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Abstract Distribution of two enzymes involved in the ectonucleotidase enzyme chain,
ecto-nucleoside triphosphate diphosphohydrolase1 (NTPDase1) and ecto-5¢-nucleotid-
ase, was assessed by immunohistochemistry in the rat hippocampus. Obtained results
have shown co-expression of the enzymes in the hippocampal region, as well as wide and
strikingly similar cellular distribution. Both enzymes were expressed at the surface of
pyramidal neurons in the CA1 and CA2 sections, while cells in the CA3 section were
faintly stained. The granule cell layer of the dentate gyrus was moderately stained for
NTPDase1, as well as for ecto-5¢-nucleotidase. Glial association for ecto-5¢-nucleotidase
was also observed, and fiber tracts were intensively stained for both enzymes. This is the
first comparative study of NTPDase1 and ecto-5¢-nucleotidase distribution in the rat
hippocampus. Obtained results suggest that the broad overlapping distribution of these
enzymes in neurons and glial cells reflects the functional importance of ectonucleotidase
actions in the nervous system.

Keywords CD39 � CD73 � Ectonucleotidase � Extracellular nucleotides �
Immunohistochemistry

Introduction

Purine nucleotides and nucleosides, such as ATP and adenosine, act as important
extracellular signaling molecules influencing neuronal activity. In the central nervous
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system (CNS), ATP can be stored in synaptic vesicles together with some other classical
neurotransmitter or in a separate pool of vesicles and released upon stimulation by
exocytosis. Other mechanisms of ATP release, from neurons or glial cells may include
gap junction hemichannels, volume-sensitive chloride channels, or dilatated P2X
receptors (Pankratov et al. 2006).

ATP is a fast excitatory synaptic transmitter, acting via two types of purinergic
receptors, P2X and P2Y (Illes and Norenberg 1993; Ralevic and Burnstock 1998; King
et al. 1998). Numerous studies have shown that ATP was involved in astrocytic calcium
wave propagation (Scemes et al. 2000), regulation of serotonine, noradrenaline,
dopamine and vasopressin release (von Kugelgen et al. 1994, 1997; Song and Sladek
2005), nociception (Kennedy and Leff 1995), hippocampal long-term potentiation (Fujii
2004), regulation of blood flow and hemostasis (Enjyoji et al. 1999) and reactive
astrogliosis after brain injury (Neary et al. 1999).

The events induced by extracellular ATP are under the control of ectonucleotidase
enzymes pathway, which represents a general mode of terminating purinergic signaling.
This enzymatic pathway includes members of ecto-nucleoside triphosphate diphospho-
hydrolase (NTPDase), ecto-nucleotide pyrophosphatase/phosphodiesterase (E-NPP), as
well as the ecto-5¢-nucleotidase families. There is another group of yet poorly
characterized enzymes, ecto-protein kinases, which also use ATP as a substrate for
the synaptic proteins phosphorylation (Ehrlich et al. 1986).

Members of E-NTPDase family hydrolyze nucleoside tri- and diphosphates. At least
three known cell-surface located NTPDases (NTPDase1–3) capable of controlling the
concentrations of nucleotide agonists are present in rat brain (Kegel et al. 1997; Belcher
et al. 2006). Despite some structural similarities, these enzymes differ distinctly in their
substrate specificity. Thus, NTPDase1 (also known as CD39, ecto-apyrase, ecto-ATP
diphosphohydrolase) degrades ATP and ADP to AMP equally well, while NTPDase2
(ecto-ATPase) hydrolyzes triphosphonucleosides to respective diphosphonucleosides
(Heine et al. 1999; Kukulski and Komoszynski 2003). NTPDase3 (CD39L3) is a
functional intermediate that dephosphorylates ATP to AMP with a transient accumu-
lation of ADP (Lavoie et al. 2004).

In many cells and tissues the hydrolysis of P2 receptor agonists, ATP and ADP is
coupled to the hydrolysis of AMP by 5¢-nucleotidase (also known as CD73) to generate
adenosine. Adenosine acting at P1 adenosine receptors is very potent neurotransmitter
and neuromodulator that elicit a myriad of physiological responses.

The expression of ectonucleotidase enzymes has been studied indicating wide
distribution in the CNS of the rat. However, the vast majority of present information
regarding regional and cellular localization of NTPDases and 5¢-nucleotidase relies on
biochemical analysis or on enzyme histochemical techniques that do not allow
differentiation between individual members of the same enzyme family, since many
hydrolyze the same substrate and can be present in the same cell type (Kegel et al. 1997;
Nedeljkovic et al. 2003). Recently, immunohistochemical studies for individual mem-
bers of NTPDase family were performed using isoform-specific antibodies. NTPDase1
was reported to have widespread expression in the CNS of rat (Wang and Guidotii
1998), being present in cerebral, hippocampal and cerebellar neurons, glial cells and
endothelial cells. NTPDase2 protein was found in the germinal zones of rat brain, in
subventricular zone and rostral migratory stream (Braun et al. 2003). This enzyme
seems to be the dominant ectonucleotidase present on rat astrocytes (Wink et al. 2006).
NTPDase3 was reported to be present almost exclusively in axons (Belcher et al. 2006).
On the other hand, regional and cellular distribution of 5¢-nucleotidase in rat brain have
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been performed by using biochemical and histochemical techniques (Braun et al. 1998;
Schoen et al. 1999), and no studies to date have reported comparative immunohisto-
chemical localization of NTPDase1 and 5¢-nucleotidase in the rat brain. In the present
study, we performed comparative immunohistochemical analysis of NTPDase1 and 5¢-
nucleotidase to explore their regional and cellular distribution in the rat hippocampal
area.

Methods

Animals

All animal treatment protocols were approved by the Belgrade University Animal Care
and Use Committee. The study was performed on 3-month-old male rats of the Wistar
strain (250–350 g). Animals were subjected to 12-h light-dark cycle, housed 3 per cage,
with free access to food and water.

Immunohistochemistry

Following decapitation rat brains were rapidly removed and kept in 4% paraformal-
dehyde in 0.1 M phosphate buffer, as fixative for 12 h. After cryoprotection the brains
were frozen at –70�C. The brains were cut into 16 lm thick sections in the coronal plane.
Frozen sections were dried and processed for NTPDase1 and ecto-5¢nucloeotidase
immunohistochemistry as described previously (Nedeljkovic et al. 2006). Primary
antibodies against NTPDase1/CD39 (1:1000 dilution; CD39 (A20) Santa Cruz
Biotechnology, Inc.) and 5-nucleotidase/CD73 (1:1000 dilution; Santa Cruz Biotech-
nology, Inc. (C20)) were used. For immunoperoxidase labeling, sections were incubated
for 2 h with biotinylated secondary antibody (Santa Cruz Biotechnology, Inc.) and
peroxidase reaction was performed with diaminonezidine (DAB) substrate solution
according to the manufacturer instructions (Sigma Chemical Co.). In the negative
control experiments for both primary antibodies, omission of the primary antibodies
resulted in no specific immunostaining. After dehydratation in graded ethanol, the
sections were mounted with Canada Balsam (Merck) and photographed on computer-
based Leica DMRB microscope.

Isolation of Crude Membrane Fraction

Crude membrane fraction was isolated as previously described (Bjelobaba et al. 2006).
Briefly, tissue was homogenized in 10 volumes of 0.32 M sucrose, 10 mM Tris–HCl, pH
7.4 at 4�C and centrifuged for at 800g for 20 min. Resulted supernatant was centrifuged
at 9,000g for additional 20 min. and pelleted membrane fraction was resuspended in
5 mM Tris buffer, pH 7.4 and subsequently homogenized, prior to dilution in SDS-
PAGE sample buffer and immunoblot analysis.

Electrophoresis and Immunobloting Procedure

About 10 lg of crude membrane samples were separated at 12% SDS-PAGE and
immunoblotted as previously described (Bjelobaba et al. 2006). After blocking with 5%
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non-fat dry milk in Tris buffer saline, Tween 20, the blots were probed overnight with
1:1000 dilution of goat polyclonal antibodies against NTPDase1 and 5¢-ectonucleotidise
that were used in immunohistochemical analysis. Visualization procedure was
performed by avidin–biotin peroxidase labeling, after incubating support membranes
in anti goat IgG-horse radish peroxidase-conjugated secondary antibody (Sigma
Chemical Co.).

Results

Immunoblot analysis

The specificity of the antibodies against NTPDase1 and 5¢-ectonucleotidase was
demonstrated by immunoblotting. Figure 1 shows representative immunoblots of crude
membrane fraction probed with the antibody against NTPDase1 (Fig. 1A) and ecto-5¢-
nucleotidase (Fig. 1B), respectively. The antibody against NTPDase1 recognized one
prominent band at about 70 kDa and another less prominent band at about 130 kDa.
Antibody against 5¢-nucleotidase recognized two bands, one at about 55 kDa, which
matches to expected size of the enzyme and another at about double that size, which
probably corresponds to the ecto-5¢-nucleotidase dimmer molecule (Zimmermann
2000).

Immunolocalization of NTPDase1

Figure 2 shows NTPDase1 immunoreactivity (NTPDase1-IR) in the hippocampal
formation. The white matter of the alveus and fimbria was moderately immunopositive

Fig. 1 Immunoblot analysis for the specificity of the antibodies against NTPDase1 (A) and 5¢-
ectonucleotidase (B). Lane 1 on each blot shows molecular weight markers
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Fig. 2 Immunolocalization of NTPDase1 in the rat hippocampus. (A) Low-power photomicrograph of
hippocampal area immunostained with the anti-NTPDase1 antibody. (B) High-power photomicrograph
magnified from the area enclosed by a rectangle B in A, showing SP of CA1 region with marked apical
dendrites (arrowheads). Arrows point to immunopositive neurons in SO. (C) Photomicrograph
magnified from the area C enclosed in A, showing IR of pyramidal neurons in CA2 area; arrows
point to interneurons in SO. (D) The granule cell layer of DG and PoDG, with putative glial distribution
(arrows). (E) High-power photomicrograph of DG showing granule cells with marked apical dendrites
(arrows). (F) Photomicrograph magnified from the area enclosed in A showing faint IR in CA3 region.
(G) Omission of the primary antibody resulted in no specific staining. Scale bar: 500 lm in A; 50 lm in
B–D; 25 lm in E and F
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(Fig. 2A). Modest IR was observed in CA1 and CA2 pyramidal cell layer (Fig. 2B, C),
but the most prominent labeling, was seen in the granular layer of the dentate gyrus
(DG) (Fig. 2D, E). In the stratum pyramidale (SP) of CA1 and CA2, IR was present
mostly on the surface of large neurons, while the proximal parts of apical and basal
dendrites of these neurons were weakly labeled, whereas axons remained indistinguish-
able (Fig. 2B, C). In the granular cell layer both surface and cytoplasmic labeling was
observed (Fig. 2E). Only proximal parts of apical dendrites could be seen, while mossy
fibers were indistinguishable. In other hippocampal regions, particularly in CA3
(Fig. 2F) and hilus, the IR was faint. In the stratum oriens (SO) of all three regions,
whole cell bodies of small interneurons were markedly stained (Fig. 2C). Small cell
bodies of irregular shape observed in the polymorphic layer of dentate gyrus (PoDG)
could be of glial origin (Fig. 2D). Omission of the primary antibody against NTPDase1
resulted in no specific immunostaining (Fig. 2G).

Immunolocalization of 5¢-nucleotidase

Figure 3 shows immunohistochemical distribution of 5¢-nucleotidase in Amon’s horn
and dentate gyrus of the hippocampal formation. Low-power microscopic observation
revealed most intensive relative labeling in the pyramidal cell layer in CA1 and CA2
and in the granule cell layer of DG (Fig. 3A). Alveus and fimbria were moderately
labeled. Individual cell bodies were more intensively stained in fields CA1–CA2
(Fig. 3B, C, E) than in CA3 and hilus (Fig. 3F, G). CA2 pyramidal cells appeared with
conspicuous apical dendrites that projected to the stratum radiatum (SR) (Fig. 3E). In
few cells IR was concentrated around the cell bodies producing marked outline, but
cytoplasmic labeling was also prominent. Large neuronal cell bodies in SR were
intensively stained (Fig. 3C). Immunoreaction at the small interneurons was also
observed in the SO of all hippocampal fields. Individual granule cells of DG showed
prominent IR, particularly at proximal parts of apical dendrites, while mossy fibers were
not distinguishable (Fig. 3H, I). Strong IR was also observed at astrocytic cell bodies in
stratum lacunosum moleculare (SLM) (Fig. 3D) and their marked processes interposed
between the cells of the hilus (Fig. 3G), in the PoDG (Fig. 3J) and in other areas as well.
Capillaries and larger blood vessels were also immunopositive (Fig. 3D). Substantial
background staining was observed throughout the tissue, and this pattern was not
observed when the primary antibody was omitted (Fig. 3K).

Fig. 3 Immunolocalization of ecto-5¢-nucleotidase in the rat hippocampus. (A) Low-power photomi-
crograph of hippocampal area immunostained with the anti-5¢-nucleotidase antibody. (B) Photomicro-
graph magnified from the area enclosed by a rectangle B in A, showing the IR in the CA1 area. Arrows
point to the immunoreactive interneurons in SO. (C) High-power micrograph magnified from B, showing
pyramidal cells with marked apical dendrites (arrows) and large neuron in SR (arrowhead). (D)
Capillaries and larger blood vessels in SLM showed positive on ecto-5¢-nucleotidase (arrows). Astrocytes
were also detected (arrowheads). (E) Pyramidal neurons in CA2 region with pronounced apical
dendrites (arrowheads). (F) Pyramidal cells in CA3 region, enlarged photomicrograph from A. (G) The
pyramidal cells and strongly positive astrocytes interposed in hilus (arrows). (H) The granular cell layer
of DG. (I) High-power photomicrograph enlarged from H, showing the pattern of staining of granule
cells, with pronounced apical dendrites (arrows). (J) High-power photomicrograph enlarged from A
showing astrocytes with pronounced processes in PoDG. (K) Omission of the primary antibody resulted in
no specific immunostaining. Scale bar: 500 lm in A; 100 lm in B and D; 50 lm in E–H; 25 lm in C and J
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Discussion

Most of the data regarding regional distribution and cellular localization of NTPDase
and ecto-5¢-nucleotidase in the brain rely on biochemical or enzyme histochemistry
techniques. These techniques are based on the addition of the substrate, ATP or AMP,
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to the membrane preparation or tissue section and formation of either soluble product
or a precipitate formed with lead or cesium salt, respectively. Thus, neither of the two
approaches allow conclusion about which of the NTPDase family member is present
since many hydrolyze the same substrate.

To elucidate cellular localization of two key enzymes involved in the extracellular
metabolism of purine nucleotides in the rat hippocampus, i.e., NTPDase1/CD39 and
ecto-5¢-nucleotidase/CD73, we have performed a comparative immunohistochemical
study.

NTPDase1 Regional and Cellular Distribution

Up to date, three cell-surface NTPDases (NTPDase1–3) have been localized in the
mammalian brain. According to the deduced amino acid sequence and predicted
secondary structure they all have transmembrane domains at the N- and at the C-
terminus. Highly related NTPDase1 and NTPDase2 share little sequence identity
between the two transmembrane regions at the N- and C-terminal end of the sequence
(Kegel et al. 1997) and additionally NTPDase2 lacks the short intracellular chain of
amino acid residues present at the N-terminus of NTPDase1 protein (Kegel et al. 1997;
Zimmermann 2000). Since the antibody used in this study specifically recognizes the
epitope near the N-terminus, it does not bind to NTPDase2 protein. On the other hand,
NTPDase3 having the same membrane topography and intracellular domain at N-
terminus (Zimmerman 2000), shares only 35.1% identity in primary structure with
NTPDase1 (Vorhoff et al. 2005). We confirmed by immunoblotting that the antibody
was useful as a probe for NTPDase1 in crude membrane preparation and as a tool for
detecting NTPDase1 protein in hippocampal tissue. The antibody recognized two bands
on immunoblots, one at about 70 kDa corresponding to the expected size of NTPDase1
from rat brain membrane (Braun et al. 2000) and another, less prominent band at about
130 kDa probably corresponding to the NTPDase1 dimer molecule. It is known that
NTPDase1 can exist as homooligomers, dimers, trimers, or even tetramers (Smith and
Kirley 1999).

Our immunohistochemical study revealed that NTPDase1 is predominantly associ-
ated with neuronal cell bodies and dendritic processes in all hippocampal areas.
However, putative glial association was also observed. In addition, many NTPDase1
positive interneurons in SO and SLM of all hippocampal fields were detected. Although
the surrounding white matter displayed strong NTPDase1-IR, axons of pyramidal cells
and mossy fibers were indistinguishable.

The overall pattern of immunoreactivity obtained in this study was consistent with
the pattern of immunoreactivity obtained previously with the use of another antibody
specific for NTPDase1 (Wang and Guidotti 1998) and with the enzyme histochemistry
based on formation of cerium phosphate precipitate (Zinchuk et al. 1999). Yet another
study reported the presence of NTPDase1-IR at cultured pyramidal neurons of rat
hippocampus (Boeck et al. 2002). However, immunohistochemical approaches based on
lead precipitation protocols has shown that the NTPDase1 was restricted to microglia
and the vasculature of murine brain (Braun et al. 2000). These variances can be
explained by interspecies variations in enzyme distribution. On the other hand, lead
staining protocol revealed faint staining of hippocampal pyramidal cell layer and
granule cell layer of DG, with slightly enhanced lead precipitation in SLM and intense
staining of the brain capillaries endothelium (Braun et al. 1998). Mismatches between
lead and cerium histochemical methods were previously observed and explained with
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the fact that lead, in contrast to cerium, interferes with the medium components, making
the results of detection hardly interpretable (Zinchuk et al. 1999).

5¢-Nucleotidase Regional and Cellular Distribution

Immunoblot analysis for the specificity of the antibody against 5¢-nucleotidase revealed
two bands, one at about 55 kDa and another at about double that size that probably
corresponds to a dimer. Single gene has been identified in vertebrates (Zimmermann
2000) and the enzyme occurs mainly as a dimer and the apparent molecular weight of
the monomer in the rat hippocampal membranes is 64 kDa (Cunha et al. 2000).

In the present study, immunohistochemical analysis of hippocampal coronal sections
revealed that, at cellular level, enzyme was associated both with neurons and astrocytes.
Pyramidal cells, in CA1 and CA2 areas were moderately labeled as well as the granule
cell layer, while neurons in CA3 and hilus were very lightly labeled. Giant neuronal cells
in SR, now established as a type of principal excitatory cells in the hippocampus (Gulyás
et al. 1998), were clearly labeled. Similarly to NTPDase1, ecto-5¢-nucleotidase could not
be recognized on the axons of pyramidal cells or mossy fibers. However, significant
background staining was always present on the sections, a pattern never observed when
the primary antibody was omitted or in the case of NTPDase1 immunoreactivity. This
finding strongly implies the presence of soluble form of ecto-5¢-nucleotidase in the
extracellular matrix throughout the brain tissue that was already reported (Zimmer-
mann 1992).

Several immunohistochemical studies regarding ecto-5¢-nucleotidase were carried out
in the past. Yet localization of this enzyme in the brain is still controversial. According
to Zimmermann et al. (1993), a band corresponding to the innervation area of mossy
fiber terminals within area CA3 was selectively labeled, while CA1 and the DG were
negative. In some earlier studies performed by using the antibody raised against liver 5¢-
nucleotidase, the enzyme was assigned to the surface of glial elements like Bergman
glia, astrocytes (Schoen et al. 1987, 1988) and also in association with myelinated nerve
fibers (Cammer et al. 1986). Neuronal localization of ecto-5¢-nucleotidase was rarely
observed (Kreutzberg et al. 1986; Nacimiento and Kreutzberg 1990) and it was
proposed to be associated with migrating nerve cells during development (Schoen et al.
1988). In contrast, enzyme histochemical (Bernstein et al. 1978; Franco et al. 1986) and
biochemical studies (Richardson et al. 1987; Cunha et al. 1992) implied that ecto-5¢-
nucleotidase was associated with nerve terminals in the rat brain. Other studies based on
enzyme histochemical procedures revealed strong positive reaction in SR, SO and SLM
of CA1 hippocampal field in the rat (Lee et al. 1986; Braun et al. 1998), whereas low
levels were observed in other species examined, including mouse, pig, and gerbil (Lee
et al. 1986).

Functional Consideration

Results presented herein show the wide distribution of NTPDase1 and ecto-5¢-
nucleotidase in the rat hippocampus, suggesting their involvement in the control of the
purinergic signaling. Several studies confirmed the presence of highly efficient cascade,
capable of extracellular nucleotide hydrolysis in the hippocampus (Cunha et al. 1992,
1996; Dunwiddie et al. 1997). It was reported that ATP elicited inhibition of synaptic
transmission in Shaffer fibers/CA1 pyramid synapses was actually caused by adenosine,
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the final product of ectonucleotidase pathway (Cunha et al. 1998). Ectonucleotidases
also mediate depression of epileptiform activity in an in vitro model (Ross et al. 1998)
and it was shown that these inhibitory effects are mediated mostly through the A1
receptors (Masino et al. 2002; Kukley et al. 2004), which are widely present in the
hippocampus (Ochiishi et al. 1999).

Some of the ecto-5¢-nucleotidase positive cells, like astrocytes and giant cells of SR
which project to SO, had shown cytoplasmatic labeling which could be explained by cell
recycling (Van den Bosch et al. 1988) and may reflect intensive extracellular nucleotide
metabolism and high adenosine production. Our study also shows the same cellular
allocation of NTPDase1 and ecto-5¢-nucleotidase in interneurons of SO and SLM. ATP-
induced excitation of interneurons and activation of astrocytes in the CA1 lead to
synaptic inhibition through the activation of P2Y1 receptors and subsequent release of
GABA (Kawamura et al. 2004). Therefore, regulation of synaptic networking could
also depend on ectonucleotidase activity.

It is also important to note that another ATP-hydrolyzing enzyme, ecto-protein
kinase is involved in the process of long-term potentiation (LTP) in CA1 neurons (Chen
et al. 1996; Fujii 2004; Martin and Buño 2005). Thus, a competition for the same
substrate could occur between NTPDase1 and ecto-protein kinase. On the other hand,
NTPDase1, which hydrolyzes ADP with the same efficiency as ATP (Kukulski and
Komoszynski 2003), could, in concert with ecto-5¢-nucleotidase, promote the activity of
ecto-protein kinase by removing its molecular inhibitors, ADP and AMP (Volonte et al.
1994). Therefore, it could be speculated that ectonucleotidases control the substrate
availability for ecto-protein kinase, thus indirectly modulating the process of synaptic
plasticity. In addition to above considerations, both NTPDase1 and ecto-5¢-nucleotidase
posses, non-enzymatic features related to cell–cell interaction and cell adhesion (Kansas
et al. 1991; Zimmermann and Braun 1999).

Since hippocampus is involved in the process of memory consolidation and retrieval
our findings raise questions about importance of ectonucleotidase pathway in
biochemical events related to these phenomena. It was previously evidenced that
formation of aversive memory was associated with learning-specific, time-dependent
decrease in the ATP and AMP hydrolysis (Bonan et al. 1998, 2000), whereas significant
increase in the ATP hydrolyzing activity have been observed following habituation to an
open field (Pedrazza et al. 2007). These findings indicate that different learning
paradigms involve purinergic system. Indeed both ATP, acting through P2 receptors
(Almeida et al. 2003) or as a substrate of ecto-protein kinases (Chen et al. 1996), as well
as adenosine (de Mendonca et al. 2002) modulate long-term synaptic plasticity
phenomena, such as long-term potentiation, long-term depression and depotentiation,
thus concerted action of ectonucleotidase enzymes is necessary for the proper execution
of memory formation and retrieval.

In summary our results indicate that NTPDase1 and ecto-5¢-nucleotidase are present
at same cell types in rat hippocampus. Overlapping distribution has been already
noticed for different members of ectonucleotidase enzyme families in various tissues
(see Zimmermann 2000). Additionally, we have previously observed the similar
hippocampal distribution for E-NPP1, member of E-NPP family (Bjelobaba et al. 2006).
The involvement of multiple enzyme species in extracellular nucleotide hydrolysis
suggests the existence of well-organized control over nucleotide signaling and
underlines the significance of these processes in proper brain functioning.
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