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ABSTRACT The rodent allantois is thought to be
unique amongst mammals in not having an endodermal
component. Here, we have investigated the mesothelium,
or outer surface, of murine umbilical precursor tissue,
the allantois (�7.25–8.5 days postcoitum, dpc) to discover
whether it exhibits the properties of an epithelium. A
combination of morphology, challenge with biotinylated
dextran amines (BDAs), and immunohistochemistry
revealed that the mesothelium of the mouse allantois
exhibits distinct regional properties. By headfold stages
(�7.75–8.0 dpc), distal mesothelium was generally squa-
mous in shape, and highly permeable to BDA challenge,
whereas ventral proximal mesothelium, referred to as
‘‘ventral cuboidal mesothelium’’ (VCM) for the character-
istic cuboidal shape of its cells, was relatively imperme-
able. Although ‘‘dorsal cuboidal mesothelium’’ (DCM)
resembled the VCM in cell shape, its permeability to
BDA was intermediate between the other two regions.
Results of immunostaining for Zonula Occludens-1 (ZO-1)
and Epithelial-cadherin (E-cadherin), together with
transmission electron microscopy (TEM), suggested that
impermeability in the VCM may be due to greater cellu-
lar contact area between cells and close packing rather
than to maturity of tight junctions, the latter of which,
by comparison with the visceral yolk sac, appeared to be
rare or absent from the allantoic surface. Both VCM and
DCM exhibited an ultrastructure more favorable for
protein synthesis than did the distal squamous mesothe-
lium; however, at most stages, VCM exhibited robust
afadin (AF-6), whereas the DCM uniquely contained
alpha-4-integrin. These observations demonstrate that
the allantoic mesothelium is not a conventional epithe-
lium but possesses regional ultrastructural, functional
and molecular differences that may play important roles
in the correct deployment of the umbilical cord and its
associated vascular, hematopoietic, and other cell types.
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INTRODUCTION

Despite its importance in survival of the fetus, lit-
tle is known about the genesis of the umbilical cord
in any amniote. Although details may vary amongst
species, the mouse allantois is a model, at least to a

first approximation, for the study of umbilical devel-
opment. Like that of other amniotes, the allantois
issues from the caudal extremity of the embryo,
elongates through the exocoelom, and establishes
an umbilical vasculature that amalgamates with
those of the fetus and nearby yolk sac. In all
eutherian species, including rodents, monkeys and
humans, the allantois vascularizes the chorion to
form an intimate interface for exchange of
nutrients, wastes, and gases with the mother.

For many years, the two recognized components
of the murine allantois have been the inner core
cells, and the outer surface, called ‘‘mesothelium’’
(Downs, 1998). Results of recent experiments have
provided evidence that the core of the murine
allantois is more complex than was previously sus-
pected. The posterior end of the primitive streak,
or embryonic antero-posterior (A-P) axis, reaches
into the extraembryonic region (Downs, 2009)
where it collaborates with visceral endoderm to
establish the allantoic bud (Downs et al., 2009), and
a putative stem cell reservoir, the allantoic core do-
main (ACD) situated within the base of the allan-
tois. The ACD is required for allantoic elongation
through the exocoelomic cavity (Downs et al., 2009).

Allantoic mesothelium lies adjacent to the neigh-
boring amnion and yolk sac during the period
when the allantois elongates through the exocoe-
lom; ultimately, distal mesothelium of the allantois
makes contact with the chorion mesoderm
and unites with it (Downs, 2002). However, the
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properties of mesothelium are obscure. Although
the term ‘‘mesothelium’’ (Snell and Stevens, 1966)
likely refers to the idea that this tissue is an
epithelium derived from mesoderm, the epithelial
nature of mesothelium has not been explored in
any detail.

Reciprocal allantois/chorion grafting experiments
demonstrated that it is the maturity of the allan-
toic mesothelium that mediates chorio-allantoic
union (Downs and Gardner, 1995) in part through
the gradual acquisition of vascular cell adhesion
molecule-1 (VCAM-1; Downs, 2002) which, with its
counter-receptor, alpha-4-integrin, found constitu-
tively on the chorion (Downs, 2002), is essential
for formation of the chorio-allantoic labyrinth
(Yang et al., 1993; Gurtner et al., 1995; Kwee et al.,
1995). In addition, recent studies have suggested
that the mesothelium may have hematopoietic
potential, as Runx1-positive cells, indicative of
definitive hematopoiesis, were found on the allan-
toic surface (Zeigler et al., 2006). Finally, although
other gene products have been systematically docu-
mented on the surface of the allantois, including
Bone Morphogenetic Protein-4 (BMP-4; Lawson
et al., 1999; Downs et al., 2004), Vascular Endothe-
lial Growth Factor (VEGF) (Miquerol et al., 1999),
Ahnak (Kingsley et al., 2001; Downs et al., 2002),
and even T (Downs et al., 2009), their role in
mesothelium is unclear.

On the basis of these observations, we reasoned
that allantoic mesothelium might exhibit regional
differences reflective of differential mesothelial
function, for example, interaction with surrou-
nding tissues and/or uptake of materials from
the exocoelom. Several decades ago, biotinylated
dextran amine (BDA) had been introduced into the
experimental cell biological repertoire to trace the
anterograde pathway in neuronal cells (Veenman
et al., 1992). Although BDAs have not been
applied to the rodent yolk sac or allantois, similar
tracer molecules have been used to investigate the
endocytic properties of rodent yolk sac endoderm
(Beck et al., 1967; King and Enders, 1970). Thus,
to a first approximation, BDAs would enable us, in
combination with systematic morphological assess-
ment, to discover whether the murine mesothe-
lium functioned as a homogeneous cell population
or whether any regional differences might be
revealed.

The presence of regional differences in perme-
ability could then be explored by molecular analy-
ses. Polarized epithelial cells are circumscribed at
the apicolateral margins by three morphologically
distinct intercellular junctions: occludens or tight
junctions, adherens junctions and spot desmo-
somes. Together, these form what has come to be
known as the apical junctional complex (Farquhar
and Palade, 1963). Tight and adherens junctions
play major roles in intercellular permeability and
intracellular signaling (Fanning and Anderson,

2009). The mechanisms by which these junctions
are created and interact are complex and largely
obscure, and may vary with epithelial type (Steed
et al., 2010). Nevertheless, several proteins have
emerged as major participants, including zonula
occludens-1 (ZO-1), afadin (AF-6), and Epithelial-
cadherin (E-cadherin). ZO-1 is a member of the
MAGUK (membrane-associated guanylate kinase
homologs) family with binding domains to adhe-
rens, tight junction proteins and the actin cytoskel-
eton (Harstock and Nelson, 2008). E-cadherin, a
single-pass, transmembrane glycoprotein that
belongs to the classical cadherin family of Ca21-de-
pendent adhesion proteins, sometimes precedes the
appearance of ZO-1 in the genesis of tight junctions
(Takai and Nakanishi, 2003). Afadin, in whose
absence the allantois does not form (Ikeda et al.,
1999), plays major roles in the function of adherens
and tight junctions (Mandai et al., 1997; Yokoyama
et al., 2001; Takai and Nakanishi, 2003).

Given that the rodent allantois is thought to
lack an endodermal component while most mam-
malian species have one (Mossman, 1987), we
initiated a systematic investigation into allantoic
mesothelium that might shed light on its biological
activities, paying particular attention to cell mor-
phology, the gross relationship between cells, cell
packing, intracellular ultrastructure, permeability,
and the molecular identity of junctional complexes.
The implications of our findings are discussed with
respect to morphogenesis of the chorio-allantoic
placenta, allantoic vascularization, vascular pat-
terning, and hematopoiesis.

MATERIALS AND METHODS
Mouse Strains, Animal Husbandry,
Dissections, and Staging

Care of animals was in accord with institutional guidelines.
Unless otherwise indicated, standard F2 embryological material
was obtained by intercrossing inbred hybrids (B6CBAF1/J)
(Jackson Laboratory, Bar Harbor, ME) (Downs, 2006). For mat-
ing, single estrous females were selected (Champlin et al., 1973)
and placed with individual stud males just before the lights
went off (13.00/1.00 or 21.00/9.00 lights off/lights on), and copu-
lation plugs were identified up to 12 h later. Dissection, whole
embryo culture, and staging were as previously described
(Downs and Davies, 1993; Downs, 2006). Focus was on the
earliest phase of allantoic development, namely appearance of
the allantoic bud and bud elongation through the exocoelom,
when the allantois is surrounded by exocoelomic fluid over all
but its basal region, which is continuous with the embryo (Early
Bud, EB, stage, �7.25 days postcoitum, dpc - 6-8-somite pairs, -s;
�8.5 dpc). During this timeperiod, mouse conceptuses contain
three cavities: amniotic, exocoelomic, and ectoplacental (Snell and
Stevens, 1966); the latter of which begins to occlude at the head-
fold stages (Uy et al., 2002). During dissection, care was taken not
to deflate the amniotic and exocoelomic cavities, the hydrostatic
pressure of which appeared to increase over time. Consequently,
as the conceptus was divested of its deciduum and Reichert’s
membrane was reflected, the visceral yolk sac expanded, possibly
releasing the allantois from contact with adjacent amnion and
visceral yolk sac (see Results). In three experiments, conceptuses
remained within their decidua at 5.0 dpc.
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Intercellular Passage of BDAs

Dextrans are hydrophilic polysaccharides characterized by
their moderate to high molecular weight, good water solubility,
and low toxicity. Because of their uncommon poly-(alpha-D-1,6-
glucose) linkages, which render them resistant to cleavage by
most endogenous cellular glycosidases, they are biologically inert
(Molecular Probes, Publication MP01800, 5 April 2006). BDAs
have been used in a wide variety of cellular characterizations,
including fate mapping, cell permeability, and intercellular com-
munication (Reiner et al., 2000). As it had been shown to exhibit
numerous microvilli, endocytic vesicles, and tight junctions at 7–
11 dpc (Haar and Ackerman, 1971), the visceral yolk sac served
as an internal control throughout these studies. Moreover, in
other rodent species, visceral yolk sac endoderm exhibited the
properties of an absorptive epithelium that limits the passage of
large molecules into the paracellular space by virtue of its tight
junctions (Beck et al., 1967; King and Enders, 1970). Thus, to
observe the behavior of BDA passage in a well-described epithe-
lium, we first exposed the outer layer of extraembryonic visceral
endoderm of dissected intact conceptuses to BDA (Molecular
Probes, Carlsbad, CA) of low (3,000; D7135; 1 experiment: LB (1),
EHF (2), LHF (2), 2-s (1), 3-s (2), and 4-s (1) stages) and high
(10,000; D1956; 2 experiments: EHF (1), 3-s (3), 4-s (1), and 5-s
(1) stages) molecular weights (MW) at working solutions of 1 mg/
ml dissection medium (Downs, 2006) (BDA 3,000) or 0.5 mg/ml
(BDA 10,000), which were well below the maximum solubility of
these conjugates (Molecular Probes, Publication MP01800, 5
April 2006). All BDA-exposed conceptuses were incubated at
room temperature for 15 min, as signal intensity did not
perceptibly increase thereafter (up to 30 min incubation, data not
shown). BDAwas lysine-fixable, i.e., lysine was incorporated into
the dextran conjugate to permit fixation in situ with aldehydes
for analysis. Thus, afterward, conceptuses were rinsed, fixed
(Bouin’s fluid, 2 h, 48C), and prepared for embedding in paraffin
wax (Downs, 2002). After sectioning (6-lm thickness) and dewax-
ing, specimens were stained as described for immunohistochem-
istry (IHC) (Inman and Downs, 2006a) but omitting antibodies
and using only an avidin-biotinylated horseradish peroxidase
(HRP) (Elite ABC, Vector Laboratories, Burlingame, CA) proce-
dure, followed by standard diaminobenzidine (DAB, liquid, Dako
North America, Carpinteria, CA) reaction. We found that while
BDA 10,000 was clearly visible in the apical aspect of yolk sac
endoderm, BDA 3,000 was weak. In fact, BDA 3,000 was typically
less brown than BDA 10,000 in all experimental conceptuses. We
attribute this difference to the reduced number of moles biotin/
mole dextran (0.7 moles for BDA 3,000 versus 1.1 moles for BDA
10,000). These, and all yolk sac control conceptuses in which
BDAs were omitted (one experiment, stages: 1-s (1); 2-s (1), and
4-s (1)) were incubated for 15 min at room temperature alongside
exocoelom-injected controls and processed as described above. All
control conceptuses lacking BDA were negative for background
staining.
To discover the permeability of allantoic mesothelium, at least

three specimens per stage (EB; Late Bud, LB; Early, Late Head-
fold, EHF, LHF; 1-, 2-, 3-, 4-, and -5-s) were exposed to BDA
3,000 and BDA 10,000. Each type of BDA was systematically
introduced into the exocoelom via a mouth-held microcapillary
(�60 lm, inner diameter). The volume of BDA injected was
based on preliminary calculations of the volume of exocoelomic
fluid. This was determined by placing individual embryos into a
drop of phosphate-buffered saline (PBS; Sigma), the meniscus
of which directly contacted the walls of the visceral yolk sac. A
pulled microcapillary (inner diameter, �1 lm) was then used to
puncture the visceral yolk sac and withdraw exocoelomic fluid
from each embryo while a pair of forceps placed along the edge
of the conceptus stabilized it during this procedure. For each
stage, fluid was pooled into a small tube, quantified and the av-
erage volume of exocoelomic fluid was calculated: EHF, 0.17 ll
exocoelomic fluid (N 5 17 specimens); 1-s, 0.24 ll (N 5 4); 2-s,
0.34 ll (N 5 5); 3-s, 0.14 ll (N 5 7); and 5-s, 0.26 ll (N 5 8).
For the BDA injections, the content of the excoeolom was thus
withdrawn with a similar fine hand-pulled pipette and replaced

with �0.4 ll of BDA. In addition, a limited number of somite-stage
conceptuses were exposed to BDA 500,000 (D7142; 2 experiments:
EHF (1), LHF (2), 1-s (1), 2-s (2), and 3-s (4)).

Histology and Immunostaining

For histological appreciation of the mesothelial surface, both
paraffin- and plastic-embedded material was used. Paraffin sec-
tions were cut to a thickness of 6 lm, processed, and counter-
stained in hematoxylin and eosin, as previously described
(Downs et al., 1998); the following numbers of conceptuses were
examined: EB (6), LB (7), LB/EHF (8), EHF (14), LHF (7), 1-s
(6), 2-s (2), 3-s (16), 4-s (12), 5-s (8), 6-s (8), 7-s (7), and 8-s (4).
Plastic material was cut to a thickness of either 1 lm (laboratory
of A.C.E.) or 3 lm (laboratory of K.M.D.) and counterstained in
toluidine blue, as previously described (Enders et al., 2006); the
number of specimens examined in plastic was: EB (4), LB (6),
LB/EHF (4), EHF (11), LHF (3), 1-s (6), 2-s (4), 3-s (7), 4-s (2),
and 5-s (3). In addition, we examined paraffin-embedded speci-
mens from two previously published protein localization papers
that spanned the same stages and for which many conceptuses
were available for each stage (Downs, 2008; Downs et al., 2009).

Immunohistochemistry (IHC) for afadin (AF-6; Abcam, Cam-
bridge, MA; Ab11337; rabbit polyclonal; 0.9 mg/ml) was used at
a dilution of 1/750; afadin IHC was carried out in both histologi-
cal sections on Bouin’s fixed material as previously described
(Inman and Downs, 2006a), and in whole mount prepared mate-
rial (Downs, 2008). For 5.0 dpc decidua and their conceptuses,
fixation and immunostaining were carried out in paraformalde-
hyde-fixed and sectioned material as described in Downs et al.
(1998). All other IHC was carried out in whole mount-prepared
material alone. Anti-E-cadherin (Santa Cruz Biotechnologies,
SCBT, Santa Cruz, CA; SC-59778; rat monoclonal; 0.2 mg/ml)
and anti-ZO-1 (SC-8146; goat polyclonal; 0.2 mg/ml) were used
at dilutions of 1/50-to-1/100, and anti-alpha-4 integrin (SCBT;
SC-2042; goat polyclonal; 0.2 mg/ml) was used at dilutions of
1/75-1/100. Controls for the specificity of ZO-1 immunostaining
in mouse gastrulae were carried out on 4-5-s stage conceptuses
as follows: (i) minus antibody, (ii) prebinding ZO-1 antibody
with its cognate control peptide (SC-8146P) in a ratio of 1:10
and 1:20 times the antibody concentration for 8 h at 48C, (iii)
antibody alone but held at 48C for 8 h, and (iv) fresh antibody.
In addition, immunostaining whole decidua at 5.0 dpc revealed
ZO-1 staining in decidual cells around the conceptus, as previ-
ously described (Paria et al., 1999). As no control peptide was
available for either E-cadherin or afadin, minus antibody
controls alone were used at the 4-6-s stages. Controls for
anti-alpha-4-integrin were previously reported (Downs, 2002).
For all immunostained sections, detection of specific proteins
was indicated by dark brown color.

Transmission and Scanning Electron
Microscopy

Transmission electron microscopy (TEM) was carried out as
previously described (Downs et al., 2004; Enders et al., 2006;
Downs et al., 2009); the numbers of specimens examined here
were: EB (4); LB (5); LB/EHF (2); EHF (7); LHF (3); 1-s (5); 2-s
(4); 3-s (5); 4-s (2); and 5-s (3). Results were interpreted inde-
pendently in the laboratories of A.C.E. and K.M.D. Allantoises
were examined especially for tight junction profiles, comparing
candidates against the extraembryonic visceral endoderm of the
yolk sac (Farquhar and Palade, 1963; Haar and Ackerman,
1971) in the same section wherever possible.

For scanning electron microscopy (SEM), three litters (�8.5
dpc) were dissected as described above. 18 conceptuses were
fixed and maintained in Sorensen’s buffer (4% paraformalde-
hyde/1% glutaraldehyde/0.1 M phosphate) for 10 h at 48C,
rinsed in 0.1 M phosphate buffer, in which most of the yolk sac
was removed. Conceptuses were then dehydrated in an increas-
ing series of ethanols, then cryofractured and dried using the
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critical point method. The next day, specimens were mounted
and sputter-coated in gold at 16.0–18.7 Pa and a current of
30 A for 2 min. Of these, two conceptuses were adequately
prepared, viewed and photographed in a Hitachi S-570 LaB6

Scanning Electron Microscope, maintained by the Biological
and Biomaterials Preparation, Imaging and Characterization
(BBPIC) Laboratory (Department of Animal Sciences, Univer-
sity of Wisconsin-Madison).

RESULTS
Allantoic Mesothelium Exhibits Distinct
Morphological Properties Over Time

The morphology of the allantoic mesothelium and
its relationship to surrounding tissues was exam-
ined systematically over time by light microscopy.
The surface of bud-stage (EB, LB) mesothelium
was highly variable. Although the nascent allantoic
bud could exhibit a mostly squamous surface (data
not shown), most specimens showed an irregular
contour in which cells varied from squamous to tall
polygonal where just a portion of the apical surface
contacted the exocoelom (Fig. 1A,B). Many outer
cells were connected with neighboring surface cells
either in ad hoc manner or were not connected to
them at all in individual sections.

By the EHF stage, increasing intercellular space
was observed between distal core cells relative to
the proximal region (Fig. 1C,D). Many, but not all,
distal mesothelial cells appeared to be flattening,
whereas proximal mesothelium remained polygo-
nal. In some paraffin-prepared specimens, the
exocoelom had not expanded upon reflexion of
Reichert’s membrane, possibly because the exocoe-
lom had not yet enlarged or because the walls of
the exocoelom had been imperceptibly nicked;
whatever the reason, the allantois could be visual-
ized in these specimens growing in a directed man-
ner toward the chorion between the amnion and
yolk sac (Fig. 1E), suggesting that the allantois
may communicate directly with nearby tissues via
its mesothelium.

By the LHF stage (Fig. 1F–I), distal mesothe-
lium was generally squamous, though it also
included elongated cells whose apex reached the
free surface (Fig. 1F). Proximal mesothelium was
polygonal-to-cuboidal in shape (Fig. 1G). ‘‘Ventral
cuboidal mesothelium’’ (‘‘VCM’’) overlay the previ-
ously described allantoic growth center, the ACD,
and extended for a short distance onto adjacent
visceral yolk sac endoderm, forming a ‘‘V"-shaped
structure (Fig. 1H). By contrast, ‘‘dorsal cuboidal
mesothelium’’ (DCM), on the opposite proximal
surface of the allantois, while also cuboidal, exhib-
ited a ‘‘horseshoe’’ shape and was continuous with
the amnion (Fig. 1I).

By 4-s, both the ‘‘vessel of confluence’’ (VOC), or
site of amalgamation of the major arterial systems
in the conceptus, and the hindgut invagination
invariably appeared within the midline, beneath
the bend of the VCM’s V-shape, in register with

the primitive streak along the embryonic antero-
posterior (A-P) body axis (Fig. 1J). In addition,
although ‘‘blebs’’ were observed on the surface of
the allantois from headfold stages on, they were
particularly prominent in the inbred hybrid mouse
strain used in this study by 4-s, appearing as
circles of flattened cells enclosing a small cluster of
roundish ones (e.g., Fig. 1K). In addition, the DCM
region invariably presented as large protrusions of
irregular contour that contacted the amnion
(Fig. 1L) and remained so over the next stages.
Distal mesothelium was still generally squamous
but punctuated with occasional scattered elongated
cells (Fig. 1M).

By 8-s, just after fusion but prior to tail rotation,
the hindgut had deeply invaginated into the
embryo, and the VCM appeared to lengthen over
the VOC. As the latter elongated, appearing to
become the omphalomesenteric artery, the VCM
merged with the caudal embryonic primary body
fold (Fig. 1N). Similarly, the DCM was becoming
continuous with the dorsal epithelium of the
embryo (Fig. 1N).

The irregular contours of allantoic mesothelium
were supported by SEM analysis (Fig. 2). At 4-s,
the VCM appeared relatively smooth, whereas the
DCM exhibited several large blebs; the distal half
of the allantois showed an irregular surface. At
8-s, the distal half of the allantois contained many
prominent blebs (Fig. 2D,E), while the transitional
zone (Fig. 2F) provided a direct comparison
between the blebbed distal region and the proxi-
mal region bearing the VCM (Fig. 2G). Thus, by
headfold stages, distal and proximal mesothelium
revealed regional morphological differences, with
distal mesothelium generally squamous and proxi-
mal mesothelium generally cuboidal.

Differential Permeability of Allantoic
Mesothelium to BDA

At all stages, high-MW BDA (BDA 10,000) was
associated with the apical surface of the yolk sac;
some regions were darker than others, but the
BDA did not obviously penetrate the spaces
between the cells (Fig. 3A,B). While TEM was not
used to assess the precise whereabouts of high-
MW BDA on the surface of the yolk sac, that BDA
was not obvious between cells or beneath yolk sac
endoderm suggested that it did not diffuse between
cells. Thus, these results are consistent with an
epithelium that does not readily allow the passage
of molecules through its paracellular pathway.

By contrast, yolk sacs exposed to low-MW BDA
(BDA 3,000) exhibited a low but detectable signal
on their surface (Fig. 3C). Given the fewer number
of biotin molecules associated with the low-MW
BDA (see Materials and Methods), and the limited
number of BDA molecules that can be taken up by
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yolk sac endocytosis, detection of uptake and/or
association with the microvilli may have been at
the threshold of streptavidin/horseradish peroxi-
dase visualization used here.

With these profiles in hand, BDAs were then
introduced into the exocoelom of mouse concep-
tuses at stages representing 2–4 h intervals, from
the time of the appearance of the allantoic bud

Fig. 1. Analysis of the allantoic surface (allantoic bud stages–8-s). Light microscopy (LM). Plastic- (A–D, M) and paraffin- (E–L, N)
embedded histological sections. For all sagittal allantoic profiles, distal is toward the chorion, and proximal is toward the embryo. (A,
B) Late Bud (LB)-stage. Low- (A) and high- (B) magnification of the allantois (al) and its associated visceral yolk sac (ys) and amnion
(am). Asterisk, Allantoic Core Domain (ACD). Arrow, examples of long polygonal mesothelial cells whose apices reach the surface;
arrowhead, a mesothelial cell with few or no intercellular contact points. (C, D, E) Early Headfold (EHF) stage. Low- (C) and high- (D)
magnification images. Arrow and arrowheads as in (A, B). (E) Allantoic elongation appears to be directed toward chorion by expansion
of the amnion and buttressing by the visceral yolk sac, demonstrating the potential intimacy between allantoic mesothelium and the
adjacent amnion and yolk sac. (F–I) Late Headfold (LHF) stage. (F) Distal mesothelium shows abundant squamous cells with the
insertion of occasional elongated polygonal ones (arrowhead). (G) Lines delineate crescent-shaped dorsal cuboidal mesothelium (DCM;
left) and V-shaped ventral cuboidal mesothelium (VCM; right). (H) VCM. Arrow indicates the ‘‘vertex’’ of this V-shaped structure, and
its association with both the allantois and yolk sac endoderm. (I) DCM. Arrow indicates the concave-area formed by the DCM. (J–M)
4-somite pairs (s). (J) VCM and associated vessel of confluence (VOC; asterisk). (K) Allantoic bleb (arrow). (L) Large dorsal bleb
(arrow) in region of DCM associated with amnion. (M) Distal allantois shows abundant squamous cells with an occasional polygonal
one (arrow). (N) 8-s. The VCM appears to have elongated over the VOC, which appears to have elongated over the hindgut (hg),
thereby forming the omphalomesenteric artery whose ends are indicated by asterisks. Pair of arrowheads points to DCM and its dor-
sal continuity with the embryonic body wall prior to tail turning. All scale bars in this, and all other figures, are approximate to within
7 lm. Scale bar in (N) 5 100 lm (L); 75 lm (K); 50 lm (B, D, J); 35 lm (E, H, I); 25 lm (A, F, M); 17 lm (C, G, N). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(�7.25 dpc) through just before the elongated allan-
tois’s fusion with the chorion (5-s, �8.25 dpc). The
exocoelom surrounded all but the proximalmost
part of the allantois. ‘‘No dextran’’ controls were
negative (compare Fig. 3D,E), confirming the speci-
ficity of the reagents used here.

At bud stages, allantoic mesothelium was permea-
ble to the passage of low-MW BDAs (Fig 3F,G).
Low-MW BDA was associated with both the outer
and inner cell populations of the allantois, appear-
ing to pass easily between mesothelial cells. By
contrast, bud-stage allantoises were impermeable to

Fig. 2. The allantoic surface at 4- and 8-s stages. Scanning electron microscopy (SEM). (A–C) 4-s stage. (A) Allantois viewed
obliquely from the ventral surface (arrowhead); horizontal white bar delineates the lower VCM region from the upper distal region;
paired arrows, DCM region showing large dorsal protrusions normally extending toward the amnion (see Fig. 1L). Distal region
above horizontal bar is shown at higher magnification in (B), which highlights the irregular allantoic surface, with protruding
mesothelial cells (arrowheads). (C) Blebs on the chorion (ch) at the site of allantoic fusion (Downs, 2002). The distal tip of the allan-
tois (al) is in the foreground. (D–G) 8-s stage. (D) Allantois has fused with the chorion. Horizontal bars delineate levels shown at
higher magnifications in panels E–G. (E) Arrowhead highlights a large bleb in the distal allantoic region. (F) Mid-allantoic region
between distal region and relatively smooth proximal region. (G) Proximal VCM region. Scale bar in (G) 5 115 lm (A, D); 20 lm
(C); 15 lm (B, E–G).
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passage of high-MW BDAs (Fig. 3H). In these, high-
MW BDA accumulated both on the surface of allan-
toic mesothelium, as well as between these outer
cells, but did not progress into the allantoic core.

By headfold stages, the overall permeability
of the allantoic surface had changed and

become regionally distinct. Distal mesothelium
(here defined as the distal two-thirds of the
allantois) was highly permeable and remained
so at all stages thereafter to both low- and
high-MW BDA (Fig. 3I,J,P,Q). By contrast, pas-
sage of BDA into the proximal (here defined as

Figure 3.
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the proximal one-third of the allantois) core
appeared to be less facile. In particular, the
VCM, which overlay the ACD, appeared to be
impermeable to BDA challenge at all stages
(Fig. 3I,K–M): low-MW BDA was found only
faintly on the surface of the VCM and underly-
ing cells (Fig. 3I,K,L), whereas high-MW BDA
was accumulated at the VCMs cellular surface
and rarely penetrated into the underlying allan-
toic core (Fig. 3M,O). By contrast, the DCM was
permeable to low-MW BDAs, gaining access to
the underlying cells (Fig. 3I,K,L), whereas high-
MW BDAs were largely inhibited from entering
(Fig. 3M,O). These findings are summarized
graphically in Fig. 4 by a permeability index
(PI).

The PI assumed that entry of BDAs into the
allantoic core was limited to lateral, rather than
longitudinal, diffusion. To test this hypothesis,
we exposed allantoises to BDA 500,000 in a lim-
ited number of experiments. BDA 500,000 was
associated with distal mesothelial cells and the
underlying distal core but had not diffused into
the proximal core region (Fig. 3N). In the proxi-
mal regions, BDA 500,000 remained associated
with the cell surface but did not penetrate to
underlying core cells (Fig. 3N). Together, results
of BDA challenge suggest that allantoic mesothe-
lium is regionally differentially permeable and
that underlying core cells may be intimately
regionally related to their associated mesothe-
lium.

Localization of ZO-1 and E-Cadherin to
Allantoic Mesothelium

Variable permeability of distal mesothelium and
the VCM appeared to correlate with cell shape,
with generally squamous distal mesothelium per-
meable to BDA and cuboidal VCM impermeable.
However, the DCM, which was morphologically

similar to the VCM, was variably permeable,
suggesting that mechanisms other than cell shape
regulated permeability.

The apical surface of the yolk sac endoderm
was robustly ZO-1-positive, forming an intensely
staining continuum there (Fig. 5A–D,F,G). In
addition, ZO-1 was found within that visceral
endoderm which overlies the allantois (Fig 5A–
D), previously referred to as ‘‘allantois-associated
extraembryonic visceral endoderm,’’ or the AX,
and whose morphological properties were previ-
ously shown to be intermediate between those of
yolk sac endoderm and visceral embryonic endo-
derm (Downs et al., 2009). ZO-1 was also found
in embryonic visceral endoderm (data not shown).
By contrast, ZO-1 was not particularly robust in
the allantois at any stage (Fig. 5), being found
faintly in both outer and inner cells. Within the
core of the allantois, ZO-1 appeared punctate and
scattered throughout (e.g., Fig. 5A–G). By con-
trast, the only part of the mesothelium where
ZO-1 formed the most convincing continuum of,
albeit weakly staining cells, was in the presump-
tive bud-stage VCM (Fig. 5B) and in the VCM visi-
ble by headfold stages (Fig. 5C,D,F,G). Still, rela-
tive to the yolk sac, staining was weak. Specificity
of the ZO-1 antibody was confirmed in the decid-
uum surrounding 5.0 dpc conceptuses (Fig. 5H),
and further shown with prebinding of ZO-1 anti-
body with control peptide (Fig. 5I) and minus anti-
body controls (Fig. 5J).

E-cadherin was found robustly throughout the
visceral endoderm, both extraembryonic (Fig. 6A),
and embryonic, including the endoderm overlying
the heart field (Fig. 6B), the apical surface of the
neurectoderm, (Fig. 6B) and the ventral node (e.g.,
Fig. 6C) at all stages. E-cadherin was also found
throughout the primitive streak, being most
intense at the neural plate/allantoic bud stages
but decreasing in intensity thereafter (data not
shown). Within the allantois, E-cadherin localized

Fig. 3. Permeability of allantoic mesothelium as revealed by challenge with biotinylated dextran amines (BDA; brown color).
LM. (A–C) Low-(A) and high-(B) magnification images of BDA 10,000 (‘‘high’’ molecular weight, MW) in posterior yolk sac endo-
derm. Although the intensity of BDA association with the yolk sac varied from region to region, most, if not all cells of the yolk
sac visceral endoderm were associated with this high-MW BDA (arrowheads). (C) BDA 3000 (‘‘low’’ MW) in posterior yolk sac
endoderm; arrowhead indicates areas of faint staining. (D–E) 4-s stage controls indicating three major cavities in the conceptus,
amniotic (ac), exocoelomic (x), and ectoplacental (ec). ‘‘No dextran’’ control (D), and high-MW dextran injected into the exocoelom
(E). Brown stain in amniotic cavity (ac) suggests that high-MW BDA might diffuse through amnion into the amniotic cavity
(Daane and Downs, unpublished data). (F–G) LB stage, low-MW BDA 3,000 at low- (F) and high- (G) magnifications. Asterisk
indicates the ACD region; arrowheads indicate BDA-positive core allantoic cells. (H) LB stage, high-MW BDA 10,000. Arrowhead
indicates BDA on and around mesothelial cells, with little-to-no penetration into the allantoic core. (I–K) LHF stage. Low- (I)
and high- (J, K) magnifications of the whole allantois (I), distal region ((J), and proximal region (K). Left arrow in (K) indicates
region of DCM and right arrow that of the VCM. Asterisks indicate location of ACD. (L) 5-s stage, low-MW BDA 3,000, proximal
allantoic region; left and right arrows, asterisk, as in (K). (M) 5-s stage, high-MW BDA 10,000, left and right arrowheads, aster-
isk, as in (K, L). (N) 4-s stage, BDA 500,000. Note high concentration of BDA on distal mesothelial cells with penetration of
BDA into the distal region, while BDA is less abundant on proximal surface, with little-to-no penetration into the core, providing
supporting evidence for regionalization of allantoic mesothelium by these stages. (O–Q). 5-s stage, high-MW BDA 10,000, trans-
verse sections through proximal (D, DCM region; V, VCM region; lower one-third) (O), mid- (middle third) (P), and distal (distal
third) (Q) allantoic regions. Scale bar in (Q) 5100 lm (C, G, I, L, N); 115 lm (B); 150 lm (D); 165 lm (E); 200 lm (M); 250 lm
(K); 340 lm (A); 375 lm (J); 65 lm (H); 60 lm (Q); 50 lm (F, O); 40 lm (P).
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to the proximal inner core and extended through
the allantoic midline (Fig. 6D–G) in a pattern
that seemed, at least in part, to overlap that of
the T-defined ACD. E-cadherin was also present
in the AX at all stages (Fig. 6D–G). By 5-s, E-cad-
herin was no longer observed in the allantois
(Fig. 6H,I) and resembled the minus antibody
controls (Fig. 6J). The hindgut invagination, contin-
uous with extraembryonic and embryonic visceral
endoderm, was strongly E-cadherin positive (Fig.
6F–I,K).

Together, these data suggest that E-cadherin
and ZO-1 do not overlap in allantoic mesothelium
and thus do not cooperate in building and/or main-
taining the outer surface of the allantois.

Transmission Electron Microscopy

In a previous study (Downs et al., 2004), the
mesothelium of the allantois had been examined at
a few incremental stages by TEM. Simple adhesion
plaques and spot desmosomes were noted at all
stages, though neither the distal nor proximal
halves were favored. Only one example of a possi-
ble junctional complex was reported, at the early

bud (EB) stage, in which a putative tight junction,
adherens junction, and spot desmosome were iden-
tified in the same plane of section (Fig. 4 in Downs
et al., 2004).

On the basis of our permeability data, we sys-
tematically examined the allantoic mesothelium
by TEM, comparing its profile with that of the
yolk sac endoderm, an established epithelium.
Cells of yolk sac endoderm exhibited abundant
microvilli, coated vesicles of varying sizes,
much rough endoplasmic reticulum, and many
mitochondria (Fig. 7A). Individual endodermal
cells were so closely packed and so highly inter-
digitated that intercellular boundaries were dif-
ficult to discern; when an apical intercellular
junction was identified, it was always impossi-
ble to follow it to its nether reaches (e.g.,
Fig. 7A). Nevertheless, we occasionally identi-
fied provisional junctional complexes in the yolk
sac endoderm (e.g., Fig. 7B,C) beneath which
the cell membranes were highly interdigitated
(Fig. 7C).

At bud stages, most outer allantoic cells were
arranged in ad hoc manner with no continuity
between them (Fig. 7D). The apical surface of
these cells was irregular and scalloped (Fig. 7E–
G). Intercellular contact between cells could ei-
ther be minimal, involving one focal site (e.g.,
Fig. 7E), or more expansive, involving close con-
tact between cells along their entire length (Fig.
7E–G). Bud-stage mesothelial cells exhibited few
vesicles, some strands of rough endoplasmic
reticulum, and abundant polyribosomes (Fig.
7E–G).

Close inspection revealed that, unlike the
yolk sac, mesothelial cells were not interdigitat-
ing with each other at any stage. Thus, if junc-
tional complexes were present, they should
be detectable. We were not able to discern junc-
tional complexes typical of an epithelium;
rather, each contact point appeared as a simple
adhesion junction, either a collection of
poorly defined densities or more often, exhibit-
ing a blanket stitch profile (e.g., Fig. 7H). Spot
desmosomes were occasionally observed at
all stages, with no preferred site of regional
localization. At no stage was a clear basal lam-
ina observed beneath the mesothelial cells by
TEM.

At headfold through 5-s stages, outer distal me-
sothelial cells exhibited two profiles: some cells
were still polygonal (Fig. 8A), with multiple inter-
cellular contacts generally made near their apical
surfaces, or, more often, cells were squamous, with
single intercellular contact points between them
(Fig. 8B). In addition, while distal cells displayed
occasional vesicles (Fig. 8A), the majority of intra-
cellular organelles appeared to be polyribosomes
(not shown) with occasional strands of rough endo-
plasmic reticulum and mitochondria. By contrast,

Fig. 4. BDA permeability index (PI). PI for three mesothelial
regions, distal, VCM, and DCM. Scores ranged from 1 (imper-
meable, dextran located mesothelial surface only) to 3 (permea-
ble, dextran spread throughout the core). A value of 2 was
assigned if brown stain of BDA was observed only on cells im-
mediately beneath the mesothelial surface. Sample sizes are
indicated for each developmental stage. Error bars represent
6standard error of the mean. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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both cuboidal DCM and VCM cells made discrete
intercellular contacts along their length, leaving
wide gaps of intercellular space between them (Fig.
8C,D). They exhibited some vesicles (Fig. 8C) and

considerable rough endoplasmic reticulum (data
not shown). Nuclei were irregularly shaped. Inter-
cellular junctions were of the blanket stitch type
(Fig. 8E,F), or somewhat poorly defined (Fig. 8F).

Fig. 5. Localization of Zonula occludens-1 (ZO-1) to visceral yolk sac endoderm and allantois. LM. (A) Early bud (EB) stage.
Arrow, ZO-1 signal in yolk sac endoderm. Arrowheads, examples of ZO-1 signal on the surface of and within the allantois. (B) LB
stage. Arrow, example of ZO-1 signal in presumptive VCM region. (C–E) LHF stage. Lower arrow, left, DCM region; upper arrow,
right, VCM region. (D) Arrow, VCM region (V); arrowhead, ZO-1-positive allantoic core cell. (E) Arrow, DCM region (D) showing
positive ZO-1 signal; arrowhead, ZO-1 within allantoic core. (F, G) 4-s stage. Low- (F) and high- (G) magnifications of an
allantois growing between the amnion and the yolk sac; arrowheads indicate contact points between dorsal protrusions and
amnion. (G) Higher magnification shows proximal allantoic region; arrowhead indicates a cluster of ZO-1 core cells; arrow
indicates ZO-1 staining on VCM. (H) Positive control for ZO-1. Deciduum (d) surrounding conceptus (asterisk) at 5.0 days post-
coitum (dpc) exhibits punctate ZO-1 staining (arrowheads). (I, J) Control conceptuses for control peptide (CP), 6-s (I) and minus
antibody (-Ab), 5-s (J). See Materials and Methods. Scale bar in (J) 5 50 lm (A, B, G, J); 100lm (D); 75 lm (E); 35 lm (C, H, I);
25 lm (F).
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Finally, the cells of the allantoic blebs (Fig. 1K)
looked identical to other mesothelial cells except
that they formed spherical projections of cells con-
nected by a few spot adhesion junctions surround-
ing a few central cells (Fig. 9). Their porosity to
BDAs was similar to that of distal mesothelium,
and they exhibited all of the other properties

described in this study for distal mesothelium
(data not shown).

Together with results of IHC for ZO-1 and E-
cadherin, these ultrastructural observations sug-
gested that mature tight junctions are absent or
rare on the surface of the allantois at all stages
examined here.

Fig. 6. Localization of Epithelial-cadherin (E-cadherin) to the allantois and other tissues. LM. (A) LB stage, visceral yolk sac
endoderm (ys). Arrowheads point to examples of E-cadherin-positive cells. The outermost cells have been cut obliquely across the
apex of the endoderm; because the apex is highly vacuolated, the cells appear as empty space. (B, C) EHF stage, same conceptus.
(B) Asterisk, cardiac field. E-cadherin is not discernible. Arrowhead, notochord/endoderm and neurectoderm (ne) are positive for E-
cadherin. (C) Node, arrowhead, is positive for E-cadherin. (D, E) LB stage at low- (D) and high- (E) magnifications. Asterisk indi-
cates the ACD region, which is E-cadherin positive. Arrowhead, example of positive cells in yolk sac endoderm. (F, G) EHF stage
at low- (F) and high- (G) magnifications, showing E-cadherin-positive midline core cells (arrowheads), and ACD region (asterisks).
(H, I) 5-s stage. E-cadherin is not discernible in the allantois, particularly its DCM (left arrow, I) and VCM (right arrow, I) but was
strong in the endoderm of the hindgut invagination (arrowhead). Asterisk, ACD region. (J) 5-s stage. Minus antibody control. (K)
8-s stage. Arrow indicates the VCM; hg, hindgut. Scale bar in (K) 5 100 lm (G, H); 125 lm (E); 150 lm (A); 210 lm (C); 85 lm (B,
J); 75 lm (D); 60 lm (I, K).
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Fig. 7. Cell contacts and ultrastructure in allantoic bud stages. Transmission electron microscopy (TEM). (A–C) 3-s stage. Yolk
sac endoderm. Overview of visceral yolk sac endoderm (A), showing numerous microvilli, vesicles, and abundant rough endoplasmic
reticulum of two contiguous cells. Higher magnification (B) shows example of two contiguous cells sharing a potential junctional
complex of a tight junction, adherens junction and a spot desmosome. Arrowheads indicate start and end of the junctional complex.
(C) Two contiguous endodermal cells overlying the allantois, 1-s stage, showing interdigitation (arrow) between them, just beneath
the junctional complex (arrowhead). (D–G) LB stage. Low magnification of the LB stage allantois (D); high magnification of the
distal allantois (E) showing ad hoc contacts between cells (arrowhead indicates one focal site, arrow many focal sites between cells);
DCM (F) and VCM (G). (H) EB stage. Example of a typical point of contact between two cells, in this case, within the DCM. Note
the blanket stitch profile of the intercellular connections (arrowheads); this junctional profile was found between mesothelial cells
in all regions at all stages. Scale bars in upper left or lower right panels 5 2 lm (A, F); 500 nm (B, H); 600 nm (C); 50 lm (D);
5 lm (E, G).
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Afadin and Alpha-4-Integrin Exhibit Distinct
Regional Properties on VCM and DCM

The apical surface of yolk sac endoderm was posi-
tive for afadin at all stages, forming a robust contin-
uum (Fig. 10). In bud stage allantoises, afadin levels

appeared to be strongest in mesothelium, but afadin
was also found throughout core allantoic mesoderm
(Fig. 10A). In addition to the visceral endoderm of
the yolk sac, afadin localized to the AX.

By the headfold stages, afadin appeared as a
continuous stripe on the surface of the VCM.

Fig. 8. Cell contacts and ultrastructure in headfold and early somite stages. TEM. (A, B) LHF stage, distal profiles of polygonal
(A) and squamous (B) cells and their contacts (arrowheads). (C–F) 3-s stage. DCM (C), VCM (D), examples of similar blanket stitch
adhesion junctions (arrowheads, E, F) or more poorly defined ones (arrow, F) in distal mesothelium (E) and VCM (F). Scale bars in
panel corners 5 5 lm (A, B); 10 lm (C); 20 lm (D); 1 lm (E); 500 nm (F).
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Within the DCM, staining was more diffuse and
associated with underlying core cells and throughout
the remainder of the allantois (Fig. 10B). These
observations highlight the generally more regular
positioning of the VCM vis-à-vis other allantoic cells.
Although robust afadin persisted in the VCM and
DCM throughout the timeperiod examined, it
seemed to be strongest in the VCM by 4-s
(Fig. 10C,D) where it appeared to surround VCM
cells rather than be confined to the apex, as in the
yolk sac and AX (Fig. 10C,D,G). Given that afadin
was strongest at this stage, we used 4-s specimens to
show specificity of antibody staining (compare Fig.
10E,F). At 6-s, afadin staining abruptly terminated
within the yolk sac endoderm and was not discerni-
ble in the AX or hindgut invagination (Fig. 10G). At
this time, afadin was strongest in the VCM
(Fig. 10G), but strong diffuse staining also localized
to the DCM and underlying core cells (Fig. 10H). By
7-s, VCM afadin persisted as the latter extended
over the nascent omphalomesenteric artery
(Fig. 10I). Finally, the ACD region never exhibited
levels of afadin stronger than any other core cells.

In light of these collective results, we re-exam-
ined localization of alpha-4-integrin, previously
remarked upon in the dorsal region of the allantois
(Downs, 2002). At all stages (EB-6-s), alpha-4-
integrin was detectable only in the single layer of
mesothelial cells that constitute what we call here
the DCM (Fig. 11A–C), further underscoring
distinct differences between the VCM, DCM and
distal mesothelial surface.

DISCUSSION

We report that, by comparison with yolk sac
endoderm, mesothelium of the allantois does not
appear to be a typical epithelium. Nevertheless,
allantoic mesothelium exhibits regionally distinct
morphological, functional and molecular properties
both at the time of the appearance of the allantoic
bud, and during the bud’s elongation period, just
prior to union with the chorion and tail rotation.

On the basis of our findings, we conclude that
the mesothelial cells over much of the allantois
have incomplete junctional complexes and are less
consistently polarized than a more typical epithe-
lium. Consequently, allantoic mesothelial cells
would not be expected to modulate differences
between the internal and external environments to
as great an extent as an epithelium with consist-
ent tight junctions. Regional variations in this
overall arrangement may form the basis for differ-
ential mesothelial permeability observed with BDA
challenge. Specifically, cell shape may influence
the number of intercellular adhesion points and
affect mesothelial permeability, with squamous
distal mesothelium and its few contact points more
porous than cuboidal proximal mesothelium and
its more numerous ones. Nevertheless, VCM and
DCM, while similar in cell shape, ultrastructure,
and possibly numbers of contact points, exhibited
distinct permeability differences, with VCM imper-
meable to high- and low-MW BDA, whereas DCM
was impermeable only to higher MW BDA.

Fig. 9. Ultrastructure of allantoic blebs. (A) 2-s stage. An allantoic bleb composed of several mesothelial cells surrounding portions
of more central cells. The communication with the allantois on the right has been cut off due to sectioning. (B) 5-somite stage. A distal
bleb with several mesothelial cells surrounding several internal cells. The bleb loosely communicates with the allantois on the right.
The relatively large amount of extracellular space is also characteristic of this later stage. Scale bars 5 2.0 lm (A); 2.6 lm (B).
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The basis for these differences is not clear.
One possibility is that VCM cells contain more or
qualitatively different contact points. This is sup-
ported by the relative differences in ZO-1 intensity
in the VCM and DCM, with ZO-1 darker and more
concentrated in the VCM (Fig. 5 and 9). Alter-
natively, VCM cells may be associated with an
extracellular matrix that may plug gaps between
its cells, similar to the intestinal epithelium as the
latter undergoes renewal (Watson et al., 2009). For

example, although results of TEM here and in a
previous study in the rat allantois (Ellington,
1985) did not reveal the presence of a basal lamina
beneath the allantoic mesothelium at any stage,
we had recently demonstrated that what we here
recognize as the VCM was associated with robust
perlecan and Col IV, both proteins of which are
found in extracellular matrix (Mikedis and Downs,
2009). In particular, while Col IV cannot be part
of an allantoic basal lamina, it appeared in a

Fig. 10. Localization of afadin (AF-6) to the allantois and surrounding tissues. (A) LB stage. Arrowheads indicate intense afadin
on allantoic mesothelium. Asterisk, ACD region; ax, allantois-associated extraembryonic visceral endoderm. (B) EHF stage. Upper
arrow, VCM; lower arrow, DCM; arrowhead, example of afadin-positive inner core cell; asterisk, ACD. (C–F) 4-s stage. Sagittal (C)
and transverse (D) sections show strong afadin in the VCM (upper arrowhead in (C), lower arrowhead in (D)), diffuse afadin in
DCM and underlying core cells (lower arrow in (C), upper arrow in (D)), and positive inner core cells (arrowheads, C, D). Positive
(E) and corresponding negative (F, minus antibody, -Ab) controls. (G, H) 6-s stage. VCM (G), arrow, afadin-negative hindgut invagi-
nation, arrowhead; DCM (H), arrow. (I) 7-s stage. Arrow indicates afadin-positive VCM that appears to be spreading over the devel-
oping omphalomesenteric artery that is elongating from its putative site of origin in the VOC (asterisk). Scale bar in (I) 5 50 lm
(C, E, F, I); 75 lm (D, G, H); 116 lm (B); 90 lm (A).
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previous study (Mikedis and Downs, 2009) to cir-
cumscribe the ACD, part of it localizing beneath
the VCM. There, it might prevent the passage of
and/or sequester substances from the exocoelom
into the underlying allantoic core.

Regionalization and Porosity of the Allantoic
Mesothelium: A Role in Vascular Patterning?

The use of BDAs provided evidence that each
mesothelial subtype, distal, DCM and VCM, may
be intimately linked to its underlying core cells.
We had previously shown through grafting that
the allantois exhibited distal, mid- and proximal
regionalization by headfold stages (Downs and
Harmann, 1997; Downs, 1998). Specifically, when
distal region cells were grafted into the base of the
allantois, they returned to the distal allantois,
while proximal cells remained within the proximal
region of the allantois. Immunohistochemical anal-
yses further supported compartmentalization of
the allantois, revealing that distal mesothelium
and its underlying cells expressed VCAM-1
(Downs, 2002) at a consistent distance from the
embryonic junction by headfold stages (Downs
et al., 2004), while alpha-4-integrin was associated
with the DCM (see Downs, 2002, and this study).

Thus, the allantois may be compartmentalized
into distinct regions by the headfold stage. On that
basis, we propose that allantoic mesothelium is
involved in establishing the vascular pattern of the
nascent umbilical artery. We had previously
observed that the primary umbilical artery is
patterned over time (Inman and Downs, 2006b). It
consists of a simple proximal ‘‘stem’’ that fans out
distally into a highly branched network of vessels

(Naiche and Papaioannou, 2003; Inman and Downs,
2006b). This pattern is undoubtedly functionally
significant. Distally, the branched network of allan-
toic vessels would become distributed along most of
the chorionic plate as the allantois spreads onto it
during early placental morphogenesis, penetrating
it and creating a large surface area by which
nutrients, wastes, and gases are exchanged with the
mother (Cross et al., 2003; Fig. 2D). Proximally, and
by contrast, the relatively simple unbranched stem
connects to the VOC, which is ventrally positioned
in the allantoic core and lies beneath the VCM
(Downs et al., 1998; Inman and Downs, 2006b).
Although poorly characterized, the VOC channels
the entire arterial circulatory system of the concep-
tus into the umbilical cord. Distal and proximal
regions of the allantoic mesothelium may, therefore,
reflect unique functions in branching and channel-
ing of the nascent umbilical vasculature.

Given these and the observation that the allan-
tois is bathed over much of its surface in exocoelo-
mic fluid, we propose a model by which porous
distal mesothelium may permit the diffusion of
factors from exocoelomic fluid that might act upon
distal endothelial cells to promote vascular branch-
ing, while the impermeable VCM, which overlies
the unbranched stem of the nascent arterial sys-
tem, prevents such passage, and inhibits proximal
branching (Fig. 12). Although the factors involved
in umbilical patterning are not known, some can-
didate molecules may be members of the Fibro-
blast Growth Factor (FGF) family, many of which
are angiogenic factors. Most FGFs have molecular
weights between 17,000 and 34,000 (Ornitz and
Itoh, 2001); as revealed in this study, distal meso-
thelium is permeable to BDA of molecular weight
as high as 500,000, whereas proximal mesothelium

Fig. 11. Localization of alpha-4-integrin to the DCM. LM. In all panels, the arrow indicates
the alpha-4-integrin-positive DCM. (A) LB stage. (B) 3-s stage. (C) 4-s stage, transverse orienta-
tion. Scale bar in (C) 5 50 lm (B); 75 lm (A, C).
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is not. Of course, other factors such as protein
shape, charge, and post-translational modifications
may be as important as molecular size in the
ability to weave through mesothelial junctions.
Nevertheless, molecules between 3,000 and
500,000 MW may be able to diffuse between cells
of the distal mesothelium and promote vascular
branching, whereas they cannot get through proxi-
mal mesothelium, where underlying endothelial
cells form an unbranched vascular stem. FGFs
require heparan sulfate proteoglycans (HSPG) as
coreceptors for their interactions with specific FGF
receptors (Javerzat et al., 2002). Although perle-
can, an HSPG, and Fgf8 have been identified in
the allantois (Crossley and Martin, 1995; Mikedis
and Downs, 2009), little is known about the spatio-

temporal whereabouts, if any, of most FGFs and
their receptors there. Mouse embryos lacking
Fgfr2 protein exhibited reduced vascularization
and failed to form a labyrinth (Xu et al., 1998),
suggesting that FGFs are involved in branching
vascularization of the allantois. However, whether
Fgfr2 localizes to the allantois and/or chorion is
not known.

Unfortunately, the nature and content of the
exocoelomic cavity are poorly characterized. The
exocooelomic cavity is delimited by the chorion,
visceral yolk sac, amnion, and mesothelial surface
of the allantois. Only the yolk sac has been charac-
terized for its role in contributing to the content of
the exocoelom. Exocoelomic fluid contains immuno-
globulins passively transferred by the yolk sac
from the mother (Brambell, 1966), as well as pro-
teins both actively transported and manufactured
by this tissue (Huxham and Beck, 1984). These
include alpha-fetoprotein, albumen, prealbumen,
alpha-antitrypsin, transferrin, embryo-specific
alpha globulin, and conalbumen. However, a num-
ber of other proteins remain uncharacterized.
Therefore, which growth factors are present in the
exocoelom, and from where they come, is obscure.

The exocoelom may not be the only source of fac-
tors that enter the porous allantoic mesothelium.
Given that the allantois grows through this cavity
in close association with the adjacent amnion and
yolk sac (Fig. 1E), it is possible that these tissues
are a source of vascular/hematopoietic inducing
signals that are transmitted through direct con-
tact. For example, the yolk sac endoderm promotes
vasculogenesis and hematopoiesis of yolk sac
mesoderm through hedgehog signaling (Dyer
et al., 2001). Perhaps, endoderm-derived hedgehog
signaling (Becker et al., 1997; Farrington et al.,
1997) acts on the allantois to promote these proc-
esses there, as previous results have indicated
that the allantois not only undergoes vasculogene-
sis (Downs et al., 1998) but also has hematopoietic
potential, as well (Zeigler et al., 2006). However,
whether hedgehog signaling is involved in allan-
toic vasculogenesis is not clear; for example, while
abrogation of hedgehog signaling affects yolk sac
vascularization, it seems not to have a direct effect
on vascularization of the allantois (Astorga and
Carlsson, 2007). However, patterning and hemato-
poiesis were not examined in this study.

Alternatively, allantoic mesothelium may play a
role in the biology of its adjacent tissues, as the
ultrastructure of the proximal walls suggested roles
in protein production and secretion. For example,
whilst the mammalian amnion is not generally vas-
cularized, ectopic blood vessels have been observed
there in Smad5 mutants (Chang et al., 1999; Bos-
man et al., 2006), suggesting that the murine amn-
ion has the potential to vascularize but is normally
suppressed from doing so. Perhaps contact with the
mouse allantois suppresses amniotic vascularization

Fig. 12. Model for the role of mesothelial permeability in
patterning the allantoic vasculature. Schematic diagram of a
sagittal view of the allantois. Distal arrowheads indicate poten-
tial flow from the exocoelom into the permeable distal mesothe-
lium of the allantois. The result is a branched arterial system
that will spread over the chorion. Left large arrow stroked with
green indicates communication from the amnion and/or exocoe-
lom through the dorsal cuboidal mesothelium (DCM) (dark
brown color) to its underlying layers, but stopping at the allan-
toic core domain (ACD), which is protected from flow (dark
green color and large arrow stroked with red) by the Ventral
Cuboidal Mesothelium (VCM) (blocked at white rectangle). The
result of VCM protection is an unbranched arterial stem that
fuses precisely at the Vessel of Confluence (VOC, white aster-
isk) with the pre-omphalomeseneteric artery (oa) of the visceral
yolk sac (ys), and the right and left paired dorsal aortic arteries
of the fetus (da, shown in side view).
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in this species. Indeed, Smad5 localizes to the amn-
ion (Chang et al., 1999), while BMP-4, which can in-
hibit downstream gene expression through Smad5
(Yamamoto et al., 1997; Nishimura et al., 1998), is
found in allantoic mesothelium at all stages (Lawson
et al., 1999; Downs et al., 2004).

Lability and Blebbing of the Allantoic
Mesothelium: Roles in Placental
Morphogenesis and/or Hematopoiesis?

While permeability of the allantoic surface may
play a role in vascular patterning, why tight junc-
tions are not involved in the selective permeability
we observed is not clear. One possibility is that,
distally, a labile mesothelium may be required for
transformation of the distal tip of the allantois
into a major component of the placental labyrinth.
One of us had shown that chorio-allantoic fusion
is mediated by the mesothelial surfaces of the
allantois and chorion (Downs and Gardner, 1995).
Although the fate of these mesothelial surfaces is
still not known, it is tantalizing to speculate that
the lack of junctional complexes on mesothelium
may facilitate the latter’s breakdown to allow the
allantoic vasculature to penetrate the chorion or
differentiation into appropriate allantoic cell types
of the labyrinth.

Alternatively, lability of the mesothelium may
promote mesothelial differentiation into compo-
nents of the vascular and hematopoietic systems.
Although previous authors commented that allan-
toic blebs bore a superficial resemblance to yolk
sac blood islands, they concluded that this was as
far as the similarities went, as they found no evi-
dence for the presence of blood islands in the
allantois (Tamarin and Boyde, 1976). Nevertheless,
given the persistence of these blebs through the 8-
s stage, it is possible that the blebs may function
as microniches for the eventual formation of defini-
tive hematopoietic cells. The latter were identified
on the surface of the allantois after several days in
explant culture (Zeigler et al., 2006), and within
the chorio-allantoic placenta at 11.5 dpc (Gekas
et al., 2005; Otterbach and Dzierzak, 2005).
Indeed, we have observed the presence of extracel-
lular matrix within allantoic blebs that might
promote hematopoiesis there (Mikedis and Downs,
2009).

Another role for a permeable mesothelium, possi-
bly concomitant with hematopoiesis, may be to aid
the spread of the allantois onto the chorion, similar
to the rolling mechanism used by hematopoietic
cells along bone marrow sinusoidal endothelial cells
to home to the bone marrow (Chute, 2006). Many
molecular homing components are found in the
allantois, such as integrins (Yang et al., 1993;
Downs, 2002), VCAM-1 (Gurtner et al., 1995; Kwee
et al., 1995; Downs, 2002), and PECAM-1 (Naiche
and Papaioannou, 2003; Inman and Downs, 2006b).

At the same time, blebs covered by mesothelium
could provide a reserve of mesothelial-committed
cells that could cover the expanding allantois with-
out the immediate need for recruitment of new
mesothelial cells. Thus, the blebs could provide a
ready source of cell membranes necessary for
formation of the chorionic labyrinth. A role in the
process of chorio-allantoic union for the blebs,
described as ‘‘spheroidal cells,’’ had previously been
speculated upon (Tamarin and Boyde, 1976).

Potential Roles for E-Cadherin, ZO-1, and
Afadin in the Allantois

Although abundant E-cadherin protein was
observed in the murine visceral yolk sac at all
stages, allantoic E-cadherin was detectable only
within the presumptive ACD, despite an abundance
of adhesion complexes in the allantoic mesothe-
lium. Allantoic E-cadherin in the proximal core is
consistent with a role in the origin of the primor-
dial germ cells (Okamura et al., 2003), which are
thought to originate within or near what we now
know to be the ACD (Chiquoine, 1954; Ozdzenski,
1967). Thus, E-cadherin does not appear to play a
role in the biology of nascent allantoic mesothelium
and its adhesion complexes.

By contrast with E-cadherin, ZO-1 was abun-
dant throughout the allantois at all stages, appear-
ing as punctate and discontinuous spots within
and between inner and outer cell populations.
Although recent evidence suggests that ZO-1 and
related proteins are critical regulators of tight
junction assembly in some cell types (Fanning and
Anderson, 2009; Tsukita et al., 2009), they are also
components of the adhesion junction in nonepithe-
lial cells, such as fibroblasts and cardiomyocytes;
cells lacking ZO proteins have been shown to have
defects in assembly of adherens junctions
(reviewed in Fanning and Anderson, 2009). Our
data suggest that ZO-1 may play a role in assem-
bly of adhesion junctions in allantoic mesodermal
cells, rather than in tight junction formation. A
number of other proteins, such as occludin and
claudin, are found in tight junctions and may
be useful in future for determining if allantoic
mesothelium ever forms a conventional epithelial
surface (Steed et al., 2010).

Afadin acts as a scaffold protein that links
nectin family cell adhesion proteins to actin-bind-
ing proteins and intracellular signaling pathways
(Rikitake and Takai, 2008; Takai et al., 2008), thus
possibly coordinating cell signaling with cytos-
keletal rearrangements. Afadin was strongly
expressed in the VCM, suggesting that it may play
a role in cell signaling there. For example, recent
evidence suggests that afadin attenuates vascular
endothelial growth factor (VEGF; Tawa et al.,
2010), whose presence was noted in what we here
recognize as the VCM (Miquerol et al., 1999).
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Given that the VCM overlies the unbranched
portion of the nascent umbilical artery, which
contains Flk-1 (Downs et al., 1998), one of VEGFs
major receptors (Yamaguchi et al., 1993), afadin
may modulate VEGF and thus, vascularization of
the proximal stem. Afadin is also involved in
attenuation of Platelet Derived Growth Factor
(PDGF; Nakata et al., 2007), which has been found
in allantoic mesoderm and is required for laby-
rinth formation (Ohlsson et al., 1999). Thus, afa-
din’s role in signaling and establishment of new
adhesion points allows us to presume that robust
afadin localization to the VCM may be essential
for coordinating the signaling and cytoskeletal
changes necessary for the multitude of processes
that occur in the understudied posterior embryonic
region.

CONCLUSIONS

The rodent allantois is thought to be unique
amongst placental mammalian umbilical cords in
not having an endodermal component (Mossman,
1987). Results of this study further support that
conclusion, as we found no evidence for an endo-
dermal component of the allantoic surface. How-
ever, the proximal walls of the allantois, like endo-
derm, were cuboidal in shape and exhibited an
ultrastructure more conducive to protein synthesis
than those of the distal mesothelium. In that
regard, the proximal allantoic walls may act less
like a transporting epithelium and more like a
synthetic one, and thus, produce factors that influ-
ence decisions in associated tissues. For example,
given its position over the ACD, the VCM may
play a role in regulating the proliferative and
differentiative properties of this core region, which
is essential for elongation to the chorion. By con-
trast, the DCM, which exhibited similar ultra-
structure but greater porosity and differential
gene expression, might play a distinctly different
role in the biology of the allantois. Unfortunately,
very few systematic studies have been carried out
on this major embryonic appendage. We anticipate
that results of this study will provide a sound
foundation upon which to build a systematic and
coherent understanding of the role of the allantois
as the interface between the mother and fetus.
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