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ARTICLE INFO ABSTRACT

Keywords: Pulmonary venous return development establishes the fetal circulation and is critical for the formation of pul-
Pulmonar}’ vein monary circulation independent of systemic circulation at birth. Anomalous returns lead to inappropriate
Endomucin drainage of blood flow, sometimes resulting in neonatal cyanosis and cardiac failure. While many classical
CD31 . . .

kL studies have discussed the anatomical features of the pulmonary venous system development, the cellular dy-

namics of the endothelia based on the molecular marker expression remain unknown. In the present study, we
examined the expression of several endothelial markers during early pulmonary vascular system development of
murine embryos. We show that Endomucin and CD31 are expressed early in endothelial cells of the splanchnic
plexus, which is the precursor of the pulmonary vascular system. Three-dimensional analyses of the expression
patterns revealed the spatiotemporal modification of the venous returns to systemic venous systems or sinoatrial
canal during the formation of the pulmonary plexus. We herein report the results of spatiotemporal analyses of
the early pulmonary venous system development with histochemistry as well as a delineation of the anatomical

Pulmonary venous return
Mouse embryo

features of the tentative drainage pathways.

1. Introduction

Anomalous pulmonary venous return (APVR) is a congenital heart
defect in which pulmonary veins (PVs) that normally return oxygenated
blood to the left atrium are malpositioned and anomalously connect to
the systemic venous circulation. It is life-threatening if all four PVs are
affected, a condition known as total anomalous pulmonary venous re-
turn (TAPVR). To explain the pathology of APVR, it is necessary to
understand the normal development of the pulmonary vascular system,
which is drastically modified through the coordinated development of
the cardiopulmonary organ and systemic venous system.

In normal development, the respiratory system is formed from the
primitive foregut and their common vascular system, called the
splanchnic plexus, which drains into the cardinal and umbilicovitelline
venous systems. As the lung buds develop, the anterior portion of the
splanchnic plexus differentiates into the primitive pulmonary vascular
plexus. At the same time, the heart tube is formed, and the dorsal
mesocardium, which originates from part of the splanchnic mesoderm,
connects the primitive heart and lung mesenchyme. Subsequently,
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primordial evagination of the endocardium from the sinoatrial region
(pulmonary pit) (Webb et al., 1998) is observed, resulting in the for-
mation of the primitive PV in the dorsal mesocardium osculating the
primitive pulmonary vascular plexus. As the connection is made, the
primitive pulmonary vascular system gradually separates from the
splanchnic plexus. Although numerous classical but careful examina-
tions on the pulmonary vessel development have been conducted, the
precise cellular mechanism underlying PV formation with regard to the
coordinated development of the drainage pathways has not been rep-
resented adequately (Auer, 1948; Blom et al., 2001; Brown, 1913; But-
ler, 1952; DeRuiter et al., 1993; Shaner, 1961; Tasaka et al., 1996; Webb
et al., 1998).

To study the development of vascular systems, endothelial cell
markers, including CD31, CD34 and Flk-1/Vegfr2, have been used
(Degenhardt et al., 2013; Peng et al., 2013; Pusztaszeri et al., 2006;
Yamamoto et al., 2007). In the transgenic mouse models that show the
APVR phenotype, it was demonstrated that the PV originated partially in
the dorsal mesocardium and pulmonary vessels. However, the anatom-
ical processes underlying the establishment of the vascular network,
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especially the development of the primitive pulmonary vascular plexus
and PVs in correlation with the peripheral and/or central circulation
system, have not been clarified systematically.

In the present study, we investigated the developmental process of
pulmonary vasculature utilizing endothelial cell markers, Endomucin,
CD31, CD34 and FIk1. Fluorescent confocal microscopic analyses and
three-dimensional (3D) analyses consolidated the classical observation
that the pulmonary vascular plexus arose from the splanchnic plexus,
and its drainage was demonstrated to change drastically during the
formation of the PV. Furthermore, we demonstrated a characteristic
expression profile of the endothelial cell markers in early splanchnic
plexus which delineates the temporal peripheral and central venous
return pathways.

2. Materials and methods
2.1. Mice

Wild-type ICR mice and Flk1-GFP BAC transgenic (Flk1-GFP) (Ishi-
tobi et al., 2010) mice were utilized for this study. Two females were
housed overnight with a male, and the presence of a vaginal plug the
following morning was considered evidence of copulation. Noon on the
day on which the vaginal plug appeared was designated as embryonic
day (E) 0.5. Embryos were collected between E8.5 and E16.5 and fixed
for at least 2 h and up to overnight in 4% paraformaldehyde with
phosphate-buffered saline (PBS). After fixation, embryos were washed in
PBS containing 0.1% Tween 20 and dehydrated through a series of
methanol washes (25%, 50%, 75%, 100%). These samples were stored at
— 20 °C until they were used for immunofluorescence or immunobhis-
tochemistry. For this study, embryos were collected from more than two
different ICR or Flk1-GFP mothers, at each stage. Forty-two ICR and 16
Flk1-GFP female mice were sacrificed.

All experimental procedures and protocols were approved by the
Committees on Animal Research at Iwate Medical University, and the
experiments were carried out in accordance with the approved
guidelines.

2.2. Whole-mount immunofluorescence

Before staining, the lungs, hearts and vessels with these organs were
dissected from E11.5 and older embryos. Whole embryos were used for
E10.5 and younger specimens. They were rehydrated, and the endoge-
nous peroxidase activity was quenched with 3% H0; (this process was
omitted for Flk1-GFP mouse staining). Specimens were washed 5 times
with 1% triton-X in PBS, and non-specific antibody binding was blocked
by pre-incubating specimens in 10% fetal bovine serum (FBS). Speci-
mens from wild-type ICR and Flk1-GFP mice were then stained for 3 days
with goat anti-CD31 antibody (AF3628; R&D Systems, Minneapolis,
MN, USA, 1:50 dilution), rabbit anti-CD34 antibody (ab81289; Abcam,
Cambridge, UK, 1:500 dilution) and rat anti-Endomucin (Emcn) anti-
body (sc-65495; Santa Cruz, Dallas, TX, USA, 1:500 dilution). Specimens
were washed and incubated with anti-rat Alexa Fluor 594 and anti-goat
Alexa Fluor 647 (A21209, A21447; Thermo Fisher Scientific, 1:200
dilution) for CD31/Emcn double staining. Anti-CD34 antibody was
detected by staining for 3 days with anti-rabbit HRP secondary antibody
(A10547; Thermo Fisher Scientific, Waltham, MA, USA, 1:200 dilution)
followed by incubation with a TSA Fluorescence System (PerkinElmer,
Waltham, MA, USA) for 1 h. Anti-rat Alexa 594 (A11007, Thermo Fisher
Scientific, 1:200 dilution) was applied for the Emcn staining with anti-
CD34 antibody and Emcn detection in Flk1-GFP embryos. Specimens
were then stained with Hoechst 33342 (Sigma-Aldrich, Osaka, Japan)
for 1 h, soaked in 50% Tissue-Cleaning Reagent CUBIC-R+ [for animals]
(CUBIC-R+) (T3741; Tokyo Chemical Industry, Tokyo, Japan) overnight
and replaced by 100% CUBIC-R+ (Hasegawa et al., 2019). As a negative
control, embryos were stained without each primary antibody to assert
their specificities (Fig. 4M). More than Two embryos containing distinct
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littermates were analyzed for each developmental stage of the experi-
ment (Supplemental Table 1). Confocal laser scanning microscope
LSM510 (Zeiss, Oberkochen, Germany) and A1R (Nikon, Tokyo, Japan)
were used to take Z-stack images. Serial images and projection images
(maximum intensity) were obtained and analyzed using the ImageJ
software program (National Institute of Health, Bethesda, MD, USA) and
Imaris Viewer 9.7.0 software program (Oxford Instruments, Zurich,
Switzerland) (Rasband, 1997; Schneider et al., 2012). For the 3D
reconstruction, stained vessels were labeled for every slice of the spec-
imens by visual observation and reconstructed using the surfacegen al-
gorithm in the Amira 5.6 software program (Field Electron and Ion
Company, Hillsboro, OR, USA). Representative images of the analyzed
embryos of each stage are shown in the supplemental movies.

2.3. Immunohistochemistry for paraffin sections

E9.0 to E11.5 embryos were used for immunohistochemistry, as
described previously (Murashima, 2011). Embryos were embedded in
paraffin and serially sectioned at 6-um thickness. After deparaffinization
and hydration, sections were washed with distilled water and auto-
claved at 121 °C for 1 min in citrate buffer to activate antigens.
Endogenous peroxidase activity was quenched with 3% HOa.
Non-specific antibody binding was blocked by pre-incubation of speci-
mens in 1% FBS/PBS. Sections were stained for 1 h with rat anti-Emcn
antibody (sc-65495; Santa Cruz Biotechnology, 1:500 dilution) at
room temperature. Primary antibody was detected by staining for 30
min with anti-rat HRP secondary antibody (ab6845; Abcam, 1:200
dilution) followed by incubation with 3. 3’-diaminobenzidine (DAB)
(040-27001; Wako, Osaka, Japan) solution for 10-30 min. Sections
were washed and nuclear-stained with hematoxylin. Subsequently,
sections were dehydrated, permeated and mounted using Malinol (Muto
Pure Chemicals, Tokyo, Japan). As a negative control, specimens were
stained without primary antibody (data not shown).

3. Results
3.1. Precirculatory stage

At E8.5 (Theiler stage [TS] 13), the primitive heart is divided into a
common atrium, which receives blood flow from the right and left horns
of sinus venosus (SV), and a common ventricle, which connects to the
bulbus cordis. At this stage, the heart, dorsal aorta and systemic veins
were detected based on the expression of Emcn, CD31 (Fig. 1A-F) and
CD34 (data not shown). Respiratory diverticulum was not observed, and
the splanchnic plexus was not detected by either Emcn, CD31 (Supple-
mental video 1) or CD34 antibodies (data not shown). Flk1 is another
marker of endothelial cells during vessel formation. Similar to the
expression of Emen and CD31, Flk1-GFP embryos showed GFP expres-
sion in the heart and dorsal aorta but not in the splanchnic plexus (data
not shown).

At E9.0 (TS 14), the looped heart tube contains four anatomical
segments: a primitive atrium, atrioventricular canal, ventricle and
outflow tract (Fig. 2A-C). Primitive circulation has been established, and
the inflow tract receives umbilical veins, vitelline veins and common
cardinal veins, which form the junctions of the anterior and posterior
cardinal veins, at horns of SV (Fig. 2A-C, Supplemental video 2-4)
(Brune et al., 1999; Savolainen et al., 2009). The common atrium was
formed dorsocaudally to the ventricles interposed between the SV and
the outflow tract (Fig. 2A-C). The thickening of the epithelium as a
primary morphological feature of the laryngotracheal groove was seen
at the ventral side of the foregut (Supplemental video 2-4, Theiler,
1989). The expression of Emcn, CD31 and CD34 was detected in the
dorsal aorta, pharyngeal arch arteries and most of the endocardium
including inflow and outflow tract (Fig. 2A and B). Vitelline veins and
cardinal veins are also responsive to these antibodies (Fig. 2A and B).
The cardiovascular structures, such as the common atrium, ventricle, SV
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and inflow and outflow tract, were also identified by Flk1-GFP (Fig. 2C).
The splanchnic plexus formed dorsal to the primitive atrium and SV
were clearly detected and double-positive for Emcn and CD31 (5/7)
(Fig. 2E-G). While one out of five plexuses detected by Emcn was barely
detectable by CD34 (Fig. 2I-K). The splanchnic plexus detected by Emcn
was also positive for GFP in the Flk1-GFP mice (2/4) (Fig. 2L-N). The
splanchnic plexuses were connected to the dorsal wall of sinoatrial
segment and SV at its cranial and caudal sight (Fig. 2E-H, R yellow and
red arrowhead). Either sights line midline and detected by all the marker
molecules investigated including CD34 (Fig. 2E-N, Supplemental video
2-4). A number of connections between the plexus and dorsal aorta were
identified by all the marker molecules investigated (Fig. 2E-G, I-N, P
white arrow). These markers detected several vessels of the plexus
linked with vitelline vein and common cardinal veins (Fig. 2H, S white
arrows, Supplemental video 2-4). Based on these results, the splanchnic
plexus primarily forms two possible drainage pathways to the atrium.
One is the route that directly returns to the atrium after perfusion of the
gastrorespiratory organ, while the other pathways return to the atrium
via cardinal veins, vitelline veins and SV.

Histological analyses using Emcn antibody revealed that the endo-
cardial cells of the sinoatrial region sprouting to the dorsal mesentery
were the first feature of the primitive PV formation which was confirmed
in the wholemount immunostaining (Fig. 2E-G and U, yellow arrow-
head). This histological observation was previously described as a
“pulmonary pit” at E9.5 with alcian blue (pH 2.5) and nuclear fast red or
Masson’s trichrome staining (Tasaka et al., 1996; Webb et al., 1998).
The strand of the primitive PV and most of the splanchnic plexus did not
show canalization at this time point (Fig. 2E, K, N and U).
Three-dimensional reconstruction of Emcn-stained specimens showed
that the splanchnic plexus had junctions with the dorsal aorta, SV and
sinoatrial segment (Fig. 2P and R). Pulmonary arteries and sixth
pharyngeal arch arteries were not detected at this stage. These results
suggest that the shared pathway for the gastric and respiratory tract is
prepared prior to its blood supply shunting the systemic arterial circu-
lation into systemic venous tributaries, such as the cardinal veins,
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Fig. 1. Morphology and vascular images of
the whole ICR embryo at E8.5 (A-F). Pro-
jection images showing the connection be-
tween the heart tube and dorsal aorta (A-
C), and the cardinal vein (D-F) detected by
Emcn and CD31 antibodies. No signs of the
splanchnic plexus were detected at this
stage. A, common atrium; V, common
ventricle; H, heart tube; OFT, outflow tract;
DA, dorsal aorta; ACV, anterior cardinal
vein; CCV, common cardinal vein; PCV,
posterior cardinal vein; VV, vitelline vein.
Bar = 300 um.
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vitelline veins and umbilical veins.
3.2. Peripheral and intermediate stages

At E9.5 (TS 15), there were no fundamental changes in the primitive
heart (Fig. 3A and B). The respiratory diverticulum was recognized as a
thickening of the epithelium on the ventral side of the foregut, as
observed in the previous stage, and the groove gradually deepened and
separated from the digestive tract. The cranial part of the splanchnic
plexus expanded and increased in complexity compared to the previous
stage (Fig. 3C-H compared to Fig. 2E-G). The plexus expressed Emcn
(19/19), CD31 (9/9) and CD34 (6/6) in all embryos investigated. All
Flk1-GFP embryos showed GFP expression together with Emcn in the
splanchnic plexus (4/4) (data not shown). The dorsal aorta, SV and most
of the systemic tributaries were positive for Emcn, CD31, CD34 and Flk1
throughout the analyses until E11.5 (Fig. 3A, B and L, Fig. 5A-F). The
connections between the splanchnic plexus and sinoatrial segment was
observed by Emcn (15/15), CD31 (9/9) and CD34 (6/6). (Fig. 3C-H and
M-O, yellow arrowhead). The connections between the splanchnic
plexus and dorsal aorta were confirmed by Emcn, CD31 and CD34 an-
tibodies at this stage (Fig. 3C-E, J, K and M-O, white arrow). Caudal part
of the plexus (hereafter we call gastrointestinal plexus) osculates to the
SV and vitelline veins (Fig. 31, J), while cranial part of the splanchnic
plexus, which contributes to the primitive pulmonary plexus, connects
to the common cardinal vein with Emcn/CD31 double-positive endo-
thelia (Fig. 3F and G). These connections were also detected in CD34
(Fig. 3M-0, Supplemental video 6) and Flk1-GFP mice (data not shown.).

At E10.0 (TS 16), the left and right components of the common atrial
chamber are distinguishable by the emergence of the spina vestibuli,
also called the dorsal mesenchymal protrusion (His, 1880; Tasaka et al.,
1996; Wessels et al., 2000), and the atria located at the dorso-anterior
side of the ventricles (Fig. 4A-C, Supplemental video 7). Bilateral lung
buds were clearly identified at the ventral side of the foregut in the
present study (Fig. 4A-G). The splanchnic plexus was distinguishable by
the cranial pulmonary plexus surrounding the lung buds and caudal
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Fig. 2. Projection images showing the
morphology of the vasculature in ICR (A,
B, D-K) and Flk1-GFP (C, L-N) embryos at
E9.0. Major vessels, including the inflow
tract, detected by all endothelial markers
(A-C). Low- (D) and high-magnification
images (E-N) showing the connections be-
tween the plexus and sinoatrial region,
dorsal aorta or vitelline veins detected by
Emcn and CD31 (D-H), CD34 (I-K) or Flk1-
GFP (L-N). E-G and H show different
planes of projection which were obtained
from distinct embryos. CD34 expression
was less prominent in the splanchnic
plexus compared to Emcn (I-K). An FIk1-
GFP embryo stained by Emcn antibody
showing the splanchnic plexus, dorsal
aorta and venous pole of the heart (L-N).
Three-dimensional images of the pathways
linking the splanchnic plexus (purple)
reconstructed based on Emcn staining (O-
S). P and R show enlarged views of O and
Q, respectively. S shows a rotated view of
R. Histological analyses of the Emcn
expression showing the pulmonary pit in
the sinoatrial region (U, yellow arrow-
heads, U is the axial view). U shows
enlarged view of T. Schematic diagram
showing the topological structure of the
vascular system and foregut analyzed (V).
Splanchnic plexus is connected to sino-
atrial region, SV and systemic vessels (V).
A, common atrium; V, common ventricle;
DA, dorsal aorta; OFT, outflow tract; VV,
vitelline vein; ACV, anterior cardinal vein;
CCV, common cardinal vein; PCV, poste-
rior cardinal vein; SV, sinus venosus; N,
neural tube; FG, foregut; DM, dorsal mes-
ocardium; white arrowheads, splanchnic
plexus; yellow arrowheads, connections
between the sinoatrial region and the
splanchnic  plexus; red arrowhead,
connection between the SV and caudal part
of splanchnic plexus; white arrow, con-
nections between the systemic vessels and
the plexus. Bar =200 um (A-N) and
100 pm (T and U).
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gastrointestinal plexus, in which the Emen, CD31 (Fig. 4A-F), CD34 and
Flk1-GFP (data not shown) expressions were observed. The connections
linking the pulmonary plexus and the sinoatrial region were detected
using all of the endothelial markers applied in this study (Fig. 4A-C,
yellow arrowhead, data of CD34 and Flk1-GFP not shown). Immuno-
histochemistry of Emcn with paraffin sections demonstrated that the
connection emerging from the pulmonary plexus reached the left part of
the common atrium with a canalized structure confirming PV formation
(Fig. 4I). The connection between the splanchnic plexus and SV
observed in the previous stage extended more caudally and thickened,
contributing to the venous return of the digestive system (Fig. 4D, red
arrowhead). At this stage, very thin sixth pharyngeal arch arteries were
observed for the first time in some embryos, expressing both Emcn,
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Fig. 3. Projection images showing the
morphology of the vasculature in ICR
embryos at E9.5. Two different planes
of the projection are shown (A and B).
Double-stained embryos by Emcn and
CD31 (A-K) or CD34 (L-O) antibodies
are shown. Enlarged images of C-E are
shown in F-H. The connections between
the splanchnic plexus and the vitelline
vein (I), the SV (J) or the common
cardinal vein (K) are shown in different
projection planes which were obtained
from different embryos. M-O show
enlarged and individual staining images
of L. A, common atrium; V, common
ventricle; DA, dorsal aorta; OFT,
outflow tract; VV, vitelline vein; ACV,
anterior cardinal vein; CCV, common
cardinal vein; PCV, posterior cardinal
vein; SV, sinus venosus; yellow arrow-
heads, connections between the sino-
atrial segment and the splanchnic
plexus; white arrowheads, splanchnic
plexus; white arrow, connections be-
tween the systemic vessels and the
plexus. Bar = 200 um.
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CD31 and CD34 (Fig. 4E, data not shown). Pulmonary arteries extending
from near the junction of the sixth pharyngeal arch arteries and ventral
aorta reached the pulmonary plexus were also positive for all the
markers investigated (Fig. 4E, yellow arrow, supplemental video 7, data
not shown).

Three-dimensional reconstruction of Emcn-stained specimens
showed that the pulmonary plexus flowed into left side of the common
atrium and connected to the dorsal aorta and pulmonary arteries
(Fig. 4K). It also connected to the anterior cardinal veins in addition to
the sinoatrial segment and common cardinal vein, which had already
been observed at E9.5 (Fig. 4D, F, Fig. 3H and K). Gastrointestinal
plexus, which was not discrete with pulmonary plexus completely, was
connected to the vitelline vein (Fig. 4G, white arrows) (van den Berg and
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Moorman, 2011). These observations indicated that the blood flow from
the pulmonary artery and dorsal aorta interosculated in the plexus and
drained through not only the PV but also the systemic venous tributaries
at this stage.

3.3. Central drainage stage

At E10.5 (TS17) and thereafter, the chambers of the heart proceeded
to differentiate. The atrioventricular cushion separated the atrioven-
tricular canal, and both the ventricle and atrium showed enlargement
with a thickened myocardium (supplemental video 8) (de Boer et al.,
2012; Wessels et al., 2000). The PV was detected by all the marker
molecules and was incorporated into the left atrium following the for-
mation of the venous valve, which divides the sinoatrial region into the
atrium and SV at E11.5 (Fig. 5A-C, yellow arrowheads, supplemental
video 8). Of note, the caliber of the PV and pulmonary artery became
larger than that in the previous stage (Fig. 5A-C; compared to Fig. 4A-E).

CD31 Emcn Hoechst
x . AC
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Fig. 4. Projection images showing the
morphology of the vasculature in ICR
(A-G) embryos at E10.0. Histological
images of the Emcn expression (H and
I). Three-dimensional images of the
pathways linking the splanchnic plexus
(purple) reconstructed based on Emcn
staining (J and K). Schematic diagram
showing the topological structure of the
vascular system and foregut/lung bud
analyzed (L). Negative control of CD31
and Emcn staining (M). The pulmonary
plexus formed around lung buds (A-C
white arrowhead) and connected with
the sinoatrial region (A-C yellow
arrowhead). The caudal part of the
splanchnic plexus is connected to the
SV (D, red arrowhead). The pulmonary
artery (E, yellow arrow) reaches the
pulmonary plexus. The connection be-
tween the pulmonary plexus and the
cardinal veins (F) is shown in the
different planes of the projection. The
connection between the pulmonary
plexus and gastrointestinal plexus is
shown (G, yellow circle). I and K show
enlarged view of H and J, respectively.
Pulmonary artery (yellow arrow) and
connections between the pulmonary
plexus and the sinoatrial region (yellow
arrowhead), the dorsal aorta or com-
mon cardinal vein (white arrow) are
shown in K. At this stage, the connec-
tion between pulmonary plexus and
systemic vessels is retained (L). A,
common atrium; V, common ventricle;
DA, dorsal aorta; DM, dorsal mesocar-
dium; OFT, outflow tract; ACV, anterior
cardinal vein; CCV, common cardinal
vein; PCV, posterior cardinal vein; SV,
sinus venosus; FG, foregut; LLB, left
lung bud; N, neural tube; III/IV/VI, 3/
4/6th pharyngeal arch artery; yellow
arrowheads, connections between the
atrium and the pulmonary plexus; red
arrowhead, connection between the SV
and gastrointestinal plexus; white ar-
rowheads, splanchnic plexus; white
arrow, connections between the sys-
temic vessels and the plexus; yellow
arrow, pulmonary  artery. Bar
= 200 pm.

.. afoll]
@iy
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Numerous junctions to the bronchus were also positive for these markers
(Fig. 5A-C, Supplemental video 8). Dense meshwork of the pulmonary
plexus was observed dorsocaudally to the atrium surrounding the lung
buds, which branched and elongated further (Fig. 5A-C). The osculation
between the pulmonary and gastrointestinal plexus remained, while the
connections between the pulmonary plexus and systemic veins or dorsal
aorta could barely be identified with any markers at E11.5 (Fig. 5D-F,
Supplemental video 8). The expression of Emcn, CD31, CD34 and
Flk1-GFP was retained in all the vascular system analyzed at E11.5
(supplemental video 8, data not shown). These findings suggest that the
central and peripheral pulmonary returns are integrated immediately
after the intermediate stage, and the PV develops further following the
coordinated development of the four separate chambers of the heart and
pulmonary organs.
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4. Discussion

4.1. Spatio-temporal development of the pulmonary venous return is
divided into three stages

Rammos et al. divided the PV development into three main stages:
the peripheral (or precirculatory), intermediate and central drainage
periods (Rammos et al., 1990). These terms are useful for distinguishing
the peripheral and central origin of PV malformation observed in human
anomalies. According to their definitions, the peripheral drainage stage
shows no obvious microscopically detectable connections between the
primitive atrium and developing lung. The authors found that mouse
embryos at E7.8-8.8 had no central drainage but did have peripheral
drainage. The embryos stained in the current study showed no detect-
able splanchnic plexus, primitive PVs and peripheral returns at E8.5.
These strands were first detected osculating the plexus at E9.0. The
expression patterns did not depict the formation of peripheral strands
before that of the primitive PV strand, and most of the strands and the
plexus were not canalized at these stages. Therefore, we defined these
stages as precirculatory stages.

The mechanisms underlying vascular development are heteroge-
neous and remain elusive, depending on the blood flow, local demands
for oxygen/nutrients and genetic regulation (Isogai et al., 2003, 2001).
Ablation of the blood flow disrupts the modification of the primary
formed vascular network, but genetic pathways necessary for the
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Fig. 5. Projection images showing the
morphology of the vasculature in ICR em-
bryos at E11.5 (A-F). Schematic diagram
showing the topological structure of the
vascular system and foregut/lung bud
analyzed (G). Two different planes of the
projection are shown (A-C and D-F). The
connections between the pulmonary plexus
and the systemic veins or dorsal aorta were
not detected (D-F). LA, left atrium; DA,
dorsal aorta; OFT, outflow tract; ACV,
anterior cardinal vein; CCV, common car-
dinal vein; PCV, posterior cardinal vein; SV,
sinus venosus; III/IV/VI, 3/4/6th pharyn-
geal arch artery; LB, lung bud; B, Bronchus;
yellow arrowhead, pulmonary vein; yellow
arrow, pulmonary artery. Bar = 200 pm.
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primary vascular formation and its modification have also been identi-
fied (Lawson et al., 2002; Mukouyama et al., 2002). During PV devel-
opment, several genetic factors have been shown to regulate the number
and location of the vein (Burns et al., 2019; Degenhardt et al., 2013).
Our spatiotemporal analyses utilizing molecular markers support the
notion of blood flow-independent regulation, given that the primary
vascular meshwork, including the strands connecting the aortic circu-
lation to the systemic veins and sinoatrial segment, is established prior
to the blood flow supply. During the peripheral and intermediate stages,
returns to the systemic venous tributaries were observed, immediately
followed by the opening of the central PV return. After the establishment
of the central drainage, the peripheral pathways decline gradually. The
secondary modification and canalization of the plexus and its drainage
pathway might depend on such hemodynamics, e.g. shear stress, which
may be greater at this stage compared to the precirculatory stage
(Campinho et al., 2020).

4.2. The early expression of Emcn, CD31 and Flk1 in splanchnic plexus
development possibly followed by CD34

It has been suggested that vascular endothelial cells are heteroge-
nous following the context of the individual organs or pathological
conditions (Géraud et al., 2012; Hennigs et al., 2021). Even the CD31,
which shows the most homogenous expression in the adult organs,
shows context dependent expression profiles (Pusztaszeri et al., 2006).
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Such studies concerning the diversity of the endothelial cell in marker
expressions have been conducted primarily in the adult tissues, mean-
while, few studies on developing vascular tree of embryos are reported
systematically.

Our results suggested that the CD31 and Emcn are the best early
markers to depict the splanchnic plexus development. CD31 was origi-
nally identified as a major endothelial cell adhesion molecule, and its
expression is the most common molecular feature of the endothelial cells
in all context including embryogenesis (Pusztaszeri et al., 2006; Walls
et al., 2008). Emcn is a transmembrane sialomucin that is specifically
expressed on the capillary and venous endothelium (Morgan et al.,
1999; Park-Windhol et al., 2017; Samulowitz et al., 2002). In mouse
embryos, the expression of Emcn is first observed at E8.0 in all embry-
onic vessels detectable at this stage, except for the yolk sac (Brachten-
dorf et al.,, 2001). After the earliest stages of embryonic vascular
development, arterial endothelial cells lose their Emcn expression but
show strong arterial CD31 immunostaining, which also facilitates the
identification of arteries in relation to other vessel types within the
skeletal system (Watson and Adams, 2018). Some previous reports used
a mixture of CD31 and Emecn to detect all vessels in early development,
while Emcen seems to be the first choice for observations during cardiac
development (Havrilak et al., 2017). Although such differences in
expression between CD31 and Emcn have been observed in early
embryogenesis, their expression profiles were identical during pulmo-
nary vascular system development.

CD34 is a endothelial sialomucin closely related with Emecn in its
structure (Matsubara et al., 2005). They have been reported to show
similar expression pattern during early embryogenesis, although the
anti-CD34 staining are much weaker in sagittal and transverse sections
of the embryos (Brachtendorf et al., 2001). In the current study, the
expression of Emcn is dominant in the developing pulmonary and sys-
temic vessels compared to the CD34. Emcn, but not CD34, is indicated to
regulate the VEGF signaling regulating endothelial call proliferation,
migration and survival (Hu et al., 2020; Nielsen and McNagny, 2008).
Although the molecular mechanisms to establish the systemic and cen-
tral drainage pathways of the future pulmonary plexus have not been
revealed yet, the heterogenous character of the endothelial cells
contributing the drainage pathways might be reflected by the different
expression patterns of the maker molecules. Further investigation will
tell whether the difference in their expression indicate the specific
endothelial cell character contributing to the differentiation of the
splanchnic plexus.

Flk1, also known as VEGFRZ2, is a tyrosine kinase receptor for VEGFA,
and its expression is detected in early developing endothelial cells but
not in mature ones (Yamaguchi et al., 1993). The Flk1-GFP mouse used
in the present study recapitulates the endogenous expression of Flk1 and
serves as a surrogate marker of the developing endothelial cells (Ishitobi
et al., 2010; Okabe et al., 2014). Consistent with these previous reports,
the Flk1 expression was detected just prior to the onset of blood entry in
the splanchnic plexus.

The present study showed that the formation of the splanchnic plexus
was depicted firstly by Emcn and CD31 expression, rather than CD34.
Furthermore, the primitive returns of the plexus to the peripheral and
central venous systems was depicted well by all the marker molecules
investigated.

4.3. Origin of the PV orifice

The splanchnic plexus develops its venous strands connecting to the
SV and sinoatrial region prior to the lung bud formation (Brown, 1913;
Rammos et al., 1990; Sizarov et al., 2010). According to the topological
structure depicted by our data, this is feasible, as the SV and sinoatrial
region are the closest venous system within the mediastinal mesen-
chyme. Our observations using Emcn antibody support the notion of a
blood flow-independent primitive PV formation, as discussed above;
however, the topological features of the immature plexus and adjacent
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sinoatrial region should be noted. Whether the orifice of the primitive
PV is formed in the atrium or SV has long been debated (Auér, 1948;
Butler, 1952; Tasaka et al., 1996; Webb et al., 1998). Although the
myocardial walls of the systemic venous sinus and PV reportedly have
distinct lineages (mouse: Christoffels et al., 2006; Mommersteeg et al.,
2007, human: Sizarov et al., 2010), it is worth considering that the
endothelia excavating the drainage pathway of gastrorespiratory
primordia firstly open into the sinoatrial region following the basic
character of the endothelia, as observed in the systemic venous return
formation. Sizarov et al. suggested that the luminal endothelia and the
surrounding mesenchyme be considered independently (Sizarov et al.,
2010). Our topological observation supports the notion that the lumen
of the venous pole develops as a main systemic venous structure, as
suggested previously.

4.4. The progression of the splanchnic plexus to the pulmonary plexus in
the absence of the lung bud

The splanchnic plexus was firstly observed at E9.0 and expanded
cranially forming future pulmonary plexus at E9.5. At this time point,
the structure of the respiratory system was just a groove or a divertic-
ulum. Although the pulmonary plexus eventually contributes to the
peripheral vascular system of the lung, its formation is accompanied by
the primitive respiratory anlage. Furthermore, the pulmonary pit, which
is the future pulmonary vein and contributes to the central vascular
system in lung, was also observed prior to the formation of the lung bud.
This observation is consistent with the previous report (Peng et al.,
2013). These results may suggest that the primitive respiratory anlage
might have some functions for the progression of the splanchnic plexus
to the pulmonary plexus and PV induction in the absence of lung buds.
Further studies, e.g. ablating the early respiratory anlage, are necessary
to elucidate their precise dependency.

In conclusion, the present study compared the expression of
commonly used cytoplasmic endothelial cell markers during pulmonary
vascular system development. Furthermore, this is the first study
describing the cellular dynamics of endothelia during the early stages of
respiratory organ development based on the molecular marker expres-
sions. Our findings provide important clues for histological analyses
concerning the discrete circulation development and novel insights for
furthering our understanding of the embryological etiology of heart
disease, such as APVR.
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