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Several Sox proteins are known transcriptional regulators of
vertebrate nervous system development (Wegner and Stolt
2005). Many more are broadly expressed throughout this
tissue. These include the three closely related SoxC factors
Sox4, Sox11 and Sox12 (Uwanogho et al. 1995; Hargrave
et al. 1997; Kuhlbrodt et al. 1998; Bergsland et al. 2006; Dy
et al. 2008; Hoser et al. 2008). In the sympathetic nervous
system (SNS), SoxC protein expression is restricted to
neuronal progenitor cells (Potzner et al. 2010), whereas in
the developing CNS SoxC proteins occur in uncommitted
precursors as well as neuronal and glial cells (Uwanogho
et al. 1995; Hargrave et al. 1997; Kuhlbrodt et al. 1998;
Bergsland et al. 2006; Potzner et al. 2007; Dy et al. 2008;
Hoser et al. 2008).

Although many developmental disturbances occur in
Sox4- and Sox11-deficient mice and lead to pre- or perinatal
lethality, nervous system defects were not apparent (Schil-
ham et al. 1996; Cheung et al. 2000; Sock et al. 2004; Hoser
et al. 2008). The absence of overt neural phenotypes has led
to the assumption that SoxC proteins may function redun-
dantly during nervous system development.

Functional redundancy has indeed been recently shown in
mice with multiple SoxC gene deficiencies during early
organogenesis (Bhattaram et al. 2010) and in the SNS
(Potzner et al. 2010). During SNS development, SoxC pro-
teins first promote the proliferation of sympathetic progen-
itors and later enhance their survival so that the SNS is
severely hypoplastic in mice with combined Sox4 and Sox11
deficiencies. Because of slightly different expression patterns,
Sox11 is more important for the early effect on proliferation,
whereas Sox4 is the predominant survival factor.
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Abstract

Development of the mouse CNS was reported to be normal in

the absence of either Sox4 or its close relative Sox11 despite

strong and widespread expression of both transcription fac-

tors. In this study, we show that combined absence of both

Sox proteins in the mouse leads to severe hypoplasia of the

developing spinal cord. Proliferation of neuroepithelial pre-

cursor cells in the ventricular zone was unaffected. These

cells also acquired their correct positional identity. Both glial

and neuronal progenitors were generated and neurons ap-

peared in a similar spatiotemporal pattern as in the wild-type.

Rates of cell death were however dramatically increased

throughout embryogenesis in the double deficient spinal cord

arguing that Sox4 and Sox11 are jointly and redundantly

required for cell survival. The absence of pronounced pro-

liferation, patterning, specification, and maturation defects

furthermore indicates that the decreased cell survival is not a

secondary effect of one of these events. We therefore con-

clude that the two Sox proteins directly function as pro-sur-

vival factors during spinal cord development in neural cell

types.
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Further evidence for a role in nervous system development
comes from over-expression studies. Over-expression of a
Sox4 transgene in the mouse had shown that prolonged Sox4
expression in glial cells of the CNS interferes with their
terminal differentiation (Hoser et al. 2007; Potzner et al.
2007). SoxC over-expression in the developing chicken
neural tube, in contrast, led to the pre-mature expression of
panneuronal markers and precocious establishment of neu-
ronal properties and thus implicated SoxC proteins in
neuronal maturation (Bergsland et al. 2006).

In this study, we have used mice with combined deficien-
cies to address the function of Sox4 and Sox11 in the
developing spinal cord (SC) as a model region for the CNS.

Materials and methods

Mouse husbandry, genotyping, BrdU labeling, and dissections
Mice used in this study carried Sox4loxP (Penzo-Mendez et al. 2007)
and Sox11lacZ (Sock et al. 2004) alleles on a mixed 129SvJ ·
C57Bl/6J · NMRI background. For conditional deletion of the

Sox4loxP allele, a Brn4::Cre transgene (bcre-32 line) was used (Ahn

et al. 2001). Genotyping was performed by PCR. Primer sequences

are available upon request. For BrdU labeling, pregnant mice were

injected intraperitoneally with 100 lg BrdU (Sigma, St Louis, MO,

USA) per gram body weight 1 h or 24 h before dissection (Stolt

et al. 2003). Embryos were obtained from 9.5 days post-coitum

(dpc) to 16.5 dpc from staged pregnancies, underwent fixation in 4%

paraformaldehyde, and were frozen at )80�C in Jung Tissue

Freezing Medium (Leica, Nussloch, Germany) after cryoprotection

(Stolt et al. 2003; Potzner et al. 2010).

Immunohistochemistry, in situ hybridization and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
Immunohistochemistry and TUNEL were performed on 10 lm
cryotome sections, in situ hybridization on 14 lm sections. Each

experiment was carried out at least three times per genotype on

transverse thoracic level sections from different embryos. For

immunohistochemistry, the following primary antibodies were used

in various combinations: guinea pig antisera against Lbx1 (1 : 2000

dilution, gift of C. Birchmeier, MDC, Berlin, Germany), Lmx1b

(1 : 1000 dilution, gift of C. Birchmeier, MDC), Sox4 (1 : 1500

dilution, Hoser et al. 2008), Sox10 (1 : 1000 dilution, Maka et al.
2005), Sox11 (1 : 1000 dilution, Hoser et al. 2008), Tlx1 (1 : 1000

dilution, gift of C. Birchmeier, MDC), rabbit antisera against Ki67

(1 : 500 dilution, NeoMarkers), Olig2 (1 : 5000, gift of D. Rowitch,

UCSF, San Francisco), phospho-histone H3 (1 : 1000 dilution,

Upstate Biotechnology, Lake Placid, NY, USA), Sox2 (1 : 500

dilution, generated against a peptide spanning amino acids 10–38 of

mouse Sox2), and mouse monoclonals against Tuj1 (1 : 4000

dilution, Covance, Berkeley, CA, USA), NeuN (1 : 600 dilution,

Chemicon, Temecula, CA, USA), Hb9 (1 : 50 dilution, Develop-

mental Studies Hybridoma Bank, Iowa City, IA, USA), Islet-1

(1 : 2000 dilution, Developmental Studies Hybridoma Bank),

Nkx2.2 (1 : 50 dilution, Developmental Studies Hybridoma Bank).

Secondary antibodies conjugated to Alexa 488, Cy2 or Cy3

immunofluorescent dyes (Dianova, Hamburg, Germany and Molec-

ular Probes, Eugene, OR, USA) were used for detection. Incorpo-

rated BrdU was visualized by Alexa-488 coupled mouse monoclo-

nals against BrdU (1 : 20 dilution, Molecular Probes). TUNEL was

performed according to the manufacturer‘s protocol (Chemicon).

In situ hybridizations were performed using DIG-labeled antisense

riboprobes for Irx3, Nkx6.1 and Olig2 as described (Stolt et al.
2003).

Quantifications
Numbers of immunoreactive cells or nuclei stained with 4¢,6-
diamidino-2¢-phenylindole (DAPI) in one-half of the SC were

counted per section. Data were obtained from 12 or more sections

from at least three different embryos for each genotype and embryonic

age. Diagrams show mean values ± SEM. Statistical significance

was determined by unpaired two-tailed Student’s t-test using Micro-

soft Excel software and p-values are given in the figure legends.

Results

SoxC gene expression and deletion in the developing SC
The occurrence and distribution of Sox4 and Sox11 in the
developing SC has been extensively characterized at the
transcript level (Uwanogho et al. 1995; Hargrave et al. 1997;
Kuhlbrodt et al. 1998; Bergsland et al. 2006; Dy et al. 2008;
Hoser et al. 2008). At the protein level, only few data are
available. Therefore, we analyzed this by immunohistochem-
istry. At 10.5 dpc, both SoxC proteins were uniformly
present at high levels throughout the SC with its homoge-
neous precursor cell population (Figure S1A,K). At 11.5 and
12.5 dpc, SoxC proteins were still present throughout the SC,
but levels in the ventricular zone (VZ) had started to decrease
(Figure S1B,C,L,M) arguing that SoxC proteins are gradu-
ally lost from the precursor cell population. From 14.5 dpc
onwards, Sox4 staining additionally decreased in the mantle
zone, particularly in the more lateral and ventral regions
(Figure S1D,E). A similar decrease was also observed with a
slight temporal delay for Sox11 (Figure S1N,O). Considering
that the ventrolateral regions generally contain the most
mature neurons in the developing SC, Sox4 and Sox11
expression is likely lost during neuronal maturation. Sox4
and Sox11 were also present in glial cells, although usually at
relatively low levels as judged by co-immunohistochemistry
with NeuN as a neuronal and Sox9 as a glial marker
(Figure S2A-F and data not shown). At the time of birth,
Sox4 and Sox11 had almost disappeared from the SC (data
not shown). These results show congruence between the
occurrence of SoxC proteins and transcripts. They confirm
that Sox4 and Sox11 are expressed in neuroepithelial
precursors, committed glial and neuronal progenitors and in
maturing, but not fully mature neurons.

Double heterozygous animals with a Sox11lacZ allele and a
constitutive Sox4 null allele were not viable (data not
shown). Therefore, we combined the Sox11lacZ allele with a
conditional Sox4 allele (Penzo-Mendez et al. 2007) and a
Brn4::Cre transgene (Ahn et al. 2001). The Brn4::Cre
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transgene is already expressed at 8.5 dpc in the developing
CNS and present throughout the SC at 9.5 dpc. Outside the
CNS, it is only expressed in the developing limb ectoderm.
Consistent with the early and restricted expression of the
Brn4::Cre transgene, Sox4 protein had already disappeared
from the SC at 9.5 dpc but remained detectable in the
surrounding mesodermal tissues (Figure S1U-X). The
recombined Sox4 allele is henceforth referred to as Sox4D.

In the absence of Sox11, we failed to detect a compen-
satory up-regulation of Sox4 expression. The Sox4-specific
staining was very similar in its pattern and intensity in
Sox11lacZ/lacZ and wild-type embryos from 10.5 to 16.5 dpc
(compare Figure S1a–e with Figure S1f–j). Likewise, there
was no indication of Sox11 up-regulation in Sox4D/D SC
(compare Figure S1k–o with Figure S1p–t) arguing that any
potential compensatory activity between these two SoxC
proteins in the SC is not dependent on increased expression
of one protein in the absence of the other.

Cell number reductions in the Sox4 and Sox11
double-deficient SC
Sox4D/D Sox11lacZ/lacZ mice did not survive after birth thus
limiting our analysis to embryogenesis. First, we studied SC
appearance at several developmental stages. It became
immediately obvious that the SC of Sox4D/D Sox11lacZ/lacZ

embryos was dramatically smaller than that of wild-type
controls. The size reduction was already obvious at 10.5 dpc

(Fig. 1a and f) and became even more pronounced later
(compare Fig. 1b–e with g–j). Although the dorsal horn had
started to form in the wild-type SC at 14.5 dpc (Fig. 1d), no
such structure was discernible in the double mutant (Fig. 1i
and j). Counting the number of DAPI-positive nuclei in the
SC per cross-section revealed the presence of approximately
660 cells in one half of the Sox4D/D Sox11lacZ/lacZ SC at 10.5
dpc as opposed to 910 in the wild-type (Fig. 1k). By 12.5
dpc, the number of cells reached its maximum in Sox4D/D

Sox11lacZ/lacZ embryos with 1100 per SC half compared with
1800 cells in the wild-type. Whereas the cell number in
the wild-type SC continued to increase to a maximum of
2200 per half at 14.5 dpc, cell numbers had already started
to decline in the Sox4D/D Sox11lacZ/lacZ SC by this age
(Fig. 1k). At 16.5 dpc, 510 cells were counted in the Sox4D/D

Sox11lacZ/lacZ embryos per SC half compared with 1800 cells
in the wild-type. When set into relation to the wild-type SC
cell number, double-deficient SC contained 70% of the wild-
type SC cells at 10.5 dpc (Fig. 1l). From this value, cell
numbers continuously decreased to 30% at 16.5 dpc.

We also included Sox4D/D and Sox11lacZ/lacZ single mutant
SC in our analysis. By gross inspection, single-mutant SC
were morphologically indistinguishable from the wild-type
and cell numbers were not significantly different (Fig. 1k and
l and data not shown). As defects were only apparent in the
double mutant, we restricted all further analyses to double
mutant SC.

(a) (b) (c) (d) (e)

(f)

(k) (l)

(g) (h) (i) (j)

Fig. 1 Size comparison of embryonic SC

from wild-type mice and mice with SoxC

deficiencies. (a–j) DAPI staining was per-

formed on transverse thoracic level sec-

tions of wild-type (wt) (a–e) and Sox4D/D

Sox11lacZ/lacZ (dko) (f–j) embryos at 10.5 (a,

f), 11.5 (b, g), 12.5 (c, h), 14.5 (d, i) and

16.5 dpc (e, j). Only one-half of the SC is

shown with its circumference indicated by a

dotted line. Scale bar in (a) is valid for all

panels and corresponds to 100 lm. (k, l)

Cell numbers in SC were determined in

wild-type (wt, filled diamond), Sox4loxP/loxP,

Brn4::Cre (Sox4D/D, open square),

Sox11lacZ/lacZ (filled circle) and Sox4D/D

Sox11lacZ/lacZ (dko, open triangle) embryos

by counting DAPI-positive nuclei in one SC

half per section, and are presented as

absolute numbers (k) and relative to wild-

type numbers in percent (l). Reductions in

cell number relative to the age-matched

wild-type were statistically significant only

for Sox4D/D Sox11lacZ/lacZ SC (p < 0.001 at

10.5, 12.5, 14.5 and 16.5 dpc; p < 0.005

at 11.5 dpc) as determined by Student’s

t-test.
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Normal dorsoventral patterning in the Sox4 and Sox11
double-deficient SC
Several ways could be envisaged in which SoxC proteins
function. Their occurrence in neuroepithelial precursor cells
and committed progenitors is, for instance, compatible with a
role in SC patterning. To address this issue, we compared the
localization and boundaries of ventral domains in the VZ of
wild-type and Sox4D/D Sox11lacZ/lacZ SC at 11.5 dpc (Fig. 2e
and j). In both genotypes, the ventralmost p3 domain was
marked by Nkx2.2 expression and was immediately adjacent
to the pMN domain which followed dorsally and expressed
Olig2 (Fig. 2a and f). Irx3 in contrast was expressed in the
more dorsal p2, p1 and p0 domains (Fig. 2b and g). The p2
domain was similarly defined in Sox4D/D Sox11lacZ/lacZ and
wild-type SC as the VZ part with overlapping Irx3 and
Nkx6.1 expression (Fig. 2c and h). The pMN domain was
furthermore embedded in both genotypes in a larger Nkx6.1-
positive region that consists of p3, pMN and p2 domain
(Fig. 2d and i). Ventral domain markers are thus similarly
expressed in the VZ of wild-type and Sox4D/D Sox11lacZ/lacZ

SC arguing that SoxC proteins do not influence dorsoventral
patterning processes in the developing SC. This conclusion
was also supported by studies with the dorsal domain
markers Pax6 and Pax7 (data not shown).

Mild reduction of neuroepithelial precursors in the Sox4
and Sox11 double-deficient SC
The presence of transcription factors responsible for posi-
tional identity of neuroepithelial precursors in the VZ of

Sox4D/D Sox11lacZ/lacZ SC already indicates that these cells
exist. Neuroepithelial precursors are furthermore character-
ized by Sox2 expression independent of their position along
the dorsoventral axis. With Sox2 as a marker, we indeed
detected neuroepithelial precursor cells at all dorsoventral
levels of the Sox4D/D Sox11lacZ/lacZ SC from 10.5 to 14.5 dpc
but the VZ appeared slightly thinner than in the wild-type
(compare Fig. 3a–d with e–h). From 14.5 dpc onwards,
neuroepithelial precursors and VZ vanished similarly in wild-
type and Sox4D/D Sox11lacZ/lacZ SC (Fig. 3d and h).

Quantification of Sox2-positive cells in both genotypes
confirmed their reduction in Sox4D/D Sox11lacZ/lacZ SC
(Fig. 3i). Compared with wild-type, between 10% and 25%
fewer Sox2-positive VZ cells were detected in Sox4D/D

Sox11lacZ/lacZ SC at any given time (Fig. 3j). The difference,
however, did not reach statistical significance. In effect,
Sox2-positive VZ cells contributed a higher proportion to the
overall cell number in Sox4D/D Sox11lacZ/lacZ than in wild-
type SC (Fig. 3k) arguing that neuroepithelial precursors do
not represent the cell population most severely affected by
loss of Sox4 and Sox11.

Mild decrease of glial populations in the Sox4 and Sox11
double-deficient SC
Both glia and neurons are specified from neuroepithelial
precursors of the VZ. To study glial development in Sox4D/D

Sox11lacZ/lacZ SC, we first characterized the oligodendroglia
using Sox10 as a lineage-specific marker. Similar to the wild-
type, Sox10-positive cells began to appear in Sox4D/D

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 2 VZ patterning in embryonic SC from wild-type mice and mice

with SoxC deficiencies. Immunohistochemistry with antibodies specific

for Nkx2.2 and Olig2 (a, f) and in situ hybridizations with antisense

riboprobes for Olig2, Nkx6.1 and Irx3 (b–d, g–i) were performed on

transverse thoracic level sections of wild-type (wt) (a–d) and Sox4D/D

Sox11lacZ/lacZ (dko) (f–i) embryos at 11.5 dpc to determine the integrity

of the ventral VZ domains as summarized in (e) and (j). In situ

hybridization signals obtained with different probes on immediately

adjacent sections were superimposed using Adobe Photoshop

with the color of one of the signals being converted to red. A magni-

fication of the signal displaying part of the VZ is shown. Scale bar in

(a) is valid for all panels and corresponds to 50 lm.
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Sox11lacZ/lacZ SC around 12.0–12.5 dpc in the immediate
vicinity of the pMN domain (Figure S3a and d). Two days
later, Sox10-positive oligodendrocyte progenitors had started
to colonize the Sox4D/D Sox11lacZ/lacZ SC. At 14.5 dpc, the
density of oligodendrocyte progenitors was still higher in
ventral regions of the SC similar to the wild-type and
consistent with their ventral origin (Figure S3b and e). By
16.5 dpc, oligodendrocyte progenitors were more uniformly
distributed throughout the SC. The behaviour of oligoden-
drocyte progenitors in Sox4D/D Sox11lacZ/lacZ and wild-type
SC thus resembled each other (Figure S3c and f).

Although approximately equal numbers of oligodendro-
cyte progenitors were specified at 12.5 dpc in both
genotypes, their numbers increased less strongly in Sox4D/D

Sox11lacZ/lacZ SC (Figure S3g). We counted only 50% as
many oligodendrocyte progenitors in the mutant as in the
wild-type SC at 14.5 dpc and an even lower amount of 40%
at 16.5 dpc (Figure S3h). However, when set into relation to
the total cell number, Sox10-positive cells accounted for a
higher percentage of cells in the mutant SC than in the wild-
type from 14.5 dpc onwards (Figure S3i). We thus conclude
that oligodendrocyte progenitors are affected in Sox4D/D

Sox11lacZ/lacZ SC but less than other cell populations.
In addition to oligodendroglia, the embryonic SC also

contains astrocyte progenitors. Unfortunately, no single
marker exists that exclusively labels these cells during early
development. To follow these cells and count their number,
we had to resort to a marker combination. From 12.5 dpc
onwards, Sox2 labels glial cells in the mantle zone in
addition to neuroepithelial precursors in the VZ (Fig. 3c,d,g

and h). Subtraction of the Sox10-positive oligodendroglial
fraction from these Sox2-positive cells in the mantle zone
identifies the astrocyte progenitors.

Their number was lower in Sox4D/D Sox11lacZ/lacZ than in
wild-type SC at 14.5–16.5 dpc (Figure S3j). Expressed in
relative terms, Sox4D/D Sox11lacZ/lacZ SC contained only 75%
as many astrocyte progenitors as the wild-type at 14.5 dpc
(Figure S3k). This level decreased further to 40% at 16.5
dpc. The reduction of astrocyte progenitors thus nearly
equals the one of oligodendrocyte progenitors. Similar to
oligodendrocyte progenitors, astrocyte progenitors neverthe-
less constitute a higher fraction of cells in the mutant than in
the wild-type SC from 14.5 dpc onwards (Figure S3l).

Strong decrease of neuronal populations in the Sox4
and Sox11 double-deficient SC
As glia were not predominantly responsible for the observed
loss of SC cells, we turned our analysis to neuronal
populations. Early born motoneurons were studied using
antibodies against Hb9 which is first expressed in all
motoneuron progenitors and stays on in the medial column
during motoneuron maturation. Hb9-positive cells appeared
at the same time in wild-type and Sox4D/D Sox11lacZ/lacZ SC
(Fig. 4a and d) and occupied comparable positions in the
ventral horn area (compare Fig. 4a–c with d–f). Their
number was, however, severely reduced in Sox4D/D

Sox11lacZ/lacZ SC (Fig. 4o) and amounted to 50% of wild-
type values at 10.5 and 11.5 dpc (Fig. 4p). At 12.5 dpc, Hb9-
positive cell numbers even dropped to 40% of wild-type
levels. Relative to the total cell number, Hb9-positive cells

(a) (b) (c) (d)

(e) (f) (g) (h)

(i)

(j)

(k)

Fig. 3 Neuroepithelial precursor cells in the embryonic SC of wild-type

mice and mice with SoxC deficiencies. (a–h) Immunohistochemistry

was performed with antibodies directed against Sox2 on trans-

verse thoracic level sections of wild-type (wt) (a–d) and Sox4D/D

Sox11lacZ/lacZ (dko) (e–h) embryos at 10.5 (a, e), 11.5 (b, f), 12.5 (c, g)

and 14.5 dpc (d, h). Only one-half of the SC is shown placed on a

black background with its circumference indicated by a dotted line.

Scale bar in (a) is valid for all panels and corresponds to 100 lm. (i–k)

Sox2-positive cell numbers were determined in one SC half per

section for wild-type (wt, filled diamond) and Sox4D/D Sox11lacZ/lacZ

(dko, open triangle) embryos at various times and are presented

as absolute numbers (i), relative to wild-type Sox2-positive cell

numbers (j) and relative to overall cell numbers in the respective

genotype (k). Reductions in cell number relative to the age-matched

wild-type were not statistically significant as determined by Student’s

t-test.
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were furthermore under-represented at all time-points in the
mutant SC (Fig. 4q).

When antibodies against Islet-1 were employed, similar
observations were made. The antibody labels all motoneu-
rons from the progenitor state throughout maturation as well
as interneurons that arise dorsally and eventually take up
their final position in the medial SC. Islet-1-positive cells
were present and correctly localized in Sox4D/D Sox11lacZ/lacZ

SC (compare Fig. 4g–j with k–n) but severely reduced in
number (Fig. 4r) relative to their number in the wild-type
(Fig. 4s) and compared with other cell types in the mutant
SC (Fig. 4t). Similar results were also obtained for the
Nkx2.2-positive ventral interneurons (Fig. 4u–w).

As the ventral neuronal populations were over-proportion-
ately affected by the loss of Sox4 and Sox11, we investigated
whether this was also true for different populations of dorsal
horn interneurons which are marked during their develop-
ment by Lbx1, Tlx3 and Lmx1b (Müller et al. 2002). Lbx1,
Tlx3 and Lmx1b were all detected in Sox4D/D Sox11lacZ/lacZ

SC and their localization was comparable with the wild-type
(compare Figure S4a–f with g–l). Their numbers were,
however, so strongly reduced that mutant SC failed to
develop a typical dorsal horn. As exemplified for Lmx1b,
quantifications confirmed the dramatic reduction in the
number of marker-positive cells relative to the wild-type
and relative to other cell types in the mutant SC (Fig-
ure S4M-O). We conclude that the loss of Sox4 and Sox11
exerts its strongest effect on neuronal populations.

Mild proliferation changes in the Sox4 and Sox11
double-deficient SC
To determine the cause for the reduced cell numbers in the
Sox4D/D Sox11lacZ/lacZ SC, we first studied proliferation and
analyzed how many SC cells were able to incorporate BrdU
in a 1-h period at various times of development. In the wild-
type proliferating cells were situated either in the VZ or the
mantle zone (Fig. 5a–e). When localized in the VZ they
correspond to neuroepithelial precursors, whereas proliferat-
ing mantle zone cells represent glial progenitors. As a
consequence, proliferation in the VZ decreased at late phases
of embryogenesis with depletion of the neuroepithelial
precursor cell population, whereas glial proliferation in the
mantle zone increased. This overall pattern was similarly
observed for wild-type and Sox4D/D Sox11lacZ/lacZ SC (com-
pare Fig. 5a–e with f–j).

We separately quantified proliferating cells in VZ and
mantle zone to differentiate between neuroepithelial and glial
proliferation. The number of BrdU-positive cells within the
VZ was only slightly lower in the mutant than in the wild-
type (Fig. 5k) and corresponded to around 90% of wild-type
values at 10.5 and 11.5 dpc and 70–80% at 12.5 and 14.5 dpc
(Fig. 5l). As a consequence, proliferation rates within the VZ
were at early times higher in Sox4D/D Sox11lacZ/lacZ SC and
normalized to wild-type levels at later times (Fig. 5m).

(a) (b)

(d) (e) (f)

(g) (h) (i) (j)

(k)

(o)

(p)

(q)

(r)

(s)

(t)

(u)

(v)

(w)

(l) (m) (n)

(c)

Fig. 4 Neurons in the embryonic SC of wild-type mice and mice with

SoxC deficiencies. (a–n) Immunohistochemistry was performed with

antibodies directed against Hb9 (a–f) and against Islet-1 (g–n) on

transverse thoracic level sections of wild-type (wt) (a–c, g–j) and

Sox4D/D Sox11lacZ/lacZ (dko) (d–f, k–n) embryos at 10.5 (a, d, g, k), 11.5

(b, e, h, l), 12.5 (c, f, i, m) and 14.5 dpc (j, n). In (a–f), the ventral most

part of the SC is shown. In (g–n), one-half of the SC is shown placed

on a black background with its circumference indicated by a dotted

line. Scale bar in (a) is valid for all panels and corresponds to 100 lm.

(o–w) Numbers of Hb9-positive motoneurons (o–q), Islet-1-positive

moto- and interneurons (r–t) and Nkx2.2-positive ventral interneurons

(u–w) were determined in one SC half per section for wild-type (wt,

filled diamond) and Sox4D/D Sox11lacZ/lacZ (dko, open triangle) em-

bryos at various times and are presented as absolute numbers (o, r,

u), relative to wild-type marker-positive cell numbers (p, s, v) and

relative to overall cell numbers in the respective genotype (q, t, w).

Reductions in cell number relative to the age-matched wild-type were

statistically significant (p < 0.001) for all markers and all analyzed

embryonic ages in Sox4D/D Sox11lacZ/lacZ SC as determined by Stu-

dent’s t-test.
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Therefore, proliferation of neuroepithelial precursors is not
compromised in the absence of Sox4 and Sox11.

Compared with the wild-type, BrdU-labeled cells were
much less frequent in the mantle zone of Sox4D/D

Sox11lacZ/lacZ SC from 14.5 dpc onwards (Fig. 5n). The
relative reduction of BrdU-labeled cells in the mantle zone
was even higher than the reduction in glial cell numbers
(compare Fig. 5o with Figure S3h and k). Taking the lower
total cell number into account, proliferation rates were,
however, similar to the wild-type in the mantle zone
(Fig. 5p).

We also analyzed cell cycle length and exit by performing
Ki67 immunohistochemistry on SC that received the BrdU-
label 24 h before. Under these conditions, BrdU-labeled cells
that are no longer Ki67-positive represent those cells that
have exited the cell cycle within the last 24 h. At 14.5 dpc,
we found no significant difference in this fraction of BrdU-
labeled cells between Sox4D/D Sox11lacZ/lacZ and wild-type SC
(Fig. 5q) suggesting that cell cycle length and exit are
unchanged. The number of cells in mitosis was also similar
as indicated by comparable numbers of cells labeled with
phospho-histone H3 antibody in both genotypes (Fig. 5r).

Dramatically increased cell death in the Sox4 and Sox11
double-deficient SC
Next, we studied the occurrence of apoptotic cell death by
TUNEL. Already visual inspection revealed a dramatically
increased rate of apoptosis in Sox4D/D Sox11lacZ/lacZ SC
(compare Fig. 6a–e with f–j). This increase was visible at all
embryonic ages until 16.5 dpc, the latest time-point analyzed
in this study. Apoptotic cells were found in all parts of the SC
including VZ, subventricular zone and mantle zone at all
dorsoventral levels and only a fraction of apoptotic cells were
positive for the neuronal marker Tuj-1 (Fig. 6k and l) arguing
that apoptosis is not restricted to a particular cell type in
Sox4D/D Sox11lacZ/lacZ SC.

Absolute numbers of TUNEL-positive cells remained
significantly higher than in the wild-type until 14.5 dpc

(a) (b) (c) (d) (e)

(f)

(k)

(l)

(m)

(n)

(o)

(p)

(q) (r)

(g) (h) (i) (j)

Fig. 5 Proliferation and cell cycle parameters in the embryonic SC of

wild-type mice and mice with SoxC deficiencies. (a–j) BrdU integrated

into the cellular DNA within a 1 h period prior to embryo preparation

was detected by anti-BrdU antibodies on transverse thoracic level

sections of wild-type (wt) (a–e) and Sox4D/D Sox11lacZ/lacZ (dko) (f–j)

embryos at 10.5 (a, f), 11.5 (b, g), 12.5 (c, h), 14.5 (d, i) and 16.5 dpc

(e, j). Only one-half of the SC is shown placed on a black background

with its circumference indicated by a dotted line. Scale bar in A is valid

for all panels and corresponds to 100 lm. (k–p) The numbers of BrdU-

labeled cells were separately determined for VZ (k, l, m) and mantle

zone (n, o, p) in one-half of the SC per section for wild-type (wt, filled

diamond) and Sox4D/D Sox11lacZ/lacZ (dko, open triangle) embryos at

various times and are presented as absolute numbers (k, n), relative to

wild-type numbers of BrdU-labeled cells in the respective zone (l, o)

and relative to overall cell numbers in VZ (m) or mantle zone (p) in the

respective genotype. Reductions in cell number relative to the age-

matched wild-type were statistically significant (p < 0.001) for BrdU-

positive cells in the mantle zone of Sox4D/D Sox11lacZ/lacZ SC at 14.5

and 16.5 dpc as determined by Student’s t-test. (q) BrdU integrated

into the cellular DNA 24 h prior to embryo preparation was detected by

anti-BrdU antibodies on transverse thoracic level sections of wild-type

(wt) and Sox4D/D Sox11lacZ/lacZ (dko) embryos at 14.5 dpc and com-

pared with Ki67-immunohistochemistry. The number of cells that were

BrdU-positive but Ki67-negative were determined to quantify cell cycle

exit. (r) Mitotic cells were detected with antibodies against phospho-

histone H3 (PH3) in wild-type (wt) and Sox4D/D Sox11lacZ/lacZ (dko)

embryos at 12.5 dpc. Differences between genotypes are not statis-

tically significant in (q, r).
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(Fig. 6m). Compared with the wild-type SC, apoptotic cell
numbers were ninefold higher in the mutant at 10.5 dpc,
23-fold higher at 11.5 dpc, 13-fold higher at 12.5 dpc and
still fourfold higher at 14.5 dpc (Fig. 6n). Between 3.5%
and 6% of all cells in the mutant SC underwent
apoptosis at any given time from 10.5 to 12.5 dpc
compared with less than 0.5% in the wild-type (Fig. 6o).
Sox4 and Sox11 are thus essentially required for cell
survival in the embryonic SC over an extended period of
time.

Discussion

In this study, we show that the combined deletion of the two
closely related SoxC proteins Sox4 and Sox11 causes a
dramatic increase in apoptosis in the developing SC. We

therefore conclude that SoxC transcription factors are
essential for cell survival. Preliminary results indicate that
this is also the case in other parts of the CNS. Previous
analyses in single Sox4- and Sox11-deficient mice had failed
to report comparable SC defects (Cheung et al. 2000; Sock
et al. 2004). With knowledge of the phenotype in double-
deficient mice, we reassessed the single-deficient mice. These
analyses revealed a barely increased rate of apoptosis in
Sox11-deficient SC. Apoptosis was more prominent in Sox4-
deficient SC, but still much lower than in the double-deficient
tissue (data not shown). Cell loss in single-deficient SC was
furthermore not statistically significant indicating that the
observed increases in apoptosis were compensated. Our
results thus confirm the hypothesis that Sox4 and Sox11
function during SC development in a largely redundant
manner.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l)

(m) (n) (o)

Fig. 6 Cell death in the embryonic SC of wild-type mice and mice with

SoxC deficiencies. (a–l) TUNEL (in red) was performed on trans-

verse thoracic level sections of wild-type (wt) (a–e) and Sox4D/D

Sox11lacZ/lacZ (dko) (f-l) embryos at 10.5 (a, f), 11.5 (b, g, k), 12.5 (c, h,

l), 14.5 (d, i) and 16.5 dpc (e, j). In (a–j), one-half of the SC is shown

placed on a black background with its circumference indicated by a

dotted line. Nuclei are counter-stained by DAPI (blue). In (k, l), Tuj-1

immunohistochemistry (green) was additionally performed. The VZ is

at the right margin of each panel. Scale bars correspond to 100 lm in

(a) (valid for a–j) and to 25 lm in (k) (valid for k, l). (m–o) The numbers

of TUNEL-positive cells were determined in one SC half per section for

wild-type (wt, filled diamond) and Sox4D/D Sox11lacZ/lacZ (dko, open

triangle) embryos at various times and are presented as absolute

numbers (m), relative to wild-type numbers of TUNEL-positive cells (n)

and relative to overall cell numbers in the respective genotype (o).

Increases in TUNEL-positive cell number relative to the age-matched

wild-type were statistically significant (p < 0.001) for Sox4D/D

Sox11lacZ/lacZ SC until 14.5 dpc as determined by Student’s t-test.
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Proliferation of VZ cells was not dramatically affected.
Rates even appeared slightly increased, probably represent-
ing a compensatory response to the decreased survival. VZ
cells also acquired their proper positional identity in the
absence of Sox4 and Sox11 indicating that these factors do
not have a major impact on patterning processes in the CNS.
Additionally, we found no evidence for neuronal specifica-
tion or maturation defects, as all the markers for neuronal
progenitors and neurons were detectable in mutant SC at
times and in patterns comparable with the wild-type.
Oligodendrocyte and astrocyte progenitors were likewise
present in double-deficient SC. We conclude from these
results that Sox4 and Sox11 primarily function in cell
survival and that cell death in the mutant is not a secondary
consequence of a role in proliferation, patterning, specifica-
tion or maturation processes.

A cell survival function for Sox4 and/or Sox11 has also
been postulated in several tumor entities (Frierson et al.
2002; Liu et al. 2006; Pramoonjago et al. 2006; Vanaja et al.
2006; Haram et al. 2008). In most tumors, SoxC proteins
appear to promote survival and inhibit apoptosis. However,
there are also examples for pro-apoptotic functions, including
one for Sox4 in bladder carcinoma (Aaboe et al. 2006) and
for Sox11 in mantle cell lymphoma (Ek et al. 2008; Wang
et al. 2008). Examples for a survival function of SoxC
proteins are scarce from embryonic development, but start to
become apparent and have recently been reported during
early post-gastrulation organogenesis and in the developing
SNS (Bhattaram et al. 2010; Potzner et al. 2010).

From the localization of apoptotic figures in the SC at later
stages of development the survival function of SoxC proteins
appears to be broad and not restricted to neuroepithelial
precursors. Nevertheless, the impact of such an increased
apoptosis varied between cell types. Proliferating cell types
appeared to compensate for increased cell loss by hyperpro-
liferation. This may explain why post-mitotic neuronal
progenitors and neurons are most strongly affected and most
severely under-represented in the absence of Sox4 and
Sox11. Alternatively, Sox4 and Sox11 may be more protec-
tive for neuronal cells in accord with their higher levels in
these as compared with other SC cells.

Sox4 and Sox11 are expressed in neuroepithelial precur-
sors of the VZ, neuronal and glial progenitors, and even in
maturing neurons (Uwanogho et al. 1995; Hargrave et al.
1997; Kuhlbrodt et al. 1998; Bergsland et al. 2006; Dy et al.
2008; Hoser et al. 2008). It is possible that the two SoxC
proteins affect survival of all these cells in a cell-intrinsic
manner. However, the different cell types clearly influence
each other so that it is equally plausible that loss of SoxC
proteins in one cell type influences survival of another cell
type. Oligodendrocyte progenitors, for instance, rely on
neuronal growth factors such as platelet derived growth
factor A for their survival and proliferation (Noble et al.
1988; Richardson et al. 1988). The dramatic reduction of the

neuronal population will thus almost certainly decrease
oligodendroglial survival and proliferation in the SoxC-
deficient SC and may in fact explain why their proliferation
is not as much up-regulated as neuroepithelial precursor
proliferation.

Recently, we have analyzed the role of Sox4 and Sox11 in
the developing SNS and have found SoxC proteins to
influence proliferation during early periods and survival at
late ones (Potzner et al. 2010). Thus, there are similarities but
also substantial differences in the role of SoxC proteins in
SNS and SC development, further supporting the context-
dependence of their function.

The role of SoxC proteins in SC development had
previously been studied by electroporation in the neural
tube of chicken embryos (Bergsland et al. 2006). Similar to
this study, Bergsland et al. failed to detect any influence of
SoxC proteins on proliferation and cell cycle parameters.
However, Bergsland et al. found evidence for a role of SoxC
proteins in activation of neuronal gene expression and
neuronal maturation downstream of proneural bHLH
proteins both by ectopic over-expression and siRNA-depen-
dent down-regulation. In contrast, effects on survival were
very minor with less than a twofold increase of apoptosis
after treatment with both Sox4- and Sox11-specific siRNA.
On face value, these results are difficult to reconcile with
ours, even if it has to be kept in mind that the studies were
not only performed with different methods but also in
different species and that species-specific differences in
SoxC functions could exist.

SoxC proteins may positively influence expression of
panneuronal and subtype-specific markers and thereby exert
an influence on neuronal maturation. However, it seems
unlikely that Sox4 and Sox11 represent an absolute require-
ment for neuronal maturation as we have observed matura-
tion of several types of neurons in the absence of both SoxC
proteins.

The different effects of SoxC proteins on cell survival
between this study and the work by Bergsland et al. are
particularly striking. Considering that we only detected the
dramatic increase in cell death in the double and not in the
single-mutant SC, it is possible that the siRNA-dependent
knockdown had failed to reduce the combined amount of
Sox4 and Sox11 in the chicken neural tube to levels low
enough to detect the survival function.

Essential roles for cell survival in the developing CNS
have previously been reported for a number of signaling
molecules and transcription factors including Pax3, Rb, Sal
proteins, JNK kinases and K-Ras (Macleod et al. 1996;
Koera et al. 1997; Kuan et al. 1999; Pani et al. 2002; Bohm
et al. 2008). In the corresponding mouse mutants, apoptosis
was, however, restricted to specific cell types or thought to be
secondary to alterations in cell cycle and proliferation
characteristics. Sox4 has been reported to interact with and
to stabilize p53 thereby leading to increased cell death in a
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lung carcinoma cell line (Pan et al. 2009). Although this
proapoptotic function is the exact opposite of the antiapop-
totic role that we detected in the developing SC, it may point
to a more general link between SoxC proteins, p53 and the
apoptotic machinery.
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