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Schwann cells develop from multipotent neural crest stem cells and are important for neuronal survival, maintenance of axonal integrity,
and myelination. We used transgenic mice expressing green fluorescent protein in a tissue-specific manner to isolate viable, pure
populations of neural crest stem cells and developing Schwann cells, which are not readily accessible by microdissection. Starting with the
minute amounts of RNA obtained, a two-round amplification procedure was used to achieve reproducible DNA array hybridizations. We
validated our screening procedure by comparisons with the literature and by in situ hybridization. Stage-to-stage comparisons and
hierarchical clustering for neural crest and five stages of Schwann cell development suggest a wealth of candidates for genes involved in
stem cell regulation and in early Schwann cell development. The combination of methods applied in this study should be generally useful
for isolating and profiling other stem cell and difficult to isolate cell populations.
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Introduction
When performing gene expression profiling of cells freshly iso-
lated from an organ or tissue, homogeneity of the cell population
is a major issue. Often the cells of interest are mixed with other
cell types in a given anatomical location, and gross dissection may
lead to the concomitant isolation and profiling of contaminating
tissue (Smith and Greenfield, 2003). Recently, animals expressing
fluorescent proteins under the control of various tissue-specific
promoters have been used to retrieve specific cell types from a
complex mixture of cells by fluorescence-activated cell sorting
(FACS). In particular, developing and mature oligodendrocytes
have been isolated from brains and spinal cords of mice express-
ing green fluorescent protein (GFP) under the control of the
proteolipid protein (Plp) promoter (Fuss et al., 2000; Spassky et
al., 2001). Because the Plp promoter is also active in Schwann cell
(SC) precursor cells of the peripheral nervous system (PNS)
(Griffiths et al., 1998), mice expressing GFP under its control
appeared promising for exploring gene expression in early devel-
opment of the PNS.

At approximately embryonic day (E) 9 in the mouse, neural

crest stem cells (NCSCs) detach from the dorsal neural tube and
migrate along defined pathways to various tissues. These self-
renewing, multipotent cells give rise to neurons and glia of the
PNS, but also to a variety of other differentiated cell types such as
smooth muscle, cartilage, bone, and melanocytes (Le Douarin
and Kalcheim, 1999). At E10, trunk NCSCs colonize the somites
and aggregate to form dorsal root ganglia (DRG), in which pro-
genitor cells differentiate first into sensory neurons and later into
satellite glia. Neural crest-derived cells associate with sensory ax-
ons growing out from the DRG and with CNS motor axons, and
differentiate into SC precursor cells, prominent at E12. These
cells proliferate during their migration along the nerves, and by
E16 have differentiated into immature or early SCs. Shortly be-
fore birth, SCs invade the axon bundles and associate in a one-
to-one relationship with large-caliber axons. Shortly after birth,
some of the SCs begin to form myelin sheaths, whereas others
remain as nonmyelinating SCs (Anderson, 1997; Jessen and Mir-
sky, 1999, 2002; Le Douarin and Kalcheim, 1999; Sommer, 2001;
Lobsiger et al., 2002).

Development of peripheral nerves depends on complex recip-
rocal interactions between SCs and neurons. Neuronally derived
signals such as ligands of the Delta–Notch family (Morrison et al.,
2000; Wakamatsu et al., 2000), neuregulins (Shah et al., 1994;
Dong et al., 1995; Meyer and Birchmeier, 1995; Garratt et al.,
2000; Leimeroth et al., 2002), transforming growth factor �
(TGF�) (Parkinson et al., 2001), and electrical activity (Stevens
and Fields, 2000) induce fate determination of NCSCs and dif-
ferentiation of developing SCs, and regulate their number in the
peripheral nerve. In turn, survival of motor and sensory neurons
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during development depends on the presence of SCs, either
through provision of trophic factors or via less direct effects
(Riethmacher et al., 1997; Davies, 1998; Woldeyesus et al., 1999).
SC-derived factors control the formation of the perineurial
sheath, which protects and assures the integrity of axon bundles
(Parmantier et al., 1999). Later in development, myelinating SCs
organize the axonal architecture by regulating axonal caliber, by
controlling the distribution of ion channels on the axonal mem-
brane, and by influencing neurofilament phosphorylation in my-
elinated axons (Jessen and Mirsky, 1999; Scherer and Arroyo,
2002; Spiegel and Peles, 2002). After an injury, SCs are crucial for
axonal regeneration (Terenghi, 1999), and in most demyelinating
neuropathies the deleterious effects originate primarily from SCs
(Suter and Scherer, 2003).

Early cell fate determination of NCSCs to SCs and the subse-
quent differentiation occur under the influence of multiple sig-
nals from the environment, which are integrated and together
with intracellular factors are interpreted by the cells to elicit a cell
type-specific response (Anderson, 2000; Morrison, 2001; Som-
mer, 2001). To learn more about the molecular mechanisms con-
trolling these processes, and to identify novel components poten-
tially involved in the dialogue between SCs and neurons, we
undertook large-scale gene expression profiling of NCSCs and
five stages of embryonic and perinatal SC development. Profiling
of NCSCs should also improve understanding of stem cell biol-
ogy in general, yielding candidate genes involved in regulation of
self renewal, migration, and differentiation into a wide range of
cell types.

Global expression profiling has been used to characterize the
earliest delaminating stage of neural crest development in the
chicken (Gammill and Bronner-Fraser, 2002) and late stages of
myelination in the mouse (Nagarajan et al., 2002; Verheijen et al.,
2003), but intermediate stages of PNS development have not yet
been so characterized. Because acutely isolated NCSCs and devel-
oping SCs are not readily accessible without contaminating tissue
ex vivo, we used FACS to purify viable cells from mice expressing
GFP under the control of the Plp promoter in the developing
PNS. The small amounts of RNA obtained from these cells were
amplified by two rounds of in vitro transcription. Labeled com-
plementary RNA (cRNA) was hybridized with Affymetrix Gene-
Chips. To increase the predictive ability of our expression data we
hybridized RNA from three to four separate batches of embryos
or pups per developmental stage and performed extensive statis-
tical analysis of the data set.

Materials and Methods
Transgenic mice. Plp-GFP transgenic animals (line 42) (Spassky et al.,
2001) were provided by B. Zalc (Institut National de la Santé et de la
Recherche Médicale U-495, Hôpital de la Salpêtrière, Paris). Heterozy-
gous embryos or pups were obtained by mating homozygous transgenic
males with C57BL/6 females, taking the date of the vaginal plug as E0.

Preparation of sections. Pregnant females were killed by exposure to
CO2. Embryos were dissected, washed in PBS, and embedded in 3%
low-melting agarose. Sections (200 �m) cut with a vibrating blade mic-
rotome were mounted and photographed immediately with a Zeiss Ax-
ioplan microscope and a digital camera.

Cell preparation and sorting. A fluorescent stereomicroscope (Leica,
Nussloch, Germany) was used to dissect regions in which emigrating
NCSCs were detected in the somites of E9.5 transgenic embryos. Tissue
from two to three litters was incubated 12 min at 37°C in 1 ml of HBSS
with 0.05% trypsin (Invitrogen, San Diego, CA) and 3 mg/ml collagenase
type III (Worthington Biochemical, Freehold, NJ). After quenching with
0.1 ml of fetal calf serum (FCS), the material was triturated, centrifuged at
180 � g for 5 min, and resuspended in PBS–2% FCS. Cell suspensions

were prepared from sciatic nerves as in Jessen et al. (1994) and Lobsiger et
al. (2001). Before sorting, the cell suspensions were passed through a 70
�m cell strainer (Falcon). For cell sorting we used a FACStar PLUS
(Becton Dickinson, Heidelberg, Germany) and CellQuest software. Cells
(1–3 � 10 6/ml) were analyzed for forward scatter, side scatter, and GFP
fluorescence with an argon laser (488 nm excitation, 520 nm emission).
Dead cells and doublets were excluded by gating on forward and side
scatter.

Cell culture. Culture of NCSCs at medium density (1000 –2000/5 �l)
was performed as reported previously (Stemple and Anderson, 1992;
Hagedorn et al., 1999). Embryonic SCs were cultured as reported previ-
ously (Jessen et al., 1994; Dong et al., 1999; Lobsiger et al., 2000) at a
density of 250 –500 cells/5 �l. In both cases, �25% of sorted cells at-
tached. Short-term cultures were fixed after 3– 6 hr. Survival assays were
performed as described previously (Jessen et al., 1994; Dong et al., 1999;
Lobsiger et al., 2000). Results are expressed as percentage of p75 � cells
surviving after 24 hr. The number of input p75 � cells was determined by
counting sister plates after 3 hr in culture. Sorted cells from E12 embryos
were induced to differentiate with human recombinant glial growth fac-
tor 2 (GGF2) (1 nM; from M. Marchionni, Cambridge NeuroScience,
Cambridge, MA) plus 20 �M forskolin for 4 d.

The SC precursor cell line SpL201 (Lobsiger et al., 2001) was used at
passage 17. RNA was isolated from cells cultured under normal growth
conditions or after treatment with 20 �M forskolin for 7 d.

Immunohistochemistry. Immunohistochemistry on dissociated cells
was performed as described (Lobsiger et al., 2000; Paratore et al., 2001).
Antibodies were against O4 (mouse monoclonal, IgM, 1:10 dilution;
from M. Schwab, Brain Research Institute, Zürich, Switzerland), p75ex
(rabbit anti-mouse p75 extracellular domain, 1:500; Calbiochem, Lu-
cerne, Switzerland), and Sox10 (mouse monoclonal, 1:3; from M. Weg-
ner, University of Erlangen, Erlangen, Germany).

Microarray hybridization. Total RNA isolated with the RNeasy mini kit
(Qiagen, Hilden, Germany) was amplified as described (Hoffmann et al.,
2002), except that RNA was precipitated with ethanol after the Centricon
ultrafiltration steps. Biotin-labeled, amplified cRNA (8 –15 �g) was frag-
mented and hybridized to Affymetrix mouse genome U74Av2 chips (cat-
alog #900343) according to the Affymetrix protocol (Affymetrix, Inc.,
2000) on an Affymetrix GeneChip system (Lipshutz et al., 1999) at the
Functional Genomics Center (Zürich).

Data analysis. CEL files obtained using MAS 5.0 (Affymetrix) were
analyzed with the program dChip (Li and Wong, 2001a). After normal-
ization (Li and Wong, 2001b), probe-sensitivity indices, characterizing
the response of individual oligonucleotide probes across arrays, were
used to calculate the “model-based expression index” using the perfect
match/mismatch model (Li and Wong, 2001a) as a measure of the ex-
pression level of the cognate gene in a particular chip experiment. Com-
parisons between stages (Li and Wong, 2001b) were performed with
dChip using criteria described in Results. Hierarchical clustering was
performed with genes called “present” on the majority of replicate arrays
for at least one developmental stage. Genes with highly variable expres-
sion indices between replicate arrays were eliminated by requiring the
median over developmental stages of the within-replica (SD/mean) to be
�0.5. After pooling replicates, genes with sufficient variability across
stages were chosen by requiring the (SD/mean) across all stages to be
�0.4 (and �5). Clustering of the resulting 1435 genes was performed
using the average linkage method (Eisen et al., 1998).

In situ hybridization. In situ hybridization was performed as described
in Wilkinson (1992) using digoxigenin-labeled RNA probes for putative
neuronal cell adhesion molecule (from S. Mansour, University of Utah,
Salt Lake City, UT), reelin (from A. Goffinet, Université Louvain Medical
School, Brussels), serpine 2 (BE534374), and myelin basic protein (MBP;
from A. Gow, Cleveland Clinic Foundation).

Results
Characterization of GFP-positive cells
We tested a transgenic mouse line in which Plp promoter ele-
ments drive expression of GFP (Spassky et al., 2001). Green flu-
orescence was apparent in the region of the somites in whole
embryos at E9.5 (Fig. 1A) and at E10.5 (data not shown) in a
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pattern characteristic of migrating NCSCs. Developing sciatic
nerves were positive by E12.5 and at later stages (Fig. 1B,C). Thus,
GFP was expressed at anatomical positions where NCSCs and
cells of the SC lineage are expected.

Next, homozygous Plp-GFP males were mated with wild-type
females, and transgenic embryos were collected at various stages.
At E9.5 the trunk was isolated, whereas at later stages sciatic
nerves were dissected. At all stages FACS analysis showed a dis-
tinct population of GFP� cells (Fig. 1D), comprising on average
20% of the input (supplemental Table 1, available at www.jneu-
rosci.org). Such cells were not found with wild-type control em-
bryos (data not shown). Aliquots of GFP� cells were seeded on
coverslips, and the attached cells were tested further for charac-
teristics typical of their respective stages in the glial lineage (two
to four experiments per developmental stage; counting at least
250 cells per culture dish).

The great majority of sorted cells (85–99%) were positive for
the low-affinity neurotrophin receptor p75 and the transcription
factor Sox10 at all stages examined (Fig. 1E, red diamonds and
green squares, respectively), consistent with previous studies
(Kuhlbrodt et al., 1998; Lobsiger et al., 2000; Paratore et al.,
2001). The O4 antigen sulfatide is a differentiation marker absent
from SC precursors but present in �90% of early SCs isolated at
E16 (Dong et al., 1999). We observed the same developmental
course of antigen expression (Fig. 1E, black triangles).

SC precursors die within 24 hr in culture if not provided with
specific growth factors, whereas early SCs survive (Jessen et al.,
1994; Dong et al., 1999; Lobsiger et al., 2000). As expected, sur-

vival capacity of sorted cells was acquired
between E12 and E16, with the E14 stage
being intermediate (Fig. 1E, yellow cir-
cles). Furthermore, after culture for 4 d in
the presence of forskolin and the growth
and differentiation factor GGF2, the cells
were O4 positive and exhibited the typical
morphology of early SCs (data not
shown).

We conclude that the GFP marker per-
mits isolation of highly purified homoge-
neous populations of NCSCs and cells of
the SC lineage.

Target preparation and validation of the
amplification procedure
The limited amounts of RNA available
from the sorted cells necessitated the use of
an amplification procedure involving two
rounds of in vitro transcription with T7
RNA polymerase (Van Gelder et al., 1990;
Hoffmann et al., 2002). We compared this
method with the standard one-round pro-
tocol using the SC precursor cell line
SpL201, which can be induced by treat-
ment with forskolin to differentiate into an
early SC-like state (Lobsiger et al., 2001).
Labeled cRNA was generated from
forskolin-treated and control cells using
either 5 �g RNA and one round of in vitro
transcription or 300 ng RNA and two
rounds. After hybridization to Affymetrix
MGU74Av2 arrays, expression indices
were computed using dChip software (Li
and Wong, 2001a). The results were simi-

lar for the two amplification methods (r � 0.87– 0.88), within the
range of values reported for other two-round protocols [0.7– 0.77
in Luzzi et al. (2003); 0.898 in Baugh et al. (2001); 0.9 in Af-
fymetrix Inc. (2002)]. Large gene-specific differences in amplifi-
cation efficiency were infrequent. Only 1.3% (167 of 12488) of all
genes repeatedly differed by �1.5-fold with targets prepared with
one versus two rounds of in vitro transcription, using RNA from
either forskolin-treated or control cells (fold changes are given as
the 90% lower confidence bound of the change; see below). Sim-
ilar changes in expression after forskolin treatment were seen
with both methods, because 29 of 42 (69%) genes called threefold
or more changed between amplified samples were found to have
changed by at least 1.5-fold between unamplified samples. Thus
for most genes, the amplification system faithfully reproduces
absolute expression levels and differences in expression levels
between samples.

Reproducibility of array hybridizations
We performed three to four separate cell isolation and array hy-
bridization experiments at each developmental stage. Pools of
6 –25 embryos gave �7000 –55,000 sorted cells, and amplifica-
tion of total RNA from these cells yielded 8 – 82 �g of biotin-
labeled cRNA (supplemental Table 1, available at www.jneuro-
sci.org) for hybridization.

Overall, 38 –55% of genes were called present for a set of 20
arrays (supplemental Table 1, available at www.jneurosci.org).
We excluded a further array (P0_2) because only 24% of the
genes were called present. Replica experiments displayed good

Figure 1. Expression of GFP in the developing PNS of Plp-GFP transgenic mice. A, At E9.5, GFP � cells are detected in the
developing somites (arrow). B, At E12.5, GFP � cells are found in the DRG (drg) and around the sciatic nerve (sn) growing into the
hindlimb. C, At E16, GFP � cells are found within the sciatic nerve. Scale bars: A, 0.5 mm; B, C, 200 �m. D, When analyzed by FACS,
sciatic nerve cell suspensions obtained from transgenic mice at E16 show a distinct population of GFP � cells. E, Quantification of
survival assays and immunohistochemical characterization of sorted cells. Expression of p75 (red diamonds) and Sox10 (green
squares) is maintained by �90% of cells at each developmental stage, whereas expression of the O4 antigen (black triangles)
begins around E14. At E14 a subpopulation of sorted cells acquires the ability to survive 24 hr in culture without supplementation
with growth factors, whereas at later stages almost all cells survive (yellow circles). F, Reproducibility of microarray hybridizations.
Probes derived from RNA of sorted cells were hybridized to Affymetrix GeneChips, and expression indices were determined for all
the genes. At each developmental stage, three or four replicate experiments were compared in all pairwise combinations by
calculating Pearson’s correlation coefficient for the expression indices. All genes on the chips were included in the comparisons.
The filled circles show the correlation coefficients ( r), with three or six values for three or four replicas, respectively, and the
horizontal lines indicate the means of these values.
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reproducibility, with pairwise correlation coefficients ranging
from 0.866 to 0.986 (Fig. 1F), except for one array (E12_3) that
was discarded as an outlier (r �0.8; data not shown). Large vari-
ations between duplicates were rare. Further analysis was based
on data obtained with 19 arrays (supplemental Table 1 shows list
of arrays; primary data are available from Gene Expression Om-
nibus, http://www.ncbi.nlm.nih.gov/geo/, under accession num-
bers GSM15370 to GSM15388).

Validation of expression data
We sought to validate our expression data by comparison with
earlier studies. In 32 of 35 cases (91%), our data followed the
previously described trends in expression (supplemental Table 2,
available at www.jneurosci.org) (Fig. 2). These include genes en-
coding myelin structural proteins [peripheral myelin protein 22
(PMP22), myelin protein zero (MPZ), PLP and its splice variant
DM-20], transcription factors involved in neural crest fate deter-
mination (N-myc, activating protein 2) or in myelin formation
[Oct-6, early growth response 2 (EGR-2)], signaling molecules
(endothelin, insulin-like growth factor 2), and basal lamina com-
ponents and receptors (laminin, dystroglycan).

In situ hybridization and immunohistochemistry were used to
assess with cellular resolution the expression of a number of genes
not studied previously in the context of early Schwann cell
development.

On the basis of the array analysis, putative neuronal cell adhe-
sion molecule (punc) (Salbaum, 1998) is strongly expressed in
NCSCs but subsequently downregulated during SC development
(Fig. 2D). In situ hybridization revealed expression in emigrating

NCSCs at E9.5 (Fig. 3A) and weakly in E12 peripheral nerve (data
not shown), in concordance with the results of Salbaum (1998).

Among the transcripts strongly upregulated during the tran-
sition from NCSCs at E9.5 to SC precursors at E12 (Fig. 2E and
data not shown) were those encoding the protease inhibitor ser-
pine 2 (Mansuy et al., 1993), the transcription factor nuclear
factor IB (NFI-B) (Chaudhry et al., 1997), the cellular prion pro-
tein (for review, see Behrens and Aguzzi, 2002), and astrotactin, a
protein involved in neuronal migration (Zheng et al., 1996). Ex-
pression of serpine 2 and NFI-B was described previously in DRG
and the surrounding mesenchyme at E12.5 (Mansuy et al., 1993;
Chaudhry et al., 1997). We now found using in situ hybridization
for serpine 2 and immunohistochemistry for NFI-B that both are
also expressed in peripheral nerve at E12 (Fig. 3C,D and data not
shown). Similarly, expression of astrotactin, previously not de-
scribed in the peripheral nervous system, was detected in the
neural tube, in DRG, and in peripheral nerves (data not shown).
Immunohistochemistry was used to demonstrate the presence of
cellular prion protein in presumptive Schwann cell precursor
cells at E12.5 (data not shown).

Genes expressed at low or intermediate levels at E9.5 and E12,
but strongly upregulated in the early SCs at E16 (Fig. 2F and data
not shown), included the soluble lectin galectin I (Horie and
Kadoya, 2000), desmoyokin, a target of S100b in rat astrocytoma
cells (Gentil et al., 2001), and the serine protease reelin, which
regulates neuronal migration in the cortex (Rice and Curran,
2001). In situ hybridization confirmed expression of these genes
in peripheral nerves at E16, but not at E12 (Fig. 3E and data not
shown); the expression of reelin has been reported previously
(Ikeda and Terashima, 1997).

We found that the cell cycle regulator p57, however, gave no
specific in situ hybridization signal in developing peripheral
nerves, although expression was detected in the surrounding
mesenchyme (data not shown). Thus eight of nine (89%) candi-
dates were expressed in NCSCs and peripheral nerves at the pre-
dicted developmental stages.

Global patterns of gene expression
We screened for changes in expression between developmental
stages using the program dChip (Li and Wong, 2001a). Compar-
isons between stages were performed applying conservative cri-
teria, all of which take expression levels and variability at the
single probe level into consideration (Li and Wong, 2001a,b) and
were chosen to minimize the number of false positives. (1)
Weighted average differences in expression indices were �100.
This avoids very small changes near the noise level, at the expense
of missing genes expressed only at low levels. (2) Expression was
detected (called present) in at least 50% of arrays being com-
pared. (3) A significance level of p � 0.05 was attained in a mod-
ified unpaired t test (Li and Wong, 2001b). (4) We used the 90%
lower confidence bound of the fold change (LCB) rather than
simply the fold change. Costigan et al. (2002) estimated a false
discovery rate of 5% among genes differentially expressed when
they combined requirements of fold change �1.5 and p � 0.05
for individual genes.

From these considerations and the results of the previous sec-
tion, we conclude that our analysis provides a firm basis for se-
lection of candidate genes.

We subsequently grouped the differentially expressed genes
into functional categories (supplemental Table 3, available at
www.jneurosci.org). Changes were most frequent during the
transition from migrating NCSCs at E9.5 to SC precursors at E12
(Fig. 4A). Strikingly more genes were upregulated rather than

Figure 2. Expression profiles of genes in SC development. Profiles of three genes known to
be involved in SC development are shown: peripheral myelin protein 22 ( A), early growth
response 2 ( B), and fatty acid binding protein 7 ( C). Profiles of three genes not previously
known to be expressed in the early SC lineage are shown: putative neuronal cell adhesion
molecule (punc) ( D), prion protein ( E), and reelin ( F). Affymetrix probe-set identification num-
bers are above the graphs. Mean expression indices � SD are shown.
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downregulated. This difference held across all classes of genes
considered, including genes encoding regulatory molecules such
as transcription factors, regulators of the cell cycle, growth and
differentiation factors, and kinases and phosphatases (Fig. 4B).

Changes in some groups were concentrated between particu-
lar stages (Fig. 4C). Upregulation of various extracellular matrix
(ECM) components (tenascin C, laminin chains, and some col-
lagen isoforms) and receptors (integrin �4) previously reported
to be involved in NCSC survival and migration (Haack and
Hynes, 2001; Previtali et al., 2001) started as early as E9.5–E12.
Fibronectin and integrin �4 were downregulated from E12 to
E14. Molecules contributing to the basal lamina of axon bundles
(laminin chains, various collagen isoforms, and proteoglycans
such as decorin) and their receptors (dystroglycan 1, integrin �4)
were strongly and continuously upregulated from E12 to E16. A
peak of expression of ECM-related transcripts was seen at E16 or
E18, a period when the basal lamina is formed around the nerve
fibers (Previtali et al., 2001). Increases in transcripts encoding
myelin components (PMP22, MBP, myelin and lymphocyte pro-
tein) were seen as early as E12 and continued to increase until E16
or later, consistent with previous findings (Blanchard et al., 1996;
Hagedorn et al., 1999). Molecules involved in cytoskeletal rear-
rangements were mainly found differentially expressed from E9.5
to E12 and E12 to E14, during the transition of migratory NCSCs
to the still highly migratory SC precursor cells (Jessen et al.,
1994). Expression of cell cycle regulators remained relatively con-

stant from E12 to E18, whereas negative
cell cycle regulators (p107, Brca 1) were
downregulated between E18 and P0, a de-
velopmental phase in which early SCs pro-
liferate extensively (Stewart et al., 1993).

To follow patterns of expression over
multiple stages, 1435 selected genes (see
Materials and Methods) were subjected to
hierarchical clustering. We readily identi-
fied five major clusters (Fig. 4D) (supple-
mental Table 4, available at www.jneuro-
sci.org), with expression patterns
suggestive of roles in specific developmen-
tal stages (see Discussion). Among genes
present in the clusters are many expressed
at low levels or displaying smaller fluctua-
tions over time. We therefore sought to
select genes with the most substantial vari-
ation in expression by combining the clus-
tering and stage-to-stage comparisons
(supplemental Table 5, available at www.
jneurosci.org). For example, the 512 genes
in cluster 1 are expressed most strongly in
NCSCs and at reduced levels thereafter. Of
these, 205 overlap with those found to de-
crease between E9.5 and E12 in the stage-
to-stage comparison, the rest representing
genes with low expression or with LCB
�1.5. Similarly, a subset of cluster 2 was
chosen by requiring that expression de-
creased significantly from E12 to E14. For
cluster 3 we added the condition that ex-
pression increased between E9.5 and ei-
ther E12 or E14, but then decreased by
E16. Clusters 4 and 5 were combined and
subjected to the further requirement that
expression increased after E12. These clus-

ter subsets thus contain genes with substantial peaks in expres-
sion at particular developmental stages.

Discussion
A mouse line expressing GFP under the control of the Plp pro-
moter was used for rapid isolation of migratory neural crest stem
cells and cells of the developing Schwann cell lineage. The fluo-
rescent reporter offered multiple advantages. (1) We had access
to a pure population of neural crest stem cells, which, being dis-
persed throughout the somites, are not directly dissectable ex
vivo. (2) Non-glial cells were effectively eliminated from sciatic
nerve preparations at later stages (Fig. 1E). (3) We could under-
take cell sorting immediately after dissection and dissociation of
the tissue, without the need for prolonged cell culture or incuba-
tion with antibodies.

To increase the significance of our expression data we per-
formed three to four replica array hybridizations using RNA
preparations obtained from separate batches of embryos. Except
for two outliers, these biological replicates displayed good repro-
ducibility, with pairwise correlation coefficients ranging from
0.866 to 0.986 (Fig. 1F). The number of genes with expression
indices differing substantially between replicas was low, 0.2–1%
of the total for threefold or greater differences at stages up to E18,
and 2.2% at PO (data not shown). The greater variation seen at P0
may reflect true biological variability, possibly in exact age when

Figure 3. Expression of candidate genes assessed by in situ hybridization. A, Expression of punc mRNA is detected at E9.5 in
migrating NCSCs of the trunk (arrow), which were identified by expression of Sox10 on nearly adjacent sections ( B). C, Serpine 2
is found in E12 peripheral nerves (pn, arrow); hybridization with the serpine 2 sense control probe is shown in D. E, Reelin is
expressed in E16 peripheral nerves. Location of peripheral nerves was determined by hybridization of a probe for MBP mRNA to
semi-adjacent sections ( F). Scale bar, 100 �m. NCSC, Neural crest stem cells; nt, neural tube; drg, DRG; pn, peripheral nerve.
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mice are killed, because some of the litters
collected on day P0 may have been born in
the evening and others toward morning.

Literature comparisons and either im-
munohistochemistry or in situ hybridiza-
tion were used to validate the expression
data, with the in situ methods providing
controls for both the microarray analysis
and the cell purification method. Most
genes for which we could find at least
semiquantitative data in the literature
were also identified in our screen. Further-
more, we could validate the expression of
eight of nine genes by in situ hybridization
or immunohistochemistry. Three of the
transcripts that we detected by in situ hy-
bridization were predicted to be expressed
at rather low levels, namely punc (detected
at E9.5 and E12; mean expression index of
325 at E12), nuclear factor IB (mean ex-
pression index 302 at E12), and astrotactin
(mean expression index of 512 at E12).
This suggests that candidate genes can be
chosen even on the basis of relatively low
expression indices, confirming conclu-
sions drawn by others using “spike” exper-
iments (Lockhart et al., 1996; Baugh et al.,
2001). The possibility remains, however,
that gene-specific differences in amplifica-
tion efficiency could affect the choice of
candidate genes expressed at very low lev-
els, either because despite amplification
the signal remains below the noise level or
because differences in expression between
developmental stages fall below the
threshold difference that we used. With in
situ hybridization, only one probe of the
set that we tested gave a positive signal in
surrounding tissue but not in nerve. We
conclude that our screening procedure can
reliably identify genes expressed in the SC
lineage. Others have validated GeneChip
results by literature screens, in situ hybrid-
ization, Northern blotting, and quantita-
tive slot blots, and found, similar to our
results, 60 – 83% concordance of detection
(Zirlinger et al., 2001; Costigan et al., 2002;
Hoffmann et al., 2002).

Stage-to-stage comparisons and hierar-
chical clustering revealed that changes in
expression were most frequent between
E9.5 and E12. Substantial increases in ex-
pression were concentrated here (Fig. 4A),
but small decreases were also common
(Fig. 4D). A similar pattern was seen by
Luo et al. (2002), who found stem cells to
express a wide variety of transcripts at low levels, whereas differ-
entiated cells expressed a smaller number of transcripts but at
higher levels. From E12 to E14 the number of genes changing by
�1.5-fold remained in the hundreds, whereas it decreased below
100 after E14. Changes were much less frequent from E16 on,
when the nerve is populated by a more homogenous population
of immature SCs (Figs. 1E, 4A) (Dong et al., 1999).

Both the clusters and the stage-to-stage comparison were used
to select novel candidate genes (supplemental Tables 3–5, avail-
able at www.jneurosci.org). At present, it is only partially clear
how and when lineage specification of neural crest-derived cells
into the SC lineage occurs. The TGF� family (Shah et al., 1996;
Hagedorn et al., 1999, 2000) and components of the Wnt signal-
ing pathway (Hari et al., 2002) play a role in early neural crest

Figure 4. A, Number of genes differentially expressed with an LCB of �1.5-fold between developmental stages (additional
criteria: change in expression index �100; p � 0.05 by modified t test; genes called present on at least 50% of arrays used for the
comparison). B, Categories of genes differentially expressed between E9.5 and E12 with LCB �3�, or �2� if the mean
expression index was �1000 for at least one stage. C, Genes differentially expressed between developmental stages were
grouped into functional categories. The most prominent groups regulated through SC development are indicated in blue for genes
in these groups mainly downregulated or in red if mainly upregulated. Diagram of developmental stages adapted from Jessen and
Mirsky (1999). D, Hierarchical clustering of expression patterns of genes called present for at least one developmental stage.
Columns represent expression levels at the various developmental stage; rows correspond to individual genes. Expression levels
are relative to the mean across stages, normalized to have a mean of 0 and an SD of 1. Expression levels are color coded relative to
the mean: blue for values less than the mean and red for values larger than the mean. The scale indicates SDs above or below the
mean. Clusters discussed in Results are numbered 1–5.
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lineage specification. Notch signaling (Morrison et al., 2000) and
neuregulins (Shah et al., 1994; Leimeroth et al., 2002) are active in
early glial fate determination and differentiation in the PNS.
Clusters 2 and 3, comprising genes with peak expression in
NCSCs and SC precursors, include components of the Wnt
(dickkopf 2, secreted frizzled-related sequence protein, Wnt1-
responsive Cdc42 homolog, T-cell factor 4) and TGF� (inhibitor
of DNA binding 1 and 3, TGF�1-induced transcript 4, disabled
homolog 2) pathways. These genes might be involved in the sup-
pression of differentiation from NCSCs into neurons. Addition-
ally we found a transducer of the Notch signaling cascade (trans-
ducin-like enhancer of split), which may regulate target genes
necessary for glial fate specification. Many novel receptor protein
kinases and phosphatases are found in clusters 2/3 or are differ-
entially expressed between E9.5 and E12 (such as protein tyrosine
phosphatase types D, E, and M, and receptor tyrosine kinase-like
orphan receptor), offering a number of additional candidates to
be tested for a role in response to extracellular cues in lineage
specification (supplemental Tables 3–5, available at
www.jneurosci.org).

Current understanding of the cell-intrinsic factors integrating
these extracellular cues is limited. Sox10 is one transcription fac-
tor known to positively influence glial fate determination from
NCSCs (Britsch et al., 2001; Paratore et al., 2001). In stage-to-
stage comparisons and in clusters 2 and 3 we find a number of
transcription factors highly expressed at E12 and downregulated
by E16, which could be involved in glial fate specification or early
differentiation processes. These include members of the ho-
meobox (distal-less homeobox-1 and 2), ets-domain (E74-like
factor 1), Krüppel-like (Klf-3), basic helix-loop-helix (T-cell fac-
tor 4, liver-specific bHLH-Zip transcription factor), and others
[the Egr-1/2 binding protein Nab1, the cAMP response element
modulator (Crem), the nuclear receptor interacting protein 1
(Nrip1), and nuclear receptor coactivator 6 (Ncoa6)]. Dlx-1 ex-
pression has been detected previously at E11.5 and E12.5 in parts
of the nerve trunks from the brachial plexus and in the roots of
the sciatic nerve, which are populated by Schwann cell precursor
cells at this age (Stewart et al., 1996). Because cAMP levels are
known to be important in regulating SC differentiation (Jessen
and Mirsky, 1998), Crem might play a role in Schwann cell re-
sponse to cAMP already at this early stage of development (Stew-
art et al., 1996).

Clusters 4 and 5 both contain genes expressed at low levels in
early stages of SC development and upregulated after E12.
Among these genes we find, as expected and already seen in stage-
to-stage comparisons, a large number of transcripts encoding
ECM molecules (laminin �2 and �1; various collagens) and their
receptors (dystroglycan 1, integrin �4). Additionally, soluble or
cell-surface proteoglycans (syndecan 4, glypican 4, decorin,
SPARC-like 1) acting as ligands for ECM molecules and growth
factors, such as fibroblast growth factor and vascular endothelial
growth factor (Bernfield et al., 1999; Brekken and Sage, 2001)
were upregulated between E12 and E14. These molecules could
be further investigated as modulators of growth factor–receptor
interactions during early Schwann cell development. Genes en-
coding myelin components (PLP, PMP22, MBP) are found
highly expressed from E14 on until P0. The transcription factor
Egr-2, known to be involved in myelination, is in cluster 5 along
with many other transcription factors possibly involved in the
transcriptional network regulating myelination or extracellular
matrix synthesis [Krüppel-like factors 7 and 9; zinc finger pro-
teins 36 and 103; a B-class basic helix-loop-helix protein
(Stra13)]. Genes causing peripheral neuropathies when mutated

[lamin A, N-myc downstream-regulated gene 1, periaxin, MPZ,
PMP22; (Suter and Scherer, 2003)] are also found in cluster 5.
Genes encoding cell cycle and cytoskeletal molecules are present
in all clusters, reflecting the fact that we have profiled a migratory
and proliferating cell population.

We compared cluster 1 with genes previously found specifi-
cally enriched in mouse CNS neural stem cells cultured as neu-
rospheres (Ramalho-Santos et al., 2002). Of the genes in cluster 1,
63% (320 of 512) were among the 2458 genes found enriched in
neurospheres, and 36% were common to a group of 230 found
common to neurospheres, embryonal stem cells, and hematopoi-
etic stem cells (Ramalho-Santos et al., 2002) (supplemental Table
6, available at www.jneurosci.org). The overlap is highly signifi-
cant in both cases ( p � 10�12; hypergeometric distribution).
Among the genes expressed by the different stem cell popula-
tions, we found genes involved in the regulation of cell cycle
progression (Xrcc5), chromatin remodeling factors (enhancer
trap locus 1), and the general transcription–translation process
(bystin-like, RNA cyclase homolog). A large number of genes
found in cluster 1 were related to cell metabolism, DNA repair,
chromatin remodeling and replication, or to general transcrip-
tion–/translation processes. Similar patterns have been reported
for neural stem cells from neonatal mouse neocortex cultured as
neurospheres when compared with differentiating cells (Karsten
et al., 2003). Expression of genes in cluster 2 is relatively high at
E9.5 and E12 and declines later. Some of these genes may still be
involved in maintaining a stem cell or progenitor state, because
multipotent stem cells are also present at later stages in embry-
onic sciatic nerve (Morrison et al., 1999).

Conclusion
Transgenic mice expressing GFP in a tissue-specific manner al-
lowed us to isolate homogeneous cell populations of NCSCs and
developing SCs, which are not readily accessible by microdissec-
tion. Reproducible array hybridizations could be performed us-
ing a two-round amplification procedure, starting with small
amounts of RNA. We identified many genes already known to be
involved in fate determination, differentiation, and maturation
of glial cells, thus validating the cell isolation and screening pro-
cedure. Stage-to-stage comparisons and hierarchical clustering
identified a number of candidates involved in the regulation of
early stem cells and SC development. We confirmed by in situ
hybridization the differential expression of some of these candi-
dates that belong to gene families not previously thought to func-
tion in SC development. Further functional tests will undoubt-
edly reveal new regulatory factors involved in PNS development.
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