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SUMMARY

The dorsal mesentery (DM) is the major conduit
for blood and lymphatic vessels in the gut. The mech-
anisms underlying their morphogenesis are chal-
lenging to study and remain unknown. Here we
show that arteriogenesis in the DM begins during
gut rotation and proceeds strictly on the left side,
dependent on the Pitx2 target gene Cxc/12. Although
competent Cxcr4-positive angioblasts are present
on the right, they fail to form vessels and progres-
sively emigrate. Surprisingly, gut lymphatics also
initiate in the left DM and arise only after—and
dependent on—arteriogenesis, implicating arteries
as drivers of gut lymphangiogenesis. Our data
begin to unravel the origin of two distinct vascular
systems and demonstrate how early left-right molec-
ular asymmetries are translated into organ-specific
vascular patterns. We propose a dual origin of gut
lymphangiogenesis in which prior arterial growth is
required to initiate local lymphatics that only subse-
quently connect to the vascular system.

INTRODUCTION

The vascular supply serving the highly coiled gut tube is struc-
turally and functionally complex. While arteries and veins are
largely congruent distally, proximally they separate in space
and function, where the arteries connect dorsally to the aorta
while veins drain ventrally into the hepatic portal system. This
separation is present even before DM formation, when the
only vessel present is a single branch of the dorsal aorta:
the cranial (superior) mesenteric artery (CMA). Only later as
the DM expands during gut looping do additional arterial, and
then venous, branches form in close association with the gut
wall. This segregation of veins from arteries is essential and
unigue to the gut, and failure to remain fully separated causes
portosystemic shunts and the metabolic imbalances that arise
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when blood drained from the gut bypasses detoxification in the
liver (Gallego et al., 2002).

A rich network of lymphatic vessels is also present within the
DM. Unlike peripheral lymphatics that follow veins, intestinal
lymphatics parallel mesenteric arteries. While intestinal lym-
phatics are essential for immunity and fat absorption, their origin
remains elusive (Heuer, 1909).

Like most vertebrates, humans have bilateral symmetry,
with the majority of body systems more or less symmetric.
Whereas the gut begins as a symmetrical midline tube, it
later loops and rotates in a highly conserved, asymmetric
pattern necessary for correct packing into the body cavity.
To avoid strangulation of gut vessels, their development
must be coordinated with the complex looping that character-
izes gut morphogenesis (Figure 1A). In mice and birds, this
looping is driven by left-sided expression in the DM of the
left-right (L-R) symmetry-breaking transcription factor Pitx2
(Figures 1A and 1B, orange; Figure 1D) (Davis et al., 2008).
The chicken DM forms on day 2.5 (Hamburger-Hamilton [HH]
stage 17, akin to mouse embryonic [E] day 10) (Hamburger
and Hamilton, 1992) and consists of distinct cellular compart-
ments that, via specific morphological changes, deform me-
chanically and swing the attached gut tube leftward. This tilt
provides a bias for asymmetric gut rotation, disruption of
which randomizes gut looping (Davis et al., 2008; Shiratori
et al., 2006). Importantly, these asymmetries are short-lived,
and once looping is underway, the wide, asymmetric DM
transforms into a thin suspensory morphology with no observ-
able L-R asymmetry (Savin et al., 2011).

To uncover mechanisms downstream of Pitx2 that cause
asymmetric cell behavior, we performed laser microdissection
of the left and right DM (left: Pitx2 positive versus right: Pitx2
negative, Figure 1C) when L-R DM asymmetries are observed
(Welsh et al., 2013). Unexpectedly, many of the genes with
significant L-R differences are associated with arterial and
lymphatic formation. Using live imaging, chick-quail chimeras,
targeted in ovo misexpression, and transgenic mice, we demon-
strate in the DM the left-side restricted formation of transient ar-
teries, which quickly remodel and join the CMA to become the
permanent arteries supplying the midgut. To our surprise, gut
lymphatics also initiate in the left DM and arise only after—and
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Figure 1. Arterial Development in the DM Is Restricted to the Left Side

(A) Midgut arteriogenesis commences at chicken HH20 (mouse E10) in the dorsal mesentery (DM, orange) concomitant with rotation of the gut tube, as arterial
branches of the cranial mesenteric artery (CMA, a branch of dorsal aorta [DA]) first connect to the gut plexus.

(B) Gut tube (GT) is suspended by DM; Pitx2-drives L-R cellular asymmetries to initiate leftward rotation.

(C and D) Heat map of L-R differentially expressed genes (LE, left epithelia; LM, left mesenchyme; RM, right mesenchyme; RE, right epithelia) in the DM (C) leads
to a model for the role of Pitx2 (ISH, purple) in DM vascular patterning (D).

(E and F) PlexinD1 (E) and Gja5 (F) ISH show presence (left, red box) or absence (right, black box) of arterial D-V cords.

(G and H) QH1* (G) and Tie1* (H) cords in quail embryos (arrowhead).

Scale bars represent 50 um (D-H). See also Figure S1.

dependent on—arteriogenesis, implicating arteries as a driver morphogenesis in the left DM. With these findings, we introduce
of gut lymphangiogenesis. Finally, we demonstrate that the asystem to dissectin vivo the mechanisms that spatially pattern
Cxcl12/Cxcr4 pathway is a target of Pitx2 necessary for vascular  blood and lymphatic vessels of the vertebrate gut.
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Figure 2. The Right Side of the DM Becomes Avascular during Midgut Rotation
(A-F) Transgenic quail midgut DM transverse sections with Tie7:H2B-eYFP (green) and DAPI (blue) staining. (A and D) L-R bilateral vascular endothelial plexus is
present in the DM at HH17 (green and red arrows). (B and E) Vascular plexus on the DM right side begins to regress (red arrow). (C and F) By HH19 the right side is
avascular and only the left-sided Tie1* D-V cords remain (green arrow).
(G-I) Still frames from live time-lapse tracking of Tie1:H2b-eYFP cells at HH17 (G), HH18 (H) and HH20 (l) illustrating right-sided (red) regression of vascular
endothelium. Nuclei of the left, right, and dorsal aorta endothelium are represented as green, red, and blue and purple spots, respectively (Imaris).

(legend continued on next page)
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RESULTS

Arterial Development in the DM Is Restricted

to the Left Side

Microarray analyses of the L-R DM revealed that many differen-
tially expressed genes were associated with endothelial vessel
formation (Figure 1C; Figure S1 available online), suggesting
that vascular patterning was asymmetric in the gut. Among the
top candidates were the arterial identity marker gap junction
alpha-5 protein (Gja5 or Cx40), Notch pathway genes, and
markers of hematopoietic cell clusters (Cd34 and others, Fig-
ure 1C; Figure S1). RNA in situ hybridization (ISH, Figures 1E
and 1F) using pan-endothelial (PlexinD1) or arterial endothelial
probes (Gja5) identified arterial cords coursing dorsoventrally
(D-V) between the dorsal aorta (DA) and the gut vascular plexus
(GP) at the onset of gut rotation (HH20). Significantly, these were
present only on the DM left side, within the more densely packed
Pitx2-positive left mesenchyme (Figures 1E and 1F, red dashed
box; Figure 1D, left-sided Pitx2). No cords were present on the
right side within the dispersed mesenchyme (Figures 1E and
1F, black dashed box), a phenotype specific to the DM, as endo-
thelial vesicles were present bilaterally in adjacent tissues dorsal
to the DM (Figure S1) and in the gut plexus (Figure 1E; Figure S1).
This left-sided vascular bias was confirmed with quail endo-
thelial-specific antibody QH1 (Figure 1G, red) and transgenic
Tie1:H2B-eYFP quail embryos (Figure 1H, green; Figure 1D,
model).

The DM Right Side Becomes Avascular during Gut
Rotation

The gut vascular system derives from incompletely identified
progenitors (Pardanaud et al., 1989) that form a bilaterally sym-
metric endothelial plexus residing in the left and right splanchnic
mesoderm (DM precursor) (Thomason et al., 2012). Thus, we hy-
pothesized that existing right-sided endothelium must become
excluded to generate the left-sided bias (Figures 1E-1H). Time
series experiments revealed that when the gut tube is still open
(HH17), a bilateral Tie-1-positive endothelial plexus is present
in the left and right mesenchymal compartments (Figures 2A
and 2D, green and red arrow). Strikingly, at the onset of cellular
asymmetries within the DM, endothelial cells within the right
mesenchyme become progressively excluded (Figures 2B and
2E, red arrow). At HH19-20, when the leftward tilt has initiated,
only the left-sided D-V endothelial cords remain (Figures 2C
and 2F, green arrow).

Ex vivo time-lapse analyses in transgenic quail (Figures 2G-2l;
Figure S2; Movies S1, S2, and S3) showed Tie1-positive cells
leaving the DM right side at the time of the tilt (Movies S1 and
S3), many of which crossed to the left side (Figure 21, red arrow;
Movies S2 and S3). No TUNEL staining was detected in these
cells or the entire DM, confirming that apoptosis does not
contribute to endothelial cell loss (Figures S2H-S2J). Therefore,

whereas vascular development proceeds in the left DM, endo-
thelial cells on the right emigrate, suggesting the right DM is
not permissive to vascular development.

To further test this, we transplanted fragments of the right
(GFP labeled) or left mesentery (RFP) from a donor quail at
HH17-18, just prior to the right-sided vascular regression, into
the head mesenchyme of recipient chickens at HH9-10 (Figures
2J-2M) (Feinberg and Noden, 1991). Donor quail endothelium
from both the left and right sides emigrated from the grafts and
populated nearby and distant blood vessels of hosts (Figures
2N-2Q, n = 12/20 from left versus n = 14/23 from right, p >
0.9536). Thus, competent endothelial cells are present bilater-
ally, but in the right DM are unable to execute further develop-
ment (Figure 2R).

Left-Sided D-V Cords Become the Major Arteries
Supplying the Midgut and Are Driven by Pitx2
Gja5-positive D-V cords first appear coincident with DM forma-
tion and onset of gut looping (HH17-21, Figure 3A, orange ar-
rowheads, quantified in Figure 3B, orange bars). At HH22, most
cords remodel ventrally forming a new longitudinal arterial
plexus at the junction of the DM and gut mesenchyme (Fig-
ure 3A). Importantly, this plexus coalesces at HH23, forming
a highly stereotypical, permanent artery that extends cranially
and connects the future colon to the CMA (Figure 3A, red ar-
row; formation quantified in Figure 3B, red curve). This primary
longitudinal artery (1°LA) becomes the ileocolic artery, the ter-
minal branch of the CMA supplying the cecum, ileum, and ap-
pendix (human) in the adult. At this stage, three D-V arterial
cords located caudally remain in the DM and do not remodel
until HH25 (Figure 3A, orange arrowheads at HH23; quantifica-
tion in Figure 3B). The left-sided bias for DM arterial remodeling
and for the final position of the 1°LA was confirmed with sub-
sequent transverse sections of Gja5-stained embryos
(Figure 3F).

At HH25, as the intestinal loop elongates ventrally (Figure 3C,
dashed arrow), the remaining D-V cords disappear, and a sec-
ond arterial plexus forms that extends cranially and is positioned
halfway between the terminal ileocolic branch point and the dor-
sal aorta (Figure 3C, red arrowheads). This secondary longitudi-
nal artery (2°LA) connects to the CMA by HH26 (Figure 3C) and
becomes the middle colic artery, the next branch of the CMA
supplying the transverse colon. With further intestinal elongation,
a third branch arises as an anastomosis between the ileocolic
and middle colic arteries at HH29 (Figure 3C). This right colic ar-
tery feeds the distal ascending and proximal transverse colon.
Thus, vascularization of the intestine is accomplished in the left
DM by asymmetric and transient assembly of multiple arterial
D-V cords, followed by their remodeling into the permanent ma-
jor arteries supplying the caudal half of the vertebrate midgut
(Figure 3D, left lateral view of embryo; Figure 3E, slices of DM
with gut tube).

(J-Q) Chick-quail chimera show endothelial progenitors with competence to form vessels are present on both sides of DM. (J) Dual-labeling of left (RFP) and right
(GFP) donor quail DM (HH18). (K-M) Marked fragment is grafted onto chicken (HH9-10) where indicated and scored at HH21 (in N and O: Hb, hindbrain; Ov, otic
vesicle; Ph, pharynx; LCcv, left cranial cardinal vein; RCcv, right cranial cardinal vein). The boxed region of (N) is magnified in (O), where right-derived (GFP-
positive) donor angioblasts (QH1, red; GFP costain in P) contribute to new vessels indistinguishable from control left-derived (RFP-positive) cells (QH1, green) (Q).
(R) Cartoon of right-sided vascular endothelial regression leading to the left-sided bias of vascular patterning in the midgut DM.

Scale bars represent 50 um (A-F), 100 um (J), 200 um (K and L), 500 um (N), and 20 um (O-Q). See also Figure S2 and Movies S1, S2, and S3.
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Figure 3. Left-Sided D-V Cords Become the Major Arteries Supplying the Midgut and Are Pitx2 Driven
(A and B) Arteriogenesis time course (1°LA formation) via whole-mount ISH (Gja5) in chicken DM (D-V cords, orange arrows; 1°LA, red arrow) (A), quantified in (B)

(orange bars show number of D-V cords; red curves show percent longitudinal extension of 1°LA).
(C) Time course (2°LA formation): 1°LA connection to CMA is established (1°, ileocolic artery, Ic) and precedes initiation of 2°LA (2°, middle colic artery, Mc) as an

outgrowth of the 1°LA (red arrowheads on left). Subsequent anastomosis of 1° and 2° form the right colic artery (Rc on right).
(D and E) Model of 1° and 2°LA formation as seen from left lateral view (D) or in transverse (E).
(legend continued on next page)
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The DM asymmetries are evolutionarily conserved among
birds and mice and require left-sided Pitx2. We examined
vascular development in Pitx2*/*, Pitx2*'~, and Pitx2~'~ mouse
embryos and found that, like chickens, wild-type (WT) mice
formed transient left-sided D-V arterial cords at E10.75
(Figure 3G; Figure S8), while reduced Pitx2 function in —/—
and +/— embryos significantly decreased Gja5-positive cords in
the DM (Figures 3G and 3H, n = 5, p = 0.0003 +/+ versus —/—,
p < 0.0052 +/+ versus +/—). Thus, Pitx2 plays a necessary and
conserved function during arterial patterning in the DM.

Asymmetric Organization of the Cxcr4/Cxcl12 Pathway
across the L-R Axis of the DM

Of specific interest to gut vasculogenesis is the chemokine
Cxcl12, ligand for the receptor Cxcr4. Mice lacking Cxcr4 or
Cxcl12 display defective DM arteriogenesis (Ara et al., 2005; Ta-
chibana et al., 1998). Indeed, ISH at HH20 confirmed that Cxcl12
is present in the left DM mesenchyme surrounding the endothe-
lium (Figure 4A). Prior to DM formation and gut closure (HH17),
when the intervening bilateral endothelial plexus remains,
Cxcl12 is also expressed bilaterally (Figure 4C). Cxcl12 expres-
sion subsequently develops D-V asymmetry in the left DM,
with its highest concentration ventrally where the 1°LA forms at
the DM-gut boundary (HH23, Figure 4D). In contrast, Cxcr4
expression was found in endothelium of the D-V arterial cords
(Figure 4B) and in the intervening vascular plexus bilaterally (Fig-
ure S4A). At HH25, Cxcr4 expression remained in left-sided 1°LA
endothelium (Figure S4B). This finding is consistent with previ-
ous work illustrating that in mouse intestine, Cxcr4 is expressed
only in arterial endothelium.

The Cxcr4/Cxcl12 Axis Is Downstream of Pitx2

Pitx2 is both necessary and sufficient to govern the molecular
and cellular character in the left DM (Davis et al., 2008; Kurpios
et al., 2008). In mice lacking Pitx2, the left DM fails to condense,
all L-R DM asymmetry is lost, and stereotypical gut looping is
randomized. In chicken embryos electroporated with ectopic
Pitx2 on the right side (Pitx2 misexpression), DM cellular asym-
metries are also lost. The normally loose right mesenchyme is
instead densely compacted like the left side (a “double-left”
phenotype).

To learn whether Pitx2 is sufficient to drive the Cxcl12/Cxcr4
and vascular program in the DM, we misexpressed Pitx2 and
GFP on the right side at HH14 (Figures 4E-4L). GFP-positive
cells were found only on the right side at HH20 (Figure 4H), while
GFP alone had no effect on vascular development (Figures 4l
and 4J). However, consistent with our previous work, Pitx2 ex-
pressed on the right produced a double-left phenotype including
ectopic Cxcl12 expression (Figure 4F versus Figure 4E), ectopic
formation of Cxcr4- and Gja5-positive arterial D-V cords at HH20
(Figure 4G, n = 22/24; Figure S4C), and two 1°LAs by HH21
(normal left and ectopic right, Figure 4M, n = 14/16).

Similarly, quantitative RT-PCR at E13.5 (Figure 4N) and ISH
at E12 (Figure S4D) revealed a significant reduction in Cxcl12

and Cxcr4 expression in the DM of both Pitx2*/~ and Pitx2~/~
mutant embryos (Figure 4N, n = 3; Cxcl12: p = 0.0281 +/+
versus +/—, p < 0.018 +/+ versus —/—; Cxcr4: p < 0.004 +/+
versus +/—; p < 0.0005 +/+ versus —/—), showing that Pitx2 reg-
ulates the Cxcl12/Cxcr4 axis and is necessary to initiate DM
arteriogenesis.

To discern between direct and indirect Pitx2-dependent
transcription, we confirmed Pitx2 binding sites at known Pitx2
targets and predicted conserved sites at the Cxcl712, but not
Cxcr4, locus (Figure S4E). These data agree with recently re-
ported findings from in vivo chromatin immunoprecipitation
sequencing of FLAG-tagged Pitx2 binding in mouse cardiac
tissue (NCBI Gene Expression Omnibus accession number
GSE50401) (Wang et al., 2014); we found five enriched Pitx2-
binding peaks surrounding Cxcl12, one of which directly over-
laps exon 1 of Cxcl12 (Figure S4E). No significant Pitx2 binding
was observed at the Cxcr4 locus, arguing against a role for
Pitx2 expression in endothelial cells.

These data suggest that Cxc/12 is a direct target of Pitx2 in vivo
and that Pitx2-dependent Cxcl12 expression in mesenchymal
cells of the left DM signals to neighboring Cxcr4-positive
(Pitx2-negative) endothelium to govern their behavior. Thus,
Pitx2 appears to orchestrate a microenvironment permissive of
vascularization, but does not autonomously determine endothe-
lial cell fate decisions.

The Cxcr4/Cxcl12 Axis Is Necessary for Arterial
Development in the DM

To specifically address Cxcl12/Cxcr4 function in the DM, we im-
planted beads soaked in a clinically validated Cxcr4 antagonist,
AMDB3100 (Matthys et al., 2001), into the left coelomic cavity prior
to DM formation at HH14 (Figure 5A). This had no effect on DM
morphology or Pitx2 expression (Figure S5, n = 6/6). However,
it ablated both the Gja5-positive D-V cords (Figure 5B, red ar-
rows at HH21) and the 1°LA (Figure 5C, red arrows at HH25,
n = 20/25, p < 0.0001). AMD3100 effect was specific to the DM
vasculature as other nearby channels including the gut plexus
were unaffected (Figure 5D, orange dashed lines, ISH VE-cad-
herin). Thus, the Cxcr4/Cxcl12 axis is necessary for local arterial
development in the DM.

Cxcl12 Expression Is Not Sufficient to Drive D-V Cord
Formation in the Absence of Pitx2

To learn whether Cxc/12 can function in the absence of the L-R
Pitx2, we targeted the Pitx2-negative compartment of the DM
where D-V endothelial cords secondarily regress and asked
whether ectopic misexpression of Cxc/12 can rescue this regres-
sion and support arterial vascular development in the absence of
Pitx2 (Figures 6 and S6). As a control, we first overexpressed
Cxcl12 and GFP in the left, Pitx2-positive, DM and performed
spatiotemporal Gja5 ISH on whole embryos to examine DM
vascular processes upon ectopic Cxcl12 overexpression. By
comparison with the endogenous levels of left-sided Cxcl712 in
WT embryos, overexpression of Cxc/12 on the left resulted in

(F) Arteriogenesis in the DM initiates on the left (HH21, transverse view), where D-V cords remodel into the 1°LA.
(G and H) Arterial cords ablated in E10.75 Pitx2~/~ DM (dashed region) (G), quantified in (H) (column scatter plot shows individual data and median [line]; mean

number is represented above each data point).

Scale bars represent 100 um (A), 100 um (C), 50 um (F), and 200 um (G). See also Figure S3.
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Figure 4. Cxcr4/Cxcl12 Axis Is Regulated by Pitx2
(A and B) Cxcl12 (A) and receptor Cxcr4 (B) expression in left mesenchyme and endothelial cells, respectively (ISH).
(C and D) Cxcl12 is bilateral (HH17) prior to DM asymmetries (C), then develops a left ventrodorsal gradient (HH23) (D).
(legend continued on next page)
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accelerated remodeling of D-V cords (Figures 6A-6C, gray
versus orange bars) and precocious formation of the left-sided
1°LA (HH18 with Cxcl12 versus HH23 in WT embryos, red arrows
in Figures 6A and 6C, red curve in Figure 6B; n =25, p < 0.0001).
Transverse sections of these left-side Cxcl12 electroporated
embryos verified the left-specific targeting of the DM with GFP
and confirmed the left-sided bias in the formation of this preco-
cious 1°LA with ISH to Gja5 (Figure 6E, red arrow).

Next, we misexpressed Cxc/12 and GFP in the right, Pitx2-
negative, DM compartment and examined whether this can reca-
pitulate the double-left DM phenotype we routinely observe with
ectopic Pitx2 misexpression in the right DM (Figure 4M). Unlike
the isomerizing effects of Pitx2, right-sided Cxcl12 produced
normal L-R asymmetric DM morphology (Figure S6A). Impor-
tantly, it was not sufficient to promote formation of ectopic D-V
cords in the right DM at all stages examined (HH21 shown, Fig-
ure 6E; note absence of cords in black dashed box; Figures
S6A and S6B). Unexpectedly, in these Cxcl12 (right side) electro-
porated embryos, an ectopic 1°LA developed on the right side at
the mesentery-gut boundary on an accelerated timetable akin to
left Cxcl12 overexpression (Figures 6A, 6B, and 6D, purple versus
gray, p > 0.999; Figure 6E, red arrow; Figure S6B). No left-sided
1°LA was formed in these embryos (Figures 6E and SEB).

On the basis of these findings, we hypothesized that in the em-
bryos electroporated with Cxc/712 on the right, the ectopic levels
of Cxcl12 overcame the chemotactic index of WT Cxcl12 on the
left, prompting endothelial cell migration toward the right side
and contributing to the formation of a right-sided 1°LA (Figure 6E,
cartoon). Consistent with our hypothesis, Cxcr4-positive endo-
thelial cells were found in the 1°LA induced by ectopic (right-
sided) Cxcl12 (Figure S6B, row 4). Furthermore, ISH for Cxcl12
expression in electroporated embryos revealed significantly
higher levels of the ectopic right-sided Cxcl12 by comparison
with the endogenous levels of Cxcl/12 found on the neighboring
left side (Figure S6A).

To directly test this hypothesis, we performed a dual-targeting
experiment to inhibit the formation of the left-sided Cxcr4-posi-
tive D-V cords and at the same time provide the right side
with an ectopic source of overexpressed Cxcl12 (Figure 6F).
If 1°LA formation requires the preceding transient D-V cords
within the left Pitx2-positive DM compartment, an ectopic
right-sided 1°LA should not develop in these Cxcl12 (right side)
electroporated embryos (Figure 6F1). AMD3100-soaked (Fig-
ure 6F1) or PBS (Figure 6F2) beads were implanted on the left
to inhibit normal D-V cord formation as described above, and
in the same embryo Cxcl12 was electroporated on the right.
Compared with PBS bead controls (Figure 6F2, n = 7/7), Cxcrd
inhibitor-beaded embryos formed neither a normal left nor an
ectopic right 1°LA (HH25, Figure 6F1, n = 7/11, p < 0.0128),
consistent with our hypothesis that only the left-sided endothelial
cells are able to form the 1°LA. As expected, electroporating
Pitx2 instead of Cxcl12 on the right with the left side inhibited
was able to support arterial development in the right DM, inde-

pendent of the left side (Figure 6F3, n = 14/14, p < 0.0007). As
a technical note, the diffusion range of AMD3100 inhibitor does
not extend beyond the midline boundary of the DM: inhibitor
beads placed on the right side of WT embryos have no effect
on the normal left-sided vascular assembly of cords and the
1°LA (Figure S6C, n =17/17, p < 0.001).

These findings suggest that Cxc/712 expression guides the
location of Cxcr4-positive arterial endothelial cells in the DM as
a necessary angiogenic signal. 1°LA formation requires the pre-
ceding transient left D-V cords, a process dependent on the
Cxcl12/Cxcr4 axis. Although necessary, Cxcl12/Cxcré4 signaling
is not sufficient for this process, indicating that Pitx2 must pro-
vide the critical framework, distinct from those of the adjacent
gut vasculature, within which Cxcl12 can function.

Lymphangiogenesis in the DM Is Left Sided

Early studies supported by recent lineage tracing methods pro-
posed that lymphatics are modified veins and originate from pri-
mary lymph sacs (centrifugal model) (Sabin, 1902; Srinivasan
et al., 2007). An alternative model proposed that lymphatic ves-
sels develop from mesenchymal precursor cells, independent of
veins, and secondarily establish venous connections (centripetal
model) (Huntington and McClure, 1910). In the dorsal regions of
the abdomen, an unpaired retroperitoneal sac forms from sub-
cardinal veins (SCVs) lying ventral to the aorta beside the root
of the mesentery (dorsal margin of the DM, Figure S7). Early
20th century embryologists noted that gut lymphatics are first
evident as centrifugal branches from the retroperitoneal lymph
sac after E14 and proposed it to be the sole source of gut
lymphatic vessels (Heuer, 1909). However, recent studies in
mice have identified mesenchymal cells with lymphatic endothe-
lial characteristics residing locally within the gut tube mesen-
chyme, far ventral to the retroperitoneal sac. These data suggest
an alternative origin of intestinal lymphatics (Buttler et al., 2006;
Pudliszewski and Pardanaud, 2005).

Because gut lymphatics course with arteries (not veins), we
hypothesized that local mechanisms in the left DM that initiate
arteriogenesis might similarly induce lymphangiogenesis.

We initially detected no Lyve?- or Prox1-positive cells in the
chicken DM at HH20 when arterial D-V cords are still present
(Figures 7A and 7B, red arrowheads). Both lymphatic markers
were weakly expressed in the walls of the left and right SCV
located beside the root of the mesentery (Figure 7A). Lyvel
was also weakly expressed throughout the midgut vascular
plexus (Figure 7A, GT) as shown in the mouse counterpart.
Hence, at the onset of gut rotation, lymphatic precursors are
resident in two distant locations: dorsal and ventral to the DM.
Strikingly, by HH23, and coincident with the formation of 1°LA
from D-V cords (Figures 7C and 7D, red arrows), we identified
a robust plexus of Lyve7-positive cells in the left DM. These
are first evident ventrally, then extend dorsally through the left
DM mesenchyme (HH24) (Figure 7C, green arrows). This pattern
was confirmed with Vegfr3 staining (Figure 7C), and left lateral

E-L) Right DM Pitx2 misexpression drives ectopic Cxc/12 expression (F versus E) and D-V arterial cords (G, Gja5; K, PlexinD1), compared with GFP-only control

M) “Double-left” vascular phenotype upon right-sided Pitx2 misexpression (orange arrowheads point to D-V cords, red arrows point to 1°LA).

(
(K versus I). GFP labels electroporated cells (H, J, and L). Orange arrowheads mark arterial cords (B, G, I, and K).
(
(

N) Relative expression levels of Cxcl12 and Cxcr4 in E13.5 Pitx2~/~ DM.
Scale bars represent 50 um. See also Figure S4.
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e Pharmacological targeting of the left DM in vivo
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Figure 5. The Cxcr4/Cxcl12 Axis Is Neces-
sary for Arterial Vascular Development in
the DM

(A) Targeting of the left DM with AMD3100. Beads
are placed into the left coelomic cavity (HH14) prior
to DM formation to target splanchnic mesoderm.
Beads remain intact at HH21 when embryos are
analyzed.

(B-D) Compared with PBS-control beads,
AMD3100-beads ablate left arterial cords (HH21,
ISH Gja5, red arrows) (B) and 1°LA (HH25, red ar-
rows) (C), but leave adjacent gut vascular plexus,
CMA, and DA unaffected (VE-cadherin, HH21) (D).
CMA, cranial mesenteric artery; GT, gut tube; DA,
dorsal aorta.

Scale bars represent 100 um. See also Figure S5.

At HH26, as the gut loop elongates, the
initially wide, short DM transitions into a
thin and long structure to accommodate
the rapid gut elongation (Savin et al.,
2011). This stage is characterized by the
formation of the second arterial branch
(2°LA) from the remaining D-V arterial
cords (Figure 7E, Gjab). Coincident with
2°LA formation, we observed that the
Vegfr3-positive plexus extends dorsally
within the left DM (Figure 7E, green arrow)
and toward the 2°LA (Figure 7E, 2°LA;
Figure 7E, green arrow). It remains con-
nected with the gut vascular plexus
ventrally and grows new lymphatic cords
dorsally that subsequently connect with
the right SCV (Figure 7E, green arrow-
heads). At HH26, we found Prox1 only in
the SCVs, indicating that not all lymphatic
precursor cells are Prox1 positive at this
stage, consistent with recent studies
(van Impel et al., 2014) (data not shown).

At HH27, we detected Prox1 expres-
sion in a subpopulation of Vegfr3-positive
endothelial cells that continues extending
from the gut vascular plexus dorsally and
within the left DM (Figures 7F and 7G,
adjacent sections, green dashed box,
Figure S7B). Prox1 was also expressed
strongly in the avian-specific nerve of Re-
mak and was distinguished from
lymphatic populations by staining for the
neural marker Hnk1 (Figure 7H; Fig-
ure S7B, right). Prox1 expression was
maintained in the dorsal region of the
abdomen in an endothelial subpopulation
of the left and right SCV and also in a re-
gion ventral to the right SCV marked

views of embryos at HH23 (Figure 7E, green arrow) revealed a
Vegfr3-positive vascular plexus present longitudinally along the
mesentery-gut border and parallel to the 1°LA (Figure 7E, red
arrow).

with Vegfr3-positive cells (Figures 7F and 71, blue dashed box).

Similarly, in WT mice, whole-mount immunohistochemistry
(IH) and subsequent tissue sections revealed the first appear-
ance of a Prox1-positive lymphatic vascular plexus at E10.5 in
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Figure 6. Cxcl12 Expression Is Not Sufficient to Drive D-V Cord Formation in the Absence of Pitx2
(A-E) Exogenous left (or right) Cxcl12 expression accelerates left-sided D-V remodeling and 1°LA formation. (A) Lateral views of DM arteriogenesis in WT, left-side

£ -

(C), and right-side (D) Cxcl/12 electroporated embryos (whole-mount ISH Gja5), quantified in (B) (bars show number of D-V cords, red curves show percent
longitudinal extension of 1°LA). (E) Transverse sections of left-side (top) or right-side (bottom) Cxc/12 electroporated embryos (Gja5 ISH, GFP labels targeted
cells) show left-sided (top) or right-sided (bottom) location bias in the formation 1°LA (red arrow). Dashed boxes mark the presumptive location of the normal left-
sided (red) and ectopically formed right-sided (black) D-V arterial cords.

(F) Cartoon shows proposed model for the left-side dependent formation of the ectopic right-sided 1°LA, tested in a dual L-R targeting experiment. DM dual targeting
(HH25, whole-mount ISH Gja5, right lateral view of embryos, summarized in cartoons): (1) left-sided AMD3100-soaked beads with right-sided Cxcl/12; (2) PBS beads
and right-sided Cxcl12; or (3) left-sided AMD3100 beads with right-sided Pitx2 (bottom) demonstrate the requirement of the left side for 1°LA formation.

Scale bars represent 100 um (A, C, and D), 50 um (E), and 100 um (F). See also Figure S6.
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the ventral left DM (Figure 7J; Figure S7C). We confirmed the
lymphatic identity of this population using Prox7-GFP transgenic
mice (Choi et al., 2011) (Figure 7K) and double-IH to the
lymphatic endothelial marker Nrp2. These experiments revealed
that the Prox1 promoter is transcriptionally active in both dorsal
(subcardinal vein, blue dashed box in Figures 7K and 7L) and
ventral (left DM, green dashed box in Figures 7K-7M) locations
within the DM. No Prox7-GFP-labeled cells were detected in
the gut DM prior to E10.5 (Figure 7J; Figure S7C). Thus, Prox1-
positive lymphatic precursors are resident in two separate
locations in two model organisms: in the dorsal region of the
abdomen (SCVs and dorsal margin of the DM) and in the ventral
region of the left DM (Figure 7N). These results show that gut
lymphatics exhibit a left-sided bias, implicating the role of Pitx2
during organ-specific lymphangiogenesis.

Pitx2 Is Required for Lymphatic Development in the
Mouse DM

To demonstrate the role of Pitx2 during lymphatic development,
we initially assayed for Prox1 expression in WT and Pitx2 mutant
whole intestines using quantitative RT-PCR. Because Pitx2~/~
embryos die at E14.5 (Lu et al., 1999), analyses were performed
at E13.5. Prox1 expression was significantly reduced in Pitx2 ™/~
(Figure 8C, n =5, p < 0.0007) and Pitx2*/~ mutant intestines (Fig-
ure 8C, n=5, p <0.0083). We next performed ISH and double-IH
for Prox1 and the pan-endothelial marker platelet-endothelial cell
adhesion molecule-1 (Pecam-1 or CD31) in WT and Pitx2 mutant
embryos. Consistent with a previous report (Wigle and Oliver,
1999), Prox1 expression was seen in lymphatic vessels of the
DM at E13.5, which connect ventrally with the gut plexus and
dorsally with the lymphatic plexus found alongside the CMA (Fig-
ures 8A and 8B, arrow). Importantly, Prox1 expression was ab-
sent from all Pitx2~/~ mutant mesenteric lymphatics at E13.5 (Fig-
ures 8A and 8B, asterisk), suggesting a lack of lymphatic vessels
in the Pitx2~'~ mouse DM. Strikingly, expression of Prox1 in the
lymphatic population alongside the CMA remained unchanged
in Pitx2~'~ embryos (Figure 8A, arrowhead), highlighting that
this lymphatic endothelium is Pitx2 independent. We obtained
identical results with Vegfr3 expression in WT and Pitx2 null em-
bryos (Figure S8A). Furthermore, we observed no phenotype in
the formation of dermal lymphatics that arise from the paired ju-
gular lymph sacs (Figure 8B, insets), a process halted in Prox1
null mice (Oliver, 2004). Hence, the organ-specific lymphatic

phenotype in Pitx2 null mice is distinct from that reported with
Prox1 loss of function, where all lymphatic structures are absent
including those alongside the CMA (Wigle and Oliver, 1999).

These data demonstrate the existence of a separate popula-
tion of lymphatic progenitors with distinct molecular and fate
identity that forms local mesenteric lymphatic vessels and is
dependent on the asymmetric expression of Pitx2.

Local Lymphangiogenesis in the Left DM Requires the
Preceding Pitx2-Driven Arterial Program
To begin addressing mechanisms that might be responsible for
lymphangiogenesis in the DM, we blocked arterial formation by
implanting Cxcr4/Cxcl12-inhibiting AMD3100 beads on the left
side. Neither the Lyve7- (Figure S8B) nor the Vegfr3-positive
lymphatic network developed (Figure 8D, middle, n = 14/19,
p < 0.0001, orange dashed lines), suggesting that lymphangio-
genesis in the DM requires prior arteriogenesis or is dependent
on Cxcr4/Cxcl12. Similarly, Prox1/Pecam-1 expression was ab-
sent from all Cxcr4~/~ mutant mouse mesenteries (Figure S8C).
To uncouple arterial function from the Pitx2-driven Cxcrd/
Cxcl12 axis, we specifically blocked arteriogenesis with a vali-
dated Gja5 blocker, quinidine (Picoli et al., 2012). As expected,
no Gja5-positive 1°LA formed in quinidine-beaded embryos
(HH24, Figure 8E, red arrow, n = 6/9, p < 0.0045) independent
of Cxcl12 expression (Figure S8D). Importantly, quinidine
completely ablated the Vegfr3-positive lymphatic network (Fig-
ure 8D, right, orange dashed lines, n = 17/25, p < 0.0001).
Consistent with our Pitx2~’~ mice data, quinidine had no effect
on Vegfr3 expression in the chicken lymphatic population along-
side the CMA (Figure 8D, right, arrowhead, n = 18/18). Thus,
mesenteric lymphatic vasculature forms asymmetrically and is
dependent on the prior assembly of the arterial vascular network
in the left DM, a process downstream of Pitx2. These primitive
lymphatics subsequently extend dorsally to connect with centrif-
ugal branches of the systemic vascular system (Figure 8F,
model).

DISCUSSION

We have leveraged the DM as a genetically accessible in vivo
model to characterize vascular development in the intestine.
Our work demonstrates that (1) arteriogenesis in the midgut is
commensurate with the onset of gut rotation and proceeds

Figure 7. Lymphangiogenesis in the DM Is Left Sided and Initiates Locally

(A-1) ISH during DM arteriogenesis with probes specific for arterial (Gja5) and lymphatic (Lyve1, Vegfr3, and Prox1) markers: transverse (A, C, E [right], and F-I) and
lateral views (B, D, and E) of DM with gut tube vibratome slices (A, B, C, and D) or whole-mount embryos with corresponding transverse sections (E).

(A and B) At HH20, only arterial cords are present (red arrowhead and cartoon).

(C and D) At HH23-24, Lyve1 and Vegr3 mark lymphatics in the ventral left DM (C and D, green arrows; D, cartoon) while 1°LA has formed (red arrow).

(E) Left lateral views, with HH23 showing lymphatic field (green arrow, Vegfr3) forming along the 1°LA (red arrow, Gja5). The lymphatic field (green arrow) at HH26
moves dorsally and parallels the 2°LA now formed (green arrowheads show dorsal connections of the lymphatic field with the SCV). The gray dashed line and
asterisk marks the location of the transverse section. The black dashed arrow shows ventral elongation of the midgut loop. Transverse sections of the ISH show
the left-sided location of the 2°LA (Gja5) and lymphatic field (Vegfr3).

(F-I) Distinct ventral (green box) and dorsal (blue box) populations of chicken DM lymphatics, revealed by Prox71 and Vegfr3 ISH on adjacent sections; higher
magnifications: ventral (G) and dorsal (l) domains. (H) Prox1* avian nerve of Remak in the ventral domain stains Hnk1*, distinct from Prox1*, Hnk1~ lymphatics
(green box).

(J and K) Distinct lymphatic populations (E10-11) in WT mice (J, anti-Prox1) and in Prox1-GFP transgenic mice (K, anti-GFP).

(L and M) Double-IH of Prox1-GFP mice with Nrp2 (M shows higher magnification of ventral population from L).

(N) Cartoon model summary of ventral left and dorsal lymphatic populations.

Scale bars represent 50 pum (A-D, E [right], I-K [left and right], L, and M), 100 um (E, left, and F-H), and 20 um (K, middle). See also Figure S7.
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Figure 8. Local Lymphangiogenesis in the Left DM Requires the Preceding Arterial Program, Driven by Pitx2
(A and B) Prox1* mesenteric lymphatic vessels (white arrows, Pitx2*/ *) are absent in embryos lacking Pitx2 (asterisk in Pitx2 "/~ panels), as revealed by whole-
mount ISH (A) and immunostaining for Prox1/CD31 at E13.5 in the mouse (B). Prox1™ cells alongside the CMA wall (white arrowhead in A) or of dermal lymphatics
(B, Insets) are unaffected by Pitx2 loss.

(legend continued on next page)
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strictly on the DM left side; (2) subsequent lymphangiogenesis is
left-sided and is dependent upon arteriogenesis; and (3)
Pitx2 and its target gene Cxcl12 drive the formation of vascular
channels in the DM, but Cxcl/12 alone is insufficient in the
absence of a Pitx2-induced microenvironment. Our findings
shed light on possible mechanisms by which L-R signaling deter-
mines organ-specific blood vascular and lymphatic situs
throughout the embryo.

Pitx2 Patterns Blood Vessels of the Dorsal Mesentery
Our work demonstrates that Pitx2-dependent processes direct-
ing initial gut rotation are also employed for patterning
the vasculature within the midgut DM and thus provide a mech-
anism to coordinate these two critical morphogenetic pro-
cesses. Multiple mesenteric arteries form transiently on the left
side of the DM, then remodel ventrally to form the permanent
arterial branches of the CMA: the most distal (ileocolic) branch
forms first, and as the loop herniates a second (middle colic)
branch forms, ultimately giving rise to the third (right colic)
branch as an anastomosis between the ileocolic and middle
colic arteries. Interestingly, we observed no vascular events in
the cranial half of the midgut at the time of rotation, suggesting
that vascularization of the proximal ileum and jejunum is tempo-
rally and spatially distinct from the large intestine. Indeed, the
vascular pattern of the adult jejunum compared with other
midgut-derived regions reflects this difference and is a conse-
quence of the additional complex looping events in this segment
(Savin et al., 2011).

Other asymmetric vascular events are similarly Pitx2 depen-
dent, such as aortic arch remodeling (Yashiro et al., 2007),
patterning of the azygos and portal veins (Shiratori et al.,
2006), and the asymmetric branches of the celiac artery around
the stomach, spleen, and pancreas (Hecksher-Sgrensen et al.,
2004). Recognizing that local cues and effectors may differ
among organs, our findings underline a conserved mechanism
for organ-level vessel patterning in the viscera and invite analysis
of other known vascular asymmetries.

It is important to note that inhibition of vessel assembly on the
right, Pitx2-negative side is unique to the DM and necessary to
limit mesenteric vasculogenesis to a singular process (not paired
as occurs in the gut wall and mesonephros). This may be related
to the early exclusion of veins from the DM, to prevent shunts be-
tween posthepatic vitelline (portal) and systemic veins.

Cxcr4/Cxcl12 Axis as a Target of Pitx2 during Organ-
Specific Vascular Development

Our studies begin to address why the essential functions of
Cxcl12 are organ specific and why only arterial, not venous,
endothelial cell populations require this pathway (Ara et al.,
2005). We show that Cxcl12 is a direct target of Pitx2

in vivo; Pitx2 restricts Cxcl/12 expression to mesenchymal cells
within the left DM, where it attracts neighboring Cxcr4-positive
endothelial cells, thereby directing asymmetric arteriogenesis.
Although necessary, Cxcl12/Cxcr4 signaling can only operate
effectively in the context of a Pitx2-induced microenvironment,
indicating that additional factors are required. A strong candi-
date is Glypican 3 (Gpc3), the product of a gene mutated in
Simpson-Golabi-Behmel syndrome, which causes complex
vascular and gastrointestinal anomalies including gut malrota-
tion (Pilia et al., 1996). Cxcl12 can bind heparin and heparan
sulfate (Uchimura et al., 2006), which is thought to concentrate
an otherwise diffusible ligand to form a durable chemotactic
gradient (Bulow and Hobert, 2006; Lortat-Jacob, 2009). Gpc3
expression in the gut DM mirrors the left-sided Pitx2 and
Cxcl12, and forced Pitx2 expression on the right induces Gpc3
(Welsh et al., 2013).

We observed bilateral expression of Cxc/12 in the left and right
splanchnic mesoderm prior to DM formation (HH17), suggesting
that this transient right-sided Cxc/12 is Pitx2 independent. There
have been other factors reported to regulate Cxc/12 and include
the canonical (Tamura et al., 2011) and noncanonical Wnt
signaling (Tamura et al., 2011; Witze et al., 2008), hypoxia-induc-
ible factor-1 and -2 (Ceradini et al., 2004; Martin et al., 2010), and
VegfA (Hong et al., 2006). Hence, some of these factors may also
be responsible for regulating Cxcl/12 expression independent of
Pitx2.

Previous work in zebrafish has shown that endothelial expres-
sion of Cxcl12a/b in major blood vessels directs formation of a
spatially parallel trunk lymphatic network alongside preexisting
blood vasculature (Cha et al., 2012). Thus, the interaction of
lymphatic precursors with established arterial vessels likely
represents a conserved mechanism of lymphangiogenesis, a
process that could shed light on the etiology of diseases associ-
ated with lymphatic dysfunction. This correlation might further
augment our understanding of the angiogenic influences of the
Cxcr4/Cxcl12 chemokine axis in several inflammatory diseases
including inflammatory bowel disease (IBD) (Alexander et al.,
2010; Dotan et al., 2010). Indeed, polymorphism within exon 2
of human Cxcr4 is associated with susceptibility to IBD (Mro-
wicki et al., 2014).

The Embryonic Origin of Intestinal Endothelial Cells

Gasparo Aselli discovered lymphatic vessels in the dog mesen-
tery nearly four centuries ago (Aselli, 1627), but the factors gov-
erning genesis of these channels remain uncertain. Multiple
studies have shown that axial lymphatic vessels originate from
lymph sacs; these include seminal work by Sabin (Sabin, 1902)
and are supported by recent mammalian linage tracing and live
imaging in zebrafish, demonstrating that lymphatic endothelial
progenitors derive from primary lymphatic sacs of venous origin

(C) Quantitative RT-PCR reveals loss of Prox1 expression in whole gut isolates of Pitx2*/~ and Pitx2 '~ mouse embryos.
(D) Compared with PBS (left), the DM (orange dashed regions) is devoid of lymphatic vessels (ISH Vegfr3) upon pharmacological inhibition of arteriogenesis, either

targeting Cxcr4 (AMD3100, middle) or Gja5 (quinidine, right).

(E) Confirmation that arteries (ISH Gja5) in the DM are lost upon quinidine treatment (right) compared with PBS controls (left).
(F) Proposed model: Pitx2 directs Cxc/12 in the left DM. This induces endothelial chemotaxis via Cxcr4 and D-V cord formation, remodeling and formation of CMA
arterial branches. A lymphatic plexus initiates in the ventral left DM and, via centripetal extension, connects with centrifugal branches of the systemic lymphatics

of venous descent.
Scale bars represent 100 um. See also Figure S8.

Developmental Cell 37, 690-706, December 22, 2014 ©2014 Elsevier Inc. 703

CellPress




Cell’ress

(Srinivasan et al., 2007; Yaniv et al., 2006). An alternative theory
pioneered by Huntington and McClure (Huntington and McClure,
1910) proposed that while lymph sacs might be of venous origin,
peripheral lymphatics arise from local lymphangioblasts at a
great distance from the lymph sacs, establishing the dual origin
paradigm that remains today (Buttler et al., 2006; Ny et al., 2006;
Papoutsi et al., 2001; Pudliszewski and Pardanaud, 2005; Wilting
et al., 2000, 2006, 2007).

We find Lyve1-, Prox1-, Vegfr3-, and Nrp2-positive lymphatic
precursors in the walls of the left and right subcardinal veins
(SCVs) located dorsally beside the root of the mesentery. At
HH26, subpopulations of endothelial cells from the right SCV
move ventrolaterally toward the right side of the dorsal DM to-
ward the caudal side of the CMA (Figure S7B), suggesting that
these cells are the precursors of the retroperitoneal lymph sac,
observed in the current study and elsewhere to descend from
the right SCV, and together support the view of a venous origin
for primary lymphatic sacs (Heuer, 1909). Importantly, this
dorsally derived population is Pitx2 independent, as Prox1-
and Vegfr3-expressing cells were maintained alongside the
CMA in Pitx2 knockout mice.

However, our study identifies an additional population of
lymphatic progenitors conserved in both the chicken and mouse
within the ventral left DM and separated spatially from the SCV
and temporally from the formation of the retroperitoneal lymph
sac (Mouta-Bellum et al., 2009; Oliver, 2004). We show that
the appearance of these Lyvel-, Vegfr3-, and subsequently
Prox1-expressing cells requires the prior Pitx2-dependent as-
sembly of arterial mesenteric blood vasculature. Importantly,
while Prox1 null mice lack all lymphatics, including the retroper-
itoneal lymph sac and those of the gut (Wigle and Oliver, 1999),
Pitx2 knockout mice lack Prox1-positive mesenteric lymphatics
but retain Prox1 expression alongside the CMA, suggesting an
organ-specific role for Pitx2 during gut mesentery lymphangio-
genesis. The existence of a distinct program for intestinal lym-
phangiogenesis is further supported by the recent finding that
mice lacking the phosphoinositide 3-kinase (PI3K) regulatory
subunit 1 alpha (Pik3r1) (Mouta-Bellum et al., 2009) show severe
lymphangiectasia specifically in the intestine, a phenotype that
was independent of the retroperitoneal lymph sac.

Taken together, our results provide genetic evidence in
support of at least two functionally and molecularly distinct
lymphatic precursor populations in the intestine. The cellular or-
igins of these populations are currently unknown and remain
under examination using lineage tracing methods. Our work
is consistent with the proposed dual origin of lymphatics and
supports the principles of local embryonic lymphangiogenesis,
which seem to be conserved among species and tissues. Under-
standing the developmental mechanisms responsible for organ-
intrinsic lymphangiogenesis is important, as distinct lymphatic
endothelial populations will likely contribute differentially to dis-
orders of this exquisite organ system.

EXPERIMENTAL PROCEDURES

Animals

Embryos were collected from Pitx2™ (Lu et al., 1999) and Pitx2*ASE (Shiratori
et al., 2006) mutant mice, Cxcr4 null mutant mice (Tachibana et al., 1998),
Prox1-GFP transgenic mice from MMRRC (UC Davis), and eggs of White
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Leghorn chickens (Sunrise), Japanese (Strickland) quails, or transgenic Tie7-
H2B-YFP quails (Ozark) at appropriate stages. Experiments adhered to guide-
lines of the Institutional Animal Care and Use Committee of Cornell University,
under the Animal Welfare Assurance on file with the Office of Laboratory Ani-
mal Welfare.

Laser Capture Microdissection

Briefly, cryosections of unfixed and flash frozen WT HH21 chicken DM were
arrayed on membrane slides (Leica, 11505189). The asymmetric morphology
of the left and right DM was used to discriminate and capture separately each
of four compartments. A contrast stain (HistoGene Kit, Arcturus, KIT0419) was
applied just prior to laser capture microdissection. GeneSpring-generated
expression levels for Pitx2 (left) and Tbx18 (right, control) provided initial vali-
dation of dissections and analyses (Welsh et al., 2013).

In Ovo Targeting and Quail-Chick Transplants

Avian embryos were electroporated with pCAG-GFP or -mCherry (HH14),
using 5 x 10 ms pulses of 30 V (Welsh et al., 2013). Slices of HH20 quail em-
bryos (150 um, Vibratome 800, Mcllwain) were dissected into ~50 x 50 x
150 um GFP* or RFP* pieces and grafted into surgical excavations of the
mesenchyme abutting the midbrain of HH9-10 chicken hosts (Noden, 1988).
For pharmacological inhibition of Cxcr4, vehicle (PBS) or 5 mg/ml AMD3100
(A5602, Sigma) was adsorbed onto AG beads (143-1255, Bio-Rad) overnight
at 4°C. For inhibition of Gja5, vehicle (DMSO) or 40 mM quinidine (22600-
10G-F, Sigma) was adsorbed onto AG beads overnight at room temperature.
The beads were placed into the coelom through an opening in the ectoderm
and somatic mesoderm made with fine forceps. Dual targeting was performed
by DNA microinjection and electroporation to first target the left splanchnic
mesoderm (Welsh et al., 2013) (HH14), followed by the placing of inhibitor
beads (HH16).

Histochemical Analyses

Embryos were processed for immunohistochemistry (IH) on sections (Welsh
et al., 2013) or whole-mount IH (Betterman et al., 2012). Antibodies included:
QH1 (DSHB), GFP (ab290, Abcam), RFP (Rockland, 600-401-379), N-term
Prox1 (AF2727, R&D), PECAM (CD31, 553371, BD Bioscience), Hnk1/CD57
(C6680, Sigma), Nrp2 (A567, R&D), and AlexaFluor anti-goat, anti-mouse or
anti-rabbit 568, anti-rabbit 488, and streptavidin 594 conjugates. Images
were taken using a Zeiss Observer.Z1/Apotome or Discovery.V12 microscope
with AxiocamHRc, CoolSNAP HQ? or MYO cameras. Confocal images were
taken in a Leica TCS SP5 system using a Plan Achromat 20X/0.7 objective.
TUNEL was performed using the in situ cell death detection kit (Roche,
12156792910).

Statistical Analysis

D-V cords were counted and percent formation of the 1°LA was calculated
as total length formed divided by the length spanned by seven somites caudal
to the CMA (midgut region). JMP Pro 10.0 was used to generate means with
Student’s t test (Figures 4N, 6B, and 8C), Tukey-Kramer HSD test for multiple
pairwise comparisons (Figure 3H), Fisher’s exact test for inhibitor and dual-tar-
geting data, and Pearson’s chi-square test for quail-chick transplant data;
error bars show SEM.

Explant Culture and Live Imaging

Midgut slices of 200 um (HH17 Tie1:H2B-YFP quails) were made using Vibra-
tome 800 (Mcllwain). Explant live imaging was adapted from Gros et al. (2010)
and Heller et al. (2014). Briefly, midgut explants were suspended in warm re-
covery media (F12, 10 mM HEPES, 1% Pen-strep; Invitrogen) and sealed
against a matTek glass-bottom (Movies S1 and S2) or Lumox Teflon-bottom
dish (Sarstedt) (Movie S3) using a small volume of 1% low melting point
agarose/F12. Images were captured every 7 min for 18 hr on a Zeiss LSM
780/Plan-Apo 20x/0.8 setup in an air- and stage-heated 5% CO, (Movie S3)
or for periods of 6-10 hr using a Leica SP5/Plan-Apo 20x/0.7 setup in a heat-
ed, 5% CO, (Movies S1 and S2).

Image Analyses
Imaris 7.6.1 (Bitplane) was used for filtering, background subtraction, and
transformation of confocal image stacks into volume-rendered 4D movies.
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Nuclei were segmented in 3D, labeled with spot objects, and tracked by manu-
ally specifying the nuclei location for each time point. Tracks were visualized
with dragon tails (Movies S1 and S2), showing the object path over the previ-
ous 20 frames. This was verified with Imaged. All movies were compiled using
Adobe Premiere Pro.

Quantitative Real-Time PCR

Total RNA was extracted from resected whole gut (including mesentery
and vasculature) of E13.5 mouse embryos using RNeasy Mini Plus (QIAGEN)
and subject to cDNA synthesis using the ABI High Capacity cDNA RT kit.
TagMan probes (Applied Biosystems; Cxcl12- Mm00445553_m1, Cxcr4-
MmO01996749_s1, Pitx2-Mm00440826, Prox1-Mm00435969_m1) were used
to quantify transcript abundance using the Applied Biosystems 7500, normal-
ized to B-actin levels. JMP Pro 10.0 was used to calculate means using the
Student’s t test.
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