
 

 

  
Abstract—Chemical reaction and diffusion are important 

phenomena in quantitative neurobiology and biophysics. The 
knowledge of the dynamics of calcium Ca2+ is very important in 
cellular physiology because Ca2+ binds to many proteins and 
regulates their activity and interactions Calcium waves propagate 
inside cells due to a regenerative mechanism known as calcium-
induced calcium release. Buffer-mediated calcium diffusion in the 
cytosol plays a crucial role in the process. A mathematical model has 
been developed for calcium waves by assuming the buffers are in 
equilibrium with calcium i.e., the rapid buffering approximation for a 
one dimensional unsteady state case. This model incorporates 
important physical and physiological parameters like dissociation 
rate, diffusion rate, total buffer concentration and influx. The finite 
difference method has been employed to predict [Ca2+] and buffer 
concentration time course regardless of the calcium influx. The 
comparative studies of the effect of the rapid buffered diffusion and 
kinetic parameters of the model on the concentration time course 
have been performed. 
 

Keywords—Calcium Profile, Rapid Buffering Approximation, 
Influx, Dissociation rate constant.  

I. INTRODUCTION 
alcium is one of the most important second messenger 
molecules, with a diverse array of effectors. Calcium 

directly moderates electrical activity, on a relatively fast time 
scale, through its control of calcium dependent potassium 
channels [10], [11], [15]. Long-term effects are mediated by 
various kinases and phosphatases. Calcium is one of the 
activators of protein kinase C, which plays a role in synaptic 
plasticity. One aspect of Ca2+ signaling that affects Ca2+ 
microdomains is the association of Ca2+ with cytosolic Ca2+-
binding proteins. Cellular Ca2+ buffers, whether stationary or 
mobile, reduce the basal free Ca2+ concentration and localize 
Ca2+ signals by reducing the effective diffusion coefficient for 
Ca2+. Mobile Ca2+ buffers have an additional "sink" effect on 
free Ca2+ in proportion to the local Ca2+ gradient that both 
restricts Ca2+ elevations and facilitates Ca2+ clearance after 
channel inactivation. Ca2+ indicator dyes are themselves 
mobile Ca2+ buffers. The Ca2+ microdomain at the mouth of a 
channel forms quickly upon opening of the channel and 
dissipates quickly upon channel closure, reaching equilibrium 
within microseconds. We can formulate the model for the 
equilibrium Ca2+ profile near an open channel [20]. These 
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formulas relate the Ca2+ concentration to the distance from the 
channel, and differ primarily in the treatment of Ca2+ buffers. 
G. D. Smith has developed a simplified mathematical 
description of Ca2+ diffusion that is valid in the presence of 
rapid buffering approximation [10]. Experimental buffers in 
the cytoplasm give equilibrium time on the order of few 
milliseconds. The validity of the rapid buffering 
approximation requires that the equilibrium time be much 
smaller than the time required for Ca2+ to diffuse across a 
region of the size of a typical gradient. 

In a complex with calmodulin, calcium is an activator or 
regulator of several enzymes, including calcium-calmodulin 
dependent protein kinase, which plays a role in synaptic 
plasticity, and adenylate cyclase, which produces cAMP, 
another important second messenger [7], [18]. Neurons have 
numerous sources and sinks of calcium in order to tightly 
control this very active molecule. Sources include voltage 
dependent calcium channels (which allow electrical activity to 
moderate calcium concentration) and intracellular stores; sinks 
include buffers and membrane pumps. 

Experimental attempts were made by many research 
workers to study the role of calcium in neuronal signaling [1], 
[2], [9], [10], [17]. They experimentally studied and explained 
the elementary and global aspects of calcium signaling, effects 
of mobile buffers on facilitation of calcium diffusion, the 
phenomenon of buffered diffusion of calcium in the cells and 
concentration profiles of intracellular Ca2+ in the presence of 
diffusible chelator. 

Also theoretically attempts were made to study calcium 
diffusion problem in neuron cells [3], [8], [10], [13], [14], 
[19]. They derived an analytical steady state solution for the 
Ca2+ profile near an open Ca2+ channel based on a transport 
equation which described the buffered diffusion of Ca2+ in the 
presence of rapid stationary and mobile Ca2+ buffers. They 
also used the steady state rapid buffering approximation to 
estimate the source amplitude of local Ca2+ elevations that 
occur in the presence of several mobile Ca2+ buffers. Further 
their work also highlights all the effect of rapid mobile buffer 
and bulk cytosolic Ca2+ and [Ca2+]d (domain concentration). 
Near source estimate of the effect of rapid mobile buffer on 
[Ca2+]d the steady state rapid buffering approximation near an 
open Ca2+ channel is a novel analytical result that 
complements the excess buffer approximation, when the 
conditions for the validity of the rapid buffering 
approximation near a point source for Ca2+ ions are met, the 
steady state rapid buffering approximation provides an upper 
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limit on the Ca2+ profile during a local Ca2+ elevation [7]. It 
can also be used to relate source amplitude of a local Ca2+ 
elevation to an observed Ca2+ bound dye profile. 

From the literature it is evident that most of the attempts 
have been made to study calcium diffusion problems in neuron 
cells for steady state case and almost no attention has been 
paid to unsteady state problems. In view of above an attempt 
has been made to study unsteady state calcium diffusion in 
neuron cells involving rapid buffers. 

II. MATHEMATICAL MODEL 
Reaction diffusion equations are often used to simulate the 

buffered diffusion of intracellular Ca2+ an important process to 
include in biophysically realistic neuronal models. The 
buffered diffusion of Ca2+ near isolated point sources can be 
described mathematically by a system of reaction- diffusion 
equations with spherical symmetry. It is standard to assume 
homogeneity, isotropy, and Fickian diffusion as well as 
bimolecular association reaction between Ca2+ and buffer. 
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j
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+
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where Bj and CaBj are free and bound buffer, respectively and 
j is an index over the buffer species. 

With these assumptions the system of reaction – diffusion 
equations for the concentrations of Ca2+, free buffer Bj and 
bound buffer CaBj respectively are as below, 
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where reaction term Rj is given by  
 

   ][CaBk + ][B ]Ca [k - = j
-

jj
+2+

jjR      (5) 
 

In this equation DCa, DBj and DCaBj are diffusion coefficients 
for free Ca²+ free buffer and bound buffer respectively. kj

+ and 
kj

- are dissociation rate constants for buffer j respectively. We 
know that the association and dissociation rate constants for 
the bimolecular association reaction between Ca2+ and buffer j 
can be combined to obtain a dissociation constant, Kj 
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Because Ca2+ has a molecular weight that is small in 

comparison to most Ca2+ binding species, The diffusion 
constant of each mobile buffer is not affected by the binding 
of Ca2+ that is DBj = DCaBj = Dj and substitute it in (3) & (4) we 
get  
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where  

            ][B + ][CaB = ][B jjTj         (6) 
 
Providing that the [Bj]T profile is initially uniform and there 

is no source or sink for Ca2+ buffer, the [Bj]T will remain 
uniform for all time. Thus we write the following equation for 
the buffered diffusion of Ca2+ 
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where 
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 (9) 
 
For boundary condition, we assume a point source Ca2+ at 

the origin and a fixed background Ca2+ concentration. There is 
no source for buffer and the buffer is assumed to be in 
equilibrium with Ca2+ far from the source  

A reasonable initial condition for their simulation is a 
uniform background Ca2+ profile of [Ca2+] = 0.1 μM 

We further assume that all buffers are initially in 
equilibrium with Ca2+ and boundary conditions are given by 
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Near the source we enforce the boundary conditions 
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implying an influx of free Ca² + at the rate σ, By Faraday’s 
law, σ = ICa /zF [6]. 

For notational simplicity we have written Dc and Db for the 
diffusion coefficient of free Ca²+ and free buffer, respectively 
and ∇² as an abbreviation for equations for the buffered 
diffusion of Ca2+[5]. 
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These full equations for the buffered diffusion of Ca²+ have 

been used to analyze the ability of endogenous buffers (fast 
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BAPTA and slow EGTA) and exogenous Ca²+ buffers in the 
vicinity of a channel pore.  

A. The Rapid Buffering Approximation 
In case of rapid buffering approximation, buffer 

concentration is variable [4], [13], [14], [16]. We can make a 
quasi-steady-state approximation and assume that changes in 
buffer concentration occur in such a manner that Ca2+ and 
buffer are essentially always in equilibrium (i.e. Rj = 0). Thus 
we have the following equilibrium expressions for single rapid 
buffer. 
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From above the total concentration of Ca2+ (free and bound) 

is a simple function of [Ca2+] and can be expressed as given 
below 
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Now with the help of (12), (13) & (14) we define the 

“buffer capacity” i.e. the rate of change of bound [Ca2+] with 
respect to free [Ca2+] 
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and the “buffering factor” as the differential of free [Ca 2+] 
with respect to total [Ca2+] that is  
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where β is always some number between zero and one (β = 
1/100 is not unreasonable, but the exact value depends on 
[Ca2+] and buffer parameters). Using these buffered diffusion 
equations of Ca2+ for one buffer becomes  
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It allows us to quantify the effect of rapid buffers on Ca2+ 

diffusion. The pre-factor of the laplacian term in (17) can be 
identified as an effective diffusion coefficient, Deff, given by 

 
   ( )κβ bceff DDD +=          (18) 

Case-I: When the [Ca2+] >>K, 
Although β and κ are general function of [Ca2+] but in 

certain circumstances this dependence can be weak, eg, when 
the [Ca2+] >> K, κ approaches 0 and β approaches one, 
reflecting the fact that nearly saturated buffers will have little 
effect on [Ca2+] .  

Then (17) becomes 
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 By applying finite differences technique, we get for ri? 0 
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for  ri ≠ 0                   
where Ui

j is an approximation to the function u(ri , tj), and u 
represents the concentration of Ca2+. h and k are step sizes for 
the r and t,
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At the origin (ri=0,i=0) a finite difference approximation to 

(19) gives 
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Case-II: When the [Ca2+] << K, 
Then the value of κ and β are given by 
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TABLE I 

NUMERICAL VALUES OF VARIOUS CALCIUM BUFFERS 
 A) ENDOGENOUS BUFFERS 

Ca2+ buffer k+ μM-1s-1 k- s-1 K μM [B]T μM 
Troponin-C 90-100 7-300 0.05-3 0 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 II 
NUMERICAL VALUES OF VARIOUS CALCIUM BUFFERS  

B) EXOGENOUS BUFFERS 
Ca2+ buffer k+ μM-1s-1 k- s-1 K μM [B]T μM 

EGTA 1.5 0.3 0.2 113 
BAPTA 600 100 0.1-0.7 95 

 
      Applying finite differences technique, we get 

World Academy of Science, Engineering and Technology
International Journal of Physical and Mathematical Sciences

 Vol:8, No:2, 2014 

447International Scholarly and Scientific Research & Innovation 8(2) 2014 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 P
hy

si
ca

l a
nd

 M
at

he
m

at
ic

al
 S

ci
en

ce
s 

V
ol

:8
, N

o:
2,

 2
01

4 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/9
99

78
86

.p
df



 

 
fo
w
re
th

(2

IV
w

be

m
di
sy
C
m
[3
so

F

sh
fo
an
so
no
th
fro

j
i

1+j
i

K
B-

2
k+ U= U

⎜
⎜
⎝

⎛

+

or  ri ≠ 0    
where Ui

j  is an
epresents the c
he r and t, r 1/+i

At the origin
21) gives 

 

   1j
0  U= U +

 
A computer p

V computer to
we construct th

III. 
The followin

een used to co
RBA is appr

mobile buffer a
iffusion. This
ynapses. Smith
a2+ diffusion 

mathematical c
3], [12]. B = 0
ource paramet

 

Fig. 1 Calcium c
=250 μm2/s,

 
In Fig. 1 we

harply for r b
or r between 0
nd becomes u
ource buffers
onlinear respo
he response b
om saturation

j
1+i

j
i

2
1/2+i22

i

eff

 U-U
U

B

)[(r 
2r
kD

⎜
⎜
⎝

⎛
⎟
⎟
⎠

⎞

h

h

     
n approximati
concentration 

an h/2+r = i 2

n (ri=0,i=0) a 

j
12

Cj
0 (U 

h
6kD + 

program has b
o obtain nume
he graphs.  

NUMERICAL R
ng numerical v
ompute the num
ropriate when 
and when buff
s is often th
h et al. did an
near a point 
ondition for th
0 (RBA), buf
ters are chosen

concentration p
, [B]T=50μM, K

e observe that
between 0-0.3
0.3-0.6 μm an
uniform throu
 are more s
onse of free [
ecomes more

n.  

2j
i

j
i

j
1+i

2 (r - ) U-(U

⎟
⎟
⎠

⎞

    
ion to the fun
of Ca2+. h an

h-r = r nd i1/2-i

finite differen

j
0 UK

B-) U- ⎜
⎜
⎝

⎛

+

been develope
erical results a

RESULTS & D
values for vari
merical result
there is signi

ffer kinetics is
he case near
n asymptotic 
source, and d
he case where

ffer saturates. 
n such that RB

rofile with resp
K= 1 μM, σ =1

t calcium con
μm and then 

nd thereafter c
ughout. This 
saturable. So
[Ca2+] at buff
e linear as the

j
i

j
i

2
1/2-i  U-(U)r

nction u(ri , tj)
d k are step s

h/2  
nce approxima

j
0

j
1

j
0

 U-U
U ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟
⎟
⎠

⎞

h

ed and execute
and using MA

ISCUSSION 
ious paramete
ts [15]. 
ificant saturab
s fast relative 
r Ca2+ chann
analysis of b

determined fol
e RBA is appr
Here buffer a

BA is valid.  

pect to position,
1 pA, Db=75 μm

ncentration fal
gradually de

converges to 0
is because n

o there is a 
fer saturation 
e buffers are 

 

j
1- )]

(23)

 

), and u 
izes for 

ation to 

2

   
(24) 

ed of P-
ATLAB 

ers have 

bility of 
to Ca2+ 
nels in 

buffered 
llowing 
ropriate 
and the 

 
, for, Dc 
m2/s 

lls very 
ecreases 
0.1 μM 

near the 
highly 
levels; 
farther 

Fi
fo

sha
for
co
av
cal

sin
μm
va
(σ
(K
wi
low
no
the
K=
sig

an
co
the
be

ig. 2 Bound cal
or, Dc =250 μm
 
In Fig. 2 we 
arply for r be
r r between 
nstant. This is
ailable for b
lcium is nonli
Here in Fig. 

ngle mobile b
m to plot [Ca
arious mobile 
) greater tha

K=100 μM), 
ith increase in
wer values o

onlinear betwe
e relationship 
=0.1, 1, 10 μM
gnificantly.  
 

Fig. 3 Calciu
Amplitude, for

 
This nonlinea

nd the [Ca2+] p
ncentration in
e buffering ca
cause with in

0.1

1

10

100

1000

10000

C
al

ci
um

 C
on

ce
nt

ra
tio

n 
(M

ic
ro

 
M

ol
es

)

lcium concentra
m2/s, [B]T=50μM

observe that b
etween 0-0.3μ
0.3-0.8μm an
s because nea
inding with b
inear with resp
3, we have a

buffer on [Ca2

a2+] as a func
buffer parame

an 10-3 pA 
the calcium 
n source amp
f K (K=10, 

een σ =10-3 t
becomes line

M changes at

um concentratio
r Dc =250 μm2/

μ

arity decrease
profile approa
n the absence 
apacity κ=0 a
ncrease in dis

0.0001 0.00

Sorce

ation profile wi
M, K= 1 μM,σ 

bound calcium
μm and then 
nd thereafter 
ar the source m
buffers. The 
pect to positio

attempted to a
2+] by fixing 
tion of sourc
eters. When th
and high di
concentration

plitude. But f
1, 0.1 μM), 

to 10-1 pA an
ear. Further the
t the points σ

on profile with 
/s, [B]T=50μM
μm2/s 

s as dissociat
aches the limit
of mobile buf

and buffering 
ssociation con

01 0.01

Amplitude (pA)

th respect to po
=1 pA, Db=75

m concentratio
gradually dec
it becomes 

more free calc
response of 

on.  
analyze the ef
r. We take r 
e amplitude (
he source amp
issociation co
n increases l
for intermedia

this relations
nd for σ > 10
e slope of cur

σ = 10-3 to 10

respect to Sour
M, r=0.03μm, Db

tion rate K inc
ting case of c
ffer i.e., case-

factor β=1. T
nstant K the 

0.1 1

 
osition, 

μm2/s 

on falls 
creases 
almost 

cium is 
bound 

ffect of 
= 0.03 
(σ) for 
plitude 
onstant 
inearly 

ate and 
ship is 

0-1 pA, 
rves for 
0-2 pA 

 
rce 
b=75 

creases 
alcium 
I when 
This is 
buffer 

10

K=
10
0

World Academy of Science, Engineering and Technology
International Journal of Physical and Mathematical Sciences

 Vol:8, No:2, 2014 

448International Scholarly and Scientific Research & Innovation 8(2) 2014 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 P
hy

si
ca

l a
nd

 M
at

he
m

at
ic

al
 S

ci
en

ce
s 

V
ol

:8
, N

o:
2,

 2
01

4 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/9
99

78
86

.p
df



 

sa
bu
Th
so

A

[C
fu
co
be
pl
10
m
be
ca
va
w
hi
th
co
bu

ob
Fu
fa
in
ph
pa
be
bi
an
to

[1]

[2]
[3]

[4]
[5]

aturability incr
uffer and ther
hus the relatio
ource amplitud

  

Fig. 4 Calci
Amplitude, for D

 
In Fig. 4 we

Ca2+] by fixin
unction of sou
oncentration. 
etween calcium
lot the graphs
00, 150μM). F

more nonlinear
ecause as con
apacity that i
alue K=10μM

will slow dow
igher values o
his is the buf
oncentration i
uffering factor

The results 
btained by ea
urther these re
acts. The m
nteresting res
henomenon &
arameters. Th
e of great us
iological proce
nd treatment o
o diseases and 

] Berridge M.J
physiol. (cond

] Berridge M.J.
] Bertram R, Sm

overlapping C
J., 76(2):735-

] Clapham, D.E
] J. M. McHu

diffusion and 
Physiol 286: C

reases and rea
refore there i
on between ca
de and relation

ium concentrati
Dc =250 μm2/s,

e analyze the 
ng r. We take
urce amplitud
Here we us

m concentrati
s for differen
From Fig. 4 w
r for high mo
ncentration of
is buffering f

M. So the bindi
wn that cause
of the buffer c
ffer diffusion 
is zero, when
r β =1. 
obtained abo

arlier research
esults are also
athematical 
sults and g
& relationsh

he information
se to biomed
esses and for 
of abnormalit
other abnorm

REF

J., Elementary an
d), 499(1997), pp
., Neuronal calciu
mith G.D., and S
Ca2+ micro doma
-50, 1999. 
E., Calcium Signa
ugh and J. L. K

fura 2 measurem
C342-C348, 2004

aches its limit
is no binding
alcium concen
nship become

ion profile with
, r=0.03μm, Db

effect of sing
e r = 0.03μm
de (σ) for va
se r=0.03μm 
ion and the so
nt buffer con
we can see th

obile buffer co
f the buffer in
factor also de
ing rate of the

es the nonline
concentration. 

in absence o
n the bufferin

ove are in ag
h workers [3],
o in agreemen
model devel
ives us und
ips among 

n obtained fro
dical scientist
developing pr
ties in the phe

mal physiologi

FERENCES  
nd global aspect
p. 291-306. 
um signaling. Neu

Sherman A., A mo
ains on neurotran

aling, Cell, 80(19
Kenyon, An Exc
ments in a spheric
4. 

ting case of sa
g with calcium
ntrations depen
es linear. 

h respect to Sour
b=75 μm2/s, K=

gle mobile bu
m to plot [Ca2

arious mobile
to plot the

ource amplitu
ncentrations ([
hat as the cur
oncentration. 
ncreases the b
ecreases for 
e buffer with c
earity in curv
The limiting 

of buffer i.e.
ng capacity κ

greement with
, [7], [8], [13
nt with the bio
loped above 
derstanding 
various biop

om these mod
t to understa
rotocols for de
enomena arisi
cal conditions

s of calcium sig

uron, 21(1998), p
odeling study of 
nsmitter release, 

995), pp. 259-268
cel-based model 
cal cell, Am J Phy

 

aturated 
m ions. 
nd only 

 
rce 

= 10 μM 

uffer on 
2+] as a 
e buffer 
e graph 
ude. We 
[B]=50, 
rves are 
This is 
binding 
a fixed 
calcium 
ves for 
case of 
 buffer 

κ=0 and 

h those 
3], [14]. 
ological 

yields 
of the 

physical 
dels can 
and the 
etection 
ing due 
s.  

gnaling, J 

pp13-26. 
effects of 
Biophys. 

8. 
of Ca2+ 

ysiol Cell 

[6]

[7]

[8]

[9]

[10

[11

[12

[13

[14

[15

[16

[17

[18

[19

[20

Jonathan H. Ja
T. Nelson, Cal
278: C235-C2
Klingaut, J., a
membrane; im
J., 72(1997), p
Leighton T. I
Analysis of 
September 199
M. E. Kargaci
of free and bou
J Physiol Cell 

0] Martin Falcke
Biophysical Jo

1] Naraghi, M., a
domains and i
calcium chann

2] Neher, E., Con
diffusible chel

3] Smith G.D, A
approximation
3072. 

4] Smith G.D, W
approximation
2539, 1996 

5] Stern, M.D., 1
Cell calcium. 

6] Wanger, J., a
diffusion and C

7] Yun-gui Tang
and Robert S
Experimental 
2735-2751, Vo

8] J. Sobolo, B. 
calcium signal
(9) (2012) 549

9] G. Ullah, D.-O
gated ion chan
sf9 cells, The J

0] H. Ramay, O
controlled by 
sensitivity, Ca

aggar, Valerie A
lcium sparks in s
56, 2000. 

and E.,Neher, Mo
mplecation for sec
pp. 674-690. 
Izu, W. Gil Wi
the Ca2+ Spark

98, p. 1144-1162
in and G. J. Karg
und ATP and AD
Physiol 273: C14

e, Buffers and Os
ournal 84:28-41 (
and E.,Neher, Lin
its implication fo

nel, J., Neurosci., 
ncentration profil
lator, signals, cell
Analytical Stead
n near an open C

Wanger J., and K
n near a point sou

1992. Buffering o
13 pp. 183-192. 
and J., Keizer. 
Ca2+ Oscilations. 

g, Thomas Schlum
S. Zucker, Effe
and Computatio

ol. 78, No. 6. 
Rothberg, M. M

l transducers, Na
9-565. 
O. D. Mak, J. E. 
nnel: The inosito
Journal of Genera
. Liu, E. Sobie, 
sarcoplasmic re

ardiovascular rese

A. Porter, W. Jon
smooth muscle, A

odelling buffered
cretion in neuroe

ier, and C. Wil
k Amplitude D
, Vol. 75, No. 3. 

gacin, Predicted c
DP during intrace
416-C1426, 1997
scillations in Intr
(2003). 
nearized buffered
or calculation of 
17(1997), pp. 69
les of intracellula
l calcium, 24(199

dy-State Solution
Ca2+ channel. Biop

Keizer J., Validit
urce of Ca2+ ions

of Ca2+ in the vi

1994. Effect of
Biophys. J., pp 4

mpberger, Tae-su
cts of Mobile 
onal Studies, Bi

Madesh, D. Gill, 
ature Reviews M

Pearson, A data-
ol 1, 4, 5-trispho
al Physiology 140
Recovery of ca

eticulum refilling
earch 91 (4) (201

athan Lederer, an
Am J Physiol Cell

d Ca2+ diffusion 
endocrine cells, B

lliam Balke, Th
Distribution, Bio

changes in concen
ellular Ca2+ signal
7. 
acellular Ca2+ Dy

d Ca2+ diffusion 
[Ca2+] at the mo

961-6973. 
ar Ca2+ in the pre
98), pp. 345. 
n to the rapid b
phys. J., 71(1996

ty of the rapid b
. Biophys. J., 70(

icinity of a chann

f rapid buffers 
447-456. 
ung Kim, Martin
Buffers on Fac

iophys J, June 2

Stim proteins: 
Molecular Cell Bio

-driven model of 
osphate receptor i
0 (2) (2012) 159-
ardiac calcium re
g and ryanodine 
1) 598-605. 

nd Mark 
l Physiol 

near the 
Biophys. 

heoretical 
ophys J, 

ntrations 
ling, Am 

ynamics, 

in micro 
outh of a 

esence of 

buffering 
6). 3064-

buffering 
(6)2527-

nel pore. 

on Ca2+ 

n Lueker, 
cilitation: 
2000, p. 

dynamic 
ology 13 

a modal 
in insect 
-173. 
elease is 
receptor 

World Academy of Science, Engineering and Technology
International Journal of Physical and Mathematical Sciences

 Vol:8, No:2, 2014 

449International Scholarly and Scientific Research & Innovation 8(2) 2014 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 P
hy

si
ca

l a
nd

 M
at

he
m

at
ic

al
 S

ci
en

ce
s 

V
ol

:8
, N

o:
2,

 2
01

4 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/9
99

78
86

.p
df


