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Summary. A rise in the extracellular concentration of glucose
from an intermediate to a high value changes the burst pattern
of electrical activity of the pancreatic B-cell into a continuous
firing, and yet activates the B-cell Ca® " -sensitive K* permeabil-
ity. The hypothesis that glucose exerts such effects by inhibiting
the Na*, K *-ATPase was investigated. Ouabain (1 mM) mim-
icked the effect of 16.7 mm glucose in stimulating 8Rb, *°Ca
outflow and insulin release from perifused rat pancreatic islets
first exposed to 8.3 mM glucose. The stimulation by ouabain
of 8 Rb outflow was reduced in the absence of extracellular
Ca?" and almost completely abolished in the presence of qui-
nine, and inhibitor of the Ca®*-sensitive K™ permeability. In
the presence of ouabain, a rise in the glucose concentration
from 8.3 to 16.7 mm failed to stimulate °Rb outflow. However,
the rise in the glucose concentration failed to inhibit #*Rb influx
in islet cells, while ouabain dramatically reduced ®6Rb influx
whether in the presence of 8.3 or 16.7 mM glucose. These find-
ings do not suggest that inhibition of the B-cell Na*,K*-
ATPase represents the mechanism by which glucose in high
concentration stimulates **Rb outflow and induces continuous
electrical activity in the B-cell.
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Introduction

Changes in K* permeability play a major role in
the mechanisms by which glucose stimulates elec-
trical activity in the pancreatic B-cell [27]. Indeed,
glucose is thought to depolarize the B-cell plasma
membrane by reducing K* conductance leading
to the gating of voltage-sensitive Ca*?* channels
and subsequent stimulation of insulin release [6,
8, 12, 19, 31, 36]. Furthermore, it has been pro-
posed that high concentration of glucose, may
enhance electrical activity and insulin release by
preventing the activation by intracellular Ca?™ of
a Ca?”-sensitive modality of K* extrusion [13,
29]. In the presence of an intermediate concentra-
tion of glucose (8.3 to 11.1 mMm), the electrical activ-
ity displays an oscillatory pattern consisting in the
regular alternation of depolarization phases with
bursts of spikes and silent repolarized periods [10].
The activation of a Ca®*-sensitive modality of K*

transport may participate in the repolarization
phase at the end of each burst of spikes [2-4, 13,
15, 33]. However, the view that glucose, in high
concentration, may induce continuous electrical
activity by inhibiting this Ca?*-sensitive modality
of K* extrusion is difficult to reconcile with recent
observations which rather suggest that, as a result
of its stimulatory effect upon Ca?* inflow into
the B-cell, glucose stimulates the Ca**-activated
K * permeability. Thus, a rise in the glucose con-
centration from an intermediate to a high value
stimulates rather than inhibits the efflux of *°Rb
(used as a tracer for K*) from perifused islets [9].
Such a stimulation is sustained [24] and reflects
the activation of a Ca*”*-sensitive modality of K*
transport, it being suppressed in the absence of
extracellular Ca?™* [9, 28], inhibited by a low con-
centration of quinine [23] and unaffected by tetra-
ethylammonium [23]. Moreover, in islets stimu-
lated either by step-wise increases in glucose con-
centration from intermediate to higher values or
by the hypoglycemic sulfonylurea tolbutamide (in
the presence of 8.3 mm glucose), there is a close
correlation between stimulated Ca?* inflow and
86Rb outflow [24]. Last, when the islets are exam-
ined under close-to-steady conditions, the frac-
tional outflow rate of 3°Rb correlates positively
with the glucose concentration in the 8.3 to
27.8 mM range [24].

The aim of the present study was to examine
whether an inhibition by glucose of Na* K*-
ATPase participates in the increase in %°Rb
outflow seen when the concentration of the sugar
is raised from an intermediate to a high value and
to investigate whether such an inhibition may
account for the effect of glucose in high concentra-
tion to suppress the repolarization phenomenon
at the end of each burst of spikes. The B-cell has
been shown to be equipped with a ouabain-sensi-
tive Na®,K*-ATPase [20, 35, 37). It was postu-
lated that activation of such a pump participates
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in the repolarization at the end of each burst [31],
so that the continuous firing seen at high glucose
concentrations would imply that glucose somehow
prevents the activation of the Na* , K "-ATPase.

Materials and Methods

All experiments were performed with islets isolated by the colla-
genase technique [21] from the pancreas of fed albino rats.

The media used for incubating, washing or perifusing the
islets consisted of a Krebs-Ringer’s bicarbonate-buffered solu-
tion having the following composition (in mm): NaCl 115, KCl
5, CaCl,, 1, MgCl, 1, NaHCO, 24. The media were supple-
mented with 0.5% (wt/vol) dialyzed albumin (Fraction V;
Sigma Chemical Company, St Louis, Mo.) and equilibrated
against a mixture of O, (95%) and CO, (5%). Some media
contained no CaCl, and were enriched with 0.5 mm ethylene
glycol bis-(f-aminocthylether)-N,N'-tetra-acetic acid (EGTA).
The media also contained glucose, quinine and ouabain (Sigma
Chemical Company), when required.

The method used for the measurement of ®6Rb efflux, “>Ca
efflux and insulin release from perifused islets has been de-
scribed elsewhere [18, 22]. Briefly, groups of 100 islets each
were incubated for 60 min in the presence of 16.7 mm glucose
and either 2*Rb (0.3 to 0.5 mMm; 100 pCijml) or *>Ca (1.12 mm;
200 pCi/ml). After incubation, the islets were washed 3 times
and then placed in a perifusion chamber. The perifusate was
delivered at a constant rate (1.0 ml/min). From the 31st to the
90th min, the effluent was collected continuously over succes-
sive periods of 1 min each. An aliquot of the effluent (0.4 ml)
was used for scintillation counting while the remainder was
stored at — 20 °C for insulin assay. At the end of the perifusion,
the radioactive content of the islets was also determined. The
efflux of ®*Rb and *°Ca (cpm per min) was expressed as a
fractional outflow rate (% of instantaneous islet content per
min: F.O.R., see ref. [18]). The validity of ®Rb as a tracer
for the study of K* handling in the islets has been assessed
elsewhere [26].

For the measurement of 3°Rb uptake, groups of 10 islets
each derived from the same batch of islets were placed in poly-
thene microcentrifuge tubes and preincubated for 30 min at
37°C in 0.05 ml of a nonradioactive medium placed on the
top of a layer of oil (Versilube F50, General Electric, Water-
ford, New York). The islets were then incubated for a further
5min in 0.1 ml of the same medium containing in addition
{6,6" (n)->H]-sucrose (1.0 mm; 20 uCi/mi) and *Rb (0.11 mm,
10 uCi/ml). The latter media also contained glucose and
ouabain, when required. At the end of the incubation, the islets
were separated from the incubation medium by centrifugation
through the layer of oil. The net uptake of ®Rb was corrected
for extracellular contamination as described elsewhere [26].

All results are expressed as the mean (+SEM) together with
the number of individual experiments (n). The statistical signifi-
cance of differences between mean data was evaluated by using
the nonpaired Student’s t-test for two, and variance analysis
for multisample comparison.

Results
Effect of Ouabain on ®°Rb, **Ca Efflux
and Insulin Release in the Absence of Glucose

In the absence of glucose, 1 mM ouabain provoked
a dual change in the rate of 8°Rb efflux from islets
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Fig. 1. Effect of 1 mM ouabain on 3%Rb efflux (upper panel),
*5Ca efflux (middle panel) and insulin release (lower panel),
from glucose-deprived islets perifused either in the presence
(e——e) or the absence of extracellular Ca®>* (o-——0). Mean
values (+sem) for 8SRb efflux and “°Ca efflux are expressed
as a fractional outflow rate and refer in each case to 4 individual
experiments. Mean values (+4SEM) for insulin release are ex-
pressed in uU/islet/min and refer to 4 individual experiments

perifused in the presence of extracellular Ca®”
(Fig. 1, upper panel). It consisted of a transient
fall, followed by a small but sustained increase in
86Rb efflux. The removal of ouabain was followed
by a decrease in 8°Rb outflow rate which exceeded
that expected from the simple suppression of the
stimulatory effect of the drug upon #°Rb efflux.
Such a situation is reminiscent of the hyperpolari-
zation seen on removal of ouabain, a phenomenon
attributed to reactivation of the Na*,K "-ATPase
by intracellularly accumulated Na™ [5, 14, 30].
Ouabain also gradually increased the rate of “°Ca
efflux (Fig. 1, middle panel), but failed to stimulate
insulin release from the glucose-deprived islets
(Fig. 1, lower panel). When the same experiments
were carried out in the absence of extracellular
Ca?", ouabain failed to stimulate and instead de-
creased 5°Rb outflow rate (Fig. 1, upper panel).
In the absence of extracellular Ca”*, ouabain also
provoked a gradual increase in *3Ca efflux, but
this increase was of lesser magnitude than that ob-
served in the presence of extracellular Ca®* (Fig. 2,
middle panel). Thus, in the absence of Ca®™, the
increment in *>Ca efflux, above baseline value (min
41 to 44) observed during the last 10 min of perifu-
sion in the presence of ouabain only averaged 33%
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Fig. 2. Effect of 1 mm ouabain on %°Rb efflux (upper panel),
45Ca efflux (middle panel) and insulin release (lower panel)
from islets perifused throughout in the presence of 8.3 mm glu-
cose. Basal media contained Ca?* (1 mM; e——e), Ca?* and
quinine (1 mmM and 100 pmM, respectively; a—a) or were de-
prived of Ca?" (o~——0). Same presentation as in Fig. 1; n=4
in each case

of that observed at a normal extracellular Ca’”"
concentration (P<0.001).

Effect of Quabain on 8°Rb, *>Ca Efflux
and Insulin Release from Islets
Perifused in the Presence of Glucose

In the presence of 8.3 mMm glucose, 1 mM ouabain
provoked a rapid, biphasic and important increase
in 8°Rb efflux, **Ca efflux and insulin release from
islets perifused in the presence of extracellular
Ca®?* (Fig. 2). These increases were rapidly re-
versed on removal of the drug from the perifusate.
When the same experiments were carried out in
the absence of extracellular Ca%*, the ouabain-in-
duced increment in ®°Rb efflux was decreased by
37% (P<0.01, Fig. 2, upper panel) and the in-
crease in *°Ca efflux was completely abolished
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Fig. 3. Effect of 1 mM ouabain on %°Rb efflux (upper panel),
45Ca efflux (middle panel) and insulin release (lower panel)
from islets perifused throughout in the presence of 16.7 mm
glucose. Basal media contained Ca?™ (1 mM; e——e), or were
deprived of Ca?* (0o———0). Same presentation asin Fig. 1;n=4
in each case
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(Fig. 2, middle panel). Quinine, which is known
to inhibit the Ca?”-sensitive K" permeability [1,
4] increased the rate of *°Ca efflux and insulin
release (P<0.025 and 0.001, respectively) prior to
administration of ouabain (min 31 to 44) and
almost completely abolished the increases in 8*Rb
efflux (P<0.001), *3Ca efflux and insulin release
(P<0.001 in both cases) otherwise evoked by the
cardiotonic glycoside (Fig. 2).

When the islets were perifused in the presence
of 16.7mM glucose, ouabain also provoked a
rapid, sustained and dramatic increase in %°Rb
efflux, 3Ca efflux and insulin release (Fig. 3). In
the absence of extracellular Ca?™*, the ouabain-in-
duced increase in *Rb outflow from islets peri-
fused in the presence of 16.7 mM glucose was
reduced by 36% (P<0.05, Fig. 3, upper panel),
and the increase in *°Ca outflow was completely
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abolished (Fig. 3, middle panel). The ouabain-in-
duced increase in 8°Rb outflow was slightly but
not significantly higher in the presence of 16.7 mm
than 8.3 mwm glucose (P>0.1).

Figure 4 illustrates the effect of a rise in glucose
concentration from an intermediate to a high value
upon ¥6Rb efflux, **Ca efflux and insulin release
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Fig. 4. Effect of a rise in the glucose concentration from 8.3
to 16.7mM upon %°Rb efflux (upper panels), **Ca efflux
(middle panels) and insulin release (lower panels) from islets
perifused in the absence (left panels) or presence (right panels)
of 1 mM ouabain. Basal media contained Ca?" (1 mm). Same
presentation as in Fig. 1; n=4 or 6 individual experiments

Table. Effect of glucose and ouabain on **Rb uptake
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from islets perifused in the absence (left panel) or
presence (right panel) of ouabain. In the absence
of ouabain, a rise in the glucose concentration
from 8.3 to 16.7 mM provoked a biphasic, sus-
tained and rapidly reversible increase in ®°Rb
efflux, “3Ca efflux and insulin release [24]. When
the same experiments were carried out in the pres-
ence of ouabain throughout, several differences
could be observed (Fig. 4, right panel). First, the
rates of 8°Rb efflux, “*Ca efflux and insulin release
observed before stimulation by 16.7 mM glucose,
were higher than in the absence of ouabain (P<
0.005 or less). Second, in the presence of ouabain,
the rise in the glucose concentration from 8.3 to
16.7 mM, instead of increasing the rate of 86Rb
outflow, tended to slightly decrease 8°Rb outflow
rate. Last, the rise in the glucose concentration
virtually failed to affect the rate of *3Ca efflux
and insulin release in the islets exposed to ouabain.

Effect of Glucose and Ouabain on 8°Rb Influx

In order to further evaluate the effect of glucose
and ouabain upon the Na* K*-ATPase, %°Rb
uptake was measured over short-term experiments
(5 min). When the islets had been preincubated
during 30 min in the absence of glucose, the sugar,
in a range of concentration from 0 to 16.7 mM
failed to affect 86Rb uptake (Table). Likewise,
when the islets had been preincubated in the pres-
ence of 8.3 or 16.7 mm glucose, a rise or a decrease
in the glucose concentration from 8.3 to 16.7 mM
or from 16.7 to 8.3 mMm, respectively, failed to affect
86Rb uptake (Table). In contrast, in islets preincu-
bated in the presence of 8.3 mMm glucose, ouabain
significantly decreased 3°Rb uptake whether the
islets were incubated in the presence of 8.3 or

Experiment  Line Preincubation® Incubation®

86Rb uptake® P

glucose (mm) glucose (mm)

ouabain (mm) pmol/islet/5 min

A 1 0 0
2 0 42
3 0 8.3
4 0 16.7

B 5 8.3 8.3
6 8.3 8.3
7 8.3 16.7
8 8.3 16.7
9 16.7 8.3
10 16.7 16.7

Nil 52.6243.24 (16)

Nil 45.56+3.19 (16) 2vs.1 NS
Nil 45264276 (16) 3 ps. 2 NS
Nil 52.69+3.56 (16) 4ps.3 NS
Nil 38.35+1.60 (77) 5 vs. 6<0.001
1.0 22.00+1.67 (16) 6 vs. 8 NS
Nil 4046 +1.73 (46) 7 vs. 5 NS
1.0 20.71+1.40 (15) 8 vs. 7<0.001
Nil 33.33+1.46 (31)

Nil 37.44+1.62 (30) 10 vs. 9 NS

The islets were preincubated during 30 min and incubated during 5 min.
b Expressed as picomoles of K* with the same specific activity (**Rb/?>?K) as that of the incubation medium.
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16.7mM glucose (Table). The mean values for
86Rb uptake under the latter two experimental
conditions were not significantly different from
one another (Table).

Discussion

In the present study we have examined whether
an inhibition of the islet Na®, K *-ATPase as me-
diated by ouabain may mimic the effect of a rise
in the glucose concentration from an intermediate
to a high value in activating the Ca**-sensitive
modality of K* transport and whether glucose,
like ouabain, may inhibit the Na™ ,K*-ATPase.

The Mechanism of Ouabain-Stimulated
86 Rb Outflow

At a concentration of 1 mM, ouabain mimicked
the effect of 16.7 mm glucose to stimulate °Rb
outflow from islets first exposed to 8.3 mM glucose.
Such a stimulation, like that evoked by 16.7 mMm
glucose, apparently resulted from the activation of
a Ca?”-sensitive modality of K* efflux, it being
almost completely suppressed in the presence of
quinine [1, 4].

It is nevertheless conceivable that the ouabain-
induced increase in ®**Rb outflow is also attribut-
able, to a limited extent, to the activation of volt-
age-sensitive K * channels [7].

In the case of glucose, the activation of the
Ca?"-sensitive K* permeability is thought to be
the consequence of stimulated Ca®* inflow [9, 23,
24]. In the case of ouabain, however, the activation
of the Ca?*-sensitive K™ permeability apparently
resulted both from a stimulation of Ca?* inflow
and from the mobilization of Ca?* from intracellu-
lar storing sites. That ouabain activated K™ per-
meability, in part, by stimulating Ca®” inflow is
suggested by the observation that the increase in
86Rb outflow evoked by ouabain was partially
reduced in the absence of extracellular Ca** and
attended by a dramatic increase in *’Ca efflux,
which itself was completely abolished in the
absence of extracellular Ca?”. The stimulation, by
various secretagogues, of Ca?* inflow into the B-
cell is known to induce an increase in “°>Ca efflux,
which is usually suppressed in islets exposed to
Ca?*-deprived media [17]. Ouabain may increase
Ca’” inflow into the B-cell by depolarizing the
plasma membrane and hence gating voltage-sensi-
tive Ca?* channels [34]. On the other hand, the
view that ouabain may, in addition, displace intra-
cellular Ca?* is suggested by the finding that
ouabain still increased °Rb outflow in the absence
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of extracellular Ca?*, although to a lesser extent
than in the presence of extracellular Ca**. By inhi-
biting the Na™ K *-ATPase, ouabain may increase
the intracellular concentration of Na* and hence
displace Ca®”* from intracellular organelles by a
process of Na/Ca exchange [16]. The existence of
such a process at the level of intracellular organ-
elles has been previously postulated in the islets
[11, 16].

The increase in ®°Rb outflow induced by
ouabain in glucose-deprived islets (Fig. 1) probab-
ly resulted for its major part from such an intracel-
lular displacement, since under the latter experi-
mental condition, ouabain, although depolarizing
the B-cell fails to elicit electrical activity with con-
comitant gating of Ca?" channels [14, 34]. In the
absence of glucose, the increase in both 8°Rb and
45Ca outflow was a progressive phenomenon and
failed to display the biphasic pattern characteristi-
cally found in the presence of glucose and at
normal Ca** concentration. The gradual increase
seen in the absence of glucose is reminiscent of
the gradual increase in ®*Rb outflow induced by
ouabain in islets perifused in the presence of
8.3 mM glucose but absence of extracellular Ca®™.
Under the latter condition, ouabain is also unable
to facilitate “°Ca inflow and to enhance *°Ca
outflow. Incidentally, the failure of ouabain to
augment “°Ca outflow in the islets exposed to glu-
cose but deprived of extracellular Ca®* does not
necessarily detract from the view that ouabain pro-
vokes an intracellular redistribution of Ca®*. First,
it should be kept in mind that glucose inhibits
Ca** outflow at the level of the plasma membrane
[18] and may mask, therefore, the increase in *°Ca
outflow otherwise expected from the intracellular
redistribution of Ca?*. For instance, glucose in-
hibits the outflow of #3Ca from islets exposed to
K*-deprived media [16]; in such islets, the
Na* K *-ATPase is also inhibited [16]. Second, the
failure of ouabain to increase *°Ca efflux, from
islets perifused in the presence of 8.3 mm glucose
but absence of extracellular Ca?* may result in
addition from a relative depletion of intracellular
Ca®* stores, a phenomenon known to occur in
islets exposed for a prolonged period to Ca®*-de-
prived media [32].

The Effect of Glucose
upon the Na* K™ -ATPase

In further experiments, we have examined whether
a rise in the glucose concentration from an inter-
mediate to a high value may activate the Ca®*-
sensitive modality of K™ transport as a result of
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a primary inhibitory action on the Na™ K™*-
ATPase.

The finding that a rise in the glucose concentra-
tion from an intermediate to a high value failed
to stimulate ®*Rb outflow from islets perifused in
the presence of ouabain is in agreement with such
a possibility. Incidentally, in the presence of
ouabain, the rise in glucose concentration appar-
ently failed to affect Ca®?" inflow, but caused a
modest fall in ®*Rb outflow. This phenomenon is
reminiscent of that observed in the absence of ex-
tracellular Ca?™ in response to the same rise in
glucose concentration [9, 28]. This suggests that
the rise in glucose concentration causes a modest
decrease in K* permeability, whenever the effects
of such a rise on Ca?" influx are minimized.

The view that glucose may inhibit the Na™ K *-
ATPase appears incompatible, however, with the
finding that glucose failed to decrease **Rb influx.
The latter observation, which is in good agreement
with prior reports [26, 35] contrasts with the dra-
matic reduction in 2Rb inflow evoked by ouabain,
whether in the presence of 8.3 or 16.7 mM glucose.
These contrasting situations strongly suggest that
glucose does not inhibit the islet Na*,K *-ATPase
and, hence, that the increase in 3°Rb outflow and
the enhancement of electrical activity seen when
the glucose concentration is raised from an inter-
mediate to a high value does not result from such
an inhibition. With the exception of an isolated
report [25], both biochemical [20] and bioelectrical
data [14] also suggest that glucose does not exert
any direct effect on the sodium pump activity in
pancreatic B-cells.

It could be argued that the increase in ®°Rb
outflow induced by ouabain was of much larger
magnitude than that induced by the rise in the
glucose concentration. Hence, the hypothetical
effect of glucose to inhibit the Na*,K*-ATPase
could be of such a modest magnitude as to prevent
its detection by the measurement of ®°Rb influx.
An inhibitory effect of glucose on Na® K*-
ATPase appears unlikely, however, since the effect
of ouabain to stimulate 8°Rb outflow was not less
pronounced in the presence of 16.7mm than
8.3 mM glucose. If glucose, in high concentration,
were to inhibit the Na™ K *-ATPase, one would
expect the stimulatory effect of ouabain upon #**Rb
outflow to be less pronounced in the presence of
a high rather than an intermediate concentration
of glucose. Incidentally, the failure of glucose in
high concentration to suppress the ouabain-in-
duced increase in °Rb outflow further supports
the view that glucose does not inhibit the response
to cytosolic Ca%* of the Ca?™-sensitive modality
of Kt extrusion [4, 9, 23, 24].
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In conclusion, the present data indicate that
inhibition of the Na™,K "-ATPase by ouabain re-
produces the effect of a rise in glucose concentra-
tion from an intermediate to a high value in stimu-
lating the efflux of ®°Rb from perifused islets.
However, inhibition of the Na*,K*-ATPase does
not seem to represent the mechanism by which glu-
cose in high concentration produces such a stimu-
lation in ®6Rb outflow. Our data are also in agree-
ment with recent electrophysiological studies
which do not suggest that cyclic variations in the
Na*,K"-ATPase activity play any significant role
in the determinism of the burst pattern for electri-
cal activity [2, 33, 38]. Hence, the mechanism by
which high concentrations of glucose change the
burst pattern of electrical activity into a continuous
firing remains to be elucidated.
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