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SUMMARY

The glabrous skin of the rhinarium (naked nose) of many mammalian species exhibits a polygonal pattern of
grooves that retain physiological fluid, thereby keeping their nose wet and, among other effects, facilitating
the collection of chemosensory molecules. Here, we perform volumetric imaging of whole-mount rhinaria
from sequences of embryonic and juvenile cows, dogs, and ferrets. We demonstrate that rhinarial polygonal
domains are not placode-derived skin appendages but arise through a self-organized mechanical process
consisting of the constrained growth and buckling of the epidermal basal layer, followed by the formation
of sharp epidermal creases exactly facing an underlying network of stiff blood vessels. Our numerical simu-
lations show that the mechanical stress generated by excessive epidermal growth concentrates at the posi-
tions of vessels that form rigid base points, causing the epidermal layers to move outward and shape
domes—akin to arches rising against stiff pillars. Remarkably, this gives rise to a larger length scale (the dis-
tance between the vessels) in the surface folding pattern than would otherwise occur in the absence of ves-
sels. These results hint at a concept of “mechanical positional information” by which material properties of
anatomical elements can impose local constraints on an otherwise globally self-organized mechanical
pattern. In addition, our analyses of the rhinarial patterns in cow clones highlight a substantial level of sto-
chasticity in the pre-pattern of vessels, while our numerical simulations also recapitulate the disruption of
the folding pattern in cows affected by a hereditary disorder that causes hyperextensibility of the skin.

INTRODUCTION

Many morphological patterns in biology emerge from interac-
tions of signaling molecules (morphogens) that act as regulators
of cell dynamics and whose distributions in time and space can
be described by Turing’s reaction-diffusion self-organizational
process.'? For example, many skin appendages (avian feathers,
mammalian hairs, and most reptilian scales) develop from plac-
odes, i.e., anatomical and biochemical signaling centers orga-
nized as reaction-diffusion-taxis systems.®° Nevertheless, this
framework alone is insufficient to account for the full diversity
of patterns found in living organisms—in particular, folded
morphologies that arise as mechanical instabilities generated
by differential growth between adherent tissues.” Hence, tissue
patterning dominated by mechanics offers an essential and
complementary viewpoint to understand morphogenesis

beyond the classic paradigms of chemical positional informa-
tion® and Turing’s patterns.” In fact, it is most probable that
many biological systems acquire their complex shape through
an interaction of the latter two processes with mechanical
forces.”™""

Constrained growth in multilayered soft matter is a common
means through which elaborate patterns can emerge spontane-
ously without a prior stencil of molecular positional information,
resulting in typical networks of sharp creases or smooth folds.
Growth-induced folding patterns have been studied analyti-
cally'®"® and in numerical models.”'*'® The purely mechanical
aspects of constrained growth can be experimentally investi-
gated with gel analogs.'®?? Indeed, gel polymers swell when
immersed in specific solvents, causing mechanical instabilities
to develop between the static core and the growing outer layer
as the liquid penetrates from the surface. For example, Figure S1
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illustrates how polygonal mosaics can form spontaneously in a
stratified tissue (here a bilayer hydrogel) due to constrained
growth. Global regimes of surface folds are predictable and
can be classified into phase diagrams based on variables distin-
guishing the two layers, such as strain, compressive stress, stiff-
ness, shear modulus, thickness, and curvature.”'>?%?° Hence,
layered soft materials can self-organize into complex folded
morphologies through a purely mechanical process, with the po-
tential to form convoluted (“brainy”) shapes, polygonal tessella-
tions, or wavy ridges.

Multiple examples of folded architectures in biology have been
successfully described in terms of growth-induced mechanical
patterning, from (sub-)micro-scale geometries such as the mem-
brane of white blood cells,?® the surface nano-ridges in plant
petal epidermal cells,?”-*® and the convoluted wall of respiratory
airways,”? to macroscopic structures like fingerprints®° (but see
Glover et al.®"), the inner mucosa of tubular organs such as the
stomach and the gut,>**? the surface of tumors,**** the cerebral
cortex,>>° the buckled geometry of grass blades and leaves,*’
and the wrinkled integument of various animals and plants.?®
Note that these folded architectures often correspond to some-
what smooth undulations, whereas examples of mechanically
patterned polygonal networks with sharp creases—as during
the development of crocodile head scales (E.J. and M.C.M., un-
published data, and Milinkovitch et al.*®)—seem substantially
less frequent in living systems. Natural folded shapes provide
great inspiration for biomimetic engineering, sparking the design
of artificial organs and sensors in which multi-scale patterning
occurs spontaneously under controlled mechanical conditions
without having to resort to traditional and tedious techniques
such as photolithography for template design.?*>°

A beautiful example of folding patterns is found in the glabrous
skin of the rhinarium (naked nose) of many mammalian species,
including dogs, cows, and ferrets, in which polygonal domes are
surrounded by sharp epidermal creases (Figure 1). These pat-
terns were first cataloged in dozens of species by Hill,*®> who
named them rhinoglyphics by analogy with dermoglyphics (fin-
gerprints). The rich inventory of rhinoglyphics, from the oblique
elongated ridges of cows to the small polygonal domes of
dogs (Figure 1), might reflect a diversity of functions.*’** The
innervation of the epidermal domes suggests that they form indi-
vidual sensory units.”> One aspect common to all species is that
the rhinarial skin grooves keep the nose wet by collecting and re-
taining physiological fluid that is either spread on the nose by the
tongue,*® or released by gland ducts—opening in the nostrils, as
in dogs** or directly on the surface of the epidermal domes, as in
cows.*® A moist surface facilitates the collection of airborne or
substrate-bound molecules, which can subsequently travel
into the middle cleft of the nose (philtrum) and then into the
naso-palatine ducts in the anterior palate, leading to the vomer-
onasal organs for chemosensation.*®° In addition, mammals
tend to keep their rhinaria at specific temperatures,*’**>°' and
the fluid collected in skin creases might contribute to evapora-
tion-based thermoregulation, similarly to the retention and sub-
sequent evaporation of water in the network of crevices that
adorns the skin of African elephants.®? In rodents, thermoregula-
tion via the rhinarium participates to selective brain cooling,*®
while in carnivores, a cold rhinarium is thought to favor heat
and infrared radiation sensing for more efficient preying.*'“*°*
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Other studies have suggested a tactile role for rhinoglyphics,
similar to fingerprints, which could be facilitated by a warm rhina-
rium as in herbivores,*0~#2:54-5¢

Here, using opportunistic sampling of embryos, we study the
ontogenic development of the rhinarial skin in cows, dogs, and
ferrets. To this end, we use light-sheet microscopy to image
whole-mount rhinaria from sequences of embryonic and juvenile
stages, from which we extract the corresponding 3D multilay-
ered skin geometries and quantify the spatial distribution of
proliferating cells in the dermis and epidermis. These analyses
indicate that the polygonal networks of creases of these three
mammalian species arise during embryogenesis as a self-orga-
nized folding process with the particularity of being mechanically
coupled with an underlying network of stiff blood vessels. In par-
allel, we successfully recapitulate the polygonal patterning of rhi-
narial skin by performing numerical simulations of growth in a 3D
domain combining the multilayered skin and underlying vascula-
ture—first in a simplified flat-slab geometry with biomimetic me-
chanical properties, then in a realistic model of a dog embryonic
rhinarium reconstructed from light-sheet data. Moreover, our
growth simulations allow us to explore the mechanical param-
eter space (growth rate and stiffness of individual skin layers)
and pinpoint transitions in folding regimes corresponding to bio-
logically relevant versus unnatural surface patterns.

Through these complementary approaches, we identify the
following common mechanism that governs the morphogenesis
of rhinoglyphics across different species. At the onset of onto-
genic patterning, excessive growth of the epidermis basal layer
causes its buckling. However, the spatial distribution of the re-
sulting compressive field is mechanically constrained by the
presence of a sub-epidermal template of stiffer blood vessels
that form rigid base points such that, at later stages, the sharp
creases that form polygonal domes in the epidermis develop
along the underlying network of vessels. These results prompt
us to propose a mechanical equivalent to chemical positional in-
formation.®*” Indeed, the development of rhinoglyphics in cows,
dogs, and ferrets indicates that mechanical morphogenetic pat-
terns based on growth-induced self-organization can be strongly
constrained and guided by a pre-existing template of mechani-
cal positional information. Other biological systems have been
shown to rely on mechanical interactions with the surrounding
anatomical features to attain their shape, for example, the
branching morphogenesis in mouse lungs, where epithelial
growth is constrained by smooth muscles.”® However, the
patterning process uncovered here is strikingly different in the
sense that the network of folds can be predicted exactly from
a pre-existent anatomical pattern formed by the vessels, i.e.,
the stochastic component of motif positions (that usually charac-
terizes self-organized folding patterns) is erased by the effect of
mechanical coupling with a pre-existing pattern of vessels. In
other words, the presence of underlying stiff vessels transforms
rhinarial skin folding into a deterministic process, akin to the for-
mation of hairs, feathers, or scales that follow a pre-existent map
of local chemical cues (the signaling placodes).*:°

RESULTS

The three species studied here (cow, dog, and ferret) exhibit
distinct adult rhinarial skin phenotypes (Figures 1A-1C). To
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Figure 1. Patterns of polygonal domes in the folded rhinarial skin of three mammalian species

(A) Cows, (B) dogs, and (C) ferrets. Left column: adult phenotypes; insets show magnified portions of the rhinarium with one polygon marked in blue (edges) and
red (nodes). White arrowheads: shallower sulci within the main epidermal domes. White arrow: gland duct opening at the surface of the cow rhinarium. Central
column: 3D surface reconstructions (right side) of adult individuals with maximum curvature (left side) highlighting the epidermal creases surrounding the
polygonal domes. Right column: statistical distributions of polygonal order and aspect ratio of epidermal domes, averaged over all samples for each species (13
cows, 2 dogs, and 2 ferrets), with corresponding color-coded spatial distributions on rhinarial skin surfaces for one sample of each species. Color bars for the

polygon order are the same for all three species.
See also Figures S1-S3 and S6.

quantify their differences, we performed statistical analyses of
the corresponding lattices of polygonal epidermal domes after
their segmentation on 3D nose geometries using surface curva-
ture (Figures 1, central column of panels, and S2A). The lattices
of the three species exhibit different statistical attributes (Fig-
ure 1, right column of panels). For example, cows exhibit elon-
gated units (Figure 1A) diagonally oriented with respect to the
axis of the philtrum, whereas dogs and ferrets display polygons
with lower aspect ratios (ARs) and no preferred orientation
(Figures 1B and 1C). The rhinaria of cow, dog, and ferret can
also be distinguished using the mean relative area of the poly-
gons (i.e., relative to the size of the nose), which is much smaller
in dogs than in the other two species. On the other hand, the

mode of the polygonal order distributions is identical in all three
species, indicating that the most common shape for epidermal
domes is the pentagon. Interestingly, this contrasts from the
polygonal lattices that form spontaneously in hydrogel models
with a majority of hexagons'® (see also Figure S1). Moreover, nu-
merical simulations of growth instabilities in highly compressible
solids (i.e., with low Poisson’s ratio) also result in mostly hexag-
onal patterns.’® Note that secondary, shallower sulci are
observed in all three species, creating incomplete subdivisons
or dimples within the main polygons.

Histological sections of the rhinaria at different developmental
stages in cow, dog, and ferret embryos (Figure S3) show the un-
dulated basal layer of the epidermis and a primary vascular

Current Biology 34, 1-16, November 18, 2024 3
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Figure 2. Timeline of hierarchical folding in rhinarial skin during embryogenesis

First row: schematic timeline representation of three successive key morphological events; blood vessels (white circles), the basal layer (dark gray), the dermis
(orange), the epidermis (light gray), and secretory glands (purple) are shown. Second to fourth rows: histological sections (hematoxylin and eosin staining)
perpendicular to the skin surface at selected embryonic stages (corresponding to the four stages of the timeline) in cows, dogs, and ferrets, respectively.
Embryonic days (E) are indicated.

(A) Stage 0: a pre-pattern of blood vessels is located beneath the epidermis, slightly protruding against the basal layer.

(B) Stage 1: folding of the basal layer, forming outward (cows) or inward (dogs and ferrets) cups between the vessels.

(C) Stage 2: folding of the epidermis, forming surface creases facing the vessels.

(D) Stage 3: deepening of the creases, with secretory gland ducts emerging within the epidermal domes (cows), and remodeling of the basal layer (dogs and
ferrets). Black arrowheads: blood vessels; black arrows: epidermal creases; black outline in cow section: glandular tissue; white dotted lines: basal layer of

epidermis (main cups between the vessels); white solid lines: secondary folds of basal layer over the vessels. All scale bars are 0.1 mm.

See also Figure S3.

plexus® consisting of a polygonal network of sub-epidermal
blood vessels. At embryonic day 150 (E150), sections in the
cow rhinarium show the presence of dermal glands whose ducts
(Figures S3Ai and S3Aii) form rows at the surface of the polygonal
domes (see inset of Figure 1A). Conversely, in dogs and ferrets,
fluid is secreted within the nostrils by the lateral nasal glands,**
and molecules trapped by the fluid in the network of epidermal
creases are drained into the philtrum (blue arrowheads,
Figures S3B and S3C), then into the naso-palatine ducts leading
to the chemosensory vomeronasal organs (red arrowheads, Fig-
ure S3), as illustrated by the sketch in the inset of Figure S3B.

Ontogeny of the rhinarial skin pattern

Using histological sections and volumetric reconstructions from
light-sheet data of whole-mount rhinarium samples at selected
embryonic stages, we identify the three main morphogenetic

4 Current Biology 34, 1-16, November 18, 2024

events (hereafter called stages 1, 2, and 3) leading to the final rhi-
narial skin pattern observed in the three species (Figure 2). First, at
stage 0, a plexus of large blood vessels is observed below the
epidermis before the onset of the folding process (Figure 2, col-
umn A). The morphogenesis of rhinoglyphics is then initiated at
stage 1 with undulations of the epidermal basal layer (Figure 2,
column B), forming outward (in cows) or inward (in dogs and fer-
rets) cups between the vessels. The surface of the epidermis
then folds at stage 2 (Figure 2, column C), forming outward bumps
surrounded by skin creases tracing lines positioned exactly above
the sub-epidermal blood vessels. Hence, the epidermal creases
forming the rhinoglyphics observed after birth mirror the network
of sub-epidermal embryonic blood vessels. During the final stage
3 (Figure 2, column D), the epidermal domes continue to grow,
deepening the adjacent creases while the skin surface keratinizes.
In cows, gland ducts also emerge at the skin surface at that stage.
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Figure 3. Volumetric imaging (light-sheet microscopy) of the sequential patterning of skin folds in the embryonic rhinaria of cows, dogs, and

ferrets

(A, D, and G) Stage 1: folding of the basal layer around the pre-pattern of vessels.
(B, E, and H) Stage 2: onset of epidermal folding, with surface creases mirroring the underlying vessels.

(C, F, and ) Stage 3: deepening of epidermal creases, with rows of gland ducts opening within each dome for cows, and remodeling of the basal layer for dogs and
ferrets. The images are maximum intensity projections (MIPs) of whole rhinaria (A, D, and G and left panels of B, E, H, F, and I) or slabs close to the skin surface
(right panels of B, E, and H, both panels of C and panel (i) of I). Panels (i) of (F) and of (I) show surface normal shading. Nuclear staining signal (TOPRO3) is shown in
gray; autofluorescence signal (keratinized epidermal layer) is shown in green for (E) (right), (F), and (I) (left); autofluorescence of red blood cells is shown in green for
(C) (left) and (F) (panel (ii)). Red dotted lines: epidermal surface; red arrows: epidermal creases; green lines and green shaded areas: main folds of the epidermal
basal layer between the vessels; yellow dotted lines: secondary folds of the basal layer above the vessels; white dotted lines: blood vessels; white arrows: gland
ducts. Scale bars: 0.4 mm. Anatomical axes indicated in (A) (I-r, left-right; r-c, rostral-caudal; d-v, dorsal-ventral) are valid for all panels except where otherwise

stated.
See also Figures S4 and S7 and Videos S1, S2, S8, S4, S5, S6, and S9.

At the same time, the basal layer is being remodeled from its initial
folding template to more elaborate motifs specific to each spe-
cies: in dogs and ferrets, the primary inward fold of the basal layer
(white dotted lines in Figure 2, column C) expands and subdivides,
while a secondary network of smaller inward folds (white solid
lines in Figure 2, column D) appears over the vessels (black arrow-
heads), right below the epidermal creases (black arrows). As em-
bryos approach their full development, the sub-epidermal blood
vessels become much smaller relative to the size of the rhinarium,
such that the correlation between their distribution and the rhina-
rium skin folding pattern in juveniles and adults can easily go un-
noticed. However, this correlation is indeed maintained in adults,
supporting a thermoregulatory function of the rhinoglyphics:
evaporation of the fluid in the skin creases might cool down the
underlying blood circuit.

To better visualize the full 3D topology of individual skin layers
at each key step of rhinoglyphics morphogenesis, we produced
light-sheet volumetric microscopy imaging of rhinaria at selected
embryonic stages in each species (Figure 3; Videos S1, S2, S3,
S4, S5, and S6). Maximum intensity projections (MIPs) for the
whole rhinaria at the first stage of rhinoglyphics development
(Figures 3A, 3D, and 3G) demonstrate that (1) blood vessels
(dashed white lines) form a template that presets the epidermal
surface pattern emerging at stages 2 and 3, and (2) the epidermal
basal layer (green lines and green shaded areas) forms a com-
plementary motif by folding into cups between the vessels. In
cows, rows of developing gland ducts are already visible within
each epidermal unit at stage 1 (Figure 3A, white arrows),
although they do not emerge at the skin surface until stage 3.
At stage 2, the upper epidermis is still barely keratinized, and
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stages 1-2 (E40)
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Figure 4. 3D segmentation of rhinarial tissues from volumetric light-sheet microscopy images of dog rhinaria

(A-C) Segmented dermis (pink), epidermis (beige), basal layer (dark gray), blood vessels (red), and nasal cartilage (purple) are shown at three embryonic stages:
E38 (A), E40 (B), and E44 (C). Anatomical axes are indicated: left-right, rostral-caudal, and dorsal-ventral.

(A) Top: transversal slice of the labeled image close to the base of the nose. Bottom: 3D surface reconstruction showing the network of blood vessels (left)
protruding against the epidermal basal layer (right) viewed from inside the nose.

(B) Top: transversal slice of a light-sheet image close to the base of the nose (TOPROS nuclear staining with overlaid segmentation of the basal layer in blue).
Bottom: 3D surface reconstruction showing the onset of epidermal creases formation viewed from outside the nose (left) as well as inward cups in the basal layer
viewed from inside the nose (right). Note how these two anatomical elements mirror one another. Dotted red lines highlight the corresponding positions of the
blood vessels.

(C) Top: sagittal slice intersecting the nostril, with top and bottom regions of the rhinarial skin magnified in the left insets; the right insets (i) and (i) show the 3D-
segmented blood vessels and basal layer (viewed from inside the nose) for the corresponding regions. Bottom: deepening of skin creases surrounding the

polygonal domes in the epidermal surface (left), highlighted by the color-coded maximum curvature of the surface (right).

See also Figure S5 and Videos S2, S3, S7, and S8.

MIPs of the whole rhinaria reveal the polygonal patterns of
the deeper basal layer and blood vessels (left panels of
Figures 3B, 3E, and 3H; Video S3). In contrast, MIPs of trans-
versal slabs taken close to the nasal surface (right panels of
Figures 3B, 3E, and 3H; Videos S1 and S2) intersect all skin
layers and thus unveil their mirrored topologies: at the surface,
nascent epidermal creases (red arrows) appear over the tem-
plate of sub-epidermal vessels (dashed white lines). At stage 3
(Figures 3C, 3F, and 3l; Videos S4, S5, and S6), the upper
epidermis further keratinizes and can therefore be imaged with
autofluorescence, revealing surface creases surrounding the
well-defined polygonal domes. At this point, the secretory
glands in cows are fully developed and connected to the surface
by ducts (white arrow in Figure 3C). Autofluorescence of red
blood cells confirms that the sub-epidermal vessels are indeed
blood vessels (dashed white lines in Figures 3C and 3F). Note
that, at this stage, the basal layer of the epidermis in dogs and
ferrets is remodeling, as the main cups are subdivided by shal-
lower sulci and dimples. At the same time, a secondary network

6 Current Biology 34, 1-16, November 18, 2024

of inward folds (dashed yellow lines) develops right below the
epidermal creases, therefore also mirroring the lines of the
vessels.

To facilitate the 3D visualization of the processes described
above, we use volumetric imaging data of the developing dog
rhinarium (e.g., Videos S3, S4, and S5) to segment the main
layers of the skin (upper epidermis, basal epidermal layer,
dermis, and blood vessels). This analysis (Figure 4; Videos S7
and S8) allows us to highlight subtle anatomical features that
contribute to the patterning of the polygonal folds but are other-
wise hard to illustrate in the 2D MIPs of Figure 3. At stage 0 (E38),
a network of blood vessels has formed in the upper dermis, with
the vessels slightly protruding against the basal layer of the
epidermis (Figure 4A). At E40, the basal layer has formed inward
folds between the vessels (stage 1). Concurrently, very shallow
epidermal creases begin to form directly above the vessels
(stage 2), i.e., around the emerging outward domes (Figure 4B,
lower). As stage 3 (E44) is approached, the surface creases
deepen, making the polygonal domes more defined (Figure 4C,
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lower, Videos S2 and S3), while the epidermal basal layer begins
to remodel into a more complex hybrid regime (Figure 4C, up-
per), with some of the folds facing outward (inset i) and others
facing inward (inset ii) in-between the blood vessels.

The two observed folding events—the initial folding of the
epidermal basal layer over the embryonic sub-epidermal blood
vessels and the subsequent creasing of the epidermal surface
on top of these same vessels—likely correspond to mechanical
self-organization dominated by homogeneous growth. Alterna-
tively, it could be argued that folding and creasing occur
because of successive local proliferation (i.e., at the positions
of, or in-between, vessels) of the epidermal basal layer and
then of the upper epidermis, respectively. In principle, these
two alternative morphogenetic processes (homogeneous
versus localized proliferation) can be distinguished with assays
identifying the spatial distribution of proliferating cells. Hence,
we performed light-sheet microscopy imaging of full rhinaria af-
ter whole-mount pH3 (phospho-histone H3) labeling in each
species at the three key developmental stages identified above
(Video S1). At each of these stages, the distributions of pH3-
marked cells appear homogeneous within each skin layer and
do not show points of focalized proliferation (Figures S4 and
S5; Video S9), i.e., we do not observe any spatial correlation
between the distribution of proliferating cells and the distribu-
tion of skin folds. Figure S5 shows the relative spatial density
of proliferating cells, i.e., the number of pH3-positive cells
divided by the total number of cells within a sphere centered
on each pH3-positive cell. By varying the diameter of the
sphere (Figure S5B), we observe that proliferation patterns
only emerge at length scales larger than the characteristic scale
of the folding patterns, except for proliferation foci at the bot-
tom of the noses, which correspond to hair follicles. Therefore,
the spatial distribution of cell proliferation is much smoother
than what would be required for patterning due to local prolif-
eration. Note, however, that this analysis is limited by the fact
that processes other than cell proliferation—such as extracel-
lular matrix (ECM) deposition, cell hypertrophy, or contractility,
which were not measured here—might be modulating local tis-
sue growth locally. On the other hand, the relative growth rates
vary among the dermis, basal layer, and epidermis during the
course of ontogeny. For example, at the stage of epidermal
basal layer folding, just before the onset of epidermal surface
patterning, we observe that the relative densities of proliferating
cells are uniformly higher in the epidermal basal layer
compared with these densities in the rest of the epidermis
and in the dermis. More specifically, in a dog embryo at E38,
the normalized densities of proliferating cells (numbers of
proliferating cells per unit volume) are 1.0, 6.4, and 1.5 for
the dermis, basal layer, and epidermis, respectively, while the
normalized total cell densities (number of proliferative and
non-proliferative cells per unit volume) are 1.0, 1.3, and 1.1 be-
tween these layers, yielding relative proportions of proliferating
cells of 1.0, 4.8, and 1.4. At E40, the normalized total cell den-
sities become 1.0, 1.6, and 1.6 (i.e., the dermis remains less
dense than the epidermal layers), and the relative proportions
of proliferating cells become 1.0, 4.0, and 1.3 (i.e., the relative
growth remains higher in the epidermal basal layer than in the
dermis and upper epidermis). Note that these measurements
rely on the 3D segmentation of skin layers from volumetric
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light-sheet data, which was done for one sample per stage
(E32, E38, and E40), as shown in Figure S5.

Thus, the combined observations of homogeneous prolifera-
tion within different layers and substantial differences in growth
rates between layers strongly support the hypothesis that the
initial buckling of the basal layer and the subsequent creasing
of the epidermal surface that generates the final rhinarial folding
patterns both emerge from mechanical self-organization rather
than being driven by local cell proliferation at the positions of
(or in-between) vessels.

Growth simulations in multilayered skin models

To further explore the mechanical coupling between the multilay-
ered skin and the underlying vascular network, we perform nu-
merical simulations of growth in an idealized flat slab of skin
with a square grid of blood vessels at the dermo-epidermal inter-
face. We adjust the relative amount of tangential growth within
each tissue layer to values estimated from light-sheet imaging
of pH3 labeling: higher growth in the epidermal basal layer, inter-
mediate growth in the upper epidermis, and lower growth in the
dermis. Due to the technical difficulty of evaluating the elastic
(Young’s) moduli of individual skin layers, we use the cellular
densities obtained from light-sheet data as a simple proxy for
stiffnesses —translating to a stiffer basal layer compared with
the dermis and epidermis. This approximation is reasonable for
epithelial cells with little ECM but possibly problematic in the
case of connective tissues where a complex ECM has a high in-
fluence on elastic properties (e.g., tendons and ligaments are hy-
pocellular but orders of magnitude stiffer than tissues like the
liver with high cell density®°). Note also that direct measurements
made by Glover et al.®" on embryonic human skin have revealed
a higher stiffness for the upper epidermis compared with the
basal layer. Therefore, we test here both situations, i.e., stiffer
upper epidermis or stiffer epidermal basal layer (Figure 5). Impor-
tantly, we follow an effective modeling approach where we do
not seek to replicate the exact absolute parameter values of
the system. Instead, we are testing the combined effects of
growth ratios and relative stiffnesses between the different skin
layers, whereas it would be irrelevant to insist on implementing
exact numerical values for each mechanical property.

First, we show that, given the right set of parameters, such
simulations on the flat-slab model recapitulate both the initial
buckling of the basal layer forming inward folds between the
underlying vessels (yellow arrowheads in Figure 5A) and the
non-intuitive positioning of the epidermal surface creases over
a template of vessels (black arrows in Figure 5A). The relative
stiffnesses and growth values of the modeled skin layers in Fig-
ure 5A are inspired by the cellular and proliferation densities ob-
tained from light-sheet microscopy data (higher density of cells
in the epidermal basal layer and higher growth in the epidermal
layers, especially in the basal layer).

In the absence of vessels, the epidermis folds into a brainy
pattern (Figure 5B) whose characteristic length scale (indicated
by a black scale bar) is proportional to the thickness of the upper
layer.'?®" In contrast, the template of vessels introduces a new
length scale in the surface folding pattern (the distance between
the vessels, indicated by a white scale bar in Figure 5B), which,
remarkably, supplants the natural length scale of the system.
An essential condition to obtain the surprising, but correct,
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Figure 5. Numerical simulations of growth
in a flat-slab multilayered skin model with
square network of vessels

Ey, Eg, Ee, and E, are the Young’s moduli of the
basal layer (red), the dermis (green), the epidermis
(orange), and the vessels (white), respectively; Gy,
Gq, Ge, and G, are the growth factors of the cor-
responding layers. No displacement is imposed at
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(A) Left: simulation with bio-inspired skin proper-
ties (Ep =0.05, Eq=E,=0.01,E,=10,Gp =1, Ge =
0.75, G4 = G, = 0, Poisson’s ratio = 0.35) recapit-
ulating the key events of the natural hierarchical
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cups (yellow arrowhead) between the stiffer ves-
sels. Stage 2: the epidermal surface folds to form
outward domes, surrounded by inward creases
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epidermis (white arrows).

(B) Simulation with parameters identical to (A),
but without the vessels, generates an unnatural
brainy pattern. The natural length scale (black
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bar).
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(C-H) Transitions in folding regimes as crucial
mechanical parameters are varied. Layers prop-

erties, except when otherwise stated, are E, =E. =1, E4=0.1,E, =10, Gy, = Ge = 1, G4 = G, = 0, Poisson’s ratio = 0.35. White arrows indicate transitions from a
non-biological folding regime (epidermal creases between the vessels) to a biological folding regime (epidermal creases facing the vessels). The effects of varying
the relative values of the parameters between layers (C-H) are discussed in the text.

localization of epidermal creases exactly over the underlying
blood vessels is that the latter must be substantially stiffer
(roughly >5 times) than the epidermal basal layer and upper
epidermis (Figure 5C). This condition is very likely met in the rhi-
narium by the active regulation of blood pressure within the skin
vasculature. Indeed, the resistance of vessels to deformation is
imposed not only by the passive structural stiffness of the vessel
walls but also by internal fluid forces and by the active contrac-
tion of smooth muscles wrapped inside their walls.®® The distri-
butions of mechanical stress and velocity in these simulations
show that the stress is focalized at the positions of vessels, form-
ing rigid base points between which both the basal and upper
epidermal layers move outward to shape domes, akin to arches
rising against rigid pillars.

Strikingly, the outward epidermal bumps further develop cen-
tral shallower dimples (black arrowheads in Figure 5A), reminis-
cent of the true geometry of epidermal domes in adult dogs (see
inset of Figure 1B). In addition, we find that unnatural brainy
folding patterns emerge as the stiffness of the basal layer is
increased over 10 to 20 times that of the overlaying upper
epidermis (Figure 5D). Note that this transition occurs irrespec-
tive of the absolute stiffness values of the two layers (Figure 5E),
confirming that the folding regime is in fact determined by their
relative stiffnesses. As for the dermis, its stiffness must be similar
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to, or lower than, those of the epidermal layers in order to
generate realistic folding patterns (Figure 5F), although the sys-
tem transitions to a non-realistic serpentine folding regime for
excessively soft dermis.

Unsurprisingly, natural folding of the basal layer requires that
its tangential growth be at least as large as that of the upper
epidermis (Figure 5G). Remarkably, the exact positioning of
the epidermal surface creases over the blood vessels remains
robust even under the period-doubling regime, which is
observed when the growth ratio between basal and upper
epidermis exceeds about three times (Figure 5G). Finally, growth
of the dermis must be lower than those of the epidermal layers
(Figure 5H); otherwise, a network of creases with free branches
forms instead of individual domes surrounded by closed loops.

We investigate further the deterministic coupling between the
pre-pattern of vessels and the epidermal creasing pattern by
varying the geometrical distribution of vessels (Figure 6A)
from an ideal hexagonal grid to a broken hexagonal grid
(comprising free branches) or a noisy quasi-hexagonal grid
(comprising pentagons but no free branches). The latter resem-
bles more closely the real vascular networks of mammalian
noses, allowing us to assess how spatial variations could influ-
ence the epidermal folding patterns. These analyses indicate
that the key features of the folding process described above
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Figure 6. Numerical simulations of growth in a flat-slab multilayered skin model with (near-) hexagonal networks of vessels

Epidermal basal layer is shown in red, upper epidermis in orange, dermis in green, and vessels in white. No displacement is imposed at the sides and bottom
boundaries.

(A) Simulations with (i) an ideal hexagonal network of sub-epidermal vessels, (i) a broken near-hexagonal network with free branches (open black circles), and (iii)
and (iv) noisy hexagonal networks including pentagons. Mechanical parameters are identical to those of Figure 5A for panels (i), (i), and (jii) and identical to the
default parameters of Figures 5C-5H for panel (iv). The left panels show the pattern of vessels, whereas the right panels show the epidermal surface color-coded
by the velocity magnitude at the surface. In all cases, the spatial distribution of epidermal creases corresponds to that of the vessels. Black arrowheads indicate
smaller dimples in the middle of epidermal domes. Note that the simulation of panel (iv) stops at 65% because multiple polygons merge at steady state; polygons
remain stable if vessels are made even stiffer.

(B) Chronological stages of hierarchical folding in the multilayered model from (A), panel (iii), illustrated in XY planes (top) and XZ planes (bottom). The same key
events of the folding process occur regardless of the vessel network geometry (see also Figure 5A): the basal layer first forms inward cups between the stiffer
vessels (stage 1), followed by the formation of outward domes at the surface (stage 2), surrounded by epidermal creases (black arrow) overlaying the vessels.
Mechanical stress concentrates at the vessels (dashed white circles), and higher velocity occurs in the inward cups of the basal layer and the outward domes of
the epidermis (white arrows).

(C) Light-sheet microscopy images of the rhinarial skin pattern of a juvenile ferret (P30) shown for comparison, in transversal and sagittal planes (top and bottom

panels, respectively).
See also Figure S1 and Video S6.

(Figure 5A) are robust against variations of the geometry of the
underlying pattern of vessels. As illustrated in Figure 6B,
epidermal creases robustly form on top of the stiffer vessels,
such that variations in the spatial distribution of the vascular
pre-pattern are reflected by the distribution of surface folds,
i.e., even in the presence of free branches and/or irregular poly-
gons. The quasi-hexagonal model closely resembles the natu-
ral geometry of rhinarial skin folds, as shown by comparison
with a juvenile ferret (Figure 6C). The correspondence between
the simulated and real pattern is clear, with sharp epidermal
creases facing the vessels, main inward cups in the basal layer
(between the vessels), and secondary folds of the basal layer
(over the vessels). Hence, the polygonal order of the folding
pattern is imposed by the topology of the vessels.

The presence of secondary features of the folding pattern,
such as central dimples in the epidermal domes (black arrow-
heads in Figures 5A and 6A), or the inward/outward direction
of the folds in the basal layer (Figure 2B), can be regulated in sim-
ulations by varying mechanical properties. For example, the cen-
tral dimples disappear when increasing skin stiffness (panel iv of
Figure 6A), and the basal layer folds inward instead of outward
when it grows faster than the upper epidermis (Figures 5A
and 5G).

Growth simulations in realistic volumetric segmentation
models

We also perform numerical simulations with a more realistic
model of an E38 dog rhinarium reconstructed from the
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Figure 7. Growth simulations in a multilayered skin model reconstructed from volumetric imaging of a dog rhinarium at E38

(A) Initial configuration (dermis, epidermis, basal layer, blood vessels, and nasal cartilage in pink, beige, dark gray, red, and purple, respectively) after smoothing
of the epidermal surface. Panel (i) shows a transversal section with vessels protruding from under in the epidermal basal layer. Panel (i) shows the adaptive-size
tetrahedral mesh of the 3D model. No displacement is imposed at the truncated boundaries.

(B) Final folding pattern obtained by setting the mechanical properties to biologically relevant values from the glabrous skin of 14-week-old human embryos®’ (soft
dermis, stiffer epidermis, and intermediately stiff epidermal basal layer: here set to E4 = 0.1, E, = 0.25, E,, = 0.15), and other mechanical properties taken from our
flat-slab simulations (stiffer vessels and cartilage: E, = 10, E; = 50; Poisson’s ratio = 0.3). Relative growth rates follow our measurements of cellular proliferation
(Gp = Ge = 1.5, G4 = 0). Panel (i) shows a close-up, color-coded by maximum surface curvature, that can be compared with the rhinarial pattern of a juvenile dog
(panel (i), MIP from light-sheet data; autofluorescence of keratinized epidermis). Panel (jii) shows that stress is focalized in the segmented vessels (dashed
outlines), whereas velocities are high in the domes (white arrows).

(C) Final folding patterns obtained with the same parameters as in (B), with (left) or without (right) stiffer vessels. In the absence of positional information from stiffer
vessels, the skin forms a non-biological serpentine pattern.

(D) Statistical distributions of geometrical attributes of the epidermal domes from the real patterns of two juvenile dogs (red histograms) versus the simulated
patterns of the model with stiffer vessels (blue) and without vessels (yellow).

See Figures S2, S5, and S7.

volumetric segmentation of light-sheet microscopy data (Fig-
ure 7). Although the surface of the epidermis seems smooth at
this embryonic stage, we nevertheless apply Gaussian smooth-
ing to the epidermal envelope (left panel of Figure 7A) to erase
any topological information from the surface that could influence
the final simulation results. At this stage, the pre-pattern of blood
vessels is present beneath the basal layer, and the latter has
barely started to form inward folds, while the epidermal creases
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have not yet appeared (top panel of Figure 4A). Using this real-
istic nose geometry, as well as a set of relative elastic properties
measured by Glover et al.’" in the fingertip skin of human em-
bryos (i.e., soft dermis, stiffer epidermis, and intermediate basal
layer), our growth simulations mimic the formation of polygonal
epidermal domes: panels (i) and (ji) in Figure 7B compare the
morphology of the simulated folds (color-coded by maximum
surface curvature) with that of a real dog embryonic rhinarium.
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Note that these simulations recapitulate the positioning of the
surface creases facing the underlying template of stiffer vessels
(Figure 7C, left). Panel (iii) of Figure 7B shows that, as in the sim-
ulations with the flat-slab models (Figures 5A and 6B), the stress
builds up around the stiff vessels, while velocities are largest in
the center of the growing epidermal domes. To demonstrate
that the sub-epidermal stiffer vessels are essential to the folding
process, we compare the results of folding simulations with stiff
vessels (Figure 7C, left) with those generated when the stiffness
of the vessels is set to the same value as the dermis (which is
equivalent to ignoring the presence of vessels altogether). In
the latter case, the resulting pattern is clearly unnatural, with
serpentine units, while the vessels are deformed along with the
surrounding dermis (Figure 7C, right).

We then quantify the topology of the modeled morphologies
following the same approach as for the real rhinarial patterns
(Figures 1 and S2). Using a curvature-based segmentation of
the polygonal domes, we generate statistical distributions of
selected geometrical attributes, namely their area, AR, polygon
order, and mean height (Figure 7D). This quantification was
restricted to the upper half of the nose model, where the 3D
reconstruction of the vessels (Figure 4A) is most accurate.
Note that all lengths are normalized by the distance between
the nostrils. In Figure 7D, we compare the distributions of these
geometrical features between natural patterns (from two juvenile
dog samples) and the simulated phenotypes (model with stiffer
vessels and model without vessels, as shown in Figure 7C).
We find that the natural distribution of ARs is fairly well repro-
duced by the model with stiffer vessels, whereas the tail of the
distribution increases toward larger values for the serpentine
pattern that develops in the absence of vessels. Both models
result in larger unit areas compared with the natural pattern,
with an even more drastic increase without the vessels. One
plausible explanation for this discrepancy is that the global ge-
ometry of the model is static during the simulated skin growth,
whereas the natural skin patterning occurs concurrently with
(1) the overall growth of the rhinarium and (2) the remodeling of
the vascular plexus. Both of these processes are likely to yield
further unit subdivisions (explaining the smaller relative sizes of
the units in real rhinaria).

The distributions of polygonal order in the real and simulated
patterns indicate that the model with stiffer vessels contains a
slight bias toward hexagonal units, even though it also contains
alarge number of pentagons. This is most likely due to anincom-
plete segmentation of the network of vessels (Figure 4A). Indeed,
smaller branches could hardly be detected by the segmentation
algorithm (see STAR Methods), and the local mechanical
coupling between the folding skin and the underlying vessels is
thus missing in those places. Finally, the epidermal domes in
the natural organ appear more flat than the simulated ones
(Figures 7B and 7C). This difference is reflected in the height dis-
tributions (Figure 7D), leaning toward much larger values for the
simulated phenotypes (even more so for the model without ves-
sels). This result is not surprising for two reasons. First, the kera-
tinization of the epidermal surface during embryogenesis likely
contributes to flattening the polygonal domains in real embryos.
Second, the samples were dehydrated during their preparation
for light-sheet microscopy and histology (see STAR Methods),
which cause tissue shrinkage and additional surface flattening.
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Overall, our simulations with both models (flat slab with simpli-
fied grid of blood vessels and realistic morphology segmented
from light-sheet imaging data) indicate that the lattice of polyg-
onal skin domains of the rhinarium forms through a self-orga-
nized process dominated by mechanical folding under compres-
sive stress induced by differential growth rates among skin
layers. Importantly, the localization of the skin creases is strongly
constrained by the presence of a circuit of stiffer vessels, i.e., the
growing multilayered skin harnesses the pre-existing positional
information encoded in the vascular network to constrain the po-
sitions of the creases. These results pertain to a concept of me-
chanical positional information, whereby material properties of
anatomical elements mechanically encode positional informa-
tion without requiring chemical signaling.

Stochasticity of rhinarial skin patterns

Given that vasculogenesis (the assembly of an early polygonal
vascular network) likely emerges from the self-assembly of
endothelial cells,” the corresponding positions of rhinarial skin
creases are more likely to be stochastically distributed than
genetically determined. To test this hypothesis, we statistically
analyze the spatial distributions of rhinoglyphics in multiple indi-
viduals of genetically identical cows (i.e., genetic clones) versus
unrelated controls (as well as dog and ferret individuals for com-
parison). To do so, we first generate 3D reconstructions of the
rhinarial surfaces of all selected individuals using structure-
from-motion,®® structured light, or light-sheet microscopy, de-
pending on the size of the samples (see STAR Methods). We
then segment the acquired surfaces into individual polygonal
domes using a curvature-based approach (Figures 1, S2A, and
S6A) and quantify the statistical distributions of various geomet-
ric attributes, such as polygon length, height, orientation, and
number of nodes (Figures 1 and S2B). Finally, we measure the
Jensen-Shannon divergence (D s) between these statistical dis-
tributions to quantify the level of disparity between the patterns
of different samples (see STAR Methods). The D s maps of all
geometrical attributes are averaged together and over groups
of equivalent samples (e.g., bovine clones or controls) to obtain
a single parameter normalized between 0 (statistically identical
patterns) and 1 (maximally different patterns), as shown in
Figures S6B and S6C. For example, Figure S6C shows that the
AR of polygonal domes distinguishes well between cows and
the other two species (high D s values), but not between ferrets
and dogs (low D s values). In contrast, the number of branch no-
des associated with each polygon hardly discriminates the lat-
tices of the different sample groups. The D s maps also demon-
strate that ferrets display the most divergent patterns within the
three compared species, especially in terms of the relative di-
mensions of epidermal domes (width, length, and height).

Most importantly, these analyses indicate that the rhinarial
pattern of creases is not genetically determined as mean Dys
values (Figure S6B) among bovine clones and among unrelated
individuals are similarly small, i.e., the rhinoglyphics of geneti-
cally identical animals exhibit the same overall level of stochas-
ticity as unrelated individuals. In addition, Kolmogorov-Smirnov
tests comparing distributions of geometric attributes confirm
that the patterns of cow clones are not significantly different
from those of unrelated individuals (p values >3.5% for all
geometrical attributes, except for the height of epidermal
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domes; some differences in sampling and preservation of the
samples might have caused a post-mortem deformation of the
surfaces due to dehydration, therefore introducing a bias in
the height distributions for each sample group). Conversely, a
strong statistical divergence is observed between the different
species, while the patterns are homogenous within each
species (Figure S6B), suggesting that the parameters controlling
self-organized vasculogenesis/angiogenesis are substantially
different among these divergent species.

Finally, we analyzed the rhinarial patterns of cows affected by
the Ehlers-Danlos syndrome, a hereditary collagenopathy that
impacts the mechanical properties of connective tissues, result-
ing in hyperextensibility of the skin. These samples further
demonstrate that mechanical properties are determinant in
shaping the network of skin folds. Indeed, their patterns clearly
differ from those of healthy cows (clones and controls), as indi-
cated by high D s values; actually, they are more similar to the
patterns of dogs (Figure S6B) than to those of healthy cows. Spe-
cifically, cows with Ehlers-Danlos syndrome differ from healthy
animals mainly in terms of the length, width, and AR of their
polygonal units (Figure S6C). This is due to the fact that the
network of creases presents many unterminated branches
(pink dots in Figure S6A), although the global orientation of the
epidermal units seems to be preserved in these COL5A1 mu-
tants. By comparing Ehlers-Danlos mutants with cow controls
using a Kolmogorov-Smirnov test, we obtain low p values
(<1%) for the height, length, width, area, and AR of the epidermal
domes, confirming that the patterns are statistically distinct.
However, the p values obtained for the number of branch and
end nodes are high (around 30%) because the disrupted pat-
terns of those two individuals are characterized by the fusion
of several domes into a single, very large unit containing many
nodes (Figure S6B), therefore not contributing much to the statis-
tical significance for that geometrical attribute. Based on our
growth simulations on the flat-slab model, which showed that
too soft dermis results in the incomplete formation of bordering
creases around the polygonal domes (right-most panel in Fig-
ure 5F), we suggest that the defective pattern of Ehlers-Danlos
cows is caused by improper mechanical folding of the epidermal
layers over the sub-epidermal vascular template, due to insuffi-
cient dermal stiffness.

DISCUSSION

Our analyses indicate that the ontogenic patterning of rhinarial
skin creases is established through a growth-induced self-orga-
nized mechanical folding process. However, the dynamics and
the resulting steady state are strongly constrained by pre-exist-
ing positional information bore by a sub-epidermal vascular
network and transferred to the creasing epidermis through me-
chanical (instead of chemical) interactions, i.e., in the form of a
stress field. Hence, akin to the principle of (chemical) positional
information®®’ involved in multiple morphogenetic processes,
here we present a case of mechanical positional information
determined by specific anatomical components. Instead of
involving chemical signaling, this principle relies on positional in-
formation being mechanically encoded by the specific material
properties (e.g., stiffness) of the corresponding anatomical
elements.
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An outstanding feature of the mechanical patterning of the rhi-
narium is the hierarchical sequence in which the basal layer of
the epidermis first folds between the vessels due to excessive
proliferation, followed by the folding of the epidermis into out-
ward domes surrounded by sharp creases facing the lines of
the vessels. Our numerical simulations confirm that these basic
principles of morphogenesis, dominated by mechanical param-
eters, can be effectively modeled without involving any biochem-
ical interactions. Here we use simple numerical models with
isotropic mechanical properties to recapitulate the essential
folding steps leading to rhinarial skin patterning. In reality, the
complex architecture of the ECM could induce anisotropic re-
sponses to growth stresses. In particular, the network of
collagen fibers displays a preferred orientation perpendicularly
to the skin plane in embryonic dog rhinaria, as revealed by
light-sheet microscopy images (Figure S7). We predict that en-
compassing this type of anisotropy in the elastic model would
generate yet more realistic folding patterns, for example, by
limiting the strain perpendicularly to the skin plane and thus
reducing the curvature of the modeled epidermal domes, which
appear more flat in natural phenotypes. Moreover, here we
considered the epidermal basal layer (red layer in Figure 5) to
effectively represent the basal layer plus its basement mem-
brane. The latter has been shown to play an important mechan-
ical role in the development of skin cancer.®*°® Therefore,
refining the anatomical resolution of our models by distinguish-
ing basal epidermal layer and basement membrane could also
improve the accuracy of the simulated folding process.

It is likely that the pre-pattern of blood vessels mechanically
transferred to the folding epidermis provides an additional level
of robustness to the morphogenesis of functional rhinoglyphics.
Indeed, unconstrained self-organized skin folding (i.e., relying
solely on differential growth rates between different layers of
the skin) would generate a network of creases that would not
coincide with the spatial distribution of vessels, hence making
rhinoglyphics less efficient for functions such as evaporative
cooling or nose temperature control. In other words, evolution
harnessed a mechanical coupling between subcutaneous blood
vessels and the embryonic rhinarium skin, thereby ensuring that
skin folds coincide (spatially) with the self-organized vasculo-
genesis process. This point is spectacularly illustrated by our ob-
servations in cows: genetically identical individuals do not exhibit
more similar nose folds than unrelated individuals because the
positions of the vessels are not genetically controlled but result
from self-organized vasculogenesis. Note that self-organized
vasculogenesis must precede mechanical self-organized skin
folding to ensure the robust emergence of skin creases at the
exact position of vessels. On the other hand, divergent evolution
of the vasculogenesis parameters explains why different species
(such as cow, dog, and ferret) exhibit different rhinoglyphics phe-
notypes. Note that the relative growth rates and material proper-
ties of the skin layers (dermis, epidermal basal layer, and upper
epidermis) must have coevolved to maintain an effective me-
chanical coupling of the folding process with the subcutaneous
vascular network.

Early on, morphological resemblance between rhinarial folds
and the papillary ridges (fingerprints) found in the glabrous skin
of human hands has been noted.“° Similarly to the rhinoglyphics
whose ontogeny is revealed here, fingerprints have been
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suggested to initially develop as undulations in the epidermal
basal layer, presetting the subsequent formation of epidermal
ridges.®®"° Fingerprints have long been proposed to originate
from growth-induced compressive stress,**”'~"° an hypothesis
compatible with the fact that the final pattern of swirls and
loops correlates with the surface curvature of the embryonic
fingertip.”* Moreover, it has been suggested that sub-epidermal
nerves or blood vessels in fingertips could somehow accom-
pany the formation of folds in the basal layer and upper
epidermis.®®"%7°78% These observations are compatible with fin-
gerprints emerging from a self-organized folding process similar
to that of rhinoglyphics uncovered here, i.e., constrained by
mechanical positional information originating from underlying
stiff vessels.

Alternatively, fingerprints might be produced by a fundamen-
tally different ontogenic patterning process. Indeed, more recent
analyses of fingerprint development propose that Turing’s
reaction-diffusion—involving WNT as an activator and BMPs
as inhibitors—drives focalized epidermal proliferation, thereby
triggering the formation of early fingerprints as U-shaped
epidermal buds.®' Thus, fingerprint patterning might emerge
from a chemical self-organized process (reaction-diffusion),
possibly constrained by chemical positional information pro-
vided by anatomical elements such as blood vessels or nerves,
whereas we show that rhinoglyphics develop through a mechan-
ical self-organized process constrained by mechanical positional
information provided by an early network of subcutaneous blood
vessels.

Although the biochemical and mechanical paradigms are not
mutually exclusive (patterning of skin folds could involve dy-
namic interactions between a growth-induced mechanical
stress field and templates of morphogen concentrations), we
show here that the development of a polygonal network of skin
creases in the rhinarium of multiple mammalian species is domi-
nated by a mechanical self-organized folding process. Addition-
ally, we show for the first time that a pre-existing network of ves-
sels can modulate the growth-induced stress field and thereby
regulate robust patterning of epidermal skin folds. The principle
of mechanical positional information that we develop here opens
new perspectives on the emergence of multiple intricate geom-
etries whose morphogenesis is dominated by mechanics.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Dogs (embryos and juveniles) of the Ecole Nationale Vétérinaire d’Alfort, (facility 947-046-2,  N/A

Beagle breed ENVA, Maisons-Alfort, France)

Ferrets Mustela putorius furo (embryos, Euroferret (Denmark) and Animal Facilities of the N/A

juveniles and adults) Universidad Miguel Hernandez (Alicante, Spain)

Bovine embryos INRAE experimental unit of Le-Pin-au-Haras N/A
(Gouffern-en-Auge, France)

Bovine embryos Abattoir SOCOPA (Gacé, France) N/A

Bovine embryos Abattoir des Marais (Estavayer-le-Lac, Switzerland) N/A

Muzzles from 15 adult Holstein cows ENVA and INRAE experimental unit of Bressonvilliers N/A

(9 genetically identical clones, 4 unrelated (Leudeville, France)

controls, and 2 paternal half-sisters

affected by Ehlers-Danlos syndrome)

Chemicals

Acrylamide/Bis-acrylamide (37.5 :1 solution) ~ Sigma-Aldrich #A3699

Fast Green FCF Thermo Scientific #A16520.22

TOPRO3 ThermoFisher #T3605

Antibodies

Phosphorylated Histone H3 (pH3)

Santa Cruz Biotechnology

Cati#sc-374669; RRID: AB_11150094

Software and algorithms

ImagedJ
Matlab
Meshlab
Amira

Imaris

Biomedisa

CGAL

COLMAP

Dear ImGui

CUDA® C++ Core Libraries
Eigen

libigl

https://imagej.net/ij/
https://www.mathworks.com/products/matlab.html
https://www.meshlab.net/

https://www.thermofisher.com/ch/en/home/industrial/
electron-microscopy/electron-microscopy-instruments-
workflow-solutions/3d-visualization-analysis-software/
amira-life-sciences-biomedical.html

https://imaris.oxinst.com/imaris-viewer
https://biomedisa.info/
https://www.cgal.org/
https://colmap.github.io/
https://github.com/ocornut/imgui
https://github.com/NVIDIA/cccl
https://gitlab.com/libeigen/eigen
https://github.com/libigl/libigl

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Deposited data

Source code for the growth simulations

This paper

https://codeocean.com/capsule/
6939939/tree/v1; DOI: https://doi.org/
10.24433/C0.5622496.v1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sampling of dog embryos were carried out in accordance with animal welfare ethical principles and approved by the ethics commit-
tees of the French national review board CNREEA #16. The procreation of bovine embryos was approved by the French Ministry of
Higher Education, Research and Innovation (permit number APAFIS #32140-2021062809539809). The bovine clones were gener-
ated as part of another study approved by the local Institutional Animal Care and Use Committee of AgroParisTech/INRAE
(COMETHEA, permit number 2012/160). No ethical approval was required for the sampling of Ehler-Danlos affected cows, control
cows and embryos obtained opportunistically at the Abattoir des Marais, as they were not deliberately bred for this study and since
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sampling was performed after euthanasia or slaughter of cows not known to be pregnant. Ferrets were treated according to Spanish
(RD 53/2013) and European regulations, and experimental protocols were approved by the CSIC (Consejo Superior de Investiga-
ciones Cientificas) Ethics Committee. All experiments reported in this article comply with the ethical guidelines of the research insti-
tutions involved in this study and with the EU guidelines and regulations (Directive 2010/63/UE).

METHOD DETAILS

Biological samples

All samples were collected post-mortem. Dog foetuses of the Beagle breed were opportunistically collected at the Ecole Nationale
Vétérinaire d’Alfort, (facility 947-046-2, ENVA, Maisons-Alfort, France). In dogs, embryonic stages are counted from the day of ovula-
tion (EO) which was precisely monitored by ultrasound and progesterone assays. Fertilization and beginning of embryonic develop-
ment in dogs occurs 3 days after ovulation. The samples were fixed and stored in formalin. Timed-pregnant sable ferrets (Mustela
putorius furo) were obtained from Euroferret (Denmark) and maintained on a 16-hour light/8-hour dark cycle at the Animal Facilities
of the Universidad Miguel Hernandez (Alicante, Spain). The day after mating was counted as embryonic day EO, and the day of birth
counted as postnatal day PO. Embryos and kits were transcardially perfused with 4% paraformaldehyde and stored. Fixed samples
were stored in methanol, ethanol or formalin. Some of the bovine embryos were produced by artificial insemination of cull cows after
oestrus synchronization at the INRAE experimental unit of Le-Pin-au-Haras (Gouffern-en-Auge, France) and collected at the Abattoir
SOCOPA (Gacé, France). In bovine samples, embryonic stages are given in days after insemination (E0), which occurred a few hours
after the observation of oestrus. The remainder were opportunistically obtained from the abattoir des Marais (Estavayer-le-Lac,
Switzerland). The muzzles from 15 adult Holstein cows were collected at the ENVA and the INRAE experimental unit of Bressonvilliers
(Leudeville, France). They were fixed in formalin and stored in this medium, which was changed regularly, until the samples were used
for analysis. The specimens included nine genetically identical clones, four unrelated controls, and two paternal half-sisters affected
by Ehlers-Danlos syndrome — a disease caused by structurally abnormal dermal collagen fibrils®'**? — which were found to be het-
erozygous for a de-novo mutation truncating the collagen type V alpha 1 chain (COL5A1 p.E1565X).

Histology

2D sections of embryonic skin pieces or complete rhinaria (small enough to fit into a regular microtome, typically less than 2 cm®) were
prepared using a standard histology protocol (fixed in 4% PFA, dehydrated in ethanol and delipidated in chloroform before embed-
ding in paraffin; sectioned with a microtome at 9-um thickness, stained with Hematoxylin and Eosin) to reveal the geometry of the
different skin layers.

Light-sheet microscopy

We used a light-sheet microscope (Ultramicroscope from Miltenyi Biotec) to perform 3D imaging of cell densities in full rhinaria of
embryos of all three species, as well as in noses from juvenile dogs, juvenile ferrets and adult ferrets. Whole-mount samples
(maximum 2 cm®) were prepared using a clearing protocol for volumetric imaging, consisting of the following successive steps: dehy-
dration (methanol), bleaching (hydrogen peroxide), permeabilization (saponin + triton) and blocking (bovin gelatin), Phosphorylated
Histone H3 (pH3) and TOPROS staining (to mark proliferating cells and nuclear double-stand DNA, respectively), delipidation in di-
chloromethane, and clearing in dibenzyl ether. FastGreen staining was used to mark collagen fibers. Additional details on the pro-
tocol can be found in Timin et al.®® Imaging was done at 4X magnification (for tissue 3D segmentation) or 12X (for segmentation
of cells).

Hydrogel analogues

Polyacrylamide solutions (10%) were prepared following Tanaka et a with a ratio of cross-linker to polymer (bis-acrylamide to
acrylamide) of 1:37.5. Gels were polymerized in glass containers (hemispherical molds or Petri dishes) covered with a glass plate
to prevent oxygen from penetrating the surface and weakening the cross-linking process. After complete polymerization, the gels
were removed from the molds and let to dry for several hours, thus shrinking to a minimal size. The hemispheres were super-glued
face down on arigid surface. Finally, the dried gels were immersed in water, causing the outer layer to swell gradually. This generates
a bilayer system where the growth of the outer layer, constrained mechanically by the static core (and by the glued face or the borders
of the Petri dish), induces the spontaneous formation of creasing patterns of polygonal units. The gels (Figure S1) were imaged using
a VHX-700 digital microscope (Keyence, Itasca, IL, USA) and with a M205 fluorescence microscope (Leica, Heerbrugg, Switzerland),
relying on the autofluorescence of polyacrylamide.

I.,16

QUANTIFICATION AND STATISTICAL ANALYSIS

The software Imaris (https://imaris.oxinst.com/imaris-viewer) was used to render plane sections or maximal intensity projections
(MIPs) of the 3D images. The spot detection algorithm from that software was employed to count the number of cells per unit volume
in different skin layers, e.g., dermis versus epidermis (either all cells marked by TOPROS3 or only dividing cells marked by pH3), as
shown in Video S9.

e2 Current Biology 34, 1-16.e1-e4, November 18, 2024


https://imaris.oxinst.com/imaris-viewer

Please cite this article in press as: Dagenais et al., Mechanical positional information guides the self-organized development of a polygonal network of
creases in the skin of mammalian noses, Current Biology (2024), https://doi.org/10.1016/j.cub.2024.09.055

Current Biology ¢? CellP’ress

OPEN ACCESS

3D segmentation of tissues

We segmented volumetric light-sheet images using a combination of the ImageJ plugin Labkit,>* the online platform Biomedisa,®*
and manual tools from the segmentation editor of the software Amira (ThermoFisher Scientific, Massachusetts, USA). Labkit relies
on a ‘supervised random forest’ method, which requires orders of magnitude less ground-truth data than a typical deep neural
network. The training data set was created by drawing over sections of the 3D image, to label small zones for each segmentation
class (here, dermis, epidermis, basal layer, blood vessels and cartilage). After training, the classifier is applied to all pixels to predict
their labels, with an interactive curation step to correct mistakes until a satisfactory classification is obtained. The results were
cleaned manually with the segmentation editor from Amira to remove any remaining inaccuracies. The Biomedisa online platform
comprises a 3D U-Net, i.e., a convolution neural network (CNN) for pixel classification. We used this CNN to segment the most com-
plex tissue layers (blood vessels and cartilage), which were not well reconstructed by the Labkit method. The training data set for the
CNN was created by applying Labkit over a subset of the volumetric image (1/20 of all 2D XY slices), including a manual cleaning step
with Amira. In the end, label fields of all tissue layers were combined into a single volume, and tetrahedral meshes were generated for
each layer using the Computational Geometry Algorithms Library (CGAL)®° with adaptive cell size, i.e., smaller tetrahedra in the
thinner layers (epidermis, basal layer, blood vessels) and larger units in the bulk layers (dermis and cartilage). The result is shown
in panel (i) of Figure 7A.

3D surface reconstruction of large samples

The skin surfaces of adult cow noses were reconstructed as 3D triangular meshes using a structure-from-motion approach (also
known as ‘multiview photometric stereo scanning’). To do so, high-resolution pictures of the surfaces were taken with a Nikon
D810 camera from a multitude of angles by a custom-built robotic system®® and combined to recreate the 3D geometry using the
COLMAP software.®” Alternatively, for intermediate-sized samples (juvenile dogs), a structured-light method was used to reconstruct
the surface, with a VR-6000 optical profilometer (Keyence, ltasca, IL, USA).

Differential growth numerical simulations

We performed growth simulations using tetrahedral volumetric meshes (embryonic dog nose and flat-slab multilayered models),
starting with a smooth-surface configuration. The relative thicknesses of the flat-slab models were chosen to reproduce the relative
thickness of the basal layer compared to the upper epidermis in the true rhinarium geometry. The tangential growth factors, Poisson’s
ratios and Young’s moduli of individual layers were varied to test the effect of each parameter on the final surface pattern. At each
simulated time step, elastic forces induced by the deformation of the growing tetrahedral elements are calculated based on the mini-
mization of the strain energy function. The skin is modeled as a soft neo-Hookean material. The material model and energy minimi-
zation process are formulated in the finite element framework with tetrahedral elements.

We define the bulk of the material as the collection of points forming a specific configuration in 3D space. The motion of these
points fully describes its deformation. We define the deformation gradient, F, as a second-order tensor which relates the initial (refer-
ence) configuration of any material point X to its current (deformed) configuration x:

F = g—; (Equation 1)

To model tissue growth, the deformation gradient tensor F is decomposed into elastic and growth components F, and Fy,
respectively:

F = F.F,, (Equation 2)

Here, F4 describes the effective growth of the tissue and can be derived from the biological experiments/observations. In our
model, we assume that the growth deformation gradient is saturating as a function of time:

Fy(t) = I+2v(1 — exp(—Bt))N®N + Ar(1 — exp(—6t))(I — N ® N) (Equation 3)

in which, N is the normal vector in the reference configuration, 8> 0 is a constant that determines growth rate, and I is the identity
matrix. Furthermore, Ay and A7, determine the final relative growth in the normal and tangential directions, respectively.

Neo-Hookean material models (a sub-group of hyper-elastic models) are appropriate for soft material (bio-)mechanics because
they are robust even under large deformations.®>%#¢ |n hyper-elastic models, the stress tensor is computed from the strain energy
density function:

W= g (tr(Fer)J’% - 3) +K(J — Ind — 1), (Equation 4)
where J = det F, and p and K are shear and bulk moduli, respectively, which are related to Young’s modulus E and Poisson’s ratio »
as follows:

E E

2(1+) and K = m (Equation 5)

no=
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In the framework of hyper-elastic materials, we compute the Cauchy stress ¢ directly from the strain energy density function:

109

°=Jorke

(Equation 6)

Substituting (Equation 4) into (Equation 6) results in the following stress function

o = uJ**dev(F.F}) +K(1 - 3)1 (Equation 7)

Stress is computed for all tetrahedra, each of which is associated to well-defined material properties (e.g., Young’s modulus and
Poisson’s ratio) and growth deformation.

Internal forces are computed from this stress term and used for inferring mesh node displacements with Newton’s second law of
motion. A low threshold ratio (=107°) of kinetic energy over total energy is used to check for convergence of the steady-state solution.

All formulations are implemented in an in-house application which exploits NVIDIA GPUs for higher efficiency. This application is
written in CUDA and C++ programming languages. CUDA is used to develop intensive-computation kernels whereas C++ is used for
the data management, geometry processing, input/output operations and the graphical user interface. Our application integrate the
following open-source libraries: Dear ImGui (https://github.com/ocornut/imgui, MIT licence) for graphical user interface, CUDA®
C++ Core Libraries (https://github.com/NVIDIA/cccl, Apache-2.0, FreeBSD, BSD-3-Clause licences) for parallel algorithms, Eigen
(https://gitlab.com/libeigen/eigen, MPL-2.0, BSD licences) for linear algebra, and libigl (https://github.com/libigl/libigl, GPL-3.0,
MPL-2.0 licences) for geometry processing. Source code and examples of meshes are provided in the form of a CodeOcean capsule
at https://codeocean.com/capsule/6939939/tree/v1; the capsule’s DOI is https://doi.org/10.24433/C0.5622496.v1.

Statistical analysis of polygonal networks

We computed with Meshlab®® the maximum curvature of the 3D surface meshes obtained from juvenile and adult rhinaria. The
vertices of the 3D meshes were then treated as point clouds and projected onto regular volumetric grids, and the maximum curvature
values were binarized with Matlab (Version R2021a) using an ad hoc threshold to skeletonize the networks of creases in 3D. Various
attributes of the polygonal domes were then measured, to create a statistical description of the pattern: (j) the angular orientation of
each unit relative to the global orientation of the surface (calculated as the angle between the principal orientation vector of the whole
rhinarial surface, obtained by principal component analysis of the point cloud formed by the mesh vertices of the whole surface, and
the principal orientation vector of each individual epidermal unit, also determined by PCA of the point cloud formed by the vertices of
that particular unit); (i) the mean height of each unit, measured from a base form approximated by fitting a polynomial surface of de-
gree 4 to the skeletonized folds network (the folds being thus considered as the lowest points on the skin), inside a local patch circle
with an ad-hoc radius; (i) the surface area of each dome (projected on its base form); (iv) the length of each dome across its two
principal directions and its corresponding aspect ratio; (v) the number of branch nodes (corners of the polygons, connecting different
branches in the folds network); and (vi) the number of end nodes (unconnected edge node) in each unit. This process generated a
statistical distribution for each geometrical attribute and for each nose sample. In order to compare the distributions between the
different rhinaria, we used the Jensen-Shannon divergence (Ds). It measures the level of discrepancy between two statistical dis-
tributions, defined as:

1 1 )
Dys(P Q) = EDKL(P | M) +§DKL(Q | M), (Equation 8)
where Dy, is the Kullback-Leibler divergence:
P .
Du(P Q) = Y Pilog.g v (Equation 9)
xeX

where P and Q are two discrete probability distributions defined over the domain X, and M is the mean of the two distributions. The
values of D s are symmetric and bounded between 0 (identical distributions) and 1 (maximally divergent distributions). D s values
were calculated pair by pair for the 19 nose samples (9 cow clones, 4 cow controls, 2 cows with Ehlers-Danlos, 2 dogs, 2 ferrets),
for every geometrical attribute. Finally, those D s values were averaged over all samples belonging to the same group (cow clones,
cow controls, cows with E-D, dogs, ferrets) and over all geometrical attributes, yielding a single parameter value between 0 and 1 to
define the level of statistical divergence between the rhinarial patterns of the different groups. This quantification is illustrated in
Figure S6.
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