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The length of long bones is determined by column formation of proliferative chondrocytes and subsequent
chondrocyte hypertrophy in the growth plate during bone development. Despite the importance of mechanical
loading in long bone development, the mechanical conditions of the cells within the growth plate, such as the
stress field, remain unclear owing to the difficulty in investigating spatiotemporal changes within dynamically
growing tissues. In this study, the mechanisms of longitudinal bone growth were investigated from a mechanical
perspective through column formation of proliferative chondrocytes within the growth plate before secondary
ossification center formation using continuum-based particle models (CbPMs). A one-factor model, which simply
describes essential aspects of a biological signaling cascade regulating cell activities within the growth plate, was
developed and incorporated into CbPM. Subsequently, the developmental process and maintenance of the
growth plate structure and resulting bone morphogenesis were simulated. Thus, stress anisotropy in the prolif-
erative zone that affects bone elongation through chondrocyte column formation was identified and found to be
promoted by chondrocyte hypertrophy. These results provide further insights into the mechanical regulation of
multicellular dynamics during bone development.

stack is a major cause of longitudinal bone growth [1]. Therefore, col-
umn formation of proliferative chondrocytes is an important regulator of

1. Introduction

The longitudinal growth of long bones is regulated primarily by
multicellular activities within the growth plate, which has a layered
structure composed of proliferative, prehypertrophic, and hypertrophic
zones at both ends of the primary spongiosa formed from the primary
ossification center (POC) [1-5]. The growth plate is maintained during
longitudinal bone growth before the secondary ossification center (SOC)
formation at epiphysis, as well as after the SOC formation, by the
sequential proliferation and hypertrophy of chondrocytes. In the pro-
liferative zone of the growth plate, flattened proliferative cells form
columns in the bone longitudinal axis through cell rearrangement after
division [6-9]. Cell hypertrophy following proliferation in the columnar

bone length.

The cell differentiation and activities within the growth plate
including column formation are regulated by many biological signaling
molecules, such as Indian hedgehog (Ihh), parathyroid hormone-related
protein (PTHrP), vascular endothelial growth factor (VEGF), and
Wingless/Int (Wnt) [4,5,10-12]. Another important regulator of cell
activity is mechanical loading from surrounding tissues, such as tendons,
ligaments, and other bones [13-17]. Reportedly, mechanical stress in-
duces the expression of IThh, which promotes chondrocyte proliferation,
and also affects column formation in the proliferative zone [10,13,17].
Despite the importance of mechanical loading in the regulation of cell
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activities, measuring mechanical conditions such as the stress field
within the growth plate in growing tissue remains difficult. Therefore,
the mechanisms by which mechanical conditions spatiotemporally
regulate cell activity during long bone development remain unclear.

Modeling and simulation are powerful strategies for estimating me-
chanical conditions and investigating the underlying mechanisms that
cause cellular and tissue morphological changes. Recently, a novel
multicellular simulation platform called continuum-based particle
models (CbPMs) was developed [18]; this platform is capable of inves-
tigating tissue mechanical behaviors caused by multicellular dynamics
in response to mechanical conditions. The calculation of tissue defor-
mation based on continuum mechanics in CbPM can be effectively
applied to simulate a growing-bone tissue composed of chondrocytes
and the surrounding matrix, where the relative movement of cells in the
tissue is often limited.

This study aimed to elucidate the mechanisms of longitudinal bone
growth through column formation of proliferative chondrocytes within
the growth plate before SOC formation from a mechanical perspective
using CbPM. To investigate the mechanism by focusing on the me-
chanical behaviors of the tissue, a one-factor model, which describes
essential aspects of the biological signaling cascade regulating cell ac-
tivities within the growth plate, was developed and incorporated into
CbPM. Three-dimensional (3D) multicellular modeling was performed
to simulate the development and maintenance of the growth plate
structure and the resulting bone morphogenesis. Thus, stress anisotropy
in the proliferative zone, which affects the development of bone length
and width through chondrocyte column formation, was identified and
found to be promoted by chondrocyte hypertrophy.

2. Materials and methods
2.1. Hematoxylin and eosin staining

Metatarsals were extracted from ICR mice (Shimizu Laboratory
Supplies Co., Ltd.) on embryonic days 14, 16, and 18 (E14, E16, and E18,
respectively), fixed with 4 % paraformaldehyde phosphate buffer solu-
tion (PFA, Nacalai Tesque Inc.) for 2 h, and rinsed with Dulbecco's
phosphate-buffered saline (DPBS). The sample was embedded for frozen
block, cut with a thickness of 10 pm, and stained with hematoxylin and
eosin via Kawamoto's film method 2020 using Cryofilm type 2C(9) and
4D(9) (Cryosection Preparation kit, SECTION-LAB Co. Ltd.) [19,20], a
microtome blade (Feather, A35 type), and Leica CM1850 Cryostat (Leica
Biosystems). The stained sections were observed under a BZ-X710 mi-
croscope (KEYENCE Co.) with a 40x objective lens (Nikon Co.). Mice
experiments were approved by the Animal Experimentation Committee
of Kyoto University (#7Z19-2-4).

2.2. Fluorescence staining of DNA synthesizing cells

A 5-ethynyl-2'-deoxyuridine (EdU; Invitrogen) solution was prepared
by dissolving the EAU in CO, independent medium (Gibco) containing
10 % fetal bovine serum (Gibco). Next, metatarsals extracted from E18
mice were cultured in 2 mM EdU solution at 37 °C for 24 h. Subse-
quently, the metatarsals were fixed with 4 % PFA for 2 h, rinsed with
DPBS, and embedded in SCEM for frozen blocks. The cryosections were
prepared with a thickness of 10 pm using the Cryofilm type 2C(9). After
permeabilization with 0.5 % Triton® X-100 (MP Biomedicals) in 5 %
BSA-DPBS (Nacalai Tesque Inc.) for 20 min and washing with DPBS, EAU
detection was performed following the instruction stated in the Click-
iT® EdU Alexa Fluor® 488 Imaging Kit (Invitrogen). Cell nuclei were
stained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Nacalai Tesque Inc.). Fluorescence microscopy was performed using a
FLUOVIEW FV3000 confocal laser scanning microscope (EVIDENT Co.).
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2.3. One-factor model for cell differentiation

To investigate the mechanical behaviors of tissues during the

development and maintenance of growth plates, a simple model of cell
differentiation within the growth plate was constructed by considering a
differentiation factor (DF) that expresses the integrated function of
related biochemical signals (Figs. 1a and b). Assuming that DF diffuses
within the tissue, the rate of DF concentration C(x,t) at position x and
time t depending on the production S(x,t) of DF by the cells can be
expressed as:
@ = DV?C(x,t) + S(x,1) — kC(x,1), @
where D and k are the diffusion coefficient and degradation rate constant
of DF, respectively. The detailed diffusion analysis method is described
in Section S1 in the supplementary file.

Given that Ihh promotes chondrocyte proliferation [10,13], resting
chondrocytes, which comprise the entire chondrocyte condensation at
an early stage of development, were modeled to differentiate into pro-
liferative chondrocytes when the DF concentration C(x,t) exceeds a
threshold Cpoii¢ (Figs. 1a and b). Furthermore, chondrocytes are also
known to differentiate into prehypertrophic and hypertrophic states
under the regulation of Thh and PTHrP [21]. To express this differenti-
ation process, the proliferative chondrocytes were modeled to differ-
entiate into prehypertrophic chondrocytes when the DF concentration
C(x,t) exceeds the threshold Cpepnyp. Additionally, Thh is suggested to
promote bone collar formation in the perichondrium region surrounding
the bone tissue [1,10]. Therefore, bone collar was modeled to form when
the DF concentration C(x, t) exceeds the threshold Cgc.

In the hypertrophic zone, a previous study suggested that all hy-
pertrophic cells turn over in approximately 1 day, which is common in
various bones with different growth rates [22]. Thus, this study assumed
that prehypertrophic and hypertrophic chondrocytes mature in the time
durations Tprehyp and Thyp, respectively (Figs. 1a and b). Herein, time t
was measured from the time of onset of primary ossification center
(POC) formation (t = 0). After prehypertrophic differentiation at time
point t = tgiff, the cell automatically differentiates into a hypertrophic
state at t = tgirr + Tprenyp and undergoes apoptosis to form primary
spongiosa at t = tgigf + Tprehyp + Thyp-

Given that Ihh is produced by prehypertrophic and early hypertro-
phic chondrocytes [1,10,11,23], DF production by a cell was modeled to
gradually increase as prehypertrophic chondrocytes mature and
decrease after differentiation to a hypertrophic state by linearly
changing the DF production S(x, t) at position x in the domain of the cell
with time, as illustrated in Fig. 1b-2, as follows

Smax =l (fdiff <t <tgfr+ Tprehyp)

Tprchyp

t— taitt — Tprenyp

S S'““X<1_ 0.5T;
2L hyp

) (taite + Torenyp <1 <taitr + Tpreyp +0-5Thyp)

0(else)
(2)

where S« is the maximum DF production.

Previous studies have measured the diffusion coefficients of various
bioactive molecules using techniques such as fluorescence recovery after
photobleaching [24,25]. In a previous study simulating the reaction-
diffusion system in bone development, values between 8.2 x 10712
and 1.1 x 1071° m2/s were used as the diffusion coefficient of Thh and
PTHrP [26]. In the present study, the diffusion coefficient of DF was set
as D = 1.0 x 1072 m?/s, which is within the same range as that in
previous studies. The degradation rate constant of DF, k, was arbitrarily
set to k = 0.005/s. The threshold of DF concentration for proliferative
differentiation Cp,ojir and that for prehypertrophic differentiation Cprenyp
were determined as Cproiif = 0.5 pM/um® and Cprenyp = 30.0 pM/pm?,
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Fig. 1. One-factor model and cell dynamics model. a) Development of a growth plate composed of proliferative, prehypertrophic and hypertrophic zones after the
onset of POC formation at the center of the bone, and regulation of cell differentiation by DF; here, a half of a long bone is depicted. b) Time-dependent change in
natural volume of cells due to proliferation and hypertrophy. b-1) Modeling of cell proliferation. Cells grow and divide in the direction of division n,, which was
assumed to be the most compressive direction of the cell, that is, the minimal principal stress direction. b-2) Production of DF by prehypertrophic and hypertrophic
chondrocytes. b-3) Change in Young's modulus and Poisson's ratio expressing calcification and apoptosis. ¢) Initial condition of 3D simulation. Each sphere indicates a
material point, assumed to represent a cell and surrounding chondrocyte matrix.
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respectively, through one-dimensional (1D) simulation of the growth
plate described in Sections S2 and S3 to reproduce reasonable lengths of
both the proliferative and hypertrophic zones [27]. The threshold of DF
concentration for bone collar formation Cgc was determined as Cgc =
10.0 pM/um?® through 3D multicellular simulation based on the cell
dynamics model described later in Section 2.4, such that sufficiently
calcified bone collar can be observed near the hypertrophic zone, as
shown in Section S4 [1]. The time duration of chondrocyte hypertrophy
Ty, was set to 1 day referring to [22], and the time duration of pre-
hypertrophy Tyrenyp Was arbitrarily set to 0.5 days as a comparative
length with Tyy,. The value of S, was arbitrarily set to Spux =
1.0 pM/um?/s.

2.4. Cell dynamics model in CbPM

To simulate the mechanical behaviors of growing bone tissue derived
from multicellular dynamics within the growth plate, the one-factor
model described in Section 2.3 was incorporated into the CbPM [18].
In CbPM, material points, each of which can be assumed to represent an
individual cell and the surrounding matrix, are used to discretize the
entire bone tissue. Cell growth was modeled based on the theory of finite
growth [28,29], where the deformation gradient at material point p, F,
is multiplicatively decomposed as:

F, = FF: ®3)

where F and F} represent the elastic and growth components of the
deformation gradient, respectively. The developing bone tissue was
assumed to obey the compressible neoHookean model [30], in which
strain energy density ¥ in reference configuration is expressed as:

w_ (%lnzlg +h -3 ) > )

where J¢ is Jacobian of F g; A and u are Lame's constants; and I; and I3 are
the first and third invariants of the elastic part of the right Cauchy-Green
tensor, €} = F;TF;, respectively. The Lame's constants can be expressed
using Young's modulus, E, and Poisson's ratio, v, as 1 = (1+»)§+2») andu =

E
2(1+v)"

2.4.1. Cell proliferation

Cell proliferations of resting and proliferative chondrocytes were
modeled by combining the unidirectional growth of a material point in
the direction of division n for time duration T¢yqe of G1, S, G2, and M
phases and division of the material point in the M phase (Fig. 1b-1) [18].
Unidirectional growth was expressed by setting the growth part of the
deformation gradient F} and the growth stretch 6 as:

Fi=(I+(0-n,@n,)F; . 5)
t— tye DO
0=]+T T,E=1/Tcyclc ©)
cycle

where I is the second-order identity tensor and F§ . is the growth part

_pre
of the deformation gradient before the onset of the S phase at time point
t = ty. The growth stretch 6 increased linearly from 1.0 to 2.0 for Teycle,
essentially expressing the growth at a constant rate. After a cell cycle,
the cells remain in the quiescent GO phase until the next cell cycle begins
(Fig. 1b). Considering that the onset of the cell cycle occurs continuously
and independently at a constant average rate, herein, the duration of the
GO phase was assumed to follow an exponential distribution, with the
rate parameter Ry for resting chondrocytes and Ry, for proliferative
chondrocytes [18].

Proliferative cells in the growth plate are known to divide with the
division plane bisecting the long axis of the cell. After division, the two
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daughter cells rearrange into columns along the bone longitudinal axis
[6-9]. For cell rearrangement, cell-cell adhesion between the two
daughter cells due to enriched cadherins is necessary [6,9]. Cell
morphology under cell-cell adhesion conditions can be determined by
an energy function combining membrane elasticity and adhesion [31].
According to the energy function, tighter adhesion between two cells
leads to expansion of their interface area [31-34]. Considering me-
chanical confinement by the chondrocyte matrix surrounding the two
daughter cells, the two cells can be assumed to align with the shortest
axis of the parent cell morphology to realize the largest interface area
corresponding to a low-energy state. Based on these findings
[6,9,31-34], direction n; was assumed to be the most compressive di-
rection of the cell, that is, the minimal principal stress direction, to
describe the cell alignment after rearrangement (Fig. 1b-1). Therefore,
with the vertical direction being the minimal principal stress direction,
the cell will grow only in the vertical direction, and there will be no
growth in the transverse direction (Fig. 1b-1 top). It should be noted that
the alignment direction of cells after division, which is also the most
compressive direction, is not necessarily the macroscopic bone longi-
tudinal direction, because there is no other assumption in our model to
align the cells or to compress them in an arbitrary direction.

The total cell cycle time in the proliferative zone, which depends on
the bone growth rate, has been estimated based on bromodeoxyuridine
pulse labeling [35]. Because the growth rate of the third metatarsal is
approximately 300 pm/day [27], the total duration of a cell cycle,
including the GO phase, can be estimated to be approximately 30-34 h
[35]. Based on these studies, herein, Tcye = 1.0 day and a rate param-
eter of exponential distribution for proliferative chondrocytes of Ryl =
5.0/day were adopted; the resulting average length of the GO phase was

= — = 0.2 days. Furthermore, the frequency of cell division is lower in
prol

the resting zone than in the proliferative zone (Fig. 1b). Thus, the rate

parameter for resting chondrocytes was estimated as Ryest = 1.0/day (the

resulting average length of the GO phase was 1 IReess = 1.0 day) based on
Tes!

the comparison between the simulation and EdU staining of the mouse
third metatarsal, as described later in Section 3.1.

2.4.2. Cell prehypertrophy

Cell prehypertrophy can be observed as the enlargement of cells in
the columns formed owing to cell proliferation. To reproduce these cell
dynamics, prehypertrophic chondrocytes were modeled to complete the
ongoing cell cycle by faster growth compared with proliferative chon-
drocytes, and isotropic growth was initiated in the same way as for
hypertrophic chondrocytes described in Section 2.4.3 (Fig. 1b). The
faster growth to complete the cell cycle was expressed by a doubled
increase rate of the growth stretch in Eq. 6 as:

Do
E = 2/Tcyclc (7)

2.4.3. Cell hypertrophy

Considering that hypertrophic chondrocytes grow due to osmotic
pressure [36], hypertrophic and prehypertrophic chondrocytes were
modeled to grow isotropically after the completion of the cell cycle
(Fig. 1b) by setting the growth part of the deformation gradient F and
growth stretch 0 as:

FE=0F ®)
0 =G (C)]
where F¢ is the growth part of the deformation gradient before the

p-pre
onset of isotropic growth at time t = t,, G is the growth constant. This
formula indicates cell growth of G times in volume in 1 day.

The cell number density in the hypertrophic zone has been reported
to be, on average, one-fifth of that in the proliferative zone [37]. To
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consider the difference in the cell number density, the prehypertrophic
and hypertrophic cells were assumed to grow to three times in volume in
1 day by setting G = 3.0; consequently, they were estimated to grow
approximately five times in volume in 1.5 days (= Tprenyp + Thyp)-

2.4.4. Calcification and apoptosis

After the maturation of hypertrophic chondrocytes at time t =
tmatur = taief + Tprenyp + Thyps hypertrophic chondrocytes undergo
apoptosis and provide space for the formation of irregular spicules called
primary spongiosa (Fig. 1a) [1,36]. To model the formation of this
structure, half of the mature hypertrophic chondrocytes were assumed
to be gradually replaced by a calcified bone matrix, and the other half
underwent apoptosis to create empty space (Fig. 1b). Whether the
mature hypertrophic chondrocytes became calcified or empty region
was determined randomly, considering that the primary spongiosa has
no distinct structural features.

In the process of replacement from the hypertrophic chondrocytes to
calcified bone matrix, the Young's modulus E(t) and Poisson's ratio v(t)
of the material point were assumed to change linearly with time, from
the values of cells to that of bone matrix for a time duration T, as
illustrated in Fig. 1b-3 (top), as follows.

(tmulur + Tculcif - t) (t — Imat r)
E(t) = Ecan + Ecacir . (tmnlur <t < foanr + Tcalcif)
Tcalcif Tcalcif
(10)
(tma\lur + Tearcir — t) ([ — Imat )
I/(l) = Veell =+ Vcalcit = (lmalur <t < foanr + Tca]cif)
Tcalcif Tcalcif

1D

where E. and v are Young's modulus and Poisson's ratio of chon-
drocytes, respectively; and E ¢ and veacis are Young's modulus and
Poisson's ratio of calcified bone matrix, respectively. Through this pro-
cess, the residual stress was assumed to be eliminated by updating the
growth part of the deformation gradient F§, as follows.

FE=F, (12)

which indicates the formation of the fresh matrix at the current
configuration.

For the process of apoptosis of the hypertrophic chondrocytes, the
Young's modulus E(t) and Poisson's ratio v(t) were modeled to decrease
linearly with time to zero for a time duration Typop, as illustrated in
Fig. 1b-3 (bottom), as follows.

Tmatar + Tapop — 1
(s + Topop — 1) (fmarr < < fomatur + Tapop) a3
Tapop

E(t) = Ecell

t, + Typop — ¢
M (tmalur S t < tmar + Tapop)a (14)
Tupop

l/(t) = Veell

which indicates the gradual degradation and elimination of the existing
structure.

The perichondrium surrounding bone tissue was modeled as an
elastic tissue that has mechanical properties of chondrocytes and can
stretch passively but does not actively grow or proliferate. The forma-
tion of bone collar, which is composed of bone matrix, in the region of
perichondrium was modeled in the same way as calcification of hyper-
trophic chondrocytes, by varying Young's modulus E(t) and Poisson's
ratio v(t) of the material point for a time duration Tc,if, as follows.

tgc + Tearir — ¢ t—
E(t) = Ecell( ) +Eca1cn( T ac) (tec <t <tpc+Tewar) (15)
calcif calcif
tgc + Teareit — ¢ t—
u(t) = ’/ceu( T ) +1/ca1cn( T ac) (tse <1 <ty + Teateit) (16)
calcif calcif
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where tgc is the time at which bone collar formation begins. Through
this process, the residual stress was eliminated according to Eq. 12.

The material properties of cells E. and ve. were set to Ee =
1.0 kPa and v. = 0.4, respectively, by considering the order of the
measured values for chondrocytes [38,39]. The Young's modulus of the
immature bone matrix Eucir Was set to Eccir = 1.0 MPa, which is suf-
ficiently large relative to E.. The Poisson's ratio of the bone matrix
Vcalcif Was Set as Uegleif = 0.3, by considering the order of the measured
values for human femur [40]. The duration of calcification Ty and
apoptosis Tapop Were set to Teaieir = 1.0 day and Tapop = 1.0 day as the
same order as the duration of the cell cycle and cell hypertrophy. All
parameters used in the models are listed in Table S1.

2.4.5. Initial conditions

The distal half of a mouse third metatarsal was modeled for analysis
because of its simple and axisymmetric shape. Initial chondrocyte
condensation was modeled as a capsule combining a cylinder with a
radius of 150 pm and half-length of 450 pm, and two hemispheres with a
radius of 150 pm (Fig. 1c left) by mimicking the shape of the E14 mouse
metatarsal. This entirely 3D model was composed of resting chon-
drocytes surrounded by a perichondrium with a thickness of 50 pm
(Fig. 1c center). The position x was determined based on the center of
the capsule, and the z-axis was set as the longitudinal axis of the cylin-
der. The x- and y-axes were arbitrarily set perpendicular to the z-axis.
The radial (r) and circumferential (0) axes were set in the plane
perpendicular to the z-axis. By considering mirror symmetry on the x =
0, y = 0, and z = 0 planes, one-eighth of the whole tissue, that is, one-
fourth of the distal half of the chondrocyte condensation was
modeled, and slip boundary conditions were applied for thex =0,y =0,
and z = 0 planes of this entirely 3D model. To avoid any undesirable
effects in data analyses due to the boundaries, data for any graphs
regarding proliferative chondrocytes were collected from the off-axis
region (x > 10, y > 10, and z > 10 (pm)). Additionally, data from the
outer region (r > 150 (pm)) were not included, because the peripheral
region of the bone has different mechanical conditions owing to the
effects of the perichondrium and bone collar. The initial volume of the
material points was assumed to follow a normal distribution of
N(Vaye, Vaer?), based on its average V,,. and standard deviation Vg, to
consider the individual differences in cells. The material points were
distributed randomly with a uniform density within the 3D tissue in the
initial condition (Fig. 1c right).

The average volume of material points V,,. was set as V. =
10% um3, based on the order of the inverse of cell density in the resting
zone [37]. The standard deviation of the volume of material points Ve,
was set as Vyey = 102 ym® such that the probability distribution of the
volume of material points was reasonable (approximately 95 % of the
material points have volume between 800 and 1200 ym?3). Furthermore,
all material points were confirmed to have a volume >500 ym?, and be
smaller than 1500 ym? in the initial state. The onset of POC formation
was modeled by prehypertrophic differentiation near the z = 0 plane in
the initial chondrocyte condensation [1] (Fig. 1c center). The initial DF
concentration C(x, 0) was set to 0 as no prehypertrophic or hypertrophic
chondrocytes produced DF before the onset of POC formation.

3. Results

3.1. 3D multicellular simulation of growth plate development and
maintenance

To investigate the mechanism of longitudinal bone growth from a
mechanical perspective, a 3D multicellular simulation of the growth
plate development was conducted (Fig. 2a and Video 1). Initial chon-
drocyte condensation (Day 0 in Fig. 2a) was confirmed to mimic the E14
mouse metatarsal (E14 in Fig. 2b). After the onset of POC formation at
Day 0, a growth plate composed of proliferative, prehypertrophic, and
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hypertrophic zones developed within 2 days (Day 2 in Fig. 2a). During
the following 2 days of simulation (from Day 2 to Day 4 in Fig. 2a), the
growth plate structure was maintained and the entire bone tissue elon-
gated because of differentiation, proliferation, and hypertrophy of the
composing cells. The simulated growth plate development and mainte-
nance were phenomenologically consistent with those observed in the
HE staining of E16 and E18 mouse metatarsals (Fig. 2b), where the
proliferative (P), prehypertrophic (PH), and hypertrophic (H) zones
composing the growth plate are indicated. Proliferative (P) chon-
drocytes have a flattened cell shape, whereas prehypertrophic (PH) and
hypertrophic (H) chondrocytes can be distinguished by their gradually
increasing cell volume.

The proliferative zone in the growth plate and the region of resting
chondrocytes can be distinguished by differences in the frequency of
division. EQU staining was performed to label newly synthesized DNA in
the third metatarsal of E18 mice (Fig. 2c), and it revealed that the per-
centage of EdU-positive cells in the proliferative zone was approxi-
mately two times larger than the percentage of resting chondrocytes
(Fig. 2d). Furthermore, the frequency of division of resting chondrocytes
can be regulated in the simulation by varying the rate parameter of
proliferation for resting chondrocytes Ryest. To confirm that the simu-
lation based on CbPM can express the physiological differences in the
frequency of division depending on the cell type, the percentage of cells
in the S phase (within 6 h after the onset of the S phase) on Day 4 was
calculated (Fig. 2e). Subsequently, under the rate parameter Ryt =
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1.0/day, the percentage of cells in the S phase in the proliferative zone
was approximately two times larger than the percentage of resting
chondrocytes (Fig. 2f); this trend is similar to that observed with EAU
staining (Fig. 2d). Thus, the development and maintenance of the
growth plate with reasonable differences in the frequency of division
depending on the cell types were simulated based on our models.

3.2. Stress anisotropy in the proliferative zone promoting column
formation

Within the growth plate, column formation of proliferative chon-
drocytes along the bone longitudinal axis is an important regulator of
longitudinal bone growth. Chondrocyte columns were observed in the
HE staining of the E16 mouse metatarsals (Fig. 3a). In the simulation
(Fig. 3b), the direction ny of cell alignment after rearrangement was
confirmed to be uniformly close to the z-axis, as shown by the histogram
of the direction ny in Fig. 3c, indicating column formation along the 2-
axis.

To investigate the mechanism of column formation, the stress field
(Fig. 3d), which determines the direction n, (Fig. 3e) of cell alignment
after rearrangement in our models, was analyzed. Normal stresses, 0,09,
0, in radial (r), circumferential (¢), and bone longitudinal (z) directions,
respectively, were calculated and are indicated in Fig. 3d; the stress
condition in the proliferative zone was qualitatively different from that
in the hypertrophic zone. Stress in all three directions were negative in
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Cells in the
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Cells in the S phase

Fig. 2. Growth plate development and maintenance in the 3D simulation of mouse third metatarsals. a) Development and maintenance of the growth plate in 3D
simulation; here, the views of the y = 50 pm plane of half of the tissue at 0, 2, and 4 days after the onset of POC formation (Days 0, 2, and 4) are shown. b) HE staining
of third metatarsal of E14, E16, and E18 mice; here, P: proliferative zone, PH: prehypertrophic zone, and H: hypertrophic zone. c¢) Fluorescent images of an E18
mouse third metatarsal; here, red: DAPI (DNA), whereas green: EAU (newly synthesized DNA). d) Percentages of EdU-positive cells from the area, as indicated by the
white frame (width, 200 pm) in the fluorescent image (c) (0.3 < z < 1.0 (mm) ). e) Cells in the S phase (green) and other cells composing the tissue at Day 4 in the
simulation; here, the view of the y = 10 pm plane of half of the tissue is shown. f) Percentages of cells in the S phase from the area, as indicated by the black frame
(width, 100 pm; thickness, 10 pm) in the cross-section (e) (0.3 < z < 1.0 (mm) ), which corresponds to the analysis area in the fluorescent image of the 10 pm section
of the mouse metatarsal in (c) considering the symmetry of the simulation. Data from the three simulation results based on different initial random configurations of
cells were used. Scale bars: 100 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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division and normalized. d) Distribution of stress in radial (s,), circumferential (6y), and bone longitudinal (s;) directions at Day 2. e) Diagram of cell division and
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legend, the reader is referred to the web version of this article.)

the hypertrophic zone, thus indicating volumetric compression (Figs. 3d
and f). By contrast, in the proliferative zone, the stress in the bone
longitudinal direction (o,) was negative (compressive), whereas the
stress in radial (o) and circumferential (o) directions were positive
(tensile) (Fig. 3d), thus indicating in-plane tension in the disc-like pro-
liferative zone in the growth plate (Fig. 3f). The positive stress in r- and
¢-directions and the negative stress in z-direction in the proliferative
zone are also confirmed in Fig. 3g. These results suggest that chon-
drocyte column formation along the bone longitudinal axis (2) was due
to stress anisotropy in the proliferative zone determined by the in-plane
tension in the transverse plane and compression in the z-direction.

3.3. Development of the bone shape is affected by chondrocyte column
formation depending on the stress anisotropy

To assess the effect of the relationship between the stress field and
column formation on long bone development, the disruption of cell
rearrangement after division, which is observed under the reduction of
cadherin binding [6] or deletion of p1 integrin gene expression [8], was
considered. By setting the direction of cell division n, as the most
extensive direction of the parent cell, that is, the maximum principal
stress direction (Fig. 4a), a situation without cell rearrangement was
simulated (Fig. 4b; hereinafter referred to as No-rearrangement simu-
lation). As expected, the tendency of the division direction n; to be close
to the z-axis disappeared (Fig. 4c), thus indicating the failure of column
formation along the bone longitudinal axis. The failure of the column
formation was due to compressive stress in the bone longitudinal di-
rection (o;), and tensile stress in radial (¢,) and circumferential (c4)
directions (Fig. 4d).

Disruption of cell rearrangement also affected the development of
bone shape (Fig. 4b). As shown in Fig. 4e, the half-length of the tissue,
including the perichondrium and bone collar, grew slower in the No-

rearrangement simulation than in the simulation with normal cell
rearrangement (Figs. 2 and 3; hereinafter referred to as Normal simu-
lation) during the development and maintenance of the growth plate
(Days 0-4). The width of the entire tissue grew faster in the No-
rearrangement simulation (Fig. 4f). The shorter and broader bone
shape was consistent with the observation of bones with deletion of p1
integrin gene expression [8]. Thus, our simulation based on CbPM
enabled the analysis of the development of bone shape caused by indi-
vidual cell activities in the growth plate, and revealed the importance of
the relationship between the stress field and column formation in bone
growth.

3.4. Chondrocyte hypertrophy promotes stress anisotropy in the
proliferative zone

To investigate the cause of the anisotropic stress field in the prolif-
erative zone affecting the development of bone shape through column
formation, chondrocyte hypertrophy in the prehypertrophic and hy-
pertrophic zones was considered as the major cell activity in the vicinity
of the proliferative zone. To observe the effect of chondrocyte hyper-
trophy on the stress field, growth plate development without cell growth
of prehypertrophic and hypertrophic chondrocytes after the completion
of the cell cycle was simulated by setting growth constant as G = 1.0
(Figs. 5a and b; hereinafter referred to as No-growth simulation).

In this case, stress in the radial (6,) and circumferential (cy) di-
rections in most parts of the proliferative zone, as well as that in the bone
longitudinal direction (o), was smaller than zero (compressive)
(Fig. 5¢), thus indicating that the in-plane tension observed in Normal
simulation (Figs. 3d, f and g) disappeared. The analysis of stress in the
proliferative zone in simulations with different values of growth con-
stant G (Fig. 5a) revealed that stress in the radial (¢,) and circumfer-
ential (o) directions increased monotonically with change in the growth
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Fig. 4. Effect of column formation on the development of bone shape. a) Diagram indicating the disruption of cell rearrangement after division. b) Growth plate
structure in the simulations with (Normal) and without cell rearrangement (No-rearrangement) at Day 2; here, the view of the y = 50 pm plane of half of the tissues is
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(or), circumferential (o4), and bone longitudinal (¢,) directions of proliferative cells at Day 2 in the No-rearrangement simulation. ) Change in the half-length of
tissues in the Normal and No-rearrangement simulations. f) Change in the width of tissues in the Normal and No-rearrangement simulations. Scale bar: 100 pm.

constant G (Fig. 5d). Consequently, the stress anisotropy, which can be
evaluated by the difference between maximum (6y,) and minimum
(omin) principal stresses, was smaller in the No-growth simulation (G =
1.0) than in the Normal simulation (G = 3.0) (Fig. 5e). The represen-
tative deformation states of the cells are indicated by yellow ellipses in
Fig. 5e. This result suggests that cells in the Normal condition can
rearrange into columns more easily than the cells in the No-growth
condition because of the flattened shapes of the parent cells owing
strongly to stress anisotropy. We also confirmed that all parameters that
were arbitrarily set or fitted to the simulation (i.e., were not based on
experimental measurements) had little effect on stress anisotropy in the
proliferative zone (Section S5 in the supplementary file). Therefore,
stress anisotropy in the proliferative zone determined by in-plane ten-
sion, which affects bone development through column formation, was
shown to be promoted by chondrocyte hypertrophy.

4. Discussion

To elucidate the mechanisms of longitudinal bone growth from a
mechanical perspective, herein, the developmental process and

maintenance of the growth plate were simulated by developing a one-
factor model for cell differentiation and incorporating it into CbPM.
As a result of the investigation, stress anisotropy in the proliferative
zone, which affects the development of bone length and width through
chondrocyte column formation, was identified and found to be pro-
moted by chondrocyte hypertrophy (Fig. 6a).

Finite element method (FEM) effectively simulates the tissue-level
deformation of developing bones [26,41,42]. However, the analysis
based on FEM does not consider individual cell activities, such as divi-
sion in different directions at different timings. In this study, CbPM, in
which the tissue is discretized by material points that represent a cell
and the surrounding matrix, was applied. Based on CbPM, although cell
morphology and cell-cell connectivity at the single-cell level cannot be
obtained, individual cell activities such as division and hypertrophy can
be explicitly expressed and incorporated into deformation analysis at the
tissue level. This multiscale strategy using CbPM enabled stress analysis
within the growth plate (Figs. 3d and 5c) and the prediction of changes
in bone length and width (Figs. 4e and f) caused by individual cell ac-
tivities, depending on the mechanical conditions (Figs. 3e and 4a). This
approach can contribute to connecting single-cell- and tissue-level
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Fig. 6. Proposed mechanism of longitudinal bone growth. a) Chondrocyte hypertrophy promotes stress anisotropy in the proliferative zone, which affects bone
development through chondrocyte column formation. b) Mechanics connecting chondrocyte hypertrophy to stress anisotropy in the proliferative zone (* in (a)).
Difference in growth rate in the transverse plane between the proliferative and hypertrophic zones induces tension exerted on the proliferative zone and compression
exerted on the hypertrophic zone. The proliferative zone is stretched in the transverse plane by the rapidly growing hypertrophic zone. In contrast, the hypertrophic
zone is restricted in its growth by the proliferative zone.
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phenomena in the development and homeostasis of various multicel-
lular tissues.

The mechanism of longitudinal bone growth (Fig. 6a), which was
examined by modeling the mouse metatarsal from E14 to E18 in this
study, can be generalized to many types of long bones in various species.
The multicellular dynamics observed in this time frame, i.e. from the
onset of POC formation to the formation and maintenance of the growth
plate, are common in long bones despite diversities in the subsequent
timings and positions of SOC formation associated with the variety of
shapes of the epiphysis. For example, the period from E16.5 to P5.5 for
the mouse femur [36,43] and from 62 days after fertilization to some
months after birth for the human femur [44,45] correspond to the time
frame from POC formation to SOC formation. During these time frames,
each bone can be estimated to grow by a similar mechanism as in this
study. Therefore, the mechanism of longitudinal bone growth suggested
in this study can be an important mechanism common among these
various bones.

The in-plane tension in the proliferative zone disappeared in the No-
growth simulation without chondrocyte hypertrophy (Figs. 5¢ and d).
This result suggests that the in-plane tension is caused by the differential
growth of the tissue [46]. When only one tissue (A) grows out of two
adhered tissues (A and B), the other (B) is stretched by A, whereas A is
constrained by B and restricted in its growth. This differential growth
occurs between the epiphysis including the proliferative zone and the
diaphysis including the hypertrophic zone (Fig. 6b). In the Normal
simulation, proliferative cells in the epiphysis mainly grew in the z-di-
rection and did not grow much in the transverse plane, because the di-
rection of division n, was close to the z-direction (Figs. 1b-1 and 3c). On
the other hand, the hypertrophic zone in the diaphysis grew rapidly and
isotropically. Accordingly, the difference in the growth rates in the
transverse plane in the proliferative and hypertrophic zones led to me-
chanical interactions between these zones, where the proliferative zone
was stretched by the hypertrophic zone, whereas the hypertrophic zone
was restricted in its growth by the proliferative zone in the transverse
plane (Fig. 6b). The distribution of the in-plane stress (¢, and 6y) in the
Normal simulation (Fig. 3d), which varied acutely along the bone lon-
gitudinal direction from negative (compressive) in the hypertrophic
zone to positive (tensile) in the proliferative zone, supports this
assumption. Thus, the spatial distribution of different cell activities,
depending on the layered structure of the growth plate, is suggested to
be the cause of in-plane tension in the proliferative zone (Fig. 6b).
Therefore, this study suggests the importance of growth plate structure
in promoting stress anisotropy.

Numerous signaling molecules and other biological factors necessary
for chondrocyte column formation in the proliferative zone have been
elucidated in previous studies; these include Wnt, N-cadherin, integrin-
linked kinase, Racl, and frizzled [7,9,47-49]. However, the mechanisms
by which such signaling molecules cooperate to achieve cell rear-
rangement after division remain unclear. In this study, as a possible
mechanism connecting signaling molecules to changes in cell
morphology, the hypothesis [31-34] of energy due to membrane elas-
ticity and adhesion was introduced into the models by assuming that
cells align in the most compressive direction of the parent cell, that is,
the minimum principal stress direction (Fig. 3e). The simulation based
on this assumption for individual cell activities confirmed the chon-
drocyte column formation along the bone longitudinal axis at the tissue
level (Fig. 3c), despite the cells having no information regarding the
global longitudinal direction of the bone and there being no other
assumption in our model to align the cells or compress them in an
arbitrary direction. This result indicates that cell alignment along the
most compressive direction is a reasonable mechanism for column for-
mation in growth plates. Nevertheless, some rare cases were also
observed, where daughter cells aligned independently of the cell shape
in a previous study [6]. This observation implies that additional factors
affect the mechanism of cell rearrangement, such as the turnover rate of
the membrane and the production of adhesion molecules, depending on
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the signaling molecules. The effect of such additional factors on cell
rearrangement may be elucidated by comparing the cell activities be-
tween observations [6] and our simulation.

A limitation of our cell alignment model is the lack of random effects
due to fluctuations in cellular behaviors. In our model, the cell align-
ment axis after division was rigorously determined to be the most
compressive direction of the cell, that is, the minimal principal stress
direction (Fig. 1b-1). Owing to this excessively sensitive assumption of
stress anisotropy, the proliferative cells still formed columns (Fig. S5a)
in the No-growth simulation described in Section 3.4, even though the
stress anisotropy was small (Fig. 5e). Additionally, the stress in the bone
longitudinal direction (0,) in most parts of the proliferative zone was
more compressive than that in other directions (Figs. 5¢ and d) in the
No-growth simulation. This stress field was derived from a long bone
shape independent of the growth plate structure (Section S6). However,
if the stress anisotropy is small, as is the case for the No-growth simu-
lation, column formation can be impaired by fluctuations in cellular
behaviors. Therefore, chondrocyte hypertrophy's role in promoting
stress anisotropy becomes crucial in the mechanism of column forma-
tion, considering fluctuations.

This study focused on longitudinal bone growth in the embryonic
stages by ignoring the effects of external forces exerted on the bone and
by modeling a mouse third metatarsal, owing to its simple and
axisymmetric shape. In the embryonic stages, the joint loading and
muscle contraction forces exerted on the bone are much smaller than in
adults. Certain maternal movements can also causes random forces to
parts of the bones. Based on the assumption that the effects of such
uncertain external forces are sufficiently small compared to the effects of
persistent internal forces caused by chondrocyte activities, we investi-
gated the role of internal forces in bone development by ignoring any
such external forces. On the other hand, at later developmental stages,
the developmental mechanisms of complex shapes, such as the large
convex femoral head and concave neck, are also unknown. Cell dy-
namics that produce such complex shapes can be investigated in the
future by extending our models to simulate the mechanical interactions
between tissues, such as the force exerted on a bone by muscles. This
extension can enable the description of entire bone morphogenesis and
the evaluation of bone mechanical functions, such as load-bearing and
body motion, throughout the developmental stages.

Investigation of the spatial distribution of the stress field is difficult
within the bone tissue of intact embryos in vivo, despite its importance
for understanding the regulation mechanism of multicellular dynamics.
Actually, measurement of the stress field within tissues in previous
studies is limited to estimation of in-plane tension in two-dimensional
epithelial tissues by laser ablation [50], measurement of the stress
field using microdroplets embedded in embryonic tissues [51], and so
on. However, although the validation of the stress field results is outside
the scope of this study, the simulation platform developed here based on
CbPM enabled stress analysis within the growing tissue and revealed
that chondrocyte hypertrophy promotes stress anisotropy in the prolif-
erative zone of the growth plate. Stress anisotropy has been suggested to
affect bone development via chondrocyte column formation. The stress
field specific to each growth plate zone observed in this study may also
play a role in regulating other cellular activities, such as differentiation.
Therefore, the stress analysis enabled by the multicellular simulation
platform developed in this study provide further insight into the me-
chanical regulation of multicellular dynamics within developing bone
tissue. Moreover, extending the simulation platform by modeling the
mechanical interaction between tissues can enable the investigation of
the mechanical behaviors of a wide range of biological tissues
throughout the developmental stages.
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