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Hoxal and Krox-20 synergize to control the development of rhombomere 3
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SUMMARY

The transcription factor genesHoxal and Krox-20 have  rhombomeres. These phenotypic manifestations become
been shown to play important roles in vertebrate hindbrain  more severe in the context of the additional inactivation of
segmentation. In this report, we present evidence for novel one allele of theKrox-20 gene, demonstrating thatHoxal
functions of these genes which co-operate in specifying and Krox-20 synergize in a dosage-dependent manner to
cellular identity in rhombomere (r) 3. Although Hoxalhas  specify r3 identity and odd- versus even-numbered
not been observed to be expressed rostrally to the rhombomere characters. In addition, these data suggest
prospective r3/r4 boundary, its inactivation results in (i) that the control of the development of r3 may not be
the appearance of patches of cells presenting an r2-like autonomous but dependent on interactions withHoxal-
molecular identity within r3, (i) early neuronal expressing cells.

differentiation in r3, normally characteristic of even-

numbered rhombomeres, and (iii) abnormal navigation of  Key words: Hindbrain, Krox-20, Hox genes, Rhombomere, Genetic
r3 motor axons, similar to that observed in even-numbered interaction, Gene regulation, Neurogenesis, Cell segregation

INTRODUCTION (reviewed in Schneider-Maunoury et al., 1998). The associated
phenotypes observed to date fall into three classes. Several
The regionalisation of the vertebrate hindbrain along thgenes are required for the maintenance and/or generation of
anteroposterior axis involves a highly evolutionarily conservedpecific hindbrain territoriesHoxal for parts of r4 and r5
segmentation process, which leads to the generation of a ser{€&hisaka et al., 1992; Lufkin et al., 1991; Carpenter et al.,
of 7-8 lineage-restricted cellular compartments, calledl993; Dollé et al., 1993; Mark et al., 199RJpx-20for r3 and
rhombomeres (r) (Lumsden and Keynes, 1989; Fraser et al (Schneider-Maunoury et al., 1993, 1997; Swiatek et al.,
1990; Birgbauer and Fraser, 1994; Lumsden and Krumlauf,993) andkreisler for r5 and r6 (Cordes and Barsh, 1994;
1996; Wingate and Lumsden, 1996; Schneider-Maunoury étrohman et al., 1993; McKay et al., 1994). A second category
al., 1998). This subdivision plays an essential role irof genes, which so far only includétox genes, has been
establishing the pattern of both hindbrain and craniofacialemonstrated to contribute to the specification of the positional
(branchial) morphogenesis. In particular, it presages thilentity of particular rhombomeres (zZhang et al.,, 1994;
periodic organisation of neurons (Lumsden and Keynes, 1988jexandre et al., 1996; Studer et al., 1996; Gavalas et al.,
Clarke and Lumsden, 1993) and correlates with the pathway997). The involvement of a single gene in both processes also
of neural crest migration into the branchial arches (Lumsdeappears to be possible as suggested by loss-of-function and
and Guthrie, 1991; Lumsden et al., 1991; Serbedzija et alain-of-function mutations of Hoxal which exhibit
1992; Birgbauer et al., 1995; Kontges and Lumsden, 19963egmentation and homeotic phenotypes, respectively. Finally,
The restriction in cell mixing between adjacent rhombomeremembers of the Eph family of transmembrane tyrosine kinase
is thought to allow each segment to maintain a specific pattereceptors and their ligands have been implicated in the
of gene expression and a distinct rostrocaudal identity. segregation of cells between different rhombomeres (Xu et al.,
A number of putative regulatory genes have been shown tt995).
present spatially restricted patterns of expression along the Considering the essential role of these genes in the control
anteroposterior axis in the hindbrain, with limits correspondingf hindbrain development, it is becoming increasingly
to prospective or established rhombomere boundariémportant to understand the relationships that might exist
(reviewed in Lumsden and Krumlauf, 1996). Mutationalbetween them, both in terms of hierarchic organisation and of
analyses indicate that several of these genes indeed pledundant or synergistic functions. During the past few years,
essential roles in the control of hindbrain developmenseveral regulatory links have been revealed. The expression of
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Hoxb2 in r4 has been shown to be regulated by Hoxbbackground. Double heterozygous males and females were generated
(Maconochie et al., 1997) and autoregulatory loops have beéy mating heterozygousoxalmutant mice (Lufkin et al., 1991) with
demonstrated to play important roles in the transcriptidtiosf ~ heterozygousrox-20/lacZmutant mice (Schneider-Maunoury et al.,
genes (Popperl et al., 1995; Gould et al., 1997). Krox-20 ha$93). Embryos carrying different combinations of the two mutations

been shown to control directly the transcription Hifxa2 ~ Were obtained by crossing double heterozygous malestoital”~ .
females (or reverse). PCR genotyping of embryo yolk sac or mouse tail

Hobeand Etphib\4llréé§a£d r5h(Shatm Ietﬁ;5619g§,vSChneldter— NAs was performed as described (Schneider-Maunoury et al., 1993)
aunoury(,:" al., » \onchev e "?l " a, ! ,esque €l &ty the Krox-20 locus and with the following combination of three
1996; Theil et al., 1998), and directly or indirectly the gjigonucleotides for thetoxallocus: a common’®ligonucleotide in
expression oHoxb3in r5 andfollistatinin r3 (Seitanidou et al., the Hoxatcoding sequence (5CATGGGAGTCGAGAGGTTTC-
1997). kreisler is a direct regulatortddxb-3in r5 (Manzanares CAGAG 3) and two 5 oligonucleotides located in theloxal 5'
et al., 1997). Interestingly, in these two latter cases, a hierarchianking region (5GCCATTGGCTGGTAGAGTCACGTGT 3and in
relationship is established between segmentation genes athd ne&-coding sequence '(SGATGGAAGCCGGTCTTGTCGAT-
genes possibly involved in specification of positionalCAG 3), respectively. These latter oligonucleotides give rise to PCR
information or lineage restriction. In contrast to the significanproducts of different sizes with the wild-type and mutant alleles of the
progress made in unravelling the regulatory cascades, t th"’:]le?ggﬁ\;‘;i%%ﬂ'r‘flé’i ';CR l‘g’g;)pe{%?ig /IZSC ggﬁgrlgegg&%nously
|dent|f|cat|0|j of putative redundant or synergistic fun(;tlon_s ha ansgenic lines were obtained by injection of previously described
lagged behind, a consequence of the lack of availability g onstructs containing thacZ-coding sequence under the control of 8.5
double loss-of-function mutants affecting these genes. Recently, of epha4s' flanking genomic sequences (Theil et al., 1998) and the
genetic analysis of double mutants has shownHloaaland  human placental alkaline phosphatase gene under the control of an
Hoxblsynergize in the early specification of r4 identity and inHoxa2enhancer element (Studer et al., 1996), respectively. Transgenic
patterning r4-derived structures and neural crest (Gavalas et @phA4/lacZor r2-HPAP males were bred withloxal*~ females to
1998; Studer et al., 1998). In addition, the establishment gfroduceHoxal”~ EphA4/lacZand Hoxal”~ r2-HPAP animals. The
Hoxblexpression in r4 depends on the early activation of botftter were crossed witHoxal”~ or Ho_xal*’ ~ Krox-20"~ animals to
HoxalandHoxblby endogenous retinoids (Dupé et al., 1997;produce the adequate embryos carrying the transgene. Detectlon_of the
Studer et al., 1998). presence of the transgenes was_performed by PCR as previously
In the present work, we have investigated the possible synergﬁscr'bed (Studer et al., 1996; Theil et al., 1998).
betweenKrox-20 and Hoxal During hindbrain development, x-gal and alkaline phosphatase staining and estimation of
Krox-20, which encodes a zinc finger transcription factorthe areas corresponding to  /acZ-positive or -negative cells
(Chavrier et al., 1988, 1990), is successively activated in twaithin r3
transverse stripes that prefigure and subsequently coincide withgal staining was performed on whole-mount embryos as previously
r3 and r5 (Wilkinson et al., 1989a; Schneider-Maunoury et aldescribed (Schneider-Maunoury et al., 1993). Embryos were then
1993). As indicated above, Krox-20 is required for thewashedin PBS, fixed overnightin 4% paraformaldehyde (PFA) in PBS
maintenance of the r3 and r5 territories (Schneider-Maunoury épd washed again in PBS. The neural tube was dissected by removing
al., 1993, 1997; Swiatek and Gridley, 1993hxalpresents a mesodermal tissues, opened along the dorsal midline for stages

; PP ding to a closed tube and flat mounted in glycerol. The areas

very dynamic pattern of expression in the neuroectoderm. B&f’rresr’on 9
. : . _of each half rhombomere 3 and of the patchema#-positive and

the head:jc_)ld tSt‘;?e’ it rea;phessli bsharé:) antegolrtllm_ egative cells were estimated by application of the computer

corresponaing 10 the prospective roira bounaary, and 1aler Qfioq-amme neurolab (Microvision Instruments) on camera-lucida

this expression regresses caudally (Lufkin et al., 1991, Murphyawings. InHoxal”- EphAd/lacZandHoxal”- Krox-20- embryos,

and Hill, 1991; Dupé et al., 1997). Thioxalloss-of-function (3 anterior and posterior boundaries were defined on each side of the
mutation, in addition to its dramatic effect on r4 and r5flat-mounted embryo in a way that the total area included the most
mentioned above, was also shown to result in an increase in thaerior and posteridacZ-positive cells likely to belong to r3. Each
size of r3 (Carpenter et al., 1993; Dollé et al., 1993; Gavalas kicZnegative patch in this r3 domain was delimited and the
al., 1998). Sincédoxalhas not been observed to be expressedorresponding areas were added to obtain the surfdaeZafiegative

was unexpected and suggested a non-auonomous effect of B % UE TR 2 52 SRS T SR PERENSERE, S0 SECE
taton o 3, e e VESIGRed 1 oSty 1 e, oo anyme e ol g | e 2 sy
. . ) A was revealed as described for whole-mount in situ hybridisation.
inactivation ofHoxal In particular, these abnormalities include

the appearance of territories of r2-like identity within thisimmunocytochemistry and whole-mount in situ

rhombomere as well as additional features normallyybridisation

characteristic of even-numbered rhombomeres. In addition, weor immunocytochemistry or whole-mount in situ hybridisation, the
have found that these phenotypes become more severe when eméryos were either fixed directly in PFA overnight at 4°C or
allele ofKrox-20is inactivated. Our data therefore suggest thaprocessed for X-gal staining before overnight fixation in PFA.

the development of r3 is non-autonomous andkrat-20and Immunocytochemistry on dissected neural tubes was performed as
Hoxalsynergize in its patterning. described by Schneider-Maunoury et al. (1993). The 2H3 monoclonal

antibody and the anti-EphA4 polyclonal antibody (Becker et al., 1995)
were used at final dilutions of 1:5000 and 1:20000, respectively. For
2H3 staining, a horseradish peroxidase (HRP)-conjugated goat anti-

MATERIALS AND METHODS mouse secondary antibody (Sigma) was used and revealed with
] ) diaminobenzidine. For anti-EphA4 staining, an alkaline-phosphatase
Mouse lines and genotyping (AP)-conjugated goat anti-rabbit antibody (Sigma) was used and

The different mouse lines were maintained in a mixed C57BI6/DBAZevealed with NBT-BCIP (Boehringer). Whole-mount in situ
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hybridisation was performed as described by Prince and Lumsdevbserved within the stripe (Fig. 1B,D). This preliminary
(1994). The RNA probes included an 800Rgi-Apa fragment from  analysis indicated that lack of Hoxal affects the normal
the Krox-20 cDNA (Wilkinson et al., 1989a), an 800 HfcoRl development of r3.

fragment from the mouddoxb1cDNA (Wilkinson et al., 1989b), a

1.2 kb fragment (positions 652-1834) from EghA4cDNA (Gilardi- The Hoxal"~ phenotype in 13 is affected by the Krox-

?V?/ri}ﬁi’n:onnde? aﬁ fgggﬁl"\lou fragment from theHoxb2 gene To investigate a possible effect of a reduction of the level of

Krox-20 on the r3 phenotype iRloxal mutant embryos, we
combined the two mutations. Hoxal*~ Krox-20"~ embryos,

RESULTS no modification of th&rox-20expression pattern was observed
o ) as compared to wild-type embryos (data not shown). In

Hoxal function is required for normal r3 Hoxal”~ Krox-20*~ embryos, as in the case of tHexal”~

development embryos, r3 was enlarged as compared to the wild-type situation

To analyse the effect of théoxalmutation on r3 development, (Fig. 1A,C). In addition, similar numbers Kfox-20-negative

we first usedrox-20as a marker since it is expressed at a higlpatches were observed in r3, although their size appeared larger
level in this rhombomere from approximately the 0 somitghan inHoxal”~ embryos (Fig. 1). To analyse the r3 phenotype
stage to the 18-somite stage (Fig. 1A, Wilkinson et al., 1989an further detail, we made use of thacZ reporters to follow
Schneider-Maunoury et al., 1993). As expected, in 8.5 day poktox-20expression more easily. TKgox-20 mutation used in
coitum (dpc)Hoxal”~ embryos, expression #frox-20in the  these experiments involves an in-frame insertion ofldog
hindbrain was mainly restricted to a single band, previouslgequence within thi€rox-20gene, giving rise to a hybrid gene.
identified as r3 according to its rostrocaudal position andhe activity of the Krox-2(-galactosidase fusion protein has
relative location with respect to other rhombomeric markerbeen shown to recapitulatérox-20 expression (Fig. 2J.,K;
(Fig. 1B,D; Lufkin et al., 1991; Chisaka et al., 1992; CarpenteBSchneider-Maunoury et al., 1993, 1997; Topilko et al., 1994;
et al., 1993; Dollé et al., 1993; Mark et al., 1993). The loss-oftevi et al., 1996; Murphy et al., 1996). The secland reporter
function allele ofHoxalused in this study leads to a dramaticwas introduced by crossing with a transgenic line in which the
reduction of r5 (Lufkin et al., 1991; Dollé et al., 1993; MarklacZ gene has been placed under the control oEfiteA4gene

et al.,, 1993). Consistently, a few small patcheKafx-20- promoter with 8.5 kb of '5flanking sequence (Theil et al.,
expressing cells were also observed more caudally,998). This region includes Krox-20-dependentcis-acting
corresponding to remnants of r5 (Fig. 1B,D). The distancelement, which places the transgene under the direct
between r3 and these r5 remnants was less than a rhombomeagscriptional control of Krox-20 (Theil et al., 1998). In this
width, reflecting a partial loss of r4 iHoxal”~ embryos transgenic linelacZ expression in the hindbrain is restricted to
(Lufkin et al., 1991; Chisaka et al., 1992; Carpenter et al;3 and r5 (Fig. 2A,B).

1993; Dollé et al., 1993; Mark et al., 1993). Althoudbxal At 8.5 dpc, inHoxal”~ embryos carrying th&phA4/lacZ

is not expressed in the presumptive r3 territory, th&rn&-  transgene or itHoxal”~ Krox-20"~ embryos, detection d3-
20-positive stripe in Hoxal”~ embryos presented two galactosidase activity by X-gal staining revealed that r3 was
abnormal features: its rostrocaudal width was significanthenlarged about 2-fold and containéatZ-negative patches
enlarged as compared to wild-type embryos (Fig. 1, see al¢big. 2D,G). These patches are likely to correspond to the
Carpenter et al.,, 1993; Gavalas et al., 1998) and it was nitox-20-negative patches observed by in situ hybridisation.
homogeneous; small patches Kiox-20-negative cells were They were in similar number (around 11 per half rhombomere)
in the two genotypes. At this stage, the small size of the patches
prevented a quantitative comparison of their cumulated areas
in Hoxal”~ andHoxal™~ Krox-20*~ embryos.

- ‘: m - r,; The higher stability of th@-galactosidase as compared to
] gl the Krox-20 mRNA allowed the study of the maintenance of

LR 1 2 the patches at a later stage of development (9.5 dpc), when
Krox-20has started to be downregulated in r3 (Fig. 2B,E,H,K;
B Hoxat Schneider-Maunoury et al., 1993; Theil et al., 1998). To allow

quantitative analysis of the areas covered byabé negative
patches, camera-lucida drawings of r3 territories were
b ': performed (Fig. 2C,F,I,L). In both genotypes, the number of
' patches was around 4 per half rhombomere, a number
significantly reduced from its estimation at 8.5 dpc. Two
striking differences were observed between the two genotypes.
(i) The cumulated area of thecZ-negative patches represented
a much larger part of the rhombomereHioxal”~ Krox-20*~

mutation. Flat-mounted hindbrains were prepared from whole-mou m_bry_os (28.5%)_than ifoxal e_mbryos .(7'9%) S/F_'g' 2M).

8.5 dpc embryos (8 to 16 somites) hybridised wikr@-20probe. hl?_h'gh proportion ofa_CZ-neg_atlve cells IrH_oxal Krox- .
(A) Wild-type, (B,D)Hoxal”-, (C) Hoxal”~Krox-20"-embryos. In 207~ embryos led to highly disordered stripes and made it
Hoxal”-and double mutants embryos, r3 is enlarged and contains SOmetimes difficult to define r3 boundaries (Fig. 2H,I). (i)
patches oKrox-20-negative cells. Remnants of r5 are indicated by While patches were mainly located within the basal plate in
arrowheads. Scale bar, 10f. both genotypes, the percentage of the area of the patches

D

Fig. 1.r3 development is affected by tH@xalloss-of-function
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wt EphA4/lacZ Hoxal”’- EphA4/lacZ ~ Hoxal”’~ Krox-20*- Krox-20*-

T e Em =2

E 8.5 (6s)

£9.5

genotype
indicator Hoxa1™ Hoxal” Krox-20*
R-galactosidase 7.9% (+4.9) 28.5% (+7.0)
M EphA4 protein 6.6% (+3.6) 32.1% (£3.7)

Fig. 2. Krox-20andHoxalsynergize for r3 development. Flat mounts of 8.5 dpc (A,D,G,J) or 9.5 dpc (B,E,H,K) embryo hindbrains analysed
by X-gal staining to reveal tHegalactosidase activity due to tephA4/lacZransgene (A,B,D,E) or the€rox-20/lacZknock-in (G,H,J,K).

The genotypes of the embryos are as follow: (ABhA4/lacZ (D,E)Hoxal”~ EphA4/lacZ (G,H) Hoxal”~ Krox-20"~, (J,K) Krox-20%".

(C,F,I.L) The boundaries between X-gal-positive and -negative regions as well as the presumptive limits of r3 corresgBrigiHgtphave

been drawn using a camera lucida. (M) The proportion of the r3 area occupied by non-r3 patches was estimated from the afdagzariso
negative and -positive or EphA4 low- and high-level territorie€dhA4/lacZandKrox-20*~ embryos, both at 8.5 and 9.5 dpc, X-gal staining
reveals two homogeneous stripes corresponding to r3 and r5, respectively. At 816xadc,” EphA4/lacZandHoxal”~ Krox-20*~ embryos
present an enlarged r3 with a high number of slael-negative patches. At 9.5 dpc, fheZ-negative patches occupy a much larger part of r3

in Hoxal”~ Krox-20*~ than inHoxal”~EphA4/lacZembryos. Scale bars, 1én.

located in the dorsal part of the rhombomere was 7.5% in theccurring  during  normal  hindbrain ~ development.
case ofHoxal”~ embryos versus 20% in the case of doubleUnderstanding the identity and origin of these cells might
mutants (data not shown). provide important insights in the molecular mechanisms

In conclusion, these data have confirmed the existence obntrolling this process. Each rhombomere can be
Krox-20-negative patches within r3 froloxal” embryos at characterised by the expression of a specific combination of
8.5 dpc and have established their persistence during subsequaatrker genes, which reflects the molecular identity of the
development. In addition, they indicate that the inactivation o€orresponding cells (for a review, see Lumsden and Krumlauf,
one allele of th&rox-20gene results in an about 3-fold increase1996). To analyse the molecular identity of the cells in the
in the area of r3 occupied by the patches in Huxal”~  Krox-20-negative patches, we first performed in situ
background, at least at the 9.5 dpc stage. This latter point hiagbridisations with several rhombomere-specific probes. At
been confirmed by analysis of another marker, identical for theround 9.5 dpd;loxblconstitutes a specific marker of r4 (Fig.
two genotypes. As will be discussed below, the levels of EphA3A; Murphy et al., 1989; Wilkinson et al., 1989b) afdxb2
mRNA and protein are reduced in tleeZ-negative patches. expression is restricted to the part of the central nervous system
Quantitative analysis of the areas of the patches of reduc€@NS) caudal to the r2/r3 boundary, with high relative levels in
EphA4 protein level within r3 led to a conclusion identical tor3, r4 and r5 (Fig. 3E; Wilkinson et al. 1989b; Sham et al.,
the study of the X-gal-negative patches, i.e. a significant increag®93); Hoxa2and EphA4are expressed at high relative levels
is observed when one allelekfox-20is inactivated (Fig. 2M). in r3 and r5 and at lower levels in r2, r4 and caudally to r5 in
Our data therefore suggest thiatxalandKrox-20synergize for  the case ofloxa2(Fig. 3I; Nonchev et al., 1996a; Frasch et al.,
the establishment of the integrity of r3 and that this effect i4995), and in r2, r4 and r6 in the caseEphA4 (Fig. 3M;

dependent on the dosagekabx-20 Gilardi-Hebenstreit et al., 1992; Nieto et al., 1992).

. . Hoxal”~ embryos, the domain of expression Hbxbl was
The Krox-20- negative patches in r3 present an r2- dramatically reduced (Fig. 3B), reflecting the loss of part of r4
like molecular identity as previously reported (Lufkin et al., 1991; Chisaka et al., 1992;

The existence of patches Kiox-20-negative cells in r3 is Carpenter et al., 1993; Dollé et al., 1993; Mark et al., 1993).
likely to reflect the disturbance of important early eventsThe situation was similar iHoxal™~ Krox-20*~embryos (Fig.
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wt [I Hoxat” Jl Hoxa?"‘ Krax-20+/ I Hoxat'- Krox-20*"-

- EF ﬂ &

Hoxb1

Hoxb2

Hoxa2

EphA4

L ﬂf

Fig. 3. TheKrox-20-negative patches in r3 express an r2-like combination of markers. The expressiotbfA-D), Hoxb2(E-H), Hoxa2(l-
L) andEphA4(M-P) was analysed by whole-mount in situ hybridisation in 9-9.5 dpc embryos. Flat-mounted hindbrains from wild-type
(A,E,I,M), Hoxal”~ (B,F,J,N) andHoxal”~ Krox-20*~(C,D,G,H,K,L,0,P) embryos are shown. In addition, in half ofHb&al”~Krox-20*~
embryos3-galactosidase activity was revealed by X-gal staining to visuat&epositive and -negative regions in r3 (D,H,L,P). In wild-type
embryosHoxblmarked specifically r4 (Aloxb2mRNA was found exclusively posterior to the r2/r3 boundaryHBxa2(l) andEphA4

(M) expression levels were high in r3 and r5, and lower in r2, r4 and r6. Itdbatil - andHoxal”~ Krox-20* embryos Hoxb1mRNA

was rarely found rostral to the remnants of r4 (B-D). Double labelling with X-gal (D) indicated thetZheegative patches did not express
Hoxb1,except for a few cells occasionally (arrowhead). Patchel®xih2negative cells (F-H) or of cells expressing low levelsloxa2(J-L)

or EphA4(N-P) were observed in r3 Hoxal”~ or Hoxal”~ Krox-20*~ embryos. Double labelling indicated that most cells in the X-gal-
negative patches did not expréssxb2and expressed low levels ldbxa2andEphA4(H,L,P). Note that in bothloxal”~ andHoxal™~ Krox-
20*~ embryos Hoxb1-andHoxb2negative cells were often observed in the ventral-most part of r4 as well (B-D and F-H, respectively). The
hybridisation probes are indicated on the left. Scale barguh00

3C) and double labelling with X-gal indicated that most of the20-negative patches in r3 have an r2 identity. To address this
cells in thelacZ-negative patches did not expréssxbl (Fig.  possibility more directly, we made use of a transgenic line,
3D). Hoxb2negative patches were observed within r3 in bothr2-HPAP, which expresses specifically the human placental
Hoxal”~ and Hoxal”~ Krox-20"~ embryos, the area of the alkaline phosphatase (AP) gene in r2 (Studer et al., 1996; Fig.
patches being larger with the latter genotype as in the case 44). Introduction of the transgene Hoxal”~ andHoxal”~
the Krox-20-negative patches (Fig. 2F,G). Double labellingKrox-20*~ backgrounds revealed that: (i) in both types of
with X-gal in Hoxal”~ Krox-20"~ embryos demonstrated that embryos, r3 contains patches of AP-positive cells (Fig. 4B-
most of the cells from th&rox-20-negative patches did not D), and (ii) most of thdacZ-negative patches iRloxal’~
expressHoxb2 either (Fig. 3H). Finally, in the case of both Krox-207~ embryos are AP-positive (Fig. 4C,D).
Hoxa2 and EphA4 in Hoxal”~ and Hoxal”Krox-20"~  Nevertheless, occasionalligcZ- and AP-negative patches
embryos, patches of cells were observed within the r3 domaimere observed within r3 (Fig. 4C). In any case, the r2-HPAP
where their expression levels were lower than those in thenalysis is in agreement with the study of the other regional
surrounding r3 and more similar to those observed in r2/r4 (Fignarkers and indicates that most of theZ-negative patches
3J-L,N-P). Double-labelling experiments Hoxal”~ Krox- have an r2-like molecular identity. Finally, it is also
20"~ embryos indicated that the rf@cZ-negative patches interesting to note that, iHoxal”~ andHoxal”~ Krox-20*~
expressed low levels ¢foxa2or EphA4(Fig. 3L,P). embryos, an r2-like pattern of gene expression is also often
Taken together, these data indicate that withirkitos-20- seen within the ventral-most part of r4 (Figs 3B-D,F-H,
negative patches most of the cells do not express éithdrl  4B,D), similar to that observed iHoxbl mutant embryos
or Hoxb2and expressioxa2andEphAd4at levels lower than (Studer et al., 1996). This suggests thatHiogal mutation
in normal r3, similar to those of r2/r4. Such a combination ofnay differentially affect r4 development along its
specific levels of gene expression is clearly different from thadlorsoventral axis. Nevertheless, a morphological boundary is
normally present in r3, r4 and r5. This combination isobserved between r3 and r4, as in wild-type embryos (data
identical to that of r2, raising the possibility that tiex-  not shown).
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&2

—_—

155108 M; component of neurofilaments, which allows
labelling of both cell bodies and axons. In addition, the embryos
were double-labelled by X-gal staining or with an anti-EphA4
antibody in order to identify territories of r3 identity (the
: ey & developing was kept minimal to avoid masking the neurons). In
— vt B 's,f.j,}'faxaﬂ" wild-type embryos, motor neurons differentiate in the vicinity

- oe woN

e ——— — of the floor plate, extending their axons ipsilaterally away from
Hoxat’~ Krox-20*- ( the midline. Their differentiation begins at around the 19-somite
stage in even-numbered rhombomeres and at around the 25-
somite stage in odd-numbered rhombomeres (Fig. 5A,B and
data not shown). Therefore, at the 24-somite stage r2 and r4 are
rich in neurons, whereas r3 is still almost completely devoid of
motor neurons (Fig. 5B). IrHoxal”~ 21-somite embryos,

i ) _ . motoneurons are normally present in r2 and in the remnants of
Fig. 4. TheKrox-20-negative patches in r3 express an r2-sgecmc r4 (Fig. 5D). In addition, neuronal differentiation has clearly
transgene. Flat-mounted hindbrains from wild-type (gxal been initiated in r3 as well. However, the r3 motor-like neurons

(B) andHoxal”~ Krox-20"~ (C,D) 9.5 dpc embryos carrying th2- . .
HPAPtransgene were stained for alkaline phosphatase (AP) activityare located slightly more ventrally than the motor column in

(C.D) B-galactosidase activity was also revealed to visuklisg- adjacent eve'n—numbered _rhombE)r_neres. This atypical location
20-positive and -negative territories in r3. While AP activity is of r3 motor-like neurons itloxal”” embryos was clearer at
confined to r2 in wild-type embryos, patches of AP-positive cells arethe 24-somite stage (Fig. 5E).Hwxal”’" Krox-20"~embryos,
observed caudal to r2 koxal’~ embryos. IrHoxal?~ Krox-20" - r3 neuronal differentiation appeared even more advanced than
embryos, larger AP-positive patches are observed within r3, where in Hoxal”~ embryos and similar to that in the adjacent even-
they correspond to tHacZ—lnegative terri.tories. Occasionally, numbered rhombomeres (Fig. 5G,H). In this case, the
patches are observed which are negative for laothand AP dorsoventral location of the motor neurons was identical to that

(arrowhead in C). r4* represents the fused rhombomere including jn even-numbered rhombomeres.

remnants of 4, r5 and 6. In conclusion, inHoxal”~ embryos, neurogenesis takes
place earlier than normal in r3, at the same time as in the even-
r3 neuronal differentiation is affected in ~ Hoxal "~ numbered rhombomeres (Fig. 5C,F). Nevertheless, neuronal
embryos differentiation appears less intense in r3 than in adjacent even-
Neuronal differentiation within each rhombomere is known tanumbered rhombomeres. In addition, the early r3 putative
reflect its even- or odd-number character. To further investigateotor neurons are located more ventrally than the motor
the properties and the fate of rHoxal”-andHoxal”Krox-  column in even-numbered rhombomeresHoxal”~ Krox-
20"~ embryos, we analysed neuronal differentiation by20%~embryos, early r3 neurons are generated in higher number
immunostaining with an antibody, 2H3, directed against théhan inHoxa-17~ embryos and the motor neurons are located

Fig. 5. Analysis of r3 neurogenesis in 9.5
dpc wild-type and mutant embryos. Flat-
mounted hindbrains of 21-somite (A,D,G)
and 24-somite (B,E,H) wild-type (A,B),
Hoxal”~ (D,E) andHoxal”~ Krox-20*/~
(G,H) embryos were stained with the 2Hz
anti-neurofilament antibody. This was
combined with an anti-EphA4 antibody
labelling (A,B,D,E,G) or with X-gal stainin
(H) to reveal regions of r3 identity. In a wil
type 21-somite embryo (A), only r2 and r<
contain motor neurons, whereas in a sligt
older embryo (24 somites, B), a few neurt
are visible in r3. Note longitudinal axons ¢
the alar/basal boundary extending to the
level of r2 or r3. IrHoxal”~embryos,
motor-like neurons are present in r3 from
21-somite stage (D). They are located
slightly more ventrally than the motor
neurons in even-numbered rhombomeres
24-somiteHoxal”~ embryos (E), these eal
motor-like r3 neurons have accumulated i
are still located more ventrally than the
motor column. IrHoxal”~ Krox-20*~embryos (G,H), motor neuron differentiation in r3 occurs more extensively thboxal”~ embryos.
These neurons are located in a dorsoventral position similar to that of the motor neurons in the adjacent even-numbereresh@ualenbar,
100um. (C,F,I) Schematic representation of the r3 phenotypes. The domH&irex<f0expression are figured in blue and the intensity of the
colour reflects the number of functional alleles. Patch&smé-20-negative cells are observedHioxal”~ embryos. These patches are larger
and more dorsal iHoxal”~ Krox-20*~embryos. The differentiated motor neurons are figured by red dots.
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at the same dorsoventral level as in even-numbere
rhombomeres (Fig. 5I). Therefore, the motor column of
Hoxal”~ Krox-20*~ embryos appears continuous, with no
visible difference between r3 and the adjacent even-number:
rhombomeres. It is possible that the difference in ventrodors:
location of the motor neurons betwedroxal”’~ and
Hoxal”~ Krox-20"~ embryos is related to the difference in
extent of the territories with r3 identity or with a normal dosage
of Krox-20 within the r3 basal plate (Figs 2, 5), which might
repel early differentiating neurons.

Abnormal navigation of r3 motor axons

The segmental pattern of neurogenesis in the hindbra
prefigures the metameric organisation of branchiomotor nerve
which involves a co-operation between pairs of adjacer
rhombomeres. In particular, the trigeminal (V) and facial (VII)
nerves have their exit points located in r2 and r4, respectivel
and receive axonal contributions from motor neurons born i
r1/r2/r3 and in r4/r5 (Marshall et al., 1992; Carpenter et al.
1993). Using retrograde motor neuron tracing, Gavalas ar
collaborators have shown that,Hioxal”~ embryos, r3 hosts a
variable population of motor neurons projecting towards th
facial ganglion through multiple and ectopic r3 exit points
(Gavalas et al., 1998). We have performed similar experimen
by anterograde labelling with Dil and reached identical
conclusions (data not shown).Hioxal”~ Krox-20*~embryos,
the abnormal navigation phenotype of r3 motor neuron
appeared more severe, but was still variable (data not showr

In order to perform a more extensive analysis of this
phenomenon, we studied the presence of ectopic r3 motor roc o 1o 7
by a combina;ion of neu_rofilament and EphA4 (tp visyalise r3 64 |Hoxa1* 80% 20%
immunochemistry. In wild-type embryos, the trigeminal and 28 |Krox-20"" 46% 43% 4% 7%

. . . - - - 0, o o, o/
facial motor nerve exit points are separated by a rhombome i? :m:#_ Krox-20 2;:’;' ﬂ’f ;2;’" liufo :;o

; ; H oxa 10% Vo Yo Yo Yo
width corresponding to r3 and the two nerves remain separat | | oo |0+ koxzo™ 3%  B5% 8.5% 51.5% 20% 8.5%

and innervate branchial arches 1 and 2, respectively (Fig. 62,
With mutant embryos, we observed a wide variety of phenotypdsg. 6. Analysis of nerves V and VII motor roots reveals a dosage-
that were grouped into five categories according to their severiggpendent synergism betwegrox-20andHoxal (A-H) Ventral

(Fig. 6): the mildest phenotype involves the appearance of \4ews of 10.5 dpc dissected neural tubes (right side) immunostained
unique, thin, ectopic rootlet within r3 (Fig. 6B), while the mostWith the 2H3 anti-neurofilament antibody alone (D,G) or in

severe is characterised by the presence of large ectopic roots?@b'”at'on with an anti-EphA4 antibody as a marker of r3 (A-

; ; ; ,E,F,H). The genotypes of the embryos are wild typeHaxal -
along r3, combined with a fusion of the Vth and Vlith nervesKrOX_ZU,_(B,C’D),Hoxal_,_ (E.F) ancHoxal?~ Krox-20"~ (G.H).

W,h'c_h p_rOJect into the second branch_lal arch (Fig. 6H)', T_h?\lote that in A-D r4 and r5 are present. The embryos have been
distribution of half-embryos of a particular genotype withingrouped into six categories (0 to 5) according to the absence or the
these categories revealed the following points (Fig. 61): (i) whil&everity of the phenotype affecting the motor roots. Type 0, no ectopic
Hoxal”~ embryos were essentially of the wild-type characterroot in 3 (A); type 1, one ectopic root (arrowhead in B); type 2, two
half of theKrox-20" ~embryos presented a minor phenotype andctopic roots joining Vm and VIim (C, arrowhead) or VIim (E,

a few a more severe one, (i) the combination oHbgaland  arrowheads); type 3, multiple ectopic roots in r3 (F); type 4,

Krox-20 mutations led to significant increases in the severity ofombination of multiple ectopic roots in r3 with defasciculation of

the phenotype, both ifloxal heterozygous or homozygous @X0ns from Vm and rerouting to Viim (G, arrow); type 5,

; bination of ectopic roots all along r3 and fusion of Vm and VIIm
states, and (iii) severe phenotypes can be observed despite $AE" pic roo 9
presence of an apparently normal 4, in the case of doub ward the second branchial arch (H, arrow). (I) The frequency of the

. enotypic categories (0-5) for each genotype. n, number of cases;
heterozygous_embryos (Fig. GD)'_ ) . Vm, trigeminal motor nerve; VIim, facial motor nerve; gV, trigeminal
In conclusion, these data indicate that the mutationgangiion; gvI, facial ganglion. Rhombomeres are indicated.

inactivatingHoxalandKrox-20 affect r3 neuronal navigation

in a synergistic and dose-dependent manner for both genes.

They also suggest that this phenotype is not directly related favour the second possibility siné&ox-20-expressing cells

the strong reduction of r4 and to the development of patchese observed at the level of the exit points in r3 (data not
of r2-like identity within r3 since these two manifestations areshown). This suggest the presence of ectopic boundary cap
never observed iHoxal”~ Krox-20"~ embryos (data not cells at the level of r3. These cells, derived from the neural
shown). An important question is whether the change ierest, are thought to be involved in guiding migratory motor

navigation is intrinsic or extrinsic to r3 motor neurons. Weaxons towards the exit points (Wilkinson et al., 1989a;
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Niederlander and Lumsden, 1996) and they are normallposage-dependent synergy between Krox-20 and
restricted to even-numbered rhombomeres. In mutant embryadpxal
ectopic boundary cap cells in r3 may override theThe inactivation of one allele of th&ox-20gene in a wild-type
chemoattractive signals from the r2 exit point and lead to thbackground does not lead to the appearance of any defect apart
generation of exit points in r3. from the mild r3 navigation phenotype described above (Fig. 6;
Schneider-Maunoury et al., 1993, 1997; Swiatek and Gridley,
1993). In contrast, when associated with the inactivation of
DISCUSSION Hoxal, it reinforces three of thdoxalr3 phenotypes and leads
to the disappearance of a fourth manifestation of this mutation
In this study, we have established the implicatioro%alin (Fig. 5C,F,]). (i) In theHoxal”~ Krox-20*~ embryos, the total
the control of the development of r3. In absence oHtbkal area of theKrox-20-negative patches in r3 was significantly
gene product, r3 contains patches of cells with an r2-likéncreased at 9.5 dpc as comparetiéaal™ embryos. (ii) The
molecular identity and shows even-numbered rhombomerearly differentiation of part of the r3 neuronal population
characters both in terms of neuronal differentiation and axonabserved inHoxal”~ embryos was extended to a larger
navigation. This phenomenon was unexpected $iios@lhas population inHoxal”~ Krox-20%~ embryos so that the number
not been observed to be expressed rostrally to the prospectoke neurons in r3 was similar to that in even-numbered
r3/r4 boundary. Furthermore, we discovered a genetic synergllombomeres. (iii) The navigation phenotype of r3 axons is
betweenHoxalandKrox-20in the patterning of r3 since the more severe itoxal”~ Krox-20"~ embryos than itHoxal”~
additional inactivation of one allele ¢frox-20 led to more embryos. The synergism between the two genes for this
severe phenotypes in r3. These different phenotypiphenotype is also observed in double heterozygous embryos. (iv)
manifestations suggest novel functionsHiaxalandKrox-20. In contrast, the abnormal ventral localisation of most of the early
r3 motor-like neurons iRloxal”~embryos is not observed when
Non-autonomous r3 development the dosage oKrox-20 is reduced by a factor of two. These
Our data indicate that the inactivationttdxalresults in two  different data indicate the existence of interactions between
early phenotypes in r3: the rhombomere width is increased &rox-20and components of the genetic cascade initiated by the
early stages (8.5 dpc) and patches of cells presenting an f2exalkdependent signalling in r3. These interactions appear to
like identity are observed within the rhombomere. Thebe synergistic in the first three aspects and possibly antagonistic
domain of transcription oHoxal has never been observed in the fourth. Interestingly, these interactions are revealed by the
rostrally to the r3/r4 prospective boundary, although it is notlisruption of only one allele oKrox-20 and are, therefore,
possible to exclude th&toxalis expressed transiently in the dosage-dependent with respect to this latter gene.
prospective r3 region at a very early stage, before the onset o )
of Krox-20expression (Murphy and Hill, 1991; Lufkin et al., ldentity and origin of the ~ Krox-20-negative patches
1991; Alexandre et al., 1996; Dupé et al., 1997). Thereforavithin r3
the available data suggest that the inactivatiorHokal We have shown that the cells from the large majority dkthz-
interferes with a signal extrinsic to r3 and required for the20-negative patches in r3 express a combination of markers
normal development of this rhombomere. The transienftaking also into account their relative levels) consistent with an
expression oHoxalin the adjacent prospective rhombomerer2 molecular identity. This interpretation is in agreement with
4 makes this latter rhombomere a good candidate for thgvo other observations: (i) the absence of apparent mixing of the
source of such a signal. Since tHexalmutation leads to a Krox-20-negative cells with th&rox-20-positive ones reflects
partial elimination of r4, two non-exclusive possibilities canthe behaviour of cells from even-numbered rhombomeres which
be envisaged to explain the contribution lbxal in r3 do not mix efficiently with those from odd-numbered
development: (i)Hoxal controls the generation of the r4 rhombomeres (Guthrie et al., 1993; Wizenmann and Lumsden,
signal required for r3 normal development and/or (ii) it is thel997), and (ii) the behaviour of the r3 motor neurons in terms
reduction in size of r4 that leads to a decrease in signallingf differentiation time resemble that of even-numbered
towards r3. In this latter case, the effect of tHexal rhombomere neurons. It is tempting to speculate that these early
mutation on r3 is only indirect artfdoxaldoes not formally differentiating neurons might have originated from the patches
control r3 development. of non-r3 identity in the ventral-most region of the neural plate.
Other manifestations of a non-autonomous control of rdevertheless the examination of their distribution with respect
development have been reported previously. Théeo the patches did not allow us to establish such a proposal,
transplantation of r3 into the r4 position in the chick leads t@ossibly because of unrestricted migration of the neurons in the
the downregulation oKrox-20 and Msx-2expression as well mantel layer following their differentiation.
as ectopic crest production in both donor and recipient r3 The reduction in the number i§fox-20-negative patches with
(Graham et al., 1993; Graham and Lumsden, 1996). In collag¢ime in Hoxal”~ Krox-20~ embryos suggests that they
gel culture assays, r3 was able to mainkaiox-20expression  occasionally fuse with each other. However this cannot explain
only when cultured together with r4 (Graham et al., 1994). Outheir increase in size between 85 and 9.5 dpc. This latter
data, therefore, extend these observations and demonstrate thlagervation suggests that the r2-like identity is stably inherited
exogenous signal(s), possibly originating from r4, play arduring cell proliferation and that the patches constitute the clonal
essential role in the determination of r3 identity, asprogeny of a few cells. This raises important issues about the
demonstrated by the presence of the patches and by tmwolvement ofHoxal and Krox-20in the generation of these
abnormal r3 neuronal specification occurring in thexal early r2-like progenitors within r3 and/or in the expansion of the
mutant. derived patches. We envisage three non-exclusive possibilities
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where Hoxal acts at increasingly later stages in the developmetitird for excellent technical assistance. The 2H3 monoclonal antibody
of the patches. (i) Th¢rox-20-negative patches are derived from was obtained from the Developmental Studies Hybridoma Bank. Work
r3 progenitors which once expressémx-20 and switched to in the Charnay laboratory was supported by grants from INSERM,
an r2-like identity. Hoxal function would be required to prevenfMENRT, EEC, ARC and LNCC. Work in the Chambon laboratory was

this early identity switch of r3 cells. (i) The patches are deriveguPPorted by funds from the INSERM, CNRS, UPL, Collége de France,

) S - L RC, FRM and LNCC. C. P. was supported by postdoctoral fellowships
from Krox-20-negative, |nya_(j|ng cells 0”9'”‘?‘““9 from _r2 or r4, from the Human Frontier Science Programme and the European Union
or from cells located within the prospective r3 territory, but(TRM)_

which failed to activat&rox-20at early stage of r3 development.
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