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Effects of Extracellular Calcium on Electrical Bursting and Intracellular
and Luminal Calcium Oscillations in Insulin Secreting Pancreatic -Cells

Teresa Ree Chay

Department of Biological Sciences, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 USA

ABSTRACT The extracellular calcium concentration has interesting effects on bursting of pancreatic B-cells. The mecha-
nism underlying the extracellular Ca®™* effect is not well understood. By incorporating a low-threshold transient inward current
to the store-operated bursting model of Chay, this paper elucidates the role of the extracellular Ca?* concentration in
influencing electrical activity, intracellular Ca* concentration, and the luminal Ca®* concentration in the intracellular Ca?*
store. The possibility that this inward current is a carbachol-sensitive and TTX-insensitive Na™ current discovered by others
is discussed. In addition, this paper explains how these three variables respond when various pharmacological agents are

applied to the store-operated model.

INTRODUCTION

In mouse B-cells perifused with a medium containing a
moderate amount of glucose, an increase in the extracellular
Ca* concentration, [Ca®*],, lowers the repolarization po-
tential, raises the plateau potential, and shortens the spike
and plateau lengths (see Fig. 1 A, modified from Fig. 1 of
Henquin, 1990). When extracellular Ca®" is depleted in a
perifusion medium, the bursting transforms to repetitive
spiking, while [Ca®"]; decreases to the lowest level (Fig.
1 B, modified from Fig. 1 b of Worley et al., 1994b). The
opposite effect is found by raising extracellular Ca** (Fig.
1 C). That is, repetitive spiking induced by adding suprath-
reshold glucose to the external medium can be transformed
to bursting (Fig. 1 C, modified from Fig. 3 of Henquin,
1990). The restoration of the bursting from repetitive spik-
ing by extracellular Ca** can also be demonstrated using
drugs that block the ATP-sensitive K* channel (Fig. 1 D,
modified from Fig. 2 of Rosario et al., 1993). Note in Figs.
1 B and D that in conjunction with this electrical bursting,
the intracellular Ca®* concentration, [Ca®*],, oscillates. The
shape of the [Ca®*), oscillation is such that [Ca®*]; rises
quickly during the depolarization, the short spikes are gen-
erated during the plateau phase, and then [Ca®*}]; falls
slowly until the next cycle is initiated. Electrical bursting
seen in Figs. 1 B and C are consistent with the earlier
finding of Ribalet and Beigelman (1980), who showed that
the amplitude of the bursting (i.e., the plateau potential
minus the repolarized potential) decreases as [Ca®*],
decreases.

Henquin (1990) hypothesized that the phenomenon asso-
ciated with [Ca2+]0 is due to a feedback control of the
ATP-sensitive K* channel by intracellular Ca®*. Rosario et
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al. (1993), on the other hand, hypothesized that this burst is
mediated by a Ca’"-dependent K* channel and/or by a
Ca®*-dependent slow process of inactivation of Ca®" cur-
rent. These hypotheses are not sufficient, however, since
they do not explain the repetitive spiking observed in the
absence of extracellular calcium (see Fig. 1 B). Depolariza-
tion that accompanies the depletion of extracellular calcium
(see Fig. 1 B) is taken to indicate the existence of Iyg, a
store-regulated nonselective cationic current (Worley et al.,
1994b). Although the depolarization induced by a decrease
of [Ca®"], may be explained by Iys, the repetitive spiking
in the absence of extracellular Ca** indicates that the spikes
in B-cells may not be entirely due to a calcium current.

Earlier, we studied the extracellular Ca®* effect using a
mathematical model developed by us (Lee et al., 1983;
Chay, 1985a). While we were able to mimic some features
of electrical bursting in response to [Ca®* ], we were unable
to explain the spiking that arises as a result of extracellular
Ca" depletion. Since the formulation of our initial mathe-
matical model, many more interesting phenomena on -cell
physiology have been uncovered, which negates the under-
lying assumptions in our mathematical models (see Discus-
sion). In this paper, the mechanism involved in the extra-
cellular Ca®" effect is elucidated using the recently
formulated store-operated model of Chay (1995; 19964, b)
which incorporates luminal Ca®" in the intracellular cal-
cium stores and a store-regulated Iyg. To this store-operated
model, a low-threshold inward current distinct from the
Ca** current, I, and a voltage-independent Ca”"-sensi-
tive K* current, I, are included. Exclusion of I,
makes it difficult to explain the external Ca”* effects shown
in Fig. 1. The possible existence of I, in pancreatic 8-cell
is discussed (see Discussion). See Results for how the
store-operated model is capable of producing many inter-
esting electrophysiological phenomena observed in pancre-
atic B-cells (in addition to the external Ca’* effect). The
underlying mechanisms involved in these phenomena are
discussed in relation to the calcium stores, ion channels in
the plasma membrane, and intracellular Ca®* ions.
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FIGURE 1 Extracellular calcium effects on burst of electrical activity and [Ca®*]; oscillations. (A) Concentration of Ca>* was increased from 2.5 to 10

mM, while the concentration of glucose (G) was held at 15 mM throughout. The left and right frames came from two different cells from different mice.
Retouched from Henquin (1990). (B) Simultaneous recordings of membrane potential and [Ca®*],, when 5 mM EGTA (and no added Ca’") was%riefly
introduced to remove external Ca®*. The glucose concentration was 12 mM throughout. Retouched from Fig. 3 of Worley et al. (1994a). (C) Concentration
of Ca®* was increased from 2.5 to 10 mM, while glucose was held at 30 mM throughout. Retouched from Fig. 3 of Henquin (1990). (D) Extracellular Ca**
concentration was raised from 2.56 to 10.2 mM in the presence of tolbutamide, while the glucose concentration was held at 11 mM throughout. Retouched

from Rosario et al. (1993).

THE MODEL

The model used in this paper is schematically presented in
Fig. 2. As shown in this figure, three signaling-pathways
exist in B-cells: 1) the phosphatidylinositol (PI-) signaling
pathway (left) that can activate protein kinase C (PKC), 2)
the glucose-sensing pathway (lower right and center) that
can activate calcium-calmodulin kinase (Ca-CAM K), and
3) the adenylate-cyclase (AC-) transduction pathway (right)
that can activate cyclic AMP-dependent kinase (PKA).
These kinases can release insulin from its granules via
phosphorylation (Prentki and Matschinsky, 1987). An ago-
nist (e.g., hormones such as glucagon or neurotransmitters
such as acetylcholine) activates the GTP-bound G-protein
(G) when it is bound to the receptor (REC). This agonist
produces a secondary messenger such as cyclic adenosine
monophosphate (right) and inositol (1,4,5) triphosphate
(left). The ER contains a calcium releasing channel (CRC),
which releases the luminal Ca®* upon a rise of the second-

ary messengers. It also contains a Ca®>*-ATPase pump that
pumps intracellular Ca®>* into the ER. The SGs sequester
intracellular Ca?* via its Ca?*-ATPase pump and then
release insulin and intragranular Ca®" into the external
medium during exocytosis.

As proposed in Chay (1993a), a “hot” spot exists under-
neath a cluster of L-type Ca®" channels. This channel opens
when the membrane is depolarized, permitting extracellular
Ca®* ions to come into the cell and inactivates when
[Ca“]i is undesirably high (Chay, 1987; Plant, 1988a). The
depolarization was initiated by a closure of the ATP-sensi-
tive K* channels (the lower right of Fig. 2). A voltage-
independent small-conductance Ca**-sensitive K* (K-Ca)
channel (Ammala et al., 1991, 1993) coexists along with the
L-type channels. In the vicinity of these two channels lies a
voltage-independent cationic nonselective channel (NS),
which is activated when [Ca®*],,,, becomes low (Worley et
al., 1994b). In the hot spot lie two types of intracellular
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Ca* stores (ICSs): the endoplasmic reticulum (ER) and
insulin containing secretory granules (Bokvist et al., 1995).
The ER contains an IP;-sensitive calcium releasing channel
(CRC) and a ryanodine-sensitive CRC whose activity is
modulated by cAMP (Karlsson and Ahren, 1996).

Outside this hot spot exist voltage-dependent delayed-
rectifying K* [DR(K)] channels (Rorsman and Trube,
1986) and ATP-sensitive K* [K(ATP)] channels (Cook and
Hales, 1984; Ashcroft, 1988; Ribalet et al., 1989). The new
feature of this model is an inclusion of a low-threshold
transient fast current that activates rapidly upon depolariza-
tion and inactivates in a voltage-dependent manner. This
current is assigned as I, without a loss of generality.

In this model, a rise of [Ca”]i is due to two sources—
influx of Ca®* ions through the Ca®* channels and a release
of luminal Ca®>* from the ER (the first and third terms in Eq.
1). The fall of [Ca“]i is due to two effluxes—sequestration
of intracellular Ca®* into the SGs (second) and that into the
ER (fourth). Accordingly, the [Ca®*]; dynamic is expressed
as

d[Ca?*),

dr = _¢ICa - kCa[Ca2+]i
(1)

+krel([ca2+]lum - [Caz+]i) - kpump[Ca“]i

3500N[0)

|

Exocytosis Na*9 or Ca?*9

K+

insulin Release

fast  K(DR)

where ¢ measures the surface-volume ratio and k¢, is the
sequestration rate of intracellular calcium by the SGs. The
last two terms in Eq. 1 are due to the events taking place in
the ER, i.e., the dynamic change of the calcium concentra-
tion in the ER, [Ca®* },um

d[Ca>* Jum
—%T'* = —kei(IC2** Tuym — [C&*]) + kpumplC&*T (2)

where k., measures the activity of the calcium releasing
channel, and kp,,,, is the pump activity of Ca’"-ATPase in
the ER. The calcium-induced calcium release mechanism
considered earlier for the CRC (Chay, 1991; 1993; 1995;
1996a—c) is taken out since it is not a necessary component
in B-cell bursting.

The membrane potential necessary to compute I, in Eq.
1 can be found from the charge neutrality condition
(Hodgkin and Huxley, 1952):

dv
_Cm —(—i? = 2 Iionic (3)

where C,, is the membrane capacitance, and I, ;. is an ionic
current component. The expression of each ionic compo-
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nent and the basic parametric values associated with this
component are given in the Appendix.

RESULTS

Figure 3 is the result obtained in the limit cycle by solving
the differential equations in the Model. Here, the time
course of [Ca**]; is represented by dashes, membrane po-
tential by a solid curve, and [Ca®*],,,, by dots. Note that
[Ca®*],um oscillates slowly between 78.2 uM and 105.0
pM. In conjunction with this slow oscillation, the mem-
brane potential (V) bursts between —55 mV (the repolar-
ization potential) and —41 mV (the plateau potential). On
the top of the plateau appear fast electrical spikes. The
plateau terminates when [Ca®*],,,, reaches a maximum,
followed by the repolarization period. After the termination
of the plateau, [Ca®"],,,, decreases slowly until V reaches
the threshold potential of ~—47 mV. Then, a rapid upstroke
of V follows. In this model as in other store-operated models
(Chay, 1995; 1996a,b) the slow luminal Ca** dynamic
drives electrical bursting as well as the [Ca®*]; oscillation.

Typical bursts in Fig. 3 start with rapid membrane depo-
larization, which is accompanied by a rapid rise in [Ca®*];.
The rise of [Ca**]; is due to a high-threshold I.,, which was
activated by a lower-threshold fast-activating Ii,,. The I,
thus elicited generates the plateau potential. The upstroke of
the electrical spike during the plateau phase is mainly due to
I and the downstroke is due to the combined effect of
Ixpr) and the inactivating component of Ig,,. Along with
the electrical spike, the Ca®>* spike appears (see the upper
trace). Note here that although the maximum peak of the
Ca®* spike decreases during the plateau, the minimum peak
increases gradually. During the gradual increase, [Ca®*]);
increases slowly, which in turn leads to an increase in I c,).
In fact, from the beginning of the plateau to the end, a net

FIGURE 3 Electrical activity (the solid
line in the lower trace), the intracellular
Ca’?* concentration [Ca?*];, (the upper
trace), oscillation of the luminal Ca?* con-
centration, [Ca®*],,, (dashes in the lower
trace) based on the store-operated model.
The parametric values used for the simula-
tion are listed in the Appendix.
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increase of Iy, is ~10.5 pA/cm®. On the other hand,
[Ca®*],, also increases during the plateau, and this in-
crease leads to a decrease in Iyg of ~3.5 pA/cm?. The other
inward current, I, decreases ~7 pA/cm? due to voltage-
dependent inactivation. The termination of the plateau re-
sults when Iy c,, exceeds I, + Iys.

That the decrease in [Ca®*]; during the silent phase is
gradual is due to luminal Ca®*, which is released from the
CRC during this phase. This release prevents [Ca®*]; from
decreasing rapidly even after the Ca>* channel closes. The
slow decrease in [Ca®*],, in turn, inactivates Ix(ca) Like-
wise, a decrease of [Ca®*},,,, activates Iys. When Iy ex-
ceeds I, the burst is initiated. I, contributes little
during the repolarization phase.

Figure 4 reveals how the six current components behave
during bursting. The bottom trace is a combined current of
the ATP-sensitive K* current Ix ,1p, and the sodium leak
current Iy, ; . The spike activity is generated by Iy, (second
Jfrom the bottom) and Iy, (third from the bottom). The
two currents, I, (third from the top) and I c,, (second from
the top), are delicately balanced to control the plateau phase.
The termination of the plateau is in part attributed to Iy
(top). The Iy srp) (bottom) and Iyg (top) control the silent
phase (the contribution of Iy,; is almost insignificant).
Thus, the slow depolarization during the silent phase is
attributed to the combined effect of Iys and I, Activa-
tion of Ig during the silent phase prevents the membrane
potential fall below the repolarization potential of ~—55 mV.

Figure 5 reveals how extracellular calcium affects elec-
trical bursting, [Ca®*);, and [Ca®"],,,,. Consistent with ex-
periments shown in Fig. 1, when extracellular Ca®* is
depleted, electrical bursting transforms to repetitive spiking
(top trace). The spikes seen here are not Ca®* spikes since
I, is absent when external Ca®" is depleted. During the
spiking, [Ca®>*]; decreases to the lowest level (top trace).
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Because of low [Ca®*}; both I, and Iy (cay are completely
inoperative, while I g is in its maximal strength (because of
low [Ca®*],,,,). This simulation thus reveals that the depo-
larization that accompanies depletion of external Ca®”* is
due to maximal activation of Iyg (which oscillates between
—30.1 pA/cm? and —6.5 pA/cm?). In our earlier model (Lee
et al., 1983; Chay, 1985a) the depolarization that arises by
lowering [Ca**], is solely due to weakened Ix(cay- In this
model, depolarization is due to the two sources—maximal
activation of Iyg and a near absence of Iy c,.

When [Ca?*], is high (see the bottom trace), [Ca®*];
oscillates with a high amplitude between 0.54 uM and 2.61
M. [Ca®*],,., also oscillates at a high level between 88.6
uM and 1669 uM. One may ask, why does the burst
amplitude lengthen when [Ca®*], is raised? This can be
explained by the following sequences: 1) The repolarization
potential is much lower than the usual one (i.e., —62.9 mV
versus —55 mV) since Iy is weak (due to high [Ca**],,,.)
and Iy c,, is strong (due to high [Ca®*1],). 2) Since [Ca®™);
is high, the repolarization phase is long (it takes a long time
to pump out intracellular Ca>*). 3) At the end of this long
period, the h-variable attains near its maximal value (i.e.,
unity). 4) During the fast depolarization upstroke, the m-
variable also attains near unity while the h-variable remains
still near unity. 5) As a consequence, Ir,, gains a full
strength, and this leads to the high plateau potential. These
five events lead to the long burst amplitude. Then, why is
the plateau period so short? The higher plateau potential
induces fuller activation of I-,, and this in turn raises
[Ca®*].. Since [Ca®*]; is high, Iy, gains its maximal
strength, and this in turn shortens the plateau length.

Figure 6 demonstrates the effect of varying activity of the
ER Ca’*-ATPase on electrical activity of B-cells. As this
pump is blocked, bursting transforms to continuous spiking
(see the bottom two traces of Fig. 6). This transformation is
consistent with experiments of Worley et al. (1994a), who
observed that when thapsigargin (a blocker of the ER Ca?*-
ATPase) is added to the medium bursting transforms to
continuous spiking. The question is, how does the repetitive
spiking arise when the pump is blocked? This can be seen
by comparing the bottom trace (kyump = 1057, i.e., a low
pump rate) with the top trace (kp,mp = 40 s~!, a high pump
rate). Note that [Ca®*],,,,, oscillates at a much lower level
when the pump rate is lower, ie., [Ca’*},,, oscillates
between 40.8 uM and 41.7 uM when k., = 10577, while
it oscillates between 93 uM and 150 uM when k., = 40
s~!. Because of a low [Ca®*],, Ins is stronger when the
pump rate is lower, i.e., Iyg oscillates between —22.8 pA/
cm” and —10.8 pA/em” when k.., = 10 s™', while it
oscillates between —9.0 pA/cm® and 2.4 pA/cm’ when
koump = 40 s~!. On the other hand, [Ca®"]; oscillates at a
higher level when the pump rate is lower, ie., [Ca®*],
oscillates between 0.61 uM and 1.40 uM when k,,,,, = 10
s~!, while it oscillates between 0.43 uM and 1.20 uM when
Kpump = 40 s™'. Because of a high [Ca®*]; I, is stronger
when k., is lower, i.e., Iy, oscillates between 28.9
pA/cm’® and 154.0 pA/cm® when k., = 10 s™', while it
oscillates between 9.0 pA/cm® and 137 pA/cm® when
Kkpump = 40 s L.

The repetitive spiking seen in the absence of pump ac-
tivity can be explained by the strength of these two currents:

when the pump is blocked both Iy, and Iys become
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strong, but the latter current gains more strength than the
former. Thus, depolarization that accompanies blocking of
the Ca®*-ATPase is due to enhanced Iyg that is caused by
lowering of [Ca®*],,,,,. Without the presence of Iy it is
difficult to explain the thapsigargin effect.

In Fig. 7, increasing k., increases the plateau fraction
(i.e., the ratio between the plateau and repolarization
lengths). When &, becomes very large, the burst disappears
completely and only repetitive spiking remains (see the
bottom trace). This simulation mimics the glucose effect
(Meissner and Schmelz, 1974) and thus suggests that a
metabolite of glycolysis may enhance the sequestration rate
of SGs in the limit cycle regime. Note that k-, has little
effect on the repolarization potential or the plateau potential.
Note also that k., lowers the amplitude of the [Ca®*];
oscillation slightly, e.g., [Ca®*]; oscillates between 0.49 uM
and 1.37 uM when ko, = 3.0 s and 0.45 uM and 1.29
uM when kc, = 9.0 s™'. On the other hand, k¢, lifts the
level of [Ca®*),,, and its amplitude significantly, i.e.,
[Ca®*),,m Oscillates between 75.6 uM. and 92.8 uM when

ke, = 3.0 s7! and between 79.7 uM and 112.8 uM when
ke, =9.0s71

Why k-, affects little on the repolarization and plateau
potentials can be explained by noting that the combined
current (i.e., Igc, plus Iyg) is almost the same in the
bursting regime. To be more specific, take two cases, kc, =
3.0 s™! (top trace) and ko, = 9.0 s™! (second from the
bottom). When k¢, is low (ie., ke, = 3.0 s™1), Ixca
oscillates between 12.9 pA/cm? and 151.0 pA/cm? and Iyg
oscillates between —12.5 pA/cm? and —0.2 pA/cm?. On the
other hand, when k¢, becomes high (i.e., ke, = 9.0 s7"),
Ix(cay oscillates between 10.5 pA/cm® and 150.0 pA/cm?
and I oscillates between —11.2 pA/cm?® and 2.0 pA/cm®.
This is why there is little change in the repolarization
potential or the plateau potential when k-, varies.

In my earlier model k., was attributed to the mitochon-
drial sequestration (Chay, 1996b). There is no evidence that
mitochondria exist in the hot spot. There, however, exists
strong evidence that SGs coexist in the hot spot (Bokvist et
al., 1995). Thus, it is more likely that k., is due to the
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sequestration of intracellular Ca®>* by SGs than it is due to
mitochondrial sequestration. An increase of [Ca**],,, (as
ke, increases) may suggest that intragranular Ca** is a
necessary component for exocytosis to take place.

As in our earlier models (Chay, 1985a; Himmel and
Chay, 1997; Chay et al., 1990), electrical patterns similar to
those observed in Fig. 7 can be also observed by blocking
the ATP-sensitive K™ sensitive current (see Fig. 8). Unlike
the case in Fig. 7 (where [Ca®"), is almost invariant),
blocking of the K(ATP) channel raises the level of [Ca®™*],
e.g., [Ca®*], oscillates between 0.25 uM and 1.18 uM when
gatp = 3.0 uS/cm? and between 0.46 uM and 1.35 uM
when g,rp = 2 uS/cm?. Along with the increase in [Ca®*];,
[Ca2+]lum also increases as the K(ATP) channel is blocked,
e.g., [Ca®*),,, oscillates between 38.7 uM and 61.7 uM
when g,rp = 3.0 uS/cm? and between 78.2 uM and 105.0
M when garp = 2.0 uS/cm®. An increase in [Ca®™];
activates Iy, while an increase in [Ca®*),,,, inactivates
Iys- The net effect is an increase in the outward current.
This increase compensates a decrease in I ,rpy due to the

blocking of the K(ATP) channel. This is why the gap
affects little the repolarization potential or the plateau
potential.

As demonstrated by the store-operated model of Chay
(1995, 1996a,b), an increase in activity of the CRC (mod-
eled by varying k,.;) leads to a increase in the frequency of
bursting and a decrease in the amplitude of the [Ca®* ],
oscillation. This is also seen using the present model, and
the result is presented in Fig. 9. This simulation is done
under the hypothesis that a secondary messengers such as
cAMP can modulate the CRC. Note that increasing k.,
increases the frequency of electrical bursting. It also lifts the
repolarization potential and shortens the plateau fraction.
The bursting shown in the top trace reminds of that ob-
served in the presence of somatostatin (Pace and Tarvin,
1981). The simulation in the bottom trace is reminiscent of
the bursting observed in the presence of glucagon (Ikeuchi
and Cook, 1984).

In addition to inducing bursting, there is an increase in
[Ca®*), when k_, increases. The increase is such that when
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ke = 0.03 57! [Ca®*]; oscillates between 0.28 uM and 1.33
1M, but when k,, is raised to 0.5 s~ ! it oscillates at a higher
level between 0.58 uM and 1.35 pM. Increasing k., sig-
nificantly lowers the level and amplitude of the [Ca®*],,,,
oscillation, i.e., [Ca®" ], oscillates between 308.8 uM and
603.4 uM when k., = 0.03 s, while it oscillates between
39.9 uM and 50.8 uM when k., = 0.50s~".

How k., modulates the frequency of electrical bursting
can be readily understood by examining [Ca’*]; and
[Ca®*}ium- At a low k,;, luminal Ca®* is released from the
store very slowly. Because of the slow release of luminal
calcium, [Ca®*],,, stays at a very high level. Since
[Ca?*),,, is high, Iy carries little current, and the burst
seen in the top trace (i.e., k) = 0.03 s™') owes its origin to
Ix(ca)- At this low k), it requires a long time for [Ca®*] 1)
to decrease sufficiently to inactivate Iy ,, during the repo-
larization phase and 2) to increase sufficiently to activate
the same current during the plateau phase. At high k., on
the other hand, /g is significantly strong; thus, the mech-

anism by which $-cell burst owes its origin largely to Iyg,
i.e., the presence of Iy facilitates the depolarization during
the repolarization phase and shorten the plateau length
during the plateau.

DISCUSSION

Through mathematical modeling, I have demonstrated how
the luminal and intracellular calcium concentrations and the
ion channels in the plasma membrane participate in control-
ling burst activity of pancreatic $3-cells in response to the
variation of extracellular Ca®>* and various pharmacological
agents. To demonstrate the effect of [Ca®"], shown in Fig.
1, it was necessary to include I, in Chay’s store-operated
model (1995, 1996a—d). That is, without this current it was
difficult to simulate repetitive spiking when extracellular
calcium depletes. Also, without this current it was difficult
to simulate the spike free high amplitude of electrical burst-
ing when [Ca’*], becomes high.
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I have previously shown that three dynamic variables
with feedback mechanisms are all that are necessary to
generate electrical bursting (Chay, 1985b). Therefore, the
question is not whether the proposed model can produce the
bursting, but the question should be directed to: does a
theoretical model generate crucial experiments (e.g., Fig. 1)
observed in pancreatic 3-cells? Figs. 3-9 demonstrate that
the present model is capable of simulating most of the
important experimental observations. However, there may
arise some questions in regard to the present model, and I
will answer those questions below.

Does the low-threshold transient inward
current exist?

It is possible that I, in this paper could be the low-
threshold transient T-type Ca®* current, I, discovered in rat
B-cells and HIT cells (but never in mouse B-cells). Note,

however, in Fig. 1 B that the spikes appear even in the
absence of external Ca®*. These spikes cannot possibly be
generated by Iy, unless the T-type channel allows Na* to
pass through when external Ca®* is depleted. If it is I, a
uniform rise of [Ca?”L]i should be detected underneath the
entire membrane area when the potential depolarizes. Spec-
trofluorometric measurements on S-cells reveal that a rise
of [Ca®*]; is confined to a few localized spots, not uniform
along the membrane subspace (Bokvist et al., 1995).

A current that depends on extracellular Na™ has been
observed in ACh-stimulated S-cells (Ashcroft and Rors-
man, 1989). It was suggested that this current may be
coupled to the muscarinic receptors (Gilon et al., 1995) and
is mediated by guanine nucleotide-binding proteins (Cohen-
Armon and Sokolovsky, 1986). It is not the NS current since
a rise of intracellular Na* is unaffected by thapsigargin
(Gilon et al., 1995; Miura et al., 1996). Also, it is not the
sodium channels discovered by Plant (1988b) in mouse and
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Hiriart and Matteson (1988) in rats, since the ACh-activated
Na™* channel is not sensitive to TTX (Gilon and Henquin,
1993).

If I, is the ACh-activated Iy,, then how could it be
activated in the absence of carbachol? A reasonable hypoth-
esis is that I, is modulated by an agonist that activates the
phosphatidylinositol (PI-) signaling pathway. There are sev-
eral agonists that may activate this pathway when glucose is
added to the medium. For example, the ATP that is released
during exocytosis could activate the PI-signaling pathway
(Li et al., 1991) which in turn activates I.

If the activation threshold for I-, is as high as that
reported by Rorsman and Trube (1986), then a lower-thresh-
old, fast-activating current is absolutely necessary to elicit
the slower, higher threshold I,. If indeed a glycolysis
product has the ability to shift the activation curve of the
L-type channel to a more negative membrane potential (as
reported by Smith et al., 1989 and Velasco et al., 1988),
there is every reason to believe that this product can also
shift the activation threshold of I, to a negative direction.
How the shifting of the half-maximal activation potential,

V... affects the bursting is demonstrated in Fig. 10, where
V., is varied from —20 mV to —30 mV (from the top to the
bottom). The V,, higher than —22 mV is too high for the
membrane to depolarize (top trace). When V,, is lowered to
—25 mV, one observes bursting (middle). When V,, is
lowered further to —30 mV bursting disappears and repet-
itive spiking arises (bottom). Note that a decrease of V,,
leads to a rise of both [Ca®*]; and [Ca**},,,,. This rise of
[Ca®*); is due to activation of a higher-threshold I,, and a
rise of [Ca®*], in turn gives rise to [Ca®* ],

Is luminal calcium necessary for exocytosis?

Recent experimental evidence (Blondel et al., 1994, 1995;
Bokvist et al., 1995) indicates that the SGs may be involved
in [Ca®*); in a nanodomain (Schwitzer et al., 1995), where
a cluster of L-type Ca®* channels exists. The [Ca®"]; in the
nanodomain is estimated to be as high as several micromo-
lar, which seems to be required for exocytosis (Bokvist et
al., 1995). In addition, the granular membrane contains an
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IP;-receptor as well as a Ca’*-ATPase (Blondel et al.,
1994). It may even contain a cyclic ADP-ribose-releasable
Ca®* channel in addition to an IP,-receptor controlled Ca®*
channel (Petersen, 1996). In this paper, it is shown (see Fig.
8) that the sequestration of SGs increases the plateau frac-
tion. It is also shown that the increase in k., leads to a slight
decrease in [Ca®*]; (although this decrease may not be
detectable experimentally). This is somewhat puzzling since
it is commonly believed that the higher [Ca®*]; induces
more insulin release and insulin is believed to be released
during the plateau (Scott et al., 1981). The work in this
paper suggests that filling the SG store with intragranular
Ca”** may be more important for exocytosis than a rise of
[Caz+]i'

Is exocytosis frequency-modulation or
amplitude-modulation?

Insulin secretion is believed to be a frequency-modulated
phenomenon (Schofl et al.,, 1995, 1996a, b), i.e., more
insulin is released from B-cells as the frequency of bursting
becomes faster. This can be seen by comparing bursting of
single B-cells (whose burst period is several minutes, Smith
et al., 1990; Hellman et al., 1990) with that of intact B-cells
(whose burst period is tens of seconds, Dean and Mathews,
1970). In agreement with the frequency modulation hypoth-
esis, the B-cells release 30-fold more insulin from islets than

from single B-cells (Pipeleers, 1984). This higher release of
insulin by intact B-cells is attributed to the concentration of
cAMP released from the neighboring a-cells (Schuit and
Pipeleers, 1985). This is further evidenced by the secretory
response, which is markedly amplified when single B-cells
are incubated in the presence of a-cells or glucagon (Gorus
et al., 1984).

In my store-operated model, the calcium releasing chan-
nel in the ER is modulated by a secondary messenger, and
I have demonstrated that an increase in activity of the CRC
can bring about a drastic change in the frequency of bursting
(see Fig. 9). However, note that the faster bursting causes a
decrease in the amplitude of both electrical bursting and
[Ca®*]; oscillation. Note also that the [Ca®*]; level becomes
higher as the frequency becomes faster. This led to the
conclusion that the ER may be an internal clock that regu-
lates insulin secretion by adjusting the burst frequency as
well as its amplitude (Chay, 1996d), i.e., both frequency and
amplitude modulate insulin release.

How does coupling between B-cells
affect synchronization?

It has been shown that a cluster of B-cells bursts faster
(Gylfe et al., 1991) and secretes more insulin than do single
cells (Pipeleers, 1984). Glucose has been shown to
strengthen coupling between B-cells (Gylfe et al., 1991).
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What are the mechanisms underlying these phenomena? We
know that simple coupling does not cause a faster bursting
(Chay and Kang, 1988). In fact, a simple coupling gives rise
to a decrease in the frequency as more B-cells aggregate
(Chay and Kang, 1988). Then, what cause the faster burst-
ing? My hypothesis is that the faster bursting in a B-cell
cluster is caused by the ATP (that is released along with
insulin) trapped in a narrow interstitial space (Li et al.,
1991). This trapped ATP can activate the P,, receptor in
B-cells, which in turn will release luminal Ca®* from the
ER. Why then are more B-cells synchronized when the
glucose concentration is raised? My hypothesis is that syn-
chronization is achieved by IP;, which diffuses through gap
junctions. Since more IP; can be produced by a higher
glucose concentration (Kelly et al., 1994), wider synchro-
nization can be achieved.

How would one explain triphasicity in islet
of Langerhans?

Fig. 10 suggests the role that I, plays on the triphasicity
after addition of glucose (Roe et al.,, 1993). Triphasicity
consists of phase 0 where [Ca®*), decreases; phase 1 where
V depolarizes and [Ca**]; rises maximally for a few min-
utes; and phase 2 where the cell enters the limit cycle. In the
limit cycle, the [Ca®"]; oscillates in a much higher level
than that in the resting level. First, note that the triphasicity
is a phenomenon associated with B-cells in the islet, i.e.,
isolated cells lacks phase 2. Second, the course of the
triphasicity follows insulin release in the islet (Wollheim
and Sharp, 1981). Third, a rise of [Ca®*], lags behind
membrane depolarization (Worley et al., 1994). If the de-
polarization is a result of emptying the store, then depolar-
ization should lag behind the [Ca**]; change. This implies
that depolarization cannot possibly be due to activation of
I\ (in contrast to what was suggested earlier, Chay, 1996a,
b). The initial depolarization is most likely triggered by a
closure of the ATP-sensitive K* channel (Cook and Hales,
1984; Chay, 1985a; Himmel and Chay, 1987; Chay et al.,
1990; Ghosh et al., 1991; Ronner et al., 1993).

Counting these facts, the triphasicity may be explained as
follows: in the subthreshold glucose concentration of 2.8
mM, the two currents, Iys and Iy op, hold the resting
potential of —70 mV. After raising the glucose concentra-
tion to 11.1 mM, the following sequence of events occurs.
First, [ATP]; rises, and this activates the ICS ATPases.
Phase 0 is due to sequestration of [Ca®*]; by the Ca®*-
ATPases in ER and SGs. Sequestration of [Ca*>*}; by SGs is
necessary for exocytosis to take place. Membrane depolar-
izes slowly due to a closure of the K(ATP) channels. Glu-
cose may activate the Pl-signaling pathway (Kelly et al.,
1994), which in turn lowers the threshold potential of I,
When it is lowered sufficiently, the cell enters into phase 1.
During phase 1 luminal Ca®* is released from the ER,
which further increases [Ca®*]; and depolarizes membrane
potential. The V,, will be lowered maximally first, then it
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will lift upward as the insulin release lessens. Phase 2
follows when insulin release enters the steady-state level.
The simulations shown in Figs. 3-10 are those in the limit
cycle regime.

Why then do single cells lack phase 2? In intact B-cells
[ATP]; raised by a metabolite of glycolysis can activate the
AC-transduction pathway (the pathway on the right in Fig.
2) due to neighboring a-cells, which secrete glucagon. The
cAMP thus produced from this pathway enhances CRC
activity. As shown in Fig. 9, enhanced CRC activity induces
a higher frequency of bursting and a higher level of the
[Ca®*]; oscillation. This explains why intact B-cells exhibit
triphasicity when glucose concentration is raised.

Why was reformulation of the mathematical
model necessary?

Perhaps it would be informative to mention why and how
our mathematical model of bursting cells has transformed
over the past decade and half. The first bursting model is
based on a slowly changing [Ca®*], which activates a
voltage-independent small conductance Ca®*-sensitive K*
channel (Chay, 1983; Lee et al., 1983) or a voltage-depen-
dent large-conductance K-Ca channel (Chay, 1986). The
Ca®* current in these models has the property of a T-type
current (rather than that of an L-type). When evidence
accumulates that the Ca>* channel in B-cells is an L-type
channel that is inactivated by intracellular Ca®" ion, I
showed that the L-type current alone can generate bursting,
i.e., Ix.c, is not necessary for bursting (Chay, 1987). To
obtain more robust bursting, Chay and Kang (1988) intro-
duced two types of Ca®" current—a low-threshold L-type
current and a noninactivating high-threshold N-type current.
In this class of models, [Ca*>*]; changes slowly, and this
slow [Ca®*], change is what causes the slow underlying
wave required for the bursting. These models are no longer
acceptable since we know now that [Ca®*]; is not a slow
variable (i.e., the change of [Ca2+]i takes place within tens
of milliseconds when depolarization potential is applied).

To account for the fast [Ca®*]; response that accompanies
depolarization, several mathematical models have been pro-
posed (Chay, 1990a—c; for review see 1993a,b). The es-
sence of these models is that while the [Ca®"]; is dynami-
cally fast, the inactivation gating process of I, is slow (i.e.,
takes place in the order of tens of seconds). In Chay
(1990a,b) it was assumed that a Ca?* channel contains a
time- and voltage-dependent slow gating variable f, while in
Chay (1990c) it was assumed that the binding-unbinding
process of the Ca®" ion at its receptor site takes place
slowly in a voltage-dependent manner. These models give
rise to [Ca®"); oscillation, which varies concomitantly with
electrical bursting.

These models are based on evidence that I, inactivates
slowly in a voltage-dependent manner (Satin and Cook,
1989; Hopkins et al., 1990; Cook et al., 1991). However,
there are two flaws in this mechanism. First, it lacks a slow
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disappearance of [Ca®*}; during the silent phase, evidenced
by simultaneous measurements of membrane potential and
[Ca®*]; (Valdeolmillos et al., 1989; Worley et al., 1994a,b).
This falling phase of [Ca®"]; is slow enough to generate
bursting via the Ca®*;-dependent ion channels in the plasma
membrane. Second, the channel gating process is in general
a fast dynamic process which takes place in the order of
several hundred milliseconds at most—not several seconds
or more as required to generate the bursting.

Then the question arises: why did Cook’s group (Satin
and Cook, 1989; Hopkins et al., 1990; Cook et al., 1991)
observe slow inactivation of I-,? My hypothesis is that their
patches are contaminated with other channels, which are
patched along with the Ca** channels. The Iy (cay and Iys
are resistant to ATP and TEA, and the slow inactivation
could be due to these channels. The fact that their patches
became outward at a step potential of ~40 mV and above
supports my contamination hypothesis. Furthermore, volt-
age-dependent inactivation is due to a conformational trans-
formation of the proteins induced by a charge movement.
The conformation transformation is dynamically a very fast
process. In view of these issues, it is not likely that the
underlying wave of bursting owes its origin to the Hodgkin—
Huxley-type voltage-dependent inactivation of the calcium
channel.

When evidence accumulates that the ER is involved in
bursting of R-15 in Aplysia neurons (Scholz et al., 1989), I
began to examine the influence of the ICS on electrical
bursting and [Ca®*}; oscillation in pancreatic B-cells (Chay,
1991, 1993). Under the hypothesis that [Ca®*],,,, is the
primary oscillatory, I have proposed several mathematical
models that utilize the ICS. My first model (Chay, 1995) is
based on the assumption that Iyg is responsible for the
bursting. However, enough evidence exists that the bursting
in B-cell depends on intracellular Ca®* (Rosario et al.,
1993). My second model (Chay, 1996¢), utilizes the cal-
cium-release activated current, .., that is activated by
depletion of the ICS (Randriamampita and Tsien, 1993).
The existence of I_,,. in 3-cells, however, is not supported
by experiment, which shows that calcium does not enter
when I, is blocked (Worley, 1994a,b). My third model
(Chay, 1996a,b) incorporates a Ca®*-blockable Ca®* chan-
nel (L-type) in addition to Iyg. In this model, the slow
disappearance of [Ca®"]; is sufficient to generate bursting
via Ca®*-dependent inactivation of the L-type channel. In
this paper, I have included I, and I, in order to explain
the extracellular Ca®>* effect. In the present model, the
lower-threshold fast-activating I, activates the slower
higher-threshold /,, and I ¢, prevents an indefinite rise of
membrane potential. Whether Iy, coexists with I,
(where the inactivation mechanism of I, is ineffective), or
I, with an effective Ca®"-dependent inactivation mecha-
nism exists alone, awaits experimental testing.

The central assumption of the store-operated models is
that the bursting process is an intracellularly driven event,
not a Hodgkin-Huxley-type mechanism. These models pre-
dict that [Ca®*],,,, oscillates slowly and that this slow
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oscillation is what gives rise to a slow component in
[Ca®*],. The slow component of [Ca®*],, in turn, gives rise
to electrical bursting via the Ca”*;-dependent ion channels
in the plasma membrane. The dynamic change of [Ca** ).,
may also control the bursting via Iys. The CRC in the
store-operated models is controlled by the neurotransmit-
ters and hormones that influence the PI- and AC-signaling

pathways.

Could oscillating G-protein generate the
large-amplitude oscillation?

It should be pointed out that other possibilities may exist in
regard to the mechanism involved in the large amplitude
[Ca2+]i oscillation (Grapengiesser et al., 1991). Evidence
was presented in B-cells that [IP;] oscillates, and this oscil-
lation drives the bursting via a small-conductance TEA-
insensitive, apamin-insensitive Ca®*-sensitive K* current
(Ammala et al., 1991). This ties in very well with the
receptor-operated model (Cuthbertson and Chay, 1991;
Chay et al., 1995). This model assumes that the G-protein in
the Pl-signaling pathway is a slow dynamic variable and
this slow variable drives the oscillations in IP; and protein
kinase C (PKC). According to the Cuthbertson—Chay
model, the agonist concentration controls the rate of the
formation of the active form of the G-protein. The rate, in
turn, controls the interval of the [Ca®"]; oscillation—the
interval ranging from several minutes to several seconds.
The applicability of this model to B-cell bursting should
certainly be pursued. Another possibility exists where the
slowly oscillating Gg-protein may influence the K(ATP)
channel. Indeed, evidence was presented by Ribalet et al.
(1989) that the K(ATP) channel depends on cAMP-depen-
dent protein. Further evidence was presented by Liu et al.
(1994, 1995) that thapsigargin-sensitive store may not be
involved in the large-amplitude Ca** oscillation, and it was
suggested that the K(ATP) channel is involved in this type
of oscillation.

Conclusion

The benefit of our modeling approach is that it helps clarify
the main events that take place in the various interacting
processes as well as predicting the areas requiring further
experimental work. Our model predicts that 1) [Ca®*],,,, in
the ER oscillates slowly in pancreatic B-cells, and 2) intra-
granular Ca®* in SGs is involved in exocytosis. Experi-
ments using fluorescent dyes such as mag-fura-2-AM
(Chatton et al., 1995) or aequorin could provide relevant
information. The existence of the transient low-threshold
inward current (which may be different from a transient
Ca®* current) should be elucidated experimentally, perhaps
by pursuing the line that Henquin’s group has taken (Hen-
quin et al., 1988; Gilon and Henquin, 1993; Gilon et al.,
1995; Miura et al., 1996). This current is essential to explain
the extracellular Ca’* effect. To demonstrate its existence,
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one suggestion is to demonstrate a rise of the repetitive
firing in the absence of Ca’" when TTX is present. The
work presented in this paper is a clear demonstration of the
power and usefulness of mathematical modeling.

APPENDIX
A) Fast current

It = g_fastmih(v — Viast)
where

1
o = T expl (Vi — VIS

and

1 h ™ V-V
Th =)\hexp——2~Sh— + exp 25,

B) Ca®* current

g 2FV( [Ca®*], — [Ca®*], exp(2FV/RT)
e = Pead fo R\ 1 — exp(2FV/RT)

where

1
1+ expl(V, — VVISJI’

_I—A Vd_V V_Vd
Ty = dexP—ZSd + exp 2S, ,

and

doo

K
=R ¥ Ca,

C) Cationic nonselective inward current

. Kbs  ( V—Vs _10)
s 8Ns K%IS + [Ca2+]12um\1 —exp(0.1(Vys — V)

Iy
D) Delayed-rectifying K* current

Ixor) = gK(DR)n(V - W)
where

1
~ 1+ expl(Va — VIS,)]

. Vam V1 ol Ve
T, = Ayl exp 25, exp 2.

No

and
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E) Small-conductance calcium-sensitive
K* current

! [Ca®*}}
Ixicay = Ex(ca m (V-W)

F) ATP-sensitive K* current
Ixatey = gK(ATP)(V - W
G) Na* leak current

Il = gNa,L(V = Vaa)
2

The basic parametric values in the model are as follows: C,, = 1 uFcm™?,
8w = 600 pS cm™?, po, = 2.0 nA cm™ 2, gxpr, = 600 uS cm?,
8kecay = 5.0 uS cm™?, gyg = 5.0 uS ecm™%, gyiatpy = 2.0 pS cm”?,
8nar = 0.5 S em™2, Vp, = 80 mV Vi = =75 mV, Vg = —20 mV,
Vaar = 80mV, V, = —=25mV, S,, =9mV, V, = —48mV, S, = —7mV,
Vi=—10mV,$;=5mV,V,=—18mV, S, = 14mV, A,~' = 0.08s7',
AT =045 27" =0085 Ke, = 1.0 uM, Kys = 50 uM, ke, = 7.0577,
Kpump = 307", ke = 0257, ¢ = 0.2, [Ca®*], = 2500 uM, and T =

37°C.

This work was supported by the National Science Foundation Grant
MCB-9411244,

REFERENCES

Ammala, C., K. Bokvist, O. Larsson, P.-O. Berggren, K. Bokvist, L.
Juntti-Berggren, H. Kindmark, and P. Rorsman. 1991. Inositol triphos-
phate-dependent periodic activation of a Ca* activated K* conductance
in glucose-stimulated pancreatic $3-cells. Nature. 353:849-852.

Ammala, C., K. Bokvist, O. Larsson, P.-O. Berggren, and P. Rorsman.
1993. Demonstration of a novel apamin-insensitive calcium-activated
K™ channel in mouse pancreatic B cells. Pfluegers Arch. 422:443-448.

Ashcroft, F. M. 1988. Adenosin 5'-triphosphate-sensitive potassium chan-
nels. Annu. Rev. Neurosci. 11:97-118.

Ashcroft, F. M., and P. Rorsman. 1989. Electrophysiology of the pancreatic
B-cells. Physiol. Rev. 54:87-143.

Blondel, O., G. I. Bell, M. Moody, R. J. Miller, and S. J. Gibbons. 1994.
Creation of an inositol 1,4,5-triphosphate-sensitive Ca?* store in secre-
tory granules of insulin producing cells. J. Biol. Chem. 269:
27167-27170.

Blondel, O., G. 1. Bell, and S. Seino. 1995. Inositol 1,4,5-triphosphate
receptors, secretory granules and secretion in endocrine and neuroendo-
crine cells. Trends Neurosci. 18:157-161.

Bokvist, K., L. Eliasson, C. Ammala, E. Renstron, and P. Rorsman. 1995.
Co-localization of L-type Ca2+ channels and insulin-containing secre-
tory granules and its significance for the initiation of exocytosis in
mouse pancreatic B-cells. EMBO J. 14:50-57.

Chatton, J.-Y., H. Liu, and J. W. Stucki. 1995. Simultaneous measurement
of Ca?* in the intracellular stores and the cytosol of hepatocytes during
hormone-induced Ca”* oscillations. FEBS Lett. 368:165-168.

Chay, T. R. 1983. Eyring rate theory in excitable membranes: application
to neuronal oscillations. J. Phys. Chem. 87:2935-2940.

Chay, T. R. 1985a. Glucose response to bursting-spiking pancreatic S-cells
by a barrier kinetic model. Biol. Cybern. 52:339-349.

Chay, T. R. 1985b. Chaos in a three-variable excitable cell model. Physica.
16D:233-242.

Chay, T. R. 1986. On the effect of the intracellular calcium-sensitive K™
channel in the bursting pancreatic B-cells. Biophys. J. 50:765-777.

Chay, T. R. 1987. The effect of inactivation of calcium channels by
intracellular Ca* ions in the bursting pancreatic B-cells. Cell Biophys.
11:77-90.

Chay, T. R. 1990a. Bursting excitable cell models by inactivation of Ca®*
currents. J. Theor. Biol. 142:305-315.



Chay

Chay, T. R. 1990b. The effect of compartmentalized Ca>* ions on elec-
trical bursting activity of pancreatic B-cells. Am. J. Physiol. 258:
C55-C965.

Chay, T. R. 1990c. Electrical bursting and intracellular Ca>* oscillations in
excitable cell models. Biol. Cybern. 63:15-23.

Chay, T. R. 1991. Intracellular Ca®>* oscillation and electrical bursting by
the membrane ion channels and cellular endoplasmic reticulum in insu-
lin-secreting pancreatic $3-cells. Biophys. J. 59:14a. (Abstr).

Chay, T. R. 1993a. The mechanism of intracellular Ca>* oscillation and
electrical bursting in pancreatic B-cells. Adv. Biophys. 29:75-103.

Chay, T. R. 1993b. Modelling for nonlinear dynamical processes in biol-
ogy. In Patterns, Information and Chaos in Neuronal Systems. B. J.
West, editor. World Scientific Publishing, River Edge, NJ. 73-122.

Chay, T. R. 1995. Bursting, spiking, and chaos in an excitable cell model:
the role of an intracellular calcium store. Proc. NOLTA’9S5.
2:1049-1052.

Chay, T. R. 1996a. Electrical bursting and luminal calcium oscillation in
excitable cell models. Biol. Cyber. 75:419-431.

Chay, T. R. 1996b. The role of endoplasmic reticulum in genesis of
complex oscillations in pancreatic B-cells. IEICE Trans. Fundamentals.
E79-A:1565-1600.

Chay, T. R. 1996c. Modeling slowly bursting neurons via intracellular
calcium stores and a voltage-independent calcium current. Neural Comp.
8:951-979.

Chay, T. R. 1996d. Why do pancreatic B-cells burst? A hypothesis on
frequency encoding by a calcium store. World Congress in Nonlinear
analysis WCNA-96, Athens, Greece.

Chay, T. R., and H. S. Kang. 1988. Role of single-channel stochastic noise
in bursting clusters of pancreatic B-cells. Biophys. J. 54:427-435.

Chay, T. R., J. R. Kim, and D. Cook. 1990. The effect of ATP-sensitive K*
channels on the electrical burst activity and insulin secretion in pancre-
atic B-cells. Cell Biophys. 17:11-36.

Chay, T. R., Y. S. Lee, and Y. Fan. 1995. Appearance of phase-locked
Wenckebach-like rhythms, devil’s staircase and universality in intracel-
lular Ca®* spikes in non-excitable cell models. J. Theor. Biol. 174:
21-44.

Cohen-Armon, M., and M. Sokolovsky. 1986. Interactions between the
muscarinic receptors, sodium channels, and guanine nucleotide-binding
protein(s) in rat atria. J. Biol. Chem. 26:12498 -12505.

Cook, D., and C. N. Hales. 1984. Intracellular ATP directly blocks K*
channels in pancreatic B-cells. Nature. 311:271-273.

Cook, D. L., L. S. Satin, and W. F. Hopkins. 1991. Pancreatic B cells are
bursting, but how? Trends Neurosci. 14:411-414.

Cuthbertson, K. S. R., and T. R. Chay. 1991. Modeling receptor-controlled
intracellular calcium oscillators. Cell Calcium. 12:97-109.

Dean, P. M,, and E. K. Mathews. 1970. Glucose-induced electrical activity
in pancreatic islet cells. J. Physiol. 210:255-264.

Dunne, M. J,, D. I. Yule, V. D. Gallacher, and O. H. Petersen. 1990.
Stimulant-evoked depolarization and increase in [Ca®*]; in insulin-
secreting cells is dependent on external Na*. J. Membr. Biol. 113:
131-138.

Ghosh, A., P. Ronner, E. Cheong, P. Khalid, and F. M. Matschinsky. 1991.
The role of ATP and free ADP in metabolic coupling during fuel-
stimulated insulin release from islet B-cells in the isolated perfused rat
pancreas. J. Biol. Chem. 266:22887-22892.

Gilon, P., and J. C. Henquin. 1993. Activation of muscarinic receptors
increases the concentration of free Na* in mouse pancreatic B-cells.
FEBS Lett. 3:353-356.

Gilon, P., M. Nenquin, and J.-C. Henquin. 1995. Muscarinic stimulation
exerts both stimulatory and inhibitory effects on the concentration of
cytoplasmic Ca®* in the electrically excitable pancreatic B-cell. Bio-
chem. J. 311:259-267.

Gorus, F. K., W. J. Malaisse, and D. G. Pipeleers. 1984. Differences in
glucose handling by pancreatic A- and B-cells. J. Biol. Chem. 25:
1196-1200.

Grapengiesser, E., E. Gylfe, and B. Hellman. 1991. Cyclic AMP as a

determinant for glucose induction of fast Ca®* oscillation in isolated
pancreatic B-cells. J. Biol. Chem. 266:12207-12210.

Extracellular and Intracellular Calcium Effects on Pancreatic g-Cells 1687

Gylfe, E., E. Grapengiesser, and B. Hellman. 1991. Propagation of cyto-
plasmic Ca®* oscillations in clusters of pancreatic B-cells exposed to
glucose. Cell Calcium. 12:229-240.

Hellman, B., E. Gylfe, E. Grapengiesser, U. Panten, C. Schwanstecher, and
C. Heipel. 1990. Glucose induces temperature-dependent oscillations of
cytoplasmic Ca®* in single pancreatic B-cells related to their electrical
activity. Cell Calcium. 11:413-418.

Henquin, J.-C. 1990. Glucose-induced electrical activity in B-cells. Dia-
betes. 39:1457-1460.

Henquin, J.-C., M.-C. Garcia, M. Bozem, M. P. Hermans, and M. Nenquin.
1988. Muscarinic control of pancreatic B cell function involves sodium-
dependent depolarization and calcium influx. Endocrinology. 122:
2134-2142.

Himmel, D. M., and T. R. Chay. 1987. Theoretical studies on the electrical
activity of pancreatic B-cells as a function of glucose. Biophys. J. 51:
89-107.

Hiriart, M., and D. R. Matteson. 1988. Na channels and two types of Ca
channels in rat pancreatic B cells identified with reverse hemolytic
plaque assay. J. Gen. Physiol. 91:617-639.

Hodgkin, A., and A. F. Huxley. 1952. A quantitative description of
membrane current and application to conduction and excitation in nerve.
J. Physiol. (Lond.). 117:500-544.

Hopkins, W. F., L. S. Satin, and D. L. Cook. 1990. Inactivation kinetics and
pharmacology distinguish two calcium currents in mouse pancreatic
B-cells. J. Membr. Biol. 119:793

Ikeuchi, M., and D. L. Cook. 1984. Glucagon and forkolin have dual
effects upon islet cell electrical activity. Life Sciences. 35:685~691.

Karlsson, S., and B. Ahren. 1996. Gastrin-releasing peptide mobilizes
calcium from intracellular stores in HIT-T15 cells. Peptides. 17:
909-916.

Kelly, G. G., K. C. Zawalich, and W. S. Zawalich. 1994. Calcium and a
mitochondrial signal interact to stimulate phosphoinositide hydrolysis
and insulin secretion in rat islets. Endocrinology. 134:1648-1654.

Lee, Y. S., T. R. Chay, and T. Ree. 1983. On the mechanism of spiking and
bursting in excitable cells. J. Biophys. Chem. 18:25-34.

Li, G., D. Milani, M. J. Dunne, W.-F. Pralong, J.-M. Theler, O. M.
Petersen, and C. B. Wollheim. 1991. Extracellular ATP causes Ca2™-
dependent and -independent insulin secretion in RINmSF cells. J. Biol.
Chem. 266:3449-3457.

Liu, Y. J,, E. Grapengiesser, E. Gylfe, and B. Hellman. 1994. Glucose-
induced oscillations of Ba* in pancreatic B-cells occur without involve-
ment of intracellular mobilization Arch. Biochem. Biophys. 315:
387-392.

Liu, Y. J.,, E. Grapengiesser, E. Gylfe, and B. Hellman. 1995. Glucose
induced oscillations of cytoplasmic Ca®*, Sr?*, Ba®>* in pancreatic
B-cells without participation of the thapsigargin-sensitive store. Cell
Calcium. 16:165-173.

Meissner, H. P., and H. Schmelz. 1974. Membrane potential of beta-cells
in pancreatic islets. Pfluegers Arch. 351:195-206.

Miura, Y., P. Gilon, and J.-C. Henquin. 1996. Muscarinic stimulation
increases Na™ entry in pancreatic B-cells by a mechanism other than the
emptying of intracellular Ca* pools. Biochem. Biophys. Res. Commun.
224:67-73.

Pace, C. S., and J. T. Tarvin. 1981. Somatostatin: mechanism of action in
pancreatic islet B-cells. Diabetes. 30:836-842.

Petersen, O. H. 1996. Can Ca®>* be released from secretory granules or
synaptic vesicles? TINS. 19:411-413.

Pipeleers, D. 1984. Islet cell interactions with pancreatic B-cell. Experi-
entia. 40:1114-1125.

Plant, T. D. 1988a. Calcium current inactivation in cultured mouse pan-
creatic islet cells is calcium-dependent. J. Physiol. 404:731-747.

Plant, T. D. 1988b. Na™* currents in cultured mouse pancreatic B-cells.
Pfluegers Arch. 411:429-435.

Prentki, M., and F. M. Matschinsky. 1987. Ca®>*, cAMP, and phospholipid-
derived messengers in coupling mechanisms of insulin secretion.
Physiol. Rev. 67:1185-1248.

Randriamampita, C., and R. Y. Tsien. 1993. Emptying of intracellular

Ca”* stores release a novel small messenger that stimulates Ca®* influx.
Nature. 364:809-814.



1688 Biophysical Journal

Ribalet, B., and J. A. Beigelman. 1980. Calcium action potentials and
potassium permeability activation in pancreatic B-cells. Am. J. Physiol.
239:C124-C133.

Ribalet, B., S. Ciani, and G. T. Eddlestone. 1989. ATP mediates both
activation and inhibition of K(ATP) channel activity via cAMP-
dependent protein kinase in insulin-secretin cell lines. J. Gen. Physiol.
94:697-717.

Roe, M. W, M. E. Lancaster, R. J. Mertz, J. W. Worley III, and I. D.
Dukes. 1993. Voltage-dependent intracellular calcium release from
mouse islets stimulated by glucose J. Biol. Chem. 268:9953-9956.

Ronner, P., F. M. Matschinsky, T. L. Hang, A. J. Epstein, and C. Buettger.
1993. Sulfonylurea-binding sites and ATP-sensitive K* channels in
a-TC glucagonoma and B-TC insulinoma cells. Diabetes. 42:
1760-1772.

Rorsman, P., and G. Trube. 1986. Calcium and delayed potassium currents
in mouse pancreatic B-cells under voltage-clamp conditions. J. Physiol.
374:531-550.

Rosario, L. M., R. M. Barbosa, C. M. Antunes, A. M. Silva, A. J.
Abrunhosa, and R. M. Santos. 1993. Bursting electrical activity in
pancreatic B-cells: evidence that the channel underlying the burst is
sensitive to Ca®* influence through L-type Ca?* channel. Pfluegers
Arch. 424:439-447.

Satin, L. S., and D. L. Cook. 1989. Calcium current inactivation in
insulin-secreting cells is mediated by calcium influx and membrane
depolarization. Pfluegers Arch. 414:1-10.

Scott, A. M., I. Atwater, and E. Rojas. 1981. A method for the simulta-
neous measurement of insulin release and B-cell membrane potential in
single mouse islet of Langerhans. Diabetologia. 21:470-475.

Schofl, C., L. Rossig, H. Leitolf, T. Mader, A. von zur Muhlen, and G.
Brabant. 1996. Generation of repetitive Ca®* transients by bombesin
requires intracellular release and influx of Ca®* through voltage-
dependent and voltage independent channels in single HIT cells. Cell
Calcium. 19:485-493.

Schofl, C., L. Rossig, T. Mader, A. von zur Muhlen, and G. Brabant. 1996.
Cyclic adenosine 3’,5'-monophosphate potentiates Ca”>* signalling and
insulin secretion by phospholipase C-linked hormones in HIT cells.
Endocrinology. 137:3026-3032.

Volume 73 September 1997

Schofl, C., P. Schulte, L. Rossig, A. Muhlen, and G. Brabant. 1995.
Vasopressin induces frequency-modulated repetitive calcium transients
in single insulin-secreting HIT cells. Mol. Cell. Endocrinol. 108:
185-192.

Scholz, K. P., L. J. Cleary, and J. Byme. 1989. Inositol 1,4,5-triphosphate
alters bursting pacemaker activity in Aplysia neurons: voltage-clamp
analysis of effects on calcium current. J. Neurophysiol. 60:86-104.

Schuit, F. C., and D. G. Pipeleers. 1985. Regulation of adenosine 3',5’
monophosphate levels in the pancreatic B-cells. Endocrinology. 117:
834-840.

Schwitzer, F. E., H. Betz, and G. J. Augustine. 1995. From vesicle docking
to endocytosis: intermediate reactions of exocytosis. Neuron. 14:
689-696.

Smith, P. A., F. M. Ashcroft, and P. Rorsman. 1990. Simultaneous record-
ings of glucose dependent electrical activity and ATP-regulated K*-
currents in isolated mouse pancreatic B-cells. FEBS Lett. 261:187-190.

Smith, P. A.,, P. Rorsman, and F. M. Ashcroft. 1989. Modulation of
dihydropyridine-sensitive Ca®>* channels by glucose metabolism in
mouse pancreatic S-cells. Nature. 342:550-553.

Valdeolmillos, M., R. M. Santos, D. Contreras, B. Soria, and L. M.
Rosario. 1989. Glucose-induced oscillations of intracellular Ca®* con-
centration resembling bursting electrical activity in single mouse islets
of Langerhans. FEBS Lett. 259:19-23.

Velasco, J. M., J. U. H. Petersen, and O. H. Petersen. 1988. Single-channel
Ba** currents in insulin-secreting cells are activated by glyceraldehyde
stimulation. FEBS Lett. 231:366-370.

Wollheim, C. B, and G. W. G. Sharp. 1981. Regulation of insulin release
by calcium. Physiol. Rev. 54:914-973.

Worley, J. F. III, M. S. McIntyre, B. Spencer, R. J. Mertz, M. W. Roe, and
I. D. Dukes. 1994a. Endoplasmic reticulum calcium store regulates
membrane potential in mouse islet B-cells. J. Biol. Chem. 269:
14359-14362.

Worley, J. F. III, M. S. Mcintyre, B. Spencer, and 1. D. Dukes. 1994b.
Depletion of intracellular Ca®* stores activates a maitototxin-sensitive
nonselective cationic current in B-cells. J. Biol. Chem. 269:
32055-32058.



