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Stochastic modelling suggests that an elevated superoxide
anion - hydrogen peroxide ratio can drive extravascular
phagocyte transmigration by lamellipodium formation
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H I G H L I G H T S
� Aggregates of higher order RRA-oligomers may facilitate lamellipodium formation.

� RRA-oligomer driven free radical accumulation can prolong membrane perturbation.
� The response curve of ECSOD is bimodal, and is separated by a steady-state phase.
� There is an inverse association between superoxide anions and hydrogen peroxide.
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Chemotaxis, integrates diverse intra- and inter-cellular molecular processes into a purposeful patho-
physiological response; the operatic rules of which, remain speculative. Here, I surmise, that superoxide
anion induced directional motility, in a responding cell, results from a quasi pathway between the sti-
mulus, surrounding interstitium, and its biochemical repertoire. The epochal event in the mounting of an
inflammatory response, is the extravascular transmigration of a phagocyte competent cell towards the
site of injury, secondary to the development of a lamellipodium. This stochastic-to-markovian process
conversion, is initiated by the cytosolic-ROS of the damaged cell, but is maintained by the inverse as-
sociation of a de novo generated pool of self-sustaining superoxide anions and sub-critical hydrogen
peroxide levels. Whilst, the exponential rise of O2

.- is secondary to the focal accumulation of higher order
lipid raft-Rac1/2-actin oligomers; O2

.- mediated inactivation and redistribution of ECSOD, accounts for
the minimal concentration of H2O2 that the phagocyte experiences. The net result of this reciprocal
association between ROS/ RNS members, is the prolonged perturbation and remodeling of the cytos-
keleton and plasma membrane, a prelude to chemotactic migration. The manuscript also describes the
significance of stochastic modeling, in the testing of plausible molecular hypotheses of observable
phenomena in complex biological systems.

& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The chemically driven motion of a cell (chemotaxis), is the
migration of cells along a concentration gradient of a particular
chemical moiety. This conserved evolutionary phenomenon is
commonly seen in endothelia, neutrophils and monocyte-macro-
phages of higher organisms, as well as, in simple eukaryotes
(Dictyostelium discoideum) and prokaryotes. The chemical struc-
ture notwithstanding, inductive behavior in a cell, for a particular
compound, depends on a dynamic clustering of a multitude of
factors. The proposed mechanisms involve flagellar clockwise
hat an elevated superoxide anion - hydrogen peroxide ratio can
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Fig. 1. Chemotactic motility in diverse organisms. The movement of cells towards a
chemical moiety is as diverse as the organisms themselves and includes: flagellar
rotation, pseudopodia generation, and amoeboid motion. Both, attractant and re-
pellant mobility have been demonstrated under laboratory conditions. The in-
flammatory response in tissues is spatio-temporal with the release of damaging
free radicals or their precursors secondary to cellular injury, increased vascular
permeability, diapedesis, and transmigration of phagocytic competent cells to-
wards a chemo-attractant(s).
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(CW) and counter-clockwise (CCW) motions, coordinated micro-
spike and bleb development (D. discoideum), and F-actin mediated
pseudopodia generation (Fig. 1) (Yousif et al., 2015; Lin et al., 2015;
Tyson et al., 2014; Brown et al., 2002). The resultant movement
may either be convergent (chemoattractant) or divergent (che-
morepellant). In Escherichia coli, the chemical nature of the in-
ducer determines the quanta of movement. Attractants include:
serine, aspartic acid, and glucose, while repellants such as fatty
acids constitute the noxious component of the stimulus (Edging-
ton and Tindall, 2015; Nagy et al., 2015; Pasupuleti et al., 2014;
Danielson et al., 1994). These effects are mediated by extensive
signal transduction networks, downstream of at least five trans-
membrane receptors (Shimaoka et al., 2004; Borkovich et al.,
1989). In higher organisms, the progesterone secreted by the cu-
mulus oophorous influences spermatozoal movement when in
proximity with the ovum (Guidobaldi et al., 2008). The social
amoeba, D. discoideum, exhibits a trimodal life cycle. The transition
from the stage of nutritional deprivation to one of surplus, results
in a shift from unicellular morphology to an elaborate multi-
cellular sessile fruiting body. This is facilitated by an intermediate
aggregate form referred to as the ‘slug’. Chemotaxis, is exhibited
early in the lifecycle with the stimuli being folic acid (FA) and
cyclic-adenosine monophosphate (cAMP) (Wessels et al., 2014;
Srinivasan et al., 2013; Segota et al., 2013).

Inflammation, an innate immune reaction to noxious stimuli
(infection, injury), is initiated when the first line of host defense is
breached, i.e., a compromise in the integrity of anatomical- (skin
and acidic pH of the gastric mucosa) and physiological-barriers.
This generic patho-physiological response is characterized by: lo-
cal hyperemia and raised skin temperature (secondary to chemical
vasodilation), swelling (exudation of fluid into the interstitial
space through endothelial gap widening), pain (involvement of
nerve endings), and tissue damage (phagocytosis following dia-
pediasis, extravasation, and transmigration). The inflammatory
process, within tissues, maybe secondary to a range of causal ir-
ritants, viz., physical, infective, chemical. These covert occurrences,
however, are not entirely benign and are often precursors to a long
term systemic pathology (dysplasia and squamous cell carcinoma;
atherosclerosis and cardiovascular disease; inflammatory bowel
Please cite this article as: Kundu, S., Stochastic modelling suggests t
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disease; hepato-biliary pathology as in steatosis, hepatitis, cir-
rhosis, and hepatocarcinoma). Mediators of inflammation could be
chemokines, free radicals, an acid/base environment, among sev-
eral others. Reactive oxygen species (ROS), are a molecular en-
semble of free radicals and metabolic intermediates and comprise
superoxide anions ( ⋅−O2 ), hydrogen peroxide (H2O2), hydroxyl ra-
dicals ( �OH) and hydroxide ions (OH-). These occur in tandem
with the reactive nitrogen species (RNS) of ONOO� , NO� , and
NO2 � ROS, as signaling molecules regulate the balance between
cellular proliferation and senescence, influence the magnitude of
immune response, and participate in cytoskeleton remodeling and
migration (Forman et al., 2004; Torres and Forman, 2003; Mik-
kelsen and Wardman, 2003). The concentration of free radicals in
biological systems is dependent on the interleaved processes of
initiation, propagation, and termination. The principal sources of
ROS are enzymes either as a primary product (Xanthine oxidase,
EC 1.17.3.2; NADP(H) oxidase, EC 1.6.3.1; Nitric oxide synthase, EC
1.14.13.39) or secondary to diffusion from the active site (2-ox-
oglutarate dependent dioxygenases, EC1.14.11.x) (Kundu, 2015a,
2015b; Rocklin et al., 2004). The pathways that contribute to
maintaining this chain reaction result in the generation of sub-
strate radicals, and include the hydro- and endo-peroxides of
unsaturated membrane lipids (Lipoxygenases, EC 1.13.11.x) or hy-
pohalous acid (Myeloperoxidase, EC 1.11.2.2). Terminators of this
cascade include dismutation, either enzymatic (Superoxide dis-
mutase, EC 1.15.1.1; Catalase, EC 1.11.1.6; Glutathione peroxidase,
EC 1.11.1.9) or spontaneous self-association; small molecule
scavenging (ascorbic acid, urea, retinol, tocopherols), and in-
tracellular transport by the chloride anion transporter-3 (ClC3)
(Fisher, 2009; Hawkins et al., 2007).

In the absence of an overt ciliary or flagellar contributory in-
fluence, the cytoskeletal network in cells remains a watershed of
subtle chemical fluctuations that transpire extracellularly. Migra-
tion may be in response to a gradient of morphogens (embryonic
tissue patterning), or to mitigate the effects of a noxious stimulus
(neutrophils, monocyte-macrophages). The signal transduction
route usually involves GTP-binding protein(s), secondary mes-
sengers, and several cycles of kinase-phosphatase activity (Sadhu
et al., 2003; Sakai et al., 2003; Sastry et al., 2002; Zervas et al.,
2001; Angers-Loustau et al., 1999; Tamura et al., 1998; Allen et al.,
1997; Nobes and Hall, 1995; Chen and Guan, 1994). Monomeric
GTPase (Rac, Rho, and Cdc42) driven motility is accomplished by
extending lamellipodia at a leading edge, with a concomitant re-
traction of the lagging end (Wong et al., 2006; Van Keymeulen
et al., 2006; Tzima, 2006; Watanabe et al., 2004; Fukata et al.,
2003; Allen et al., 1997). Since the formation of membrane bound
cytoplasmic extensions is, inherently stochastic, with several ex-
trusions developing in parallel, the final outcome may be a func-
tion of a molecular filter that may function to sense and modulate
the chemically defined signaling gradient (Kundu and Subodh,
2011; Hattori et al., 2010; Andrew and Insall, 2007). The output of
this hypothetical unit could then initiate the appropriate feedback
mechanism(s) by actuating downstream pathways, thereby, en-
suring the maturation of a single dominant extension with con-
sequent vectorial movement. A role, albeit, indirect, for ROS/RNS in
this cell steering activity has been postulated and investigated
(Kundu and Subodh, 2011; Hattori et al., 2010; Andrew and Insall,
2007). The emphasis of much of this work was on the hydrogen
peroxide mediated activation of the GTPase-PLC/D-calcium/PTEN
or Axl-PI3K-Akt1 transduction axes to bring about migration sec-
ondary to redox-based cytoskeletal rearrangement (Huang et al.,
2013; Andrew and Insall, 2007; Fischer et al., 2005; Usatyuk et al.,
2003; Vepa et al., 1999; Hastie et al., 1998; Natarajan et al., 1996).
However, H2O2 is a potent phosphatase inhibitor, and can rapidly
increase the pool of kinase-mediated phophorylated proteins. This
phosphate-sink, can deplete the cell of available ATP, saturate the
hat an elevated superoxide anion - hydrogen peroxide ratio can
Theor. Biol. (2016), http://dx.doi.org/10.1016/j.jtbi.2016.07.002i
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Fig. 2. Static stochastic models of the membrane dynamics of a phagocyte in the
presence of a chemoattractant. (A) Here, despite the proximity of the inducer,
membrane activity is random and self-limiting. The response is characteristically
bi-phasic with an equal probability of all membrane loci developing a dominant
extrusion (T0), and inconsequential fluctuations that persist indefinitely (T1) until
the inducer is removed, (B) in this representation, the response of the approaching
cell may comprise three phases. While, T0 and T1a are as above, T2, suggests ad-
ditional involvement of one or more molecular switches and signal accumulators.
Stochasticity resumes at the reset baseline (T1b).
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transduction pathways, result in cell cycle arrest and senescence,
and inhibit migration due overpolymerization of F-actin (Shi et al.,
2014; Kim et al., 2012; Guyton et al., 1996; Kawakami et al., 1996;
Volberg et al., 1991). This apparent contradiction depends on the
dose of H2O2 that the cell experiences. Whilst, low concentrations
enhance migration and proliferation, high levels result in irrever-
sible senescence (Kim et al., 2012; Zhou et al., 2011; Park et al.,
2006).

The major premise explored in this work is that the responding
cell is able to maintain sub-critical levels of H2O2, while generating
and maintain exponential concentrations of membrane derived
extracellular phagocyte ⋅−O2 . Clearly, for these short-lived inter-
mediates to function as signal transducers, their half-lives ( )t1/2

must be extended. Here, I explore two facets, i.e., self-sustained
generation and terminator exhaustion, either exclusively, or in-
tandem, as causal, for these changes. The plasma membrane
bound and stimuli dependent leukocyte NAD(P)H-oxidase is as-
sembled in real time secondary to successful twin translocations of
the p40phox–pp47phox–p67phox complex and the Rho-GTPase (Rac1/
2) to the membrane, in tandem with the turnover of secretory
vesicle and granule bound p22phox–gp91phox complex (Babior,
1999). Additional, critical components of this stimulus driven real
time network are ECSOD, lipid rafts (ordered microdomains of 8–
200 nM enriched in cholesterol, sphinomyelin, and saturated fatty
acyl chains), and F-actin. The postulated response curve is,
therefore, likely to be flat with a slow sustained rise followed by
multiplet peak(s); a pattern suggestive of repeat cycles of super-
oxide production by the phagocytosis-competent cell. This con-
tinuum of cytoskeletal associated membrane remodeling is critical
to the development of direction-specific lamellipodium formation.
Mathematical modeling, despite its speculative nature offers in-
vestigators insights into phenomena that are observed with diffi-
culty, or, not at all. Most models equate the change in the quantity
of a dependent- with one or more independent-variable(s). The
solution to these ordinary-, partial-, or stochastic-differential
equations (ODEs, PDEs, SDEs) may be ascertained analytically or
numerically. Deterministic methods (ODEs, PDEs) are specific for a
particular set of conditions and are iteration invariant. SDEs,
usually entail the formulation of a chemical master
equation (CME), and permit an unbiased evolution of the modeled
metabolites (Wylie et al., 2007; Nicolau et al., 2006). This work
focuses on modeling the origins of a dominant pseudopodium, a
critical early stage event in the response of an immune-competent
cell to a necrotizing stimulus. Additionally, plausible scenarios
linking the molecular components of this real-time network with
macro-observable phenomena are presented and analyzed.
2. Results

2.1. Putative plasma membrane dynamics

In an uninduced/unbiased cell the component molec-
ules: (a) exhibit similar Michaelis Menten constants,

⎜ ⎟
⎛
⎝

⎞
⎠− = = −k k k knon enzymatic; def /a m 1 1 , and (b) switch rapidly be-

tween the bound and unbound states. This scenario, clearly leads to the
occurrence of a steady-state equilibrium wherein, membrane blebs/
spikes/protrusions, despite their frequency remain transitory and non-
collegial. The probability scores of individual nodes for this model
(SSM1) were computed as under and combined Eqs. (1) and (12).

⎧
⎨⎪
⎩⎪ ( )

ϕ ϕ

ϕ ϕ
=

+

| − | 1
P

P j k

P j k

, node of observation corresponding to

, node of observaton with value that exceeds
ij

kj i
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i
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i

Here, the quantity ( )( )ϕ = ∑a amin /i ij ij , is used to determine the
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probability of forming a dominant lamellipodium,
from a cluster of nodes present at a finite distance from the
stimulus ( )Pij

final . Since, ϕ< ≤ < = −b ;k i0 1 1, it follows that

< ⋚ < →→P P ; P0 1 lim 0ij kj P ij
final

1ij
(Fig. 2A; Table S1A; Dataset S1). On the

other hand, the introduction of a defined chemical attractant results in
the actuation of several downstream events, of which, most notably, is
the local restructuring of the plasma membrane in association with
elements of the cytoskeleton. This induced bias is modeled and com-
bined Eqs. (2) and (12).

( )( )ϕ= ( )P P 2ij kj i

Similarly, for the same numerical values, it follows that
< →

→
P P ; Plim 1ij kj P ij

final
ij 0

. This implies that the dominant extrusion

can be formed and maintained indefinitely (Phase T1b)
( )≅ ≅ =mean sd N0.93, 0.06, 49obs (Fig. 2B, Table S1B, Dataset S2).

2.2. Computation of a threshold for the ⋅−O2 binary response

Oligomers of lipid rafts, NADP(H) oxidase, and F-actin, and the
generated superoxide anions (Table 1, Tables S2 and S3), were
hat an elevated superoxide anion - hydrogen peroxide ratio can
Theor. Biol. (2016), http://dx.doi.org/10.1016/j.jtbi.2016.07.002i
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utilized as components of a suitably formulated chemical master
equation. The model parameters were adjusted empirically so as to
correspond with RRA-complex formation of ratios greater than a
predefined lower bound (Ψ Ψ Ψ ≥; ; 2.0012 24 48 ). The rationale for this
was that the imposition of a theoretical lower bound in an
otherwise stochastic setting would ensure that the molecular
products, viz., di-, tetra-, and octa-meric forms of the RRA-com-
plexes were at most 50% of the reactants, i.e., mono-, di-, and tetra-
mer forms. Whilst, the data for the lower order oligomers (Ψ Ψ ),12 24
Table 1
Summary of mathematical models utilized in this work.

S. no Mathematical models Features

1. Static stochastic SSM1 Nobs¼53

SSM2 Nobs¼62

2. Dynamic stochastic DSM (1–4) Nobs¼90
Nexp¼3
NR¼15
NRn¼26

3. Regression DSM (1–4) Nobs¼100
Nobs¼1000

Abbreviations
Nobs: Number of observations
Nexp: Number of distinct experiments
NR: Number of reactants
NRn: Number of biochemical reactions.

Fig. 3. Non-linear regression analysis. Scatter plots of ECSOD and RRA-complexes were c
as the source. The curves of equations relating levels of ECSOD (coordinate axis) with RR
analysis was the selection of a curve that differed significantly from the baseline, the cu
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was readily available, the same for Ψ48 needed interpolation. These,
when taken in context of the aforementioned ratios, in particular
the consistently higher ( )Ψ ≥ 3.00 ,48 implies an inhibitory effect of
high concentrations of ECSOD on +RRA8 formation (Table S4A), and
suggests that higher-order oligomerization could be a critical
factor in the genesis of pseudopodia with vectorial bias.

Threshold selection for the static models (SSM -1, -2) was based
on the results of the in silico simulations carried out, vide infra. Data
from the DSMs suggest that the ratio ( )ΨRRA RRA/4 8 48 (Table S4A),
Remarks

� Baseline membrane fluctuations (Eqs. (1) and (12))
� Biphasic (T0, T1)
� Switch mechanism for lamellipodium formation (Eqs. (2) and (12))
� Threshold dependent
� Triphasic (T0, T1, T2)

� Median of timesteps of each experiment
� Incorporation into linear model (Eq. (13))
� Analysis of interpolated data in triplicate

� ECSOD-RRA/RRAþ (Eqs. (3)–(5))
� ECSOD-RRAn (Eqs. (6)–(9))
� Equilibrium analysis (Eqs. (15) and (16))
� Threshold determination (Eq. (14))

onstructed from interpolated data using the dynamic stochastic models (DSMs 1–4)
A-complexes (ordinate axis) (Eqs. (6–9)) were plotted (A–D). Since, the focus of this
rve (D) representing Eq. (9) was shortlisted for further interpretation.

hat an elevated superoxide anion - hydrogen peroxide ratio can
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Fig. 4. Slope analysis of non linear regression curves. (A) The combined plot of
curves (Eqs. (6)–(9)) were analyzed and their slope
(∆ ∆ = ( − ) ( − ))y x abs y y abs x x/ /final initial final initial computed. The largest value (Eq. (9))
was calculated for +RRA8 . This implied maximal divergence for higher order RRA-
complexes. (B) Data for threshold analysis was obtained and similarly analyzed.
However, the selection here was more stringent since the objective was to find the
[ECSOD] that corresponded to the simulation values (DSM1-4). The curve that
corresponded to Eq. (4) was chosen for further analysis, ( )σ( ) ∆ ∆y xmin , min /2 .
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would be most appropriate, i.e., exhibit maximal variance

(σ σ σ≅ ≅ ≅0.0011, 0.0015, 0.1923;12
2

24
2

48
2 Eqs. (3)–(5). Analysis of

the regression equations ( ∶=Ψ )y 48 for the datapoints
( )< ∶= ≤ =x ECSOD ; N0 50000 100obs suggest that variance of the
data may be a better index, as compared to the coefficient of
determination ( )R2 , in making this selection
σ σ σ( ≅ ≅ ≅ )8764.259, 0.04716, 0.053084poly ln power

2 2 2 (Table S4B). Further,
since the main objective was to identify the ratio

( ( ) ( ))Ψ Ψ ≥ ∧ Ψ − Ψmin2.00 obs computed48 48 48, 48, , the natural log
function of ECSOD (Eq. (4)) was chosen as it was the closest ap-
proximation to the modeled data ( )σ slope,min min

2 . This corresponded

to ⎡⎣ ⎤⎦ ≅ − Ψ ≅ECSOD E aM5 06 and 2.92209148 , which was in-
corporated into Eq. (14) and used to compute the threshold value
( )ω ≅ ≅0.465 0.50 (Tables S1B and S4C).

= − − − + + = ( )y E x E x x R3 13 3 2 08 2 0. 000 2. 691; 1 3poly
2

( )= ( )+ = ( )y x R0. 234 ln 1. 475; 0. 861 4ln
2

( )= = ( )y x R1. 908 ; 0. 846 5power
0.069 2

2.3. Superoxide anion levels

The hypothesis explored here, is that localized ROS/RNS can
push the cellular machinery over a dynamically-defined threshold,
and thereby, drive the formation of a dominant extrusion. Statistical
analysis of the non-linear regression curves of the results of the
RRA-complexes with functionally available ECSOD (Eqs. (6)–(9);
Fig. 3, Tables S3, S5 and S6) does not suggest any clear preference

( ( )≅ ≅ ≅ ≤ ≤ − ≅−t t t P t T E t68.16, 26.91, 37.22; 1.0 47; 1.66,stat stat stat
crit
one tail

12 14 18

)≅ =−t df1.98; 100crit
two tail . However, the ratios of the variance data,

i.e., F-statistic for these datapoints ( ≅ ≅ ≅F F F2.22, 1.97, 1.40;stat stat stat
12 14 18

≅ = )F df1.39; 100crit , suggests that Eq. (9) is a superior approx-
imator of the ECSOD-RRA-RRA8 data (Table S6). Validation of this
assumption was sought by computing Pearson's correlation coeffi-
cient ( )rpearson . Once again data modeled by Eq. (9) for the ECSOD-
RRA-RRA8 data performed better ( ≅ )r 0.9165pearson . In contrast, data
for ECSOD-RRA-RRA2, ECSOD-RRA-RRA4 were negatively correlated

( )≅ −r 0.90pearson (Tables S5 and S6). The regression equations may

be formulated ( )= ( ) = =y x degree R; 3; 12 as under:

= − − − + + ( )y E x E x x1 10 3 2 05 2 0. 516 11642 61

= − − − + + ( )y E x E x x5 10 3 3 05 2 0. 531 56414 72

= − − − + + ( )y E x E x x5 10 3 3 05 2 0. 547 26651 84

= − − + − − + ( )y E x E x x5 10 3 3 05 2 0. 595 9732 98

∶=
∶=

y RRA

x ECSOD

concentration of

concentration of
8

A comparison of the absolute values of the slope (η∶ = |Δ Δ |y x/ ) of
these curves (ECSOD vs ⋅−O2 ; Fig. 4A, Table S5B), further highlights this
change η η η η( ≅ ≅ ≅ ≅ )0.258, 0.319, 0.703, 1.8001 2 4 8 . The platykurtic
curve of the monomer κ( ≅ − )0.2371 , contrasts with the leptokurtic
versions of the oligomeric data κ κ κ( ≅ ≅ ≅ )2.609, 2.308, 1.5372 4 8 (Table
S6). A closer examination of the curve for octamer-generated super-
oxide anions, reveals a plateau η( ( ) ≅ ≅ ); y aMmin 0.084 0.0808 at
the ECSOD concentrations ( − )aM0.025 0.043 (Fig. 5A, Table S7), that
could function as signal accumulator, thereby staggering or buffering
any sudden change. The above curve-structure and data, clearly
Please cite this article as: Kundu, S., Stochastic modelling suggests t
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suggests an operatic ‘switch’ mechanism that is surmountable,
threshold-dependent, and principally mediated by high-order RRA-
complexes.
3. Discussion

Molecular processes are inherently stochastic with the prob-
ability of a dominant event developing being minimal in un-
perturbed systems. Empirically determined data, however, sug-
gests that this lack of bias can be easily circumvented in vivo, a
phenomenon that highlights the inherent complexity of cell
physiology.

3.1. Molecular and cellular equivalence of stochasticity

Complex systems need to be simultaneously, robust (reduced
sensitivity) and ill-conditioned (highly sensitive). Whilst, the latter are
auto-regulatory, self-limiting, and can serve as temporal regulators
(pace makers); refractoriness of the former is desirable to introduce ‘a
delay’. A likely scenario in organized cells, is the existence of one or
more plateau(s) in combination with spiking activity (Fig. 5A). Such a
cell could then exhibit binary behavior, switching between sub- and
supra-threshold states at a rate corresponding to the magnitude of this
quasi-steady state. Interpreting this in molecular terms converges on a
reaction mechanism(s) operating at the instance of an actuator with
amplification/dampening superimposed on the baseline stochasticity;
conditions reminiscent of free radical generation and scavenging
(Kundu, 2015b) (Fig. 5B).

The numerical solution(s) of an appropriately formulated che-
mical master equation, simulated here by the DSMs, can serve to
populate the coefficient matrix of an equation based on the
hat an elevated superoxide anion - hydrogen peroxide ratio can
Theor. Biol. (2016), http://dx.doi.org/10.1016/j.jtbi.2016.07.002i
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Fig. 5. Fate of superoxide anions in the genesis of a dominant lamellipodium.
(A) Definition and delineation of a zone of equivalence, a critical factor in the es-
tablishment of a quasi-binary switch. This was done using equilibrium analysis of
the selected curve (Eq. (9)), as outlined in Eqs. (15) and (16). (B) Schematic diagram
of a biphasic rise in concentration of ⋅−O2 in the vicinity of a responding immune-
competent cell. Here, the conversion of the transient futile cycle of superoxide
anion generation by lower order RRA-complex formation is dependent on the ac-
cumulation of higher order forms.

Fig. 6. Molecular mechanisms of lamellipodium formation in circulating phago-
cytes. An integrated model highlighting the significance of the extracellular matrix
(ECSOD), intracellular transport, secondary messengers, plasma membrane com-
ponents, and the cytoskeleton; in a complex interplay that results in the devel-
opment of a single protrusion, thereby, steering the cell towards the stimulus. The
final outcome is a self-sustaining free radical chain reaction that is responsible for
the directional migration of the responding cell.
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biochemical parameters of molecular half-life and kinetics (en-
zyme: MM, co-operative; binding) of the simulated components.
The central tenet of this representation is the dependence of the

chemotactic-facilitating lamellipodium ( )Pij
final on the net accu-

mulation of superoxide anions τ( ).

τ

μ τ

μ δτ δ τ τ τ

τ

τ

τ

∝

= ( )( )

∶= = ( + )−

∶=

∶=

∶= ( )

P

P

T

ROS RNS

ROS RNS

/

preformed /

denovo /

dismutation 10

ij
final

ij
final

formation formation breakdown

formation

formation

breakdown

0 1

0

1

In this assumption, there is a dual spike ( )τ τ+formation formation
0 1 in

the levels of free radicals (ROSþRNS). During the initial phase of a
necrotizing injury to the cell, there is a deluge of these preformed
( τformation

0 ) reactive intermediates from the cytosol of the injured
cell into the extracellular matrix. The limited ECSOD levels are
saturated with these. The subsequent increase in ROS ( )τformation

1

takes place ab initio. Since, the half-life of ECSOD is protracted
( ≅ )85h , there is a substantial lag in ECSOD-mediated scavenging
(Karlsson et al., 1994; Marklund 1982). The ECSOD activity and
levels are further restricted by the observation that free radicals
can impair its association with the extracelluar matrix, as well as,
downregulate transcription (Gao et al., 2008; Stralin and
Please cite this article as: Kundu, S., Stochastic modelling suggests t
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Marklund, 1994). These, when present concurrently could ensure
that role of ECSOD is functionally null τ( → )0breakdown (Fig. 6).

3.2. Higher order oligomers can mediate the exponential rise of su-
peroxide anions

Data from these simulations suggest that ⋅−O2 from the low or-
der RRA-complexes result in the observed response plateau, i.e., a
quasi-steady state or dynamic equilibrium. However, as the asso-
ciation proceeds, there is a distinct spike in the levels of ⋅−O2 . Thus,
it would seem that the assembly of higher order oligomers ( )+RRA8

of the raft-ROS-actin complex is vital to this process. Any model to
comprehend this observation at the molecular level, would
therefore, have to link the preformed ROS, either exclusively, or in
tandem with critical levels of ECSOD ( )τ τ− >0formation breakdown

0 .Con-

tributory factors could include (i) the import mechanisms de-
ployed, such as the transporter- or caveolin-based internalization
of physico-chemical modifiers (Decleva et al., 2013; Ushio-Fukai,
2009; del Pozo et al., 2004), (ii) cell–cell and cell–matrix con-
nectivity, with the cytoskeleton, plasma membrane, intgerin-pro-
tein complexes, focal adhesions, and the ECM as major proponents
(Luo et al., 2007; Sakai et al., 2003; Zervas et al., 2001; Chen and
Guan, 1994), and (iii) expression patterns molded by the formation
of complex gene regulatory networks, secondary to secondary
messengers such as PI3K, phospholipases C and D, and calcium;
overlapping signal transduction pathways (p38MAPK, ERK, Akt,
p53-p21), nuclear translocation, and altered transcription (Huang
et al., 2013; Liu et al., 2007; Hastie et al., 1998; Derevianko et al.,
1997; Guyton et al., 1996; Bianchini et al., 1993).

1. A redox-based restructuring of actin and microtubular cytos-
keletal elements could have important consequences for cell
motility, extravasation, metastasis, trans-differentiation, and
intercellular communication (cell-cell, cell-matrix) (Grigoriev
et al., 2006; Nimnual et al., 2003; Moldovan et al., 1999).
Mechanistic details of actin-centric movement involve the
integration of numerous dynamic signaling platforms that
function to transduce extracellular signals into appropriate
migratory cues. The membrane ‘ruffles’, discussed earlier, may
be correlated to the futile cycles of superoxide anion generation
hat an elevated superoxide anion - hydrogen peroxide ratio can
Theor. Biol. (2016), http://dx.doi.org/10.1016/j.jtbi.2016.07.002i
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below a threshold limit by lower order RRA-complexes (Fig. 5B
and/or foci for the accumulating +RRA8 ). The mechanism for this
is speculative, but, could occur secondary to import of surplus
O2

� or H2O2, from the previous spike via the chloride anion
symport or aquaporin channel into subcellular compartments
wherein, the post-translational modifications of nitrosation,
S-glutathionylation, carbonylation, and disulfide bridge forma-
tion of actin may be initiated (Decleva et al., 2013; Hawkins
et al., 2007; Giustarini et al., 2005; Banan et al., 2000). The
cross-linking of actin microfilaments (Arp2/3, cortactin) (Weed
and Parsons, 2001; Weed et al., 2000; DalleDonne et al., 1995),
could result in the association of plasma membrane RRA-
complexes. Clearly, this route to higher-order oligomer forma-
tion would be dependent on the post-injury cellular ROS load. If,
τ τ≫formation breakdown

0 , then this would translate into a larger
volume of vesicular transport en-route to the phagolysosome,
with subsequent +RRA8 formation. The recursive cycles of sub-
threshold plasma membrane superoxide anions and its asso-
ciated spikes, could in fact be a sensing mechanism for the PML,
a critical event in the conversion of a gradient signal into
directed chemotaxis involving a dominant lamelipodium
(Kundu and Subodh., 2011; Hattori et al., 2010; Oshikawa
et al., 2010; Andrew and Insall, 2007).

2. However, the results (Fig. 5A), also suggest that the levels of
available ECSOD could be important in determining the migra-
tory potential of the PML, both, biochemically and as a scaffold
protein. At least two isoforms of superoxide dismutase sod2 and
sod3, have been shown to influence this facet of neutrophil
activity. Whilst, the effect is dose independent for sod2, ECSOD
(sod3) promotes growth, proliferation, and migration at low
doses, and arrest, senescence, and apoptosis at higher expres-
sion levels (Miar et al., 2015; Liu et al., 2015; Laukkanen et al.,
2015; Cammarota et al., 2015; Zhang et al., 2014; Castellone
et al., 2014). These findings ascribe a role for ECSOD in effecting
the dynamics of well characterized pro- and anti-migratory
molecules, thereby, influencing the adhesion potential of the
plasma membrane, mRNA levels of transcription factors (sod2;
C-myc; C-jun; STAT3; JNK), and the activation of small molecule
GTPases (sod3) (Liu et al., 2015; Laukkanen et al., 2015; Cam-
marota et al., 2015; Jin et al., 2014; Zhang et al. 2014; Castellone
et al., 2014; Luo et al., 2007; Tai et al., 2003; Sakai et al., 2003;
Zervas et al., 2001; Chen and Guan, 1994). In addition, an
indirect anti-inflammatory role, based on its physical associa-
tion with the ECM components (heparan sulfate, hyalurnon,
elastin) and plasma membrane, through the heparan-binding
domain (HBD; R210-A222) has been ascribed (Olsen et al., 2004;
Folz et al., 1994). This data when coupled with the results from
this study hint at the cytosolic activation of Rac1/2 by vesicular
ECSOD en-route to the cell membrane. Subsequent secretion
and association with extracellular matrix components could
determine additional functionality. The recruitment, targeting,
and asymmetric distribution of activated Rac1/2 to plasma
membrane components, could then cause the observed migra-
tion towards the necrotizing stimulus (Singh and Bhat, 2012;
Laurila et al., 2009; Sakai et al., 2003; Zervas et al., 2001; An-
gers-Loustau et al., 1999; Tamura et al., 1998). Superoxide
dismutase (sod2 or sod3), may also contribute to the prepared-
ness of the cell to move. Thus, a compromised cell–cell/ cell–
matrix interaction coupled with an uninterrupted cell cycle
constitutes an essential pre-requisite for most cells to initiate
migration (Sukumaran et al., 2013; Connor et al., 2007; Ueno
et al., 2006; Kubens et al., 2001). Evidence for a redistribution of
ECSOD, both primary (R213G), and secondary to oxidative
cleavage with subsequent dissociation with the ECM, results in
a heightened inflammatory propensity, due to enhanced pha-
gocyte migration (Kwon et al., 2015; Gottfredsen et al., 2014;
Please cite this article as: Kundu, S., Stochastic modelling suggests t
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Yao et al., 2010; Gao et al., 2008).
3. The above discussion, also suggests, that the final concentration

of +RRA8 may be the result of a complex signal transduction
network, with H2O2 as the principal hub. There is a considerable
volume of investigative work that highlights the role of this
dismutated product of ⋅−O2 as a modifier of the active tran-
scriptome (Oshikawa et al., 2010; Vepa et al., 1999; DalleDonne
et al., 1995). The preferred mechanism(s) of transduction, is the
inhibition of phosphatase activity and subsequent hyper-phos-
phorylation, with the activation of mitogen-activated protein
kinases (p38MAPK, MEK, ERK2), and Axl-kinase activities (Huang
et al., 2013; Andrew and Insall, 2007; Fischer et al., 2005; Usa-
tyuk et al., 2003; Vepa et al., 1999; Hastie et al., 1998; Natarajan
et al., 1996). Although, most of these enhance the migratory
potential of the cell, the observation of the converse, i.e., stasis,
senescence and growth arrest; emphasizes the need to incor-
porate this additional complexity in any representative model.
These roles of H2O2 are dependent on several modules operat-
ing in tandem. Whilst, module 1 could be transmembrane
transport, module 2 could represent the effect of exigent
modifiers such as growth factors, pharmacologic, and infective
agents on secondary messengers; module 3, could constitute
the regulatory effects of the plasma membrane components,
ECM, and the cytoskeleton itself. An integrated model for
dominant membrane folding using one or more of the simu-
lated components is presented (Fig. 6).

3.3. A model for superoxide anion dependent lamellipodium
formation

The residual fraction of cellular ROS τ(Δ )0 or the hydrogen
peroxide formed by ECSOD after cell injury, could constitute a
stimulus gradient to a circulating phagocyte. The transient and
random membrane protrusions may function as sensors, and de-
termine the proximity of the chemical moiety. Subsequent import
or diffusion of ROS/ RNS into the cytoplasm of the responding cell
may facilitate GTP-loading and activation of the small molecule
Rac1/2 by sod3, prior to being secreted. The rapid membrane re-
cruitment leads to a delocalized presence of GTPase-competent
Rac1/2 and a generation of branched actin stress fibres throughout
the cell. This transient cytoskeletal arrangement is modified by the
fluctuating redox potential, as the cell ascertains, by repeated
sampling, the optimal concentration of the inducing ROS. The as-
sembly of lower order RRA-complexes (RRA, RRA2, RRA4) is short
lived in the absence of consolidation, and constitutes a free radical
futile cycle (Fig. 5B). As the membrane exposed local concentration
of ROS increases, heightened import coupled with proton influx
( + ⇌ + + )⋅− +NADPH 2O 2O H NADP2 2 , could constitute a localizing
signal for focal recruitment and accumulation of high order RRA-
complexes to specific zones on the membrane. Generalized
phosphatase inactivation secondary to H2O2 accumulation could
also complement this, by creating zones of high charge density
(phosphorylation) of focal adhesion (p125, p68, vinculin) and in-
tegrin linked proteins. As the density of the Rac1/2 containing NAD
(P)H-oxidase viz. +RRA8 , exceeds a critical concentration
( > )aM0.08 , the superoxide anions generated render any residual
ECSOD ineffective (oxidative cleavage of HBD), whilst perturbing
the membrane itself significantly for a longer time priod (Figs. 5B
and 6). In a major cytoskeleton remodeling event, the now po-
larized +RRA8 could generate a secondary, focused, and sustained
oxidative burst, thereby, reinitiating actin polymerization and
culminating in a genesis of a single-formed directional specific
lamellipodium (Fig. 6). Plasma membrane dynamics are char-
acterized by gel–sol transitions, governed principally by the un-
saturated fatty-acyl chains of the lipid bilayer (Wu et al., 2013; Ye
et al., 2010; Brunauer et al., 1994). Stable remodeling, mandates
hat an elevated superoxide anion - hydrogen peroxide ratio can
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decreased fluidity, and is brought about by the peroxidation and
consequent shortening of membrane lipids. These processes are
likely to be linked to heightened, synchronous, and sustained
generation of superoxide anions from the +RRA8 oligomers.
4. Methods

4.1. Computational tools

R-3.0.0, was downloaded and installed locally. The packages
utilized with this distribution include GillespieSSA, an R im-
plementation of the stochastic simulation algorithm. All codes
(PERL- and R-scripts) were written in-house. The models con-
structed were static (SSM1-2) and dynamic (DSM1-4).

4.2. Mathematical models

4.2.1. Static stochastic models
The evolutionary dynamics of select plasma membrane regions

on a phagocyte competent cell, hereby, referred to as nodes, were
Table 2
Details of dynamic stochastic models.

R1 R2 P1 P2

Rac_GDP GTP Rac_GTP
Rac_GTP Rac_GDP

Rac_GTP F-actin RRA
RRA Rac_GTP F-actin

NADPH O2 O2
�

O2
� NADPH O2

SOD 2(O2
�) H2O2

H2O2 SOD 2(O2
�)

2(RRA) (RRA)2
(RRA)2 2(RRA)

2(NADPH) 2(O2
�) 2(O2

�)
2(O2

�) 2(NADPH) 2(O2)

SOD 2(O2
�) H2O2

H2O2 SOD 2(O2
�)

2(RRA)2 (RRA)4
(RRA)4 2(RRA)2

4(NADPH) 4(O2) 4(O2
�)

4(O2
�) 4(NADPH) 4(O2)

SOD 2(O2
�) H2O2

H2O2 SOD 2(O2
�)

2(RRA)4 (RRA)8
(RRA)8 2(RRA)4

8(NADPH) 8(O2) 8(O2
�)

8(O2
�) 8(NADPH) 8(O2)

SOD 2(O2
�) H2O2

H2O2 SOD 2(O2
�)

Abbreviations
R1: Reactant 1
R2: Reactant 2
P1: Product 1
P2: Product 2
Rn: Reaction number
RRA: Rac-Raft-Actin
NADPH: Nicotinamide adenine dinucleotide phosphate
SOD: Superoxide dismutase
H2O2: Hydrogen peroxide
O2: Molecular dioxygen
O2

�: Superoxide anions
GDP: Guanosine diphosphate
GTP: Guanosine triphosphate
Mxx: Rate constants.
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investigated using putative chemical inducers to influence mem-
brane dynamics Eq. (11). In the absence of overt cellular injury,
much of these would be scavenged thereby, minimizing the ex-
posure to, and potentially limiting migration.

⎛
⎝⎜

⎞
⎠⎟( )( ) ( )= − + − + −

( )
a b n b n b n

11i i j j k k
2 2 2

∶= ( < < ∈ )
∶=
∶=

a a a

b

n

distance metric 0 1;

position of centroid of ahypothetical chemical inducer

centroid of anode

The proximity of the potential inducer(s), notwithstanding, the
half-lives of these appear to be critical to dictating chemotaxis.
Whilst, the SSM1 represented a possible physiological state (Da-
taset S1); SSM2, was formulated to demonstrate the plausibility of
a molecular switch (Dataset S2). In these modifications of the
Monte Carlo method, random numbers ( = = )N ; N53 62ssm ssm1 2
(Tables 1, S1, and S2) were selected from the open interval (0, 1),
i.e., < <b0 1.:
Rn DSM1 DSM2 DSM3 DSM4

1 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
2 1.00*10̂2 1.00*10̂2 1.00*10̂2 1.00*10̂2

3 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
4 9.001*10̂1 9.001*10̂1 9.001*10̂1 9.001*10̂1

11 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
12 1.00*10̂6 1.00*10̂6 1.00*10̂6 1.00*10̂6

19 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
20 5.55*10̂2 5.55*10̂4 5.55*10̂6 5.55*10̂5
5 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
6 6.00*10̂5 4.09*10̂6 1.55*10̂8 2.19*10̂9

13 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
14 1.00*10̂6 1.00*10̂6 1.00*10̂6 1.00*10̂6

21 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
22 5.55*10̂2 5.55*10̂4 5.55*10̂6 5.55*10̂5
7 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
8 5.00*10̂5 3.70*10̂6 1.40*10̂8 2.00*10̂9

15 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
16 1.00*10̂6 1.00*10̂6 1.00*10̂6 1.00*10̂6

23 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
24 5.55*10̂2 5.55*10̂4 5.55*10̂6 5.55*10̂5
9 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
10 1.01*10̂0 1.01*10̂0 1.01*10̂0 1.01*10̂0

17 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
18 1.00*10̂6 1.00*10̂6 1.00*10̂6 1.00*10̂6

25 1.00*10̂0 1.00*10̂0 1.00*10̂0 1.00*10̂0
26 5.55*10̂2 5.55*10̂4 5.55*10̂6 5.55*10̂5

hat an elevated superoxide anion - hydrogen peroxide ratio can
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4.2.2. Dynamic stochastic models
A chemical master equation was formulated utilizing, as com-

ponents, the lipid raft organization, NADP(H) oxidase, and actin
oligomers (Tables 1 and 2). The rationale to choose arbitrary, albeit,
linked rate constants was the speculative nature of the pathway
itself, i.e., stimulus-interstitium-cell. The solution to this equation
was obtained numerically using an unmodified Gillespies's sto-
chastic simulation algorithm (Gillespie et al., 2009; Gillespie,
2007). The preliminary data generated was with the simulation
conditions as outlined (Table 2, S2; Datasets S3-S6). Here, an in
silico experiment, entailed a simulation run/ observation of 600 s,
( = )N 30i . This was conducted in triplicate, ( = )N 3j . Miscellaneous
parameters such as console interval, time units ( = )tf 100i , etc., were
in accordance with the package guidelines (GillespieSSA). Linear
models (LM) relating the quantity of each metabolite ( )yij

k with the

timestep associated with its computed values μ( )ij were for-
mulated. The coefficients computed were the estimate, standard
error, t-value, and the probability of error )( > −pr t value , for the
intercept λ( ) and F-statistic of the observed values of the
metabolite other than the test ( )θi

k , i.e., )( ( )= − −df 28; 30 1 1

(Text S1–S4). The stochastic median of these timesteps

( ( ))β μ∶= ⋃ =
=median i

i
ij1

90 , was incorporated into the linear model

appropriate for the metabolite ( )LMj
k , and used to intrapolate its

quantity. The final values were mean and standard deviation va-

lues of these experiments ( )( )σ̅LM LM;k k (Table S3)

( )( )β θ λ= + ( )LM 13j
k

j
k

j
k

4.2.3. Regression models
Scatter plots of the available ECSOD with the concentrations of

the RRA complexes, collated from the DSMs were fitted to non-
linear regression curves (Fig. 3, Table S3). The choice of the re-
gression equation was the coefficient of determination ( = )R 12 and/
or data variance σ( )2 . The parameters examined were changes in
the levels of generated superoxide anions and RRA-complexes.
Whilst, the stoichiometry of the ⋅−O2 generating NADPH complex
( )−RRA:O 1 : 1 ,2 dictated the number of superoxide anions, i.e.,

( ) ( ) ( )= ( ) = = =− − − −N RRA ; N RRA N RRA N RRA1 2; 4; 8O O O O2 4 82 2 2 2
; their pro-

portions were utilized to numerically compute a critical threshold,
which could function as a molecular switch. A sequence of data-
points ( ≤ ≤ < ≤ ∶= )x ; x ;x ECSOD0 50000 0 1000 , in linear incre-
ments of 500 ( = )N 101obs and 1 ( = )N 1000obs was used with Eqs. (4,
6–9) (Tables S4B, S5B, S6) to establish trends in superoxide anion
fluctuation.

4.3. Threshold definition

The molecular repertoire of the cell is extensive and redundant,
with several examples of overlapping function. In comparison,
cellular behavior is stochastic in the absence of any perturbation. A
stimulus or an exigent event, with its incidental bias can polarize
Please cite this article as: Kundu, S., Stochastic modelling suggests t
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the underlying network of molecules into adopting a dominant
state. The observable physiology could then be a threshold-de-
pendent summation of all these. This quasi-binary switch is clearly
dependent on a system defined limit ω( ) (Table S4C), and differ-
entiates the on–off state, i.e., absence and unequivocal monotonic
development of a dominant plasma membrane extension. In this
work, I have used the individual concentrations of the mono- and
oligo-mers of the RRA-complexes ( ){ }∈RRA n, 1,2,4,8n , or their ra-
tios, thereof, in the DSMs to determine this, as under:

{ }ω α ω α= ( ) < < ∈ Ψ Ψ Ψ ( )log , 0 1, , , 1412 24 48

Ψ ∶=
Ψ ∶=
Ψ ∶=

RRA RRA

RRA RRA

RRA RRA

/

/

/

12 1 2

24 2 4

48 4 8

4.4. Establishing the zone of minimal fluctuation

The resultant data were descriptively summarized and analyzed.
Non-decreasing sequences of slope values in the non-negative range
of Eq. (13) (Table S7) were utilized to establish the steady-state zone of
this curve ( )≤ ≤ ≅ =x ; y ; N15000 26000 46000 23 . Here, the
curve was divided into three regions such that

⎡⎣ ⎤⎦( )∈ ∈ ∈( ]a b c0,15000 , 15000,26000 , 26000,42825k k k , and
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δ ε(∆ ∆ ) ≤ (∆ + ∆ + ) < (∆ ∆ ) ( )SO ECSOD SO ECSOD SO ECSOD/ / / ib b b b c c1 1

Similarly,

δ ε(∆ ∆ ) ≤ (∆ + ∆ + ) < (∆ ∆ ) ( )SO ECSOD SO ECSOD SO ECSOD/ / / iib b b b a a1 1

From (i) and (ii)

< < ( )b c b a; 15,16k k k k

5. Conclusion

The molecular and pathway redundancy of a cell renders its
response to exigent stimuli ‘fuzzy’. In this work, I have discussed
the role of phagocyte chemotaxis in a microenvironment of graded
hat an elevated superoxide anion - hydrogen peroxide ratio can
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inflammatory signals, and the mechanisms of perceiving these, at
the cellular level. Critical to these ideas is a distributed sensing
mechanism with amplification, and an integrator(s). Whilst, the
former could endow the responding cell a rapid reaction time, the
latter would partition the response with the introduction of a ‘lag’.
This analysis also suggests that free radicals are justifiable candi-
dates to streamline these processes, and that unlike other trans-
duction mechanisms, these are sensitive to exogenous influence,
self-limiting, and rapidly renewable. Further, the cell is able to
utilize its myriad components to channelize, and, thereby, regulate
its free radical pathways to fructify and modulate a complex cel-
lular response. Pertubations have been shown to result in in-
efficient phagocytosis, increased susceptibility to infection, chronic
inflammation, progress to malignancy, autoimmune diseases, in-
appropriate allergies, and hypersensitive reactions. Whilst, the
mystery of stimulus directed movement is far from resolved, un-
raveling the underlying molecular processes that govern chemo-
taxis will advance our comprehension of several dependent phe-
nomena in health and disease.
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