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It has been established that the adult mouse forebrain contains 
multipotential (neuronal/glial) progenitor cells that can be in- 
duced to proliferate in vitro when epidermal growth factor is 
provided. These cells are found within the subventricular zone 
of the lateral ventricles, together with other progenitor cell 
populations, whose requirements for proliferation remain unde- 
fined. Using basic fibroblast growth factor (bFGF), we have 
isolated multipotential progenitors from adult mouse striatum. 
These progenitors proliferate and can differentiate into cells 
displaying the antigenic properties of astrocytes, oligodendro- 
cytes, and neurons. The neuron-like cells possess neuronal 

features, exhibit neuronal electrophysiological properties, and 
are immunoreactive for GABA, substance P, choline acetyl- 
transferase, and glutamate. Clonal analysis confirmed the mul- 
tipotency of these bFGF-dependent cells. Most significantly, 
subcloning experiments demonstrated that they were capable 
of self-renewal, which led to a progressive increase in popula- 
tion size over serial passaging. These results demonstrate that 
bFGF is mitogenic for multipotential cells from adult mamma- 
lian forebrain that possess stem cell properties. 
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The generation of neurons and glia of the mature central nervous 
system (CNS) is believed to end by early postnatal life (Raedler 
and Raedler, 1978; McConnell, 1988; McKay, 1989). The gener- 
ation of new neurons, however, has been described in the hip- 
pocampus, the olfactory bulb (Altman, 1962; Altman and Das, 
196.5; Altman, 1969; Kaplan and Hinds, 1977; Bayer et al., 1982; 
Altman and Bayer, 1990; Corotto et al., 1993) and the cortex of 
adult rodents (Kaplan, 1981; Huang and Lim, 1990). 

Proliferating cells have been identified in the subependyma of 
the lateral ventricles of the adult mammalian forebrain (Allen, 
I9 12; Smart, 1961; Smart and Leblond, 1961; Privat and Leblond, 
1972; Sturrock and Smart, 1980). It has been proposed that the 
fate of half the progeny of these cells is death (Morshead and van 
der Kooy, 1992). It has been suggested, however, that the sub- 
ependymal cell progeny contribute new glia to the brain paren- 
chyma in adult rodents (Smart, 1961; Lewis, 1968; Blakemore, 
1969; Privat and Leblond, 1972; Patterson et al., 1973). Further- 
more, Lois and Alvarez-Buylla (1993) have demonstrated that the 
proliferating subependymal cells possess a broader neural devel- 
opmental potential, because they differentiate into both neurons 
and glia irr vitro, whereas irz vivo they contribute new neurons in 
the postnatal (Luskin, 1993) and adult olfactory bulb (Okano et 
al., 1993; Lois and Alvarez-Buylla, 1994). 

The growth factors that regulate the development of embryonic 
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precursors might control the proliferation of progenitors in the 
mature CNS. For instance, epidermal growth factor (EGF) stim- 
ulates the proliferation of multipotent precursor cells from both 
the embryonic (Anchan et al., 1991; Lilien and Cepko, 1992; 
Reynolds et al., 1992) and the adult CNS (Reynolds and Weiss, 
1992). It has been shown recently that these adult EGF-responsive 
cells are stem cells, existing in a relatively quiescent state in the 
forebrain subependyma where they generate the constitutively 
proliferating precursor cells (Morshead et al., 1994). This finding 
suggests the existence of multiple types of progenitors in the adult 
mouse subependyma (Morshead et al., 1994) and raises questions 
concerning their developmental potential. Specifically, which fac- 
tors govern their activity? Do these precursors generate different 
neural lineages, and do they possess self-renewal capacity? 

Basic fibroblast growth factor (bFGF) stimulates the prolifera- 
tion of various embryonic neural progenitors (for review, see 
Baird, 1994). It has been reported, however, that bFGF cannot 
induct the proliferation of stem cells isolated from the adult 
mouse striatum (Reynolds and Weiss, 1992). We have found 
recently that cultured EGF-responsive stem cells of the adult 
mouse striatum generate precursors that proliferate when ex- 
posed to bFGF (Gritti et al., 1995). Because these precursors can 
generate both neurons and glia, we re-examined the possibility 
that multipotential bFGF-responsive cells can be found in the 
adult CNS. WC demonstrated that the adult mouse striatum 
contains precursors that proliferate in response to bFGF, under- 
going self-renewal and increasing in number after subculturing. 
We showed further, via clonal analysis, that these bFGF- 
dependent cells are multipotent and generate astroglial, oligoden- 
droglial, or neuronal progeny. 

MATERIALS AND METHODS 
Isola~ior7 of adult hrnirr WI/S. CD-l albino mice (3 to X-month-old) were 
anesthetized by intraperitoneal injection of 120 m&/kg pentobarbital and 
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killed by cervical dislocation. The brains were removed and placed in 
artificial CSF (aCSF) containing (in mM): 124 NaCI, 5 KC], I..3 MgCI,, 0.1 
CaCI,. 36 NaHCO,, and IO I,-glucoac, pH 7.3, acratcd with 95% 0,/S% 
CO, at room tempcraturc. Striatal tissue, including suhcpcndyma, was 
dissected out. cut with scissors into 1 mm’sections, transferred into .30 ml 
of aCSF containing 1.3 mg/ml trypsin (Type XII, 9000 Uimg; Sigma, St. 
Louis. MO), 0.07 mgiml hyaluronidasc (2000 Uimg; Sigma), and 0.2 
m,Jml kynurcnic acid (Sigma) and incubated under continuous oxygen- 
atlon and stirring for 00 min at .32-34°C. Tissue sections then were rinsed 

in aCSF for IO min, transferred to Dulhccco’s modified Eagle’s medium 
(DMEM)/FI? (I:l, v/v: Lift Technologies. Gaithcrshurg, MD) containing 

0.7 mg/ml ovomucoid (Sigma), and carefully trituratcd with a tirc- 

polished Pasteur pipcttc. Cells wcrc collected by ccntrifugation and 
resuspended in growth factor-free, chemically defined DMEM/FlZ mc- 
dium containing 2 nlM I.-glutamine, 0.6% glucose, 9.6 gm/ml putrcscinc, 
6.3 ngiml progcatcronc, S.2 rig/ml sodium sclcnitc, 0.025 mg/ml insulin, 

0.1 mgiml transfcrrin, and 2 pg,/ml hcparin (sodium salt, grade II, Sigma: 
control medium). This procedure yielded _ IO’ viable cells per striatum. 

C’c# c~rlrlr~~~.c [I/?(/ h~~;~-ti1~~~cr7tlnl, &I propqrrtior~. Viahlc cells (5000) 
were plated in 60 mm Petri dishes (Dow Corning, Corning, NY) at -200 
cells/cm in control mcditini or in the prcscncc of 20 rig/ml human 
recombinant hFGF (Gihco. Grand Island. NY or U.S. Biochemicals, 
Cleveland. OH). 20 rig/ml EGF (from mouse submaxillary gland, Sigma), 
20 ngiml human recombinant platclct-derived growth factor-BB (PDGF- 
BB) (U.S. Biochcmicals). or 100 rig/ml nclvc growth factor (NGF; from 
mouse submaxillary gland, Sigma). Every 4 d, half of the medium was 
I-cplaced with appropriate fresh medium. The number of primary spheres 
gcncrated in each well was assessed 21 d after plating (DAP). hFGF- 

gcncrated spheres wcrc collectccl by centrifuging for IO min at X00 x s. 
Some primary spherca wcrc processed for triple-antigen immunofluores- 
cence assay and subcloning experiments (see below), and the remainder 
was dissociated mechanically to a single-cell suspension and replated for 
hulk cultures ( 1000-2000 cells/cn~‘). By 2 I DAP, new spheres WCI-c 
formed that could undergo further passaging. 

C‘k~!riri~~ t//it/ .\c,ricr/ .s~r/xh~riqy />~~~(‘c~/lr~c. Individual bFGF-generated 
primary sphcrcs wcrc transferred into conical-bottom tubes (1 sphere/ 
tuhc), mechanically dissociatecl to a single-ccl] suspension, and plated 
onto a .1S mm Petri dish in the presence of hFGF. Viable cells were 
chosen on the basis of round shape. phase hrightncss, and lack of 
pl-occssc\ and wcrc transfcrrcd into four-well chamhcr slides ( I cclliwell; 
Nunc. Naperville, IL) via heat-polished glass microelectrode pipcttcs 
(internal tip diamctcl- 40-70 em), Cells were fed cvcl-y 4 d. Approxi- 
matcly Sci of plated cells proliferated to give rise to secondary clonal 
spheres hy 20-25 DAP: these wcrc transferred onto poly+-ornithine 

(poly-o)-coated glass coverslips (I aphcrc/coverslip), grown for 5 d with 
bFGF. left for 5 d in control medium, and processed for triple-antigen 
indirect immunoHllorcacencc. 

For subcloning cxpcrimcnta. individual 21 d in IYtr-o (DIV) primary 
spheres were trnnsfel-red to 5 ml microfugc tubes (I sphcreituhc), me- 
chanical!y dissociated to a single-ccl] suspension, and plated (200 viable 
cells/cm-) in a 60 mm Petri dish containing hFGF. After dissociation, cell 
viability was -5O<;, as assessed by trypan hluc exclusion: 2%.10% of the 
viable cells prolifcratcd and gave rise to secondary spheres, and the 

number of these cells in each dish was assessed at 21 DAP. Some of the 
secondary sphcrcs wcrc plated onto glass coverslips (I sphcrcicoverslip) 
and processed for triple-antigen immunoHuorcscericc assay. The rcmain- 
dcr underwent a second suhcloning step. The numhcr of tertiary spheres 
and their capacity to c “cncrate neurons and glia were asscsscd as de- 
scribed for secondary spheres (Fig. I; see Table 2). 

I<rrr?onpc rrrirrl\,.\i\. c‘clls were prepared by iu .ri/u harvesting after 2 hr 
exposure to Colccmid (0. I pg/ml), hypotonic treatment for 20 min (0.075 

M KC]). and fixation in 3:l methanol/acetic acid. Mitotic chromosome 
spreads wcrc analyzed hy (;-banding following the technique of Islam and 
Lcvan (lyS7). The modal number was dctcrmined by counting .?O intact 
mctaphasc spreads, and five G-handed spreads were assessed for karyo- 
type status. 

//~f,~f/rr?oc:~~/oc~/ic,/,ii.rr,~. Single hFGF-gcncl-ated sphcrcs grown on 
poly-o-coated glass coverslips wcrc fixed for 20 min with 4% 

p-formaldehyde in PBS, pH 7.4, and rinsed three times with PBS. 
Covcrslips then were incubated for 00 min at 37°C in PBS containing 
IO% normal goat serum (NGS), 0.3% Triton X- 100, and the appropri- 

ate primary antibodies or antisera. After thorough washing with PBS/ 
IO’? NGS, ccl16 WCI-c Ircactcd for 4.5 min at room tcmpcraturc (RT) 

with secondary Huorcsccin isothiocyanate (FITC)- or rhodamine 
(TRITC)-conjugated goat anti-mouse or anti-rabbit IgG antibodies 

1 
Proltferatlon O- 

F , 

OO 

Plating onto ply-0 
Removll of bFGF 

Differentiation 

1 

0 @o 

Q 000% 
oo%? 0 

7 

Cd rhffersntutm 

andlw dc.tll 

Prdiferation t e immunos tsinin * Plating onto ply-0 
Remor. of bFGF 

Differentiation 

t Differentiation 

Plating onto po,y-0 
Remv.l of bFt% 

Dirroci~tion .“d plating 
in bFGF-conf.,nin,, 

Qurc 1. Experimental protocol for assessing self-rcncwal capacity of 
adult striatal bFGF-dependent stem cells. Individual cells from adult 
mouse striatum proliferated (f’m~ifer~~/iw~) in response to bFGF and 
produced spheres of nestin-IR cells under clonal culture conditions (fri- 
mrrry .sp/zc~es; see also Fig. 2). Each sphcrc contained cells that could 
diffcrcntiatc (Difuwz~icrtio~r) into neurons, astroglia, or oligodendroglia 
when grown on poly-o-coated glass coverslips (jjo!l’-o) without hFGF. 
When individual primary spheres were dissociated and rcplatcd as single 
cells under clonal conditions in hFGF-containing medium, some cells 
either differentiated to acquire the typical morphology of neuronal or glial 

cells or died (8). However, a subset of cells proliferated (0: see also Table 
2) and gave rise to Secorzclary #eres. Most of the secondary sphcrcs were 

found to include neurons, oligodendroglia, and astroglia (Tahlc 2). Sec- 
ondary spheres not processed for immunolaheling underwent a second 
round of subcloning in hFGF-containing medium. Cell prolifcra~ion still 
occurred, as did cell death and diticrcntiation. causing the formation of 
TerCury .sl>/rer~s containing neurons and both major glia types (Tahlc 2). 
Note that at each subcloning step an individual founder ccl] gave rise to 

one sphere which, in turn, contained more than one new founder (i.e., 
sphere-forming) cell (see Table 2). These experiments dcmonstratc the 
existence of pluripotcnt precursor cells in the adult mouse C‘NS that 
proliferate in the presence of bFGF and arc capahlc of self-rcncwal over 
serial passaging i/r vitro. 

(l:lOO, Boehringer Mannhcim, Indianapolis. IN) or with donkey anti- 
mouse IgM antibodies coupled to 7-amino-4-methylc~~t~~~~~ri~~-~-~tcetic 
acid (AMCA; l:lOO, Jackson Immunorescal-ch, West Grove, PA). Cov- 
crslips were rinsed three times in PBS and once in distilled water and 
mounted on glass slides with Fluorsave (Calbiochem, La Jolla. CA). 
The primary antibodies/antisera used wcrc as follows: mouse monoclo- 
nal Rat 401 anti-nestin (gift from Drs. E. Cattaneo, University of 
Milan, and R. McKay, National Institutes of Health): mouse monoclo- 
nal anti-microtuhule-associated protein-2 (MAP-‘; IgG. l:lOO, Boehr- 
ingcr); anti-tau microtubule-associated protein (Tau-I: IgG. I:lOO. 
Bochringer); anti-neuroflamcnt IhO kDa (gift from Dr. E. Cattanco); 
anti-galactocerebroside (GalC: IgG, 150, Boehringcr); anti-04 (IgM, 
1:200, Boehringcr); rabbit antisera against neuron-specific cnolasc 
(NSE; ready to use, Incstar, Tempe, AZ); glial fibrillary acidic protein 
(GFAP; ready to USC, Incstar); GABA (l:SOOO. Sigma): suhstancc P 
(SP; l:2SO, Incstar); methionine-enkcphalin (Met-Enk: l:250, Inc- 
star); neuropcptide Y (NPY; l:SO, Boehringcr): choline acctyl trans- 
fcrase (ChAT: 1:400, Chcmicon, Tcmccula. CA): glutamic acid (I: 
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20.000. gift from Dr. P. Petruz, University of North Carolina, through 
Dr. R. Sprcafico, National Neurological Institute); and tyrosinc hy- 
droxylasc (TH; I :200, Epicenter Technologies, Madison, WI). For 
triple-labeling, immunocytochemistry cells wcrc permeabilizcd for 5 
min in PBS/0.3’% Triton X-lOO/lO%~ NGS and incubated with a solution 
containing mouse anti-MAP-& 7 and rabbit anti-GFAP in PBSINGS. 
Cells then wcrc reacted with anti-mouse TRITC-coniugated and anti- 
rabbit FITC-conjugated secondary antibodies. After thorough washing, 
cultures were incubated with mouse anti-04, followed by an incubation 
with donkey anti-mouse IgM AMCA-conjugated secondary antibody. 
For thin-sectioning cxpcriments, spheres were washed twice in IO mM 
PBS, fixed in 4% p-formaldehyde for I hr at RT, washed three times in 
IO mM PBS for 5 min each, and then resuspended in 10%’ sucrose 
overnight. Spheres then were removed, placed in TBS tissue-freezing 
media (Triangle Biomedical Sciences, Durham, NC), and quick-frozen 
to -50°C. The cphcres then were cut into IS pm serial sections on an 
IEC Autotomc cryostat (Needham Heights, MA) and collected on 
gelatin-coated microscope slides. Nestin rabbit polyclonal antibody 
diluted to I: 1000 was applied to the serially cut spheres overnight at 
5°C. Sections wcrc washed three times, and donkey anti-rabbit FITC- 
conjugated antibody (1:20, Amcrsham, Buckinghamshirc, UK) was 
added for I hr at RT. After three washes (5 min each), the sections 
were incubated in Hocchst 33258 (IS pg/ml. Sigma) for 20 min at RT, 
washed, and coverslipped with antifadc media. Samples were viewed 
and photographed with an inverted Zeiss Axiophot fluorescence mi- 
croscope (Axon Instruments, Foster City, CA). No labeling was oh- 
served in control cxperimcnts in which primary antibodies/antisera 
wcrc omitted or, alternatively, when normal nonimmune rabbit serum 
was used. Also, covcrslips incubated with single primary antibodies/ 
antisera and followed by all three secondary steps exhibited immuno- 
reactivity only with the appropriate filter. Therefore, there was no 
cvidcnce of cross-reactivity. 

Cdl .strh~p~ c.or~~po,sttiot~ ad ttelll.Otrultsf?1itter phwotype in bFGF- 
gmertrtrrl .s/~/?rrc~. Individual hFGF-generated spheres that underwent 
triple-labeling immunocytochemical assay wcrc examined using indirect- 
Ruoreacence microscopy. The number of GFAP-, MAP-2., and 04. 
immunorcactive (IR) cells was assessed in 10 nonoverlapping fields in 
each sphere. The total numher of cells in each field was determined hy 
counterstaining cell nuclei with 4,6-diamidine-2-phenylindole dihydro- 
chloride (DAPI: I me/ml in methanol for 15 min at 37°C). Also, single 
hFGF-generated spheres were labeled with rabbit polyclonal antis&a 
recognizing specific ncurotransmittcrs, neuropcptides, or enzymes, as 
described above. 

E/rc.tro)/,/j?.sro/(/~i(,(II rrru/yrh. First- to third-passage bFGF-generated 
spheres were plated onto poly-o-coated glass coverslips in the presence of 
bFGF. At 5 DAP, hFGF-containing medium was exchanged for control 
medium and cells wcrc cultured for an additional S d before transferring 
the coverslips to 35 mm Petri dishes. Cultures then were examined under 
the phase-contrast microscope, and cells displaying striking neuron-like 
morphology were chosen for electrophysiological recording. Fourteen 
cells wcrc analyzed. They were maintained in physiological saline solution 
of the following composition (in nlM): I40 NnCI, 3 KCI, 2 CaCl?, I MgCI,, 
24 o-glucose, IO HEPES, pH-adjusted to 7.3 with KOH. The pipcttc 
solution for whole-cell recording contained (in mM): 140 K-aspartate, 2 
MgCI,. IO HEPES, 5 EGTA, 2 MgATP, pH-adjusted to 7.3 with KOH. 

Putch-clump wconliqp. Electrodes with resistance of 3-4 M0 were 
pulled with a multiatagc program on a Brown-Flaming-type puller (Sut- 
ter, Novato, CA) from borosilicate glass (Hilgenberg, Germany). Gigas- 
cal resistancca were in the range 10~20 Gn. Recordings in voltage clamp 
and current clamp were done with a fast patch-clamp amplifier designed 
in our electronics department and tested in other experiments (Wanke et 
al.. 1987). All recordings were at RT (21-23”C), and Petri dishes were 
substituted evel-y 30-45 min. During acquisition and data analysis, 
pClamp (Axon) and Origin (Microcal, San Diego. CA) software were 
routinely used al a 486DX2-66 PC (Vobis, Milan, Italy). 

RESULTS 

Undifferentiated cells from adult murine striatum 
proliferate in response to bFGF 
Adult tissue was dissected out from 3- to 8-month-old CD-l male 
albino mice. A cut was made through the cortex into the lateral 
ventricles, and tissue that was dissected out comprised the entire 
nucleus caudatus, the putamen, and the lateral part of the globus 

pallidus. Special care was taken to avoid the removal of tissue 
from the corpus callosum. Cells were dissociated (see Materials 
and Methods) and plated as single cells at low density (200 
cells/cm’) in control medium or in medium containing 20 rig/ml 
EGF or bFGF. As described previously (Reynolds and Weiss, 
lYY2), in the presence of EGF a few cells in each plate survived, 
underwent proliferation, and generated spheres of undifferenti- 
ated cells. Spheres of cells also were formed in the presence of 20 
rig/ml bFGF. Under these conditions, -1% of the total cells 
plated survived, became hypertrophic and phase-bright (2 DIV; 
Fig. 2A), and began to divide (5 DIV; Fig. as), continuing (12 
DIV; Fig. 2C) until a spherical cluster of cells formed and lifted off 
the substrate (21 DIV; Fig. 20). No significant diffcrencc was 
found between the number of spheres per plate generated in 
response to EGF and bFGF (68 % 9 vs 58 ? 11, respectively; II = 
8 independent cultures; 4 mouse striata were pooled in each 
experiment). Conversely, in control medium or in the presence of 
saturating concentrations of PDGF-BB or NGF, no proliferation 
was observed and all of the cells died by 4 DIV. 

The nature of the cells in the bFGF-generated primary spheres 
was determined by transferring individual 21 DIV spheres onto 
poly-o-coated glass coverslips and processing them for immuno- 
cytochemistry l-2 hr after plating (Fig. 2E). None of the cells in 
the spheres was IR for GFAP (a specific astroglial marker; see 
Raff et al., lY83), the neuronal antigens NSE and MAP-2, or GalC 
(a specific marker for oligodendrocytes; see Ratf et al., 1978) 
(data not shown). Virtually all of the cells were IR for the 
neuroepithelial antigen nestin (Hockfield and McKay, 1985; Fred- 
eriksen and McKay, 1988; Genschwind and Hockfield. 1989; To- 
hyama et al., 1992) (Fig. 2F). Quantitative analysis performed on 
15.pm-thick serial sections of bFGF-generated spheres showed 
that 99.98 2 0.2% of the total number of cells in the spheres were 
nestin-IR (a total of 8368 cells was counted in 8 spheres in 2 
independent experiments). Thus, bFGF induced the proliferation 
of undifferentiated precursor cells from the adult mouse 
forebrain. 

bFGF-dependent cells from the adult murine striatum 
are multipotent and differentiate into neurons and glia 

We next investigated whether undifferentiated cells within bFGF- 
generated primary spheres could differentiate into the three major 
cell types found in the mature CNS. Individual 21 DIV spheres 
were transferred onto glass coverslips in the presence of bFGF 
(Fig. 3A). During the first 5 DAP, cell division continued and the 
size of the sphere increased; cells also migrated away from the 
core of the sphere (2 DAP; Fig. 3B). At 5 DAP, bFGF-containing 
medium was replaced with control medium, and cells were left for 
another 5 d before being processed for triple-antigen indirect 
immunocytochemistry to allow the simultaneous detection of neu- 
ronal and astroglial/oligodendroglial antigens (10 DAP; Fig. 3C) 
(see Discussion). This approach revealed the presence of GFAP 
(Fig. 30)-, 04 (Fig. 3E)-, and MAP-2-IR cells (Fig. 3L) within the 
bFGF-generated primary spheres. 

The relative proportion of cells expressing neuronal, astroglial, 
and oligodendroglial antigens was determined. At 10 DAP, 3 I .O ? 
4.9% of the cells analyzed were GFAP-IR, 13.3 2 2.3% were 
MAP-2-IR, and 5.83 -+ 2.6% were 04-IR (Table 1). Under 
identical experimental conditions, GalC-IR cells (Fig. 3F) also 
were detected, together with neuron-like cells expressing the 
neuronal antigens NSE (Fig. 3GH), ncurofilament 160 kDa 
(NF160) (Fig. 31), and Tau-1 (Fig. 3M), confirming the presence 
within each sphere of neuronal and oligodendroglial cells. Cells 
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Figure 2. bFGF induces proliferation of undifferentiated 
cells isolated from the adult mouse striatum. Cells isolated 
from adult mouse striatum and cultured at clonal density 
(final density < 2 cells/cm*) in the presence of 20 @ml 
bFGF became hypertrophic by 2-3 DIV (A) and under- 
went cell division by 5 DIV (B). Proliferation continued 
and, after lo-12 DIV, small clusters of proliferating cells 
formed (C) which, by 21 DIV, had increased in size and 
lifted off the substrate (D; primary spheres). E, Phase- 
contrast photomicrograph of a 21 DIV bFGF-generated 
sphere 1 hr after plating onto a poly-o-coated glass cover- 
slip. F, The cells in the sphere shown in E are IR for nestin, 
and quantitative analysis showed that 99.98 t 0.2% (n = 
8) of total cells in primary spheres displayed anti-nestin 
immunoreactivity (see Results). Scale bar (shown in E), 
25 pm. 

non-IR for NSE, Tau-1 protein, GFAP, 04, or GalC were found 
to label with the anti-nestin antibody (data not shown). Of im- 
portance, glial and neuronal markers never colocalized within the 
same cell. 

In conclusion, the adult mouse brain contains undifferentiated 
pluripotent precursors that, in response to bFGF, proliferate and 
generate spheres of cells that can differentiate into neurons, 
astrocytes, and oligodendrocytes. 

Self-renewal properties of multipotential bFGF- 
dependent cells of the adult CNS 
Self-renewal, or the capacity of a cell to generate progeny iden- 
tical to itself, is a defining characteristic of stem cells (Hall and 
Watt, 1989; Potten and Loeffler, 1990). To demonstrate self- 
renewal in our multipotent bFGF-dependent cells, we determined 
whether they produced multipotent progeny after serial subclon- 
ing (Fig. 1). A similar approach was used by Stemple and Ander- 
son (1992) in their study on stem cells of the neural crest. 

Individual bFGF-dependent cells from the primary culture (pri- 
mary founder cells) gave rise to spheres of cells (primary spheres) 
(Figs. 1, 2). Thirteen of these primary spheres were subcloned, 
and the functional features of their progeny were assessed. When 
cells that were dissociated from individual primary spheres (sec- 
ondary founders) were replated at clonal density in the presence 
of bFGF, some of the cells differentiated and some died. The 
surviving cells continued to proliferate, however, so that more 
than one secondary sphere was formed (Table 2, column 2). This 
demonstrates that the primary bFGF-dependent founder gave rise 
to more than one cell which, like the parent cell, responded to 
bFGF by forming new spheres. Of importance, the secondary 
founders also retained the pluripotency of the primary founder 
cells, as they gave rise to secondary clonal spheres, the cells of 

which could differentiate to neurons, astrocytes, and oligodendro- 
cytes (Table 2, columns 3 and 4). When a second subcloning was 
performed on a randomly selected subset of secondary spheres 
(see Fig. l), cells from an individual sphere (tertiary founders) 
gave rise to more than one tertiary sphere in response to bFGF 
(Table 2, column 6). Again, cells within tertiary spheres were 
capable of differentiating into neurons and both types of glia 
(Table 2, columns 7 and 8; Fig. 4) or, alternatively, they could 
generate new spheres in the continuous presence of bFGF (data 
not shown). Therefore, the tertiary founders possessed features 
identical to the secondary and primary founder cells. We empha- 
size that every time an individual sphere was subcloned, more 
than one new sphere was generated. This was the case regardless 
of whether the spheres used were from primary or serially pas- 
saged (up to the 11th generation) cultures (A. Gritti and A. 
Vescovi, unpublished data). Moreover, bFGF-dependent cells 
retained a normal karyotype over serial passaging; in fact, the 
karyotype was determined to be euploid 40, XY, in ninth-passage 
bFGF-dependent adult stem cultures, which is consistent with 
previous reports (Robertson et al., 1983; Hooper, 1992). 

Clonal analysis of the multipotency of bFGF- 
dependent striatal cells 
To demonstrate the multipotency of adult bFGF-dependent stem 
cells, we performed a clonal analysis. Individual bFGF-generated 
cells from primary, secondary, or tertiary spheres were transferred 
into four-well chamber slides (1 cell/well) (Fig. 4A). In the pres- 
ence of bFGF, -5% of these single cells (Fig. 44) proliferated 
and by 21 DAP gave rise to clonal spheres (Fig. 4B), which were 
transferred onto glass coverslips (Fig. 4C). Triple-labeling immu- 
nocytochemistry performed on these spheres 10 d later (Fig. 
408) revealed the presence of MAP-2-, GFAP-, and 04-IR cells 
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Figure 3. bFGF-dependent cells of the adult striatum 
generate cells displaying neuronal, astroglial, and oligo- 
dendroglial markers. A bFGF-generated primary sphere 
is shown 1 hr (A) and 2 DAP (B) onto a glass coverslip in 
bFGF-containing medium. At 5 DAP, the culture was 
switched to control medium. At 10 DAP (C), indirect 
immunolabeling demonstrated the presence in the sphere 
of cells expressing antigens of the astroglial (GFAP, D), 
oligodendroglial (04, E), and neuronal lineage (MAP-2, 
L). Oligodendroglial (GalC, F) and neuronal (NF-160, I; 
Tau-1, M, NSE, G, H) antigens were found in separate 
experiments performed using the same experimental pro- 
tocol. Scale bar:A-C, 100 pm (shown in A); D, E, I, 25 pm 
(shown in E); F, G, H, L, 16 km (shown in F); M, 12 pm. 

Table 1. Antigenic properties of bFGF-generated cells of the adult 
striatum 

Number of IR cells/total cell number (%) 

MAP-2 GFAP 04 

28/321 (8.7) 731321 (22.7) 36/321 (11) 
751451 (16.6) 1 so/45 1 (40) 17/451 (3.8) 

112/81Y (13.7) 2451819 (30) 19/819 (2.3) 
Mean t SE 13.3 t 2.3% 31.0 -c 4.9% 5.83 2 2.6% 

Individual bFGF-generated primary spheres were transferred onto poly-o-coated 
glass covershpb and cultured for 5 DIV in bFGF-containing medium. This was 
replaced with control medium, and cells Were grown for 5 more DIV before 
processing for trtple immunolabeling. The number of MAP-2-, GFAP-, and 04-IR 
cells was determined in 10 nonoverlapping fields in each sphere. The total number of 
cells in each field WBF assessed by counterstaining with DAPI. Data are mean k SE 
of three independent experiments. 

within each sphere (Fig. 4F), confirming the pluripotent nature of 
the clone founder cells. 

Neurotransmitter phenotype and electrophysiological 
properties of bFGF-generated neurons 
In primary, secondary, and tertiary passage cultures, GFAP-IR 
cells had the typical morphology of protoplasmic astroglia (Fig. 

30), whereas 04-IR (Fig. 3E) and GalC-IR (Fig. 3F) cells dis- 
played tangled branches, symmetrically originating from a large, 
round cell body. Cells expressing neuronal antigens (Fig. 3G-M) 
possessed few long processes. We looked for the presence of CNS 
neurotransmitters, neuropeptides, amino acids, and neurotrans- 
mitter metabolic enzymes via indirect immunofluorescence. 
Neuron-like cells IR for GABA (Fig. 5B), glutamic acid (Fig. U), 
SP (Fig. SD), and ChAT (Fig. 5C) were present in primary, 
secondary, and tertiary spheres. Immunoreactivity for NPY, TH, 
or Met-Enk was not observed. 

We studied the cell-membrane excitability properties of the 
neuron-like cells derived from bFGF-dependent stem cells using 
the whole-cell patch-clamp technique under both current- and 
voltage-clamp configurations. The cell resting potential (V,,,,) 
observed in a total of 14 cells (3 independent experiments) was in 
the range of -52 to -68 mV. In Figure 6, data from a represen- 
tative neuron-like cell are shown. In Figure 6,4, recordings in 
current clamp display a typical action potential (AP) response 
defined by a threshold in the range of -32 to -27 mV. In general, 
changes of the cell membrane potential, obtained by injection of 
small inward or outward holding currents, produced higher or 
smaller responses, respectively (Sontheimer and Waxman, 1992). 
The AP had a peak of +6 mV, a duration of 1.85 msec (at -20 
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Table 2. Self-maintenance properties and differentiation potential of bFGF-dependent cells 

Primary Number of Number of N+G Number of N+A+O Secondary Number Number of N+G 
sphere secondary secondary secondary spheres sphere of tertiary tertiary spheres Number of N+A+O 
identity spheres spheres (%) (%I identity spheres (55) tertiary spheres (V’) 

I.1 17” 6 (35) x (47) l.l/l 26” 7 (27) I6 (61) 

1.2 27 9 (33) IX (67) 2.112 35“ 2 (‘5) IN (51) 

2.1 I4 5 (36) x (57) 3.113 1’) 1 (5) IX (Y5) 

2.2 44” Y (20) 28 (67) 3.311 10 I (IO) Y (YO) 

3.1 37” 6 (l(5) 24 (65) 3.411 2’)” 7 (24) IX (62) 

3.2 20 5 (25) 1s (75) 3.412 5 1” 4 (8) 37 (72) 

3.3 40 12 (30) 27 (67) 4.1/l 37 x (22) 2’) (7X) 

3.4 56 I3 (23) 41 (73) 4.112 59 13 (22) 46 (78) 

3.5 47 Y (19) 38 (81) 4.113 4s 5 (II) 40 (X0) 

4.1 45 Y (20) 33 (73) 4.211 64” 12(lY) 48 (75) 

4.2 144” IS (10) YO (62) 4.212 153” 25 (16) I IX (77) 

4.3 115” 11 (Y) 75 (65) 4.213 73 IS (20) ss (X0) 

4.4 41 3 (7) 38 (93) 4.214 31 2 (6) 2’) (Y4) 

4.215 45” 3 (7) 37 (X2) 

Indw~dual bFGF-generated primary \phcrcs wcrc dissociated to single cells and replated at clonal density in hFGF-containing medium. The number of wcondary sphcrcs was 
determined at 21 DAP. This procedure wits twice serially rcpcatcd. Plating cficiency was 40-W/r. Approximately 20~30 ‘? of the viable cell\ plated prolifcratcd in rcsponw 
to hFGF. wherca~ the remaining cells underwent dilkrcntiation or death. For each primaly sphere (idcntificd by plate numbcrispherc number; column I). the total number 
ofvxondary sphere\ gcncratcd is given in column 2. For each secondary sphere (idcntificd hy primary sphcreisphere numhcr: column 5). the total numhcr of tertiary sphcrcs 
produced 1s given in col~mr 6. The numhcr of ditfercntiatcd sphcrcs (see legend to Fig. I) containing nct~ronal and either awoglia or ~)ligodendl-ogli;i (N+(i) or. altcrnativcly, 
neuronal. ahtroglial. and ~~Iigodendmglinl cells (N+A+O) are given. rcspcctivcly, in columns 3 and 4 (secondary spheres) and in coltmm~ 7 and X (tcrti;uy \phcrcs). Those 
spheres that wcrc not diifcrcntiated undcnvent serial suhcloning (see Fig. I for details on experimental protocol). Data art! derived from four independent cspcriment\. 

“Some sphcrcs WCTC lost during tranalcr or subcloning procedures; thus, the sum of spheres identified by immunocytoch~mi\try (N+G and N i At 0) and @crc\ that 
undcnvcnt further whcloning does not correspond to the total number of xxondary or tertiary sphcrc given in the appropriate column. 

mV), maximal rates of de- and repolarization of +40 and -42 
Visec, respectively, and an afterhyperpolarization of ~77 mV, 
suggesting the presence of active inward and outward membrane 
currents. Voltage-clamp recordings arc shown in Figure 6B that 
indicate the presence of typical fast inward and delayed outward 
currents. The inward currents were found to be tetrodotoxin 
(TTX)-sensitive (1 PM; data not shown). In the current-voltage 
plot shown in Figure hC, the peak inward and steady-state out- 
ward current densities are displayed. In Figure 60, the steady- 
state inactivation of the Na ’ conductance is plotted to show that 
at V,,,,, lOO’% of voltage-activated Naf channels are available for 
sustaining the regcncrative response. With dV,,,/dt = I,,/C,,, (C,,, 
is the membrane capacitance), the maximal rate of rise of the AP 
shown in Figure M is compatible with the current density in 
Figure 6B. Overall, data in Figure 6 show that cells with neuronal 
morphology are able to respond to putative EPSPs with typical 
APs in an all-or-none pattern. Thus, bFGF-generated spheres 
contain ceils that can differentiate into cells possessing the elcc- 
trophysiological features of neurons. 

DISCUSSION 
Stem cells are defined as undifferentiated cells displaying high 
proliferative potential, generating a wide variety of differentiated 
progeny and, of more importance, possessing the capacity for 
self-renewal throughout the life of the adult animal (Hall and 
Watt, 198’); Pottcn and Loeffler, 1990). We isolated progenitor 
cells from the adult mouse brain that require bFGF to undergo 
proliferation in vifro and found that they satisfy the main criteria 
for classification as CNS stem cells. These cells are found in the 
adult animal and are undifferentiated and multipotent, because 
they can give rise to differentiated astroglia, oligodcndroglia, and 
neuronal cells. Of importance, in response to bFGF these cells 
adopt a division mode that results in both self-renewal and ex- 
pansive growth over serial passaging. 

In our primary cultures, - 1% of the total viable cells that were 
plated proliferated in response to bFGF and gave rise to spheres 
of round, undifferentiated cells that did not label with antibod- 
ies to neuronal or glial antigens, but were IR for the early 
neurocpithelial marker nestin (Fredcrikscn and McKay, 10x8; 
Genschwind and Hockfield, 1989; Hockficld and McKay, lY85) 
(Fig. 2). Thus, bFGF-dependent CNS progenitors can be defined 
as proliferating undifferentiated cells because they lack the mor- 
phological features and antigenic markers characteristic of mature 
CNS cells. Of importance, these precursors were also multipotent, 
because the spheres they generated contained cells that could 
differentiate into those displaying antigenic markers for any of the 
three major CNS lineages (set below). 

We assessed self-renewal in our bFGF-depcndcnt cells by serial 
subcloning (Stcmple and Anderson, lYY2) and found that some 
individual cells from primary sphcrcs gcncratcd new sphcrcs and 
retained multipotentiality when replated at clonal density in the 
prcscnce of bFGF; the remaining cells underwent ccl1 ditfcrenti- 
ation or died (Table 2). When these experiments wcrc repeated by 
passaging secondary spheres to generate tertiary clones, identical 
results were obtained (Table 2). These data show that bFGF- 
dependent precursors possess self-renewal capacity. Although 
these experiments did not allow us to establish whether this 
capacity is unlimited, certain evidence suggests that this is the 
case. In our subcloning experiments, each bFGF-dcpcndcnt cell 
was able to generate more than one stem progeny. Hcncc, the size 
of the bFGF-dependent stem cell population was expanding in 
our cultures. Second, although this phenomenon has heen docu- 

mented quantitatively only up to the third passage, all of the 
tertiary spheres contained bFGF-responsive precursors and could 
be propagated in bFGF-containing medium for >X months (I I 
passages; A. Gritti and A. Vescovi, unpublished data). In these 
cultures, a steady increase in the total number of bFGF- 
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es were dissociated mechanically, and cells were 
replated in the presence of bFGF. Twenty-four hours later, individual viable cells were transferr Ito 1 cm’ tissue culture wells (1 cell/well). The 
phase-bright, round cell shown in A 2 hr after plating gave rise, by 21 DAP, to a spherical clone of cells (B). C, The same clonal sphere 1 hr after being 
transferred onto an adhesive substrate in the continuous presence of bFGF. Five days later, bFGF-containing medium was replaced with control medium 

and culturing continued for 5 additional days (D). High-power magnification of phase-contrast (E) and fluorescence micrographs (F) of the field bracketed 
in D after triple-labeling immunofluorescence. Immunoreactivity for neuronal (MAP-2, red), oligodendroglial (04, blue), and astroglial (GFAP, green) is 
found within the same sphere. Arrows and arrowheads identify the same cells in E and F. Scale bars: A-C, 25 pm (shown in A); D, 100 Frn; E, 50 Km; 

F, 8 km. 

dependent cells that retained both multipotency and a normal 
karyotype was observed. 

bFGF-dependent stem cells were found to be multipotential. 
When 21 DIV bFGF-generated spheres from primary or serially 
passaged cultures were plated onto coverslips and cultured with 
bFGF for an additional 10 d, neuronal and glial cells were found 
in the cultures. However, only MAP-2 + 04 or, alternatively, 
MAP-2 + GFAP immunoreactivity could be detected within an 
individual sphere, the remaining cells of a sphere being nestin-IR. 
Nevertheless, some nestin-IR cells displayed clear astroglial or 
oligodendroglial morphology, which suggests that they were im- 

mature glia. This is in agreement with previous reports demon- 
strating that embryonic bFGF-dependent mixed neuronal/glial 
progenitors fail to express astroglial markers (Vescovi et al., 1993) 
and that bFGF prevents the differentiation/maturation of glial 
precursors in serum-free medium (Perraud et al., 1988). To assess 
the full developmental potential of individual bFGF-dependent 
precursors, single spheres were grown in the presence of bFGF for 
5 d and then left for an additional 5 d in control medium. 
Triple-antigen immunofluorescence revealed that after removing 
bFGF, GFAP-, 04-, and MAP-2-IR (or, alternatively, Tau-1-IR) 
cells were present simultaneously in most of the bFGF-generated 
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Figure 5. Neurotransmitter phenotype of bFGF-generated neuronal 
cells. Fluorescence micrographs of tertiary bFGF-generated spheres 
plated onto poly-o-coated coverslips and allowed to grow and differentiate 
for 10 DAP. Cells with neuronal morphology were found that were IR for 
glutamate (A), GABA (B), ChAT (C), and SP (D). Scale bar (shown in A), 
16 pm. 

primary spheres. From this we concluded that a majority of our 
bFGF-dependent cells are multipotent and that, although these 
precursors did not require factors other than bFGF to generate 
cells expressing neuronal antigens, removal of bFGF was neces- 
sary to achieve full differentiation of glial cells. Direct evidence for 
the multipotency of the bFGF-dependent precursors came from 
clonal analysis experiments (Fig. 4). 

Even after removing bFGF, some spheres expressed only two 
cell types simultaneously (Table 2). It is conceivable that these 
spheres were generated by bipotential bFGF-dependent precur- 
sors (Vescovi et al., 1993) or, alternatively, by stem cells that failed 
to express their full developmental potential. 

The neuronal nature of bFGF-generated neuron-like cells was 
investigated further by electrophysiological studies. Non-neuronal 
cells possess a vast array of voltage-gated ion channels (Ritchie, 
1992). It is questionable, however, whether the mere presence of 
such channels can define excitability. A more realistic criterion is 
probably the presence of channel densities sufficiently high to 
sustain ion fluxes compatible with the membrane voltage changes 
observed under physiological firing. In astrocytes and glial cells, 
the Na+ channels likely are inactivated at V,,,, and are present at 
a lower density than K+ channels in neuronal cells (Sontheimer 
and Waxman, 1992; Sontheimer et al., 1992). Thus, in non- 
neuronal cells there is no excitability under physiological condi- 
tions. Conversely, in neurons the proportion of voltage-dependent 
excitatory and passive conductances should obey well defined 
rules (Belluzzi et al., 1985; Belluzzi and Sacchi, 1988). Thus, the 
active currents detected during our experiments on bFGF- 
generated cells were fully compatible with our current-clamp 
observations. The spikes had a duration, afterhyperpolarization, 
and a well defined threshold that are typical features of neuronal 
spikes (Mason and Larkman, 1990; Belluzzi and Sacchi, 1991). 
Moreover, we observed at V,,,, spikes elicited by very brief current 
pulses typical of fast EPSCs (Griffith, 1990). 

In our bFGF-generated cells, we detected immunoreactivity to 
GABA, SP, glutamate, and ChAT (Fig. 5) but failed to demon- 
strate immunoreactivity to Met-Enk, TH, or NPY. Thus, it ap- 
pears that bFGF-dependent stem cells from the adult striatum 
generate neuron-like cells displaying multiple neurotransmitter 
phenotypes. 
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generated neuron-like cell. A, Superimposed responses elicited from rest- 
ing potential of -63 mV by brief current pulses (1.5 nA) of increasing 
duration (0.3. 0.4. 0.5. 0.6. and 0.7 msec). The threshold of the AP was 
positive to -30 mV, which is in agreement with data shown by the 
current-voltage relationship (C); furthermore, a large afterhyperpolariza- 
tion to -77 mV is present. B, Superimposed traces of the currents elicited 
at test potentials from -60 to +20 mV (step 10 mV) from a holding 
potential of -90 mV. C, Current-voltage relationship of the peak inward 
(A) and long-lasting outward (0) currents shown in B. D, Steady-state 
inactivation of the peak inward current (f,,/I,,6,,,,.). Data (0) were 
obtained from a double-pulse experiment (data not shown) in which the 
INa current was isolated after TTX application. The dotted line through the 
symbols is the Boltzmann curve, which best-fits the data with the following 
parameters: V,,, = -44; kcslopej = 4.8 mV. The cell had a capacitance of 
58 pF and an input resistance of 200 MR. 

Neural precursors have been isolated using bFGF in combina- 
tion with serum from various regions of the adult mouse brain, 
including regions that do not comprise the subependyma (Rich- 
ards et al., 1992). It is unclear, however, whether these are uni- or 
pluripotent (neuronahglial) precursor cells or whether they can 
self-renew; nor is it known which neurotransmitter phenotypes 
their progeny can express. The differences between the behavior 
of these cells and that displayed by our bFGF-dependent stem 
cells strongly suggest that we are dealing with different cell types. 
Thus, serum was an absolute requirement for the bFGF- 
dependent proliferation of the precursors described by Richards 
et al. (1992). In contrast, our cells underwent bFGF-dependent 
cell division and long-term self-renewal in serum-free medium, 
whereas they differentiated into glia and neurons when exposed to 
comparable concentrations of serum (A. Vescovi, unpublished 
data). Moreover, our bFGF-dependent stem cells did not require 
factors other than bFGF to give rise to mature neurons, whereas 
medium conditioned by the Ast-1 astrocytoma cell line was nec- 
essary for progenitors of Richards et al. (1992) to express neuro- 
nal markers. 
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For their functional features, bFGF-dependent stem cells are 

similar to EGF-responsive cells of the adult mouse striatum 

(Reynolds et al., 1992). Although it is possible that there is no 

lineage relationship between these stem cells, the finding that the 

number of bFGF-dependent cells present is virtually the same as 

Corotto FS, Henegar JA, Maruniak JA (lYY3) Neurogenesis persists in 
the subependymal layer of the adult mouse brain. Neurosci Lett 
149:111-114. 

Frederiksen K, McKay RDG (1988) Proliferation and differentiation of 
rat neuroepithelial precursor cells in ciao. J Neurosci 8: 1144-I 15 I. 

Genschwind DH, Hockfield S (1989) Identification of proteins that are 

the number of EGF-responsive cells in our cultures lends support developmentally regulated d&ing early cerebral corticogcnesis in the 

to the idea that these two stem cell populations are the same and rat. J Neurosci 9:4303-4320. 

are able to respond to multiple environmental stimuli. Alterna- 
Griffith WH (1990) Voltage-clamp analysis of posttetanic potcntiation of 

tively, bFGF-dependent cells may arise in viva from EGF- 
the mossy fiber to CA3 synapse in hippocampus. J Neurophysiol 
63:4Yl-501. 

responsive elements, i.e., they may belong to the transit-dividing Gritti A, Cova L, Parati EA, Galli R, Vescovi AL (IYYS) Basic fihroblast 

cell compartment and may acquire stem cell characteristics in the growth factor supports the proliferation of epidermal growth factor- 

presence of bFGF. In fact, it has been suggested that transit- 
generated neuronal precursor cells of the adult mouse CNS. Neurosci 

dividing progenitor cells can re-enter the stem cell state (Potten 
Lett 185:151-154. 

Hall PA, Watt FM (1989) Stem cells: the generation and renewal of 
and LoefHer, 1990). Indirect support for this idea comes from our 
recent observation that EGF-responsive stem cell progeny prolif- 
erate in vitro in the presence of bFGF and retain the capacity to 
generate neurons and both types of glia (Gritti et al., 1995). 

Experiments have begun that will assess the lineage relationship 

of EGF- and bFGF-dependent adult CNS stem cells. 

cellular diversity. Development 106:619-633. 
Hockfield S, McKay RDG’(1985) Identification of major cell classes in 

the developing mammalian nervous system. J Neurosci 5:3310-332X. 
Hooper ML (1992) Embryonal stem cells: introducing planned changes 

into the animal germ line. New York: Harwood Academic. 
Huang L, Lim R (1990) Identification of injury-induced mitotic cells in 

adult rat cerebral cortex by neuron-specific markers. Dev Brain Res 
51:123-127. Our study demonstrates that bFGF stimulates the division of 

multipotent stem cells from the adult striatum in vitro thus, we 

provide further evidence that the proliferation of progenitor cells 

of the adult brain can be controlled by several environmental 
factors. Because of the promiscuous nature of interactions among 
different types of FGF and the various FGF-receptor subtypes, 
other members of the FGF family might control the development 
of progenitors of the adult brain in vivo. Our findings extend the 
possibilities for isolating stem cells from the adult CNS and may 
contribute to ascertaining the lineage relationships and functional 
properties of the multiple neural precursors now being found in 
the adult mammalian CNS. 
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