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Abstract Ryanodine receptor channel model is intro-

duced to a dynamical model of pancreatic b-cells to discuss

the effects of RyR channels and glucose concentration on

membrane potential. The results show Ca2+ concentration

changes responding to enhance of glucose concentration is

more quickly than that of activating RyR channels, and

both methods can induce bursting action potential and

increase free cytosolic Ca2+ concentration. An interesting

finding is that moderate stimulation to RyR channels will

result in a kind of ‘‘complex bursting’’, which is more

effective in enhancing average Ca2+ concentration and

insulin section.
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Introduction

Located in pancreatic islets of Langerhans, b-cells are a

kind of electrical-excitable endocrine cells and are

responsible for the secretion of insulin following an ele-

vation in the blood glucose level. The absolute or relative

deficiency of insulin secretion can lead to type II diabetes

(Lang et al. 1981).

It has been reported that bursting action potential of

b-cells evokes the secretion of insulin (Falke et al. 1989;

Dean and Matthews 1968; Sánchez-Andrés et al. 1995;

Smith et al. 1990; Atwater et al. 1989). In experiments

bursting oscillations have been shown to be in-phase with

oscillations of the free cytosolic Ca2+ concentration

(Bergsten 1995; Bergsten et al. 1994). Measurements of b-

cell electrical activity exhibit three interesting features. The

first is b-cell displaying a bursting pattern of electrical

impulses mostly in the presence of stimulatory glucose

concentration (Dean and Mathews 1970; Berridge and

Irvine 1989). The second is the heterogeneity of periods,

which range from a few seconds to a few minutes (Kinard

et al. 1999; Valdeolmillos et al. 1996; Zhang et al. 2003;

Cook et al. 1981; Bertram et al. 1995; Ashcroft et al.

1984). The last is ‘‘complex bursting’’ phenomenon, which

was thought to be induced by high glucose concentration

(Henquin et al. 1982; Wierschem and Bertram 2004;

Bertram et al. 2004).

Many mathematical models of b-cell were constructed

to explain the mechanism of action potentials (Bertram and

Sherman 2004; Atwater et al. 1980; Chay an Keizer 1983;

Santos et al. 1991; Keizer and Smolen 1991; Keizer and

Magnus 1989; Bertram et al. 2000; Zhan et al. 2007). The

role of ionic channels were concerned, such as the voltage-

gated Ca2+ channel, Ca2+-dependent K+ channel and

nucleotide-sensitive K+ channel in the membrane of b-cell,

and the ATP-driven (SERCA) pump Ca2+ channel and

inositol 1,4,5-trisphosphate (IP3R) channel in the endo-

plasmic reticulum (ER). While, there isn’t a model, which

has concerned the ryanodine receptors (RyR) channels. A

substantial body of evidence confirms that RyR channels

are located on membrane of ER in b-cells, and are acti-

vated by cytosolic Ca2+ (Islam et al. 1992; Islam 2002). In

principle, this kind of Ca2+-induced Ca2+ release (CICR)

mechanism are the same as that of voltage-gated Ca2+

channels and IP3R channels. Experiments show that RyR

X. Zhan � L. Yang � M. Yi � Y. Jia (&)

Department of Physics and Institute of Biophysics,

Central China Normal University,

430079 Wuhan, China

e-mail: jiay@phy.ccnu.edu.cn

X. Zhan

e-mail: zhanx@phy.ccnu.edu.cn

123

Eur Biophys J (2008) 37:773–782

DOI 10.1007/s00249-008-0269-0



channels are emerging as distinct player in: RyR channels

are involved in the control of insulin secretion (Johnson

et al. 2004).

In this paper, we modify the b-cell model (Bertram and

Sherman 2004; Zhan et al. 2007) with a RyR channel

model (Keizer and Levine 1996), and discuss the effects of

RyR channels on membrane potential and Ca2+ concen-

tration of b-cells. The RyR channel model was originally

constructed for that in cardiac cell, and experimental

results indicate that RyR channel in b-cells are mainly type

II, which are the same as that in cardiac cells (Islam et al.

1998; Takasawa et al. 1998; Holz et al. 1999). Although

we simply represents an additional influence on the total

Ca2+ flux across the endoplasmic reticulum (ER) mem-

brane, some new results are found. The results show that

bursting action potential will be induced by activating RyR

channels even though glucose concentration being a little

lower than the stimulatory level. A very interesting result is

that RyR channels cause a kind of ‘‘complex bursting’’, and

this form of potential activity seems more effective in

insulin secretion. We also discuss the effects of glucose

concentration on membrane potential and analyze the

bifurcation diagrams to explain how glucose concentration

affects the membrane potential in dynamics.

The paper is organized as follows. A modified mathe-

matical model for b-cells is presented in the second

section. Numerical results have been described in the third

section. We end with some conclusions and discussions.

The model

The b-cell model is based on our last paper, which is a

modified calcium-based phantom bursting model (PBM)

(Bertram and Sherman 2004; Zhan et al. 2007). The model

consists of a Ca2+ current, ICa, a delayed rectifier K+

current, IK, a Ca2+-dependent K+ current, IK(Ca), and a

nucleotide-sensitive K+ current, IK(ATP). The membrane

potential, V, delayed rectifier activation, n, cytosolic free

Ca2+ concentration, c, and the ER Ca2+ concentration,

cer, are governed by the following ordinary differential

equations:

dV

dt
¼ �½ICa þ IK þ IKðCaÞ þ IKðATPÞ�=Cm; ð1Þ

dn

dt
¼ ½n1ðVÞ � n�=sn; ð2Þ

dc

dt
¼ fcytðJmem þ JerÞ; ð3Þ

dcer

dt
¼ �ferðVcyt=VerÞJer; ð4Þ

with

ICa ¼ gCam1ðVÞðV � VCaÞ; ð5Þ
IK ¼ gKnðV � VKÞ; ð6Þ
IKðCaÞ ¼ gKðCaÞxðV � VKÞ; ð7Þ

Jmem ¼ �ðaICa þ kPMCAcÞ; ð8Þ
IKðATPÞ ¼ �gKðATPÞaðV � VKÞ; ð9Þ

Jer ¼ Jleak þ JIP3
� JSERCA; ð10Þ

where Cm is the membrane capacitance, sn is the activation

time constant for the delayed rectifier channel, n?(V) is the

steady state function for the activation variable n. The total

cytoplasmic free Ca2+ concentration (c) considered here is

involved in the Ca2+ flux through the plasma membrane

(Jmem) and the net Ca2+ efflux from the ER (Jer), and

multiplied by the fraction (fcyt). cer and Jer have been scaled

by the ratio of the volumes of the cytoplasmic compartment

(Vcyt) and the ER compartment (Ver). fer is the fraction of

free Ca2+ in the ER. The steady state activation functions

have an increasing dependence on voltage and saturate at

positive voltages: m1ðVÞ ¼ ½1þ eðvm�VÞ=sm ��1; n1ðVÞ ¼
½1þ eðvn�VÞ=sn ��1: The variable x = c5/(c5 + kD

5 ) in Eq. 7

is the fraction of K(Ca) channels activated by cytosolic

Ca2+, kD is the dissociation constant for Ca2+ binding to the

channel, the value of the exponent in the expression of x is

not critical and other values could be used (Bertram and

Sherman 2004). The parameter a in Eq. 8 converts units of

current to units of flux, and kPMCA is the flux through the

plasma membrane Ca2+ ATPase pumps. The nucleotide

ratio a = ADP/ATP in Eq. 9 satisfies the first-order kinetic

equation: da/dt = (a?(c)-a)/sa, and a?(c) has an

increasing sigmoidal dependence on cytosolic Ca2+

concentration as a1ðcÞ ¼ ½1þ eðr�cÞ=sa ��1: Considering

that r is regulated by glucose concentration (Bertram and

Sherman 2004), a explicit expression for r as function of

glucose concentration (glu) is given by

r ¼ r1ðglu� glukÞ: ð11Þ

gluk is considered as the basal glucose level. It was

assumed that the Ca2+ influx into the ER via SERCA

pumps in Eq. 10 depends on the cytosolic Ca2+

concentration and glucose concentration (Zhan et al.

2007):

JSERCA ¼
k1c2

k2
2 þ c2

ðglu� glukÞ: ð12Þ

The efflux out of the ER has two components, one is Ca2+

leakage flux Jleak = pleak(cer-c) which is taken to be

proportional to the gradient between Ca2+ concentrations in

the cytosol and the ER (cer). The other is Ca2+ flux from the

ER through the IP3R channel. The first theoretical model

for IP3R channel was proposed by De Young and Keizer

(1992). The model assumes that three equivalent and
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independent subunits are involved in conduction in an IP3R

channel. Each subunit has one IP3 binding site and two

Ca2+ binding sites, one for activation, the other for

inhibition. Only the state with one IP3 and one activating

Ca2+ bound contributes to the subunit’s open probability.

All three subunits must be in this state for channel to be

open. A simplified version of the model was proposed by

Li and Rinzel (1994). It is shown that the De Young–

Keizer model is symmetric in some of the binding process

and that the IP3 binding is at lease 200 times faster than the

Ca2+ activation binding, and the Ca2+ activation binding is

at least ten times faster than the Ca2+ inactivation binding

and the change rate of Ca2+ concentration during

oscillations (Li and Rinzel 1994;Shuai and Jung 2002).

Considering these factors the De Young-Keizer model can

be reduced as follows, which is called as Li-Rinzel

model(Shuai and Jung 2002):

JIP3
¼ c1v1m3

ern
3
erh

3
erðcer � cÞ; ð13Þ

where her, mer and ner represent the three equivalent

and independent subunits, Ca2+ inactivation binding, IP3

binding and Ca2+ activation binding, involved in an IP3R

channel. mer = IP3/(IP3 + d1), ner = c/(c + d4), and

dher

dt
¼ ahð1� herÞ � bhher; ð14Þ

where ah = a1d2(IP3 + d1)/(IP3 + d3), and ber = a1c. More

detail meanings of the parameters can be found in Li and

Rinzel (1994).

Experimental results have indicated that RyR channels

are present in b-cells (Islam et al. 1992). A critical property

of RyR channels is that cytosolic Ca2+ can activate these

channels, which is called CICR mechanism. In principle,

such CICR can provide amplification of Ca2+ signal, and

this is the same to the voltage-gated Ca2+ channels and the

IP3R channels (Islam 2002). There is no mathematical

b-cell model considering the effects of RyR channels on

the membrane potential and cytosolic Ca2+ concentration,

though many experiments have reported physiological

function of RyR channels in b-cells (Islam et al. 1992;

Islam 2002; Johnson et al. 2004; Islam et al. 1998;

Takasawa et al. 1998; Holz et al. 1999; Zeng et al. 2000;

Hernandez-Cruz et al. 1997). We introduce the RyR

channel model constructed by Keizer and Levine (1996)

into the above b-cell model. Thus, the net Ca2+ efflux from

the ER is

Jer ¼ Jleak þ JIP3
� JSERCA þ JRyR; ð15Þ

and

JRyR ¼ v2PRyRðcer � cÞ; ð16Þ

with v2 being the rate constant for RyR. PRyR is the open

probability of RyR channels, which can be approximated by

PRyR ¼
wRð1þ kbc3Þ

1þ ka=c4 þ kbc3
; ð17Þ

where wR is governed by the differential equation: dwR/

dt = -(wR-wR?)/sr. wR? and sr are defined by wR? =

(1. 0 + ka/c4 + kbc3)/(kc + ka/c4 + kbc3) and sr = kewR?

respectively. More detail meanings of the parameters in

RyR channel model can be found in Keizer and Levine

(1996). Though this model originally constructed for RyR

channels in cardiac cells (Keizer and Levine 1996), we are

able to use it here with both the RyR channel in b-cell and

those in cardiac cells belonging to type II calcium release

RyR channels (Islam et al. 1998; Takasawa et al. 1998;

Holz et al. 1999).

In order to discuss the effects of RyR channels and

glucose concentration on membrane potentials, numerical

simulations are needed. Equations above are simulated by

using a simple forward Euler algorithm with a time step of

0.1 ms. In each calculation the time evolution of the system

lasted 1000 s after transient behavior was discarded. All the

figures for temporal evolution and phase analysis were got

with C program. The periods of bursting were calculated

with a program of fast Fourier transform(FFT) written by

Press et al. (Press et al. 1992). The parameter values are

given in Table 1.

Numerical results

Variation of membrane potential by RyR channels

Experimental data showed that b-cells display a bursting

pattern of action potential usually in the present of stimu-

latory glucose concentration (Berridge and Irvine 1989;

Wierschem and Bertram 2004), while Johnson et al. (2004)

and Zeng et al. (2000) found that stimulating RyR channels

will induce a increase of cytosolic Ca2+ concentration and

the insulin release. We simulate this stimulation by simply

change the rate constant for RyR, v2. With the papermeter

value listed above, the stimulatory glucose concentration is

6.5 mM (Zhan et al. 2007). Figure 1 exhibits that in low

glucose concentration b-cells have no action potential.

Ca2+ concentration is increasing in response to the acti-

vation of RyR channels, and at the same time bursting

activity is induced, which means insulin release is

enhanced (Bergsten 1995; Bergsten et al. 1994). This is

according to the experimental results (Islam 2002; Johnson

et al. 2004; Zeng et al. 2000; Hernandez-Cruz et al. 1997).

In Fig. 1b, the increase of Ca2+ concentration is two-step

process: a rapid increase just after the stimulation and the

stable periodic oscillation beginning after about 30s. This

two-step process was reporter by Hernandez-Cruz et al.

(1997), and Zeng et al. (2000) found the Ca2+ increase
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induced by stimulation of RyR channels has a latency of

25–60 s.

When glucose concentration is above stimulatory value

(in Fig. 2), bursting action potential is induced. Stimulating

the RyR channel decreases bursting period and increases

the amplitude of Ca2+ oscillation.

Variation of membrane potential by glucose

In in vitro recordings, b-cells display a bursting pattern of

electrical impulses in the presence of stimulatory glucose

concentration (Berridge and Irvine 1989; Wierschem and

Bertram 2004), and this is repeated with our model. Fig-

ure 3 exhibits the effects of glucose concentration on

membrane potential and Ca2+ concentration. Membrane

potential is activated by glucose. The RyR channel stim-

ulated level is higher, bursting period is shorter. After

about 10s, steady cytosolic Ca2+ concentration turns into

stable oscillation in phase with action membrane potential

in response to the enhance of glucose concentration, and

experimental results show the latency is 0–50 s. Figure 3b

indicates that changing of Ca2+ concentration has a tri-

phasic process: first, a small decrease (phase 1); then, a big

and rapid elevation (phase 2); finally, sustained oscillations

(phase 3), and this phenomenon has been found in exper-

iments (Zeng et al. 2000; Grodsky 1989; Meissner and

Atwater 1976; Roe et al. 1993) and been repeated in

mathematical model constructed by Bertram and Sherman

(2004). In Fig. 3d, RyR channels is stimulated to a mod-

erate active level (v2 = 0.1 ms-1), and varying of Ca2+

concentration represents a two-step process: first, a small

increase; second, stable oscillations. Bursting action

potentials can be induced by very high activated level of

RyR channel even in low glucose concentration (Johnson

et al. 2004), under this condition enhancing glucose con-

centration induces the decrease of bursting periods with

active phases prolonged and hyperpolarization phases

shortened (see in Fig. 4a). Amplify of Ca2+ concentration

is increased after more glucose is added (in Fig. 4b). Fig-

ure 4 indicates the application of more glucose can

enhance average Ca2+ concentration and insulin release,

Table 1 Parameter values

Parameter Value Parameter Value

gCa 1,200 ps gK 3,000 ps

gK(Ca) 700 ps VCa 25 mV

gKðATPÞ 500 ps VK -75 mV

Cm 5,300 fF a 4.5 9 10-6 fA-1l
Mm s-1

sn 16 ms fcyt 0.01

kPMCA 0.2 ms-1 kD 0.3 lM

vn -16 mV sn 5 mV

vm -20 mV sm 12 mV

r1 2.0 9 10-5 sa 3 9 105 ms

sa 0.1 lM fer 0.01

pleak 0.0005 ms-1 Vcyt/Ver 5

k1 5.0 9 10-5 ms-1 gluk 2.0 9 103 lM = 2.0

mM

k2 0.16 lM c1 18.5

v1 6.0 9 10-3 s-1 d1 0.13 lM

d2 1.049 lM d3 0.9434,lM

d4 0.08234 lM a1 2.0 9 10-4 lM-1s-1

ka 0.0192 lM4 kb 3.887 lM-3

kc 18.5 ke 1.0 9 104 ms

IP3 0.15 lM

A

B

Fig. 1 Temporal evolution of membrane potential and cytosolic Ca2+

concentration at a fixed glucose stimulation level glu = 6 mM (below

the stimulatory value). For t \ 300 s, v2 = 0.0 ms-1, and t C 300 s,

v2 = 0.5 ms-1, to simulate the enhance of stimulation to RyR

channels

A

B

Fig. 2 Temporal evolution of membrane potential and cytosolic Ca2+

concentration at a fixed glucose stimulation level glu = 10 mM

(above the stimulatory value), with t \ 300 s, v2 = 0.0 ms-1, and

t C 300 s, v2 = 0.1 ms-1
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which has been reported in considerable experiments (Lang

et al. 1981; Bergsten et al. 1994; Berridge and Irvine 1989;

Islam 2002; Johnson et al. 2004; Zeng et al. 2000; Longo

et al. 1991; Liu et al. 1998).

To understand why glucose concentration affects the

membrane potential, fast/slow analysis is a convenient

dynamic method (Rinzel and Lee 1986; Rinzel 1985).

Figure 5 is the bifurcation diagram of b-cell model with

c as the bifurcation parameter at glu = 6.0 mM and

7.0 mM (below and above the stimulatory value, respec-

tively). The Z-shape curve is the fixed points, the stable

oscillation around the upper steady state is denoted by the

maximum and minimum of V over one cycle. For a range

of values of c membrane potential V is bistable, with a

stable fixed point and upper stable period orbit, and this is

crucial to bursting activities. The curve defined by dc/

dt = 0 is the c nullcline. When V is above the c nullcline,

dc/dt [ 0,and so c increases. When V is below the c

nullcline, c decreases (more details about bifurcation

diagrams and fast/slow analysis for bursting electrical

activity were described in Keener and Sneyd (1998) and

Bertram and Sherman (2004)). Figure 5 shows that

bifurcation curve and z-curve move rightward with the

increase of glu, while the c nullclines almost are the same

(with v2 = 0 ms-1). When glu = 6 mM, the nullcline

intersects the z-curve on lower stable stationary branch.

V and c have fixed value, and the system is at rest. When

glu = 7 mM, the intersection point is above the saddle-

node (SN) and in the middle branch of z-curve, resulting

in bursting action potentials.

Effects of RyR channels and glucose concentration

on bursting periods and average cytosolic Ca2+

concentration

Figures 2 and 4 indicate that bursting periods are regulated

by glucose concentration and the activation level of RyR

channels. The detail numerical results are shown in Figs. 6

and 7. Figure 6 shows the periods and average cytosolic

Ca2+ concentration, hci, are varied with the increase of

glucose concentration. The results indicate that with glu-

cose concentration increasing the periods of bursting on the

whole decreases, and hci increases. Experimental results

A B

C D

Fig. 3 Temporal evolution of

membrane potential and

cytosolic Ca2+ concentration at

a fixed stimulated RyR channels

level v2 = 0.001 ms-1 for (a)

and (b), and v2 = 0.1 ms-1 for

(c) and (d). In all these pictures

glu = 6 mM in the first 300 s,

then glu = 10 mM

A

B

Fig. 4 Temporal evolution of membrane potential and cytosolic Ca2+

concentration at a fixed stimulated RyR channels level v2 = 0.5 ms-1.

glu = 6 mM in the first 100 s, then glu = 10 mM

Eur Biophys J (2008) 37:773–782 777
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have confirmed that increasing glucose concentration can

enhance the Ca2+ concentration, which is in accordance

with Fig. 6, and insulin from pancreatic b-cells is propor-

tional to the average intracellular Ca2+ concentration

(Bergsten et al. 1994; de Vries and Sherman 2000; Sato

et al. 1999; Longo et al. 1991). Figure 6 also indicates

when glucose concentration is much below the stimulatory

value, bursting cannot induced by stimulating RyR chan-

nels. Compare Fig. 6a with Fig. 6c, it can be found that

intensity stimulating RyR channels will induce the cell into

bursting activities and the increasing of hci , when glucose

concentration is a little lower than stimulatory level, which

is in accordance with experimental results (Islam 2002;

Johnson et al. 2004; Hernandez-Cruz et al. 1997) (in

Fig. 6a bursting begins at glu = 5.7 mM and in Fig. 6c

and e bursting begins at glu = 5.4 mM). Fig. 7 shows the

effects of RyR channels on bursting periods and hci . It is

found that very little stimulating to RyR channels will

slightly change the periods of bursting, and moderate

stimulation to RyR channels will highly enhance hci.
Different glucose concentration has different optimal v2

responding to maximal hci , and the higher of glucose

concentration, the smaller the optimal v2 is. It is interesting

to see the change of bursting periods regulated by v2, and

Fig. 8 exhibits the heterogeneity of bursting periods

and forms. Bursting periods range from about 5s to 200s,

and this is in accordance with experimental results (Kinard

et al. 1999; Valdeolmillos et al. 1996; Zhang et al. 2003;

Cook et al. 1981; Bertram et al. 1995; Ashcroft et al.

1984). It is interesting in Fig. 8b and c that a kind of

‘‘complex bursting’’ is shown. The ‘‘complex bursting’’,

first reported by Henquin et al. (1982), was stimulated b-

cells with 15 mM glucose, and the periods is about 2 min.

Figures 7 and 8 indicate that ‘‘complex bursting’’ could be

induced by activating RyR channels and does not need very

high glucose concentration. The periods of ‘‘complex

bursting’’ range from about 10 s to more than 2 min.

Figs. 7 and 8 also show that with the same glucose con-

centration stimulated ‘‘complex bursting’’ appears more

effective to get higher hci . Considering that hci is pro-

portional to insulin secretion (Bergsten et al. 1994; de

Vries and Sherman 2000; Sato et al. 1999; Longo et al.

1991), numerical results here indicate that moderately

Fig. 5 Bifurcation diagram for b-cell model, with glu = 6.0 and

7.0 mM. HB denotes Hopf bifurcation, and SN denotes the saddle-

node bifurcation. Two c nullclines are plotted here with glu = 6.0 and

7.0 mM, respectively, and v2 = 0 ms-1

A B

DC

E F

Fig. 6 Bursting periods (a, c, e)

and average cytosolic Ca2+

concentration (b, d, f) are

changed with glucose

concentration increased. a and b
are v2 = 0.3 ms-1; c and d are

v2 = 0.5 ms-1; e and f is

v2 = 0.8 ms-1
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stimulating RyR channels is a good way to increase insulin

release.

Conclusions

Experimental measurements on b-cell electrical activities

exhibit three interesting features: (1) b-cell displaying a

bursting pattern of electrical impulses mostly in the pres-

ence of stimulatory glucose concentration (Dean and

Mathews 1970; Berridge and Irvine 1989); (2) the the

heterogeneity of periods, which range from a few seconds

to a few minutes (Kinard et al. 1999; Valdeolmillos et al.

1996; Zhang et al. 2003; Cook et al. 1981; Bertram et al.

1995; Ashcroft et al. 1984); (3) ‘‘complex bursting’’

(Wierschem and Bertram 2004), which was thought to be

induced by high glucose concentration (Wierschem and

Bertram 2004; Bertram et al. 2004; Henquin et al. 1982).

Many mathematical models for b-cells were constructed to

explain these phenomena (Bertram and Sherman 2004;

Atwater et al. 1980; Chay an Keizer 1983; Santos et al.

1991; Keizer and Smolen 1991; Keizer and Magnus 1989;

Bertram et al. 2000; Zhan et al. 2007), and none of them

considered the effects of RyR channels, which locate on

ER and have similar CICR mechanism with IP3R channels

(Islam et al. 1992; Islam 2002). At the same time, exper-

imental results showed that stimulated RyR channels can

induced bursting activity of membrane potential and

increase insulin section even though glucose concentration

is lower than stimulatory level (Johnson et al. 2004; Zeng

et al. 2000).

To discuss the effects of RyR channels and glucose

concentration on membrane potential of pancreatic b-cells,

we introduce the RyR channel model constructed by Keizer

and Levine (1996) to the mathematical b-cell model

(Bertram and Sherman 2004; Zhan et al. 2007). The

numerical results repeat some experimental findings: (1)

when glucose concentration is lower than stimulatory level,

stimulating RyR channels will induce bursting action

potential; and Ca2+ concentration exhibits a two-step pro-

cess enhancement responding to this stimulation and the

stable oscillation occurs after 30s; (2) membrane potential

can be led from rest phase to bursting activity by increasing

glucose concentration, and Ca2+ concentration show a tri-

phasic process change after enhance glucose concentration

and the stable increase of Ca2+ concentration begins after

10s; (3) enhancing glucose concentration always increasing

the average Ca2+ concentration, which is proportional to

insulin section.

Bifurcation diagram analysis explain the effects of glu-

cose concentration on membrane potential: the bifurcation

diagram moves rightward with the glucose concentration

increased, but the c nullcline does not change. When glu-

cose concentration is lower than stimulatory level, the

intersection of c nullcline and bifurcation curves is on the

stable branch with system being at rest phase. When glucose

concentration is increased above the stimulatory value, the

intersection point is on the unstable branch and the mem-

brane potential oscillates.

Numerical results also give new phenomena which need

experimental confirmation and are useful for physiological

study: (1) experimental results show that bursting pattern

A B

D

FE

C

Fig. 7 Bursting periods (a, c, e)

and average cytosolic Ca2+

concentration (b, d, f) are

changed with v2 increased.

a and b are glu = 6 mM;

c and d are glu = 7 mM; e and

f are glu = 10 mM
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of action potential is effective in maintaining glucose

homeostasis (Halban 1982; Pipeleers 1982; Henquin and

Meissner 1984), and this is shown in Fig. 6, while periods

of bursting have no direct connection with insulin section;

(2) modulate activated RyR channels will induce ‘‘complex

bursting’’ with the periods range from about 10s to more

than 2 min, and this kind of bursting has been found in high

glucose concentration stimulated b-cells with the period

being of 2 min; (3) stimulating RyR channels can get

higher average Ca2+ concentration in the same glucose

concentration; (4) ‘‘complex bursting’’ is more effective to

enhance mean intracellular Ca2+ concentration, which is

proportional to insulin section. The above conclusions

indicate that to stimulation insulin release from b-cells, two

methods are effective: one is enhance glucose concentra-

tion and the other is stimulate RyR channels. It is known

that diabetes patients cannot endure the stimulation of high

glucose concentration, so activating RyR channels to

enhance insulin section is more feasible to help them.

It has been pointed out that IP3R channels and RyR

channels are two families of intracellular Ca2+ channels,

share some structural and functional similarities (Islam

2002). The effects of IP3R channels on membrane potential

has been discussed in our former paper (Zhan et al. 2007),

it was found that the period of bursting is affected by the

IP3 concentration there. When both RyR channel and IP3R

channel are considered, although the IP3R channels and the

RyR channels are similar, our simulation results (the data is

not shown) indicate that IP3 can only affect periods of

bursting and not induce ‘‘complex busting’’. While Fig. 8

shows that not only the bursting periods are regulated by

RyR channels but also the change from ‘‘bursting’’ to

‘‘complex bursting’’ can be induced by RyR channels.

IP3R channels and RyR channels are located on ER

which is an important Ca2+ store in b-cell, and there is

another important Ca2+ store, mitochondria, which play an

important role in Ca2+ oscillations (Wiederkehr and

Wollheim 2006; Maechler and Wollheim 2000). We do not

discuss mitochondria here, but we believe more interesting

phenomena will be found after we consider it into b-cell

model.
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Arch 393:322–327

Hernandez-Cruz A, Escobar AL, Jimenez N (1997) Ca2+-induced

Ca2+ release phenomena in mammalian sympathetic neurons are

critically dependent on the rate of rise of trigger Ca2+. J Gen

Physiol 109:147–C167

Holz GG, Leech CA, Heller RS, Castonguay M, Habener JF (1999)

CAMP-dependent mobilization of intracellular Ca2+ stores by

activation of ryanodine receptors in pancreatic b-cells: a Ca2+

signaling system stimulated by the insulinotropic hormone

glucagon-like peptide-1-(7-37). J Biol Chem 274:14147–

C14156

Islam MS,Rorsman P, Berggren PO (1992) Ca2+-induced Ca2+ release

in insulin-secreting cells. FEBS Lett 296:287–C291

Islam MS, Leibiger I, Leibiger B, Rossi D, Sorrentino V, Ekström TJ,

Westerblad H, Andrade FH, Berggren PO (1998) In situ

activation of the type 2 ryanodine receptor in pancreatic b-cells

requires cAMP-dependent phosphorylation. Proc Natl Acad Sci

USA 95:6145–C6150

Islam MS (2002) The ryanodine receptor calcium channel of b-cells

molecular regulation and physiological significance. Diabetes

51:1299–1308

Johnson JD, Kuang S, Misler S, Polonsky K (2004) Ryanodine

receptors in human pancreatic b-cells: localization and effects on

insulin secretion. FASEB 18:878–880

Keener J, Sneyd J (1998) Mathematical physiology, chapter 6:

bursting exlectrical activity. Springer, Heidelberg, pp 191–196

Keizer J, Levine L (1996) Ryanodine receptor adaptation and Ca2+-

lnduced Ca2+ release-dependent Ca2+ oscillations. Biophy J

71:3477–3487

Keizer J, Magnus G (1989) ATP-sensitive potassium channel and

bursting in the pancreatic b-cell. Biophys J 56:229–242

Keizer J, Smolen P (1991) Bursting electrical activity in pancreatic

b-cells caused by Ca2+-and voltage-inactivated Ca2+ channels.

Proc Natl Acad Sci USA 88:3897–3901

Kinard TA, de Vries G, Sherman A, Satin LS (1999) Modulation of

the bursting properties of single mouse pancreatic b-cells by

artificial conductances. Biophys J 6:1423–1435

Lang DA, Matthews DR, Burnett M, Turner RC (1981) Brief,

irregular oscillations of basal plasma insulin and glucose

concentrations in diabetic man. Diabetes 30:435–439

Li YX, Rinzel J (1994) Equations for InsP3 receptor-mediated [Ca2+]i

oscillations derived from a detailed kinetic model: a Hodgkin–

Huxley like formalism. J Theor Biol 166:461–473

Liu YJ, Tengholm A, Grapengiesser E, Hellman B, Gylfe E (1998)

Origin of slow and fast oscillations of Ca2+ in mouse pancreatic

islets. J Physiol 508.2:471–481

Longo EA, Tornheim K, Deeneyt JT, Varnump BA, Tillotson D,

Prentki M, Corkey BE (1991) Oscillations in cytosolic free Ca2+,

oxygen consumption, and insulin secretion in glucose-stimulated

rat pancreatic islets. J Biol Chem 266:9314–9319

Maechler P, Wollheim CB (2000) Mitochondrial signals in glucose-

stimulated insulin secretion in the b-cell. J Physiol 529.1:49–56

Meissner HP, Atwater IJ (1976) The kinetics of electrical activity of

beta cells in response to a square wave stimulation with glucose

or glibenclamide. Horm Metab Res 8:C11–C16

Pipeleers D, Veld PI, Maes E, Winkel MVD (1982) Glucoseinduced

insulin release depends on functional cooperation between islet

cells. Proc Natl Acad Sci USA 79:7322–7325

Press WH, Teukolsky SA, Vetterling WT, Flannery BP (1992)

Numerical Recipes in C, Second Edition. Cambridge University

Press, Cambridge, pp 496–521

Rinzel J (1985) Bursting oscillations in an excitable membrane

model. In: Sleeman BD, Jarvis RJ (eds) Ordinary and partial

differential equations. Lect Notes Math (Springer, Berlin)

1151:C304–C316

Rinzel J, Lee YS (1986) On different mechanisms for membrane

potential bursting. In: Othmar HG (ed) Nonlinear oscillations in

biology and chemistry. Lect Notes Biomat (Springer, Berlin)

66:C19–C33

Roe MW, Lancaster ME, Mertz RJ, Worley III JF, Dukes ID (1993)

Voltage dependent intracellular calcium release from mouse

islets stimulated by glucose. J Biol Chem 268:C9953–C9956

Sánchez-Andrés JV, Gomis A, Valdeolmillos M (1995) The electrical

activity of mouse pancreatic b-cells recorded in vivo shows

glucose-dependent oscillations. J Physiol 486:223–228

Santos RM, Rosario LM, Nadal A, Garcia-Sancho J, Soria B,

Valdeolmillos M (1991) Widespread synchronous [Ca2+]i oscil-

lations due to bursting electrical activity in single pancreatic
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