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SUMMARY

General mechanisms initiating the gastrulation process in (2) Vital dye (Dil) labelling in vitro suggests that epiblast
early animal development are still elusive, not least because cells arrive in the PGE from anterior parts of the
embryonic morphology differs widely among species. The embryonic disc and then move within this area in a complex
rabbit embryo is revived here as a model to study pattern of posterior, centripetal and anterior directions to
vertebrate gastrulation, because its relatively simple form the primitive streak.
morphology at the appropriate stages makes interspecific (3) BrdU labelling shows that proliferation is reduced
differences and similarities particularly obvious between in the PGE, while the remaining anterior part of the
mammals and birds. Three approaches that centre on embryonic disc contains several areas of increased
mesoderm specification as a key event at the start of proliferation. These results reveal similarities with the
gastrulation were chosen. chick with respect to Brachyury expression and cellular
(1) A cDNA fragment encoding 212 amino acids of the migration. They differ, however, in that local differences
rabbit Brachyury gene was cloned by RT-PCR and used as in proliferation are not seen in the pre-streak avian
a molecular marker for mesoderm progenitors. Whole- embryo. Rather, rabbit epiblast cells start mesoderm
mount in situ hybridisation revealed single Brachyury-  differentiation in a way similar to Drosophila, where
expressing cells in the epiblast at 6.2 days post conception, a transient downregulation of proliferation initiates
i.e. several hours before the first ingressing mesoderm cells mesoderm differentiation and, hence, gastrulation.
can be detected histologically. With the anterior marginal
crescent as a landmark, these mesoderm progenitors are
shown to lie in a posterior quadrant of the embryonic disc,
which we call the posterior gastrula extension (PGE), for Key words: Primitive streak, Epiblast, Anteroposterior axis, Gastrula,
reasons established during the following functional analysis. BrdU, Dil, Lagomorph

INTRODUCTION as an early marker for the major (anteroposterior, craniocaudal)
body axis, as well as for the start of gastrulation in general.
The common element in different forms of vertebrate Interestingly, despite the conserved molecular moieties
gastrulation is the generation of the germ layers. They establighvolved in vertebrate gastrulation (Kimelman and Griffin,
(1) the internal milieu of the embryo in the form of the1998; Munoz-Sanjuan and Hemati-Brivanlou, 2001) and
mesoderm, endoderm and neuroectoderm, and (2) the exterdalspite the common cellular mechanisms of mesoderm
cover in the shape of the epidermal ectoderm. Among thedermation (Hay, 1995; Wodarz et al., 1995), the possibility
preliminary tissues the mesoderm is the earliest to bexists that birds and mammals differ in the orchestration of
distinguished morphologically by epithelial-mesenchymalmesoderm formation and gastrulation initiation, not least
transition in the epiblast epithelium, a mechanism welbecause their morphology is principally different from one
conserved throughout the animal kingdom (Hay, 1995; Wodaranother at the stage immediately preceding primitive streak
et al., 1995). In amniotes, the epithelial-mesenchymal transiticiormation: at this stage, the chick embryo is large (measuring
and the continuous supply of new cells for the mesoderm, aebout 4 mm in diameter and consisting of some 100,000 cells)
both organised in the primitive streak, a band of increased celhd has a pronounced cellular density near the posterior margin
density in the posterior half of the embryonic disc (Bellairs(Koller's sickle) (Bachvarova et al., 1998). At the equivalent
1986). As this band is longitudinally oriented in a roundstage, the mammalian embryo measures — depending on the
primitive embryonic ‘body’, its first appearance is well knownspecies — between 100 and 50® in diameter, consists of
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between 900 and 5000 cells (Viebahn, 1999) and has a cellui@ayer Veterinarmedizin, Minchen, Germany). Young embryonic

density at the anterior pole, in form of the anterior marginatliscs (between 6.0 and 6.5 days post conception, d.p.c.) were
crescent (AMC). Posteriorly, the mammalian embryo jglissected from blastocysts that were flushed from the uterus u_sing
distinctly attenuated at pre-gastrulation stages (Viebahn et ayrarm (37°C) phosphate-buffered saline (PBS). Older embryonic discs
1995). Biochemically, there seem to be differences, too, sudRetween 7.0 and 8.0 d.p.c.) were dissected from uteri immersed in
as fibroblast growth factors (FGFs) being expressed and actigl S using iridectomy scissors. As gastrulating rabbit embryos look

: : . ilar to chick embryos during primitive streak stages and beyond,
at the posterior pole of the embryo in the chick (Storey et althe rabbit embryos removed at 6.5 to 8.0 d.p.c. were staged with

1998; Streit et al., 2000) aridenopus(ChrlS_ten E_md Slack, reference to the system developed for the chick (Hamburger and
1997; Lamb and Harland, 1995) but anteriorly in the mousegjamilton, 1993). For younger embryos (6.0 and 6.2 d.p.c.) additional
(Rosenquist and Martin, 1995; Sun et al., 1999; Trumpp et aktages (stages 1 and 2) were defined on the basis of morphology
1999). (Viebahn et al., 1995) and evidence obtained during the course of this
Gastrulation mechanisms have been studied in mammagtudy (Fig. 2).
mainly in the modern standard mammalian system for, . .
embryonic development: the mouse (Beddington an&Ionlng of a rabbit Bracm_/ury CDNA fragment _ _
Robertson, 1998; Tam and Steiner, 1999). Unfortunately, Messenger RNA from rabbit embryos at 7.0 d.p.c. was isolated using

- . . a commercial kit (Eurobio) and amplified using the SMART PCR
_morphologlcal Iandmark prior tq the fqrmqtlon of .meSOdermtDNA synthesis kit (Clontech) and the following degenerated PCR
i.e. at pre-gastrulation stages, is lacking in the living mous

. . . , rimers, based on the mouBeachyurysequence (Herrmann et al.,
embryo, as, owing to the shape of the ‘egg cylinder’, the AV 990): 3-CTCACCAACAAGCTCAATGGA (forward) and 5

(equivalent to the AMC) is visible only using histological GATGGTACCATTGCTCACAGACC (reverse). Using 28 cycles at
(Bonnevie, 1950; Kaufman, 1992) or biochemical (RosenquisdseC for 30 seconds, 55°C for 1 minute and 60°C for 2.5 minutes, a
and Martin, 1995; Beddington and Robertson, 1998) methods5 bp fragment was cloned and a corresponding peptide sequence
in fixed embryos. Therefore, the presumptive area of mesodemas derived using ‘pileup’ and ‘lineup’ (GCG program package
and primitive streak formation cannot be determined easily iMersion 10). Evolutionary analysis was performed with ‘pileup’,
the living mouse embryo prior to experimentation. The rabbit‘,d,'S'FanceS’ (Jukes-Cantor distance) and ‘growtree’ with qualitatively
however, as a lagomorph and similar to most mammals, hasSiilar resuits.

flat embryonic disc. As in many other late-implanting speciesyhole-mount in situ hybridisation

the AMC can be seen as an anterior differentiation in the living o nicals were purchased from Sigma (Minchen, Germany) unless

embryo several hours before the primitive streak is formediated otherwise. Digoxigenin-labelled sense and antisense RNA was
(Viebahn et al., 1995) and may serve as landmark fogynthesised following standard protocols (Roche). In  situ
investigation of the presumptive area of primitive streak (an@ybridisation protocols of Lowe et al. (Lowe et al., 1996) and Belo et
mesoderm) formation. al. (Belo et al., 1997) were adapted to the requirements of rabbit
In the face of the conflicting evidence on gastrulatiorembryos: blastocysts were paraformaldehyde-fixed for 1 hour;
between mammals and birds, we decided to examine sevegabryonic discs were dissected in PBT, dehydrated and stored in
physiological characteristics of the rabbit embryo at aroung'€thanol at —20°C up to 5 years. Protease treatment at RT was 5
the stages of mesoderm formation to begin determininglinutes for 6.0 to 6.5 d.p.c. embryos a’Ld 10 minutes for older
mechanisms of gastrulation initiation in a mammal. By RT-cmeryos. Hybridisation buffer contained 50% formamidex ESC

. . . H 4.5, 5 mM EDTA, 5Qug/ml tRNA, 0.2% Tween 20, 0,5% CHAPS
PCR we cloned a cDNA encoding 212 amino acids of a rabb, d 50ul/ml heparin. For prehybridisation (at 70°C for 1 hour) and

Brachyuryhomologue as an early specific marker of mesoderrjy prigisation (70°C overnight) nylon baskets containing the embryos
formation (Papaioannou and Silver, 1998) in whole mounfyere transferred to sterile screw-top PVC tubes (Bibby-Sterilin,
in situ hybridisation analysis. Cellular movements andStaffordshire, UK). Following hybridisation with 0.4ig/ml

proliferation in the presumptive area of primitive streakdigoxigenin-labelled RNA probe (denatured for 2 minutes at 95°C)
formation were studied in vitro using the vital dye Dil and thetissues were washed twice for 30 minutes in hybridisation buffer at
thymidine nucleotide analogue BrdU, respectively. We show0°C and transferred to a prewarmed (70°C) 1:1 dilution of
that Brachyuryexpression is a sign of mesoderm progenitord)ybridisation buffer and MABT (100 mM maleic acid, 150 mM NaCl,
scattered in a broad posterior extension of the epiblast seve%jr% Tween 20, pH 7.5). Hybridised probes were visualised with anti-

: . . : S igoxigenin antibody coupled to alkaline phosphatase and BM-purple
hours prior to the first visible signs of epithelial-mesenchyma] ubstrate (both Roche). The colour reaction was initiated by

transition and primitive streak formatlon.. In this posterior a.reagansferring embryos singly to organ culture dishes filled with the
which we propose to call PGE (posterior gastrula extension,psirate and was allowed to proceed for 24 to 48 hours at room

the first primitive streak cells do not accumulate by locatemperature. Tissues were photographed under a cover glass and
proliferation, but they migrate to this position from anteriorstored in 100% glycerol at 4°C.

parts of the embryo which show vigorous proliferative activity. _

We also note that the primordium of the primitive node isPil labelling

defined byBrachyuryexpression before the anterior parts ofBlastocysts with intact zona pellucida (6.2 d.p.c.) were submerged in

the primitive streak adjacent to the node acquire this capacirg'.""'\/"S F10 medium containing 20% FCS and manoeuvred, with the
mbryonic disc lying near the top, onto a stainless steel washer with

an inner diameter of 2 mm. Medium was aspirated to the point that the
embryonic disc area of the blastocyst was exposed to air. The zona

MATERIALS AND METHODS pellucida, which is still robust at this stage and prevented the blastocyst
from collapsing during the holding and the ensuing injection
Embryos procedure, was penetrated over the injection site with a micropipette

Uteri of New Zealand White rabbits were removed following the(2 um inner diameter at the tip) held at ~45° to the surface of the
intravenous administration of an overdose (90 mg) of NarBorenembryonic disc (Fig. 1A). In some cases, a piezoelectric drill
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Fig. 1. Experimental set-up for Dil
injection shown in transection.

(A) Whole 6.0 d.p.c. blastocyst (c) with
intact zona pellucida (z) held on a metal
ring (r). Embryonic disc (d) with its
anterior margin (*) projects above the
fluid level. The tip of the injection pipette
and the injected dye lie in the space
between epiblast (e) and zona pellucida
(2), thereby avoiding contact with the
hypoblast (h). (B) Dil injection sites just \
anterior to and within the PGE. Lateral injection sites were grouped symmetrically with regard to the median n N
plane; for simplicity, they are shown only on the left of the embryonic disc and the numbers of injections carried =
out in corresponding injection sites are accumulated.

(Burleigh, NY, USA) was used to achieve penetration of the zona ansiedium containing 20% FCS at 37°C under 5% &® 30 minutes,
to avoid penetration of the cellular layers (epiblast and hypoblast) dfansferred to 1 ml prewarmed HAM’'s F10 medium containing 20%
the embryonic disc. Using a microsyringe, between 0.5 and 2 pl of tHeCS and 0.1 mM BrdU (Sigma) for a further incubation of 10 minutes.
lipophilic carbocyanine dye Dil (1ioctadecyl-3,3,3tetramethyl  BrdU incorporation was stopped by adding 1 ml 1% glutaraldehyde
indocarbocyanine perchlorate, Molecular Probes) dissolved in corn dit PBS. The embryonic discs were dissected in PBT and washed three
(Terasaki and Jaffe, 1993) was injected into various parts of the PGHines for 10 minutes in PBT followed by incubation for 60 minutes
(Fig. 1B) to label migrating epiblast cells. In each blastocyst, additionah 0.05% trypsin in 0.1% CaglpH 7.8. After a further three 10
Dil deposits were placed anteriorly or in extra-embryonic positions taninute washes in PBT, tissues were placed in 2 N HCI for 30 minutes,
serve as reference points for the orientation of embryonic disc aftevashed three times in PBT, incubated in 1%®OHfor 30 minutes,
culture. Injected blastocysts were transferred to fresh medium fawashed three times in PBT and then incubated in the primary antibody
incubation at 37°C under 5% G@r 8 (h=4 blastocysts), 12n€17) (Bu 20a, DAKO, Hamburg) diluted to 1:250 in PBT for 2 hours at
or 16 ©=10) hours. At the beginning and at the end of the cultureoom temperature or overnight at 4°C. After three 10 minute washes
period, embryonic discs were photographed under dark-field optics to PBT, tissues were incubated at room temperature for 60 minutes in
verify the position of the Dil-oil deposits. After culture, blastocyststhe secondary antibody (GAM/Ig/PO, Nordic, Dusseldorf, Germany)
were fixed in 4% PFA in PBT for 1 hour. The zona pellucida wasat 1:100 in PBT, washed three times in PBT and incubated for 10
removed with flame-polished tungsten needles and care was taken nonhutes in DAB substrate. Labelled embryonic discs were
to remove the Dil deposits, which were not held in place after removalhotographed as whole-mounts in glycerol before they were fixed and
of the zona but, in most cases, adhered sufficiently to the epiblast émbedded for histological analysis. For controls, blastocysts were
remain in situ until mounting of the specimen for microscopy. To thisncubated in HAM’'s F10 containing 20% FCS without addition of
end, the embryonic discs were dissected in PBT, transferred to BrdU; alternatively, blastocysts that had been incubated in the
glycerol drop on a microscope slide, flattened with tungsten needlgsesence of BrdU were immunohistochemically stained omitting the
and photographed under a cover glass in an upright microscomeimary antibody. All controls gave negative results.
(Axioplan, Zeiss, Jena, Germany).

After obtaining initial results on the amount of dye spread (100 tdlorphometry
200um), some embryos were injected with multiple dye deposits that/sing an eyepiece graticule (number 434008-9901, Zeiss, Jena,
were placed well apart. Of 41 injected embryos, 34 had developg@ermany) and the 28ens in an Axiomat upright microscope (Zeiss)
normally to early or late primitive streak stages depending on ththe labelling index (number of labelled nuclei divided by the number
length of the culture period chosen. Thirty-one embryos were includeaf unlabelled nuclei) was calculated in selected boxes of the graticule
in the present study (58 injections). To verify the position of labelledn three late stage 2 embryos prior to Aralditembedding (for
cells within cell layers (i.e. epiblast/ectoderm, hypoblast andurther details, see Fig. 8 and Resul®&)alues were calculated as
mesoderm), some embryonic discs were incubated — after culture aBdnferroni-adjusted pairwise comparisons in a random effect
fixation — for 10 minutes in the fluorescent DNA stdi®'diamidino- ~ ANOVA model (Lindman, 1992).
2-phenylindol (DAPI; SERVA, Heidelberg, Germany) at Qlinl in
PBS, photographed, embedded in OCT freezing medium (Tissue Tddistology
Naperville, USA) and cut at -20°C (1QAm) in a cryostat. Staging and positions of labelling reactions were histologically
Alternatively, Dil labelling was photoconverted into '3,3 analysed on semi-thin plastic sections: after in situ hybridisation,
diaminobenzidine precipitates exactly as described by Stern (Stertissues were dehydrated in methanol, embedded at 4°C in Technovit
1990) using 50ig/ml DAB (DAB-tablets, Sigma) in a microchamber 8000 (Heraeus Kulzer, Werheim, Germany) in empty tablet moulds
on a microscope slide made of four coverglass chips serving as lateeald sectioned at 5m using glass knives. BrdU-labelled tissues were
strutts and a 20 mm cover glass serving as a lid. Maximum fixed in 1% glutaraldehyde and osmium tetroxide, embedded in
fluorescence exposure was applied using & @D Neofluar lense  Aralditel] and sectioned at dm (Viebahn et al., 1995).
(Zeiss, Jena, Germany) at 488 nm for at least 30 minutes or until the
Dil labelling had completely faded and general background staining
started to cover up specific labelling. Evaporation of the incubatiogesyLTS
solution during the photoconversion was avoided by keeping the edges
of the microchamber covered with DAB-Tris solution. Photoconverte A .
embryonic discs were dehydrated using methanol series, embeddegr?r?StrUIatlon in the rabbit embryo

Technovif] and cut at Gum. Prior to primitive streak formation, two hitherto undescribed
stages can be distinguished in the living rabbit embryo under
BrdU labelling the dissecting microscope (Fig. 2): stage 1 embryonic discs are

Freshly isolated whole blastocysts were incubated in HAM's Fl@haracterised by a smooth, sharp contour anteriorly, which
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Fig. 2. Early gastrulation stages of th
rabbit embryo. (A) Whole blastocyst
a pre-primitive streak stage (6.0 d.p.
the plane of focus is on the blastocy:
wall containing the embryonic disc. (
Stage 1 with smooth anterior contou
(epiblast-trophoblast junction) of the
disc indicating the position of the
AMC. The posterior contour (arrows’
is more ragged. (C) Stage 2 with the
‘posterior gastrula extension’ (PGE), a sickle-shaped area of reduced density that lies posteriorly to the ragged ptsiei{amoas) seen
at stage 1. (D) Stage 3 with primitive streak (s) in the midline of the PGE. The former posterior margin is still visitag. @cade bars: 1.3
mm in A; 250um in B,C; 270um in D.

CTCACOAACAAGCTCAATGAG GG CAGATCATGCTGAACTCCTTACA 50

LTNKLNGGGO QI ML NSTLH
CAAGTATGAGCCCGGATTCACATCGTRAGGGTGAGGTACAGIGG 100
KYEPRI HI VRV GGP QR M
TGATCACCAGCOACTGCTTCCCTGAGACGCAG T TCATCGC G TGACAECC 150 mouse tbx6
|l TSHCFPETO QFI AV TA ~|
TACCAGAACGAGGAGATTACAGCT CTGAAGATTAAATACAATCCATTTGC 200 mouse thx2
Y QNEEITALEKI KYNFPFA
CAAAGCTTTTCTGGATGCAAAG GAAAGAAGCGACCACAAG GACGCGATGG 250 T
KAFLDAEKERSDTHEKTDAME mouse
AGGAGETGGGACG CAGCAGC GGG GACTCCRAATCAAGGGGGTGE00
EAGDGQQPGYSQSRGW human T
CTCATCCCGRCCAGTECAGTECECTTGCOAGCCCCACCECA 350
L1 PGPSALCPLASTPHTEPQ rabbit T
GTTTGBGGTTCACTCTCTACCTTCARCTCATGAETGCGAGAAGTACC 400
FGGSLSLPSAHGTC CETKJY.FP

CGGCAOGAGRAGCCCACGGGTCATCGCCTTACCC@AGCCCTACGCTCAC 450 chick T
AL RSHRSSPYUPSPYAH
AGG\ACAACACTCCAACCTACCC@GACAGCTCCICTGCCTGCTTGCCQAAT 500 Xenopus T

R NNTWPTYPDSSSACLPM
GCTGCAGTCCARCGACAGTTGGTCAGCCTGGGGG T GCTCACAGCG 550

L PSHDSWSSL GVZPAHSG zebrafish T
CCGTETCCCGTAGCCCACAACGCCAGCCECCACAGACTCCAGCCAA 600 )
VLIPVSHNASPPAGSS SNQ amphioxus T
TACCRAAGCCTGTGGTTGTGRGCAATGGACCATC 635
Y PSL WSV S NGT I ha|ocynth|a r.T
100
hydra Vhakdid . gvahgneekerr iddd Lpk. kEelss egkhvhVSLdd SELVkk FKt LTNEM VTKNGRRFPVLKI Ni r GLeshAMYSi LLDFVAv
halocynthia esPsdsEvR t Lndr aLW kFcsLTNEM VTKs GRRVFPVLKI t aSGLePNs MYSFLL DFapA
amphioxus VSHLLSAVESE s AGSEKGDPTERdLK t LEekpLWik FnaLTNEM VTKNGRRFPVLKVNVSGLDPNAMYSFLL DFt AA
zebrafish Rl DHLL SAVESEf Qk GSEKGDas ERdik | SLEdaELW kFKELTNEM VTKt GRRVFPVLr asVt GLDPNAMYSvLL DFVAA
Xenopus aKnv QYRVDHLL SAVENEL QAGSEKGDPTEKELKVSLEer dLW r FKELTNEM VTKNGRIRFPVLKVs mSGLDPNAMYt vLLDFVAA
chick EdAGKapa YRVDHLL SAVESEL QAGSEKGDPTERELRVaLEdgELx| r FKELTNEM VTKNGRRFPVLKVsVSG.DPNAMYSFLL DFVAA
Fi 3.R bb B h human ESAGKS| QYRVDHLL SAVENEL QAGSEKGDPTERELRVgLEeSELW r FKELTNEM VTKNGRRFPVLKVNVSGLDPNAMYSFLL DFVAA
ig. 3. RabbitBrachyury mouse ESAGKS!| QYRVDHLL SAVESEL QAGSEKGDPTEREL RVGLEeSELW r FKELTNEM VTKNGRRFPVLKVNVSGLDPNAMYSFLL DFVt A

cDNA fragment and predicted conseoit
protein sequence (A),

ESAGKS- QYRVDHLL SAVESEL QAGSEKGDPTERELRVSLE- SELW- FKELTNEM VTKNGRRFPVLKVNVSGLDPNAMYSFLL DFVAA
200
hydra ed HRWKYVNGEWaGGKPEPatt SsVYl HPDSPNFGE HWWKs Pi SFt KVKLTNKMNGG. Qv MLNSLHKYgPRVHI i RVGa. Pege Rt | st Ht FPETQFI

|nterspeC|f|c comparison of halocynthia Ds n RWKYVNGEWPGA&PEPhAaSCVYv HPDSPNFGs HVWWK PV SFNKVKL TNKgNGGGQ MLNSLHKYEPRI Hv Vk VGGeaaseRt | at f SFPES QFI
tei B d amphioxus DNHRVAKYVNGEVWPGPEPs v PSCVY| HPDSPNFGAHWKS PVSFSKVKL TNKLNGGGQ M_NSLHKYEPR HI ik VGG PdnQRM/st Ht FPETGFI
protein sequence (B) an zebrafish DNnRWKYVNGEVWPGKPEPQs PSCVY! HPDSPNFGAHWVKAPY SFSKVKL s NKLNGGGQ MLNSLHKYEPRIHI VKVGG i .. QkM sSqSFPETCFI
cladogram (C) show that Xenopus DNHRWKYVNGEW/PGA&PEPQAPSCVYI HPDSPNEGAHWWVKA PVSFSKVKL TNKTNGGGQN MNSLHKYEPRIHI VRVGG t .. QRMT SHSFPETGFI
- . chick DyHRWKYVNGEWPG&KPEPQAPSCVYI HPDSPNFGAHWWKAPY SFSKVKL TNKLNGGGQI MNSLHKYEPRI HI VRVGG P.. QRMT SHSFPETGFt
rabbit cDNA and protein human DNHRWKYVNGEW/P G GKPEPQAPSCVY! HPDSPNFGAHWVKAPY SFSKVKL TNKLNGGGQl MLNSLHKYEPRIHI VRVGG P.. QRMT SHcFPETGF
P mouse DNHRWKYVNGEW/PGKPEPQAPSCVY! HPDSPNFGAHWVKAPY SFSKVKL TNKLNGGGQ MLNSLHKYEPRIHI VRVGG P.. QRMT SHcFPETGFI
sequence fall within the FADDIL ..o LTNKLNGGGQ M_NSLHKYEPRIH VRVGG P.. QRMT SHcFPETQFI
Brachyury(T)-family. Amino consensus DNHRWKYVNGEWP G GKPEPQAPSCVY! HPDSPNFGAHWWKAPY SFSKVKL TNKLNGGEQ MNSLHKYEPRIH VRVGG P-- QRMT SHSFPETGFI
i i ~ hydra. AVTAYQNEEIT gLKI KYNPFAKAFLDAKERSDHKDI | cErd... al nQa SnYgyy psmmsPls r Ain Cdnl rar ara 300
aCIdS in the T- bOX are S.hOWn halocynthia  AVTAYOQNEEV Ts LKI KhNPFAKAFLDAKERpDqt Df hsl AG pvsSpQvpSwYgr nGs. t ssarh f t hCnsyggesel t svgdt ai PSyt st nCrRnSyr
in blue, other residues in amphioxus AVTAYQNEEIT ALKI KYNPFAKAFLDAKERSDGKDMEG g... D.. Q. pqYSQLGGA | PG Gpi . CPPONPH. QFap.. SLgLPS... HGCARYSt L
Deviati f th zebrafish AVTAYQNEEIT ALKI KhNPFAKAFLDAKERSDHKev pdhst ... DnQQ. SGYSQLGGA | PsnGpm gPsss P. PQFnG. apvhsS.. gsyCERYSsL
green. Deviations from the Xenopus AVTAYQNEEIT ALKI KhNPFAKAFLDAKERNDy KD | dEgi ... DSGh.. Snf SQLGt W.i PngGsL. CsP. NPHt QFGa.. pLSLsS.. pHGCERYSsL
consensus sequence are chick AVTAYQNEEIT ALKI KYNPFAKAFL DAKERNDHKDTVEEAG.. DnQQ. SGYSQLGsW.i PGaGAL. CPPANPHs QFGa.. pLSLsp.. aHsCERYSpL
OISt - human AVTAYQNEEIT ALKI KYNPFAKAFL DAKERSDHKeMVEEDG.. DSQQ. pGYSQ WOMLI PQ st L. CPPANPHPQFGG. aLSLPS.. t HsCdRYpt L
highlighted in red. Sequences mouse AVTAYQNEEIT ALKI KYNPFAKAFL DAKERNDHKDVMEEDG.. DcQQ. pGYSQ WOALVPGaGt L. CPPAss HPQFGG. SLSLPS.. t HGCERYpal
h rabbit AVTAYQNEEIT ALKI KYNPFAKAFL DAKERSDHKDAMEEAG... DgQQ. pGYSQsr GALI PGosAL. CPl AsPHPQFGG. SLSLPS.. aHGCEkYpal
were taken from the following consensus AVTAYONEEIT ALKI KYNFFAKAFLDAKERSDHKD- MEEAG—- DSQQ- SGYSQLGGAL- PG GAL- CPPANPHPOFGG- SLSLPS- HGCERYS- L
. 400
papers' mouse (Herrmann et halocynthia gNaRat PYt i Phkel t cqaTsf pepvpndgf yPM pnsell prtt | nnyspangayt NsSi vTSSdi Qsgn.... nNnff ysnnnnin tt devptt yntn
al., 1990); human (Edwards amphioxus RNHRSAPYPhPY. qRss pPTNYgh.. dt aAsLPMpt HDNWSgLpVst H nM.snBanphTt TSt haQYPnLV\SVS\lnnI TPtt haqt hnBG ngt GLph
. . zebrafish RNHRaAPYPShYsHRsttt nNYnD.. NSSgsLa... SHDsWBalqi Pnss GMgt | aHit nTt snt . SQYPSLWSVagt TI TPsGSa.... SGsi t gGL.t S
etal., 1996); chick (Kispert et Xenopus RNHRSAPYPSPYt HRNNSPNI aD..  NSSACLs M.QSHDNVSt LgnPAH GVLPSHst g TPppS. SOYPSLWSVSNsalTP . vSQ... SGG t NG sS
1995): Smith chick RNHRSAPYPnPYt HRNNSPTaYt D.. NSSACLPM. QSHDNWBSLGVPt Hit M_PSHst gTaTSS. SQYPNLWBVSNSTITP . apQ... SsGsNG.sS
):XenopugSmith et human Rs HRSs PYPSPYAHRNISPT. YsD.. NSpACLs M QSHDNWSSLGrPAHps M_PvSHNaSpPTSS. SQYPSLWSVSNGavTP. GSQ... aaavsNG.ga
al., 1991); zebrafish (Schulte- mouse RNHRSs PYPSPYAHRNs SPT. YaD.. NSSACLsM QSHDNVESLGVPgHt s M_PvSHNaSpPTgS. SQYPSLVEVSNGTITP. GSQ... taGrsNG.ga
) ) rabbit RsHRSs PYPSPYAHRNN PT. YpD.. sSSACLPM.pSHDsWSSLGVPAHs G/LPvSHNaSpPagS. SQYPSLWEVSNGTI
Merker et al., 1992); consensus RNHRSAPYPSPYAHRNNSPTNY- D-- NSSACL PM_QSHDNWSSLGVPAH- GMLP- SHN- STPTSS- SQYPSLWEVENGTITP- GSQ--  SGG- NG.- S
A 500
Amphloxus(Holland etal., halocynthia dFnsf yngss nﬁgnpgn yl pyqSSpvngf Y%qﬁpyst e|da DI Sﬁl QDiina gnpyqt aWrPpls ydIQCSTM(NSITP YSSSGESTTSEMILLATARY
. H H amphioxus QFLRit aPApYhsi PthVpn aSsSPvYhdshEvss TdsgyghStt ppapQ Ri t snnWsPnt P
1995),Ha|ocynth|a roretzi zebrafish QFLR. GSsmsYsgLT.... ssl pvSSpSsny.... dpd sevgvg Daf essi . aRLt a. SWAPVaqsy
. Xenopus QyLI| . GSt pHYss LsH... AVpSpSt GSPLY.... EhGAg. Tel aenQYDvt AhsRLss . t WTPVaPPSv
(Yasuo and Satoh, 1998); chick QGFLR. GSPVHYt aLpHPVt Att St... SPLY... dGG\pA. Dl pDSQYDAsAht RLas. MATPi t PPSM
Hydra (Technau and Bode, human QFf R GSPAHYt pLTHPVSA.. pSSSGSPLY... EGaAaATDI vDSQYDAaAQURLIa . SWIPVsPPSM
. mouse QFf R. GSPAHYt pLTHt VSAat SSSSGSPY.... EGAATvTDI sDSQYD. t AGs| Lia . SWIPVsPPSM
1999); mousé¢bx2 (Bollag et consensus OFLR- GSPAHY— LTHPVSAV- SSSSESPLY-- EGGATATD - DSOYDA- AQ RL—  SWIPV- PPSMCSTMYNSITP YSSSGESTTSEMILLATARY

al., 1994); moustbx6 506

halocynthia LQNLRL

(Agulnik et al., 1996). consensus LQNLRL



marks the position of the anterior margi
crescent (AMC) (Viebahn et al., 1995);
comparison, the posterior contour of
embryonic disc is more ragged ¢
indistinct (Fig. 2B). Stage 2 has a sicl
shaped elongation at the posterior p
which does not show a density typical of
primitive streak yet but appears, on

contrary, less dense than the remai
anterior part of the embryonic disc. 1
ragged posterior margin of stage 1 r
marks a border within the embryonic d
namely between the anterior dense ares
the attenuated posterior extension (Fig. .
Because the experimental analysis of
study shows that this posterior area coni
the presumptive mesoderm cells and

have an important functional role in 1
early gastrulation process, this aree
addressed as ‘posterior gastrula exten:
(PGE) in the present report. Stage 3 be
with the appearance of a median der
within the PGE, this density being
reflection of the first mesoderm ce
appearing in the compartment between
epiblast and the hypoblast (Fig. 2D).

Structure and expression of rabbit
Brachyury
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Fig. 4. Brachyuryexpression during gastrulation (between 6.0 and 7.5 d.p.c.) as
determined by in situ hybridisation; position of the AMC is indicated by asterisks. Bars
and letters indicate position of sagittal sections shown in Fig. 5. (A,B) St&gachyury
expressing cells lie singly at first (A) and a little later in a coherent patch (B) in the PGE.
(C,D) strongBrachyuryexpression in the emerging (C) and definitive (D) primitive streak

at stage 3. (E) Early stage 4 with lackBo&chyuryexpression in the anterior half of the
primitive streak (anterior to arrow) but distinct expression in the primordium of Hensen’s

node (h). (F) Late stage 4 with node fully formed and stBnaghyuryexpression along
the entire primitive streak. Arrow as in E. (G,H) Stage 5 and 6Bvabhyuryexpression
also in notochordal process (n). Scale bars:k80n A-D; 160um in E-G; 290um in H.

The rabbitBrachyury orthologue obtaine
by RT-PCR is 635 bp long (Access
Number, AF102131). The predicted am
acid sequence begins at position 148 o
consensus Brachyury protein (approximately halfway throughypoblast (typical of the AMC) at the margin opposite from
the T-box) encodes 212 amino acids and shows 95% homolog¢fye Brachyury expressing epiblast cells (cf. Fig. 5A,B).
with the mouse and human sequences (Fig. 3). The clohtypoblast cells are not labelled and, importantly, mesoderm
belongs to th&-family and is most closely related to mousecells that typically lie in the space between the epiblast and
and humarBrachyury(Fig. 3B). the hypoblast at the posterior margin at stage 3 cannot be
Transcripts of th8rachyuryfragment are first detected in detected. The intensity of the hybridisation reaction in the
stage 2 embryos, when the first signs of the PGE becomapiblast cells varies in accordance with the variable, at early
apparent (cf. Fig. 2C). In the PGE of early stage 2 embryostages salt-and-pepper-like, pattern seen in the whole mount
a few single Brychyurypositive cells lie among weakly views (Fig. 4A).
positive and negative cells, creating a salt-and-pepper-lik-
pattern (Fig. 4A). In late stage 2 embryos, positive cells li
in small, almost confluent groups of cells that cover a larg
area along the anteroposterior axis when compared with ea
stage 2 embryos (Fig. 4B). Serial sagittal sections confirm t
posterior position of these labelled cells by the presence
the increased cellular height and density in epiblast a

Fig. 5. Cellular distribution oBrachyuryexpression as seen in
sagittal (A,B) and horizontal (C,D) semi-thin sections from
specimens in Fig. 4. (A,B) At stageBrachyurytranscripts are
confined to epiblast cells (e) in the posterior third of the embryonic
disc. Anterior (A) and posterior (B) margins (epiblast-trophoblast
junction) are marked with single and double asterisks, respectively.
(C,D) NoBrachyuryexpression in epiblast or mesoderm of the
anterior half of the primitive streak at stage 4 (arrowhead marks
primitive groove in C) but stronBrachyuryexpression in the
posterior half of the primitive streak (D) in epiblast (e) and
ingressing mesoderm (i). Scale bar:140.
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As soon as mesoderm cells can be recognised in mediarea of the primitive streak to more lateral positions (Fig. 5D).
sagittal sections, i.e. at stageB3achyuryexpressing cells are Similarly, both mesoderm and epiblast of the node express
confluent and cover a large part of the PGE (Fig. 4C). As thBrachyury (not shown). At the late stage 4, the areas of
primitive streak lengthens during further development, the arearachyury hybridisation reaction within the primitive streak
of theBrachyuryexpression spreads anteriorly about half-wayand node are continuous (Fig. 4F). At stage 5, when the pre-
along the primitive streak (Fig. 4D). Intriguingly, as thechordal mesoderm and head process can be distinguished and
primordium of Hensen’s node appears at stagBrdchyury at stage 6 (early head fold stag&gachyuryexpression extends
expression is detected in the node area, while it is still absett the anterior tip of the head process (Fig. 4G,H).
in the anterior half of the primitive streak (Fig. 4E). That the )
epithelial-mesenchymal transition typical of the streak isvital dye labelling
continuously present up to the node area at this stage, is sefiter 8 hours in culture, embryonic discs develop from stage
in horizontal sections through the anterior half of the primitive2 to early stage 3 (compare Fig. 2C,D with Fig. 6A,B).
streak (Fig. 5C). Within the posterior half of the streak, botiSimilarly, after 12 and 16 hours in culture, embryonic discs
mesoderm and epiblast airachyurypositive (Fig. 5D). develop to mid and late stage 3, respectively (Fig. 6E,l). During
Mesoderm cells losBrachyuryexpression as they leave the the culture, the deposits of injected Dil generally move slightly

Fig. 6. Cellular migration in the
posterior half of 6.2 d.p.c. embryonic
discs as determined by Dil labelling a
culturing for 8 (A-C), 12 (D-H) and 16
hours (I-M). Dark-field photographs
taken immediately after the injection
(A,D) and after culture (B,E,l). Dil
deposits are numbered in the order o
injection in each embryo and appear
with a shadow image under
asymmetrical dark field illumination
(A,B,I) and ring-like under circular
illumination (D,E). Direction and
distance of dye spread (white bars in
B,E,l), as determined in fluorescence
micrographs of embryonic discs
mounted on microscope slides (C,F,C
L). (C) Dye spread in posteromedial
direction (white line) following injectio
of bolus #1 (position indicated by whit
ring) placed mediolateral and anterior
the PGE of embryo shown in A,B. The
Dil bolus was lost during mounting aft
removing the zona pellucida but left a
mark of reduced cellular density seen
DAPI labelling (see inset). Translocat
Dil appears as minute spots in the art
of the PGE; these lie in one plane exc
for some spots that produce typically
larger out-of-focus images (arrowhea
(F,G) Dye spread in posteromedial (F
and anteromedial direction (G) after
injection anteromedially (#1) or
posteromedially (#2) in the PGE in th:
embryo shown in D,E. (H) DAPI-
labelled frozen section (position mark
with broken line in F) showing epiblas
(arrowheads pointing downwards) an
not hypoblast cells (arrowheads point
upwards) being labelled with Dil. (J,K
Dye spread after injections near the
lateral margin anterior to the PGE (#1
posteromedially in the PGE (#2) and u:
the anterior centre of the PGE (#3) in the embryo shown in I. Injection #3 was inadvertently positioned between epibjastilastamg
gave rise — in addition to the typical spot-like labelling (compare C,F,G) — to complete cells being labelled (e.g. ar(@yHéantarski
image of semi-thin section (position marked with broken line in K) of the specimen in K after photoconversion. DAB prexipitates] in
the strongly labelled (hypoblast) cells only (arrowheads as in H; m, mesoderm). (L) Posterior and some anterior dyerspjeciibafte
similar to #3 in | and after development to late stage 3 (dark-field view of embryo not shown). Scale harsirBA(B,D,E,I; 55um in C
(inset 80um); 75um in F,G; 20um in H; 70um in J-L; 35um in M.
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apart and to more posterior positions, thereby keeping theposterior translocation of the dye near the median plane when
relative position to each other (compare Fig. 6A,B with Figinjections hit the anterior part of the PGE (#3 in Fig. 6K, Fig.
6D,E). The amount of dye spread as a result of labellefiL). Median injections further anteriorly or posteriorly result
migratory cells varies according to the length of the culturén predominantly anterior and posterior translocations,
period: the distance of maximal linear translocation of the dyeespectively (data not shown).
(white bars in Fig. 6) and its lateral spread are abouiubh20
and 40um, respectively, after 8 hours in culture (Fig. 6C), andProliferation analysis
200 and 80um, respectively, after 16 hours (Fig. 6J).In surface views of BrdU-labelled blastocysts the embryonic
Translocated dye appears as minute spots of fluorescence thescs stand out at all stages as heavily labelled against the
rarely can be allocated to individual cells in whole-mountlargely unlabelled extra-embryonic tissue (Fig. 7A-E) and
preparations. However, frozen sections prove such Dil spots tabelled nuclei can be easily distinguished from unlabelled
belong to the epiblast layer (Fig. 6H). Only occasionally ar@nes at a high magnification (Fig. 7A"). Specifically, stage
whole cells outlined by the dye (Fig. 6K). These are invariablyl embryos 1f=3) show an even distribution of labelled nuclei
found to belong to the hypoblast and are the result of Dithroughout the embryonic disc (Fig. 7A). In early stage 2
injections inadvertantly placed in the space between epiblastbryos (=7), an increase in labelling intensity appears in a
and hypoblast. However, this strong Dil labelling of wholetransverse band at the level of the middle third of the
cells gives rise to DAB precipitates after photoconversion (Figembryonic disc, while the area of the PGE shows about the
6M), while photoconversion of the spot-like fluorescence seesame labelling intensity as the anterior third of the embryonic
in neighbouring cells (Fig. 6K) does not produce DABdisc (Fig. 7B). In late stage 2 embryaos9), the PGE has a
precipitates above background level (Fig. 6M) even aftesimilar labelling intensity as at the previous stage, while the
maximal exposure to the light source of the fluorescenceemainder of the embryonic disc now shows a ring of increased
microscope (data not shown). labelling that covers a narrow band at the anterior margin of
Following injection into lateral areas anterior to the anteriothe disc and is continued in a wider band anterior to the border
border of the PGE (Fig. 1B) most Dil spots are found in mor¢o the PGE (Fig. 7C). Inside this ring, labelling appears about
posteromedial positions, i.e. they have crossed the anterias intense as in the PGE. Absence of mesoderm cells in these
border of the PGE (Fig. 6C,J). Injections placed most lateralliate stage 2 embryos is confirmed in serial sagittal sections
and anterior to the PGE, in addition, lead to pronounce@Fig. 7F). At the onset of mesoderm formation, as seen by the
translocation of the dye to more medial positions anterior tpresence of mesoderm cells in sagittal sections (Fig. 7G) [i.e.
the PGE (Fig. 6J). Lateral injections just posterior to thet early stage 3n€4)], BrdU-labelling is more intense within
anterior border of the PGE result in posteromediathe ring-like structure seen at the late stage 2. It is also strong
translocation of the dye within the PGE (Fig. 6F). Injection inin the emerging primitive streak (Fig. 7D). With the streak
the posterolateral part of the PGE, however, results in Diélongating in late stage 3 embryas4), labelling remains
translocation to anteromedial positions (Fig. 6G and #2 in Figntense in the primitive streak and in the ring-like structure of
6K). Deposition of Dil in the median plane, i.e. in thethe anterior part of the embryonic disc. This ring of strong
presumptive area of the primitive streak, results in anterior andbelling appears to be discontinuous at the level of the anterior
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Fig. 7. Cellular proliferation after pulse BrdU labelling in vitro. (A) Stage 1 with uniform labelling of the embryonic disc andbackgr
labelling in the bordering extra-embryonic tissue'said A" anterior and posterior border, respectively, of embryo in A to show unlabelled
(horizontal arrowheads) and labelled (vertical arrowheads) nuclei. (B,C) Early and late stage 2, respectively, with Rie Bdeteernarked
with broken line) less densely labelled than remainder of embryonic disc. Vertical bar indicates position of section st{bvE) iEdtly and
late stage 3, respectively, with intense labelling of AMC (compare with C) and primitive streak. Vertical bar indicatesgfesititon shown
in G. (F,G) Posterior sagittal sections from embryo in C,D, respectively, confirm the absence of mesoderm cells at stagel 2i(/6)s
mesoderm ingression at early stage 3 embryo (D,G). At stage 2 (F), labelled nuclei are almost exclusively found in tfe) epiblasstage
3 (G), the hypoblast (h) is still unlabelled, while many nuclei are labelled in epiblast (e), in ingressing (i) and defimésogheym. Double
asterisks mark posterior embryonic border at the junction with the extra-embryonic trophoblast. Scale parsn 2Z6&; 60pum in A’ and

A"; 30um in F,G.
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define the second of two new stages leading up to primitive
streak formation (Fig. 2). Because an area with similar
morphological characteristics as the PGE may also be seen in
suitable lateral views from prestreak mouse embryos (Downs
and Davies, 1993) and because evidence for the presence of
the AMC is available in a number of mammalian species
(Viebahn, 1999) it may be assumed that the two stages
described here are representative for early mammalian
gastrulation.

Mesoderm specification by ~ Brachyury expression

The Brachyuryfragment cloned here is considered a reliable
marker for characterising mesoderm progenitors in the rabbit,
as sequence and expression pattern are well conserved. The
early Brachyuryexpression in the epiblast fits the expression
pattern in pre-streak stages of mouse (D. Stott, personal
communication) and chick (Kispert and Herrmann, 1994;
Knezevic et al., 1997). Taking into account the differences in
gastrula shape between the rabbit (flat disc) and the mouse
(cup-shaped egg cylinder), the spread-oBtachyury
expression pattern in the rabbit seems to be equivalent to the
circular pattern described in a whole-mount view for the mouse
(Thomas and Beddington, 1996). The mosaic pattern seen at
the very beginning oBrachyuryexpression is reminiscent of
the HNK1-pattern heralding mesoderm formation in the chick
epiblast (Stern and Canning, 1990) and suggests that
intraepithelial cell movements are needed to assemble
mesoderm progenitors in the forming primitive streak in
. . . ) mammals as well.
o st i ), cona The ransien civision o the primiive steak Bachyury
(yellow) and pogsterior (green) regions of thge embryonic discs. expression in the posterior but not_the anterior half at the early
(B) Graphical comparison and confidence values between average node stage is also seen n the bov_lne embryo _(Hue etal.,, 2001)
labelling indices obtained in these three regions. and, to some degree, in the chick (Knezevic et al., 1997).
Several genes also show graded expression along the
anteroposterior axis of the primitive streak, sucBwasl(Dush
extremity of the primitive streak (Fig. 7E). In addition, an areaand Martin, 1992)MesP1(Saga et al., 1996)CR-F1(Farmer
that lies lateral to the elongating primitive streak and ist al., 1997)mrgl (Dunwoodie et al., 1998%audal (Epstein
equivalent to the PGE of earlier stages (Fig. 2D) is less heavit al., 1997) anglp2 (Milde et al., 2001). In the case of
labelled than the rest of the embryonic disc (Fig. 7E). Sagittd@rachyury this pattern is directly matched by anteroposterior
sections show that the labelled nuclei are almost exclusivelyifferences in the regulatory control of the gene (Clements et
found in the epiblast at stage 2 (Fig. 7F) and in epiblast aral., 1996), possibly through the action of FGFs (Griffin et al.,
mesoderm at stage 3 (Fig. 7G). Only few hypoblast cells arE995). In addition, epiblast cell fates are different along the
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labelled in any of the specimens. primitive streak (Garcia-Martinez et al., 1993; Lawson et al.,
. ) 1991) and organiser potential varies from anterior to posterior
Morphometric analysis [the early gastrulation organiser EGO (Tam and Steiner, 1999);

Labelling indices determined in three representative areas tunk and tail organisers (Griffin et al., 1995; Knezevic et al.,
the embryonic disc at stage 2 (Fig. 8A) show that the averad®98)]. However, specific posterior development in the streak
value in the PGE (0.64) is significantly low&=0.0001, Fig. and, not least, the characteristics of the T mutation (Wilkinson
8B) than the ones obtained in the AMC (0.83) or in the centret al., 1990) revive old ideas of a ‘posterior node’ playing an
of the embryonic disc (0.78). The difference between the centimportant role in the formation of extra-embryonic tissues and
and the anterior margin is also significant, albeit with a lowetail structures (Florian, 1933; Seidel, 1960).

confidence valueR=0.004).
Cellular migration preceding primitive streak

formation
DISCUSSION The predominant directions of Dil translocations observed
) ] during development from stage 2 to stage 3 in vitro are
Early stages of mammalian gastrulation summarised schematically and ‘translated’ into cell

This report identifies a new morphologically andmovements at stage 2 in Fig. 9: each arrow represents the
physiologically distinct posterior area of the epiblast that seensumulated results obtained at each position chosen for injection
to play an important role during the initiation of gastrulation.(Fig. 1B). A technical point worth mentioning is that the
The term ‘posterior gastrula extension’ was coined and used #&pplication of Dil in an oil (rather than water-based)
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suspension produces compact dye deposits that are conveni
to localise and offer relatively small areas of contact to the cel chorion
to be labelled. Together with short contact times of fast movin
cells such as epiblast, this can be assumed to lead to part
labelling of cell membranes and, hence, to the spot-liki
appearance of translocated dye. Only in combination with lon
contact times of cells moving slowly, such as hypoblast, is th
more familiar sheet-like and complete labelling of cell
membranes produced.

The suggested cell movements enlarge the anterior, roul
part of the stage 2 embryonic disc almost concentrically an

continue to supply cells to the PGE, which was establishe .

beyond the posterior border of the embryonic disc betwee \\ I}

stage 1 and 2 (Fig. 2B,C). In addition, complex movement \\ P y
within the PGE start to shape the PGE in a characterist \\/v l V\/,/
fashion: epiblast cells within and lateral to the presumptive are TS -

of the primitive streak move either anteriorly or posteriorly aheiie

(Fig. 9) and create two whirl-like centres with opposing ‘circle
currents’ on both sides of the midline. These movements lec

to the elongation of the PGE in both anterior and posteric stage 2

directions and later, when the streak emerges and elongat

they contribute to the narrowing of the embryonic disc seen i proliferative activity: F hﬁ
ig

its posterior half (Fig. 4D-F). In principle, these movements
conform with those described in the pre-streak chick embrygig. 9.Integration of the migratory, proliferative and differentiation

as ‘non-random cell mixing’ (Hatada and Stern, 1994). Theyehaviour of epiblast cells at the late pre-primitive streak stage (stage
also support the finding that mesoderm progenitor cells li@) of mammalian gastrulation: differentiation towards a mesodermal
dispersed (mosaic-like) at first, as seen Bmachyury fate as revealed _t&rachyuryexpression in the e_piblast of the PGE
expression (Fig. 4A) and HNK1 labelling (in the chick (compare with Fig. 4A) occurs under the condition of a reduced
epiblast) (Stern and Canning, 1990) and then move past noplrpllferatlve activity (light green) in the PGE, when compared with

progenitor cells towards the midline to form the primitive "9 Proliferative activity (yellow-red) in the remainder of the
streak embryonic disc. This is accompanied by cellular rearrangement (grey

. . . . _arrows) between anterior and posterior areas of the embryonic disc
The cellular migration pattern in the pre-streak mammalialing within the PGE to form the primitive streak. Each arrow

embryo pre-empts the pattern seen during overt gastrulatiopspresents the summary of results obtained for the individual sites
after primitive streak formation, cells continue to movechosen for injection anterior to and within the PGE (compare with
centripetally and posteriorly towards the primitive streakFig. 1B). Extra-embryonic tissues (chorion) are depicted as largely
[rabbit (Daniel and Olson, 1966); mouse (Lawson et al.pon-proliferative (light blue).

1991)]. Unfortunately, which fate these cells take on within the

mesoderm (or the notochord) could not be observed in the

present investigation because the culture period could not teger (primitive streak) stages and in which centres of increased
extended much beyond early node stages because of technipailiferation are found in the primitive streak once it is formed
problems (rupture of zona pellucida and disintegration of thgmouse (Snow, 1977); rat (Mac Auley et al., 1993); chick
embryonic disc shape) (C. V., C. S., S. A. M. and M. B.(Stern, 1979; Sanders et al., 1993), our results can be directly

unpublished). compared only with results obtained at the pre-streak stages in
) ) . the chick (Sanders et al., 1993; Zahavi et al., 1998). However,
Proliferation and the start of gastrulation these results obtained in the chick are contradictory, possibly

The proliferative values obtained here appear exceptionallgwing to the complex architecture in the posterior quadrant of
high with 64 to 83% of epiblast cells in S phase during any 1€he avian embryonic disc (Bachvarova et al., 1998). At least,
minute period of early gastrulation. However, an identicathe interspecific comparison confirms the reduced level of
labelling pulse of 10 minutes was used by Mac Auley et alproliferation in the hypoblast (Mitrani, 1984) and it may be
(Mac Auley et al, 1993) with H3-Thymidine for a speculated that proliferation does not play a major role at the
stathmokinetic analysis of the cell cycle structure in thébeginning gastrulation in the chick because cells are already
primitive streak of the rat. The values calculated from thespresent in sufficient numbers and need only to be redistributed
experiments closely match our figures, in that S phase wasrough morphogenetic movements, which may be extensive
found to use about 72% of a complete cell cycle (Mac AuleyStern, 1990).
et al., 1993), which in highly proliferative areas was found to With respect to initiating gastrulation by mesoderm
be as short as 3 hours. As most mammals grow rapidly durirdifferentiation, exciting parallels exist tDrosophila Here,
and preceding gastrulation, short cycling times might, indeedhroliferation is reduced locally by the action of thibles
be a necessity and the ventral buckling of the pre-gastrulatiagene (coding for a serine/threonine kinase) (Seher and Leptin,
rodent embryo to form the egg cylinder may be regarded as t2®00; GroRhans and Wieschaus, 2000; Mata et al., 2000) to
obvious result of this vigorous proliferative activity. enable the start of the mesoderm differentiation programme (as
In the face of proliferation studies which are available foranalysed bywist activity). Extrapolated to the present results
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this would suggest that, in a mammal, epiblast cells have tonlon, F. L., Lyons, K. M., Takaesu, N., Barth, K. S., Kispert, A.,
leave the belt of proliferation anterior to the PGE to be able to Herrmann, B. and Robertson, E. J.(1994) A primary requirement for

respond to signals that initiate tBeachyurydriven mesoderm B‘;‘\jg'ki:“)rt;“e*nfggaltg)lngf‘fgzrgai”te”ance of the primitive streak in the mouse.
formation programme such as nodal (Zhou et al., 1993; ConlcH)‘aniel, J. C. and QOlson, J. D(1966). Cell movement, proliferation and death

etal., 1994) or Wnt3 (Liu et al., 1999). IntriguingBrachyury in the formation of the embryonic axis of the rabBitat. Rec156, 123-
expression in the presumptive area of Hensen’s node (Fig. 4E),128. ' _ '
too, lies in an area of reduced proliferative activity (Fig. 7EPowns, K. M. and Davies, T(1993). Staging of gastrulating mouse embryos

so that theBrachyury programme in node cells may also be ?{amfzrggf’l"z’%'ga' landmarks in the dissecting microscapexelopment

St?-rted by cell movement away from areas of high pronferat?oﬁuboule, D. (1994). Temporal colinearity and the phylotypic progression, a
(Fig. 9). In the chick, however, distinct differences in basis for the stability of a vertebrate bauplan and the evolution of
proliferative activity do not seem to exist at pre-streak stagesmorphologies through heterochromevelopmen8uppl., 135-142.

and in the absence of regulatory control by proliferationPunwoodie, S. L., Rodriguez, T. A. and Beddington, R. S. R1998).

. . . Msgl and Mrgl, founding members of a gene family, show distinct
alternative mechanisms such as growth factors and thelrIoatterns of gene expression during mouse embryogedit.. Dev72,

inhibitors (e.g. chordin) (Streit et al., 1998) attain a more 27-40.
important role. In an evolutionary context, enteringDush, M. K. and Martin, G. R. (1992). Analysis of mousEvx genesEvx-
gastrulation using different mechanism may be the last 1 displays graded expression in the primitive stré2dv. Biol. 151, 273-

f . f . 87.
ontogenetic afterplay of the differences seen in egg size a wards, Y. H., Putt, W., Lekoape, K. M., Stott, D., Fox, M., Hopkinson,

cleavage patterns, for example, between birds and mammalSp A and Sowden, J.(1996). The human homolog of the mouset
Together with divergent development after the phylotypic (brachyury) gene: gene structure, cDNA sequence and assignment to
stage, this phenomenon has been known since von Baer's timghromosome 6g2Genome Res, 226-233. _
as the bottle neck’ (Duboule, 1994) and it seems as ifiniiatiof 28, T, FeE T o ! he role of he
of ga}strulatlon already marks the beginning of the narrow part caudalgenesDevelopment 24, 3805-3814.
of this neck. Farmer, S. C., Sun, C. W., Winnier, G. E., Hogan, B. L. and Townes, T.
M. (1997). The bZIP transcription factor LCR-F1 is essential for mesoderm

Parts of this study were carried out during a sabbatical (of C. V.) formation in mouse developmei@enes Devll, 786-798.
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