










experimentally, after exposure of intestinal explants to an
intermediate dose of dorsomorphin (Fig. 8G). We also modeled a
localized source of high concentration of Turing inhibitor (Bmp
ligand) and found that the resulting simulation (Fig. 8D) mirrored
our experimental results of intestines cultured with Bmp ligand-
soaked agarose beads (Fig. 4, Fig. 8H, Fig. S2E). Finally, we
examined a scenario in which a spot-like pattern was allowed to
evolve for 24 h in the absence of saturated activator, and then
activator concentration was computationally increased in a stepwise
fashion. In this simulation, the initial spot-like pattern evolved to
become more stripe-like (Fig. 8I,J, Movie 2). Experimentally, we
allowed E13.5 intestines to develop for 48 h on transwells, until the
spot-like pattern of clusters became apparent (Fig. 8K) and then
added dorsomorphin to the culture for an additional 48 h. The initial
spot pattern filled in to become stripy, in a manner closely
resembling the computed simulation (Fig. 8L). Overall, these results
provide strong evidence that cluster patterning and subsequent
villus emergence are controlled, at least in part, by Bmp signaling

and that the patterning field evolves in a manner consistent with a
self-organizing Turing field within the mesenchyme.

DISCUSSION
Optimal absorptive function by the small intestine depends upon the
generation of a tightly packed and well-organized field of villi, a
process that begins in fetal life. Substantial evidence over the past
several decades has emphasized the role of complex epithelial-
mesenchymal crosstalk in the process of villus formation [for a
recent review, see Wells and Spence (2014)]. Indeed, we previously
established that one of the earliest steps in villus development takes
place at E14.5 in the mouse, when Hh signals, expressed uniformly
from the epithelium (Kolterud et al., 2009), act on evenly distributed
Ptc1+ Gli1+ Pdgfra+ subepithelial mesenchymal cells, causing their
aggregation into mesenchymal clusters (Walton et al., 2012). Here,
we provide evidence that, downstream from this cluster-forming
epithelial Hh signal, a Bmp signaling network that operates entirely
within the mesenchyme is responsible for establishment of cluster
spacing and pattern.We show that cluster pattern can be dynamically
altered simply by modifying the concentration of Bmp ligands or
Bmp signaling modifiers and that the pattern evolves in a manner
consistent with a Turing activator/inhibitor field.

There is mounting evidence for the validity of Turing-based
models to explain pattern evolution in several diverse biological
systems, including feather bud arrangements (Baker et al., 2009),
hair follicle spacing (Maini et al., 2006; Sick et al., 2006), palatal
rugae distribution (Economou et al., 2012), tongue papilla
patterning (Zhou et al., 2006), digit patterning (Raspopovic et al.,
2014) and zebrafish mesodermal pigmentation (Eom et al., 2012;
Kondo and Miura, 2010), and it is interesting that Bmp ligands

Fig. 6. Inhibition of Bmp signaling alters cluster pattern and villus size.
PtclacZ/+ intestinal pieces were harvested at E13.5 and cultured with DMSO
(A-C,G,H,K,M), 20 μMdorsomorphin (D-F,I,J,L,N) or 40 μMdorsomorphin (O).
Treatments were performed in at least 25 control and 35 dorsomorphin-treated
intestines; representative images of duodenum (A,D), jejunum (B,E,G-O) and
ileum (C,F) are shown. After 2 days, intestines were fixed and X-gal stained to
show the pattern of PtclacZ/+ clusters (blue) in whole intestines (A-F) and
100 µm sections (G,J). Arrows in D,E mark areas where clusters merge to
stripes with dorsomorphin treatment. Arrowheads in J mark large fused
clusters and large villi. (H,I,K,L) Dorsomorphin treatment does not alter smooth
muscle (αSMA, red). Sections are shown with (K,L) and without (H,I) DAPI
staining. (M-O) Epithelial cells (outlined by E-cadherin immunostaining, green)
remain pseudostratified in intervillus regions (red arrowheads) when Bmp
signaling is inhibited (N,O), similar to controls (M). Scale bars: 100 µm in A-F;
50 µm in G-O.

Fig. 7. Conditional loss of Bmp signaling in Hh-responsivemesenchymal
cells, but not in epithelial cells, results in fused clusters and wide villi.
(A,B) Bmpr1af/f mice were mated to ShhCre mice. ShhCre is activated by E10 in
the intestinal epithelium (Kolterud et al., 2009). No changes in epithelial
(E-cadherin, blue) or mesenchymal pattern (Pdgfrα, green) were noted;
muscle was unchanged (αSMA, magenta). (C,D) Bmpr1af/f mice were mated
with Gli1CreERT2/+ mice. Recombination was induced with three doses of
tamoxifen, beginning at E12.5 prior to cluster formation, and tissues were
harvested at E15.5. Large clusters (Pdgfrα, green) and wide villi (E-cadherin,
red) are seen in Bmpr1af/f; Gli1CreER mutant intestines (D). Eight mutant and
eight control littermate intestines from three separate litters were analyzed for
Bmpr1af/f; ShhCre. Twenty mutant and 21 control littermate intestines from six
separate litters were analyzed for Bmpr1af/f; Gli1CreER. Scale bars: 50 µm.
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appear to act as Turing inhibitors in several of these systems
(Garfinkel et al., 2004; Harris et al., 2005; Mou et al., 2011). In the
intestine, we have seen that several different Bmp ligands are
expressed by clusters (Bmp2, 4, 5, 7) and functional assays indicate
that high concentrations of all of these Bmps act to inhibit the
formation of clusters (Fig. 4, Fig. S2). Similarly, multiple Bmp
signaling modifiers are expressed by clusters (Nog, Twsg1, Bmp1,
Fstl1) and several of these cause pattern perturbations in the explant
agarose bead assay (Fig. 5). Thus, although we show that pattern
formation in the intestine is faithfully modeled by a computational
framework that embodies a two-component system, as originally
described by Turing (1952), it is highly likely that pattern
establishment and maintenance in vivo are actually a product of
a much more complex combination of Bmp pathway components.
In fact, in the introduction to his classical paper describing such
patterning fields, Turing himself stated that his model is an
idealization and simplification of reality (Turing, 1952).
In addition to their role in patterning, our data suggest that signals

from mesenchymal clusters are responsible for the epithelial cell
shape changes that initiate villus emergence. Epithelial cells begin to
shorten apicobasally as clusters first form (Fig. 2). If clusters do not
form [for example, after inhibition of Hh signaling (Madison et al.,
2005; Walton et al., 2012) or in the vicinity of a Bmp-soaked bead],

the epithelium remains pseudostratified. By contrast, induction of
larger clusters [e.g. smoothened agonist (SAG; a synthetic Hh
pathway agonist that binds smoothened) or dorsomorphin treatment]
results in larger villi, over which more epithelial cells take on a
columnar shape (Walton et al., 2012). Since, in the fly wing disc,
clonal loss of the Bmp receptor thickveins causes cells to become
columnar (Gibson and Perrimon, 2005), we predicted that epithelial
Bmpr1a deletion or addition of dorsomorphin to cultured intestines
would cause widespread conversion to epithelial columnar
morphology. This was not observed. Thus, our studies suggest
that Bmp signaling alone does not mediate the epithelial cell shape
changes that occur over villus clusters. Determining the pathway(s)
responsible for this morphogenic process, which is likely to provide
an important part of the driving mechanism for villus outgrowth,
remains an important future goal.

It is interesting that, although the use of intestinal villi to expand
intestinal surface area is a well-conserved attribute in multiple
species, divergent strategies for patterning of the villi have emerged
during evolution. In the chick intestine, recent studies have shown
that tensile forces from developing smooth muscles progressively
deform the epithelium to create localized peaks of Hh protein
underneath sharply bent epithelial alcoves; these Hh maxima seem
to determine the location of the villi (Shyer et al., 2015). However,

Fig. 8. A Turing field model of cluster cell patterning recapitulates the experimental data. (A-D) Still images of the patterns predicted by the simulations
(further details are provided in the supplementary Materials and Methods). A regularly spaced pattern of clusters (spots) is predicted in control (A) Turing
simulations. The pattern is altered to stripes (B) when the Turing activator (Bmp inhibitor) is saturated. An intermediate level of activator results in shorter stripes
(C, lower dose of dorsomorphin), while a localized increase in Turing inhibitor (excess Bmp ligand at center) prevents cluster formation near the source (D).
(E-H) Representative images of experimental results obtained under treatment conditions that match the Turing simulations. Treatments were as follows: control
(E), 20 μM dorsomorphin (F), 10 μM dorsomorphin (G) and Bmp-soaked bead (250 ng/µl) (H). (I-L) Dynamic changes in Bmp inhibitor concentration change
patterns in simulations and experimental tests. A developed spot pattern (I) evolved toward stripes (J) when the inhibitor concentration was computationally
increased. Experimentally, established cluster spots (K) merge to form short stripes (L) when dorsomorphin (20 µM) is added (n=18 intestines). Scale bars:
100 µm. (M) Box and whisker plot showing the largest, smallest, median (middle line) and mean (+) cluster area for intestines treated for 2 days with vehicle
(DMSO) or increasing doses of dorsomorphin. n=5 fields for at least five different intestines for DMSO, 10 µM, 20 µM, 40 µM dorsomorphin; n=5 fields for three
different intestines for 1 µM dorsomorphin. (N) Scatter plot comparing the average cluster area at increasing concentrations of dorsomorphin (experimental)
verses the simulatedmodel. Error bars are s.e. The s.d. increases with increasing concentrations of Bmp inhibitor due to striped patterns and boundary conditions
(n=73, 75, 74, 34, 15, 3 for the increasing concentrations of dorsomorphin).
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our data show that a different epistatic relationship between cluster
formation, muscular forces and epithelial deformation portends in
the mouse. Maturation of the various smooth muscle layers does not
correspond temporally with the process of villus emergence in the
murine intestine. Additionally, the epithelium is not remodeled into
ridges or zigzags prior to villus formation; rather, villi arise as
discrete domes directly from a flat epithelial surface. Although we
did note soft basal epithelial deformations above nascent clusters,
previous modeling studies suggest that such minimal bending is
unlikely to create a substantial concentration of Hh signals (Shyer
et al., 2015). Moreover, we never observed these soft basal
deformations in the absence of a cluster; indeed, our evidence
suggests that the deformations are a consequence of unknown
signals from the underlying clusters. We provide extensive evidence
that mesenchymal clusters and Bmp signaling in cluster cells control
villus pattern in the mouse. Directly perturbing mesenchymal
cluster pattern by altering Bmp signaling does not affect smooth
muscle development (Figs 6 and 7) but does alter the pattern of
clusters, thereby producing predictable changes in the pattern of the
villi (Fig. 8). In fact, dramatic changes in Bmp concentration can
even alter established patterns (Fig. 8I-L). Strikingly, however,
despite the different modes of villification in the chick and mouse,
conserved signaling pathways are involved: Hh signals from the
epithelium play central roles in the induction of cluster genes, such
as Bmp, in both species.
As in mouse, the intestines of human, pig and rat lack the

zigzag-like structures of chick intestine (Dekaney et al., 1997;
Lacroix et al., 1984; Matsumoto et al., 2002; Nakamura and
Komuro, 1983). Although the proximal human intestine may
contain short ridge-like structures that are later broken up into
individual villi (Johnson, 1910), the human distal small intestine
develops villi directly, as in the mouse (Johnson, 1910).
Additionally, only the ICM, which may play a confinement role,
aiding but not initiating villus emergence, is formed prior to villus
emergence, and maturation of the remaining smooth muscle layers
in the human (Fekete et al., 1996; Keibel, 1910), pig (de Castro,
2001; Georgieva and Gerov, 1975) and rat (Kedinger et al., 1990)
occurs well after the initiation of villus formation, as in mouse. It is
therefore likely that these mammalian species also rely on a
villification patterning process that is controlled by gradient fields
of signaling proteins rather than employing the avian model of
muscle-directed epithelial deformation. It is also important to note
that several rounds of villus formation have been demonstrated in
the mouse (Walton et al., 2012) and are likely to occur in all
species. Once the initial pattern is set, a Turing-like patterning
mechanism in a growing domain could act to establish the
arrangement of subsequent mesenchymal clusters, thereby
generating a field of uniformly patterned villi in the intestine of
all these species, including chick.

MATERIALS AND METHODS
Mice
Mice were handled humanely according to UCUCA guidelines. The
following lines were used: C57BL/6 and CD1 (Charles River); RosamT/mG

(Muzumdar et al., 2007), PdgfraEGFP/+ (Hamilton et al., 2003),
ShhEGFPCre/+ (Harfe et al., 2004), PtclacZ (Goodrich et al., 1997),
Gli1CreERT2 (Bai et al., 2002) (all Jackson Labs); and Bmpr1af/f (Mishina
et al., 2002) (Dr Yuji Mishina).

Tamoxifen induction of recombination
Pregnant females were gavage fed daily from E12.5-14.5 with 250 µl
20 mg/ml tamoxifen dissolved in corn oil. Embryos were collected at
E15.5.

Cultures, recombinant proteins and inhibitors
Embryonic intestines were harvested at E12.5 or E13.5 and grown in culture
with protein-soaked agarose beads or dorsomorphin as described
(Walton and Kolterud, 2014). Media were changed twice daily. Bmp2,
Bmp4, Bmp5, Bmp7, Nog, Bmp1, Twsg1, and heterodimerized Bmp2/7
and 4/7 recombinant proteins were obtained from R&D Systems.

Cluster area measurements
Using ImageJ software (NIH), ellipses were drawn around clusters to
measure area. All statistical tests were performed in Excel (Microsoft) or
Prism (GraphPad). Unless otherwise noted, t-tests were two-tailed and non-
parametric.

Mesh screen cultures
E13.5 intestines were harvested from PdgfraEGFP/+ embryos, cut open
lengthwise and placed on a transwell membrane to expose the luminal
surface. Mesh screens (55 or 75 µm, the Mesh Company, #300 or #230)
were cut to size and placed on top of the intestines to culture for 1 week, with
images acquired daily.

Tissue fixation and immunostaining
Epithelial-mesenchymal separation is described in the supplementary
Materials and Methods. Tissues were fixed for 2 h at room temperature
or overnight at 4°C in 4% paraformaldehyde. Vibratome, paraffin, and
frozen sections were prepared as previously described (Walton and
Kolterud, 2014; Walton et al., 2012). Antibodies used were: Pdgfrα
(Santa Cruz, sc338; 1:200), E-cadherin (BD Biosciences, 610181;
1:1000), αSMA (Sigma, C6198; 1:500), desmin (Abcam, ab8592;
1:500), ezrin (Sigma, E8897; 1:500), α-tubulin (Sigma, T6199;
1:1000). Additional antibodies used were Ki67 (NovaCastra, L111859;
1:750), BrdU (Accurate, OBT0030G; 1:200) and CD44v6 (eBiosciences,
BMS145; 1:1000) followed by tyramide signal amplification with the
Molecular Probes T20932 Kit. BrdU immunostaining to determine
proliferation index is described in the supplementary Materials and
Methods.

Scanning electron microscopy (SEM)
Tissues were prepared for SEM as described in the supplementary Materials
and Methods and the luminal structure was imaged on an AMRAY 1910
field emission scanning electron microscope.

RNA in situ hybridization
RNA in situ hybridization was performed on 8 µm frozen sections as
described previously (Li et al., 2007).

Quantitative RT-PCR
Purified RNA was reverse transcribed and then subjected to qRT-PCR as
described in the supplementary Materials and Methods using the primers
listed in Table S1.

Turing field simulations
In our model, the activator-inhibitor interactions assume a saturating source
of both the activator species (u) and the inhibitor species (v), the latter of
which is altered by pharmacological inhibitors of Bmp signaling such as
dorsomorphin (Gierer and Meinhard, 1972). The saturating source of u is
also inhibited by the presence of v, according to the classic Turing activator-
inhibitor system. We include density-dependent cell proliferation, along
with the diffusive and chemotactic movement of the mesenchymal cells.
Additional details of the Turing model are provided in the supplementary
Materials and Methods.
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