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Glucose Diffusion in Pancreatic Islets of Langerhans
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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 glucosehamber through which perifusion solution is continuously
homeostasis. It is here that insulin is secreted into thexchanged. Secretagogues such as glucose are introduced
bloodstream in response to an elevation in blood glucosénto the solution in a separate mixing chamber and enter the
initiating a cascade of events leading to the uptake operifusion chamber through an inflow tube. Because glu-
glucose by muscle and adipose tissue. The secretory celise is the primary endogenous modulatogatfell electri-
responsible for the release of insulin, pancregtiells, are  cal activity, a common experimental protocol is to make a
clustered into microorgans called islets of Langerhansstep change in the bath glucose concentration and study the
These are roughly spherical structures of radius 504280 response of the islet in the presence or absence of other
in which the g-cells and other secretory cells are denselymodulators. It is therefore important to establish bounds on
packed. Within the pancreas there are on the order Bf 1Qhe time required for glucose to diffuse through the islet and
islets, and within each islet there are*1" B-cells and  reach a new equilibrium distribution.
100-200 secretory cells of other types. In the present study we perform a mathematical analysis
Pancreatigs-cells are electrically excitable, and in Vitro of the diffusion of glucose in an isolated islet, using a model
studies of isolated islets have shown tBatells depolarize giet that is assumed for simplicity to be composed solely of

when the glucose concentration in the bath solution isg ce|is. Several factors hinder glucose diffusion in an islet,
increased (Dean and Mathews, 1970). This depolarization,q \ye investigate the effects of each. First, glucose dif-

initiate; peri.odic.bursts of action potentials that evoke the ,gag primarily through the narrow interstitial spaces be-
secretion of|n§ul|n (SCOFt etal., 1981; Atwater etal., _1989)'tween islet cells. We account for this by introducing an
Periodic bursting behavior has also been observed in ViVQysftactive” glucose diffusion rate that reflects the islet po-

with a burst period (tens of seconds) similar to that ObserVe‘?osity. This rate is varied to determine the effect of porosity

n vitro (Sawc_hez—Andre et aI.,.1995_). . on glucose penetration into the islet. Second, the islet is
The electrical nature of the insulin secretion process has : : .
urrounded by a layer of pancreatic acinar cells, which

gtgg}ge;ngLér:r;irllc)su?ne:ﬁtcatlgﬁgﬁfl(ﬁi&z;ﬁ'i‘:’u?jfiézogartgéorms a diffusion barrier between the islet and the surround-

: . ing bath solution. Because the permeability of this tissue
necessary because isolated cells either do not burst or burv§lIII vary from islet to islet. we study the effects on alucose
with an abnormally long period of several minutes (Smith et Yy L y gluco
al., 1990; Larsson et al., 1996). In islet studies (Atwater e’-Fenetratlon of variations in the acinar layer permeability.

al., 1989) the islet is secured to the bottom of a perifusio

inally, 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
Received for publication 7 July 1997 and in final form 10 December 1997.OCCUI’_S. Using values for the GLUT-2 tranSport rate .Obtamed
! ) . experimentally (Johnson et al., 1990), we investigate the
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bath, then the glucose distribution in the islet will be non-known what fraction of the cells must be activated by
uniform for several minutes. For an islet of 20@ diam-  glucose for synchronized electrical activity to occur. Our
eter and with maximum or saturating values of porosity andanalysis suggests that the time required for glucose pene-
permeability, it takes 5 min for the glucose concentration atration into the interior of the islet is a major contributing
the islet center to reach 90% of the bath concentration. Théctor in the 1-2-min delay in electrical activity.
equilibration time is longer in larger islets. Removal of The results of this study suggest that care should be taken
glucose from the interstitial solution by GLUT-2 transport- when interpreting data recorded within a few minutes of a
ers profoundly slows glucose penetration to the islet centeichange in glucose concentration. A nonuniform glucose
as less than 1 min is required for 90% equilibration in thedistribution may have unsuspected effects on the electrical
absence of GLUT-2 transport. Islet porosity and acinar layerctivity of the islet and the response of the islet to chemical
permeability also have profound effects on glucose penemodulators, complicating the already difficult analysis of
tration, with the impact of one parameter depending on thexperimental data.
value of the other and the location in the islet. In the following sections we first describe the mathemat-
Experimental data regarding the time course of glucosécal model for glucose diffusion in an islet, and then proceed
penetration into an islet are very limited. However, in recentwith an analysis of the extent of glucose penetration and
work by Bennett et al. (1996), two-photon excitation mi- equilibration times, first without and then with GLUT-2
croscopy was used to measure time-dependent glucosglucose transporters. We then compare model simulations
induced NAD(P)H autofluorescence changes in an opticalith recent NAD(P)H autofluorescence data. Parameter val-
section of an intact islet. These data provide an indication ofies used throughout are summarized in Table 1.
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 fde'HE MATHEMATICAL MODEL
that the autofluorescence data can be accounted for by the
model, particularly if one or two of the model parametersTo make electrical recordings @f-cells in an intact islet,
are appropriately modified or if some glucose diffusion the islet must first be secured within the perifusion chamber.
betweeng-cells is allowed. This has been done in several ways, such as inserting pins
One feature consistently observed in in vitro perifusionthrough the surrounding acinar tissue (Atwater et al., 1989;
studies is a delay of 1-2 min between the addition ofSoria et al., 1996); inserting pins through a piece of pan-
glucose to a previously low-glucose or glucose-free solucreas and exposing one or more islets to the perifusion
tion, and the start g8-cell electrical activity (Atwater et al., solution (Henquin et al., 1988); or securing the islet with a
1989; Worley et al., 1994). This cannot be explained by thesuction pipette (Cook and Perara, 1982). Once secured, a
delay in glucose transport from the mixing chamber to therecording electrode is inserted into a cell on the islet pe-
perifusion chamber, which is typically only a few secondsriphery. The rate of solution perifusion varies, but typical
(Mears, 1996; Soria et al., 1996). One contributing factor invalues are 1-2 ml/min. The volume of a typical perifusion
the delay is the time required for the metabolism of glucosechamber is 40-5@.l, so the bath solution is replaced every
within the B-cells, and for the product ATP to inactivate few seconds, ensuring that the composition of the solution
ATP-sensitive potassium channels and depolarize the cellsan be rapidly changed. The diameter of a pancreatic islet is
(Ashcroft et al., 1984; Chow et al., 1995). Another contrib- 100-500 um, so the islet volume is no greater than
uting factor is the time required for glucose to diffuse from ~%s7(0.25¢ ~ 6.5 X 102 mm?>, or 6.5X 10 2 ul in terms
the islet periphery to the islet center, although until now noof fluid volume. Hence the islet volume is negligible com-
mathematical study has been performed to determine thgared to the volume of the bath.
importance of this factor. Furthermore, islet cells are elec- When a secretagogue such as glucose is introduced into
trically coupled by gap junctions, which tend to synchronizethe perifusion solution it enters the islet through convection
B-cell electrical activity (Eddlestone et al., 1984; Santos etand diffusion. We make the simplifying assumption that
al., 1991). Silent cells in the islet interior can thereforeglucose enters the islet solely through diffusion, and further
restrain cells on the periphery from firing, although it is not 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 0.673x 10 ° cnf/s Weast (1975)

a Islet radius 10Qum Atwater et al. (1989)

p Volume fraction 0.02 Bonner-Weir (1988)
K 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
p

Acinar layer permeability 0.02-1.0m™*
Islet porosity 0.02-1
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assumptions allow us to neglect the convection and mixingdion is
of the perifusion solution with the secretagogue, and to
focus on the diffusion of glucose into and within the islet. 9.
. . — = — = >
When glucose penetrates the acinar layer surrounding the or kG—-go, r=a k>0, )
islet it is free to diffuse through the interstitial spaces i o o
between adjacens-cells (Fig. 1). We treat this as a hin- where G is the glucose concentration in the perifusion
dered diffusion process, and define a variaglehat rep- s_qution_andk is_ _the.perme_ability of t_he acinar layer. A
resents the extracellular (or interstitial) glucose concentraSingularity condition is applied at the islet center,
tion as a function of time and position within the islet.
: ) . " =M< =0.
Spherical coordinates are used to describe position, and we g0, ) =M <, t=0 3
assume spherical symmetry in the glucose distributionginaly, unless otherwise stated, we assume that the initial
Wlth these'assu.mptlons., the diffusion of glucose through aRlucose concentration in the islet is zero,
islet of radiusa is described by

9% 1 a( ,00e

1
W0l ) - pFea. r<a o

9,0 =0, r € [0,a]. (4)

As with the interstitial glucose concentration, we treat the
1) glucose concentration within thg-cells as a continuous

HereD is the diffusion coefficient of glucose in water, and yarlable that depends on both time and location within the

pD is the “effective” glucose diffusion coefficient within the islet. Although there is some evidence that sugars can pass

islet. The dimensionless paramefe€ [0, 1] is a measure through gap junctions (Rieske et al., 1975), we assume that

. . e glucose diffusion through gap junctions does not occur.
of islet porosity and reflects a Q|m|n|shed random walk due(This assumption is relaxed later.) Thus the differential
to cell geometry and cell packing.

The functionF(g, g) in Eq. 1 represents glucose trans- equation describing glucose concentration withingheells

port into thep-cells through GLUT-2 glucose transporters (g) contains no spatial derivatives:

in the cells’ plasma membrane. The rate of uptake of glu- 3,

cose by these transporters depends on both the glucose o F(Qe, G)- (5)
concentration within the3-cells (g;) and that in the sur-

rounding extracellular space. We assume that transport ignless otherwise stated, the initigitcell glucose concen-
uniform throughout the islet, so thatis independent of.  tration is also taken to be zero:

The specific form of this transport term will be described in

detail later. The parameter is the volume fractionp = g(r,00=0, r € [0,a]. (6)
VJV;, whereV, is the totalg-cell volume within the islet and _ ) ) )
V, is the total volume of the extracellular space. Metabolism of glucose by thg-cells is not included in Eq.

We assume that the acinar tissue surrounding the islet can because cell culture studies have shown that the glucose
be modeled as a passive membrane. Therefore, the chemi&ancentration inside -cell rapidly approaches an equilib-
gradient across this tissue is the only source for the flux ofium that is only slightly lower than the concentration
glucose into the islet, and an appropriate boundary condioutside the cell (Whitesell et al., 1991).

RESULTS
Glucose diffusion without transport

We first analyze the diffusion of glucose in the absence of
glucose transport(g,, g;) = 0, focusing on the effects on
equilibration times of different islet porosities (through the
parameterp) and acinar layer permeabilities (through
With F(g., 9;)) = O the differential equations Eq. 1 and Eq.
5 are uncoupled, simplifying the analysis of Egs. 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
FIGURE 1 lllustration of the islet model, highlighting the roles of the on the method of separation of variables, requires that we
variables and parameters in Egs. 1-5. The dark shell represents the acirfif'st homogenize the boundary conditions with the introduc-
layer, the _shade.d_ circle§ represéhtells_, and the space between repre- tion of a new variable = G — O This variable transfor-
sents the interstitial region through which glucose diffuses. (The ratio of . . . .
interstitial space tgg-cell space is exaggerated.) The space outside of thenation empha5|ze's. the.pom't that in the absence of glucose
shell represents the region occupied by well-mixed perifusion solutiontransport the equilibration time does not depend on the
Arrows represent the flow of glucose. initial values ofg, andG, only the difference between them.
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In terms of the new variable, Eqs. 1-4 become 10 T ' T r
5 10/ 000 | Modal Approximation
c c 8 | Numerical Solution .
—=pD5—|r— < >
gt~ PP ar(r ar>’ r<a t=0 @)
Jdc
E+kc=0, r=a t>0, (8)
0,0 =M<, t=0, 9)
c(r,0) =G. (20) .
) ) ) ] 0 20 40 60 80 100
The calculations leading to the series solution of Egs. r (um)
7-10 are detailed in the Appendix. The results of these
calculations yield the solution FIGURE 2 Comparison of the numerical solution to Egs. 7-10 and the
dominant mode approximation (Eq. 14) at several different times after the
o sin(/\ I‘) simulated bath application of 10 mM glucosg € 10 mM). Computations
— 2 n were performed with permeability = 0.1 um~*, porosityp = 0.1, and
cr.)=G n% 2, exp(—A, pDY \,7,an ’ (11) islet radiusa = 100 um

where the eigenvalues, (0 < A; < A, < ... ) satisfy the

eigenvalue equation solution:

(ka—Dtanp, + =0, pmn= A (12) 0.0, T) = fG. (15)

Because the decay of the first Fourier mode is rate limitingBecausec = G — g, this definition is equivalent to
the rate at which interstitial glucose equilibriates to thec(0, T;) = (1 — f)G. Using the modal approximation for,
external concentratio® (or, equivalently, the rate at which T,) and taking the limit ag — 0",

¢ approaches zero) depends primarily on the value of the —

dominant eigenvalue\,. In subsequent calculations, we (1-)G = Gay A, exp(—A7 pDT). (16)
compute this dominant eigenvalue for each of several vaIue§

ing thi ields the characteristic diffusion i
of k by finding the equilibria, — A,a of the differential V"9 this forTy yields the characteristic diffusion time

equation 1 alV/)\i
Tf—)\ipDnl_f. a7)

du
dt (ka—Dtanp + ., (13) It is evident in Eqg. 17 that the diffusion time is inversely

) _ proportional to the islet porositp. However, the depen-
in the interval (O;m). These computations were made nU-gence of T, on the islet radiusa and the acinar layer
merically with the bifurcation software package AUTO permeability k are not immediately evident. The depen-
(Doedel, 1981), wittk as the bifurcation parameter. Such a yence ora becomes clear foka large, in which casg, ~

calculation is equivalent to finding the roots of Eq. 12. 7 5o\, ~ m/a. Thus the Fourier coefficierd, ~ 2\ alxw
The dominant mode approximation to the series solutionsee the Appendix) and

(Eq. 11) is
T e | (2 ) kal (18)
SiN(Ayr f = nl—-=/, kalarge.
c(r,t) = c,r, t) = Ga, exp(— A2 pDt) ()ﬁ) mpD 1 - f
VA1

(14) Hence, forka large the characteristic diffusion time is
proportional to the square of the islet radius.
To verify the accuracy of this approximation, we compare it The dependence df onk is illustrated in Fig. 3, where
with the numerical solution of Eqgs. 7-10 at several differentT, 4 (i.e., the time at whiclyg, = 0.9G at the islet center) is
times after the simulated bath application of 10 mM glucoseplotted versusk for several values of porositg. As ex-
(Fig. 2). (The details of the numerical method are describeghected, T; is a decreasing function of the acinar tissue
in the next section.) The accuracy of the modal approximapermeability. We see in Fig. 3, however, that the influence
tion appears to be quite good, improving with time, so thatof permeability is different for different porosities, the in-
after 1 min the modal approximation and numerical solutionfluence being greatest when porosity is low. In this case,
are practically indistinguishable. changes irk have a significant impact of, ¢ for all values
One measure of the glucose equilibration time is the timeof k. In contrast, if porosity is high then the characteristic
T; required for glucose concentration at the islet center taliffusion time is insensitive to changes knfor k > 0.1
reach some fractiori of that in the surrounding bath wm™. Fig. 3 also shows that for all but the lowest value of
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y The flux term (Eq. 19) is scaled by the volume fractjpr
VJV; 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 yse 0.02

for the volume fraction.

With the introduction of the transport term, tggandg;
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 At = 0.1 s andAr = 2 um. Unless stated otherwise, the
computations use an islet radiusaf 100 um. To elim-
inate the removable singularity at the islet center, we ap-
FIGURE 3 TimeT, 4 required for glucose concentration at the center of plied the variable tra_nSformatlor@ = g?r _andgi : gir- Al
the islet to attain 90%f (= 0.9) of the equilibrium value in the absence ~ '€sults are reported in terms of the original varialggand
of GLUT-2 transport. Values df, o are plotted fop = 0.02, 0.05,0.1,0.5, Q.
and 1 ('rom'top to bott'om I_Dashed horizontal lines indicate the larige Fig. 4 shows the spatial distribution af, and g, at
approximation offo ¢ given in Eq. 18. different times after the simulated bath application of 10
mM glucose. As expected; increases more slowly thap
at all locations, because diffusion takes place only in the
interstitial spaces. After 1 min, only cells near the islet
periphery have a glucose concentratipof more than 50%
of the bath solution. Even after 2 min, only those cells
The effect of GLUT-2 glucose transporters within ~20 um of the islet periphery have achieved more
than 50% of the bath glucose concentration. Hence, with the

Slucosbe molecules are tr.?nsp(cj)r(tj(.ed a.cross[m;ell r::em- orosity and permeability values used hgre=(0.3 andk =
rane by a process of facilitated diffusion. Although severaly 3\ 1=1) the glucose distribution in the islet is far from its

different glucose transporters have been identified in %quilibrium value of 10 mM 2 min after the introduction of
number of cell types (Unger, 1991), studies have shown thaélucose to the bath.

glucose transport i-cells is due primarily to the GLUT-2 ™ 1, 54076 the effects of islet porosity and acinar layer

tLe.msport.er (.John_son etal., 1990; I-(Ijeilmberg etal, 1?95)' IBermeabiIity, we focus on thg-cell glucose concentration
this section, we incorporate a model of GLUT-2 gIUCOSe4t two extreme locations: the islet center and the islet

transport intg thege_ andg; equations (Egs. 1 and 5). This periphery. Because islet electrical activity usually begins
allows us to investigate the impact of GLUT-2 transport on

glucose penetration and allows us to monitor the glucose

porosity, Eq. 18 provides a good approximation to the
characteristic diffusion time foka large.

concentration within thg-cells as well as in the interstitial Ao
spaces. T'_30 ' ' '
A four-state kinetic model of the GLUT-2 transporter has TTo60 cee

been developed by Maki and Keizer (1995). In this model, AT=120 sec
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 variableg, andg;, the glucose flux into the celF, is

0 20 40 60 80 100

=
=

)
(0 — 9)Kp £
F(g., g) =V, 19 =0
(ge gl) maX(Km+ ge)(Km+ g|) ( )
where V. and K, are the maximum transport rate and 0 20 40 60 80 100
transporter dissociation constants, respectively. Values for r (um)

these parameters have been determined in studies of glucose
uptake in dispersed rat islet cel\;,,,, = 32 mmol/min/liter ~ FIGURE 4 Glucose distribution in the islet at three different times after

of islet space or 0.53 mM/s arlqn =17 mM (Johnson et the simulated bath application of 10 mM glucose € 10 mM). (A)
al 1990) ’ Glucose concentration in the interstitial spacgg.((B) Glucose concen-

. . . tration within theB-cells (). Initially g, = g; = 0 throughout the islet. Islet
The complete model of glucose diffusion with GLUT-2 porosity and the acinar layer permeability are= 0.3 andk = 0.3 um™,

transport is obtained by combining Eqg. 19 with Eqgs. 1-5.respectively.
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within ~2 min of the bath application of glucose, we
examine the mode8-cell glucose concentration at this point
in time.

The B-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 & 0.1), almost
no glucose reaches the islet center. Even whenl, so that
the diffusion coefficient is that of glucose in watgrjs less
than 50% that of the perifusion solution. However, increas-
ing the porosity from 0.1 to 1.0 greatly increasgst the
islet center. This is true for all values of the permeability
coefficient. In contrast, although increasing the permeability
from k = 0.01 to 1.0um ™" increaseg, at the islet center, pigugre 6 B-Cell glucose concentration at the locatios 100 um (the
the effect saturates whégr> 0.1 um™*. These observations islet periphery) 2 min after the simulated bath application of 10 mM
are consistent with results obtained in the absence aoflucose. The porosity values for the four curves drenf top to bottorp
GLUT-2 transport (Fig. 3). p=10050301.

The glucose concentration at the islet periphery is much
greater than that at the center (Fig. 6). For most values ofthe | ) )
porosity and permeability parametegsjs more than 50% application of 30 mM glucose. In this section, we compare

that of the bath, and, is close to 80% that of the bath when this NAD(P)H autofluoresence data to model simulations.
k=1 um L As at the islet centerg at the periphery is In Bennett et al. the NAD(P)H autofluorescence was
" I

greatly influenced by the islet porosity. Unlikgat the islet Mmeasured in an optical section 4n into an isolated rat
center, this influence begins to saturate when the permdS!et: At this depth, the diameter of the islet cross section
ability k = 0.5 um~L. For these values qf andk, glucose ~Was ~110 um (figure 3 of Bennett et al.). From this
transport into the periphergicells is the rate-limiting step information, the islet radius can be determined. In Fig. 7 the

to increases imy. As before, the effect of increasing acinar islet is represented as a circle, and the optical section as a

layer permeability begins to saturate wHet 0.1 um ™2, dashed line segment through the circle. The variables
andp are related by the Pythagorean Theorem:

although when porosity is lowp(= 0.1), saturation occurs
at a larger value ok. & =r+ p (20)

g (mM)

O 1 1 1 1 1 Il i 1 1
00 01 02 03 04 05 06 07 08 09 1.0
k (um™)

The variablep is half the diameter of the islet cross section,
Comparison with autofluorescence data sop = 55 um. Because the optical section was taken at a

Two-photon excitation microscopy has recently been use&ieftg OOf 40“_;?}’ ' :f a- Ar'lo' Substltu]:unhg 'F“IO Eq. 20 gives
to measure NAD(P)H autofluoresence in intact pancreati@; “?' ¢ Bere ore, t eI c_en;((e)r 0 tfe IS er: cross secpon
islets (Bennett et al., 1996). Because NAD(P)H is a produclrn igure 3 of Bennett et al. is-20 um from the center o

of glucose metabolism, these measurements provide an il%lIIDSIF?tHOf ra(?;usa = 60 “m'hTh'S f|gur? shows_thalt
dication of the glucose concentration within the islet cells. (P)H autofluorescence at the center of the section lags

Using this approach, Bennett et al. were able to measur@utofluorescence at the periphery byA0 s (presumably

glucose penetration into an islet at several times after batﬁeﬂe(:tIng the glucose d[ffu5|or1_ time). Tié, for the g-cell
glucose sensor glucokinase is 5-®1 (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
5 ——r—————r—— account for the NAD(P)H production. Is the mathematical
model consistent with these data?

optical
section
0 p=0.1
00 01 02 03 04 05 06 0.7 08 09 L0 islet
k (um™)

FIGURE 5 p-Cell glucose concentration at the locatios 2 um (near FIGURE 7 Relation between the radius of an islet optical cross section
the islet center) 2 min after the simulated bath application of 10 mM (p), the islet radiusd), and the distance from the center of the cross section
glucose G = 10 mM). to the islet centerrj.
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Simulations were performed using the full model (usingdata showing that glucose can diffuse through gap junctions
p = 0.3,k = 0.3 um™ Y. An islet radius of 60um was (Rieske et al., 1975). If this is the case in pancreatic islets,
assumed, withG = 30 uM and an initial (basal) glucose then it is likely that the process is quite complex. We have
concentration of uM for both g; andg,, consistent with the incorporated intracellular diffusion into the model in a very
data. Forty seconds after the simulated application of glusimplistic fashion by adding a diffusion term to Eq. 5,
cose, it was found that the intracellular glucose concentrayielding
tion 20 um from the islet center (corresponding to the center .
of the optical cross section) was 5.4M (g;(20, 40)= 5.15 99 — Did<rz agi) + F(Q, 9) (21)
mM). Although there may be significant NAD(P)H produc- ot rzar\’ ar o
tion at this glucose concentration, we next investigated th%\,
modifications in parameter values necessary to raise this to
a higher level. ag;

Although parameter values for the volume fractpand or 0, r=a, (22)
the maximum glucose transport rat&, ., were obtained
from experimental data, it is likely that they vary from islet assuming that glucose does not enter gieells directly
to islet. We therefore repeated the simulation describedrom the external solution, but must be transported from the
above with p doubled, and then with botlp and V,,,,  interstitial solution.
doubled. As shown in Fig. 8—C, both changes in param- It is highly likely that the glucose diffusion rate through
eter values produced an increasagi(20, 40), to values of ~gap junctions is much lower than the diffusion rate in water
7.6 mM and 8.65 mM, respectively. The level of NAD(P)H (D), so we have use®; = D/100 = 6.73 cnfs * in the
production at either glucose concentration should be suffisSimulations reported in Fig. &-F. Except for the addition
cient to account for the autofluorescence data. of intracellular diffusion, these simulations are identical to

The increased rate of glucose penetration resulting from &ig. 8, A-C. It is evident that intracellular diffusion in-
doubling ofp is not surprising, because increasjngeduces ~ creases the rate of glucose penetration into the islet for each
the barrier to glucose diffusion. The effects of doublingParameter combination. Furthermore, the impact of intra-
V...« @re not so clear. On the one hand, increasifg,  cellular diffusion is greater for larger values of the glucose
increases the flux of glucose into tigecells, and because transport rate/,,,
the NAD(P)H data reflects intracellular glucose, an increase Even if glucose diffusion through gap junctions is insig-
in g; is to be expected. On the other hand, glucose tranglificant, there are other ways for intracellular diffusion to
porters severely inhibit glucose penetration by transportingccur. For example, glucose could entepaell through
glucose from the interstitial spaces, where it can diffuse, td>LUT-2 transporters on one face of the cell and leave
the B-cells, where it cannot diffuse. Thus, increasMg,,  through similar transporters on the other face. Like diffusion
may be expected to decrease the rate of glucose penetratidhrough gap junctions, this is a complex process, but Eq. 21
Because of these competing influences, the effects oprovides a reasonable first approximation.
changes inv,,, are hard to predict. In fact, although dou-
bling V,,,.xincreasesy;(20, 40) wherp = 0.4, doublingV,,,.«
decreaseg;(20, 40) whernp = 0.2 (not shown). DISCUSSION

One assumption made in our model is that glucose difThe aim of this study was to determine the glucose distri-
fuses only through interstitial spaces. However, there aréution 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

12 glucose distribution in an islet of radius 1Q0m was far
10 from uniform 2 min after the bath application of 10 mM
g - ] glucose. The glucose concentration witlircells was less
6 — . than 5 mM at the islet center and greater than 5 mM only
at ] near the islet periphery for a range of values of islet porosity
2
0

ith the accompanying boundary condition

£/20,40) (mM)

aflslc p|[e| F]| and acinar layer permeability (Figs. 4—6). Isolafedells
typically become electrically active when exposed to glu-
cose concentrations of 7 mM or more (Atwater et al., 1984).

FIGURE 8 The effects of changes in the parameperg,,.,, andD; on . . . .
the intracellular glucose concentration at the center of a hypotheticail,-hus our analysis suggests that, with this glucose applica-

optical cross section 40 s after simulated bath application of 30 mmtion protocol, O'nly the cells near the islet periphew are
glucose. The optical section is 40n into an islet of radius 6@m. In D—F exposed to a stimulatory concentration of glucose within 2
intracellular diﬁusi()ln is included, witD; = 6.73 cnfs *. (A, D) p = 0.02,  min of glucose application. This 2-min period is significant
Vimax = 0.53 MM s ° (standard values)B; B) p = 0.04,Vmax = 0.53 MM hacayseB-cell electrical activity typically begins within 2
s 5 (C,F) p=0.04,V,= 1.06 mM s . Other parameter values gre= . L

min of the bath application of glucose.

0.3 andk = 0.3, and the initial (basal) glucose concentratiog;(s, 0) = : - .
g.(r, 0) = 1 mM. TheK,,, for glucokinase is 5-10 mM, as indicated by the ~ 1here is a large body of evidence that the electrical

dashed lines. activity of B-cells within an islet is synchronized, at least
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partly because of gap-junctional coupling (Eddlestone et al., One may question whether the permeability and porosity
1984; Santos et al., 1991). Our modeling results indicatealues used in our comparison simulatiops= 0.3,k =
that the electrical activity begins before the intraislet glu-0.3) are unrealistically high. Because of a lack of data, this
cose concentration has equilibrated. Thus it appears thauestion cannot be answered at present, although we note
islets are capable of synchronized electrical activity, everhat the effective diffusion coefficient of Kin an islet was
though only the peripheral cells are exposed to stimulatoryneasured to be about half of its value in water (Perez-
glucose concentrations. This complements earlier modelindrmendariz et al., 1985). If indeed the permeability and
studies showing that clusters of mogetells are capable of porosity values are unrealistically high, then this suggests
generating bursts of electrical impulses, even though théhat some factor in addition to diffusion is responsible for
majority of cells in the cluster contain subthreshold glucoseglucose penetration into the islet.
concentrations (Pernarowski, 1997; Smolen et al., 1993). The 1-2-min delay in islet electrical activity typically
We examined the effects of islet porosity and acinar layeiobserved after bath application of glucose is due in large
permeability on glucose penetration (Figs. 3, 5, 6 and Eqgpart to the time required for glucose metabolism and the
17, 18). It was shown that both can have a dramatic impacsubsequent inactivation of K(ATP) channels in peells.
and that the efficacy of one parameter depends largely oklowever, the relatively long time required for glucose to
the value of the other, as well as the location in the isletdiffuse from the islet periphery to the interior (Fig. 4—6)
There are few experimental data for the values of thessuggests that glucose diffusion may also be a major con-
parameters, and it is likely that they vary greatly from islettributing factor. Experimental support for the role of diffu-
to islet. sion in the delay in electrical activity is provided by several
The transport of glucose intB-cells by GLUT-2 trans-  studies of isolateg-cells. In one study, bath application of
porters profoundly slows glucose penetration into the isletglucose produced an almost immediate increase in the ratio
Using the maximum value for islet porosityp (= 1) and a  of ATP to ADP, indicating that little time is required for the
saturating value for acinar layer permeabiliky= 1 um™?%), metabolism of glucose bg-cells (Nilsson et al., 1996). In
it was shown that the interstitial glucose concentratigat  two other studies, bath application of glucose elicited elec-
the islet center reaches 90% of the bath concentration itrical activity or an elevation in cytosolic €a with a delay
only a few seconds in the absence of glucose transport (Figpf less than 20 s (Liu et al., 1994; Larsson et al., 1996),
3). When transport does occur, it takes 5 min to reach thisuggesting that less than 20 s is required fecells to
90% point. Thus GLUT-2 transport providgscells with  metabolize glucose and inhibit ATP-sensitivé khannels.
glucose at the expense of slowing glucose delivery to cellWe point out, however, that in one study the delay in
in the islet interior. This may help explain why substratesspiking activity after a step increase in the bath glucose
such as carbachol and tolbutamide, which have a molecularoncentration was nearly 1 min (Chow et al., 1995). In
weight near that of glucose but are not actively transporteénother study, inhibition of K(ATP) channel activity was
into B-cells, act much more quickly than glucose (Bozemdelayed by nearly 2 min (Valdeolmillos et al., 1992). How-
and Henquin, 1988; Gilon and Henquin, 1992). That is,ever, the channel activity was measured at room tempera-
because carbachol and tolbutamide can diffuse through theire, where one would expect exaggerated delays. The bulk
islet without being transported in{®-cells, Fig. 3 suggests of these single-cell studies suggest that although intracellu-
that equilibration can occur in a few seconds. lar delays in glucose handling are a major factor in the delay
In this report we compared glucose penetration timesn islet electrical activity, there is likely a second contrib-
predicted by the model with recent NAD(P)H autofluores-uting factor. Our analysis supports the hypothesis that this
cence data (Bennett et al., 1996). We found that the modeddditional factor is the time required for glucose to diffuse
is able to account for the data, particularly if the volumethrough the islet.
fractionp and the maximum GLUT-2 transport rafg, . are One common observation is that the delay in electrical
appropriately modified (Fig. 8), which seems reasonableactivity depends on the extent of previous exposure to
given the great islet-to-islet and cell-to-cell variability. The glucose. Thus a recent history of exposure to low glucose
rate of penetration of glucose into the islet is also signifi-will result in an exaggerated delay in electrical activity. This
cantly increased if some intracellular diffusion occurs (Fig.can be explained in at least two ways. First, after a pro-
8). Indeed, glucose diffusion through gap junctions has beetonged low level of ATP, glucose metabolism and K(ATP)
reported in leech central nervous neurons (Rieske et alchannel inactivation ir8-cells may be slowed. Second, the
1975). There may be additional means for intracellulartime required for islet cells to achieve a threshold glucose
diffusion. For example, glucose could entegs-gell through  concentration will be greater because the initial distribution
GLUT-2 transporters at one face and leave through similais lower. This latter effect is consistent with model simula-
transporters at the opposite face. By adding a diffusion terntions (not shown).
to the g; equation (Eq. 21), we provide a reasonable first The mathematical model used in the present study is
approximation to either mechanism of intracellular diffu- based on several assumptions and simplifications that seem
sion. However, more detailed modeling of these processgsistified, given the lack of data to support a more detailed
could lead to new insights, and should be performed in thenodel and given the great islet-to-islet variability. The
future. acinar layer was assumed to act as a passive membrane,
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allowing only the diffusive transport of glucose into the IRI=M <, (26)

islet. At higher perifusion flow rates this assumption could

lead to inaccuracies. Furthermore, at high membrane pefl'_he solution of Eq. 24 foh > 0 is given in.terms of Bz_assel'fun'ctions of
L . . rder 1/2. Because only the Bessel function of the first kind is bounded

meabilities convectlye transport of glucose through the |sleﬁear 0, the solution&(r) satisfying Eq. 26 are

would play a more important role.

It was also assumed that the glucose concentration can be T sin(Ar)
treated as a continuous variable both within and outside of Ri(r) = \E JuAAr) = Dr
the B-cells. This assumption justifies the simplified defini- ¥
tion for effective diffusivity of glucose within the islet. In An eigenvalue equation fox is then obtained by requiring, () to satisfy
other systems, attempts have been made to more accuratdhp Poundary condition in Eq. 25
model the effect of cell packing, geometry, and heteroge- _ _ _
neity on effective diffusivity through the use of multiphase (ka=Dtanp +p =0, p=2a (28)
averaging techniques (Ochoa et al., 1986). However, impleProvidingka # 1, Eq. 28 has a countable number of solutions @, <
mentation of these techniques in the pancreatic islet appeats < - - - - generating the corresponding eigenfunctions
to be impractical, because the required a priori knowledge

(27)

) o ) Sin(A.r)
of islet morphology and heterogeneity is not available. R(F) = —— (29)
Spherical symmetry in the distribution of glucose follows VA

from the spherical shape of the islet and from the assumpg,,. functionT(t) satisfies the differential equation
tion of uniform B-cell distribution and a uniform density of
GLUT-2 transporters withifB-cells. In most of the analysis T'=—A%pDT, t>0 (30)
it was also assumed that glucose does not diffuse through , ) )

. . : . with solutionT(t) = exp(—A“pDt) = exp(—A;pDt) for A = A,.. Therefore,
gap junctions, although this assumption was relaxed latef, . . ics solution fou(r, 1) assumes the form
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 c(r, t) = D a.exp(—A2 pDHR,(r). (31)
initial concentration of 2 or 3 mM may be more appropriate n=1

for many experimental protocols (or perhaps higher forTh ution leted using the k nitial conditi B
islets with a prior history of exposure to high glucose). '€ Solution is completed using the known initial conditégn 0) = G -
: . (r, 0) and the orthogonality dR(r) under the inner product

However, as was previously noted, in the absence o?
GLUT-2 transport only the initial difference in islet and a a
bath concentrations affects the characteristic diffusion time. (b, ) = J SN Y(r)w(r)dr = f d(r)ys(r)radr

In summary, this study suggests that glucose equilibra- 0 0
tion in a previously glucose-free isolated islet takes at least (32)
5 min. This suggests that synchronized electrical activity _ _ ., _ , _
begins Iong before glucose equilibration. The dominamW"h the weight functlon/v(r)_— r fqr the Laplacian operator in spherical

. . - . oordinates. These calculations yield

factor in the delay in glucose penetration is the transport of

glucose intop-cells by GLUT-2 transporters. The delay in . (c(r,0), Ry(r)
glucose penetration is likely a major contributing factor 8 = R, RN’ (33)
in the 1-2-min delay in electrical activity after glucose
application. and for the special cas#r, 0) = G,

B _ AG(sin(A,@) — ar,c09A3)) (34)
APPENDIX: SERIES SOLUTION OF EQUATIONS VAn(2A58 = sin(2A,a))
WITHOUT TRANSPORT

It should be noted that the convergence of the series solution in Eq. 31 is

Here we present the derivation of the series solution of Egs. 7—10 via thi! the mean and need not be pointwise. In particular, one should not expect
method of separation of variables. Substitutafg t) = R(r)T(t) into Eq. pointwise convergence at= 0, at which the series is formally undefined.
7, we obtain

T r’R' + 2rR’ We thank anonymous reviewers for constructive comments that led to
= = —)2 (23) improvements in the manuscript.
2
pDT rr
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