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SUMMARY

Cortical progenitor cells give rise to neurons during
embryonic development and to glia after birth. While
lineage studies indicate that multipotent progenitor cells
are capable of generating both neurons and glia, the role
of extracellular signals in regulating the sequential
differentiation of these cells is poorly understood. To
investigate how factors in the developing cortex might
influence cell fate, we developed a cortical slice overlay
assay in which cortical progenitor cells are cultured over
cortical slices from different developmental stages. We find

cells when cultured over either embryonic or postnatal
cortical slices. Clonal analysis indicates that the postnatal
cortex produces a diffusible factor that induces progenitor
cells to adopt glial fates at the expense of neuronal fates.
The effects of the postnatal cortical signals on glial cell
differentiation are mimicked by FGF2 and CNTF, which
induce glial fate specification and terminal glial
differentiation respectively. These observations indicate
that cell fate specification and terminal differentiation can
be independently regulated and suggest that the sequential

that embryonic cortical progenitors cultured over
embryonic cortical slices differentiate into neurons and
those cultured over postnatal cortical slices differentiate
into glia, suggesting that the fate of embryonic progenitors
can be influenced by developmentally regulated signals. In
contrast, postnatal progenitor cells differentiate into glial

generation of neurons and glia in the cortex is regulated by
a developmental increase in gliogenic signals.

Key words: Cerebral cortex, Progenitor cells, Cell specification, Cell
signalling, Glia, Neuron, Mouse

INTRODUCTION daughter and a daughter cell with a restricted proliferative and
differentiation capacity. Alternatively, a stem cell might give
One of most important aspects of the cellular organization afse to uncommitted progeny that are capable of differentiating
the nervous system is the presence of a large number along several different pathways in response to extracellular
differentiated cell types that can mediate distinct functionssignals. The extracellular signal might select for a particular
During development, differentiated cell types are generatecell type in one of two ways. The signal might act by
from dividing progenitor cells. The mechanisms by which thenstructing a multipotent cell to adopt a specific developmental
principal cell types of the nervous system, neurons and gliate (instruction), or it might act as a survival factor for a
are generated from the progenitor population has been an atesage-committed daughter cell (selection). The sequential
of active investigation for several years, and these studies hageneration of neurons and glia in the cerebral cortex offers a
provided a number of important insights. In most parts of thgood model system for evaluating the instructive and selective
nervous system neurons and glia are generated in sequemdfects of extracellular factors, as well as cell autonomous
from a progenitor cell population and at least a subset of theseechanisms, in cell fate specification.
progenitors are capable of generating both cell types. Many of In the rodent cerebral cortex, neurons are generated from
these multipotent progenitors can also produce daughter cetenbryonic day 12 (E12) through E20, and glia are generated
that retain the ability to give rise to both neurons and glia, andostnatally (Bayer and Altman, 1991). Lineage studies
by analogy with the hematopoietic system these cells aiedicate that the developing cortex contains multipotent
referred to as neural stem cells (reviewed in Patterson, 1990rogenitor cells capable of generating both neurons and glia
McConnell, 1991; Alvarez-Buylla and Lois, 1995; Temple and(Kilpatrick et al., 1995; Luskin et al., 1988; Reid et al., 1995;
Qian, 1996; Morrison et al., 1997). Walsh and Cepko, 1988; Walsh and Cepko, 1992), although
Stem cells can generate differentiated progeny such a&®parate precursors for neurons and glia have also been
neurons and glia by either cell autonomous or non-celilescribed (Davis and Temple, 1994; Luskin et al., 1993;
autonomous mechanisms. For example, a stem cell mightskin et al., 1988; Price and Thurlow, 1988; Williams and
undergo asymmetric division to give rise to a stem celPrice, 1995). There are several mechanisms that might
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contribute to the sequential generation of neurons and glisoform; PDGF BB; Upstate Biotechnology), or epidermal growth
during cortical development. One possibility is that afactor (EGF; Upstate Biotechnology) was added to the medium under
multipotent stem cell gives rise to neuronal restrictedlices, 3 hours prior to the addition of GFP cells.
p_rogenlltors ear_ly n de\_/elopment by. asymme'grlc division, an mmunostaining of slice overlay cultures on membranes
gives rise to glial restricted progenitors late in developmen PP,

) ; nd identification of cell types
The switch in cell fate could be regulated by a cell autonomo

hani f le by | fintrinsic fact titi ices were fixed overnight with 4% paraformaldehyde (PFA) at 4°C
mechanism, tor example Dy 10Ss ot INtrnsic factors partiionegd, 4 processed for immunofluorescence analysis by blocking

unequally during mitosis over time. Alternatively, the fate ofyonspecific binding overnight at 4°C with 3% BSA, 0.3% Triton X-
cells generated at a particular division could be instructivelyo, and 1% goat serum in PBS, followed by a further overnight 4°C
specified by signals present in the extracellular environmenixcubation with primary antibody in 3% BSA and 0.3% Triton X-100
The presence of a neuronal fate inducing signal early iim PBS, and secondary antibodies in 3% BSA, 0.3% Triton X-100, and
development and a glial fate inducing signal later inl% goat serum in PBS. For BrdU immunofluorescence analysis slices
development could then account for the observed tempor@ere fixed overnight in 4% PFA, postfixed for 1 hour in 70% ethanol,
pattern of cellular differentiation. permeabilized with 0.4% Triton X-100 in PBS for 1 hour, incubated
To analyze the influence of extracellular signals in cell fatgv'th 2 N HCl for 30 minutes, 0.1 M NaBy for 30 minutes, followed

- . . . overnight blocking, primary antibody incubation, and secondary
decisions in the cortex, we have developed a cortical slic tibody staining as above. The primary antibodies used were rabbit

overlay assay thgt a”OV\.'S one to define thg spatlgl a lyclonal anti-GFP (1:3000, Molecular Probes), mouse monoclonal
temporal distribution of signals that regulate differentiationani-Grp (1:1000, Molecular Probes), mouse monoclonal anti-MAP-2
without having a prior knowledge of the identity or nature of(1:3000, Sigma), mouse monoclonal anti-GFAP (1:1000, Sigma),
the signal. By culturing cortical progenitor cells directly onmouse monoclonal anti-BrdU (1:400, Becton Dickinson) and rabbit
top of cortical slices we can investigate whether thepolyclonal anti-NG2 (1:1000, Chemicon). The fluorescent secondary
sequential generation of neurons and glia in the cortex is amtibodies were goat anti-rabbit or goat anti-mouse Oregon Green-
intrinsic property of the progenitor cells or if their fate isconjugated IgG (1:600, Molecular Probes), and goat anti-rabbit or goat
regulated by local environmental signals. Also, b antl-mouse Cy3-conjugated Ig.G (1:600, Molecular Probes). Cell nuclei
performing clonal analysis on cells growing underneat ere stained for 2 hours _usmg_Hoechst 33258 (1:2_000, Molecular
cortical slices separated by a porous membrane, we ¢ rH_obes). Images were acquired with a Nikon TE300 Eclipse microscope

determine the nature of the signal, and whether the sign ging 1PLab Spectrum 3.2 (Scanalytics) or with a LSM 510 Zeiss

. . . dnfocal microscope equipped with helium-neon and argon lasers.
act instructively to alter cell fates or to selectively promote \jost cultures at E15+5 days in vitro (DIV) were scored based on

the survival of lineage restricted precursors. Here we describgap-2 and GFP immunofluorescence since we did not find a
experiments that show that the fate of early corticabefinitive marker to identify astrocyte precursors (the RC2 antibody
progenitors can be influenced by local extracellular signalglid not work well in our cultures), and mature astrocytic markers such
We also show that a developmentally regulated extracellul&as GFAP were not expressed at 5DIV. In these cultures, GFP-
signal induces glial cell fates, and that late corticaPositive/MAP-2-positive (GFP+/MAP-2+) cells were scored as
progenitors are restricted to glial fates. Finally, we show thaieurons. Neurons classified as pyramidal neurons had one major
FGF2 and CNTF influence cell fate and glial differentiationMAP-2-positive tapering process that frequently terminated in an
respectively, suggesting that these signals may co-operative

ical tuft. These cells sometimes also had minor basilar dendrites,
T - . . which were MAP-2 positive, but of finer caliber than the apical

regulate the transition from neurogenesis to gliogenesis o

Vivo.

ndrite. GFP+/MAP-2-negative (MAP-Pcells were scored as glial

if they had a differentiated astrocytic morphology, and were scored as
‘undefined’ if they did not have a differentiated morphology. Cultures
at E15+10DIV were scored as neurons or astrocytes based on GFP,

MATERIALS AND METHODS MAP-2, and GFAP immunofluorescence.

Slice overlay cultures Clonal analysis

Embryonic cortical progenitor cells were isolated at E15 from timedissociated E15 cortical progenitor cells isolated from
pregnant transgenic mice expressing the enhanced green fluoresceeterozygous GFP transgenic mice were diluted 1:1000 with wild-
protein (EGFP) under the control of tReactin promoter (Okabe et type progenitors from littermates and plated on poly-I-lysine- and
al., 1997). EGFP transgenic mice were identified with the aid of a UVaminin-coated glass coverslips in 12-well tissue culture plates
lamp, dissected in HBSS, and the cells dissociated using papaiGostar) at %10° cells/well. Each well contained 1 ml of
(Threadgill et al., 1997). For E15 GFP cells, the whole cortex waBlEUROBASAL medium (Gibco) supplemented with glutamine
used; for P5 GFP cells, only the subventricular zone was use@Gibco), penicillin-streptomycin (Gibco) and B27 (Gibco). GFP
Coronal sections (25@m) of rat cortex between E18 and P15 wereexpression was used to confirm that the progenitors were
made using a vibratome, and 4-6 slices were then placed on polydempletely dissociated and well isolated from each other so that
lysine- and laminin-coated membrane inserts in 6-well plates using afones could be unambiguously identified. To examine the influence
air-interface protocol (Polleux et al., 1998; Polleux et al., 2000). Irof growth factors on clonal composition, cultures were treated with
each experiment, approximately?tiissociated GFP cells were plated 10 ng/ml FGF2 (Amgen), 10 ng/ml PDGF BB (Upstate
per well. The medium used was 70% basal Eagle’s medium, 25®iotechnology), 10 ng/ml ciliary neurotropic factor (CNTF;
HBSS, 20 mM glucose, 1 mM glutamine, 1 mM penicillin- Upstate Biotechnology), or 10 ng/ml EGF (Upstate Biotechnology)
streptomycin, 1 mM kynurenic acid, and 5% horse serum (slicéor the duration of the experiment. To determine if cortical slices
culture medium). One day later the medium was changed to sliggroduced diffusible signals that could influence clonal composition,
culture medium without horse serum. Cells were cultured on top afortical slices from E18 and P15 cortex were placed in membrane
cortical slices for 5-10 days. In some cases, 50 ng/ml of recombinaimserts, and the inserts were placed over glass coverslips in 12 well
fibroblast growth factor (FGF2; Amgen), ciliary neurotrophic factorplates (Biocoat; Becton Dickinson) containing E15 GFP and E15
(CNTF; Upstate Biotechnology), platelet derived growth factor (BBwild-type mixed cortical cultures as described above.
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Fig. 1. Extracellular signals in the cortex regulate neuronal
and glial differentiation. (A,B) Dissociated E15 cortical GFP
cells were cultured over rat E18 or P15 cortical slices for 5-
10 days in vitro, and then processed for immunofluorescence
to identify differentiated neurons and glia. Examples of E15
GFP cells growing over an E18 cortical slice after 5 days in
vitro (A) or over P15 slice after 10 days in vitro (B). Cells
growing over embryonic slices differentiated into MAP-2+
neurons with characteristic neuronal morphology (A),
whereas cells growing on P15 slices differentiated into
GFAP+ astrocytes with characteristic glial morphology (B).
The white arrowhead in A identifies a neuron
immunopositive for GFP (green channel) and the neuronal-
specific dendritic marker MAP-2 (red channel; yellow on the
C D - m_erged i_mage) While_ _the yellow arrowhead in B identifie;, a
100 - = ““‘”"_"s glial cell immunopositive for GFP and the astrocyte specific
Undetiirea marker GFAP. (C-F) Quantification of the number of GFP+
Dlctia neurons (filled bars) and GFP+ glia (open bars) in slice
overlay cultures from different developmental ages expressed
as a percentage of the total number of GFP+ cells on top of
the slice. The undefined population (hatched bars) were

A E18 Slice

E15 GFP Cells

% MAP-2- cells that failed to extend processes. Bar heights
o represent mean + s.e.m.
o 0
L(.'JL E E18 Slice F PO Slice
32100 ; 4055 cortical slices taken from rats between embryonic day
= 18 (E18) and postnatal day 15 (P15). After 5-10 days
80 4 80 1 in vitro, the differentiated phenotype of GFP cells was
60 4 60 A assessed by morphology as well as by double
immunofluorescence using antibodies against GFP and
40 X 40 the cell type-specific markers MAP-2 (neurons), GFAP
20 4 20 A (astrocytes), or NG-2 (oligodendrocytes) (Polleux et
o o0 Lo— 07727222 al., 1998; Polleux et al., 2000). After 5 DIV all of the
P8 Slice P15 Slice cells with clearly identifiable axons and dendrites were

MAP-2 positive and were classified as neurons (e.g.
Fig. 1A). In these 5-day cultures the MAP-2-negative

Cells were fixed for 15 minutes at room temperature with 40/(:(:"IIS did not express mature glial r_narkers, _suc_:h as GFAP.
paraformaldehyde/4% sucrose, followed by blocking nonspecifiacrhese GFP+/MAP-2cells were classified as glial if they had
binding for 2 hours with 3% BSA, 0.3% Triton X-100, and 1% goatmorphologies typical of immature astrocytes, or as
serum in PBS. The cells were then incubated with primary antibodyndefined’ if they were morphologically undifferentiated.
overnight at 4°C in with 3% BSA and 0.3% Triton X-100 in PBS, andBy 10 DIV many of the GFP cells were immunopositive for
then with secondary antibody at room temperature for 1 hour in 3% FAP (e.g. Fig. 1B), and therefore classification of cells in
BSA, 0.3% Triton X-100 and 1% goat serum in PBS. The antibodiethese cultures was based upon GFP, MAP-2 and GFAP
used were the same as described above. immunofluorescence. The numbers of plated cells expressing
Data analysis oligod_endrocyte markers was insignificant at all ages
examined.

All of the experiments involving slice overlay cultures were carried The phenotype of E15 GFP cells was strongly influenced by

out at least three times, and analysis was based on quantificationkﬁf fh ical sli hich th I lated (Ei
at least 2 independent experiments with 15-20 slices scored pHt€ 29€ of the cortical slice on which the cells were plated (Fig.

experimental condition. Approximately 200 cells were scored pef): When cells were plated over E18 slices, over 75%
slice. The experiments examining the effects of purified growtiflifferentiated into pyramidal neurons with clearly identifiable
factors, and analysis of clone number over time were based dxons and dendrites, and less than 10% differentiated into glia

quantification of at least two independent experiments with at least@ig. 1A,C). In contrast, GFP cells plated over P15 postnatal

wells per experiment. Data are represented as mean + s.e.m. slices differentiated almost exclusively into glial cells (>90%;
Fig. 1B,F). There was a gradual developmental shift in the
differentiated phenotype of GFP cells plated on slices from

Immunostaining of dissociated cells on coverslips

RESULTS different ages. Whereas E18 and PO slices supported similar
. o ) levels of neuronal and glial differentiation (compare Fig. 1C

Extracellular signals regulate cell fate decisions in and D), 55% of the E15 GFP cells plated on top of P8 slices

the cerebral cortex differentiated into neurons and 30% differentiated into glia

To determine if a developmentally regulated extracellulafFig. 1E). Thus, the differentiation of embryonic cortical

signal could influence the differentiation of embryonicprogenitor cells into neurons and glia was strongly influenced
cortical progenitor cells, we cultured E15 cells from GFP-by the age of the slice over which the cells were cultured.
expressing mice (GFP cells) (Okabe et al., 1997) on top dimportantly, the glia-inducing activity was detected between
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Fig. 2. A developmentally regulated signal can direct the fate of dividing embryonic cortical progenitor cells. Dissociated mo&$e E15 G
cortical cells were cultured over rat E18, PO, or P15 cortical slices for 5 days in vitro in the presendd &rdQ to identify progenitors that
were proliferating at the time of plating. (A-C) Examples of E15 GFP cells on top of E18 slices (A), PO slices (B), and$(®) shat were
processed for double immunofluorescence with antibodies directed against GFP (green channel) and BrdU (red channel). E15+GFP+/Br
neurons are indicated by the white arrowheads (A and B) and GFP+/BrdU+ glia by the yellow arrowhead (C). (D-F) Quantiffeation of
differentiated fate of dividing cortical progenitor cells plated on top of E18, PO, and P15 cortical slices. Neurons sfiligid bapen bars. Bar

heights represent mean + s.e.m.

PO and P8, which is at the onset of the gliogenic peric A
cortical development.

While these experiments indicated that factors pre
within the embryonic and postnatal cortical environment ¢
influence the differentiation of cortical cells, they did not re
whether these signals act upon dividing progenitor cell
upon newly postmitotic cells. To specifically examine
influence of the cortical environment on dividing progen
cells, we labeled dividing cells by adding Bromodeoxyuric
(BrdU) to the medium, and subsequently examined
differentiated fate of dividing progenitor cells by dou
immunofluorescence for BrdU and GFP (in these experin
BrdU was present throughout the culture period). While a

P5 GFP Cells
O

Fig. 3. Postnatal cortical progenitor cells are restricted to a glial cell
fate. Mouse P5 GFP cortical cells were isolated from the
subventricular zone, dissociated, cultured over rat E18 or P15
cortical slices for 5 days in vitro, and then processed for double
immunofluorescence using anti-GFP (green channel) and anti-MAP-
2 (A,B) or anti-BrdU antibodies (C,D; red channel). (A,B) Examples
of GFP+/MAP-2- glia growing on top of an E18 slice (A) and a P15
slice (B). (C,D) Examples of GFP+/BrdU+ glia growing on top of an
E18 slice (C) and a P15 slice (D). (E,F) Quantification of GFP cells E
that differentiated into neurons (filled bars) or glia (open bars) when
cultured over E18 or P15 slices. Bar heights represent mean + s.e.m.
Note that although P5 GFP cells differentiate into glia in the 2 80
presence of E18 or P15 slices, the cells acquire different
morphologies in the two cases, suggesting that developmentally
regulated signals may also play a role in specifying glial
morphology. The glia that differentiate on top of E18 slices are
always multipolar, while those that differentiate on top of P15 slices o

100

%GFP Cel
[T - ]
S © o

have a flattened morphology typical of type 2 astrocytes. E18 Slice

E18 Slice

B P15 Slice

100

2 80
1]

O 60
L 40

2 20

P15 Slice



Cortical cell fate specification 3589
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I !
Medium E18 P15
Slice Slice
E Average # Average # Average # Average # Average # of Average # of
of Total of Neuronal of Mixed of Glial Cells / Neuronal  Cells / Glial
Treatment Clones Clones Clones Clones Clone Clone
Medium 46 +/- 7 324/-3 2 +/-1 1 +/-2 2.3 +/-041 5.3 +/-0.7
E18 Slice 32 +4/-3 18 +/- 4 9+/-5 54/-2 2.6 +/- 01 4.9 +/-0.8
P15 Slice 31+/-4 5+/-2 1+/-3 25 +/-5 2.4 +/-041 7.0 +/-0.4

Fig. 4. A diffusible factor present in postnatal cortical slices can induce glial fates. (A) Diagrammatic representation of thedssay us
evaluate the influence of cortex-derived diffusible factors on cell fate specification. Dissociated E15 cortical GFP cdlgaderel @00 with
wild-type E15 cortical cells and plated on glass coverslips underneath membrane inserts containing either rat E18 ocalRlibeoréifter 5

DIV individual clones of GFP+ cells were classified as neuronal (B) or glial (C) by immunofluorescence with anti-GFP (gre@racitann
anti-MAP-2 (red channel) antibodies. (D) Quantification of the percentage of GFP+ clones that contained only neurons (fijiéal (oges)

bars), and both neurons and glia (mixed clones; hatched bars) under indicated experimental conditions. Asterisks istibedite stati
significant differenced?<0.05) between the experimental condition and control (medium) for the indicated clonal type. (E) Quantification of
the average number of total GFP+ clones, the average number of neuronal, glial and mixed clones, and the average callthamber in
neuronal, glial, or mixed clones under indicated experimental conditions (+ s.e.m.). (F) Time-lapse images of the devel@fiént of

positive clone between 4 and 7 DIV.

Clonal composition Cells plated over E18 slice

Fig. 5.FGF-2 induces a cell fate switch in clonal cultures BlNeuronal Clone 100 -
and slice overlay assays. (A) Dissociated E15 cortical GFP 100 P Mixed Clone e DG::'“"S
cells were diluted 1:1000 with wild-type E15 cortical cells 2 so , [ciial Clone =

and plated on glass coverslips in medium supplemented g 60 z“

with 10 ng/ml CNTF, 10 ng/ml PDGF, 10 ng/ml EGF, or a 40 L I

10 ng/ml FGF2. The percentage of clones that were ?g 20 * 3220

composed only of neurons (filled bars), only of glia (open "
bars), and both neurons and glia (mixed clones; hatched ‘,,,,o\““‘cvi“vcﬁ‘ €of oF?
bars) are shown as a percentage of the total number of
GFP+ clones. Asterisks indicate statistically significant
differences IP<0.05) between the experimental condition
and control (medium) for the indicated clonal type.

(B) Quantification of the number of neurons (filled bars) C
and glia (open bars) over E18 slices expressed as a
percentage of the total number of GFP+ cells on top of they Wej=l=]
slice under indicated experimental conditions. Bar heights— >
represent mean + s.e.m. (C,D) Dissociated E15 GFP cellsl-‘bJ
were cultured over rat E18 cortical slices for 5 DIV in the o
absence (C) or presence (D) of 50 ng/ml of recombinant L
FGF2, and then processed for double immunofluorescen
with anti-GFP (green channel) and anti-MAP-2 (red F
channel) antibodies. The GFP cells differentiate into
neurons (C: white arrowhead) under normal conditions, and
into glia (D: yellow arrowhead) in the presence of FGF2. Control FGF2

-
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g

Cells plated over E18 slice
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majority of the GFP+/BrdU+ cells cultured over E18 slicesfate, clones were classified as neuronal (clones with only
differentiated into neurons (Fig. 2A,D), the converse was truaeurons; Fig. 4B), glial (clones with only glia; Fig. 4C) or
for GFP+/BrdU+ cells cultured over P15 slices. (Fig. 2C,F)mixed clones (clones containing both neurons and glia).
The ability of cortical signals to induce neuronal differentiationAnalysis of clone composition revealed that factors produced
of progenitor cells was restricted to the embryonic period, sinday the cortical slices could exert a major influence on cell fate
there were virtually no GFP+/BrdU+ neurons in the corticakpecification. In serum-free medium, 70% of the clones were
slice overlay assays in which E15 GFP cells were platedeuronal and about 25% were glial, indicating that under
over PO or P15 cortical slices (Fig. 2B,C,E,F). Thus, theontrol conditions the majority of progenitors give rise to
differentiated fate of embryonic progenitor cells can beneuronal clones (Fig. 4D). Under E18 slices, there was an
influenced by developmentally regulated extracellular signalsncrease in the number of mixed clones and a small decrease
in the fraction of both neuronal and glial clones (Fig. 4D). In
Postnatal cortical progenitors are restricted to glial striking contrast, under P15 slices only about 15% of the clones
fates were neuronal and 80% of the clones were glial (Fig. 4D).
While the ability of embryonic and postnatal cortical slices toThus, a diffusible factor produced by P15 cortex can induce
influence the differentiation of cortical progenitors suggestsortical progenitors to adopt glial fates.
that extracellular signals can regulate neuronal and glial Quantification of the total number of each class of clones in
differentiation in the cortex, they do not exclude the possibilitydifferent experimental conditions indicated that there was an
that cortical progenitors might also undergo restrictions in cetibsolute increase in the number of glial clones when cells were
fate during development. To determine if progenitors in thgrown below P15 slices (Fig. 4E). This observation, together
postnatal cortex are restricted to glial cell fates, we culturedith the fact that clone viability is comparable under E18 and
progenitor cells from the subventricular zone (SVZ) of P5 GFRP15 slices, strongly suggests that a factor produced by the
transgenic mice over E18 and P15 cortical slices. In contrapbstnatal cortex exerts an instructive influence on cortical
to E15 GFP progenitor cells, which differentiated into neurongrogenitors to induce glial fates. At the same time the drop in
or glia depending upon the age of the slice on which they weltgoth the absolute and relative number of neuronal clones under
cultured, P5 GFP cells differentiated exclusively into glial cellsP15 slices suggests that the postnatal factor inhibits neuronal
when plated over either E18 or P15 cortical slices (Fig. 3A-FXates. It is also noteworthy that E18 slices induce a 5-fold
Also, the majority of P5 GFP glial cells growing over both E18increase in mixed clones. Since mixed clones arise from
and P15 slices incorporated BrdU (Fig. 3C,D; data not shownjnultipotent progenitors, this result suggests that E18 cortex
Thus, unlike embryonic progenitors, postnatal corticaimay provide a signal that is important in maintaining a stem

progenitor cells are restricted to glial fates. cell phenotype.

To determine if the embryonic or postnatal cortex exerted a
A developmentally regulated cortical factor can major effect on cell proliferation within clones, we also
induce a cell fate switch counted the total number of cells per clone under different

Developmentally regulated signals may influence the finaéxperimental conditions. As shown in Fig. 4E the presence of
distribution of neurons and glia by instructively specifying aE18 or P15 cortical slices did not significantly affect neuronal
particular cell fate or by promoting the survival of lineage-clone size. However, culturing cells underneath P15 slices did
restricted progenitors. These alternative cellular mechanisniead to a small increase in glial clone size, suggesting that the
can be distinguished by examining the effects of extracellula15 cortex might also produce a mitogen for glial cells.
signals on clones derived from single progenitor cells. To study The strength of our clonal analysis rests on our ability to
cortical cell fate specification at a clonal level, we cultured E1%dentify groups of cells as being clonally derived, and the
GFP cells with a thousand-fold excess of E15 wild-type cell@entification of an isolated group of cells as a clone requires
(GFP clonal cultures). The GFP cells in such cultures are wethat there be limited migration of cells away from the clone.
separated from other GFP cells, allowing individual clones ofo determine the extent of migration of GFP cells away from
GFP cells to be analyzed. a clone, we carried out time-lapse imaging of identified GFP-
To evaluate the influence of extracellular signals on clonpositive clones over periods up to 3 days in culture. As
survival and cell fate specification, we analyzed clone viabilityexpected, clone size increased during these observations as a
and clone composition in cultures growing under controtesult of cell division, but there was little, if any, migration. An
conditions (medium) or underneath E18 or P15 cortical slicesxample of a clone imaged between 4 and 7 days in vitro is
(Fig. 4A). Our analysis was restricted to GFP clones of two ashown in Fig. 4F and represents the spatially restricted
more cells (indicating that the cells had undergone at least oe&pansion of a typical clone. We also measured the average
round of cell division in culture). To determine if factors clone diameter and average distance between nearest neighbor
produced by E18 or P15 slices differentially affected clonelones to determine the likelihood of clonal overlap. The
viability, we counted the change in the total number of cloneaverage clonal diameter (87#én) was much smaller than the
over the culture period under different experimental conditiondistance between nearest neighbor clones (410429,
In control cultures, at 5 days the number of clones was 75+5%dicating that the probability of clonal overlap was extremely
of the clones present at day 1. In comparison, clone viabilitgmall.
at 5 days underneath E18 and P15 was 67.6+3% and 66.2+2% o )
respectively. Thus, although there is some loss of clones undeF2 and CNTF regulate distinct aspects of glial cell
all conditions, clone survival rates were comparable under E1gfferentiation
and P15 slices. While the clonal analysis indicates that the postnatal cortex
To determine the influence of cortex-derived signals on celproduces a signal that can induce glial fates, it does not address
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whether glial fate specification and terminal differentiation carGFAP negative, indicating that they had not undergone
be independently regulated. One possibility is that once a cdakbrminal astrocytic differentiation. In contrast, over 70% of the
receives a cell fate specification signal, it initiates a cascade BfL5 GFP+/MAP-2 cells plated over P15 cortical slices
biochemical changes that inevitably leads to terminadlifferentiated into GFAP+ astrocytes (Fig. 6A-C). Thus the
differentiation. Alternatively, fate specification and terminalterminal differentiation of cortical progenitor cells into GFAP+
differentiation may be under the control of distinctastrocytes can be regulated by inductive signal that is produced
extracellular signals. One way to distinguish between theday the postnatal cortex.
possibilities is to ask if purified growth factors that induce glial To determine if glial fate specification and terminal
fates also induce terminal differentiation. We therefore decidedstrocytic differentiation can be independently regulated, we
to examine the effects of a number of putative glialexamined whether extracellular signals that induce glial fate
differentiation signals on cell fate specification and terminabpecification would also lead to astrocyte differentiation. To
differentiation. explore this possibility, we cultured E15 GFP cells over E18
To determine if potential gliogenic signals can induce a celtortical slices for 10 days in the presence of the same growth
fate switch in cortical progenitor cells, we cultured E15 GFHactors that were tested for glial fate inducing activity (Fig.
cortical progenitor cells in clonal culture in the presence obA). Under control conditions, only about 20% of the
CNTF, PDGF, EGF, or FGF2 for 5 days, and then analyze@FP+/MAP-2- cells differentiated into GFAP-positive
clonal composition. In medium alone, 75% of the clones werastrocytes. Surprisingly, FGF2, which was very effective in
neuronal, 10% were mixed, and 15% were glial (Fig. 5). Of thenducing glial fates, was ineffective in inducing cells to
various factors tested, only FGF2 was effective in inducing differentiate into GFAP-positive astrocytes (Fig. 6F).
cell fate switch comparable to that induced by postnatal cortekreatment of these cultures with EGF or PDGF also had no
(cf. Fig. 4D). In 10 ng/ml FGF2, there was a dramatic reductioeffect on astrocytic differentiation, but CNTF treatment
in the number of neuronal clones (to 25%), and an increase induced a dramatic increase in GFAP expression in the
the number of glial clones (to 60%). This FGF2 effect is similaGFP+/MAP-2- cell population (Fig. 6D-F). This effect was
to that reported by Temple and colleagues using clonal analysiemparable to the astrocytic differentiation effect of P15 slices
of isolated cortical progenitors (Qian et al., 1997). In contras{compare Fig. 6C with 6F), suggesting that CNTF may be a
CNTF, EGF and PDGF did not affect the percentage of gliadomponent of the cortical signal that regulates astrocyte
clones, although EGF led to an increase in mixed clones. Tllfferentiation. The fact that FGF2 affects clonal composition
EGF effect on mixed clones is similar to the effect of E18 slicebut not terminal differentiation, and CNTF affects terminal
on mixed clones (cf. Fig. 4D), suggesting that EGF may be differentiation, but not clonal composition, indicates that cell
component of the E18 activity. Analysis of clone compositiorfate specification and terminal differentiation can be
and number showed that the shift in clone composition induceddependently regulated. The ability of FGF2 and CNTF to
by FGF2 cannot be accounted for by selection (data nohimic the effects of P15 cortical slices on glial fate
shown), indicating that FGF2 instructively induces glial fatesspecification and astrocytic differentiation further suggests that
To determine if FGF2 could induce glial fates in a morethese factors are likely to be components of the cortical signal
physiological context, we examined the effect of FGF2 on Elfhat regulate glial fate specification and differentiation during
GFP progenitor cells plated over E18 slices. When E15 GFé&evelopment.
cells were cultured over untreated E18 cortical slices, about
65% differentiated into neurons and less than 10%
differentiated into glia (Fig. 5B,C). In contrast, when corticalDISCUSSION
progenitor cells were cultured on E18 slices pre-treated with
FGF2, there was a decrease in the number of neurons and oVég have examined the influence of extracellular signals on the
a two-fold increase in the number of glial cells (Fig. 5B-D).differentiation of cortical progenitor cells into neurons and glia.
This gliogenic effect of FGF2 on cells growing over corticalOur experiments indicate that the differentiation of early
slices is consistent with a role for this factor in glial fatecortical progenitors can be strongly influenced by extracellular
specification. However, even in the presence of FGF2 theignals. When these progenitors are plated over cortical slices
percentage of glial cells is less than that seen with E15 celfeom the neurogenic period they differentiate into neurons, and
plated over P15 slices, indicating that the postnatal cortewhen plated over slices from the gliogenic period, they
contains gliogenic signal in addition to FGF2. differentiate into glia. In addition we find that the postnatal
Finally, we examined the effect of developmentallycortex produces a diffusible extracellular factor that can induce
regulated extracellular signals on the terminal differentiation od cell fate switch in cortical progenitor cells. Thus the
glial cells. Very few of the cells expressed oligodendrocytesequential generation of neurons and glia in the cortex appears
markers in our cultures, and therefore our analysis wa® be controlled by developmentally regulated extracellular
restricted to an analysis of extracellular signals on astrocytiactors that can induce a cell fate switch followed by terminal
differentiation. To determine if developmentally regulateddifferentiation. We also find that FGF2 and CNTF can
signals regulate astrocyte differentiation, we analyzedelectively affect either cell fate specification or terminal
expression of the astrocyte marker GFAP in E15 GFP cells thdtfferentiation, indicating that these two steps in glial
had been plated over E18 or P15 slices but that had ndifferentiation can be independently controlled.
differentiated into neurons (GFP+/MAP-2ells). As shown in The observation that postnatal cortical progenitors are
Fig. 6A-C, after 10 days in culture only 25% of the El5restricted to glial fates suggests that there may be a
GFP+/MAP-2- cells plated over E18 slices had differentiateddevelopmental restriction of cell fate in the cortical progenitor
into GFAP+ astrocytes, while the remaining 75% remaineghopulation. While the alternative possibility, that postnatal
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Fig. 6. A signal in postnatal cortical slices and CNTF induce terminal astrocytic differentiation. (A,B) Dissociated E15 GFP celliwede
over rat E18 or P15 cortical slices for 10 DIV. Examples of E15 GFP+/GFAP+ cells on top of E18 slices (A), and P15 simes€R) t
processed for double immunofluorescence with antibodies directed against GFP (green channel) and GFAP (red channel). The yellow
arrowheads show GFP+/GFAP+ astrocytes. (C) Quantification of the differentiated fate of GFP+&RB-Qultured for 10 days over E18
and P15 cortical slices. Asterisks indicate statistically significant differeRe806) in the percentage of GFP+/GFAP+ cells over P15 slices
compared to E18 slices. (D-F) Dissociated E15 GFP cells were cultured over rat E18 cortical slices for 10 DIV in the almsgnesébce

(E) of 50 ng/ml of recombinant CNTF, and then processed for double immunofluorescence with anti-GFP (green channel) afd(eadi-GFA
channel) antibodies. (F) Quantification of the differentiated fate of GFP+/MAdelB cultured for 10 days over E18 and P15 cortical slices in
the presence of indicated growth factors, expressed as a percentage of the total number of GFP+ cells on top of thiskfidadisste
statistically significant difference®€0.05) in the percentage of GFP+/GFAP+ cells over E18 slices in the presence of CNTF compared to
control (medium) conditions.

cortical progenitors are not derived from embryonic corticabbservations suggest that an extracellular signal acts on a
progenitors, cannot formally be excluded, it is worthmultipotent progenitor to induce a glial fate. The response of
considering how cortical progenitors might undergo cell fatolder progenitors placed on embryonic slices suggests that
restriction during development. Our findings suggest that cetince cortical progenitors adopt a glial fate, they cannot give
fate restriction may be a consequence of extracellular signals
acting on a multipotent progenitor. This possibility is
supported by several of our observations. First, we find thé stem cell @
embryonic cortical progenitor cells can differentiate into glia 7 \
when placed onto postnatal cortical slices without firs
generating neurons. Thus the progenitors do not necessar yuuroplast @
generate neurons before generating glia as would be predict ~~ ~
if cells undergo a cell autonomous switch. Second, ou S
experiments on the influence of late cortical slices on clone Nevron ‘ ‘ @ g';]gz”'c

N

composition indicate that a cortical signal can induce

progenitors to adopt glial fates at the expense of neuronal fate . .. @ @
Third, we find that there is a developmental increase in a
extracellular signal that induces glial cell fates. Together thes L 2 Glial Cell Fate
Glia Specification Factors
(eg. FGF2)
Fig. 7.Model of possible regulation of cell fate decisions and glial Glial Differentiation
differentiation by extracellular factors in the developing cerebral Factors

cortex. (eg. CNTF)
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rise to neurons even in a neurogenic environment. Such mogenitors exit the cell cycle and differentiate into neurons
restriction of progenitor cells to glial fates late in developmenbecause of low levels of extracellular FGF2. A developmental
is similar to a developmental fate restriction in neuronalncrease in FGF2 signaling (possibly in cooperation with other
(Sl\ljlb%:/pe thl?tlhgxsssble:en repor;cjetle/I bé McCI?nfSSG?nd colleagumx)lecu_les) indl?]cehs a Iglglialbfate on the remaining diyidir:jg

cConnell, ; Frantz and McConnell, . progenitors such that all subsequent progeny are restricted to

Our clonal analysis indicates that a diffusible signal, preseriecoming glial cells. These cells, however, do not undergo
in postnatal cortex, can induce glial cell fates. To begin téerminal differentiation unless they are exposed to a second
identify the molecular components of this signal we tested aignal that specifically regulates terminal differentiation.
number of growth factors that are expressed in the developir@NTF is likely to be an important component of a terminal
cortex. The only factor that induced a cell fate switchastrocyte differentiation signal. Such a mechanism, in which
comparable to that induced by postnatal cortex was FGF2. Thikevelopmentally regulated extracellular factors induce
adds to the growing evidence that FGF2, which is expressed imultipotent progenitors to adopt a specific cell fate, and
the embryonic cortex, can regulate both cell proliferation angdubsequently to induce terminal differentiation, might mediate
cell fate specification in the cortex (Ghosh and Greenberdghe sequential generation of neurons and glia throughout the
1995; Qian et al., 1997). Injection of FGF2 into the embryonimervous system.
cortex leads to an increase in the number of neurons and glia,
andfgf2 null mice have reduced numbers of neurons and glia We are grateful to Dr Susan McConnell, Dr Alex Kolodkin, and to
(Dono et al., 1998; Ortega et al., 1998; Vaccarino et al., 1999'\;7\;21“;; g:t;hdet?hgﬁh’\'l?ﬁ fﬁkgogngqegfg ‘(’? t&e)n;iréufgsrf;} ;"Sr‘;"ﬁ{k
These in vivo results have been interpreted as reflecting su y ward (1. M. : grants
mitogenic role for FGF2, but they are also consistent with %Lcémpgwgfhgw';‘zséﬁ)r';ge(%ag? of Dimes Foundation (A. G.) and
role for FGF2 in glial fate specification. It will be of interest 9 B
to carefully examine thégf2 null mice to determine if the
effects in vivo are principally due to effects on proliferation,
or cell fate specification. REFERENCES
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