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MARÍA JIMENA RICATTI,1 LIONEL D. ALFIE,1 ÉLISE G. LAVOIE,2 JEAN SÉVIGNY,2
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ABSTRACT Ectonucleoside triphosphate diphosphohydrolases (E-NTPDases) are a
family of membrane-bound enzymes that hydrolyze extracellular di- and triphosphate
nucleosides. E-NTPDases have been proposed to control extracellular nucleotide levels
that mediate intercellular communication by binding to specific membrane receptors.
Here we show a detailed immunocytochemical localization of two enzymes of the E-
NTPDase family in the retinal layers of two vertebrate species, namely, the mouse and
the zebrafish. In the mouse retina, NTPDase2 was chiefly localized in Müller glia and
ganglion cell processes. NTPDase1 was located on neurons as well, since it was
expressed by horizontal and ganglion cell processes, suggesting that nucleotides such as
ATP and ADP can be hydrolyzed at the surface of these cells. NTPDase1 was also
detected in intraretinal blood vessels of the mouse. Regarding zebrafish, NTPDases1
and 2 seem to be differentially localized in horizontal cell processes, photoreceptor seg-
ments, and ganglion cell dendrites and axons, but absent from Müller glia. Moreover,
NTPDases1 and 2 appear to be expressed within the germinal margin of the zebrafish
retina that contains proliferative and differentiating cells. Retinal homogenates from
both species exhibited ecto-ATPase activity which might be attributed at least to
NTPDases1 and 2, whose expression is described in this report. Our results suggest a
compartmentalized regulation of extracellular nucleotide/nucleoside concentration in the
retinal layers, supporting a relevant role for extracellular nucleotide mediated-signaling
in vertebrate retinas. Synapse 63:291–307, 2009. VVC 2008 Wiley-Liss, Inc.

INTRODUCTION

Ectonucleoside triphosphate diphosphohydrolases,
also known as E-NTPDases, belong to a family of
membrane-bound enzymes that hydrolyze the termi-
nal g and b phosphate residues of nucleotides, such
as ATP, ADP, UTP, and UDP. NTPDases play an im-
portant role in controlling several autocrine and para-
crine signaling events mediated by extracellular nu-
cleotides, by regulating ligand concentration at spe-
cific purinergic or ‘‘P’’ receptors (Burnstock, 1978,
2007; Lazarowski et al., 2003). At present, eight
genes for the E-NTPDase family have been cloned in
vertebrate tissues. They contain five highly conserved
DNA sequence domains named ‘‘apyrase conserved
regions.’’ NTPDases1, 2, 3, and 8 are plasma mem-

brane enzymes with their catalytic site placed extra-
cellularly, whereas the four remainder NTPDases are
positioned in intracellular organelles and hydrolyze
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nucleotides other than ATP or ADP (Fausther et al.,
2007; Mulero et al., 1999; Trombetta and Helenius,
1999; Wang and Guidotti, 1998). In several cell sys-
tems, plasma membrane NTPDases together with an
ecto 50-nucleotidase (hydrolyzes AMP to adenosine)
constitute a catabolic cascade which completely
dephosphorylates extracellular ATP to adenosine
(Hunsucker et al., 2005; Zimmermann, 2006). There-
fore, extracellular hydrolysis of triphosphate nucleo-
tides not only ends their action on specific receptors
but produces other molecules that are in turn recep-
tor-mediated extracellular signals. In the central
nervous system, considerable evidence exists indicat-
ing that ATP is released from neurons and glia to the
extracellular milieu, where the nucleotide acts both
as a neurotransmitter and a precursor for adenosine.
Adenosine can in turn activate signaling pathways
(Burnstock, 1972; Fellin et al., 2006; Newman, 2006).
Thus, extracellular nucleotides trigger signaling path-
ways that are important for neuron–glia interactions
(Newman, 2006; Newman and Zahs, 1998). Recent
studies suggest that NTPDases are important for deg-
radation of extracellular ATP within the retina. In
fact, extracellular ATP hydrolysis products regulate
ganglion cells (GCs) hyperpolarization as well as cal-
cium wave propagation in glial cells (Newman, 2006).
Noteworthy, NTPDase2 overexpression induces ec-
topic eyes, whereas its downregulation abolishes eye
and retina formation in Xenopus laevis embryos
(Massé et al., 2007). However, only one recent report
has described the presence of NTPDases in the retina
of rat (Iandiev et al., 2007).

The vertebrate neural retina is an ordered and
stratified tissue with six neural cells (cone and rod
photoreceptors; interneurons represented by horizon-
tal, bipolar, and amacrine cells; and projection neu-
rons called ganglion cells) and a specific type of glia,
the Müller cell (Dowling, 1979; Ramón y Cajal, 1892).
Neurons are stratified in different synaptic layers and
form a laminar array characteristic of the vertebrate
retina (Fadool and Dowling, 2008; Masland, 2001). In
addition, cells are arranged in ordered mosaics that
endow retinal layers with an accurate representation
of the visual field (Cameron and Carney, 2000; Wässle
and Riemann, 1978).

The aim of the present report is to describe the
distribution of two members of the E-NTPDase family
in retinal cells and synaptic layers. We opted for
NTPDase1 and NTPDase2 because they both regulate
extracellular nucleotide levels, but NTPDase1 exhib-
its a similar capacity for hydrolyzing triphosphate as
well as diphosphate nucleosides, whereas NTPDase2
has a 30-fold preference for the hydrolysis of ATP
over ADP (Kaczmarek et al., 1996; Kukulski et al.,
2005). Therefore, when NTPDase1 is expressed a
faster inactivation of P2 receptors is expected, to-
gether with adenosine synthesis and activation of P1

receptors (Burnstock, 1978, 2007; Freedholm, 1995).
In contrast, when NTPDase2 is present ADP accumu-
lates and adenosine production is delayed (Kukulski
et al., 2005). Information about NTPDases localiza-
tion in the retinal layers described here provides
insight into the compartmentalized regulation of
extracellular ATP/ADP concentration. Furthermore,
the present study examines similarities and varia-
tions of the retinal distribution of NTPDases1 and 2
between a teleost fish and a rodent. This is of interest
because, although these animals’ retina exhibits simi-
lar architectural, genetic, and functional features,
zebrafish can grow and regenerate all retinal cells
during the animal’s life span (Raymond et al., 2006),
whereas mouse retina looses this capacity soon after
birth.

MATERIALS AND METHODS
Animals

Zebrafish (Brachydanio rerio) were obtained from a
local aquarium (Ichthys, Buenos Aires, Argentina)
and maintained indoors at 28.58C, exposed to 14/10-h
light/dark cycle for at least 3 weeks. They were fed
twice a day with freshly hatched Arthemia sp. and
dry food for tropical fish. For immunocytochemical
and enzyme activity assays, 3-month-old adult zebra-
fish of about 3 cm in body length and 1.5 g of weight
were anesthetized by immersion in ice-cold MS-222
solution (0.02%, w/v), then decapitated and
enucleated on ice.

Male mice weighing 20–23 g (Mus musculus,
SWISS strain) were obtained from the Animal Care
Facility at the School of Pharmacy and Biochemistry,
University of Buenos Aires (Buenos Aires, Argentina).
Animals were maintained under a 14/10-h light/dark
cycle and fed ad libitum. Mice were deeply anesthe-
tized with a mixture of ketamine–xylazine (100 mg/kg
of animal–15 mg/kg, IP), and once animals were
totally unresponsive to painful stimuli, they were
exanguinated by intracardiac perfusion with 0.9% sa-
line followed by paraformaldehyde 4% in PBS at pH
7.4. For enzyme activity assays, mice were first anes-
thetized with a lethal dose of the anesthetic mixture
and then decapitated and enucleated. The Committee
on Animal Research at University of Buenos Aires
approved protocols for animal use and care.

Exposure to 5-bromo-20-deoxyuridine

Animals were exposed to 5-bromo-20-deoxyuridine
(BrdU; Sigma, St. Louis, MO). This nucleotide analog
intercalates in the DNA during the S phase of the cell
cycle. To sustain a high systemic level of BrdU, 5–6
zebrafish were maintained in 250 mL of water con-
taining BrdU (2 g/L) and neutral regulator (0.08 g/L;
SeaChem Laboratories, Stone Mountain, GA). Water
in the tank was kept at 28.58C and aerated. Zebrafish
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were maintained in the nucleotide analog-containing
water for 48 h and then washed with fresh water and
immediately euthanized.

Tissue processing

Enucleated eyes either from mice or zebrafish were
dissected to prepare eyecups. Cornea, lens, and vitre-
ous were carefully removed preserving the retina. Eye-
cups were fixed with 4% paraformaldehyde in PBS
(137 mM NaCl, 2.7 mM KCl, 5.7 mM phosphate, pH
7.4) for either 1 h (zebrafish) or 30 min (mice), and
then the fixative was carefully washed several times
with 5% sucrose in PBS, incubated for 30 min in 10%
sucrose in PBS, and finally incubated overnight with a
similar solution containing 20% of sucrose. Then, eye-
cups were embedded in Jung tissue freezing medium
(Leica Microsystems, Nussloch, Germany) and frozen
in dry ice. Ten-micrometer frozen sections were cut at
2208C with a cryostat. Sections were collected onto gel-
atin subbed-slides and kept at 2208C until use.

Immunocytochemistry

Slides containing eyecup sections were dried at
508C for 10 min, allowed to cool at room temperature,
hydrated in PBS-T (PBS plus 0.1% Tween-20), and
held in 5% normal goat serum (NGS; Vector Laborato-
ries, Burlingame, CA) in PBS-T for 1 h at room tem-
perature. Sections were then incubated overnight
with primary either mouse monoclonal or rabbit poly-
clonal antibodies in 3% NGS in PBS-T (primary anti-
bodies are listed in Table I) in a humid chamber at
48C. Slides were washed four times with PBS-T and
then incubated in darkness for 2 h at room tempera-
ture, with secondary antibodies against either mouse
or rabbit antibodies made in goat and conjugated to
ALEXA 488 or 546 (Invitrogen, Carlsbad, CA; 1:400
in 3% NGS in PBS-T). Finally, sections were washed
and coversliped with mounting medium for fluores-
cence (Vector Laboratories). For double labeling
assays, eyecup sections were incubated in 3% NGS in
PBS-T containing both primary and, after washing,
secondary antibodies.

TABLE I. List of primary antibodies against NTPDase1 and NTPDase2 used in this study

Rabbit polyclonal anti-NTPDase1
antibodies

Peptide sequences for
generation of rabbit

antibodies

% of homology with
human NTPDase1

sequence

% of homology with
mouse NTPDase1

sequence

% of homology with
zebrafish NTPDase1

sequence

mN1-kaly (KY102/130) GIYLTDCME GIYLTDCME GAYLAECME GASLEECMK
and mN1-K2B3 RAREVIPRSQHQ RAREVIPRSQHQ LSTELIPTSKHH EAKEKIPAHRHS

ETPVYLGA ETPVYLGA QTPVYLGA ETPVYLGA

Human CD39 amino
acid sequence

102–130

100% 62.06% 58.62%

RO202/217 KSDTQETY ETNNQETF DSQKQETF LRKPAGTL
GALDGGA GALDLGGA GALDLGGA GALDLGGA

Porcine CD39 amino
acid sequence

202–217

68.75% 75% 56.25%

Rabbit polyclonal anti-NTPDase2
antibody (mN2-36)

Immunogen injected: cDNA of the whole gene for the mouse NTPDase2
ligated into pcDNA3

List of primary antibodies used as retinal markers in this study

Anti-postsynaptic density 95 kDa (PSD95) Monoclonal antibody is a presynaptic marker labeling cone and rod pedicles in the retina
of mouse (Koulen et al., 1998). This antibody did not label zebrafish retinas (our
unpublished observations). Dilution: 1:400 (clone K28/43; Upstate, Lake Placid, NY).

Anti-protein kinase C a/b (PKC a/b) Monoclonal antibody recognizes all ON bipolar cells in zebrafish (Yazulla and Studholme,
2001) and rod-driven ON bipolar cells in mouse (Greferath et al., 1990; Haverkamp and
Wässle, 2000). Dilution: 1:100 (clone MC5; Santa Cruz Biotechnology, Santa Cruz, CA).

Anti-SV2 Monoclonal antibody is a marker of presynaptic vesicles in both OPL and IPL. Dilution:
1:2000 (Yazulla and Studholme, 2001; Developmental Studies Hybridoma Bank, Iowa,
IA).

Anti-zns-2 Monoclonal antibody recognizes cone photoreceptors in zebrafish (Larison and Trevarrow,
1994; Yazulla and Studholme, 2001). Dilution: 1:100 (Developmental Studies Hybridoma
Bank).

Anti-RT97 Monoclonal antibody recognizes polyphosphorylated epitopes on neurofilaments and other
molecules such as rhodopsin (Anderton et al., 1982). In mouse retina, this antibody
mainly labeled processes of horizontal cells and axons of ganglion cells (Dräger et al.,
1984; Inoue et al., 2002). In zebrafish retina, strong labeling was observed in rod and
cone photoreceptor outer segments (Adamus et al., 1988). Dilution: 1:500 (Developmental
Studies Hybridoma Bank).

Anti-tyrosine hydroxylase Monoclonal antibody labels dopaminergic amacrine and interplexiform cell processes in
both the IPL and OPL (Haverkamp and Wässle, 2000; Yazulla and Studholme, 2001).
Dilution: 1:200 (Chemicon Int., Temecula, CA).

Anti-glutamine synthetase Monoclonal antibody labeled throughout Müller cell bodies. Dilution: 1:200 (BD Biosciences,
San Jose, CA).

Anti-BrdU Monoclonal antibody was used to detect the nucleotide analogue incorporated in the nuclei
of mitotically active cells. Dilution: 1:200 (Roche, Indianapolis, IN).
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For colocalization studies of NTPDase1 or NTPDase2
with each retinal marker, four to five different animals
(either mouse or zebrafish) were assessed.

Control sections for immunoreactions

1. Reaction with preimmune sera from preinoculated
rabbits (for either mN1-kaly or mN2-36 antibod-
ies), used at identical dilutions and instead of spe-
cific primary antibodies.

2. Omission of either primary or secondary antibody.
In double labeling assays, either one or two pri-
mary and either one or two secondary antibodies
were alternatively omitted from control slides.

Characterization of primary antibodies

The three primary polyclonal antibodies against
NTPDase1, namely, RO202/217, KY102/130 (named
mN1-kaly), and mN1-K2B3, were assayed (Table I).
These antibodies gave a similar pattern of labeling
both in zebrafish and mouse (data not shown). Subse-
quent experiments were performed with mN1-kaly
that showed less background.

To generate polyclonal antibodies KY102/130 and
K2B3, a high-density multigenic peptide system
(MAPS) was synthesized with peptides corresponding
to aminoacid sequence 102–130 of human CD39 (Ta-
ble I). This approach used a small peptidyl core ma-
trix of four lysine residues bearing four branching
peptides (Service de séquence de peptide de l’Est du
Québec). KY102/130 and K2B3 correspond to serum
collected and characterized from different rabbits
(Schulte am Esch et al., 1999).

RO202/217: A 16 amino acid peptide from the N-
terminus of the porcine pancreatic NTPDase1 (Table
I) was used for the generation of this rabbit polyclo-
nal antibody. This polyclonal antibody preparation
has been found to react with human CD39/ATPDase
(NTPDase1) expressed by COS-7 transfectants, but it
does not exhibit crossreactivity with NTPDase2
(Schulte am Esch et al., 1999).

mN2–36: Antimurine NTPDase2 polyclonal anti-
body (Table I) was raised in rabbits by injection of
complementary DNA encoding the whole gene for
the murine NTPDase2 ligated into pcDNA3. Serum
titers were determined by standard western blot
analysis under nonreducing conditions in the screen-
ing protein lysates from COS-7 cells expressing
recombinant murine NTPDase2 (Sévigny et al.,
2002). Immunocytochemical studies in neural and
nonneural tissues of rat and mouse demonstrated
that this antibody specifically detects NTPDase2 and
does not crossreact with NTPDase1 (Enjyoji et al.,
1999; Mishra et al., 2006; Shukla et al., 2005; Vlaj-
kovic et al., 2002).

Microscopy and image analysis

Fluorescent cell images were captured with a confo-
cal microscope (model LSM 5 PASCAL EXCITER;
Carl Zeiss, Germany) by using 403/1.3 and 633/1.4
objectives. LSM 5 Image Browser software (Carl Zeiss
LSM Data Server) and Adobe Photoshop version CS2
were used for digital processing of images.

Ecto-ATPase activity

The measurements of the ecto-ATPase activity were
performed by monitoring the rate of ATP hydrolysis
in retinal homogenates. Briefly, retinas from either
mouse or zebrafish were carefully separated from eye-
cups, freed of retinal pigmented epithelium (RPE),
and homogenized in a reaction medium containing 30
mM Tris-HCl (pH 7.4), 5 mM KCl, 100 mM NaCl,
4 mM CaCl2, and 1 mM PMSF, chilled on ice. Zebra-
fish were dark adapted for 1 h to allow complete sepa-
ration of RPE from the neural retina. Homogenates
from the retina of both species were centrifuged at
15,000g during 30 min at 48C and pellets were again
homogenized in 1 mL of reaction medium without
PMSF. The resulting extract was denoted as ‘‘centri-
fuged homogenate.’’ ATPase activity was measured ei-
ther in the absence (total ATPase activity) or presence
(ecto-ATPase activity) of the following inhibitors:
10 lM vanadate, 2 lg/mL oligomycin, 1 mM N-ethyl-
maleimide, and 1 mM levamisol (Sigma). Vanadate,
oligomycin, and N-ethylmaleimide inhibit ATPases of
type P, F, and V, respectively, whereas levamisol
inhibits alkaline phosphatases. In addition, ATPase
activity was assayed in the presence of the aforemen-
tioned inhibitors and 10 mM either EDTA or cibacron
blue 3GA (Sigma). ATPase activity was determined
by following the time course of [g32P]Pi release from
[g32P]-ATP at 258C (Schwarzbaum et al., 1998). In
brief, reactions were started by adding [g32P]-ATP
(NEN Life Science Products, Boston, MA) to the ‘‘cen-
trifuged homogenate’’ under stirring. Final concentra-
tion of ATP was 2 mM and specific activity of [g32P]-
ATP was 450–900 mCi/mol of ATP. At different times,
a 50 lL aliquot was withdrawn from the reaction and
poured into 750 lL of a stop solution containing 4.05
mM Mo7O24(NH4)6 and 0.83 mM HClO4. The result-
ant ammonium molybdate–phosphate complex was
next extracted by adding 600 lL of isobutyl alcohol
under vigorous stirring. Then, phases were separated
by centrifugation for 5 min at 1000 g. Aliquots (200
lL) of the organic phase that contains [g32P]Pi were
transferred to vials with 2 mL of 0.5 M NaOH and
then radioactivity was measured. Fifty microliters of
aliquots contained 80–100 lg of proteins (Lowry
et al., 1951).

To calculate the initial rate values (vi), the follow-
ing equation was fitted to the experimental data:
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Y 5 Y0 1 A (1 2 e2kt), where Y and Y0 are the val-
ues of Pi at any time (t) and t 5 0, respectively. The
parameter A represents the maximal value for the
increase of Y with time, whereas k is a rate coeffi-
cient. The parameters of best fit from the regression
were used to calculate enzyme activity (vi) as kA, i.e.,
the first derivative of the equation for t tending to
zero. Activity data (vi) are mean 6 SD and are
expressed as nmol/(lg protein�min).

RESULTS
Localization of NTPDase1 and NTPDase2 by

immunocytochemistry

In all figures, immunoreactivity (IR) for NTPDase
antibodies is shown in red, while that for cell-type

retinal markers is displayed in green. The third col-
umn was obtained by overlapping two confocal images
from identical microscopic fields. Colocalization was
considered positive when yellow color formed as a
result of superimposing green and red images from
the same microscopic field.

NTPDase1 in the mouse retina

Since antibodies against NTPDase1 label blood ves-
sels in other tissues, we searched for positive IR in
the choroid, the vascular layer of the eye. We consis-
tently observed labeled vascular vessels in this tissue
both in mouse and zebrafish eyecup sections.

Regarding mouse neural retina, IR of mN1-kaly
shows a sharp thin band in the outer plexiform layer

Fig. 1. Confocal microscopic images of transverse sections from
mouse retinas. NTPDase1 immunoreactivity (IR) is labeled red (A,
D, G) and retinal markers are shown in green. PKCa/b-labeled ON
bipolar cells are shown in B. Panel E shows PSD95-labeled photore-
ceptor feet. Panel H depicts SV2-labeled presynaptic vesicles in the
outer plexiform (OPL) and inner plexiform layers (IPL). Images
from each row were overlaid in the third column. In the OPL,

NTPDase1-labeling follows a postsynaptic pattern (panel F), but it
is not on bipolar dendrites (panel C). In the IPL, however, partial
colabeling is observed between NTPDase1 and the presynaptic vesi-
cle marker (panel I). PL, photoreceptor layer; ONL, outer nuclear
layer; INL, inner nuclear layer; GCL, ganglion cell layer. Images in
the same row show identical magnification. Scale bars 5 20 lm.
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(OPL) and a diffuse and scattered labeling in the
inner plexiform layer (IPL). An additional strong
signal can be observed in the border of the vitreal
surface (Figs. 1A, 1D, and 1G). In many mN1-kaly
immunoreacted sections, a much fainter and punctate
staining is present around some but not all cell bodies
in both nuclear layers. The ON bipolar cell marker
PKCa/b does not colocalize with NTPDase1 in bipolar
cell either dendrites in the OPL, somas in the inner
nuclear layer (INL), or synaptic terminals in the IPL
(Figs. 1A–1C). In mouse retinas, PSD95 (Fig. 1E) la-
beled photoreceptor pedicles (see Table I). This
marker does not show colocalization with NTPDase1-
IR (Figs. 1D–1F). Likewise, double labeling by using
mN1-kaly and SV2 antibodies does not evidence spa-

tial associations of NTPDase1 and the presynaptic
vesicle marker in the OPL (Figs. 1G–1I). Thus, the
absence of colocalization of NTPDase1 with both reti-
nal markers suggests that in the OPL the enzyme is
mainly located in postsynaptic processes. Further-
more, although partial colabeling is observed, most
double labeling of SV2 and NTPDase1 in the inner
synaptic layers appears closely intercalated but not
overlapped, which indicates mainly a postsynaptic
and, hence, dendritic distribution of the enzyme in
GC (Figs. 1G–1I). Simultaneous immunostaining with
mN1-kaly and glutamine synthetase demonstrates
that NTPDase1 is not present in Müller glia (Figs.
2A–2C). In contrast, RT97- and mN1-kaly-IR share a
common pattern, which indicates that NTPDase1 is

Fig. 2. Confocal microscopic images of transverse sections from
mouse retinas. NTPDase1 immunoreactivity (IR) is labeled red (A,
D, G, I) and retinal markers are shown in green. Glutamine synthe-
tase-labeled Müller cells (B) and RT97-labeled horizontal cells in
the outer plexiform layer (OPL) (E). Images from each row are
superimposed in C and F. Panel H depicts an overlaid image of
RT97- and NTPDase1-IR in the ganglion cell (GC) and fiber layers
(FL). Complete colabeling in the OPL (F) and partial colabeling in

H (arrows) indicate the presence of NTPDase1-IR in horizontal cell
processes as well as GC axons. NTPDase1 immunoreactivity in axon
bundles is also observed in G. Arrows in A and I show NTPDase1-
IR in vascular vessel-like structures in the OPL and ganglion cell
layer (GCL), respectively. PL, photoreceptor layer; ONL, outer nu-
clear layer; INL, inner nuclear layer; IPL, inner plexiform layer.
Images in the same row show identical magnification. Scale bars 5
20 lm.
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mainly restricted to horizontal cell processes in the
OPL (Figs. 2D–2F). The ecto-enzyme immunostaining
pattern (Fig. 2G) and colocalization with RT97-la-
beled GC axons (Fig. 2H) give further evidence that
NTPDase1 is also highly expressed in optic fiber bun-
dles. Immunostaining is also observed surrounding
perikarya as well as proximal dendrites of GC. Reti-
nal structures that appear to be vascular vessels also
showed NTPDase-IR (Figs. 2A and 2I).

NTPDase2 in the mouse retina

In Figures 3A, 3D, and 3G, immunostaining with
mN2–36 antibody in retinal sections displays a regu-
lar distribution throughout almost all retinal layers.
In the outer retina, labeling is less confined than the
one described for NTPDase1 and appears to surround

horizontal cells, spread throughout the OPL, and in
lesser degree outer nuclear layer (ONL) cell bodies.
In the INL there is also a dim labeling around cell
somas. The IPL also presents a scattered but fainter
pattern compared to the one observed for NTPDase1.
Finally, the border of the vitreal surface exhibits a
strong IR for NTPDase2, with a continuous distribu-
tion. Double immunostaining with mN2-36 and anti-
PKCa/b antibodies shows only a sparse colocalization
for these markers in the OPL and outer INL, indicat-
ing that this enzyme subtype might be scarcely
expressed in ON rod bipolar cell membranes (Figs.
3A–3C). In Figures 3D–3F, TH was used to evaluate
if NTPDase2 was located in dopaminergic amacrine
cell processes positive for tyrosine hydroxylase. This
staining appears as puncta surrounding horizontal
cell somas in the OPL as well as in the outermost

Fig. 3. Confocal microscope images of transverse sections from
mouse retinas. NTPDase2 immunoreactivity (IR) is labeled red (A,
D, G) and retinal markers are shown in green. Panel B depicts
PKCa/b-labeled ON bipolar cells. Image E shows immunoreactivity
for tyrosine hydroxylase (TH), which labels dopaminergic amacrine
cells, and H depicts PSD95-labeled photoreceptor feet. Absence of

colabeling of NTPDase2-IR with TH or PSD-95 is observed in C and
F. Image I shows partial colocalization between NTPDase2 and the
ON bipolar cell marker. PL, photoreceptor layer; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer. Images in the same
row show identical magnification depicted by scale bars 5 20 lm.
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part of the IPL as described elsewhere (Haverkamp
and Wässle, 2000). The absence of colocalization rules
out the presence of NTPDase2 in the dopaminergic
amacrine cell processes. Furthermore, mN2-36-IR is
adjacent but not at all coincident with PSD95 stain-
ing in the OPL, which suggests that NTPDase2 is not
expressed in rod and cone terminals (Figs. 3G–3I).
SV2 and mN2-36 double labeling as illustrated in Fig-
ures 4A–4C, indicates some presynaptic staining in
the OPL; however, NTPDase2 seems mainly located
in the postsynaptic region. Moreover, red dots in the
IPL appear to surround the green staining, suggest-
ing a neighboring but not overlapping distribution
between NTPDase2 and the presynaptic vesicle
marker. Figures 4D–4F depict RT97 marker, which
does not colocalize with mN2-36 labeling suggesting

that, in contrast to NTPDase1, NTPDase2 is not
located in HC processes or GC axons. Noteworthy, as
illustrated in Figures 4G–4I, mN2-36-IR shows a re-
markable coincident pattern of distribution with GS
immunostaining. This double labeling experiment
demonstrates an almost complete and restricted
expression of NTPDase2 by Müller glia, with the
exemption of noncoincident labeling in the IPL and
OPL. The NTPDase2 distribution seems to encompass
Müller cell bodies from inner to outer limiting
membranes.

NTPDase1 in the zebrafish retina

Figures 5A, 5D, and 5G as well as 6A and 6D show
IR for mN1-kaly antibody, which labels several retinal

Fig. 4. Confocal microscope images of transverse sections from
mouse retinas. NTPDase2 immunoreactivity (IR) is labeled red (A,
D, G) and retinal markers are shown in green. Image in B depicts
SV2-labeled presynaptic vesicles in the outer (OPL) and inner plexi-
form layers (IPL). RT97 labeled horizontal cell processes and gluta-
mine synthetase (GS) labeled Müller cells, as shown in E and H,
respectively. Analysis of overlaid images (C, F) indicates a limited
colocalization of NTPDase2 with the presynaptic marker but its ab-

sence from horizontal cell processes in the OPL. In panel I, a con-
spicuous colabeling of NTPDase2-IR and GS-labeled Müller cells
can be observed. Insets in the left side of panels G, H, and I show
magnified images from a different retinal section. OLM, outer limit-
ing membrane; MCB, Müller cell bodies; ILM, inner limiting mem-
brane; PL, photoreceptor layer; ONL, outer nuclear layer; INL,
inner nuclear layer; GCL, ganglion cell layer. Images in the same
row show identical magnification. Scale bars 5 20 lm.
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Fig. 5. Confocal microscope images of transverse sections from
zebrafish retinas. NTPDase1 immunoreactivity (IR) is labeled red
(A, D, G), while retinal markers are depicted in green. NTPDase1
appears regionalized in the photoreceptor layer (PL), outer and
inner plexiform layers (OPL and IPL), ganglion cell layer (GCL),
and retinal pigmented epithelium (RPE). White arrowheads in panel
D show NTPDase1-IR in cone outer segments, while open arrow-
heads point to crescent-shaped NTPDase1 immunostaining in the
OPL. Panel B depicts RT97-labeled photoreceptor outer segments.
Panel E shows SV2-labeled presynaptic vesicles in the OPL and
IPL. Zns-2-labeled cone pedicles and horizontal cell bodies are
shown in image H. Panel J depicts a Nissl staining of a retinal sec-
tion from zebrafish with a superimposed scheme, which was drawn

by us on a photomicrograph from a section of a zebrafish retina
based on the scheme from the work of Fadool and Dowling (2008),
illustrating double and single cones outline in the photoreceptor
layer (PL), outer nuclear layer (ONL) and OPL. Panel C depicts
colocalization of NTPDase1-IR and RT97-labeled photoreceptor
outer segments (gray arrowheads and inset). Partial colocalization
of NTPDase1 with the presynaptic marker in the outer and inner
synaptic layers is shown in F (arrowheads). Image I depicts the ab-
sence of NTPDase1 from either cone terminals or horizontal cell
bodies. DCO, double cone outer segments; DCN, double cone nuclei;
SCO, single cone outer segments; SCN, single cone nuclei; ROS, rod
outer segments; RN, rod nuclei; INL, inner nuclear layer. Images in
the same row present identical magnification. Scale bars 5 20 lm.
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layers with different intensity. Among the stained
layers there is a clear labeling in the outermost part
of the rod ONL, which appears to be positioned on
single and double cone somas extending to their seg-
ments (Fig. 5D). Labeling with a more diffuse appear-
ance is observed on rod outer segments and the RPE.
Since eyecups were prepared from light-adapted
zebrafish, cellular processes from the two epithelia
are intertwined obscuring the analysis of the immu-
nostaining. IR using anti-RT97 (which in zebrafish
retinas labeled photoreceptor outer segments) and
mN1-kaly antibodies indicates that the observed im-
munostaining is located at least in some single and
double cone outer segments (Figs. 5A–5C); however,
we cannot rule out the presence of NTPDase1 in the
rod outer segments as well (Fig. 5D). In the OPL,
labeling appears to be regionalized in crescent shaped
structures. Sparser and dotted staining surrounds the
edge of some but not all interneuron bodies in the
INL. Similarly to the mouse retina, a more densely
distributed labeling is present throughout the IPL
and extends to the ganglion cell layer (GCL). Using
anti-SV2 antibody in double labeling experiments
(Figs. 5D–5F), we observed that mN1-kaly staining in
the OPL shows a scant overlap with the presynaptic
vesicle marker. In the IPL, almost no colocalization
was observed, suggesting that NTPDase1 exhibits a
major postsynaptic distribution in both synaptic

layers (Fig. 5F). Zns-2 antibody, a marker for cone
photoreceptors in the zebrafish, also labels either rod
periphery or Müller cell processes in the ONL as well
as horizontal cell bodies (Yazulla and Studholme,
2001). In our retinal sections, zns-2 antibody labeled
cone pedicles but not cone inner segments. Double
labeling assays with Zns-2 antibody revealed that
mN1-kaly-IR appears to be concentrated surrounding
rod and double cone inner segments (Figs. 5G–5J and
6F). Furthermore, the crescent shaped structures in
the OPL although closely associated do not colocalize
with cone terminals (Figs. 5I and 7L). Figures 6A–6C
depict that there is no overlap between NTPDase1
staining and all labeled ON bipolar cell processes or
somas. mN1-kaly immunolabeling also appears in
the GC axons. On the other hand, mN1-kaly staining
does not colocalize with GS-IR, suggesting that
NTPDase1 is not expressed by Müller glia (Figs. 6D–
6F).

NTPDase2 in the zebrafish retina

Immunostaining with mN2-36 appears conspicu-

ously regionalized in the OPL of the zebrafish retina

as shown in Figure 7A. Labeling is punctate and

fainter throughout the IPL and photoreceptor layer.

Double labeling experiments with RT97 indicate that

NTPDase2 it is expressed in rod and cone inner seg-

Fig. 6. Confocal microscope images of transverse sections from
zebrafish retinas. NTPDase1 immunoreactivity (IR) is labeled red
(A, D), while PKCa/b-labeled ON bipolar cells (B) as well as gluta-
mine synthetase-labeled Müller glia (E) are shown in green. Panels
C and F are superimposed images from each row. NTPDase1 does
not colocalize with any of these markers immunoreactivity. In image

A, the arrow indicates a strong NTPDase1 immunostaining in a sec-
tion of the optic nerve. PL, photoreceptor layer; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer; GCL, ganglion cell layer. All images exhibit
identical magnification. Scale bar in F 5 20 lm.
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ments though not expressed by photoreceptor outer

segments (Figs. 7A–7C). There is also scattered stain-

ing around perikarya in the outer half of the INL.

Double labeling with SV2 shows partial colocalization,

which may indicate that NTPDase2 is expressed both

pre- and postsynaptically in the OPL. In the IPL, in

contrast, all staining for the enzyme seems to be post-

synaptic and extends to the GCL (Figs. 7D–7F). Zns-2

Fig. 7. Confocal microscope images of transverse sections from
zebrafish retinas. NTPDase2 immunoreactivity (IR) is labeled red
(A, D, G) and retinal markers are depicted in green. NTPDase2-IR
is mostly distributed in the outer plexiform layer (OPL) but labeling
in the photoreceptor layer (PL) and inner plexiform layer (IPL) is
also apparent. Image B shows RT97-labeled photoreceptor outer
segments. SV2-labeled presynaptic vesicles in the OPL and IPL and
zns-2-labeled cone pedicles are shown in panels E and H, respec-
tively. Overlaid images from each row are displayed in the third col-
umn. In panel C, adjacent labeling suggests the presence of
NTPDase2 in photoreceptor inner segments. Image F displays coloc-
alization between NTPDase2- and SV2-IR in the OPL. Panel I

depicts absence of colocalization of NTPDase2 in cone terminals, but
a partial colocalization in horizontal cell bodies. Images in the bot-
tom row are a magnified detail of overlaid images showing zns-2-IR
and either NTPDase2 (panel J) or NTPDase1 (panel L) staining.
Image K shows a transverse section of a zebrafish retina stained
with Hoechst (left) or Nissl (right). ONL, outer nuclear layer; HC,
horizontal cells; INL, inner nuclear layer; GCL, ganglion cell layer;
DCOS, double cone outer segments; SCOS, single cone outer seg-
ments; ROS, rod outer segments. Images in the same row share the
same magnification unless indicated by the presence of a different
scale bar. Scale bars 5 20 lm.
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and mN2-36-IRs shown in Figures 8G–8I, and ana-
lyzed together with Nissl and Hoechst staining of the
same area (Figs. 7J and 7K), suggest that NTPDase2
presence in the OPL is restricted to HC bodies and
processes. However, this ecto-enzyme subtype could
be at least in part localized in amacrine interplexi-
form cell processes. To further investigate mN2-36-IR
in the OPL a double labeling experiment with anti-
TH antibody was performed. Results illustrated in
Figures 8A–8C show that labeling corresponding to
NTPDase2 is not localized in dopaminergic interplexi-
form cell processes surrounding horizontal cells. In
addition, we found that NTPDase2 immunostaining
exhibits some degree of colocalization with ON bipolar
cell dendrites labeled in the OPL (Figs. 8D–8F). We
frequently found mN2-36-IR in the nerve fiber layer

(Fig. 8D). Finally, unlike mouse, Müller cells in the
zebrafish do not seem to express NTPDase2 (Figs.
8G–8I).

NTPDases1 and 2 at the proliferative
margin of the zebrafish retina

Zebrafish retina is endowed with a rim of tissue
called margin germinal zone (MGZ), which contains
proliferative and differentiating cells at the periphery
of the mature more central retina. Cells located in
the MGZ and positive for BrdU shown in Figure 9 are
either mitotically active or recent postmitotic precur-
sors. NTPDase1 and NTPDase2 are expressed within
the MGZ including areas that closely surround BrdU-
positive nuclei.

Fig. 8. Confocal microscope images of transverse sections from
zebrafish retinas. NTPDase2 immunoreactivity (IR) is labeled red
(A, D, G) and retinal markers are displayed in green. Panel B
shows tyrosine hydroxylase (TH)-labeled interplexiform amacrine
cell processes in the outer plexiform layer (OPL). Image E illus-
trates PKCa/b-labeled ON bipolar cells. In panel H, glutamine syn-
thetase (GS)-IR reveals Müller cells. Overlaid images demonstrate
the absence of colocalization between NTPDase2 and either TH-

(panel C) or GS-labeled cells (panel I and inset, which shows a mag-
nified view of the OPL region). In contrast, there is partial colabel-
ing of NTPDase2 with PKCa/b-IR (F). PL, photoreceptor layer;
ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer. All images (except inset)
share the same magnification indicated in panel I. Scale bars 5
20 lm.
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ATPase activity in mouse and zebrafish retinas

Figures 10A (mouse) and 10B (zebrafish) illustrate
representative experiments of the production of Pi
from ATP using neural retina homogenates. In the
absence of inhibitors (ATPase activity), the rate of Pi
production expressed as nmol/(lg protein�min) was
viT 5 0.0545 6 0.0066 (n 5 4) for mouse and viT 5
0.0145 6 0.0075 (n 5 4) for zebrafish. In the presence
of both ion-pump ATPases and phosphatase inhibi-
tors, ecto-ATPase activity amounted to viE 5 0.035 6
0.0014 (n 5 4) for mouse and viE 5 0.0092 6 0.0050
(n 5 5) for zebrafish. For both vertebrate species,
about 60% of total ATP hydrolysis can be assigned to
ecto-ATPase activity. In assay media with 10 mM of
either EDTA or Cibacron blue there was no produc-
tion of Pi, that is, the remaining Pi production in the
presence of the ion-pump ATPases and phosphatase
inhibitors was completely abolished. Thus, the
reported viE defines a calcium-dependent ecto-ATPase
activity that may be owed at least to NTPDases1 and
2 identified by immunocytochemistry in this report.

DISCUSSION

In the present report we show a detailed immuno-
cytochemical characterization of the distribution of
NTPDases1 and 2 in cellular and synaptic layers of
the retina from mouse and zebrafish, two phylogeneti-
cally distant species of vertebrate.

NTPDase2 localization in the retina of mouse

Expression of NTPDases1, 2, and 3 has been
reported in the nervous system of vertebrates (Massé
et al., 2006; Rico et al., 2003, 2006; Smith and Kirley,
1998; Vlajkovic et al., 2002; Vorhoff et al., 2005;
Zimmermann, 1996; Zimmermann and Braun, 1999). A
recent report described the presence of NTPDase2 in
Müller cell membranes of the rat retina (Iandiev et al.,
2007). Moreover, an ecto-ATPase activity associated to
both OPL and IPL has been described in the retina of
rat (Puthussery and Fletcher, 2007). Similarly, in the
mouse retina we found NTPDase2 to be principally
localized in radial Müller glia and dendrites of GC in
the inner plexiform layer, suggesting that ATP, which
is released by astrocytes and Müller glia as well as by
GCs (Newman, 2006), might be hydrolyzed both auto-
crinally and paracrinally in the IPL and GCL. We also
observed immunostaining in the outer plexiform (syn-
aptic) layer, but we cannot discriminate whether
NTPDase2 is also present in interneuron processes, not
labeled by any of the markers we have used, or in Mül-
ler glia processes that do not contain glutamine synthe-
tase. NTPDase2 expression in Müller cells was not re-
stricted to the inner retina but extended throughout
the radial Müller glia suggesting that nucleotides, per-
haps released from various retinal sources, including
the outer retina, can be hydrolyzed by NTPDase2. The
presence of NTPDase2 on Müller cells and synaptic
layers may terminate the action of ATP on P2X iono-

Fig. 9. Confocal microscope images of transverse sections from
zebrafish retinas. NTPDase1 and NTPDase2 immunoreactivity is
shown in red (A and D, respectively). Panels B and E depict 5-
bromo-20-deoxyuridine (BrdU) immunostaining for proliferative cell
nuclei present in the margin germinal zone (MGZ) of the zebrafish

retina. The third column depicts overlaid images revealing the pres-
ence of both NTPDases immunostaining surrounding BrdU-labeled
nuclei (C, F). All images share the same magnification indicated by
scale bar in F 5 20 lm.
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tropic receptors and increase extracellular levels of
ADP which in turn might activate G protein-coupled
P2Y receptors (Burnstock, 2007). Considering other
nucleotides, NTPDase2 presence and activity in the
retinal compartments described here could favor UDP
accumulation in the extracellular milieu (Kukulski
et al., 2005).

NTPDase1 localization in the retina of mouse

NTPDase1 is usually associated with the microglia
and the vasculature of the brain (Braun et al., 2000;
Braun and Zimmermann, 2001). Accordingly, we
observed conspicuous NTPDase1-IR in the choroid as
well as in structures which look like intraretinal
blood vessels in the outer and inner synaptic layers.
In contrast to NTPDase2, NTPDase1 is not expressed
by Müller cells in the mouse retina, which is in agree-
ment with data observed in the rat retina (Iandiev
et al., 2007). The report also indicates that NTPDase1
is not expressed by neural cells in the rat retina. In

contrast, we observed that NTPDase1 is located on
neurons in the mouse retina, since it is expressed by
postsynaptic HC processes in the OPL and GC den-
drites in the IPL. We cannot ascertain the basis for
the observed dissimilarities, but they might be due to
the use of antibodies against NTPDase1 with differ-
ent specificity, species-specific distribution of
NTPDase1, or differential detection sensitivity of the
methodological procedure used.

The presence of NTPDase1 in HC may indicate reg-
ulation of the extracellular concentration of nucleo-
tides originated from photoreceptor terminals and/or
released by Müller cells in the outer synaptic layers.
In our study, NTPDase1 is also expressed by axons of
GCs in the nerve fiber layer. In this layer, NTPDase1
might also be expressed by microglia or astrocytes,
which have been shown to harbor P2X receptors
(Bianco et al., 2005; Xiang and Burnstock, 2005) and
to release ATP (Newman, 2006). The regionalized
presence of NTPDase1 would suggest a rapid hydroly-
sis of both ATP and ADP released in the vicinity of
the enzyme, limiting the activation of P2 receptors
and quickly rising extracellular AMP concentration.
The latter molecule, in turn, becomes available as a
substrate for adenosine synthesis.

Localization of NTPDase1 and NTPDase2
in the retina of zebrafish

Phylogenetic analyses of aminoacid conservation
have shown that members of the E-NTPDase family
are conserved among vertebrates and each particular
NTPDase shares a higher degree of identity among
species than different NTPDases within the same spe-
cies (Massé et al., 2006). NTPDases1, 2, and 3 have been
cloned and their mRNA expression reported to be present
in the adult brain as well as the spinal cord, cranial gan-
glia, and hypothalamus of the zebrafish embryo (Appel-
baum et al., 2007; Rico et al., 2006). The polyclonal anti-
bodies against NTPDase1 and NTPDase2 we used
appear to consistently identify two different proteins in
the adult zebrafish retina, since their expression pattern
did not overlap. Likewise, NTPDase1 is not expressed
by photoreceptor terminals or bipolar cells, whereas
NTPDase2 seems to be expressed by rod but not cone
pedicles as well as by dendrites of bipolar cells in the
OPL. Both NTPDases (1 and 2) are predominantly
located postsynaptic to photoreceptor cells, principally in
HC, although their staining patterns are essentially dif-
ferent. In fact, NTPDase2 densely surrounds horizontal
cell bodies and proximal cell processes, while NTPDase1
distribution closely resembles the glutamate receptor
GluR2 staining pattern on distal tips of HC dendrites
just beneath cone synaptic terminals in the retina of
zebrafish (Shields et al., 2007). Besides, NTPDase2 pat-
tern in the outer synaptic layer looks like the IR pattern
for the GABAC receptor q subunit, which surrounds hor-

Fig. 10. ATPase activity in retinal homogenates of mouse (A)
and zebrafish (B). Inorganic phosphate production was followed at
different intervals after adding [g32P]ATP to the tissue homogenate
(time 0). Squares represent ATPase activity in the absence of inhibi-
tors. Ecto-ATPase activity was measured in the presence of ion-
pump ATPases and alkaline phosphatase inhibitors (diamonds).
[g32P]Pi production in the presence of 10 mM either EDTA or ciba-
cron blue was not detected (triangles and circles, respectively).
Curved lines depict the best fit of a single exponential function to
experimental data. A representative experiment from four to five
independent measurements is shown for each species.
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izontal cell bodies with processes extending to the OPL
(Yazulla and Studholme, 2001). In our immunostaining,
NTPDase2 labeling extends from HC bodies to delineate
interneuron somas in the INL as well. Furthermore, we
cannot rule out the possibility that NTPDases1 and 2 are
expressed by different subpopulations of HC (Song et al.,
2008). The presence of both NTPDases in the outer syn-
aptic layer suggests that nucleotides would be regulated
in a different manner according to the type of NTPDase
they encounter in or near their site of release. We also
observed NTPDase1 immunostaining in photoreceptor
outer and inner segments, which indicates that photore-
ceptor cells might have the ability of hydrolyzing nucleo-
tides originated in the RPE and released to the subretinal
space between the pigmented epithelium and photore-
ceptors (Lu et al., 2007; Mitchell, 2001). The observation
that NTPDase1 seems to be present in the RPE is consist-
ent with studies describing the presence of ecto-ATPase
activity as well as mRNA for NTPDases1 to 3 in cultured
RPE cells (Reigada et al., 2005). Regarding retinal inner
layers, both enzyme subtypes are expressed in dendrites
and axons of GCs where they could be able to differen-
tially regulate synaptic transmission and/or Müller glia-
neuron purinergic-mediated interactions (Newman,
2006), as it was suggested earlier for themouse retina.

NTPDAses are expressed within neurogenic
areas of the zebrafish retina

Taking into consideration that purine nucleotides
play important roles during development from the
moment of fertilization (Laasberg, 1990) and
NTPDase2 is essential for the morphogenesis of the
eye and retina in Xenopus embryos (Massé et al.,
2007), we looked for NTPDase1 and NTPDase2
expression in the neurogenic border (MGZ) of the
adult zebrafish retina, where cells develop from pluri-
potent precursors to differentiated neurons and Mül-
ler glia (Raymond et al., 2006). We observed that both
NTPDases1 and 2 are expressed surrounding either
just postmitotic or still proliferating cells. NTPDase2
has been previously associated to precursor cells like
type-B astrocytes and radial glia-like cells in several
neurogenic areas of the adult rat brain (Braun et al.,
2003; Shukla et al., 2005). The kind of progenitor cell
expressing these enzymes and whether each enzyme
subtype is associated to different subpopulations of
progenitor cells are open questions that deserve fur-
ther investigation. So far, our results suggest that, in
the adult zebrafish retina, both NTPDases studied
are expressed within zebrafish MGZ.

Ecto-ATPase activity

E-NTPDases are able to hydrolyze nucleoside tri-
phosphates and diphosphates and are insensitive to
inhibitors of both ion-pump ATPases and phospha-
tases (Plesner, 1995). As E-NTPDase activity is de-

pendent on either Ca21 or Mg21, inhibition of the
ecto-ATPase activity by divalent cation chelator mole-
cules provides further evidence that the observed
activity might be due to NTPDases. Moreover,
E-NTPDase activity should be blocked by the nucleo-
tide analog cibacron blue (Chen et al., 1996; Mun-
konda et al., 2007). We detected ecto-ATPase activity
in retinal homogenates from both species, in the pres-
ence of the aforementioned inhibitors. Similar to
other cell systems, the observed ecto-ATPase activity
was completely blocked either with cibacron blue or
in divalent cations-free medium (Nagy et al., 1986).
Absolute values for ecto-ATPase activity lie in the
range of that found for homogenates of goldfish retina
[viT: 0.030 6 0.0036 and viE: 0.017 6 0.0025 nmol/(lg
protein min)] as well as other nonneural tissues in
mouse (Sévigny et al., 2002), although zebrafish reti-
nal values were significantly lower than ecto-ATPase
activity reported for zebrafish brain homogenates
(Rico et al., 2003). Nevertheless, comparisons of abso-
lute values are difficult to assess, since enzymatic
reaction conditions as well as tissue preparations dif-
fer considerably among studies. The observed ecto-
ATPase activity both in mouse and zebrafish retina
might be owed at least to NTPDases1 and 2, whose
expression we have described by immunocytochemis-
try in this report.

Further considerations

Certainly, the physiological picture appears much
more complex, since NTPDase3 as well as other ecto-
nucleotidases, which are not addressed in this report,
may also be present in the retinal circuitry of both
species. Therefore, the extracellular concentration of
nucleotides, at each time, will result from the fine-
tuning of several ecto-enzyme orchestrated activities,
which can be present in the extracellular microenvir-
onment where ATP as well as other nucleotides are
released. However, a compartmentalized distribution
of NTPDases1 and 2 suggests a relevant role for these
enzymes in controlling nucleotide levels and the
intracellular transduction mechanisms activated by
these molecules in the physiology of the vertebrate
neural retina.
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