PHYSICAL REVIEW E 80, 061903 (2009)

Computer simulation of wound closure in epithelial tissues: Cell-basal-lamina adhesion
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The mechanism of wound closure in epithelial tissues, i.e., cell monolayer sheets, is investigated through
computer simulations. A wound means an area in which some cells have been removed from the normal tissue.
The vertex dynamics cell model [T. Nagai and H. Honda, Philos. Mag. B 81, 699 (2001)], which describes
morphogenesis of epithelial tissues using the concepts of statistical physics, is modified and applied to the
closure of small wounds without mitosis. It is shown that cell-basal-lamina adhesion governs the wound
closure competing with cell-cell adhesion and cell elasticity. The simulation results reproduce the actual wound
closure process qualitatively and partly quantitatively. The closing proceeds with the translation of the edges of
wound polygons toward the wound center and the intermittent reduction in the number of polygon edges. Over
time, the process leads to an exponential decrease in the wound area. A shape factor is introduced to describe
the wound shape quantitatively and is used to examine the time variation thereof. A method for determining

model parameters by comparison with the experiments is given.
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I. INTRODUCTION

The spread of epithelial cell sheets plays a central role in
the early stage of multicellular animal morphogenesis and
has been investigated by observing wound closure. Past stud-
ies of the wound closure can be classified using the length
scale of each subject. The first classification includes
molecule-level studies that focus on biochemical substances
and their functions concerned with the wound closure. This
has been the main focus of wound closure studies in the past
[1]. The second includes cell-level studies which focus on
the mechanical structure of cell movements around wounds
[2-7]. The final classification is for cell-assembly-level stud-
ies that describe cell assemblies as continuums to obtain
space-time structures of cell density. Due to the universality
of mathematical models since early times, these studies have
covered a wide range of fields [8—13].

The purpose of this paper is to clarify the mechanism of
wound closure at the cell level. In other words, we aim to
find the whole picture of wound closure in terms of cells as
the basic elements in the entire system encompassing the
wound area, the cells surrounding the wound, basal lamina
touching the cellular bases, and an environmental medium.

We now discuss experimental studies relevant to our aim.
The behavior of an isolated rat hepatocyte on a serum-
pretreated glass surface was observed using a scanning elec-
tron microscope [2,5]. The photographs thus obtained show
that the hepatocyte spreads out radially in a concentric circle
and then gradually flattens. The hepatocyte behaves like a
liquid drop wetting a solid surface.

Epidermal cell movements during closure of a wound,
caused by removing approximately ten cells from the normal
tissue of a Xenopus laevis tadpole fin, were filmed directly
using time-lapse cinemicrography, since a tadpole fin is
transparent, flat, and thin [3]. The consecutive pictures show
that, during the process of wound closure, marginal cells
cover the wound from the lateral sides and that the wound
contracts approximately retaining its initial shape.
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Cell movements in wounded cat corneal endothelia, in
which about 180 cells were removed from the normal tissue,
were observed directly for an extended time [4]. Circumfer-
ential cells around the wound flow into the wound like a
two-dimensional fluid and cover the wound. In this process
the cells do not proliferate, but various changes in the cells,
such as elongation, contraction, transfer of the center of
gravity, exchange of positions, increase in the area and so
forth, are deemed to come from the contractility of actin
filaments.

Three protein filaments, namely, actin filaments, microtu-
bules, and intermediate filaments, generally known as the
cytoskeleton in a cell of a multicellular animal, yield the
elasticity of a cell needed to resist external forces. Their
viscoelasticities were measured using rheologic methods in
vitro and the stress-strain curves obtained thereof [14]. The
results show that the three filaments each have their own
elastic range of stress and that the actin filament has the
widest elastic range and the smallest strain for the same
stress. This leads to the conclusion that actin filaments play a
central role in sustaining the shape of a cell.

A histological study of wound closure in Xenopus laevis
embryos has recently been performed using videomicros-
copy [6,7]. The time change of the shape of a wound was
recorded resulting in a graph of the time dependence of the
wound area. The authors also found discontinuous accumu-
lation of actin filaments along the closing wound edges. Fur-
ther investigation of the morphology of the epidermis along
the wound edges with a scanning electron microscope re-
vealed that the epidermal cells elongated significantly toward
the wound and that the wound edges were not smoothed, but
remained ragged during the wound closure, contrary to the
effect of contractile actin cables. These observations led to
the conclusion that the wound closure in Xenopus laevis em-
bryos may be driven by a more complex mechanism that
involves not only the contractility mechanism of actin fila-
ments, the so-called actin “purse string,” but also inward
movements of individual cells maintaining cell-cell contacts.
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Previously, we proposed a model, the vertex dynamics
cell model, which describes the morphogenesis of normal
epithelial tissue, that is, cell-monolayer sheets without
wound [15]. In this model each cell is represented by a right
prism and thus the whole system of epithelial tissue can be
described in terms of an assembly of polygonal vertices in
apical surfaces of the prisms. These vertices are driven by
thermodynamic forces to minimize the total potential energy
of the system and at the same time they receive viscous
resistance leading to dissipative motions. The total potential
energy of the system consists of interfacial energies at the
cell-cell boundaries and elastic energies of the cell volume.
We performed computer simulations using this model and
found that the system eventually forms a kind of honeycomb
pattern, or tortoise-shell pattern, despite starting from various
initial states. This result confirms that this kind of honey-
comb pattern of cells is ubiquitous in the epithelial tissue of
many species.

As candidates for the driving force of wound closure, we
compared cell-wound interfacial energy with cell-basal-
lamina interfacial energy. The basal lamina is a soft thin mat
on which epithelial cells rest and which separates the epithe-
lial cells from the connective tissue [16]. The former gives
the contractility mechanism of actin filaments to the wound
contour, while the latter gives the new mechanism of cell-
basal-lamina adhesion which describes the spreading of an
isolated rat hepatocyte on a serum-pretreated glass surface as
mentioned above. We performed computer simulations and
found that the former alone could not reproduce the two
experimental results within reasonable parameter ranges,
which are that a wound contracts while almost retaining its
initial shape and that a wound eventually closes completely.
In fact, there is a strong tendency for the cell-wound interfa-
cial tension to make the wound circular during the wound
contraction process. In addition, if the coefficient of the ten-
sion is smaller than that of the cell-cell interfacial tension,
the wound expands, otherwise it contracts, which is unrea-
sonable from the viewpoint that the tension originates from
the actin filaments in each cell. Therefore, in this paper we
introduce cell-basal-lamina interfacial energy into the vertex
dynamics cell model as the primary driving force of wound
closure and cell-wound interfacial energy as the secondary
force, and perform appropriate computer simulations [17]. Tt
should be noted that in this paper we focus on the closure of
small wounds by cell spreading and cell rearrangement and
that mitotic processes are not included in the simulations.

II. VERTEX DYNAMICS CELL MODEL
OF WOUND CLOSURE

In order to treat wound closure, we add two elements,
namely, a cell-basal-lamina adhesive force and the disap-
pearance process of the wound, to the vertex dynamics cell
model [15]. As mentioned in the preceding section, we rep-
resent each cell approximately by a right prism, coarse grain-
ing a real cell with a small length scale A, which is the
minimum length in the model and much smaller than the
average radius of cells. Then we can represent epithelial tis-
sue using a set of two-dimensional vectors of vertex posi-
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tions, {r;}, forming individual apical surfaces of prisms and a
set of cell heights, {h;}. Here we assume that three cell
boundaries radiate from each vertex to connect with three
neighboring vertices.

A. Equations of motion for vertices

We adopt the completely dissipative equations of motion
for vertices that have been applied to many interface sys-
tems, e.g., various foams, emulsions, and crystalline grains
[15,18]. The time change of the positional vector of vertex i,
r;, is then given by

dr; d

g dt a or i U’ (1)
where 7 denotes the coefficient of viscous resistance and U
the total potential energy of the system. Equation (1) ex-
presses the balance of the dissipative force on the left-hand
side and the potential force on the right-hand side and guar-
antees that all vertices move in such a way as to decrease U
[15]. The total potential energy of the system is assumed to
be

U=U, + Up+ U, (2)

where Uj is the cell-cell and cell-wound lateral-interfacial
energy, Up is the elastic energy of cells, and Uy is the cell-
basal-lamina interfacial energy.

U, is expressed by

UI=E 0-<ij>rij, (3)
(ij)
where r;;=|r;|=|r;—r/|, and oy is the interfacial potential
energy density of the straight boundary (ij), equal to o for
cell-cell boundaries and o© for cell-wound boundaries.

Denoting the area of cell a by S, and its equilibrium
value by S(;, Up is written as

(cell)
Up= 2, p(h)*(S,—S5%)?, (4)

where p is a positive constant and 4° an equilibrium cell
height, both of which are assumed to be independent of the
cell. The equilibrium value of cell area S(; is given by

C
n

1 a
0__ -
S“"1+n§ SQ+B§155 : (5)

where ng is the number of cells surrounding cell «, not al-
ways the edge number of cell a [15]. Equation (5) means
that Sg[ equals the average area of cells over cell « and its ng
neighbors, B, and thus depends on time, assuming a local
equilibrium.

In Sec. I, we discussed an experimental result in which an
isolated rat hepatocyte spreads out on a serum-pretreated
glass surface like a liquid drop wetting a solid surface. A
liquid drop in such a wetting phenomenon causes decrease in
the total interfacial energy by covering a solid surface. This
analogy leads us to the assumption that cells cover wounds
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FIG. 1. Neighbor vertices (j,j',j”) and neighbor cells
(ij,ij’,ij") of vertex i.

with the purpose of decreasing the total interfacial energy
and subsequently to the expression of potential energy of
wounds given by

(wound)

Ug= 2> o5, (6)
Y

where o® is a positive constant and SI; is the area of wound
Y.

U; and Up, give rise to the main forces which preside over
the morphogenesis of epithelial tissues [15]. Uy produces the
forces that contract cell boundaries and Uy, the forces that
maintain individual cell areas around their equilibrium val-
ues. Substituting Egs. (3) and (4) into Eq. (1) we obtain their
explicit forms as

(i)
ﬁ == E ‘Tij’,ij"r‘? )
J u
and
(@)
f2 == 2 p(hO(Sij = Sy X k. (8)
J

In Egs. (7) and (8), three vertices (j,;j,j”) connected to ver-
tex i via cell boundaries (cell-cell or cell-wound), which are

k/

k// ]
(a) Recombination process (T1)

k () Kok ()

(c) Adhesion process (T3)
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hereafter called neighbor vertices, are defined in an anti-
clockwise order around vertex i and the three cells surround-
ing vertex i are expressed as (if),(ij'),(ij"), as shown in Fig.

1. The unit vector k is perpendicular to the surface of the
paper and points from the back to the face of the paper as
shown in Fig. 1.

Ug produces the primary driving force for wound closure.
When wound vy appears with an area Sl;, the potential energy
increases by ¢®S* and thus the marginal cells along the
wound-cell boundaries tend to lessen the increment by cov-
ering the wound. The movement of the marginal cells, how-
ever, generally causes an increase in both U; and Up. As a
result, competition among them determines whether the
wound closure advances or stagnates. Substituting Eq. (6)
into Eq. (1), the force acting on vertex i on the wound-cell
boundary is explicitly given by

a® .
f?:—yrj,quk, (9)

where r; »=r; —ry. The three vertices (i,j",;") in Eq. (9)
are arranged in an anticlockwise order along the wound mar-
gin viewing the wound region on the left as shown in Fig. 1
with wound (ij). It should be noted that the force defined in
Eq. (9) always points toward the wound and has a magnitude
proportional to [rjs .

B. Elementary processes of topological changes

In addition to the equations of motion for vertices Eq. (1),
we also introduce the following three elementary processes,
shown in Fig. 2, into our model to describe the topological
changes in cellular patterns.

(1) Recombination process (T1): when two neighbor ver-
tices i and j are within the minimum distance A of each
other, they partially change the relationships with their
neighbor vertices as shown in Fig. 2(a). They rotate the mini-
mum edge ij clockwise by 90° around its midpoint and
change the neighbor vertices of vertex i from (j,j’,;") to
(j,k',j") and those of vertex j from (i,k”,k") to (i,j",k") as
shown in Fig. 2(a).

(2) Disappearance process (T2): when the minimum edge
ij of a triangular wound W becomes A, wound W disappears

!

k FIG. 2. Elementary processes
of topological changes in wound
closure. (a) Recombination pro-
cess (T1): changes in relationships

P between  vertices  (i—j")—(i

-k"), (j-k')—(j-j"). (b) Dis-
J appearance process (T2): disap-
pearance of wound W. (c) Adhe-
sion process (T3): (leftmost,
center) vertex i touches another
wound edge kk'; (rightmost) three
cells adhere to one another and
two new vertices [ and [/’ are cre-
ated where the distances between
wound edges defined by the fine
dotted lines equal A.
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and becomes vertex k at the midpoint of edge ij as shown in
Fig. 2(b).

(3) Adhesion process (T3): when a vertex on a wound
edge touches another wound edge, cells on both sides adhere
to each other and two new vertices [ and [’ are created as
shown in Fig. 2(c). The new vertex [ is located at the point
that is at a distance of A/[2 tan(Zkij/2)] from vertex i on a
bisector of angle £ kij, as shown in the rightmost diagram of
Fig. 2(c). This means that when the distance between two
wound edges at vertex [/, defined below, is smaller than A
they are regarded as adhering to each other and being a
single wound edge. The distance between two wound edges
is defined here as the distance between two points where the
perpendicular of edge i/ at vertex [ is intersected by two old
edges, ij and ik, as depicted by the dotted lines in the right-
most diagram in Fig. 2(c). Another new vertex [’ is also
similarly created. Although only the recombination process
(T1) was previously included in describing the morphogen-
esis of epithelial tissues [15], we have introduced the disap-
pearance process (T2) and the adhesion process (T3) for
describing wound closure.

II1. SIMULATIONS
A. Dimensionless physical quantities and parameter values

For the computer simulations, we transform all physical
quantiti_es into dimensionless ones by using a length unit
Ry=1S,, where § is the average cell area at t=0, and a time
unit 7= nR,/ 0. These new units represent the characteristic
length and time of the system as described below. This leads

to new dimensionless variables with the symbol tilde , such

as F;=r/R,, 1=t/7,,..., and new dimensionless parameters
defined as

p=p(h°?* (R0, & =d'lo, & =0PRyo, (10)

where the energy unit is chosen as gy=oR,, which is the
cell-cell boundary energy per R,. Then the dimensionless
linear density of energy for a straight boundary (ij) is given
by

Oy = oyplo:0y;=1 for cell-cell boundaries;

Ty = & for cell-wound boundaries. (11)

Using the dimensionless quantities given above, the equa-
tions of motion for vertices Eq. (1) become, dropping the

symbol tilde ~ for simplicity,

dr. P [(cellcell) (cell-wound) (cell)
—=-— E rij+ E ofri,-+2 P(Sa—52)2
e ani ) W «
(wound)
> oﬁsg] (12)
Y

We note that the two new units, R, and 7, are the most
fundamental parameters in the vertex dynamics cell model.
They were specifically chosen to give no coefficients to the
two terms in Eq. (12), i.e., the vertex velocity on the left-
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hand side and the cell-cell interfacial potential, the first term
on the right-hand side. This stems from our viewpoint that
the cell-cell interfacial potential force presides over the mor-
phogenesis of epithelial tissues.

The three parameters in Eq. (12), p, o, and o®, were
chosen in the following way for our computer simulations.
Since p is the bulk elastic coefficient of a cell, see Appendix
C, we set p=5.5 according to the value obtained in the simu-
lations of morphogenesis [15]. The parameter o" is the linear
density of energy at cell-wound boundaries and thus gives
the magnitude of the tension of the boundaries. The tension
of cell-cell boundaries is considered to be caused by actin
filaments pasted along both apical insides of cells. At the
cell-wound boundaries, actin filaments are in the cell side but
absent in the wound side, and thus the tension is deemed to
be half that at cell-cell boundaries, 0t=0.5 in the new unit.
Since o® governs wound closure its value was determined by
computer simulations under the following two conditions,
namely, that wound closure is ultimately completed and that
smooth changes are made in the wound margins under clo-
sure. The first condition gives the parameter’s lower limit,
while the second gives its upper limit. For our purposes, we
use two different values which satisfy the given conditions,
02=3.0 in simulation A and 0®=2.0 in simulation B. It
should, however, be noted that the above three parameters
need to be determined by more systematic simulations and
by comparison with experiments in the future. Here, we
should point out that in our simulations, the cell-wound in-
terfacial tension alone is not able to close the wound under
the condition 6" <1 in the new unit without the cell-basal-
lamina adhesion, as mentioned in Sec. I.

B. Snapshots of wound closure

We performed computer simulations using the vertex dy-
namics cell model for wound closure described in the previ-
ous sections. Five simulation runs were carried out using
different initial states of wounds, created from an equilib-
rium state with 100 cells obtained in our past simulations of
morphogenesis [15], by changing the number of cells re-
moved, between 16 and 25, and the shape of the wound. Our
simulation method is given below. Using the Runge-Kutta-
Gill method, we solve the simultaneous ordinary differential
equations of the first order Eq. (12) and determine the posi-
tional vectors of vertices at each time step, with step size
St(6r=0.01) and starting from the initial state mentioned
above. In this process, we calculate the edge length of every
cell at each time step, and if this length is longer than the
minimum length A(A=0.2) we proceed to the next step, else
we carry out the elementary processes of topological changes
T1 and T2 in Figs. 2(a) and 2(b). If a vertex on a wound edge
touches another wound edge, we carry out process T3 in Fig.
2(c). Two of our five runs, “simulation A” and “simulation
B,” are shown below, where all physical quantities are the
dimensionless ones defined in Sec. III A and the system is a
square of size 10X 10 under the periodic boundary
condition.

Snapshots obtained from simulation A are shown in Fig. 3
[(1)—(6)]. The gray area in each figure is the wound, while
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FIG. 3. Snapshots from simu-

lation A during wound closure.
The wound (gray area) disappears

at r=3.95 (dimensionless time).
The periodic boundary condition
is used.

5)t=5.0

the surrounding polygons are normal cells. The initial
wound, Fig. 3 (1), created by removing 20 cells, is relatively
round. As seen in subsequent snapshots, the wound then con-
tracts approximately retaining its initial round shape. During
wound contraction, the surrounding cells elongate toward the
wound, and the closer to the wound they are, the more they
deform. The wound disappears at =3.95 and then the sur-
rounding cells move to decrease the entire length of the cell-
cell boundaries as in morphogenesis. The relaxation move-
ments of the cells mostly finish at 7=50.0 as shown in Fig. 3

(6) t=50.0

(6). We see from the figure that this final state is not much
different from the normal-cell part in the initial state, Fig. 3
(1), except for an increase in the average cell area.
Snapshots obtained from simulation B are shown in Fig. 4
[(1)=(6)]. The initial wound, Fig. 4 (1), created from the
same original normal state as that in simulation A, is long
and narrow. As seen in this figure, the wound contracts and
approximately retains its initial shape until a vertex on one
long side of the wound margin touches the other side and
subsequently splits into two parts according to the adhesion

FIG. 4. Snapshots from simu-
lation B during wound closure.
The wound (gray area) splits at ¢

=4.23 (dimensionless time). The
left wound disappears at r=7.50

while the right one does so at ¢
=9.54. After the wound closure
the surrounding cells relax into
the final state at r=50.0. The peri-
odic boundary condition is used.

) t=170 (5)t=9.0

(6) t=50.0
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FIG. 5. Motion of the centers of gravity of cells surrounding the
wound in simulation A. Loci of the centers of gravity of cells are
shown for the period r=0-200 of dimensionless time.

process T3 in Fig. 2(c). Thereafter, the two wounds contract
individually as shown in Fig. 4 (4), with the wound on the
left disappearing at t=7.50 and that on the right at 1=9.54.
Finally, as in simulation A, the surrounding cells undergo a
relaxation process that almost finishes at 7=50.0 as illustrated
by Fig. 4 (6).

The behavior of the surrounding cells can be seen in Figs.
3 and 4 and is described below. These cells are forced to
deform and move by the wound contraction, shifting their
center of gravity and elongating toward the wound. After the
wound disappears, they slowly change into a roundish shape
and finally revert approximately to their normal-cell shape
given in the initial state, apart from an increase in the aver-
age cell area.

The loci of the centers of gravity of the cells in the initial
cellular pattern have been plotted in Fig. 5 for simulation A
from =0 to =200, where the locus at the center of the
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figure denotes that of the center of gravity of the wound. We
see from this figure that the surrounding cells move at the
same time toward the wound center and that those at the
wound margin have much longer loci than others. At about
the time that the wound disappears, the loci bend sharply
showing the rearrangement of the cell positions. This behav-
ior of the surrounding cells has also been observed in the
wounded cat corneal endothelia [4].

C. Contraction process of a wound

Figures 6(a) and 6(b) show the time variation of the
wounds in which the contours of the wounds in Figs. 3 and
4, respectively, are superposed. Time ¢ in both figures ad-
vances from the outside to the inside.

We see from these figures that the wound margins trans-
late toward the wound center and vanish in turn in the wound
contraction process. In other words, the edges of the wound
polygon make approximately parallel displacements and then
when one of them reaches A the number of the wound edges
decreases by one according to the T1 process during wound
contraction. The new wound polygon repeats the same pro-
cess while almost retaining its shape. In the case of simula-
tion B, two wound edges touch causing the wound to split
into two. After splitting, the two wounds continue the con-
traction process mentioned above independently.

We now note that Fig. 6(b) closely resembles the super-
position of wound contours, Fig. 2 in Ref. [5], and which
were obtained by tracing the microscope pictures filmed dur-
ing wound closure in a Xenopus laevis tadpole fin [3]. Fur-
thermore, the recent histological study of wound closure in
Xenopus laevis embryos has identified the time variation in
wound contours using video tape recording. Figure 8§ in Ref.
[6] shows a remarkable similarity to our results, Figs. 6(a)
and 6(b), especially with respect to the fact that the wound
contracts while almost maintaining its initial shape.

Figure 6(b) reminds us of the formation of an entrenched
meander, a river that meanders in a deep valley [19]. When a
free meander in a plain is subjected to land uplift or falls in
the base level, erosion of the land occurs once again. If this
erosion is mainly vertical, an entrenched meander is formed
keeping the meandering pattern and creating almost symmet-
ric banks. The resulting land figure is similar to the right or

(a) Simulation A

t=10.0,0.5,1.0, 2.0,3.0,3.5,3.9
(inward)

(b) Simulation B

:

t=0.0, -, 7.0 (interval 67=0.5), 8.0, 9.0

FIG. 6. Contraction process of
a wound. The wound contours at
each time 7 in simulation A and
simulation B have been super-
posed in Figs. 6(a) and 6(b),
respectively.

(inward)
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log,8°
2.0

-1.0

0.0 1.0 2.0 3.0 4.0 5.0
t

FIG. 7. Time dependence of wound area. The ordinate is the
common logarithm of the dimensionless wound area ST expressed
in the unit SO=R(2) (the initial average cell area), while the abscissa
denotes dimensionless time 7. The black and white circles A and B
are the results of simulation A and simulation B, respectively, and
the straight line accompanying each is its regression line. The ar-
rows in the figure show the time, t=3.0, when the decrease in
wound area begins to deviate from exponential behavior.

the left half of Fig. 6(b). The two processes in the land figure
formation and wound contraction are remarkably similar, if
one equates the eroded land to the wound and reverses the
time direction. Thus, we can say that wound closure is a
reverse erosion process in a wound by marginal cells. In fact,
the surrounding cell assembly forms cellular flows toward
the wound center and covers the wound area gradually in the
lateral direction similar to the flow of water [4]. The under-
lying action principles in each of the two phenomena are,
however, completely different. The erosion of land is caused
by the mechanical action of water flow, whereas the erosion
of a wound is caused by the thermodynamic action of sur-
rounding cells.

D. Time dependence of wound area

Figure 7 shows the time variations in the wound areas
obtained in simulation A (labeled A) and simulation B (la-
beled B) by plotting the common logarithm of the wound
area ST(f) versus time t. Both graphs clearly show that the
wound area decreases exponentially for the period =0 to 3.0
(arrow), i.e., before showing signs of the disappearance of
the wound or the adhesion of the wound margin. This leads
to the following expression:

SF() = SF(O)exp<— f) , (13)

where 7,=0.92 for simulation A and 7,=1.83 for simulation
B. The values of 7, indicate that the wound closure in simu-
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lation A occurs nearly twice as fast as that in simulation B.

E. Quantitative description of the wound shape
and its time dependence

We now discuss the time variation in the wound shape
more quantitatively. Previously we made a qualitative state-
ment from the snapshots shown in Sec. III B, that the wound
contracts in such a way as to maintain approximately its
initial shape. For our purpose, we use a moment tensor of the
wound about its center of gravity, M=(M ), defined by

1
M“ﬁzﬁf drx,xg a,f=1,2, (14)
wound

where r=(x;,x,) denotes the positional vector with its start-
ing point at the center of gravity of the wound, expressed by
orthogonal coordinates (x;,x,) and the integration is carried
out over the entire area of the wound. Here the center of
gravity of the wound is not that of the vertex assembly but of
the wound-area continuum. The definition of Eq. (14) is
equivalent to the moment of inertia tensor of a plate with
uniform density and uniform thickness in the mechanics of
an elastic body. The wound shape can be described in terms
of a shape factor ®F defined as

M
PF= /2 1
M, (15)

where M, and M, are the principal values of the tensor M
given by

M\ 1
(M )= 5[(M11 +Mp) *= \'/(Mn - My)? +4M7,].
2

(16)

This shape factor ®F describes the wound shape as an ellipse
with the ratio of the short radius b to the long radius a, PF
=b/a. PF=1 denotes a circle and PF<1 a flat ellipse. The
ellipse in Newtonian mechanics is called the ellipse of inertia
and is used to describe the motion of a rigid body with an
arbitrary shape.

We calculated ®F at each time step ¢ for both simulation A
and simulation B (see Appendix A) and obtained the time
dependence shown in Fig. 8. These figures show that both
shape factors decrease with linear time dependence over the
whole period. The regression lines in Fig. 8 are written as
®F()=-0.0741+0.88 for simulation A and ®F(r)=-0.102¢
+0.508 for simulation B. These results imply that the wound
shape becomes flatter gradually as time advances quantita-
tively explaining the superpositions of contracting wounds
shown in Fig. 6.

IV. COMPARISON WITH EXPERIMENTS

In the preceding sections, we compared our simulation
results qualitatively with some experimental ones. Now we
compare these quantitatively and estimate the parameters for
our model. For this purpose, the experiment with wounded
cat corneal endothelia [4] is selected for simulation A and
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FIG. 8. Time dependence of wound shape factor ®F, Eq. (15).
The abscissa ¢ denotes the dimensionless time. The black and white
circles A and B are the results of simulation A and simulation B,
respectively, and the straight line accompanying each is its respec-
tive regression line; ®F(r)=—0.074:+0.88 for A and ®F(r)=
—0.102¢+0.508 for B. ®F=1 depicts a circle and ®F <1 a flat el-
lipse. The arrows show the time, r=3.0, at which the decrease in
wound area begins to deviate from exponential behavior (see
Fig. 7).

that with wounded Xenopus laevis tadpole fin [3] for simu-
lation B, because the initial patterns of each are similar. The
experimental and simulation data are shown in Table I,
where the first row, initial wound size, denotes the number of
cells removed from the normal tissue and the last row, dis-
appearance time of wound/initial wound size, denotes the
disappearance time of the wound per single cell removed.
If we equate the two corresponding values for disappear-
ance time/initial wound size in the last row, simulation A
with cat cornea and simulation B with tadpole fin, we obtain
the time units for the respective experimental systems as fol-
lows: 7,=~2.8 days=2.4X10° s for cat cornea and 7,
~5.8 min=3.5X 10% s for tadpole fin. From these results,
we can see that the characteristic time for tadpole fin is about
one thousandth that of the cat cornea. In other words, the
wound closure in the former case is nearly 1000 times faster
than that in the latter. These time units give, in real time
unit, the characteristic times for area reduction, 7, given in
Eq. (13): 7,=2.6 days for cat cornea and 7,~10.6 min for
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FIG. 9. Time dependence of wound area in Xenopus laevis em-
bryos. The ordinate is the common logarithm of the wound area
ratio, Sxpg(#)/Sxg(0), while the abscissa denotes the time in min-
utes after wounding. Black circles: experimental results from Ref.
[6], where error bars indicate standard deviations. Straight line
XLE: fitted to the experimental data in the initial stage with 7y g
=9.3 min. Straight line VDCM: fitted to the simulation B data with
7,=10.6 min.

tadpole fin. Furthermore, we can determine the quantity
n/o, using the value of 7, above and R, in Table I
with 7= 7R,/ 0, as follows: 7/o=0.15 days/um=1.3
%10 s/m for cat cornea and 7/c=0.29 min/um=1.7
%107 s/m for tadpole fin. We need experimental data of 7
or o to proceed further.

We now compare our results for time dependence of the
wound area with the experimental ones observed in Xenopus
laevis embryos. Figure 9 shows the common logarithm of
wound area data, Sxygp(f)/Sxg(0), versus time 7, where
Sxe(f) obtained from Fig. 2 in Ref. [6] is the average of the
wound areas of the anterior and posterior halves of the em-
bryos at time 7. From this figure we can see that the experi-
mental data appear on a straight line with slope —1/ 7y for
the first 15 min within the error bars. The characteristic time
Tx.E 18 9.3 min, which is close to the above value for Xeno-
pus laevis tadpole fin, 7,=~10.6 min. In fact, drawing a
straight line with slope —1/ 7, we get the straight line VDCM
shown in Fig. 9, which is also close to the straight line XLE,
though their experimental systems are different from each
other.

Our model contains eight parameters (R,,h°,7n,o0,0",
o®,p,A). Consequently, we need eight independent physical

TABLE 1. Comparison between simulation and experimental results. Cat cornea: a wound in cat corneal endothelium [4]; tadpole fin: a

wound in Xenopus laevis tadpole fin [3].

Physical quantities Simulation A

Simulation B Cat cornea (Ref. [4]) Tadpole fin (Ref. [3])

Initial wound size (removed cell number) 20
Initial average cell size Ry
Average cell height h
Disappearance time of wound 4.07
Disappearance time of wound/initial wound size 0.207,

16 180 10

Ry 19 um 20 pum

h° / 2.4 um
4.27 100 days 15 min
0.267, 0.56 days 1.5 min
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quantities obtained experimentally to determine all of these.
With regard to the above experiments, we need an additional
six independent quantities for cat cornea and five for tadpole
fin.

It should be noted that the comparisons between our
simulations and the two experiments given above are not
precise. The disappearance time for a wound in cat cornea
given in Table I is taken to be the time at which movement of
most cells surrounding the wound terminates, since it is dif-
ficult to identify the exact time at which the wound disap-
pears. On the other hand, the time given for tadpole fin in
Table I is the exact time at which movement of the cell
bodies into the wound stops. The experimental data for tad-
pole fin, however, include movement of both lamellipodia
and cell bodies, whereas our model does not distinguish be-
tween these.

In addition, we have assumed in our model that there is no
cell division during wound closure and have ignored phe-
nomena appearing in a scale smaller than the minimum
length A. Our model enables us to understand the mechanism
of wound closure in epithelial tissue at the cell level, whereas
at the molecule level this appears too complicated. Values of
the eight parameters mentioned above can be estimated by a
molecule-level study. This situation resembles the relation-
ship between the mechanics of an elastic body and the
atomic level study of elastic constants.

V. CONCLUSIONS

In this paper, we investigated through computer simula-
tions how wound closure is performed by surrounding cells
and basal lamina without mitotic processes in the case of
small wounds using the vertex dynamics cell model of
wound closure. Our results are summarized below.

(1) Driving force of wound closure: the primary driving
force of wound closure is a force that attempts to decrease
the total thermodynamic potential energy of cell-basal-
lamina interfaces. The cell-wound interfacial tension is the
secondary driving force of wound closure, which assists the
primary force to close the wound. Wound closure proceeds
as the driving forces overcome resistances due to the two
fundamental forces of morphogenesis, cell-cell interfacial
potential forces and cell elastic forces.

(2) Behavior of the surrounding cells: our simulations re-
produced the following behavior of cells surrounding a
wound as observed in wounded cat corneal endothelia [4].
As the wound contracts, the surrounding cells elongate and
then at the same time move toward the wound. After the
wound disappears they become round and finally cease mov-
ing having approximately recovered their initial patterns. The
relationships between neighboring cells change during the
entire process.

(3) Wound contraction process: the contraction of wound
proceeds by repeating the process in which the wound edges
translate toward the wound center, and when the shortest
edge disappears, the number of wound edges decreases. The
wound shape is almost retained during this process. This
explains the experimental results in wounded corneal endot-
helia of cats [4], Xenopus laevis tadpole fin [3], and Xenopus
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FIG. 10. Calculation of the moment tensor for a polygonal
wound with nf edges. The orthogonal coordinate system G-x|x} is
obtained by rotating the orthogonal coordinate system G-xjx, by
angle 6, about the center of gravity of wound G.

laevis embryos [6,7]. Furthermore, our model can describe
the division of a wound and reproduce the wound closure
process accompanied by wound division observed in Xeno-
pus laevis tadpole fin [3].

(4) Quantitative description of wound contraction: in or-
der to describe the wound contraction quantitatively we have
calculated the wound area and the wound shape factor. The
wound area decreases exponentially with its characteristic
time. The wound shape can be approximately described as an
ellipse and then the wound shape factor is defined as the ratio
of the short radius to the long radius of the ellipse. The
wound shape factor decreases slowly, linearly with time.

(5) Comparison with experiments: we have compared our
simulation results with the results of three experiments for
wound closure in cat corneal endothelia [4], Xenopus laevis
tadpole fin [3], and Xenopus laevis embryos [6]. All three
experimental results are qualitatively remarkably similar to
the simulation ones. To compare these quantitatively, we
have determined some values for parameters in the model.
We need more experimental data, however, to conduct a
more definite quantitative comparison and expect future ex-
periments.
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APPENDIX A: CALCULATION OF MOMENT TENSORS
OF A WOUND

First, we triangulate the wound area by connecting the
center of gravity of the wound G with each vertex as shown
in Fig. 10. Next, we calculate the moment tensor for each
triangle using its analytic expression and then sum these to
obtain the moment tensor of wound M, Eq. (14).
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Writing the moment tensor of the kth triangle about G as
M, and the matrix of rotation G-x,x,—G-xx; (angle 6,) as
T,, we obtain the moment tensor M in the form

nF

M=> T, MT,, (A1)
k=1
cos 6, sin 6,
—sin 6, cos 6,
2 2 1
1 ak+akbk+bk Cy Eak+bk
M=~ . (A3)
Nalzaen)  a
Cr Eak+bk Ck

where n! and ‘T, denote the number of edges of the wound
and the transposed matrix of T, respectively. The quantities
a, by and ¢, in M are the coordinates of points A and B in
the coordinate system G-x|x; and are defined as A(a,0) and
B(by,cy), respectively, as illustrated in Fig. 10.

APPENDIX B: SIMPLE PICTURE OF WOUND CLOSURE

In this section, we consider a model that describes the
essence of wound closure in terms of the minimum number
of elements. For simplicity, we assume a wound to be a
regular polygon with n edges. As shown in Fig. 1, the pri-
mary driving force acting on vertex i, Eq. (9), always points
toward the wound and has a magnitude of o®r//2, where r;
denotes the distance between two neighbors of i on the
wound margin. On the other hand, the secondary driving
force acting on vertex i due to the cell-wound interfacial
potential, Eq. (7), points toward the wound when the wound
is convex at i and has a magnitude of 20" cos(w,/2), where
w; denotes the internal angle of the wound at i. The other
forces, i.e., the fundamental forces of morphogenesis, act
mainly to resist the wound closure. The primary driving
force among these must dominate the wound closure to ex-
plain the experimental facts, as mentioned in Sec. I. There-
fore, we assume the inward normal velocity of an edge with
length r, v, to be

v=u'r, (B1)
where u* is a positive constant that also includes implicitly
the effects due to the other forces. The area of this wound,
S,, can be written as

S, = Br, = Zcot(%) . (B2)

Using Egs. (B1) and (B2), we have the time rate of change of
the wound area given by

ds nu*
—n=—nrv=—LS,,.

dt B

The solution to Eq. (B3) is obtained as

(B3)
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where S,(0) denotes the initial wound area and 7, the char-
acteristic time which gives the criterion for the time period
of wound closure. Equation (B4) agrees with the simulation
result given by Eq. (13). We apply this picture of wound
closure to the initial state of simulation A, Fig. 3 [(1) ¢
=0.00], regarding it as an approximately regular polygon.
Substituting n=18 and 7,=0.927, given below Eq. (13) into
7, in Eq. (B4), we obtain u*=1.6/7,. This means that the
wound margin moves a distance of about one edge length in
7y Wound closure in the case of a regular polygon proceeds
with the parallel displacement of each wound margin without
a reduction in the number of edges, showing a completely
similar contraction.

Sn =Sn(0)eXP<— 5)7 Ts (B4)

APPENDIX C: DETERMINING MODEL PARAMETERS
FROM ELASTIC CONSTANTS OF A CELL

The main purpose of this section is to show a method for
determining parameters in our model from the elastic con-
stants of a cell. The parameter values estimated here should
be interpreted as those giving their orders of magnitude, be-
cause experimental data measured both in vivo and in vitro
are used. We now consider the thermal elasticity of a pris-
matic cell with base area S and height 4° in a fluid medium.
Its elastic potential energy up can be written from Eq. (4) as

up = p(V—-V0)2, (C1)

where V=Sh" and V'=5%" are the cell volume and its equi-
librium value, respectively. Then the pressure p is given by

(?MD
p= ( - )- 20(V= V), ()
where the subscript is denotes the isothermal change. We
assume that the wound closure proceeds in an isothermal
process and that all elastic constants given below are mea-
sured in the isothermal processes and hence will not refer to
this hereafter. Equation (C2) gives the bulk modulus K as

C3
v 20 (©3)
On the other hand, the bulk modulus K is related to the shear
modulus G from the general relationship between elastic
constants as follows:

d K
K:—VO(—p) =2V, or p=—=.

2(1 + op)

T3(1=20p) ©4)

where op is Poisson’s ratio.

The dynamic shear moduli of three protein filaments, the
cytoskeletons, were measured using rheologic methods in
vitro [14]. These showed only minimal frequency depen-
dence in the range between 0.01 and 100 rad/s. From this we
can argue that the difference between the isothermal shear
modulus and the adiabatic one is not so large. Furthermore,
the stress-strain curves thereof showed that the actin filament
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(a) Simulation A

(b) Simulation B

FIG. 11. Prediction of wound

disappearance position. The pre-
dicted disappearance position of a
wound is the incenter of the tri-
angle composed of the longest
three edges (El, E2, and E3) in

t=0.0, -, 7.0 (interval 67=0.5), 8.0, 9.0
(inward)

the initial wound.

had the widest elastic range of stress and the smallest strain
for the same stress among the three protein filaments. There-
fore, we can consider that the actin filament contributes
mostly to the elastic potential energy, Eq. (C1), and thus use
the shear modulus of actin filament (concentration 2 [mg/
ml]) obtained in the experiment, G=20.3 (N/m?) from Fig.
1 of Ref. [14]. Substituting this value of G into Eq. (C4) we
obtain the bulk modulus K as

1+O'p
1—20'])

K=135 (N/m?). (C5)
We now estimate values for the model parameters corre-
sponding to the Xenopus laevis tadpole fin used in Ref. [3]
using the experimental data in Table I and the model param-
eters in simulation B, p=5.5 and =2.0. Substituting V°
=R;h°=9.6X107'° (m?) obtained from the data of tadpole
fin in Table I and Eq. (C5) into Eq. (C3) we obtain the
parameter p given by
1+ 0
p=7.03 X 10— (N/m”). (C6)
1-20 P
Using this p, p and &> for the definitions, Eq. (10), we obtain
the following two parameters:

1+(Tp

0=589 X 107"'———— (J/m),
1—20'])
1+

o =589 X 10— (J/m?). (C7)
1 —20'[)

If the inequality 0 <op<<1/2 also holds in the case of bio-
logical cells as in elastic bodies, then the factor (1+0p)/
(1-20p) in the above expressions is greater than 1 and hence
we have p>7.03X 10 (N/m’), ¢>5.89x 107" (J/m),
and 6®>5.89 X 107° (J/m?).

APPENDIX D: PREDICTION OF DISAPPEARANCE
POSITION OF A WOUND

We can predict a final disappearance position of a wound
from an initial wound polygon by applying the picture of
wound contraction shown in Sec. III C. Figures 11(a) and
11(b) show the method for simulation A and for simulation
B, respectively.

In the case of Fig. 11(a), we first select the longest three
edges (E1, E2, and E3) of the initial wound and then draw
three bisectors (B1, B2, and B3) of the internal angles of the
triangle composed of the three edges to find its incenter I.
The incenter I is the disappearance position of the wound
predicted from the initial wound. Although edges E1 and E2
are parallel and do not intersect in this case, the other two
bisectors B2 and B3 intersect at incenter I. The straight line
B1 equidistant from edge El and edge E2 also passes
through incenter I. Since the wound disappears at r=3.95
near the smallest wound at #=3.90 in the figure, the predicted
disappearance position I is close to this actual position. In the
case of Fig. 11(b), although we have two wound disappear-
ance positions, the above method gives rise to one disappear-
ance position I which predicts the later disappearance posi-
tion on the right. Since the wound disappears at t=9.54 near
the smallest wound at £=9.00 on the right of the figure, the
predicted disappearance position I is close to this actual po-
sition.

Although we predicted the disappearance position using
the initial wound in the example above, we can use the state
of the wound at any time instead of the initial state. We can
also use the excenter of the triangle comprising the longest
three edges instead of its incenter. The predicted disappear-
ance position is the point in the wound between the incenter
and the excenter.
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