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SUMMARY

The aim of this study was to determine whether the blood Whether allantoic vasculogenesis is associated with
vessels of the murine allantois are formed by vasculogenesis erythropoiesis was also investigated. Benzidine-staining in
or angiogenesis. Morphological analysis revealed that situ revealed that primitive erythroid cells were not
differentiation of allantoic mesoderm into an outer layer of  identified in the allantois until 6-somite pairs when
mesothelium and an inner vascular network begins in the continuity between its vasculature and that of the yolk sac
distal region of the allantois, which is most remote from was first evident. Nevertheless, a small number of

other tissues, as early as the late neural plate stage
(approximately 7.75 days postcoitum). Nascent blood
vessels were not found in the base of the allantois until 4-

allantoises removed from conceptuses at a considerably
earlier stage were found to contain erythroid precursor
cells following culture in isolation. To determine whether

somite pairs had formed in the fetus (approximately 8.25
days postcoitum), and vascular continuity with the yolk sac
and fetus was not present until the 6-somite-pair stage
(approximately 8.5 days postcoitum).
Immunohistochemical analysis demonstrated thaflk-1, a
molecular marker of early endothelial cells, is expressed in
significantly more distal than basal core cells in the early
allantois and never in mesothelium. Furthermore,
synchronous grafting of donor yolk sac containing blood
islands into blood islands of headfold-stage host
conceptuses provided no evidence that the yolk sac
contributes endothelial cells to the allantois. Finally, when
removed from conceptuses and cultured in isolation, neural
plate and headfold-stage allantoises formed a conspicuous
vascular network that was positive for Flk-1. Hence, the
vasculature of the allantois is formed intrinsically by
vasculogenesis rather than extrinsically via angiogenesis
from the adjacent yolk sac or fetus.

such erythroid cells could be of allantoic origin, host
allantoises were made chimeric withacZ-expressing donor
allantoises that were additionally labeled with $H]Jmethyl
thymidine. Following culture and autoradiography, many
lacZ-expressing benzidine-stained cells were observed in
donor allantoises, but none contained silver grains above
background. Moreover, no cells of donor allantoic origin
were found in the fetus or yolk sac. Hence, vasculogenesis
seems to be independent of erythropoiesis in the allantois
and to involve a distal-to-proximal gradient in
differentiation of allantoic mesoderm into the endothelial
cell lineage. Furthermore, this gradient is established
earlier than reported previously, being present at the
neural plate stage.

Key Words: Allantois, Endothelial cell, Erythropoiedik;1, In vitro,
Mesothelium, Mouse, Placenta, Transplantation, Vasculogenesis,
Yolk sac

INTRODUCTION and, possibly, the germline (Gardner et al., 1985; Lawson et al.,
1991; Lawson and Pedersen, 1992; Lawson and Hage, 1994;
The chorioallantoic placenta of eutherian mammals is criticaleviewed in Downs, 1998). At the onset of gastrulation, cells
for fetal development and growth during gestation. Whilefrom the proximal epiblast enter the posterior primitive streak
much effort has been devoted to investigating the roles of thend emerge as extraembryonic mesoderm (Lawson et al., 1991).
mature placenta, study of differentiation of two of itsThis mesoderm lines the exocoelomic cavity and also forms the
component structures, the allantois and the chorion, has so famtire allantois (Jolly and Férester-Tadi€, 1936; Bonnevie,
largely been neglected. 1950; Lawson et al., 1991; Lawson and Pedersen, 1992; Lawson
The murine allantois is derived from the proximal epiblastand Hage, 1994). By approximately 7.5 days postcoitum (dpc),
(primitive ectoderm) of the early mouse gastrula, the samthe contribution of extraembryonic mesoderm to the lining of
embryonic progenitor tissue that gives rise to the blood islandbe exocoelom ceases and cells newly emerging from the
of the visceral yolk sac, the chorionic mesoderm, the amnioprimitive streak are channeled almost exclusively into the
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allantois (Beddington, 1982; Copp et al., 1986; Tam andMATERIALS AND METHODS

Beddington, 1987) whose size is also increased by mitosis and ) _ i

cavitation (Ellington, 1985). As it enlarges, the allantoisMOUSe strains, recovery, staging, culture and scoring of

acquires selective adhesiveness for the chorion (Downs aiffi°'e conceptuses _

Gardner, 1995) and, following attachment to the latter a oth donor and host conceptuses were of the same genetic background
between 4- and 6-somite pairs (approximately 8.25-8.5 dpc), the>7BI/CBA), but the donors were made heterozygous faca
allantois becomes conspicuously vascularized throughout. Thﬁr%ansgene (ROSA26*, see Friedrich and Soriano, 1991; Zambrowicz

. . . . et al., 1997) as described by Downs and Harmann (1997).
is the prelude to the allantois forming the vascular link between Mice were maintained under a 12-hour light/dark cycle. Dissection,

the placenta and fetus via a single umbilical artery and vein. staging, culture and scoring of conceptuses were as previously

Several studies suggest that vascularization of the allantoigscribed (Downs and Davies, 1993: Downs and Gardner, 1995;
occurs before it fuses with the chorion and therefore does npbwns and Harmann, 1997). Culture periods were typically 24 hours

depend on contact with this polar trophectoderm derivativeut varied for some experiments (Figs 1, 4, 5; Tables 2, 3). Most
ington, ; Downs an ardner, . However, aembryos destined for culture or supplying allantoises were initially at
Ellingt 1985; D d Gard 1995). H emb destined f I lyi Il i initiall
present it is not clear whether the vasculature of the allantois ligadfold stages (except_ions are ‘Fig. 7, Table 4C). Abnormal
formed by the extension of blood vessels that are formeepnceptuses were not included in the analyses (two unfused
elsewhere (angiogenesis, reviewed in Risau, 1997) or W¥/lantoises/173 operated conceptuses, 1.2%; one blistered
differentiation of endothelial cells that originate within it €Pithelium/105 unoperated control conceptuses, 1.0%; Tables 2, 5).
(vasculogenesis, Sabin, 1920: reviewed in Risau and Flam eThe circulation was scored by examining conceptuses immediately
1995). The pro’ximity ’of the’ base of the allantois to thn;following removal from the incubator. It was recorded as negative if

. . o movement of red blood cells was observed after 15 seconds, as weak
vasculogenic visceral yolk sac (Haar and Ackerman, 197:#

. some movement of red blood cells was seen through the yolk sac,
Kaufman, 1992) suggests that its vasculature could form bé(nd as vigorous if red blood cells coursed throughout the conceptus.

angiogenesis, particularly as the allantois contains no |, gl experiments, unoperated host and/or donor conceptuses were
endoderm, which has been proposed to be requisite f@uitured alongside the experimental ones. As reported previously
vasculogenesis (reviewed in Risau and Flamme, 1995)Downs and Gardner, 1995; Downs and Harmann, 1997), there were
However, according to histological observations in the ratpo significant differences in development between experimental and
vascular channels first differentiate distally rather than basallgontrol conceptuses.

in the mesodermal core of the allantois (Ellington, 1985). Thes o .

observations support a vasculogenic rather than an angiogefit!ture of allantoises in isolation _

origin for the allantoic vasculature in rodents, as do the resulfgefusion allantoises were aspirated using mouth-held, hand-pulled
of grafting murine allantoic cells into the fetus (Downs andc@pillaries (Downs and Harmann, 1997). Glass scalpels (Beddington,

. . 987) were used to divide some allantoises into the basal third and
Harmann, 1997). Ectopically grafted allantoic cells showed istal two-thirds, and to separate postfusion allantoises from the

strong propensity o integrate into the dorsal aoftaz a StrucmEﬂorion and embryo following removal of the yolk sac. Individual
that has been shown to form b_y vasculogenesis in the avigfjanioises or their subregions were cultured in 0.5 ml of medium
embryo (Pardanaud et al., 1987; Coffin and Poole, 1988).  gijther suspended in tubes (Downs and Gardner, 1995) or plated in

The fact that vasculogenesis and hematopoiesis often ocGtitreated wells of 24-well tissue-culture dishes (Falcon, No. 3047).
together raises the further question of whether the muringolated yolk sac blood islands cultured in suspension served as

allantois is, like the visceral yolk sac, also a source of primitiv@ositive controls for benzidine staining.

erythrocytes (Metcalf and Moore, 1971). At present, the After culture and benzidine staining (see below), explants were
evidence is confusing. The erythroid cells that first appear ipostfixed in 4% paraformaldehyde for 1-2 hours at 4°C and either
the basal region of the allantois as endothelial cells differentiatéewed in the plastic wells on an inverted compound microscope
there were presumed by Ellington (1985) to originate from thé\ikon), gently squashed onto slides as previously described (Downs
visceral yolk sac. However, the results of orthotopic grafting"d Harmann, 1997) or prepared for histology (below).
experiments suggested that at least some erythropoietic cellgojogical preparation of conceptuses and allantoic

might be of allantoic origin (Downs and Harmann, 1997).explants

Earlier gene expression studies had demonstrated thaiksoth Material was either fixed for 1-3 hours in Bouin’s fluid at room

1 and TGFpB1, which are required for vasculogenesis antemperature (Figs 1, 2) or, if it was to be immunostained (below) or
primitive erythropoiesis (Shalaby et al., 1995; Dickson et al.x-gal-stained (Downs and Harmann, 1997), in 4% paraformaldehyde
1995) were expressed in the murine allantois as well as the yadk 4°C for 2 hours (Figs 3, 4, 5C, 8, 9; Tables 2, 3, 5). Subsequent
sac (Yamaguchi et al., 1993; Akhurst et al., 1990). Howevepreparation for histology was as described by Kaufman (1992). Most
no cells that were positive for EKLF, one of the first erythroidspecimens were sectioned afish (exception, Fig. 3) before being
transcription factors expressed in the yolk sac (Southwood &tained with nuclear fast red or hematoxylin alone, or with
al., 1996), were found in approximately 8-8.25 dpc headfoldbematoxylin/eosin. . o _
to early-somite-stage murine allantoises. engih Soluion (Dbwns and Harmann, 1697: 10 minutes: Table 5
The aims of the present study were to determine Whethe'rt ggs 8, 9; 30 minutes: Table 4, Figs 1, 7), or a dilute solution (20%
vasculature of the murine allantois forms by vasculogenesis . ; ) .

- . . 2 . Of full-strength; 30 minutes: Tables 2, 3, Figs 1A, 4, 5) often followed
anglogenesis and whether the a_llantOIS IS er_ythropmetlc. US' fixation and X-gal staining. Full-strength benzidine for 10 minutes
a C(_)mb'n_at'on of mo_rphologlc_:al analys!s, mICr(?Surg'calenabled identification of mosicZ/+ hemoglobin-synthesizing cells
manipulation, immunohistochemistry and histochemistry, a”?bowns and Harmann, 1997) in both ex vivo and cultured
both embryo and tissue culture, we have found that thgonceptuses: although dilute benzidine did not (Fig. 1A), it did ensure
mesodermal core of the murine allantois engages ithat all lacZ-expressing donor cells entering the allantois from the
vasculogenesis that is not accompanied by erythropoiesis. yolk sac would be identified.
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Localization of FIk-1 protein by immunohistochemistry fragments was counted for each grafted conceptus and the average

Conceptuses were fixed in 4% paraformaldehyde, prepared for wégken for each experiment.
histology, and sectioned atpn. Immunostaining for Flk-1 (Santa ,
Cruz Biotechnology, Inc.) was carried out according to the supplierUdents t-test _ o
recommendations. Antibodies against Flk-1 (10:1; polyclonalPata in Tables 1, 2, 4, 5 and Fig. 1 were analyzed for statistical
antiserum raised in rabbit) were prebound with immunizing peptidéignificance P<0.05) using a two-way Studenttstest (Mini-Tab)
(Santa Cruz Biotechnology, Inc.) in 1.5% goat serum for 3 hours andith a 95% confidence interval and equal variances assumed.
applied in place of primary antibodies. Primary antibodies were
omitteq as a segond con'FroI. . RESULTS

For immunohistochemistry, allantoises were plated on untreated

sterile 8-well plastic tissue-culture chamber slides (Nunc) containing/ascularization and time of appearance of erythroid
0.4 ml of culture medium, cultured for 24 hours and rinsed three timesg||s in the allantois

in PBS followed by ice-cold methanol for 5 minutes. All subsequen headfold-st lantoi found t hibit .
steps were carried out at room temperature as described above forFlhe eadiold-stage allantois was found 1o exnibit a precise

1 immunohistochemistry in histological sections. Allantoises werdOPographical arrangement of cells (Downs and Harmann,
counterstained in hematoxylin, then rinsed in tap water and997), with those in the distal region being the most restricted

coverslipped with water-based mounting medium (Lernern developmental potency and those in the proximal region

Laboratories, Pittsburgh, PA). adjacent to the nascent fetus, the least restricted.
Quantification of flk-1 expression

Every sagittal section containing the allantois was photographed ¢ A m—  full-strength benzidine, ex vivo conceptuses

35 mm color slide film, developed and scanned for each of twelv 100 full-strength benziding, invitro (cultured) conceptuses

conceptuses. Adobe Photoshop was used to construct a grid in whi
the base of the allantois was defined (Downs and Harmann, 199’
the proximodistal axis was projected from the basalmost boundau
to the tip of the longest allantoic projection and the axis wa:s

N9 —e— 15 strength benzidine, invitro (cultured) conceptuses

2

Z

a

23
subdivided into three equal regions. The grid was superimposed ov §§ %01
each successive serial section by orienting the base as descrit 2= 01
above. All sections were printed and every Flk-1-positive cell g3 01
fragment was counted per region with simultaneous verification i g 301
the compound microscope. The number of Flk-1-positive cel 5 201
fragments was calculated as the percentage of the total number 104
cell fragments per allantoic region. 0

. Number of Somite Pairs
Yolk sac transplantation

Glass scalpels were used to remove the entire circumferential strip

yolk sac containing blood islands from 1 or 2 donor conceptuses p 2 122 B 2 122_ c
experiment. Each strip was then cut into smaller pieces measurit 53 . | \ sl 8 a0 ]
approximately 269.Am (s.d.+46.3%156.5um (s.d.£50.0)1f=111) in 5= 70 O exvive ¢o 0] O exvivo
dissection medium. A single piece of donor yolk sac was aspirate $g . | m invito ’é'g s W invito
into a glass capillary so that its mesodermal surface was in conte %_g . SE
with the capillary and placed into the hole made in an intact hostyol 28 , | 5 ;g
sac (Downs and Gardner, 1995) at the level of anterior or posteri Ee 17,4162 €c
blood islands so that it extended through the yolk sac’s full thicknes: 8% 20 %%
The site of transplantation of donor blood islands was not made 1 §% 0 =, 2©
correspond with their anterior or posterior origin. e 36912712 S
. . . . 3 456 7 8 910 3 45 6 7 8 9 10
Allantoic grafting, autoradiography and scoring donor Final Number of Somite Pairs Final Number of Somite Pairs

cells
Manipulations, labeling in3H]methyl thymidine and culture were Fig. 1.Benzidine-staining in yolk sacs and allantoises of.ex vivo and
carried out as previously described (Downs and Gardner, 1995yultured conceptuses. (A) The percentage of deeply stained
Controls for each experiment were: (1) uptake controls (Beddingtorpenzidine-positive cells in yolk sacs was calculated as a function of
1981, 1982), (2) cultured unoperated donor conceptuses to ascertdimbers of somite pairs from a minimum of two experiments
the amount of thymidine-labeling in donor-derived benzidine-positivdordinals at each point are total numbers of conceptu2e8)051
cells, and (3) cultured unoperated host conceptuses to estimd €x vivo and cultured conceptuses in full-strength benzidine. 3.1%
background levels of silver grains over benzidine-positive cells. ~ Of cells in yolk sac blood islands in ex vivo conceptuses at headfold
For grafting, labeled donor allantoises were aspirated followingtages were benzidine-positive (five conceptuses examined). (B) Bar
removal of the ectoplacental cone and chorion and introduced vigaph comparing percentages of benzidine-stained cells in the
anterior yolk sac puncture, above the blood islands, base first, into tRéantois and reported as a function of the final number of somite
exocoelomic cavity of unlabeled host conceptuses whose owpairs for ex vivo (white) and cultured conceptuses (black). Numbers
allantoises had been removed through this site. of conceptuses examined are indicated at the left (ex vivo) and right
Preparation of sections for autoradiography was as previousKn Vitro) of each somite-pair on the abscissa or at the top of each
described (Downs and Gardner, 1995). Slides were exposed in ligt#ertical bar. (C) Average number of benzidine-positive cells in
tight boxes at 4°C for 25-27 days. Benzidine-positive cells weréllantoises (including negative conceptuses) is shown as a function of
scored as donor-derived if their cytoplasm was either blue throughotf€ final number of somite pairs. Error bars represent the standard
or contained spots of X-gal precipitate. The number of silver graingfror of the mearP=0.24 for average numbers of benzidine-positive
contained within all doubly stained X-gal- and benzidine-positive celf€lls in allantoises of ex vivo and cultured conceptuses.
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Vascularization might therefore be expected to begin in théig. 2D,G). Some erythropoietic cells in the yolk sac were
distal region of the allantois and then extend proximallybenzidine-positive in  whole-mount and histological
Accordingly, such a sequential pattern of differentiation of thepreparations as early as the headfold stages (legend to Fig. 1A).
allantois should be evident both morphologically and at the The earliest time of appearance of benzidine-positive cells

molecular level.

in the allantois was investigated both in freshly recovered

The allantois was examined in conventional histologicatonceptuses and, in anticipation of grafting experiments, those
sections of conceptuses that were freshly recovered

from the uterus beginning at the neural plate s
when it is an early bud, and at successive s
thereafter (Fig. 2). Particular attention was pai
the following: (i) conversion of the outer cells il
a mesothelium, (ii) the appearance of a vasi
scaffold within the mesodermal core, (iii) the sp¢
relationship between the base of the allantois
the nascent yolk sac blood islands, (iv) the tin
of amalgamation of allantoic, yolk sac and fi
blood vessels, and (v) the timing of appearanc
benzidine-positive cells within the allantois.

The distalmost outer cells of the allantoic |
were the first to undergo morphologi
differentiation by flattening to form a single laye!
squamous mesothelium (compare Fig. 2A anc
This morphological change spread proximally (
2A-D) and appeared to be completed by th
somite stage when the free surface of the alla
was completely enveloped by typical mesothel
(Fig. 2G).

A similar distal-to-proximal sequence w
evident by the morphological differentiation int
rudimentary vasculature of the mesodermal co
the allantois. Most, if not all, core cells w
initially round (Fig. 2A,B). Then, as headfol
appeared in the embryo, cells in the distal thir
the allantois showed signs of flattening (Fig. 2C
followed by coalescence during very early sol
stages (Fig. 2E) and then the formation of deli
vascular channels (Fig. 2F). This morpholog
sequence was reiterated in the middle third o
allantois between the late headfold and 3-sor
pair stages (Fig. 2D and data not shown), but
not conspicuous in the basal third until 6-sor
pairs (Fig. 21). However, by 4-somite pairs, a \
small nascent blood vessel was invariably four
the base of the allantois at its junction with the
sac (Fig. 2G). By 6-somite pairs, this vessel
amalgamated with others that had spread towat
base of the allantois from the yolk sac blood isle
and the fetus (Fig. 2H,I). By 8-somite pa
movement of red blood cells into the basal re
of the allantois from the yolk sac was discernibl
some specimens (Fig. 2J).

Between the neural plate and early heac
stages, there appeared to be an intimate relatio
between the thickened mesoderm of the prospe
yolk sac blood islands and that of the nas
allantois, suggesting possible intermingling of ¢
between them (Fig. 2A-C). By the late headfold
early somite stages, discrete clusters of b
islands had formed in the yolk sac, which w
typically well separated from the base of
allantois by a well-defined layer of mesotheli

Fig. 2. Morphological vascularization in the developing allantois.

Morphological vascularization was examined in allantoises in at least five
freshly recovered conceptuses from three experiments for each stage of
development. Whole (A-D, G-J) or distal allantoic regions (E,F) are shown.

(A) Neural plate/early bud stage (EB). (B) Neural plate/late bud stage (LB).

(C) Early headfold stage (EHF). (D) Late headfold stage (LHF). (E) 1-somite
pair (1-s). (F) 2-somite pairs (2-s). (G) 4-somite pairs (4-s). (H-1) 6-somite pairs
(6-s) showing yolk sac and fetal vessels (arrows, H) amalgamating with the
allantoic vessel (arrow, I). (J) 8-somite pairs (8-s). Abbreviations: al, allantois;
am, amnion; ch, chorion; ps, posterior primitive streak region; ys, yolk sac.
White arrow in A,B, mesothelium. Arrowheads in A-D,G, yolk sac blood
islands. Curved arrows in E,F, flattening (E) and coalescing (F) core cells. Open
arrowheads in J, red blood cells. Scale bar in Aur6QA,B); 52um (C); 74

pum (D); 39um (E); 37um (F); 84um (G); 42um (H,1); 86um (J).
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that had been cultured from headfold stages (Fig. 1B). Modegt obtain a definitive count of the number of somite pairs.
numbers (<10) of benzidine-positive cells appeared in a smdlhtegration of the grafts was presumed to have occurred if the
percentage of allantoises as early as 6-somite pairs (Fig. 1@pnor yolk sac mesoderm and visceral endoderm were
and gradually increased in abundance thereafter. Slightly mom®ntinuous with those of the host so that donor cells could gain
benzidine-positive cells were found in cultured conceptuseaccess to the fetus and allantois (Table 2). In all cases, the
than in ex vivo conceptuses at most somite stages, but thembers of cells dispersed from the site of the graft were
difference was not significanP%0.24). Thus whole embryo recorded in three sites: the yolk sac, the fetus and the allantois
culture does not appear to perturb the timing of either globi(Figs 4D, 5C).

expression in the erythroid cells of the yolk

sac (legend to Fig. 1A) or the appearanc

globin-positive cells in the allantois. A v 3
¢
Localization of FIk-1 protein in the r"
developing allantois s
Previous results demonstrated that F ':,\'.w- . -
mRNA was present in the allant yai Bty 3 3
(Yamaguchi et al., 1993; Dumont et “oi e o
1995). Here, immunohistochemistry v ot j_-,’ =
used to determine the pattern of localiza 9 \ _51
of Flk-1 protein in the developing allantoi /
At no stage was expression dlk-1
observed in the mesothelium of the allar
(Fig. 3A-G) but, in all allantoises examin

the core mesoderm contained Flk-1-pos
cells. At the neural plate and headfold sta
the percentage of positive core cells

highest in the distal third of the allantoic b
significantly lower in the basal third a
intermediate in the middle third (Fig. 3A
Table 1). Onset ofik-1 expression began
an intracellular spot that did not alw:
coincide with localization of Flk-1 in t
plasma membrane (Fig. 3A,B). By 3- to
somite pairs, expression k-1 had becom
abundant in the basal third of the allan
(Fig. 3C-E) and was invariably expresse
the nascent allantoic blood vessel found a
allantoic/yolk sac junction at 4-somite p:
(data not shown). By 6-somite pairs, Fl
protein was abundant in flattened cells
formed obvious vascular channels througl
the allantois (Fig. 3F) and it continued tc
expressed in such nascent vessels as Ii
10-somite pairs (Fig. 3G).

Grafting headfold-stage yolk sacs
containing blood islands

To investigate whether the yolk sac 6-s f ~110-s “ 3
vascularize the allantois, blood isla —
containing pieces of yolk sac frolacZ/+  Fig. 3.Localization of Flk-1 protein in the developing allantois by
donor conceptuses were grafted into ant immunohistochemistry. At least six conceptuses from three experiments were analyzed
or posterior blood islands of similarly stag for each developmental stage; each experiment contained the controls described in
hosts (Table 2; Fig. 4A). Following cultu Materials and Methods. (A)_Late allantoic bud (LB), _neu_re_tl _plate stage. (B_) Late
control and grafted conceptuses were Sc hea}dfold stage (LHF) shov_vlng an example of the_ grid d!V|d|ng th(_a allantois into three
for a yolk sac circulation (Fig. 5A,B). Aft regions. (C) 3.5-somite pairs (3.5-s). (D) 3.5-s minus primary antibody. (E) 3.5-s in

S . : = which the antibody against Flk-1 was prebound with control peptide. (F) 6-somite pairs
staining  for lacZ aCtIVI_ty, the grafte (6-s). (G) 10-somite pairs (10-s). Arrows in A,B indicate cells containing an internal spot
conceptuses were exam_lned grossly for  of Fik-1 without concomitant localization in the plasma membrane. Arrowheads in B,G
location of the grafts (Fig. 4B). They wt indicate cells exhibiting FIk-1 staining in the plasma membrane which, in G, is found in
then processed and examined histologit  coalescing cells of nascent vascular channels. Abbreviations as in Fig. 2; in addition: B,
to check whether the grafts had integri  basal third, M, middle third; D, distal third. Scale bar in GpA®(A); 43um (B); 67
into the host yolk sac (Table 2; Fig. 4C) . um (C); 72um (D,E); 78um (F); 54um (G).
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Table 1. Average numbers of FIk-1-positive cell fragments in subregions of late neural plate and headfold allantoises

Average number of cell
fragments counted per

Average percentage of
Flk-1-positive cell fragments

subregion per subregion
Number of (#sd) (*s.d)
conceptuses Stage B M D B M D
6 LB 356.8 261.2 151.7 2.4 7.8 11.4
(+114.4) (+90.3) (+64.3) (+0.8) (*2.9) (+4.0)
6 HF 977.7 564.7 239.3 5.2 11.8 175
(+182.7) (+106.5) (+69.4) (#3.1) (+4.9) (+5.8)

All FIk-1-positive cell fragments were counted for each allantoic subregion (Fig. 3B), basal (B), middle (M) and distedg¢Dptheural plate/late bud (LB)
and headfold (HF) stage allantoises and taken as the number of immunopositive cell fragments over the total numbemetslfdrahat regiomg5
experiments). Results of Studertttest (significant differences are in boldface): LB stage: for B versis@003 B versus MP=0.002 M versus DP=0.10.

HF stage: for B versus [P=0.001 B versus MP=0.02 M versus DP=0.09.

By 5-somite pairs, slight movement of red blood cells couldCulture of allantoises in isolation

be discerned in the yolk sac of a small minority of conceptusesilantoises were explanted from host or donor conceptuses at
(Fig. 5A). A vigorous circulation was evident in somethe headfold-stage to determine whether the allantois could
conceptuses with 7- to 8-somite pairs and in nearly all thoSgecome vascularized following its isolation from all
with 10-somite pairs (Fig. 5A,B). Contribution of donor-derivedneighboring tissues. Isolation was by aspiration, either laterally
endothelial cells to the host was slight and was restricted to thgrough the yolk sac blood islands or, to avoid possible
yolk sac in the immediate vicinity of the grafts (data not shown)contamination with erythropoietic cells, dorsally via the
Contribution of donor-derived cells to the host at sites fappening created by removing the chorion and ectoplacental
removed from the donor graft was invariably intravascular angone. Once isolated, allantoises were plated individually on
therefore presumed to be hematopoietic in nature. In most cas@iaistic or cultured in suspension.
where donor cells had dispersed, a pulsatile circulation was pjated allantoises formed criss-crossing networks of putative
evident. In the absence of a discernible circulation, 11% of yol§ascular channels within 24 hours (Fig. 6A; Table 4A). Those
sacs and 3% of fetuses contained donor cells (Table 3jyitured in suspension rounded up to an extent that vascular
However, there were considerably fewer dispersed donor cellhannels were not discernible even after gentle squashing on
in conceptuses without a circulation than in those with a slightyicroscope slides (Downs and Harmann, 1997). Nevertheless,
or vigorous one (Table 3). Notably, yolk-sac-derived cells wergnese also invariably exhibited signs of vascularization when
identified in the allantois only in host conceptuses with aRxamined after sectioning (Fig. 6B; Table 4B). The endothelial
unequivocal circulation. Thus, the timing of initial nature of the putative vascular network was confirmed by its
dissemination of donor cells into hosts was 6-somite pairs fafpecific reactivity with the anti-Flk-1 serum (Fig. 6C-F, and
the yolk sac, 8-somite pairs for the fetus and 10-somite paiggata not shown).
for the allantois (Fig. 5C). Whole allantoises were then isolated from younger neural
plate/late allantoic bud-stage conceptuses, i.e., approximately

Table 2. Summary of grafts of donor yolk sac containing
blood islands to host yolk sac blood islands
Number and position

of donor yolk sac grafts
in host conceptuses

Table 3. Summary of the distribution of dispersed yolk
sac-derived donor cells in the yolk sac, fetus and allantois
of grafted host conceptuses as a function of host

circulation
A P -
No Weak Vigorous
Total number of conceptuses grafted 85 56 Circulation circulation circulation circulation
Number of abnormal conceptuses 1 1
Number of unproductive grafts 12 6 Total number of conceptuses 31 20 49
Number of grafts exhibiting fusion 13 8 Average number of donor 5.242.5 47.8+17.3 540+107

with chorion and/or non-blood islands cells in host yolk sac (35.5) (60.0) (95.9)
Total number of conceptuses scored 59 41 (% positive)

The total number of headfold-stage host conceptuses grafted with yolk Sa@verﬁge_ n#mb?r of donor 0'617'0'5 2.9:1.1 2201'6152'1
containing blood islands from donor conceptuses of the same stage and their coe S In hostfetus ©.7 (35.0) (81.6)
anterior (A) or posterior (P) position into host yolk sac blood islands are (% positive)
shown (=14 experiments). The number of abnormal conceptuses, Average number of donor 0.0 14 35.4+11.6
unproductive grafts and those grafts that did not remain within yolk sac blood cells in host allantois 0) (5.0 (57.1)

islands are indicated. These three categories were not included in the final (% positive)

analysis. The final number of conceptuses containing productive grafts is

shown on the last line. The average number of donor yolk sac-derived cells  Negative conceptuses were included in the calculation of the average

(not shown) was compared for the anterior and posterior sites of grafting ancdhumber of donor-derived cells for each location. The percentage of

found to be not signficant for either donor cell infiltration into the allantois  conceptuses containing donor-derived cells is shown in parentheses for each
(P=0.33) or into the fetu$?E0.10). category of circulation. All donor cells were intravascular.
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Table 4. Summary of vascularization and benzidine-staining in allantoises grown in isolation
Site of removal of allantois

EPC region Yolk sac blood islands
Expt. set No. expts. Genotype Stage Vascularization RBCs* Vascularization RBCs*
A 7 ++ HF 33/33 1/33 (6) 27127 0/27
4 lacz/+ HF 12/12 0/12 14/14 0/14
Totals A 7 +/+JacZ/+ HF 45/45 1/35 41/41 0/41
Bt 5 ++ HF 14/14 1/25 (208) 12/12 2/16 (5, 61)
4 lacZ+ HF 5/5 2/15
(38; 2688) 5/5 0/14
Totals B 5 +/+, HaczZ HF 19/19 3/40 17/17 2/30
Totals, A & B (%) 12 +/+ andhcZ/+ HF 64/64 4/85 58/58 2/71
(100%) (4.7%) (100%) (2.8%)
C 5 +/+ andacZ/+ LB 10/10 1/10 (10) 9/9 0/9
(100%) (10.0%) (100%) (0)

Allantoises were removed from either wild-type (+/+)amZ-expressinglécz/+) conceptuses and placed directly onto tissue culture plastic (experimental sets
A and C) or in suspension (experimental set B). Following culture, allantoises in A and C were stained in benzidine andfexbotmeascularization and
the presence of benzidine-positive cells. Allantoises in B were either squashed to discover benzidine-positive celeddoplegiiogy so that both
vascularization and benzidine-staining could be observed (Materials and Methods). For each experiment, allantoises weria thmosgidn previously
occupied by the ectoplacental cone (EPC) and chorion or through yolk sac blood islands. HF, headfold-stage; LB, neteallialateitabud stage.

*Parentheses for experimental sets A-C contain the number of benzidine-positive cells (RBCs, red blood cells) obserpeditiveattantois.

*In Experimental Set B, the average (+s.d.) and median diameter of 25 explants was 333.5+46.2 pym.

8The benzidine-positive cells in these two allantoises were examined by light microscopy following histological prepanatioa alhébund to be nucleated.

Results of Studentstests for benzidine-positive cells in sets A and B: (1) plated allantoises (A) versus allantoises cultured in suspdpsibhaB):

(2) allantoises removed via ectoplacental cone versus removal through the yolk sac blood?stadds(3) allantoises of genotydadz/+) versus wild-type
allantoisesP=0.21.

10 hours before the 1- to 2-somite stage when yolk sasuspension were examined histologically and found to be well-
vascularization is thought to get underway (Kaufman, 1992)ascularized; amongst two benzidine-positive allantoises, all of
Such early allantoises also invariably underwenthe benzidine-positive cells were contained within vascular
vascularization in culture (Table 4C). channels and were nucleated (legend to Table 4B, and data not
Finally, because it appears less differentiated than thehown), and were therefore not of maternal origin.

remainder as judged by morphology and molecular Amongst allantoises removed between the neural plate/late
differentiation (Figs 2C,D, 3A,B) and by tests of bud and 4-somite-pair stages, a small percentage (2.6-9.1%)
developmental potency (Downs and Harmann, 1997), the basadntained benzidine-stained cells following culture (Fig. 7).
third of some allantoises isolated at the headfold stage wa@snongst those removed between 5- and 7-somite pairs, 25-
cultured separately from the distal two-thirds. In each of thre86.8% of allantoises contained benzidine-stained cells; this
experiments in which basal and distal regions of either three dievelopmental period coincided with when the allantoic
four allantoises were cultured, both formed a similar vascularasculature appeared to be amalgamating with that of the yolk
network to whole allantoises that were cultured simultaneouslyac and fetus (Fig. 2) and a circulation was visible in a small

(data not shown). percentage of conceptuses (Fig. 5A,B). Over 80% of
. . ) o ) allantoises removed at or beyond 8-somite pairs exhibited
Erythroid cells in allantoises cultured in isolation benzidine-positive cells after culture and corresponded with the

The foregoing results support the conclusion that the allantotime when some conceptuses exhibited a vigorous circulation
becomes vascularized by vasculogenesis rather than throu¥ig. 5A,B) and erythroid cells were evident in the base of the
extension of endothelium from the yolk sac or fetusallantois by morphology (Fig. 2J). Of 25 benzidine-positive
Benzidine-positive cells were detectable in the allantois asllantoises that had been cultured at different developmental
early as 6-somite pairs. However, because as many as halfsthges and examined by histology, all were well-vascularized
erythroid cells might go undetected by benzidine staining prioand all of the benzidine-stained cells contained within the
to 6-somite pairs (see Fig. 1A), erythroid precursor cells mayasculature were nucleated, again establishing that they were
be present in the allantois even earlier. In order that allantoiwot of maternal origin (data not shown).
erythroid precursors would have time to mature into globin- ) )
positive cells that would then be detectable with benzidine, Allantoic grafting
time-course study was carried out. To determine whether erythroid cells uncovered within the
Overall, fewer than 5% of cultured headfold-stageallantois originated there, entire headfold-stage allantoises
allantoises contained any benzidine-positive cells (Table 4jrom donor conceptuses labeled wiffiH[methyl thymidine
Furthermore, the proportion of positive specimens did notvere introduced into the exocoelom of similarly staged host
differ significantly according to the route of their removal,conceptuses from which the resident allantois had been
whether they were of donor or host genotype, or whether thegmoved.
were cultured plated or in suspension (see footnotes to TableHistological examination after culture of grafted hosts
4). 37 of the headfold-stage allantoises that were cultured mevealed that all the allantoic grafts became well-vascularized
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Fig. 4. Yolk sac transplantation. (A) Anterior placement of donor
headfold-stage yolk sac (arrow) into the blood islands of a headfold-
stage host conceptus. (B) Location of the donor-derived graft (arrow
in this 10-somite pair grafted host conceptus following 21 hours in
culture. (C) Micrograph of an anteriorly grafted host conceptus
containing ten somite pairs. Arrow, donor graft; arrowhead, two
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donor-derived cell fragments in the host allantois. (D) Higher
magnification of donor-derived cells (arrowhead) from (C). Scale bai
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Fig. 5. (A) Timing of onset of yolk sac circulation in cultured and
(Fig. 8) and could be assigned to one of five categorie@;rafte‘j conceptuses. Stacked column graph indicates the timing of
according to their relationship with exocoelomic tissues of th@PPearance of the yolk sac circulation in (A) unoperated cultured

: : . conceptuses and (B) grafted conceptuses as a function of final
host (Table 5A). Unlike grafts of distal halves, which rarEIynumbers of somite pairs. (C) Average number of dispersed yolk sac-

attached to the host allantplc stump (Downs and Gardr_'e&erived cells in grafted host conceptuses of B. Bar graph indicates
1995), whole donor allantoises most often attached duringe ayerage number of donor-derived yolk sac cells in host yolk sacs,
culture with the remnant host allantois, thereby forming 3etuses and allantoises as a function of the final number of somite
chimeric allantois in which the donor portion fused with thepairs of grafted host conceptuses. The incidence of negative sites was
chorion (Table 5A; Fig. 8A). In only two of the categories wereincluded in the calculations. Error bars, standard error of the mean.
benzidine-stained cells found in the grafts (Table 5A; Fig.
8B,C). The most common category was where the graft had
attached to the remnant of the allantois as well as to the chorigifese, the donor allantois had attached to both the host allantois
of the host. Donor and host allantoic cells were often welland chorion (6/32, Table 5A), but a sharp mesothelial border
mixed at the site of union (16/32, Table 5A; Fig. 8B). In thewas observed over much or all of the site of attachment (Fig.
second category, the graft had attached to the yolk sac of t8®), suggesting limited or no cellular passage between donor
host (Table 5A; Fig. 8C). An average of 92.8 and 136.2 doublsind host allantoises. In the last two categories, the donor
labeled benzidine/X-gal-positive cell fragments per chimerallantois had either fused with the chorion alone (3/32, Table
were found within the vascular channels of donor grafts fronsA; Fig. 8E) or had remained free-floating in the exocoelom
categories 1 and 2, respectively (Table 5A; Fig. 8B). In both af3/32, Table 5A; Fig. 8F).
these categories of grafts, other round cells were observedTo check that the doubly stained X-gal- and benzidine-
within the donor vasculature. These were assumed to gsitive cells in the grafts were of donor origin, grain counts
erythroid precursors which had yet to synthesize hemoglobiwere made on the sections. We first established that the
(examples in Figs 8C, 9B-D). majority of allantoic cells exhibited heavy labeling in uptake
In contrast with the foregoing two categories of grafts, whicltontrols for PH]methyl thymidine; amongst six conceptuses
we considered ‘productive’ because the presence of erythroigtored in three experiments, 91.9% of cells were labeled (Fig.
cells suggested that the graft had established vasculga; the limit of the base of the allantois was as previously
continuity with the host, benzidine-positive or precursordescribed (Downs and Harmann, 1997)). We then calculated
erythroid cells were not observed in the three other categoriee average number of silver grains in benzidine-positive cell
These were therefore considered ‘unproductive’, as thffagments in cultured donor and host conceptuses (Fig. 9B-D;
absence of hematopoietic cells suggested a lack of vasculpible 5B). In contrast with labeled donor controls, host
continuity with the host (Table 5A; Fig. 8D-F). In the first of benzidine-positive cell fragments displayed between 27 and 34
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Fig. 6.Allantoises cultured in isolation and immunostained for Flk-1.
(A) Headfold-stage allantois plated onto tissue culture plastic and 10+
cultured for 24 hours. (B) Example of section through allantoises 5-
cultured in suspension for the same time period. (C-F) Flk-1
immunohistochemistry on plated allantoises. Immunohistochemical IBHF 1 2 3 4 5 6 7 8 9 10 11
analyses of allantoic cultures with primary antibody concentrations o Developmental Stage of Allantoises Before Culture
either 1ug/ml (C) or 0.2ug/ml (D) showflk-1 expression specific to (pre- and somite-pair stages)

the vascular channels. This staining is not seen when blocked by a
FlIk-1 control peptide against 08/ml antibody to FIk-1 (E) or if no
antibody is applied (F). Arrows in all panels indicate sites of putative
vascularization. Scale Bar in F: 10fh (A); 84um (B); 72um (C-F).

o

Fig. 7. Percentage of allantoises containing benzidine-positive cells
after culture in suspension. Whole allantoises were examined
following culture for the presence of benzidine-stained cells. The
percentage of allantoises containing benzidine-positive cells is
indicated as a function of the developmental stage when allantoises
were removed from conceptuses; ordinal numbers above each

times fewer grains (Table 5B; Fig. 9B-D). We interpreted thissertical bar are the numbers of allantoises examined. Abbreviations
level as equivalent to background. Over all three experimentsn abscissa: LB, neural plate/late bud stage; HF, headfold stages; 1-
the average number of silver grains per benzidine-positive celll, 1- to 11-somite pairs.

fragment for all donor grafts was no higher than 0.25 (Table

5B; Fig. 8B, insert), similar in two experiments to background

levels. In experiment 2, the number of silver grains in graftfrom the fetus and yolk sac. Round core cells in the distal
was significantly lower than in the controls (Table 5B) but ismesoderm of the allantoic rudiment began to flatten at the late
likely attributable to having counted many fewer donor- thameural plate stage (approximately 7.75 dpc; Figs 2, 3) and then
host-derived benzidine-positive cells. coalesced to form delicate blood vessels obvious by 2-somite
pairs. This sequence was reiterated in the allantoic midregion
before spreading to the base so that a small blood vessel was

DISCUSSION invariably present at the junction of the allantois with the yolk
sac by 4-somite pairs. The vasculature of the yolk sac and fetus
Vascularization in the murine allantois occurs by both originated at sites that are remote from the allantois,
vasculogenesis that is not accompanied by namely the blood islands and the cardiac region, respectively
erythropoiesis (data not shown; Kaufman, 1992), before converging on the

It has long been known that a major function of the murindasal allantoic blood vessels at 6-somite pairs (approximately
allantois is to lay down the umbilical vasculature critical for8.5 dpc; Fig. 2H,I).
fetal survival and development. What is not known is how the Expression oflk-1, a tyrosine kinase receptor for vascular
allantois accomplishes this. Results described herendothelial growth factor (VEGF) and a marker of early
demonstrate that the murine allantois vascularizes intrinsicallgndothelial cells (Terman et al., 1991, 1992; Matthews et al.,
rather than by angiogenesis involving the yolk sac or fetus antb91; Sarzani et al., 1992; Millauer et al., 1993; Yamaguchi et
that allantoic vasculogenesis is not accompanied bgl, 1993; Shalaby et al., 1995) closely followed the
erythropoiesis. morphological gradient of vascularization, being observed first
A vasculogenic mechanism for the initial formation of bloodin the distal region of the allantois (Fig. 3A,B; Table 1) and
vessels in the allantois is supported by several observatiorthen spreading toward its base (Fig. 3C).
The first is that the morphological sequence of de novo Grafting of yolk sac blood islands produced no evidence that
vascularization began in the region of the allantois most remotbe yolk sac contributes endothelial cells to the allantoic
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Table 5A. Summary of allantoic grafting

Numbers and categories of attachment of donor

allantoic grafts to components of the exocoelom

(total number of benzidine-positive cell fragments
of apparent donor origin)

Mean number Productive Unproductive
Number of of final Median number
Experiment grafted somite pairs of final 1 2 3 4 5
Number conceptuses (£s.d.) somite pairs ch+al ys ch+al ch free-floating
1 8 15.0 15.0 4 2 1 0 1
(x1.1) (324) (a74) 0) 0)
2 12 13.3 13.0 6 2 3 0 1
(x1.5) (510) (371) 0) 0)
3 12 12.8 14.0 6 0 2 3 1
(x1.8) (651) ) 0) 0)
1-3 32 135 14.0 16 4 6 3 3
(x1.7) (1485) (545) 0) 0) 0)

Headfold-stage donolacz/+) allantoises that were also labeled wiH]methyl thymidine were grafted into host conceptuses which were then cultured and
scored (see Materials and Methods). ‘Productive’ grafts were those in which benzidine-positive cells were found in theftd@hobgnor allantois attached
to the host chorion and allantois (ch+al), 1/16 donor allantoises also showed evidence of attachment to the host amnitemaargtg® attached to yolk sac
(ys); 1/4 donor allantoises associated with host yolk sac alone, 1/4 grafts was associated with the host allantois ena/@/d gsabciated with both the host
chorion and the allantois. ‘Unproductive’ grafts were those in which no benzidine-positive cells were found in the dogn@) giafisr allantois attached to the
host chorion and allantois (ch+al); (4) donor allantois fused with the chorion alone (ch); and (5) donor allantois frearftbatihgttached to any component
of the exocoelom. The total number of headfold-stage conceptuses fixed immediately after labeling in tritium and exaroigiedllyistas thirteen; the total
numbers of unoperated cultured host conceptuses was seventeen and unoperated labeled donor conceptuses was twelve.

Table 5B. Average number of silver grains per benzidine-positive cell fragment in allantoic grafting experiments

Average number of silver grains Total number benzidine/
per benzidine-positive cell fragment (+s.d.) X-gal positive
(total number benzidine-positive cell cell fragments
Number of donor fragments counted per category) (range)
Experiment and grafted 1. Cultured donor 2. Cultured host 3. Grafted donor Grafted donor
number conceptuses conceptuses conceptuses allantoises allantoises
1 2,6 9.4 (x1.9) 0.28 (+0.09) 0.25 (+0.09) 498
(112) (1155) (498) (6-239)
2 4,8 8.4 (x1.4) 0.30 (£0.07) 0.19 (+0.09) 881
(411) (2266) (881) (13-358)
3 4,6 9.0 (x2.9) 0.34 (£0.13) 0.19 (#0.11) 651
(338) (1439) (651) (1-295)

Three allantoic grafting experiments were scored for the average number of silver grains per benzidine-positive celrnfragtuesd (1) donor
conceptuses, (2) host conceptuses and (3) donor allantoises of grafted hosts after autoradiography (Materials and Nesthotie] éell fragments per
unoperated donor conceptus (six sections over three slides per donor) were scored. In category (3), grain counts wereemzideewveositive cells of
apparent donor origin in the grafted allantois. No significant differences were found between benzidine-positive cells fbeatell isac, allantois or fetus of
either host or donor conceptuses. The 20 embryos comprising the productive attachment categories in Table 5A are reBosiachherkers in benzidine-
positive cells in both cultured host conceptuses and within the grafted donor cells were no higher than and ranged fimetbér&igliae-positive cell,
whereas in the cultured donor conceptuses, the numbers of silver grains within benzidine-positive cells ranged from OgBOalAfilmductive grafts
contained round cells of apparent donor origin within the donor vasculature, none of these exhibited silver grains abmwedo&akgner, no silver grains
above background were found in any host cells contained outside the graftvalue for comparisons between unoperated cultured donor-derived cells with
hosts or grafted allantoic cells was <0.0000 for each of the three experiments whereas comparisons between the ragosimd/bibrezidine-Xgal-positive
cells of host conceptuses with donor grafted cells were generally not significantly different within each of the three exf&rOr@8) Expt.1P=0.01, Expt. 2;
P=0.05, Expt. 3) but see Results for explanation.

vasculature. Endothelial cells from donor grafts were alwaybenzidine-positive cells relatively early in its development, the
found in the immediate vicinity of the blood islands but nevemurine allantois is not intrinsically erythropoietic. Small
near the base of the allantois. Moreover, all allantoises becameambers of benzidine-positive cells were found in allantoises
vascularized following isolation at the late neural plate andh situ starting at 6-somite pairs, which corresponded with
headfold stages (Table 4; Fig. 6), considerably earlier than thvehen the major vasculatures united (Fig. 2H,l) and when some
one-to-two somite stage when the yolk sac is thought toonceptuses exhibited a pulsatile circulation (Fig. 5A,B).
vascularize (Kaufman, 1992), and their nascent vasculdrhereafter, the number of benzidine-positive cells in both in
channels expressefik-1 (Fig. 6C,D). The basal allantoic situ and explanted allantoises correlated with the proportion of
subregion, which appeared relatively undifferentiated irconceptuses with a pulsatile circulation (Figs 1B, 5A,B, 7).
potency tests (Downs and Harmann, 1997) and by morphology Hence, the benzidine-stained cells in the allantois likely
and molecular criteria (Figs 2A-D, 3A,B), also vascularizedcame from the yolk sac or fetus. This conclusion is supported
(described in Results). by the further finding that integrated grafts of yolk sac blood
We also obtained evidence that, despite containingslands contributed hematopoietic cells to allantoises beginning
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at 10-somite pairs (Fig. 5C). That they did not do so earliesuggested that the allantois may be intrinsically erythropoietic
could be because they constituted too small a fraction of tHeecause some of the benzidine-positive cells in the grafts
total mass of blood islands for their red blood cells to featurappeared blue (data not shown; Fig. 8B,C). However, where
among the small number colonizing allantoises prior to 10eonor cells were labeled additionally with tritiated thymidine,
somite pairs (Fig. 1B). Another possibility that cannot benone of the blue benzidine-positive cells exhibited silver grains
discounted at present is that some allantoic erythroid cellsbove background (Table 5; Fig. 8). One explanation for this
came from the fetus. For example, the floor of the dorsal aortlisparity is that the boundary between host erythroid and
in the chick reportedly produces hematopoietic celldacZ/+ donor endothelial cells is not adequately resolved in
(Pardanaud et al., 1996), and the AGM region of the mouseonventional histological sections. Another is that if cell death
fetus does so as early as 10-somite pairs (Godin et al., 1998, curs during allantoic morphogenesis, releas@d
1995) and robustly by 10 dpc (approximately 31- to 40-somitgalactosidase might have been taken up by surrounding
pairs, Medvinsky et al., 1993; Medvinsky and Dzierzak, 1996)erythroid cells via fluid phase endocytosis or a receptor-
Perhaps a small number of aorta-derived blood cells gainedediated process. For example, certain lysosomal enzymes
entry to the allantois when it attained vascular union with theuch ag-glucuronidase are secreted from various types of cell
fetus (Fig. 2H,1). into interstitial fluid which, provided that the enzyme is
Curiously, there was a small number of allantoises isolatedlycosylated with mannose-6-phosphate, can be picked up by
prior to 6-somite pairs that yielded erythroid cells after culturether cells via a mannose-6-phosphate receptor (Feder, 1976;
(<10%; Table 4; Fig. 7). These benzidine cells were nucleatestahl et al., 1976a,b, 1978; Schlesinger et al., 1978; reviewed
and therefore not of maternal origin. Furthermore, since thebly Hille-Rehfeld, 1995). Lastly, during regression and
incidence was not significantly higher in allantoises removedemodeling, dea-galactosidase-containing cells may have
via the yolk sac rather than the chorionic route (Table 4), themccumulated within extracellular allantoic spaces, including
presence is unlikely to be due to contamination from bloodblood vessel lumena, then becoming associated with host
islands. Cultured allantoises removed at 5-somite pairs thatythroid cells. The extracellular spaces of allantoises did
developed erythroid cells may have been infiltrated wittclearly contain X-gal-stained material (Figs 8C, 9C).
hematopoietic cells from the yolk sac or fetus as a result donventional staining with hematoxylin and eosin of both
precocious union of vasculatures (Fig. 2G-I). The proportiofireshly recovered and cultured conceptuses demonstrated this
of allantoises isolated before this that yielded benzidinematerial to be highly eosinophilic and associated with mixed-
positive cells following culture was consistently low (Fig. 7).sized hematoxylin-stained granules (data not shown),
That there were any positive cases among such early isolatgiagnostic of dying cells (Coucouvanis and Martin, 1995). This
may reflect the proximity of the allantoic rudiment to thelends credence to the notion that some host erythroid cells
nascent yolk sac blood islands (Fig. 2A-C). One possibility thaappeared blue in donor grafts through intimate association with
this offers is exchange of cells between the blood islands arlde cytoplasm of endothelial cells during vascular remodeling,
the allantois, which would cease once the blood islands becaraa idea supported by previous results in the rabbit corpus
more defined and spatially remote from the base of the allantdisteum and chick limb bud (Latker, 1980; Latker et al., 1986).
(Fig. 2C,D,G). Another is that the yolk sac endoderm may be . )
close enough to induce occasional allantoic mesodermal cefstal-to-proximal sequence of allantoic
to become erythropoietic. It is not clear, however, whetheyasculogenesis
endoderm induces associated mesoderm to form erythroid cellbe observed spatiotemporal sequence in morphological and
(Miura and Wilt, 1969, 1970; Pardanaud et al., 1989) and, minolecular differentiation in the allantois accord with the results
so, whether allantoic mesoderm is competent to respond. of earlier heterotopic transplantations at headfold stages
Yet further support for an extrinsic origin of allantoic (Downs and Harmann, 1997), which revealed that distal cells
erythroid cells was obtained from grafts of headfold stagevere more restricted in potency than basal ones. Our present
allantoises, which failed to reveal benzidine-positive offindings show that such regional differentiation is established
erythroid precursor cells of donor origin, either within oreven earlier than previously reported, being already evident at
outside of the grafts (Table 5B; Fig. 8). Moreover,the late neural plate stage.
hematopoietic cells were altogether absent from those graftedThe heterotopic grafting experiments suggested that the
allantoises that had little-to-no detectable access to the vitellirdistal and midallantoic regions were also not developmentally
or fetal circulations (Table 5A), i.e., grafts that were free-equivalent. Although cells from both regions colonized the
floating in the exocoelom (Fig. 8F), fused only with the choriorlarge fetal vasculature, distal cells did so much less readily,
(Fig. 8E) or in which a thin cellular barrier occluded the siteoften being extruded from the fetus. This suggested that the
of union between donor and host allantoises (Fig. 8D). In thidistal allantoic region either contained a lower proportion of
last category, reformation of the mesothelium may have takeendothelial cells than the midregion or that some distal cells
place on the remnant allantois prior to attachment with thexpressed additional proteins that impaired their integration.
donor allantois or, alternatively, the donor allantois may have Quantification of Flk-1 along the distoproximal axis of
been positioned such that the distal mesothelium fused with theadfold-stage allantoises revealed that, although the distal
basal remnant of the host allantois. Such non-integrated graftsgion contained fewer cells than the midregion, its percentage
resembled the great majority of headfold stage allantoisesf flk-1-expressing cells was invariably somewhat higher
cultured in isolation in containing delicate blood vessels devoi@Table 1). Differences in the frequency of heterotopic
of hematopoietic cells (Table 4; Figs 6B, 7). integration of distal versus midallantoic grafts may therefore
The results of preliminary experiments using daljZas a  relate to differentiation of mesothelium rather than to initiation
marker of donor cells in allantoic grafting experimentsof endothelium formation viflk-1 expression. Formation of
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Fig. 8. Attachment categories of allantoic grafts.
(A) 12-somite-stage operated conceptus that had A ;
undergone allantoic grafting at the headfold stage prjor ys
to culture and attached to both the host allantoic
remnant and chorion. Due to the intensity of staining G200
in nuclear fast red in this early specimen, benzidine-
positive cells, if present, were not visible in the dono
allantois. (B) Attachment of the donor allantois to the
host chorion and remnant allantois. Insert: High

magnification of benzidine-positive cells from anothef
example of category 1 chimera, Table 5A. Open

arrows point to red blood cells that appear to contairy W ch
X-gal precipitate. (C) Attachment of the donor ;

allantois to the host chorion, the remnant allantois am’u LY
the yolk sac. Open arrows as in B; closed arrowheag o
points to non-benzidine-positive hematopoietic cell © dal
contained within a vascular channel at the point of
union between the donor allantois and the host yolk
sac. Curved arrow points to extracellular X-gal-staingd
material. (D) Attachment of the donor allantois to thi ;
host chorion and the remnant allantois; the solid arrg

points to a fairly extensive barrier at the point of
attachment between the donor and host allantoises,
whereas the open arrowhead indicates a small regiof
of presumed free cellular passage between donor a
host allantoises. (E) Fusion of the donor allantois wi
the host chorion alone. (F) Free-floating donor
allantois. Abbreviations: b, brain; ch, chorion; dal,
donor allantois; hal, host allantois; ys, yolk sac. Scal
bar in F: 26Qum (A); 80um (B), 19um (insert in B);
70pum (C); 104um (D,E); 96um (F).

mesothelium begins distally (Fig. 2A-C) and may be associate
with changes in adhesive properties ultimately required fo
chorioallantoic fusion.

Does the mesothelium play a role in allantoic
vasculogenesis?

It has been proposed that endoderm provides stimuli require
to induce adjacent mesoderm to differentiate into the
endothelial cell lineage (Wilt, 1965; Pardanaud et al., 198¢
reviewed in Risau and Flamme, 1995). How then to explail
our conclusion that the murine allantois, which does no
contain endoderm, undergoes vasculogenesis?

It is unlikely that the mechanism of allantoic vasculogenesi
is unique given that the murine allantois expresses gen
known to be required for yolk sac vasculogenesis (Akhurst ¢
al., 1990; Dickson et al., 1995; Yamaguchi et al., 1993
Dumont et al.,, 1995). An intriguing possibility is that
mesothelium serves as the allantoic equivalent of yolk sg
endoderm, providing inducing factors necessary to conve
core allantoic mesoderm into a vascular plexus.

Little is known about allantoic mesothelium other than its

Fig. 9. Controls for allantoic grafting. Photomicrographs showing
silver grains in: (A) the allantois of an uptake control; (B) benzidine-
positive cells (open arrows) and non-benzidine-positive
hematopoietic cells (closed arrowheads) in the yolk sac of a cultured
donor conceptus; (C) the allantoic vasculature of a donor conceptus
(arrows and arrowheads same as in (B); and (D) the yolk sac of an

operated host conceptus. Curved arrow in C points to extracellular X-

gal. Abbreviations as in Figs 2, 8. Scale bar in Dug0(A); 29um
(B-D).




Vascularization in the murine allantois 4519

role in initiating attachment of the allantois to the chorionMedical Schools, Grant IRG-35-36-2 from the American Cancer
during the first steps of placental ontogeny (Ellington, 19859ociety to the UW, the Industrial and Economic Development
Downs and Gardner, 1995). Chorioallantoic attachment iResearch Program (University Industrial Relations and the State of
dictated by the developmental state of the allantois and may ¥ésconsin), and by The Graduate and Medical Schools of the UW (K.
mediated by an internal timing mechanism (Downs andi 2o % B wes TE RN T 5 B SOREEE B e
t(E]ardrl}er,t 1'99t5; reV|ewe_d 'nv%OAW'\;I‘S’ 1298)’ po?s_lbly Ilndkec: Hw scientific community for their generous support throughout this
1€ aflantois 1o expression Iw 0S€ protein produci study. R. L. G. is supported by The Royal Society.
binds to the a4-integrin receptor, localized to chorionic
mesothelium (Kwee et al., 1995; Gurtner et al., 1995; Yang et
al., 1995). o , _ REFERENCES
We have found that mesothelium first forms in the distalmost
reglon.of the allantois frqm_wher_e it then sp_reads basally. It&nhurst, R.J., Lehnert, S. A., Faissner, A. J. and Duffie, E(1990). TGF
formation appears to coincide with, or possibly precede, the beta in murine morphogenetic processes: the early embryo and
distal-to-proximal spread of morphological vascularization %ﬁgd'oge”es@ge‘gi'logg‘)%”&f’a 6:‘5'%56- . veis of the oo .
T : ) eddington, R. S. . An autoradiographic analysis of the potency o
within core meSOd.erm' The r.neSOt.he“um fm.a”y enveIOpS thg embryonic ectoderm in thet8day postimplantation mouse embryd.
base of the allantois at 4-somite pairs, which is also when bloodgmpryol. Exp. Morph64, 87-104.
vessels are first recognizable there. Intriguingly, our data shoBeddington, R. S. P(1982). An autoradiographic analysis of tissue potency
that Flk-1 is localized on|y to core allantoic mesoderm and in different regions of the embryonic ectoderm during gastrulation in the
never to the mesothelium, whereas Dumont et al. (199%823;2%1,} Elg]bfsymbElx§é7h;|0{gg?eg}ozn65éﬁﬁﬁ}e and manipulation of post-
_reportgad expression of VEGF in _the meSOt_hel'um' Thl_JS' implantation mouse embryos. Marﬁmalian Development: A Practical
induction of mesoderm may occur via a paracrine mechanismapproach.(ed. M. Monk). pp. 43-70. Oxford: IRL Press.
that involves VEGF and its receptor, Flk-1, localizedBonnevie, K. (1950). New facts on mesoderm formation and proamnion
respectively to yolk sac endoderm and mesoderm (Dumont etderivatives in the normal mouse embryoMorph.86, 495-546.
al., 1995: reviewed in Klagsbrun and D’Amore, 1996)_Capr|o||, A, Jaffredo, T., Gaut|_er, R., Dubourg,_C._ and Dleterlen-‘Llevre,
. . F. (1998). Blood-borne seeding by hematopoietic and endothelial precursors
Togeth_er, these O_bser_VauonS suggest a new funCF'on fOrfrom the allantoisProc. Natl. Acad. Sci. US®5, 1641-1646.
allantoic mesothelium in development, namely that it maycoffin, J. D. and Poole, T. J.(1988). Embryonic vascular development:

induce Vasculogenesis within core mesoderm. immunohistochemical identification of the origin and subsequent
morphogenesis of the major vessel primordia in quail embryos.
Developmenf02 735-748.
Copp, A. J., Roberts, H. M. and Polani, P. E(1986). Chimaerism of
CONCLUDING REMARKS primordial germ cells in the early postimplanation mouse embryo following
microsurgical grafting of posterior primitive streak cells in vilkdEmbryol.
Two major facets of development of the murine allantois that Exp. Morph.95, 95-115.

are essential for its role in mediating exchange between tfgucouvanis, E. and Martin, G. R.(1995). Signals for death and survival:
. . : a two-step mechanism for cavitation in the vertebrate embgib83, 279-

placenta and the fetus are fusion with the chorion (Downs and,g;
Gardner, 1995) and differentiation of a vasculature. Accordingickson, M. C., Martin, J. S., Cousins, F. M., Kulkami, A. B., Karlsson,
to the present finding, allantoic vascularization occurs via S.and Akhurst, R. J.(1995). Defective haematopoiesis and vasculogenesis
vasculogenesis rather than angiogenesis. Unlike the chick'”g"anSfOfm'”g growth factor B1 knockout mid@evelopment21, 1845-

s g . ."1854.
(Caprioli Ff't al., 1.998)’ Vascubge.neSIS in the mouse_ allanto_ls bc‘owns, K. M. and Davies, T.(1993). Staging of gastrulation in mouse
not aSSQC|ated W'_th erythropo_|e5|s. In qccordance W'Fh PreviouSembryos by morphological landmarks in the dissection microscope.
suggestionsflk-1 is probably involved in the early signaling Development18 1255-1266.
events of vasculogenesis (Shalaby et al., 1995). However, Rpwns, K. M. and Gardner, R. L. (1995). An investigation into early
the case of the murine allantois, the presence of Flk-1 is placental ontogeny: allantoic attachment to the chorion is selective and

- . . . . . developmentally-regulate@evelopmeni21, 407-416.
evidently not identifying a population of bipotential Downs, K. M. and Harmann, C. (1997). Developmental potency of the

hemangioblasts destined to establish both endothelial andmurine allantoisDevelopment24, 2769-2780.
hematopoietic cell lineages (Sabin, 1920; Shalaby et al., 199Bpwns, K. M. (1998). The murine allantois. IrCurrent Topics in

because, if it were, all allantoises cultured in isolation would BeveL?pE‘e:ta' dBiO'.OggEds' R. Pedersen and G. Schatten). 38!1-33.
T e - . €ewW YOrK: Academic Fress.
have been expected to be benzidine-positive (Figs 3, 7; TabLl)%mom’ D. J.. Fong, G.-H., Puri, M. C. Gradwohl, G., Alitalo, K.,

3). The overwhelming majority of allantoises removed between grgjtman, M. L. (1995). Vascularization of the embryo: a studyflkfl,

the neural plate and 4-somite-pair stages and then cultured inek tie, and vascular endothelial growth factor expression during
isolation were devoid of benzidine-positive cells. Lastly, our developmentDev. Dyn.203 80-92.

observation that the allantois vascularizes with similar kinetiCE";rl‘lgtr‘]’tg'isséf'(r'a't-'e%gi?g's/?nrt‘/g/ghgfgt'clﬂ;tffjlylof the development of the

in cultured conceptuses as in those erSth recoyere(_j from tl&@der, N. (1976). Solitary cells ar-1d enz.yme exch.ange in tetraparental mice.
uterus and that it also does so rapidly following isolation Nature263 67-69.

suggests that the allantois may be a valuable system f@riedrich, G. and Soriano, P.(1991). Promoter traps in embryonic stem cells:

elucidating the early steps of vasculogenesis. a genetic screen to identify and mutate developmental genes inGeites
Dev.5, 1513-1523.

. . . ardner, R. L., Lyon, M. F,, Evans, E. P. and Burtenshaw, M. D(1985).
The authors are grateful to Carey Bertler for assistance with anlmgl Clonal analysis of X-chromosome inactivation and the origin of the germ

husbandry and histological staining and to Dr Roselynn Temkin for i.a in the mouse embryd. Embryol. Exp. Morpts, 349-363.

pro.wdln.g Fig. GC'F- Thls study was supported by a grant to thgogin, I. E., Garcia-Porrero, J. A., Coutinho, A., Dieterlen-Lievre, F. and
University of Wisconsin (UW)-Madison Medical School under the Mmarcos, M. A. R. (1993). Para-aortic splanchnopleura from early mouse
Howard Hughes Medical Institute Research Resources Program forembryos contains Bla progenitoiature 364, 67-70.



4520 K. M. Downs and others

Godin, I. E., Dieterlen-Lievre, F. and Cumano, A.(1995). Emergence of between vasculogenesis, angiogenesis and haemopoiesis during avian
multipotent hematopoietic cells in the yolk sac and para-aortic ontogenyDevelopment05 473-485.
splanchnopleura in mouse embryos, beginning at 8.5 days postBeidas.  Pardanaud, L., Luton, D., Prigent, M., Bourcheix, L.-M., Catala, M. and
Natl. Acad. Sci. USA2, 773-777. Dieterlen-Lievre, F. (1996). Two distinct endothelial lineages in ontogeny,
Gurtner, G. C., Davis, V., Li, H., McCoy, M.J., Sharpe, A. and Cybulsky, one of them related to hemopoiedievelopmeni22, 1363-1371.
M. I. (1995). Targeted disruption of the murine VCAM1 gene: essential roleRisau, W. (1997). Mechanisms of angiogenedisiture 386, 671-674.
of VCAM-1 in chorioallantoic fusion and placentatigdenes De, 1-14. Risau, W. and Flamme, 1.(1995). Vasculogenesiénn. Rev. Cell Dev. Biol.
Haar, J. L. and Ackerman, G. A.(1971). A phase and electron microscopic 11, 73-91.
study of vasculogenesis and erythropoiesis in the yolk sac of the mousgabin, F. R.(1920). Studies on the origin of blood-vessels and of red blood-

‘Anat. Rec17Q 199-223. ) ) corpuscles as seen in the living blastoderm of chicks during the second day
Hille-Rehfeld, A. (1995). Mannose 6-phosphate receptors in sorting and of incubation.Contrib. Embryol(Carnegie Instn Washg, 215-258.

transport of lysosomal enzymdgiochim. Biophys. Actd241 177-194. sarzani, R., Amaldi, G., De Pirro, R., Moretti, P., Schiaffino, S. and
Jolly, J. and Férester-Tadié, M.(1936). Recherches sur I'ceuf et de la souris.  Rappelli, A. (1992). A novel endothelial tyrsoine kinase cDNA homologous

Arch. d’Anat. Microsc32, 322-390. to platelet-derived growth factor receptor cDNBiochem. Biophys. Res.
Kaufman, M. H. (1992). The Atlas of Mouse Developmeritondon: Commun.186, 706-714.

Academic Press. ) Schlesinger, P. H., Doebber, T. W., Mandell, B. F., White, R., DeSchryver,
Klagsbrun, M. and D’Amore, P.A. (1996). Vascular endothelial growth factor C., Rodman, J. S., Miller, M. J. and Stahl, P(1978). Plasma clearance of

and its receptor<Cytokine Growth Factor Reviews 259-270. glycoproteins with terminal mannose and N-acetylglucosamine by liver non-

Kwee, L., Baldwin, H. S., Shen, H. M., Steward, C. L., Buck, C., Buck, C. parenchymal cellsBiochem. J176, 103-109.
A. and Labow, M. A. (1995). Defective development of the embryonic and Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu, X.-F.
extraembryonic circulatory systems in vascular cell adhesion molecule greitman, M. L. and Schuh, A. C. (1995). Failure of blood-island
(VCAM-1) deficient mice Development21, 489-503. ) formation and vasculogenesis in Flk-1 deficient midature 376, 62-66.
Latker, C. H. (1980). Changes in the vasculature during regression of th%halaby F. Ho. J.. Stanford. W. L.. Fischer. K.-D.. Schuh. A. C.. Schwartz
L ribbltcco|_r|pu'§ IptguMgatNRec:éQéi 139A. 086 lized | L., Bernstein, A. and Rossant, J(1997). A requirement for FIk1 in
atker, C. H., Feinberg, R. N. and Beebe, D. J1986). Localized vascu ar primitive and definitive hematopoiesis and vasculogen@sis89, 981-990.
regression during limb morphogenesis in the chicken embryo: “'Southwood, C., Downs, K. M. and Bieker, J. X1996). Erythroid Kruppel-

Morphological changes in the vasculatukeat. Rec214, 410-417. : e : 5 .
Lawson, K. A., Meneses, J. and Pedersen, R. @991). Clonal analysis of glaeri;zcg);axmhg:;sna:r;ﬁ%: rg:]tsoztlt:;gga:ljyy:? ;ggz;igaztégrn o expression

epiblast fate during germ layer formation in the mouse embryoStahL P., Six, H., Rodman, J. S., Schlesinger, P., Tulsiani, D. R. P. and

Development13 891-911. . = o . i
. . Touster, O. (1976a). Evidence for specific recognition sites mediating
Lawson, K. A. and Pedersen, R. A1992). Clonal analysis of cell fate during clearance of lysosomal enzymes in viRroc. Natl. Acad. Sci. USAS,

gastrulation and early neurulation in the mouse.Pbstimplantation 4045-4049
Development in the Mous€iba Foundation Symposiuh65 (eds. D.J. Stahl, P, Schlesinger, P., Rodman, J. S. and Doebber, [L976b).

Chadwick and J. Marsh). pp. 3-21. Chichester: Wiley. " ) CoT -
Lawson, K. A. and Hage, W.(1994). Clonal analysis of the origin of Recognmo_n of lysosomal glycosidases in vivo inhibited by modified

primordial germ cells in the mouse. Bermline DevelopmentCiba Sg%cogr(gelrsl\éaturEZ?élé86'\}ﬁi3. M. J d schlesi P H1978

Foundation Symposiurh82 (eds. D. J. Chadwick and J. Marsh). pp. 68- tahl, P. D., Rodman, J.S., Miller, M. J. and Schlesinger, P. H .)'

84. Chichester: Wiley. Evidence for receptor-mediated binding of glycoproteins, glycoconjugates,
Matthews, W., Jordan, C. T., Gavin, M., Jenkins, N. A., Copeland, N. G. and lysosomal glycosidases by alveolar macroph&ges. Natl. Acad. Sci.

. : ; ; USA75, 1399-1403.
and Lemischka, I. R.(1991). A receptor tyrosine kinase cDNA isolated ' . .
from a population of enriched primitive hematopoietic cells and exhibiting"@™: P- P L. and Beddington, R. S. R1987). The formation of mesodermal

close genetic linakge to c-keroc. Natl. Acad. Sci. US88, 9026-9030. tissues in the mouse embryo during gastrulation and early organogenesis.
Medvinsky, A. L., Samoylina, N. L., Muller, A. M. and Dzierzak, E. A. Developmen89, 109-126.

(1993). An early pre-liver intra-embryonic source of CFU-S in the Térman, B. I, Carrion, M. E,, Kovacs, E., Rasmussen, B. A., Eddy, R. L.

developing mouseNature 364, 64-66. and Shows, T. B.(1991). Identification of a new endothelial cell growth
Medvinsky, A. and Dzierzak, E. (1996). Definitve hematopoiesis is _ factor receptor tyrosine kinas@ncogenes, 1677-1683. o

autonomously initiated by the AGM regio@ell 86, 897-906. Terman, B. |, Dougher-Vermazen, M., Carrion, M. E., Dimitrov, D.,
Metcalf, D. and Moore, M. A. S.(1971). Hematopoietic cells. IFrontiers Armellino, D. C., Gospodarowicz, D. and Bohlen, R1992). Identification

of Biology(eds. A. Neuberger and E. L. Tatum) Amsterdam: North-Holland  ©f the KDR tyrosine kinase as a receptor for vascular endothelial cell growth

Publishing Company. factor. Biochem. Biophys. Res. Commi87, 1579-1586.

Millauer, B., Wizigmann,Voos, S., Schnurch, H., Martinex, R., Moller, N. Wilt, F. H. (1965). Erythropoiesis in the chick embryo: the role of endoderm.
P., Risau, W. and Ullrich, A. (1993). High affinity VEGF binding and Sciencel47, 1588-1590. ‘
developmental expression suggest Flk-1 as a major regulator ofamaguchi, T. P, Dumont, D. J., Conlon, R. A., Breitman, M. L. and

vasculogenesis and angiogene€isll 72, 835-846. Rossant, J.(1993). flk-1, an flt-related receptor tyrosine kinase, is an early
Miura, Y. and Wilt, F. H. (1969). Tissue interaction and the formation of the ~ marker for endothelial cell precursoBevelopment 18 489-488.

first erythroblasts of the chick embryev. Biol.19, 201-211. Yang, J. T,, Rayburn, H. and Hynes, R. O(1995). Cell adhesion events
Miura, Y. and Wilt, F. H. (1970). The formations of blood islands in mediated byi4 integrins are essential in placental and cardiac development.

dissociated-reaggregated chick embryo yolk sac dedp. Cell Res59, Developmenfi2l, 549-560.

217-226. Zambrowicz, B.P., Imamoto, A., Fiering, S., Herzenberg, L.A., Kerr, W.G.,
Pardanaud, L., Curtis, A., Kitos, P. F. and Buck, C. A.(1987). Soriano, P.(1997). Disruption of overlapping transcripts in the ROSA beta

Vasculogenesis in the early quail blastodisc as studied with a monoclonal geo 26 gene trap strain leads to widespread expression of beta-galactosidase

antibody recognizing endothelial cellBevelopmeni0O0, 339-349. in mouse embryos and hematopoietic célimc. Natl. Acad. Sci. US4,

Pardanaud, L., Yassine, F. and Dieterlen-Lievre, H1989). Relationship 3789-3794.



