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Acute and subchronic copper treatments alter extracellular
nucleotide hydrolysis in zebrafish brain membranes
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Abstract

Copper is a divalent cation with physiological importance since deficiency of copper homeostasis can cause serious neurological
diseases. ATP is an important signalling molecule stored at nerve endings and its inactivation is promoted by ecto-nucleotidases.
In this study, we verified the effect of acute and subchronic copper treatments on ecto-nucleotidase activities in zebrafish
brain membranes. Treatment with copper sulfate (15 �g/L) during 24 h inhibited ATP hydrolysis (16%), whereas ADP and
AMP hydrolysis were not altered. Nevertheless, a 96-h exposure with the copper concentration mentioned above inhibited
NTPDase (31% and 42% for ATP and ADP hydrolysis, respectively) and ecto-5′-nucleotidase (40%) activities. NTPDase1,
NTPDase2 mg and NTPDase2 mv transcripts were decreased after copper exposures during 24 and 96 h. Subchronic copper
treatment also reduced the NTPDase2 mq and ecto-5′-nucleotidase expression. In vitro assays demonstrated that NTPDase activ-
ities were reduced after copper exposure during 40 min. ATP hydrolysis was inhibited at 0.25, 0.5 and 1 mM (13%, 31% and
48%, respectively) and ADP hydrolysis also had a significant decrease at these same copper concentrations (41%, 63% and
68%, respectively). In contrast to the subchronic exposure, no significant changes on ecto-5′-nucleotidase were observed after

in vitro assays. Lineweaver–Burk plots suggested that both inhibitory effects on nucleotide hydrolysis may occur in a non-
competitive manner. Altogether, these findings indicate that copper is able to promote distinct changes on ecto-nucleotidases after
in vivo and in vitro treatments and, consequently, it could control the nucleotide and nucleoside levels, modulating the purinergic
signalling.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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vitro effects of copper on ecto-nucleotidase activities
D.B. Rosemberg et al. / T

. Introduction

Extracellular ATP is a ubiquitous signalling molecule,
hich acts in the purinergic system as neurotransmit-

er and/or neuromodulator at nerve endings (Burnstock,
000; Cunha and Ribeiro, 2000). It can be co-released at
ynaptic cleft with several neurotransmitters, including
cetylcholine, noradrenaline and serotonin (Rathbone
t al., 1999) and its biological effects are mediated
y ionotropic P2X and metabotropic P2Y receptors
Ralevic and Burnstock, 1998). The inactivation of
TP signalling is promoted by cell-surface enzymes
amed ecto-nucleotidases, which include NTPDases and
cto-5′-nucleotidase. The NTPDase (nucleoside triphos-
hate diphosphohydrolase) family is able to promote
TP/ADP hydrolysis at different rates and the ecto-5′-
ucleotidase cleaves AMP to adenosine (Rathbone et
l., 1999; Zimmermann, 2001). This nucleoside acts
s an important neuromodulator through specific G
rotein-coupled receptors named A1, A2A, A2B and A3
Fredholm et al., 2001).

The purinergic system has been investigated in
ebrafish, which has several characteristics making it

useful vertebrate model to study many biological
rocesses including development and chemical toxicity
Linney et al., 2004; Senger et al., 2005, 2006; Rico
t al., 2006). The genome of this fish shares many
imilarities with the human genome (Barbazuc et al.,
000). Ionotropic P2X receptors have already been iden-
ified and characterized in this specie (Kucenas et al.,
003) and GABAergic neurons were described in adult
ebrafish brain (Kim and Macdonald, 2003). Studies
ave recently demonstrated the presence of NTPDases
Rico et al., 2003) and ecto-5′-nucleotidase (Senger et
l., 2005) in brain membranes of zebrafish. Although
here is no evidence about zebrafish NTPDase3 and
TPDase8 orthologous so far, it was demonstrated that

his teleost presents three distinct NTPDase2 forms
Rico et al., 2006). Furthermore, it is interesting to study
he effect of metal exposure in zebrafish, because it can
ptake metals directly from water and elevated concen-
rations can be accumulated in CNS (Grosell and Wood,
002).

Copper is an essential element involved in many
etabolic pathways. It is an important co-factor for

everal enzymes, such as metalloenzymes, including
ytochrome c oxidase and Cu/Zn superoxide dismu-
ase (Kako et al., 2004; Wang et al., 2005). Copper is

btained from diet sources, chelated by amino acids,
bsorbed in small intestine and transported in the blood
n a binding form (Gaetke and Chow, 2003). Evidence
emonstrated that copper can be found in CNS tightly
gy 236 (2007) 132–139 133

bound for catalytic use by cuproproteins (Schlief and
Gitlin, 2006). Copper may also be loosely bound to
small molecules such as histidine and glutathione, rep-
resenting an available pool for releasing and acting as
a functional neuromodulator in CNS (Mathie et al.,
2006; Schlief and Gitlin, 2006). High concentrations of
copper in the brain can be found in synaptic vesicles,
particularly in hippocampus, olfactory bulb and locus
coeruleus, being released after electrical stimuli in the
micromolar range (Ono and Cherian, 1999; Mathie et
al., 2006).

Studies have shown that copper has a dualistic
function on synaptic activity. It can form a complex
binding to AMPA/kainate receptors in cultured rat cor-
tical neurons and, possibly, the co-release of copper
with glutamate is important to modulate excitatory
synapses (Weiser and Wienrich, 1996). In addition, cop-
per also promotes the inhibition of GABAA receptor
currents in a � subunit-dependent manner controlling
the fast inhibitory synaptic neurotransmission (Kim and
Macdonald, 2003). Deficiency of copper levels in cen-
tral neurons induces severe neurological disorders as
Menkes disease (Kreuder et al., 1993). Wilson disease,
other pathology related to copper metabolism, is a rare
autosomal recessive inherited disorder characterized by
excessive deposition of copper in several tissues (Brewer
and Yusbasiyan-Gurkan, 1992). Copper ions may induce
the production of reactive oxygen species (ROS) and the
oxidative stress is one of the major effects of cellular
copper accumulation (Bongarzone et al., 1995).

It has been demonstrated that modifications of cop-
per homeostasis in CNS could be involved in neuronal
cell death (Levenson, 2005). Copper also modulates
purinoceptors P2X by a non-competitive inhibition of
ATP-evoked currents in a metal-binding site (Virginio
et al., 1997; Coddou et al., 2003). Moreover, there
is evidence that apoptosis events can be mediated by
extracellular ATP signalling through ionotropic P2X7
receptors (Lepine et al., 2006).

Considering that (i) zebrafish is a model widely used
in toxicological and neurochemical studies; (ii) copper
can play a key role on brain homeostasis modulating the
P2 purinoceptor signalling; (iii) there is no data relating
to copper exposure and nucleotide catabolism in CNS,
the goal of this study was to investigate whether this
metal can influence the inactivation of ATP signalling,
mediated by the ecto-nucleotidase pathway. In this sense,
we evaluated the acute (24 h), subchronic (96 h) and in
in zebrafish brain. In addition, the influence of copper
on NTPDases and ecto-5′-nucleotidase genes expression
was also investigated.
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2. Materials and methods

2.1. Animals

Adult zebrafish (Danio rerio), weighting 0.250–0.450 g,
were obtained from commercial suppliers and kept for at least a
week before the experiments in a 50-L thermostated aquarium
filled with unchlorinated water constantly aerated. Fish were
kept at 26 ± 2 ◦C under a natural light–dark photoperiod and
fed twice a day with a commercial fish pellet. The use of ani-
mals was according to the National Institute of Health Guide
for Care and Use of Laboratory Animals.

2.2. Chemicals

Trizma Base, Malachite Green, polyvinyl alcohol, ammo-
nium molybdate, nucleotides, EGTA, EDTA, sodium citrate,
Coomassie Blue G, bovine serum albumin, magnesium, and
calcium chloride were purchased from Sigma (St. Louis,
MO, USA). Copper, added as pentahydrate copper sulfate
(CuSO4·5H2O, CAS number: 7758-99-8), was purchased from
Nuclear (Brazil) and all other reagents used were of analytical
grade.

2.3. In vivo and in vitro experiments

For in vivo treatment, the animals were introduced in a 20-
L test aquarium 15 min after the addition of 15 �g/L copper
sulfate, a concentration reported in previous studies with rain-
bow trout (Dethloff et al., 1999). This copper concentration
was lower than estimated LC10 for zebrafish (Oliveira-Filho et
al., 2004) and was chosen to ensure fish survival and to avoid
changes in the swimming pattern in metal-treated fish. After
acute (24 h) or subchronic (96 h) exposure, fish were sacri-
ficed, the brains excised and membranes were prepared. Copper
sulfate was tested at 0.05–1 mM for in vitro assays, in order
to evaluate high concentrations of this metal which could be
attained during neurodegenerative diseases (White and Cappai,
2003). Selected concentrations were added to reaction medium
before preincubation with the enzyme and maintained through-
out the enzyme assays.

2.4. Membrane preparation

Brain membranes were prepared according to the method
described previously by Barnes et al. (1993). Whole zebrafish
brains were initially 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 1000 × g
for 10 min and the pellet was discarded. After removing the

nuclear and cell debris, the supernatant was centrifuged for
25 min at 40,000 × g. The resultant pellet was frozen in liq-
uid nitrogen, thawed, resuspended in Tris–citrate buffer, and
centrifuged for 20 min at 40,000 × g. This freeze–thaw-wash
procedure was used to ensure the lysis of the membranes. The
gy 236 (2007) 132–139

final pellet was resuspended and used for biochemical assays.
The material was maintained at 2–4 ◦C throughout preparation.

2.5. Ecto-nucleotidase assays

NTPDase (Rico et al., 2003) and ecto-5′-nucleotidase
(Senger et al., 2004) assays were performed as described pre-
viously. Brain membranes of zebrafish (3–10 �g protein) were
added to the reaction mixture containing 50 mM Tris–HCl
(pH 8.0) and 5 mM CaCl2 (for the NTPDase activity) or
50 mM Tris–HCl (pH 7.2) and 5 mM MgCl2 (for the ecto-5′-
nucleotidase activity) in a final volume of 200 �L. All samples
were preincubated for 10 min at 37 ◦C before starting the reac-
tion by the addition of substrate (ATP, ADP or AMP) to a final
concentration of 1 mM. The reaction was stopped after 30 min
by the addition of 200 �L 10% trichloroacetic acid. The sam-
ples were chilled on ice for 10 min and 1 mL of a colorimetric
reagent composed by 2.3% polyvinyl alcohol, 5.7% ammo-
nium molybdate and 0.08% Malachite Green was added (Chan
et al., 1986). After 20 min, the quantification of inorganic phos-
phate (Pi) released was determined spectrophotometrically at
630 nm. Incubation times and protein concentrations were cho-
sen in order 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 hydrol-
ysis of substrates. Specific activity was expressed as nanomoles
of Pi released per minute per milligram of protein. All enzyme
assays were run at least in triplicate.

2.6. Protein determination

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

2.7. Reverse transcription-polymerase chain reaction
(RT-PCR)

Zebrafish NTPDase1, three different forms of NTPDase2
(NTPDase2 mg, NTPDase2 mq, NTPDase2 mv) (Rico et al.,
2006) and �-actin (Chen et al., 2004) primers were used
as described previously. Ecto-5′-nucleotidase sequence was
obtained from GenBank and used to design specific primers.
The optimal annealing temperatures were also tested (Table 1).

TRIzol® reagent (Invitrogen) was employed to isolate total
zebrafish brain RNA in accordance with manufacturer instruc-
tions. RNA was quantified spectrophotometrically and samples
were adjusted to 160 ng/�L. cDNA species were synthesized
with SuperScriptTM First-Strand (Synthesis System for RT-
PCR) Invitrogen Kit following the suppliers. PCR reactions
were performed as described previously (Rico et al., 2006). The
amplification for different NTPDase2, 5′-nucleotidase and �-

actin genes were performed in a total volume of 20 �L, 0.1 �M
primers (Table 1), 0.2 �M dNTP, 2 mM MgCl2 and 0.5 U Taq
DNA polymerase (Invitrogen). PCR conditions for NTPDase1
were similar as described above, except that 1.5 mM MgCl2

was employed. The following conditions were used for the PCR
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Table 1
PCR primer design and annealing conditions

Enzymes Sequences (5′–3′) PCR product (bp) Annealing
temperature (◦C)

GenBank
Accession number

NTPDase1 CCCATGGCACAGGCCGGTTG (forward),
GCAGTCTCATGCCAGCCGTG (reverse)

380 54 AAH78240

NTPDase2 mga GGAAGTGTTTGACTCGCCTTGCACG
(forward),
CAGGACACAAGCCCTTCCGGATC
(reverse)

554 64 XP 697600

NTPDase2 mqa CCAGCGGATTTAGAGCACGCTG (forward),
GAAGAACGGCGGCACGCCAC (reverse)

313 64 XP 687722

NTPDase2 mva GCTCATTTAGAGGACGCTGCTCGTG
(forward), GCAACGTTTTCGGCAGGCAGC
(reverse)

263 64 AAH78419

5′-Nucleotidase ACCTCCGAGGAGTGTCGCTTTCG
(forward),
CCTTGTTGGGGACCAGCGGTTC (reverse)

433 54 NP 957226

678 54 AAC13314
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Fig. 1. Nucleotide hydrolysis in zebrafish brain membranes after
acute (24 h) (A) and subchronic (96 h) (B) 15 �g/L copper exposures.
The graphs show the percentage of specific activity related to con-
trol group ± S.D. of, at least, three different experiments. For acute
treatment, the control ATPase, ADPase and AMPase activities were
�-Actin GTCCCTGTACGCCTCTGGTCG (forward),
GCCGGACTCATCGTACTCCTG (reverse)

a Correspond to the two first amino acids residues of the protein seq

eactions: 1 min at 94 ◦C, 1 min for annealing temperature (see
able 1), 1 min at 72 ◦C for 35 cycles. Post-extension at 72 ◦C
as performed for 10 min. A negative control was included

or each set of PCR reactions. PCR products were analyzed on
.5% agarose gel, containing ethydium bromide and visualized
ith ultraviolet light. The �-actin gene was amplified for nor-
alization and the Invitrogen 1 kb Plus DNA ladder was used

s molecular marker in order to confirm the fragment size. The
and intensities were measured by optical densitometry analy-
is and the enzyme/�-actin mRNA ratios were established for
ach treatment using the Kodak 1D Image Analysis Software.

.8. Statistical analyses

Data obtained from in vivo assays were expressed as
ean ± S.D. and analyzed by Student’s t-test. The in vitro

xperiments data were analyzed by one-way analysis of vari-
nce (ANOVA), followed by Duncan multiple test range as
ost hoc. The value of P ≤ 0.05 was considered as significant.

. Results

The acute and subchronic effects of copper expo-
ure were evaluated on ATP, ADP and AMP hydrolysis
n zebrafish brain membranes. After acute exposure to
5 �g/L copper, ATPase activity was significantly inhib-
ted (16%), but no changes were observed on ADPase
nd AMPase activities (Fig. 1A). Nevertheless, the sub-
hronic treatment caused a significant decrease on ATP

31%), ADP (42%) and AMP (40%) hydrolysis when
ompared to untreated fish (Fig. 1B).

Semi-quantitative RT-PCR experiments were con-
ucted to verify whether copper treatment could alter

514 ± 15, 124 ± 10 and 22 ± 3 nmol Pi min−1 mg−1 of protein, respec-
tively. For subchronic exposure, the ATPase, ADPase and AMPase
activities were 546 ± 6, 124 ± 8 and 21 ± 1 nmol Pi min−1 mg−1 of
protein, respectively. *Significantly different from control group
(P ≤ 0.05, Student’s t-test).
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Fig. 2. Effect of acute (24 h) and subchronic (96 h) copper exposur
NTPDase2 mg, NTPDase2 mq, NTPDase2 mv and 5′-nucleotidase m
obtained by optical densitometry analysis (B). Three independent e
different from control group (P ≤ 0.05, ANOVA followed by Duncan

the expression of zebrafish brain ecto-nucleotidases
(Fig. 2A) and the enzyme/�-actin mRNA ratios were
determined for each treatment (Fig. 2B). Since acute cop-
per exposure did not promote any significant changes on
AMP hydrolysis, the ecto-5′-nucleotidase gene expres-
sion was not evaluated after this treatment. The results
have shown that NTPDase1, NTPDase2 mg and NTP-
Dase2 mv transcript levels decreased after acute and
subchronic copper exposures when compared to con-
trol group. A significant decrease on NTPDase2 mq and
ecto-5′-nucleotidase expression was observed after sub-
chronic treatment.

In order to evaluate a direct inhibitory effect on ecto-
nucleotidase activities, we have tested in vitro copper
concentrations varying from 0.05 to 1 mM. NTPDase
activities decreased significantly when compared to

control. Copper, at 0.25, 0.5 and 1 mM, produced an
inhibition of ATP hydrolysis (13%, 31% and 48%,
respectively) (Fig. 3A). A similar inhibitory effect was
also detected on ADP hydrolysis (Fig. 3B) at the copper
to-nucleotidases transcripts. The figure shows �-actin, NTPDase1,
xpression in adult zebrafish (A) and the enzyme/�-actin mRNA ratios
nts were performed, with entirely consistent results. *Significantly

c).

concentrations mentioned above (41%, 63% and 68%,
respectively), whereas copper did not change ecto-
5′-nucleotidase activity (Fig. 3C). Lineaweaver–Burk
double reciprocal plots were analyzed within the range
(0.1–0.25 mM) of ATP and ADP concentrations in the
absence and presence of copper (Fig. 4). The results
suggested that ATP (Fig. 4A) and ADP (Fig. 4B)
inhibition may occur in a non-competitive manner.
Thus, copper would be able to significantly modify the
Vmax but not KM. The Vmax values for ATPase activity in
the absence or presence of 0.5 and 1.0 mM copper were:
750.9 ± 31.7 (r = 0.9858), 589.6 ± 34.7 (r = 0.9976),
and 453.2 ± 63.3 (r = 0.9911) nmol Pi min−1 mg−1 of
protein, respectively. For ADPase activity, the Vmax val-
ues in the absence or presence of 0.5 and 1.0 mM copper
were: 265.5 ± 4.1 nmol Pi min−1 mg−1 (r = 0.9531),

208.5 ± 7.7 nmol Pi min−1 mg−1 (r = 0.9757), and
142.3 ± 5.1 nmol Pi min−1 mg−1 (r = 0.9639) of pro-
tein, respectively. For each nucleotide, the Vmax values
in the absence or presence of copper concentrations
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Fig. 3. In vitro effect of different concentrations of copper
(0.25–1 mM) on ATP (A), ADP (B) and AMP (C) hydrolysis in
zebrafish brain membranes. Bars represent the mean ± S.D. of three
d
6
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c

t
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Fig. 4. Kinetic analysis of NTPDase inhibition by copper in zebrafish
brain membranes. The graphs show double-reciprocal plots of NTP-
Dase activity for ATP (A) and ADP (B) concentrations (0.1–0.25 mM)
ifferent experiments. The control activities (without copper) were
14 ± 21, 147 ± 18 and 17 ± 3 nmol Pi min−1 mg−1 of protein for ATP,
DP and AMP hydrolysis, respectively. *Significantly different from

ontrol group (P ≤ 0.05, ANOVA followed by Duncan post hoc).

ested were significantly different by ANOVA followed
y Duncan test as post hoc (P < 0.01).

. Discussion

The present study has shown that copper is able to
lter ecto-nucleotidase activities in zebrafish brain mem-
ranes. Fish exposed to 15 �g/L copper during 24 h
acute treatment) showed a significant decrease on ATP

ydrolysis, whereas no effects were observed on ADP
nd AMP hydrolysis. Subchronic treatment (96 h) signif-
cantly inhibited nucleotide hydrolysis, decreasing both
TPDase and ecto-5′-nucleotidase activities.
in the absence (♦) and in the presence of 0.5 mM (�) and 1 mM of cop-
per (�). All experiments were repeated three times and similar results
were obtained.

The changes promoted by copper on nucleotide
hydrolysis in zebrafish brain may be possible due to dis-
tinct mechanisms. Here we have evaluated two possible
actions of copper in CNS: (i) alterations on NTPDase and
ecto-5′-nucleotidase expression; (ii) inhibitory effect on
ecto-nucleotidases by direct mechanisms.

The expression of NTPDases in zebrafish brain was
evaluated after acute and subchronic copper treatments.
Due to the absence of significant effect on AMP hydrol-
ysis after acute treatment, the ecto-5′-nucleotidase gene
expression was not evaluated in this condition. The 24-h
exposure promoted a decrease on NTPDase1, NTP-
Dase2 mg, and NTPDase2 mv mRNA levels. Moreover,
the expression patterns of NTPDase2 mq and ecto-
5′-nucleotidase transcripts were also reduced after
subchronic treatment. Previous study has shown the
effect of copper on gene expression, demonstrating that
this metal may be able to regulate the transcriptional

activity of human p53 protein (Tassabehji et al., 2005).
Therefore, the lower NTPDase1, NTPDase2 mg and
NTPDase2 mv after both treatments and the inhibition
of NTPDase2 mq and ecto-5′-nucleotidase expression
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after a 96-h copper exposure could be one of the mecha-
nisms involved in the inhibition of nucleotide hydrolysis
in zebrafish brain membranes.

Other processes may also explain the inhibitory effect
observed on ecto-nucleotidase activities. It has been
demonstrated that copper is a metal that can induce lipid
peroxidation (Pinchuk et al., 1998), which is able to alter
membrane fluidity. This phenomenon could partially
contribute to explain the toxicity associated with this
metal in ecto-enzymes (Garcia et al., 2005). In addition,
copper may also induce proteolysis, which was veri-
fied in previous studies involving the chaperone CopZ
of E. hirae (Lu and Solioz, 2001; Solioz, 2002). Since
NTPDases1–3, 8 and ecto-5′-nucleotidase are enzymes
tightly bound to plasma membrane, it is not possible to
discard a copper-stimulated oxidative damage or even
proteolysis on zebrafish brain ecto-nucleotidases.

Studies have shown that copper is able to act as an
allosteric modulator of ionotropic P2X4 (Coddou et al.,
2005). Furthermore, copper can act on P2X7 purinocep-
tors, most likely by modulation of the agonist binding
site, resulting in a decreased agonist affinity for this
receptor (Virginio et al., 1997). The ecto-nucleotidase
pathway is responsible to maintain the concentrations
of extracellular purine and pyrimidine nucleotides in
physiological conditions. Evidence has demonstrated
that upregulation of NTPDase (CD39) activity decreased
the extent of apoptosis triggered by P2X receptors in
response to high concentrations of extracellular ATP
(Goepfert et al., 2000; Lepine et al., 2006). Thus, our data
suggest that alterations on nucleotide catabolism could
be a target for copper-induced cytotoxicity. A decrease
on ecto-nucleotidase activities associated with the mod-
ulation of P2X receptors might be a possible mechanism
to explain the neurodegenerative effects promoted by
copper.

Copper can be found in different parts of CNS and
it is accumulated in brain as other physiological met-
als, such as zinc, with relative importance for synaptic
mechanisms (Kim and Macdonald, 2003). It has been
known that copper concentrations in cerebrospinal fluid
have been estimated to be around 70 �М and the normal
extracellular copper concentrations in brain ranged from
0.2 to 1.7 �М (Mathie et al., 2006). During neurodegen-
erative diseases, copper can be released at synaptic cleft
reaching extremely high concentrations (200–400 �М)
(White and Cappai, 2003). In order to establish a possi-
ble direct effect of copper on ecto-nucleotidase activities,

we performed in vitro assays at concentrations varying
from 0.05 to 1 mM copper. This metal inhibited NTP-
Dase activities at 0.25 to 1 mM and Lineweaver–Burk
double-reciprocal plots suggested that inhibition of ATP
gy 236 (2007) 132–139

and ADP hydrolysis may occur in a non-competitive
manner after copper exposure for 40 min. On the other
hand, AMP hydrolysis did not change significantly.
Since which copper species affecting the enzymes in
each type of exposure (in vivo and in vitro) is unknown,
the concentrations of copper and the exposing dura-
tions are quite different, it is not possible to ensure
if the metal alters directly or indirectly the enzyme
activities. It has been observed an inhibitory effect
on AMP hydrolysis after subchronic copper exposure,
whereas ecto-5′-nucleotidase did not present any signif-
icant change after in vitro experiments. Therefore, it is
possible to suggest that copper may be regulating this
enzyme activity in vivo at transcriptional level as it has
been evidenced by the decrease of ecto-5′-nucleotidase
mRNA transcripts detected in RT-PCR assays.

This study investigated the effects of acute and
subchronic copper treatments on NTPDase and ecto-
5′-nucleotidase activities and expression in zebrafish
brain. The inhibition on ecto-nucleotidase activities
and a decrease on NTPDase and ecto-5′-nucleotidase
transcripts could be involved in the neurotoxic effects
induced by copper in CNS.
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