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Functional and morphological effects of NG2 proteoglycan deletion
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Abstract

NG2-expressing cells are the largest proliferating cell population in the adult central nervous system. The function of NG2 proteoglycan or
NG2-expressing cells in the adult brain, however, is unknown. So far, NG2-positive cells are thought to be mainly oligodendrocyte precursor
cells. This view was recently challenged when NG2+/CNP-EGFP-positive cells were identified as multipotent progenitor cells in the postnatal
and adult CNS (e.g., [Belachew, S., Chittajallu, R., Aguirre, A.A., Yuan, X., Kirby, M., Anderson, S., Gallo, V., 2003. Postnatal NG2
proteoglycan-expressing progenitor cells are intrinsically multipotent and generate functional neurons. J. Cell Biol. 161, 169–186]). In
addition, purified NG2-expressing progenitor cells, were shown to differentiate into neurons and astrocytes in vitro [Sellers, D.L., Horner, P.J.,
2005. Instructive niches: environmental instructions that confound NG2 proteoglycan expression and the fate-restriction of CNS progenitors
J. Anat. 207, 727–734].

In this study, we focus on the influence of NG2 ablation on neurogenesis in the hippocampus, where putative multipotent NG2-positive cells
reside, and on hippocampus-dependent behavior using NG2 knockout mice. Using the thymidine analogue bromodeoxyuridine (BrdU) to label
dividing cells in vivo we show that the number of BrdU-positive cells was unchanged in the hippocampus of NG2 knockout mice 1 day after a
series of BrdU injections. This finding suggests that the proliferation rate of hippocampal progenitor cells is not influenced by NG2. A few BrdU-
positive cells were found in deeper layers of the granule zone 1 day after a series of BrdU injections, which is different from the wild type. The
presence and the phenotype of newborn hippocampal cells were studied 4 weeks after a series of BrdU injections. The survival and differentiation
of BrdU-positive cells in NG2 knockout hippocampus did not significantly differ from wild-type mice. Concurrently, the water maze task did not
reveal obvious differences compared to wild-type animals. These results suggest that the null mutation for NG2 does not influence adult
hippocampal neurogenesis or hippocampal-dependent behavioral tasks.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

NG2 is a highly conserved chondroitin sulfate proteoglycan
(CSPG) that is expressed in a variety of tissues during
development and adulthood (Levine et al., 1986). NG2-
expressing cells are highly abundant in the adult central
nervous system (CNS) and have the ability to divide in the
mature CNS (Levine and Card, 1987; Chang et al., 2000;
Horner et al., 2000, 2002). In vivo evidence suggests that
NG2-positive cells represent precursor cells in the mature
CNS, as shown by their ability to incorporate BrdU and by the
fact that NG2-expressing cells divide following an injury to the
CNS (e.g., Levine and Nishiyama, 1996; Keirstead et al.,
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1998; Di Bello et al., 1999; Reynolds et al., 2002). The
function of the NG2 proteoglycan in these presumed
progenitor cells is completely unknown, and it is not yet
clear whether NG2 is necessary for their precursor cell
function. In the developing and adult CNS, the NG2 antigen
has been used as a marker for glial progenitor cells that are
committed to the oligodendrocyte lineage (Levine and Stall-
cup, 1987; Levine and Nishiyama, 1996; Nishiyama et al.,
1997; Reynolds and Hardy, 1997; Keirstead et al., 1998; Diers-
Fenger et al., 2001; Watanabe et al., 2002; Ye et al., 2003).
However, NG2-positive cells show a relatively even distribu-
tion in white and gray matter of the entire CNS suggesting that
NG2-expressing cells are likely not restricted to an oligoden-
drocyte lineage (Dawson et al., 2003). On the other hand, it
was proposed that NG2-positive cells of the CNS parenchyma
comprise a new class of glia (Berry et al., 2002; Butt et al.,
2002; Nishiyama et al., 2002; Peters, 2004), distinct from
oligodendrocytes and astrocytes (Dawson et al., 2000, 2003).
Interestingly, though, NG2-expressing cells were shown to
differentiate also into neurons and astrocytes (Belachew et al.,
2003; Dayer et al., 2005; Sellers and Horner, 2005), indicating
the ability of NG2-positive cells to differentiate along multiple
CNS lineages. Recent studies that analyzed (CNP)-EGFP/
NG2-positive cells in the postnatal hippocampus and subven-
tricular zone have shown that NG2-positive cells share
characteristics with neural stem cells (Belachew et al., 2003;
Aguirre and Gallo, 2004; Aguirre et al., 2004). Moreover, a
small number of NG2-positive cells residing in the cortex of
adult rats was reported to give rise to GABAergic neurons
(Dayer et al., 2005). Additionally, Sellers and Horner (2005)
provide evidence that NG2-expressing cells have the ability to
differentiate into all CNS lineages in vitro. These findings
indicate that NG2-positive progenitors comprise a heteroge-
neous population of cells whose physiological role remains to
be determined (Mallon et al., 2002).

The findings that NG2-positive cells may represent multi-
potent neural progenitor cells in the hippocampus, are located in
or adjacent to the subgranular layer of the dentate gyrus, the fact
that NG2 is capable of modulating proliferation of several cell
types (Burg et al., 1998; Fang et al., 1999; Niehaus et al., 1999)
and may play an important role in presenting growth factors
(Goretzki et al., 1999), prompted us to study whether NG2 is
necessary for hippocampal progenitor cell proliferation, survi-
val and differentiation in the adult CNS. Additionally, we
analyzed NG2 knockout mice in hippocampal-dependent
learning and memory tasks.

Materials and methods

Animals

All analyses were performed on a C57BL/6 background in
adult (5 months), female mice obtained from homozygous
matings in our colonies of NG2 knockout and wild-type mice.
The NG2 knockout mice were generated as described previously
(Grako et al., 1999). Animal experiments were conducted in
compliance with NIH guidelines.
Behavioral tests
Groups of 10–16 animals of either wild-type or NG2

knockout genetic background were tested in each behavioral
test.

Water maze

Spatial learning was assessed in a water maze task with a
hidden platform. The water maze consisted of a white circular
tank (diameter 115 cm) filled with water made opaque using
white non-toxic paint. The platform was 1 cm below the water
surface. The water temperature was kept at 22±1°C. The
platform remained in the same position throughout all the
training trials. Colored posters on the walls surrounding the
water maze tank served as visual cues for the animals. The test
was conducted over 10 consecutive days with four trials per day.
Each trial lasted 40 s or until the platform was found. If an
animal had not found the platform, it was put on the platform at
the end of the trial. The animals rested on the platform for 10 s
before they underwent the next trial. Each trial was started in a
different quadrant of the water maze, and the four starting points
varied daily. The swim path and the time needed to navigate to
the platform were recorded by an automated, computer based
video tracking system (Ethovision 2.3.1, Noldus Information
Technology, Asheville, NC). Three and 24 hours following the
last trial on the tenth day, a probe trial was performed with the
platform removed from the pool to assess retention of the task.
The swim path was recorded for 60 s, and the data were
analyzed for speed, path length and preference for the former
platform quadrant.

Fear conditioning

Animals underwent contextual fear conditioning in a Freeze
Monitor PASF chamber (San Diego Instruments, San Diego,
CA). During a 90-s conditioning session, each animal received a
1 s×2 mA footshock. The shock was presented after 60 s in the
training session, and the number of beam breaks (representing
the movement of the animal) was measured following the shock
for 30 s. Twenty-four hours later, the conditioning training was
repeated. Twenty-four hours after the second training, a 30-s test
was performed using compound cues. Freezing time of the
animal, defined as the complete absence of activity except for
respiratory movements was measured. Freezing time in this case
represents the time until the first beam break. Overall activity
was measured as the number of beam breaks during the 2
training trials prior to the shock.

BrdU injections

BrdU (Sigma) was dissolved in 0.9% saline and filtered at
0.2 μm. To label dividing cells, the mice received a single
intraperitoneal injection daily for 6 consecutive days at a dose
of 80 μg/g body weight (10 mg BrdU/ml). Mice were perfused
1 day (7 NG2 knockout and 6 control mice) or 28 days
(8 NG2 knockout and 8 control mice) after the final BrdU
injection.
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Tissue processing

The animals were anesthetized and perfused transcardially
with 0.9% saline followed by cold 4% paraformaldehyde in
0.1 M phosphate buffer (PB), pH 7.4. Their brains were
removed, postfixed for 4 h at 4°C, and then transferred to 30%
sucrose for cryoprotection. The tissue was stored at 4°C until it
was processed further. The brains were frozen on dry ice and cut
into coronal 40-μm sections using a sliding microtome. All
sections containing the hippocampus were collected in
cryoprotectant solution (30% ethylene glycol, 25% glycerin
in 0.05 M PB) and stored at −20°C until immunochemical
analysis.

Antibodies and immunochemicals for sections

All primary antibodies were diluted in 3% normal donkey
serum, 0.1% Triton X-100 in 0.1 M Tris-buffered saline (TBS:
0.1 M Tris–HCl, 0.9% saline, pH 7.4) and were incubated on
the sections at 4°C overnight. The following primary antibodies
were used: monoclonal mouse antibodies: anti-BrdU (1:400;
Chemicon, Temecula, CA), anti-NeuN (1:10; clone A60,
hybridoma supernatant kindly provided by R. Mullen, Univer-
sity of Utah, Salt Lake City, UT), anti-TubβIII (1:1200;
Promega, Madison, WI). Polyclonal antibodies generated in
rabbit: anti-GFAP (1:2000; DAKO, Carpinteria, CA), anti-
PDGF receptor-α (PDGFRα, 1:200; W.B. Stallcup, Burnham
Institute, La Jolla, CA), anti-MBP (1:500; Chemicon), anti-
NG2 (1:500; Chemicon), and rat anti-BrdU (1:100; Accurate
Chemicals, Westbury, NY). All FITC-, Cy3-, or Cy5-coupled
secondary antibodies were from Jackson ImmunoResearch
(West Grove, PA) and used at 1:250 in 0.1 M TBS.

Immunohistochemistry

BrdU immunohistochemistry and immunofluorescence were
performed as described previously (Kempermann et al., 1998;
Kempermann and Gage, 1999). All immunohistochemical
stainings were performed with free-floating sections that were
pretreated for BrdU immunochemistry by denaturing the DNA.
To determine the number of BrdU cells in the hippocampus,
BrdU was detected using the peroxidase-3,3′diaminobenzidine
(DAB) method. Immunofluorescent labeling with rat anti-BrdU
IgG was used for triple-labeling to analyze co-localization of
BrdU with lineage-specific markers. A few sections of each
animal were stained for apoptotic cell death using dUTP-nick
end labeling (TUNEL, in situ cell death detection kit, Roche,
Penzberg, Germany) according to manufacturer's instructions.
Sections were kept in the dark at 4°C until analysis.

Quantification

Every sixth section in a series of 40-μm coronal sections was
analyzed; an average of 7 sections was analyzed for each
animal. The counting procedure was previously described (van
Praag et al., 1999): for each animal, we determined the area of
the granule cell layer (GCL) and hilus of the dentate gyrus,
along with the number of BrdU-labeled cells in those regions
including the adjacent subgranular zone (SGZ) using the Stereo
Investigator program (MicroBrightfield, Colchester, VT). Since
BrdU-positive cells are relatively rare and not evenly distrib-
uted, no counting frames were used, but rather all BrdU-positive
cells were counted. The SGZ was defined as a 2-cell-body-wide
zone on either side of the border between the hilus and the GCL.
We defined the hilus as the region enclosed by the 2 blades of
the GCL. The GCL and hilar reference volumes were
determined by summing the traced GCL and hilar areas for
each section multiplied by the distance between the sections
sampled. Since new cells are born in the SGZ and then migrate
into the GCL, we also determined the location of the BrdU-
positive cells within the GCL: outer (oGCL) or inner half
(iGCL). To estimate the total number of BrdU-positive cells in a
given region for 1 animal, the sum of cell counts for each
region/section was multiplied by 6 (because every sixth section
was used) to give an estimate of the total number of BrdU-
positive cells. Mean values and standard errors of the mean
(SEM) were calculated for each experimental group.

Phenotypic analysis

To determine the percentage of differentiated BrdU-positive
cells, every sixth in a series of 40-μm coronal sections was
triple-labeled for lineage-specific markers and analyzed by
confocal microscopy (Zeiss, Bio-Rad, Richmond, CA; 40×
objective) to characterize the fate of the BrdU-positive cells
1 day or 4 weeks after the last BrdU injection. In the dentate
gyrus (GCL/SGZ) 30–50 BrdU-labeled cells per animal were
randomly selected and scored for co-labeling with other
markers. Each BrdU-positive cell was analyzed in its entire
z-axis in order to exclude false double labeling due to an overlay
of signals from different cells (Kuhn et al., 1997). For each
animal, the percentage value of BrdU-positive cells co-labeled
with any of the markers was calculated, and the mean values
were determined for each animal and the experimental groups.

Mouse progenitor cell preparation

Mouse forebrains were minced with scalpels and digested in
a papain (Worthington Biochemical Corp., Lakewood, NJ),
DNAse I (Worthington), dispase II (Roche, Indianapolis, IN)
mixture in Ham's/DMEM F12 (1:1; omega scientific inc.,
Tarzana, CA) medium at 37°C. Digestion was stopped by
washing with Ham's/DMEM F12+ 10% fetal bovine serum
(FBS, Hyclone, Logan UT). A Percoll density gradient
(Amersham Pharmacia Biotech, Piscataway, NJ) was used to
enrich for progenitor cells (Palmer et al., 1999). The myelin
debris at the top of the gradient was aspirated and 2/3 of the
fraction between the debris and the red blood cell layer was
collected. Cells were plated in Ham's/DMEM F12 containing
2 mM glutamine (Invitrogen), N2 supplement (Invitrogen),
FGF-2 (20 ng/ml; Pepro Tech, Rocky Hill, NJ), EGF (20 ng/ml;
Pepro Tech) and heparin (5 μg/ml; Sigma) on plastic tissue
culture dishes. For differentiation, the cells were passaged 2–3
times, then plated at 5.8×104 cells/cm2 onto polyornithine/
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laminin-coated 4-well chamber slides (Nunc, Naperville, IL) in
differentiation medium for 7 days (N2 supplemented medium
containing 0.5% FBS and 1 μM forskolin; Sigma). The medium
was replaced every other day.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde, washed with
0.1 M TBS, blocked with TBS+ (Tris-buffered saline, pH 7.4,
3% normal donkey serum and 0.1% Triton X-100) and
incubated with the primary antibodies in TBS+ for 24 h at
4°C. The following concentrations were used: anti-RIP (1:75,
Developmental Studies Hybridoma Bank), anti-GFAP (1:2000,
DAKO), anti-TubβIII (1:1000; Promega), anti-NG2 (1:500,
Chemicon), anti-PDGFRα (1:200; provided by W.B. Stallcup).
Chamber slides were washed 3 times with TBS+ and incubated
with a biotinylated donkey anti-mouse secondary antibody
(1:250 in TBS+; Jackson ImmunoResearch) for 90 min at room
temperature (RT). Cells were rinsed 3 times with TBS and
covered with a streptavidin–FITC complex (1:250; Jackson
ImmunoResearch) and a Cy3-coupled donkey anti-rabbit
antibody (1:300; Jackson ImmunoResearch) for 90 min at RT.
After washing, the chamber slides were incubated with 4′,6-
diamidino-2-phenylindole (DAPI, Sigma) for 5 min and
coverslipped using polyvinyl alcohol 1,4-diazobicyclo[2.2.2]
octane. Sections were kept in the dark at 4°C until analysis.

Quantification

For each marker, 400–600 DAPI-positive cells were sampled
systematically from standardized fields at 40×magnification and
then examined and scored for immunoreactivity. Each experi-
ment was repeated at least 3 times. Percentages of cells expres-
sing each antigenic marker were determined and averaged for
each experimental group.

Statistical analysis
The data are expressed as mean values±standard error of the

mean (SEM). Statistical analysis was performed using a two-
tailed t test or one-way analysis of variance (ANOVA) and
Tukey's multiple comparisons test (GraphPad Prism 4,
GraphPad software, San Diego, CA). Significant differences
were assumed at a level of P<0.05.

Results

Behavioral analysis of NG2 knockout mice

To assess possible consequences of NG2 deletion on
hippocampus-dependent learning and memory tasks, NG2
knockout and wild-type mice were subjected to the Morris
water maze task and contextual fear conditioning. Since it was
previously shown that body weight can influence the outcome
of behavioral tasks, the animals were weighed before and after
the behavioral tests. NG2 knockout and wild-type animals
showed no significant differences in body weight (29.6 g±1.8
and 28.6 g±1.2, P=0.63).
Watermaze
To assess hippocampus-dependent spatial learning and

memory, mice were tested in a Morris water maze over
10 days, and retention of the task was tested 3 h and 24 h after
the last learning trial. Animals underwent 4 trials per day during
the learning phase. During the first days of training, all NG2
knockout and wild-type animals displayed some degree of
thigmotaxis. Over the 10 days of training, animals in both
groups showed a learning curve: all animals reached the
platform faster. The latency to reach the hidden platform
decreased significantly (F9,126=14.443, P<0.0001; Fig. 1A),
as did the swimming distance (F9,126=13.629, P<0.0001; Fig.
1B). The time animals spent in the platform quadrant increased
significantly over the training period (F9,126=6.716, P<
0.0001). Repeated measures ANOVA (days) showed no
difference between the groups in escape latency (F9,126=0.6,
P=0.7949), swimming distance (F9,126=1.298, P=0.2445) or
time spent in the platform quadrant (F9,126=0.419, P=0.8783).
In addition, we did not detect any significant differences for the
swim speed in NG2 knockout and wild-type mice (F9,126=
1.227, P=0.2846; Fig. 1C), although there was a trend for NG2
knockout mice to swim slightly slower.

Three and 24 h (day 11) after the last training session, a 60-s
probe trial was performed to test retention of the task. The
platform was removed from the pool, and we measured the time
that the animals spent in the quadrant where the platform had
been located (“platform” quadrant, Fig. 2). Both groups
performed equally well in the probe trials displaying a
preference for the trained quadrant when compared with the
remaining 3 quadrants (ANOVA, Tukey's multiple comparison
test, P<0.05; Fig. 2). No significant difference in swimming
distance or crossings of the former platform location was
detected during the probe trials (data not shown).

Fear conditioning
Contextual fear conditioning was used as another hippo-

campus-dependent learning paradigm. Wild-type and NG2
knockout animals displayed the same spontaneous activity in
the freezing chamber before the shock was applied (data not
shown). Twenty-four hours after the second test trial, when a 2-
mA shock was applied for 1 s, animals were put back in the
chamber, and the freezing response was recorded as a function
of total time in the chamber. No significant differences in the
freezing response were detected (results not shown).

Proliferation of dentate progenitor cells
Since NG2-positive cells were recently described to

represent multipotent progenitor cells in the hippocampus
(Belachew et al., 2003), we wanted to investigate whether
hippocampal proliferation was changed after NG2 deletion.
To evaluate progenitor cell proliferation in the dentate gyrus
of control and NG2 knockout mice (Fig. 3), BrdU-labeled
cells were counted in animals killed 1 day after the final of
6 daily BrdU injections. Within the SGZ and GCL, the
mean number/mm3 (±SEM) of BrdU-positive cells in the
hippocampus was 4678±887 in NG2 knockout mice and
4541±559 in the wild-type animals, showing no differences



Fig. 2. In the probe trial on day 10 (3 h after the last training session) and day
11, the time spent in the target quadrant (“platform”) was assessed after
removal of the platform. A random distribution would be 25%, which
corresponds to 15 s in a 60-s probe trial. All animals showed a significant
preference for the “platform” quadrant after 3 h (A). After 24 h, wild-type
animals significantly preferred the trained quadrant above all others, whereas
the preference for the trained quadrant in NG2 knockout mice was less
pronounced (B). *P<0.05.

Fig. 1. Hippocampus-dependent learning was assessed in theMorris water maze.
No significant differences between NG2 knockout and wild-type mice were
found during the 10 days of training. Learning curves in the water maze task
regarding the time to reach the platform (escape latency; A) and the length of the
swim path (B) were similar in wild-type and NG2 knockout animals. Swim
speed was not significantly different in wild-type and NG2 knockout mice (C).
*P<0.05.
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between genotypes (P=0.9; Fig. 6, 1 day post-injection).
The volume of the GCL was slightly reduced in NG2
knockout animals, but the difference was not significant
(P=0.063). Moreover, also in the hilar region, no significant
differences in the number of BrdU-positive progenitors and
volume were observed between groups (wild type: 860±
96 cells/mm3; NG2 knockout: 894±277 cells/mm3; P=
0.912; volume: wild type, 0.42±0.08 mm3; NG2 knockout,
0.37±0.02 mm3; P=0.546). Staining for doublecortin, a
marker that is transiently expressed in proliferating progen-
itor cells and newly generated neuroblasts (Brown et al.,
2003), was assessed in the GCL and found to be similar for
control and NG2 knockout animals (number of cells/GCL:
wild type, 63.00±22.03; NG2 knockout, 80.33±25.36;
P=0.633). These results suggest that NG2 deletion had no
effect on progenitor cell proliferation or the formation of
neuroblasts in the adult hippocampus. Interestingly, the
dispersion of BrdU-positive cells within the GCL 1 day
following the last BrdU injection was slightly altered in
NG2 knockout animals compared to the distribution in wild-
type mice. In control mice, most BrdU-labeled cells were
found at the border between the GCL and the hilus, in the
subgranular zone (Figs. 3D–F). In NG2 knockout animals
(Figs. 3A–C and 4), more cells were found in the oGCL
(BrdU-positive cell number in oGCL per GCL: wild type:
9.3±3.4; NG2 knockout: 23.3±2.1, P=0.042; percentage of



Fig. 3. BrdU-positive cells in the dentate gyrus of NG2 knockout (A–C) and wild-type mice (D–F) 1 day after the last of six daily BrdU injections. Arrows point to
BrdU-positive cells that are located in the outer half of the GCL. Note that BrdU-labeled cells are mainly found in the inner half of the GCL or SGZ in wild-type and
NG2 knockout animals. Scale bar = 100 μm.
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total BrdU+ cells: wild type: 1.9±0.6; NG2 knockout: 5.9±
0.1, P=0.025; Fig. 5).

Survival of dentate progenitor cells
The survival of progenitor cells was assessed in the dentate

gyrus 4 weeks after the last BrdU injection (Dayer et al., 2003).
The number of BrdU-positive cells in the GCL and SGZ was
681.4±126.9 cells/mm3 in NG2 knockout and 1345±578.5
cells/mm3 in control animals, however, due to the high
variance in wild-type animals, this difference was not
significant (P=0.249; Fig. 6). In NG2 knockout animals, the
number of BrdU-labeled cells 4 weeks after the BrdU
injections was reduced by almost 50% compared to wild-
type mice. When compared with the values obtained for the
corresponding groups sacrificed 1 day after the final BrdU
injection, the number of surviving BrdU-positive cells
declined to a greater extend in NG2 knockout animals
(85%) than in the wild-type animals (70%). This reduction
was not attributable to changes in the volume since volumetric
measurements showed no significant difference (wild type,
0.26±0.04 mm3; NG2 knockout, 0.22±0.02 mm3; P=0.341).
The distribution of surviving cells in the NG2 knockout mice
was not different from the distribution in wild-type animals,
with labeled cells found at the border between GCL and the
hilus or within the GCL. In the hilus, survival of BrdU-
positive cells was also reduced with fewer surviving cells in
the NG2 knockout mice, though this was not statistically
different due to variance (wild type, 382±192.4 cells/mm3;
NG2 knockout, 69.7±27.4 cells/mm3; P=0.111). We did not
find a significant difference in the volume of the hilus 4 weeks
after the final BrdU application (wild type, 0.51±0.09 mm3;
NG2 knockout, 0.39±0.09 mm3; P=0.387). TUNEL staining
did not reveal any differences between NG2 knockout and
wild-type animals with very few or no apoptotic profiles in the



Fig. 4. Higher magnification (400×) of the SGZ and GCL to demonstrate the distribution of BrdU-positive progenitor cells in the inner and outer GCL in NG2
knockout mice 1 day after the final BrdU injection. Dotted line = border GCL/hilus. Scale bar = 20 μm.
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dentate gyrus and hilus 4 weeks after BrdU application (data
not shown).

Differentiation of dentate progenitor cells
In line with a previous study (Grako et al., 1999), we did not

detect any NG2 by immunohistochemistry in the tissue of NG2
knockout mice. Progenitor cell differentiation was assessed
1 day and 4 weeks after the last BrdU injection by triple
immunolabeling for neuronal or glial lineage markers. Co-
labeling with BrdU was quantified. At 1 day after the final BrdU
dose, no significant difference was found between the groups
with regard to the percentage of BrdU-positive cells that
differentiated either into neurons (NeuN), astroglia (GFAP),
oligodendrocytes (MBP) or PDGFRα-expressing precursor
cells (Table 1). 13.93%±3.25 of BrdU-positive cells were co-
stained with NG2 in wild-type GCL (Table 1, Fig. 7), however,
NG2-positive cells were often located in the subgranular layer,
sometimes adjacent to BrdU-labeled cells. The highest density
of NG2-positive cells was found in the hilus (Fig. 7). The
distribution of NG2-positive cells in the dentate gyrus was the
same at longer survival times. Four weeks after the last BrdU
injection, some NG2 knockout dentate progenitor cells as well
as control precursor cells were co-stained for BrdU and a mature
neuronal marker (NeuN). In addition, BrdU-positive cells in the
GCL were co-labeled for MBP, GFAP, PDGFRα and, in wild-
type animals, for NG2 (16.34%±0.87). No significant differ-
ences were found between wild-type and NG2 knockout
progenitor differentiation except for co-labeling with NG2
(Table 1), since NG2 was not present in the knockout animals. A
tendency for an increased co-staining with PDGFRα was found
in NG2 knockout animals. However, due to the high variation,
particularly in the wild-type group, these results were not
significant.

Forebrain progenitor cell culture
Progenitor cells were isolated from NG2 knockout and

control forebrains and cultured in medium containing FGF-2,
EGF and heparin. Evaluations were performed at a low
passage number (passage 2 or 3) to avoid transformation of the
cells due to extensive expansion under non-physiological
concentrations of growth factors (Palmer et al., 1997). Bulk
populations of progenitor cells were analyzed. Cells grew
attached to the plastic tissue culture dish but formed cell
clusters with increasing density. When progenitor cells were
maintained under growth conditions (medium with growth
factors), very few cells showed mature neuron- or glia-specific
markers. Up to 25% of progenitor cells isolated from either
wild-type or NG2 knockout brain were PDGFRα-positive
(P=0.77), and up to 20% were stained with a nestin antibody
(P=0.08) when grown with FGF-2, EGF and heparin. NG2-
antibody stained 37.3%±5.6 of the wild-type forebrain
progenitor cells (Fig. 8A).

Forebrain progenitor cells were also transferred to differen-
tiation medium consisting of DMEM/F12 (1:1) supplemented



Fig. 6. Effect of NG2 deletion on progenitor cell proliferation (1 day post-
injection) and survival (4 weeks post-injection) in the dentate gyrus. Mean
number of BrdU-positive cells in the GCL (mm3) 1 day or 4 weeks after the final
BrdU injection±SEM.

Fig. 5. Effect of NG2 deletion on the position of BrdU-positive cells 1 day after
the final BrdU injection. Average number of BrdU-positive cells in the outer half
of the GCL, oGCL, per dentate gyrus±SEM. (B) Average percentage of BrdU-
positive cells located in the oGCL±SEM. *P<0.05.
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with N2, FBS and forskolin, conditions that stimulate both,
neuronal and glial differentiation. After 7 days, cells were
analyzed for lineage-specific markers (Fig. 8B). Both control and
NG2 knockout brain progenitor cells differentiated into neurons
(TubβIII; wild type, 26.95%±9.00, NG2 knockout, 27.26%±
8.59, P=0.98), astrocytes (GFAP; wild type, 38.73%±4.12,
NG2 knockout, 33.67%±2.25, P=0.22) and oligodendrocytes
(Rip; <1%). No significant differences were found between
groups concerning the percentage of cells that differentiated into
neurons, astrocytes or oligodendrocytes. Analysis of NG2
staining revealed that NG2 knockout precursor cells were
negative, whereas some wild-type progenitors were NG2-
positive (Fig. 8). The number of cells immunoreactive for
PDGFRα was slightly higher in wild-type progenitors (wild-
type, 14.28%±1.81, NG2 knockout, 9.83%±4.68, P=0.62),
however, not significantly different.

Discussion

Regulation of neurogenesis in the adult dentate gyrus
involves the control of at least 3 processes: proliferation,
survival and differentiation. Since a recent report showed that
NG2+/CNP-GFP+ cells in the adult hippocampus represent a
subpopulation of multipotent progenitor cells (Belachew et al.,
2003), we investigated hippocampal precursor cells in NG2
knockout mice (Grako et al., 1999) in vivo and in vitro. To
analyze the behavioral phenotype of these mice, hippocampus-
dependent learning and memory tasks were performed.

In the wild-type mice we found that – using our BrdU
application protocol – only 14–16% of BrdU-positive cells co-
label with NG2 in the adult dentate gyrus, suggesting that only
a fraction of hippocampal progenitor cells expresses NG2.
Additionally, we found NG2-positive cells located in close
vicinity of the subgranular cell layer in agreement with earlier
studies (Wennstrom et al., 2006), which may influence
proliferation (Burg et al., 1998; Fang et al., 1999; Niehaus et
al., 1999) and growth factor presentation (Nishiyama et al.,
1996). Nevertheless, we were unable to detect any major
effects of NG2 depletion on adult hippocampal progenitor
proliferation. By means of BrdU analysis and lineage tracing,
we demonstrated that proliferation and differentiation of adult
hippocampal progenitor cells in NG2 null mice were not
changed when compared to wild-type animals. Staining for the
neuroblast marker doublecortin supported this finding in
respect to neuronal progenitor cells. The fact that proliferation
in the dentate gyrus was found to be the same in wild-type and
NG2 null mice in the current study, however, does not rule out
a role for NG2 in hippocampal proliferation: By using BrdU,
we limit our analysis to cells going through the S-phase at the
time of application. Since we found just a portion of BrdU-
positive cells co-stained for NG2 in the GCL, and since only a
subpopulation of hippocampal NG2-positive cells appears to
have stem cell properties (Belachew et al., 2003; Brazel et al.,
2005), the assessed BrdU-positive cell population may not
have been large enough to show possible effects following
NG2 depletion. On the other hand, we have to consider that
the lack of NG2 in the knockout mice could be compensated
by other molecules.

Survival of BrdU-positive, newborn hippocampal progen-
itor cells was assessed after 4 weeks (Dayer et al., 2003) and



Table 1
30–50 BrdU-labeled cells per animal were assessed for co-staining with lineage specific markers

NeuN MBP GFAP NG2 PDGFRα

NG2 ko 1 day 4.41±1.44 2.39±1.56 31.97±2.43 N.D. 42.07±6.61
wt 1 day 4.35±2.53 5.56±3.93 49.94±8.61 13.93±3.25 56.42±12.22
NG2 ko 4 weeks 21.95±4.71 3.33±1.92 24.17±0.84 N.D. 10.00±3.84
wt 4 weeks 15.56±2.12 7.78±6.18 19.17±3.63 16.34±0.87 4.44±2.93

The average percentage value of BrdU-positive cells co-labeled with any of the markers±SEM is presented. N.D. = not detectable.
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was only slightly reduced in NG2 knockout mice. Evaluating
the number of BrdU-labeled cells after longer survival periods
gives an estimate of surviving cells, however, due to label
dilution, which starts with the first cell division, a proportion
of BrdU-positive cells will be lost. TUNEL staining per-
formed 4 weeks after the BrdU injections did not reveal any
differences in wild-type and NG2 knockout mice (data not
shown). We cannot exclude, however, that small differences in
apoptosis occur: Basal levels of apoptotic cell death are very
low in the adult hippocampus (White and Barone, 2001) and
detection of apoptotic profiles by TUNEL staining or ELISA
may not be sensitive enough to detect subtle changes (White
and Barone, 2001).

The question whether NG2-positive cells in the hippocam-
pus or other brain areas are able to give rise to neurons is still
under debate. For some CNS regions, however, the concept that
presumptive oligodendrocyte progenitors are able to generate
neurons – at least during development – is accepted. In the
spinal cord and forebrain, oligodendrocyte precursor cells or
PDGFRα-positive cells were shown to be bi- or multipotent
giving rise to (motor) neurons and/or astrocytes as well as
oligodendrocytes (Richardson et al., 2000; Lu et al., 2002;
Chojnacki and Weiss, 2004). In addition, it was shown that
Fig. 7. Distribution of NG2-positive cells in the dentate gyrus of wild-type mice 1 day
hilus, the subgranular zone and the molecular layer. Some NG2-positive cells are co
show the distribution of NG2-positive cells in the dentate gyrus. Scale bar=40 μm.
isolated Olig2-positive progenitors can generate neurons,
astrocytes, and oligodendrocytes (Gabay et al., 2003). Postnatal
rat oligodendrocyte precursor cells were shown to express
neuronal markers after stimulation with hippocampal astrocyte-
derived signals and expressed doublecortin following trans-
plantation into the adult rat hippocampus (Gaughwin et al.,
2006). Neurospheres isolated from E14 rats were multipotent
and positive for NG2 and other chondroitin sulfate proteogly-
cans (Ida et al., 2006). When NG2-expressing cells were
isolated from a population of spinal cord progenitors, they
differentiated into neurons and astrocytes (Sellers and Horner,
2005). Therefore, it is possible that adult NG2-positive cells or
presumptive oligodendrocyte precursor cells can be induced to
differentiate into neurons.

We describe the dispersion of a small subpopulation of newly
born cells in the adult dentate gyrus in NG2 knockout mice.
Since the NG2 proteoglycan is only sparsely found in the deeper
layers of the GCL, this finding is surprising. The NG2 pro-
teoglycan was shown to modulate both, cell-cell and cell-ECM
adhesion (Chekenya and Pilkington, 2002; Stegmuller et al.,
2002), e.g., by serving as a co-receptor for α4β1 integrin (Iida
et al., 1995). In fact, NG2 is capable of altering the adhesion,
proliferation, and metastatic potential of melanoma cells (Burg
after a series of BrdU injections. NG2-labeled cells (red) are mainly found in the
-stained for BrdU (green). (A) Projection of a z-series with maximal intensity to



Fig. 8. In vitro analysis using forebrain progenitor cells isolated from NG2
knockout and wild-type mice. Proliferation medium contained FGF2, EGF and
heparin, and kept the cells in a progenitor state (A), whereas differentiation
medium (0.5% FBS, 1 μM forskolin; B) allowed differentiation into all three
CNS lineages. Nestin stains intermediate filaments of presumptive precursor
cells, PDGFαR oligodendrocyte progenitor cells, Rip stains cells from the
oligodendrocyte lineage, GFAP astrocytes, Tub β III (tubulin β III) labels
immature neurons. In proliferation medium 37% of the cells are labeled for
NG2, whereas only few cells are stained for NG2 in the differentiation assay.
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et al., 1998) and the proliferation of pericytes (Ozerdem and
Stallcup, 2004). Moreover, NG2 is able to regulate the
migration of glial progenitor cells (Nishiyama et al., 1996;
Niehaus et al., 1999; Fang et al., 1999; Stegmuller et al.,
2002). Newborn progenitor cells in the adult hippocampus are
normally found at the border of the hilus and the GCL (SGZ)
as well as in the inner third of the GCL (Kempermann et al.,
2003). Kempermann et al. (2003) demonstrated that the
distribution of BrdU-labeled cells shows a discrete shift from
the SGZ towards the mid-third of the GCL during the first
4 weeks. In the NG2 knockout mice, we found that a few cells
were located in the outer half of the GCL as soon as 1 day
after the final BrdU injection (i.e., 7 days after the first BrdU
injection). These cells seem to be progenitor cells since they
did not co-label with any of the lineage markers. Diffuse
dispersion of BrdU-positive cells in the GCL was described
after kainate-induced seizures (Kralic et al., 2005). Specifi-
cally, it was shown that following seizures a dispersion of
doublecortin-positive immature neurons into the oGCL
occurred (Jessberger et al., 2005), whereas the dispersion of
nestin-GFP-positive cells was not changed compared to the
control situation. Whether the changed dispersion of a small
fraction of progenitor cells in the NG2 knockout animals is
due to enhanced migration or ectopic proliferation cannot be
assessed with the techniques used in the present study. In vitro
studies using forebrain progenitor cells in a migration assay
suggest that NG2 knockout progenitor cells migrate over
longer distances compared to wild-type cells when cultured for
5 day (data not shown).

NG2 is expressed not only in CNS glial progenitor cells but
also in embryonic cardiomyocytes, smooth muscle cells of the
developing macrovasculature, pericytes of nascent microvessels
(Ozerdem et al., 2001) and cartilage progenitor cells (Stallcup,
2002). NG2 depletion may, thus, influence the general fitness of
these mice. Grako et al. (1999) were the first to describe NG2
knockout mice, and they found no differences in life span,
fertility, litter size, birth weight and postnatal development
compared to wild-type mice. In our study, NG2 knockout mice
exhibited no differences in body weight, water maze swim
speed or path length in the water maze compared to wild-type
animals, suggesting that NG2 knockout mice displayed the
same fitness as age-matched wild-type animals. During the
histological analysis, no overt abnormalities in the CNS tissue
were found. Additional studies and careful analysis of NG2
knockout mice and NG2-expressing cells will be necessary to
address further questions concerning the functions of the NG2
proteoglycan.

The NG2 proteoglycan is expressed in precursor cells of the
developing and mature CNS, as well as in other tissues. The
NG2-positive cell population seems to be heterogeneous
regarding its migration abilities, differentiation potential and
function (Dawson et al., 2000, 2003; Mallon et al., 2002;
Aguirre and Gallo, 2004; Chittajallu et al., 2004; Sellers and
Horner, 2005). It has been suggested that NG2-positive cells
represent a distinct glial cell type, a fourth macroglia population
(Butt et al., 2002; Nishiyama et al., 2002; Peters, 2004). On the
other hand, it was suggested that NG2-expressing cells
represent multipotent progenitor cells (Belachew et al., 2003;
Aguirre and Gallo, 2004; Aguirre et al., 2004; Dayer et al.,
2005). Although many studies have investigated NG2-expres-
sing cells in the intact and injured adult CNS, the physio-
logical function of adult NG2-positive cells is completely
unknown. This observation suggests that NG2 expression on
certain cell types could be an epiphenomenon where NG2 does
not play a specific role for the function of some of these NG2-
positive cells. Furthermore, recent data show that NG2
expression is not intrinsically regulated, but influenced by
the progenitor cells' environment (Sellers and Horner, 2005),
questioning the use of NG2 as a valid marker for a selective
cell lineage.

In summary, this study suggests that the NG2 proteoglycan is
not necessary for neurogenesis during development or in the
adult hippocampus. Compensation for the loss of NG2 in the
knockout mice and the possibility that NG2 expression might be
an epiphenomenon may explain why we were unable to detect
major alterations in hippocampal neurogenesis. Investigation of
hippocampal neurogenesis under pathological conditions may
be required to detect other phenotypic changes in the NG2 null
mice.
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