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Pancreatic 3-cells in intact islets of Langerhans perfused with various glucose concentrations
exhibit periodic bursting electrical activity (BEA) consisting of active and silent phases. The
fraction of the time spent in the active phase is called the plateau fraction and appears to
be strongly correlated with the rate of release of insulin from islets as glucose concentration
is varied. Here this correlation is quantified and a theoretical development is presented in
detail. Experimental rates of insulin release are correlated with “effective” plateau fractions
over a range of glucose concentrations. There are a number of different models for BEA
in pancreatic (-cells and a method is developed here to quantify the dependence of a glu-
cose dependent parameter on glucose concentration. As an example, the plateau fractions
computed from the Sherman-Rinzel-Keizer model are matched with experimental plateau
fractions to obtain a relationship between the model’s glucose-dependent parameter, 3, and
glucose concentration. Knowledge of the relationships between 3 and glucose concentration
and between experimental measurements of rates of insulin release and plateau fractions

permits the determination of theoretical rates of insulin release from the model.



1. Introduction. Bursting electrical activity (BEA) in excitable cells is associated with
rapid action potential-like oscillations of the membrane potential and has been observed
in neurons (Strumwasser, 1968) and more recently in endocrine cells such as pancreatic (-
cells (Dean and Matthews, 1970a,b; Atwater et al., 1978a,b; Meissner and Preissler, 1980;
Henquin and Meissner, 1984). Synchronized BEA exhibited by pancreatic (-cells in intact
islets of Langerhans is associated with the release of insulin from these islets (Dean and
Matthews, 1970a,b; Meissner and Preissler, 1979; Scott et al., 1981; Wollheim and Pralong,
1990). The BEA in f-cells is a periodic phenomenon consisting of successive active and
silent phases. The active phase (or plateau) is characterized by rapid membrane voltage
oscillations and the silent phase by slow voltage changes. The plateau fraction, p, is defined
as the ratio of the duration of the active phase to the period of the BEA cycle. For normal
B-cells under standard conditions, the plateau fraction has been (linearly) correlated to the
rate of release of insulin as the glucose concentration is varied (Meissner and Schmelz, 1974;
Ozawa and Sand, 1986).

One of the objectives in this paper is to quantify the relationship between experimentally
measured rates of insulin release and plateau fractions. The biological mechanisms relating
these quantities are still not fully understood. Existing data for rates of insulin release from
islets of Langerhans and plateau fractions from [-cells in mouse are plotted in Figure 1.
These data are sparse and there is a clear need for further experiments.

Existing biophysical models to describe BEA in pancreatic (-cells incorporate a vari-
ety of membrane ionic currents and intracellular ionic concentrations (Atwater et al., 1980;
Cook, 1984; Satin and Cook, 1988, 1989; Ashcroft and Rorsman, 1989; Henquin, 1990a,b;
Hopkins et al., 1991; Cook et al., 1991). Depending on the model, the ionic currents are of
Hodgkin-Huxley type and/or Goldman-Hodgkin-Katz type. The original “minimal” mathe-
matical model proposed by Chay and Keizer (1983) was based loosely on the Hodgkin and
Huxley (1952) model of the squid giant axon. Other models, such as that proposed by Sher-
man, Rinzel, and Keizer (SRK) (Sherman et al., 1988) incorporated measurements from the
voltage-clamp experiments of Rorsman and Trube (1986). In these earlier (first generation)

models, intracellular calcium concentration is the slow variable responsible for triggering the
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Figure 1a: Insulin(ng/hr/islet)
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F1g. 1. Insulin release rates and plateau fractions in (-cell islets. (a) Ezperimental rate of insulin release as a function
of glucose concentration. (b) Ezperimental plateau fractions as a function of glucose concentration. Data taken from authors
indicated in legends, cf. Table 1.



transitions between the silent and active phases of the BEA cycle.

Although there is recent experimental evidence which seem to rule out the important
roles of intracellular calcium accumulation Valdeolmillos et al. (1989) and Ca**-activated
K* channels (Henquin, 1990a,b; Bokvist et al., 1990; Fatherazi and Cook, 1991) in BEA,
consensus on this issue has not yet been reached. Thus there is a need for further experi-
mentation as well as model development to accurately describe the biophysical mechanisms
leading to BEA (Cook et al., 1991). A (second generation) model based, in part, on these
recent experimental findings has been proposed by Keizer and Smolen (1991). Regardless
of the model, the functional relationship between the glucose parameter(s) and glucose con-
centration has not been accurately quantified. Therefore, another objective of this study is
to show how to make explicit correlations between the glucose-dependent parameter in the
models of BEA and rate of insulin release, i.e., on glucose concentration. This may help to
determine the range of glucose concentrations over which the models are valid.

Experimental data (Beigelman et al., 1977) indicate that (-cells do not exhibit BEA
below a certain threshold glucose concentration (cf. Figure 1 and Table 1) and that above a
specific higher glucose concentration there is a range of glucose over which all cells in an islet
exhibit BEA. Above the threshold glucose concentration the electrical activity of the islet
is characterized by an “effective” plateau fraction, i.e., the average plateau fraction over all
(B-cells in the islet, be they active or not. The basic underlying assumption for our theoretical
treatment is that for each islet there is a functional (empirical) relationship between the rate
of insulin release and the effective plateau fraction.

Other experimental evidence indicate that BEA can be dissociated from insulin release
(Atwater et al., 1984; Gembal et al., 1992; Gilon et al., 1993), i.e., that BEA is observed but
insulin secretion is inhibited or abolished. This, however, does not contradict the existence
of a correlation between BEA and insulin release in normal (-cells.

Here, our quantitative examination of the existing data (cf. Figure 1 and Table 1) for rate
of release of insulin (Ashcroft et al., 1972) and for plateau fractions (Meissner and Schmelz,
1974; Beigelman et al., 1977; Rosario et al., 1985) leads us to the following conclusions: 1)

there is a residual rate of insulin release that is not correlated to BEA, 2) the relationship
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between the BEA-dependent rate of release of insulin and effective plateau fraction is sig-
moidal, 3) the relationship between rate of insulin release and glucose concentration is not
sigmoidal, and 4) there presently is insufficient (quantitative) experimental data to com-
pletely test our theoretical correlations. Furthermore, there exists a gap in the experimental
data for both insulin release rates and plateau fractions for glucose concentrations between
11 and 16 mM. In this range, the SRK model exhibits chaotic behavior.

Table 1. Experimental data

Ashcroft, Meissner Beigelman Rosario
et al.* and Schmelz? et al’ et al.l
g (mM) I (ng/hr/islet) p p A p
0.0 0.4 0.00
1.8 0.5
2.2 0.00
2.8 0.7
3.5 0.7
4.2 0.000
4.3 1.2
5.5 24 0.16 0.00
5.6 0.10 0.185
6.7 4.5
6.9 0.17 0.455
8.3 0.25 0.875
8.4 6.2
11.1 7.9 0.54 0.54 0.56
16.6 0.89 0.92
16.8 12.1
20.0 12.0
22.2 1.00
27.7 1.00
27.8 1.00
28.0 13.0
33.2 1.00

* Figure 1 in Ashcroft et al. (1972)

! Figure 5 in Meissner and Schmelz (1974)

§ Text of Beigelman et al. (1977)

I Figure 3 in Rosario et al. (1985)
2. Theoretical Development. In this section, we present the assumptions and theory
necessary to correlate experimentally measured rates of insulin release from islets and plateau

fractions of (-cells. Using this correlation and the plateau fractions computed from models
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which describe BEA of (3-cells, a theoretical prediction for the insulin release rate can be ob-
tained. The assumptions concerning the dependence of both the insulin release rate of islets
and plateau fractions on glucose are clearly defined. Furthermore, a method for determining
the functional dependence of a parameter in the BEA models on glucose concentration is de-
scribed. A specific application to experimental data of the correlation techniques described

here is given in Section 3.

2.1. Insulin release and effective plateau fraction. We consider a single intact islet which
contains NV f-cells. Each (-cell has a plateau fraction, p;, 7 =1,2,..., N, which depends on
the cell’s individual characteristics and the glucose concentration, g. As noted earlier, for
glucose concentrations below a certain threshold level, say g;, experiments indicate 3-cells are
inactive, i.e., they are not exhibiting BEA and, by definition, have a plateau fraction equal to
zero. For glucose concentrations above g¢;, the number of 3-cells undergoing BEA increases
until all the cells are bursting in synchrony (Beigelman et al., 1977), i.e., there is a range of
glucose concentrations over which the threshold for bursting of individual §-cells varies. The
nonsynchronous behavior of 3-cells for glucose concentrations just above threshold is due
partly to coupling effects between the cells, local glucose variations, and inhomogeneities in
the cell properties. At high glucose concentrations, -cells spike continually (no silent phase)
in which case their plateau fractions are defined to be equal to one.

To characterize the BEA of an islet, we define the effective plateau fraction by
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This expression can be rewritten as
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where N, is the number of active (or bursting) cells, A = N,/N is the fraction of active
cells, and p is the average plateau fraction of all those cells which are undergoing BEA. The
distinction between p; and p reflects the difference between the collective and individual
average behavior of B-cells in an islet. Either of these quantities can be obtained experimen-
tally by keeping track of those cells that are exhibiting BEA and those that are not. For
example, Beigelman et al. (1977) report p;, p, and A at different glucose concentrations. The
latter two can be used to compute py.

The insulin release rate of the islet, I, will be correlated with the effective plateau fraction.
The assumptions (consistent with existing experimental data) underlying this correlation are
summarized below:

(A1) There are three glucose concentrations g; < g, < gs such that

a) All f-cells within the islet are inactive if 0 < g < g;.

b) For glucose concentrations in the range (g, go), the fraction, A, of active (burst-
ing) (-cells increases from zero to one.

c¢) For concentrations above g, all 3-cells are spiking continuously.
(Note that we have omitted any statement about what happens in the range
Ja < g < gs. A further discussion of this range of glucose concentrations is given
later.)

(A2) The insulin release rate of the islet, I, is given by the sum

(3) I= Ires(g) + IBEA(Q) ’

where I,., is the residual release rate not correlated with the BEA and Igg4 is the
release rate correlated with the BEA. For glucose concentrations below the threshold,

i, I= Ires-



(A3) There is a functional (empirical) relationship between the insulin release rate, Igga,
and the effective plateau fraction, p;. We assume that this relationship is given by

the general nonlinear expression

(4) Ippa = IppaR(py)

where Ipp 4 is the maximum of Ipg4(g) over all glucose concentrations, hence 0 < R(p;) < 1.
The functional dependence of R on py is to be determined. Note that the function R is the

normalized insulin release rate correlated with BEA, i.e.,

I— Ires

Ippa

(5) R=

The quantities defined in these assumptions can be determined by an experimental correla-
tion of insulin release rates and effective plateau fraction values measured at the same glucose
concentrations. First, measure the insulin release rates, I,,,, and the corresponding plateau
fractions, p,,, at the glucose concentrations ¢,,, m = 1,2,..., M. The threshold glucose
concentration, g;, is then determined as the maximum glucose concentration for which all
cells are inactive.

To determine the functional dependence of the residual release rate on glucose concentra-
tion, first choose a functional form I,..s(g; ) where & = (K1, Ko, . . ., kp) are fitting parameters.
Values for these parameters are subsequently found by using the measured insulin release
rates with ¢ < g;. (Isolating I,.s by pharmacologically suppressing the BEA would yield more
satisfactory results.) The maximal release rate, Igga, is then found as the maximum value
of the difference I, — I ¢5(gm; ©) among all the glucose concentrations, g, m = 1,2, ..., M.

The corresponding effective plateau fractions, ps,., m = 1,2,..., M, at the glucose con-
centrations, g,,, must be computed from the measured plateau fractions, either p; or p, at
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the same concentrations. The range of these concentrations must be broad enough so that
at some concentrations no cells are bursting while at other (higher) concentrations all cells
are in the continuous spiking mode. If, as in Beigelman et al. (1977), experimental values
of the fraction of active cells, A,,, are reported at different g,, values, A may be regarded
as a function of the glucose concentration. Choosing a functional form A = A(g; i) where
g = (p1, po, - . ., pbg) are fitting parameters, a subsequent correlation of the A,, and g, values
determines the vector ji. Once [ has been determined, ps(g) can be computed from A(g; i)
and p(g) using (2).

Since the relationship defined in (4) is empirical, the functional form of R can be cho-
sen arbitrarily (an example with a specific choice of R is given in Section 3). In general,
R = R(py; X) where X = (A1, Aa, . .., \¢) are fitting parameters. The vector X is found from
(4) by correlating effective plateau fractions with normalized BEA-dependent rates of in-

sulin release computed from (5) using I,.,(g; %), Ippa, and experimentally measured insulin

release rates. Then, X is determined through the correspondence

Im - Ires (gm)

Ippa

(6)

In Section 3, we determine I,.5(g; &), A(g; ), and R(pf,X) using data published in the

literature.

2.2. Theoretical rates of insulin release. In order for a mathematical model describing
the BEA of (-cells to be relevant to insulin secretion, it must contain a glucose-dependent
parameter, which we will refer to as 3. The functional dependence of this parameter on
glucose is not known. In this section, we determine the relationship between ( and glucose
concentration, and use this relationship to predict the theoretical rates of insulin release
based on a mathematical model of BEA.

Typically, models of BEA in (-cells have the form



dv a

(7) % = _ZIZ(U’ﬁaEaﬁ) )
i1
dn; N;(®, &) —mn;
_ = == =1,2,...
(8) dt Tn](v) ;7 ) M) ,T )
dey, o
9) il exhp(v, G 0B) k=1,2,...,s,

where v is the membrane potential, I; are the ionic currents incorporated into a specific
model, 7i = (n1,ns,...,n,) are relaxation variables which govern the voltage-gating of some
of these currents, ¢ = (¢, co,...,Cs) are concentrations of agents which regulate the BEA
(e.g., intracellular calcium or ATP), hy, describes the buffering of agent ¢, and ¢ is time. In
the existing models, at least one of the parameters ¢, is small, hence the corresponding ci
varies slowly (see Pernarowski et al. (1992) and de Vries et al. (1994) for references to some
of these other models).

For a particular mathematical model of BEA, the corresponding values of the plateau
fraction will be denoted as p. Our basic assumption relating these theoretical values to the

experimental values is

(A1) p=7,

i.e., the average plateau fractions of active cells can be determined by numerically computing
theoretical values for the plateau fraction. These theoretical values depend on g, i.e., p =
p(B3), which in turn depends on the glucose concentration.

If we assume a particular functional form for 3, i.e., § = ((g; V) where 7 = (v1,vs,... 1)
are fitting parameters, a correlation of the experimental values of the plateau fraction with
the theoretical values of the plateau fractions in (A4) at different glucose concentrations will
determine the vector 7. In many models, (3 is inversely proportional to the buffering rate,

kca, of intracellular calcium. Rinzel et al. (1986) suggest the functional relationship
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. G
Ca — kcam )

(10) k
between k¢, and g where G = ¢g/g., is a dimensionless glucose concentration (no values for
p or g, are suggested). This relationship represents unknown steady state chemical kinetics

associated with the calcium buffering. Here we propose the more general formula

(11) ke = ke + k _9=g)"
g

The parameters kcq, ke, and k%, each have units of msec ™!, K is a dissociation constant, and
k. is the value of kg, at the threshold concentration, g;. Using this formula in conjunction
with the mathematical model and correlating theoretical and experimental p values, we can
determine the parameter values, 7 = (p, k¢, k&g, K, Gt)-

Once the functional dependence of 3 on glucose has been determined, the theoretical
values of the plateau fraction, p, can be used in place of p in (2) to determine p; which in
turn is used in R to determine the normalized insulin release rates, cf. equation (6). Using
Ies(g; R) and Ipga obtained from experimental data and R(py; X), the theoretical insulin

release rates are obtained from (3) and (4).

3. Experimental Correlations. In this section, we illustrate the techniques presented
in Section 2 to determine the correlation between insulin release rates and effective plateau
fractions by applying them to existing data from islets of Langerhans taken from mouse.
Since our objective is merely to demonstrate the applications of the procedure given in
Section 2 and because there is little experimental data, most parameter fits have been done
by eye rather than using accurate fitting procedures.

Assuming the linear relationship
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(12) Ires(g; I_{) = k1 + Kag

and using the release rate data from Ashcroft et al. (1972) for g < g; ~ 4.2 mM, a linear
regression yields the values k; = 0.319 and ko = 0.197. Thus, using (12) in the definition of
Ipg, in assumption (A3), we obtain the value Ipps = 9.8 ng/hr/islet from the release rate
data reported by Ashcroft et al. (1972).

Existing data on plateau fractions come from measuring BEA in active cells within islets
(Meissner and Schmelz, 1974; Beigelman et al., 1977; Rosario et al., 1985). These values are
reported as the average quantities p. In Beigelman et al. (1977), the fraction of active cells,
A(g), within the islets was estimated as a function of glucose. To match the four data points

given in that reference, we choose the cubic form

(13) Algs ) = na® + pox® + pax + pa, z=9—g+42, ¢ <9< ga,

with their suggested glucose threshold value g; = 4.2 mM. For the choices i = (u1, p2, i3, p4) =
(1.64 x 1073,2.95 x 107%,1.02 x 1072, —0.170) and g; = 4.2 mM, A(g; i) goes through all
four data points with A =1 at g, = 8.6mM = g, + 4.4. The fraction A(g) is zero for g < g,
and one for g > g,. By keeping this same form and varying g;, neither the response (shape)
of A nor the range over which A increases from zero to unity changes. Other experiments
measuring the plateau fraction of single -cells at several glucose concentrations (Meissner
and Schmelz, 1974; Beigelman et al., 1977; Rosario et al., 1985) indicate different values for
the glucose threshold value, g;. For the remainder of this paper, we use g; = 5 mM while
fixing [ (cf. Figure 3).

Using (13), effective plateau fractions in (2) for a given glucose concentration now can

be computed from the experimental p values obtained from Meissner and Schmelz (1974),

12



Beigelman et al. (1977), and Rosario et al. (1985) by using the formula

0 0<g<g
Alg)p 9 <9<Ya
14 = J
(14) pr(9) 5 0 < g<g,
1 9s<g

where our choice of g = 5 mM yields g, = 9.4 mM. In most cases, the glucose concentrations
in these experiments were identical to those in the insulin release experiments of Ashcroft et
al. (1972). In a few cases the glucose concentrations were not identical but were sufficiently
close that we can match p values from the plateau fraction experiments with insulin release
rates from Ashcroft et al. (1972). From these matched pairs, we compute and plot the
effective plateau fractions against the normalized BEA-dependent rates of insulin release.
For each effective plateau fraction and insulin release rate pair plotted in Figure 2, the
corresponding glucose concentrations differ by at most 0.36 M.

The points in Figure 2 give the experimental correspondence between the effective plateau
fractions and the normalized BEA-dependent rates of insulin release, R, and this appears to

be sigmoidal. Thus, we obtain a p; vs R curve by fitting the function

(15) pp = 1+ tanh()\;(R — /\2)) ’

through these data points. The curve corresponding to (15) is superimposed on Figure
2 for the parameter values )\ = (A, A2) = (6.0,0.625). As can be seen, this empirical
correlation between the curve and the experimental data is excellent. Thus the simple linear
relationship assumed in Ozawa and Sand (1986) should be replaced by a more accurate
sigmoidal relationship as shown in Figure 2.

Given an experimental value of p, the effective plateau fraction is computed from (14)

and then the normalized BEA-dependent rate of insulin release is found by computing the
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F1G. 2. Effective plateau fraction as a function of normalized insulin release rate. Data taken from authors indicated in
legends, cf. Table 1.

inverse of (15), namely

1 Ps
16 R=X+ —1 0 1.

Thus, the insulin release rates in (4) can be computed from experimental plateau fractions

via the relations defined in (13), (14), and (16).

4. Example Using a Mathematical Model of BEA. In this section, we illustrate how
to use a mathematical model of BEA in (-cells to determine the dependence of both the
glucose-dependent parameter and the theoretical rates of insulin release from an islet on
glucose concentration. As a specific example, we use the SRK model (Sherman et al., 1988)
for which the nondimensionalized model equations have the form (7)-(9) with r =1 = s

(Pernarowski et al.,, 1991). This model is representative of a class of models each of which
14



assume different ionic mechanisms. We stress that we use it here only to illustrate a procedure
which is more generally applicable.

The time-dependent variables in the SRK model are the membrane potential of the
cell, v, the activation variable for the voltage-sensitive potassium channel, n, and the intra-
cellular cytoplasmic calcium concentration, c¢. The single dimensionless glucose-dependent
parameter, 3, occurs explicitly only in (9) and is inversely proportional to the dimensional
glucose-dependent parameter, k¢4, which is associated with the rate of calcium removal from
the cytoplasm by pumps, mitochondrial uptake, or the endoplasmic reticulum.

For each value of kg,, the differential equations can be integrated numerically and a
theoretical plateau fraction, p, computed (Pernarowski et al., 1992). As k¢, is increased
from 0.005 to 0.05 msec™ !, the qualitative behavior of the solution of (7)-(9) changes from
steady state to bursting to continual spiking (cf. Figure 3). Since an increase in glucose
concentration is represented by an increase in k¢g,, the model equations correctly describe
the qualitative dependence of the electrical behavior of the -cell on g. In addition to these
different behaviors, the model equations exhibit chaotic motion for k¢, near the value where
the transition from bursting to continual spiking takes place.

For each choice of 7/, the corresponding p vs kg, curve can be converted into a p vs g
curve via (11) and then compared with experimental p values. Several different p values,
p=1,2,3,4, were used for these comparisons. For p = 1, it was found that the correlation
between the theoretical plateau fraction curve and experimental values was best for large
values of K (in the range 280-340 uM). The best fit was obtained for p = 3 while noninteger
values of p near three resulted in poorer fits.

Theoretical values for the plateau fraction were computed using the SRK model and
employing assumption (A4). In Figure 3, the theoretical p vs g curve corresponding to p = 3
is compared to the plateau fractions measured by Meissner and Schmelz (1974), Beigelman
et al. (1977), and Rosario et al. (1985). Parameter values for the theoretical curve p vs g
curve shown in Figure 3 are v = (p, k., k&, K, g¢) = (3,0.023,0.029,65,5). It can be seen from
the figure that theoretical and experimental values compare favorably. Chaotic behavior

observed in solutions of the model equations occurred in the range of g between the vertical
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taken from authors indicated in legends, cf. Table 1.
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dashed lines. The jaggedness in the theoretical curve reflects some of the fine structure
embodied in the solutions of the model equations. For the parameter values 7 used in Figure
3, the SRK model predicts g; = 16.6 mM for the glucose concentration at which (-cells make
the transition from bursting to continuous spiking. However, since the experimental data
used to determine 7 are sparse, it is difficult to assess the accuracy of such a prediction.

Theoretical values for the effective plateau fraction were computed from (14) by using the
7 values in Figure 3 and the ji values used to define A in (13). The resulting p; vs g curve is
shown in Figure 4. Also superimposed on this figure are effective plateau fractions computed
from Meissner and Schmelz (1974), Beigelman et al. (1977), and Rosario et al. (1985). The
difference between the results in Figures 3 and 4 is the effect of the multiplicative factor A(g)
which only changes the shape of the p curve in the glucose range (g¢,9,). Whereas there is
a jump in the value of p at g;, there is a smooth transition in the p; curve at g;.

Finally, the theoretical p; values computed from the SRK model can be used to evalu-
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ate theoretical normalized BEA-dependent rates of insulin release, R, via (16). Using these
normalized release rates, the fit in (12), and the value Igps = 9.8 ng/hr/islet, theoretical
rates of insulin release I can be computed and compared to experimental results. Such a
comparison is shown in Figure 5, where parameter values used to construct Figure 4 were
used to compute theoretical insulin release rates from the SRK model. Superimposed on
this figure are the experimental data of Ashcroft et al. (1972). Also, effective plateau frac-
tions computed from Meissner and Schnmelz (1974), Beigelman et al. (1977), and Rosario et
al. (1985) were used in (4) to compute corresponding normalized insulin release rates. The
agreement between the experimental values and theoretical curves is very good, especially for

glucose concentrations g < g, = 16.6 mM. For p; = 1, a good approximation of (3) is given by

(17) I= Ires(g) + jBEAa g > gs,

since R ~ 1. The fit (12) of I,.s only used data with glucose concentrations g < g;, thus the
interpolated values for I in (17) yield larger errors in Figure 5 for g > g;.
5. Discussion. In this paper, we have proposed methods: 1) to quantify the relationship
between the rate of release of insulin from islets of Langerhans and the plateau fractions mea-
sured for 3-cells as a function of glucose concentration, and 2) to determine the dependence
of a parameter in models of BEA in (-cells on glucose concentration. Combining the results
obtained by applying these two methods, models of BEA in f-cells can be used to predict
theoretical insulin release rates. These methods have been illustrated on existing data from
mouse for rates of insulin release and plateau fractions, and on the SRK model of BEA in
(B-cells. Until a generally accepted model for 3-cell BEA is formulated, the precise role that
particular ionic channels have on BEA-dependent insulin release remains unknown. We stress
that the procedure for determining such roles via assumption (A4) is model independent.
From the experimental data, an empirical correlation between the rate of release of insulin
from an islet and the effective plateau fraction obtained from measured plateau fractions of
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individual cells is achieved by a simple sigmoidal relationship. However, the existing data
are insufficient to completely test the methods proposed here. In this regard, there are two
relevant issues. Firstly, the residual rate of insulin release, I,.;, could be measured directly in
experiments where pharmacological blockers are used to suppress the BEA. The assumption
in (12) that this residual rate depends linearly on glucose concentration was based on four
data points over a narrow range of g in which release rates were low and difficult to measure.
Secondly, the gap between the glucose concentrations in the range 11-16 M at which the
insulin release rates and the plateau fractions were measured is significant because models
of BEA can exhibit solutions with some chaotic behavior inside this range.

Ultimately, insulin release rates predicted from a model of BEA in (3-cells will depend on
the assumptions used to formulate the model. The SRK model used in Section 4 to compute
theoretical insulin release rates predicts a slow “sawtooth” oscillation in the intracellular
Ca?* concentrations during the active phase. In contrast, intracellular Ca?* concentrations
measured by Santos et al. (1991) have a square-wave appearance and the recent model by
Smolen and Keizer (1992) predicts bursting patterns. Despite these differences in behaviors,
plateau fractions computed from most model equations depend monotonically on the glucose-
dependent parameter 3. For models with this property, different choices of 3(g; ) should
result in similar qualitative predictions for insulin release rates. In the case of the SRK model,
B(g; P) is inversely proportional to the intracellular Ca?* buffering rate, kc,. Regardless of
which model is used, a comparison of experimentally measured buffering rates and those
predicted by the fit §(g;7) obtained in Section 3 could be used to validate some of the
assumptions made to develop the model equations.

The theoretical results presented here rely on a model for uncoupled [-cells whereas the
experimental data for rates of insulin release are from intact islets. The effects of cell-cell
coupling on the rates of insulin release from islets have not been measured experimentally.
Numerical studies on the coupled f-cell model developed by Sherman and Rinzel (1992) have
revealed that gap junction coupling tends to increase the plateau fraction of individual cells
within the islet. Whether this translates into an increase in the rates of insulin secretion

remains to be verified. If coupled [(-cell models are to be used for predicting the rates
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of insulin release then the effective plateau fractions should be computable directly from
such models. In particular, a physiologially accurate model should, for example, mimic the

experimentally observed fractional islet activity A(g) at intermediate glucose concentrations.
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secretion during BEA. This work was supported by the Natural Sciences and Engineering
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Figure Captions

Figure 1. Insulin release rates and plateau fractions in g3-cell islets. (a) Experimental rate
of insulin release as a function of glucose concentration. (b) Experimental plateau fractions
as a function of glucose concentration. Data taken from authors indicated in legends, cf.

Table 1.

Figure 2. Effective plateau fraction as a function of normalized insulin release rate. Data

taken from authors indicated in legends, cf. Table 1.

Figure 3. Plateau fractions as a function of glucose concentration. Solid lines indicate
theoretically obtained values for p from the SRK model. Note the jumps in both the ex-
perimental and theoretical values of the plateau fraction at ¢ = 5 mM and g; = 16.6 mM.
Solutions of the SRK equations exhibited chaotic behavior for glucose values between the
vertical dashed lines. Relationship between the glucose concentration, g, and the buffering
rate, kcq, is approximated by (11) using p = 3. Data taken from authors indicated in legends,

cf. Table 1.

Figure 4. Effective plateau fraction as a function of glucose concentration. For the case p = 3,
the effective plateau fraction, p;, for the SRK model is plotted against glucose concentration.
The difference between this graph and the graph in Figure 3 occurs in the glucose range 5
to 9.4 mM where the multiplicative factor A in (2) increases from zero to one. Data taken

from authors indicated in legends, cf. Table 1.

Figure 5. Experimental and theoretical insulin release rates obtained from experimental and
theoretical plateau fractions. Solid lines indicate release rates obtained using plateau frac-
tions computed from the SRK model of BEA in f-cells. Data taken from authors indicated

in legends, cf. Table 1.
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