1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Dev Dyn. 2012 November ; 241(11): 1678-1694. doi:10.1002/dvdy.23855.

A Comprehensive Timeline of Mesodermal Development in the
Quail Small Intestine

Rebecca T. Thomason?, David M. Bader2”, and Nichelle I. Wintersl
1Department of Cell and Developmental Biology, Vanderbilt University, Nashville, TN, USA

2Department of Medicine, Vanderbilt University, Nashville, TN, USA

Abstract

Background—To generate the mature intestine, splanchnic mesoderm diversifies into six
different tissue layers each with multiple cell types through concurrent and complex
morphogenetic events. Hindering the progress of research in the field is the lack of a detailed
description of the fundamental morphological changes that constitute development of the intestinal
mesoderm.

Results—We utilized immunofluorescence and morphometric analyses of wild type and
Tg(tieZ:H2B-eYFP) quail embryos to establish a comprehensive timeline of mesodermal
development in the avian intestine. The following landmark features were analyzed from
appearance of the intestinal primordium through generation of the definitive structure: radial
compartment formation, basement membrane dynamics, mesothelial differentiation, mesenchymal
expansion and growth patterns, smooth muscle differentiation, and maturation of the vasculature.
In this way, structural relationships between mesodermal components were identified over time.

Conclusions—This integrated analysis presents a roadmap for investigators and clinicians to
evaluate diverse experimental data obtained at individual stages of intestinal development within
the longitudinal context of intestinal morphogenesis.
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Introduction

Intestinal disorders affect a large number of individuals in both pediatric and adult settings.
Many of these conditions including intestinal atresia, motility disorders, Hirschprung’s
disease, and gastrointestinal stromal tumors (GIST) have multiple and incompletely
understood etiologies (Louw and Barnard, 1955; Mazur and Clark, 1983; Sanders, 1996;
Hirota et al., 1998; Newgreen and Young, 2002; Heanue and Pachnis, 2007; Streutker et al.,
2007; Appelman, 2011; Guzman et al., 2011). One of the difficulties in deciphering the
mechanisms underlying these diseases is the lack of information available on the
development of a major component of the gut tube—the intestinal mesoderm.
Understanding development of the mesoderm is essential for a complete picture of the
mechanisms leading to congenital as well as adult intestinal disorders.
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615-936-1976, david.bader@vanderbilt.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thomason et al.

Page 2

A description of the structure of the adult intestine reveals the complexity of the mesodermal
tissues generated in the embryo. The innermost layer, the mucosal epithelium, is comprised
primarily of columnar epithelial cells resting on a basement membrane. Supporting the
mucosal epithelium is a mesenchymal core called the lamina propria, which is composed of
a capillary plexus, lymphatic vessels, nerves, myofibroblasts and fibroblasts. The lamina
propria and mucosal epithelium are arranged into fingerlike projections, called villi,
protruding into the lumen of the intestine. External to the mucosal epithelium, minor
variations in structure are observed between the avian and mammalian intestine. The adult
chick intestine lacks a submucosal connective tissue layer and muscularis mucosa. Instead,
there are four concentric visceral smooth muscle cell layers that begin just subjacent to the
lamina propria and are positioned outwardly in the following order: inner longitudinal, inner
circular, outer circular and outer longitudinal (Gabella, 1985; Yamamoto, 1996). The inner
longitudinal muscle layer of the avian is analogous to the mammalian muscularis mucosa.
The circular muscle layer of mammals including mice and humans can also be divided into
two layers due to structural differences though is often referred to singularly (Eddinger,
2009). Thus, the most significant variation between the mammalian and avian intestine is the
presence or absence of a submucosal connective tissue layer. The large blood vessels of the
chick intestine reside within or just deep to the thin outer longitudinal visceral smooth
muscle cell layer and extend circumferentially. VVascular branches dive deep into the
intestinal layers to eventually supply the endothelial plexus of the villi (Jacobson and Noer,
1952). The enteric neuronal network is divided into two main regions: the first adjacent to
the large blood vessels described above that reside near the surface and the second between
the inner circular and inner longitudinal smooth muscle layers (Gabella, 1985). Finally, at
the coelomic surface is a serosal membrane composed of a flat sheet of epithelial cells called
mesothelium with an underlying basement membrane and thin connective tissue layer (Fig.
1).

On first examination, the embryonic intestinal primordium offers only hints of its eventual
elaborate structure. After gastrulation in the avian embryo, the lateral plate mesoderm splits
into splanchnic and somatic mesoderm bilaterally generating a right and left coelomic cavity
between the two layers. The splanchnic mesoderm, underlying endoderm, and an
intervening endothelial plexus compose the intestinal anlage and are initially organized as a
flat sheet (Fig. 1 A, (Meier, 1980; Pardanaud et al., 1989)). This anlage folds laterally and
from the anterior and posterior ends to meet at the ventral midline giving rise to a tube and
uniting the right and left lateral cavities into a common coelom (Fig. 1 B, (Wells and
Melton, 1999; Zorn and Wells, 2009)). The epithelial endoderm gives rise to the mucosa that
lines the villi and intestinal crypts (Coulombre and Coulombre, 1958; Mitjans et al., 1997;
Madison et al., 2005; Dauca et al., 2007; Grosse et al., 2011; Spence et al., 2011). The
splanchnic mesoderm diversifies to generate the connective tissue, vasculature, smooth
muscle and serosal layers (McHugh, 1995; Drake et al., 1997; Hashimoto et al., 1999; Wilm
et al., 2005; Kim et al., 2007; Milgrom-Hoffman et al., 2011; Powell et al., 2011; Winters et
al., 2012). Migratory neural crest cells invade to form the enteric nervous system and the
vascular system organizes from incompletely identified progenitors (Young and Newgreen,
2001; Young et al., 2004; Burns et al., 2009; Nagy et al., 2009). Throughout these processes,
the intestine must undergo a dramatic increase in length and diameter herniating outside of
the body cavity to accommodate its tremendous growth (Savin et al., 2011). Thus, cells of
all three germ layers must coordinate invasion, migration, differentiation, growth, and tissue
morphogenesis to generate the mature intestinal structure.

Despite comprising the majority of the adult intestine, development of the mesoderm is
poorly described relative to the more extensively studied endodermal and neuronal
components. Within the mesoderm, multiple cellular types and tissue layers develop in
concert. Most studies are focused on the differentiation of a specific cell type during a
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narrow developmental window. Furthermore, studies utilize a variety of model organisms.
Thus, assembling the available data distributed within the literature into a basic timeline of
the major morphological changes that occur during intestinal development is extremely
difficult. Knowledge of the temporal and spatial relationships of developmental events in the
intestine is essential to design experiments and interpret data.

We sought to establish a comprehensive timeline of the major events in intestinal mesoderm
development from the first appearance of the intestinal anlage to formation of the definitive
structure in a single species. Quail embryos were selected due to their availability in large
quantities, emerging transgenic models, and the ability to easily time their development with
precision (Huss et al., 2008). Additionally, small intestine development has not been
described in the quail (Coulombre and Coulombre, 1958; Grey, 1972; Gabella, 1985;
Yamamoto, 1996; Hashimoto et al., 1999; Hiramatsu and Yasugi, 2004; Kim et al., 2007;
Mao et al., 2010). Importantly, the major structural features of the avian intestine, with the
above noted variations, correspond with the mammalian intestine and thus the information
obtained from studies of the avian embryo is widely applicable. We describe landmark
features of intestinal mesoderm formation throughout embryogenesis that if analyzed at any
single stage, provide an inclusive snapshot of the status of mesodermal development.
Furthermore, through this integrated approach, we identified pivotal developmental time
points at which key processes occur simultaneously. These data provide the field with the
fundamental developmental and morphological guideposts in intestinal mesoderm
development upon which variation in organogenesis caused by genetic, experimental and
surgical intervention can be compared and further analyzed.

Establishment and maturation of the major intestinal compartments

As described above, the adult avian intestine has seven concentric tissue layers, six of which
are derived from the splanchnic mesoderm. However, there are only two continuous
basement membranes within the intestine (one below the mucosal epithelium and the other
subjacent to the outer serosal mesothelium) that divide the seven layers into three
compartments: the mucosa, the middle connective and muscular tissue (largest component),
and the outer serosa (Simon-Assmann et al., 1995; Lefebvre et al., 1999). The intestinal
primordium, similar to the adult structure, is divided by two basement membranes (black
lines) into three compartments: endoderm (En), mesenchyme/mesenchymal space, and
mesoderm/outer epithelium (SpM) (Fig. 1 A). While subsequent morphogenetic events will
greatly increase the complexity of cell and tissue relationships, the arrangement of these
basement membranes represent one of the few histological similarities between the
embryonic and adult intestine (Fig. 1).

To determine whether this basic structural relationship is maintained throughout
development into adult life, we examined laminin staining throughout development.
Laminin is an integral component of basement membranes. At embryonic day 1.9 (E1.9,
equivalent to HH12) in the quail embryo, two basement membranes with solid,
uninterrupted laminin staining were identified below the endoderm and the splanchnic
mesoderm, respectively (Fig. 2 A-B, arrowheads). The basement membranes were distinctly
separated along the majority of the medial-lateral axis though they did appear to contact one
another at discrete points (Fig. 2 B, arrows). The mesenchymal space was very narrow and
sparsely populated with cells (Fig. 2 B, asterisk). At E2.1 (HH14), laminin staining of the
outer basement membrane appeared slightly fragmented (white arrowheads) and in limited,
sporadic regions, the mesenchymal space contained a single layer of cells (Fig. 2 C-D,
asterisks). At E2.2 (HH16) and E3 (HH18), the basement membrane underlying the outer
epithelium was well dispersed evidenced by discontinuous laminin staining (Fig. 2 E-F,
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white arrowheads; data not shown). There were also multiple cell layers within the
mesenchyme (Fig. 2 F, asterisks). At E3.5 (HH21), the anterior and posterior portions of the
intestine had folded into a tube while the middle portion remained open ventrally. In both
the open and closed regions, the outer epithelial basement membrane had returned to an
unbroken configuration (arrowheads) without the large gaps observed in earlier stages (Fig.
2 G-J). Though continuous, the outer basement membrane was still rough in appearance
suggesting E3.5 was a transition point to the smooth, unbroken basement membrane
observed at E4 (compare Fig. 2 G-J to Fig. 4 E-F).

Between E5 and EG6 the gut tube completed ventral closure. At E5 (HH27), the outer
epithelial basement membrane was again dispersed (Fig. 3 A-B, white arrowhead) but
quickly returned to a continuous configuration by E6 (HH29) (Fig. 3 C-D, white
arrowhead). Once solidified at E6, no further changes in the outer epithelial basement
membrane were observed through E16. However, the mesenchymal layer underwent
dynamic changes over these stages including contributing to villus formation at E10 (Fig. 3
E-F) and mesenchymal compaction and differentiation (Fig. 3 G-H). Additionally at E16,
laminin staining in the endodermal basement membrane appeared diffuse (Fig. 3 G-H,
yellow arrowhead). Thus, though the outer basement membrane oscillates between
discontinuous and continuous states, both basement membranes observed in the intestinal
primordium were readily identified throughout development defining the three basic tissue
compartments of the intestine.

Development of the outer epithelium

In the adult, the outer epithelium is a simple squamous cell layer, termed mesothelium, that
is important for protection of coelomic organs and providing a non-adhesive surface for
movement (Mutsaers, 2002; Mutsaers, 2004; Yung and Chan, 2007). We next sought to
determine if the periodic dissociation of the outer basement membrane was correlated with
differentiation of the outer epithelium into mesothelium. In the embryo and adult, the
mesothelium expresses the intermediate filament protein cytokeratin and resides upon a
continuous, laminin-enriched basement membrane. A recent lineage tracing study from our
laboratory demonstrated that cells within the splanchnic mesoderm of the developing gut
tube eventually give rise to the intestinal mesothelium (Winters et al., 2012).

To investigate the development of the outer epithelium, we stained serial sections of quail
midgut with antibodies for the epithelial markers cytokeratin and laminin. As described
above, the outer epithelium and mesenchyme first appeared as distinct cellular layers at E2.1
(HH14). At this time, the outer epithelium was stratified and the underlying basement
membrane was fragmented (see above, Fig. 2 D). At E3.5 (HH21), the outer epithelium
remained stratified and was cytokeratin-negative. Laminin staining in the outer basement
membrane (arrows) had returned to an unbroken configuration (Fig. 4 A-C). Twelve hours
later, at E4 (HH24), the outer epithelium was, for the first time, a single cell layer thick
(arrowheads) with very faint staining for cytokeratin (Fig. 4 D-F). At E5 (HH27), we
observed more prevalent cytokeratin staining within the outer epithelium despite dispersed
laminin staining in the basement membrane (Fig. 4 G-I, arrowheads). Finally, at E6 (HH29)
a simple squamous epithelium with robust cytokeratin staining and a continuous basement
membrane (arrows) characteristic of the adult mesothelial structure was present throughout
the midgut (Fig. 4 J-L). This mature mesothelial configuration was observed throughout the
remainder of development. Thus, the transition of the basement membrane to an unbroken
conformation at E3.5 was followed shortly by conversion of the outer epithelium from a
stratified to simple layer. The subsequent breakdown and solidification of the outer
basement membrane at E5-E6 was concurrent with differentiation of the outer cell layer into
a mature, cytokeratin positive mesothelium.
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Expansion of the mesenchymal compartment

As described in Figure 2 and 3, the mesenchymal compartment underwent a dramatic
expansion over these early stages of intestinal development. We next quantified the change
in size of the mesenchymal compartment over time to determine if there was any correlation
with basement membrane breakdown. We measured the distance between the endoderm and
outer epithelial basement membranes at multiple medial-lateral positions to determine the
average width of the mesenchymal compartment at each stage. The mesenchymal space at
E1.9 (HH12) was narrow, averaging 7.5 um in width. At E2.1 (HH14), despite the slight
increase in the number of cells found in the mesenchymal space at this time, the overall
average width was 6.4 um. Between E2.1-E3.5 (HH14-HH21) the mesenchymal
compartment expanded abruptly from 6.4 pm to 103 pm in width. This time period
corresponded to the stages over which the outer basement membrane was broken down.
Interestingly, after the basement membrane solidified again at E3.5, the distance between the
two basement membranes decreased to 74 um by E4. The second instance of outer basement
membrane breakdown at E5 also correlated with a small increase in mesenchymal
compartment width though generally the mesenchymal width trended downward between
E3.5 and E6 (Fig. 5 A).

Over subsequent stages, the outer basement membrane was solid and the intestinal tube was
closed. We next examined mesenchymal cross-sectional area and intestinal length to
determine if these variables changed proportionately over time. We quantified mesenchymal
cross-sectional area by outlining both the inner and outer basement membranes and
calculating the intervening pixels using Metamorph software. We divided the small intestine
into quarters along the length of the tube, small intestine (SI) 1-4, and analyzed each region
individually at each stage. We also measured the length of the small intestine over the same
stages by dissecting away the mesentery and extending the intestine out in a straight line.
The anterior regions of the small intestine had consistently larger mesenchymal areas than
the posterior regions over all stages examined. Between E8 and E12, the mesenchymal area
of each region remained surprisingly constant (Fig. 5 B). However, there was a dramatic
increase in small intestinal length (17.6 mm at E8 to 71.1 mm at E12) over the same time
period. Indeed, between E6 and E12, the small intestine roughly doubled in length every two
days elongating at an average rate of 11 mm/day (Fig. 5 C).

Between E12 and E16, there was a notable increase in cross-sectional area throughout all
four regions of the small intestine (Fig. 5 B). There was also an increase in small intestinal
length over these stages. The rate of intestinal lengthening between E6 and E16 was
relatively steady averaging close to 10 mm/day (Figure 5C, black line). However, this steady
rate of growth represented a 4-fold increase in length between E8 and E12 and only a 1.5-
fold increase between E12 and E16 (Figure 5C, gray line). Thus, the rapid increase in
mesenchymal cross-sectional area at E12 correlates with a decrease in the relative change in
length.

Development of the muscularis layers and myofibroblasts

We next examined differentiation of the mesenchymal compartment. While initially uniform
in appearance, the mature mesenchymal compartment is composed of varied tissue types
including multiple layers of visceral smooth muscle that provide the force for peristaltic
contractions. Other mesenchymal cells with limited contractile ability include the
subepithelial myofibroblasts that closely surround the crypts and line the mucosa into the
villi. Using studies of the chicken as a reference, we expected four layers of visceral smooth
muscle to develop in the quail small intestine: inner longitudinal, inner circular, outer
circular, and outer longitudinal (Gabella, 1985; Gabella, 2002). These layers are largely
distinguished based on morphological features; however, the outer circular layer of the adult
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chicken can also be identified molecularly as a-smooth muscle actin (a-SMA) expression is
almost entirely replaced by -y-smooth muscle actin (-y-SMA) expression (Gabella, 1985;
Yamamoto, 1996).

We utilized immunofluorescence for a- and -y-SMA to generate a comprehensive timeline
of visceral smooth muscle and myofibroblast development in the quail small intestine. Faint
staining for both a.- and y-SMA was first observed at E6 in a rudimentary circular layer
(OC) within the mesenchyme. SMA-negative mesenchymal cells were found on both the
luminal and coelomic aspects (Fig. 6 A-D, asterisks). At E10, an a-SMA-positive, y-SMA-
negative outer longitudinal (OL) layer was first observed within the submesothelial region
(Fig. 6 E-H). The inner circular (1C) layer was first distinguishable at E14 due to high levels
of a-SMA and low levels of -y-SMA at the innermost aspect of the circular muscle layer
(Fig. 6 I-L). Also at E14, a-SMA-positive cells could occasionally be identified within the
villi (data not shown). At E16, an a.- and y-SMA-positive inner longitudinal layer (IL) was
visible and robust a-SMA-positive staining was present within the villi. The submucosal
mesenchyme was concurrently reduced to a thin layer (asterisk) and the outer circular layer
exhibited decreased staining for a-SMA (Fig. 6 M-P). Finally, in the adult small intestine,
¥-SMA was identified in all four layers of visceral smooth muscle but the outer circular
layer did not stain for a-SMA at appreciable levels. Additionally, the intestinal crypts were
directly adjacent to the inner longitudinal visceral smooth muscle layer without any
intervening submucosal mesenchyme (Fig. 6 Q-T, arrows). Thus, the structure of the adult
quail small intestine is similar to other avians, including the chicken (Gabella, 1985). The
current study demonstrates that contractile cell differentiation in the quail intestine occurs in
the following progression: outer circular layer at E6, outer longitudinal layer at E10, inner
circular layer at E14, and inner longitudinal layer and subepithelial myofibroblasts at E16.

The organization of the endothelial plexus

Elaboration of the vasculature is critical for organ formation. The vasculature of the intestine
is housed within the mesenchymal layer. The major arteries supplying the intestine
(mesenteric arteries) branch from the aorta and reach the intestine by means of a mesentery
(two mesothelial membranes closely apposed to one another). Once the mesenteric arteries
reach the intestine, the large, muscularized branches stay near the surface subjacent to the
thin outer longitudinal layer of visceral smooth muscle. Other branches dive deep to supply
a second tier of blood vessels that resides near the junction of the lamina propria and inner
longitudinal smooth muscle layer. The third and most expansive tier is the extensive
capillary network extending into the villi and localized just below the mucosal epithelium
(Powell et al., 2011). The initial arrangement of the intestinal primordium with both
basement membranes within microns of one another (at E2.1, (Meier, 1980)) allows a single,
central endothelial plexus to contact both basement membranes and epithelia. The expansion
of the mesenchyme necessitates growth and remodeling of the vascular plexus for this
relationship to be maintained.

To understand how the vasculature of the intestine is remodeled from a single centrally
located endothelial plexus into a multi-tiered vascular network, we utilized QH1 (quail
endothelial cell marker) staining and Tg(#/eZ:H2B-eYFP) quail embryos. These transgenic
embryos express an H2B-eYFP fusion protein under control of the endothelial specific 77eZ
promoter (Poynter and Lansford, 2008; Sato et al., 2010). At E2.1 (HH14), endothelial cells
were in close approximation to both the endoderm and splanchnic mesoderm (Fig. 7 A-B,
arrowheads). At E3 (HH18), eYFP-positive endothelial cells were distributed along the
medial-lateral axis of the intestinal primordium but remained within the middle of the
mesenchymal layer thus losing close contact with both the endodermal and outer epithelial
basement membranes (Fig. 7 C-D, arrowheads). This configuration was maintained until E6
at which time the eYFP-positive cells were organized into two layers one subjacent to the
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mesothelium and another layer juxtaposed to the developing submucosal layer (Fig. 7 E-F,
arrowheads). The two tiered endothelial network visible at E6 was also reported in Nagy et
al. (2009).

At E10, the external endothelial layer was localized below the newly differentiated outer
longitudinal visceral smooth muscle cell layer thus occupying the same space where the
major vessels will be found in the adult. At this stage, villi were also first observed in the
anterior region of the small intestine (Fig. 8 A—F) though the posterior region only had small
ridges protruding into the lumen (Fig. 8 G-L). Notably, endothelial cells of the internal
plexus (arrowheads) throughout both the anterior and posterior small intestine did not extend
into the villi or ridges (Fig. 8 A—L). We first observed endothelial cells within the villi at
E14 in low numbers, four days after villi were apparent in the anterior portion of the gut
tube (Fig. 9 A-C, arrowheads). By E16, endothelial cells were found in abundance within
the villi (Fig. 9 D-F, arrowheads). Cells within the outer endothelial tier became fewer in
number over time (Fig. 9 C, F, arrows). Thus, development of the enteric endothelial
network progresses through four phases. First, endothelial cells are scattered throughout the
mesenchymal space. Second, they organize into two layers in the submesothelial region and
submucosal mesenchyme, respectively. Third, differentiation of the outer longitudinal
smooth muscle leads to localization of the external plexus below the muscle layer. Finally,
endothelial cells penetrate the lamina propria of the villi.

Generation of muscularized surface blood vessels

While the vasculature of the villi remains as a capillary plexus, the vessels near the surface
of the adult intestine are large caliber and muscularized. We next examined Tg(t/eZ:H2B-
eYFP) intestines in whole mount to determine when large surface blood vessels were
formed. At EB, the stage at which two distinct layers of endothelial cells were first apparent
within the gut wall, there were not any major surface vessels (Fig. 10 A-B). Instead,
endothelial cells were uniformly distributed in a honeycomb-like pattern (Fig. 10 B). By
E10, mesenteric branches extending to the intestine were observed (arrows) though there
were still no large vessels visible on the intestine proper (Fig. 10 C-D). At E11, we first
observed large blood vessels extending from the dorsal mesentery over the gut tube proper
(Fig. 10 E-F, arrowheads). Throughout subsequent stages, the major vessels elongated to
encompass a greater portion of the intestinal circumference (E12, E13; Fig. 10 G-J,
arrowheads).

A further mark of blood vessel maturity is recruitment and differentiation of vascular
smooth muscle cells. We used immunofluorescence for a-SMA to determine when cells of
the intestinal vasculature were muscularized. At E12, a-SMA staining was present within
the outer longitudinal and outer circular smooth muscle layers but was not identified
surrounding the eYFP-positive endothelial cells (Fig. 11 A-B). At E14, a single layer of a-
SMA-positive cells surrounded the large blood vessels found near the surface of the intestine
(Fig. 11 C-D, arrowheads). At E16, rare blood vessels were observed containing multiple
layers of vascular smooth muscle cells (Figure 11 E-F, arrowheads). In the adult intestine,
large arteries with multiple layers of vascular smooth muscle were readily identified (Figure
11 G-H, arrowheads). Neighboring veins were large caliber though still poorly muscularized
(Figure 11 G-H, arrows). Additionally, the second tier of blood vessels near the base of the
villi were muscularized in the adult only (Figure 11 G, yellow arrowhead). Thus, the major
blood vessels of the intestine are not muscularized until near hatching.

Discussion

Splanchnic mesoderm generates the bulk of the intestine and will diversify into serosa,
connective tissue, musculature, and the enteric vasculature. However, relatively little is
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known about the development of the intestinal mesoderm. Our study provides a
comprehensive examination of the major morphological changes that occur within the
intestinal mesoderm starting with the establishment of the intestinal primordium and ending
with the definitive structure. Through concurrent examination of multiple features, we were
able to identify temporal and spatial coordination between previously unlinked
developmental events (Table 1). An examination of four critical time periods in intestinal
mesoderm development is presented below highlighting novel correlations illustrated by this
study. These data provide developmental biologists and clinicians with a detailed baseline of
normal development—the context with which perturbations of intestinal development
generated by experimental manipulation and disease can be evaluated. Finally, this
comprehensive analysis reveals heretofore unidentified cell and tissue relationships that
generate numerous questions for future study.

Appearance of the intestinal anlage

Although not immediately apparent, the eventual architecture of the mature intestine is in
fact represented in three features of the intestinal primordium. At the most fundamental
level, the endoderm is localized ventrally and the mesoderm, dorsally in the flat intestinal
anlage. Thus, when a tube is formed by folding the flat sheet ventrally, the endoderm will
line the lumen and the mesoderm will form the coelomic surface reflecting their position in
the adult structure. Second, the primordium is split into three compartments by two
basement membranes, an arrangement maintained into maturity. Finally, from its earliest
appearance, the vascular plexus is localized in the mesenchymal compartment juxtaposed to
both basement membranes (Meier, 1980). These basic elements form the structural scaffold
around which the flat sheet of the primordium folds to form a tube. Within this context, the
mesenchymal space and its resident cells expand to generate the largest intestinal
compartment, and the vasculature matures into a multi-tiered network.

Development of the mesenchymal compartment: E1.9-E5

Starting from this basic structure, the first significant change in intestinal mesoderm
development is the generation of a multi-layered mesenchyme. Though forming the bulk of
the intestine in the adult, this layer is essentially absent in the primordium—the endothelial
plexus of the intestine is the only cell population to reside in the mesenchymal compartment
and contacts the basement membranes of both the endoderm and splanchnic mesoderm. The
rapid cellular expansion of the mesenchymal compartment between E2.2 and E3.5 occurred
concurrently with a breakdown of the outer basement membrane likely due to an ingress of
cells from the outer epithelium into the mesenchyme. At E3.5, the mesenchymal
compartment peaked in width and the outer epithelial basement membrane returned to an
unbroken configuration. Throughout the subsequent stages in which a solid basement
membrane was present the width of the mesenchymal compartment gradually decreased. A
slight increase in mesenchymal width was observed at E5, which correlated with a second
brief breakdown of the outer epithelial basement membrane. These features suggest the
following sequence: inward migration of cells from the outer epithelium into the
mesenchyme, cessation of migration and repair of the basement membrane, a second wave
of inward migration, and final repair of the basement membrane. The potential of two
temporally separated waves of migration into the mesenchymal space may indicate that
specific mesenchymal lineages are added sequentially as suggested but not conclusively
proven by cell lineage tracing studies (Wilm et al., 2005; Winters et al., 2012).

Completion of intestinal tube formation: E5—E6

The next major change in intestinal development is the completion of tube formation that
occurs at E6. At this stage, the mesothelium is fully differentiated, SMA is first observed in
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the outer circular visceral smooth muscle layer and the endothelial plexus splits into two
layers. Each of these topics is considered below.

Mesothelial differentiation in the intestine has only recently been studied in any detail
(Wilm et al., 2005; Kawaguchi et al., 2007; Winters et al., 2012). In contrast, mesothelial
development in the heart has been examined extensively. Cardiac mesothelium is derived
from a localized, extrinsic progenitor pool that migrates to the heart. Once at the surface of
the heart, individual mesothelial cells undergo an epithelial-mesenchymal transition (EMT)
to invade the underlying myocardium and give rise to vascular smooth muscle cells and
intracardiac fibroblasts (Mikawa and Gourdie, 1996; Dettman et al., 1998; Manner, 1999;
Pérez-Pomares et al., 2002; Guadix et al., 2006). Mesothelial cells of the intestine have a
similar potential demonstrated by genetic lineage tracing in the mouse but are derived from
a broadly distributed progenitor population intrinsic to the forming gut tube (Wilm et al.,
2005). The second brief breakdown of the outer basement membrane of the intestine
occurred as the outer epithelium differentiated into a mesothelial layer. Thus, the second
wave of inward migration into the mesenchyme may be specific to mesothelial cells or their
progenitors providing cells of the future vascular or fibroblast lineage. The molecular
regulation of EMT of the cardiac mesothelium has been investigated utilizing multiple
murine genetic models (Wu et al., 2010; Baek and Tallquist, 2012). It may be of interest to
examine these genetic models in the context of intestinal development to determine if a
similar molecular network regulates EMT of mesothelia in the two organs.

In addition to contributing cells, mesothelium is also a signaling center during development
(White, 2006; Olivey and Svensson, 2010; Svensson, 2010). The first visceral smooth
muscle layer of the intestine differentiates in close proximity to the mesothelium with only a
small layer of intervening SMA-negative cells. Endodermal Shh signals are known to be
repressive to visceral smooth muscle differentiation in the chick thus positioning the initial
layer at a distance from the mucosa (Sukegawa et al., 2000; Gabella, 2002). However, both
Shhand /hh knockouts in the mouse led to reduced visceral smooth muscle differentiation
suggesting the role of Shh is not repressive alone (Ramalho-Santos et al., 2000; Mao et al.,
2010). Intestinal mesothelial signaling has not been investigated though frequently,
developmental patterning is the result of integration of signals from two opposing sources
(Irish et al., 1989; Meinhardt, 2009). Precise positioning of the initial circular muscle layer
and subsequent layers of smooth muscle may be the result of both endodermal and
mesothelial signaling events though further investigation is required.

The endothelial plexus also divides into two layers at E6 (Nagy et al., 2009). Signals that
pattern the intestinal vasculature are currently unknown. As cells are added to the
mesenchyme, the endothelial plexus remains centrally located with increasing distance
separating it from both basement membranes; thus, hypoxia might be proposed as a potential
regulatory signal. However, quantification of the width of the mesenchymal compartment
revealed there is actually a decrease in the distance separating the two basement membranes
between E3.5 and E6. Thus, division of the endothelial plexus into two layers at this time
may not be related simply to increased hypoxia due to mesenchymal growth. The division
into two layers that reside near the mesothelial and mucosal surface, respectively, suggests
chemotactic cues may originate from both epithelia to produce this pattern though further
research is needed in this area.

Maturation of visceral smooth muscle and vascular components: E6-E16

The next major changes that occur within the mesenchymal compartment include
differentiation of the remaining visceral smooth muscle cell layers, vascular remodeling and
maturation, and extensive growth. It is unknown what directs the sequential differentiation
of individual visceral smooth muscle cell layers though, as described above, roles for both
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the endoderm and mesothelium are possible. Interestingly, the appearance of the villi is
temporally associated with generation of the outer circular and outer longitudinal visceral
smooth muscle cell layers suggesting a potential mechanical relationship.

In studies of murine intestinal development, endothelial cells appear to play an important
role in villus formation and remain in close association with the endoderm throughout
(Hashimoto et al., 1999; Kim et al., 2007). In the quail, villi form independent of a close
morphological relationship with the vasculature. Indeed, endothelial cells do not invade the
villi until days after they are formed. The cues leading to endothelial ingrowth into the villi
are unknown. Also of potential interest, subepithelial myofibroblasts differentiate concurrent
with endothelial migration into villi. Endothelial cells in endodermally-derived organs
function in paracrine signaling independent of their function in supplying vascular flow to
an area (Lammert et al., 2001; Matsumoto et al., 2001; Yoshitomi and Zaret, 2004;
Jacquemin et al., 2006). Thus, regulation of villus maturation and myofibroblast
differentiation may be related to signaling events from the nearby endothelial cells.

Finally, while the endothelial plexus of the intestinal primordium is thought to be derived
from the splanchnic mesoderm (Meier, 1980; Pardanaud et al., 1989; Drake et al., 1997), the
origin of the large surface blood vessels is unclear. They are first visible in the mesentery
and subsequently over the intestine suggesting they may grow via angiogenesis from the
vitelline artery. Alternatively, they may be derived completely from remodeling of the
existing endothelial plexus.

As detailed above, there remains much to be understood about intestinal development.
Knowledge of the morphological underpinnings is vital if investigations of intestinal
formation are to be placed into the larger context in which they occur. These studies provide
a timeline of intestinal mesodermal development integrating information about multiple
foundational features. With a broad view of intestinal development, potential interactions
can be identified that range from the level of gene function, through cellular interactions, to
tissue morphogenesis leading to the establishment of the definitive structure.

Experimental Procedures

Embryos

Quail embryos (Coturnix coturnix japonicid) were obtained from Ozark Egg Farm (Stover,
Missouri). Tg(tfeZ:H2B-eYFP) quail embryos were a generous gift from Dr. Rusty Lansford
(Caltech, Pasadena, CA). All eggs were incubated at 37°C in humidity and staged according
to the Japanese quail and the Hamburger Hamilton staging chart (Hamburger and Hamilton,
1992; Ainsworth et al., 2010). Adult intestines were isolated from mature four-month-old
wild type quail.

Immunofluorescence

All embryos and tissue were fixed in 4% formaldehyde (Sigma F1635) in PBS (pH 7.4) at
room temperature or 4°C depending on tissue size. The samples were washed with PBS (pH
7.4), cryoprotected in 30% sucrose, embedded in OCT (TissueTek 4583) and transversely
sectioned (unless otherwise noted) at 5yum. Sections were rehydrated, washed with PBS, and
permeabilized with 0.2% Triton-X 100 (Sigma T9284) in PBS for ten minutes, washed with
PBS, and blocked in 10% goat serum (Invitrogen 16210-072) + 1% BSA (Sigma A2153) in
PBS. Samples were then treated with primary antibodies (see below) overnight at 4°C.
Slides were then washed with PBS and incubated with secondary antibodies (see below) for
60 min. at room temperature. Slides were washed and mounted with ProLong Gold
mounting agent (Invitrogen P36930).
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Primary antibodies: laminin (Abcam ab11575; 1:200), cytokeratin (Abcam ab9377; 1:200),
laminin (DSHB, 3H11 and 31 or 31-1; 1:25 (each)), anti-GFP (Invitrogen, A11122; 1:200),
anti-aSMA Clone 1A4 (Sigma A2547; 1:200), a SMA (Abcam ab5694; 1:200), ySMA (MP
Biomedicals 69133; 1:600). Secondaries: Alexa 488 and 568 (Invitrogen A11001, A11004;
1:500), TOPRO-3 (Invitrogen T3605; 1:1000), DAPI (Invitrogen D3571; 1:10,000).

Immunofluorescence was imaged using an Olympus Fluo-View1000 confocal microscope
(Vanderbilt CISR Core). Images were taken in Z-stack format and analyzed using FV-1000,
Metamorph and Photoshop software. Images in Figure 7 A-B were taken in Z-stack format
on a Zeiss LSM 510 confocal microscope and analyzed in the LSM software. Brightness and
contrast of all images were adjusted for visual representation in Photoshop.

Morphometric Analysis

Small intestine sections were stained with laminin antibody and imaged on an EVOS
microscope (Joe Roland, Goldenring Lab, VVanderbilt). ImageJ software was used to
measure the distance between the outer and endodermal basement membranes of intestines
aged E1.9 through E6 (eight to twenty samples analyzed at each stage). The distances were
averaged and the standard deviation and standard error of the mean were calculated in Excel.
To determine the area of the mesenchymal space, six to ten samples were analyzed for each
intestinal region (posterior, middle posterior, middle anterior, anterior) of each intestinal
stage including: E8, E10, E12, E14, E16. Metamorph software (Vanderbilt CISR) was
utilized to specify the mesenchymal region (area between outer and endodermal basement
membranes). Average, standard deviation, and standard error of mean were calculated in
Excel. To determine the total length of the intestines, samples were dissected from quail
embryos and the mesentery and vessels completely removed. Four to ten samples were
measured for each stage including E6, E8, E10, E12, E14, E16. Averages, standard
deviation, and standard error of mean were calculated in Excel.
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Figure 1. Schematic depicting the intestinal primordium, primitive intestinal tube and adult
intestine

A: Transverse section through an embryonic day (E) 2.1 quail embryo equivalent to
Hamburger and Hamilton (HH) stage 14. At this stage, the intestinal primordium is open and
comprised of the splanchnic mesoderm (red; SpM), endoderm (yellow; En) and an
intervening endothelial plexus (green; EP). B: At E6, the intestine is completely closed and
composed of a mesothelium (orange; Mes), a two layered endothelial plexus (green; EP), a
visceral smooth muscle layer (red; viSM), and endoderm (yellow; En). C: In the adult
intestine, villi are lined with a mucosal epithelium (yellow; Mu) and contain a lamina
propria (LP) composed of capillaries, a lymphatic lacteal, and connective tissue. A four-
layered muscularis externa (ME) surrounds the lamina propria. A serosal membrane (Se)
lines the coelomic surface.
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Figure 2. Early basement membrane dynamicsin generation of the mesenchymal compartment
Schematics in left column depict quail embryos at the stage isolated and the red line denotes
the plane of section. A—B: At E1.9, continuous basement membranes (arrowheads) lined the
splanchnic mesoderm and endoderm with multiple apparent points of contact (arrows).
Asterisk denotes a rare mesenchymal cell. C-D: The outer basement membrane (white
arrowheads) began to break down at E2.1 and mesenchymal cells were more common
(asterisks). The endodermal basement membrane (yellow arrowhead) remained solid. E—:
At E2.2, there were multiple mesenchymal cell layers (asterisks) and the outer basement
membrane was dispersed (white arrowheads). Yellow arrowhead denotes the endodermal
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basement membrane. G-J: At E3.5, both the outer epithelial (white arrowhead) and
endodermal (yellow arrowhead) basement membranes were continuous in the open and
closed intestinal regions. Scale bars: 50um (A, C, E, G, 1) and 10um (B, D, F, H, J). Ec,
ectoderm; En, endoderm; FL, forelimb; H, head; Hrt, heart; HL, hindlimb; L, lumen; LC,
lateral cavity; LPM, lateral plate mesoderm; M, mesenchyme; nc, notochord; NT, neural
tube; OE, outer epithelium; S, somites; SoM, somatic mesoderm; SpM, splanchnic
mesoderm.
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Figure 3. Basement membrane dynamics throughout gut tube closure and mesenchymal
differentiation
Schematics in left column depict quail embryos at the stage isolated and the red line denotes

the plane of section. A—B: At E5, the outer epithelial basement membrane appeared
dispersed (white arrowhead). Yellow arrowhead denotes the endodermal basement
membrane. C-D: At E6, both the outer (white arrowhead) and endodermal (yellow
arrowhead) basement membranes were unbroken. E—F: At E10, villi (V) were present and
both basement membranes were continuous (arrowheads). G—H: At E16, the mesenchyme
was condensed (compare F and H). The outer basement membrane was robust and unbroken
(white arrowhead) while the mucosal basement membrane weakly stained with laminin
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(yellow arrowhead). Scale bars: 50um (A, C, E, G,) and 10um (B, D, F, H). En, endoderm;

FL, forelimb; H, head; HL, hindlimb; L, lumen; Le, leg; M, mesenchyme; Mes,
mesothelium; Mu, mucosa; OE, outer epithelium; V, villi; W, wing.
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DM

Cytokeratin

Figure 4. Mesothelial differentiation

Schematic in upper-left corner depicts the region of the gut tube that was imaged. A—C: At
E3.5, the outer epithelium (arrowheads) was stratified (asterisks) and the basement
membrane was continuous (arrows). No cytokeratin staining was evident at this time. D—F:
At E4, the outer epithelium was a single cell layer thick (arrowheads) with a continuous
basement membrane (arrows). Cytokeratin staining was weakly positive. G- : At E5,
laminin staining in the outer basement membrane was dispersed (arrows). Cytokeratin
staining was present at low levels. J-L: At E6, laminin staining (arrows) was unbroken and

Dev Dyn. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thomason et al.

Page 22

cytokeratin staining was robust within the mesothelium (arrowheads). Scale bars: 10um (A-
L). DM, dorsal mesentery; En, endoderm; L, lumen; M, mesenchyme; OE, outer epithelium.

Dev Dyn. Author manuscript; available in PMC 2013 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Thomason et al. Page 23

>

Average Mesenchymal Expansion

Fold Change

o 450000 120
£ 400000 E
1 = 100
8 350000 =
/ < £
Y} Esooooo E. 80
/ £ 250000 -t 2
/ g wlegy £ 60
8 200000 3
8 #=813
,} fwsoooo i £ 40
o
P E’wooooo g 2
e/ 2 50000 s
E19 E21 E22 E35 E4 E5 E6 E8 0 0
(HH12) (HH14) (HH16) (HH21) (HH24) (HH27) (HH29) (HH35) £8 E10 E12 E14 E16 E6 E8 E10 E12 E14  E16
Embryonic Stages (days) Embryonic Stages (days)

Embryonic Stages (days (Hamburger-Hamilton))

Figure 5. Expansion of the mesenchymal compartment over time

A: Graph of the distance between the outer epithelial and endodermal basement membranes
measured at key stages between E1.9 and E8. The dashed line represents the time period
over which the outer basement membrane was dispersed. Solid lines indicate a continuous
outer basement membrane was present. B: Four regions along the anterior-posterior axis of
the small intestine (SI 1-4) were analyzed individually for mesenchymal cross-sectional area
between E8 and E16. The cross-sectional area of each region was graphed independently. C:
Small intestinal length measured between E6 and E16 (left y-axis, black circles). Fold
change in intestinal length over the same time period (right y-axis, grey triangles). D:
Photomontage of isolated small intestines with mesentery and blood vessels removed and
pinned out to demonstrate their length.
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Figure 6. Differentiation of visceral smooth muscle

A-D: At EB, faint staining for a-SMA and y-SMA defined the outer circular muscle layer.
Asterisks represent SMA-negative mesenchymal cells bordering the outer circular muscle
layer. E-H: Robust staining for a-SMA marked the outer circular and outer longitudinal
muscle layers. y-SMA was observed in the outer circular but not the outer longitudinal
layer. SMA-negative submucosal mesenchyme was still present (asterisk). I-L: By E14, the
inner circular layer (a-SMA-positive, weak y-SMA) was evident. Asterisk denotes SMA-
negative submucosal mesenchyme. M—P: At E16, four muscle layers were present including
the inner longitudinal layer. All layers stained for both a-SMA and y-SMA. Double
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asterisks denote submucosal neuronal plexus. Limited SMA-negative submucosal
mesenchyme was present (asterisk). Arrowhead in M indicates SMA-positive staining
within the villi. Q—T: In the adult intestine, the four visceral smooth muscle layers were
directly subjacent to the lamina propria (arrow) with no intervening submucosal
mesenchyme. The outer circular layer was a-SMA-negative. Scale Bars: 50um (A, E, I, M,
Q) and 10um (B-D, F-H, J-L, N-P, R-T). En, endoderm; IC, inner circular; IL, inner
longitudinal; LP, lamina propria; L, lumen; M, mesenchyme; Mes, mesothelium; Mu,
mucosa; OC, outer circular; OL, outer longitudinal; V, villi.
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Figure 7. Generation of atwo-tiered endothelial plexus

Laminin (basement membrane marker; red), QH1 and eYFP (endothelial markers; green)
immunofluorescence. A—B: At E2.1, an endothelial plexus marked by QH1 (arrowheads)
was present between the endoderm and splanchnic mesoderm. C—F: Sections through
Tg(tieZ:H2B-eYFP) quail intestinal primordia. C—D: At E3, the endothelial plexus
(arrowheads) was detected in the middle of the multilayered mesenchyme. E—F: At E6, the
endothelial plexus was organized into two concentric layers below the endoderm and
mesothelium, respectively (arrowheads). Scale bars: 50um (A, C, E) and 10um (B, D, F).
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DA, dorsal aorta; En, endoderm; L, lumen; M, mesenchyme; Mes, mesothelium; nc,
notochord; NT, neural tube; OE, outer epithelium; SpM, splanchnic mesoderm.
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Figure 8. Endothelial plexus remodeling during villi formation

Schematic in upper-left corner depicts the regions of the intestine that were sectioned. E10
intestines were isolated from Tg(#/eZ:H2B-eYFP) embryos. A—F: Villi were present in the
anterior region of the intestine. The endothelial plexus (eYFP-positive) was organized in two
concentric rings (arrowheads) but did not extend into the villi. G—L: In the posterior small
intestine, ridges but no villi were identified. The endothelial plexus remained organized in
two concentric rings (arrowheads). Scale bars: 50um (A-L). DM, dorsal mesentery; L,
lumen; M, mesenchyme; Mes, mesothelium; Mu, mucosa, V, villi.
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E14

Figure 9. Extension of endothelial cellsinto thevilli

Images are of sections through Tg(#/eZ:H2B-eYFP) quail intestines. A—B: At E14, eYFP-
positive endothelial cells (arrowheads) were localized within the base of the villi in low
numbers. C: The outer endothelial plexus was substantial at E14 (arrows). D-E: By E16,
endothelial cells had reached the tip of the villi (arrowheads) and were present in high
numbers. F: Thinning of the outer endothelial plexus was observed (arrows). Scale bars:
50um (A, D), 10um (B-C, E-F). L, lumen; M, mesenchyme; Mes, mesothelium; Mu,
mucosa; V, villi.
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Figure 10. Development of lar ge blood vessels of the small intestine

All panels are whole mount images of eYFP fluorescence in isolated gut tubes from
Tg(tieZ:H2B-eYFP) quail. A—B: At E6, eYFP-positive endothelial cells were evident in the
wall of the small intestine in a honeycomb pattern. C—D: At E10, mesenteric vessels were
visible (arrows) but large vessels on the small intestine proper were not observed. E-F: At
E11, major vessels near the surface of the small intestine were present (arrowheads)
extending from the mesentery (arrows). G—=J: Major small intestinal vessels (arrows)
displayed further branching at E12 and E13 (arrowheads). Scale bars: 1mm (A, C, E, G, I);
200um (B, D, F, H, J). C, caeca; Sl, small intestine; Ven; ventriculus.
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Figure 11. Muscularization of small intestinal blood vessels

Schematic in upper-left corner represents the small intestine (SI), blood vessels (BV) and the
orientation of sections (black slice). A—F: Sections from Tg(#/eZ:H2B-eYFP) intestines. A—
B: At E12, eYFP-positive endothelial cells subjacent to the coelomic surface were in close
proximity to the visceral smooth muscle layers (OC, OL) but were not invested by vascular
smooth muscle cells. C-D: At E14, vascular smooth muscle cells (a-SMA-positive,
arrowheads) arranged in a single layer were identified surrounding eYFP-positive
endothelial cells localized near the coelomic surface of the small intestine. E-F: At E16, the
vascular smooth muscle cells appeared more mature and were in multiple layers surrounding
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endothelial cells (arrowheads). G—H: QH1 staining of a wild type adult quail small intestine
revealed mature vessels with multiple layers of vascular smooth muscle cells in large
arteries (arrowheads) but only a single layer in veins (arrows). The second tier of blood
vessels at the base of the villi was also muscularized in the adult (yellow arrowhead). Scale
bars: 50um (A, C, E, G) and 10um (B, D, F, H). A, artery; L, lumen; Mes, mesothelium; Mu,
mucosa; OC, outer circular muscle layer; Ve, vein; V, villi.
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