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Abstract. The electrical response of pancreaticb-cells
to step increases in glucose concentration is biphasic,
consisting of a prolonged depolarization with action po-
tentials (Phase 1) followed by membrane potential oscil-
lations known as bursts. We have proposed that the
Phase 1 response results from the combined depolarizing
influences of potassium channel closure and an inward,
nonselective cation current (ICRAN) that activates as in-
tracellular calcium stores empty during exposure to basal
glucose (Bertram et al., 1995). The stores refill during
Phase 1, deactivatingICRAN and allowing steady-state
bursting to commence. We support this hypothesis with
additional simulations and experimental results indicat-
ing that Phase 1 duration is sensitive to the filling state of
intracellular calcium stores. First, the duration of the
Phase 1 transient increases with duration of prior expo-
sure to basal (2.8 mM) glucose, reflecting the increased
time required to fill calcium stores that have been emp-
tying for longer periods. Second, Phase 1 duration is
reduced when islets are exposed to elevated K+ to refill
calcium stores in the presence of basal glucose. Third,
when extracellular calcium is removed during the basal
glucose exposure to reduce calcium influx into the stores,
Phase 1 duration increases. Finally, no Phase 1 is ob-
served following hyperpolarization of theb-cell mem-
brane with diazoxide in the continued presence of 11 mM

glucose, a condition in which intracellular calcium stores
remain full. Application of carbachol to empty calcium
stores during basal glucose exposure did not increase
Phase 1 duration as the model predicts. Despite this dis-
crepancy, the good agreement between most of the ex-
perimental results and the model predictions provides

evidence that a calcium release-activated current medi-
ates the Phase 1 electrical response of the pancreatic
b-cell.
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Introduction

b-CELL BIPHASICRESPONSE

Pancreaticb-cells in vivo (Porte & Pupo, 1969) and in
vitro (Curry, Bennett & Grodsky, 1968; Lacy, Walker &
Fink, 1972) respond to step increases in extracellular
glucose concentration with a biphasic pattern of insulin
secretion, consisting of an initial rapid peak of insulin
release (within about 5 min) followed by a more slowly
developing, sustained secretion (Ward et al., 1984; Grod-
sky, 1989). Non-insulin dependent diabetes mellitus
(NIDDM) and several animal models of diabetes are
characterized by loss of the rapid component of the re-
sponse (Phase 1 or acute insulin response) during glu-
cose tolerance tests (Cerasi, 1988). Furthermore, loss of
the acute insulin response serves as a potent predictor for
the development of insulin-dependent diabetes mellitus
(IDDM) (Colman & Eisenbarth, 1987). Therefore, elu-
cidation of the cellular mechanisms underlying the bi-
phasic response of theb-cell to glucose has important
biophysical and clinical implications.

The electrical response of theb-cell to step increases
in glucose concentration is also biphasic (Meissner &
Atwater, 1976), consisting of a prolonged depolarization
(Phase 1) followed by steady-state oscillations known asCorrespondence to:D. Mears

J. Membrane Biol. 155, 47–59 (1997) The Journal of

Membrane
Biology
© Springer-Verlag New York Inc. 1997

Mears et al. 677



bursts (seeFig. 1). Most investigations ofb-cell electri-
cal activity have focused on steady-state bursting. How-
ever, the clear relationship betweenb-cell electrical ac-
tivity and insulin release (Meissner & Schmeltz, 1974;
Scott, Atwater & Rojas, 1981) and the importance of the
biphasic secretory response for maintenance of glucose
homeostasis motivate a more thorough investigation of
the ionic mechanisms underlying the transient phase of
glucose-induced electrical activity. Here we present ex-
perimental and theoretical evidence that a calcium re-
lease-activated current is involved in Phase 1.

CALCIUM RELEASE-ACTIVATED CURRENTS

Depletion of inositol 1,4,5-triphosphate (IP3)-sensitive
calcium stores results in activation of plasma membrane
ion channels in a variety of nonexcitable cell types (re-
viewed in Putney & Bird, 1993; Fasolato, Innocenti &
Pozzan, 1994). The current through these channels is
carried predominantly by calcium (calcium release acti-
vated Ca2+ current,ICRAC), and serves to refill the cal-
cium stores (Hoth & Penner, 1992). A depletion-
activated inward current may also exist in the pancreatic
b-cell. Both muscarinic agonists, which empty calcium
stores by stimulating production of IP3, and thapsigargin,
which empties calcium stores by inhibiting the sarco-
endoplasmic reticulum calcium ATPase (SERCA) re-
sponsible for calcium uptake (Thastrup et al., 1989), de-
polarize theb-cell membrane in the presence of glucose
(Worley et al., 1994a; Bertram et al., 1995). Thapsigar-
gin also stimulates manganese influx in insulin-secreting
cells (Bode & Go¨ke, 19984; Leech, Holtz & Habener,
1994). More direct evidence was provided by Worley
and coworkers (1994a), who showed that depletion of
intracellular calcium stores by removal of extracellular
calcium activates a voltage-independent current in
mouseb-cells. The persistence of the current in the ab-
sence of calcium and the reversal potential between −20
and 0 mV (Worley et al., 1994a,b) indicate that the
depletion-activated current may result from activation of
nonselective cation channels (calcium release activated
nonselective cation current,ICRAN). The nature of the

signal between calcium stores andICRAN channels has
not been determined in theb-cell, but does not affect the
results and conclusions of this study.

ICRAN AND BIPHASIC ELECTRICAL ACTIVITY

Worley and colleagues (1994a) were the first to propose
a role forICRAN in Phase 1, based on voltage-dependent
release of stored calcium at the start of the transient.
Here we support a different mechanism based solely on
filling of intracellular calcium stores, with no major role
ascribed to calcium release during Phase 1. This hypoth-
esis was described in a recent theoretical study in which
ICRAN was included in a mathematical model ofb-cell
electrical activity (Bertram et al., 1995). The model ac-
counted for the effects of muscarinic agonists and thap-
sigargin on glucose-induced electrical activity and intra-
cellular calcium concentration, suggesting a role for
ICRAN in these responses. Furthermore, the model was
the first of its kind to predict a biphasic electrical re-
sponse to glucose. As discussed in detail below, the bi-
phasic response of the model occurs because calcium
stores emptying during exposure to basal glucose, and
the resultingICRAN, while insufficient to affect mem-
brane potential in basal glucose, keeps the membrane
depolarized upon re-addition of stimulatory glucose until
the calcium stores have refilled. In this paper, we pre-
sent additional simulations using the model of Bertram et
al. (1995) as well as supporting experimental evidence
demonstrating that Phase 1 electrical activity is sensitive
to the filling state of intracellular calcium stores. A por-
tion of this work has been presented in abstract form
(Mears et al., 1996).

Materials and Methods

MEMBRANE POTENTIAL RECORDINGS

Membrane potential was recorded fromb-cells within mouse islets of
Langerhans using intracellular microelectrodes as described previously
(Atwater, Ribalet & Rojas, 1978). Briefly, intact islets of Langerhans

Fig. 1. Membrane potential from ab-cell in a mouse islet of Langerhans. The biphasic pattern of electrical activity following addition of 11 mM

glucose (arrow) consists of a prolonged spiking period (Phase 1) followed by steady-state oscillations or bursts.
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were dissected from the pancreas of 2–5 month old female mice and
mounted into a sample chamber where they were perifused with Krebs
solution containing (in mM): 120 NaCl, 25 NaHCO3, 5 KCl, 2.6 CaCl2,
1.1 MgCl2. The solution was equilibrated with 02:CO2 (95%:5%) to
maintain the pH between 7.4 and 7.5 at 37°C. Changes to the medium
were made without adjusting for osmolarity. When calcium was re-
moved from the solution, the MgCl2 concentration was increased to 10
mM to help maintain the impalement.

Microelectrodes were formed from borosilicate capillary glass
having 2 mm external diameter, 0.7 mm internal diameter (FHC,
Brunswick, ME) on a vertical puller (Narashige, Tokyo, Japan). The
electrodes were filled with a 1:1 mixture of 1M KCl and 1M K-citrate
and had resistanceca.150MV. Cells in the islet were impaled using an
amplifier equipped with a positive feedback ‘‘cell puncture circuit,’’
andb-cells were identified based on bursting electrical activity in the
presence of 11 mM glucose.

Phase 1 was defined throughout this study as starting when the
membrane potential reached the depolarized plateau level (∼45 mV in
Fig. 1) and ending when the membrane potential fell to 4 mV below the
plateau. The results and conclusions of the study are unaffected if
different (but consistent) definitions of Phase 1 are used. Significance
levels of the observed differences in Phase 1 duration were determined
using the student’st-test.

MATHEMATICAL MODEL

The mathematical model used to simulateb-cell electrical responses
for conditions corresponding to the experiments is essentially the same
as that employed in Bertram et al. (1995), with minor changes as
indicated below and in the Appendix. The model has a Hodgkin-
Huxley-like formulation, with voltage (V) determined by six ionic cur-
rents: two fast-activating Ca2+ currents, one noninactivating (ICaf) and
the other slowly inactivating (ICas); a delayed rectifying K+ current
(IKdr); a Ca2+-activated K+ current (IK(Ca)); an ATP-regulated K+ cur-
rent (IK(ATP)); and a nonselective Ca2+ release-activated current
(ICRAN). The latter current behaves likeICRAC in Bertram et al. (1995).
Mass balance equations for the concentration of cytosolic free Ca2+

(Cai) and ER free Ca2+ (Caer) are also included, yielding:
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Cm is the membrane capacitance,n is activation ofIKdr, andj is the slow
inactivation ofICas. Expressions for the ionic currents are:

ICaf = gCafmf,`(V)(V − VCa! (6)

ICas= gCasjms,̀ ~V!~V − VCa! (7)

IKdr = gKdrn~V − VK! (8)

IK(Ca) = gK(Ca)
Cai

5

Cai
5 + ~0.55!5

~V − VK! (9)

IK(ATP) = gK(ATP)~V − VK! (10)

ICRAN = gCRANr`~Caer!~V − VCRAN! (11)

The Ca2+ currents as well asIK(Ca) and ICRAN are assumed to
activate instantaneously. Values of all parameters and expressions for
the functionsn`(V), tn(V), j`(V) andtj(V) are given in the Appendix
and figure captions.

Glucose regulation of electrical activity is throughIK(ATP). Ad-
dition of glucose is simulated by reducing the conductancegK(ATP).
In this model, glucose-induced bursting is driven by the slow, voltage-
dependent oscillation of theICas inactivation variable,j. In the pres-
ence of an IP3-generating muscarinic agonist, this is superseded by
high-frequency bursting driven by rapid oscillations in Cai acting
throughIK(Ca). This interaction leads to muscarinic-like bursting only
if the depolarizing currentICRAN is present (Bertram et al., 1995).

The cytosolic and ER calcium concentrations (Eqs. 4 and 5) are
determined by the calcium fluxes across the plasma and ER mem-
branes, based on the analysis of Li and Rinzel (1994). The Ca2+ flux
across the plasma membrane,Jmem, is denoted

Jmem= −a~ICaf + ICas! − nmem,p
Cai

2

Cai
2 + kmem,p

2
(12)

The first term accounts for Ca2+ influx through voltage-gated Ca2+

channels, and the second term, which has been modified from Bertram
et al. (1995), accounts for efflux through plasma membrane pumps.

The Ca2+ flux across the ER membrane has three components:

Jer 4 (Pleak + Pip3O`)(Caer − Cai) − Jer,p (13)

Pleak is the Ca2+ leak permeability out of the ER;Pip3 is the perme-
ability through open IP3-activated channels; andJer,p is the flux into the
ER through SERCA pumps. In the absence of muscarinic agonists,
Pip3 4 0 (seeAppendix). Other parameters in the mass balance Eqs.
(4) and (5) include the ‘‘effective volume’’ of the cytosolic compart-
ment (Vi,eff), defined as the actual volume divided by the ratio of free
to total Ca2+ in this compartment; the time scale parameterl 4 Vi,eff/
Pip3, ands 4 Ver,eff/Vi,eff, the ratio of effective volumes of the cyto-
solic and ER compartments.

All other details of the model can be found in the Appendix and
in Bertram et al. (1995). The model equations were solved numerically
with a Gear method implemented in the software package LSODE.

Results

MODEL EXHIBITS BIPHASIC ELECTRICAL RESPONSE TO

STEP INCREASE INGLUCOSELEVEL

Figure 2 shows the response of the model to simulated
step changes in glucose concentration. In the presence of
high (11 mM) glucose at steady-state, the model produces
bursts of electrical activity and periodic intracellular cal-
cium accumulations (Fig. 2A and B, left side), as ob-
served experimentally (Santos et al., 1991). The ER cal-
cium concentration, and henceICRAN, changed little dur-
ing each burst (Fig. 2C andD). Reduction of glucose
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concentration, simulated as a step increase in the potas-
sium conductancegK(ATP), caused the membrane to hy-
perpolarize and the intracellular calcium level to de-
crease (Fig. 2A andB). The resulting decreased influx of
calcium into the ER caused gradual depletion of calcium
from the store and activation ofICRAN (Fig. 2C andD).
Activation of this depolarizing current had no effect on
membrane potential in nonstimulatory glucose, because
open KATP channels keep the membrane near the potas-
sium reversal potential under these conditions. A subse-
quent addition of glucose, simulated by decreasing
gK(ATP), caused the cell to depolarize and fire action
potentials, resulting in a rapid increase in intracellular
calcium concentration. Since the ER was initially de-
pleted, the depolarizing, excessICRAN kept the cell de-
polarized and spiking for a prolonged period (Phase 1).
Not until the ER refilled enough to almost completely
deactivateICRAN did the steady-state burst pattern ap-

pear. Note that less than 4 pA ofICRAN, on top of the
100 pA of total inward current carried byICaf and ICas,
makes the difference between Phase 1 and steady-state
bursting. This is delicate but comparable to the variation
in IK(ATP) predicted by this and other models to mediate
the transition from bursting to continuous spiking as glu-
cose concentration is increased. Thus the model pro-
poses that the Phase 1 electrical response to a step in-
crease in glucose concentration occurs becauseICRAN
activates during the period in basal glucose, and does not
inactivate until calcium stores have refilled. According
to this hypothesis, the duration of Phase 1 is directly
related to the time required for calcium stores to refill
upon addition of stimulatory glucose. This prediction
forms the basis for the theoretical and experimental re-
sults that follow.

PHASE 1 DURATION VS. GLUCOSEREMOVAL TIME

As shown in Fig. 3, the model predicts that Phase 1
duration increases with the amount of time that the cell is
exposed to basal glucose (withdrawal time). This is be-
cause the ER drains slowly in the absence of stimulatory
glucose (Fig. 2C), so the longer the cell is exposed to low
glucose, the more depleted the store becomes, and more
time is required for it to refill when stimulatory glucose
is reapplied.

Figure 4 shows segments of a continuous membrane
potential recording from ab-cell, illustrating variation in
Phase 1 duration with glucose withdrawal time. Stimu-
latory (11 mM) glucose was applied (arrow in each trace)
after the islet was exposed to basal glucose for the
amount of time indicated at the start of each trace. The
Phase 1 durations following exposure to basal glucose
for 10 min (upper trace) and 20 min (middle trace) were

Fig. 2. Mechanism of biphasic response. Simulation result showing
changes in (A) membrane potential, (B) intracellular calcium, (C) en-
doplasmic reticular calcium, and (D) ICRAN in response to step changes
in glucose concentration. Lowering of glucose concentration was simu-
lated by increasinggK(ATP) from 150 pS to 2000 pS. Return of stimu-
latory glucose was simulated by loweringgK(ATP) to 150 pS. Phase 1
results from activation ofICRAN during the period in basal glucose,
which keeps the membrane depolarized for a prolonged period upon
re-addition of the sugar.

Fig. 3. Simulated Phase 1 duration versus glucose withdrawal time.
The model predicts that Phase 1 duration increases with time of expo-
sure to basal glucose.
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29 and 65 sec, respectively. When stimulatory glucose
was reapplied after thirty min in low glucose (lower
trace), Phase 1 consisted of an initial period of continu-
ous spiking lasting for 100 sec followed by very high
frequency oscillations, similar to those induced by mus-
carinic agonists (Bertram et al., 1995). In control experi-
ments, Phase 1 duration was the same when 11 mM glu-
cose was applied following consecutive 10-min periods
(n 4 6) or 20-min periods (n 4 2) in 2.8 mM glucose
(data not shown). Thus the increased Phase 1 duration
observed in Fig. 4 and similar experiments does not re-
flect a ‘‘priming’’ effect of repeated glucose exposures
(Grill, Adamson & Cerasi, 1978). The latency, defined
as the time from addition of glucose to the beginning of
Phase 1, also increased with time of exposure to basal
glucose.

Similar results were observed in several other ex-
periments, however, most impalements did not last long
enough to make multiple Phase 1 measurements follow-
ing long withdrawal times. Figure 5 is a plot of Phase 1
duration vs. withdrawal time using data from many
b-cells. A prolonged transient could be observed follow-
ing exposure to basal glucose for as little as 40 sec, and
Phase 1 duration increased to about 25 sec following a
reduction in glucose concentration for only 2 min. There
was then little change in Phase 1 duration until the glu-
cose level had been lowered for about 10 min, at which
point the curve rose steeply with time of exposure to
basal glucose. Then mean Phase 1 duration following 2

min in basal glucose was significantly longer than that
observed after 1 min at the lower concentration (P <
0.002). Similarly, the mean Phase 1 duration after 20
min in low glucose was significantly different from that
following 10 (P < 0.0001) and 30 (P < 0.01) min in basal
glucose.

Fig. 4. Effect of duration of exposure to basal glucose on Phase 1 electrical activity. Segments of a continuous recording ofb-cell membrane
potential show Phase 1 induced by 11 mM glucose following exposure to 2.8 mM glucose for 10 min (top), 20 min (middle), and 30 min(bottom).
Twenty-five min elapsed between recording of top and middle traces, and 35 min elapsed between recording of middle and bottom traces.

Fig. 5. Relationship between Phase 1 duration and glucose withdrawal
time. The number of observations is given in parenthesis near each
point. Significance levels:P < 0.002 (2 minvs.1 min),P < 0.0001 (20
min vs.10 min),P < 0.01 (30 minvs.20 min).
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MODULATION OF PHASE 1 DURATION BY MANIPULATING

CALCIUM STOREFILLING

The model predicts that Phase 1 duration can be altered
by manipulating the level of filling of intracellular cal-
cium stores prior to addition of glucose. Fig. 6 shows a
simulation in which a modelb-cell was exposed to 15
mM KCl (simulated by changingVK to −50 mV) during a
20-minute period in basal glucose. The elevated potas-
sium depolarized the membrane (Fig. 6A) and stimulated
calcium influx through voltage-gated calcium channels.
The resulting increase in intracellular calcium level (Fig.
6B) forced the filling of the ER despite the presence of
basal glucose, so the ER calcium concentration was
higher at the end of the 20-min period in basal glucose
than the control simulation (not shown). When glucose
was reapplied (by loweringgK(ATP)), the stores quickly
refilled to their steady-state level, and Phase 1 duration
was only 9 sec (compare to simulation results of Fig. 3,
where Phase 1 duration following 20 min in basal glu-
cose was 40 sec).

Figure 7 shows experimental data corresponding to

the simulation presented in Fig. 6. During an initial ex-
posure to 2.8 mM glucose (20-min duration), the K+ con-
centration in the perifusate was increased to 15 mM for
10 min, fromt 4 6 to t 4 16 min (Fig. 7A, top). As in
Fig. 6A, the elevated K+ induced membrane depolariza-
tion, which facilitates calcium entry (Atwater et al.,
1981) to refill intracellular stores (Nadal, Valdeolmillos
& Soria, 1994). As a control, the same islet was again
exposed to basal glucose for 20 min, with normal (5 mM)
K+ present throughout (7A, lower trace). Figure 7B
shows the Phase 1 electrical activity from Fig. 7A on an
expanded time scale. Phase 1 duration was 38 sec fol-
lowing exposure to 15 mM K+, and 57 sec in the control
case. A similar result was observed in one other experi-
ment in which the impalement lasted long enough to
obtain a test measurement and a control measurement.
A total of 4 cells were exposed to high K+ during a
20-min period in basal glucose. As shown in Fig. 7C, the
mean Phase 1 duration following this treatment (23 ± 10
sec) was significantly shorter (P < 0.005) than that of a
control group exposed to low glucose for 20 min with 5
mM K+ present throughout (51 ± 9 sec,n 4 8).

Figure 8A illustrates an experimental protocol used
to accelerate emptying of calcium stores during exposure
to basal glucose. The glucose concentration was first
lowered to 2.8 mM for 10 min in normal Krebs solution
as a control (upper trace). During a second period in
basal glucose, calcium was removed from the medium
for the final 5 min. This procedure is expected to reduce
the residual calcium influx and thus accelerate emptying
of intracellular stores (Worley et al., 1994a). Figure 8B
shows that Phase 1 duration was longer after exposure to
calcium-free solution (50 sec) compared to the control
(29 sec). Four other cells were exposed to the protocol
illustrated in Fig. 8A. In each case, Phase 1 duration
after calcium had been removed was longer than the
control. The mean Phase 1 duration after exposure to the
calcium-free medium (52 ± 11.5 sec) was significantly
longer (P < 0.001) than the control (34 ± 10 sec), as
shown in Fig. 8C. In two additional experiments, Phase
1 duration did not increase when the Mg2+ concentration
was raised to 10 mM without removal of calcium (data
not shown). This indicates that the increased Phase 1
duration observed in Fig. 8 and similar experiments re-
sults from removal of calcium from the perifusate rather
than addition of magnesium. These results are in agree-
ment with model simulations (not shown).

Phase 1 duration should also increase if calcium
store emptying is accelerated with a muscarinic agonist.
Figure 9 shows the effect of adding carbachol (CCh)
during low glucose exposure. As in Fig. 8, the cell was
first exposed to low glucose for 10 min as a control.
During the second 10-min period in low glucose, 10mM

carbachol was added to the medium (Fig. 9A). The mus-
carinic agonist was expected to accelerate the emptying

Fig. 6. Simulation result: effect of refilling calcium stores on Phase 1.
(A) Membrane Potential, (B) intracellular calcium, (C) endoplasmic
reticulum calcium responses of the model. Glucose removal and addi-
tion were simulated as in Fig. 2. The extracellular K+ concentration was
increased (VK changed from −70 to −50 mV) where indicated. Upon
re-addition of glucose, bursting recovered with a Phase 1 of 9-sec
duration, only 5 sec longer than the active phase of a typical model
burst.
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of calcium stores similarly to low calcium exposure.
However, as illustrated in Fig. 9B, the Phase 1 duration
following CCh application was actually shorter than the
control. Many experiments were done using CCh or ace-
tylcholine (ACh), at concentrations ranging from 1 to
100mM and with various exposure times. In most cases
the Phase 1 duration following exposure to a muscarinic
agonist was the same or slightly shorter than the control.
The nature of this discrepancy with the model prediction
is discussed below.

PHASE 1 FOLLOWING DIAZOXIDE EXPOSURE

Diazoxide (Dz), a sulfonylurea agonist of KATP channels
(Sturgess et al., 1985), hyperpolarizes theb-cell mem-
brane in the presence of 11 mM glucose without deplet-
ing intracellular calcium stores (Gylfe, 1991). Fig. 10
shows that when Dz was removed following an 8-min
exposure, bursting recovered rapidly with no prolonged
Phase 1. Similar results were seen in three other experi-
ments using various Dz levels and exposure times rang-
ing from 2 to 10 min.

Discussion

Although step changes in glucose level do not occur
physiologically, the absence of the acute insulin response

in NIDDM and prior to development of IDDM indicates
that the mechanism underlying Phase 1 is important for
maintenance of glucose homeostasis. Here we focus on
the prediction of a mathematical model (Bertram et al.,
1995) thatICRAN is involved in the biphasic electrical
response to glucose. The key to this response is activa-
tion of ICRAN by ER emptying in basal glucose, and
deactivation ofICRAN by ER filling in stimulatory glu-
cose (Fig. 2). Although ER calcium concentration and
ICRAN have not been measured during glucose-induced
b-cell electrical activity, the demonstration here that
Phase 1 duration is related to the filling state ofb-cell
calcium stores provides strong indirect evidence that
ICRAN mediates the biphasic response. Furthermore, the
broad agreement between the experimental results and
the predictions of the model provides evidence that the
model accurately describesb-cell calcium handling and
the role ofICRAN in b-cell electrical activity. The results
are discussed below in terms of the model predictions,
and alternative mechanisms are considered.

EFFECT OFTIME OF EXPOSURE TOBASAL GLUCOSE ON

PHASE 1 ELECTRICAL ACTIVITY

The mathematical model predicts that the duration of
Phase 1 upon stimulation with 11 mM glucose will in-

Fig. 7. Refilling intracellular calcium stores reduces Phase 1 duration. (A) Protocol used to refill calcium stores in the presence of basal glucose.
The islet was exposed to 2.8 mM glucose for two consecutive 20-min periods. During the first exposure, the K+ concentration in the perifusate was
raised to 15 mM for 10 min to depolarize the cell and stimulate calcium influx (top). The second exposure served as a control (bottom). (B) The
transient electrical activity induced by glucose in the two traces of (A) is shown on an expanded time scale. Phase 1 was shorter following exposure
to 15 mM K+. (C) Mean Phase 1 duration from four cells exposed to 15 mM K+ during a 20-min basal glucose exposure (hatched bar) was shorter
(P < 0.005) than that of 8 cells exposed to low glucose for 20 min in normal potassium (solid bar).
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crease with the duration of the immediately proceeding
exposure to basal glucose (Fig. 3). This occurs because
the calcium stores empty further (Fig. 2C) and take
longer to refill when glucose is reapplied. The idea that
ICRAN can be active in the presence of low glucose with-
out affecting membrane potential (Figs. 2A and E) is
consistent with data showing that high doses of musca-
rinic agonists and thapsigargin have little or no effect on
b-cell membrane potential when applied with substimu-
latory concentrations of the sugar (Worley et al., 1994a;
Bertram et al., 1995; Bordin et al., 1995).

Figures 4 and 5 show experimental data in support
of this model prediction. Interestingly, following very
long exposure to basal glucose, steady-state bursting is
preceded by high frequency oscillations resembling
those induced by muscarinic agonists (Fig. 4, bottom).
We suggest that during the initial long period of continu-
ous spiking (driven byICRAN), intracellular calcium
reached sufficient levels to activate calcium-activated
potassium channels (KCa), causing the rapid, shallow re-
polarizations seen at the end of Phase 1 (Bertram et al.,
1995).

The steep increase in Phase 1 duration following
exposure to basal glucose for 10 min or longer (Fig. 5) is
in accord with the behavior of the model (Fig. 3). The

model, as currently formulated, does not account for the
rise in Phase 1 duration following short (<2 min) expo-
sure to low glucose because there is little activation of
ICRAN during this time (Fig. 2E). The nature of Phase 1
following short reductions in glucose level remains to be
fully characterized, but could result from activation of
ICRAN if there is a component of rapid calcium efflux
from the ER upon removal of glucose, or if theICRAN
activation curve is steeper at high ER calcium levels than
what is postulated in the model. The remainder of the
experiments in this study focused on the Phase 1 ob-
served after relatively long reductions in glucose concen-
trations.

Figure 4 shows that the latency (delay from addition
of glucose to onset of Phase 1) also increases with time
of exposure to basal glucose. This was a consistent ex-
perimental observation when the glucose concentration
was lowered for 5 min or longer. We model glucose
addition as a pure step (KATP conductance decreases in-
stantaneously) to focus on phenomena that can be attrib-
uted solely to filling of the ER, but experimentally there
could be a delay between addition of glucose and reduc-
tion of KATP conductance. The latency is not likely to be
related toICRAN, since activation of this current in basal
glucose should have the opposite effect of increasing

Fig. 8. Phase 1 duration increases following emptying of calcium stores. (A) Protocol used to accelerate emptying of calcium stores in the presence
of basal glucose. The glucose concentration was first lowered for 10 min as a control (top). During a second 10-min period in basal glucose, calcium
was removed from the perifusate for the final 5 min (bottom). (B) The glucose-induced transient electrical activity from the two traces of (A) is
shown on an expanded time scale. Phase 1 was longer following exposure to 0 calcium. (C) In five total experiments, mean Phase 1 duration
following 0 Ca2+ exposure (hatched bar) was longer (P < 0.001) than the control recordings (solid bar).
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excitability. Therefore, further experimentation to deter-
mine the mechanism responsible for the increased la-
tency in Fig. 4 was not undertaken.

EFFECT OFMANIPULATING CALCIUM STORE FILLING ON

PHASE 1 DURATION

The model predicts that Phase 1 duration will be reduced
if the cell is exposed to high potassium during the period
in basal glucose (Fig. 6), because the membrane depo-
larizes and calcium influx refills the stores (Atwater et
al., 1981; Roe et al., 1993; Nadal et al., 1994). Experi-
mentally, raising the K+ concentration to 15 mM during
basal glucose exposure shortened the ensuing Phase 1
(Fig. 7).

One difficulty in interpreting the experimental re-
sults is separating the effect of refilled calcium stores

from that of elevated intracellular calcium, which inhib-
its glucose-induced electrical activity (Atwater, Rosario
& Rojas, 1983; Santos et al., 1992; Rosario et al., 1993;
Bertram et al., 1995). For example, following elevation
of extracellular K+ in the presence of 11 mM glucose, the
b-cell hyperpolarizes and bursts are inhibited transiently
(Dawson, Atwater & Rojas, 1984). This result most
likely reflects an effect of elevated intracellular calcium
on ion channels (Dawson et al., 1984; Rosario et al.,
1993) or metabolism (Keizer & Magnus, 1989). Poten-
tial effects of elevated intracellular calcium were avoided
in these experiments by returning the K+ level to 5 mM
for 4 to 8 min prior to the addition of glucose (Fig. 7A).
Studies with the fluorescent calcium indicator indo-1
have shown that in the presence of 3 mM glucose,b-cell
intracellular calcium recovers to control levels within 1
to 3 min following exposure to 15 mM KCl (Nadal et al.,

Fig. 9. Muscarinic agonists do not prolong Phase 1. (A) Protocol
used to accelerate calcium store emptying in basal glucose with
muscarinic agonists. The first 10-min exposure to 2.8 mM glucose
served as a control (top). During the second period in 2.8 mM

glucose, 10mM carbachol (CCh) was present throughout (bottom).
(B) The transient electrical activity induced by 11 mM glucose in the
two traces of (A) is shown on an expanded time scale. Phase 1
duration was shorter following exposure to the muscarinic agonist.

Fig. 10. Electrical activity following exposure to diazoxide. Stimulatory glucose (11 mM) was present throughout the recording. Left side: 50mM

diazoxide (Dz), added at the arrow, hyperpolarized the cell in the presence of the sugar. Right side: Dz was removed at the arrow, and bursting
recovered without a prolonged Phase 1. Six minutes elapsed between recording of the left and right sides of the figure.
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1994). Furthermore, Dawson et al. (1984) showed that
bursting electrical activity recovers in less than 2 min
following exposure to 50 mM K+ in the presence of 11
mM glucose. Also, we never observed increased latency,
indicating inhibition of electrical activity by elevated
Cai, when extracellular K+ was returned to 5 mM 4 to 8
min prior to increasing the glucose level. Thus intracel-
lular calcium was probably not elevated when glucose
was applied in Fig. 7A, and the reduced Phase 1 duration
following exposure to elevated K+ most likely resulted
from calcium store refilling.

The converse experimental manipulation, accelerat-
ing the rate of calcium store emptying, was accomplished
by removing calcium from the extracellular medium.
This process increases the rate of calcium efflux from the
ER (Roe et al., 1993) with very minor reduction in in-
tracellular calcium (Rojas et al., 1994). Phase 1 duration
following exposure to basal glucose for 10 min was
longer when calcium was removed for the last 5 min as
compared to control recordings (Fig. 8), consistent with
simulations (not shown).

Calcium stores can also be emptied in the absence of
glucose by muscarinic agonists (Rojas et al., 1994).
However, muscarinic agonists did not increase the dura-
tion of Phase 1 (Fig. 9). Three possible explanations for
this discrepancy with the model are: (i) efflux of calcium
from intracellular stores was not accelerated with this
protocol or the stores had refilled by the time electrical
activity commenced; (ii) store depletion was greater but
ICRAN did not activate under these conditions; and (iii)
muscarinic agonists may have inhibitory effects on
b-cell activity in basal glucose that overcome the stimu-
latory effect of activation ofICRAN. As evidence for the
latter, Sa´nchez-Andre´s and Soria (1991) reported that
when 11 mM glucose was applied simultaneously with 1
mM CCh following exposure to 3 mM glucose (time not
specified), the latency was dramatically increased, Phase
1 was abolished, and insulin secretion was temporarily
inhibited. The mechanism underlying this inhibition is
not known, but possibilities include elevated intracellular
calcium, metabolic inhibition, and direct effects of CCh
on ion channels. Inactivation ofICRAN or desensitization
of muscarinic receptors are not likely to be responsible
for the inability of CCh to increase Phase 1 duration,
since the effects of Tg and CCh onb-cell electrical ac-
tivity can be observed for at least 60 min (Bertram et al.,
1995), and short exposures to CCh also did not enhance
Phase 1 duration (data not shown).

The key point is that the failure of CCh to increase
Phase 1 duration does not necessarily invalidate the hy-
pothesis thatICRAN is responsible for this response.
Muscarinic agonists activate complex signaling path-
ways in theb-cell, not all of which are well understood,
especially in basal glucose. Therefore, it is possible that
some metabolic or ionic effect of CCh that is not ac-
counted for in the model is responsible for the discrep-

ancy between the theoretical prediction and the experi-
mental result.

ELECTRICAL ACTIVITY FOLLOWING DIAZOXIDE EXPOSURE

The sulfonylurea diazoxide (Dz) activates KATP channels
and hyperpolarizes theb-cell membrane in the presence
of 11 mM glucose. However, under this condition, unlike
the case in which the glucose concentration is lowered,
intracellular calcium stores remain relatively full (Gylfe,
1991). The most likely explanation for this observation
is that calcium sequestering by the SERCA pump is en-
hanced in the presence of 11 mM glucose (Nadal et al.,
1994; Roe et al., 1994a). Glucose also activates voltage-
independent ion channels (Rojas et al., 1990), which
could carry calcium into the cell to reduce the rate of
store emptying in the presence of diazoxide. In any case,
ICRAN should not activate in the presence of Dz and 11
mM glucose, so according to our hypothesis there should
be no prolonged Phase 1 after Dz is removed. As shown
in Fig. 10, glucose-induced bursting recovered with no
Phase 1 when Dz was removed after 8 min of exposure.
This result supports the hypothesis that calcium stores
must empty (ICRAN must activate) to produce Phase 1.

ALTERNATIVE MECHANISMS FORPHASE 1

The mathematical model reveals that the biphasic elec-
trical response to glucose depends on a negative feed-
back that develops slowly during the initial spiking
phase. For example, any depolarizing current that acti-
vates slowly when the glucose level is lowered and de-
activates slowly when the glucose level is increased
would suffice to produce a biphasic response that be-
haves according to Fig. 3. The experimental results pre-
sented here, showing that Phase 1 duration is sensitive to
the state of filling of intracellular calcium stores, support
the hypothesis that the current mediating the biphasic
response is indeed a calcium release-activated current.

Currents activated directly by intracellular calcium
are unlikely to mediate Phase 1. Intracellular calcium
rises quickly to a plateau at the start of Phase 1 (Roe et
al., 1993; Santos et al., 1991), so hyperpolarizing effects
of calcium accumulation are unlikely to be involved in
termination of the transient. Intracellular acidification
and alkalinization induceb-cell depolarization and hy-
perpolarization, respectively (Pace, Tarvin & Smith,
1983), probably by affecting the open probability of
KATP channels (Misler, Gillis & Tabcharani, 1989).
Thus, early reports that glucose induces an initial acidi-
fication followed by progressive alkalinization of the
b-cell (Lynch et al., 1989) suggest a role of pHi in Phase
1. However, elevated KCl has been shown to reduce pHi

(Deelers, Lebrun & Malaisse, 1985), so if pHi were re-
sponsible for Phase 1, we would expect a prolongation of
the transient by prior exposure to KCl, rather than the
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shortening shown in Fig. 6. Furthermore, Salgado et al.
(1996) recently reported that pHi in single b-cells de-
creases following the glucose-induced increase in intra-
cellular calcium, arguing against a role for alkalinization
in termination of Phase 1. Finally, while glucose-
induced second messengers such as protein kinase C may
affect the magnitude of the secretory response during
each phase (Taguchi et al., 1995), it is doubtful that the
production of such a metabolic signal would be affected
by the experimental manipulations performed in this
study.

We have also considered the possibility that alter-
native calcium handling dynamics underlie the role of
ICRAN in Phase 1. In particular, recent evidence for de-
polarization-dependent calcium release inb-cells (Roe et
al., 1993) and insulin secreting cell lines (Gromada,
Frøkjær-Jensen & Dissing, 1996) has led to the sugges-
tion thatICRAN participates in Phase 1 by activating rap-
idly at the beginning of the transient rather than during
the basal glucose exposure as we suggest. While appro-
priately-timed transients in IP3 production or calcium
release upon increasing the glucose concentration could
activateICRAN to produce Phase 1, the results with diaz-
oxide argue against a major role for voltage-dependent
calcium release in Phase 1. Since calcium stores remain
full in the presence of diazoxide and glucose, the depo-
larization following removal of the drug would stimulate
calcium release, resulting in activation ofICRAN and a
prolonged Phase 1.

ALTERNATIVE ROLES FORICRAN

In the model described in this paper, glucose-induced
bursting is driven by slow inactivation of voltage-gated
calcium channels. Although there is no definitive proof
that this is the process underlying bursting, there is no
reason to believe that models incorporating different
burst mechanisms but similar calcium handling dynam-
ics to those described here would not produce the same
biphasic behavior whenICRAN is incorporated.

Recent models have begun to explore the possibility
that oscillations in calcium release-activated current
could drive bursting electrical activity in neurons and
pancreaticb-cells (Chay, 1996; L. Xu and C.L. Stokes,
1996,submitted). In our model, in contrast,ICRAN does
not change enough on the time scale of the burst to
control steady-state oscillations in electrical activity-
. ICRAN can, however, act as a depolarizing background
current that affects the threshold glucose concentration
for bursting as well as the burst frequency and plateau
fraction. The model of Xu and Stokes accounts for the
electrical effects of cAMP-elevating agents (based on the
hypothesis that cAMP activates ryanodine receptors to
stimulate calcium release), and the slow depolarization
induced by thapsigargin. The Chay model captures some
aspects of the Cai time course that our model does not,

and can produce a wider range of burst frequencies. It
remains to be seen whether these models can account for
the full range of ER-dependent phenomena, including the
muscarinic response in 11 mM glucose (Bertram et al.,
1995) and the biphasic transients studied here. In addi-
tion to the latter, our model accounts for several other
experimental observations (not shown). First, when the
glucose concentration is suddenly lowered from one
stimulatory concentration to another, a long silent phase
often precedes the resumption of bursting electrical ac-
tivity (Beigelman, Ribalet & Atwater, 1977; Cook, 1984;
Henquin, 1992). In our model this ‘‘reverse’’ Phase 1
occurs when glucose is lowered to a level at which the
KATP current is sufficient to bring the membrane just
below the threshold for spike activity. The long silent
period reflects the time required for the ER to partially
empty (owing to reduced calcium influx) and activate
ICRAN to bring the membrane back to the threshold for
bursting. Also, when exposed to a slow ramp increase in
glucose concentration,b-cell electrical activity (Beigel-
man et al., 1977) and secretion (Grodsky, 1972) occur
without Phase 1. The model behaves similarly because
the ER progressively fills as the membrane gradually
depolarizes, andICRAN is largely deactivated by the time
electrical activity begins. Finally,b-cells in islets from
db/db mice often spike continuously at stimulatory glu-
cose concentrations rather than bursting (Meissner &
Schmidt, 1976). Based on the observation thatb-cells in
db/db mouse islets do not express SERCA pumps (Roe et
al., 1994b), we interpret this monophasic behavior as a
Phase 1 that never terminates because calcium stores
cannot refill. The same behavior is observed in normal
mouseb-cells that have been treated with thapsigargin to
prevent calcium uptake into the ER (Worley et al.,
1994b).

In summary, we have provided experimental and
theoretical evidence thatICRAN mediates the biphasic re-
sponse of mouse isletb-cells to glucose. With the ex-
ception of results with muscarinic agonists, the excellent
agreement between the majority of the experimental data
and predictions of the mathematical model provides evi-
dence that the model accurately describes the role of
ICRAN in b-cell electrophysiology.
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Appendix

The principle difference between the version of the model used in this
paper and that employed in Bertram et al. (1995) is the choice of
parameter values associated with the ER compartment. Recent data
indicates that the concentration of free calcium in the ER is signifi-
cantly greater than that computed with the earlier version of the model
(Hofer & Machen, 1993; Tse, Tse & Hille, 1994). We have therefore
decreased the leak permeability of the ER, which has the desired effect
of raising Caer. The ICRAN activation function has also been modified
so that the half-activation level is now 40mM rather than 3mM. Other
changes in the model include a reduction in the effective volume of the
ER (reflected in a smaller value ofs), and the replacement of a linear
plasma membrane pump with a nonlinear term.

Steady-state activation/inactivation functions have the formz̀ 4

1/(1 + exp[(vz− V)/sz]): vmf4 −20, smf4 7.5, vms4 −16, sms4
10,vj 4 −53,sj4 −2,vn4 −15,sn4 6 (mV). TheICRAN activation
function is r` 4 1/(1 + exp[(Caer − 40)/3]), such that the current
activates when Caer is low, with a half-saturation level of 40mM. Time
constants for activation ofIKdr and inactivation ofICasaretn 4 4.86/(1
+ exp[(V + 15)/6]) andtj 4 (5 × 104/exp[(V + 53)/4] + (exp[− (V +
53)/4]) + 1.5 × 103 (msec).

The fraction of open IP3-activated Ca2+ channels is Ò 4

à3b`
3h`

3, correcting an error in the expression given in Bertram et al.
(1995). The steady-state activation/inactivation functions for this
channel area` 4 Cai/(Cai + 0.35),b` 4 IP3/(IP3 + 0.2), andh` 4

0.4/(Cai + 0.4). In the absence of a muscarinic agonist,IP3 4 0, so Ò
4 0.

SERCA pump flux is expressed as a Hill function,Jer,p/Pip3 4

ver,p Cai
2/(Cai

2 + k2er,p).
The values of parameters used in the model are given in the

Table. The equations and parameters can also be obtained on the
World Wide Web at: http://mrb.niddk.nih.gov/sherman

Table. Parameter values of the mathematical model

Parameter Value Parameter Value

gCas 510 pS gCaf 810 pS
gK(ATP) 150 pS gKdr 3900 pS
gK(Ca) 1200 pS gCRAN 75 pS
VCa 100 mV VK −70 mV
VCRAN 0 mV Cm 6158 fF
vmem,p/Vi,eff 8 × 10−4 mM msec−1 kmem,p 0.35mM

ver,p 0.24mM ker,p 0.09mM

a/Vi,eff 3.6 × 10−8 fA−1 mM msec−1 Vi,eff 7.19 × 106 mM3

Pleak/Pip3 3 × 10−3 s 1
l 250 msec IP3 0mM
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