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Summary

The homeobox gene Hb9, like its close relative MNR2,
is expressed selectively by motor neurons (MNSs) in
the developing vertebrate CNS. In embryonic chick
spinal cord, the ectopic expression of MNR2 or Hb9
is sufficient to trigger MN differentiation and to repress
the differentiation of an adjacent population of V2 in-
terneurons. Here, we provide genetic evidence that
Hb9 has an essential role in MN differentiation. In mice
lacking Hb9 function, MNs are generated on schedule
and in normal numbers but transiently acquire molecu-
lar features of V2 interneurons. The aberrant specifica-
tion of MN identity is associated with defects in the
migration of MNs, the emergence of the subtype iden-
tities of MNs, and the projection of motor axons. These
findings show that HB9 has an essential function in
consolidating the identity of postmitotic MNs.

Introduction

The ability of neurons to form selective neuronal circuits
is afunction of the molecular properties that they acquire
at early stages of their differentiation. The molecular
features that distinguish individual classes of neurons
appear to control the pattern of axonal projections, the
formation of target connections, and the expression of
specific chemical transmitters. The emergence of a co-
herent neuronal phenotype is a protracted process and
is thought to involve progressive restrictions in the de-
velopmental potential of both neural progenitor cells and
postmitotic neurons (Cepko, 1999; Edlund and Jessell,
1999). In the peripheral nervous system, convergent pro-
grams of transcription factor expression have been sug-
gested to coordinate panneuronal properties with more
specific aspects of neuronal subtype identity, notably,
neurotransmitter synthesis and trophic factor sensitivity
(Lo et al., 1998, 1999; Goridis and Brunet, 1999; Pattyn
et al., 1999).

When and how neuronal subclasses in the CNS ac-
quire their specialized functional properties is less well
understood. Studies of the differentiation of spinal motor
neurons (MNs) have provided some insightinto the steps
that confer neuronal subtype identity within the CNS.
Physiological and anatomical studies have revealed that
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spinal MNs exhibit several levels of organization and
function (Landmesser, 1978a, 1978b), and these have a
molecular correlate in the selective patterns of expres-
sion of different families of transcription factors (Tanabe
and Jessell, 1996; Goulding, 1998). Members of the LIM
homeodomain (LIM-HD) protein family define aspects
of the generic and columnar identities of spinal MNs
(Ericson et al., 1992, 1996; Tsuchida et al., 1994; Sharma
et al., 1998). In addition, many of the MN pools that
innervate individual muscles in the limb can be defined
by the expression of ETS domain proteins (Lin et al.,
1998). The analysis of neuronal fate changes that result
from the misexpression or inactivation of certain of these
nuclear factors has lent support to the idea that they
have critical roles in the specification of MN identity
(Sharma et al., 1998; Tanabe et al., 1998; see Appel,
1999).

Some of the earlier events that specify the differentia-
tion of neural progenitors into MNs have also been de-
fined. The differentiation of MNs is initiated when pro-
genitor cells located in the ventral half of the neural
tube acquire distinct identities in response to the graded
signaling activity of Sonic hedgehog (Shh) (Ericson et
al., 1996, 1997a, 1997b; Briscoe et al., 1999). The final
division of MN progenitors in chick is marked by the
onset of expression of two homeodomain proteins,
MNR2 and Lim3 (Lhx3), which appear to have distinct
roles in MN differentiation (Ericson et al., 1997a; Sharma
et al., 1998; Tanabe et al., 1998). MNR2 expression is
restricted to MN progenitors, whereas Lim3 is expressed
by progenitor cells that give rise to an adjacent popula-
tion of V2 interneurons (Ericson et al., 1997a; Tanabe et
al., 1998). In chick, the ectopic expression of MNR2 is
sufficient to direct the differentiation of neural cells into
MNs and to suppress V2 interneuron generation (Tanabe
et al.,, 1998). In contrast, ectopic expression of Lim3
alone appears to promote the generation of V2 interneu-
rons (Tanabe et al., 1998). These results suggest that
MNR2 has a role in specifying whether ventral progeni-
tors that express Lim3 generate MNs rather than V2
neurons.

The function of many of the other transcription factors
whose expression is restricted to MNs has not yet been
addressed. Among these, the homeobox gene Hb9 (Har-
rison et al., 1994; Ross et al., 1998) is a selective marker
of MNs in the developing spinal cord (Pfaff et al., 1996;
Saha et al., 1997; Tanabe et al., 1998). Strikingly, HB9
possesses a homeodomain virtually identical to that of
MNR2. Moreover, the ectopic expression of HB9 in chick
has been shown to mimic the MN-inducing and V2 in-
terneuron-repressive activities of MNR2 (Tanabe et al.,
unpublished data). In contrast to MNR2, however, the
expression of HB9 in chick is excluded from ventral
progenitor cells and is restricted to postmitotic MNs
(Tanabe et al., 1998), suggesting that it has a later role
in the differentiation of postmitotic MNs. Further insight
into the developmental roles of MNR2 and HB9, how-
ever, requires an analysis of MN differentiation in em-
bryos that lack the function of these homeodomain pro-
teins.

To begin to address this issue, we have examined MN
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Figure 1. Early Expression of HB9 by Developing MNs

(A-D) Comparison of the expression of HB9 (red) and Lim3 (Lhx3) (green) in developing MNs at the caudal cervical levels of E9.5-E10 mouse
embryos. Percentages in each panel indicate the approximate fraction of MNs detected at the time of analysis compared with the total number
of MNs generated by E11 (see Figure 3A).

(A) At ~E9.5 (10%-25% MN generation), HB9 and Lim3 are coexpressed by most labeled cells although occasional Lim3*/HB9~ cells are
detected.

(B and C) At slightly older ages (~E9.75, 30%-60% MN generation), many medially located Lim3*/HB9~ cells are detected, and most double-
labeled cells are confined to the lateral margins of the ventral spinal cord.

(D) A similar profile is observed near the end of the period of MN generation. The notochord is also labeled at these developmental stages.
(E-H) Comparison of expression of HB9 (red) and Isl1 (green) in developing MNs located at the caudal cervical levels of E9.5-E10 mouse
embryos.
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development in mice in which the Hb9 gene has been
inactivated by targeted mutation. In mice lacking Hb9
function, MNs are generated on schedule and in normal
numbers. However, soon after MNs have left the cell
cycle, there is a dramatic change in the program of MN
differentiation. Most strikingly, MNs transiently express
transcription factors normally characteristic of V2 in-
terneurons. In addition, and perhaps as a consequence,
the transcription factor codes that define the columnar
and pool identities of spinal MNs are markedly dis-
rupted. These defects in the transcription factor profile
of MNs are accompanied by abnormal MN migratory
patterns, errors in motor axon projections, and defects
in the innervation of certain target muscles. Together,
these results provide evidence that HB9 has a critical
role in the consolidation of MN identity, in particular, in
repressing the expression of V2 interneuron character.

Results

HB9 Expression in Developing MNs

To begin to define the role of HB9 in the early develop-
ment of MNs, we compared the pattern of HB9 expres-
sion with that of three other early MN markers, the LIM-
HD proteins Lim3 (Lhx3), Isl1, and Isl2. In the mouse
spinal cord and caudal hindbrain, the first postmitotic
MNs are detected at E9-E9.5, and MN genesis is com-
plete by E10.5-E11 (Nornes and Carry, 1978; Figure 3A,
our unpublished data). Expression of HB9 was first de-
tected in the spinal cord at E9.25-E9.5 (Figure 1; data
not shown). During the early phase of MN generation
(when ~10%-25% of the total number of MNs destined
to form at a specific axial level have been generated),
the expression of HB9 was largely coincident with that
of Lim3 (Figure 1A; data not shown), and HB9*/Lim3*
cells that lacked Isl1 expression could also be detected
(Figure 1E). However, during the peak period of MN
generation (25%-60% of total MN number), many medi-
ally located Lim3™ cells lacked HB9 expression (Figures
1B-1D), and the expression of HB9 and Isl1 coincided
in virtually all cells (Figures 1F-1H). At ~E10, near to the
completion of the period of MN generation (60%-85%
MN genesis), HB9 and Isl1 expression also coincided,
but by this stage, many of the more lateral and thus

more mature HB9 cells had lost Lim3 expression (see
Figures 4A and 4E). Within the developing spinal cord,
HB9 expression was detected in all MNs, regardless of
their eventual somatic or visceral subclass identity (data
not shown). However, a more selective profile of HB9
expression was detected at caudal hindbrain levels.
Here, HB9 expression was restricted to somatic MNs of
the hypoglossal nucleus, and no expression was de-
tected in cranial level MNs of visceral identity (data not
shown, but see Briscoe et al., 1999). Notochord cells
also transiently expressed HB9, from E8.5-E9.5 (Figures
1A-1D; data not shown).

Comparison of the patterns of expression of Lim3,
HB9, and Isl1 raised the issue of the relationship be-
tween the time of onset of HB9 expression and the exit
of MNs from the cell cycle. To assess this issue, we
determined over the period E9.5-E10 the incidence of
overlap in expression of HB9 with MPM2, a marker of
M phase cells (Westendorf et al., 1994), and with cells
labeled by a brief bromodeoxyuridine (BrdU) pulse. The
incidence of coexpression of MPM2 and HB9 by individ-
ual cells varied markedly according to the fraction of
the total number of MNs generated at particular axial
levels of the spinal cord. We focused our quantitative
analysis of HB9 and MPM2 expression at caudal cervical
levels of the spinal cord. The incidence of MPM2/HB9
coexpression was greatest in younger (~E9.5) embryos
in which only 10%-25% of the total number of MNs had
been generated (Figure 1I; data not shown). In slightly
older (~E9.75) embryos, when MN generation was ap-
proaching its peak (25%-60% of MNs generated), very
few MPM2/HB9-colabeled cells were detected (Figures
1J-1L). During the later phase (~E10) of MN generation
(>60% MNs generated), few if any HB9 cells coex-
pressed MPM2 (Figure 1L). BrdU labeling analysis of
E9.5-E10 embryos revealed that at early stages of MN
genesis, BrdU"/HB9™" cells could be detected (Figure
1N), but during the peak and late periods of MN genesis,
the number of BrdU*/HB9™" cells decreased markedly
(Figures 10 and 1P). In contrast, many BrdU*/Lim3*
cells were detected in the ventral domain of MN genera-
tion throughout the entire period of MN genesis (Figure
1M; data not shown). These data indicate that HB9 is
expressed by some Lim3" MN progenitors during the

(E) In ~E9.5 embryos (10%-15% MN generation), HB9 and Isl1 are coexpressed by most cells although occasional HB9*/Isl1~ cells are
detected (arrows).

(F and G) At slightly older stages (E9.75, 50%-60% MN generation) HB9 and Isl1 are coexpressed by virtually all cells in the ventral spinal
cord. Note the expression of Isl1 but not of HB9 in sensory neurons in the DRGs in (G). A similar profile is observed near the completion
(85%) of MN generation (H).

(I-L) Comparison of HB9 and MPM2 expression in developing MNs located at the caudal cervical levels of E9.5-E10 mouse embryos.

(I) In ~E9.5 embryos (10%-15% MN generation), ~10% of medially located MPM2* cells express HB9 (arrow) although many ventral MPM2*
cells within the domain of MN generation lack HB9 expression.

(J and K) At slightly older stages (~E9.75, 25%-60% MN generation) only 3% of MPM2 cells express HB9. Near the completion of MN
generation (>60% MN generation), no MPM2" cells coexpressed HB9, although many MPM2*/Lim3* cells were detected (data not shown).
MPM2 analysis was based on at least six embryos examined over the period E9.5-E10.

(M) BrdU expression in many Lim3* cells in the ventral domain of MN generation, assayed during the peak period (60%) of MN genesis.
(N-P) Sections through E9.75 and E10 embryos pulse labeled with BrdU in vivo for 2 hr. At early stages of MN genesis, a few BrdU*/HB9*
cells are detected (N), but during the peak (O) and late (P) periods of MN genesis, the number of BrdU*/HB9™ cells drops dramatically. BrdU
analysis was performed in at least six embryos.

(Q) The position of generation of MNs and V2 interneurons.

(R and S) Diagrams indicating the temporal profile of expression of HB9 in the early differentiation of mouse (R) and chick (S) spinal MNs,
assessed by expression of homeodomain transcription factors. The sequential stages in the conversion of MN progenitors into postmitotic
MNs in chick are based on the data of Tanabe et al. (1998). Dashed vertical line indicates approximate time of cell cycle exit.
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Figure 2. Inactivation of Hb9 by Homologous
Recombination

(A) Diagrams show strategy for homologous
recombination, at the Hb9 locus in ES cells,
for generating a disrupted allele of Hb9 and
the transgenic construct used to define an
MN regulatory region in the Hb9 locus. A 9
kb Notl fragment comprising the 5’ upstream
region of the Hb9 gene and sequence from
the first exon (blue) of Hb9 was used to gener-
ate a transgenic construct. To generate a dis-
rupted Hb9 allele, targeting cassettes were
integrated into the Notl site of the first of three
exons of the Hb9 gene (data not shown). A 6
kB 5’ region (Sse83871-Notl) and a 3 kB 3’
region (Notl-Xbal) were used to generate the
basic targeting vector into which the tar-
geting cassettes (green) were integrated. The
probe to screen ES cells for the detection of
homologous recombination was a 1 kB Xbal—
Xhol (shaded bar) fragment located 3’ to the
region used for the generation of the targeting
construct.

(B) Targeting cassettes used for the genera-
tion of transgenic mice (IRES-nlslacZ [i]) and
Hb9 alleles by homologous recombination in
ES cells (IRES-nlslacZ [ii], IRES-taulacZ [ii],
and IRES-taumyc [iv]). For homologous re-
combination, a pgk-neo cassette flanked by
loxP sites was inserted 3’ to a Sall site.
(Right) Representative Southern blot of
Hb9"sz genomic DNA derived from Hb9*/*,
Hbgn\s\acZH»’ and Hbgn\s\aczln\s\acz embwos (6 kB
mutant band, 20 kB wild-type band; lines to
the left indicate molecular weight standards;
Sall/Xhol digest). Similar diagnostic blots
were obtained from the other two targeted
alleles (available on request).

(C-F) Analysis of whole-mount embryos
stained for B-gal activity.

(C) E10 transgenic embryo (TgN(Hb9)SAX16)
labeled for B-gal expression.

(D) E11.5 Hb9"™s&Z*+ embryo. The staining in
the developing limbs corresponds to the re-
gion of the zone of polarizing activity (zpa).
(E and F) B-gal staining of E11.5 Hb9wuacz/+
(E) and compound mutant Hbg@uacz/taumye ()
embryos. In the presence of one allele of tau-
lacZ, the staining intensity in the compound
homozygote is ~5-fold higher than in the het-
erozygote. Embryos were processed for the
same incubation time.

(F) Expression of HB9 in the spinal cord of
E10.5 wild-type embryos.

(G) Coincidence of expression of HB9 protein
(green) and nisLacZ (B-gal) (red) in E10.5
Hb9"skee?/+ spinal cord.

(H) Absence of HB9 protein in the spinal cord
of E10.5 Hb9nisiezinislacz empryos.

Generation of Hb9 Mutant Mice

To examine the role of Hb9 in early MN development,
we generated targeted alleles of Hb9 by homologous
recombination in mouse embryonic stem (ES) cells.

Three HDb9 alleles were generated, each containing a
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Table 1. Generation of Hb9 Mutant Embryos

Number of Number of
Litters Embryos Genotype
++ += ==
Hpgrisiacz 14 88 27 40 21
Hbgtaumye 6 44 12 22 10
Hpgtaulacz 6 41 9 22 10
Total 26 173 48 84 41

pgk-neo gene and cDNAs encoding different marker
proteins under the control of an internal ribosome entry
site (IRES) sequence (Ghattas et al., 1991; Mombaerts et
al., 1996; Figures 2A and 2Bii-2Biv): (1) an SV40 nuclear
localization signal (nls) fusion with lacZ (Hb9"s22) (Figure
2D), (2) a tau fusion with lacZ (Hb9®“?) (Figures 2E and
2F), and (3) a tau fusion with a multimerized myc epitope
(Hb9®u™e) (Figure 5K; data not shown). Mice homozy-
gous for each of the targeted alleles were born at normal
Mendelian frequencies (Table 1) but died at or soon after
birth (data not shown). The cause of death has not been
defined but may involve respiratory failure since the
lungs of Hb9 mutant neonates were not inflated (data
not shown).

To determine whether the targeted Hb9 alleles repre-
sented null mutations, we examined the expression of
HB9 in heterozygous and homozygous mutant embryos
at E10.5. In the spinal cord of heterozygous Hb9nsaz
embryos, the expression of LacZ and HB9 coincided
(Figures 2F and 2G). In mice homozygous for the Hb9n's2z
allele, the number and position of LacZ cells were similar
to those in heterozygotes, but no expression of endoge-
nous HBY was detected with either N- or C-terminally
directed antisera (Figures 2G and 2H; data not shown).
Similar results were found in homozygous Hb9%aZ and
Hb9®™me mutants (data not shown). These results indi-
cate that the targeted Hb9 alleles represent null muta-
tions and also that the integration of lacZ into the Hb9
locus does not perturb the pattern of gene expression.
The spatial pattern of endogenous HB9 expression was
also mimicked in transgenic mouse embryos that ex-
pressed B-galactosidase (B-gal; lacZ) under the control
of a ~9 kb 5’ fragment of the mouse Hb9 gene (Figures
2A, 2Bi, and 2C; data not shown; see Experimental Pro-
cedures).

The persistence of LacZ expression in Hb9"sZ my-
tants indicates that the maintained expression of Hb9
does not require positive autoregulation. We noted,
however, that the level of LacZ expression was much
greater in homozygous than in heterozygous Hb9nsz
embryos (data not shown). To test whether this increase
results from a function of HB9 in the repression of its
own expression, we compared the level of LacZ expres-
sion in Hb9®aZ/Hpgume mutant embryos with that in
Hb9®uaZ heterozygous embryos. The level of LacZ ex-
pression was >5-fold greater in the compound mutants
than in Hb9®\"=Z heterozygotes (Figures 2E and 2F), even
though both sets of embryos expressed only a single
Hb9'%Z allele. This result indicates that HB9 represses,
directly or indirectly, its own transcription.

MNs Are Generated in Normal Numbers in Hb9
Mutant Mice

The transient expression of HB9 by the notochord led
us to examine whether the loss of Hb9 function affects

the establishment of progenitor cell domains within the
ventral neural tube. At E10.5, the expression of Shh,
Pax6, and Nkx2.2 in the ventral spinal cord and hindbrain
of homozygous Hb9"%Z embryos was indistinguishable
from that in heterozygous or wild-type littermates (data
not shown). Thus, Shh signaling and the establishment
of appropriate ventral progenitor cell domains appear
to be unaffected in Hb9 mutants.

We next examined whether the initial generation of
postmitotic MNs is affected by the loss of Hb9 function.
LacZ expression was detected in the nuclei of cells in
the ventral spinal cord in homozygous Hb9"*Z embryos
at a position and number identical to those in heterozy-
gotes (Figures 2G, 2H, and 3A). The expression of LacZ
persisted in MNs throughout embryonic development
in both heterozygous and homozygous Hb9"s&? mutant
embryos (Figures 3E and 3F; data not shown). Thus,
cells in Hb9 mutant embryos retain an MN identity, as
assessed by the transcription of Hb9 itself. In addition,
the total number of Isll MNs generated between E9.5
and E10.5 was similar in heterozygous and homozygous
Hb9"s"*Z embryos (Figure 4E-4G; data not shown). More-
over, the expression of Choline Acetyltransferase (ChAT)
by MNs persisted in homozygous Hb9"$4Z embryos (see
Figures 6B and 6C; data not shown). Together, these
results indicate that HB9 is not required for the initial
specification of MN identity.

Defects in MN Migration in Hb9 Mutant Embryos
To determine whether aspects of the differentiation of
postmitotic MNs are affected by the loss of Hb9 function,
we first examined whether the overall spatial organiza-
tion of MNs within the spinal cord and caudal hindbrain
was affected. A marked defect in the pattern of MN
migration was detected in Hb9 mutants. In wild-type
and heterozygous Hb9"&Z embryos examined at e10-
ell, all MN cell bodies are confined to the spinal cord
(Figures 2D, 2F, and 2G; data not shown). In contrast,
in homozygous Hb9"s#Z embryos, ~5% of LacZ neurons
were detected outside the spinal cord, within the ventral
roots (Figure 3B). These extraspinal LacZ neurons, like
their counterparts within the spinal cord, coexpressed
Isl1 and Isl2 (Figure 3C; data not shown). HB9 is one of
the few transcription factors that distinguishes MNs
from dorsal root ganglion (DRG) neurons, raising the
possibility that the detection of extraspinal LacZ neurons
in Hb9 mutants was a result of their conversion to a DRG
neuron identity. However, ectopic LacZ neurons did not
express the sensory neuron-specific POU domain pro-
tein Brn3.0 (Figure 3D), arguing against their sensory
neuron character. These findings reveal a role for HB9
in confining the cell bodies of MNs to the spinal cord.
The settling pattern of the MNs that remained within
the spinal cord and caudal hindbrain was also disrupted
in Hb9 mutants. At caudal hindbrain levels in heterozy-
gous Hb9"™sZ embryos, somatic hypoglossal MNs form
a well-delineated nucleus (Figure 3E). Similarly, at cervi-
cal and lumbar levels of the spinal cord, a clear separa-
tion of median motor column (MMC) MNs and lateral
motor column (LMC) MNs is normally evident (Figures
3G and 3l). In contrast, in homozygous Hb9"%Z mutants,
there was a marked dispersion of MNs in the region of
the hypoglossal motor nucleus (Figure 3F), and no clear
separation of MMC and LMC neurons was evident at
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(A) Analysis of the number of B-gal-labeled cells in brachial spinal cord (cervical 7/8 [C7/8]) at different developmental stages (E10, E10.5,
E12.5, and E13.5) in Hb9"s#?* (solid line) and Hb9mskeznisleZ (dashed line) embryos.

(B-D) B-gal-labeled neurons in Hb9"saZnslez empryos are located adjacent to the spinal cord within ventral roots.

(B) Whole-mount B-gal staining of E10.5 lumbar spinal cord showing extraspinal 3-gal neurons.

(C) Extraspinal B-gal neurons (green) in an E12.5 embryo coexpress Isl1/2 (red).

(D) Extraspinal B-gal cells (red) in an E12.5 embryo (arrow) do not express the sensory neuron marker Brn3.0. The position of the DRG is
shown.

(E-J) Organization of B-gal-labeled cells in the CNS, visualized in whole-mount preparations of E17.5 Hb9"s>Z* (E, G, and I) and HpQnisiacz/nislacz
(F, H, and J) embryos.

(E and F) Lateral view of caudal hindbrain and cervical level spinal cord. Arrows point to rostrocaudal level of hypoglossal MNs. Note the
clustering of the B-gal-labeled cells in the hypoglossal nucleus in heterozygous embryos but the scattered organization of B-gal-labeled cells
along both the dorsoventral and rostrocaudal axes of homozygous Hb9"#%Z embryos.

(G and H) Ventral view of forelimb-level spinal cord. Note the clear segregation of the MMC (medial strip of B-gal-labeled cells) and LMC
(lateral group of B-gal-labeled cells) in the spinal cord of heterozygous Hb9"#*Z embryos (G) and the extensive intermixing of B-gal-labeled
cells in homozygous Hb9"$%Z embryos (H).

(I and J) Ventral view of lumbar level spinal cord. A clear segregation of 3-gal-labeled cells in MMC (medial strip) and LMC (lateral strip) is
observed in the spinal cord of heterozygous Hb9"s*Z embryos (I) but not in homozygous Hb9"# embryos (J). Similar observations were

made in younger stage embryos (E14.5-E16.5).

cervical and lumbar levels (Figures 3H and 3J). These
results suggest that the migratory and settling patterns
of MNs that underlie the formation of discrete somatic
motor nuclei at cranial levels, and of the major somatic
motor columns at spinal levels, are disrupted in Hb9
mutants.

Persistent Expression of Lim3 and Gsh4 by MNs

in Hb9 Mutants

In wild-type embryos, the expression of the LIM-HD
proteins Lim3 and Gsh4 is rapidly lost from most postmi-
totic MNs (Tsuchida et al., 1994; Ericson et al., 1997b;
Sharma et al., 1998). To begin to address whether there
are changes in the identity of MNs in Hb9 mutant
mice, we examined the profile of expression of Lim3
and Gsh4.

At E10.5, the total number of Lim3 cells was increased
~2-fold in homozygous Hb9"s*Z embryos compared
with heterozygous embryos (Figures 4A-4F). Over 98%
of LacZ cells in homozygous Hb9"%? embryos coex-
pressed Lim3 compared with 23% in heterozygous

embryos (Figures 4A, 4B, and 4D), indicating that the
increase in Lim3 neurons results from persistent ex-
pression in MNs. The persistence of Lim3 expression
was widespead, occurring in postmitotic MNs at all spi-
nal levels and in the hypoglossal motor nucleus at caudal
hindbrain levels (data not shown). In contrast, the num-
ber and position of Lim3 progenitor cells (defined as
medial Lim3*/LacZ /Isl1~ cells) was unaffected (Figures
4A and 4B; data not shown). The expression of Gsh4
by MNs was maintained in a manner similar to that of
Lim3 (data not shown). These results reveal that HB9
is required for the rapid extinction of Lim3 and Gsh4
expression from most somatic MNs, soon after their exit
from the cell cycle. However, the deregulated expres-
sion of Lim3 and Gsh4 by MNs in Hb9 mutant embryos
was not sustained. By E12.5-E13.5, the number of Lim3
cells in homozygous Hb9"™aZ embryos was only 10%-
159% greater than that in heterozygous embryos (Figures
4C and 4H), and there was a corresponding decrease
in the number of cells that coexpressed Lim3 and LacZ
(Figure 4D). Thus, factors other than HB9 are eventually
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Figure 4. Transient Deregulation of Lim3 in MNs in Mice Lacking Hb9

Analysis of Lim3 and Isl1 expression in B-gal-labeled MNs in brachial spinal cord (level C7/8) at different developmental stages in Hb9"scZ/*
and Hbgn\s\aczln\s\acz embryos.

(A, B, E, and F) Triple label immunocytochemical detection of Lim3 (green), B-gal (red, [A and B]) and Isl1 (red, [E and F]) on the same sections
(A and E, and B and F) of E10.5 Hb9"s¢Z/* and Hpgmslkezinslacz empryos. In Hb9"s2+ embryos, MMC MNs maintain Lim3 expression, but most
MNs rapidly downregulate Lim3. In Hb9"sleez/nislacz empryos examined at this stage, virtually all Isl1/B-gal cells coexpress Lim3.

(C, D, G, and H) Developmental time course of Lim3 and Isl1 expression in Hb9"#*Z* (solid lines) and Hb9"s&Z"sZ (dashed lines) embryos.
(C) Number of Lim3 cells.

(D) Number of Lim3/B-gal cells.

(G) Number of Isl1 cells.

(H) Number of Lim3/Isl1 cells. Data from at least three independent sets of experiments for each developmental stage (E10, E10.5, E12.5, and
E13.5) are shown. For each stage, the number of positive cells per ventral quadrant of the spinal cord was counted on at least four consecutive
sections.

sufficient to extinguish Lim3 and Gsh4 expression from 1997a; data not shown). Thus, the acquisition of in-
most somatic MNSs. terneuron properties by MNs appears specific to mark-
ers of V2 neuron identity. Since Lim3 and Gsh4 expres-
MNs Transiently Acquire V2 Interneuron Character sion is eventually extinguished from somatic MNs in
in the Absence of Hb9 Function Hb9"seZ mutants, we examined whether the ectopic ex-
What is the consequence of the persistent expression pression of Chx10 was also transient. Ectopic Chx10
of Lim3 and Gsh4 by MNs? In wild-type embryos, Lim3 expression was lost from MNs over the period E10.5—
progenitors give rise to both MNs and V2 interneurons E13.5, whereas expression in V2 neurons persisted (Fig-
(Ericson et al., 1997a), but V2 neurons can be distin- ures 5C and 5F; data not shown). Thus, in the absence
guished by the expression of the homeodomain protein of Hb9 function, MNs maintain expression of Lim3 and
Chx10 (Liu et al., 1994, Ericson et al., 1997a). Since Lim3 Gsh4, albeit transiently, and apparently as a conse-
is sufficient to induce ectopic Chx10 expressionin spinal quence, acquire expression of the V2 neuron marker
interneurons (Tanabe et al., 1998), we reasoned that the Chx10.
persistence of Lim3 expression in homozygous Hb9"slaz The expression of Chx10 by MNs in Hb9 mutants
embryos might lead MNs to acquire properties charac- raised the issue of whether these neurons still project
teristic of V2 interneurons. To test this, we examined the axons in an MN-like trajectory or acquire the projection
expression of Chx10 in homozygous Hb9"%? embryos. pattern of V2 neurons, a class of ipsilateral spinal projec-
The total number of Chx10 neurons was increased 2- tion interneurons (K. Sharma et al., unpublished data).
to 3-fold in homozygous Hb9"™? embryos examined We therefore examined whether Chx10*/LacZ*/Isl1*
over the period E10.5-E12.5 (Figures 5A-5F). To deter- neurons projected axons into the periphery in Hb9"slacz
mine whether the increase in Chx10 neurons reflects mutants. After injection of horseradish peroxidase (HRP)
expression in MNs, we examined the incidence of coex- into the proximal region of the developing limb in E11.5
pression of Chx10 and LacZ. No coexpression of Chx10 homozygous Hb9"™%Z embryos, many Chx10*/Isl1/2"
and LacZ was detected in heterozygous Hb9"s? em- neurons were labeled (Figures 5H and 5J). In contrast,
bryos, whereas in homozygous Hb9"s%? embryos, ~50% in heterozygous Hb9"s*Z mutants, labeled Isl1/2*/LacZ™"
of LacZ cells coexpressed Chx10 (Figures 5B and 5C), MNs did not express Chx10 (Figures 5G and 5I). These
and many of these cells also expressed Isl1 (Figures 5E results show that in Hb9 mutants, many neurons that
and 5F). In homozygous Hb9"™"Z embryos, MNs did not express the V2 neuron marker Chx10 continue to project
express Enl, a marker of V1 neurons which derive from axons out of the ventral root and thus retain an axonal

progenitors that do not express Lim3 (Ericson et al., projection characteristic of MNs.



Neuron

666
Hb9+/- Hb9-/- — Hb9+/- -- Hb9-/-
© 0
0 5
- =
g = 5
£ = 3)
|
)
s = 3 -
= 3 .. N |28
o s M F T NS s
* s 3 e ¥ |Ix%®
= o ! . & s
(&) Z 10 ! Yoo 0 O
! b | 4§
10105 11.5 125 135
embryonic day
Chx10/ HRP Chx10/Isl NF160 / Myc
M "IN M
¥
@
e
R
>
3
Ry

Figure 5. V2 Interneuron Marker Expression by MNs but No Accompanying Change in Axonal Trajectory in Mice Lacking Hb9

Analysis of Chx10 expression by pB-gal-labeled cells and Isl1 MNs at different developmental stages in brachial spinal cord (level C7/8) of
Hbgrseez/+ (A C, D, and F) and Hb9"skeeznsez (B C, E, and F) embryos.

(A, B, D, and E) Triple label immunocytochemical analysis of Chx10 (green), B-gal (red, [A and B]), and Isl1 (red, [D and E]) expression in
sections of E10.5 spinal cord from Hb9"s*?* (A and D) and Hb9"skez/nsiacZ (B and E) embryos. In Hb9"#*?* embryos, there is no coincidence
of expression of B-gal or Isl1 with Chx10. In Hb9"sZnsacZ ‘many |s|1- and B-gal-labeled cells coexpress Chx10.

(C and F) Developmental time course of Chx10 expression in Hb9"#%Z* (solid lines) and Hb9"s&?"saZ (dashed lines) embryos. The peak number
of Chx10/B-gal cells in Hb9"saZnsaz empryos occurred at E10.5, after which their number gradually declined to that observed in Hb9msiaez/+
embryos. Data from at least three independent sets of experiments are shown for each developmental stage (E10, E10.5, E12.5, and E13.5).
For each stage, the number of labeled cells per ventral quadrant of the spinal cord was counted on at least four consecutive sections.
(G-N) Retrograde HRP labeling from the base of the forelimb of E11.5 heterozygous Hb9"s% (G and 1) and homozygous Hb9"Z (H and J)
embryos. Triple label immunocytochemical detection of Chx10 (green), HRP (red, [G and H]), and Isl1 (red, [I and J]) on the same section (G
and |, and H and J). Arrows point to Chx10/HRP colabeled cells, two of which do not express Isl1.

(K-N) Axonal projection of Hb9 neurons in Hb9=™<'* (K and M) and Hb9®um<aumye (| and N) embryos, detected using anti-Myc epitope antibodies.
(K and L) Transverse sections of E13.5 spinal cord show Myc-labeled axons projecting into the ventral roots.

(M and N) Parasagittal sections of E13.5 spinal cord showing MN cell bodies and intersegmental projections in the viIf (white bar). Myc-labeled
(red) axons are not detected among the neurofilament 160-labeled (green) axons in the viIf in Hb9®meaume empryos, indicating the absence
of intersegmental projections of ectopic Chox10 neurons. HRP injection into the vif of the spinal cord of E13.5 wild-type embryos labels
ipsilateral Chx10 neurons at more caudal segmental levels (data not shown). Abbreviations: R, rostral; C, caudal; M, medial; and L, lateral.

These findings do not exclude, however, that a frac- of E12.5 heterozygous and homozygous Hb9™™¢ em-
tion of the Chx10 MNs in homozygous Hb9"*Z embryos bryos. We used the Hb9*™¢ allele for this analysis since
acquired an axonal trajectory characteristic of V2 neu- the intensity of labeling and discrimination of intraspinal
rons. To test this, we analyzed parasagittal sections axons were greater than with the Hb9®2 gllele (data not

through the ventrolateral funiculus (vIf) of the spinal cord shown). In both heterozygous and homozygous Hb9w@umye
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embryos, Myc-labeled axons were detected in the ven-
tral roots (Figures 5K and 5L), but Myc-labeled interseg-
mental axons in the ventral funiculus were not detected
(Figures 5M and 5N; data not shown). Thus, the ectopic
expression of Chx10 by MNs appears not to be sufficient
to reroute axons along an intraspinal trajectory.

The Emergence of MN Subtype Identity Is Disrupted
in Hb9 Mutants

The early alteration in migratory behavior and in the
profile of transcription factor expression by MNs in Hb9
mutants prompted us to examine whether the later mo-
lecular programs that define aspects of MN identity are
affected. We first examined whether the profile of ex-
pression of Isll1, a LIM-HD protein that is initially ex-
pressed by all postmitotic MNSs, is altered at later stages
in Hb9 mutants.

Although the initial number of Isl1 MNs was not altered
by the loss of HB9 function (Figure 4G), from E10.5
onward, there was a progressive decline in the number
of Isl1 neurons. By E13.5, the number of Isl1 neurons
detected in homozygous Hb9"#Z embryos was only
~30% of that in heterozygous or wild-type embryos
(Figure 4G). The loss of Isl1 expression was not the
consequence of the death of MNs since no increase in
TdT-mediated dUTP nick end labeling— (TUNEL-) posi-
tive cells was detected in the ventral spinal cord over
this period (data not shown), and the total number of
LacZ cells was not reduced. Thus, despite the initial
generation of MNs in normal numbers in homozygous
Hb9"seZ embryos, a marked disruption in the dynamic
profile of the expression of several LIM-HD proteins
soon becomes evident.

By E12.5-E13.5, MNs have acquired distinct class,
columnar, and pool identities that can be defined by the
expression of specific molecular markers (Figure 6A).
We therefore examined whether the expression of MN
subtype markers is affected by the loss of HB9 function.
MN Class Identity
The segregation of spinal MNs into somatic and visceral
classes was maintained in Hb9 mutant embryos. So-
matic MNs can be identified at E12.5 by the expression
of Isl2 (Tsuchida et al., 1994), and at this stage, the
number of IsI2 neurons was similar in homozygous and
heterozygous Hb9"° mutants (Figures 6D and 6E; data
not shown). Thus, somatic MN differentiation occurs in
the absence of HB9 function.

In the spinal cord, visceral MNs are generated pre-
dominantly at thoracic levels and can be defined by their
location within the intermediate region (Barber et al.,
1991; Markham and Vaughn, 1991) and, molecularly, by
their expression of B-nicotinamide adenine dinucleotide
phosphate diaphorase (NADPH-d) activity (Wetts et al.,
1995). The number of neurons in the intermediate spinal
cord that expressed NADPH-d neurons was markedly
reduced in Hb9"s&Z mutants examined at E14-E17 (Fig-
ures 6F and 6G; data not shown). The loss of NADPH-d
expression, however, was much more marked in medi-
ally located neurons, and many laterally located NADPH-d
MNs were still detected (Figures 6F and 6G; data not
shown). The extent of ChAT expression by MNs in medial
regions of the intermediate spinal cord was also signifi-
cantly reduced in Hb9"2° mutants (Figures 6B and 6C;

data not shown). LacZ neurons were, however, detected
at approximately normal numbers within both the medial
and lateral regions of the intermediate spinal cord in
homozygous Hb9"™"*? embryos (data not shown), sug-
gesting that the differentiation rather than the generation
of visceral MNs is affected by the loss of Hb9 function.
The generation and differentiation of visceral MNs at
caudal hindbrain and cervical spinal cord levels were
not affected in Hb9 mutant embryos, consistent with
the finding that cranial visceral MNs do not express HB9
(Briscoe et al., 1999).

MN Columnar ldentity

We next examined the expression of molecular markers
that define the columnar subtype identity of MNs. By
E12.5-E13.5, Lim3 MNs are normally restricted to the
medial MMC (Figure 6H), but in homozygous Hb9"slac
embryos, LIim3 MNs were more widely dispersed
throughout the LMC domain (Figure 6l). Although this
result could simply reflect the persistence of expression
of Lim3 by many MNs, it provides evidence that neurons
with a molecular profile characteristic of the medial
MMC are displaced in Hb9 mutants.

The differentiation of MNs within the LMC was also
disturbed in Hb9 mutants. At limb levels of the spinal
cord, the expression of Retinaldehyde dehydrogenase
2 (RALDH2), a generic marker of LMC neurons (Zhao et
al., 1996; Sockanathan and Jessell, 1998), was markedly
reduced in homozygous Hb9"*Z embryos (Figures 6J
and 6K). Moreover, the differentiation of MNs within the
lateral subdivision of the LMC, characterized by coex-
pression of Isl2 and Liml1, was also greatly reduced
(Figures 6L and 6M). Nevertheless, some lateral LMC
MNs were detected, suggesting that the columnar sub-
division of the LMC is not completely abolished in Hb9
mutants.

MN Pool Identity

Within the LMC, distinct motor pools can be distin-
guished by the expression of the ETS proteins PEA3
and ER81 (Linetal., 1998; S. A. et al., unpublished data).
Marked reductions in the expression of PEA3 and ER81
were detected in LMC MNs both at forelimb and hind-
limb levels. At forelimb levels, for example, a medial
LMC-derived motor pool that innervates the pectoralis
muscle expresses PEA3 (Figure 6N). In homozygous
Hb9"sZ embryos, PEA3 expression was almost com-
pletely absent from MNs at this axial level (Figure 60).
The disruption of ETS protein expression was generally
more severe than the loss of columnar markers (data
not shown). ER81 and PEA3 expression by subsets of
DRG neurons was, however, not affected in homozy-
gous Hb9"™&Z embryos (Figures 6N and 60; data not
shown). Taken together, these results reveal that the
elimination of HB9 function results, directly or indirectly,
in a disruption in the establishment of the class, colum-
nar, and pool identities of MNs.

Defects in Motor Axon Trajectories in Hb9

Mutant Mice

What are the consequences of the marked disruption
in the molecular program of MN differentiation for the
connectivity of MNs? To begin to address this issue, we
examined whether the projection of motor axons toward
their peripheral targets is altered in Hb9 mutant em-
bryos.
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Figure 6. Defects in MN Subtype Identity in Hb9 Mutant Mice

(A) Diagram summarizing sequential steps in MN differentiation in the developing spinal cord. MNs (red) initially acquire a generic identity
that distinguishes them from neighboring interneurons (in this diagram, only V2 interneurons are shown). MNs initially express Isl1, whereas
V2 neurons (blue) express Chx10. There are two major classes of spinal MNs, visceral and somatic, that project to different target cells. Most
visceral MNs can be identified by expression of NADPH-d, and somatic MNs by expression of Isl2. The somatic MN class consists of two
major columns, the MMC and the LMC, which project to skeletal muscles in different peripheral locations. LMC MNs can be identified by
expression of RALDH2, and MMC neurons by expression of Lim3 and Gsh4. Within the LMC, neurons in the medial (m) division coexpress
Isl1 and Isl2 and project to ventrally derived limb muscles, whereas neurons in the lateral (I) division coexpress Isl2 and Lim1 and project to
dorsally derived limb muscles. Within each LMC division, MN pools that project to individual limb muscles can be identified by expression
of the ETS domain proteins PEA3 and ER81. For details, see Tsuchida et al. (1994), Ericson et al. (1997a), Sockanathan and Jessell (1998),
Lin et al. (1998), and the text.

(B-O) Expression of MN subtype markers in developing spinal MNs. Images show E13.5 thoracic spinal cord (B, C, F, and G), E12.5 C7/8
level spinal cord (D and E), and E13.5 C7/8 level spinal cord (H-0) in Hb9"sZ* and Hhgnislaez/nislacz empryos.

(B and C) ChAT (generic MN marker) expression detected by in situ hybridization. Arrows in (B) point to medial populations of visceral MNs.
(D and E) B-gal cells (red) coexpress Isl2 (green; a somatic MN-specific marker at this stage). The number of IsI2 cells is similar in Hb9"skez/+
and Hb9"sacznsez empryos examined at E12.5. By E13.5, the number of IsI2 cells in mutants is, however, reduced by ~40% compared with
heterozygote embryos (data not shown).

(F and G) NADPH-d enzyme activity in visceral MNs. In heterozygous Hb9"#%Z embryos, both lateral (I) and medial (m) populations of NADPH-d
neurons are present (F). In homozygous Hb9"2Z embryos, NADPH-d expression is absent from medial regions of the intermediate zone (G)
although many cells in this region still express LacZ (data not shown).

(H and 1) Coexpression of Lim3 (green) and B-gal (red) delineates the medial MMC in heterozygous Hb9"? embryos (H). Lim3/g-gal cells in
homozygous Hb9"s&Z embryos are not restricted to the region of the medial MMC (I).

(J and K) In situ hybridization analysis of RALDH2 expression delineates LMC neurons (J). There is a marked reduction of RALDH2 expression
in homozygous Hb9"$%? embryos (K).

(L and M) Coexpression of Isl2 (red) and Lim1/2 (green) delineates lateral LMC neurons (L). There is a marked reduction of Isl2/Lim1 cells in
homozygous Hb9""*Z embryos (M).

(N and O) PEA3 expression (green; motor pool marker) by pectoralis MNs (N) is severely reduced in homozygous Hb9"s**Z embryos (O). PEA3
expression by DRG neurons (arrows) is not affected in homozygous Hb9"*Z embryos.

In heterozygous Hb9®"*Z embryos examined at E11.5,
the pattern of axonally transported lacZ expression co-
incided with the trajectories of somatic MNs (see Ericson
etal., 1997a; Figure 7A; data not shown). For example, at
hindbrain levels, the hypoglossal nerve, and at cervical
spinal cord levels, the segmentally arrayed projections
of somatic motor axons in the ventral roots, were deline-
ated by LacZ expression (Figure 7A). LacZ-labeled pe-
ripheral motor axons were also detected in homozygous
Hb9®aZ embryos (Figures 7B-7D; data not shown), indi-
cating that HB9 is not required for the initial projection
of motor axons into the periphery. However, there were
marked, albeit variable, defects in the more distal projec-
tions of motor axons in homozygous Hb9®"*Z embryos

(Figures 7B-7D; data not shown). One of the most dra-
matic instances of the variability of the defects in motor
axon trajectory was detected at caudal hindbrain levels.
The hypoglossal motor nerve was either completely ab-
sent or severely misrouted in some Hb9 mutant embryos
(Figure 7B; data not shown), but present, with an appar-
ently normal trajectory, in others (Figure 7C).

The disruption in motor axon trajectories in Hb9 mu-
tants led us to examine whether the major branches of
somatic motor axons to axial and limb regions were
formed. Analysis of the pattern of motor nerve branching
in embryos stained in both whole-mount and transverse
sections revealed a marked defect in the organization
of motor nerves at the axial muscle branchpoint and at
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Figure 7. Defects in Motor Axon Projections in Hb9 Mutant Mice
(A-D) Whole-mount B-gal staining of Hb9®*Z embryos.

(A-C) Perturbation in motor axon projections in E11.5 Hb9®@uez/aiaz empryos (B and C), when compared with the axonal projection pattern
observed in Hb9®">Z+ embryos (A). Arrows point to the hypoglossal nerve, which is absent or misrouted in some mutants (B) but present in
others (C). Asterisk in (C) indicates expanded plexus region at the base of the forelimb.

(D) Dorsal (d) and ventral (v) motor axon branches in the hindlimb of an E12.5 Hb9®ueztaiacz empryo. Note B-gal labeling in the zone of polarizing
activity (zpa) of the developing limb.

(E-H) Analysis of peripheral projections of motor axons in sections of E12.5 Hb9®m<* (E and F) and Hb9®meaume (G and H) embryos. Double
label immunocytochemical detection of Myc-labeled (red) axons projecting toward skeletal muscles (a-actinin-labeled; green). Axial muscle
nerve branches are indicated (arrows, [a]). Star indicates the expansion of the axial nerve branch point (H). The dorsally (d) and ventrally (v)
directed branches of motor axons in the limb are evident in Hb9 heterozygous (E) and homozygous (G) mutant embryos.

(I-L) Analysis of innervation of diaphragm muscle of postnatal day 0 heterozygous (I and K) and homozygous Hb9"%Z (J and L) mice.

(I and J) Whole-mount a-BTX staining shows the presence of AChR clusters localized in a tight band in the diaphragm of heterozygous
embryos (I) and a scattered distribution of AChR clusters over a larger region of the diaphragm muscle in homozygous Hb9"s*Z embryos (J).
(K and L) Double label immunocytochemical detection of GAP-43-labeled axons and nerve terminals (green) and a-BTX-labeled AChR clusters
(red). Transverse section through the diaphragm reveals the coincidence (yellow patches) of GAP-43 and «-BTX labeling in heterozygous

muscle (K) and the lack of coincidence of label in homozygous Hb9"s*°Z embryos (L).

the plexus region at the base of the fore- and hindlimbs.
In heterozygous Hb9®aZ and Hb9™“™° embryos, motor
axons at these plexus regions formed a tight fascicle (Fig-
ures 7A, 7E, and 7F), whereas in homozygous embryos,
motor axons were dispersed and defasciculated (Fig-
ures 7B, 7C, 7G, and 7H; data not shown). Nevertheless,
motor axon projections to axial muscles were detectable
in homozygous Hb9®"Z agnd Hb9®™*c embryos (Figures
7E-T7H; data not shown). Similarly, distinct motor axon
branches projected into the dorsal and ventral halves
of the limb mesenchyme in Hb9 mutant embryos (Fig-
ures 7D and 7G). Thus, there are marked defects in

the peripheral organization of motor nerves at sites of
critical motor axon pathfinding decisions, although the
major peripheral axon branches of somatic MNs are
present.

Defects in Muscle Innervation by Motor Axons

in Hb9 Mutants

The defect in the peripheral organization of motor nerve
branches in Hb9 mutants led us to examine whether
there are also defects in the innervation of target mus-
cles. We first analysed the innervation of limb muscles
in late embryonic stage (E17.5) embryos, using GAP-43
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expression to visualize peripheral axons and «-bungaro-
toxin (a-BTX) labeling to delineate clusters of acetylcho-
line receptors (AChR) on the muscle surface. We de-
tected no obvious defect in the pattern of motor
innervation or in AChR expression in fore- and hindlimb
muscles in Hb9 mutant embryos (data not shown).

Hb9 mutant mice die soon after birth with uninflated
lungs, and we therefore considered the possibility that
the innervation of the diaphragm muscle by phrenic MNs
might be affected. In the diaphragms of wild-type and
heterozygous Hb9"™*Z neonates, AChR clusters were
restricted to a central domain of the muscle that coin-
cided with the position of muscle innervation (Figure 71).
In contrast, in homozygous Hb9"*Z mice, AChR clusters
were present but distributed over a much wider region of
the muscle surface (Figure 7J). Many of these scattered
AChR clusters were abnormally small (Figure 7J; data
not shown), and the thickness of the diaphragm muscle
was markedly reduced in homozygous Hb9"s*Z embryos
(Figures 7K and 7L). In addition, in the diaphragms of
wild-type and heterozygous Hb9"s*Z mice, AChR clus-
ters were invariably associated with GAP-43-labeled
nerve terminals (Figure 7K). In contrast, in homozygous
Hb9"sZ mice, many AChR clusters were not associated
with GAP-43-labeled nerve branches (Figure 7L). Exten-
sive axonal sprouting was also detected in regions of
the diaphragm close to the point of entry of the phrenic
nerve (data not shown). These observations reveal a
marked defect in the innervation of certain skeletal mus-
clesin Hb9 mutantembryos. They also raise the possibil-
ity that the perinatal lethality of Hb9 mutant animals
results, at least in part, from the diaphragm denervation
phenotype.

Discussion

This paper provides evidence that many aspects of the
differentiation of postmitotic MNs in the mammalian spi-
nal cord depend on functions provided by the homeobox
gene Hb9. Our findings add to an understanding of the
molecular steps of MN differentiation in two main ways.
They provide genetic evidence that the signals involved
in the generation of MNs can be dissociated from the
later steps that consolidate MN identity. In addition, they
provide evidence that a transcription factor expressed
at an early stage in the differentiation of all spinal MNs
has an essential function in the acquisition of MN sub-
type identities. Thus, they provide an initial insight into
the hierarchical relationship of the transcription factors
that define distinct functional subsets of MNs in the
developing spinal cord. We discuss the possible roles
of HB9 in the progressive specification of MN identity
that are suggested by this analysis of the Hb9 mutant
phenotype.

A Requirement for HB9 Function in Early

MN Development

At the earliest stages of MN genesis, late-stage Lim3*
MN progenitors express HB9. However, during the peak
period of MN generation, the onset of HB9 expression
by most cells appears to occur after that of Lim3 and
coincident with that of Isl1, apparently in newly gener-
ated postmitotic MNs. Consistent with this, the loss of

Hb9 function has no discernible effect on the number
of spinal MNs initially generated. Thus, the phenotype
of Hb9 mutant mice supports the idea that the relevant
period of expression and function of HB9 is in postmi-
totic MNSs. Previous studies have analyzed MN differenti-
ation in mice lacking Isl1, a LIM-HD protein expressed
almost exclusively by postmitotic MNs. However, in Isl1
mutant mice, MNs undergo rapid apoptotic death (Pfaff
etal., 1996; J. Ericson et al., unpublished data), hindering
an analysis of later steps in MN differentiation. Isl1 is
initially expressed by MNs in Hb9 mutant mice, but many
neurons rapidly lose Isl1 expression. Despite this, MNs
survive. This result, taken together with the more drastic
MN phenotype of Isl1 mutant mice, suggests that MNs
may require Isll for their survival only during a brief
critical period, soon after cell cycle exit.

A Role for HB9 in the Consolidation of the MN-V2
Interneuron Identity Decision

The progenitors of both MNs and V2 interneurons are
marked by expression of Lim3 (and the functionally re-
dundant protein Gsh4), implying that additional factors
are required to select between these two neuronal fates.
The analysis of changes in transcription factor expres-
sion by postmitotic MNs in Hb9 mutant embryos pro-
vides support for the idea that emerged from studies in
chick (Tanabe et al., 1998) that the MNR2/HB9 class of
homeodomain proteins has a role in selecting MN rather
than V2 interneuron identity within the ventral spinal
cord. In the chick, ectopic expression of MNR2 and
HB9 suppresses the generation of V2 interneurons and
promotes MN differentiation, providing gain-of-function
evidence that MNR2 and HB9 have such a neuronal
subtype selector function. The present studies provide
complementary loss-of-function evidence that HB9
serves such a function in MNs, acting to repress the
expression of V2 interneuron character and thus to con-
solidate MN fate (Figure 8). These results have the addi-
tional implication that the stabilization of MN rather than
V2 interneuron identity may not be achieved until after
MNs have left the cell cycle.

At a molecular level, the HB9-dependent consolida-
tion of MN phenotype is likely to be mediated through
the regulation of Lim3 (and Gsh4) (Figure 8). In Hb9
mutant embryos, the expression of Lim3 and Gsh4 per-
sists in postmitotic MNs for an abnormally long period,
implying that HB9 normally functions, directly or indi-
rectly, to repress the expression of Lim3 and Gsh4. In
the chick, ectopic expression of Lim3 is sufficient to
induce V2 interneuron markers in a cellular context in
which MNR2 and other MN homeodomain proteins are
not expressed (Tanabe et al., 1998). It is likely, therefore,
that the persistence of Lim3 and Gsh4 expression in
Hb9 mutants is responsible for the ectopic expression
of Chx10 by MNs (Figure 8). Nevertheless, MNs do not
undergo a complete switch to a V2 interneuron identity
in Hb9 mutants. The incomplete and transient nature of
the switch to a V2 interneuron identity may reflect the
prior action of progenitor cell factors that initiate the
process of MN specification.

An important issue raised by our findings is that of
the respective roles of HB9 in the development of mouse
and chick MNs. In the chick, HB9 expression is restricted
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Figure 8. Functions of HB9 in the Differentiation of Postmitotic MNs
Proposed functions of HB9 in postmitotic MNs. Red arrows highlight
the steps in MN differentiation that appear to be controlled by HB9.
HB9 appears to have two main, possibly interrelated, functions.
First, HB9 is normally required for the rapid downregulation of Lim3
(and Gsh4) from most postmitotic MNs, which in turn appears to
prevent expression of the V2 interneuron marker Chx10. One excep-
tion to this function of HB9 is in the context of medial MMC neurons,
in which Lim3 and Gsh4 expression persists in MNs for a prolonged
period, even in wild-type embryos (Tsuchida et al., 1994; Sharma
et al., 1998). Thus, medial MMC neurons appear to be subject to
distinct regulatory controls on the timing of Lim3/Gsh4 expression
and, by inference, on the suppression of V2 interneuron character.
Second, HB9 is required for the maintenance of Isl1 expression in
postmitotic MNs. A negative autoregulatory activity of HB9 is also
shown and is indicated as a direct interaction although it may be
mediated indirectly. Approximate timing of cell cycle exit with re-
spect to homeodomain protein expression is indicated. HB9 is also
required, directly or indirectly, for the efficient establishment of the
class, columnar, divisional, and pool identities of spinal MNs.
Dashed lines indicate that the erosion of MN subtype identity could
reflect a direct action of HB9, the loss of expression of proteins,
such as Isl1, that normally serve a positive function in MN differentia-
tion or the ectopic expression of interneuron markers such as Chx10,
or a combination of these events. Proteins indicated in gray delin-
eate markers of MN subtype identity that are affected in Hb9 mu-
tants. Abbreviation: Shh, Sonic hedgehog, an inductive signal re-
quired for MN generation and HB9 expression. For further details,
see text.

to postmitotic MNs, whereas MNR2 expression is de-
tected at a much earlier stage, in MN progenitors (Ta-
nabe et al., 1998). In contrast, in mouse, HB9 expression
is detected in some MN progenitors at early stages of
MN genesis. However, for the peak period of MN genera-
tion, our data provide evidence that the expression of
HB9 is delayed with respect to that of Lim3 and appears
coincident with that of Isl1. Thus, HB9 appears to be
expressed at a slightly earlier stage in the progression
of MN differentiation in mouse than its counterpart in
chick. Nevertheless, the profile of expression of mouse
HB9 does not include an early and prominent phase of
expression in MN progenitors, a profile characteristic of
chick MNR2. A mouse MNR2 homolog has not been
isolated to date, however (C. William and Y. Tanabe,
personal communication). Thus, we cannot exclude that
in mouse, HB9 has subsumed the functions performed
in chick by MNR2. If this is the case, the finding that
MNs are generated in normal numbers in Hb9 mutants
would argue for the existence of an MNR2/HB9-inde-
pendent pathway of MN generation. As discussed pre-
viously (Tanabe et al., 1998), such a pathway must oper-
ate at least in the hindbrain since neither mouse nor
chick cranial visceral MNs, nor their progenitors, ex-
press MNR2 or HB9 (Tanabe et al., 1998; Briscoe et
al., 1999). The ability of MNR2 and HB9 to induce a
coordinate program of MN differentiation in chick spinal

cord, together with the MN phenotype detected in Hb9
mutant mice, does, however, support the idea that this
homeodomain protein subfamily has an important if as
yet incompletely defined role in early MN differentiation.

The Acquisition of MN Subtype Identities

Is Impaired in Hb9 Mutant Mice

The early postmitotic period of MN development is ac-
companied by the differentiation of functional subsets
of MNs that can be defined both by their anatomical
organization and by expression of specific molecular
markers (see Figure 6A). Many aspects of the differentia-
tion of distinct MN subtypes, including columnar divi-
sional and pool identities, are markedly affected by the
loss of Hb9 function (Figure 8).

These defects in MN subtype identity could simply be
an indirect consequence of the persistence of expres-
sion of Lim3 and Gsh4 and/or the ectopic expression
of Chx10. Nevertheless, defects in the columnar and
pool identities of MNs are evident well after the phase
of deregulation of Lim3, Gsh4, and Chx10 has subsided.
Thus, it remains possible that HB9 has a more direct
role in the specification of MN subtype identity. HB9
could, for example, function as a cofactor in a series
of independent molecular programs that regulate the
emergence of columnar, divisional, and pool subtype
identities. Alternatively, HB9 could act at an early point
in an obligate sequential program of somatic MN differ-
entiation that progresses from columnar to divisional to
pool identity. One line of evidence that argues against
a strict requirement for sequential programs of MN sub-
type differentiation derives from the observation that
retinoids appear able to impose a lateral LMC character
on thoracic level MNs that have not acquired a generic
LMC character (Sockanathan and Jessell, 1998). Thus,
MN divisional character, at least, may be acquired inde-
pendently of columnar character.

The proposed roles of the MNR2/HB9 proteins in regu-
lating MN subtype identity may have some parallels with
the functions of the Phox2a/b homeodomain proteins
in the specification of sympathetic neuronal fate (Goridis
and Brunet, 1999; Lo et al., 1999; Pattyn et al., 1999).
Phox2 proteins are necessary for the induction of trans-
mitter-synthetic enzymes and other features of sympa-
thetic neuronal differentiation. In addition, at hindbrain
levels, the Phox2 proteins are expressed selectively by
visceral MNs in a pattern complementary to that of
MNR2 and HB9 (Briscoe et al., 1999; Goridis and Brunet,
1999). It is possible, therefore, that the segregated ex-
pression of these two families of homeodomain proteins
contributes to distinctions in the somatic and visceral
subtype identity of cranial MNs.

Perturbed MN Migration and Axonal Projections

in Hb9 Mutants

The loss of Hb9 function results in marked defects in
the migratory and settling patterns of spinal MNs. The
most striking migratory defect in Hb9 mutants is the fail-
ure of many MN cell bodies to be retained within the
spinal cord. These defects in MN migration are accom-
panied by marked errors in the pattern of axonal projec-
tions of somatic MNs. There is, however, variability in
the precise nature of the errors in motor axon projection
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between mutant embryos. One consistent axonal pro-
jection phenotype in the spinal cord of Hb9 mutant mice
is a pronounced defasciculation of axons, evident at the
branchpoint of axial and limb-directed motor axons and
also at the plexus region at the base of the limbs. This
finding raises the possibility that adhesive interactions
between motor axons and/or the ability of motor axons
to respond to extrinsic guidance cues are impaired in
Hb9 mutants.

Despite these defects, each of the major axonal
branches of spinal somatic MNs, to axial muscles and
to dorsal and ventral limb muscles, is present in Hb9
mutant embryos. The detection of overtly normal projec-
tions to axial muscles is not surprising since these axons
originate from medial MMC neurons, which normally
retain expression of Lim3 and Gsh4 (Tsuchida et al.,
1994; Ericson et al., 1997b; Sharma et al., 1998). The
detection in Hb9 mutant embryos of both dorsally and
ventrally directed motor axon branches in the limb may
reflect, in part, the residual differentiation of some lateral
LMC neurons. Nevertheless, the axons of many MNs
that have lost their LMC identities also appear able to
make either dorsal or ventral projections into the limb
bud. This finding is consistent with previous studies
showing that thoracic level MNs that are committed to
a MMC identity form dorsal and ventral axonal projec-
tions in the limb when transplanted to limb levels
(O’Brien and Oppenheim, 1990; O’Brien et al., 1990; En-
sini et al., 1998). It seems possible, therefore, that the
acquisition of LMC divisional identity provides MNs with
the ability to select appropriately a dorsal or ventral
trajectory, rather than embarking along one or another
trajectory at random. The necessity for motor axons to
project along either a dorsal or ventral path in the limb
may reflect the presence of a nonpermissive environ-
ment for axons in the central core of the developing
limb mesenchyme (see Tosney and Landmesser, 1985).

Taken together, our studies provide evidence that
HB9 has an essential role in consolidating the identity
of spinal MNs and, in particular, in suppressing the ex-
pression of V2 interneuron character. Since HB9 expres-
sion persists in adult MNSs, it is possible that its activities
help to maintain the differentiated properties of MNs into
postnatal and adult life. Defining the direct downstream
targets of HB9 may help to clarify further how the molec-
ular and functional properties of MN subtypes are estab-
lished.

Experimental Procedures

Generation of Hb9 Mutant and Transgenic Mice

Mouse genomic clones used in the generation of Hb9 mutant mice
and transgenic lines were derived from a 129/Sv genomic library
(Stratagene). The transgenic TgN(Hb9)SAX16 line was derived from
a construct that used a 9 kb Notl fragment comprising the 5" up-
stream region of the Hb9 gene inserted 5’ to an IRES-nlslacZ cas-
sette (see below). The targeting vector for the production of Hb9
mutant mice was constructed from genomic fragments derived from
a 9 kB Notl fragment 5’ to the first exon of Hb9 and a Hindlll clone
overlapping with the 5’ clone but extending into the 3’ region of
Hb9. A 6 kB 5’ Sse83871-Notl fragment spanning into the first exon
of Hb9 and an adjacent 3 kB 3’ Notl-Xbal fragment were cloned
into a vector containing a Pmel site for linearization of the targeting
constructs. Notl- or Pacl-flanked targeting cassettes were gener-
ated independently (and comprised IRES-nIslacZ, IRES-taulacZ,

IRES-taumyc, an SV40 polyadenylation signal, and a lox-flanked
pgk-neo cassette). These cassettes were integrated into the basic
targeting construct.

For the generation of expression cassettes, marker genes were
inserted downstream of an IRES from encephalomyocarditis virus
(Ghattas et al., 1991), in frame with the ATG of a Ncol site at the
3’ end of the IRES (Mombaerts et al., 1996). Linearized targeting
constructs were electroporated into W9.5 ES, cells selected with
G418, and screened for potential recombinants by Southern blot
analysis. A 1 kB 3’ Xbal-Xhol fragment was used as a probe to
screen for ES cell recombinants (Sall/Xhol digest). This probe gen-
erates a 20 kB wild-type band and a 6 kB mutant band. The
average frequency of recombination for the four constructs de-
scribed in this study was ~1:20. Recombinant clones were injected
into C57BL/6J blastocysts to generate chimeric founders that trans-
mitted the mutant allele. All experiments presented in this study
involved analysis of embryos derived from heterozygous 129Sv X
C57BL/6J intercrosses.

A 5’ Fragment of the Hb9 Gene Confers MN-Specific

Transgene Expression

A ~9 kb Notl fragment of Hb9 (Figures 2A and 2Bi) was sufficient
to direct an SV40-nlislacZ fusion protein to developing MNs in
transgenic mouse embryos examined at E10 (Figure 2C; data not
shown). The pattern of lacZ corresponded closely to the expression
of endogenous HB9 (Figures 1 and 2C; data not shown). The restric-
tion of transgene expression to somatic MNs was apparent at this
stage at caudal hindbrain levels at which LacZ, like HB9, was ex-
pressed by somatic hypoglossal MNs but was excluded from vis-
ceral vagal MNs (Briscoe et al., 1999; data not shown). At sacral
levels of E9.5-E10.5 embryos, both endogenous HB9 expression
and LacZ expression in transgenic mice were detected throughout
the neural tube, in the notochord and also in the primitive gut tube
(data not shown).

In Situ Hybridization, Histochemistry,

and Immunocytochemistry

For in situ hybridization analysis, sections were hybridized with
mouse RALDH2- and ChAT-specific digoxigenin-labeled probes
(Schaeren-Wiemers and Gerfin-Moser, 1993). Antibodies used in
this study were monoclonal immunoglobulin G anti-HB9 (N-termi-
nal); rabbit anti-HB9 (C-terminal; kindly provided by S. Pfaff); Pax6;
MPMZ2; NF160; BrdU-FITC (Ericson etal., 1997a; Tanabe et al., 1998);
skeletal a-actinin (Sigma); anti-Lim1/2 (Tsuchida et al., 1994); rabbit
anti-Lim3; Isl1/2; Isl2; HB9 (N-terminal); Nkx2.2; Chx10; Brn3.0 (Eric-
son et al., 1997a; Tanabe et al., 1998); GAP-43 (Aigner et al., 1995);
PEA3 (S. A. et al., unpublished data) generated against the 14
C-terminal amino acids of mouse PEA3 coupled to keyhole limpet
hemocyanin (KLH), used at 1:1000; Myc (S. Morton and T. M. J,,
unpublished data) generated against the Myc epitope (Evan et al.,
1985) coupled to KLH, used at 1:8000; B-gal (Cappel); goat anti-3-
gal (Arnel); HRP (Jackson Labs); and guinea pig anti-Isl1 (Tanabe
et al., 1998). Cryostat sections were processed for immunohisto-
chemistry as described (Tsuchida et al., 1994) using fluorophore-
conjugated secondary antibodies (Jackson Labs) (1:500 to 1:1000).
Rhodamine-labeled a-BTX (Jackson Labs) was used at 1:2000. Im-
ages were collected on a BioRad MRC 1024 confocal microscope.

BrdU Labeling and Histology

BrdU experiments were performed by intraperitoneal injection of
BrdU (Sigma; 50 n.g/g body weight) 2 hr before sacrifice. Detection
of BrdU was performed as previously described (Sockanathan and
Jessell, 1998). TUNEL assays were performed with a kit from Boeh-
ringer, NADPH-d reactions were performed as described (Wetts
et al.,, 1995), and B-gal whole-mount staining was performed as
described (Mombaerts et al., 1996).

Retrograde Neuronal Labeling

HRP (20%; Boehringer)/Isolecithin (1%) in phosphate-buffered sa-
line was injected into the limbs of E11.5 mouse embryos or into the
ventral funiculus of E13.5 spinal cord and incubated for 2-4 hr as
described (Landmesser, 1978b) before fixation and immunocyto-
chemical detection of HRP.
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