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Abstract

Nerve cells are continuously generated from stem cells in the adult mammalian subventricular
zone (SVZ) and hippocampal dentate gyrus. We have previously noted that stem/progenitor cells
in the SVZ and the subgranular layer (SGL) of the dentate gyrus express high levels of plasma
membrane-bound nucleoside triphosphate diphosphohydrolase 2 (NTPDase?2), an ectoenzyme that
hydrolyzes extracellular nucleoside di- and triphosphates. We inferred that deletion of NTPDase2
would increase local extracellular nucleoside triphosphate concentrations perturbing purinergic
signaling and boosting progenitor cell proliferation and neurogenesis. Using newly generated mice
globally null for Entpd2, we demonstrate that NTPDase2 is the major ectonucleotidase in these
progenitor cell rich areas. Using BrdU-labeling protocols, we have measured stem cell
proliferation and determined long term survival of cell progeny under basal conditions. Brains of
Entpd2 null mice revealed increased progenitor cell proliferation in both the SVZ and the SGL.
However, this occurred without noteworthy alterations in long-term progeny survival. The
hippocampal stem cell pool and the pool of the intermediate progenitor type-2 cells clearly
expanded. However, substantive proportions of these proliferating cells were lost during
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expansion at around type-3 stage. Cell loss was paralleled by decreases in CREB phosphorylation
in the doublecortin-positive progenitor cell population and by an increase in labeling for activated
caspase-3 levels. We propose that NTPDase2 has functionality in scavenging mitogenic
extracellular nucleoside triphosphates in neurogenic niches of the adult brain, thereby acting as a
homeostatic regulator of nucleotide-mediated neural progenitor cell proliferation and expansion.

Keywords

Adenosine 5'-triphosphate; Adult neurogenesis; Ectonucleotidase; Hippocampus; Neural stem
cell; Proliferation; Subventricular zone

INTRODUCTION

In the adult mammalian brain, neurons are continuously generated de novo from stem cells
in two major neurogenic niches: the subventricular zone (SVZ) of the lateral ventricles and
the hippocampal dentate gyrus [1, 2]. The principal mechanisms of neurogenesis in the two
brain regions are comparable but also differ in several respects. Specifically, neural stem
cells of the SVZ generate neurons for the olfactory bulb. There is strong experimental
evidence that the astrocyte-like B cells (or at least a subpopulation) represent the primary
neural stem cells, from which the rapidly proliferating C cells and the neurally determined A
cells (neuroblasts) are formed. Neuroblasts enter the rostral migratory stream (RMS) and
migrate towards the olfactory bulb where they can differentiate into interneurons [3]. Stem
cells in the adult hippocampus (type-1 cells) give rise to granule cells of the dentate gyrus.
Their cell bodies are situated in the subgranular layer (SGL) and initially generate the
strongly proliferating type-2 cells. These in turn generate type-3 cells that migrate at short
distance into the granule cell layer, become postmitotic and grow dendrites and an axon [4].

Adult neurogenesis in the olfactory bulb has been related to odor memory and perception [5]
whereas neurogenesis in the dentate gyrus is important for hippocampus-specific learning
and memory [2]. Several factors, including growth factors and neurotransmitters contribute
to proliferation, neuronal integration and/or survival [6, 7]. To date little is known how the
lifetime of the various signal substances is controlled and how homeostasis of the
neurogenesis pathway is maintained.

Increasingly new data indicate that extracellular purine and pyrimidine nucleotides are
involved in the control of both embryonic and adult neurogenesis. These extracellular
nucleotides act via ionotropic P2X or metabotropic P2Y receptors. ATP was found to be
released from cultured SVZ-derived neural progenitors [8], from B1 cells in acute brain
slices [9] and from hippocampal astrocytes [10]. Several studies provided evidence that ATP
or UTP stimulate proliferation or also migration of embryonic or adult neural progenitor
cells in vitro [8, 11-14].

Work on rat and mouse embryonic brain slices further revealed that neural precursors in situ
could release ATP. Extracellular ATP induces receptor-mediated Ca2* fluctuations in
ventricular zone precursors and facilitates progenitor cell proliferation and migration within
the developing cortex [15-17]. Additional studies on the adult SVZ [18] or the adult
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hippocampus [10, 19] in situ or on organotypic cultures of the SVZ [20] further provide
evidence that ATP or the ADP analog adenosine 5’-O-2-thiodiphosphate (ADPpS) can
promote progenitor cell proliferation in the adult.

The functionality of extracellular nucleotides is controlled by ectonucleotidases, which are
plasma membrane-bound enzymes, of which the catalytic site faces the cell exterior [21].
We have previously shown that the extracellular nucleotide hydrolyzing enzyme nucleoside
triphosphate diphosphohydrolase2 (NTPDase?) is highly expressed on adult neural
progenitor cells (B cells) of the SVZ and RMS [22] and on type-1 to type-3 cells of the
hippocampus but is absent from stellate astrocytes or mature neurons [23]. NTPDase2
catalyzes the dephosphorylation of nucleoside triphosphates, generates nucleoside
diphosphates and eventually the respective nucleoside monophosphates, thus terminating
their effect on nearby nucleotide receptors.

We have hypothesized that NTPDase2 plays a major role in controlling the impact of
extracellular nucleotides in these major neurogenic niches. In turn, deletion of the enzyme
would be expected to have a major impact on extracellular nucleotide-mediated functions
that in turn influence adult neurogenesis. We analyzed an Entpd2 null mouse model [24] to
obtain in situ information on the functional role of nucleotides on progenitor cell
proliferation and neuron formation in the non-injured SVZ and hippocampus. Our results
suggest that NTPDase2 functions to modulate nucleotide-mediated progenitor cell
proliferation and expansion, thereby acting as a homeostatic regulator of nucleotide-
mediated neural progenitor cell proliferation and expansion under basal conditions.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the local government and conducted under
veterinary supervision in accordance with European regulations. Experiments were
performed using mice aged 8-12 weeks. Animals were kept under 12 hours light and dark
cycle with food and water ad libitum. Entpd2 null and other mutant mice with the
corresponding wild types (litters) were bred in house.

Entpd?2 targeting was initiated at BIDMC, Harvard University, Boston (SCR/KE) where
constructs to generate null mice were designed to delete Exons | and I, including the entire
promoter region. Entpd2 KO animals were then generated by homologous recombination in
murine ES cells derived from 129Sv at GenOway, Lyon, France (www.genoway.com). The
resultant mutant mice were screened by PCR and homozygous Entpd2 mice were created, in
which the gene deletion was validated by PCR and immunohistochemistry. To identify
primary neural stem cells in the neurogenic niches, we bred mice expressing the enhanced
green fluorescent protein (EGFP) under control of the nestin promoter [25] to Entpd2 KO
mice. Gene deletions and nestin-driven EGFP expression were confirmed by
immunohistochemistry and genotyping of 3—4 week old pubs using oligonucleotides given
in Table S1. For analysis of progenitor cell proliferation and survival mice received 5 daily
intraperitoneal injections of the thymidine analogue 5-bromo-2-deoxyuridine (BrdU; 50
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mg/kg of body weight, Sigma-Aldrich, Steinheim, Germany, www.sigmaaldrich.com).
Animals were perfused either 2 hours or 4 weeks after the final BrdU pulse.

For analysis specifically of type-1 cell proliferation, mice received 3 intraperitoneal BrdU
injections at 2 hour interval. Animals were perfused 2 hours after the final BrdU pulse.

Enzyme Histochemistry

For histochemical analysis of neurogenic niches animals received an anaesthetic overdose of
ketamine (100 mg/kg body weight; Ketavet, Pfizer Pharmacia, Berlin, Germany), xylazine
(10 mg/kg body weight; Rompun, Bayer Vital, Leverkusen, Germany) and pentobarbital (20
mg/kg body weight; Narcorene, Merial GmbH, Hallbergmoos, Germany) and were
intracardially perfused with 10 ml of physiological saline (0.9% NaCl) followed by
perfusion with 150 ml of ice-cold 4% paraformaldehyde in phosphate-buffered saline (PBS:
137 mM NaCl, 2.7 mM KClI, 10.1 mM NaHPO4, 1.8 mM KH,PO4, pH 7.4). Brains were
isolated, postfixed overnight in 4% paraformaldehyde/PBS and cryoprotected with 30%
sucrose/PBS for 24 hours to 48 hours at 4°C. After embedding in Tissue-Tek (Sakura,
Staufen, Germany, www.sakuraeu.com), brains were frozen and serially cut into 40 um thick
sagittal or coronal floating sections, using a Leica microtome (CM 3050S, Leica, Wetzlar,
Germany, www.leica-microsystems.com).

ATPase, ADPase, and AMPase activity was visualized as previously described [26]. In
brief, cryosections were preincubated for 30 min at room temperature with Tris-maleate
sucrose buffer (TMS; 0.25 M sucrose, 50 mM Tris-maleate, pH 7.4) containing 2 mM
MgCl,. The enzyme reaction was performed at 37°C in TMS-buffered substrate solution [2
mM Pb(NO3),, 5 mM MnCly, 2 mM MgCly, 50 mM Tris-maleate, pH 7.4, plus 0.25 M
sucrose stabilized with 3% dextran T 250 (Roth, Karlsruhe, Germany, www.carlroth.com)]
for 30 min, containing 1 mM of either of the following substrates: ATP, ADP (both Sigma-
Aldrich), AMP (Boehringer, Ingelheim, Germany, www.boehringer-ingelheim.com). After
rinsing with demineralized water the lead orthophosphate precipitated as a result of
nucleotidase activity was visualized as a brown deposit by incubating sections in an aqueous
solution of 1% (v/v) (NH4),S. For detection of alkaline phosphatase activity the BCIP/NBT
system (Sigma-Aldrich) was applied according to the manufacturer’s protocol. Sections
were dehydrated in graded ethanol and mounted with Roti-Histokit 11 (Roth).

Immunocytochemistry

For detection of overall BrdU labeling in SVZ and hippocampus, floating sections (40 pm)
were pretreated with 0.6% H,0, in Tris-buffered saline (TBS; 0.15 M NaCl, 0.1 M Tris-
HCI, pH 7.5) for 30 min to denature DNA, rinsed in TBS and incubated in 50% formamide
in 2x saline-sodium citrate buffer (SSC) (0.3 M NaCl, 0.03 M sodium citrate) at 65°C for 2
hours followed by a 5-minute rinse in 2x SSC and a 30-minute incubation in 2 M HCI at
37°C. Sections were neutralized by incubation in 0.1 M boric acid for 10 min, washed in
TBS and blocked with 3% normal donkey serum in TBS containing 0.1 % Triton-X-100 for
30 min, followed by incubation with an anti-BrdU antibody (AbD Serotec, Diisseldorf,
Germany, www.abdserotec.com) in the same blocking solution (overnight at 4°C).
Following several rinses in TBS, sections were incubated for 1 hour with secondary
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antibodies (Biotin-coupled donkey anti-rat, Cy3-coupled donkey anti-mouse, Cy5-coupled
donkey anti-rabbit, Dianova, Hamburg, Germany, www.dianova.com) and Alexa fluor 488-
coupled donkey anti-rat, Invitrogen, Karlsruhe, Germany, www.lifetechnologies.com) at
room temperature. Cryosections were washed in TBS and, in case of peroxidase detection,
an avidin-biotin-peroxidase complex (Vector Labs/Biozol, Eching, Germany,
www.biozol.de) was applied for 1 hour at room temperature and sections were incubated in
diaminobenzidine (DAB) substrate solution (25 mg/ml DAB, Sigma-Aldrich, 0.01% H,0,,
0.04% NiCI) for 10 min.

For triple fluorescent immunostaining for BrdU and additional antigens, antibodies against
the glial fibrillary acidic protein (GFAP, Sigma-Aldrich), NeuN, (Millipore, Schwalbach,
Germany, www.millipore.com) or GFP (Abcam plc, Cambridge, UK) the protocol was
adapted by omitting incubation with H,Os. For standard immunohistochemical procedures
the following antibodies were applied: anti-Sox-2 (Y-17, sc-17320, Santa Cruz
Biotechnology, Heidelberg, Germany, www.scht.com), anti-doublecortin (DCX, Santa Cruz
Biotechnology), anti-NTPDase2 [22], anti-phospho-CREB (Ser133), and rabbit anti-cleaved
caspase-3 (Aspl75) (Cell Signaling Technology/New England Biolabs, Frankfurt, Germany,
www.cellsignal.com). DNA denaturation was replaced by cell permeabilization with 0.1%
Triton-X-100/PBS. Washed cryosections were transferred onto glass slides and mounted in
AguaPolymount (Polyscience, Eppelheim, Germany, www.polysciences.com).

Stereological Quantification Procedures

For quantification of peroxidase-labeled BrdU-positive cells, a systematic random counting
approach was applied as previously described [27]. Region-specific adaptations from this
protocol included 1) for the olfactory bulb: section intervals of 160 um, a counting frame
size of 60 x 60 um and a counting grid of 250 x 250 um, 2) for the SVZ: section intervals of
240 um, a 25 x 25 um counting frame in a 40 x 60 um counting grid, and 3) for the
hippocampal neurogenic niche: section intervals of 160 pum, without counting frames. The
volume of each structure was determined by tracing the areas via a semi-automatic
stereology system (Stereoinvestigator, MicroBrightField, Colchester, USA,
www.microbrightfield.com). The total number of BrdU-labeled cells per region analyzed
was multiplied by the ratio of reference volume to the sampling volume in order to obtain
the estimated number of BrdU-positive cells for the entire structure. In order to determine
the frequency of newly formed neurons, serial sections spaced 160 um apart were stained for
double immunofluorescence using antibodies against BrdU and NeuN as described above.
50 — 100 BrdU-labeled cells per animal and brain structure were analyzed for marker
colocalization, yielding the percentage of the NeuN-expressing BrdU-positive cell
population.

For quantification of subtypes of hippocampal progenitor cells (type-1 to type-3) sagittal
cryosections from EGFP-expressing WT or Entpd2 KO mice were immunostained for
GFAP, Sox2 and DCX. Similarly, pPCREB immunostaining in DCX-immunopositive cells
was quantified in sections from WT and Entpd2 KO mice. Individual sagittal cryosections
were assigned to specific brain levels. Four sections with an interspace of 240 pm were
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analyzed and cells located within the SGL and up to 10 um deep into the granule cell layer
were included.

For quantification of cells positive for EGFP/GFAP and EGFP/GFAP/BrdU (type-1 cells)
located within the SGL (up to 10 um deep into the granule cell layer) serial sagittal sections
spaced 160 pm apart (10 sections per animal) were analyzed.

Cleaved caspase-3 was analyzed in serial coronal sections with an interspace of 160 um (6
sections per animal). To avoid multiple counts of the identical cell and for quantification of
double staining, stacks of ten confocal planes were recorded with a Leica TCS SP5 confocal
laser scanning microscope (Leica) and analyzed (interspaces 1 £+ 0.05 um) using Imaris (x64
7.6.1 Bitplane AG, Zurich, Switzerland, www.bitplane.com). All quantification procedures
were performed in a double-blinded manner.

Immunoblotting and Quantitative Analysis

Total mouse brain was homogenized and membrane fractions were isolated, taken up in
concentrated sample buffer in the absence of reducing agent, run on a 10% Tris-glycine
sodium dodecy! sulfate-polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membrane (GE Healthcare Life Sciences, Freiburg, Germany,
www.gelifesciences.com) using semi-dry blotting techniques (BioRad, Munich, Germany,
www.bio-rad.com). Membranes were blocked with 5% skimmed milk powder in PBS
containing 0.1% Tween20 (PBS/T) over night at 4°C. Incubation with the primary
antibodies anti-TNAP (gift from Yukio Ikehara, Fukuoka, Japan) or anti-NTPDase1-3
(kindly provided by Jean Sévigny, Québec, Canada) was performed overnight at 4°C in
PBS/T containing 0.02% NaN3 and 5% bovine serum albumin followed by incubation with
an anti-actin antibody (Sigma-Aldrich) for 1 hour at room temperature. Slices were blocked
for 5x10 min with 5% skimmed milk powder, followed by incubation with the respective
horseradish peroxidase (HRP)-conjugated secondary antibodies (GE Healthcare) and a final
washing step in PBS/T (5%10 min). Immunoblots were incubated with Amersham ECL
Western Blotting Detection Reagents and bands were visualized using ImageQuant LAS
4000 (both GE Healthcare). Levels of ectoenzyme immunostaining were standardized to
levels of actin immunostaining.

Neurosphere Culture

Preparation of neural progenitors and culture of neurospheres from Entpd2 WT or KO
animals was adapted from [12]. Brains were sliced into 400 um thick coronal slices with a
tissue chopper (anterior-posterior positions 1.2—-0.5 mm relative to Bregma). The SVZ was
excised from tissue slices in ice-cold PBS buffer. The tissue was enzymatically dissociated
with 0.5 mg/ml papain (14 U/mg) dissolved in DMEM/F12 media (Invitrogen) containing
0.1 mM ethylenediaminetetraacetic acid (for 30 min at 37°C). The cell suspension was
mixed with the same volume of trypsin ovomucoid inhibitor (0.7 mg/ml in DMEM/F12)
containing 1,000 U/ml of DNase | (Sigma-Aldrich). After mechanical dissociation, the cell
suspension was centrifuged at 260 g, for 6 min and plated in uncoated dishes in culture
media [B27 as supplement, (Invitrogen); DMEM/F12, 10 mM HEPES buffer [pH 7.2], (both
PAA Laboratories/GE Healthcare) 100 U/ml penicillin, 10 pg/ml streptomycin (both Sigma-
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Aldrich) including 20 ng/ml of human recombinant epidermal growth factor (EGF), 10
ng/ml fibroblast growth factor-2 (FGF-2), (both PeproTech, Hamburg, Germany,
www.peprotech.com)].

In vitro Proliferation Studies

After 7 days in vitro, primary neurospheres were dissociated and 5,000 cells/well were
replated into 24-well plates in 1 ml of culture medium with 5 ng/ml human recombinant
EGF, 2.5 ng/ml FGF-2 as previously described [12]. After 4 days in culture, secondary
neurospheres were centrifuged at 260 g, for 6 min, treated with accutase 11 at 37°C for 45
min and mechanically dissociated. The number of viable cells was counted using a
hemocytometer. For experimental rescue of ATPase activity in secondary Entpd2-/
—neurospheres, apyrase (dissolved in DMEM/F12, 1 U; high ratio A6410; Sigma-Aldrich),
heat-inactivated apyrase (95°C, 5 min), or an equal volume of medium was added daily to
the culture medium. One preparation of cells with five determinations per condition for each
of the studied animals equated to n=1.

Statistical Analysis

RESULTS

Data are presented as mean values + SEM. Differences between groups were evaluated by
the unpaired, two-sided Student’s t-test. Differences were considered significant at the 5%
level distinguishing significance levels of: * p < 0.05; ** p <0.01; *** p <0.001.

Loss of NTPDase?2 is not Compensated by Upregulation of other Ectonucleotidases

As depicted by enzyme histochemistry, genetic deletion of Entpd2 results in a strong
reduction of ecto-ATPase catalytic activity in sections of mouse brain. This is particularly
obvious in the olfactory bulb, the cerebral cortex, brain stem and molecular layer of the
cerebellum (Fig. 1A). Significant reaction product is maintained in the caudoputamen and
the substantia nigra. This suggests that NTPDase2 is a major enzyme involved in the
hydrolysis of extracellular ATP in mouse brain.

NTPDase2 has a high preference for the hydrolysis of ATP over ADP and it does not
hydrolyze AMP [21]. Accordingly, when ADP is used as a substrate, weak enzyme staining
remains and Entpd2 deletion does not cause further substantial reduction. The staining of
blood vessels is retained (Fig. 1B). This is due to activity of NTPDasel that hydrolyzes ATP
and ADP about equally well [28]. Hydrolysis of AMP at neutral pH denotes the distribution
of ecto-5"-nucleotidase [26]. This enzyme is highly expressed in the caudoputamen. Staining
remains unaltered in Entpd2-knockout brains (Fig. 1C). Tissue nonspecific alkaline
phosphatase (TNAP, the isoform of alkaline phosphatase that hydrolyzes ATP to adenosine
in rodent brain, [29]) is expressed throughout the brain but activity at neutral pH is
negligible as compared to that of other ectonucleotidases [26]. Enzyme histochemical
staining for alkaline phosphatase is not impacted by Entpd2 deletion (Fig. 1D).

We have previously shown that NTPDase2 is particularly highly expressed by the neural
progenitor cells of the hippocampus [23] and the SVVZ [22]. This can be depicted by enzyme
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histochemical staining with ATP as the substrate (Fig. 1E). Deletion of Entpd2 results in
loss of enzyme staining in the two neurogenic niches with strong biochemical NTPDase
activity remaining in the blood vessels. However, there were no apparent changes in overall
brain structure.

To further scrutinize the effect of Entpd2 deletion on the expression of other ATP-
hydrolyzing ectonucleotidases we performed quantitative Western Blots of membrane
fractions derived from total mouse brain (Fig. 1F). Whereas the immunosignal for
NTPDase? is essentially eliminated, the immunosignals for NTPDasel, NTPDase3 (that
also hydrolyze ATP and ADP) and TNAP are unchanged. NTPDase8 is not expressed in
rodent brain [30]. These data demonstrate that Entpd2 deletion does not result in the altered
expression of other ectoenzymes capable of hydrolyzing extracellular ATP, ADP or AMP.

Maintenance of Neural Stem Cells in Entpd2 Knockout Mice

Neural stem cells can no longer be depicted in the knockout animals by ATPase
histochemistry (Fig. 1E). We therefore asked whether deletion of Entpd2 would alter the
general structure of these complex cells. For visualizing neural stem cells we crossed mice
expressing EGFP under the control of the nestin regulatory elements [25] with Entpd2
knockout mice. Hippocampal neural stem cells (type-1 cells, [4]) reveal an asymmetric
shape with the cell body in the SGL of the dentate gyrus, a long apical process traversing the
granule cell layer and elaborate bushy ramifications in the internal molecular layer. In WT
animals these EGFP-expressing radial cells are immunopositive for NTPDase2 (Fig. 2A).

Following deletion of Entpd2, type-1 cells retain their typical polar and ramified structure
but immunostaining for NTPDase2 is lost (Fig. 2A). This suggests that deletion of Entpd2
has no general effect on hippocampal stem cell morphology. Similarly, no apparent
alterations were observed in the structure and distribution of nestin-EGFP-positive
progenitor cells in the SVZ.

Progenitor Cell Proliferation is Increased in Entpd2 KO mice

Our results demonstrate that catalytic activity of NTPDase2 is particularly high at the
surface of progenitor cells. Deletion of the enzyme should cause an increase in the
concentration of extracellular nucleoside triphosphates in the neurogenic niches. We
hypothesized that any function these nucleotides play in adult neurogenesis should be
enhanced in the Entpd2 KO mice.

We therefore investigated the effect of Entpd2 deletion on progenitor cell proliferation and
long-term cell survival in both the SVZ and the dentate gyrus. Mice received five daily
intraperitoneal BrdU injections. They were perfused either 2 hours or 4 weeks after the final
BrdU pulse. Quantitative evaluation of the immunostained BrdU-positive cells 2 hours after
the final BrdU pulse revealed an increase in cell number in the SVZ of 154% (Fig. 2B,D)
and of 81% in the SGL of the dentate gyrus (Fig. 2F,H). This suggests that NTPDase2
functions as a brake on nucleotide-mediated cell proliferation in either neurogenic niche.
After four weeks, BrdU-labeled cells had migrated to the olfactory bulb or into the granule
cell layer of the hippocampus and had either undergone apoptosis or had differentiated into

Sem Cells. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gampe et al. Page 9

interneurons [3]. No difference was observed between WT and KO mice in the number of
BrdU-positive cells in the olfactory bulb (Fig. 2C,E) or in the hippocampal SGL (Fig. 2G,I).
These data suggest that deletion of NTPDase2 results in an increase in neural progenitor
cells. However, the surplus of cells is subsequently lost. This notion is further supported by
the lack of significant difference between WT and KO animals in the volumes (WT versus
KO, mm3) of the granule cell layer (0.27+0.01 versus 0.26+0.01), the molecular layer (0.77
+ 0.04 versus 0.75 + 0.03), hilus (0.24 £ 0.05 versus 0.20 £ 0.01) or entire dentate gyrus
(1.28 £ 0.09 versus 1.21 + 0.05) (all means £ S.E.M., n=5-10).

Excessive Progenitors do not Form more Neurons

To compare the extent of neuron formation we determined the contribution of NeuN-
positive cells to the total of BrdU-positive cells surviving after four weeks. In the olfactory
bulb, we separately analyzed the granule cell layer and the glomerular layer, both major
targets of SVZ-derived progenitors [31]. In the granule cell layer of the olfactory bulb 92%
of all BrdU-labeled cells were found to be immunopositive for NeuN, revealing that almost
all of the labeled progenitor cells had become neurons and that there is no difference
between KO and WT mice (Fig. 3A,B). In contrast, the contribution of labeled NeuN-
positive cells in the glomerular layer was only between 45% and 53% in WT and KO,
respectively (Fig. 3C,D). In the hippocampal granule cell layer the contribution of labeled
NeuN-positive cells was around 83% for both genotypes (Fig. 3E,F). In either case there was
no significant difference between WT and KO mice. These results suggest that the extent of
nerve cell formation is not altered in Entpd2 KO mice.

The Hippocampal Progenitor Pool is Expanded in Entpd2 KO mice

Our results implicated that Entpd2 deletion increases progenitor cell proliferation. But at the
same time homeostatic mechanisms would prevent an increase in new neuron formation.
This raised the question at what stage of the differentiation cascade progenitor cells are
eliminated. We compared the abundance of individual progenitor cell types between WT
and KO animals. To ease the identification of type-1 cells we again relied on Entpd2 KO
mice expressing nestin-EGFP. The following stages were differentiated on the basis of
immunostaining [4, 32]: type-1 (expressing nestin-EGFP, GFAP and the transcription factor
Sox2), type-2a (expressing nestin-EGFP and Sox2), type-2b (expressing nestin-EGFP and
the microtubule-associated protein DCX), type-3+ (immunopositive for DCX but lacking the
other markers) (Fig. 4A,B). The dense spacing of nestin-EGFP-, GFAP- and Sox2-positive
cells in the SGL made it difficult to distinguish individual cells. For this reason only cells
with at least a short process (facing the granule cell layer), typical of type-1 cells, were
counted. Type-3+ cells include type-3 cells as defined by [4] as well as any DCX-positive
cells that may in addition express the neuronal marker NeuN that is increasingly expressed
with structural maturation of DCX-positive cells [33]. We found an increase in 33% in the
number of type-1 cells in the Entpd2 KO mice. Similarly, the number of type-2a and type-2b
cells was increased (by 23% and 29%, respectively) whereas the number of type-3+ cells
was unaltered (Fig. 4C). To corroborate the expansion of the type-1 cell pool we counted in
addition in the same sections the number of nestin-EGFP-positive cells with a radial process
traversing the entire granule cell layer. Cell numbers (four sections per animal) were
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increased form 169.7 + 14.5 in the WT t0 219.4 + 11.5 in the Entpd2 KO mice
corresponding to an increase in 29.3% (mean £ SEM, n= 9, p=0.004).

We further investigated whether type-1 cells in the adult Entpd2 KO mice might undergo
enhanced levels of proliferation. Two hours after three consecutive intraperitoneal BrdU
injections at 2 hours interval BrdU incorporation into EGFP/GFAP-positive cells (type-1
cells) was quantified. Fig. 4D depicts examples of BrdU-labeled cells. In analogy to the
previous series of experiments (comp. Fig. 4C) the total number of type-1 cells was
increased in the KO animals (26%) (Fig. 4E). Notably, the contribution of BrdU-labeled
type-1 cells was disproportionally increased by 62% in the Entpd2 KO mice (Fig. 4F).
Whereas in WT animals 4.4% of all type-1 cells had incorporated BrdU it was 5.6% in the
KO animals. This corresponds to an increase of 27% in overall BrdU labeling of type-1 cells
in Entpd2 KO mice.

Increased apoptosis in Entpd2 KO mice

As the hippocampal pool of progenitor cells is initially increased in the KO mice but more
mature cell numbers are noted in WT mice, one would expect increased apoptosis in the
mutant mice. It has previously been reported that apoptotic cells in the SGL are rapidly
removed by microglia [34] and as a consequence the incidence of apoptotic cells is low in
the SGL. We applied immunostaining for cleaved caspase-3 to compare the extent of
apoptosis between KO mice and WT control. Apoptotic cells were observed exclusively in
the SGL (Fig. 5A) and their number was increased by a factor of approximately 2.5 in the
KO mice (Fig. 5B).

CREB Phosphorylation is Decreased in DCX-Expressing Cells

It has previously been reported that in the adult dentate gyrus pCREB is preferentially
located to DCX-expressing cells [35] and that loss of CREB phosphorylation compromises
the survival of newborn neurons [36]. We therefore compared the extent of CREB-
phosphorylation in DCX-immunopositive cells between WT and KO animals (Fig. 5C,D).
The total number of DCX-immunopositive cells was identical in WT and KO animals.
However, in Entpd2 KO mice immunostaining for pPCREB in DCX-positive cells was
decreased by 30% (Fig. 5D). Together these data suggest that the pool of type-1 neural stem
cells and their derivatives type-2a and type-2b is expanded in Entpd2 KO animals but that
around stage 3+ the pool is reduced to WT control. The decrease in CREB phosphorylation
of type-3+ cells further supports the notion that these cells lose responsiveness to survival
factors.

Progenitor Cell Proliferation is also Increased in vitro

In order to investigate whether deletion of Entpd?2 also leads to increased cell proliferation in
vitro we analyzed cell numbers in primary and secondary neurospheres. In the knockout
animals cell number was increased by 46% and 79%, respectively (Fig. 5A,B). If an increase
in extracellular nucleotide concentrations was responsible for the increased cell proliferation
in neurospheres from Entpd2 KO mice, addition of the ATP/ADP-hydrolyzing enzyme
apyrase to the neurospheres should cause a reduction. Apyrase reduced the number of
neurosphere cells derived from Entpd2 KO mice to 71%, as compared to an equal volume of
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culture medium. The addition of heat-inactivated apyrase had no effect on cell numbers (Fig.
5C). This further supports the notion that deletion of Entpd?2 increases extracellular
nucleotide concentrations and nucleotide-mediated constitutive enhancement of adult neural
progenitor cell proliferation via P2-receptor signaling.

DISCUSSION

The major result in this study is that deletion of the ectonucleotidase NTPDase?2 results in
increased progenitor cell proliferation in both the SVZ and the SGL of the dentate gyrus.
This suggests that NTPDase2 is functional in controlling extracellular nucleotide
concentrations in the neurogenic niches thereby acting as a homeostatic regulator of neural
progenitor cell proliferation and expansion.

Deletion or knockdown of Entpd2 was previously shown to reduce extracellular ATP
hydrolysis and to increase extracellular ATP concentrations [24, 37]. Similarly, inhibition of
ectonucleotidase activity by the NTPDase inhibitor PV4 in rat striatum resulted in an
increase of resting extracellular ATP concentrations from 40 nM to 360 nM [38].

In vitro studies demonstrate that agonists of several nucleotide receptors such as P2Y1
(responding to ATP and ADP), P2Y2 (responding to ATP and UTP), and also P2Y13
(responding to ADP) can elevate intracellular Ca2* concentrations in neural progenitor cells,
induce intracellular signaling pathways involved in cell proliferation or stimulate progenitor
cell proliferation [8, 11, 12, 14, 39]. P2Y1 receptor-mediated increases in intracellular Ca2*
have been observed in B cells in acute slices of the mouse SVZ [40]. Moreover, recent in
vivo studies with ventricular infusion of ATP and analysis of P2ryl KO mice [18] or of
infusion with ADPBS [19] suggest that P2Y1 receptors can enhance progenitor cell
proliferation in the SVZ in situ. The presence of P2Y1 receptors in the SVZ has also been
demonstrated by in situ hybridization [12]. Evidence from mice lacking the inositol 1,4,5-
trisphosphate receptor type-2 supports the notion that also hippocampal progenitor cell
proliferation can be enhanced by P2Y1 receptor-mediated purinergic signaling [10].

In addition to the G-protein-coupled P2 receptors, functional ATP-gated ion channels (P2X
receptors) have been noted within the neurogenic niches. This includes a non-specified P2X
receptor in nestin-GFP-positive adult hippocampal progenitors [23] and the P2X7 receptor
in nestin-EGFP-positive precursor cells of the mouse SVZ [41]. A slight increase in BrdU
incorporation of the hippocampal granule cell layer was observed in P2rx7 KO mice [42]
and non-specified P2X receptors have been inferred in the stimulation of BrdU
incorporation in the SVZ of organotypic brain cultures from P15 mice [20]. In contrast, in
cultured fetal [43] or adult [41] neural progenitor cells activation of the P2X7 receptor
induced cell death. Together, this evidence suggests that nucleotides can act as important
mediators in the two neurogenic niches via a variety of P2 receptors.

Our data further show that increased progenitor cell proliferation is not necessarily directly
coupled to increased neuron formation. While surplus generation and later selection for
long-term survival is a general principle of hippocampal neurogenesis [44], specific albeit
potentially redundant mechanisms must exist that tightly regulate and maintain homeostasis
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of the pool of newly generated neurons. This concerns the regulation of progenitor cell
proliferation as well as of cell survival and neuronal differentiation. In the case of
nucleotides NTPDase2 would subserve this function.

Differential effects on hippocampal progenitor cell proliferation and cell survival were
observed between behavioral paradigms. Whereas living in enriched environment only
affected cell survival, but not cell proliferation, running increased both proliferation and net
neuronal survival [45, 46]. Exercise-induced secretion of growth factors such as BDNF [47]
or enriched excitatory input to the neuronal precursor cells and new circuit construction [48,
49] may enforce the pro-neurogenic pathway — which may be missing in the conditions of
our experiments. In the olfactory system, proliferation (SVZ and RMS) and neuron
formation (olfactory bulb) are spatially separated. Whereas a considerable number of growth
factors, hormones and transmitters have been implicated in enhancement of cell proliferation
in the SVZ, olfactory learning was found to increase neuron formation in the olfactory bulb
[50].

Microglia is involved in apoptotic hippocampal progenitor cell clearance [34]. Microglia
phagocytosis is in turn regulated by purinergic signaling [51] and activated by UDP acting
via the P2Y®6 receptor [52]. NTPDasel, a homolog of NTPDase?2 that also hydrolyses
nucleoside tri- and diphosphates is expressed by microglia [28]. Its deletion attenuates
microglial phagocytosis presumably by preventing the local production of nucleoside
diphosphates [53]. Surplus generation of nucleoside triphosphates in the neurogenic niches
due to deletion of Entpd2 and increased NTPDasel-mediated production of UDP at the
surface of microglia could be a factor contributing to enhanced progenitor cell clearance.

Single and double nucleotide pulse labeling and lineage tracing experiments suggested that
after a few asymmetric divisions neural stem cells convert into astrocytes, resulting in an
age-dependent decrease of the hippocampal stem cell pool [54]. In the Entpd2 KO mice the
hippocampal neural stem cell pool was expanded. Furthermore type-1 cells revealed a
disproportionally high incorporation of BrdU, reflecting either changes in cell cycle length
or increased numbers of proliferating cells. Self-renewal of adult type-1 cells has previously
been suggested [55] and social isolation of mice was found to result in the expansion of the
hippocampal stem cell pool [56, 57].

Following BrdU application the number of labeled hippocampal progenitors reaches a
maximum at about three days and then declines [54, 58]. Our data suggest that the increased
BrdU incorporation into the progenitor cell pool of Entpd2 KO mice is mainly due to
enhanced proliferation of type-1 and type-2 cells. Type-3 cells retain the ability to
proliferate and transmit to postmitotic maturing granule cells. The majority of cells reach
this stage within 3 days [4, 58]. Our observation that the number of type-1 and type-2 cells is
constitutively increased in Entpd2 KO mice but that the number of type-3+ cells is unaltered
suggests that in Entpd2 KO mice the elimination of additional precursors takes place around
type-3 stage. The notion that the surplus progenitors in Entpd2 KO mice are lost at that stage
is further supported by our observation that apoptosis is increased and that the contribution
of DCX-positive cells containing phosphorylated CREB is reduced. CREB phosphorylation
closely relates to structural maturation of DCX-positive cells [33]. CREB signaling is of
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relevance for survival, maturation and integration of immature (DCX-expressing)
neuroblasts but not proliferation of hippocampal progenitors [36].

CONCLUSION

In summary, our data show that NTPDase? is the major ectonucleotidase within the two
major neurogenic niches of the mouse brain. The genetic deletion of this ectoenzyme
increases progenitor cell proliferation in either of these niches. NTPDase2 thereby acts to
limit constitutive nucleotide-mediated progenitor cell proliferation and expansion under
basal conditions. We suggest that NTPDase2 contributes to progenitor cell homeostasis in
the neurogenic niches of the adult brain.
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Figure 1.
Distribution of ectonucleotidase activity in WT and Entpd2 KO mice. (A-D): Enzyme

histochemical reaction product in parasagittal sections using ATP, ADP and AMP as a
substrate for visualizing ectonucleotidase activity and BCIP/NBT for alkaline phosphatase
(TNAP) activity. (E): Coronal sections of dentate gyrus (top) and the lateral ventricles
(bottom). Arrows (top) depict the position of the radial type-1 cells and their ramifications
that are intensely stained for ATPase activity in WT sections of the dentate gyrus and are not
detectable in KO sections. Arrows (bottom) depict enhanced ATPase activity at the SVZ and
its dorsal extension that is lost in Entpd2 KO mice. Asterisks indicate NTPDasel-expressing
blood vessels. (F): Lack of upregulation of other ectonucleotidases in Entpd2 KO mice as
revealed by immunoblotting. Bar graph (mean £ SEM) represents quantitative analysis of
immunoblots for NTPDasel to NTPDase3 and TNAP in WT (+/+) and KO (=/-) mice.
Actin served as a loading control. The apparent molecular masses (kDa) of the
ectonucleotidases correspond to 72 (NTPDasel), 70 (NTPDase2), 75 (NTPDase3), and 75
(TNAP). n=10 mice for each condition. ** p<0.01, significant relative to control. cb,
cerebellum; cc, corpus callosum; cp, caudoputamen; ctx, cerebral cortex; gl, granule cell
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layer; hi, hilus; m, medulla oblongata; lv, lateral ventricle; mol, molecular layer; ob,
olfactory bulb; sl, stratum lacunosum; sn substantia nigra; th, thalamus. (Scale bars, 500 pm,
A-D; 100 pm, E)
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Figure 2.

Effect of Entpd2 deletion on the structure of hippocampal type-1 cells and on the
proliferation and survival of BrdU-labeled precursor cells. (A): Dentate gyrus, overlay of
fluorescence for nestin-EGFP (green) and immunostaining for NTPDase2 (red); DAPI
staining (blue). The middle and right panels in (A) are blowups of regions indicated by
white boxes. (B,F): Immunostaining of SVZ (B) and dentate gyrus (F) for BrdU after five
daily BrdU injections and analysis of mice 2 hours after the final injection. (C,G):
Corresponding immunostaining in the olfactory bulb (C) and dentate gyrus (G) 28 days after
the final injection. (D,E): Quantitative evaluation (mean + SEM) of labeled cells
corresponding to (B) and (C), respectively (D, n=4-5 mice per condition; E, n=3-7 mice per
condition). (H,I): Quantitative evaluation (mean + SEM) of labeled cells corresponding to
(F) and (G), respectively (H, n=4-10 mice per condition; I, n=5-10 mice per condition). **
p<0.01, significant to control. hi, hilus, gl, granule cell layer of hippocampus and olfactory
bulb, respectively; lv, lateral ventricle; mol, molecular layer; sgl, subgranular layer; st,
striatum. (Scale bars, 100 pm, A; 10 um, B; 50 um C,F,G)
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Figure 3.
Analysis of neuron formation in Entpd2 +/+ and —/— mice 28 days after five daily BrdU

injections. (A,C,E): Immunostaining for BrdU (green) and NeuN (red) in the granule cell
layer (A), or glomerular layer of the olfactory bulb (C) and the dentate gyrus (E). (B,D,F):
Quantitative evaluation (mean + SEM) of BrdU/NeuN double-labeled cells as depicted for
(A), (C) and (E), respectively. 100% corresponds to the total number of BrdU-positive cells
counted (100 and 50 BrdU+ cells counted per cell layer of the olfactory bulb and dentate
gyrus, respectively) (B, n=5-6 mice per condition; D, n=5-6 mice per condition, F, n=3
mice per condition). Red, double-labeled cells; grey, cells labeled for BrdU only. gl, granule
cell layer; glo, glomerulus; hi, hilus; mol, molecular layer (Scale bars, 10 um A,C; 100 pm
E).
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Figure 4.
Expansion of precursor cells in the subgranular zone of Entpd2 +/+ and —/— mice. (A,B):

Analysis of fluorescence for nestin-EGFP (green), GFAP (blue), Sox2 (red) (A), or nestin-
EGFP (green) and DCX (red) (B). Cell types were differentiated as follows: type-1
(expressing nestin-EGFP and immunopositive for GFAP and Sox2 and showing at least a
short process facing the granule cell layer) (arrow heads in A), type-2a (expressing nestin-
EGFP and immunopositive for Sox2) (arrows in A), type-2b (expressing nestin-EGFP and
immunopositive for DCX (thick arrows in B), type-3+ (immunopositive for DCX but
lacking the other markers (asterisks in B). (C): Corresponding abundance (total number of
cells, four sections per animal) of individual cell types in WT (+/+) and KO (=/-) animals
(n=9). (D-F): Increased proliferation of type-1 cells. (D): 2 hours after the final BrdU
injection (3 pulses at 2 hour interval) animals were perfused and proliferating type-1 cells
were identified by labeling for BrdU (blue), EGFP (green), GFAP (red) and DAPI (grey).
Left images: double labeling for BrdU and GFAP; middle images: triple labeling for BrdU,
EGFP and GFAP. The boxed regions are enlarged on the right hand side and include
labeling for DAPI. For clarity, labeling for only GFAP and BrdU or GFAP and DAPI is
presented. Note overlap of labeling for BrdU and DAPI. (E): Total number of type-1 cells
(10 sections per animal) in WT (+/+) and KO (=/-) animals (n=7). (F): Total number of
BrdU-labeled type-1 cells (10 sections per animal) in WT (+/+) and KO (-/-) animals (n=7).
Bar graphs are mean = SEM. *p<0.05, **p<0.01; ***p<0.001, significant relative to control,
n.s., difference not significant. (Scale bars, 10 um, A,B,D)
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Figure 5.
Analysis of apoptosis and immunofluorescence for pPCREB. (A): Immunofluorescence for

activated caspase-3 (green); DAPI, blue. Boxed regions: enlarged images of caspase-3-
labeled cells (B): Corresponding quantification of caspase-3-positive cells in the SGL of WT
(+/+) (n=7) and KO (=/-) (n=6) animals. (C): Immunofluorescence for pCREB (green) and
DCX (red) in the SGL. (D): Corresponding quantification of DCX-positive cells (left bars)
and pCREB-labeled DCX-positive cells (right bars) in WT (+/+) (n=7) and KO (-/-) (n=5)
animals. Bar graphs are mean + SEM. **p<0.01, significant relative to control, n.s.,
difference not significant. (Scale bars, 10 um, A,C)
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Apyrase treatment

**

Apyrase Apyrase Medium
inact.

Differential in vitro progenitor cell proliferation in Entpd2 +/+ and —/— mice. (A,B): Total
cell numbers determined in primary (A) and secondary (B) neurospheres, respectively (n=3).
(C) Total cell numbers after addition of apyrase (1 U/ml) to secondary neurospheres from of
Entpd2 KO mice as compared to addition of heat inactivated apyrase or a corresponding
volume of culture medium (n=6). Bar graphs are mean + SEM. *p<0.05, **p<0.01,

significant relative to control.
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