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Insulin secretion in normal B-cells is pulsatile, a con-
sequence of oscillations in the cell membrane potential
(MP) and cytosolic calcium activity ([Ca®*].). We simul-
taneously monitored glucose-induced changes in [Ca*'],
and in the mitochondrial membrane potential AW, as a
measure for ATP generation. Increasing the glucose con-
centration from 0.5 to 15 mM led to the well-known hy-
perpolarization of AW and ATP-dependent lowering of
[Ca®*].. However, as soon as [Ca®*]. rose due to the open-
ing of voltage-dependent Ca** channels, AW depolarized
and thereafter oscillations in [Ca®"]. were parallel to
oscillations in AW. A depolarization or oscillations of AW
cannot be evoked by a substimulatory glucose concen-
tration, but Ca®" influx provoked by 30 mM KCI was
followed by a depolarization of AW. The following feed-
back loop is suggested: Glucose metabolism via mito-
chondrial ATP production and closure of K3, channels
induces an increase in [Ca®*].. The rise in [Ca**]. in turn
decreases ATP synthesis by depolarizing AW, thus tran-
siently terminating Ca*" influx. © 2000 Academic Press

Oscillations in cell membrane potential (MP) and
cytosolic Ca*" activity ([Ca*‘].) of pancreatic B-cells are
a prerequisite for normal pulsatile insulin secretion (1,
2). Accordingly, B-cell oscillatory activity is impaired in
diabetes mellitus (3—6). It has been known for many
years that mitochondria are an important link in the
stimulus-secretion coupling of B-cells. Glucose metab-
olism involves mitochondrial ATP production (7, 8).
The rise in cytosolic ATP concentration ([ATP].) causes
closure of ATP-sensitive K™ (Karp) channels, depolar-
ization of the cell membrane and opening of voltage-
dependent Ca* channels (9, 10) with bursts of action
potentials (11). To date it is unclear whether or to what
extend mitochondria are involved in the generation of
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B-cell oscillations. The important question in this con-
text is whether a feedback of the glucose signaling
cascade to the mitochondria exists. Since glucose in-
creases not only [Ca®']., but also intramitochondrial
Ca*" activity ([Ca*'],.) (12, 13), there is indeed evidence
for the involvement of [Ca®'], in B-cell stimulus—
secretion coupling.

It has been shown for hepatocytes that an increase in
[Ca*]. activates dehydrogenases, which, however,
only resulted in a transient increase in NAD(P)H (14).
Also for B-cells an increase in dehydrogenases (15) and
in NAD(P)H as a response to a glucose-evoked eleva-
tion in [Ca®'], and [Ca®'],, has been demonstrated (12).
In a limited number of a subpopulation of B-cells it was
even found that NAD(P)H fluorescence oscillated upon
glucose stimulation and that it also increased in re-
sponse to a KCI induced increase in [Ca®], (16). How-
ever, such effects were not observed by others (17) and
the mechanism leading to the NAD(P)H oscillations
remained unclear (16).

Oscillations in oxygen consumption, [Ca*']. and in-
sulin secretion coexist in rat pancreatic islets (18) and
it could be demonstrated that oscillations in [Ca®‘]. are
promoted by oscillations in K, channel activity (19).
Furthermore, it was found that changes in [ATP]. and
in K.7p current seem to be parallel (20). In addition, it
has been shown that a rise in [Ca®"]. diminishes the
ATP/ADP ratio not only in hepatocytes (14) but also in
mouse islets (21). Therefore, the initiation of interburst
phases may be due to an activation of the K 7, current
by a reduction in [ATP],, but the origin of the ATP/ADP
oscillations, thought to be responsible for the glucose-
induced oscillations, is still unclear (21).

The aim of the present study was to investigate
whether [Ca*']. and the mitochondrial membrane po-
tential AW, taken as a measure for relevant oxidative
ATP production, influence each other. In addition, we
wanted to elucidate how this possible interaction be-
tween [Ca®'], and AW could trigger oscillations. Parts
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of this study have been published earlier in abstract
form (22).

MATERIALS AND METHODS

The experiments were performed with islet cells of fed female
NMRI mice (25-30 g), killed by cervical dislocation. lIslets were
isolated by collagenase digestion of the pancreas. Single cells or
clusters of cells were dispersed in Ca®"-free medium and cultured up
to 4 days in RPMI 1640 medium. Intracellular Ca*" activity ([Ca®'].)
was measured with fura-2 (23), and AW with rhodamine 123 (Rh123)
(24). Cells were loaded with fura-2/AM (5 uM) for 30 min and/or with
Rh123 (10 pg/ml) for 10 min at 37°C. Bath solution was composed of
(mM) 140 NacCl, 5 KCI, 1.2 MgCl,, 2.5 CacCl,, 0.5 glucose, 10 Hepes,
pH 7.4, adjusted with NaOH. In the bath solution with 30 mM KClI,
K™ was substituted at the expense of Na*. Fluorescence was mea-
sured on an Axiovert 100 microscope (Zeiss, Stuttgart, FRG) with
equipment and software delivered by TILL photonics (Planegg,
FRG). Excitation light wavelength was adjusted by means of a dif-
fractive grating and then directed through the objective
(PlanNeofluar40x, Zeiss) by means of a glass fibre light guide and a
dichroic mirror. The emitted light was filtered (LP 515 nm) and
measured by a CCD camera. Intracellular fura-2 was excited with
light of 340, 360, or 380 nm wavelength. The ratio of the emitted light
intensity at 340 nm/380 nm excitation wavelength was used to cal-
culate [Ca**], according to an in vitro calibration with fura-2 salt.
Rh123 fluorescence was excited at 480 nm. An increase of Rh123
fluorescence corresponds to a decrease in AW. NAD(P)H autofluores-
cence was detected at 360 nm excitation wavelength in unloaded
cells. Traces were corrected for the light-induced loss in NAD(P)H
autofluorescence. Measurements are illustrated by recordings that
are representative of the indicated number of experiments per-
formed with different cells. Cells of at least three different cell
preparations have been used for each series of experiments. Means =+
SEM are given in the text for the indicated number of experiments.
The statistical significance of differences between means was as-
sessed by Student’s t test for paired values when two samples were
compared. Multiple comparisons were made by ANOVA followed by
Student-Newman-Keuls test. P = 0.05 was considered as signifi-
cantly different.

Fura-2/AM and rhodamine 123 were obtained from Molecular
Probes (Eugene, Oregon), and fura-salt, FCCP, and NaN; from
Sigma (Deisenhofen, FRG). All other chemicals were purchased from
Merck (Darmstadt, FRG) in the purest form available.

RESULTS

Glucose-Induced Changes in [Ca®'], and AW of Mouse
Pancreatic B-Cells

Figure 1 shows the effect of a low and a high glucose
concentration (0.5 and 15 mM) on [Ca*']. (solid line)
and AW (dotted line) recorded simultaneously with
fura-2 and rhodamine 123 in a small cluster of B-cells.
Identical results were achieved in series of control ex-
periments in which the cells were loaded with one dye
only. The registration of [Ca’"], showed the typical
behavior (25). The increase in the glucose concentra-
tion first resulted in a small decrease in [Ca®"], from
71 £ 5nM to 48 = 3 nM (n = 16) owing to the
activation of storage-linked Ca®* pumps by the aug-
mented ATP production (25). After sufficient time for
depolarization of the cell membrane and opening of
Ca®" channels, [Ca®'], drastically increased up to

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

0.5G 0.5G
400 15G
! ww " | 3400
300 ’
rd
s i
£ '
= 4
o
1]
122
100 L 2600
o L 2600
55~ —————7— 2610
t(s) 400 404
FIG. 1. Effectof0.5and 15 mM glucose on [Ca*‘]. (solid line) and

AW (dotted line). Solutions with different glucose concentrations
were present for the time indicated by the horizontal bars. Cells were
loaded with fura-2/AM and Rh123. Changes in [Ca®*']. and A¥ were
recorded simultaneously. An increase in Rh123 fluorescence corre-
sponds to a depolarization of AW. The inset shows scaled signals for
Rh123 fluorescence and [Ca®], at a higher time resolution for the
period indicated by the rectangle. The experiment is representative
of 16 with similar results.

355 = 20 nM for a longer first period (presumably
reflecting the first phase in insulin secretion) and then
started to oscillate (n = 16). The same manoeuvre, i.e.,
the rise in glucose concentration, initially led to a hy-
perpolarization of AW as indicated by the decrease in
rhodamine 123 fluorescence by 647 = 49 arbitrary
units (a.u.) (n = 21). This reflected the increased
activity of mitochondrial respiratory chains and the
rise in ATP production (24). The important new obser-
vation is that every rise in [Ca®'], is followed by a
depolarization of AW. The first rise in [Ca*']. immedi-
ately depolarized AW by 192 = 15 a.u. (n = 21) and
subsequently oscillations in AW paralleled those of the
Ca®" signal. The effect of glucose was reversible. The
inset shows that the onset of the increase in [Ca*‘],
was several seconds (data points sampled in 1-s inter-
vals) before AW depolarized indicating that the latter is
a consequence of the former. The crucial point for this
conclusion is the difference in the onset of the two
signals. The kinetics of fluorescence changes of both
dyes may be very different, though.

The Increase in [Ca®']. and Not in Glucose
Concentration Depolarized AW

Figure 2 shows that the depolarization of AWV was
indeed brought about by an increase in [Ca®'], and not
by oscillations in the metabolism of glucose. First, a
nonstimulatory glucose concentration (5 mM) hyperpo-
larized AV by 463 *= 59 a.u. (n = 4), but without the
occurrence of oscillations or an increase in [Ca®'].. To-
gether with the initial small drop in [Ca®'], (-12 + 3
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FIG. 2. Changes in [Ca®]. and AW due to depolarization of the
B-cell membrane by a high extracellular K™ concentration. Glucose
concentration was increased from 0.5 to 5 mM, as indicated by the
horizontal bars. To provoke Ca*" influx, the B-cells were depolarized
by 30 mM K*. The inset shows scaled signals for Rh123 fluorescence
and [Ca®*], at a higher time resolution for the period indicated by the
rectangle. The experiment is representative of 4 with similar results.

nM; n = 3; see above and (25)) this indicates that the
intracellular ATP concentration rised, but obviously
not enough to close so many K, channels that the
cells depolarized beyond the threshold potential at
which voltage-dependent Ca®" channels open. How-
ever, when this was provoked by further depolarizing
the B-cells with KCI (30 mM), [Ca*']. immediately
increased up to 367 = 16 nM (n = 3) and A¥ was
depolarized by 230 = 45 a.u. (n = 4). Again the inset
shows that the rise in [Ca*‘], started seconds before
the rise in rhodamine 123 fluorescence. The effect of
KCI was reversible as expected.

From these experiments one important question
arose: Is the observed mean depolarization of 192 *+
15 a.u. sufficient to bring ATP production to a level low
enough to interrupt B-cell activity? As mentioned
above, the hyperpolarization of AV was 463 *= 59 a.u.
for a subthreshold glucose concentration (5 mM) and
647 * 49 a.u. for a suprathreshold glucose concentra-
tion (15 mM). Thus, one may deduce that, as 184 a.u. of
hyperpolarization of AW seem to be sufficient to induce
B-cell activity, a depolarization of 192 a.u. should be
able to do the opposite.

Changes in NAD(P)H Fluorescence Can Be
Independent of ATP Synthesis

Figure 3 shows a measurement of AW in the upper
trace and of NAD(P)H fluorescence in the lower trace.
Increasing the glucose concentration from 0.5 to 15
mM led to a rise in glucose metabolism as indicated by
the increase in NAD(P)H fluorescence by 9 = 1 a.u.
(n = 6). Correspondingly, AW hyperpolarized by 648 +
124 a.u. in this series of experiments (n = 3), indicat-
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ing the rise in ATP production. After sufficient time for
depolarization of the cell membrane and the increase
in [Ca®"],, A¥ was partly depolarized by 187 = 8 a.u.
(n = 3) denoting the partial drop in ATP synthesis (see
also above). Approximately at the point of time at
which a rise in [Ca®'],, is expected (12, 13), in some
experiments slight increases in NAD(P)H fluorescence
appeared, but this was not consistently observed. The
mitochondrial inhibitors NaN; (5 mM) and FCCP (1
M) both clearly and reversibly depolarized AW by
1581 *+ 38 a.u. (n = 6) and 1487 = 214 a.u. (n = 3),
respectively, indicating the energy depletion of the
cells. However, NaN; increased NAD(P)H fluorescence
by 20 £ 4 a.u. (n = 6), but FCCP led to a drop in
NAD(P)H fluorescence by 8 = 1 a.u. (n = 6). Appar-
ently, the block of respiratory chains by the inhibition
of cytochrome a; diminished the consumption of reduc-
tion equivalents (17). By contrast, short circuiting the
H* gradient across the inner mitochondrial membrane
with the mitochondrial uncoupler lowers NAD(P)H,
presumably because of the stimulation of respiratory
chain activity (26). Thus, it appears that a change in
NAD(P)H is not appropriate to predict a corresponding
change in ATP production in mitochondria.

DISCUSSION

Stimulus—secretion coupling in intact pancreatic
B-cells proceeds with oscillations in ion currents, the
cell membrane potential (MP), and [Ca®'], to ensure
pulsatile insulin secretion even at stable glucose con-
centrations, and obviously, these oscillations are nec-
essary for normally functioning cells (see (27) for a
review).
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FIG. 3. Effects of NaN; (5 mM) and FCCP (1 uM) on glucose-
induced changes in AW (upper panel) and NAD(P)H autofluorescence
(360 nm) (lower panel). The records are representative of 3 to 6
experiments for the individual manoeuvres for Rh123 fluorescence
and of 6 experiments for NAD(P)H fluorescence, respectively.
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In the present study we show for the first time in
B-cells that a glucose-induced rise in [Ca®'], partly
depolarized AV, and that the subsequent oscillations in
[Ca*]. were also followed by oscillations in AW. Thus,
our data support previous views of the mechanism
underlying these oscillations (18, 19, 21) and provide
new aspects which led us to propose the following feed-
back mechanism: Glucose metabolism increases
NAD(P)H (Fig. 3) and activates mitochondrial respira-
tory chains. This hyperpolarizes the mitochondrial
membrane potential AV (Figs. 1-3), leading to an in-
creased ATP production. Via closure of K channels,
subsequent depolarization of the cell membrane, and
opening of voltage-dependent Ca®" channels, the rise in
[ATP], brings about an increase in [Ca*‘].. This in turn
partly depolarizes AWV (Fig. 1), leading to a reduction in
ATP synthesis and thus to an opening of K ;» channels,
repolarization of the cell membrane, and inhibition of
Ca®" influx. Ca*" is sequestered into intracellular
stores or to the extracellular space, AV repolarizes, and
a new loop may start.

Recently, a similar negative feedback loop between
[Ca*']. and the ATP/ADP ratio has been proposed (21).
In contrast to the present study, Detimary and co-
workers (21) did not measure parameters showing dy-
namic fluctuations of the metabolism or other related
signals, e.g., A¥. They suggested that the Ca*"-induced
fall in the ATP/ADP ratio observed in their experi-
ments was caused by an increased ATP consumption
rather than by a decreased ATP production. However,
in the same report it is shown that one of the most
energy consuming processes under these conditions,
namely, the insulin secretion, is not responsible for a
drop in ATP that would reduce Ca*" influx (21).

It is commonly accepted that an increase in [Ca®’],
leads to an increase in [Ca*'],.. Furthermore, it has
been put forward that a rise in [Ca®'], in turn in-
creases the activity of mitochondrial dehydrogenases
and as a consequence leads to a rise in NAD(P)H and in
ATP synthesis (see (12, 26) for reviews). However, it
has been demonstrated for isolated mitochondria from
B-cells of ob/ob mice that ATP production is Ca*'-
dependent, but a primary activation at low [Ca*'],, is
followed by an inhibition at a high [Ca®']., (28, 29).
Nevertheless, the immediate consequence of mitochon-
drial Ca®" uptake is mitochondrial depolarization
(Figs. 1 and 2 (26)). The reason for this may be either
that Ca®" influx into mitochondria occurs via the elec-
trogenic Ca®" uniporter (30, 26) or that an increase in
[Ca*]., may lead to the opening of the low-conductance
state of the permeability transition pore (PTP) (31) of
the mitochondria, a large unspecific ion channel (32—
34). In any case, a depolarization of AV would reduce
the electromotive force for H* and thus for ATP syn-
thesis (26). Therefore, the current view in many work-
ing groups that an increase in NAD(P)H, via activation
of respiratory chains, unquestionably leads to ATP pro-
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duction should be reconsidered: A rise in [Ca*‘], is a
start signal for cell activity in many cells, especially
excitable cells. If this, via an increase in [Ca*'],,, would
promote metabolism and thus ATP synthesis, some
cells would indeed profit from this, because it would
meet their increased energy demand, e.g., cardiac myo-
cytes (35). However, this would not make sense for the
B-cell. When B-cell activity starts with rising extracel-
lular glucose concentrations, the fuel input and as a
consequence [ATP]. is already very high. Therefore,
B-cells can even easily use ATP as a link in stimulus-
secretion coupling. Thus, a mechanism by which an
increase in [Ca*’], and thereby in [Ca®'],, would en-
hance ATP production would represent a positive feed-
back loop for the B-cell, because a rise in ATP would
promote further Ca*" influx. Such a positive feedback
loop, however, cannot explain the occurrence of Ca**
oscillations. Furthermore, it has been shown for B-cells
(21) as well as for hepatocytes (14) that [ATP]. de-
creases with a rise in [Ca®'].. For hepatocytes this was
even found despite a sustained increase in the activity
of dehydrogenases and a rise in NAD(P)H (14). In
addition, increases in NAD(P)H or in respiratory chain
activity are not necessarily coupled to ATP synthesis.
Figure 3 shows that NAD(P)H increased even when
respiratory chains and thereby ATP synthesis were
blocked by NaNj; [see also 17], and that it decreased
when the H" gradient across the inner mitochondrial
membrane was short circuited by FCCP [see also 26].
Thus, the periodic depolarizations in AW brought about
by oscillations in [Ca*'], (Fig. 1) may indeed denote
oscillations in ATP production without obvious
changes in NAD(P)H fluorescence (Fig. 3) (17). Never-
theless, the oscillations in NAD(P)H observed by
Pralong et al. (16) may mirror periodic decreases in
ATP synthesis instead of periodic increases.

It has been proposed before that oscillations in B-cell
activity may be coupled to oscillations in metabolism
(19, 20). However, Grapengiesser et al. (36) showed
that B-cells exhibited oscillations elicited by tolbut-
amide in the absence of glucose. By contrast, it has
been shown by Henquin (37) that B-cells need a mini-
mum of fuel to respond properly even to sulfonylureas.
In this context one should keep in mind that mitochon-
dria also possess K channels (38) and that the AW of
B-cell mitochondria is sensitive to diazoxide and sulfo-
nylureas (39, 40).

In conclusion, we show here that the mitochondrial
membrane potential may be involved in a feedback loop
which ensures oscillations of the MP, [Ca*'], and prob-
ably insulin secretion. These oscillations are thought to
be essential for B-cells to function properly.
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