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Abstract. The capability of membrane computing to deal with distributed
and parallel computing models, allows it to characterize the structure and pro-
cesses of biological systems. With this advantage, membrane computing pro-
vides an alternative modelling approach to conventional methods such as or-
dinary differential equations, primarily in preserving the discrete and nonde-
terministic behavior of biological reactions. This paper investigates the imple-
mentation of the framework for modelling and verification based on membrane
computing with a biological process of hormone-induced calcium oscillations in
liver cell. The biological requirements and properties of this process are formal-
ized in membrane computing. The model of membrane computing is verified
with the simulation strategy of Gillespie algorithm and the model checking ap-
proach of the Probabilistic Symbolic Model Checker. The results provided by the
simulation and model checking approaches demonstrate that the fundamental
properties of the biological process have been preserved by membrane computing
model. The results have emphasized that membrane computing provides a bet-
ter approach in accommodating the structure and processes of hormone-induced
calcium oscillations compared to the approach of the ordinary differential equa-
tions. However other biological aspects such as the selection of parameters
based on the stochastic behavior of biological processes have to be tackled to
strengthen membrane computing competence in modelling biological processes.
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1. Introduction

Modelling can provide valuable insights into the working and general principles
of organization of biological systems, and it also can suggest novel experiments for
testing hypotheses, based on the modelling experience [1]. The modelling of biolog-
ical reactions by using deterministic rate laws has been in practice for many years.
This model focus on measuring the concentrations of objects with the simple relation
between reaction rates and objects concentrations in a continuous and deterministic
way [2]. This approach does not consider the structure and microscopic characteristics
of the biological processes by concentrating on the macroscopic behavior of the sys-
tem. Although such approach as in ordinary differential equations (ODE) allows the
processes to be described in detail, a number of implicit assumptions underlying ODE
are no longer applicable on the molecular level [3]. As such, the adequacy of ODE
has been questioned for describing microscopic reactions and processes. With this
limitation in conventional mathematical models, a number of alternative approaches
have been explored for modelling biological processes, among them are amorphous
computing [4], brane calculus [5], petri net [6] and process algebra [7].

Membrane computing [8] [9] is another alternative to solve the limitations in con-
ventional mathematical models such as ODE by taking into considerations its essen-
tial features that are of interest to biological applications. Some of those features are
distribution capability, discreet nature, algorithmically represented, scalability, trans-
parency, massive parallelism, non-determinism and communication [10]. Membrane
computing is a formal specification that inspired from the structure and functionality
of the living cell, as models and simulators of cellular phenomena, and hence pro-
ducing theoretical paradigm defined in a language that is close to molecular biology.
In recent periods, research in modelling and validating biological systems with mem-
brane computing have been carried out to reinforce membrane computing as a tool to
analyse biological systems [11]. Important advances in computability, which provides
the feasibility to handle huge volumes of data, which is already available in biology,
support a new period of mathematization of biology possible by means of computer
science model, such as membrane computing.

This paper describes in-silico analysis of hormone-induced calcium oscillations in
liver cell (HCOLC) based on the framework for modeling and verifying biological
system with membrane computing as outlined in Muniyandi [11]. The framework is
categorized into four steps as illustrated in Figure 1.

The first step is to extract the required elements and properties from the biological
system that essential for modelling the system in membrane computing. This is
followed by the building of membrane computing model of the biological system,
in which the membrane computing formalism [8] is used accordingly to represent
the elements and attributes extracted from the system. The third step is to verify
the correctness of the membrane computing model by simulating it with membrane
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computing simulation strategy. The results of the simulations are compared to the
results in vivo or in vitro experiments. Finally, the membrane computing model
is formally verified to ascertain that it has sustained the fundamental behavior or
property of the biological system. In this step, the model checking approach is utilized
to verify membrane computing model based on the properties of biological system.
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Fig. 1. Framework of modelling and verifying a biological system.

2. Biological Requirements and Property Specifications

In the main tissue of the liver, liver cell makes up the three quarter of the liv-
ers cytoplasmic mass. The process in liver cell with receptor mediated inducement
produces InsPj (inositol 1,4,5-trisphosphate) which inspires the escalation of calcium
concentration in the compartment of cytosol. This process is called hormone-induced
calcium oscillations in liver cell (HCOLC) [12], which is used to regulate the frequency
encoding of hormone signals in cytosol.

The main components of the system are: (i) Endoplasmic reticulum (ER) as cal-
cium storage compartment; (ii) An InsPs; and calmodulin to manage calcium release
channel at the interface of ER and the cytosol. (Calmodulin plays a role in mediating
the active regulatory function of calcium in cytosol and coordinating the calcium re-
lease from the ER); (iii) Two ATP-driven pumps responsible for restoring calcium in
cytosol to the resting level by compensating the calcium fluxes through the calcium
release channel and calcium leaks.

The calcium concentration in cytosol is examined to define the temporal pattern of
calcium. With persistent hormone stimulus, the temporal pattern relates to sustained
oscillations of calcium in the form of repetitive spikes. The system has two important
behaviors:

e The system is not stable when it is under-stimulated. In this case, the system
obtains sustained oscillations and after each spike of the oscillation, the calcium
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concentration in cytosol returns to the base value. This implies when the sys-
tem reaches high number of spikes, there are high hormone channelings. The
numbers of spikes increase with the increase of hormone level.

e The system is stable when it is over-stimulated. In this case, the system achieves
a nonoscillatory state after an initial spike regardless of the level of the hormone.

The HCOLC is monitored by adapting the process within a three compartments
system which involves the extracellular, cytosol and endoplasmic reticulum (ER).
The respective processes in extracellular, ER and cytosol are: (i) to flux in or out the
calcium to or from the cytosol; (ii) to moves calcium to and from cytosol; and (iii) to
determine the concentration of calcium. The system behaviors can be extracted into
five processes that are pairwise interactions among the compartments for facilitation
based on the characterization of HCOLC system by Somogyi and Stucki [12]. The
five processes are: (i) calcium fluxing from extracellular into the cytosol; (ii) calcium
translocation from cytosol to ER; (iii) calcium translocation from ER to cytosol; (iv)
calcium pumped out of cytosol into extracellular; and (v) hormone channeling from
ER to cytosol.

Based on the behaviours of HCOLC system, the main properties are categorised
into two:

e Property (1): The reaction of hormone channeling will be actively begun during
the formation of spikes with the high concentration of calcium in the cytosol.

e Property (2): Hormone channeling is stabilized to achieve a steady nonoscilla-
tory state with low concentration of calcium in the cytosol after a small initial
spike.

3. Membrane Computing Model
The task of creating a membrane computing model is done by converting the ODE

model described by Somogy and Stucki [12] into a discrete system by using rewriting
rules [13]. The ODE model of the system is as follow:

dx N N/
i Ey—K'x—aflyx, (1)
dy i1t _
= = K'v =Ky +aflyle+v - By, (2)
i 710 =

fly] is a function that relates to the mediation of calmodulin to determine the
feedback of calcium concentration in cytosol. = and y are calcium concentration in
ER and cytosol. a, k', k”, o, v and B are parameters used for assigning the weight
to prioritize the execution of the processes. a is to determine whether the system
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under-stimulated or overstimulated, and « is to specify the low and high level of
the hormone. n is an integer and t is the time unit. In the ODE model, values of
parameters are as follows: k' = 2, k” = 0.01, v = 1, 8 = 1, n = 4. The initial
concentration for both x and y are 1. Arbitrary values for parameters a and « are
chosen to conclude whether the system was stable or unstable.

Before the system is modeled with membrane computing it should be converted
into discrete form. By taking into consideration the two differential equations, (1)
and (2), the following rewriting rules for each of the processes involved in the system,
are formulated. The details of this conversion is provided by Muniyandi and Zin [15].

The membrane system of HCOLC' is represented as:

HCOLC = (Vv K, WE,Wc, WER, REv RCa RER)

This system consists of three compartments: extracellular (E), cytosol(C) and
endoplasmic reticulum (ER). There is no direct linkage between E and ER, and com-
munications between them are done through C. Therefore the membrane structure of
this biological system is represented as:

p=[ [1ler lc l&

The object in this system is calcium. To differentiate the concentration of calcium
in each compartment, it is denoted with the label of the compartment.

V= {CGE, Cac, CaER}.

The initial multisets are:

wgE = {CCLE},
weo = {Cac},
wgr = {Cagr}.

The evolution rule has the form:

R;j : uv); %u’[v']i

where u, v, v/, v/ are multisets and the rule j occurs in compartment . k; is a
real number representing the kinetic constant 4. i is the label of the compartment. 4
and j are integers.

There are five rules in HCOLC system:

Rule 1: Calcium flux from extracellular into the cytosol:

k1

Rel:Cag| o [Caclc, ki=7

Rule 2: Calcium translocation from cytosol to ER:



68 R. C. Muniyandi, A. M. Zin

Regrl:Cacl ler [Caprler, ko=F

Rule 3: Calcium translocation from ER to cytosol:

ks

Rgr2:[Caggrler Cac| ler, ks=k"
Rule 4: Calcium pumped out of cytosol into extracellular:

k
Rc2 - [Cac]c 4 CGE[ ]CH ks =8

Rule 5: Hormone channeling:

ks

RER3 : [CQER]ER CGC[ ]ER» ks = a* f[CaC]

4. Simulating the Membrane Computing Model

Simulation is a technique of solving problems by the observation of the perfor-
mance, over the time, of a dynamic model of the system. Computer simulations
have become a useful part of mathematical modelling of many natural or biological
systems.

The membrane computing simulations strategies used are based on discrete evolu-
tion procedure of objects either with deterministic or stochastic selections of the rules.
The metabolic algorithm [14] uses discrete and deterministic evolution strategy and
Gillespie algorithm [17] uses discrete and stochastic evolution strategy for simulating
membrane computing. Stochastic simulation is to describe the time evolution of a sys-
tem in a way that exhibits some degree of randomness in its dynamical behaviour [16].
Multi-compartment Gillespie Simulator [18] based on Gillespie algorithm is used to
simulate the membrane computing model [22].

There are four experiments that have been carried out. The purpose of these
experiments is to analyze how different values of a and « affect the behavior of calcium
in cytosol of the HCOLC system to determine the stability of the system. Parameters
used in the experiments are similar to parameters and initial multisets that were used
in ODE model. The value of a and « are determined through black box testing [23]
in which the inputs are selected based on the expected output of the system. The
selected values of a and « for the four different experiments are:

Experiment A: ¢ = 20 and a =5 ;
Experiment B: ¢ = 20 and a = 200 ;
Experiment C: @ = 0.2 and a =5 ;
Experiment D: a = 0.2 and o = 200.

The result of the experiments is shown in Figure 2. These results are compared
with the results generated by ODE approach discussed by Somogyi and Stucki [12].
Experiments A and B show that the processes in the system occur with the under-
stimulated environment when the value of a is high. If the hormone level of « is
low as shown in experiment A then there are less spikes compared with when the
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hormone level of « is high as in experiment B. Meanwhile, the process in the system
is over-stimulated when the value of a is low but the low or high hormone level of «
do not affect the behaviours of the system as shown in experiments C and D.
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Fig. 2. Experiments with the value of a and «.
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Although, the simulation results of membrane computing model establishes almost
similar results as generated by the ODE model [12], the non-deterministic and parallel
executions of processes in different compartments of HCOLC system are obvious in
membrane computing model. This is in accordance with the behaviors of processes
in biological systems.

However the simulation of membrane computing model could not differentiate the
small changes between the experiments C and D. The similar experiments with the
ODE model showed that after an initial spike, the concentration of calcium adopts
steady state with approximately small frequency of oscillations and it will be more
pronounced with the high hormone as in the experiment D. The initial spike in the
simulation of membrane computing model is not clear though there is steady state
of small frequency of oscillations. This is mainly because similar value of parameters
that utilized in the continuous model of ODE is also employed in the discrete and
stochastic model of membrane computing. Consequently the small changes between
the two experiments could not be distinguished by membrane computing model.

5. Model Checking the Membrane Computing Model

Simulation results could not deduce that the properties of the biological systems
have been safeguarded. In order to verify these properties, other approaches need to
be explored. Ipate and Gheorghe [19], have surveyed three verification approaches
utilized so far for applications of membrane computing. The approaches are based
on grammar, finite state machine and model checking. The grammar based methods
encountered difficulties when dealing with hierarchical compartments, parallel behav-
ior, communication mechanism and multisets of objects [19]. The approach based on
finite state machine verifies the transition coverage, aims to produce a test set in a
way every single transition of the model is covered [19]. The model checking tools
such as the Simple Promela Interpreter (SPIN) and the reimplementation and exten-
sion of symbolic model checking (NuSMV) have been used to cover the main features
of membrane computing, including parallelism and communication [19]. However,
the finite state machine methods and, the model checking approaches of SPIN and
NuSMV do not emphasize on the verification of stochastic aspects embodied in the
membrane computing model of biological systems.

In stochastic modeling, Continuous Time Markov Chain (CTMC) is one such
method that use Continuous Stochastic Logic (CSL), a stochastic variant of Com-
putational Tree Logic (CTL) which allows to state properties over states as well as
over paths. Probabilistic Symbolic Model Checker (PRISM) [20] supports a proba-
bilistic model based on CTMC and systems specifications through CSL for stochastic
systems. Therefore PRISM model checker can be used as the model checker tool for
membrane computing model [20] [24].

The membrane computing model of HCOLC system is translated into the PRISM
formalism by using a technique proposed by Romero-Campero et al. [21]. The analysis
of the properties of the system is done by using the concept of rewards. Rewards
are used to reason the behavior of the model in a certain fashion by measuring the
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probability as well as to identify a wide range of quantitative measures relating to
modeling behavior.
There are five processes in the system:

R1: Calcium fluxing from extracellular into the cytosol.
R2: Calcium translocation from cytosol to ER.

R3: Calcium translocation from ER to cytosol.

R4: Calcium pumped out of cytosol into extracellular.
R5: Hormone channeling from ER to cytosol.

To verify these processes, rewards Fluz_In, Translocation_Cytosol, Translocation_ER,
Flux_Out and HormoneChanneling are defined for each of the experiments A, B, C
and D. When the process is activated, the reward determines the concentration of cal-
cium in cytosol. For instance, for the rewards Fluxz_In, the calcium (Y) concentration

is updated when the process R1 is activated during the simulation.
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The rewards are described in PRISM as follow:

rewards 7 Flux_In”
[R1] true:Y
endrewards

rewards ”Translocation_Cytosol”
[R2] true : Y
endrewards

rewards ”Translocation_ER’
[R3] true: Y
endrewards

rewards 7 Flux_Out”
[R4] true: Y

endrewards

rewards ” HormoneChanelling”
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[R5] true: Y
endrewards

Property (1) is analyzed with experiments A and B. The results of the experiments
are shown in Figure 3 and Figure 4. The results show that the hormone channeling
is high when the spikes are formed as shown by R5 in both figures. This process is
stabilized by regular occurrence of the flux-out process (R4) and translocation pro-
cess from cytosol to ER (R3). Meanwhile the flux-in process (R1) and translocation
process from ER to cysotol (R2) are suppressed. More regular spikes are occurring
when the hormone level is high with increasing hormone channeling (R5) as shown
by Figure 3 with experiment B.
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Fig. 5. Activation of the processes in the Experiment (C) and (D).

Property (2) is analyzed with experiments C and D. The result of the experiments
is shown in Figure 5. From the figure, it is clear that both experiments generate
about the same results. It shows that the hormone channeling (R5) is moderate and
the spikes are not formed at the start of the simulation but in the ODE model there
was a spike at initial stage of the simulation. This process is stabilized by regular
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occurrence of the flux-out process (R4) and translocation process from cytosol to
ER (R3). Meanwhile the flux-in process (R1) and translocation process from ER to
cysotol (R2) are suppressed.

6. Discussion and Conclusions

The results of the verification of the membrane computing model of HCOLC sys-
tem demonstrates that properties of the biological system have been captured by the
model. On top of that, membrane computing model provides alternative ways to
symbolize the structure and the processes in the system compared to ODE model.
Processes and the movement of objects involved between compartments in this hi-
erarchical arrangements of HCOLC system can be distinguished by the membrane
computing model.

The membrane computing model can also be used to generate the behavior of the
overall system by accommodating different processes within and between the com-
partments. The results demonstrate the capability of membrane computing model
to capture the structure and the processes involved in the multi-compartments bi-
ological system as well as the ability to preserve the behavior and the properties
of the processes. Hence, membrane computing provides a formal way to represent
multi-compartment biological system without discounting biological characteristics.

Nonetheless the capability of membrane computing needs to be fortified by enhanc-
ing membrane computing features to model various behaviors of biological system.
The formation of parameters primarily for simulating stochastic system of membrane
computing is among the features that need to be addressed as demonstrated in the
experiments C and D. Appropriate parameters to characterize the stochastic behavior
of the rules to regulate the execution of specific process at certain time steps have to
be correctly determined based on the behavior of the system. As stated by Phair [25],
a lot of information contained in dynamic biological data and successful dynamic or
kinetic models are heavily depend on knowing the underlying biological mechanisms.
He further mentioned that much of the value of kinetic modeling lies in the ability
of dynamic experiments to reveal useful information about the complex biological
systems.
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