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Hyperargininemia  is  an  inborn  error  of metabolism  (IEM)  characterized  by  tissue  accumulation  of  arginine
(Arg). Mental  retardation  and  other  neurological  features  are  common  symptoms  in  hyperargininemic
patients.  Considering  purinergic  signaling  has  a  crucial  role from  the  early  stages  of development  and
underlying  mechanisms  of this  disease  are  poorly  established,  we  investigated  the  effect  of  Arg  adminis-
tration  on  locomotor  activity,  morphological  alterations,  and  extracellular  nucleotide  hydrolysis  in larvae
rginine
TPDase
cto-5′-nucleotidase
evelopment
yperargininemia
ebrafish

and  adult  zebrafish.  We  showed  that  0.1  mM  Arg  was  unable  to promote  changes  in locomotor  activity.  In
addition,  7-day-post-fertilization  (dpf)  larvae  treated  with  Arg  demonstrated  a  decreased  body  size.  Arg
exposure  (0.1 mM)  promoted  an  increase  in ATP,  ADP,  and  AMP  hydrolysis  when  compared  to control
group.  These  findings  demonstrated  that  Arg  might  affect  morphological  parameters  and  ectonucleo-
tidase  activities  in  zebrafish  larvae,  suggesting  that  purinergic  system  is  a target  for  neurotoxic  effects
induced  by  Arg.
. Introduction

ATP and adenosine play a crucial role from the early stages
f development. Their levels are controlled by a complex cell
urface-located group of enzymes called ectonucleotidases, such
s nucleoside triphosphate diphosphohydrolase (NTPDase) fam-
ly and ecto-5′-nucleotidase (Schetinger et al., 2007; Zimmermann,
008). The importance of the purinergic signaling throughout the
evelopment was demonstrated in several systems from amphib-

ans, birds, and mammals, including humans (Robson et al., 2006).
Extracellular ATP promotes increased permeability in the

embrane of fertilized eggs through the activation of P2 receptors

Kupitz and Atlas, 1993; Abbracchio et al., 2009), proving to be
rucial in the fertilization process. Furthermore, during the com-
lex phase of initial development, adenosine plays differential role

∗ Corresponding author at: Faculdade de Biociências, PUCRS, Avenida Ipiranga,
681, 90619-900 Porto Alegre, RS, Brazil. Tel.: +55 51 3353 4158;
ax:  +55 51 3320 3612.
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from that observed in adults. This nucleoside regulates many phys-
iological and pathophysiological processes through activation of G
protein-coupled receptors called A1, A2A, A2B, and A3 (Ribeiro et al.,
2003; Burnstock, 2007). In addition, adenosine plays an important
role during pre- and postnatal development. During prenatal
life, adenosine is the dominant humoral regulator of embryonic
brain and heart function (Fredholm, 2003). In the forming central
nervous system, activation of adenosine A1 receptors potently
inhibits the development of axons and can lead to leukomalacia
(Rivkees et al., 2001). Several studies have shown the involvement
of adenosine and ectonucleotidase activities in inborn errors of
metabolism (IEM), such as phenylketonuria (Wyse et al., 1994),
Lesch-Nyhan disease (Bertelli et al., 2006), hyperhomocysteinemia
(Tasatargil et al., 2006), hyperprolinemia (Delwing et al., 2007),
and hyperargininemia (Delwing et al., 2005). Hyperargininemia is
a rare IEM, which affects the activity of the enzyme arginase, which
is the final enzyme of urea cycle and catalyzes the conversion of

arginine (Arg) to urea and ornithine (Ash, 2004). Tissue accumu-
lation of Arg is the biochemical hallmark of hyperargininemia.
Patients affected by this disease show progressive dementia,
epilepsy, ataxia, and spasticity, as well as cortical and pyramidal

dx.doi.org/10.1016/j.ijdevneu.2012.09.002
http://www.sciencedirect.com/science/journal/07365748
http://www.elsevier.com/locate/ijdevneu
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ract deterioration and memory impairment (Buchmann et al.,
996; Iyer et al., 2002; Reis et al., 2002). The hyperargininemia

s typically present in early childhood (between 2 and 4 years of
ge) with developmental delay associated with progressive spastic
araparesis (Brusilow and Horwich, 2001; Scaglia and Lee, 2006).

Some studies have concerned about the effect of Arg accumu-
ation in early life through a mouse model that mimics human
rginase deficiency and becomes a tool for studying potential treat-
ents for hyperargininemia (Iyer et al., 2002). Other promising
odel for studying IEM is zebrafish, which is a small freshwater

eleost widely used in Developmental Biology, Genetic, Behavioral,
nd Neurochemical studies (Lieschke and Currie, 2007; Gerlai et al.,
009; Grossman et al., 2010). In addition, the genome of this species

s well-characterized and shares many similarities with the human
enome (Barbazuk et al., 2000). In addition, several neurotransmit-
er systems have been already described in this species (Rico et al.,
011), such as the purinergic system. P2 purinoceptors have been

dentified (Kucenas et al., 2003) and has been characterized the
resence of NTPDases and ecto-5′-nucleotidase in zebrafish brain
embranes (Rico et al., 2003; Senger et al., 2004; Rosemberg et al.,

010).
Considering that ATP and adenosine are important signaling

olecules involved in several pathological conditions observed in
yperargininemic patients, such as epilepsy, cognitive deficit, and
otor disorders, and zebrafish might be an important model for

tudying morphological and developmental aspects related to IEM,
e evaluated the influence of Arg administration on extracellular
ucleotide hydrolysis, morphological and behavioral parameters in

arvae and adult zebrafish.

. Materials and methods

.1. Zebrafish embryos and larvae

Zebrafish embryos were obtained from natural mating of adult zebrafish (wild
ype) breeds and maintained in an automated re-circulating tank system. After the
osture, eggs were collected and kept in an incubator at 28.5 ◦C on 14:10 light/dark
ycle until 7 days post-fertilization (dpf) and used for subsequent experiments.

.2. Adult zebrafish

Zebrafish (Danio rerio) adult “wild type” (Tübingen background; 3–5 cm) of both
exes were acclimated for at least 14 days in the experimental room. Animals were
oused in groups of 20 fish in 15-L thermostated (28 ± 2 ◦C) tanks kept under con-
tant  chemical and mechanical water filtration and aeration (7.20 mg  O2/L). Fish
ere maintained under a 14–10 h day/night photoperiod cycle and fed three times

 day with commercial flakes (TetraMin® , NC, USA) and supplemented with live
rine shrimp. All protocols were approved by the Institutional Animal Care Com-
ittee (10/00188–CEUA PUCRS) and followed Brazilian legislation, the guidelines

f  the Brazilian Collegiums of Animal Experimentation (COBEA), and the Canadian
ouncil for Animal Care (CCAC) “Guide on the Care and Use of Fish in Research,
eaching, and Testing”.

.3. Chemicals

l-Arginine, Trizma Base, EDTA, EGTA, sodium citrate, Coomassie blue, bovine
erum albumin, malachite green, ammonium molybdate, polyvinyl alcohol,
ucleotides, calcium, and magnesium chloride were purchased from Sigma Chemi-
al  Co. (St. Louis, MO,  USA). All other reagents used were from analytical grade.

.4. In vivo treatments

.4.1. Arg administration in zebrafish larvae
A  pilot experiment was conducted to choose the Arg concentrations for larval

xposure. In this experiment, fertilized eggs were treated with 0.1, 0.5, 1.0, and
.5 mM Arg in order to use Arg concentration able to induce similar effects those
ound in hyperarginemic patients. Relative survival rate, hatching, and larvae mor-
hology were monitored. Arg-treated animals started their treatment from 3 up to

 dpf in 400 mL-tanks. Arg was  diluted in the same living water of control embryos.

e  observed a very pronounced mortality in zebrafish larvae treated with 0.5, 1.0,

nd 1.5 mM Arg. Thus, for subsequent experiments, fertilized eggs were collected
nd treated with 0.1 mM Arg from 3 to 7 dpf or kept in living water (water from
everse osmosis plus marine salt) as control animals. The medium containing 0.1 mM
rg was changed once a day during the treatment period, in order to maintain the Arg
roscience 31 (2013) 75–81

concentration. The behavioral, morphological, and biochemical experiments were
performed at the 7 dpf.

2.4.2. Arg administration in adult zebrafish
Groups of five adult animals were maintained in 5-L aquariums containing dif-

ferent Arg concentrations (0.1, 1.0, and 1.5 mM)  during 1 h (Schetinger et al., 2007).
Control group animals were maintained in 5-L aquariums with tank water for the
same period and conditions as the Arg-administered groups. The behavioral and
biochemical experiments were performed immediately after the 1 h-exposure to
Arg.

2.5.  Behavioral parameters

2.5.1. Zebrafish larval locomotor activity
All tests were performed with 7 dpf-larvae in the 96-well plate. After the Arg

administration, a single larvae was  placed in fresh 10% Hanks solution and trans-
ferred to 96-well plate. Larvae were housed individually for ease of tracking and
statistical analysis. Temperature in the testing room was kept at 26 ◦C. The behav-
ioral parameters analyzed were distance traveled, mean speed, and absolute turn
angle.

2.5.2. Zebrafish adult locomotor activity
Immediately after Arg administration (0.1, 1.0, and 1.5 mM), control and treated

animals were carefully placed individually into the novel tank, representing a
1.5  L rectangular tank (30 cm length × 15 cm height × 10 cm width) as previously
described (Gerlai et al., 2000). The behavioral test was  performed during the same
time frame each day (between 10:00 am and 4:00 pm). Animals were first habit-
uated to the apparatus for 30 s and then behavioral activity was recorded over a
period of 5 min. The testing tank was virtually divided into one horizontal and four
equally vertical areas in order to evaluate the exploratory activity. All videos were
recording with a digital webcam (Quick cam Pro 9000, LOGITECH) and movement
of  each larva was monitored by ANY-Maze recording software (Stoelting Co., Wood
Dale, IL, USA).

2.6. Morphological evaluation

Morphological evaluation was performed in larvae from 7 dpf under stere-
omicroscopy to search for body defects. Measure of body length was performed
individually for each animal by photographical registration followed by measure-
ment by an image analysis program NIS-Elements D 3.2. The body length was
assumed as the distance of the center of an eye to tail bud.

2.7. Preparation of zebrafish brain membranes

Zebrafish larvae were cryoanesthesized and euthanized by decapitation. Eyes
and taila were removed and the brain-enriched portion of the larvae was dissected
(pool of eighty larvae for each sample). Immediately after Arg administration, adult
zebrafish were euthanized and their whole brains (five brains for each sample) were
dissected. Brains of adult zebrafish and larvae were homogenized in 60 vol. (v/w) of
chilled Tris–citrate buffer (50 mM Tris–citrate, 2 mM EDTA, 2 mM EGTA, and pH 7.4
adjusted with citric acid) for NTPDase and ecto-5′-nucleotidase assays (Rico et al.,
2003; Senger et al., 2004). Briefly, brain homogenates were centrifuged at 800 × g
for  10 min  and the supernatant fraction was  subsequently centrifuged for 25 min
at  40,000 × g. The pellet of membrane preparations was frozen in liquid nitrogen,
thawed, and ressuspended in buffer. This freeze–thaw–wash procedure was used
to  ensure the lyses of brain vesicles membranes. For zebrafish larvae membranes,
this was the last step to obtain the brain membrane. For adult zebrafish mem-
branes, after lyses procedure, an additional centrifugation at 40,000 × g for 20 min
was performed. The final pellet was ressuspended and used for biochemical anal-
yses. All cellular fractions were maintained at 2–4 ◦C throughout preparation and
immediately used for enzyme assays.

2.8. Protein determination

Protein concentration was measured by the Coomassie blue method with bovine
serum albumin as a protein standard (Bradford, 1976).

2.9. Determination of ectonucleotidase activity

The ectonucleotidase activities were determined as previously described (Rico
et al., 2003; Senger et al., 2004). Zebrafish larvae and adult brain membranes (3–5 �g
protein) were added to the reaction mixture containing 50 mM Tris–HCl (pH 8.0)
and 5 mM CaCl2 (for NTPDase activities) or 50 mM Tris–HCl (pH 7.2) and 5 mM
MgCl2 (for ecto-5′-nucleotidase activity) in a final volume of 200 �L. Samples were
preincubated for 10 min  at 37 ◦C before starting the reaction with the addition of

substrate (ATP, ADP or AMP) to a final concentration of 1 mM.  The reaction was
stopped after 30 min with the addition of 200 �L of trichloroacetic acid at a final
concentration of 5%. The samples were chilled on ice for 10 min  and 1 mL of a col-
orimetric reagent composed of 2.3% polyvinyl alcohol, 5.7% ammonium molybdate,
and 0.08% malachite green was added in order to determine the inorganic phosphate
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Table  1
Primer sequences and PCR amplification conditions.

Enzymes Primer sequences (5′–3′) GenBank accession number (mRNA) Amplicon size

ˇ-Actina F-CGAGCTGTCTTCCCATCCA ENSDART00000055194
R-TCACCAACGTAGCTGTCTTTCTG

EF1˛a F-CTGGAGGCCAGCTCAAACAT NSDART00000023156
R-ATCAAGAAGAGTAGTACCGCTAGCATTAC

entpd1b F-TTATGGCCTACATTTATTTCCGTCG BC078240.1 176
R-GATTCTTTGAAATGTAAAACCGCTTG

entpd2a.1b F-TTAAATCCAATGCTATATGCCGGTG BC078419.1 103
R-TCTGTGATGGATGTGTCGGACAAAGG

entpd2a.2b F-AAAGTTGAAGACACCTCTGTCGGCTG XM 682630.2 188
R-CCATTCTTTTGGTAGCTTCGCAAC

entpd2-likeb F-AGGCGTCTGTTGGCTGGGCTC XM 692508.3 117
R-GAAACATCAAACCAGTCCATGCTGC

entpd3b F-GCTACAATACCTCCATACCTGCAGAGG EF446129.1 146
R-GATACTCCTGACCAAGGCTTTGCAC

entpd8b F-GTTGCAGATACAGATATTGGTTGGACG NM 001002379.2 154
R-GTAGAGTGAGGAAGAGGGCAAATGC

Ecto-5′-nucleotidaseb F-TGGACGGAGGAGACGGATTCACC BC055243.1 149
R-GGAGCTGCTGAACTGGAAGCGTC

casp-3b F-TCCTGGAGAAACACAATGACCGGCTC NM 131877 166
R-TCTTGGCATCAAAGCCCGGCATG

bcl-2b F-TTGCATTCTTCGAGTTTGGTGGGACC NM 001030253 174
R-TCTGCTGACCGTACATCTCCACGAAGG
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We evaluate the influence of Arg on NTPDase and ecto-
5′-nucleotidase activities, which are involved in the control of
nucleotide and nucleoside levels in larval zebrafish brain. Fig. 4A–C

Fig. 1. Effect of Arg exposure on survival curve. Each group contains 25 animals
a According to Tang et al. (2007).
b Designed by the authors.

eleased (Pi) (Chan et al., 1986). The quantification of Pi released was determined
pectrophotometrically at 630 nm and the specific activity was  expressed as nmol
f  Pi min−1 mg−1 of protein. In order to correct non-enzymatic hydrolysis of the sub-
trates, controls with the addition of the enzyme preparation after the addition of
richloroacetic acid were used. All enzyme assays were performed in at least five
ifferent experiments, each one performed in triplicate.

.10. Gene expression analysis by quantitative real time RT-PCR (RT-qPCR)

Gene expression analysis was carried out only when kinetic alteration occurred.
otal RNA was isolated with Trizol® reagent (Invitrogen, Carlsbad, CA, USA) in
ccordance with the manufacturer’s instructions. The total RNA was quantified by
pectrophotometry and the cDNA was synthesized with ImProm-IITM Reverse Tran-
cription System (Promega) from 1 �g of total RNA, following the manufacturer’s
nstructions. Quantitative PCR was performed using SYBR® Green I (Invitrogen) to
etect double-strand cDNA synthesis. Reactions were done in a volume of 25 �L
sing 12.5 �L of diluted cDNA (1:50 for EF1˛, ˇ-actin, entpd2a.1, entpd2a.2, entpd2-

ike,  entpd3,  entpd8, ecto-5′-nucleotidase, and caspase-3 and 1:20 entpd1 and Bcl-2),
ontaining a final concentration of 0.2× SYBR® Green I (Invitrogen), 100 �M dNTP,
× PCR Buffer, 3 mM MgCl2, 0.25 U Platinum® Taq DNA Polymerase (Invitrogen) and
00 nM of each reverse and forward primers (Table 1). The PCR cycling conditions
ere: an initial polymerase activation step for 5 min  at 95 ◦C, 40 cycles of 15 s at

5 ◦C for denaturation, 35 s at 60 ◦C for annealing and 15 s at 72 ◦C for elongation.
t the end of cycling protocol, a melting-curve analysis was included and fluores-
ence measured from 60 to 99 ◦C. Relative expression levels were determined with
500 Fast Real-Time System Sequence Detection Software v.2.0.5 (Applied Biosys-
ems). The efficiency per sample was calculated using LinRegPCR 11.0 Software
http://LinRegPCR.nl) and the stability of the references genes, EF1˛, and ˇ-actin (M-
alue)  and the optimal number of reference genes according to the pairwise variation
V)  were analyzed by GeNorm 3.5 Software (http://medgen.ugent.be/genorm/). Rel-
tive RNA expression levels were determined using the 2−��CT method.

.11. Statistical analysis

All assays were run in triplicate and expressed as means ± S.E.M. Data were
nalyzed by one-way analysis of variance (ANOVA). Post hoc comparisons were
ade using Tukey’s test considering p ≤ 0.05 as statistically different for biochem-

cal experiments in adult zebrafish. For biochemical experiments, morphological
spects and locomotor activity of the zebrafish larvae, data were analyzed using
tudent t-tests. Statistical significance was considered when the p value was less
han 0.05.

. Results
.1. Morphological and behavioral parameters in zebrafish larvae

First, we observed the survival rate of zebrafish larvae after 0.1,
.5, 1, 1.5 mM  Arg during 4 days of treatment (from 3 to 7 dpf). Our
results demonstrated that there is a significant mortality for 0.5,
1.0, 1.5 mM and only animals submitted to 0.1 mM Arg survived
during the treatment (Fig. 1). For the subsequent experiments,
we evaluated whether administration of 0.1 mM Arg could alter
the morphology and size of zebrafish larvae during the develop-
ment. Our results demonstrated that body length was decreased
(4%) in larvae treated with Arg (t = 6.570, df = 28 and p < 0.0478;
n = 15) in comparison with the control group (7 dpf – Control:
3.996 ± 0.014 mm;  Arg: 3.846 ± 0.035 mm;  n = 15) (Fig. 2). There-
fore, we investigated if these changes could affect the locomotor
activity. The evaluation of larval locomotor activity showed no dif-
ferences in distance traveled (p = 0.4238; n = 12), medium speed
(p = 0.3836; n = 12), and absolute turn angle (p = 0.2995) between
control and Arg groups (Fig. 3).

3.2. Nucleotide hydrolysis in zebrafish larvae
submitted to different arginine concentrations (0.1, 0.5, 1.0, and 1.5 mM)  and the
survival was  followed during 4 days of treatment (from 3 dpf to 7 dpf). Control group
was not submitted to Arg treatment and was maintained in similar conditions when
compared to treated groups. The survival was  expressed as % of live animals during
treatment period.

http://linregpcr.nl/
http://medgen.ugent.be/genorm/
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Fig. 2. Effect of exposure 0.1 mM Arg on body length in 7-dpf-zebrafish larvae. (A)
The  graph represents the larvae size (in mm)  comparing treated and control groups;
(B)  representative images from control zebrafish larvae and (C) 0.1 mM Arg-treated
zebrafish larvae. Body length was estimated using program NIS-Elements D 3.2.
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Fig. 3. Effect of 0.1 mM Arg administration on locomotor activity in 7-dpf-zebrafish

protein synthesis during cell growth, differentiation, and develop-
ata was  expressed as mean ± S.E.M. from 15 animals for each group and analyzed
y  Student’s t test. *p < 0.05 denotes a significant difference from control group.

hows that zebrafish larvae exposed to 0.1 mM Arg significantly
ncreased the ATP (25%) (t = 2.310, df = 10, p < 0.0435, n = 6), ADP
32%) (t = 2.480, df = 6, p < 0.0478, n = 6), and AMP  (55%) (t = 3.167,
f = 10, p < 0.0100, n = 6) hydrolysis when compared to control
roups. To evaluate whether the exposure of Arg in larvae could
lter the gene expression of nucleotidases, real-time quantita-
ive PCR analyses were performed when kinetic alterations were
bserved. We  also evaluate if Arg treatment was able to alter the
ene expression of apoptotic markers Bcl-2 and caspase-3. The
esults demonstrated that the entpd2a.1 and entpd3 expression lev-
ls were significantly increased after treatment with Arg. However,
here were no changes in entpd1,  entpd2a.2,  entpd2al, entpd8,  ecto5′-
ucleotidase, caspase-3 and Bcl-2 gene expression of animals treated
ith 0.1 mM  Arg when compared to control group (see Fig. 5).

.3. Nucleotide hydrolysis in zebrafish adults

After verifying that Arg administration modifies morpholog-
cal, biochemical, and molecular parameters in zebrafish larvae,

e observed whether treatment was able to induce changes on
ocomotion and ectonucleotidase activities in adult zebrafish. Our
esults demonstrate that the exposure to different Arg concen-
rations (0.1, 1.0, and 1.5 mM)  were unable to induce changes on

ocomotor activity (data not shown). In addition, adult zebrafish
xposed to the same Arg concentration mentioned above did not
lter ATP [F(3,20) = 0.219; p = 0.8817; n = 6], ADP [F(3,20) = 1.096;
larvae on distance traveled (A), mean speed (B), and absolute turn angle (C) during
5 min  of videorecording. Data were expressed as mean ± S.E.M. from 12 animals for
each group and analyzed by Student’s t test.

p = 0.3739; n = 6], and AMP  [F(3,19) = 0,118; p = 0.9483; n = 6]
hydrolysis when compared to control group (data not shown).

4. Discussion

In the present study, we  have shown that Arg can alter ex vivo
ectonucleotidase activities in brain zebrafish larvae. Arg adminis-
tration activated ATP, ADP, and AMP  hydrolysis in larval zebrafish
brain and decreased the body size of 7 dpf-larvae. Furthermore,
molecular analysis demonstrated that entpd2a.1 and entpd3 mRNA
levels were increased in zebrafish brain larvae. In contrast, changes
were not observed in ATP, ADP, and AMP  hydrolysis after in vivo
exposure to Arg in adults.

The hyperargininemia is an illness related to the absence or
deficiency of the arginase enzyme, resulting in accumulation of
high levels of Arg. Some studies have shown that arginase is very
important in providing ornithine as a precursor to the synthesis of
polyamines, which are involved in the control of DNA, RNA, and
ment (Fozard et al., 1980; Pegg et al., 1982; Hougaard, 1992) and are
important in embryonic development (Kusunoki and Yasumasu,
1978).
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Fig. 4. Effect of 0.1 mM Arg administration on ATP (A), ADP (B), and AMP  (C) hydroly-
sis  in larval zebrafish brain membranes. Data were expressed as mean ± S.E.M. (n = 6)
and  were analyzed by Student’s t test. *p < 0.05 denotes a significant difference from
control group.

Fig. 5. Effect of 0.1 mM Arg treatment on entpd1,  entpd2a.1, entpd 2a.2, entpd2-like,
entpd3,  entpd8,  ecto-5′-nucleotidase, bcl-2, casp-3 gene expression in 7-dpf-zebrafish
larvae. Data are expressed as mean ± S.E.M. of four independent experiments per-
formed in quadruplicate. Data were analyzed statistically by Student’s t test. *p < 0.05
denotes a significant difference from control group.
roscience 31 (2013) 75–81 79

Some studies reported that hyperargininemic patients have
as their primary symptoms delayed development associated
with progressive spastic paraparesis (Scaglia and Lee, 2006;
Esquivel-Aguilar et al., 2011). The Arg doses chosen in this study
are consistent with those levels achieved in plasma and cere-
brum of hyperarginemic patients which ranges around of 1.3 mM
and 0.3 nmol/kg, respectively (Buchmann et al., 1996). The present
results showed that there was  a decrease in body size of zebrafish
larvae (7 dpf) treated with Arg and these data are in agreement
with those reported in literature, which demonstrated that chil-
dren with hyperargininemia have development delay (Brusilow
and Horwich, 2001). Studies showed that acute treatment with Arg
did not alter locomotion of rats (Iyer et al., 2002). Our data repro-
duced the results found in literature, since there were no changes
in locomotor activity in zebrafish larvae.

The purinergic signaling plays complex roles such as inhibitory
or excitatory neurotransmission, besides acting as a trophic factor
in long-term effects on cell proliferation, growth, and development
(Abbracchio and Burnstock, 1998; Burnstock and Ulrich, 2011).
The purinergic signaling was  altered in rats submitted to hyper-
argininemia. Studies demonstrated that extracellular nucleotide
hydrolysis is decreased in serum of rats subjected to acute admin-
istration of Arg (Delwing et al., 2005). However, intraperitoneal
administration of Arg did not alter the ectonucleotidase activities in
hippocampal synaptosomes (Delwing et al., 2007). A decrease was
observed in the nucleotide hydrolysis when the Arg was  admin-
istrated intracerebroventriculary (Delwing et al., 2007). Action
of NTPDases and ecto-5′-nucleotidase may  regulate the concen-
trations of ATP, ADP, and AMP  by increasing/decreasing their
hydrolysis with a consequent increase/decrease in adenosine lev-
els, a natural protective metabolite (Robson et al., 2006). Our
results demonstrated that there was  an increase of ATP, ADP,
and AMP  hydrolysis in membrane-enriched fraction from larval
zebrafish brain. However, we did not observe significant changes
on nucleotide hydrolysis treated with Arg in adults, indicating that
the changes observed are not due to an acute toxic effect of arginine,
but are related to exposure during the early stages of development.
Such changes observed in larval stage could alter adenosine lev-
els in larval zebrafish brain. Therefore, the differences observed
in nucleotide hydrolysis in larval and adult zebrafish as well as in
rodents indicate that Arg could induce different effects depending
on the route of administration, animal model used in the study,
and stage of development in which the treatment was adminis-
tered.

The alterations promoted by Arg on ectonucleotidase activities
could be a consequence of transcriptional control. Interestingly, the
results demonstrated that the entpd2a.1 and entpd3 expression lev-
els were significantly increased after treatment with Arg. Therefore,
the increase of ATP and ADP hydrolysis in zebrafish larvae induced
by Arg administration is probably related to a higher entpd2a.1
and entpd3 gene expression. NTPDase2 almost exclusively hydrol-
yses ATP producing ADP and NTPDase3 degrades ATP to AMP with
a transient ADP accumulation (Zimmermann, 2001; Kukulski and
Komoszynski, 2003; Lavoie et al., 2004). Both activities ATPase and
ADPase are increased in early stages of development with a grad-
ual decrease throughout development (Childs and Valle, 2000),
suggesting that NTPDase2 and NTPDase3 might play an impor-
tant role in control of nucleotide levels in brain development.
However, we  observed an increase in AMP  hydrolysis whereas ecto-
5′-nucleotidase gene expression levels were not altered, suggesting
that this enzyme activity could be regulated by post-translational
events.
We questioned if the purinergic system also is affected in adults
treated with Arg acutely, since these rare diseases and their mani-
festations can occur at any stage of development even in adulthood
(Childs and Valle, 2000; Sedel et al., 2007). Our  data demonstrated
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hat treatment with Arg did not alter the ectonucleotidase activities
n adult zebrafish brain, suggesting that a short-term Arg exposure
s not able to induce neurotoxic effects on central nervous system.

In order to investigate if the changes induced by Arg in lar-
al developmental stage are related to induction of apoptosis, we
valuate the gene expression of Bcl-2 and caspase-3, which are
nvolved in the activation of caspase cascade. Both the extrinsic
nd intrinsic pathways converge at caspase-3, which together with
ther caspases cause the dismantle of cellular structures (Earnshaw
t al., 1999). Our results demonstrate that Arg treatment did not
nduce changes in gene expression pattern for these markers, sug-
esting that death cell induced by apoptosis is not involved in the
lterations observed in morphological and neurochemical parame-
ers analyzed. Therefore, we suggested that this modulatory effect
n purinergic signaling may  be related with a critical period of
evelopment in which the brain reestablishes compensatory mech-
nisms in order to achieve homeostasis in adulthood.

. Conclusion

The present study demonstrated that Arg administration signif-
cantly increased ATP, ADP, and AMP  hydrolysis, as well decreased
he body size of 7 dpf zebrafish larvae. Considering treatment did
ot alter any parameters tested in adult zebrafish, it is possible to
uggest that Arg is able to alter nucleotide hydrolysis, which could
nfluence the brain development. Such findings present promis-
ng evidence that zebrafish serves as a good model for studies of
EM, since it permits extra utero development evaluation and these
iseases seem to be well connected with the early stages of devel-
pment.
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