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NTPDase1 activity attenuates microglial phagocytosis
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Abstract Purinergic signaling plays a major role in the
regulation of phagocytosis in microglia. Interplay between
P2 and P1 receptor activation is controlled by a cascade of
extracellular enzymes which dephosphorylate purines
resulting in the formation of adenosine. The ATP- and
ADP-degrading capacity of cultured microglia depends on
the expression of ecto-nucleoside triphosphate diphospho-
hydrolase 1 (CD39) and is several times higher when com-
pared to astrocytes which lack this enzyme. In brain slices,
deletion of CD39 resulted in a 50 % decrease of ADP-
degrading ability, while the degradation of ATP was de-
creased to about 75 % of the values measured in wild-type
brain tissue. Microglia in acute slices from cd39−/− animals
had increased constitutive phagocytic activity which could
not be further enhanced by ATP in contrast to control
animals. Pharmacological blockage of P2 receptors de-
creased the constitutive phagocytic activity to a similar base
level in wild-type and cd39−/− microglia. Activation of P1

receptors by non-hydrolysable adenosine analog significant-
ly decreased phagocytic activity. Deletion of CD73, an
enzyme expressed by microglia which converts AMP to
adenosine did not affect phagocytic activity. Taken together,
these data show that CD39 plays a prominent role in con-
trolling ATP levels and thereby microglial phagocytosis.
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Abbreviations
E-NTPDase Ecto-nucleoside triphosphate

diphosphohydrolase
ACSF Artificial cerebrospinal fluid
PPADS Pyridoxalphosphate-6-azophenyl-

2',4'-disulfonic acid tetrasodium salt
NECA 1-(6-Amino-9H-purin-9-yl)-1-deoxy-N-

ethyl-β-D-ribofuranuronamide

Introduction

Microglial cells are the resident immune cells and the pro-
fessional phagocytes of the brain. They are able to clear cell
debris, apoptotic cells, microbial pathogens, and other po-
tentially harmful inclusions, such as β-amyloid deposits
associated with Alzheimer’s disease [1]. Microglial phago-
cytosis is regulated by purinergic signaling. Activation of
microglial P2Y6 receptor markedly increases microglial
phagocytosis both in vitro and in vivo [2], whereas activa-
tion of P2X7 receptor has the opposite effect [3]. In periph-
eral macrophages, activation of adenosine (P1) receptors
impairs phagocytosis [4, 5].

Nucleotides, such as ATP and ADP, are released from
injured cells under pathological conditions and can thereby
activate purinergic receptors. Also in the healthy brain, ATP
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is released as a neurotransmitter from neurons and from astro-
cytes [6]. ATP is an important component to mediate the
propagation of calcium signals among populations of astro-
cytes termed astrocyte calcium waves [7]. Purinoreceptor-
mediated signals are negatively regulated by the ecto-
nucleoside triphosphate diphosphohydrolases (E-
NTPDases)—extracellular enzymes hydrolyzing ATP and
ADP to AMP. Three members of this enzyme family are
expressed in the brain—E-NTPDase1, 2, and 3. Expres-
sion in the brain of E-NTPDase1 (also called CD39) is
restricted to microglial cells and vascular endothelium
of the blood vessels [8]. E-NTPDase1 rapidly converts
both ATP and ADP to AMP, thereby depleting the
extracellular space of ligands to P2X and P2Y receptors.
E-NTPDase1 has an at least three times lower Michaelis
constant than the other members of this enzyme family
[9], making it an ideal candidate to terminate P2-
receptor-mediated signaling or prevent the inactivation
of purinergic receptors (for review, see [10]). E-
NTPDase2, expressed by astrocytes, converts preferen-
tially ATP into ADP but has a much lower hydrolysis
rate for ADP [11], which can lead to ADP accumula-
tion. The cellular localization of the third member of the
family—E-NTPDase3—has not yet been characterized.
It has substrate preferences intermediate between E-
NTPDase1 and 2, resulting in slower removal of ADP
from extracellular space as compared to E-NTPDase1.
Interestingly, all E-NTPDases, including CD39, can hy-
drolyze UTP to UDP which is a potent activator of
P2Y6 purinoreceptors and promotes microglial phagocy-
tosis [2].

AMP is further hydrolyzed to adenosine by ecto-5-
nucleotidase CD73, expressed by a variety of cells
including microglia, and feed-forward inhibition was
shown for this enzyme, where its activity is inhibited
by ATP and ADP (for review, see [12]). In addition to
conversion from ATP through the cd39-cd73 enzymatic
cascade, adenosine can also be released into extracellu-
lar space directly from cells through the activity of
specific transporters [13]. In the present study, we
assayed microglial phagocytosis activity in acute brain
slices and determined the involvement of P1 purinore-
ceptors and cd39 and cd73 enzymes in the regulation of
microglial phagocytosis.

Materials and methods

Cell culture

Primary microglial and astrocyte cultures were prepared
from cerebral cortex of newborn C57BL/6 mice as described
previously [14].

Transgenic mice

cd39−/− mice on the C57BL/6x129svj background were
described previously [15]. As controls, we used wild-type
C57BL/6x129svj mice. cd73 −/− mice were described previ-
ously [16] and were kindly provided by Dr. Jurgen
Schnermann, NIDDK, Bethesda. Wild-type C57BL/6 were
used as controls for experiments with these mice.

All animal experiments were conducted in accordance
with the German guidelines for animal care and approved
by the local legal authorities.

Preparation of acute brain slices

Mice were decapitated and brains were dissected. Two hun-
dred fifty micrometer-thick cortical slices were cut in ice-
cold artificial cerebrospinal fluid solution (ACSF) consist-
ing of 134 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1.3 mM
MgCl2, 26 mM NaHCO3, 1.25 mM K2HPO4, and 10 mM
glucose, using a vibratome (HM 650 V, Microm; Walldorf,
Germany) as described in [17].

Phosphate measurements by Malachite Green assay

To compare the enzymatic activities of extracellular
ATP- and ADP-degrading enzymes in microglial cell
and astrocyte cultures and acutely isolated brain slices,
we incubated cultures or tissue slices with solutions
containing 1 mM ATP or ADP and measured the free
phosphate in the supernatant by Malachite Green assay
(BioAssay Systems, Hayward, CA) as described in [18].
Briefly, 100 μl HEPES buffered salt solution (phos-
phate-free, pH 7.4) with 1 mM ATP or ADP was added
to cell cultures (5×104 cells/well for astrocytes or
microglia) or tissue slices in 96-well plates and incubat-
ed for 10 min at 37 °C. Then, a 90-μl aliquot of the
supernatant was collected and transferred into pre-
chilled 96-well plate containing 20 μl of 10 % tri-
chloroacetic acid/well to stop the reaction. Remaining
cells or tissues were homogenized correspondingly in 50
or 500 μl of 0.02 % sodium dodecyl sulfate in
phosphate-buffered saline (PBS), centrifuged at
14,000×g, and protein concentrations were measured
in the extracts using Pierce BCA protein assay kit
(Thermo Scientific, Rockford, IL). For free phosphate
determination, supernatants were diluted 1:5 with fresh
reaction buffer, and a colorimetric reaction was per-
formed according to manufacturer’s instructions. Optical
absorbance of the reaction product was measured at
620 nm using Infinite M200 microplate reader (Tecan
Group Ltd., Männedorf, Switzerland), and free phos-
phate concentrations were calculated from the calibra-
tion curve. To determine the nonenzymatic production
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of free phosphate from ATP or ADP or direct release of
phosphate from cells or tissues, we incubated ATP and
ADP solutions without cells or incubated cells or tissues
in the reaction solution without ATP/ADP correspond-
ingly. These values were subtracted from the reported
values to correct for the contribution of nonenzymatic
production or direct phosphate release.

In situ phagocytosis assay with opsonized latex microspheres

Preparation of acute brain slices was performed as
previously described. Briefly, the forebrain hemispheres
of freshly isolated brain of 6–18-week-old mice were
cut into 140-μm-thin coronal slices with a vibratome in
ice-cold ACSF buffer. Slices were transferred onto a
nylon grid incubated in ACSF, continuously bubbled
with carbogen (95 % CO2, 5 % O2) for 2 h. Yellow-
green fluorescent carboxylated microspheres (Fluores-
brite, 3 μm diameter, Polysciences Europe GmbH,
Eppelheim, Germany) were coated with fetal calf serum
by shaking at 1,000 rpm for 30 min at room tempera-
ture. After centrifugation for 2 min at 3,000 rpm, su-
pernatant was discarded and microspheres were washed
and resuspended in ACSF. On each acute brain slice,
500 μl of the suspension containing 8.4×106 micro-
spheres were applied and incubated for 60 min at 37 °
C in an incubator. For experiments with pharmacolog-
ical compounds, they were diluted in microspheres
suspensions before addition to the slices. Pyridoxal-
phosphate-6-azophenyl-2',4'-disulfonic acid tetrasodium
salt (PPADS), N,N''-1,4-Butanediylbis[N'-(3-isothiocya-
natophenyl)thiourea (MRS 2578) and 1-(6-Amino-9H-
purin-9-yl)-1-deoxy-N‐ethyl‐β‐D‐ribofuranuronamide
(NECA) were from Tocris (Bristol, UK). After incuba-
tion, slices were washed three times with ice-cold PBS,
fixed with 4 % paraformaldehyde and immunostained
for microglia with anti-Iba 1 antibody as described
below.

Immunohistochemistry

Fixed and washed brain slices were incubated for 4 h
in permeabilization buffer (2 % Triton X-100, 2 %
BSA, 10 % NGS in 0.1 M PB, pH 7,4), followed by
a 48-h incubation with 0.75 μg/ml Iba1 antibody
(Wako Pure Chemicals, Japan) in dilution buffer
(1:10 of permeabilization buffer in 0.1 MPB, pH 7.4)
at 4 °C, followed by incubation with Alexa Fluor 633
labeled goat anti-rabbit antibodies (Invitrogen, Karls-
ruhe, Germany) (4 μg/ml in dilution buffer) for 2 h at
room temperature. After washing, slices were mounted
in Aqua-Poly/Mount (Polysciences Europe GmbH,
Eppelheim, Germany).

Confocal microscopy and statistical analysis

Confocal laser scanning microscopy was performed on
Leica TCS SP5 with ×40 oil immersion objective
(Leica, Wetzlar, Germany). We acquired 20-μm-thick
z-stacks at 0.5 μm interval beginning from the slice
surface in the cortex area of each slice. Total amount
of engulfed beads per cell, number of phagocytic micro-
glia, and total number of microglia cells were counted
in each z-stack using ImageJ software [19]. Only beads
colocalized in individual optical section with Iba1-
positive microglia cells were counted as phagocytosed.
The data were presented as phagocytic index, calculated
for each confocal stack by multiplying the percentage of
phagocytic cells with the average number of beads per
phagocytic cell. One-way ANOVA test, followed by
post hoc paired t tests with Bonferroni correction or t
test were used for statistical analysis.

Results

Microglial cells have higher extracellular ATP-degrading
activity than astrocytes

We compared the activity of extracellular enzymes
degrading purine-phosphates in purified cell cultures of
mouse astrocytes or microglia. Cell cultures were incu-
bated with 1 mM ATP or ADP for 10 min, and free
phosphate was measured in the supernatant using Mal-
achite Green assay [18]. To exclude the contribution of
nonenzymatic degradation of ATP and ADP, and direct
release of phosphate by cultured cells, we incubated
ATP and ADP in the absence of cells and cells without
ATP and ADP. The levels of phosphate measured in
these controls were subtracted from the experimental
values. Both astrocyte and microglia cultures were able
to generate free phosphate from ATP and ADP. Phos-
phate production from ATP was nearly three times
higher in microglia than in astrocytes, namely 8.62±
0.43 (n074) versus 2.96±0.18 (n034) μmol phosphate/
mg protein/min (protein content was used as a refer-
ence) correspondingly, and an even higher difference in
phosphate production was observed for ADP—5.31±
0.30 (n063) and 0.74±0.07 (n026) μM phosphate/mg
protein/min, respectively (Fig. 1a, b). To exclude a
contamination by microglia in the astrocyte cultures
[20], we also measured phosphate release by astrocyte
cultures pretreated for 72 h with clodronate, which
selectively kills microglia [21]. Enzymatic release of
phosphate from ATP and ADP was not different as
compared to untreated cultures, namely 2.96±0.18 (n0
34) and 2.66±0.08 μmol phosphate/mg protein/min (n0
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12) for ATP and 0.74 ± 0.07 (n027) and 1.25 ±
0.36 μmol phosphate/mg protein/min (n012) for ADP
for untreated and clodronate treated astrocytes, respec-
tively (Fig. 1a, b).

Impact of CD39 expression on ATP and ADP
dephosphorylation in microglia cultures and brain tissue

To test for the importance of CD39 for the dephosphoryla-
tion of extracellular ATP and ADP, we compared the micro-
glial activity from wild-type and cd39 −/− animals. In
microglia cultured from cd39−/− animals, generation of
phosphate from ATP and ADP was below the detection limit
of the phosphate measurement method used in this study
(n049 for each substance). This indicates that CD39 is the
major enzymatic component of microglia for the degrada-
tion of ATP and ADP.

To test for possible differences in dephosphorylation
between ATP/ADP and uridine di- and triphosphates, we
also examined the dephosphorylation of UTP and UDP
by cultured microglia. The dephosphorylation capacity
of microglia degrading UTP and UDP was remarkably
similar (8.76±0.52, n025 and 4.37±0.26, n027) to val-
ues measured for ATP and ADP as substrates. UTP and
UDP dephosphorylation was below detection in the
microglia cultures from cd39−/− animals.

Comparison of ADP-derived phosphate production by
acute slices from wild-type and cd39−/− animals also
showed that absence of cd39 leads to significantly lower
ADP degradation by the brain tissue (6.12±0.54 vs. 3.14±
0.55 μmol phosphate/mg protein/min; Fig. 1c). Phosphate
release from ATP was also significantly lower in cd39−/−

slices (9.06±0.67, n030 vs. 6.78±0.69 μmol phosphate/mg
protein/min, n020, from five independent slice prepara-
tions for each group, p00.013).

Dependence of microglial phagocytic activity on CD39
expression

We have studied the effect of cd39 deficiency on microglial
phagocytic activity in acute brain slices from adult animals
using an in situ phagocytosis assay (Fig. 2a, see “Materials
and methods” for details). Comparison of microglial phago-
cytic activity in situ in adult cd39−/− mice with wild-type
animals, obtained from five independent experiments,
revealed a significant elevation of constitutive phagocytic
activity in cd39−/− animals. Phagocytic index was correspond-
ingly 37.5±3.2 and 28.3±2.8, n084 for each group (n repre-
sents the number of confocal stacks used for analysis).

Fig. 1 Specific enzymatic activities of extracellular ATP- (a) and ADP-
degrading enzymes(b) are virtually absent in primary microglia cultures
from cd39−/− mice, while in primary cultures of astrocytes (either treated
or untreated with clodronate to remove contaminating microglia in the
astrocyte cultures), these enzymatic activities are substantially lower.
c Genetic knockout of cd39 affects ATP and ADP degradation by brain
tissue. Data shown as mean ± standard error of the mean, Significant
p values are as follows: single asterisk indicates, p<0.05; double asterisks
indicate p<0.01; triple asterisks indicate p<0.001
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Microglial phagocytosis was increased from 28.3±2.8
(n084) to 55.5±4.5 (n073) by 100 μM ATP (Fig. 2b).
However, when the effect of ATP was tested in cd39−/−

animals, no significant change in the phagocytic index
was observed (phagocytic indexes were correspondingly
37.5±3.2 (n084) without and 40.7±4.1 (n075) with ATP).

Absence of CD39 in cd39−/− animals can lead to chroni-
cally increased extracellular ATP and ADP concentrations.
This elevated ATP/ADP tone can in its turn induce either
chronical activation of P2 receptors or their inactivation, and
both mechanisms can be responsible for the observed loss of
stimulatory action of ATP on microglial phagocytosis in
cd39−/− animals. To test whether phagocytosis activity is
chronically stimulated by endogenous ATP, we blocked P2
receptors in wild-type and cd39−/− brain tissue. When the
broad-spectrum P2-purinoreceptor blocker PPADS (100 μM)
was added, microglial phagocytic activity was significantly
reduced in both wild-type and cd39−/− slices to 51.8±10.4
and 28.2±3.5 % of phagocytic activities measured in non-
treated slices from the same animals (Fig. 3, n039 for both

groups). Since the effect of PPADS is more effective in cd39−/−

versus control slices in relative terms, the remaining phagocytic
activity after PPADS blockade is at a similar base level in
cd39−/− versus control slices. Microglial phagocytic activity
was also in a similar manner attenuated by the subtype-
specific P2Y6 antagonist MRS 2578 (See Online Resource 1).

Activation of P1 receptors by non-hydrolysable analog
of adenosine decreases microglial phagocytosis

In addition to the well-established activation of phagocyto-
sis through P2 receptor signaling, we tested whether P1
receptor activation can influence this activity in microglia.
We tested for the involvement of P1 receptors by activating
the receptors with the non-hydrolysable analog of adeno-
sine, NECA (10 μM). The phagocytic activity was reduced
in the presence of NECA to 60.1±3.5 % of control (n030;
Fig. 3). The same effect of NECA was observed in slices
from cd39−/− animals, where phagocytosis decreased to
69.0±13.8 % as compared to control.
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situ phagocytosis assay using
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p<0.001

Purinergic Signalling (2013) 9:199–205 203



Influence of cd73 expression on AMP degradation
and microglial phagocytosis

AMP produced by dephosphorylation of ATP and ADP is
further degraded to adenosine by the extracellular ecto-
nucleotidase CD73 which is the only extracellular enzyme
with such activity known up to date. Phosphate production
from AMP by brain tissue from cd73−/− animals revealed a
strong decrease compared to the activity of brain tissue from

wild-type animals (0.62±0.04 and 0.02±0.01 μmol/ mg
protein/ min, n010, Fig. 4, a). Application of AMP to brain
slices from wild-type and cd73−/− animals also showed a
strong impact of cd73 for the degradation of AMP. In
contrast, we found no difference in phagocytic activity in
wild-type compared to cd73−/− microglia. Phagocytic index-
es (39.7±5.6 in wild-type and 39.9±3.7 in cd73−/−) were not
significantly different (n010 for each group, Fig. 4b).

Discussion

Phagocytosis by brain microglia is tightly controlled through
activation of purinoreceptors [2]. Accessibility of ligands for
this receptors, nucleoside tri- and diphosphates, depends on the
balance between their release from cells and enzymatic degra-
dation [10]. Enzymes, responsible for the degradation differ in
their kinetic properties and expression patterns between differ-
ent cell types. E-NTPDase1 (CD39) is specifically expressed
by microglia in the brain parenchyma [22] and is responsible
for the high ATP/ADP degradation capacity of these cells. In
comparison to astrocytes which express E-NTPDase2, we
found that microglia have about threefold higher ATP-
degrading capacity, and even higher for ADP due to difference
in substrate specificity of these enzymes. While the microglial
E-NTPDase1 can equally well convert ATP and ADP to AMP,
astrocytic E-NTPDase2 is rather inefficient for metabolizing
ADP [11]. Cd39 is responsible for nearly all ATP/ADP-degrad-
ing activity in cultured microglia as was revealed by compar-
ison of specific enzymatic activities in microglia from wild-
type and cd39−/− animals. In brain tissue, loss of CD39 activity
had a much stronger effect on the ADP- than on ATP- degrad-
ing activity, leading to a loss of about 50 and 25% of the ability
of the tissue to dephosphorylate these substances, correspond-
ingly. This can reflect the high redundancy of ATP-converting
extracellular enzymes in the tissue, while efficient ADP remov-
al strongly depends on CD39 function.

The majority of phagocytosis studies in microglia were
performed in cell cultures [23], where cells were removed
from their natural tissue surroundings and often treated with
growth factors to increase cell yields. Such treatments can
irrevocably change the cellular phenotype, and extrapolation
of the obtained data to the microglia in tissue surroundings
should be treated with caution. In vivo studies, where fluo-
rescent particles were injected in the tissue and phagocytosis
was evaluated using morphological methods are difficult to
quantify [24]. We have therefore studied phagocytosis in
acute brain slices. This assay combines the benefits of using
microglial cells in their tissue context milieu with the ad-
vantage of reliable quantification of phagocytosis activity.

The phagocytic activity in cd39-deficient animals was
higher as compared to control. We assume that due to the
lack of cd39 activity, the basal ATP (or ADP) level is
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elevated which leads to a chronic stimulation of the micro-
glial phagocytic activity. This is supported by the observa-
tion that (1) the blocker of P2 signaling, PPADS, reduced
phagocytic activity in control and cd39-deficient animals to
a common basal level and that (2) ATP did not increase
phagocytic activity in cd39-deficient animals.

Similar as reported for microglial migratory activity,
phagocytic activity is controlled by both P1 and P2
receptors [25]. It is well established that phagocytosis
is facilitated by P2Y6 receptor activation [2]. We found
that activation of P1 receptors by the non-hydrolysable
analog of adenosine, NECA, led to a moderate inhibi-
tion of phagocytic activity. Indeed, a similar mechanism,
namely negatively regulated phagocytosis by P1 recep-
tor stimulation, has been described for mouse macro-
phages and neutrophils [5].

CD73 is expressed by microglia and converts AMP to
adenosine. Indeed, dephosphorylation of extracellular AMP
by slices from cd73−/− mice was drastically reduced as
compared to control animals indicating virtual absence of
other enzymes with similar activity in the mouse brain
tissue. However, phagocytosis in slices from cd73−/− mice
was undistinguishable from those in wild-type slices. This
discrepancy can be explained by the ability of brain cells to
use alternative mechanisms of maintaining extracellular
adenosine concentration, such as equilibrative nucleoside
transporters, which can directly release intracellular adeno-
sine into extracellular space (see [26] for review).
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