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ABSTRACT During tissue elongation from stage 9 to stage 10 in Drosophila oogenesis, the
egg chamber increases in length by ~1.7-fold while increasing in volume by eightfold. During
these stages, spontaneous oscillations in the contraction of cell basal surfaces develop in a
subset of follicle cells. This patterned activity is required for elongation of the egg chamber;
however, the mechanisms generating the spatiotemporal pattern have been unclear. Here we
use a combination of quantitative modeling and experimental perturbation to show that
mechanochemical interactions are sufficient to generate oscillations of myosin contractile
activity in the observed spatiotemporal pattern. We propose that follicle cells in the epithe-
lial layer contract against pressure in the expanding egg chamber. As tension in the epithelial
layer increases, Rho kinase signaling activates myosin assembly and contraction. The activa-
tion process is cooperative, leading to a limit cycle in the myosin dynamics. Our model pro-
duces asynchronous oscillations in follicle cell area and myosin content, consistent with ex-
perimental observations. In addition, we test the prediction that removal of the basal lamina
will increase the average oscillation period. The model demonstrates that in principle, mech-
anochemical interactions are sufficient to drive patterning and morphogenesis, independent
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of patterned gene expression.

INTRODUCTION

The Drosophila ovary is composed of strings of developing egg
chambers of increasing size and maturity (Figure 1, A-D). Each egg
chamber contains 16 germ cells surrounded by a monolayer of epi-
thelial follicle cells. Egg chambers increase in volume over time
while also becoming elongated. Follicle cell shape oscillations be-
gin during stage 9 of development in a subset of cells near the
center and correlate with increasing basal myosin content due to

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E14-04-0875) on June 18, 2014.

Address correspondence to: Sean X. Sun (ssun@jhu.edu).

Abbreviations used: A-P, anterior-posterior; D-V, dorsal-ventral.

© 2014 Koride et al. This article is distributed by The American Society for Cell
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).

“ASCB®,” "The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society for Cell Biology.

Volume 25 November 5, 2014

activation of Rho GTPase and Rho-associated protein kinase, ROCK
(He, Wang, et al., 2010). The maximal level of myosin activity and
the number of cells undergoing oscillations increases during stage 9
until most of the epithelium shows high myosin activity at stage 10
(Figure 1, B-D). These observed oscillations in the basal surface area
of follicle cells restrict the egg chamber width and thus promote tis-
sue elongation and morphogenesis. Autonomous periodic oscilla-
tions have been explored in other areas in biology (Winfree, 1980;
Goldbeter, 1996; Ferrel et al., 2011). Here we propose a mechano-
chemical model of cell contractility in the developing epithelium
and investigate the spatial and temporal patterns in these oscilla-
tions using a combination of experiments and modeling. The model
couples contractile forces generated by cells with mechanical ten-
sion from the external environment, including both the underlying
germline cells and the overlying basal lamina. The model predicts
that a cell can adjust its contractile force in response to external
forces, and in some parameter regimes, the interplay of external
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FIGURE 1: (A) (a—d) Egg chambers labeled with 4’,6-diamidino-2-phenylindole and myosin-mCherry (surface view) at
stage 8 (a), early stage 9 (b), late stage 9 (c), and stage 10 (d). Maximum-intensity projection of the z-stacks shows the
early-stage apical concentrated myosin and basal accumulation of myosin after stage 9. Scale bar, 50 pm. (B) Mechanical
model. Cartoon of surface view of a Drosophila egg chamber showing the D-V and A-P axes. Cells are modeled as
springs of stiffness k. in the D-V direction and are connected in the A-P direction through angular springs of stiffness kg
and preferred angle B as shown in C. (D) Zoomed-in midsection of the egg chamber. (E) Connection to the basal lamina.
Each cell is identified by the angular positions of its ends, 6. (F) Biochemical model. Molecular pathway governing the
activation of myosin contraction in response to tension. F; (blue arrow) represents contractile force from the ith cell, and
Fi_7 and F;, (red arrows) represent forces on the ith cell by neighboring cells.

tension and cell contractility leads to oscillations. Our model is
based on the hypothesis that pressure on cells in the epithelium
exerted by the growing germline cells induces the activation of the
Rho-ROCK pathway (Amano et al., 1997; Pellegrin and Mellor, 2007;
Zhao et al., 2007), which leads to negative feedback in the form of
myosin contractility. We model a section of the egg chamber as cir-
cular arrays of cells connected to each other in a staggered manner
(Figure 1, C-E). Cells are coupled mechanically to each other, as well
as to the basal lamina, through mechanical springs in the circumfer-
ential and radial direction and angular springs in the axial direction.
Forces developed by follicle cells are also under biochemical regula-
tion. We investigate the interplay of biochemical signaling and me-
chanical forces during follicle cell length oscillations. The model
predicts that the internal pressure of the egg chamber influences
contractility of follicle cells. During egg chamber growth, increasing
chamber pressure increases stress fiber formation and myosin con-
tractility. Because cells are also mechanically coupled to each other,
oscillations in any single cell are also coupled to oscillations in
neighboring cells. Depending on parameters, oscillations could in
principle become synchronized. However, since only asynchronous
oscillations are observed experimentally, the model suggests the
ranges of pressure and contractile forces that are consistent with
these observations.

The model predicts that the basal lamina serves a mechanical
role in egg chamber development and affects both the size of the
egg chamber and the periodicity of follicle cell oscillations. Without
the basal lamina, the oscillation period should become longer. We
tested these predictions by removing the basal lamina using colla-
genase and observed an increase in the average oscillation period.
We also use the model to examine mutants in which some of the
follicle cells do not exert contractile force. This simulated mosaic
epithelium also exhibits oscillations with properties consistent with
experimental observations. Taken together, the model identifies im-
portant mechanochemical variables within the developing egg
chamber and presents a quantitative understanding of active forces
within the epithelial layer. The model also shows that the interplay
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between mechanical forces and biochemical signaling pathways is
sufficient in principle to explain the spatial and temporal patterning
of myosin oscillations independent of gene expression, suggesting
a novel patterning mechanism during tissue morphogenesis.

MODEL

Experiments show that basal surface area oscillations in the follicle
cells during stages 9-10 of egg chamber development are mostly
in the dorsal-ventral (D-V) axis direction (He, Wang, et al., 2010).
Based on this, a cross-section of the egg chamber with unit cell
width and radius r is represented by a circular array of cells. A
change in the basal cell surface area is modeled as a change in the
cell length in the D-V direction. The length of each cell is described
by angular positions of the cell edges, that is, the length of the ith
cell is 811 — B). We also assume that the passive cell behaves
elastically with stiffness k.. Experiments show that D-V oscillations
are driven by periodic assembly and activation of myosin on actin
stress fibers at the basal surface. Therefore we model this actomyo-
sin contraction in the ith cell as an active force, F;, contracting the
cell length (Figure 1F). Interaction between two cell layers in the
anterior-posterior (A-P) direction is modeled as elastic. When a cell
contracts, it exerts mechanical forces on it neighbors. We model
this passive mechanical interaction between cells using angular
springs (Figure 1C).

In the egg chamber, follicle cells are physically adhered to the
basal lamina. Therefore, when the cells contract in the D-V direction,
they exert an inward radial pulling force on the membrane. We ne-
glect the relative motion between the follicular epithelium and the
basal lamina and model the deformation of the basal lamina using
radial springs with stiffness k. Finally, it is known that the egg cham-
ber is also under expansive internal pressure, probably from ger-
mline growth and the mechanics of nurse cells and oocyte within the
epithelium. We include this pressure in the model using the param-
eter P.

Experiments show that increased contraction is correlated with
increased myosin accumulation within stress fibers at the basal
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surface. Therefore the biochemistry of myosin activity likely regu-
lates active contraction of the follicle cells. In addition, the period of
cell contraction is on the order of several minutes. This time scale is
two orders of magnitude longer than the time scale of myosin bind-
ing and unbinding to actin, which occurs within seconds. Moreover,
inhibition of Rho or ROCK prevents myosin assembly and contrac-
tion, whereas constitutive activation of Rho causes constitutive as-
sembly and locks myosin in the fully assembled and contractile state
(He, Wang, et al., 2010). Therefore mechanochemical aspects of
Rho-ROCK signaling are probably key to understanding D-V oscilla-
tions. It is known that when a cell is under tension (here, mostly due
to mechanical tension from internal pressure), Rho becomes acti-
vated within several minutes (Zhao et al., 2007). Rho activates ROCK,
a protein kinase that further phosphorylates myosin light chain
(MLC; Maruthamuthu et al., 2011; Bhadriraju et al., 2007), leading to
myosin contraction. We assume that the contractile force is directly
proportional to the fraction of activated myosin. The modeled sig-
naling pathway is shown in Figure 1F.

Mechanical model

For a cross-section of unit cell width as in Figure 1E, motions of the
cell ends in the rand 6 directions can be obtained from a mechani-
cal energy formulation of the cell layer. This energy is a sum of the
elastic energies—from follicle cells, as well as the connectors to the
basal lamina—the work done by the actomyosin contractile force,
and the work done by pressure P inside the egg chamber. The me-
chanical energy per length is then

N
E= Z%’(C(f(em =6i)=1o)*+ %Nk(r —ro)?
= Cell length Basal lamina
N
_ZI:;r(G,'+1—0,~) — Pnrz (1)
i=1 Pressure-volume

Contractile force

where ris the radius of the circular cell array and is assumed to be
the same for all the cells, I, is the rest length of the cell, N is the
number of cells in a cross-section, Nk is the effective stiffness of the
basal lamina, and r, is the preferred basal lamina radius.

At the scale of the egg chamber, inertia is unimportant, and
forces are balanced by friction. Equations of motion for rand 6, can
be obtained from the mechanical energy by differentiating with re-
spect to these variables and equating them to friction. The details
are given in Egs. 2 and 3 in the Supplemental Material. Thus we
propose that in the absence of cellular contractile forces, follicles
cells are stretched by internal pressure, P. We propose that the cells
generate contractile force that opposes the egg chamber pressure,
and it is the biochemical control of the contractile stress that gener-
ates oscillations.

Biochemical model

Models of Rho-ROCK signaling pathway have been studied before
(Civelekoglu-Scholey et al., 2005; Jilkine et al., 2007). Here we pro-
pose a model in which the activation of Rho and myosin is related to
mechanical tension in the cell. Increased activation of Rho, ROCK,
and MLC in tissue cells in response to external tension has been
observed (Zhao et al., 2007). We propose that this also occurs in
follicle cells. The kinetics of Rho, ROCK, and MLC activation in the
ith cell are modeled as

dp:
2B = folsi)1-p)) =Dy, @
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I3 = f2(P)1~R) - Daf 3
ami _ . .
T—fm(ﬁr)(1—m/)—Dmm (4)

where p;, R, and m; represent the fraction of activated Rho, ROCK,
and MLC respectively, and s; is the change in length of the ith cell,
n0i+1— 0)) — Io; the mechanical tension is then ks;. Every rate equa-
tion has an activation and a deactivation part. The deactivation part
is linear, which can represent any number of biochemical mecha-
nisms, such as hydrolysis of Rho®™ to Rho®P? or constitutive phos-
phatase activity that inactivates ROCK. In the activation part, f,(s)
represents the effect of the mechanical tension on the activation of
Rho. Similarly fg(p) and f,(R) represent the effect of Rho on ROCK
and the effect of ROCK on MLC, respectively. Mathematically, non-
linearity in the system is one way to obtain sustained oscillations
(Ferrel et al., 2011). We incorporate nonlinearity in the form of a Hill
function for the effect of tension on the activation of Rho, represent-
ing possible cooperativity in Rho activation:

1o(5) = Aphls) =2 1= ) ©
fr(p) = Arp ©)
fn(R) = AnR )

h is a Heaviside step function, which is O when s is negative and 1
when s is positive. This ensures that Rho is activated upon cell
stretching under tension. A, Ag, and A, are the rates of activation,
and D,, Dg, and Dy, are the rates of deactivation. K is the half-
maximal response constant, and n is the Hill coefficient for
cooperativity.

Because the contractile force F originates from the activation of
MLC, we can assume that the force is linearly proportional to the
fraction of activated MLC. The proportionality constant, Fr.x, repre-
sents the contractile force of a cell when the activated myosin frac-
tion is 1, that is, the maximum contractile force:

Fl(t) = —Fmaxmi(t) (8)

Finax is related to the total amount of contractile myosin available for
the basal stress fibers, whereas F; is related to the amount of acti-
vated myosin generating contractile force within the stress fibers.
Note that the proposed mechanical signaling model explains why
stress fibers and contractile force are in the D-V direction in follicle
cells. For an approximately cylindrical egg chamber, the mechanical
tension from the internal pressure P is Prin the D-V direction and
Pr/2 in the A-P direction. Therefore, for the same internal pressure,
Rho activation and stress-fiber formation would occur in the D-V
direction first. The internal pressure and the shape of the egg cham-
ber determine the direction of oscillation.

In the biochemical model (Eqg. 5), the form of tension-activated
kinetics is not essential. In the Supplemental Material, we examine a
simpler model in which fp(s) = Aph(s)s. This linear function can still
produce similar oscillatory dynamics. In general, oscillations can oc-
cur when there is a time delay in the coupled dynamics in the sys-
tem. Here the mechanical time scale, y/k, is similar to the time scale
of biochemical kinetics. This provides the necessary time delay to
generate oscillations in contraction.

Two-dimensional epithelial layer
In the egg chamber, follicle cells form the epithelial sheet; therefore
cells are coupled in the D-V circumferential direction as well as in
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the A-P direction (Figure 1D). We model A-P mechanical coupling
using angular springs. Therefore the total energy of the epithelial

sheet is

N
E=Y3 5ke(r(O)i1-0j)~lo)?
j=1i=1
~Fj,ir(0),+1—6j,i)+Ebl + Eas — ndPrr? 9
Eb|=z%Njk(r—ro)2 (10)
j=1
n Nj
ZZ as(Bji — Bo)? (11)
B = arctan{r((em’m - 9j+1,(ij)— (8,1 —9,-,;))} (12)

where j labels the row in the A-P direction and i labels the cell in the
same row in the D-V direction; Ey is the energy of the mechanical
springs connecting cells to the basal lamina, and n is the number of
cell rows. E, is the energy corresponding to the angular springs (of
stiffness k,s) connecting different layers, N; is the number of cells in
the jth row, B is the angle made by angular springs with the horizon-
tal, and d is the distance between rows, which would correspond to
typical cell width (Figure 1). B, is the preferred angle between cells
in adjacent rows.

In this model, we assume that the cell-cell connections between
rows are fixed, that is, the interactions are not dynamic. In reality, the
connections are made through cadherin bonds, and there is an ad-
hesion component as well as a shear/friction component. We

neglected the shear component because the differences in angular
velocities between rows are small. Therefore relative sliding of cells

in adjacent rows is negligible.

RESULTS
Single cell oscillates under mechanical stretch
The simplest case is when a single follicle cell is under tension. This
case is not possible to examine in experiments, but it is possible to
explore using our model. Figure 2 shows an example in which an
externally applied force stretches a single cell and the force gradu-
ally increases with time (Figure 2A). Our model predicts that the cell
length will increase with increasing applied force (Figure 2B); how-
ever, activated Rho will also increase with increasing applied force
(Figure 2C). The activated Rho catalyzes activation of myosin in the
stress fibers, and the cellular contractile force increases to oppose
the applied force. Within a range of applied force, the Rho-ROCK
signaling network exhibits oscillations. This oscillation is a limit cycle
(Figure 2E). The period of oscillation depends on the rate of Rho and
ROCK activation. An analytical estimate of the oscillation period is
given in the Supplemental Material (Supplemental Figures S4 and S5).

Asynchronous oscillations in cell D-V length and myosin
content and factors influencing frequency in the multicell
model

When multiple follicle cells are mechanically connected in the epi-
thelium, our model simulations show that the cells will oscillate
along the D-V axis with an average period of ~5-7 min (He, Wang,
et al., 2010). The oscillation amplitude ranges from 0.5 to 2 um,
which also is what experiments observe (He, Wang, et al., 2010).
Experiments show that oscillations in myosin intensity are correlated
with and precede oscillations in basal cell area in follicle cells (He,
Wang, et al., 2010). In our model, normalized activated myosin also
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FIGURE 2: Behavior of single follicle cells. (A) As we apply an increasing external stretching force to a single follicle cell,
we see that (B) the follicle cell length increases with increasing force. However, as the force reaches a threshold, the cell
starts to oscillate. At large forces the oscillations disappear and the cell continues to stretch. (C) The amount of
activated Rho increases with increasing force, and there is an oscillation in the amount activated Rho. Rho reaches a
maximum value at large force. (D-F) When the external force is held constant, three behaviors are seen. At low forces
(D), the system settles to a steady level of activated Rho and MLC. At intermediate forces (E), the system exhibits an
oscillatory limit cycle. At high forces (F), a steady state is again reached. Therefore our model predicts a Hopf bifurcation

with increasing external force.
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FIGURE 3: Follicle cell length and myosin oscillations. (A) Plot showing oscillations in cell length (blue) and myosin
content (red). Increase in myosin content corresponds to decrease in cell length. (B) Oscillation period distribution for
different initial conditions (ICs), showing that the range is between 5 and 7 min and is independent of ICs. (C) Phase
distribution of oscillations in 120 cells, showing that the oscillations are asynchronous. The phases are uniformly
distributed around 2. (D, E) Phase diagrams of oscillatory behavior with and without basal lamina. The system generally
exhibits asynchronous oscillations or steady nonoscillatory behavior. There is a small synchronous oscillation regime
without basal lamina (white), although this would require a high internal pressure. The red circle indicates, in our model,

the region close to the physiological situation.

shows oscillations with periods similar to those of oscillations in cell
length. Figure 3A shows myosin and cell length oscillations on the
same plot. Myosin activation precedes reduction in cell length as
observed in vivo. We fit a cosine function to the computed oscilla-
tions and obtain the phase of oscillation for each cell. We find that
this system at long times shows a uniform distribution of oscillatory
phase (Figure 3C). This suggests that the oscillations are asynchro-
nous. If oscillations are synchronous, all cells would have a similar
phase, and the phase distribution would be more concentrated. We
do find a synchronous phase in other parameter regimes (Figure 3,
D and E). The observed oscillations are also independent of initial
starting configurations of the model (Figure 3B).

Fmax and P are the important physical variables in this system.
Finax is the maximum possible myosin contractile force, representing
maximum activation of myosin. P is the internal egg chamber pres-
sure. The pressure generates a tension of T= Prin the D-V direction
of the epithelial layer. In response to this tension, cells activate myo-
sin contraction to balance this tension. Note that there is also a
tension in the A-P direction, but it is half of the tension in the

D-V direction. Because increasing tension increases myosin activa-
tion, our model also predicts that the radius of the egg chamber will
influence the observed myosin intensity (Supplemental Figure S2).
Indeed, we see that the combination of egg chamber pressure,
geometry, and epithelial tension is another mechanism of spatial pat-
tern formation. Myosin activation responds nonlinearly to tension,
and larger egg chamber radius will lead to a stronger activation. In an
egg chamber with spatially varying radius but uniform pressure, myo-
sin will become activated first in regions of larger radius.
Computations show that frequency and amplitude of cell oscil-
lations, as well as the egg chamber radius and mean myosin inten-
sity, all depend on F 5« and P (Supplemental Figures S6 and S7). In
particular, the egg chamber radius decreases with increase in the
maximum contractile force F,,, and increases with increase in inter-
nal egg chamber pressure P (Figure 4). Oscillation period follows a
decreasing trend with increase in Fn,.x. For some parameter re-
gimes, synchronized oscillations are also seen. We estimate that
physiologically relevant parameters are close to F.x = 50 nN and
P=0.3 kPa.
We further investigated the effect of

w
g
w
—_

Egg chamber radius (um)
8

Egg chamber radius (um)
w
o

ROCK activation and the radius of the egg
chamber on the oscillation period. In experi-
ments, it is possible to interfere with the ac-
tivity of ROCK using Y-27632, a ROCK in-
hibitor. It was found that at inhibitor doses at
which oscillations persisted, the period
largely remained unchanged. We model this
experiment by varying ROCK activation rate,
Ag, in Eq. 6, and observe a similar behavior.

29

0.2 a

06 08 1 0 10 20
P (kPa) B

04

FIGURE 4: Internal egg chamber pressure and maximum contractile force have opposing
effects on egg chamber radius. (A) Plot showing change in egg chamber radius as a function of
internal pressure (P). Increase in pressure increases the egg chamber radius (here F,.x = 40nN
per unit-cell width). (B) Plot showing change in egg chamber radius as a function of maximum
contractile force Fpa. Increase in F,. decreases the egg chamber radius (here P = 0.4 kPa).
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Fmax(nN per unit cell width)

We still see oscillations, and the oscillatory
period depends nonmonotonically on Ag
(Supplemental Figure S3). The egg chamber
radius does affect oscillation period. For
smaller radii, higher contractile force is re-
quired to cause oscillations, whereas at
larger radii, higher pressures induce oscilla-
tions (Supplemental Figure SéD).
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3713

Epithelial oscillations |



Stage 8

Early Stage 9

Late Stage9 Stage™10

Beginning of
collagenase
treatment
(t=0min)

After
collagenase
treatment
(t=30 min)

Collagen/Myosin

1 10 s W Tomn
‘== Control . ® (P = 0.1 kPa,Frog= 60NN T . 2 == Mutant
— =0. Frnax= per unit cell width) £ —  Muts
Collagenase treated 8 *+ LLs.(P = 0.3 kPa,Finge= 500N per unit cell width £ oen
=) s
€08 - KX &
= 3 - N
< 2 @ Y =
£ 3o L B e SUUP R F E
206 3 = =
= 51 ° =
c 5 i<l c
) = 3

'% g $4 2
® 04 Control _Collagenase treate A ]
= E [$)
3 =
[&] 2 24f

0.2 22

5 7 7
K(nN/pm per unit cell width)
0 2
5 10 15 20 25 1 2 3 220 240 260
C Period (mins) D Basal lamina stiffness E F Time (mins)

(nN/pm per unit cell width)

FIGURE 5: Effects of the basal lamina and mosaic analysis. (A) Images of basal lamina (labeled with collagen-green
fluorescent protein [GFP]) and myosin (myosin-mCherry) in control conditions. The relative positions of collagen and
myosin fibers remains unchanged, suggesting that basal lamina could be mechanically coupled to basal myosin. Scale
bar, 20 um. (B) Egg chambers stained with collagen-GFP from stage 8 to stage 10 in control conditions, at the beginning
of collagenase treatment (t = 0 min), and after collagenase treatment (t = 30 min). (C) Experimental measurements on
follicle oscillations upon disruption of basal lamina. The distribution of oscillation periods became longer. The average
egg chamber width became smaller (inset). (D) Modeling predictions of oscillation period as a function of stiffness of the
basal lamina. Collagenase treatment reduces basal lamina stiffness and increases oscillation period for several values of
P and Fpa«. The predicted egg chamber radius also becomes smaller as basal lamina stiffness is reduced, in agreement

with experiments. (E) It is possible to abolish myosin contraction in some follicle cells using constitutively relaxing cells
(ROCK RNAi-expressing cells); these cells (green) do not oscillate. It is then possible to examine the interaction
between the wild-type cells (blue and red) and mutant cells (green). (F) Experiments and modeling show that there are
no changes to oscillatory period in neighboring wild-type cells (blue) or wild-type cells directly neighboring mutant cells
(green). Mutant cells, however, cease to oscillate. The oscillatory period is unchanged in neighboring versus

nonneighboring wild-type cells (inset).

The basal lamina plays a role in determining periodicity of
follicle cell oscillations

In the egg chamber, the basal lamina is a highly cross-linked and
complex structure, with collagens comprising ~50% of the protein
(Kalluri, 2003). Follicle cells adhere to the basal lamina via integrin-
mediated adhesions that contain focal adhesion proteins such as
talin and paxillin (Figure 5A and Supplemental Figure S8). We exam-
ined the effect of the basal lamina on follicle cell oscillations by
treating wild-type cells with collagenase to partially remove the
basal lamina surrounding the egg chamber (Figure 5B). Figure 5C
shows the distribution of oscillation periods for control and collage-
nase-treated samples. On collagenase treatment, some cells no lon-
ger exhibit oscillations. Other cells show an increased oscillation
period. The mean period in the control condition is 5.6 min, which
increases to 10.6 min. In addition, the egg chamber radius decreases
by ~20% upon collagenase treatment (Figure 5C, inset).

In our model, we can examine the effects of the basal lamina by
varying the stiffness of the mechanical spring connecting the epithe-
lial layer to the basal lamina (k). We decreased k from 3 to 0.1 nN/
pm per unit-cell width in the simulations. In Figure 5D, oscillation
period is shown as a function of k. The general trend in the P-F .«
space is an increase in oscillation period as the stiffness decreases.
In one of the cases, P = 0.1 kPa, F,x = 60 nN per unit-cell width
(red), the system starts from a steady state and goes to an oscillatory
phase with increasing period as stiffness decreases. In the other
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case shown (black), at P=0.3 kPa, Fr,.x = 50 nN per unit-cell width,
the system shows a gradual increase in oscillation period as stiffness
decreases.

Autonomy of cell oscillations

Experimentally, wild-type cells surrounded by either constitutively
relaxing cells (ROCK RNA interference—expressing cells) or with con-
stitutively contracting cells (Rho V14-expressing cells) still oscillate
with normal amplitude and period, indicating that these oscillations
are cell autonomous (He, Wang, et al., 2010). We checked this in our
simulations by surrounding wild-type cells with those having no ac-
tive Rho and ROCK (Figure 5, E and F). There seems to be no differ-
ence in period in neighboring and nonneighboring wild-type cells,
as seen in experiments (He, Wang, et al., 2010).

Other model predictions

If all cells exert the same contractile force and contractions are syn-
chronized, then the forces exactly balance and there is no net torque
on the egg chamber. However, because the oscillations are not syn-
chronized, the net torque in the system is not exactly zero. Our simu-
lations predict that if we incorporate shear motion between the
basal lamina and the epithelial layer, the net torque will cause an
overall rotation in the egg chamber against the basal lamina. This
overall egg chamber rotation has been observed (Haigo and Bilder,
2011). In addition, buildup of stress fibers and oscillations of follicle
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cells start from the middle of the egg chamber, where the radius is
largest. As the chamber grows larger, the oscillatory region grows to
encompass the whole epithelial layer. This is consistent with our
tension-activated model because mechanical tension is directly pro-
portional to chamber radius. For the same internal pressure, larger
radius will activate Rho and myosin contraction first.

DISCUSSION

We introduced a mechanochemical model of follicle cell oscillation
in the developing Drosophila egg chamber. The model describes
the response of follicle cells to external forces and how egg cham-
ber mechanics can potentially influence biochemical signaling and
contractile force generation. In particular, we suggest that the egg
chamber is under internal pressure, and follicle cells, together with
the basal lamina, exert forces to balance the expansionary pressure.
During egg chamber growth, the pressure gradually increases, lead-
ing to an increasing follicle cell contractile force. Eventually, the sys-
tem undergoes a Hopf bifurcation with the egg chamber pressure as
the critical parameter, and oscillations in contraction appear. We
showed that the observed oscillations are not synchronized and me-
chanical properties of the basal lamina can influence the frequency
of oscillations.

In this article we focused on biochemical regulation of contrac-
tion by the Rho signaling pathway. This is because the time scale of
oscillation is on the order of minutes, much longer than the time
scale of myosin interacting with actin (seconds). Estimates of Rho
activation rates are consistent with the oscillation period (Zhang and
Zheng, 1998). However, the time scale of stress fiber formation in
actin networks under force is also on the order of minutes (Walcott
and Sun, 2010). Experiments have shown that Rho is necessary for
the observed autonomous contraction, and therefore we focused
on this pathway. Mathematical modeling of stress-fiber formation
based on adhesion formation and Rho-ROCK signaling also sug-
gests a similar time scale (Civelekoglu-Scholey et al., 2005). Here we
focus on the process of Rho activation arising from cell tension. We
also used a simplified two-dimensional description of follicle cells
mechanics. Three-dimensional (3D) mechanical models of epithelial
cell morphology have been proposed (Hannezo et al., 2014). Our
model can be extended to the 3D regime by incorporating 3D cell
shapes.

The proposed biochemical signaling model controlling cell con-
tractility may have implications in other tissue cells. The model sug-
gests that as external forces stretch the cell, the tension in the cell
cortex or membrane increases. This triggers a cooperative activa-
tion of Rho GTPase and ROCK, leading to a cascade of phosphory-
lation events that eventually activates myosin light chain, stress-fiber
formation, and contractile force generation. This type of tension-
activated contractile force generation has been observed in fibro-
blasts (Zhao et al., 2007). Therefore the basic framework of the
model will likely apply to other cells and tissues.

The prevailing view of tissue development is that morphogens
pattern cell fates and gene expression, which in turn determine pat-
terns of differential mechanical properties that drive major morpho-
genetic events such as invagination during gastrulation or conver-
gence and extension movements (Zallen and Wieschaus, 2004,
Lecuit and Lenne, 2007; Martin et al., 2009). Patterns of active con-
tractile forces are clearly an important element throughout morpho-
genesis (Jacinto et al., 2002; Berg, 2008; Martin et al., 2010). Here
we show that patterns of actomyosin contractility can in principle
emerge from mechanochemical interactions alone, without an initi-
ating event based on a pattern of gene expression or a morphogen
signal. These active tissue contractions help to maintain mechanical

Volume 25 November 5, 2014

tension in the epithelia and pressure within the egg chamber and
also the geometry of the egg chamber. It will be interesting to de-
termine whether this is a widespread mechanism that shapes organs
and tissues.

MATERIALS AND METHODS

Mathematical model

Our model has four cross-sections (circular arrays of cells) stitched
together into a cylindrical sheet; each cross-section has 30 cells, for
a total of 120 cells in the system. Each cell has four equations cor-
responding to four variables: angular position and activated Rho,
ROCK, and MLC fractions. In addition, there is one equation for the
radius of the egg chamber. We solve this set of 481 differential
equations simultaneously using MATLAB's (MathWorks, Natick, MA)
oded5 for a time period of ~5 h. Periodic boundary conditions are
used. The initial conditions are generated randomly with the follow-
ing constraints. The Rho, ROCK, and MLC fractions are <1, and the
angular positions of cells (begin and end positions) are chosen such
the sum of all the angular cell lengths equals 2. Additional model
details and parameters used in the computation are given in the
Supplemental Material (Tables S1 and S2).

Data analysis from experiments

Fly stocks. The following fly stocks were used in this work:
UAS-GFP-Paxillin, Ubi::DE-Cadherin-GFP, sgh::sgh-mcherry (from
Eric F. Wieschaus, Department of Molecular Biology, Princeton
University, Princeton, NJ), Talin-EGFP (MiMiC fly from Hugo Bellen,
Baylor College of Medicine, Duncan Neurological Research Institute,
Houston, TX), and Viking-GFP (from David Bilder, Department of
Molecular and Cell Biology, University of California, Berkeley,
Berkeley, CA). All stocks and crosses were maintained at room
temperature. Female flies, 3-7 d posteclosion, were used for the
experiment.

Live imaging and chemical treatment. Live imaging of the
Drosophila egg chamber was done as previously described (Prasad
et al., 2007). Time-lapse imaging was carried out on either a Zeiss
(Oberkochen, Germany) 710 NLO confocal microscope using a
40x/numerical aperture (NA) 1.1 water immersion lens or an
Olympus (Shinjuku, Tokyo, Japan) FV1200 confocal microscope with
40x/NA 1.25 oil immersion lens. Z-stacks with two or three slices
(3 pm in thickness) were taken to capture the entire basal myosin.
The maximum-intensity projected images were used for analysis. In
chemical treatment experiment, egg chambers were first dissected
in live imaging medium. Then the dissection medium was removed
and replaced by medium containing collagenase (1 mg/ml; Sigma-
Aldrich, St. Louis, MO), latrunculin A (100 uM; Sigma-Aldrich), or
ionomycin (2.5 pM; Invitrogen Life technologies, Carlsbad, CA).
Then egg chambers were either mounted immediately for live
imaging or incubated in the medium for 1 h before quantification.
We used 4% formaldehyde for fixative and Alexa 569-conjugated
phalloidin (1:300, Invitrogen) for F-actin staining.

Image analysis of fly movies. Live Drosophila egg chamber movies,
imaged at 60-s intervals for 1 h during stage 10A, were analyzed to
calculate oscillation period. Myosin intensity was calculated as
follows. The myosin-labeled images were first filtered using a
Gaussian blur filter with a radius of 25 pixels in ImageJ. These images
were then subtracted from the originals as background. After
enhancing contrast, the images were segmented using a software
ilastik (Sommer et al., 2011). Segmented images were manually
checked for errors using Photoshop and analyzed using MATLAB for
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myosin intensity and cell area measurements. The myosin intensity
was normalized with respect to maximum value for each of the
frames and plotted as a function of time in Supplemental Figure S1.
Myosin intensity measurements were used to calculate oscillation
period using autocorrelation, as they were less noisy than the surface
area data. Distances between peaks in the autocorrelation plot of
myosin intensity give the period distribution. A total of 87 cells in the
control condition and 91 cells in the collagenase-treated condition
were analyzed to calculate the period in each case.
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