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Abstract

Adenosine deaminase (ADA) is responsible for cleaving the neuromodulator adenosine to inosine. Two members of ADA subfamilies, known
as ADA1 and ADA2, were described and evidence demonstrated another similar protein group named ADAL (adenosine deaminase “like”).
Although the identification of ADA members seems to be consistent, the expression profile of ADA1, ADA2 and ADAL genes in zebrafish has not
yet been reported. The aim of the present study was to map the expression pattern of ADA-related genes in various tissues of adult zebrafish
(Danio rerio). An extensive search on zebrafish genome followed by a phylogenetic analysis confirmed the presence of distinct ADA-related
genes (ADA1, ADAL and two orthologous genes of ADA2). Specific primers for each ADA member were designed, optimized semi-quantitative
RT-PCR experiments were conducted and the relative amount of transcripts was determined. The tissue samples (brain, gills, heart, liver, skeletal
muscle and kidney) were collected and the expression of ADA1, ADAL and ADA2 genes was characterized. ADA1 had a similar expression
pattern, whereas ADAL was less expressed in the heart. The highest relative amount of ADA2-1 transcripts was observed in the brain, liver and
gills and it was less expressed in the heart. RT-PCR assays revealed that the other ADA2 form (ADA2-2) was expressed ubiquitously and at
comparable levels in zebrafish tissues. The strategy adopted also allowed the identification of an ADA2-1 truncated alternative splice isoform
(ADA2-1/T), which was expressed at different intensities. These findings demonstrated the existence of different ADA-related genes, their distinct
expression pattern and a truncated ADA2-1 isoform, which suggest a high degree of complexity in zebrafish adenosinergic system.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Adenosine is a nucleoside that exerts several actions in many
tissues. Its effects are elicited by specific P1 metabotropic
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receptors, named A1, A2A, A2B and A3 (Fredholm et al., 2005).
The inhibitory actions of adenosine are mediated by A1 and A3,
whereas facilitatory mechanisms involve the activation of A2A

and A2B receptors (Latini and Pedata, 2001; Rebola et al.,
2005). This nucleoside plays several roles in the fast purinergic
signaling among tissues, which include neuromodulation,
exocrine and endocrine secretion, platelet aggregation, vascular
endothelial cell-mediated vasodilatation and nociceptive
mechanosensory transduction (Burnstock, 2006). Extracellular
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adenosine concentrations may increase dramatically after
seizures, hypoxia and ischemia, playing neuroprotective roles
(Cunha, 2001; Dunwiddie and Masino, 2001). Extracellular
concentrations of adenosine might be regulated by neural cell
uptake through bidirectional nucleoside transporters (Pinto-
Duarte et al., 2005) and ecto-nucleotidase activity (Latini and
Pedata, 2001). Adenosine uptake followed by its phosphoryla-
tion to AMP by adenosine kinase (AK) or deamination to
inosine by adenosine deaminase (ADA) are two possible
mechanisms able to promote the inactivation of adenosine
signaling (Latini and Pedata, 2001; Fredholm et al., 2005).

Adenosine deaminase (ADA, EC 3.5.4.4) is an important
enzyme that promotes the irreversible hydrolytic deamination of
adenosine and 2′-deoxyadenosine to inosine and 2′-deoxyino-
sine, respectively. Although inosine had been considered an
inactive metabolite, recent evidence suggested that it may exert
a function as a natural antioxidant and radioprotector for mice
exposed to lethal doses of gamma-radiation (Gudkov et al.,
2006) with antiinflammatory (Haskó et al., 2000) and
neuroprotective actions against brain injury (Tsuda, 2005).

There are different ADA members in animal cells. These
enzymes belong to the adenyl-deaminase family, being grouped
consistently with AMP deaminase (AMPD) and adenine deami-
nase (ADE) as distinct subfamilies (Maier et al., 2005). In humans,
it has been shown that almost all ADA activity is attributed to
ADA1 (Zavialov and Engstrom, 2005). Deficiency of this protein
may lead to severe combined immunodeficiency (SCID) in
childhood due to the importance of ADA1 in the immune response
mediated by T-lymphocytes (Pacheco et al., 2005; Ozdemir, 2006).
This enzyme may be found anchored to the cell membrane in a
complex with CD26 (DPPIV — dipeptidyl-peptidase IV) as an
ecto-ADA, responsible to breakdown extracellular adenosine
(Franco et al., 1997). Studies have demonstrated that this ADA
form is also colocalized with A1 receptors in CNS, suggesting that
the modulation of adenosine signaling through A1R is mediated
in part by ecto-ADA in neuronal and non-neuronal cells (Franco
et al., 1998; Ruiz et al., 2000).

The other member, ADA2, is most abundant in human
plasma and has different kinetic properties when compared to
ADA1 (Iwaki-Egawa et al., 2006). This ADA member had
already been purified and characterized in chicken liver (Iwaki-
Egawa et al., 2004). Evidence has shown that ADA2 belongs to
a new family of growth factors named adenosine deaminase-
related growth factors (ADGFs) with ADA activity, encoded by
cat-eye syndrome critical region candidate 1 (CECR1) gene in
vertebrates (Zavialov and Engstrom, 2005).

Study performing a phylogenetic analysis of ADA sub-
families revealed that there is another protein with high
similarity to the classic members of ADA, however, it is
consistently grouped in a different manner. This member was
named ADAL (adenosine deaminase “like”) and its genetics,
biochemical and physiological properties are still unknown. It
has been speculated that it may present ADA activity, because
ADAL deduced amino acid sequence has catalytically impor-
tant sites (Maier et al., 2005).

Zebrafish (Danio rerio) is a teleost widely used as a verteb-
rate model in biochemical, genetic and neurochemical studies
(Grunwald and Eisen, 2002; Lieschke and Currie, 2007) and the
genome of this fish shares many similarities with the human
genome (Lieschke and Currie, 2007). Purinergic signaling studies
have already been performed in zebrafish (Kucenas et al., 2003)
and ecto-nucleotidases, enzymes able to form extracellular
adenosine through ATP catabolism, were recently characterized
in zebrafish brain membranes (Rico et al., 2003; Senger et al.,
2004). Moreover, it has been demonstrated that these enzymes
may be differently modulated by contaminants, such as pesticides
andmetals (Senger et al., 2005; Rosemberg et al., 2007) and it has
been shown that NTPDase1 and three distinct forms of
NTPDase2 are able to contribute for ATP and ADP hydrolysis
in zebrafish brain (Rico et al., 2006).

The expression pattern of murine ADA1 had already been
determined in different tissues (Chinsky et al., 1989) and the
amount of ADA2 transcripts had been also investigated during
Drosophila development stages (Maier et al., 2001) and in the
cabbage armyworm, Mamestra brassicae (Zhang and Takeda,
2007). However, as ADA1, ADA2 and ADAL are grouped in
three ADA subfamilies, it is possible that they might have a
distinct expression pattern, which could reveal a different
contribution for deamination activity among tissues. Thus, the
aim of the present study was to map the expression profile of
ADA1, ADA2 and ADAL genes in different tissues from adult
zebrafish to show how the ADA genes could be a fine-tuning
regulation for adenosine activity in the zebrafish adenosinergic
system.

Materials and methods

Animals

Adult wild-type zebrafish (D. rerio) of both sexes (around
3 months old) were obtained from commercial supplier and
acclimated for 2 weeks in a 50-L thermostated aquarium. The
water was kept between 26±2 °C under a 12-h light–dark
controlled photoperiod and the animals were fed with
commercial fish pellet twice a day. The use and maintenance
of zebrafish were according to the National Institute of Health
Guide for Care and Use of Laboratory Animals.

Sequences analysis and primers design

The identification of ADA1, ADA2 and ADAL was
performed in NCBI Blast searches of GenBank, using the
Homo sapiens, Mus musculus, Gallus gallus and Xenopus
laevis proteins as queries. The obtained sequences (supported
by mRNA or EST data) were compared with zebrafish protein
database at Zebrafish Information Network (ZFIN) (University
of Oregon, Eugene, OR 97403-5274; World Wide Web URL:
http://zfin.org) and the alignment was performed using ClustalX
program (Thompson et al., 1997). A phylogenetic tree was
constructed according to Neighbor-Joining method (Saitou and
Nei, 1987) using proportional (p) distance with MEGA 2.1
program (Ryu et al., 2002).

In order to compare the zebrafish deduced amino acid
sequences, an alignment was performed using ClustalX. To

http://zfin.org
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minimize problems due to the sequence divergence observed
between ADA1/ADAL and ADA2, manual adjustments were
made using the BioEdit 7.0.9 program. The sequences were
analyzed using the tools available at CBS Prediction Servers
(http://www.cbs.dtu.dk/services/).

Zebrafish DNA sequences encoding to each one of ADA
members were retrieved from GenBank database and aligned
using ClustalX program. Regions with low scores of similarity
among the sequences were used for searching specific primers,
which were designed using the program Oligos 9.6. In order to
confirm the primers specificity, each primer was compared with
zebrafish genome and it was able to recognize only its specific
target sequence. Thus, the strategy adopted to construct the
primers did not allow cross-amplification. The β-actin primers
were designed as described previously (Chen et al., 2004) and
the optimal PCR conditions were determined (Table 1).

Reverse transcription-polymerase chain reaction (RT-PCR)

Zebrafish brain, gills, heart, liver, skeletal muscle and kidney
were dissected under sterile conditions and immediately frozen
in liquid nitrogen. RNA was isolated using TRIzol reagent
(Invitrogen, USA) according to the manufacturer's instructions.
In order to achieve a similar weight (around 50 mg) from
different tissues, the number of animals used for the experi-
ments was: brain (n=5), gills (n=5), heart (n=10), liver (n=5),
muscle (n=5) and kidney (n=12). In brief, the tissue samples
were homogenized in 500 μl of TRIzol. Chloroform (100 μl)
was added and the mixture was centrifuged at 10.600 ×g for
10 min at 5 °C. The upper aqueous phase was collected and the
RNAwas precipitated by addition of isopropyl alcohol (250 μl),
followed by a centrifugation at 10.600 ×g for 10 min at 5 °C.
The pellets were further washed with 500 μl of 75% cold
ethanol and centrifuged at 6.800 ×g for 5 min at 5 °C. The
samples were dried out and resuspended in 15 μl RNase-free
water. Before storing at −70 °C, 0.4 μl of RNaseOUT
Ribonuclease Inhibitor (Recombinant) (Invitrogen, USA) was
added. RNA purity was quantified spectrophotometrically
calculating the ratio between absorbance values at 260 and
280 nm and 2 μl were tested by electrophoresis in a 1.0%
agarose gel containing ethydium bromide. All samples were
adjusted to 160 ng/μl and cDNA species were synthesized with
SuperScript™ III First-Strand Synthesis SuperMix (Invitrogen,
Table 1
Primer sequences and PCR amplification conditions

ADA member GenBank accession number ZFIN ID

ADA1 AAH76532 ZDB-GENE-040718-393

ADA2-1 ( a) AAL40922 ZDB-GENE-030902-4

ADA2-2 XP_687719 ZDB-GENE-041210-77

ADAL NP_001028916 ZDB-GENE-050913-145

β-actin AAC13314 ZDB-GENE-000329-1

a The same primers amplified a truncated ADA2-1 splice isoform (ADA2-1/T).
USA). Each RNA sample was mixed with 1 μl of 50 μM Oligo
(dt) and 1 μl Annealing Buffer (final volume of 8 μl), being
incubated in a thermal cycler at 65 °C for 5 min. Immediately,
the samples were placed on ice for 1 min and 10 μl 2X First-
Strand Reaction Mix and 2 μl SuperScript™ III/RNaseOUT™
Enzyme Mix were added. The products were mixed, incubated
by 50 min at 50 °C and the reaction was finished at 85 °C for
5 min.

RT-PCR conditions were optimized in order to determine the
number of cycles that would allow product detection within the
linear phase of mRNA transcripts amplification. The reaction
for β-actin gene was performed using in a total volume of 20 μl,
0.1 μM primers (Table 1), 0.2 μM dNTP, 2 mM MgCl2 and
0.5 U Taq DNA polymerase (Invitrogen, USA). ADA1 and
ADAL PCR assays were performed in a total volume of 25 μl,
0.08 μM primer (Table 1), 0.2 μM dNTP, 3 mMMgCl2 and 1 U
Taq DNA polymerase. ADA2-1 PCR reactions were performed
at these same conditions, except that 2 mM MgCl2 was
employed. The amplification of ADA2-2 was carried out at the
same condition of ADA1 and ADAL. The ADA2-2 PCR assay
was optimized using 0.5 M betain and 1 U Taq Platinum DNA
polymerase (Invitrogen, USA). ADA1 and ADA2-2 PCR assays
were carried out using 2 μl cDNA as template, whereas ADA2-
1, ADAL and β-actin were conducted using 1 μl cDNA. The
following conditions were used for PCR reactions: 1 min at
94 °C, 1 min for annealing temperature (see Table 1), 1 min at
72 °C for 28 cycles (ADA1) and 35 cycles (ADAL, ADA2-1,
ADA2-2 and β-actin). A postextension cycle at 72 °C was
performed for 10 min. For each set of PCR reactions, a negative
control was included. PCR products were resolved by a 1.0%
agarose gel containing ethydium bromide and visualized with
ultraviolet light. The fragments length of PCR reactions was
confirmed with Low DNA Mass Ladder (Invitrogen, USA) and
β-actin was carried out as an internal standard. The relative
abundance of each mRNAversus β-actin was determined in the
organs studied by densitometry using the freeware ImageJ 1.37
for Windows.

Each experiment was repeated four times using RNA iso-
lated from independent extractions. The expression analysis in
each tissue was performed in replicate and representative find-
ings were shown. The normalized expression levels of ADA-
related genes at different tissues were expressed as mean±S.E.
and statistically compared by one-way analysis of variance
Primers (5′–3′) Tm (°C) Cycles

F — CAGGTCCATTCTGTGCTGCATGCGTC 58 28
R — AAGTGTGTGGTATCCGTGCCCAATGC
F — AAGACAAGGGTTTTAACCTGCCCTAC 63 35
R — CTCCTTTCTTTGACTTGGCAATGTGC
F — CTGAAGATGAAGGAAATCACCCTTTCACC 54 35
R — TGTCTTCATAAAGCTCTTTCAAACCCTGG
F — TCATTCAAGAGTTTGCGGCAGATGG 61 35
R — TTGGCTTTCTGAAGTGCAGCGAGC
F — GTCCCTGTACGCCTCTGGTCG 54 35
R — GCCGGACTCATCGTACTCCTG

http://www.cbs.dtu.dk/services/
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(ANOVA), followed by Tukey HSD test as post-hoc. P
values≤0.05 were considered significant.

Results

Identification of zebrafish ADA orthologous genes

Proteins of H. sapiens, M. musculus, G. gallus and X. laevis
were retrieved from GenBank and used as queries for
identification of zebrafish ADA-related orthologous genes.
These organisms presented similar sequences to each one of
ADA members except M. musculus, which had no similar
protein to ADA2. The searches resulted in ADA1 (AAH76532),
ADA2-1 (AAL40922), ADA2-2 (XP_687719) and ADAL
(NP_001028916) similar deduced amino acid sequences in
zebrafish. In order to confirm the sequences identity and to
achieve the information about the current data annotation, these
sequences were compared with zebrafish protein database at
ZFIN (Table 1).

The phylogenetic tree was constructed using Neighbor-
Joining method and proportional (p) distance (Fig. 1). Three
well-resolved terminal clades supported by high bootstrap
values were identified. The first clade grouped the AAH76532
zebrafish sequence with all other ADA1 sequences, whereas
NP_001028916 was included in ADAL clade. The AAL40922
and XP_687719 sequences were consistently grouped in the
ADA2 clade. The tree topology strongly suggests homologous
functions on zebrafish genome.

The protein characteristics of zebrafish ADA1, ADAL,
ADA2-1, and ADA2-2 were investigated (Fig. 2). The deduced
amino acid sequences alignment showed the eight conserved
domains among the three ADA proteins subfamilies and the
ADA2-1 and ADA2-2 signal peptides, as described previously
(Maier et al., 2005). Furthermore, it was possible to verify that
Fig. 1. Phylogenetic analysis of ADA-related family members. The deduced amino ac
constructed using Neighbor-Joining method, proportional (p) distance with MEGA
Xenopus laevis, (Gg) Gallus gallus, (Mm) Mus musculus and (Hs) Homo sapiens A
ADA1 and ADAL sequences presented only one potential N-
glycosylation site, whereas ADA2-1 and ADA2-2 presented
five and four sites, respectively. High score putative phosphor-
ylation residues were also investigated using NetPhosk, a
kinase-specific prediction of protein phosphorylation sites tool
(Blom et al., 2004). The results identified two potential
phosphorylation sites for ADA1: Ser40 residue for Protein
Kinase A (PKA) and the Thr285 for Protein Kinase C (PKC).
The ADAL sequence analysis revealed a putative phosphory-
lation site at Thr153 residue for PKC. ADA2-1 had the Thr132,
Thr284, Ser479 and Ser480 residues as potential PKC targets,
whereas ADA2-2 sequence presented Ser60 and Ser165
residues for PKA and Ser291 for PKC. Considering the
conserved cysteine residues, it was possible to identify four
residues for ADA2-1 and ADA2-2 and only one conserved
cysteine residue for ADA1 and ADAL amino acid sequences.
Neither hydrophobic transmembrane domains nor potential N-
terminal acetylation sites (Kiemer et al., 2005) were identified
for zebrafish ADA1, ADAL, ADA2-1 and ADA2-2 proteins.

Gene expression pattern of ADA members in zebrafish

The gene expression pattern of ADA-related genes was in-
vestigated in six different tissues of zebrafish. After dissection of
brain, gills, heart, liver, skeletal muscle and kidney, the total
RNAwas isolated. Semi-quantitative RT-PCR experiments were
performed and the relative abundance of ADA1, ADAL, ADA2-1
and ADA2-2mRNAversus β-actin was determined (Table 2 and
Fig. 3). The relative amount of ADA1 transcripts was similar in
all tissues studied (Fig. 3A). ADAL transcripts were more
abundant in the liver and kidney, whereas a lower relative
expression of this gene was detected in the heart (Fig. 3B). A
product of 440 bp was obtained by RT-PCR, which corre-
sponded to ADA2-1, and a 554 bp fragment, with distinct band
id sequences were aligned with ClustalX program and the phylogenetic tree was
2.1 program. The phylogenetic tree grouped consistently (Dr) Danio rerio, (Xl)
DA1, ADAL and ADA2 orthologous sequences.



Fig. 2. Deduced amino acid sequences alignment of zebrafish ADA members. The eight conserved domains among the ADA subfamilies are underlined and the eight
amino acids important for ADA activity in these domains are bold face. The signal peptide from the two ADA2 orthologous are double underlined, potential N-
glycosylation sites are shown by dotted lines and the conserved cysteine residues from ADA1/ADAL and ADA2-1/ADA2-2 are indicated by white letters in gray
boxes. Putative PKA phosphorylation sites are marked in black boxes, whereas PKC residues targets are demonstrated in gray boxes. The similarities among at least
three different sequences are indicated by the asterisks.
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intensities, was also amplified with the ADA2-1 (Fig. 3C) even
when PCRwas carried out using high stringency conditions. The
brain, gills and liver were the tissues that presented a higher
expression of ADA2-1. A similar level of expression was
evidenced in the muscle and kidney and this gene was less
expressed in the heart. Although ADA-2-2 gene expression
could be detected only when the enhancer betain and Taq
Table 2
Relative mRNA expression of ADA-related genes in zebrafish tissues

Genes Optical densitometry (O.D.): ADA-related genes versus β-ac

Brain Gills Heart

ADA1 0.70±0.08 0.65±0.02 0.69±0.0
ADAL 0.72±0.03 0.70±0.05 0.63±0.0
ADA2-1/T 1.02±0.06c,d,e,f 0.92±0.04c,f 0.52±0.0
ADA2-1 1.00±0.03c,e 0.93±0.02c 0.51±0.0
ADA2-2 0.85±0.08 0.93±0.04 0.89±0.0

The results were analyzed by ANOVA followed by Tukey HSD test as post-hoc,
significantly different from abrain, bgills, cheart, dliver, emuscle and fkidney.
Platinum were added to PCR mixture, this gene had a similar
expression pattern in all tissues studied (Fig. 3D).

ADA2-1 alternative splicing in zebrafish

In order to understand the significance of the 554 bp
fragment, the nucleotide sequence of ADA2-1 (AF384217) was
tin (mean±S.E.)

Liver Muscle Kidney

2 0.67±0.01 0.71±0.04 0.60±0.10
3d 0.91±0.12c 0.76±0.02 0.90±0.05
6a,b 0.63±0.07a 0.68±0.08a 0.51±0.09a,b

7a,b,d 1.00±0.05c,e 0.71±0.10a,d 0.79±0.07
03 0.86±0.06 0.83±0.03 0.87±0.07

considering P≤0.05 as significant. The relative amount of mRNA levels was



Fig. 3. Expression pattern of ADA1 (A), ADAL (B), ADA2-1 and ADA2-1/T (C) and ADA2-2 (D) in zebrafish brain, gills, heart, liver, skeletal muscle and kidney. The
amplifications resulted in a single product, except ADA2-1. The results were expressed as optical densitometry (O.D.) of the ADA-related genes versus β-actin
expression (mean±S.E.) of four independent replicate RT-PCR experiments.
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compared with zebrafish genome and a high score with a
genomic clone (BX004976) was observed. The comparison of
interprimers region between the EST and genomic deduced
amino acid sequences allowed the identification of four exons
and three introns. The fragment length of the four exons was
440 bp, which was expected on ADA2-1 gel analysis. However,
the first intron of the interprimers sequence had a length of
114 bp indicating that the other fragment of 554 bp corre-
sponded to a zebrafish ADA2-1 alternative splicing (Fig. 4A).
PCR products were sequenced and the results corroborated with
the alternative splicing event. In addition, this isoform of
ADA2-1 in zebrafish is a transcript that is not completely
translated, providing a truncated alternative splice isoform
(ADA2-1/T) due to the appearance of a stop codon localized in
the intron sequence (Fig. 4B). This transcript has only four of
the eight ADA subfamily conserved domains and it is expressed
differently than ADA2-1 completely processed in the liver and
kidney (Fig. 3C). The relative amount of mRNA levels of this
gene was higher in the brain and gills. An intermediary
expression pattern has been observed in the liver and muscle
and a lower expression was identified in the heart and kidney.
Discussion

Adenosine deamination is an important mechanism able to
control adenosine signaling in different tissues. In this study, a
phylogenetic analysis confirmed the presence of distinct ADA-
related genes in zebrafish. The deduced amino acid sequences
alignment demonstrated the eight conserved domains among
the different ADA enzymes with the catalytically important
residues for ADA activity, which have already been demon-
strated for these ADA members in several organisms (Maier et
al., 2005). Furthermore, both zebrafish ADA2 orthologous
sequences shared a signal peptide, demonstrating their potential
role to cleave extracellular adenosine in zebrafish tissues. The
alignment also demonstrated three conserved putative N-
glycosylation sites for ADA2-1 and ADA2-2 and two ADA2-
1 high score phosphorylation sites for Ser479 and Ser480
residues, suggesting that these regions might be important for
posttranslational modifications.

The results demonstrated that ADA1, ADA2 and ADAL are
expressed in all tissues studied. Semi-quantitative RT-PCR
assays have shown that the relative gene expression of ADA1



Fig. 4. Alternative splice isoform of ADA2-1 in zebrafish and the terminal region of ADA2-1/T. (A) The genomic BX004976 interprimers region with E (exons) and I
(introns), the ADA2-1 mRNA completely processed and the alternative splice isoform (ADA2-1/T) in zebrafish are showed. The intron not spliced in ADA2-1/T is
represented by the symbol (#). (B) Nucleotide and deduced amino acid sequences from ADA2-1/T. The primer forward sequence is bold face and underlined, the
nucleotides from intron sequence are represented in lower case and the stop codon is marked by an asterisk.
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was similar in all tissues analyzed, whereas ADAL mRNA
levels were more abundant in the liver and kidney and less
expressed in the heart. The two ADA2 orthologous presented
some interesting differences. While ADA2-1was easily detected
in our experiments, being higher expressed in the brain, gills
and liver, the ADA2-2 products were obtained only when the
RT-PCR mixtures were carried out with the enhancer betain.
Therefore, even with a similar relative expression pattern of
ADA2-2, it is plausible to hypothesize that this ADA2 form
might be less expressed when compared to its paralogous
ADA2-1. In relation to ADA1, the expression pattern in murine
had already been determined in different tissues and elevated
levels of the specific activity of this enzyme appeared to
correlate directly with steady state levels of ADA mRNA
(Chinsky et al., 1989). Thus, the presence of distinct ADA
members and the differences in the relative amount of mRNA
observed may suggest a distinct functional role for ADA1,
ADA2 and ADAL among zebrafish tissues.

The nucleoside adenosine is a molecule that plays several
roles in different tissues. In CNS, adenosine acts as a
neuromodulator, controlling the excitatory and inhibitory
synapses (Fredholm et al., 2005). Evidence showed that
adenosine contributes to insulin-stimulated muscle glucose
transport by activating the A1 receptor (Thong et al., 2007) and
plays a role in muscle vasodilatation acting on extraluminal A2A

receptors (Marshall, 2007). Moreover, it mediates vasocon-
striction of afferent arterioles through A1 activation, increasing
intracellular calcium concentration in mouse kidney (Hansen
et al., 2007). It has been suggested that adenosine increases in
the arterio-venous circulation in the gill during hypoxia, leading
to an increase of blood supply to heart and gill tissue in He-
miscyllium ocellatum shark (Stenslokken et al., 2004). In the
liver, it was demonstrated that this nucleoside reversibly inhibits
Ca2+ fluxes and chemotaxis of hepatic stellate cells and
upregulates TGF-β and collagen I mRNA, influencing the
cell migration and differentiation at sites of injury (Hashmi
et al., 2007). Considering the wide spectrum of actions induced
by adenosine, it is possible to suggest that the transcriptional
differences observed among ADA subfamilies in zebrafish
could be important to regulate the adenosinergic signaling in
each one of these tissues.

Until the present moment, there is no data about the cellular
localization of ADAL and whether it participates in the
adenosine catabolism. The lack of evidence about ADAL
functionality in mammals does not signify that it is not
physiologically important. In this sense, the existence of
ADAL leads to the hypothesis that ADA function might be
compartmentalized, spatially and temporally for various tissues
(Maier et al., 2005). Although the adenosine deaminase activity
of ADAL still remains unclear, we have demonstrated that
ADAL had distinct levels of mRNA transcripts in zebrafish and
thus, it is possible to suggest that this ADA member might be
expressed and consequently play some physiological function
in other organisms.

ADA2 has been identified as a novel family of growth factors
(ADGFs) in various organisms including the mollusk Aplysia
californica (Akalal et al., 2004) and Drosophila melanogaster
(Maier et al., 2001). The extracellular adenosine deamination
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promoted by secreted ADA2 is required for their mitogenic
function as growth factor (Zurovec et al., 2002). Previous study
demonstrated the presence of six different ADGF genes in Dro-
sophila, which were expressed differently during the develop-
mental stages (Maier et al., 2001). Recent evidence showed the
molecular characterization ofM. brassicae ADGF and its role to
stimulate cell proliferation by regulating the level of inosine
(Zhang and Takeda, 2007). Furthermore, transgenic mice over-
expressing CECR1 adenosine deaminase in the heart presented
high rate of phenotypic defects associated to embryonic and
neonatal lethality (Riazi et al., 2005). The identification of two
different ADA2 sequences (paralogous) was reported in zebrafish
(Maier et al., 2005), but no studies were conducted so far. Our
results have shown a lower mRNA transcript level of ADA2-1 in
the heart when compared to other tissues studied, which could be
important for the cardiovascular homeostasis and wild-type
phenotype. Although there is no evidence about ADA2 growth
factor activity in zebrafish, the differences observed in ADA2
expression could be important for the cell proliferation mediated
by adenosine depletion among tissues.

In the present study, we obtained two different ADA2-1
transcripts in zebrafish: an expected fragment of 440 bp, which
corresponded to the mRNA completely spliced, and an
alternative splice isoform with 554 bp. This fragment had the
inclusion of the first intron of the genomic interprimers
sequence and, interestingly, after deduced amino acids sequence
analysis, it was observed that the ADA2-1 isoform in zebrafish
encodes a truncated protein (ADA2-1/T). The function of
ADA2-1/T in zebrafish is uncertain. Since the deduced amino
acids sequence of ADA2-1/T did not present four ADA
conserved domains, which include the His238, Asp295 and
Asp296 residues important for ADA activity, the adenosine
deamination promoted by this enzyme could be altered.
Considering that an alternative splicing was detected for
ADA2-1 gene, it is not possible to exclude the existence of
other ADA1, ADAL and ADA2-2 isoforms in zebrafish.

The process named alternative splicing is a tightly regulated
post-transcriptional event, responsible to create a diverse array
of mRNA from a single pre-mRNA (Lopez, 1998). The intron
excision or retention is often differently regulated and may
generate several mRNAvariants, which encode distinct proteins
(Wang et al., 2006). It was demonstrated that the “adenosine
deaminase which acts on RNA” (ADAR) transcripts have
distinct alternative splicing patterns in mammals and zebrafish
(Slavov and Gardiner, 2002). Splicing variants may also result
in truncated isoforms. For example, studies have shown that
fibronectin (Liu et al., 2003) serine racemase (Konno, 2003),
transposase (Gueguen et al., 2006) and TRKB receptors
(Haapasalo et al., 2002) may be expressed as truncated
isoforms, playing several biological functions. As truncated
proteins seem to exert a complex regulatory effect, it is not
possible, a priori, to determine whether ADA2-1/T is at least
functionally active. However, the differential expression pattern
of ADA2-1/T in zebrafish tissues leads to hypothesize that it
may have some physiological importance in this vertebrate.

This is the first study to report a differential mRNA
expression pattern of ADA-related genes in zebrafish. Like
humans, zebrafish has three distinct members of ADA (ADA1,
ADA2 and ADAL), with two different ADA2 forms (ADA2-1
and ADA2-2). Furthermore, the alternative splicing of ADA2-1
translates to a truncated isoform suggesting that the adenosine
deamination depends on the complexity of ADA-related
enzyme activities associated with gene expression. Therefore,
the differential expression pattern of ADA-related genes family
suggests a fine-tuning regulation for adenosine deaminase
activity in zebrafish adenosinergic system.

Acknowledgments

This work was supported by Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), Coordena-
ção de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES), Fundação de Amparo à Pesquisa do Estado do Rio
Grande do Sul (FAPERGS) and by the FINEP research grant
“Rede Instituto Brasileiro de Neurociência (IBN-Net)” #
01.06.0842-00. D.B.R, E.P.R and M.R.G. were recipient of
fellowship from CNPq. The authors also would like to thank to
Camilla Marques, Cladinara Sarturi and Eduardo Caberlon for
technical assistance.

References

Akalal, D.B., Schein, C.H., Nagle, G.T., 2004. Mollusk-derived growth factor
and the new subfamily of adenosine deaminase-related growth factors.
Current Pharmaceutical Design 10 (31), 3893–3900.

Blom, N., Sicheritz-Pontén, T., Gupta, R., Gammeltoft, S., Brunak, S., 2004.
Prediction of post-translational glycosylation and phosphorylation of
proteins from the amino acid sequence. Proteomics 4 (6), 1633–1649.

Burnstock, G., 2006. Purinergic signalling— an overview. Novartis Foundation
Symposium 276, 26–48.

Chen, W.-Y., John, J.A.C., Lin, C.-H., Lin, H.-F., Wu, S.-C., Lin, C.-H., Chang,
C.-Y., 2004. Expression of metallothionen gene during embryonic and early
larval development in zebrafish. Aquatic Toxicology 69, 215–227.

Chinsky, J.M., Maa, M.C., Ramamurthy, V., Kellems, R.E., 1989. Adenosine
deaminase gene expression. Tissue-dependent regulation of transcriptional
elongation. The Journal of Biological Chemistry 264 (24), 14561–14565.

Cunha, R.A., 2001. Adenosine as a neuromodulator and as a homeostatic
regulator in the nervous system: different roles, different sources and
different receptors. Neurochemistry International 38 (2), 107–125.

Dunwiddie, T.V., Masino, S.A., 2001. The role and regulation of adenosine in
the central nervous system. Annual Review of Neuroscience 24, 31–55.

Franco, R., Casado, V., Ciruela, F., Saura, C., Mallol, J., Canela, E.I., Lluis, C.,
1997. Cell surface adenosine deaminase: much more than an ectoenzyme.
Progress in Neurobiology 52 (4), 283–294.

Franco, R., Mallol, J., Casado, V., Lluis, C., Canela, E.I., Saura, C., Blanco, J.,
Ciruela, F., 1998. Ecto-adenosine deaminase: an ecto-enzyme and a co-
stimulatory protein acting on a variety of cell surface receptors. Drug
Development Research 45, 261–268.

Fredholm, B.B., Chen, J.F., Cunha, R.A., Svenningsson, P., Vaugeois, J.M.,
2005. Adenosine and brain function. International Review of Neurobiology
63, 191–270.

Grunwald, D.J., Eisen, J.S., 2002. Headwaters of the zebrafish— emergence of
a new model vertebrate. Nature Reviews and Genetics 3 (9), 717–724.

Gudkov, S.V., Shtarkman, I.N., Smirnova, V.S., Chernikov, A.V., Bruskov, V.I.,
2006. Guanosine and inosine display antioxidant activity, protect DNA in
vitro from oxidative damage induced by reactive oxygen species, and serve
as radioprotectors in mice. Radiation Research 165 (5), 538–545.

Gueguen, E., Rousseau, P., Duval-Valentin, G., Chandler, M., 2006. Truncated
forms of IS911 transposase downregulate transposition. Molecular Micro-
biology 62 (4), 1102–1116.



1534 D.B. Rosemberg et al. / Life Sciences 81 (2007) 1526–1534
Haapasalo, A., Sipola, I., Larsson, K., Akerman, K.E., Stoilov, P., Stamm, S.,
Wong, G., Castren, E., 2002. Regulation of TRKB surface expression by
brain-derived neurotrophic factor and truncated TRKB isoforms. The
Journal of Biological Chemistry 277 (45), 43160–43167.

Hansen, P.B., Friis, U.G., Uhrenholt, T.R., Briggs, J., Schnermann, J., 2007.
Intracellular signalling pathways in the vasoconstrictor response of mouse
afferent arterioles to adenosine. Acta Physiologica (Oxford, England) 191
(2), 89–97.

Hashmi, A.Z., Hakim, W., Kruglov, E.A., Watanabe, A., Watkins, W., Dranoff,
J.A., Mehal, W.Z., 2007. Adenosine inhibits cytosolic calcium signals and
chemotaxis in hepatic stellate cells. American Journal of Physiology:
Gastrointestinal and Liver Physiology 292 (1), 395–401.

Haskó, G., Kuhel, D.G., Nemeth, Z.H., Mabley, J.G., Stachlewitz, R.F., Virag,
L., Lohinai, Z., Southan, G.J., Salzman, A.L., Szabo, C., 2000. Inosine
inhibits inflammatory cytokine production by a posttranscriptional mech-
anism and protects against endotoxin-induced shock. Journal of Immunol-
ogy 164 (2), 1013–1019.

Iwaki-Egawa, S., Namiki, C., Watanabe, Y., 2004. Adenosine deaminase 2 from
chicken liver: purification, characterization, and N-terminal amino acid
sequence. Comparative Biochemistry and Physiology. Part B, Biochemistry
& Molecular Biology 137, 247–254.

Iwaki-Egawa, S., Yamamoto, T., Watanabe, Y., 2006. Human plasma adenosine
deaminase 2 is secreted by activated monocytes. Biological Chemistry 387
(3), 319–321.

Kiemer, L., Bendtsen, J.D., Blom, N., 2005. NetAcet: prediction of N-terminal
acetylation sites. Bioinformatics 21 (7), 1269–1270.

Konno, R., 2003. Rat cerebral serine racemase: amino acid deletion and
truncation at carboxy terminus. Neuroscience Letters 349 (2), 111–114.

Kucenas, S., Li, Z., Cox, J.A., Egan, T.M., Voigt, M.M., 2003. Molecular
characterization of the zebrafish P2X receptor subunit gene family.
Neuroscience 121, 935–945.

Latini, S., Pedata, F., 2001. Adenosine in the central nervous system: release
mechanisms and extracellular concentrations. Journal of Neurochemistry 79
(3), 463–484.

Lieschke, G.J., Currie, P.D., 2007. Animal models of human disease: zebrafish
swim into view. Nature Reviews and Genetics 8 (5), 353–367.

Liu, X., Zhao, Q., Collodi, P., 2003. A truncated form of fibronectin is expressed
in fish and mammals. Matrix Biology 22 (5), 393–396.

Lopez, A.J., 1998. Alternative splicing of pre-mRNA: developmental
consequences and mechanisms of regulation. Annual Review of Genetics
32, 279–305.

Maier, S.A., Podemski, L., Graham, S.W., McDermid, H.E., Locke, J., 2001.
Characterization of the adenosine deaminase-related growth factor (ADGF)
gene family in Drosophila. Gene 280 (1–2), 27–36.

Maier, S.A., Galellis, J.R., McDermid, H.E., 2005. Phylogenetic analysis reveals
a novel protein family closely related to adenosine deaminase. Journal of
Molecular Evolution 61 (6), 776–794.

Marshall, J.M., 2007. The roles of adenosine and related substances in exercise
hyperaemia. The Journal of Physiology 583 (Pt 3), 835–845.

Ozdemir, O., 2006. Severe combined immune deficiency in an adenosine
deaminase-deficient patient. Allergy and Asthma Proceedings 27 (2),
172–174.

Pacheco, R., Martinez-Navio, J.M., Lejeune, M., Climent, N., Oliva, H., Gattel,
J.M., Gallart, T., Mallol, J., Lluis, C., Franco, R., 2005. CD26, adenosine
deaminase, and adenosine receptors mediate costimulatory signals in the
immunological synapse. Proceedings of the National Academy of Sciences
of the United States of America 102 (27), 9583–9588.

Pinto-Duarte, A., Coelho, J.E., Cunha, R.A., Ribeiro, J.A., Sebastião, A.M.,
2005. Adenosine A2A receptors control the extracellular levels of adenosine
through modulation of nucleoside transporters activity in the rat hippocam-
pus. Journal of Neurochemistry 93 (3), 595–604.

Rebola, N., Rodrigues, R.J., Oliveira, C.R., Cunha, R.A., 2005. Different roles
of adenosine A1, A2A and A3 receptors in controlling kainate-induced
toxicity in cortical cultured neurons. Neurochemistry International 47 (5),
317–325.
Riazi, A.M., Van Arsdell, G., Buchwald, M., 2005. Transgenic expression of
CECR1 adenosine deaminase in mice results in abnormal development of
heart and kidney. Transgenic Research 14 (3), 333–336.

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 Sciences 73, 2071–2082.

Rico, E.P., Rosemberg,D.B., Senger,M.R., Arizi,M.D.,Bernardi, G.F., Dias, R.D.,
Bogo, M.R., Bonan, C.D., 2006. Methanol alters ecto-nucleotidases and
acetylcholinesterase in zebrafish brain. Neurotoxicology and Teratology 28 (4),
489–496.

Rosemberg, D.B., Rico, E.P., Senger,M.R., Arizi,M.D., Dias, R.D., Bogo,M.R.,
Bonan, C.D., 2007. Acute and subchronic copper treatments alter
extracellular nucleotide hydrolysis in zebrafish brain membranes. Toxicol-
ogy 236, 132–139.

Ruiz, M., Escriche, M., Lluis, C., Franco, R., Martin, M., Andrei, A.M., Ros,
M., 2000. Adenosine A1 receptors in cultures neurons from rat cerebral
cortex: co-localization with adenosine deaminase. Journal of Neurochem-
istry 75, 656–664.

Ryu, J.K., Kim, J., Choi, S.H., Oh, Y.J., Lee, Y.B., Kim, S.U., Jin, B.K., 2002.
ATP-induced in vivo neurotoxicity in the rat striatum via P2 receptors.
NeuroReport 13, 1611–1615.

Saitou, N., Nei, M., 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Molecular Biology and Evolution 4,
406–425.

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. Part B, Biochemistry &
Molecular Biology 139B, 203–207.

Senger,M.R., Rico, E.P., Arizi,M.D., Rosemberg, D.B., Dias, R.D., Bogo,M.R.,
Bonan, C.D., 2005. Carbofuran and Malathion inhibit nucleotide hydrolysis
in zebrafish (Danio rerio) brain membranes. Toxicology 212, 107–115.

Slavov, D., Gardiner, K., 2002. Phylogenetic comparison of the pre-mRNA
adenosine deaminase ADAR2 genes and transcripts: conservation and
diversity in editing site sequence and alternative splicing patterns. Gene 299
(1–2), 83–94.

Stenslokken, K.O., Sundin, L., Renshaw, G.M., Nilsson, G.E., 2004.
Adenosinergic and cholinergic control mechanisms during hypoxia in the
epaulette shark (Hemiscyllium ocellatum), with emphasis on branchial
circulation. The Journal of Experimental Biology 207, 4451–4461.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G.,
1997. The ClustalX windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Research
25, 4876–4882.

Thong, F.S., Lally, J.S., Dyck, D.J., Greer, F., Bonen, A., Graham, T.E., 2007.
Activation of the A1 adenosine receptor increases insulin-stimulated glucose
transport in isolated rat soleus muscle. Applied Physiology, Nutrition and
Metabolism 32 (4), 701–710.

Tsuda, K., 2005. Inosine, calcium channels, and neuroprotection against
ischemic brain injury. Stroke 36 (3), 654–659.

Wang, N.Y., Lai, H.C., Au, L.C., 2006. Methods for enrichment of a mRNA
isoform with specific alternative splicing. Analytical Biochemistry 359 (2),
189–193.

Zavialov, A.V., Engstrom, A., 2005. Human ADA2 belongs to a new family of
growth factors with adenosine deaminase activity. The Biochemical Journal
391 (1), 51–57.

Zhang, J., Takeda, M., 2007. Molecular characterization of MbADGF, a novel
member of the adenosine deaminase-related growth factor in the cabbage
armyworm, Mamestra brassicae: the functional roles in the midgut cell
proliferation. Insect Molecular Biology 16 (3), 351–360.

Zurovec, M., Dolezal, T., Gazi, M., Pavlova, E., Bryant, P.J., 2002. Adenosine
deaminase-related growth factors stimulate cell proliferation in Drosophila
by depleting extracellular adenosine. Proceedings of the National Academy
of Sciences of the United States of America 99 (7), 4403–4408.


	Adenosine deaminase-related genes: Molecular identification, tissue expression pattern and trun.....
	Introduction
	Materials and methods
	Animals
	Sequences analysis and primers design
	Reverse transcription-polymerase chain reaction (RT-PCR)

	Results
	Identification of zebrafish ADA orthologous genes
	Gene expression pattern of ADA members in zebrafish
	ADA2-1 alternative splicing in zebrafish

	Discussion
	Acknowledgments
	References


