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An astrocyte-like cell population corresponding to resid-
ual radial glia represents the neuronal progenitors of the
adult mammalian hippocampus. We show that radial
glia-like cells of the dentate gyrus express surface-
located ATP-hydrolyzing activity and are immunopositive
for NTPDase2. This enzyme hydrolyzes extracellular
nucleoside triphosphates such as ATP and UTP to their
nucleoside diphosphates and is thus involved in the
control of signaling via P2 receptors. NTPDase2 is
expressed from embryonic day 17 onward. In the hippo-
campus, the embryonic pattern of NTPDase2 expression
mirrors that of the dentate migration of neuroblasts. Dou-
ble-immunolabeling revealed that NTPDase2 is associ-
ated with subpopulations of glial fibrillary acidic protein-,
nestin- and doublecortin-positive radial cells. It is absent
from mature granule cells or S100-positive astro-
cytes. NTPDase2-positive cells proliferate. Furthermore,
after mitosis, progenitor cells preferentially reveal an
NTPDase2-positive phenotype. Patch-clamp analysis
demonstrates functional nucleotide receptors in progeni-
tor cells expressing nestin promotor-driven green fluo-
rescent protein. Our results identify the ecto-nucleoti-
dase NTPDase2 and functional P2X receptors at hippo-
campal progenitor cells. We infer that signaling pathways
via extracellular nucleotides may play a role in the control
of hippocampal neurogenesis. VVC 2005 Wiley-Liss, Inc.
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Extensive neurogenesis persists in two restricted
regions of the adult rodent brain, the subventricular zone
(SVZ) of the lateral ventricles and the dentate gyrus of
the hippocampus (Altman and Das, 1965; Gage et al.,
1998; Alavarez-Buylla and Garcia-Verdugo, 2002).
Radial glia-like cells (residual radial glia) are considered
to function as progenitors in the dentate gyrus (Kosaka

and Hama, 1986; Schmidt-Kastner and Szymas, 1990)
and maintain their neurogenic potential into adulthood.
The glial fibrillary acidic protein (GFAP)- and nestin-
expressing residual radial glial elements proliferate and
become transformed into neurons via transit amplifying
cells (Kaplan and Bell 1984; Stanfield and Trice, 1988;
Seri et al., 2001, 2004; Brown et al., 2003; Kemper-
mann et al., 2004; Steiner et al., 2004). Cells in the tran-
sition state lose markers for the undifferentiated state
(GFAP, nestin, vimentin), start to express markers of
neuronal differentiation [doublecortin (DCX), bIII-
tubulin, Prox-1, calretinin, calbindin, NeuN], and
migrate into the granule cell layer. The molecular factors
initiating the neurogenic transition from radial glia to
granule cells as well as the morphological and functional
identity of the transitional cell types are poorly defined
(Doetsch, 2003). In vivo labeling of proliferating cells
with bromodeoxyuridine (BrdU) and [3H]thymidine as
well as retroviral labeling data suggest that the GFAP-
expressing residual radial glia (B-cells) gives rise to
GFAP-negative cells (D-cells) that function as precursors
for generating granule cells (Seri et al., 2001, 2004). This
notion is further supported by functional and immuno-
labeling studies with mice transgenic for nestin promo-
tor-driven green fluorescent protein (GFP; Filippov
et al., 2003; Fukuda et al., 2003).
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Considerable numbers of growth factors, neurotrans-
mitters, and neuroactive peptides have been implicated in
hippocampal neurogenesis (Cameron et al., 1998). We
have previously shown that ecto-nucleoside triphosphate
diphosphohydrolase 2 (NTPDase2, ecto-ATPase) that
hydrolyzes extracellular nucleoside triphosphates to the
respective diphosphates, is selectively associated with type
B cells, the stem cells of the SVZ (Braun et al., 2003).
NTPDase2 is a member of the ecto-nucleoside triphos-
phate diphosphohydrolase (E-NTPDase) family with a
putative transmembrane domain at the N- and C-termini
and a large extracellular loop containing the catalytic site.
Members of this ecto-nucleotidase family are directly
involved in the modulation of nucleotide receptor (P2
receptor)-mediated cell communication (Zimmermann,
2000).

There is increasing evidence that extracellular
nucleotides can control astrocyte and/or neuronal cell
proliferation (Neary et al., 2001; Ryu et al., 2003), migra-
tion (Scemes et al., 2003), and differentiation (D’Ambrosi
et al., 2001). Extracellular nucleotides can act via iono-
tropic (P2X, permeable for Naþ, Kþ, and Ca2þ) or
metabotropic (P2Y) receptors. Whereas P2X receptors are
stimulated exclusively by ATP, P2Y receptors are acti-
vated by ATP, ADP, UTP, or UDP, depending on the
subtype (Ralevic and Burnstock, 1998). Various cell types,
including cultured astrocytes, express a variety of P2X and
P2Y receptors (Fumagalli et al., 2003).

We have analyzed the distribution of NTPDase2 in
the adult and developing mouse hippocampus by using
enzyme histochemistry and immunocytochemistry and
investigated the responsiveness of progenitor cells to ex-
tracellular nucleotides. Our results reveal that NTPDase2 is
associated with proliferating progenitor cell populations
of the dentate gyrus and that progenitor cells express
functional P2 receptors. This supports the notion that
extracellular nucleotides may function as signaling mole-
cules modulating adult neuronal development and differ-
entiation.

MATERIALS AND METHODS

Animals

All handling of animals was under veterinary supervision
according to European regulations (University of Frankfurt).
Mated female NMRI mice and postnatal animals of different
ages were obtained from Harlan-Winkelmann (Borchen,
Germany). Male C57BL/6 mice were obtained from Charles
River Wiga (Sulzfeld, Germany). The generation of NTPDase1
(cd39)-deficient mice from wild-type animals has been previ-
ously described (Enjyoyji et al., 1999). Two-month-old animals
were used for histological experiments with the exception of
studies in which the developmental expression of NTPDase2
was analyzed. For 5-bromo-2-deoxyuridine (BrdU) injections,
BrdU (Sigma, Taufkirchen, Germany) was dissolved in 0.9%
NaCl and filtered. Animals received a single intraperitoneal
(i.p.) injection of 50 mg/kg body weight and were sacrificed at
different time points (2, 24, and 72 hr). For electrophysiological
experiments, adult transgenic mice (8–32 weeks) expressing

GFP driven by the regulatory elements of the nestin gene were
employed (Yamaguchi et al., 2000; Sawamoto et al., 2001).

Preparation of Tissues for Histological Analyses

The dissection of mice at embryonic day 15 (E15) and
E17 and the preparation of tissue sections were described pre-
viously (Braun et al., 2003). Postnatal mice were deeply anes-
thetized with pentobarbital (800 mg/kg, i.p.) and perfused
intracardially with phosphate-buffered saline (PBS) containing
heparin (0.5 mg/ml), followed by 200 ml of 100 mM phos-
phate-buffered 2% or 4% paraformaldehyde (PFA), pH 7.4.
Subsequently, brains were removed and immersed at 48C in
the same fixative for 4 hr. Tissue was cryoprotected overnight
with 30% sucrose and frozen in isopentane at –808C or on
dry ice. Frozen tissue was stored at –808C until sectioning.
Coronal sections (9 lM and 14 lM) were taken at the cryo-
microtome, deposited onto poly L-lysine (Sigma)-coated
slides, and allowed to dry overnight at 378C. The dry sections
were stored at –48C until further processing.

Preparation of Acutely Isolated Cells

Brains of 2-month-old C57BL/6 animals were excised.
Hippocampi were dissected and cut perpendicular to the sep-
totemporal axis into 500-lm-thick sections with a McIlwain
tissue chopper. Sections were placed into a Petri dish contain-
ing Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Invi-
trogen, Karlsruhe, Germany). The dentate gyrus was then
microdissected from each section. Dissected tissue was digested
for 30 min in 1 ml dissociation media (DMEM/F-12, papain
1 mg/ml, DNase I 250 U/ml; Sigma) at 378C. Tissue was dis-
sociated mechanically with a fire-polished Pasteur pipette and
then centrifuged for 3 min at 70gav. Cells were resuspended in
culture medium [DMEM-F12 and 10% fetal calf serum (FCS)]
and sieved through a 40-lm sieve (BD Falcon, Heidelberg,
Germany). A slide centrifuge was used to cytospin cells onto
poly-L-lysine-coated slides. A sample of 104 cells was loaded
per cytospin chamber, centrifuged for 5 min at 280gav and
subsequently for 3 min at 1,100gav. After centrifugation, cells
were fixed with 2% PFA in PBS for 20 min and subjected to
immunolabeling.

Enzyme Histochemistry

For localization of ATPase and ADPase activity in brain
sections, a lead phosphate method with ATP or ADP as sub-
strates (1 mM each; Sigma) was applied as previously described
(Braun et al., 2003). To account for nonspecific phosphatase
activity, sections were incubated with para-nitrophenyl phos-
phate (1 mM; Sigma) as a substrate. In controls, the substrate
was omitted from the incubation solution.

Immunodetection

A polyclonal antibody specific for NTPDase2 (1:1,000)
was raised in rabbits as previously described (Braun et al.,
2003). Astroglia was detected with a monoclonal antibody
against GFAP (1:2,000, clone G-A-5; Sigma), or with a
monoclonal antibody against S100b (1:1,000, clone SH-B1;
Sigma). The brain microtubule-associated protein DCX was
detected by using a goat polyclonal antibody (1:200; Santa
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Cruz Biotechnology, Santa Cruz, CA). Mouse monoclonal
antibodies were applied for detection of the intermediate fila-
ment nestin (1:50, clone 401; Chemicon, Temecula, CA) and
the neuron marker anti-NeuN (1:50, MAB377; Chemicon).

Single immunolabeling of frozen sections was described
previously (Braun et al., 2003). For double-immunofluores-
cence analysis, both primary antibodies from different host
animals were coapplied overnight at 48C, followed by incuba-
tion with the appropriate Cy3 and Alexa- or fluorescein iso-
thiocyanate (FITC)-labeled secondary antibody. For immuno-
fluorescence analysis of nonperfused frozen tissue (embryos),
sections were fixed with 2% PFA for 7 min at room tempera-
ture (RT). Immunolabeling was carried out as described
above. In case of triple labeling of acutely isolated cells, the
alkaline phosphatase (AP) method was first applied to immuno-
detect NTPDase2, followed by BrdU detection. For immuno-
detection with the AP technique, endogenous AP activity was
blocked by preincubation with levamisole (10 min, 5 mM in
Tris buffer, pH 9.5; Sigma). An appropriate AP-conjugated
secondary antibody was applied and detected with Sigma Fast
BCIP/NBT-buffered substrate. For BrdU immunostaining,
cells were incubated in 50% formamide/50% 2� SSC buffer
(0.3 M NaCl/0.03 M sodium citrate) at 658C for 1 hr, rinsed
in 2� SSC, incubated in 2 M HCl for 30 min at 378C, and
rinsed in 0.1 M borate buffer, pH 8.5, for 10 min. After being
washed with PBS, cells were blocked with 5% (BSA) in PBS.
The anti-BrdU antibody was applied for 1 hr at RT, followed
by a 1 hr incubation at RT with the appropriate FITC-
labeled secondary antibody. After being washed with PBS,
cells were coverslipped as described above. The labeled tissue
sections were examined with a Zeiss Axiophot microscope
equipped with an MCID imaging analysis system (Imaging
Research, St. Catherines, Ontario, Canada) or with a con-
focal laser scanning microscope (TCS 4D; Leica, Bensheim,
Germany).

Quantification

For quantification of the double-labeled cell processes, a
gap of at least eight sections within the same series was main-
tained. In each coronal section (9 lm), the complete area of
both dentate gyri was analyzed via fluorescence microscopy
(Zeiss Axiophot). Stored images were analyzed for double
labeling of radial processes for NTPDase2 and GFAP, nestin,
or DCX. In all cases, labeling in the respective single channels
was directly compared with the superimposed images. Three
animals were analyzed for each experimental condition. For
quantification of isolated cells positive for NTPDase2 and
BrdU, cells were prepared for each isolation from three ani-
mals as described above, and triplicates were performed for
each condition. Among the 104 cells loaded per coverslip,
only BrdU-positive cells were counted. They were simultane-
ously analyzed for NTPDase2 immunoreaction. For each con-
dition, 18 coverslips were analyzed.

Preparation of Acute Brain Slices

For acute brain slice preparations, the forebrain was dis-
sected from nestin-GFP transgenic mice, and coronal sections
of 150 lm were cut with the Leica VT 1000S vibratome

(Leica, Nussloch, Germany), as previously described (Filippov
et al., 2003). Slices were gently placed onto a coverslip and
fixed with a U-shaped platinum grid with nylon mesh in a
recording chamber. The chamber was mounted on an upright
microscope (Axiovert FS; Zeiss, Oberkochen, Germany) and
continuously perfused with carbogenated bath solution com-
posed of (in mM): 134 NaCl, 2.5 KCl, 1.3 MgCl2, 2 CaCl2,
1.25 K2HPO4, 26 NaHCO3, 10 D-glucose, bubbled with
95% O2 and 5% CO2 at a rate of 1–2 ml/min, with a flow
rate of 4–6 ml/min.

Cellular Identification

The dentate gyrus of the hippocampus was identified by
standard transmission optics (Zeiss Axioskop), and images
could be recorded with a CCD camera and stored on com-
puter (Variocam; PCO Computer Optics, Kelheim, Germany).
Cells located about 10–30 lm below the surface of the slice
were visible with water-immersion optics using a 510/20-nm
bandpass filter for enhanced GFP fluorescence detection (exci-
tation max, 490 nm) and photographed with a CCD camera
(Watek Instruments) for recording cell size, location, and
morphology. To label the recorded cells, Alexa Fluor 594 (10
lg/ml; Molecular Probes, Eugene, OR) was added to the
pipette solution. After the patch clamp recording, the Alexa
Fluor 594 fluorescence was detected at an excitation wave-
length of 589 nm and an emission at 616 6 4 nm.

Electrophysiology

Membrane currents were measured with the patch-
clamp technique in the whole-cell voltage-clamp configura-
tion (Hamill et al., 1981). Current signals were amplified with
conventional electronics (EPC-9 amplifier; HEKA, Lambrecht,
Germany) filtered at 3 kHz and sampled at 5 kHz by an inter-
face connected to an IBM-compatible PC, which controlled
the amplifier output. The acquisition and the analysis of the
data were performed with WinTIDA software (HEKA).
Capacitive currents and series resistance compensation (see
below) were performed. Recording pipettes were fabricated
from borosilicate glass capillaries (Hilgenberg, Malsfeld, Ger-
many) and filled with a salt solution, which contained (in
mM): 130 KCl, 2 MgCl2, 0.5 CaCl2, 2 Na-ATP, 5 EGTA,
and 10 HEPES. The pH was adjusted with KOH to 7.4.
Pipette resistance was 4–8 MO.

RESULTS

Expression of Ecto-ATPase Activity and of
NTPDase2 in the Adult Dentate Gyrus

By using enzyme histochemistry, prominent
ATPase activity could be detected in the dentate gyrus
of the hippocampus (Fig. 1A). Labeled cells represent a
dense population whose cell bodies are located in the
subgranular layer (SGL). Strong processes traverse the
granule cell layer and form bushy ramifications in the
inner molecular layer (Fig. 1B). No staining could be
observed when ADP was applied as a substrate for the
same length of time (not shown), indicating that ATPase
staining was due to expression of NTPDase2. Further-
more, application of para-nitrophenyl phosphate as a
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substrate of AP solely resulted in the staining of micro-
vessles. The sections shown were obtained from
NTPDase1 knockout mice. Thus enzyme staining
excluded activity of NTPDase1. In contrast to
NTPDase2, NTPDase1 hydrolyzes ATP and ADP about
equally well and is strongly expressed by microglia and
microvessles of the brain (Braun et al., 2000), resulting
in an increased staining background. Staining of the

radial cells of the dentate gyrus was identical for knock-
out and wild-type mice (not shown).

Immunocytochemical analysis was performed with
wild-type mice. Application of an antibody specific for
NTPDase2 confirmed the presence of the enzyme pro-
tein (Fig. 1C). Staining was most intense around the cell
bodies in the SGL, where numerous small radial and
ventral cellular processes form a dense meshwork. Strong
immunostaining was also observed at the radial trunks
and their bushy ramifications in the inner one-fourth
of the molecular layer. Occasionally, processes of
NTPDase2-positive cells were found to terminate with
small bushy extensions in the outer molecular layer or to
traverse the entire outer molecular layer (see Fig. 3G).

Ontogenetic Expression of NTPDase2 in the
Hippocampus

To investigate when NTPDase2 is first expressed
in the hippocampus, we analyzed mice of various devel-
opmental stages. In the hippocampal region, very faint
NTPDase2 immunolabeling was first apparent at E17
(not shown). This was located at the ventricular zone of
Ammon’s horn and extended to the surface of the fim-
bria. Immunolabeling could also be detected in the sub-
pial region of the developing dentate gyrus, in a region
corresponding to the secondary dentate matrix (nomen-
clature of Altman and Bayer 1990). After birth (P1),
immunolabeling was considerably enhanced. Immuno-
labeled cells in the secondary dentate matrix formed a
prominent C-shaped structure (Fig. 2A). At this stage,
labeled cells did not display radially oriented processes
(Fig. 2B). At P5, immunolabeling for NTPDase2 was
apparent in both the secondary and the tertiary dentate
matrix (Fig. 2C). NTPDase2-positive cells located at the
inner border of the granule cell layer extended radial
processes throughout the granular layer (Fig. 2D).
At P15, intense NTPDase2 immunostaining became
restricted to the SGL (Fig. 2E). Radial processes traverse
the granular layer and terminate with bushy processes in
the inner molecular layer (Fig. 2F). Additional processes
reach the meninx and form bushy arborizations in the
subpial region (Fig. 2F). The majority of these long
processes had disappeared at P23 (Fig. 2G,H), when
immunostaining corresponded to the adult stage.

NTPDase2-positive immunostaining in the germinal
zones of the ventricular lining of the lateral ventricles was
first observed at E17. After birth, NTPDase2-labeling
extended throughout the lining of the lateral ventricles. It
became strongest at P3, and dense immunolabeled radial
processes spanned the cerebral cortex, reaching the pial
surface (Fig. 2I). Staining intensity was high toward the
ventricular and pial surfaces. The cells revealed the typical
bipolar morphology of radial glia, with one endfoot on
the ventricular surface and a radial process extending to
the pial surface. The staining inside the cerebral cortex
had disappeared at P5. During further development, ven-
tricular immunostaining for NTPDase2 became restricted
to the SVZ of the lateral ventricles and the rostral migra-

Fig. 1. Distribution of ATPase activity and NTPDase2 immunoreac-
tivity in the adult hippocampus. A: Enzyme histochemical staining for
ATPase activity depicts intensive staining of radial cells traversing the
granule cell layer (coronal section, NTPDase1 knockout). B: Detail of
enzyme histochemical staining for ATPase activity in the dentate gyrus.
Note many bush-like arborizations (arrows) at the apical portion of the
radial cells (coronal section, NTPDase1 knockout). C: Immunofluores-
cence staining for NTPDase2 depicts radial cells traversing the granule
cell layer (wild type). Cell bodies reside in the SGL. Trunks traverse
the granule cell layer and arborize (arrows) in the inner molecular layer.
GCL, granule cell layer; HI, hilus; IML, inner molecular layer; ML,
molecular layer; OML, outer molecular layer; SGL, subgranular layer.
Scale bars ¼ 100 lm in A, 200 lm in B,C.
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tory stream, as previously described (Braun et al., 2003).
We did not further investigate the distribution of
NTPDase2 immunolabeling in the adult mouse brain.
However, with forebrain sections, we observed select
labeling of fibrous cellular elements within the submenin-
geal region at the roof of the longitudinal cerebral fissure
and the hypothalamus as well as with sparse cellular ele-
ments longitudinally extending between myelinated
axons, exclusively in the medial part of the corpus cal-
losum. In addition, distinct labeling was obtained around
the large neurons of the medial habenula.

Association of NTPDase2 With Subtypes of Cells
in the Adult Dentate Gyrus

Because the dentate gyrus contains neuronal pro-
genitor cells representing various transition states of the

neurogenic pathway, we investigated the potential coloc-
alization of NTPDase2 with a variety of subtype-specific
cell markers (Fig. 3). With confocal microscopy, double
immunolabeling revealed a colocalization of NTPDase2
with the astrocyte marker GFAP. GFAP-positive fila-
ment bundles colocalize with NTPDase2-positive proc-
esses in the granule cell layer and the inner molecular
layer (Fig. 3A). The filaments do not enter the numer-
ous NTPDase2-positive terminal knobs in the inner
molecular layer nor the fine processes emerging from
the trunks that diverge between granule cell bodies.
Colocalization was further visualized along the z-axis,
revealing central GFAP-positive filament bundles sur-
rounded by immunostaining for the plasma membrane-
located NTPDase2. We also observed occasional dou-
ble-stained processes traversing the outer molecular layer

Fig. 2. Ontogenetic expression of NTPDase2 in the hippocampus as
revealed by immunofluorescence labeling of sagittal cryosections.
A,B: At P1, NTPDase2 is expressed in the C-shaped subpial region
of the dentate gyrus, the secondary dentate matrix (A). The migra-
tory stream connecting the ventricular zone and the subpial area are
faintly immunofluorescent (arrowheads). Arrows indicate the ventri-
cular zone of the Ammon’s horn. NTPDase2-positive cells with radi-
ally oriented processes are absent from the subpial region (B). C,D:
At P5, the unstained granular cell layer separates the outer
NTPDase2-positive subpial region from the inner NTPDase2-posi-
tive tertiary dentate matrix (C). At this developmental stage,
NTPDase2-positive radial processes (arrow) traverse the granular cell
(D). E,F: At P15, intense NTPDase2 immunofluorescence of the

tertiary matrix is restricted to the thin subgranular layer (E). Immu-
nopositive processes (arrow) extend from cells situated in the subgra-
nular layer to the inner and outer molecular layer (F). In either layer,
cell processes reveal bushy apical ramifications. G,H: At P23, the
subgranular layer is strongly immunopositive (G). As for the adult
brain, NTPDase2-positive processes (arrow) extend from the subgra-
nular zone to the inner molecular layer, where they terminate with
bushy ramifications (H). I: At P3, NTPDase2-positive radial proc-
esses extend from the ventricular surface to the pial surface of the
cerebral cortex. DG, dentate gyrus; HI, hilus; GCL, granule cell
layer; IML, inner molecular layer; ML, molecular layer; PCL, pyra-
midal cell layer; PS, pial surface; SGL, subgranular layer; VS, ventricular
surface. Scale bars¼ 100 lm in A,C,E,G, 20 lm in B,D,F,H, 50 lm in I.
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or branching into small bush-like arborizations within
the outer molecular layer (not shown). In addition to
the double-stained processes, the granule cell layer con-
tained radial processes that were immunopositive for
either GFAP or NTPDase2 alone.

A similar colocalization was observed for the inter-
mediate filament protein nestin that is expressed by stem
or progenitor cells of the CNS (Lendahl et al., 1990;
Fig. 3B). Filament bundles immunopositive for nestin
were hardly observed in the cell bodies but were promi-

Fig. 3. Immunofluorescence analysis of colocalization of NTPDase2
with other cell markers. A–C: Confocal image stacks. Colocalization
is visualized in the right panels along the xz-axis (bottom image
strips). A: Double immunofluorescence revealing partial colocaliza-
tion of NTPDase2 (red, top left) and GFAP (green, bottom left).
The arrow in the merged image depicts a radial process positive
only for GFAP. B: Double immunofluorescence revealing partial
colocalization of NTPDase2 (red, top left) and nestin (green, bottom
left). The arrow in the merged image depicts a radial process posi-
tive only for nestin. C: Double immunofluorescence revealing partial
colocalization of NTPDase2 (red, top left) and doublecortin (DCX;
green, bottom left). The arrows in the merged image depict radial
processes positive only for NTPDase2. D: Double immunofluores-

cence revealing colocalization of NTPDase2 (red) with horizontally
oriented DCX-positive cells (arrows) in the SGL. One cell extends
a small radial process (arrowhead). E: DCX-positive cell (green,
arrowhead) within the granule cell layer that is immunonegative for
NTPDase2 (red). Arrow, radial process positive only for NTPDase2.
F: Double immunofluorescence, lack of colocalization of NTPDase2
(red) and NeuN (green). G: Double immunofluorescence, lack of
colocalization of NTPDase2 (red) and S100b (green). The arrow-
head marks a radial NTPDase2-positive process reaching into the
outer molecular layer, the arrow a radial S100b-positive cell that is
negative for NTPDase2. IML, inner molecular layer; OML, outer
molecular layer; SGL, subgranular layer. Scale bars ¼ 10 lm in A–
E, 20 lm in F,G.
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nent in the radial trunks. An analysis along the z-axis of
confocal stacks revealed a central location of nestin sur-
rounded by an NTPDase2-positive surface. As for GFAP,
we identified occasional processes in the outer molecular
layer doubly labeled for nestin and NTPDase2. We also
observed radial cellular processes immunopositive for
either nestin or NTPDase2 alone. It should be noted that
antinestin immunofluorescence detects the filamentous
protein mainly in the nestin-rich radial processes. In con-
trast, expression of the soluble GFP expressed under the
nestin promoter results in labeling of the entire cytosol,
including the cell body and the basal processes (cf. Fig. 6),
rather resembling the cellular profile obtained after immu-
nolabeling for NTPDase2.

In addition, NTPDase2 was colocalized with
DCX-immunopositive radial cells. The microtubule-
associated protein was located both in the cell bodies
and the trunks traversing the granule cell layer. Because
of the very dense distribution of NTPDase2-positive cell
bodies and in particular their numerous small processes,
it was impossible in most instances to identify a colocali-
zation of the two markers at the level of the cell bodies.
However, in the case of reduced density of cell bodies,
we could assign NTPDase2 immunoreactivity to DCX-
positive cell bodies connected either to a radial trunk
(Fig. 3C) or to cells with a horizontal subgranular exten-
sion (Fig. 3D). DCX-positive radial cells tended to have
a more diffuse NTPDase2-positive surface than GFAP-
and nestin-positive cells. Processes of the DCX-positive
cells were often found to extend into the outer molecu-
lar layer. No significant NTPDase2 immunostaining
could be associated with these peripheral processes. We
occasionally observed DCX-positive cells with strong
radial processes inside the granule cell layer that were
negative for NTPDase2 (Fig. 3E). As shown in Figure
3F, NTPDase2 immunoreactivity was absent from
mature granule cells identified by immunostaining for
NeuN. Similarly, NTPDase2 immunoreactivity was not
associated with cells immunopositive for the astrocyte
marker S100b (Fig. 3G). S100b was associated with stel-
late astrocytes in the hilus and in the molecular layer
and, in rare instances, with cells radially extending
through the granule cell layer.

We quantified the relative distribution of radial
processes labeled for GFAP, nestin, or DCX (Fig. 4).
Because immunolabeling for NTPDase2 in the SGL is
very intense and covers the layer almost completely (cf.
Fig. 1C), a quantitative estimate to assess colabeling
could not be performed at the level of the cell bodies.
We therefore analyzed the major cell trunks traversing
the granule cell layer. By using this method, we could
clearly identify double-labeled processes but could not
exclude the possibility that occasionally processes had
originated from the identical cell. In addition, we
exclude the NTPDase2-positive horizontal cell popula-
tion from the analysis. In case of double labeling for
GFAP, about half of the processes were positive for both
NTPDase2 and GFAP, 37% for GFAP only, and 15%
for NTPDase2 only. Similarly, there was a high degree

of overlap between NTPDase2 and nestin (64%). A
small contribution of processes immunostained for nestin
only, and 29% were positive for NTPDase2 but did not
stain for nestin. NTPDase2 colocalized also with DCX
(46%), with 31% of the processes immunostaining only
for DCX and 33% only for NTPDase2. This further
supports the notion of considerable molecular and possi-
bly also functional heterogeneity of NTPDase2-positive
radial cells.

Proliferating Cells Express NTPDase2

To investigate whether NTPDase2-expressing cells
undergo proliferation, animals received a single dose of
BrdU and were analyzed after 2, 24, and 72 hr. Immuno-
cytochemical visualization of BrdU incorporation into cell
nuclei of the hippocampus revealed the previously
described preferential localization in the SGL of the den-
tate gyrus (Seki and Arai, 1995; not shown). Because the
BrdU-labeling protocol impaired the immunofluores-
cence labeling for NTPDase2, double labeling was per-
formed by using immunolabeling with an AP-conjugated
secondary antibody. The intense immunolabeling for
NTPDase2 at the basal cellular processes prohibited a clear
allocation of BrdU-labeled cell bodies to NTPDase2-posi-
tive cells. We therefore isolated total cells from the micro-
dissected dentate gyrus, centrifuged them onto slides, and
subjected them to a cytological analysis. Triplicate labeling
of isolated cells was performed using fluorescence
for DAPI, immunofluorescence labeling for BrdU, and
immunolabeling with an AP-conjugated secondary anti-
body for the detection of NTPDase2. Figure 5A reveals
the principal labeling combinations obtained. DAPI-label-
ing identified the nuclei of all isolated cells. BrdU-labeled

Fig. 4. Colocalization of NTPDase2-positive radial processes with
GFAP, nestin, and DCX. Double labeling was analyzed for cellular
processes traversing the granular layer. All values are means 6 SD of
relative values (three independent experiments for each condition).
The total numbers of processes analyzed for colocalization with
NTPDase2 were 1,180, 1,235, and 1,421 for GFAP, nestin, and
DCX, respectively.
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cells either were labeled for NTPDase2 or they were
NTPDase2-negative.

A quantitative analysis revealed that the number of
BrdU-positive cells increased with postinjection time
from 2 to 72 hr (Fig. 5B). Essentially the same results

were obtained in previous studies when intact tissue sec-
tions were analyzed (Steiner et al., 2004), validating the
cell isolation procedure for quantification of BrdU label-
ing. Two hours after BrdU injection, the numbers of
BrdU-labeled cells positive and negative for NTPDase2
were equal (Fig. 5C). The number of NTPDase2-nega-
tive cells revealed no increase after 24 hr and showed a
small (1.8-fold) increase after 72 hr. In contrast, there
was a threefold increase of cells positive for both BrdU
and NTPDase2 after 24 hr, which rose to a factor of 9.7
after 72 hr. These results suggest that NTPDase2 remains
associated with the majority of cells up to 72 hr follow-
ing the initial proliferation.

Nucleotide Receptors on Residual Radial Glia

With the patch-clamp technique, progenitor cells
of the dentate gyrus in mice transgenic for GFP under
the control of the nestin promotor were analyzed for the
expression of functional nucleotide receptors. Cells could
be identified in acutely isolated hippocampal slices by
the green fluorescent label. We have previously shown
that nestin-expressing precursor cells in the adult subgra-
nular zone of hippocampal dentate gyrus can be divided
into two distinct subpopulations based on morphological
criteria (Filippov et al., 2003). Type 1 cells express
GFAP and are characterized by long radial glia-like
processes spanning the entire granule cell layer. Type 2
cells have shorter horizontal (or no) processes and lack
expression of GFAP.

These cells were approached with the patch pipette
to record membrane currents in response to ATP, using
the whole-cell recording mode of the patch clamp tech-
nique (Fig. 6A). When the membrane was clamped at –
70 mV, ATP elicited an inward current in most radial
cells (type-1; 13 of 18) and in a minority of cells with a
horizontal orientation lacking extensive processes (type
2, 2 of 14). To obtain the reversal potential of the
response, we repetitively clamped the membrane at a
series of de- and hyperpolarizing potentials between –
130 mV and þ30 mV, and this series of voltage steps
was repeated every 6 sec. As shown in Figure 6B,C, a
current voltage curve was obtained by subtracting cur-
rents at the peak of the ATP response from control cur-
rents. The current voltage curve was essentially linear
and reversed close to 0 mV. We conclude from these
data that a subpopulation of precursor cells expresses
ionotropic P2X receptors. For 3 of 7 cells, we also
observed small inward currents in response to ADP and
UTP. Because these currents were fairly small, we did
not analyze this response further.

DISCUSSION

In this study, we show that the NTPDase2 is asso-
ciated with proliferating cells in the adult mouse dentate
gyrus. In addition, the enzyme is selectively associated
with a population of cortical radial glia appearing late
during brain development. Patch-clamp recording from
cells expressing GFP under the control of the nestin pro-

Fig. 5. Association of NTPDase2 with BrdU-labeled cells. A: Triple
labeling of cells acutely isolated from the dentate gyrus of adult ani-
mals following BrdU injection (2 hr). Nuclei were labeled with
DAPI; BrdU was detected by immunofluorescence; and, for detec-
tion of NTPDase2, a secondary alkaline phosphatase-conjugated anti-
body was applied. Principal labeling combinations obtained are illus-
trated. BrdU-labeled cells were either positive (1) or negative (2) for
NTPDase2. Arrowheads depict cells immunopositive for NTPDase2.
B: Time dependence of BrdU labeling. Mice received a single dose
of BrdU. Cells were isolated from the dentate gyrus at different time
points and subjected to immunodetection after centrifugation onto
coverslips. C: Time dependence of colocalization of BrdU-labeled
cells with NTPDase2. Values represent means 6 SD of three inde-
pendent experiments for each time point. The total numbers of cells
analyzed corresponded to 311 (2 hr), 594 (24 hr), and 1,634 (72 hr).
*P < 0.05, **P < 0.01 (t-test).
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motor shows that hippocampal progenitor cells express
functional P2 receptors.

Hippocampal Expression of NTPDase2 During
Development

NTPDase2 becomes expressed first during late
embryonic development (E17) and thus likely has no
importance in early brain development. Interestingly,
NTPDase2 can serve as an excellent marker for moni-
toring the development of the dentate gyrus. Mitotic
precursor cells migrate from the ventricular zone into
the dentate gyrus after the anlage is established (Altman
and Bayer, 1990). The first dentate migration of neuro-
blasts during late embryonic development results in the
formation of early granule cells that will later constitute
the outer shell of the granular layer. A second migration
gives rise to a postnatal inner and tertiary dentate matrix,
a transient proliferative zone in the hilus, and finally the
subgranular zone that produces the inner part of the
granular layer. This SGL persists in the adult animal.
These stages can clearly be depicted by immunostaining
for NTPDase2. The radial glia-like phenotype with the
cell body at the inner lining of the granule layer can be
identified at P5. At P23, the pattern of immunolabeling
corresponds to that of the adult animals. This suggests
that NTPDase2 is selectively associated with progenitor
cells of the dentate gyrus, beginning with the early
migration of progenitors into the dentate gyrus anlage
during embryonic development.

Strong immunolabeling of radial glia could be
detected in the early postnatal cerebral cortex, consider-
ably later than the beginning of cortical radial glia forma-
tion (Hartfuss et al., 2001). Cortical radial glia generates
the majority of pyramidal neurons (Malatesta et al., 2003).
Immunostaining for NTPDase2 ceases after P5, a state
when radial glia transforms into astrocytes (Misson et al.,
1991). NTPDase2 thus marks a population of cortical
radial glia that appears late during brain development.

NTPDase2 Is Associated With Subtypes of Cells
in the Adult Dentate Gyrus

Our study reveals that NTPDase2 can be associated
with GFAP-, nestin-, and DCX-positive radial cells of
the dentate gyrus. Cells positive for NTPDase2 and
DCX also include horizontal cells of the SGL.
NTPDase2 is absent from S100b-positive astrocytes as
well as from NeuN-positive mature granule cells. The
GFAP- and nestin-expressing radial cell type is generally
believed to represent the principal type of hippocampal
progenitor cell (Kempermann et al., 2004). Both fila-
ment proteins overlap (Filippov et al., 2003) or were
found to be entirely coexpressed (Steiner et al., 2004;
Mignone et al., 2004). In contrast, DCX expression is
indicative of a transition to a neuronal phenotype or an
immature form of granule cell (Brown et al., 2003; Seri
et al., 2004; Steiner et al., 2004). GFAP-positive, nestin-
positive, and DCX-positive cells have all been shown to
proliferate (Brandt et al., 2003). Our study suggests that
NTPDase2 remains associated with proliferating cells, in
that it is expressed from early progenitor cells (nestin,
GFAP) to young differentiating neurons (DCX). This
notion is further supported by the analysis of BrdU
incorporation. BrdU-positive cells in S phase (2 hr after
injection) were found to be positive for NTPDase2, sug-
gesting that NTPDase2-positive cells can proliferate.
The contribution of these cells increases roughly in
parallel to the BrdU incorporation into dentate gyrus
cells, suggesting that NTPDase2 remains associated with
cells for more than one cell cycle. Alternatively, cells not
initially positive for NTPDase2 (e.g., GFAP- or nestin-
positive cells that do not stain for NTPDase2) may
acquire an NTPDase2-positive phenotype following pro-
liferation.

Our results are compatible with the notion that
radial NTPDase2-positive astrocyte-like precursors pro-
liferate and form horizontal NTPDase2- and DCX-
expressing D cells that gradually (D1–D3 type) differen-

Fig. 6. Response to extracellular ATP in GFP-expressing neuronal
precursor cells. A: Micrograph showing the fluorescence image of a
green fluorescent protein-labeled cell in the dentate gyrus of the hip-
pocampal slice. The recording shown in B and C was obtained from
this cell. B: The membrane was clamped from a holding potential of
–70 mV to a series of de- and hyperpolarizing potentials ranging
between –130 mV and þ30 mV, with 20 mV increments. In this

graph, the single voltage steps cannot be resolved; rather, the graph
reveals the overall change in membrane conductance over time. ATP
(1 mM) was applied as indicated. C: Two series of voltage steps from
the recording shown in B before (1) and at the peak of (2) the ATP
response were used to construct a current voltage curve, as shown on
the right. Scale bar ¼ 20 lm.
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tiate into granule cells (Seri et al., 2004). Interestingly,
we found NTPDase2 to be colocalized with DCX only
at the level of the cell body and in proximal radial proc-
esses but not in processes within the molecular layer.
This contrasts with the colocalization of NTPDase2 with
processes of GFAP- or nestin-positive cells in the molec-
ular layer. In addition, NTPDase2 was absent from rami-
fying DCX-positive cells that had entered the granule
cell layer. These data suggest that NTPDase2 can be
associated with immature neurons, before these develop
fully differentiated neurites. Apparently, NTPDase2
expression ceases during maturation and dendrite exten-
sion of DCX-positive cells.

Nucleotide Receptors Are Associated With
Progenitor Cells

The ecto-nucleotidase activity of hippocampal pro-
genitor cells implies that extracellular nucleotides may be
involved in the control of hippocampal neurogenesis and
that NTPDase2 may play a functional role in the extracel-
lular hydrolysis of released nucleotides. This is further sup-
ported by our observation that radial cells expressing GFP
(under the control of the nestin promotor) express func-
tional P2X receptors. Interestingly, expression of receptors
varied between radial and horizontal cells. Only a minor-
ity of cells with a horizontal orientation (previously shown
to reveal outwardly rectifying properties; type-2 cells of
Filippov et al., 2003; Fukuda et al., 2003) respond to ATP
with an inward current. In contrast, more than two-thirds
of cells with a radial glial phenotype were found to express
P2X receptors. It is interesting to note that nestin immu-
noreactivity and NTPDase2 immunoreactivity overlap in
64% of the radial cell processes. It is thus possible that the
NTPDase2-positive cell population corresponds largely to
the P2X receptor-expressing cell population. The GFP-
positive radial cells (type 1 cells) reveal passive noninacti-
vating currents with a linear current voltage relationship
and a reversal potential close to the Kþ equilibrium poten-
tial (Filippov et al., 2003; Fukuda et al., 2003). Possibly
ATP, released from incoming hippocampal commissural-
associational fibers, preferentially activates the radial pro-
genitor cells via ionotropic P2X receptors. The observed
heterogeneity of residual radial glia regarding its respon-
siveness to ATP further supports the notion of a functional
heterogeneity as revealed by the immunostaining: We
observed radial cells that were negative for NTPDase2 but
positive for either GFAP or nestin.

Functional Relevance of Ecto-Nucleotidase
Activity and Nucleotide Receptors

This raises the question of the functional signifi-
cance of the high NTPDase2 expression by hippocampal
progenitor cells. The high activity of NTPDase2 would
suggest that it inactivates the nucleotide following recep-
tor activation and would imply colocalization of both
receptor and inactivating enzyme. The present study
demonstrates the presence of ionotropic P2X receptors
on radial progenitor cells but does not exclude the possi-

bility of the additional presence of metabotropic P2Y
receptors, on radial as well as on horizontal cells. The
absence of ecto-nucleotidase activity in differentiating
and mature granule cells would in turn implies the
absence of a nucleotidergic signaling pathway following
cell maturation.

Previous evidence obtained for various cell types
suggests that extracellular nucleotides can be involved in
the regulation of cell proliferation and/or differentiation.
Nucleotides can induce differentiation of PC12 cells,
presumably involving both P2X and P2Y receptors
(D’Ambrosi et al., 2001). Nucleotides were shown to
exert a synergistic effect on cell proliferation together
with growth factors or cytokines (Lemoli et al., 2004),
converging on growth factor-activated signaling path-
ways (Lenz et al., 2000). Indeed, a recent study revealed
that extracellular ATP supports calcium wave propaga-
tion through radial glial cells of embryonic rat cortical
slices and that wave disruption decreases ventricular zone
proliferation during the peak of embryonic neurogenesis
(Weissman et al., 2004). It is possible that the profile of
P2 receptor expression changes with progressive cell dif-
ferentiation, and activation of certain P2 receptor sub-
types could favor precursor cell proliferation or differen-
tiation. Additional investigations are required to identify
nucleotide receptor subtypes and to elucidate fully the
functional role of NTPDase2 and of nucleotides in hip-
pocampal neurogenesis.
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