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Abstract Extracellular ATP (eATP) acts as a danger-
associated molecular pattern which induces reactive response
of astrocytes after brain insult, including morphological re-
modeling of astrocytes, proliferation, chemotaxis, and release
of proinflammatory cytokines. The responses induced by e-
ATP are under control of ecto-nucleotidases, which catalyze
sequential hydrolysis of ATP to adenosine. In the mammalian
brain, ecto-nucleotidases comprise three enzyme families:
ecto-nucleoside triphosphate diphosphohydrolases 1–3
(NTPDase1–3), ecto-nucleotide pyrophosphatase/
phospodiesterases 1–3 (NPP1–3), and ecto-5′-nucleotidase
(eN), which crucially determine ATP/adenosine ratio in the
pericellular milieu. Altered expression of ecto-nucleotidases
has been demonstrated in several experimental models of hu-
man brain dysfunctions. In the present study, we have

explored the pattern of NTPDase1–3, NPP1–3, and eN ex-
pression by cultured cortical astrocytes challenged with
1 mmol/L ATP (eATP). At the transcriptional level, eATP
upregulated expression of NTPDase1, NTPDase2, NPP2,
and eN, while, at translational and functional levels, these
were paralleled only by the induction of NTPDase2 and eN.
Additionally, eATP altered membrane topology of eN, from
clusters localized in membrane domains to continuous distri-
bution along the cell membrane. Our results suggest that e-
ATP, by upregulating NTPDase2 and eN and altering the en-
zyme membrane topology, affects local kinetics of ATP me-
tabolism and signal transduction that may have important
roles in the process related to inflammation and reactive
gliosis.

Keywords Reactive astrogliosis . Extracellular ATP .

Ecto-nucleotidase . NTPDase2/CD39L1 .

Ecto-5′-nucleotidase/CD73

Introduction

Reactive astrogliosis is an emergency response of astrocytes
devised to preserve integrity of the central nervous system
(CNS) after any type of brain insult. The process is character-
ized by enhanced expression of glial fibrillary acidic protein
(GFAP) and hypertrophy and hyperplasia of astrocytes which
may lead to formation of a glial scar (Ridet et al. 1997).
Astrogliosis is accompanied by prominent functional changes
of astrocytes, such as enhanced proliferation and migration
(Kornyei et al. 2000), as well as secretion of proinflammatory
cytokines and chemokines (Farina et al. 2007). While
intermingled astrocyte processes encapsulate and isolate dam-
aged tissue elements and express cell adhesion and
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extracellular matrix molecules which act as repellants to the
axonal growth (Tran and Neary, 2006; Tran et al. 2008),
astrogliosis is considered fundamental for the regeneration
as well. The glial scar formed along the borders of tissue
damage acts as a neuroprotective barrier to inflammatory
cells. In parallel, reactive astrocytes can release anti-
inflammatory (Kim et al. 2010), trophic, and growth factors
(Braun et al. 2009), which support neuronal survival and sta-
bility (Kipp et al. 2011).

There are many signaling molecules that contribute to re-
active astrogliosis in vivo, and several lines of evidence sug-
gest that adenosine triphosphate (ATP) is among them (Di
Virgilio et al. 2009; Franke et al. 2012; Fiebich et al. 2014).
Immediately after traumatic or ischemic brain damage, extra-
cellular ATP level increases at the site of injury (Melani et al.
2005), due to its leakage from necrotic cells and/or active
release from surviving cells (Melani et al. 2005; Franke et al.
2006). When present in high concentration, extracellular ATP
acts as danger-associated molecular pattern (DAMP), which
initiates and perpetuates neuroinflammatory response. It has
been shown in different models of brain injury that ATP, by
acting at ligand-gated P2X and G protein-coupled P2Y recep-
tors (Abbracchio et al. 2006), regulates several key aspects of
the reactive astrocytic phenotype, including morphological
remodeling, chemotaxis, and release of proinflammatory cy-
tokines (Ciccarelli et al. 1994; Neary et al. 1994, 1999; Franke
et al. 2012; Minkiewicz et al. 2013). Specifically, by acting at
P2X7 receptor (Di Virgilio, 2007), ATP stimulates assembly
of NOD-like receptor protein (Chakraborty et al. 2010;
Minkiewicz et al. 2013) and activates caspase-1 which results
in processing and secretion of IL-1β (Bours et al. 2011). This
cytokine appears to be essential for astrocyte activation and
proliferation (Herx and Yong 2001; Dunn et al. 2002; John
et al. 2004) as well as production and release of other proin-
flammatory cytokines (Liu et al. 2000; Cahill and Rogers
2008), including tumor necrosis factor alpha (TNF-α)
(Kucher and Neary, 2005; Zou et al 2012).

The responses induced by extracellular ATP are under the
control of ecto-nucleotidase enzymes, which, as ubiquitously
expressed enzymes, operate in all mammalian cell types
(Burnstock 2006). This enzymatic cascade, which sequentially
hydrolyzes ATP to adenosine, consists of several enzyme fam-
ilies, namely, ecto-nucleoside triphosphate diphosphohydrolase
(E-NTPDase; EC 3.6.1.5), ecto-nucleotide pyrophosphatase/
phosphodiesterase (E-NPP; EC 3.1.4.1), and ecto-5′-nucleotid-
ase (eN/CD73; EC 3.1.3.5). Among eight members of the E-
NTPDase family, only NTPDase1 3 appear to be expressed in
the CNS (for review, see Zimmermann et al. 2012). The en-
zymes hydrolyze nucleotide triphosphates and diphosphates,
although with varying affinity. Ecto-nucleotidase NTPDase1
(also known as CD39; ecto-apyrase) hydrolyzes equally ATP
and ADP to AMP, NTPDase2 (also known as CD39L1; ecto-
ATPase) preferentially hydrolyzes ATP to ADP, while

NTPDase3 (CD39 antigen-like 3, HB6) hydrolyzes ATP to
AMP with a transient accumulation of ADP (Kukulski et al.
2005). The E-NPP family consists of seven structurally related
enzymes (NPP1–7), which hydrolyze pyrophosphate and phos-
phodiester bonds of nucleotides, dinucleotides, nucleic acids,
nucleotides sugars, and lysophospholipids (Stefan et al. 2006).
Only three members of the family, i.e., NPP1 (plasma cell
differentiation antigen-1, PC.1), NPP2 (autotaxin, phosphodi-
esterase 1α), and NPP3 (gp130RB13-6), are capable to hydro-
lyze nucleotides (Bollen et al. 2000; Vollmayer et al. 2003) and
are therefore relevant in the context of purinergic signaling. The
last and rate-limiting step in the enzymatic breakdown of ex-
tracellular ATP is catalyzed by ecto-5′-nucleotidase (also
known as CD73; eN), which converts AMP to adenosine
(Colgan et al. 2006). Of note is that adenosine, in contrast to
ATP, exhibits strong anti-inflammatory and immunosuppres-
sive actions (Bours, 2006).

Since ecto-nucleotidases dephosphorylate ATP to adeno-
sine, the enzyme cascade can be viewed as an Bimmunological
switch^ that controls ATP-driven proinflammatory immune
cell activities against adenosine-mediated anti-inflammatory
ones (Boeynaems and Communi 2006; Eltzschig et al.
2012). Indeed, altered expression of ecto-nucleotidases has
been associated with numerous pathologies in different tissues
and cell types (Antonioli et al. 2013). Upregulation of
microglial NTPDase1 and astroglial ecto-5′-nucleotidase
(eN) was found in several experimental models of human
dysfunctions (Braun et al. 1998; Nedeljkovic et al. 2006,
2008; Lavrnja et al. 2009, 2015; Gandelman et al. 2010
Bjelobaba et al. 2011), and together, both enzymes promote
hydrolysis of extracellular ATP to adenosine. Studies per-
formed in vitro identified some of the signaling factors that
may contribute to the observed induction of the ecto-
nucleotidases during the neuroinflammatory state in vivo
(Brisevac et al. 2012, 2013). These studies have demonstrated
that the proinflammatory cytokines TNF-α and interferon
gamma (IFN-γ) selectively modulate expression of ecto-
nucleotidases by cultured cortical astrocytes, by upregulating
NTPDase1 and eN and downregulating NTPDase2 by prima-
ry cortical astrocytes, which together promote extracellular
hydrolysis of ATP to anti-inflammatory adenosine.

In light of the above-mentioned findings, we hypothesized
that extracellular ATP, which promotes reactive astrogliosis in
metabolically and mechanically challenged brain tissue, may
also coordinate the expression of the ecto-nucleotidases by the
glial cells. Therefore, the aim of the current study was to
explore expression and function of NTPDase1-3, NPP1–3,
and eN by rat cortical astrocytes challenged with 1 mmol/L
ATP. We demonstrate induction of NTPDase2 and eN expres-
sion, paralleled by an altered membrane topology of eN in
cortical astrocytes treated with ATP. These specific ATP-
induced alterations may account for disease-specific tissue
responses in distinct human neurological dysfunctions.
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Materials and Methods

Chemicals

Glucose, glutamine, sodium pyruvate, poly-L-lysine (PLL),
bovine serum albumin (BSA), normal donkey serum (NDS),
normal goat serum (NGS), protease inhibitor cocktail, Triton™

X-100, adenosine 5′-triphosphate disodium salt (ATP), aden-
osine 5′-diphosphate disodium salt (ADP), adenosine 5′-
monophosphate disodium salt (AMP), 2 ′(3 ′)-O-(4-
b e n z o y l b e n z o y l ) a d e n o s i n e 5 ′ - t r i p h o s p h a t e
triethylammonium salt (BzATP), and Mowiol were all pur-
chased from Sigma-Aldrich (St. Louis, USA). 4,6-
Diamidino-2-phenylindole (DAPI) was purchased from Mo-
lecular probes (Eugene, USA). Dulbecco’s modified Eagle’s
medium (DMEM) and heat-inactivated fetal calf serum (FCS)
were obtained from PAALaboratories GmbH (Pasching, Aus-
tria). NucleoSpin kit for RNA isolation was purchased from
Macherey-Nagel (Germany). SYBR Green PCR Master Mix
gene expression assay and High-capacity complementary
DNA (cDNA) RT kit were purchased from Applied
Biosystems (Foster City, CA, USA). Malachite Green Phos-
phate Assay kit was purchased from Bioassay system (Hay-
ward, CA, USA). Rat IL-1β Mini ELISA Development Kit
was purchased from Li StarFish (Italy).

Animals

One- to 3-day-old rat pups of the Wistar strain from the local
colony were used in the study. All animal procedures were in
compliance with EEC Directive (86/609/EEC) on the protec-
tion of animals used for experimental and other scientific pur-
poses and were approved by Institute for Biological Research
BSinisa Stankovic^ Ethical Committee for the Use of Labora-
tory Animals (No. 2-34/11).

Cortical Astrocyte Culture and Treatment

Primary astrocyte cultures were prepared from cerebral corti-
ces, as previously described (Brisevac et al. 2012). Astrocytes
were plated at a density of 1.5×104 cells/cm2 and maintained
in DMEM supplemented with 10 % heat-inactivated FCS,
25 mM glucose, 2 mM glutamine, 1 mM sodium-pyruvate,
100 IU/mL penicillin, and 100 μg/mL streptomycin. One day
prior to the experiments, cells were serum-starved (0.5% heat-
inactivated FCS) and cultures were treated with ATP in final
concentration of 1 mmol/L. The ATP concentration was cho-
sen as the concentration capable to induce significant increase
in IL-1β release in the culture medium (data not shown),
which mimics the specific context of the noxious stimuli pres-
ent in the neuroinflammatory conditions (Gross et al. 2011).
Cultures grown in normal medium (without ATP) had

undetectable level of IL-1β in the culture medium and were
used as controls.

Primary Culture Characterization and Assessment
of Purity

Purity of primary astrocyte cultures was evaluated by double
immunofluorescence using specific cellular markers, while
total number of cells in culture was determined using DAPI
nuclear labeling. Astrocytes were labeled against intermediate
cytoskeletal filament protein GFAP, microglial contamination
was evaluated by immunolabeling against Iba1 protein, while
the presence of mature oligodendrocytes was estimated by
immunolabeling against myelin membrane-bound CNPase.
Images of microscopic fields (five fields/coverslip × three
separate culture preparations) captured on Axio Observer A1
inverted microscope were analyzed using ImageJ (Cell Coun-
ter plugin). The presence of GFAP, Iba1-, and CNPase-
positive cells was expressed relative to the total cell number
of cells in the cultures (DAPI-positive) ± SEM. GFAP-
positive cells constitute a vast majority of cells in the cultures
(98.6 %), while microglial contamination, based on Iba1
immunolabeling, presents a fraction of less than 2 % of total
cell number. CNPase-positive oligodendrocytes were not
detected.

Cell Viability Assays

Effect of eATP on cell viability was assessed by propidium
iodide (PI) staining which identifies cells with compromised
membrane integrity. Astrocytes (1.5×105 cells/dish) were
plated and treated as described. Twenty-four hours later, the
medium was replaced with DMEM containing 1 μg/mL PI
solution in dark. After 30 min, the supernatant was discarded
to remove unbound dye. Cells from six fields per each culture
dish (35 mm) were captured on Axio Observer A1 inverted
microscope (×10) by EM CCD Digital Camera System
(Evolve, Photometrics), and PI-labeled cells and total number
of cells were counted using ImageJ (Cell counter) software
package. Cell death was expressed as number of PI stained
out of total cell number (% ±SEM).

Cell Proliferation Assay

Astrocytes (2×104 cells/cm2) were plated on PLL-coated
glass coverslips (25 mm, Menzel-Gläser, Germany). Cultures
were maintained as described until reaching the confluence.
Control culture and culture treated with eATP were left to
grow for 24 h and then were prefixed in 0.4 % paraformalde-
hyde (PFA). After several washes in PBS, the cultures were
permeabilized for 10min with 0.01%Triton X-100 (diluted in
0.01M PBS) at room temperature (RT). Cultures were washed
and incubated for 30 min in blocking solution (10 % NDS,

454 J Mol Neurosci (2015) 57:452–462
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1 % BSA in 0.01 M PBS) at RT. Cells were incubated with
rabbit anti-rat Ki67 antibodies (1:500 dilution PBS containing
1 % BSA and 1 % NDS, Abcam, Cambridge, MA, USA), at
4 °C overnight and, after several washes in blocking solution,
incubated in donkey anti-rabbit Alexa Fluor 555 antibody
(1:2,00 dilution, Invitrogen, CA, USA), for 2.5 h in the dark
at RT. Cultures were counterstained with DAPI (1:4000 dilu-
tion PBS containing 1 % BSA and 1 % NDS; Molecular
probes, Eugene, USA) for 10 min at RT. Omission of the
primary antibody resulted in absence of labeling, thus served
as negative control. Cells from six to eight random fields per
each coverslip were captured on Axio Observer A1 inverted
microscope (×10) by EM CCD Digital Camera System
(Evolve, Photometrics). Cells were counted by using ImageJ
software package, and the number of Ki67-positive cells was
expressed as a mean percentage (±SEM) of DAPI-positive cell
number.

Astrocyte Membrane Preparation and Culture Medium
Preparation

Astrocytes (2×106 cells/well) were maintained and treated as
described. Culture mediumwas removed at indicated time and
centrifuged for 10 min at 500×g (Beckman TA-10) to pellet
residual cells. The supernatant left after the centrifugation was
carefully removed and used for Western blot analysis of
NPP2, which is secreted ecto-nucleotidase.

For astrocyte plasma membrane preparation, 24 h after
ATP challenge, the cells were washed twice in ice-cold PBS
and 500 μL of isolation buffer (150 mmol/L NaCl, 1 % NP40,
50 mmol/LTris HCl, pH 8.0, and 0.5 % w/v protease inhibitor
cocktail) was added and left for 5 min. The cells were harvest-
ed with a scraper and homogenized using a Teflon pestle ho-
mogenizer. Obtained suspensions were kept at 4 °C for 1 h
with constant mild shaking and subsequently centrifuged at
100,000×g for 60 min at 4 °C in a L8-M ultracentrifuge
(Beckman Coulter Inc). The pellet was resuspended in the
isolation buffer, aliquoted, and kept at −80 °C until use. Pro-
tein content was determined using BCA protein assay kit
(Pierce Biotechnology, Rockford, IL, USA), according to the
manufacturer’s instruction.

Nucleotide Hydrolysis Assay

The rates of ecto-nucleotidase activities were determined
by spectrophotometric determination of inorganic phos-
phate liberated as a product of enzymatic reaction, using
commercial Malachite Green Phosphate Assay kit. Five
micrograms of astrocyte membrane proteins was added
in the reaction medium containing 10 mmol/L MgCl2
and 0.1 mol/L Tris HCl, pH 7.4, in the final volume of
200 μL. Reaction was initiated by addition of ATP, ADP,
or AMP in a final concentration of 0.25 mmol/L.

Following a 15-min incubation, the reaction was stopped
by the addition of 3 mol/L perchloric acid and by trans-
ferring the test tubes on ice. Additional control measure-
ments without membrane preparation were performed to
correct for nonenzymatic hydrolysis of the substrates. Re-
sults are present as mean hydrolysis (nanomole Pi per
milligram per minute) ± SEM, from n independent deter-
minations performed in triplicate.

Real-Time PCR

Gene expression analyses were performed by qRT-PCR,
using SYBR Green PCR Master Mix and standardized
protocol. Total RNA was isolated, and RNA concentration
and purity were assessed using OD260 and OD260/
OD280 ratio, respectively, and reverse transcribed using
High-capacity cDNA RT kit and random hexanucleotide
primers. Reactions were performed in a 25-μL reaction
mixture containing SYBR Green PCR Master Mix and
the cDNA template (10 ng of RNA converted to cDNA).
Reactions were carried out in the ABI Prism 7000 Se-
quence Detection System (Applied Biosystems, USA) un-
der the following conditions: 10 min of enzyme activation
at 95 °C, 40 cycles of 15-s denaturation at 95 °C, 30-s
annealing at 60 °C, 30-s amplification at 72 °C, and 5-s
fluorescence measurement at 72 °C. Primer sequences are
given in Table 1. Relative quantification was performed
using the ΔCt method which results in ratios between
target genes and cyclophilin A (CycA) as a reference gene
[6]. In each run, internal standard curves were generated
by several fold dilutions of generated cDNA. Relative
expression of target genes was calculated by comparing
Ct values in each sample with Ct values of the internal
standard curve, and data were expressed as the ratio of the
amount of each transcript vs. concentration of CycA.
Melting curves and gel electrophoresis of the PCR prod-
ucts were routinely performed to determine this specificity
of the PCR reaction (not shown).

Western Blot

Astrocyte membrane preparations were diluted in the sample
buffer (65.8 mmol/LTris HCl, pH 6.8, 2.1 % sodium dodecyl
sulfate (SDS), 26.3 % (w/v) glycerol, 0.01 % bromophenol
blue), and equivalent amounts (10 μg of proteins) were re-
solved on 4–7.5 % SDS-PAGE gels and transferred to a PVDF
support membrane. After blocking with 5 % BSA in Tris
buffer saline/Tween 20 (TBST), the blots were probed over-
night at 4 °C with the following antibodies (diluted in 1.5 %
BSA/TBST): guinea pig anti-mouse NTPDase1 (mN1-1cI5;
1:6000; Heine et al. 2001), rabbit anti-rat NTPDase2 (rN2-6L;
1:2000; Heine et al. 2001), rabbit anti-rat eN (NT5E/CD73
rabbit mAb; 1:1500; Cell Signaling, USA), and goat anti-rat

J Mol Neurosci (2015) 57:452–462 455

Author's personal copy



anti-NPP2 (Autotaxin; 1:400 dilution in TBS; Santa Cruz Bio-
technology, Santa Cruz, CA). Bands were visualized on X-ray
films (Kodak, Rochester, NY, USA) with the use of chemilu-
minescence, after incubating support membrane for 2 h at RT
with adequate secondary antibodies (diluted in 1.5 % BSA/
TBST): donkey anti-guinea pig and donkey anti-rabbit and
donkey anti-goat IgG-horseradish peroxidase conjugated
(1:5000; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The intensity of the bands was evaluated by densitometric
analysis using ImageJ software. The optical density of each
protein band was normalized against optical density of the β-
actin band (A5316; mouse mAb; 1:8000 in TBST; Sigma-
Aldrich, St. Louis, USA) on the same lane and expressed
relative to control (arbitrarily defined as 1.00). Data are
expressed as mean effect ±SEM from three separate
determinations.

Immunocytochemistry

Astrocyte cultures (2×105 cells/cm2) were plated on PLL-
coated glass coverslips (25 mm) and treated as described.
Cells were fixed in 4 % PFA for 20 min. Nonspecific binding
was blocked for 30 min at RT in 0.01 mol/L PBS containing
10 % NDS and 1 % BSA. Cells were immunostained with the
following primary antibodies (in PBS containing 1 % BSA
and 1 % NDS): goat anti-rat CD39/NTPDase1 (1:200), goat
anti-rat CD39L1/ NTPDase2 (1:200), and goat anti-rat
CD73/ecto-5′-nucleotidase (1:100) (all purchased from Santa
Cruz Biotechnology, Santa Cruz, CA, USA). The primary
antibodies were applied overnight at 4 °C and washed, and
cells were incubated with donkey anti-goat Alexa Fluor 555
(1:200 dilution in PBS containing 1 % BSA and 1 % NDS;
Invitrogen, Carlsbad, CA) for 90 min at RT. After washing,
the cells were permeabilized in PBS containing 0.05 % Triton
X-100 for 15 min at RT. The cells were again incubated in
blocking solution (10%NDS, 1%BSA in 0.01mmol/L PBS),
followed by incubation with rabbit anti-rat polyclonal GFAP
antibody (1:500 dilution; DAKO, Glostrup, Denmark), wash-
ing, and 2-h incubation with donkey anti-rabbit Alexa 488
antibodies (1:200 dilution in PBS containing 1 % BSA and
1 % NDS; Invitrogen, Carlsbad, CA). After washing, the cells
on glass coverslips were mounted on microscopic slides using
Mowiol medium. Omission of the primary antibodies resulted

in absence of labeling. Cells were examined under confocal
laser scanningmicroscope (LSM 510, Carl Zeiss GmbH, Jena,
Germany), using oil immersion ×63 objective. Fluorophores
were excited with 488-nm Ar and 543-nm HeNe lasers, and
emitted light was filtered with band pass 505–530-nm and
long pass 560-nm filters.

Data Analysis

Quantitative data obtained from enzyme assays, qRT-PCR
analysis and Western blot analysis for control culture and cul-
ture treated with eATP were compared by Student t-test, with
p<0.05 considered significant.

Results

Effect of eATP on Cell State of Astrocyte in Culture

Astrocytes grown in control culture displayed an epithelial-
like morphology, with large cell bodies and only few wide
processes (Fig. 1a) but developed small and spherical cell
bodies and multiple fine and highly branched processes
(Fig. 1b) in response to 1 mmol/L ATP (eATP). The shape
remodeling included reorganization of actin and GFAP fila-
ment networks (Fig. 1c, d). In control astrocytes, actin cyto-
skeleton was organized in a thin, membrane-bound cortical
network, while diffuse GFAP filaments extended from the
perinuclear region to the cell membrane (Fig. 1c). Extracellu-
lar ATP induced reorganization of actin filaments in stress
fibers, while the intermediate filament network condensed in
the perinuclear region and along conspicuous astrocytic pro-
cesses (Fig. 1d). Since stellate cultured astrocytes resemble
differentiated astrocytes in vivo, the stellation response in-
duced by eATP may be considered as a correlate of differen-
tiation. Extracellular ATP slightly reduced cell viability in
astrocyte culture, as proportion of PI-labeled cells increased
from about 7 % in control culture to 12% (p<0.001) in eATP-
treated cultures treated (Fig. 1e), whereas the treatment did not
affect cell proliferation, as deduced from Ki67 nuclear stain-
ing. In both control and eATP-treated cultures, astrocytes pro-
liferated at comparable slow rate (<2 %).

Table 1 Primer sequences used
for qRT-PCR Target Sense Antisense

NTPDase1/CD39 cccagctgaacagccatt at gatgaacagccctgtgatga

NTPDase2/CD39L1 ggccaaagggct act cta cc gttcctgacaggctgacgat

NTPDase3 acggttacagcaccaccttc acagctgtgggtcaccagtt

eN caaatctgcctctggaaagc accttc cag aaggaccctgt

NPP2/autotaxin cctgggattgaagcccacgtcctaata cttccacgtactgttttattttgtcttct

CycA ggcaaatgctggaccaaacac ggcaaatgctggaccaaacac
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Extracellular ATP Enhances Ecto-Nucleotidase Activities
by Rat Cortical Astrocytes

Ecto-nucleotidase activities were assayed in purified astrocyte
membrane fractions prepared from cells grown in control me-
dium and medium supplemented with eATP for 24 h. Since
NTPDases hydrolyze nucleotide triphosphates and diphos-
phates, the rates of hydrolysis measured in the presence of
ATP and ADP (0.25 mmol/L) were attributed to NTPDases,
whereas the rate of hydrolysis measured in the presence of
AMP was attributed to eN.

The rates of nucleotide hydrolysis (in nanomole Pi per mil-
ligram protein per minute) in control culture were 4.0±0.3, 3.3
±0.4, and 3.1±0.2, for ATP, ADP, andAMP hydrolysis, respec-
tively (Fig. 2). In cultures treated with eATP, the rates of ATP
(6.8±0.3 nmol Pi/mg/min; p<0.05) and AMP (6.0±0.4 nmol
Pi/mg/min; p<0.001) hydrolysis increased considerably, while
ADP hydrolysis (3.2±0.3 nmol Pi/mg/min, p=0.44) remained
unaffected. Obtained pattern of nucleotide hydrolyses suggests
that eATP enhances NTPDase2 and eN activities, since the
former exclusively hydrolyzes ATP, while the latter is the only
enzyme that uses AMP as the substrate.

Extracellular ATP Upregulates Expression of NTPDase2
and eN by Cortical Astrocytes

The effect of eATP on the ecto-nucleotidase expression was
further assessed at the messenger RNA (mRNA) and protein
levels by qRT-PCR and Western blot analyses, respectively.

Astrocytes in control cultures expressed transcripts for all test-
ed ecto-nucleotidases (Fig. 3a). The most abundant transcripts
were the mRNAs codingNTPDase2 (88.6±11.9%), eN (6.1±
1.3 %), and NTPDase1 (4.2±0.1 %), whereas relative abun-
dance of transcripts coding NTPDase3 and NPP1–3 was less
than 0.1 % (Fig. 3b). Significant upregulation at mRNA level
after eATP treatment (Fig. 3c) was observed for NTPDase1

Fig. 1 Effect of eATP on astrocytes in cell culture. Cell morphology was
analyzed under inverted microscope with a ×10 objective (a, b) and
confocal microscope with a ×63 objective (c, d), after triple
fluorescence labeling against GFAP (green fluorescence), phalloidin/
actin (red fluorescence), and nuclear stain DAPI (blue fluorescence). As-
trocytes in control culture displayed an epithelial-like morphology, with
large cell bodies and only few wide processes (a, c), while astrocytes
treated with eATP developed small and spherical cell bodies withmultiple

fine processes (b, d). Scale bar 20 μm. Effect of eATP on astrocytes cell
state (e). Extracellular ATP increased number of propidium iodide (PI)-
labeled cells and did not affect the percentage of Ki67-positive cells. Bars
represent mean percentage of PI- and Ki67-positive cells in control cul-
ture (white bars) and cultures treated with eATP (light gray bars) (±SEM)
from two separate determinations performed in triplicate. Significance
level shown inside the graph: *p<0.001

Fig. 2 Effects of exogenous ATP on nucleotides hydrolysis.
Nucleotides hydrolysis was estimated by Malachite green phosphate
assay in the astrocyte membrane preparations obtained from control
cultures (white bars) and cultures treated with eATP (light gray bars)
in the presence of 0.25 mM ATP, ADP and AMP, as described in
BMaterials and Methods^. Bars represent mean nucleotide hydrolysis
(nanomole Pi per milligram per minute) ± SEM, from n=5 independent
experiments performed in triplicate. Significance level shown inside the
graphs: *p<0.01
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(200.2±2.9 %, p<0.001), NTPDase2 (218.8±7.9 %,
p<0.001), and eN (205.7±9.5 %, p<0.01). Of note is that
considerable trascriptional upregulation was also observed
for NPP2 (316.0±20.6 %, p<0.001), which constituted about
3 % of total ecto-nucleotidase mRNAs after eATP treatment
(Fig. 3d).

The expression of NTPDase1, NTPDase2, eN, and
NPP2 after eATP treatment was determined by Western

blot analysis in astrocyte membrane preparations, while
soluble NPP2 was detected in the culture supernatants.
Significant increase in the protein abundance was ob-
served only for NTPDase2 (Fig. 3g, h; 231.7±2.7 %,
p<0.001) and eN (Fig. 3i, j; 186.6±13.6 %, p<0.05),
whereas increased NTPDase1 (Fig. 3e, f) and NPP2
(Fig. 3k, l) protein levels failed to be statistical signif-
icant (p>0.05).

Fig 3 Effect of eATP on expression of ecto-nucleotidase at mRNA and
protein level. a Basal expression and b relative abundance of transcripts
coding NTPDase1-3, NPP1–3, and eN were determined by qRT-PCR in
control astrocyte culture. c, d In cultures treated with eATP, significant
upregulation ofmRNAs was observed for NTPDase1, NTPDase2, NPP2,
and eN. Bars represent mean transcript abundance relative to CycA
mRNA, in control (white) and eATP-treated cultures (light gray) ±
SEM, from n=2 independent determinations performed in quintuplicate.

Expression of ecto-nucleotidase proteins was evaluated by Western blot
analysis using ecto-nucleotidase-specific antibodies and representative
support immunoblot membranes, and quantification results are shown:
e, f NTPDase1, g, h NTPDase2, i, j eN, and k, l NPP2. Bars represent
mean transcript/β-actin abundance in cultures treated with eATP (light
gray) relative to control (white) ± SEM, from n>3 independent determi-
nations. Significance level shown inside the graphs: *p<0.01, **p<0.001
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Immunofluorescence Detection of Ecto-Nucleotidases
at Cortical Astrocytes

Expression and subcellular localization of ecto-nucleotidases at
cortical astrocytes in culture was visualized by double immuno-
fluorescence confocal microscopy (Fig. 4). In control cultures,
immunofluorescence signals corresponding to NTPDase1
(Fig. 4a), NTPDase2 (Fig. 4c), and eN (Fig. 4e) were seen as
immunopositive clusters localized in discrete membrane do-
mains. In cultures treated with eATP, the same general pattern
remained for NTPDase1 (Fig. 4b) and NTPDase2 (Fig. 4d),
while the signal corresponding to eN appeared not to be con-
fined in discrete domains but expanded along entire cell bodies
and initial parts of astrocytic processes (Fig. 4f).

Discussion

The aim of present study was to explore pattern of expression
and function of ecto-nucleotidases by cultured cortical astro-
cytes challenged with 1 mmol/L ATP (eATP). The concentra-
tion of eATP was chosen in preliminary experiments (data not
shown), as it effectively induced significant release of IL-1β
in the culture medium. Results presented herein confirmed
that cortical astrocytes express multiple ecto-nucleotidases
with the potential to hydrolyze ATP to adenosine (Wink
et al. 2006). Quantitative RT-PCR analysis demonstrated that
control astrocytes expressed NTPDase2, NTPDase1, and eN
as major ecto-nucleotidases, whereas all other ecto-
nucleotidases were expressed at levels lower than 0.1 %. As-
trocytes challenged with eATP selectively upregulated ecto-
nucleotidases at transcriptional, translational, and functional
levels. While qRT-PCR analysis demonstrated significant up-
regulation of NTPDase1, NTPDase2, eN, and NPP2 genes in
eATP-challenged astrocytes, the enzyme assays and Western
blot analyses implicated only upregulation of NTPDase2 and
eN at the protein and functional levels. Therefore, the results
demonstrate that eATP upregulates activity of NTPDase2 and
eN by cortical astrocytes in vitro, although indirect effect of
ATP hydrolysis products, such as adenosine, on transcription-
al and translational activation of eN cannot be excluded
(Synnestvedt et al. 2002).

Since eATP acts as DAMP molecule to induce reactive
gliosis, obtained results further imply possible relationship
between reactive astrocytic phenotype and upregulation of
ecto-nucleotidases. Increased expression of NTPDase2 and
eN promotes more efficient hydrolysis of ATP to adenosine,
whereas the balance between the two determines inflammato-
ry status of the microenvironment. Specifically, ATP-induced
upregulation of NTPDase2 promotes faster elimination of
ATP as P2 receptor ligand and attenuates P2X7 receptor-
mediated cell death and release of IL-1β (Mingam et al.
2008), whose tight control is necessary for both induction
and resolution of inflammation (Dinarello 2009). Coupled
with strong induction of eN, this creates a tissue volume with
enhanced capacity to produce adenosine, which exhibits anti-
inflammatory and immunosuppressive actions (Kreckler et al.
2009). Even more, the upregulation of NTPDase2 pro-
vides a pattern of transient appearance of ADP in the
medium, which may act at ADP-selective P2Y receptors
to induce specific cellular responses (Sévigny et al.
2002; Zeng et al. 2008; Kukulski et al. 2011). In con-
trast to ATP, our previous study showed that TNF-α and
IFN-γ selectively upregulated NTPDase1 and eN by re-
active astrocytes (Brisevac et al. 2012, 2013). This
context-dependent regulation of ecto-nucleotidases with
overlapping roles and activities is not well understood
but may account for disease-specific tissue responses in
distinct human neurological dysfunctions.

Fig. 4 Effect of eATP on the distribution and membrane topology of
NTPDase1, NTPDase2, and eN. Representative confocal images of
control cultures and cultures treated with eATP, immunostained against
the ecto-nucleotidases (red) and GFAP (green). Cells were permeabilized
and immunostained against NTPDase1 (a, b), NTPDase2 (c, d), and eN
(e, f). In control cultures, NTPDase1 (a), NTPDase2 (c), and eN (e) were
expressed as clusters of immunopositive punctuations, mainly localized
at the cell bodies. In cultures treated with eATP, general patterns remain
similar for NTPDase1 (b) and NTPDase2 (d). Immunofluorescence sig-
nal corresponding to eN aligns entire cell bodies and astrocytic processes
(f). Scale bar 20 μm
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Another interesting finding obtained in our study is signif-
icant upregulation of NPP2 mRNA by astrocytes challenged
with eATP, which was not accompanied by parallel increase in
NPP2 secreted protein. Soluble NPP2 acts as phosphodiester-
ase that generates lysophosphatidic acid (LPA) and is thus
implicated in numerous neuronal cell functions. Interestingly,
under physiological conditions in vivo, astrocytes do not ex-
press NPP2 in detectable levels, whereas the expression sig-
nificantly increases in reactive astrocytes following traumatic
brain injury (Savaskan et al. 2007) and in glioma cell lines,
where LPA contributes to cell motility (Kishi et al. 2006,
Hoelzinger et al. 2008). Taken together, these findings indi-
cate that extracellular ATP released during inflammatory
states in vivo may be the signal necessary, but not sufficient
to induce expression of NPP2 by reactive astrocytes.

Besides overall eATP-induced increase in ecto-
nucleotidase expression, of special interest is altered mem-
brane topology of eN at astrocytes challenged with eATP. In
control astrocytes, eN appears to be clustered in isolated mem-
brane domains, while following eATP stimulation, eN ex-
pands along the entire cell bodies and initial parts of astrocytic
processes. There is significant evidence that eN subunits, to-
gether with other components of purinergic signaling, associ-
ate with each other in multioligomer protein complexes local-
ized in lipid rafts (Koziak et al. 2000; Chen et al. 2006; Garcia-
Marcos et al. 2009; Schicker et al. 2009). Under specific phys-
iological and/or pathological conditions or upon stimulation,
these proteins can translocate out of the membrane microdo-
mains in nonlipid raft fractions (D’Ambrosi and Volonté
2013). This may represent an additional mechanism for their
regulation, coupling to downstream signaling pathways and
integration with other signaling events. In that sense, it is of
note that eN functions not only just as the enzyme converting
AMP to adenosine, but also as cell adhesion molecule
(CD73), implicated in cell-cell and cell-extracellular matrix
interactions (Vogel et al. 1993; Olmo et al. 1992). Specifically,
eN establishes highly specific interactions with tenascin C and
several other extracellular matrix proteins (Sadej et al. 2008),
whereas the interactions influence cell adhesion, migration,
and adenosine generation (Sadej and Skladanowski, 2012).
In support of the view, it has been recently shown that inhibi-
tion of metastatic potential in breast tumor cell lines was as-
sociatedwith impairment of cell motility due to a translocation
of eN from random membrane distribution to clusters local-
ized in microdomains (Terp et al. 2013). Therefore, beyond
overall upregulation, eATP induces alteration in membrane
topology of eN and this may have the role in local kinetics
of ATP metabolism, signal transduction, and ability of astro-
cytes to migrate (D’Ambrosi and Volonté 2013).

Prior studies demonstrated that experimentally induced
conditions of brain injury in vivo were associated with the
increased and selective expression of ecto-nucleotidases
(Braun et al. 1998; Nedeljkovic et al. 2006, 2008; Lavrnja

et al. 2009, 2015; Gandelman et al. 2010; Bjelobaba et al.
2011), while eN-deficient animals (Mills et al. 2008) were
resistant to experimentally induced neuroinflammation. These
findings may be of pathophysiological importance, as they
implicate the enzymes in the process of modulation of neuro-
inflammation. In an attempt to explain possible mechanism(s)
responsible for the increase in ecto-nucleotidase expression
during neuroinflammatory conditions, several studies have
identified signaling factors that may be responsible for the
increased expression of ecto-nucleotidases during neuroin-
flammation (Synnestvedt et al. 2002; Niemela et al. 2004,
2008; Brisevac et al. 2012, 2013). In this context, high extra-
cellular ATP, which is the hallmark of tissue damage, acts at
P2X7 receptor and activates inflammasome assembly neces-
sary for the induction of IL-1β release. The cytokine binding
to its receptor results in activation of nuclear factor κB, JNK,
and p38 mitogen-activated protein kinase pathways, which
cooperatively induce a set of inflammatory target genes (Law-
rence 2009). Although we did not find the evidence of IL-1β-
induced NTPDase2 gene regulation, induction of eN by rat
cultured mesangial cells treated with IL-1β was previously
reported (Savic et al. 1990). Furthermore, analysis of eN
(Spychala et al. 1999) and NTPDase2 (Chadwick and
Frischauf, 1997; Smith and Kirley, 1998) gene regulatory el-
ements revealed several binding sites for the transcriptional
factors, some of which can be linked with P2X7 receptor
activation. Moreover, the ecto-nucleotidase upregulation
may be augmented in a feed-forward fashion through adeno-
sine as a product of ATP hydrolysis via activation of A2B
receptors, as previously evidenced for IFN-α-induced eN in-
duction (Niemela et al. 2004). However, the significance of
these signaling pathways in the ATP-induced upregulation of
NTPDase2 and eN by cortical astrocytes remains to be deter-
mined and future studies are needed to directly test these hy-
potheses in vitro and in vivo.
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