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SUMMARY

We have previously demonstrated that inactivation of the
Krox20 gene led to the disappearance of its segmental
expression territories in the hindbrain, the rhombomeres
(r) 3 and 5. We now performed a detailed analysis of the
fate of prospective r3 and r5 cells inKrox20 mutant
embryos. Genetic fate mapping indicates that at least some
of these cells persist in the absence of a functional Krox20

r5 cells acquire r6 identity. Finally, study of embryonic
chimaeras betweerkKrox20 homozygous mutant and wild-
type cells shows that the mingling properties of r3/r5
mutant cells are changed towards those of even-numbered
rhombomere cells. Together, these data demonstrate that
Krox20is essential to the generation of alternating odd- and
even-numbered territories in the hindbrain and that it acts

protein and uncovers the requirement for autoregulatory
mechanisms in the expansion and maintenance of
Krox20-expressing territories. Analysis of even-numbered
rhombomere molecular markers demonstrates that in
Krox20-null embryos, r3 cells acquire r2 or r4 identity, and

by coupling the processes of segment formation, cell
segregation and specification of regional identity.

Key words: Segmentation, Hindbrain, RhombomKrex20, Cre
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INTRODUCTION and Lumsden, 1991; Guthrie et al., 1993; Wizenmann and
Lumsden, 1997). Members of the Eph family of receptor
The establishment of functional diversity in the vertebratayrosine kinase and their ephrin ligands have been shown to be
central nervous system (CNS) largely relies on its earlynvolved in this segregation process (Xu et al., 1999). Evidence
patterning. This involves the subdivision of the neural tubéhat rhombomeres also constitute functional patterning units
into distinct territories along its anteroposterior (AP) andhas come from the analysis of several hindbrain neuronal
dorsoventral (DV) axes during early embryogenesis. Thesgopulations, including those for branchiomotor nerves, which
territories are defined by the expression of specific regulatomyriginate in pairs of rhombomeres (Lumsden and Keynes,
genes and their limits often correspond to morphological989; Clarke and Lumsden, 1993). Finally, rhombomeres also
landmarks and/or compartment boundaries, suggesting thparticipate in the patterning of neural crest cells and in the
they constitute developmental units (Lumsden and Krumlaufontrol of their migration towards the branchial arches and
1996; Shimamura et al., 1997). A striking illustration of suchcranial ganglia, thereby playing an additional crucial role in
a patterning process is provided by the hindbrain, which ithe establishment of craniofacial organisation (Kontges and
transiently segmented along its AP axis into seven or eightumsden, 1996; Trainor and Krumlauf, 2000).

bulges called rhombomeres. Rhombomeres constitute units of A fundamental question concerning functional and
specific gene expression and several Hox genes have besgvelopmental units within the CNS is how they are
shown to participate in the specification of their identityestablished. Several genes have been demonstrated, mainly
(Zhang et al., 1994; Alexandre et al., 1996; Goddard et alusing loss-of-function mutations in the mouse, to be required
1996; Studer et al., 1996; Gavalas et al., 1997; Gavalas et dbr the establishment of such territories (Joyner, 1996;
1998; Bell et al., 1999; Jungbluth et al., 1999). Sharp limits o§chneider-Maunoury et al., 1998; Acampora et al., 1999).
gene expression at rhombomere boundaries are thought These mutations generally lead to the loss of whole brain
result, at least in part, from the acquisition of different minglingerritories. In the hindbrain, this is the case for mutations in
properties by cells from adjacent rhombomeres, leading to tidafb/kr, Krox20/Egr2 Hoxal and Gbx2 which result in
sorting of even- and odd-numbered rhombomere cells (Guthriisappearance of specific rhombomeres (Schneider-Maunoury
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et al, 1998). Although such phenotypes illustrate théVIATERIALS AND METHODS

importance of these genes in the patterning process, very little

has been revealed about their precise function at the celluliouse lines and genotyping

level. An important issue in this respect is the fate of the cell8ll the mouse lines used in this study were maintained in a mixed
that constitute the affected territories. Different hypothese§57BI6/DBA2 background, except for ES cell line derivations (see
have been proposed to explain loss of brain territories: capelow). For r2-specific human placental alkaline phosphatase (AP)

h. impairment of cell proliferation or early chan in |§taining,r2-HPAP(thereafter named2AP) transgenic mice (Studer_
death, impairment of cell proliferation or early changes in ce et al.,, 1996; Helmbacher et al., 1998) were used. For fate mapping

sp_eCIflcatlon _Iee_ldlng to the incorporation _Of the cells Intoanalyses, four Cre-excision reporter lines (collectively terhosd
adjacent territories (McMahon et al., 1992; Carpenter et almice) were used: theAG-CAT-Z(Araki et al., 1995)ACZL (Akagi
1993; Dolle et al., 1993; Wurst et al., 1994). In no caseg 5., 1997)R26R(Soriano, 1999) an/AP (Lobe et al., 1999) lines.
however, has the issue been clearly resolved. They varied in the reporter gene us&d ¢oli lacZor AP gene), the

We have investigated this question in the casé@f20loSss  delay in the activation of the reporter gene and the intensity of
of function. Krox20 encodes a zinc-finger transcription factor staining.
and is expressed in the hindbrain in two non-adjacent stripesTo analyse Cre-induced reporter expression in the absence of a
that prefigure and then coincide with r3 and r5 (Wilkinson efunctional Krox20 proteinKrox2(="/C'¢lox embryos were initially
al., 1989a), and in the neural crest originating from r5 and rgroduced by crossintrox20°™e/* lox mice with Krox20°re/+ mice.
(Wilkinson et al., 1989a; Nieto et al., 199Kyox20 has been Surprisingly, most of the embryos resulting from these crosses were

. : : tally blue after X-gal staining. In addition, some of these had no
SQOWB to be a maj?r Ili?gmattr?r of gene gaxpresfsmn in the ox20°™ allele, suggesting that recombination had occurred in the
rhombomeres, controfiing € expression —Of  numerou jermline, before meiosis. This is probably due to a low level

downstream regulatory genes (Seitanidou et al., 199%;pression oKrox20in the germline, leading to expression of Cre
Schneider-Maunoury et al., 1998; Giudicelli et al., 2001)and recombination of thiex reporter in the germline dfrox20°re/+
Among these, the Hox gene®xa2 Hoxb2andHoxb3 and  lox mice. To overcome this problerfox mice were crossed with

the receptor tyrosine kinase genEpha4 have been Krox202cZ* mice, Krox20acZ* |ox mice were then crossed to
demonstrated to constitute direct targets (Sham et al., 1998tox20°"®/* mice, and the expression of reporter was analysed in
Nonchev et al., 1996; Theil et al., 1998) (M. Manzanares, JXrox20°""* lox andKrox202¢2/C*®lox embryos. The mouse lines and
Nardelli, P. Gilardi-Hebenstreit, H. Marshall, M.-T. Martinez- €mbryos were genotyped by PCR as described in the original papers.

Pastor, R. Krumlauf and P. C., unpublished). In situ hybridisation, X-gal, AP and antibody staining

To study th_e function oKrox20in hindbrain develac():gment, Whole-mount in situ hybridisation (ISH) was performed as described
we had previously produced a mutant all{eox20%% by previously (Wilkinson, 1992). The NBT/BCIP and INT/BCIP
inserting theE. coli lacZopen reading frame into th&ox20  supstrates (Roche) were used to obtain purple or orange precipitates,
gene. Analysis of these mice showed #aix20is required  respectively. Antisense RNA probes were prepared fKmox20
for the maintenance of r3 and r5 (Schneider-Maunoury gwilkinson et al., 1989a}loxb1 (Wilkinson et al., 1989b), cadherin
al., 1993; Schneider-Maunoury et al., 1997). Thus, irf (Cdhg (Padilla et al., 1998) andafb/kr (Cordes and Barsh, 1994)
Krox2(QdacZ/lacZ embryos at 10.5 days post coitum (dpc), thecDNAs, and theNeoR gene. Whole-mount X-gal staining was
total length of the hindbrain is reduced and only fourPerformed as described (Schneider-Maunoury et al., 1993). For 14.5
rhombomeres instead of six are morphologically conspicuou&® 16-5 dpc embryos, free-floating th parasagittal brain sections
Moreover, the motoneuronal component normally derivecxgere obtained with a freezing microtome and were processed for

. ; Z/lac? -gal staining. For combined X-gal staining and ISH, 0.2%
from r3 and 5 is absent. The loss of r3 and grox202¢/2¢ araformaldehyde was added to the X-gal reaction mixture

embryos is progressive: when assayed by whole-mounfioyzelistein and Tajbakhsh, 1998). AP detection inrg#e® and
detection of3-galactosidase activity (X-gal staining), the two z/Ap transgenic embryos was performed as described (Helmbacher
stripes appear at the right time and position along the AP axist al., 1998). Krox20 immunohistochemistry was performed as
but disappear much more rapidly tharKiox2d2cZ* embryos  described (Schneider-Maunoury et al., 1993), using a polyclonal
(Schneider-Maunoury et al., 1993). antibody directed against the N-terminal part of Krox20 (Babco).

We have performed a detailed analysis of the behaviour

r3 and r5 cells irKrox20-null embryos, and in embryonic QIe” death and cell proliferation analyses

. S Apoptotic cells in the hindbrain were detected by terminal-UTP-nick-
chimaeras between wild-type angrox20 mutant cells. end-labelling (TUNEL) staining (Gavrieli et al., 1992) adapted to

Besides thEKrerOXZOaCZ aI_IeIe described above, we made US&yhole-mount embryos (Conlon et al., 1995). To detect dying cells in
of aKrox20~ allele (Voiculescu et al., 2000), which carries jye embryos, Nile Blue Sulphate (1/1000 wiv in water) was injected
a Cre recombinase gene insertion into the locus. Thiggto the ventricles of 9.5 dpc embryos dissected in PBS. Injected
Krox20°"® mouse line, when crossed with transgenic micembryos were incubated for 20 minutes at 37°C and then washed
carrying appropriate reporter genes, allowed tracing of theapidly in phosphate-buffered saline (PBS). The hindbrain was opened
derivatives of Krox20-null cells normally programmed to dorsally and pictures were taken immediately. For bromodeoxyuridine
express this gene. Our results indicate that at least some Rifise, pregnant females were injected intraperitoneally with 50 mg/g
these cells survive. They prematurely l&sex20expression, —2-Promo-2-deoxyuridine (BrdU, Sigma) in 0.9% NaCl. The mice
adopt an even-numbered rhombomere identity, segrega‘f\?re sacrm?ed 1 ho:Jr Iat_el_r, and the rc]ollefcted emlf?rryos were fixed and
from odd-numbered cells and mix with even-numbered cellsprocessed or X-gal staining and then for paraffin sections. BrdU

. Immunohistochemistry was performed as described (Garel et al.,
These data demonstrate that Krox20 plays multiple rOIef997). Sections were counterstained with nuclear Fast Red to allow

in hindbrain patterning, Dbeing involved in the early e detection and counting of the total number of cells in r5. For M-

establishment and later maintenance of odd-numbereghase staining, immunohistochemistry on whole embryos and paraffin
territories, in the specification of their identity and in thesections was performed as previously described (Schneider-Maunoury
preservation of their integrity. et al., 1997), with an antibody directed against phosphorylated histone
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H3 (Upstate Biotechnology). For counting M-phase cells, the numbe Krox20lacZ/+ Krox20Cre/+, lox
of H3P-positive cells in each area (X-gal-positive r5 territory, or whole
hindbrain) was reported relative to the surface of the area in stag
matched embryos.

Generation of chimaeric embryos 10s

To obtainKrox20acZlacZES cells, blastocysts resulting from crosses
of Krox202cZ* mice maintained in the inbred 129 background were
set in culture as described (Kress et al., 1998). To obtain chimael
embryos betweeKrox20acZ* (Krox2dacZ/1ac) and wild-type cells,
Krox2dacZ+ (Krox2dacZ/lac ES cells were injected into wild-type
C57BI/6J blastocysts, and the resulting embryos were reimplante
into foster mothers. To obtain chimaeras between wild-type an 14-15s
Ephad/lacZtransgenic cells (Theil et al., 1998), or between wild type
andKrox2dacZ/CreR26Rcells, morulae from appropriate crosses were
aggregated in vitro, as described (Hogan et al., 1994). Resultir
embryos were reimplanted into foster mothers.

]
s

RESULTS 9.5d

Fate mapping of Krox20 -expressing cells in the
hindbrain and the neural crest

To follow r3 and r5 cells after the downregulationkabx20

gene expression, we produceKmx20c® mutant allele, in

which the Cre recombinase gene is inserted in place of tt
Krox20-coding sequence (Voiculescu et al., 2000). In order tc  10.5d
trace the progeny tfrox20-expressing cellkrox26-®* mice

were crossed with different Cre-excision reportex)(mouse

lines (Araki et al., 1995; Akagi et al., 1997; Lobe et al., 1999
Soriano, 1999). Thedex mice carry a reporter gene (encoding K"ofocm’*' Z/AP
E. coli B-galactosidase or human alkaline phosphatase (AP 1R, 2S jigs
under the control of a ubiquitous promoter, and this reporter |
permanently activated on excision of a cassette flanked by lo»
sites. We have previously shown thakirox20c™®* lox mice,
the pattern of activation of thdox reporter faithfully
recapitulates that oKrox20 in several tissues, and that
expression is maintained in the progenyKaix20-expressing
cells (Voiculescu et al., 2000). In the present study, we hav
performed a detailed analysis of reporter activity in the

hindbrain ofKrox20°re’* lox embryos. heterozygous embryos. Reporter gene expression was assayed by
Fig. 1 presents a comparison of reporter patterns obtam(X_gal staining inKrox202<Z (A G, E.G) andkrox2(Ee/* R26R

with two lox lines, R26R(Soriano, 1999) and/AP (!_obe eF (B,D,F) embryos, and by AP staininghmox20~"/* Z/APembryos

al., 1999), based dacZandAP expression, respectively, with (_3) Embryos shown in I,J were processed<iax201SH (brown)

the lacZ expression pattern irkrox202¢Z* embryos. In  after AP staining. (A-H) Hindbrains of whole-mounted embryos with
Krox20°'¢/* lox embryos, expression of the reporter was firstostral towards the left. (1,J) Flat-mounted hindbrains with rostral
detected around the six-somite (s) stage (data not shown). fitvards the top. From the 14-15 s stage onward, neural crest cells
the 10 s stage, iKrox2d2cZ* embryos,lacZ expression is exiting r5 are positive for the reporter gene only inknex202¢2/*
strong in r3 and r5, and in a few isolated cells in evenembryo (_arrowhead in C). Derivatives of the r5 ne_ural crest are
numbered rhombomeres (Fig. 1A), as previously described fébelled in thekrox205* R26Rembryo at 9.5 dpc in the third
K10:20 expression (Iving e al. 1996), KOG ox Mancis i 00 (routionse 1 2, 10t 102 1 000 o
embryos at the same stage, reporter expression Is f‘?"”ter . At 10?5 dpc?in '?hda(roxzd"v‘czgfa+ emer)yo I?/G)(‘;}c’;lczexpression is

less homogene_ous in r3_ an_d r5 (Fig. 1B,]). Thls IS I'kﬁly Qetected in the boundary cap cells of the trigeminal (Vbc) and facial
reflect a delay in the activation of the reporteKme(ﬁfe. f(VIIbc) nerves (arrow in G).

lox embryos, owing to the time required for accumulation o

the Cre recombinase. At the 14-15 s stage, the pattern of

expression of thdacZ reporter gene irkrox2(F®* R26R  except in the most dorsal, neural crest-generating region (Fig.
embryos (Fig. 1D) is very similar to that #frox20acZ/+ 1C). This suggests that these cells have downreg{ate@0
embryos (Fig. 1C), whereas expression of the AP reporter expression, as proposed by Irving et al. (Irving et al., 1996).
still less homogeneous Krox2(F'e'* Z/APembryos (Fig. 1J). From 9.5 dpc onwards, when downregulation latZ

At this stage, a few isolatéa@cZ-positive cells are occasionally expression irKrox2d2cZ* embryos is first initiated in r3 (Fig.
detected in even-numbered rhombomerdsrax20°* R26R  1E) and then in r5 (Fig. 1G), expression oflthereporter gene
embryos (data not shown), but notKmox20acZ* embryos, is maintained in r3 and r5 derivatives Krox2(°/* |ox

Fig. 1. Comparison of reporter gene expressioKiiox20
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embryos (Fig. 1F,H). This expression of tbr reporter gene

is maintained at later stages of embryogenesis and after bit
(Fig. 2G,H; data not shownlox reporter gene expression is
also maintained in the derivatives of r5 and r6 neural cres

Krox2(/acz/iacz

A,

Krox20/acz/Cre R26R

i
-

which expres&Krox20 (Fig. 1F,H; data not shown).

In conclusion, these data show that reporter gene expressi
in Krox20F™® lox mice can be used to follow faithfully the
progeny ofkrox20-expressing cells in the hindbrain.

13-14s

Directionality of Krox20 activation in r3 and r5

In mouse embryoKrox20 gene expression is first activated
in a narrow stripe of scattered cells in prospective r3 at the
s stage, and dorsally in a small triangular territory in
prospective r5 at the 5 s stage (Irving et al., 1996). Thes
domains then homogenise, expand and develop sharp limii
in order to form transverse territories corresponding to r3 an
r5 at the 12 s stage. We took advantage of the delaye
activation of the reporter gene irox20°™* lox embryos to
analyse the directionality dfrox20 activation in r3 and r5.
For this purpose, we combined AP staining Knak20in situ
hybridisation (ISH) onKrox2(°"®* Z/AP embryos between Krox2Q/acZ/Cre Z/AP
the 10 s and 17 s stages. In these embKmmx20ISH labels >
cells as soon as they activate the gene, while AP stainir ; e

marks only cells that activatd¢rox20 several hours before. ff @

In r3, at the 10 s stage, AP-positive cells were found as a lir o 3

of scattered cells at the centre of tHKeox20-expressing rs ’
territory (Fig. 11). By the 15 s stage, they had filled the whole P R
r3 territory but still showed a salt-and-pepper distribution (Fig i

Krox2(0/acZ/Cre R26R

e . o

E 1454

1J). In r5, AP-positive cells were also scattered, and formed 125d o F
triangle covering the anterior part of the rhombomere (Fi

1I,J).g At later gtages, AP staﬁning in r3 and r5 beco(mg K“"f""”““ Z/AP Krox20¢re’ R26R
homogeneous and covers thkegox20 expression domains \ b“ - ‘
(data not shown). These data show ti@x20 expression in

r3 and r5 is established by expansion at the expense 3

adjacent territories, and that r3 expands both anteriorly ar

posteriorly, whereas r5 expansion occurs only posteriorly. i r5

addition, both r3 and r5 show progressive homogenisation ¢
Krox20 expression.

Fate mapping of r3 and r5 cellsin  Krox20 null

embryos
To follow the fate of r3/r5 cells in the absence of a functiona

Krox20 protein, we could not ugﬁoxzocre/.cre lox embr.yos by AP staining irkrox2dacZ/Cre /AP (E) andKrox20~"/* Z/AP (G)
because ?Ctlvatlon of thex reporte_r occurs in the germline of embryos of the indicated stages. (A-E,G) Flat-mounted hindbrains
Krox20F™e* lox mice (see Materials and Methods). As theith rostral towards the top; (F,H) Parasagittal sections of the
Krox2(F™e allele is associated with the same phenotypes as thgndbrain region with rostral towards the left. In B, expression from
Krox20d2°Z allele and constitutes a null allele (data not shown)ihe Krox202<Z allele and from the R26R reporter are superimposed
we analysed reporter activity in compound heterozygous r5. In C, labelled neural crest (nc) cells that migrate rostrally and
Krox20acZ/Cre embryos. At the 13-14 s stage, wh@  caudally to r5 have not been totally removed. In D, note that r3 blue
galactosidase activity has almost completely disappeared at tBlls are localised both rostral and caudal to the r2/r4 boundary
level of r3 inKrox20acZ/acZempryos (Fig. 2A), a variable, low (visible on the right side). In G, note that an unstained territory
number of scattered cells strongly positive for X-gal are preseffP7esponding to r4 is present but is not observed on the picture
at this level inKrox202cZ/Cre R26Rembryos (Fig. 2B). These giic;a;tst?“’[:;roembomeres are not perfectly perpendicular to the AP
data demonstrate that Krox20-null embryos, cells derived ge.
from prospective r3 are still present at this stage, but have
downregulatedrox20 gene expression. were detected (Fig. 2D). In 10.5 to 16.5 #ox20acZ/Cre|ox

At 9.5 dpc, X-gal staining in the hindbrainkfox20acZacZ  embryos, lox reporter (X-gal or AP)-positive cells were also
embryos is restricted to a few dorsal cells at the level of r5 (Figletected in the hindbrain (Fig. 2E,F; data not shown). Some
2C). By contrast, irKrox202cZ/Cre R26Rembryos, a stripe of of these cells had differentiated into neurones as indicated by
strong and homogeneous labelling was observed in r5, wherethe AP staining of axonal processes (Fig. 2E). At all stages
at the level of r3 a variable, low number of X-gal-positive cellsexamined, the number of lox reporter-positive cells in

Fig. 2. Fate mapping itKrox20-null embryos. Reporter gene
expression was assayed by X-gal staininigriox2gdacZ/lacZ(A C),
Krox20acZ/ICreR26R(B,D,F) andKrox20ce* R26R(H) embryos and
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Krox202acZ/Cre |ox embryos (Fig. 2B,D-F) was reduced whenfirst immunostained with an antibody directed against a
compared withKrox2(F®* lox embryos (Fig. 1D,E; Fig. phosphorylated form of histone H3 (H3P), which detects cells
2G,H), especially at the level of r3. in M-phase. H3P and combined X-gal/H3P staining was

In conclusion, our data indicate that, in the absence of performed on 8.5-9.5 dpc embryos. No significant difference
functional Krox20 protein, at least a subset of r3 and r3vas observed in the number of M-phase cells between the
cells persist until 16.5 dpc at least and have prematurelyindbrains of 8-14 s control (227+3654) andKrox20acZ/lacZ
downregulate&rox20expression. However, the number of cells (235£72, n=2) embryos and within r5 (X-gal-positive) in
detected with théox reporter gene was significantly reduced inheterozygous (27+5n=3) and homozygous (32+1%=2)
Krox-20acZ/Cre |ox embryos when compared witrox2G°®+  Krox20embryos (r3 cannot be analysed owing to the absence
lox embryos. This led us to investigate the possible involvememf X-gal labelling at these stagesdrox20-null embryos) (Fig.

of cell death or impaired cell proliferation in this process. 3A-C). Similarly, at 9.5 dpc, no significant difference was

) o ) ) observed in the number of M-phase cells between the hindbrains
Cell death and proliferation in the hindbrain of of control (670+77,n=4) and Krox2dacZ/lacZ (630+64, n=3)
Krox20 null embryos embryos, and within r5 between heterozygous (102%43),and

To analyse cell proliferation in the hindbrain, the embryos werbomozygous (117+12)=3) embryos. To extend this analysis,

A..-:,w » r;}g B:

.;4-..1..

TUNEL, 12 s

TUNEL, 9.5 dpc Nile Blue, 9.5 dpc

Fig. 3.Cell death and proliferation in hindbrains of wild type &mdx20mutant embryos. (A-C) Flat mounted hindbrains of 12 s wild type

(A), Krox2dacZ+ (B) andKrox2dacZ/lacZ(C) embryos stained with X-gal (blue) and processed for H3P immunohistochemistry (brown).

(D,E) Coronal sections of 14kgox202°Z+ (D) andKrox2dacZ/acZ(E) embryos whose mothers were injected with BrdU 1 hour before

sacrifice. The sections were stained with X-gal (blue) and processed for BrdU immunohistochemistry (brown). (F-M) Flat mdoragd h

of 8 s (F,G), 12's (H,1), 15 s (J,K) and 9.5 dpc (LKupx202cZ’+ (F,H,J,L) andKrox2dacZ/lacZ(G, | K,M) embryos stained fdi-galactosidase

activity (blue), and for cell death by the TUNEL method (brown or purple). (N,O) Dissected hindbrains of 9.5 dpc wild-aymk (N)
Krox20acZ/lacZ(Q) embryos stained for cell death with Nile Blue Sulphate. Black arrowheads in F,H,1,J,K,M,O point to regions of intense cell
death. ov, otic vesicle. Rostral is towards the top.
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combined X-gal/BrdU staining was performed on 8 s (not3 and r5 cells acquire even-numbered rhombomere
shown) and 14 s (Fig. 3D,Brox202¢Z* and Krox20acZlacZ  characters in - Krox20-null embryos

embryos, to allow detection of cells in S-phase. No significanks cells normally programmed to contribute to r3 and r5 are still
difference was observed in the proportion of BrdU-positivepresent in the hindbrain éfrox20-null embryos, it is possible
cells in r5 as defined as the X-gal-positive territorythat they are incorporated into adjacent even-numbered
between homozygous (62.5%+0.7%%2) and heterozygous rhombomeres. Indeed, previous studies have shown that Krox20
(62.5%+2.1%=2) embryos. Together, these data indicate thafegulates the expression of several Hox genes that are essential
there is no major defect in cell proliferation in r&imx20null - for the acquisition of rhombomere and/or neural crest cell
embryos, as a significant increase in the length of the cell cyclggional identity (Sham et al., 1993; Nonchev et al., 1996; Theil
is expected to result in a reduction in the proportion of cells i@t al., 1998). Therefore, we sought to determine whether the
S- or M-phase. This suggests that an impairment of celhactivation ofKrox20leads to perturbations in the rhombomeric
proliferation cannot be responsible for the apparent reduction entity of r3 and r5 cells. For simplicity, we will refer to r3 and
the r5 territory observed in the genetic fate mappirgrax20- 5 cells when considering those that, according to their position,
null embryos. However, a slight reduction in the proliferation ratehould contribute to r3 and r5, irrespective of their actual
would not have been detected by our analysis. rhombomeric identity. IriKrox20-null embryos, these cells are

To determine whether cell death contributes to thedentified by the fact that they express or have expressed the
reduction of the r3 and r5 territories, we performed TUNELKrox20gene.
staining of apoptotic cells combined with X-gal labelling in ) N
embryos from the 5 s stage up to 9.5 dpc. Between the 53 cells adopt r2 or r4 identities
and 15 s stages, we did not observe any significant increa$e analyse the identity of r3 cells, we monitored the
in the number of TUNEL-positive cells inKrox20 expression of markers corresponding to adjacent
homozygous embryo£17) (Fig. 3G,l,K) when compared rhombomereddoxblexpression was used as an r4 marker and
with wild type (=13) (not shown) or heterozygous=@8) an r2 marker was obtained by introduction of Kmex2dacZ/+
(Fig. 3F,H,J) siblings. By contrast, at 9.5 dpc, several areadlele into a transgenic line, r2AP, carrying an AP reporter
of increased cell death were detected in even-numberagtne under the control éfoxa2regulatory elements driving
rhombomeres iKrox20-null embryos K=4) (arrowheads in r2-specific expression (Studer et al., 1996; Helmbacher et al.,
Fig. 3M), when compared with control embryes9) (Fig. 1998). In a first series of experiments, we performed combined
3L). The position of these areas varied from embryo tetaining for AP andHoxblon whole-mount embryos. At the
embryo, and did not correlate with r3 and r5 remnants. Nil@ s stage, in wild-type embryos, the two stained regions
Blue staining, which labels dying cells in live embryos,corresponding to r2 and r4 are separated by a negative territory
confirmed these data (Fig. 3N,0). Our results thereforeorresponding to r3 (Fig. 4A). liKrox2dacZ/lacZ embryos,
suggest that cell death is not responsible for the¢hese two stained regions are adjacent and their size is
disappearance of r3 or r5 territorieskrox20-null embryos. increased (Fig. 4C). In these embryos, r3 cells are still present
They do, however, point to a possible involvement ofas indicated by X-gal staining (Fig. 4D), suggesting that these
apoptosis in the reduction of the size of the hindbraircells have been incorporated into the r2 and/or r4 territories.
observed in these embryos at 10.5 dpc (Schneider-Maunouhy addition, we observed thatlrox20heterozygous mutants,
et al., 1993; Schneider-Maunoury et al., 1997). the distance between r2 and r4 is reduced when compared with

Fig. 4. Modification
of rhombomere
identity of r3 cells in
Krox20 mutant
embryos. (A-C) Flat
mounted hindbrains
of 8 sKrox20'* (A),
Krox20dacZ+ (B), or
Krox2QdacZ/lacZ ©)
embryos carrying th
AP transgene
expressed in r2
(r2AP), stained for
AP activity and
processed foHoxb1
ISH (both purple). - ] 2 ; : ; P
(D) Hindbrainofan & = 10 s R Krox20aczcre R26R
8 sKrox2(0acz/lacz . < ”
whole embryo labelled with X-gal for 12 hours to show the presence of r3 cells at this stage. (E) r2-r3 region of the fihbindordaé of a
Krox20t* r2AP embryo at the 10 s stage, processed for Krox20 protein immunochemistry (orange) and AP activity (purple). (F) The r2/r4
region of the flat-mounted hindbrain of an Brex20acZ/acZr2 AP embryo, stained for X-gal (blue) and AP activity (purple). The inset shows a
high magnification of three cells, one of which is a double stained cell. (G) The r2/r4 region of the flat-mounted hindb8ag of an
Krox2dacZlacZembryo stained with X-gal (blue) and processedHaxb1ISH (brown). (H) r3/r5 region of the flat-mounted hindbrain of a 9.5
dpcKrox20-relacZR26Rembryo stained with X-gal (blue) and processedHioxb1ISH (purple). The arrowheads in F-H point to cells labelled
by both markers. Rostral is towards the top.
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the wild-type situation (Fig. 4B). The ratio of the surface are:
of the r2 to r4 region in 8-12 s embryos to the surface of th
same region in wild-type embryos did not vary according tc
the genotypes: wild type (100%*11%56), Krox20acz/
(104%+10%n=15) andKrox20acZ/1acZ(97%+4%,n=3). This
indicates that in homozygous mutant embryos, most r3 cel
are present at these stages but have been incorporated i
adjacent even-numbered rhombomeres.

To determine whether incorporation of r3 cells occurrec
preferentially in r2 or in r4, we performed double labelling for
either B-galactosidase and AP activities (Fig. 4F) or for
galactosidase activity anéloxbl expression (Fig. 4G). In
Krox2dacZ/lacZempryos, some of the X-gal-positive cells were
found in ther2AP positive territory (Fig. 4F), whereas the others
were in theHoxbXpositive territory (Fig. 4G). In addition, many
r3 (X-gal-positive) cells located within r2 expressestAP
(arrowheads and inset in Fig. 4F). By contrast, AP labelling
combined with Krox20 protein immunohistochemistry in wild-

type embryos carrying th@ AP transgene showed that very few Kmxgorawmz 13s KW-’ 13s
co-expressing cells were present (Fig. 4E). Similarly, X-ga e _
Eiid| P

positive cells within r4 co-expressetbxbl(arrowheads in Fig.
4G). To determine whether these r3 cells were maintained with
r2 and r4 at later stages, we performed double labelling by >
gal andHoxb1ISH in Krox-202cZ/Cre R26Rembryos at 9.5 dpc
(Fig. 4H). At this stage, r2 and r4 territories are also juxtapose
in Krox20-null embryos (data not shown), and the scattered r
cells detected with the lox reporter are within r2 or r4 (arrow:
and arrowheads respectively in Fig. 4H). In r4, these cells cc
expressHoxbland the lox reporter.

In conclusion, these data indicate that, Kmox20-null . o o .
embryos, cells normally programmed to belong to r3 acquire rpig. 5. Modification of rhombomere identity of r5 cellsKmox-20
or r4 identity and are incorporated into these rhombomeres. [}pmozygous embryos. (A,B) Flat-mounted hindbrains of wild-type

e . (A) andKrox20acZ/lacZ(B) embryos at the 8 s stage processed for
addition, experiments performed oikrox20 heterozygous H with probes foHoxblandCdh6probes (both purple).

mutants suggest that the specification of r3 versus r2/r4 identiim Flat-mounted hindbrains of 1Ksox202¢2/2Z embryos
by the Krox20 protein is dose dependent (Fig. 4B and data n@fined with X-gal (C) or stained with X-gal and processed for

shown). Mafb/krISH (D). (E,F) Flat-mounted hindbrains of wild-type (E) and
_ _ Krox20acZlacZ(F) 20 s embryos processed fdafb/kr ISH. Rostral
r5 cells adopt r6 identity is towards the top.

To analyse the identity of r5 cells Krox20-null embryos, we
first performed double ISH with probes that labelled adjacent
rhombomeres. We used probesHiaxblandCdhg Cdhébeing  contributed to r4 (Fig. 4H). Moreover, at the 20 s stage, the size
expressed in r6 at 8.5 dpc (Inoue et al., 1998). As expected, éf the territory of higher leveMafb/kr expression (r6) was
wild-type embryos at the 8 s stage, a negative regiolarger in Krox20-null than in wild-type embryos (Fig. 5E,F),
corresponding to r5 was observed in between the stained r4 asupporting the idea that a large part of the r5 cells had acquired
r6 domains (Fig. 5A). liKrox2dacZlacZembryos, the r4 and r6 r6 identity.
territories appeared larger and much closer, suggesting that aln conclusion, our data indicate thatirox20-null embryos
large part of r5 cells had been incorporated into even-numbereells normally programmed to belong to r5 acquire r6 identity
rhombomeres (Fig. 5B). and are incorporated in this latter rhombomere.

To further analyse the rhombomeric identity of r5 cells in o
Krox20 mutants, we followed the expression of tiafb/kr  Krox20 controls cell mingling between odd- and
gene. In wild-type embryos/afb/kr is expressed in r5 and r6 €ven-numbered rhombomeres
from the 1-2 s stage (Cordes and Barsh, 1994). After the 16T$e data presented above could suggest that, in absence of
stage, its expression fades in r5 and in dorsal r6, while it i&rox20, prospective r3 or r5 cells can mix with even-numbered
maintained in a ventral population in r6 (Fig. 5E; data notells. To further investigate the involvement of Krox20 in the
shown). InKrox20acZlacZembryos at the 13 s stage, X-gal- specification of cell mingling properties in the hindbrain, we
positive cells are still present in r5 (Fig. 5C). Double staining fogenerated embryonic chimaeras betwé@ax20acZ/1acZ gnd
B-galactosidase activity andafb/kr expression indicated that wild-type cells.
almost all X-gal-positive cells were also positive fdafb/kr We first analysed such chimaeric embryos by X-gal staining
(Fig. 5D), suggesting that these cells had not acquired r4 identigombined to ISH for thileoRgene. TheNeoRprobe detects
Fate-mapping experimentskmox-202cZ/Crez/APembryos also  all Krox2dacZlacZ cells in the embryo, whereas X-gal staining
indicated that, at later stages, very few prospective r5 cells haaarks only r3- and r5-deriva¢tox20acZ/lacZcells, In chimaeric
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embryos older than 12 i§jox20d2cZ/1acZ(pyrple and/o
blue) cells formed patches in r5 and did not mix
wild-type cells (Fig. 6An=6), suggesting a differen
in cell mingling properties. Moreover, r5-derived k
cells were found in adjacent even-numbt
rhombomeres, particularly in r6 (white arrowheac
Fig. 6A), suggesting that they had acquired
mingling properties closer to those of even-numb
rhombomere cells. As controls, we gener
chimaeric embryos between wild-type cells and «
from a transgenic line that exprest@sZin r3 and rt
under the control ofis-acting regulatory elements
theEphadgene (Theil et al., 1998). In these chima
embryos, wild-type and transgenic cells mixed fr
in r3 and r5 (Fig. 6Cn=2). This indicates that tl
restriction in cell mixing observed in the previ
experiment was due to th&ox20 mutant allele an
not to a hias in cell mixing in chimaeric embryos.
also generated chimaeric embryos between wild
cells andkKrox20d2°Z/+ cells. Interestingly, in this ca
an intermediate phenotype was observed (Fig.
n=5): heterozygous (blue) cells tended to form clu:
and did not mix freely with wild-type (white) cells
r3 and r5, but this segregation was less dramati
occurred later than in wild-typéfox20acz/lacz
chimaeras.

Cell segregation in the hindbrain does not o
before the 10-12 s stage, when X-gal-positive cell
largely undetectable in r3 irox20acZ/1acZ embryos
To investigate cell mingling properties in r3 in
chimaeric embryos further, we performed comb
X-gal staining and ISH for thEpha4gene.Ephadis
a direct target of Krox20 in r3 and r5 (Theil et
1998), and in wild-type embryos it is stron
expressed in r3 at the 15 s stage (Fig. 6D). Thert
we assumed that in chimaeric embryos,
EphA4negative cells in r3 were dfrox20acZ/lacz
genotype. In chimaeric w¢tox20acZ/acZ embryos
Krox20acZ/lacZ(Epha4negative) cells formed patct
within r3 and did not mix with wild typeEpha4
positive) cells (Fig. 6En=3). Moreover, the limits ¢
theEphA4expression domains were often not stre
(Fig. 6F), suggesting that patches Kabx2(0acZ/lacZ
cells originating from r3 were repelled toward
boundaries.

A wt/ Krox20/acZacz.
. E

T :' I.3
58

B wt/ Krox20eczs, (/14

B

P~

/ Krox20iacZiacZ . wt / Krox20/scZlacz

A ¥

B

Fig. 6. Analysis of cell identity and cell mingling in embryonic chimaeras. All
the pictures show flat-mounted hindbrains. (A) Combined X-gal staining and
NeoRISH performed on a 15 s wild-tygabx20acZ/acZ chimaeric embryo.

The white arrowheads point to groups of blue cells in even-numbered
rhombomeres. (B) Combined X-gal staining &@bRISH performed on a 18

s wild-typeKrox20acZ/+ chimaeric embryo. (C) X-gal staining of a 14 s
chimaeric embryo between wild-type aBdha4/lacZtransgenic lines.

(D) Epha4lSH performed on a 15 s wild-type embryo. (E,F) Combined X-gal
staining andphadlSH performed on 15 s (E) and 12 s (F) wild-
typeKrox20acZ/lacZ chimaeric embryos. (G) Combined X-gal staining and
NeoRISH performed on a 9.5 dpc wild-typebx20acZ/CreR26Rchimaeric
embryo. (H) Combined X-gal staining and doulkfex20(orange) andHoxb1
(purple-brown) ISH performed on a 14 s wild-typeix202cZ1acZ chimaeric
embryo. (I) Combined X-gal staining ahtbxb1ISH performed on a

12 s wild-typeKrox20acZ/lacZ chimaeric embryo.

Krox20-null cells within r3 or r5 in the wild-type/

To determine the behaviour of mutant cells originatingkrox20acZ/lacZchimaeras, we analysed the expression of the r4
from r3 and r5 in older embryos, we generated chimaeramarker Hoxbl Patches ofHoxblexpressing cells were

between wild-type anrox20acZ/CreR26Rcells. Analysis of

observed in r3 but not in r5 (Fig. 6Hr+6). We assume that

these chimaeras at 9.5 dpc revealed two types of behavioulgese cells are r3-derivétox20 null cells that have acquired
for X-gal positive cells: within r3 and r5, these cells werer4 identity. This is consistent with our observation of the
grouped in patches, most probably in order to minimise the@cquisition of r4 identity by r3 but not r5 cellsKmox20-null

contacts with wild-type neighbours. By contrast, at theembryos and shows that r3 identity cannot be rescued in mutant

periphery of the rhombomeres, X-gal-positive cells werecells by surrounding wild-type cells.

dispersed and mixed with X-gal-negative cells, invading
especially r6 (Fig. 6G)wild-type cells in r3 and r5 have different cell mingling

even-numbered rhombomeres,

In conclusion, our data demonstrate tKabx20-null and

Interestingly, groups of cells at the r4/r5 border did notproperties and sort from each other. They actually show that r3

penetrate r4 efficiently but rather segregated to the r4/r&nd r5 mutant cells have acquired cell mingling properties

boundary (Fig. 6G), suggesting that r5 mutant cells hadimilar to those of even-numbered rhombomere cells. In

acquired cell mingling properties closer to those of r6 than taddition, this work indicates that Krox20 controls the

those of r4. specification of odd-numbered cell identity in a cell
To investigate the rhombomeric identity of the patches o&utonomous manner.
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DISCUSSION territories (Fig. 7). The incorporation of additional cells in the

. ) territories by cell recruitment is consistent with the mode of
Fate of r3 and r5 cells in the absence of a functional establishment oKrox20 expression in r3 and r5 by anterior
Krox20 protein and posterior expansion, that we have deduced from combined

In previous studies, we have shown thatKiox20dacZ/lacZ  7/AP-Krox20ISH staining ofKrox20Fe+ Z/AP embryos (Fig.
embryos, the X-gal staining in r3 and r5 appears normally, butl,J). This recruitment process may be particularly important
disappears much more rapidly thankirox20acZ* embryos. for the expansion of r3, which is more dramatically affected
However, it was not clear whether this reflected an earlyhan r5 inKrox20-null mutants. Finally, the involvement of the
disappearance of the cells, or a defect in the maintenance rdn cell-autonomous autoregulatory loop in the maintenance
Krox20/lacZ fusion gene expression. In this paper, we usedf Krox20 expression may also explain the losskabx20
even-numbered rhombomere markers to demonstrate that at &goression in isolated cells that have inappropriately activated
dpc r3 and r5 cells were still present, but were incorporatetihe gene in even-numbered rhombomeres.
into adjacent rhombomeres. Moreover, genetic fate mappin ) _
allowed us to follow r3 and r5 cells at later stages oingXZO represses even-numbered rhombomere identity
development. We show that kirox202°Z/Cre|ox embryos, part and promotes r3/r5 identity
of the r3 and r5 cells can be detecteddyreporter activity = Our work suggests that, in the absence of a functional Krox20
staining until at least 16.5 dpc, and these cells are able to forpnotein, prospective r3 and r5 cells adopt an even-numbered
neurones. This demonstrates that the premature disappearantembomere molecular identity. r3 cells acquire r2 or r4-like
of B-galactosidase activity iKrox2dacZ/lacZembryos is partly identity, as shown by the expansion of tBeAP- andHoxb1-
due to a defect in the maintenance&aix20/lacZfusion gene  positive territories. r5 cells acquire r6 identity: they express
expression, and points to a rolekitbx20in the maintenance Cdh6andMafb/krand do not expregsoxbl This is in perfect
of its own expression in r3 and r5. accordance with gain-of-function experiments performed in

The number of r3 and r5 cells detected withlthereporter  the chick, which show that r2 and r4 cells ectopically
is reduced irkrox202cZ/Cre|ox embryos when compared with expressing Krox20 acquire r3 identity, whereas r6 cells
Krox2(F™e'* lox embryos. This difference is unlikely to be due expressind<rox20acquire r5 identity (Giudicelli et al., 2001).
to defects in survival and/or proliferation of r3 and r5 cells, as Therefore, an essential outcome of these data is that one of
shown by our analysis of dying cells and of cells in S- or Mthe initial defects ifKrox20-null embryos is a mis-specification
phase. The low number of r3 and r5 cells positive for th@f Krox20-expressing cells. They suggest that, in addition to
lox reporter is more likely to originate from a lack of activating r3/r5 specific genes, a prime roleKobx20 is to
recombination-induced activation of thex reporter gene in repress even-numbered rhombomere specific genes (Fig. 7).
many cells, caused by two phenomena. First, the level of Ci&hether the cells become r3 or r5 cells uprox20
protein synthesised iKrox20 null cells may be too low to expression must be determined by a repertoire of genes
support recombination, because tKHeox20 autoregulatory unaffected byKrox20expression (e.gviafb/kr).
loop is not functional. Second, it is likely that part of the cells Ectopic expression experiments have shown Kinex20 is
never activateKrox20 gene expression, because the Krox20able to repressloxblexpression in r4 (Giudicelli et al., 2001).
protein is required in a non cell-autonomous manner for th&he present data demonstrate tKaibx20 is necessary to
activation of the expression of its own gene in these cells. WepressHoxb1 expression in r3, but not in r5. This suggests
have recently demonstrated the existence of such a mode tbht another gene, expressed in r5 independentirat20,
regulation for Krox20 expression in the chick hindbrain has a redundant function in represskigxbl expression. A
(Giudicelli et al., 2001). good candidate for this function Mafb/kr because, as shown

in this study, it is still expressed in r5 remnantsKiwx20

Multiple functions of Krox20 in the formation and homozygous mutants and because in 8.3uigB/kr (kreisler)

spe_cification of r_3 and r5 _ _ mutants, there is a transient expansiorHokbl expression
Maintenance of its own expression and expansion of the caudal to r4 (Frohman et al.,, 1993; McKay et al., 1994;
r3/r5 territories Manzanares et al., 1999).

X-gal staining disappears prematurely in the hindbrain of In conclusion, these data show that Krox20 is essential for

Krox20acZlacZembryos, whereas many r3 and r5 cells are stilthe acquisition of r3/r5 identity. In its absence, hindbrain cells

present. This demonstrates that the maintenandéraf20 adopt a default state that corresponds to even-numbered

gene expression in r3 and r5 involves an autoregulatory loophombomere identity.

This positive feedback loop requires Krox20 in a cell o )

autonomous manner, as premature disappearance of X-d&0x20 controls cell mingling properties of r3 and r5

staining is also observed in embryonic chimaeras betweeills

wild-type andKrox20acZlacZcells. In addition, as indicated We have shown that in embryonic chimaetésx2dacz/lacz

above, our data are consistent with our previous worland wild-type cells cannot intermingle in r3 and r5. Moreover,

performed in the chick (Giudicelli et al., 2001), suggesting thatmutant cells penetrate into even-numbered rhombomeres,

in the mouse the Krox20 protein is also required in a non celshowing that they have acquired cell mingling properties close

autonomous manner for the activation of its own gene imo those of even-numbered rhombomere cells. This change can

adjacent cells. be considered as another aspect of the acquisition of even-
These cell autonomous and non cell-autonomousumbered rhombomere identity by r3/r5 homozygous mutant

autoregulatory mechanisms are likely to be involved in theells, and suggests thidtox20is essential for the sorting out

consolidation, homogenisation and expansion of the r3 and & even and odd-numbered cells (Fig. 7). We propose that this



4976 O. Voiculescu and others

Fig. 7. Schematic mode

for hindbrain A B

segmentation in wild-

type andkrox207~ l activation ‘acti vation
embryos. (A) Wild-type

situation. Atthe 1-5 s
stagesKrox20is
activated in a few
scattered cells in
prospective r3, and in ¢ )
more coherent group o ‘ recrutment o no recruitment,

cells in prospective r5 acqui sition  of r3/rs identity acqui sition of r2/4/6 identity

(light blue circles).

o

Hoxaz2 (r2) o Kr

1-5s

Hoxb1(green) and < o N 22
Mafb/kr (Kr) (orange),  8.10 s |Hoxaz(r2)+K20- O Kr Hoxa2(r2)o o Kr
and theHoxa2(r2) - A 3
(yellow) enhancer are
Zlggisgrtg?fe?lé are ‘ maintenance + no maintenance ,
cell sortin g at boundarie s no sortin g of r3 and r5 cells

subsequently recruited
to expres¥Krox20,

probably by a non cell- o 5o
autonomous 12 s | Hoxa2(r2 Kr Hoxa2(r2) Oo o Kr
autoactivation process o °og

(light blue arrows). At

the 8-10 s stage, ) .
prospective r3 and r5 l boundary formation l cell death in r2/4/6
now expres&Krox20

homogeneously, and ) P 00*8 *
continue to expand by 25s | r2 6 r2 « 4 %0 * 16

cell recruitment at the - oo *

expense of r2/r4 (for r3
and of r6 (for r5). In
addition, an autoregulatory loop (curved arrows) leads to enhancenié&oix@bexpression, presumably in a cell-autonomous makmnex20
expression in these cells leads to acquisition of r3/r5 molecular idefpinggd Hoxa2r3/r5 enhancer activation) and repression of even-
numbered rhombomere molecular identity (#lgxbl Hoxa2r2 enhancer repression). At the 12 s stage, r3 and r5 expre&dat high

levels (dark blue) and have acquired r3/r5 identity, including cell mingling properties. This leads to the sorting of exdanantbered
rhombomere cells, and sharpening of gene expression limits. At the 20-25 s stage, boundaries are morphologically caBypiddmx20¢
null mutants, at the 1-5 s stages, early activatidfrax20occurs normally (light blue circles). However, timx20-expressing territories do
not expand, because of defective cell recruitment based on non cell-autonomous autoregulation. At the 8-Keos2fegggressing cells are
still scattered. They have acquired even-numbered rhombomere identity and are incorporated into adjacent even-numlesedasrelpr
r2 and r4 for cells that should belong to r3, and r6 for cells that should give rise to r5. At the 12kgax@@eiene expression is not
maintained in these cells, owing to impaired cell autonomous autoregulation. Finally, at the 20-25 s stage, cell death-inutmbered
rhombomeres leads to a significant size reduction of the hindbrain.

property of Krox20 is mediated by the regulation of the Krox20 is required for its three functions: expansion of r3 and
Eph/ephrin system, as it was shown previously that Krox20 i&b territories and specification of rhombomeric identity and of
required for the activation of thEpha4 gene in r3 and r5 cell mingling properties. However, the defects observed in

(Seitanidou et al., 1997). Krox20acZ/* animals must be transient, as they are viable and
) o do not show any obvious phenotype at later stages of

A Krox20 dosage effect in the early specification of r3 development (Schneider-Maunoury et al., 1993).

and r5

Our data indicate that iKrox20 heterozygous embryos, some A model for hindbrain patterning in wild-type and

of the r3 cells acquire r2/r4 identity (Fig. 4B; data not shown)Krox20 homozygous embryos

This is consistent with previous observations indicating thaFig. 7 summarises our conclusions and presents a model for
in some Krox202°Z* embryos at 10.5 dpc, nerve exit the development of the hindbrain in both wild-type and
points, which are normally present only in even-numberedrox20-null embryos. Most of the points of the model have
rhombomeres, are also found in r3 (Helmbacher et al., 1998)een discussed above and are detailed in the legend. However,
In addition, we show here that in embryonic chimaeras, cein additional issue is worth considering: despite the
mingling properties oKrox20heterozygous cells are different incorporation of prospective r3 and r5 cells into even-
from those of wild-type cells in r3 and r5. Finally, in somenumbered rhombomeres, a shortening of the hindbrain of about
Krox202cZ* embryos, th&rox20-expressing stripes at 8.5 dpc two rhombomeres is observed after 9.5 dpcKiox207~

are smaller than in wild-type embryos (data not shown)embryos. The significant increase in cell death detected in this
suggesting that the expansion of the territories is also affectedork at the 20-25 s stage in even-numbered rhombomeres is
Together, these data suggest that a similar threshold level liely to explain this general shortening of the hindbrain as well
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as a specific size reduction of r4 (Schneider-Maunoury et al., neuronal differentiation and regional specification in the central nervous
1993). Cell death may originate from a control mechanism systemDev. Dyn.210, 191-205.
used by even-numbered rhombomeres to regulate their size. Kf'aas, A., Davenne, M., Lumsden, A., Chambon, P. and RIijli, F. M.

| . ibility is th I val i b d 1997). Role of Hoxa-2 in axon pathfinding and rostral hindbrain patterning.
alternative possibility is that ce _SUI’VIV& In even-numoere Development24, 3693-3702.
rhombomeres depends on trophic factors produced by oddavalas, A., Studer, M., Lumsden, A., Rijli, F. M., Krumlauf, R. and
numbered rhombomeres. Chambon, P. (1998). Hoxal and Hoxbl synergize in patterning the

In conclusion. our work shows thétox20is involved in the hindbrain, cranial nerves and second pharyngeal &ebelopmentl25

. ’ . . - 1123-1136.

expanspn, COhSOlIdatlon. ar_]d homogenlsatlon Kobx20- Gauvrieli, Y., Sherman, Y. and Ben-Sasson, S. A1992). Identification of
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|dent|ty and repression Of even_numbered |dent|ty, and in th@ludlce”l, F, Talllebourg, E., Charnay, P. and Gilardi-Hebenstreit, P.

; _ _ 2001). Krox-20 patterns the hindbrain through both cell-autonomous and
segregation between odd- and even-numbered rhombomerénon cell-autonomous mechanisi@enes Devis, 567-580.

cells. _The integration 'O_f these Variolus steps _Of segmeloddard, J. M., Rossel, M., Manley, N. R. and Capecchi, M. R1996).
formation and of specification of regional identity by the Mice with targeted disruption of Hoxb-1 fail to form the motor nucleus of
Krox20 gene promotes the formation of alternating odd- and the Vlith nerve Developmeni22, 3217-3228.

even-numbered territories along the hindbrain Guthrie, S. and Lumsden, A.(1991). Formation and regeneration of
) rhombomere boundaries in the developing chick hindbia@velopment
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