








extensive loss of Olig2+ progenitors observed in Dll1 mutants after
E10.5 (see Fig. S5A-D in the supplementary material) indicates a
progressive depletion of pMN progenitors over time, and implies
that Dll1 function is required to sustain a pool of presumptive
MN/OLP progenitors at late developmental stages.

Progenitor cell responsiveness to Dll1 and Jag1 is
patterned along the DV axis of the neural tube
Glycosylation of Notch receptors by Fng proteins has been shown
in some situations to facilitate Dll1 signalling and constrain the
ability of Jag1 to activate the Notch receptor (Stanley, 2007),

whereas, for example, in the somites Lfng appears instead to
inhibit Dll1-Notch signalling (Dale et al., 2003). To examine how
Fng proteins affected Dll1 and Jag1 signalling in the developing
spinal cord, we ectopically expressed Mfng, Dll1 or Jag1 in chick
by in ovo electroporation and analyzed the generation of neuronal
subtypes derived from progenitor domains endogenously
expressing Dll1 or Jag1. Overexpression of Mfng resulted in a
~10-20% reduction of Isl1/Isl2+ MNs and Evx1/Evx2+ V0
neurons 40 hours after electroporation (Fig. 4A,C,D). The number
of V1 neurons, however, was instead increased by ~1.6-fold in
response to Mfng expression (Fig. 4B,D). These data suggest that

441RESEARCH ARTICLERegional control of neurogenesis

Fig. 3. Domain-specific effects on neurogenesis in Jag1Ndr/Ndr and Dll1 –/– mouse mutants. (A-E�) Characterization of neuronal subtypes in
Dll1+/– and Dll1–/– spinal cords analyzed at E10.5 (A-D�) or E9.5 (E,E�). (F-J�) Examination of neuronal subtypes in Jag1+/Ndr and Jag1Ndr/Ndr spinal
cords analyzed at E10.5. (K)Statistical analysis of experiments shown in (A-J�; n4). (L-N) Ngn2 expression was upregulated in the p0 and p1
domain of Dll1–/– (L,M,Y) and Jag1Ndr/Ndr (L,N,Y) spinal cords, respectively (n3). (O-Q)At E10.5, expression of Hes5 was downregulated in the p0
and p1 domain of Dll1–/– (P) and Jag1Ndr/Ndr (Q) spinal cords, respectively, compared with in control spinal cords (O). Brackets outline progenitor
domains and dashed lines boundaries in L-Q. (R-T)At E9.5, no decrease in Hes5 expression could be detected in either Jag1Ndr/Ndr or Dll1–/– spinal
cords. (U-X)At E9.5, no premature generation of Evx1/2+ V0 neurons (U,V) or En1+ V1 neurons (W,X) could be detected in Dll1 or Jag1 mutant
spinal cords. (Y)The number of Sox3+ and Ngn2+ cells in the p0 and the p1 domain in Dll1–/– and Jag1Ndr/Ndr E10.5 spinal cords (n3). (Z)Schematic
showing the effects on neuronal subtypes in Jag1Ndr/Ndr and Dll1–/– spinal cords.
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Fng augments Notch signalling within Dll1+ progenitor domains,
but obstructs Notch signalling in Jag1+ p1 progenitors resulting
in a reduced generation of MNs and an overproduction of V1
neurons.

Overexpression of Dll1 resulted in a significant reduction (~60%)
of Isl1/Isl2+ MNs 45-48 hours after electroporation (Fig. 4E,F) (le
Roux et al., 2003). The expression of the pan-neuronal marker
HuC/D was reduced to a similar extent in the MN domain (Fig.
4E,G), indicating that the loss of Isl1/Isl2 expression indeed
reflected an enhanced suppression of neurogenesis by Dll1. Forced
expression of Dll1 also suppressed the generation of Evx1/Evx2+ V0
neurons (by ~60%; data not shown), but had a marginal effect on the
production of En1+ V1 neurons (~11%; Fig. 4E,H,I). In
corresponding experiments, ectopic expression of Jag1 had a limited
influence on the production of MNs and V0 neurons (13% and 18%,
respectively), but suppressed the generation of V1 neurons by ~60%
(Fig. 4E,J-M; data not shown). These effects of Dll1 and Jag1 could
not be explained by a regional effect on the rate of apoptosis (see
Fig. S4M-O in the supplementary material). Thus, forced Dll1
expression suppresses MNs and V0 neurons derived from
Dll1+/Fng+ progenitors but has little effect on V1 neurons generated
from Jag1+/Fng– progenitors. Conversely, Jag1 effectively
suppresses neurogenesis in Jag1+/Fng– progenitor domains but has
a limited influence on neurons generated from Dll1+/Fng+

progenitors. Together, these findings indicate that the patterned
distribution of Fng proteins modulates the capacity of progenitor
cells to respond to Dll1 and Jag1 signalling. Nevertheless, in
domains in which Dll1 or Jag1 mediate the suppression of
neurogenesis, their effect appears to be mediated through canonical
Notch downstream signalling. For instance, the suppression of MN

differentiation by overexpression Dll1 in the pMN domain was
associated with a selective increase in the number of Hes5+ (Fig. 4N)
and Sox3+ progenitors (Fig. 4R,T), whereas the fraction of cells
expressing high levels of Ngn2 was reduced (Fig. 4P,T). By contrast,
there was no significant change in Ngn2 (Fig. 4Q,T) expression or
the numbers of Hes5+ and Sox3+ cells (Fig. 4O,S,T) within the pMN
domain in similar experiments with Jag1.

DISCUSSION
HD proteins, which are implicated in pattern formation, as well as
several components of the Notch pathway, exhibit specific
expression domains along the DV axis of the neural tube, but their
internal relationship has not been determined. We show that the
patterned expression of Notch ligands and Fng genes are controlled
by HD transcription factors. Loss of Nkx6.1 led to a ventral
expansion of Jag1 expression, accompanied by a reduction of Dll1,
Lfng and Mfng expression. Conversely, forced ectopic expression of
Nkx6.1 suppressed the expression of Jag1 and induced that of Dll1,
Lfng and Mfng. Perturbation of Dbx1 caused ectopic Jag1
expression in the ‘p0 domain’ and a concomitant reduction of Dll1,
Lfng and Mfng expression, whereas overexpression of Dbx1 had the
opposite effect. By contrast, perturbation of Dll1 and Jag1 did not
alter the expression patterns of the Nkx6.1 and Dbx1 proteins, and
there was no obvious increase of cell intermingling at progenitor
domain boundaries. In conclusion, these findings suggest a
mechanism in which HD proteins act upstream of Notch ligands and
Fng gene expression, resulting in the establishment of discrete
progenitor domains with co-localized expression of Dll1 and Fng,
whereas regions expressing Jag1 are devoid of Fng protein
expression (see Fig. 5A).
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Fig. 4. Domain-specific response to Dll1 and Jag1 by regional expression of Fng. (A-D)Misexpression of Mfng for 40 hours in the chick
neural tube decreased the number of Evx1/Evx2+ V0 interneurons and Isl1/Isl2+ MNs (A,C,D), whereas the number of En1+ V1 interneurons was
increased (B,D; n4). (E-I)Misexpression of Dll1 for 45-48 hours decreased the number of Isl1/Isl2+ and HuC/D+ neurons derived from the pMN
domain (E-G), whereas Dll1 only had a small effect on neurons derived from the p1 domain (E,H,I; n3-4). (J-M) Electroporation of Jag1 for 45-48
hours decreased the number of En1+ and HuC/D+ neurons derived from the p1 domain (E,L,M), whereas Jag1 only had a small effect on the
number of Isl1/Isl2+ or HuC/D+ cells derived from pMNs (E,J,K; n3-4). (N-T)Dll1 misexpression increased the number of Hes5+ (N) and Sox3+ (R,T)
cells and reduced the number of Ngn2+HIGH cells (P,T) in the Olig2+ pMN domain (n3). By contrast, Jag1 transfection did not affect the number of
Hes5+ (O), Ngn2+HIGH (Q,T) or Sox3+ (S,T) cells in the pMN Olig2+ domain (n3).
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Our data reveal that genetic ablation of Notch ligand expression
domains has several consequences for neuronal differentiation.
Loss of Jag1 leads to an increase of V1-interneurons, but not of
V0- or V2-interneurons or MNs. Loss of Dll1 has the opposite
effect and results in an increase in the number of V0- and V2-
interneurons and MNs, while leaving the number of V1-
interneurons unaltered. Forced expression produced the converse
picture in which Jag1 suppressed V1-interneuron differentiation,
whereas Dll1 reduced the number of MNs. Interestingly, forced
expression of Mfng had a similar activity to overexpression of Dll1
but opposite to that of Jag1 misexpression, which suggests that
Mfng enhances Dll1/Notch signalling and reduces the efficiency
of Jag1/Notch signalling. This is consistent with several previous
observations (Stanley, 2007; Xu et al., 2007), but is in contrast to
somitogenesis, in which Lfng appears to inhibit Dll-Notch
signalling (Dale et al., 2003), and to data suggesting that Notch2
can respond to Jag1 in the presence of Fng (Hicks et al., 2000;
Kopan and Ilagan, 2009).

Spatially organized expression of Notch ligands and Fng proteins
is not unique to the DV axis of the developing spinal cord, but is
found in many developmental processes, such as rhombomere
organization along the anteroposterior axis of the developing
hindbrain and DV patterning of the Drosophila imaginal wing and
eye discs (Cheng et al., 2004; Wu and Rao, 1999). In sharp contrast
to the developing spinal cord, however, Notch signalling activity in
zebrafish rhombomeres and in the Drosophila wing and eye is
constrained to boundaries between segments, rather than to an
entire regional territory (Fig. 5B). More specifically, Notch

activation regulates the segregation and differentiation of
rhombomere boundary cells in the hindbrain (Cheng et al., 2004),
whereas in the fly wing Notch activity is confined to a small group
of cells at the wing margin that is important for wing outgrowth
(Wu and Rao, 1999). We propose that this difference in outcome of
Notch signalling (i.e. within a domain versus at or across the
domain boundary) reflects the principal difference of how Notch
ligand expression is set up relative to the pattern of Fng expression.
In the Drosophila wing, the expression of Fng overlaps with that of
Jag1 (Serrate in flies) but not with that of Dll1 (Delta in flies) (Wu
and Rao, 1999), whereas in the developing spinal cord Fng
expression is instead superimposed on Dll1-expressing, but not on
Jag1-expressing, progenitor domains. As depicted in Fig. 5, the
selection of which Notch ligand that Fng is co-expressed with has
important consequences for signalling. In the Drosophila wing, the
presence of Fng in the Serrate expressing domain precludes
signalling within the Serrate+/Fng+ territory, and the absence of Fng
expression in the Delta-expressing domain precludes Notch
signalling in the Delta+/Fng– domain. This internal relationship of
Fng and Notch ligands, however, enables functional Notch
signalling to take place at the domain boundary, as Delta ligands
can activate Notch receptors in the neighbouring cells of the
Serrate+/Fng+ domain, and conversely Serrate ligands can activate
Notch receptors in the neighbouring cells of the Delta+/Fng–

domain (Fig. 5B). The situation in the developing spinal cord, with
its Jag1+/Fng– and Dll1+/Fng+ domains, generates the opposite
outcome; a domain-wide activation by either Dll or Jag1, and a
suppression of signalling across progenitor domain boundaries
(Fig. 5B). This is in line with the observed phenotypes in gain- and
loss-of-function experiments with Dll1, Jag1 and Mfng, in which
the establishment of progenitor domain boundaries was not altered,
but which revealed a domain-specific regulation of neurogenesis
along the DV axis.

The establishment of the CNS depends on the generation of
functionally distinct neurons produced in appropriate numbers and
in a spatially defined manner. Previous findings demonstrate that
the use of different Notch ligands can mediate qualitatively distinct
responses in cell fate determination. For instance, Dll4 and Jag1
have opposing effects on angiogenesis (Benedito et al., 2009), and
Dll4, but not Dll1, can function to specify V2a and V2b interneuron
subtype identities in a uniform population of ventral progenitors of
the developing spinal cord (Del Barrio et al., 2007; Peng et al.,
2007; Rocha et al., 2009) (see also Fig. 3). Despite the fact that Dll1
and Jag1 control the differentiation of distinct neuronal subtypes
along the DV axis, our data do not support the notion that signalling
downstream of Dll1 and Jag1 is qualitatively different, or that Dll1
or Jag1 would determine the actual identity of cells. Instead, at least
with regard to the regulation of Hes5, Ngn2 and Sox3 expression,
Dll1 and Jag1 appear to carry out similar signalling activities, albeit
in distinct DV progenitor domains. The subtype identity of cells is
therefore more likely to be determined through the regional activity
of cell fate-determining HD proteins (Jessell, 2000), while the
specific distribution of Notch ligands and Fng proteins along the
DV axis, also controlled by HD proteins, endows distinct
progenitor domains with an enhanced regulatory autonomy and the
possibility to influence the pace of neurogenesis in a domain- and
cell type-specific manner along the DV axis of the neural tube (Fig.
5). Hence, the combined functional activities and regulatory
interactions between HD proteins and components of Notch
signalling described here should contribute to a coordinated control
of cell-type specification and regulation of cell number in the
developing CNS.
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Fig. 5. Proposed model for the regulatory interactions between
HD proteins and Notch pathway components, and downstream
consequences for Notch signalling. (A)The spinal cord is
regionalized into progenitor domains by the combinatorial expression
pattern of HD proteins. This HD code specifies the different neuronal
subtypes along the DV axis and delimits the expression of Notch ligands
and Fng proteins to specific progenitor domains. Magnification of the
boxed area shows the border between the p1 and p0 domains in
Dbx1-gal/+ embryos at E10.5. Co-labelling with the cytoplasmic marker
Nestin, membrane-bound Jag1 and nuclear -gal demonstrates direct
contact between p1 cells expressing Jag1 and Dbx1+ p0 cells. (B)The
expression pattern of Fng relative to that of the Notch ligands directs
Notch signalling to distinct positions within the vertebrate spinal cord,
Drosophila wing and zebrafish hindbrain.
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