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ABSTRACT We investigate the time required for glucose to diffuse through an isolated pancreatic islet of Langerhans and
reach an equilibrium. This question is relevant in the context of in vitro electrophysiological studies of the response of an islet
to step changes in the bath glucose concentration. Islet cells are electrically coupled by gap junctions, so nonuniformities in
islet glucose concentration may be reflected in the activity of cells on the islet periphery, where electrical recordings are made.
Using a mathematical model of hindered glucose diffusion, we investigate the effects of the islet porosity and the permeability
of a surrounding layer of acinar cells. A major factor in the determination of the equilibrium time is the transport of glucose
into islet b-cells, which removes glucose from the interstitial spaces where diffusion occurs. This transport is incorporated by
using a model of the GLUT-2 glucose transporter. We find that several minutes are required for the islet to equilibrate to a 10
mM change in bath glucose, a typical protocol in islet experiments. It is therefore likely that in electrophysiological islet
experiments the glucose distribution is nonuniform for several minutes after a step change in bath glucose. The delay in
glucose penetration to the inner portions of the islet may be a major contributing factor to the 1–2-min delay in islet electrical
activity typically observed after bath application of a stimulatory concentration of glucose.

INTRODUCTION

The endocrine pancreas plays a key role in blood glucose
homeostasis. It is here that insulin is secreted into the
bloodstream in response to an elevation in blood glucose,
initiating a cascade of events leading to the uptake of
glucose by muscle and adipose tissue. The secretory cells
responsible for the release of insulin, pancreaticb-cells, are
clustered into microorgans called islets of Langerhans.
These are roughly spherical structures of radius 50–250mm
in which theb-cells and other secretory cells are densely
packed. Within the pancreas there are on the order of 106

islets, and within each islet there are 103-104 b-cells and
100–200 secretory cells of other types.

Pancreaticb-cells are electrically excitable, and in vitro
studies of isolated islets have shown thatb-cells depolarize
when the glucose concentration in the bath solution is
increased (Dean and Mathews, 1970). This depolarization
initiates periodic bursts of action potentials that evoke the
secretion of insulin (Scott et al., 1981; Atwater et al., 1989).
Periodic bursting behavior has also been observed in vivo,
with a burst period (tens of seconds) similar to that observed
in vitro (Sánchez-Andre´s et al., 1995).

The electrical nature of the insulin secretion process has
prompted numerous electrophysiological studies of isolated
b-cells andb-cells in intact islets. The latter studies are
necessary because isolated cells either do not burst or burst
with an abnormally long period of several minutes (Smith et
al., 1990; Larsson et al., 1996). In islet studies (Atwater et
al., 1989) the islet is secured to the bottom of a perifusion

chamber through which perifusion solution is continuously
exchanged. Secretagogues such as glucose are introduced
into the solution in a separate mixing chamber and enter the
perifusion chamber through an inflow tube. Because glu-
cose is the primary endogenous modulator ofb-cell electri-
cal activity, a common experimental protocol is to make a
step change in the bath glucose concentration and study the
response of the islet in the presence or absence of other
modulators. It is therefore important to establish bounds on
the time required for glucose to diffuse through the islet and
reach a new equilibrium distribution.

In the present study we perform a mathematical analysis
of the diffusion of glucose in an isolated islet, using a model
islet that is assumed for simplicity to be composed solely of
b-cells. Several factors hinder glucose diffusion in an islet,
and we investigate the effects of each. First, glucose dif-
fuses primarily through the narrow interstitial spaces be-
tween islet cells. We account for this by introducing an
“effective” glucose diffusion rate that reflects the islet po-
rosity. This rate is varied to determine the effect of porosity
on glucose penetration into the islet. Second, the islet is
surrounded by a layer of pancreatic acinar cells, which
forms a diffusion barrier between the islet and the surround-
ing bath solution. Because the permeability of this tissue
will vary from islet to islet, we study the effects on glucose
penetration of variations in the acinar layer permeability.
Finally, as glucose diffuses through the islet, it is trans-
ported intob-cells by GLUT-2 glucose transporters, thus
removing it from the interstitial spaces where diffusion
occurs. Using values for the GLUT-2 transport rate obtained
experimentally (Johnson et al., 1990), we investigate the
effect of GLUT-2 transporters on glucose penetration into
the islet.

Our analysis indicates that if 10 mM glucose (a typical
value for in vitro experiments) is added to a glucose-free
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bath, then the glucose distribution in the islet will be non-
uniform for several minutes. For an islet of 200mm diam-
eter and with maximum or saturating values of porosity and
permeability, it takes 5 min for the glucose concentration at
the islet center to reach 90% of the bath concentration. The
equilibration time is longer in larger islets. Removal of
glucose from the interstitial solution by GLUT-2 transport-
ers profoundly slows glucose penetration to the islet center,
as less than 1 min is required for 90% equilibration in the
absence of GLUT-2 transport. Islet porosity and acinar layer
permeability also have profound effects on glucose pene-
tration, with the impact of one parameter depending on the
value of the other and the location in the islet.

Experimental data regarding the time course of glucose
penetration into an islet are very limited. However, in recent
work by Bennett et al. (1996), two-photon excitation mi-
croscopy was used to measure time-dependent glucose-
induced NAD(P)H autofluorescence changes in an optical
section of an intact islet. These data provide an indication of
the time course of the intracellular glucose concentration
after a step change in bath glucose, and we compare this to
the glucose time course predicted from the model. We find
that the autofluorescence data can be accounted for by the
model, particularly if one or two of the model parameters
are appropriately modified or if some glucose diffusion
betweenb-cells is allowed.

One feature consistently observed in in vitro perifusion
studies is a delay of 1–2 min between the addition of
glucose to a previously low-glucose or glucose-free solu-
tion, and the start ofb-cell electrical activity (Atwater et al.,
1989; Worley et al., 1994). This cannot be explained by the
delay in glucose transport from the mixing chamber to the
perifusion chamber, which is typically only a few seconds
(Mears, 1996; Soria et al., 1996). One contributing factor in
the delay is the time required for the metabolism of glucose
within the b-cells, and for the product ATP to inactivate
ATP-sensitive potassium channels and depolarize the cells
(Ashcroft et al., 1984; Chow et al., 1995). Another contrib-
uting factor is the time required for glucose to diffuse from
the islet periphery to the islet center, although until now no
mathematical study has been performed to determine the
importance of this factor. Furthermore, islet cells are elec-
trically coupled by gap junctions, which tend to synchronize
b-cell electrical activity (Eddlestone et al., 1984; Santos et
al., 1991). Silent cells in the islet interior can therefore
restrain cells on the periphery from firing, although it is not

known what fraction of the cells must be activated by
glucose for synchronized electrical activity to occur. Our
analysis suggests that the time required for glucose pene-
tration into the interior of the islet is a major contributing
factor in the 1–2-min delay in electrical activity.

The results of this study suggest that care should be taken
when interpreting data recorded within a few minutes of a
change in glucose concentration. A nonuniform glucose
distribution may have unsuspected effects on the electrical
activity of the islet and the response of the islet to chemical
modulators, complicating the already difficult analysis of
experimental data.

In the following sections we first describe the mathemat-
ical model for glucose diffusion in an islet, and then proceed
with an analysis of the extent of glucose penetration and
equilibration times, first without and then with GLUT-2
glucose transporters. We then compare model simulations
with recent NAD(P)H autofluorescence data. Parameter val-
ues used throughout are summarized in Table 1.

THE MATHEMATICAL MODEL

To make electrical recordings ofb-cells in an intact islet,
the islet must first be secured within the perifusion chamber.
This has been done in several ways, such as inserting pins
through the surrounding acinar tissue (Atwater et al., 1989;
Soria et al., 1996); inserting pins through a piece of pan-
creas and exposing one or more islets to the perifusion
solution (Henquin et al., 1988); or securing the islet with a
suction pipette (Cook and Perara, 1982). Once secured, a
recording electrode is inserted into a cell on the islet pe-
riphery. The rate of solution perifusion varies, but typical
values are 1–2 ml/min. The volume of a typical perifusion
chamber is 40–50ml, so the bath solution is replaced every
few seconds, ensuring that the composition of the solution
can be rapidly changed. The diameter of a pancreatic islet is
100–500 mm, so the islet volume is no greater than
;4⁄3p(0.25)3 ' 6.53 1022 mm3, or 6.53 1022 ml in terms
of fluid volume. Hence the islet volume is negligible com-
pared to the volume of the bath.

When a secretagogue such as glucose is introduced into
the perifusion solution it enters the islet through convection
and diffusion. We make the simplifying assumption that
glucose enters the islet solely through diffusion, and further
assume that the bath solution is uniformly mixed. These two

TABLE 1 Table of parameter values

Symbol Description Value Reference

D Glucose diffusivity in water 0.6733 1025 cm2/s Weast (1975)
a Islet radius 100mm Atwater et al. (1989)
r Volume fraction 0.02 Bonner-Weir (1988)
Km GLUT-2 dissociation constant 17 mM Johnson et al. (1990)
Vmax GLUT-2 maximum uptake rate 0.53 mM/s Johnson et al. (1990)
k Acinar layer permeability 0.02–1.0mm21

p Islet porosity 0.02–1
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assumptions allow us to neglect the convection and mixing
of the perifusion solution with the secretagogue, and to
focus on the diffusion of glucose into and within the islet.

When glucose penetrates the acinar layer surrounding the
islet it is free to diffuse through the interstitial spaces
between adjacentb-cells (Fig. 1). We treat this as a hin-
dered diffusion process, and define a variablege that rep-
resents the extracellular (or interstitial) glucose concentra-
tion as a function of time and position within the islet.
Spherical coordinates are used to describe position, and we
assume spherical symmetry in the glucose distribution.
With these assumptions, the diffusion of glucose through an
islet of radiusa is described by

ge

t
5 pD

1

r2



rSr2
ge

r D 2
1

r
F~ge, gi!, r , a, t . 0.

(1)

HereD is the diffusion coefficient of glucose in water, and
pD is the “effective” glucose diffusion coefficient within the
islet. The dimensionless parameterp [ [0, 1] is a measure
of islet porosity and reflects a diminished random walk due
to cell geometry and cell packing.

The functionF(ge, gi) in Eq. 1 represents glucose trans-
port into theb-cells through GLUT-2 glucose transporters
in the cells’ plasma membrane. The rate of uptake of glu-
cose by these transporters depends on both the glucose
concentration within theb-cells (gi) and that in the sur-
rounding extracellular space. We assume that transport is
uniform throughout the islet, so thatF is independent ofr.
The specific form of this transport term will be described in
detail later. The parameterr is the volume fractionr 5
Ve/Vi, whereVi is the totalb-cell volume within the islet and
Ve is the total volume of the extracellular space.

We assume that the acinar tissue surrounding the islet can
be modeled as a passive membrane. Therefore, the chemical
gradient across this tissue is the only source for the flux of
glucose into the islet, and an appropriate boundary condi-

tion is

ge

r
5 k~G 2 ge!, r 5 a, k . 0, (2)

where G is the glucose concentration in the perifusion
solution andk is the permeability of the acinar layer. A
singularity condition is applied at the islet center,

uge~0, t!u # M , `, t $ 0. (3)

Finally, unless otherwise stated, we assume that the initial
glucose concentration in the islet is zero,

ge~r, 0! 5 0, r [ @0, a#. (4)

As with the interstitial glucose concentration, we treat the
glucose concentration within theb-cells as a continuous
variable that depends on both time and location within the
islet. Although there is some evidence that sugars can pass
through gap junctions (Rieske et al., 1975), we assume that
glucose diffusion through gap junctions does not occur.
(This assumption is relaxed later.) Thus the differential
equation describing glucose concentration within theb-cells
(gi) contains no spatial derivatives:

gi

t
5 F~ge, gi!. (5)

Unless otherwise stated, the initialb-cell glucose concen-
tration is also taken to be zero:

gi~r, 0! 5 0, r [ @0, a#. (6)

Metabolism of glucose by theb-cells is not included in Eq.
5, because cell culture studies have shown that the glucose
concentration inside ab-cell rapidly approaches an equilib-
rium that is only slightly lower than the concentration
outside the cell (Whitesell et al., 1991).

RESULTS

Glucose diffusion without transport

We first analyze the diffusion of glucose in the absence of
glucose transport,F(ge, gi) 5 0, focusing on the effects on
equilibration times of different islet porosities (through the
parameterp) and acinar layer permeabilities (throughk).
With F(ge, gi) 5 0 the differential equations Eq. 1 and Eq.
5 are uncoupled, simplifying the analysis of Eqs. 1–4.

We begin by deriving an approximate expression for the
glucose diffusion time, making use of the linearity of the
uncoupled differential equation Eq. 1. The derivation, based
on the method of separation of variables, requires that we
first homogenize the boundary conditions with the introduc-
tion of a new variablec 5 G 2 ge. This variable transfor-
mation emphasizes the point that in the absence of glucose
transport the equilibration time does not depend on the
initial values ofge andG, only the difference between them.

FIGURE 1 Illustration of the islet model, highlighting the roles of the
variables and parameters in Eqs. 1–5. The dark shell represents the acinar
layer, the shaded circles representb-cells, and the space between repre-
sents the interstitial region through which glucose diffuses. (The ratio of
interstitial space tob-cell space is exaggerated.) The space outside of the
shell represents the region occupied by well-mixed perifusion solution.
Arrows represent the flow of glucose.
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In terms of the new variable, Eqs. 1–4 become

c

t
5 pD

1

r2



rSr2
c

rD, r , a, t . 0, (7)

c

r
1 kc5 0, r 5 a, t . 0, (8)

uc~0, t!u # M , `, t $ 0, (9)

c~r, 0! 5 G. (10)

The calculations leading to the series solution of Eqs.
7–10 are detailed in the Appendix. The results of these
calculations yield the solution

c~r, t! 5 G O
n51

`

an exp~2ln
2 pDt!

sin~lnr!

Îlnr
, (11)

where the eigenvaluesln (0 , l1 , l2 , . . . ) satisfy the
eigenvalue equation

~ka2 1!tanmn 1 mn 5 0, mn 5 lna. (12)

Because the decay of the first Fourier mode is rate limiting,
the rate at which interstitial glucose equilibriates to the
external concentrationG (or, equivalently, the rate at which
c approaches zero) depends primarily on the value of the
dominant eigenvaluel1. In subsequent calculations, we
compute this dominant eigenvalue for each of several values
of k by finding the equilibriam1 5 l1a of the differential
equation

dm

dt
5 ~ka2 1!tanm 1 m, (13)

in the interval (0,p). These computations were made nu-
merically with the bifurcation software package AUTO
(Doedel, 1981), withk as the bifurcation parameter. Such a
calculation is equivalent to finding the roots of Eq. 12.

The dominant mode approximation to the series solution
(Eq. 11) is

c~r, t! . c1~r, t! 5 Ga1 exp~2l1
2 pDt!

sin~l1r!

Îl1r
.

(14)

To verify the accuracy of this approximation, we compare it
with the numerical solution of Eqs. 7–10 at several different
times after the simulated bath application of 10 mM glucose
(Fig. 2). (The details of the numerical method are described
in the next section.) The accuracy of the modal approxima-
tion appears to be quite good, improving with time, so that
after 1 min the modal approximation and numerical solution
are practically indistinguishable.

One measure of the glucose equilibration time is the time
Tf required for glucose concentration at the islet center to
reach some fractionf of that in the surrounding bath

solution:

ge~0, Tf! 5 fG. (15)

Becausec 5 G 2 ge, this definition is equivalent to
c(0, Tf) 5 (1 2 f )G. Using the modal approximation forc(r,
Tf) and taking the limit asr 3 01,

~1 2 f !G 5 Ga1Îl1 exp~2l1
2 pDTf!. (16)

Solving this forTf yields the characteristic diffusion time

Tf 5
1

l1
2 pD

lnSa1Îl1

1 2 fD. (17)

It is evident in Eq. 17 that the diffusion time is inversely
proportional to the islet porosityp. However, the depen-
dence of Tf on the islet radiusa and the acinar layer
permeability k are not immediately evident. The depen-
dence ona becomes clear forka large, in which casem1 '
p, so l1 ' p/a. Thus the Fourier coefficienta1 ' 2=a/p
(see the Appendix) and

Tf <
a2

p2pD
lnS 2

1 2 fD, ka large. (18)

Hence, for ka large the characteristic diffusion time is
proportional to the square of the islet radius.

The dependence ofTf on k is illustrated in Fig. 3, where
T0.9 (i.e., the time at whichge 5 0.9G at the islet center) is
plotted versusk for several values of porosityp. As ex-
pected,Tf is a decreasing function of the acinar tissue
permeability. We see in Fig. 3, however, that the influence
of permeability is different for different porosities, the in-
fluence being greatest when porosity is low. In this case,
changes ink have a significant impact onT0.9 for all values
of k. In contrast, if porosity is high then the characteristic
diffusion time is insensitive to changes ink for k . 0.1
mm21. Fig. 3 also shows that for all but the lowest value of

FIGURE 2 Comparison of the numerical solution to Eqs. 7–10 and the
dominant mode approximation (Eq. 14) at several different times after the
simulated bath application of 10 mM glucose (G 5 10 mM). Computations
were performed with permeabilityk 5 0.1 mm21, porosityp 5 0.1, and
islet radiusa 5 100 mm
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porosity, Eq. 18 provides a good approximation to the
characteristic diffusion time forka large.

The effect of GLUT-2 glucose transporters

Glucose molecules are transported across theb-cell mem-
brane by a process of facilitated diffusion. Although several
different glucose transporters have been identified in a
number of cell types (Unger, 1991), studies have shown that
glucose transport inb-cells is due primarily to the GLUT-2
transporter (Johnson et al., 1990; Heimberg et al., 1995). In
this section, we incorporate a model of GLUT-2 glucose
transport into thege andgi equations (Eqs. 1 and 5). This
allows us to investigate the impact of GLUT-2 transport on
glucose penetration and allows us to monitor the glucose
concentration within theb-cells as well as in the interstitial
spaces.

A four-state kinetic model of the GLUT-2 transporter has
been developed by Maki and Keizer (1995). In this model,
there is a glucose-free state with the transporter facing into
the cell, a glucose-free state with the transporter facing out
of the cell, and two similar glucose-bound states. In the
development of the model it was assumed that binding of
the transporter is in rapid equilibrium and that all rate
constants for crossing the membrane are equal. In terms of
the variablesge andgi, the glucose flux into the cell,F, is

F~ge, gi! 5 Vmax

~ge 2 gi!Km

~Km 1 ge!~Km 1 gi!
(19)

where Vmax and Km are the maximum transport rate and
transporter dissociation constants, respectively. Values for
these parameters have been determined in studies of glucose
uptake in dispersed rat islet cells:Vmax5 32 mmol/min/liter
of islet space or 0.53 mM/s, andKm 5 17 mM (Johnson et
al., 1990).

The complete model of glucose diffusion with GLUT-2
transport is obtained by combining Eq. 19 with Eqs. 1–5.

The flux term (Eq. 19) is scaled by the volume fractionr 5
Ve/Vi in Eq. 1 to reflect the different volumes of the extra-
cellular and intracellular regions. Electron micrograph stud-
ies indicate that the extracellular volume is 1–2% of the
total islet volume (Bonner-Weir, 1988), so we user 5 0.02
for the volume fraction.

With the introduction of the transport term, thege andgi

equations are coupled and nonlinear. We integrated these
equations numerically with the software package XTC (Er-
mentrout, 1995), using an implicit backwards Euler method
with Dt 5 0.1 s andDr 5 2 mm. Unless stated otherwise, the
computations use an islet radius ofa 5 100 mm. To elim-
inate the removable singularity at the islet center, we ap-
plied the variable transformationsze 5 ger andzi 5 gir. All
results are reported in terms of the original variablesge and
gi.

Fig. 4 shows the spatial distribution ofge and gi at
different times after the simulated bath application of 10
mM glucose. As expected,gi increases more slowly thange

at all locations, because diffusion takes place only in the
interstitial spaces. After 1 min, only cells near the islet
periphery have a glucose concentrationgi of more than 50%
of the bath solution. Even after 2 min, only those cells
within ;20 mm of the islet periphery have achieved more
than 50% of the bath glucose concentration. Hence, with the
porosity and permeability values used here (p 5 0.3 andk 5
0.3mm21), the glucose distribution in the islet is far from its
equilibrium value of 10 mM 2 min after the introduction of
glucose to the bath.

To analyze the effects of islet porosity and acinar layer
permeability, we focus on theb-cell glucose concentration
at two extreme locations: the islet center and the islet
periphery. Because islet electrical activity usually begins

FIGURE 3 TimeT0.9 required for glucose concentration at the center of
the islet to attain 90% (f 5 0.9) of the equilibrium valueG in the absence
of GLUT-2 transport. Values ofT0.9 are plotted forp 5 0.02, 0.05, 0.1, 0.5,
and 1 (from top to bottom). Dashed horizontal lines indicate the largeka
approximation ofT0.9 given in Eq. 18.

FIGURE 4 Glucose distribution in the islet at three different times after
the simulated bath application of 10 mM glucose (G 5 10 mM). (A)
Glucose concentration in the interstitial spaces (ge). (B) Glucose concen-
tration within theb-cells (gi). Initially ge 5 gi 5 0 throughout the islet. Islet
porosity and the acinar layer permeability arep 5 0.3 andk 5 0.3 mm21,
respectively.

1726 Biophysical Journal Volume 74 April 1998



within ;2 min of the bath application of glucose, we
examine the modelb-cell glucose concentration at this point
in time.

Theb-cell glucose concentration at the islet center 2 min
after the simulated bath application of 10 mM glucose is
shown in Fig. 5. When the porosity is low (p 5 0.1), almost
no glucose reaches the islet center. Even whenp 5 1, so that
the diffusion coefficient is that of glucose in water,gi is less
than 50% that of the perifusion solution. However, increas-
ing the porosity from 0.1 to 1.0 greatly increasesgi at the
islet center. This is true for all values of the permeability
coefficient. In contrast, although increasing the permeability
from k 5 0.01 to 1.0mm21 increasesgi at the islet center,
the effect saturates whenk . 0.1mm21. These observations
are consistent with results obtained in the absence of
GLUT-2 transport (Fig. 3).

The glucose concentration at the islet periphery is much
greater than that at the center (Fig. 6). For most values of the
porosity and permeability parameters,gi is more than 50%
that of the bath, andgi is close to 80% that of the bath when
k 5 1 mm21. As at the islet center,gi at the periphery is
greatly influenced by the islet porosity. Unlikegi at the islet
center, this influence begins to saturate when the perme-
ability k $ 0.5 mm21. For these values ofp andk, glucose
transport into the peripheralb-cells is the rate-limiting step
to increases ingi. As before, the effect of increasing acinar
layer permeability begins to saturate whenk . 0.1 mm21,
although when porosity is low (p 5 0.1), saturation occurs
at a larger value ofk.

Comparison with autofluorescence data

Two-photon excitation microscopy has recently been used
to measure NAD(P)H autofluoresence in intact pancreatic
islets (Bennett et al., 1996). Because NAD(P)H is a product
of glucose metabolism, these measurements provide an in-
dication of the glucose concentration within the islet cells.
Using this approach, Bennett et al. were able to measure
glucose penetration into an islet at several times after bath

application of 30 mM glucose. In this section, we compare
this NAD(P)H autofluoresence data to model simulations.

In Bennett et al. the NAD(P)H autofluorescence was
measured in an optical section 40mm into an isolated rat
islet. At this depth, the diameter of the islet cross section
was ;110 mm (figure 3 of Bennett et al.). From this
information, the islet radius can be determined. In Fig. 7 the
islet is represented as a circle, and the optical section as a
dashed line segment through the circle. The variablesr, a,
andr are related by the Pythagorean Theorem:

a2 5 r2 1 r2. (20)

The variabler is half the diameter of the islet cross section,
so r 5 55 mm. Because the optical section was taken at a
depth of 40mm, r 5 a 2 40. Substituting into Eq. 20 gives
a ' 60 mm. Therefore, the center of the islet cross section
in figure 3 of Bennett et al. is;20 mm from the center of
an islet of radiusa 5 60 mm. This figure shows that
NAD(P)H autofluorescence at the center of the section lags
autofluorescence at the periphery by;40 s (presumably
reflecting the glucose diffusion time). TheKm for theb-cell
glucose sensor glucokinase is 5–10mM (Johnson et al.,
1990), so the intracellular glucose concentration at the cen-
ter of the optical section should be in this range after 40 s to
account for the NAD(P)H production. Is the mathematical
model consistent with these data?

FIGURE 5 b-Cell glucose concentration at the locationr 5 2 mm (near
the islet center) 2 min after the simulated bath application of 10 mM
glucose (G 5 10 mM).

FIGURE 6 b-Cell glucose concentration at the locationr 5 100mm (the
islet periphery) 2 min after the simulated bath application of 10 mM
glucose. The porosity values for the four curves are (from top to bottom)
p 5 1.0, 0.5, 0.3, 0.1.

FIGURE 7 Relation between the radius of an islet optical cross section
(r), the islet radius (a), and the distance from the center of the cross section
to the islet center (r).
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Simulations were performed using the full model (using
p 5 0.3, k 5 0.3 mm21). An islet radius of 60mm was
assumed, withG 5 30 mM and an initial (basal) glucose
concentration of 1mM for bothgi andge, consistent with the
data. Forty seconds after the simulated application of glu-
cose, it was found that the intracellular glucose concentra-
tion 20mm from the islet center (corresponding to the center
of the optical cross section) was 5.15mM (gi(20, 40)5 5.15
mM). Although there may be significant NAD(P)H produc-
tion at this glucose concentration, we next investigated the
modifications in parameter values necessary to raise this to
a higher level.

Although parameter values for the volume fractionr and
the maximum glucose transport rateVmax were obtained
from experimental data, it is likely that they vary from islet
to islet. We therefore repeated the simulation described
above with r doubled, and then with bothr and Vmax

doubled. As shown in Fig. 8,A–C, both changes in param-
eter values produced an increase ingi(20, 40), to values of
7.6 mM and 8.65 mM, respectively. The level of NAD(P)H
production at either glucose concentration should be suffi-
cient to account for the autofluorescence data.

The increased rate of glucose penetration resulting from a
doubling ofr is not surprising, because increasingr reduces
the barrier to glucose diffusion. The effects of doubling
Vmax are not so clear. On the one hand, increasingVmax

increases the flux of glucose into theb-cells, and because
the NAD(P)H data reflects intracellular glucose, an increase
in gi is to be expected. On the other hand, glucose trans-
porters severely inhibit glucose penetration by transporting
glucose from the interstitial spaces, where it can diffuse, to
the b-cells, where it cannot diffuse. Thus, increasingVmax

may be expected to decrease the rate of glucose penetration.
Because of these competing influences, the effects of
changes inVmax are hard to predict. In fact, although dou-
bling Vmax increasesgi(20, 40) whenr 5 0.4, doublingVmax

decreasesgi(20, 40) whenr 5 0.2 (not shown).
One assumption made in our model is that glucose dif-

fuses only through interstitial spaces. However, there are

data showing that glucose can diffuse through gap junctions
(Rieske et al., 1975). If this is the case in pancreatic islets,
then it is likely that the process is quite complex. We have
incorporated intracellular diffusion into the model in a very
simplistic fashion by adding a diffusion term to Eq. 5,
yielding

gi

t
5

Di

r2



rSr2
gi

r D 1 F~ge, gi!, (21)

with the accompanying boundary condition

gi

r
5 0, r 5 a, (22)

assuming that glucose does not enter theb-cells directly
from the external solution, but must be transported from the
interstitial solution.

It is highly likely that the glucose diffusion rate through
gap junctions is much lower than the diffusion rate in water
(D), so we have usedDi 5 D/100 5 6.73 cm2s21 in the
simulations reported in Fig. 8,D–F. Except for the addition
of intracellular diffusion, these simulations are identical to
Fig. 8, A–C. It is evident that intracellular diffusion in-
creases the rate of glucose penetration into the islet for each
parameter combination. Furthermore, the impact of intra-
cellular diffusion is greater for larger values of the glucose
transport rateVmax.

Even if glucose diffusion through gap junctions is insig-
nificant, there are other ways for intracellular diffusion to
occur. For example, glucose could enter ab-cell through
GLUT-2 transporters on one face of the cell and leave
through similar transporters on the other face. Like diffusion
through gap junctions, this is a complex process, but Eq. 21
provides a reasonable first approximation.

DISCUSSION

The aim of this study was to determine the glucose distri-
bution in a typical pancreatic islet shortly after the addition
of a stimulatory concentration of glucose to the bath. Given
the assumptions made in the model, we found that the
glucose distribution in an islet of radius 100mm was far
from uniform 2 min after the bath application of 10 mM
glucose. The glucose concentration withinb-cells was less
than 5 mM at the islet center and greater than 5 mM only
near the islet periphery for a range of values of islet porosity
and acinar layer permeability (Figs. 4–6). Isolatedb-cells
typically become electrically active when exposed to glu-
cose concentrations of 7 mM or more (Atwater et al., 1984).
Thus our analysis suggests that, with this glucose applica-
tion protocol, only the cells near the islet periphery are
exposed to a stimulatory concentration of glucose within 2
min of glucose application. This 2-min period is significant
becauseb-cell electrical activity typically begins within 2
min of the bath application of glucose.

There is a large body of evidence that the electrical
activity of b-cells within an islet is synchronized, at least

FIGURE 8 The effects of changes in the parametersr, Vmax, andDi on
the intracellular glucose concentration at the center of a hypothetical
optical cross section 40 s after simulated bath application of 30 mM
glucose. The optical section is 40mm into an islet of radius 60mm. In D–F
intracellular diffusion is included, withDi 5 6.73 cm2s21. (A, D) r 5 0.02,
Vmax 5 0.53 mM s21 (standard values); (B, E) r 5 0.04,Vmax 5 0.53 mM
s21; (C, F) r 5 0.04,Vmax5 1.06 mM s21. Other parameter values arep 5
0.3 andk 5 0.3, and the initial (basal) glucose concentration isgi(r, 0) 5
ge(r, 0) 5 1 mM. TheKm for glucokinase is 5–10 mM, as indicated by the
dashed lines.
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partly because of gap-junctional coupling (Eddlestone et al.,
1984; Santos et al., 1991). Our modeling results indicate
that the electrical activity begins before the intraislet glu-
cose concentration has equilibrated. Thus it appears that
islets are capable of synchronized electrical activity, even
though only the peripheral cells are exposed to stimulatory
glucose concentrations. This complements earlier modeling
studies showing that clusters of modelb-cells are capable of
generating bursts of electrical impulses, even though the
majority of cells in the cluster contain subthreshold glucose
concentrations (Pernarowski, 1997; Smolen et al., 1993).

We examined the effects of islet porosity and acinar layer
permeability on glucose penetration (Figs. 3, 5, 6 and Eqs.
17, 18). It was shown that both can have a dramatic impact,
and that the efficacy of one parameter depends largely on
the value of the other, as well as the location in the islet.
There are few experimental data for the values of these
parameters, and it is likely that they vary greatly from islet
to islet.

The transport of glucose intob-cells by GLUT-2 trans-
porters profoundly slows glucose penetration into the islet.
Using the maximum value for islet porosity (p 5 1) and a
saturating value for acinar layer permeability (k 5 1 mm21),
it was shown that the interstitial glucose concentrationge at
the islet center reaches 90% of the bath concentration in
only a few seconds in the absence of glucose transport (Fig.
3). When transport does occur, it takes 5 min to reach this
90% point. Thus GLUT-2 transport providesb-cells with
glucose at the expense of slowing glucose delivery to cells
in the islet interior. This may help explain why substrates
such as carbachol and tolbutamide, which have a molecular
weight near that of glucose but are not actively transported
into b-cells, act much more quickly than glucose (Bozem
and Henquin, 1988; Gilon and Henquin, 1992). That is,
because carbachol and tolbutamide can diffuse through the
islet without being transported intob-cells, Fig. 3 suggests
that equilibration can occur in a few seconds.

In this report we compared glucose penetration times
predicted by the model with recent NAD(P)H autofluores-
cence data (Bennett et al., 1996). We found that the model
is able to account for the data, particularly if the volume
fractionr and the maximum GLUT-2 transport rateVmaxare
appropriately modified (Fig. 8), which seems reasonable,
given the great islet-to-islet and cell-to-cell variability. The
rate of penetration of glucose into the islet is also signifi-
cantly increased if some intracellular diffusion occurs (Fig.
8). Indeed, glucose diffusion through gap junctions has been
reported in leech central nervous neurons (Rieske et al.,
1975). There may be additional means for intracellular
diffusion. For example, glucose could enter ab-cell through
GLUT-2 transporters at one face and leave through similar
transporters at the opposite face. By adding a diffusion term
to the gi equation (Eq. 21), we provide a reasonable first
approximation to either mechanism of intracellular diffu-
sion. However, more detailed modeling of these processes
could lead to new insights, and should be performed in the
future.

One may question whether the permeability and porosity
values used in our comparison simulations (p 5 0.3, k 5
0.3) are unrealistically high. Because of a lack of data, this
question cannot be answered at present, although we note
that the effective diffusion coefficient of K1 in an islet was
measured to be about half of its value in water (Perez-
Armendariz et al., 1985). If indeed the permeability and
porosity values are unrealistically high, then this suggests
that some factor in addition to diffusion is responsible for
glucose penetration into the islet.

The 1–2-min delay in islet electrical activity typically
observed after bath application of glucose is due in large
part to the time required for glucose metabolism and the
subsequent inactivation of K(ATP) channels in theb-cells.
However, the relatively long time required for glucose to
diffuse from the islet periphery to the interior (Fig. 4–6)
suggests that glucose diffusion may also be a major con-
tributing factor. Experimental support for the role of diffu-
sion in the delay in electrical activity is provided by several
studies of isolatedb-cells. In one study, bath application of
glucose produced an almost immediate increase in the ratio
of ATP to ADP, indicating that little time is required for the
metabolism of glucose byb-cells (Nilsson et al., 1996). In
two other studies, bath application of glucose elicited elec-
trical activity or an elevation in cytosolic Ca21 with a delay
of less than 20 s (Liu et al., 1994; Larsson et al., 1996),
suggesting that less than 20 s is required forb-cells to
metabolize glucose and inhibit ATP-sensitive K1 channels.
We point out, however, that in one study the delay in
spiking activity after a step increase in the bath glucose
concentration was nearly 1 min (Chow et al., 1995). In
another study, inhibition of K(ATP) channel activity was
delayed by nearly 2 min (Valdeolmillos et al., 1992). How-
ever, the channel activity was measured at room tempera-
ture, where one would expect exaggerated delays. The bulk
of these single-cell studies suggest that although intracellu-
lar delays in glucose handling are a major factor in the delay
in islet electrical activity, there is likely a second contrib-
uting factor. Our analysis supports the hypothesis that this
additional factor is the time required for glucose to diffuse
through the islet.

One common observation is that the delay in electrical
activity depends on the extent of previous exposure to
glucose. Thus a recent history of exposure to low glucose
will result in an exaggerated delay in electrical activity. This
can be explained in at least two ways. First, after a pro-
longed low level of ATP, glucose metabolism and K(ATP)
channel inactivation inb-cells may be slowed. Second, the
time required for islet cells to achieve a threshold glucose
concentration will be greater because the initial distribution
is lower. This latter effect is consistent with model simula-
tions (not shown).

The mathematical model used in the present study is
based on several assumptions and simplifications that seem
justified, given the lack of data to support a more detailed
model and given the great islet-to-islet variability. The
acinar layer was assumed to act as a passive membrane,
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allowing only the diffusive transport of glucose into the
islet. At higher perifusion flow rates this assumption could
lead to inaccuracies. Furthermore, at high membrane per-
meabilities convective transport of glucose through the islet
would play a more important role.

It was also assumed that the glucose concentration can be
treated as a continuous variable both within and outside of
the b-cells. This assumption justifies the simplified defini-
tion for effective diffusivity of glucose within the islet. In
other systems, attempts have been made to more accurately
model the effect of cell packing, geometry, and heteroge-
neity on effective diffusivity through the use of multiphase
averaging techniques (Ochoa et al., 1986). However, imple-
mentation of these techniques in the pancreatic islet appears
to be impractical, because the required a priori knowledge
of islet morphology and heterogeneity is not available.

Spherical symmetry in the distribution of glucose follows
from the spherical shape of the islet and from the assump-
tion of uniformb-cell distribution and a uniform density of
GLUT-2 transporters withinb-cells. In most of the analysis
it was also assumed that glucose does not diffuse through
gap junctions, although this assumption was relaxed later.
Finally, most of the simulations presented had an initial
glucose concentration of zero in the islet. This was done
primarily for convenience. As was alluded to above, an
initial concentration of 2 or 3 mM may be more appropriate
for many experimental protocols (or perhaps higher for
islets with a prior history of exposure to high glucose).
However, as was previously noted, in the absence of
GLUT-2 transport only the initial difference in islet and
bath concentrations affects the characteristic diffusion time.

In summary, this study suggests that glucose equilibra-
tion in a previously glucose-free isolated islet takes at least
5 min. This suggests that synchronized electrical activity
begins long before glucose equilibration. The dominant
factor in the delay in glucose penetration is the transport of
glucose intob-cells by GLUT-2 transporters. The delay in
glucose penetration is likely a major contributing factor
in the 1–2-min delay in electrical activity after glucose
application.

APPENDIX: SERIES SOLUTION OF EQUATIONS
WITHOUT TRANSPORT

Here we present the derivation of the series solution of Eqs. 7–10 via the
method of separation of variables. Substitutingc(r, t) 5 R(r)T(t) into Eq.
7, we obtain

T9

pDT
5

r2R0 1 2rR9

r2R
5 2l2 (23)

wherel is a constant due to the dependence ofT andR on the different
independent variablest andr, respectively. The boundary conditions Eqs.
8–9 yield the following eigenvalue problem forR(r):

r2R0 1 2rR9 1 l2r2R5 0, r , a, (24)

R9~a! 1 kR~a! 5 0, (25)

uRu # M , `. (26)

The solution of Eq. 24 forl . 0 is given in terms of Bessel functions of
order 1/2. Because only the Bessel function of the first kind is bounded
near 0, the solutionsR(r) satisfying Eq. 26 are

Rl~r! 5 Îp

2r
J1/2~lr! 5

sin~lr!

Îlr
. (27)

An eigenvalue equation forl is then obtained by requiringRl(r) to satisfy
the boundary condition in Eq. 25:

~ka2 1!tanm 1 m 5 0, m 5 la. (28)

Providingka Þ 1, Eq. 28 has a countable number of solutions 0, l1 ,
l2 , . . . , generating the corresponding eigenfunctions

Rn~r! 5
sin~lnr!

Îlnr
. (29)

The functionT(t) satisfies the differential equation

T 9 5 2l2pDT, t . 0 (30)

with solutionT(t) 5 exp(2l2pDt) 5 exp(2ln
2pDt) for l 5 ln. Therefore,

the series solution forc(r, t) assumes the form

c~r, t! 5 O
n51

`

ânexp~2ln
2 pDt!Rn~r!. (31)

The solution is completed using the known initial conditionc(r, 0) 5 G 2
ge(r, 0) and the orthogonality ofRn(r) under the inner product

^f, c& ; E
0

a

f~r!c~r!w~r!dr 5 E
0

a

f~r!c~r!r2dr

(32)

with the weight functionw(r) 5 r2 for the Laplacian operator in spherical
coordinates. These calculations yield

ân 5
^c~r, 0!, Rn~r!&

^Rn~r!, Rn~r!&
, (33)

and for the special casec(r, 0) 5 G,

ân 5 Gan 5
4G~sin~lna! 2 alncos~lna!!

Îln~2lna 2 sin~2lna!!
. (34)

It should be noted that the convergence of the series solution in Eq. 31 is
in the mean and need not be pointwise. In particular, one should not expect
pointwise convergence atr 5 0, at which the series is formally undefined.
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