at 40000g. This
fresh-thaw-wash procedure was used to ensure the lysis of the
brain membranes. The final pellet was resuspended and used in
the enzyme assays. All samples were maintained at 2-4°C
throughout preparation.

2.5. Enzyme assays

NTPDase and 5'-nucleotidase assays were performed as de-
scribed previously (Rico et al., 2003; Senger et al., 2004). Zebrafish
brain membranes (3 g protein for NTPDase and 5 pg protein for
5’-nucleotidase) were added to the reaction mixture containing
50 mM Tris-HCI (pH 8.0) and 5 mM CaCl, (for the NTPDase activ-
ity) or 50 mM Tris-HCl (pH 7.2) and 5 mM MgCl, (for the 5'-nucle-
otidase activity) at a final volume of 200 pl. The samples were
preincubated for 10 min at 37 °C and the reaction was initiated
by the addition of substrate (ATP, ADP or AMP) to a final concentra-
tion of 1 mM. The reaction was stopped after 30 min by the addi-
tion of 200 pl trichloroacetic acid at a final concentration of 5%.
The samples were chilled on ice for 10 min and 1 ml of a colorimet-
ric reagent composed of 2.3% polyvinyl alcohol, 5.7% ammonium
molybdate, and 0.08% malachite green was added in order to deter-
mine the inorganic phosphate released (Pi) (Chan et al., 1986).
After 20 min, the quantification of inorganic phosphate (Pi) re-
leased was determined spectrophotometrically at 630 nm. Incuba-
tion times and protein concentrations were chosen to ensure the
linearity of the reactions. Controls with the addition of the enzyme
preparation after mixing with trichloroacetic acid were used to
correct non-enzymatic hydrolysis of substrates. Specific activity
was expressed as nanomoles of Pi released per minute per milli-
gram of protein. All enzyme assays were run at least in triplicate.

2.6. Protein determination

Protein was measured using Coomassie blue as the color re-
agent (Bradford, 1976) and bovine serum albumin was used as
standard.
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2.7. Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA),
being expressed as means +S.D of three different experiments
(n=3). A Tukey multiple test range as post-hoc was performed at
o =0.05.

3. Results

We tested the in vitro effect of HAL, OLZ, and SULP (at concen-
trations varying from 1 to 250 ptM) on NTPDase and 5’-nucleotid-
ase activities from zebrafish brain membranes. HAL promoted a
significant inhibition on ATP and ADP hydrolysis (28.9% and
26.5%, respectively) only at 250 pM, when compared to the control
group (Fig. 1). In contrast, OLZ significantly inhibited ATP hydroly-
sis at all concentrations tested (23.8-60.7%) in a dose-dependent
manner (Fig. 2). There were no significant changes in ADP hydroly-
sis in the presence of OLZ at all concentrations tested.

SULP did not alter ATP hydrolysis whereas ADP hydrolysis was
inhibited at 250 uM (25.6%) (Fig. 3). All drugs tested, HAL, OLZ, and
SULP, did not promote any significant changes on 5’-nucleotidase
activity in zebrafish brain membrane, when compared to the con-
trol group (Figs. 1-3, respectively).
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Fig. 1. In vitro effect of varying concentrations of haloperidol (1-250 pM) on ATP,
ADP, and AMP hydrolysis in zebrafish brain membranes. Bars represent the
mean = S.D. of at least three different experiments, each one performed in triplicate.
The symbol () indicates difference when compared to the control group. Data were
analyzed by one-way ANOVA followed by Tukey test as post-hoc test, considering
P < 0.05 as significant.
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Fig. 2. In vitro effect of varying concentrations of olanzapine (1-250 uM) on ATP,
ADP, and AMP hydrolysis in zebrafish brain membranes. Bars represent the
mean = S.D. of at least three different experiments, each one performed in triplicate.
The symbol () indicates difference when compared to the control group. The
symbol (#) indicates difference when compared to the 1 and 10 uM OLZ. Data were
analyzed by one-way ANOVA followed by Tukey test as post-hoc test, considering
P < 0.05 as significant.
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Fig. 3. In vitro effect of sulpiride on NTPDase and ecto-5'-nucleotidase activity in
zebrafish brain membranes. ATP, ADP, and AMP hydrolysis were evaluated in
different concentrations (1-250 uM). Bars represent the mean +S.D. of at least
three different experiments, each one performed in triplicate. The symbol (x)
indicates difference when compared to the control group. Data were analyzed by
one-way ANOVA followed by Tukey test as post-hoc test, considering P < 0.05 as
significant.

4. Discussion

The findings of the present study have demonstrated that NTP-
Dase, but not 5'-nucleotidase, was altered by the action of antipsy-
chotic drugs in the zebrafish brain membranes. Our results have
shown that OLZ promoted the most intense effects on NTPDase
activity, inhibiting ATP hydrolysis at all concentrations tested.
However, HAL and SULP promoted a decrease on ATP hydrolysis
only in the highest concentration tested. The ectonucleotidases
may play a relevant role in several pathophysiological situations,
such as schizophrenia, since these enzymes contribute to mainte-
nance of extracellular ATP, ADP, AMP, and adenosine levels (Agte-
resch et al., 1999; Lara and Souza, 2000; Lara et al., 2006;
Burnstock, 2008).

The discovery of antagonistic interactions between adenosine
A, receptors and dopamine D2 receptors in the central nervous
system suggests that the adenosine may be involved in the path-
ogenesis of psychiatric and neurological disorders (Martini et al.,
2006). Different studies have demonstrated the effect of antipsy-
chotic drugs on ATPase activities. Chlorpromazine in vitro inhib-
ited Na*, K*-ATPase activity in rat brain microsomal membranes
in a time- and dose-dependent manner (Mazumder et al., 1990).
Furthermore, in vivo treatment with this drug has shown that
Na*, K*-ATPase, and Ca®'-ATPase activities were reduced with
increasing concentrations or time exposures in microsomal mem-
branes of different organs (Mazumder et al., 1990). Our results are
consistent with these studies, demonstrating that the ATP hydro-
lysis in the zebrafish brain membranes is inhibited by antipsy-
chotic drugs.

Antipsychotic drugs have shown high affinity for biomem-
branes due to their amphipathic and amphiphilic properties. This
implies that antipsychotic drugs can interact with membrane li-
pid organization. Antipsychotic intercalation in the membrane
can modify the membrane lipid dynamic, possibly inducing a
subsequent modification of the receptor response (Tessier
et al., 2008). Drug interaction with the biomembrane influences
the bilayer structure, consequently, modulating processes that
range from membrane-bound enzyme activity and receptor bind-
ing to membrane permeability and transport (Carfagna and
Muhoberac, 1993). The intercalation of antipsychotic drug mole-
cules into the plasma membrane may thus modulate the efficacy
and tolerability profile of compounds able to exert their thera-
peutic effect through their binding with synapse receptors, in
particular dopamine D2 receptors. This suggests that pharmaco-
logical activity of antipsychotic medications may result from a
combination of drug-receptor and drug-membrane interactions
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(Jutila et al., 2001). These results suggest additional mechanisms
by which antipsychotics may exert some of their pharmacologi-
cal activities. NTPDasel, 2, 3, and 8 are firmly anchored to the
membrane via two transmembrane domains that, in the instance
of NTPDase1l, are important for maintaining catalytic activity and
substrate specificity (Grinthal and Guidotti, 2006). Papanikolaou
et al. (2005) have shown that removing cholesterol from mem-
branes of NTPDasel-expressing cells reduces ATPase activity to
the same extent as solubilization does. However, these authors
have suggested that some aspects of cholesterol other than its
effect on membrane fluidity are required for native transmem-
brane helix properties of the enzyme. If the balance between sta-
bility and mobility is a key feature of the interplay between the
transmembrane domains and the active site of NTPDasel, any-
thing that changes the bilayer stability might change NTPDase
activity by altering this balance (Grinthal and Guidotti, 2006).
Thus, changes in the membrane bilayer environment promoted
by the interaction with haloperidol, olanzapine, and sulpiride
may be able to promote the inhibitory effect observed on NTP-
Dase activity. Thus, it is possible to suggest that changes induced
by antipsychotics on membrane structure could affect NTPDase
activities, and consequently, could modulate ATP and adenosine
levels in the synaptic cleft. In contrast, ecto-5-nucleotidase
was not altered by antipsychotic drugs at the doses tested.
Ecto-5'-nucleotidase is attached via a GPI (glycosylphosphatidyli-
nositol) anchor to the extracellular membrane (Strdter, 2006).
The different effects induced by antipsychotic drugs on NTPDase
and ecto-5'-nucleotidase activities can be related to the differ-
ences in membrane anchorage of these enzymes. Previous stud-
ies from our laboratory have shown that antidepressant drugs
can also promote similar effects on NTPDase activity (Pedrazza
et al., 2007), which reinforce the idea that changes in the mem-
brane bilayer induced by these drugs can modulate the extracel-
lular nucleotide hydrolysis.

In summary, this study has shown that HAL, OLZ, and SULP can
alter the ectonucleotidase activities, suggesting that the extracellu-
lar adenosine levels can be modulated by antipsychotic drugs.

Conflict of interest statement

The authors declare that there are no conflicts of interest.

Acknowledgments

This work was supported by Fundacdo de Amparo a Pesquisa do
Estado do Rio Grande do Sul (FAPERGS), Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq), and by the FIN-
EP research grant “Rede Instituto Brasileiro de Neurociéncia (IBN-
Net)” 01.06.0842-00. E.P.R. was recipient of fellowship from CNPq.
R.L.O. was recipient of fellowship from PIBIC/CNPq/PUCRS.

References

Agteresch, HJ., Dagnelie, P.C., Van den Berg, ] W., Wilson, J.H., 1999. Adenosine
triphosphate: established and potential clinical applications. Drugs 58 (2), 211-
232.

Barnes, J.M., Murphy, P.A., Kirkham, D., Henley, J.M., 1993. Interaction of guanine
nucleotides with [3H] kainate and 6-[3H] cyano-7-nitroquinoxaline-2,3-dione
binding in goldfish brain. Journal of Neurochemistry 61, 1685-1691.

Bodin, P., Burnstock, G., 2001. Purinergic signalling: ATP release. Neurochemical
Research 26 (8-9), 959-969.

Boehmler, W., Carr, T., Thisse, C., Thisse, B., Canfield, V.A., Levenson, R., 2007. D4
Dopamine receptor genes of zebrafish and effects of the antipsychotic
clozapine on larval swimming behaviour. Genes, Brain and Behavior 6 (2),
155-166.

Bradford, M.M., 1976. A rapid and sensitive method for the quantification of
microgram quantities of protein utilizing the principle of protein-dye binding.
Analytical Biochemistry 72, 218-254.

Brunstein, M.G., Silveira Jr., E.M., Chaves, L.S., Machado, H., Schenkel, O., Belmonte-
de-Abreu, P., Souza, D.O. Lara, D.R, 2007. Increased serum adenosine
deaminase activity in schizophrenic receiving antipsychotic treatment.
Neuroscience Letters 414 (1), 61-64.

Burnstock, G., 2006. Pathophysiology and therapeutic potential of purinergic
signaling. Pharmacological Reviews 58, 58-86.

Burnstock, G., 2008. Purinergic signalling and disorders of the central nervous
system. Nature Reviews Drug Discovery 7 (7), 575-590.

Carfagna, M.A., Muhoberac, B.B., 1993. Interaction of tricyclic drug analogs with
synaptic plasma membranes: structure-mechanism relationships in inhibition
of neuronal Na*/K(*)-ATPase activity. Molecular Pharmacology 44, 129-141.

Chan, K., Delfert, D., Junguer, K.D., 1986. A direct colorimetric assay for Ca** -ATPase
activity. Analytical Biochemistry 157, 375-380.

Dodd, A., Curtis, P.M., Williams, L.C., Love, D.A., 2000. Zebrafish: bridging the gap
between development and disease. Human Molecular Genetics 9 (16), 2443-
2449,

Dooley, K., Zon, L.I,, 2000. Zebrafish: a model system for the study of human disease.
Current Opinion in Genetics and Development 10, 252-256.

Kane, J., Honigfeld, G., Singer, ]J., Meltzer, H., 1988. Clozapine for the treatment-
resistant schizophrenic. A double-blind comparison with chlorpromazine.
Archives of General Psychiatry 45 (9), 789-796.

Fetcho, J.R, Liu, K.S., 1998. Zebrafish as a model system for studying neuronal
circuits and behavior. Annals of the New York Academy of Sciences 860, 333-
345.

Fleischhacker, W.W., 1999. Clozapine: a comparison with other novel
antipsychotics. Journal of Clinical Psychiatry 60 (Suppl. 12), 30-34.

Fredholm, B., [jzerman, A.P., Jacobson, K.A., Klotz, K.N., Linden, J., 2001. International
Union of Pharmacology. XXV. Nomenclature and classification of adenosine
receptors. Pharmacological Reviews 53 (4), 527-552.

Gerlai, R., Lahav, S., Guo, S., Rosenthal, A., 2000. Drinks like a fish: zebra fish (Danio
rerio) as a behavior genetic model to study alcohol effects. Pharmacology,
Biochemistry and Behavior 67, 773-782.

Giacomini, NJ., Rose, B., Kobayashi, K., Guo, S., 2006. Antipsychotics produce
locomotor impairment in larval zebrafish. Neurotoxicology Teratology 28 (2),
245-250.

Grinthal, A., Guidotti, G., 2006. CD39, NTPDase 1, is attached to the plasma
membrane by two transmembrane domains. Why? Purinergic Signalling 2,
391-398.

Hill, AJ., Teraoka, H., Heideman, W., Peterson, R.E., 2005. Zebrafish as a model
vertebrate for investigating chemical toxicity. Toxicological Sciences 86, 6-19.

Ivetac, I, Becanovic, J., Krishnapillai, V., 2000. Zebrafish: genetic tools and genomics.
Asia-Pacific Journal of Molecular Biology and Biotechnology 8, 1-11.

Jutila, A., Soderlund, T., Pakkanen, A.L, Huttunen, M., Kinnunen, P.K., 2001.
Comparison of the effects of clozapine, chlorpromazine, and haloperidol on
membrane lateral heterogeneity. Chemistry and Physics Lipids 112, 151-163.

Kapur, S., Zipursky, R.B., Remington, G., 1999. Clinical and theoretical implications
of 5-HT and D2 receptor occupancy of clozapine, risperidone and olanzapine in
schizophrenia. American Journal of Psychiatry 156 (2), 286-293.

Lara, D.R, Souza, D.0O., 2000. Schizophrenia: a purinergic hypothesis. Medical
Hypotheses 54, 157-166.

Lara, D.R., Dall'lgna, O.P., Ghisolfi, E.S., Brunstein, M.G., 2006. Involvement of
adenosine in the neurobiology of schizophrenia and its therapeutic
implications. Progress in Neuropsychopharmacology 30, 617-629.

Martini, C., Tuscano, D., Trincavelli, M.L,, Cerrai, E., Bianchi, M., Ciapparelli, A.,
Alessio, L., Novelli, L., Catena, M., Lucacchini, A., Cassano, G.B., Dell'Osso, L.,
2006. Upregulation of A, adenosine receptors in platelets from patients
affected by bipolar disorders under treatment with typical antipsychotics.
Journal of Psychiatric Research 40 (1), 81-88.

Mazumder, B., Mukherjee, S., Sen, P.C., 1990. The chlorpromazine inhibition of
transport ATPase and acetylcholinesterase activities in the microsomal
membranes of rat in vitro and in vivo. Molecular and Cellular Biochemistry 95
(1), 13-20.

Papanikolaou, A., Papafotika, A., Murphy, C., Papamarcaki, T., Tsolas, O., Drab, M.,
Kurzchalia, T.V., Kasper, M., Christoforidis, S., 2005. Cholesterol-dependent lipid
assemblies regulate the activity of the ectonucleotidase CD39. Journal of
Biological Chemistry 15, 26406-26414.

Pedrazza, E.L,, Senger, M.R,, Pedrazza, L., Zimmermann, F.F., Sarkis, ].J.F., Bonan, C.D.,
2007. Sertraline and clomipramine inhibit nucleotide catabolism in rat brain
synaptosomes. Toxicology In Vitro 21, 671-676.

Phillis, JW., Wu, P.H., 1981. The role of adenosine and its nucleotides in central
synaptic Transmission. Progress in Neurobiology 16, 187-239.

Ralevic, V., Burnstock, G., 1998. Receptors for purines and pyrimidines.
Pharmacological Review 50 (3), 413-492.

Rico, E.P., Senger, M.R., Fauth, M.G., Dias, R.D., Bogo, M.R., Bonan, C.D., 2003. ATP and
ADP hydrolysis in brain membranes of zebrafish (Danio rerio). Life Science 73,
2071-2082.

Robson, S.R., Sevigny, J., Zimmermann, Z., 2006. The E-NTPDase family of ecto-
nucleotidases: structure function relationships and pathophysiological
significance. Purinergic Signalling 2, 409-430.

Seeman, P., 2002. Atypical antipsychotics: mechanism of action. Canadian Journal of
Psychiatry 47 (1), 27-28.

Senger, M.R,, Rico, E.P., Dias, R.D., Bogo, M.R., Bonan, C.D., 2004. Ecto-5’-nucleotidase
activity in brain membranes of zebrafish (Danio rerio). Comparative
Biochemistry and Physiology 139 (2), 203-207.

Strdter, N., 2006. Ecto-5_-nucleotidase: structure function relationships. Purinergic
Signalling 2, 343-350.



82 K. Seibt et al./ Toxicology in Vitro 23 (2009) 78-82

Tessier, C., Nuss, P., Staneva, G. Wolf, G., 2008. Modification of membrane
heterogeneity by antipsychotic drugs: an X-ray diffraction comparative study.
Journal of Colloid and Interface Science 320, 469-475.

Wadenberg, M.L.,, Soliman, A., VandenSpek, S.C., Kapur, S., 2001. Dopamine D2
receptor occupancy is a common mechanism underlying animal models of
antipsychotics and their clinical effects. Neuropsychopharmacology 25 (5),
633-641.

Zimmermann, H., 1992. 5'- nucleotidase: molecular structure and functional
aspects. The Biochemical Journal 285, 345-365.

Zimmermann, H., 1996. Biochemistry, location and functional roles of ecto-
nucleotidases in the nervous system. Progress in Neurobiology 49, 589-
618.

Zimmermann, H., 2001. Ecto-nucleotidases: some recent developments and a note
on nomenclature. Drug Development Research 52, 44-56.



	Antipsychotic drugs inhibit nucleotide hydrolysis in zebrafish (Danio rerio)  brain membranes
	Introduction
	Material and methods
	Animals
	Chemicals
	In vitro treatments
	Membrane preparation
	Enzyme assays
	Protein determination
	Statistical analysis

	Results
	Discussion
	Conflict of Interest interest statement
	Acknowledgments
	References


