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Mechanical and Biochemical Modeling of Cortical Oscillations in
Spreading Cells
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ABSTRACT Actomyosin-based cortical contractility is a common feature of eukaryotic cells and is involved in cell motility, cell
division, and apoptosis. In nonmuscle cells, oscillations in contractility are induced by microtubule depolymerization during cell
spreading. We developed an ordinary differential equation model to describe this behavior. The computational model includes
36 parameters. The values for all but two of the model parameters were taken from experimental measurements found in the
literature. Using these values, we demonstrate that the model generates oscillatory behavior consistent with current experimental
observations. The rhythmic behavior occurs because of the antagonistic effects of calcium-induced contractility and stretch-
activated calcium channels. The model makes several experimentally testable predictions: 1), buffering intracellular calcium
increases the period and decreases the amplitude of cortical oscillations; 2), increasing the number or activity of stretch activated
channels leads to an increase in period and amplitude of cortical oscillations; 3), inhibiting Ca®* pump activity increases the period

and amplitude of oscillations; and 4), a threshold exists for the calcium concentration below which oscillations cease.

INTRODUCTION

Actomyosin-based contractility is common to eukaryotic
cells, but the mechanisms by which cortical contractility is
regulated remain to be fully elucidated. The phenomenon of
cell blebbing that occurs during cell migration (1), cell di-
vision (2), and apoptosis (3) provides a window into the
dynamics of the acto-myosin cortex during contraction (4).
The membrane protrusions produced by blebbing initially
contain no actin or myosin and are thought to be a result of
local pressure exerted by cortical contractility (5,6). In fact,
drugs that inhibit actin or myosin inhibit blebbing (4). In
suspended cells, larger membrane bulges that also contain
no actin or myosin, and that oscillate from one region of the
cell to the other, can be induced by microtubule depoly-
merization (7,8).

We have induced a similar oscillating morphology in
spreading cells by microtubule depolymerization (9), dem-
onstrating that it is sufficient to induce rhythmic actomyosin-
based contractions. Such oscillations with well-defined
periods suggest that complex phenomena like these might be
fertile ground to explore theoretical explanations of the
interactions of the microfilament-microtubule systems that
would give rise to such global behavior. Indeed, recently we
used a coarse-grained method, causal mapping (CMAP) (10),
to determine the system components and interactions needed
to produce cortical oscillations. CMAP analysis suggested
that the mechanism underlying the observed cortical oscil-
lations relies on a time-delayed negative feedback loop. This
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leads to one possible molecular mechanism based on the
earlier suggestions of Pletjushkina et al. (9): microtubule
depolymerization increases the level of active Rho (a member
of the small GTPase family), which partially inhibits myosin
light chain phosphatase (MLCP) activity, and therefore
results in an increase of phosphorylated myosin light chain
(p-MLC) concentration and a basal level of cortex contrac-
tility.

Our model is based on the hypothesis that an excess of
cortical contractility, by squeezing the cytoplasm, produces
local regions of extension. This extension activates mecha-
nosensitive channels in the plasma membrane and produces a
calcium influx, which in turn stimulates additional actomy-
osin contractility via the calmodulin-myosin light chain ki-
nase (MLCK) pathway and tends to close stretch-activated
calcium channels. This leads to diminished intracellular
calcium levels and an eventual reduction in contractility,
demonstrating negative feedback. The delay between the
closing of the channels and reduced contractility causes the
system to overshoot the mechanical equilibrium in which
contractile forces are balanced by cytosolic pressure, and
oscillations ensue.

Guided by the CMAP analysis, we developed a mech-
anistic model for cortical oscillations that couples the bio-
chemical pathways that regulate myosin activity to the
contractile forces generated by the motor protein. Using
parameter values obtained from the literature, our computa-
tional analysis reveals that the model is consistent with cur-
rently available experimental data on cortical oscillations.
Additionally, the model makes several testable experi-
mental predictions that motivate future experimental inves-
tigations.

doi: 10.1529/biophysj.107.121335
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METHODS
Computational

The model of cortical oscillations is based on a set of 11 ordinary differential
equations (ODEs) containing 36 parameters (see Model Development for
details). A description of the parameters and the values used in the simula-
tions is given in Table 1. Table 1 also lists the references from which the
parameter values were taken. The equations were numerically solved using
XPPAUT, a simulation and analysis software package freely available and
downloadable from http://www.math.pitt.edu/~bard/xpp/xpp.html. The in-
tegration method used to solve the equations was fourth-order Runge-Kutta
with a step size of 1 ms.

Experimental

Swiss 3T3 fibroblasts (American Type Culture Collection, Rockville, MD)
were cultured under standard conditions (DMEM supplemented with 10%
fetal bovine serum, at 37°C with 5% CO,), with and without antibiotics in the
medium (50 U/ml streptomycin and 50 U/ml penicillin). Cells were then
plated on glass bottom 35 mm microcells (MatTek, Ashland, MA) with 1 wg/
ml of colcemid to depolymerize the microtubules. After 20 min, the majority
of cells were attached to the substratum. The behavior of nearly 500 cells was
monitored at 10 s intervals for 6 h on a Diaphot 300 microscope (Nikon,
Melville, NY) using phase contrast imaging and MetaMorph software
(Molecular Devices, Sunnyvale, CA).

EXPERIMENTAL OBSERVATIONS

We monitored the behavior of nearly 500 cells over 6 h after
depolymerization of the microtubules. Most cells initially
undergo a swaying motion (Supplementary Material, Movie
S1). This may be due to the cell searching the substratum to
establish points of adhesion. After this preliminary period,
~15% of the cells spread in a normal fashion, whereas ~70%
transitioned to large amplitude oscillations. The form of this
oscillatory motion can be roughly divided into two cate-
gories: linear motion along a single axis (Fig. 1 b) or circular
motion around a fixed point (see Data S1). Individual cells
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often transitioned between these two behaviors or changed
the orientation of the axis along which the linear oscillations
occur. Some cells stopped oscillating and then suddenly
started again at a later time.

Interestingly, cells undergoing linear oscillations displayed a
back-and-forth motion in which opposite ends of the cell ap-
pear to oscillate out of phase. To quantify this behavior and
determine the oscillation period, we measured the image inten-
sity of two opposing regions of cells undergoing linear pulsa-
tions. This analysis revealed that the opposite ends of the cell do
indeed oscillate with a phase shift of 180° (Fig. 1 a, Movie S2).
To determine the oscillation period, a Fourier transform of 21
cells grown with 0.2 mM streptomycin in the medium, and
which oscillated linearly along the same axis for 1 h or lon-
ger, was performed. Using this approach, the average period
was found to be 48.1 * 9.92 s, which is in reasonable agree-
ment with our earlier results using 0.2 mM streptomycin (9).

Streptomycin has been found to be a possible blocker of
stretch-activated channels (SAC) in cardiac myocytes, neu-
rons and hair cells (11). Repeating our experiments in the
absence of streptomycin (Movie S3), we found that roughly
the same number of cells oscillate (80%) as do with strep-
tomycin. Most significantly, the oscillation period was no-
tably longer without streptomycin, 68.7 = 13.47 s, than with
streptomycin, 48.1 * 9.92 s.

DESCRIPTION OF THE MODEL

As described in the previous section, when cells undergo linear
oscillations, the movement of their opposing ends is out of
phase (Fig. 1). Fig. 2 shows a schematic cartoon of this be-
havior. We assume that during these oscillations the cell vol-
ume does not change appreciably. We also assume that local
pressure gradients within the cell equilibrate rapidly in com-

TABLE 1 Model parameters

Parameter Definition Value Source
Rate constants for reactions On, ;.LM71 s7! Off, st

ki, k_ CaM+2Ca>" & CaM-Ca3* C-term 2.8 1.5 (22)

ka, ks CaM+2Ca*" & CaM-Ca3" N-term 180 480 (22,65)

k3, k_3 CaM-Ca* +MLCK > MLCK-CaM-Ca3" C/N-term 28 3 (22,65)

kay k4 CaM-Ca3} -MLCK +Ca3); <> MLCK-CaM-Ca3* 18 2.8 (22,65,66)

ks, k_s CaM-Ca}fr +MLCK<—>MLCK-CaM-Ca§+ 28 0.03 (22,65)

ke, k_g CaM-Ca3);-MLCK +Ca3} <> MLCK-CaM-Ca3* 0.2 0.25 (22,65,66)

k7, k_7 [CaMBuff] < [CaM] X [Buff] 5 25 (33-35)
Enzyme kinetics K, ptM kears 5!

K., MLCK MLCK-CaM-Ca2* +MLC — pMLC 10 2.7 (35,67,68)

kear MLCK

K. MLCP pMLC + MLCP — MLC 15 1.6 (35,69,70)

kear MLCP

Vpmeas Kpmea PMCA kinetics 0.3 3 (14,15,71)
Initial concentration parameters uM

Cay Free calcium initial concentration 0.1

MLCK Initial concentration of inactive MLCK 5 (35,72)

CaM Free calmodulin initial concentration 1 (33,34)

MLC Myosin light chain initial concentration 50 (73)
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parison to the period of the cortical oscillations. Qualitatively,
this means that if internal forces (e.g., myosin-mediated con-
tractility) cause one region of the cell to shrink, this contraction
is quickly balanced by an expansion of an opposing region.
These assumptions imply that during cortical oscillations the
cytosolic pressure remains approximately constant both tem-
porally and spatially, and therefore we do not explicitly take
into account movement of the cytosol in our model. Because
we assume constant cell volume with opposite regions of the
cell 180° out of phase, we can accurately model the oscillatory
phenomenon with one region of the cell (Fig. 2).

A schematic diagram of our proposed mechanism for
cortical oscillations is shown in Fig. 3. Microtubule depo-
lymerization is known to increase levels of the active small
G-protein, RhoA. RhoA activates Rho-kinase, which phos-
phorylates and deactivates myosin light chain phosphatase
(MLCP). One mechanism by which MLCP negatively reg-
ulates myosin, and hence contractility, is by dephosphor-
ylating and deactivating p-MLC (12,13). Therefore, the net
effect of microtubule depolymerization is to elevate basal
levels of contractility. It is reasonable to assume that an in-
crease in contractility generates a slight increase in the cell’s

period for this cell is ~50 s. The time-series
demonstrate that opposite ends of cell contract
out-of-phase. (b) Selected images correspond-
ing to the time points shown in a. The first panel
shows the regions from which the intensity
measurements were made. Each image repre-
sents a time point at which one of the two regions
is at a maximum as indicated by the white arrows.
The bar in the last panel represents 20 pwm.

cytosolic pressure. Furthermore, if the increased contractility
does not act uniformly, the cell will become deformed with
bulges developing in regions where contractility remains low
(Fig. 1 b and Fig. 2).

The stretching of the membrane in region A results in
the opening of SAC producing an influx of calcium. Intra-
cellular calcium stimulates actomyosin contractility via the
calmodulin- MLCK pathway. The calcium-induced contrac-
tility in region A overcomes RhoA-activated contractility in
region B and the cytosol is forced back into B. This move-
ment of the cytosol causes the SACs in region A to close, and
therefore acts as a negative feedback that counteracts cal-
cium-induced contractility. However, if there is a delay be-
tween when the SACs close and the reuptake of calcium, the
contractility will not diminish until region B has expanded
sufficiently to initiate another round of calcium-induced con-
tractility, and the process repeats. In this way, the cell body
undergoes large scale oscillations about a fixed reference
point.

Experimentally we have found that the contractility of
regions A and B are 1/2 period out of phase with one another.
We therefore simplify the model and avoid describing the

Biophysical Journal 94(12) 4605-4620
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FIGURE 2 (Panel 1) Microtubule depolymerization produces a nonuni-
form increase in contractility resulting in a local protrusion of the cell
membrane. The extension of region A activates mechanosensitive channels
in the plasma membrane and produces a calcium influx, which in turn
stimulates actomyosin contractility. (Panels 2 and 3) The additional con-
tractility tends to force cytosol into region B, thereby reducing the membrane
extension and closing the mechanosensitive calcium channels. This leads to
a decrease in intracellular calcium levels and an eventual reduction in
contractility (negative feedback). (Panel 4) Region B expands sufficiently to
initiate another round of calcium-induced contractility, and the process
repeats.

spatial aspects of this behavior throughout the cell by ex-
plicitly modeling the behavior of only one region.

We built a mathematical model to determine whether the
mechanism described above can generate oscillatory behav-
ior consistent with the experimental observations when
physiological parameter values are used. While the model
does not attempt to include all levels of biological detail, we
believe that it does capture the most important features and
basic properties of this complex biological system.

MODEL DEVELOPMENT

In this section, we describe all the components of the math-
ematical model. The full set of mathematical equations is
given in the Appendix.

Calcium activation of contractility

Because calcium is a second messenger involved in many
cellular processes, it is critical that intracellular calcium

Biophysical Journal 94(12) 4605-4620
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FIGURE 3 Schematic diagram for the mechanism of cortical oscillations.
Oscillations are initiated by a local expansion of the membrane that results
from increased cytosolic pressure after microtubule depolymerization. This
local extension produces a calcium influx via stretch-activated channels
(SAC), which increases the calcium concentration in cytosol. The increased
calcium levels stimulate actomyosin contractility via the calmodulin (CaM)-
MLCK pathway. The increased contractility retracts the membrane and
closes the SACs, thus providing a negative feedback loop. Removal of
calcium via calcium pumps leads to a decrease in contractility allowing
another cycle to begin.

concentrations [Ca®"] are tightly regulated and kept at low
basal levels of ~0.1 uM. There are several intracellular
mechanisms that maintain a low calcium concentration in the
cytosol. In our model, we consider only one of them: ATP-
dependent Ca>* pumps (PMCA) in the plasma membrane.
The ATP-dependent calcium flux Jpyca is modeled by a Hill
equation (14,15)

Veniea X [Ca® " ]’

J =
" K+ 0]

)

where Vppica is the maximal activity of the pump and Kpyica
is the activation concentration. The Hill coefficient is taken to
be 2 (16).
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To maintain finite calcium levels during resting conditions,
a constant calcium leak, L, through plasma membrane was
included in the model. The value of L was determined by
requiring that, in the resting state, [Ca®"] = 0.1 uM. These
considerations, in conjunction with the rapid buffering ap-
proximation (17), lead to the equation for the cytosolic cal-
cium concentration

d[Ca’" ]

dl‘ :fX L+JSAC—-]PMCA+ ZRi([Ca2+]) bl (2)

where the Ri([Caz+]) values represent the various reactions
involving calcium (see below), Jsac is the calcium flux
through SACs (see below), and f= 0.01 is the fraction of free
Ca’" in the cell (16).

Upon entering the cytoplasm, calcium can bind to cal-
modulin. The x-ray crystal structure of calmodulin with four
bound Ca®" ions shows two globular domains with similar
conformations, each containing two helix-loop-helix Ca
binding sites (C- and N-terminals) (18). The N-terminal sites
have fast Ca>" association and dissociation rates (~2 X 10®
M ! s7!) and (400 s71) (19), respectively, which are 170-
fold faster than the corresponding rates for C-terminal
binding sites (2.3 X 10°M ' s~ ' and 2.4 s~ ). Therefore, to
simplify the model, we assumed that Ca®" ions bind and
dissociate in pairs, one pair from each domain.

Calcium binding to calmodulin induces a conformational
change that exposes hydrophobic surfaces that interact with
target molecules, such as myosin light chain kinase (MLCK)
with nM affinity (20-25). Although there are a lot of exper-
imental data for the calmodulin interaction with MLCK, there
is no consensus on the sequence of calcium-calmodulin-
MLCK binding events. Until recently, it was generally as-
sumed that Ca®" free calmodulin or calmodulin with a single
pair of calcium ions does not bind to its targets (20). New
experimental evidence suggests that Ca%*—CaM complexes
and even Ca’" free calmodulin (CaM) can interact with
MLCK (22,23,26). However, the K for the calcium free
CaM/MLCK interaction was shown to be in the 1-10 uM

1a :
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range, which is ~1000 higher then the K, values for CaM
binding when either singly or doubly occupied with calcium
(Kq = 1-8 uM) (27,28). Therefore, in our model, we assume
that calcium free CaM does not interact with MLCK. The
activation of MLCK upon binding calmodulin may occur
only after both calmodulin domains are loaded with calcium
(29).

The first step in calcium-induced contractility is the
binding of CaM with two Ca>" ions on the C- or N-terminals
(Fig. 4, panels 1 @ and 1 b). Assuming that binding to the
N- and C-domains is independent, the reaction for this pro-
cess is

CaM +2Ca’ " <> CaM-Cajy ..

We investigated scenarios in which calmodulin with a single
pair of calcium ions could either bind to MLCK or was
prohibited from interacting with this protein. Both cases
produce similar results. We focus on the more general reac-
tion scheme in which calmodulin with a single pair of Ca**
ions can interact with calmodulin. (Fig. 4, panels 2 a and 2 ¢).
Therefore, the following two reactions involving CaM-Ca**
are possible:

CaM-Cajy ¢, +2Ca’ " <> CaM-Ca; "

CaM-Ca; " + MLCK < MLCK-CaM-Ca} .

The third step of our kinetic scheme produces active MLCK
(Fig. 4, panel 3) through the two reactions:

CaM-Ca; " + MLCK <> MLCK-CaM-Ca; *
CaM-Cayy -MLCK + Ca; " <>MLCK-CaM-Ca; " .

MLCK binding to CaM reduces the rate of Ca®" dissociation
from N-terminal sites ~200-fold and from C-terminal sites
~20-fold. This ensures that calmodulin-regulated enzymes
remain active after transiently elevated Ca levels have
subsided. The initial MLCK concentration was taken as
[MLCK] = 5 uM (30).

2+ MLCK
Cam+MLCK 252 Ky

Ky

FIGURE 4 Schematic diagram of the bio-
chemical pathway involving Ca®", calmodulin,
and MLCK. The model considers all possible

CaM+MLCK

reactions for the binding of pairs of calcium ions
to the C- and N-terminals of calmodulin. The

CaM-4Ca**-MLCK
MLCKact

BN

model also allows binding between MLCK and
CaM with a single pair of calcium ions.

Biophysical Journal 94(12) 4605-4620
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To model MLCK phosphorylation of MLC, we used
Michaelis-Menten kinetics. The initial MLC concentration
was taken to be [MLCy | = 50 uM (30,31). Our model does
not consider protein turnover. That is, the total MLC concen-
tration is assumed to be conserved. Therefore, the unphos-
phorylated form is given by [MLC] = [MLC, ] — [p-MLC]
where [p-MLC] is the concentration of phosphorylated MLC.

The effect of calmodulin buffering

Although CaM is found in most cell types at high concen-
trations (possibly >50 uM), experimental evidence indicates
that the level of free CaM available for Ca binding is sub-
stantially lower (32,33). Using various techniques, the level
of free CaM in the cytoplasm of resting cells has been esti-
mated to be between 0.25 and 3 uM. We investigated the
system’s behavior with and without buffering of calmodulin.
The model with buffering allowed binding and release of free
calmodulin from buffering proteins. This effect was taken
into account by the equations

dCaM
dt

- koff_buff X [CaMBuff] - kon_buff X [CaM}
X [Buff] + Y Ri([CaM]), 3

where the R;(CaM) values are the different reactions involv-
ing calmodulin; [CaMBuff] is a concentration of buffer-
calmodulin compound, [Buff] is concentration of free buffer.

The initial concentration of free calmodulin was taken to
be 1 uM (25,33,34). The rate constants that govern the CaM
flux between the buffer and solution were tuned to keep
[CaM] = 1 uM in resting cells (35). In the model without
calmodulin buffering, the total calmodulin concentration was
assumed to be constant at 1 uM. Simulation results for this
case were similar to those which included buffering.

Modeling membrane dynamics

Biological membranes possess unique mechanical properties
resulting from their laminar composite structure that com-
bines two states of matter: the liquid crystal membrane bi-
layer and the polymer cytoskeletal network (36-38). We
assume that in response to applied forces, the cell behaves as
an elastic body. The shape of the cell is determined by the
membrane-cortex complex and the viscous behavior of the
cytoplasm. As noted in the Model Description, our model
only considers one of the two regions shown in Fig. 2. We
consider region A and approximate this region as a sphere
with radius R. The thickness of the membrane is very small in
comparison to the radius of region A and therefore can be
neglected. Thus, the membrane is assumed to be an infinitely
thin sheet of isotropic material without bending resistance. In
reality, changes in the area of the membrane are local (e.g.,
blebbing) and stochastic, but for our model we assume that
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differences in tension only occur between the two regions
shown in Fig. 2.

We assume that four mechanical forces are responsible for
changing the membrane area:

1. A constant force Fy generated by the osmotic/hydrostatic
pressure inside the cell. We assume that any pressure gra-
dients within the cell equilibrate rapidly in comparison to
the period of the oscillations and that during these oscil-
lations the cell volume remains constant. Therefore, Fy
is a constant.

2. A passive force F,emp, resulting from the elasticity of the
membrane. This force is proportional to the changes of
membrane area (see below).

3. An active contractile force F,, resulting from actin and
myosin interactions. This force is time-dependent and
taken to be proportional to the concentration of active
myosin.

4. A viscous force F.,;,. due to interactions between the
membrane and the surrounding medium. This force is
characterized by the friction coefficient .

The resulting force balance is

dR
dt

The membrane elasticity is characterized by elastic moduli
for bending and stretching (37). We only consider the com-
ponent of the elasticity which resists changing of the mem-
brane surface area. In an elastic membrane, the membrane
tension T associated with the induced change in surface area
(AA) is proportional to this change

AA

Tmem =K A0 5
b Aag )

Y - Fcyl - Fmemb - Fcom- (4)

where K is the membrane elasticity coefficient and Ay is a
resting membrane area. We assume that the stiffness of the
membrane is constant over the range of applied forces
considered in the model so that K, is also a constant. Typical
values of K, range between 10” and 10° mN/m depending on
the cholesterol content of the bilayer (39). The force Fpemp 1S
related to Tp,emp through Laplace’s law

2XT,
20 memd s AR = 8TRT e - (6)

F memb —

The force F oy is produced by actin/myosin contractility
and acts to reduce the effective radius R. We assume that the
contractility forces are directly proportional to the concen-
tration of phosphorylated myosin, [p-MLC],

Fcont :fcont X [P'MLC]; (7)

where fon is the force developed by 1 uM of phosphorylated
MLC. It has been estimated experimentally that one molecule
of myosin can produce a force of roughly 3—5 pN. Therefore,
the maximal amount of force that can be developed in a cell
with radius = 10 um and a concentration of active (phos-
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phorylated) p-MLC of 1 uM is F = f,y0s X [p-MLC] X Np X
Veen = 10 uN, where N, is the Avogadro’s constant, fpyos =
4 pN is the force generated by a single myosin molecule and
Veen is the cell volume. In theory, if all myosin molecules
(IMLC] = 50uM) are active and generating force in a
cooperative manner, then the maximum possible force that
can be produced is F,x = F X [p-MLC] = 500 uN.

The last term in the force balance given by Eq. 4, Fy,, can
be interpreted as follows. Interactions between the cyto-
skeleton and cellular membrane play a central role in deter-
mining cell shape and tissue integrity. Normally, cells
experience a small outward pressure that results from hy-
drostatic/osmotic pressure and possibly contractile forces
generated by the cortical cytoskeleton (40,41). Therefore,
when the membrane bilayer separates from the cytoskeleton,
it normally extends outward. For the purpose of our model, it
is only important that the F., tends to drive the membrane
outward and that the increased contractility generated by
microtubule depolymerization tends to increase Fy,.

The above considerations lead to the following equation
for the radius of region A,

dR
E = Kcyl - KelasR(R2 - Ré) - KCOﬂl[p_MLC]7 (8)
where
Fovios 87K con
Kcyl - = ; Kelas = LZA’ Kcom :f l' (9)
Y YR, Y

The viscous drag due to the cytosol can be estimated as y =
100 mN X s X m~! from experimental results (42—44).
Using this value, Ry = 10 um and K, = 140 mN X m~ !, we
estimate K, = 0.35 s Mm_z. The value of K, should
not eﬁceed the maximum level K o < foondy = 10° pm st
uM™.

Modeling stretch-activated channels

The most likely candidates for mediating Ca>" changes in
response to depolymerization of microtubules appears to be
stretch-activated ion channels (SAC). Stretch-activated cat-
ion channels were originally discovered by Guharay and
Sachs (45). These channels exhibit conformational changes
in response to membrane tension and, through mediation of
ion transport, may provide a link between a mechanical
stimulus and a biochemical response (46—48).

It is generally agreed that mechanosensitive channels re-
spond to membrane tension rather than pressure. A simple
way to model the effects of tension on the conductivity of the
channel is through use of a Boltzmann factor in which the
free energy depends linearly on membrane tension. However,
the dependence on tension may be nonlinear when the elastic
properties of the membrane depend on the applied tension
(49). If there are N total SACs, then the calcium flux is
computed as

4611

JSAC = N ><.] X Popem (10)

where Py, is a probability that the channel is open and j is
the average current through a single channel. The density of
SACs in the membrane was estimated by different authors as
0.1-2 ,u,m_2 (46-48,50,51). In our model we assume the
SAC density is 0.5 wm 2, and for a cell with radius 10 um,
N = 600. At resting potential, the Ca>* current through the
SAC was estimated to be 0.35 pA (50). This parameter value,
together with the conversion coefficient from calcium current
to calcium concentration,

a=1/2XFXV)=26uMs'pA",

where F' is Faraday’s constant and V is a cell volume, were
used in our simulation.

We modeled the SAC as a two-state channel with open and
closed probabilities Pgper and Pejoseq. These probabilities are
determined by the relationships

) - AG

P closed

=e M and Pclosed +Popen = 17 (11)

where AG is the free energy difference between the two
states. This implies

;G- 12)

Popcn = A
I +ef

To model the change in free energy, we use the approach
proposed by Sachs and co-workers (47,49), in which

AG(T) = AG(0) — TrempAZunee (13)

and where Tp,emp 1S the tension, AG(0) is the difference in free
energy at zero tension, and AZ,. is the difference in area
between the closed and open channels. This leads to the
following expression for the open probability:
1 1

AG(0)-TempAZmse ~ ~Tmemb 4Zmsc *

+e M 1+Kpe

Popen = (14)

Under the assumption that the probability of a channel being
open at zero tension is 103, where K, = 1000, then AG(0) =
7 kT. The membrane tension is calculated from Eq. 5.

The membrane tension required for half-activation of SAC
is on the order of several dynes/cm (1073 N/m) (48,51). Such
forces can be produced by differences in transmembrane
osmolarity of a few milliOsmols (39,52). A lipid bilayer re-
sists stretching with relatively high elasticity coefficient es-
timated to be between 10* and 10° dynes/cm (53). Therefore,
a membrane expansion of 3-5% is sufficient for half-acti-
vation of SACs (48,54). Using crystallographic structure and
computational data, the membrane channel area, which in-
creases upon opening of the channel, was estimated to be
~1-10 nm? (52,55). If we assume that at the half-activation
point the membrane expansion is 4% and the elasticity co-
efficient K5 is ~140 mN X m™ !, then AZ,,,. = 5 nm°.
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RESULTS

In this section, we demonstrate that the mechano-chemical
model developed above is sufficient to explain the experi-
mentally observed cortical oscillations.

Steady-state conditions

Table 1 gives a list of the model parameters and the values
used to generate the results presented in this manuscript.
Nearly all the parameter values (34 out of 36) listed in Table
1 were taken from measurements reported in the literature. The
value of the leak current for calcium to enter the cell was
chosen by requiring that the model produce physiological
levels of intracellular calcium under resting conditions. Using
aleak current of 0.08 uM/s and [MLCP] = 10 uM produced a
steady-state calcium concentration 0.1 uM. The concentration
of active MLCK under this condition is 0.01 uM and the
concentration of phosphorylated MLC is 0.016 wM.

Microtubule depolymerization leads to sustained
contractility oscillations

Experimental evidence indicates that microtubule depoly-
merization produces a decrease in MLC phosphatase through
the RhoA pathway (12,13). Therefore, to simulate microtu-
bule depolymerization, the concentration of active MLCP
was decreased from 10 to 2 uM. According to our model,
increased contractility should generate additional cytosolic
pressure. To model this effect, K.y, was increased from 0 to
25 um s~ '. These perturbations cause the system to undergo
sustained oscillations (Fig. 5). The model works as follows:
Cytosol moving into region A due to increased contractility in
region B causes the membrane to expand (Fig. 6, curve a).

=
3
o
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=
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=
3.
&N
o
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£
0.0 r T . 0
()} 100 200 300

Time, s

FIGURE 5 Time-series showing oscillations in the concentrations of
Ca>" ions (solid line) and phosphorylated MLC (dashed line). The results
represent numerical simulations of the model equations (see Appendix)
using the basic set of parameter values (Table 1) and [MLCP] = 1 uM, K, =
25 um/s; Koope = 2 um pM ! s71,
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This leads to the opening of SACs (Fig. 6, curve b), which,
in turn, generates an influx of calcium (Fig. 6, curve c).
Increased calcium levels activate myosin (Fig. 6, curve d),
generating sufficient contractility to reduce the membrane
area. This causes the SACs to close. However, intracellular
calcium and thus active myosin levels remain transiently
elevated after the closing of SACs. This allows the membrane
area to contract below its equilibrium value in which regions
A and B have equal volume. Eventually, intracellular calcium
levels are depleted and contractility is reduced. This causes
region A to expand again, overshooting its equilibrium value,
and the cycle repeats.

Comparison with experimental results

The model produces oscillations with a period of 47.6 s,
which is in very good agreement with the experimentally
measured period of 48.1 s. The model is consistent with
several other experimental observations (9):

1. The addition of a Rho kinase inhibitor immediately
abolishes the oscillatory behavior. In our model, inhibi-
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tion of Rho kinase increases levels of active MLC phos-
phatase. As shown later in Fig. 8, when active MLC
phosphatase levels are increased beyond 5 wM, oscilla-
tions cease.

2. When an inhibitor of myosin light chain kinase, ML-7,
was added to oscillating cells, the oscillations stopped
after 10 min. Consistent with this behavior, our model
predicts that oscillations do not occur below an MLCK
concentration level of 1 uM (see Fig. 10).

3. When an inhibitor of actin polymerization was added to
oscillating cells, the pulsations immediately stopped until
the inhibitor was removed from the medium. The effect
of inhibiting actin polymerization can be modeled by
decreasing the parameter Ko, which models the mem-
brane tension caused by 1 uM of myosin molecules
moving along the actin filaments. Reducing K., from
2 um s™' uM! to 0.7 um sT' uM™!, causes the
oscillations to cease.

4. Our experimental data indicate that when streptomycin is
removed from the medium, the period of the cortical
oscillations increases. Streptomycin is a known inhibitor
of SAC activity. Therefore, to model the experiment in
which streptomycin is removed, we increased the activity
of the SACs by 10-fold. This increase caused the period
of the oscillations to increase from 47.8 s to 58.2 s, which
is in very good agreement with our experimental results.

Parameter analysis

Two key parameters for which we were unable to find values
reported in the literature are K.y, which characterizes the
cytosolic pressure, and the concentration of active MLC
phosphatase after microtubules depolymerization. Therefore,
we investigated how robust the oscillations are to changes in
these two parameters. Fig. 7 shows a single parameter bi-
furcation diagram for K., with the MLC phosphatase con-
centration fixed at 2 wM. If the cytosolic pressure is too weak
to generate a significant expansion of the membrane, the
small amount of calcium that enters the cell can be efficiently
removed and only damped oscillations are produced (Fig. 7,
inset a). As K., is increased past the critical value B1 (B1 =
17 pwm/s for this set of parameters), regular oscillations ensue
(Fig. 7, inset b). Eventually K., becomes sufficiently large
(>B2 = 90 pum/s) to overcome myosin-based contractility,
causing the SACs to remain open, and abolishes oscillations
(Fig. 7, inset c). The wide region of K., value for which
oscillations occur indicates that the oscillations are robust to
the choice of K.

We next investigated the region of parameter space for
which oscillations of phosphorylated MLC occur when both
K.y and the MLC phosphatase concentration are varied. Fig.
8 shows contour plots of the amplitude and period of the
[p-MLC] oscillations, respectively, as a function of these two
parameters. When K, lies between 20 and 50 um/s, oscil-
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FIGURE 7 A single parameter bifurcation diagram for K, with the MLC
phosphatase concentration fixed at 2 uM. The values of K., labeled B1 and
B2 are the bifurcation points. Between B1 and B2, oscillations occur (inset
b). In this region, the two curves shown in the figure represent the maximum
and minimum values achieved by the concentration during the oscillations.
If K.y, < B1, only damped oscillations are produced (inset a). Eventually
K.y becomes sufficiently large (>B2) to overcome myosin-based contrac-
tility abolishing oscillations (inset c).

lations occur over a range of MLC phosphatase concentra-
tions from 1-6 uM. The upper range of 6 M is comparable
to MLCP concentration in normal cells. The amplitude is
maximum near [MLCP] =2 uM and K, = 25-35 um/s and
decreases rapidly as K. is reduced (Fig. 8, a and d). The
oscillation period depends more strongly on [MLCP] than on
K.y, value. This dependence is almost linear (Fig. 8 ¢), with
smaller concentrations of active MLCP generating longer
periods.

While most of the kinetic parameter values used in the
model were taken from published experimental results, the
accuracy and range of these values varies greatly and many
measurements were made in cell types other than fibroblasts.
Therefore, we performed a sensitivity analysis using the
approach proposed by Wolf et al. (56) to investigate how the
behavior of the system depends on the choice of parameter
values. Sensitivity analysis reveals parameters whose values
critically affect the behavior of the system and those to which
the system is relatively insensitive. By determining which
perturbations have the largest effect on the system, this
analysis provides a guide for future experiments.

The sensitivity coefficients, C,, for the oscillation period
are defined as

_AT/T

" Ap/p’

where T is the period, p is the parameter being perturbed,
Ap is difference between the perturbed and unperturbed

parameter value, and AT is the induced change in the
oscillation period. Thus, the sensitivity coefficient represents

s)

Biophysical Journal 94(12) 4605-4620



4614

Period of [p-MLC] oscillations, s

Kapustina et al.

—a— Kcyi20
—0— Keyt30
—y— Kcyt60

FIGURE 8 Contour plots (¢ and b) and se-

Cc
i 501 ™
ll
2 | 40 -
g 0
‘5": I _g 30 A
< " T 20
\ a
10 4
0 -
0 1 2 3 4 5 6 0 1
[MLCP], pM
Amplitude of [p-MLC] oscillations, pM
d
32 1
w 28
E 24
=
:,f 320 A
9 § 16
= 2 12
£ 8]
4]
0 B

lected cross sections (¢ and d) of the oscillation
period and amplitude as a function of K., and
MLCP. When K., is between 20 and 50 pum/s,
oscillations occur over a range of MLCP con-
centrations from 1 to 6 mM. The maximum am-
plitude occurs near MLCP = 2 uM and K, =
25-30 wm/s. Smaller concentrations of MLCP
produce longer oscillation periods.

[MLCP], uM

—a— Keyt20
—0— Kcyt30
—A— Kcyt60

[MLCP], |.1M

the ratio of the relative change in the period to the relative
change in the parameter value. Similarly, we used the
sensitivity coefficients for the oscillation amplitude A, which
are given by

AA/A
Ap/p

Sensitivity coefficients with small absolute values indicate
parameters that, when perturbed, produce only minor effects
on the system’s behavior, whereas large absolute values in-
dicate high sensitivity. The sign of the sensitivity coefficient
indicates whether the change in the amplitude or period
positively or negatively correlates with the change in the
parameter value. All parameters were varied by *10% and
*30% from the values reported in Table 1, and Cp and Cp
were calculated from time series of the phospho-MLC con-
centration. The sensitivity coefficients were computed for
K.y = 25 pm/s at two values of total [MLC], 2 uM and
1 uM. The value of 2 uM maximizes the amplitude of the
oscillations (see Fig. 8 c¢),whereas, at 1 uM, the amplitude is
65% of the maximum. All of the above parameter variations
maintain the oscillation behavior.

A subset of the results from the sensitivity analysis, illus-
trating the highest coefficients, is presented in Fig. 9 (see
Data S1 for the complete set). From this figure, we see that for
many parameters the system is much less sensitive to varia-

Ch= (16)
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tions when the total MLC phosphatase concentration is 2
uM. This indicates that, under this condition, the system is
located near a local maximum of the oscillation amplitude.
The difference between 10 and 30% variation is small for the
majority of parameters, which demonstrates the linearity of
the system’s response to changes of these parameters around
the reference values. The sensitivity analysis also revealed
that the period is more stable to variations in the parameters
values than is the amplitude. The average sensitivity coeffi-
cients for the oscillation period were 0.16 for [MLCP] =
1 uM and 0.11 for [MLCP] = 2 uM, whereas for the am-
plitude, the average sensitivity coefficients were 0.33 and
0.26, respectively. The majority of the sensitivity coefficients
have values of <0.1 for both amplitude and period, which
indicates the robustness of our model to these parameters
(Data S1).

The parameters K, PMCA (Michaelis constant for
PMCA) and K,,,_ MLC_Phos (Michaelis constant for MLC
deactivation) have the largest negative impact on the ampli-
tude. An increase in either of these produces a decrease in
amplitude. These parameters also have negative effects on
the oscillation period, though not as significantly as on the
amplitude. The parameter Ky,Ca, which determines the
portion of unbuffered calcium present in the system, has a
significant impact on the oscillation period: smaller coeffi-
cients produce oscillations with greater periods. Interest-


http://www.biophysj.org/cgi/content/vol0/issue2008/images/data/biophysj.107.121335/DC1/121335Supplement-2.doc
http://www.biophysj.org/cgi/content/vol0/issue2008/images/data/biophysj.107.121335/DC1/121335Supplement-2.doc

ODE Model of Cortical Oscillations

4615

S .
& SN & &
> i . S B & Rl
¢ e ¢ I W o
2
1.5 . A—
Period sensitivity
Ao B MLCP=1£10% FIGURE 9 The system’s sensitivity to variations in se-
MLCP=1+30% lected model parameter values. The sensitivity coefficients
= BMLCP=2:10%]| | were evaluated using the basic values listed in Table 1 both
B MLCP=2+30% for [MLCP] = 2 uM, where the oscillation amplitude is a
1.5 maximum, and [MLCP] = 1 uM, which corresponds to
27 B MLCP=1210% 65% of maximum amplitude. The sensitivity coefficients
MLCP=1+30% for changes in the period and amplitude were calculated
15 . MLCP=2+10% using *£10% and *30% variations in each of the model
, |lomcr-2:004  Amplitude sensitivity parameters.
0.5
D -
-0.5
-1
1.5
& o o + A R & & & o NN ©
& ¥ Y ¥ Y ®5§ NEIR \\&\9 2
+ ‘99\/ \{_@/ *g\\/ +E

ingly, this parameter has a negative impact on the amplitude
for low [MLCP] and a positive impact for higher concen-
trations. The same type of effect on the amplitude is dem-
onstrated by k., MLCK (catalytic constant for active
MLCK) and V., (maximum activity for PMCA pump). The
parameter V¢, also has significant impact on the oscillation
period; increases in Vpmca shorten the period.

The two parameters which have a major positive impact on
the amplitude and period are total concentration of myosin
light chains ([MLC]) and difference in the surface area be-
tween open and closed SACs (AZ,.). The first parameter,
[MLC], has an obvious impact on the amplitude of [p-MLC].
Our analysis shows that, near the maximum amplitude, its
significance is amplified: 10% increase in [MLC] produces
15% increase in [p-MLC].

The last parameter in the set, AZ, ., indicates the relation
between membrane tension and calcium influx. The high
sensitivity to this parameter is mostly due to exponential
dependence on this parameter used in the model. It is
worthwhile to mention that sensitivity coefficients for SAC
average current /density are very low (Data S1).

Overall, the low sensitivity of the system to changes in the
majority of the parameter values (see Data S1) indicates that

the oscillations are a robust property of the system when
physiologically realistic parameter values are used.

Model predictions

According to our model, the most important characteristic
that differentiates normal cells from cells in which the mi-
crotubules have been depolymerized is that elevated levels of
RhoA act to decrease the active MLC phosphatase concen-
tration, thereby increasing myosin-based contractility. A key
prediction of this model is that feedback mechanisms do not
act on RhoA and therefore the active RhoA concentration
should remain constant after microtubule depolymerization.
This prediction can be tested using biosensors that recognize
the GTP-bound form of RhoA (57). Fig. 8 shows that cell
oscillations occur over a range of MLC phosphatase con-
centrations from 1 to 6 uM. The amplitude is a maximum
near [MLCPhos] = 2 uM. Therefore, the model predicts that
a partial knockdown of MLC phosphatase will increase the
amplitude of the cortical oscillations, whereas near complete
silencing should abolish the oscillations.

According to experimental data, the concentration of myosin
light chain kinase (MLCK) in resting cells is between 3 and 10

Biophysical Journal 94(12) 4605-4620
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uM. Our computational analysis reveals that reducing MLCK
from 10 to 4 uM has little impact on the oscillatory behavior
(Fig. 10). Subsequent decreases in the MLCK concentration to
levels <4 uM lead to a rapid decrease in the oscillation am-
plitude, with oscillations finally abolished at 0.8 uM. The
reason oscillations are lost is that for MLCK concentrations <4
M, calmodulin binding to MLCK becomes rate-limiting and
not enough myosin can be activated to generate sustained os-
cillations.

Another parameter that significantly affects the oscillatory
behavior is the maximum uptake rate Vppe, of the calcium
pumps. Increasing Vimca strongly increases the frequency of
oscillation and produces opposite effects on the calcium and
phospho-MLC concentrations (Fig. 11). The calcium am-
plitude remains almost unchanged, whereas the higher os-
cillation frequency significantly decreases the amount of
phosphorylated MLC during each oscillation (Fig. 11, bot-
tom panels). Oscillations are terminated at high and low
pumping rates.

DISCUSSION

The cytoskeleton is responsible for the internal mechanics of
the cell (e.g., cytokinesis and vesicle transport) as well as
mechanical interactions with the environment (e.g., cell mi-
gration) (58). One way to view the cytoskeleton is that it re-
sides in various states or phases and can transition between
these states (59). Cytoskeletal systems do undergo periodic
oscillations and these provide an important window into how
the complex system is regulated (60). For example, me-
chanical oscillations of spindle poles, observed in asymmet-
rically dividing cells, have been postulated to occur because
of the interaction of astral microtubules and cortical force
generators (61). Hair cells undergo spontaneous oscillations
that are thought to arise from the interplay of mechano-
sensitive ion channels, myosin motors, and a calcium-mediated

25 4

20 4

[p-MLC] amplitude, uM

0 2 4 6 8 10
[MLCK], uM

FIGURE 10 The predicted effect of the MLCK level on the amplitude of
the phosphorylated MLC concentration during cortical oscillations.
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feedback mechanism that regulates contractility (62). More
closely related to the work presented here, Sheetz and co-
workers (63) found that advancing cells exhibit periodic la-
mellipodial contractions (period ~24 s) that correlate with
retrograde actin waves. These workers speculated that the
waves transported a signal from the tip of the lamellipod to its
base which then activated the next contraction cycle. Ponti
etal. (64) found a similar periodicity in slowly advancing cells
but the period was ~100 s.

To fully understand such complex cellular behavior re-
quires mathematical modeling. Therefore, our goal was to
develop a mechano-chemical model for the oscillatory be-
havior of spreading cells after microtubule depolymerization.
The model was used to interpret basic experimental obser-
vations (9):

1. Nonmuscle cells such as spreading fibroblast and epi-
thelial cells oscillate when treated by colcemid or
nocodazole.

2. In addition to oscillations in cell morphology, intracellu-
lar calcium concentrations were also observed to oscillate.

3. Inhibition of Rho kinase terminated the oscillations.

These observations led Pletjushkina et al. (9) to hypothesize
that both the calcium and Rho pathways were involved in
generating the observed oscillations. Later, the hypothesis
was initially checked for feasibility by a new course-grained
approach, causal mapping (CMAP) (10), which predicted
a negative feedback from cell contractility to membrane
stretching. This analysis motivated the development of a
detailed mechanochemical model based on ordinary differ-
ential equations. Our experimental results indicated that,
during the oscillations, opposite ends of the cell oscillate
exactly out-of-phase. This observation allowed us to only
consider one end of the cell, thereby reducing the number of
equations needed to model the oscillations (see Figs. 1 and 2).
The model includes only the basic elements we believe are
necessary for oscillatory behavior.

Our model predicts that the period of cortical oscillations
positively correlates with free calcium influx. Consistent with
this prediction, when streptomycin, a known inhibitor of
SAC activity, was removed from the medium, we observed
an increase in the oscillation period. Streptomycin is com-
monly used in cell culture media, but very little is known
about its role in the regulation of fibroblast ion channels.
Therefore, to model the effect of removing streptomycin, we
simply increased the activity of the SAC channels by 10. This
change did not fully capture the experimentally observed
increase in the period, but the good qualitative agreement
provides strong evidence to support the role of SACs in
cortical oscillations.

Robustness

The model consists of 36 parameters that (except for two, K.y
and K,,,) were taken from the literature (Table 1). The model
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accurately captures the oscillation frequency and produces
behavior consistent with other experimental observations. We
performed sensitivity analysis to confirm that the oscillatory
regime does not requite a specific choice of parameters but,
instead, fills an essential volume in the parameter space.

ODE model as CMAP validation

While the description and explanation of existing experi-
mental data was the main goal of this article, our results have
another important implication. The scheme shown in Fig. 3
was predicted by a new coarse-grained approach called
CMAP (10). Therefore, validation of this novel method is of
great importance. The CMAP approach is easier to use than
mechano-chemical modeling in that it treats all model ele-
ments the same way. It only requires the causal relationships
between components of the model. That is, the CMAP only
takes into account which elements influences which other
elements, and to what extent. The price of such simplifications
is the loss of detailed information about the system’s behav-
ior. Nevertheless, it is a useful tool for generating hypotheses
and testing ideas and should have broad applicability in
complex cell biological systems. In this work we validated the
CMAP approach using a traditional, ordinary differential
model. The two approaches give consistent descriptions of
cortical oscillations. Final validation of the model will require
further experimental investigation, including testing predic-
tions of the model, which are in progress.

Our model successfully describes current experimental data
on cortical oscillations but, like any mathematical model, has

its limitations and room for further development. First, even
though most of the parameters were taken from literature, the
sources often give different values for the same parameters
and the final choice is up to the modeler. Even so, the ro-
bustness analysis gives fair confidence that qualitatively the
model remains correct but, to be completely compelling, will
require that the model predictions be tested. Second, we took
advantage of the experimentally observed symmetry of the
system (see 2-D scheme in Fig. 2) and reduced the modeling
to a dimensionless case by considering only one part of the
oscillating cell. In the future, the spatial aspect of the oscil-
lation should be accounted for. This includes diffusion of the
components as well as the role of the cell membrane shape.
Third, we limited the source of calcium to the extracellular
space. It is not clear whether SACs could significantly change
the Ca?* concentration inside the cell.

Future experiments and modeling are necessary to more
quantitatively determine the calcium concentration and the
role of endoplasmic reticulum Ca®* stores in the oscillatory
behavior. Finally, we have observed behavior (not shown) that
suggests that cell-substrate interactions play an important role
in the phenomenon and should be included in the future
modeling.

APPENDIX: MODEL EQUATIONS

In this Appendix we present the full set of mathematical equations that
describes the model of cortical oscillations. A description of all the model
parameters and the values used in the simulations is given in Table 1.

Biophysical Journal 94(12) 4605-4620



4618

The equation for the concentration of free Ca®*, [Ca, is given by

d[Ca]

= (L + Jsnc —Jomca +2 X (—k, X [Ca]” X [CaM]

+ k_, X [CafCaM] — k, X [Ca]’ X [CaM]

+k_, X [Ca)CaM] — k, X [Ca]” X [Ca; CaM]

+ k_, X [Ca,CaM] — k; X [Ca]’ X [Ca)CaM]

+ k_, X [CayCaM] — k; X [Ca]’ X [Cay CaM MLCK]
+ k_4[MLCK o] + k_6 X [MLCK ] — ks X [Ca]’

X [Ca)CaM_MLCK] + k_, X [Ca) CaM_MLCK]

+ k_¢ X [Cay CaM_MLCK])). (17)

In the above equation, the flux through the ATP-dependent calcium pumps,
Jpmca, has the form

2
Vpmca X Ca

e 18
KﬁMCA + Ca’ (18)

Jomca =

and the flux through the stretch-activated channels, Jsac, is given by

1
Jsac = —a XN XjX ————F—7—, (19)
1+ Ky ™
where the membrane tension is calculated as
R —R
Telas = KA R2 0~ (20)

The calcium/calmodulin/myosin light chain kinase complexes considered in
the model are shown in Fig. 4. This figure also lists the rate constants for
transitions between the various chemical states. The following equations
govern the concentrations of the various complexes.

Concentration CaM with one pair of Ca’" ions [Ca2NCaM]:

N
M
% = kX [Ca]’ X [CaM] — k_, X [Ca)CaM]
— ky X [Ca]® X [Ca)CaM] + k_, X [Ca,CaM]
— ks X [MLCK] X [Ca}CaM]
+ k3 X [Ca) CaM_MLCK]
C
M
% =k X [Ca]* X [CaM] — k_, X [Ca$CaM]

— ky X [Ca]® X [Ca§CaM] + k_, X [Ca,CaM]
— ks X [MLCK] X [Ca;CaM]
+ k_3 X [Ca CaM_MLCK]. 1)

Concentration of CaM with two pairs Ca’" and bound to MLCK
[Ca2NCaM_MLCK]:
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d[Ca)CaM_MLCK]
dt

= ks X [MLCK] X [Ca} CaM]
— k_3 X [Ca)CaM_MLCK]
— k_4 X [Ca)CaM_MLCK]
— ke X [Ca]® X [Ca) CaM_MLCK]
+ k_6[MLCK ]

d[CaCaM_MLCK]

" = ks X [MLCK] X [Ca;CaM]

— k_3 X [CajCaM_MLCK]

— k_¢ X [CalCaM_MLCK]

— ky X [Ca]® X [Ca$CaM_MLCK]

+ k_4[MLCK,]. (22)

Concentration of CaM with two pairs of Ca>" ions [CadCaM]:

dCa,CaM

S =hX [Ca]® X [CaSCaM] — k_, X [Ca,CaM] + k,

X [Ca]* X [Ca)CaM] — k_; X [Ca;CaM] — ks
X [MLCK] X [Ca,CaM] + k_s X [MLCK,].
(23)

Concentration of active MLCK [MLCK,]:

d[MLCK,.]

= ksX[MLCK] X [Ca,CaM] — ks X[MLCK ]

+ ky X [Ca)” X [CalCaM_MLCK]
— k_4[MLCK,] + kg X [Ca]’
X [Ca)CaM_MLCK] — k_6[MLCK,.]. (24)

Calmodulin concentration [CaM]:

d[CaM]
dt

= k_; X [CaMBuff] — k; X [CaM] X [Buff]
— ky X [Ca]*X [CaM] — k, X [Ca]*X [CaM]
+k_y X [Ca5CaM] + k_, X [Ca} CaM]
+ k_ X [Ca5CaM_MLCK]
+ k_4 X [Ca)CaM_MLCK]. (25)

The equation for the concentration of active myosin, [p-MLC], is given by

% = 11K (MLC] — [pMLC]) X [MLCK, ]/

(Km_MLCK + [MLC] — [pMLC]) — &2

X [pML(C] X [MLCpho]/ (KmMLCpho + [pMLC)),
(26)
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and the equation for the effective radius, R, of region A is

dR 8TR X T
E = Kcylns - f - Kconl [PMLC] .

In the above equations, the concentration of inactive MLCK is found from
the conservation relationship

27

[MLCK] = [MLCK,] — [MLCK,] — [Ca)CaM_MLCK]

— [CaSCaM_MLCK], (28)

where MLCK, is initial concentration of MLCK.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophys;j.org.
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