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Summary

Hox genes are instrumental in assigning segmental identity
in the developing hindbrain. Auto-, cross- and para-
regulatory interactions help establish and maintain their
expression. To understand to what extent such regulatory
interactions shape neuronal patterning in the hindbrain,
we analysed neurogenesis, neuronal differentiation and
motoneuron migration in Hoxal, Hoxb1and Hoxb2 mutant
mice. This comparison revealed that neurogenesis and
differentiation of specific neuronal subpopulations in r4
was impaired in a similar fashion in all three mutants, but
with different degrees of severity. In theHoxb1l mutants,
neurons derived from the presumptive r4 territory were re-
specified towards an r2-like identity. Motoneurons derived
from that territory resembled trigeminal motoneurons in
both their migration patterns and the expression of
molecular markers. Both migrating motoneurons and the
resident territory underwent changes consistent with a
switch from an r4 to r2 identity. Abnormally migrating

motoneurons initially formed ectopic nuclei that were
subsequently cleared. Their survival could be prolonged
through the introduction of a block in the apoptotic
pathway. The Hoxal mutant phenotype is consistent with
a partial misspecification of the presumptive r4 territory
that results from partial Hoxbl activation. The Hoxb2
mutant phenotype is a hypomorph of theHoxb1l mutant
phenotype, consistent with the overlapping roles of these
genes in facial motoneuron specification. Therefore, we
have delineated the functional requirements in hindbrain
neuronal patterning that follow the establishment of the
genetic regulatory hierarchy betweenHoxal, Hoxbl and
Hoxb2.

Key words: Hox genes, Hindbrain, Neurogenesis, Neuronal
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tube. Their expression patterns as well as gain- and loss-of-

The vertebrate nervous system contains a vast number %#nctlon experiments imply that they also have specific roles

diverse neuronal cell types that serve distinct functions an| a\?:rt\tr?énggal niggogeg?asﬁ]samagg alneijg%q{_’“ Ju?]'ﬁglrjt';t':?c;rl‘
interconnect in a precise and stereotyped manner. T N ’ ” ’ 9 "

foundations of this diversity and specificity are laid out during-22%: Studer et al., 1996). In addition to the nested patterns of
embryonic development, when the neural tube is specified®X €xPression along the AP axis, their expression patterns
along its anteroposterior (AP) and dorsoventral (DV) axe§!50 become restricted along the DV axis concomitant with the
(Lumsden and Krumlauf, 1996; Tanabe and Jessell, 1997l?!rthlof major classes of neurons (Graham et al., 1991). While
Dorsal cell specification is controlled by secreted signal§rafting and neural tube rotation studies suggest that the
belonging to the TGEF (Lee and Jessell, 1999) and Wnt positional _|dent|ty of cells in the neuroepithelium can t_)e
(Megason and McMahon, 2002; Muroyama et al., zoozyontrolled independently along the AP and DV axes (Ensini et
families, and ventral cell specification depends upon th@l., 1998; Simon et al., 1995), the patterning processes along
secreted molecule Shh (Jessell, 2000). These signals elicit th two axes ultimately have to be integrated to generate the
regionally restricted expression of a battery of transcriptiorlifferent types of neurons in their appropriate position. How
factors, such as members of the Pax family (Ericson et akjox genes function in coordinating AP and DV patterning in
1997; Osumi et al., 1997; Takahashi and Osumi, 2002), tie neural tube is an important issue poorly understood.
further elaborate neuronal patterning. Hox genes play a generalThe segmental structure of the hindbrain is particularly
role in the processes that control the AP identity of the neuralited for studies aimed at elucidating the link between AP and
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DV specification in the CNS. The hindbrain is transientlyHoxb1 also synergise in early patterning of the r4 territory
divided into a series of lineage restricted and morphologicallyGavalas et al., 1998; Studer et al., 1998) as well as the
distinct repeats, the rhombomeres (r1 to r8), each of whicgeneration of the r4-derived neural crest (Di Rocco et al.,
generates a similar set of neurons (Fraser et al., 1990; Lumsd2001b). Hoxa2 controls the identity to the r4-derived neural
and Keynes, 1989). However, the number, distribution andrest cells, r2 and r3 patterning and axonal pathfinding of a
specialisation of these neurons are rhombomere-specifstibset of the trigeminal motoneurons (Gavalas et al., 1997;
(Lumsden and Krumlauf, 1996). The specific identity of eaclGendron-Maguire et al., 1993; Rijli et al., 199Bpxa2 and
rhombomere is imposed by the differential expression of Hoxloxb2 have unique and overlapping roles in controlling
genes (Trainor and Krumlauf, 2000). During neurogenesis ameurogenesis and neuronal differentiation in multiple segments
neuronal differentiation, homeobox containing genes (i.e(Davenne et al., 1999). Furthermore, in chick, ectopic
Phox2h Isl1), mammalian homologs of th®rosophila expression of Hoxbl and Hoxa2 can confer specific
proneural genes, and members of the Notch signalling pathwayotoneuron identities in the rostral hindbrain (Bell et al., 1999;
are expressed in rhombomere specific longitudinal stripedungbluth et al., 1999). Although the phenotypes described
(Davenne et al., 1999; Kusumi et al., 2001; Osumi et al., 199&bove demonstrate that Hox genes play a role in neuronal
Pattyn et al., 1997). By analogy to the patterns seen in ttgevelopment, it has not been shown whether they can directly
spinal cord, these longitudinal domains are believed tmstruct developing neurons to modify their behaviour, or if
prefigure sites of generation and differentiation of definedheir influence is simply an indirect consequence of their ability
neuronal subtypes (Davenne et al.,, 1999; Lumsden artd pattern the environment (Gavalas et al., 1998; Helmbacher
Krumlauf, 1996; Tanabe and Jessell, 1997). Together these A# al., 1998; Manzanares et al., 1999; Studer et al., 1996).
and DV expression patterns in the hindbrain appear to form a Auto-, cross- and para-regulatory interactions among Hox
grid of distinct coordinates, onto which is superimposed thgenes contribute to the establishment and maintenance of their
temporally and spatially ordered generation of specifisegmental expression patterns (Gould et al., 1997; Maconochie
neuronal subtypes. et al., 1997; Manzanares et al., 2001). For example, regulatory
Hindbrain motoneuron progenitors are born next to thenalyses have defined a hierarchy of direct interactions among
floorplate and differentiate in a rhombomere-specific patterthe Hoxal, Hoxbl and Hoxb2 genes that control their
(Lumsden and Keynes, 1989) into three functional classes: tlsegmental expression. InitialjoxalandHoxblare activated
somatomotor (sm) neurons, which innervate muscles of the neural tissue by retinoic acid (Dupé et al., 1997; Marshall et
body; the branchiomotor (bm) neurons, which innervate thal., 1994; Studer et al., 1998). The subsequent maintenance of
muscles derived from the pharyngeal arches; and thidoxblexpression in r4 is dependent upon a highly conserved
visceromotor (vm) neurons, which innervate the sympathetiauto- and cross- regulatory element (r4 ARE) (Popperl et al.,
and parasympathetic ganglia. Each rhombomere will genera1®95). First Hoxal transactivateexblexpression by binding
specific subtype(s) of motoneurons according to its AP leveto theHoxb1r4 ARE in cooperation with co-factors (Pbx, Sox,
Trigeminal (V) motoneurons are derived from r2/r3 andOct) (Di Rocco et al., 2001a; Di Rocco et al., 1997) and then
exclusively differentiate into the bm class. The abducens (VIHoxb1 continues to maintain its own expression (P6pperl et al.,
motoneurons, which are derived from r5, are composel995; Studer et al., 1998; Studer et al., 1996). Similarly, the
exclusively from sm neurons. By contrast, facial (VII) subsequent upregulation Bbxb2expression in r4 is directly
motoneurons, derived from r4/r5, belong to both the bm andhediated by Hoxbl, through binding to an rd4—specific
vm classes. According to their functional subclass, cranignhancer at the' ®f the Hoxb2 locus (Ferretti et al., 2000;
motoneurons migrate to form nuclei in specific DV positionsMaconochie et al., 1997). This regulatory hierarchy provides a
In the mouse, motoneurons from r2 migrate dorsally tanechanism for the synergy betwekloxal and Hoxbl in
contribute to the Vth motor nucleus on the pial surface of thpatterning the r4 territory and formation of r4-derived crest (Di
hindbrain. The abducens motoneurons assemble into nuclRbcco et al., 2001b; Gavalas et al., 1998; Studer et al., 1998;
close to their birthplace on the ventricular side of r5. The bnStuder et al., 1996).
neurons derived from r4 undergo a complex migration moving To understand if this coordinated series of direct regulatory
caudally and laterally through r5 and r6 to form the VIith motorinteractions also plays a role in neuronal patterning, we
nucleus on the pial side of in the posterior hindbrain (Auclaicompared neurogenesis, neuronal differentiation and
et al., 1996; Covell and Noden, 1989; Garel et al., 2000notoneuron migration in hindbrains lackikigxal, Hoxblor
McKay et al., 1997; Studer et al., 1996). Hoxb2 Our comparative analysis revealed many similarities in
Mutational analyses of Hox genes involved in the earlthe defects arising during neurogenesis and differentiation in
segmental patterning of the hindbrain such as kreisler amd and differences in the relative degrees of severity correlate
Krox20 show that these genes have a profound impact owith their relative position in the hierarchy. Together these
subsequent neuronal development (Cordes and Barsh, 19%hservations support the idea that these genes function in
Manzanares et al., 1999; Schneider-Maunoury et al., 19979ommon pathways not only during the early phase of
Mutation of Hox genes also leads to later defects in neuronaegmental patterning, but also in subsequent neuronal
patterning. Targeted inactivationldbxalresults in partial loss differentiation.
of r4 and r5, defects in the development of the facial
motoneurons and in malformations of several cranial nerves .
(Carpenter et al., 1993: Gavalas et al., 1998; Mark et al., 1993ylaterials and methods
Loss ofHoxblleads to early changes in the identity of r4 andvViouse strains
impairs the development of facial motoneurons (Gaufo et alEmbryos were obtained from overnight and 2 hour morning matings
2000; Goddard et al., 1996; Studer et al., 19B@)xaland (8-10 am). Noon of the day that the vaginal plug was detected was
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Hoxb110.5 dpc Hoxb111.5 dpc Hoxb112.5 dpc Hoxb214.5 dpc

rd -
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Hoxb210.5 dpc Hoxb211.5 dpc Hoxb212.5 dpc Hoxb213.5 dpc

Fig. 1. Expression oHoxblandHoxb2in the developing mouse hindbrain. (A-C) Ventricular views of flat-mounted wild-type mouse
hindbrains stained with tdoxblriboprobe at 10.5 dpc (A), 11.5 dpc (B) and 12.5 dpc (C). (D-H) Ventricular views of flat-mounted wild-type
mouse hindbrains stained witiHaxb2riboprobe at 10.5 dpc (E), 11.5 dpc (F), 12.5 dpc (G), 13.5 dpc (H) and 14.5 dpc (D). (A-C) Between
10.5 dpc and 12.5 dpc, expressiotHofikblwas restricted to rhombomere 4. It was upregulated in ventral and dorsal columns (black arrows).
At 11.5 dpc (B), the ventral expression domain was further subdivided into two adjacent stripes. At 12.5Hipd@@xpression was

generally downregulated, but remained stronger in the ventral and dorsal columns. (D-H) Between 10.5 and 14.5 dpc, &xpogb&ion o
resolved into a series of longitudinal stripes that persisted longer than Hathdlf. At 10.5 dpcHoxb2expression was stronger in the r4, r5
and r6 territories, where it was upregulated in specific ventral and dorsal columns (black arrows, E) that persisted {blaticatpowvs, F).

At 11.5 dpc (F), expression in the ventral domain resolved into two adjacent stripes similar to HmdgloAt 12.5 dpc (G)Hoxb2

expression was absent in a ventral territory corresponding to the path of facial branchial motoneuron (fom) migratiorogvg)itEram 13.5
dpc, expression was downregulated throughout the hindbrain (H), whereas at 14.5 dpc (D), expression was upregulatedlosa tedrm

final position of the facial motor nucleus (black arrows).

considered as day 0.5 dpc of development for embryos of thRagylts

overnight matings. The genotype of the animals and the embryos was

determined using PCR. The PCR conditions and primers for theloxal HoxblandHoxb2are members of the same regulatory
Hoxal Hoxbl and Hoxb2 mutations were as described before hierarchy that has been implicated in the segmental patterning
(Davenne et al., 1999; Gavalas et al., 1998). Genotyping d@ake of the vertebrate hindbrain. To understand how these genes and
mutation (Deckwerth et al., 1998) was carried out using the saneir genetic interaction impacts on neurogenesis in the
conditions and the primers were:GHTGACCAGAGTGGCGT-  developing hindbrain, we first examined how their expression
AGG3 (common to both alleles), GBAGCTGATCAGAACCATCA- ~  natterns spatially and temporally overlapped with neuronal
(Trﬁia(m'fﬁzgf \‘ﬁﬁfg gir\'/‘iﬁgggicg&c&p‘glgS;?Q?Efﬁ;ﬁ?p roduction and differentiation, and then analysed neuronal
allele and 507 bp product for the mutant allele. The Ha&Z atterning in targeted mutants of these genes.
transgenic line containsfgalactosidase gene inserted in frame into
an EcaRV fragment derived form theloxbl1locus (Marshall et al.,
1994).

Expression patterns of Hoxbl and Hoxb2 between
10.5 and 14.5 dpc
Analysis ofHoxal, HoxblandHoxb2expression patterns have
Whole-mount in situ hybridisation previously been performed between 7.5 and 10.5 dpc, spanning
The following mouse cDNA templates were used: Hoxbl, Hoxb2the stages when the hindbrain is being segmentally patterned
Math3, Phox2b, Gata2, Isl1, Lhx4, Er81, Met and Cad8. AntisensgFrohman et al., 1990; Murphy et al., 1989; Murphy and Hill,
digoxigenin-labelled riboprobes were synthesised from linearised991; Wilkinson et al., 1989). To understand the potential roles
templates by the incorporation of digoxigenin-labelled UTPthat these genes may play during neurogenesis and neuronal
(Boehringer) using T3, T7 or SP6 polymerase. Processing of thgigterentiation, we extended this analysis to include later
embryos and hybridisation with 500 ngbf the probe was as developmental stages. We focused our attentiofamdland
previously described (Gavalas et al., 1998). ) : . - .
Hoxb2,asHoxalis no longer expressed in the hindbrain by
TUNEL assay 8.5 dpc (Murphy and_ Hill, 1991). _
Embryos fixed in 4% PFA were embedded in 20% (w/v) gelatin and The early expression éfoxblwas uniform throughout r4,
sectioned using a Leica vibratome at}iif.. The TUNEL reaction but underwent dynamic changes between 9.5-12.5 dpc. Then

was carried out on the sections as described (Maden et al., 1997) e@xpression became upregulated in paired ventral and dorsal
peroxidase staining as described (Di Rocco et al., 2001b). longitudinal stripes (Fig. 1A,B). By 11.5 dpc, the ventral r4
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Fig. 2. Altered neurogenesis and
neuronal differentiation patterns in
theHoxal, HoxblandHoxb2
mutant hindbrains. Ventricular
views of flat-mounted wild-type
(A,E1,J),Hoxb1(B,F,J,N),Hoxb2
(C,G,K,0) andHoxal(D,H,L,P)
mutant hindbrains labelled with a
Math3 (A-H), Phox2b(I-L) or
GATA2(M-P) riboprobes. (A-H) At
10.5 and 11.5 dpdjath3
expression resolved into
longitudinal stripes and was
particularly strong in a ventral r4
column (Vc) (black arrowheads, A)
and in a medial column (Mc)
extending from r4 through to r6
(bar, A). There was also some
upregulation at a more dorsal
column (Dc). At 11.5 dpc, the
ventral r4 column segregates into
two adjacent stripes (black
arrowheads, E). There is no r4-
specific upregulation of the ventral
column in eitheHoxb1(white
arrowheads, B,F) ddoxal(white
arrowheads, D,H) mutants. Some
upregulation was evident Hoxb2
mutants at 10.5 (black arrowheads,
C), but not at 11.5 dpc (white
arrowheads, G). Expression within
the dorsal column extended
throughout only two rhombomeres
in theHoxb1mutants (bar, B,F) and
one rhombomere iHloxalmutants
(bar, D,H), but appeared normal in
theHoxb2mutants (bar, C,G).
(I-L) Phox2bexpression at 10.5
: dpc. In the wild-type hindbrain,
wild type Hoxb1-- Hoxb2-/- Hoxai-I- expression was strongest in a ventral
r4 column (black arrowheads), but it
was also upregulated in a medial column extending from r2 to r6, and a dorsal column extending from r4 posteriorly (l)aTdredrdedsal
columns overlap in three rhombomeres: r4, r5 and r6 (black barHpxb1(J) andHoxal(L) mutants, there was no r4-specific upregulation
(white arrowheads). The medial and dorsal columns overlap by only two rhombontdoedirmutants (J, bar) and one rhombomere in
Hoxalmutants (L, bar). ItHoxb2mutants (K), expression levels in ventral r4 were lower than in wild type, but remained elevated when
compared with neighbouring rhombomeres (black arrowheads). (&RRexpression at 10.25 dpc. In wild-type hindbr&ata2expression
is strongly upregulated in ventral r4 (M, black arrowhea@8aja2expression is absent in this domairHoxblmutants (N, white arrowheads)
and slightly reduced in thdoxb2mutants (O, black arrowheads). Both the width and the strength of this domain were greatly reduced in the
Hoxalmutants (P, black arrowheads).

Math311.5 dpc Math310.5 dpc

Phox2b 10.5 dpc

GATA210.5 dpc

domain had further segregated into two separate columns,12.5 dpc Hoxb2 expression was absent in the territory

narrow one next to the floorplate and a broader column thabrresponding to the path of facial branchial motoneuron (fbm)

curved away from the midline (Fig. 1B). By 12.5 dploxbl  migration (Fig. 1G). From 12.5 dpc onwards, expression in the

expression in the hindbrain began to be downregulated and wather longitudinal stripes became diffuse and ill-defined (Fig.

not detectable at subsequent stages (Fig. 1C and data dd®,G,H). Together, the temporally dynamic and longitudinal

shown). organisation of these Hox expression patterns during
In contrast to the earlieKrox20-dependent induction of neurogenesis provides a framework for examining neuronal

Hoxb2in r3 and r5 (Vesque et al., 1996), expression betweepatterning in mutants of these genes.

10.5 and 12.5 dpc was upregulated in the r4, r5 and r6 ]

territories (Fig. 1E-G). At 10.5 dpc thdoxb2 pattern had ~Altered patterns of Math3 and Phox2b expression

resolved into a series of longitudinal stripes, with a moréuggest a defect in the generation of r4 neurons

complex and dynamic pattern that persisted longer than that ® analyséHoxal, HoxblandHoxb2mutants for neurogenesis

Hoxbl (Fig. 1D-H). Within r4, the expression pattern at 10.5defects, we examined the expression of two genes that are

dpc was very similar to that éfoxb1(Fig. 1A,E), consistent expressed in early neuronal precursors in the hindbrain. The

with their regulatory relationship (Maconochie et al., 1997). Atatonal-related genlath3is upregulated in early post-mitotic
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ﬁ- b ¥ c 3 D Vi Fig.. 3. Abnormal migration of r4-
tﬂ ’ 5‘_ " s -~ derived motoneuror)s Iﬂox_al Hoxb1l
3 5 andHoxb2mutant hindbrains. (A-
' = D) Time course ofsl1 expression in
i ,Viim Viim  Wild-type flat-mounted hindbrains
L # r5§ : r5 between 10.5 and 11.5 dpc (ventricular
i ! view). Expression was detected in the
v i ventral domain of all rhombomeres,
wild type -10.5 dpc  wild type -10.75 dpc  wild type -11.25 dpc  wild type -11.5 dpc except rhombomere 1, and was
strongest in r2 and r4, corresponding
to the precursors of the trigeminal
(Vm) and facial (VIim) motoneurons,
respectively. At 11.25 dpc, dorsal
migration of the Vm and caudal
migration of the VIIm began (C, black
arrowheads) and continued until 11.5
dpc (D, black arrowheads) when Vm
reached their final dorsal position.
(E-H) Motoneuron distribution at
L Vma = 11.25dpc in wild-type (EHoxal(F),
Hoxb1(G) andHoxb2(H) mutant flat-
mounted hindbrains (ventricular view).
e 3 The caudally migrating VIim
L 4 ;' population was strongly reduced in
Viim Hoxalmutants (F, black arrowheads),
absent irHoxblmutants and depleted
= in Hoxb2mutants (H, black
-3 arrowheads). The loss of the caudally
migrating VIIm in theHoxb1mutants
ol unmasks the abducens motoneurons

Vm;! N Vma
i :
(VIm) (G, black arrowheads). Note the
.'v Vllm" presence of ectopic motor nuclei in r4

9 * |
v
VII ! .
. vim? in all three mutants (F-H asterisks).
wild type Hoxa1 - Hoxb1 -- Hoxb2 -/- (I-P) Ventricular (I-L) and pial (M-P)
views of motoneuron distribution at
H‘ s I 12.5 dpc in wild-type (I, M)Hoxal
Vma Vina @ Vma = (J, N),Hoxb1(K, O) andHoxb2(L,
% o8 %y Vap By laf ) g

-~ P) mutant flat-mounted hindbrains. At

1

r2
r3
r4

Time course
G RO R

11.25 dpc ventr.

N et

-2
Viim

12.5 dpc ventr.

12.5 dpc pial

*

. o 0 : : - this stage, VIIm normally started
8 ', A ¢ * : . : migrating caudally and dorsally
* B ' X reaching the pial side of the hindbrain
‘VVIIm v :V“m tV"m'. Vilm (1, M, black arrowh_eads_,). In tHdoxal
mutants, caudal migration was sparse
Hoxb2 -/-, severity of fbm migration defect and no VIIm had reached the pial side
at this stage (N, white arrowheads).
Some migrating motoneurons turned
dorsally prematurely (J, black arrowheads). InHeeblmutants, VIim did not follow the normal migratory pathway (K,O, white arrowheads).
This population was reduced in tHexb2mutants. At this stage, all three mutants formed ectopic motor nuclei in r4 (J-K; asterisks in N-P).
(Q-T) Ventricular views of thésl1 expression pattern in flat-mounteldxb2mutant hindbrains at 12.5 dpc. The VIIm population following the
normal migratory pathway was variably reduced (black arrowheads). The ectopic nuclei were also variable (asterisks)iiéositytand
AP position.

12.5 dpc pial

precursors (Takebayashi et al., 1997), and the paired homeobmost prominent in r4, where it marked the territory that gives
genePhox2bis expressed in both proliferating precursors andise to the facial motoneurons (Fig. 2A, black arrowheads). At
post-mitotic neurons (Dubreuil et al., 2000; Pattyn et al., 200Q1.5 dpc, ventral expression near the floorplate persisted only
Pattyn et al., 1997). In the wild-type hindbraMath3 and in r4 and resolved into two subdomains, highly reminiscent of
Phox2bare each expressed in three longitudinal columns witthe HoxblandHoxb2 patterns at this stage (compare Fig. 2E
defined AP positions (Fig. 2A,E) (see also Davenne et alwith Fig. 1B,E, black arrowheads).
1999)). Although it has not been established whether theseln addition to this ventral pattern, expression was also
columns overlap, we have termed them the ventral (Vc), medigkominent in paired medial (Mc) and dorsal (Dc) columns for
(Mc) and dorsal (Dc) columns to refer to their respective D\both Math3 and Phox2b While the Mc population for each
positions (Fig. 2A, white arrows). gene included r2 to r6, the dorsal column extended from r4
At 10.5 dpc, lowMath3 expression was present in a broadcaudally, and therefore both columns overlapped in r4, r5 and
ventral domain throughout the hindbrain, but was higher in & (Fig. 2A,E,l, black bar). Althoughlath3 expression in the
narrow stripe adjacent to the floorplate. This expression wadorsal column was more clearly visualised at 11.5 dpc than at
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to form a territory termed here rx (Fig. 2D,H,L). Accordingly,
the r4-specific upregulation dlath3 and Phox2bexpression
is lost inHoxalmutants (Fig. 2D,H,L; white arrowheads), and
the medial and dorsal columns were shortened along the AP
axis, so that they now overlapped by only one rhombomere
rather than three rhombomeres width, as normally seen
(compare Fig. 2A with 2D and 2E with 2H). Thus, the initial
segmental patterning defectstébxal mutants are paralleled
by corresponding defects in subsequent neurogenesis patterns.
In summary, loss oHoxbl Hoxb2 or Hoxal impaired
hindbrain neurogenesis in areas where their regulatory
interactions have previously been shown to regulate segmental
. patterning. The region most severely affected was ventral r4,
Ak where motoneurons are formed, consistent with the
Hoxb2 +/- Hoxb2 -/- observation that facial nerve development is disrupted in these
mutants.

Lhx4

Er81

Fig. 4. Comparably low_hx4andEr81 expression in the facial

motor nucleus oHoxb2mutants. Ventricular view dfhx4 (A,B) and Patterns of GATAZ expression suggest defects in

Er81(C,D) expression in the hindbrain ldbxb2heterozygous (A,C)  the formation of r4 efferent neurons

and mutant (B,D) embryos at 14.5 dpbx4is normally expressed I

in the trigeminal (V), abducens (VI), facial (VII), nucleus ambiguus SpeCIflcgtlon_ ofr4 efferen_t neurons depends upon the presence
(Amb) and dorsal r4/r5-derived [(VIIb) which are likely to include of the Z_InC-_flnger_ transcription fact@ata3 In t_urr_1, Gata3

the superior salivatory nucleus] motoneurons EB1is expressed ~ €Xpression in r4 is controlled iyata2 a transcription factor
only in the facial motor nucleus and the trigeminal nerve exit point. Of the same family that is expressed in ventral r4 between 8.5

(C) Both genes define specific subpopulations within the facial and 10.5 dpc. The ventral-most expression doma@adé2in
nucleus (red circles in A,C). HHoxb2mutants, expression of both r4 corresponds to the efferent motoneurons in this territory
markers is diminished in the facial nucleus, but driy4is (Pata et al., 1999; Varela-Echavarria et al., 1996). Expression
expressed ectopically in a dorsal population (compare arrows in - of Gata2in ventral r4 depends updioxbl (Nardelli et al.,
B,D). 1999; Pata et al., 1999) and accordingly, was completely lost

in Hoxblmutants (Fig. 2N) (Pata et al., 1999) and reduced in

10.5 dpc, thePhox2bpositive column was prominent at both Hoxb2mutants (Fig. 20). The ventral-most domainGzfta2
10.5 and 11.5 dpc (compare Fig. 2A with 2E,l; and data naixpression was strongly reduced, but not abolishddoixal
shown). mutants (Fig. 2P). By contrast, the dorsal domairfGafa2

In Hoxbl mutants, Math3 and Phox2b expression was expression, which corresponds to V2 interneurons (Ericson et
downregulated at both 10.5 and 11.5 dpc in the ventral, medial., 1997; Zhou et al., 2000), was not affected in any of the
and dorsal columns of r4 compared with wild-type littermatesinutants. (Fig. 2N-P). These phenotypes are consistent with the
and, therefore, the r4 expression pattern now closely resemblitta that in Hoxbl mutants there is a more complete
that of r2 and r3 (compare Fig. 2A with 2B, 2E with 2F, andransformation of an r4 to r2 identity thanHwoxb2 mutants,
21 with 2J). These altered expression patterns support tt@nd that inHoxalmutants the r4 territory is reduced, but not
notion that the earlier homeotic transformation of r4 into rdost.
persists into the period of neurogenesis and neuronal o . o
differentiation (Studer et al., 1996). Defects in hindbrain motoneuron migration in

Neurogenesis appeared |eSS Severe'y aﬁectewdmz HOXal, HOXbl and HOXbZ mutants betWeen 10.5 and
compared witiHoxb1 mutants. AlthougtMath3 andPhox2b ~ 12.5 dpc
expression was reduced in the ventral r4 domain at 10.5 dgo begin to understand how the observed changes in
when compared with wild-type r4, it nevertheless remainetieurogenesis patterns impacted on subsequent development of
stronger than in the neighbouring r3 and r5 domains (Fig. 2@)indbrain neurons, we decided to follow the migration patterns
(see Davenne et al., 1999). By 11.5 dpc, the reductidatf3  of postmitotic cranial motoneurons in our Hox mutants. All
expression in r4 had become more evident (Fig. 2G and dag@stmitotic motoneurons in the hindbrain and the spinal cord
not shown). WhileMath3 expression was reduced throughoutare characterised by the early expression of the LIM
the ventral r4 domain in 2/7 mutants (Fig. 2G), in 3/7 mutantiomeodomain protein Isl1 (Ericson et al., 1992; Karlsson et
upregulation was restricted to the posterior half of r4, and nal., 1990; Tsuchida et al., 1994). In wild-type hindbrains
Math3 up-regulation at all could be detected in ventral r4 inmotoneuron differentiation was initiated at 10.5 dpc in all
2/7 Hoxb2 mutants (data not shown). The dorsal and mediathombomeres, with elevated levels in r2 and r4 (Fig. 3A).
columns had also receded caudally, as seétokblmutants  Interestingly, at this stage the differencelsfil expression
at that stage. The observation that neurogenesis defects lévels between r4 and r2 appeared smaller than the difference
Hoxb2 mutants were generally milder thanHioxblmutants  observed irPhox2bandMath3 expression levels between the
and more prominent at later stages raised the possibility thtwo rhombomeres (compare Fig. 2A,l with Fig. 3A). This
only later-born neurons were affected (see below). suggests that at this stage not all committed MatiB

In Hoxal mutants, the r4 domain is compressed to a verynotoneurons have fully differentiated into postmitotic 1sl1
narrow stripe of cells (del Toro et al., 2001) and r5 is reduceaotoneurons. At 10.75 dpc (Fig. 3B), prospective trigeminal
and incorporated in r6 (Dollé et al., 1993; Mark et al., 1993)notoneurons began to migrate dorsally and half a day later they
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%A

ventricular view

Fig. 5. Ectopic nuclei retained expression of
Phox2bin wild-type,HoxblandHoxb2
mutant hindbrains at 12.5 dpc. Ventricular (A-

C) and pial (D-F) views of flat-mounted wild-

type (A,D),Hoxb1(B,E) andHoxbh2

(C,F) mutant hindbrains at 12.5 dpc. At this

stage Phox2bwas expressed in both Vm and

VIIm in the wild type and the mutants (D-F,
Vllm

pial view

black arrowheads). Ectopic nuclei retained
expression oPhox2bin bothHoxb1

(E, asterisks) antloxb?2(F, asterisks)
mutants. Note the lack &fhox2bexpression

e . in the migratory path of the facial
wild type Hoxb1-I- Hoxb2-/- motoneurons.

started coalescing to form the trigeminal motor nucleus (Figravelling in a loop around the sixth motor nucleus (Altman
3C) next to the exit point of the trigeminal nerve. Migration ofand Bayer, 1982; Auclair et al., 1996; Goddard et al., 1996;
the trigeminal motoneurons appeared to be complete by 118 uder et al., 1996). Accordingly, at this stage the abducens
dpc (Fig. 3D). In contrast to the trigeminal motoneurons, faciainotor nucleus is not distinguishable in whole mounts as the
motoneurons began their caudal migration at 11.25 dpc (Fifacial motoneurons migrate over the same area.
3C). Subsequently, they followed a curved path around the At 12.5 dpc only a few caudally migrating r4 motoneurons,
prospective abducens motor nucleus into a medial position @fhich had not reached the pial side of the hindbrain, were seen
the pial side of the r6 territory where they form the facial motoin Hoxal mutants (compare Fig. 3J,N). Their course of
nucleus (Fig. 3D,E,I,M) (Auclair et al., 1996; Studer et al.,migration was shortened due to the overall reduction of the
1996). We initiated the analysis of motoneuron migration ircaudal hindbrain length in these mutants (Mark et al., 1993).
our Hox mutants at 11.25 dpc, a time when most trigemingsmall ectopic nuclei were also detected (Fig. 3N), suggesting
motoneurons have completed their dorsal migration, but rthat the laterally migrating motoneurons detected earlier had
motoneurons are migrating caudally. indeed assumed a trigeminal-like behaviour. They were
In Hoxal mutants, we detected two small populationspositioned between the trigeminal nuclei and the area where
derived from the level of r4. One group migrated dorsally, in dacial motor nuclei normally resided (compare Fig. 3N with
pattern similar to that of the r2 motoneurons, and a secorZM). Their AP position was variable between different
population remained close to the floor plate and appeared &nbryos and even between the left and right side of the same
migrate caudally (Fig. 3F). As the r5 territory is largelyembryo (Fig. 3N). Despite the low number of the r4-derived
eliminated in these mutants, the latter population correspondedotoneurons the abducens motor nucleus could not be detected
to r4- rather than r5-derived motoneurons (Chisaka et al., 199&ee also below), and this is in accordance with the observation
Mark et al., 1993). InHoxbl mutants the r4 motoneurons that the r5 territory is nearly eliminated in these mutants (Dollé
migrated dorsally (Fig. 3G) assuming a trigeminal-likeet al., 1993; Mark et al., 1993). No r4-derived motoneurons
migratory behaviour. Interestingly, in théoxb2 mutants, a were observed in the ventricular areddoikblmutants at 12.5
proportion of r4 motoneurons seemed to follow the normatipc, while r5-derived abducens motoneurons were now clearly
path of migration, while a second population followed avisible (Fig. 3K,0). In these mutants, no facial motor nuclei
trigeminal-like pattern of migration (Fig. 3H), consistent withwere formed in the appropriate site (compare Fig. 30 with
a partial r4 to r2 transformation. 3M). Instead, ectopic nuclei were observed in more anterior
The dorsally migrating motoneurons detected in all thre@ositions (Fig. 30) (see Studer et al., 1996)). Haxb1l
mutants appear to form an ectopic motor nucleus, firshutants, ectopic nuclei invariably resided in an area about half
identified in theHoxb1 mutants at a position anterior to the way between the normal positions of the trigeminal and facial
normal facial motor nucleus (Goddard et al., 1996; Studer ehotor nuclei. They were larger than tHexalectopic nuclei
al., 1996). Accordingly, we extended the analysisisif  but remained smaller than the trigeminal nuclei. In all but one
expression to later stages of hindbrain development. At 12.&f six cases examined;loxb2 mutants formed correctly
dpc, r4 motoneurons migrated from the ventricular aspect gfositioned facial motor nuclei (Fig. 3L,P and data not shown).
ventral r4 and r5 to a medial position at the pial side of r6 (Figdowever, the number of caudally migrating pool of facial
31,M) to form the facial motor nucleus (Altman and Bayer,motoneurons was variable and reduced in most cases (compare
1982; Auclair et al.,, 1996). During their migration, they Fig. 31,0 with 3L,P).Hoxb2mutants showed variability with
assumed a caudal course with a dorsolateral deviatiamspect to the number and position of ectopic nuclei, which
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Met

12.5 dpec

Fig. 6. Persistent identity changes detected by
altered expression dfletandCad8in wild-type and
wild type Hoxb1 -/- mutant hindbrains. (A,B) Ventricular views et
expression in wild-type (A) andoxb1(B) mutant
flat-mounted hindbrains at 12.5 dpc. In the wild
type,Metwas expressed in the Vm trigeminal
(A, arrowhead) and the superior salivatory nucleus
(A, bracket) only. In théloxblmutants, there were
ectopic nuclei expressinget (B, asterisks). Note
also the reduction of the superior salivatory nucleus
(B, brackets). (C-H) Pial views of Cad8 expression
in wild type (C,F),Hoxal(D,G) andHoxb1
(E,H) flat-mounted hindbrains at 12.5 dpc (C-E) and
13.5 dpc (F-H). In wild-type hindbrain€ad8was
expressed in the ventral half or r1, r2 and r3
(C,F) and in the VIIm (C,F, black arrowheads) at
12.5 and 13.5 dpc. At 12.5 dpc, there was a
longitudinal stripe ofCad8expression adjacent to
the floor plate of r1 and r2, which extended into r3 at
13.5 dpc (C,F vertical bars). hkoxalmutants, r3
expanded caudally in both 12.5 (D) and 13.5 (G) dpc
(compare the vertical bar in D with C, and in G with
F), and VIim were barely detectable only at 13.5
dpc. InHoxb1mutants, Cad8 was ectopically
expressed in r4 in a pattern reminiscent of r2 (E, r4*)
: J ! at both 12.5 (E) and 13.5 (H) dpc, but no VIim could
wild type Hoxa1-/- Hoxb1 -/- be detected in either stage (E,H, white arrowheads).

12.5 dpc

cad8

13.5 dpc

always resided between the trigeminal and facial nucledevelopmentLhx4, a LIM homeobox-containing transcription
Importantly, there was an inverse correlation between the sifactor, has been implicated in assigning motoneuron subtype
of the normally positioned facial nuclei and the number/size aflentities in the spinal cord (Sharma et al., 1998), whé&teids
the ectopic nuclei (compare Fig. 3Q-T). an Ets transcription factor, has been implicated in the formation
These results revealed a striking commonality of phenotypesf functional circuits between proprioceptive afferent neurons
among the three mutants examined. Motoneurons derived froamd motoneurons of the spinal cord (Arber et al., 2000).
the r4 ofHoxblmutants appear to be misspecified and follow At 14.5 dpcLhx4was expressed in the trigeminal as well as
an r2 migratory pathway. By contrast, iioxal and Hoxb2  the superior salivatory motor nucleus and the forming facial
mutants r4 derived motoneurons display both trigeminaimotor nucleus (Fig. 4A). By contragir81 was expressed in
and facial migratory behaviours, suggesting there are mixeithe facial motor nucleus (Fig. 4C). We examined the expression
identities or a partial transformation. In all mutants, ectopiof these transcription factorstioxb2mutant embryos in order
motoneurons migrated dorsally to the r4/r5-derived vnto determine whether any of the populations they mark was
neurons, suggesting that they retained a bm neuron identity.specifically affected. Expression of both markers was reduced
) - in the forming facial motor nucleus, suggesting that the
Hoxb1 requires Hoxb2 for complete specification of reduction of the nucleus was not due to preferential loss of a
facial motoneuron identity specific subpopulation (Fig. 4B,D)hx4 (Fig. 4B), but not
Facial motoneurons depend upohoxbl for correct Er81(Fig. 4D), was expressed in the ectopic motoneurons. The
specification. The presence of two migratory populations iposition of the Lhx4 ectopic cells is similar to that of the 1511
Hoxb2 mutants could be explained by two alternativeectopic cells, and this is consistent with the idea that these
possibilities. Either cumulative levels éfoxbl and Hoxb2  motoneurons have acquired a trigeminal identity. Therefore,
activity may be necessary in all cells for robust specification dfloxb2 does not specify a subset of fboms, but rather the total
fbm fate or, alternativelj{loxt2 may be necessary to specify adose ofHoxb1 and Hoxb2 activity is important for full fom
subset of facial motoneurons. In the first case, moleculapecification.
markers of foms would be similarly affected, whereas in the ) ) )
second case they would be differentially affected. To addredersistent identity changesin ~ Hoxal and Hoxbl
this issue we used riboprobes tdnx4 and Er81, which are ~ mutants
expressed during the late phase of facial motor nucleuBhe molecular analysis of the early hindbrain patterning in
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TUNEL

13.5 dpc

Isi1

14.5 dpc

wild type Hoxat-I- Hoxb1-/- Hoxb2 -I-

Fig. 7. Ectopic cell death correlates with the loss of ectopic nuclei by 14.5 dpc. (A,B) TUNEL staining in parasagittal sectidrtyué aiid
Hoxblmutant hindbrains. There was ectopic cell death in the mutant (B, black arrowheads) caudally to the pontine flexure Ppd). (C-F)
(ventricular where noted) views I#l1 expression in wild-type (CHoxal(D), Hoxb1(E) andHoxb2(F) mutant flat-mounted hindbrains at
13.5 dpc. By this stage, VIIm had normally completed their migration (C, black arrowheddsxalbmutants, a small VIIm of variable size
could be detected (D, black arrowheads), whereas the VIm was absent (D, white arrowhelao&)l dmutants, ectopic nuclei could still be
detected (E, asterisks). The VIIm (E, white arrowheads), but not the VIm (E, black arrowheads) were dbhaen2nhutants, ectopic nuclei
could also be detected (F, asterisks), whereas the VIm and a small VIIm were present (F, black arrowheads). (G-J) &l (iesrteic
noted) views ofsl1 expression in wild type (GHoxal(H), Hoxb1(l) andHoxb2(J) mutant flat-mounted hindbrains at 14.5 dpc. In the wild
type,lIsl1 expression persisted in the Vm, VIm and VIIm (G, black arrowheadB)oxalmutants, the VIIm were either missing or
rudimentary (H, white and black arrowheads), whereas the VIm was absent (H, white arrowhétmd)1amdHoxb2mutants, no ectopic
nuclei could be detected. The VIIm was absemtonblmutants (I, white arrowheads) and reducedaxb2mutants (J, black arrowheads),
while the VIm was present in both mutants (1,J, black arrowheads).

the Hox mutants and their aberrant migratory phenotypesigeminal or facial-like identity. The presence of laterally
suggested an r4 to r2 identity switch (Studer et al., 1996). THecated neurons expressiRtpox2bat that stage precluded an
aberrant migratory phenotype could be due to either celunambiguous analysis in thdoxal mutants in which the
autonomous changes in the fobm identity, changes in thength of the hindbrain, and thus that of the Phéx®ron-
resident territory or both. Furthermore, it was unclear whethdree area, is reduced.
molecular changes detected in early hindbrain development The retention ofPhox2bexpression in the ectopic nuclei
persisted during neuronal patterning as well. We addresseduld either indicate that they had retained partial facial
these issues by molecular analysis at late stages in hindbradentity or that they had adopted a new, trigeminal-like identity.
development. In order to distinguish between these two possibilities, we
All bm and vm neurons in the hindbrain expr@$®x2bat  analysed the expression of the hepatocyte growth factor (HGF)
10.5 dpc (Pattyn et al., 1997b) (Fig. 3A). At 12.5 8ox2b  tyrosine kinase receptor Met (Maina and Klein, 19983t is
expression persists only in trigeminal and facial motoneuronsxpressed in trigeminal motoneurons and in the vm neurons of
(Fig. 5A,D). To determine whether ectopic nuclei retainedhe salivatory nucleus (Fig. 6A) (Caton et al., 2000), but not in
features of either of these neurons, we examined the expressibie r4 derived facial motor nucleus.
of Phox2bin Hoxbl (Fig. 5B,E) andHoxb2 (Fig. 5C,F) We analysedMet expression inHoxbl mutants, because
mutants. In both mutan®8hox2bexpression was retained in large ectopic nuclei are readily detected. We could detect
the ectopic motoneurons, suggesting that they had eithereztopicMet expression in the area of migration of the ectopic
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wild type Bax /- Isl1 expression analysis, tf@ad8probe did not label the r4-
. derived ectopic nuclei in eithétoxalor Hoxblmutants (Fig.
N vm L‘ B\ th.“ 6D,G,E,H), supporting the idea that they lacked facial identity.
Viin The early caudal expansion of the r3 territoriAoxalmutants
(& ‘ [ was also detected at these stages by medDadffexpression
s ® . (compare Fig. 6D with 6C, and 6G with 6F). The extent of the
expansion was variable and not always the same on the left and
* right sides of the same embryo (compare Fig. 6D with 6C, and
» 4 4 p » 6G with 6F), in accordance with similar observations at earlier
Viim vim  *  vim stages. IrHoxb1mutants Cad8expression was normal in rl-
*3 r3, but upregulated in r4 at 12.5 dpc, resembling the rl/r2
1 E B expression pattern (compare Fig. 6E with 6C).
1 B Taken together, these observations suggest that patterning
‘ § & defects in the r3-r5 territories persist well into the phase
of neurogenesis and neuronal differentiation. As a direct
consequence, r4 and r4-derived motoneurons, which migrate
ectopically, have adopted an r2 and trigeminal-like identity,
respectively.

Isl114.5 dpc

Ectopic motor nuclei are lost by 14.5 dpc through
cell death

Given that in these mutants there is no corresponding
transformation of their innervation targets, namely the second
arch (Goddard et al., 1996; Studer et al., 1996), we wondered
whether this mismatch would eventually lead to apoptotic cell

death of these neurons because of lack of proper trophic
support. To analyse whether the ectopic motoneurons were
cleared by cell death, we performed TUNEL assays at 12.5 dpc

Hoxb1 -/- Hoxb1/Bax -/-,-/- on hindbrain sections of wild-type ahtbxblmutant embryos,

_ o ) ) ~ which displayed the most prominent r4-derived ectopic nuclei.
Fig. 8.BaX|.nact|vat.|on could prolong t_he .survllval of ectopic nuclei. Ectopic cell death was detectedHoxb1mutants at positions
(A-D) Ventricular views ofs|1 expression in wild-type (ABax(B),  ¢qrresponding to the AP level of ectopic motoneurons
Hoxb1(C) andHoxb1/BaxD) flat-mounted mutant hindbrains at (compare Fig. 7A with 7B). We then analysed the fate of

14.5 dpc. In both wild-type and Bax mutants, the Vm, VIm and VIim . .
could be detected (A,B, black arrows) Hoxb1mutants only the motoneurons at later stages in wild-type and mutant embryos

vm and Vim could be detected (C, black arrowheads), whereas the PY ISI1 expression analysis. .
VIim was absent (C, white arrowheads)Haxb1/Baxmutants, the In the wild-type the migration of facial motoneurons from
Vm and the VIm could be detected (D, black arrowheads), but not the ventricular to the pial side was completed between 13.5 and

the VIim (D, white arrowheads). BaxandHoxb1/Baxmutants 14.5 dpc (Fig. 7C,G). At 14.5 dpc, the facial motor nucleus has
there was an additional ventral column of ectopic Isl1-positive cells started to segregate into two lobes that become more prominent
in the caudal hindbrain (B,D, asterisks). at later stages (Fig. 7G and data not shown).
In Hoxalmutants no ectopic nuclei were observed at these
stages; however, a rudimentary facial motor nucleus of variable
motoneurons (compare Fig. 40 with Fig. 6B). Furthermore, theize was retained in most, but not all cases (Fig. 7D,H). This
salivatory nucleus was reduced in these mutants (Fig. 6B). Thighservation could explain disagreements among earlier reports
is in accordance with earlier patterning defects observed in tia the presence or lack of the facial nucleus in these mutants
r5 territory of these mutants (Studer et al., 1996). (Carpenter et al., 1993; Mark et al., 1993). In bbiitxbl
To further examine the identity of the ectopic nuclei, weandHoxb2mutants, the ectopic nuclei were still detectable at
analysed expression of cadherin 8 (Cad8) (Korematsu ariB.5 dpc, but not at 14.5 dpc (compare Fig. 7E,F with 71,J,
Redies, 1997), a member of the 2Calependent surface respectively). In agreement with th&ll expression at earlier
adhesion molecules (Takeichi et al., 1997). The m@mi8  stages, the facial motor nucleus was absehioixblmutants,
is expressed in the facial, but not the trigeminal motor nucleugut present, albeit variably reduced, in Blbxb2 mutants
from 12.5 dpc into postnatal life (Korematsu and Rediesgxamined. The abducens motor nucleus (VIm) was present in
1997). In wild-type hindbrainsad8is expressed in the r1, r2 HoxblandHoxb2 mutants (compare Fig. 7E,| and 7F,J with
and r3 territories in a broad ventral stripe and in the facigthe wild type in 7C,G). This nucleus could not be detected in
motor nucleus (Fig. 6C,F). At 12.5 dpc there is also a narrovjoxalmutants, and was consistent with the loss of r5 in these
longitudinal stripe of expression next to the floorplate in r1 anenutants (7D,H).
r2 but not r3 (Fig. 6C). At 13.5 dpc, this stripe extended into Taken together, these results suggest thatésitbpic nuclei
the r3 territory (Fig. 6F). are not retained to any significant extent beyond 13.5 dpc in
Only a rudimentary facial motor nucleus could be detectedny of the mutants examined. This is in agreement with the
in someHoxalmutants at 13.5 dpc and none could be detecteidea that due to their switch in identity, they are unable to
in Hoxb1mutants at either 12.5 or 13.5 dpc. In contrast to theéespond to trophic support from their innervation targets in the
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second arch and die by apoptosis. We therefore decided $bapes patterns of neurogenesis and the behaviour of
investigate whether a block in the apoptotic pathway couldifferentiating neurons.
extend the presence of these nuclei in the hindbrain.
Common roles for Hoxbl and Hoxb2

The presence of the ectopic nuclei can be extended Rhombomeric and neuronal patterning defects were milder in
by a block in the apoptotic pathway the Hoxb2 mutants, compared withHoxbT’~ embryos.
Bax, a member of the Bcl2 family, is necessary for thd-urthermore, there were no r4-derived phenotypedarb?2
programmed cell death of many neurons. Facial motoneuromsutants that were not detected Hwoxbl mutants. This is
in Bax knockout mice show increased numbers at birth andonsistent withtHoxb2 being a direct transcriptional target of
sympathetic neurons from these mice can survive for longloxbl (Maconochie et al., 1997) and raises a number of
periods in culture without trophic support. Thus, this mutatiorpossibilities concerning the precise regulatory and functional
blocks the apoptotic pathway induced from lack of trophiaelationships betweefdoxbl and Hoxb2 Hoxb2 may act
support (Deckwerth et al., 1998). To test whether it wasynergistically withHoxb1by regulating either distinct target
possible to extend the survival of the ectopic motoneurons wgenes or a set of common target genes in r4, so that their
crossed this mutation (Deckwerth et al., 1998) intoHbgb1l  combined activities are required for the normal differentiation
mutant genetic background. of r4-derived motoneurons. An alternative mechanism whereby

Loss of Bax function extended the survival of ectopic motoHoxb2may synergise witlHoxblwould be through a role for
nuclei in the hindbrains oHoxbl mutants to 14.5 dpc Hoxb2in maintainingHoxblexpression.
(compare Fig. 8C with 8D). Interestingly, we also found excess To begin to distinguish between these possibilities, we
numbers of motoneurons in the ventral domain of the caudahonitored the r4 status in thdoxb2 mutants by assaying
hindbrain of Baxnull mutants between 12.5 and 14.5 dpcHoxbl expression and the expression of a the r4-specific
(compare Fig. 8A with 8C and data not shown). Their ventrairansgene HL5/lac?, which is known to be a direct target
position indicated that they were specified as sm neurons anfl Hoxbl (Marshall et al., 1994; Popperl et al., 1995).
therefore did not contribute to the IX and X/XI motor nerves Endogenousioxblexpression (Fig. 9A-F) and staining for the
which are mixed branchiomotor and visceromotor nerves. HL5/lacZtransgene (Fig. 9G-0O) are initiated in the réHokb2

These findings underline the importance of programmed cethutants (Fig. 3B) but are not maintained at appropriate levels
death in the developing hindbrain. This process is normallin later stages. This demonstrates a direct or indirect
used to eliminate unnecessary somatomotoneurons in thequirement for Hoxb2 in maintaining Hoxb1 expression in r4
caudal hindbrain but can be recruited to eliminate incorrectlyFig. 9P). The observation thioxbl expression is initiated
specified branchio-motoneurons in Hox mutants. normally in Hoxb2 mutants, but is not maintained properly
could explain the mixed behaviour of facial motoneurons.
. . Those r4 motoneuron progenitors that retain suffidiémtb1
Discussion activity adopt a normal fbm identity, while the rest adopt
Regulatory analyses in transgenic mice have revealed th@igeminal motoneuron characteristics. We favour the idea that
direct auto- and cross-regulatory relationships between thae effect ofHoxb2 on Hoxb1l expression is most probably
Hoxal, Hoxbl and Hoxb2 genes defined a transcriptional indirect, through regulation of general aspects of r4 identity.
hierarchy important for patterning early segmental processé$oxb2 cannot bind theloxb1r4 regulatory element in vitro,
in the developing hindbrain. In this cascaH@xaltriggers although it is possible that Hoxb2 may bind to an as yet
early expression dfloxblin r4 andHoxblmaintains its own unidentified Hoxb1 r4 regulatory element. In vivo, ectopic
expression, which in turn, is required for upregulation ofexpression ofHoxb2 does not ectopically activateloxbl,
Hoxb2 in r4. These events are required to establish andhereasHoxbldoes transactivatedoxb2 (Maconochie et al.,
maintain the regional character of r4 (Di Rocco et al., 19971997).
Maconochie et al., 1997; Studer et al., 1998). This pathwa ) o )
may also be important in regulating later events in neurdNeuronal differentiation defects and persistent
patterning. In this study, we examined neurogenesis ariflentity changes in the hindbrain of Hox mutants
motoneuron migration defects in mouse mutants of these thr&eetrograde tracing of axonal projections in Hexal Hoxbl
genes and found that there are strong similarities in thandHoxb2mutants suggested defects in fom migratidoxbl
phenotypes that are correlated with their regulatorynutants generate foms that extend axons from r4 to the
relationship. Common defects were largely concentrated to treppropriate exit point but fail to generate both caudally
r4 territory and included abnormalities in the patterns ofnigrating foms (Studer et al., 1996). hoxb2 there is a
neurogenesis and neuronal differentiation. The r4-deriveteduction in the numbers of caudally migrating r4 motoneurons
motoneurons underwent a transformation towards an r@Davenne et al., 1999) and consistent with reduction of r4
identity. This altered identity was maintained until late stages1 the Hoxal mutants, there is a greatly diminished r4
of hindbrain development, at which point misspecifiedmotoneuron population that migrates caudally. There were two
motoneurons from the transformed segment migrated to gsopulations in the expanded r3 territory of these mutants. One
ectopic position and were cleared by cell death. USiag  population projected axons in an r3-like pattern to the first arch
mutants (Deckwerth et al., 1998), we found that survival of theand a second variable population projected axons in an even
misspecified motoneurons could be prolonged by a genetihombomere-like pattern to the second arch (Gavalas et al.,
block in the apoptotic pathway. These results suggest that t1998). These populations were often, but not always,
regulatory hierarchy betweéioxal, HoxblandHoxb2is not intermixed. The detection of an ectopic nucleusHioxbl
only required to control early hindbrain patterning, but alsqStuder et al., 1996) aridoxal(Mark et al., 1993) mutants at
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Fig. 9. Regulatory interactions among tHexal, HoxblandHoxb2genes. (A-F) Dorsal views éfoxblexpression in wild-type (A,C,E) and
Hoxb2mutants (B,D,F) at 8.5 (A,B), 9.5 (C,D) and 10.5 (E,F) dpc. Expressidoxdslis initiated (A,B) but not properly maintained (C-F) in
theHoxb2mutants. (G-O) Expression otHoxbl lacZtransgene (HL5) in wild type (G,J,M), aktbxb2mutants (H,I,K,L,N,O) at 9.5 (G-

1), 10.5 (J-L) and 12.5 (M-O) dpc in side views of whole mount embryos (G-1) and dorsal views of flat mounted hindbrainspi®€3jok of
the HL5 transgene is variable in tHexb2mutants (H,I,K,L,N,O). Note also thkcZ expression is maintained in migrating foms in the wild
type (J,M) and in a proportion of migrating foms in some (K,N), but not all (H&yb2embryos. (P) The regulatory interactions among the
three geneddoxblandHoxalexpression is initiated through the action of retinoids (green line). InHowal Hoxbland co-factors
Pbx/Meis establish the expression of the latter in the r4 territory (orange line), which is subsequently maintaineddkbdwgitoregulation
(red arrow). Hoxb2 directly or indirectly (broken blue arrow) feedback upon Hoxb1 to maintain its expression in r4. Arcomdiibation
could be achieved through a requirement for Hoxb2 in the maintenance of the r4 territory. Hoxb1 and Hoxb2 synergise targeggetes
pertaining to segmental identity and neurogenesis in r4.

later stages suggested an abnormal migratory behaviour were specified as r2-like cells and intermingled with r3 cells
presumptive facial motoneurons rather than a simple temporéHelmbacher et al., 1998). This is consistent with the presence
delay of their migration. of cells with an r2 identity in this region (del Toro et al., 2001;
To understand the fate of these motoneurons, we followedelmbacher et al., 1998). Therefore, the trigeminal-like
their migratory behaviour by monitorindgsll expression ectopic nuclei observed in thdoxal mutants (Mark et al.,
(Ericson et al., 1997; Osumi et al., 1997) at different stages ih993) (this study) appeared to be the progeny of misspecified
all three mutants examined. The migratory pattern and fingdresumptive r4 cells. Intermixing at the r3/r4 interface may
location of this population resembled that of r2-derivedead to patterning defects in a subset of r3. This could explain
motoneurons. The size of the ectopic nucleus and the loss the presence of ectopic motoneurons projecting via the
reduction of the correctly migrating fom population variedtrigeminal motor root in the brainstem dbxat’ pups (del
among the mutants in a manner that resembled an allelic seri@sro et al., 2001).
The Hoxb1 and Hoxb2 phenotypes could be explained by a Cells of presumptive r4 able to activddexblgive rise to
strong or weak transformation, respectively, of r4 into r2. Thehe correctly migrating foms itHoxal mutants. Consistent
Hoxalphenotype was consistent with a partial transformationvith this, we found a severely reduced facial motor nucleus in
of r4 into r2 and concurrent loss of cell sorting at the r4/rdome but not aHoxalmutant embryos. Therefore, thi®xal
interface. Presumptive r4 cells that failed to activdtxbl r4 motoneuron phenotype is fundamentally similar to that of
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Fig. 10.Fate of hindbrain motoneuron precursorsioxal, HoxblandHoxb2mutants. A schematised view of early (10.5 dpc, top row) axial
identity and subsequent (12.5, bottom row) fate of hindbrain motoneuron precursors in wildoxgt HoxblandHoxb2embryos. At 10.5
dpc, r2-r5 have normally acquired specific identities and the corresponding motoneuron precursors do not mix. The segrtegated pre
populations will give rise to the trigeminal (V, derived from r2 and r3), abducens (VI, derived from r5) and facial (Vi filerive4) motor
nuclei. InHoxalmutants, the r3/r4 boundary does not form and most of the r5 territory is lost, resulting in a single rhombomere often referred
to as rx. Some of the presumptive r4 precursors have acquired a partial r2 identity and mix with r3 precursors. The dattectfopio

transient motor nucleus (asterisk) and sometimes a small facial (VII) motor nucleus. As a result of r5 strong reductiocetierabtor
nucleus (VIm) is lost. liHoxblmutants, presumptive r4 precursors are misspecified to an r2-like identity. As a result, they all migrate in a
trigeminal like manner and form an ectopic, but transient, motor nucleus (asterisk), which is cleared by cellHedt2nhutants, some r4
precursors have acquired an r2-like identity, and as a result a transient ectopic motor nucleus (asterisk) is formedtm thediicial motor
nucleus.

Hoxblmutants, with the exception of a subset of r4 cells thapresumptive r4 territory in thédoxbl mutants may have
are properly specified because of later activatiorHokbl retained some aspects of r4 identity since expressiBplu?2
expression. These observations are consistent with a strong, lautearly marker of this territory, is not lost (Studer et al., 1998)
not absolute, requirement dbxalfor the activation oHoxbl  and expression dfloxb2is downregulated but not abolished

(Studer et al., 1996). (Maconochie et al.,, 1997). Therefore, some neuronal
) . progenitors may still be born following an r4-specific program,

Transformation and changes in neuronal but loss ofHoxb1 may result in their early removal by cell

differentiation death as observed (Gaufo et al., 2000). The reduction of the

The migratory patterns of the presumptive fbms in all thresuperior salivatory nucleus, that is primarily derived from r5
mutants suggested a transformation of their territory of origifJacob and Guthrie, 2000; McKay et al., 1997),Hoxb1

(r4) towards an r2 identity. To further investigate the extent ofmutants is consistent with early patterning defects found in the
this transformation we analysed patterns of neurogenesis arfl territory of these mutants. Signals derived from r4 may be
neural differentiation in these mutants and the results amecessary for correct patterning of this and other rhombomeres
summarized in Fig. 10. The r4 territory in tHexblmutants (Maves et al., 2002; Studer et al., 1996; Walshe et al., 2002).
assumed aspects of an r2 identity from an early stage in Defects inMath3andPhox2bexpression irHoxb2mutants
development (Studer et al., 1996). This altered specificatiowere evident at 10.5 dpc, but more pronounced at 11.5 dpc,
persisted in later stages, as expression of Bbibx2band and Gata2 expression is only partially affected in these
Math3followed an r2-like pattern along the full DV extent of mutants. Overall, neurogenesis defects were similar to those of
the rhombomere. Furthermore, usiG@ta2 (Nardelli et al., Hoxblmutants, but milder and more apparent at a later stage.
1999; Pata et al., 1999) as a marker for the whole complemenhe segmentation defectshioxalmutants (Mark et al., 1993)

of r4 efferent motoneurons, we found that expression wasult in a drastically reduced r4 territory, and therefore it
reduced in ventral r4 and resembled that in the r2 territory. Theas difficult to determine whether r4-specific patterns of
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neurogenesis and differentiation were implementedpersistence of ectopic motoneurons in the r6 to r7/r8 region in
Nevertheless, consistent with the hypothesis that the rihe Baxmutant background. The higher than normal levels of
program is executed although in a reduced territoldafal  cell death detected during early r4 development inHbebl
mutants, we were able to document r4-specific patterns ofiutants (Gaufo et al., 2000) could reflect normal patterns of
Gata2expression. cell death consistent with the transformation of that segment
Molecular analysis confirmed that the initial changes ininto an r2 identity.
segmental identity persisted at later stages in hindbrain The re-specified motoneurons in r4 of tHexbl mutants
development. Ectopic motor nuclei in bdtloxblandHoxb2  still projected their axons exclusively to the second arch
mutants retained expression Pfiox2l) suggesting that they (A.G. and R.K., unpublished). Therefore, their respecification
were specified as branchiomotoneurons. Similarly, the loss ¢dwards an r2 identity is not sufficient to change the pathfinding
Cad8expression, which is characteristic of foms at their finabf their axonal projections. This is consistent with the finding
position (Garel et al., 2000; Korematsu and Redies, 1997), attidat heterotopically transplanted trigeminal bms in the chick
ectopic expression of the tyrosine kinase recejdtetr(Caton  were unable to pathfind correctly to the first branchial arch
et al., 2000) were consistent with an r4 to r2 transformatiorand projected inappropriately to the second arch (Jacob and
Ectopic expression ofad8in the ventral r4 territory of the Guthrie, 2000). Consequently, as the regional identity of the
Hoxbl mutants in an r2-specific pattern suggested that botbecond pharyngeal arch has not changétbxblmutants, the
cell-autonomous (see above) as well as non cell-autonomoustoneurons generated in r4, which possess an r2 identity,
defects may contribute in the misspecification of the r4-derivethnervate what they perceive as inappropriate muscle targets
motoneurons. The caudal extensionG#d8 expression was (Goddard et al., 1996; Studer et al., 1996). It will be interesting
smaller in Hoxal mutants, in agreement with a partial to determine whether these motoneurons would be rescued in
transformation of r4 into r2. aHoxa2mutant genetic background where the second arch has
The Hoxb2 motoneuron phenotype represented a mildeassumed a first arch identity (Gendron-Maguire et al., 1993;
version of theHoxb1 phenotype, as only a subpopulation of Rijli et al., 1993).
the presumptive fboms assumed migration and gene expressiorAs target-derived neurotrophic factors play an essential role
patterns corresponding to a trigeminal-like identity. Expressioim regulating motor and sensory neuron survival (deLapeyriere
of Lhx4andEr81support the idea that the ectopic motoneurong&nd Henderson, 1997; Oppenheim, 1996), it is very likely that
have undergone an r4 to r2 change in identity. Their expressitihe demise of the ectopic motoneurons in Huoxb1 mutants
was similarly affected in the correctly specified foms,was due to the lack of neurotropic support. Mice lacking
suggesting a general, lateloxb2 requirement for fobm cyclin-dependent kinase 3C@k5 form fbms that do not
specification. This implies that losstdbxb2might reduce the migrate out of r4 or even laterally within r4 (Ohshima et al.,
total level ofHoxb activity to threshold levels resulting in a 2002). In thes&€dk5mutant mice, the motoneurons have the
variable phenotype due to the stochastic variation of geneorrect r4 identity, and they remain in r4 like the motoneurons
expression. This situation would not affect specific fomin Hoxbl mutants (Ohshima et al., 2002). In b&dk5 and
subpopulation(s). Hoxblmutants, axons project into the second pharyngeal arch,
The migratory behaviour of r4 motoneurons and moleculabut unlikeHoxblmutants the fbms in tHédk5mutants survive
analysis strongly suggested an r4 to r2 transformation of thi® birth when the mice die. This illustrates that staying in the
territory in the mutants examined. How can we account for thet territory is not a problem for motoneuron survival and
anterior change in r4 identity in these Hox mutahte®a2is  implies that the reason for the programmed cell death of the
the most likely candidate for mediating this transformation. It®ctopic motoneurons iHoxblmutants is a mismatch between
ectopic expression can induce the generation of trigeminahotoneuron and target tissue identity.
motoneurons (Bell et al., 1999) and it is still expressed in ] )
presumptive r4 in the absenceHiixblexpression (Di Rocco Effectors of Hox genes in neurogenesis and
et al., 2001b). Therefore, in the absenceHokbl and the neuronal specification
subsequent lack éfoxb2upregulationHoxa2is the only gene The results presented here demonstrated a variable r4 to r2
expressed at a high level in presumptive r4, leading ttransformation, in the mutants examined, which persists at

transformation. late stages of hindbrain neurogenesis and neuronal
differentiation. Hox expression patterns and therefore the AP

Loss of ectopic misspecified motoneurons by identity of neuronal progenitors have a direct bearing on the

programmed cell death expression patterns of transcription factors suchPas

The ectopic motoneuron population in tHexblmutants can Nkx2.2and Phox2bthat are involved in the specification of
be readily detected by th&1 riboprobe as a robust population neuronal subtypes (Davenne et al., 1999; Gaufo et al., 2000)
until 12.5 dpc. Its size was rapidly reduced thereafter anthis study). The hindbrain and the spinal cord are patterned
became undetectable by 14.5 dpc. The detection of ectopic calbng their DV axis by the action of signalling centres that
death in the same region suggested that this population wesside at the roof plate, the notochord and the floor plate
eliminated by cell death. Accordingly, by genetically blocking(Jessell, 2000; Lee and Jessell, 1999; Liem et al., 1997).
the apoptosis pathway through crosdiaxbl mutants into a Retinoic acid has been also implicated in the specification of
Bax’~ background (Deckwerth et al., 1998) we extended tha late-born subset of motoneurons (Pierani et al., 1999).
survival of this ectopic population. Programmed cell death iglowever, there is no evidence for variable activity of these
used extensively to sculpt the central nervous systementers that could explain AP specific patterns of
(deLapeyriere and Henderson, 1997; Pettmann and Hendersoeurogenesis and neuronal differentiation. Therefore, the
1998). Its role in the hindbrain is underscored by theHox-based system of AP specification is a plausible candidate
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