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Adhesion-stabilizing long-distance transport of cells on tissue surface
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The stable transport of migrating eukaryotic cells is essential in organ development and repair processes.
However, the mechanism that preserves transport stability over long distances in organs is not fully understood.
As the driving mechanism of cell migration, the expressions of heterophilic cell-cell adhesion between moving
cells and scaffolding tissue have been observed in such transport. In this paper, we theoretically investigate this
heterophilic adhesion, which is persistently polarized in the migrating cell, as a possible transport stabilization
mechanism. The adhesion was examined on the basis of the cellular Potts model, and our results confirm the
stabilization of the transport to be an effect of the persistence.
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I. INTRODUCTION

The stable transport of cells during their migration is
important for a variety of biological processes in eukaryotes,
including organogenesis and organ repair [1–4]. This process
involves long-distance transport over distances far beyond the
cell size (�10 μm) and comparable to the organ scale (� mm)
even in fluctuating environments. Long-distance transport is
commonly observed in various species including mice [5],
zebrafish [6], flies [7], and ascidians [8], and indicates the
stabilization mechanism commonly underlying these organ-
isms. Long-distance transport is considered to be supported by
various chemical and mechanical signals [9]. The clarification
of the stabilization mechanism based on these factors is an
open problem in understanding biological processes from
a physical perspective. Because real systems are complex,
theoretical studies of simplified models focusing on each
individual factor are performed to promote understanding.

Experimental and theoretical examinations thus far have
focused on the chemotaxis of cells sensing the gradient of
the attractant [10–12]. In the present theoretical study, we
focus on another possibility, cell adhesion, which is a sig-
nificant chemical factor in guiding cell action. Cell adhe-
sion molecules are well known to be expressed during the
transport of migrating cells including neurogenesis [13] and
vasculargenesis [14]. Using these molecules, cells interact
with the surrounding scaffolds and migrate in the proper
direction. For example, in the development of mice, neurons
are transported on their surrounding scaffolds consisting of
radial glia, astrocytes, and blood vessels [5,15]. In this case,
the cell adhesion through heterophilic adhesion molecules
between neurons and scaffolds [16] is a powerful candidate
factor for stable transport when the transport distance is of
the order of 2–3 mm and is several hundred times larger
than the typical size of cells. To consider it as the underlying
stabilization mechanism of the transport, we model the cell
adhesion between the migrating cells and scaffolds.

For this, we attempt to get hints from a previous work on
the role of cell adhesion as the driving force of collective

cell migration with persistence [17]. In the previous theoret-
ical model, homophilic cell-cell adhesion is supposed to be
polarized, and its polarized direction follows the direction of
cell migration. This polarization is observed in Dictyostelium
discoideum [18] as an accumulation of Ddcad1, which is a
homophilic adhesion protein, in the leading edge of cells
and is expected to stabilize the collective migration in their
aggregation. In the simulation, the cells interact with each
other through homophilic polarized cell-cell adhesion and
mutually guide their motions in the same direction. They
finally stabilize in unidirectional collective migration with
persistence. A similar mechanism may also be effective in
stabilizing the long-distance transport of migrating cells on
scaffolding tissues.

Here, the migrating cells on scaffolding tissue are called
transported cells and the cells of the scaffolding epithelial
tissue are called scaffolding cells, as shown in Fig. 1(a). We
also simply call these “type,” following convention [19,20].
We assume a heterophilic cell-cell adhesion, which induces
the interaction between the transported and scaffolding cells.
Namely, the adhesion does not work between the same types
of cells and only works between transported and scaffolding
cells. Following previous work [17], we consider a polariza-
tion in the adhesion molecule density on the membrane of
transported cells and assume isotropic density on the mem-
brane of scaffolding cells. With these settings, we attempt to
theoretically demonstrate the unidirectional transport of cells
as shown in Fig. 1(b) and to confirm the long-distance per-
sistence during cell motion. Specifically, we examine whether
the transported cells avoid the continuous repetition of back
and forth through collisions.

In the present paper, we simulate the one-dimensional
transport of cells on a scaffolding tissue to examine persis-
tently polarized heterophilic cell adhesion for the stabilization
of long-distance transport. We consider the transported cells
which autonomously exhibit only a random walk without
interacting scaffolds through heterophilic adhesion. Such cell
transports have been investigated theoretically with the focus
on the movement mechanism of a cell based on its adhesion
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FIG. 1. (a) Schematic of cell transport on a tissue because of cell-
cell adhesion. The arrows in cells represents the polarized direction
of cell adhesion. The cross- and diagonal-hatched regions represent
the high-density region of heterophilic adhesion molecules on the
transported and scaffolding cells. (b) The unidirectional motion of
transported cells. Arrows with dashed lines represent the migrating
directions of cells.

[21,22]. Here, we now focus on the alignment in the cell
movements of the transported cells. We showed that, during
strong heterophilic adhesion and the long relaxation time of its
polarity, the migration of cells is unidirectional even with only
their repulsive interaction, and this direction is persistently
maintained over long distances.

II. MODEL AND METHOD

For our work, the two-dimensional cellular Potts model is
considered [19,23–26]. In this model, the Potts states {m(r)}
on the square lattice express cell configurations. Here, m(r) is
a Potts state at the site r. m(r) takes a number in the range from
0 to N , where N is the number of cells. m(r) = 0 indicates that
the site r is empty. Otherwise, m(r) represents the index of
cells occupying the site r. For simplicity, we consider a fixed
N value.

In this model, the dynamics of the cells are reproduced
by a Monte Carlo simulation, in which the Hamiltonian H
is formulated by the five terms

H = HS + HT + Htj + Hha + Ha. (1)

The first and second terms on the right-hand side of Eq. (1)
represent the surface energy of the scaffolding (S) and trans-
ported (T) cells, respectively. Both terms commonly take the
form

Hα =
∑
rr′

ηm(r)m(r′ )(�αδατ (m(r))δατ (m(r))

+�0(δατ (m(r))η0m(r′ ) + δ0m(r)δατ (m(r′ )) )), (2)

where α denotes the type and takes either S or T. The mth
cell τ (m) takes the type S when it is a scaffolding cell and T
when it is a transported cell. δαβ denotes Kronecker’s delta
and ηαβ denotes 1 − δαβ . �α and �0 represent the surface
tension between cells with the type α and cell-empty space
interfaces, respectively. For scaffolding cells, we take �S <

2�0 to represent the adhesive interaction [24]. This condition
corresponds to the assumption that the adhesion represents
an adherence junction. In contrast, for transported cells, we
take �T > 2�0 to impose their repulsive interaction. The
summation of the pair r and r′ is taken over all the nearest-

and second-nearest-neighbor sites. Hereafter, the summation
of all the pairs of r and r′ are taken in the same manner.

We assume that the scaffolding cells are epithelial. The
third term in Eq. (1) represents the tight junction [27,28]
which inhibits their rearrangement. This term takes the form

Htj = −�tj

∑
rr′

ζm(r)m(r′ )ηm(r)m(r′ ). (3)

Here, ζmm′ takes the value of unity when the mth and m′th cells
are neighboring scaffolding cells in the initial configuration;
otherwise, it takes the value of 0. We take positive �tj to
inhibit the rearrangement of scaffolding cells from the initial
configuration.

The fourth term represents the heterophilic adhesion be-
tween the scaffolding and transported cells. The term is for-
mulated by

Hha =
∑
rr′

[δτ (m(r))Tδτ (m(r′ ))S(�0 − �haem(r)(r) · pm(r))

+ δτ (m(r))Sδτ (m(r′ ))T(�0 − �haem(r′ )(r′) · pm(r′ ))]. (4)

Here, pm represents a unit polarity vector for the cell adhe-
sion for the mth cell [17,29–31]. In the direction of pm, the
surface tension is reduced by �ha owing to the effect of the
adhesion. This term promotes the leading-edge extension of
transported cells and drives their motion. The microscopic
origin is assumed to be intercellular transport [32] or the
clutch mechanism [33]. As another microscopic origin, the
slip-bond mechanism may also be possible [21,34,35]. For
stabilizing cellular contacts due to this adhesion, we impose
�0 − (�0 − �ha )/2 > 0. pm is a variable and obeys the equa-
tion of motion [31,36],

d pm

dt
= 1

τa
[Î − (p†

m ⊗ pm)] · dRm

dt
, (5)

where t is the time, a is the lattice constant, and τ is a nondi-
mensional parameter proportional to the relaxation time of pm.
The tensor Î is the unit matrix, and ⊗ represents the tensor
product. Rm is a parameter of the adhesion molecule density,
which is quasistatically equal to the center coordinate of the
mth cell,

∑
r rδmm(r)/

∑
r δmm(r) [31]. pm is analogous to the

chemical compass for the chemotaxis [37] and is recognized
as a compass for the cell-scaffold adhesion. pm follows the
cell motion dRm/dt , whereas the chemical compass follows
the chemical gradient.

According to this equation, the polarized adhesion is as-
sumed to be stabilized by an intracellular transport of adhesion
molecules in the cell migrating direction [32]. In contrast, the
dynamics of adhesion molecule density, which is expressed
as an expansion of ρ(r) = ρ0 + ρ1em(r) · pm + · · · [31],
reflects the relaxation of Hamiltonian H. The relaxation desta-
bilizes the polarity and enhances the higher-order term in the
above expansion if the relaxation is not negligible in compar-
ison with the stabilization of the polarity due to intracellular
transport. Therefore, this equation is based on the assumption
that the relaxation is negligible and is justified only for this
case. This has been commonly assumed in theoretical work
for the cell polarity dynamics in the literature [38,39] and has
explained cell migration well. In the present paper, as a simple
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FIG. 2. (a) |Px| (+), |Py| (×), and |vy − v0
y | (*) as functions of �ha. Snapshots of the simulation for (b) �ha = 0.1 and (c) �ha = 0.5. Yellow

or orangelike (light) colored regions represent scaffolding cells and violet (dark) colored regions represent transported cells. Differences in
color represent different cells. White regions represent empty space. Red arrows represent the polarities of cell adhesion. The directions of the
coordination axes are given in (b).

case study, we employ this assumption and limit the focus of
this work only to this case.

The fifth term represents the area constraint of cells to a
constant value V . The term is given by

Ha = κ
∑

m

(
1 −

∑
r δmm(r)

V

)2

. (6)

It may be noted that these five terms do not exert migration
force on cells when they are isolated, in contrast to previous
works with spontaneous migrating force [36,39,40]. When
the scaffolding and transported cells make contact, migration
force is exerted on the transported cells as an effect of the
heterophilic polarized cell adhesion in Eq. (4). In addition,
when polarized cell adhesion is absent, the migration force
disappears and a random walk emerges.

To simulate the dynamics of cells, we consider the fol-
lowing Monte Carlo procedure: A Monte Carlo step con-
ventionally consists of 16L2 copy trials [19], where L is the
system size. In a single copy trial, a site r is randomly chosen
first, after which a neighboring site r′ is randomly chosen
in the nearest and next-nearest sites. The copy of the Potts
state from r′ to r is accepted with the Metropolis probability
min{1, exp[−β(Hc − H)]}, where Hc is the value of H when
m(r′) is copied to m(r). Otherwise, the copy is rejected. This
procedure is repeated in the simulation and generates the
cell configuration. The time series of the cell configuration
expresses the transported cell migration. For each Monte
Carlo step, pm and Rm are fixed in the assumption that they
are slow variables [31]. pm is once updated by solving Eq. (5)
with Rm between every two consecutive Monte Carlo steps. In
the update of Rm, we use Rm = ∑

r rδmm(r)/
∑

r δmm(r).
Consider a square lattice system with L = 128 with a

periodic boundary condition. We consider 128 scaffolding
and eight transported cells. In the initial state, the scaffolding
cells form a band configuration [see Figs. 2(b) and 2(c)]. The
scaffolding-cell configuration has a triangular lattice consist-
ing of 8 and 16 cell arrays in the x and y direction, respectively.
Here, the directions are defined in Fig. 2(b). A band of scaffold
is connected to itself at the boundary in the y direction. This

initial state is a stable state of the Hamiltonian and is chosen
to shorten the relaxation time to the stable state. The eight
transported cells are initially distributed at random positions
on the surface on the right-hand side of the band in Fig. 2(b).
In this initial state, the polarities of the transported cells are
randomly aligned.

We determine the adhesion parameters by imposing the
following conditions. The first condition is �tj > �ha to
realize a stronger tight junction than the heterophilic adhesion
to avoid the destabilization of the junction owing to the adhe-
sion. The second condition is �S > �tj to realize a positive
tension of scaffold cells, which is necessary for the stability of
the scaffold cells. The third condition is (�0 − �ha ) − (�S −
�tj )/2 > 0 to make the scaffolding tissue be stable against
the interaction effect of the scaffold and the transported cells.
Furthermore, to maintain the stability of the scaffold and the
suspension of transported cells, we impose �0 − �S/2 > 0,
�0 − �T/2 < 0, and �0 − (�0 − �ha )/2 > 0. To satisfy all of
these conditions, we employ the surface tension values as
�0 = 6.0, �S = 4.0, �T = 13.0, and �tj = 2.0.

The heterophilic adhesion �ha is known to be in the order
of 1 pN/nm [21]. The values of these tension parameters cor-
respond to the order of several 10 pN/nm. For the adherence
junction �S, this value corresponds to the previously estimated
value 50 pN/nm in the order [41]. In addition, we adopt the
parameters V = 64, κ = 0.3V 2, and β = 0.5 from previous
works [40] because they can move easily.

III. RESULT

We now confirm the unidirectional transportation of cells
on the scaffolding tissue through the simulation of this model.
We consider a large relaxation time value for the adhesion
polarity τ , τ = 5.0, because, based on the previous study on
collective migration [40], the unidirectional transportation is
expected to require a long relaxation time for the adhesion
polarity. The unidirectional transport of cells is expected to
be reflected by the adhesion polarity order of the transported
cells. Using this expectation, we examine the unidirectional
transport by calculating the order parameter of the adhesion
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FIG. 3. (a) The mean-square distance of a cell motion R2 for N = 1 (+) and N = 8 (×) with �ha = 0.5 and τ = 5.0. The solid and dashed
lines represent t and t2, respectively. (b) |Py| as a function of relaxation time of pm, τ for �ha = 0.1 (solid line), �ha = 0.2 (dashed line),
�ha = 0.3 (dotted line), �ha = 0.4 (dashed-dotted line). (c) The mean-square distance of a cell motion R2 for τ = 1 (+), τ = 3 (×), τ = 5 (*),
τ = 7 (�), and τ = 9 (�) with �ha = 0.2. The solid and dashed lines represent t and t2, respectively.

polarity,

P = 1

T

∫ T

T0

dt
1

|�T|
∑

m∈�T

pm, (7)

where �T represents the set of indices for transported cells,
and its cardinal represents the number of transported cells. T0

is the number of Monte Carlo steps to be used for relaxation
to the steady state. T is the number of Monte Carlo steps for
the time average. We employ T0 = 2 × 104 and T = 5 × 105.
In this simulation, because the scaffolding cells form a band-
configured tissue in the y direction, the transport of cells
also occurs in the y direction. Therefore, we focus on the y
component of P, Py.

We plot the absolute values of components of P, namely,
|Px| and |Py|, as functions of �ha in Fig. 2(a). For low values
of �ha, |Px| is much larger than |Py|. In contrast, for large
values of �ha, |Py| is much larger than |Px|. This behavior can
be confirmed in the snapshots of steady states for �ha = 0.1
and 0.5, shown in Figs. 2(a) and 2(b), respectively. From these
results, it can be seen that the cells avoid repetition of the back
and forth movement and realize unidirectional transport with
the polarity order for large values of �ha.

To directly confirm the unidirectional transport of cells,
we calculate the y component of the time average velocity of
transported cells vT

y . Note that the shapes of the scaffolding
cells fluctuate, and thus the scaffolding tissue moves diffu-
sively. Therefore, the velocity should be measured relative to
that of the scaffolding tissue, vT

y − vS
y , where vS

y is the time
average velocity of the mass center of the scaffolding tissue.
The absolute value of the relative velocity |vS

y − vT
y | is also

plotted as a function of �ha in Fig. 2(a). When |Px| > |Py|
with low �ha, the average relative velocity is almost zero.
When |Px| < |Py| with large �ha, the velocity clearly has a
finite value and increases at an accelerated pace with increas-
ing �ha. This directly indicates that strong heterophilic cell
adhesion with the polarity realizes the unidirectional transport
of cells on the scaffolding tissue.

Next, to examine the long-distance persistence of this
transport, we calculate the mean-square displacement of the

transported cells with cell average R2. We plot R2 as a function
of t in Fig. 3(a); R2 behaves as t2 and indicates the persistent
motion of transported cells. The behavior of t2 ranges in the
order of 106a2. Because the typical cell size is

√
V = 8a, the

value of the range corresponds to the order of several hundred
times the typical cell size. It implies that the heterophilic cell
adhesion with polarity stabilizes the long-distance transport of
cells.

Let us consider the possible origins of long-distance cell
transport stability. One possible origin is the many-body
effects due to the repulsive interaction of transported cells.
To examine the effect of the interaction between transported
cells, we also calculate R2 for |�T | = 1 and plot it in the same
figure. The R2 values for |�T | = 1 show the same behavior as
for |�T | = 8 until a long t value is reached. Therefore, this
comparison indicates that the interaction between transported
cells is not necessary for persistence in transported cell mo-
tions; the interaction only affects the alignment directions of
the cell motion [40].

The correlation between large |Py| and unidirectional trans-
port suggests another possible origin. The large values of |Py|
are expected to reflect not only �ha but also the relaxation
time of pm, τ . This is because |Py| is stabilized by feedback
control between Rm and pm through Eq. (5) [17], where the
feedback time is determined by τ . To directly confirm the
stabilization of Py by the relaxation time τ , we plotted |Py|
as a function of τ for various �ha in Fig. 3(b). For a small �ha,
below 0.3, Py for a short τ has low values. This indicates that
the stability of Py originates from a long τ . Therefore, the long
τ stabilizes the unidirectional transportation in long distances
through stabilizing Py.

To directly confirm that long τ stabilizes the unidirectional
transport in long distances, we calculate R2 for various values
of τ . We choose �ha = 0.2 with marginal stable Py to easily
detect the effect of τ . We plot the functions in Fig. 3(c).
R2 changes from t to t2 on crossing from short to long τ

and indicates the extension of the distance with the stable
transport. Thus, the relaxation time of the adhesion polarity
is a possible origin for the stabilization of long-distance cell
transport.
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FIG. 4. The schematic view of cell behavior and push due
to heterophilic adhesion for (a) large �ha and for (b) small �ha.
(c) Magnified view of the leading edge. Solid and dashed arrows
in (a) and (b) express the polarity and net motion, The solid arrow
in (c) represents the push direction of the transported cell on the
scaffold.

IV. SUMMARY AND REMARKS

In summary, we show that heterophilic cell adhesion can
drive cell transportation. In this case, strong polarized adhe-
sion and the persistence of polarity are necessary for the stable
transport of cells over long distances. Note that while we
only show this for a set of model parameters, which stabilizes
the scaffold, the suspended state of transported cells, and the
adhesion polarity due to intracellular transport, we naively
expected similar results to be reproduced for parameters as
long as the state is stable.

Our result predicts the elongation of a reachable distance
for transported cells as the relaxation time of the polarity.
The relaxation time corresponds to the persistent time of
the cellular persistent random walk on adhesive substrates.
The persistent random walk depends on the type [38] or
developmental stage [42] of cells. Therefore, by using these
cells with different types, it may be possible to check the
elongation of the reachable distance of the cell transport.

Consider the mechanism of two states depending on �ha,
namely, large Px for small �ha and large Py for large �ha. These
states are characterized by the net direction of the polarity P.
From Eq. (5), these directions of P follow the direction of
dRm/dt averaged over cells. Therefore, the directions of P

indicate that there exists a net collective cell motion in the x
direction for small �ha and in the y direction for large �ha.
Therefore, to explain these states, we consider the direction of
the cell motion in these states.

For large �ha, the rapid motion of transported cells gener-
ally tends to occur in the y direction, as shown in Fig. 4(a).
This is because the transported cells are restricted by the
scaffolding tissue and thereby mainly aligned their motion
in the y direction. In this case, because rapid motion due to
large �ha exhibits an order state as a polarity memory effect
[40,43–47], the net motion of the transported cells aligns P in
the y direction through Eq. (5).

In contrast, for small �ha, the x-directional motion of
transported cells implies that the restriction of scaffolding
tissue is apparently ineffective in the determination of P. This
is due to �ha being too small to induce order in cell motion
in the y direction as shown in Fig. 4(b). The contribution
of y-directional motion cancels itself and is averaged out at
a low value in the determination of P. Instead, the small
net motion of the transported cells in the x direction, which
is negligible for large �ha in comparison with that in the
y direction, emerges. This net motion is driven by pushing
due to the energy gain of the heterophilic adhesion between
the transported cells and the scaffolding tissue as shown in
Fig. 4(c). This net motion finally aligns P in the x direction
through Eq. (5). As a result, the two states appear to be
dependent on the values of �ha.

Finally, we discuss the possibility of the realization
of the state for small �ha. In real systems, scaffolding tissues
are supposed to be fixed in space. In this case, because of the
absence of net motion in the x direction, the motion of the
transported cells is expected to exhibit a simple random walk
in the y direction. As a result, the transport of cells is expected
to become diffusive for small cell adhesion.
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