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Hedgehog Signaling in the Posterior Region of
the Mouse Gastrula Suggests Manifold Roles in
the Fetal-Umbilical Connection and Posterior
Morphogenesis
Jacob M. Daane and Karen M. Downs*

Although many fetal birth defects, particularly those of the body wall and gut, are associated with abnormal-
ities of the umbilical cord, the developmental relationship between these structures is largely obscure.
Recently, genetic analysis of mid-gestation mouse embryos revealed that defects in Hedgehog signaling led to
omphalocoele, or failure of the body wall to close at the umbilical ring (Matsumaru et al. [2011] PLos One
6:e16260). However, systematic spatiotemporal localization of Hedgehog signaling in the allantois, or umbili-
cal precursor tissue, and the surrounding regions has not been documented. Here, a combination of reagents,
including the Ptc1:lacZ and Runx1:lacZ reporter mice, immunohistochemistry for Smoothened (Smo), Sonic
Hedgehog (Shh), and Indian hedgehog (Ihh), and detailed PECAM-1/Flk-1/Runx-1 analysis, revealed robust
Hedgehog signaling in previously undocumented posterior sites over an extended period of time (~7.0–9.75
dpc). These included the recently described proximal walls of the allantois (Ventral and Dorsal Cuboidal Mes-
othelia; VCM and DCM, respectively); the ventral embryonic surface continuous with them; hemogenic arte-
rial endothelia; hematopoietic cells; the hindgut; ventral ectodermal ridge (VER); chorionic ectoderm; and
the intraplacental yolk sac (IPY), which appeared to be a site of placental hematopoiesis. This map of Hedge-
hog signaling in the posterior region of the mouse conceptus will provide a valuable foundation upon which
to elucidate the origin of many posterior midline abnormalities, especially those of the umbilical cord and
associated fetal defects. Developmental Dynamics 240:2175–2193, 2011. VC 2011 Wiley-Liss, Inc.
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INTRODUCTION

At least half of all umbilical defects
are associated with abnormalities in

posterior fetal organs, suggesting the
existence of an intimate developmen-
tal relationship between the fetus and
its vital umbilical conduit to the

mother (Stevenson and Hall, 2006).
However, as the umbilical cord has
been discarded in most experimental
investigations and embryological
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ABBREVIATIONS ACD allantoic core domain AX allantois-associated extraembryonic visceral endoderm DCM dorsal cuboidal
mesothelium IPS intraembryonic primitive streak IPY intraplacental yolk sac VCM ventral cuboidal mesothelium VER ventral
ectodermal ridge VOC vessel of confluence XPS extraembryonic primitive streak.
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collections (Carter, 2007), important
morphological and molecular informa-
tion that could reveal the develop-
mental relationship between the fetus
and its umbilical cord has unfortu-
nately been forfeited. Consequently,
many umbilical-associated fetal poste-
rior defects have been assigned to the
non-specific category of ‘‘orphan dis-
eases’’ (http://rarediseases.info.nih.
gov/); these include omphalocoele,
gastroschisis, body wall defects, sire-
nomelia, imperforate anus, and Can-
trell pentalogy.

In this study, we have investigated
the whereabouts of Hedgehog signal-
ing in the umbilical precursor, called
the allantois, and surrounding tis-
sues, including the posterior region of
the fetus. Hedgehog was selected
because of its association with defects
of the embryonic midline (Chiang et al.,
1996; Roessler et al., 1996), particularly
those involving the notochord, or ante-
rior extension of the primitive streak.
Recent results have suggested that the
allantois, common to all amniotes, is a
posterior midline appendage formed by
extension of the primitive streak into
the extraembryonic region (Downs
et al., 2009). There, the extraembryonic
streak creates a cell reservoir, the
allantoic core domain (ACD), critical
for allantoic bud formation, elongation
to the chorion, and vascularization
(Downs et al., 1998; Inman and Downs,
2006; Downs et al., 2009).

Previous studies had shown that
abrogation of Hedgehog signaling
affects vascularization of the yolk sac
but not that of the allantois (Astorga
and Carlsson, 2007); from this, the
authors concluded that allantoic vascu-
larization is distinctly different from
other vascular systems. However, while
allantoic vascularization was not de-
pendent upon Hedgehog, the authors
did not provide information on the loca-
tion of Hedgehog in the allantois, and
did not consider a potential role for
Hedgehog signaling in other aspects of
allantoic vascularization, for example,
patterning and hematopoiesis.

The nascent allantoic artery is ster-
eotypically patterned (Naiche and
Papaioannou, 2003; Inman and
Downs, 2006). Distally, it consists of a
highly branched network of Flk-1
(Downs et al., 1998) and PECAM-1
(Inman and Downs, 2006) -positive
endothelial cells that spread over

the chorion and become part of the
labyrinth, or site of fetal-maternal
exchange. Proximally, the relatively
unbranched nascent artery is directly
aligned with the primitive streak, or
midline of the future embryonic body;
it amalgamates with the prospective
visceral yolk sac omphalomeseneteric
artery (OA) and fetal dorsal aortae at
a single site, which we have provi-
sionally called the ‘‘vessel of conflu-
ence’’ (VOC) (Inman and Downs,
2007). Fetal blood is collected from
far-flung embryonic sites and effi-
ciently channeled to and from the lab-
yrinth via the VOC. Although the
processes of chorio-allantoic union
and vascularization of the chorionic
plate are controlled at multiple
genetic levels (reviewed in Rossant
and Cross, 2001; Cross et al., 2003;
Cross, 2005; Inman and Downs,
2007), the mechanism by which the
umbilical vasculature becomes pat-
terned and patent with the other
major circulatory systems of the con-
ceptus is not known. In addition, the
allantois exhibits definitive hemato-
poietic potential (Zeigler et al., 2006;
Corbel et al., 2007), but the location of
allantoic hematopoietic niches, if they
exist, is obscure.

Recently, we discovered that the
outer surface of the murine allantois,
called the ‘‘mesothelium,’’ is region-
ally functionally distinct (Daane
et al., 2011), which led to a model in
which allantoic mesothelium medi-
ates vascular patterning within the
nascent umbilical cord. Specifically,
passage of small molecules into the
allantois from the exocoelom and/or
associated tissues, e.g., the yolk sac,
amnion, and chorion, may promote
distal vascular branching through
the porous distal mesothelium. By
contrast, the relatively impermeable
Ventral Cuboidal Mesothelium (VCM),
which overlies the nascent umbilical
artery and vessel of confluence, may
prevent proximal branching, ensuring
that fetal blood is channeled through
the VOC. Although the signaling path-
ways in this model have not yet been
identified, defective Hedgehog signal-
ing was recently shown to be involved
in omphalocoele, a defect of the umbili-
cal ring and associated body wall of
the fetus (Matsumaru et al., 2011).

To discover whether the proximal
allantoic walls were developmentally,

physically, and/or molecularly associ-
ated with the fetal body walls, we set
out to create a systematic blueprint of
sites of Hedgehog signaling during
the emergence of the allantois and
posterior region of the mouse concep-
tus, which included the proximal
allantoic walls, the embryonic body
walls, visceral yolk sac and OA, the
amnion, and the hindgut. All of these
are associated with various umbilical
defects, including omphalocoele (Ste-
venson and Hall, 2006). Although pre-
vious studies focused on Ptc-1, Shh,
and Ihh expression in the embryo
proper at widely-spaced intervals
(8.0–16.5 dpc; Bitgood and McMahon,
1995; Goodrich et al., 1995), the yolk
sac and chorio-allantoic labyrinth
(8.5–13.5 dpc; Jiang and Herman,
2006), and/or the anterior region of
the developing fetus (Epstein et al.,
1999), to the best of our knowledge,
localization of Hedgehog signaling
proteins at closely spaced intervals
has not been carried out during poste-
rior morphogenesis and establish-
ment of the fetal-umbilical connec-
tion. Our results implicate possible
new roles for Hedgehog signaling in
development of the umbilical and
fetal body walls, hindgut, posterior
arterial system, and hematopoiesis.

RESULTS AND DISCUSSION

Developmental Phases and

General Experimental

Strategy

Development of the posterior region
of the murine conceptus was parsed
into three anatomical phases based
on the relationship between the allan-
tois, extraembryonic tissues, and the
embryo/fetus (Table 1). The focus in
this study was on localization of Ptc-1,
the major receptor of all Hedgehog
ligands. Binding of secreted Hedgehog
to Ptc-1 relieves inhibition of Smooth-
ened, a G-protein-coupled receptor
that activates downstream intracellu-
lar components of the pathway, lead-
ing to morphogenetic organization
during embryogenesis (reviewed in
Wilson and Chuang, 2010). To verify
association of Ptc-1 with these signal-
ing partners, we included experiments
that examined the relationship
between Smoothened (Smo), and the
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signaling ligands, Sonic hedgehog
(Shh) and Indian hedgehog (Ihh) with
Ptc-1. In addition, correlation of Ptc-1
with posterior vascularization and
hematopoiesis was made by PECAM-1
immunostaining (Newman, 1997), use
of the Flk1:lacZ reporter mouse (Sha-
laby et al., 1995) and the Runx1:lacZ
reporter mouse (North et al., 2002).

Modification of X-Gal

Staining Solutions Increased

the Sensitivity of the

Ptc1:lacZ and Runx1:lacZ

Reporters

To localize Ptc-1, we modified a stand-
ard X-gal staining protocol (Table 2,

see Experimental Procedures section).
In the standard reaction, galactose is
cleaved from X-gal by b-galactosidase,
expressed here from the Ptc1 pro-
moter, producing a colorless product
(5-bromo-4-chloro-indoxyl) that non-
enzymatically dimerizes into a blue
precipitate (Holt and Sadler, 1958).
Dimerization is an oxidation reaction
that requires electron acceptors of a
certain redox potential, and is fulfilled
by K3Fe(CN)6 and K4Fe(CN)6.3H2O
(Lojda, 1970) (5 mM each, Table 2). In
addition, K3Fe(CN)6 stimulates precip-
itation of the X-gal cleavage product
while K4Fe(CN)6 prevents oxidation of
the colored precipitate into a colorless
compound (Dannenberg and Suga,
1981; Poulsen et al., 1997).

The standard protocol produced an
X-gal precipitate whose intensity
ranged from dark blue throughout
the cells of the allantoic VCM, associ-
ated yolk sac endoderm/mesoderm,
yolk sac mesothelium, and some cells
of the node, to barely perceptible
punctate blue in the core cells of the
allantois, yolk sac mesothelia, and
chorionic mesoderm (Fig. 1A, D, G,
H, and data not shown). In addition
to dark blue staining at the end of
the reaction period, we noted a pur-
ple-pink color over the yolk sac and
allantois, which suggested that some
blue precipitate was oxidizing with
concomitant loss of signal (data not
shown).
Thus, to provide more certainty of

Ptc1 expression in sites of punctate
staining, we explored several scenar-
ios in which the molarity of each iron
component was doubled and used in-
dependently of the other (Table 2; Fig.
1B, C, E, F, I–L). We found that 10
mM K4Fe(CN)6-3H2O together with
unchanged concentrations of MgCl2
and X-gal both enhanced the X-gal
precipitate, especially in the VCM
and allantoic core (Fig. 1C, K, L), and
both components of the node (Fig.
1F); by contrast, 10 mM K3Fe(CN)6
decreased it (Fig. 1B, E, I, J). We,
therefore, concluded that some signal
was lost in the standard X-gal proto-
col through oxidation. Unless other-
wise indicated (see Experimental Pro-
cedures section), 10 mM K4Fe(CN)6-
3H2O, which produced the most
intense blue precipitate, was used
throughout this study, and also with
the Runx1:lacZ reporter mouse line.
Short staining times (6 hr) for both
Ptc-1 and Runx-1 appeared to identify
the most robust localization sites,
while longer periods brought out addi-
tional sites of lower level expression.
Further, while we noticed no increas-
ing intensity in X-gal staining beyond
13 hr in the Ptc:lacZ reporter, inten-
sity of X-gal staining increased
between 12–20 hr in the Runx1:lacZ
reporter, described in the appropriate
section. Finally, we noted that a few
giant cells of reporter-negative con-
ceptuses took up X-gal precipitate
only in the scenario where 10 mM
K4Fe(CN)6-3H2O was used (1/15 con-
ceptuses at 8.0 dpc; 2/9 at 9.0 dpc; 4/4
at 9.75 dpc; data not shown).

TABLE 1. Description of the Developmental Events Observed in this Study

Phase Morphogenetic events

Phase I (OB-HF,
�7.0–8.0 dpc)

� Emergence of allantoic bud;
� Formation of proximal allantoic walls

(VCM, DCM);
� Onset of allantoic elongation and vasculogenesis;
� Amnion, chorion, and yolk sac blood islands in

nascent states.
Phase II (1–9-s,

�8.0–8.75 dpc)
� Allantoic elongation and fusion with the chorion;
� Patterning the nascent umbilical artery into a

stem and branch structure;
� Establishment of the VOC;
� Amalgamation of the allantoic, yolk sac, and

embryonic dorsal aortae at the VOC;
� Hindgut invagination just anterior to VOC.

Phase III (10–27-s,
�8.75-9.75 dpc)

Phase IIIa (10–18-s; �8.75–9.25 dpc):
� Embryo turning;
� Formation/extension of the hindgut tube and

omphalomeseneteric artery (OA);
� Appearance of the midline aorta;
� Tailbud expansion;
� VCM and DCM shift to occupy midline anterior

(formerly VCM) and posterior (formerly DCM)
ventral positions;

� Formation of the umbilical ring.
Phase IIIb (�23–27-s; �9.75 dpc):
� Expansion of the tailbud, hindgut tube, and

omphalomeseneteric artery.

TABLE 2. Comparison of X-Gal Staining Solutions

I K3Fe(CN)6 II K4Fe(CN)6.3H2O MgCl2 X-gal

Standard 5 mM 5 mM 2 mM 1 mg/ml
Iron solution I 10 mM 0 2 mM 1 mg/ml
Iron solution IIa 0 10 mM 2 mM 1 mg/ml

aIron solution II was found to be optimal for the detection of Ptc-1 in this study.
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Hedgehog Signaling and Its

Relation to the Nascent

Allantoic Vasculature

Developmental phase I (Neural

plate/no allantoic bud (OB)

-Headfold stages, �7.0–8.0 dpc)

At the neural plate/no allantoic bud
(OB)-Neural plate/Early Bud (EB)
stages (�7.0–7.25 dpc), Ptc-1 was
heaviest in a circumferential ring at
the embryonic/extraembryonic bound-
ary (Fig. 2A). Histological examina-
tion revealed weak Ptc-1 in visceral
endoderm, both layers of the chorion
and amnion, and the proamniotic tube,
while heaviest Ptc-1 localized to the
entire nascent allantoic bud, and
extended into the adjacent mesoderm
of the visceral yolk sac (Fig. 2B). Ptc-1
was not present in the anterior embry-
onic node at the OB stage (Fig. 2A), but
emerged there by the EB stage
(Fig. 2C, D); at this and all subsequent
stages through 6-s, when examination
of the node ended, Ptc-1 was found in
both the ventral and dorsal components
of the node (Fig. 2C, D, N). In the allan-
toic bud, Ptc-1 localized most robustly
to the nascent VCM and was emerging
within the associated endodermal and
mesodermal components of the visceral
yolk sac (Fig. 2E).

By the Early Headfold (EHF) stage
(�7.75 dpc), Ptc-1 increased in inten-
sity in the allantois and node. While
present now in the notochord, Ptc-1
was not observed in the embryonic
primitive streak (located between the
node and the base of the allantois; Fig.
2F, and data not shown). Ptc-1 was
weakly present throughout the core of
the allantois, and within the amnion-
associated DCM (Fig. 2G). Allantoic
Ptc-1 was particularly robust in the
VCM and adjacent yolk sac mesoderm/
endoderm, creating a ‘‘V’’-shape at this
intersection (Fig. 2G), which was dis-
tal to the more weakly stained allan-
tois-associated extraembryonic vis-
ceral endoderm (‘‘AX’’), which plays a
role in establishing the allantoic bud
(Downs et al., 2009). Thus, allantois-
associated visceral endoderm is com-
partmentalized into distinct regions.

We next asked whether the Ptc-1
receptor was associated with the
Hedgehog signaling components, Smo,
Shh, and Ihh. For this, immunohisto-
chemistry was initiated at headfold

Fig. 1.

Fig. 2.
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stages (Fig. 2H–M, O–S). Smo, Shh,
and, to a lesser extent, Ihh, localized to
visceral endoderm, both embryonic
and extraembryonic, as well as to sev-
eral underlying cell layers (Fig. 2H, J,
L), including the primitive streak, em-
bryonic mesoderm, visceral yolk sac
mesoderm, associated blood islands,
and the cardiac field. All three proteins
were found in the ventral layer of the
node and notochord (e.g., Fig. 2O).
Why Ptc-1 localization was found in
the dorsal component of the node (Fig.
2N) while Smo was not is not clear, as
both Shh and Ihh were also observed
in the dorsal component (data not
shown). This discrepancy may be
explained by results of recent studies,
which have put forth evidence for non-
canonical Hedgehog signaling inde-
pendent of Smoothened (Jenkins,
2009; Chang et al., 2010).

Smo, Shh, and Ihh proteins were
found in allantoic cells internal to the
AX beneath the VCM. However, in
contrast to the Ptc1:lacZ reporter,
Smo, Shh, and Ihh were observed in
the embryonic component of the prim-
itive streak (compare Fig. 2F, G with
Fig. 2H–M). As reactions lacking
these antibodies revealed no back-

ground staining (data not shown), it
was not clear why their cognate pro-
teins were found in the embryonic
streak while Ptc-1 was not. Shh is
thought to form a major signaling
complex with Ptc-2 (Motoyama et al.,
1998), which was discovered after
Ptc-1 (Takabatake et al., 1997;
Motoyama et al., 1998). Thus, one
possibility is that Ptc-2 is the predom-
inant Hedgehog receptor in the em-
bryonic streak. Expression of Ptc-2
has not yet been reported at the
stages under scrutiny here. At this
and all subsequent stages, the amn-
ion variously contained Hedgehog sig-
naling elements (data not shown).

Finally, at the EB stage, Ptc-1 was
weakly present in the lateral edges of
chorionic ectoderm, which is com-
plexed with extraembryonic visceral
and parietal endoderm at sites of for-
mation of the future Sinuses of Duval,
composed of extraembryonic endo-
derm that creates the intraplacental
yolk sac (IPY) (Duval, 1892) (Fig. 2P).
At the EHF stage, Ptc-1, Smo, and
Shh were also found in this site (Fig.
2Q–S), while Ihh was much less
intense here, if present at all (data
not shown).

Developmental Phase II

(1–9 somite pair (�s) stages,

�8.0–8.75 dpc)

Overlapping sites of Hedgehog local-
ization continued throughout Phase
II (1–9-s stages, �8.0–8.75 dpc). Ptc-1
(Fig. 3A–F), Smo (Fig. 3G–I), Shh
(Fig. 3J–L), and Ihh (Fig. 3M–O) were
consistently most robust in the inti-
mately associated allantoic VCM and
adjoining visceral yolk sac mesoderm/
endoderm (e.g., Fig. 3E, I, M). By 3–4-s,
Ptc-1, Smo, and Shh had noticeably
spread to the allantoic core domain, or
ACD (Fig. 3C, F, I–K). Ptc-1 was weak
in the hindgut invagination (Fig. 3C, E,
F); by contrast, Smo, Shh, and Ihh
were all robustly expressed there
(Fig. 3I, L–O). Ptc-1, Smo, Shh, and
now Ihh were all evident within the
lateral edges of chorionic ectoderm
(data not shown).
To relate Hedgehog signaling to the

emerging posterior vasculature, we
clarified the relationship between Flk-
1 and PECAM-1 within the allantois.
Previous results had suggested that
Flk-1 and PECAM-1, both found in
nascent endothelial cells (Yamaguchi
et al., 1993; Newman and Newman,

Fig. 1. Comparison of X-gal staining methods to visualize Ptc-1 in the allantois and node. Ptc1:lacZ heterozygotes were stained at the Early Head-
fold (EHF) stage in the following concentrations of iron-containing potassium reagents, in which 2 mM MgCl2, 1 mg/ml X-gal, and 37�C were kept
constant. A, D, G, H: Standard protocol, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6.3H2O; note that X-gal staining is found at low levels in both ventral (v)
and dorsal (d) components of the node (n) (D), and in the VCM (arrow, G, H), but is barely perceptible in the ACD (asterisk G, H). B, E, I, J: 10 mM
10 mM K3Fe(CN)6; note that, while X-gal is visible in both components of the node (E), it is detectable in only a few cells of the VCM (arrows, I, J)
and not in the ACD (asterisks, I, J). C, F, K, L: 10 mM K4Fe(CN) 6-3H2O; note that X-gal is robust in both components of the node (F), the VCM and
adjacent components of the visceral yolk sac, both mesodermal and endodermal, and within the allantoic core domain (asterisk). After sectioning,
specimens were dewaxed and counterstained in Nuclear Fast Red. al, allantois; ch, chorion; hf, headfolds. Scale bar (L) ¼ 50 mm (D–F, H, J, L);
25 mm (G, I, K); 112 mm (A–C). All scale bar lengths are approximate to within 25 mm in this and all subsequent figures.

Fig. 2. Localization of Hedgehog signaling components: Phase I (Neural plate/no allantoic bud (OB)- Headfold (HF) stages, �7.0–8.0 dpc). In this
and all figures, stages are indicated in the lower left; unstaged panels correspond to the last indicated stage. All orientations are sagittal, with an-
terior on the left, and posterior on the right. In this and all figures, the proteins analyzed are indicated in the lower right of panels; unlabeled panels
correspond to the last indicated gene product. A, B: Neural plate/no allantoic bud (OB) stage (�7.0 dpc), Ptc-1 (royal blue color). Whole mount (A)
and sectioned (B) specimens. Black arrowhead (A, and in C, D, F, H, J) indicates the node, which, at this stage, does not exhibit perceptible Ptc-1
when examined in section (also compare this whole mount specimen with the node in C, arrowhead). White arrowheads bracket the Ptc-1-positive
embryonic/extraembryonic junction that is enlarged in B. al, allantois; am, amnion; ch, chorion, pat, proamniotic tube; ys, visceral yolk sac. C–E:
Neural plate/Early bud (EB) stage (�7.25 dpc), Ptc-1. Whole mount (C) and sectioned (D, E) specimens. Note the presence of Ptc-1 in the node
(arrowheads, C, D). Arrow (E) indicates Ptc-1-positive presumptive VCM on the allantois (al); asterisk (E) indicates the allantoic core domain (ACD).
F, G: Early headfold (EHF) stage (�7.75 dpc), Ptc-1. Whole mount (F) and sectioned (G) specimens. Placement of the arrow (G) indicates the VCM
and its association with the visceral yolk sac. Asterisk indicates the ACD. d, dorsal cuboidal mesothelium (DCM, see text). Note the low level of
Ptc-1 in the allantois-associated extraembryonic visceral endoderm (ax). H, I: EHF stage, Smoothened (Smo), sectioned specimen. Note in H that
Smo is found throughout the visceral endoderm, both embryonic and extraembryonic, and associated underlying cells, several layers thick, as
well as in the ventral node (arrowhead, H) and notochord and VCM of the allantois, seen at higher magnification in I (arrow). J, K: EHF stage,
Sonic hedgehog (Shh), sectioned specimen. Note in J that, like Smo, Shh localizes to the visceral endoderm, both embryonic and extraembryonic,
and several underlying cell layers, as well as to the ventral node (arrowhead, J) and notochord, and VCM of the allantois, seen at higher magnifica-
tion in K, arrow, at its intersection with the visceral yolk sac (ys). L, M: EHF stage, Indian hedgehog (Ihh) sectioned specimen. Comparison of Ihh
with Smo and Shh reveals that Ihh is less intense in the visceral endoderm and VCM (arrow, M). N, O: EHF stage, Ptc-1 (N) is found in both dorsal
(d) and ventral (v) layers of the node; for reasons that are unclear, Smo (O) localizes to the ventral layer only (see text). The small arrows in each
panel indicate the notochord. P–S: Series of sections of presumptive intraplacental yolk sac in the chorionic ectoderm (ce) and visceral yolk sac
(ys). Arrowheads indicate Ptc-1 (arrowheads, P, Q), Smo (arrowhead, R), and Shh (arrowhead, S) in this region. Scale bar (S) ¼ 50 mm (E, G, P–R);
35 mm (I, K, M–O, S); 140 mm (H, J, L); 100 mm (B, D); 400 mm (A, C, F).
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Fig. 3. Localization of Hedgehog signaling components: Phase II (1–9-s; �8.0–8.75 dpc). With the exception of the transverse orientations in D,
K, all other orientations are sagittal, with anterior on the left, and posterior on the right. Only the specimen in A is a whole mount preparation; the
others have been sectioned. A, B: 2-somite (2s) stage (�8.25 dpc), Ptc-1. White arrowhead (A) indicates the primitive streak, which does not ex-
hibit detectable Ptc-1 in the Ptc1:lacZ reporter. Arrow (B) indicates the Ptc-1-positive VCM. The DCM (d) opposite is also Ptc-1 positive. The allan-
tois-associated extraembryonic visceral endoderm (ax) now clearly contains Ptc-1 (arrowhead). C, D: 4-somite (4s) stage (�8.5 dpc), Ptc-1. Arrow
(C) indicates the intersection between the VCM and adjacent visceral yolk sac (ys); the symmetrically opposite DCM (d) is modestly Ptc-1. The
relationship between the VCM and allantois-associated extraembryonic visceral endoderm (ax) is observed in transverse orientation (D). The aster-
isk indicates the vessel of confluence (VOC) forming beneath the VCM; the DCM (d) is opposite. E, F: 5-somite (5s) stage (�8.5 dpc), Ptc-1. Over-
view of the allantois (E). Proximal allantois (F) shows the Ptc-1-positive VCM (arrow) overlying the vessel of confluence, VOC (asterisk) at its
intersection with the Ptc-1-positive visceral yolk sac (ys), and just above the hindgut invagination. G, H: 3-somite (3s) stage (�8.25 dpc), Smo.
Smo is in the visceral endoderm that surrounds most of the egg cylinder and in the allantoic VCM (H, arrow). I: 6-somite (6s) (�8.5 dpc), Smo.
Smo localizes to the VCM overlying the vessel of confluence, VOC (asterisk), and ventral surface of the allantois, adjacent to the Smo-positive
yolk sac (ys). J, K: 3-somite (3s) stage, Shh. Shh penetrates several cell layers, clearly shown in transverse section of the allantois (K), where the
VOC (asterisk) is forming. L: 6-somite (6s) stage, Shh. The Shh-positive VCM (arrow) overlies the VOC (asterisk). M: 5-somite (5s) stage, Ihh. Ihh is
found in the VCM, associated visceral yolk sac (ys), and VOC (asterisk). As with Shh, Ihh penetrates several cell layers into the conceptus. N, O:
6-somite (6s) stage, Ihh. The VOC (asterisk) may be slightly positive (O). Scale bar (O) ¼ 100 mm (E, I, O); 87 mm (D, K); 50 mm (F, H, L, M); 33 mm
(B); 400 mm (A); 200 mm (G, N); 150 mm (C, J).



Fig. 4. Identification of posterior vascular elements (Early bud (EB) - 9-s; �7.25–8.75 dpc). PECAM-1 (brown color, counterstained with hematoxylin,
dark blue color) and Flk-1 (royal blue color) in whole mount preparations of allantoises (frontal views: B, D, I, L, M) and sections (sagittal views: A, C,
F–H; transverse views: E, J, K). A: EB stage (�7.25 dpc). PECAM-1 is scattered throughout the allantoic bud (al), in both inner core and outer mesothe-
lial cells. Arrow points to file of PECAM-1-positive cells beneath the allantois-associated extraembryonic visceral endoderm (ax). B: LB stage (�7.5
dpc). PECAM-1 and Flk-1 are scattered throughout the allantois, and exhibit no patterning. C: LB stage. PECAM-1 is scattered throughout the allantois.
Arrow points to PECAM-1 cells immediately internal to the ax. D–G: EHF stage. The allantois exhibits a midline file of PECAM-1-positive cells (D), which,
as shown in transverse histological section at the approximate level indicated by the horizontal line (E), are also Flk-1-positive. PECAM-1 also localized
to the site of insertion of the allantois into the yolk sac (F), where the vessel of confluence will appear beneath the vertex of the ‘‘V’’ formed by the VCM
and its association with the visceral yolk sac (ys). Although not evident here, adjacent sections exhibited continuity with the PECAM-1-positive nascent
umbilical artery. PECAM-1 was also scattered in Dorsal Cuboidal Mesothelium (d) (G). H: 3-somite (3s) stage (�8.25 dpc). PECAM-1-positive cells
between the ax extend into the allantois, contributing to the nascent allantoic midline artery. I,J: 5-somite (5s) stage (�8.5 dpc). The PECAM-1-positive
nascent umbilical artery has fused with the paired dorsal aortae and yolk sac vasculature at the VOC (arrowhead); the visceral yolk sac has been peeled
away to reveal the allantois. Flk-1 has become abundant throughout the length of the allantois and co-localizes with PECAM-1 (J) at the vessel of con-
fluence, VOC (arrowhead), but is found independent of PECAM-1 in many allantoic cells. K: 6-somite (6s) stage (�8.5 dpc). PECAM-1-positive vessel of
confluence, VOC (arrowhead), lies within a Ptc-1-positive (royal blue color) domain that encompasses the allantoic VCM. L: 6-somite (6s) stage. Vessel
of confluence, VOC (arrowhead); paired dorsal aortae (asterisks). M: 9-somite (9s) stage (�8.75 dpc). While the allantoic artery (white arrowhead) maintains
its fixed position within the base of the allantois, the double-arrow indicates what appears to be lengthening of the vessel of confluence, VOC (black arrow-
head), into the embryonic region to become the omphalomeseneteric artery (double arrowhead). Note the connections at right angles between the ompha-
lomeseneteric artery and paired dorsal aortae. am, amnion. Scale bar (M) ¼ 50 mm (H–K); 75 mm (A, C, E, F, M); 100 mm (B, D, G, L).



2003), might identify common as well
as distinct allantoic precursor cells
(Downs et al., 1998; Inman and
Downs, 2006). At the bud stages,
PECAM-1 and Flk-1, like Ptc-1, were
scattered throughout the allantois
(Fig. 4A–C); PECAM-1 was also found
in cells immediately internal to the AX
(Fig. 4A, C).

By headfold stages, PECAM-1 local-
ized to a midline file of cells (Fig. 4D),
which also co-localized Flk-1 (e.g.,
Fig. 4E); this file extended through
the allantois from the site of insertion
of the Ventral Cuboidal Mesothelium
(VCM) into the yolk sac (e.g., Fig. 4F)
to the distal tip of the allantois (Fig.
4D). PECAM-1/Flk-1 double-positive
cells also localized diffusely to the
DCM and amnion (Fig. 4G) where
Ptc-1 was relatively low (Fig. 2G and
data not shown).

Over time, the proximal PECAM-1/
Flk-1-positive allantoic artery thick-
ened beneath the Ptc-1-rich VCM
(Fig. 4H, I). In addition, the vessel of
confluence became evident beneath
the allantoic VCM (Fig. 4J, K). The
vessel of confluence was positive for
both Flk-1 and PECAM-1 (Fig. 4J),
and was associated with relatively
high levels of Ptc-1 (Fig. 4K). As a
general rule, Flk-1-positive cells were
often not co-stained with PECAM-1
(e.g., Fig. 4J), while PECAM-1-posi-
tive cells always exhibited Flk-1.
Amalgamation between the arterial
systems of the allantois, yolk sac, and
fetal embryonic dorsal aortae took
place at the vessel of confluence
(VOC) by 5–6 s (Fig. 4I, L). Then,
while the allantoic portion of the VOC
remained associated with the allan-
tois, the embryonic portion was trans-
formed into the omphalomeseneteric
artery (OA), elongating in tandem
with the hindgut (Fig. 4L, M). Two
anastomosing endothelial branches
were observed at right angles to the
OA and paired dorsal aortae (Fig.
4M). At a slightly later stage, these
communications are sites of hemato-
poiesis (Zovein et al., 2010).

PECAM-1 and Flk-1 within the
VOC and nascent umbilical artery
was associated with the robustly
Hedgehog-positive VCM (Fig. 2), sug-
gesting a potentially important rela-
tionship between Hedgehog signaling
and posterior arterialization, further
explored, below.

Developmental Phase III (10–27 s,

�8.75–9.75 dpc)

Phase III encompassed two subper-
iods (Table 1): Phase IIIa, 10–18 s
(�8.75–9.25 dpc) (Fig. 5); Phase IIIb:
23–27 s (�9.75 dpc) (Fig. 6).

During Phase IIIa, the tailbud
enlarged. The hindgut tube and OA
tandemly formed with posterior-ante-
rior polarity. The dorsal (DCM) and
ventral (VCM) allantoic walls became
posterior (DCM) and anterior (VCM)
umbilical walls, respectively, and con-
tiguous with the embryonic ventral
body surface (Fig. 5A, B), whose
nature, in the mouse, is obscure. In
humans, the primary ventral caudal
body wall consists of two symmetrical
lateral and two mid-ventral folds that
converge and close at the umbilical
ring (Brewer and Williams, 2004).
The lateral folds are continuous with
the amnion while the mid-caudal
folds overlie the hindgut and ompha-
lomeseneteric artery.

The developmental sequence of
hindgut and omphalomeseneteric ar-
tery formation (Fig. 5C–H) revealed
that extraembryonic endoderm of the
visceral yolk sac, associated blood ves-
sels, and splanchnopleure closed over
exposed gut endoderm (Fig. 5C–E),
creating the omphalomeseneteric ar-
tery, hindgut tube, and the epithelial
surface of both of these structures
(Fig. 5F–H). Ptc-1 was present in all
of these sites, including many associ-
ated hematopoietic cells. Ptc-1 per-
sisted in the VCM/anterior umbilical
wall (Fig. 5I, J) and now appeared at
relatively high levels in the DCM/
posterior umbilical wall and lateral
somatopleure. Together, umbilical
walls, splanchnopleure, and somatao-
pleure formed the umbilical ring,
which was continuous with the em-
bryonic ventral surface (Fig. 5I–K).
Both umbilical walls squarely overlay
the vessel of confluence, a fixed point
at which the umbilical, omphalomese-
neteric, and dorsal aortae communi-
cated. The posterior vascular relation-
ship is beautifully illustrated in 3-D
reconstruction panels in a recent
study, though the vessel of confluence
per se was not indicated (Walls et al.,
2008).

By Phase IIIb (�23–27 s; 9.75 dpc)
(Fig. 6A, B), that part of the omphalo-
meseneteric artery (OA) extending

from the hindgut to the extraem-
bryonic visceral endoderm of the yolk
sac contained solid masses of Ptc-1-
positive cells (Fig. 6B), which are
hematopoietic stem cell niches (Gar-
cia-Porrero et al., 1995). Ptc-1 was no
longer detectable in the somatopleure
component of the lateral body wall at
the umbilical ring (Fig. 6B–D), but
persisted throughout the hindgut,
within the splanchnopleuric surface
overlying it and the OA (Fig. 6B–F),
the endothelium of the OA along its
full length (Fig. 6B, and data not
shown), the anterior (Fig. 6C, D) and
posterior umbilical walls (Fig. 6E),
and the ventral ectodermal ridge
(VER) (Fig. 6F), a remnant of the
primitive streak.
Thus, Hedgehog is found in the

mid-ventral surface of the mouse
embryo, especially that region associ-
ated with the allantois. This conclu-
sion is consistent with defects in
Hedgehog signaling at the umbilical
ring of the mid-gestation fetus (Mat-
sumaru et al., 2011). In addition,
mutants in Gli2, a downstream Hedge-
hog effector, exhibit diaphragmatic
hernia, and Gli3 mutants exhibit
omphalocoele (Brewer and Williams,
2004). A cursory examination of Ptc-
1 in whole 13.0-dpc fetuses revealed
a persistent, and strong relationship
between the herniated midgut and
the site of umbilical insertion there
(Fig. 7A, B), and persistent Ptc-1 in
the placenta, in accord with previous
findings (Jiang and Herman, 2006)
(Fig. 7C).
Finally, Ptc-1 was also found in the

endothelium and many associated he-
matopoietic cells of the OA (e.g., Fig.
6G) and dorsal aorta (data not shown),
the visceral yolk sac (Fig. 6H), and
within the presumptive intraplacen-
tal yolk sac (IPY) (Fig. 6I). Together,
these data reveal a strong association
between arterial endothelium of the
posterior region, hematopoiesis, and
Hedgehog signaling. Previous results
have identified Hedgehog signaling
in the ventral compartment of the
dorsal aortae (Peeters et al., 2009),
as well as within the IPYat 11-13 dpc
(Jiang and Herman, 2006). Associa-
tion of Ptc-1 with sites of hematopoie-
sis during these early stages, espe-
cially in the nascent umbilical artery
and presumptive IPY, will be
explored in the next section.
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Fig. 5. Ptc-1 in the developing hindgut and omphalomeseneteric artery, proximal walls of the allantois, and the umbilical ring (Phase IIIa, �8.75–
9.25 dpc). Specimens in all panels were prepared from the Ptc1:lacZDOWNS reporter mouse. Whole mount (A, B, I) and sectional (C-H, J, K) views.
A, B: 10-somite (10s) stage (�8.75 dpc). Ventral views indicate the allantoic insertion into the ventral surface (VS, arrows, A, composed of the
splanchno- and somatopleure). Black lines bracket the allantois (al) at the nascent umbilical ring; v/a, border of the insertion (asterisk) of the VCM/
anterior umbilical wall into the VS; d/p, border of the insertion of the DCM/posterior umbilical wall into the VS. tb, tailbud. C–H: Sequence of clo-
sure (C, double arrow) of the definitive endoderm (parsed into dorsal [d] and ventral [v] components, C) to form the hindgut (hg) tube (D–H) and
omphalomeseneteric artery (oa) (E–H). x, splanchnopleure (C–F); double arrow in H, the splanchnopleure surrounds both the hindgut and OA.
I–K: 14-somite (14s) stage (�9.25 dpc). The histological views displayed in J and K are indicated in I by white lines. b, developing brain. In J, K: x,
splanchnopleure covering the hindgut; x0, lateral somatopleure. Together, x and x0 delineate the coelom (c). The vessel of confluence (asterisk) is
continuous with the umbilical artery (J) at the level of VCM/anterior umbilical wall (a), and with the dorsal aortae (K) at the level of the DCM/
posterior umbilical wall (p). Scale bar (K) ¼ 100 mm (J, K); 50 mm (C–H); 170 mm (B); 333 mm (A, I).
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Fig. 6. Persistence of Ptc-1 in midline posterior and hematopoietic sites (Phase IIIb, 23–27-s; �9.75 dpc). Specimens in all panels were prepared
from the Ptc1:lacZDOWNS reporter mouse. Whole mount (A) and sectioned specimens (B–I), the latter of which are from a single conceptus. A: 23–27-
somite (23–27s) stage. Whole mount specimen shows white lines indicating the general level of the sections in B–F. B: Section through the omphalome-
seneteric artery (oa), which, at this site, forms a loose connection between the hindgut (hg) and visceral yolk sac (not shown). Ptc-1 is found in clusters
of presumptive hematopoietic cells (arrow) within the oa. am, amnion; ma, midline aorta; uv, right umbilical vein; x, splanchnopleure; x0, lateral somato-
pleure. C: Section at the level of the anterior umbilical ring. am, amnion; c, coelom; da, distal recurved portion of the paired dorsal aortae; ua, umbilical
artery; uv, umbilical vein. D: Section through the mid-umbilical ring. Asterisk indicates the vessel of confluence and its continuation with the umbilical ar-
tery. E: Section at the level of the posterior umbilical ring. F: Section posterior to the posterior umbilical ring. The arrow indicates the VER. G: Ptc-1-pos-
itive hematopoietic cells (arrowheads) found within the omphalomeseneteric artery of this specimen. H: Ptc-1-positive visceral yolk sac (ys) blood
vessels (bv) and occasional visceral endoderm (ve). I: Ptc-1-postive wall of the IPY that is in the process of forming (arrowhead) at the edges of the cho-
rionic labyrinth (cl), visceral yolk sac (ys), and parietal endoderm (pe). Scale bar (I) ¼ 100 mm (B–F); 650 mm (A); 150 mm (H, I); 50 mm (G).
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Spatiotemporal Resolution of

Runx1 Within the Allantois

and Surrounding Regions

Prior to their union to form the cho-
rio-allantoic placenta, the allantois
and chorion have definitive hemato-
poietic potential (Zeigler et al., 2006;
Corbel et al., 2007). However, whether
these two tissues give rise to definitive
hematopoietic cells in vivo is not
known. In light of our findings, which
showed the presence of Ptc-1 in blood
cells and hemogenic arteries, we sys-
tematically re-visited Runx-1 localiza-
tion in the allantois and surrounding
regions, using the Runx1:lacZ reporter
mouse. For this, we focused on Phases
II and III, when the arterial vascula-
tures were forming, merging, and
exhibiting signs of hematopoiesis.
Although Runx-1 may not be specific
to hematopoietic cells, having been
previously described in the visceral
endoderm of the mouse yolk sac
(North et al., 1999; Zeigler et al.,
2006), nevertheless, a wide range of
definitive hematopoietic precursor
cells are thought to express Runx1
(reviewed in Swiers et al., 2010).

X-gal-staining in the Runx1:lacZ
reporter mouse over shorter time
periods allowed visualization of the
strongest Runx-1 regions. For exam-
ple, after 6–12 hr, we discovered that,
prior to 4-s, the distal allantois con-
tained the most Runx-1 (Fig. 8A–D). By
contrast, the nascent vessel of
confluence was most robustly Runx-1
positive at 4-s (Fig. 8E–G). At all
stages, the visceral yolk sac was posi-
tive, and included the visceral endo-
derm, blood vessels, most hematopoietic
cells, and mesothelium (Fig. 8A–H).
The lateral edges of the chorionic
ectoderm were more strongly positive
than the central region, while all of
the chorionic mesoderm was robustly
Runx-1-positive (Fig. 8H). Runx1-pos-
itive cells of the vessel of confluence
appeared to contain PECAM-1 (Fig.
8I–K). Runx-1-positive cells were also
associated with the unbranched
PECAM-1-positive component of the
allantoic artery (Fig. 8J,K).

Examination of some specimens
within Phase IIIa (�10–14-somite
pairs) revealed that Runx-1 often
overlapped sites of Ptc-1, appearing
consistently to be budding from the
endothelium of the OA where the lat-

ter connects the hindgut to the yolk
sac (Fig. 9A, B). During hindgut clo-
sure and OA formation (Fig. 9C–F),
Runx-1 was found in the yolk sac
endoderm and in hematopoietic cells
of yolk sac blood vessels (Fig. 9C–F),
similar to Ptc-1 (Fig. 5C–E). Unlike
Ptc-1, however, the point of hindgut
closure and OA formation did not con-
tain detectable Runx-1 (Fig. 9C, D).
Like Ptc-1, Runx-1-positive cells were
found in the following similar sites
and at similar levels to Ptc-1: the ves-
sel of confluence and umbilical artery
(Fig. 9G, H), VCM/anterior wall of the
umbilical cord (Fig. 9G, H), near the
umbilical veins (Fig. 9I), DCM/poste-
rior umbilical wall (Fig. 9J), within
the nascent ventral ectodermal ridge
(VER) (Fig. 9K), and the nascent
Sinuses of Duval (Fig. 9L).

Phase IIIb specimens (23–27 s;
�9.75 dpc) provided more striking
examples of the aforementioned sites
of Runx-1. Large clusters of Runx-1
hematopoietic cells appeared to be
budding from arterial endothelium of
the OA (Fig. 10A, B), they persisted
at the interface between general yolk
sac visceral endoderm and blood ves-
sels (Fig. 10C, D), they were occasion-
ally found within loose mesenchyme
of the lateral body wall (Fig. 10E) and
chorionic labyrinth (Fig. 10F), and
clearly within the IPY both as part of
the sinus wall and as blood cells (Fig.
10G–I). Finally, Runx-1 appeared to
be present in the hair follicles of the
mouse ear, tissue of which was used
to genotype weanlings for Runx-1 sta-
tus (data not shown). Intriguingly, the
latter observation is consistent with
hair follicle CD34, a stem and progen-
itor cell marker found in many hema-
topoietic cells (Trempus et al., 2003).

Removal of the Allantois

Results in Re-Establishment

of the VCM, DCM, and

Nascent Allantoic Hemogenic

Arterial Vessel Within

Allantoic Regenerates

Previous results from our laboratory
had shown that, although allantoises
failed to elongate after microsurgical
removal of the allantoic core domain
(ACD), they nevertheless exhibited a
correctly patterned nascent vascula-
ture, vessel of confluence (VOC), and

amalgamation at the VOC (Downs
et al., 2009). This suggested that the
source of vascular patterning signals
lay outside the ACD (Downs et al.,
2009). As the aforementioned data
demonstrated association of Ptc-1 with
the nascent umbilical artery and ves-
sel of confluence, we asked whether
the VCM and/or DCM could be impli-
cated in restoration of a correctly pat-
terned umbilical artery. For this, the
allantois was removed between head-
fold and 2-s stages. Allantoic regener-
ates were then examined for re-forma-
tion of the VCM/DCM and the status
of the nascent umbilical artery several
hours later.
First, the site from which the allan-

tois had been aspirated was examined
prior to culture (Fig. 11A–C).
PECAM-1 was observed between the
outer visceral endoderm and the pos-
terior embryonic tissue (Fig. 11A), as
described in Figure 4. Afadin, which
localized strongly to the VCM (Daane
et al., 2011) (Fig. 11C), and Ptc-1 (Fig.
11C) were not discernible at any stage
in the remaining region. After cul-
ture, both the VCM, as indicated by
afadin (Fig. 11D) and Ptc-1 (Fig. 11F),
and the DCM, as indicated by alpha-
4-integrin (Fig. 11E), had reformed.
In all regenerates, the unbranched and
correctly patterned PECAM-1 vessel
was present (Fig. 11G), and in most of
these, Runx-1-positive cells were local-
ized to this vessel (Fig. 11G).
Given that the VCM was restored

along with the allantoic artery and
Runx-1 cells, these results are con-
sistent with a role of the VCM, and
possibly Ptc-1, in patterning the um-
bilical vasculature. Previous results
suggested that Hedgehog signaling
was indispensable for yolk sac vascu-
logenesis, but dispensable for that
in the allantois, as Smo�/� embryos
established an allantoic vasculature
(Astorga and Carlsson, 2007). Yet, as
shown here, Smo localized to the
allantois during early vasculogenesis.
However, a role for Hedgehog in other
aspects of allantoic vascular develop-
ment, particularly patterning the nas-
cent umbilical artery, which runs
through the midline of the allantois,
was not considered in that study. Mid-
line placement of the nascent umbili-
cal artery would seem to be critical
for correct amalgamation with the
dorsal aortae and vessel of confluence.
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Given Ptc-1’s abundance in midline
structures, it is possible that, while
Hedgehog may be dispensable for
allantoic vascularization (Astorga and
Carlsson, 2007), it plays a role in posi-
tioning the nascent umbilical artery
to the midline of the allantois, ensur-
ing its correct juxtaposition to the
dorsal aortae and OA. Nevertheless,
it is intriguing to note that in Smo�/�

embryos, VEGF mRNA levels were
affected in the anterior, but not

Fig. 7.

Fig. 8.

Fig. 7. Ptc-1 persists in the umbilical ring
(�13.0 dpc). Whole mount specimen from the
Ptc1:lacZDOWNS reporter mouse strain. A:
Whole conceptus showing both the chorio-
allantoic placenta (p) and fetus (f). B: The region
of the umbilical ring (ur) shows Ptc-1 in the
base of the umbilical cord (u) and midgut (mg),
with which the umbilicus is associated. The
amnion (am) has been opened but remains con-
nected to this site. C: The fetal side of the cho-
rionic disk (cd) of the chorio-allantoic placenta.
Arrows indicate Ptc-1-positive lateral regions at
the points of insertion between the chorion,
allantois, visceral yolk sac, and parietal endo-
derm. Scale bar (C) ¼ 1 mm (B, C), 3 mm (A).

Fig. 8. Runx-1 localizes to many sites of
Ptc-1 expression (EHF-6-s; �7.75–8.5 dpc).
Histological sections from the Runx1:lacZ re-
porter mouse conceptus (A–K), and co-
stained for PECAM-1 (I–K). X-gal staining: 6 hr
(I–K), 12 hr (D, F–H), 20 hr (A–C, E). A,B: EHF
stage (�7.75 dpc), whole conceptus (A) and
allantois (al) (B) showing Runx-1 throughout
the allantois, especially in more distal regions,
and in the visceral yolk sac (ys), both visceral
endoderm and mesodermal components. As-
terisk in B and in subsequent panels (C–E)
indicates the approximate site of the allantoic
core domain (ACD). C,D: LHF stage (�8.0
dpc), 20- (C) and 12- (D) hr X-gal staining
shows that the most Runx-1-abundant sites
are the visceral yolk sac (ys) and distal region
of the allantois. E–G: 4-somite (4s) stage
(�8.5 dpc). 20- (E) and 12- (F, G) hr X-gal
staining reveals that the visceral yolk sac (ys),
distal allantoic region, and VCM and vessel of
confluence (arrows, F, G) express the highest
levels of Runx-1. H: EHF stage, chorion. While
the chorionic mesoderm (cm) is Runx-1-posi-
tive throughout, chorionic ectoderm (ce) is
most intensely Runx-1 in the more lateral
regions. I: 4-somite (4s) stage. Runx-1/
PECAM-1 are found in the emergent vessel of
confluence (arrow), which is continuous with
the unbranched portion of the nascent allan-
toic artery, though not seen here. J,K: 6-
somite (6s) stage. Runx-1/PECAM-1 shows a
Runx-1-positive cell (arrows, J, K) within the
PECAM-1-positive nascent umbilical artery,
which lies just beneath the VCM (arrowheads).
Note the Runx-1-positive cells in the yolk sac
blood islands (bi) (J). Scale bar (K) ¼ 50 mm
(B, D, F, J,), 75 mm (C, E, H), 125 mm (K),
150 mm (A, G, I).
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Fig. 9. Runx-1 in major posterior blood vessels (12-s, �9.0 dpc). All panels show histological sections from several different specimens of a Run-
x1:lacZ reporter mouse conceptus at the 12-s stage showing sites of Runx-1 (royal blue color, counterstained with Nuclear Fast Red). A,B: Runx-1
cells appear to be budding from Runx-1-positive endothelium of the omphalomeseneteric artery (oa) as it forms, and in the omphalomeseneteric
artery at a more posterior site (B). Arrowheads in B indicate hematopoietic cells that were liberated from their vessels during histological process-
ing. x, splanchnopleure covering the lateral hindgut and oa; da, dorsal aortae. C–F: Sequence of hindgut (hg) and omphalomeseneteric artery (oa)
formation (hg, double arrowhead, C). Runx-1 is found in most cells of the visceral endoderm of the visceral yolk sac, and hematopoietic cells.
G,H: Runx-1-positive vessel of confluence (asterisks, G, H) and its continuity with the umbilical artery (ua, H) at the level of the mid-umbilical ring.
The arrow in H indicates the former VCM, now the anterior wall of the umbilical cord, which contains Runx-1, at its site of insertion into the ventral
embryonic surface. I: Example of modest Runx-1 (arrowhead) in the region around the umbilical vein (uv). am, amnion. J,K: The arrow indicates
the former DCM, now the posterior wall of the umbilical cord, which contains Runx-1, at its site of insertion into the ventral embryonic surface.
The double arrow (K) shows Runx-1 at the level of the DCM/posterior umbilical wall of the allantois. L: Runx-1 in the presumptive intraplacental
yolk sac (arrow). Scale bar (L) ¼ 50 mm (A-F; H, K, L); 100 mm (J); 200 mm (G); 12.5 mm (I).
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posterior region, including the allan-
tois (Coultas et al., 2010). Thus, while
the signals and origins of the cues
that guide vasculogenesis in the
allantois remain unidentified, region-
alized distinctions in basic vasculo-
genesis in the embryo may reveal
exciting alternate pathways to build-
ing a blood vessel.

CONCLUSIONS

Little is known about how the poste-
rior region of the mammal is built.
This includes the origin of most of the
cell types and tissues described here
and, especially, the anatomical and
molecular relationship between the

umbilical cord, definitive fetal body
wall and gut, yolk sac, and amnion.
Our data revealed the presence of
Hedgehog components in a large
number of posterior sites, including
the VCM and, eventually, the DCM of
the allantois, the nascent posterior ar-
terial system, hematopoietic cells, the
hindgut, and an array of ventral epi-
thelial surfaces. In addition, they
extend the role of Hedgehog within
the Sinuses of Duval and the intrapla-
cental yolk sac of the chorio-allantoic
placenta. Given that a large number
of umbilical defects are associated
with anomalies in these tissues and
developing organ systems, results
here clarify the physical relationship

between these components, schema-
tized in Figure 12.
The vessel of confluence (VOC), a

poorly described arterial vessel, is a
major vascular crossroads situated
within the midline of the allantois. Its
location undoubtedly ensures proper
alignment of the posterior arterial
system between the fetus and its asso-
ciated extraembryonic tissues. The
VOC maintains a fixed position in the
posterior midline from which the um-
bilical artery extends posteriorly to
the chorion, and the omphalomesene-
teric and dorsal aortae extend anteri-
orly within the embryo proper. Intri-
guingly, the dorsal aortae are
common to all vertebrates, while the

Fig. 10. Runx-1 in major posterior blood vessels (23–27-s, �9.75 dpc). All panels show histological sections from a single specimen of a
Runx1:lacZ reporter mouse conceptus at the 23–27-s stage showing sites of Runx-1 (royal blue color, counterstained with Nuclear Fast Red).
A,B: Runx-1 in the endothelium (arrows) and hematopoietic cells (arrowheads) of the omphalomeseneteric artery (oa). C,D: Runx-1 in patchy
regions that appear to be part of both the visceral endoderm and mesoderm of the visceral yolk sac (arrows). E: Runx-1-positive cell within loose
mesoderm of the body wall. F: Runx-1-positive cell within a blood vessel of the chorionic labyrinth. G–I: The intraplacental yolk sac (arrowheads,
G) contains Runx-1-positive endoderm (arrowheads, H), I and Runx-1-positive hematopoietic cells (arrows, H, I). Scale bar (I) ¼ 50 mm (C, D, F, I),
75 mm (E, H), 100 mm (B, G), 125 mm (A).
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allantois and yolk sac may be later
amniote adaptations to life in the egg
and within the mother. The vessel of
confluence may be an evolutionary
response to an extreme form of vivi-
parity to meet the demands of a rap-
idly growing fetus within its mother,
ensuring efficient channeling of blood
to the chorionic disk. In addition, max-

imizing the blood-forming capacity of
this vessel through hematopoiesis, as
demonstrated in this study, could be
an additional survival strategy.

What we here call the vessel of con-
fluence (VOC) has been designated the
omphalomeseneteric artery within the
6–8-somite stage allantois (Snell and
Stevens, 1966). The VOC appears to

evolve into what others have described
as the embryonic component of the
umbilical artery, recurving posteriorly
to become the left and right medial
umbilical arteries associated with the
paired dorsal aortae that have not
yet fused, and lengthening anteriorly
to become the omphalomeseneteric
artery (e.g., see fig. 2 of Gest and Car-
ron, 2003). Thus, much confusion
exists in the literature concerning the
nature of the nascent posterior blood
vessels and their site of confluence.
Many authors have suggested that the
vitelline system of arteries, which will
consist of celiac, superior mesenteric,
and inferior mesenteric arteries at
stages later than those described here,
originate from the dorsal aorta (see
discussion in Gest and Carron, 2003).
However, these posterior vitelline ves-
sels seem not to have been traced back
to their origin during earlier stages.
Nevertheless, at least one author has
suggested that ‘‘the umbilical arteries

Fig. 11. Re-establishment of the VCM, DCM, and hemogenic nascent umbilical artery in allan-
toic regenerates. A–C: Allantoises were aspirated at EHF-2-s stages (�7.75–8.25 dpc) and im-
munostained with PECAM-1 (A), afadin (B), or X-gal in the Ptc1lacZtm1Mps/J reporter embryo (C).
Arrowheads (A–C) suggest that the primitive streak (ps) may be composed of dorsal (left) and
ventral (right) components. D–G: Initial/final stages; lower left, allantoic regenerates. Afadin-
stained VCM (arrowhead, D), alpha-4-integrin-stained DCM (grey arrowhead, G), Ptc-1 in the
VCM (arrowhead, F); PECAM-1 (brown)/Runx-1 (royal blue) (arrowhead, H) in the nascent hemo-
genic vessel of confluence/umbilical artery. Scale bar (G) ¼ 50 mm (G), 200 mm (A–F).

Fig. 12. Schematic diagram of the relation-
ship between the umbilical and embryonic
ventral surfaces, vessel of confluence, and
posterior arterial system (�9.75 dpc, 23–27-s
stage). This schematic diagram, which was
superimposed onto the posterior end of a
Ptc-1-positive (blue color) embryo at �9.75
dpc (�23–27-s), summarizes the ultimate rela-
tionship thus far identified between robust
Ptc-1 sites described in this study. It excludes
the venous system, and does not fully
address the dorsal aortae, which have been
dealt with in previous studies (Peeters et al.,
2009; Yokomizo and Dzierzak, 2010). Note
that the walls of the umbilical cord overlie the
hemogenic vessel of confluence, from which
the hemogenic umbilical and omphalomese-
neteric arteries and dorsal aortae extend. See
text for details. al, allantois; cd, chorionic
disk; s, somite; tb, tailbud. Ventral is up, dor-
sal is down.
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are regarded as caudal precocious
members of the vitelline series’’ (Gest
and Carron, 2003, quoted from Daw-
son, 1922). Given that we have exam-
ined the posterior vasculature at ear-
lier timepoints in this study, our data
may clarify the relationship between
the umbilical and omphalomeseneteric
arteries, both of which might share a
common origin within the vessel of
confluence.

Whether the VOC is formed inde-
pendently of the umbilical and
omphalomeseneteric arteries in not
clear, but studies in the chick have
suggested that the vitelline and fetal
dorsal aortae originate at distant sites
and then converge in the posterior
region of the fetus (reviewed in
Downs, 2003). Results from our labo-
ratory suggested that allantoic ves-
sels form distally, and spread proxi-
mally to the base, joining the yolk sac
vessels that originated in the blood
islands and spread toward the allan-
tois, and the fetal dorsal aortae,
which converge on this region from
the anterior end of the fetus (Downs
et al., 1998).

Whatever the VOC’s precise origin,
we suggest that the associated Ptc-1-
positive VCM may induce formation
of the VOC through Hedgehog signal-
ing, and that the VOC then forms a
fixed point at which these critical pos-
terior vessels merge. We also put
forth the idea that, from the VOC, the
Ptc-1-positive visceral endoderm closes
with posterior-to-anterior directionality
along the midline to create the ompha-
lomeseneteric artery and hindgut tube.
At the same time, the Ptc-1-positive
somatopleure and splanchnopleure
became continuous with the allantois
at the umbilical ring, which, conse-
quent to tail turning, was incorpo-
rated into the ventral midline. Like
previous findings in the anterior
region, all of these posterior midline
structures appear to involve Hedge-
hog signaling as well. Finally, in addi-
tion to its association with the poste-
rior arterial system, Ptc-1 was found
within blood cells of the intraplacen-
tal yolk sac, which, as described in
this study, may form as early as
Phase I and ultimately becoming pla-
cental sites of hematopoiesis.

Together, these observations sug-
gest that, like the OA and dorsal aor-
tae, the nascent umbilical artery and

vessel of confluence are hemogenic. In
addition, they suggest that the intra-
placental yolk sac (IPY), hitherto
known only to be involved in calcium
homeostasis (Bruns et al., 1985), is
also hematopoietic. Not only do these
data place the timing of hematopoie-
sis in the placenta several days ear-
lier than that previously described
(Gekas et al., 2005; Otterbach and
Dzierzak, 2005), but they also suggest
that at least some placental hemato-
poietic niches reside within the IPY.
Intriguingly, like Ptc-1, Runx-1 is
present in the VER, suggesting coor-
dinated roles for both gene products
in deployment of stem cells from this
posterior region.

The consistent relationship between
Ptc-1 and hematopoietic arteries sug-
gests that Ptc-1 may play a role in
arterial specification and hematopoie-
sis in the posterior region, while lower
levels of Ptc-1, as shown here in the
sites of umbilical vein formation, may
specify veins. This interpretation of
our data is supported by recent studies
in zebrafish, which suggested that
Hedgehog signaling promoted arterial
specification while repressing venous
cell fate (Williams et al., 2010).

In summary, given the extensive
blueprint of Hedgehog signaling in
the posterior region reported here,
gain/loss of function experiments of
the Hedgehog pathway can now be
carried out to identify downstream
signaling pathways involved in spe-
cific posterior processes, including
posterior arterial specification, pat-
terning, hematopoiesis, and body wall
closure.

EXPERIMENTAL

PROCEDURES

Animal Husbandry, Mouse

Strains, Dissections, Staging,

and Whole Embryo Culture

Care of animals was in accord with
institutional guidelines. Unless other-
wise indicated, standard F2 embryo-
logical material was obtained by inter-
crossing inbred hybrids (B6CBAF1/J)
(Jackson Laboratory, Bar Harbor, ME)
(Downs, 2006). 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).

Copulation plugs were identified up to
12 hr later. Heterozygous Runx-1:lacZ
(Runx1lz/+) (North et al., 2002) (gift of
Dr. Nancy Speck) and Flk-1:lacZ (Sha-
laby et al., 1995) mice were main-
tained by outcrossing heterozygous
males to inbred female hybrids, above.
Male offspring were genotyped by ear
punching and X-gal staining these
overnight. Heterozygous lacZ reporter
males were mated with non-lacZ-re-
porter B6CBAF1/J females to provide
Runx1:lacZþ/� and Flk1:lacZþ/� con-
ceptuses for localization analyses.
Ptc1:lacZ (Ptc1tm1Mps/J) reporter

mice (Goodrich et al., 1997) (Jackson
Laboratory) were maintained by
crossing Ptc1tm1Mps/Jþ/� heterozygous
males with Ptc1tm1Mps/Jþ/þ wildtype
females and vice-versa (Table 3). PCR
genotyping weanling ear punches
(Goodrich et al., 1997) distinguished
Ptc1:lacZþ/� mice from Ptc1tm1Mps/Jþ/þ.
Of a large number (144) of offspring,
the Mendelian ratio between
Ptc1tm1Mps/Jþ/þwildtype and heterozy-
gous Ptc1tm1Mps/J�/� on this genetic
background was not 1:1 (P ¼ 0.0002)
(Table 3). Further, the average num-
ber of litters per couple was small,
and many adult Ptc1tm1Mps/Jþ/�

heterozygous animals exhibited
tumors. As the inbred mice might
have been undergoing ‘‘inbreeding
depression,’’ i.e., loss of reproductive fit-
ness as inbreeding progresses (Green,
1966), we outbred Ptc1tm1Mps/J onto
the B6CBAF1/J inbred hybrid back-
ground, above. The new strain, called
Ptc1:lacZDOWNS exhibited appropriate
Mendelian segregation ratios,
increased fertility, and larger litter
sizes as early as the first generation
(Tables 3, 4, and data not shown). Fur-
ther, adult animals did not exhibit
tumors. Localization of Ptc-1 by X-gal
staining (described in the next section)
(�8.0–8.5 days postcoitum, dpc) was
similar in both inbred and outbred
genetic backgrounds (data not shown).
Except for the regenerate studies
(described below), which were carried
out in the inbred Ptc1tm1Mps/J back-
ground, all Hedgehog component local-
ization described in this study was in
conceptuses obtained by mating out-
bred Ptc1:lacZDOWNS heterozygous
males with B6CBAF1/J inbred hybrid
females. In this way, at least 169/323
total conceptuses (8.0–9.75 dpc) used
in this study were Ptc1:lacZDOWNS
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heterozygotes (Table 4). Embryos in
excess of these numbers were used in
the experiments here, but were no lon-
ger entered into the Mendelian ratios.

Dissection, staging, and whole
embryo culture were as previously
described (Downs and Davies, 1993;
Downs, 2006). For every treatment
reported here, a minimum of three
conceptuses was examined, and
encompassed the following stages:
OB, EB, LB, EHF, LHF, 1-s, 2-s, 3-s,
4-s, 5-s, 6-s, 7-s 8-s, 9-s, 10-s (�7.0–
8.75 dpc), �12–18-s (�9.0–9.25 dpc),
and 23–27-s (�9.75 dpc). Three whole
mount conceptus preparations were
examined at 13.0 dpc to obtain a per-
spective on the extent to which
Hedgehog signaling persisted in key
sites later in development.

X-Gal Staining

X-gal (5-bromo-4-chloro-3-indolyl-
beta-D-galactopyranoside; Sigma, St.
Louis, MO; B4252) staining for Ptc-1
originally used a standard protocol

employed to identify lacZ-expressing
Rosa26/þ donor tissue in allantois
transplantation experiments (Downs
and Harmann, 1997). However, it was
ultimately replaced by a modification
here, described in the Results section
(Table 2). Our standard protocol
consisted of 5 mM of each of the
iron components, K3Fe(CN)6 and
K4Fe(CN)6.3H2O, 2mM MgCl2 and
1 mg/ml X-gal (stock concentration
40 mg/ml DMSO). X-gal staining on
fixed conceptuses (4% paraformalde-
hyde, 2 hr, 4�C, followed by extensive
rinsing in phosphate-buffered saline
(PBS); Downs et al., 2009) was carried
out for 13–17 hr (Ptc1:lacZ) and
12–20 hr (Runx1:lacZ) at 37�C. The
whole mount Ptc-1 images in Figure
5A, B, which demonstrate the shift of
the allantoic VCM and DCM to poste-
rior and anterior umbilical walls, and
the 13.0-dpc conceptus in Figure 7,
which shows persistence of Ptc-1 in
key placental and fetal sites,
employed the standard X-gal reaction.
All other Ptc-1 and Runx1 reporter

localizations presented here employed
10 mM K4Fe(CN)6-3H2O (Iron Solu-
tion II, Table 2). No background stain-
ing for endogenous b-galactosidase
activity was found in wildtype (non-
reporter) littermates in any X-gal
scenario.

Immunohistochemistry (IHC)

Immunohistochemistry was carried
out in whole conceptus preparations
as previously described (Downs, 2008).
Antibody sources, stock concentra-
tions, and dilutions for IHC were Ihh
(Ab39634, Abcam, Cambridge, MA; 1.0
mg/ml, rabbit polyclonal; 1/50 dilu-
tion); Shh (Ab19897; Abcam; 0.4 mg/
ml, rabbit polyclonal; 1/100 dilution);
Smo (Ab72130; Abcam; 0.5 mg/ml, rab-
bit polyclonal; 1/50 dilution); and
PECAM-1 (Mec13.3, 5577355, rat anti-
mouse monoclonal, Pharmingen, San
Jose, CA; 0.5 mg/ml; 1/100 dilution
for all uncultured specimens; and
PECAM-12H8, MAB1398Z, hamster
anti-mouse monoclonal, formerly
Chemicon, now Millipore, Billerica,
MA; 0.1 mg/ml; 1/100 dilution for all
cultured specimens). We also tried
Desert Hedgehog (Dhh; Ab86061;
Abcam; rat monoclonal, 0.5 mg/ml) at
various stages (EHF to 6-s), using
dilutions as low as 1/50, but no con-
vincing signal was detected anywhere
in the conceptus with this antibody;
later stages were not examined. Afa-
din and alpha-4-integrin were used as
previously described (Daane et al.,

TABLE 3. Comparison of the Distribution of Fertility and Genotype in Offspring from Two Ptc1

Wildtype 3 Heterozygote Matings

Genetic

background

Percentage

successful

matingsa

No. litters/

breeding

coupleb

Average litter

size 6 SEM

(average no.

litters/pair)

No. Ptc1þ/þ

offspring (%)

No. Ptchþ/�

offspring (%) P*

Ptc1tm1Mps/J 85.7 1.6 6.18 (2.11) 94 (65.2)c 50 (34.7)c 0.000246
Ptc1:lacZDOWNS 75.0 3.9 7.91 (3.62) 197 (54.1) 167 (45.9) 0.116

aSuccessful mating was defined by the production of at least one litter over 3 months. Three out of 21 Ptc1tm1Mps/J couples never
produced a litter, while 3 out of 12 outbred couples failed to breed.

bTwenty-one breeding couples of Ptc1tm1Mps/J background were maintained over an average of 171 days, producing 33 litters. The
outbred Ptc1 line of CBAC57Bl6 background consisted of 12 couples maintained over an average of 152 days, producing 47
litters.

cThis number excludes four entire litters and at least 11 other pups that died prior to genotyping at 20 days. Autopsy of three
dead Ptc1þ/� male mice revealed respiratory problems (228 days old), a 0.5–1.5cm shoulder tumor (122 days old), and a hind leg
tumor (403 days old). An intestinal tumor was also found in a pregnant 180-day-old Ptc1þ/� female upon dissection of her litter.
No abnormalities were detected in outbred Ptc1þ/� heterozygous mice.
*Chi-squared test was used to analyze Mendelian inheritance.

TABLE 4. Segregation Ratios of Ptc1:lacZDOWNS/Total Conceptuses for

Localization Studies as Determined by X-Gal Staininga

8.0 dpc 9.0 dpc 9.75 dpc

96/183 (20 litters) 61/113 (14 litters) 12/27 (3 litters)
52.5% 54.0% 44.4%

aResorbed embryos, which did not exceed F2 background levels (data not shown),
are not included in these numbers.
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2011). All secondary antibodies were
used at a dilution of 1/500 (Santa
Cruz Biotechnologies, Santa Cruz, CA:
donkey anti-rabbit sc-2089; donkey
anti-goat sc-2042; goat anti-rat sc-
2041; goat anti-Armenian hamster sc-
2445; all secondary antibodies 0.2 mg/
0.5 ml). For IHC controls, reactions in
the absence of primary antibody were
used on headfold- and early somite-
stage specimens in two reactions in
the same experiment, 6 primary anti-
body (Smo, Shh, and Ihh). No non-spe-
cific background staining was
observed (data not shown). PECAM-1,
afadin, and alpha-4-integrin controls
were as previously described (Downs,
2002; Inman and Downs, 2006; Daane
et al., 2011). Finally, to prevent the in-
tensity of the X-gal precipitate from
interfering with analysis of antibody
localization, IHC carried out in lacZ
reporter strains sometimes employed
X-gal incubation times of 6 hr, 37�C.

Histology

X-gal and immunostained specimens
were prepared for histology as previ-
ously described (Downs, 2008; Downs
et al., 2009). Briefly, specimens were
dehydrated through increasing etha-
nols, cleared in Hemo-De (Science
Safety Solvents, Keller, TX), and em-
bedded in paraffin wax, after which
histological sections of thickness 6 mm
were made and counterstained either
in Nuclear Fast Red or hematoxylin,
coverslipped, and examined in a com-
pound microscope.

Creation of Allantoic

Regenerates

Creation of allantoic regenerates was
as previously described (Downs et al.,
2004, 2009). Briefly, the allantois was
aspirated through a hand-pulled glass
microcapillary (I.D. 66–120 mm) via
the anterior yolk sac, removing the
allantois from its point of insertion
into the amnion and visceral yolk sac
(Downs and Harmann, 1997). Oper-
ated conceptuses were cultured along-
side unoperated ones (Downs, 2006)
until the chronological equivalent of
6–8 s (Downs and Gardner, 1995),
prior to tailbud turning, which aided
evaluation of the vasculature.
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