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Abstract

Based on the expression of glial fibrillary acidic protein (GFAP), a recent hypothesis considered stem or progenitor cells in the adult
hippocampus to be a type of astrocyte. In a complementary approach, we used transgenic mice expressing green fluorescent protein (GFP)
under the promoter for nestin, an intermediate filament present in progenitor cells, to demonstrate astrocytic features in nestin-GFP-positive
cells. Morphologically, two subpopulations of nestin-GFP-positive cells were distinguishable; one had an elaborate tree of processes in the
granule cell layer and expression of GFAP (but not of S100�, another astrocytic marker). Electron microscopy revealed vascular end feet
of nestin-positive cells, further supporting astrocytic differentiation. Electrophysiological examination of nestin-GFP-positive cells on
acutely isolated hippocampal slices showed passive current characteristics of astrocytes in one subset of cells. Among the nestin-GFP-
expressing cells with lacking astrocytic features, two cell types could be identified electrophysiologically: cells with delayed-rectifying
potassium currents and a very small number of cells with sodium currents, potentially representing signs of the earliest steps of neuronal
differentiation.
© 2003 Elsevier Science (USA). All rights reserved.

Introduction

In the adult hippocampus, new neurons are constantly
generated from a resident population of stem or progenitor
cells, located in the subgranular zone (SGZ) at the border
between the hilus and the granule cell layer (GCL) of the
dentate gyrus. Ex vivo experiments have shown that these
cells have stem cell properties (Palmer et al., 1997), al-
though there is some disagreement as to which extent

(Seaberg and van der Kooy, 2002). Despite numerous ef-
forts, however, it has not yet been possible to find a specific
marker that would allow the identification of neuronal stem
cells in vivo (Geschwind et al., 2001). In vitro studies have
demonstrated that in cells derived from the brain the inter-
mediate filament nestin is expressed only in cells with
progenitor cell qualities (Lendahl et al., 1990). The appli-
cation of this insight for in vivo studies, however, has been
restricted by the fact that all available antibodies against
nestin have a cross-reaction with an endothelial antigen
(Palmer et al., 2000). A transgenic mouse, expressing en-
hanced green fluorescent protein (GFP) under the nestin
gene regulatory region, allowed us to bypass this problem
(Yamaguchi et al., 2000). The use of the enhancer region of
the nestin gene restricts reporter gene expression to neural
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progenitor cells (Zimmerman et al., 1994). Based on this
neurally specific expression of nestin-GFP, neural progeni-
tor cells have been successfully isolated from the same
mouse line that has also been used in our experiment
(Sawamoto et al., 2001a, 2001b). Stem cell properties of
such cells have been demonstrated (Kawaguchi et al., 2001).
In the context of the present study and based on these data,
a stem or progenitor cell is therefore operationally defined
as a nestin-GFP-expressing cell. Generally, the defining key
criteria for stem cells are the ability for (unlimited) self-
renewal and multipotency (Gage, 2000). A progenitor cell is
a multi- or unipotent cell with the ability for limited self-
renewal. As both stem and progenitor cells can be nestin
expression in vitro, we use the neutral term “stem or pro-
genitor cells” to indicate that the ultimate distinction be-
tween the two types of cells cannot be made under in vivo
conditions such as in our study.

Histological analysis of brain tissue from nestin-GFP
mice showed large numbers of putative stem or progenitor
cells in the neurogenic and nonneurogenic regions of the
brain (Yamaguchi et al., 2000), generally consistent with
what would be expected from ex vivo experiments
(Kawaguchi et al., 2001; Palmer et al., 2000; Sawamoto et
al., 2001b).

Regarding the subventricular zone of the lateral ventri-
cles, the second neurogenic region of the adult brain besides
the hippocampus, Frisén and coworkers favored the hypoth-
esis that ependymal cells are the stem cells of the subven-
tricular zone (Johansson et al., 1999); Alvarez-Buylla and
colleagues, in contrast, see the stem cells in astrocytes of the
subependymal layer (Doetsch et al., 1999), a hypothesis
supported by another study by Laywell et al. (2000). Seri et
al. (2001) provided evidence for a similar identity of the
putative stem or progenitor cells in the dentate gyrus with
astrocytes. In both cases the cells that presumably repre-
sented progenitor cells were identified by their proliferative
activity as detected by their incorporation of tritiated thy-
midine or thymidine analog bromodeoxyuridine (BrdU).
Astrocytes were identified by their expression of glial fibril-
lary acidic protein (GFAP) and morphological criteria. In
general, however, astrocytes are an extremely heteroge-
neous population of cells. GFAP expression is often used
only as a minimum criterion. Therefore, one fundamental
question remained open: are the putative stem or progenitor
cells of the dentate gyrus truly astrocytes beyond the ex-
pression of GFAP?

The nestin-GFP-expressing mice provide a unique tool
for examining putative stem or progenitor cells in the adult
brain, independent of their momentary proliferative activity
and of pitfalls due to antibody specificity. We used these
mice to further test the hypothesis by Alvarez-Buylla and
colleagues (2001) that astrocytes are the stem cells of the
adult brain. Our own hypothesis was that the nestin-express-
ing population of putative stem or progenitor cells in the
adult dentate gyrus might have astrocytic features, but also
distinguishing characteristics. We used immunohistochem-

istry, electron microscopy, and electrophysiological tech-
niques to investigate astrocytic features in nestin-GFP-pos-
itive cells.

Our data provide arguments in support of the view that
progenitor cells in the adult hippocampus share astrocytic
features, but they also show that there is no simple identity
between astrocytes and progenitor cells.

Results

Nestin-GFP-expressing cells of the dentate gyrus have
two distinct morphologies

By morphological characteristics, especially the absence
or presence of processes, nestin-GFP-expressing cells fell
into two large categories. One cell population (type-1) was
characterized by a long process (Fig. 1). The cell body of
type-1 cells was generally located in the SGZ and the
process reaching through the granule cell layer and into the
molecular layer.

A second cell type (type-2) lacked long processes and
had a round or ovoid nucleus and soma with scant cyto-
plasm. Compared to the first cell population, the soma of
these cells tended to be smaller. The plump short cytoplas-
mic extensions of these cells tended to be oriented tangen-
tially to the granule cell layer. The appearance of type-2
cells was less characteristic than of type-1 cells. A number
of bipolar and even multipolar cells with longer processes
were also seen, but these cells were mostly located in the
outer third of the granule cell layer or at the border of the
molecular layer.

Nestin-GFP-expressing cells showed a characteristic dis-
tribution within the dentate gyrus. The majority of GFP-
expressing cells were located in the SGZ. A much smaller
number was detectable in the GCL proper. While the cell
bodies of both unipolar type-1 and type-2 cells were usually
found in the SGZ, bipolar and multipolar cells were often
located within the GCL, at a distance from the SGZ. Few
GFP-positive cells were found in the hilus or the molecular
layer. The hilus harbors a characteristic type of nestin-GFP-
expressing cell, clearly visible in Fig. 1A. As could be
shown by immunohistochemical double labeling (see also
below), these cells are a population of NG2-expressing
oligodendrocyte precursor cells (Fig. 1G).

A quantitative analysis in five adult nestin-GFP-trans-
genic mice revealed a total number of 2687 � 395 nestin-
positive cells per dentate gyrus (mean � SEM). The ratio of
type-2 cells to type-1 cells was 1 to 2.1 (based on confocal
microscopic analysis of 100 cells per animal).

Both type-1 and type-2 cells had incorporated BrdU 2 h
after intraperitoneal administration, indicating that both cell
types were undergoing division at that time. Of 171 BrdU-
labeled cells scored in these five animals, 61% showed
nestin-GFP colabeling. Of these nestin-GFP�/BrdU� cells,
94% were classified as type-2 cells.
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While type-1 cells consistently showed colabeling for
astrocytic marker GFAP this was not the case with type-2
cells (Figs. 1 D and F). Importantly, both cell types were
consistently negative for S100�, a second astrocytic marker
(Fig. 1E). Taken together, nestin-GFP-expressing cells
could be categorized into rarely dividing type-1 cells ex-
pressing astrocytic marker GFAP but not S100� and the
twice as abundant, strongly dividing type-2 cells with none
of these immunohistochemical astrocytic properties.

In the SGZ only very rare nestin-GFP-expressing cells
also showed immunoreactivity with antibodies against
NG2, a marker for glial precursor cells in the oligodendro-
cyte lineage, although nestin-GFP/NG2-double-labeled
cells can be found in the hilus (Fig. 1G). This is in accor-
dance with our earlier finding that extremely few newly
generated oligodendrocytes can be found in the SGZ and
GCL (Kempermann and Gage, 2002a).

Nestin-GFP-expressing cells have vascular end feet

By means of preembedding immunoelectronmicroscopy
we studied the ultrastructure of nestin-GFP-expressing cells
(Fig. 2). We found nestin-GFP-labeled vascular end feet,
that is, cell processes that are in close contact to the basal
membrane of an endothelial cell forming a capillary (Fig.
2A). Such end feet are characteristic of astrocytes. We also
found examples of the long nestin-GFP-positive processes,
probably representing the process of type-1 cells that ex-
tends from the subgranular zone toward the molecular layer
(Fig. 2B). The achieved level of tissue conservation and the
resulting reduced resolution did not allow us to investigate
the elaborate dendrite-like tree the nestin-GFP-expressing
cells form in the upper granule cell layer.

Nestin-GFP-expressing cells are distinguished by their
voltage-gated channel expression patterns

We used acutely isolated hippocampal slices from nes-
tin-GFP-transgenic mice to study membrane properties of
putative progenitor cells in situ (Fig. 3A). Nestin-GFP-
positive cells in the SGZ were identified by their green
fluorescence and were subsequently approached with the
patch pipette using transmission light (Fig. 3B). Membrane
currents were recorded from the fluorescently labeled cells
while stepping for 50 ms from a holding potential of �70
mV to hyperpolarizing and depolarizing potentials ranging
from �140 to 20 mV (10-mV increments; see inset in Fig.
4A). Based on their pattern of membrane currents three
types of nestin-GFP-positive cells could be distinguished.

One group of cells examined expressed passive, nonin-
activating currents with a linear current–voltage relationship
and a reversal potential close to the K� equilibrium poten-
tial (Fig. 4A). This current pattern is characteristic for the
“passive” astrocytes that have been described in the hip-
pocampus (Steinhauser et al., 1994). By morphological

standards these cells corresponded to the type-1 cells de-
scribed above (Fig. 3).

A second population of nestin-GFP-positive cells ex-
pressed currents with a slight inactivation during the voltage
step. The current voltage curve revealed outwardly rectify-
ing properties and a reversal potential close to the K�

equilibrium potential (Fig. 4B). These cells lacked the char-
acteristic long process and by this standard could be re-
garded as type-2 cells as described above.

Finally, as a third population, a very small number of the
cells we examined were characterized by rapidly activating
and inactivating inward currents elicited with depolarization
followed by outward currents. The threshold for activation
of the inward currents was at about �40 mV, the time to
peak was about 1 ms, and the extrapolated reversal potential
was ��40 mV, indicating the presence of voltage-gated
Na� channels (Fig. 4C). In some cases, we observed a
second transient inward current within the 50-ms voltage
jump. The outward currents elicited with depolarization
showed a significant outward rectification and a reversal
potential close to the K� equilibrium potential. The mem-
brane conductance with hyperpolarization was low. These
cells did not have the distinctive morphology of type-1 cells.
We hypothesize that these rare sells represent a subtype of
type-2 cells, which are in the very earliest stages of neuronal
differentiation, here detectable in the presence of sodium
currents.

During recording, the cells were filled with Lucifer yel-
low via the patch pipette. Because of the intrinsic fluores-
cence we were not able to detect whether Lucifer yellow
was present in the adjacent GFP-positive cells. However,
we never observed any dye spread to nonlabeled cells, such
as adjacent astrocytes or neurons.

Discussion

One criterion to identify progenitor cells from the adult
murine SGZ in vitro is their expression of intermediate
filament nestin (Lendahl et al., 1990). We here show that in
vivo nestin-GFP-expressing cells are not a homogenous
population. Strictly speaking, we identified cells in which
GFP was generated under the activity of the regulatory gene
region of the nestin gene that allows expression specific to
neural tissue and in which GFP was still present at the time
point of examination. This is not identical to the expression
and detection of nestin protein itself. However, both are
closely related, and the use of the reporter gene allows a
clearer identification of cells with nestin activity than the
use of antibodies against nestin, because these label vascu-
lature as well (Palmer et al., 2000) and do not visualize the
nucleus and the processes into their smallest ramifications
that allowed us to characterize two types of putative pro-
genitor cells (compare also Wei et al., 2002).

One of the two subpopulations of nestin-GFP-expressing
cells, readily identifiable by its distinctive morphology,
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shows a number of features characteristic of astrocytes.
These type-1 cells express GFAP, thus linking this type of
cell with the “B cells” as described by Seri et al. (2001). In
that study, progenitor cells were identified by their expres-

sion of GFAP and morphological criteria. The hypothesis
was derived that astrocytes are the stem cells of the adult
SGZ (Alvarez-Buylla et al., 2001; Seri et al., 2001).

In several aspects our data can confirm this idea: we

Fig. 1. Nestin-GFP-expressing cells in the SGZ. (A) Bright-field light-microscopic image of nestin-GFP-positive cells in the SGZ. Type 1 cells have
dendrite-like processes extending to the outer GCL and inner molecular layer. Non-process-bearing type-2 cells (arrows) are half as frequent than type-1 cells.
In the hilus, one nestin-GFP-positive cell with a characteristic triangular nucleus and fine processes can be seen. As illustrated in G, this cell type is
NG2-positive and thus presumably represents a type of precursor cell of the oligodendrocyte lineage, which is extremely rare in the SGZ. (B) Confocal
microscopic image illustrating how nestin-GFP-positive cells (green) are situated within the SGZ and GCL. Neurons are visualized with an antibody against
NeuN (blue). The position of the tree-like branching of the processes between GCL and molecular layer becomes clearer. (C) Higher magnification of a type-1
cell. (D) Triple labeling of nestin-GFP-expressing cells (green) with BrdU (red) and astrocytic marker GFAP (blue). Two type-2 cells are BrdU-marked and
located next to a GFAP-positive type-1 cell (see also F). The type-2 cells are GFAP-negative. (E) There is no overlap between nestin-GFP immunoreaction
and S100�, another astrocytic marker. The arrows indicate S100�-positive cell bodies. (F) Measuring the fluorescent emission along a line in y-direction
reveals the double labeling for nestin-GFP (green) and GFAP (blue) in the process of a BrdU-marked (red) type-1 cell. The emission intensity curves at the
bottom of the image. (G) With very few exceptions nestin-GFP-expressing cells of the SGZ are NG2-negative (cell in the center of yellow cross-hair, right;
outer emission intensity curves). In the hilus, NG2-positive cells (blue) that express nestin-GFP (green) can be found (cell in the center of red cross-hair; inner
emission intensity curves). The inset shows the same cell at higher magnification. Bar bottom right corner for all images, 40�m (A, B, E, and G), 15�m (C
and D), and 5 �m (F).
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found immunohistochemical, ultrastructural, and electro-
physiological evidence that nestin-GFP-expressing cells of
the adult dentate gyrus share features with mature astro-

cytes. As the experimental approaches we used in this study
could not be combined to investigate each individual cell for
all criteria, it is not possible to judge whether all of these
criteria apply to every single nestin-GFP-expressing cell.
Type 1 cells with their characteristic long process, however,
were readily identifiable under the microscope. Based on the
electrophysiological analysis of the morphologically iden-
tified cells, we demonstrate astrocytic features in nestin-
GFP-expressing cells that go beyond the expression of
GFAP and morphology. The process-bearing population of
nestin-GFP-expressing cells had the distinctive electrophys-
iological characteristics of astrocytes: they showed passive,
noninactivating currents with a linear current–voltage rela-
tionship and a reversal potential close to the K� equilibrium
potential (Steinhauser et al., 1992). Additionally, the iden-
tification of vascular end feet belonging to nestin-GFP-
expressing cells provides another strong argument for the
astrocyte-like nature of these cells.

On the other hand, type-1 cells that were consistently
both nestin-positive and GFAP-positive did not show im-
munoreactivity with antibodies against S100�, one of the
most specific and reliable markers for astrocytes presently
known (Savchenko et al., 2000). Also, we did not find any
S100�-positive BrdU-labeled cells at 2 h after BrdU. Seri et
al. (2001) had stated in their article that a smaller proportion
of the BrdU-labeled cells in the SGZ was also stained with
antibodies to S100, but in contrast to S100�, S100 is not
specific for astrocytes. For us this implies that the GFAP-
positive population of putative progenitor cells in vivo is
most likely not identical to the other mature astrocytes of
this brain area but forms a distinct group, among other
criteria characterized by their lack of immunoreaction with
antibodies against S100�.

Accordingly, we would argue that “stem cells are astro-
cytes” is not the same as “astrocytes are stem cells” (Al-
varez-Buylla et al., 2001; Seri et al., 2001). This is not a
purely semantic argument, because the definite sounding
label “astrocyte” for the putative stem or progenitor cells in
this region might lead to an unjustified impression of con-
ceptual security. Our hypothesis is that nestin-expressing

Fig. 2. Nestin-GFP-expressing cells have vascular end feet. Immunoelectron
microscopic localization of GFP in the dentate gyrus of nestin-GFP-transgenic
mice. Sagittal sections were labeled with antibodies to GFP and visualized by
1.4-nm gold-conjugated secondary antibodies and silver intensification. (A)
Gold-marked GFP-positive end foot is in direct contact to the basal lamina
(arrows) of an endothelial cell forming a blood vessel. Bar, 0.2 �m. (B) In the
neuropil sleek processes (arrows), labeled by the silver-enhanced gold, reac-
tion to nestin-GFP can be detected. Bar, 0.6 �m. (C) GFP-expressing cell at
lower magnification. The large nucleus is surrounded by a thin rim of cyto-
plasm (arrows). Mitochondria are devoid of staining. Bar, 0.2 �m. Fig. 3. Identification and recording from live precursor cells in acute

hippocampal slices. (A and B) Bright-field images of a hippocampal slice
showing the position of the patch pipette in the SGZ during recording. Bar
in B, 200 �m for A and 40 �m for B. (Inset) Fluorescent micrograph of the
same cell as in B after electrophysiological recording. Nestin-GFP-positive
cell shows intense fluorescence at 488-nm excitation.
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progenitor cells of the adult dentate gyrus share certain
astrocytic features, but independent of whether or not this
alone qualifies them as glial cells or astrocytes, they clearly
constitute a cell type with rather unique characteristics.
Most importantly, the nestin�/GFAP�/BrdU� type-1 cells
have elaborate branching processes that reach into the outer
third of the GCL and extend into the molecular layer. The
local specificity of this branching could be of functional
relevance, because input to this part of the GCL differs from
the inner two thirds (Wang et al., 2000) and the inner zone
of the molecular layer receives modulatory input from nu-
merous brain regions (Amaral and Witter, 1989). Seri et al.
(2001) had discussed the morphology of SGZ astrocytes and
speculated that the close contact to a great number of gran-
ule cells might enable the progenitor cells to receive granule
cell input and thus exert their stem cell activity in functional
contexts. Our data speak in favor of this idea. However, we
also show that if the categorization of a cell as a putative
progenitor cell is based on its nestin-GFP expression a
second type of cells fulfilling progenitor cell criteria can be
found in the same area. But these type-2 cells do not show
the characteristic morphology spanning between the blood
vessels of the SGZ and the inner molecular layer. Function-
ally this implies that type-2 progenitor cells might receive a
completely different set of regulatory signals than type-1
cells.

Generally, details of how the putative stem or progenitor
cells of the SGZ are linked into the hippocampal network
and thus could receive signals that induce their proliferative
and neurogenic activity remains unknown. This would be
particularly important in the context of the potential func-
tions of adult hippocampal neurogenesis, which according
to our theory lies in optimizing the size of the mossy fiber
connection between the dentate gyrus and CA1 in an activ-
ity-dependent way (Kempermann, 2002).

At present it is not known, whether the vascular end feet
we showed belong to type-1 cells only or whether type-2
cells, which otherwise lack astrocytic features, could share
this feature. Palmer et al. (2000) have described that nestin-
expressing cells of the SGZ reside closer to blood vessels
than elsewhere in the brain, but also that the distance be-
tween a nestin-positive cell and a blood vessel is not uni-
form. This is consistent with our hypothesis of two types of
nestin-expressing progenitor cells in this region, one with
vascular end feet (type-1) and one without (type-2). Vascu-
lar end feet are not only one of the most important astrocytic
qualities, but are also interesting with regard to the theories
linking adult neurogenesis to angiogenesis (Louissaint et al.,
2002; Palmer et al., 2000; Palmer, 2002). Our data indicate
that structurally this connection might be even closer than
previously thought. The nestin-expressing progenitor cells
could receive stimuli from circulating factors such as hor-
mones and growth factors and respond to them as much as
to input from their processes into the granule cell layer.
Insulin-like growth factor (IGF-1) might be one of the
regulatory factors reaching the progenitor cells by this way

Fig. 4. Nestin-GFP-expressing cells in the SGZ show three electrophysiologi-
cally distinct types of properties. Membrane currents were recorded from a
total of 131 nestin-GFP-positive cells in the SGZ in a voltage-clamped con-
figuration. The left columns show examples of membrane currents obtained in
response to the voltage steps. The protocol of voltage steps is shown in A.
Membrane currents were activated by stepping for 50 ms to depolarizing and
hyperpolarizing potentials from a holding potential of �70 mV. From these
recordings, corresponding I/U curves were obtained at the time points indi-
cated by open circle above the traces (right columns). (A) Example for a cell
expressing passive, noninactivating currents with a linear current–voltage
relationship. The reversal potential was �76 mV. These properties are astro-
cyte-like and the cells correspond to the morphologically identified type-1 cell
with its characteristic long GFP-filled process (compare also Fig. 3). (B)
Example for a cell expressing outwardly rectifying currents. The reversal
potential was �77 mV. These properties are similar to the one that can be
detected in O2A progenitor cells (Berger et al., 1991). This, however, does not
imply that these cells are O2A cells. Morphologically these cells correspond to
type-2 cells of our description. (C) Example of a cell that responds with
transient inward currents to a depolarization more positive than 30 mV,
followed by outwardly rectifying currents. The current trace that was obtained
in response to the voltage jump from �70 to �30 mV is also shown in an
expanded time scale to illustrate the time course of the transient inward current
(inset at bottom). The corresponding I/U curves at the peak of the inward
current (filled squares) and at the later phase (circles) are shown on the right.
Bars in A–C, 5 ms and 0.5 nA.
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(Aberg et al., 2000; Carro et al., 2000). Other possible
mediating factors are glucocorticoids (Cameron and
McKay, 1999; Gould et al., 1992), fibroblast growth factor
2 (Tao et al., 1996), erythropoietin (Shingo et al., 2001), and
prolactin (Shingo et al., 2003).

Type 2 cells presumably correspond to the D cells de-
scribed by Seri et al. (2001). Type 2 cells were smaller and
did not have elaborate processes. Presumably, these cells
showed electrophysiological characteristics (delayed-recti-
fier K� currents) resembling the electrophysiological de-
scription of a glial precursor cell (Berger et al., 1991). In
absolute numbers, type-2 cells were half as abundant as
type-1 cells, but accounted for 94% of the BrdU-labeled
cells. This result is in some contrast to the description of
Seri et al. who saw D cells in roughly half of the prolifer-
ating cells, but did not quantify the total number of D cells.

In acute slices from P8 corpus callosum Berger et al.
(1991) had identified cells with delayed rectifying K� cur-
rents and linked them to glial precursor cells in the oligo-
dendrocyte lineage, probably identical to the so-called O2A
progenitor cells. Consequently, it is not clear whether gen-
erally such electrophysiological properties would selec-
tively identify O2A progenitor cells. One characteristic of
O2A progenitor cells is their expression of marker protein
NG2 (Nishiyama et al., 1996). Type 2 cells of our study,
however, were consistently NG2-negative and generally
only very few NG2-positive cells can be found in the SGZ.
However, they are frequently found in the hilus (Figs. 1A
and G). Despite the shared electrophysiological features,
type-2 cells should therefore not be categorized as O2A
precursor cells. Also, by definition the progeny of O2A cells
would be oligodendrocytes and one type of astrocytes.
However, only very limited gliogenesis occurs in the adult
dentate gyrus. New oligodendrocytes are extremely rare,
and new S100�-positive astrocytes account for about 5 to
10% of the newly generated cells (Kempermann and Gage,
2002a). The largest proportion of new cells in the dentate
gyrus are neurons, ranging from 50 to over 80% in different
strains of mice (Kempermann and Gage, 2002a, 2002b).

The focus of the present study was the glial characteris-
tics of nestin-GFP-expressing, putative stem or progenitor
cells in the adult dentate gyrus. However, one small fraction
of nestin-GFP-expressing cells showed neuronal membrane
properties with voltage-gated sodium currents. Morpholog-
ically, these cells corresponded to the nonastrocytic type-2
cells. This is supported by the fact that the electrophysio-
logical properties of astrocytes can be clearly distinguished
from neurons (Steinhauser et al., 1992). We therefore hy-
pothesize that the cells with sodium currents mirror the
transitional step from nestin-GFP-positive type-2 progenitor
cells toward neuronal development. During the initial stages
of neuronal development a brief period might exist, during
which nestin is still expressed (or at least GFP from the
activation of the nestin promoter is still present) and at the
same time, the earliest neuronal features can be identified. It
has been shown that new neurons in the dentate gyrus

extend an axon to area CA3 within few days after cell
division (Hastings and Gould, 1999; Markakis and Gage,
1999; Stanfield and Trice, 1988). A detailed experiment is
currently under way to qualitatively and quantitatively study
the early neuronal development in the SGZ.

The question whether astrocytes might be the stem cells
of the adult hippocampus has gotten a new turn by a report
by Song et al. (2002), who elegantly showed that astrocytes
from the adult hippocampus play an active regulatory role in
promoting neurogenesis from hippocampal progenitor cells,
at least ex vivo. Interestingly, the hippocampal progenitor
cells in the study by Song et al. were GFAP-negative.
Although this might reflect an effect of culture conditions, it
could also indicate that the cells investigated in vitro were
not the astrocyte-like (type-1) cells that express nestin and
proliferate in vivo. As in that study where a GFP-expressing
retrovirus was used to label dividing cells and sort them, it
is conceivable that the isolated hippocampal progenitor cor-
responded to our type-2 cells. This would support the hy-
pothesis that the GFAP-negative type-2 cells were indeed
multipotent progenitor cells and could give rise to neurons,
astrocytes, and oligodendrocytes. It would also suggest that
that their close neighborhood to astrocytes or astrocyte-like
cells such as our type-1 cells could be required for the
execution of their neurogenic potential. But this, too, re-
mains to be shown under in vivo conditions.

For our study we used an operational definition of stem
or progenitor cells. The cells were identified by their ex-
pression of nestin-GFP. This is reasonable, because the
construct chosen to generate the nestin-GFP-transgenic
mice is specific for neural tissue (Zimmerman et al., 1994).
It has been shown that by sorting GFP-expressing cells from
these animals, cells can be extracted that have stem and
progenitor cell properties (Kawaguchi et al., 2001;
Sawamoto et al., 2001b). Our study focused on the in vivo
analysis of these cells. However, a number of questions
remain open. It is still not known whether all stem or
progenitor cells in vivo express nestin and thus nestin-GFP.
Also, it remains to be shown whether the nestin-GFP-ex-
pressing cells behave as stem or progenitor cells in vivo and
which of the criteria used to define “stemness” in vitro apply
to these cells in situ. Our data support the hypothesis that the
nestin-GFP-expressing proliferative population of putative
stem or progenitor cells is heterogeneous and that at least
two distinctive phenotypes can be identified. Only one of
these cell types has astrocytic features; the other does not.

Experimental methods

Animals

The generation of mice expressing enhanced GFP under
the control of nestin gene regulatory regions has been de-
scribed previously (Sawamoto et al., 2001a; Yamaguchi et
al., 2000). The mice were bred at the animal facility at the
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MDC. All applicable federal and local regulations of animal
welfare were followed. The mice lived in standard labora-
tory housing conditions with a light/dark cycle of 12 h each
and food and water ad libitum.

Immunohistochemistry

For immunohistochemistry, five 12-week-old animals re-
ceived a single ip injection of BrdU (50 �g/kg body wt;
dissolved in normal saline; Sigma, Deisenhofen, Germany).
Two hours after BrdU administration, mice were deeply
anesthetized with ketamine and perfused transcardially with
cold 4% paraformaldehyde in 0.1 M phosphate buffer. The
brains were dissected from the skulls and allowed to postfix
in the perfusate overnight. Before sectioning from a dry-
ice-cooled copper block on a sliding microtome (Leica,
Bensheim, Germany), the brains were transferred to 30%
sucrose in 0.1 M phosphate buffer until they had sunk.
Brains were then cut in the coronal plane in 40-�m-thick
sections and cryoprotected.

Immunohistochemistry for GFP and immunofluorescent
triple labeling were done as described (Kuhn et al., 1997),
but the formamide step of the older protocol was omitted.
All staining was done on free-floating sections that were
pretreated for BrdU immunohistochemistry by denaturing
the DNA in 2 N HCl for 30 min at 37°C.

We stained for GFP with the peroxidase method and
rabbit anti-GFP (1:400, Abcam, Cambridge, UK) as pri-
mary antibody. For the ABC detection system (Vector Lab-
oratories, Burlingame, CA) we used a biotinylated second-
ary donkey anti-rabbit antibody (1:500, Dianova, Hamburg,
Germany) and diaminobenzidine (Sigma) as chromogen.

Immunofluorescent triple labeling was performed for
GFP (see above), BrdU (rat anti-BrdU, 1:500, Harlan Se-
ralab, Borchen, Germany), and GFAP (guinea pig anti-
GFAP, 1:250, AdvancedImmunoChemical, Long Beach,
CA). For detection of S100�, rabbit anti-S100� (1:500,
Swant, Bellinzona, Switzerland) was used in combination
with a goat polyclonal antibody to GFP (1:1000, DPC
Biermann/Acris, Bad Nauheim, Germany). NG2 was de-
tected with a rabbit polyclonal antibody (1:250, Swant). The
fluorescent secondary antibodies used were donkey anti-
goat FITC or donkey anti-rabbit FITC, respectively, donkey
anti-rat rhodamine X and donkey anti-guinea pig Cy5, or
donkey anti-rabbit Cy5 (all 1:250, Dianova, Hamburg, Ger-
many).

Sections were analyzed on a Leica SP2 TCS spectral
confocal microscope. All images were taken in sequential
scanning mode and further processed in Adobe Photoshop
6.0 for Macintosh. Only general contrast adaptations were
made and figures were not otherwise manipulated.

Preparation of acute brain slices

For acute brain slice preparations, nestin-GFP-transgenic
mice of different ages (8–32 weeks) were decapitated, and

the brains were immediately removed. Coronal sections of
150 �m were cut from the forebrain using the Leica VT
1000S Vibratome (Leica). This section thickness allows
good pipette access for the patch clamp analyses (Edwards
et al., 1989) and avoids ambiguities in identifying nestin-
GFP-expressing cells due to the overlapping of intensive
fluorescent signals. Slice preparation was performed in ice-
cold bicarbonate-buffered bath solution gassed with carbo-
gene (5% CO2 and 95% O2). The extracellular solution
contained: 134 mM NaCl, 2.5 mM KCl, 1.3 mM MgCl2, 2
mM CaCl2, 1.25 mM K2HPO4, 26 mM NaHCO3, 10 mM
D-glucose. The brain slices were gently transferred by pi-
pette to a holding chamber and kept in the bath solution at
room temperature until used for recording.

Electrophysiological recordings

Under visual control the SGZ was located for record-
ings using transmission light (Zeiss Axioskop, Carl
Zeiss, Jena, Germany; 5� Zeiss objective, numerical
aperture 0.15), and images were captured with a high-
sensitivity CCD camera Variocam (PCO Computer Op-
tics, Kelheim, Germany).

Images of nestin-GFP fluorescent cells were obtained by
excitation at 480 nm using a monochromator (Polychrome
IV, Till Photonics, Martinsried, Germany). The emitted
light was collected at 530 � 10 nm with a CCD camera
QuantiCam (b/w VGA, Phase, Lübeck, Germany; 60� wa-
ter immersion Olympus objective, numerical aperture 0.8).
Images were processed with Imaging Workbench (Axon
Instruments, Union City, CA). The selected cells were lo-
cated about 10 to 20 �m below the surface of the slice.

Whole-cell voltage-clamped recordings were obtained
from the fluorescence-labeled cells using an EPC 9/2 double
patch clamp amplifier in combination with the TIDA soft-
ware (HEKA, Lambrecht, Germany).

Patch electrodes with a resistance of 5–7 M� were
pulled from borosilicate capillaries (inner diameter 0.87
mm; outer diameter 1.5 mm; Hilgenberg, Malsfeld, Ger-
many) using a P-2000 laser-based pipette puller (Sutter
Instrument, Novato, CA). The pipette solution contained
130 mM KCl, 2 mM MgCl2, 0.5 mM CaCl2, 2 mM Na-
ATP, 5 mM EGTA, 10 mM Hepes. The pH was adjusted to
7.3 with KOH. As additional proof of the intracellular
access, some cells were filled with the fluorescent indicator
Lucifer yellow (1 mg/ml). All experiments were carried out
at room temperature 21–25°C. Chemicals were obtained
from Sigma if not otherwise indicated.

A total of 131 cells were examined; 106 of these showed
the astrocyte-like characteristics corresponding to type-1
cells, 22 showed the glial-precursor-cell like characteristics
that presumably correspond to the morphological classifi-
cation as type-2 cells, and 3 cells exhibited neuron-like
properties.
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Electron microscopy

Eight nestin-GFP-transgenic mice (2 months old) were
prepared for immunoelectron microscopy. The mice were
anesthetized with sodium pentobarbital (100 mg/kg body
wt, Sanofi) and perfused transcardially with 4% paraformal-
dehyde and 0.25% glutaraldehyde in 0.1 M phosphate
buffer (PB, pH 7.3). Brains were removed and postfixed in
4% paraformaldehyde overnight at 4°C. Brains were rinsed
in cold PB saline. Sagittal, 40-�m-thick sections of the
dentate gyrus were cut on a Leica VT 1000 S vibratome.
Sections were permeabilized with 0.1% Triton X-100 in
blocking solution (5% bovine serum albumin and 5% nor-
mal goat serum in 0.1 M PB) for 30 min at 4°C. Sections
were incubated for 48 h at 4°C with anti-GFP antibodies
(rabbit IgG fraction from Molecular Probes or anti-GFP
antibodies A11122 from MoBiTec), both 1:500. Slices were
incubated with goat anti-rabbit IgG 1.4-nm gold-conjugated
secondary antibodies (Nanogold), 1:40, for 24 h at 4°C.
Silver intensified preembedding immunogold reaction was
used as described (Baude et al., 1993). After the silver
reaction, the slices were rinsed, postfixed in 1% osmium
tetroxide, dehydrated, preembedded with propylene oxide,
and flat-embedded in epoxy resin (Agar100 resin, Araldite
CY212, DDSA, DMP-30; Plano), as described previously
(Nolte et al., 2001). Ultrathin sections were stained with
uranyl acetate and lead citrate and examined on a Jeol
100CX electron microscope at 60 kV.

Acknowledgments

We thank Bettina Erdmann and Christiane Nolte for help
with the electron micrographs and Ruth Segner and Irene
Thun for technical support. This work was funded by grants
from VolkswagenStiftung and Deutsche Forschungsge-
meinschaft (DFG).

References

Aberg, M.A., Aberg, N.D., Hedbacker, H., Oscarsson, J., Eriksson, P.S.,
2000. Peripheral infusion of IGF-I selectively induces neurogenesis in
the adult rat hippocampus. J. Neurosci. 20, 2896–2903.

Alvarez-Buylla, A., Garcia-Verdugo, J.M., Tramontin, A.D., 2001. A uni-
fied hypothesis on the lineage of neural stem cells. Nat. Rev. Neurosci.
2, 287–293.

Amaral, D.G., Witter, M.P., 1989. The three-dimensional organization of
the hippocampal formation: a review of anatomical data. Neuroscience
31, 571–591.

Baude, A., Nusser, Z., Roberts, J.D., Mulvihill, E., McIlhinney, R.A.,
Somogyi, P., 1993. The metabotropic glutamate receptor (mGluRI
alpha) is concentrated at perisynaptic membrane of neuronal subpopu-
lations as detected by immunogold reaction. Neuron 11, 771–787.

Berger, T., Schnitzer, J., Kettenmann, H., 1991. Developmental changes in
the membrane current pattern, K� buffer capacity, and morphology of
glial cells in the corpus callosum slice. J. Neurosci. 11, 3008–3024.

Cameron, H.A., McKay, R.D., 1999. Restoring production of hippocampal
neurons in old age. Nat. Neurosci. 2, 894–897.

Carro, E., Nunez, A., Busiguina, S., Torres-Aleman, I., 2000. Circulating
insulin-like growth factor I mediates effects of exercise on the brain.
J. Neurosci. 20, 2926–2933.

Doetsch, F., Caille, I., Lim, D.A., Garcia-Verdugo, J.M., Alvarez-Buylla,
A., 1999. Subventricular zone astrocytes are neural stem cells in the
adult mammalian brain. Cell 97, 703–716.

Edwards, F.A., Konnerth, A., Sakmann, B., Takahashi, T., 1989. A thin
slice preparation for patch clamp recordings from neurones of the
mammalian central nervous system. Pflugers Arch. 414, 600–612.

Gage, F., 2000. Mammalian neural stem cells. Science 287, 1433–1438.
Geschwind, D.H., Ou, J., Easterday, M.C., Dougherty, J.D., Jackson, R.L.,

Chen, Z., Antoine, H., Terskikh, A., Weissman, I.L., Nelson, S.F.,
Kornblum, H.I., 2001. A genetic analysis of neural progenitor differ-
entiation. Neuron 29, 325–339.

Gould, E., Cameron, H.A., Daniels, D.C., Woolley, C.S., McEwen, B.S.,
1992. Adrenal hormones suppress cell division in the adult rat dentate
gyrus. J. Neurosci. 12, 3642–3650.

Hastings, N.B., Gould, E., 1999. Rapid extension of axons into the CA3
region by adult-generated granule cells. J. Comp. Neurol. 413, 146–
154.

Johansson, C.B., Momma, S., Clarke, D.L., Risling, M., Lendahl, U.,
Frisen, J., 1999. Identification of a neural stem cell in the adult mam-
malian central nervous system. Cell 96, 25–34.

Kawaguchi, A., Miyata, T., Sawamoto, K., Takashita, N., Murayama, A.,
Akamatsu, W., Ogawa, M., Okabe, M., Tano, Y., Goldman, S.A.,
Okano, H., 2001. Nestin-EGFP transgenic mice: visualization of the
self-renewal and multipotency of CNS stem cells. Mol. Cell. Neurosci.
17, 259–273.

Kempermann, G., 2002. Why new neurons? Possible functions for adult
hippocampal neurogenesis. J. Neurosci. 22, 635–638.

Kempermann, G., Gage, F.H., 2002a. Genetic influence on phenotypic
differentiation in adult hippocampal neurogenesis. Dev. Brain. Res.
134, 1–12.

Kempermann, G., Gage, F.H., 2002b. Genetic determinants of adult hip-
pocampal neurogenesis correlate with acquisition, but not probe trial
performance in the water maze task. Eur. J. Neurosci. 16, 129–136.

Kuhn, H.G., Winkler, J., Kempermann, G., Thal, L.J., Gage, F.H., 1997.
Epidermal growth factor and fibroblast growth factor-2 have different
effects on neural progenitors in the adult rat brain. J. Neurosci. 17,
5820–5829.

Laywell, E.D., Rakic, P., Kukekov, V.G., Holland, E.C., Steindler, D.A.,
2000. Identification of a multipotent astrocytic stem cell in the imma-
ture and adult mouse brain. Proc. Natl. Acad. Sci. USA 97, 13883–
13888.

Lendahl, U., Zimmerman, L.B., McKay, R.D.G., 1990. CNS stem cells
express a new class of intermediate filament protein. Cell 60, 585–595.

Louissaint Jr., A., Rao, S., Leventhal, C., Goldman, S.A., 2002. Coordi-
nated interaction of neurogenesis and angiogenesis in the adult song-
bird brain. Neuron 34, 945–960.

Markakis, E., Gage, F.H., 1999. Adult-generated neurons in the dentate
gyrus send axonal projections to the field CA3 and are surrounded by
synaptic vesicles. J. Comp. Neurol. 406, 449–460.

Nishiyama, A., Lin, X.H., Giese, N., Heldin, C.H., Stallcup, W.B., 1996.
Co-localization of NG2 proteoglycan and PDGF alpha-receptor on
O2A progenitor cells in the developing rat brain. J. Neurosci. Res. 43,
299–314.

Nolte, C., Matyash, M., Pivneva, T., Schipke, C.G., Ohlemeyer, C., Ha-
nisch, U.K., Kirchhoff, F., Kettenmann, H., 2001. GFAP promoter-
controlled EGFP-expressing transgenic mice: a tool to visualize astro-
cytes and astrogliosis in living brain tissue. Glia 33, 72–86.

Palmer, T.D., Takahashi, J., Gage, F.H., 1997. The adult rat hippocampus
contains premordial neural stem cells. Mol. Cell. Neurosci. 8, 389–
404.

Palmer, T.D., Willhoite, A.R., Gage, F.H., 2000. Vascular niche for adult
hippocampal neurogenesis. J. Comp. Neurol. 425, 479–494.

Palmer, T.D., 2002. Adult neurogenesis and the vascular Nietzsche. Neu-
ron 34, 856–858.

381V. Filippov et al / Molecular and Cellular Neuroscience 23 (2003) 373–382



Savchenko, V.L., McKanna, J.A., Nikonenko, I.R., Skibo, G.G., 2000.
Microglia and astrocytes in the adult rat brain: comparative immuno-
cytochemical analysis demonstrates the efficacy of lipocortin 1 immu-
noreactivity. Neuroscience 96, 195–203.

Sawamoto, K., Nakao, N., Kakishita, K., Ogawa, Y., Toyama, Y.,
Yamamoto, A., Yamaguchi, M., Mori, K., Goldman, S.A., Itakura, T.,
Okano, H., 2001a. Generation of dopaminergic neurons in the adult
brain from mesencephalic precursor cells labeled with a nestin-GFP
transgene. J. Neurosci. 21, 3895–3903.

Sawamoto, K., Yamamoto, A., Kawaguchi, A., Yamaguchi, M., Mori, K.,
Goldman, S.A., Okano, H., 2001b. Direct isolation of committed neu-
ronal progenitor cells from transgenic mice coexpressing spectrally
distinct fluorescent proteins regulated by stage-specific neural promot-
ers. J. Neurosci. Res. 65, 220–227.

Seaberg, R.M., van der Kooy, D., 2002. Adult rodent neurogenic regions:
the ventricular subependyma contains neural stem cells, but the dentate
gyrus contains restricted progenitors. J. Neurosci. 22, 1784–1793.

Seri, B., Garcia-Verdugo, J.M., McEwen, B.S., Alvarez-Buylla, A., 2001.
Astrocytes give rise to new neurons in the adult mammalian hippocam-
pus. J. Neurosci. 21, 7153–7160.

Shingo, T., Gregg, C., Enwere, E., Fujikawa, H., Hassam, R., Geary, C.,
Cross, J.C., Weiss, S., 2003. Pregnancy-stimulated neurogenesis in the
adult female forebrain mediated by prolactin. Science 299, 117–120.

Shingo, T., Sorokan, S.T., Shimazaki, T., Weiss, S., 2001. Erythropoietin
regulates the in vitro and in vivo production of neuronal progenitors by
mammalian forebrain neural stem cells. J. Neurosci. 21, 9733–9743.

Song, H., Stevens, C.F., Gage, F.H., 2002. Astroglia induce neurogenesis
from adult neural stem cells. Nature 417, 39–44.

Stanfield, B.B., Trice, J.E., 1988. Evidence that granule cells generated in
the dentate gyrus of adult rats extend axonal projections. Exp. Brain
Res. 72, 399–406.

Steinhauser, C., Berger, T., Frotscher, M., Kettenmann, H., 1992. Heter-
ogeneity in the membrane current pattern of identified glial cells in the
hippocampal slice. Eur. J. Neurosci. 4, 472–484.

Steinhauser, C., Kressin, K., Kuprijanova, E., Weber, M., Seifert, G., 1994.
Properties of voltage-activated Na� and K� currents in mouse hip-
pocampal glial cells in situ and after acute isolation from tissue slices.
Pflugers Arch. 428, 610–620.

Tao, Y., Black, I.B., DiCicco-Bloom, E., 1996. Neurogenesis in neonatal
rat brain is regulated by peripheral injection of basic fibroblast growth
factor (bFGF). J. Comp. Neurol. 376, 653–663.

Wang, S., Scott, B.W., Wojtowicz, J.M., 2000. Heterogenous properties
of dentate granule neurons in the adult rat. J. Neurobiol. 42, 248 –
257.

Wei, L.C., Shi, M., Chen, L.W., Cao, R., Zhang, P., Chan, Y.S., 2002.
Nestin-containing cells express glial fibrillary acidic protein in the
proliferative regions of central nervous system of postnatal developing
and adult mice. Brain Res. Dev. Brain Res. 139, 9–17.

Yamaguchi, M., Saito, H., Suzuki, M., Mori, K., 2000. Visualization of
neurogenesis in the central nervous system using nestin promoter-GFP
transgenic mice. NeuroReport 11, 1991–1996.

Zimmerman, L., Parr, B., Lendahl, U., Cunningham, M., McKay, R.,
Gavin, B., Mann, J., Vassileva, G., McMahon, A., 1994. Independent
regulatory elements in the nestin gene direct transgene expression to
neural stem cells or muscle precursors. Neuron 12, 11–24.

382 V. Filippov et al / Molecular and Cellular Neuroscience 23 (2003) 373–382


	Subpopulation of nestin-expressing progenitor cells in the adult murine hippocampus shows electrophysiological and morphological characteris
	Introduction
	Results
	Nestin-GFP-expressing cells of the dentate gyrus have two distinct morphologies
	Nestin-GFP-expressing cells have vascular end feet
	Nestin-GFP-expressing cells are distinguished by their voltage-gated channel expression patterns
	Discussion
	Experimental methods
	Animals
	Immunohistochemistry
	Preparation of acute brain slices
	Electrophysiological recordings
	Electron microscopy
	Acknowledgments
	References

