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described (Lee et al., 2001), thereby removing the entire coding region of Dbx1 and replacing 

it with iCre. 

 

The modified PAC DNA was linearized by AscI digestion.  PFGE was used to purify the PAC 

insert away from small vector fragments.  This linear PAC DNA was concentrated into a 4% 

low melting point agarose gel.  Following β-agarase (New England Biolabs) digestion and 





 6

small region of the neuroepithelium.  From E16.5 onwards all transcript expression was 

abolished (data not shown).  We selected one of these lines for further study. 

 

To establish the dorsal and ventral limits of Cre expression in the neuroepithelium, we 

crossed the Dbx1-Cre mice to the Rosa26-GFP reporter line (Mao et al., 2001) and analyzed 

the offspring at embryonic day 10.5 (E10.5) by in situ hybridization.  GFP expression was 

activated in a broad neuroepithelial domain, wider than the domain of Dbx1 expression at the 

same age but corresponding more closely to Dbx2 (Fig. 2A-C).  This is consistent with 

previous reports that Dbx1 is initially expressed (prior to E10.5) in an identical pattern to 

Dbx2 and only narrows down later (Pierani et al., 2001).  The region of GFP activation 

therefore probably corresponds to the early Dbx1/ Dbx2 co-expression domain.  The ventral 

limit of GFP expression abuts the dorsal limit of Nkx6.1, many cell diameters away from the 

Olig2-expressing domain in pMN (Fig. 2D-F).  This is consistent with previous data showing 

mutually exclusive expression of Nkx6.1 and Dbx2 in the spinal cord (Briscoe et al., 2000).  

The dorsal limit of GFP activation overlaps with Mash1 and Pax7 which are expressed within 

dP5 or dP6, respectively, at their ventral limit (Fig. 2G-I) (Caspary and Anderson, 2003; 

Helms and Johnson, 2003).  Collectively, the data demonstrate that expression of iCre is 

restricted to Dbx1/Dbx2-positive neuroepithelial precursors and activation of the GFP 

reporter gene is therefore restricted to four domains of the neuroepithelium: dP5, dP6, P0 

and P1 (Fig. 1E). 

 

We examined the distribution of GFP in Dbx1-iCre x Rosa26-GFP embryos around the time 

of neurogenesis in the spinal cord (E12.5).  At E12.5, GFP-labelled cells were found 

exclusively in the ventral and lateral spinal cord (Fig. 3A).  GFP-labelled axons were 

observed in the developing ventral white matter, including commissural axon tracts (Fig. 3A).  

Subsets of GFP-labelled neurons in the lateral cord co-expressed Lbx1, which marks early 

postmitotic neurons derived from dP4, dP5 and dP6 (Muller et al., 2002) (Fig. 3D).  Other 

GFP-labelled neurons in the ventral spinal cord expressed Evx1, which marks neurons 

derived from the p0 domain (Moran-Rivard et al., 2001) (Fig. 3E) and En1, which marks V1 

interneurons in the lateral cord (not shown) (Saueressig et al., 1999).  The majority of the 

GFP-labelled cells observed in the spinal cord at this stage co-expressed the homeodomain 

transcription factor Lim2 (Fig. 3F), which is expressed in a variety of postmitotic neurons 

(Tsuchida et al., 1994). 

 

In contrast, there was no co-expression of GFP in Isl1/ Isl2-positive neurons derived from 

pMN or dP3 (Fig. 3B) (Tsuchida et al., 1994) or in Lim3-positive interneurons derived from p2 

or motor neurons from pMN (Fig. 3C) (Tsuchida et al., 1994).  In conclusion, and as 











 11

correspond to the neuroepithelial precursors themselves (Malatesta et al., 2003; Anthony et 

al., 2004).  From E15.5, when the radial glial cell bodies moved towards the pial surface, we 

observed co-expression of RC2 and the oligodendrocyte lineage markers Olig2 or Sox10 in 

some radially-oriented cells, suggesting that the radial glia transform directly into 

oligodendrocytes.  This supports previous evidence that spinal cord radial glia can give rise 

to oligodendrocytes as well as astrocytes after neuron generation has ceased (Choi et al., 

1983; Choi and Kim, 1985; Hirano and Goldman, 1988). 

 

It is not clear whether the mode of OLP generation from Dbx expressing precursors is 

fundamentally different from their mode of generation in the ventral cord.  pMN-derived OLPs 

are presumably derived from radial glia too, since the latter are now thought to correspond to 

stem cells that generate all the neurons and glia of the CNS.  However, the pMN-derived 

OLPs arise close to the ventricular surface whereas we first detected Dbx-derived OLPs 

towards the pial surface.  This presumably relates to the position of the radial glial cell bodies 

at the time they start to express oligodendrocyte lineage markers such as Pdgfra, Sox10 or 

Olig2.  Another difference seems to lie in how widely the OLPs disseminate after they are 

formed; those formed early from pMN proliferate rapidly at first and migrate away from pMN 

in all directions whereas the later-forming Dbx-derived OLPs proliferate less strongly, if at all, 

and migrate less widely.  It remains to be determined whether these different behaviours 

reflect different inducing signals (Shh versus FGF, say), different environments in the cord at 

early versus late embryonic stages, or some intrinsic difference between the ventral and 

dorsal subsets. 

 

Two types of astrocytes are generated from the Dbx domain 

In addition to interneurons and oligodendrocytes, at least two morphological subtypes of 

astrocytes were generated from the Dbx domain.  Protoplasmic astrocytes had a typical 

spherical outline with an extensive and intricate network of sheet-like branching processes 

and were distributed widely within the gray matter of the spinal cord.  They were frequently 

associated with the cell bodies of neurons in both the dorsal and ventral cord, including 

motor neurons.  Fibrous astrocytes on the other hand had a restricted distribution within the 

lateral white matter - in those regions previously occupied by the distal ends of the radial glia 

processes.  The latter observation is consistent with the idea that some radial glia transform 

directly into fibrous astrocytes at the end of neuronogenesis (Schmechel and Rakic, 1979; 

Voigt, 1989; see Goldman, 2001 for review). 

 

Our Dbx1-iCre mice label the progeny of four neuroepithelial domains – p1, p0, dP6 and dP5 

– so we cannot tell whether each one of these domains generates all of the glial cell types 
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described here or whether different subsets of glia are generated from each individual 

domain, as has been shown for neurons.  Resolution of this question would require targeting 

of the Cre transgene to individual neuroepithelial domains within the broader Dbx domain - 

not possible with currently available Cre deleter strains. 

 

Dbx-neuroepithelial cells do not generate ependymal cells 

We observed that Dbx1/ Dbx2 precursors do not contribute to the ependymal layer that 

surrounds the reduced lumen of the postnatal and adult spinal cord, adding to previous 

evidence that ependymal cells are derived entirely from ventral (Nkx6.1-expressing) 

neuroepithelium (Richardson et al., 1997; Fu et al., 2003).  Nevertheless, a subset of the 

Dbx-derived protoplasmic astrocytes settles close to the postnatal ependymal layer where 

they form narrow bilateral columns of cells along the length of the spinal cord.  It is 

interesting to speculate that these might correspond to a subset of “subependymal 

astrocytes” analogous to those that have been described as neural stem cells in the 

postnatal telencephalon (Doetsch et al., 1999). 
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Note added in proof 
While this article was being reviewed, two other articles were published that demonstrate 

production of a subset of oligodendrocyte precursors in the dorsal VZ (dP3, dP4 and dP5) 

[Cai, J., Qi, Y., Hu, X., Tan, M., Liu, Z., Zhang, J., Li, Q., Sander, M., and Qiu, M. (2005).  

Generation of oligodendrocyte precursor cells from mouse dorsal spinal cord independent of 

Nkx6I-regulation and Shh signalling.  Neuron 45, 41-53; Vallstedt, A., Klos, J.M., and 
Ericson, J. (2005). Multiple dorsoventral origins of oligodendrocyte generation in the spinal 

cord and hindbrain. Neuron 45, 55-67; reviewed by Miller, R.H. (2005). Dorsally derived 

oligodendrocytes come of age.  Neuron 45, 1-3.] 
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Figure Legends 
 
Figure 1  Generation of Dbx1-iCre PAC transgenic mice and expression of the transgene. 

(A) Map of PAC 631-M19 indicating the extent of upstream and downstream genomic 

regions in the PAC insert.  (B) Schematic of the endogenous Dbx1 locus including intron - 

exon structure and relative locations of BglII and HindIII restriction sites.  (C) The targeting 

vector used in homologous recombination indicating the positions of the iCre coding 

sequences, chloramphenicol resistance cassette (Cmr), loxP sites and the location of the 

0.5 kb 3’ UTR probe used to hybridize to Southern blots of BglII – digested genomic DNA.  

The locations of PCR primers used for genotyping are also indicated.  (D)  Expression of the 

iCre transgene at E11.5, revealed by in situ hybridization.  Four independent founders had 

the same pattern of expression at this age.  One founder was chosen for further study.  (E)  
Diagram of neuroepithelial precursor domains in the spinal cord, and the reported patterns of 
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Figure 5 Oligodendrocytes are generated from Dbx-derived radial glia. Radially orientated 

GFP-positive cells express the oligodendrocyte lineage markers Olig2 (A, C) and Sox10 

(B, D) at E16.5 (A-B) and E18.5 (C-D).  Co-localization of the radial glia marker RC2 with 

GFP-labelled Olig2-positive cells at E15.5 (E, F, G, H) and E16.5 (I, J, K, L) or GFP-labelled 

Sox10-positive cells at E16.5 (M, N, O, P). Scale bar: 50 µm. 

Figure 6  Dbx-derived oligodendrocytes at P10.  (A) GFP and Sox10 double-

immunolabelling.  (B) Higher magnification confocal view of the area marked in (A), showing 

clear co-expression in a subset of Sox10-positive oligodendrocyte lineage cells.  (C) GFP 

and PDGFRa double immuno-labelling.  (D) double immuno-labelling of GFP and the 

differentiated oligodendrocyte marker CC1 (Bhat et al., 1996).  Scale bar: 300 µm. 

Figure 7 Shh-independent oligodendrocyte development from Dbx-derived precursors. 

Dissociated spinal cords from Dbx1-iCre x Rosa26-GFP embryos developed Sox10-positive 

OLPs within 5 days of culture (A). Their development was not inhibited by cyclopamine (B) 

but was abolished in the  Tc57Tce of PD173074 (C) or both (D). (E) The experiment was 

quantified by counting the total number of double-labelled GFP-positive / Sox10-positive cells 

in the cultures. A minimum of 1000 Sox10-positive cells was counted for each condition. 

Similar data were obtained in two independent experiments. 

Figure 8  Fibrous and protoplasmic astrocytes are derived from the Dbx expressing 

neuroepithelium. (A-B) Co-localization between GFAP (red) and GFP (green) in fibrous 

astrocytes in the developing white matter of a P10 spinal cord.  (B) Confocal microscope 

view of the area highlighted in (A).  (C-F) Protoplasmic astrocytes develop from Dbx 

precursors.  (C) All GFP-positive protoplasmic astrocytes co-label with anti-S100β.  (D) 

Protoplasmic astrocytes next to the central canal weakly co-expressed GFAP (arrows).  (E-F) 

GFP (green) and NeuN (red) double labelling in (E) the ventral horn, lying in close proximity 

to motor neuron cell bodies.  (F) Protoplasmic-like astrocytes form bilateral longitudinal 

columns of cells positioned adjacent to the central canal. Scale bars: (A) 200 µm, (C) 20 µm. 

Figure 9  The origins of oligodendrocytes in the embryonic rodent spinal cord.  From E12.5 

in the mouse, OLPs are generated from pMN in the ventral VZ.  Later, from approximately 

E16, a subsidiary population emerges from radial glial cells in the Dbx1-expressing domain 

that spans the dorsal-ventral midline.  The latter population contributes around 5% of all 

oligodendrocyte lineage cells in the postnatal cord.  Our data do not rule out the possibility 

that there are additional minor sources of oligodendrocytes outside either pMN or the Dbx 

domain. 
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