
INTRODUCTION

In the embryonic CNS, neurones and glia develop from
the neuroepithelial cells of the ventricular zone (VZ) that
surrounds the ventricles of the brain and the lumen of the spinal
cord. Different domains of the VZ express different gene
products and generate different subsets of neurones and/or glia.
For example, the ventral half of the spinal cord VZ is
subdivided into five regions labelled (from ventral to dorsal)
p3, pMN, p2, p1 and p0. These five domains express different
combinations of homeodomain (HD) and basic helix-loop-
helix (bHLH) transcription factors and generate distinct classes
of spinal neurones; pMN gives rise to somatic motoneurones,
whereas p0-p3 give rise to four classes of ventral interneurones
(V0-V3 respectively) (reviewed by Briscoe and Ericson, 1999;
Jessell, 2001). In the brainstem, p3 also gives rise to visceral
motoneurones (Ericson et al., 1997).

After neurones, the VZ switches to producing glial
cells. Oligodendrocytes, the myelinating glial cells of the
CNS, develop from the ventral VZ. Small numbers of
oligodendrocyte progenitors (OLPs), which express the

platelet-derived growth factor receptor-α (Pdgfra), first appear
at the ventricular surface on embryonic day 12.5 (E12.5) in the
mouse, then proliferate and migrate away into the grey and
white matter before starting to differentiate into myelin-
forming oligodendrocytes (Miller, 1996; Rogister et al., 1999;
Richardson et al., 2000; Spassky et al., 2000). In rodents, OLPs
are generated from the same part of the neuroepithelium as
somatic motoneurones (MNs) but not until after MN
production has ceased (Sun et al., 1998; Lu et al., 2000) (for a
review, see Rowitch et al., 2002). This prompted us to suggest
that there is a pool of shared neuroglial precursors that first
generates MNs, then switches to OLPs (Richardson et al.,
1997; Richardson et al., 2000). This idea has been supported
recently by the finding that the bHLH proteins Olig1 and Olig2
are expressed and required in pMN for production of both
motoneurones and OLPs (Lu et al., 2002; Zhou and Anderson,
2002; Takebayashi et al., 2002) (reviewed by Rowitch et al.,
2002).

Where do astrocytes, the other major class of CNS glia,
originate in the neuroepithelium? It is believed that at least
some astrocytes are generated by transdifferentiation of radial
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The postnatal central nervous system (CNS) contains many
scattered cells that express fibroblast growth factor
receptor 3 transcripts (Fgfr3). They first appear in the
ventricular zone (VZ) of the embryonic spinal cord in mid-
gestation and then distribute into both grey and white
matter – suggesting that they are glial cells, not neurones.
The Fgfr3+ cells are interspersed with but distinct from
platelet-derived growth factor receptor α (Pdgfra)-positive
oligodendrocyte progenitors. This fits with the observation
that Fgfr3 expression is preferentially excluded from
the pMN domain of the ventral VZ where Pdgfra+

oligodendrocyte progenitors – and motoneurones –
originate. Many glial fibrillary acidic protein (Gfap)-
positive astrocytes co-express Fgfr3 in vitro and in vivo.
Fgfr3+ cells within and outside the VZ also express
the astroglial marker glutamine synthetase (Glns). We

conclude that (1) Fgfr3 marks astrocytes and their
neuroepithelial precursors in the developing CNS
and (2) astrocytes and oligodendrocytes originate in
complementary domains of the VZ. Production of
astrocytes from cultured neuroepithelial cells is hedgehog
independent, whereas oligodendrocyte development
requires hedgehog signalling, adding further support to the
idea that astrocytes and oligodendrocytes can develop
independently. In addition, we found that mice with a
targeted deletion in the Fgfr3 locus strongly upregulate
Gfap in grey matter (protoplasmic) astrocytes, implying
that signalling through Fgfr3 normally represses Gfap
expression in vivo. 
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For double in situ hybridisation, two probes – one FITC labelled
and the other DIG labelled – were applied to sections simultaneously.
The FITC signal was visualised with alkaline phosphatase (AP)-
conjugated anti-FITC Fab2 fragments before developing in p-
iodonitrotetrazolium violet (INT) and 5-bromo-4-chloro-3-indolyl
phosphate (toluidine salt) (BCIP), which produces a magenta/brown
reaction product. The sections were photographed, then the AP was
inactivated by heating at 65°C for 30 minutes followed by incubating
in 0.2 M glycine (pH 2) for 30 minutes at room temperature. The
INT-BCIP reaction product was removed by dehydration through
graded alcohols, concluding with 100% ethanol for 10 minutes at
room temperature. The DIG signal was then visualised with AP-
conjugated anti-DIG Fab2 fragments and a mixture of nitroblue
tetrazolium (NBT) and BCIP (all reagents from Roche Molecular
Biochemicals) and the sections re-photographed. No labelling with
NBT/BCIP was observed when we omitted either the DIG labelled
probe or the anti-DIG antibody (data not shown).

For the Fgfr3-Pdgfra double in situ hybridisation of Fig. 4 we
visualised the FITC (Pdgfra) signal with horseradish peroxidase
(HRP)-conjugated anti-FITC Fab2 fragments (Roche) before
developing in fluorescein-tyramide reagent (NENTM Life Science
Products, Boston) according to the manufacturer’s instructions. The
HRP-conjugate was inactivated by incubating in 2% (v/v) hydrogen
peroxide for 30 minutes at room temperature. The DIG (Fgfr3) signal
was then visualised with HRP-conjugated anti-DIG Fab2 fragments
followed by rhodamine-tyramide, and the sections photographed
under fluorescence optics. As specificity controls we omitted either
the FITC-labelled Pdgfra probe or the HRP-conjugated anti-FITC
antibody, which gave no staining other than for Fgfr3 (not shown).

Combined immunolabelling and in situ hybridisation
For the experiment of Fig. 7, cultured cells were first subjected to
in situ hybridisation with a [35S]-labelled RNA probe against Fgfr3
then immunolabeled with anti-Gfap and biotinylated goat-anti-mouse
Ig. The Gfap signal was developed with DAB and the slides
dehydrated through ascending alcohols, dipped in nuclear emulsion
(Ilford K5), exposed in the dark for several days and developed in
Kodak D19.

RESULTS

Fgfr3 expression in the embryonic spinal cord
We examined Fgfr3 expression in the embryonic chick spinal
cord by in situ hybridisation. At stage 22-24 (corresponding to
~E4), Fgfr3 expression was confined to the floor plate and the
ventral two-thirds of the VZ (Fig. 1A). By stage 34 (E8) Fgfr3
expression had been extinguished in part of the ventral VZ so
that a gap developed in the expression pattern (e.g. Fig. 1B).

Individual Fgfr3+ cells were also present outside the VZ

Fig. 1. Fgfr3 expression in transverse sections of embryonic chick and mouse cervical spinal cords. (A) Chick stage 22-24 (E3.5-4); (B) chick
stage 34 (E8); (C) chick stage 35 (E9); (D) chick stage 37 (E11); (E) chick stage 35 (E9); (F) mouse E13.5; and (G) mouse E14.5. Initially,
Fgfr3 is expressed in the floor plate and the ventral two-thirds of the VZ (A) and is later downregulated in part of the ventral VZ (B). Starting
around stage 34 (E8) Fgfr3+ cells are visible in the parenchyma of the cord. By stage 37 (E11) the floor plate and VZ no longer express Fgfr3
but scattered Fgfr3+ cells are present throughout most of the cross-section of the cord, including both grey and white matter (D). (E) A
magnified image of the ventral VZ from a stage 35 (E9) cord, showing the two spatially separated domains of Fgfr3 expression. A similar
progression occurs in mouse (F,G). However, the ventral ‘gap’ is not so pronounced in mouse (arrow in G). Scale bars: 200µm (A-D), 100µm
(F,G), 50µm (E).

Fig. 2. Expression of Fgfr3 and Olig2. Transverse sections through
stage 35 (E9) chicken spinal cords were subjected to in situ
hybridisation for Fgfr3 (A) or double in situ for Fgfr3 and Olig2 (B).
At this age, Fgfr3 expression is confined to the VZ and a few
scattered cells outside the VZ. The two spatially separated domains
of Fgfr3 expression are clearly visible (A). Olig2 is expressed
predominantly within the ventral ‘gap’ of Fgfr3 expression (B). This
suggests that pMN (brackets), which generates Pdgfra+

oligodendrocyte progenitors (OLPs), does not also generate Fgfr3+

putative astrocyte progenitors. Scale bar: 50µm.
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after stage 34 (E8), both lateral and dorsal to the Fgfr3+
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DISCUSSION

On the basis of their spatial distribution and time of
appearance, Peters et al. (Peters et al., 1993) suggested that
Fgfr3
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surface. However, radial glia are distributed all around the
spinal cord lumen, unlike Fgfr3, so one would have to postulate
that only a subset of radial glia express Fgfr3.

In double-knockout mice that lack the two basic helix-
loop-helix (bHLH) transcriptions factors Olig1 and Olig2, the
pMN domain of the VZ undergoes a homeotic transformation
into p2, its immediate dorsal neighbour (Rowitch et al.,
2002). As a result, pMN no longer generates motoneurones
followed by OLPs, but instead produces V2 interneurones
followed by astrocytes (Zhou and Anderson, 2002;
Takebayashi et al., 2002). By implication, this is the usual
fate of p2 precursors in wild-type mice. This is consistent
with our observation that Fgfr3+ astrocytes apparently
originate within an extended part of the ventral VZ, including
p2 but excluding pMN.ig2,l VZ, including
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