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We directly isolated neural stem cells and lineage-restricted neuronal and glial progenitors from the embryonic rat telencephalon using
a novel strategy of surface labeling and fluorescence-activated cell sorting. Neural stem cells, which did not express surface epitopes
characteristic of differentiation or apoptosis, were sorted by negative selection. These cells predominantly expressed fibroblast growth
factor receptor type 1 (FGFR-1), and a minority exhibited basic fibroblast growth factor (bFGF), whereas few expressed epidermal growth
factor receptor (EGFR) or EGF. Clonal analyses revealed that these cells primarily self-renewed without differentiating in bFGF-
containing medium, whereas few survived or expanded in EGF-containing medium. Culturing of neural stem cells in bFGF- and EGF-
containing medium permitted both self-renewal and differentiation into neuronal, astroglial, and oligodendroglial phenotypes. In con-
trast, lineage-restricted progenitors were directly sorted by positive selection using a combination of surface epitopes identifying
neuronal or glial phenotypes or both. These cells were also primarily FGFR-1�, with few EGFR �, and most expanded and progressed
along their expected lineages in bFGF-containing medium but not in EGF-containing medium. Ca 2� imaging of self-renewing neural
stem cells cultured in bFGF-containing medium revealed that bFGF, but not EGF, induced cytosolic Ca 2� (Ca 2�

c ) responses in these cells,
whereas in bFGF- and EGF-containing medium, both bFGF and EGF evoked Ca 2�

c signals only in differentiating progeny of these cells.
The results demonstrate that bFGF, but not EGF, sustains a calcium-dependent self-renewal of neural stem cells and early expansion of
lineage-restricted progenitors, whereas together the two growth factors permit the initial commitment of neural stem cells into neuronal
and glial phenotypes.
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Introduction
Self-renewing, multipotent neural stem cells have received in-
creasing attention, both to study neuronal and glial cell lineage
progression and to provide a possible therapeutic strategy for
transplantation and regeneration of neural tissue (for review, see
Cameron and McKay, 1998; Gage, 2000; Anderson, 2001; Tem-
ple, 2001). However, most in vitro studies of neural stem cells to
date have involved retrospective analyses of heterogeneous pop-
ulations of neuroepithelial or germinal zone cells, which were
derived from the CNS and then cultured under selective growth
conditions (Chu and Gage, 2001; Kornblum and Geschwind,
2001). Neural stem cells in these studies were inferred from the
discovery of cells with the classic self-renewing and multipoten-
tial characteristics attributed to these cells. Recently, neural stem
cells have been isolated directly from the embryonic peripheral
nervous system (Morrison et al., 1999) and adult CNS (Rietze et
al., 2001) using a positive selection strategy involving expression
of surface epitopes in combination with fluorescence-activated

cell sorting (FACS). These studies revealed the feasibility of using
a FACS strategy to access neural stem cells for prospective analy-
ses into the requirements for lineage progression.

In this regard, we have found previously that specific ganglio-
sides and other epitopes appear on the cell surface of proliferating
progenitors during the earliest phases of neuronal and glial lin-
eage progressions throughout the embryonic rat CNS (Maric et
al., 1999, 2000c). We reasoned that neural precursor cells, which
do not yet express these epitopes, might be a source of neural
stem cells. To test this hypothesis, we combined fluorescent la-
beling of five surface epitopes characteristic of differentiating or
apoptotic cells with a negative selection FACS strategy to isolate a
quintuple epitope-negative (QN) population of putative neural
stem cells directly from embryonic rat telencephalon. With the
same epitopes, a positive selection strategy was used to isolate
lineage-restricted progenitor cells expressing specific patterns of
surface gangliosides.

Sorted cells were then cultured in defined media supple-
mented with selected growth factors to investigate their lineage
potential. Previous studies have revealed that basic fibroblast
growth factor (bFGF) and fibroblast growth factor receptor 1
(FGFR-1) are expressed during neurogenesis (Weise et al., 1993;
Baird, 1994). Furthermore, bFGF and epidermal growth factor
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(EGF) have been used extensively to propagate neuroepithelial
cells in vitro (for review, see Rao, 1999). In this study, we show
that most telencephalic precursor and progenitor cells express
FGFR-1, with a minority expressing bFGF and few expressing
EGF or EGF receptor (EGFR). Negatively selected QN cells addi-
tionally express nestin, a characteristic marker of immature neu-
roepithelial cells (Hockfield and McKay, 1985), but are devoid of
differentiating epitopes. In bFGF-containing medium, these cells
primarily self-renewed, whereas in bFGF- and EGF-containing
medium, these cells either self-renewed or differentiated into
neuronal and glial phenotypes, thus revealing their multipoten-
tial capability and identifying them as neural stem cells. Positively
selected progenitors primarily expanded and progressed along
their expected lineages in bFGF-containing medium but not in
EGF-containing medium. These results show that bFGF and EGF
have differential effects on the self-renewal and early lineage pro-
gression of neural stem cells, which parallel the expression of
growth factor regulation of Ca 2� levels.

Materials and Methods
Cell preparation
Experiments were performed on embryos recovered from timed preg-
nant Sprague Dawley rats (Taconic Farms, Germantown, NY). The em-
bryonic (E) age was determined by comparing the crown–rump lengths
of embryos with previously published values (Hebel and Stromberg,
1986). The research was performed in compliance with the Animal Wel-
fare Act and the Public Health Service Policy on Humane Care and Use of
Laboratory Animals and was approved by the National Institute of Neu-
rological Disorders and Stroke Animal Care and Use Committee.

Telencephalic tissues from E13 embryos were used as a primary source
of neural stem cells and early neuronal and glial progenitors for
fluorescence-activated cell sorting and experimentation in vitro (see be-
low). The tissues were optimally dissociated into single-cell suspensions,
as described previously (Maric et al., 1997, 1998). During initial cell
preparation, labeling of surface epitopes, and FACS sorting (see below),
the cells were maintained in a normal physiological medium (NPM)
supplemented with 1 mg/ml bovine serum albumin (BSA). The NPM
itself consisted of (in mM): 145 NaCl, 5 KC1, 1.8 CaCl2, 0.8 MgCl2, 10
glucose, and 10 HEPES (all obtained from Sigma, St. Louis, MO), with
pH and osmolarity adjusted to 7.3 and 290 mOsm, respectively.

Labeling of surface epitopes in single-cell suspensions
E13 telencephalic cells were surface-labeled using lineage-specific mark-
ers, as described previously (Maric et al., 1999, 2000c). Briefly, neuroglial
and O-2A glial progenitors were immunoidentified using a mouse
monoclonal class IgM anti-A2B5 (Roche Molecular Biochemicals, Indi-
anapolis, IN) and JONES (Sigma) antibodies and visualized with phyco-
erythrin (PE)-conjugated goat anti-mouse IgM antibody (Caltag Labo-
ratories, Burlingame, CA). Neuronal progenitors and differentiating
neurons were revealed by binding of their surface gangliosides to
biotinylated-cholera toxin B subunit (ChTx; Sigma) and a mixture of
tetanus toxin fragment C (TnTx; Roche Molecular Biochemicals) and a
mouse monoclonal class IgG2b anti-TnTx antibody (obtained from Dr.
William Habig, Food and Drug Administration, Bethesda, MD). These
primary reactions were visualized using PE- and carbocyanine dye
(CY5)-conjugated streptavidin and PE/CY5-conjugated goat anti-mouse
IgG2b antibody (Caltag), respectively. Differentiating oligodendroglial
cells were directly stained with fluorescein isothiocyanate (FITC)-
conjugated anti-O4 and anti-O1 antibodies (obtained from Dr. Rick I.
Cohen, National Institute of Neurological Disorders and Stroke, Na-
tional Institutes of Health), whereas the resident microglial cells were
first immunoreacted with mouse monoclonal class IgG2a anti-CD11b
antibody (clone OX-42; Serotec Inc., Raleigh, NC) and then visualized
with PE-conjugated goat anti-mouse IgG2a antibody (Caltag). FITC-
conjugated Annexin V (Trevigen Inc., Gaithersburg, MD) was used as an
additional surface marker in conjunction with forward angle light scatter
(FALS), a property related to cell size, to discriminate among apoptotic,

necrotic, and nonapoptotic cells (see below and Fig. 1). All surface-
labeling reactions were performed in NPM and BSA at 8°C.

Flow cytometric analysis and cell sorting
Surface-labeled telencephalic dissociates were analyzed, and different
subpopulations were sort-purified using a FACSTAR � flow cytometer
(Becton Dickinson, Mountain View, CA), according to previously pub-
lished methods (Maric et al., 1999, 2000c). Briefly, the FITC, PE, and
PE/CY5 fluorescence signals on individual cells were excited by an argon
ion laser (model 2016; Spectra Physics, Mountain View, CA) tuned to
obtain 500 mW power at 488 nm, and the resulting fluorescence emis-
sions from each cell were collected using bandpass filters set at 530 � 30,
575 � 25, and 670 � 20 nm, respectively. Cell Quest acquisition and
analysis software (Becton Dickinson) was used to quantify the fluores-
cence signal intensities and FALS properties among the immunolabeled
subpopulations and to set logical electronic gating parameters designed
for sorting of neural precursors from differentiating progenitors using
negative or positive selection strategies, respectively (see Fig. 1). The cells
were physically sorted by deflecting electrically charged saline droplets
containing single cells into appropriate test tubes. The viability of the
sort-purified cells remained �96%, as confirmed by trypan blue
exclusion.

bFGF, FGFR1, EGF, and EGFR immunolabeling
Telencephalic dissociates were surface-labeled and sorted into neural
precursor and progenitor subpopulations, as shown in Figure 1. Aliquots
of sorted cells were fixed in 4% paraformaldehyde (PF) and then washed
in Dulbecco’s PBS (Quality Biological, Inc., Gaithersburg, MD) supple-
mented with 1 mg/ml BSA and immunolabeled with rabbit anti-EGF
antibody (Sigma) or rabbit anti-EGFR, anti-FGF-2, or anti-FGFR-1 an-
tibodies (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 hr at room
temperature (RT). The primary immunoreactions were visualized after a
30 min incubation at RT with FITC-conjugated donkey anti-rabbit IgG
secondary antibody (Jackson ImmunoResearch, West Grove, PA). The
fluorescence signal intensities among the immunolabeled subpopula-
tions were quantified by FACS, as described above.

Cell culture
Sort-purified neural precursor and progenitor cells were plated at clonal
density (1 � 10 3 cells/cm 2) on poly-D-lysine-coated (Sigma) and bovine
plasma fibronectin-coated (Invitrogen, Frederick, MD) coverslips,
which were photo-etched with an alphanumeric grid (Bellco Glass Inc.,
Vineland, NJ) and preglued to 35 mm tissue culture dishes (MatTek
Corp., Ashland, MA). The grid facilitated relocation of the same field of
cells during multiepitope immunostaining protocols (see below). Indi-
vidual cells were followed over a 7 d period using an Axiovert 135 in-
verted microscope (Zeiss, Thornwood, NY). The cells were cultured in
Neurobasal Medium (Invitrogen) supplemented with 1� working stock
of B27 additives (diluted 50-fold from commercially available stock; In-
vitrogen) and one of the following growth conditions: 10 ng/ml human
recombinant bFGF (Intergen Co., Purchase, NY), 10 ng/ml human re-
combinant EGF (Sigma), or 10 ng/ml bFGF together with 10 ng/ml EGF.
In some experiments with neural precursor cells, the initial concentra-
tions of bFGF and EGF were increased to 100 ng/ml in the culture me-
dium, whereas in others, the 10 ng/ml dose was replenished every 48 hr
during the 7 d culture period. We also tested the effects of withdrawal of
each growth factor after 24 hr and 5 d in culture on the proliferative and
differentiating potential of these cells.

Labeling of surface, cytoplasmic, and nuclear epitopes in
cell cultures
Surface epitope labeling. The protocol was generally identical to that used
for dissociated cells in suspension (see above). The only exceptions were
(1) direct labeling with FITC-conjugated ChTx (Sigma), thus allowing
double staining with TnTx-anti-TnTx-PE/CY5; and (2) direct immuno-
staining with PE-conjugated anti-A2B5 (obtained from Dr. Rick I. Co-
hen), thus allowing double staining with FITC-conjugated O4 or O1.

Cytoplasmic epitope labeling. Cells in culture were also immunoiden-
tified using lineage-specific cytoskeletal markers, as described previously
(Maric et al., 2000c). These included mouse monoclonal class IgG1 anti-
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nestin antibody (Department of Biological Sciences, University of Iowa,
Iowa City, IA), which identifies neuroepithelium-derived precursor and
progenitor cells (Hockfield and McKay, 1985), mouse monoclonal class
IgG2a anti-tubulin � III antibody (TuJ1; Berkeley Antibody Co., Rich-
mond, CA), which labels differentiating neurons, and rabbit polyclonal
anti-glial fibrillary acidic protein antibody (GFAP), which identifies as-
trocytes (Chemicon International, Temecula, CA). Briefly, the cells were
fixed in 4% PF and then washed in PBS and BSA and immunoreacted
with anti-nestin, anti-TuJ1, and anti-GFAP antibodies. Nestin was visu-
alized with biotinylated-goat anti-mouse IgG1 (Jackson ImmunoRe-
search), followed by aminomethylcoumarin (AMCA)-conjugated
streptavidin (Jackson ImmunoResearch). TuJ1 and GFAP immunoreac-
tions were visualized with PE-conjugated goat anti-mouse IgG2a
(Caltag) and tetramethyl rhodamine isothiocyanate (TRITC)-
conjugated goat anti-rabbit IgG (Southern Biotechnology Associates,
Inc., Birmingham, AL) secondary antibodies, respectively.

Nuclear epitope labeling. Actively proliferating cells were identified us-
ing the thymidine analog 5-bromo 2�deoxyuridine (BrdU; Sigma), as
described previously (Maric et al., 1997). Briefly, the protocol initially
included a BrdU-labeling period either in vivo or in vitro. In vivo labeling
involved a single intraperitoneal injection of 50 �g of BrdU/gm body
weight into E13 dams, followed by killing 2 hr later. Otherwise, prolifer-
ating cells were cumulatively labeled in vitro with 10 �M BrdU for 2–24 hr
before termination of culture. To detect incorporated BrdU, the cells
were fixed in 70% ethanol (EtOH) at �20°C and then permeabilized, and
their DNA was denatured with 2N HCl and 0.5% Triton X-100, and
incorporated BrdU was visualized with FITC-conjugated mouse mono-
clonal class IgG1 anti-BrdU antibody (Becton Dickinson).

Multiepitope labeling protocols. Multiepitope staining protocols were
applied to detect surface, cytoplasmic, and nuclear epitopes on repeat-
edly labeled fields of cells, using different combinations of subtype-
specific, fluorochrome-conjugated primary or secondary antibodies or
fluorochrome-conjugated ligands, followed by sequential photobleach-
ing and restaining. Using an eight-epitope staining protocol, the cells
were first pulse-labeled with BrdU and then directly surface-
immunoreacted with fluorochrome-conjugated anti-O4-FITC and anti-
A2B5-PE antibodies and subsequently imaged using an appropriate cam-
era and optics mounted on an Axiovert 135 inverted fluorescence
microscope (see below). After imaging, the remaining fluorescence sig-
nals were completely photobleached, and the cells were surface-relabeled
with ChTx-FITC and TnTx-anti-TnTx-PE/CY5 and then fixed in 4% PF
for 30 min at RT, washed in PBS and BSA, and relocated in the 35 mm
culture dish using the underlying alphanumeric grid, and the resulting
fluorescent signals were imaged and then photobleached, as described
above. The cells were then fixed in 70% EtOH for 20 min at RT; their
DNA was denatured in 2N HCl and 0.5% Triton X-100; and the cells were
sequentially reimmunoreacted with anti-nestin-AMCA, anti-TuJ1-PE,
anti-BrdU-FITC, and anti-GFAP-TRITC antibodies. The indirect im-
munostaining with anti-nestin-AMCA was followed by a blocking reac-
tion with 50 �g/ml unlabeled mouse IgG (Sigma) for 30 min at RT before
application of direct immunolabeling with anti-BrdU-FITC. Because
there was spectral overlap between PE and TRITC, anti-GFAP-TRITC
staining was preceded by anti-TuJ1-PE immunolabeling, which was
completely photobleached after imaging. In another seven-epitope stain-
ing protocol, the cells were first surface-immunoreacted with anti-O4-
FITC and anti-A2B5-PE and then imaged, photobleached, and restained
with anti-O1-FITC and anti-OX42-PE. Subsequently, the cells were fixed
in PF and then in EtOH and sequentially immunoreacted with anti-
nestin-AMCA, anti-BrdU-FITC, and anti-GFAP-TRITC. In optimizing
the multiepitope staining protocols, we have performed all the appropri-
ate control experiments to confirm the specificity of each immunore-
agent. Control immunoreactions using “simple” single-, double-, or
triple-staining protocols revealed no significant cross-epitope immuno-
reactivity among primary or secondary antibodies.

Analysis of fluorescence signals. Phase-contrast and fluorescence signals
were imaged using an Axiovert 135 inverted fluorescence microscope
(Zeiss) equipped with an intensified charge-coupled device (ICCD) cam-
era (Atto Instruments, Rockville, MD), as described previously (Maric et
al., 2000b). The cells were illuminated with a 100 W mercury arc lamp

(Zeiss), and the resulting fluorescence emissions were collected through
a Fluar 40�, 1.3 oil phase 3 objective (Zeiss) using standard FITC-PE-
PE/CY5 and FITC-TRITC-AMCA filter sets (Omega Optical, Brattle-
boro, VT). Fluorescence emissions for each fluorochrome signal were
separately captured as eight-bit images, using the video sensor of the
ICCD camera at 512 � 480 pixels resolution, and analyzed using Adobe
Photoshop software (Adobe Systems, Inc., San Jose, CA).

Calcium imaging
Changes in cytosolic Ca 2� (Ca 2�

c) levels in response to bFGF and EGF
were measured according to previously described methods (Maric et al.,
2000a,b). Briefly, the cells were loaded with fura-2 AM and imaged at 1
sec intervals using the Attofluor RatioVision workstation (Atto Instru-
ments). All recording solutions were warmed to 37°C and delivered to
the 150 �l recording chamber using gravity-driven perfusion at a con-
stant flow rate of �2 ml/min. After imaging, the field of recorded cells
was photographed using phase contrast optics and then washed in PBS
and BSA and sequentially immunoidentified using the multiepitope
staining protocols, as described above. In this way, the Ca 2�

c responses
of individual cells to bFGF and EGF could be correlated precisely with
their epitope expression patterns, which were used to identify their pre-
cursor, progenitor, or differentiated state.

Results
Fluorescence-activated cell sorting of neural precursors
and progenitors
The multiepitope staining protocol for FACS sorting used only those
surface epitopes that are already expressed in the rat telencephalon at
E13 (Maric et al., 1999, 2000c) and that identify early neuronal,
neuroglial, and oligodendroglial progenitors (Fig. 1A1,A2). There
was no surface labeling with anti-O4, anti-O1, or anti-OX42 or cy-
toplasmic labeling with anti-GFAP immunoreactions (data not
shown), which indicated that E13 telencephalic dissociates were de-
void of well differentiated oligodendroglial, microglial, and astroglial
populations. Approximately 60% of the cells in the E13 dissociate
were labeled with ChTx, TnTx, A2B5, or JONES, whereas �40% did
not label with any of these markers (Fig. 1A2). We classified all
ChTx- and TnTx-expressing cells (ChTx�TnTx�A2B5�JONES�

and ChTx�TnTx�A2B5�JONES�) as early neuronal progenitors
or differentiating neurons (Fig. 1A1,A2; also refer to Table 2). Fur-
thermore, we classified ChTx�TnTx�A2B5�JONES� cells with
low levels of A2B5 or JONES expression as putative bipotential neu-
roglial progenitors (Fig. 1A1,A2), which can differentiate into either
neurons or oligodendroglia (refer to Table 3), and those with high
levels of A2B5 or JONES labeling (Fig. 1A1,A2) as more restricted
oligodendroglial progenitors (refer to Table 4). We hypothesized
that the remaining unlabeled (ChTx�TnTx�A2B5�JONES�) pre-
cursor cells might be a source of putative neural stem cells (Figs.
1A1,A2, 2; Table 1).

To identify a vital population of neural stem cells, we addi-
tionally analyzed their FALS characteristics, a flow cytometric
property that directly reflects cell size and integrity, in combina-
tion with Annexin V labeling, which identifies cells progressing
through apoptosis (Koopman et al., 1994; Martin et al., 1995).
Only vital cells exhibited high FALS values without detectable An-
nexin V staining (Fig. 1B1,B2). These cells did not significantly stain
with trypan blue or propidium iodide after sorting (data not shown).
Altogether, we used six parameters simultaneously (FALS and An-
nexin V, ChTx, TnTx, A2B5, and JONES labeling) to identify puta-
tive neural stem cells from the E13 telencephalon. Only those cells
with high-FALS properties, not expressing the five surface epitopes
(ChTx�TnTx�A2B5�JONES�Annexin V�), hence quintuple
epitope-negative (QN) cells, were considered vital neural stem cells
and were sorted by negative selection for further study in vitro. The
lack of these epitopes implied that these cells were not yet overtly
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committed either to differentiate or to die. Because 40.1 � 1.1%
(mean � SEM) of the cells from E13 dissociates were
ChTx�TnTx�A2B5�JONES� (Fig. 1A2), and 46.1 � 1.6% of
these were Annexin V� (data not shown), the total starting popula-
tion of viable QN cells before sorting averaged �22% of all E13
telencephalic cells. Furthermore, by combining the above vital cell
criteria with selected patterns of surface epitope expression charac-
teristic of differentiating cells, a positive selection strategy was used to
sort neuronal, neuroglial, and oligoglial progenitors (Fig. 1).

Newly adherent QN cells are immature nestin �

proliferating precursors
After sorting, QN cells were �98% pure, as revealed by their lack
of surface epitopes used for sorting (Fig. 2A). These cells were
also plated on glass coverslips for further immunocytochemical
analysis. Many of the newly adherent QN cells rapidly flattened
out and exhibited relatively phase-dark and epithelioid morphol-

ogy (Fig. 2C). Most of these cells
(�65–75%) were BrdU�, after a single
BrdU injection given in vivo 2 hr before kill-
ing (Fig. 2B,D), thus identifying them as ac-
tively proliferating. Almost all of the QN cells
(�90–95%) were nestin-immunoreactive
(Fig. 2B,D), which is characteristic of imma-
ture neuroepithelial cells (Maric et al.,
2000c). Few of these cells (�5%) expressed
either neuron-specific surface (ChTx and
TnTx) or cytoplasmic (TuJ1) epitopes, and
none exhibited epitopes characteristic of as-
troglial (GFAP), oligodendroglial (O4), or
microglial (OX42) phenotypes (Fig. 2B). In
addition, �2% of sorted QN cells stained
with Annexin V (Fig. 2, legend) or pro-
pidium iodide (data not shown). Thus, at the
time of their initial adherence, many QN
cells were actively proliferating, and almost
all were devoid of epitopes indicative of
differentiation.

Neuronal, neuroglial, and oligoglial
cells are immature nestin � progenitors
After sorting by positive selection, putative
neuronal progenitors (NPs), neuroglial
progenitors (NGPs), and oligoglial pro-
genitors (OGPs) were immunolabeled
with anti-nestin antibody, and the number
of nestin� cells in each population was re-
analyzed by flow cytometry. The results
from three independent experiments re-
vealed that immature nestin� cells pre-
dominated in each subpopulation, with
most of these cells (94 � 1.3%, mean �
SEM) composing the NGP population,
followed by 83 � 5% composing the NP
population and 70 � 4% composing the
OGP population. The culturing of these
cells under different growth conditions
further revealed that significant fractions
of each progenitor population exhibited
the ability to expand and to generate vari-
ably restricted progeny of neuronal and
glial phenotypes (Tables 2– 4 ). These find-
ings indicated that the sorted progenitor

populations were predominantly in an immature state but were
more restricted in generating multipotent neuronal and glial lin-
eages compared with QN neural precursor cells (Tables 1– 4).

Differential distributions of bFGF, FGFR-1, EGF, and EGFR
Approximately 80% of QN precursors expressed FGFR-1, and
approximately one-third exhibited immunodetectable bFGF
(Fig. 3A1,A2,B1). In contrast, relatively few of these cells were
either EGF� (�5%) or EGFR� (�12%) (Fig. 3A3,A4,B1). Com-
parable proportions of neuronal and neuroglial progenitors ex-
pressed immunodetectable bFGF and FGFR-1, whereas EGF was
only detectable in �8% of neuronal progenitors and in �5% of
neuroglial progenitors (Fig. 3B2,B3). EGFR immunoreactivity
was more widely expressed among neuronal than neuroglial pro-
genitors, although the number of EGFR� cells in the former
population did not exceed 40% (Fig. 3B2,B3). Few oligoglial progen-
itors (�5%) were immunopositive for bFGF, EGF, or EGFR,

Figure 1. Surface epitope selection strategy to isolate neural precursor and progenitor cells using flow cytometry. A1, A2, Dissociates of
E13 cortical neuroepithelial cells were simultaneously surface-labeled with ChTx-PE/CY5 in combination with TnTx-PE/CY5 to optimally
resolve the neuronal progenitors and with A2B5-PE in combination with JONES-PE to optimally resolve neuroglial and early oligodendro-
glial progenitors. B1, B2, Annexin V–FITC binding was used as a fifth label together with FALS, a measure of particle size, to identify cell
debris and necrotic, apoptotic, and nonapoptotic (vital) neural precursor and progenitor cells. Fluorescence and FALS signals were quan-
tified on �100,000 randomly sampled cells using the FACSTAR � flow cytometer (see Materials and Methods) and analyzed as three-
dimensional contour plots (A1, B1) and corresponding two-dimensional log–log dot density plots (A2, B2). Boundaries in A2 have been
drawn empirically to delineate and quantify the unlabeled neural precursor cells (region 1) and selectively labeled neuronal (regions 2, 3),
neuroglial (region 4 ), and oligoglial progenitor (region 5) subpopulations and in B2 to delineate cell debris (region 6 ), necrotic cells (region
7 ), apoptotic cells (region 8), and nonapoptotic cells (region 9). The percentages of cells (mean � SEM) in each subpopulation from 40
independent experiments are shown as insets in their respective delineated regions. A vital subpopulation of neural precursor cells lacking
all five of the surface epitopes (i.e., ChTx �TnTx �A2B5 �JONES �Annexin V �) was sorted by negative selection, which involved the
inclusion of cells in regions 1 and 9 and exclusion of cells in regions 2– 8. Viable, nonapoptotic subpopulations of neuronal, neuroglial, or
oligoglial progenitors were sorted using a positive selection strategy, which involved the inclusion of cells delineated in regions 2–5 and
the exclusions of cell debris in region 6 and cells with necrotic and apoptotic attributes in regions 7 and 8.
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whereas only �30% of these cells were
FGFR-1� (Fig. 3B4). Thus, FGFR-1 was
more widely expressed than bFGF among
neural precursors and progenitors, and both
were generally more abundant than either
EGF or EGFR in each of the subpopulations.

Effects of bFGF and EGF on self-renewal
and differentiation of QN cells
The highly contrasting expressions of
bFGF and EGF and their corresponding
receptors by neural precursors led us to
investigate their possible roles in the regu-
lation of proliferative and differentiating
potentials of these cells. Sorted QN cells
were plated at clonal density and cultured
in Neurobasal and B27 medium contain-
ing bFGF, EGF, or both for 1 week. This
allowed us to characterize the resulting
phenotypes derived from individual cells.
Inclusion of 10 ng/ml bFGF in the culture
medium most often resulted in clonal ex-
pansion of QN neural precursors into
epithelial-like monolayers, each com-
posed of �60 –70 contiguous cells (Fig. 4).
In fact, �73% of the isolated neural pre-
cursors had expanded into epithelial
monolayers composed only of immature
cells, which were phenotypically identical
to the original nestin�BrdU�/� QN
founder cells (Fig. 4C, Table 1) and did not
express either intracellular or surface
epitopes characteristic of differentiating
neurons or glia. Approximately six sym-
metrical cell divisions (without cell death)
would generate monolayers composed of
�60 –70 cells over 7 d in culture. Only a
few (�5%) QN precursors generated
progeny that differentiated (Table 1). The
remaining QN cells remained solitary and
did not proliferate. Solitary cells that sur-
vived, which could be phenotyped, were
either immature precursors or differenti-
ating neurons or glia (Table 1). The pres-
ence of rare differentiating phenotypes
may reflect a low probability that either QN precursors can dif-
ferentiate in this medium or few newly committed progenitors,
which do not yet express surface epitopes, were included in the
QN population after sorting.

Inclusion of 10 ng/ml EGF in the medium led to much less
expansion of QN precursors, with many cells (26%) becoming
pyknotic over the 7 d culture (Table 1). Solitary survivors were
equally divided between immature precursors and committed
neuronal or glial phenotypes (Table 1). Inclusion of both bFGF
and EGF primarily generated either clusters of proliferating pre-
cursors (Fig. 4, Table 1) or clusters of cells that included a mixture
of proliferating precursors and those differentiating into neuro-
nal, oligodendroglial, and astrocyte type 1 progenitors (Fig. 5,
Table 1). These multipotential clusters of differentiating pheno-
types were typically composed of �70 –90 cells, �50% of which
exhibited either neuronal or astroglial epitopes. Comparative
analysis showed that inclusion of EGF with bFGF increased the
proportion of multipotential clusters by 10-fold relative to those

expanding in medium with bFGF alone (see Table 1). Almost all
of the differentiating progeny of QN cells were nestin�, and ap-
proximately one-third were BrdU�. Neuronal progenitors often
appeared randomly scattered among the proliferating neural pre-
cursor progeny, whereas proliferating radial forms of astrocytes
were often arrayed adjacent to proliferating and postmitotic as-
troglial cells with epithelioid morphologies. In some fields,
nestin�GFAP� bipolar cells with elongated morphologies were
found transforming into epithelioid shapes, which were
nestin�GFAP�. GFAP� bipolar cells were typically vimentin�

(data not shown) and, therefore, most likely radial glial cells in an
earlier stage of the astrocyte lineage. Rare clones (�1%) were
composed of either type 2 astrocytes or oligodendrocytes (Table
1). Approximately one-fourth of the cells remained solitary and
when phenotyped were either immature and undifferentiated or
differentiated into neuronal or mostly radial glial phenotypes
(Table 1). These qualitative comparisons of clones derived from
isolated QN precursors demonstrate that (1) initial cell– cell con-

Figure 2. Quintuple epitope-negative cells are immature proliferating precursors. QN cells were sorted using the negative
selection FACS strategy outlined in Figure 1. A, An aliquot of the sorted QN cells was reanalyzed, using the same electronic gates
used for sorting. The pseudocolor dot density plot shows that the sorted cells consist primarily of neural precursors, which account
for �98% of the population, with �2% of the cells expressing ChTx, TnTx, A2B5, or JONES. The percentage of Annexin V � cells
in the QN population after sorting averaged 1.5 � 0.2% (mean � SEM; n 	 29). B–D, Sorted QN cells, which had been
pulse-labeled in vivo with BrdU for 2 hr (see Materials and Methods), were allowed to adhere on glass coverslips for 1 hr and then
processed for BrdU incorporation and expression of epitopes characteristic of immature precursors (nestin) or differentiating
neurons (ChTx, TnTx, and TuJ1), astrocytes (GFAP), neuroglial progenitors (A2B5), oligodendrocytes (O4), and microglia (OX42). C,
Phase contrast microscopy illustrates a wide range of cell morphologies, including cell body elongations and process formation,
which are indicative of the spontaneous motility exhibited by many of these cells. D, All of the cells in the field are nestin � (blue
fluorescence), and most are BrdU � ( green fluorescence) and therefore actively proliferating. The bar graph in B summarizes the
distribution of epitopes detected among newly adherent precursors and represents the percentage (mean � SEM) of immunopositive
cells from three or more independent determinations. Rare cells (�5%) exhibit intracellular differentiating epitopes, and �2% exhibit
surface differentiating epitopes. Scale bars, 20 �m.
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tact is not required for either precursor cell expansion or progen-
itor cell proliferation and lineage progression; (2) bFGF sustains
proliferation of precursors without significant differentiation,
whereas EGF is relatively ineffective; and (3) bFGF and EGF to-

gether support both proliferation of neural precursors and their
differentiation along neuronal and glial lineages.

In a separate series of experiments, QN cells were plated at
clonal density and expanded for 7 d in bFGF-containing me-
dium. The resulting progeny were then passaged and re-
expanded in the medium with fresh bFGF, EGF, or both. The
passaged progeny continued to proliferate in medium with fresh
bFGF, remaining in an undifferentiated (nestin�BrdU�/�) neu-
ral precursor state (data not shown). However, inclusion of both
EGF and bFGF in passaged cultures supported both continued
proliferation of immature precursors and progression along neu-
ronal and glial lineages (data not shown). Thus, both self-
renewing and multipotential properties could be retained after
passage, depending on the growth factor inclusions. These results
further demonstrate that QN cells exhibit the defining character-
istics of neural stem cells (i.e., proliferation and lineage progres-

Table 1. Clonal analyses of bFGF and EGF effects on sort-purified neural precursors

Cell phenotype bFGF EGF bFGF � EGF

Expanded cells
Self-renewing 72 (73) 9 (12) 72 (33)
Multipotential 3 (3) 5 (7) 70 (32)
Bipotential 1 (1) 0 (0) 7 (3)
Neuronal 0 (0) 0 (0) 5 (2)
Astroglial (type 1) 1 (1) 6 (8) 8 (4)
Astroglial (type 2) 0 (0) 0 (0) 3 (1)
Oligodendroglial 0 (0) 0 (0) 1 (1)

Nonexpanded cells
Pyknotic 12 (12) 19 (26) 14 (6)
Precursor 5 (5) 16 (22) 9 (4)
Neuronal 2 (2) 3 (4) 3 (1)
Radial glia 1 (1) 4 (5) 21 (10)
Astroglial (type 1) 2 (2) 8 (11) 2 (1)
Astroglial (type 2) 0 (0) 2 (3) 1 (1)
Oligodendroglial 0 (0) 1 (2) 2 (1)

Total clones studied 99 73 218

The effects of bFGF and EGF on clonal expansion and differentiation of neural precursors are shown. Neural precur-
sors were sorted as outlined in Figure 1 and plated at clonal density in medium containing 10 ng/ml bFGF, 10 ng/ml
EGF, or both, and the numbers of cells that either expanded (generating two or more progeny) or remained solitary
(nonexpanded) after 7 d in culture were quantified, and their immunophenotype was characterized. The progeny of
expanded clones were classified into the following categories according to their patterns of epitope expression: (1)
self-renewing, consisting of only undifferentiated nestin� neural precursors, which lacked any of the differentiating
epitopes, as exemplified by those in Figure 4; (2) multipotential, consisting of cells progressing along neuronal,
astroglial, neuroglial, or oligodendroglial lineages, typical of those in Figure 5; (3) bipotential, consisting of cells
progressing along neuroglial or oligodendroglial lineages; (4) neuronal, which included cells exhibiting either
TuJ1�A2B5�TnTx�, TuJ1�A2B5�TnTx� or TuJ1�A2B5�TnTx� phenotypes; (5) astroglial (type 1), consisting
only of cells immunoidentified as A2B5�GFAP�; (6) astroglial (type 2), consisting only of cells immunoidentified as
A2B5�GFAP�; and (7) oligodendroglial, consisting only of cells immunoidentified as A2B5�O4�, A2B5�O4�, or
both. Solitary cells, which did not expand over 7 d in culture, were characterized as pyknotic and nonviable (identi-
fied either morphologically or using propidium iodide staining) or as belonging to one of six immunoidentified
phenotypes: (1) immature nestin� precursors; (2) neuronal; (3) radial glia, which exhibited elongated bipolar
morphologies and were vimentin� or nestin� but TuJ1�GFAP�A2B5�TnTx�; (4) astroglial (type 1); (5) astroglial
(type 2); and (6) oligodendroglial. Data depict the number of founder clones studied in the three growth conditions.
The numbers in parentheses are the relative percentages of the founder cells, which either expanded and generated
self-renewing or differentiating progeny or did not expand but died or differentiated. The results in this and subse-
quent tables are derived from at least three independent experiments. Inclusion of bFGF in defined medium sustains
proliferation but little differentiation of neural precursor cells. EGF in defined medium without bFGF supports little
proliferation or differentiation. bFGF and EGF together in defined medium promote proliferation of neural precursors
and differentiation of multiple phenotypes.

Table 2. Clonal analyses of bFGF and EGF effects on sort-purified
neuronal progenitors

Cell phenotype bFGF EGF bFGF � EGF

Expanded cells
Self-renewing 3 (5) 1 (2) 4 (3)
Multipotential 2 (4) 2 (4) 6 (4)
Bipotential 0 (0) 0 (0) 2 (1)
Neuronal 12 (21) 3 (6) 35 (24)
Astroglial (type 1) 2 (4) 4 (8) 5 (4)
Astroglial (type 2) 0 (0) 0 (0) 0 (0)
Oligodendroglial 0 (0) 1 (2) 1 (1)

Nonexpanded cells
Pyknotic 6 (11) 10 (19) 17 (12)
Precursor 3 (5) 0 (0) 2 (1)
Neuronal 24 (43) 27 (53) 65 (44)
Radial glia 1 (2) 1 (2) 1 (1)
Astroglial (type 1) 3 (5) 2 (4) 6 (4)
Astroglial (type 2) 0 (0) 0 (0) 0 (0)
Oligodendroglial 0 (0) 0 (0) 1 (1)

Total clones studied 56 51 145

The effects of bFGF and EGF on clonal expansion and differentiation of neuronal progenitors are shown. Neuronal
progenitors were sorted as outlined in Figure 1 and then cultured and quantified using the strategy outlined in the
legend of Table 1. The data show that bFGF, with or without EGF, primarily supports cells progressing along a
neuronal lineage and neuronal differentiation with limited proliferation.

Table 3. Clonal analyses of bFGF and EGF effects on sort-purified neuroglial
progenitors

Cell phenotype bFGF EGF bFGF � EGF

Expanded cells
Self-renewing 7 (7) 1 (1) 9 (5)
Multipotential 9 (8) 2 (2) 18 (11)
Bipotential 37 (35) 10 (11) 51 (30)
Neuronal 7 (7) 3 (3) 5 (3)
Astroglial (type 1) 0 (0) 1 (1) 3 (2)
Astroglial (type 2) 3 (2) 7 (8) 11 (7)
Oligodendroglial 6 (6) 2 (2) 14 (8)

Nonexpanded cells
Pyknotic 5 (5) 29 (32) 6 (4)
Precursor 4 (4) 7 (8) 6 (4)
Neuronal 11 (10) 9 (10) 4 (2)
Radial glia 1 (1) 3 (3) 5 (3)
Astroglial (type 1) 2 (2) 3 (3) 3 (2)
Astroglial (type 2) 4 (4) 6 (7) 5 (3)
Oligodendroglial 10 (9) 8 (9) 27 (16)

Total clones studied 106 91 167

The effects of bFGF and EGF on clonal expansion and differentiation of neuroglial progenitors are shown. Neuroglial
progenitors were sorted as outlined in Figure 1 and then cultured and quantified using the strategy outlined in the
legend of Table 1. The data show that bFGF, with or without EGF, predominantly promotes neuronal and glial lineage
progressions occurring from single founder cells.

Table 4. Clonal analyses of bFGF and EGF effects on sort-purified
oligoglial progenitors

Cell phenotype bFGF EGF bFGF � EGF

Expanded cells
Self-renewing 1 (2) 0 (0) 3 (3)
Multipotential 3 (5) 2 (3) 3 (3)
Bipotential 6 (11) 4 (6) 8 (7)
Neuronal 4 (7) 3 (4) 3 (3)
Astroglial (type 1) 0 (0) 0 (0) 0 (0)
Astroglial (type 2) 2 (3) 2 (3) 5 (4)
Oligodendroglial 7 (12) 5 (7) 22 (19)

Nonexpanded cells
Pyknotic 6 (11) 35 (50) 10 (9)
Precursor 2 (3) 3 (4) 5 (4)
Neuronal 3 (5) 2 (3) 3 (3)
Radial glia 0 (0) 0 (0) 1 (1)
Astroglial (type 1) 0 (0) 0 (0) 1 (1)
Astroglial (type 2) 2 (4) 5 (7) 4 (3)
Oligodendroglial 21 (37) 9 (13) 46 (40)

Total clones studied 57 70 114

The effects of bFGF and EGF on clonal expansion and differentiation of oligodendroglial progenitors are shown.
Oligodendroglial progenitors were sorted as outlined in Figure 1 and then cultured and quantified using the strategy
outlined in the legend of Table 1. The data show that bFGF, with or without EGF, primarily promotes oligodendroglial
lineage progression and oligodendroglial differentiation.
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sion among cells plated at clonal density and self-renewal and
differentiation after passage).

Although we did not perform a complete dose–response study
of bFGF and EGF effects on the proliferative and differentiating
potential of neural stem cells, we did try a 10-fold larger dose (100

Figure 3. Differential distributions of bFGF, FGFR-1, EGF, and EGFR among neural precursors
and progenitors. Neural precursors and neuronal, neuroglial, and oligoglial progenitors were
isolated as described in Figure 1 and then profiled for bFGF, FGFR-1, EGF, or EGFR expression by
flow cytometry. A1–A4, Frequency histograms of QN neural precursors immunostained for the
growth factors and their corresponding receptors show that most cells express FGFR-1, and
many exhibit bFGF, whereas few cells are either EGF � or EGFR �. B1–B4, Bar plots summariz-
ing the immunocytochemical results (means � SEM) of three independent experiments reveal
wider distributions of FGFR-1 and bFGF among sorted neural precursors and neuronal, neuro-
glial, and oligoglial progenitors compared with those obtained for EGF and EGFR.

Figure 4. Typical clonal expansion of neural precursor cells in medium with bFGF. Neural
precursors were sorted by negative selection as described in Figure 1 and then plated at clonal
density in medium containing 10 ng/ml bFGF and maintained undisturbed for 1 week. A, A
newly adherent neural precursor cell was photographed with phase contrast optics at 2 hr in
culture (HIC) to reveal its location with respect to the underlying alphanumeric grid. B, The
resulting progeny derived from this precursor formed an epithelial monolayer of morphologi-
cally similar cells after 7 d in culture (DIC), as is evident from the rephotographed field. In this
representative example, the founder neural precursor cell generates 63 epithelial-like cells, 60
of which are viable and 3 of which are pyknotic. C, To characterize immature and differentiating
neuronal and glial cell phenotypes in this and other experiments, a multiepitope staining pro-
tocol was used to reveal the expression of specific surface (ChTx, TnTx, A2B5, and O4), cytoplas-
mic (nestin, TuJ1, and GFAP), and nuclear (BrdU) epitopes. The cells were cumulatively labeled
with BrdU for 24 hr before termination of culture and immunocytochemical processing. Nestin
immunoreactions are shown in blue, whereas BrdU incorporation into DNA in the nucleus is
shown in green. In this representative example, the viable neural precursor-derived progeny
consist of 44 nestin �BrdU � and 16 nestin �BrdU � cells. No other differentiating epitopes are
expressed by these cells (data not shown), indicating that the founder precursor cell self-
renewed without differentiating. Scale bar, 20 �m.
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ng/ml) of each growth factor in the Neurobasal and B27 medium
and cultured the cells undisturbed for 7 d. In addition, we sepa-
rately cultured neural stem cells in media that were replenished
with fresh 10 ng/ml bFGF, 10 ng/ml EGF, or both every 48 hr
during the 7 d period of clonal expansion. In either case, we found
no significant difference in the phenotypic outcomes compared
with those described above. Thus, the marked difference in self-
renewal of neural stem cells in the presence of bFGF compared
with EGF may well reflect the fact that few of these cells (�11%)
actually express the EGF receptor, whereas most (�75%) exhibit
the receptor for bFGF (Fig. 3).

In some experiments, we also tested the effects of bFGF with-
drawal on clonal expansion of neural stem cells over 7 d in cul-
ture. Withdrawal of bFGF within 24 hr of plating prevented self-
renewal of neural stem cells and induced differentiation,
predominantly along the astrocyte type 1 lineage. In contrast,
withdrawal of bFGF after 5 d in culture did not overtly affect
proliferation of the self-renewing neural stem cell progeny when
examined 2 d later but did produce a significant increase in the
number of neuronal and astroglial progeny. The limited effect of

bFGF withdrawal at 5 d on self-renewal of
neural stem cell progeny may reflect the pos-
sible contribution of endogenous bFGF ex-
pressed in 64% of these cells at this stage in
culture (data not shown), which represents a
twofold increase compared with that ob-
served at the time of plating (Fig. 3).

Differential effects of bFGF and EGF on
NP, NGP, and OGP expansion
Putative NPs plated at clonal density and
cultured for 7 d in medium containing
bFGF, EGF, or both either remained soli-
tary or generated progeny, which primar-
ily progressed along a neuronal lineage
(Table 2). Most of the progeny of ex-
panded NP clones clustered in groups of
up to 20 cells. Thus, this outcome was
likely to be derived from approximately
four or five cell divisions. Immunopheno-
typing revealed that all progeny were
TuJ1�, with many also expressing nestin,
indicative of an immature neuronal state.
In general, �10% of these cells were
BrdU� after a cumulative 24 hr exposure
with BrdU at the end of the 1 week period.
Many of the newly postmitotic neurons
extended processes several cell body diam-
eters in length. These cells exhibited the
same surface epitopes (ChTx�TnTx�)
used for positive selection. ChTx and
TnTx signals were extensively colocalized
in the majority of the neuronal progeny.

Inclusion of bFGF with or without EGF
sustained the same relative percentage
(�21–24%) of NP cells undergoing neu-
ronal lineage progression (Table 2). Only
6% of the cells plated in medium contain-
ing EGF generated progeny progressing
along a neuronal lineage. However, EGF
was as effective as bFGF in supporting the
survival and differentiation of solitary pro-
genitors into neurons (Table 2). Although

neuronal lineage progression and differentiation predominated
in the presence of bFGF, other phenotypes also occurred at lower
frequencies. Small fractions of cells (�3–5%) expanded, either
generating immature precursors or forming clusters of neuronal,
astroglial, and oligodendroglial phenotypes (multipotential) or
generating type 1 astrocytes. In medium with EGF alone, there
were approximately as many cells progressing along an astroglial
(type 1) lineage as those that expanded and differentiated into
neurons. These latter results indicate that the positively selected
subpopulation with surface epitopes characteristic of neuronal
progenitors is not entirely restricted to a neuronal lineage.

Putative NGPs primarily formed clusters of �20 –25 cells,
which were either A2B5�TuJ1� or A2B5�TuJ1� (Table 3).
Most of the progeny from expanded NGP clones were nestin�,
and many were BrdU�, indicating that these cells were immature
and actively proliferating. Clonal analyses revealed that clusters
with neuronal and putative glial phenotypes predominated (30 –
35%) when bFGF was included in the culture medium, with or
without EGF (Table 3). In medium with EGF only 11% of the
progeny exhibited this duality of phenotypes. Smaller fractions of

Figure 5. Typical clonal expansion of neural precursor cells in medium with bFGF and EGF. Neural precursors were cultured at
clonal density in the presence of 10 ng/ml bFGF and 10 ng/ml EGF, maintained undisturbed for 1 week, and then labeled with BrdU
and immunophenotyped for differentiating epitopes. In this representative example, a founder neural precursor cell ( A) generates a
complex array of phase-dark and phase-bright progeny ( B) totaling 87 cells, 72 of which are viable and 15 of which are pyknotic.
C–F, Immunostaining reveals variable numbers of progeny expressing differentiating epitopes characteristic of neuronal,
astroglial, and oligodendroglial cell lineages, which have been visualized using different fluorochrome-conjugated im-
munoreagents identified in each panel. Multiepitope staining shows that the progeny can be phenotyped as follows: seven
nestin �BrdU � and six nestin �BrdU � precursors; one nestin �BrdU � cell and seven nestin �BrdU � cells with radial
glial morphologies; five nestin �BrdU �TuJ1 � and three nestin �BrdU �TuJ1 � neuronal progenitors; four nestin �BrdU �TuJ1 �

neurons; four nestin �BrdU �A2B5 � and nine nestin �BrdU �A2B5 � neuroglial or oligodendroglial progenitors; 10
nestin �BrdU �A2B5 �TuJ1 � neuronal progenitors; and three nestin �BrdU �GFAP � astroglial type 1 progenitors and three
nestin �BrdU �GFAP � differentiating astrocyte type 1 progenitors. 2 HIC, 2 hr in culture; 7 DIC, 7 d in culture. Scale bar, 20 �m.
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progeny (�10%) evolved along each of the other characterized
phenotypes. In contrast to the lineages derived from QN and NP
cells, a detectable number of progeny derived from isolated NGP
clones also differentiated into oligodendroglia or astroglia (type
2) instead of astroglia (type 1). Oligodendroglia accounted for the
greatest number of solitary survivors when both bFGF and EGF
were included (Table 3). These results are consistent with the
premise that the sorted NGP subpopulation consisted primarily
of bipotential progenitors.

Putative OGPs either progressed along the oligodendroglial lin-
eage or differentiated into oligodendroglia (Table 4). Lineage pro-
gression from expanded OGP clones was most evident in medium
containing both bFGF and EGF, with �20–25 cells constituting a
typical cluster. The natural progression from nestin�BrdU�A2B5�

immature progenitors to nestin�A2B5�O4� oligodendroglial pro-
genitors to nestin�A2B5�O4� transitional oligodendrocytes was
spatially arrayed in many of the fields surveyed. Oligodendroglial
lineage progression and differentiation of progenitors into oligoden-
drocytes predominated, especially when bFGF was included,
whereas other phenotypes occurred at much lower frequencies (Ta-
ble 4). Cells progressing exclusively along the astroglial (type 1) lin-
eage were typically absent.

bFGF- and EGF-induced calcium signaling
QN cells were cultured in medium with bFGF to promote self-
renewal (Fig. 4) or in medium with bFGF and EGF to promote
differentiation (Fig. 5). The cells were imaged after 7 d in culture,
and their resting and evoked Ca 2�

c levels were recorded before
and after stimulation with exogenous bFGF and EGF. The results
revealed that virtually all of the self-renewing progeny of neural
stem cells responded to bFGF by elevating their Cac

2� levels (Fig.
6A1). Rare astrocyte type 1 progenitor cells differentiating in the
medium with bFGF exhibited Cac

2� responses generally similar
to those recorded on neural precursors (Fig. 6A2), whereas rare
neuronal progenitors differentiating in the same medium re-
sponded to both bFGF and EGF (Fig. 6A3). Similar to QN cell
progeny expanding in bFGF, neural precursors expanding in

Figure 6. Calcium imaging of bFGF and EGF effects on neural precursor cell progeny. A,
Neural precursors were cultured in medium with 10 ng/ml bFGF for 7 d and then imaged for
Ca 2� responses to bFGF and EGF. After imaging, the cells were phenotyped for their expression
of immature and differentiating epitopes. A1, Immunophenotyping reveals that 93% of the QN
cell progeny are self-renewing precursor cells, all of which respond to bFGF with a rapidly rising,
primarily transient Ca 2�

c signal with an average peak amplitude at 620 � 24 nM (mean �
SEM), but none respond to EGF. A2, Rare cells identified as astrocyte type 1 progenitors (�3%
of total progeny) exhibit similar responses to bFGF, with the peak response averaging�830 nM,

4

but do not respond to EGF. This contrasts with the responses of astrocyte type 1 progenitors
cultured in medium containing bFGF and EGF (see B2). A3, Few cells identified as neuronal
progenitors (�4% of total progeny) respond to both bFGF and EGF, with the average response
peaking at 90 � 60 and 30 � 5 nM, respectively. B, Calcium imaging and immunophenotyping
were also performed on QN cells cultured for 7 d in medium containing 10 ng/ml bFGF and 10
ng/ml EGF. B1, In contrast to bFGF-expanded QN cell progeny, self-renewing precursors account
for only�34% of the total cells in bFGF and EGF cultures. All of these precursors respond to bFGF
with a rapidly rising sustained Ca 2�

c signal, with an average amplitude of 143 � 21 nM, but
none respond to EGF, similar to results on those self-renewing in medium with bFGF. B2, Cells
identified as type 1 astrocyte progenitors in these cultures exhibited rapidly rising transient
Ca 2�

c responses to bFGF (average amplitude, 129 � 36 nM) and low-amplitude responses to
EGF (27 � 6 nM). B3, Type 2 astrocyte progenitors express rapidly rising and sustained Ca 2�

c

responses to bFGF (211 � 60 nM) and low-amplitude responses to EGF (19 � 2 nM). B4,
Oligodendrocyte progenitors respond to bFGF (129 � 18 nM) with rapidly rising and sustained
Ca 2�

c responses and to EGF with low-amplitude signals (24 � 3 nM). B5, Neuronal progenitors
exhibit rapidly rising and relatively sustained low-amplitude Ca 2�

c responses to both bFGF
(44 � 13 nM) and EGF (66 � 5 nM). The cells were continuously superfused with NPM at 37°C
before and during pharmacological manipulation. Open horizontal bars depict the duration of
exposure to bFGF or EGF. The numbers at the beginning of each trace represent the average
Ca 2�

c baseline (mean � SEM) for each cell phenotype recorded. The numbers at the end of
each trace represent the sample size (i.e., the number of cells recorded for each phenotype). The
numbers in parentheses depict the peak Ca 2�

c levels (mean � SEM) after response to bFGF or
EGF. The values above the peak calcium levels depict the percentages of total QN cell progeny
with a designated phenotype, which resulted after culture in bFGF- or bFGF- and EGF-
containing media.
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bFGF- and EGF-conditioned media produced Ca 2�
c responses

to bFGF but not EGF (Fig. 6B1). However, virtually all of the
neuronal and glial progeny of neural stem cells differentiating in
the medium with bFGF and EGF responded to both growth fac-
tors (Fig. 6B2–B5). The bFGF-induced Ca 2�

c signals were rap-
idly rising and variable in amplitude and time course among
precursors and progenitors. Most of the responses were relatively
well sustained, and some briefly persisted after removal of bFGF
(Fig. 6B3). bFGF-induced Ca 2�

c responses recorded on differen-
tiating progenitors were consistently greater in peak amplitude
than those evoked by EGF with the exception of those detected on
neuronal progenitors, which were generally similar. The EGF-
induced Ca 2�

c signals evoked in oligodendrocyte and type 2 as-
trocyte progenitors were noticeably delayed several minutes after
exposure to EGF, whereas those elicited in type 1 astrocyte and
neuronal progenitors were immediate. These results revealed that
self-renewing neural precursors only responded to bFGF,
whether they were exposed to EGF, whereas all of the progenitor
phenotypes differentiating in bFGF and EGF responded to both
growth factors.

Advantages of fluorescence-activated cell sorting
To ascertain the utility of using sort-purified neural precursor
and progenitor cells to study differential effects of bFGF and EGF
on self-renewal and differentiation, we also cultured unsorted
neuroepithelial cells dissociated from E13 rat telencephalon
(the heterogenic composition of which is depicted in Fig. 1) un-
der the same growth conditions used for sorted cells. The cells in
the unsorted cultures proliferated in the presence of bFGF but
not EGF, similar to the results obtained with sorted neural pre-
cursor and progenitor cells. However, the composition of the
expanded cell progeny was predominantly of differentiating neu-
ronal and glial phenotypes, rather than self-renewing neural stem
cells. This is in keeping with the fact that at this stage of develop-
ment, both neural stem cells and progenitors predominantly ex-
press FGFR-1 (Fig. 3) and have the potential to proliferate in the
presence of bFGF rather than EGF. However, because the starting
population of viable neural stem cells before culture is only
�22% of the unsorted neuroepithelial cells (Fig. 1, second para-
graph of Results), the proliferation in bFGF-containing medium
is biased toward expanding neuronal and glial progenitors rather
than neural stem cells. We have also observed that after 7 d in
culture in the presence of bFGF, the expanding neuronal and glial
progenitor populations of unsorted neuroepithelial cells totally
predominate over the neural stem cell population, which at that
point represents �5% of the total cells. These findings reinforced
the importance and the utility of our sorting strategy to gain
direct access to purified neural stem cells and different neural
progenitor populations, which then allows for precise prospec-
tive studies of their biology, rather than using retrospective anal-
yses, which are currently applied in numerous neural stem cell
models involving heterogeneous neuroepithelial cells as the start-
ing population.

Discussion
Salient findings
Surface ganglioside epitopes emerging among differentiating
CNS cell phenotypes were exploited to isolate neural precursors
and lineage-restricted progenitors directly from the E13 rat tel-
encephalon using fluorescence-activated cell sorting. Neural pre-
cursors, which did not express differentiating or apoptotic
epitopes, were sorted by negative selection. These cells expressed
FGFR-1 and proliferated in defined medium containing bFGF,

primarily self-renewing and generating more neural precursors.
Inclusion of EGF with bFGF stimulated both self-renewal and
multipotential differentiation of neural precursors, properties
that were retained after passage, thus identifying these cells as
neural stem cells. Neuronal and glial progenitors, sorted by pos-
itive selection, also expressed FGFR-1 but primarily differenti-
ated into their respective phenotypes in media containing bFGF
with or without EGF. Self-renewing progeny of neural stem cells
expressed Ca 2�

c responses to bFGF, whereas differentiating
progeny of these cells responded to both bFGF and EGF.

FACS isolation of neural stem and lineage-restricted
progenitor cells
Most studies on neural stem cells have been performed retrospec-
tively using heterogeneous populations of neuroepithelial cells,
which have been selectively cultured in defined media with dif-
ferent growth factors. In these models, the phenotypic analysis of
neuroepithelial cell-derived progeny was necessary to confirm
the presence of cells with the self-renewing and multipotent char-
acteristics of neural stem cells (Johe et al., 1996; Qian et al., 1998,
2000). Recently, neural stem cells have been sorted from fetal
human brain tissue using surface epitopes and a positive selection
strategy (Uchida et al., 2000). These cells both self-renewed and
differentiated into neurons and astrocytes but not oligodendro-
cytes, indicating that cells with some of the properties of neural
stem cells can be sorted from the embryonic CNS. Self-renewing
neural stem cells with pluripotent capabilities have also been iso-
lated from the adult murine ependymal and subventricular zones
using surface epitope markers and flow cytometry (Rietze et al.,
2001). In our study, we have developed a novel multiepitope
surface-staining strategy in conjunction with fluorescence-
activated cell sorting to directly isolate neural precursors by neg-
ative selection and progenitors by positive selection from the
neuroepithelium of the embryonic rat telencephalon to study
their lineage potentials in vitro. This newly devised positive and
negative selection strategy targeted ganglioside and apoptotic
epitopes, which are conserved not only among neuroepithelial
cells from different CNS regions (Maric et al., 1999) but also
from other species, including mouse and human (D. Maric and
J. L. Barker, unpublished observations). Thus, this FACS strategy
may be applied to sort putative neural stem and lineage-restricted
progenitor cells from developing CNS tissues of different verte-
brates for prospective cellular and molecular studies. Further-
more, the unique application of negative selection to isolate neu-
ral stem cells, as described here, may provide an additional
advantage for these cells by eliminating any concerns about pos-
sible effects of labeling reactions used in positive selection on the
biology of these cells. Naturally, further studies will be necessary
to ascertain whether the results described here for the neuroepi-
thelial model of E13 rat telencephalon can be generalized to other
ages, species, and CNS regions.

Differential effects of bFGF and EGF on self-renewal
and differentiation
Specific growth factors, including bFGF and EGF, emerge during
CNS development in vivo and have often been used to study
proliferation and differentiation of neuroepithelial cells in vitro
(Gensburger et al., 1987; Murphy et al., 1990; Vescovi et al., 1993;
Ghosh and Greenberg, 1995; Reynolds and Weiss, 1996; Qian et
al., 1997; Ciccolini and Svendsen, 1998; Tropepe et al., 1999). The
relative utility of these growth factors in self-renewal and differ-
entiation of neuroepithelial cells has varied, presumably because
of the heterogeneity inherent in the neuroepithelial cell popula-
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tions that were investigated. In our study, direct isolation of more
homogenous neural stem cells revealed that most expressed
FGFR-1, whereas only a fraction were EGFR� and thus had the
potential to respond to bFGF rather than EGF. Although many
neural stem cells also exhibited immunoreactivity for bFGF, few
cells initially plated at clonal density proliferated or survived in
the absence of exogenous bFGF. However, when plated at high
density in a medium without exogenous bFGF, many of these
cells survived and proliferated, whereas some also differentiated.
Withdrawal of exogenous bFGF at that point, when most of the
expanded neural stem cell progeny exhibited immunoreactivity
for bFGF and FGFR1, did not overtly affect proliferation of these
cells but did promote limited differentiation. Although the cellu-
lar and molecular mechanisms underlying this switch in bFGF
dependency have not been elucidated, it is possible that at some
point, autocrine or paracrine bFGF and FGFR-1 signaling, or
both, may play a increasing role in sustaining self-renewal and
differentiation of neural stem cells in vitro.

Our results extend previous reports demonstrating growth
factors and receptors in the early embryonic CNS (Wanaka et al.,
1991; Kilpatrick and Bartlett, 1995; Ozawa et al., 1996; Kalyani et
al., 1999) and are in keeping with those showing that EGFR ex-
pression becomes detectable later during neurogenesis (Thread-
gill et al., 1995; Kornblum et al., 1997). In this regard, previous
studies have led to the consensus that bFGF is mitogenic at the
beginning of neurogenesis. Exogenously applied bFGF, but not
EGF, stimulated the initial proliferation of E13 rat cortical cells
(Gensburger et al., 1987) and E10 mouse neuroepithelial cells
(Kilpatrick and Bartlett, 1995). Neuroepithelial cells derived
from E8.5 anterior neural plate tissue also proliferated in the
presence of bFGF, but not EGF, whereas early embryonic disso-
ciates of cortical and striatal germinal zones responded primarily
to bFGF and secondarily to EGF (Tropepe et al., 1999). Further-
more, neuroepithelial cells derived from E10.5 rat neural tubes
synthesized bFGF and FGFR-1 and responded to bFGF, but not
EGF (Kalyani et al., 1999). Similar results were obtained with
dissociates of E14 striatum, in which responsiveness to bFGF
preceded the emergence of functional EGFR on cells expressing
receptors to bFGF (Ciccolini and Svendsen, 1998). Together,
these studies have suggested a model whereby bFGF-responsive
precursors and progenitors divide symmetrically before EGF-
responsive cells emerge, which expand through asymmetric divi-
sions of bFGF-responsive cells (Santa-Olalla and Covarrubias,
1999; Martens et al., 2000). These findings are consistent with the
results of our study, which showed that most neural stem cells
isolated from E13 rat telencephalon were FGFR-1� (�80%),
whereas few were EGFR� (�12%), and revealed that EGF recep-
tor functions emerge as bFGF-responsive neural precursors tran-
sition into differentiating progenitor stages.

Ca 2� responses to both bFGF and EGF emerge with neural
cell commitment
Differential effects of bFGF and EGF on expansion and differen-
tiation of neural precursors and progenitors prompted us to in-
vestigate whether these growth factors play a role in Ca 2�

c sig-
naling and, if so, whether these effects were related to cell
phenotype. Both growth factors have been shown to elevate
Ca 2�

c levels in a wide variety of cell phenotypes (Pandiella et al.,
1988, 1989; Magni et al., 1991; Puro, 1991; Peppelenbosch et al.,
1992; Peters et al., 1992; Merle et al., 1995; Munaron et al., 1995,
1997; Ma and Sansom, 2001), including neural crest cells (Distasi
et al., 1995) and ganglionic neurons (Distasi et al., 1998). In ad-
dition, we have reported previously that bFGF-promoted prolif-

eration of unsorted neuroepithelial cells isolated from the E13 rat
telencephalon is Ca 2�-dependent, because expansion of these
cells was markedly attenuated when extracellular Ca2� and Ca 2�

c

were pharmacologically reduced (Ma et al., 2000). In the present
study, we extend our findings by demonstrating that bFGF, but
not EGF, evokes Ca 2�

c responses in sort-purified, self-renewing
neural stem cells, whereas both bFGF and EGF induce Ca 2�

c

signals in differentiating neuronal and glial progeny of these cells.
Thus, the emergence of Ca 2�

c responses to both growth factors
correlated closely with neural stem cell commitment and lineage
progression. Exactly how each growth factor receptor is coupled
via signal transduction pathways to Ca 2�

c regulation and how
this signaling is related to self-renewal and lineage progression
remain to be elucidated.
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