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ABSTRACT

MATHEMATICAL MODELING OF CELL MIGRATION
Maria Jestis Munoz Loépez
Yoichiro Mori

Cell migration is an essential process, involved in immune defense, cancer spread, wound
healing, and embryo development. This work presents modeling efforts to understand vari-
ous mechanisms of cell migration. We first discuss the modeling of bleb-driven cell migra-
tion, where the cell membrane detaches from the cytoskeleton and generates a protrusion
that is completely devoid of structural proteins. Cell migration in this case is driven essen-
tially by pressure and motor contractility exerted by myosin. I will introduce a stochastic
model of bleb-driven migration offering support for theories on blebbing cell polarization
and the potential involvement of water channels. We then turn to the involvement of ion
channels and ionic electrodiffusion in cell processes, first in cell volume control, and then
in cell migration, presenting a model that combines electrodiffusion-driven migration with

a mechanical model of actin polymerization.
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CHAPTER 1 : Bleb-driven Migration in 1D

1.1 Introduction

Blebs are cellular protrusions that appear as smooth spherical expansions of the membrane
formed when it separates from the underlying acting cortex (see Figure 1.1), driven by
hydrostatic pressure generated in the cytoplasm by the contractile actomyosin cortex [34],
[8], [66]. They were originally associated with cells undergoing apoptosis, but have also
been observed in cytokinesis, and in migrating cells in 2D and 3D. Many cell types can use
blebs for motility, including mammalian tumour cells [14], which can use blebs to force their
way through the endothelium and invade new tissues, and metastatic cells, which can use
blebs to escape anti-tumour treatments that rely on protease inhibitors [8]. Bleb expansion
is faster than lamellipodial protrusion, and, since blebs have no cortex, can occur in any
direction and adapt to the shape of the extracellular environment. There is also data to

suggest that bleb growth requires less energy than lamellipodium formation [§].

Figure 1.1: Micrograph of a single bleb induced by laser ablation on the surface
of a HeLa cell 43 s after initial formation, taken from [1]

The life cycle of the bleb can be divided into three steps: initiation, growth, and
retraction (see Figure 1.2). Two mechanisms have been proposed for bleb initiation: a local
decrease in membrane-cortex attachment, or a local rupture of the cortex. They could also
be functioning together [34]. Both of these have been observed experimentally in both motile
and non-motile blebbing cells [8]. The bleb initially appears devoid of filamentous actin,
and grows as cytoplasmic fluid fills the protrusion. Bleb inflation is thought to be driven by

intracellular pressure transients generated by myosin II contraction of the actin cortex [7].



Over time, the actin cortex reassembles at the bleb plasma membrane, and drives cortex
retraction: once expansion ceases, ERM (Ezrin, Radixin, Moesin) proteins (responsible
for cortex-membrane adhesion) are recruited to the membrane, followed by actin, actin-
bundling proteins, and lastly contractile proteins [7]. In migrating cells, retraction does not
always occur, since movement depends on a stable bleb, and instead the cell body moves
forward as a result of contraction at the rear of the cell [34]. In such cells, a new bleb often

forms after cortex repolymerization under the membrane [8].

Biochemically, cortex composition is dominated by actin, actin-bundling proteins, and
myosin II. High myosin II activity is critical for the formation of blebs [40]. The cortex
is linked to the membrane by ERM proteins, which can switch from an inactivated closed
conformation to an active open conformation that exposes an actin binding site and a
membrane-targetting domain [7]. Thus, a decrease in membrane-cortex attachment cor-
responds to ERM proteins returning to the closed conformation. The actin cortex that
remains at the base of the bleb is disassembled by the constitutive turnover of actin [8]. An
important question in bleb dynamics is how cortex reassembly begins. One possibility with
some experimental support is that cortex assembly is constitutive, but slow compared to

bleb expansion, so that it can only catch up when the expansion slows down [7].

An important aspect of bleb initiation and growth is that it can be localized to just
a part of the cell, so that different parts of the cell can be mechanically isolated (as they
often are chemically) [6]. The precise mechanisms that determine where a bleb is initiated
during migration are not known. However, observations suggest that asymmetries in the
membrane-cortex attachment could play a role in determining the cell front: in Walker
carcinosarcoma cells, the level of Ezrin (a member of the ERM family) is elevated at the
back of the cell, and reduced at the leading edge, facilitating bleb formation in the front of
the cell [8], [39]. A similar idea is localized water uptake, mediated by polarized distribution
of aquaporins, but there is no direct experimental evidence of this [34]. In any case, it is also

unclear what the signals are that tell the cell to begin any such polarization, and it appears



that the stimuli leading to blebbing motility are cell-specific [8]. Pure bleb-driven movement
can be brought about by mechanical resistance: cells may sense mechanical resistance and
use a signaling mechanism to alter the balance between actin polymerization and myosin
contractility, increasing the pressure in the cell and favouring the formation of blebs [56]. It
has also been observed to be strongly chemotactic [56], [2]. In Zebrafish Primordial Germ
Cells, experiments have shown that external gradients of lysophosphatidic acid (LPA) can
trigger directional cell polarization by inducing an asymmetric contraction of the cortical

cytoskeleton [39].

Bleb-driven migration requires the bleb to be stable for some time, or repeated bleb-
bing. [56] observed that cells often bleb at areas of negative membrane curvature, often on
the flanks of earlier blebs, which could be the result of negative curvature producing mem-
brane stress. This is in agreement with [6], who found no strong predictors of expansion or
retraction at a site where a bleb had already ocurred, but increase probability of blebbing

on the sides of a previous bleb.

In [39], the concept of a stable-bleb is presented: these are blebs which do not heal
immediately, but persist for a longer time before retracting. Their results support a me-
chanical model of stochastic cell polarization based on the amplification of local fluctuations
in cortical contractility and a positive feedback mechanism between contractility gradients

and continuous cortical flows maintaining polarity in stable-bleb cells.

In extreme cases, blebs give rise to a traveling wave around the cell periphery known
as ‘circus movement’ [6]. This traveling behavior occurs via a simple modification of bleb
dynamics: once a bleb forms, an actin cortex is thought to reform asymmetrically, so that
when retraction starts, the cytosol is forced into the unconsolidated side of the bleb. This
propagates because one side of the bleb is always older than the other, and as it retracts, if

forces cytosol into the younger side, promoting further rupture.

Understanding bleb formation and bleb-driven travel is important as treatments are



developed for pathologies where cells may employ this type of migration, such as cancer
[8] and immune defficiencies. As a systemic organ, the immune system depends on the
continuous movement of cells among different anatomic sites [9], [13]. Newly generated
lymphocytes need to travel from the thymus or bone marrow into the blood, and enter the
major lymph nodes. When a T-cell enters a lymph node, it looks for antigens to bind to.
If no such antigens are found, the T-cell egresses back to the blood. A congenital immun-
odeficiency, termed X-linked Moesin-Associated Immunodeficiency Disorder (XMAID) has
been observed, where a mutation prevents T-cell egress back into the blood. Experiments
carried out by the Burkhardt lab at the Children’s Hospital of Philadelphia showed that in
the presence of S1P, T-cells in the process of exiting a lymph node form blebs, that become
the leading edge of the migrating cell [38]. In the experiments, blebbing in wild-type cells
was seen to be localized to the leading edge, while in the cells of XMAID affected mice bleb-
bing occurred anywhere around the cell surface, with lower intensity at the rear of the cell.
Mutant cells did not have directionality or much displacement, as they blebbed randomly.
The precise mechanics of this are not well understood and questions arise such as whether
it is possible to explain the motile behavior based on random blebbing except where ERM

proteins coat the membrane; or the origin of the pressure that causes the blebs to form.

Theoretical models of blebbing have attempted to capture various aspects of the bleb-
bing process. [26] presents a model of bleb formation and healing that considers the kinetics
of the turnover of adhesion proteins through the bleb cycle. Their model allows for the study
of the determinants of bleb formation and retraction, but is set up so that the cell membrane
and cortex have a fixed reference position, so that there is no net travel. Further, in their
model, bleb formation is not spontaneous and requires an externally applied perturbation.
On the other hand, [47] and [48] consider a mechanical model in 2D using computational
fluid dynamics to understand the initial bleb formation and expansion phase during which
cytosolic fluid moves after the expanding membrane. Their model considers the mechanics
of the system, but lack the adhesion kinetics, so that the bleb never retracts and the cell

cannot travel.



However, a description of cell movement driven by blebs is lacking. Here, we combine
the turnover model of [26] with a simple mechanical model that has no reference location,
so that the cell travels and we can consider the cell’s motion as well as the dynamics of
bleb formation. Moreover, our model allows for the formation of spontaneous blebs by
incorporating stochasticity into the system. We can then study cell travel in a system that

can bleb repeatedly without the need to manually introduce perturbations or periodicity.
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Figure 1.2: The bleb life cycle (reproduced from [8]). The bleb life cycle
can be subdivided into three phases: bleb initiation (nucleation), expansion,
and retraction. a Bleb initiation can result from a local detachment of the
cortex from the membrane (left model) or from a local rupture of the cortex
(right model). b Hydrostatic pressure in the cytoplasm (P;,;) then drives the
membrane expansion by propelling cytoplasmic fluid through the remaining
cortex (left model) or through the cortex hole (right model). Concomitantly,
the membrane can detach further from the cortex, increasing the diameter
of the bleb base (dashed line). ¢ As bleb expansion slows down, a new actin
cortex reforms under the bleb membrane. d Recruitment of myosin to the new
cortex is followed by bleb retraction. P, extracellular hydrostatic pressure.



1.2 Deterministic Model Formulation

Consider a bounded interval over which the cell lies :Ufn <z < x,f;, where :vfn is the front

membrane position and 2%, is the back membrane position. In the intracellular region
between these two points, the unknowns are the fluid velocity u and hydrostatic pressure p,
which we will assume to be spatially constant. Other unknown quantities are the adhesion
density a, cortex thickness ¢, the cortical positions at the front and back xc’b(t), and the
nucleus location zy(t). The adhesion and cortex densities (a and c¢), are defined at the front
and back of the cell, denotes af, a®, ¢f, ¢’. A schematic diagram for our model is given in

Figure 1.3.

Plasma membrane

a? a? TN z/  zf  Position

(& c

Figure 1.3: Schematic of system.

1.2.1. Assembly and Turnover
We model the cortex thickness ¢, following [26], assuming simple first-order kinetics,

oc

-z _ 1.1
9 wa — re, (1.1)

where w governs cortex assembly, and assumes that new cortex requires adhesion to a nearby
membrane. The second term describes cortex turnover, with rate r. In this context, c¢ is

interpreted as a combination of density and spatial thickness, with arbitrary units.



The cortex is attached to the membrane via exrin-radixin-moesin (ERM) proteins.
We refer to the effect of these proteins as “adhesions”. We use the model of [26], with
similar first-order kinetics for the adhesion assembly and turnover, and three additional
assumptions: 1) adhesion assembly saturates at high cortex thickness; 2) adhesion attach-
ment requires proximity between cortex and membrane, with characteristic distance 9, that
describes the “reach” of the adhesion molecules; and 3) adhesion detachment is force de-
pendent, with characteristic breaking force f. These considerations lead to

Oa koncC —|Tm — x| R|Tm — |
a_ “lEm Tl g, Blfm = Tel ) | 1.2
ot c0+ceXp< 5 > ff“eXp( o (12)

where k,, and k. are the adhesion assembly and turnover rates respectively, and cg is the
cortex thickness at which adhesion assembly is half-maximal. The numerator x|z, — 2|
follows from the assumption that adhesions collectively behave like springs with Hookean
stiffness k. Note that adhesion turnover is significantly faster than cortex turnover, leading

to a separation of timescales.

Equations 1.1 and 1.2 are the same at the front and back of the cell, with the appro-

priate superscripts.
1.2.2. Mechanics
Inside the cell, we use Darcy’s law for the velocity field:

Op B

and v is constant in z by incompressibility. Here, £ is the ratio of dynamic viscosity and

permeability. We impose the following boundary conditions at xfn and 20

P = (P + dgu) = al k(af, —al) + ki (2], — an — 1), (1.4)

P — (Poo — dgu) = —abn(xfn - xlé) - Kvm(x?n —an +1), (1.5)



where [ is the membrane rest length, p, is the pressure far from the cell, d, is a drag
coefficient, and the force between the membrane and the nucleus is modeled as a Hookean
spring with spring constant x,, with a natural length of /. The drag coefficient d, as specified
above represents the resistance of the exterior fluid to flow, and was used previously in [55].
The force between the membrane and the cortex reflects the spring-like force exerted by the
adhesions. The above equations state that the difference in pressure across the membrane

at the front is balanced by the adhesion and membrane forces.

At the front and back membranes, we also impose the following conditions:

O

= —u ==l (L6)
b

P = (17)

The difference in the membrane velocity dac%c;b /dt and the fluid velocity u is given by the
transmembrane water flow. This transmembrane water flow in turn is proportional to the
difference in pressure across the membrane interface as given in 1.4 and (1.5), where ( is

the water permeability coefficient.

At the cortex, we have the following force balance equations:

NeC ot :a/f,‘ﬂ]([L',fn—xz)—o’cf(iﬂg_.f]\[_,@), (18)
baxlc) b /b b bo b
NcC ot = a’k(z,, —xp) —oc’(xg — N + ). (1.9)

Here, we have assumed that the cortex experiences a drag force with respect to the under-
lying substrate, whose strength is proportional of the cortical density ¢/**. This drag force
is balanced by the adhesion forces between the cortex and membrane and the force between
the nucleus and cortex. The force between the nucleus and cortex is modeled as a spring
force proportional whose spring constant is the cortical density ¢/*. The proportionally

constant o may be viewed as the strength of actomyosin contractility



Table 1.1: Model Parameters

Symbol Dimensions Meaning

w (A.U.) pm? 1 cortex assembly rate constant

T s~! cortex turnover rate constant

kon /un_Qs_1 adhesion assembly rate

kogr s71 adhesion turnover rate

o (A.U.) cortex thickness at half-maximal adhesion
pm adhesion length between cortex and membrane

K pN pm~! adhesion spring constant

fo pN adhesion breaking strength

Poo Pa pressure far from the cell

13 Pa s ym~—?2 ratio of dynamic viscosity and permeability

Km Pa pm™! hydrostatic pressure scale

dyg Pa s pm™! fluid drag constant

¢ pm s~ 'Pa~! water permeability constant

o Pa (A.U)~! pym™! actin-myosin contractility

I} pm cortex rest length

[ pm membrane rest length

Ne Pas pm~—! (A.U)! cortex drag factor

NN Pa s ym~! nucleus drag factor

The position of the cell nucleus is given by

al’N

W =

(x] —an =D +km@l, —zy+0)+oc! (z] —2n—B)+ 0@ —2zn+5) (1.10)

where the nucleus is assumed to experience a drag force with respect to the substrate with

the drag coefficient ny.

Physical parameters are summarized in Table 1.1.
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1.2.8. Preliminary Analysis

First, we can simplify the fluid equations as follows. Set po, = 0. Since w is constant in x,

p(x) is linear. Then, subtracting equations (1.5) - (1.4), we get that

<2dg + f(l‘f; — xfn)) U= —afm(a:,{l—mf)—ab/@(xl,’n—a:lc’)—ﬁm(xfn—x]v—l)—nm(xi’n—xN-H)

(1.11)

We non-dimensionalize the system choosing characteristic cortex thickness c. = co,

k]‘;";f, characteristic time t, = % ~ 10 s [16], char-

characteristic density of adhesions a. =

acteristic length I. = [ ~ 10 um [50], characteristic pressure p. = k! (kpm ~ 100 Pagm™1

[6]), and characteristic fluid velocity u. = Ir. This results in the non-dimensional system

1.12 - 1.19.
g(tj =Qa—c (1.12)
da c — | — 2 | T — x|
e — —_— 1.1
€5 1_i_cexp< 5 > aexp( = (1.13)
(2, + x(e, — #5)) 0 = —a9 (e )~ aH(et ) Koty — 1) Koy +1)
(1.14)
O Fipf — of f
oxb, be b b b
Ym T_u =—a’(v,, — v.) — Kp(2,, — 2N + 1) (1.16)
ozl
veel S = ol af, — ) — Mol (@] — o — 1) (117)
p O be..b b bi..b
Vel i = @ (T — @) = M (g —an + D) (1.18)

0
’YN—;tN = Km(xfn—xN—1)+Km(m21—a;N+1)+Mcf(x£_mN_b)JrMcb(xzc)_xNer) (1.19)

with 12 non-dimensional parameters defined in Table 1.2. Note that we use the same labels

for all quantities for simplicity, but these are now non-dimensional. Many of the parameters

11



were already estimated in [26]. For the remaining parameters, we obtain estimates based
on matching the cell velocity with that reported in [38]. In subsequent sections, we will
vary . and -, within a specified range to determine their impact on model behavior. The
parameters x, D, and vy are set to a small positive value as shown in Table 1.2 unless
indicated otherwise. Setting D, and vy to 0 does not lead to appreciably different results
in our computations. The behavior of the model with respect to larger values of vy and

D, will be briefly discussed at the end of Section 1.3.2.
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1.3 Deterministic Model Results

The model 1.12 - 1.19 combines the mechanisms of membrane-cortex interaction (force-
sensitive adhesion, cortex contractility, cortex turnover) with force balance in the cell (fluid
pressure, membrane and cortex tension). Numerical simulations of the model reveal sev-
eral classes of dynamics: stable non-blebbing states, stationary blebbing, and bleb-driven
migration. Note that throughout this section parameters are the same on both sides of the
cell. Without loss of generality, we focus on the effect of perturbations from steady state

on the front side, which will then be the ‘leading edge’ of the cell.

For a bleb to form, enough adhesions have to break so that the membrane and cortex
will detach. In non-blebbing states, even if all adhesions are removed, the system returns
to steady state without the membrane separating enough from the cortex for the cortex
to depolymerize before adhesions reappear. This is a monostable regime, in which the
system always returns rapidly to steady state following a perturbation. In blebbing states,
small perturbations do not suffice for the membrane and cortex to detach, but large enough

perturbations will lead to bleb formation.

A sample simulation for the bleb-driven migration case is shown in Figure 1.4, obtained
by setting the system to steady state, and generating a perturbation at the front of the cell
by removing 50% of the adhesions. When this perturbation is significant (enough adhesions
are removed), as in the case shown in Figure 1.4, the remaining adhesions are destroyed,
and the cortex depolymerizes. This leads to the membrane detaching from the cortex and
protruding. This initial expansion is very rapid compared with the full life cycle of the bleb,
in line with measurements [6]. The adhesions subsequently accumulate under the protruding
membrane and the cortex is able to reattach and thicken. Cortex contraction then drives
the bleb to heal, returning the system to equilibrium. It is important to note that while a
and ¢ will return to the same initial steady state after the bleb heals, the positions of the
membrane, cortex, and nucleus will have a new steady state. This is because these positions

do not have a reference location, but rather a reference distance between the various points
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(in other words, any parallel translation of a steady state will yield a steady state). This
motile behaviour is distinct from previous modeling efforts in that the bleb formation and
healing generate movement - [26], for instance, models the bleb life cycle, but has a reference

configuration such that there is no displacement, while [47] considers bleb formation only.

Perturbation

.l Bleb . Heal, Steady State
JE— 1257 % R
121 1.00 \ i
10 0.751 §
81 5 0501
Y 6 2 025 Heee—"" i1 — X,
o ' i '
B ' ' f
4 0.001 —J P Xe
: yal — Xn
—0. 1 H H H — b
21 e Steady state value 0.25 : : /r Xc
01 e Start of perturbation —0.501 _j — Xﬁ,
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0 2 4 6 8 10 12 14
af Time

Figure 1.4: Starting at steady state, the system is perturbed by setting a/ = 0.5 x
afs, where al, is the value of a at steady state. (left): af vs ¢f trajectory. (right):
Membrane, cortex, and nucleus positions. Parameters used here are 2 = 40, ¢ =
0.01, D = 0.15, F = 0.99, M = 0.0081, b = 0, v, = 0.8 x 1073, K,,, = 0.1,
N =1075, 4, = 1074, Dy =107 x = 1075, Time step was set at At = 0.0001.

1.3.1. Model Behaviors

Notably, the blebbing regime can lead to four different behaviors shown in Figure 1.5: bleb
formation and healing on the side of the perturbation (Figure 1.5(a)), a bleb forming but
never healing (Figure 1.5(b)), a bleb on one side propagating to induce a bleb on the other
side (Figure 1.5(c)), or an oscillation where blebs alternate from front to back (Figure

1.5(d)). These behaviors are summarized in Figure 1.6.

We can recover most model behaviours by varying the cortex assembly rate €2, and
the inverse permeability of the cell membrane ~,,. The transitions between behaviours
as these parameters are varied is shown in Figure 1.6. We find that larger values of €2

lead to a monostable system, as the cortex reassembly is faster. Increases in ~,, cause
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Figure 1.5: Various deterministic model behaviors: (a) Single bleb that heals shown
in Fig. 1.4. (b) Bleb forms but never heals (M = 0.0084). (¢) Front bleb drives a
secondary bleb at the back (2 = 44.3). (d) Oscillatory blebbing events alternating
from front to back. (7, = 0.8 x 1072). Sample paths are initiated at the perturbed
al =0.5 x af;s. Other parameters are the same as in Fig. 1.4

bleb propagation: when (2 is small, increases in ~,, cause transitions from monostable to

excitable and then to bleb propagation with a second bleb forming at the back; when € is

large, increasing 7, leads to the oscillatory behaviour.

We find that if D or F' are too small, the bleb will not heal (see Figure 1.5(b)). This

can be simply explained: if the reach of adhesion molecules is too small, adhesions between

membrane and cortex cannot reform; similarly, if F' is too small, bonds that do reform are

weak and the bleb cannot heal. An increase in K,, does not lead to larger blebs, though it
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Figure 1.6: Phase diagram of the deterministic model over the 2 - 7,, plane. Other
parameters are the same as Fig. 1.4.

does lead to greater displacement. We also find that if M is too small, excitability is lost,
while if M is too large, the bleb never heals, suggesting that M, which can be interpreted

as myosin contractility, is critical to cell blebbing [51].

The oscillatory behaviour, shown in Figure 1.5(d), appears when 7, is large. When
vm is large, Equations 1.2.3 and 1.2.3 show that the boundaries xﬁl and ¥, both move
with velocity u, so that the front and back of the cell are coupled through w due to in-
compressibility of the fluid, leading to oscillations. The effect of varying ~,, for various
values of cortex assembly rate € is shown in Figure 1.6. For any value of €),, increases
in v, lead to increases in excitability of the system, as the boundaries move more closely
with fluid velocity u. If +,, is small, then changes in adhesion density are not enough for
the membrane to separate from the cortex sufficiently, as any movement of the membrane
will be too small and the cortex and adhesions will quickly recover. Figure 1.6 also shows
that as Q increases, the system becomes non-blebbing. This is intuitive: €2 represents the
rate of assembly of the cortex, so the higher () is, the faster the cortex reassembles and the
harder it is for the bleb to form, even under large perturbations in adhesion density. This
oscillatory behaviour has been previously observed for protrusions in fibroblasts which, like

blebs, are devoid of actin [33].
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We further study the effect of varying individual parameters on the size of the bleb
and the distance traveled by the cell by fixing all but one at a time, and varying that
parameter. Based on this study, we make the predictions shown in Table 1.3. We find that
as adhesion reach D increases, healing accelerates - the membrane-cortex distance needed
for reattachment is wider, allowing for faster recruitment of adhesions. Similarly, decreases
in M lead to faster healing. Increases in K, lead to smaller bleb size, as the overall force
pushing the membrane outward decreases.

Table 1.3: Model Predictions for Experimental Perturbations

Perturbation Parameter Prediction
Decrease adhesion strength Knt Smaller blebs
Increase myosin contractility M7 Slower bleb healing
Increase molecular size of adhesion molecules D7 Faster healing

1.3.2. Determinants of Distance Travelled

A salient feature of our model, compared with previous efforts to model blebs (for example:
[26], [47]), is that the modeled cell is motile, and can employ the bleb to travel. Thus,
we may use our model to study what determines whether the cell will travel using a bleb,
and what distance may be traversed in a single blebbing event. Thus, we track the total
displacement as we vary each parameter within the blebbing regime, using the model to
make predictions about the cell’s ability to travel. These predictions are summarized in

Table 1.4.

Model simulations show that myosin contractility, M, plays a major role in bleb for-
mation and cell travel. In particular, if M is too low, the system is non-blebbing, in line
with experimental evidence [51]. When M is above a critical value, the system reaches a
blebbing state, with distance traveled increasing as M increases. At the same time, bleb
healing becomes slower, with a longer time needed for the cortex to reassemble underneath
the membrane (see Figure 1.7). There is a second critical value of M, when it becomes too

large and the system transitions to a case where a bleb will form, but not heal. Instead, the
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Table 1.4: Predicted Effect of Biophysical Parameters on the Distance Traveled

Perturbation Parameter Effect on Distance Traveled
Decrease cortex intensity Ql Increase

Decrease reach of adhesion molecules D] Increase

Decrease adhesion bond strength Fl Increase

Decrease myosin contractility M| Decrease

Increase drag Dy 1, x 1 Smaller distance traveled
Increase hydrostatic pressure K, 1 Increase

adhesions do not re-form under the membrane, and the system reaches a new steady state

with one side of the membrane permanently detached as shown in Figure 1.5(b).
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Figure 1.7: Traveling distance and duration for individual blebbing event with var-
ious parameters. Other parameters are the same as Fig. 1.4.

Parameters that are intrinsic to the adhesions have significant effects on the distance

traveled by the cell. These are the adhesion reach D and the characteristic adhesion-
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breaking force F'. As D decreases, the total displacement of the cell increases, and bleb
healing is slower (see Figure 1.7). It is clear that if the adhesion reach is very large, it is
easy (and fast) for the adhesions to re-form and the cortex to reattach, compared with when
the adhesion reach is small. However, if D becomes too small, the system reaches a stable
non-blebbing state. Similarly, as F' decreases, the total displacement of the cell increases,

and bleb healing slows down (see Figure 1.7).

Another important parameter is K,,. If K,, is large, we expect that the protrusion
formed in the membrane by that pressure when the adhesions are removed will be large,
while if the hydrostatic pressure in the cell is low, the membrane expansion will be small.
We find that while larger values of K,, lead to greater distances traveled, the bleb size
actually decreases. If K, is too small, the system becomes non-blebbing, while if K, is
too large, the bleb propagates to the other side (Figure 1.5 (c)). K,, can be interpreted as

hydrostatic pressure inside the cell pushing the membrane outward.

While variations on the drag in the cortex and nucleus (7. and vy respectively) do
not affect the cell’s ability to form a bleb, and the system will remain in the blebbing
or non-blebbing regime based on the other parameters, variations in drag can affect the
distance traveled. If either drag parameter becomes too large, the net displacement of the
cell becomes negligible, even if the bleb does form. Furthermore, changes in v, and yy can
decouple the front and back of the cell, eliminating bleb propagation between the front and

back.

Increases in fluid drag D, decrease the distance traveled, however decreases below 1076

do not have an effect, and setting D, = 0 allows for further simplification of the model.
1.4 Stochastic Model

We now look at modifying the model system 1.12 - 1.19 to include stochastic effects in
the adhesion density. Individual adhesion proteins have two possible conformations: open

(when they tether the membrane and cortex together), and closed (when they do not).
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To formulate the stochastic model, we think of the adhesion dynamics as a birth-death
process, with proteins changing conformation so that as the system evolves it may increase
or decrease the number of proteins attached and hence the adhesion density. We let a = ak,
where « is the per-protein adhesion density and k is the number of proteins, and we replace
1.13 with a Markov chain where the probabilities that a new protein will be attached or

detached given by g and h respectively, where

c 1
g(c,a, Ty, xc) = T &P <—D\a:m — xc|> , (1.20)
1
h(c,a, Tm,xc) = aexp <F]a:m - ch!> ) (1.21)

To begin the simulation, we choose an initial, or ‘base’, number of adhesion proteins to be
the number of adhesions at steady state at use that to determine «, which is then kept
constant. The steady state is computed using the deterministic system. We note that the
system is very sensitive to initial conditions, so that a good starting value is required in order
to begin the simulation. The stochastic simulations are then run using a continuous-time

Gillespie’s algorithm to update the number of adhesions attached as the system progresses:
1. Possible events:
e ¢;: adhesion forms (kK — k+1)
e e9: adhesion breaks (k — k —1)
2. Rates:
o 1 =g(c,a,xm, )
e o = h(c,a,zm, xc)

3. Ttotal = T1 + T2
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4. Time until next event dt,
ot
/ Ttotal(t) dt = —In(RANDU|0, 1]) (1.22)
0

At each At, update the integral using the trapezium rule and check the equality.
When it holds, go on.

5. e;j is selected with probability
rj

(1.23)

Ttotal

to update a = ak.
6. Update all other variables.

In contrast with the deterministic system, the stochastic system does not require
an initial perturbation to generate a bleb, but can instead be set to steady state of the
deterministic system. Then eventually, stochastic fluctuations make the adhesion density
become low enough for the membrane and cortex to detach and the system to bleb. An

example is shown in Figure 1.8 overlayed on a deterministic simulation for reference.

14 .
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12 r”_/:{-. 2
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=
4 4 —— Deterministic
—— Deterministic Stochastic, base k = 300
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.- e Steadystatevalue .~ e Start of perturbation
o/ L————""" e startof perturbation ol @ ® Second steady state
0.0 0.1 0.2 0}3 0.4 0.5 0.6 0.0 0.1 0.2 0[.3 0.4 0.5 0.6
a a

Figure 1.8: Sample stochastic simulation, starting at steady state, with the deter-
ministic case shown for reference. (left) Parameters are the same as Fig. 1.4. (right)
M = 0.0084.

A full sample simulation is shown in Figure 1.9. Since the system is symmetric, both

sides are equally likely to form a bleb, so that in the long run, the cell does not have an
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overall displacement (E[total distance] = 0 for long simulation times).

The choice of base k is key to the frequency of bleb formation, as illustrated in Figure
1.10: if the base value of k is too small, adhesions are removed too easily and the system
becomes erratic; if the base value of k is too large, the adhesions never decrease enough for
the membrane and cortex to detach and for a bleb to form. We choose a value of k in line

with measurements of protein density at the membrane [45].
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Figure 1.9: Stochastic simulation, starting at steady state. Parameters are
the same as Fig. 1.4.
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Figure 1.10: Stochastic simulation compared with the deterministic case for
various choices of initial number of attached proteins k (7' = 15). Parameters
are the same as Fig. 1.4.

1.4.1. Model Behaviors

In this section, we discuss the differences in system behaviour in the stochastic and deter-

ministic regimes.

In the stochastic regime, bistability (Figure 1.5 (b)) is not a deterrent for the cell to
travel, as the system is able to escape also the basin of attraction of the second steady state,
as seen in Figure 1.8 (right). Then, even for parameter regimes which would be bistable in

the deterministic case, we still get sustained blebbing in the stochastic case.

We find that the onset of oscillations, as shown in Figure 1.5 (d), shifts when we make
the system stochastic. We showed in Figure 1.6 that increases in 7, make the system
oscillatory. The onset of this oscillations requires a higher value of ~,, in the stochastic
regime than in the deterministic regime. This is likely to be because the steady state is
stable, and the stochastic changes push the trajectory out of the oscillatory orbit for lower

values of v,,,. A sample stochastic oscillatory simulation is shown in Figure 1.11.
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Figure 1.11: Stochastic simulation in the oscillatory regime, starting at steady
state. Here, v,, = 0.8 x 10~!, while other parameters are the same as Fig.
1.4.

1.4.2. Introducing Bias

The focus of this study is on the cell’s ability to move using blebs. We noted that the
system, as simulated in Figure 1.9 is symmetric, so that the cell does not have a significant
displacement. Thus, in order to get a net movement and a more realistic system, we bias

the cell so that it is more likely to bleb at the front by making the front excitable and the
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back monostable in the corresponding deterministic system (the choice of front and back is
arbitrary). Then, only the front side will retain the ability to bleb, and the cell will be able

to sustain travel in that specific direction.

There are multiple theories regarding the polarization of a blebbing cell. One such
theory suggests that there are fewer ERM proteins at the side where the bleb forms [56],
[39]. In our model, this corresponds to having a different, smaller, value of a at the front
compared to the back. To determine the regime (monostable or excitable/bistable) on
each side we use the deterministic system and modify appropriate parameters so that the
adhesion densities at the front and back of the cell at steady state are different (ags #al).
Then, if we set af = ak’ and a® = kP, where « is equal on both sides, k/ # kP. It is then
expected that the side with the smaller deterministic steady state value of a (and hence
smaller initial k) will be more likely to bleb, as the basin of attraction of the deterministic
steady state becomes smaller for smaller steady state values of a. Here, we choose the
parameters so that k/ < k%, with the front in the excitable regime (blebbing) and the back
in the monostable regime (non-blebbing) as determined in the deterministic setting. At the
excitable side (front), noise allows the system to escape the basin of attraction of the steady
state, while at the monostable side (back) the basin of attraction cannot be escaped. We
note that the biased deterministic simulations still require a manual perturbation for the

system to initiate a bleb and travel.

To bias the cell, we change the values of some of the parameters so that they are
different at the front and back of the cell (this effectively breaks the symmetry of the
system). Since we found that M, F' and D control the overall distance traveled, we test
these parameters to bias the cell by choosing M{ # M? etc. A sample polarized simulation
is shown in Figure 1.12. Varying the parameters at the front and back to get different bias
magnitudes showed that if the & is less than 4% bigger than k7 the system does not yield

a clear cell polarization.
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Figure 1.12: Biased stochastic simulation, starting at steady state. M/ =
0.0078, M® = 0.0065. Other parameters are the same as Fig. 1.4. Note that
the simulation is first run as deterministic to steady state.

1.4.8. Determinants of Distance Traveled

Consider now the biased system in the deterministic case, such that the front is excitable
and the back is monostable. In general, low values of myosin contractility M lead to a
non-blebbing state, while increasing M takes the system first into the excitable (blebbing)

regime and then into the bistable regime. We showed that when both sides are excitable and
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have the same parameter values, increases in M lead to increases in the distance traveled
in a single event (Figure 1.7). However, if only the front side is excitable, increases in M/
lead to decreases in distance traveled and increases bleb in healing time, as shown in Figure
1.13 (top). When M/ becomes too large, the deterministic system becomes bistable, and
the bleb never heals. Note that this threshold does not change when we bias the cell by
modifying M7 and M?. By biasing the cell, we get sustained blebbing in the stochastic case,
with cell velocity increasing as M/ increases, as shown in Figures 1.13 (bottom). We find
that even though individual events take longer, as seen in the deterministic simulations, the
frequency of blebbing also increases in the stochastic simulations, so that the cell travels

further.

If we bias the cell by modifying F' or D instead (Ff # F® or Df # Db), decreases
in 7 or D still lead to increases in the distance traveled in a single event (Figures 1.7
and 1.14 (top)). However, the increase in distance is much smaller in the biased case.
For changes in F' or D, the event duration does not change much between the biased and
unbiased settings. Decreasing Ff or D/ any further would lead to the bistable regime. In
the stochastic case, cell velocity increases as F or DI decreases, as shown in Figures 1.13

(bottom) and 1.14 (bottom).
1.4.4. Approximation of biased stochastic model

One important feature of the biased stochastic model is that the bleb expansion period has
very short time scale than the other states, as seen in Fig. 1.16(a). Such series of bleb
events can be approximated by a renewal process [11, 5]. A single bleb event consists of two
random variables: the inter-blebbing time A and the traveling distance ). Labeling the
bleb events by n = 1,2, ---. We collect the statistics of (A, Q,) from a total of 103 sample
paths which initial condition is at the steady-state of the deterministic model. Results
shows that the statistics of (A, @) are independent and identically distributed for all n.
It is because each bleb event is generated by stochastically escaping the same deterministic

basin of attraction, as shown in Fig. 1.8. Another observation is that A,, and @),, are almost

28



Deterministic Simulation

[ ] X
0.314
9
0.312 °
8
(] c
o o
E 0.310 X =
o ° 5
[a) 7 [a)
0.308
X
0.306 ° 6
X
X [ )
0.304
0.0076 0.0078 0.0080 0.0082 0.0084 0.0086
Stochastic Simulation (T =100)
3.0 12
2.5 10
]
8 ©
g 2.0 e
& 5
= 6
n 1.5 =
a 3
IS
1.0 4 32
0.5 + 2
0.0 + 0
0.0076 0.0078 0.0080 0.0082 0.0084 0.0086

Mf

Figure 1.13: Parameters are as in Fig. 1.4. (top) Distance traveled and event
time for a single bleb in the deterministic case as M/ varies. (bottom) Average
total distance travelled for time 7" = 100 and number of blebbing events for
the stochastic case as M7 varies with M® = 0.0065. Time step was set at
At = 0.0001, and the initial number of adhesions was set to k = 300.

uncorrelated

E[An]E[@n]

We thus assume that the random variables are independent for the same n. To utilize
the discrete data as a continuous information, we approximate the statistics of the random

variables by the gamma distributions. That is, the distributions of the random variables
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Deterministic Simulation
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Figure 1.14: Parameters are as in Fig. 1.4. (top) Distance traveled and event
time for a single bleb in the deterministic case as F// varies. (bottom) Average
total distance travelled for time 7" = 100 and number of blebbing events for the
stochastic case as Ff varies with F* = 1.7. Time step was set at At = 0.0001,
and the initial number of adhesions was set to k = 300.

take the form of

t x
P[A, <t] = /0 fa, ()dt, PlQ,<z]= /0 fo, (2')d',
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Deterministic Simulation
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Figure 1.15: Parameters are as in Fig. 1.4. (top) Distance traveled and event
time for a single bleb in the deterministic case as D/ varies. (bottom) Average
total distance travelled for time 7" = 100 and number of blebbing events for
the stochastic case as D7 varies with D? = 0.159. Time step was set at
At = 0.0001, and the initial number of adhesions was set to k = 300.

where fx(t) = f(t; ax, Bx) is the gamma distribution with shape ax and scale Sx. There-

fore, our assumptions deduce that

In, = fa, = fa, fo, = fon = fo
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for all n, m. We estimate (aa,,Bq,) by the maximum likelihood estimation, as depicted in

the subpanel of Fig. 1.16(a).
Next, we determine the distribution information of the renewal process in terms of the
gamma distributions. Introducing the blebbing time
Ton=Tw1+4,, Ty=0,

then one can write the renewal process by

X(t) = Z QnH(t —Ty), (1.24)

To<t
where H(t) is the Heaviside function giving one if ¢ > 0 otherwise zero. For given T =

A1 =71 and Q1 = 11, we have

0, t<m
X(t) = , (1.25)

m +X*(t — Tl), t>T71
where X*(¢) is identical with X (¢). Thus, applying conditional expectation theorem gives

Mx(&,t) =E[eX W) =E [E[efx(t”Tl =71,Q1 = m]

= / fA(T)dT —|—E [1TlStE[€£Q1€§X*(t_T1)’Tl = 7'1,@1 = 771] . (126)
t

Since Q1 and T} are independent, we have

My (6.t) = / " falr)dr + Mo(€) /0 My (6.t — 1) fa(r)dr. (1.27)

Since the moments of the approximation process satisfies

_ O Mx(t)

Mu(t) = EIXH(0)] = =55

9

£=0
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for k=1,2,---, taking derivatives with respect to £ gives
k

M(t) = ZIE[Q""j]/O Mt — 1) fa(r)dr. (1.28)

J=0

Average speed of the approximation process can be calculated by performing Laplace

transformation. Taking Laplace transformation to (1.28)

k

R = a3 (4 BIQ 170 o). (1.29)
=0
and solving for Mj(s) yields
§) — fa(s) <« (k k=i M. (s) + Tk
M) = 2 (3 (5)E@ 1wy + % ). (1.30)

in accordance with gy = 1 and Mo(s) = s~!. In particular, the first moment takes the form

of
E[Q]fa(s) ‘
s (1 - fA(s)>

Performing integration by parts and I’Hospital rule yields

Mi(s) = (1.31)

lim

ttooco

M ()
t

s—0

= lims/ M (s')ds'

= lim s> M, (s). (1.32)

s—0

Substituting (1.31) into the above equation and another application of the ’'Hospital rule

gives

. M) : sfa(s)
lim = E[Q] lim ————"—
t—o00 t s—0 (1 . fA(5)>
— B[] im 721 ]{ (f) A0 2 .., (1.33)
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according to the fact that

Fals) = - /0 T tha(t)etdt — ~E[A],

as § — 0. One can also calculate the asymptotic limit of the variance of the approximation

process. Similar to (1.32), one can have

E[(X(t) — voot)?] Moa(t) — (vsot)?

lim = lim
t—o0 t t—o00 t
—~ 202
. 1: 2 o 0
= 21_13(1)8 <M2(S) 783 ) .

Substituting the Laplace transform of the second moment

= ~ 2
Ma(s) = = wH(W) |

s | 11— fals) 1— fa(s)

into (1.34) and performing I'Hospital rules yields

tim X =0t WQ(E[@VH) L
t—00 t 50 1— fa(s) 1 — fa(s) s
_ E[QY + 2% (E[A%) - 2E[A]2)

(1.34)

(1.35)

(1.36)

The asymptotic behavior of the approximation process can be matched by the following

stochastic differential equation

dYs = Voot + 0o dWy,

where W; is a Wiener process.

(1.37)

Numerical comparison in Fig. 1.16(b) shows that the first moments of the original

stochastic model and our approximation by solving (1.28) are in a good agreement. In

particular, the asymptotic slope for both processes converges to the value in (1.33) as
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Figure 1.16: Approximation of the biased stochastic model. (a) Nucleus po-
sition xx(t) is approximated by a renewal process X (¢) with inter-blebbing
time A, and traveling distance @, for n = 1,2,---. Statistics of the first
bleb event and the following events (red dots) are independent and identically
distributed. (b) Average nucleus position as a function of time. The first
moment of the original process (blue curve) comes from averaging a total of
48 sample paths (gray curves). Corresponding curve for the approximation
processes (red-dotted curve) are computed by numerically solving (1.28) for
k = 1. (c) Time-averaged speed (top) and variance (bottom) of the original
process is compared with the asymptotic speed and variance of the approx-
imation process by (1.33) and (1.36). Parameters used here are €2y = 40,
Q) = 32, and others are the same as Fig. 1.4.

1.5 Discussion

The model presented here considers the bleb formation and healing cycle together with the
mechanics of the system to produce bleb-driven cell migration. We investigate the size of
the blebs, the time from formation to healing, and, for the first time, the distance traveled

in individual blebbing events. The stochastic model allows sustained cell travel by repeated
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blebbing.

This is the first model to allow elucidation of the determinants of distance traveled
during a bleb in terms of biophysical parameters such as adhesion kinetics and myosin
contractility. We find that myosin contractility, and the molecular reach and strength
of adhesions determine the distance traveled by the cell with a single bleb (Figure 1.7).
Our model makes predictions about how the distance traveled changes with experimental
perturbations, such as changes in myosin contractility that could be induced by changes in

blebbistatin [51].

We also investigate the effect of varying biophysical parameters on bleb size and heal-
ing time. In this case, we find that changes in the molecular reach of adhesions, in the
nondimensional parameter D, affect the time taken for the bleb to heal (as in [26]). In
contrast with the results in [26], where increases in M abolish blebbing, increases in myosin
contractility in our model lead to a case where the bleb forms, but never heals (see Figure
1.5 (b)). This can be interpreted as cell death, or can be thought of as the cell healing being
beyond scales of interest. In our case, it is decreases in myosin contractility M that abolish

blebbing.

The stochastic version of the model allows for sustained travel. In this case, excitability
of the system, which was crucial for the deterministic model presented as well as for previous
efforts [26], is no longer necessary, as bistability suffices (see Figure 1.13). When the cell
is biased to travel in the front direction, contraction at the back leads to a net movement
forward towards the healing bleb [24], so that in the deterministic case the overall distance
travel decreases as the difference between the front and back values of myosin contractility M
lead to a decrease in distance traveled. In the stochastic case however, the basin of attraction
of the steady state becomes smaller, so that even though individual events produce less
movements as M increases, the overall distance traveled over longer times is larger. It is
also possible for the stochastic model to generate sustained travel in the bistable case, as

the system is able to produce enough noise to escape both basins of attraction in tandem.
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From a theoretical perspective, we studied a stochastic hybrid system that involves
an excitable deterministic system (cell migration dynamics) and a Markov chain on some
discrete space (adhesion proteins assembly and turnover). Spontaneous excitation (cell
bleb event) is initiated by escaping the deterministic basin of attraction. Such escape time
problems have been studied in the context of cellular neuroscience by applying Kramer’s
rate theory [19], [20] and the large deviation theory [41], [15], [32]. Instead of the analytic
approximations, we directly obtain the escape time distribution by Monte Carlo simulation

and focus on analyzing the resulting behavior driven by the series of excitation events.

The framework presented here can be extended to 2D and 3D bleb-driven migration by
extending the mechanical model and utilizing the immersed boundary method to combine
this motility model with previous efforts that considered the role of fluid pressure inside

and outside the cell, such as [47].
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CHAPTER 2 : Bleb-driven Migration in 2D

2.1 Introduction

In this Chapter, we extend the framework presented in Chapter 1 to the 2D case. We
formulate the model and use the Immersed Bounday Method (IBM) [35] for simulation.
We present preliminary results and make suggestions to refine the model and numerical
algorithm. This 2D model fully combines the turnover model of [26] with the computational

fluid dynamics model of [47].
2.2 Model Formulation

This 2D model follows the same rationale as the 1D version, extending the turnover model
from [26] to the vector case to consider the Euclidean distance between the membrane and

cortex locations (Xps(0) and X (0)).

— =wa—rc (2.1)

ot

Oa konc —’XM—X0| H|XM—X0|
— = — i 2 2.2
o cote ¥ < 5 Kofraexp fo (22)

The membrane experiences three forces: tension F¥ , bending F]\Bf[ , and adhesion to

the cortex F%D, with

d X Xy |0X s |
FTMZ@<TMTM>, TMzgm—i-Hm(aeN[ —l), TMZTQA/I T@jw (2.3)
Xy — X¢o
FA = —(ak + ko) (|Xar — Xo| = 6) !Xﬁﬁ =-F%, (2.4)
0*X
M M
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Force balance at the membrane is then given by

-1

X - .
u— M = f,—mn, Jw=—CFum Fuy = FM‘ , Py =Fy+Fip (26)

ot

0X s

00

where f,, gives water flow across the membrane and mn gives osmotic pressure.

The cortex similarly experiences two forces: tension Fg, and adhesion to the membrane

FGp, = -FX, with
) X OXo |0Xe |
r=ggTere)  To=g ”C( 90 B)’ TC= 59 |0 27)
Force balance at the cortex is then
o0X

In this case, we cannot eliminate the pressure and fluid velocity, and simulate Stokes

flow in full,
pAu—Vp—¢éu+£f=0
(2.9)
V-u=0
where f combines the forces on the membrane and cortex that affect the fluid field,
£ =0 + M 1+ £ + £5, + 5 (2.10)

All parameters are defined in Table 2.5. The estimates provided on Table 2.5 are the
ones used in the simulations shown in this work, but extensive parameter exploration is still

needed to properly calibrate this model.
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2.3 Numerical Method

Note that the lower case forces are located on the Cartesian grid where the fluid equations
are solved, while the upper case forces are located on the Lagrangian grid that defines the
cell membrane and cortex locations. This is consistent with the IBM formulation for the
simulation algorithm. For the flow field u and the pressure p we use a regular Cartesian
grid with grid spacing h. The grid points 6 on the Lagrangian mesh, or the corresponding

position (X (6),Y(0)) are the immersed boundary points.

1. Update adhesion and cortex densities

i1 (L chr '
1,m . — i,
c <At + 7“) N + wa

ai,n+1 _ ai,n _ konci,n exp - |XM o Xc‘i,n . ai,n—i—l exp H’XM _ XC’ 5,n
At co + ¢ ) off fo

2. Solve for the fluid field using the IBM. Compute the relevant forces using a fully

explicit discretization.
(a) Given X7}, and X7, compute
=Fip +FY +FY
& =Fip+F5
(b) Spread Fj; and F¢ onto the fluid mesh using
f; =) Fiou(x — X")Af

0

where i = M, C, and combine them to obtain f" = £}, + f7. Here,



1B =2+ VI+4A[— 42, |r|<1
¢(r) =4 56 =2/ = /=T+12[r[ 42, 1<[r[<2

(c) Use f" to solve for u™ and p".

(d) Use u” to compute U™ using

U™ =) u"dp(x — X")h?

3. Update membrane positions:

i,n+1 @,n
b AR

At =u
+ C(l (gm + Fom ('Xif‘;m X7l z)) Xo " - X%H]
i 17 '7
Af Al ’XE "X
1 (g o <|X1]\7}1 _ XZ]'\}L"| » Xé\,/}”rl . X?\;l,?%%l
N m m AH |Xi,n . Xifl,n|
M M
—(a'k + K (X””—Xz’n —(5>M7C
( C) ‘ M C ‘ ’Xé\’; _ Xgn’
€ i+2,n+1 i+1,n+1 in+1 i—1,n+1 i—2,n+1
- oy (XM L gl gl g bekd i 2n ))
Af

—_— 7T1’li’n
) _11
X7~ Xy
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4. Update cortex positions:

‘Xi,n+1 o Xi,n o
UCCZ C A ¢ _ nCCzUz
s LW NNy
ar <|XM XC | 5) Xi,n Xi,n+1 Af
B in in ( M — C ) i“n i—1,n
X5 — X¢ (X' = Xo

Ci—"—l + Ci |Xic—j-1,n _ ch,’n| Xig—l,n—i—l o Xévn—H
| Geto 9 Ad - B ‘XiJrl,n _ inHin _xi-Ln
C C C C

., . Uci 1l |Xz‘c,n B Xic—l,n’ L Xic,n+1 B Xic—l,n-i-l
Ye 9 AD Xon _ xi-Lng2
| C C

2.4 Simulation Results

Using the algorithm detailed in Section 2.3, we simulate cell blebbing in 2D. In this case, we
removed a sector of adhesions to allow the bleb to form. As seen in Figure 2.17, after the
adhesions are removed, allowing the cell membrane to expand. After some time, the cortex
starts to recover and adhesions reform, tethering the membrane and cortex and allowing

the membrane to retract.

In these preliminary results, there is a build-up of numerical error around the simulated
cell membrane. This is likely due to the fact that the turnover model is very stiff. One
possibility to resolve this is to incorporate a filter for the noise. Another option is to
implement an implicit version of the IBM, although this could be computationally taxing.
Osmotic pressure and bending forces on the membrane were included in an attempt to
resolve this, but thus far we have not find a set of parameters that would allow the bleb to

form and remove the noise.

With further work, this model can be used to study the combination of the turnover
and computational fluid dynamics models to develop a stochastic model for cell blebbing in

2D.
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CHAPTER 3 : Cell Volume Control

3.1 Introduction

In this chapter, we discuss the modeling of cell volume control via a modified pump-leak
model. Volume regulation in vertebrates involves the adjustment (in time scales from min-
utes to hours) of cellular volume in response to external challenges or during the execution of
cellular functions. Biochemical reactions and equilibria depend on the concentrations of the
molecules involved in the reactions, and so cells must avoid short-term changes in volume
that will globally affect concentrations and interfere with cellular functions. Volume regu-
lation is achieved in mammalian cells by transporting ions such as sodium, potassium and
chloride, and small organic osmolytes, using plasma membrane channels and transporters.
Some of these are shown in Figure 3.19. While most cells in mammals are protected from
large osmotic disturbances, there are some, such as those in the gastrointestinal tract or
distal kidney tubules, which can be exposed to large changes in osmolarity outside the cell.
Furthermore, a pathological decrease in extracellular sodium ion levels (hyponatraemia) can
lead to cerebral oedema. Sometimes, osmotic changes may also originate in the cytoplasm
due for example to the breakdown of macromolecules into their building blocks [18]. The
actual rate of osmotic cell swelling or shrinkage can vary between cell types because of

differences in the water permeability of their plasma membranes.

Short-term regulatory volume changes (known as Regulatory Volume Decrease (RVD)
and Regulatory Volume Increase (RVI)) require a fast reversal of the osmotic gradients
that led to cell swelling or shrinkage respectively. There is a considerable redundancy
of volume-regulatory effectors [18]. Here, we consider RVI through the combined use of
Na®/HT (such as NHE1) and C1~ /HCO3 (AE) exchangers. These are activated by acidic
pH. The exact mechanism by which NHE1 regulates cell volume remains elusive [52]. When
cell shrinkage in induced by the medium, it is counteracted by the influx of sodium and

chloride and the accompanying osmotic driven influx of water which generates cell swelling
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to compensate. Throughout the RVI process, sodium is transported into the cell in exchange
for protons mediated by NHE1. The net gain of sodium with negligible change in proton
concentration results in a net osmotic gain due to the replacement of the extruded protons
through a dissociation of cytosolic weak acids. The entrance of water comes after the influx
of salt. The intracellular concentration of bicarbonate also increases because the membrane
is somewhat permeable to carbon dioxide. This growth in bicarbonate concentration drives
chloride into the cell via the anion exchanger (AE). This then leads to a combined gain
of sodium and chloride while extruding protons and bicarbonate. These recombine in the
extracellular space to produce water and carbon dioxide. This COs can re-enter and diffuse
into the cell and is thus osmotically irrelevant. The overall effect is that COs is ‘converted’ to
NaCl, which drives water into the cell. A schematic of this mechanism is shown in Figure
3.18. It appears that this is the primary mechanism driving RVI [52]. Another option
for RVI involves Nat /K*/2C1~ (NKCC) cotransporters, which transport one sodium, one
potassium and two chlorine ions into the cell, and is also electroneutral. NKCC is activated

by cell shrinkage, and the influx of salt drives water into the cell, thus increasing the volume.

In this work, we develop a model of cell volume control including NHE and AE,
as well as passive ion channels and reaction terms for the combination and dissociation
of carbon dioxide and water. This model is based on the pump-leak model [28], and is
thermodynamically consistent. We also model the sodium potassium pump (NaK-ATPase),
which is active (requires energy from ATP) and is therefore necessary for the dynamics of
the model. For the purpose of comparing the different possible mechanisms, we include
also a model of the NKCC symporter. Each of the exchangers and symporters can act
independently, thus allowing for a comparison of the effects of the different mechanisms for

RVI.
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Figure 3.19: A schematic showing the main channels and transporters.
We consider the Sodium-Hydrogen Exchanger, an Anion Exchanger, the
NKCC cotransporter and permeable channels. Adapted from [37].
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3.2 Model Formulation

In this Section, we formulate a system of ODEs based on the pump-leak model for cell
volume. The main novel feature is the inclusion of COy, and the reaction catalysed by

carbonic anhydrase.

Consider N species of ions and let ¢, k = 1,..., N be the intracellular concentration
of the k-th species of ions. Let ccp, be the intracellular concentration of carbon dioxide.
We let cf, and cco,, be the extracellular concentrations of these species, which are assumed
to be positive and constant independent of time. Let v be the volume of the cell. The

balance equation for the ions can be written as

9 ve) = —Ji(0e.¢) — pe(ore.c) + Ryle), k=1, N. (3.1)

Here, we have written the transmembrane flux as the sum of the passive fluxes Jj
and the active flux py. The active flux, typically generated by ionic pumps requires en-
ergy expenditure from ATP, whereas the passive flux, carried by ionic channels and trans-

porters, does not. The flux functions J; and p; depend on the transmembrane potential

¢ as well as the vector of intracellular and extracellular concentrations ¢ = (ci,...,cn)?
)T

and c® = (cf,...,c%)", where T denotes the transpose. We also have solute generation

¢ is assumed constant, it only appears as parameters in the

due to reactions Rj. Since c
above differential equation. We consider also dissolved carbon dioxide (CO2), with balance

equation:

d cco, — Coo dv
5 (veco,) = —k(cco, = cco,) + W(l —0c0,) g + Reo,. (3:2)
C%OQ

The derivation of 3.2, satisfying the Onsager reciprocity principle, is shown in Appendix

B.1. We consider the following ions: H*, Na™, C1~, and HCOj3 . The reversible reaction of
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interest is

k
H,0 + CO, k: HY + HCO,™, (3.3)
—1
so we have the following generation due to the reaction:
Ry = Reo, = —k10w0002 + k;ch-o-CHCO?)—

Ry+ = RHCO; = kicycco, — k_16H+CHCOS— (3.4)

RNa+ - RCZ* = 0

where ki and k_; are the reaction rates in each direction, and we assume the concentration
of water ¢, to be constant, and neglect water throughout the model (fluctuations will be

too small compared to the amounts of water).

The passive flux Ji has three parts:
i =Tk + Jk + Sk- (3.5)

We have the Hodgkin-Huxley flux

e = gk (szd) + RTIn (Z’j)) : (3.6)

k

where F' is the Faraday constant, R is the ideal gas constant, and T is the temperature.
We also have ji, which refers to the NHE or AE exchangers. Following the work in [53],
[46] and [28]:

€ (]
GNatH+(CNat Cir+ = Cng+ cr+)
Kno+ Kg+Xna+m+

INa+ = —JH+ =

3.7
GCl—HCO; (CCl*CECOB— — i~ CHCO;) (37)

Joi- = _chof -
3 Ker-Kpco; Yci-neo;
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where

Ck Cj cy. C; c. C; Ck Cj
Y= (14 5 4 9 ) (S 4 1 14k ¢ ) (L 5. 3.8
& (+Kk+Kj)(Kk+Kj)+<+Kk+Kj)(Kk+Kj>7 (38)

here, K; are dissociation constants, G are the permeability coefficients for the antiporters.
Finally, s, refers to the NKCC symporter. Following the work in [17], s; for KT, Na™, and

Cl7, is given by
CYat Chor (ceCl_)2 - CNa+CK+CQCZ— (3.9)

S(CNU.+ +1)(CK+ —|—1)<0le +1)27
Na+ cl—

where P; is the permeability coefficient of the NKCC symporter, and K are the saturability

values for each ion k. We consider the active flux for sodium and potassium generated by

the Na-K pump (ATPase) modeled by:

PNat =3D;  Pr+ = —2p (3.10)

where p is a small constant. This is the simplest model for px, used in simulations here, but
more realistic ones will be explored in future work. As a convention, we take fluxes to be

positive when they go from inside to outside the cell.

Equations 3.2 and 3.3 are supplemented by

0=> Faop+ F— Zszck, (3.11)
k
d
dit) = —Juw(c,cv), (3.12)
where
Jw = C(ﬂ'w +pw) (313)
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with osmotic and hydraulic pressures

Ty = RT (Z g — <Z ck + f) —0co, (cco, — 0302)> , Pw = h(v). (3.14)

k k

Here, ¢ > 0 is the hydraulic conductivity of water through the membrane, A > 0 is the
total amount of impermeable organic molecules inside the cell, with average valence z, and

reflection coefficient o;.

It is also interesting to consider the fast reaction limit, where the reaction terms Ry

and Rco, become constants that satisfy the algebraic constraint

CCO, = KcH*'CHCOS—a (3.15)

_ ka
where K = Tree”

3.3 Free Energy Identity

In this Section, we show that the system described above satisfies a free energy identity. The
fact that we can derive this identity shows that the model is thermodynamically consistent,
and we have accounted for all the physics in the problem. It is also useful to find the energy
used in volume regulation, and can be modified in future work to get a Lyapunov function
to use in existence and stability of steady states.

Proposition 1. Let v, ¢k, cco,, and ¢, satisfy the model equations 3.1-3.12. Then, the

following equality holds:

d .
7 (00) = —Twju — Y mdi = korepreyoo- (Q = 1)log @, (3.16)
B

where

oc=RT (Z cr (lnglz — 1> +ci+callneca — 1) + cco, (ln 6502 — 1) + ceCOQ> , (3.17)

k k CCOQ
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cco k_ . . 7. .
Q=++—2—, and K = /=L is the reaction equilibrium constant.
KCH+CHCO+ k1icw
3

In the above, we have labeled fluxes by Jj, for simplicity, and treat CO2 the same way

as the ions (with zco, = 0).

Proof. We view ¢ as a function of ¢k, cco,, and ca, with cq = %. Note that

d dA
il = —0. 1
qplvea) = - =0 (3.18)
Define the chemical potential
Ck do
pr=RTIn — + Fzp¢ = —— + Fap¢ (3.19)
ct Ocy,
for charged solutes and CO3, and
do
uA:RTlncA—Fde):aT—szgZ), (3.20)
A

for the impermeable anions. Multiply 3.1 by ux, 3.2 by Eco, + ptco,, and 3.18 by p4, and

sum:
S i (vew) + ua(vea) = —(Jg — Ri) (3.21)
- dt dt :
The left hand side of 3.21 yields

S e (ve) + fa e (vea)
. dt dt

_d dv 9o O0 (3.22)
=t (Zk: e T ““ea 20)

d dv
= %(UU) — T
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where we used 3.11, and the fact that

0o 0o

On the right hand side of 3.21, the reaction terms yield

- Z pr Ry = *k?fchJrCHcoS— (@ —1)log @, (3.24)
k
where we used 3.11, and @) = ch%, assuming that the reaction is in equilibrium
HY “goof
outside the cell. O

3.4 Numerical Simulations

We perform simulations in Python 2.7. We used a backward Euler scheme, and linearized
fluxes to get a linear system. The parameters used are in Appendix C.1, with any changes
indicated in the corresponding figures. Some preliminary resultsare shown in Figure 3.20.
We see that the fluxes affect the system in the way expected: both NHE and NKCC increase
the volume, with NHE being somewhat more effective. Increasing the rate of the reaction
also increases volume, as there is more COs present. If we eliminate both the fluxes and
the reaction, we see that the steady state volume is lower. It seems that the reaction has
a greater effect. This could be because the reaction results in a higher osmolyte content,

driving osmosis.
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Figure 3.20: (a) Shows the results of the simultations when varying the
channel fluxes present. (b) Shows the results of changing the reaction
constants. (c¢) Shows the results when none of the new fluxes (NHE or

NKCC) are present, and the reaction is also blocked.
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3.5 Future Work

The next steps in this work will be to quantify the effect of modifying different aspects
of the model, such as the amount of carbonic anhydrase (which catalyses the reaction),
and the prevalence of different pumps and channels. We will also derive theoretical results
concerning the existence and stability of the model, and the effect of the reaction on the
steady state(s). It appears that the only published theoretical results related to this model
are those shown in [28], but no reactions are considered in that work. The free energy
identity in the previous section will be useful both to see how much energy is required with

varying pumps, and as a Lyapunov function when looking for steady states.
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CHAPTER 4 : Electrodiffusion and Actin-Driven Cell Migration

4.1 Introduction

There are currently two main approaches in biophysics that relate to the issue of cell mi-
gration. On the one hand, there is a purely mechanical approach built around the so-called
‘treadmill model’ ([44], [10], among others), in which the moving cell develops a protrusion
at the leading edge using actin, adheres it to the surrounding matrix, removes the adhesion
from the rear, and uses cytoskeletal contraction to pull the cell forward. On the other hand,
there is the ‘osmotic engine model’, which describes a polarized cell moving by permeating
water through the membrane [49]; this approach involves the flow of ions across the mem-
brane. Evidence [22], [43] has further shown that electrodiffusion also plays an important
role in cell migration. In particular, [22] presents results that show that without actin poly-
merization and myosin contraction, electric fields can also drive cell migration, even when

the cell is not polarized.

We expect that cell functions such as migration are regulated by complex processes in-
volving both mechanics and electrophysiology. For instance, there is experimental evidence
showing that actin filaments undergo reorganization following membrane depolarization
in bovine eye endothelial and epithelial cells, suggesting a functional role of membrane
potential in cytoskeletal organization [3]. However, the interplay of mechanical and electro-
physiological effects is not well understood. While the mechanics of cell division are known,
for example, there is currently no explanation for the drastic changes in membrane poten-
tial during this process, with the cell becoming depolarized or hyperpolarized at different
stages [3]. Another case where changes in membrane potential are not understood include
the wide range of potentials that can be exhibited by cells: fully differentiated cells have a
membrane potential of ~ —70mV, while embryonic cells are at ~ —10mV, and cancer cells
can be ~ —30mV. Interestingly, cells with a lower potential rarely develop into cancer, and

cells like heart cells never do. Right now, there is no satisfying explanation of why this is
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the case.

There are several mathematical models that treat cell movement [44], [10]. These
models focus on myosin contraction, adhesion, and actin polymerization. Also in the litera-
ture is the osmotic engine model, which describes a cell moving in a narrow 1D channel by
permeating water through the cell, which must be polarized [49]. Ton fluxes and transmem-
brane potential have been incorporated with some success in models for eukaryotic cells,
and have thus far been applied to cell volume control [36], [31], and tissue-level modelling

of cortical spreading depression [29], but not to cell motion.

In this chapter we develop a system of partial differential equations (PDEs) to model
cell migration in one dimension, combining an ionic electrodiffusion model with a cell move-
ment model. We treat osmotic water flow, electrodiffusion, and actin polymerization in a
unified framework with a deformable and capacitance-carrying membrane. The resulting
system of equations is a highly coupled system of PDEs in a moving domain. Furthermore,

this model possesses a thermodynamic structure, satisfying a free energy identity.

The framework described here can also be used to address other related problems such
as understanding the role of certain proteins in cell volume control [52] or how cells move

apart during cytokinesis [21].

The remainder of this Chapter is organised as follows. In Section 4.2, we introduce
the model. In Section 4.3, we show that the model satisfies a free energy identity in which
the sum of the entropic free energy, the elastic energy, and the actin network energy density
are dissipated through bulk diffusion, transmembrane chemical fluxes, osmotic water flow,
and network phase fluxes. In Section 4.5, we develop a computational scheme to simulate

the system, and study its convergence.
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Figure 4.21: A schematic showing the role of ion channels in cell move-
ment, from [42]. Different ion channels/water channels are expressed at
the tip of a crawling cell, all of which affect cell movement.

4.2 1D Model Formulation

In this Section, we formulate a system of PDEs that governs the diffusion of electrolytes,
actin polymerization, and osmotic water flow within a moving domain bounded by a mem-

brane. The approach used here is similar to those in [31] and [30].

Consider a bounded domain 2 C R where the cell lives. The cell membrane location
is the set I' C €2, which contains two points. The membrane divides {2 into three regions.
Let Q; C € be the intracellular region bounded by IT', and let 2. C Q\ (€; N T') be the

extracellular regions. We will denote the two immersed boundary points by Xy and Xp.

In the intracellular region, the unknowns will be the concentration of each ionic species
¢k, k=1,..., N, the electrostatic potential ¢, the concentration of the actin network phase
0, the fluid velocity u, and the hydrostatic pressure p. In the extracellular region, the
unknowns will be u, p, ¢, and the electrostatic potential ¢. Another unknown quantity
is the membrane location X (s,t) where s is the material coordinate of the membrane (or
the actin cortex). We will denote the jump of a quantity a across the membrane by [a] =
r.

Oé| ; — Oéh,e.
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Let w be the entropic part of the free energy per unit volume of this solution. Here,

the following expression for w is adopted:

N

w= ZkBTck In ¢, (4.1)
k=1

where kg is the Boltzmann constant, and 7T is temperature. This is valid when the ionic

solution is sufficiently dilute and leads to linear diffusion of the solute.
Given w, we can write the chemical potential of each species:

Ow
e = 5+ azkd = on + 420, (4.2)
Ck

where ¢ is the elementary charge, and zj is the valence of species k.

Assuming electroneutrality, we can write the following algebraic condition:

N
Z qzrer =0, (4.3)
k=1

in Q; and €2..

For the ionic concentration in €2, we will have

(4.4)

Oc O _ 0 (. Di O
ot " “or  0x \FkpT 0z )

where Dy, is the diffusion coefficient of species k. Note that with the above choice of w, we

recover the Poisson-Nerst-Plank model. We shall impose Dirichlet boundary conditions on

0. We have boundary conditions

Dy 0

—en o = —fhey+ f]
kT 0O (4.5)
Dy, 8Mk b '

on Xy and Xj respectively, where fj, is the chemical flux through the membrane, and f,, is
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the water flux through the membrane.

We now turn to the network phase concentration. This is modelled, in €2;, by

subject to

4.7
o, b (4.7)
—0 W - = Jactin
at Xy and Xj. Here, v is the velocity of the network phase, which satisfies
0
—8—2 —nsbv —nb(v —u) =0, (4.8)
where o is the network pressure. We will assume that o is of the form

o =op(0)+ g, (4.9)

where o,, and o, are the network and active parts respectively.

Now, we discuss force balance. Inside the cell, we use a Brinkman equation, which in
one dimension reduces to
dp

9 +nf(v —u) =0, (4.10)

where 7 is the friction coefficient between the actin network and the cytosolic fluid. Note
that by incompressibility, u is constant in . We impose the following boundary conditions

on Xy and Xy:

0+ D — (Poo + dgu) = k(X — Xp) i

0 +p— (Poo — dgu) = k(X5 — Xp)
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at Xy and X, respectively, where d; is the fluid drag coefficient and p., is the pressure far

from the cell. We also have

0X
i u=
4.12
X, (4.12)
= fb
ot v
Note that the second condition is just the continuity condition.
We assume that the membrane capacitance Cy,(z) satisfies
Chn(z) = 0. (4.13)
For the solute flux on X; and Xj;, we use the following constitutive relation:
fre = Jk + ak, (4.14)

where j; and aj are the passive and active fluxes respectively. Some possible choices of jj

include
G = gilux] = gekBTIncr] + grzra(9], (4.15)
cr . exp(zxd’) — c
.GHK / Ir; ITe / Q[d)]
=P : = —— 4.1
Jk 2k @ < exp(zrd’) — 1 ) ¢ kT’ (4.16)

where g;, and Py are positive and might depend on gating variables.

In the case of water flux, we let f,, = ju + ay Where j,, is passive flux, and a,, is active

flux. One possibility for j,, is

N
ju = —C (NAkBT S fer] - [p]) 7 (4.17)
k=1

where N4 is Avogadro’s number, and ¢ = %I , with [1,] = [p] — [mw], where [m,] =

[Yw]=0

fo:l[ck]kBT is the osmotic water pressure.
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If we assume a constant amount of network actin, we must impose the condition

> Jactin dmr = 0. (4.18)
I

By convention, we take fluxes going from inside to outside the cell to be positive.

We further assume that the mechanical force is of the form
Felastic = k(Xf - Xb)7 (4'19)

and the capacitance force is

Fcapacitance =0. (4.20)

4.3 Free Energy Identity

In this Section, we show that the system described above satisfies a free energy identity.
Theorem 1. Suppose ¢, 0, p, v, X, and ¢, are smooth functions that satisfy the equations

and boundary conditions described in Section 4.2. Then, c, 0, p, v, X, and ¢, satisfy the
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following free energy identity:

d
@(G + €n + Eelastic) == _(If + In + Im) + (Jn + Jm>,

G:/wd:c, en:/ endr,
Q Qi
N

Dy ([ Oug
If:/ZCkkBT < d:U—I—nguQ,

In:/ 77891)2dx+/ nf(v — u)? dz,
Q; Q;

. (4.21)
L =" (([er)! = (oo + dgu — p") £ + ([ex)?

— (poo — dgu — ")) fo, + [l f + la]* 1),

den \’ den \°
. b n . n b
Im = g(chtm + jactin)aa + <d(9> ]({ctm + <d€> Jactin-

The identity 4.21 can be viewed as a free energy balance. The free energy consists of
the contributions from entropy (G), the network energy density (e,), and the membrane
elasticity (Felastic)- The change in the free energy is through bulk fluxes (I;), membrane
fluxes (I,), network phase fluxes (I,,), myosin contraction (.J,), and actin polymerization
(Jm). The terms Iy, I,,, and I,,, are positive and represent a dissipation of free energy. The

term J, and J,, represent energy input.

Proof. Consider equation 4.4. Multiply by pu, integrate over €2;, and sum over k:

Z/ Mkatdm+2/ ,uku— dx_Z/ e < kD,;%l;k> . (4.22)

The right hand side is

/ g c —Dk % dx:/ c Dk %dm —/ D a'uk dx
Q, L kk:BT oz I Hi kk:BT ox r k‘BT Oz

63



Consider now the left hand side of 4.22:

(9ck 8ck e\ Ow
Zuk + pu Z e ( 895) az

which, integrating over €); gives

ow ow ow d 0X
Qia—i-u%dw 8tdx+/piWde 7 wdx+/riw<u—at> dmr

Performing a similar calculation over €2, and adding this to the above, we have

N N 2
B Z Dy, Op Z Dy, (Op
N /F |:'uk6k /CBT ox dmr — k /{?BT ox dr.
Using 4.11 and 4.12,

N
Wdﬂf + (W FL+ w018 = Sl (Fhew — £V = (= fhee + £2))°

k=1

3 [ B (2m) g,
o— QkkBT 3x ’

dt

so that

N
4 /de:n = —[w]bfb fff Z (,uka fff Mkz]ff;f - [—Mkck]bfgj - [,Uk]bflg)

dt
_Z/ kBkT <8uk> g

(— Ll A2+ wen £ = £+ Gawend” £ = aal £ = Ll £2)

—Z/ kg’; (a“’“> dz.

I
M=

el
Il

1

(4.23)
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Note that

—[w] + [pker] = [ex], (4.24)

and so

d > b0 el £ i £ Ll - S [ P (O
it J@de = kz_l <—[Ck] fu = lenl foo = Tl fip = T fk) _; MksT (i?ac) e
= - (4.25)

Consider 4.8 and 4.10. Multiply them by v and u respectively and add:

0o Op B ov
/Qi <_U8x — %> dr = /FZ vo — up dmr /QZ drm dx, (4.26)

where we've used the fact that u is constant in x. At the front,

1 0X 0X
—00 —up = il — fa—( f+f£)p

jactm
0 ot ot
) ax (4.27)
= gjz{ctina + fzé(poo + dgu —p) — d9“2 — Poot — k(Xf - Xb)aitfa
while at the back,
1 0X, 0X
vo + up = ajgctmo- + aitb o+ < b f’l?})
) X, (4.28)
9]30t1n+f1l:;(p00 _dgu ) d u +p00u+k;(Xf _Xb) ot
Then, we have
1. .
é(]factin + chtin)a + ff(poo + dgu p) + fb d u—p)— 2d9u2
0X 0X
— k(Xf—Xp) (f - b) / 2 dr = / ns0v* da +/ no(v —u)? dr,
(4.29)
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d (1 1 . .
It <(Xf - Xb)2> = E(chtin +]§ctin)0 + fq{;(poo + dgu - p) + fg;(poo - dgu _p) - 2d9u2

—/ ns0v> dac—/ no(v — u) dx+/ U—dac
Q; Q;

(4.30)
We introduce a network energy density e, (6) satisfying
de d re
0—" —e, =0>— () =0.(0). 4.31
do do ( 9> on(f) (4:31)
We have
d Oe 0X de, 0 0X
— ndx = —dx dmp = = Ov)d n——1d
at Jo, " Jo, ot +/F g T / 28 9z x+/re ¢ T
doy, 0X de, [0X
= —dx —0 = — d
/ o +/F "ot " g <8t ”) mr
ov 0X de,
= n d - na_ d —On—(f, Jactin d
/Fva mr /Qia B 33+/F o at-i-de]t mr
1y 1, ov dey, ‘f den \" b
= T 7Jactinn T pJactinn — ng d 7y i 7y actin-
ejactlna ejactma /QZ g 833 T+ ( do ]actln + de Jact
(4.32)
Combining these results, we obtain 4.21. O

4.4 Linear Theory

In this Section, we solve the model equations at steady state. That is, we assume that the

cell is moving at a constant speed

X; 09X,

8t = W = o, (433)

and that the state of the cell is stationary with respect to the coordinate system moving at

speed vg. The cell has length Xy — X}, = L. We look for a closed-form expression for vg.
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Suppose ¢, = cj are constant, and the fluxes fi, = fi = Jactin = 0, so that the cell is
at rest. Then,

vw=v=u=0, (4.34)

and 0 = 0%, 0 = o*, p = p*, and ¢ = ¢* are all constant. We assume the following flux

relation for the ion channel currents:

N

.b, b, b, Cl qzi ,

it =3 "Gy, ppf = (&f) + 170", (4.35)
=1 l

Here, 1 is the chemical potential difference across the membrane, and Gy; are constants.

In matrix form, this can be written as

i =aub/, (4.36)

where G is the matrix whose entries are given by Gy, j>f = (ji)’f, - ,j;’\}f)T

is the vector
of ion channel currents and likewise for p®/. The second law of thermodynamics asserts
that (G 4+ G7)/2 must be positive definite, and Onsager reciprocity requires that G be

symmetric. The above includes as a special case the relation 4.15, which we can write as

b, b,

il =g, g >0 (4.37)
In this case, G is diagonal. The added generality of 4.35 or 4.36 covers the case of passive
membrane transporters such as the Na-K-Cl cotransporter. We take the pump currents to
be constants:

a£ = a® = constant = a). (4.38)

This is a frequently used simplification which is justified if the substrate concentration is

not low and ATP is found in abundance.
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We let —% <z < % rewrite equation 4.5 as

6ck qzK a(;5 . f f.
D (G4 e fl) = —entf+ £l

Dy (3Ck qz 09

(4.39)
- b b.
O + kBTCk(?x) Ckfw+fk7

For steady state solutions, %Ct’“ = 0, and (cxvo + fx) is a constant, where the fluxes fj are
constants to be determined. By convention, the flux is positive in the outward direction

(from inside to outside the cell). We now impose a small active flux

b 5k
ap = ag —
4.40
f_ a0 + 519 ( )
a = ag +

where 8 > 0, 6 < 1. We want to know how the concentration, voltage, and velocity of the

cell change under this small imposed difference. Let
cx = ¢, + dg, ¢ =" + 1. (4.41)

The functions dj, and 1 are deviations of the concentrations and voltage from c; and ¢*
respectively and are assumed small. The functions f; and vy are small quantities, since their
values is the absence of this small flux are 0. We now write all equations assuming these
quantities are small (retain only terms that are linear in the small quantities). Equations

4.39 and 4.3 yield

—Dy, < D + kBTCk e fuwer + f, (4.42)

N
> zkdy, = 0. (4.43)
k=1

To obtain the second equation, we used

> zc; =0. (4.44)

k=1
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At steady state, we had

N
Z le,u?’f + ag =0, (4.45)
=1
while now
al ﬁk
=1

Subtracting these,

N * f
¢ +d qz ,Bk
= § In | +——1 f 4.4
e <n< o ) k:BTw ) 5 (4.47)

=1

where d£ = di(L/2), and we used ¢/ = ¢* = 0. Since d£ is a small quantity, we can linearize

further to get
Z G ( qulwa ) + % (4.48)
Similarly, we have
—fr= Zle ( l kflwa> - %, (4.49)
where db = di(—L/2).

Now, let us solve for the deviations. Take the derivative of 4.43 with respect to « and

use 4.42 to eliminate derivatives in di. Then

N N
(Z 2 > Zpi = fuch). (4.50)

k=1

This shows that 1 is a linear function of x. From this and 4.42 we also find that dj are

linear functions in x. By symmetry, we must have

b
dy = —"x, Y= %x & =—dl, b=yl (4.51)
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Substituting this back into 4.42, we have

af
Dy, f 4 qZk: ¥ l 9z f
—2=t (d Gl ) + fuch = § G\ G T
Define the matrix H whose entries Hy; are given by

D
Hy =G + 2%07%7

where dy; is the Kronecker delta function. Using 4.48, we have

N

df. toi T — ch - <—fw(H_1)szZk + (H_l)kzﬁl> :

=1

Summing over k,

N N N ,Bl
Zcﬁi-—ZZ( "Dt +(H1)k12>7
k=1 k=11=1

and df = —dJ.

At steady state, to first order, 4.6 is

0
Z (6% ) =
50 V)

and so v is constant in z. We also rewrite 4.8 and 4.10 to first order as

do

~ —ns0 v —nb* (v —u) =0,

and

3 +n0* (v —u) = 0.
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(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)



Adding 4.57 and 4.58, and integrating, we have

X (op 80) Xy
— — 4+ — | dx = / 0" v dz.
/Xb (555 Ox Xy !

Since 8*v is constant in x and using 4.11, we find

'L
2,

Also, by 4.7, given that v is constant, we must have

f b

Jactin = ~Jactins

and

Jacti
_ aec*m + o,

L (e
2dg 0* '

Putting these into 4.58, we find that

v =

*

=—n(1+n—
p(z) 77<+n2dg

By 4.12,

S

assuming ai, = a’, = a,,, and fixing the outside concentration at ¢, we have

SO
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) (jzjjctin - 9*’00)%‘ + BP'

(4.59)

(4.60)

(4.61)

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)



and B, = p*. Hence,

O LY N
[p) = —n <1 + n2d > (jafctin -6 00)5 — dgu. (4.68)
9

Assuming the outside concentration is fixed at ¢, we also have

N N N B
Z[Ck]f — _ Z Z (—!}‘;ﬂ([{_l)klc;k + (H_l)kl21> . (4.69)
k=1 k=1 Il=1

Combining now 4.12, 4.63, 4.68, and 4.69, and solving for vy, we find

—L(NakpT(e, H-'8) + Bl (L (14 (NakpTle, H-'e)) + ¢ (0" + 1 (1+ 55L)))

(14 B2L) (1 + CNaknT(e, H-1e) + ¢ (n, 4 (14 35L))

v0 =

(4.70)

4.5 Numerical Method

In this Section, we develop a numerical scheme that allows for the solution of the model
equations. We use a splitting scheme for time stepping, alternating between the update
of X, ¢t and ¢, o0 and 0, and p. For each of these substeps, a backward Euler type time

discretization is used. Computations were performed in Python 2.

Let L be the length of the domain, Ax be the spatial grid size, and N, be the number
of grid points so that N,Ax = L. We let the time step be At. Let X7, Xy, cgﬂ", o, o,
6", p™, and u™ be the discretized values of X, ¢i, ¢, o, 0, p and u at the I-th grid point at

time ¢t = nAt.

To ensure stability, we use a CFL-type condition, requiring that At satisfy

At < LA, (4.71)

Ub

where vy, is a characteristic velocity of the system - in this case, we have two possibilities:
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the fluid velocity u, or the boundary velocity. We choose the more restrictive one of the

two conditions.

We set initial conditions for ¢, 0, Xy and X;. We assume the following relations to

define o:

b 0
on(0) = —NakpTpo <90 - 290) . oa(®) = ko, (4.72)

where pg is the initial network density, k, is the active network pressure flux, and 6y is the

initial concentration #. Thus, we can compute the initial value of 0. We can use equation

4.8 to find v and put it into 4.10 to obtain

op n Odo ( 0?0 )
- - — —nb = 0. 4.73
Ox n+mns0x * n+1s my (4.73)

To find p and u at time t = 0, we discretize as follows:

(+1)0 _ 10 10 2
p r—__nm <30> . ( Ui glo _ n9l0> O, (4.74)
Az n+ns \ Oz 1+ s

with boundary conditions

o0+ p™ — (poo + dgu®) = (X} — X)),
(4.75)
o0 4+ p" — (poo — dgu’) = k(X ] — X7P).

We solve for p and v only in X, <z < Xy.
Once we have initial values for all variables, we proceed as follows.

Step 1 In the first substep, we update the position of the moving boundaries X and Xj.

Combining equations 4.11, 4.12, and 4.17, we have

N
oS S [NAkBT D> lon] = K(Xy = Xi) + 0

ot 2 —
N (4.76)
0X,, al
5 = utC | NakpT ;[ck] —k(X; — Xp) + 0| + ay.
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We discretize this as

N
X}LJrl :X}L—At <—u"—|—§ NAkBTZ[Ck] —k(X]TcL—X[?)‘l-U _aw> ,
N’“:1 (4.77)
X;"“H = X'+ At <u"+§ NAk:BTZ[ck]—k(X?—Xg‘)—i—U —aw> :
k=1

Step 2 In the second step, we compute the concentration of the ionic species ¢, and the

electrostatic potential ¢. We discretize equations 4.3 and 4.4 as follows:

I(n+1) in (+1)n In
(o —cp n nCL - 1
u pr

At Az _E(
At 0
Sl = 3 () -
k k

1 _1
o), Ut <0 (4.78)

At nh)

(4.79)
l(n+1) in in (I=1)n
Cy, —C nCk — G R e e n
et = (T ), u" >0 (4.80)
n At ns n I-1)n I+5 -1
> sy = Y agt (i el - - a0h)
k k
(4.81)

where we obtained the modified electroneutrality condition by combining 4.3 and 4.4
before discretizing to achieve a more stable method than we would have by simply

taking >, zkcic(nﬂ) =0, and

f”% . C](Cl+1)(n+1) _ C;(n+1) . - C}(€z+1)n + ngn ¢(l+1)(n+1) _ ¢Z(n+1)
ko k Azx kgT 2 Az ’
fl—% . céﬁ(nJrl) . cl(clfl)(n+1) a2k cgcn + Cl(ﬁlfl)n ¢l(n+1) _ (b(l,l)(nJrl)
k b Az kgT 2 Az '

(4.82)

Dirichlet boundary conditions are imposed at 92 - note that for now, we do not have a
clear reason to impose these conditions over others, but this ones are chosen solely for

convenience and ease of implementation. Upwinding is necessary in the discretization
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of the convective flux to achieve a stable scheme.

The grid points immediately before and after each boundary require a special treat-
ment, as values are not continuous across the membrane. We use the quadratic in-
terpolant described in [25] to obtain the solution at these points. On the left side of
each boundary, we use

~i+1 2(1 — AL) i—2 3(1 — AL) i—1 6 L

S orAr PO T TiyAr Pt araneyan?

(4.83)

where the superscript L denotes the value at the boundary on the left hand side.

Similarly, on the right side of each boundary, we use

i 6 3(1 - AF) . 2(1 — ARy .
i—1 R i+1 +2
P T Ar AR ARy T TryArR PO T AR P (4.84)

where the superscript R denote the value at the boundary on the right hand side. Here,

A" is the remainder of XZ; and AT =1 — AL, A schematic of this interpolation is

shown in Figure 4.22.

N
‘pf\/
g
p
! P
Pi;
| | [ | |
1 1 1 1 1
X, x X, X X, X,

2 i-1 z

Figure 4.22: A schematic showing the interpolation for values across the
membrane, from [25].

At the moving boundaries Xy and X3, we have boundary conditions prescribed in 4.5.
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At Xy, we have

A

l_l Xn +1 Xn
fk 2 _ R(n+1) (f ™ +f]{,

+1 n
fk 2:Ck(n+)<f . f_un _flica

(4.85)

At

1+ . . .
where we evaluate f, ° at the points immediately before and after the boundary

respectively. Similarly, at X}, we have

-1 R(n xrtl _ xn n
fk 2:_Ck( +1) (b At b —Uu _f;c)?

H+i I Xt -xp
i 2:Ck( H)( ’ AL L— |+ R

(4.86)

IFi . . .
where we evaluate fJZ at the points immediately after and before the boundary
respectively. Recall that we take the convention that the positive flux goes from inside

to outside the cell. At these points, we use the simple electroneutrality condition

Z 2k cl(nH) 0. (4.87)

We set the above up as a linear problem for efficiency. To improve stability, we
create a block diagonal matrix by ordering the equations as c%, el c}v, o, c%, ... ,c?v,
&2, .. civ T c N = ¢N=. Note that, as set above, the resulting matrix will be exactly
singular, as adding any constant to the electrostatic potential ¢ will yield a solution.
We hence set ¢ = 0 at the right end of the domain by replacing the last equation in

the system with this condition.

We consider two possibilities for ji, and hence for fj, introduced in equations 4.15

and 4.16. These are both non-linear, so in order to incorporate them into our linear
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system, we use a linearization of these expressions. Thus, equation 4.15 becomes

. c'(n-i-l) c (n-l—l)
G~ gekpT([lnck]™) + grzrg ([0 ™) + grkpT kcm - kcen ;o (4.88)
k k

where the superscripts ¢ and e denote the interior and exterior of the boundary re-
spectively. To avoid issues when [¢] ~ 0, we rewrite equation 4.16 as
-GHK __ T

Ik = Pkm[cf€ exp(zg) — cf exp(—xg)] (4.89)

where zp = hpT Then, the linearization is

.GHK __ (aJkGHK ) ! ci(”""l) + (a]/?HK ) ! ce("'H)

Tk N 802 k ocs, k A
. (4.90)
q ( Jk _ ) (¢i(n+1) _ ¢e(n+1) _ [Qﬂn)
kgT 8¢
where ¢ = ,gj[g—%
Y S (LR
O 2 \"*  sinhx o A K oc, ’
1 <sinh Tk )
wy = — — cosh xy,
T Tk
In this second case, for jkGH K we need to know the value of [¢] at time ¢ = 0. However,

we do not set initial conditions on ¢, so in order to use this expression for the flux we
would need to solve the system for ¢, and ¢ at ¢ = 0. Since we set initial conditions
for the concentrations c¢g, we only need to solve the nonlinear system for ¢. We do
this using Newton’s method as follows: we take equation 4.4, multiply by z; and sum

over k, so that it becomes

B ey 06
— | D | =— — =0. 4.91
zkakax< k<ax+zkck6$>> 0 (4.91)
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Our discretization is then

S (R A =0, (192)

where

Az kT 2 Az

-1 n -1 _
-1 Dy (cf,c—c}C )+ Q2 cfk —l—c/,(C )gbl—gb(l 1)>

" b (CJ(CZH) —d e C}(€z+1) + cln (D) ¢z>

(4.93)

Az kT 2 Az

. " . I+1
with all quantities evaluated at time 0. At 0f), we have f,j2 =0at z =0 and

-1
fi, 2 =0at x = L. For the moving boundaries X, we have

1+1
Z Zkafk 24 Z zkfr = 0. (4.94)
k k

Once we have values at t = 0 for ¢, we proceed as before, solving a linear system for

all subsequent time steps.

Step 8 In this third step, we solve for the network phase concentration. Rearranging equa-

tion 4.8, we can write

n 1 0o 06
v = Ou — — 4.95
STt T (g 060 0x (499
so that the equation for the conservation of the network phase 4.6 becomes
00 0 n 1 9do 06
— +— Ou — —— ] =0. 4.96
ot " ox <n+n5 T ) aeax) (4.96)

Assume o is of the form 4.9 with o, and o, as in 4.72. Then, under the assumption
that k, = 0 (and therefore that o, = 0),
to

- 2 2
0(on) NaksTpo <0n + \/Q(NAkBTpo) + Un> ) (4.97)
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and

df 0o on
— =1+ . 4.98
dop  NakpTpo ( V2(NakpTp)? + a%) (4.98)

Thus, we can solve

—1 49
0ow , n o L (A0 Oon (4.99)
ot n+ns O0r n+ns \do, Ox?
with boundary conditions
0X 1 d 1 d
Q(O'n) < L_ ! u) + ﬁ = - & je{ctin
ot 1+ Ns n+ns do n+ns dx (4.100)
o( )<8Xb n ) 1  do, 1 daa+ b '
—0(o — u) — —_— = — -
Yot mH4ns n+ns dr n+ns dx Jactin
at Xf, Xb.
We discretize equation 4.99 as
oY - oy n nUT(le)n — o Loogwl 1 n
u =——("2—-g"2), u" <0
At 7+ s Az Az
{(n+1 -1
G A Bt S U WS S SR
At N+ ns Ax Ax
(4.101)
where
1
gl+% o 1 ﬁ —1\ ‘" Ug+1)(n+1) _ O_il(n+1)
N+ ns doy, Az ’

(4.102)

In
7= n+ns Doy, Ax '
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For the boundary conditions at Xy and X3, we have

1 ol -y L
N+ ns Az T g o Jeetn
+1
_ Ln X}l — XJCL _ n n
0(on) u
At 0=+ s
(14+1)(n+1) I(n+1) (4'103)
1+ 15 Az T g e
xntl_ xn
_ H(O'n)Rn b b n u™ ,
At 1+ s

where we set [ as the point just before and after the boundary respectively. Again,

this discretization allows us to solve a linear system.
Once we have o,,, we can get 0 from equation 4.97, and ¢ from 4.9 and 4.72.

Step 4 In the last step, we solve for the hydrostatic pressure p and the fluid velocity u. We

discretize 4.73 as

n n I(n

P+ _ i) o 9o\ L +1) 0 )l 1) ) ol

_ — + 0 1o U
Az n+ns \Ox s

(4.104)

with boundary conditions

O.L(n+1) +pL(n+1) _ (poo + dgun—i-l) _ k(X;L—‘rl _ XZ)H_I) ( )
4.105
O_R(n—H) +pR(n+1) o (poo _ dgun—i-l) _ k(X}erl _ XZLJrl)

at Xy and X, respectively. On the front end of the cell (point labeled R), we approx-

imate its value by the value just before the boundary (R,):

gBa(n 1)) 4 pRa(ntl) _ (p g o) =k X}LH — X, (4.106)

At the back end of the cell, we use an interpolation as described in Step 2. Again, we

solve for p and u only in X < x < Xj.
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4.5.1. Convergence Study

In this section, we look at the behavior of the method described in Step 2 to compute cg

and ¢. Rather than solving the complete model, we set sinusoidal moving boundaries
Xp(t) = 0.4 — 0.3sin(t), X¢(t) =0.6 —0.3sin(t), (4.107)

and solve only for ¢, and ¢. In order to avoid the use of a non-linear solver at ¢t = 0, we

use ij.

Suppose that the true solution to the electrodiffusion equations as above is ¢ , and

that

C
llerar — ¢q g ||pee < ok (4.108)

VI, where k is the order of the scheme, and the second index for the concentration gives the

number of grid points. Then,

|le1,91 = €100l = [leg,90 — €1 0141 + €1 g1 — ¢ g4z + .|

o0
Z |ley grem = €q grrm—1]|
m=0
a o« 1
¢« 2(tm)k 9tk \ 1 — 2k
1\*
(=)

Suppose ||c1,N — €1,00|| L is monotone decreasing. Then,

IN

|
o)} 3

H01,2l - 01,2l+1|‘L°°

log = k. (4.109)

2 ||01,21+1 - 01,2l+2||L°°

We fix At to satisfy the CFL condition in the most restrictive case (for the finest grid),
and run for a total simulation time 7" = 1. We then vary Az. The results are displayed in

Table 4.6.
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I max(|c g — ¢ g141]) k

6 0.125320 0.988260
7 0.063172 0.990485
8 0.031795 0.990638
9 0.016001 -

Table 4.6: Table showing that the order of convergence
of our scheme is k ~ 1.

4.5.2. Simulation Results

In this Section, we show some results of the complete simulations. Figure 4.23 shows the
positions of the boundaries initially and after running the simulation, while Figure 4.24
shows the profiles of an ionic concentration and of the network concentration at different

times.

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.23: Cell position at the start and end of the simulation with
total time ¢ = 2. (This figure shows the position of the boundaries, the
rectangles are otherwise artificial).
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le—7+6e—1 +6e—1

15
. 14
1ol 0.00000
0.5
0.000000

0.0

-0.5 0.000001 -
-1.0
0.000002 4 /\
-1.5
00 0.2 0.4 0.6 08 1.0 0.0 0.2 04 06 08 1.0
(a) c1 at t = 0.0025 (b) ¢1 at t =0.25
0.07 0.12
0.06 0.10
0.05 0.08
0.04 -
0.06
0.03
0.04
0.02 A
0.01 0.02 7
000{ — 0.00 -
00 02 04 06 08 10 00 02 04 06 08 10
(c) 0 at t = 0.0025 (d) @ at t =0.25

Figure 4.24: Concentration profiles for ion 1 (¢;) and network () at times
t =0.0025 and t = 0.25.

4.6 2D Model Formulation

In this section, we develop the 2D model that will form the basis of the continuation of this

work.

Consider now a bounded domain ©Q C R2 where the cell lives. The cell membrane

location is the smooth closed surface I' C 2. The membrane divides {2 into two regions.

Let ©; C Q be the intracellular region bounded by I', and let Q. C Q\ (£2; N T') be the

extracellular region.

In the intracellular region, the unknowns will be the concentration of each ion species

cx, k=1,..., N, the electrostatic potential ¢, the concentration of the actin network phase
#, the fluid velocity u, and the hydrostatic pressure p. In the extracellular region, the

unknowns will be u, p, ¢;, and ¢. Another unknown quantity is the membrane location
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X(s,t) where s is the material coordinate of the membrane (or the actin cortex). As before,

we will denote the jump of a quantity o across the membrane by [a] = a), — Q-

We retain equations 4.1 and 4.2. For the electrostatic potential in €2; and €., we still

have electroneutrality
N
= qzrck (4.110)
k=1
Similarly, equation 4.4 becomes
8ck Dk:
R . =V _r 4.111
ot +V-(uceg) =V <Ck kBTka> ( )
in Q;, Q¢, with boundary conditions
Dy,
\Y% \Y% =0 4.112
(crpia (4.112)
on Jf2, and
Dr g +f (4.113)
cplu——— n=c -n .
k kT 20" k ot k
on I';, ['c.
For the network concentration, we modify 4.6 to get
00
— +V-(Bv)=0 (4.114)
ot
in €;, with boundary condition
0X .
0 (at - V> ‘11 = Jactin (4115)
on I';. Here, v is the velocity of the network phase, which satisfies
(4.116)

Vo —nb(u—v)—nbv=0.
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Assuming a constant amount of actin, we must impose the condition

/ Jactin dmp = 0. (4.117)
r

Outside the cell, in )., we model the force balance by the incompressible Stoke’s

equations of fluid flow with an electrostatic force term:

V- (Em(u,p) =0 (4.118)

V-u=0

Inside the cell, in ;, we use again a Brinkmann equation with an electrostatic force term:

V- (Em(w,p)) —nb(a—v) =0

(4.119)

V-u=0

Here, ¥,,, is the mechanical stress tensor
Em(u,p) = v(Vu+ (Vu))") - pl, (4.120)

where v is the viscosity of the electrolyte solution, (Vu)’ is the transpose of Vu, and I is

the identity matrix. Together with these, we have the following boundary conditions:
[u] =0 (4.121)

on 09 (no-slip),
[(Em(u,p)) n] = —on + Felastic, on I';, T, (4.122)

on I'; and T'¢, and the continuity condition

X
u-— 8875 = fun, onI;, e (4.123)
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on I'; and I',. We assume that the mechanical force can be derived from an energy functional

Emembrane(X) = / S(X) dml"ref, (4124)
r

ref

where € is the elastic energy density measured with respect to mr,, the surface measure

of I'ter. Then, F embrane satisfies

d

0X
%Emembrane(x) = - / Fmembrane :
T

4.6.1. Free Energy Identity

Combining the work in [31], and [30], we have
d
</ wdx+/ E(X)dmrref—i-/ endx>
dt Q;UQ, Trer Q;
- _/ 20|Vsul2+ Y Ny, D IViel2 | dx
QZ‘UQE k=1 kBT

—/ <[1/1w]fw + ZN[Mk]fk> dmrp (4.126)
r k=1

+/ D O /A P
. U@t 4o 9 Jactin mr

—|—/ 0oV -v+v-(nf(u—v)—nsbv)dx.
Q.

7

4.6.2. Numerical Method

The next step will be to develop a numerical method to solve the system described above.
This method will involve the Immerse Boundary Method for the fluid solver, where we have
to solve Stokes’ equations in 2D with an elastic immersed structure (the cell membrane). We
will also need to account for movement in the membrane, and discontinuities in quantities
of interest. A starting point will be the method presented in [54], which considers a similar

system, with a single, uncharged solute.
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APPENDIX

A.1 1D Bleb Model Numerical Method
We use the following algorithm to solve the system 1.12-1.19:

1. Solve for ¢ and c at t + %At:

n+z n
"2 —¢
il — Qg™ — s (A.1)
5AL
1 1
€an+§ —a" — Cn+§ exp *|ZE% - 'I701| . anJr% exp ‘J’JWL’L 7 ﬂf?‘ (A 2)
$AL 1+ cn D F '
2. Solve for :chéb, x{’b, xn, and u at ¢ + %At:
fnti bn+i 1 1, fntl fntid
<2Dg+x(xm 2z ) J e = —af e ()T -2 ?)
bntl, bnt+i bnti
—a” 2 (xm — Te ) (A 3)
fty  ntg
—Kp(zm *—xy ?—1)
b+ n+2
- m(xm 2_$N2+1)
l‘fnn—'—% — 1 1, fn+g fnts fnts n+i
o | T | = R ) - K =2l )
2
(A.4)
b7n+% b,n
Im — Tm 1 bl bn+3 b+ bn+1 n+i
i | e =t | = et e - ol - Konfan ™ -y 4 )
2
(A.5)
f7n+% fn
1% — e 1, fn+s:  fntil 1, fn+s:  ntl
’Ych’n+2 —1x afmta (xm  *—xe 2)—]\4(3’0’7”2 (xe” ?—xpy 2—b) (A6)
2
b7n+l bn
bntl T 2~z bntl, bnti bn+3 bntl, bn+i: n+3
Y VL MWam P—xd P)—Mc"T2(we P —xy 2 4b) (AT)
2
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1
n+3

Ty Ty fint3s nty bn+1 n+i
R Kl =y ) Ko iy )
fin+x f1n+% Tl+% bl b,n—‘r% n+2
+ Mc 2 (xp — Ty —b)+ Mc 2 (x, —zy +b)
(A.8)
3. Solve for all variables at ¢t + At:
cn+1 — " B Qan—l-l 4 a Cn+1 + cn (A 9)
At 2 2 :
e e ) e (gt
= — ex
At T D 2 P F
(A.10)
f7 +1 f7 f7 +1 f7
2Dy + x(zh"2 — a2l = —aft (xm" 2+ o al” 2+ m”)
abnts o by - bl b
2 2
(A.11)
x ( f,n+1 4 xf, 33”N+1 an, - 1)
b’n+1 f7 TL+1 n
x
_Km<mm 2—i—m N . acN+1)
M A RS ATEY R A S
Y A > 5
(A.12)
ol il G\ gy (o wnl ae "
Vm A = 5 >
(A.13)

bn-t1 1
—Km< - ;mm —x7V+2_x?’+1>
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cf7n+% x£7n+1 - $£7n _af,nJr% IE?J;%nJrl + lebn _ $£7n+1 + CUZ’n
e At 2 2
ot + b Al gn (A.14)
— McInta [ =€ ¢ _ N N _p
2 2
bintd g™t b _ bt o Al a4 aln
Ye At - 2 2
Al
L mb,nJrl +z n xn—i—l _'_xn ( 5)
— Mcnta | = 5 = N 5 N

We can check convergence, for instance, by running the simulation for a fixed time and

comparing the distance d traveled in each case as At = 1/2! gets smaller. The order of

convergence is then given by

1

0g9 <

|d21 - d21+1|

A.16
|d2l+1 - d2l+2| ( )

)=

The result of this is shown in Table A1, given convergence of order 2.

Table Al: The simulation was run to 7" = 10.0, and distance d traveled was com-
pared. This shows the order of convergence is k ~ 2. Parameters used here are

Q = 40, ¢ = 0.01, D = 0.15,

F =0.99, M = 0.0081, b = 0, vm = 0.8 x 1073,

Kn=01,yw=10"%~.=10"% D, =107 y =1075.

1 |dy —dysi| K
10 2.8436e—5 1.7861
11 8.2452e —6  1.8330
12 2.31426e — 6 2.0532
13 5.5763¢ —7  2.1849
14 1.2263e —7 2.1732
15 2.7191e —8  2.1792
16 6.0035¢ —9  ——

We may also inspect convergence visually by plotting the solution for each At, as shown in
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Figure Al.

Convergence Study
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Figure Al: Parameters used here are ) = 40, ¢ = 0.01, D = 0.15, F' = 0.99,
M = 0.0081, b =0, v, = 0.8 x 1073, K,,, = 0.1, vy = 1076, ~, = 1074,
Dy =101, x =107°.
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A.2 Single Point Dynamics

Consider the following simplification to the system defined by equations 1.12 - 1.19: assume
the cell to be symmetric, so that x,, = xf; = —xf’n, T = x{ = —xlc’, zny =0,and a = af = a?,
¢ = c¢f = ¢b. In this case, neglecting fluid drag terms, we get the following force balance

equations:

0=a(xy —z:) + Kp(xm — 1) (A.17)

0=a(xy —x:) — Mc(x. —b) (A.18)

In the particular case where b = 0, this recovers a simplified version of the model presented

in [26]. Solving for x,, and z., we get

_ (e+Mc)Km+Mcab
Tm = aMctaKp,+McK,,’ (A 19)
T _ aKpm + Mca?b + Mcb
¢ 7 aMctaKm+McKm (a+Mc)(aMct+aKm+McKm) a+Mc>

so that the model is reduced to two ODEs:

e _ Qg -—
o a—c (A.20)
5 = e (Tam — 1) —a (ham —w.))

As presented in [26], this system exhibits four different behaviors: monostable, bistable,
oscillatory, and excitable. Sample trajectories of each are shown in Figure A2. Of most
interest to us is the excitable regime, where sufficiently large perturbations in the system

drive the formation of blebs, rather than immediately returning to steady state.

A.2.1. Single Point Dynamics (Stochastic)

Let

c 1 cME,,
_ 1 A21
9le,a) cexp( Da]%c—l—a,Km—|—cMKm>7 ( )
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Figure A2: Range of behaviors of the system given different parameter
sets, visualized by the nullclines for system A.20. Also plotted are sample
paths. The monostable parameters are 2 = 100, ¢ = 0.1, F = 6.3,
M = 0.09, K,, = 0.08, and D = 0.23. The bistable parameters are
Q=65 €¢=01F =29 M =043, K,, = 0.016, and D = 0.19.
The oscillatory parameters are 2 = 100, e = 0.1, F = 1, M = 0.007,
K,, =0.1, and D = 0.15. The excitable parameters are 2 = 10, ¢ = 0.1,
F=1, M =0.007, K,,, = 0.1, and D = 0.15. These values were obtained
from [26].

h(e.a) 1 MK,
C,a) = aex — .
’ P\ FaMc+aK,, + cMEK,,
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The Kolmogorov forward equations are given by

0 R R N ~
Tk = (e, all— 1)prr — gle;ak)py — he;ak)p + he,alb+ D)prsr,  (A.23)

where g and h are modifications of g and h that we need to determine.

Introduce the rescaled variable z = a—; and transition rates aKG(z) = g(c, Kx), and

oK H(z) = h(Kz). If we multiply both sides by % and summing over £,

K
% Zpk =aK Z[G(w) — H(z)]px- (A.24)
k k=0

In the limit as K — oo, statistical correlations can be ignored so that we can take the

mean-field limit to get a deterministic equation for the fraction = of formed adhesions:

Ox

5 = G(z) — H(x). (A.25)
Thus,
da N
i g(c,a) — h(c,a), (A.26)

and we recover the original ODE by setting g(c, ak) = L g(c, ak) and h(c,ak) = Ln(c, ak).

Figure A3 shows stochastic simulations using Gillespie’s algorithm for increasing values
of k in the ODE case as described in the text. As expected, increasing k gives a closer

approximation to the deterministic path.
A.2.2. Mesoscopic Limit

We can also determine the statistical correlation by the system-size expansion [4], [27].
Consider the master equation A.23. If K is sufficiently large but still small enough to have
the intrinsic fluctuation, the dynamics of the adhesion density is governed by a stochastic
differential equation (SDE). We refer to this equation as the mesoscopic equation. Here we

determine the mesoscopic equation by using the system-size expansion.
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k=50 k=100

10.0

O
)]
o 1
]
C
< ] T T T
L
< k=1000
= 100
P4 I
(]
£ 751 -
o
O 5.0 1
2.5 4 k
0.0 T T T ] T T T
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6

Adhesion density a

Figure A3: Stochastic simulation of the ODE system A.20, and a sample
deterministic path. As k increases, the stochastic path resembles the
deterministic path more closely. The parameters here are {2 = 30, € =
0.01, F=0.9,b=0, M =0.007, K;, =0.2, and D = 0.15.

The basic idea of the system-size expansion is to set x = % and pg(t) — p(x,t) treated as

a continuous function so that any smooth function f(z) is Taylor expanded by

2
f (:1: — %) = f(z) — K‘ls% n %K—%?% +O(K3). (A.27)
Taking
Ge(r) = 0(Kx),  he(e) = h(Ka) (A.28)

and carrying out a Taylor expansion of the master equation A.23 to second order, yields a

Fokker-Plank (FP) equation of the Ito form,

2
O 1) = — - [l )] + o s VAl ) (4.29)
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where p. = g — }Nzc and Vf = g”LQFL“ The FP equation A.29 corresponds to the Ito SDE

1

2

Since we desire ape (%) = g(c,a) — h(c,a), we deduce that

dac = ~lgfc,) — hie,anldt + ¢ 2 l9(e.a0) + (e, a) )W, (A.31)

A.2.83. Modeling a Section of the Membrane

One can extend the single point dynamics to a section of membrane by making a small
modification to equation A.32, adding a spatial derivative, so that the simplified system

becomes:

oc
— =Qa — A.32
T a—c (A.32)
da ¢ —|zm — x| |Zm — |
€5 = 1_i_cexp< 5 > —aexp( = (A.33)
0=a(zm —zc) + Km(xm — 1) (A.34)
0%ym
0=a(xm, —xc) — Mc(xe.—b) + 7 (A.35)

0x2
Equations 1.12-1.13 are as before, reproduced here for convenience.

This system allows us to reproduce the result in [26], as shown in Figure A4, and introduce
stochasticity, as shown in Figure A5. This is done by applying the same method as for a
single point, for multiple individual points along the membrane, each with its own a — ¢
system. However, in this model, the cortex does not move at all, and once the bleb heals,

the membrane returns to its reference position, so that the cell does not travel.
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Figure A4: Simulation of the hybrid system A.32. The parameters here
are v = 0.25, Q = 30, ¢ = 0.01, FF = 3.0, M = 0.007, K,, = 0.2, and

D =0.15.
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Figure Ab5: Stochastic simulation of the hybrid system A.32. The param-
eters here are v = 0.1, Q = 30, e = 0.01, F = 0.9, M = 0.007, K,,, = 0.2,
and D = 0.15. We set o = 0.3125 x 1073, with steady state value of
a = 0.3125 (hence k = 1000).
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A.3 Parameter Study

Figure A6 shows the effect of varying each dimensionless parameter on the distance traveled
by the cell, and the duration of the blebbing event. The ranges shown correspond only to

the excitable regime.

3% 36 38 _ 40 42 4 0,025 0050 0,075 0.100 0.125 0.15 150 0.152 0154 0156 0.158 TO 11 12 13 14 15 16
3 D F

ese o esessevssenea esesesecsssccsscnnna
sesenesene . oo DRI
e

Distance travelled
o

2
0.00720.0074 0.0076 0.0078 0.0080 0.0082 000 001 002 0035 004 005 0.0002 0.0004 0.0006 0.0008 00 02 04 06 08 _10
M b Ye Yn le-6

oo sesaneee

.
A R

090 0.095 0.100 0.105 000 0.001 0.002 0.003 0.004 0.00: 000 002 004 006 008 010 000 002 004 006 008 010
m ¥Ym 9 X

(a)

Figure A7 shows the effect of varying each dimensionless parameter on the distance traveled

by the cell. The ranges shown correspond only to the excitable regime.
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Figure A6: (a) Distance traveled by the cell upon perturbation. (b) Duration of
blebbing event. (c) Bleb size, as measured by the largest difference between z and
x{; (subtracting the steady state separation). In each case, the indicated parameter
was varied, and the rest were fixed with the following values: © = 40, ¢ = 0.01,
D =0.15, F =0.99, M = 0.0081, b =0, v, = 0.8 x 1073, K,,, = 0.1, v = 1075,
Ye=10"% D, =107 y =1075.
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Figure A7: (a) Distance traveled by the cell upon perturbation. (b) Bleb size, as

measured by the largest difference between z and xﬁb (subtracting the steady state

separation). In each case, the indicated parameter was varied, and the rest were
fixed with the following values: w = 0.4, r = 0.1, ko, = 100, kory = 10, co = 1,
§ =15 k=090, fo =873, £ = 1074, K, = 100, dy = 1077, ¢ = 0.14, 0 = 6.93,
£8=0,1=10,n.=0.9, ny = 0.009.
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APPENDIX

B.1 Deriving the Equations for CO5

The equations for COy must satisfy the following conditions:

Twjw + p >0, (B.1)
and for ¢ ~ ¢ we must have
d |vc J Liyv Lio| | p
Jw Lo Lag| |7y

where L is a positive definite matrix with entries L;;. For notational simplicity, we use

¢ = cco,. We have

. A c
My =" —c——, ,u—ln(g). (B.3)
We set

d ¢ d

2 (ve) = —k(e— ) + 2

dt 2 dt (B.4)
Yo (o2 |
dt 7 v)’

where [ is a constant to be determined. Now, we can rewrite B.4 as

“ (B.5)
(=)~ ¢)) ~ ¢
=—((1=o »
Then,
divc el A —o)iTe g(e+eiC) |In (B.6)
flo ((1 - 0) ¢ -
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We require Lis = Lo1 as ¢ — c®. Since

c—cf d - . o
me <dclncce> =c®asc— ¢, (B.7)
(1 —0)c® = c°l¢, (B.8)
and
l=(1-o0). (B.9)

To symmetrize L, we take the average of Lis and Loy:

Ly = (B.10)
36+ —0)¢ ¢
with
__c+ ct ., Cc— ct
e=— ¢= me (B.11)
Then
1
det Ly = k¢ — (¢~ &2 (1 —0)%C. (B.12)

We need det L > 0, so we must set ¢ = ¢. Note that these are approximately equal, and so

our equations are

d —c° d
@(UC) =—k(c—c)+ Clnii (1 U)d—:’
(B.13)
dv . A
dt——C(U(C —c) - >
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APPENDIX

C.1 Parameter Values
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