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Calcium is a critically important second messenger in the nervous system. It enters through
voltage-gated Ca?t channels and regulates the release of the synaptic transmitter. This
mechanism is monitored by calcium diffusion, buffering mechanism and calcium influx into
the cytoplasm. The study of Ca?t dynamics is interesting because the concentration of
Ca?* shows highly complex spatial-temporal behavior. There are many controls on the
cytoplasmic Ca?T concentration. First, it is heavily buffered (i.e., bound) by large proteins
and second control is that of the variable diffusion coefficient. The diffusion coefficient
is directly proportional to the temperature and inversely proportional to the viscosity.
In this paper, the one-dimensional steady-state case with boundary conditions has been
studied to understand the Ca?* distribution in neuronal cells incorporating diffusion of
calcium, point source, excess buffer approximation (EBA), an influx due to the calcium
current. Moreover, the dependency of Ca?t concentration based on the variable diffusion
coefficient is studied. The finite element method (FEM) has been employed to obtain the

solutions.
Keywords: calcium diffusion, variable diffusion coefficient, EBA, FEM.
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1. Introduction

Calcium is an active signaling molecule in neurons and it can initiate a diverse set of actions from
neurotransmitter release to every aspect of cellular life. Cellular calcium activates systematically
which is monitored by several processes including localized calcium entry, binding by different buffers,
distribution within neuronal compartments and removal from the intracellular space. In combination,
these regulatory actions produce different spatial and temporal domains of calcium distribution in the
synaptic cleft. Calcium signals are limited to small dendritic segments and global calcium elevations
are involved in the entire cell [1,2].

Calcium signaling is of paramount importance, so the study of Ca?T regulatory mechanism in
neurons has gained interest in the late 90s. The buffers and influxes play an important role in calcium
regulation in neurons. Buffers are basically proteins that bind free calcium ions and store calcium at
local sites in the form of bound calcium. They release free calcium at the sites wherever required and
also contribute to the transport of calcium from one place to another through gated channels [3-8|.

Calcium entry, binding, diffusion, and removal have been topics of extensive discussion to under-
stand the role of calcium contribution to neuronal activity. Similarly, this study is essential for a better
understanding of the functional consequences of calcium distribution in information propagation as well
as pre-synaptic and post-synaptic activities [2]. Therefore, the diffusion of Ca?* is a vital process for
signaling in neuronal cells and neurotransmitters.

While studying the diffusion of Ca?* in neuronal cells, we must understand the physiology of
neuronal cell and cytoplasm where synaptic activity initiates, completes and propagates to the next
neuron. The diffusion of calcium is a highly intricate process involving various parameters like gated
channels, receptors, domains, buffers, etc. [9,10]. In the current mathematical model, we involved
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variable diffusion coefficient along with boundary conditions and further parameters like temperature
of neuronal cell and viscosity of the cytosolic fluid.

Most of the work done by earlier researchers includes the problem of diffusion of calcium in neuronal
cells for one or two-dimensional steady or unsteady state cases which involves only constant diffusion
coefficients [8,11-14]. In the present model, we study the effect of viscosity on diffusion coefficient
due to temperature variation and hence effect on calcium concentration profile in cytosolic plasma.
Although it is possible to study each of these components separately, the results can be obtained easily
but it will not be much meaningful. If all of these components are included then it will be difficult to
get meaningful data. To overcome this problem, a mathematical model including variable temperature
and a diffusion coefficient is studied. The finite element approach is developed to map variation in
calcium concentration with respect to distance [15,16].

The first part of the current study includes numerical results based on cytoplasmic viscosity de-
pending on temperature and hence its effect on the diffusion coefficient. In the second part, the model
of excess buffering approximation in presence of influx due to potential activity in steady state con-
dition is developed for the diffusion of calcium in neurons. The model developed in this paper is for
one-dimensional steady state condition using the finite element method [15,17,18].

2. Biological background

2.1. Anatomy of cytoplasm and functioning in signal transduction

Cytoplasm refers to the fluid that fills the cell, which includes the cytosol along with filaments, proteins,
ions and macro-molecular structures as well as the organelles suspended in the cytosol. In eukaryotic
cells, cytoplasm refers to the contents of the cell except for the nucleus. Active transport is involved
in the creation of these sub-cellular structures and for maintaining homeostasis with the cytoplasm.

The cytoplasm is unusual because it is unlike any other fluid found in the physical world. Liquids
that are studied to understand diffusion usually contains a few solutes in an aqueous environment.
However, the cytoplasm is a complex and crowded system containing a wide range of particles — from
ions and small molecules to proteins as well as giant multi-protein complexes and organelles. These
constituents are moved across the cell depending on the requirements of the cell along an elaborate
cytoskeleton with the help of specialized motor proteins. The movement of such large particles also
changes the physical properties of the cytosol [9,19].

The cytoplasm is the place where this diffusion is carried out. Depending on the type of cell,
cytoplasm may include various compositions and organizations. However, the liquid aqueous phase
is invariably present in all cells. It provides a medium in which a significant number of metabolic
activities and signaling take place [20,21]. Viscosity along with the water activity, acidity and ionic
strength is one of the fundamental parameters of the aqueous medium which defines the conditions of
the physicochemical processes therein. Viscosity is defined as friction in fluids and it is responsible for
the resistance to the movement of one part against another [21]. Various studies show that viscosity is a
temperature-dependent function [22|, the dynamic viscosity can be estimated using the semi-empirical
Vogel-Fulcher-Tammann equation which is:

B
11 = 7o exXp <T_7TVF> ) (1)

where, 19 and B are empirical material dependent parameter and Ty g is an empirical fitting param-
eter. These three parameters are normally used as adjustable parameters to fit the VFT equation to
experimental data of specific systems [23]. The liquid aqueous phase of the cytoplasm contains almost
80% of water and 20% of other components [21]. Therefore, the viscosity of water can be determined
for the determination of cytocolic friction and diffusion coefficient which are responsible for calcium
signaling.
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2.2. Effect of temperature on neuronal functioning

1073

Temperature is also an important influencer of 4

neuronal function and synaptic signaling. Change a5 EEEE |
in temperature can affect neuronal physiology in Fluid 3
various ways depending on how it affects different 3r 1

members of the cells ion channel, the viscosity of
cytoplasm and hence diffusion coefficient [24,25].
For this paper, we are mainly focussing on vari-
ation in the diffusion coefficient due to different

15} |
values of temperature. Recently, the importance ’
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of the effect of temperature in cell functioning has 1f 1
been highlighted as it correlates with biochemical 0 ‘ ‘ ‘ ‘ ‘ ‘
reaction rates [24,25]. For this paper, we have con- 298 300 302 304 306 308 310

sidered homogeneous cell homeostasis with varia- Temperature (Kelvin)

tion in temperature from 25°C to 37°C. Variation
of temperature is considered to evaluate the vis-
cosity of the cytosolic fluid as stated in equation 1. 1 [1.7 times more viscous than water, red line|, fluid
Similarly, the diffusion coefficient for Calcium sig- o [3 times more viscous than water, black line| and
naling was calculated with the above temperature  fluid 3 [4 times more viscous than water, green line]
span. [Diffusion coefficient depending on temper-  are taken to study viscosity against temperature. In
ature is discussed in a subsequent section 4.] this paper cytoplasm is cosidered as fluid 3.

We consider ng = 0.02939mPas, B = 507.88K and Ty r = 149.3 K. Experimentally determined
values of the viscosity can be evaluated at different values of temperatures. Figure 1 shows the variation
of viscosity for fluids which are more viscous than water. These numerical values are used to calculate

Fig. 1. Graph of viscosity versus temperature in the
cytoplasm. Behavior of viscosity against water [blue
line] is studied with the VFT equation. Similarly, fluid

diffusion coefficient.

3. Mathematical background

In the cytoplasm of neurons, calcium follows mass action reaction which is represented by the reaction-
diffusion equations [3,4,8,26,27]. This assumes a bimolecular association reaction between calcium

and buffer as: ot
Ca?t + B <5 CaB. (2)

Here, B represents free buffer, CaB represent Ca?T-bound buffer, kT and &k~ are association and
dissociation rate constants respectively. If we further assume that the reaction of Ca?t with buffer
follows mass-action kinetics, we can write the following system of ODEs [8,12|; for the change in
concentration of each species.

d [Ca?*
% =DcaV? [Ca®T] + Y R+ (3)
J
a[B;
[875)] = Dy, V’B; + R;, (4)
1B _ peus, v?(CaBy] - R, (5)

where the reaction terms, R;, are given by
Rj = —k;" [Ca®t] [B;] + k;~ [CaB]. (6)

j is an index over Ca?t buffers, D¢, Dp ;» Dcap; are diffusion coefficients of free Ca’T, free buffer and
bound buffer respectively.
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3.1. Diffusion of calcium in presence of excess buffer

Intracellular Ca?* signaling is governed by diffusion and buffering of Ca?*. Mobile endogenous buffers
increase the redistribution of Ca?t and tend to restrict the regions of elevated Ca?t concentrations to
the close vicinity of the channel. These Ca?t microdomains dominate fast calcium signaling, as ob-
served, e.g., in synaptic transmission. The steady-state solution of the linearized differential equations
of buffered Ca?* diffusion, as developed by Neher [12], will be reviewed and generalized by using a
different technique of mathematical solution. We know that the association and dissociation rate con-
stants for the bimolecular association reaction between Ca?* and buffer j can be combined to obtain
a dissociation constant Kj,

Kj = k7 [k}, (7)

Let [Ca2+]oo be background or ambient free Ca?* concentration, and [B]s, and [CaB|s, be the equilib-
rium concentrations of free and bound buffer. Diffusion constant of each mobile buffer is not affected
by the binding of Ca?* and for stationary buffers Dg;, Dcap, are zero. Here, higher values for K imply
that the buffer has a lower affinity for Ca? and is less easily saturated. In this case, the equations for
the buffered diffusion of Ca* for single buffer become.

d[Ca’*]
ot

= D,V?[Ca®t] — kT [B]x ([Ca*t] — [CaT]s) + . (8)

For numerical simulations, a reasonable initial condition of uniform ’background’of Ca?* profile is
considered. We further assumed that all buffers are initially in equilibrium with Ca?* and required far
from the source to remain in equilibrium with Ca?* at all times.

lim [Ca®T] = [Ca®T]4 and lim [B;] = [Bj]c-

T—00 r—00

Near the source, we enforce the boundary conditions

0 [Ca2+]
. 2 _
71}_)11]0 [47‘(’Dc7’ 5 | = o, 9)
and 0 B;]
. 2 Jjll _
Tlggo [47TDC7‘ o ] =0. (10)

3.2. Influx due to Ca%* current in response to potential activity

The Goldmann-Hodgkin-Katz equation [9] given by:

(11)

foo = Py [0 020

1 —eV

where, ¢ = 0.0778491mV !, Pp.x = 5.4 x 107%m/s, V is the membrane/resting potential, z is the
valence of Calcium and [Ca2+] -, 1s the extracellular concentration. Thus, influx due to calcium current
is calculated by

Jca = (12)

z F
In the excess buffer approximation (EBA), equation 6 is simplified by assuming that the concentration
of free buffer B; concentration, is high enough that its loss is negligible. The EBA gets its name
because this assumption of the unsaturability of Ca?T buffer is likely to be valid when Ca?* buffer is
in excess i.e., [Bj] = [Bj]oo-

Mathematical Modeling and Computing, Vol. 8, No.2, pp.241-252 (2021)



Study of calcium profile in neuronal cells with respect to temperature and influx due to ... 245

A finite element model has been developed for the diffusion of Ca?* in the presence of excess buffer
approximation in neurons. This model incorporates the effect of potential activity-dependent influx
on calcium diffusion process. The parameters like diffusion rate, dissociation rate, conductance and
membrane potential are incorporated in the above model. Appropriate boundary conditions have been
framed using physical processes involved in influx. The finite element method have been employed
to obtain a numerical solution to the problem. The relationships among various parameters have
been studied. The concentration profiles have been obtained w.r.t. position and temperature. From
equation (6), (8), (11) and (12) we obtain
[Ca2+]oo _ [Ca2+] eeV
1—eV

J[Ca’*]

e D.V?[Ca®] — k¥ [Ble ([Ca®t] — [Ca®t]s) — PrnaxVe

(13)

4. Diffusion coefficient as a function of viscosity and temperature

The diffusion coefficient for calcium can be a variable quantity which is based on the Boltzmann
constant (k), frictional coefficient (f) and absolute temperature of calcium molecule (T') as

kT
A

Fluid friction is the force that resists motion within the fluid itself. f represents the frictional
coefficient which depends upon size, shape and viscosity of the molecule |[here, calcium molecule].
The friction coefficient is calculated as: f = 6wnR, where R is the radius of the calcium atom.
Atomic radii are not precisely defined but are nevertheless widely used parameters in modeling and
understanding molecular structure and interactions. The Van-der-Waals radii determined by Bondi
from molecular crystals are the most widely used values. The Radius of the calcium molecule required
for viscosity determination is calculated as 231 x 1072 pm [28]. The cytoplasm is mainly composed
of water, considering dynamic viscosity of water at different temperatures, the diffusion coefficient D
is calculated for calcium [denoted by D, for this paper| [20,21|. Many researchers considered constant
value of diffusion coefficient to determine calcium diffusion in neuronal cell [6,8,12-14,27|. In this
paper, we calculated the diffusion coefficient for different values of viscosity and temperature. We
observed numerical value for the diffusion coefficient as D. = 265um?/s at temperature 25°C for
cytoplasm [Here, cytoplasm is fluid 3, which is 4 times more viscous than water|. This value is near to
the constant value of the diffusion coefficient used by earlier researchers. So, we have concluded that
in all research regarding calcium diffusion, cytosolic fluid was considered to be four times more viscous
than water. Therefore, the diffusion coefficient with value D, = 265um? /s is considered hereafter for
further numerical simulations.

D (14)

5. Finite element model

To obtain the solution of equation (13) we use the transformation, u = [Ca2+]. Therefore, we get

ou . 2 + ePnaxV eV
5 = DV u—k*[B]__ [u uoo]—i-( (1_eav)> (oo — ue ]
B 2 € Pmaxv 3 Pmaxv
Let,
[+[B],, — &Eut] [+ [B], — 2Eut]
_ <~ (-eV) PR o (=) 16
a = DC al = Dc Uco ( )
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So, equation (15) can now be abbreviated as

1 Ou
=V - b. 17
Do ot u—au+ (17)
The equation (15) in spherical coordinates in one dimension for steady state condition and setting
% = 0 is written as
0 0
§<T2a—:f> —ar2u+b7‘2:0, (18)

here, u(r) = [Ca®*].
The study has been performed in spherical symmetric region 1 < r < 5. The following boundary
conditions are imposed
u(0) = a uM, and wu(5) = 0.1 uM. (19)

Here, « is a free calcium concentration that varies with binding activity of buffers. It can be assigned
the fixed value-based on standard values of free calcium concentration. At the other end r = 5 um
the value of calcium concentration is constant because the profile uniformly converges to 0.1 um. The
variational form of equation (18) along with boundary conditions equation (19) is given by

1 (5] o(0u 2 9 9 9 o
Iu(r)] ——5/1 [r <E> + ar‘u® — 2br u]dr+mu i (20)

We assume that the functional I can be written as the sum of elemental functional 1(¢) as
M
Iu(r) => 1, (21)
e=1

where,

(22)

e=1"

. 1 [l ou(©? )72 o o (e
= f (%) ) = 22w+ %)

Here, I(®) represents discretized variational form of equation 18 and r;, 741 are the coordinates of
the ends nodes of the typical element e. The functional u(®) is defined over the element (e) and zero
elsewhere. We take the approximate solution in the form

ul® = Nju; + Nipruiq = N9g©), (23)
where,
N, = i 7 v and Nit1 = Lo (24)
i1 — T il T T
Therefore,
N© =[N, Nl and 6 = [us, wiga], (25)

Substituting equations (23) to (25) into (22), we obtain

I(e):—l/ri+1 7“2{[N’- N'; 1][ " ]}2+ar2{[l\7- N; 1][ " ]}2
9 . ) i+ Uig1 7 i+ Uit

Uu; o
—2br2 3 [ N; N; ' dr + w9 . 26
{[ ¢ N | [ Uil ]H . e 20)
Where prime denotes differentiation w.r.t. r. The conditions for extremizing I¢ w.r.t. the nodal
quantities give the u; and u;4 element equations for a typical element (e) as 86[—;? =0 and g 1{;: =0.
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In matrix form

A©pe) = glo) (27)
where,
a0 = [ L s | s [
and -
B® = /Tl - {r2 [ N]Zil }}dr - 47TJDCU(6)‘8:1' (28)
Summing over e = 1,2,...,m and extremization of e = 1,2,...,m w.r.t. the nodal points, we get
A® = B, (29)

where A, ¢ and B are global matrices. As a special we consider the region to be divided into four
elements as e = 1,2, 3,4 and interval » = [1,5] in um. For e = 1, we solve the equation (29), we obtain

7 8 7 23
A(l) _ §+ﬁa —§+@a

b
and  BM = [ ] . (30)
7 23 7 31 17
—3t+&e 3ty 12t
Similarly, calculating for e = 2,3, 4 and summing over all elements we get equation (29) in following
form

[ I+8a -I+2Za 0 0 0 1 ” [ 4

j+Be F+¥a L o0 0 w | | B
0 =2+ %44 —%7—1—%& 0 ug | =| & |o. (31)
0 0 —3 4+ dq Pyl 04 2, Uy 194

.0 0 0 ~8+28a G418 | L B

A MATLAB program has been developed to solve equation (31) to obtain nodal values of u. These
values of u; are substituted in (23) to find the value of u in each element e.

6. Numerical results and discussion

The numerical values for various parameters, have been used from Tables 1, 2 and 3 to compute the
numerical results. Variation in diffusion coefficient is studied for different values of temperature. Also,
the effect of variable diffusion coefficient on calcium concentration has been studied. The equation (31)
is solved for fixed diffusion coefficient and different endogenous buffers and exogenous buffers. All
graphs have been plotted and discussed.

Table 1. Numerical values of various calcium buffers [Exogenous].
Ca?* buffer | k*, pM~'s™ | k=,s7' | K, uM | [B]p, uM
EGTA 1.5 0.3 0.2 113

BAPTA 600 100 0.1-0.7 95

Water has low viscosity and hence a high diffusion coefficient. Low viscosity and high diffusion
coefficient both are important according to its role as a solvent in the physio-chemical reactions of
cells. In addition, cytosolic fluid though it contains 80% of water and 20% of other parameters like
proteins, ions, macromolecules etc. is more viscous compared to water. According to recent research
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Table 2. Numerical values of various calcium buffers [Endogenous].
Ca?t buffer kT, pM~ls™1 | k=, 57! K, uM [B]r, uM
Troponin-C 90 — 100 7—300 | 0.05—30 | 50 (varied)
Calmodulin D28K 100 — 500 37—470 | 0.2 —-2.0 32
Triponin C 39 20 0.51 70
Parvalbumin 6 1 0.00037 36
Table 3. Values of biological parameters used.
Symbol Parameters Value
F Faraday’s constant 96487 C/mol
D, Diffusion coefficient of free Ca?* in cytosol | 265 um?/s at 25°C
7Z Valence of Ca?* 2
[Cazﬂout calcium concentration in extracellular region 1073 Moles
T Temperature in Kelvin (25°C) 298.15 Kelvin
o Source Amplitude 1pA
R Gas constant 8.314 Jmol~'s~!
Proax Permeability constant 5.4 x 1076 m/s
1600 ‘ 6.93
Water
1400 Pl 2 6.92 |
L\‘Q Fluid 3 ’é\ 6.91 B
£ 12001 3
> g 69 |
EJ 1000 % 689 |
£ g00f 1 S 688 1
S ’ / &
o 6007 | S 6.87 |
g g 6.86 1
a0 CH
a S 685 |
200 6.841 1
299 300 301 302 303 304 305 306 307 308 309 310 S%560 270 280 290 300 310 520 330 30 350 360
Temperature (Kelvin) Diffusion Coefficient (,um2/s)
Fig.2. Variation in diffusion coefficient of fluids Fig.3. Variation in calcium concentration due to

variable diffusion coefficient. For source amplitude
o = 1pA and fixed radius r = 1 ym.

which are more viscous in comparison with water.
[Refer description of Fig. 1].

on cytosolic viscosity, the intracellular viscosity values obtained by different methods, in various kinds
of cells, vary widely: from values close to the viscosity of water (1cP at 20°C and 0.75c¢P at 37°C)
to values which are up to ten times higher [21]. Referring Figure 2, we can understand the variation
of diffusion coefficient w.r.t. temperature for different fluids with different viscosities. As temperature
increases diffusion coefficient in each fluid increases.

Figure 3 shows a graph for calcium concentration vs diffusion coefficient. Here, variable diffusion
coefficient of cytoplasm is considered. Cytoplasm is considered as fluid 3, which is four times more
viscous than water. Calcium concentration increases as the diffusion coefficient increases. Variable
diffusion coefficient is calculated with variable temperature.
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Fig. 5. Calcium concentration profile w.r.t. position
for endogenous buffers, where D. = 265 um?/s and
o = 1pA.

Fig. 4. Calcium concentration profile w.r.t. position,
where D, = 265 ym?/s and o = 1 pA.

In study of the diffusion of calcium in neuronal cell, buffer plays an important role. The binding
capacity of the buffer maintains the concentration of calcium in the intracellular process. Calcium
concentration increased to a great extend based on the influx activity of gated channels. In such
case, buffers are highly effective to reduce intracellular free-calcium concentration. In Figure4, the
steady-state calcium profile is plotted for two endogenous buffers EGTA and BAPTA corresponding
to distance from the source. EGTA has lower association rate compared to BAPTA. Therefore, fall
in calcium concentration for slow buffer [EGTA- blue line| is less sharp compared to the fast buffer
[BAPTA-red line|. This is because the binding rate of fast buffer [BAPTA] is very high and causes the
Ca?* to fall more sharply as compared to that in the case of slow buffer [EGTA].

Figure5 shows the profile of calcium concentration w.r.t. distance from the source for D. =
265 um? /s and o = 1pA. Here, D, is calculated for 25°C temperature using equation (14). For all
standard values refer Table 2 behavior of endogenous buffers observed. We can see that the difference
between the curves is not much, this is because there is little variation in the binding rate of different
endogenous buffers.

25 %10

55

15

Current (A cm‘z)
o
o 14
(2] o

Current (A cm?)

Ll
o
a

0210 20 30 40 50 60 70 80 90 100 575 200 202 208 200 200 10

Calcium Concentration (pmol) Temperature (Kelvins)

Fig. 6. Variation in current and calcium concentra-
tion where, D, = 265 um? /s, membrane permeability
constant is Ppayx = 5.4 x 107%m/s.

Fig. 7. Solution of GHK current equation for Ca?*.
Current is plotted as a function of temperature with
permeability constant Ppax = 5.4 x 107 m/s.
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[V
ol

Corresponding to calculated diffusion coeffi-
cient 265 ym? /s and membrane permeability 5.4 x
1079 m/s in Figures 6-8, we attempted to analyze
the effect of the diffusion coefficient on calcium
profile and current. Figure6 gives a variation
in current calculated calcium concentration. As
calcium concentration increases cytosolic current
also linearly increases. Figure7 gives a graph be-
tween temperature and current. As the tempera-
ture is an important factor that affects cytosolic
activities [24,25], current with increasing temper-

— — )
(=) ol <
: :

Ca?* Concentration (pumol)
o

0 10 20 30 40 50 60 70 80 90 100  ature increases [measured in pAl; which gives a
Source Amplitude (pA) linear graph. FigureS8 gives a graph between cal-

-5 . .

Fig.8. Ca2* concentration at fixed radius r =  cium concentration and source amplitude. The
0.03 pm is plotted as a function of source amplitude  relationship between source amplitude & calcium
o using steady state excess buffer approximation for concentration is non-linear in between o = 0 to

D = 265 ym?/s. 50 pA and it is linear between o = 50 to 100 pA.

7. Conclusions

Buffers play a unique role in forming calcium signals if relevant concentration gradients are present
in the cell. Buffers regulate concentration formed by influx and calcium microdomain. Similarly,
temperature and viscosity of cytosolic plasma play important role in the determination of the diffusion
coefficient which is responsible for the diffusion of calcium. Many researchers worked on variation in
viscosity in cytosolic plasma corresponding to temperature using various methods. However, the values
of viscosity found very close to water [21]. Therefore, the current study based on this assumption
which is novel up to our understanding is used to study the calcium signaling. The results of our
model are quite in agreement with the biological facts and experimental results obtained by earlier
research workers. Results for potential dependent diffusion of calcium are for under steady state
are also meeting biological facts. Such models can be developed to generate information regarding
concentration distributions in the cells and relationships among various parameters involved in the
biological phenomena. Any abnormalities in influxes or potential due to any disease or environmental
conditions can cause disturbances in calcium concentration profiles. The information obtained from
these models can be of great use to biomedical scientists to understand the biological processes and
to develop protocols for the detection and treatment of diseases. Similarly, it will help to understand
biological facts based on the variation of viscosity, temperature and diffusion coefficient on calcium
signaling.
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Hocnip>xeHHs npodinto KanbLis B HEWPOHHUX KNITUHAX 3a/IeXXHO Bif
TemMmnepaTypu Ta CTaHy 3a HasiIBHOCTI NPUTOKY MOTEHLINHO aKTUBHOIO
KabLis

[Marur k. B.l, Basze A. H.2, Illapma JI.2, Bauas A.3

I Kagedpa mamemamuru, Bacanmpao Hatix Mazasiosran, Aypaneabad, India
2Kagpedpa inorceneprozo kypcy nepwozo xypcy, Inoceneprud xoredoic Himnpu Dinusad, Iyna, Indis
3 IIxona ynpasainna Haein orcundan, Texacvruti ynisepcumem, Haanac, CIIA

Kambriit € BaxKIUBUM JAPYTUM Kyp’€pOM Iepeiadi HepBOBUX IMITYJbCiB. BiH HaIxoauTh B
KJiTrHR gepes keposani Ca’t xananu i perysoe Heiiporpancuicito. Ileit MexanizaM KOHTPO-
JIFOETHCS 32 JIOMTOMOTOI0 Jnpy3il KaJIbIlito, OydepHOro MexaHi3aMy Ta IPUTOKAMHI KAJIbITIIO B
muTorasMy. Busdenna qumamiku Ca?t mikase, ockinbku kornmentpanig Ca?t memoncrpye
JIy2Ke CKJIaIHY IPOCTOPOBO-YaCOBY MOBEIIHKY. [cHYy€e 6e3i1id 3ac00iB KOHTPOJIIO KOHIIEHT DA~
nii Ca?t B muromTasMi; mo-Tepme, Bil cuIbHO GydhepusyeThes (TOOTO 3B’A3YETHCS) BEJIH-
KuMU OiJIKAMU, a MMOo-JpyTre, KOHTPOJIb 3/iHCHIOETHCS 3a JI0IMTOMOT0I0 3MiHHOTO KoedilienTa
mudy3sii. KoedinienT audysil npsmo npomnopiiiiinuit TeMiepaTypi Ta 06epHEHO IPOITOPITii-
HU B’s13K0CTi. Y IIiif poOOTI JOCTIIKEHO OJHOBUMIPHHUI BHUIIAI0K CTAIIOHAPHOI'O CTAHY 3
IPAHMTHEMI YMOBaMHE A/ po3yMinns posnomiry Ca?t y HeffpoHHEX K/ITHHAX, IO BKJIIO-
vyae audysiio Kajbliio, TOYKOBe JzKepesio, Hamukose Oydepue nabmkenns (HBH) Ta
Ha/JIXO/IKEHHS KAJbINI0 depe3 MoTiK. TakoK BUBYAETHCS 3aJICKHICTH KOHIIEHTPAITIT Ca2t
Bijl pizHux 3HadeHb KoedimienTa qudy3ii. s orpuManis po3B’sA3KiB 3aCTOCOBYBaBCs Me-
rog, ckinvennux esementis (MCE).

Knrouosi cnoBa: dugysis xasvyito, aminnuil xoediyienm dugpysii, HBH, MCE.
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