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The lateral ventricle subependyma
in the adult mammalian
forebrain contains both neural stem and progenitor
cells. This
study describes the in situ modulation
of these subependymal
neural precursor populations
after intraventricular
administration of exogenous growth factors. In viva infusion of epidermal
growth factor (EGF) into adult mouse forebrain for 6 consecutive days resulted in a dramatic increase in the proliferation and
total number of subependymal
cells and induced their migration away from the lateral ventricle walls into adjacent parenchyma. Immediately after EGF infusion, immunohistochemical
characterization
of the EGF-expanded
cell population
demonstrated that >95% of these cells were EGF receptorand
nestin-positive,
whereas only 0.9% and 0.2% labeled for astrocytic and neuronal markers, respectively. Seven weeks after
EGF withdrawal,
25% of the cells induced to proliferate after 6
d of EGF were still detectable; 28% of these cells had differ-

entiated into new astrocytes and 3% into new neurons in the
cortex, striatum, and septum. Newly generated
oligodendrocytes were also observed. These in viva results (1) confirm the
existence of EGF-responsive
subependymal
neural precursor
cells in the adult mouse forebrain and (2) suggest that EGF acts
directly as a proliferation,
survival, and migration factor for
subependymal
precursor
cells to expand these populations
and promote the movement of these cells into normal brain
parenchyma. Thus, in situ modulation of endogenous
forebrain
precursor cells represents a novel model for studying neural
development
in the adult mammalian
brain and may provide
insights that will achieve adult replacement of neurons and glia
lost to disease or trauma.

During development,all the cells of the adult mammalianforebrain are derived from a highly proliferative region lining the
lateral ventricles called the germinal zone (McConnell, 1988;
McKay, 1989). Although the germinal zone contains unipotent
precursorcellscapableof giving rise to only neuronalor only glial
progeny (Luskin et al., 1988,1993;Grove et al., 1993;Krushel et
al., 1993;Levisonand Goldman, 1993a,b;Luskin and McDermott,
1994),evidencealsosupportsthe existenceof multipotential CNS
precursorcells in this region that can give rise to both neuronal
and glial progeny (Price and Thurlow, 1988;Temple, 1989;Galileo et al., 1990;Williams et al., 1991; Reynolds et al., 1992).In
vitro studiesdemonstratethat embryonicgerminalzone precursor
cells proliferate in responseto basic fibroblast growth factor
(bFGF), epidermal growth factor (EGF), and/or transforming
growth factor-a! (TGF-a) (Gensburgeret al., 1987;Cattaneo and
McKay, 1990;Murphy et al., 1990;Anchan et al., 1991;Reynolds
et al., 1992;Kilpatrick and Bartlett, 1993). A subpopulationof

theseembryonicprecursorcellsappearsto be neural stemcellsin
so far as they demonstrate multipotentiality and exhibit selfrenewal properties (Hall and Watt, 1989; Potten and Loeffler,
1990;Reynoldset al., 1992;Davis and Temple, 1994).
In sharp contrast to the avian CNS, which generates new
neurons and glia from endogenousstem cells throughout adulthood (Nottebohm and Alvarez-Buylla, 1993), the mammalian
CNS stem cells have long been thought to exist only during
embryogenesis(Rakic, 1985).Recent in vitro evidence,however,
suggeststhat the adult brain doesindeed contain multipotential
neural stem cells (Reynolds and Weiss, 1992; Richards et al.,
1992).Thesein vitro studiesdemonstratethat (1) the adult murine
brain containscells that proliferate in responseto EGF to form
spheresof undifferentiated cells; (2) the cells within clonally
derived spheresdifferentiate to form both neuronal and glial
progeny; and (3) a subpopulationof thesecellsproliferate indefinitely when passagedin the presenceof EGF. Thus, theseadultderived in vitro EGF-responsivecells displaythe defining characteristics of stem cells: proliferation, generation of differentiated
progeny, and self-renewal (Hall and Watt, 1989; Potten and
Loeffler, 1990).
The in vivo adult sourcefor thesein vitro EGF-responsivestem
cells is the subependymallayer lining the forebrain lateral ventricles (Morshead et al., 1994).This region, believed to be a developmentalremnant of the embryonicgerminalzone (Lewis, 1968;
Privat and Leblond, 1972),contains a unique population of constitutively proliferating cellsthat have a cell cycle time of -13 hr
(Morshead and van der Kooy, 1992).This constitutively prolifer-

Received Sept. 19, 1995; revised Jan. 22, 1996; accepted Jan. 24, 1996.
This work was supported by grants (D.v.d.K., SW.) from the Canadian Networks
of Centres of Excellence and the Medical Research Council of Canada, and postdoctoral fellowships from the Medical Research Council of Canada (C.G.C.,
C.M.M.) and the Canadian Networks of Centres of Excellence (C.G.C.). We thank
W. Staines for many helpful discussions, and R. Mullen, R. McKay, S. Fedoroff, and
S. Hockfield for kindly providing antibodies.
Correspondence
should be addressed to Dr. Constance G. Craig, University of
Toronto, Department
of Anatomy and Cell Biology, Medical Science Building,
Room 1105, Toronto, Ontario, Canada M5S lA8.
Dr. Reynolds’ present address: Neurospheres Limited, Calgary, Alberta, Canada
T2N 4Nl.
Copyright 0 1996 Society for Neuroscience
0270.6474/96/162649-10$05.00/O

Key words: subependyma;
ma/ growth factor; fibroblast

stem cell; precursor cell; epidergrowth factor; regeneration

2660

J. Neurosci.,

April

15, 1996,

Craig

16(8):2649-2658

ating cell population, which is undifferentiated,
has the potential
to differentiate into neurons and glia in vitro (Lois and AlvarezBuylla, 1993), whereas in vivo the postmitotic fate of these cells
seems to be either cell death or neuronal differentiation
after
migration to the olfactory bulb (Morshead
and van der Kooy,
1992; Corotto et al., 1993; Lois and Alvarez-Buylla,
1994). The
persistence of the constitutively proliferating
population throughout the adult life of mammals (Altman, 1969; unpublished results)
suggests that a relatively quiescent cell population
may exist to
proliferate infrequently to repopulate and thus maintain the constitutively proliferating
population
(Craig et al., 1994). It is this
relatively quiescent cell population,
not the constitutively proliferating population, that is proposed to be the in vivo source for
the in vitro EGF-responsive
stem cells (Morshead
et al., 1994).
The constitutively proliferating
subependymal population, which
is proposed to be the progeny of relatively quiescent stem cells,
would therefore represent neural progenitor cells. The term precursor cell is used to refer to either stem or progenitor
cells,
without distinction.
To test the effects of exogenous growth factors on adult subependymal neural precursor cell populations in vivo, growth factors were infused continuously over an extended period of time
with osmotic pumps attached to cannulae implanted directly into
the lateral ventricles. A replication-deficient,
recombinant
retrovirus containing a 1ucZ reporter gene and the proliferation
markers [‘Hlthymidine
(thy) and bromodeoxyuridine
(BrdU) were
used to label subependymal precursor cells. Variations of infusion
and survival times postinfusion enabled the in vivo characterization of the proliferative
and differentiative
potential of growth
factor-responsive
subependymal cell populations.

MATERIALS AND METHODS
Retroviral labeling and detection. Retrovirus was collected from confluent
W2BAGa (ATCC CRL-9560) cells for 48 hr at 32°C; 0.45 pm filtered,
supplemented with 8 &ml polybrene, aliquoted, and stored at -70°C
(Price et al., 1987). The viral concentrate titer was -lOhim active virions
as determined by infection of NIH 3T3 cells. Adult male CD1 mice
(Charles River, St. Constant, Quebec) were anesthetized with sodium
pentobarbital (120 mgikg, i.p.), and stereotaxic unilateral injections of 0.4
~1 of retrovirus were made into the lateral ventricle at anteroposterior
1-4.2 mm anterior to A, lateral +0.7 mm, and dorsoventral -2.4 mm
below dura with the skull leveled between A and bregma. After treatments, animals were killed by anesthetic overdose and perfused transcardially with 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2.
Brains were postfixed and cryoprotected overnight at 4°C in perfusing
solution and 25% sucrose. Serial 60 pm coronal cryostat (- 19°C) sections
were mounted onto chromium-aluminum subbed slides and reacted at
37°C for 6 hr to overnight with X-gal (1 mgiml, Promega, Madison, WI)
in 0.1 M phosphate buffer, pH 7.2, containing MgCl, (2 IIIM), sodium
deoxycholate (0.01%) NP40 (0.02%) potassium ferrocyanide (50 mM),
and potassium ferricyanide (50 mM). Slides were rinsed in 3% dimethylsulfoxide in 0.1 M phosphate buffer, safranin-counterstained, dehydrated,
and coverslipped with Permount.
Growth factor infusion. Growth factors were unilaterally infused directly into the lateral ventricle using an osmotic pump (model 1007; Alza,
Palo Alto, CA) attached to a 30 gauge cannulae implanted at the
retroviral injection coordinates. One day after retrovirus injection,
growth factors lmouse EGF, human recombinant basic FGF. mouse 7s
nerve growth factor (NGF), human recombinant TGF-ol; Upstate BioIogicals, Lake Placid, NY] were infused for 6 consecutive days at a flow
rate of 0.5 $/hr with an initial intrapump concentration of 33 &ml. This
correlates to an infusion rate of 400 rig/d. The vehicle solution was 0.9%
saline containing 1 mgiml mouse serum albumin (Sigma, St. Louis, MO).
Vehicle controls were always performed in parallel with each growth
factor infusion experiment to control for baseline interexperimental
variability.
Isolation of spheres in vitro. After 6 d of intraventricular growth factor
(400 rig/d) or vehicle infusion, adult mice were killed by cervical disloca-
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tion, and brains were excised. Approximately 1 mm of tissue surrounding
the entire lateral ventricle ipsilateral to the infusion cannula was dissected out. Cells were dissociated enzymatically and cultured in the
presence of EGF (20 &ml), as described ureviouslv (Revnolds and
Weiss, 1992). After‘&11-d ii vitro, the total number o? spheres formed
was counted for each hemisphere.
13H]thy labeling and detection. On the sixth day of EGF infusion, mice
were injected every 3 hr for 15 hr with 3H-thy (3 &i/gm, specific activity
45 Ciimmol, i.p.; Amersham, Buckinghamshire, UK). One hour after the
final injection, mice were killed and processed as for retroviral detection,
except that brains were sectioned serially at 6 pm. Sections were subsequently defatted and processed for autoradiography by dipping in liquid
emulsion (Kodak NTB-2 nuclear track emulsion). Slides were stored in
the dark at 4°C for 4 weeks, developed using Kodak D-19, and fixed in
25% sodium thiosulfate. Cells were considered to be labeled if the silver
grain count was fivefold above background levels.
BrdU labeling and detection. On the sixth day of infusion, mice were
injected with BrdU (Sigma) (120 mg/kg, i.p.) every 3 hr for 15 hr and
killed 1 hr after the final injection. Animals were killed, and brains were
processed as for immunohistochemistry. Sections were treated initially
with 1 M HCI for 30 min at 65°C to denature cellular DNA. Rat anti-BrdU
(1:lOO; Seralab, London, UK), fluorescein isothiocyanate-conjugated
donkey anti-rat, and biotinylated-donkey anti-rat (Jackson, West Grove,
PA) with streptavidin-Texas red or streptavidinCY3 (Sigma) were used
for BrdU staining.
Immunohistochemistry. Animals were killed by anesthetic overdose
and
perfused transcardially with 4% paraformaldchydc and 0.4% picric acid
in 0.16 M phosphate butfcr, pH 6.9 (Zamboni and de Martino, 1967).
Brains

were

postfixed

in the

perfusing

solution

for 90 min

at 4°C

and

then

cryoprotected for at least 24 hr in 10% sucrose in 0. I M phosphate buffer,
pH 7.2. Serial 14 Fm coronal cryosections (- 19°C) were mounted directly
onto chromium-aluminum subbed slides. Sheep anti-EGF receptor (1:50;
BioDesign,
Carmel,
NY),
mouse
anti-SlOOp
(1:500; Sigma), mouse antiNeuN (1:50; provided by R. Mullen, University of Utah, Salt Lake City,
UT) (Mullen et al., 1992) mouse anti-Rip (1:2; provided by S. Hockfield,
Yale University, New Haven, CT) (Friedman et al., 1989) and rabbit
anti-nestin (1:lOOO; provided by R. McKay, LMB/NIND National Institutes of Health, Bethesda, MD) (Hockfield and McKay, 1985; Lendahl et
al., 1990) were used with species-specific biotinylated secondary antibodies (Jackson) and streptavidin-CY3 (Sigma) for single-stain immunohistochemistry. Double stains were performed sequentially with speciesspecific biotinylated and fluorescein isothiocyanate-conjugated second
aries (Jackson) and streptavidin-Texas red (Sigma). Specificity of immunostaining was confirmed by the absence of detectable fluorescence in
sections processed after omitting the primary antibodies.
Statistical analyses. The numbers of retrovirally labeled cells were
analyzed
using
ANOVA and Newman-Keuls post hoc tests @ < 0.05).
All other experiments were analyzed using Student’s t tests (p < 0.05).

RESULTS
Modulation of the constitutively proliferating
subependymal progenitor population
The lateral ventricle subependyma is made up of at least two
kinetically distinct neural precursor cell populations: a constitutively proliferating
progenitor
cell population
and a relatively
quiescent stem cell population (Morshead et al., 1994). To study
the effects of exogenous growth factors on the constitutively
proliferating
subependymal population in vivo, a limited number
of these actively proliferating
cells were infected with a
replication-deficient
retrovirus containing a ZacZ reporter gene to
label without dilution all subsequent progeny of the originally
infected proliferating
cells (Price et al., 1987; Miller et al., 1990;
Hajihosseini et al., 1993; Roe et al., 1993). One day after injection
of retrovirus into the adult mouse lateral ventricle, an average of
9.6 -C 1.5 (n = 9) LacZ+ cells were observed in the subependymal
layer surrounding the forebrain lateral ventricle ipsilateral to the
injection site (counted from the rostra1 tip of the lateral ventricle
extending caudally to the rostra1 portion of the third ventricle).
Seven days after retrovirus injection, the total number of LacZ+
cells in the lateral ventricle subependyma decreased significantly
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Figure 1. In viva growth factor modulation
of retrovirally
labeled LacZ+
subependymal
cells. A, Growth factor effect on the number of LacZ+ cells in
the lateral ventricle. B, Growth factor effect on the radial distance away from
the lateral ventricle walls of LacZ+ cells. C, Time course for the EGF-induced
increase in the number of LacZ+ cells. D, Time course for the EGF-induced
migration
of LacZ+ cells. E, Dose-response
relationship
for the EGFinduced increase in the number of LacZ+ cells. Retrovirus
(W) was injected
on day 0, and growth factors were infused (4, B, E) on days 1 through 7; EGF
was infused (C, D) for 1, 3, and 6 days starting on day 1. Numbers in parentheses indicate the number of animals per treatment
group. LacZ+ cells were
counted
from the rostra1 tip of the lateral ventricle
caudally
to the
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to 3.7 k 1.0 (n = 6; t = 2.91,~ < 0.05). This normally occurring
decrease in the lateral ventricle retrovirally labeled population is
the result of cell death and the rostra1 migration of subependymal
cells to the olfactory bulb (Morshead and van der Kooy, 1992;
Corotto et al., 1993; Lois and Alvarez-Buylla, 1994). Intraventricular infusion of EGF or TGF-a for 6 consecutive days resulted in
18- and 1Cfold increases, respectively, in the total number of
retrovirally labeled cells relative to vehicle-infused controls (Figs.
ZA, 2A,B) and in their migration away from the walls of the lateral
ventricle into adjacent normal brain parenchyma (Fig. lB, 2,4,B).
The maximum migration of labeled cells after EGF treatment was
-400 pm, with no LacZ+ cells observed in the contralateral
hemisphere. Infusion of vehicle controls alone had no significant
effect on the total number or location of labeled subependymal
cells relative to untreated control animals (not shown). These
observed effects of EGF were found to be both time- and dosedependent (Fig. lC-E). Basic FGF resulted in a 2.4-fold increase
in the total number of retrovirally labeled cells but no change in
their location relative to vehicle-infused controls (Fig. lA,B).
Simultaneous infusion of EGF and bFGF did not enhance the
effects attributable to EGF alone (Fig. lA), and NGF alone was
without effect (Fig. lA, B).
In a separate set of experiments, the total number of LacZ+
cells that migrated to the olfactory bulb was quantified. Seven days
after retrovirus injection, 6.9 ? 2.2 (n = 8) LacZ+ cells were
located in the olfactory bulb in vehicle-infused animals, whereas
in EGF-infused animals only 0.7 2 0.5 LacZ+ olfactory bulb cells
were found (n = 10; significantly different from vehicle control,
t = 3.21, p < 0.05). Thus, EGF seems to arrest the normal
migration of LacZ+ cells toward the olfactory bulb and to redirect
labeled cells into adjacent brain parenchyma. Simple redirection
of subependymal cells that normally migrate to the olfactory bulb,
however, cannot fully account for the effects of EGF, because the
total LacZ+ (lateral ventricle and olfactory bulb) cell population
in vehicle-infused animals represents only 8.4% of the total number of labeled cells recovered after EGF treatment.
Modulation of the relatively quiescent subependymal
stem cell population
The in vivo adult source for in vitro EGF-responsive neural stem
cells (Reynolds and Weiss, 1992) is a relatively quiescent cell
population residing in the forebrain lateral ventricle subependyma
(Morshead et al., 1994). To test the effects of growth factors on
this relatively quiescent subependymal stem cell population in
vivo, we assessed the effect of intraventricular growth factor infusion on the subsequent isolation of in vitro EGF-responsive neural
stem cells. EGF, bFGF, or vehicle was infused into the lateral
ventricle of adult mice for 6 d. Subsequently, the ipsilateral
subependyma was dissected out, and the number of in vitro EGFgenerated spheres, which are the clonal derivatives of relatively
quiescent subependymal stem cells, was assessed (Reynolds and
Weiss, 1992; Morshead et al., 1994). In vivo pretreatment of
animals for 6 d with EGF resulted in a 370% increase in the
generation of spheres in vitro (272 5 40 spheres/hemisphere,
n = 9) relative to vehicle-infused controls (73 2 7 spheres/
c
rostra1 portion
of the third ventricle.
Statistical
analysis by ANOVA
followed by Newman-Keuls
multiple
comparison
tests (p < 0.05). A, B, E:
*, Significantly
different from the number of LacZ+ cells in vehicle-infused
controls. C, D: *, Significantly
different from the number of LacZ+ cells in
noninfused
controls at the time of growth factor infusion
initiation.
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F@,uz 2. Effect of EGF infusion on the location and proliferation
of retrovirally
labclcd subcpcndymal
cells. A-C, Retrovirus
was injcctcd on day 0. and
EGF was infused on days 1 through
7. C, [iH]thy
was injected
every 3 hr for 15 hr on day 7. Rcpresentativc
example of La&’
cells (U~XMS) in
vehicle-infused
control (A) and after 6 d of EGF infusion
(B) in a 60 ,um coronal forebrain
section. LV, Lateral ventricle;
ST, striatum:
CC, corpus
callosum; S, septum (all low-power
photomicrographs
throughout
this article arc oriented identically).
C, Represcntativc
example of a [lH]thy
and LacZ +
double-lab&d
ccl1 (urrow)
and a LacZ+ single-lab&d
ccl1 (urrowhead).
Cells were considered
[3H]thy-labeled
if more than five grains were counted over
the cell nuclei.
Background
counts
were determined
to be less than one grain per cell. Scale bars: A, B, 200 pm; C, 25 pm.

hemisphere, n = 8; t=4.618, p < 0.05). Similar in viva bFGF
pretreatment
of animals resulted in a 49% increase in the total
number of in vitro spheres isolated in EGF (227 -t 29 spheres/
hemisphere, n = 6) relative to vehicle-infused controls (152 i 20
spheres/hemisphere,
n = 6; t=4.662, p < 0.05). These results
suggest that in addition to the observed effects on constitutively
proliferating subependymal progenitor cells, both EGF and bFGF
also seem to induce symmetrical divisions of relatively quiescent
subependymal stem cells to effect the expansion of this population
in vivo.
EGF-induced
proliferation
and survival of
subependymal
precursor
cell populations
The ratio of proliferating
to nonproliferating
cells in the EGFinduced retrovirally
labeled cell population
was assessed by
[“HIthy S-phase labcling on the final day of growth factor infusion.
On day 6 of EGF infusion, 167 of 432 LacZ+ cells analyzed were
double-labeled
with [‘HIthy (Fig. 2C). This indicates that on the
sixth day of growth factor infusion, 38% of the total EGFexpanded population was proliferating
actively. Given that only
2.6% of the cells proliferating
on the sixth day of EGF infusion
(labeled with BrdU) wcrc still proliferating
6 d after EGF withdrawal (labeled with [?H]thy; not shown), it is apparent that the
observed proliferation in the EGF-expanded
population is dependent on the continued presence of EGF and not an inherent trait
of these cells or attributable
to the action of an independent
endogenous factor. It is unlikely that this low level of doublelabeling is the result of the BrdU label diluting out of continuously
dividing cells attributable
to the greater than IO-fold excess of
readily detectable BrdU+ cells relative to [“HIthy+ cells 6 d after
EGF withdrawal. Furthermore, considering that 62% of the EGFexpanded precursor cell population
in vivo is postmitotic
(not

Table 1. Expansion
of the total number and proliferation
of cells
surrounding
the lateral ventricle
immediately
after 6 d of EGF infusion
Total

Proliferating

Astrocytes

Neurons

Control 1658 t 161 (3)

Group

6.5 + 8 (6)

266 z!z 18 (3)

1214 + 73 (3)

78 + 9 (6)
428 t- 59* (4)

255 2 23 (3)
223 t I2 (3)

1267 + 20 (3)
1204 -t 219 (3)

Saline
EGF

1720 t 73 (3)
4056 2 279” (4)

Total and prolifcraling
ccl1 cotmts wcrc dctcrmincd
with Nissl stilin rind UrdU
immunohistochcmistry,
respectively.
The number
of astrocytcs
and nc~m~ns WIS
determined
by SlOOp and NcuN immunohistochemistr,
respectively.
Counts were
measured
in a minimum
of five sections
per ;tnimal on both sides of the vcntriclc
tpstlateral
to the mfuston cannula
m 0.64 mm- total tissue inw grids ;tt the dorstrventral
midpoint of the lateral ventricle in 14 pm coronal sections -200 in, caud;il
to the crossing
of the corpus callosum.
Numbers
in parcnthcscs
indicxtc
the totid
number of animals per group. ’ Significantly
different
from control
@ < 0.05, I tests).

labeled with [‘HIthy during a 15 hr period) after 6 d of EGF
infusion, this result suggests that (in addition to a mitogenic
action) EGF also may act as a survival factor for the progeny of
the constitutively proliferating
subependymal cells that normally
undergo cell death (Morshead and van der Kooy, lY92). Consistent with the retrovirus and [‘HIthy results, there was a dramatic
increase (Table 1; Fig. 3A,R) in the number of cells lab&d with
BrdU on day 6 of EGF infusion relative to the increase on day 6
of vehicle infusions. Basic FGF also resulted in a significant
increase (273.6 I!I 37.4, II = 5 vs 143.2 -f 11.4, II = 5; p < 0.05) in
the number of BrdU-labeled
cells relative to vehicle controls. The
EGF-induced
proliferating
cells appeared within a spatially restricted zone radiating up to 400 pm away from the walls of the
lateral ventricle in adjacent normal brain parenchyma (Fig. 3.Q).
Accompanying
this dramatic increase in the proliferation
of cells
surrounding
the lateral ventricle was a 2.4-fold increase in the
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FigLtr-e3. Characterization of the EGF-expanded subcpendymal
cell population on day 6 of EGF infusion. Animals were infused for
6 d with vehicle (A, D, G) or EGF (R, C, E. I; H, I). BrdU was
in.jected every 3 hr for IS hr on the final infusion day. Animals were
killed 2 hr after the final BrdU injection and pro&cd
tar BrdU
(A. B, F, 11, EGF-reccotor (11-F). or ncstin (G-I) mimunorcactivity. C, EGF infusion was ter~minatcd after the final BrdU injection.
and animals were killed and proccsscd for BrdU immunoreactivity
7 weeks later. F, Double-label
immunohistochemistly
for EGF
receptor (~rl) and BrdU (,gmv7) in the dorsomedial striatum on day
6 of EGF infusion. I, Double-label immunohistocheliiistly for nestin (greea) and BrdU (red) radiating away from the medial lateral
ventricle wall on day 6 of EGF infusion. Scale bars: A-E, G,H, 300
wrn; F, 100 Frn; I, 50 pm.

C

I

Nissl staining
BrdU labeling
also appeared
of the lateral
EGF-expanded
day 6 of EGF
underestimates
population.

in this region, as quantified with cresyl violet
on day 6 of EGF infusion (Table 1). Similar to the
pattern, the EGF-induced
increase in Nissl cells
in a spatially restricted zone surrounding
the walls
ventricle (not shown). Given that only 38% of the
retrovirally population is labeled with [‘HIthy on
infusion, it is presumed that BrdU labeling similarly
the ovcra!l magnitude
of the EGF-generated

Characterization
of in vivo EGF-responsive
cells
To ask whether the effects of EGF were attributable
to direct
actions on EGF-responsive subependymal cells, the spatial distribution of EGF-receptor-bearing
cells was determined by immunohistochemistry.
Although
the fibrous nature of the EGFreceptor staining pattern precluded exact quantification,
6 d of
EGF infusion elicited a dramatic increase and spatial expansion of
EGF-receptor
expression (compared with control and vchicleinfused EGF-receptor
staining pattern, which was restricted to the
lateral ventricle subependyma)
(Fig. 3D,E). The EGF-receptor
staining pattern after EGF infusion essentially overlapped the
regions found previously to contain the EGF-induced
prolifcrating population (Fig. 3.4,R). Examination of individual proliferating cells revealed that >95% of the BrdU’ cells overlapped EGF
receptor+ staining (Fig. 3F). Thus, EGF seems to exert its effects
by directly activating EGF receptors on responsive cells and not
through an action on an intermediary cell population. Of course,

it remains possible that some of the effects attributed to EGF may
be indirect through the release of a secondary, autocrine-acting
growth factor.
To assess whether EGF also induces the proliferation
of endogenous mature ccl1 populations, the total numbers of astrocytes
and neurons surrounding
the lateral ventricle were dctcrmined.
Although 6 d of EGF infusion induces a dramatic increase in the
proliferation
of cells surrounding
the lateral ventricle, the absolute numbers of SlOOfl’ astrocytcs (Ghandour et al., 1981; Hafidi
et al., 1994) and NeuN’ neurons (Mullen et al., 1992; Morassutti
et al., 1994; Staines et al., 1994) in this region did not change
significantly relative to control or vehicle-infused animals (Table
1). This lack of an increase in the astrocytic population surrounding the lateral ventricle clearly indicates that the EGF-induced
proliferative response is not the result of a localized gliosis. This
is consistent with the absence of induction of glial fibrillary acid
protein expression in the pcriventricular
region (not shown).
Similarly, there was no dramatic change in the qualitative nature
of microglial (MAC-l)
or oligodcndrocyte
(MAG, CNP, 04, Rip)
staining patterns after 6 d of EGF infusion (not shown). The lack
of any detectable decreases in either the glial or neuronal cell
populations
after EGF infusion also indicates that EGF is not
acutely cytotoxic for mature cell populations.
Nestin is an intermediate filament protein expressed in ncuroepithelial precursor cells (Hockfield and McKay, 1985; Lendahl et
al., 1990). In the adult brain, the subependymal region, which
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(no pump)
Saline (day 6)
EGF (day 6)
Saline (day 55)
EGF (day 55)

4085
5307
37984
245
9786
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withdrawal
Neuron

sloop
BrdU
k
2
t
2
?
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416
756
3288*
72*
197*

229
314
340
160
2876

+
k
k
2
2
2

43
70
120
50
320*

Percentage
double label

BrdU

5.6
6.4
0.9*
65.1*
29.4*

4766
5905
39312
178
9817

2
2
k
2
2

511
356
2422*
8*
204*

NeuN
BrdU

+

Percentage
double label

122
15 2
148 I!
121
298 2

2
1
.56*

0.2
0.2
0.4
0.5
3.0*

24*

EGF (400 rig/d) was infused on days 0 through 6. BrdU was injected every 3 hr for 15 hr on day 6 before termination of EGF infusion via removal of osmotic pump. Seven
weeks after EGF withdrawal, BrdU-labeled cells were analyzed for astrocytic or neuronal phenotypes by immunohistochemical
double-staining. Counts represent the means
and SEM of the sums of every eighth 14 wrn coronal section (for a total of 15 counted sections extending caudally from the rostra1 tip of the lateral ventricle) for the entire
hemisphere ipsilateral to the infusion cannulae from three separate animals per treatment group. * Significantly different from control @ < 0.05, t tests).
a Number in parentheses indicates number of days postinfusion initiation before animal was killed.

contains neural precursor cells, recently was shown to stain for
nestin (Morshead et al., 1994). Examination of nestin expression immediately after 6 d of EGF infusion revealed a dramatic
increase in the total amount and spatial distribution of nestin
staining, overlapping the regions previously found to contain
the EGF-induced proliferating cells and the increased EGFreceptor expression (Fig. 3GJf). The filamentous nature of the
nestin staining pattern precluded exact quantification; however, examination of individual isolated proliferating cells revealed that >95% of the BrdU+ cells overlapped nestin+ fibers
(Fig. 31). This suggests that the in vivo EGF-responsive cells
represent undifferentiated neural precursor cells, which may
have the capacity to differentiate into mature CNS cell types in
situ (Corotto et al., 1993; Lois and Alvarez-Buylla, 1993, 1994;
Morshead et al., 1994).
In viva differentiative potential of EGF-responsive cells
In the avian brain, newly generatedgerminalzone cellsrequire a
minimumof 3-6 weeksto mature into detectable neurons(Nottebohmand Alvarez-Buylla, 1993).To determine the differentiative capacityof the EGF-generatedBrdU+ precursorcellsin vivo,
EGF wasinfused for 6 d, BrdU wasinjected on the final day of
EGF infusion, and infusion was terminated after the final BrdU
injection. The animalswere then allowed to survive for 7 additional weeksbefore characterization of the BrdU+ cell phenotypes. Consistentwith the observation that acute EGF infusion
had no effect on the total number of astrocytessurroundingthe
lateral ventricle (Table l), the total number of BrdU+ cells that
double-stainedfor the astrocyte marker SlOOp was not significantly different on the sixth day of EGF infusion relative to
control or vehicle-infusedanimals(Table 2). A constantnumber
of BrdU+SlOOP+ double-labeled cells in untreated control,
vehicle-, and acutely EGF-treated animalswere distributed randomly and representthe basallevel of normal mature astrocyte
turnover (Altman, 1969).In vehicle-infusedanimals,the 7 week
postinfusionsurvival period resulted in a decreasein the total
number of BrdU+ cells but no change in the total number of
BrdU+SlOOP’ double-labeledcells (Table 2). This maintenance
of the total number of double-labeledBrdU+SlOOP+ cells suggeststhat the BrdU+-labeled mature astrocyte population does
not expand significantlyover this time period.
In control andvehicle-infusedanimals,0.2% of the BrdU+ cells
were NeuN+ (Table 2). Given the postmitotic nature of neurons,
these double-labeledcells likely represent the true nonspecific
overlap of separatecells in this type of analysis(some minor
cellular overlap seemsprobable consideringthe 14 pm section

thicknessand the <lo pm cell body diameters).In animalskilled
immediately after 6 d of EGF infusion, there was a significant
increasein the total number of BrdU+NeuN+ cells but no increasein the percentageof BrdU+ cellsthat were double-labeled,
relative to untreated control animals(Table 2). Thesecells also
represent the nonspecificoverlap of separatecells, with the increasein the total numberof double-labeledcellssimplyreflecting
the increaseddensity of BrdU’ cells surrounding the lateral
ventricles. These resultsare consistentwith the observationthat
EGF infusionfor 6 d had no effect on the total numberof neurons
surroundingthe lateral ventricles (Table 1).
In EGF-infused animals,7 weeksafter EGF withdrawal, -25%
of the cellsinducedto proliferate after 6 d of EGF infusionwere
still detectable(Table 2; Fig. 3C). The majority of theseBrdU+
cellswasfound to be localized to the broad regionssurrounding
the lateral ventricles. During the 7 week period after EGF withdrawal, theseBrdU+ cells increasedtheir maximaldistanceaway
from the walls of the lateral ventricle from -4OOpm to 700 pm.
The mechanismunderlying the 75% lossof the EGF-generated
BrdU+ cell population over 7 weeksis not known, but it may be
the result of cell death, migration of these cells to distant CNS
regions,or their continued proliferation and thus the diluting out
of the BrdU label in thesecells.Coincident with this decreasein
the total number of EGF-generated BrdU+ cellswas a dramatic
increasein the total number of BrdU+SlOOP+ double-labeled
cells,and a smallerbut significantincreasein the total numberof
BrdU+NeuN+ double-labeled cells (Table 2; Fig. 4). Of the
BrdU+ cells still detectable7 weeksafter EGF withdrawal, 28%
double-labeledfor the astrocyte marker SlOO& and 3% doublelabeled for the neuronal marker NeuN. These analyseswere
performed caudal to the olfactory bulb and rostra1to the hippocampusand thus do not include the adult genesisof new
neuronsin either of theseregions(Kaplan, 1985;Corotto et al.,
1993). NumerousBrdU+Rip+ double-labeledcells are also observed 7 weeks after EGF withdrawal (Fig. 4). Rip specifically
labelsmature oligodendrocyteperikarya and processes
(Friedman
et al., 1989). Exact quantitation of the actual percentageof oligodendrocytesgeneratedwas not possiblebecauseof extensive
Rip processstaining, which restricted counts. All three of the
double-labeledcell populationswere located up to a maximum
distanceof 700 pm away from the lateral ventricle walls,essentially equally divided betweenthe cortex, striatum, and septum.
Becauseof the 75% decreasein the density of BrdU+ cells 7
weeksafter EGF withdrawal,it is highly unlikely that the observed
increasesin the double-labeledpopulationsare the result of an
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Fgure
4.
In situ colocalization
of BrdU ’ cells with astrocyte, ohgodendrocyte, and neuronal phenotype markers 7 weeks after EGF withdrawal. Animals
were infused for 6 d with EGF, and BrdU was mjectcd every 3 hr for 15 hr on the final infusion day. EGF infusion was tcrminatcd immediately after the
final BrdU injectton, and animals were killed and processed for immunohistochemistty 7 weeks later.A, D, G, J, BrdU immunoreactivity (~Iwz). B, SlOOp
astrocyte staining (red) in the same field as for A. C, Double-labeling for BrdU and SlOOp displayed by double-exposure of the images shown in A and
B. E, Rip oligodendrocyte staining (red) in the same field as for D. F, Double-labeling for BrdU and Rip displayed by double-exposure of the mrages shown
in D and E. H, K, NeuN neuron staining (red) in the same field as G and J, respectively. I, L, Double-labeling for BrdU and NeuN displayed by
double-exposure of the images shown in G, J and H, K, respectively. Arrows represent double-labeled cells (yellow in C, F, I, and L). Scale bar (shown
in L): 50 pm.

increase in the nonspecific overlap of separate cells. Rather, we
conclude that these late-appearing
double-labeled
cells represent
new astrocytes, oligodendrocytes,
and neurons, which have ma-

tured from undifferentiated
EGF-responsive
precursor cells that
wcrc cxpandcd out of the adult subependyma. This is consistent
with a dramatic loss of nestin expression (and rerestriction
of
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nestin staining to the periventricular
region; not shown) in animals allowed to survive for 7 weeks after growth factor withdrawal. The preferential
differentiation
of EGF-responsive
subependymal precursor cells into glia rather than neurons is
consistent with previous studies of the differentiation
of neural
precursor cells, and this difference may reflect an inherent default
pathway for differentiation
(Temple, 1989; Cattaneo and McKay,
1990; Murphy et al., 1990; Reynolds and Weiss, 1992; Kilpatrick
and Bartlett, 1993). Correcting for false positives and for the
possibility of counting the same cell in adjacent sections (Abercrombie, 1946), and considering that our counts are based on the
sums of one out of every eight sections (encompassing approximately one half of the total rostral-caudal
length of the lateral
ventricle), we estimate that -4 X lo5 new precursor cells, 2.8 X
lo4 new astrocytes, and 2.5 X lo3 new neurons per hemisphere
were generated by 6 d of EGF infusion and a 7 week postinfusion
period. These approximations
presumably underestimate the true
magnitude of the EGF effect, considering that only one third of
the EGF-expanded
precursor population is mitotically active on
the day of BrdU injection (Fig. 2C).

DISCUSSION
EGF infusion into the adult mammalian brain results in a dramatic increase in the endogenous subependymal neural precursor
cell populations and their migration away from the lateral ventricle walls into adjacent normal brain parenchyma where, after
growth factor withdrawal,
they can differentiate into new CNS
neurons and glia.
It is apparent that the EGF-responsive
cells are derived specifically from the lateral ventricle subependymal region. Retrovirally
labeled subependymal cells, 1 d after retrovirus injection (at the
time point when growth factor infusion was initiated), were always
found to reside within 50 pm of the lateral ventricle wall, whereas
after 6 d of EGF infusion retrovirally labeled cells were recovered
up to a maximum distance of 400 pm away from the ventricle wall.
Furthermore,
after unilateral infusion of EGF, the increases in
cell density, proliferation,
and EGF-receptor
and nestin expression occur in an identical time-dependent
manner. These increases were observed bilaterally but always specifically localized
to the regions surrounding the lateral ventricles, with no induction
of proliferation
in either the third or fourth ventricles after EGF
infusion. In separate experiments, in which EGF was infused
directly into the lateral striatum rather than the lateral ventricle,
identical proliferative effects were noted surrounding
the ipsilatera1 lateral ventricle, with no increased proliferation
relative to
vehicle controls in the region proximal to the striatally implanted
cannulae (unpublished results). Thus, it is clear that EGF does not
induce the proliferation
of endogenous resident striatal cell population(s), but rather that EGF acts directly through the EGF
receptor to induce the proliferation,
survival, and migration away
from the forebrain lateral ventricle walls of undifferentiated
subependymal precursor cells.
The observed dramatic increase in the total number of proliferating
cells (BrdU)
and the overall increased density of
precursor
cells (Nissl) surrounding
the adult subependyma
after EGF infusion suggests that EGF may exert its effects by
acting as a mitogen for subependymal
cells as well as a survival
factor for the normally dying postmitotic
progeny of these
proliferating
cells (Morshead
and van der Kooy, 1992); however, a more comprehensive
understanding
of the exact nature
of the effects of EGF on subependymal
cells in viva awaits a
more detailed investigation.
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The adult subependyma
consists of at least two kinetically
distinct cell populations:
a relatively quiescent stem cell population and a constitutively
proliferating
progenitor
cell population (Morshead
et al., 1994). The postmitotic
fate of the
constitutively
proliferating
cell population
has been determined to be cell death or neuronal differentiation
after migration to the olfactory bulb (Morshead
and van der Kooy, 1992;
Lois and Alvarez-Buylla,
1994). Persistence of the constitutively proliferating
cell population
throughout
the lifetime of
the animal suggests that a relatively quiescent stem cell must
exist to proliferate
infrequently
to self-renew and to repopulate
the constitutively
proliferating
population
that is continuously
being depleted. The present results suggest that exogenous
EGF exerts a mitogenic effect on both the relatively quiescent
stem and the constitutively proliferating
progenitor
subependyma1 cell populations
in vivo. First, the increased number of in
vitro EGF-responsive
spheres [the clonal derivatives of the
relatively quiescent subependymal
stem cell population
(Morshead et al., 1994)] after in vivo EGF infusion implies that EGF
must induce at least some symmetrical ccl1 divisions within the
stem cell population.
Second, given that the magnitude of the
overall increase (3.7-fold) in the number of in vitro stem cells
cannot account for the overall increase (6.7- to 7.2-fold; Table
2) in the EGF-induced
BrdU’
cell populations
after 6 d of
EGF infusion,
EGF must also induce symmetric divisions
within the constitutively
proliferating
(progenitor
cell) population, independent
of the expansion of the stem cell population.
These symmetrically
dividing constitutively
proliferating
cells
would thus be equivalent to the transit amplifying cells hypothesized to exist in other tissues containing stem and progenitor
cells (Hall and Watt, 1989; Potten and Loeffler, 1990). Basic
FGF also may act on both the relatively quiescent stem and the
constitutively
proliferating
progenitor
subependymal
cell populations in vivo, because 6 d of bFGF infusion also resulted in
significant
(albeit smaller) increases in both in vitro EGFdependent sphere formation (OS-fold) and in vivo BrdU+ cells
(2.4-fold).
EGF is also proposed to be a migration factor for subependyma1 cells: EGF seems to arrest the normal migration of constitutively proliferating
cells to the olfactory bulb and to promote the
migration of subependymal precursor cells away from the lateral
ventricle walls into adjacent cortex, striatum, and septum. It is
important to note that simple redirection of olfactory bulb-bound
cells can account for only 8.4% of the total EGF-expanded,
retrovirally labeled population. The guidance cues that promote
the normal migration of surviving subependymal cells toward the
olfactory bulb have not yet been identified definitively; however,
neural cell adhesion molecule (NCAM)
has been shown to be
expressed on the cells along this rostra1 migratory route (Rousselot et al., 1995), and NCAM (-/-)
mice show selective defects
in cell migration to the olfactory bulb (Tomasiewicz
et al., 1993;
Cremer et al., 1994). In these mice, subependymal cells accumulate primarily along the lateral wall and in the dorsolateral corner
of the lateral ventricle with no apparent accompanying migration
into adjacent brain regions, and there are minimal effects on
subependymal cells along the medial wall of the lateral ventricle.
The distinctly different patterns of subependymal cell accumulation in NCAM (-i-)
and EGF-treated
mice (extensive migration
of subependymal cells into adjacent parenchyma equally on all
sides of the ventricle) demonstrate that the effects of EGF are
distinct from the modulation of NCAM on neural progenitor cell
surfaces.
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There is optimism for a potential therapeutic
applications
of
this work, given that the constitutively
proliferating
forebrain
subependymal
cells found in the adult mouse have also been
reported to be present in the rat, dog, monkey, and human
(Lewis, 1968; Blakemore
and Jolly, 1972; Privat and Leblond,
1972; Rakic and Kornack, 1993; Kirschenbaum
et al., 1994). It
remains to be seen whether the neurons generated from endogenous adult neural precursor cells in the subependyma can
be directed specifically to neuron-deficient
CNS regions and
whether these de nova-generated
neurons are able to make
synaptic connections that impart significant gains of function.
In’conclusion,
in situ growth factor modulation
of endogenous
CNS precursor cells represents a novel model for the study of
neural development
in the adult mammalian
brain and may
provide unique insights to help achieve adult replacement
of
neurons and/or glia lost to disease or trauma, without
the
necessity for transplantation.
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