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Growth factors and cytokines are thought to influence 
the development of uncommitted progenitor cell popu- 
lations, but the issue of how these factors act on indi- 
vidual cells remains controversial. Such factors may 
act simply as selective mitogens or survival factors for 
cells that undergo lineage restrictions stochastically. 
Alternatively, they may instruct or bias multipotent 
cells to choose one lineage at the expense of others. 
Here we show that glial growth factor (GGF), pre- 
viously defined as a Schwann cell mitogen, strongly 
suppresses neuronal differentiation of rat neural crest 
stem cells while promoting or allowing glial differentia- 
tion. Quantitative clonal analysis suggests that the ac- 
tion of GGF is likely to be instructive rather than selec- 
tive. Taken together with the expression pattern of 
GGF, these data suggest a lateral signaling model for 
the diversification of cell types within developing pe- 
ripheral ganglia. 

Introduction 

A central issue in developmental biology is to understand 
how the fate of uncommitted progenitor cells is influenced 
by factors in their local environment (Jesse11 and Melton, 
1992). In highervertebrates, this problem has been investi- 
gated intensively in both the immune system and the ner- 
vous system. The neural crest provides a neurobiological 
system to analyze the effects of environmental signals on 
cell fate determination. Neural crest cells migrate from 
the dorsal aspect of the neural tube and differentiate to a 
variety of cell types in different embryonic locations. These 
cell types include peripheral neurons and glia, melano- 
cytes, endocrine cells, smooth muscle, and bone (LeDou- 
arin, 1982). In vivo lineage tracing and in vitro clonal analy- 
ses in avian embryos have indicated that many neural 
crest cells are multipotent (for recent reviews see Ander- 
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son, 1993a; LeDouarin et al., 1993; Selleck et al., 1993). 
Transplantation and culture studies suggest that the fate 
of multipotent neural crest cells can be dictated by the 
environment (LeDouarin, 1986; Patterson, 1990). How- 
ever, with few exceptions (Patterson and Nawa, 1993) the 
identity of these factors and their mechanisms of action 
are unknown. In the sympathoadrenal sublineage of the 
neural crest, it has been clearly demonstrated that cyto- 
kines can act instructively to alter the neurotransmitter 
phenotype of postmitotic neurons (Patterson and Chun, 
1977; Yamamori et al., 1989). However, it has been diffi- 
cult to distinguish instructive from selective effects of envi- 
ronmental factors on proliferating multipotent neural crest 
cells at the earliest stages of lineage diversification (for 
review see Stemple and Anderson, 1993). 

The general problem of how growth factors influence 
multipotent cells has also been studied intensively in he- 
mopoiesis, in which both cloned cytokines and isolated 
progenitor cell populations have been available for many 
years (Metcalf, 1989; Dexter et al., 1990). Analyses of cy- 
tokine and growth factor influences on hemopoietic pro- 
genitor cells have led to at least two models whereby these 
factors may influence lineage commitment (for discussion 
see Just et al., 1991). In one model, multipotent cells are 
instructed to choose a particular lineage, at the expense 
of others, in response to a given cytokine. In a second 
model, multipotent cells choose their fate stochastically, 
and cytokines simply support the survival or proliferation 
(or both) of appropriate lineage-restricted cells, after the 
fact of their decision. 

It has proven difficult to distinguish between these mod- 
els experimentally. Clone-splitting experiments have pro- 
vided evidence for a partial influence, albeit incomplete, 
of colony-stimulating factors on lineage commitment of 
myeloid progenitor cells (Metcalf, 1980, 1991). By con- 
trast, forced expression of cytokines in multipotent hemo- 
poietic progenitor cell lines has suggested that different 
cytokines may alter the balance between proliferation and 
differentiation but not the type of differentiation (Just et 
al., 1991). More recently, expression of the antiapoptotic 
gene Bcl-2 in hemopoietic progenitors has indicated that 
such progenitors can commit to several lineages in the 
absence of cytokines or growth factors if they are pre- 
vented from undergoing programmed cell death (Fairbairn 
et al., 1993). Such results appear to support the idea that 
hemopoietic lineage decisions can be made autono- 
mously, but do not rule out the possibility that growth fac- 
tors or cytokines may exert a biasing influence on such 
stochastic decisions. In the development of T lympho- 
cytes, experiments in transgenic mice have supported the 
idea that the T cell receptor-mediated cell-cell interac- 
tions that occur in the thymic microenvironment instruc- 
tively control the choice between CD4 and CD8 lineages 
(Robey et al., 1991). 

The analysis of growth factor effects on individual pro- 
genitor cells requires in vitro clonogenic assay systems. 
In an earlier paper, we described the isolation, character- 



Cdl 
350 

6 Figure 1. Migrating Neural Crest Cells Ex- 
press c-Neu lmmunoreactivity In Vitro 
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ization, and clonal culture of multipotent neural crest cells 
from rat embryos @temple and Anderson, 1992). Subclon- 
ing experiments indicated that such cells not only differen- 
tiate to neurons and glia, but also undergo at least limited 
self-renewal, a characteristic of stem cells. This system 
provides an assay for environmental factors that control 
lineage commitment. In an initial examination of such fac- 
tors, we have focused on glial growth factor (GGF), a 
Schwann cell mitogen of neuronal origin (Lemke and 
Brockes, 1984). GGF has recently been cloned (Marchi- 
onni et al., 1993) and shown to be a member of a family 
of ligands in the epidermal growth factor/transforming 
growth factor a (TGFa) superfamily for the receptor tyro- 
sine kinases pl85”‘VHER2/c-Neu and p18pti4/HER4 
(Peles et al., 1992; Plowman et al., 1993b). These ligands, 
also named heregulins, Neu differentiation factor, ARIA, 
and neuregulins, are encoded by alternatively spliced tran- 
scripts from the same gene and include both membrane- 
bound and secreted forms (Holmes et al., 1992; Wen et 
al., 1992; Falls et al., 1993). Since GGF acts on neural 
crest-derived Schwann cells, we sought to determine 
when such cells first acquired responsiveness to GGF. 
On the one hand, GGF could act simply as a mitogen for 
committed Schwann cells; on the other, it could act earlier 
in the lineage to affect the commitment of multipotent cells 
to a glial fate. Strikingly, we find that GGF suppresses 
neuronal differentiation while promoting or allowing glial 
differentiation by neural crest stem cells (NCSCs). These 
results argue that environmental factors can exert an in- 

structive influence on lineage determination by stem cells 
in this system. 

Results 

Early Migrating Neural Crest Cells Express c-Neu 
lmmunoreactivity In Vitro 
The tyrosine kinase p185Bti~z/HER2/c-Neu (hereafter re- 
ferred to as c-Neu) has been shown to undergo tyrosine 
phosphor-ylation in response to GGF/heregulins/Neu dif- 
ferentiation factor/neuregulins in certain cell types (Peles 
et al., 1992, 1993). As a first step toward investigating 
whether NCSCs might respond to GGF, therefore, we 
stained them with a monoclonal antibody to rat c-Neu, 
previously shown to stain differentiated Schwann cells in 
peripheral nerve (Jin et al., 1993). This antibody stained 
a majority of neural crest cells 24 hr after their emigration 
from the neural tube in vitro (Figure 1C). A similar propor- 
tion of cells were labeled by a monoclonal antibody to 
~75 (low affinity nerve growth factor receptor) (Figure lA), 
previously shown to be a cell surface marker for multipo- 
tent NCSCs (Stemple and Anderson, 1992). These data 
suggested that many, if not all, ~75’ neural crest cells also 
express pi85s~Bz/c-Neu, an idea confirmed by double- 
labeled immunofluorescent staining experiments (data not 
shown). Recently, HER4 has been shown to be necessary 
for GGF-induced tyrosine phosphorylation of c-Neu (Plow- 
man et al., 1993b). Unfortunately, immunocytochemical 
staining reagents are not yet available to examine HER4 
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(A) Detection of exon l-containing GGF2 
mRNA(s) in embryonic spinal ganglia by RT- 
PCR. PCR amplification was carried out using 
0.25 pl. 0.5 ul, and 1 pl of cDNA reaction from 
E13.5 rat dorsal root ganglia (lanes 1-3, re- 
spectively); using 1 pl and 5 pl of cDNA from 
NCM-1 cells (a glial progenitor cell line) (lanes 
4 and 5. respectively); and using 1 pl and 5 pl 
of cDNA from Rat-l fibroblasts (lanes 6 and 7, 
respectively). The cDNA was ampttted using 
primers specific for either exon I of GGF2 (up- 
per panel) or &actin (lower panel) in separate 
reactions (see Experimental Procedures). The 
GGF PCR products were detected by Southern 
blotting using a [Y-~P]ATP end-labeled exon 
l-specific oligonucleotide probe internal to the 
primers used. The 6-actin PCR products were 
detected using a random-primed PCR product 
asaprobe. Nospecificamplified productswere 
detected in controls in which reverse tran- 
scriptase was omitted from the cDNA synthesis 
step (data not shown); therefore, the bands are 
not derived from contaminating genomic DNA. 
(B-E) GGFP protein is expressed specifically 
by neurons in dissociated embryonic periph- 
eral ganglia. El55 rat dorsal root ganglia were 
dissociated, plated, fixed 24 hr later, and 
stained with monoclonal antibody D3-2 to 
GGFP (see Experimental Procedures). Arrow- 
heads in (C) indicate neurons that express 

* -* / GGFP (6); arrows in (C) indicate flat nonneu- 
; :_* -.A- C‘ 

.- 
ronal cells that do not (see [B]). (D and E) show 
a control in which the anti-GGF2 antibody was 

omitted to demonstrate the specificity of staining. Similar results were obtained using an independent affinity-purified rabbit polyclonal anti-GGF2 
antibody (data not shown). Neuron-specific expression of GGF2 was also detected using these two antibodies in cultures of neonatal superior 
cervical sympathetic ganglia (data not shown). 

expression in neural crest cells. Nevertheless, the expres- 
sion of c-Neu by these cells raised the possibility that they 
might be responsive to one or more forms of GGF. 

GGF2 Is Expressed during Early Peripheral 
Gangiiogenesis In Vivo 
Previous studies have identified a secreted form of GGF, 
GGFP, as particularly effective in stimulating DNA synthe- 
sis by cultured Schwann cells (Marchionni et al., 1993). 
We wished to determine whether GGF2 is expressed at 
an appropriate place and time in vivo to influence the de- 
velopment of neural crest derivatives. Earlier in situ hybyri- 
dization experiments using epidermal growth factor do- 
main-containing probes (detecting all forms of GGF) 
revealed expression in neural crest-derived rodent periph- 
eral ganglia at the initial stages of ganglion condensation 
(Marchionni et al., 1993; Meyer and Birchmeier, 1994). To 
determine whether GGf2 mRNA is expressed in these 
embryonic ganglia, we performed reverse transcription 
polymerase chain reaction (RT-PCR) experiments using 
primers specific to exon I, which is unique to GGF2 
(Marchionni et al., 1993). The results indicated that GGF2 
rnRNA could be easily detected in rat embryonic day 13.5 
(El 3.5) spinal ganglia (Figure 2A, lanes l-3). By contrast, 
expression was not detected in Rat-l fibrobiasts (Figure 
2A, lanes 6 and 7) or from NCM-1 cells (Figure 2A, 

Figure 2. Expression of GGF mRNA and Pro- 
tein in Developing Sensory Ganglia 

lanes 4 and 5) a rat neural crest-derived cell line with 
glial progenitor properties (Lo et al., 1990). To determine 
which cell types express GGF, dissociated cultures of em- 
bryonic spinal ganglia were stained with a monoclonal anti- 
body to GGFP. Staining was clearly detected in neurons 
(Figure 28, arrowheads) identifiable by their round, phase- 
bright ceil bodies and neurites (Figure 2C, arrowheads). 
In contrast, little or no staining was detected in flat nonneu- 
ronal ceils (Figure 2C, arrows; compare Figure 2B). Similar 
results were obtained in cultures of neonatal sympathetic 
ganglia (data not shown). Taken together, these data are 
consistent with the suggestion (Marchionni et al., 1993; 
Meyer and Birchmeier, 1994) that within the embryonic 
nervous system GGF is expressed primarily by neuronal 
cells. The early expression of GGFP and of a possible 
component of its receptor by neural crest-derived ceils 
encouraged us to examine the actions of this factor on 
the behavior of NCSCs in vitro. 

GGF Suppresses Neuronai Differentiation and 
Promotes Glial Differentiation of NCSCs 
When grown at clonai density in standard medium (SM), 
the majority of NCSCs ultimately form colonies containing 
both neurons and glia(Stemple and Anderson, 1992). Neu- 
ronai differentiation can be detected by staining with anti- 
body to peripherin, a neuron-specific intermediate filament 
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Figure 3. NCSCs Differentiate to Glia but Not 
Neurons in rGGF2 

Shown are examples of colonies grown for 16 
days with (E-H) or without (A-D) rGGF2. (A), 
(C), (E), and (G) represent phase-contrast 
views of the immunostained fields shown in(B), 
(D),(F), and(H), respectively. (B) and (F) repre- 
sent staining with anti-peripherin visualized us- 
ing an HRP-conjugated secondary antibody 
and bright-field optics; (D) and (F) represent 
staining with anti-GFAP visualized using a phy- 
coerythrin-conjugated secondary antibody and 
epifluorescence optics. Matched exposures 
are shown in (D) and (F) to permit direct com- 
parison of staining intensities. For optimal pho- 
tography, the peripherin and GFAP staining 
were performed on separate cultures, but dou- 
ble-labeling experiments confirmed the results 
shown here. rGGF2 was used at a concentra- 
tion that gave an approximately half-maximal 
mitogenic response in primary Schwann cells 
(see Figure 4). 
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protein (Figure 36), while differentiation of immature 
Schwann cells can be detected by staining with antibody 
to glial fibrillary acidic protein (GFAP), a glial-specific inter- 
mediate filament protein (Figure 3D). The formation of dif- 
ferentiated neurons and glia is typically detected following 
2 weeks of growth in culture. 

In striking contrast with this behavior, there was a com- 
plete abolition of neurogenesis in the majority of colonies 
obtained from NCSCsgrown in recombinant human GGFP 
(rGGF2) (Figure 3F; compare with Figure 38). However, 
glial differentiation was unsuppressed as evidenced by 
strong staining for GFAP (Figure 3H). If anything, GFAP 
expression appeared more intense (or brightly GFAP+ 
cells more numerous) in rGGF2-treated cultures com- 
pared with control cultures (compare Figure 3D with Figure 
3H). Double labeling with GFAP and DAPI (to reveal all 
cell nuclei) indicated that most or all cells in rGGFP-treated 
colonies expressed GFAP immunoreactivity (data not 
shown). Although GGF2 was originally identified as a 
Schwann cell mitogen, it does not appear to act as a mito- 
gen for neural crest cells: after 4 days in vitro, the average 
number of cells per clone in control medium was 23.7 f 
1.8 while in rGGF2 it was 24.4 f 1.1 (mean 2 SD; n = 
20 clones counted per condition from two independent 
experiments); after 5 days in vitro, there were 65.8 f 2.3 
cells per clone in control medium and 65.9 f 1.8 cells 
per clone in rGGF2 (mean f SD; n = 14 clones per condi- 
tion from two independent experiments). Preliminary ex- 
periments with other Schwann cell mitogens such as 
TGFPl and p2, platelet-derived growth factor BB, and fi- 
broblast growth factor (Ridley et al., 1989; Davis and Stroo- 
bant, 1990), as well as other members of the TGFa family 
(including TGFa), indicated that these factors did not 
mimic the effects of GGFP. Thus, GGFP appears to be 
unique among growth factors so far tested in its ability to 
drive NCSCs to a glial fate. 

The effect of rGGF2 was quantified by growing NCSCs 
at clonal density and by identifying viable colonies 4 days 
after plating. These colonies were then cultured for 12 
more days and their phenotype analyzed. This analysis 
revealed that the majority (90%) of colonies grown in 
rGGF2 survived to form glial clusters without any neurons 
(Figure 4A, open bars marked rGGF2). As expected, the 
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Figure 4. Quantification of the Effects of rGGF2 on Neural Crest Cell 
Differentiation 

(A) Colony analysis of NCSCS grown at clonal density in SM containing 
rGGF2purified from CHOcell supernatants(rGGF2) equivalentlypuri- 
fied material from nontransfected CHO cells (Mock), or no additions 
(No add). rGGF2 was used at a saturating concentration as determined 
by dose-response experiments on Schwann cells (compare [Cl). Colo- 
nies were phenotyped after 16 days using anti-peripherin and anti- 
GFAP antibodies. Closed bars, neuron plus gliacontaining colonies; 

open bars, colonies containing glia but not neurons; hatched bars, 
colonies that died during the incubation. Data are expressed as the 
percentage of all colonies initially identified at day 4 that exhibited a 
given phenotype at day 16. Bar heights represent mean f SEM of 
two independent experiments. 
(B) Dose-response curve for rGGF2 on NCSC differentiation. The open 
squares denote the percentage of colonies containing glia but not 
neurons after 16 days of incubation in each of the indicated concentra- 
tions of rGGF2. The rGGF2 concentration is plotted on a logarithmic 
scale. Each point represents the mean f SEM of two independent 
experiments. BecauserGGF2wasaddedonlyat thestartof theincuba- 
tion and not replenished during the experiment and because the stabil- 
ity of rGGF2 under these conditions is not known, the effective concen- 
tration of rGGF2 may have been less than the initially added value. 
(C) Dose-response curve for stimulation of DNA synthesis in Schwann 
cells by rGGF2 (Marchionni et al., 1993) carried out using the same 
preparation of purified rGGF2 as in (B). 
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Figure 5. Differentiation of rGGF2-Treated Cells to Mature Schwann 
Cells 

NCSCs were grown in SM containing rGGF2 for the first 8 days in 
culture, and then fetal bovine serum and forskolin were added to a 
final concentration of 10% and 5 urn, respectively. Similar amounts 
of forskolin were then added every other day for a period of 8 days and 
the cells then fixed and stained for 04 and PO as described previously 
(Stemple and Anderson, 1992). Visualization of the labeling was done 
using secondary antibodies conjugated to fluorescein for Pa (6) and 
to rhodamine for 04 (C). The cells obtained after this procedure resem- 
bled mature Schwann cells in their morphology (A). Shown are phase- 
contrast (A), fluorescein (S), and rhodamine (C) views of the same 
microscopic field. While PO and 04 are not expressed by GFAP’ cells 
grown in rGGF2 (data not shown), the subsequent induction of these 
markers by serum and forskolin uniquely identifies these GFAP+ cells 
as immature Schwann cells (Jessen and Mirsky, 1991) and distin- 
guishes them from central nervous system glial cells such as oligoden- 
drocytes or astrocytes. 

majority (80%) of colonies grown in SM survived to form 
clusters containing both neurons and glia (Figure 4A, 
closed bars marked No add). Dose-response experiments 
were also done at clonal density to measure the sensitivity 
of NCSCs to rGGF2; a half-maximal response was ob- 

tained at about 0.2 nM rGGF2 (Figure 48). Although the 
large number and high density of cells per clone after 16 
days (500-1000) precluded accurate quantitation of the 
number of neurons and glia per clone, our impression was 
that the number of clones containing any neurons at all, 
rather than the number of neurons per clone, increased 
with decreasing concentrations of rGGF2. The neuron- 
containing clones that developed in subsaturating doses 
of rGGF2 appeared indistinguishable from control clones 
in terms of the approximate number of neurons they con- 
tained. This suggests that rGGF2 acts to influence an all- 
or-none decision to generate neurons early in ClOne WOIU- 

tion. The dose-response experiments also indicated that 
rGGF2 suppressed neuronal differentiation at half- 
maximal doses that were slightly lower than those required 
for mitogenic activity on Schwann cells (Figure 4C). 

NCSC colonies cultured in rGGF2 express GFAP, but 
do not express later Schwann cell differentiation markers 
such as myelin protein zero (P,,) and the sulfated ganglio- 
side antigen recognized by monoclonal antibody 04 (Jes- 
sen and Mirsky, 1991) (as shown previously for NCSCs 
cultured in SM [Stemple and Anderson, 19921). Toconfirm 
that these GFAP’ cells are immature Schwann cells and 
not astrocytes (a central nervous system glial cell type 
that also expresses GFAP), we further incubated NCSC 
colonies initially grown in rGGF2 in medium containing 
10% fetal bovine serum plus 5 uM forskolin. Such culture 
conditions have previously been shown to elicit expression 
of PO and 04 by NCSCs following growth in SM (Stemple 
and Anderson, 1992). As shown in Figure 5, rGGF2- 
treated NCSC cultures also expressed both PO and 04 
following culture in serum plus forskolin. This combination 
of markers uniquely identifies these cells as Schwann 
cells. Since the majority of cells in the colonies were 
GFAP+priortotheshifttoserumplusforskolin(seeabove), 
it is likely that the Schwann cells derive by phenotypic 
conversion of the GFAP+04-Po- cells obtained following 
growth of NCSCs in rGGF2. In further support of this con- 
clusion, continued GFAP expression can be detected in 
many cells following subculture in serum plus forskolin 
(Stemple and Anderson, 1992; data not shown). 

GGF Exerts an Instructive Influence on Neural 
Crest Cell Lineage Determination 
The preceeding experiments left open the possibility that 
rGGF2 selected for the survival of committed glial progeni- 
tor cells during the first 4 days of culture. To address this 
issue, we identified individual NCSCs (50-70 per condi- 
tion) and circled them 6 hr after plating. This procedure 
ensured that each colony examined constituted a clonal 
population of cells derived from a single NCSC. Some 
cultures then received rGGF2 while the others were main- 
tained as control cultures. All clones were examined every 
day for the next 15 days. This day-to-day analysis failed 
to reveal even a transient appearance of morphologically 
identifiable neurons in clones grown in rGGF2 (Table 1). 
Moreover, most of the NCSCs (80%-90%) survived to 
form clones in control as well a8 in rGGFP-containing me- 
dium (Table 1). Furthermore, the majority of NCSCsgrown 
in rGGF2 formed glial clones devoid of neurons, while the 
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Table 1. Clonal Analysis of NCSCs Grown in rGGF2 

Condition 
Clones N plus G 
identified G Clones Clones 

Nonviable 
Clones” 

rGGF2 66 
No addition 56 
Mock GGFb 56 

79.4% (54) 0.6% (6) 11.6% (6) 
5.4% (3) 62.1% (46) 11.6% (7) 
7.1% (4) 71.4% (40) 21.4% (12) 

individual ~75’ NCSCs were identified 6 hr after plating, and their 
positions were inscribed on the bottom of the tissue culture plate. 
rGGF2 was added after 12 hr, to avoid effects on cell attachment. 
Clones were observed every 24 hr for 16 days and scored for survival 
and appearance of morphologically identifiable neurons. After 16 days, 
the clones were fixed and labeled with anti-peripherin plus anti-GFAP 
and their phenotype determined. The criterion for a neuron (N) plus 
glia (G) clone was very stringent: clones containing even a single neu- 
ron were placed into this category. This criterion would, if anything, 
underestimate the inhibition of neurogenesis produced by rGGF2. A 
small number of clones failed to develop either neurons or glia; these 
other (0) clones @temple and Anderson, 1992) constituted a small 
proportion of the total clones and for simplicity were omitted from the 
analysis. In no case did we observe neuron-containing clones that died 
or clones that survived in which morphologically identifiable neurons 
appeared but then died over the course of the 16day incubation. 
“Nonviable identifies those clones that died during the 16day incu- 
bation 
“Mock indicates that a sample subjected to a mock rGGF2 purification 
protocol and containing the same final salt and buffers was added to 
the culture medium at the same dilution as GGF. Numbers in parenthe- 
ses indicate the total number of clones scored for each phenotype. 
- 
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majority of NCSCs grown in control (SM) formed clones 
that contained both neurons and glia (Table 1). Thus, the 
striking reduction in neuron-containing clones observed 
in this and in the preceeding colony analysis (see Figure 
4) cannot be explained by a failure of neurons or neuron- 
containing clones to survive in rGGF2; rather, overt neu- 
ronal differentiation is inhibited. 

GGF Inhibits Expression of Mammalian 
Achaete-Scute Homolog 1 
To determine the earliest identifiable stage of neurogenic 
development at which rGGF2 acts, we used mammalian 
achaete-scute homolog 1 (MASHl) (Johnson et al., 1990) 
as a marker. MASHl, a basic-helix-loop-helix transcrip- 
tional regulator (Johnson et al., 1992) is expressed in neu- 
roepithelial precursors in vivo several days prior to overt 
neuronal differentiation (Lo et al., 1991). This early expres- 
sion of MASH1 reflects an essential role in neurogenesis 
in the peripheral nervous system, as shown recently by 
targeted mutagenesis experiments in mice (Guillemot et 
al., 1993). In cultures of rat neural crest cells, expression 
of MASH1 protein is not detectable by antibody staining 
for the first 4-5 days in vitro (data not shown). On days 
5-6, MASH1 immunoreactivity becomes detectable in the 
nuclei of morphologically undifferentiated cells (Figures 
6A and 66). Thus, expression of MASH1 precedes overt 

D 
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Figure 6. Inhibition of MASH1 Expression in Clonal Density Cultures of NCSCs Grown in a Saturating Dose of rGGF2 

See Figure 48. NCSCs were grown with (C and D) or without (A and B) rGGF2 for 6 days before being fixed in 4% formaldehyde for immunostaining. 
(A) and (C) represent phase-contrast views of the immunostained fields shown in (B) and (D), respectively. lmmunostaining was performed using 
a monoclonal antibody to MASH1 (Lo et al., 1991) and visualized using a secondary antibody conjugated to HRP. While many cells in (C) show 
nuclear MASH1 immunoreactivity, none of the cells in(D) do. Note that the MASHl+ cells (8) show an undifferentiated (Le., nonneuronal) morphology 
(A). No staining with antibodies to SloO or GFAP was detected at this stage of culture. 
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neuronal differentiation in vitro as it does in vivo, thereby 
providing an early marker of neurogenesis. 

In contrast with control colonies, NCSC colonies grown 
in rGGF2 did not express detectable MASH1 immunoreac- 
tivity (Figures 6C and 6D) at 6 days in vitro, a time when 
most colonies in control sister cultures contained numer- 
ous cells with MASHl’ nuclei (Figure 6B). Quantification 
indicated that 63.6% f 3.7% of the colonies in SM con- 
tained MASHl’cells, while only 1.8% f 2.6% of the colo- 
nies in SM containing rGGF2 contained MASHl+ cells 
(mean f SD of two independent experiments). The major- 
ity of colonies in rGGF2 were still MASHl- after 8 and 10 
days in vitro (data not shown). This inhibition of MASH1 
expression is not accompanied by a precocious expres- 
sion of glial markers such as SlOO and GFAP in colonies 
grown in rGGF2 (data not shown). Thus, the earliest de- 
tectable effect of rGGF2 on NCSC differentiation is an 
inhibition of expression of MASHl, a neurogenic lineage 
determination gene. 

Toconfirm that the inhibition of MASH1 expression does 
not reflect an effect of rGGF2 to kill MASHl-expressing 
cells, we performed the following experiment. Neural crest 
colonies were grown for 8 days in control medium, by 
which time a majority of the colonies expressed nuclear 
MASH1 immunoreactivity. Subsequently, rGGF2 was 
added at a saturating dose to half the dishes; the others 
were maintained as controls. After 24 hr, the cultures were 
fixed and double labeled with anti-MASH1 antibody and 
DAPI to reveal fragmented nuclei indicative of apoptotic 
cells. We observed no evidence of selective apoptotic frag- 
mentation of MASHl’ nuclei in rGGFBtreated cultures 
under these conditions; in fact, there was little evidence 
of apoptotic nuclei in any of the cells under either condition 
(data not shown). Moreover the percentage of colonies 
containing MASHl+ cells was similar in control (86.8% + 
9.5%; mean f SD) and in rGGFBtreated cultures 
(82.8% f 8.6%; mean f SD). The overall intensity of 
anti-MASH1 antibodystainingalsoappearedsimilar under 
the two conditions. These data support the idea that 
rGGF2 does not act to promote apoptosis of MASHl- 
expressing cells. Rather, it appears to influence an all-or- 
none decision to enter the neuronal pathway of differentia- 
tion, an early consequence of which is the induction of 
MASH1 expression. 

Discussion 

We have utilized a clonal culture system for multipotent 
self-renewing rat neural crest cells to examine the actions 
of GGF2, one of a family of polypeptide growth factors 
previously defined as Schwann cell mitogens (Lemke and 
Brockes, 1984). Our results indicate that GGF2 can exert 
a strong influence on the early development of these cells, 
inhibiting neurogenic lineage commitment and promoting 
glial development. Clonal analysis indicates that the action 
of GGF2 most likely involves an instructive or biasing effect 
on the choice of fate by these cells rather than an effect 
to select for survival or proliferation of precommitted glial 
progenitors. We cannot distinguish yet whether the pri- 
mary effect of GGF2 is to repress neurogenesis, promote 

gliogenesis, or a combination of both. Nevertheless, the 
data present a clear case in which a molecularly defined 
environmental factor controls a choice of fate by a multipo- 
tent progenitor cell. Interestingly, GGF shows sequence 
similarity to the product of the UN-3 gene in Caenorhab- 
ditis elegans, which has been demonstrated by genetic 
analysis to control a choice of fate by multipotent vulva1 
precursor cells(Hill and Sternberg, 1992). Our results indi- 
cate that a member of the epidermal growth factor/TGFa 
superfamily can play an analagous role in controlling a 
choice between alternative pathways of differentiation in 
a mammalian system. Since c-Neu and HER4 are ex- 
pressed in other nonneural tissues (such as mammary 
epithelium) (Plowman et al., 1993a), it is possible that the 
various ligands of this receptor influence the fate of 
multipotent progenitors in other lineages as well. 

Instructive versus Selective Effects of Growth 
Factors on Progenitor Cells 
As mentioned earlier, two models have been proposed to 
explain cytokine influences on lineage determination by 
hemopoietic progenitor cells. In one model, cytokines (or 
growth factors) determine the direction of differentiation. 
In the second model, multipotent cells choose their fate 
stochastically, and cytokines selectively support the pro- 
liferation or survival (or both) of appropriate lineage- 
restricted cells. The latter model implies that in the absence 
of appropriate lineage-specific factors, differentiated cells 
(or their progenitors) of inappropriate lineages will form 
and then die. As mentioned earlier, it has been difficult 
to distinguish experimentally between these models in the 
hemopoietic system, in part because the effect of cyto- 
kines such as granulocytelmacrophage colony-stimulating 
factor to alter the differentiative behavior of progenitor 
cells is incomplete (Metcalf, 1980, 1991). By contrast, we 
observed a profound and essentially complete repression 
of neuronal differentiation by rGGF2. Moreover, serial ob- 
servation of identified clones grown in rGGF2 failed to 
reveal any evidence that neurons differentiate (as as- 
sessed by morphologic criteria) and then die. More im- 
portantly, we also observed that expression of MASHl, a 
neurogenic lineage determination gene, was prevented 
by rGGF2 and that rGGF2 does not cause the death of 
MASH1 -expressing precursor cells when added late in the 
culture period. Taken together, these data argue against 
the interpretation that MASH1 -expressing neurogenic pro- 
genitors are generated stochastically, but fail to survive 
or proliferate in rGGF2. While we cannot exclude the possi- 
bility that in rGGF2, lineally restricted neuronal progenitors 
are generated but then die prior to the stage marked by 
expression of MASHl, we feel that this is unlikely. This 
is because previous serial subcloning experiments have 
indicated that the majority of cells in NCSC clones remain 
multipotent during the first 5 days of culture @temple and 
Anderson, 1992; D. Stemple and N. M. S., unpublished 
data); thus, there is little evidence to support the existence 
of a restricted neurogenic progenitor cell compartment 
that precedes the onset of MASH1 expression. The sim- 
plest interpretation of our data, therefore, is that GGFP 
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acts instructively to control the choice of fate by multipo- 
tent NCSCs. 

The presence of glial cells in our control colonies may 
reflect the production of endogenous GGF by the neurons 
that develop in these conditions. Consistent with this no- 
tion, in such control colonies, the most intensely stained 
GFAP+ cells are usually located adjacent to neurons (data 
not shown). Indeed, previous studies have indicated that 
neurons can promote expression of a glial phenotype (Hol- 
ton and Weston, 1982), but have not distinguished effects 
on overt differentiation of committed cells from an influ- 
ence on lineage commitment of multipotent progenitors. 
It is also possible that GGF is not essential for glial differen- 
tiation but simply increases the probability that NCSCs 
will differentiate into glia. The idea that neural crest cells 
may undergo lineage restriction by probabilistic (i.e., sto- 
chastic) mechanisms has been suggested based on quan- 
titative analysis of avian clonal cultures (Baroffio and Blot, 
1992). Our results suggest that if such mechanisms indeed 
operate, environmental factors such as GGF must be able 
to alter the probabilities assigned to commitment towards 
a particular fate. Similar models have been invoked in the 
hemopoietic system (Ogawa, 1993). 

There is good experimental evidence that environmen- 
tal factors can influence the phenotype of neural crest- 
derived cells at later stages in the lineage diversification 
process. The cytokines leukemia inhibitory factor and 
chick neurotropic factor have been shown to control a 
switch from a noradrenergic to a cholinergic neurotrans- 
mitter phenotype by postmitotic sympathetic neurons 
(Nawa et al., 1990). Glucocorticoids have been demon- 
strated to promote the differentiation of sympathoadrenal 
progenitors to an endocrine (chromaffin) rather than a neu- 
ronal phenotype (for review see Anderson, 1993b). How- 
ever the chromaffin phenotype appears to be part of a 
continuum of phenotypes between endocrine cells and 
neurons, since postnatal and even adult adrenal medullary 
endocrine cells can be caused to transdifferentiate to sym- 
pathetic neurons by nerve growth factor and fibroblast 
growth factor (Doupe et al., 1985a, 1985b; Stemple et al., 
1988). By contrast, the neuron-glial decision controlled 
by GGF appears to involve discontinuous differences in 
cell phenotype, since Schwann cells, once differentiated, 
appear unable to convert to a neuronal phenotype under 
any conditions tested thus far both in vivo and in vitro 
(Ciment, 1990). Previously, the neurotrophin brain-derived 
neurotrophic factor was proposed to control the commit- 
ment of avian neural crest cells to the sensory neuron 
lineage in vitro (Sieber-Blum, 1991); however, an effect 
of the neurotrophin selectively to maintain the survival of 
a subset of committed sensory progenitors was not ex- 
cluded, nor was sensory development demonstrated to 
occur at the expense of other lineages. GGF thus appears 
to be unique in its ability to influence an early and funda- 
mental lineage determination event by multipotent 
NCSCs. 

Role of GGF in the Diversification of Peripheral 
Ganglionic Cells In Vivo 
During development in vivo, multipotent neural crest cells 

migrate from the neural tube and aggregate to form periph- 
eral sensory and autonomic ganglia that eventually de- 
velop both neurons and glial (satellite) cells. The notion 
that the fate of multipotent neural crest cells is determined 
by signals in their local environment raises the apparent 
paradox of how two distinct cell types can be generated 
in a common microenvironment (Frank and Sanes, 1991). 
One possible resolution to this paradox is the suggestion 
that neuronal and glial progenitors are precommitted prior 
to the condensation of migrating cells into ganglion primor- 
dia(Weston, 1991). However, invivolineagetracingexper- 
iments have indicated that even migrating neural crest 
cells are multipotent (Fraser and Bronner-Fraser, 1991). 
If peripheral ganglia are initially composed of multipotent 
cells (Duff et al., 1991), then mechanisms must exist to 
ensure the generation of appropriate numbers of neurons 
and glial cells within these ganglia. Our data suggest a 
role for GGF in mediating local cell-cell interactions that 
may regulate this diversification process. 

In vivo, neurons in peripheral ganglia differentiate prior 
to glial cells. Moreover, each developing neuronal cell 
body is eventually surrounded by glia called satellite cells. 
Taken together with the present data, these facts suggest 
a model of gangliogenesis in which developing neurons, 
acting via secreted or membrane-bound forms of GGF, 
inhibit neighboring uncommitted cells from adopting a 
neuronal fate and may, in addition, commit them to a glial 
lineage. Such a lateral signaling mechanism is similar to 
the lateral inhibition process that controls the segregation 
of neuronal and epidermal lineages in the insect neuroec- 
toderm (Ghysen et al., 1993). However, the latter case 
involves the products of the Notch and Delta genes, which 
participate in as-yet-undefined signaling pathways, 
whereas GGF acts through a receptor tyrosine kinase. It 
is possible that a Notch-like system is also involved in the 
neuron-glial decision, as suggested by the expression of 
mammalian Notch homologs in developing peripheral gan- 
glia (Weinmaster et al., 1991). Indeed, in the aforemen- 
tioned C. elegans vulva1 induction system, the GGF- 
homologous L/N-3 gene product acts on a cell fate decision 
that is also regulated by the Notch homolog L/N-72 
(Greenwald et al., 1983). Whatever the precise molecular 
circuitry involved, our datasuggest an explanation for how 
multipotent neural crest cells, aggregating to form ganglia 
in a common microenvironment, can nevertheless acquire 
different fates. The availability of a clonal culture system 
for NCSCs should permit tests of this hypothesis using 
reagents that perturb the expression or function of endog- 
enous forms of GGF, of its receptor, and of Notch-related 
genes. 

Experimental Procedures 

Culture of NCSCs 
Rat neural crest cells were isolated and cultured in complete (“stan- 
dard”) medium containing (among other additives) insulin, epidermal 
growth factor, basic fibroblast growth factor, nerve growth factor, and 
10% chick embryo extract as described previously (Stemple and An- 
derson, 1992). All cultures were established at clonal density (75 cells 
per each 35 mm diameter Corning tissue culture dish or 140 cells per 
each 60 mm diameter Corning tissue culture dish). For clonal analysis, 
NCSCs were identified by surface labeling live cells with anti-p75 



Cdl 
358 

monoclonal antibody (Chandler et al., 1964) and drawing a circle 
around the labeled single ceils on the bottom of the culture dish (Stem- 
ple and Anderson, 1992). 

lmmunocytochemistry 
Colonies were fixed using acid-ethanol and stained with rabbit anti- 
peripherin (Chemicon) at I:1000 and with mouse anti-GFAP (clone 
GA5; Sigma) at l:lOO, followed by horseradish peroxidaae (HRP)- 
conjugated goat anti-rabbit IgG (TAGO) at I:200 and phycoerythrin- 
conjugated goat anti-mouse IgG (Jackson Laboratories) at 1:200, re- 
spectively. Both primary and secondary antibody incubations were 
done at room temperature for 30 min. The histochemical reaction for 
HRP was performed using diaminobenzidine (DAB) and nickelous sul- 
fate as substrates. 

MASH1 antibody staining was carried out on colonies fixed in 4% 
formaldehyde and permeablized using 0.1% NP-40. Cultures were 
incubated for 4-6 hr at 4% in a 1:l dilution of anti-MASH1 hybridoma 
supernatant (Lo et al., 1991) followed by a HRP-conjugated goat anti- 
mouse IgG (TAGO) (1:200 dilution) for 30 min at room temperature. 
The histochemical reaction was performed as described for peripherin 
staining. 

immunocytochemical staining for c-Neu was performed by labeling 
neural crest explant cultures fixed in 4% formaldehyde with anti-c-Neu 
monoclonal antibody AB-4 (Oncogene Sciences) at a 1:lO dilution 
using an overnight incubation at 4% (Jin et al., 1993). ~75 expression 
was detected by an overnight incubation in undiluted culture superna- 
tant of monocional antibody 1921g (Chandler et al., 1964). Staining 
was visualized using a Vectastain ABC kit (Vector Labs) with HRP 
development and the nickel sulfate-DAB reaction as described above. 
Staining for rGGF2 in dissociated cultures of embryonic dorsal root 
ganglia was carried out using a mouse monoclonal antibody to GGF2 
(D3-2) produced against rGGF2 isolated from CHO cells. The specific- 
ity of the antibody was demonstrated by Western blotting and staining 
of rGGF2-transfected CHO cells but not CHO cells transfected with an 
irrelevant expression plasmid. jncubation with hybridoma supernatant 
diluted approximately 1 :l was carried out for 1 hr at room temperature, 
and development methods were carried out as for MASH1 staining. 
In some experiments, an affinity-purified rabbit poiyclonal anti-human 
GGFP antibody was used. Absorption controls using an excess of the 
immunogen indicated that the staining observed was specific. Similar 
results were obtained using both the polyclonai and monoclonal anti- 
GGF antibodies. 

Purification of rGGF2 
rGGF2 was produced in a stably transfected CHO ceil line grown in 
roller bottles. Conditioned media was harvested, and rGGF2 was puri- 
fied by two chromatographic steps: cation exchange followed by hy- 
drophobic interaction chromatography. The recovery of biologically 
active rGGF2 was monitored by a Schwann cell proliferation assay 
(Marchionni et al., 1993). The final preparation was judged to be >95% 
pure based on Coomassie blue staining of SDS gels. 

RT-PCR 
Reverse transcription of total RNA (1 ug) (Chomczynski and Sacchi, 
1967) was performed at 37% for 1 hr followed by 20 min at 42°C. 
The primers used for the PCR for GGF2 exon I were GGT GGT GAT 
CGA GGG AU (5’ primer) and ATG TAC CTG CTG TCC TCC TTG 
A (3’ primer). Primers used to detect 5-actin in the PCR were TCA 
TGA AGT GTG ACG lTG ACA TCC (5’ primer) and GAC TGT TAC 
TGA GCT GCG TlT TAC (3’ primer). The source of these rat GGF 
exon I sequences is a rat genomic clone (J. Lucas and M. A. M., 
unpublished data). Denaturation temperature was 94% and extension 
temperature was 72% for both primer sets; the annealing tempera- 
tures for GGF2 exon I and 5-actin were 55% and 60% respectively. 
PCR was performed for 35 cycles for GGf2 and for 25 cycles for 5-actin. 
Transfer to GeneScreen Plus membranes and hybridization with ap- 
propriate probes were performed according to instructions of the man- 
ufacturer. The oiigoprobe used to detect GGF2 exon I was GGT TTG 
AAG AAG GAC TCG CTA. End-labeling of the probe with [T-=P]ATP 
was done using the T4 polynucleotide kinase under standard con- 
ditions. Random primer labeling of the 5-actin PCR product with 
[a-“PJdATP was done using a kit from Boehringer Mannheim. 
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