
Identity, Fate and Potential of Cells Grown as Neurospheres:
Species Matters

Carolin Steffenhagen & Sabrina Kraus & Franz-Xaver Dechant & Mahesh Kandasamy &

Bernadette Lehner & Anne-Maria Poehler & Tanja Furtner & Florian A. Siebzehnrubl &
Sebastien Couillard-Despres & Olaf Strauss & Ludwig Aigner & Francisco J. Rivera

Published online: 24 March 2011
# Springer Science+Business Media, LLC 2011

Abstract It is commonly accepted that adult neurogenesis
and gliogenesis follow the same principles through the
mammalian class. However, it has been reported that
neurogenesis might differ between species, even from the
same order, like in rodents. Currently, it is not known if
neural stem/progenitor cells (NSPCs) from various species
differ in their cell identity and potential. NSPCs can be
expanded ex vivo as neurospheres (NSph), a model widely
used to study neurogenesis in vitro. Here we demonstrate
that rat (r) and mouse (m) NSph display different cell

identities, differentiation fate, electrophysiological function
and tumorigenic potential. Adult rNSph consist mainly of
oligodendroglial progenitors (OPCs), which after repeated
passaging proliferate independent of mitogens, whereas
adult mNSph show astroglial precursor-like characteristics
and retain their mitogen dependency. Most of the cells in
rNSph express OPC markers and spontaneously differenti-
ate into oligodendrocytes after growth factor withdrawal.
Electrophysiological analysis confirmed OPC character-
istics. mNSph have different electrophysiological proper-
ties, they express astrocyte precursor markers and
spontaneously differentiate primarily into astrocytes. Fur-
thermore, rNSph have the potential to differentiate into
oligodendrocytes and astrocytes, whereas mNSph are
restricted to the astrocytic lineage. The phenotypic differ-
ences between rNSph and mNSph were not due to a distinct
response to species specific derived growth factors and are
probably not caused by autocrine mechanisms. Our find-
ings suggest that NSph derived from adult rat and mouse
brains display different cell identities. Thus, results urge for
caution when data derived from NSph are extrapolated to
other species or to the in vivo situation, especially when
aimed towards the clinical use of human NSph.
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Introduction

Adult neural stem and progenitor cells (NSPCs) are
currently explored for their potential therapeutic use in
degenerative brain diseases and widely used as an in vitro
model for neurogenesis. NSPCs can be isolated from the
adult brain [1–6] based on the mitogenic activity of
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epidermal growth factor (EGF) [4] and/or fibroblast growth
factor-2 (FGF-2) [7], which stimulate the formation of
floating aggregates, so called neurospheres (NSph) (for
review see [6]). NSph are encouraged to differentiate into
mature neural cell types by withdrawing the mitogenic
growth factors and/or adding specific factors promoting
differentiation into particular neural lineages. For example
retinoic acid (RA), brain derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT-3) induce neuronal differ-
entiation [8, 9], bone morphogenetic protein-2 and −4
(BMP-2/-4) induce astrocytic differentiation [8, 10, 11],
while insulin-like growth factor-1 (IGF-1) and mesenchy-
mal stem cell-conditioned media (MSC-CM) promote
oligodendroglial differentiation [12, 13].

While neurogenesis was detected virtually in all mammals
including humans [14, 15] and NSPCs can be grown from
different species, most of the studies related to this topic
have been performed in the rodent species rat and mouse. It
is generally assumed that mechanisms regulating neuro-
genesis are well conserved throughout mammals. However,
a recent study demonstrated species differences in neuro-
genesis [16]. In rats, neurogenesis is more efficient and more
relevant for certain behavioral aspects than in mice, since
newly generated neurons in rats mature faster and contribute
more to fear memory as in mice [16]. In addition, a zone in
the adult dentate gyrus that lacks newly generated neurons,
the so-called neurogenesis quiescent zone, has recently been
discovered in adult rats but is apparently absent in mice [17,
18]. Therefore, there are clear species differences in in vivo
neurogenesis. In vitro, although NSph are widely used, the
issue regarding species differences has never been addressed
so far. However, comparing some studies that use NSph as
experimental model, species differences can be anticipated.
For instance, while stromal cell-derived factor 1 (SDF-1)
promotes cell migration in mouse embryo derived NSph
[19], it induces cell proliferation in NSph obtained from rat
embryos [20]. Also, leukemia inhibitory factor (LIF) induces
self-renewal in adult mouse derived NSph-forming cells
[21], while there is no effect of LIF on cell proliferation and
fate in adult rat derived NSph [22]. Likewise, we have
described that mesenchymal stem cells (MSCs) derived
soluble factors promote oligodendrocyte fate in cells derived
from adult rat (r) NSph [13], however, we did not observe
this pro-oligodendrogenic effects in cells derived from adult
mouse (m) NSph (Rivera, unpublished observation). It has
been shown that adult mouse and rat NSPCs displayed
different proliferative and differentiation capacities [23].
Moreover, rodent neural stem cells are different from human
neural stem cells in terms of the specific marker expression,
the response to growth factors and the timing of isolation
(reviewed in [24]). Species dependent differences have also
been described for human and mouse embryonic stem cells
(ESCs) regarding e.g. morphology, gene expression profile,

development and pathways that are involved in ESC self-
renewal [25, 26]. Differences in the properties of cells
derived from various species might also play a role in the
field of plasticity and the generation of chimeric animal
models [27, 28].

Here, we aimed to characterize and determine the cell
identity of NSph cells derived from adult hippocampi of
two different rodent species, rat and mouse. In addition, we
provide a comprehensive and descriptive analysis on
growth potential, growth factor dependency, tumor poten-
tial, differentiation potential and fate, as well as functional
electrophysiological data, which taken together present
major species differences between adult brain derived
mouse and rat NSph.

Materials and Methods

Animal Subjects

Adult female Fischer 344 rats and adult female black
C57BL/6 mice (Charles River Deutschland GmbH,
Germany) were used as donors for the NSph cultures.
All experiments were carried out in accordance with the
European Communities Council Directive (86/609/EEC)
and institutional guidelines.

Mouse and Rat NSPCs Cultures and NSph Formation

NSPCs derived from the adult hippocampus were generated
as described [5, 13]. Hippocampi from 2 to 4 month-old mice
or rats (Charles River Deutschland GmbH, Germany) were
aseptically removed, transferred to 4°C DPBS (PAN,
Germany) with 4.5 g/L glucose (Merck, Germany) (DPBS/
glu), washed and mechanically dissected. The cell suspen-
sion was washed in DPBS/glu and resuspended in PPD-
solution containing 0.01% Papain (Worthington Biochem-
icals, England), 0.1% dispase II (Boehringer, Germany),
0.01% DNase I (Worthington Biochemicals, England) and
12.4 mM MgSO4 in HBSS (PAN, Germany) without Mg++/
Ca++ (PAA, Germany) and digested for 30–40 min at 37°C.
The cell suspension was triturated every 10 min. Dissociated
cells were collected and resuspended in Neurobasal (NB)
media containing 1 × B27 (Gibco BRL, Germany; detailed
formulation see [5]), 2 mM L-glutamine and 100 U/mL
penicillin/100 μg/ml streptomycin and washed and cells
were resuspended in NB media (Gibco BRL, Germany)
supplemented with 1 × B27 (Gibco BRL, Germany),
2 mM L-glutamine (PAN, Germany), 100 U/mL penicillin/
100 μg/ml streptomycin (PAN, Germany), 2 μg/ml heparin
(Sigma, Germany), 20 ng/ml human recombinant bFGF-2
(R&D Systems GmbH, Wiesbaden-Nordenstadt, Germany)
and 20 ng/ml human recombinant EGF (R&D Systems
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GmbH, Wiesbaden-Nordenstadt, Germany). Alternatively,
rat or mouse derived single cell suspension was incubated
with 20 ng/ml rat or mouse recombinant bFGF-2 (R&D
Systems GmbH, Wiesbaden-Nordenstadt, Germany) and/or
20 ng/ml rat or mouse recombinant EGF (R&D Systems
GmbH, Wiesbaden-Nordenstadt, Germany), respectively.
Cultures were maintained at 37°C in an incubator with 5%
CO2. Half of the media was changed every 3–4 days. After
1–2 weeks NSPCs form NSph. In general, cultures from
passage number 2–6 (low passage) were used throughout
this study. For long-term culture experiments passage
number 25–29 (high passage) were used.

MSCs Culture

MSCs were prepared as described previously [13]. Briefly,
bone marrow plugs were harvested from femurs and tibias
from 2 to 4 month-old female Fisher-344 rats (Charles
River Deutschland GmbH, Germany). Plugs were mechan-
ically dissociated in αMEM (Gibco Invitrogen, Karlsruhe,
Germany) and recovered by centrifugation. Cell pellets
were resuspended in αMEM-10% fetal bovine serum (FBS)
and seeded at 1×106 cells/cm2. After 3 days, media was
changed and non-adherent cells were removed. Adherent
cells were incubated in fresh αMEM-10% FBS until a
confluent layer of cells was achieved. Cells were trypsi-
nized using 0.25% Trypsin (Gibco Invitrogen, Karlsruhe,
Germany) and seeded in αMEM-10% FBS at 8,000 cells/
cm2. After 3–5 days of culture, the resulting monolayer
of cells, hereafter named rat bone marrow derived MSCs,
was trypsinized and further cultured for experiments or
frozen for later use. As demonstrated in our previous work,
this cell culture preparation is highly enriched in multi-
potent MSCs with virtually no hematopoietic contamination
[13].

Cell Number Analysis

For estimating proliferation of NSph by assessing cell number,
5×104 cells/well were seeded into 6-well plates with a
volume of 2 ml NB media. Cells were grown for 1 week and
cell number was determined after 1, 3, 5 and 7 days. For that,
the cells were treated with Trypan blue (Sigma-Aldrich,
Taufkirchen, Germany). Subsequently, the number of living
cells was determined using a light microscope (Zeiss,
Germany). Media was changed after 4 days.

Cell Cycle Analysis

The cell cycle was analyzed by fluorescence activated
cell sorting (FACS) using a modified Ki67/PI staining
protocol from Endl and colleagues [29]. NSph derived
from adult hippocampus were seeded into T75 flasks

(TPP, Switzerland) and grown under proliferative con-
ditions. After 1 or 2 weeks, cells were spun down, medium
was removed and cells were fixed with 1 ml ice cold 70%
EtOH. After fixation cells were washed with ice cold PBS
and then resuspended in 500 μl ice cold PBS containing
0.1% TritonX-100 and incubated for 5 min on ice. After 2
subsequent washing steps, cells were resuspended in
100 μl of a 1:6 dilution of the antibodies in PBS (100 μl
PBS + 20 μl antibody IgG or Ki67 BD Biosciences
Pharmingen, FITC conjugated antibodies). After 30–
40 min incubation at 4°C, cells were washed with 15 ml
PBS and then resuspended in PBS for staining. In case of
PI staining, cells were resuspended in 470 μl PBS. Cells
without PI staining were resuspended in 495 μl. All
samples were treated with 5 μl of RNase for 1 h to
eliminate the RNA, which would interfere with the PI
staining. After this 1 h incubation at 37°C, 25 μl of PI
were added to the respective samples. The stained cells
were analyzed with the Flow Cytometer (FACS Calibur,
Becton Dickinson, Heidelberg). Data were analyzed using
Win MDI 2.8 software.

Conditioned Media Preparation

MSC-CM was prepared similar as described [13]. MSCs
were plated at 12,000 cells/cm2 and incubated in DMEM
Knockout-20% Serum Replacement supplement (SR).
After 3 days, the conditioned media was collected and
filtered using a 0.22 μm-pore filter and used as a NSPCs
oligodendrogenic stimulus.

Species-specific NSph conditioned media was prepared
by plating rat or mouse NSph at a density of 5×105 cells/
cm2 in NB media into T75 culture flasks. After 3–5 days,
the supernatant was collected and filtered using a 0.22-μm-
pore filter. These filtrates were termed rNSph- and mNSph-
conditioned media (rNSph-CM; mNSph-CM).

Expression Profile Analysis of Cell-Lineage-Specific
Markers

Spheres were dissociated with Accutase (Innovative Cell
Technologies Inc., distributed by PAA) and plated on
100 μg/ml poly-L-ornithine (Sigma-Aldrich, Taufkirchen,
Germany) and 5 μg/ml laminin-coated (Sigma-Aldrich,
Taufkirchen, Germany) glass coverslips at a density of
2.5×104 cells/cm2 in DMEM Knockout-20% SR (Gibco
Invitrogen, Karlsruhe, Germany) for 12 h. This serum-free
media has been used for ESC maintenance and does not
induce differentiation [30–32]. Under these conditions
dissociated NSph attach to the plate in the absence of
serum. Finally, cells were fixed for 30 min with 4%
paraformaldehyde and processed for immunofluorescence
to analyze the expression of cell specific markers.
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Growth Factor Withdrawal and Serum-Free Conditions
Response

To analyze the response to growth factor withdrawal
(GFW) under serum-free conditions, proliferating NSph in
the presence of FGF-2 and EGF were dissociated with
Accutase and plated as described in the previous section.
Cells were incubated in DMEM Knockout-20% SR (Gibco
Invitrogen, Karlsruhe, Germany) without growth factors
and in the absence of serum. After 7 days, cells were fixed
for 30 min with 4% paraformaldehyde and processed for
immunofluorescence to detect the expression of the
different cell specific markers tested.

Differentiation Assay of Adult NSph and Serum Response

To assess the differentiation potential of adult rNSph and
mNSph, 2–5×104 cells/well were plated on 100 μg/ml
poly-L-ornithine (Sigma-Aldrich, Taufkirchen, Germany)
and 5 μg/ml laminin-coated (Sigma-Aldrich, Taufkirchen,
Germany) glass coverslips into 24-well plates in DMEM
Knockout-20% SR (Gibco Invitrogen, Karlsruhe, Germany).
After 12 h, the media was refreshed with DMEM Knockout-
20% SR, with MSC-CM or with DMEM Knockout-20% SR
supplemented with the tested differentiation factors: 2 μMRA
(Sigma-Aldrich, Taufkirchen, Germany) and 10 ng/ml BMP-2
and BMP-4 (R&D Systems GmbH, Wiesbaden-Nordenstadt,
Germany). Alternatively, in order to analyze serum response
media was supplemented with 10% FBS (PAN Biotech
GmbH, Aidenbach, Germany). Media were refreshed every
third day. After 7 days, the cells were fixed for 30 min with 4%
paraformaldehyde and processed for immunofluorescence
staining.

Cross-Incubation with Species-Specific Conditioned Media

To test the effect of conditioned media derived from rNSph
and mNSph on adult rNSph and mNSph, cells were
incubated up to 3 weeks with conditioned media from
the other species (cross), i.e. mouse derived NSph were
incubated with 2/3 rNSph-CM and 1/3 fresh media, while
rat derived NSph were incubated with 2/3 mNSph-CM and
1/3 fresh media. Media was changed every 3–4 days and
after 7 days the NSph cultures were passaged like before
mentioned. After incubation period NSph were dissociated
and markers expression profile and growth factor with-
drawal response were analyzed as previously described.

Cell-Lineage Commitment Analysis

rNSph and mNSph derived cells were incubated under
proliferation conditions, i.e. in NB media or in NB

media supplemented with 1 μg/ml sonic hedgehog (Shh),
50 ng/ml Noggin, 20 ng/ml platelet-derived growth
factor AA homodimer (PDGF-AA), 10 ng/ml BMP-2
and BMP-4 (all from R&D Systems GmbH, Wiesbaden-
Nordenstadt, Germany), 20 ng/ml T3 (Sigma-Aldrich,
Taufkirchen, Germany). Media was changed every 3–
5 days and after 7 days the NSph cultures were passaged.
After 3 weeks of incubation, NSph were dissociated and
markers expression profile and growth factor withdrawal
response were analyzed as previously described.

Immunocytochemistry

Fixed cells were washed in TBS (0.15 M NaCl, 0.1 M
Tris–HCl, pH 7.5), then blocked with solution composed
of TBS, 0.1% Triton-X100 (only for intracellular
antigens), 1% bovine serum albumin (BSA) and 0.2%
Teleostean gelatin (Sigma, Germany) (fish gelatin buffer,
FGB). The same solution was used during the incuba-
tions with antibodies. Primary antibodies were applied
overnight at 4°C. Fluorochrome-conjugated species-
specific secondary antibodies were used for immunode-
tection. The following antibodies and final dilutions
were used. Primary antibodies: rabbit anti-GFAP 1:1000
(Dako, Denmark); mouse anti-rat Nestin 1:500 (Phar-
mingen, Heidelberg, Germany); IgM mouse anti-O4
1:100 (Chemicon, USA); IgM mouse anti-A2B5 1:200
(Chemicon, UK); rabbit anti-platelet-derived growth
factor receptor alpha (PDGFRα) 1:100 (Santa Cruz,
Heidelberg, Germany); mouse anti-Map 2a+2b 1:250
(Sigma, Germany); rabbit anti-doublecortin (DCX) 1:500
(NEB, Frankfurt, Germany); mouse anti-Myelin Basic
Protein (MBP) 1:750 (SMI-94, Sternberger Monoclonals
Incorporated, U.S.A.). Secondary antibodies: donkey
anti-mouse, rabbit conjugated with Alexa Fluor 488
(Molecular Probes, Eugene, OR, USA), rhodamine X
1:1000 (Dianova, Hamburg, Germany). In cases of
detergent-sensitive antigens (i.e. O4, A2B5 and
PDGFRα), Triton X-100 was omitted from FGB buffer.
Nuclear counterstaining was performed with 4′, 6′-
diamidino-2-phenylindole dihydrochloride hydrate at
0.25 μg/μl (DAPI; Sigma, Germany). Specimens were
mounted on microscope slides using Prolong Antifade
kit (Molecular Probes, U.S.A.). Epifluorescence obser-
vation and photo-documentation were realized using a
Leica microscope (Leica Mikroskopie und Systeme
GmbH, Germany) equipped with a Spot™ digital
camera (Diagnostic Instrument Inc, U.S.A.). For each
culture condition, 10 randomly selected observation
fields, containing in total 500–1,000 cells, were photo-
graphed for cell fate analysis. Expression frequency of
selected cell type markers was determined for every
condition in three independent experiments.
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Chromosome Preparation

NSph cultures were incubated with Colcemid (0.4 μg/ml)
for 3 h and then treated with Accutase for 10 min at 37°C.
Cells were centrifuged and the pellet was suspended in
warm hypotonic solution (0.075 M KCl in H20) for 10 min
at 37°C. After centrifugation the cells were fixed in a 3:1
mixture of cold methanol-glacial acetic acid for 30 min. In
order to prepare the metaphase spreads the cell suspension
was dropped on glass slides, dried and Giemsa stained. 20–
25 metaphase spreads were analyzed for the number of
chromosomes and for chromosomal aberrations.

Quantitative PCR

RNA extraction from adult rNSph and mNSph was
performed using RNeasy Mini Kit (Qiagen, Hilden,
Germany) and cDNA was synthesized using Promega
reverse transcription Kit (Promega). Expression analysis
was performed by TaqMan gene expression assays kits
(Applied Biosystems, California, USA) for the following
genes: rat Sox2, mouse Sox2, rat Hes1, mouse Hes1, rat
Neurogenin1, mouse Neurogenin1, rat Olig1, mouse Olig1,
rat Olig2 and mouse Olig2. Probes and primers for each
gene were provided by manufacturer (Applied Biosystems,
California, USA). Rat and mouse Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as well as Beta-2-
microglobulin (B2M) were used as endogenous control
genes. The following temperature profile was used:
activation of polymerase 95°C, 10 min; 40 cycles of
denaturing 95°C, 15 s, and annealing/extension 60°C,
60 s. Data were obtained with a Rotor-Gene 6000 R
Corbett Research (geneXpress, Vienna, Austria) and ana-
lyzed by delta delta Ct method [33]. Olig 1 was used as
calibrator since from all genes tested this was the highest
expressed in both cell types. Finally, the expression value
of Sox 2, Hes 1, Olig 2 and Neurogenin 1 was determined
for each species.

Electrophysiological Recordings

For electrophysiological recordings, NSph were dissociated
and seeded overnight on poly-L-ornithine/laminin-coated
coverslips in DMEM Knockout-20% SR. Recordings of
membrane currents were performed using the whole-cell
patch-clamp technique at room temperature (22–25°C).
Coverslips with adherent rNSph and mNSph cells were
placed in a perfusion chamber mounted onto the stage of an
inverted microscope: The cells were superfused with a
standard bath solution containing (in mM): 130 NaCl, 3
KCl, 4 MgCl2, 1 CaCl2, 2,5 EGTA, 10 HEPES and 5
glucose, adjusted to pH 7,4 with NaOH. Studies of Na+

currents were performed in a K+-free bath solution

consisting of (in mM): 125 NaCl, 0.5 CaCl2, 10 BaCl2, 4
MgCl2, 2.5 EGTA, 10 HEPES, 5 glucose, adjusted to
pH 7.4 with NaOH.

Patch–clamp electrodes were pulled from borosilicate
glass tubes using a Zeitz DMZ Universal Puller (Zeitz,
Augsburg, Germany) and showed a resistance of 3–5 MΩ.
Pipettes were filled with a intracellular solution containing
(in mM): 140 KCl, 2 MgCl2, 1 CaCl2, 2,5 EGTA, 10
HEPES and 3 ATP, adjusted to pH 7,4 with KOH.

For studying Na+ currents, KCl in the pipette solution
was entirely replaced by CsCl and 1 mM Ba2+ was added to
the bath solution. TTX (100 nM) was added to the standard
solution as indicated. Current traces were recorded before
and after the application of TTX (10 nM) and subtracted to
isolate the TTX-sensitive component. No changes in cell
size were observed during the whole-cell configuration with
these solutions.

All recordings were made with a HEKA EPC 10
amplifier (HEKA Electronic, Lamprecht, Germany). TIDA
software (HEKA Electronic, Lamprecht, Germany) was
used for electrical stimulation as well as for data
acquisition and analysis. In general, voltage-dependent
currents were activated using a voltage-step protocol
consisting of voltage steps of 10 mV increasing
amplitude and 50 ms duration to depolarize cells from
the indicated holding potential (−40 mV for K+ currents
measuring and −80 mV for Na+ recordings). The mem-
brane capacitance and access resistance were compensated
after the whole-cell configuration was established. The
access resistance was compensated for values lower than
10 MΩ. The resting potential was measured directly after
establishing the whole-cell configuration and before
membrane capacitance or access resistance was compen-
sated. For analysis of voltage-dependent activation steady-
state currents were plotted against the membrane poten-
tials of the electrical stimulation. Current densities were
expressed as the ratio between maximal current amplitude
and whole-cell membrane capacitance (pA/pF) at given
voltage depolarizations.

Statistical Analysis

Electrophysiological data are presented as means ± SEM
for the indicated number of independent measurements
(n). Statistical analyses were performed using SigmaPlot
10 (Systat Software Inc., Richmond, CA). The rest of
the data are presented as means ± SD and statistical
analysis was performed using PRISM4 (GraphPad, San
Diego, CA, USA). Depending on the experiment
performed, significance was acquired by Mann–Whitney
U non-parametric test, parametric two-tailed t-test, one-
way ANOVA-Tukey post hoc or two-way ANOVA-
Bonferroni post hoc. All experiments were performed in
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triplicate or more and P values of <0.05 were considered
to be significant.

Results

rNSph and mNSph Differ in Their Substrate Adherence
and Proliferation Rate

NSPCs were derived from hippocampus of adult rat and mouse
brains and cultured as NSph as described before [5, 13].
Special care was taken in following exactly the same protocol
and procedure of hippocampal dissection and preparation of
the cultures between the two species. rNSph grew as floating
aggregates, while mNSph aggregates mostly attached to the
plastic surface of the culture dish, only some aggregates were
free floating (Fig. 1a, b). The analysis of the growth kinetic
over a period of 1 week showed that mNSph had a higher
growth rate compared to rNSph (Fig. 1c). However, the overall
growth dynamic after splitting and reseeding was comparable
between the two species and consisted of a lag phase, an
expansion phase from day 3 to day 5 and finally a trend to reach
a plateau after 1 week (Fig. 1c). The percentage of cells in cell
cycle (G1S-G2M) was significantly higher in mNSph, and
vice versa, the percentage of cells in cell cycle exit (G0) was
significantly lower in mNSph cultures (Fig. 1d). Thus, the
higher growth rate found in the mNSph culture is probably due
to a higher proportion of cells that are in cell cycle compared to
the rNSph culture. In summary, mNSph and rNSph display
different adherent properties and proliferation capacities.

rNSph and mNSph Display Differences in Their
Phenotypes, Cell-Intrinsic Fates and Differentiation
Potentials

Single adherents cells derived from rat and mouse NSph
displayed different cell morphologies. While rat cells
had a multipolar morphology with primary process and
secondary branches, mouse cells displayed a pyramidal
morphology with no secondary branches (Fig. 2a, b). In
addition to this, the cells displayed a different cell-lineage-

Fig. 1 Rat and mouse derived
NSph displayed different mor-
phologies, adherent properties
and proliferation capacities. (a, b)
Phase contrast images of prolif-
erating NSph. When rNSph and
mNSph were cultured in the
presence of growth factors,
rNSph grew as floating aggre-
gates (a), while mNSph mainly
attached to the substratum and
only some mNSph were free
floating (b). Scale bar = 100 μm.
(c) Cell counting of NSph after
day 1, 3, 5 and 7 to define
characteristic growth curves.
Both rNSph and mNSph show
similar growing kinetics but
mNSph display a higher growth
rate than rNSph. (d) FACS
analysis for the different NSph
types. mNSph displayed less
cells in G0 state and more in
G2-M. For statistical analysis,
Two-way ANOVA-Bonferroni
post hoc test was performed
(* = p<0.05)

Fig. 2 rNSph and mNSph display different phenotypes. (a, b)
Phase contrast images of dissociated NSph. rNSph (a) and mNSph
(b) were dissociated and seeded in differentiation media without
serum. Scale bar = 100 μm. (d, e, g, f, j, k, m, n) Fluorescence
images of Nestin/GFAP/DAPI (d, e), A2B5/DAPI (g, h), O4/DAPI
(j, k) and DCX/DAPI (m, n) for rNSph (left row) and mNSph (right
row). Scale bar = 50 μm. (f, i, l, o) Quantitative analysis of the
marker expression of NSph under proliferation conditions. mNSph
highly expressed the neural stem cell/astrocyte markers Nestin and
GFAP (f), while they showed weak expression for A2B5 (i), O4 (l)
DCX (o). In contrast, rNSph expressed significantly more the glial
marker A2B5 (i) and the oligodendroglial marker O4 (l) than
mNSph. But the number of Nestin + and GFAP + cells (f) was very
low in rNSph. Surprisingly, a significant amount of DCX-expressing
cells was found in rNSph, but they mainly displayed an OPC
morphology. For statistical analysis, Student t-test and two-way
ANOVA-Bonferroni post hoc test were performed (*** = p<0.001).
(c) Quantitative RT-PCR for cell fate determinants, Sox 2 and Hes 1
were used as astrocyte determinants while Olig 2 as oligodendrocyte
determinant. A higher (Sox 2 + Hes 1)/Olig2 ratio was observed in
mNSph compare to rNSph. For statistical analysis Mann–Whitney U
non-parametric test was performed (*** = p<0.001). Abbreviations:
OPC Oligodendrocyte Progenitor Cells

�
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specific marker expression profile. While most of the cells
derived from mNSph expressed the neural stem cell/
astrocyte markers Nestin and/or GFAP, just a few rat cells
expressed these markers (Fig. 2d–f). Conversely, most of
the cells derived from rNSph expressed the glial progen-
itor marker A2B5 (Fig. 2g–i) and the oligodendroglial
progenitor marker O4 (Fig. 2j-l), while only a few mouse

cells expressed these markers. Surprisingly, a relatively
high proportion of rNSph but not mNSph derived cells
expressed the neuroblast and neuronal precursor marker
DCX, even though these were cells with an oligodendro-
glial progenitor morphology (Fig. 2m–o). There were
virtually no DCX-expressing cells with an elaborated
neuronal morphology in the two cultures (Fig. 2m–o). In

Stem Cell Rev and Rep (2011) 7:815–835 821



addition, under proliferation conditions neither rNSph nor
mNSph expressed mature oligodendroglial or neuronal
markers as indicated by absence of MBP or Map2ab
immunoreactivtiy. While rNSph cells did not express the
astrocyte/stem cell marker GFAP, some cells (14.6% ± 0.5)
derived from mNSph did (data not shown).

In summary, rNSph derived cells mostly express markers
that are considered to be specific for oligodendroglial
progenitors, while the DCX expression in these cells
suggests also a potential for neuronal fate. In contrast,
mNSph derived cells seem to have an astrocytic/stem cell
identity. This is further supported by the expression pattern
of neural stem cell/astroglial/oligodendroglial cell fate
determinants as revealed by quantitative RT-PCR analyses.
While mNSph express more of the neural stem cell/
astrocyte determinants Sox2 and Hes1, rNSph express
relatively more of the oligodendroglial determinant Olig2
(Fig. 2c).

In order to determine the cell intrinsic fate of rNSph and
mNSph derived cells under non-proliferative conditions,
NSph were dissociated, seeded in media that allows survival
of NSph derived cells under serum free conditions and after
growth factor withdrawal (GFW). Themorphological analysis
revealed that rNSph derived cells were multipolar with several
processes and secondary branches, while mNSph derived
cells were flat with a more fibroblastic morphology devoid of
elaborated processes (Fig. 3a, b). Most of the cells derived
from mNSph spontaneously differentiated into GFAP-
expressing astrocytes while almost none of them gave rise
to MBP-expressing oligodendrocytes (Fig. 3d, e, g, h). In
contrast, most of the cells derived from rNSph spontaneously
generated MBP-expressing oligodendrocytes and virtually
no GFAP-expressing astrocytes (Fig. 3c, e, f, h). Surprising-
ly, while none of the rNSph derived cells expressed DCX
after 1 week of GFW, a minor percentage of mNSph derived
cells generated DCX-expressing cells with a neuronal
morphology (Fig. 3i–k). In summary, rat NSph derived cells
had an intrinsic commitment to oligodendroglial fate, while
mNSph derived cells predominantly displayed an intrinsic
fate towards astrogenesis.

Next, we tested the differentiation potential of NSph
derived cells in response to various differentiation
stimuli. NSph derived cells were grown for 1 week
under non-proliferative conditions (GFW) supplemented
with distinct stimuli and analyzed for the expression of
neuronal and glial markers. First, we used FBS as an
undefined trigger for astroglial differentiation [34]. FBS
increased the percentage of GFAP-expressing astrocytes in
both species (Fig. 4a). This was at the expense of MBP-
expressing oligodendrocytes, at least in rNSph derived
cells (Fig. 4b). FBS decreased the proportion of DCX-
expressing cells in mNSph derived cells (Fig. 4c). Sec-
ondly, we tested the response pattern of NSph derived

cells to specific astrogenic, oligodendrogenic and neuro-
genic stimuli. Treatment of NSph derived cells with
BMPs, which are known to induce astroglial differentia-
tion [10], resulted in an increase of GFAP-expressing
astrocytes in rNSph derived cells, whereas it did not
further increase the percentage of GFAP-expressing cells
in the mouse cultures (Fig. 4d). Treatment with the pro-
oligodendrogenic MSC-CM [13] did neither enhance the
already high percentage of MBP-expressing cells in rNSph
derived cultures, nor was it able to induce MBP expression
in mouse cultures (Fig. 4e). The neurogenic stimulus RA
[9] did neither induce the expression of the neuronal
marker Map2ab in rNSph derived cells, nor enhance the
percentage of Map2ab-expressing cells in the mouse cul-
tures (Fig. 4f). In summary, while rNSph derived cells can
be induced to generate oligodendrocytes and astrocytes,
mouse cultures predominantly gave rise to astrocytes
regardless of the stimulus provided. In addition, in both
species a minor population of cells generated Map2ab-
positive neurons.

Fate Restriction in Mouse NSph

Often, the fate of progenitors is determined early while cells
are still proliferating. Now, we asked whether the intrinsic
fate of proliferating rat and mouse NSph can be changed by
external stimuli and to what degree these cells are restricted
to this fate. For that, rNSph were incubated under
proliferation conditions for 3 weeks with BMPs, which
are known to promote astrogenesis [10], and mNSph were
incubated for 3 weeks with PDGF-AA, T3, Noggin or Shh,
factors that are known to promote oligodendroglial fate
[35–41]. NSph were then dissociated and cells were seeded
to analyze their phenotype and their intrinsic fate in
response to GFW. Interestingly, the percentage of rNSph
derived cells that expressed O4 after treatment with BMPs
was significantly lower compared to the untreated rNSph, a
level that was similar to that observed in mNSph (Fig. 5a).
However, the expression of GFAP was not increased in
response to BMPs treatment (Fig. 5b). Nevertheless, after
GFW, the percentage of GFAP-expressing cells was
increased, while the proportion of MBP-positive cells was
significantly diminished (Fig. 5c, d). Therefore, stimulation
with BMPs under proliferation conditions converted rNSph
into mouse-like NSph suggesting a low degree of cell-
lineage restriction in rNSph.

We also tried to use oligodendrogenic factors with the
aim to interconvert mNSph into rat-like NSph. First,
we showed that mNSph express PDGFRα (Fig. 5i).
Stimulation with PDGF-AA, however, did not affect the
phenotype and the intrinsic fate of mNSph. In addition,
the oligdendroglial inducers Noggin, Shh and T3 did
neither change the expression profile of cell lineage
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markers, nor did they affect the GFW response of mNSph
(Fig. 5e–h). Moreover, the combinatory treatment with
different oligodendrogenic factors did neither change the
marker expression nor the GFW response of mNSph
(Fig. 5e–h). Taken together, proliferating mNSph did not
respond to pro-oligodendrogenic factors and retained their
predominant intrinsic astroglial fate. In conclusion, mNSph
are more restricted to their intrinsic lineage compared to
rNSph, which can interconvert between oligodendroglial
and astroglial fate.

Long-Term Expansion Induces Transformation in Rat
but not in Mouse NSph

Recently, we demonstrated that rNSph derived from the
adult subventricular zone (SVZ) spontaneously transform
into tumorigenic cell lines upon long-term in vitro
expansion and become growth factor independent in their
proliferation [42]. Here, we tested whether this is a general
phenomenon observed in all NSph cultures regardless of
the species. Therefore, we expanded NSph derived from

Fig. 3 rNSph and mNSph show different cell fates. (a, b) Phase
contrast images of NSph after 7 days in differentiation media. rNSph
(a) and mNSph (b) were incubated for 1 week in differentiation media
without growth factors. Scale bar=100 μm. (c, d, f, g, i, j)
Fluorescence images of GFAP/DAPI (c, d), MBP/DAPI (f, g) and
DCX/DAPI (i, j) for rNSph (left row) and mNSph (right row). Scale
bar = 50 μm. (e, h, k) Quantitative analysis of the marker expression

of rNSph and mNSph under differentiation conditions. rNSph differen-
tiated into MBP-expressing mature oligodendrocytes (h) after growth
factor withdrawal and showed very weak expression for GFAP (e) and
DCX (k), whereas mNSph differentiated into GFAP-expressing astro-
cytes (e) and some DCX + neurons (k), but not into MBP +
oligodendrocytes (h). For statistical analysis, Student t-test was performed
(*** = p<0.001). Abbreviations: GFW growth factor withdrawal
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adult rat and mouse hippocampus and analyzed the growth
factor dependency in low (p2–6) and in high (p25–29)
passage cultures. In low passage cultures, proliferation of
NSph from both species required the presence of EGF/FGF
(Fig. 6a, c). In contrast, in high passage cultures, mNSph
retained the growth factor dependency, while rNSph
acquired the ability to proliferate in the absence of EGF/
FGF (Fig. 6b, d). Even though rNSph cells transformed into
tumor-like cells in higher passage, the morphology of
rNSph cells did not change (data not shown).

Since the growth factor independence/tumorigenic po-
tential could be due to genetic abnormalities, we analyzed
the karyotype of NSph cultures (Fig. 6e). The median
chromosome numbers of mNSph in low and high passage
cultures were 40 and 37.2, respectively (Table 1), with 40
being the normal number of a diploid mouse chromosome
set. In contrast, rNSph low passage cultures were polyploid
(Fig. 6e) and showed a mean chromosome number of 67.1
(Table 1), instead of 42 chromosomes being the normal

diploid set in rats. Interestingly, rNSph high passage
cultures were mainly diploid or pseudodiploid with a mean
chromosome number of 39.5 (Table 1). Taken together, the
karyotype of mNSph seems to be more stable with only few
chromosomal aberrations compared to rNSph, which show
a huge heterogeneity regarding their ploidy. In addition,
individual chromosomes in the rNSph preparation typically
showed a number of deletions, strand breaks and gaps
(Fig. 6e). In summary, mNSph, although they show a
higher growth kinetic, seem to be somehow protected from
spontaneous transformation. Moreover, it shows that spon-
taneous transformation is not a general attribute to neural
progenitor cultures.

rNSph and mNSph Show Different Electrophysiological
Properties

Next, we functionally characterized NSph derived from the
two different rodent species by investigating their electro-

Fig. 4 rNSph and mNSph display different differentiation potentials.
Quantitative analysis of the marker expression of NSph in response to
FBS (a, b, c) as well as to astrogenic (d), oligodendrogenic (e) and
neurogenic stimuli (f). FBS shifted the differentiation of rNSph
towards GFAP-expressing astrocytes (a) at the expense of MBP-
expressing oligodendrocytes (b). FBS did not affect DCX expression
of rNSph, while it slightly decreased the number of DCX + neurons in
mNSph (c). FBS also slightly increased the expression of GFAP in

mNSph (a), but it had no effect on the expression of MBP (b). BMPs
increased the expression of GFAP in rNSph, while the number of
GFAP + astrocytes could not be further enhanced (d). Similarly, the
expression of MBP could not be further increased through MSC-CM
in rNSph (e). MSC-CM could not induce MBP expression in mNSph
(e) like RA could not induce DCX expression in rNSph and mNSph
(f). For statistical analysis, two-way ANOVA-Bonferroni post hoc test
was performed (* = p<0.05; *** = p<0.001)
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Fig. 5 BMPs induced an astro-
cyte precursor phenotype on
rNSph, while PDGF-AA, Nog-
gin, T3 and Shh could not induce
an oligodendroglial progenitor-
like phenotype onmNSph. rNSph
were incubated for 3 weeks with
astrogenic BMPs and mNSph
with several oligodendrogenic
factors. (a, b, e, f) Cell pheno-
type was analyzed by the ex-
pression of cell-lineage-specific
markers. (c, d, g, h) Cell fate was
analyzed by GFW response.
BMPs treatment blocked the O4
expression in rNSph compared to
control (a), while it did not
enhance GFAP expression under
proliferation conditions (b). But
in response to GFW, BMPs
increased the number of GFAP-
positive cells in rNSph at the
expense of MBP-positive cells
(d, c). The tested oligodendro-
genic factors alone or in combi-
nation did not change the cell
phenotype and the cell fate of
mNSph, since they neither in-
creased the expression of O4 and
MBP (e, g) nor decreased the
expression of GFAP compared to
control (f, h). For statistical
analysis one-way ANOVA-
Tukey post hoc test was per-
formed (* = p<0.05, ** = p<
0.01, *** = p<0.001). (I) Fluo-
rescence image for PDGFRα/
DAPI showing dissociated
PDGFRα-positive mNSph. Scale
bar = 50 μm. Abbreviations:
GFW growth factor withdrawal
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physiological properties using patch clamp techniques.
Figure 7a shows typical examples of cells analyzed and
confirms the morphological differences of rat and mouse
derived NSph: while rNSph had numerous branched
processes reminiscent of oligodendroglial progenitors
(Fig. 7a, left panel), mNSph were mostly uni- or bipolar
(Fig. 7a, right panel). Immediately after attaining a stable
whole-cell recording, the resting membrane potentials (Vr)
were recorded in current-clamp mode. The resting mem-
brane potential (Vr) of rNSph was less negative than that of

mNSph. rNSph had a mean Vr of −58.5±1.2 mV (n=13),
whereas the Vr of mNSph was −69.2±1.4 mV (n=9),
which is closer to the equilibrium potential for K+ (p<
0.000006, Fig. 7b).

Electrical stimulation led to activation of different types
of voltage-dependent currents. A representative voltage-
clamp recording from rNSph is shown in Fig. 7c. In order
to analyze the electrophysiological properties of rNSph,
membrane potentials were clamped at a holding potential of
−40 mV and the cells were depolarized to 50 mV in 10 mV

Table 1 Chromosome numbers of rNSph and mNSph in low/high
passage cultures. The karyotype of mNSph shows median chromo-
some numbers of 40 and 37.2 in low and high passage cultures,
respectively, and seems to be more stable compared to rNSph. rNSph

low passage cultures are polyploid with a median chromosome
number of 67.1, while rNSph high passage cultures are diploid or
pseudodiploid with a median chromosome number of 39.5.

mNSph low passage mNSph high passage rNSph low passage rNSph high passage

median chromosome number ± SD 40.0±10.1 37.2±5.3 67.1±15.4 39.5±7.1

Fig. 6 Rat and mouse derived
NSph have different transfor-
mations properties. Growth
properties and karyotypes from
NSph in low (p2–6) and high
passage (p25–29) were ana-
lyzed. Rat and mouse derived
NSph were grown for 7 days in
the presence (a, b) or absence
(c, d) of growth factors. Growth
curves were determined for rat
and mouse derived NSph with
low (p2–6) (a, c) and high (p25–
29) (b, d) passage number. Note
that at low passage number
proliferation of rat and mouse
cells strictly depended on the
presence of growth factors but at
high passage number rat cultures
became growth factor indepen-
dent while mouse NSph main-
tain their growth factor
dependency for proliferation.
For statistical analysis, two-way
ANOVA-Bonferroni post hoc
test was performed. (e) Chro-
mosome preparations for rNSph
(left) and mNSph (right). The
karyotype of mNSph seems to
be stable and shows only few
chromosomal aberrations, such
as breaks (arrow). In contrast,
rNSph low passage cultures are
polyploid and show many dele-
tions (arrowhead) and breaks
(arrows). Abbreviations: GF
Growth Factors
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steps in 50 ms followed by −10 mV steps to −130 mV in
50 ms. Cells from rNSph had the typical electrophysiolog-

ical characteristics of glial cells. They showed almost
symmetrical, inwardly and outwardly directed currents

Fig. 7 Comparison of passive and active membrane properties of
rNSph and mNSph. (a) Morphological characteristics of rNSph as
well as mNSph. (b) Comparison of the resting potential (Vr) of rNSph
and mNSph. mNSph demonstrated resting membrane potentials
(RMP) that were significantly more negative (P=0.000006). (c)
Whole-cell patch clamp analysis of rNSph and mNSph: protocol of
electrical stimulation. Membrane potentials were clamped at a holding
potential of −40 mV and the cells were depolarized to 90 mV in
10 mV steps in 50 ms followed by −10 mV steps to −90 mV in 50 ms.
(c, d) Representative voltage-clamp recordings from rNSph (c) and

mNSph (d) stimulated with the protocol shown in (c). (e) Analysis of
voltage-dependent activation: steady-state current amplitudes from
experiments shown in (c) and (d) were plotted against the membrane
potentials of the electrical stimulation. rNSph showed an almost linear
current–voltage relationship. (f) Data illustrate the relative contribu-
tions of cells subdivided into four groups on the basis of their
expression profile of voltage-dependent currents. Currents in the four
cell types are listed in the table. lNa: voltage-activated Na+ currents;
Idel: delayed rectifier K+ currents; IA: A-type K

+ currents; llR: inwardly
rectifying K+ currents

Stem Cell Rev and Rep (2011) 7:815–835 827



resulting in a linear I-V-relationship (Fig. 7c, e). The cells
had a mean outward current density of 221.6±16.8 pApF−1

(n=6). The outward current recorded in rNSph (Fig. 7c)
revealed the presence of at least two different outward K+

current subpopulations with different inactivation proper-
ties: a delayed rectifier current (no inactivation) and an A-
type current (fast inactivation). Moreover, rNSph displayed
an inward rectifier current with inactivation at very negative
voltages.

A typical whole-cell current pattern from mNSph is shown
in Fig. 7d. In contrast to the rNSph, mNSph did not show an
inward rectifier K+ current but had large delayed rectified K+

currents and inward currents, which were activated by
depolarization and were sensitive to 100nM tetrodotoxin
(TTX) identifying them as voltage-dependent Na+ currents.
In order to analyze the voltage-dependent activation steady-
state current amplitudes from the recordings shown in
Fig. 7c, d were plotted against the membrane potentials of
the electrical stimulation (Fig. 7e). The IV curves of the
rNSph were nearly linear, underlining the oligodendrocyte-
like phenotype of rNSph. The IV curves give a reversal
potential of −70 mV showing a major contribution of K+

channels to these currents (Nernst-equilibrium potential for
K+ equals −96 mV). In contrast, the outward current of
mNSph is characterized by a large delayed rectifier K+

current and absence of A-type current. Four cell types can be
distinguished as shown in Fig. 7f. The stacked histogram
shows the proportions of the four cell types, which could be
grouped by their pattern of ion channel subtypes. The
majority of the mNSph showed the same physiological
properties namely the presence of voltage-gated Na+ and K+

channels. mNSph expressed a rapidly activating and inacti-
vating inward current elicited by depolarization to −35 mV
and above. These transient inward currents were followed by
outwardly rectifying currents with an activation threshold of
about −40 mV. In contrast, 1/3 of the rNSph expressed only
inwardly rectifying K+ currents, but neither Na+ nor other K+

channels.
To evaluate the expression of ion channels different

from K+ channels, whole-cell recordings were performed
under extra- and intracellular K+-free conditions, occa-
sionally 100 nM TTX was added to the bath solution. A
voltage-clamp protocol consisted of depolarising steps
from −170 to +10 mV with a 10 mV increment for 50 ms
from −80 mV holding potential was used to test for the
presence of voltage-dependent Na+ channels (Fig. 8a). In
mNSph depolarizing voltage stimuli elicited a rapidly
activating inward current that peaked in 1–2 ms and
inactivated within 5 ms (Fig. 8a). This inward current was
completely blocked by 100 nM TTX confirming them as
voltage-dependent Na+ currents. All the recorded cells
failed to elicit the action potential. The currents activated
at potentials more positive than −35 mV (Fig. 8b).

Moreover, rNSph and mNSph displayed a different
inward/outward current ratio. The sodium current (INa)
density was remarkably different between mNSph and
rNSph. The sodium current density in mNSph was 83.5±
9.5 pApF−1 (n=7), whereas in rNSph the sodium current
density was only 5.6±4.1 pApF−1 (n=6) (Fig. 8c). A
separate analysis of the inward and outward currents
showed that both inward and outward current density were
significantly different between mNSph and rNSph
(Fig. 8d). mNSph cells had an outward current density of
209.1±21.2 pApF−1 (n=8) whereas in rNSph the outward
current density was 133.8±29.0 pApF−1 (n=12; p<0.03).
The inward current density was significant smaller in
mNSph (p<0.009).

The Different rNSph and mNSph Cell Identities are Most
Likely Not Due to Autocrine Mechanisms

All the experiments described so far used NSph grown in
proliferation media containing the human recombinant
growth factors EGF and FGF-2. Therefore, we hypothe-
sized that the human growth factors might have different
affinities for the mouse and rat EGF- and FGF-2-receptors
and in consequence, different cell types or cell lineages
might be selected during the culture procedure. Thus,
rNSph/mNSph were originated and grown in the presence
of human growth factors as control and in the presence of
rat/mouse growth factors to analyze whether species
specific growth factors change the cell identities of NSph
(Fig. 9a, d). After NSph had formed, cell identity, fate and
also the response to GFW were determined. We focused on
the expression of oligodendrocyte and astrocyte markers,
because the neuronal potential of both rat and mouse NSph
was relatively low. There was no significant difference in
the percentages of O4- or GFAP-positive cells in rat or
mouse derived cells depending on the growth factor species
(Fig. 9b, e). Moreover, the rat and mouse species differ-
ences regarding the percentages of MBP- and GFAP-
expressing cells after GFW were retained independently
of the species of the growth factors used (Fig. 9c, f). In
summary, the differences in identity and fate of cells
derived from rNSph versus mNSph are not generated by a
different response or selection caused by growth factor
species differences.

Next, we analyzed whether the differences in the cell
identity of rNSph and mNSph can be explained by an
autocrine or paracrine regulation. Thus, either rNSph or
mNSph may secret a factor(s) that act in an autocrine or
paracrine way to select or induce a specific cell type.
Therefore, rNSph and mNSph were incubated with
conditioned media derived from NSph from the other
species (Fig. 10a, d) to test whether this converts rNSph
into mouse-like NSph or mNSph into rat-like NSph.
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NSph were incubated for 3 weeks with conditioned
media from the other species. Thereafter, cell phenotype
and cell fate were analyzed by cell-lineage-specific
marker expression and GFW response, respectively. As
a result, neither the mNSph-CM nor the rNSph-CM
produced a change in the cell identity of the other
species. In rNSph, for example, the expression of O4
was not decreased in response to conditioned media
from mNSph, and the expression of GFAP was not
increased (Fig. 10b). Also, after GFW, rNSph grown in
conditioned media from mNSph still gave rise mainly to
MBP-expressing mature oligodendrocytes and generated
only a minor percentage of GFAP-positive cells
(Fig. 10c). Vice versa, the conditioned media from rNSph
did neither increase the O4 expression nor decrease the

GFAP expression in cells from mNSph (Fig. 10e). Moreover,
treated mNSph grown in conditioned media from rNSph
mainly gave rise to GFAP-expressing astrocytes, but not
to MBP-positive oligodendrocytes after GFW (Fig. 10f).
These findings suggest that the species differences in
mouse versus rat NSph are probably not caused by auto-
or paracrine mechanisms. However, the possibility of
species-specific ligand-repector interactions cannot be
excluded at this point.

Discussion

Species dependent variations in stem cell populations
have recently been described in several studies compar-

Fig. 8 Voltage-gated sodium currents and comparison of inward and
outward current densities. (a) To identify voltage-dependent Na+ channels
KCl in the pipette solution was entirely replaced by CsCl and
1 mM Ba2+. Membrane potentials were clamped at a holding
potential of −80 mV and the cells were depolarized to 90 mV in 10 mV
steps in 50 ms followed by −10 mV steps to −90 mV in 50 ms. (a)
Representative voltage-clamp recordings of voltage-gated Na+ channel

current (INa) from mNSph. (b) Current–voltage relationship of the peak
INa shown in (a) and after addition of 100nM tetrodotoxin (TTX).
Addition of 100nM TTX in the bath solution blocked INa completely.
(c) Comparison of the current densities of INa in rNSph and mNSph.
Presence of TTX-sensitive voltage-gated Na+ currents underlying the
neuronal-like cell type. (d) Comparison of inward and outward current
densities in mNSph and rNSph
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ing mainly human and rodent derived ES cells [24–26].
Here, we demonstrate that there are also considerable
differences within the rodent species rat and mouse by
characterizing adult NSph cultures from these two species
regarding their cell identity, potential and function.
Although NSph were prepared and cultured under the
exact same conditions mouse and rat derived cells were
different i) in their electrophysiological and therefore
functional properties, ii) in the expression pattern of cell
type specific markers, iii) in their differentiation potential,
and iv) in their capability to be protected from transfor-
mation after long term passaging.

Identity and Potential of NSph Derived Cells

First of all, the resting potential of rat cells was more
positive than the one in mouse cells. Rat cells also showed
a significant lower total current density and in contrast to
mouse cells an almost linear current/voltage relationship.
The fine analysis of the ion channels, which could
contribute to such electrophysiological differences, demon-
strated the expression of delayed rectifier K+ channels
(slow activation, activation by depolarization to potentials
more positive than −30 mV, no inactivation), of inward
rectifier channels (fast activation, activation by hyperpolar-

Fig. 9 Cell identity of rNSph and mNSph originated and grown
in the presence of growth factors derived from different species.
(a, d) Rat and mouse NSph were generated using growth factors
derived from human or, alternatively, from rat and mouse respec-
tively. (b, e) Quantitative analysis of the cell phenotype analyzed by
the expression profile of cell-lineage-specific markers. Note that the
percentage of GFAP- and O4-expressing cells is not affected in
rNSph (b) neither in mNSph (e) independently of the growth factors

used to generate the different NSph. (c, f) Quantitative analysis of
the cell fate analyzed by the GFW response. The percentage of
GFAP- and MBP-expressing cells is not affected in rNSph (c) neither
in mNSph (f) independently of the growth factors used to generate
the different NSph. For statistical analysis, two-way ANOVA-Bonferroni
post hoc test was performed. Abbreviations: GFW growth factor
withdrawal
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ization to potentials more negative that −70 mV, at very
negative potentials inactivation), A-type K+ channels (fast
activation, activation by depolarization to potentials more
positive than −50 mV, inactivation) and TTX-sensitive Na+

currents. Thus, we could detect four different types of cells
based on the pattern of active ion channels. Type one was
found to express delayed rectifier, A-current and inward
rectifier; type two expressed inward-rectifier only; type
three expressed delayed rectifier and inward rectifier and
type four expressed Na+ channels together with delayed
rectifier and inward rectifier channels.

The majority (90%) of cells in mNSph cultures were of
type four cells and the remaining 10% of the cells were of
type three. Taking their negative resting potentials together

with pattern of ion channels into account mNSph derived
cells demonstrated a neuronal potential, although the
expression of cell type specific markers pointed towards
an astroglial/neural stem cell phenotype. Interestingly these
cells were not able to generate action potentials in current-
clamp experiments. This might be due to the fact that the
Na+ channels in mNSph cells show an unusual activation
threshold at very positive membrane voltages (−30 mV).
These currents were blocked by TTX, which identifies them
as voltage-dependent Na+ channels. We have no explana-
tion for this phenomenon, but post-translational modifica-
tions of Na+ channels might contribute to that observation.
For example, it is known that the activity of Na+ channels
can be modulated by phosphorylation. Especially the

Fig. 10 rNSph and mNSph cell identities can not be changed by
NSph conditioned media from the other species. (a, d) To test whether
the observed differences between rNSph and mNSph cell identities are
due to an autocrine or paracrine regulation, NSph were incubated for
3 weeks with NSph-CM from the other species. That means rNSph
were incubated with mNSph-CM (a) and mNSph were incubated with
rNSph-CM (d). Cell phenotype was analyzed by the expression profile
of cell-lineage-specific markers. (b, e) Quantitative analysis of the
cell-lineage-specific marker expression for rNSph (b) and mNSph (e).
The mNSph-CM did neither reduce O4 expression nor increase GFAP

expression in rNSph compared to control. Note also that rNSph-CM
did not change the expression pattern of mNSph. Cell fate was
analyzed by the GFW response. (c, f) Quantitative analysis of GFW
response for rNSph (c) and mNSph (f). The mNSph-CM did neither
reduce MBP expression nor increase GFAP expression in rNSph
compared to control. Note also that rNSph-CM did not change the
GFW response of mNSph. For statistical analysis, two-way ANOVA-
Bonferroni post hoc test was performed. Abbreviations: GFW Growth
Factor Withdrawal, NSph-CM NSph Conditioned Media
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activity of protein kinase C or tyrosine kinase can lead to a
strong shift of the activation threshold towards very
positive values [43, 44].

In summary, mNSph derived cells are similar to
astrocytic stem cells, which express a complex electrophys-
iological phenotype. Such properties have been described
for a subpopulation of Nestin-expressing precursors in the
dentate gyrus [45], a subpopulation of CA1 astrocytes [46,
47], but also for oligodendroglial progenitor cells [48].
These “complex astrocytes” are postulated to be an
intermediate cell type with glial properties but neuronal
potential [47]. Based on our electrophysiological character-
ization we cannot differentiate whether the neuron-like
phenotype of mouse NSph derived cells represents a true
neuronal committed pointing towards a restricted precursor
cell or whether the cell might still be tripotent and generate
all three CNS lineages. The expression pattern of cell type
specific markers in mNSph derived cells, at least, indicates
an astroglial and a neuronal potential. The majority of the
cells expressed Nestin, GFAP and/or A2B5, but almost
none of the cells expressed the oligodendroglial precursor
O4. They mainly generated GFAP-expressing astrocytes
and, upon exposure to neurogenic stimuli, DCX-expressing
neurons. In contrast, mNSph derived cells hardly generated
oligodendrocytes. Therefore, according to the electrophys-
iological properties and the expression pattern of cell type
specific markers, mNSph derived cells can be considered as
astroglial/neuronal stem cells. They are mainly restricted to
generate astrocytes and some neurons, but have a very
limited capacity to develop oligodendrocytes.

Cells derived form rNSph showed electrophysiologically
a more heterogeneous pattern suggesting the presence of
different cell types. The cultures consisted of cell type one,
two and three, but not of type four, i.e. cells with Na+

channels, suggesting a glial and not a neuronal cell type.
The predominant phenotypes in the culture were cells with
either inward rectifier channels only or with inward rectifier
and delayed rectifier channels. Thus, most of the rNSph
derived cells expressed inward rectifier K+ channels. This
pattern is reminiscent of oligodendroglial lineage cells and
corresponds with last stages (stage three and four) of
oligodendrocyte development [48]. The expression pattern
of cell-type specific markers is consistent with oligoden-
droglial progenitors in that the majority of rNSph derived
cells express A2B5 and O4. Moreover, the cells readily
differentiated into oligodendrocytes after GFW or upon
stimulation with an oligodendroglial inducing activity.
Surprisingly, under proliferation conditions, but not after
GFW or upon stimulation with neurogenic stimuli, cells
expressed DCX. This is reminiscent of the in vivo situation,
where the onset of DCX expression along the ontogeny of a
neuron is at the stage of proliferating neuroblasts, while
down-regulation of DCX expression correlates with termi-

nal differentiation and integration [49, 50]. Alternatively,
the pattern of DCX expression in rNSph derived cells could
also suggests that i) the expression of DCX is not as
restricted to a neuronal phenotype as previously thought, or
ii) the rNSph derived cells might have some neuronal
potential, which, under the experimental conditions used,
could not be evoked. Apparently, there is a NG2-positive
subpopulation of cells in the cortex that co-expresses DCX,
actively divides under physiological conditions and gen-
erates oligodendrocytes and neurons [51]. Moreover, fate
mapping of NG2-positive cells using the proteolipid
promoter Cre-strategy demonstrated that NG2-positive cells
generate all three CNS lineages, neurons, astrocytes and
oligodendrocytes [52]. Here, further experiments are re-
quired to delineate the lineage of DCX-expressing cells, but
own preliminary data using DCX-CreERT mice indicate a
neuronal fate restriction of DCX-positive cells under
physiological conditions (Couillard-Despres, unpublished
observation).

The Tumor Potential of Different Progenitor Populations

The possibility of neural progenitor cells being at the origin
of brain tumor initiating cells triggered an intense search for
the identity of the tumor initiating stem cell [53]. This has
been evoked by findings that neural stem cell like cells are
present in brain tumors, and that these cells can generate
new tumors after transplantation [53]. The identity of tumor
derived tumor-initiating cells is still under debate, and most
likely, it is not one single cell type that can generate brain
tumors. Also, along that line, different tumor-initiating cells
may produce different types of tumors. For example,
medulloblastomas are derived from neural stem cells during
brain development [54]. Glioblastomas can be generated
from CD133-positive as well as CD133-negative brain
tumor stem cells [55]. In addition, the vast majority of brain
tumors of the adult brain are generated by progenitors and
not by stem cells. For example, the induction of tumors in
oligodendroglial progenitors generated gliomas reminiscent
of WHO grade II oligodendrogliomas [56]. Moreover, the
fact that the majority of brain tumors are found in non-
neurogenic regions suggests that progenitors rather than
neural stem cells initiate brain tumor formation. The present
data demonstrate that rat derived NSph readily transform
into growth factor independent tumorigenic cells after
extended passaging, while mouse derived NSph retained
the growth factor control. This finding is also supported by
the observed instability in the karyotype of rNSph, which
were polyploid in low passages and (pseudo)diploid in high
passages. The same phenomenon has already been found in
adult retinal stem cells [57]. High passage cultures from
adult retinal stem cells had a tumorigenic potential after
subcutaneous transplantation into nude mice. The cells in
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the tumor were mainly diploid and pseudodiploid. Thus,
cells that were polyploid in low passages seem to undergo a
transformation resulting in pseudodiploid cells with tumor-
igenic potential. This transformation could be due to the
loss of cell cycle regulators as a consequence of chromo-
somal aberrations such as breaks, gaps and deletions in high
passage cultures. It should be mentioned that chromosomal
abnormalities do not necessarily result in an altered
differentiation potential [58, 59], however, the data pre-
sented clearly urge for the awareness of the tumor potential
of NSPCs. Nevertheless, the fact that rNSph show genetic
instabilities and have mainly characteristics of oligoden-
droglial progenitors in contrast to mNSph, which present
mainly astrocytic/neural stem cells, supports the idea that
brain tumors unlikely develop from stem cells but from
progenitors.

Why are Rat and Mouse Derived NSphs Different?

Although rNSph and mNSph were obtained from the same
brain region, i.e. the hippocampus, they displayed different
cell identities, potential and function. However, the reason
for these differences has yet to be identified. At present, and
based on our experiments we can exclude that the observed
differences between mouse and rat NSph are due to a
specific response to human derived growth factors, since
cell phenotypes did not change when cells were stimulated
with the species specific derived FGF-2 and EGF. More-
over, most likely we can exclude an autocrine or paracrine
mechanism to be responsible for the differences between
rNSph and mNSph. However, such hypotheses were only
tested for soluble factors that are released by NSph derived
cells. Contact-dependant cellular interactions or compo-
nents from the extracellular matrix might be involved in the
species specific phenotypes. Most likely, but still to be
proven, hippocampal NSph generating progenitor cells
might display differences in their responsiveness to a
particular activity present in the culture media. Candidates
could be for example the substances present in the B27
supplement. In addition, minor differences in the respon-
siveness to growth factors such as EGF and/or bFGF could
contribute to a selection of specific subpopulations in the
NSph cultures [60].

Conclusion

This study is the first attempt to comprehensively
compare adult stem/progenitor cells from different
rodent species showing that rNSph mainly display an
OPC-like identity, while mNSph are composed of a
major astrocyte progenitor cell-like population. Taken
the observations and the conclusion in consideration,

this work strongly encourages for special caution when
extrapolating findings from one species to another or to
the in vivo situation. This is of particular interest when
human derived stem/progenitor cells will be prepared for
clinical trials.
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