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It is widely accepted that adenosine triphosphate (ATP)
acts as a universal danger-associated molecular pattern
with several known mechanisms for immune cell
activation. In the central nervous system, ATP activates
microglia and astrocytes and induces a neuroinflammatory
response. The aim of the present study was to describe
responses of isolated astrocytes to increasing concentra-
tions of ATP (5 mM to 1 mM), which were intended to mim-
ic graded intensity of the extracellular stimulus. The results
show that ATP induces graded activation response of
astrocytes in terms of the cell proliferation, stellation,
shape remodeling, and underlying actin and GFAP filament
rearrangement, although the changes occurred without an
apparent increase in GFAP and actin protein expression.
On the other hand, ATP in the range of applied concentra-
tions did not evoke IL-1b release from cultured astrocytes,
nor did it modify the release from LPS and LPS1IFN-g–
primed astrocytes. ATP did not promote astrocyte migra-
tion in the wound-healing assay, nor did it increase pro-
duction of reactive oxygen and nitrogen species and lipid
peroxidation. Instead, ATP strengthened the antioxidative
defense of astrocytes by inducing Cu/ZnSOD and MnSOD
activities and by increasing their glutathione content. Our
current results suggest that although ATP triggers several
attributes of activated astrocytic phenotype with a magni-
tude that increases with the concentration, it is not suffi-
cient to induce full-blown reactive phenotype of astrocytes
in vitro. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Adenosine triphosphate (ATP) plays a fundamental
role inside the cells as the energy transfer molecule and

phosphate group donor (Lipmann, 1941). Outside the
cells, ATP acts as a versatile signaling molecule, acting at
two classes of purinoceptors, ligand-gated P2X and G-
protein–coupled P2Y receptors. Seven P2XR subunits
assemble to form homomeric or heteromeric receptor
channels activated by ATP (Khakh and North, 2012).
Eight P2Y receptors have been identified exhibiting dif-
ferential sensitivity to ATP (P2Y2,4,11), ADP (P2Y1,12,13),
and other nucleotides (Abbracchio et al., 2006). ATP-
induced signaling is short-lived and terminated by an
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enzymatic degradation of ATP, catalyzed by the ectonu-
cleotidase enzyme chain. Ectonucleoside triphosphate
diphosphohydrolases (E-NTPDases) degrade ATP and
ADP, while ecto-50-nucleotidase hydrolyzes AMP to
adenosine. Adenosine acts at its own P1 receptors
(Burnstock et al., 2011; Fredholm et al., 2011) to induce
cellular responses.

ATP is released from neurons (White, 1977; Pan-
kratov et al., 2006; Fields, 2011), astrocytes (Koizumi,
2010), and microglia (Imura et al., 2013; George et al.,
2015) through multiple pathways (Bodin and Burnstock,
2001). Since P2 receptors display widespread cellular dis-
tribution in the brain (Burnstock et al., 2011), multiple
roles have been attributed to the extracellular ATP,
including neurotransmission, neuromodulation, and tro-
phic actions. Moreover, there is growing evidence for a
rapid increase in the extracellular ATP levels upon nox-
ious brain conditions, such as trauma (Wang et al., 2004;
Davalos et al., 2005; Franke et al., 2006) and hypoxia/
ischemia (Juranyi et al., 1999; Melani et al., 2005). In
such conditions, ATP acts as a danger-associated molecu-
lar pattern (DAMP) (Bours et al., 2006, 2011; Rodrigues
et al., 2015), able to sustain its own release and preserve
the enhanced levels by acting at P2X7R and P2Y1R at
neurons, microglia, and astrocytes (Pankratov et al., 2006;
Kim et al., 2007; Bennett et al., 2012). By acting at low-
affinity P2X7R, ATP controls and directs the neuroin-
flammatory response of overactivated microglia (Koizumi
et al., 2013; Idzko et al., 2014) and induces release of IL-
1b, essential for morphological and functional activation
of astrocytes (Liu et al., 2000; Dunn et al., 2002; Cahill
and Rogers, 2008; Silverman et al., 2009; He et al.,
2015). The actions of ATP through P2Y1R promote
reactive astrogliosis upon mechanical injury (Franke et al.,
2001), ischemic conditions (Sun et al., 2008), or Alz-
heimer disease (Delekate et al., 2014).

Reactive astrogliosis is a common response of astro-
cytes to noxious stimuli, characterized by hypertrophy
and hyperplasia of astrocytes (Sofroniew, 2009) and their
migration to the site of injury, resulting in loss of non-
overlapping domain organization and formation of a glial
scar (Oberheim et al., 2008). While in physiological con-
ditions astrocytes produce growth factors and antioxida-
tive molecules, which support neuronal stability (Shih
et al., 2003), reactive astrocytes release proinflammatory
mediators and reactive oxygen (ROS) and nitrogen spe-
cies (RNS), which promote inflammation (Farina et al.,
2007; Kim et al., 2010; Steele et al., 2013).

The large body of evidence obtained in different
experimental models and human specimens indicates that
the process of reactive astrogliosis is not an all-or-none
response leading to the formation of a glial scar, but a
broad continuum of alterations in the cells’ morphology
and function (Sofroniew, 2009). Given that ATP acts
both as a trophic factor and DAMP molecule, the aim of
our study was to assess responses of astrocytes to a range
of ATP concentrations intended to mimic graded intensi-
ty of the stimulus. We demonstrate that ATP induced the
graded response of astrocytes in terms of proliferation and

shape remodeling. On the other hand, it did not promote
IL-1b release and migration of activated astrocytes but
instead strengthened their antioxidative capacity by
inducing superoxide dismutase (SOD) activity and
increasing their glutathione (GSH) content.

MATERIALS AND METHODS

Chemicals

Glucose, poly-L-lysine (PLL), Trypsin, EDTA, TritonTM

X-100, adenosine 50-triphosphate disodium salt (ATP), bovine
serum albumin (BSA), normal goat serum, 3-(4,5-dimethyl-2-
thiazolyl)22,5-diphenyl-2H-tetrazolium bromide, dimethyl
sulfoxide (DMSO), 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) substrate, paraformaldehyde (PFA), protease
inhibitor cocktail, probenecid, and Mowiol bedding medium
were all purchased from Sigma-Aldrich (St. Louis, MO). Leibo-
vitz’s L-15 medium, penicillin/streptomycin, fetal bovine
serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM),
and phalloidin conjugated AF 568 were obtained from Gibco
(Invitrogen; Carlsbad, CA). A BCA protein assay kit was pur-
chased from Pierce Biotechnology (Rockford, IL). The Mini
ELISA Development Kit for IL-1b was a product of Peprotech
(Rocky Hill, NJ). Avidin-HRP conjugate was purchased from
eBioscience (Frankfurt, Germany). 4,6-Diamidino-2-phenylin-
dole (DAPI) was purchased from Molecular Probes (Eugene,
OR). Annexin V-FITC was obtained from Santa Cruz (Dallas,
Texas), while propidium iodide (PI) was purchased from BD
Pharmingen (San Diego, CA). Donkey anti-rabbit AF 488,
donkey anti-mouse AF 488, and donkey anti-goat AF 643 anti-
bodies were purchased from Invitrogen (Carlsbad, CA).

Antibody Characterization

For a list of all primary antibodies used, see Table I. Anti-
Iba1 and anti-CNPase antibodies were used on primary mixed
cultures containing neurons, astrocytes, oligodendrocytes, and
microglia, where they showed positive immunofluorescence
labeling. The anti-GFAP antibody stained a pattern of cellular
morphology and distribution as previously described (Brisevac
et al., 2015). Anti-Ki-67 antibody showed an expected promi-
nent staining pattern localized in nuclei, but not in the cyto-
plasm. The omission of the primary antibody in the protocol
resulted in the absence of specific fluorescence. In Western blot
analysis, the anti-IL-1b antibodies recognized a single band of
17 kDa of recombinant rat IL-1b (200 ng/ml, R&D Systems,
501-RL). Both anti-GFAP and anti-b-actin antibodies detected
a single band at 55 and 42 kDa, respectively.

Animals

One to two-day-old rat pups of the Wistar strain from
the local colony were used in the study. All animal procedures
were carried out in compliance with Directive 86/609/EEC on
the protection of animals used for experimental and other scien-
tific purposes and were approved by the Ethical Committee for
the Use of Laboratory Animals, Institute for Biological
Research “Sinisa Stankovic”(no. 2-34/11). A total of 30 ani-
mals of both sexes were used for primary astrocyte culture isola-
tion for the purposes of this study.
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Primary Cortical Astrocyte Culture

Cerebral cortices were dissected, and meninges were
peeled off in ice-cold phosphate-buffered saline (PBS). Briefly,
after brain dissection, the cortices were isolated and mechanical-
ly dissociated under sterile conditions in Leibovitz’s L-15 isolat-
ing medium supplemented with 2 mM L-glutamine, 100 IU/
ml penicillin, 0.1 mg/ml streptomycin, and 0.1% BSA. After
two centrifuge steps at 500g for 4 min, the cell suspension was
passed through 21 G and 23 G sterile needles (to remove resid-
ual tissue aggregates). An additional centrifugation step at 500g
for 4 min was followed by cell resuspension in DMEM with
the addition of 10% heat-inactivated FBS, 25 mmol/l glucose,
2 mmol/l L-glutamine, 1 mmol/l sodium pyruvate, 100 IU/ml
penicillin, and 100 lg/ml streptomycin. Cells were subsequent-
ly seeded in 25 cm2 tissue culture flasks and grown at 378C in a
humidified incubator with 5% CO2/95% air, and culture medi-
um was replaced every third day. After 6 to 8 days in culture,
primary microglia and oligodendrocytes were removed by
vigorous shaking at 400 rpm for 16 to 20 hr on a plate shaker
(Perkin Elmer, Turku, Finland). Adherent primary astrocytes
were washed with PBS, trypsinized (0.25% trypsin and 0.02%
EDTA) and replated at a density of 1.5 3 104 cells/cm2, and
maintained to reach confluence. Each cell culture was prepared
from single animal cortices.

Primary Culture Characterization and Assessment

of Purity

Primary cortical astrocyte cultures prepared with multiple
passages consisted of virtually pure GFAP1 cells (98.6%), as
demonstrated by immunostaining according to the afterward-
listed protocol. Images of microscopic fields (five fields per cov-
erslip) were captured on the confocal laser scanning microscope
(LSM 510, Carl Zeiss GmbH, Jena, Germany) equipped with

Ar Multi-line (457, 478, 488, and 514 nm) and HeNe (543 and
633 nm) lasers, using 403 DIC oil and 633 DIC oil objectives
and monochrome camera AxioCam ICm1camera (Carl Zeiss
GmbH, Germany). Cells were counted by using ImageJ (Cell
counter plugin). The presence of GFAP1, Iba11, and
CNPase1 cells was expressed relative to the total number of
cells in the fields (DAPI staining) 6 standard error of the mean
(SEM). GFAP-expressing cells constituted the vast majority of
cells in the cultures (98.6%), while the remaining cells, based
on Iba1 immunolabeling, represented a microglial fraction of
less than 2% of the total cell number. CNPase-expressing oligo-
dendrocytes were not detected. The omission of the primary
antibodies resulted in the absence of labeling.

Immunocytochemistry

If not otherwise stated, immunocytochemical labeling
was conducted according to the following protocol: cells seeded
on PLL-coated glass coverslips (25 mm) were fixed in 4% PFA
for 20 min and rinsed in PBS. Cells were then permeabilized in
0.1% Triton X-100 and blocked in 10% NDS, 1% BSA in
0.01 M PBS for 60 min at room temperature (RT). For double
immunolabeling, primary antibodies were applied in a sequen-
tial manner, overnight at 48C in 1% NDS and 1% BSA solution
(for dilutions, see Table I). Appropriate secondary fluorescence-
labeled antibodies were applied for 2.5 hr in the dark, at RT
and 1:200 dilutions. After the washing, coverslips were incubat-
ed for 10 min with a nuclear counterstain (DAPI, 1:4,000),
washed again thoroughly, and mounted on microscopic slides
using Mowiol medium.

Treatments

Cells in culture were synchronized by shifting the serum
concentration to 0.1% FBS, 24 hr before the experiment. On

TABLE I. Primary Antibodies Used

Antibody name Description of immunogen

Source, host species, catalog no.,

clone or lot no., RRID Dilution used

Anti-Iba1 Synthetic peptide: C-

TGPPAKKAISELP, corresponding

to amino acids 135-147 of Human

Iba1

Abcam, goat polyclonal, ab5076,

RRID: AB_2224402

1:500 in NDS/BSA/PBS (ICH)

Anti-Ki-67 Synthetic peptide conjugated to KLH

derived from within residues

1200–1300 of Human Ki67

Abcam, rabbit polyclonal, ab15580,

RRID: AB_443209

1:500 in NDS/BSA/PBS (ICH)

Anti-GFAP GFAP isolated from cow spinal cord DAKO, rabbit polyclonal, Z0334,

RRID: AB_10013382

1:500 in NDS/BSA/PBS (ICH);

1:7,000 in TBST (WB)

Anti-myelin CNPase Purified, human myelin CNPase EMD Millipore, mouse monoclonal,

NE1020, clone SMI-91, RRID:

AB_10682518

1:200 in NDS/BSA/PBS (ICH)

Anti-b-actin AC-74 hybridoma: the fusion of

mouse myeloma cells and splenocytes

from

BALB/c mice immunized with a

slightly modified synthetic b-

cytoplasmic actin N-terminal peptide

Sigma-Aldrich, mouse monoclonal,

A5316, RRID: AB_476743

1:5,000 in TBST (WB)

Anti-IL-1b conjugated

HRP

E. coli–derived recombinant rat IL-1

beta/IL-1F2

R&D Systems, goat polyclonal,

BAF501, RRID: AB_2124741

1:2,000 in TBST (WB)
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the day of the experiment, the medium was replaced with nor-
mal medium (10% FBS) containing ATP (5 mM to 1 mM), and
cells were kept for the indicated period of time (15 min to 48
hr). Cultures grown in normal medium without ATP were
used as a control.

For IL-1b enzyme-linked immunosorbent assay (ELISA)
measurements, cultures were prepared as described and treated
with LPS (1 mg/ml), alone or in a combination with IFN-g
(100 U/ml) or ATP (1mM), for 24 hr.

Microculture Tetrazolium Assay

Microculture tetrazolium (MTT) assay is a colorimetric
assay for assessing cell viability by evaluating total mitochondrial
activity. Astrocytes (2 3 104 cells/cm2) were grown on the 24-
well plate until they reached 80% confluence and were subse-
quently treated with ATP (5 mM to 1 mM) for 24 hr. After the
treatment, the media were discarded and 200 ml of MTT solu-
tion was added to each well in a final MTT concentration of
1 mg/ml. Formazan generated by total mitochondrial activity
was dissolved in 750 ml of DMSO, homogenized, and each
sample was placed in triplicate on the 96-well plate. Optical
density was measured at 540 nm with a microplate reader (LKB
5060-006, Vienna, Austria) with the correction set at 670 nm.
The total mitochondrial activity of treated cells was expressed as
a percentage of control cultures. Results are presented as mean
percentage 6 SEM from two different cell culture preparations.

Flow Cytometry Analysis and Annexin V/PI Staining

For flow cytometry quantification of cell survival, astro-
cytes were seeded at two different densities (2 3 104 cells/cm2

and 4 3 104 cells/cm2), thus allowing one group to reach the
complete confluence, while at the same time, the other group
reached 70% to 80% confluence. Both groups were treated at
the same time with the indicated concentration of ATP, and
measurements were performed 4 and 24 hr after. The early
apoptotic cells translocate their phosphatidylserine to the outer
membrane surface, which could then be recognized by
Annexin V. The late apoptotic and necrotic cells become per-
meable to PI. According to the manufacturer’s instructions, we
performed the double staining with Annexin V-FITC (Santa
Cruz, Dallas, TX) and PI (BD Pharmingen, San Diego, CA).
Cells negative for both dyes were considered viable. Analyses
were performed in quadruplicate (CyFlow Space Partec, Partec
GmbH, Munster, Germany), and PartecFloMax software (Par-
tec GmbH, Munster, Germany) was used for data acquisition
and analysis. Results are presented as mean percentage of total
cell population.

Cell Proliferation Assay

Astrocytes (2 3 104 cells/cm2) were plated on PLL-
coated glass coverslips (25 mm). Cultures were maintained as
described. Cultures reached 80% confluence when treated.
Control cultures and cultures treated with ATP (5 mmol/L to 1
mmol/L) were left to grow for the indicated period of time and
then were immunocytochemically labeled for Ki67 and coun-
terstained with DAPI using the above-described protocol. The
omission of the primary antibody resulted in the absence of

labeling. Cells from six to eight fields per each coverslip were
captured on Carl Zeiss AxioObserver A1 inverted microscope
(A-Plan 103 objective) by EM512 CCD Digital Camera Sys-
tem (Evolve, Photometrics). Cells were counted using the
ImageJ software package (http://imagej.nih.gov/ij/download.
html), and the number of Ki67-positive cells was expressed as a
mean percentage (6 SEM) of total cell number (DAPI-posi-
tive), from three separate cell culture preparations and indepen-
dent treatments.

The proliferation assessment using Ki67/DAPI labeling
was applied for cultures subjected to the ATP-treated wound-
healing assay experiment. Treated and control cultures were
prefixed at indicated time points (0–48 hr), and the immunoflu-
orescence protocol was further applied as described.

Morphometric Analysis

Astrocytes (2 3 104 cells/cm2) were plated and treated
with ATP (10 mM to 1 mM), and cell morphology was ana-
lyzed. In each treatment group, cells from at least six fields per
culture dish (35 mm), from two independent culture prepara-
tions, were captured on an AxioObserver A1 inverted micro-
scope (A-Plan 103 objective) by EM512 CCD Digital Camera
System (Evolve, Photometrics). Images were analyzed using the
ImageJ software package (National Institutes of Health, Bethes-
da, MD). Mean cell surface area was determined according to
the instructions (http://imagej.net/Category:Tutorials) and was
expressed in micrometers squared 6 SEM (615 pixels/mm).
Stellation induced by ATP treatment was quantified using the
same software package, by counting the number of stellate cells
out of the total number of cells (mean percentage 6 SEM) in
two different culture preparations. Since the vast majority of
cells in control culture exhibit epithelioid morphology without
processes, ATP-induced stellation was arbitrarily defined as the
appearance of more than three processes per cell.

Actin and GFAP Fluorescence Staining

Actin and GFAP were labeled using the phalloidin fluo-
rescence and anti-GFAP immunofluorescence staining, fol-
lowed by DAPI counterstaining. Images of GFAP/phalloidin
double-stained astrocytes were obtained on the confocal laser
scanning microscope (LSM 510, Carl Zeiss GmbH, Jena, Ger-
many) using Ar Multi-line (457, 478, 488, and 514 nm) and
HeNe (543 and 633 nm) lasers, and 403 DIC oil and 633

DIC oil objectives.

Wound-Healing Assay

Astrocyte cultures (2 3 104 cells/cm2) were maintained
until complete confluence was reached. Wound-healing assay
was performed essentially by following the protocols previously
described (Lampugnani, 1999; Kornyei et al., 2000). A wound
was made in astrocyte monolayer grown on plastic dishes, by
scraping the bottom of the dish with a sterile 200-ml pipette tip.
At the same time point, 1 mM ATP was applied to the cultures,
which were maintained in normal growth medium. Five to
eight random fields per each dish, in six independent culture
preparations, were captured at 0 hr time on a Carl Zeiss Axi-
oObserver A1 inverted microscope (A-Plan 103 objective) by
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EM512 CCD Digital Camera System (Evolve, Photometrics).
Consecutive images of selected microscopic fields were then
captured every 2 hr and stored as digitalized data. From stored
images, relative wound area and wound width (mm) was deter-
mined using the ImageJ software package. Wound closure, as a
result of astrocytic process elongation and cell migration, under
the control and treatment conditions, was assessed by calculat-
ing the ratio between the wound area at a defined time point
and the initial wound area at 0 hr. Data are expressed as mean
relative closed area (6 SEM) from n 5 6 separate culture
preparations.

Wounded cultures (control and treated with ATP) were
grown on glass coverslips (25 mm), prefixed in 4% PFA after 24
hr, and subjected to immunofluorescence labeling for GFAP
and DAPI. Images of microscopic fields along the scratch
wound were captured with the confocal laser scanning micro-
scope (LSM 510, Carl Zeiss GmbH, Jena, Germany) using Ar
Multi-line (457, 478, 488, and 514 nm) laser and Plan-
Neofluar 203 objective.

Enzyme-Linked Immunosorbent Assay

Quantitative IL-1b measurements were performed in
cell-free supernatants collected at different time points after
ATP addition (15 min to 24 hr), using the ELISA and the exact
protocol described by the manufacturer. The culture medium
was removed at the indicated time after addition of ATP (5 mM
to 1 mM) and centrifuged 10 min at 500g (Beckman TA-10) to
pellet residual cells. Supernatants were carefully removed and
used for IL-1b measurements. Colorimetric reactions were
quantified on a microplate reader (LKB 5060-006, Micro Plate
Reader, Vienna, Austria) at 405 nm, with wavelength correc-
tion at 650 nm. Measurements were performed in triplicate, in
three independent culture preparations, and data were
expressed as mean nanograms per milliliter (6 SD). Media
obtained from astrocytes treated with LPS (1 mg/ml), alone or
in a combination with IFN-g (100 U/ml) or ATP (1 mM),
were used as a positive control.

Western Blot Analysis

Astrocytes (2 3 104 cells/cm2) were seeded on 10-cm-
diameter Petri dishes for purposes of total protein isolation or
medium collection. For the total protein isolation, after the
treatment, cells from different dishes were collected into sepa-
rate tubes, centrifuged for 5 min at 500g, and resuspended in
500 ml of cold RIPA lysis buffer supplemented with 0.5% w/v
protease inhibitor cocktail. The suspensions were kept on ice
for 30 min and subsequently centrifuged at 10,000g for 10 min,
at 48C (Beckman, JA-20). The supernatant was carefully sepa-
rated from the pellet, and the protein concentration was deter-
mined using the BCA protein assay kit, according to the
manufacturer’s instruction. Total proteins were used for
GFAP/actin analysis. For the culture medium preparation,
astrocytes were treated with 1 mM ATP or 1.25 mM probene-
cid alone or for 30 min pretreatment. Culture medium was
removed at the indicated time and centrifuged for 10 min at
500g (Beckman, TA-10) to pellet residual cells. The supernatant
left after the centrifugation was carefully removed and used for
Western blot analysis of released IL-1b.

Culture medium samples were diluted in the sample buff-
er (375 mM Tris-HCl, pH 6.8, 12% sodium dodecyl sulfate
[SDS], 60% [w/v] glycerol, 0.03% bromophenol blue) at a 5:1
volume ratio, and resolved on 12% SDS-PAGE gels. For posi-
tive control, the recombinant rat IL-1b/IL-1F2 was used (200
ng/ml, R&D Systems, Minneapolis, MN). Proteins were trans-
ferred to a PVDF support membrane and blocked with 5%
BSA in Tris buffer saline/Tween 20 (TBST). The overnight
blot incubation with polyclonal goat anti-rat IL-1b biotinylated
antibody, polyclonal rabbit anti-rat GFAP, or monoclonal
mouse anti-rat b-actin, at 48C, was followed by 2-hr incuba-
tion with the avidin-horseradish peroxidase conjugate for the
goat anti-rat IL-1b, and donkey anti-rabbit-HRP or donkey
anti-mouse-HRP secondary antibodies for GFAP and b-actin,
respectively (1:1,000 in PBS, at RT). After intense membrane
washing with TBST, the visualization was conducted with the
use of chemiluminescence and X-ray films (Kodak, Rochester,
NY).

Superoxide Anion Radical Determination

The content of superoxide anion radical (O2
2 �) was quan-

tified by the method based on the reduction of nitroblue tetra-
zolium to monoformazan by O2

2 � in the alkaline nitrogen-
saturated medium. The yellow color of the reduced product
was measured spectrophotometrically at 550 nm (Auclair and
Voisin, 1985). Results are expressed as mean O2

2 � concentration
(lmol/l) 6 SEM from three independent determinations per-
formed in duplicate.

Nitric Oxide Determination

Astrocytes (2 3 104 cells/cm2) were plated and treated as
described. After the indicated time, supernatants were prepared
from culture media, and cells were collected and lysed for nitric
oxide (NO) determination. NO was determined spectrophoto-
metrically at 492 nm, by measuring nitrite concentration using
the colorimetric method of Griess, after transforming nitrates
into nitrites by cadmium reduction (Navarro-Gonz�alvez et al.,
1998). Results are expressed as mean NO concentration
(lmol/l) 6 SEM from three independent determinations per-
formed in duplicate.

Malondialdehyde Determination

Malondialdehyde (MDA) was determined by the spectro-
photometric method of Villacara et al. (1989). MDA, a second-
ary product of lipid peroxidation, gives a red-colored pigment
after incubation with thiobarbituric acid (TBA) reagent (15%
trichloroacetic acid and 0.375% TBA, water solution, at pH
3.5), at 958C. Absorbance was measured at 532 nm. Results are
expressed as mean MDA concentration (nmol/l) 6 SEM from
three independent determinations performed in duplicate.

SOD Assay

SOD activity, which combines the activity of two
enzyme isoforms, cytosolic Cu/ZnSOD and mitochondrial
MnSOD, was evaluated using the epinephrine method. The
assay is based on the spectrophotometric determination of a
decrease in spontaneous epinephrine auto-oxidation, at
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480 nm. The rate of the enzyme activity was followed in a car-
bonate buffer (50 mM, pH 10.2, containing 0.1 mM EDTA),
after the addition of 10 mM epinephrine and 5 mM KCN for
MnSOD (Sun and Zigman, 1978). Results are expressed as
units per milligram of protein 6 SEM, whereas the unit is
defined as an amount of protein (enzyme) required for 50% of
auto-oxidation of epinephrine, from three independent deter-
minations performed in duplicate.

GSH Content Determination

Astrocytes (2 3 104 cells/dish) were plated and treated as
described. After the indicated time, supernatants were prepared
from a culture media, and cells were collected and lysed for
GSH determination. Total GSH content was determined by
DTNB-GSSG reductase recycling assay (Anderson, 1986). The
rate of 5-thio-2-nitrobenzoic acid formation, which is propor-
tional to total GSH content, was determined spectrophotomet-
rically at 412 nm. Results are expressed as mean GSH
concentration (nmol/l) 6 SEM, from three separate determina-
tions performed in duplicate.

Data Analysis

Effects of various ATP concentrations on cell prolifera-
tion, morphological alterations, IL-1b release, SOD, NO, and
GSH levels were analyzed by comparing the means (absolute
values) by one-way ANOVA, followed by Tukey post hoc test,
with a significance level of P< 0.05. The migratory capacities
of astrocytes under control and 1 mM ATP treatment condi-
tions were determined by quantifying the ratio between wound
area at defined time points and initial wound area (0 hr). Data
were compared by Student t-test for paired data, at significance
level of P< 0.05. All statistical analyses were performed using
the Origin 7.0 software package.

RESULTS

Extracellular ATP Increases Proliferation of
Cortical Astrocytes In Vitro

To assess the effect on cell viability, cells were
exposed to ATP (5 mM to 1 mM) for 24 hr and subjected
to MTT assay and Annexin V/PI staining. ATP increased
formazan absorbance with the concentration (Fig. 1A),
with values being significantly different compared with
control (P< 0.05), except for 5 mM ATP. The nucleo-
tide, however, did not alter the cells’ status—that is, the
percentages of viable, apoptotic, and necrotic cells
remained the same (Table II). Since ATP did not induce
apparent cytotoxic effects, double Ki-67/DAPI fluores-
cence staining was performed to evaluate the effect of
ATP on astrocyte proliferation (Fig. 1B, D). While the
cells in the control culture proliferated at �15% rate, in
cultures treated with ATP, the proliferative rate increased
up to 40% (F[4,44] 5 34.99, P< 0.01), except for cultures
treated with the lowest ATP concentration. The maxi-
mum proliferative effect was observed in the presence of
1 mM ATP, which induced sustained increase (P< 0.05)
in the proliferation rate even after 48 hr in culture
(F[2,22] 5 63.59, P< 0.001) (Fig. 1C).

Extracellular ATP Induces Shape Remodeling and
Reorganization of Astrocyte Filament Networks

Since activation of astrocytes involves distinct
changes in cell morphology, we next assessed the effect of
ATP on astrocyte shape remodeling. Images of the micro-
scopic fields were captured every 2 hr after ATP treat-
ment (Fig. 2). Although the cells in the control culture
were heterogeneous in morphology, the majority of cells
displayed enlarged polygonal cell bodies without processes
(Fig. 2A). Following addition of ATP, cells developed
spherical cell bodies and stellate morphology, with multi-
ple finely branched processes. Shape remodeling was
observed even 2 hr after the treatment and appeared stable
over time given that the cells did not revert to their previ-
ous morphology after 24 hr.

Observed morphological alterations were quanti-
fied in terms of changes in cell body area and percentage
of cells displaying process-bearing morphology (arbi-
trarily defined as three or more processes per cell). All
ATP concentrations induced a similar decrease in mean
cell body area in comparison with control (Fig. 2B). The
effect was evidenced 2 hr after ATP treatment
(P< 0.001) and appeared stable for at least 24 hr
(P< 0.05). The effect of ATP on stellation appeared to
be dose-dependent, with the maximum effect observed
with 1 mM ATP treatment. An increase in the percent-
age of cells bearing processes (Fig. 2C) was observed
already after 2 hr (F[3,20] 5 27.58, P< 0.001) and peak-
ed 6 hr after exposure to ATP (F[3,20] 5 237.6,
P< 0.001). Twenty-four hours after the treatment, the
vast majority of cells treated with 10 mM ATP reverted
to their earlier morphology, whereas the changes
induced with the higher ATP concentrations appeared
to be more stable (Fig. 2A).

Since the reorganization of the cytoskeletal net-
work precedes morphological alterations induced by
external stimuli, we next evaluated the effect of ATP
on the microfilament and the intermediate filaments
network (Fig. 3). In the control culture, enlarged
polygonal cells displayed actin fibers organized in fine
hypolemmal bundles and delicate centrifugal mesh-
work, while GFAP filaments formed an elaborate net-
work extending from the perinuclear region to the cell
membrane (Fig. 3A, B). In the culture exposed to 5 mM
ATP, cells were less polygonal and actin filaments were
seen as slightly more prominent fibers (Fig. 3C, D).
However, higher ATP concentrations induced almost
complete disappearance of hypolemmal and centrifugal
actin filaments and led to the progressive increase in
cross-linked stress fibers organized in parallel arrays,
together with apparent condensation of GFAP filaments
in the perinuclear region (Fig. 3E–I). In highly stellate
cells treated with 1 mM ATP, elongated GFAP-
containing processes were devoid of stress fibers (Fig.
3J). However, all the aforementioned alterations
occurred without apparent changes in the actin and
GFAP, at both the mRNA (data not shown) and pro-
tein levels (Fig. 3K, L).

6 Adzic et al.

Journal of Neuroscience Research



Fig. 1. Effect of ATP on the cell status of cortical astrocyte culture.
Cortical astrocytes were treated with ATP (5 mM to 1mM) for 24
hr. A: Cell viability was assessed spectrophotometrically by measur-
ing formazan absorbance in MTT test. Bars represent the mean val-
ue of formazan absorbance (percentage of control) 6 SEM, from
three separate culture preparations with three replicates per con-
centration. B: The proliferation of astrocytes in the culture was
determined by double Ki-67/DAPI fluorescence labeling, after
treating the cells with the indicated ATP concentration for 24 hr.
The number of proliferating cells out of the total number of cells

in the same field (Ki-671/DAPI1) was counted from six to eight
fields per each coverslip using ImageJ. Bars present mean percent-
age of proliferating cells (6 SEM), from two independent culture
preparations. C: The proliferation rate of cells treated with 1 mM
ATP over time in culture (4–48 hr). Level of significance shown
inside the graph: *P< 0.01; **P< 0.001. D: Representative images
of Ki-67/DAPI staining. The cultures were fixed 24 hr after treat-
ment with different ATP concentrations (5 mM to 1mM). Scale
bar: 100 mm. [Color figure can be viewed at wileyonlinelibrary.
com]

ATP Exerts Dual Effects on Astrocytes In Vitro 7

Journal of Neuroscience Research

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


ATP Does Not Affect Astrocyte Migration in the
Wound-Healing Assay

One of the hallmarks of the reactive phenotype of
astrocytes in vivo is their ability to migrate, which results
in the formation of a glial scar. Therefore, the ability of
ATP to promote migration of astrocytes was analyzed
using the in vitro wound-healing assay (Fig. 4A). In both
control and ATP-treated cultures, dynamics of wound
healing were inversely proportional to the initial wound
width (Fig. 4B, C). In scratches with initial wound width
of< 300 mm, approximately 4 hr elapsed before detectable
front displacement could be observed, whereas after 24 hr

Fig. 2. Effect of ATP on cell morphology. Cell morphology was ana-
lyzed after the addition of ATP (10 mM to 1 mM). A: Cells from at
least six fields per each culture dish were captured on an AxioOb-
server A1 inverted microscope in two independent experiments,
encompassing six randomly chosen fields in each group, and represen-
tative micrographs captured at 2, 6, and 24 hr after treatment are pre-
sented. Scale bar: 100 mm. B: Mean cell body area was analyzed using

the ImageJ software package, and the results are presented as mean
cell body area (mm2) 6 SEM. C: The number of stellate cells (defined
as more than three primary processes per cell) was counted using the
ImageJ software package and expressed as a percentage out of a total
number of cells in culture (6 SEM). Level of significance indicated in
the graphs: *P< 0.01. [Color figure can be viewed at wileyonlineli-
brary.com]

TABLE II. Flow Cytometry Quantification of Cell Survival

ATP treatment 0 (control) 5 mM 10 mM 100mM 1 mM

4 hr treatment Cell population (%)

Annexine V-/PI- 92.29 93.33 92.82 92.34 90.52

Annexine V1/PI- 0.16 0.16 0.17 0.18 0.18

Annexine V-/PI1 0.57 0.82 0.62 0.85 0.71

Annexine V1/PI1 6.98 5.7 6.39 6.63 8.59

24 hr treatment Cell population (%)

Annexine V-/PI- 92.29 93.64 95.46 95.58 94.60

Annexine V1/PI- 0.16 0.10 0.19 0.16 0.14

Annexine V-/PI1 0.57 0.43 0.31 0.31 0.49

Annexine V1/PI1 6.98 5.82 4.04 3.94 4.77
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the wounds were almost completely closed in both con-
trol and ATP-treated cultures (Fig. 4A). However, in
scratches where the initial wound width was> 300 mm,
dynamics of wound healing markedly slowed down, leav-
ing the wound area uncovered even after 48 hr (Fig. 4B).
Since the dynamics of wound healing critically depend on

initial wound width, this finding indicates the involve-
ment of a diffusible factor(s) in the process. To dissect the
effect of ATP in this matter, relative wound closure was
quantified in control and ATP-treated cultures with initial
wound width of 250 to 350 mm (Fig. 4C). The results
demonstrated that addition of ATP did not alter the pro-
cess of wound healing, at either time point (P> 0.05), but
it did alter the appearance of the cells at the wound edge
(Fig. 5), in a similar way as demonstrated in nonwounded
cultures (Fig. 2). Specifically, in nontreated cultures, cells
at the wound edge developed radially oriented short
hypertrophic processes, while in cultures treated with
ATP, cells developed elongated processes directed toward
the denuded area (Fig. 5).

Extracellular ATP Alone Does Not Induce IL-1b
Release by Cortical Astrocytes

Given that induction of reactive phenotype in astro-
cytes critically depends on IL-1b, we next investigated
whether ATP evokes cytokine release from cultured astro-
cytes. Cultures were treated with ATP (5 mM to 1 mM),
and the levels of IL-1b were determined in the culture
medium, 15 min to 24 hr after addition of ATP. Separate
astrocyte cultures were treated with LPS alone, LPS
1IFNg, and LPS 1IFNg1 ATP and the culture media
24 hr after the treatments were used for IL-1b determina-
tion. While LPS and LPS 1 IFNg evoked significant IL-
1b release by cultured astrocytes (Fig. 6A), regardless of
the concentration and sampling time point after treatment,
ATP did not change the cytokine level in the culture
medium, which is in line with studies on immune cells
(Ferrari et al., 1997). Moreover, ATP did not add to the
IL-1b release by cells primed with LPS 1 IFNg. The
absence of IL-1b release following ATP treatment was
confirmed by Western blot analysis (Fig. 6B).

Extracellular ATP Enhances Antioxidative Systems
in Cortical Astrocytes

Oxidative stress is defined as a significant increase in
production of ROS and RNS, such as O2

2 � and NO.
These two molecular species react readily to produce per-
oxynitrite, which further reacts with various cellular com-
ponents. MDA is the end product formed by degradation
of cell membrane phospholipids and is usually used as an
index of lipid peroxidation. In the next set of probes, we

Fig. 3. Effect of ATP on cytoskeletal network in astrocytes. Organiza-
tion of microfilaments and intermediate filaments in primary cortical
astrocytes treated with ATP was determined by double immunofluores-
cence labeling of actin (red) and GFAP (green). Cell nuclei were counter-
stained with DAPI (blue). Images of nontreated astrocytes (A, B) show
cells with a polygonal shape, with actin bundles lining the cell edges.
ATP treatment induced increased presence of stress fibers organized in
parallel arrays, 4 and 24 hr after the treatment (C–J). Stellation led to sig-
nificant reorganization of cytoskeleton at 100 mM ATP (H) and 1 mM
ATP (J). Scale bar: 50 mm. Western blot did not show the total GFAP
or actin change in the cultures 4 hr (K) or 24 hr (L) after ATP treat-
ment. [Color figure can be viewed at wileyonlinelibrary.com]
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evaluated the potency of ATP to induce oxidative stress
in cultured astrocytes, by determining the levels of O2

2 �,
NO, and MDA in the cells 4 and 24 hr after treatment
(Fig. 7). The levels of O2

2 �, NO, and MDA under control
conditions did not vary over time or after ATP treatment
(Fig. 7A–C). However, ATP induced a dose-dependent
increase in Cu/ZnSOD (P< 0.01) and MnSOD
(P< 0.05) activity (Fig. 7D, E), together with a marked
increase in intracellular (P< 0.001) and extracellular
(P< 0.001) GSH content (Fig. 7F, G).

DISCUSSION

It is widely accepted that extracellular ATP acts as a
danger-associated molecular pattern in all tissues, includ-
ing the brain, where it induces inflammatory responses of

Fig. 4. Effect of ATP on astrocyte migration in wound-healing assay.
Astrocytes were grown to confluence in normal medium, and a
wound was made by scraping the bottom of the dish with a sterile
200-ml pipette tip. A: 1 mM ATP was applied, and healing of denud-
ed area was analyzed under the microscope every 2 hr. Representative
micrographs after 4 and 24 hr are presented. Wound edges were pro-
visionally marked in white. Scale bar: 100 mm. B: Wound area, mea-
sured using the ImageJ software package at different time points, is
expressed relative to the initial wound area (at 0 hr). The graph repre-
sents relative closure of wound areas in control (black) and ATP-
treated cultures (red), as a function of initial wound width (mm), indi-
cating that dynamics of wound healing depend on initial wound
width and are not altered by the addition of ATP. C: Relative wound
closure (6 SEM) in control (black bar) and ATP-treated cultures (red
bars), at 4 and 24 hr in cultures with initial wound area of 250 to 350
mm. [Color figure can be viewed at wileyonlinelibrary.com]

Fig. 5. Effect of ATP on morphology of astrocytes at the wound
edge. Cultures were grown and treated as described. Images show
GFAP immunofluorescence of cells at wound edges. Cells not treated
with ATP developed short, radially extending hypertrophic processes,
whereas cells treated with ATP developed long and narrow processes
extending in parallel toward the denuded area. White star marks the
wound area. Scale bar: 100 mm. [Color figure can be viewed at
wileyonlinelibrary.com]

Fig. 6. Effect of ATP on IL-1b release by cultured astrocytes. A:
Astrocytes were treated with 1 mM ATP for the indicated period of
time (white bars) or with increasing concentrations of ATP for 30 min
(light gray bars) or 60 min (gray bars). Levels of IL-1b in cell-free cul-
ture media were determined by ELISA. The cell-free culture media of
astrocytes treated with LPS, LPS1IFN-g, or LPS1IFN-g1ATP were
used as a positive control (black bars). Bars present mean IL-1b (ng/
ml) from three independent determinations performed in triplicate (6
SEM). B: Western blot analysis of cell-free culture media obtained
from control culture and cultures treated with 1 mM ATP, 1.25 mM
probenecid, or combined. Probenecid was applied as pannexin hemi-
channel blocker. The recombinant rat IL-1b/IL-1F2 was used as stan-
dard IL-1b (positive control). [Color figure can be viewed at
wileyonlinelibrary.com]
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microglia and astrocytes after any type of brain insult.
However, results of the current study demonstrate that
although ATP triggers several attributes of activated astro-
cytic phenotype, at a magnitude that increases with con-
centration, it is not sufficient to induce full-blown
reactive phenotype of astrocytes. Therefore, our results
suggest that the effects of extracellular ATP in the brain in
vivo may be both inflammatory and protective/adaptive,
depending not just on its local concentration but also on
the presence of co-acting factors and downstream events
in the exact tissue context.

The responses of cultured astrocytes in terms of their
proliferation rate and cell shape remodeling reflect activa-
tion effects of ATP. Specifically, astrocytes grown in cul-
ture displayed enlarged polygonal shape, with actin
bundles lining the cell edges. As a result of cell body
enlargement after some time in culture, the cells gradually
decrease their proliferation rate and begin to senesce
(Lewis et al., 2008). Therefore, the proliferation of astro-
cytes after exposure to a noxious stimulus reflects their
activation, both in vitro (Gallo et al., 2000) and in vivo
(Sofroniew, 2009). While it is known that ATP exerts a
mitogenic effect on astrocytes in vivo (Franke et al.,

2006), the effects in vitro depend on ATP concentration,
duration of treatment, cell density, and purity of the cul-
ture itself (Ciccarelli et al., 1994; Neary et al., 1994,
1999; Quintas et al., 2011). In our culture system, 5 mM
ATP did not induce proliferation, morphological changes,
or underlying reorganization of cytoskeletal elements,
while higher concentrations promoted cell proliferation
in a dose- and time-dependent manner. In addition, ATP
induced cell shape remodeling. Particularly, resting cells
with a polygonal shape condensed their cell bodies and
developed fine processes following exposure to ATP.
While cell body size decreases were comparable for all
ATP concentrations applied, the proportion of cells that
displayed stellate morphology increased with ATP con-
centration. The process-bearing morphology represents
the typical appearance of reactive astrocytes in vivo
(Franke et al., 2012) and the feature of their reactive phe-
notype in vitro (Renner et al., 2013). In that manner,
stellation of astrocytes in culture, which may be induced
by several noxious stimuli, including pH alterations,
amyloid-b, TNF-a, and brain extracts in serum-free
medium (Favero and Mandell, 2007), requires the reorga-
nization of the cytoskeleton (John et al., 2004). In our

Fig. 7. Effect of ATP on oxidative status and antioxidative defense
of the cultured astrocyte. Levels of (A) O2

2 �, (B) NO, and (C)
MDA in whole-cell lysates obtained from control cultures and cul-
tures treated with ATP for 4 hr (light gray) and 24 hr (dark gray) after
addition of ATP. Bars present mean (6 SEM) from three separate
culture preparations, performed in duplicate. Effect of ATP on (D)

Cu/ZnSOD and (E) MnSOD activities in the whole-cell lysates,
and GSH content in lysates (F) and in (G) cell-free culture media
obtained from control cultures and cultures treated with ATP at 4
hr (open symbol) and 24 hr (black symbol) after the addition of ATP.
Symbols represent mean 6 SEM from three separate determinations,
performed in duplicate.
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system, ATP-induced stellation was accompanied by con-
version of actin fibers into a robust network of stress fibers
running below the plasma membrane and bundling of the
intermediate filaments along progressively longer process-
es. However, the cytoskeleton rearrangements occurred
without upregulation of GFAP, which is the hallmark of
a fully developed astrogliotic phenotype.

Given that formation of stress fibers is crucial for
force generation during the cell migration (Parsons et al.,
2000; John et al., 2004), it has been of interest to test
whether ATP promotes this aspect of the reactive pheno-
type in astrocytes. ATP did not alter cell migration or
dynamics of wound healing, although it induced reorgani-
zation of the cytoskeleton and elongation of the processes
at the wound edge. Moreover, ATP alone was not suffi-
cient to induce IL-1b release by cultured astrocyte, and it
did not potentiate the cytokine release from LPS1IFNg–
primed astrocytes, as it did from the microglial cells (Ferrari
et al., 1997). Above all, our results demonstrate that ATP
does not induce oxidative damage in astrocytes, but instead
strengthens their antioxidative defense, by stimulating
SOD activities and by increasing their intracellular GSH
content and extracellular release. In neurons, which have
intense metabolism and massive production of the perox-
ide, the role of astrocytes against the toxicity appears to be
particularly important (Dringen et al., 2000).

Although we did not experimentally address this
question, both nucleotide-sensitive P2 receptors and
adenosine-sensitive P1 purinoreceptors may be responsi-
ble for the observed responses of astrocytes. P2 receptors
differ in their affinity for ATP and ADP; hence, the
observed responses of cultured astrocytes to the range of
applied ATP concentrations may be mediated via a subset
of P2X and P2Y purinoreceptors (Burnstock and Knight,
2004; Abbracchio et al., 2006). Namely, a particular het-
eromeric and/or homomeric combination of P2X1-7
subunits forms a functional channel with a distinct affinity
for ATP and desensitization dynamics (North, 2002),
while among P2Y receptors, P2Y2, P2Y4, and P2Y11

may be directly activated by ATP. Therefore, the effects
of extracellular ATP will depend on specific composition
and localization of purinoreceptors at primary cortical
astrocytes (Coddou et al., 2011). Astrocytes are shown to
express a subset of P2X and P2Y receptors, whereas dif-
ferent combinations were demonstrated in vivo and in
culture conditions at different developmental stages
(Quintas et al., 2011). Primary cortical astrocyte cultures
obtained from 1-day-old rat pups express P2Y1, P2Y2,
and P2Y4 (Lenz et al., 2000) and P2X1-7 receptor sub-
types (Jacques-Silva et al., 2004). Therefore, it is likely
that ATP, in the concentration range applied, activates a
combination of P2X1-7, P2Y2, and P2Y4 receptors with
the overlapping affinities towards ATP. Moreover, cul-
tured astrocytes express the enzyme chain for extracellular
ATP hydrolysis, with the highest relative abundance of
NTPDase2 and ecto-5’-nucleotidase (Brisevac et al.,
2015), which produce ADP and adenosine, respectively.
Therefore, besides the direct effects mediated by ATP-
sensitive P2Y2 and P2Y4 receptors, some of the observed

effects may be mediated via ADP-sensitive P2Y1 and a
subset of adenosine-sensitive P1 receptors expressed on
astrocytes in vitro (Boison 2012; Chen et al., 2014).
Results from agonist and antagonist binding studies on
cultured systems indicate involvement of P2X2 and P2Y1

receptors in ATP-induced proliferation and IL-1b release
by astrocytes, both in vitro (Neary et al., 1994, 1999,
2003; Xia and Zhu, 2011) and in vivo (Franke et al.,
1999, 2001), while a decrease in NO production by
downregulating NOSII expression may be induced by
P2Y1 antagonists, such as suramin and oATP (Liu et al.,
2000). On the other hand, some of the effects may be
induced by adenosine, which is an important modulator
of astrocyte function in emergency situations, when it
resets the cell energy balance and protects astrocytes from
ischemic damage (Boison, 2012). It should be noted,
however, that the responses of astrocytes may differ in
vivo, depending on a distinct combination of purinore-
ceptors, pannexin hemichannels, nucleoside transporters,
and purine-converting enzymes present in the particular
tissue context. Moreover, observed ATP-induced
responses of astrocytes in culture may not completely rep-
licate the behavior of astrocytes integrated into the brain
parenchyma, since the cells, as the main sensors of neuro-
nal homeostasis, adapt to neuronal functioning by
expressing receptors for nearly all signals produced by
neurons. Therefore, the responses of astrocytes induced
by an initial stimulus, like ATP, dynamically change, both
temporally and spatially, with later molecular signals pro-
duced by neurons in a particular tissue environment. In
conclusion, extracellular ATP activates cultured astrocytes
in several respects, although it is not able to evoke their
full-blown reactive phenotype in vitro. According to
recently the formulated two-hit hypothesis for neuroin-
flammation (Fiebich et al., 2014), upon damage all verte-
brate cells release large amounts of ATP into the
extracellular space. The first hit, the injury itself, leads to
release of the large pools of cytosolic ATP into the extra-
cellular milieu. Liberated ATP acts at purinergic recep-
tors, inducing the effects that crucially depend on the
nature of two downstream factors: the type of receptors
present on cells within the vicinity of the injury, and the
distribution and activity of hydrolyzing ectonucleotidases.
Therefore, extracellular ATP may modulate neuroinflam-
mation by exerting responses of astrocytes, both neuroin-
flammatory and adaptive, which depend on exact tissue
context, other cellular targets, local concentration, and
prevailing extracellular environment. Identifying
responses of astrocytes to extracellular ATP may help to
provide alternative approaches to reduce neuroinflamma-
tion associated with all types of neurological disorders.
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