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ABSTRACT Cell coupling is important for the normal function of the b-cells of the pancreatic islet of Langerhans, which secrete
insulin in response to elevated plasma glucose. In the islets, electrical and metabolic communications are mediated by gap
junctions.Althoughelectrical coupling is believed toaccount for synchronization of the islets, the role andsignificanceof diffusion of
calcium and metabolites are not clear. To address these questions we analyze two different mathematical models of islet calcium
and electrical dynamics. To study diffusion of calcium, we use amodifiedMorris-Lecarmodel. Based on our analysis, we conclude
that intercellular diffusion of calcium is not necessary for islet synchronization, atmost supplementing electrical coupling.Metabolic
coupling is investigated with a recent mathematical model incorporating glycolytic oscillations. Bifurcation analysis of the coupled
system reveals several modes of behavior, depending on the relative strength of electrical and metabolic coupling. We find that
whereas electrical coupling always produces synchrony, metabolic coupling can abolish both oscillations and synchrony,
explaining some puzzling experimental observations.We suggest that thesemodes are generic features of square-wave bursters
and relaxation oscillators coupled through either the activation or recovery variable.

INTRODUCTION

An important control center in glucose homeostasis is the

insulin-secreting pancreatic b-cell, localized in the islets of

Langerhans. Insulin secretion is a complex multicellular

process, which relies on interactions between b-cells within

an islet as well as on the interactions between islets in the

pancreas. Under normal conditions, glucose stimulation

evokes well-synchronized oscillations of cytosolic Ca21

concentration ([Ca21]i) in the b-cells in an islet, which in

turn trigger pulses of insulin secretion (1–5). On the other

hand, in islets of ob/ob mice, desynchronization of the

glucose-induced [Ca21]i oscillations disturbs the regularity

of the corresponding pulses of insulin secretion (6). It has

been suggested (6) that such a mechanism could contribute

to the irregularity of insulin oscillations in diabetic patients

with Type II Diabetes mellitus (7). Thus, it is of interest to

gain a better understanding of the mechanisms underlying

the coordination of the pancreatic b-cell activity.

In the islets of Langerhans, gap junctions represent the

functional cellular connections that are responsible for

electrical and metabolic coupling (8–16). Intercellular com-

munication through gap junctions, formed by protein subunits

called connexins, plays an important role in synchronizing the

activity of the pancreatic b-cells and thus in maintaining the

normal physiological function of the pancreatic islets of

Langerhans. There is a great deal of experimental data

suggesting that connexins contribute to the control of cell

function both in vitro and in vivo (11,13,16–18).

The role of electrical coupling in aiding the propagation of

bursts of action potentials among coupled b-cells associated

with coordinated elevations in [Ca21]i and pulsatile insulin

secretion is well-established (9,10,14,16). The role of gap-

junctional diffusion of calcium, shown to be crucial for syn-

chronization in some nonexcitable cells such as hepatocytes

and pancreatic acinar cells (19,20), is not clear for b-cells,

however.

The extent of metabolic coupling and its influence on islet

cells coordination is similarly unclear. It has been verified

experimentally (14) that signaling molecules, such as

intermediate products of glycolysis, can also diffuse through

gap junctions in the islet cells of transgenic RIP-Cx32 mice

that show enhanced junctional conductance. Moreover, it

has been demonstrated (8) that signals generated in the early

steps of the glycolytic pathway, in particular glucose 6-

phosphate (G6P), can also propagate among islet cells.

In this article, we use mathematical modeling to study the

effects of different intercellular messengers on the behavior

of pancreatic b-cells diffusively coupled through gap junc-

tions. First, we analyze the effects of intercellular calcium

diffusion in a simple, Morris-Lecar-like b-cell model (21).

Surprisingly, the diffusion of calcium through gap junctions,

if too strong, can have a desynchronizing effect by promoting

oscillator death, a phenomenon first identified in coupled

chemical oscillators (22). Based on this result, we conclude

that calcium gap-junctional diffusion does not make an impor-

tant contribution to the normal function of pancreatic islets of

Langerhans.
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Next, we investigate the role that metabolic coupling plays

in regulating the oscillatory behavior of islet cells. Specif-

ically, we study the effects of gap-junctional diffusion of fruc-

tose 1-6-bisphosphate (FBP) and glucose 6-phosphate (G6P),

which are intermediate products of glycolysis. For that pur-

pose, we use a recent mathematical model that combines

pancreatic islet calcium and electrical dynamics with glycol-

ysis (23,24). Applying techniques from bifurcation theory,

we show that there are different possible modes of organized

collective behavior depending on the coupling messenger.

The glycolytic oscillator itself, as a part of this model, is of

relaxation type. Sufficiently strong coupling through the

activation variable (FBP) synchronizes glycolytic oscilla-

tions while coupling through the recovery variable (G6P)

kills the glycolytic oscillations. The death of the glycolytic

oscillations alters qualitatively the collective behavior of the

full ionic-metabolic system, providing a possible explanation

of some puzzling experimental observations in islets with

enhanced coupling (25) and when glucose is removed and re-

added (23).

In Models and Methods, we introduce the models and

explain their details, and in the section following, we present

the results. We begin by showing simulations of the effects

of coupling through the recovery variables or, in other

words, the variables that provide negative feedback. Then,

using bifurcation analysis, we study how strong coupling

through both activation and recovery variables affects the

collective behavior of these systems. In addition, we in-

vestigate the effects of heterogeneity among b-cells.

Although the models we consider and the questions we

address in this study refer to pancreatic b-cells, the results are

applicable to any system of relaxation oscillators coupled

through the activation or recovery variable. Such systems, for

example, include coupled chemical oscillators (22,26,27),

coupled systems of neurons or coupled genetic oscillators

(28). We conjecture that the oscillator death phenomenon is a

general feature of systems of relaxation oscillators coupled

through the recovery variable. Importantly, it is not the mol-

ecular identity of the coupling messenger that determines the

behavior but its dynamical role.

MODELS AND METHODS

Morris-Lecar-like b-cell model

We extend the original model of membrane potential for barnacle muscle

fiber, proposed by Morris and Lecar (21), to obtain the bursting dynamics of

b-cells. In this form, it is essentially equivalent to the original Chay-Keizer

model for b-cell bursting (29). We have chosen it as the simplest model that

can exhibit both bursting and oscillator death but have verified that a more

elaborate model (30) has the same response to Ca21 coupling.

The Morris-Lecar model is a two-variable model in which the variables

V and n represent the membrane potential and the fraction of open voltage-

gated K1 channels, respectively. The modified Morris-Lecar equations are

Cm

dVðiÞ

dt
¼ Iapp � ðIðiÞK 1 I

ðiÞ
KðATPÞ 1 I

ðiÞ
Ca 1 I

ðiÞ
KðCaÞ 1 I

ðiÞ
c Þ; (1)

dn
ðiÞ

dt
¼ n

ðiÞ
NðV

ðiÞÞ � n
ðiÞ

tnðVðiÞÞ
; (2)

dc
ðiÞ

dt
¼ fcytðJðiÞmem � J

ðiÞ
diffÞ; (3)

where the variables V and n have been augmented by the cytosolic calcium

concentration [Ca21]i, denoted c. The three dependent variables and all

expressions are indexed by the cell number, (i). The value Cm is the

membrane capacitance, and fcyt is the fraction of free to total cytosolic Ca21.

Values of all parameters used in the model simulations are given in Table 1.

The currents included in the model are

I
ðiÞ
K ðVðiÞ

; n
ðiÞÞ ¼ gKn

ðiÞðVðiÞ � VKÞ; (4)

I
ðiÞ
KðATPÞðV

ðiÞÞ ¼ gKðATPÞðVðiÞ � VKðATPÞÞ; (5)

IðiÞCaðV
ðiÞÞ ¼ gCam

ðiÞ
NðV

ðiÞÞðVðiÞ � VCaÞ; (6)

I
ðiÞ
KðCaÞðV

ðiÞ
; c

ðiÞÞ ¼ gKðCaÞ

11 ðKCa=c
ðiÞÞ

ðVðiÞ � VKÞ: (7)

The activation functions and the time constant for n are

m
ðiÞ
NðV

ðiÞÞ ¼ 0:5 11 tanh
V

ðiÞ � V1

V2

 ! !
; (8)

n
ðiÞ
NðV

ðiÞÞ ¼ 0:5 11 tanh
V

ðiÞ � V3

V4

 ! !
; (9)

tnðVðiÞÞ ¼ 1

ucosh
V

ðiÞ � V3

2V4

 !: (10)

The rate of change of the membrane potential (V) is given by a balance

equation (Eq. 1) for the ion currents involved in its dynamics. To the currents

originally included in this model we add a Ca21-sensitive potassium current,

IK(Ca), which is directly activated by Ca21 (7). As in other b-cell models, fast

spikes during the burst result from interaction between voltage-dependent

calcium and potassium currents ICa and IK given in Eqs. 6 and 4, re-

spectively. The slow modulation that drives the shifts between active and

silent phases is provided by the intracellular calcium concentration c, which

is a negative feedback variable acting on IK(Ca).

The rate of change of c is also given by a balance equation (Eq. 3). The

Ca21 flux across the plasma membrane J
ðiÞ
mem is given by the difference

between the Ca21 influx, represented by the voltage-gated calcium current,

and Ca21 efflux through the plasma membrane Ca21 pump,

J
ðiÞ
memðV

ðiÞ
; c

ðiÞÞ ¼ �ðaIðiÞCaðV
ðiÞÞ1 k

ðiÞ
PMCAc

ðiÞÞ; (11)

TABLE 1 Parameter values of the Morris-Lecar-like

b-cell model

k
ð1Þ
PMCA 0.15 ms�1 Iapp 0 pA

fcyt 0.001 f 0.035 ms�1

Cm 5300 fF gK(Ca) 2000 pS

VK �75 mV VK(ATP) �75 mV

VCa 25 mV gK 2700 pS

gK(ATP) 150 pS gCa 1000 pS

V1 �20 mV V2 24 mV

V3 �16 mV V4 11.2 mV

KCa 5.0 mM a 4.5 3 10�6 fA�1 mM ms�1
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