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Abstract

Efficient absorption of nutrients by the intestine is essential for life. In mammals and birds, 

convolution of the intestinal surface into finger-like projections called villi is an important 

adaptation that ensures the massive surface area for nutrient contact that is required to meet 

metabolic demands. Each villus projection serves as a functional absorptive unit: it is covered by a 

simple columnar epithelium that is derived from endoderm and contains a mesodermally-derived 

core with supporting vasculature, lacteals, enteric nerves, smooth muscle, fibroblasts, 

myofibroblasts and immune cells. Seen in cross section, the consistency of structure in the billions 

of individual villi of the adult intestine is strikingly beautiful. Villi are generated in fetal life, and 

work over several decades has revealed that villus morphogenesis requires substantial “crosstalk” 

between the endodermal and mesodermal tissue components, with soluble signals, cell-cell 

contacts, and mechanical forces providing specific dialects for sequential conversations that 

orchestrate villus assembly. A key part of this process is the formation of sub-epithelial 

mesenchymal cell clusters that act as signaling hubs, directing overlying epithelial cells to cease 

proliferation, thereby driving villus emergence and simultaneously determining the location of 

future stem cell compartments. Interestingly, distinct species-specific differences govern how and 

when tissue-shaping signals and forces generate mesenchymal clusters and control villus 

emergence. As the details of villus development become increasingly clear, the emerging picture 
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highlights a sophisticated local self-assembly cascade that underlies the reproducible elaboration 

of a regularly patterned field of absorptive villus units.

Introduction

Through the process of morphogenesis, developing organs acquire their characteristic 

structural and functional attributes. These morphogenic processes play out in the context of 

organ anlagen that have previously been endowed with the molecular instructions that 

dictate their eventual identity. In the case of the intestine, the anlage is a tube of 

endodermally-derived epithelial cells that expresses both SONIC and INDIAN 

HEDGEHOG (SHH and IHH). The epithelial tube is surrounded by a cylinder of loose 

mesenchyme, suspended in the coelomic cavity, and attached to the body wall by the dorsal 

mesentery. This structure forms from an initially flat epithelial sheet of endodermal cells that 

is transformed into a tube. However, even before tube closure is complete, anterior/posterior 

patterning has molecularly defined the CAUDAL TYPE HOMEBOX 2 (CDX2)-positive 

domain that will become small intestine1, 2. The early patterning events that encode this 

domain are the subject of several excellent reviews3, 4 and will not be discussed here.

The early intestinal epithelium has a flat luminal surface. Over several days, vascular 

elements become organized, enteric neurons from the neural crest invade, and visceral 

smooth muscle begins to differentiate within the mesenchyme. The process of villus 

morphogenesis initiates at embryonic day (E)14.5 in the mouse (19 day gestational period), 

E8 in the chick (21 day gestational period) and week 6 in the human (40 week gestational 

period). Emerged villi are first detectable at E15 (mouse), E16 (chick) and 8 weeks (human). 

In all of these species, the process of villus formation begins in the duodenum and 

progressively spreads to the distal ileum; the local cellular and molecular events that give 

rise to each villus unit are thus repeated over and over, as the morphogenic wave sweeps 

down the intestine5–11.

Studies in chick, mouse, and rat have shown that each emerging villus is associated with a 

tight cluster of mesenchymal cells that cling to the basement membrane beneath the 

epithelium11–14. These clusters form de novo in a temporally precise manner and appear to 

act as signaling centers that initiate villus outgrowth11, 13, 15. Epithelial cells directly above 

the clusters stop proliferating soon after cluster formation, and begin to differentiate; 

proliferation is thereby restricted to intervillus epithelium. Well after villi have emerged 

(indeed after birth in mouse and chick), these intervillus regions switch to a different type of 

morphogenesis, giving rise to flask-like crypts which house the adult stem cells that will 

maintain the constantly renewing epithelium throughout life. The process of crypt 

morphogenesis has yet to be described in detail at the cellular and molecular level and will 

not be a focus of this review.

To provide a structural backdrop for this review, we first highlight key findings from early 

anatomical and histological studies of villus morphogenesis in several species including 

chick, mouse, rat, pig, sheep and human. Since many of the cellular and molecular correlates 

of villus development have been worked out primarily in mouse and chick, we focus on 

recent data from these two model systems, highlighting the similarities and differences in 
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villus morphogenesis and emphasizing several molecular players involved. In interpreting 

the striking differences between aspects of mammalian and avian villus formation, it is 

important to realize that the villus, as a solution to optimizing surface area within the gut, 

almost certainly evolved independently in these two species. We therefore also explore the 

complex range of intestinal epithelial morphologies in a variety of creatures to discuss the 

evolution of gut morphogenesis, and ultimately we consider the remaining mysteries and 

important next steps in understanding villus morphogenesis.

ANATOMY AND HISTOLOGY OF INTESTINAL VILLUS EMERGENCE

One of the most comprehensive early studies on the gross anatomy of adult and fetal 

intestinal mucosa was published in 1902 by William A. Hilton, who collated existing 

literature and surveyed patterns of mucosal folds and villi found in the small intestine of a 

variety of adult vertebrate species (mammals, birds, amphibians, reptiles and fish)5. 

Additionally, Hinton detailed the process of villus morphogenesis in the developing chick 

and rat, noting the proximal to distal formation of both folds and villi, as well as the fact that 

that both folds and villi emerge in multiple rounds, with new folds arising from formed folds 

and new villi emerging between existing villi. On the basis of his findings, Hilton proposed 

that villi can arise “phylogenetically and ontogenetically” from mucosal folds, but also noted 

several cases in which villi develop directly from a flat tube without going through a fold-

like stage. This careful accounting by Hinton appears to be the first hint that there is more 

than one way to make a villus. Subsequent investigators have added more histological and 

molecular detail, confirming that interesting differences exist in the process of villus 

development among the vertebrates.

The structural basis of villus development in birds: from folds to zigzags to villi

At E4, the chick intestine consists of an epithelial tube that is surrounded by loose 

mesenchyme5, 6, 8, 9, 16 (Fig. 1). Its luminal surface is flat, and remains so until E8, when 

two to three longitudinal folds become visible in proximal regions, imparting a triangular 

appearance to the cross-sectioned epithelium5, 9, 16. Between E9–13, an increasing number 

of longitudinal folds or ridges develop proximally and extend distally, each round of fold 

formation doubling the number of ridges5, 8, 96, 7. By E12–13, 16 relatively sharp ridges 

have been formed by four sequential rounds of fold formation. Initially straight, these ridges 

become softly wavy by E12 and adopt acute zigzag shapes by E15, again, in a proximal to 

distal progression. The zigzags are formed by adjacent ridges folding in tight register with 

one another, such that the luminal surface of the intestine takes on a remarkably regular 

herringbone appearance just before villus emergence7. At E15–16, a distinct population of 

cells becomes visible atop the arms of the zigzags nearest the pylorus5, 7, 8; these represent 

the first villi, which fully emerge by E17 (Fig. 1). Interestingly, at least in the duodenum, as 

these first villi initiate on the ridge-tops, additional villi, referred to by Grey as “Set II” and 

by others as “round 5” arise directly from the base of the zigzags, in the absence of a fold-

like precursor 6, 7. A typical chick intestinal cross section after E18 exhibits approximately 

32 well-formed villi.
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Seeking an explanation for the progressive folding that characterizes intestinal 

morphogenesis in the chick, Coulombre noted that at E8, as ridges appeared in the mucosa, 

the inner circular smooth muscle became obvious in the surrounding mesenchyme8. On this 

basis, he proposed that confinement of the growing epithelium by muscle is what forces 

initial ridge formation8. Moreover, he observed that the outer longitudinal muscle forms 

outside of the circular muscle by E12–13 and this corresponds with the initiation of zigzags, 

consistent with the possibility that the increase in longitudinal force (or resistance) could 

give rise to the zigzag bends. Indeed, direct measurements revealed that this temporal 

window corresponds with a plateau in lengthwise growth of the intestine, as if it is under 

lengthwise constraint8. On the basis of these findings, Coulombre proposed that the 

developing muscle layers might mechanically shape the progressive mucosal folding 

patterns.

Coulombre’s hypothesis was later tested by Burgess, who dissected the smooth muscle from 

one half of the pre-ridge intestinal tube or cut the intestine open lengthwise, two different 

strategies designed to interrupt the continuousness of the smooth muscle band9. In both 

cases, the intestine successfully formed ridges, though this process was delayed in the 

longitudinally cut intestines. Searching for other factors that could drive these morphological 

events, Burgess noted the presence of oriented microfilaments in the basal regions of the 

epithelial cells of villus tips and in apical regions of epithelial cells at the base of the ridges 

and proposed that dynamic epithelial cell shape changes (basal or apical constriction at fold 

tip or base, respectively) might be responsible for mucosal folding. Indeed, exposure of 

cultured intestines to cytochalasin B, which disrupts such actin filaments, prevented normal 

mucosal folding9. It is not clear however, what effects this drug might have had on muscle 

integrity.

Recently, more careful experiments by Shyer et al. have settled this controversy16. These 

investigators confirmed that formation of the inner circular, outer longitudinal, and 

muscularis mucosa muscle layers are temporally correlated with formation of ridges, 

zigzags, and villi, respectively (Fig. 1). To test the role of each muscle group in mucosal 

folding, they used two different small molecule inhibitors of muscle differentiation in 

defined temporal windows to block development of specific muscle layers in cultured 

intestines. When formation of the inner circular muscle was blocked in cultured E6 (pre-

ridge) intestines, ridges failed to form. Furthermore, stimulation or inhibition of peristalsis 

did not affect ridge formation, suggesting that ridge formation might be a consequence of 

confinement of the growing epithelium by the circular muscle rather than secondary to 

muscle contraction. Indeed, completely stripping the muscle from the outside of the 

intestinal tube prevented folding, but artificial confinement of similar segments lacking 

muscle by threading them inside of a manufactured silk tube rescued ridge formation. 

Importantly, rescue occurred only when the calibre of the silk tube was small enough to 

constrain the growing intestinal piece16.

Similarly, adding small molecule inhibitors of muscle differentiation at E12 (after the inner 

circular muscle has formed and ridges are present) prevented formation of the second, outer 

longitudinal muscle layer and zigzags failed to form14. Finally, Shyer et al. noted that 

formation of the chick muscularis mucosa at E16 corresponds with the emergence of villi. 
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Indeed, when differentiation of this final longitudinal muscle was inhibited (with both inner 

circular and outer longitudinal muscles remaining intact), zigzags remained, but villi failed 

to emerge. A mathematical model of sequential muscle constraint, based on experimentally 

determined measurements of diameter, thickness, length and stiffness parameters of 

epithelium (stiff) and mesenchyme (soft), accurately simulated the progression of fold, 

zigzag and villus formation observed in vivo, further supporting the idea that these 

mechanical factors can account for the morphological events that accompany chick villus 

morphogenesis14. Thus, in the chick, villus emergence is downstream of progressive 

deformation of the epithelium by the sequential development of smooth muscle layers.

Structural aspects of villus development in mammals: direct villus emergence from a flat 
epithelium

Studying fetal white rats, Hilton5 and others12 noted that the zigzag stage, which is so 

prominent in the chick and imparts the regular pattern to the villi, is entirely missing in 

mammals. Instead, villi develop either from soft mucosal folds, or directly from the flat 

epithelium. Others have corroborated these findings in rat17, mouse11, 18, sheep19, pig20 and 

human10, 21. Scanning electron microscopic images of developing chick, mouse, rat and 

human intestinal mucosa are shown in Figure 2.

A careful electron micrographic study by Mathan et al. describes the E15 rat previllus 

intestine as a highly proliferative, stratified epithelium containing 2–3 cell layers and a flat 

apical surface, surrounded by loose mesenchyme12, a description that is fully endorsed by 

Nakamura22. Sbarti describes a very similar morphology of the mouse pre-villus 

epithelium18 (Fig. 3A,B). However, more recent data reveal that this pre-villus epithelium is 

actually pseudostratified; that is, most cells touch both apical and basal surfaces23, 24 (Fig. 

3D). The confusion with a stratified epithelium probably arose because nuclei in the 

pseudostratified epithelium lie at staggered positions (Fig. 3F,G). This is a consequence of 

their constant up and down movement within the epithelium, in a process known as 

interkinetic nuclear migration (IKNM). Nuclear movement occurs in accord with the cell 

cycle; S phase occurs when the nuclei are close to the basal lamina while mitosis occurs at 

the apical surface25 (Fig. 3H).

By E17, the walls of the developing rat intestine have grown in thickness, but still maintain a 

flat luminal surface. At this time, Mathan notes that “secondary lumens”, surrounded by 

unusually long junctional complexes, begin to appear between epithelial cells12. These 

spaces are not labelled by injection of a ferritin tracer into the intestinal lumen at E17, but 

can be accessed by the tracer at E18, leading Mathan to conclude that de novo formation of 

these small lumens and their progressive fusion with the main lumen helps to carve out the 

villus domains12. However, others have failed to detect secondary lumens in mammalian 

specimens20, 23. Indeed, three-dimensional reconstructions of the mouse epithelium reveal 

that all apparent secondary lumens visible in sections are actually connected to the main 

lumen at all times23, 24. These reconstructions also reveal an active process of apical 

membrane invagination (Fig. 3I–K) that accompanies villus emergence24, most likely 

accounting for the seemingly disconnected lumens and frequent junctional complexes seen 

in thin sections by Mathan et al. This process is discussed further below.
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Also at E18, Mathan describes subepithelial aggregates of mesenchymal cells that begin to 

“invade” the epithelium12. “Mesenchymal invasion” is flagged as first sign of villus 

emergence in the rat12, 17, mouse11, 24, 26, 27, pig20, sheep28 and human21 (Fig. 4). The 

mesenchymal aggregates noted by all of these investigators have been more recently studied 

at the molecular level (discussed below) and are now known to represent tight clusters of 

mesenchymal cells that act as signaling centers to drive villus emergence11, 13, 15. Indeed, 

signals from specialized clusters of mesenchymal cells appear to be an important component 

of villus outgrowth in birds as well14. Thus, in the mouse, the major structural hallmarks of 

villus emergence include “invasion” of the basal aspect of the epithelium by mesenchymal 

aggregates, accompanied by active membrane invagination at the apical surface.

Chick vs. Mouse: Similarities and differences in structural aspects of villus 
morphogenesis

In both chick and mouse, the early pre-villlus epithelium is pseudostratified and robustly 

proliferative as it is in human29; indeed, Ki67 labelling reveals that the vast majority of cells 

in such epithelia are actively cycling23, 25. Notably, in both chick and mouse, the process of 

villus emergence changes the pattern of epithelial proliferation: epithelial cells located at the 

base of emerged villi remain proliferative, while those on the villus proper withdraw from 

the cell cycle (Fig. 5). This event is critical as it fixes the presumptive stem cell population to 

the base of the villi in both species and presumably in humans, as this confinement of the 

proliferative zone is also observed in the developing human intestine29.

Though the early epithelium of both chick and mouse is pseudostratified, the structure of 

this layer is quite different in the two species at the time that villi first emerge. In the mouse, 

the width of the epithelial tube wall is greatest at the time that villus formation initiates, 

measuring at least 50 μm from basal surface to lumen23 (Fig. 3B). Apposition of 

mesenchymal clusters to the basal side of this epithelium is followed by rapid shortening (to 

10–15 μm) and widening of epithelial cells above the cluster, as they convert to a columnar 

shape15, 24 (Fig. 3C). Meanwhile, epithelial cells between clusters remain tall and 

pseudostratified and the apical surface is flat24. Such dramatic shrinkage of the murine 

epithelial cell height above clusters as villi emerge contrasts sharply with the situation in the 

chick where epithelial cell height is progressively attenuated during fold and zigzag 

formation, well before villus outgrowth. Indeed, chick epithelial cells measure only 10–12 

μm between E13 and E186, a period that encompasses the timing of fourth rank ridge 

formation, zigzag folding, and initiation of villi. This thinner epithelial wall of the chick may 

facilitate the dramatic folding of this epithelium that precedes villus initiation.

Another major distinction between chick and mouse and humans is the differing role that 

smooth muscle layers play in villus patterning. In the chick, sequential development of three 

intestinal smooth muscle layers is temporally and mechanistically paired with the 

progressive stages of complex mucosal folding and villus emergence, as described above; 

removal of the muscle layer perturbs progressive epithelial deformation and villus 

formation16 (Fig. 1). In the mouse and human small intestine, however, these epithelial 

folding events do not occur and villus development and muscle layer maturation are 

unpaired. Also, interruption of the inner circular muscle continuity does not impair villus 
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emergence 30, 31. Murine inner circular, outer longitudinal, and muscularis mucosa muscle 

layers form at E12, E15, and E18 respectively, while villus formation begins at E14.515. 

Similarly, in humans the inner circular muscle is already formed at the time that villi 

emerge, but the outer longitudinal muscle is only sparsely organized and the muscularis 

mucosa is absent29, 32–34. Although confinement forces imposed by the already formed inner 

circular muscle might play some role in the morphogenic process of villus development in 

these mammalian species, the other muscle layers are unlikely to contribute as patterning 

determinants of the emerging villi as is seen in the chick.

The mesenchymal cluster: a morphogenic signaling center

An early feature of villus development noted in multiple mammalian species is invasion of 

the thick pre-villus epithelium by mesenchymal condensations12, 17, 20, 21, 28 (Fig. 4). In the 

first molecular analysis of this invading mesenchyme, Karlsson et al. demonstrated that the 

clustered mesenchymal cells express the platelet-derived growth factor receptor, Pdgfra13. 

Indeed, prior to villus development, Pdgfra mRNA is found in scattered mesenchymal cells 

that are most concentrated immediately beneath the epithelium, while its ligand, Pdgfa, is 

uniformly expressed throughout the pseudostratified epithelium (Fig. 6A,C). As villi 

emerge, Pdgfa transcripts become restricted to epithelial cells that lie at the base of the 

growing villi, while receptor expression is most robust in mesenchymal condensations at the 

tips of the emerging villi and in smaller condensations underneath Pdgfa positive regions at 

the villus base, marking the initiation of a second round of villus formation13 (Fig. 6B,D). 

Later studies, using a nuclear EGFP-tagged Pdgfra allele35, confirmed that such clusters 

form in a proximal to distal wave in accord with the process of villus formation11. During 

the initial round of villus development, the formation of mesenchymal clusters deforms the 

basal region of the epithelium and this precedes the apical deformation that accompanies 

villus outgrowth11, 12, 15, 24. As the field of emerging villi spreads, smaller clusters are found 

in between larger clusters, marking multiple rounds of villus emergence11.

Thus, PDGFA and its receptor are positioned to participate in a paracrine signal transduction 

process between epithelium and mesenchyme. Indeed, loss of either the ligand or receptor 

leads to defects in villus formation and patterning13. Noting fewer mesenchymal clusters in 

Pdgfa null mice, Karlsson et al. found reduced proliferation in the sub-epithelial 

mesenchyme where Pdgfra-expressing cells are located, and concluded that the epithelial 

PDGFA signal promotes the proliferation of underlying Pdgfra-expressing mesenchymal 

cells 13. In mutant animals, reduced proliferation results in depletion of this cluster-forming 

cell population and this deficit may be responsible for defective villus development.

While continued formation of mesenchymal clusters requires Pdgf-driven mesenchymal cell 

proliferation, the cells that actually compose such clusters are post-mitotic11, 13. Suspecting 

active inhibition of the cell cycle in both the cluster and its associated epithelium, Karlsson 

et al. examined the expression of possible mitotic inhibitors and found that Bone 
morphogenetic protein (Bmp)4 and Bmp2 are both robustly expressed in clustered 

mesenchymal cells. Later work confirmed this finding14 and also demonstrated expression 

of additional members of the Bmp signaling family as well as several other secreted 

signaling factors, including: Bmp5, Bmp1, Twsg1, Noggin, Wnt5a, Fgf9 and Hgf15 (Fig. 
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6E–L). Thus, as first proposed by Karlsson et al., mesenchymal clusters represent signaling 

centers that could drive villus morphogenesis13.

The fact that Pdgf signaling mutants could readily form the first round of clusters13 

suggested that another signaling program may be involved in cluster initiation. A good 

candidate is the Hedgehog (Hh) pathway, because transgenic mice expressing high levels of 

a soluble form of the Hh inhibitor (Hhip) fail to generate villi, retaining a partially 

pseudostratified epithelium at E18.536. Further analysis demonstrated that signaling by the 

Hh pathway is strictly paracrine at the time of villus initiation, with Shh and Ihh expressed 

in the endoderm and two well-established signaling targets, Gli1 and Patched 1(Ptch1), 

expressed at robust levels in clustered mesenchymal cells11, 26 (Fig. 7A–I). Indeed, while 

wild-type mouse intestines harvested at E13.5 will develop clusters and villi by 48-hours in 

culture, both features are lost in the presence of the Hh antagonist cyclopamine, or in the 

presence of anti-Hh monoclonal antibodies11. In accord with this finding, mice conditionally 

null for the main transducer of the Hh signal, Smoothened37, or for both Ihh and Shh38 

exhibit short guts with no villi. Moreover, augmentation of Hh signaling by culturing E13.5 

intestines with a SMOOTHENED agonist induces the formation of larger clusters that 

contain more PDGFRA-positive cells11. Mechanistically, it has been demonstrated that the 

epithelial Hh signal acts on PDGFRA-positive mesenchymal cells to promote their 

aggregation, rather than inducing localized cell proliferation to form clusters11.

Together, these studies demonstrate that ligands expressed in the epithelia (Pdgf and Hh) 

signal to receptors in the mesenchyme (PDGFRA, PTCH1) to control the paracrine crosstalk 

that initiates villus outgrowth. While Pdgf signaling is needed for amplification of the 

mesenchymal compartment, Hh signaling is required for formation of the mesenchymal 

clusters themselves.

PATTERNING THE FIELD OF VILLI

As discussed above, mesenchymal clusters expressing PDGFRA, Bmp ligands, GLI1 and 

PTCH1 are critical for villus morphogenesis in the mouse11. Similarly, in the chick, 

mesenchymal clusters expressing these markers are present during villus outgrowth14 (Fig. 

7M–U). Furthermore, in both mouse and chick, the formation of clusters requires Hh signals 

from the overlying epithelium11, 14 (Fig. 7A,B and J–L). These commonalities prompt an 

important question: considering that all cells of the pre-villus epithelium express SHH and 

IHH, how does this initially uniform signal give rise to a regularly spaced array of clusters 

that generate a patterned field of villi? Interestingly, the answer to this question is different 

for mouse and chick; recent work has shown that both the mechanism of formation of 

mesenchymal clusters and the means by which they are patterned is strikingly different in 

chick and mouse.

Villus patterning in the chick: epithelial deformation creates localized pockets of 
concentrated Hh ligand

The early pseudostratified chick intestinal epithelium uniformly expresses Hh ligands. 

Starting at E8, the mucosa begins to undergo the complex series of muscle-driven 

deformations that set the stage for villus emergence7, 8. Interestingly, this progressive 
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epithelial folding affects the distribution of the originally uniform Hh signal that is secreted 

by the epithelium. As the folds become more angular at the late zigzag stage, Hh ligands 

become concentrated beneath fold peaks, creating localized pockets of particularly high Hh 

levels14. In these areas, mesenchymal cells form clusters that molecularly resemble the 

mesenchymal clusters described in the mouse11, 13. Thus, for the chick, progressive 

epithelial deformation driven by tensile forces from developing muscle is responsible for the 

eventual pattern of clusters (and villi) that are seen.

Cluster patterning in the chick mesenchyme quickly leads to reciprocal patterning of the 

epithelium as epithelial cells overlying the clusters begin to withdraw from the cell cycle. 

Signals from the clusters appear to drive this change in proliferation as inhibition of 

epithelial deformation (by turning intestinal segments inside out, or by inhibiting smooth 

muscle differentiation) inhibits both cluster formation and restriction of proliferation14. 

Shyer et al. showed that on a molecular level, phospho-SMAD is activated in the newly 

formed clusters, as well as in the epithelium overlying the clusters; the latter response 

restricts epithelial proliferation by suppressing Wnt signal reception in the overlying 

epithelial cells14. Inhibiting Bmp signaling (or inhibiting its upstream inducer, Hh) prevents 

the clusters from restricting proliferation, and epithelial Wnt target gene expression is 

expanded. Furthermore, addition of Hh or Bmp ligands broadly suppresses epithelial 

proliferation and Wnt target gene expression14. Therefore, in the chick, deformation of the 

epithelium by the developing muscle layers concentrates Hh signals in the underlying 

mesenchyme, causing cluster formation at regular intervals beneath the folds of the zigzags. 

These clusters then emit high levels of Bmp signals that inhibit Wnt-driven proliferation in 

the overlying epithelium. In this manner, proliferative cells at the villus base can drive 

further villus outgrowth14 (Fig. 8).

Villus patterning in the mouse: Turing-like self-organization of villus domains

Just prior to the initiation of cluster and villus formation in the mouse, the flat 

pseudostratified epithelium is composed of tall, thin cells that are tightly packed in a tubular 

configuration around a small, slit-like lumen. The lateral surfaces of each cell measure 50–

60 μm while the apical surfaces and basal surfaces are typically less than 5 μm. In a structure 

such as this, direct folding of the epithelium, as seen in the chick, would be difficult. Indeed, 

the first sign of morphogenic change in mouse is simultaneous with the formation of 

mesenchymal clusters in the sub-epithelial region11, 24, 26, 30. The forming clusters are 

associated with progressive deformation of the basal surface of the overlying epithelium, 

forming soft basal alcoves that are occupied by mesenchymal clusters; this initial basal 

deformation occurs in the absence of apical deformation15, 24. Both cluster formation and 

basal alcove formation are strictly dependent upon Hh signaling and enhanced by Hh 

agonists11.

Cluster and alcove formation begin in the duodenum and sweep in wave-like fashion down 

the intestine over 36 hours in the mouse. Given the length of the intestine at E15.5 (~30 

mm), this wave must travel at a speed of approximately 15 μm/minute. Scanning electron 

micrographs of the apical surface at the wave-front of villus formation reveal a flat 

epithelium that transitions into clearly demarcated villus outlines over a span of 150 μm 
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(Fig. 2D,E), indicating that new villi must be demarcated approximately every 10 minutes 

during this active process of morphogenesis24. The demarcations between villi are in the 

form of apical membrane invaginations, a process that early investigators erroneously 

attributed to secondary lumen formation12.

Like mesenchymal clusters themselves, apical invaginations are not seen prior to E14.5; 

after this point, they become visible in a proximal to distal gradient, deepening over time24. 

Quantitative assessment of the location of these apical invaginations indicates that they 

initiate preferentially in the epithelial territories between, rather than above, clusters. 

Matsumoto noted a similar event in the developing human intestine, writing, “the initial 

invasion site of the mesenchyme into the epithelium tended to be a point between the 
neighboring vacuoles…”21.

Interestingly, apical invaginations form in a manner that strikingly resembles the process of 

placode invagination in the Drosophila tracheal primordium, also a pseudostratified 

epithelium39. In that system, invaginations are facilitated by mitotic cells that round up in 

areas that are under circumferential intraepithelial pressure; downward movement of the 

mitotic cell “pulls” the apical surface inward, giving rise to a characteristic T-shaped 

invagination above the mitotic cell39. The rounded mitotic cells have a unique appearance, as 

they are located well below the apical surface, at the tip of the invaginating membrane; this 

contrasts with typical mitotic cells in a pseudostratified epithelium, which divide at the 

apical surface. Kondo et al. called this process “internalized cell rounding” and showed that 

these dividing cells drive rapid invagination of the tracheal placode.

Similarly, the apical invaginations seen during intestinal villus demarcation are frequently 

associated with rounded mitotic cells that are located well beneath the apical surface24. 

Analysis of epithelial cell shapes reveals that these internally rounded cells are located in 

regions of intraepithelial compression. Compressive forces appear to be secondary to shape 

changes in nearby epithelial cells that overlie mesenchymal clusters. These supra-cluster 

cells widen and shorten without changing volume, placing localized pressure on neighboring 

epithelial cells between clusters. As the rounded mitotic cells within the compressed regions 

move downward into the epithelium, they maintain connection to the apical surface via a T-

shaped invagination. Mechanical modelling studies support the conclusion that, as in 

Drosophila, this sequence of mechanically driven invagination occurs on the time scale of 

minutes24, 39. For the mouse intestine, this process leads to rapid demarcation of patterned 

villus boundaries, even in the context of a thick, constrained epithelial substrate (Fig. 2D,E 

and Fig. 3).

But if clusters pattern apical invaginations by inducing uneven intraepithelial forces, how are 

the clusters themselves patterned? Using an in vitro culture system, Walton et al. 

demonstrated that agarose beads soaked with recombinant BMP2, BMP4, BMP5, BMP7, or 

heterodimerized forms BMP2/7 or BMP4/7, all potently inhibited cluster formation in the 

regions surrounding the beads30. BMP2 was the most potent of the ligands tested and 

interestingly also showed the most cluster-specific pattern of expression of all Bmp ligands 

tested. Several Bmp modulators are also expressed by mesenchymal clusters (e.g., Noggin, 

Twsg1 and Bmp1); beads soaked with these factors induce enlarging and merging of clusters 
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rather than cluster clearing. Indeed, treatment of cultured intestines with the small molecule 

Bmp inhibitor, Dorsomorphin, causes a dramatic change in cluster pattern, resulting in 

enlarged clusters that merge into “stripes” rather than “spots”; this occurs without detectable 

differences in overall cell shape or Hh expression pattern in the epithelium, and without 

changes to the surrounding muscle15. Such alterations in cluster pattern can be reproduced 

by genetic ablation of Bmpr1a in the cluster cells (which produces large merged clusters) but 

not by loss of Bmpr1a in epithelial cells (which produces no modification of epithelial shape 

or proliferation), confirming that cluster pattern is controlled by reception of Bmp signals by 

the mesenchymal cluster cells themselves15.

Mathematical modeling further demonstrates that the “spot to stripe” conversion seen in 

these experiments resembles a Turing activator/inhibitor reaction, with a Bmp inhibitor 

acting as the system “activator”15. Self-organizing behavior that obeys the Turing model and 

utilizes a Bmp inhibitor as the Turing activator has also been seen in feather40, 41 and 

vascular42 patterning. Of course, while this intestinal cluster patterning system closely 

resembles a Turing patterning field, pattern development may require more than just a single 

activator and inhibitor; the precise components that drive this system in vivo remain to be 

elucidated. Nevertheless, from the standpoint of cluster patterning, this Turing-like 

patterning program is quite different from the muscle-driven epithelial deformations that 

control cluster pattern in the chick. A summary of the cascade of events that lead to 

assembly of mouse villi is presented in Figure 9.

In summary, though similar signaling proteins are present in the mouse and chick, the means 

by which these signals function during villus emergence is somewhat different in the two 

species. As discussed above, in the chick conversion of the epithelium from pseudostratified 

to columnar occurs well before cluster formation and is therefore not cluster-dependent as it 

is in the mouse (Fig. 1). Also, suppression of epithelial proliferation in the chick is due to 

inhibition of Wnt activity by Bmp ligands that are secreted from the newly formed 

clusters14. In the mouse, signals from the patterned clusters direct both shortening and 

widening of epithelial cell shape and exit from the cell cycle; the nature of those signals has 

yet to be discovered. Though murine clusters do express robust levels of multiple Bmp 

ligands, inhibition of Bmp signaling, either by Dorsomorphin in vitro or by genetic removal 

of epithelial Bmpr1a in vivo does not change the proliferative landscape or the shapes of 

cells in the epithelium15.

DIVERSITY OF FOLDS AND VILLUS PATTERNS

Interestingly, there is considerable diversity in the morphology of the intestinal epithelium 

across vertebrate species. In human, chick, and mouse, the intestinal lumen is lined with 

finger-like projections, but in other species the luminal surface can take the form of ridges 

(fish), zigzags (frogs), or honeycombs (snakes), among others10, 11, 16, 43–45 (Fig. 10). 

Phylogenetic considerations indicate that villi likely evolved independently in the 

mammalian and avian lineages, a notion supported by the different mechanisms used to 

make a villus in these species (described above). Intriguingly, the honeycomb pattern of 

some intestinal mucosal surfaces also seems to have independently evolved in multiple 

species, as this pattern is shared by the reticulum of ruminants such as cattle, and the 
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intestine of marine turtles46, 47. What these various epithelial structures have in common is 

that they all serve to increase the surface area of the intestinal lumen available for nutrient 

absorption. The relative adaptive significance of the different epithelial morphologies 

remains to be elucidated. However, it is notable that the most metabolically active taxa, 

mammals and birds, possess the structure that provides the greatest increase in total surface 

area, the villus.

The over-all intestinal structure observed in basal species such as the lamprey, and many 

early extinct fishes, is called the typhlosole44, 48. It appears in extant species ranging from 

the lamprey to sharks and rays, and the pre-metamorphic frog (tadpole). In mature animals, 

it twists on itself, forming what is termed a spiral valve. This can be more complex, as it is 

in sharks or rays, or minimal, as it is in lamprey49. During metamorphosis of the lamprey 

Petromyzon marinus, additional longitudinal folds appear along the anterior intestine and 

not on the typhlosole. These folds correspond to an elevation of the epithelium and the 

underlying muscle and connective tissue. As smooth muscle is present at the time of this 

folding, it may play a role in shaping the intestinal epithelium. By later stages, primary, 

secondary, and tertiary folds emerge on the entire epithelium including the typhlosole44. 

Since there is no muscle layer directly constraining the growth of folds along the typhlosole, 

they are not generated through physical forces, at least as produced in the chick. 

Interestingly stem cell marker expression and cell proliferation is restricted to the base of the 

typhlosole in larval lamprey50, similar to the localization of stems cells to the base of the 

villi in the developing mouse and chick.

In frogs, the typhlosole is only observed prior to metamorphosis, however villi and crypts 

are present in the adult form51. It is clear thyroid hormone (TH) acts to induce smooth 

muscle differentiation as well as Hh and Bmp signaling during frog metamorphosis, 

although the relative timing and interplay of these developmental events has yet to be 

explored51. The presence of villi in the adult frog raises the possibility that villi have arisen 

three independent times during vertebrate evolution. Further work on more taxa will be 

required to understand the exact mechanisms that underlie the development of villi in the 

adult frog, and how these mechanisms compare to those established in the avian and 

mammalian lineages.

In the zebrafish (Danio rerio) and other fish species, the intestinal epithelium forms 

circumferentially-oriented folds. In contrast to mouse and chick, zebrafish only form two 

smooth muscle layers: inner circumferential and outer longitudinal52, 53. Fold formation 

follows the anterior to posterior direction of muscle development52 and mutations that 

impair smooth muscle development prevent fold formation53. However, these mutations also 

eliminate changes to epithelial cell shape, preventing formation of columnar cells that 

normally appear closer to the top of folds53. In mouse, the epithelial cells above 

mesenchymal clusters fated to become villi take on a columnar shape while the intervening 

cells remain pseudostratified and not columnar15. Ectopic activation of the Hh signaling 

pathway increases mesenchymal cluster size resulting in more epithelial cells taking on a 

columnar shape and larger villi11. Therefore, it is unclear if changes in smooth muscle 

formation or cell shape, or some combination of the two, drives fold formation in fish.
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Shyer et al. found that formation of the circumferential folds seen in fish, the zigzags in 

frogs, and the honeycomb in the proximal intestine of snakes, could be simulated by a 

computational model based on physical forces that modulate the number of muscle layers, 

stiffness of the tissue layers, and relative rates of proliferation16. For example, the 

honeycomb pattern of the snake could be simulated by increasing mesenchymal growth rate 

and decreasing endodermal growth rate in relation to growth rate of smooth muscle. While 

the potential for the signaling-based mechanism defined in mice to generate the range of 

epithelial forms found in nature has yet to be explored, one of the hallmarks of Turing 

mechanisms is their ability to produce a wide range of patterns. Thus, the combination of 

physical forces and molecular signals may provide flexible systems for generating a variety 

of epithelial structures that can be selected through evolution.

Conclusions and Outstanding Questions

As this review has highlighted, a hallmark of villus morphogenesis in all species studied is 

its reliance on sequential morphogenic events that are driven by epithelial-mesenchymal 

interactions. Classic tissue recombination experiments performed several decades ago hinted 

at the remarkable self-organizing activity of the intestinal mesoderm and endoderm, as well 

as the instructive ability of intestinal mesoderm (reviewed in54, 55). For example, Gumpel-

Pinot et al. demonstrated that grafts composed of isolated mesenchyme from pre-villus chick 

small intestine, combined with 5-day endoderm dissected from esophagus, proventriculus, 

gizzard or colon, all take on an intestinal morphology56 (see also57). The degree of 

morphogenic organization seen in these grafts, by both endoderm (villus formation and 

cytodifferentiation) and mesoderm (muscle formation) provides substantial evidence for 

crosstalk between the two tissue layers that is clearly bi-directional. Now that we understand 

some molecular features of this amazing crosstalk, it would be fascinating to revisit these 

classic recombination studies using modern lineage tracing, transcriptomic and epigenomic 

tools, to further explore the underpinnings of villus assembly.

Though signals from mesenchymal clusters and mechanical forces from smooth muscle have 

been emphasized here as key aspects of villus morphogenesis, other features of the 

developing intestine are likely critical. For example, a basement membrane (BM) forms 

between the epithelial and mesenchymal components and likely influences cross-tissue 

communication (reviewed in58). Indeed, recent studies in Drosophila egg chambers revealed 

that regulation of BM stiffness can instruct tissue shape59. Signaling proteins, along with 

planar polarity contribute to generate this stiffness gradient, which is required for proper 

elongation of the tissue. The possibility that differential BM stiffness could aid in villus 

elongation has yet to be explored. Additionally, the possible contribution of vasculature and 

nerves to villus morphogenesis needs to be investigated. Even the smallest developing 

mesenchymal clusters contain vascular elements. Indeed, this early association may insure 

that each emerging villus contains a well-vascularized core, but it is possible that vascular 

and/or nervous elements play signaling roles as well. In this regard, it is interesting to 

consider the intestinal organoids that can be developed from progressive differentiation of 

human pluripotent stem cells. Such organoids do not form villi in culture, even when 

generated by progressive differentiation of mesendoderm tissue that can give rise to both 
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endoderm and mesoderm60. However, after transplantation and ingrowth of host vessels (and 

likely nerves), well-ordered villi are observed61.

An important aspect of villus emergence is the simultaneous patterning of epithelial 

proliferation. After villi emerge and throughout adult life, Wnt signals are known to drive 

proliferation of intervillus regions (reviewed in62). However, regulation of proliferation in 

the early pre-villus epithelium may differ in mouse and chick. In the chick, low levels of 

Lgr5 (Leucine rich repeat containing G protein coupled receptor 5) and Sox9 (Sex-

determining region Y-Box9), both Wnt target genes and markers of the adult stem cell zone, 

are expressed uniformly in the early pseudostratified epithelium and during progressive 

ridge and zigzag formation14. As zigzags compact and clusters begin to form, Wnt signals 

are strongly up-regulated at the base of the zigzags and down-regulated at the tips14. As 

discussed above, Bmp signals from clusters play an important role in suppressing Wnt 

signals in villus tips. In contrast, in the mouse, Chin et al. recently demonstrated that 

conditional deletion of either Ctnnb1 (β-catenin) or the Wnt co-receptors, Lrp5/6 at E12 

does not alter cell division in the pseudostratified epithelium, confirming that Wnt signaling 

does not drive proliferation in the pre-villus stages63. Molecularly, Wnt targets (Lgr5, CD44 
and Axin2) are strikingly absent from the mouse pre-villus epithelium, while several Wnt 

inhibitors (e.g., Sfrp1/2/5 and Robo1/2) are highly expressed64. Nigmatullina et al. suggest 

that the progressive down-regulation of Inhibitor of DNA binding 2 (Id2), a Wnt inhibitor 

that is expressed at high levels in the early epithelium, is responsible for the gradual 

emergence of a Wnt-driven proliferative state in intervillus regions as villi develop64. 

Accordingly, mice lacking Id2 in the intestinal epithelium show precocious activation of 

Wnt markers in the pseudostratified epithelium64. At this time, it is not clear what factors 

drive proliferation in the pseudostratified state in the murine intestine, although both Fgf and 

Retinoic acid signals have been speculated to play a role63.

The finding that two different programs regulate proliferation in the mouse epithelium 

before and after villus emergence adds another conundrum: how is proliferation suppressed 

at the emerging villus tips? It is possible that the entire epithelium switches to a Wnt-driven 

proliferation program just prior to cluster formation and signals from the clusters then shut 

down this Wnt program in the overlying epithelial cells. Alternatively, clusters may shut 

down the unknown pseudostratified-specific proliferative program in overlying cells, while 

Wnt signaling is simultaneously activated de novo only in intervillus regions. In this regard, 

it is noteworthy that as villi emerge, cells in the intervillus regions become highly apically 

constricted, a shape change that has the potential to activate new gene expression patterns. 

Exactly this type of epithelial deformation in the Drosophila anterior midgut causes 

activation of armadillo (β-catenin) and twist in the apically constricted cells65, 66. β-catenin 

is also responsive to mechano-activation in the mouse during bone and joint 

development67, 68. Thus, it is possible that the deformation of the intervillus cells that 

accompanies progressive cluster-driven buckling of the emerging villi activates a β-catenin-

driven proliferative program in the intervillus cells via mechanical signaling. Additional 

work is needed to differentiate between these two alternatives.

Both mouse and chick exhibit multiple rounds of villus formation, but the mechanisms 

underlying development and patterning of later rounds of villi are not entirely clear. Indeed, 
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the first round of cluster formation in the mouse initiates along the smooth basement 

membrane of the pseudostratified tube, but as these first villi emerge, the geometry of the 

landscape becomes more complex. All subsequent rounds of cluster formation begin at the 

proliferative intervillus bases. These intervillus epithelial cells are apically constricted and 

progressively more columnar, compared to the tall pseudostratified cells of the first round. 

Moreover, as discussed above, different signals control their proliferation3, 64. In fact, the 

entire epithelial transcriptome undergoes a dramatic switch as villus formation initiates64, 69. 

It is presently unclear whether or how such epithelial changes might affect the formation or 

patterning of the later rounds of clusters and villi. Similarly, in the chick, the Set II villi that 

develop at the base of the tightly folded zigzags clearly utilize different assembly 

mechanisms, as muscle formation is completed and this set of villi arises directly, without 

underlying folds, but in a highly patterned manner7.

In summary, villus morphogenesis in both chick and mouse is driven by a series of back and 

forth messages, each prompting the next, interdigitated with mechanical signals produced by 

tissue growth, tension from surrounding muscles and cell shape change. At the level of each 

individual villus, this cascade of events promotes cell cycle quiescence, basal constriction 

and the beginnings of cytodifferentiation in epithelial cells at the villus tip, while 

simultaneously driving apical constriction and compartmentalization of a proliferative future 

stem cell population at the villus base. Using similar instructional signaling programs (Hh, 

Bmp, Wnt), the mouse and chick have evolved distinct structural mechanisms to form and 

pattern their villi. Finally, robust underlying patterning mechanisms, muscle-driven in the 

chick and Turing-like in the mouse, insure the production of a tightly packed array of 

identical villus units for maximal absorptive function.
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Figure 1. Progressive bending of the chick epithelium into ridges and then zigzags is driven by 
sequential differentiation of smooth muscle layers
Prior to muscle formation (E6) the epithelium is flat. Ridges are formed following the 

differentiation of the inner circular muscle marked by anti-alpha-smooth muscle actin 

(green; E8–12). Zigzags evolve with the formation of the outer longitudinal muscle (E13–

15). Villus emergence is concomitant with the formation of the muscular mucosa at E16. 

Scalebars are 100 μm. Arrowheads denote the new muscle layer formed at that stage. All 

images are reproduced with permission from16.
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Figure 2. Surface views of the intestinal mucosa during development
A–C) Chick at E11, E16 and E18, showing progressive formation of ridges, zigzags and 

villi. Images are reproduced with permission from7. DR and IR in panel A denote two 

different rounds of ridge formation. The arrows in B mark areas along the zigzags that are 

beginning to bulge where villi will emerge. I and II in panel C denote villi emerging atop 

alternating zigzags. D–F) Mouse intestinal surface at E14, E14.5 and E15.5, demonstrating 

the flat epithelial surface prior to villus formation. ^ in D indicate mitotically rounded cells 

along the flat apical surface. Apical invaginations begin to demarcate villi (arrows in E), 

which emerge as domes from the flat epithelium. Images D and E are reproduced with 

permission from24. Domes of newly emerged villi in the rat (G) and human (H), reproduced 

with permission from22 and 10. Scalebars are 10 μm in D and E and 100 μm in F.
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Figure 3. Cell shape during villus morphogenesis in the mouse
A–B) Epithelium (ECADHERIN, green) thickens from 15 μm at E12.5 to 50 μm at E14.5. 

(C) Epithelial cells on the growing villi shorten and widen to become columnar. D) The pre-

villus epithelium is pseudostratified, with cells touching both the apical and basal surfaces. 

Cells were sparsely labeled with myristylated EGFP to outline cell shapes. E) Scanning 

electron micrograph of an E13.5 intestine shows epithelial cells touching the apical and 

basal surfaces. Images A–E were reproduced with permission from23. F,G) Schematic 

representations of stratified and pseudostratified layers. Green illustrates expected cell 

shapes in each type of epithelium. Note that mitotic cells are basal in the stratified 

epithelium and apical in the pseudostratified epithelium. H) Nuclei of cells undergoing inter 

kinetic nuclear migration move between the apical and basal surface in accord with the cell 

cycle. F–H are reproduced with permission from30. I) Active apical invagination acts to 

demarcate villi. Apical and basal surfaces are marked by anti- aPKC and anti-COLLAGEN 

IV, respectively (red) and dividing cells are marked with anti-pHH3 (green). J–K) 

Constriction of the T invagination around an apically rounded cell (green in K, marked by 

anti-pHH3) is shown with phalloidin staining (white and red). * in J and K indicate the F-

actin rich tether extending from the cell body to the basal surface. Images in J and K are 

reproduced with permission from24. Scalebars in A–D, J and K are 20 μm.
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Figure 4. “Invasion” of the pseudostratified epithelium by mesenchyme (arrows) is an early 
feature of villus morphogenesis in mammals
Arrowheads indicate invading mesenchymal clusters in developing intestines from A) mouse 

at E15 (Walton, K.D., unpublished), B) rat at E1817, C) human at stage 2121, D) pig at 35 

dpf20, E) sheep at 39 dpf19 and F) cow at 30 dpf70. Images in B–F are reproduced with 

permission from the noted references.
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Figure 5. Changes in epithelial proliferation accompany villus morphogenesis in chick and 
mouse
A,B) Top panels depict ridge (E12) and late zigzag/early villus (E15) stages in chick. EdU 

staining (pink) marks proliferative cells, which are seen throughout the epithelium at the 

ridge stage (A) and confined to the base of emerging villi at later stages(B) (reprinted with 

permission from14). C,D) Bottom panels illustrate robust proliferation, as marked by BrdU 

staining (green), throughout the pre-villus mouse pseudostratified epithelium (C, E13.5) and 

restriction of proliferative activity from the tips of emerging villi at E16 (D). Anti-

ECADHERIN staining (red) outlines epithelial cells in C,D. DAPI staining marks the nuclei 

(blue).
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Figure 6. Mesenchymal clusters participate in epithelial/mesenchymal crosstalk
A–D) In situ hybridization analysis of the Pdgf signaling pathway, as demonstrated by 

Karlsson, et al.13 Pdgfa ligand transcripts are seen throughout the pre-villus pseudostratified 

epithelium and cells in the muscle layer (A) and are later concentrated in intervillus 

epithelium (C, arrows). The receptor, Pdgfra is highly expressed in the subepithelial 

mesenchyme in the pre-villus intestine (B) and later robustly expressed in mesenchymal 

clusters in the tips of emerged villi as well as in nascent forming clusters (D, arrows). A–D 

are reprinted with permission from13. Abbreviations are: pep, pseudostratified epithelium; 

sm, submucosal mesenchyme; ml, muscle layer; ep, epithelium. (E–L) Mesenchymal 

clusters are signaling centers that express transcripts corresponding to multiple soluble 

signaling proteins, including Bmp2 (E), Bmp4 (F), Twsg1 (G), Bmp1 (H), Wnt5a (I), Fgf9 
(J), Hgf (K) and Nog (L). E, F,G,H, and L are reproduced with permission from15.
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Figure 7. Epithelial/mesenchymal crosstalk via the Hedgehog (Hh) pathway in chick and mouse
(A–C) In situ hybridization of transcripts for Shh (A), Ihh (B) and Ptch1 (C) in the mouse 

pre-villus epithelium. Hh transcripts are confined to the epithelium while the receptor is seen 

in surrounding mesenchyme and concentrated in the sub-epithelial region (reprinted with 

permission from26). (D–I) Eosin and X-Gal staining of intestinal sections from Ptc1LacZ/+ 

(D–F) or Gli1LacZ/+ (G–I) animals at E13.5 (D, G), E14.5 (E, H) and E15.5 (F, I). Red 

arrows indicate clustered mesenchymal cells that are receiving Hh signals (reprinted with 

permission from11). (J-R) In situ hybridization for Shh, Ptc, Bmp4 and Pdgfra in the 

developing chick intestine. The three columns represent early fold stage (J,M,P,S), zigzag 

stage (K,N,Q,T) and early villus (L,O,R,U). J-U are reproduced with permission from 14.
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Figure 8. Schematic representation of the steps involved in villus emergence in the chick
Muscular development plays a major role in patterning villi in that species by deforming 

epithelium so as to cause pockets of high Hh concentration and cluster gene induction. Blue 

= Epithelium; Pink = underlying mesenchyme; Dark red = muscle groups.
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Figure 9. Schematic representation of the steps involved in villus emergence in the mouse
Cluster patterning is via a Turing-like field, driven by Bmp signals. Clusters change 

overlying epithelial cell shape, resulting in regions of high intraepithelial pressure; cell 

division in these regions aid in apical invagination, demarcating villus boundaries. Blue = 

epithelium; Pink = mesenchymal clusters. In the lower panel, blue cells are proliferative; 

white cells are withdrawing from the cell cycle.
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Figure 10. Evolutionary relationships among species and the appearance of the intestinal mucosa 
in those species
The appearance of villi may have arisen independently three times during evolutionary time, 

but the survey needs broadening to clarify this issue.
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