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Abstract

Background—In mice, the intestinal tube develops from the splanchopleure prior to embryonic 

day 9.5. Subsequent patterning of nerves and blood vessels is critical for normal digestive 

function. A hierarchical branching vascular network allows for efficient nutrient absorption, while 

the complex enteric nervous system regulates intestinal motility as well as secretion, absorption, 

and blood flow. Despite the well-recognized significance of these systems, the precise mechanisms 

by which they develop have not been clearly established in mammals.

Results—Using a novel whole-mount immunohistochemical protocol, we visualize the pattern of 

intestinal neurovascular development in mice between embryonic day 10.5 and birth. In particular, 

we focus on the development and remodeling of the enteric vascular plexus, the migration and 

organization of enteric neural crest-derived cells, and the integration of peripheral sympathetic 

nerves with the enteric nervous system. These correlative data lead us to hypothesize a functional 

interaction between migrating neural crest-derived cells and endothelial cells of the primary 

capillary plexus, as well as a subsequent interaction between developing peripheral autonomic 

nerves and differentiated neural crest-derived cells.

Conclusions—These studies provide useful anatomical data for continuing investigations on the 

functional mechanisms underlying intestinal organogenesis.
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INTRODUCTION

In order to efficiently manage nutrient absorption and digestive processes, the vertebrate 

small intestine possesses a stereotypical, hierarchically branched vascular network as well as 

a complex enteric nervous system (ENS), known also as the “second brain.” Both systems 

are critical to normal digestion. However, the mechanisms underlying their patterning during 

embryonic development have not been thoroughly investigated in mammals.
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The murine intestine initially forms via tubulogenesis of the splanchopleure between 

embryonic day (E)8 and E9.5. The splanchopleure consists of internal endoderm associated 

with splanchnic mesoderm from the lateral plate (Meier, 1980; Wilm et al., 2005; Noah et 

al., 2011). The mature intestine consists of the mesothelial serosa, circular and longitudinal 

smooth muscle layers, and the submucosal vascular plexus which lies above the mucosal 

epithelium of the lumen. The intestine is connected to the body wall by the mesentery, 

a double epithelial layer. Blood and lymphatic vasculature extend from the mesentery 

through the smooth muscle layers to supply the submucosal vascular plexus. In embryonic 

development, endoderm gives rise to the epithelium of the lumen, while intestinal smooth 

muscles, vascular endothelial cells, mural cells, and the serosa are derived from the 

mesodermal layer (Meier, 1980; Kiefer, 2003; Wilm et al., 2005). To better understand 

the stereotypical patterning of blood and lymphatic vasculature, three-dimensional imaging 

is necessary to construct a temporal map of vascular network formation.

The ENS, meanwhile, is entirely derived from the neural crest. Vagal neural crest-derived 

cells (NCDCs) form the majority of the small intestine ENS, while the sacral neural crest 

contributes primarily to the hindgut (Yntema and Hammond, 1954; Burns and Douarin, 

1998; Burns and Le Douarin, 2001; Wang et al., 2011). In the adult, the ENS consists of 

interconnected ganglia with an outer myenteric plexus that lies between the circular and 

longitudinal intestinal muscles as well as an inner submucosal plexus. The mature murine 

ENS contains more than 1.2 million neurons including sensory, inter-, and motor neurons of 

at least 18 different subtypes (Young and Newgreen, 2001; Gianino et al., 2003; Hao and 

Young, 2009). This complex arrangement allows for management of homeostatic functions 

such as motility, secretion, and blood flow. Additionally, the ENS receives significant input 

from the central nervous system, including vagal afferent nerves as well as sympathetic and 

parasympathetic efferent fibers. While the ENS is capable of autonomous function, these 

connections are important for efficiently managing gut homeostasis. Significant research has 

been devoted to the vagal afferent innervation of the gut (Ratcliffe et al., 2006; Powley et 

al., 2011; Ratcliffe, 2011; Ratcliffe et al., 2011a; Ratcliffe et al., 2011b), but the developing 

enteric sympathetic nervous system is less well understood.

The complexity of the enteric vasculature and neural circuitry raises the possibility that 

neurovascular interactions may play an important developmental role in the patterning of 

the intestine. Elucidating these interactions may reveal novel mechanisms of molecular 

communication between nerves and blood vessels not previously found in other tissues. 

To investigate the possibility of such mechanisms, we sought to visualize the patterning 

of vascular and neural systems on an organ-wide scale. Previous methods of visualizing 

molecular markers in high resolution, such as section immunohistochemistry or in situ 
hybridization, are inadequate for this goal as they cannot easily obtain spatiotemporal 

patterning data in three dimensions. In this study, we develop a novel whole-intestine 

immunohistochemical protocol to examine the timeline of development for both systems. 

High-resolution confocal microscopy allows three-dimensional visualization of numerous 

molecular markers that have been previously confined to section immunohistochemistry. 

With this data, we propose that ENS progenitors receive signals from capillary endothelial 

cells during migration, as has previously been suggested in avians (Nagy et al., 2009). At 
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later stages, the developing sympathetic innervation of the ENS appears to be mediated first 

by remodeled arteries and subsequently by ENS neurons or glial cells.

RESULTS AND DISCUSSION

Whole-mount immunohistochemistry reveals fetal intestinal development in three 
dimensions

In order to examine enteric development in detail, we established an immunohistochemical 

protocol that allows detailed visualization of intestinal development in three dimensions. 

Existing methods for developmental imaging, such as section immunohistochemistry, are 

insufficient to easily inspect organ-wide patterning processes during organogenesis. To 

adequately visualize the whole intestine, we developed a novel protocol to compensate for 

the unique challenges associated with the gut. In particular, the characteristically contorted 

structure of the intestine in vivo increases the difficulty of imaging all segments of the 

small intestine in a single sample, as in Fig. 3A. Thus, for samples older than E11.5, 

whole intestines were dissected immediately after sacrifice and soaked in PBS to relax 

the convolutions prior to fixation as well as after the final antibody incubation step. 

Additionally, the thickness of the intestine at stages past E15.5 reduces antibody penetration, 

requiring lengthened permeabilization and antibody incubation steps with the detergent 

Triton X-100. With this protocol, it is possible to visualize a wide variety of molecular 

markers throughout the gut, from the mesentery to the lumen (Figs. 1–9).

Endothelial cells sprout to form a primary capillary plexus between E9.5-E11.5.

In order to evaluate the potential for neurovascular interaction in the developing gut, 

we first produced a detailed temporal map of the patterning of enteric vasculature. 

Immunohistochemical staining with antibodies to platelet endothelial cell adhesion molecule 

1 (PECAM1) reveals that vascular endothelial cells begin to sprout immediately following 

tubulogenesis. At E9.5, PECAM1+ endothelial tubes are detectable in the proximal half 

of the intestine (Fig. 1A). In the distal intestine, endothelial cells sprout to occupy 

the remainder of the tissue (Fig. 1A’, open arrowheads). There is a large aggregate of 

PECAM1+ cells associated with mesodermal tissue present adjacent to the region containing 

endothelial sprouts (Fig. 1A’, arrows). By E10.5, the intestine begins to fold at the region 

which will become the cecum, separating the small and large intestines (Fig. 1B). In the 

small intestine, the primary capillary plexus has been effectively established, while some 

endothelial sprouts are still detectable in the distal portion of the large intestine (Fig. 1B’, 

open arrowheads). The large PECAM1+ aggregation is still present (Fig. 1B’, arrows), 

although with reduced size and signal intensity that may reflect that primary colonization of 

the intestine by endothelial cells is nearing completion.

The enteric vascular plexus remodels between E11.5-E15.5

Following primary vascularization, the intestine displays a uniform submucosal capillary 

plexus at E11.5 (Fig. 2A–A”). This network reorganizes to form the characteristic, 

hierarchically branched enteric vasculature by E15.5. Between E12.5 and E15.5, the 

intestine continues to increase in length and diameter and separates from the superior 

mesenteric artery (SMA) and superior mesenteric vein (SMV), which are co-localized 

Hatch and Mukouyama Page 3

Dev Dyn. Author manuscript; available in PMC 2021 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between the fore- and hind-gut. The intestinal vasculature remains connected to the SMA 

and SMV via remodeled vessels found between the layers of the growing mesentery. These 

vessels form via angiogenic remodeling and later become the inferior pancreaticoduodenal 

(supplying the duodenum) and intestinal (supplying the jejunum and ileum) arteries and 

veins (Fig. 2B’ and C’, open arrowheads). Vasa recta, arteries perpendicular to the intestinal 

wall which directly supply the submucosal vasculature, become visible in the duodenum and 

jejunum by E13.5 (Fig. 2B” and C”, arrows). These are the first vessels to appear in the 

intestine that exist outside the submucosal layer; these vessels connect to mesenteric vessels 

in the subserosa and penetrate through intestinal muscle layers to supply the submucosal 

vasculature. Intestinal arteries and vasa recta are not distinguishable at E11.5 (Fig. 2A’ and 

A”, arrows).

By E15.5, the intestinal vasculature adopts a characteristic hierarchical pattern (Fig. 3A–

A”), despite significant growth requirements between that stage and birth. At this stage, 

arteries and veins can be clearly distinguished by both morphology and expression of 

characteristic markers such as ephrinB2 (arteries) and EphB4 (veins) (Fig. 3A’ and A”, 

arteries indicated by arrows; veins indicated by open arrowheads; Fig. 3B–E). External 

vasa recta are readily identified along the length of the small intestine (Fig. 3A’) and 

branch into the submucosal layer. Taken together, these studies demonstrate that the 

primary capillary network undergoes extensive angiogenic remodeling and develops into 

a hierarchical vascular branching network that expresses both arterial and venous markers.

Remodeling of intestinal arteries correlates with the recruitment of pericytes and vascular 
smooth muscle cells

The recruitment of mural cells such as vascular smooth muscle cells (VSMCs) and pericytes 

to developing vasculature is an important step in angiogenic remodeling (Folkman and 

D’Amore, 1996; Mukouyama et al., 2002; Nam et al., 2013). As these cells have been shown 

to guide sympathetic axons alongside blood vessels (reviewed in (Glebova and Ginty, 2005), 

the timing of their appearance in the intestinal vasculature is of significant interest. At E12.5, 

neural/glial antigen 2-positive (NG2+) and alpha-smooth muscle actin-positive (αSMA+) 

mural cells begin to appear in the developing mesentery (Fig. 4D). These cells surround 

intestinal arteries such that by E15.5, intestinal arteries from the SMA to the vasa recta are 

uniformly ensheathed, compared to little or no coverage of veins or the microvasculature 

in the intestinal submucosa (Fig. 4A–C, arteries indicated by arrows; Fig. 4D–F arteries 

indicated by arrows; veins indicated by open arrowheads). Due to the smooth muscle layers 

of the intestinal wall, vascular smooth muscle αSMA is not clearly distinguishable in the 

duodenum. Taken together, these observations suggest that any neurovascular interaction 

prior to E13.5 must depend on capillary endothelial cells rather than remodeled vessels, 

pericytes, or VSMCs. In contrast, neural patterning after E13.5 may depend on mural 

cell-derived signals.

Lymphatic vasculature expands from the mesentery beginning at E13.5

The intestinal lymphatic vasculature is critical to immune and homeostatic functions of the 

intestine (Miller et al., 2010). Importantly, the lymphatic vasculature develops at a different 

stage and in a distinct pattern from the blood vasculature (Kim et al., 2007). Lymphatic 
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markers are not detectable in the mesentery or the intestinal wall during the formation of 

the primary capillary plexus or at the initiation of venous and arterial remodeling (Kim 

et al., 2007). Immunohistochemical staining for lymphatic vessel endothelial hyaluronan 

receptor 1 (LYVE1) reveals rare lymphatic branches and tissue macrophages in the 

duodenal submucosa at E13.5 (Fig. 5A–A’, lymphatic vessels indicated by arrows; tissue 

macrophages indicated by arrowheads). At E14.5 and E15.5, additional lymphatic vessels 

sprout adjacent to the mesenteric vasculature and vasa recta (Fig. 5B–B’, lymphatic vessels 

indicated by arrows; remodeled blood vessels indicated by open arrowheads). By E16.5, 

lymphatics surround all major vessels in the submucosa of the duodenum (Fig. 5C–C’). 

Distinct from the blood vasculature, lymphatic endothelial cells appear first adjacent to 

the SMA at E13.5 and subsequently sprout along remodeled intestinal vessels (Fig. 5D). 

Interestingly, despite the expansion of lymphatics from the center of the mesentery, vessels 

first reach the duodenum at E13.5 but rarely reach the ileum prior to E15.5. This process 

parallels the proximal-to-distal pattern of angiogenic remodeling, suggesting that remodeled 

vessels may play a functional role in lymphatic development.

Neural crest-derived cell migration follows the formation of an enteric capillary plexus and 
precedes angiogenic remodeling

In order to evaluate the potential for a vascular role in neural crest-derived cell (NCDC) 

migration, we seek to correlate the timing of NCDC appearance in the gut with the 

development of the intestinal vasculature. This interaction has been previously demonstrated 

in avians (Nagy et al., 2009). Previous studies have characterized a number of genes 

associated with NCDC migration, including genes involved with the Ret signaling pathway 

such as Ret or Gdnf and transcriptional regulators of those genes, including Phox2b or 

Sox10 (reviewed in (Heanue and Pachnis, 2007). However, many of these studies focus 

primarily on intrinsic functions of NCDCs rather than extrinsic signals that may influence 

the development and organization of the ENS. NCDCs express the low-affinity neurotrophin 

receptor (P75) throughout the process of migration and differentiation (Bernd, 1986; Smith­

Thomas and Fawcett, 1989; Heuer et al., 1990). Undifferentiated P75+ NCDCs migrate 

along the esophagus and stomach to arrive in the duodenum immediately after tubulogenesis 

and neovascularization, prior to E10.5. Between E10.5 and E11.5, NCDCs colonize the 

remainder of the small intestine (Fig. 6A–B). By E12.5, NCDCs begin to reach the distal 

portion of the colon (Fig. 6C). Importantly, NCDCs arrive at each region of the intestine 

rapidly following the (Heuer et al., 1990) formation of the primary capillary plexus, but 

prior to any detectable angiogenic remodeling. Primary NCDC migration therefore may 

involve endothelial cell-derived signals, but does not require signals from remodeled vessels 

or mural cells such as VSMCs or pericytes. High-resolution imaging reveals that migrating 

NCDCs are found in close apposition with capillary endothelial cells (Fig. 6A’–B’; NCDCs 

indicated by arrows; capillary endothelial cells indicated by open arrowheads). However, 

it is clear that NCDCs migrate outside of the submucosal vascular layer (Fig. 6C’, arrows 

and open arrowheads). This data suggests that capillaries may contribute soluble factors 

necessary for NCDC migration, but direct contact between migrating ENS progenitors and 

endothelial cells may not be required.
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NCDCs differentiate into enteric neurons and glia prior to organization into enteric ganglia

The enteric nervous system is comprised of a large number of distinct neuronal subtypes 

as well as glial cells. However, migrating NCDCs express few markers for differentiated 

cell types. We therefore seek to clarify the pattern of emergence for progenitor and 

mature neuronal and glial markers in order to provide insight into the process of ENS 

differentiation. A subset of migrating NCDCs expresses the transcription factor Phox2b, a 

marker for neural progenitors which is required for ENS formation (Fig. 7A–C). At E10.5 

and E11.5, only a small fraction of these cells express neuronal class III β-tubulin (TuJ1), 

a marker for differentiated neurons (Fig. 7A). By E13.5, all Phox2b+ NCDCs are also 

TuJ1+ (Fig. 7B). At this stage, enteric neurons form a uniform network in the myenteric 

plexus with dispersed cell bodies and no obvious ganglia. No neuronal markers are yet 

detectable in the submucosal layer (data not shown). Between E13.5 and E17.5, myenteric 

neurons reorganize to form recognizable enteric ganglia connected by axon bundles (Fig. 

7C). During the same period, axons extend medially into the submucosal layer to form a 

submucosal nerve plexus, and axons innervate developing villi (data not shown). None of 

these structures appear to be directly associated with the enteric vasculature.

Brain fatty acid-binding protein (BFABP), a marker for glial cells, becomes detectable by 

E13.5 (Fig. 7E), the same period at which neuronal precursors begin to differentiate and 

express mature neuronal markers. These BFABP+ glia associate first with isolated neurons 

and can later be found associated primarily with enteric ganglia (Fig. 7F). As the majority 

of ENS interneurons are not myelinated, the lack of glia associated with interganglion axon 

bundles is expected. Notably, it remains unclear whether neurons and glia are specified 

prior to or during migration or whether the microenvironments found after migration may 

influence their differentiation.

Sympathetic nerves follow intestinal arteries to integrate with the existing enteric nerve 
plexus

While the ENS processes many local stimuli autonomously, there is significant input from 

the peripheral autonomic nervous system. Considerable investigation has elucidated the 

vagal afferent innervation that is critical for gut homeostasis (reviewed in (Powley et al., 

2011; Ratcliffe, 2011; Ratcliffe et al., 2011b). However, the enteric sympathetic nervous 

system is less well characterized despite considerable input to a variety of cells in the 

gut including secretory cells, arteries, and enteric ganglia. Tyrosine hydroxylase (TH)+ and 

TuJ1+ sympathetic nerves are detectable adjacent to the SMA by E13.5 (Fig. 8A, open 

arrowhead), and subsequently extend along intestinal arteries and vasa recta to reach the 

myenteric nerve plexus by E15.5 (Fig. 8B–C, open arrowheads). Previous studies have 

characterized sympathetic axon guidance by arterial VSMCs in a variety of tissues (reviewed 

in (Glebova and Ginty, 2005). Defined molecular signals include Artemin (Enomoto et al., 

2001; Honma et al., 2002), neurotrophin 3 (NT-3) (Francis et al., 1999; Kuruvilla et al., 

2004), nerve growth factor (NGF) (Nam et al., 2013), and endothelins (Makita et al., 2008). 

Sympathetic axon extension in the mesentery begins immediately following the recruitment 

of VSMCs to arteries during angiogenic remodeling (Fig. 4D–F). It is therefore plausible 

that arterial VSMCs coordinate extension of sympathetic axons in the mesentery, although 

further experiments will be necessary to confirm this hypothesis. Notably, sympathetic axons 
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begin to innervate intestinal arteries postnatally (Brunet et al., 2014), but no axon endpoints 

can be seen in arteries as late as E17.5. This suggests two possible mechanisms for enteric 

sympathetic innervation. First, arteries may secrete only guidance signals prenatally and 

begin to produce neurotrophins for innervation at birth. Alternately, a distinct population of 

sympathetic nerves with different neurotrophin receptors may extend along and innervate 

intestinal arteries after E18.5 (Brunet et al., 2014). In either case, the first TH+ axons to 

reach the gut all extend into the myenteric nerve plexus.

Interestingly, upon reaching the myenteric plexus prior to E15.5, enteric sympathetic nerves 

immediately defasciculate and abandon vasa recta to follow existing enteric nerves and 

ganglia (Fig. 8C, arrows). By E17.5, TH+ fibers are detectable throughout the myenteric 

plexus, with especially strong signals around enteric ganglia (Fig. 8D and E, arrows). This 

behavior suggests active recruitment of sympathetic fibers by the ENS. In Phox2b−/− mice 

lacking an ENS (Pattyn et al., 1999), a few surviving sympathetic nerves continue to follow 

vasa recta into the deeper submucosal plexus (Fig. 9B, open arrowheads). It should be noted 

that Phox2b−/− mice have defects in the sympathetic nervous system leading to reduced 

numbers of sympathetic neurons, which is reflected in the reduced TH signal intensity 

in mutants (Fig. 9A’–B’, open arrowheads). However, the capacity of vasa recta to guide 

TH+ axons beyond the serosal layer in mutants indicates that defasciculation in wild-type 

animals (Fig 9A–A’, arrows) is an active process that depends on the ENS. Whether this 

interaction is mediated by enteric neurons or glia remains to be clarified. Previous studies 

have shown that enteric neuron-derived netrins attract vagal afferent neurons during the 

same period (Ratcliffe et al., 2011a), and sympathetic neurons may respond to these or 

different neuron-derived signals. Further, sympathetic axons follow existing interganglion 

axon bundles, which have few or no glia, providing evidence for enteric neuron-mediated 

sympathetic axon guidance. However, other studies have shown that sympathetic axons 

target glia in the mammalian colon (Gulbransen et al., 2010). Thus, either cell type or both 

may contribute to the integration of the sympathetic nervous system with the ENS.

Neurovascular wiring in the developing gut

Our thorough anatomical and histological analysis of enteric vascular and neuronal 

development reveals a number of sequential processes whose underlying molecular 

mechanisms merit further study. First, our correlative data paired with previous studies in 

avians suggest that primary vascularization is required for NCDC migration (Fig. 10A). 

At later stages, sympathetic axon extension along intestinal arteries may be mediated 

by one of many signals that have been previously described for arterial-sympathetic 

interaction in other tissues (Fig. 10B). Finally, sympathetic innervation of enteric ganglia 

may be controlled by netrins, like vagal innervation of the intestine, or this neuronal 

interaction may be governed by a distinct mechanism that has not yet been described (Fig. 

10C). Although further experiments are required to draw definitive conclusions regarding 

underlying mechanisms, our protocol provides a valuable tool that facilitates the exploration 

of these and other developmental processes during intestinal neurovascular patterning.
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EXPERIMENTAL PROCEDURES

Experimental animals

The characterizations of ephrinB2taulacZ/+ mice (Wang et al., 1998) and EphB4taulacZ/+ mice 

(Gerety et al., 1999), phox2b−/− mice (Pattyn et al., 1999) have been reported elsewhere. 

Wild-type animals were bred from a C57BL6 background. All experiments were carried out 

according to the guidelines approved by Animal Care and Use Committee at NHLBI.

Whole-mount immunohistochemistry of embryonic intestines

Fetal intestines were processed differently depending on the stage of the sample. Prior to 

E12.5, whole embryos were fixed in 4% paraformaldehyde/PBS overnight at 4 °C. Intestines 

were subsequently dissected and stained according to the protocol below. At E12.5 and 

older, fresh embryos were dissected and intestines were allowed to soak in PBS for 1 

hour at room temperature to relax the convolutions found in vivo. Individual intestines 

were fixed in 1 mL of 4% paraformaldehyde/PBS overnight at 4 °C. Fixed intestines were 

washed 3×5’ in PBS and then treated with a blocking/permeabilization buffer containing 

10% heat-inactivated goat serum (HIGS)/PBS + 0.2% Triton X-100 (Sigma) for 2 hours 

at room temperature. Samples older than E15.5 were treated for 3–4 hours. Samples were 

incubated with primary antibodies diluted to appropriate concentrations (Table 1) in 1 mL of 

blocking/permeabilization buffer overnight (minimum 12 hours) at 4 °C. The following day, 

samples were washed in 2% HIGS/PBS + 0.2% Triton X-100 for 5×20’. Samples were then 

incubated overnight at 4 °C with secondary antibodies diluted to 1:250 in 1 mL of blocking/

permeabilization buffer. Different combinations of Alexa-488-, Alexa-568-, Cy3- or Dylight 

647-conjugated secondary antibodies (Invitrogen or Jackson) were used as appropriate to 

visualize each primary antibody. The secondary antibody solution was passed through a 

0.22 μm filter syringe (Millex) to reduce non-specific signals. Prior to mounting, samples 

were washed again in 2% HIGS/PBS + 0.2% Triton X-100 for 5×20’. Finally, samples were 

prepared for imaging under a dissecting microscope by removing remnants of the pancreas, 

stomach, or colon that remained from primary dissection. For samples at E10-E12.5, the 

whole gut (duodenum-colon) was mounted directly on a 1 mm microscope slide (Tru 

Scientific). For E13-E16, the colon was removed and the small intestine (duodenum-ileum) 

was mounted similarly. For samples older than E16, the small intestine was divided in half at 

the jejunum and each segment was mounted on a slide inside a 0.5 mm spacer (Invitrogen). 

All samples were mounted in a minimal amount of ProlongGold (Life Technologies) and 

covered with 25×25 mm cover glass (Fisher) to preserve fluorescence intensity. All confocal 

analysis was conducted within two weeks of mounting on a Leica TCS SP5 confocal 

microscope (Leica).
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Highlights:

• A novel whole-mount immunohistochemical protocol reveals the 

developmental patterning of the enteric nervous system and enteric 

vasculature in fetal mice.

• Enteric neural crest-derived cell migration correlates with the development of 

the primary enteric vascular plexus.

• Enteric sympathetic nerves follow intestinal arteries to reach the gut and 

subsequently integrate with enteric ganglia.
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Fig. 1. Primary vascularization occurs immediately after tubulogenesis.
A-B: Immunohistochemical staining for PECAM1 shows that endothelial cells sprout into 

the intestine to form a primary capillary plexus between E9.5 and E10.5. At E9.5, only the 

proximal half of the intestinal tube has been significantly vascularized. By E10.5, the large 

intestine and small intestine begin to fold into apposition at the cecum, and the majority 

of both segments possess a recognizable capillary plexus. A’: At E9.5, endothelial sprouts 

(open arrowheads) are clearly detectable adjacent to a large aggregation of PECAM1+ cells 

(arrows) that appears to be associated with the external mesoderm. B’: By E10.5, only a few 

sprouts are visible in the most distal portions of the large intestine (open arrowheads). The 

PECAM1+ aggregation (arrows) is smaller and the signal intensity is reduced, suggesting 

that it may play a role only with primary vascularization.
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Fig. 2. The primary enteric capillary plexus is established at E11.5 and begins to remodel by 
E13.5.
A-C: PECAM1 staining reveals the development of embryonic vasculature in the small 

and large intestines from E11.5 to E13.5. A’-A”: The initial capillary plexus is uniform 

throughout the small intestine at E11.5. The mesentery is not yet detectable, and the 

superior mesenteric artery (SMA) is connected to the submucosal vascular plexus directly 

via capillaries (arrows). B’: As the gut tube lengthens at E12.5, it separates from the SMA 

to create the mesentery. The SMA is initially connected to the submucosal vasculature 

by smaller vessels (open arrowheads). C’: These vessels progressively remodel to form 

larger-diameter vessels which are observable by E13.5 (open arrowheads). B”: At E12.5 in 

the duodenum, the submucosal vasculature is connected to the mesenteric vasculature by 

small capillaries perpendicular to the length of the gut tube (arrows). C”: By E13.5, these 

vessels undergo a similar remodeling process to become recognizable as vasa recta (arrows). 

Notably, this process occurs first in the duodenum followed by the jejunum and the ileum. 

Duo, duodenum; Jej, jejunum; Ile, ileum; Ce, cecum; Co, colon. Scale bars = 100 μm except 

where indicated.
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Fig. 3. Enteric arteries and veins adopt a stereotypical hierarchical pattern by E15.5.
A: By E15.5, the gut tube has completely separated from the SMA and the submucosal 

vasculature is connected to the SMA and SMV by both mesenteric vessels and vasa recta. 

A’: Vasa recta are readily apparent throughout the small intestine. These arteries (arrows) 

and veins (open arrowheads) are aligned and connect the submucosal vascular plexus 

with mesenteric vessels. A”: Mesenteric arteries (arrows) and veins (open arrowheads) 

are distinguishable by morphology. B-E: The expression of arterial (arrows) and venous 

(open arrowheads) molecular markers is visualized using LacZ reporter strains. Both types 

of vessels pattern adjacent to one another throughout intestinal development both in the 

mesentery and as they penetrate the gut wall. Scale bars = 100 μm except where indicated.
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Fig. 4. Enteric vascular remodeling is correlated with recruitment of mural cells to intestinal 
arteries and vasa recta.
A: At E12.5, the onset of vascular remodeling, the submucosal vascular plexus is connected 

to the mesenteric vasculature by capillaries without detectable pericyte and vascular smooth 

muscle cell (VSMC) coverage. B-C: As these capillaries remodel to form vasa recta 

(arrows), NG2+ mural cells are recruited to these large-diameter arteries. The submucosal 

vascular plexus remains largely free of coverage at E15.5. D-F: In the mesentery, αSMA+ 

and/or NG2+ mural cells first appear adjacent to the SMA at E12.5. As mesenteric 

capillaries remodel to form intestinal arteries and veins between E13.5 and E15.5, mural 

cells selectively surround arteries (arrows) but not veins (open arrowheads). Scale bars = 100 

μm.
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Fig. 5. Lymphatic vessels expand from the mesentery along veins beginning at E13.5.
A-A’: LYVE1+ lymphatic vasculature is not detectable in the gut during the formation of 

the primary capillary plexus or at the onset of arterial and venous remodeling. The first 

LYVE1+ branches (red, arrows) appear in the duodenum at E13.5. B-B’: As more lymphatic 

vessels reach the submucosa around E14.5, sprouting lymphatic vessels (arrows) align with 

vasa recta (open arrowheads). C-C’: Upon reaching the gut wall, lymphatic proliferation 

quickly expands throughout the submucosal layer. Large lymphatic branches (arrows) can be 

found in close apposition with remodeled blood vessels (open arrowheads). (D) Lymphatic 

vasculature expands from the center of the mesentery outward along remodeled vessels to 

reach the gut, and aligns with vasa recta in the submucosa (IA, intestinal artery; SMA, 

superior mesenteric artery). Further, the appearance of lymphatics in the duodenum followed 

by the jejunum and ileum reflects the pattern of arterial and venous remodeling, suggesting 

that remodeled blood vessels may contribute to lymphatic patterning in the mesentery 

and submucosa. Note that LYVE1 expression is also detectable in tissue macrophages 

(arrowheads) from E13.5 onwards. Scale bars = 100 μm.
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Fig. 6. Neural crest-derived cell migration is correlated with vasculogenesis, not angiogenesis.
A: P75+ neural crest-derived cells (NCDCs, red) arrive in the gut shortly following 

neovascularization to colonize the first half of the small intestine by E10.5. B-C: As the 

colonic capillary plexus is established at E11.5-E12.5, NCDCs continue their migration to 

reach the cecum by E11.5 and the distal portion of the colon at E12.5. A’-C’: The migration 

front of NCDCs (red, arrows) never reaches a region without an established capillary plexus 

(blue, open arrowheads). Further, NCDCs are found closely adjacent to capillaries. However, 

despite the apparently close relationship between NCDCs and endothelial cells, higher 

magnification (C’) reveals that NCDCs (arrows) migrate outside of the submucosal vascular 

layer and do not appear to directly contact endothelial cells (open arrowheads). Scale bars = 

100 μm except where indicated.
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Fig. 7. Neural crest-derived cells differentiate into neurons and glia and organize into enteric 
ganglia.
A: During migration, some NCDCs express markers for neural progenitors such as 

Phox2b (red). At E10.5, only a small fraction of these progenitors express axonal markers 

characteristic of mature neurons, such as βIII tubulin (TuJ1, green). B: As NCDCs complete 

their migration by E13.5, all Phox2b+ neural cells are also TuJ1+. At this stage, the ENS 

consists only of a uniform myenteric plexus without clear ganglia. C: By E17.5, neurons 

have reorganized into characteristic enteric ganglia (arrows) with interganglion axon bundles 

(open arrowheads). These ganglia are long and narrow, running perpendicular to the length 

of the gut tube. D: During early NCDC migration at E10.5, differentiated BFABP+ glial 

cells are not detectable (red). E: During the same E11.5-E13.5 period that neural progenitors 

begin to express axonal markers, glial cells become detectable and are evenly distributed 

throughout the E13.5 enteric nerve plexus. F: After reorganization of the enteric neural 

plexus to form ganglia, glial cells are found exclusively around enteric ganglia (arrows) and 

not axon bundles (open arrowheads) Scale bars = 100 μm.
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Fig. 8. Sympathetic axons follow intestinal arteries to reach the myenteric plexus prior to 
integrating with existing enteric nerves.
A-A’: At E13.5, TH+/TuJ1+ sympathetic axons are found adjacent to the proximal region of 

the SMA (open arrowheads). B-B’: As angiogenic remodeling continues, these axons extend 

along intestinal arteries to reach the gut wall (open arrowheads). C-C’: Upon reaching the 

myenteric ENS plexus via the vasa recta, sympathetic axons rapidly defasciculate and follow 

existing enteric nerve bundles (arrows), suggesting that components of the ENS actively 

recruit sympathetic nerves (SMA, superior mesenteric artery; IA, intestinal artery). D-E: 

Sympathetic nerves rapidly extend throughout the ENS. Significant TH signals are found 

within every enteric ganglion (open arrowheads indicate sympathetic nerves aligned with 

arteries; arrows indicate sympathetic nerves aligned with enteric nerves). Sympathetic axon 

extension along unmyelinated axon bundles suggests that enteric neurons may be providing 

axon guidance cues. Scale bars = 100 μm except where indicated.
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Fig. 9. In the absence of an ENS, sympathetic neurons continue to follow blood vasculature into 
the submucosa.
A-A’: In wild-type littermates, TH+ sympathetic axons follow intestinal arteries to reach 

the intestine (open arrowheads), and subsequently defasciculate to follow existing ENS 

nerve pathways in the subserosa (arrows). B: In Phox2b−/− mice, however, TH+ sympathetic 

axons continue to follow arteries into the deeper submucosal plexus (open arrowheads). This 

observation suggests that vasa recta possess a capacity for axon guidance that is normally 

overridden by signals from the ENS. B’: Reduced TH signal intensity in mutant embryos 

reflects the reduced number of sympathetic neurons in Phox2b−/− mice. IA, intestinal artery; 

VR, vasa recta. Scale bars = 100 μm.
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Fig 10. Proposed neurovascular interactions in NCDC migration and enteric sympathetic axon 
growth.
A: NCDCs migrate along the gut tube immediately following primary vascularization (E10­

E13), and never enter a region of the gut prior to the development of a capillary plexus. As 

this migration occurs prior to angiogenic remodeling and NCDCs do not appear to directly 

contact capillary endothelial cells, we propose that these endothelial cells may secrete a 

soluble factor that promotes NCDC migration. B: Sympathetic innervation of the intestine 

requires two distinct axon guidance stages. From E13-E15, axons extend along intestinal 

arteries in the mesentery to reach the gut wall. VSMCs in arteries are likely to secrete 

guidance factors, as has been described in other tissues. C: Upon reaching the gut wall 

at E15, axons contact the ENS and rapidly spread throughout the enteric ganglia of the 

myenteric plexus by E17. Enteric neuron-derived netrins have been shown to guide vagal 

innervation, and a similar mechanism may influence sympathetic guidance within the ENS.
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Table 1.

Primary antibodies used for whole-mount immunohistochemistry

Antigen Host/Isotype Manufacturer Dilution

PECAM1 Hamster IgG Chemicon 1:250

αSMA Mouse IgG2a Sigma 1:500

NG2 Rabbit Polyclonal Dr. Bill Stallcup 1:200

ßIII-tubulin (TuJ1) Mouse IgG2a Covance 1:500

TH Rabbit Polyclonal Novus Biologicals 1:750

P75 Rabbit Polyclonal Promega 1:500

Phox2b Rabbit Polyclonal Dr. Jean-Francois Brunet 1:500

BFABP Rabbit Polyclonal Dr. Thomas Muler 1:1000

LYVE1 Rabbit Polyclonal Abcam 1:250

ß-galactosidase Rabbit Polyclonal MP Biomedicals 1:500
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