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Abstract. Calcium signalling is a good bio-inspired method for molec-
ular communication due to the advantages of biocompatibility, stabil-
ity, and long communication range. In this paper, we investigate a few
channel characteristics of calcium signaling transfer systems including
propagation distance and time delay based on a novel inter-cellular cal-
cium wave (ICW) propagation model. Our model is the first one that can
investigate the impact of some exclusive parameters in ICW (e.g., the gap
junction permeability). Understanding the channel transfer characteris-
tics of ICW can provide a significant reference for the calcium signaling
application in molecular communication. In the future, theoretical and
simulation results in this paper can help in the design of molecular com-
munication systems between nanodevices.
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1 Introduction

In recent years, the rapid development of nanotechnologies provides many new
applications in biomedical, industrial, and military fields [1]. In nanometer scale,
the most basic unit is called nano-machine [2] and each nano-machine can only
perform simple tasks like sensing, computing, and drug delivery. Therefore, coop-
eration of different nano-machines is significant for nano-machines to do complex
tasks. Nano-sized communication allowing nano-machines to pass instructions
and sharing informations is an important part of cooperation of nano-machines.

Molecular communication is a type of promising nano-sized communication
technology and can be a good compensation to traditional communication mode
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due to advantages of biocompatibility, small scale, and high energy efficiency
[3]. In the molecular communication system, transmitted information is encoded
in molecules and communicated by diffusion or molecular motor. By means of
molecular communications, nano-networks between nano-machines can enable
nano-machines to exchange messages and work cooperatively [4].

This paper concentrates on the bio-inspired molecular communication app-
roach, which means that develop molecular communication from communication
mechanism existing in biological structures. In nature, cells in organism trans-
fer significant information to other cells using information objects. Bio-inspired
approach utilizes communication mechanism existing in organism such as inter-
cellular Ca?", Nat wave propagation, and hormone traveling, to develop new
advanced molecular communication technology. For this approach, bio-inspired
molecular communication can work on both bio-organism and nano-machines
that offer compatible solution for in-body communication scenario.

Calcium signal is a type of bio-inspired molecular communication method
based on ICW [5]. Many studies suggested that this kind of communication method
exists widely in nature [6,7]. As shown in Fig. 1, human smooth muscle coupling
in intestines and stomach is mediated by Ca?" release. In human astrocytes, the
calcium wave plays an important role in information transfer in remote parts of the
brain. Calcium signal is also a common phenomenon in epithelial cells, the calcium
oscillation resulting from a simple regenerative is of vital importance for system
equilibrium. In Ca®" signaling, connected cells array can serve as a communica-
tion channel connecting the transmitter and receiver. The inter-cellular calcium
wave can be transferred to the touching neighbor cells through the gap junctions,
which results in the intercellular Ca®>* wave propagation.

Calcium signal have been studied by many researchers for a long time. In
[10], a relay channel model based on ICW was proposed and communication
capacity of a Ca®' relay channel was computed. In [11], a linear channel model
for intra/inter-cellular Ca®* molecular communication based on Ca** signal was
investigated and some channel characteristics were derived. However, these Ca*"
channel models mainly considered the effect of Ca** diffusion and Ca?" induced
Ca®" release (CICR). Inositol 1, 4, 5-triphosphate (IP3) induced Ca*" release
was rarely taken into account in these channel models. According to the latest
study [5], in some certain type of cells such as epithelial cells, ICW is mainly
caused by transmission of IP3 between adjacent cells instead of calcium itself.
This paper investigates the molecular communication channel model based on
IP3 induced ICW. Close-form solutions for channel characteristics and channel
capacity based on information theory are obtained, which will play important
roles in communication system design and performance evaluation.

The rest of this paper can be divided in four parts. In Sect. 2, the mathemat-
ical model of cytosolic Ca®" concentration oscillation and gap junction relevant
to channel modeling is described and analyzed. In Sect. 3, some significant chan-
nel characteristics are analyzed based on a mathematical model. Binary channel
capacity is computed in Sect. 4. Section 5 concludes the whole paper and points
out the future works.
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Fig. 1. Locations of cells having inter-cellular Ca®" wave propagation.

2 Channel Models Based on ICW

2.1 Ca?t Oscillation Model

Cytosolic Ca®" serves as a kind of crucial second messenger in inter/inner cel-
lular communications. The principle of this communication method has been
studied by many researchers and different dynamic models have been proposed
to explain the mechanism of ICW [8,9]. However, most communication channel
models based on ICW mainly considered CICR to describe ICW communication
mechanism, which dose not conform to the reality very well. In this paper, we
refer to the ICW model proposed in [14], which takes IP3 as the main factor
triggering the ICW, and apply this dynamic model to a molecular communica-
tion scenario, i.e. lots of cells connected with each other via gap junction. Then,
we simulate the molecular communication process to get the ICW propagation
characteristics based on the Ca®" channel model.

Transmitted signal l Stimulus Recelved signal T Cytosolic, Ca®*
@% T \( Y
P3—> Jn —> 3 —> Ja e Joa —> 1IP3 —) Jg,\—> 1P3
Cytosolic, Caz*l l L Cytocollc Ca®*

Cell 0 Cell 1 Celli-1 Cell i

Fig. 2. Mechanism of inter-cellular Ca®>" wave propagation.

The basic mechanism of cytosolic Ca*" oscillation is shown as Fig. 2 in Cell 0.
Firstly, external stimulus applied on G-protein receptors induces the discharge of
PLCg molecules. Then, PLC3 molecules trigger the release of IP3 molecules ini-
tiating a rapid release of Ca?" from the endoplasmic reticulum (ER) through IP3
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and Ca’" sensitive channels. Finally, with the repeated release and absorbtion
of cytosolic Ca?™, Ca" concentration in cytosol starts to perform an oscillation
state.

This model contains three variables, namely, the concentrations of free Ca?*
in the cytosol (Z) and in ER (Y), and the IP3 concentration in the cytosol
(A). The time evolution of these variables is governed by the following ordinary
differential equations

az

% = Jin + Jre1 — qump - K7+ KyY (1)
dY
E = qump - Jrel - KfY (2)
dA
E:JS+JGA_5A~ (3)

For cytosolic and ER CaZt concentration, J;, means the influx of Ca?t from
the extracellular media, Jyo and Jpump refer to IP3 induced Ca?" release from
ER and pumping of cytosolic Ca®" into the ER, respectively, Ca?' oscillation
is mainly based on the balance between these two fluxes, KZ means the leak
flux Ca’* from cytosol to extracellular media which is proportional to cytosolic
CaZt concentration, and K¢Y is the leak flux of Ca?t from ER to cytosol. For
cytosolic IP3 concentration, Jg refers to stimulus induced IP3 release, ¢ refer
to IP3 degration coefficient, and Jga is the gap junction IP3 flux that will be
discussed in next subsection. The function expressions of the participating fluxes
are shown as follows:

Js = 5V4 (4)
Jn=Vo + W16 (5)
Z2
qump = VMzm (6)
zZm Y2 At
Jrel - VMB Kgn T Zm K% ¥ y?2 Ki + A4 . (7)

In these equations, Vp refers to a constant input of Ca®" from extracellular
space and Vi is the maximum rate of stimulus-induced influx of Ca?* from
the extracellular medium. Parameter 3 reflects the degree of stimulus that only
varies between 0 and 1, V} is the maximum rate of stimulus-induced synthesis of
IP3. Varz and Vs denote the maximum values of Joump and Jyel, respectively.
Parameters Ko, Ky, and Ka are threshold constants for pumping, release, and
activation of Ca®T release by Ca®" and by IP3, respectively. These parameter
values are shown in Table 1.

2.2 Gap Junction Model

In the nature, one of the important cell-to-cell communication methods is the
gap junction communication. In this way, the communication between differ-
ent cells is achieved by the exchanges of message molecules like ions, protein,
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Table 1. Simulation parameters.

Parameter Value
Transport coefficient of cytosolic Ca®*, k 10s7!
Threshold constant for Jpump, K2 0.1 pM
Threshold constant for J,.; correlated to A, Ka 0.2 M
Coefficient of leak flux, Ky 0.1 uM
Threshold constant for J,..; correlated to Y, Ky 0.2puM
Threshold constant for J,..; correlated to Z, Kz 0.5puM
Ca?T from the extracellular medium, Vp 2puMs~?

Maximum rate of stimulus-induced influx of Ca?*, Vi | 2uMs™!

Maximum value of Jpump, Va2 6 M st
Maximum value of Jyer, Vs 60 uMs™?
Maximum value of J;,, Vi 2uM g7t
Coefficient of IP3 degration, & 0.3s7!
Hill coefficient, m 2

and organelles at the coupling channels of adjacent cells. This communication
mechanism is a meaningful part of ICW propagation.

In our model, IP3 is transmitted by a transmitter cell, and then propagates
through the gap junction crossing a few cells by means of diffusion. During
this period, IP3 induces Ca?" oscillation in passing cells and suffers decay in
propagation process. Finally IP3 is received by the receiver cell and excites the
Ca?" oscillation. The IP3 flux between gap junction coupling cells is proportional
to the IP3 concentration gradient and gap junction permeability [6]. Therefore,
the IP3 gap junction transmitting mechanism is determined as

Joa = Pp3(ZT — 2) + Pp3(Z7 — Z) (8)

where Zt and Z~ are Ca®" concentration in two different adjacent cells, Pips
is the TIP3 gap junction permeability and Pips is usually unaffected by the IP3
concentration. So, we consider that Pps is independent of IP3 concentration.

3 Results and Analysis

In this section, we study the ICW channel characteristics like maximum prop-
agation distance, propagation time delay, and calcium oscillation frequency as
the function of gap junction permeability Pips and stimulus intensity ( using
numerical and simulation methods.

3.1 Calcium Oscillation Condition

Refering to the model expression in Sect. 2.1, Ca®" oscillation is mainly based
on the balance between Joump and Jy. IP3 concentration increasing causes
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the increasing of J,; and breaks the steady state of cytosolic Ca**. Then CICR
causes the positive feedback of J,.¢; and finally gives rise to Ca?" oscillation. The
condition of Ca?*t oscillation can be expressed as Jpump > Jrel, and substituting
(6) and (7) into this condition we can get

Z? zZm & At

W2 ———= > Vs 9
M2RT 72 T M Zm K2 4 Y2 K 1 A ©)

At Vara (K 72 + 72
A e {BM(ZQH} (10)

Ki+A Vs (Ka” + Z2)

Through proper simplification, the condition can be written as
EK*
A> (% 2)4—KA (11)
o {VMZKZQ/VM3K22> Kz > K> (12)
Vmz/ Vs, Kz < K»

which means that the sum of cytosolic Ca®™ fluxes forms the positive feedback
and4E is the critical condition of oscillation state and steady state for variable

We take IP3 induced Ca®" release threshold as K. In order to prove that a
certain IP3 concentration K excites the calcium concentration oscillation,
numerical method is used to simulate IP3 induced calcium oscillation. We use the
system parameters from [14] and assume that all the cells in the system have the
same biological parameters. Utilizing Runge-Kutta method, we get three variables
time evolution of IP3 induced Ca?* oscillation of different cells. Figure 3 indicates
that the existence of Ca?" oscillation is controlled by IP3 concentration. The same
TIP3 concentration threshold enable the oscillation in different cells. The relation-
ship between IP3 concentration and Ca?' oscillation amplitude or frequency is
shown in Fig. 4. From this numerical simulation, Ca’" oscillation amplitude Zn
and frequency f, are related with IP3 concentration and once IP3 concentration
surpasses the threshold value K, Zam and f, tend to be a constant.

3.2 Intercellular IP3 Concentration Propagation

Since cytosolic Ca** oscillation is mediated by IP3 concentration in our model,
ICW propagation time delay and distance can be calculated based on IP3 prop-
agation differential equations. The variation of IP3 concentration due to the gap
junction IP3 exchanging between Cell ¢ and Cell i-1 can be illustrated as

(13)

dA; _ Prip3(Ain — Aj) —eAi — Pips(Ai — Aip1), 1#0
dt 6V4 — Plpg(Ai — Ai+1) — EAi, Z = 0

The TIP3 in each cell can be described by steady-state and transient-state based
n (13). Setting time derivative of A; to 0, the steady-state of IP3 concentration
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Fig. 3. Time evolutions of cytosolic Ca®>" concentration, (a) in Cell 2, (b) in Cell 4, and
(c) in Cell 8 with transmitter cell subject to agonist stimulus representing the sequence
‘010’ and symbol duration of 25s. The relationships of three variables (A, Z, Y) are
shown as (d) in (a), (e) in (b), and (f) in (c), respectively. Simulation parameters are
the same as Table 1.
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Fig. 4. Ca’t oscillation amplitude or frequency affected by IP3 concentration.

in Cell ¢, A!, can be obtained by solving the first order linear equations in matrix

formation as below
Ax=Db (14)
where A is an infinite matrix with the formation
(Pip3+e) —Prps 0

—Pipz  (2Pip3+e) —Pip3 0o -
A= 0 —Pip3 (2Pip3+¢e) —Pip3 0 -
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Here, x and b are infinite vectors, i.e. x = [Af) Al AL - ~]T, b= [6V4 00-- ~]T.
By solving these equations, it can be found that steady-state IP3 concentration
attenuation a;, between Cell i and Cell i+1 is a function of Pip3 and &, and can
be expressed as

Ve2 +4ePps — ¢

Qi =1 — . 15
2Pp3 (15)

Therefore, steady-state of IP3 in each cell can be obtained as
A} = aimAj_y = aj, Af (16)
and Aj is written as

, BVi(Ve? + 4ePp3 —¢€)
Al = . (17)
2€PIP3

Once the IP3 concentration steady-states in each cell is determined, IP3 induced
ICW propagation distance N can be determined as

K
Nloga;, = log—f‘. (18)
Af

Because of the time consumption of IP3 diffusion in the cytosol, we assume
that inter cellular IP3 propagation starting from cytosolic IP3 concentration is
equal to steady state. Then, the overall response of IP3 concentration in each
cell can be written as

0, t S (Z — 1)7'7;71

PlpgA{71(1 - exp(—)\ . .
! i — D1y <t <iTp 19
t—G-rap/n Y 1)

amAi_l, t> iTin

Ai(t) =

where A = Pip3 + € is the time coefficient and 7, is the IP3 propagation time
delay for each cell that can be written as
1. Prp3 — ainA
Tin = <In . 20
(=) (20)
Then, the time delay 7; for ICW propagation of Cell i can be calculated by
solving A;(7;) = Ka and the solution is

Ka

-7 1SN (21)

ICW propagation distance and delay can be calculated base on (18) and (21),
respectively.
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3.3 Effect of Gap Junction Permeability and Stimulus Intensity

In this subsection, we examine the ICW propagation distance and time delay
with the variation of both junction permeability and stimulus intensity. The
propagation distance for the ICW process is computed with both theoretical and
numerical methods. It can be seen that theoretical and numerical values match
well as shown in Fig.5. Propagation distance is shown with respect to both
the gap junction permeability and stimulus intensity. Increase of gap junction
permeability and stimulus intensity can enhance the ICW propagation distance
obviously.

ICW propagation time delay of Cell i is calculated in (21) as a function of
number of cells along the path and simulated with Euler algorithm. From Fig. 6,
ICW propagation time delay, 7;, increases proportionally with the rising number

—6— Simulation,3=0.9
| | —&— Simulation,3=0.6
—&— Simulation,3=0.3

>
" Theoretical §=0.9 =
12} | == Theoretical, =06 ) 1
- = = Theoretical §=0.3 P Sm

ICW propagation distance, dist(number of cells)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Gap junction permeability, Pm (sfl)

Fig. 5. ICW transmit distance with varying stimulus intensity and gap junction
permeability.
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& Slmulauon.l’",SZZ/s
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S

0 5 10 15 20
Number of cells along the propagation, n

Fig. 6. ICW transmission delay with varying propagation distance and gap junction
permeability.
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of cells along the propagation. Meanwhile, gap junction permeability increase
causes the decrease of time delay, indicating that gap junction permeability is
another crucial factor affecting the calcium wave propagation delay. Therefore,
it is a reasonable approach to optimize the communication channel by increasing
the gap junction permeability.

4 Channel Capacity

Channel capacity can be calculated as the maximum mutual information value
between the transmitter and the receiver. Considering a binary channel in our
system, mutual information can be calculated as

D B) DY LRI

mE (22)

A symbol ‘1’ is transmitted when continuous stimulus is applied to the trans-
mitter cell. Detection of symbols at the receiver side is realized by detection of
Ca?" concentration pulses number. If the cytosolic Ca®" concentration shows
more than M /2 pulses within a symbol duration at receiver cell (M is the total
number of pulses in a symbol duration with oscillation state, M = fyTs), then
we judge the received signal as ‘1’. If not, the received symbol will be detected
as ‘0’. A symbol ‘0’ is transmitted when no stimulus to transmitter cell and
if the cytosolic Ca®" concentration shows more than M /2 pulses without IP3,
received symbol will be judged false as ‘1’. If not, the received symbol will be
judged correctly as ‘0’. The probability of Ca** pulse occurring in unit time can
be calculated as [12]

PmaxZ t
711?11]““) (23)
K2+ 7

init

P, =1—exp(—

where Pyax is the maximum probability of Ca?' pulse occurrence in unit time
Ty, Zinit is the initial Ca?* concentration in cytosol, and K, is the threshold
constant. Here, we take Zi,;y = 0.2uM, T, = 1s, Ts = 25s, f, = 0.44Hz, and

= 0.6 uM. The error probability Pg of transmitting ‘0’ and receiving ‘1’ can
be calculated as probability of more than M /2 pulses occurring in a symbol
duration, i.e.

Pg =Pr(m > %) (24)

The pulse number without the IP3 in a symbol duration, m, can be approximated
by poisson distribution as

T, Py

m ~ Pois( T

)- (25)
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The probability of Ca®T oscillation occurring at receiver cell P, due to ICW
can be represented by probability of TIP3 successful propagation. As mentioned
in [13], gap junctions may be blocked due to virous factors such as connexin
protein phosphorylation, which causes the ICW propagation to fail to transmit.
We assume that different gap junctions have the same probability Pyjock to be
blocked. Thus, the probability of IP3 induced ICW occurring at Cell n can be
represented as

(26)

1= Pyoa)”, n<N
Ps(n)Z{(() o) =

The joint probability distribution of the transmitted symbol and received symbol
from Cell 0 to Cell n can be obtained as equation below

Po(1 — Pg), X=0,Y=0
Py Pg, X=0Y=1
Pi(1-Ps(n)(1-Ps), X=1Y=0
P1P5(R)+P1(1*PS)PE, X:LY: 1

P,(X,Y) = (27)

where Py and P; are probabilities of transmitted symbols to be ‘0’ and ‘1’,
respectively. Finally, the channel capacity can be calculated as maximum of
mutual information value shown in Fig. 7. It can be seen that channel capacity
reduce with the increase of propagation distance and maximum probability of
Ca”" pulse occurrence. Gap junction blocking greatly decreases the channel
capacity in the long range ICW communication.

4
B &

s o
-

I
=N
T

=]
o~
T

Channel capacity, C (bit/symbol)
=1
W

4 6
Number of cells along the path, n

Fig. 7. Channel capacity between transmitter cell and receiver cell. Ppax is set to be
0.3, 0.6, 0.9 and effect of Pyiock is also tested from 107! to 1072 with Pmax = 0.9.



298 H. Chang et al.

5 Conclusions

In this study, the mechanism of molecular communication via ICW has been
illustrated and a few channel characteristics have been investigated based on
the theory of IP3 induced inter-cellular calcium wave. The main contributions
of this paper is offering close-form solutions for channel characteristics like IP3
propagation attenuation, ICW propagation distance, and ICW propagation time
delay. Besides, channel capacity considering the binary channel has also been cal-
culated. A few parameters affecting ICW propagation have been analyzed. We
believe that theoretical and simulation results in this paper can offer significant
reference to the design of ICW based molecular communication systems. How-
ever, most parameters in this study were set to be ideal which do not accord
with the practical conditions. More practical parameters and models will be
investigated in our future works.
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