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Summary

Background: Epithelial junctional networks assume
packing geometries characterized by different cell
shapes, neighbor number distributions and areas. The
development of specific packing geometries is tightly
controlled; in the Drosophila wing epithelium, cells con-
vert from an irregular to a hexagonal array shortly before
hair formation. Packing geometry is determined by de-
velopmental mechanisms that likely control the bio-
physical properties of cells and their interactions.
Results: To understand how physical cellular properties
and proliferation determine cell-packing geometries, we
use a vertex model for the epithelial junctional network
in which cell packing geometries correspond to stable
and stationary network configurations. The model takes
into account cell elasticity and junctional forces arising
from cortical contractility and adhesion. By numerically
simulating proliferation, we generate different network
morphologies that depend on physical parameters.
These networks differ in polygon class distribution,
cell area variation, and the rate of T1 and T2 transitions
during growth. Comparing theoretical results to ob-
served cell morphologies reveals regions of parameter
space where calculated network morphologies match
observed ones. We independently estimate parameter
values by quantifying network deformations caused by
laser ablating individual cell boundaries.
Conclusions: The vertex model accounts qualitatively
and quantitatively for the observed packing geometry
in the wing disc and its response to perturbation by laser
ablation. Epithelial packing geometry is a consequence
of both physical cellular properties and the disordering
influence of proliferation. The occurrence of T2 transi-
tions during network growth suggests that elimination
of cells from the proliferating disc epithelium may be
the result of junctional force balances.
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Introduction

The capacity of epithelial cells to modulate intercellular
junctional contacts is essential for tissue form and func-
tion. Junction remodeling underlies many of the dra-
matic tissue reorganizations occurring during develop-
ment, including convergent extension and invagination
[1–6]. Epithelial rearrangements also allow the develop-
ment of specific packing geometries. Hexagonal pack-
ing in the vertebrate lens minimizes light scattering by
plasma membranes [7]. Hexagonally packed hairs on
the surface of the Drosophila wing guide airflow during
flight [8]; their packing reflects the underlying hexagonal
organization of pupal-wing epithelial cells. However,
these cells are irregularly packed throughout most of
wing development. Remodeling of epithelial contacts
to form a hexagonal array occurs shortly before hair
formation [9].

Much is known about the molecular machinery that
reorganizes epithelial contacts. The epithelial zonula ad-
herens contains many proteins with both adhesive and
contractile functions. The homophilic adhesion mole-
cule E-cadherin not only mediates adhesion between
adjacent cells but also organizes a subcortical actin-
myosin cytoskeleton. Increased E-cadherin trafficking
is essential for junction remodeling in the wing [9].
Modulation of actin-myosin contractility can alter the
morphology of the junctional network and is thought to
contribute to morphogenetic movements in epithelial
sheets [3, 10, 11]. We expect that these molecules alter
cell packing by changing force balances within the epi-
thelium. To understand remodeling, one must develop
a physical description of the epithelium that can account
for rearrangements of the junctional network.

Here, we investigate the physical basis of epithelial cell
packing in the third instar larval wing disc of Drosophila.
During larval stages, this tissue proliferates rapidly, in-
creasing from approximately 40 to greater than 50,000
cells. The geometric disorder induced by cell division in
proliferating epithelia was first studied in 1928, when
F.T. Lewis examined the epidermal cells of the cucumber
[12]. Lewis noted that cells with different neighbor num-
bers were present in reproducible proportions, and their
average areas varied linearly with neighbor number.
Although less than half the cells were hexagonal, the
average neighbor number was near six. The statistics of
neighbor numbers in proliferating tissues were recently
discussed by Gibson et al. [13], who argued that the frac-
tion of n sided polygons in the junctional network can be
determined by simple topological rules describing allo-
cation of neighbors after cell division. These topological
rules are not based on the physical properties of the
cells. However, we expect the redistribution of neighbors
after cell division to depend on physical cellular proper-
ties. Also, a purely topological description cannot ac-
count for cell size and shape or local force balances.

In order to describe packing geometries at apical
junctions on the basis of the physical properties of
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Box 1. Physical Description of Cell Packing in Epithelia

Epithelia are composed of a sheet of cells of similar
height that are connected via cell-cell adhesion. The
adhesion molecule Cadherin and components of
the actin cytoskeleton are enriched apicolaterally
(Figure Aa). Cell packing geometry can be defined
by the network of adherens junctions (Figure Ab).
This network is described by a vertex model with
NC polygonal cells numbered by a = 1 . NC and NV

vertices, numbered i = 1 . NV at which cell edges
meet. Stationary and stable network configurations
satisfy a mechanical force balance; this implies that
at each vertex, the total force Fi vanishes. We de-
scribe these force balances as local minima of an
energy function
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The energy function describes forces due to
cell elasticity, actin-myosin bundles, and adhesion
molecules. The first term describes an area elasticity
with elastic coefficients Ka, for which Aa is the area of
cell a and A

ð0Þ
a is the preferred area, which is deter-

mined by cell height and cell volume. The second
term describes line tensions Lij at junctions between
individual cells. Here, [ij denotes the length of the
junction linking vertices i and j and the sum over <ij>
is over all bonds. Line tensions can be reduced
by increasing cell-cell adhesion or reducing actin-
myosin contractility. The third term describes the
contractility of the cell perimeter La by a coefficient
Ga, which could reflect, for example, the mechanics
and contractility of the actin-myosin ring (Figure Aa).

Figure A. Adhesion and Contractility at Apical Junctions
epithelial cells, we develop a 2D network model that
describes forces that act to displace vertices. Cell
packings correspond to stable and stationary network
configurations obtained by minimization of a potential
function. We use this approach to study the role of cell
mechanics and cell division in determining network
packing geometry. We compare our results to the prolif-
erating larval wing epithelium of Drosophila and esti-
mate the parameters characterizing the effects of con-
tractility and adhesion in this tissue. We independently
estimate parameter values by analyzing movements of
the junctional network after laser ablation of individual
cell boundaries and comparing them to the correspond-
ing behaviors in our model.

Results

Physical Description of Cell Packing: A Vertex Model
Apical junctions can be considered as a 2D network that
defines the cell packing geometry. By using a vertex
model, we describe the packing geometry of the junc-
tional network (Box 1). Cells are represented as
polygons with cell edges defined as straight lines
connecting vertices—a good approximation for the
wing disc epithelium. Junctional-network configurations
that are stable on timescales shorter than those of cell
division correspond to those network configurations in
our model for which the packing geometry is stable and
stationary. These configurations obey a force balance,
which implies that the net force Fi (Box 1) acting on
each vertex vanishes for all vertices. In general, forces
acting on the junctional network need not be forces de-
rived from an energy. However, the forces we consider
here can in our simple description be represented by
the energy function E(Ri) presented in Box 1. Any stable
and stationary configuration of the network then corre-
sponds to a local minimum of the energy function. This
provides a framework for calculating stable cellular pack-
ing geometries. Similar energy functions have been used
in previous works [14–16]. Our vertex model is different in
that we represent only the network of apical junctions,
and we introduce a quadratic perimeter energy.

We consider three contributions to the potential en-
ergy E(Ri) of a particular configuration of the epithelial
junctional network given in Box 1: area elasticity, line
tension along apical junctions, and contractility.
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Figure 1. Ground-State Diagram of the

Vertex Model

Diagram of the ground states of the energy

function E(Ri) as a function of the normalized

line tension L and contractility G. In the gray

region, the ground state is a hexagonal net-

work as indicated. In the blue region, the

ground states are irregular soft networks (an

example corresponding to case III is shown),

and many configurations coexist. In the

striped region to the right, where L is large,

cell areas vanish and the model breaks

down. Green dots indicate parameter values

of five different cases (case I: L = 0.12, G =

0.04; case II: L = 0, G = 0.1; case III: L = 20.85,

G = 0.1; case IV: L = 20.32, G = 0.04; and case

V: L = 0, G = 0.04).
Although our 2D description does not explicitly take into
account cell height, area elasticity does so indirectly.
Assuming that cell volume stays constant, altering the
cross-sectional area of a cell at the junctional level in-
volves a deformation of the cell in three dimensions.
Whereas the model describes single cells as elastic ob-
jects, the cellular network is plastic because the model
takes into account junction remodeling (see below).

Line tension Lij (Box 1) describes forces resulting from
cell-cell interactions along the junctional regions of spe-
cific cell boundaries. Multiple mechanisms might influ-
ence line tension, which could vary from edge to edge.
For example, adhesive interactions between cells could
favor cell-boundary expansion, whereas the subcortical
actin cytoskeleton might oppose it. As the length of the
cell boundary [ij between two vertices i and j increases,
this term in the energy function decreases if the line
tension Lij is negative and increases if Lij is positive. In
addition to the subcortical actin cytoskeleton, many
epithelial cells assemble an actin-myosin belt that un-
derlies the cortex at the level of apical junctions (Fig-
ure Ab). Because actin-myosin contractility would tend
to reduce the perimeter of each cell, it not only contrib-
utes to the line tension but is also expected to generate
the coefficient Ga, describing the dependence of con-
tractile tension on cell perimeter La (Box 1). This contrac-
tility term involves the whole cell perimeter and is moti-
vated by the fact that the actin-myosin ring appears to
span the entire cell.

Before studying tissue morphologies, we first discuss
some general properties of the model. An important fea-
ture is the ground state, or the most relaxed network
configuration. As discussed below, these ground states
do not correspond to realistic tissue morphologies;
however, ground states are important reference states.
For a situation when all cells are identical, A

ð0Þ
a = Að0Þ,

Ka = K, Ga = G for all cells, and Lij = L for all edges. Fig-
ure 1 shows that two main types of ground states exist
as a function of the model parameters. The geometry
of the ground state is determined by the two normalized
parameters G = G/K Að0Þ and L = L=KðAð0ÞÞ3=2. Here, G is
a normalized contractility; when small, it implies that
contractile forces are small compared to those from
area elasticity. Similarly, L is a line tension, normalized
to area elastic tensions. When it is negative, cell
boundaries tend to expand; when it is positive, they
tend to shrink.

Two regions exist in the ground-state diagram shown
in Figure 1. In the gray region, regular hexagonal packing
geometry is the single ground state. This network con-
figuration has both a bulk modulus and a shear modu-
lus—i.e., work is required to compress or expand the tis-
sue and also to shear it. In the blue region, the ground
state is degenerate, i.e., there exist many packing geom-
etries all with the same minimal energy. They share the
common feature that the area of all cells is equal to the
preferred area Að0Þ, and their perimeters are equal to
L0 = 2L/2G. As a consequence of this degeneracy, the
configuration can be sheared without any work required.
The system is soft with vanishing shear modulus and
behaves more like a liquid in which cells can move
past one another easily. We call this state a soft network.
Whereas the hexagonal ground state in the gray region
is regular, the soft network ground states are typically
irregular. Examples of configurations corresponding to
points III and IV are shown. Analysis of the ground states
reveals that the morphologies and material properties of
junctional-network configurations depend strongly on
the model parameters and that there exists a phase tran-
sition between a solid and a soft state.

Packing Irregularity Induced by Cell Division

In addition to the global energy minimum or ground state,
there exists for any choice of parameters an even larger
number of local energy minima, which all could represent
stable cell packing geometries. We think of a developing
epithelium as assuming a sequence of stable network
configurations, which undergo rearrangements in re-
sponse to local perturbations that affect the stable con-
figuration. Such perturbations include cell division and
apoptosis but might also correspond to slow changes
in cellular properties. This quasistatic approximation
allows us to define a history of stable configurations by
slowly and locally modifying model parameters. Thus,
a particular packing geometry is the consequence of
the history of such perturbations.

By using our model, we can numerically simulate the
evolution of cell packing geometry during tissue growth.
We randomly select one cell and divide it by the follow-
ing algorithm: We doubled the preferred area of the cell
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Figure 2. Cell Division, Topology, and Morphology

(A) Cell division in the vertex model. The preferred area of a randomly chosen cell is increased, and the network is relaxed. A new cell boundary is

introduced with a random orientation. Both new cells are assigned the initial preferred area, and the resulting network is again relaxed. The yellow

dot indicates the average vertex position of the original cell through which the new boundary is initially formed.

(B) Normalized energy per cell of a growing network as a function of the number NC of cells for parameter values corresponding to case I

(see Figure 1 and Box 1). Generation number is also indicated. The energy approaches a value that is greater than the ground-state value of

the hexagonal network. The standard deviation, averaged over 250 individual divisions, is indicated as a function of cell number in the inset.

(C) Fraction Pn of cells with n neighbors as a function of generation number in a growing network for case I.

(D) Logarithmic plot of standard deviation of Pn as a function of generation number for the simulation of case I. The slope of the lines represents

the characteristic generation number, at which the standard deviation decreases 10-fold.
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quasistatically with a conjugate gradient method (see
Supplemental Experimental Procedures available on-
line) to determine and follow the sequence of local
energy minima as the preferred area A

ð0Þ
a is increased

in small steps (Figure 2A, first and second panels). After
its size is doubled, we divide the cell by introducing
vertices generated by a new edge that is formed at a
random angle and that passes through the cell center,
defined as the average of the vertex positions of the
original cell (Figure 2A, third panel). The two daughter
cells that are created by this procedure are assigned
the parameters of the other cells, including the preferred
area A(0). The resulting configuration is then again re-
laxed to the nearest stable state (Figure 2A, fourth
panel). During this relaxation, edges might shrink or
vanish if this leads to a further lowering of the energy.
This can be followed by a T1 transition during which
a new edge expands and the topology of the network
is changed (Figure S1A). If, during the relaxation, the
area of a cell drops to zero, the cell is eliminated by a
T2 process (Figure S1B). T1 and T2 processes describe
topological changes of cellular networks. They have
been introduced in the context of foam physics [17].

Starting with a hexagonal lattice of 36 cells, we sim-
ulate proliferation by repeating this algorithm. Simula-
tion results for G = 0.04 and L = 0.12 (case I) are shown
in Figures 2B–2G (see also Movie S1). The energy per
cell first increases with increasing cell number and
then fluctuates around a constant value that is larger
than the ground-state value of the hexagonal lattice
(Figure 2B). During this process, a distinct network
pattern emerges that is characterized by the fraction
Pn of cells of different polygon classes (i.e., cells with
different numbers of neighbors, n) and by the average
areas An of n-sided cells. For increasing numbers of
cell, the fraction Pn of n-sided cells (Figure 2C), and their
average area An (Figure S2D, case I) converge to con-
stant values. The standard deviations sðPnÞ and sðAnÞ
of both the fraction and the area of n-sided cells de-
crease exponentially with characteristic generation
numbers 3.14 and 3.60, respectively (Figure 2D and
Figure S2E, case I). Beyond the larger of these
characteristic generation numbers, the tissue patterns
become stationary for increasing generation number.
After simulating approximately eight generations of
cell division (from 36 to 10,000 cells), the standard devi-
ations sðPnÞ and sðAnÞ are less than 1% (Figure 2D and
Figure S2E, case I). A representative network illustrating
this stationary state is shown in Figure 2E, and the cor-
responding steady-state values of Pn and An for differ-
ent polygon classes are shown in Figure 2F (red bars)
and Figure 2G (red lines). For this network, pentagons
are the most frequent polygon class, and the average
neighbor number is 5.90. This implies that 2.44% four-
fold vertices exist. The average area An increases for
increasing n as shown in Figure 2G.
In order to study how tissue morphology is influenced
by the physical properties of cells, we performed simu-
lations by systematically varying parameter values. In
addition to case I, results from two parameter sets cor-
responding to cases II and III (Figure 1) are presented in
Figures 2H–2M and Figure S2 (see also Movies S2 and
S3). In case II (G = 0.1, L = 0.0), contractility is large rel-
ative to area elasticity, and the ground state is a hexago-
nal network as it is in case I. For case III (G = 0.1,
L = 20.85), line tension is negative, and the ground state
corresponds to a soft network (see Figure 1). As in case
I described above, the fractions Pn and average areas
An of polygon classes converge during growth simula-
tions for cases II and III (Figures S2C–S2E). The resulting
network morphologies, however, differ dramatically
(Figures 2E, 2H, and 2K). In case II (Figure 2H), the
stationary network contains a smaller fraction of hexa-
gonal cells than case I (Figure 2I, red bars, and Table
S1). Pentagons are most common; however, there is
also a much larger fraction of cells with nine or more
sides (Figure 2I, red bars)—even 20 sided polygons oc-
cur. The average areas An also vary more strongly with
neighbor number than in case I (Figure 2J, red line). As
in case I, the energy per cell first increases with increas-
ing cell number and then converges to a stationary value
that is larger than that of the hexagonal ground state
(Figure S2A, case II).

In case III, the coefficients G and L are such that the
ground state is a soft network (Figure 1). Under these
conditions, simulating proliferation generates the sta-
tionary network morphology shown in Figure 2K. Penta-
gons are the most common polygon class, and the aver-
age neighbor number is smaller than in case I (Figure 2L,
red bars, and Table S1). Unlike cases I and II, the energy
does not increase when cells are divided (Figure S2A,
case III); the irregular morphology shown in Figure 2K
is a ground state of the energy; all polygons have the
same area A(0) and the same perimeter L0 = 2L/2G. As
a consequence, the cell area does not depend on neigh-
bor number (Figure 2M, red line). Finally, the rate of
T1 and T2 transitions occurring during growth depends
on parameters and differs markedly in cases I–III
(Table S1). Simulations performed with two additional
parameter sets (cases IV and V in Figure 1) are shown
in Figure S3.

These results show that cell proliferation can generate
packing disorder with specific reproducible features
that depend on the physical properties of the cells as
described by the parameters G and L. This suggests
that we can obtain information about parameter values
from quantitative analysis of cellular packing in prolifer-
ating epithelia. To quantitatively describe cell packing
geometry in the wing disc, we analyzed 1738 cells
from different confocal images of living wing discs
expressing E-cadherin-GFP by using an automated
image-processing algorithm to outline the network of
(E, H, and K) Examples of stationary network patterns generated by repeated cell division for cases I, II, and III. Color code for polygon class is the

same as that used in (F), (I), and (L).

(F, I, and L) Stationary distributions of neighbor numbers Pn for cases I, II, and III (red bars). The average neighbor number is indicated. The green

bars in each panel indicate the same experimentally determined distribution of neighbor numbers in the third instar wing imaginal disc, for

comparison.

(G, J, and M) Average areas of different polygon classes normalized to the average area of cells in the network, hAni=hAi, for cases I, II, and III

(red lines). These lines are compared to the experimentally determined values for the third instar wing disc (green lines).
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apical junctions (Supplemental Experimental Proce-
dures and Figures S1A–S1D). From this network, we
identify individual cells, cell boundaries, and three-
and four-fold vertices. We define a four-fold vertex as
a region of contact between four cells, the size of which
does not exceed the average width of cell boundaries in
the image. This cutoff corresponds to 2 pixels—approx-
imately 20% of the average cell-boundary length. We
use this information to determine the fraction of cells
with different numbers of neighbors (Figures 2F, 2I,
and 2L, green bars) and the average areas of cells within
different polygon classes (Figures 2G, 2J, and 2M, green
lines). These data are shown repeatedly alongside the
values obtained by simulations in cases I, II, and III.
The distribution of polygon classes we observe is in
good agreement with previous results [9] and differ
slightly from those of [13]. This probably reflects the dif-
ferent methods used for assigning cells to polygon clas-
ses. Polygon-class distribution depends on the cutoff
used to distinguish boundaries from four-way vertices
(Figure S4D). In the wing disc, average cell areas in-
crease with neighbor number (Figures 2G, 2J, and 2M,
green lines). The average area of hexagonal cells is
slightly larger than the average area of cells in the epi-
thelium (108%). The average area of five-sided cells is
82% of the average area of all cells and that of seven-
sided cells is 136% (Table S1).

Packing geometry and area variation of the disc epi-
thelium are clearly different from those obtained by sim-
ulations in cases II and III. In case III, cell areas do not
vary at all with neighbor number, unlike those of real tis-
sue. Case II gives a much broader distribution of poly-
gon classes than that of the disc epithelium, and aver-
age areas vary more strongly with side number. Of the
three conditions discussed, case I produces morphol-
ogies closest to that of real tissue. Furthermore, we
estimate the rate of T2 transitions during imaginal disc
growth to be 10 6 2 per 100 cell divisions (see Supple-
mental Experimental Procedures and Figure S4E). This
value is most consistent with case I (12/100 cell divi-
sions) and differs markedly from cases II and III (Table
S2). Performing simulations, systematically varying pa-
rameters, shows that only a limited set of values of G

and L generates neighbor-number distributions (Fig-
ure 3, red region) and area variations (Figure 3, blue re-
gion) similar to those of the larval wing epithelium. The
overlap of these regions includes the parameter values
used in case I. Within this region of overlap, the
ground-state packing geometry is hexagonal (Figure 1).
Thus, proliferation produces a disordered packing that
represents a local energy minimum rather than a globally
relaxed state.

Probing Mechanical Properties of the Junctional

Network by Laser Ablation
The vertex model describes steady-state force bal-
ances. To investigate the interplay of forces acting at
the junctional network of disc epithelial cells, we perturb
the stable network by ablating a section of individual cell
boundaries with a UV laser beam focused on a spot of
1.3 mm diameter in the plane of epithelial junctions (see
Supplemental Experimental Procedures). A single-cell
boundary was cut, and the resulting movements of
the network, visualized with E-cadherin-GFP, were
observed over several minutes (Figures 4A–4C and 4E
and Movie S4). In response to the cut, E-cadherin-GFP
fluorescence disappeared from the center of the cut
cell boundary, and the vertices at both ends moved
from their initial positions, thereby increasing their
distance from the cut point. Subsequently, they relaxed
to new stable positions. In most cases (20/24), the dis-
tance d between the vertices increased as d = d0 + d1 2
d1exp(2t/t) for which d0 + d1 is the final distance and
d0 is the initial distance (Figure 4D, black points). The
relaxation time t varied between 13 and 94 s. Wound
healing, in which neighboring cells actively and specifi-
cally extrude the two cut cells, occurred over much lon-
ger time scales (w20 min; Movie S5). Occasionally (4/
24), more complex movements were observed; how-
ever, the final distance between the two vertices was
always larger than the initial distance (Figure S5). The
initial extension of the cut bond upon ablation suggests
that cell boundaries are under tension and that L

is positive.
To determine whether the displacements after laser

ablation depended on actin-myosin contractility, we
treated imaginal discs with the Rho-kinase inhibitor
Y-27632 [18] and quantified movements occurring
upon laser ablation. Rho-kinase-mediated phosphoryla-
tion of myosin light chain (Spaghetti Squash) is required
for myosin activity [19]. The average magnitude of dis-
placements was significantly reduced upon drug treat-
ment (Figure 4D, blue points), indicating that tension at
cell boundaries depends on actin-myosin contractility.

To examine how the junctional network relaxed in
response to laser ablation, we measured displacement
vectors D of vertices in the field of cells surrounding
the cut point. The average displacement vectors at
different angles and different distances are shown in
Figure 4F. A more detailed description of vertex dis-
placements is available in the Supplemental Experimen-
tal Procedures (Figures S6 and S7). The displacement
field is anisotropic, and movements occur mainly along
the direction of the cut boundary. In the direction per-
pendicular to the cut boundary, small inward move-
ments occur (Figure 4F).

In order to quantify the local anisotropy of displace-
ments near the cut bond, we determined the area and
perimeter changes of the two cells adjacent to the cut
bond after the two adjacent vertices had reached their
new stable positions. Laser ablation might affect both
localized line tensions and general contractility of the
cut cells. Removing contractility would be expected to
result in isotropic expansion, whereas removing local
bond tension is expected to produce more anisotropic
deformations. In the idealized case of a completely iso-
tropic deformation, perimeter would increase linearly
with the increase in length of the cut bond (Figure 5A).
In contrast, a strongly anisotropic deformation would
result in little or no change in the perimeter (Figure 5B).
Real deformations might comprise a superposition of
both anisotropic and isotropic movements. In experi-
ments, perimeter changes only slightly as a function of
the bond length increase, and area changes roughly lin-
early (red points in Figures 5C and 5D), thus reflecting
a strong anisotropic component of the deformations.

The measurements of changes DAcut and DLcut in the
combined area and perimeter of the two cells adjacent
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Figure 3. Parameter Regions Matching

Observed Tissue Properties

Properties of cell packing for different values

of the parameters L and G line tension and

contractility; K is the area elastic coefficient

and A(0) is the preferred area of cells. Simula-

tions of tissue growth were performed for

different parameter values (black dots). In

the red outlined region, the distribution Pn

of n sided cells in simulations is similar to

the one observed in the wing disk of Dro-

sophila (DP < 0.004, see Supplemental Exper-

imental Procedures). In the blue outlined

region, the relative areas of n sided cells

match those observed in experiments

(DA < 0.07). Comparing simulations of laser

ablation with experiments, we find quantita-

tive agreement in the green outlined region

(DL < 0.07). Yellow dots indicate cases I–V. The straight solid line indicates the transition between the soft lattice and the hexagonal ground

state. It is not possible to simulate proliferation to the left of the dashed red line with our current proliferation algorithm. The hatched region

corresponds to that shown in Figure 1.
to the cut boundary can be compared to those obtained
in simulations for estimating parameter values of the
vertex model. In the vertex model, we can study the dis-
placements that follow the removal of individual bonds
in a stable and stationary network configuration. We
can thus mimic bond-cutting experiments starting
from a stable network morphology generated by the
growth algorithm described in the last section. To simu-
late laser ablation, we randomly select bonds for re-
moval. We set to zero the normalized line tension Lij of
the cut bond as well as the normalized contractility Ga

of the cells sharing the cut bond. Removal of both these
terms is necessary for achieving quantitative agreement
between simulations and experiments (see Supplemen-
tal Experimental Procedures). We then numerically de-
termine the new relaxed network configuration after
these local parameter changes by using the conjugate
gradient method described previously. For a given pair
of parameters G and L for all other cells, we determine
the resulting distributions of area and perimeter
changes of the pair of cells sharing the removed bonds.
The gray points in Figures 5C and 5D show normalized
area and perimeter changes, with respect to the normal-
ized change in bond length, for many different removed
bonds in the case that L = 0.12 and G = 0.04 for cells
surrounding the cut cells (case I). Here, experiment and
theory match quantitatively. As we move away from the
parameter values of case I, the calculations and experi-
ment begin to differ (for example Figures 5E and 5F).
From these calculations, we conclude that there is
a small parameter region near case I (outlined in green
in Figure 3) where theory matches the experiments. Sim-
ulations with these parameters also accurately describe
the displacement of vertices in the field of cells sur-
rounding the cut bond (Supplemental Data and Figures
S6 and S7).

By performing simulations of both proliferation and la-
ser ablation, we have been able to estimate the relative
magnitude of the coefficients describing cell elasticity,
contractility, and line tension in the wing disc. These
data show that line tension L on individual cell bound-
aries is positive (i.e., contractility predominates over ad-
hesive cell-cell interactions at cell boundaries). Further-
more, we find that a general contractility described by
the perimeter elasticity G is also required to account
for our experimental observations. A perfect hexagonal
lattice represents a global minimum of the energy func-
tion for epithelia with these physical properties; the
disordered packing geometry induced by proliferation
reflects a local minimum with a higher value of the
energy function.

Discussion

Many genes that play a role in epithelial junction remod-
eling have been identified [3, 9, 20]. Their gene products
influence physical cellular properties; this in turn triggers
cellular rearrangements. However, the physical mecha-
nisms involved in rearrangement of epithelial cell pack-
ing are not understood. Here, we describe and quantify
for the first time the force balances in the apical junc-
tional network of an epithelium: the proliferating wing
disc epithelium of Drosophila. We combine experiment
and theory to understand how the physical properties
of these cells influence cell packing geometry and
morphology.

To investigate the contributions of cell mechanics,
adhesion, and cortical contractility to the development
of specific packing geometries, we have developed
a vertex model for the junctional network. Configura-
tions of the junctional network observed in tissues
correspond to network configurations for which forces
are balanced. Two different types of relaxed network
configurations, corresponding to global minima of an
energy function, occur: a solid-like hexagonal network
and a liquid-like soft network, which is irregular (Fig-
ure 1). Because of its liquid nature, this state of the
network can be easily remodeled. This suggests that
increased adhesion (leading to negative boundary ten-
sion) might in some instances actually facilitate rear-
rangement—it will be interesting to investigate whether
such a situation occurs in vivo, for example during con-
vergent extension.

Packing geometries observed in vivo correspond in
our vertex model to local minima of an energy function.
We have shown that irregular tissue morphologies in
the wing disc can be accounted for by changes intro-
duced by proliferation. We have simulated network
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Figure 4. Laser-Ablation Experiments

(A and B) Single confocal images of a GFP-E-cadherin-expressing wing disc during a laser-ablation experiment. (A) shows the epithelial network

before the cut, and (B) shows the same network 120 s after the cut. The red cross in (A) indicates site of ablation.

(C) Overlay of images (A) in green and (B) in red. Ablations focused on more basolateral regions of the cell boundaries, below the junctional

region, did not result in significant displacements (not shown).

(D) Change in distance d 2 d0 between vertices at the ends of the ablated bond as a function of time, averaged over 20 experiments. The initial

bond length is denoted d0. Error bars represent SDs. Blue points show displacements in Y-27632 treated discs. Black points show displace-

ments in untreated discs. Red lines indicate calculated maximum bond-length change d1. For untreated discs, d1 = 2.85 mm. For Y-27632 treated

discs, d1 = 1.41 mm.

(E) A sequence of cropped images of the ablated region, separated by 20 s. The time in seconds is indicated. Scale bars represent 5 mm in (A)–(C)

and (E).

(F) Average displacement vectors (black arrows) at different angles and different distances from the cut boundary (yellow line, center). Distance

from the cut site (red dot) is color coded as indicated.
morphologies in growing tissues and studied neighbor
numbers as well as area variations of cells for different
values of parameters describing cellular physical prop-
erties. In our simulations of proliferation, the network
morphology converges to a steady state that depends
on the parameter values. Only a subset of parameter
choices is consistent with the cell shapes and network
morphologies observed in the proliferating wing disc.
In other parameter ranges, different network types oc-
cur (Figure 2 and Figure S3). There is a broad region of
parameter values for which good agreement with ob-
served neighbor numbers exists (red outlined region in
Figure 3). Recent work based on topological arguments
has shown that proliferation leads to stationary neigh-
bor-number distributions after only a few rounds of
cell division. The distribution of neighbor numbers de-
pended on simple rules for neighbor reallocation [13].
Our work shows that neighbor reallocation after cell di-
vision depends on cellular physical properties.

In simulations of cases I–V, we find that the average
areas of n-sided polygons approximately shows a linear
relationship between side number and average area,
hAni=hAiz1 + lðn 2 6Þ, in which the coefficient l de-
pends on model parameters (Figures 2G, 2J, and 2M).
This relation has been termed Lewis’s law [21]. It can
be shown that cellular networks with this property are
dominant in the plane’s random polygonal tilings that
are subject to the constraints of space filling and an av-
erage neighbor number of 6. Of the cases I–III, only in
case I is the value of l close to the one observed in the
wing disc (Figure 2G). More generally, area variations
observed experimentally are in good agreement with
simulations for parameter values within the blue outlined
region (Figure 3).

We have performed laser-ablation experiments of cell
boundaries to study the force balances described by our
vertex model and to independently determine para-
meter values. Laser-induced cutting of cell junctions
causes the vertices at either end to move apart. This re-
sults in anisotropic displacements of vertices in the sur-
rounding network; displacements are maximal for those
vertices lying along the axis of the cut bond. Comparing
these experiments to simulations shows that only a small
range of parameters (green outlined region of Figure 3),
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Figure 5. Anisotropic Displacements after Laser Ablation

(A and B) Schematic representation of cell-shape changes upon ablation of a cell boundary. The yellow line indicates cut boundary, and the red

cross indicates cut site. (A) shows that isotropic deformation near the cut bond leads both to an increase of the combined perimeter Lcut (green

outline) and of the combined area Acut (blue) of adjacent cells. As shown in (B), for a strongly anisotropic deformation, the area changes signif-

icantly, whereas the perimeter can remain unchanged.

(C and E) Changes in the combined areas DAcut of cells adjacent to an ablated bond, relative to twice the average cell area hAi, are plotted as

a function of the relative increase in the distance between the vertices of the cut bond D[cut=2h[iji.
(D and F) Relative change of the perimeter DLcut=2hLi of the cells adjacent to the cut bond; hLi is the average cell perimeter. In (C)–(F), red dots

show results from 20 experiments, and gray dots show the results of simulations with different parameter values for laser ablation (indicated).
which includes those of case I, is consistent with the
observed movements.

Taken together, our comparison of experiment and
theory has allowed us to restrict the range of possible
parameter values to a small region corresponding to
the intersection of the red, green, and blue outlined re-
gions in Figure 3. With parameter values in this region,
the vertex model accounts for the observed vertex
movements induced by laser ablation, the epithelial
packing geometries, and area variations observed in
the Drosophila wing disc. The distribution of neighbor
numbers does depend on physical parameters, but
there is an extended region that is consistent with exper-
iments. Area variability constrains parameter values
more. Laser-ablation experiments constrain parameter
values the most (Figure 3).

Some cells in proliferating wild-type disc epithelia
normally undergo extrusion and apoptosis—the cause
of cell elimination under wild-type conditions is not
understood. Furthermore, cells that differ from their
neighbors in signaling capacity [22, 23], growth rate
[24, 25], or cytoskeletal organization [26] are extruded
from the epithelium, even when cell death is prevented.
During simulated proliferation with parameters consis-
tent with packing geometry and laser ablation, the rate
of T2 transitions is 12 per 100 cell divisions—similar to
our estimate of the rate of cell elimination in vivo. This
raises the possibility that cell extrusion is a conse-
quence, at least in part, of the biophysical properties
of cells and forces balances in the junctional network.

In the wing, the fact that clones of cells do not disperse
[27, 28] has long suggested that few rearrangements oc-
cur during proliferation. In simulations of case I, few T1
transitions occur as the network grows (37/100 cell divi-
sions), and clones remain cohesive. In contrast, in the
case of a liquid-like tissue (case III), 146 T1 transitions oc-
cur per 100 cell divisions (Movies S7 and S8), and clones
are invaded by unrelated cells. This suggests that the
tendency for clones to remain contiguous during prolif-
eration is a consequence of physical cellular properties.

In the future, our model might be extended to other
problems in epithelial development, those such as
asymmetric growth and hexagonal repacking. In this
work, we have assigned each cell boundary the same
line tension; however, this might be an oversimplifica-
tion [9]. Future work could allow us to assess effects
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of nonuniform cell-boundary line tension on directional
growth. Furthermore, the present model already sug-
gests a mechanism for the hexagonal repacking of the
wing epithelium occurring during pupal stages. The dis-
ordered geometry of the proliferating wing epithelium
represents a local minimum of the energy function. Be-
cause the global minimum in case I is a perfect hexago-
nal lattice, the energy function would bias fluctuations to
bring the initially irregular network closer to the hexago-
nal ground state. Thus, annealing might be effective for
remodeling the larval wing epithelial cells into a more
hexagonal array. Simulations show that introducing
fluctuations in line tension (which could correspond to
fluctuations in adhesion and contractility) are sufficient
to drive remodeling (Movie S6). However, remodeling
in vivo is more complex. Hexagonal repacking requires
the planar cell polarity proteins, which become polar-
ized as repacking proceeds [9]. Although boundary-
length fluctuations probably make an important contri-
bution to repacking, any realistic description of this
process must include the role of PCP proteins. Careful
observation of fluctuation dynamics in both wild-type
and PCP mutant wings will help us to extend our work
to describe hexagonal repacking.

Supplemental Data

Experimental Procedures, eight figures, three tables, and eight

movies are available at http://www.current-biology.com/cgi/

content/full/17/24/2095/DC1/.
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