
Neuron, Vol. 22, 677–691, April, 1999, Copyright 1999 by Cell Press

Hoxa2 and Hoxb2 Control
Dorsoventral Patterns of Neuronal Development
in the Rostral Hindbrain

link between the location of neural progenitors and their
commitment to a specific fate (Simon et al., 1995; Itasaki
et al., 1996; Grapin-Botton et al., 1997; Ye et al., 1998).

Recently, genetic pathways controlling positional in-
formation along the vertebrate A-P and D-V neural axes
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(Lumsden and Krumlauf, 1996; Tanabe and Jessell,Centre National de la Recherche
1996) and those controlling neurogenesis and neuronalScientifique/Institut National de la Santé
differentiation have been uncovered. Hox and Pax tran-et de la Recherche Médicale/Université Louis Pasteur
scription factors show spatially restricted expressionCollège de France
during early neurogenesis and appear to be requiredBP 163–67404 Illkirch Cedex Strasbourg
for the readout of A-P and D-V identities, respectivelyFrance
(Goddard et al., 1996; Studer et al., 1996, 1998; Ericson†Laboratory of Developmental Neurobiology
et al., 1997; Gavalas et al., 1997, 1998; Osumi et al., 1997;Medical Research Council
Tiret et al., 1998). Furthermore, vertebrate homologs ofNational Institute for Medical Research
the Drosophila basic helix–loop–helix (bHLH) achaete-London NW7 1AA
scute (ac-sc) and atonal LIM- and homeodomain pro-United Kingdom
teins are expressed in specific pools of neuronal precur-‡ Institut de Biologie du Développement
sors or developing neurons and control determinationde Marseille
and/or differentiation of neuronal types (e.g., KageyamaCentre National de la Recherche
and Nakanishi, 1997; Pfaff and Kintner, 1998). Interest-Scientifique/Institut National de la Santé
ingly, specific changes in Hox expression occur alonget de la Recheche Médicale/Université
the D-V axis of the spinal cord in relation to the birth ofde la Méditerranée
major classes of neurons (Graham et al., 1991), sug-F–13288 Marseille Cedex 9
gesting cross-talk between A-P, D-V, and neurogenicFrance
patterning. However, little is known about how A-P and
D-V positional information is integrated and impinges
on neurogenesis to generate discrete neuronal patterns.Summary

The vertebrate hindbrain is a suitable system for
studying the genetic and cellular mechanisms control-Little is known about how the generation of specific
ling patterns of neuronal specification and differentia-neuronal types at stereotypic positions within the
tion. It is transiently partitioned into compartments, thehindbrain is linked to Hox gene–mediated patterning.
rhombomeres, which behave as lineage restriction unitsHere, we show that during neurogenesis, Hox paralog
(Fraser et al., 1990), and each rhombomere generatesgroup 2 genes control both anteroposterior (A-P) and
similar repertoires of neurons (Clarke and Lumsden,dorsoventral (D-V) patterning. Hoxa2 and Hoxb2 dif-
1993). However, the number, distribution, and special-ferentially regulate, in a rhombomere-specific man-
ization of neurons are rhombomere specific (Clarke andner, the expression of several genes in broad D-V-
Lumsden, 1993), illustrating that positional information

restricted domains or narrower longitudinal columns
along the A-P axis may determine neuronal phenotype.

of neuronal progenitors, immature neurons, and differ- The segmental organization is particularly evident for
entiating neuronal subtypes. Moreover, Hoxa2 and reticular neurons, vestibulo-acoustic efferent neurons,
Hoxb2 can functionally synergize in controlling the de- and the branchiomotor neurons of the cranial nerves
velopment of ventral neuronal subtypes in rhombo- (Marshall et al., 1992; Carpenter et al., 1993; Clarke and
mere 3 (r3). Thus, in addition to their roles in A-P pat- Lumsden, 1993; Simon and Lumsden, 1993). Moreover,
terning, Hoxa2 and Hoxb2 have distinct and restricted the timing of neurogenesis is closely linked to A-P posi-
functions along the D-V axis during neurogenesis, pro- tion; neurons in odd numbered rhombomeres are gener-
viding insights into how neuronal fates are assigned ated later than even numbered rhombomeres (Lumsden
at stereotypic positions within the hindbrain. and Keynes, 1989). Rhombomere-specific specializa-

tion of neuronal types is also evident. Mouse rhombo-
Introduction mere 2 (r2) branchiomotor neurons migrate dorsally from

a ventral position to form the Vth (trigeminal) motor nu-
Understanding how the mammalian central nervous sys- cleus, whereas r4 branchiomotor neurons migrate pos-
tem (CNS) is patterned into functionally distinct areas teriorly into r5 and r6, where they eventually form the
and how cellular diversity is generated are important VIIth (facial) motor nucleus in a ventral location (Auclair
issues. Distinct neuronal types differentiate at specific et al., 1996; Studer et al., 1996; McKay et al., 1997).
positions within the developing neural tube in response While A-P position may determine identity within a
to signals along the anteroposterior (A-P) and dorso- given class of neurons, D-V positional values may con-
ventral (D-V) axes. Several studies have established a trol generic fate choices (e.g., motor neuron versus in-

terneuron). Recent studies (Ericson et al., 1997) suggest
that D-V fates in the hindbrain may be specified by§ To whom correspondence should be addressed (e-mail: rijli@

igbmc.u-strasbg.fr). mechanisms similar to those generating cell diversity
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in the spinal cord (Tanabe and Jessell, 1996). Distinct Results
classes of neurons are generated at specific D-V posi-
tions and are influenced by local signals that regulate Normal r3–r5 Segmentation in Single
Pax expression in precursor pools. In the specification and Double Mutants
of motor neuron and ventral interneuron identities, Pax6 To investigate the genetic interactions between Hoxa2
is an essential mediator of Sonic Hedgehog (Shh) activity and Hoxb2 in hindbrain development, we generated
derived from the notochord and floor plate (fp) (Ericson Hoxb2 mutant mice for mating with our Hoxa2 mutant
et al., 1997). Dorsalizing signals from the surface ecto- line (Figure 1). Since Krox-20 is required to maintain r3
derm and roof plate may induce specification of dorsal and r5 and directly regulates Hoxa2 and Hoxb2 in these
cell types. In the hindbrain, positional identity is not con- segments, we first asked whether Hoxa22/2/Hoxb22/2

ferred to multipotent precursors simultaneously along mutant embryos lacked r3 and r5. In single and double
the A-P and D-V axes; A-P values appear to become mutants, we analyzed the segmental expression of Krox-
fixed before D-V ones (Simon et al., 1995). Limited dis- 20 and of its direct target receptor tyrosine kinase EphA4
persal of precursors along the D-V axis (Clarke et al., (Theil et al., 1998) by whole-mount in situ hybridization
1998) may limit exposure to extrinsic signals and underly and immunostaining (Figure 2).
the apparent early restriction of fate suggested by lin- In 8.25 dpc wild-type embryos (Figure 2A), Krox-20 is
eage analysis (Lumsden et al., 1994). These and recent expressed in two broad domains of roughly similar size
experiments (Ye et al., 1998) suggest that cells are com- corresponding to the prospective r3 and r5 territories.
mitted to their fates according to their position on an At this stage, sharpening of the borders of expression is
orthogonal grid of coordinates, where they indepen-

almost completed, but occasional Krox-20-expressing
dently respond to signals acting along both the A-P and

cells spread into even numbered territories (Figure 2A;D-V axes of the early neural tube. However, these data
Irving et al., 1996). In single and double mutants, bothdo not provide insights as to how the A-P and D-V
the spatial restriction and the size of pre-r3 and -r5positional addresses are integrated at the molecular
territories are normal (Figures 2B–2D). This normallevel in precursor cells to generate and maintain specific
Krox-20 expression pattern in mutants was maintainedneuronal phenotypes.
through 9.0 dpc, when downregulation begins in r3 (Fig-Mutational analysis of several transcription factors
ures 2E–2H). Interestingly, at 9.0 dpc, abnormal foldingwith rhombomere-specific expression patterns has dem-
of the dorsal lip of the r3 neuroepithelium was evidentonstrated their function in controlling segmentation and
in single Hoxa22/2 and, more prominently, in double mu-A-P patterning. Krox-20 is expressed before morpholog-
tants (Figures 2G and 2H, arrow).ical segmentation in the presumptive r3 and r5 territor-

Expression of EphA4 in r3 and r5 also appeared nor-ies, where it activates Hoxa2 and Hoxb2 (Sham et al.,
mally restricted both in single and double homozygous1993; Nonchev et al., 1996). In Krox-202/2 embryos, r3
mutants, with sharp boundaries from 8.25 to 10.5 dpcand r5 form but are progressively eliminated, which then
(Figures 2I and 2J; data not shown). In contrast, thealso alters the development of even numbered rhom-
EphA4 r2–specific expression domain, normally ap-bomeres (Schneider-Maunoury et al., 1997). Hox genes
pearing around 8.5 dpc (Irving et al., 1996), was absentare involved in several aspects of segmental patterning

(Rijli et al., 1998). Ectopic Hoxa1 expression in mouse both in Hoxa22/2 and double mutants but normal in single
hindbrains results in r2 gaining r4 features (Zhang et al., Hoxb22/2 mutants (Figure 2J; data not shown).
1994), while partial deletions of r4 and r5 are observed in R4 segmentation also appeared normal. In both single
Hoxa12/2 embryos, suggesting an early role in segment and double mutant embryos, there was a normal sized
formation (Carpenter et al., 1993; Mark et al., 1993). r4 territory, inferred from the gap between r3 and r5
Hoxb12/2 embryos show altered development of r4 cells expressing Krox-20 and EphA4 (Figure 2). Further-
branchiomotor neurons and migratory defects, with a more, the r4 marker Hoxb1 was expressed in this domain
normal number of segments (Goddard et al., 1996; (data not shown). Thus, formation of r3 through r5 can
Studer et al., 1996). Recently, we have shown that Hoxa1 occur independent of Hoxa2 and Hoxb2.
and Hoxb1 are also required to initiate r4 specification
and to pattern r4-derived neural crest (Gavalas et al.,

Synergy between Hoxa2 and Hoxb2 in Patterning
1998; Studer et al., 1998). While these studies indicate

Interrhombomere Boundaries and Morphologyan important role for Hox genes in several aspects of
We next used PLZF as a marker to examine interrhom-A-P patterning in hindbrain development, they do not
bomere boundaries at 10.5 dpc in double mutants. Ataddress the link between Hox-mediated patterning and
this stage, PLZF expression revealed a lack of clearmetameric neurogenesis.
boundaries between r1 and r4 (Figure 2L). Only the r4/Here, we investigate the mechanisms regulating neu-
r5 border was visible, although under Nomarski optics,ronal fate downstream of Hoxa2 and Hoxb2. We pre-
a morphological boundary at the r5/r6 border was de-viously showed that molecular and morphological as-
tected in flat-mount hindbrains. This was also confirmedpects of r2 and r3 patterning are altered in Hoxa22/2

by Pax6 expression in the double mutants, which showedmutants (Gavalas et al., 1997). Here, we generated a
a lack of boundaries between r1 and r4 but not betweenHoxb2-targeted mutation and analyzed single and dou-
r4 and more posterior segments (Figure 4F). It is note-ble Hoxa22/2/Hoxb22/2 mutants to assess the function
worthy that expression of EphA4 in r3 and Pax6 in r4of these genes in early neurogenesis. While r3–r5 seg-
were still segmentally restricted, even in the absence ofmentation appears normal, we revealed a requirement
r1 through r4 boundaries (Figures 2J and 4F).in patterning interrhombomere boundaries. Moreover,

The spatial distribution of PLZF in the r2–r3 region ofHoxa2 and Hoxb2 have distinct and restricted functions
double mutants was altered, resembling the normal r1along both the A-P and the D-V axes during hindbrain

neurogenesis. pattern: there was homogeneous ventrolateral staining,
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Figure 1. Targeted Disruption of the Hoxb2 Locus

(A) Hoxb2 wild-type locus, targeting vector, and Hoxb2 mutant allele after homologous recombination (HR). The LacZ/neo cassette replaces
most of Hoxb2 exon 1 and contains two diagnostic EcoRV sites. Closed boxes represent exons. Primers used for PCR analysis (arrowheads)
as well as the external probes (A and B) used for Southern analysis and the size of the expected hybridizing EcoRV genomic fragments are
shown. Abbreviations: E, EcoRV; X, XbaI; and S, SalI.
(B) Genomic DNA genotype analysis by PCR and Southern blot (EcoRV digest and probe A). Wild-type (1) and mutant (2) allele bands are
indicated. Primer combinations (PCR) and the size (kb) of each allele-specific band (Southern analysis) are shown. Corresponding genotypes
at the Hoxb2 locus are indicated above each lane.

and the dorsal column of low-PLZF-expressing cells (Figure 3). For both genes, alternating regions of higher
and lower expression were organized in broad longitudi-normally extending from r2 to r6 was absent (Figure 2L).

Moreover, the r1–r3 region was morphologically altered, nal columns located at distinct D-V levels. They were
expressed in similar dorsal columns, but in r3, Hoxa2since r1 appeared posteriorly extended at the expense

of r2–r3 dorsal territories, showing a caudal shift of the displayed higher levels than Hoxb2 (Figure 3, brackets).
High levels of Hoxb2 but not of Hoxa2 were presentpontine flexure (pf). Accordingly, there was a dorsolat-

eral reduction of EphA4 expression in r3 (Figure 2J). in two ventral columns adjacent to the fp (Figure 3,
arrowheads) that include progenitors and/or differentiat-Overall, these abnormalities were more severe than

those of single Hoxa22/2 mutants (Gavalas et al., 1997), ing motor neurons. In r4, Hoxa2-expressing cells did not
extend to the midline and appeared to abut the ventraland in Hoxb22/2 mutants, the interrhombomere bound-

aries appeared normal (data not shown). Thus, these columns of Hoxb2 expression. Therefore, following early
uniform expression, there is a columnar organization ofresults suggest functional synergy between Hoxa2 and

Hoxb2 to generate correct rhombomere boundaries in Hoxa2 and Hoxb2 transcripts along the D-V axis at 10.5
dpc. These patterns define a set of complementary,the r2/r3 region.
partially overlapping, and quantitatively different distri-
butions, strongly suggesting that Hoxa2 and Hoxb2 areHoxa2 and Hoxb2 Transcripts Display Specific
linked to D-V patterning and neurogenesis.D-V Distributions during Neurogenesis

In addition to their sharp A-P boundaries, some Hox
genes display dynamic expression patterns along the Analysis of Pax Expression Reveals

Defects in D-V PatterningD-V axis that correlate with events in neurogenesis (Gra-
ham et al., 1991). We analyzed Hoxa2 and Hoxb2 expres- To investigate patterning along the D-V axis, we first

analyzed Pax3 and Pax6 expression. At 10.5 dpc, Pax3sion at 10.5 dpc along the D-V axis in the hindbrain
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Figure 2. Normal Spatial Segregation of Rhom-
bomeres in the Absence of Boundaries

(A–D) Dorsal views of 8.25 dpc wild type (A)
and Hoxb22/2 (B), Hoxa22/2 (C), and double
(D) mutants, stained with a Krox-20 antibody,
showing normal segregation of pre-r3 and
pre-r5 Krox-20-expressing cells in the mu-
tants. Normal Krox-20 expression is also ob-
served in neural crest cells migrating into the
third branchial arch ([A], arrowhead).
(E–H) Dorsal views of 9.0 dpc wild type (E)
and Hoxb22/2 (F), Hoxa22/2 (G), and double (H)
mutants hybridized with a Krox-20 antisense
RNA. Normal restriction of Krox-20-express-
ing cells is observed in r3 and r5. Arrows in
(G) and (H) indicate abnormal folding of the
dorsal lip of the r3 neuroepithelium in Hoxa22/2

and, more prominently, in double mutants,
respectively.
(I and J) Dorsal views of flat-mounted wild-
type (I) and double mutant (J) hindbrains at
about 10.5 dpc hybridized with an EphA4
antisense probe. Normal restriction of EphA4
is observed in r3 and r5 of double mutants,
with sharp expression boundaries, while the
r2-specific expression domain is absent.
Note also a dorsolateral reduction of EphA4
expression in r3.
(K and L) Dorsal views of flat-mounted wild-
type (K) and double mutant (L) hindbrains at
10.5 dpc hybridized with a PLZF antisense
probe. In (L), only the r4/r5 border is clearly
identifiable (white arrow). Note that the r1 ter-
ritory appears to be posteriorly extended at
the expense of r2–r3 dorsal territories, re-
sulting in a caudal shift of the pf. The lateral
distribution of PLZF transcripts in the r2–r3
region also appears altered, resembling the
normal r1 pattern (arrowheads).

is normally expressed in a dorsal region throughout the throughout the r1–r3 region, indicating downregulation
in r2 and r3 (Figures 4D and 4E). The r1/r2 boundaryrostrocaudal extent of the hindbrain neuroepithelium

(Figure 4A; Goulding et al., 1993). In mutant hindbrains, was absent (see also Gavalas et al., 1997). Strikingly, in
double mutants, there was an almost complete absencePax3 expression was not significantly altered (Figures

4B and 4C). The main difference was a ventral shift in of Pax6 expression in r3 (Figure 4F). Expression of the
bHLH transcription factor Mash1 (Figure 5C) revealedthe border of Pax3 expression toward the fp. In single

Hoxa22/2 and, more prominently, double mutants, there that Pax6 downregulation in r2–r3 is not due to a massive
loss of neuronal precursors.was a reduction in the number of ventral nonexpressing

cells within the r2–r3 region (compare double headed These results indicate that Hoxa2 is required to main-
tain high levels of Pax6 expression in r2 and r3 and thatarrows). This suggests abnormalities in the ventrolateral

patterning of the r2–r3 region. in r3, the lack of Hoxa2 can be partially compensated
by Hoxb2.At 10.5 dpc, Pax6 is expressed in dividing cells in a

broad ventrolateral domain, excluding the fp and the
adjacent region (Figure 4D). This domain partially over-
laps with the ventral border of the Pax3 expression do- Rhombomere-Specific Changes

in Patterns of Neurogenesismain, extending further ventrally (Goulding et al., 1993).
Pax6 labels two longitudinal columns, with higher ex- We next investigated the hindbrain distributions in single

and double mutants of bHLH transcription factors,pression levels in the r2–r6 region than in r1 (Figure 4D),
suggesting that rhombomere-specific factors establish/ which have been shown to regulate distinct steps of

neurogenesis (Kageyama and Nakanishi, 1997). We ana-maintain such differences. Rhombomere boundaries are
weakly labeled, allowing easy identification of their posi- lyzed the expression of a mammalian ac-sc homolog,

Mash1, which is expressed in subsets of neuronal pre-tion. In Hoxb22/2 mutants, Pax6 expression in the r1–r3
region was unchanged (data not shown). In contrast, cursors in both the CNS and peripheral nervous system

(PNS) (Lo et al., 1991; Guillemot and Joyner, 1993; MaPax6 expression was altered in both single Hoxa22/2

and double mutants (Figures 4E and 4F). In Hoxa22/2 et al., 1997). In the wild-type hindbrain, Mash1 was ex-
pressed in broad longitudinal columns, subdividing themutants, Pax6 was expressed at similar low levels
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Mash1-expressing cells, just adjacent to the fp, ap-
peared thinner than in wild type. It was reduced along
its dorsal margin, resembling the column present in r2.
In addition, Mash1 expression appeared more homoge-
neous in the dorsal aspect of mutant r4 (Figure 5B,
brackets).

We also examined the expression of the atonal-related
gene MATH-3 (Takebayashi et al., 1997). Its avian homo-
log, NeuroM, is expressed in postmitotic cells at the
edge of the ventricular zone preceding migration to the
outer layers (Roztocil et al., 1997). In wild-type flat-
mounts at 10.5 dpc, MATH-3 was expressed in two

Figure 3. Specific D-V Expression of Hoxa2 and Hoxb2 during Neu- discrete ventral columns in r2 and r4 (Figure 5D), and
rogenesis

these sites include the anlagen of the motor nuclei of
(A and B) Dorsal views of 10.5 dpc wild-type flat-mounted hindbrains

the Vth and VIIth cranial nerves, respectively. The r4hybridized with Hoxa2 (A) and Hoxb2 (B). Regions of higher and
column was thicker than in r2 and displayed a stronglower expression levels are organized in broad longitudinal columns
lateral and weak medial staining component. In Hoxb22/2at distinct dorsoventral positions. Both Hoxa2 and Hoxb2 are ex-

pressed in similar dorsal columns (black brackets), but in r3, Hoxa2 mutants (Figure 5E), there was a reduction of the lateral
displays higher expression levels. In contrast, in r4, higher Hoxb2 aspect of the r4 column, now resembling the r2 column.
levels are present in two ventral columns adjacent to the fp (arrow- These results, along with those of Mash1, raise the pos-
heads), whereas Hoxa2 expression does not extend to the midline

sibility that in Hoxb22/2 mutants, there may be either aand abuts the ventral columns of Hoxb2 expression (compare
lack or an incorrect specification of a subset of ventraldashed lines).
precursors, which may include VIIth nerve motor neuron
precursors.

ventricular zone into domains of expressing and non- Next, we analyzed the expression of another atonal-
expressing cells (Figure 5A). Interestingly, the Mash1- related gene, ngn2 (Gradwohl et al., 1996; Sommer et
positive neuronal precursors displayed rhombomere- al., 1996) (Figures 5F–5I), which is also expressed in
specific distribution. In r2–r5, Mash1-expressing cells longitudinal columns of dividing precursors partially
segregated into three distinct columns on each side of overlapping with the Mash1 expression domains (Fig-
the fp (Figure 5A, arrows). However, expression in the ures 5A and 5G). Dorsally, there was a stripe in r2 and
r1 ventral half was more homogeneous. In addition, the more caudal rhombomeres (Figure 5G). Ventrally, ngn2
Mash1 dorsal pattern in r4 was clearly distinct from that expression was restricted to two columns (Figure 5G,
in r1–r3 and r5 (Figure 5A, bracket). arrows), with the more medial one displaying narrower

In Hoxa22/2 hindbrains, a striking reorganization of and higher ngn2 expression in r2–r5 than in r1. The
Mash1-expressing cells was observed in the r2–r3 re- adjacent ngn2-positive column was much thinner but
gion, resembling the normal r1 pattern (Figure 5C). The also displayed higher expression levels in r2–r5 com-
r1-like distribution of Mash1-expressing cells displayed pared with r1. Interestingly, unlike Mash1 and MATH-3,
a sharp caudal limit at the r3/r4 border, whereas expres- ngn2 expression appeared to be largely excluded from
sion in r4 was apparently normal, and the hindbrain ventral precursors (Figures 5A, 5D, and 5G). In r4, the
morphology rostral to r4 appeared as a caudally ex- ventral edge of this stripe displayed a characteristic
tended r1. In contrast, in Hoxb22/2 mutants, specific indentation that appeared to frame the ventral expres-
alterations of Mash1 expression were found in r4 but sion domain of several motor neuron–specific markers,

including Nkx2.2, Phox2b, Hoxb1, and Isl1 (Figures 5G,not in r2–r3 (Figure 5B). The r4 ventralmost column of

Figure 4. D-V Patterning Defects

(A–C) Dorsal views of flat-mounted 10.5 dpc
wild type (A) and Hoxa22/2 (B) and double
(C) mutant hindbrains hybridized with a Pax3
antisense probe. In (B) and, more promi-
nently, (C), there is a medial (ventral) shift of
the Pax3 expression border toward the fp
within the r2–r3 region compared with wild-
type embryos or the immediately adjacent r4
region of the same mutants (compare double
headed arrows in [A] through [C]).
(D–F) Dorsal views of 10.5 dpc flat-mounted
wild type (D) and Hoxa22/2 (E) and double (F)
mutant hindbrains hybridized with a Pax6
probe. In wild type (D), Pax6 displays higher
expression levels in r2–r6 than in r1. In single
mutants (E), Pax6 is expressed at similar low
levels throughout the r1–r3 region, whereas
in double homozygous mutants (F), there is
an almost complete absence of Pax6 expres-
sion in r3.
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Figure 5. Rhombomere-Specific Alterations
of bHLH Transcription Factors at 10.5 dpc

(A–C) Dorsal views of flat-mounted wild type
(A) and Hoxb22/2 (B) and Hoxa22/2 (C) mutant
hindbrains hybridized with a Mash1 probe. In
wild-type embryos (A), Mash1 is expressed
in broad longitudinal columns spanning the
hindbrain length. Mash1-positive neuronal
precursors display rhombomere-specific dis-
tribution patterns. In Hoxa22/2 mutants (C),
Mash1-positive cells in r2–r3 display a spatial
distribution similar to that normally found in
r1, with a sharp caudal limit at the r3/r4 bor-
der, as the r4 expression pattern is apparently
normal. Rostral to r4, the morphology of the
hindbrain appears as a caudally extended r1.
In contrast, Mash1 alterations are found in r4
but not in r2–r3 of Hoxb22/2 mutants (B). The
r4 ventralmost column of Mash1-expressing
cells appears thinner than in wild type and
resembles the r2 column (compare dashed
lines). Furthermore, Mash1 expression ap-
pears more homogeneous than in wild type
in the dorsal aspect of r4 (brackets).
(D and E) Dorsal views of flat-mounted wild-
type (D) and Hoxb22/2 mutant (E) hindbrains

hybridized with a MATH-3 probe. In wild type (D), MATH-3 is expressed in longitudinal stripes, including two discrete ventral columns in r2
and r4 (dashed line) corresponding to the anlagen of the Vth and VIIth nerve motor nuclei, respectively. The column in r4 is thicker than the
one in r2 and displays a strong lateral staining component. In Hoxb22/2 mutants (E), there is a reduction of the lateral component of the r4
column, now resembling the r2 column (dashed line).
(F–I) Dorsal views of flat-mounted wild type (G) and Hoxb22/2 (H), Hoxa22/2 (I), and Hoxa22/2/Hoxb22/2 (F) mutant hindbrains hybridized with
an ngn2 probe. In wild type (G), ngn2 is expressed in stripes of dividing precursors spanning the entire length of the hindbrain and partially
overlapping the Mash1 expression domains (compare [G] and [A]). In wild-type r4, there is a characteristic indentation at the edge of the
ventralmost stripe, which is selectively lacking in Hoxb22/2 mutants (compare dashed lines in [G] and [H]). In Hoxa22/2 mutants (I), specific
ngn2 expression changes are found in the r2–r3 region, where ngn2 levels appear reduced in the ventromedial stripe, becoming similar to
those in r1, and in the two other more dorsal longitudinal stripes. In double mutants (F), ngn2 expression in the r2–r3 region is further decreased.

6A, and 6C; data not shown). Interestingly, this ngn2 and are thought to control the identity of progenitor cells
and/or aspects of neuronal differentiation—namely,pattern also parallels Hoxa2 expression in the ventrome-

dial part of r4 and its apparent exclusion from ventral Nkx2.2 (Ericson et al., 1997), Phox2b (Pattyn et al., 1997),
and Evx1 (Burrill et al., 1997).motor neuron precursor columns (Figure 3A).

Specific changes in ngn2 expression were found at Nkx2.2 expression at 10.5 dpc is restricted to two
stripes of ventral precursors, including presumptive mo-10.5 dpc in Hoxa22/2 mutants (Figure 5I). In the r2–r3

territory, ngn2 expression levels in the ventromedial col- tor neurons (Ericson et al., 1997), running on either side
of the fp (Figure 6A). Similar to Mash1 and MATH-3, theumn were reduced, approaching those in r1, and expres-

sion in the two other longitudinal stripes was downregu- columns were thicker at the r4 level. In Hoxa22/2 mutants,
Nkx2.2 displayed a normal distribution (data not shown).lated although not abolished. In contrast, in Hoxb22/2

mutants, ngn2 expression in r2–r3 appeared normal (Fig- In contrast, in Hoxb22/2 mutants, the Nkx2.2 columns
showed a dorsal reduction in r4 (Figure 6B).ure 5H), but a subtle though consistent alteration was

found ventrally in r4: the ventral margin of the inner Phox2b is expressed in both proliferating precursors
and postmitotic neurons of specific classes, thus provid-column of ngn2-expressing cells did not show the spe-

cific indentation observed in wild type but appeared ing a possible link between early patterning events and
the specification/differentiation of subsets of neuronalrather continuous with that of adjacent rhombomeres

(dashed lines in Figures 5G and 5H). This implies that populations in the hindbrain (Pattyn et al., 1997). At 10.5
dpc, Phox2b is expressed in the wild-type hindbrain inin the Hoxb22/2 mutant r4, there has been a more ventral

recruitment of ngn2-expressing precursors, similar to two ventral columns (broader in r2 and even more so in
r4) that include the developing Vth and VIIth nerve motorwhat normally occurs in r2. Analysis of ngn2 expression

in double mutant hindbrains (Figure 5F) revealed a fur- nuclei, respectively (Figure 6C; Pattyn et al., 1997). In
Hoxb22/2 mutants (Figure 6D), clear reductions of the r4ther decrease of expression in the r2–r3 region as com-

pared with single Hoxa22/2 mutants (Figure 5I). This fur- ventral columns of Phox2b-expressing cells were ob-
served, whereas the remainder of the expression patternther supports synergistic interactions between Hoxa2

and Hoxb2 in regulating gene expression in the hind- was apparently unchanged. Along with the results on
brain. Nkx2.2, Mash1, and MATH-3 expression (Figures 5 and

6), this suggests an important role for Hoxb2 in regulat-
ing a genetic cascade that may control the generationRhombomere-Specific and D-V Restricted

Changes in Neuronal Patterning and/or fate of subsets of r4 motor neuron progenitors.
In contrast, in Hoxa22/2 mutants, Phox2b expressionWe next analyzed three homeobox-containing genes

that mark cells at precise D-V positions in the hindbrain was selectively lacking in the r2–r3 portion of the dorsal
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Figure 6. Rhombomere-Specific and D-V-Restricted Alterations of Homeobox Transcription Factors at 10.5 dpc

(A and B) Dorsal views of flat-mounted wild-type (A) and Hoxb22/2 mutant (B) hindbrains hybridized with an Nkx2.2 probe. In wild type (A),
Nkx2.2 expression is restricted to two stripes of dividing precursors adjacent to the fp. These stripes are thicker in r4. In Hoxb22/2 mutants
(B), a reduction of the dorsal (lateral) aspect of the r4 column is observed (compare dashed lines).
(C–E) Dorsal views of flat-mounted wild type (C) and Hoxb22/2 (D) and Hoxa22/2 (E) mutant hindbrains hybridized with a Phox2b probe. In wild
type, (C), Phox2b is expressed in two ventral columns, broader in r2 and r4, containing the developing Vth and VIIth nerve motor nuclei,
respectively. Dorsally, another set of stripes extend from r2 to r6. Phox2b is also expressed in a stripe of differentiating neurons in the dorsal
aspect of r1, representing the lc. In Hoxb22/2 mutants (D), a reduction of the ventral column of Phox2b-expressing cells is observed in r4,
now appearing as thick as in r2 (dashed line). In Hoxa22/2 mutants (E), a selective lack of the r2–r3 portion of the lateral stripes is observed
(arrowheads), while expression is still present ventrally, appearing even broader than in wild type. As the position of the pf is shifted posteriorly
(compare white arrows), the r2–r3 ventral aspects appear included within a caudally extended r1 territory, suggesting mixed or nonhomogeneous
segmental identities along the D-V axis. The r1-specific developing lc also appears to extend more caudally, with cells facing the r2 ventral
column of Phox2b-expressing cells. This is confirmed by hybridization with the lc-specific marker DBH (F and G), suggesting that part of the
r1 character has been extended posteriorly in Hoxa22/2 mutants.
(H and I) Dorsal views of 9.25 dpc flat-mounted wild-type (H) and Hoxa22/2 mutant (I) hindbrains hybridized with Phox2b. At this stage,
expression is already lacking in the r2–r3 portion of the dorsal columns of mutants (I). The ventral r2 column is broader, and ectopic Phox2b-
positive cells are found in more dorsolateral positions (arrows), indicating that ventral progenitor cells are being generated in ectopic locations
and/or early differentiating neurons are prematurely migrating to more lateral positions.
(J–L) Dorsal views of 10.5 dpc flat-mounted wild type (J) and Hoxa22/2 (K) and double (L) mutant hindbrains hybridized with Evx1. In wild type
(J), Evx1 is expressed in two stripes of ventral interneurons, with a sharp anterior limit at the r1/r2 border. In Hoxa22/2 mutants, expression is
selectively lacking in r2 and partially lacking in r3 (arrows). In double mutants (L), expression in r3 is completely abolished. III and IV, oculomotor
and trochlear motor nuclei, respectively.

columns normally extending from r2 to r6 (Figure 6E, may activate Phox2b dorsally in r2–r3. The position of
the pf was shifted posteriorly (Figure 6E, arrow), and thearrowheads). Such domain of expression was already

absent at 9.25 dpc (Figure 6I), suggesting that Hoxa2 locus coeruleus (lc), normally in the dorsal aspect of r1,



Neuron
684

also appeared to extend more caudally (Figure 6E). This (llt), but in mutants, staining in the alar plate was lacking
between the exit points (Figure 7B).was confirmed by dopamine-b-hydroxylase (DBH) gene

The 2H3 antibody also labeled the llt (Clarke and Lums-expression as an lc-specific marker (Figures 6F and 6G).
den, 1993), composed of descending tectobulbar andThese results suggest that part of the r1 character has
tectospinal axons, ascending and descending axonsbeen extended posteriorly. However, there was no cor-
from hindbrain, and sensory neuron axons ingressingresponding lack of r2–r3 expression in the most ventral
from the periphery (Figure 7C). In Hoxa22/2 mutants,columns of Phox2b expression, which included the de-
alterations were found in llt pathfinding in the r2–r3 re-veloping Vth cranial nerve motor nuclei (Pattyn et al.,
gion (Figure 7D, arrowheads). Numerous axon fascicles1997). Instead, at both 9.25 and 10.5 dpc expression was
abruptly terminated at the level of the r2 exit point andactually stronger and broader in the r2 ventral columns
did not run through the alar plate in r3. The few axon(Figures 6E and 6I). At 9.25 dpc, Phox2b-expressing
fascicles in alar r3 appeared to avoid the most lateralcells were found in more dorsal positions (Figure 6I,
region and converged at the r2 exit point. In the r2–r3arrows), indicating that ventral progenitors and/or early
region, the most lateral axons are the facial and vestib-differentiating neurons were being generated in ectopic
ulo-acoustic sensory axons ingressing r4 and runninglocations or were prematurely migrating dorsally. Thus,
rostrally, as well as the trigeminal afferents ingressingincluded within the caudally extended r1 territory were
r2 and running caudally (Clarke and Lumsden, 1993).Phox2b expression patterns resembling those normally
We used retrograde dye labeling at 10.5 dpc to investi-found in the ventral aspects of r2 and r3. This suggests
gate the Vth and VIIth ganglion sensory neuron projec-that mixed or nonhomogeneous segmental identities
tions in Hoxa22/2 mutants (Figures 7E and 7F). In wild-arise in Hoxa22/2 mutants along the D-V axis.
type embryos, 3,39-dioctadecycloxacarbocyanine (DiO;Evx1 is expressed in specific ventral interneurons
green) and 1,19-dioctadecyl-3,3,39,3-tetramethylindocar-soon after these cells cease mitosis (Burrill et al., 1997).
bocyanine perchlorate (DiI; red) injections at the VthIn the wild-type hindbrain at 10.5 dpc, Evx1 was ex-
and VIIth cranial nerve ganglia, respectively, labeled thepressed in two thin stripes, with sharp anterior limits at
central processes of ascending and descending sensorythe r1/r2 border running in a ventrolateral region in-
axons and their entry point regions, as well as motorcluded within the Pax6 expression domain (compare
neuron axons and their exit points (Figure 7E; ClarkeFigures 4D and 6J). No changes in Evx1 expression were
and Lumsden, 1993). In mutants, there was a selectivefound in Hoxb22/2 mutants (data not shown). In contrast,
lack of the ascending processes of facial and vestibulo-we observed a specific lack of Evx1 expression in r2
acoustic sensory axons ingressing from r4 into the r3and, partially, r3 of Hoxa22/2 mutants (Figure 6K, arrows).
alar plate (Figure 7F). Descending processes were pres-This residual Evx1 expression in r3 was abolished in
ent but slightly reduced in number. At the r2 level, bothdouble mutants (Figure 6L).
the trigeminal sensory axon entry point (SEP) and the
motor neuron exit point (MEP) regions were reducedAltered D-V Neuronal Differentiation Patterns
(Figures 7E and 7F), in agreement with the 2H3 antibodyin Hoxa22/2 Mutant Hindbrain
staining (Figure 7D). Altered motor axon pathfinding in

To examine neuronal differentiation patterns in wild-
the r2–r3 region was also evident in the mutants (Figure

type and Hoxa22/2 mutants, we used two neurofilament
7F; Gavalas et al., 1997).

probes. An RNA probe (NF-M) probe mainly labels cell Together, these results revealed changes in the D-V
bodies of early differentiating neurons, including motor distribution and differentiation patterns of early neurons
neurons and reticular and alar plate neurons, while a in Hoxa22/2 mutants restricted to the ventrolateral and
2H3 anti-neurofilament antibody marks both cell bodies alar plate regions of r2–r3.
and axons (Figures 7A and 7C). In the hindbrain, neuro-
genesis follows a temporal sequence, with neurons dif- Facial Nerve Motor Nucleus Defects
ferentiating first in even rhombomeres (Lumsden and in Hoxb22/2 Mutants
Keynes, 1989). Accordingly, in wild type at 22–25 so- The marked downregulation of motor neuron markers
mites, motor neuron differentiation in r2 and r4 was more (Nkx2.2, Phox2b, Isl1) in r4 ventral columns of Hoxb22/2

advanced than in odd rhombomeres (Figures 7A and mutants at 10.5 dpc (Figure 6; data not shown) sug-
7C). Motor neuron cell bodies formed discrete longitudi- gested impairment of facial motor nucleus development.
nal columns on either side of the fp and projected axons To address this point, we performed DiI labeling at 10.5
dorsally (laterally) toward the exit points of the Vth and dpc. DiI injections at the facial nerve exit point of wild-
VIIth cranial nerves. However, in Hoxa22/2 mutants, mo- type embryos labeled r4 and r5 motor neurons (Figure
tor neuron cell bodies in r2 were not clearly organized 7G). At this stage, r4 branchiomotor neurons that will
in discrete ventral columns (Figures 7B and 7D). Overall, form the somatic motor component of the facial nerve
D-V neuronal distribution was abnormal, with cell bodies are migrating caudally into r5 (Auclair et al., 1996; Studer
in more dorsal positions, suggesting ectopic neurogen- et al., 1996; McKay et al., 1997). In Hoxb22/2 mutants,
esis or premature migration of motor neurons. Moreover, the number of such migrating neurons appeared greatly
while in wild type, the r2 exit points displayed a one reduced in r5 (Figure 7H, arrows). In addition, a few
rhombomere width, the mutant r2 exit points were laterally migrating r3 neurons incorrectly projected to
strongly reduced along the rostrocaudal axis, as seen the r4 exit point (Figure 7H, arrowhead), similar to
by the converging trajectories of motor axons (Figures Hoxa22/2 mutants. Anti-ISL1 antibody staining at 13.5
7C and 7D, brackets). Furthermore, in wild-type r3, a dpc confirmed a severe reduction but not absence of the
group of neurons was labeled in the alar plate (Figure facial motor nucleus in five out of five Hoxb22/2 mutants

analyzed (data not shown).7A, bracket), overlapping the lateral longitudinal tracts



Hoxa2 and Hoxb2 Control D-V Fate in the Hindbrain
685

This analysis thus confirms that the development of
the somatic motor component of the facial nerve is im-
paired in Hoxb22/2 mutants, reminiscent of the pheno-
type described for Hoxb1 mutants (Goddard et al., 1996;
Studer et al., 1996).

Discussion

We examined Hoxa2 and Hoxb2 functions in hindbrain
patterning. Single and double mutant analysis showed
that the normal number of segments form, but bound-
aries between r1 and r4 are incorrectly generated at later
stages, suggesting changes in rhombomere segmental
identities. We focused on rhombomere-specific changes
in neurogenesis by examining expression of transcrip-
tion factors controlling the fate and differentiation of
neuronal precursors (Figure 8). We find that Hoxa2 and
Hoxb2 are coupled to both A-P and D-V patterning and
identify genetic cascades linking Hox-mediated pat-
terning to neurogenesis in the developing hindbrain.
These observations correlate with Hoxa2 and Hoxb2
transcripts being differentially distributed along the D-V
axis in columnar domains during neurogenesis and raise
a number of interesting issues.

Hoxa2 and Hoxb2 Are Not Required
for r3–r5 Segmental Generation
Krox-20 inactivation resulted in the loss of r3 and r5 by
10.0 dpc (Schneider-Maunoury et al., 1997). Since Hoxa2
and Hoxb2 are direct targets of Krox-20 in r3 and r5
(Sham et al., 1993; Nonchev et al., 1996), the Krox-20
mutant phenotype could result from deregulation of
these genes. However, analysis of Krox-20 and EphA4
expression clearly identifies r3 and r5 territories in dou-
ble mutants (Figure 2). Moreover, at late stages, the
distance between the facial and trigeminal nuclei was

observed in the r3 alar plate between the exit points (B). Antibody
staining in the r2–r3 region shows alterations in the llt pathfinding
(D); numerous axon fascicles abruptly terminate at the level of the
r2 exit point (arrowheads) and do not run through the r3 alar plate.
Fewer axons are present in alar r3; they appear to avoid the most
lateral region and converge at the r2 exit point.
(E and F) Retrograde DiO (green) and DiI (red) labeling at 10.5 dpc
of the Vth and VIIth cranial nerves, respectively, in wild-type (E) and
Hoxa22/2 (F) embryos.
(E) In wild type, DiO (green) and DiI (red) injections label the central
processes of ascending and descending sensory axons (arrows) of
the Vth and VIIth/VIIIth nerves, respectively, and their entry point

Figure 7. Altered D-V Neuronal Differentiation Patterns and Im- regions as well as motor neuron axons and their exit points.
paired Facial Motor Nucleus Development (F) In mutants, the ascending processes of facial and vestibulo-
(A–D) Dorsal views of 9.25 dpc (22–25 somites) flat-mounted wild- acoustic sensory axons, ingressing from r4, are not labeled in alar
type (A and C) and Hoxa22/2 mutant (B and D) hindbrains stained with r3. In r2, both the trigeminal SEP and MEP (bracket) regions are
a neurofilament riboprobe (A and B) and the 2H3 anti-neurofilament reduced, consistent with the antibody staining at 9.25 dpc in (D). r2
antibody (C and D). and r3 motor axon pathfinding defects in the r2–r3 region are also
(A) In wild type, r2 and r4 motor neurons form discrete columns on evident (Gavalas et al., 1997).
either side of the fp, and project their axons (C) dorsally (laterally) (G and H) Dorsal views of flat-mounted 10.5 dpc wild-type (G) and
toward the exit points of the Vth and VIIth cranial nerves, respec- Hoxb22/2 mutant (H) hindbrains after retrograde DiI tracing of r4 and
tively. In r3, a group of neurons is labeled in the alar plate (bracket r5 motor neurons. In wild type (G), DiI injections at the facial nerve
in [A]), which overlaps with the lateral llt in (C). exit point labels motor neurons and their axons in r4 and r5. At
(B and D) In Hoxa22/2 mutants, r2 motor neuron cell bodies are not this stage, the cell bodies of r4 facial branchiomotor neurons are
clearly organized in discrete ventral columns; in addition, overall migrating caudally into r5 (arrows). In mutants (H), the number of
D-V neuronal distribution is abnormal (arrows). The r2 exit points in such migrating neurons appears greatly diminished in r5 (arrows).
mutants are strongly reduced, as seen by the converging trajectories Moreover, a few laterally migrating r3 motor neurons incorrectly
of motor axons (brackets in [D]). Furthermore, a lack of staining is project to the r4 exit point (arrowhead).
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Figure 8. Summary of the A-P and D-V Molecular Changes Observed in Single and Double Mutant Hindbrains

Schematic representation of the most relevant expression changes of the molecular markers described for each mutant. Changes in hindbrain
morphology are also indicated. For MATH-3 and Phox2b, we only show the subset(s) of their expression patterns that is relevant to the
observed changes. In the double mutant panel, we have indicated only those genes, namely Pax6 and Evx1, whose expression patterns
display alterations not already seen in single mutants. The superimposition of transcript distributions, to show their relative spatial relationships,
is based on double whole-mount in situ hybridizations (data not shown). Pax3, ngn2, neurofilament, and DBH expression patterns have not
been indicated for simplicity.

not as reduced, and Vth and VIIth nerve sensory ganglia and differentiation of groups of cells along the main
axis. Mutations in Hoxa2 and Hoxb2 appear to resultwere not fused (data not shown), both hallmarks of seg-

mental defects in Krox-20 null mutants. Thus, the gener- in changes of regional identity associated with lack of
borders in the rostral hindbrain, suggesting that genera-ation and maintenance of rhombomeric territories oc-

curs normally in double mutants. Therefore, the loss of tion and maintenance of segmental identity is important
in establishing interrhombomere boundaries. The main-r3 and r5 in Krox-20 mutants must be mediated through

different downstream targets. tenance of properly restricted EphA4 expression in dou-
ble mutants (Figure 2) is consistent with the idea that it
is independently regulated by other factors, such asFunctional Synergism between Hoxa2 and Hoxb2
Krox-20 (Theil et al., 1998). Since the EphA4 expressionin Interrhombomere Boundary Formation
is restricted to sharp domains at a time when PLZFWhile Hoxb2 inactivation did not appear to alter bound-
expression in r1 through r4 rhombomere boundaries isary formation, the r1/r2 and r2/r3 boundaries were ab-
missing, this strongly suggests that separate mecha-sent and partially affected in Hoxa22/2 mutants, respec-
nisms are associated with cell–cell recognition and sort-tively (Gavalas et al., 1997). Functional synergy between
ing compared with the formation of rhombomere bound-Hoxa2 and Hoxb2 is evident, as the double mutant phe-
aries. These findings are also in line with analysis in thenotype is more severe than that of Hoxa22/2 mutants.
hindbrains of mouse and fish kreisler/valentino mutants,Segmentation involves repulsive Eph/ephrin-mediated
which show that it is possible to have sharp segmentallyinteractions between adjacent segments (Xu et al.,
restricted patterns of gene expression in the absence1995), leading to the progressive establishment of differ-
of boundary formation in the caudal hindbrain.ential adhesive properties (Wizenmann and Lumsden,

While there is normal r3 and r5 EphA4 expression in1997). These processes restrict cell mixing between ad-
the mutants, this does not help us to formally distinguishjacent segments and are followed by the transient ap-
whether the degree of cell mixing has been changed.pearance of overt morphological boundaries at the inter-
This would require time-lapsing of single labeled cellsfaces between odd and even rhombomeres (e.g.,

Guthrie and Lumsden, 1991), constraining the position in vivo. However, we note that if there were increased
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cell mixing between r3 (r5) and adjacent territories, a Finally, Pax6 downregulation may also affect progeni-
tor dispersal in the ventral neural tube at r2–r3 levels.high degree of regulation of gene expression would be

required to keep EphA4 expression segmentally re- In Hoxa22/2 and double mutants, ventral progenitor
movements may not be properly restricted, resulting instricted and with sharp boundaries.
altered spatial domains of the above markers. In this
respect, it is noteworthy that first, dispersal of neuroepi-Analysis of Pax Expression Reveals Defects
thelial cells in the wild-type hindbrain is not uniform butin D-V Patterning
is related to position along the D-V axis (Clarke et al.,Several Pax genes, including Pax3 and Pax6, are ex-
1998), and second, adhesive properties of cells are al-pressed in D-V restricted domains of the developing
tered in the developing CNS of Sey/Sey mice, leadingspinal cord and hindbrain in neural progenitors during
to segregation defects (Stoykova et al., 1997).early neurogenesis (Goulding et al., 1993). Establish-

ment of such D-V restricted expression domains is regu-
lated by the inductive actions of Shh and bone morpho- Differential Regulation of Genes Involved

in Neurogenesis and Specificationgenetic proteins (BMPs) (Tanabe and Jessell, 1996;
Ericson et al., 1997). Mutant studies have shown that of Progenitor Cell Fate

In the developing neural tube, multipotent progenitorPax3 and Pax6 are important determinants of dorsal and
ventral differentiation pathways of neural progenitors, cells may acquire their specific fate according to their

position on a grid of Cartesian coordinates (Wolpert,respectively (Stuart et al., 1994; Ericson et al., 1997;
Osumi et al., 1997). 1969) established at the intersection of signaling centers

acting along both the A-P and D-V axes (Ye et al., 1998).In the rostral hindbrain, assignment of D-V positional
values is still labile at the time when A-P positional infor- Accumulating evidence indicates that secreting tissues

and signaling molecules instructing cell fate along themation has already been fixed (Simon et al., 1995). We
have shown that in the absence of Hox patterning infor- A-P and D-V axes also affect expression of Hox and Pax

genes, respectively (Itasaki et al., 1996; Lumsden andmation, D-V patterning is also affected. In single and
double mutants, we found alterations in the D-V restric- Krumlauf, 1996; Tanabe and Jessell, 1996; Ericson et

al., 1997; Grapin-Botton et al., 1997; Ensini et al., 1998;tion of the Pax3 domain and in the levels of Pax6 selec-
tively in r2 and r3, where Hoxa2 and Hoxb2 are the only Gould et al., 1998). In addition, knockout experiments

strongly suggest the involvement of Hox and Pax genesHox genes expressed. Pax3 dorsal restriction and the
sharpening of its ventral boundary are the result of Shh- in the specification of neuronal identity (Goddard et al.,

1996; Studer et al., 1996; Ericson et al., 1997; Osumi etmediated repression in the ventral neural tube (Tanabe
and Jessell, 1996). High Shh concentrations also repress al., 1997; Tiret et al., 1998), indicating that these gene

products may be the functional readout of such signals.Pax6 in ventral progenitors adjacent to the fp, allowing
concomitant activation of ventral markers (Ericson et Here, we show that Hox-encoded positional information

and neurogenic programs are integrated in progenitoral., 1997). The altered Pax3 and Pax6 expression ob-
served in Hoxa22/2 and double mutants (Figure 4) may cells to specify distinct neuronal fates.

One potential link is that signals operating on A-P andthus reflect an impairment in perceiving the Shh signal
by ventral cells or in maintaining stable states of acti- D-V axes induce patterning genes, such as Hox and

Pax, which in turn define restricted expression domainsvated/repressed Pax gene expression in response to
such signals. Another possibility is that Shh is regulated of genes controlling neurogenesis and progenitor cell

fate. In relation to the alterations in Pax expression ob-by Hox genes. However, we exclude such a possibility,
as mutant analysis shows no changes in Shh expression served in single Hoxa22/2 and double mutants, it is rele-

vant that the lack of Pax6 function in Sey/Sey mice(data not shown). Downregulation but not absence of
Pax6 in r2 and r3 of Hoxa22/2 mutants indicates that resulted in changes in progenitor cell identity, leading

to abnormal specification of motor neurons and ventralHoxa2 is required, directly or indirectly, to maintain high
levels of Pax6. The additional lack of Hoxb2 in r3 results interneurons in the spinal cord and caudal hindbrain

(Burrill et al., 1997; Ericson et al., 1997; Osumi et al.,in a more severe impairment in Pax6 expression, sup-
porting a role for Hox paralog group 2 genes in the 1997), therefore strongly suggesting cell identity changes

in Hox paralog group 2 gene mutants as well. Suchmaintenance of Pax6. This implies that populations of
dividing neural progenitors in the rostral hindbrain might changes may also be associated with differences in the

proliferative properties of precursor cells. Moreover, thecontinuously reassess their A-P positional values in or-
der to maintain correct D-V specification. almost lack of Pax6 expression in r3 of double mutants,

while low expression levels remain in the r1–r2 region,It has been shown that dorsal expansion of ventral
markers occurs in the caudal hindbrain and spinal cord suggests that such alterations cannot simply result from

changes in the rostrocaudal identities of precursors.of Pax6 mutant Sey/Sey mice (Ericson et al., 1997).
Lower Pax6 levels in our mutants may thus result in To gain insights into the genetic cascade regulating

neuronal cell fate downstream of Hoxa2 and Hoxb2, wederepression of some ventral progenitor markers whose
expression may expand in the territory normally occu- analyzed the spatial distributions of several transcription

factors normally expressed in dorsoventrally restrictedpied by Pax6. In this respect, it is noteworthy that the
ventral expression domains of Phox2b extended to longitudinal columns of neuronal progenitors (Mash1,

ngn2, Phox2b, Nkx2.2) and immature neurons (MATH-3)slightly more dorsal positions in Hoxa22/2 mutant r2 (Fig-
ure 6I). In addition, r2 motor neurons may be located in (Figures 5, 6, and 8). In addition, we investigated neu-

ronal differentiation both at the cellular level (retrogradeslightly more dorsal positions than in wild type already
at an early developmental stage (Figures 7A–7D). dye labeling and antineurofilament antibody staining;
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Figure 7) and by means of molecular markers of differ- mechanisms that generate precise patterns of discrete
entiating neuronal subtypes (Evx1, Phox2b, DBH, Isl1; neuronal cell types within specific rhombomeres. Since
Figures 6 and 8; data not shown). Rhombomere-specific in the hindbrain, cells may be restricted early in their
alterations in the columnar arrays of neuronal precursors fate (Lumsden et al., 1994) due to the limited dispersal
expressing the above markers were observed in each of precursors along both the A-P and the D-V axes (Fra-
mutant, which correlated with altered neuronal cell pat- ser et al., 1990; Clarke et al., 1998), the understanding
terns. of how the expression of genes controlling neurogenesis

Two interesting conclusions arise from these findings. and progenitor fate is spatially regulated provides a di-
First, expression of a given molecular marker (Mash1, rect way to learn how cell fates are assigned at repro-
ngn2, Phox2b) in longitudinal stripes of neuronal precur- ducible positions within a given segment.
sors running the length of several rhombomeres dis-
plays a “modular” regulation, as it is differentially con- Facial Branchiomotor Neuron Specification
trolled by Hoxa2 or Hoxb2 in specific segments. While and Hoxb2 Function
Hoxa2 appears to control the distribution of subsets of Our data confirmed those of a previous report (Barrow
neuronal precursors in r2 and r3, Hoxb2 exerts its func- and Capecchi, 1996) implicating Hoxb2 in the develop-
tion mainly in r4. As several nuclei of the mature hind- ment of the facial nerve motor nucleus and possibly
brain display a plurisegmental origin (Marin and Puelles, suggesting its genetic interaction with Hoxb1. In con-
1995), these results raise the possibility that Hoxa2 and trast to those mice in which Hoxb1 regulation is affected
Hoxb2 could be involved in ensuring the fidelity of the in cis, in our Hoxb22/2 mutants, Hoxb1 expression in r4
patterning of some of these structures by defining seg- was not abolished (data not shown). However, the facial
ment-specific, spatially restricted arrays of progenitor motor nucleus phenotype of homozygous mutants was
cell deployment along the A-P axis. In addition, these reminiscent of that described in Hoxb12/2 mutants (God-
data further support the hypothesis of alterations in pro- dard et al., 1996; Studer et al., 1996), indicating that
genitor identity in the mutants, since, for example, both both Hoxb2 and Hoxb1 are required for facial nerve
Mash1 and ngn2 have been implicated in the regulation development. Hoxb1 may be exerting its influence pri-
of specific neuronal phenotypes (Fode et al., 1998; marily through Hoxb2, as we have shown that Hoxb2 is
Hirsch et al., 1998; Lo et al., 1998). a direct target of Hoxb1 in the hindbrain (Maconochie

Second, in a given segment, Hoxa2 or Hoxb2 appears et al., 1997). Retrograde DiI labeling of Hoxb22/2 mutants
to regulate only subsets of the expression patterns of at 10.5 dpc indicated a paucity of r4 branchiomotor
downstream genes (Mash1, ngn2, Phox2b), consistent neurons migrating into r5 (Figure 7). This suggests either
with the idea that their function may be restricted along (1) an alteration of the migratory properties of r4
the D-V axis. Morphological and cellular analyses of branchiomotor neurons, (2) a lack of generation of r4
single mutants support the idea that Hoxa2 controls branchiomotor neuron progenitors, or (3) a possible
development in the alar and “dorsal” basal plates of r2 change of r4 progenitor cell fate. Interestingly, we found
and r3, whereas Hoxb2 is essential for motor neuron consistent “dorsal” reductions of the ventral columns of
development in the “ventral” basal plate of r4. Alter- r4 expression of several molecular markers expressed,
ations of molecular and cellular markers are found in the at 10.5 dpc, in early differentiating motor neurons or
mutants in those regions of the neuroepithelium where proliferating progenitors (Figures 5 and 6). Altogether,
Hoxa2 or Hoxb2 normally displays the highest relative these data strongly support the possibility of develop-
expression levels along the D-V axis at 10.5 dpc (Figures mental alterations of the facial branchiomotor progenitor
3A and 3B). Thus, Hoxa2 and Hoxb2 might be involved

pool in mutants. Moreover, the dorsal reduction in mu-
in the maintenance of rhombomere-specific gene ex-

tant r4 of the ventral columns of expression of the above
pression, marking distinct, D-V restricted, neuroepithe-

motor neuron–specific markers (Figures 5 and 6) maylial cell populations in r2–r3 and r4, respectively. In addi-
correlate with the ventral expansion of the ngn2 expres-tion, Hoxa2 and Hoxb2 can functionally synergize in r3,
sion domain (Figure 5H). This latter finding may indirectlyas suggested by the complete lack of expression of
support the hypothesis of cell fate changes rather thanEvx1, a marker for a ventral interneuron subtype (Burrill
depletions in the progenitor pool. Detailed cellular stud-et al., 1997), in double but not in single mutants (Figures
ies will be required to provide direct evidence for such6J–6L). This latter finding may directly relate to the syn-
an hypothesis.ergistic alterations in Pax6, Mash1, and ngn2 expression

Thus, in addition to uncovering the requirement ofobserved in r3 ventral neuronal progenitors of double
Hoxb2 and its interaction with Hoxa2 for normal r3 pat-mutants, suggesting that Evx1 may be further down-
terning, our study provides insights into the genetic cas-stream in a genetic cascade regulated by Hoxa2 and
cade that may control the generation/specification of r4Hoxb2, controlling the specification of ventral progenitor
branchiomotor neurons downstream of Hoxb2.cell fate in r3. These results do not rule out the possibility

that Hoxa2 and/or Hoxb2 may be directly involved in
Conclusionthe establishment of early expression patterns. For ex-
Little is known about the mechanisms integrating A-Pample, we show that the r2–r3 portion of the Phox2b-
and D-V positional information with the neurogenic pro-expressing dorsal column is already lacking at 9.25 dpc
grams that enable the generation of distinct neuronalin Hoxa22/2 mutants (Figure 6I), suggesting that Phox2b
types at stereotypic positions within the developingearly activation is dependent on Hoxa2 in that region
neural tube. Here, we show that during neurogenesis,and therefore raising the possibility of Phox2b being a
Hoxa2 and Hoxb2 differentially control alar and basaldirect Hoxa2 target.

In conclusion, our results may provide insights into the plate development within distinct rhombomeres. Hoxa2
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hindbrains were analyzed under a confocal microscope (Leica) asand Hoxb2 regulate, in a rhombomere-specific and D-V-
described in Studer et al. (1996).restricted manner, the columnar expression patterns of
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