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The mechanism that causes neural stem cells in the central nervous system to switch from neurogenesis to
gliogenesis is poorly understood. Here we analyzed spinal cord development of mice in which the
transcription factor Sox9 was specifically ablated from neural stem cells by the CRE/loxP recombination
system. These mice exhibit defects in the specification of oligodendrocytes and astrocytes, the two main types
of glial cells in the central nervous system. Accompanying an early dramatic reduction in progenitors of the
myelin-forming oligodendrocytes, there was a transient increase in motoneurons. Oligodendrocyte progenitor
numbers recovered at later stages of development, probably owing to compensatory actions of the related
Sox10 and Sox8, both of which overlap with Sox9 in the oligodendrocyte lineage. In agreement, compound
loss of Sox9 and Sox10 led to a further decrease in oligodendrocyte progenitors. Astrocyte numbers were also
severely reduced in the absence of Sox9 and did not recover at later stages of spinal cord development. Taking
the common origin of motoneurons and oligodendrocytes as well as V2 interneurons and some astrocytes into
account, stem cells apparently fail to switch from neurogenesis to gliogenesis in at least two domains of the
ventricular zone, indicating that Sox9 is a major molecular component of the neuron–glia switch in the
developing spinal cord.
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Neuronal specification has been intensely studied in the
spinal cord (for review, see Jessell 2000). Neuronal sub-
types are generated in response to a Sonic hedgehog gra-
dient that emanates from notochord and floorplate, and
influences the expression of transcription factors along
the dorsoventral axis. Some of these transcription factors
are repressed (class I) by Sonic hedgehog, and others are
induced (class II). Because of the cross-repressive action
of these transcription factors, domains are established in
the ventricular zone along the dorsoventral axis, with
each domain defined by expression of a certain set of
transcription factors and giving rise to a particular type
of neuron. Thus, motoneurons arise from the pMN do-
main in the ventral part of the ventricular zone, whereas
V2 interneurons are generated from the dorsally abutting
p2 domain.
Although neuronal specification and its underlying

molecular principles are well understood, relatively
little is known about the origin of glia in the spinal cord

(for review, see Kessaris et al. 2001). Stem cells within
the ventricular zone cease to produce neurons at around
midgestation and instead start to produce glia. What
causes these stem cells to switch from neurogenesis to
gliogenesis is unknown at present.
Myelin-forming oligodendrocytes and nonmyelinating

astrocytes are the two main types of glia in the central
nervous system (CNS). They appear to arise from differ-
ent regions of the ventricular zone, with oligodendro-
cytes being derived from the same pMN domain that
gave rise to motoneurons before. Generation of both mo-
toneurons and oligodendrocytes is dependent on the ac-
tion of the Olig1/2 transcription factors of the bHLH
family (Lu et al. 2002; Takebayashi et al. 2002; Zhou and
Anderson 2002). The origin of astrocytes within the ven-
tricular zone is less well defined. Recent studies have
shown, however, that the p2 domain is capable of astro-
cyte production (Zhou and Anderson 2002; Pringle et al.
2003). Additionally, astrocytes appear to be generated by
transdifferentiation of radial glia (Bignami and Dahl
1974; Malatesta et al. 2003), pointing to a heterogeneous
origin of astrocytes.
We have shown that glial cells of the CNS express

proteins of the Sox family of transcription factors (Kuhl-
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brodt et al. 1998a,b; Sock et al. 2001). Sox proteins in
general are characterized by possession of a variant high-
mobility-group domain that allows sequence-specific
minor-groove DNA binding and concomitant DNA
bending. Sox proteins can be grouped into seven major
classes and have important roles during development
(Wegner 1999; Bowles et al. 2000). The class E protein
Sox10, for instance, is essential for development of sev-
eral neural-crest-derived cell types, including all periph-
eral glia (Herbarth et al. 1998; Southard-Smith et al.
1998; Britsch et al. 2001). In the CNS, Sox10 occurs se-
lectively in oligodendrocytes and is essential for the ter-
minal differentiation of these cells (Stolt et al. 2002).
Sox10 expression in the oligodendrocyte lineage signifi-
cantly precedes the onset of terminal differentiation, but
is apparently not essential during these earlier times.
In addition to Sox10, oligodendrocytes also express the

related Sox8 protein (Sock et al. 2001). Coexpression of
Sox8 and Sox10 is observed both in developing and ter-
minally differentiated oligodendrocytes with little
changes in the relative levels of both transcription fac-
tors during lineage progression. This and normal oligo-
dendrocyte development in Sox8-deficient mice (Sock et
al. 2001; C.C. Stolt and M. Wegner, unpubl.) make it
unlikely that functional compensation by Sox8 is the
main reason for the absence of an early oligodendrocyte
defect in Sox10-deficient mice.
The second protein closely related to Sox10 is Sox9,

which is best known for its role during chondrocyte de-
velopment and male sex determination (Wright et al.
1995; Kent et al. 1996; Bi et al. 1999). Heterozygous mu-
tations in humans lead to campomelic dysplasia (MIM
114290), a skeletal malformation syndrome frequently
associated in males with XY sex reversal (Foster et al.
1994; Wagner et al. 1994). Poorly characterized defects in
the CNS are, however, additionally observed in campo-
melic dysplasia patients, indicating that there might be
an additional role of Sox9 in the CNS.
Here, we show that Sox9 is strongly expressed first in

neural stem cells, and later in glial cells of the CNS, and
that it is essential for proper development of both oligo-
dendrocytes and astrocytes. Not only do our findings ex-
plain the previously noted absence of an early oligoden-
drocyte defect in Sox10-deficient mice, it also defines
Sox9 as a component of the mechanism that causes neu-
ral stem cells to switch from neurogenesis to gliogenesis.

Results

Sox9 expression during spinal cord development

Sox9 expression in the developing mouse spinal cord was
analyzed both by immunohistochemistry and in situ hy-
bridization with similar results (Fig. 1; data not shown).
At 8.5 days postcoitum (dpc), Sox9 was detectable in the
emerging neural crest at the dorsal aspect of the neural
tube (Fig. 1a) in agreement with previous studies on
Xenopus embryos (Spokony et al. 2002). At 9.5 dpc, Sox9
became weakly visible in cells of the ventral neural tube
(Fig. 1b). By 10.5 dpc, Sox9 was expressed throughout the
ventricular zone (Fig. 1c), with expression levels increas-
ing over the next 24 h (Fig. 1d). From 12.5 dpc onward,
Sox9 expression was not only detected in the ventricular
zone, but also in single cells migrating out at various
levels along the dorsoventral axis (Fig. 1e). Over the fol-
lowing days, the number of Sox9-positive cells in the
ventricular zone decreased steadily, paralleling the re-
duction of ventricular zone and neuroepithelial cells
(Fig. 1f–h). At the same time, Sox9-expressing cells in the
surrounding parenchyma increased dramatically. The
relatively late appearance of these cells, the shape of
their nuclei, and their scattered distribution pointed to a
glial identity.
Coimmunohistochemistry was performed to deter-

mine the Sox9-expressing cell types exactly. Within the
ventricular zone, all cells exhibited nuclear Sox9 stain-
ing, the nestin-positive neuroepithelial stem cells as
well as the brain fatty acid binding protein (B-FABP)- and

Figure 1. Sox9 expression pattern in the embryonic spinal cord. Immunohistochemistry was performed on transverse sections from
the forelimb region of wild-type embryos with an antibody specifically directed against Sox9. (a) 8.5 dpc. (b) 9.5 dpc. (c) 10.5 dpc. (d)
11.5 dpc. (e) 12.5 dpc. (f) 14.5 dpc. (g) 16.5 dpc. (h) 18.5 dpc.
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nestin-positive radial glia (data not shown). Sox9 re-
mained present in radial glia throughout embryogenesis
(Fig. 2a), and in radial glia of the adult CNS such as the
cerebellar Bergmann glia (Pompolo and Harley 2001). In
the late embryonic and adult spinal cord, all glial fibril-
lary acidic protein (GFAP)-positive cells strongly ex-
pressed Sox9, identifying astrocytes as the second Sox9-
containing cell type (Fig. 2b,c). A fraction of Sox9-ex-
pressing cells in the embryonic spinal cord was also
positive for markers of oligodendrocyte progenitors, in-
cluding PDGF receptor � (Fig. 2d). In contrast to this
widespread expression in glia, Sox9 was not found in
cells labeled by neuronal markers, including the panneu-
ronal marker NeuN and markers for various neuronal
subtypes (Fig. 2e; see below). In addition to neurons, en-
dothelial cells in the developing spinal cord were also
Sox9-negative as evident from anti-Sox9 coimmunohis-
tochemistry with antibodies directed against PECAM-1
or Flk-1 (Fig. 2f,g).
Sox9 expression in oligodendrocytes was studied in

closer detail by comparison with �-galactosidase previ-
ously inserted into the Sox10 locus (�-galactosidaseSox10;
see Britsch et al. 2001). This marker faithfully recapitu-
lates Sox10 expression through all stages of oligodendro-
cyte development (Stolt et al. 2002). When oligodendro-
cyte progenitors appeared at 12.5 dpc at the border of the
ventricular zone in the pMN domain of the ventral spi-
nal cord, they were already positive for Sox9 (Fig. 2i).
Sox9 expression was maintained in migrating, actively
proliferating oligodendrocyte progenitors throughout the
parenchyma at 14.5 dpc and at later stages (Fig. 2j; data

not shown). Upon accumulation of oligodendrocyte pro-
genitors during late embryogenesis in the marginal zone,
Sox9 expression became heterogeneous with strong ex-
pression in some oligodendrocytes, and residual or no
Sox9 staining in others (Fig. 2k). These changes coin-
cided with the onset of terminal differentiation and were
indicative of a down-regulation of Sox9 in differentiat-
ing, myelin-forming oligodendrocytes. Accordingly,
Sox9 was undetectable in oligodendrocytes that had
started to express MBP or other terminal differentiation
markers (Fig. 2h; data not shown). In the white matter of
adult spinal cord, Sox9 was furthermore excluded from
oligodendrocytes and restricted to astrocytes (Fig. 2c,l).
Hallmarks of Sox9 expression, that is, continued pres-
ence in astrocytes, transient occurrence in oligodendro-
cytes, and absence in neurons, were also confirmed for
other parts of the CNS (data not shown).

Sox9 ablation in the developing spinal cord

To study the role of Sox9 in the developing mouse spinal
cord by loss-of-function experiments, Sox9 had to be ab-
lated in a tissue-specific manner, as heterozygous loss of
Sox9 is already lethal in mice (Bi et al. 2001). We have
done this using the Cre/loxP recombination system.
Mice with a floxed Sox9 allele (Sox9loxP; see Akiyama et
al. 2002) were crossed with mice carrying a Cre trans-
gene under the control of the rat nestin promoter and
enhancer (NesCre; see Tronche et al. 1999). Cre expres-
sion in neuroepithelial cells throughout the ventricular
zone ablates Sox9 (Sox9�) in these cells and their neuro-

Figure 2. Sox9-expressing cell types in the central nervous system. Immunohistological analysis of embryonic and adult spinal cord
(stages as mentioned in the panels) of wild-type (+/+; a–h) and Sox10lacZ/+ (lacZ/+; i–l) mice using antibodies against Sox9 (red) in
combination with various cell-type specific antibodies (green), including B-FABP (a), GFAP (b,c), PDGF receptor � (d), NeuN (e),
PECAM-1 (f), Flk-1 (g), MBP (h), and �-galactosidaseSox10 (i–l).
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nal and glial derivatives. At 10.5 dpc, spinal cord stem
cells in the forelimb area were actively undergoing Sox9
ablation with different kinetics in the dorsal and ventral
parts. Residual Sox9 expression was detected in many
cells of the dorsal ventricular zone and in a few scattered
cells at more ventral positions, including the pMN do-
main (cf. Figs. 3a and 1c). Efficient ablation throughout
the spinal cord was achieved in the forelimb area from
12.5 dpc onward (cf. Figs. 3b–d and 1e–g; data not shown),
at which time the ventricular zone switches from neu-
rogenesis to gliogenesis (Kessaris et al. 2001). Outside
the CNS, Sox9 staining appeared normal, as indicated by
expression in mesenchymal chondrocytic condensa-
tions, lung, kidney, and gonads (e.g., Fig. 3a–d; data not
shown).
Mice with Sox9 ablation in the central nervous system

died perinatally. Until 14.5 dpc, CNS development ap-
peared normal by morphological criteria. At 16.5 dpc and
17.5 dpc, variable size reductions were observed for the
spinal cord, although the rate of apoptosis as determined
by TUNEL assays was similar to the wild type (Fig.
3e,h,k for 16.5 dpc; Fig. 3f,i,k for 17.5 dpc). Only 1 d later
at 18.5 dpc, apoptotic figures were dramatically in-
creased and spinal cord tissue was undergoing general-
ized degeneration (Fig. 3g,j,k). Severe hemorrhage at this
age pointed to a loss of vascular integrity. From immu-
nofluorescence studies with cell-type-specific markers,
neurons appeared more severely affected than glial cells
(data not shown). The underlying cause of spinal cord
degeneration is unknown, but might be associated to ear-
lier developmental defects intrinsic to the CNS. For the
description of these defects, we focused on the forelimb

area of the spinal cord. Qualitatively similar phenotypes
have also been observed at other axial levels.
Despite the early loss of Sox9, no changes were ob-

served in the ventricular zone with regard to overall ap-
pearance, width, and expression of marker genes such as
the pan-ventricular zone marker nestin and the domain
markers Olig2, Nkx2.2, Nkx6.1, and Irx3 (Fig. 4a–j; data
not shown). In particular, the expression domains for
Olig2, Nkx2.2, Nkx6.1, and Irx3 maintained their posi-
tion relative to each other (Fig. 4a–j), indicating that at
least the three ventralmost domains of the ventricular
zone (Jessell 2000) kept their identity and position along
the dorsoventral axis. Additionally, we were unable to
detect significant alterations in apoptosis or proliferation
throughout the ventricular zone (data not shown).
B-FABP-positive cells appeared on time and persisted
throughout embryogenesis, indicating that the usually
Sox9-expressing radial glia developed normally in the ab-
sence of this transcription factor (Fig. 4k–p). In agree-
ment with the absence of Sox9 in neurons, we did not
observe any gross alteration in overall localization and
differentiation of neurons using the pan-neuronal
marker NeuN (data not shown).

Oligodendrocyte development in the Sox9-deficient
spinal cord

Oligodendrocytes arise in the pMN domain of the ven-
tral ventricular zone after this domain has ceased to pro-
duce motoneurons (Kessaris et al. 2001). Neuroepithelial
precursors within the pMN domain of the ventricular
zone are positive for Olig2, as are the oligodendrocyte

Figure 3. Ablation efficiency and development in Sox9-deficient spinal cords. (a–d) Immunohistochemistry with a Sox9-specific
antibody on transverse sections from the forelimb region of Sox9�/� embryos. (a) 10.5 dpc. (b) 12.5 dpc. (c) 14.5 dpc. (d) 16.5 dpc. Note
normal Sox9 expression in mesenchymal condensations. (e–j) TUNEL labeling of transverse sections from the forelimb region of
wild-type (+/+; e–g) and Sox9�/� (h–j) spinal cords at 16.5 dpc (e,h), 17.5 dpc (f,i), and 18.5 dpc (g,j). Tissues were counterstained with
DAPI (blue). (k) Quantification of TUNEL labeling in wild-type (open bars) and Sox9-deficient (filled bars) spinal cords at 16.5, 17.5,
and 18.5 dpc. The number of TUNEL-positive cells obtained for the wild type was arbitrarily set to 1. All other values were expressed
relative to wild-type levels and are presented as mean ± S.E.M. (for method, see Figs. 5,7,9). Statistical significance was determined by
the Student’s t test and is indicated above the respective bars (three asterisks for P � 0.001).
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progenitors derived from them (Lu et al. 2002; Takebaya-
shi et al. 2002; Zhou and Anderson 2002). When Sox9-
deficient and wild-type spinal cords were compared at
12.5 dpc by immunohistochemistry, Olig2 signals in the
ventricular zone appeared highly similar, indicating in-
tactness of the common motoneuron/oligodendrocyte
precursors (Fig. 5a,d; VZ in Fig. 5o). Olig2 expression in
migrating oligodendrocyte progenitors outside the ven-
tricular zone was sparse at this age in the wild type and
almost completely missing in Sox9-deficient spinal
cords (Fig. 5a,d; MZ in Fig. 5o), pointing to a possible
defect in oligodendrocyte specification. At this age,
Olig2 cannot reliably distinguish neuroepithelial cells
and freshly specified oligodendrocyte progenitors at the
border of the ventricular zone. Sox10, in contrast, is se-

Figure 4. Stem cell and radial glia development in embryonic
Sox9-deficient spinal cords. (a–j) Immunohistochemistry with
antibodies specific for Nkx2.2 and Olig2 (a,f) and in situ hybrid-
izations with antisense probes specific for Olig2, Nkx6.1, and
Irx3 (b–d,g–i) were performed on transverse sections from the
forelimb region of embryos at 12.5 dpc to determine the integ-
rity of the three ventral stem cell domains of the ventricular
zone (p2, pMN, p3) as summarized in e and j. In situ hybridiza-
tion signals obtained with different probes on immediately ad-
jacent sections were superimposed using Adobe Photoshop with
the color of one of the signals being converted to red. (k–p)
Immunohistochemistry with antibodies specific for the radial
glia marker B-FABP were performed on transverse sections from
the forelimb region of embryos. (a–e,k–m) Wild-type (+/+) spinal
cords. (f–j,n–p) Sox9�/� spinal cords. (a–k,n) 12.5 dpc. (l,o) 14.5
dpc. (m,p) 16.5 dpc.

Figure 5. Oligodendrocyte development in embryonic Sox9-
deficient and Sox9/Sox10-deficient spinal cords. Immunohisto-
chemistry with antibodies specific for the pMN stem cell and
oligodendrocyte marker Olig2 (a–f), and the oligodendrocyte
markers Sox10 (g–l) and �-galactosidaseSox10 (m,n) were per-
formed on transverse sections from the forelimb region of em-
bryos. (a–c,g–i) Wild-type spinal cords. (d–f,j–l) Sox9�/� spinal
cords. (m,n) Sox9�/�, Sox10lacZ/lacZ spinal cords. (a,d,g,j,m) 12.5
dpc. (b,e,h,k,n) 14.5 dpc. (c,f,i,l) 16.5 dpc. (o,p) Quantification of
oligodendrocytic cells in wild-type (+/+; open bars), Sox9-defi-
cient (�/�; filled bars), and Sox9/Sox10-deficient (�/�, −/−; filled
bars) spinal cords, as indicated below the bars. The number of
Olig2-positive cells (o) or Sox10/�-galactosidaseSox10-positive
cells (p) was determined at 12.5 dpc, 14.5 dpc, and 16.5 dpc as
indicated. For 12.5 dpc, Olig2-positive cells within (VZ) and
outside (MZ) the ventricular zone were separately quantified. At
least 15 separate 10-µm sections from the forelimb region of �2
independent embryos were counted for each genotype. The
number of cells obtained for the wild type was arbitrarily set to
100%. All other values were expressed relative to wild-type
levels and are presented as mean ± S.E.M. Statistical signifi-
cance was determined by the Student’s t test and is indicated
above the respective bars (three asterisks for P � 0.001).
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lectively expressed in oligodendrocytes immediately af-
ter specification (Lu et al. 2002; Stolt et al. 2002; Zhou
and Anderson 2002). Approximately half the cells la-
beled by Olig2 also expressed Sox10 in the wild type (Fig.
5a,g), thus identifying on average 42 cells per section as
oligodendrocyte progenitors. In Sox9-deficient spinal
cords, however, only two cells per section were found on
average to be positive for Sox10 (Fig. 5j,p). This corre-
sponds to a 95% reduction of oligodendrocyte numbers
and thus corroborates a severe defect in oligodendrocyte
specification.
At 14.5 dpc, Olig2- and Sox10-expressing oligodendro-

cyte progenitors have dispersed throughout the spinal
cord parenchyma in the wild type (Fig. 5b,h). In the ab-
sence of Sox9, migrating oligodendrocyte progenitors
were strongly reduced as judged by both markers (Fig.
5e,k). Quantitative analysis of Olig2 and Sox10 expres-
sion revealed that the number of oligodendrocyte pro-
genitors in Sox9-deficient spinal cords at 14.5 dpc is only
22%–25% of that seen in age-matched wild-type spinal
cords (Fig. 5o,p). In general, oligodendrocyte progenitors
in Sox9-deficient spinal cords were more medially and
ventrally restricted than in the wild type, indicating a
delay in oligodendrocyte development. Corroborating
this delay, expression of the NG2 proteoglycan (Liu et al.
2002) was significantly retarded in oligodendrocyte pro-
genitors both at 14.5 dpc and 16.5 dpc (green signal in
Fig. 6a–d). In contrast, no difference was observed for
NG2 expressed in endothelial cells of the spinal cord,
identified by PECAM-1 colabeling (yellow signal in Fig.
6a–d). Oligodendrocyte numbers were still reduced at
16.5 dpc, but had recovered to 73% of wild-type levels
(Fig. 5c,f,i,l,o,p). We assume that elevated proliferation
rates account for the normalization of oligodendrocyte
numbers during development, because the percentage of
actively proliferating oligodendrocyte progenitors posi-
tive for both PCNA and Olig2 was higher in the Sox9-
deficient spinal cord than in the age-matched wild type
(86% ± 8% vs. 72% ± 8% at 16.5 dpc).
Late ablation of Sox9 in a minor fraction of stem cells

in the ventral part of the ventricular zone, including the
pMN domain (Fig. 3a), might be responsible for the ini-
tial appearance of a few oligodendrocyte progenitors.
These cells could give rise to all oligodendrocyte pro-
genitors detected at later stages, if cell divisions are ini-
tially in the range of 12 h. Alternatively, the requirement
for Sox9 during oligodendrocyte specification in the
pMN domain may not be absolute. Thirdly, oligodendro-
cyte progenitors might be recruited from other domains
of the ventricular zone, such as the p3 domain, which
has recently been implicated as an alternate source of
oligodendrocytes (Zhou et al. 2001; Fu et al. 2002). These
oligodendrocyte progenitors are believed to first express
the transcription factor Nkx2.2, migrate into mantle and
marginal zones, and only then turn on other oligoden-
drocyte markers such as Olig2. We did not detect a rela-
tive increase of Nkx2.2-positive cells among the Olig2-
positive oligodendrocyte progenitors in Sox9-deficient
spinal cords at either 14.5 dpc or 16.5 dpc (Fig. 6e,f; data
not shown), thus discounting a model in which pMN-

derived oligodendrocytes are replaced by p3-derived
ones.
By 12.5 dpc, Cre recombinase had completely ablated

Sox9 in oligodendrocyte progenitors and in neuroepithe-
lial cells of the pMN domain of most embryos. Thus
once specified, oligodendrocyte progenitors were no
longer dependent on Sox9 despite the fact that these cells

Figure 6. Marker gene expression in Sox9-deficient and Sox9/
Sox10-deficient spinal cords. (a–d) Immunohistochemistry with
antibodies specific for NG2 (green) and PECAM-1 (red) were
performed on transverse sections of wild-type (a,c) and Sox9�/�

(b,d) spinal cords from the forelimb region of embryos at 14.5
dpc (a,b) and 16.5 dpc (c,d). The green signal is specific for oli-
godendrocytes, whereas the yellow color indicates colocaliza-
tion of NG2 and PECAM-1 in blood vessels (see also Liu et al.
2002). (e,f) Immunohistochemical analysis with antibodies di-
rected against Nkx2.2 (red) and Olig2 (green) on wild-type (e)
and Sox9�/� (f) spinal cords at 16.5 dpc. (g,h) Immunohistochem-
istry with antibodies directed against Sox class E proteins (red)
on Sox9�/�, Sox10lacZ/lacZ spinal cords at 14.5 dpc, in combina-
tion with antibodies against �-galactosidaseSox10 (g; green) or
alone (h). (i,j) Comparison of Sox8 expression in Sox8+/lacZ (i)
and Sox9�/�, Sox8+/lacZ (j) spinal cords at 14.5 dpc by X-gal stain-
ing for �-galactosidaseSox8.

Stolt et al.

1682 GENES & DEVELOPMENT



still express Sox9 under normal conditions. Taking into
account that Sox9 expression in oligodendrocyte pro-
genitors is closely followed by expression of Sox10 and
Sox8 (Sock et al. 2001; Stolt et al. 2002), these related Sox
proteins might compensate for the loss of Sox9. Con-
versely, normal development of oligodendrocyte pro-
genitors in Sox10-deficient mice (Stolt et al. 2002) might
be attributed to the presence of Sox9 and Sox8. In spinal
cords lacking both Sox9 and Sox10, numbers of oligoden-
drocyte progenitors were more severely decreased (Fig.
5m,n) than in spinal cords lacking only Sox9 (Fig. 5j,k,p).
Most sections from Sox9/Sox10-deficient spinal cords,
that were stained for �-galactosidaseSox10, were devoid of
oligodendrocyte progenitors at 12.5 dpc (Fig. 5m,p). At
14.5 dpc, oligodendrocyte progenitors were reduced to
10% of wild-type levels in Sox9/Sox10-deficient spinal
cords (Fig. 5n,p) compared with 22% in the Sox9-defi-
cient spinal cords. All residual oligodendrocyte progeni-
tors expressed Sox8, the only remaining Sox9-related
protein (Fig. 6g). Sox8 was furthermore strongly ex-
pressed in the ventral ventricular zone of Sox9/Sox10-
deficient spinal cords (Fig. 6h), whereas in control spinal
cords it was restricted to oligodendroglial cells dispersed
throughout the mantle zone in a manner similar to
Sox10 (Fig. 6i). This up-regulation of Sox8 was not only
observed in Sox9/Sox10-deficient spinal cords, but al-
ready in Sox9-deficient spinal cords (Fig. 6j). Sox8 is most
likely responsible for the residual level of oligodendro-
genesis in the absence of both Sox9 and Sox10. Final
proof will have to await the generation of triple knock-
outs, which is not feasible with the presently available
mouse mutants (Britsch et al. 2001; Sock et al. 2001;
Akiyama et al. 2002).

Motoneuron development in the Sox9-deficient
spinal cord

With Sox9 expression in the common motoneuron/oli-
godendrocyte precursors of the pMN domain, we next
analyzed the consequences of Sox9 ablation onmotoneu-
rons by immunohistochemistry with antibodies directed
against the homeodomain transcription factor Hb9 and
the LIM homeodomain transcription factors islet-1 and
islet-2 (islet). Whereas the Hb9 antibody is specific to
motoneurons, the islet antibody additionally labels in-
terneurons of the dorsal spinal cord (Liem et al. 1997).
The number of these D2 interneurons was highly similar
between wild-type and Sox9-deficient spinal cords from
12.5 dpc to 16.5 dpc (region 1 in Fig. 7a,e,k; data not
shown).
Motoneuron numbers, on the other hand, exhibited a

statistically significant 30% increase in the forelimb
area of Sox9-deficient spinal cords at 12.5 dpc as judged
by immunohistochemistry with both islet and Hb9 an-
tibodies (region 2 in Fig. 7a,b,e,f,k). Instead of 136 islet-
positive motoneurons per section in the wild-type, we
observed on average 178 motoneurons in the Sox9-defi-
cient spinal cord. The surplus of 42 motoneurons almost
exactly matched the average number of oligodendrocyte
progenitors missing in the Sox9-deficient spinal cord. In
addition to those motoneurons that had already arrived
at their final location in the ventral horn of the spinal
cord (Fig. 7k, region 2), there were cells in a more medial
position (Fig. 7k, region 3) that were also recognized by
both islet and Hb9 antibodies (Fig. 7a,b,e,f) and found at
the same dorsoventral position as the directly adjacent
Olig2-positive cells (Fig. 7a,e). The number of these cells,

Figure 7. Motoneuron development in embryonic Sox9-
deficient spinal cords. Immunohistochemistry with anti-
bodies directed against Islet-1/2 (a,c,e,g,i,j) and Hb9
(b,d,f,h; both in red) were performed on transverse sec-
tions from the forelimb region of the embryos, alone
(b,f,i,j) or in combination with antibodies directed
against Olig2 (a,e) and BrdU (c,d,g,h; both in green) at 12.5
dpc (a–h) and 14.5 dpc (i,j). (a–d,i) Wild-type spinal cords.
(e–h,j) Sox9�/� spinal cords. (k) Quantification of moto-
neurons in wild-type (open bars) and Sox9-deficient (filled
bars) spinal cords. The number of Islet-positive cells at
12.5 dpc was separately determined for the dorsal (region
1, corresponding to D2 interneurons) and the ventral (re-
gion 2 + 3, corresponding to motoneurons) spinal cord.
Motoneurons were additionally subdivided according to
their position (region 2, ventral horn; region 3, medial).
At least 35 separate 10-µm sections from the forelimb
region of �2 independent embryos were counted for each
genotype. The number of cells obtained for the wild type
was arbitrarily set to 100%. All other values were ex-
pressed relative to wild-type levels and are presented as
mean ± S.E.M. Statistical significance was determined by
the Student’s t test and is indicated above the respective
bars (two asterisks for P � 0.01, three asterisks for
P � 0.001).
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which according to their marker gene expression are mo-
toneurons, more than doubled in Sox9-deficient spinal
cords, whereas ventral horn motoneurons were only in-
creased by 15% relative to wild-type controls (Fig. 7k).
The position of these medial motoneurons in the prox-
imity of the pMN domain indicates that they might have
been generated late and were still in the process of mi-
gration. Following BrdU injection at 12.0 dpc, a fraction
of these Hb9/islet-positive cells closest to the pMN do-
main exhibited BrdU-labeled nuclei in Sox9-deficient
spinal cords at 12.5 dpc, confirming their generation
from actively proliferating cells during the last 12 h (Fig.
7g,h). In contrast, cells labeled simultaneously with
BrdU and Hb9/islet were only very rarely observed in the
wild type (Fig. 7c,d). Motoneuron increase in the Sox9-
deficient spinal cord is therefore likely caused by an un-
usually late production of extra motoneurons in the ven-
tricular zone of the pMN domain. Considering the si-
multaneous reduction in oligodendrocyte progenitors
and our failure to detect any significant changes in the
rates of proliferation and apoptosis (data not shown), the
most plausible explanation of these findings is a replace-
ment of oligodendrocyte progenitors by surplus moto-
neurons.
After a period of trophic independence, motoneurons

undergo programmed cell death to adjust their numbers
to target tissue innervation. In the forelimb area of the
wild-type spinal cord, motoneuron death peaks at 13.5
dpc and motoneuron numbers are appropriately trimmed
soon after (Yamamoto and Henderson 1999). In agree-
ment, we detected almost identical motoneuron num-
bers in the forelimb area of Sox9-deficient spinal cords
and wild-type controls at 14.5 dpc (Fig. 7i,j) or 16.5 dpc
(data not shown).

Astrocyte development in the Sox9-deficient
spinal cord

Because of the strong astrocytic expression of Sox9, we
also investigated astrocyte development in Sox9-defi-
cient spinal cords. At 12.5 dpc, astrocytes were not yet
present or detectable with any of the available markers
(data not shown). Using antibodies against S100�, astro-
cytes were first reliably found at 14.5 dpc in the wild-
type spinal cord (Fig. 8a). A significant fraction of these
cells was localized in close proximity to the ventricular
zone at the same dorsoventral position as V2 interneu-
rons (Fig. 8a, inset) indicating in agreement with pub-
lished observations (Zhou and Anderson 2002; Pringle et
al. 2003) that at least some of these S100�-positive cells
were generated in the p2 domain. S100�-positive cells
increased strongly in number throughout the mantle
zone at late stages of embryonic development (Fig. 8b;
data not shown), but were always fewer than the number
of Sox9-expressing cells. Only a minor fraction of S100�-
positive cells coexpressed oligodendrocytic markers as
previously reported (Zhou and Anderson 2002). Most
started to acquire astrocyte morphology during late em-
bryogenesis (Fig. 8b, inset), corroborating that the major-
ity of S100�-positive cells were astrocytes. In sharp con-
trast to the wild type, virtually no S100� expression was
detected in spinal cords of embryos with a CNS-specific
Sox9 deficiency (Fig. 8d,e). Even at 16.5 dpc, we only
observed sporadic staining in a few isolated cells at an
intensity equal to the unspecific signal in motoneurons
(Fig. 8e).
In an independent approach, in situ hybridizations

were performed with an antisense probe specific for Fgfr3
that labels both astrocytes and their (radial glia) progeni-

Figure 8. Astrocyte development in embryonic Sox9-de-
ficient spinal cords. Immunohistochemistry with anti-
bodies specific for the astrocyte marker S100� (a,b,d,e)
and in situ hybridization with antisense probes specific
for the astrocyte markers Glast (c,f), Fgfr3 (g,h,j,k), and
glutamine synthase (GlnS; i,l) were performed on trans-
verse sections from the forelimb region of embryos. (a–
c,g–i) Wild-type (+/+) spinal cords. (d–f,j–l) Sox9�/� spinal
cords. (a,d,g,j) 14.5 dpc. (b,c,e,f,h,i,k,l) 16.5 dpc. (Insets)
Costaining of S100� (red) with Chx10 (green; a) and
S100�-positive (b) astrocytes at high magnification.
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tors within the ventricular zone (Pringle et al. 2003). Ac-
cordingly, Fgfr3-positive cells were found both in the
ventral part of the ventricular zone and in the surround-
ing parenchyma at 14.5 dpc (Fig. 8g). Whereas the Fgfr3
signal in the ventricular zone of Sox9-deficient spinal
cords was comparable to wild type, it was strongly re-
duced throughout the surrounding mantle zone (Fig. 8j).
The difference in Fgfr3 expression levels was even more
obvious at 16.5 dpc (Fig. 8h,k), with hardly any Fgfr3-
positive cell somata outside the ventricular zone in
Sox9-deficient spinal cords.
Additional in situ hybridizations were carried out

against the glial glutamate transporter Glast and gluta-
mine synthase (GlnS) to confirm the astrocyte defect.
Both of these markers are expressed in radial glia and in
astrocytes, with the main site of expression shifting from
radial glia to astrocytes as development proceeds (Malat-
esta et al. 2003; Pringle et al. 2003). At 16.5 dpc, astro-
cyte expression is dominant, with varying levels of re-
sidual expression in radial glia for both markers. We de-
tected a significant decrease of expression for both Glast
(Fig. 8c,f) and GlnS (Fig. 8i,l) in the Sox9-deficient spinal
cord at 16.5 dpc. Although Glast expression was reduced
to an extent comparable to Fgfr3 (Fig. 8, cf. c,f and h,k),
the remaining GlnS expression in the Sox9-deficient spi-
nal cord appeared slightly higher (Fig. 8i,l).
Whereas all of these markers labeled a strongly over-

lapping or even identical cell population in the develop-
ing spinal cord that likely corresponds to gray matter
astrocytes, CD44 did not. CD44, which has been de-
scribed to label a subpopulation of dorsal astrocytes (Liu
et al. 2002), was expressed at comparable levels in wild-
type and Sox9-deficient spinal cords (data not shown).
GFAP immunoreactivity also appeared in a pattern dif-
ferent from other astrocytic markers, thus supporting a
heterogeneous origin of astrocytes (Miller and Szigeti
1991). Expression of GFAP protein started only at 16.5

dpc, the latest time point of our analysis. The few GFAP-
expressing cells visible at this age were restricted to the
marginal zone and thus represent white matter astro-
cytes. The number and location of GFAP-positive cells
were comparable in wild-type and Sox9-deficient spinal
cords (data not shown), indicating that white matter as-
trocytes were not or not yet affected by Sox9 ablation.
This contrasts with the severe loss of gray matter astro-
cytes revealed by our study. This astrocyte defect be-
came more pronounced as development proceeded and
thus exhibited kinetics completely different from the
oligodendrocyte defect. One contributing factor might be
the later generation of astrocytes relative to oligodendro-
cyte precursors. When astrocytes appear in the spinal
cord, Sox9 ablation is almost complete and therefore
more effective than at the earlier time of oligodendrocyte
generation. Additionally, we have shown that astrocytes
do not express any class E Sox protein apart from Sox9,
supporting the argument that Sox9 function might be
nonredundant at all phases of astrocyte development.
This is in stark contrast to the overlapping expression of
Sox8, Sox9, and Sox10 during oligodendrocyte develop-
ment.

V2 interneuron development in the Sox9-deficient
spinal cord

As gray matter astrocytes are known to be at least partly
derived from the p2 domain immediately dorsal to the
pMN domain (Zhou and Anderson 2002; Pringle et al.
2003), we also analyzed V2 interneuron production in
Sox9-deficient spinal cords using antibodies directed
against the transcription factor Chx10. Similar to our
observation on motoneuron numbers, we detected an in-
crease in V2 interneurons in the absence of Sox9. At 12.5
dpc, there was a slight 12% increase in all Chx10-posi-
tive V2 interneurons (Fig. 9a,d,g). The surplus of V2 in-

Figure 9. V2 interneuron development in embryonic Sox9-deficient spinal cords. Immunohistochemistry with antibodies directed
against the V2 interneuron marker Chx10 were performed on transverse sections from the forelimb region of embryos. (a–c) Wild-type
spinal cords. (d–f) Sox9�/� spinal cords. (a,d) 12.5 dpc. (b,e) 14.5 dpc. (c,f) 16.5 dpc. (g) Quantification of Chx10-positive V2 interneurons
in wild-type (open bars) and Sox9-deficient (filled bars) spinal cords. The number of Chx10-positive cells was quantified at 12.5, 14.5,
and 16.5 dpc as indicated below the bars. At least 35 separate 10-µm sections from the forelimb region of�2 independent embryos were
counted for each genotype. The number of cells obtained for the wild type was arbitrarily set to 100%. All other values were expressed
relative to wild-type levels and are presented as mean ± S.E.M. Statistical significance was determined by the Student’s t test and is
indicated above the respective bars (three asterisks for P � 0.001).
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terneurons constantly increased throughout embryonic
development, with 28% more neurons in the forelimb
area of Sox9-deficient spinal cords at 14.5 dpc (Fig.
9b,e,g), and 48% more Chx10-positive neurons at 16.5
dpc (Fig. 9c,f,g). Loss of gray matter astrocytes thus cor-
related with an increase in V2 interneurons. Absolute
numbers of lost astrocytes and surplus V2 interneurons
did not match as closely as those for oligodendrocytes
and motoneurons. At 14.5 dpc, for instance, twice as
many S100�-positive cells were lost as surplus V2 inter-
neurons were gained, possibly pointing to a second origin
of S100�-positive cells outside the p2 domain. V2 inter-
neurons probably replace those gray matter astrocytes
derived from the p2 domain, in a manner analogous to
motoneurons replacing oligodendrocytes. The different
kinetics of increased motoneuron and V2 interneuron
production might reflect the later appearance of astro-
cytes relative to oligodendrocytes and the different tim-
ing of apoptosis in these two neuronal subtypes.

Discussion

We assume that Sox9 has two functions in the mamma-
lian nervous system. Early and dorsally, it might be in-
volved in the generation of neural crest as shown in

Xenopus (Spokony et al. 2002). Later and mostly ven-
trally, it appears to be involved in gliogenesis. Our re-
sults indicate that Sox9 is important both for the gen-
eration of gray matter astrocytes from the ventral ven-
tricular zone including the p2 domain and for the
generation of oligodendrocytes from the pMN domain.
Interestingly, expression of Sox9 in the ventricular zone
precedes the onset of gliogenesis. Whether this is rel-
evant for the gliogenic function of Sox9 is unknown at
present. However, similar expression patterns have pre-
viously been observed at other sites of Sox9 function.
Although a key determinant in chondrogenesis, Sox9 is
already expressed in mesodermal cells long before they
acquire a chondrogenic fate (Bi et al. 1999; Akiyama et al.
2002). Likewise, Sox9 expression in the bisexual gonad
significantly precedes its later role in male sex determi-
nation (Kent et al. 1996).
An active role for Sox9 in the generation of astrocytes

and oligodendrocytes is supported by gene expression
studies in Sox9-transfected Neuro2a cells. Ectopic ex-
pression of Sox9 in these cells caused concomitant in-
duction of several glial marker genes (Fig. 10a). These
included astrocyte markers such as Fgfr3, GFAP, and
GlnS, but also proteolipid protein (PLP) and 2�,3�-cyclic
nucleotide 3�-phosphodiesterase (CNP) as oligodendro-
cyte markers, indicating that Sox9 by itself does not dis-

Figure 10. Mechanism of Sox9 function in oligodendrocytes. (a,b) RT–PCR analyses on cDNA obtained from Neuro2A cells tran-
siently transfected with >90% efficiency with expression plasmids for GFP (control) or Sox9. Cells were kept under standard culture
conditions (a, −RA in b) or in retinoic-acid-containing medium to induce neuronal differentiation (+RA in b). Transcript levels of glial
markers (Fgfr3, GFAP, GlnS, Sox10, CNP, PLP in a), neuronal markers (AMPA receptor, calbindin D28 in b), and a housekeeping gene
(actin) were compared semiquantitatively using increasing numbers of amplification cycles (n, n + 3, n + 6). C, water control. (c)
Summary of Sox9 function in the p2 and pMN domains of the embryonic spinal cord. Instead of switching from generation of neurons
(V2 interneurons and motoneurons, respectively) to glia (astrocytes and oligodendrocytes, respectively), stem cells in both domains
continue to primarily produce neurons of the correct subtype. (d) Summary of Sox gene expression in the oligodendrocyte lineage. Sox9
expression precedes the expression of other class E Sox genes, but is no longer expressed in terminally differentiated oligodendrocytes
in contrast to Sox10 and Sox8. This pattern of expression explains the observed oligodendrocyte defects in both Sox9- and Sox10-
deficient spinal cords.
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criminate between the two glial fates in this tissue cul-
ture system. We also observed induction of Sox10 upon
ectopic expression of Sox9 in Neuro2a cells (Fig. 10a). It
is unclear at present whether Sox10 expression is turned
on directly by Sox9 or is only indirectly increased as part
of an oligodendrocyte-specific expression profile.
Upon treatment with retinoic acid, Neuro2a cells up-

regulate expression of several neuronal genes including
the AMPA receptor and calbindin D28 (Fig. 10b). Induc-
tion of these neuronal genes was, however, completely
suppressed when cells were transfected with Sox9 prior
to treatment with retinoic acid. At least in tissue cul-
ture, Sox9 is thus capable of both actively inducing glial
traits and simultaneously repressing neuronal traits.
Oligodendrogenesis in the pMN domain has previ-

ously been shown to be dependent on the expression of
the transcription factor Olig2 (and to a lesser extent
Olig1; Lu et al. 2002; Takebayashi et al. 2002; Zhou and
Anderson 2002). Thus, it is tempting to speculate that it
is the combination of Sox9 and Olig2 that is essential for
oligodendrocyte specification, with Sox9 conferring glial
identity and Olig2 conferring subtype identity (Fig. 10c).
Isolated Olig2 expression is sufficient for motoneuron
production, whereas additional Sox9 expression would
be required for oligodendrogenesis, suggesting that Sox9
expression in neuroepithelial cells of the pMN domain is
involved in the neuron–glia switch. Ectopic expression
of Olig2 has previously been shown to induce oligoden-
drocyte fate selectively in mesenchymally derived tis-
sues of the chick embryo (Zhou et al. 2000). Endogenous
Sox9 expression in this tissue (Wright et al. 1995) might
be the reason.
Our model also predicts that Sox9 still confers glial

identity in the absence of Olig2. However, the chosen
subtype would be a different one, which explains why
neural stem cells of the p2 domain switch from V2 in-
terneuron to astrocyte production following Sox9 expres-
sion (Fig. 10c), and why the pMN domain in Olig1/2-
deficient mice gives rise to astrocytes rather than oligo-
dendrocytes (Takebayashi et al. 2002; Zhou and
Anderson 2002). Owing to the lack of probes, the inher-
ent limitations of conditional gene ablation, and the cur-
rent state of knowledge, we are presently unable to say
whether Sox9 promotes gliogenesis in other domains of
the ventricular zone.
Astrocytes are known to be neuroprotective and func-

tion as the major source of neurotrophic factors in the
CNS. Additionally, astrocytes are involved in the forma-
tion of the blood–brain barrier and supply nutrients to
neurons. A Sox9-dependent astrocyte defect could thus
be a main cause for the generalized neuronal degenera-
tion, hemorrhage, and breakdown of nervous tissue ob-
served at the end of embryogenesis in the Sox9-deficient
CNS. An involvement of oligodendrocytes appears less
likely as their number had almost reached wild-type lev-
els at the time of generalized neuronal degeneration. Fur-
thermore, a primary, cell-autonomous defect in CNS
blood vessels is ruled out, as Sox9 is not expressed in the
endothelial cells lining these vessels. Note that we can-
not completely exclude contributions from Sox9-depen-

dent alterations outside the CNS that have gone unno-
ticed in our analysis.
Recovery of oligodendrocyte numbers during the

course of embryonic development is most easily ex-
plained by functional redundancy between Sox9 and the
related Sox10 and Sox8 (Fig. 10d). With Sox9 preceding
Sox10 and Sox8 expression, there is only a short window
early during oligodendrocyte development in which
Sox9 alone is expressed. It is thus not surprising that the
Sox9-specific oligodendrocyte defect falls into this time
window of early specification. Sox9 expression in the
oligodendrocyte lineage ends around the onset of termi-
nal differentiation so that mature oligodendrocytes ex-
press only Sox10 and lower levels of Sox8 (Kuhlbrodt et
al. 1998b; Sock et al. 2001). In agreement with this
change in expression, the previously reported Sox10-spe-
cific defect in the oligodendrocyte lineage starts at the
time of terminal differentiation (Stolt et al. 2002). The
relatively low amounts of Sox8 in these cells are prob-
ably insufficient to rescue the terminal differentiation
defect. Thus, Sox9 has a unique role for the specification
event in the oligodendrocyte lineage. In astrocytes, Sox9
is equally important for specification, but probably has
additional functions as it continues to be expressed into
adulthood in a manner nonoverlapping with either Sox8
or Sox10.

Materials and methods

Animal husbandry and genotyping

Mice with a Sox9loxP allele (Akiyama et al. 2002) were kept as
homozygotes, or as heterozygotes in the presence of the nestin
Cre transgene (Tronche et al. 1999) or additional Sox10lacZ (Stolt
et al. 2002) and Sox8lacZ (Sock et al. 2001) alleles. For the gen-
eration of CNS-specific Sox9-deficient mice, Sox9loxP/loxP fe-
males were bred to Sox9+/loxP males that additionally carried the
nestin Cre transgene. For the generation of CNS-specific double
Sox9/Sox10-deficient mice, double heterozygotes were inter-
crossed. Inheritance of the nestin Cre was again through the
male germ line. Genotyping was performed by PCR. Primers are
available upon request.

Antibody production

Antibodies against Sox9 were generated in rabbit against a pu-
rified bacterially expressed protein consisting of amino acids
182–229 of mouse Sox9 fused to amino acids 305–438. Simi-
larly, a purified bacterially expressed protein consisting of
amino acids 181–233 and 308–400 of Sox10 was used for anti-
body production. Both antisera were affinity-purified. The
Sox10 antibody had to be additionally preadsorbed on powder of
Sox10-deficient embryos.

Immunohistochemistry, TUNEL assays, BrdU labeling, X-gal
staining, and in situ hybridization

Embryos were obtained at 8.5–18.5 dpc from staged pregnancies.
Paraformaldehyde-fixed, 10-µm cryotome sections of geno-
typed, age-matched mouse embryos, neonatals, or adult mice
were used for immunohistochemistry according to standard
protocols. For better comparison, all shown embryonic spinal
cord sections are from the forelimb level. Similar results were
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also obtained at other axial levels. The following primary anti-
bodies were used in various combinations: anti-MBP mouse
monoclonal (1:100 dilution; Roche Biochemicals), anti-GFAP
mouse monoclonal (1:100 dilution; Roche Biochemicals), anti-
PCNA mouse monoclonal (1:100 dilution; Roche Biochemi-
cals), anti-NeuN mouse monoclonal (1:500 dilution; Chemi-
con), anti-islet mouse monoclonal (1:2000 dilution; Develop-
mental Studies Hybridoma Bank), anti-Hb9 mouse monoclonal
(1:50 dilution; Developmental Studies Hybridoma Bank), anti-
Nkx2.2 mouse monoclonal (1:50 dilution; Developmental Stud-
ies Hybridoma Bank), anti-SoxE mouse monoclonal (undiluted;
Paratore et al. 2001), anti-PECAM-1 rat monoclonal (1:50 dilu-
tion; Pharmingen), anti-Flk-1 rat monoclonal (1:20 dilution;
Pharmingen), anti-PDGF receptor � rat monoclonal (1:100 dilu-
tion; Pharmingen), anti-Chx10 rabbit antiserum (1:5000 dilu-
tion; gift of J. Briscoe, NIMR, London), anti-B-FABP rabbit an-
tiserum (1:10.000 dilution; gift of C. Birchmeier and T. Müller,
MDC, Berlin), anti-S100� rabbit antiserum (1:500 dilution;
Dako), anti-Olig2 rabbit antiserum (1:2000 dilution; gift of H.
Takebayashi, Kyoto University), affinity-purified anti-NG2 rab-
bit antiserum (1:1000 dilution; gift of W. Stallcup, Burnham
Institute, La Jolla), affinity-purified anti-Sox9 rabbit antiserum
(1:2000 dilution), affinity-purified anti-Sox10 antiserum (1:100
dilution), anti-�-galactosidase rabbit antiserum (1:500 dilution,
ICN), or anti-�-galactosidase goat antiserum (1:500 dilution,
Biotrend). Secondary antibodies conjugated to Cy2 and Cy3 im-
munofluorescent dyes (Dianova) were used for detection.
TUNEL assays were performed according to the manufactur-

er’s protocol (Q-Biogene). For BrdU labeling, pregnant mice were
injected with 100 µg of BrdU per gram body weight 12 h before
embryo preparation. Incorporated BrdU was detected on tissue
sections using an Alexa-488-coupled mouse monoclonal anti-
body directed against BrdU (Molecular Probes) at a 1:20 dilution.
X-gal stainings followed standard procedures. In situ hybridiza-
tions were carried out on 20-µm-thick cryotome sections as
described (Britsch et al. 2001) using DIG-labeled probes for
Nkx6.1 (gift of M. Sander, ZMNH, Hamburg), GlnS, Fgfr3 (gift
of W.D. Richardson, UCL, London), Glast, Olig2, and Irx3.
Samples were analyzed and documented using either a Leica
TCS SL confocal microscope or a Leica inverted microscope
(DMIRB) equipped with a cooled MicroMax CCD camera (Prin-
ceton Instruments).

Tissue culture, transient transfections, and reverse
transcriptase PCR (RT–PCR)

Neuro2A cells were kept in DMEM supplemented with 5%
fetal calf serum as described (Peirano et al. 2000) and transiently
transfected with CMV-based expression vectors for GFP or Sox9
using Superfect (QIAGEN). Transfection efficiencies were
>90% as judged by GFP autofluorescence. Retinoic-acid-in-
duced neuronal differentiation of Neuro2a cells and preparation
of total RNA using Trizol Reagent (Invitrogen) followed stan-
dard procedures. Detection of products specific for Fgfr3, GFAP,
GlnS, Sox10, CNP, PLP, AMPA receptor, calbindin D28, and
actin in cDNA generated by reverse transcription of RNA from
these cells was by semiquantitative PCR starting with 16 cycles
for actin; with 21–24 cycles for Fgfr3, GFAP, GlnS, and PLP; and
with 27–29 cycles for Sox10, CNP, AMPA receptor, and cal-
bindin D28. Sequences of PCR primers and exact PCR cycling
conditions are available upon request.
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