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ARTICLE

Neural crest stem cell maintenance by combinatorial

Whnt and BMP signaling

Maurice Kléber,' Hye-Youn Lee,' Heiko Wurdak,' Johanna Buchstaller,' Martin M. Riccomagno,? Lars M. lttner,*

Ueli Suter,' Douglas J. Epstein,? and Lukas Sommer!

'Institute of Cell Biclogy, Depariment of Biology, Swiss Federal Institute of Technology, ETHHbnggerberg, CH-8093 Zurich, Switzerland
“Department of Genetics, University of Pennsylvania School of Medicine, Philadelphia, PA 19104
*Research Laboratory for Calcium Metabolism, University Hospital Balgrist, University of Zurich, CH-8008 Zurich, Switzerland

anonical Wnt signaling instructively promotes

sensory neurogenesis in early neural crest stem

cells (eNCSCs) (Lee, H.Y., M. Kléber, L. Hari, V.
Brault, U. Suter, M.M. Taketo, R. Kemler, and L. Sommer.
2004. Science. 303:1020-1023). However, during nor-
mal development Wnt signaling induces a sensory fate
only in a subpopulation of eNCSCs while other cells
maintain their stem cell features, despite the presence of
Wht activity. Hence, factors counteracting Wnt signaling
must exist. Here, we show that bone morphogenic protein

Introduction

Because of its broad developmental potential, the neural crest
represents an ideal model system to study stem cell biology.
Neural crest cells delaminate from the developing dorsal neural
tube, migrate to various locations within the embryo, and gen-
erate multiple neural cell types of the vertebrate peripheral ner-
vous system (PNS) as well as several nonneural tissues (Le
Douarin and Dupin, 2003). At least some neural crest cells are
multipotent, giving rise to neuronal, glial, and nonneural deriv-
atives, as has been shown by clonal analysis in culture and in
vivo. Moreover, some crest cells have features of stem cells
with the capacity to self-renew. Both in migrating neural crest
and in crest-derived tissues, such multipotent stem and progen-
itor cells coexist with cells that display more restricted devel-
opmental potential.

Recently we have described an early population of neural
crest stem cells (eNCSCs) that is highly homogeneous with
respect to marker expression and the potential to generate au-
tonomic and sensory neurons, glia, and smooth muscle cells
(Lee et al., 2004). Clonal cell culture experiments revealed the
responsiveness of these cells to several instructive growth

Correspondence to Lukas Sommer: sommer@cell.biol.ethz.ch

Abbreviations used in this paper: BMP, bone morphogenic protein; DRG, dorsal
root ganglia; eNCSC, early neural crest stem cell; GFAP, glial fibrillary acidic
protein; NCSC, neural crest stem cell; NF, neurofilament; NRG, neuregulin;
PNS, peripheral nervous system; SMA, smooth muscle actin.
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(BMP) signaling antagonizes the sensory fate-inducing
activity of Wnt/B-catenin. Intriguingly, Wnt and BMP act
synergistically to suppress differentiation and to maintain
NCSC marker expression and multipotency. Similar to
NCSCs in vivo, NCSCs maintained in culture alter their
responsiveness to instructive growth factors with time.
Thus, stem cell development is regulated by combinatorial
growth factor activities that interact with changing cell-
intrinsic cues.

factors that promote the generation of specific cell fates at the
expense of other possible fates. These factors include members
of the TGF@ factor family that promote autonomic neuro-
genesis and the development of smooth muscle-like cells,
neuregulinl (NRG1) isoforms that induce the generation of pe-
ripheral glia, and Wnt signaling that promotes sensory neuro-
genesis in a (-catenin—dependent manner (Le Douarin and
Dupin, 2003; Kléber and Sommer, 2004). In vivo and in cell cul-
ture, eNCSCs that lack the Wnt signaling component (3-catenin
fail to generate sensory neurons (Hari et al., 2002). Comple-
mentary to this, embryos that express a constitutively active
form of B-catenin specifically in NCSCs generate almost ex-
clusively sensory neural cells at the expense of other possible
neural crest—derived lineages (Lee et al., 2004). Thus, unlike in
other stem cell types, canonical Wnt signaling on its own does
not support stem cell expansion in NCSCs, but rather promotes
sensory neurogenesis. So far, the signals supporting NCSC
maintenance and self-renewal have not been identified, al-
though it has been possible to passage both migratory and
postmigratory NCSCs for some generations in a nondefined
medium (Stemple and Anderson, 1992; Bixby et al., 2002).
Given the expression of Wnts in the dorsal neural tube at
the time of neural crest emigration and the sensitivity of almost
all eNCSCs to Wnt signaling (Parr et al., 1993; Lee et al., 2004),
the question arises as to why during normal development only
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some cells adopt a sensory neural fate as they emigrate while
other neural crest cells remain multipotent and can contribute
to multiple nonsensory neural crest derivatives (Kléber and
Sommer, 2004). Similarly, it remains to be shown why bone
morphogenic proteins (BMPs) that are able to induce auto-
nomic neurogenesis (Reissmann et al., 1996; Shah et al.,
1996) and that are secreted by the ectoderm and the dorsal
neural tube (Liem et al., 1995) do not lead to the generation of
autonomic neurons in neural crest cells immediately after
their delamination from the neural tube. Convergence of BMP
and canonical Wnt signaling has been reported in several
studies (Nelson and Nusse, 2004). We therefore investigated
whether BMP and Wnt might act in a mutually antagonistic
fashion to suppress neurogenesis in NCSCs. We find that
combinatorial Wnt/BMP signaling not only suppresses differ-
entiation of NCSCs, but also acts synergistically to maintain
stem cell multipotency.

Results

BMP signaling suppresses sensory
neurogenesis in early neural crest stem
cells

Previously, conditions have been established that are permis-
sive for the generation of sensory neurons from neural crest
explant cultures (Greenwood et al., 1999). At early stages, a
high percentage of all neural crest cells in these cultures are
early neural crest stem cells (eNCSCs) that in clonal cell cul-
tures can be challenged by various instructive growth factors
to give rise to sensory or autonomic neurons, or nonneural
smooth muscle-like cells (Lee et al., 2004). These data indi-
cated that with respect to their potentials, explants of eNCSCs
represent a highly homogeneous cell population. Consistent
with these findings, the cells in such explants expressed the
NCSC markers p75 and Sox10 after 20 h in culture (Stemple
and Anderson, 1992; Paratore et al., 2001), whereas no sen-
sory neuronal precursors marked by Brn-3A (Fedtsova and
Turner, 1995) or neurofilament (NF) 160 were detectable at
this stage (Fig. 1, A-D) (Lee et al., 2004). However, upon in-
cubation for an additional 24 h, 9.4 = 1.6% of all cells per
explant expressed Brn-3A (Fig. 1, E, F, and K), as described
previously (Greenwood et al., 1999). Based on our previous
clonal analyses (Lee et al., 2004), these Brn-3A—positive
cells likely arose from multipotent eNCSCs. Alternatively,
they might have been generated from lineage-restricted sen-
sory neuron precursors that cannot be respecified by factors
promoting alternative fates (Greenwood et al., 1999). To dis-
tinguish between these possibilities, we challenged neural
crest explant cultures with BMP2, a factor inducing auto-
nomic neurogenesis in NCSCs at the expense of other lin-
eages (Shah et al., 1996). BMP2-treated cultures gave rise to
only 0.1 = 0.1% Brn-3A—positive sensory neurons, whereas
the generation of autonomic progenitors expressing the tran-
scription factor Mash-1 was promoted (Fig. 1, G-K). In
the presence of BMP2, sensory neurogenesis was fully sup-
pressed rather than simply delayed, as even after prolonged
incubation no sensory neurons formed (0.5 * 0.1% and
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Figure 1. BMP suppresses sensory neurogenesis in eNCSCs. eNCSCs
were allowed to emigrate from neural tubes in conditions permissive for
sensory neurogenesis. After 20 h in culture, all eNCSCs express the stem
cell markers Sox10 (green) and p75 (red) (B), but not the sensory marker
Brn-3A or NF (D). Neural crest explants that were challenged with BMP2
for an additional 24 h fail to generate Brn-3A-positive sensory neurons
(H) and instead express the autonomic marker Mash-1 (J, arrows). In the
absence of BMP2, Brn-3A-positive sensory neurons are generated (F, ar-
rowhead). (K) Quantification of the average percentage of Brn-3A-positive
cells per explant 24 h after growth in “No add” or upon addition of
BMP2. The bars represent the numbers (mean = SD) from three indepen-
dent experiments (*, P < 0.05, ttest). Three explants per experiment were
analyzed, scoring 1,500-3,000 cells per explant. (A, C, E, G, and I,
corresponding phase-contrast pictures. Bar, 10 pm.

29.7 = 6.3% Brn-3A—positive cells in BMP2-treated vs. con-
trol cultures) (Fig. 2, A and B). In contrast, the formation of
autonomic neurons that expressed NF but not Brn-3A was
induced by BMP2. Thus, BMP signaling prevents sensory
neurogenesis in early neural crest explant cultures, demon-
strating the absence of committed sensory progenitors in
these cultures.
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Figure 2. BMP signaling counteracts Wnt/B-catenin-dependent sensory
neurogenesis. Wild-type eNCSCs cultured in conditions permissive for
sensory neurogenesis for 60 h generate differentiated sensory neurons (A)
expressing Brn-3A and NF, whereas eNCSCs challenged with BMP2 fail
to generate sensory neurons and instead produce Brn-3A-negative/NF-
positive autonomic neurons (B, arrowhead). B-Catenin-deficient NCSCs
(B-cat—/—) are unable to generate Brn-3A-positive/NF-positive sensory
neurons (C). Stabilized B-catenin (Aex3) promotes sensory neurogenesis
(D), whereas neural crest cells expressing stabilized pcatenin fail to gen-
erate both sensory and autonomic neuronal cells after BMP2 treatment (E).
Bar, 10 um.

BMP signaling counteracts Wnt/j3-
catenin-dependent sensory neurogenesis
Canonical Wnt signaling is both required and sufficient for
sensory neuronal fate specification in eNCSCs (Hari et al.,
2002; Lee et al., 2004). Accordingly, as in BMP2-treated cul-
tures, the formation of Brn-3A—positive sensory neurons was
abolished in explants of B-catenin—deficient eNCSCs (0 = 0%
Brn-3A—positive cells; Fig. 2 C) (Hari et al., 2002). In neural
crest explants, sensory neurogenesis is presumably promoted
by Wnts expressed in the neural tube that is present in these
cultures (Parr et al., 1993). The restricted expression of Wnts
and their short-range activity likely explains the relatively low
percentage of sensory neurons found in these explants and their
generation in close proximity to the neural tube (Fig. 1 K)
(Greenwood et al., 1999). Therefore, the suppression of sen-
sory neurogenesis in neural crest explants by BMP2 conceiv-
ably reflects BMP activity counteracting neural tube-derived
Wnat signaling. To address whether BMP2 would also counter-
act more pronounced Wnt/B-catenin activity, neural crest cells
expressing a constitutively active form of B-catenin (Lee et al.,
2004) were exposed to BMP2. In the absence of BMP2, sus-
tained [-catenin activity promoted sensory neurogenesis in
eNCSCs (82.2 = 7.8% Brn-3A-positive cells) (Fig. 2 D), as

described previously (Lee et al., 2004). In the presence of
BMP2, sensory neurogenesis was completely inhibited, even
upon constitutive B-catenin signal activation in eNCSCs (0 *
0% Brn-3A—positive cells). However, unlike in cultures of
wild-type neural crest cells (Fig. 2 B), BMP2 was unable to
promote the formation of autonomic neurons (Fig. 2 E). Thus,
persistent B-catenin signaling appears to suppress BMP2-
induced autonomic neurogenesis, whereas BMP2 prevents sen-
sory neurogenesis promoted by [B-catenin signal activation. We
conclude that Wnt and BMP signaling are possibly involved in
a cross-talk to regulate neurogenesis in neural crest cells.

Maintenance of NCSC markers and
suppression of differentiation by
combined Wnt and BMP signaling

To further address the interaction between Wnt and BMP sig-
naling, we exposed explant cultures of wild-type neural crest
cells to either Wntl, BMP2, or both of these factors. While
BMP2 alone induced the generation of ganglia-like structures
consisting of NF*/Brn-3A™~ autonomic neurons (Fig. 3, A, D,
and G), exposure of neural crest explants to Wntl led to the
formation of ganglia containing NF*/Brn-3A* sensory neurons
(Fig. 3, B, E, and H). Wntl-induced sensory neurons were lo-
cated close to the neural tube (mean distance to neural tube:
58.7 £ 14.7 pm), whereas BMP2-induced autonomic neurons
developed distal to the neural tube (mean distance to neural
tube: 287.0 = 58.7 wm), reflecting the localization of sensory
and autonomic ganglia in vivo. Intriguingly, the simultaneous
application of BMP2 and Wntl to neural crest cells prevented
the development of NF-expressing neurons, and no ganglia-
like structures were present in these cultures (Fig. 3, C and F).
This was not simply due to the loss of neural crest cells or im-
paired migration because many Sox10-positive neural crest
cells were detectable in Wntl/BMP2-treated explant cultures
(Fig. 3, F, I, K, and L). These data indicate that the combined
activity of Wntl and BMP2 suppresses both autonomic and
sensory neuron formation. Moreover, Wntl/BMP2 actively
supported maintenance of Sox10-positive cells because in the
absence of both growth factors neural crest cells either die or
differentiate within a few days in the chosen culture conditions
(not depicted; Lee et al., 2004).

Early stages of neurogenesis were also suppressed in
Wntl/BMP2-treated neural crest explant cultures. Although
BMP2 alone induced Mash1 expression (Fig. 3 G), which la-
bels autonomic progenitor cells, combined Wntl plus BMP2
did not allow the appearance of Mash-1—positive cells in neural
crest explants (Fig. 3 J). Likewise, Wntl (which prevents the
generation of Mash-1-expressing cells; Lee et al., 2004) pro-
moted formation of Brn-3A—positive sensory precursor cells
only in the absence of BMP2 (Fig. 3, E, H, and K). Instead vir-
tually all cells in Wnt1/BMP2-treated neural crest explants ex-
pressed p75 and Sox10 (Fig. 3 I). Both of these markers are
found in NCSCs, but are also expressed during gliogenesis
(Stemple and Anderson, 1992; Paratore et al., 2001). To ad-
dress whether combinatorial Wnt and BMP signaling would
suppress neurogenesis by promoting gliogenesis, we stained
neural crest cultures with the glial differentiation markers glial
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Figure 3. Maintenance of NCSC marker ex-
pression and suppression of differentiation by
combined Wnt and BMP signaling. Wild-type
eNCSCs exposed to monolayers supple-
mented with BMP2 generate autonomic gan-
glion-ike structures (A, arrows) expressing NF
(D, white arrows). eNCSCs exposed to Whnt1
monolayers form sensory ganglion-ike cell
aggregates (B, arrows), expressing Brn-3A
and NF (E, white arrows). In the presence of
Whnt1 and BMP2, eNCSCs fail to generate au-
tonomic and sensory ganglia (C) and instead
remain Sox10 positive (F). The Sox10 staining
was artificially colored in blue. nt, neural
tube. eNCSCs exposed to BMP2 generate
Mash-1-positive autonomic progenitor cells
(G) but no Brn-3A-positive cells (not de-
picted), whereas eNCSCs exposed to Wnt1
generate sensory ganglia expressing Brn-3A
(H) but not Mash-1 (not depicted). eNCSCs
exposed to both Wnt1 and BMP2 maintain
the NCSC markers Sox10 and p75 (I). More-
over, they do not express the autonomic
marker Mash-1 (J), the sensory marker Brn-3A
(K), or the glial markers GFAP (L) and S100
(not depicted). Bars, 10 pum.

+Wnt1/+BMP2
J

[}

oMash-1

fibrillary acidic protein (GFAP) and S100. However, GFAP
and S100 expression was not detectable in cultures simulta-
neously exposed to Wntl and BMP2, even after prolonged in-
cubation (Fig. 3 L; not depicted). Thus, Wnt1l/BMP2-treated
neural crest explants consisted of many cells expressing the
NCSC-markers p75 and Sox10, while neither neuronal nor
glial differentiation was observed.

Combined Wnt and BMP signaling
instructively promotes NCSC
maintenance and factor responsiveness
The lack of apparent neurogenesis and gliogenesis upon treat-
ment of neural crest cells with Wntl plus BMP2 could indicate
a selective elimination of neural crest cells as they undergo dif-
ferentiation. Alternatively, our data could reflect an instructive
role of combined Wnt and BMP signaling on individual eNCSCs
to maintain expression of stem cell markers while preventing
their differentiation. To distinguish between these possibilities,
explants of neural crest cells were replated at clonal density,
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individual eNCSCs were prospectively identified by virtue of
their p75 expression (Stemple and Anderson, 1992), and their
developmental potential was assessed by challenging them
with either Wntl, BMP2, or a combination of both factors. On
sister dishes, 92.1 = 1.9% of all p75-positive cells also ex-
pressed Sox10 (Fig. 4 A). In agreement with our previous find-
ings (Lee et al., 2004), exposure of p75-labeled cells to Wntl
alone induced the formation of clones containing Brn-3A—
positive sensory neurons in 83.1 £ 5.8% of all eNCSCs (Fig.
4, B and E), whereas upon BMP2 treatment 85.4 = 5.7% of all
eNCSCs adopted an autonomic fate marked by Mash-1 (Fig.
4, C and F). In contrast, combined application of Wntl and
BMP2 suppressed both sensory and autonomic neurogenesis
in eNCSCs, so that only very few or no sensory and autonomic
cells were produced in these conditions (0.8 = 1.4% and 0 = 0%,
respectively). Instead, 84.9 = 5.9% of all eNCSCs challenged
with Wntl plus BMP2 continued to express Sox10 (Fig. 4, D
and E). Furthermore, cell death was minimal in all clonal exper-
iments, excluding selective effects of Wnt and BMP signaling.
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Figure 4. Wnt and BMP instructively promote stem cell features in eNCSCs. Clonal analysis demonstrates responsiveness of eNCSCs to the instructive growth
factors Wnt1 and BMP2 and the combination of both. p75-positive (red) founder cells coexpress Sox10 (green) (A). Founder cells exposed to Wnt1 generate
clones of Brn-3A-positive sensory neurons (B). BMP2 instructs eNCSCs to generate Mash-1-expressing autonomic cells (C, arrow). In the presence of both
Whnt1 and BMP2, founder cells generate clones of Sox10-positive cells (D). Bar, 10 wm. (E and F) Quantification of clone composition. The data are ex-
pressed as the mean =+ SD of three independent experiments. *, P < 0.001. 50-80 clones were analyzed per experiment, scoring a clone when at least one
cell within the clone expressed the marker indicated. The cell number within individual Wnt1-, BMP2-, and Wnt1/BMP2-reated clones was analyzed (G).
Numbers (percentage of all clones per condition) are shown as the mean =+ SD of three independent experiments, scoring 50-80 clones per experiment.

Thus, the combined activities of Wntl and BMP2 do not selec-
tively eliminate neuronal progenitors, but rather instructively
promote maintenance of the NCSC marker Sox10 in the vast
majority of all NCSCs. Moreover, although cells proliferated
less than in the presence of BMP2 alone, 51.9 = 11.2% of the
Wntl/BMP2-treated cells divided once or more times (Fig. 4 G),
indicating that combined Wnt and BMP signaling also supports
self-renewal of Sox10-positive NCSCs.

Sox10 has been implicated in maintaining multipotency
of NCSCs both in culture and in the enteric nervous system in
vivo (Paratore et al., 2002; Kim et al., 2003). Therefore, we
asked whether sustained Sox10 expression in Wntl/BMP2-
treated eNCSCs also reflects maintenance of NCSC multipo-
tency. In a first experiment, explants of eNCSCs (Fig. 5 A)
were incubated for 5 d with Wntl plus BMP2. Thereafter,
some dishes were fixed and analyzed for p75/Sox10 expression,
while sets of sister dishes received one of the following treat-
ments (Fig. 5): (1) some dishes were kept in Wnt1l/BMP2 to
assess whether maintenance of NCSC marker expression can
occur over prolonged time periods and to exclude differentiation
events arising by default over time; (2) to investigate whether
the cells were still responsive to the sensory fate-inducing activ-
ity of Wntl, Wntl treatment was continued while BMP activity
was suppressed by the addition of the BMP-inhibitor noggin;

(3) to assess the potential to generate nonneural smooth mus-
cle-like cells, the sensory neuron—inducing activity of Wntl
was suppressed by the addition of chicken embryo extract
(which inhibits Wnt/3-catenin—dependent sensory neurogene-
sis; not shown) and TGF was applied to the cultures; (4) to
test the gliogenic potential of the cells, Wnt activity was sup-
pressed and NRG1 was added; and (5) to monitor autonomic
neurogenesis, Wnt signaling was suppressed and BMP2 was
continuously administered. Although the uninterrupted expo-
sure of NCSCs to both Wntl and BMP2 sustained expression
of Sox10 and p75 in all cells without apparent differentiation
(Fig. 5 C), TGFB-, NRG1-, and BMP2 treatment of cells that
had been maintained in Wnt1/BMP2 for 5 d promoted the effi-
cient generation of nonneural smooth muscle actin (SMA)—
positive cells, glia, and autonomic progenitors, respectively
(Fig. 5, F-H). However, when neural crest cells that had been
maintained in culture for 5 d were treated with Wnt1, only rela-
tively few sensory neurons were formed and Wntl appeared to
have no effect on most of the cells (Fig. 5, D and E). In all con-
ditions, cell death was minimal (unpublished data). Thus, the
combined application of Wntl and BMP2 not only allows
maintenance of Sox10/p75 expression in neural crest cell popu-
lations, but also preserves their responsiveness to various
growth factors including TGF3, NRG1, and BMP2. In contrast,
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Figure 5. Maintenance of multipotency in
NCSCs by combinatorial Wnt and BMP signal-
ing. Affer emigration, eNCSCs (A) were ex- A
posed to Wnt1 and BMP2 and maintained for

5 d (B). Some cultures were incubated for an
additional 7 d in the presence of Wnt1/BMP2
and continved to express the NCSC markers
Sox10 and p75 (C). On sister plates, in the
presence of Wnt1 alone, most of the cells
maintain Sox10 expression (D) while sensory
neurons expressing Brn-3A and NF are rarely
found (E). However, NCSCs after prolonged
exposure to Wnt1/BMP2 efficiently generate
SMA-positive smooth muscle-like cells in the
presence of TGFB (F) and Sox10/GFAP-positive
glia in the presence of NRG1 (G). In the ab-
sence of Wnt1, NCSCs express the autonomic
marker Mash-1 in the presence of BMP2 (H).
To challenge individual cells with instructive
growth factors, NCSCs that have been main-
tained in the presence of Wnt1/BMP2 for 11 d
were replated at clonal density (1) (Table 1) or
as cell clusters (M). In the presence of TGFB,
founder cells generate clones of smooth mus-
cle-like cells (), whereas NRG1 promotes
gliogenesis (K). BMP2 induces a smooth mus-
cle-like fate at clonal density (L) and auto-
nomic neurogenesis in cell communities (N).
Bars, 10 um.
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these neural crest cells appear to be less sensitive to the sensory
neuron—inducing activity of Wnt.

To address whether maintained responsiveness to instruc-
tive growth factors is a feature of the vast majority of Wntl/
BMP2-treated neural crest cells or only of subpopulations of
the cells, NCSCs that had been maintained with Wnt1/BMP2
for prolonged time periods were replated at clonal density and
prospectively identified by virtue of their p75 expression. 96.4 =
1.9% of all p75-positive cells also expressed Sox10 (Fig. 5 I).
Subsequently, p75-positive cells at clonal density were chal-
lenged with either TGF3, NRG1, or BMP2 (Fig. 5, J-L). Con-
sistent with the data obtained in mass cultures, the majority of
all NCSCs that had been maintained in culture were responsive
to these instructive growth factors (Table I). However, al-
though TGF promoted the generation of smooth muscle-like
cells and NRG1 the formation of glia, as expected, BMP2-
treated founder cells predominantly gave rise to clones of
smooth muscle-like cells and only a minority of the clones

JCB « VOLUME 189 « NUMBER 2 « 2005

contained autonomic neurons (Table I). Thus, similar to eNCSCs
present in the emigrating neural crest (Fig. 4), NCSCs main-
tained in culture were sensitive to various instructive growth
factors, but the quality of their response changed with time
(Fig. 5). This suggests that during culture intrinsic properties
had changed in NCSCs, similar to the intrinsic changes ob-
served in NCSCs isolated at different developmental stages in
vivo (White et al., 2001; Kruger et al., 2002; Kubu et al., 2002).

Previously, community effects provided by short-range
cell—cell interactions have been shown to influence fate deci-
sions in NCSCs (Hagedorn et al., 1999, 2000). In particular,
community effects in cell clusters modulate signaling of TGF
family members to promote autonomic neurogenesis rather
than smooth muscle cell formation in NCSCs. Such context-
dependent signal modulation might explain the discrepancy
between the strong neurogenic effect of BMP2 seen in mass
cultures (Fig. 5 H) and the predominant smooth muscle—inducing
activity of BMP2 in clonal cell cultures (Fig. 5 L). To test this



Table 1. Clonal analysis of p75-positive NCSCs that have been maintained in culture by Wnt1 and BMP2

Phenotype of progeny (% * SD)

Condition Death Undiff. sN G aN Non-neural
TGFB 264 = 3.7 12.4 = 3.6 0 0 1.7 £1.6 595+ 4.4
NRG1 177 £ 5.6 0 0 823+ 5.6 0 0
BMP2 274 +29 84 +1.6 0 0 9.0+ 32 57.9 4.2
Whntl 154+ 4.0 71.1 34 13.5 +3.7 0 0 0

After 11 d in culture in the presence of Wnt1 and BMP2, NCSCs were replated at clonal density, prospectively identified, and exposed to different instructive growth
factors. The plating efficiency was 65-70%. The progeny of single p75-positive cells was characterized by immunocytochemistry. The numbers indicate the phenotype
of the progeny in percentage of all prospectively identified cells (mean = SD of three experiments, scoring 40-80 clones per experiment]. “Death” designates lost
clones. A clone was labelled “Undiff.” (undifferentiated) when it contained Sox10-positive cells but no cells expressing lineage differentiation markers; “sN” (sensory
neuron) indicates clones with at least one Brn-3A-positive cell; “G” (glia), clones with at least one GFAP-positive cell; “aN” (autonomic neuron), clones with at least
one cell expressing NF but not Brn-3A; and “non-neural”, clones with at least one SMA cell. The low numbers of lost clones demonstrate that BMP2, NRG1, and TGFB
are not selectively eliminating certain cell lineages, but are acting instructively on maintained NCSCs. Note that after expansion in culture most NCSCs have lost their

responsiveness fo Wnt1, as only few clones contained sensory neurons.

idea, NCSCs that had been maintained in the presence of Wnt1/
BMP2 were replated as cell clusters (Fig. 5 M), allowing short-
range cell—cell interactions to occur. Subsequent treatment of
BMP2 induced autonomic neurogenesis in most cells within
NCSC clusters (Fig. 5 N). In fact, 98.6 = 1.3 of all cells within
BMP2-treated NCSC clusters expressed the autonomic marker
Mash1 while cell death was minimal (1.4 = 1.3% of all cells).
Thus, depending on the context, BMP2 could efficiently in-
struct NCSCs after prolonged Wnt1/BMP2 exposure to become
autonomic neurons. In sum, the combined activities of Wntl
plus BMP2 support maintenance of multipotency and respon-
siveness to TGFB, NRG1, and BMP2 in NCSCs.

Loss of Wnt responsiveness in NCSCs
over time

Although NCSCs that had been maintained in culture were sen-
sitive to various instructive growth factors, their response to the
sensory neuron—inducing activity of Wntl was clearly reduced
when compared with the response of eNCSCs emigrating from
the neural tube. Possibly, maintenance of NCSCs in culture
leads to loss of their Wnt responsiveness with time. To address
this issue, Wntl/BMP2-treated NCSCs were replated at clonal
density, as described in the previous paragraph, and exposed
to Wntl alone. In contrast to single eNCSCs (Fig. 4), only
13.5 = 3.7% of all maintained NCSCs generated sensory neu-
ron—containing clones while the remaining cells displayed no
obvious response to Wntl (Fig. 6, A and B; Table I). This find-
ing might represent a cell culture artifact with no relevance to
neural crest development in vivo. Alternatively, the change in
Whntl responsiveness of NCSCs might reflect processes also
occurring in vivo. Cells with NCSC features persist during de-
velopment in various postmigratory targets of the neural crest,
including the sciatic nerve and the dorsal root ganglia (DRG)
(Hagedorn et al., 1999; Bixby et al., 2002). To assess whether
Whntl could induce sensory neurogenesis in postmigratory
NCSCs present at later developmental stages, NCSCs were iso-
lated either from the sciatic nerve or from the DRG at embryonic
day 12 (E12), plated at clonal density, prospectively identified
by p75 labeling, and incubated with or without Wntl. Previous
studies have shown that 70-90% of the undifferentiated p75-
positive neural crest cells present in the sciatic nerve and in
the DRG at these developmental stages are sensitive to the

instructive activities of TGFf, NRG1, and BMP2 (not de-
picted; Hagedorn et al., 1999; Bixby et al., 2002). However, in
contrast to migratory eNCSCs, neither sciatic nerve— nor DRG-
derived NCSCs were able to undergo increased sensory neuro-
genesis in response to Wntl (Fig. 6, C and D), indicating
changes in Wnt signal interpretation that have been acquired
over time in vivo.

These data suggest that canonical Wnt signaling might
play a role predominantly at early stages of neural crest devel-
opment. To further address this issue, we investigated whether
Whnt/B-catenin activity persists at sites of postmigratory NC-
SCs. To this end, we analyzed embryos harbouring TOPGAL,
in which a 3-galactosidase gene is under the control of a TCF/
Lef and B-catenin inducible promoter (DasGupta and Fuchs,
1999). Although canonical Wnt activity was observed in neural
crest cells emigrating from the neural tube at E9.5 (Fig. 6, E-G),
Wnt/B-catenin activity decreased over time and at E12.5 was
no longer detectable at sites of postmigratory neural crest cells
including DRG and sympathetic ganglia (Fig. 6, K and L).
These findings suggest that Wnt/B-catenin is not directly in-
volved in the induction of late sensory neurogenesis in the
DRG, nor is it likely to modulate BMP-induced autonomic
neurogenesis in the sympathetic ganglia or to regulate persis-
tence of NCSCs in postmigratory neural crest target tissues.
However, the data are consistent with an involvement of ca-
nonical Wnt signaling in maintenance and early sensory lin-
eage segregation in emigrating eNCSCs.

Discussion

Factors supporting NCSC maintenance and self-renewal have
not been described so far. Here, we show that the synergistic
activity of Wnt and BMP signaling regulate NCSC mainte-
nance, whereas the individual factors alone promote lineage
decisions in these stem cells. In the CNS, expansion of neural
stem cells has been achieved before in neurosphere and in ad-
hesive cultures (Alvarez-Buylla et al., 2001). However, the cel-
Iular composition in these culture systems is heterogeneous,
with the actual stem cells representing only a minor fraction of
all cells. In contrast, combined Wnt/BMP activity allows the
expansion of an almost pure population of NCSCs while sup-
pressing differentiation. Stem cell maintenance is not only
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Figure 6. Loss of Wnt activity and Wnt responsiveness during neural crest development. NCSCs that had been maintained for prolonged time with
Wnt1/BMP2 were replated at clonal density (A) and exposed to Wnt1 alone. In contrast to eNCSCs (Fig. 4), NCSCs expanded in culture lose responsiveness
to Wnt1 and mostly remain Sox10 positive without expressing sensory markers (B, Table ). Bars, 10 um. Clonal analysis revealed that postmigratory NCSCs
isolated from sciatic nerve do not generate sensory neurons in response o Wnt1, as no Brn-3A-expressing clone was generated from p75-positive
founder cells, from which 81.4 = 4.0% coexpressed Sox10 (C). Likewise, postmigratory NCSCs isolated from DRG are not Whnt responsive; no significant
difference in clone composition between Wht1-treated and control (co) cultures was observed (D). Of the p75-positive founder cells, 65 = 5.9% coex-
pressed Sox10. (E-L) Whole-mount and section analysis of mice harbouring TOPGAL, in which a B-galactosidase gene is under the control of a TCF/Lef
and B-catenin inducible promoter. At E9.5 (E-G), Wnt/B-catenin activity is observed in the dorsal neural tube and in regions of emigrating neural crest
(F, arrow). At E10.5 (H-J), Wnt/B-catenin activity decreases at sites of postmigratory NCSCs (I, arrow). At E12.5 (K), there is no Wnt/B-atenin activity
at sites of postmigratory NCSCs (L, open arrow). Enlarged areas (F, I, and L) are marked by boxes in E, H, and K, respectively.

reflected by persistent expression of the NCSC markers p75
and Sox10 in virtually all cells, but also by the maintained po-
tential of these cells to generate neurons, glia, and nonneural
cell types. Although NCSCs proliferate in the presence of Wnt/
BMP, cell cycle progression is slower than in lineage-specified
progenitors. This is comparable to the reduced proliferation
rate of stem cells as opposed to transient amplifying progeni-
tors in the CNS (Alvarez-Buylla et al., 2001). Similar to NCSCs
isolated at different time points in vivo, NCSCs change certain
intrinsic properties over time and acquire differential respon-
siveness to instructive growth factors.

Stem cell maintenance and early sensory
lineage segregation in emigrating neural
crest cells

Although in culture emigrating eNCSCs initially represent a ho-
mogeneous cell population with respect to their potentials (Lee

JCB « VOLUME 1689 « NUMBER 2 « 2005

et al., 2004), the cells quickly undergo lineage segregation (He-
nion and Weston, 1997; Greenwood et al., 1999; Luo et al.,
2003). This is likely due to the limited signaling range and activ-
ity of growth factors such as neural tube—derived Wnt that in ex-
plant cultures induces sensory neurogenesis in a subset of all
neural crest cells and that can be modulated by BMP signaling
(Figs. 1 and 2). Likewise, in vivo the migratory neural crest is
heterogeneous as has been shown by single-cell tracing experi-
ments (Fraser and Bronner-Fraser, 1991). Although some of the
labeled cells in these experiments contributed to both sensory
and autonomic ganglia, others were restricted and generated ei-
ther only sensory or only sympathetic cells. Moreover, Ngn2-
positive cells fated predominantly for sensory ganglia are found
in neural crest cells as they emigrate from the neural tube, inter-
mingled with multifated Sox10-positive cells (Zirlinger et al.,
2002). Thus, maintenance vs. sensory lineage segregation is reg-
ulated very early in neural crest development. Based on our
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data, we propose (Fig. 7) that neural crest cells emerge from the
neural tube with equal competence; combinatorial Wnt and
BMP signaling maintains multipotency in some emigrating
NCSCs and suppresses their neuronal specification, whereas
other emigrating neural crest cells are not (or at least not contin-
uously) exposed to the synergistic activity of Wnt plus BMP and
adopt a Wnt-dependent sensory fate. How this cellular heteroge-
neity is established remains elusive. Possibly, restricted signal
availability or factors locally inhibiting BMP activity might be
involved. Moreover, it is presently not clear whether Wnt/BMP
signaling maintains NCSCs with potentials exceeding smooth
muscle formation, neurogenesis, and gliogenesis. In particular,
recent evidence indicates that the melanocyte lineage segregates
from other neural crest lineages already in the neural tube, be-
fore neural crest emigration (Wilson et al., 2004). In any case,
however, our finding that BMP signaling can counteract the sen-
sory neuron—inducing activity of canonical Wnt signaling pro-
vides one conceivable solution to the paradox that in normal
neural crest development not all emigrating neural crest cells
adopt a sensory fate, despite the general responsiveness of eNCSCs
to Wnt signaling and the expression of Wnts at the site of neural
crest delamination. Similarly, the inhibition of BMP-dependent
autonomic neurogenesis by Wnt signaling also offers an expla-
nation for why the generation of autonomic neurons is pre-
vented in emigrating neural crest cells in spite of the presence of
BMPs in the ectoderm and the dorsal neural tube.

Consistent with a role of Wnt signaling in NCSC expan-
sion in vivo, ablation of wntI/wnt3a in mice results in the reduc-
tion of most neural crest lineages (Ikeya et al., 1997), and

7 Postmigratory NCSC

/ Sensory Neuron

factors. For simplicity, of all possible nonsensory neural
crest-derived structures only autonomic ganglia are
shown, in which dorsal aorta-derived BMP induces auto-
nomic neurogenesis in postmigratory NCSCs.

Satellite Glia

() Autonomic Neuron

Wnht signal inhibition at the onset of neural crest emigration
in zebrafish leads to reduced expression of several neural crest
markers, including Sox10 (Lewis et al., 2004). However, numbers
of Sox10-positive cells appear normal and neural crest cells still
contribute to multiple lineages after neural crest—specific deletion
of B-catenin and of BMP receptor IA (Hari et al., 2002; Stottmann
et al., 2004). This could point to stage- or signaling component—
specific requirements for Wnt/BMP signaling in stem cell mainte-
nance, which has to be addressed in future studies.

Although Wnt in combination with BMP signaling main-
tains multipotency of NCSCs and supports cell division in many
of these cells, their responsiveness to instructive growth factors
changes with time. Most intriguingly, expanded NCSCs lose
their sensitivity to the sensory neuron—inducing activity of ca-
nonical Wnt signaling while remaining responsive to other in-
structive growth factors including BMP2, NRG1, and TGF.
The loss of Wnt responsiveness cannot be explained by the se-
lective elimination of cells with sensory potential, as demon-
strated by clonal analysis of cells that have been maintained in
the presence of Wntl and BMP2 (Figs. 5 and 6). Rather, during
maintenance in culture individual NCSCs have acquired intrin-
sic differences as compared with eNCSCs emigrating from the
neural tube. Strikingly, these changes correspond to processes
occurring in vivo: Although in the case of sciatic nerve cells in-
creased cell death might have masked an effect of Wnt on sen-
sory neurogenesis, postmigratory NCSCs present in both the sci-
atic nerve and the DRG displayed an altered Wnt response as
compared with migratory NCSCs and failed to generate sensory
neurons (Fig. 6). Similar changes also occur in response to other
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growth factors, both in NCSCs isolated at different time points
and in postmigratory NCSCs derived from different PNS re-
gions (Bixby et al., 2002; Kruger et al., 2002). Thereby, changes
in cell-intrinsic determinants influence cell fate decisions by
changing the sensitivity of neural crest cells to specific extracel-
lular signals (White et al., 2001; Kubu et al., 2002). For instance,
the level of the transcription factor Sox10 determines how neural
crest cells interpret their environment and which fate they adopt
(Paratore et al., 2001). Such changes acquired over time might
also explain the various functions attributed to Wnts and BMPs
during neural crest development, ranging from neural crest in-
duction, delamination, and NCSC expansion to melanocyte for-
mation and neurogenesis (Ikeya et al., 1997; Dorsky et al., 1998;
Garcia-Castro et al., 2002; Burstyn-Cohen et al., 2004; Lee et
al., 2004). Indeed, blocking Wnt signaling at various time points
in zebrafish embryogenesis indicated its reiterated but distinct
roles in neural crest development (Lewis et al., 2004).

Neural stem cells from the CNS also undergo intrinsic
changes during development, biasing a cell to self-renew, to
generate either neurons or glia, or to produce specific neuronal
cell types (Alvarez-Buylla et al., 2001). In particular, canonical
Whnt signaling promotes stem cell expansion at early stages
of cortical development, whereas it induces neuronal lineage
commitment at later stages (Hirabayashi et al., 2004). Thus, as
is the case with NCSCs found at different stages of PNS devel-
opment, the proposed transition from neural stem cells present
in the embryo to adult neural stem cells is accompanied by al-
terations in the stem cell’s genetic program (Alvarez-Buylla et
al., 2001). It follows that continuous self-renewal used as a key
feature of stem cells might not apply in its strictest sense to
neural (and conceivably other) stem cells during development.
Rather, although maintaining their multipotency, stem cells
adapt to signals present in their extracellular environment.

The environment, however, also changes with time. In
the PNS, canonical Wnt activity is observed only at early de-
velopment stages, when neural crest cells emigrate from the
neural tube (Fig. 6). At later stages, Wnt/3-catenin activity was
no longer detectable in neural crest—derived tissues, such as
DRG, peripheral nerves, and sympathetic ganglia. Thus, not
only do NCSCs lose their Wnt responsiveness with time, but
also postmigratory neural crest cells are not exposed to canoni-
cal Wnt signaling any more. We propose that this dual regula-
tion of Wnt signaling ensures the tight control, both spatially
and temporally, of NCSC maintenance by Wnt/BMP and
sensory lineage segregation by Wnt signaling alone. Conse-
quently, late sensory neurogenesis in the forming DRG may
occur in a Wnt-independent manner. Likewise, maintenance of
NCSCs at later stages may be regulated by cues not involving
canonical Wnt signaling. Alternatively, transient priming of
NCSCs by Wnt plus BMP at early stages may be sufficient to
maintain NCSCs also at later stages until they are exposed to
new instructive cues, such as BMPs that are expressed in the
dorsal aorta and induce autonomic neurogenesis (Reissmann et
al., 1996; Shah et al., 1996). In sum, NCSC maintenance and
lineage decisions appear to be regulated by the dynamic inter-
action between cell-intrinsic properties and cell-extrinsic cues,
including Wnt signaling, that change with time and location.
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Combinatorial Wnt and BMP signaling

Our study provides multiple lines of evidence for a cross-talk
between Wnt and BMP signaling in eNCSCs. Wntl treatment
as well as sustained (-catenin activity interferes with the auto-
nomic neuron—inducing activity of BMP2 (Figs. 2 and 3). Like-
wise, BMP signaling suppresses [3-catenin—dependent sensory
neurogenesis from eNCSCs (Fig. 2) and prevents sensory neu-
ron formation in eNCSCs treated with exogenous Wntl (Fig. 3).
The fact that BMP2 also blocks sensory neurogenesis in eNCSCs
expressing a constitutively active form of (-catenin indicates
that BMP signal transduction interacts with canonical Wnt sig-
naling at the level of or downstream of B-catenin. Strikingly,
the cross-talk between Wnt and BMP signaling is not just mu-
tually antagonistic but synergistic, leading to a new fate not
seen with the individual signals alone. Indeed, combined Wnt
and BMP signaling suppresses also glial and nonneural cell dif-
ferentiation, apart from sensory and autonomic neurogenesis,
while maintaining stem cell features in neural crest cells.

Whnt/B-catenin signaling interacts with several other sig-
nal transduction pathways, which influences its signaling out-
put (Nelson and Nusse, 2004). In particular, Wnt and BMP sig-
naling cooperate in various species in either a synergistic or
antagonistic manner to regulate cell lineage decisions, pattern-
ing, or tumorigenesis. Thereby, the B-catenin/Lef/TCF tran-
scription factor complex acts as signal coordinator that physi-
cally interacts with the BMP signaling components SMAD4 or
SMADI to induce specific target genes. Most recently, BMP
has been shown to antagonize Wnt/p-catenin in intestinal stem
cells by signaling through the tumor suppressor PTEN and Akt
kinase (He et al., 2004). Intriguingly, in these stem cells Wnt
promotes self-renewal and Wnt/BMP promotes cell fate deci-
sions, unlike in NCSCs, indicating that the effects of Wnt sig-
naling and Wnt signal modulation by BMP are dependent on
the stem cell type (Kléber and Sommer, 2004).

The signaling components involved and the target genes
of Wnt/BMP signal convergence in NCSCs remain to be iden-
tified. The homeodomain factor Msx2 might possibly be impli-
cated, at least in the cranial crest, because Msx2 expression is
regulated by cooperative Wnt/BMP signaling in embryonic
stem cells (Hussein et al., 2003) and suppresses chondrogenic
differentiation in migratory cranial neural crest cells (Taka-
hashi et al., 2001). Another candidate transcription factor is
Sox10, which is persistently expressed in NCSCs maintained
by Wntl plus BMP2 (Figs. 3-5). Similar to the combinatorial
activity of Wnt and BMP, Sox10 promotes maintenance of
multipotency and growth factor responsiveness in cultured
NCSCs (Kim et al., 2003), and is required for maintenance of
enteric NCSCs in vivo (Paratore et al., 2002). Although there is
precedence for Wnt/B-catenin signaling regulating expression
of Sox genes (Blache et al., 2004), a functional interplay be-
tween Sox10 and the canonical Wnt signaling pathway might
take place at the protein level, as several Sox proteins physi-
cally interact with B-catenin (Zorn et al., 1999; Akiyama et al.,
2004; Sinner et al., 2004). It is open whether such interactions
occur in NCSCs, but they might play a part in the modulation
of the signaling network provided by Wnt and BMP that con-
trols NCSC maintenance and cell fate decisions.



Materials and methods

Mating scheme, genotyping, and in vivo fate mapping

Control and mutant embryos were generated and genotyped as described
previously (Hari et al., 2002; Lee et al., 2004). Wnt/B-catenin activity
was assessed by analyzing mice harboring TOPGAL, in which a g-galac-
tosidase gene is under the control of a TCF/Lef and B-catenin inducible
promoter (DasGupta and Fuchs, 1999). X-gal staining was performed as
described previously (Paratore et al., 2002).

Neural crest explant cultures

Mouse neural crest explant cultures under conditions permissive for sen-
sory neurogenesis were performed as reported previously (Hari et al.,
2002; Lee et al., 2004). To inhibit sensory neurogenesis, early neural
crest explants were supplemented with 50 ng/ml BMP2 (R&D Systems).
Exposure of neural crest cells to Wnt1-expressing and control fibroblasts
was done as described previously (Lee et al., 2004). In some experi-
ments, neural crest cells on fibroblast monolayers were treated with
BMP2 20 h after emigration and cultured for an additional 5-12 d. To
challenge Wnt1/BMP2-treated NCSCs after 5 d in explant culture, cells
were washed three times in Dulbecco’s minimum essential medium and
cultured for an additional 7 d either in defined medium (Greenwood et
al., 1999) supplemented with 125 ng/ml noggin (R&D Systems) or in
medium containing chicken embryo extract (Stemple and Anderson,
1992) supplemented with 20 ng/ml IGF-1 (R&D Systems) and either 50
ng/ml BMP2, 0.1 ng/ml TGFB1 (R&D Systems), or 1 nM NRG1 (R&D
Systems). The number of sensory neurons (mean = SD) was determined
for three different explants, counting at least 2,000 cells per explant.
Five ganglia per explant in at least three different explants were assayed
to quantify the mean distances between ganglia and neural tube, using
NIH Image 1.62 software.

Clonal analysis of NCSCs

Rat eNCSCs and postmigratory NCSCs from rat DRG and sciatic nerve
were prepared as reported previously (Hagedorn et al., 1999; Leimeroth
et al., 2002; Lee et al., 2004). Clonal analysis of prospectively identified
NCSCs plated onto Whnt1-expressing or control fibroblast monolayers was
done as in Lee et al. (2004). The plating efficiency was ~60-70%. Some
cultures on fibroblast monolayers were supplemented with 50 ng/ml
BMP2 (R&D Systems) 2 d after plating. To evaluate maintenance of multi-
potency, rat NCSCs were incubated on Wnt1-expressing monolayers in
the presence of BMP2 for 11 d. After 11 d, the remaining fibroblasts and
neural tubes were removed and the explants were replated at clonal den-
sity onto freshly prepared Wnt1-expressing or control feeder monolayers,
or onto pdL/fibronectin-coated plates. Clone founder cells were identified
and mapped as explained above. Cells exposed to Wnt1 were cultured in
medium permissive for sensory neurogenesis (Lee et al., 2004). Cultures in
the absence of Wnt1 were treated with 50 ng/ml BMP2 (R&D Systems),
0.1 ng/ml TGFB (R&D Systems), or 1 nM NRG1 (R&D Systems) for 4, 5,
and 7 d, respectively, in medium containing chicken embryo extract
(Stemple and Anderson, 1992).

Immunocytochemistry

Anti-p75, anti-Sox10, anti-Brn-3A, and anti-NF160 antibody stainings
were done as in Hari et al. (2002). Anti-GFAP and anti-S100 stainings
were performed using pAbs (each at 1:200 dilution; DakoCytomation).
SMA was stained with an mAb (1:400 dilution; Sigma-Aldrich); for Mash-1
staining, cells were incubated with an mAb (1:100 dilution; BD Bio-
sciences) overnight at 4°C, followed by incubation with a HRP-coupled
anti-mouse IgG antibody (1:200 dilution; DakoCytomation) and by HRP
development using DAB as substrate. Immunofluorescence was analyzed
using an Axiovert 100 microscope and AxioVision 4.1 software (Carl
Zeiss Microlmaging, Inc.).
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