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ABSTRACT
In the course of adult hippocampal neurogenesis, new cells
go through a series of stages associated with proliferative
activity. The most highly proliferative cell type is an inter-
mediate precursor cell, called type-2 cell. We here report
that on the level of type-2 cells a transition takes place
between features associated with the glial and the neuronal
lineage. We show that stem-cell marker Sox2 and radial
glia marker BLBP are expressed in type-2 cells but label
only a small percentage of the proliferating cells. By and
large, precursor cell marker Sox2 was found to be widely
expressed in hippocampal astrocytes. Between 3 h and
1 week after a single injection of permanent S-phase marker
bromodeoxyuridine (BrdU), the number of BrdU-labeled
BLBP-positive cells did not change, consistent with the idea
that both markers here are associated with the maintained
precursor cell pool. Using reporter gene mice expressing the
green fluorescent protein (GFP) under the promoter for nes-
tin we found an overlap of GFP with markers of the neuronal
lineage, doublecortin (DCX) and transcription factor NeuroD1
in type-2 cells, whereas in glial fibrillary acidic protein
(GFAP)-GFP mice expression of GFP and NeuroD1 or DCX
was mutually exclusive. Electrophysiologically, the group of
type-2 cells fell into two subgroups: one with astrocytic prop-
erties and another with an early ‘‘complex’’ phenotype of
neural progenitor cells. Our data further support the exis-
tence of proliferative precursor cells that mark the transition
between glia-like states and neuronal differentiation.
VVC 2006 Wiley-Liss, Inc.

INTRODUCTION

In adult hippocampal neurogenesis, new granule cells
are generated from precursor cells residing in the sub-
granular zone (SGZ) of the dentate gyrus (Alvarez-
Buylla and Lim, 2004; Kempermann et al., 2004). Simi-
lar to other stem-cell systems, such as bone marrow,
skin, or intestines, a hierarchy of cells with stem-cell
properties exist in the SGZ. Seri and Alvarez-Buylla
identified a radial glia-like astrocyte as the stem cell of
the adult hippocampus (Seri et al., 2001, 2004). We later
described how adult neurogenesis proceeds from this cell
over intermediate progenitor stages to postmitotic matu-
ration (Brandt et al., 2003; Filippov et al., 2003; Kem-
permann et al., 2004; Steiner et al., 2004). Although

abundant, the radial glia-like stem cell (type-1) is hardly
dividing (Filippov et al., 2003) but its proliferation can
be stimulated, e.g., by hypoxia or seizures (Huttmann
et al., 2003; Kunze et al., 2006). Most of the proliferative
activity in the adult SGZ is accounted for by type-2 cells
as the transiently amplifying progenitor cells. Type-1
cells might constitute the largely quiescent population of
stem cells that can replenish the pool of transiently
amplifying progenitor cells (Seri et al., 2001, 2004). The
concept of radial glia-like cells serving as stem cells in
the adult hippocampus is in line with similar reports
from fetal brain development (Heins et al., 2002;
Malatesta et al., 2003; Noctor et al., 2001, 2002) and the
adult subventricular zone (Doetsch et al., 1997; Scheffler
et al., 2005).

Type-2 cells were initially identified in nestin-GFP re-
porter gene mice, in which expression of the green fluo-
rescent protein (GFP) is driven by the neural enhancer
element of the nestin promoter (Yamaguchi et al., 2000).
Nestin is an intermediate filament expressed in many, if
not all, neural precursor cells (Lendahl et al., 1990).
Morphologically, type-2 cells are irregularly shaped cells
with dense chromatin and brief, more or less horizontal
processes. Electrophysiologically, the population of type-
2 cells appeared diverse and included cells with astrocy-
tic properties like the type-1 cells, cells with the complex
phenotype initially described for oligodendrocyte precur-
sor cells, and a few cells with sodium currents and thus
first neuronal properties (Filippov et al., 2003; Fukuda
et al., 2003; Wang et al., 2005). A subpopulation of type-
2 cells was also shown to receive the first synaptic input,
which is GABAergic (Wang et al., 2005).

From these data it became apparent that type-2 cells
mark a transition between cells with a glial phenotype
(as far as the neural precursor cells are glial) and cells
with features of the neuronal lineage. What remained
unclear was the time-point of this transition.
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On the basis of the presence of doublecortin (DCX) in
nestin-GFP-positive cells that lacked radial morphology,
we had identified a transitional population and labeled
these cells type-2b cells (Filippov et al., 2003). The pres-
ent study was undertaken to further describe type-2b
cells and to examine the details of the transition from
glia-like to neuronal. Our hypothesis was that at this
point of adult hippocampal neurogenesis a brief overlap
of glial- and stem-cell characteristics and neuronal fea-
tures existed. Our rationale was that the precise charac-
terization of type-2 cells would provide a very useful tool
in further studying how adult neurogenesis is regulated
because it would further allow to distinguish between a
regulation on the level of undetermined and lineage-
determined progenitor cells. In a previous study we had,
for example, found that the well-documented effects of
physical activity on precursor cell proliferation in the
adult dentate gyrus cause the largest relative increase
on the level of type-2b cells (Kronenberg et al., 2003).
The present study was designed to investigate, if the
type-2b stage of development is indeed as particular as
such results seemed to indicate.

MATERIALS AND METHODS
Animals and Housing Conditions

The generation of transgenic mice expressing GFP
driven by regulatory elements of the nestin (Yamaguchi
et al., 2000) and the GFAP gene (Nolte et al., 2001) has
been described elsewhere. Both strains were bred at the
animal facility of the MDC. Seven-week-old female mice
were held three per cage under standard laboratory
housing conditions with a light/dark cycle of 12 h each
and free access to food and water. Twelve nestin-GFP
animals were randomly assigned to two experimental
groups, six per group, to allow the investigation of the
proliferating cells at two different time points after
labeling the dividing precursor cells. Three adult trans-
genic mice expressing GFP under the GFAP promoter
were held under standard housing conditions.

BrdU Injections

BrdU (Sigma, Germany) was dissolved in 0.9% NaCl
and filtered. The animals received one single intraperito-
neal (i.p.) injection of 50 mg/kg body weight. Animals
were killed 3 h or 1 week after the BrdU injection.

Tissue Preparation

Animals were deeply anesthetized with ketamine and
perfused transcardially with 4% paraformaldehyde in
0.1M phosphate buffer. The brains were dissected from
the skulls, postfixed in 4% paraformaldehyde at 4�C
overnight, and transferred into 30% sucrose. Brains
were cut on a dry-ice-cooled copper block with a sliding
microtome (Leica, Bensheim) into 40-lm thick coronal
sections and stored at 220�C in a cryoprotectant solu-

tion containing 25% ethylene glycol, 25% glycerin, and
0.05M phosphate buffer.

Immunofluorescence

For BrdU staining DNA was denatured in 2N HCl for
30 min at 37%. Hereafter, sections were rinsed in 0.1M
borate buffer and washed with Tris-buffered saline
(TBS). Primary and secondary antibodies were diluted
in TBS containing 0.1% TritonX-100 and 3% donkey se-
rum (TBS1). Sections were incubated with primary
antibodies for 24 h at 4�C, washed with TBS and TBS1,
and incubated with the secondary antibodies in TBS1
for 4 h at room temperature. Sections were then washed
with TBS and coverslipped in polyvinyl alcohol with dia-
zabicyclo-octane (PVA-DABCO) as antifading agent. The
primary antibodies were applied in the following concen-
trations: anti-BrdU (rat, 1:500, Harlan Seralab), anti-
BLBP (rabbit, 1:2,000, kind gift from Dr. N. Heintz), anti-
GFAP (guinnea pig, 1:1,000, Advanced ImmunoChemis-
try), anti-S100b (mouse, 1:1,000), anti-Doublecortin (goat,
1:200, Santa Cruz Biotechnologies), anti-NeuroD1 (rabbit,
1:200, Chemicon), anti-NeuroD1 (goat, 1:200, Santa Cruz)
anti-GFP (rabbit, 1: 400, Abcam, Cambridge, UK), anti-
GFP (goat, 1:1,000, Acris Antibodies), anti-GFP (goat,
1:1,000, Santa Cruz Biotechnologies), anti-Sox-2 (rabbit,
1:100, Santa Cruz), anti-Sox2 (rabbit, 1:1,500, Chemicon).
The secondary antibodies were anti-rat RhodamineX,
anti-goat FITC, anti-rabbit FITC, anti-rabbit Cy5, anti-
goat Cy5, anti-rabbit RhodamineX, anti-guinea pig Cy5,
anti-mouse RhodamineX (all:1:250, Dianova).

Quantification of Double- and Triple-Labeled Cells

One-in-twelve series of sections of each brain (at least
five per group) were triple-labeled as described. Fifty
BrdU-positive cells within the granule cell layer were
analyzed for co-expression of BrdU and glial or neuronal
markers, using a Leica TCS SP2 confocal microscope.
All images were taken in sequential scanning mode and
further processed in Adobe Photoshop 7.0 for Macintosh.
Only general contrast adaptations were made and fig-
ures were not otherwise manipulated.

Immunohistochemistry

Sections were treated with 0.6% H2O2 to block endo-
genous tissue peroxidases. Hereafter, sections were
washed and incubated with 2N HCl for 30 min at 37�C
and rinsed in borate buffer as described earlier. Sections
were then incubated with the primary anti-BrdU anti-
body overnight at 4�C, rinsed in TBS and TBS1 and
incubated with the secondary antibody for 2 h at room
temperature. ABC reagent (Vectastain Elite, Vector
Laboratories) was applied for 1 h at a concentration of
9 lL/mL. Diaminobenzidine (DAB, Sigma, Germany)
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was used as chromogen at the concentration of 0.025
mg/mL in TBS with 0.01% H2O2 and 0.04% nickel
chloride.

Quantification of BrdU Labeled Cells

One-in-six series of sections (240 lm apart) from all
animals were DAB-stained, and BrdU positive cells were
counted throughout the rostrocaudal extent of the gran-
ule cell layer. Resulting numbers were then multiplied
by six to obtain the estimated total number of BrdU-
positive cells per granule cell layer.

Acute Brain Slices Preparation for
Electrophysiology

Acute hippocampus slices from adult nestin-GFP
transgenic mice were prepared as described previously
(Filippov et al., 2003).

Briefly, mice were decapitated and the brain was re-
moved, washed, and placed in ice-cold (4�C) bicarbonate-
buffered salt solution, which was continually gassed
with carbogene (5% CO2 and 95% O2). This bath solution
contained (in millimolar): NaCl, 134; KCl, 2.5; MgCl2,
1.3; CaCl2, 2; K2HPO4, 1.25; NaHCO3, 26 and D-Glucose
10, which were equilibrated with carbogene to a final
pH of 7.4. The forebrain was dissected from the brain-
stem and was glued (cyanoacrylate glue) onto a glass
block. The tissue was cut into 150-lm-thick coronal
slices (in bicarbonate-buffered salt solution gassed with
carbogene) using a Leica VT1000S vibratome (Leica,
Nussloch, Germany). Subsequently, the brain slices were
transferred with a pipette to a holding chamber contain-
ing the standard bath solution at room temperature.

After a recovery period of at least 30 min, slices were
placed onto a coverslip in a recording chamber and fixed
with a U-shaped platinum grid with nylon mesh. The
chamber was mounted on an upright microscope (Axio-
vert FS, Zeiss, Oberkochen, Germany) and was con-
stantly perfused with carbogenated bath solution com-
posed of (in millimolar): 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.

Patch-Clamp Recordings

Membrane currents were measured from nestin-GFP-
expressing cells in situ with the patch-clamp technique
in the whole cell voltage-clamp configuration (Hamill
et al., 1981). Slices were transferred to a recording cham-
ber installed on the stage of a microscope (Axioskop,
Zeiss, Oberkochen, Germany; 53 objective, numerical
aperture 0.15). The chamber was continuously perfused
with bicarbonate-buffered bath solution (ACSF) com-
posed of (in millimolar): 134 NaCl, 2.5 KCl, 1.3 MgCl2,
2 CaCl2, 1.25 K2HPO4, 26 NaHCO3, 10 D-glucose, which

was equilibrated with 95% O2 and 5% CO2 at a rate of
1–2 mL/min to a final pH of 7.4.

Patch-clamp recordings were carried out in nestin-
GFP-expressing-cells located in dentate gyrus about 10–
20 lm below the surface of the brain slice using an EPC
9/2 double patch clamp amplifier. The acquisition and
the analysis of the data were performed with WinTIDA
software (HEKA, Lambrecht/Pfalz, and Germany). In
voltage-clamp mode, whole-cell recordings were per-
formed with pipettes filled with the standard solution
which consisted of (in millimolar): 130 KCl, 2MgCl2,
0.5 CaCl2, 2 Na-ATP, 5 EGTA, and 10 HEPES. The pH
was adjusted to 7.3 with KOH. To confirm the intracellu-
lar access, Alexa Fluor 594 (10 lg/mL, Molecular Probes)
was used. The open resistance of the patch pipettes was
6–8 MX. Patch pipettes were pulled from borosilicate
capillaries (inner diameter 0.87 mm; outer diameter
1.5 mm; Hilgenberg, Malsfeld, Germany) using a P-2000
laser-based pipette puller (Sutter Instrument, Novato).
All experiments were performed at room temperature
(21–25�C). During an individual experiment the temper-
ature fluctuated <1�C.

Identification of Nestin-GFP-Positive Cells

Cells located about 10–30 lm below the surface of the
brain slice were visible with water immersion optics
using a 510/20-nm band pass filter for enhanced GFP
fluorescence detection (excitation max. 490 nm) and
photographed using 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) was added to the pipette solution.

The dentate gyrus of the hippocampus was identified
by standard transmission optics (Zeiss Axioskop, Zeiss,
Oberkochen, Germany; 53 Zeiss objective, numerical
aperture 0.15) and images were recorded with a CCD
camera (Variocam, PCO Computer Optics, Kelheim,
Germany).

Nestin-GFP-expressing cells were identified by fluo-
rescence optics (excitation at 488 nm using a monochro-
mator, Polychrome IV, Till Photonics, Martinsried,
Germany). The emitted light was collected at 530 6
10 nm with a CCD camera (QuantiCam Phase, L€ubeck,
Germany; 603 water immersion Olympus objective, nu-
merical aperture 0.8). After the patch clamp recording,
the Alexa Fluor 594 fluorescence was detected at an
excitation wavelength of 589 nm and an emission at
616 6 4 nm.

Intracellular Labeling and Staining for Biocytin

The pipette solution contained additional 0.5% Biocy-
tin (Ne-biotinyl-L-lysine; Sigma, St. Louis, MO), which
was allowed to diffuse into the patched cells during the
recordings for 20 min at room temperature.

For Biocytin staining 150 lm slices were fixed di-
rectly after patching in 4% paraformaldehyde in 0.1M
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phosphate buffer, pH 7.4, containing 0.1% Glutaralde-
hyde at 4�C overnight. For further characterization of
the patched cells immunohistochemistry was performed.
Fixed slices were washed in TBS and incubated with
TBS1 for 30 min and incubated with primary antibodies
in TBS1 for 48 h at 4�C. Primary antibodies were used
in following concentrations: anti-GFP (goat, 1:1,000),
anti-BLBP (rabbit, 1:2,000). Slices were washed with
TBS and preincubated in TBS1 for 15 min. Hereafter,
they were incubated in secondary antibodies for 4 h.
Secondary antibodies used: anti-rabbit Cy5, anti-goat
FITC (all 1:250, Dianova). Sections were then washed
with TBS and coverslipped in PVA-DABCO.

Statistical Analysis

All numerical analysis were performed using Statview
5.0.1. For all comparisons ANOVA was performed by
Fisher’s post hoc test when appropriate. Differences
were considered statistically significant at P < 0.05.

RESULTS
Type-1 and Type-2 Cells Express Precursor Cell

Marker Sox2

Sox2 is a transcription factor required for stem-cell
maintenance that actively inhibits neuronal differentia-
tion in neural precursor cells (Wegner and Stolt, 2005).
Sox2 is found in the adult SGZ (Komitova et al., 2005)
and reporter gene mice with GFP expressed under the
Sox2 promoter have been used to isolate precursor cells
from the adult dentate gyrus (D’Amour and Gage, 2003).

We studied Sox2 expression in type-1, type-2, and
type-3 cells of the adult SGZ (Fig. 1A). Of 100 Sox2-posi-
tive cells, 23.4% were type-1 cells with radial morphol-
ogy and 30.9% were type-2a cells, whereas only 2.7%
were type-2b cells, and 1.3% type-3 cells (Fig. 1B). This
implied that more than 40% of all Sox2-positive cells did
not show any overlap with nestin-GFP or DCX (Fig. 1B,
inset). Inversely, however, 94.1% of all nestin-GFP-posi-
tive type-1 cells expressed Sox2, 82.0% of type-2a cells,
and 25.5% of type-2b cells (Fig. 1C). An analysis based
on the expression of DCX revealed that only 6.5% of all
DCX-expressing cells co-expressed Sox2, about half of
which were nestin-GFP-positive type-2b cells (Fig. 1D).

From this result we conclude that the putative precur-
sor cells in the adult SGZ express stem-cell marker
Sox2. Type-1 cells, which divide rarely, almost all
expressed Sox2, consistent with the idea that the high-
est-order stem cell is maintained and actively prevented
from neuronal development. Type-3 cells, in contrast,
are cells with early neuronal features, and consequently,
Sox2 cells was rare in this population. The switch from
high Sox2 expression to low Sox2 expression occurs at
the level of the transition between type-2a and type-2b
that is coinciding with the up-regulation of DCX.

The remainder of the Sox2-positive cells were largely
S100b-positive astrocytes, some of which resided in the

SGZ but most were found in the molecular layer (Figs.
1E and 2C,C0).

Type-1 and Type-2 Cells Express Radial-Glia
Marker BLBP

We next wanted to know, up to which stage in the pro-
posed course of development, the putative precursor
cells would express glial markers. We had shown that
all nestin-GFP-positive type-1 cells were GFAP-positive
but that not all GFAP-cells with radial morphology
expressed nestin-GFP (Filippov et al., 2003).

Brain lipid binding protein (BLBP) is transiently
expressed in radial glia during fetal brain development
(Feng et al., 1994) and actively blocks differentiation,
presumably downstream of Notch signaling (Anthony
et al., 2005).

With very few exceptions, all type-1 cells expressed
BLBP, further supporting their radial glia-like nature
(Fig. 2B). In addition, we detected a small population of
radial glia-like BLBP-positive cells that expressed GFAP
but were negative for nestin-GFP.

We used the systemic application of S-phase marker
bromodeoxyuridine (BrdU) to permanently label a cohort
of dividing cells in the SGZ and to study the prolifera-
tive activity of radial glia-like cells. BrdU-immunohisto-
chemistry at 3 h after BrdU revealed that 148 6 39.65
(12.05% 6 2.4%) of the BrdU-positive cells (1227.33 6
507.24; all numbers are means 6 standard error of the
mean) co-expressed nestin-GFP and BLBP—but only
less than 5% of the BrdU-positive nestin-GFP-positive
cells have a radial glial morphology (Filippov et al.,
2003). Thus the BLBP-positive/nestin-GFP-positive ra-
dial glia-like type-1 cells represented a rarely prolifera-
tive population which did not account for the majority of
the proliferating nestin-GFP/BLBP-positive cells. Ninety-
five percent of all BrdU-labeled nestin-GFP-expressing
cells are type-2 cells (Fig. 2B, inset).

However, 133.84 6 38.23 BrdU-positive cells, which re-
present nearly one half of the BLBP-positive/BrdU-posi-
tive cells (281.84 6 37.67) were negative for nestin-GFP
3 h after BrdU. At the same time, the vast majority of
BrdU-positive/nestin-GFP-positive type-2 cells (959.24 6
95.90) was negative for the expression of BLBP. This sug-
gests that BLBP-positive type-2 cells can divide actively
but most do not. This, too, is consistent with the idea that
BLBP, like Sox2, is a maintenance gene that preserves
the precursor cell pool. The hypothesis, not testable in
vivo, would be that BLBP-positive divisions are self-
renewing symmetric divisions, whereas BLBP-negative
divisions are asymmetric divisions leading to the lineage
determination of one daughter cell.

In line with this consideration we found that the per-
centage of BLBP-positive type-1 cells among all BrdU
cells remained unchanged between 3 h and 1 week after
BrdU, indicating a rarely and slowly proliferating cell
population.

This held true also for the numbers of proliferating
BLBP-expressing type-2 cells that also remained con-
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Fig. 1. Quantitative results. (A) The scheme recapitulates the nomen-
clature used in this study (Kempermann et al., 2004). Adult neurogenesis
originates from radial glia-like stem cells (type-1) and progresses over in-
termediate progenitor cell stages (type-2 and type-3). Identification of type-
1 and type-2 cells is based on the expression of nestin-GFP and morphology
(Filippov et al., 2003). (B) stem cell marker Sox2 is expressed in the den-
tate gyrus. The graph shows the distribution of 100 Sox2-positive cells to
the different categories of precursor cells in vivo. Forty-one percent of
Sox2-positive cells do not belong to the precursor cells; more than half of
which are S100b-positive astrocytes (cf. E). (C) If the precursor cells are
taken as the basis of the analysis, it is found that essentially all type-1 cells
are Sox2-positive and 4/5 of the type-2 cells. Among the doublecortin
(DCX)-positive type-2b cell only one quarter is Sox2-positive. Because
type-3 cells are by definition nestin-GFP-negative they are not listed here.
(D) The same kind of analysis based on the expression of DCX reveals that

only a very small percentage of DCX-positive cells co-expresses Sox2. (E)
40% of the Sox2 positive cells are nestin-GFP-negative. In the subgranular
zone (SGZ) approximately 1/5 is S100b-positive (left panel). If, conversely,
all S100b-positive astrocytes in the dentate gyrus are considered, essen-
tially all of the co-express Sox2. One third of these are found in the SGZ,
almost half in the hilus. (F) Similarly to that of D we also found that a
small percentage of DCX-positive cells was BLBP-positive. Also the reverse
was true: about 8% of all BLBP-positive cells co-expressed DCX. (G) The
actively dividing precursor cells represent only a small subset of all BLBP-
positive, Nestin-GFP-positive and BrdU-positive cells in the SGZ (at 3 h af-
ter the injection of BrdU). (H) The size of this cell population identified in
G does not change between 3 h and 1 week after BrdU, which is consistent
with the idea that these cells constitute an asymmetrically dividing group of
cells. (I) Presents a schematic qualitative summary of our findings, highlight-
ing the transition from type-2a to type-2b cells.
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stant between 3 h after BrdU and 1 week after BrdU
(Fig. 1H). Similarly, the numbers of new BLBP-positive/
nestin-GFP-negative cells did not change (3 h: 235.67 6
16.42; 1 week: 270.66 6 16.4; P 5 0.76).

We never found BLBP-positive/nestin-GFP-negative
cells with radial glia-like shape to be BrdU-positive.
This might indicate that nestin-GFP expression in radial
glia-like cells is related to an activated state associated
with cell division.

In the fetal brain, radial glia is also characterized by
the expression of GLAST and RC2. We did not find evi-
dence of GLAST and RC2 immunoreactions in the adult
SGZ (not shown).

The Astrocyte-Like Electrophysiological
Phenotype Is Associated with BLBP Expression

The nestin-GFP transgenic animals allowed to distin-
guish the putative precursor cells in living acute slice
preparations from the adult hippocampus. We dialyzed
cells with the hydrophilic fluorescent dye Alexa Fluor
via the patch-pipette to confirm the morphological fea-
tures and to distinguish between type-1 and type-2 cells
(Filippov et al., 2003; Wang et al., 2005). In addition,
type-1 cells are characterized by passive membrane con-

ductance, while the type-2 cells are more heterogeneous
including cells with neuronal properties. Here, we focus
on cells with a type-2 property.

After establishing a whole-cell recording configuration,
the cell was clamped to a series of de- and hyperpolariz-
ing potentials from 2210 to 180 mV or from 2140 to
120 mV at holding potential of 270 mV (see Fig. 3).
One group of type-2 cells displayed passive membrane
currents with no apparent time-dependence and a linear
current to voltage curve. This pattern corresponds to
type-1 cells. The other group typically had a high input
resistance (Rm 5 1,220 MX). The current pattern was
characterized by the presence of small rapidly inactivat-
ing inward currents with depolarization typical for vol-
tage-gated Na21 channels followed by delayed outward
currents. With hyperpolarization, no currents were acti-
vated. Electrophysiologically, this type of cell is similar
to glial precursor cells or the so-called ‘‘receptor astro-
cyte’’ (Matthias et al., 2003).

After electrophysiological recordings Biocytin-labeled
type-2 cells were stained for BLBP to identify radial
glial antigen properties in these cells. Fig. 3G shows a re-
presentative BLBP-positive/nestin-GFP-positive cell with
passive membrane conductance (Fig. 3D). In contrast,
type-2 cells with early signs of the complex type of mem-
brane currents (depolarization typical for voltage-gated
Na21 channels followed by delayed outward currents)

Fig. 2. Precursor cell markers and lineage markers in the adult
dentate gyrus. (A) Nestin-GFP (green), doublecortin (DCX, red), and
Sox2 (blue) show varying degrees of overlap in the subgranular zone.
All radial glia-like type-1 cells are Sox2-positive. Scale bar, 40 lm. (B)
Radial glia-marker BLBP identifies both type-1 cells with their radial
morphology and type-2 cells, which lack the radial process (type-2 cells
appearing yellow here). Scale bar (in A), 40 lm. Inset: BLBP-positive
type-2 cells incorporate BrdU and are thus proliferative. C/C0, essen-
tially all S100b-positive astrocytes in the dentate gyrus are Sox2-posi-
tive. Such astrocytes also exist in the SGZ (lower arrow in C0). The mo-
lecular layer (which was not included into the quantification depicted

in Fig. 1E) is full of Sox2/S100b-positive astrocytes (upper arrow in C0).
Scale bar (in A), 100 lm. (D,E) Analysis of the GFAP-GFP transgenic
mice reveals a similar picture as the nestin-GFP mice. Radial glia-like
cells are BLBP-positive. GFAP-GFP and DCX are mutually exclusive.
Few cells show an overlap between DCX and BLBP (appearing pink).
Scale bar (in A), 40 lm. (F) nestin-GFP-positive cells can show weak
(upper row) to strong (lower row) co-expression of BLBP. NeuroD1 as
the earliest known neuronal lineage marker in adult neurogenesis
appears first in nestin-GFP-positive type-2 cells and is never found in
type-1 cells. Scale bar (in A), 25 lm.
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were BLBP-negative (Figs. 3E,H). Few cells showed
small sodium currents (Fig. 3F), consistent with early
signs of neuronal differentiation.

Technical limits precluded to conduct this study quan-
titatively. The available data, however, can serve as
another piece of evidence that BLBP-positive type-2 cells
show predominantly glial features.

GFAP-GFP Is Found in Type-2 Cells

To further corroborate the idea that at the type-2
stage a switch from glial to neuronal phenotype occurs,
we studied GFAP-GFP mice, in which the cytoplasmic
GFP allows a better appreciation of cell morphology
than the detection of GFAP protein, which is largely lim-
ited to the processes. We found GFAP-GFP cells with
both type-1 (with radial process) and type-2 morphology
(without radial process but short and delicate horizontal
processes). Because horizontal astrocytes in the SGZ are
GFAP-GFP-positive and also have horizontal processes
we costained for S100b that is expressed by horizontal
astrocytes but would not be found the in possibly GFAP-
GFP-positive type-2 cells. Indeed, we found GFAP-GFP-
positive S100b-negative cells with type-2 morphology in
the SGZ (Fig. 1C).

Lineage Specific Marker NeuroD1 Is First
Expressed in Type-2 Cells

The transcription factor NeuroD1 is one of the earliest
indications of granule cell development (Liu et al., 2000;
Pleasure et al., 2000). Three hours after BrdU, 764.48 6
77.80 BrdU-positive cells co-expressed NeuroD1 and nes-
tin-GFP, whereas 552.24 6 220.20 BrdU-positive cells
co-expressed NeuroD1 but lacked nestin-GFP expres-
sion, and 250.62 6 61.75 BrdU-positive type-2 cells were
negative for NeuroD1. This implies that about 75% of all
proliferating type-2 cells co-express NeuroD1. In co-loca-
lization studies with antibodies against BLBP and Neu-
roD1 we never found type-2 cells to be positive for both
markers. Similarly, we never found any type-1 cells to
be NeuroD1-positive. All NeuroD1-positive cells in the
SGZ and GCL were oval-shaped without processes.
DCX-positive type-2 cells (type-2b) were always Neu-
roD1-positive, supporting the idea that these cells are
determined towards the neuronal lineage.

We did not detect co-labeling of Sox-2 with NeuroD1
in type-2 cells, which is in a slight discrepancy with the
finding that Sox2 and DCX had a small overlap. Because
not all markers can be investigated in the same immu-
nohistochemical experiment and the discrepancy affects
only a few percent, we assume that this unexplained
overlap is due to technical limitations. This issue, how-
ever, does not contradict the principal conclusion to be
drawn from this experiment, that NeuroD1 expression
first appears at the type-2 stage and is essentially
mutually exclusive with the precursor cell markers
BLBP and Sox2.

As anticipated, at 1 week after BrdU injection the
numbers of both NeuroD1-positive/nestin-GFP-positive
(1002.56 6 144.64) and NeuroD1-positive/nestin-GFP-

Fig. 3. Electrophysiology. (A–C) In acute slice preparations type-2 pre-
cursor cells were identified by their nestin-GFP expression. After establish-
ing the patch contact cells were filled with Alexa-594 to confirm the distinct
morphology devoid of radial processes. Scale bar, 20 lm. (D–F) Type-2 cells
might display different electrophysiological characteristics previously
attributed to nestin-GFP-positive cells (Filippov et al., 2003; Wang et al.,
2005), including passive astrocyte-like properties. Roughly half of the type-
2 cells investigated belonged to the astrocyte-like type (D), whereas the
other half showed signs of the ‘‘complex’’ type (E). These cells do not qualify
as complex cells of the definition but have clearly different properties than
the astrocyte-like cells of (D). As before, single type-2 cells exhibited small
sodium currents. (G,H) After electrophysiological recording the cells were
filled with biocytin and processed for immunohistochemistry. Although this
analysis was not quantitative (because only small numbers of cells could be
studied) we found the astrocyte-like cell of D to be BLBP-positive (and thus
a type-2a cell), whereas the cell from E was BLBP-negative and thus a
type-2b cell (H). Scale bar (in C), 60 lm (G), and 15 lm (H).
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negative (1000.51 6 144.66) cells had increased, indicat-
ing a robustly increasing population of immature neu-
rons. In contrast, the numbers of nestin-GFP-positive/
NeuroD1-negative type-2 cells decreased between 3 h
(250.62 6 61.74) and 1 week after BrdU (134.48 6
67.46), indicating a continuous maturation of these cells
towards a neural phenotype.

A small number of the BrdU-positive cells in our
experiment were negative for nestin-GFP, BLBP, Sox2,
DCX, or NeuroD1 (but only two markers could be tested
at a time). As shown previously, this population includes
astrocytes, microglia or NG2-positive glial precursors
(Steiner et al., 2004).

DISCUSSION

In this study, we describe that in type-2 cells of the
adult SGZ an overlap exists between the expression of
markers associated with a precursor cell stage (nestin-
GFP, Sox2, BLBP), a radial glia-like phenotype (BLBP),
and the neuronal lineage (DCX, NeuroD1). On the basis
of the currently favored model of neuronal development
in the adult hippocampus we consider this stage to be a
transient phase that characterizes the transition be-
tween a bi- or multipotent precursor cell and a lineage-
determined progenitor cell.

In our initial study, we had chosen to distinguish
type-2a cells from type-2b cells based on the additional
expression of DCX in the nestin-positive type-2b cells
that is absent in type-2a (Filippov et al., 2003). These
data had been generated in the nestin-GFP mice. Like
in the GFAP-GFP mice additionally used in the present
study, the difference in the decay of GFP compared to
the original protein nestin or GFP is not known. It is
assumed that this decay, and with it the level of detec-
tion, are different between endogenous protein and re-
porter product but very few studies have actually
addressed this issue (Corish and Tyler-Smith, 1999; Mel-
lodew et al., 2004; Verkhusha et al., 2003). Conse-
quently, there was a chance that we had overestimated
the size of the population of type-2b cells. On the other
hand, type-2b cells immediately appeared as a very
interesting group of cells worth further investigation
because they embody the initiation of neuronal develop-
ment in the course of adult hippocampal neurogenesis.
In a study based on a DCX-reporter gene mouse, no nes-
tin protein was detected in DCX-dsRed-positive cells
(Karl et al., 2005). However, the low expression of nestin
protein in the murine dentate gyrus had been the main
reason to use nestin-GFP mice in the first place, so that
the sensitivity of the antibody detection has to be ques-
tioned for a cell type with presumably low nestin expres-
sion. Although all reports based on nestin-GFP mice
agree in essence, some differing details are noteworthy
(Filippov et al., 2003; Fukuda et al., 2003; Mignone et al.,
2004). The discrepancy between nestin-GFP expression
and GFAP immunoreaction found in our study, for exam-
ple, might depend on the transgenic line (Mignone et al.,
2004).

Some authors have suggested modifications to our de-
velopmental model of adult hippocampal neurogenesis
(Kempermann et al., 2004): Encinas and colleagues, for
example, collapsed what is type-2 and type-3 cells in our
scheme into just one intermediate progenitor cell, which
would be subject to the regulation of proliferation
(Encinas et al., 2006). Our present data corroborate that
on the stage of the intermediate precursor cells, the
transiently amplifying progenitor cells of the adult den-
tate gyrus, a series of distinct developmental events
takes place, which, in our eyes, justifies to distinguish
preneuronal stages (type-2a) from a transitional phase
(type-2b) from an early neuronal stage (type-3), all of
which are still associated with cell proliferation. It
should though be noted that these ‘‘stages’’ are con-
structs to aid scientific theory building, here about the
transition from glial to neuronal phenotypes. In reality
changes are more gradual than the categorization into
‘‘cell types’’ might suggest.

Besides the radial glia-like vertical astrocytes with
their precursor cell function, the adult dentate gyrus
harbors a second population of astrocytes (‘‘horizontal
astrocytes’’), which are consistently negative for nestin-
GFP, but positive for both GFAP and S100b (Steiner
et al., 2004). Within the granule cell layer of the dentate
gyrus, S100b-positive cells were never found to be in cell
cycle and are thus considered to be postmitotic. Both
S100b-positive horizontal astrocytes and S100b-negative
radial astrocytes are generated in the adult dentate
gyrus, presumably from the radial glia-like stem cell.
However, we found that upon induction of neurogenesis
and gliogenesis in the adult dentate gyrus by voluntary
physical activity an elusive second population of GFAP-
positive cells acutely increased in number (Steiner et al.,
2004). Whereas proliferation of the nestin-GFP-positive
radial cells was unaffected (Kronenberg et al., 2003), the
number of dividing GFAP-positive S100b-negative cells
increased. We interpreted this finding as upregulation of
an intermediate progenitor cell in the glial lineage.
However, there was no strong argument against the
assumption that this astrocyte-like progenitor cell might
contribute to the neuronal lineage as well. The present
study could not finally solve this issue but provided fur-
ther arguments that the lineage separation between
gliogenesis and neurogenesis in the adult dentate gyrus
occurs on the level of type-2a cells.

The revised model of adult neurogenesis would thus
look like Fig. 1G: type-1 cells are the radial glia-like
stem cells of the SGZ, which give rise to the highly pro-
liferative type-2a cells. Initially, type-2a cells remain
BLBP-positive and Sox2-positive. To some degree, thus,
type-1 and type-2a cells share features of stem cells and
radial glia-like cells. A large number of type-2 cells,
however, are negative for Sox2 and BLBP. We propose
that both Sox2 and BLBP are associated with the main-
tenance of the precursor cell pool. The downregulation
of these markers largely coincides with the upregulation
of NeuroD1 and DCX as two markers associated with
the neuronal lineage. These latter cells represent the
type-2b cells.
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The present data strengthen the initial concept (Kem-
permann et al., 2004) and add further distinctive crite-
ria to the important transitional phase between the pre-
cursor cells and neuronal development, which is cap-
tured by the category type-2b. Type-2b cells are not only
nestin-GFP-positive but also to some degree express
BLBP or Sox2. Sox2 identifies precursor cells in the
adult brain but consistent with our in vivo report, the
protein identifies a heterogeneous population of cells
ex vivo (Brazel et al., 2005). In addition, Sox3 has been
identified in neural precursor cells in the adult hippo-
campus (Wang et al., 2006).

At the same time, type-2b cells represent the first
stage, at which neuronal lineage markers appear. The
apparently transitional stage is thus not only a result
the possible persistence of a reporter gene product
(GFP) as some might have suspected after our first
description. In addition we have shown that the type-2b
stage is characterized by the complete lack of glucocorti-
coid receptor expression, although both type-2a and
type-3 express the receptor (Garcia et al., 2004).

The electrophysiological data confirm this concept.
The BLBP-positive cells showed astrocytic properties,
whereas BLBP-negative cells had a complex electrophys-
iological phenotype. We propose that the first synaptic
input into the cells occurs on the level of the type-2b
cells. We have shown that this input is GABAergic
(Wang et al., 2005). One would assume that the cells
receiving synaptic input are BLBP/Sox2-negative but at
present this is speculation. Also, our electrophysiological
analysis was not quantitative, so that an overlap of glial
antigenic features with early neuronal electrophysiologi-
cal properties might exist. GABAergic input, however,
further induces neuronal differentiation (Ge et al., 2006;
Tozuka et al., 2005).

Taken together, the present data support the existence
of transient amplifying progenitor cells (type-2 cells)
that mark the progression from a glia-like precursor cell
phenotype to characteristics of the neuronal lineage.
Scheffler, Walton and colleagues have studied the glia–
neuron transition in the course of neurogenesis in an ex
vivo model based on cell cultures from the early post-
natal and adult subventricular zone, the second neuro-
genic region of the adult brain (Scheffler et al., 2005).
With time lapse video-microscopy they could follow the
transition from glial to neuronal phenotype in individual
cells. On a phenomenological level their data are in full
agreement with ours: the neuron–glia transition can be
identified as a critical step in neurogenesis.

We caution, however, that none of the markers that
can be used to identify cells on the different stages of de-
velopment are fully sensitive and specific. Sox2, for
example, also identifies astrocytes in the dentate gyrus
for which no precursor cell properties can be assumed.
Some markers are mutually exclusive (e.g. GFAP and
DCX or NeuroD), whereas others might identify particu-
lar functional states of a cell type. This problem not-
withstanding it becomes increasingly apparent that
adult neurogenesis originates from a cell that lacks neu-
ronal features but is glia-like. That resident GFAP- and

Nestin-expressing cells can repopulate a dentate gyrus
depleted of all amplifying stages of neurogenesis has
been convincingly demonstrated (Seri et al., 2001, 2004).
We have here shown, at which point the lineage-deter-
mining step in the development towards a new neuron
occurs.
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