driven by power- and time-efficient regen-
eration. Recently, integrating circuit switch-
ing with packet switching has been examined
with the goal to create hybrid networks within
individual data centers (2, 3), using optics to
provide more efficient services for applica-
tions relying on large flows of data. The key
insight is that by quickly reconfiguring opti-
cal paths, changes in traffic workloads can be
supported. As we envision optical network-
ing interconnecting tightly integrated rack-
on-chip designs, providing both on- and off-
chip connections, we need even faster opti-
cal reconfiguration and cost-effective inte-
gration to support the highly variable traffic
flows between individual processors on the
chip and among the chips. Next-generation
data center designs built with rack-on-chip
designs will need to support both circuit and
packet switching.

Each processor in the rack-on-chip
design must have a transceiver, consisting
of a transmitter and receiver. Each proces-
sor core would be interconnected with the
other cores through an optical circuit switch,
which allows communication paths to be set
up and reconfigured between the cores (simi-
lar to the top-of-rack switch in current data
centers). The high bandwidth between pro-
cessor cores will require using both spatial
and spectral (wavelengths) degrees of free-
dom, with wavelength-division multiplex-
ing. Pairing each processor core with a trans-
ceiver requires miniaturizing transceivers
and integrating them with the rack-on-chip
design. The transceiver should be low-power
and highly efficient, meaning that excessive
heat is not generated, and that only a small
number of photons over relatively short dis-
tances should be necessary to represent a bit
of information, transmitted with low loss, and
detected with an efficient receiver.

Nanophotonic technologies may meet the
requirements for miniaturizing transceivers
and circuit switches, using metamaterials, res-
onant nanostructures, nanoscale lasers, modu-
lators, and receivers and switches. For exam-
ple, it is possible to use advanced lithography
to write and assemble devices and circuits
into subsystems that support the rack-on-chip
design. Recent advances in silicon photonics
using complementary metal-oxide semicon-
ductor—compatible manufacturing processes
(4) mean that chip-scale, highly integrated
optoelectronic solutions can be realized at low
cost while meeting the other needs of scal-
ability, bandwidth, fault tolerance, and energy
efficiency. However, the efficient generation
of light on a silicon chip is still in its infancy,
and may not be able to overcome the funda-
mental issues prohibiting efficient generation

www.sciencemag.org SCIENCE

of light in indirect band-gap semiconductors.
Alternative solutions similar to the delivery
of electrical power from off-chip sources will
bring the optical fields into the rack-on-chip.
Or photons can be generated on the chip—for
example, through heterogeneous integration
of III-V compound semiconductor devices,
such as nanolasers (3, 6).

To achieve highly scalable optical circuit
architectures that can support many proces-
sor cores, each switching element must be
miniaturized, relying on high optical non-
linearities that are very difficult to achieve
in natural materials. One approach could be
to develop nonlinear metamaterials, which
are deeply subwavelength composites, engi-
neered on atomic scale and/or a scale of a
few atomic layers, exhibiting a qualitatively
different response to radiation than that pre-
dicted by the effective medium theories of
classical physics (e.g., crystal symmetry
breaking, exotic semimetal modulation mate-
rials, and composite metal-dielectric nonlin-
ear materials). The high nonlinear coefficient
of new nonlinear metamaterials together with
small-volume localized modes will enable
low energy-per-bit operation.

Once this optical networking technol-
ogy is integrated with electronic proces-

PERSPECTIVES

sors as a rack-on-chip design, the number of
such chips can then be scaled up to meet the
needs of future data centers. This will enable
delivering new kinds of applications, such
as computational climate modeling and bio-
logical applications, big data applications
harnessing huge data sets, and online appli-
cations delivered to hundreds of millions
of users.
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Getting Your Gut into Shape

Benjamin D. Simons'%?

Mechanical forces exerted between tissue layers in the intestine are all that is needed to make

gut villi.

he specification and patterning of

I plant and animal tissues relies upon
the spatial and temporal coordina-

tion of biochemical and physical processes
at the molecular, cellular, and tissue scale
(1, 2). Yet, despite access to genetic manip-
ulation techniques and in vivo live-imaging
platforms, progress in understanding how
these processes interact in development has
proved challenging. Reliant on the interplay
of gene regulatory and mechanical cues, the
emergence of spatial organization in the gut
epithelium provides a paradigm for morpho-

Cavendish Laboratory, Department of Physics, ]. J. Thom-
son Avenue, University of Cambridge, Cambridge CB3 OHE,
UK. ?The Wellcome Trust/Cancer Research UK Gurdon Insti-
tute, University of Cambridge, Tennis Court Road, Cam-
bridge CB2 1QN, UK. *Wellcome Trust-Medical Research
Council Stem Cell Institute, University of Cambridge, UK.
E-mail: bds10@cam.ac.uk

VOL 342
Published by AAAS

11 OCTOBER 2013

genic processes in vertebrates. On page 212
of this issue, Shyer et al. (3) combine in vitro
analyses of tissue explants with the develop-
ment of a biophysical modeling scheme to
show that the seemingly complex process of
intestinal villi specification can be explained
simply through the action of mechanical con-
straints.

In vertebrates, the digestive tract arises
from a primitive gut tube (4). As the gut
matures, the foregut, midgut, and hindgut
become morphologically distinct, before dif-
ferentiating into specialized primary organs:
The foregut (pharynx, esophagus, and stom-
ach) is responsible for ingestion and the ini-
tiation of digestion, whereas the midgut
(small intestine) provides the major site of
digestion and nutrient absorption, and the
hindgut (large intestine) resorbs water and
expels waste. To fulfill these functions, the
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gut organ epithelia acquire distinct lumi-
nal morphologies (5). In particular, to max-
imize the absorptive area of the epithelium,
the mucosa of the small intestine is remod-
eled into an intricate array of finger or leaf-
like protrusions, known as villi, which extend
into the lumen. At the base of the villi, smaller
glands, known as crypts of Lieberkiihn, form
invaginations that open onto the luminal sur-
face and provide a niche environment for the
stem cells that support the rapid turnover of
the epithelium (6).

For many organisms, the morphology of
the small intestine is not specified directly
through a genetically determined develop-
mental program but instead emerges in a
sequence of morphological alterations (3, 7).
This stepwise progression is exemplified by
the chick: Early in development, the small
intestine comprises a smooth cylinder of mes-
enchyme, supported by an external layer of
mesothelium and an internal layer of epithe-
lium (see the figure, panel A). As the epithe-
lium expands by cell division and the mesen-
chyme differentiates to form a layer of circu-
larly oriented smooth muscle, a regular array
of “previllous” ridgelike structures develops
along the length of the gut. Later, two further
layers of longitudinal smooth muscle appear
sequentially on either side of the circular mus-
cle, the first accompanied by a transition of the
ridges into a herringbone pattern of zigzags
(see the figure, panel B) and the second lead-
ing to the emergence of villi. Finally, late in
development, crypts form following the spec-
ification of progenitors at the base of the villi,
which form invaginations into the submucosa.

Previous studies have conjectured that
mechanical factors might drive morphogen-
esis in the intestine (5, 7, §). However, the
question of whether patterning emerges “pas-
sively” from the resolution of mechanical
stresses imposed by the expansion of the epi-
thelium against the muscle layer, or whether it
results from the active contraction of individ-
ual cells, remained open. By designing a com-
bination of in vitro assays, Shyer et al. show

Mucous membrane
Smooth muscle

that the emergence of previllous structures in
the chick embryo relies on mechanical con-
straints imposed by muscle differentiation.
As well as demonstrating that the separation
of the muscle layer from the internal mesen-
chyme and epithelium inhibits the formation
of ridgelike structures in vitro, they show that
patterning can be restored simply by con-
straining the circumferential expansion of the
muscle-free gut using a porous silk tube. Sim-
ilarly, they have shown that the subsequent
“buckling” of the ridges can be abolished by
chemically inhibiting the first round of longi-
tudinal muscle differentiation, whereas inhi-
bition of the second round prevents transfor-
mation of the zigzag pattern into villi.

To further elucidate the dynamic process
of remodeling, Shyer et al. develop a minimal
biophysical modeling scheme, based only on
the minimization of the strain energy of the
layered structure, treating the growing tissue
as a geometrically constrained elastic mate-
rial. Within this scheme, they provide a quan-
titative basis for the origin and scale of the
sequence of alterations and, through adjust-
ments in the constitutive parameters, account
for the diverse range of villi structures seen
in different organisms, from Xenopus and
zebrafish to snakes and mice.

Numerous studies have emphasized
the importance of differential growth and
mechanical stress in shaping the morphology
of multicellular organisms and tissues (9—17).
Patterning in airways (/2), arteries (/3), skin
(14), and brain (/5) have all been associated
with buckling-like instabilities created by
mechanical forces acting on a growing tissue
(see the figure, panels C and D). The present
study provides a firm experimental basis for
mechanics not just contributing to, but driv-
ing, patterning in the intestinal epithelium.

In the light of this work, it is natural to
question whether the final stage of intesti-
nal patterning, the invagination of crypts, can
also be accounted for by mechanical forces.
However, the remarkable ability of individual
intestinal stem cells to reconstitute organized

Gyrus —
Sulcus—

Tissue “origami” builds gut villi. Expansion of
the growing epithelium in the small intestine of
vertebrates against layers of muscle in the mes-
enchyme (A) leads to buckling and the progres-
sive emergence of patterned fingerlike structures
known as villi (B) [after (7)]. A similar buckling
mechanism is thought to account for the appear-
ance of textures in a variety of layered tissues from
(C) the folds in the mucosal lining of the bronchi-
oles in lung to (D) the convoluted structures of the
cerebral cortex in large mammals.

cryptlike structures in vitro, in the absence of
an underlying mesenchyme (/6), points to a
different mechanism where transcriptional
regulation and cell-cell interactions conspire
with mechanical cues to engineer a stereo-
typic cellular organization.

In the postgenomic era, it has become
anathema to speak about “mechanism” with-
out reference to interactions of genes and
gene products. The current study is instruc-
tive in that, without addressing information
on subcellular processes, it fulfills the objec-
tive of mechanistic understanding, providing
an explanation of the emergence of pattern-
ing and offering predictive new insights.
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Villification: How the Gut Gets Its Villi

Amy E. Shyer,** Tuomas Tallinen,>3* Nandan L. Nerurkar, Zhiyan Wei,? Eun Seok Gil,*
David L. Kaplan,* Clifford ]. Tabin,*t L. Mahadevan®>*7%¢

The villi of the human and chick gut are formed in similar stepwise progressions, wherein the mesenchyme and
attached epithelium first fold into longitudinal ridges, then a zigzag pattern, and lastly individual villi. We
find that these steps of villification depend on the sequential differentiation of the distinct smooth muscle
layers of the gut, which restrict the expansion of the growing endoderm and mesenchyme, generating
compressive stresses that lead to their buckling and folding. A quantitative computational model, incorporating
measured properties of the developing gut, recapitulates the morphological patterns seen during villification

in a variety of species. These results provide a mechanistic understanding of the formation of these
elaborations of the lining of the gut, essential for providing sufficient surface area for nutrient absorption.

as a cylinder with an outer mesenchymal layer

and an inner, luminal endoderm. As devel-
opment proceeds, distinct radial layers of smooth
muscle differentiate. In parallel, the luminal sur-
face of the gut transforms from a smooth surface
to a convoluted morphology. In humans, as well
as in mice and birds, this leads to an organized
array of fingerlike projections termed intestinal villi
(1, 2) although a variety of morphologies such as

In amniotes, the primitive midgut is established

ridges, zigzags, and honeycombs occur in other
species (3—3). Early work suggested a mechanical
basis for villus formation (6); however, systematic
biological or physical studies of this hypothesis
are lacking.

Morphogenesis and Differentiation of

the Chick Midgut

Until embryonic day 7 (E7), the gut tube, with its
inner endodermally derived epithelium and outer

mesenchymal layer, maintains a smooth luminal
surface (Fig. 1A). At ES8, as the first layer of
circumferentially oriented smooth muscle begins
to form, inward buckling of the tube leads to
longitudinal ridges that increase in number until
E13, when the differentiation of this layer is com-
plete (Fig. 1B). At this point, a second longitudi-
nally oriented layer of muscle differentiates just
exterior to the circular layer, while the previ-
ously formed ridges fold into parallel zigzags over
3 days (Fig. 1C). Last, at E16, as a third longitu-
dinally oriented muscle layer differentiates just in-
terior to the circular layer, bulges arise from the
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Fig. 1. Formation of luminal patterns in chick corresponds with dif-
ferentiation of smooth muscle layers. (Left photos) Transverse sections of
developing chick guts immunostained for nuclei [4°,6-diamidino-2-phenylindole
(DAPI), blue] and smooth muscle actin (aSMA, green) during development.
(Middle) Close-ups of left photos, showing muscle layers. (Right) Whole-mount
images of corresponding gut lumen pattern; longitudinal axis runs top to bottom.
Scale bars indicate 100 um; time is in days past fertilization (e.g., E6). (A) Lumen is
smooth before muscle layers form. A, anterior; P, posterior. (B) Longitudinal ridges
form as circularly oriented smooth muscle layer differentiates (arrowhead), and
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ridge number increases as this layer develops. (C) Longitudinal muscle develops
exterior to the circular layer (arrowhead) coincident with the formation of zigzags whose periodicity is maintained but with increasing amplitude and compactness over
time. (D) A second longitudinal muscle layer forms, interior to the circular layer (arrowhead), coincident with the formation of villi. (E) Schematic illustrating the process
of muscle differentiation and luminal patterning over time.
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zigzag pattern that presage the formation of villi
(Fig. 1D). The coincident emergence of luminal
ridges, zigzags, and villi with the sequential forma-
tion of smooth muscle layers suggests that smooth
muscle differentiation and epithelial morphogenesis
might be linked.

Ridges Form Because of Muscle-

Constrained Azimuthal Growth of the
Endoderm-Mesenchyme Composite

The notion that differential growth of layered
tissues can lead to epithelial buckling is classical
(7, 8) and has been evoked, for example, to ex-
plain longitudinal ridge formation in healthy and
diseased adult trachea and esophagus (4, 9). To
investigate the tissue interactions that lead to
the ridge patterns in the embryonic gut, we sur-
gically separated the layers and observed the ef-
fects on their respective morphologies. When the
muscle was separated from the combined mesen-
chymal and epithelial layers at different stages
from E8, when the circular muscle layer first
forms, to E12 just before the first longitudinal
muscle layer forms, we found that the mesen-
chyme and attached epithelium unfold (Fig. 2A).
This indicates that relative growth of these layers
leads to reversible elastic compression when con-
strained within the muscle layer; indeed the ratio
of the inner circumference of the once-attached
muscle layer to the outer circumference of the
separated mesenchyme and endoderm, the cir-
cumferential stretch ratio, consistently averages
to 0.55 across the developmental stages from E8
to E12 (Fig. 2B). However, the separation of the
endoderm from the composite of mesenchyme
and muscle does not abolish ridge pattern in the
mesenchyme (Fig. 2C).

Taken together, these results support a model
that the circular muscle layer, once differentiated,
forms a stiff constraint mechanically preventing
the free azimuthal expansion of the mesenchyme
and endoderm; further growth of these tissues
relative to the muscle layer leads to azimuthal
compression and buckling. This suggests that
absent muscle differentiation, the gut tube would
expand freely radially without ridge formation.
To test this, we developed an in vitro culture sys-
tem for gut growth. When segments of E6 guts
with smooth lumens and no muscle layers were
cultured for 48 hours in vitro, they differentiated
to form a ring of circumferential smooth muscle
and parallel luminal folds, indistinguishable from
in ovo E8 guts (Fig. 2D). When E6 guts were
cultured in the presence of 10 uM AG1295 or
FK506, drugs known to block the differentiation
of smooth muscle but that act through distinct
signaling pathways (0, 11), they did not form a
smooth muscle layer and concomitantly did not
form luminal folds (Fig. 2D). Importantly, these
compounds did not influence proliferation or
lead to an increase in cell death when compared
with guts grown with the vehicle (dimethyl sulf-
oxide, DMSO) alone (fig. S1); indeed there was a
significant increase in the outer circumference of
guts lacking circular smooth muscle when com-
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pared with control gut samples, confirming that
blocking smooth muscle differentiation eliminates
circumferential restriction of the outward expan-
sion of the gut tube. As a control, gut segments
grown in vehicle alone developed a layer of cir-
cular smooth muscle and formed luminal folds.
Quantifying the constraint provided by the mus-
cle, we find that the ratio of inner circumference
of the muscle layer in the control samples to the
outer circumference of the gut segments cultured

RESEARCH ARTICLE I

with either compound to be 0.53 on average (Fig.
2D), a ratio that agrees closely with the stretch ratio
obtained from surgical separation of the layers, in-
dicating that tissue differentiation into smooth mus-
cle provides most of the circumferential constraint.

Because smooth muscle begins active peri-
stalsis once it forms, the contractility of muscle
could drive epithelial buckling in addition to, or
instead of, functioning as a passive barrier to ex-
pansion. To test this, we cultured E6 gut segments
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Fig. 2. Differentiation of circularly oriented smooth
muscle is necessary for maintenance and develop-
ment of ridges. (A) Transverse slices from E8, E10, and
E12 whole guts (left) are surgically separated along the

junction of the mesenchyme and the circular smooth
muscle (dotted line). When separated from the muscle, the luminal ridges in the mesenchyme and attached
endoderm unfold (middle) and expand, whereas the detached muscle remains invariant (right). The outer
circumference of the unfolded mesenchyme and endoderm (blue arrowhead) is larger than the inner
circumference of the separated muscle layer (green arrowhead). (B) Inner circumference of muscle layer
(green line) compared with outer circumference of mesenchyme and endoderm (blue line) over time, along
with the compression ratio (bar graph). (C) Surgical separation of endoderm from mesenchyme and muscle
at E10 does not abolish ridge pattern. (D) (Top left) Experiment schematic of E6 gut cultured for 48 hours.
(Bottom) Transverse sections of a fresh E8 gut or E6 guts cultured in DMSO alone or with either 10 um
AG1295 or 10 um FK506 for 48 hours and labeled with DAPI (blue) and SMA (green). (Top right)
Quantification of compression from E8 muscle shows the ratio of the inner circumference of the circular
muscle at E8 (green arrowhead) to the resulting mesenchyme outer circumference (blue arrowhead). (E)

Transverse sections of guts labeled as in (D); culturing

Eé6 guts in the presence of either SNP or motilin does

not affect ridge formation. (F) Transverse sections of guts labeled as in (D), cultured in silk tubes of 380-um
inner diameter (top) or 300-um inner diameter (middle) or cultured in 300 um and extracted before
fixation (bottom). n > 3 for all culture experiments; error bars represent one SD. Scale bars = 100 pum.
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with either sodium nitroprusside (SNP), a com-
pound shown to inhibit smooth muscle contraction
during peristalsis, or motilin, known to enhance
peristaltic smooth muscle contraction (12, 13). After
48 hours in culture, neither compound affected
the formation of luminal ridges, suggesting that
the spontaneous contractility of smooth muscle is
not required for epithelial buckling (Fig. 2E).

Last, to assess whether the role of the circular
smooth muscle layer as a stiff barrier is sufficient
to drive luminal folds, we sought to mimic its role
in samples where smooth muscle development
was blocked. To do so, we constrained radial gut
growth by using porous silk tubes, synthesized by
spinning silk fibroin around a reciprocating ro-
tating mandrel with the inner diameter of the
circular smooth muscle (/4). E6 gut segments cul-
tured inside of silk tubes in the presence of either
AG1295 or FK506 for 48 hours did not form a
muscle layer and, when given sufficient room to
expand in silk tubes of 380-um inner diameter, still
did not form luminal ridges (Fig. 2F). However,
when the segments were grown in AG1295 and
FK506 and restricted by a silk tube of inner diam-
eter of 300 um, they formed ridges similar to those
seen in control guts in spite of the lack of smooth
muscle (Fig. 2F). This demonstrates that the me-
chanical barrier function of the circumferential
smooth muscle is sufficient for luminal ridge for-
mation. Moreover, upon removal from the con-
fining silk tube, these ridges were quickly lost, just
as they vanished from gut tubes upon surgical re-
moval of the circumferential muscle layer (Fig. 2F),
corroborating our previous finding that continued
mechanical constraint is required for the main-
tenance of luminal ridges.

Zigzag Intermediates Form in Response to
Additional Muscle-Constrained Longitudinal
Growth in Endoderm-Mesenchyme Composite
As described earlier, at E13 a second longitudinally
oriented muscle layer forms; simultaneously the
ridges buckle into zigzags. Previous work has
shown that a thin layer atop an elastic substrate
may take on a zigzag topography when it is com-
pressed biaxially (/5—17), suggesting that the
longitudinal muscles in conjunction with the pre-
viously established circumferential muscle com-
press the gut biaxially. To investigate whether
the longitudinal muscle layer generates longi-
tudinal compression, we surgically separated the
muscle layers from the endoderm-mesenchyme
composite at different developmental stages. At
E12, before longitudinal muscle or zigzags have
formed, the separated mesenchyme and attached
endoderm have about the same axial length as
the muscle to which they were attached (Fig. 3A).
However, after longitudinal muscle layer dif-
ferentiation, at E13, E14, and E15, the ratios of
the length of separated muscle to the mesen-
chyme and endoderm were about 0.75, 0.69,
and 0.55, respectively (Fig. 3A), showing that
the endoderm-mesenchyme is increasingly com-
pressed longitudinally as this muscle layer forms.
Conversely, separation of the endoderm from the

mesenchyme and muscle at E14 did not abolish
the zigzag pattern, suggesting that this interaction
is not required for maintenance of the zigzags
(Fig. 3B).

To directly test whether the development of
the outer longitudinal layer is required for the
formation of zigzags, we resorted again to our
in vitro culture system. When E12 gut segments,
with a single, circumferential smooth muscle layer
and parallel ridges, were cultured for 48 hours,
they differentiated a longitudinal smooth muscle
layer and underwent morphogenesis to form zig-
zags, similar to those seen in guts harvested at
E14 (Fig. 3C). In the presence of either AG1295

or FK506, the longitudinal muscle layer failed to
differentiate, and concomitantly the zigzag pat-
tern did not form, suggesting that the longitudinal
layer is required to induce zigzags. These com-
pounds only block further smooth muscle for-
mation and leave established layers intact, so the
ridge patterns remain (Fig. 3C). Additionally, when
differentiation of this longitudinal muscle was
blocked, the length of the gut increased signifi-
cantly compared with control gut segments; the
ratio of the length of control gut segments to those
cultured in the presence of either compound was
on average 0.66; that is, this longitudinal muscle
layer compressed the mesenchyme and attached
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layer forms. (B) Separa-
tion of endoderm from
mesenchyme and mus-
cle at E14 does not abol-
ish zigzag pattern. (C) (Top
left) Experiment sche-
matic of E12 gut cultured
for 48 hours. (Bottom)

E12 guts cultured in DMSO

alone or with either 10 um AG1295 or 10 um FK506 for 48 hours. Middle photos show luminal views, and
bottom photos show longitudinal sections labeled with DAPI (blue) and SMA (green). Arrowheads denote
absence of muscle layer. (Top right) Quantification of compression from E14 longitudinal muscle
characterized by the ratio of the length of the control cultured segments to those lacking muscle. (D) (Top
left) Experiment schematic of E15 gut cultured for 48 hours. (Bottom) Fresh E17 gut or E15 guts cultured
in DMSO alone or with either 10 um AG1295 or 10 um FK506 for 48 hours. Middle photos show luminal
views and bottom photos show longitudinal sections, labeled as in (C). Arrowheads denote absence of
muscle layer. (Top right) Quantification of compression from E16 longitudinal muscle, as in (C). n > 3 for
all culture experiments; error bars represent one SD. Scale bars = 20 um.
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epithelium by a factor of about 1.5 (Fig. 3C). This
is consistent with the value obtained by manual
dissection of the layers. Just as for ridge forma-
tion, transformation of ridges to zigzags is inde-
pendent of smooth muscle contractility (fig. S2).

Villification Requires a Third Regime of
Smooth Muscle Differentiation

To investigate the dependence of the final pat-
terning of villi on the differentiation of the inner,
longitudinal smooth muscle layer, we cultured
E15 guts, with both a circumferential layer and
outer longitudinal layer, for 48 hours in the pres-
ence of the muscle-blocking compounds or with
the vehicle (DMSO) alone. Although gut seg-
ments cultured with DMSO developed a third
inner longitudinal muscle layer and formed villi,
those cultured with either AG1295 or FK506 failed
to form this muscle layer and did not initiate villi
(Fig. 3D). When differentiation of this longitudi-
nal muscle was blocked, the length of the tube
increased significantly compared with those of
control gut segments (Fig. 3D). The ratio of the
length of control gut segments to that of those
lacking the outer longitudinal muscle was on av-
erage 0.68; that is, this muscle layer compressed
the mesenchyme and endoderm again by a factor
of about 1.5 (Fig. 3D).

All together, our surgical manipulations and
drug studies support the hypothesis that differ-
entiating smooth muscle acts as a barrier to the
expansion of the attached mesenchyme and endo-
derm, compressing these layers first circumferen-
tially to form ridges, then longitudinally to form
zigzags, and last longitudinally again to form villi.
We emphasize that, because the patterns relax when
the muscular constraints are released surgically, it
follows that the morphology of the lumen is a
simple consequence of elastic energy minimiza-
tion during the constrained growth of a soft, lay-
ered elastic tissue.

Mathematical Models Quantify the Role of
Tissue Growth Constrained by Muscle Layers
to Drive Ridge and Zigzag Formation

To further quantify these luminal patterns, we
constructed a mathematical and computational
model of the process based on measured geo-
metrical and biophysical parameters. Our models
are similar in spirit to recent theoretical approaches
to gut luminal patterning based on the hypothesis
of differential growth (/8, 79) but go beyond them
by correctly accounting for the constraints pro-
vided by the combination of muscular differenti-
ation and differential growth that we see evidence
for, the cylindrical geometry of the gut, and the

RESEARCH ARTICLE I

experimentally measured geometrical and physi-
cal properties of the system.

We start by considering a composite of natu-
rally flat elastic mesenchyme and endoderm sheets
that are attached together and bent and squeezed
to fit into a rigid tubular configuration of inner
diameter D that mimics the circular muscle layer
(Fig. 4A). We assume that the tissues may be well
described by using a simple neo-Hookean consti-
tutive model, with a volumetric strain energy density
W= Yau[Tr(FF")J % — 3] + K(J — logJ — 1),
where @ and K are the shear and bulk moduli,
respectively; F is the elastic deformation gradient;
and J = det(F). Over the multiday time scale of
villification, the tissues are assumed compress-
ible with K = 3. At each stage, we minimize the
elastic energy of the system by using a custom
finite element model (supplementary materials).
We characterize growth by using the experimen-
tally measured growth parameters, including the
outer circumference, Sy = 1D, of the compressed
endoderm-mesenchyme composite, as well as
the circumference and thickness of the endo-
derm and mesenchyme (Fig. 4B and fig. S7).
The simulated domain has length L = 1.25D in
the longitudinal direction with periodic bound-
ary conditions at the ends, allowing uniform rel-
ative longitudinal growth of the layers to develop

Fig. 4. A numerical simulation predicts
the formation of ridges and zigzags in
chick gut lumen. (A) The model is illustrated
by showing the mesenchyme (blue) and the
endoderm (red) enclosed in a muscle (green),
without muscle, and separated in their stress-
free states. (B) (Top left) Gircumference of the
inner boundary of the muscle and endoderm.
(Top right) Spacing of longitudinal folds mea-
sured along the endoderm and scaled by its
thickness. The thin dashed line is the stress-
free thickness of the endoderm-mesenchyme
composite. (Bottom left) Ratio of muscle to
separated endoderm-mesenchyme composite
in circumferential and longitudinal directions.
(Bottom right) Shear modulus of mesenchyme
and endoderm, and their ratio. In all graphs,
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solid lines correspond to experimental obser-
vations and dashed lines to the computational
model. Error bars, 1 SD. (C) A simulation shows
ridge-folds forming due to circumferential
compression, followed by buckling into a zig-
zag pattern due to longitudinal compres-
sion. Sections of corresponding chick guts
labeled with DAPI (blue) and SMA (green)
are shown below.
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axial compression that mimics the role of the
longitudinal muscles at E13 and E14 when zig-
zags arise. With the geometrical parameters (full
details in the supplementary materials) and the
measured elastic moduli of the tissues (Fig. 4B
and figs. S3 to S6) that show that the endoderm is
about 10 times stiffer than the mesenchyme, our
simulations allow us to follow the evolution of
luminal patterning shown in Fig. 4C and movie
S1. We see that both ridge and zigzag patterns
arise as mechanical instabilities in the constrained
growing tissue that sequentially break circumfer-
ential and then longitudinal symmetry in the gut
with a wavelength and amplitude comparable to
the thickness of the endoderm-mesenchyme com-
posite (Fig. 4B).

Villification Also Requires Localized

Changes in Endodermal and Mesenchymal
Proliferation in Addition to Smooth

Muscle Differentiation

Although additional compression from the inner
longitudinal layer is necessary for the formation
of villi from zigzags, as shown in Fig. 3, lon-
gitudinal compression alone is not sufficient to
effect this transformation (fig. S9A).

Previous work in mouse has shown that, al-
though proliferating cells can be found uniformly
across the mesenchyme and endoderm before villi
arise, as villi form, proliferating cells are found
only in the intervillous region (2). Similarly, in
chick guts, proliferating cells appear uniformly
within each tissue layer through the formation
of zigzags (Fig. 5 and fig. S8), but at E15, after
zigzags form and just before villi arise, proliferat-
ing cells are found predominantly in the valleys
between the raised zigzags (Fig. 5A). However,
once villi begin to form at E16, proliferation is no
longer restricted from the tips (Fig. 5A). Addition-
ally we find that in vitro 5-ethynyl-2'-deoxyuridine
(EdU) pulse labeling of E15 gut samples results
in labeled cells at the sides and tips of forming
villi, suggesting that these changes in proliferation
patterns may reflect a displacement of the dividing
cells upward from the valleys as the luminal to-
pography shifts from zigzags to villi. Specifically,
each “arm” of the zigzag twists out of the plane
and into the lumen, pinching off a region of the
zigzag arm near each “elbow,” delineating pockets
of mesenchyme surrounded by endoderm, each of
which becomes a villus (Fig. 5B).

To understand how the topographical changes
during zigzag twisting might relocate regions of
proliferation as villi form, we created a clay model
of zigzags. Labeling the proliferating regions of
our model zigzags and manually twisting them
mimics the twist observed in the E16 gut (Fig. 5C).
Furthermore, the resulting clay label localization
closely matches EdU staining for proliferation in
the sectioned E16 gut tissue (Fig. 5C), suggest-
ing that these tissue movements account for the
observed proliferation patterns as villi form.

To probe the effect of nonuniform growth in
our computational model, we set up a minimal
planar configuration of mesenchyme and endo-

derm (supplementary materials, fig. S9, and movie
S2). Initially, the endoderm and mesenchyme are
assumed to have nominal compression ratios of
0.5 and 0.6, respectively, in both lateral direc-
tions, as measured experimentally (Fig. 3A).
This results in a tightly packed zigzag pattern
(fig. S9A), with a spacing of twice the thickness
of the endoderm-mesenchyme composite in both
directions, in agreement with experiments. By
using our experimental observations of nonuni-
form proliferation as guides, we incorporate non-
uniform growth to this pattern by allowing the
growth of spots of the endoderm in the zigzag

valleys, centered at the deepest points of the
valleys, with lateral diameter six times the endo-
derm thickness. These spots are grown laterally
until their diameter doubles during the simula-
tion relative to areas of the endoderm outside the
spots. This pattern of growth causes the zigzags
to shift and twist so as to relocate the rapidly
growing regions to the arms, similar to our clay
model. As the spots relieve their growth strain at
the arms, they form previllous bulges (Fig. 5E).
Sliced plane views of this twisted pattern reveal
their similarity to the corresponding experimental
patterns (Fig. 5F); bulging peaks are rotated,
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Fig. 5. The formation of villi from zigzags in-
volves nonuniform proliferation and a complex
change in topography. (A) Transverse sections of
guts labeled for 4 hours with EdU in ovo (red) guts
show patterns of proliferation over time. (B) Luminal
views of guts from E15 to E16 as villi form. The
“arm” of the zigzag rotates at the “elbow”; the circles

denote the resulting pockets of mesenchyme surrounded by endoderm that will each become a villus. (C)
Clay models; purple label represents proliferating regions. Clay model is twisted to mimic change in
topography seen in (B). (D) (Top) Labeled, twisted model of E16 gut is sliced with a razor blade to reveal
label localization. (Bottom) EdU label in longitudinal sections of E16 guts; arrowheads highlight sim-
ilarity of pattern. (E) (Top) A simulation that incorporates nonuniform proliferation along with measured
geometrical and biophysical parameters shows villi morphogenesis. (Bottom) Corresponding images of the
chick lumen (red color and stained puncta are due to antibody stain and should be disregarded). (F) (Top)
Sections of the simulations in (D). (Bottom) Corresponding sections in chick.
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whereas the regular zigzag valleys persist deeper
in the pattern.

Thus, although the final patterning step where
definitive villi arise involves more complex mor-
phogenesis and nonuniform proliferation, it fol-
lows from the same general physical principle:
Differential growth in a constrained environment
leads to buckling and folding patterns as circum-
ferential, longitudinal, and eventually radial sym-
metry are broken sequentially.

A Phylogenetically Conserved Mechanism
Directs Luminal Gut Morphogenesis
Although the patterns seen on the luminal sur-
face of the gut vary substantially across species
(fig. S10), the underlying physical principles we
have uncovered for the chick lumen morphology
suggest that similar mechanisms operate broadly.

In the adult Xenopus, the luminal surface of
the intestine is folded into a zigzag pattern (4).
Development of this pattern involves progressing
through the same patterning steps as in chick,
with a smooth lumen forming ridges that then
develop into zigzags via identical mechanisms
(Fig. 6A). However, Xenopus, unlike chick, does
not develop the second inner longitudinal mus-
cle layer (Fig. 6A); the absence of this muscular
layer, and thence the absence of additional com-
pression, explains why individual villi do not de-
velop in Xenopus. Our computational models can
account for the differences in zigzags between
Xenopus and chick, as well as more exotic pat-
terns seen in snakes (supplementary materials and
fig. S10).

In the mouse, the gut does not progress through
ridges and zigzags; instead, villi emerge directly
from a smooth lumen (20). Although these villi
arise only once smooth muscle layers form, the
layers differentiate much more rapidly in mouse
than in chick (Fig. 6E). This suggests that the
relatively quick pace at which muscle layers form
in the mouse does not leave time for proliferation
and expansion of the inner mesenchyme and en-
doderm between the differentiation of sequential
muscle layers and thus prevents the development
of visible intermediate patterns such as ridges and
zigzags. Specifically, all muscle layers develop
within a 48-hour period, a short time compared
with the 8 days required for muscle to fully de-
velop in chick (20). To experimentally determine
whether villus formation in mouse also requires
differentiation of smooth muscle, we tested the
effect of the smooth muscle inhibitors used in
our chick studies on the formation of villi in
mouse guts grown in culture. Just as in chick, the
mouse guts grown in the presence of AG1295
or FK506 did not form smooth muscle and con-
comitantly did not develop villi (Fig. 6B), suggest-
ing that compression from the smooth muscle
layer is necessary for, and drives the formation
of, villi in mouse.

Our studies are in sharp contrast to a recent
view of mouse gut patterning that postulates a
potential inductive role of the endodermally de-
rived signal Sonic hedgehog (Shh) in triggering
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a morphogenetic cascade directing villus out-
growth (21). The key results that led in this di-
rection were the failure of villus formation when
Shh activity was pharmacologically blocked with
the Shh antagonist cyclopamine and the increased
size of the villi when guts were provided with ex-
cess Shh signal. However, because these reagents
were applied before villus formation, they were
de facto also treated before smooth muscle differ-
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entiation. Because Shh activity is both necessary
and sufficient to direct smooth muscle formation
in the developing intestine (22, 23), an alternative
explanation would be that cyclopamine, by pre-
venting smooth muscle specification, eliminates
the constraint necessary for villi to form, consist-
ent with our current studies.

To quantitatively test our theory of villifica-
tion in the mouse gut, we performed mechanical

A Xenopus
St 63

St 54 St 66

Mouse

E14.5

Cultured

for

72 hours

Villi
FK506

AG1295

. =)

»

Crourmferonce (mm)
-
Spacing of folds LA

T E125 E135 EwS ENSS

;
"E125 E13

=

8

Shoar modulus i (Pa
“w e
=

=]

5 EM5 E155 E145

(9
ORRUPooe:

0

Fig. 6. The physical mechanism of villification can be extended to other species. (A) Luminal

pattern formation in Xenopus. Sections labeled with DAPI (blue) and SMA (green). The circumferential and
outer longitudinal layers form (asterisks), but the inner longitudinal layer does not form (arrowhead). (B)

Transverse sections of E11.5 mouse guts [labeled as in (A)] cultured in vehicle alone (DMSO) or with either
10 um AG1295 or 10 um FK506 for 72 hours; experiment schematized above. (C) (Left) Circumference of

the inner boundary of the muscle and endoderm. (Middle) Spacing of folds measured along the endoderm
and scaled by its thickness. Dotted line is the stress-free thickness of the endoderm-mesenchyme composite.
(Right) Shear moduli of mesenchyme and endoderm and their ratio. In all graphs, solid lines correspond to
experimental observations and dashed lines to simulations. (D) Cross-sectional (top) and luminal (bottom)

images from a simulation based on measurements from the developing mouse gut. Color shows distance of

the luminal surface to the center line, relative to the diameter of the tube. (E) Transverse sections [labeled as
in (A)] and whole-mount images of the lumen for corresponding stages during mouse villi formation. n > 3
for culture experiments; error bars represent one SD. Scale bars = 100 pum.
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and morphometric measurements of the tissues
in the developing mouse gut (Fig. 6C). Using
these measurements as inputs in our model suf-
fices to quantitatively predict the formation of
villi (supplementary materials, Fig. 6D, and movie
S3). Compared with the chick, where the endo-
derm is more than 10 times stiffer than the ad-
jacent mesenchyme, the mouse endoderm is only
about 1.5 times as stiff as the mesenchyme (fig.
S3). Our simulations show that the soft endoderm
in mouse is essential for the initial folding that oc-
curs in endoderm alone and for the direct formation
of an array of previllous bumps, rather than zig-
zags, which are qualitatively similar to sulcus for-
mation on biaxially compressed gel surfaces that
lack a stiff top layer (24). The spacing of bumps
and, consequently, the spacing of villi are compa-
rable to the thickness of the whole endoderm-
mesenchyme composite (Fig. 6C), similar to chick.

The process of villification occurs before the
differentiation of the gut endoderm into various
epithelial cell types (25—27) and well before the
postnatal process of crypt formation. In vitro cul-
ture of intestinal stem cells results in the forma-
tion of intestinal organoids that reproduce crypt
structure (28). These organoids consist of an
inner epithelium with villuslike cell types and
outwardly projecting cryptlike structures. How-
ever, no morphological structures are present in
these in vitro cultures resembling the physical
villi. These results suggest that crypt formation
likely does not require the same muscle-driven
compression that is necessary for villi to form.

Additionally, further study is needed to un-
derstand whether structural differences in the
lumen of different regions of the gut are attrib-
utable to distinctions in the parameters we have
measured. For example, the short, wide villi that
coat large longitudinal folds of the chick colon
may be attributable to the thicker muscle layers
of the colon. Consistent with the muscle playing

such a role, studies have shown that transposi-
tion of a ring containing all radial layers of the
colon into regions of the small intestine preserve
villi morphology (29).

Our previous work provided a mechanical
basis for the diversity of macroscopic looping
patterns of the gut based on geometry, differen-
tial growth, and tissue mechanics (30), and our
present results demonstrate that the same phys-
ical principles drive morphological variation on
the luminal surface of the gut. Further, we see
that relatively minor changes in the geometry,
growth, and physical properties of the develop-
ing tissue in the guts of various species can
substantially alter both the process and the form
of villus patterning. A deep understanding of how
patterns vary requires us to combine our knowl-
edge of biophysical mechanisms with the genetic
control of cell proliferation and growth; indeed
this variation can occur in an organism as a func-
tion of its diet, across species, and over evolu-
tionary time scales via natural selection.
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Evidence for Water in the Rocky Debris
of a Disrupted Extrasolar Minor Planet

]. Farihi,** B. T. Gansicke,? D. Koester®

The existence of water in extrasolar planetary systems is of great interest because it constrains the
potential for habitable planets and life. We have identified a circumstellar disk that resulted
from the destruction of a water-rich and rocky extrasolar minor planet. The parent body formed
and evolved around a star somewhat more massive than the Sun, and the debris now closely orbits
the white dwarf remnant of the star. The stellar atmosphere is polluted with metals accreted
from the disk, including oxygen in excess of that expected for oxide minerals, indicating that the
parent body was originally composed of 26% water by mass. This finding demonstrates that
water-bearing planetesimals exist around A- and F-type stars that end their lives as white dwarfs.

he enormous recent progress in the dis-
I covery of exoplanetary systems provides a

growing understanding of their frequency

and nature, but our knowledge is still limited in
many respects. There is now observational evi-
dence of rocky exoplanets (/, 2), and the mass

and radius (and hence density) of these planets
can be calculated from transit depth and radial
velocity amplitude; however, estimates of their
bulk composition remain degenerate and model-
dependent. Transit spectroscopy offers some in-
formation on giant exoplanet atmospheres (3), and
planetesimal debris disks often reveal the signa-
ture of emitting dust and gas species (4), yet both
techniques only scratch the surface of planets, as-
teroids, and comets. Interestingly, white dwarfs—
the Earth-sized embers of stars like the Sun—offer
a unique window onto terrestrial exoplanetary sys-
tems: These stellar remnants can distill entire
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Materials and Methods

Embryos and Dissections

Fertile chicken eggs (White Leghorn eggs) were obtained from commercial sources. All eggs were
incubated at 37.5°C and staged according to the Hamburger and Hamilton protocols. Timed
pregnant CD1 mice were obtained from Charles River. Xenopus embryos were derived by in vitro
fertilizations and allowed to develop to the desired stages. The layers of the gut tube were
separated using human hair, fine forceps, and tungsten wire to cut the connections between the
layers.

Immunohistochemistry and Edu Staining

Small intestines were collected from embryos at desired stages and fixed in 4% paraformaldehyde
in PBS and embedded in OCT, allowing for 14um transverse sections of the gut tube.
Immunohistochemistry was performed with mouse anti-smooth muscle actin (FITC-conjugated,
1:200, Abcam), rabbit polyclonal anti-phospho-H3 (1:100, Millipore) overnight at 4 degrees in
PBS containing 3% goat serum and 0.1% Triton X-100 (Davis, Kurpios et al. 2008). Sections
were next incubated with Alexa Fluor 594 goat-anti-rabbit secondary antibody (1:300) for 1 hour
at room temperature. DAPI (molecular probes) was used as a nuclear counter stain. ImM Edu
(Invitrogen) was injected in ovo and embryos were harvested 4 hours post-injection. Edu was
detected in sectioned tissue using the Click-iT Edu system (Invitrogen).

Organ Culture

Intestines were dissected from the embryos of the desired stage in cold PBS, connective tissue was
removed, and intestines were gently pinned to an agar base with tungsten wire (for chick E6 or
E12, mouse E11.5) or placed on transwells (Costar 3428) (for chick E15) in DMEM media
supplemented with 1% pen/strep and 10% Chick Embryonic Extract (for chick tissue only).
Intestines were cultured for 48 — 72 hours (as indicated in the figure legends) at 37°C with 5%
CO2 with media changes every 24 hr. E6 chick gut segments were drawn into silk tubes through
mouth pipetting. AG1295 (EMD Biosciences) and FK506 (Sigma) were used at 10uM. SNP
(Sigma) was used at 100uM and Motilin (Sigma) was used at 1uM. Frequency of peristaltic
contraction was used to verify drug effectiveness. 0.5cm of gut segments were observed in culture
for 1 minute: 5 to 9 contractions were observed in the control setting, 0 to 2 contractions were
observed in the presence of SNP, and 15+ contractions were observed in the presence of Motilin.

Measurement of tissue shear moduli

Layers of tissue gut were separated as described above, a ring of gut tissue comprised of either
endoderm alone or endoderm and attached mesenchyme was placed in a dish of PBS between a
glass cover slip, acting as a substrate, and a piece of glitter attached to a thin tungsten beam 0.004
inches in diameter and 4.12 inches in length, acting as a cantilever (Figure S3A). The ring of
tissue is then compressed along its diameter through slow, measured movements of a
micromanipulator attached to the tungsten beam (Figure S3A). Images were taken every 10um
after waiting one minute for the tissue to equilibrate. Measurements of the displacement of the
glitter attached to the beam were attained by analyzing the resulting images with ImageJ. Plots of
displacement of the glitter versus force (force = deflection of the beam % bending stiffness of the



beam) were created for each sample. The resulting data were incorporated into the model
described below to determine the modulus of the sample. Five samples each of chick E8 and E10
and three samples of mouse E14.5 were measured to attain the modulus for each stage.

To be consistent with the experimental set-up to measure the shear moduli of different
layers of chick/mouse gut, we construct the model for simulation as shown in Figure S3 using the
mean values of geometric parameters measured from experiments. The gut samples, which are
modeled as deformable cylindrical tubes, sit in between two rigid planes, the top one being the
glitter and the bottom one being the substrate. The stiff layer is colored in green and the soft layer
is colored in blue. We use a neo-Hookean constitutive equation to model the material behavior for
both layers. Hard contact in the normal direction and frictionless sliding in the tangential direction
are imposed as the contact conditions between the plane and outer surface of the tube. Only one
eighth of the tube is simulated in practice by imposing symmetric boundary conditions on its
symmetric planes. The simulated stiff section is meshed by 50 x 20 x 40 elements along the
circumferential, the thickness and the length direction respectively, and the soft section is meshed
by 50 % 30 % 40 in the corresponding directions. The reaction force on the top plane is recorded as
a function of the displacement by which it is quasistatically compressed down for post analysis to
get the shear moduli of both layers. In the simulation we first neglect any residual stresses that
may be present in the endoderm-mesenchyme composite. Since the measurements were performed
for layers separated from the muscle, the residual stresses were much smaller than those present in
the compressed tubes, and the uncertainty attributed to them is small (see below). The simulation
is conducted using the commercial finite element package ABAQUS 6.11.

The extraction of the shear modulus of the stiff layer from experimental data is
straightforward, since for a given geometry and a neo-Hookean material, the reaction force on the
glitter is linear in its shear modulus u. A test simulation with modulus wg is run based on the
model shown in Figure S3B, and thus u = cuy, where the coefficient ¢ is determined from the
least-squares fitting between the simulation curve and the experimental data. Only first 5 to 8
points at which the compression displacement is relatively small are used for the numerical fit to
determine ¢ because in the strongly nonlinear regime (Fig. S3C, D), strain stiffening occurs in
most polymeric materials and the neo-Hookean constitutive model is no longer valid. Figure S3
shows the comparison between the best-fit simulation and experimental curves, in which each
experimental curve is averaged over 5 repeated measurements. We also fit those 5 individual
measurements separately and then take the mean of the fitted moduli. The two results are almost
identical. Knowing the modulus of the stiff layer, in order to get that of the soft layer, we
compress the two layers together laterally as shown in Figure S3E. As the dependence of reaction
force on the moduli of both layers is implicit, we have to repeat the simulation many times
varying the modulus of the soft layer while keeping that of the stiff layer the same until the
experimental data is enclosed by a narrow range of simulation curves with different moduli.
Within this region, linear interpolation of curves with prescribed moduli is adopted to best match
the experimental data by the least-squares fitting. Again, we fit both the averaged curve and the 5
individual measurements separately and then average the moduli. The two results are almost
identical. Figure S3 H, I, J shows the results for chick gut at E8, E10 and mouse gut.

In order to test the effect of residual stress on modulus measurement, we set up a series of
simulations as shown in Figs. S4 and S5. When we cut open the tube along the axial direction, if
there is no residual stress or eigenstrain in the material, the tube should not deform at all and look
exactly like an intact one (Fig. S4). However, when we apply a linearly varying residual strain,
realized through an inhomogeneous temperature field leading to differential thermal expansion



(akin to relative growth), that is larger on the inner surface than on the outer surface the tube
opens up to relax the differential expansion. Different amplitudes of the residual “eigenstrain”
applied lead to different opening angles at equilibrium state, measured as shown in Fig. S4. This
allows us to calibrate the role of the eigenstrains in terms of residual opening angle.

Then, we apply the same eigenstrain as in Fig. S4 to the intact tube (Fig. S5) and allow the
tube to equilibrate, and perform a compression test by moving a rigid plane downwards
quasistatically, just as the physical experiment. The compression distance and the reaction force
on the rigid plane are both recorded as shown in Fig. S6. We can see that except when the
eigenstrains correspond to the opening angles o = 260.1° and o = 292.1°, i.e. are very large, the
curves collapse onto the one without eigenstrain. Using a least squares fit between the curves
with different amplitude of eigenstrains, which we label by their corresponding opening angles,
and the curve without eigenstrain to extract the effective shear moduli (Fig. S6) shows that the
maximum increase in shear modulus when the eigenstrain is considered is around 15% at a =
292.1°. However, in the experiments, the opening angle is far smaller than a = 292.1°, so that the
effect of residual stress on measuring the modulus is insignificant.

Computational model of luminal patterns

When the endoderm-mesenchyme composite is surgically separated from the muscle, it expands
and unfolds, releasing the luminal ridges. Furthermore, when the endoderm is peeled from the
mesenchyme and cut open it relaxes to an approximately planar sheet. These observations suggest
that the patterning is driven by mechanical instabilities and that the folded states are energy
minima of an elastic endoderm-mesenchyme composite whose constituents grow uniformly, but at
different rates, in a cylindrical volume constrained by a relatively much stiffer muscle. Our
experimental observations show that this is true during development at least until approximately
E14 or E15 in chick and mouse.

To investigate the folding patterns numerically, we construct a finite element model that
minimizes the deformation energy of the system consisting of elastic mesenchyme and endoderm
layers. The simulated layers are discretized into a rectangular mesh, and each rectangle is divided
into five tetrahedron elements as indicated in Figs. S11. Arrangement of the tetrahedrons in any
two neighboring rectangles is reflected in order to preserve the reflection symmetries of the mesh.
The mesh spacing is denoted by a. We note that this model is a full custom implementation, in
contrast to the Abaqus model that we used above for the modulus measurements.

A stress-free state of an elemental tetrahedron is characterized by the matrix

G = [Xl X, X3],

where X;, X, and X, are vectors describing the tetrahedron (Fig. S11D). The stress-free state

grows and changes shape (if growth is anisotropic) so as to describe the growth of the tissue. The
deformed state of the tetrahedron is contained in

A:[X1 X, x3]:FG,

where X,, X, and x, are the deformed basis vectors (Fig. S11E) and F is the elastic deformation
gradient. At each time step of the simulation F is obtained by

F=AG™".



We note that this decomposition is different from the typically used multiplicative
decomposition of the deformation gradient as the product of the elastic and growth deformations,
as we just use the experimentally measured stress-free states and their variation as a function of
time to deduce G and thence proceed. Mechanically, this is similar to most previous works where
differential growth or residual stresses are modeled (for example, in arteries, see Holzapfel et al. J.
Elasticity 61, 1-48 (2000)). We model the tissues by a neo-Hookean constitutive model with strain
energy density

W= %[Tr (FF")J " 3]+ K (J —logJ - 1),

where u and K are the shear and bulk moduli, respectively, and J = det(F). We assume
compressible material with K = 3x in all simulations due to the long timescales involved in
villification. Experimentally, the compressibility of the tissues becomes evident when the
mesenchyme-endoderm composite is separated from the muscle; it expands in volume as is
obvious from Fig. 2A. In contrast, we assumed incompressible material in determining the elastic
moduli (see above), as the moduli measurements were performed in much shorter timescale. The
Cauchy stress corresponding to W, i.e., the force per unit area in the deformed state is given by

Uzla_WFT_
J OF

Force acting on each deformed face (i = 1, 2, 3, 4) of the tetrahedron is given by

where n; are normals with lengths proportional to the deformed areas of the faces. Nodal forces
are obtained by distributing the force acting on each face equally to its three vertices.

Since the deformations of the lumen are large, they often lead to self-contact, so that our
model must also include these effects. Element faces at the surface make up a triangular lattice for
which self-avoidance can be enforced by processing vertex-triangle and edge-edge contacts.
Contacts are penalized by energy Ka*[(h - d)/h]? if the separation d between a vertex and triangle,
or between two edges, is less than the contact range 4 = a/3. Contact force from this potential is
interpolated to the nodes of the associated geometric primitives.

After the nodal forces are determined, we solve damped Newton’s equations of motion
while varying the growth parameters as given from experiments. This algorithm is implemented
using the following explicit scheme for the integration of the equations of motion:

v(t+ A1) = () LOZVO
m

X(t + Af) = x(£) + V(¢ + ADAL.

Here Af=0.1a/+K is the time step, m = a” mass of a node, and y = 10m viscous damping factor.
Vectors f, v and x are force, velocity and position of a node, respectively. The simulations are
allowed to equilibrate fully at every stage.



Details for the tubular chick and mouse simulations for the formation of luminal ridges,
zigzags and bumps (Figs. 4 and 6 in the main article)

To model the relative growth in the mesenchyme-endoderm tubes, growth is parameterized in
terms of ¢ € [0,1] so that the dimensions of the mesenchyme and endoderm are varied as a function

of ¢ so as to approximate the observed geometries. In both simulations mesenchyme and endoderm
are restricted into a cylindrical tube with diameter D and length L = 1.25D. The outer boundary of
the mesenchyme is clamped to the cylinder and periodic boundary conditions are applied at the
ends of the tube. Stress-free states of the mesenchyme and endoderm are assumed to correspond to
flat sheets, consistent with observations, i.e. if separated and cut open they would relax into flat
sheets.

These simulations are implemented in reverse order, that is, the tube and layers with dimensions
corresponding to ¢ = 1 are first equilibrated and then ¢ is taken from 1 to 0, with dimensions of the
layers changing as described below. Performing the simulations in the direction of real time yields
qualitatively similar results, but with slightly fewer folds and higher deformation energies, i.e., the
tube may get trapped in metastable states. Either way the simulation is run, the number of folds
shifts spontaneously, but the simulated configurations are not strictly guaranteed to be in the state
of global energy minimum. In principle, similar trapping to local energy minima occur also in real
systems. However, the mechanical environment in real guts likely involves perturbations (e.g.,
from muscle contractions etc.) that aid in crossing weak local minimums. We thereby resort to
running simulations shown in Figs. 4 and 6 backward in time, since it yields lower deformation
energies and thus more realistic appearance.

For the chick gut simulation (Fig. 4) the simulation mesh, including both layers, has 400 X
160 x 24 rectangles (width x length x thickness). D increases linearly by a factor 2.7 from ¢ = 0 to
t = 1, corresponding to real time going from E7 to E14. The endoderm is 12 times stiffer than the
mesenchyme (u¢/um = 12), i.e., we neglect the small difference in the measured modulus between
E8 and E10, see Figs. 4A and S3. The stress-free dimensions (see Fig. S11F) of the endoderm are
taken to be: thickness . = (0.13 - 0.17)D, width (circumferential) we = (0.35 + 2.8¢ - 1.4¢%)zD and
length (longitudinal) 7. = (1 + 0.5¢)L. The stress-free dimensions of the mesenchyme are taken to
be: thickness 4,, = (0.39 - 0.3¢7)D, width (circumferential) w,, = 1.5zD and length (longitudinal) /,,
=(1+0.3337)L.

For the mouse gut simulation (Fig. 6) the simulation mesh, including both layers, has 320 X
160 x 30 rectangles (width X length x thickness). D increases linearly by a factor 2.0 from # =0 to
t = 1, corresponding to real time going from E12.5 to E15.5. The endoderm is 1.5 times stiffer
than the mesenchyme (u¢/um = 1.5). The stress-free dimensions (see Fig. S11F) of the endoderm
are taken to be: thickness /. = (0.2 - 0.1¢)D, width (circumferential) w, = (0.5 + 2¢ - t2)7rD and
length (longitudinal) /. = (1.6 + 1.2¢ - 0.6¢°)L. The stress-free dimensions of the mesenchyme are
taken to be: thickness 4, = (0.2666 - 0.0666¢)D, width (circumferential) w,, = 1.5zD and length
(longitudinal) ,, = (1.4 + 0.8¢ - 0.4£)L.

The above dimensions of the stress-free states are chosen so as to approximately yield the
observed cross-sectional geometries and expansion ratios of separated mesenchyme-endoderm
composite. Although there is some variability in the estimation of the stress-free geometries of the
different tissue types, especially those of the mesenchyme, our simulations suggest that the
folding is not very sensitive to the exact stress-free state of the mesenchyme. Furthermore, the
coarse residual strain measurement of the mesenchyme on a few samples indicates that the above
stress-free states are realistic, so that our results are robust to small variations in these parameters.



Details for the zigzag simulation (Fig. S in the main article)

The effect of non-uniform growth on a zigzag pattern is investigated by simulating a small planar
domain that contains one zigzag cell (visualizations in Fig. 5 and Fig. S9A show nine replicates of
the simulated domain). The domain has periodic lateral boundaries and a clamped base. The mesh
size is 120 x 120 x 32 rectangles (width % length x thickness), and the stiffness of the endoderm is
assumed to be larger than that of the mesenchyme and related to it via the expression ue/um = 12
consistent with our measurements for chick (Fig. S3). The stress-free thickness of the endoderm is
he = hy/2.

The simulation starts from a zigzag pattern that is created by growing the endoderm laterally
such that its stress-free width w, = 2W and length /[, = 2L, where W and L are the lateral
dimensions of the simulation domain. The mesenchyme is grown laterally as well such that its
dimensions w,, = 1.666W and [,, = 1.666L. The lateral dimensions of the simulation domain are
optimized to minimize the energy of the pattern, which yields W= L = 2.0(h, + h,,). This result is
in agreement with the approximately equal circumferential and longitudinal spacing of the zigzags
in real chick guts.

The flat stress-free state of the endoderm is broken by laterally expanding spots that are
centered in the pits of the zigzag pattern, i.e., the points of the endoderm that are nearest to the
base (Fig. S9B). For parameterized time going from ¢ = 0 (uniformly compressed state) to ¢ = 1,
the relative expansion of a spot is given by 1 + (¢” — 0.2)¢ with 5 = [r/A3h.)]*, where r is the
distance from the origin of the spot along the endoderm in the stress-free state before the
expansion. This form of expansion keeps the total stress-free area of the endoderm approximately
constant due to the negative expansion far from the spots. The total expansion includes
superposed contributions of both spots in the simulation domain. As a result the whole zigzag
valley expands, with the most expansion at the pits (Fig. S9C). Lateral dimensions of the
simulation domain and the stress-free state of the mesenchyme are held fixed during this step.

The applied growth field here only qualitatively mimics the experimental observations,
since it is difficult to determine the actual growth field. In addition to proliferation, movement of
cells relative to each other may contribute in the process of moving from a flat to non-flat stress-
free state. Nevertheless, the simulation robustly captures the twisting and rotation of the zigzags
that precede the formation of definite villi. Interestingly, this transformation breaks the
longitudinal reflection symmetry of the pattern, despite the initial zigzag pattern as well as the
applied growth field have the longitudinal reflection symmetry.

Simulations with stretched mesenchyme (Fig. S10)

In chick and mouse both the mesenchyme and endoderm grow faster than the constraining
muscular layers. This means that both layers are under compression, which leads to ridges and
zigzags separated by sharply fold valleys. In contrast, if mesenchyme grows at a lower rate than
the muscular layers, the mesenchyme has to stretch with the growing tube and it gets under
tension. Our simulations indicate that this changes the appearance of the folding patterns; the
valleys become wider as the mesenchyme tension is increased. We illustrate this in the
simulations shown in Fig. S10. In the cylindrical simulation of Fig. S10B the mesenchyme is
stretched by a factor of 1.5 in circumferential and longitudinal directions, while the endoderm (we
assume i = 10uy) is still under compression; its stress-free circumference is 1.666 times the
circumference of the tube, and its stress-free length is 1.333 times the length of the tube. The
simulated configuration displays features similar to African house snake, including the clearly
separated zigzags that appear flat-topped in the cross-section images.



With higher mesenchyme tension these effects become more pronounced. In Fig. S10C we
compare simulated folding patterns in a planar setting to the luminal patterns observed in Wagler's
snake. In the simulation, the mesenchyme is stretched by a factor of two in both directions, and
the compression of the endoderm is varied by growing its stress-free dimensions first in one
planar direction and then to the other. The stiffness of the endoderm is again u. = 10u, and the
thickness 4. = h,,/3. As the endoderm buckles, we see condensation of the buckles into narrow
ridges (lower panel of Fig. S10C). When growth of the endoderm in the other planar direction sets
in, ridges perpendicular to that direction arise, similar to the proximal snake gut (upper panel of
Fig. S10C), although the present simulation does not capture similar hexagonal arrangements of
the ridges.
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Figure S1: AG1295 and FKS506 do not impact proliferation or cell death. E6 chick gut
segments were grown in culture for 48 hours, compare with guts collected from E8 embryos, left.
While levels of proliferation (top) are lower in vitro than to in vivo, gut segments cultured in the
presence of either AG1295 or FK506 do not display significantly altered proliferation when
compared to segments grown in drug vehicle alone. Additionally, while there is slightly more cell
death (bottom) in guts grown in vitro than in vivo, segments grown in the presence of either drug
do not exhibit more cell death than those grown in vehicle alone.
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Figure S2: Peristaltic contraction is not involved in the formation of zigzags. E12 guts were
cultured with either sodium nitroprssuide or Motilin or no drug (control). Although sodium
nitroprusside inhibits contraction and Motilin stimulates contraction, in all cases zigzags begins
to form.
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Figure S3: Simulation for measurement of shear modulus. (A) Examples of images used to
measure modulus. A sample of E10 chick endoderm and mesenchyme is shown (left to right) as
the glitter (top of images, pink) is incrementally moved towards the coverslip (bottom of image,
clear). (B) Modeled compression of only the stiff layer for chick E10. (C) and (D) are views from
different angles of the final deformed stiff layer. (E) Compression of both layers for chick E10.
The stiff layer is green and the soft layer is blue. (F) and (G) are views from different angles of the
final deformed state. Reaction force versus displacement compressed downwards from both
experiments and least-squares fitting for (H) chick ES8 (first 7 points are used for fitting), (I) chick
E10 (first 8 points are used for fitting), (J) mouse (first 5 points are used for fitting).
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Figure S4: (a) A short tube without residual strain, when cut, does not open. When a linearly
varying eigenstrain (the inner strain larger than the outer strain) is applied on the tube across the
thickness direction, shown in (b)- (i), and the tube is cut along the axis, it opens up to relax the
stress. The amplitude of the eigenstrain increases from (b) to (i) so that the opening angle also
increases, from (b) o =24.3° (c) a =48.2° (d)a =94.9°, (e) a =140.0°, (f) a =183.2°, (g)
o =223.5° (h) a =260.1° (1) a =292.1 °. (j) E10 endoderm-mesenchyme composite ring, cut
open to view the opening angle, shows that there is a residual strain in the system.

() (b) ()

Figure S5: (a) An intact tube that has no residual strain in its natural state. (b) The corresponding
eigenstrain shown in Fig. S4b-i when applied to (a), causes the tube, when equilibrated to have
a slightly deformed state. (c) The final compressed state mimicking the experimental protocol
shown in Fig. S3.
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Figure S6: The role of the eigenstrain on the shear modulus. (a) The force as a function of
the compressive displacement, corresponding to Fig. S5c¢. (b) The dimensionless shear
modulus as a function of opening angle which reflects the amplitude of the eigenstrain

shows a very weak dependence on the residual eigenstrain. Here Gy is the shear modulus
when the eigenstrain is absent.
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Figure S7: Segmentation of a cross-section. Solid lines show the outer circumference Sy of the
mesenchyme (yellow), outer circumference of the endoderm (magenta) and inner circumference
of the endoderm (cyan). The dashed red line is the mean circumference S. of the endoderm that
is plotted in Figs. 4A and 6C. Thickness of the deformed endoderm can be approximated as the
area occupied by the endoderm divided by S.. All geometric measurements shown in Figs. 4A
and 6C are averages of measurements of three different guts, and the error bars are the standard-
deviations of these three independent measurements for each point. The geometric measurements
are performed with ImageJ.
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Figure S8: Patterns of proliferation before and after villi formation. Top - Edu labels
nearly all cells at E12 when 3 pulses are applied at 3 hour intervals in ovo and tissue is
collected 24 hours after first pulse. Unlike at E15 where Edu is clearly restricted from the
distal aspects of the tissue, patterns of proliferation are not visible after 4 hours of in ovo Edu
labeling at E12. Shown here are 3 additional representative images equivalent to those shown
in Figure 5. Bottom — E15 gut segments were pulsed with 10um Edu in vitro for 2 hours.
Tissue samples were collected directly after the pulse to reveal the pattern of labeled cells
before villi form and also after 48 hours in culture (lower panels). After 48 hours, labeled cells
are found along the length and at the tip of forming villi, pointing to relocation of cells from
the base to the tips as villi form.

24 hours

4 hours
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48 hr culture
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Figure S9: Localized growth of a zigzag pattern leads to twisting and bulging of arms. (A)
A zigzag pattern resulting from uniform growth is shown top left. With additional longitudinal
compression the zigzags only squeeze, preserving the up/down reflection symmetry. The cascade
on bottom (top and side views) shows the twisting and up/down symmetry breaking due to
enhanced growth of the valleys (parameterized time t = 0.5, 0.75, and 1 from left to right). The
applied growth map is shown in C for ¢ = 1. The growth map is based on the depth map of the
original zigzag pattern (B) such that peak growth occurs at the zigzag pits. Purple areas in
simulation snapshots have the highest expansion, corresponding to the maxima in the growth
map and minima in the height map of the original untwisted pattern.
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Figure S10: The patterns seen on the luminal surface of the gut vary across species.
(A) Luminal views (top) and cross sectional view (bottom) of guts of various species. The adult
seahorse gut (left) has disorganized zigzags with lateral extensions. The adult zebrafish gut
(middle) has short zigzagging protrusions that are oriented laterally. The African house snake gut
at E55 shortly before hatching (right) has tall flat zigzags. Scale bar represents 500um. (B) Tall
flat zigzags in African house snake can be mimicked in simulations by placing the mesenchyme
under tension, which leads to widened valleys between the folds. Images show luminal view
(top), cross-sectional view of a short longitudinal segment (middle), and a silhouette of the
middle image (bottom), that reveals why the folds may appear having flat tops. (C) Snake guts
show morphologies with very wide flat valleys between the folds. They can be mimicked in
simulations by placing the mesenchyme under strong tension. Note proximal intestine has
hexagonal ridges, which turn in to zigzags in the distal intestine. This transition can be modeled
by adding more relative longitudinal (shown L to R) growth in the endoderm of the proximal
model and less in the distal model.
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Figure S11: Computational model for the mesenchyme-endoderm tube. (A) A composite of
elastic mesenchyme (blue) and endoderm (red) layers is squeezed into a cylindrical tube. (B) A
magnified view of the deformed mesh. (C) A schematic of a primitive rectangle showing the
arrangement of its five tetrahedrons. Schematic stress-free and deformed states of a tetrahedron
are shown in D and E, respectively. (F) The diameter D and length L of the compressed tube are
indicated on left, and the stress-free states of the layers are shown on right with their dimensions

indicated.
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Movie captions

Movie S1: Simulated growth of a chick gut, corresponding to Fig. 4C.
Movie S2: Twisting of zigzags, corresponding to Figs. SE and S9. The first half of the movie
shows twisting of a zigzag pattern resulting from non-uniform growth. The latter half shows

sliced plane view going through the final state of the simulation.

Movie S3: Simulated growth of a mouse gut, corresponding to Fig. 6D.
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