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SUMMARY

Several recent studies have shown that retinoic acid
signalling is required for correct patterning of the
hindbrain. However, the data from these studies are
disparate and the precise role of retinoic acid signalling in
patterning the anteroposterior axis of the neural tube
remains uncertain. To help clarify this issue, we have
cultured a staged series of chick embryos in the presence
of an antagonist to the all three retinoic acid receptors. Our

is lost progressively in an anterior-to-posterior sequence.
Furthermore, the application of various concentrations
of antagonist shows that successively more posterior
rhombomere boundaries require progressively higher
concentration of endogenous retinoic acid for their correct
positioning, a result that strengthens the hypothesis that a
complex retinoid gradient acts to pattern the posterior
hindbrain. Our dissection of early retinoic acid functions

data indicate that retinoic acid is the transforming signal
involved in the expansion of posterior hindbrain structures.
We find that the hindbrain region of the neural tube down
to the level of the sixth somite acquires the identity of
rhombomere 4 when retinoic acid signalling is blocked.
Specification of future rhombomere boundaries has a
retinoic acid dependency between stage 5 and stagé fitat

allows us to re-interpret the wide disparity of hindbrain
phenotypes previously observed in various models of
retinoic acid deficiency.

Key words: Anteroposterior patterning, Hindbrain, Segmentation,
Retinoic acid, Morphogen, Chick

INTRODUCTION cervical spinal cord (Swindell et al.,, 1999; Berggren et al.,
1999), wherea€yp26is strongly expressed in the fore- and
The effects of retinoids on hindbrain development, whictmidbrain region of the neural plate (Swindell et al., 1999). It
include posteriorization of the anterior hindbrain, have londas yet to be shown that a posterior-to-anterior gradient of RA
been indicated by the actions of exogenous retinoids (Durstaxists during hindbrain patterning, but the expression of
et al.,, 1989; Conlon, 1995; Marshall et al., 1992). DirecRaldh2andCyp26is suggestive of a source and sink that would
evidence that endogenous retinoids are required for hindbrabe required to set up such a gradient.
patterning has been slower to emerge, and has come first fromRecent genetic analysis in the mouse has revealed that
embryos produced by quail hens subjected to complete dietaRaldh2(Aldhla2— Mouse Genome Informatics) is crucial for
vitamin A (retinol) deficiency (VAD). In these embryos, theregulating patterning events in the posterior hindbrain.
caudal hindbrain region is mis-specified such thaHowever, the phenotype dRaldh2 knockout mice differs
rhombomeres (r) 4-7 apparently fail to develop (Maden et alfrom that described for the VAD quail, as r4 molecular
1996; Maden et al., 1997; Maden et al., 1998b; Gale et almarkers are still expressed in these embryos (Niederreither et
1999). al., 1999; Niederreither et al., 2000). In female rats, complete
The spatial and temporal nature of retinoid influence on gendAD leads to reproductive failure, whereas a partial
expression depends on a large number of parameters. Thek#iciency leads to variable hindbrain defects in the progeny
include the local availability of retinoic acid (RA) receptors(White et al., 1998; White et al., 2000). Targeted disruption
(RARaq, B, y and RXRy, B, y) which transduce the retinoid of murine RAR genes also provides information on the
signal, enzymes necessary for RA synthesis and/or catabolism)es of RA in anteroposterior patterning. Interestingly, the
and intra- or intercellular carrier proteins (Chambon, 1996RARa:RARB compound mutant embryos have normal
Duester et al.,, 1998). The distribution of RA in the earlyanterior rhombomeres (rl-r4), but posterior hindbrain
embryo correlates with the opposing action of the two maimarkers expand in a posterior direction (Dupé et al., 1999).
RA metabolic enzymes: Raldh2 (Maden et al., 1998aSimilarly, overexpression of dominant negative retinoic acid
Niederreither et al.,, 1997; Berggren et al.,, 1999), whichreceptors partially anteriorises the posterior rhombomeres of
converts retinaldehyde into RA, and Cyp26, a cytochrom&enopusmbryos (Blumberg et al., 1997; Kolm et al., 1997,
P450 that oxidatively inactivates RA (Swindell et al., 1999; dé/an der Wees et al., 1998). Targeted disruptioHmfaland
Roos et al.,, 1999; Fujii et al., 1997MRaldh2 is strongly = Hoxb1lRA response elements (RARES) reveal further levels
expressed in the somites adjacent to the caudal hindbrain aofl complexity in the actions of RA in anteroposterior
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patterning (Dupé et al., 1997; Studer et al.,, 1998)provided by D. Wilkinson (Krox-20; Wilkinson et al., 1989), J. Dodd
Collectively, these results are not easy to interpret, given th@nt-8c; Hume and Dodd, 1993) and I. McKay (MafB/kr).
wide disparity of phenotype. In the case of both knockout and
dominant negative receptor experiments, uncertainty arises
on account of the incomplete inactivation of RA signalling.RESULTS
For both of these approaches, as for the VAD embryos,
uncertainty also surrounds the timing of an RA requiremenfntagonist treatment selectively impairs hindbrain
for different aspects of patterning, as RA signalling isdevelopment in a stage-dependant manner
depleted throughout development. An approach that couffio characterise the time at which RA-dependant hindbrain
potentially resolve both uncertainties would be to block RApatterning occurs, chick embryos were treated with an RA
signalling completely or partially at successive, definechntagonist that blocks activity of the three RARs (Bristol
stages of development. Myers Squibb compound 493). The antagonist was applied
Thus, in order to investigate the diverse roles of RAo embryos at various stages in roller-tube culture at a
signalling during anteroposterior nervous system patterningoncentration of %106 M. The molecular identity of
and to explore the exact timing of RA actions, we have useddombomeres 3, 4 and 5 was evaluated by lookitgat-20
culture system in which a staged series of chick embryos aesd Hoxb1 levels. Krox-20 provides a particularly useful
exposed to various concentrations of an antagonist that blocksarker for analysis of hindbrain segmentation as its expression
activation of all three RAR isotypes (Wendling et al., 2000) precedes the appearance of rhombomere boundaries. In control
We find that the entire posterior hindbrain develops as a defawibryos,Krox-20is expressed in r3 as early as stafy@r®d
r4 in absence of RA. Consequently, RA is the transformingn r5 by stage 9(Wilkinson et al., 1989). To assess r6 and r7
signal involved in the specification of posterior hindbrainmolecular identities, we monitored the expressiofokiftatin
structures from stage 5 to stage’.10hese actions take place and MafB/kr. In the chick CNS at stage 1figllistatin is
through the regulation of hindbrain segmentation genes in askpressed at high levels in r2, r4, r5 and r6, more weakly in r7,
environment of a retinoid activity gradient. More generally, weand absent from more posterior regions of the neural tube
have made a thorough analysis of the early RA functiongGraham and Lumsden, 19968)afB/kris expressed in r5 and
during chick hindbrain patterning. r6 as early as stage 8 (Eichmann et al., 1997).
Exposure of stage 4 (full-length primitive streak) and stage
5 (head process) embryos to a high concentratiehQ(8 M)

MATERIALS AND METHODS of antagonist resulted in all embryos developing a shorter
_ anteroposterior axis with smaller and poorly defined somites
Roller-tube culture and antagonist treatments compared with controls. Treated embryos examined at stage 11

Fertile hens eggs were incubated in a humidified 38°C room to thehow expandedkrox-20 expression in the r3 domain, with a
desired stages. Embryos were staged according to Hamburger apgsterior limit that is not well defined, and lack the
Hamilton (Hamburger and Hamilton, 1951). From stage 10, theharacteristic stripe of expression in r5 as well as the neural
transitory first somite is not counted. Embryos were collected gt ast cells (NCC) migrating from r5/r6 (Fig. 1a). Furthermore,
various times between stage 4 and stage 12 (16 somite stage) Jpd naracteristic stripe foxblexpression in r4 disappears,

cultured as described (Connolly et al., 1995). Briefly, egg yolks . - ) ==
complete with blastoderms were transferred to a dish of Pannet a th Hoxb1being continuously expressed from a region just

Compton saline, and, having been freed gently from the vitelliné0Stral to the first somite down to the posterior neuropore (Fig.
membrane with fine forceps and washed from the yolk with alkil). Corresponding with the posterior limit d€rox-20
pipette, each blastoderm was placed hypoblast side up. Using a pgxpression, the rostralmost regiorHiixblexpression lacks a

of forceps, one edge is gently grasped and the blastoderm foldstharp border and contains patches of unlabelled cells. The
along the longitudinal axis of the embryo to form a ‘pitta bread’characteristic expression ®fafB/kr in r5 and r6 is absent
configuration with hypoblast/endoderm on the inside and epiblasfcompare Fig. 1i with 1j). Identical results were obtained using
neural plate outside. The free edges were sealed by cutting wi higher concentration of antagonist ®1).

iridectomy scissors along a line passing just within the area Embryos treated at stage 6 (headfold) appear to have normal
opaca. Folded and sealed embryos were transferred to 5ml plas}ig Krox-20 expression, but lack the r5 stripe (Fig. 1b)

bijou bottles containing 500ul of Liebovitz tissue-culture . . .
medium. The lightly capped bottles were placed on a rollesuggesting that establishment of the r3/r4 boundary is no

apparatus rotating at 30 revs/minute, inclined at a angle of about 1d®Nger sensitive to RA deficiency at this stage. As before,
in a 38°C incubator. Development then proceeded normally for 24MafB/kr|s not expressed amib?(blls ConUnUOUSjW expressed
30 hours. from r3/r4 down to the posterior neuropore (Fig. 1m).

The pan-RAR synthetic retinoid antagonist BMS493 (Bristol- When treated with the antagonist at stagjeenbryos have
Myers-Squibb, Princeton, NJ, USA), diluted in ethanol, was added taormal r3Krox-20 expression but display patcheskobx-20-
the Liebovitz medium at various concentrationMto 108M). In  positive cells in the r5 region, although these patches extend
control embryo cultures, vehicle (ethanol) was added at the same f"}%steriorly beyond the expected r5 territory (Fig. 1c,d). This
dilution. patchy expression d¢frox-20may represent the appearance of
Molecular analyses r5-like cells. Indeed, in embryos treated at stage vée
Whole-mount in situ hybridisation with digoxigenin-labelled observed patches_ HOXbl'negat'Ve cells a'.( the.eXpECted axial
riboprobes was performed as described by Wilkinson (Wilkinson/€vel Of the r5 region (compare Fig. 1n with Fig. 1cttxbl
1992), using probes from template plasmids produced in ougXpression domains such as this are not seen when embryos
laboratory (for Hoxb1, follistatin, Cepu-1 and Hoxal; Guthrie et al.are treated slightly earlier (stage B)afB/kr expression also
1992; Graham and Lumsden, 1996; Jungbluth et al., 2001) or kindigppears in scattered patches, but the staining does not appear
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Fig. 1.BMS493, a retinoid antagonist, Krox-20 MafB/kr
treatment impairs hindbrain
development in a stage-dependant
manner. Dorsal view of whole-mounts
(a-c,g-k,m-q) or flat-mounted

hindbrains (d-f,I) of control (h,l,k,n) O ) control
and antagonist-treatedxB0° M) st5

chick embryos at stage 5 (a,},k), stage B
6 (b,m), stage6(c-e,n), stage 7 (), o Sl

stage 7 (g), stage 8(p) and stage 9
(q). The embryos were collected after
approximately 24 hours of culture and
the expression dfrox-20(a-d,f-h,
stage 11)MafB/kr (e,i,j, stage 9),
Hoxb1(k-n, stage 11) anfbllistatin
(o-q, stage 12) was analysed. Stages
indicated at the bottom-right of the
pictures correspond to the stage of
treatment. s1, first somite; s6, sixth
somite; r4-r7, rhombomeres 4 to 7.

st 6+

more extended than that &fox-
20, indicating that, at this stage
treatment, r6-like identity is abse¢
(Fig. 1e).

Embryos treated at stage 7 (o
somite stage) display a normal
and the number d€rox-20-positive

st
Krox-20

cells in the most posterior dom: ® e
C . . . Follistatin
is increased; their anterior lin M
corresponds to a normal anteriol st7 - '

-

boundary, whereas their poste!
limit extends beyond the expec
location of r5/r6 boundary (Fig. 1
At this stage of treatmentoxbl
expression in r4 is normal (data
shown).

Treatment of stage *7and 9
embryos (two- to six-somite stag

n=12) does not affect the size of . “?
but r5 is markedly enlarged, ' :
shown by the expression i§fox-20 ® ‘

(Fig. 19). follistatin expression ¢
stage 13 in embryos treai..
between stage *7and 9 confirms the expansion of the boundaries from stage 5 to *10Furthermore, this RA
morphologically recognisable r5, and shows abnormal caudaependency is lost progressively from anterior to posterior as
expansion of putative r6 and r7 (Fig. 1p). Howefalistatin ~ development proceeds.
expression is not detected in the neural tube posterior to the ) ) o
sixth somite.MafB/kr expression is also extends beyond theEstablishment of hindbrain boundaries is dependent
expected location of r6/r7 boundary (data not shown). on RA concentration
Embryos treated between stage 9 ahdseven- to eight- To test the idea that a graded RA concentration could mediate
somite stages) have normal expressiokrok-20in r3 and r5 hindbrain patterning, we applied various concentrations of
but, as shown bfollistatin expression, they have an enlargedthe antagonist to cultured embryos at stage 4, and used
ré and r7 (Fig. 1qg). Again, this expanded expression in th&rox-20, follistatin, MafB/kr andHoxb1to reveal the size of
neural tube is not found beyond somite 6. rhombomeres. As a function of the concentration used, we have
In embryos treated between stage 40d 10 (nine- to 11- obtained a range of phenotypes that we have classified in six
somite stages), only the r7 is expanded, reaching the 3mdbitrary types from very affected embryos, as described
somite, asMafB/kr expression is normal and the characteristicpreviously for a 5106 M concentration, to normal embryos
weak expression domain &llistatin in r7 is enlarged (data (Table 1).
not shown). From stage 11the presence of antagonist in the As described above, when embryos are treated witi@r%
culture medium no longer affects patterning of the hindbrainM (or 10° M) concentration of the antagonist at stage 4, r3 is
These data implicate RA in the specification of rhombomerenlarged and r5-r6 are absent (Table 1). The same phenotype

Krox-20 @ esle contri

st7+

L&

control @ st9
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Table 1. Hindbrain phenotypes observed after antagonist treatment at various concentrations

r3 normal r3 normal r3 normal Normal Total
r3 enlarged r3 normal r4 and r5 r4-r7 r4 slightly enlarged hindbrain embryos
r5 absent r5 absent very enlarged slightly enlarged r5-r7 normal segmentation analysed
5x10°¢M 100% 0% 0% 0% 0% 0% 33
2.5x10¢M 53% 47% 0% 0% 0% 0% 17
106M 15% 33% 45% % 0% 0% 33
5x1077 M 0% 17% 35% 41% 8% 0% 34
2.5¢107M 0% 0% 14% 27% 41% 18% 49
107’ M 0% 0% 0% 10% 46% 44% 39
5x108M 0% 0% 0% 0% 14% 86% 14
108 M 0% 0% 0% 0% 0% 100% 12

A decreasing concentration of RA antagonist allows the progressive establishment of more posterior rhombomeres. Figiertageegi@mbryos showing
each category of defect.

appears in 53% of the embryos treated with slightly lowetike territory in a more caudal region. In this case, the large
antagonist concentration (XE0% M). However, the unstained region of the hindbrain between the r3 caudal border
remaining 47% have a normal r3, while r5-r6 are absent, and the level of somite 2 would correspond to r4. Indeed, we
indicated byKrox-20 andMafB/kr expression (this phenotype found Hoxblto be expressed throughout the expanidemk-
is similar to the one observed when embryos are treated wiftd-negative region between r3/r4 and somite 2, and to be
5x108 M antagonist at stage 6; Fig. 1b and Table 1). Thismbsent from the expandd€tox-20-positive domain between
result suggests that a major ™"
signalling deficiency is required ¥ _ Krox-20
produce an enlarged r3. S
At a lower concentration
antagonist (16 M), we observe
new phenotypes, the m
significant of which was tf
appearance oKrox-20-expressini
cells in ectopic posterior positiol
Indeed, of the embryos treated
106 M, 45% developed eith
patches oKrox-20-expressing cell
or a continuous domain @frox-20
expression with poorly defin
boundaries (Fig. 2a, Table 1). 1
anterior limit of this ectopidrox-
20 expression lies as far posteriol
the level of the second somi
whereas the posterior limit ¢
reach the level of the 6th somite.
never observe®rox-20 expressiol
in the neural tube posterior
somite 6. This ectopic expressior
Krox-20 may represent tt
appearance of a greatly enlargec

56 Hoxbl

'

S

*» dl ¢4 &% ¢

- ! . ©) 5x10- ™M

. -
m‘: i Follistatin
> | —
2.5x10-"™M M
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O
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Fig. 2. Establishment of hindbrain
boundaries is dependent on retinoic
acid concentration. Dorsal view of
whole-mounts of BMS493-treated
chick embryos at stage 5 at the
following concentration: 16 M (a,g),
5x1077 M (b,c,j,!), 2.5¢<10°7 M (d),
1077 M (e,h,m) and 18 M (f,i,k,n).
Whole-mount in situ hybridization was
performed on embryos using
digoxigenin-labelled probes fétrox-
20 (a-f, stage 11)Hoxb1(g-i, stage
11), MafB/kr (j,k, stage 10) and
follistatin (I-n, stage 12). s6, sixth
somite. r4-r7, rhombomeres 4 to 7.

rd rs | r6 | r7

5x10-™™M

©
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somite 2 and somite 6 (Fig. 2g). Therefore, the elongateembryos, cultured from stage 4 tg @e found thatWnt8cwas
anterior stripe of Hoxbl expression does correspond no longer expressed in a stripe at the normal r4 position, but
molecularly to an enlarged r4. in an extended domain of the neural tube alongside somites 1-

At 5x107 M antagonist, the proportion of embryos with an6 (Fig. 3d).
enlarged r4 associated with an enlarged r5 decreased to 35%CEPU-1 is a cell-adhesion molecule that is specifically
whereas, in 41% of the embryos r4 and r5 were still enlargegkpressed in r3 and r4 during early hindbrain segmentation
but to a lesser extent, both being approximately twice theifFig. 3e) (Jungbluth et al., 2001; Spaltmann and Brummendorf,
normal size (Fig. 2b,c). In these embryos, however, th&996). Embryos exposed to antagonistl®® M) at stage 4
expression domain d¥lafB/kr is dramatically enlarged, with and allowed to develop to stage 10, display a considerably
neural tube expression extending from somite 1 to somite étended expression domain Gepu-1lin the parasomitic
(Fig. 2j). Thus, at the molecular level, this lower concentratiomeural tube (Fig. 3f). As for Wnt8c, this expanded expression
of antagonist still increases the AP length of r4 and r5 but hasf Cepu-1in the neural tube extends posteriorly as far as somite
a greater effect on enlarging r6 and r7 (Fig. 2b,c,j,e). Agairg, but no further. As the enlarged r3 is morphologically
the affected region extends as far caudal as somite 6 but distinguishable at this stage, we conclude that the neural tube
further (Fig. 2j).

When the concentration of antagonist was reduced
2.5x1077 M, all of the embryos had a more clearly defined Follistatin
and the proportion of embryos with slightly enlarged r4, r5,
and r7 decreased to 27%. Interestingly, at this concentrat
41% of the embryos had a slightly enlarged r4, whereas r5 -
and r7 were of normal size (Table 1). This is shown
expression domains oKrox-20, Hoxbl and follistatin.
Furthermore, some embryos developed bilaterally asymme
phenotypes, with an enlarged r4 and r5 on one side of
hindbrain and a less enlarged r4 and almost normal r5 on
other (Fig. 2d).

At 1077 M antagonist, 46% of the embryos had a slight
enlarged r4 (Fig. 2e,h,m), whereas 44% had a normal hindb
segmentation; at808 M antagonist, only 14% had a slightly ® Sx104M
enlarged r4, whereas 86% had a normally segmen Whar-8c
hindbrain; at 1 M antagonist, we saw no effects at all (Tab
1).

®

dog _*

RA acts as a posteriorising signal

During the formation of rhombomere boundariemxbl is

selectively expressed in the developing r4 in rodents, quail :

chick (e.g. Sundin and Eichele, 1990; Murphy et al., 1989).

contrast to rodents, whekoxbldisappears from the rest o

the neural tube, expression persists in the stage 11 chick

quail embryos all along the neural tube posterior to r7 (Sun

and Eichele, 1990). The expressionHidxbl, Krox-20 and @ SEH)-SM

MafB/krin VAD quail embryos led Maden et al. (Maden et a Cepu-1

1996) to conclude that r4 was absent in these anim .' '

ConverselyHoxblexpression in VAD rat embryos aRéldh2 '- Ir3] r4|

knockout mouse embryos suggests that r4 is still present,

enlarged (White et al., 2000; Niederreither et al., 2000). ® hesr 1
In order to determine whether or not r4 had total _ sl s6

disappeared in antagonist-treated chick embryos, we have | . ¥ /

additional hindbrain markers. Embryos exposed to higt J

concentrated antagonist{g0® M or 10 M) at stage 4 and - |

allowed to develop to stage 11, display an extended expres

of follistatin in r2 (Fig. 3b). Surprisingly, in these embryos (B SX105M

follistatin is strongly expressed in the neural tube from the rs_ R o _ _

caudal boundary into the spinal cord down to the axial level drig- 3.. In retinoic acid-deficient chick embryos, r4 forms a.deflned

somite 6 (Fig. 3b). Furthermore, there is a strongﬂoma'n from the r3/r4 border to the level of the sixth somite. Dorsal

h . - . . . iew of whole mounts of control embryos (a,c,e) and BMS493-
downregulation of follistatin expression in the anterior treated (51076 M) chick embryos (b,d.f). In treated embryos,
mesencephalon of treated embryos (Fig. 3b). _ _ follistatin expression is ectopically expressed in the neural tube (b,

In normal stage 8 embryda/nt8cexpression is restricted in gtage11)Wnt8cexpression is not restricted to the normal position of
the presumptive r4 domain and to the region of the posterigs (compare d with ¢, stag88andCepu-1expression is throughout
neuropore (Fig. 3c). This r4-specific expression disappeatse posterior hindbrain (f, stage10). r3, r4, rhombomeres 3 and 4. s1,

by stage 10(Hume and Dodd, 1993). In antagonist-treateds6, first somite and sixth somite.

g
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have been noted for VAD quail and rat embryos (Maden et al.,
1996; White et al., 2000), and embryos lacking RARs (Dupé
et al., 1999). Therefore, BMS493 specifically blocks retinoid
signalling and may do so completely. This approach has
enabled us to dissect the action of RA on hindbrain

development thoroughly. In the light of this work, we are able
to re-interpret the wide disparity of hindbrain phenotypes
previously observed in various models of retinoic acid
deficiency.

® : e ST Abrogation of RA signalling results in the

. _ _ enlargement of r4
Fig. 4. Downregulation oHoxalin BMS493-treated embryos.

. . , 6
Dorsal view of whole mounts of control (a) and antagonist-treated Treatlng' chick embryos_ at stage 4 with the_lGT M. .
(5x10°6 M) chick embryos at stage 4 (b). Note the downregulation of2ntagonist, produces a hindbrain phenotype that is identical, in

Hoxalin its anterior domain of expression in b. Arrows indicate the t€rms of morphology and molecular marker expression, to that
normal rostral limit oHoxalexpression. described for VAD quail embryos that have a complete absence

of endogenous RA (Maden et al., 1996; Maden et al., 1998b).
Embryos develop a shorter AP axis with smaller and poorly
posterior to this rnombomere expressiepu-lhas acquired defined somites (Fig. 3b,f). Furthermore, patterning of the r2-r7
an r4-like identity down to the level of the sixth somite. region is profoundly altered, with enlarged r2 and r3, absence
The abnormal expression patternddafistatin, Wnt8cand  of the r5Krox-20 expression, loss dflafB/kr expression, and
Cepu-1in RA-deficient chick embryos collectively indicate with Hoxb1 expressed continuously throughout the posterior
that cells with r4 molecular expression characteristics form hindbrain and spinal cord (Figs 1, 3). Interestingly, the few
defined domain from the r3/r4 border to the region of the neuraht embryos obtained under conditions of absolute retinoid
tube at the axial level of the sixth somite. Thus, in the absenakeficiency exhibit similarHoxbl expression (White et al.,
of RA signalling the posterior hindbrain (including the 2000).
posteriormost, parasomitic region) is anteriorised and has anHowever, the phenotype of the VAD quail and that resulting

rd-like identity. from the blockade of RA signalling by the BMS493 antagonist

) ) ) are interpreted differently. In their studies on VAD quall
Hoxal is downregulated in antagonist-treated embryos, Maden et al. concluded that r4 is absent (Maden et
embryos al., 1996; Maden et al., 1997; Maden et al., 1998b). This was

During early gastrulationHHoxal mRNA expression extends on the basis afloxblexpression, which, in the neural tube of
from the posterior end of the embryo along both the/AD quail embryos, extends caudally from just anterior to the
neurectodermal and mesodermal layers up to the presumptifiest somite in these embryos; the distinctive ‘r4’ stripe of
r3/r4 boundary (Fig. 4a). At early somite stagekxal Hoxbl expression is absent but the continuous posterior
expression begins to regress caudally, later becoming localisddmain looks similar to the cervical spinal cord domain of
to the tailbud (Sundin et al., 1990). The producHokalis = Hoxblin normal embryos (see Fig. 3 in Maden, 1996). In the
essential during hindbrain segmentatiddoxalknockout absence of other r4 markers, the reasonable conclusion by
mice have an enlarged r3 and it has been shown that expressidaden et al. (Maden et al., 1996) was that r4 is lost, and that
of Hoxal posterior to the prospective r3 is regulated through3 abuts spinal cord. We see an identical patteriam{bl
RAREs during the presomite stage (Dupé et al., 1997; Studexpression in the antagonist-treated embryos but, by contrast,
et al., 1998). In order to determine if the enlarged r3 observede offer a different interpretation of the upper reaches of the
in antagonist-treated embryos is due to downregulation gfarasomitic domain, arguing that it is not spinal cord but
Hoxal we exposed stage 4 embryos td&® M antagonist hindbrain. Specifically, it is r4. Thus, we have shown that in
and allowed them to develop to stage 7. This treatmergntagonist-treated embrydsellistatin is expressed posterior to
downregulatesdoxal expression anteriorly, with the anterior the enlarged r3 down to the level of the 6th somite, indicating
limit of high level expression retreating posteriorly from thethat this region has a hindbrain identity. Furthermore,
expected r3/r4 boundary (Fig. 4b). This abnorramixal  expression of the r4 markeéWnt8c in antagonist-treated
expression is not observed in embryos treated witk1®%  embryos shows that as early as stage 8, presumptive r4 cells
M and 107 M of the antagonist. are not restricted to a stripe, as in control embryos, but are

found in parasomitic neural tube down to the level of somite

6. Finally, Cepu-1 another r4 marker, is also expressed down
DISCUSSION to the level of somite 6. We conclude, therefore, that the

blockade of RA signalling in chick does not result in the loss
Treatment of chick embryos in culture with a pan-RARof r4; rather, it results in the formation of an enlarged r4. In
antagonist abrogates RA signalling. The same hindbraithe light of this observation, the hindbrain phenotypes observed
phenotypes are observed at15® M and 16° M BMS493, in RA-deficient chick and VAD quail and rat are actually
suggesting that the former concentration is saturating. Th&milar to the one observed Raldh2knockout mouse, where
phenotype is rescued by the simultaneous addition M0  Hoxbl- andWnt8expressing cells expand posteriorly into the
RA to the culture medium (data not shown). Furthermore'spinal cord’ region (Niederreither et al., 1999; Niederreither
hindbrain phenotypes that are near identical to those observetlal., 2000).
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On the basis of the interpretation by Maden et al. of the VADo give rise to sympathetic neurons (Le Douarin and Kalcheim,
quail (Maden et al., 1996), where RA signalling is completely1999). That the cells rostral to this point have the broad
absent, it has recently been suggested thaR#tgh2mutants  ectomesenchymal potentials of cephalic crest, which are
may have residual RA signalling (Gavalas and Krumlauflacking from more caudal crest (Nakamura and Ayer-le Lievre,
2000). Our analysis, however, suggests that there is a compldi@82), is perhaps an even more significant difference. Fate-
deficiency of RA in th&®aldh2mutant hindbrain. It is therefore mapping studies have shown that the avian skull is derived
reasonable to assume that the RA implicated in hindbraiftom neural crest ectomesenchyme, together with paraxial
patterning is produced exclusively by Raldh2 activity. mesoderm, down to the level of the fifth somite (Couly et al.,

As early as stage 4Raldh2is expressed lateral to the 1993), the scelerotome of the upper cervical somites being
primitive streak with a sharp anterior boundary. At stage 7incorporated into the occipital region of the skull. Although the
transcripts are abundant in the paraxial mesoderm and displagural tube of this region acquires a dorsoventral cell pattern
an anterior boundary at the level of the first somite (Berggretihat is characteristic of spinal cord, it is contained within the
et al., 1999; Swindell et al., 1999), corresponding with theskull; it is thus properly designated as hindbrain rather than
future location of the r6/r7 boundary. A similar anteriorspinal cord, thus corresponding to the ‘rhombomere 8’
boundary of RA production has been shown by Maden et aflescribed by Lumsden and Keynes (Lumsden and Keynes,
in the chick using a RA reporter cell assay (Maden et al1989; see also Cambronero and Puelles, 2000). In summary, it
1998a). It has been proposed that RA synthesised at high levelgpears that dependency on RA for correct anteroposterior
in the first and subsequent somites diffuses anteriorly throughatterning is restricted to the hindbrain, by this strict
the hindbrain at early stages and contributes to establishmearatomical definition, and that in embryos that completely lack
of Hox gene expression patterns (Swindell et al., 1999RA signalling, the posterior hindbrain (r5-r8), takes on the
Berggren et al., 1999; Maden, 1999; Grapin-Botton et alidentity of a large r4 region by default.

1998). AsRaldh2is detectable in cervical somites but notin ] o ] )

the more rostral unsegmented paraxial mesoderm, and becal’® is implicated in the specification of hindbrain

our results are consistent witaldh2being the sole source of borders in a stage-dependant manner

RA in hindbrain patterning, the RA effects we and others havé/e have shown that RA is required for proper hindbrain

described must be long range. segmentation from stage 5 to stage'.1Burthermore, the
specification of gene expression borders, and presumably

The posteriorising effect of RA is restricted to the future rhombomere boundaries, has an RA dependency that is

hindbrain lost progressively in an anterior-to-posterior sequence as

Our results show that proper specification of the post-otidevelopment proceeds. The results of producing a deficiency
neural tube also requires RA. Interestingly, only the region of6f RA signalling at successive stages of early hindbrain
neural tube down to level of the sixth somite is anteriorised bgievelopment are summarized in Table 2. The first action of RA
abrogating RA signalling. Indeed, we never saw expression @ppears to be at stage 5, as we observed the same hindbrain
hindbrain markers posterior to the sixth somite. What might bphenotype when embryos are treatedl(5% M antagonist) at
distinct between the neural tube regions anterior and posteristage 4 or 5. In embryos treated at stag€@x-20expression

to the sixth somite? There is no obvious correlation withs normal in r3, suggesting that RA is no longer required for
weaker expression ¢&taldh2in the somites, as those posterior maintaining the r3/r4 border after stage 6. Our results also
to somite 6 also express the gene (Swindell et al., 199®dicate that RA is no longer required for maintaining the r4/r5
Berggren et al., 1999). However, there is known to be &order after stage*7the r5/r6 border after stage 9, the r6/r7
fundamental change of neurectodermal cell fate and potentibbrder after stage 10and the r7/r8 border after stage*10

at this juncture in the neural tube, with particular respect to th@fable 2). However, Gale et al. were able to rescue the
neural crest. Rostral to somite 7, the neurogenic crest is fatbéihdbrain phenotype of VAD quails by treating the embryos
to form enteric ganglia whereas caudal to somite 5 it is fatedith RA as late as stage 8 (Gale et al., 1999), showing that the

Table 2. A decreasing concentration of RA antagonist allows the progressive establishment of more posterior

rhombomeres
4 5 6 7 8 9 10 11 12
S N I N I N N N o B r3 r4 15 r6 7

»  enlarged enlarged absent] absent absent
= normal enlarged absent absent absgnt
> normal enlarged dots absent absent
> normal normal enlarged enlarged  enlarged
> normal normal normal enlargeq enlarged
normal normal normal normal enlarged
—_— normal normal normal normal norma|

Thick arrow represent the diverse stages of treatment. The start of the thin arrow represents the stage when treatmedt commence
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hindbrain has enough plasticity to respond to RA until thiRA is essential for establishing the anterior limitHdxal

stage. expression at stage 5. Moreover, our culture experiments, using
Interestingly, when embryos are treated at stajew®  various concentrations of antagonist, suggest thaHthel

observedrox-20-expressing cells in r5 associated with cellsSRARE is capable, in vivo, of responding to low concentration

not expressindioxbl Does downregulation dfloxblallow  of RA, as only a very high concentration of antagonist can lead

the expression oKrox-20, or does upregulation dfrox-20 to an enlarged r3. This is also suggested by the effect of

lead to the downregulation éfoxb1? The latter hypothesis is supplementing VAD rat embryos, as a Q&/g RA diet is

the more likely, a&rox-20misexpression experiments in chick sufficient to shift the rostral limit oHoxb1 expression from

have shown tha&rox-20can repressloxbl1(Giudicelly et al., the level of the first somite (in the case of complete retinoid

2001). In turn this would suggest an involvement of RAdeficiency) to the region of the r3/r4 border (White et al.,

in upregulating Krox-20 expression in r5, rather than 2000).

downregulatingHoxb1 posteriorly to r4.Hoxblis normally ) _

downregulated in the chick r5/r6 after stage 9 (Sundin and gradient based on RA responses operates in the

Eichele, 1990). Here, we show that when the antagonist Rosterior hindbrain

applied between stages 7 and 9 we still observed a restrictigtox-20 and MafB/kr are among the earliest known genes to

of Hoxbl expression in r4, suggesting that RA does nobe expressed with an anteroposteriorly restricted pattern within

regulate directly the downregulationtdbxblin r5. Together, the hindbrain. The ectopic expression (Keox-20in anterior

these results suggest that RA would be required to restrict) or downregulation (i.&Krox-20in r5 andMafB/krin r5-r6)

Hoxblexpression in r4 through the upregulatiorKedx-20in  of these genes in oux508 M antagonist treated embryos,

ro. support the idea that RA signalling acts at the head of the
) o genetic hierarchy involved in the control of the hindbrain

Antagonist treatment can mimic the RAR  a:RARf segmentation.

mutant phenotype Our results indicate that the normal non-expressidtra-

Embryos treated at stage Bave a similar phenotype to that 20 posterior to r5 andviafB/kr posterior to r6 is due to the

of the RARX:RARB compound mutant mouse embryos, whichpresence of a high concentration of RA in this region. Indeed,
have normal anterior rhombomeres (r1-r4), but enlarged r5 ande have seen from our experiments that a weak RA deficiency
r6 (Dupé et al., 1999). This suggests that BARd RARx are  leads to upregulation ofKrox-20 and MafB/kr in the
implicated in later aspects of RA signalling in patterning thgarasomitic (postotic) hindbrain, and Maden et al. have shown
posterior hindbrain, whereas RARmay be implicated in the presence of a high level of RA in the neural tube posterior
earlier aspects, for example, in controlliHgxalexpression to r6 (Maden et al., 1998a). Retinoids may cooperate with
(see below). This is underscored by the fact that RA& an fibroblast growth factors (FGFs) in this process, as it has
anterior limit of expression in the neural tube corresponding toecently been shown that FGF signalling pathways are likely
the r5/6 boundary (Smith and Eichele, 1991), and RAR to participate in the determination of the posterior limit of
downregulated in the presence of antagonist (Wendling et akxpression oKrox-20andMafB/krin the hindbrain (Marin and

2000; data not shown). Charnay, 2000).

) _ ) ) Furthermore, we have shown that RA signalling controls
RA signalling plays an essential role in the Krox-20andMafB/kr in a dose-dependant way in the postotic
specification of the r3/r4 border by regulating early hindbrain. Indeed, with complete RA deficiency, we kigex-
Hoxal expression 20 andMafB/kr expression in r5 and r5/r6, respectively, and a

Several anteriorly expressddox genes harbour RAREs in progressive increase of RA availability results in activation of
their regulatory sequences and require RA for establishment tfeir expression in the neural tube anterior to the level of the
their normal expression domains in the hindbrain (Gould et alsixth somite. Eventually, when RA signalling is unaffected,
1998; Marshall et al., 1994; Studer et al., 1994; Langston argkpression is suppressed in the posterior end of this domain.
Gudas, 1992; Popperl and Featherstone, 1993). Antagonisthis indicates that only a low concentration of RA can activate
treated chick embryos andaldh2 mutant mouse embryos Krox-20, MafB/kr and maybe other segmental genes in
display alteredHoxal expression, similar to the effect of a presumptive r7 and r8, whereas a higher concentration is
targeted disruption of thdoxalRARE. These mouse mutants necessary to obtain the normal sharpening expression of these
later develop an enlarged r3, similar to that noted for ougenes (as discussed above). Interestingly, similar ectopic
antagonist-treated embryos (Niederreither et al., 1999; Dupé expression oKrox-20was previously obtained using VAD rat
al., 1997). Activation oKrox-20at the level of r3 is dependent embryos supplemented insufficiently with RA (White et al.,
on signals that must be propagated from r4, and these sign&B00).

are downstream frorHoxalandHoxbl FurthermoreHoxal Grapin-Botton et al. have postulated the existence of a
is required for the expression Hbxblin the anterior region morphogen in a posterior-to-anterior decreasing gradient
of r4 (Helmbacher et al., 1998; Studer et al., 1998; Rossel arfGrapin-Botton et al., 1998MafB/kr would be expressed in a
Capecchi, 1999; Barrow et al., 2000; Giudicelli et al., 2001)window of morphogen concentration in this gradient. Using
In the present work, the fact that the anterior limiHofkal  various concentration of antagonist, we saw a posterior shift of
expression is found at a more posterior level in treated embrydsafB/kr expression, consistent with the posterior displacement
explains the enlargement of r3, as the signal is produced aiéa window of RA signalling strength. When the concentration
more posterior level and may not reach its normal limit. Thuspf RA antagonist is increased, the r4/r5 region produces an
enlargement of r3 in antagonist-treated embryos is directly duenlarged r4, and the r6/r7 region has ectopic expression of
to the downregulation dfloxal By extension, it indicates that MafB/kr. This is strong support for the existence of an
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endogenous gradient of RA activity, and that this is indeed the We are grateful to Drs D. Wilkinson, J. Dodd, V. Prince and S.
morphogen postulated by Grapin-Botton et al., Regulation ofungbluth for providing us with cDNA probes. Special thanks to
Krox-20 in r5 may well depend on a smaller window in theJamilé Hazan for the chick Hoxal probe, to Malcolm Maden for
same gradient. reading our manuscript, and to Professor Pierre Chambon (IGBMC-

The existence of an RA gradient has been proposelnGME-U.184-ULPs—Strasbourg) and Bristol Myers Squibb for the
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