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ABSTRACT The dentate gyrus of the hippocampus is one
of the few areas of the adult brain that undergoes neurogen-
esis. In the present study, cells capable of proliferation and
neurogenesis were isolated and cultured from the adult rat
hippocampus. In defined medium containing basic fibroblast
growth factor (FGF-2), cells can survive, proliferate, and
express neuronal and glial markers. Cells have been main-
tained in culture for 1 year through multiple passages. These
cultured adult cells were labeled in vitro with bromodeoxyuri-
dine and adenovirus expressing ,i-galactosidase and were
transplanted to the adult rat hippocampus. Surviving cells
were evident through 3 months postimplantation with no
evidence of tumor formation. Within 2 months postgrafting,
labeled cells were found in the dentate gyrus, where they
differentiated into neurons only in the intact region of the
granule cell layer. Our results indicate that FGF-2 responsive
progenitors can be isolated from the adult hippocampus and
that these cells retain the capacity to generate mature neurons
when grafted into the adult rat brain.

Most neurons in the adult central nervous system are termi-
nally differentiated, exist through the life of the organism, and
are not replaced when they die. However, evidence exists that
small populations of neurons continue to be born in the adult
ventricular zone (1-3), olfactory system (4-6), and hippocam-
pus (7-10). In the adult hippocampus, newly born neurons
originate from putative stem cells that exist in the subgranular
zone of the dentate gyrus. Progeny of these putative stem cells
differentiate into neurons in the granule cell layer within a
month of the cells' birth, and this late neurogenesis continues
throughout the adult life of the rodent (11-15). Paralleling
these in vivo findings, in vitro studies have shown that the
precursor cells isolated from adult mouse ventricular zone and
forebrain have the capacity for in vitro neurogenesis when
stimulated with epidermal growth factor (16) or basic fibro-
blast growth factor (FGF-2) (17), respectively. FGF-2 is a
potent mitogen for fetal cells isolated from different areas of
the brain (18-22). This proliferative property of FGF-2 has
allowed the isolation and culturing of fetal hippocampal cells
for over a year through multiple passages (21), some of which
expressed neuronal phenotypes in vitro. These studies have
raised the question whether the FGF-2 responsive cells can be
isolated and cultured from the adult brain, particularly in the
hippocampus, where neurogenesis occurs even in adulthood.
In the present study we report that a population of FGF-2
responsive progenitor cells can be isolated and cultured from
the adult rat hippocampus. Cells in culture express precursor,
glial, and neuronal cell markers. Upon implantation into the
adult rat hippocampus, cells migrate and differentiate into
mature neurons or glia, depending on the terminal site of
migration. Such a progenitor population will be valuable for
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exploring cues that influence the proliferation and differenti-
ation of neuronal progenitor cells and for neuronal replace-
ment strategies for the damaged brain.

MATERIALS AND METHODS
Cell Culture Conditions. Adult (>3 months) female Fischer

344 rats were anesthetized with a mixture of ketamine (44
mg/kg), acepromazine (0.75 mg/kg), and xylozine (4 mg/kg)
in 0.9% NaCl and sacrificed in accordance with procedures
approved by the University of California at San Diego and by
the National Institutes of Health. Hippocampi (from one rat)
were dissected bilaterally and the ependymal lining, subven-
tricular zone, and choroid plexus were removed. Tissue was
washed in cold sterile Dulbecco's phosphate-buffered saline
(PBS-D) and cells were dissociated as described (21). Briefly,
after enzyme treatment (0.01% papain, 0.1% neutral protease,
and 0.01% DNase I), cells were centrifuged and resuspended
in Dulbecco's modified Eagle medium (DMEM)/F12 (1:1)
high-glucose medium (Irvine Scientific) containing 2.5 mM
L-glutamine and 10% fetal bovine serum (Sigma), plated at 1
x 106 viable cells onto uncoated plastic tissue culture flasks (75
cm2, Costar), and maintained at 37°C with 5% CO2. The next
day, the medium was replaced with serum-free medium:
DMEM/F12 containing N2 supplement (GIBCO) and 20 ng
of FGF-2 per ml (recombinant human FGF-2; gift from A.
Baird, The Whittier Institute). Cultures were incubated for 2-4
weeks with half of the medium changed every 3-4 days with
fresh medium containing FGF-2 until they were confluent
enough to be passaged. Complete medium change was done
for actively growing cultures every 3-4 days. The cells were
maintained and passaged as described before (21, 22). Cells
have been cultured for >1.5 years through 33 passages.

Grafting Procedures. Cultured cells were labeled with Brd-
Urd or an adenoviral vector prior to transplantation. For
BrdUrd labeling, cells were incubated for 4 days with fresh N2
medium containing 20 ng of FGF-2 per ml and 5 ,uM BrdUrd
(Boehringer Mannheim). For viral labeling, Ela-deleted type
5 adenoviral vectors carrying a cytomegalovirus immediate
early promoter-driven LacZ gene (kindly provided by I.
Verma, The Salk Institute) were prepared by infecting naive
293 cells with viral stocks at a multiplicity of infection of - 10.
Two days later, adenovirus-containing supernatant was har-
vested and cellular debris was removed by centrifugation at
5000 x g for 5 min, and the cell-free supernatants were used
to infect the adult-derived progenitor cultures. Viral titers
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ranged between 5 x 107 and 108. Cells were transduced by
replacing the medium with fresh medium containing 10%
virus-containing supernatant from 293 cells. The next day, the
cells were harvested with trypsin, extensively washed with
PBS-D, and suspended at a density of 50,000 per Al in
Dulbecco's PBS and 20 ng of FGF-2 per ml. A 5-Al Hamilton
syringe with a 26-gauge beveled needle was used to slowly
inject 1 ,pl of cells into the dorsal hippocampus (AP, -3.6; ML,
±2.0; DV, -4.0) of anesthetized adult female Fischer 344 rats.
The syringe was raised slightly and an additional 0.5 ,ul of cells
was injected. The syringe was raised 1 mm and left in place for
2 min to minimize cell diffusion up the needle track. At 1, 4,
8, and 12 weeks postimplantation, three rats for each time
point were sacrificed and their brains were prepared for light
or electron microscopy. Detection of LacZ transgene expres-
sion was accomplished using an anti-,3-galactosidase (,3-Gal)
antibody.

Immunodetection. Cells were cultured in polyornithine/
laminin-coated slide chambers (Lab-Tek, Nunc) and were
fixed for 15 min in phosphate-buffered 4% paraformaldehyde.
Grafted animals were deeply anesthetized and perfused with
phosphate-buffered 4% paraformaldehyde. Brains were re-
moved and prepared as free-floating coronal freezing mi-
crotome sections (40 ,um).
BrdUrd pretreatment. Sections processed for BrdUrd immu-

nodetection were pretreated for 2 hr in 50% formamide/2X
SSC at 65°C followed by a 30-min incubation in 2 M HCl at
370C.

Immunofluorescence. Cells or sections were incubated with
antibody diluted in PBS containing 0.3% Triton X-100 and 5%
goat or donkey normal serum (PBS/TS). Triton X-100 was
omitted for the A2B5 and 04 antibodies. After rinses in
PBS/TS, th'e primary antibody was detected with fluorescein
isothiocyanate (FITC)-, Texas red-, Rhodamine-, or CyS-
labeled secondary antibodies (Jackson Immunochemicals,
West Grove, PA, 1:250 in PBS/TS) or biotinylated secondary
antibodies (1:80, Jackson Immunochemicals) and streptavi-
din/Texas red (1:500, Jackson Immunochemicals). A mouse
anti-BrdUrd antibody directly coupled to FITC (Boehringer
Mannheim) was used when combined with another monoclo-
nal antibody for double labeling. For nuclear counterstain,
cells were treated with 10 ng of 4',6-diamidino-2-phenylindole
(DAPI) per ml. Labeled cells and sections were visualized
using confocal scanning laser microscopy (Bio-Rad MRC600)
and color images were generated using Adobe Photoshop
(Adobe Systems, Mountain View, CA).
Immunoperoxidase. Cells were processed according to pub-

lished procedures (22) and sections were stained using the
avidin/biotin-peroxidase system (Vectastain Elite, Vector
Laboratories) and diaminobenzidine.
Antibodies. Mouse (mo), rabbit (rb), or guinea pig (gp)

primary antibodies and final dilutions were as follows: mo
a-A2B5, 1:1000 (Boehringer Mannheim); mo a-BrdUrd, 1:400
(Boehringer Mannheim); mo a-BrdUrd-FITC, 1:20 (Boeh-
ringer Mannheim); mo a-calbindin, 1:1000 (Sigma); rb a-cal-
retinin, 1:2000 (Chemicon); mo a-ED1, 1:1000 (Chemicon); rb
a-fibronectin, 1:100 (Telios Pharmaceuticals, San Diego); rb
a-glutamic acid decarboxylase (GAD), 1:50 (Chemicon); mo
a-f3-Gal, 1:5000 (Promega); rb a-galactocerebroside C (GalC),
1:250 (Advanced Immunochemical, Long Beach, CA); rabbit
a-glial fibrillary acidic protein (GFAP), 1:500 (Chemicon); gp
a-GFAP, 1:500 (Advanced Immunochemical); mo a-microtu-
bule-associated protein 2 (MAP2), 1:5000 (Sigma); mo
a-MAP5, 1:5000 (Chemicon); mo a-myelin basic protein
(MBP), 1:250 (Boehringer Mannheim); rb a-nestin, 1:2000
(kindly provided by R. G. D. McKay); rb a-neurofilament 68
(NF68), 1:250 (Chemicon); rb a-NF150, 1:2000 (Chemicon);
rb a-NF200, 1:1000 (Chemicon); mo a-NeuN (A60), 1:10
(kindly provided by R. J. Mullen); rb a-neuron-specific eno-

lase (NSE), 1:5000 (Chemicon); mo a-04, 1:2 (kindly provided
by 0. Boegler); mo a-Tau, 1:250 (Boehringer Mannheim).

Electron Microscopy. Cultures were fixed in 2% glutaral-
dehyde in 100 mM phosphate buffer and incubated in 1%
aqueous osmium tetroxide. Grafted animals were transcardi-
ally perfused with 4% paraformaldehyde/0.1% glutaralde-
hyde. The brains were removed and 60-,tm-thick coronal
vibratome sections were produced. Sections were pretreated
and processed for BrdUrd immunoperoxidase as described
above. Sufficient ultrastructural detail was preserved despite
the harshness of the BrdUrd pretreatment procedure. Cul-
tured cells and vibratome sections were processed for electron
microscopy according to published procedures (21). Thin
sections (70 nm) were examined in a Phillips CM-10 transmis-
sion electron microscope.

Quantitation. In vitro. Logarithmic-phase hippocampal cul-
tures were fixed and processed for immunofluorescence as
described above. Cell nuclei were counterstained with DAPI
to identify individual cells. For each marker, 500-1000 cells
sampled systematically from standardized fields at X40 mag-
nification were examined and scored for immunoreactivity.
For comparison between cultures, sister cultures were stained
for different markers at the same passage number. The ex-
periments were repeated four times at passages 11, 14, 15, and
21. In all cases, the different cultures yielded roughly the same
percentage of cells in each category with a variance of about
5-10%.

In vivo. Every sixth section through the dorsal hippocampus
was stained immunohistochemically for BrdUrd and the num-
ber of BrdUrd-positive cells was quantified using modified
stereological procedures. Animals evaluated at 8-12 weeks
postgrafting were pooled for these data. The hippocampal
profile in each section was sampled in a systematic, uniform
random manner applying the optical disector procedure (23,
24). The results of this procedure provided a numerical density
(cells per unit volume). The volume of the hippocampus
sampled extended 1.2 mm in the rostral-caudal axis with the
midpoint of the sample centered at the graft injection site and
was calculated using the Cavalieri procedure (24). The data
from the optical disector and the Cavalieri procedure were
combined to yield an estimate of the number of BrdUrd-
positive cells in this series of sections. Although these data are
not a true stereological estimate of cell number within the
entire hippocampus, they provide a standardized estimate for
the purposes of assessing cell survival following engraftment.
To determine the frequency at which BrdUrd-positive cells
demonstrated a neuronal or glial phenotype, sections were
triple labeled with immunofluorescence and collected as con-
focal images. Sections were triple labeled with anti-NeuN,
rabbit anti-GFAP, and anti-BrdUrd coupled with FITC as
described above. Grafted cells that were immunopositive for
BrdUrd were examined at 8 and 12 weeks postgrafting for
colocalization with either NeuN to indicate a neuronal phe-
notype or GFAP to indicate an astrocytic phenotype. Triple
labeling of sections for GFAP, NeuN, and BrdUrd showed that
NeuN and GFAP were not expressed in the same BrdUrd-
positive cell. The number of cells for each phenotype was
pooled among the grafts and the results were expressed as a
percentage of BrdUrd-positive cells examined.

RESULTS
During the first 2 months following plating into defined
medium supplemented with FGF-2, a mixed population of
cells was present. Many of the cells proliferate slowly, as
indexed by BrdUrd labeling and increasing numbers in vitro
(data not shown). With successive passages, a more restricted
population of cells emerged with a doubling time of about 2
days and a more homogeneous morphology. These cells are
predominantly phase bright and rounded with thin processes,

11880 Neurobiology: Gage et al.



Proc. Natl. Acad. Sci. USA 92 (1995) 11881

with a minority of the population displaying a flat appearance.
Withdrawal of FGF-2 from the cultures results in complete cell
death within 1 week. This result indicates that the adult-
derived cells are dependent upon FGF-2 for survival.

Immunocytochemical analyses of cells performed in early
and late passaged cultures showed identical patterns of stain-
ing. The majority of the hippocampal-derived cells express
proteins found in undifferentiated progenitor cells, such as
nestin, A2B5, and 04 (Fig. 1A; Table 1). Although glial
progenitors appear to be present in the adult cultures, as
indicated by labeling for A2B5 and 04, <2% of these cells
progress to a more differentiated glial phenotype (Fig. 1B;
Table 1: GalC, MBP, GFAP). Rather, a majority of the cells
(85-92%) express GAD, NSE, MAP2, and MAPS (Fig. 1D;
Table 1), markers typically considered to be indicative of a

neuronal phenotype. From these results, we inferred that the
overlap of glial (04) and neuronal markers (NSE, MAP2,
GAD) in the same cells may indicate that the adult-derived
cells are a multipotent progenitor population that has not yet
committed to a specific neural fate. However, it is also possible
that coexpression of glial and neuronal markers may reflect an
unusual property of the cultured population. Single cell clon-
ing of the population will help to distinguish between these
possibilities by clarifying if multipotent progenitors are present
within the cultures.
The cultured cells do not express NeuN, a nuclear marker

reported to be present in terminally differentiated neurons
(25), or tau. However, there is evidence to suggest that some
of the cells progress toward a mature neuronal phenotype since
a small percentage expresses calretinin or calbindin (Fig. 1C;
Table 1), proteins that are present within hippocampal neu-
rons. In ultrastructural analyses, some cells within the cultures
display large round euchromatic nuclei with a distinct nucle-
olus (Fig. 2A) and somatic extensions that branch and contain
well-organized arrays of microtubules (Fig. 2B). Further, some
processes with microtubules have been found to be ensheathed
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FIG. 1. Epifluorescent confocal micrographs of hippocampal cells
maintained in culture for 14 passages. A variety of process-bearing cell
morphologies was observed and many of these expressed markers for
glial and neuronal lineages. (A) The A2B5 antigen (green) and nestin
(red) are present in separate populations; however, some cells express
both markers (yellow). (B) The 04 antigen (green) and GFAP (red)
are found in mutually exclusive populations of cells. (C) Immunoper-
oxidase detection of calbindin. (D) MAP5 (green) is found in a
subpopulation of NSE-positive (red) cells. Cells are yellow where both
markers overlap. Nuclei are stained with DAPI (blue). (Bars = 10
pm.)

Table 1. Expression of different antigenic markers by
adult-derived hippocampal cells after 7 months in culture

Lineage Marker

Immature Nestin*
A2B5*

Glial 04
GalC
MBP
GFAP

Neuronal NSE*
MAP2*
MAP5
NF68
NF150*
NF200t
NeuN
Tau
GAD
Calbindin
Calretinin

Other ED1
Fibronectin

% positive

80
31
87
0.3

<0.01
2
92
85
6
ND
41
<1
ND
ND
88
5

13
ND
ND

ND, not detectable.
*Markers expressed in glial and neuronal cells in vitro as described in
the literature.

tAlthough all other markers were equivalent between immunofluo-
rescence and immunoperoxidase staining, NF200 showed a greater
percentage of positive cells with immunoperoxidase staining.

by several layers of myelin, suggesting the maturing nature of
some oligodendroglia and neurons in the culture (Fig. 2C).
Although present, cells with the mature, differentiated ultra-
structural neuronal morphology described above are rare.
The adult-derived population was transplanted into the

hippocampus of adult Fischer 344 rats to assess whether the
cultured cells differentiate in response to endogenous local
cues. Cells were marked with BrdUrd and/or an adenoviral
vector carrying LacZ prior to transplantation to facilitate in
vivo identification. Control experiments in which LacZ- or
BrdUrd-labeled cells were either sonicated or freeze-thawed
prior to grafting indicated that dead or dying cells do not
transfer the markers to endogenous host cells. Thus, labeling
observed in vivo reflects the culture-derived population. Rats
implanted with 75,000 cultured cells were sacrificed 1, 4, 8, and
12 weeks postimplantation and assessed for graft cell survival
and differentiation. Quantitative estimates of BrdUrd-labeled
cells revealed 26,000-31,000 grafted cells present in the hip-
pocampus 8-12 weeks postimplantation. Immunoreactive la-
beling for ,3-Gal showed decreasing numbers of LacZ-
expressing cells at longer times postgrafting, which may reflect
loss of cells or transgene expression following transplantation.
Conversely, loss of LacZ expression may occur if the cultured
cells proliferated in vivo, since the adenoviral particle remains
episomal and is subject to degradation or random loss follow-
ing division. The quantitative analyses of BrdUrd-labeled cells
may not detect such proliferation due to dilution of the BrdUrd
below detection levels, although the lack of any obvious solid
mass formation or tissue distortion strongly suggests that
extensive proliferation of the cultured cells does not occur
postimplantation.

Grafted cells were distributed up to 3 mm from the site of
implantation, although most cells remained localized near the
injection track. Injections into the hippocampus can result in
tissue damage to the dorsal leaf of the dentate gyrus (26), and
there was a clear localization of grafted cells in this area of
damage (Fig. 3 A and B). ,3-Gal-labeled cells with astroglial
and oligodendroglial morphologies were detected as early as 1
week postgrafting. These cells were distributed in the corpus
callosum (Fig. 3C), stratum radiatum, stratum moleculare, and
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FIG. 2. Ultrastructure of adult progenitor cells in
vitro (A-C) and following transplantation (D-F). (A)
Cells in vitro showing progression to differentiation
have oval or round euchromatic nuclei. (B) Sur-
rounding these cells are numerous processes, some of
which appear dendritic. (C) In addition, processes
are occasionally observed wrapped in thin myelin
sheaths (arrows), and membrane thickenings (arrow-
heads) are also observed, suggesting synaptogenesis
may be occurring. (D) Grafted cells labeled with
BrdUrd (arrowheads) in the subgranular zone and
integrated within the dentate granule cell layer. A
number of cells with neuronal (E) or glial (F) mor-
phology were found to be immunopositive for Brd-
Urd (arrowheads), with the cells indicated (arrows)
shown at higher magnification (E and F). Typical
BrdUrd staining was evident from complete or dis-
crete nuclear labeling.

the dorsal leaf of the dentate gyrus, where damage was evident.
Confirmation of the glial phenotype was provided by double
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FIG. 3. Localization and morphology of adult hippocampal-
derived cells implanted into the hippocampus of adult rats. Cultured
cells were marked with the LacZ transgene and/or BrdUrd prior to
implantation. (A and B) Immunofluorescent signals were collected as
confocal laser images, digitally color enhanced, and superimposed
upon Nomarski interference contrast images to visualize the anatom-
ical structures. (A) ,3-Gal immunoreactive cells (blue) aligned within
the granule cell layer (GCL) of the hippocampus 12 weeks postim-
plantation. (B) BrdUrd-labeled nuclei (red) of an adjacent section
showed a broad distribution of grafted cells throughout the hippocam-
pus. The majority of labeled cells were in the damaged dorsal leaf of
the GCL. Cells with the large, round nuclei characteristic of neurons
were primarily observed within the ventral leaf of the GCL (GCLv).
(C) ,B-Gal immunoreactive cell within the corpus callosum (CC) dorsal
to the hippocampal injection site 4 weeks postgrafting. This cell
displayed a morphology suggestive of an oligodendrocyte. (D) j3-Gal
immunoreactive cell within an intact region of the GCL 4 weeks
postgrafting that showed the elaborate dendritic branching into the
molecular layer that is characteristic of endogenous granule neurons.
(Bars in A and B = 100 ,um; bars in C and D = 15 ,um.)

labeling for BrdUrd and GFAP (Table 2; Fig. 4 C and D) and
ultrastructural analysis of the BrdUrd-positive cells (Fig. 2F).
Cells displaying neuronal characteristics were observed only in
the granule cell layer of the dentate gyrus (Table 2; Fig. 4A
and B). (3-Gal-labeled cells within this region occasionally
displayed polarized dendritic processes arborizing into the
molecular layer (Fig. 3D). At the ultrastructural level, BrdUrd-
positive cells within the intact neuronal regions displayed large
round nuclei with distinct nucleoli (Fig. 2 D and E) consistent
with a neuronal phenotype and similar to the host granule cells
of this region. The finding that much greater numbers of
adult-derived hippocampal cells differentiated into mature
neurons or glia in vivo (Table 2) compared to in vitro (Table
1) indicates that there are signals within the adult brain that are
crucial for the maturation of the progenitors.

Table 2. Distribution of in vivo grafted BrdUrd-positive cell
phenotype after 8 weeks

Neuronal BrdUrd+ Phenotype frequency*
lamina cells NeuN+ GFAP+ Unlabeled

DG damaged 100 3 (3) 47 (47) 50 (50)
DG intact 64 40 (63) 0 (0) 24 (37)
Area CAl 19 0 (0) 10 (53) 9 (47)
Area CA3 36 0 (0) 15 (42) 21(58)
Corpus

callosum 100 0 (0) 5 (5) 95 (95)
Distribution of neuronal (NeuN) and astrocytic (GFAP) pheno-

types of BrdUrd-positive cells within neuronal cell layers of the
hippocampus [dentate gyrus (DG), area CA1, area CA3] and corpus
callosum as determined by triple labeling. Unlabeled cells are BrdUrd-
positive cells that are negative for NeuN and GFAP. Regions of the
dentate gyrus that were damaged by the grafting procedure (DG
damaged) were sampled separately. Because of the high abundance of
BrdUrd-positive cells within these regions and in the corpus callosum,
an upper limit of 100 sampled cells was imposed.
*Percentage in parentheses.
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FIG. 4. Neuronal and glial phenotype of grafted cells 12 weeks
postimplantation in the adult rat hippocampus. Immunofluorescence
labeling for BrdUrd was combined with labeling for NeuN or GFAP
and analyzed with a confocal scanning laser microscope. (A and B)
NeuN immunoreactive neurons (red) forming the granular layer of the
dentate gyrus. Yellow color indicates a grafted cell within the granular
layer double-labeled for NeuN (red) and BrdUrd (green and arrow in
A). (C and D) BrdUrd immunoreactive grafted cells (green in D and
arrows in C) colocalize with rabbit a-GFAP immunoreactivity (red)
primarily at the injection site and in the dorsal leaf of the dentate
gyrus. (Bar = 10 ,um.)

DISCUSSION
Our results demonstrate that progenitor cells can be isolated
from the adult rat hippocampus and serially passaged in vitro
in defined serum-free medium supplemented with 20 ng of
FGF-2 per ml. Further, these adult-derived cells retain the
potential for survival and terminal differentiation into mature
glia and neurons in vivo, as evidenced by the ultrastructural
morphology, LacZ labeled morphology, and the differentiated
markers GFAP and NeuN. The in vivo fate of these cells is
clearly influenced by exogenous factors. Cells surviving within
the granule cell layer of the hippocampus often differentiated
into neurons, whereas those cells residing outside of this region
often exhibited glial markers and morphology. These findings
are consistent with observations that immortalized clonal
progenitors derived from the developing brain also exhibit
site-specific differentiation in vivo (27-29). Since we have not
used clonal cultures, whether different cell types are derived
from a common precursor in vivo will be determined when
clonal lines are available for grafting. Since the granule cell
layer of the dentate gyrus is one of the sites of neurogenesis in
the adult brain (11-15), the present results suggest that the
hippocampal adult progenitors and host stem cells respond
similarly to endogenous cues that regulate neurogenesis.
Whether the cells we have isolated in vitro and transplanted
back into the brain are derived from the same population of
neural stem cells that resides within the adult subgranular zone
of the dentate gyrus in situ remains to be determined. The
markers expressed by cultured progenitor cells (e.g., 04,
MAP2, NSE) may be useful for identifying progenitors in situ;
however, isolation of the cells in a culture environment may
dramatically alter the cell phenotype. Since most cells in
culture expressed proteins described in the literature as typical
precursor (A2B5, nestin), glial (04), and neuronal (NSE,
MAP2, GAD) markers (Table 1), it is inferred that they are
coexpressed in the same cell. This may reflect the multipo-
tentiality of the cells and surprisingly immature nature of these
presumptive phenotype-specific markers or a unique response

to the culture environment. Unique markers for host stem cells
are needed to determine how closely the cultured cells resem-
ble the host progenitor cells and their responses to local cues
in vivo. If the endogenous stem cell and cultured progenitor
cell are the same cells, the culture and grafting of these cells
provide a unique model system to determine the signals
regulating proliferation and differentiation of neuronal pro-
genitors in vivo. These proliferative cells can be genetically
manipulated and used in ex vivo gene transfer as a source of
neurons for transplantation. Further characterization of adult
precursor cells should prove useful for developing strategies to
directly manipulate endogenous stem cells within the central
nervous system.

We thank Silke Thode, Heather Raymon, and Marie-Claude Senut
for their critical review of the manuscript and discussions during the
course of these studies and gratefully acknowledge the technical
assistance of S. Forbes, H. Grajeda, B. Mason, B. Miller, and L. Moore.
This work was supported by grants from the National Institute of
Aging, the Broad Family Foundation, the Herbert Hoover Founda-
tion, and the Hollfelder Foundation. P.W.C. was supported by the
National Institutes of Health and the Salk Institute-Texas Research
Foundation. D.A.P. was supported by a National Institute on Aging
fellowship. H.G.K. was supported by Deutsche Forschungsgemein-
schaft. J.O.S. was supported by the Medical Research Council of the
Academy of Finland. T.D.P. was supported by the National Heart,
Lung and Blood Institute.

1. Morshead, C. M. & van der Kooy, C. (1992) J. Neurosci. 12,
249-256.

2. Levison, S. V. & Goldman, J. E. (1993) Neuron 10, 201-212.
3. Luskin, M. B. (1993) Neuron 11, 173-189.
4. Schwartz Levey, M., Chikaraishi, D. M. & Kauer, J. S. (1991) J.

Neurosci. 11, 3556-3564.
5. Graziadei, P. P. C. & Monti Graziadei, G. A. (1978) in Develop-

ment of Sensory Systems, ed. Jacobsen, M. (Springer, Berlin), pp.
55-83.

6. Lois, C. & Alvarez-Buylla, A. (1994) Science 264, 1145-1148.
7. Altman, J. & Das, G. D. (1965) J. Comp. Neurol. 124, 319-336.
8. Bayer, S. A. (1982) Exp. Brain Res. 46, 315-323.
9. Bayer, S. A., Yackel, Y. W. & Puri, P. S. (1982) Science 216,

890-892.
10. Boss, B. D., Peterson, G. M. & Cowan, W. M. (1985) Brain Res.

338, 144-150.
11. Cameron, H. A., Woolley, C. S., McEwen, B. S. & Gould, E.

(1993) Neuroscience 56, 337-344.
12. Stanfield, B. B. & Trice, J. E. (1988) Exp. Brain Res. 72,399-406.
13. Kaplan, M. S. & Hinds, J. W. (1977) Science 197, 1092-1094.
14. Kaplan, M. S. & Bell, D. H. (1984) Exp. Brain Res. 52, 1-5.
15. Kaplan, M. S. & Bell, D. H. (1984) J. Neurosci. 4, 1429-1441.
16. Reynolds, B. A. & Weiss, S. (1992) Science 255, 1707-1710.
17. Richards, L. J., Kilpatrick, T. J. & Bartlett, P. F. (1992) Proc.

Natl. Acad. Sci. USA 89, 8591-8595.
18. Gensburger, G., Labourdette, M. C. & Sensenbrenner, M. (1987)

FEBS Lett. 217, 1-5.
19. Murphy, M., Drago, J. & Bartlett, P. F. (1990) J. Neurosci. Res.

25, 463-475.
20. Deloulme, J. C., Baudier, J. & Sensenbrenner, M. (1991) J.

Neurosci. Res. 29, 499-509.
21. Ray, J., Peterson, D. A., Schinstine, M. & Gage, F. H. (1993)

Proc. Natl. Acad. Sci. USA 90, 3602-3606.
22. Ray, J. & Gage, F. H. (1994) J. Neurosci. 14, 3548-3564.
23. Sterio, D. C. (1984) J. Microsc. (Oxford) 134, 127-136.
24. Peterson, D. A., Lucidi-Phillipi, C. A., Eagle, K. A. & Gage, F. H.

(1994) J. Neurosci. 14, 6872-6885.
25. Mullen, R. J., Buck, C. R. & Smith, A. M. (1992) Development

(Cambridge, U.K) 116, 201-211.
26. Vietje, B. P. & Wells, J. (1989) Exp. Neurol. 106, 275-284.
27. Renfranz, P. J., Cunningham, M. G. & McKay, R. D. G. (1991)

Cell 66, 713-729.
28. Snyder, E. Y., Deitcher, D. L., Walsh, C., Arnold-Aldea, S.,

Hartweig, E. A. & Cepko, C. L. (1992) Cell 68, 33-51.
29. Onifer, S. M., Whittemore, S. R. & Holets, V. R. (1993) Exp.

Neurol. 122, 130-142.

Neurobiology: Gage et al.


