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Summary

The dorsal spinal cord contains a diverse array of neurons
that connect sensory input from the periphery to spinal
cord motoneurons and brain. During development, six
dorsal neuronal populations (dI1-d16) have been defined by
expression of homeodomain factors and position in the
dorsoventral axis. The bHLH transcription factors Mash1
and Ngn2 have distinct roles in specification of these
neurons. Mashl is necessary and sufficient for generation
of most dI3 and all dIS neurons. Unexpectedly, dI4 neurons
are derived from cells expressing low levels or no Mashl,
and this population increases in the Mashl mutant. Ngn2
is not required for any specific neuronal cell type but
appears to modulate the composition of neurons that form.

In the absence of Ngn2, there is an increase in the number
of dI3 and dI5 neurons, in contrast to the effects produced
by activity of Mashl. Mashl is epistatic to Ngn2, and,
unlike the relationship between other neural bHLH factors,
cross-repression of expression is not detected. Thus, bHLH
factors, particularly Mashl and related family members
Mathl and Ngnl, provide a code for generating neuronal
diversity in the dorsal spinal cord with Ngn2 serving to
modulate the number of neurons in each population
formed.
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Introduction

The circuitry of the nervous system depends on complex
connections of diverse neuronal cell types. Thus, defining the
mechanisms that regulate neuronal diversity is fundamental for
understanding how the nervous system functions. Specification
of distinct neuronal sub-types begins as early as the neural tube
stage when differences in progenitor cells in the ventricular
zone can be detected by differences in gene expression patterns
(Briscoe et al., 2000; Caspary and Anderson, 2003; Helms and
Johnson, 2003; Jessell, 2000). As the neural tube develops,
proliferating cells exit the cell cycle, and the newly born
neurons migrate laterally from the ventricular zone and begin
to exhibit their specific neuronal identities. There is a complex
interplay between extrinsic and intrinsic factors that mediate
the precise timing of cell-cycle exit, cell migration and
initiation of cellular properties specific to newborn neurons. It
has been demonstrated in the spinal neural tube that the
acquisition of identity involves a gradient of extracellular
signals that set up a combinational code of transcription factors
(Briscoe et al., 2000; Jessell, 2000). In this study, the role of
two transcription factors, Mash1 and Ngn2, in the specification
of neurons in the dorsal spinal cord is examined.

Neurons in the mouse dorsal spinal cord are largely born
between embryonic day 10 and 14 (E10-E14). These neurons
provide the network that connects and modulates sensory input
from the periphery to the spinal cord and brain. Currently there
are six early (dI1-dI6) and two late (dIL” and dILB) dorsal

neuron types defined by birthdate, position in the dorsoventral
axis, and distinct homeodomain (HD) transcription factor
markers (Caspary and Anderson, 2003; Helms and Johnson,
2003). The most dorsal of these, dI1-dI3, are dependent on roof
plate signals, whereas dI4-dI6 and dIL*® form independently
of these signals and are distinguished by the presence of the
HD factor Lbx1 (Gross et al., 2002; Lee et al., 2000; Miiller et
al., 2002). The combinations of HD factors in early stages of
neuronal differentiation have been crucial for defining these
distinct dorsal interneuron populations. Much less is known
about how these neurons contribute to the overall circuitry of
the spinal cord (Cheng et al., 2004; Lanuza et al., 2004). Mice
mutant for specific HD factors, such as Lbx1 and TIx1/3, have
been used to link the fate of some of these populations to a
GABAergic or glutamatergic-specific neuronal type at later
stages (Cheng et al., 2004; Gross et al., 2002; Miiller et al.,
2002).

Progenitor populations located in the ventricular zone of the
neural tube can also be classified by transcription factor
patterns. In ventral regions, the primary determinants of
neuronal specification are combinations of HD transcription
factors (Briscoe et al., 2000; Ericson et al., 1997; Pierani et al.,
2001). By contrast, dorsal progenitor domains have largely
been defined by bHLH transcription factors (Gowan et al.,
2001). A role for bHLH factors in specification of dorsal
neurons was first suggested by expression domains in the
dorsoventral axis of Mathl (Atohl — Mouse Genome
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Informatics), Ngnl (Neurogl — Mouse Genome Informatics),
Mashl1 (Ascll — Mouse Genome Informatics) (Gowan et al.,
2001; Helms and Johnson, 1998; Lo et al., 1991; Ma et al.,
1997; Sommer et al., 1996) and, more recently, Olig3 (Miiller
et al., 2005). Each of these factors represents a distinct sub-
class of neuronal bHLH (Bertrand et al., 2002). Within the
dorsal neural tube, Math1 is in ventricular zone cells adjacent
to the roof plate (Helms and Johnson, 1998), Ngnl is just
ventral to the Mathl domain (Gowan et al., 2001; Lee et al.,
1998) and Mashl is ventral to the Ngnl domain extending
almost to the sulcus limitans (Gowan et al., 2001; Guillemot
and Joyner, 1993; Lo et al., 1991). There is little if any overlap
in Mathl, Ngnl and Mashl in individual cells (Gowan et al.,
2001). The bHLH factors have been shown to have at least two
functions during neural development: to induce neuronal
differentiation and to specify neuronal sub-types (Cau et al.,
2002; Farah et al., 2000; Nakada et al., 2004; Parras et al.,
2002; Perez et al., 1999). Furthermore, cross-inhibitory
regulation of expression between Mathl, Ngnl and Mashl has
been suggested as a mechanism for refining distinct progenitor
domains (Gowan et al., 2001; Parras et al., 2002). By contrast,
Ngn2, a bHLH factor most closely related to Ngnl, partially
overlaps with Ngnl and Mashl (Fig. 1) (A.W.H. and J.E.J.,
unpublished), whereas Olig3 overlaps with Mathl, Ngnl and
dorsal Mashl (Miiller et al., 2005), suggesting different rules
and additional complexities for the functions of Ngn2 and
Olig3.

Although inroads have been made into identifying important
players in the specification of spinal cord neurons, the
underlying logic behind a combinatorial code for specification
of these neurons is far from complete. Indeed, in the dorsal
neural tube a progenitor/neuron relationship has only been
defined for Mathl+ progenitors with dI1 neurons, Ngnl+
progenitors with dI2 neurons (Gowan et al., 2001) and Olig3+
progenitors with dI1-dI3 (Miiller et al., 2005). The generation
of dI3, dI4 and dI5 from Mashl+ progenitors has only been
inferred by position in the dorsoventral axis (Gross et al., 2002;
Miiller et al., 2002; Qian et al., 2002). In this study, we show
that cells with the highest levels of Mashl appear to give rise
to dI3 and dIS5, but not dI4, neurons. Consistent with this
lineage relationship, dI5 and most dI3 are lost in the Mashl
mutant, whereas the dI4 neuronal population appears to
increase. By contrast, Ngn2 overlaps with Mash1 and Ngn1 but
has later temporal characteristics. Loss of Ngn2 alone, or in
combination with Mashl, reveals a function for Ngn2
downstream of Mashl in modulating the number of Mashl-
dependent neurons that form. Mouse mutants where the
balance and temporal characteristics of Mash1 and Ngn?2 levels
have been altered were used to refine a model for how these
factors function in generation of the correct composition of
neurons in the dorsal spinal cord.

Materials and methods

Bacterial artificial chromosome construct

The Roswell Park Bacterial Artificial Chromosome (BAC) library was
screened to identify clones that contained the Mash! protein-coding
region. RPCI-428P21 was chosen for further study. It contains a
genomic insert of 305 kb with 98 kb 5" and 206 kb 3" of the Mashl
translation start codon (see Fig. S1 in the supplementary material).
The Mashi-coding region was precisely replaced by EGFP
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(Clontech) and CRE separated by an IRES using homologous
recombination (Yang et al., 1997). The resultant modified BAC named
M1I-GIC was verified by Southern blot.

Transgenic mouse generation and mouse mutant strains

Transgenic mice were generated by standard procedures (Hogan et al.,
1986) using fertilized eggs from B6D2F1 (C57B1/6 XDBA) crosses.
MI-GIC BAC was prepared using a modified Qiagen Midi Prep
procedure as directed by manufacturer. The M1-GIC BAC was then
injected into the pronucleus of fertilized mouse eggs at 0.5-1 ng/ul in
10 mM Tris (pH 7.5), 0.1 mM EDTA, 100 mM NaCl. Transgenic
animals were identified by PCR analysis using tail or yolk sac DNA
with primers to CRE (5" GGACATGTTCAGGGATCGCCAGGCG 3’
and 5 GCATAACCAGTGAAACAGCATTGCTG 3).

The mouse mutant strains used in this study have been previously
published: Mashl (Guillemot et al., 1993), Ngn2 (Fode et al., 1998),
Mash1¥™Nen2 and Ngn2K™Mash! (Parras et al., 2002), and R26R-YFP
(Srinivas et al., 2001). Embryos were staged based on assumed
copulation at EO, halfway through the dark cycle. All procedures on
animals follow NIH Guidelines and were approved by the UT
Southwestern Institutional Animal Care and Use Committee.

Immunofluorescence and mRNA in situ hybridization

Staged embryos were dissected in cold 0.1 M sodium phosphate buffer
(pH 7.4), fixed in 4% formaldehyde in 0.1 M sodium phosphate buffer
(pH 7.4) for 2 hours at 4°C, sunk in 30% sucrose in 0.1 M sodium
phosphate buffer pH 7.4 overnight at 4°C, embedded in OCT,
cryosectioned at 30 um and processed for immunofluorescence or
mRNA in situ hybridization. All sections shown are from the level of
the upper limbs.

For immunofluorescence, slides were incubated in the appropriate
dilution of primary antibody in PBS/1% goat serum/0.1% Triton X-
100, followed by either goat anti-rabbit, mouse or guinea pig IgG
conjugated with Alexa Fluor 488, 594 or 647 (Molecular Probes).
Primary antibodies used for this study include: rabbit anti-Mashl
(Horton et al., 1999), mouse anti-Ngn2 (Lo et al., 2002), mouse anti-
Lhx1/5 (4F2), mouse anti-Isletl/2 (39.4D5), mouse anti-Lmx,
(Developmental Studies Hybridoma Bank), rabbit anti-GFP
(Molecular Probes), rabbit and guinea pig anti-Brn3a (Fedtsova and
Turner, 1997), rabbit, rat and guinea pig anti-Lbx1 (Gross et al., 2002;
Miiller et al., 2002), guinea pig anti-Lmx1b (Miiller et al., 2002),
rabbit anti-Islet1/2 (Tsuchida et al., 1994), rabbit anti-Pax2 (Zymed),
and mouse anti-BrdU (Becton Dickinson). For BrdU labeling,
pregnant mothers were injected with 200 pg BrdU per gram body
weight 1 hour before sacrifice. For double labeling experiments using
the anti-BrdU antibody, either Mash1 or Ngn2 antibody staining was
carried out in full, followed by treatment with 2 N HCI for 20 minutes,
0.1 M sodium borate (pH 8.5) for 20 minutes and incubation with
mouse anti-BrdU antibody as described above. Cell death was
detected using TUNEL analysis (Roche) on E10.5 and E11.5 sections.
Fluorescence imaging was carried out on a BioRad MRC 1024
confocal microscope. For each experiment, multiple sections from at
least three different embryos were analyzed and counted.

mRNA in situ hybridization was performed essentially as described
using a combined protocol (Birren et al., 1993; Ma et al., 1998). A
detailed protocol is available upon request. Mashl, Ngnl and Ngn2
antisense probes were made from plasmids containing the coding
region of each gene (Gowan et al., 2001).

In ovo chick electroporation

Fertilized White Leghorn eggs were obtained from the Texas A&M
Poultry Department (College Station, TX) and incubated at 37°C.
Solutions of supercoiled plasmid DNA (2 pg/ml) in PBS/0.02%
Trypan Blue were injected into the lumen of the closed neural tube at
stage HH13-14, and embryos electroporated as previously described
(Funahashi et al., 1999; Muramatsu et al., 1997; Nakada et al., 2004;
Suemori et al., 1990). A GFP expression vector (CMV-eGFP;
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Clontech) was co-injected as a control to monitor efficiency and extent
of electroporation. Embryos were harvested 24 hours later at HH23-
24, fixed in 4% formaldehyde for 1 hour, and processed as above for
cryosectioning and immunofluorescence. For each experiment,
multiple sections from at least three electroporated embryos were
analyzed and counted. All sections shown were taken between the
upper and lower limb regions.

All electroporations used the expression vector pMiwlll, which
drives expression through a chick B-actin promoter (Matsunaga et al.,
2001; Suemori et al., 1990). PCR fragments containing the coding
regions of rat Mashl and mouse Ngn2 were cloned into Ncol and Xbal
sites of a modified pMiwlll expression vector. Protein expression was
verified by immunofluorescence with antibodies to Mash1 and Ngn2.

Results

Mash1 and Ngn2 partially overlap in the ventricular
zone adjacent to dI3, di4 and dI5 neuronal
populations

Mashl and Ngn2 are present in the ventricular zone of the
neural tube at E10.5. Mashl is in cells adjacent to where dI3,
dl4 and dI5 neurons form and in a smaller ventral domain
(Gowan et al., 2001; Gross et al., 2002; Miiller et al., 2002).
By contrast, Ngn2 is present in the ventral and dorsal neural
tube, and in the dorsal domain it spans the region where dI2-
dI5 are formed (Fig. 1A). As a first step in examining the roles
of Mashl and Ngn2 in dorsal neuron specification, we
examined their colocalization in detail at E10.5 using
previously characterized rabbit polyclonal antibodies against
Mashl1 (Horton et al., 1999) and mouse monoclonal antibodies
against Ngn2 (Lo et al., 2002). There are many cells where
Mash1 and Ngn2 are colocalized, and these are found at higher
levels, but not exclusively, in the more lateral ventricular zone
(Fig. 1B, arrows). Thus, contrary to the distinct cross-inhibited
domains that were observed between Math1, Ngnl and Mashl,
the other bHLH factors present at this time (Gowan et al.,
2001), Ngn2 overlaps with Mashl in a subpopulation of cells
in the dorsal neural tube.

Mashl1 is present throughout the mediolateral extent of the
ventricular zone, whereas Ngn?2 is enriched more laterally (Fig.
1A,B). This spatial pattern suggests these two factors are acting
at different times during neuronal development as cells move
laterally out of the ventricular zone when they exit the cell
cycle and initiate a program of neuronal differentiation. To
characterize Mashl and Ngn2 relative to cell proliferation, we
used BrdU incorporation to detect cells in S phase. In E10.5
embryos exposed to BrdU for 1 hour before analysis, a subset
of Mashl+ cells were detected that incorporate BrdU (Fig.
1C,E, arrows). By contrast, Ngn2+ cells did not score
positively for BrdU incorporation (Fig. 1D,F). These results
suggest that Mashl is present at an earlier stage than Ngn2
during neuronal differentiation, and that temporal regulation of
these factors may be important for their activities.
Alternatively, Mash1 and Ngn2 could be revealing a code for
dorsal interneuron specification such that ventricular zone cells
containing each bHLH singly, or in combination, give rise to
a distinct neuronal population. In this study, we used both loss-
of-function and gain-of-function experiments to address the
role of Mashl and Ngn2 in specification of dorsal neuronal
subtypes dI2-dI5.
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Fig. 1. Colocalization of Mash1 and Ngn2 in the ventricular zone of
the dorsal neural tube. E10.5 embryo transverse sections were
processed for mRNA in situ hybridization (A) or
immunofluorescence (B-F). (A) Pseudocolored overlay of adjacent
sections hybridized with antisense Mashl (pink) or Ngn2 (purple)
probes to illustrate expression in the dorsoventral axis and possible
overlap. (B) Double-label immunofluorescence shows Mash1 (red)
and Ngn?2 (green) in ventricular zone cells in the dorsal neural tube
(region shown by bracket in A; ventricular zone is at the left in each
panel). Arrows indicate Mash1 and Ngn2 co-expressing cells
(yellow). (C-F) Co-labeling with BrdU incorporation was performed
to detect cells in S phase. (C,E) Mashl (red) cells incorporate BrdU
(green) (detected as yellow, arrows). (D,F) Ngn2 (red) cells rarely
score positive for BrdU incorporation (green). (E,F) Higher
magnification images of the regions boxed in C,D. Scale bars: 90 um
in A; 25 um in B-D; 15 um in E,F.

Mash1 is required for the formation of dI3 and dI5
neuronal populations

Mashil-null embryos were analyzed for alterations in the
number of  dI2-dI6  neurons  using  multi-label
immunofluorescence at E10.5. The neurons are defined by the
presence of HD transcription factors, their position in the
dorsoventral axis, and a birthdate prior to E11.5 (Table 1).
Although Mashl is in ventricular zone cells adjacent to dI3,
dI4 and dIS neurons, in the Mashl null there is a striking loss
of only two of these populations. There is a 70% loss of dI3
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Table 1. Homeodomain (HD) factors used to define dI1-
dI6 dorsal interneuron populations at E10.5*

Interneuron population HD factor
dIl Lhx2/9, Brn3a
di2 Lhx1/5, Brn3a
di3 Isletl, Brn3a
di4 Lhx1/5, Pax2
dI5 Lmx1b, Brn3a
dIe Lhx1/5, Pax2

*See Helms and Johnson (2003) for references.

neurons (Isl1) and a complete loss of dIS neurons (Lmx1b)
(Fig. 2, compare E,FLJ). By contrast, there is a dramatic
increase in dI2 (Lhx1/5;Brn3a) and dI4/6 (Pax2) neurons,
which appear to fill in at the location of the missing dI3 and
dI5 neurons (Fig. 2, compare A,B,LJ). Although in the Mashl
null dI4 and dI6 are not distinguishable, overexpression and
lineage analysis (see below) plus the lack of expansion of the
ventral ngnl domain, which marks dI6 progenitors (Fig. SH),
suggest the increase in Pax2 is due to an increase in dI4
neurons. These results demonstrate the requirement for Mash1
in the formation of both dI3 and dI5 neurons, and the
repression of dI2 and dI4/6 neurons.

To corroborate the conclusions from the Mashl loss-of-
function analysis, over-expression of Mashl1 in the chick neural
tube was used to test whether Mashl is sufficient to promote
dI3 and dI5 neuronal fates. A Mashl expression plasmid
(pMiWIII-Mashl) was electroporated into chicken embryos at
HH13-14, and its effect on dorsal neuronal markers was
analyzed 24 hours later. Excess levels of Mashl increased the
number of dI3 (Isll) and dI5 (Lmx1b) cells when compared
with the control side (Fig. 3C,G, right panel of each pair is the
injected side). Furthermore, excess Mashl decreased the
number of dI2 (Lhx1/5;Brn3a) and dI4 (Pax2) neurons (Fig.
3A,E). These results are the opposite of those seen in the
Mashl null, and demonstrate that Mashl is sufficient for the
generation of dI3 and dI5 neurons. Interestingly, the increase
observed for each marker does not generally extend over the
whole dorsoventral length of the neural tube, but rather it is
localized around the area of its normal expression domain. This
suggests that regional differences along the dorsoventral axis
modulate the activity of Mashl, and demonstrate the context-
dependent nature of its specification function.

Ngn2 acts to limit Mash1 activity in dI3 and dI5
neuron formation

The role of Ngn2 in specification of dorsal neuronal
populations was also examined to test the hypothesis that
Mashl and Ngn2 provide a combinatorial code for dorsal
neuron identity. In E10.5 embryos null for Ngn2, all neuronal
populations (dI1-dI6) were generated (Fig. 2), demonstrating
that Ngn2 is not required for any specific dorsal cell type.
However, the composition of neurons that formed was altered
with a subtle increase in the number of dI3 (Isll) and dI5
(Lmx1b) neurons relative to wild-type embryos (Fig.
2E,G,LK), and no significant changes in dI2 (Lhx1/5;Brn3a)
and dI4/6 (Pax2) populations were detected (Fig. 2A,C,LK).
Excess levels of Ngn2 in the chick neural tube resulted in a
complementary phenotype to the Mashl experiments in that
dI3 (Isll) and dI5S (Lmx1b) were dramatically decreased, but
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Mash1 -/-

Wild Type || Mash1 -/-

M # of cells per quadrant
Interneuron Mash1-/-
Population ~ Wild Type Mash1 -/- Ngn2 -/- Ngn2 -/-
di2(Lhx1/5; 4,70 43410 1646 204/-7**
Brn3a)

di3 (Isl1) 29+/-10 T+-6™ 50+/-22* 6+/-8*
di4/6 (Pax2) 48+/-11 91+/-14* 62+/-14 18+/-5**
dI5 (Lmx1b) 27+/-8 0.2+/-0.4*" 42+/-12" 141"

*p<0.01 ** p<0.001

Fig. 2. Mashl is required for dI3 and dIS neuron formation, while
Ngn?2 represses formation of these populations. Immunofluorescence
on transverse sections of neural tubes in wild-type (A,E.I), Mashl™~
(B,EJ), Ngn27~ (C,G,K) and Mashl™~;Ngn2”~ (D,H,L) E10.5 mouse
embryos. (A-D) Co-labeling with Brn3a and Lhx1/5 (yellow) marks
dI2 neurons. There is a significant increase in dI2 neurons in the
Mash1™~ and Mash1”~;Ngn2~~ embryos, but not Ngn2”" relative to
wild type. (E-H) Isl1 identifies dI3 neurons (green). In the Mashl ™~
and Mash1~~;Ngn2”~ mutant embryos, there is a dramatic decrease
in dI3 neurons relative to wild type. By contrast, an increase in dI3
neurons in N, gn2‘/‘ is detected. (I-L) Pax2 marks dI4 and dI6 neurons
(green), and Lmx1b labels dI5 neurons (red). In the MashI™~ and
Mashl7~;Ngn2~~ embryos, there is a complete loss of dI5. This is
the opposite in Ngn27~ embryos, where there is an increase in dI5
relative to wild type. dI4/6 neurons increase in the Mashl™", are
unchanged in the Ngn2™", and are dramatically reduced in the
Mashl~~;Ngn2~" relative to wild type embryos. (M) Individual
populations in each mutant were counted on at least three sections
from at least three embryos and cell counts are shown in the table.
Because dI4 and dI6 neuronal populations cannot be distinguished in
the Mashl null, all Pax2 cells dorsal to the boundary where the first
ventral Pax2 cell was found within the ventricular zone were
counted, and as such they are labeled as dI4/6. Scale bar: 50 um.
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dI4 (Pax2) was slightly increased relative to the non-injected
side (Fig. 3B,D,E,H, see graph for cell counts). Together, these
results demonstrate that Ngn2, although not required for any
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Brn3a; Isl1 Pax2 Lmxib
Lhx1/5 di3 di4 dis
di2

Fig. 3. Excess Mash1 promotes dI3 and dI5 populations, while excess
Ngn?2 represses them in the chick neural tube. Immunofluorescence
on transverse sections of E4 (HH23-24) chick neural tubes
electroporated with pMiWIII-Mashl1 (A,C,E,G) or pMiWIII-Ngn2
(B,D,EH) at E3 (HH13-14). The arrow above each row of panels
indicates the electroporated side of the neural tube. Neuronal
population dI2 was labeled by Brn3a;Lhx1/5 (yellow) (A,B), dI3 by
Isl1 (C,D), dI4 by Pax2 (E,F) and dI5 by Lmx1b (G,H). Each panel is
representative of the phenotype seen in at least three sections from at
least three electroporated embryos. (I) Relative induction or
repression is expressed as the number of cells on the injected side
divided by the number of cells on the control side and plotted in the
graph on a logarithmic scale. ** P<0.001. Scale bar: 25 pum.
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individual neuronal subtype, limits the generation of dI3 and
dI5 neurons, two populations that require Mash1 activity.

Mash1 is epistatic to Ngn2 in the formation of dI3
and dI5 neurons

The single mutants described above demonstrate that Mashl
and Ngn2 have opposite effects on the number of dI3 and dI5
neurons that form. Furthermore, the expression pattern
suggests that Ngn2 may function downstream of Mash1 rather
than setting up a combinatorial code for neuronal subtype
specification. If this interpretation of temporal expression is
correct, the prediction is that the loss of both Mash1 and Ngn2
should phenocopy the Mashl null. In support of this
hypothesis, embryos null for both Mash1 and Ngn2 have a 70%
loss of dI3 and complete loss of dI5S neurons, just as seen in
the single Mashl null (Fig. 2H,L). Furthermore, the increase
in dI2 neurons detected in the Mashl null is also seen in the
double mutant (Fig. 2D). These results are consistent with
Mashl1 functioning upstream of Ngn2 in these populations.
Surprisingly, embryos null for both Mashl and Ngn2 have
an apparent loss of dI4 neurons (Fig. 2L), a phenotype not
predicted from the single mutants. Although dI4 and dI6
cannot be distinguished in the absence of dI5, the position of
the Pax2-positive cells in the Mashi/Ngn2 double knockout
strongly suggests a complete loss of dI4 neurons, and possibly
also dI6 neurons (Fig. 2L). This loss of dI4 in the double
knockout is in contrast to the single knockouts, where there
was no indication that either Mash1 or Ngn?2 is required for dI4
generation. In fact, dI4/6 cells are significantly increased in the
Mashl null (Fig. 2J). Thus, there is an apparent redundant
function for Mash1 and Ngn2 in the generation of dI4 neurons.

Mash1-positive cells give rise primarily to dI3 and
di5, but not di4 neurons

Given the presence of Mashl in the ventricular zone
throughout the dorsoventral domain adjacent to dI3, dI4 and
dI5 neurons, it was surprising that dI4 neurons increased in the
Mashl knockout, while dI3 and dI5 were lost. This finding
suggests either Mash1+ cells become dI4 neurons but do not
require Mashl, or that there are distinct low- or non-Mash1+
cells in the ventricular zone that give rise to the dI4 neurons.
We used recombination-based lineage tracing in vivo to
distinguish between these two possibilities. A transgenic
mouse was used (MI-GIC) that expresses both GFP and Cre
in the Mashl expression pattern from a bacterial artificial
chromosome containing 300 kb of genomic sequence
surrounding the Mashl protein-coding region (see Fig. S1 in
the supplementary material). By crossing the M/-GIC mouse
line with a Cre reporter line R26R-YFP, any cell that has
expressed the transgene will be permanently labeled with YFP
(Srinivas et al., 2001).

Embryos at EI1.5 were examined by triple-label
immunofluorescence to determine the fate of Mash1+ cells in
the dorsal neural tube. An antibody to GFP detects GFP and
YFP simultaneously, and thus, these cells are referred to as
GFP/YFP-positive cells. GFP/YFP-positive cells in the
marginal zone were counted and scored for co-labeling with
markers of dI2-dI6 neurons (Fig. 4, Table 2). The majority of
GFP/YFP+ cells become dI5 (Lmx1b, 73%) and dI3 (Isll,
17%), rarely, dI2 (Lhx1/5;Brn3a, 2%) and no dI6 (Lhx1/5,
0%), consistent with the requirement for Mash1 specifically in
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[__Mi-GIC;R26R-YFP__]
Mashi-/- |

[ Mashi+/- ||

G/YFP Brm3a Isl1 G/YFP Brn3a Lhx1/5

G/YFP Lmx1b Lhx1/5

G Interneuron

Population Wild Type Mash1 -/-
Total GFP/YFP+ Total GFPIYFP+
di2 (Lhx1/5;  20+/-5 14/-1 46+-2"  4+/-2
Brn3a)

di3 (Isl1) 35+/-4 1043 134/-4*  34/-17*
di4 (Lhx1/5) 144+/-14 5+-2  1254/-22 8+/-2
di5 (Lmx1b)  85+-8 4445  3+/0.4™  24/1™*
dl6-V2 (Lhx1/5) NC 0+/-0.0 NC 0+-0.0

*p<0.01 ""p<0.001

dI3 and dI5. A notable percentage of GFP/YFP-expressing
cells co-label with dI4 (Lhx1/5, 8%) suggesting a Mash1+ cell
can become a dI4 neuron. However, this represents only a small
percentage of the dI4 cells generated (~3%) and when
identified, these co-labeled cells border the dI3 and dI5
domains (Fig. 4E, arrow). We estimate that Cre induced
recombination of the reporter gene in the M1-GIC embryos is
~50% because essentially all dI5S neurons require Mashl, but
we detect only 52% of the dI5 neurons co-labeled with
GFP/YFP (44 of 85 total Lmx1b cells). Furthermore, as we
detect 25% of the dI3 neurons co-labeled with GFP/YFP (nine
out of 35 total Isl1 cells), using the efficiency factor we predict
~50% of dI3 neurons are derived from Mash1+ cells, consistent
with the partial loss of dI3 detected in the MashI null (Fig. 2).
Taken together, these results suggest that the function of Mash1
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Fig. 4. Mash1 cells primarily become dI3 and dI5 neurons.
Immunofluorescence on transverse sections of Mashi*~ (A,C,E) or
Mash1™~ (B,D,F) mouse embryos at E11.5 containing the transgene
M1I-GIC (see Fig. S1 in the supplementary material) and the Cre
reporter allele R26R-YFP. (A-F) Anti-GFP antibodies detect both
GFP from M1-GIC and YFP when R26R-YFP reports the Cre
activity from M1-GIC. These green labeled cells reflect cells with
Mashl or progeny of Mash1+ cells. (A,B) Brn3a;Lhx1/5 (pink) label
dI2. These cells would appear white if they co-labeled with
antibodies to GFP/YFP. The absence of white cells indicate dI2 do
not derive from Mash1+ precursors (A). (C,D) Brn3a;Isl1 (pink)
label dI3. White cells indicate co-labeling with antibodies to
GFP/YFP and demonstrate Mash1+ cells give rise to dI3 neurons (C,
arrowheads) and these cells are absent in the null (D). (E,F) Lmx1b
(red) labels dIS. The co-labeling with GFP/YFP (yellow) indicates
dI5 are derived from Mash1+ cells (E, arrowheads) and these cells
are absent in the null (F). Lhx1/5 (blue) labels dI4. Co-labeling with
GFP/YFP (turquoise) indicates rare dI4 cells derived from Mash1+
cells (E, arrow), and these cells do not increase in Mashl™~ (F). The
increase in dI2 and dI4 seen at E10.5 cannot be attributed to fate
switching of dI3 and dIS5 precursor cells. The color of each neuronal
population is shown on the left without and with (black background)
co-labeling with the GFP/YFP. The total number of cells for each
neuronal subtype and the number of each that co-labels with
GFP/YFP are shown in the table. (G) Individual populations in each
mutant were counted on at least three sections from at least three
embryos each. Scale bar: 25 wm.

in the generation of dI3 and dI5 neurons is cell-autonomous,
and demonstrate that dI2, the majority of dI4, and dI6 neurons
develop from cells that contain Mashl at levels not detected
using this transgenic reporter mouse line. Indeed,
heterogeneity in endogenous Mashl levels is detected by
immunofluorescence where ventricular zone cells adjacent to
dI3 and dI5 have Mash1 at higher levels than cells adjacent to
dI4 (Fig. 5D).

Mash1 null cells are stalled in the ventricular zone at
E11.5 and do not appear to trans-fate to dl4 neurons

Analysis of the Mash1 knockout revealed the loss of dI3 and
dI5 with an increase in dI2 and dI4/6 that appeared to
complement the loss (Fig. 2). To determine if the cells that
would have become dI3 and dI5 switch their fate to dI2/dI4 in
the absence of Mashl, we examined these neuronal
populations in MI-GIC;R26R-YFP;Mashl”~ embryos at
E11.5. The first phenotype noted was that the GFP/YFP level
is much higher in the mutant when compared with wild type
(see Fig. S1 in the supplementary material). This difference in
level reflects the negative autoregulation at the Mashl locus
that has previously been reported (Casarosa et al., 1999;
Horton et al., 1999; Meredith and Johnson, 2000). The Mashl
null sections showing GFP/YFP (Fig. 4B,D,F) were imaged at
much lower GAIN than similar sections from embryos wild-
type for Mash1 (Fig. 4A,C,E) (see Fig. S1 in the supplementary
material for images with matched GAIN).

Other than negative autoregulation, the most dramatic
phenotype detected using these mouse strains is that the cells
that should have expressed Mashl (GFP/YFP) appear stalled
in the ventricular zone with only a few cells detected in the
marginal zone (Fig. 4B,D,F). These stalled cells aberrantly
located in the ventricular zone have at least partially initiated
a differentiation program; they express Lbx1, a marker that is
normally restricted to the marginal zone, and they rarely
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Table 2. Distribution of total GFP/YFP expressing marginal zone cells in M1-GIC E11.5 dorsal neural tube

dIl dI2 dI3 di4 dI5 di6 Total GFP/YFP
Number of cells 0 1x1 1043 5+2 44+5 0 60+2
% 0 2% 17% 8% 73% 0

incorporate BrdU, demonstrating that many have exited the cell
cycle (see Fig. S2 in the supplementary material). TUNEL
labeling shows no detectable increase in cell death in the neural
tube at E10.5 and E11.5 (data not shown). Taken together, the
precursors to dI3 and dI5 are not leaving the ventricular zone
in the Mashl null at E10.5/E11.5, and do not appear to
significantly contribute to the increase in dI2 and dI4 as there
was no increase in the proportion of GFP/YFP cells co-labeled
with dI2 and dI4 markers (Fig. 4B,D,F). Thus, the ectopic dI2
and dI4/6 neurons in the Mashl null at E10.5 cannot be
accounted for by a switch in fate of dI3 and dI5 precursor cells.
Furthermore, cells with undetectable levels of Mash1 must give
rise to dI2 and dI4/6 neurons, and the number of these cells
increase in the Mashl knockout.

Mash1 and Ngn2 levels are independent of each
other

Previously, it was demonstrated that cross-inhibition between
the three bHLH family members, Mashl, Mathl and Ngnl,
was used to control cell number and cell-type formed (Gowan
et al., 2001; Scardigli et al., 2001). To determine whether this
type of regulation is occurring between Mashl and Ngn2, we
examined the levels of Ngn2 in the Mashl null at E10.5 and
vice versa. We observed no significant change in the number
of Ngn2+ cells in the dorsal neural tube of Mashl nulls (Fig.
5A-C) and no significant change in the number of Mash1+ cells
in Ngn2 nulls (Fig. 5D-F). These results suggest that Mashl
and Ngn2 do not use cross-inhibition as a mechanism to control
the number of dorsal neurons formed, consistent with the co-
expression seen with these two bHLH factors. Although
difficult to quantify, there may be increased protein levels of
Mashl in individual cells in the most dorsal region in the Ngn2
null and vice versa in the Mashl null (Fig. 5, compare A with
B and D with E) and this may account for the increase in dI3
neurons in the Ngn2-null embryos.

We have previously shown that an increase in Ngnl in the
dorsal neural tube leads to an increase in dI2 neurons (Gowan
etal., 2001). To test whether an increase in Ngn1 could explain
the increase in dI2 neurons in the Mashl and the Mashl/Ngn2
double knockouts, we examined Ngnl expression. Indeed, in
the Mashl and the Mash1/Ngn2 double knockouts, we detected
an increase in Ngnl expression in the dorsal neural tube at
E10.5 relative to wild type (Fig. 5, compare G with H and J).
Consistent with the lack of change of the dI2 population in the
Ngn2 null, there was no change in Ngnl detected (Fig. 5I).
Thus, the excess dI2 cells in the Mashl and Mashl/Ngn2
knockouts is probably due to loss of cross-inhibition of Ngnl
by Mashl in its dorsal domain of expression (Gowan et al.,
2001).

Ngn2 does not directly block Mash1 function in
specifying dI3 and dI5 neurons

The preceding data strongly suggest that Ngn2 opposes Mashl
function in generation of dI3 and dI5 neurons, and thus, the
levels and timing of Mashl and Ngn2 determine the number

of dI3 and dI5 neurons that form. A possible mechanistic
model to explain the phenotypes involves Ngn2 directly
opposing Mashl function by forming a non-functional
heterodimer or by competing with Mashl on target genes,
analogous to interactions between Olig2 and Ngn2 recently
reported (Lee et al., 2005). The ability of Ngn2 and Mashl to
form non-functional heterodimers, or to bind similar DNA
recognition sites, has been shown in vitro (Gradwohl et al.,
1996). To test these models in vivo, we used mouse mutant
lines that contain replacement mutations where either the Ngn2
protein-coding region was swapped into the Mashl locus
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Fig. 5. Mashl1 inhibits Ngn/ but not Ngn2 expression in the dorsal
neural tube. Immunofluorescence (A,B,D,E) and in situ hybridization
(G-J) on transverse sections of E10.5 mouse neural tubes.

(A-C) There is no change in levels of Ngn2 between wild-type (A)
and Mashl™~ (B) embryos. (D-F) There is no change in expression of
Mash1 between wild-type (D) and Ngn2~~ (E) embryos. (G-J) The
dorsal domain of Ngn1 is expanded in Mashl”~ (H, arrow) and
Mash17~;Ngn2~~ (I, arrow) relative to wild-type (G) embryos. No
change was detected in Ngn1 in Ngn2”~ (I) embryos. Each panel is
representative of the phenotype seen in at least three sections from at
least three embryos. Scale bar: 50 um in A,B,D,E; 225 um in G,H.
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(Mash1X! Nén2y or the Mashl protein-coding region was
swapped into the Ngn2 locus (Ngn2K! Mashly (Parras et al.,
2002). The heterozygous embryos in each strain shift the
balance and temporal relationship of Mash1 and Ngn2. If Ngn2
directly opposes Mashl function, as predicted above, then the
Mash1¥! Nsn2+ would approximate the Mashl knockout, and
the Ngn2Kl Mashl’+ \ould approximate a Mashl gain-of-
function phenotype. In Ngn2k! Mashl’+ embryos, we see an
increase in dI3 and dIS, reflecting the Mash1 gain-of-function
phenotype, as predicted from the specification function of
Mashl1 (Fig. 6FLLK,N). However, rather than losing dI3 and dI5
in Mash1®! N¢"?+ embryos, dI3 and dI5 are increased (Fig.
6F,G,K,L). Owing to variability between these mutant
embryos, only the dI3 increase was statistically significant.
There is also a significant increase in dI2 neurons in
MashIX!Ne"2* embryos, possibly reflecting the role of Ngn2 in
generation of these neurons (Gowan et al., 2001) (Fig. 6A,B).
Although the results confirm the importance of Mashl in
specifying dI3 and dI5 neurons, they contradict the model that
Ngn2 directly opposes this activity of Mashl. Rather, these
results fit a model that highlights distinct functions for Mash1
and Ngn2, where Mashl has a major role in neuronal
specification and Ngn2 has a role in temporal control of
neuronal differentiation.

The Mash1 and Ngn2 knock-in strains have also been
used to address whether these related bHLH factors are
able to compensate for each other’s function. It has been
reported that Ngn2 and Mash1 share the ability to induce
neuronal differentiation, but are distinct in specifying
neuronal identity (Parras et al., 2002). The functions of
Mash1 and Ngn2 in the dorsal neural tube are similar to
those attributed to them in other regions of the nervous
system. Ngn2 is unable to compensate for Mashl
function in specification as shown by its inability to

rescue the generation of dI3 and dI5 neurons (Fig.

6FH,K,M), and its inability to suppress the ectopic
formation of dI2 and dI4/6 neurons (Fig. 6A,C,K.M).
Similarly, Mashl does not compensate for Ngn2 as in
both Ngn27~ and Ngn2K! Mashi’+ embryos the number of
dI3 and dI5S neurons is elevated (Fig. 6FJ,K,0),
reflecting the specification function of Mashl distinct
from Ngn2. The number of dI2 neurons was decreased
in this mutant line (Fig. 6A,E), suggesting that ectopic

Mashl in dI2 precursors is inhibitory for dI2 generation

Fig. 6. Distinct functions for Mash1 and Ngn2 in specification
of dorsal neurons. Immunofluorescence on cross-sections of
E11.5 mouse neural tubes where Mashl and Ngn2 have been
swapped into the Ngn2 and Mashl locus, respectively: wild
type (A,EK), Mash1X!Ne/+ (B,G,L), MashI®! ¥¢"2 (C,HM),
Ngn2KIMashi/+ (D 1 N) and Ngn2X!MashI(E,J,0). (A-E) Co-
localization of Brn3a (red) and Lhx1/5 (green) detects dI2

neurons (yellow). (F-J) Isl1 (green) detects dI3 neurons. P
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as is predicted from Mashl repression of Ngnl expression
(Gowan et al.,, 2001). Together, these results confirm that
Mashl function is crucial for the specification of dorsal
neuronal subtypes dI3 and dI5, and Ngn2 cannot replace this
function. In addition, although no specification function can be
ascribed to Ngn2, it functions in controlling the number of
different neuronal subtypes that form.

Discussion

A transcription factor code for specification of
dorsal interneurons

Formation of the neuronal network in the dorsal spinal cord
requires the generation of correct numbers of neurons with
specified identities. Regulation of this process starts early in
nervous system development, as cells in the ventricular zone
of the neural tube have distinct identities that are determined
by transcription factors of the HD and bHLH families. We
demonstrate that Mashl is in precursors to, and is required for,
dI3 and dI5 neurons. Furthermore, the number of dI3 and dI5
neurons that form depends on the activity of Ngn2. Thus, the
balance of Mashl and Ngn2 activity plays a central role in

| Wild T:fEe I IMaShK”"S"W'I I Mashk! Ngn2 I E!gnzmmasnml INgnzKl Masml
A « B C D E

# of cells per quadrant

(K-O) Pax2 (green) and Lmx1b (red) detect dI4 and dI5 Interneuron K Ngn2/+ Ki Ngn2 Ki Mashile Wi Masht
neurons, respectively. Cell counts for each marker on at least Population  Wild Type  Mash Mash Ngn2 Ngn2

three sections from at least three embryos of each genotype di2 (Lhx1/5;  »g, /.5 30415  63+/-13* 264/-6 214/-5%
are shown in the table. (P) Because dI4 and dI6 populations Brn3a)

cannot be distinguished in the Mashl null, all Pax2 counts did (Islt) 109415 139+-19"  414/8* 160+/-29""  135+/-19"
were completed by drawing a boundary line at the first Pax2- dl4/6 (Pax2) 169+/-27  216+/-37  2254+/-32* 162+/-33 168+/-21
expressing cell found nearest the ventricular zone, and as di5 (Lmxib) 92+/-13 107+/-19 g™ 1304/-05  1264/-19"

such, they are labeled as dI4/6. **P<0.001 and *P<0.01. Scale
bar: 50 um.

* p<0.01 ** p<0.001
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setting up the correct composition of neurons found in the
dorsal spinal cord.

Surprisingly, dI4 neurons, which appear to arise from the
domain containing Mashl, do not require Mashl or Ngn2
alone. Rather, dI4 neurons appear to arise from cells with low
levels of Mashl or none at all. Thus, the control of dI4/6 cell
number implies a non-autonomous mechanism with respect to
Mashl. Indeed, the heterogeneous Mashl levels may reflect
function of the Notch-signaling pathway in the neural tube at
this time (Lindsell et al., 1996; Ma et al., 1997). In addition,
we recently identified another bHLH factor, PTF1a (Krapp et
al., 1996), which is required for dI4, and is present in the dI4
precursor domain where Mashl levels are lower (S. Glasgow
and J.E.J., unpublished). We have shown that Mash1 levels are
heterogeneous in the ventricular zone; thus, the cells with the
highest levels of Mash1 preferentially go on to become dI3 and
dIS neurons, and the cells with distinctly lower levels of Mashl
either remain as progenitor cells or become dI4 neurons. These
data, combined with previous reports demonstrating the
requirement of Mathl for dIl neurons (Bermingham et al.,
2001; Helms and Johnson, 1998) and Ngn1/2 for dI2 neurons
(Gowan et al, 2001), demonstrate an emerging bHLH
transcription factor code for specification of the early-born
dorsal neuronal populations.

Additional refinements of the code are required to explain
what determines whether a Mash1 precursor will develop into
a dI3 or a dI5 neuron. Overexpression of Mashl in the chick
neural tube resulted in an increase in both neuronal cell types;
however, the normal position of the ectopic neurons in the
dorsoventral axis was essentially maintained. This result
suggests that Mash1 interacts with other factors to specify dI3
versus dI5, and that these factors are likely restricted to defined
domains in the dorsoventral axis of the neural tube (Fig. 3C,G).
The identity of these interacting factors is suggested in recent
studies. Olig3, a bHLH factor present in precursors to dI1-dI3,
when combined with Mash1, induces the dI3 phenotype but not
dI5 (Miiller et al., 2005). By contrast, Lbx1, a HD class
transcription factor expressed just as the cells become
postmitotic, is required for specification of dI4-dI6 (Gross et
al., 2002; Miiller et al., 2002). When Lbx1 is co-electroporated
with Mash1 into the chick neural tube, there is an increase in
dI5 and decrease in dI3 (A.W.H., Y.N. and J.E.J., unpublished).
Furthermore, in PTF1a-deficient embryos, the loss of PTFla
leaves cells with Mash1 and Lbx 1, and this combination results
in a fate switch from dI4 to dIS (S. Glasgow and J.E.J.,
unpublished). Thus, additional refinements to the transcription
factor code suggest that combinations of factors such as Mashl
plus Olig3 specifies dI3 (Miiller et al., 2005), Mash1 followed
by Lbx1 specifies dI5, and Mash1'®" plus PTF1a followed by
Lbx1 specifies dI4 (S. Glasgow and J.E.J., unpublished). In
addition, upstream factors controlling expression of the bHLH
genes, e.g. suppression of Ngnl and induction Mashl
expression by the HD factor Gsh2 (Kriks et al., 2005), are also
crucial for generating the correct composition of neuronal
subtypes. Identification of transcriptional targets for the bHLH
and HD factors, as has been reported in ventral spinal cord
development (Lee et al., 2005; Lee and Pfaff, 2003), will be
required to determine the mechanisms controlling the
specification of these dorsal neurons.

Mash1 functions in neuronal specification 2717

Sequential actions of Mash1 and Ngn2 in specifying
dorsal horn neurons

In the dorsal telencephalon, loss of Ngn2 results in an increase
in Mashl+ cells and a subsequent increase in GABAergic
neurons, presumably derived from these ectopic Mashl-
expressing cells (Fode et al., 2000). Thus, one function of Ngn2
in forebrain development is to suppress levels of Mashl. This
interpretation is similar to the cross-repression seen between
Mathl, Ngnl and Mashl in the dorsal spinal neural tube
(Gowan et al., 2001). However, in the dorsal neural tube, Ngn2
overlaps with both Mashl (Fig. 1) and Ngnl (A.W.H. and
J.E.J., unpublished). This colocalization is found in cells that
do not incorporate BrdU, suggesting that Ngn2 is somewhat
temporally delayed relative to Mashl and Ngnl. Regardless,
the overlap suggests there is little if any transcriptional cross-
repression mechanism regulating the expression of Mashl and
Ngn2 in the dorsal neural tube. Indeed, in this domain, the
number of Mash1+ cells is not increased in the Ngn2 null, nor
is the number of Ngn2+ cells increased in the Mashl null (Fig.
5). Thus, rather than cross-inhibition, these results support a
model where Mashl appears to be temporally upstream of
Ngn2.

Although Mash1 and Ngn2 do not appear to cross-repress
each other’s expression, it is clear that Ngn?2 limits the apparent
activity of Mashl in inducing dI3 and dI5 neurons. This is
evident in the Ngn2 null, where there is an increase in the
Mashl-dependent dI3 and dI5 populations, and in
overexpression of Ngn2 in chick, where there is a decrease in
the number of dI3 and dI5 neurons. However, the hypothesis
that Ngn2 directly blocks Mashl activity, either by forming
inactive complexes or by blocking shared DNA-binding sites,
as has been reported for Olig2 and Ngn2 (Lee et al., 2005),
appears incorrect as increasing Ngn2 and decreasing Mash1 in
a cell, as occurs in Mashl1®™N8"2*  does not decrease dI3 and
dI5 as would be predicted.

An alternative model is that Ngn2 increases the probability
that a cell will permanently exit the cell cycle. Even subtle
perturbations in the probability of cell-cycle exit could
modulate the number of cells of a specific cell type that are
formed. This function for Ngn2 in controlling the timing of
differentiation is similar to that attributed to Ngn2 in
motoneuron formation, where the balance of Olig2 and Ngn2
control the number of cells that will undergo neuronal
differentiation (Lee et al., 2005). In Mashl®' N¢"?* embryos,
Ngn?2 is present earlier than in wild type, and Mash1 levels are
decreased, but an increase in dI3 and dI5 is still detected. This
increase in dI3 and dI5 could reflect Ngn2 inducing premature
differentiation. By contrast, in the Ngn2 null, the increase in
dI3 and dI5 populations could result from extra divisions of the
dI3/dIS precursor cells owing to a subtle shift in timing of cell-
cycle exit. What is clear is that there is a fundamental
difference in how Ngn2 functions relative to the other bHLH
factors, such as Mashl, Mathl and Ngnl. These latter factors
function in specifying neuronal identity in the dorsal spinal
cord. By contrast, Ngn2 is not required for any specific cell
type but is required to get a normal composition of neurons
formed. Further support for this difference in how Ngn2
functions relative to Mashl is seen in the ventral neural tube
where Ngn2 but not Mash1 can synergize with the HD factors
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Lhx3 and Isll in post-mitotic cells to generate motoneurons
(Lee and Pfaff, 2003).

Mash1 is required for lateral movement of
differentiating cells from the ventricular zone

The generation of transgenic mice expressing GFP and Cre
from a Mashl locus containing BAC allows a unique look at
the behavior of the cells in the absence of Mashl1 function. The
GFP reporter in M1 -GIC;Mashl™ mice indicates that in the
absence of Mashl, the cells do not switch fate and contribute
to the increased dI4 population, but rather these cells primarily
remain in the ventricular zone (see Fig. S1 in the
supplementary material, compare E with F; see Fig. S2 in the
supplementary material, compare A with B). Although stalled
in the ventricular zone, the cells continue some aspects of the
neuronal differentiation process as illustrated by ectopic Lbx1
and Tujl within the ventricular zone of Mashl nulls (Fig. S2).
Furthermore, these aberrant Lbx1+ cells rarely incorporate
BrdU suggesting many have left the cell-cycle (Fig. S2). Thus,
in the absence of Mash1, the cells apparently undergo multiple
aspects of differentiation but they do not have the characteristic
lateral movement to the marginal zone.

Conclusions

The data reported here, combined with previous studies
(Bermingham et al., 2001; Gowan et al., 2001; Helms and
Johnson, 1998; Miiller et al., 2005), demonstrate that bHLH
factors are required for generating the correct number and
types of neurons in the dorsal neural tube. The precise
mechanisms for how these factors interact to result in this
neuronal diversity is still not clear and will require
identification of downstream targets to define where these
pathways intersect. Furthermore, identification of additional
bHLH family members and co-factors such as HD proteins,
and a more detailed understanding of non-cell autonomous
mechanisms involving Notch/delta signaling, will be required
to fully understand the formation of the neuronal network in
the dorsal spinal cord.
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Ngn2; and the Developmental Studies Hybridoma Bank for mouse
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