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Abstract

Growth and patterning of craniofacial sutures are subjected to the effects of mechanical
stress. Mechanotransduction processes occurring at the margins of the sutures are not precisely
understood. Here, we propose a simple theoretical model based on the orientation of collagen
fibres within the suture in response to local stress. We demonstrate that fibre alignment gener-
ates an instability leading to the emergence of interdigitations. We confirm the appearance of
this instability both analytically and numerically. To support our model, we use histology and
synchrotron x-ray microtomography and reveal the fine structure of fibres within the sutural
mesenchyme and their insertion into the bone. Furthermore, using a mouse model with impaired
mechanotransduction, we show that the architecture of sutures is disturbed when forces are not
interpreted properly. Finally, by studying the structure of sutures in the mouse, the rat, an
actinopterygian (Polypterus bichir) and a placoderm (Compagopiscis croucheri), we show that
bone deposition patterns during dermal bone growth are conserved within jawed vertebrates.
In total, these results support the role of mechanical constraints in the growth and patterning
of craniofacial sutures, a process that was probably effective at the emergence of gnathostomes,
and provide new directions for the understanding of normal and pathological suture fusion.



1 Introduction

Craniofacial bones are connected by sutures, which act as joints, absorb shocks during impacts
[24] and work as intramembranous bone growth sites [21]. Even though sutures seem to have little
functional roles when compared to the long bone joints such as knees or wrists, they are major
actors in the morphogenesis of the head of newborns. In fact, after birth, most of skull growth is
due to the action of sutures [21] and clinicians are well aware that abnormal suture maintenance
and premature fusion can lead to dramatic skull deformations known as craniosynostoses [26].

This study aims to a better understanding of the interactions between external mechanical
forces and bone deposition inside sutures. The fact that bone deposition occurring on the borders
of the sutures is subjected to the influence of external mechanical stimuli has been demonstrated in
experimental systems [10]. Nevertheless, the way external mechanical information is transmitted
to cells inside sutures is not explained in details, even though this point is of interest in the
understanding of the origins of craniosynostoses. Here, we used a theoretical approach in order to
explore mechanotransduction processes at the early stages of suture formation.

Sutures are delimited by two bony borders and contain an undifferentiated, osteogenic, mes-
enchyme [27] (see Figure 1). The two borders of the suture are interconnected by a dense network
of collagen fibres [6, 1, 35]. During growth, most sutures, such as the skull vault sutures of mam-
mals, progressively develop a striking interdigitated pattern [25]. From a morphological point of
view, it is known that sutures interdigitate in the first weeks after birth [19]. It is also known that
bone deposition in sutures mainly occurs at the convexities of the interdigitations [1, 32] while the
concavities are subjected to resorption [2]. Furthermore, collagen fibres within the mesenchyme
radiate in a fan-shaped pattern from the convexities to the concavities in the interdigitated areas
[10, 17]. The conservation of these morphological characteristics in theoretical models can be used
to check whether the initial hypotheses are biologically sound.

In this perspective, the emergence of interdigitations has already been modelled. Miura et al.
[19] proposed a chemical reaction-diffusion system developing a Turing instability [34, 9]. In this
study, a specific choice in the biochemical reaction term led to the formation of labyrinthic patterns
which resembled sutures. Nevertheless, even though morphogens are determinants of embryonic
suture development [21, 25], mechanical forces have to be taken into account in order to explain how
sutures grow after birth and develop their peculiar architecture [21]. Another morphogenetic model
for sutures has been recently proposed [37] and involved ’viscous fingering’ phenomena similar to
those occurring between two immiscible liquids with different viscosities. Here again the model
reproduces the evolution of the interdigitations.

We propose an alternative approach based on a biomechanical model. Our approach is com-
plementary to the chemical system studied by Miura et al. [19]. Our model is based on simple
and generic processes that are known to occur in vivo. The couplings between these processes
produce an instability that can be linked to the onset of digitations. We based the formalism of the
model on three biomechanical processes. First, collagen fibres within the suture mesenchyme were
instructed to orientate following local mechanical informations such as the direction and the inten-
sity of the principal stresses [29, 20]. Second, the mesenchymal cells were programmed to migrate
following the average direction of fibres (haptotaxis directed by mechanical information [14]). Last,
bone deposition due to the migrating mesenchymal cells drove the motion of the interface between
the initial bony border and the mesenchyme [6]. More precisely, mesenchymal cells were forced
to differentiate into osteoblasts when reaching the bony border of the tissue. The local variations
in the density of the migrating cells produced different ossification velocities along the border of



the suture and induced interdigitated patterns. This system led to the appearance of a previously
unknown kind of instability.

We studied the distribution of collagen fibres within the sutural mesenchyme, osteocyte pop-
ulations, peri-sutural vascular channels and bone growth lines using histology and high-resolution
synchrotron microtomography on mice, rats and on two basal gnathostomes (actinopterygian
Polypterys bichir and placoderm Compagopiscis croucheri). Morphologically, the data collected
on these various gnathostomes matched the results of the model. We described the distribu-
tion of neural-crest derived osteogenic cells within the mouse adult sutural mesenchyme using a
R26R; Wntl1-Cre compound and illustrated the importance of mechanical forces in suture patterning
using a Pkd2/V/ 1. Wnt1-Cre mouse with defective mechanotransduction.

In brief, the model we propose is derived from generic processes: linear elasticity, fibre orien-
tation and transport-diffusion. We excluded any initial geometrical hypothesis on the structure of
the borders of the sutures and on the mesenchyme. By taking into account the reorganisation of
collagen fibres subjected to mechanical stress [29], we analysed the emergence of interdigitations
through cell movements in the sutural mesenchyme. The emerging pattern we found was consistent
with biological data. This model is the first attempt to build a theoretical relationship between
external mechanical conditions (brain growth, action of masticatory muscles on the borders of the
suture) and cellular events resulting in sutural bone formation.

2 Material and methods

2.1 DMouse data

Pkd2 floxed mice were bred as already described [31]. R26R and WntI-Cre mice were produced as
previously described [30, 3]. All animal experiments were approved by the UK Home Office. Timed
matings were set up such that noon of the day on which vaginal plugs were detected was considered
EO0.5. Collection of embryonic and neonatal tissue was carried out according to the Home office
schedule one specification. Heads of mouse embryos were dissected, fixed in 4% paraformaldehyde
at 4°C, decalcified in Morse solution and dehydrated in ascending ethanol solutions before paraffin
embedding. Samples were sectioned at 7-12 pm using a Leica RM2245 microtome. Picrosirius
staining was used for morphological studies. Sections were viewed in light-field using a Zeiss micro-
scope (Axioskope 2 plus) and captured with an AxioCam HRC (Zeiss) using Axiovision software.
Transgenic mice carrying a LacZ reporter were processed through LacZ staining protocol with eosin
couterstaining prior to histology analysis.

2.2 Synchrotron X-ray microtomography

The following samples were imaged at the European Synchrotron Radiation Facility, Grenoble,
at the beamline ID19: Compagopiscis croucheri (interolateral and anterior ventral plates) from
the National History Museum, London: BMNH P 51007, Polypterus bichir (parietal sutures in
an adult and a juvenile specimen) from the Museum of Evolution at Uppsala University: PMU
25738, 25739, Rattus rattus from a personal collection, Mus musculus (CD1 background) from
King’s College London. Experiments were done using either a monochromatic beam or a pink
beam according to the nature of the samples (Table 1 and Table 2 in Suppl. Info. 2). All scans
were done with a FreLoN 2K14 CCD camera (fast readout low noise) coupled to a Gadolinium



oxysulfide crystal of 40 pum thickness (Gadox40) or a Gadolinium Gallium Garnet crystal of 10 um
thickness (GGG10) scintillator, depending on the voxel size.

2.3 Mathematical methods

The model presented in Section 2.3.1 was studied mathematically using two approaches: (i) anal-
ysis of the linear stability of a planar interface and (ii) numerical solution of the full model and
investigation of its patterning abilities.

2.3.1 The model: mathematical formalism for mechanotransduction in skull vault
sutures

The mathematical formalism for mechanotransduction in sutures was designed in order to fulfil
three objectives:

1. describe the mechanical behaviour of sutures,

2. render both the cellular motion within sutures and the sensitivity of these cell movements to
the mechanical environment,

3. simulate ossification and its effects on the growing sutures.

From a mechanical point of view, a craniofacial suture is a medium consisting of the whole plane
Q) divided into two subdomains representing the bone §2;, and the mesenchyme ,,,. The border of
sutures is defined as I'y,,, = 9, N 02yy,.

We chose to model biological processes occurring in the sutures at the continuous scale, thus
discarding, for instance, every individual cell behaviour. With this assumption, the mechanical
aspects of the problem were easier to render and we could apply the standard theory of continuum
mechanics. Furthermore, since we were interested in the emergence of patterns at a local level,
we discarded the effect of depth in the skull vault as well as curvature, and considered an infinite
medium, thus neglecting far-field effects.

Even though the mechanical behaviour of sutures is visco-elastic and nonlinear in response to
external parameters such as tension, compression or shearing [23], we decided to restrict our de-
scription to a linear isotropic elastic behaviour, for simplification purposes. Visco-elastic modelling
would have led to difficulties in implementing experimental values into the numerical simulations.
Furthermore, as we will show further, the elastic model was sufficient to describe the emergence of
an instability, which could then be characterised analytically. The analytical solution for the emer-
gence of the instability would have been more difficult to compute in a visco-elastic model. Finally,
our model focused on the onset of suture patterning. These processes take place at a biological
time when we supposed that non-linearities and complex behaviours did not have to be taken into
account yet.

In brief, knowing the difference of rigidity between bone and mesenchyme, we used the classical
equations of elasticity, which related the stress tensor o to the displacement u through the Lamé
equations:



Parameter H Value ‘ Reference ‘

Width of the suture 0.5 -1 mm | Direct measurement
Duration of constraint application 30 days Direct measurement
Traction (F') 100 kPa Jasinoski et al. [14]
Young’s modulus bone (Ep) 6000 Mpa | Jasinoski et al. [14]
Young’s modulus mesenchyme (E,,) 50 MPa Jasinoski et al. [14]
Poisson’s ratio bone (vy) 0.27 Jasinoski et al. [14]
Poisson’s ratio mesenchyme (v,,) 0.30 Jasinoski et al. [14]
Mesenchymal cell density 10 /mm? | Peptan et al. [22]
Haptotaxis intensity (x) 1 mm/day | ad hoc
Mesenchymal cells diffusion (D) 0.1 mm?/day | Murray [20]

Speed of deposition of bone on the border (vg) || 0.1 mm/day | Murray [20]

Table 1: Biological parameters used in the numerical simulations

—dive = 0, z€Q  with on = F (resp. 0) on the vertical (resp. horizontal) boundary of 2

E—x)ly (div u) Id + 5 B() (Vu+ (Vu)t),

—v) (1+v)
(1)

Id stood for the 2-by-2 identity matrix. In the Lamé equations, F(x) stood for the Young’s
modulus of the medium (E(x) = E}, for the bone and E(z) = E,, for the mesenchyme). To account
for the difference of rigidity we assumed Ej > E,,. The coefficient v was the classical Poisson ratio,
assumed to be the same in both subdomains. In fact, Poisson ratios for bone and mesenchyme are
very close (Table 1) and we chose their average as a common value (see Supp. Info 1 for the
discussion of this choice). Finally, the effects of the external environment (restricted to an outer
traction F' > 0, see Figure 1) were modelled as boundary conditions.

In order to describe cellular motion in the mesenchyme, we considered two mesenchymal com-
ponents: the osteogenic cells and the fibres (Figure 2, Suppl. Fig. 2 and 3). Collagen fibres were
evenly distributed in the mesenchyme and defined the directions along which the osteogenic cell
could move preferentially. Fibres were modelled as a vector field e.

The fibres were expected to orientate according to local mechanical stresses [29, 20]. We denoted
the two eigenmodes of the stress tensor o by (o1, 02) along the directions (eq,eq) (e; and eg were
normalised). We assumed, without loss of generality, that o1 > o9.

According to Sherratt et al. [29] and Murray [20], the main orientation of fibres was given by

e=G(o1/oa—1)e; if 0 <09 <oy,
e=e; if 0y <0< oy, (2)
e=0 if 09 <01 <0.

This was derived from the following rules (Figure 1):

1. fibre rearrangement was active only under tension (o1 > 0);
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Figure 1: Schematic representation of the different components of the model. At rest, the borders of
the suture are nearly parallel, the osteogenic cells of the mesenchyme are located at the centre of the
suture (in red, compare with Suppl. Fig. 3) and the collagen fibres have no preferential orientation
(in blue). When submitted to a traction F, the suture witnesses several transformations: the
collagen fibres self-organise into a specific pattern (compare with Figure 2), the osteogenic cells
migrate towards the borders of the suture (compare with Suppl. Fig. 3) and preferentially deposit
bone in regions that eventually become the convexities (green), as opposed to concavities (orange)
where no bone deposition occurs. This process leads to the formation of interdigitations.

2. when o1 and o9 were both positive, the two effects were competing and the resulting orien-
tation depended on the anisotropy ratio o1/09 through the increasing function G which took
values between 0 when o7 = o9 (isotropic case) and 1 when o1 > o9 (anisotropic case); the
precise shape of the function GG did not play an important role;

3. when o7 and o9 had opposite signs the fibres orientated in the direction of the positive
eigenmode.

Of note, by defining the sign of eigenvectors, we assumed e; (and hence e) to point “from left to
right” | as in Figure 1.
The equation monitoring the density of the osteogenic cell p had the following characteristics:

1. diffusion: the motion of the osteogenic cells was supposed to be anisotropic, as we expected
diffusion to be greater along the fibres; motion had no preferential direction along the fibres;

2. haptotaxis: the motion of the osteogenic cells was assumed to follow the fibres and to be
directed towards the closest border of the suture.

We assumed that cell movements were much faster than the speed of the ossification front, so
that the motion of the cells was driven by the following stationary diffusion-transport equation:

V-(-D(e)Vp + ph(e) )=0, z€Q,, t>0, (3)
—— ——
diffusion haptotaxis

where D(e) was the anisotropic diffusion tensor, and h(e) was the biased speed of motion.

We further considered both these quantities. In the model, fibres defined the bias direction, so
that the haptotaxis field h was aligned with the main orientation of fibres, which meant that h was
parallel to e:



h(z) = p(z)e(z). (4)

The factor p took into account polarising chemical signals such as FGF2 [11] produced by the
osteocytes of the sutural borders. These signals reached the point x of the domain and were used
to indicate the closest border to the point x. As e always pointed to the right, we could define p as

p(x) =

—x if x is closer to the left border
x  if  is closer to the right border

where x was the typical bias speed.

The anisotropic tensor was locally defined by D = (D1 /|le[|?)e ® e + (Dy/|et||?)et ® et with
Dy > D, (preferential diffusion in the direction of the fibres rather than in the transverse direction
el).

The field h resulted from the fibre orientation pattern. We assumed that the suture mesenchyme
had a fast renewal rate in order to compensate for the loss of cells due to migration and ossification.
We included this constraint in the model by imposing that the total number of mesenchymal cells
would remain constant. More precisely, we assumed a constant supply of cells in the suture,
relying on proliferation factors such as FGFR2 interacting with the diffusion morphogen FGF2
[12]. Cellular differentiation occurred at the borders of the suture by the action of factors such as
FGFRI1 interacting with the same diffusion morphogen FGF2 [12]. The bone was produced by the
mesenchymal cells in the immediate vicinity of the borders of the suture [18].

The interface was supposed to move because of bone deposition and external mechanical trac-
tion. We modelled bone deposition as a motion of the interface in the orthogonal direction towards
the centre of the suture:

p—1{n)

(p)

where vy was the characteristic speed of ossification (or bone deposition), (p) was the average of
p and n the normal vector to the interface. Intuitively, ossification speed is proportional to the
relative amount of cells close to the suture border. We choose the relative amount p — (p) instead
of the absolute amount p to maintain a widely opened suture during the time range of the process.

n, ()

Vossi = V0

2.3.2 Linear stability analysis

Using previously described methods [4], we investigated the linear stability of a configuration with
initially parallel sutural borders. For this, we analysed the amplification or the damping of small
perturbations applied to a planar configuration {z = xo}. We thus started the analysis by assuming
that the initial interface was perturbed using a small sinusoidal wave with amplitude ¢ < 1 and
frequency mode k (see Suppl. Fig. 1, left):

xr = xg + esin(ky).
We then screened for a solution (evolving with time t) of the form:
z(t) = zo + ee* P sin(ky). (6)

where s is a function to be determined through the derivation of the so-called dispersion relation
(see Suppl. Info. 1 for further details).



Consequently, when s(k) > 0, the oscillations were amplified. We defined this state as unstable.
When s(k) < 0, the initial oscillations were damped and the interface became more and more
straight.

As mentioned earlier, we considered the case where the Young’s modulus E was constant in each
of the two subdomains (mesenchyme and bone tissue). We also considered that v, = vp. Given
that these two values are close (Table 1), we used their mean. In order to simplify the calculations,
we opted for an isotropic diffusion matrix (D being the diffusion coefficient), namely D = DId.
We put the anisotropy effect on the haptotaxis field h. The ratio of anisotropy was denoted by

a=+/Dy/D; <1, (7)

(o =1 in the isotropic case). The details of the computations are given in the Suppl. Info 1.

As a matter of fact, in the numerical framework, € can be seen as a numerical roughness of the
interface (see Suppl. Fig. 1, right).

Such a linear stability analysis provides insight on the model presented in section 2.3.1 as well as
on the results of the numerical simulations based on this model (see further in the text). Choosing
an initial sine perturbation is not a restrictive hypothesis and the stability results we obtained
can be generalised to any other type of initial perturbation, even to a random shape perturbation
whose extracted amplitude and frequency would be of order € and k, respectively. The small errors
inherent to any computer simulations (round-off error or moving meshes for instance) are the
numerical counterpart of the analytical sine perturbation considered in the linear stability analysis
performed in the Suppl. Info 1.

2.3.3 Numerical methods for simulations

In order to explore fully the model, we solved it numerically according to the principles exposed in
Section 2.3.1. Namely, the numerical analysis algorithm could be summarised as follows:

1. the elasticity problem (1) was solved for u, from which we deduced the principal stresses;
2. we computed the haptotaxis field h(e) through (2) and (4);

3. the diffusion-transport problem (3) was solved for p, from which we determined the ossification
speed Vossi via (5);

4. the motion of the interface I'y,, between bone and mesenchyme was computed thanks to vos;;
5. we iterated steps 14 in order to obtain the time evolution of the suture.

The interface I'y,, was defined as

Fbm(t) = {517 : ¢(tv$) = 0}7

where ¢ is a so-called level set function, which defines the interface implicitly. Indeed, we used a
level-set method [7] in order to described the movement of the interface according to the transport
induced by the speed vsi. This was performed by solving the following usual equation:

at¢ + Vossi v¢ = 0.



Figure 2: Collagen fibres in skull vault sutures. (a) Sharpey’s fibres within the coronal suture of an
adult mouse (arrowhead: insertion point of the fibres in the lower border); picrosirius staining; (b)
Sharpey’s fibres within the borders of the coronal suture of a P20 wild-type mouse (arrowhead);
lateral view; virtual section obtained by computing the standard deviation of the signal over 20
sections acquired by synchrotron x-ray microtomography with a 1.36 voxel size; (c¢) virtual section
from the same data set in upper view, obtained by computing the minimal signal value over 20
sections; radiating Sharpey’s fibres in the convex borders of the suture (arrowhead).

The implementation of the numerical resolution was done by using the public domain Finite-
Element library FreeFem++ (all the above equations were solved with the finite-element method,
see Suppl. Info 1 for details). The biological parameters of the model were extracted from the
literature on suture biology (see Table 1).

3 Results

3.1 Microscopic structure of craniofacial sutures

Histology and high-resolution imaging allowed us to obtain relevant parameters of sutural anatomy.
We considered sutures as structures made of two rigid bony borders connected by a network of
collagen fibres. In between the two borders, the sutural mesenchyme contained a population of
osteogenic cells. Using standard histology, we visualised the insertion of Sharpey’s fibres into the
borders of the suture (Figure 2). Synchrotron x-ray microtomography confirmed the presence of
Sharpey’s fibres within peri-sutural bone. Virtual histological sections showed that these fibres
were organised in a fan-shaped pattern in the convexities of the sutures. This pattern had been
hypothesised [14] but never visualised previously. Further microscopic information provided by
high-resolution imaging were in favour of a specific pattern of bone deposition along the sutures:
osteocytes, that is the osteogenic cells, were concentrated in the convexities of the peri-sutural bone
while the concavities showed indirect signs of osteoclastic resorption (see Suppl. Fig. 2). Finally,
using a R26R-Wnt1-Cre mouse in order to track neural-crest derived cells, we showed that adult
sutures contained a population of such cells in the core of their mesenchyme, that were progressively
migrating towards the bony borders and integrating into the peri-sutural bone (see Suppl. Fig. 3).

3.2 Mechanically-driven morphogenesis of interdigitations

We first investigated the linear stability of the parallel border configuration when the suture was
submitted to mechanical traction. We derived the following dispersion relation giving the stability



exponent s as a function of the perturbation mode k. We established the following formula, involving
reduced parameters of interest. Thus we could discuss the influence of each parameter on stability:

En
S(k):?]()k()8<k£0;a,?b,l/,g> 9 (8)
where we have set the characteristic parameters
X G (1/v —2)
ko=2=G(1/v—2 = -7

(G’ standing for the derivative function of G) and S is a function detailed in the Suppl. Info 1. The
factor vy denoted the characteristic speed of ossification (or bone deposition) as defined in Eq. (5).
The ratio /D denoted the ability of mesenchymal cells to respond to haptotactic signalling. These
factors had no influence on the sign of s(k). The sign of s(k) only depended on the mechanical
aspects of the model, namely the ratio of Young moduli and common Poisson’s ratio as well as the
function G. One crucial result of the stability analysis was that G established a link between the
mechanical characteristics of the tissues (for instance the Poisson’s ratio ) and the local orientation
of the fibres.

The relation (8) can be greatly simplified when the Young’s moduli (resp. for the bone and
for the mesenchyme) are very different, namely Ej, > FE,,, and when the highly oscillatory limit
k > kg is considered. This limit is informative as it is expected from some graphical representation
of (8) that s(k) is decaying for large k/ko. A positive limit ensures that an interesting instability
will emerge at an intermediate mode k. We refer to Suppl. Info. 1 for further discussion of the
dispersion relation (8) in other regimes. We obtained:

k E 1 1-2v
lim S —;a,—m,y,g>:<——a+a7g>. 9
{k>>ko <k‘0 Ey 4 4v2(3 — 4v) ©)
Eb > Em

Using the basic properties of the function G (positive and increasing), we knew that G was a
positive quantity. Since —1 < v < 1/2, we noticed that anisotropic diffusion along the fibres
enhanced instability as the right hand side of (9) was necessarily positive when a was lower than
1/4. Interestingly, when « was greater than 1/4 — as it would be the case if we considered an isotropic
diffusion of the mesenchymal cells — the ratio G = G’/G controlled the sign of s(k) for k > k.
When this ratio was large, an instability was more likely to grow from a planar configuration. This
could be interpreted as follows. For a large G ratio — meaning that the function log G was stiff —
the mean orientation of the fibres was sensitive to variations in the local anisotropy of the stress
tensor o1 /0.

In brief, according to the asymptotic dispersion relation (9), the growth of instabilities depended
linearly upon cellular features (speed of bone differentiation, haptotaxis), and non-linearly upon
biomechanical aspects (tissue elasticity, mechano-transduction of collagen fibres). Furthermore,
mechanical features only, and not cellular features, determined whether an instability could arise
or not.

Using biological parameters (Table 1), the analytical study predicted an instability with a char-
acteristic wavelength (\g = 27/kg) of order Ao ~ lmm. Numerical simulations confirmed this

10
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Figure 3: Onset of the instability. Snapshots of the interface. Starting from a straight interface,
the suture evolved towards a sinusoidal shape resembling the interdigitations of real sutures. The
simulation spanned over 30 days. Size of each snapshot : 4 mm (width) x 8 mm (height), see also
Figure 4a for a closer view.

prediction: starting from parallel borders, the simulation evolved in a similar way as sutures do
in the first months after birth by forming interdigitations (Figure 3). The regular aspect of the
sutures we found corresponded to the aspect of the sutures during the first steps of their interdigi-
tations [19]. We found that under mechanical stress in tension, randomly distributed collagen fibres
spanning across the suture spontaneously organised into a fan-shaped orientation. As a result of
this self-organisation process, the bone regions with the highest concentration in fibre insertions
were the regions that finite element analysis identified as locally subjected to the highest level of
mechanical stress (Figures 4b, 4c). This fan-shaped pattern of the orientation of collagen fibres in
the borders of the bone was also observed in real sutures, as revealed by high-resolution synchrotron
microtomography (Figure 2).

The stability analysis of the model demonstrated that our set of initial hypotheses was suffi-
cient to account for several fundamental characteristics of skull vault sutures via self-organisation
processes: (1) formation of interdigitations, (2) spontaneous arrangement of collagen fibres in a
biologically relevant pattern and (3) biologically realistic distribution of bone deposition regions
(that is in convexities).

11
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Figure 4: Biomechanical features of the instability. (a) Last snapshot from Figure 3 showing the
aspect of the simulation after 30 days. The boxed zone is enlarged in (b, ¢, d). (b) Principal stress
o1 (in MPa). The convexities were the areas subjected to the highest levels of stress. (c¢) Mean
orientation of fibres (contour lines of the local vector field) in the mesenchyme: fan-shaped insertion
in the convexities mimicking the insertion pattern of Sharpey’s fibres in real sutures (Figure 2).
(d) Mesenchymal cell density p (non-dimensional unit) highlighting the pattern of bone deposition.
The ossification speed was higher in the convex areas as a result of the distribution of collagen
fibres. Length scales in mm. These 3 snapshots in (b, ¢, d) were all taken at day 30.
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3.3 Abnormal mechanotransduction disturbs the architecture of the collagen
fibres in the mesenchyme

We hypothetized that the information about external forces was transmitted to the suture via the
orientation of the collagen fibres [29, 20]. In order to illustrate the role of mechanotransduction
in suture patterning, we used a mouse strain with a conditional knock-out of Pkd2 in neural crest
cells (Pkd2/V/f';Wnt1-Cre). Pkdl and Pkd2 form a transmembrane heterodimer working as a
calcium channel activated by the bending of primary cilia and are expressed by osteoprogenitor
cells within sutures [17, 36]. It is known that the lack of Pkd! leads to abnormal bone deposition
patterns in response to external mechanical stress in mice [17, 36], and that Pkd2 is involved in
mechanosensation and mechanotransduction [16]. Here we show that in the fronto-maxillary suture
of Pkd2'/Il-Wnt1-Cre mice, the lack of Pkd2, and thus putative defective mechanotransduction,
led to a failure of suture patterning and to abnormal collagen fibre disposition across the suture
(Figure 5a, 5b). In fact, in transgenic mice, the distinctive interdigitations observed in the wild-
type were lost and the fan-shaped insertion of Sharpey’s fibres within the borders was not observed
(Figure 5).

3.4 Bone deposition in the convexities of sutures is an ancestral vertebrate
character

In order to verify if the bone deposition mechanisms we studied in mammals are a general feature
across other vertebrates, we first confirmed the presence of interdigitations and radiating fibres in
a species close to the mouse, the rat Rattus rattus. Interdigitations similar to the ones observed
in mice were found in the rat (see Suppl. Fig. 4). Sharpey’s fibres were observed both in the
sutural space (Suppl. Fig. 4b) and within the peri-sutural bone (Suppl. Fig. 4c). Next, in order to
extend the conclusions of our model to extant vertebrates, we examined the structure of the sutures
in a basal bony fish, the actinopterygian Polypterus bichir. In this species, using high-resolution
imaging, we showed the progressive complexification of the suture pattern (See Suppl. Fig. 5) and
the presence of denser network of blood vessels surrounding the convexities of the interdigitations
(Suppl. Fig. 5, red arrow). Finally, in order to confirm the ancestral nature of the mechanisms
reproduced by our model for all gnathostomes, we examined the sutures between two dermal bones
(interolateral and anterior ventrolateral plates) of a placoderm fish, Compagopiscis croucheri [8].
Placoderms are an extinct group of armoured fish-like basal gnathostomes. They form the oldest
group where dermal bones and sutures can be related to the tissues observed in more derived groups
such as mammals [13]. By using synchrotron X-ray microtomography [33, 28], we observed the bone
growth lines in a suture of Compagopiscis croucheri and showed that the convexities of sutures are
areas with fast bone deposition when compared to the concavities (Suppl. Fig. 6). Furthermore, we
found a denser network of vascular canals in the concavities of the sutural borders when compared
to the convexities, as what we had previously observed in Polypterus and mice (Suppl. Fig. 6).

4 Discussion

Using a theoretical approach, we have demonstrated that external mechanical forces are sufficient
to make a suture function in a way that reproduces many of the in vivo characteristics of sutural
bone formation. The nature of the external stimulus we used in the simulations requires further
discussion. From the analysis of the dispersion relation, it is clear that the outcome of the model
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Figure 5: (a, b) Fronto-nasal suture in adult wild-type CD1 (a) and Pkd2/"//';Wnt1-Cre (b) mice;
picrosirius staining; the absence of a gene involved in mechanotransduction leads to abnormal
suture patterning and wrong collagen fibre insertions (arrowheads); the bone is globally depleted
in collagen.
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was not influenced by the characteristics of the traction load (F'). Namely, the final shape of the
suture and the position of the bone forming regions did not depend of the fact that the force was
quasistatic or periodic (with constant sign i.e. always in traction). The results did not depend either
on the amplitude of the traction F'. This suggested that the continuous growth of the brain and
cyclic stresses due to mastication for instance could both induce bone deposition patterns leading
to the appearance of interdigitations. One limitation of this study is the fact that the model cannot
simulate the effects of compression. In fact, only fibre traction could transmit information to the
sutural mesenchyme. Even though it is known that external compression cannot induce abnormal
suture fusion [10], a model considering the effects of both compression and traction would be of
interest, especially for the analysis of the fine effects of cyclic stresses such as mastication.

Suture interdigitations progressively develop complex patterns that diverge from the simple
patterns produced by our model [19]. This fact could be the consequence of short simulation times
(in accordance with the fact that we are essentially interested in early steps of sutures formation;
see Suppl. Info. 1) but also due to choice of constant mechanical coefficients (E,,, E, and v)
and homogenous haptotactic conditions within the mesenchyme (constant y). With our set of
hypotheses, the spatial and temporal scales of the patterns formed by the model were biologically
realistic: the amplitude of the interdigitations reached about 2 mm in about 30 days of evolution.
Interestingly, the time scale depended on the following parameters: y, D and vg. Longer simulation
times and the introduction of heterogeneities may induce modifications in the outlines of the sutures
produced by the model.

Interestingly, our hypothesis on the migration of cells from the mesenchyme towards the borders
of the suture was supported by the fact that in the sagittal suture of mice, neural-crest-derived
osteogenic cells from the mesenchyme progressively integrated into the mesoderm-derived parietal
bones (see Suppl. Fig. 3). The previously unknown central band of neural-crest-derived cells we
observed at the centre of the mesenchyme of the sagittal sutures of adult mice (see Suppl. Fig. 3)
seemed to correspond to the quiescent mesenchyme core previously defined at earlier developmental
stages [18]. In fact, such neural-crest derived cell populations in the mesenchyme of the sagittal
suture had already been described at the early stages of suture development (at E17.5 in mice
embryos [15]), but their persistence at adult stages had not been observed. The presence of this
population may be another sign in favour of the fact that sutures are active bone deposition sites
during post-natal growth.

In a mouse mutant with defective mechanotransduction (the Pkd2 mutant mouse), both the
morphology of the sutures and the organisation of their mesenchyme were abnormal. Pkd genes
are known to play a role in mechanically induced bone formation in mice [17, 36]. In this con-
text, the abnormal sutures of the Pkd2 mutant mouse can be interpreted as the result of a defect
in the self-organisation processes leading to normal suture patterning, due to the lack of proper
mechanotransduction required for collagen fibre rearrangement within sutural mesenchyme. Fur-
ther studies of the mechanisms of suture malformations in Pkd mutants will have to confirm this
hypothesis.

By analysing the microscopic anatomy of sutures in a mammal, a basal actinopterygian and a
placoderm, we provide evidence indicating that the mechanisms driving bone deposition in sutures
share similarities between extinct ancestral vertebrates and extant mammals [5] and that a set of
simple mechanotransduction phenomena may be conserved in all species presenting with dermal
bones. In fact, placoderms are considered as the most basal jawed vertebrates and the state of
a character within this group can be considered as plesiomorphic for all gnathostomes, including
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tetrapods [13]. From an evolutionary point of view, the dermal skeleton is the first mineralised
tissue appearing within jawed vertebrates. In this context, the mechanisms we described in our
model are good candidates for being the ancestral set of events leading to bone formation in the
first gnathostomes.

5 Conclusion

The model we propose simulates the morphological characteristics of vertebrate sutures by rely-
ing on simple mechanical processes. The limited number of crucial hypotheses we made (self-
organisation of collagen fibres in the mesenchyme directed by mechanical stress, mechanotransduc-
tion by migration of mesenchymal osteogenic cells along collagen fibres, subsequent bone deposition
at the borders of the sutures) are corroborated by data from transgenic mice and high resolution
imaging in mice, rat and various fish samples.

Pattern formation involves a combination of chemical and physical processes. Our approach
did not relate to any previous system producing interdigitated patterns and nevertheless simulated
several fine biological characteristics of sutures (orientation of collagen fibres, appearance of inter-
digitations, specific distribution of bone deposition regions along the borders of the bone) via a
previously unknown type of mechanically driven and biologically relevant instability. Most of the
current research on suture maintenance and on craniosynostosis focuses on the molecular factors
involved in bone proliferation and differentiation. The model we propose offers an initial theoret-
ical basis that could be of use in the understanding of the interactions between bone deposition
and physical processes. Our model illustrates the patterning ability of simple mechanical pro-
cesses. Mechanotransduction could act upstream in several very common pathological situations
such as deformational plagiocephalies or scaphocephaly, where there are striking and unexplained
individual variations and differences in responses to external stimuli.
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Supplementary materials - Supplementary
Figures

Mesenchyme bone
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T

Figure 1: Left: sketch of the initial interface used for the linear analysis. Right: close view of the
initial numerical interface from Figure 3 of the Main article (top left).



100um

Figure 2: Bone deposition patterns in skull vault sutures. (a) 3D reconstruction of the sagittal
suture of a P20 mouse from synchrotron x-ray microtomography data with a 1.36 voxel size; up-
per view; osteocytes are represented in red and are more concentrated in convex regions (blue
arrowhead) than in concave regions (red arrowhead); (b) 3D reconstruction of the same data-set
in frontal section; indirect signs of bone resorption in the concave regions (arrowhead); osteocytes
are represented in yellow.



Figure 3: (a) LacZ staining on a frontal section of a sagittal suture of an adult R26-WntI-Cre
mouse; neural-crest derived cells appear in blue; a central band in the mesenchyme of the suture
(arrowhead) is neural-crest derived; (g) same sample; the osteocytes that integrate into the bone
are neural-crest derived and migrate from the central mesenchyme (arrowhead).



Figure 4: Sutural interdigitations and Sharpey’s fibres in the rat. (a) Fragment of the frontal suture
of an adult Rattus rattus, 3D reconstruction from synchrotron X-ray microtomography data with a
0.678 voxel size. (b, ¢) Sections b and ¢, respectively defined in figure (a), showed interdigitations
and collagen fibres connecting the 2 borders of the suture (red arrows); sections from synchrotron
x-ray microtomography data with a 0.678 voxel size.



Figure 5: Sutural interdigitations in a basal extant actinopterygian. Juvenile (a) and adult (b)
parietal sutures in Polypterus bichir showing the progressive complexification of the suture in the
coronal plane; sections from synchrotron X-ray microtomography data with a 14.92 voxel size
(juvenile sample) and a 30.2 voxel size (adult sample).



Figure 6: Pattern of sutural bone deposition in a basal extinct gnathostome. (a) Bone deposition
in the convexities of a suture in the placoderm Compagopiscis croucheri (red arrow) was faster
than on the confronting concavities of the same suture, as shown by the larger distance between
growth lines in the latter; virtual section obtained by summing 20 sections from synchrotron X-ray
microtomography data with a 5.05 voxel size. (b) 3D reconstruction of the same suture. Convexities
(red arrow), which are putative regions with fast bone deposition, did not have a dense vascular
network when compared to the opposite concave border.
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Supplementary materials - Mathematical
methods

1 Principal stresses and numerical simulations

The stress tensor o, the principal stresses vp1 and vp 2 (eigenvalues of ) and the directions of these
principal stresses (the eigenspaces) were defined according to usual mechanical engineering manuals
[?]. We used FreeFEM++ in order to compute the distribution of the mesenchymal cells in the
suture. In order to simulate the motion of the interface due to bone deposition, we first computed
a global displacement field v. This field was the solution of a Stokes-like equation with rotational
free conditions, where the displacement was imposed as normal to the interface and proportional
to the local fluctuations in density of the mesenchyme.

—Av + Vip =0 and
rotv =0, =€, with boundary conditions
v-t =0 and v-n:p—ﬁfrpd'y on I' = 0Q),,.

The numerical parameters were found in previously published studies (see Table 1 in the main
article). Of note, we chose the average value of Poisson’s ratio v in the bone and in the mesenchyme
as a common value, even though values as high as v = 0.40 are proposed for collagen fibres [?, 7, 7].

2 Theoretical evidence for linear instability

We considered a perturbation = = ee*®tI(y), with I(y) = sin(ky) for a mode k > 0, of an infinite
plane (z,y) with an interface located around = = 0. The soft tissue (mesenchyme) was located
on the left side z < e (y) of the interface whereas the rigid tissue (bone) was located on the
right side z > e*®*I(y). We performed a Fourier analysis to find the dispersion relation s(k)
in Subsection ??. This expression was linked to the relative variation of the cell density at the
interface p(0) which required to compute the solution of the linearized haptotaxis equation (see
Subsection ??) depending on haptotaxis driving velocity v. This was achieved by computing the
linearized displacement u and the mechanical stress o explicitly (Subsection 77).

2.1 Mechanical response to a sinusoidal interface

We first computed the linear response of the mechanical system to a sinusoidal modification in a
half plane. We then found the analytic formulae which confirmed the fibre orientation computed
numerically in Figure 3b of the main article.

2.1.1 Computation of the linearised displacement

The linear system corresponding to the mechanical equations was a combination of Lamé systems.
More precisely, defining u to be u, when x < ges(k)t sin(ky) and ug4 otherwise, the partial differential
equations system to solve read respectively on the left and on the right of the interface x =



a e’ sin(ky)

(Ag + 2119) 02,0 + ugﬁyyug + (Ag + 1g) 02, ufy =

(Ag + 2119) g + 11902, + (Ag + pg)2yuy = 0 when & < ee*®)'sin(ky), 21)
(Ad + 2p1a) 02, uf + “dayyud (Ad + 1) 03 yug =0, |
(Ad + 2pa) 02, uf + padz,uly + (Mg + pa)d2,ul =0 when z > ee® s(k)t sin(ky).

Boundary conditions at infinity read (modelization of the external forces):

xLl\mooa(ug)am o

xgmooa(ug) a2y = 0,

Igglooa(w)m =F,

k :r:ggrloo U(Ud)xy =0

22 The boundary conditions on the interface z = ges*)? sin(ky) (continuity of the Cauchy force and
33 the displacement) read

ug(ees(k)t sin(ky),y) = ud(ees(k)tsin(ky), Y) (2.2)
2.2

U(ug)n|x:565(’“)t sin(ky) — o-(ud)n‘x:ge“k)t sin(ky)"

The goal of this section was to determine the sign of s(k) depending on the different quantities
involved in the system. Dealing with a moving interface ees(*)?t sin(ky) directly was difficult. Con-
sequently, as classically proposed in free boundary problem analysis, we performed the change of
variables £ = x — ges(F)? sin(ky), n = y, which straightened the interface. The chain rule to be used
for the change of coordinates was

Oy = O
9y = 0y — ee* Ok cos(kn) g
2

02, = 0z

82 = 6&7 — e’ R cos(kn)@é
2
8§y = 8377 — 2ee5Wtg cos(kn)(?gn + eesR)g2 sin(kn)0¢ + (Ees(k)tk Cos(kn)) 8525
We then wrote

utta,) = (U ) o) =wie.sn = ({1, 6.6

and dropped the primes as it was always clear from the names of the variables which function was
referred to. Using the expression of the stress tensor given in Section 2.1 of the main article, we



obtained the following formulae for the components of the stress o in the (£,n) variables,

Oz = (21 + X)0zu” + AOyu?

= (20 4 N)Oeu® + Nyu? — ee* Nk cos(kn)deuY, (2.3)
Ozy = p(0zu? + Oyu”)

= p(0gu? + Oyu”) — ee*®tk; cos(kn)ogu”,
oyy = 20+ AN)0yu? + Nou”

= (2u + N)Oyu? + Nogu® — ee* B2 + Nk cos(kn)Ocu?. (2.4)

The normal vector to the interface had the following expression using the new variables:

1 < 1 )
_~ps(k)t
\/1 (ees®)tk cos(k:n)) eet ik cos(kn)
s System (?7)—(?7?) then became, in the domain

3+ 20+ B+ (k)
e (—2puk cos (k)20 + ik sin (k) deu” — (X + )k cos(kn) OFu )
+(ees®)t)2 12 Cos2(/c77)8§2§uy =0,

N+ 20088+ 0B+ (3 )
+€65(/14:)1t( —2(A +2p)k cos(k:n)agnuy + (A + 2p)k? sin(kn) OguY

—(A+pk cos(kn)8§§u9”>
+(ees N2 (N + 2) k> cosQ(k:n)(‘)éu‘” =0, when £ # 0,
(2.5)
with boundary conditions (at infinity),
limye 5y o0 (20 + A)Ogu® + ANOju? — ee*FNE cos(kn)dgu? = F,
limyg) 400 #(Oeu? + Opu®) — eesWt cos(kn)Ogu® = 0,
35 and interface conditions
[u] =0,
1 T y
\/1+ Ees(k)tkcos (kn))? [(QM + A)Ggu + Aaﬂu
—ee* @t cos(kn) (A + 1) Oeu? + pdyu®) + (ee5®)2uk? cos?(kn)dgu®] = 0,
1 Y T
V/1+(ees®)tk cos(kn) )2 [(Deu + Oyu)
ee*®tk cos(kn) (A + pu)deu® + (21 + N)Oyu?) + (232 (24 + \)k? cos?(kn)deu¥] = 0
(2.6)

where [f] denoted the jump of the quantity f at the interface £ = 0, that is

7] = Jim fa(€) — Jim_ i (©)

£—0t
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We then formally expanded u in powers of ¢ :

u =i+ ce*®ta + o(e). (2.7)

where u was actually the solution of the Lamé system for a straight interface. We then focused on
the stability of such solution, namely the sign of s(k) in terms of physical coefficients. The first
step was to compute explicitly u:

F
ﬂl‘ 57 = )
97d( 77) 2Mg,d + )\g,d (28)
ng/7d(£7 77) = 07

where g referred to £ < 0 and d to £ > 0. Replacing u by (??) in system (??)—(??), using the
expression of u and retaining the order € quantities, we obtained the following system for u

F

(Ns + 2115) OZc 0% + 150y T@s + (Ns + )93, 08 + pusk? sin(kn)zi =0,
ths + As
(Ns 4 2115) 05y + psOze s + (Ns + p15) OZ, 05 = 0, with s € {g,d}
By performing the ad hoc transformation
ﬂ‘zyd = ﬂgvd, (2.9)
ot =, — ———sin(kn), 2.10
g,d g,d Qﬂg,d + >\g,d ( "7) ( )

we finally obtained the following set of equations.
(21g,a + Ag,a)Ocetiy g + (Hg,a + Ag,d) Oently 4 + 1g,dOpnlg q = 0,
Mg,da&ag,d + (/‘g,d + )‘g,d)aénag,d + (QNg,d + )‘g,d)&mﬁg,d =0,

together with the continuity conditions and transmission conditions at z = 0,

P Foo B
[u + A Sln(kn)} =0, (2.11)
[@] = 0, (2.12)
[— (21 + AN)0gu”™ + Ao,u?)] = 0, (2.13)
AF
_ n n —
[ p (Ogu? + 0pu”) + k:cos(kn)zu n )\} 0, (2.14)

and the behaviour at infinity

lim (2u+ /\)8514\9C + A0,uY =0,
[§]—+o0

lim ogu? + 0,u*) = 0.
|£|_>+OOFL( 3 m )

The solution could be found by a separation of variables:
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where U” and UY had the particular form:
Ug (&) = Agexp(k§) + Cg€ exp(kE)

A
Ur(e) = (Ag n 3’”)0) exp(ke) + Cyé exp(kE)

k(A +p
Ui (§) = Baexp(—k§) + Daf exp(—k¢)
U6 = (~Bart h D) exp(—ke) ~ Dat expl—k6)

In order to simplify the formalism of the system, we noted

3ut+A
A+

This form contained the Lamé equations on each side as well as the behaviour at infinity. To
determine the four parameters Ay, B4, Cy, and Dy we used the four continuity conditions and the
transmission conditions (??)—(??) on the interface £ = 0. Accordingly there was a layer with a size
of order k~! in the ¢ direction as a response to the sinusoidal perturbation in the y direction. The
details of the computations of Ay, Cy, By and D, are given in Section ??. As in the numerical
computations, we assumed that the Poisson’s ratios for bone and mesenchyme were the same and
we noted this common value v. Then an important point was that we had :

Ag = 54y,
F _
Cg == kaCg,

where flg and C’g only depended on v and E,,/E, and not on k or F.

2.1.2 Computation of the linearised stress

Here we computed the expansion of the stress component with respect to ee’®)! using (?7)—(??)
and the decomposition of u in terms of (?7) and (??)—(??7). All computations were made in the
left part since this is where they were required for further analyses.

Ozz = (200 + X)Ocu”® + Aoju? — ee* Bk cos(kn)Oeu?
= F+ee*® ((2u+ N)O0:U™ — XkUY) sin(kn) + o(e)

= F + e’ ((QM + N (kA 4 Cy)es + kO ge)
Y ((Ag + %Cg> eke + Cgfek5> > sin(kn) + o(e)
2
= F + ces0)t (<2ukAg + /\2_/:1ng> ke 4 Q/LkCgﬁekf) sin(kn) + o(e)

= F + Feesh)t <kH§xek5 + k2Hfz§ek5> sin(kn) + o(e)



where again, H§* and H{* only depended on v and E,,/E}. More precisely,

1 - 1—2v _
HE* A 2.1
U g+1+1/ 9 (2.15)
1
HII: .
! 1+v ¢

Interestingly we could search for the asymptotic behavior E,,/E, — 0 since E,,/E, was small.
Using (?77) and (?7), we assumed that Hj* and H{* had the following signs,

1-—-2v

* had the same sign as — 2 <0,
3—4v
1-2
H{* had the same sign as(l 6 I: ) > 0.

We subsequently computed the off-diagonal stress component.
Oxy = p(0gu? + Opu™) — ee* Wtk cos(kn)Oeu”
F F
_ skt Yy x _
ge (u ((%U +k<2ﬂ+)\+U )) Atki2'u+)\) cos(kn) + o(e)
= ey (§:UY + kU?) cos(kn) + o(e)
= e’y (k (Ag + %Cg) e*e 4 C'gekg + kCg{ek5 +k (AQekg + Cgéekg)) cos(kn) + o(e)

= ge*(R) ((2kuAg + (a4 DuCy) e + QkMCgfekg) cos(kn) + o(e)

= Feesh)t (k:Hgyek€ - k:2ny§ek£) cos(kn) + o(e),

where
1 - 201-v) -
HYY = A C 2.16
0 1+v gt 14v 7 (2.16)
HYY = H}®.

As we assumed E,,,/E}, to be small enough, then using the limit (??) and (??), H;¥ had the same
sign as

Lo, 20-0), _ 1 X(_(1+l/)(1—2u)>

li =
Em/lg;—ml—kl/ g 1+v 7 14v 1—v

2(1 - V) (1+v)(1—2v)

T ((1—V)( 4y)>
(12w
B—4)(1-v)’
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so HyY was negative for the physical value 0 < v < 1/2. We finally computed the stress component
in the direction of the suture border.

oyy = (20 + A)Opu? + Aeu” — ee* ™ (2 + Nk cos(kn)dgu?

A
_ s(k)t 1 y T\ L1
St )\F + ee®W (= (2u 4+ N)KUY + M0:U”) sin(kn) + o(e)
N syt _ a ké ke
Tt e < 2+ )k <<A9 * kCg) ¢t Cyte )
+ MkAy + Cy)e + Akcgge’“ﬁ) sin(k€) + o(e)
v s 3u 4+ 2A .
=1 VF 1+ ges(h)t <<—2,ukAg - 2M,U+)\Cg> ke — 2ukCg£ek§> sin(kn) + o(e)
=1 i VF + Fees? <IfHé’yek5 + kQnyﬁeM) sin(kn) + o(e)
where
1 - 3—2v
vy _ _
e i Rl ey 1 (2.17)
HYY = —H™,

Note HY could be considered negative because Hi¥ had the same sign as the limit which is

2v(1 — 2v)
(1-v)(3—4v)

To simplify the system, we noted H* = kHjeks + k2H{¢ek for s in {zx, vy,yy}. In any case, H®
had the same negative sign as H; when { was small.

The eigenvalues 01 and o2 had the same expansions at order € as o, and o, respectively.
Interestingly enough, o, did not influence the expansion before the order 2. Consequently, we
had the following property: in the linear interface case, both principal stresses were positive and
the larger one was the one corresponding to oy (since the physical constraints on v imposed that
v/(1 —v) < 1). According to our rule for the orientation of fibres, the fibres orientated along the
principal direction e; associated with o1, which we then computed:

1 (m = gyy) <1> o(B)t ( 0 )
e = = +ee -y . + o(e).
T (o) = 0 () ot

T

Since both eigenvalues kept the same sign, the rule used to construct e was

e:G(Ul—1>e1
02
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61

Using the leading order in the expressions of o1 and g2 computed previously, we got

1+ ees®tHZ sin(kn) + o(e)
e=G@G - —1]e
v/(1 —v) + eest HYY sin(kn) + o(e)

14 v

1 s(k)t l—v Tx l—v 2 .
——24c¢e —H" — HY | sin(kn) + o(¢) | e1
v

=G ((1 + ee* P H sin(kn) 4 o(e)) (1 — Y et <1 — ”)2 HY sin(kn) + 0(5)) — 1) e

1%

(i - 2> ety (i - 2> (1 - <1 - ”)2 Hyy> sin(kn) + o(s))
x ((é) + et <<11:2;> Hoxy cos(k;n)> + 0(6))
(

1 2> (é) b (G’ (1fv —2) (2 Ee — (152)* Hw) sin(kﬁ)) (e

G (1/v — 2) {=£ H™ cos(kn)

(2.18)

We noted for short G = G(1/v — 2) and G’ = G'(1/v — 2). The sign of the second component of
e was actually given by the sign of — cos(kn) since H*Y was a negative function for small negative
¢. In the concave regions of the suture border, sin(ky) was maximum in y = n. Thus cos(kn) was
negative for greater n (that is above the symmetry axis of the concavity) and positive for smaller 7
(below the symmetry axis of the concavity). Consequently the fibres were diverging in a fan-shape
pattern in the concavities, simulating the insertion of Sharpey’s fibres in real sutures (Figures 3 to 5
of the main article). In the convexities the situation was reversed: the fibres were concentrated at
the apex of the convexities. Since in our model mesenchymal cells were instructed to move toward
the bone following the orientation of fibres, the self-organisation of the mesenchymal collagen in
response to mechanical stress implicated that osteogenic cells would concentrate at the tips of the
convexities (as it is the case in real sutures, Figure 4a of the main article). This specific distribution
of osteogenic cells in the mesenchyme of the suture led to a progressive increase of the depth of the
concavities and to the onset of interdigitations.

2.2 Speed of bone deposition

The cell density was driven by haptotaxis. The corresponding equation read

0= DAp—V - (pVhapto) for,t>0and z < gesR)t sin(ky), (2.19)
(DVp — pVhapto) -1 =0 for t > 0 and z = ee*® sin(ky) '
where the field v was the result of the local orientation of fibres
Vhapto = X€- (2.20)
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By rewriting the equation in the (§,n) variables and using the chain rule for the change of coordi-
nates, we had, for £ > 0 and £ < O:

0= D@ép + D@%np — 0c(pv™) — Oy(pvY)
+ gesk)t (—2Dk cos(kn)agnp + Dk sin(kn)ep + k cos(kn)de (pvY)) (2.21)
+ (ee*®2 D2 cosQ(kzn)agfp

and for t > 0 and £ = 0:

(1 + (ee* Btk cos(kn))?) ~2(Dd,p — pv¥ — ee* B! Dl cos(kn)dep) (—ee* Wk cos(kn))

2.22
+ (1 + (ee*®k cos(k:n))Q)_l/Q(Dﬁgp —pv¥) = 0. (2.22)

Main order of System (?7?)—(??). We had the following system to solve

0= Dp+ D2 p — 0:(pv") — 9y(pv¥) for t >0 and £ <0,
DO¢p — pv* =0 for t > 0 and £ = 0.

Since it was known that v = (xG, 0), this system was solved by the following function :
_ xGE&
p(&;m) = poe” P

Order ce5®)t of System (7?7)-(??). The system read

0 = DOZ.jp+ DO2, 5 — (%) — Oe(57) — 0y (55" — Oy (77
+ Dk? sin(kn)9¢p + k cos(kn)de (pvY) for £ <0,
DOcp — pv* — pv* — kcos(kn)(Doyp — pv¥) =0 for £ = 0.

We then separated the variables and looked for p under the form
p(&,n) = p(&) sin(kn).

The system on p was then:

1— 1-v\?
DdZp — Dk*p — xGep = O <pOeX35XG' ( Y e ( ”) Hyy>>

1—v
1-2v

,

— k:poeXTgfo < > H™Y — kaoneXT?& for £ <0,

2
D:p(0) — xGp(0) = xG'po (1 - YkHG" - (1 V V) ’fﬂé’y>

\

This system could be written under the more synthetic form:

Gk
_ XY e for € <0,

G
08— 2507 — 129 = 11eF 1< g0

A XG ~ X [1—v T l—v ’ Yy
9ep(0) — fﬂ(o) = BPOG kHy" — kHy" |

v v




where J; and Js collected all the coefficients and were independent of £. It appeared that

1-— 1-v\?2
(XG+k> G'( VHB”( y) Hgy>
D v v
1—v 1—v
! _ Ty
+ kG 2 H, kGl—Ql/HO ],

X 1—v ﬁ 1 —v
JQ—pQDk‘ ( kG1_2V—|—<k‘—|— D)G 2 )Hl.

es The equation was solved by the following function:

J1 = Po%k

xG XGV2y yp2 ) €
(€)= jie( 5V (35) +4k )2 n jle(%—kk)ﬁ + j2€e(%+k)f + 00%6%57 (2.23)

where J4 were degrees of freedom and J; and Jy were computed in terms of J; and Jy by

D
"= ar”
P0o 1—v G\ ,1—v
="k (- il H
Gk( kG1_2y+(l€ D>G 2) 1,
- D xG D \?
Ji=—J— (2k+22 ) (=) J
PTXGET +D><><Gk) ’

S (3G ) o (A - (2 ) ke — ke g
G D v 0 v 0 p2 1 1—2v 0

po ( 2Dk PP el xG\ ,1—v
G<XG+1>< kGl_QV—F(/{:—l— D G 2 Hy.

The degrees of freedom were set by requiring that p would decay to 0 when ¢ would reach —oo

10
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(so that J_ = 0) and by enforcing the boundary condition at & = 0 so that

_ 1 1—v v—1\° _
T = 2 (gpoG/ ( ——kH" (V) ngy> —kJy — J2>
G G
§<—>3>+\/ Xﬁ) +4k‘2>

D
+/<;pG0<2§f+1> —kGll__ny+<k+Xg G’l;”)m
- %k <_kG11—_2VV + <k+ Xzf) Gllu_?y> Hy

1—v 1—1v\?2 1—v 1—v
1.2 ! Tr vy ! _ Y
k (G ( » Hy ( » > H >+G o H, G1—21/H0

2 _ _
4 2Dk (—kGl V+<k+XG>G’1 V)Hll.

1—-2v

2.3 Dispersion relation

a- Isotropic case. The purpose of this section was to find the values of s(k) for which we could
have the interface at 2 = ee*®*sin(ky) = I at order € when o = 1 in the haptotaxis field. This
condition meant that we had to force the interface a priori to follow this equation. This equation
was not a solution to the full non-linear system but could be valid at the linearised level. The
interface was located at ¢ = 0 where ¢ satisfied the level-set equation

p—(p)
(p)

This equation translated into an equation on I :

0@ + vg

Vo] = 0.

Plz=I — <P>

2\1/2 _
7 (1+ (0y1)7) 0.

ol + vg
We then had on one hand

p(t7 Z, y) = ﬁ(l‘ - I(t7 y)) + EeS(k)tﬁ(w - I(ta y)) Sln(ky) + 0(5)7
which led to

1 (7 I
=5 [ o0y ®i [T 0) sty + o)
™ Jo ™ Jo
= po + o(¢)

11



and on the other hand I(t,y) = ee*®)sin(ky) so that
6(0
s(k) + UO”;) +o(e) = 0.
0

In conclusion we found the following dispersion relation :

)
S(ki) = 0 2

with vg being a positive constant which did not depend on k. To study the behaviour of the system
with respect to k, we used the expression (?7?) to compute 5(0) and performed short and long wave
limits. Using the expression of p computed in the last section, it read

. = - G
p(0) = Jp + J1 + Po%

2
po [ xG xG
AW <D> Ak

1—v 1—1v\?2 1—v 1—v
1.2 ! T vy / _ Yy
oo (52 (552 ) <05

2Dk? 1-v xG\ ,1—-v
+ G (k‘Gl_2y+<k+D>G 2 )Hl

L (XC ) o (g (L2 N e A s Vel Ay
G D v 0 v 0 2 ! 1—2v 0
po 2Dk 1—v xG\ ,1—v xG
_P L) (- X= Hi+ po2.
G(XG+ >< kG1_2y+ k+D G 3 1+ P07
67 This led to

) 1— 1—v\? 1
GPE?ZG( V”ng—( V”) Hgy) [—2 <k0+\/k8+4k2>+(ko+k)}
+

1—v 1—v 1
G H -G HY) |—= [k k2 4+ 4k2 ) + k
+< vz 1—2y0>{2<°+ 0t ) ] (2.24)
1—v 1 —v 1 5 9 k
+( kG1_2V+(k+ko)G = >H1 [ko <k0+\/k0+4k> <2k0+1
+ Gk,

¢ where we have noted kg = xG/D (note that ko depends on v). The sign of the expression above was
so easy to compute in terms of v by letting E,,,/E}, going to zero (recallling that E,,/Ej, ~ 10~2) where
70 the limits of HI*, Hy¥, HYY, Hy given by (??), (??) and (??) were computed through (??)-(?7).

12



Short-wave limit k > ky. Consequently we have :

. 2
lim G p(0) :1G'<1_UH6”$(1_V> Hé/y> 1<G’1_VH1G1_VHgy>
v v 2

k/ko—+oo Ko po 2 v? 1—2v

1 1—-v 1 —v
- - H
+ < G1_2V+G o > 1+ G

1—-v 1—-v
—(1+- Y gw_ "V g
( a2 T A=) 1>G
1—-v 1—-v 1—-v ,
+< 2v <H oy 0 ) 4v? >G
We then looked at the limit of this expression as F,,/E, — 0 and obtained:
, G p(0) 1—v (1—2v)? 1—v 1—2v
li | =11 — — G
oy By /g0 Ko 0 ( MDY ( B-da(1-v)) 10-20) \T=- )3 — )
1—v 1—2v 1—v 2v(1 —2v) 1—v 1—2v ,
—2 — G
i < 2 (( 3—4:/) T ((1 —u><3—4v>)> 12 ((1 - u><3—4u>)>
3 120
4 4v2(3 — 4v)

71 Therefore the dispersion relation wrote in the limit:

. /
3 1—-2v G> (2.25)

li li E)=wvoko (-2 4+ — "7
Em/llr?r;—mk/kolgl—&-oos( ) = o 0( 4 + 423 —-4v) G

We then investigated the extreme values of this relation in the limit v = %
the former case we have the first order expansion G (; — 2) = G'(0 ( )
consequence, we obtained

resp. v =0. In
(f — 2). As a

3 1 1
li li li k) = voko | —— 4+ ——— | = ——voko .
Z,Lm% Em/lgz—mk/kolinﬁos( )= OV;HZ< 4 * V(3—4V)> 470

On the other hand, we obtained at the limit v = 0,

li li li k) = ——wgky .
ul—r}%)Em/lg;ﬁOk/kolinJroo s(k) 41)0 0

72 These two limits did not depend on the specific choice of G. Thus the system was stable with
73 respect to short-wave variations in the limits v = 0, % Interestingly, we could still get an unstable
72 behaviour for some intermediate range of v. For instance, with the specific choice G(x) = tanh(mx),
75 we plotted the limit (??) as a function of the modulus v for different values of m in Figure ??. This
76 pointed out the complexity of the dispersion relation s(k).

Long-wave limit k < ko. On the other hand we had
G 16( ) 1—v T
lim =G HY +1
k/li0—>0 k‘o o 1-—2v 0 + ’

13




Figure 1: Dispersion relation s(k) in the short wave regime k > 1 as a function of v € (0, %) for
different values of m: m = 0.05,m = 0.1, m = 0.5, m = 1. Notice that for m = 0.05 there is a range
of values for v where the process is unstable in the short-wave regime k > k.

14
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and thus

, . G p(0) 1—v (1—2v)2
1 im —22 _ g - 1),
Eon) Eams0 k/hos0 Ko Po <<1 - 2y> ( e

1_
Y <o.
— 4V

Therefore

li li k) = —2upk
pm | Mms(k) = —2vokog

As a conclusion, the regime k < kg was always stable.

b- Anisotropic case. We investigated the effect of anisotropy on the dispersion relation. We
found that anisotropy enhanced the instability of the process, as what could have been intuitively
expected.

We considered an anisotropic haptotaxis velocity rather than anisotropic diffusion in the direc-
tion of the fibres. We made the assumption that these choices lead to an equivalent problem, at
least for computing the dispersion relation. In fact, the fibres were oriented along the xr—axis at
first order (??). Therefore anisotropic diffusion would lead to the following drift-diffusion equation
for the motion of mesenchymal cells (?7?):

0= Dla%xp + D26§y10 = 0u(pva) — Oy(pvy),

with Dy > Do (faster diffusion in the direction of fibers). We changed the space scale in the
x—direction: ' = y/Dy/Dix. We ended up with

0= DQa:%’x’P + D28§y10 — a0y (pva) — Oy(pvy),

with o = \/Dg/Dl < 1.

Therefore we replaced the definition of the haptotaxis field (??7) by:
Vhapto = ®X€z + €y

Plugging this expression into the dispersion relation, we found the following formula replacing

(?7):
p(0) _ JLl—v . 1—v o\ 1 2 9
GPO —<aG 2 H,y G1_2VH0 5 ko + 1/ ki +4k* ) + k
1—v 1 —v 1 k
— H |— VEZ+4k2) —[2—+1
+( kG1_2V+a(k+k0)G 2 ) 1[k0 <ko+ kg + k‘> (ko—i- >}

+ OéG]CQ.

where we had kg = axG/D. Using the asymptotic expressions of Hy and Hy", the relation disper-
sions read in the regime E,,/Ep, < 1,

p0) 1 1 ra— 1 5 _k
L, (1—20) [ 1 I 1 55 2

+ OZG]{ZQ.

15



90

91

92

93

94

95

96

Figure 2: Dispersion relation for v = 0.28, m = 1 and different values of the anisotropy factor « as
a function of k/kg. Anisotropy favours instability.

In order to understand the influence of the anisotropy factor a on the dispersion relation s(k),
we plotted this factor as a function of k/kq for various . We observed a drift towards the positive
side (meaning instability) when « was increasing, indicating that anisotropy favours instability (see
Figure 77).

Short-wave limit k > ky. We derived the following short wave limit
, , G p(0) 1—v (1 —2v)? 1—v 1—2v
1 1 el P — - G
B/ Bkt ko po \ T 202 B -0)) " 31 —20) \U - )3 —4»)
1—-v 1-2v ,
e ((1 — B 4y)> ¢

B 1 -2
_<O‘ 4>G B

Therefore the relation dispersion wrote in the limit:

1 1-2 G’
lim lim  s(k) = voko ( —a+ v > (2.26)

Erm/Ey—0 k/ko—+o00 4 a4u2(3 — 4v) G

It appears that there existed g such that the process was unstable in the regime k& > kg for a < aq
(see also Figure 77).

Long-wave limit k < ko. On the other hand we had

) G p(0) 1—v
lim 2% _ g HY
k/li(l;golfo Po <<1—2l/> 0 +a>’
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104

105

106

107

108

109

110

111

112

113

114

115
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117

118

119

120
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122

and thus

, . G p(0) 1—v (1—2v)?
1 im —2Y _ ¢ - .
Eun ) Bas0 ko0 Ko po ((1 - 21/) < I—)B-a)) "

1-2v
li li k) =wvoko | — .
Em/lg,}—wk/lgios( )= 0( a+3—4y>

Therefore

As a conclusion, the regime k < kg was unstable when a < ?1;4211”/. This read o < 0.234 for v = 0.28.

Mechanotransduction and fiber orientation. We observed from the relation (??) that the

ratio % > 0 determined the sign of s(+o00). With the specific choice G(z) = tanh(mx), m > 0,
we noticed that the ratio % was a decreasing function of the parameter m which determined
the slope of G. When the function G was very stiff (m > 1, meaning rapid saturation from
G(0) = 0 to G(400) = 1), then the ratio %l was very small, meaning that the fibres were less
sensitive to variations in the local anisotropy of the stress tensor ZL. Interestingly enough, the
ratio %, accounted for the ability of fibres to transduce the mechanical constrains and to orientate

accordingly.

Conclusion. We calculated precisely the growth exponent s(k) of a sinusoidal interface with
mode k. We investigated the sign of this exponent in various regimes. We observed that there
always existed a range of parameters for which instability occurred. In the isotropic case a = 1,
this range of parameters was essentially determined by the Young’s modulus v and the ratio %/
(see (??) and Figure ??). In the anisotropic case a < 1, instability was favoured. Furthermore,
when o < %, then instability always occurred in the limit E,, < Ej and k > ko (see (??) and
Figure 77).

Finally we noticed that the dispersion relation that we obtained could lead to an infinitely
oscillating interface (instability in the regime k > kg). However, we have neglected the width
of the transition from mesenchymal to bone tissue. We propose that by taking into account the
(small) thickness of the interface, the modes corresponding to wavelengths smaller than the typical
width of the transition would not grow. However in this case the dispersion relation would be much
more difficult to compute.

3 Computation of A, and C,

We noted o = (3p + A)/(p + A). The continuity and transmission conditions at the interface
provided:

1. Continuity (??) and (?7):

F
A, =B 3.1
o= Bat |5t (3.1)
Ag + %Cg = —Bd + %Dd (32)

17
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2. Transmission (?7?) and (77):

(200 + Ng(kAg + Cy) = A (A, +

— g (kAg + ayCq + Cy) — pgkAg + k (

k

Yy

C,) =
(2u + /\)d(—de + Dd) — /\d(_de + adDd)

A\
20+ A

g

— pta (kBg — aqDg — Dg) — pgkBg + k <

Equation (?7) was equivalent to

2
gk Ay + <M a > Cy = —2uakBy + <
g

2

+ A

whereas equation (??) was equivalent to

—2ugkAy — (M

242

+A

We could replace (?7)-(?7) with

2ugk Ay + <

2u
—1,Cy = —2uqskB
Hglyg HakDq + <N+)‘

2

2u 1
+pu) Cp=—pgDyg— =
b\ )g g d’d [

From (77)-(?7) we got (Ay, Ba):

We could simplify (?7)-(?7), using

We obtained:

21
+2 Cy = —2uqkBg +
M)g g HaRDq <M+)\

2

2

kAF

2+ A

2

+H> Dy +
d

|

+2M> Dd+[
d

AF
24+ A

22
u)Dd
ptA/g

2

3+ A 3,LL—|—)\> [ F }
24, =— [~ ) Cy+ (=2 ) Dg+
i (kmm)g ‘ <k<A+m PR PR
3+ A 3,u+>\> [ F }
2Bg=—( ") Cp+ [~ ) Dy—
‘ (kmm)g ’ <k<A+u> PR PR
3+ A 2412
—p =—p.
EAN+p)  p+ A
3+ A F 1] kAF
_“gcg_“d<A )gcg+“dk[2u+A +2[2u+)\
F 1 kAF
Dy = —pgDg — gk —
)d d Had = H [2/14—)\} 2 2u+)\}

18

).

EAF

1] kAF
2+ A

24+ A

|

|

(3.5)



Finally we had

k F 1 AF kF Hd — g
Cyg=—————|1ta + 5 = - ;
g + HdQg 2u+A] 2 [ 2p+ A By + HaCg  21g + Ag
k F 1[ AF kF -
i (o ] )
d + HgQd 2+l 2 [ 2p+ A pd + HgQtd  2ptd + Ad
and
e BN
! 2 (1a + 1gaa) 2ua + M) (g + pacg) (2pg +2g) ) 2 [20+ A

By assuming that both sides had the same Poisson’s ratio v, we had ay = g = 3 — 4 and could
write

o (L= B /B)(1+0)(1 = 2)

T (En/By+ (3 —4)(1-v)’

Cy =

F _
Ag =54,
- (I+v)(1-2wv) Em/E 1
d="5a—p 1~ En/E) [(3 —4) <1 TG_ 0B B, EnfBt G- 4v>> B 1] |
We then had

L (4 -2w)
sl Y T BT — )
_ (1+0v)(1—2v)

li A — < 0. 3.10
Em/lg;eo g 1—v (3.10)

> 0, (3.9)
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‘ Scan H Monochromator Energy Distances Scan range ‘

Compagopiscis croucheri || double Silll Bragg 51 10, 200, 500, 950 360
Rattus rattus multilayer 30 50 180
Polypterus bichir juvenile || double Silll Bragg 30 200, 900 360
‘ Scan H Projections Count time Voxel size  Scan type Camera ‘ Decoheror ‘
Compagopiscis croucheri 1999 1 5.05 continuous 2k14 no
Rattus rattus 2000 0.3 0.678 continuous 2k14 1 mm
Polypterus bichir juvenile 3000 0.2 14.92 continuous 2k14 no

Table 1: Synchroton X-ray microtomography monochromatic beam settings for the Compagopiscis
croucheri, Rattus rattus and juvenile Polypterus bichir scans

Supplementary materials - Synchrotron x-ray
microtomograpy

1 Scans with monochromatic beam (table 1).

Medium-resolution scans (voxel size between 5.05 and 14.92 pm) were performed using a double
Sil11 Bragg monochromator. High-resolution scans (voxel size of 0.678 um) were performed us-
ing a single crystal 2.5 nm period W/B4C multilayer monochromator. The extant samples were
imaged at 30 keV while the fossil was imaged at 51 keV. The dermal bones of Compagopiscis
croucheri and of the juvenile Polypterus bichir were scanned at different propagation distances for
holotomographic reconstructions. Such a reconstruction mode enhances the visibility of structures
of different densities. For the same reasons, the dermal bones of Rattus rattus, scanned at only
one distance, were reconstructed with Paganin’s phase retrieval approach [1]. At high resolution,
a 1 mm graphite disk was put in the beam as a decoheror to get rid of the inhomogeneities of the
multilayer by diffusion of the beam after its monochromatization.

2 Scans with pink beam (table 2).

The dermal bones of Mus musculus, which were our smallest samples, were scanned at high reso-
lution (voxel size: 1.36 pm) using a pink undulator U17.6 configuration. The gap of the undulator
was opened at 20 mm, thereby leading to a single fundamental in its spectrum at an energy of
19.1 keV. The scans of the dermal bones of the juvenile Polypterus bichir were performed with the
1ID19 W150 wiggler opened at 58 mm, using 3 mm of aluminium and 1 mm of copper as filters,
thereby leading to an energy close to 120 keV. Images were analysed using Mimics 14.0 (Materialise,
Leuven, Belgium), VGStudio MAX (Volume Graphics, Heidelberg, Germany) and ImageJ [2].



‘ Scan H Machine mode Energy Filters Gap Scintillator Distances ‘

Polypterus adult 200 mA 70 Al3Cu7  WI150m: 58  Gadox 40 4000
Mus musculus 16 bunch 19.1 no U17.6: 20 GGG10 25
‘ Scan H Scan range Projections Count time Voxel size Scan type ‘ Camera ‘
Polypterus bichir adult 360 4000 0.1 30.2 continuous | 2k14
Mus musculus 360 6000 0.2 1.36 continuous | 2k14

Table 2: Synchroton X-ray microtomography pink beam settings for the adult Polypterus bichir
and Mus musculus scans
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