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The effects of glucose and tolbutamide on the sodium handling of the pancreatic
B-cells were evaluated by measuring the total sodium content in intact islets from
ob/ob-mice by integrating flame photometry and the free ion in individual B-cells
by dual wavelength fluorometry. Whereas increasing the glucose concentration from
3 to 20 mM resulted in a lowering of sodium, the addition of 100 pM tolbutamide caused
a rise. The above-mentioned effects were most marked (about 50%) for the physw—
logically significant free sodium. The data indicate a more important role for Nat
in the regulation of insulin release than so far acknowledged. Increase of Na* may
contribute to the secretory re ;onse to hypoglycemic sulfonylureas by providing an
additional rise of cytoplasmic Ca © 1989 Academic Press, Inc.

Pancreatic B-cells differ from most excitable cells, including glucagon-producing
ag-cells, in lacking prominent Na%t channels (1,2). Nevertheless their content of Na*
may be an important determinant of the Ca2* which regulates insulin release. Whereas
a rise of cytoplasmic Na' can be expected to increase this ca2* by mobilizing it from
organelles and by inhibition of outward transport, lowering of Na* would favour Ca2*
elimination (3).

Taking advantage of the sensitivity offered by integrating flame photometry it has
been possible to measure the total sodium in islets isolated from ob/ob-mice (4,5) and
rats (6-8). Contrary to previous assumptions this approach revealed that glucose does
not increase but actually lowers the islet content of sodium. Although glucose and
insulin-releasing sulfonylureas depolarize the B-cells by a common mechanism (9),
the latter compounds were found to increase islet sodium. Since the presence of differ-
ent cell types within the islets may contribute to this discrepancy, we now present
data on free Na' (Na‘;) in individual B-cells measured by dual wavelength microfluoro-
metry. Evidence will be provided that the effects of glucose and tolbutamide on this
physiologically important fraction of sodium in the B-cells are rapid, qualitatively
similar and even more marked than those recorded for the total amount of this element
in intact islets.
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MATERIALS AND METHODS

Islets of Langerhans were isolated from the splenic part of the pancreas by collagenase
digestion using 10 months old ob/ob-mice taken from a non-inbred colony (10). Previous
studies have indicated that these islets contain more than 90% B-cells, which respond
normally to glucose and other stimulators of insulin release (11). The isolated islets
were either transferred directly to RPMI-1640 medium supplemented with 10% fetal
calf serum, 100 IU/ml penicillin, 100 pg/ml streptomycin and 30 ug/ml gentamycin
or used for preparing single cells (12), which were allowed to attach to cover glasses
during storage in the same type of medium. After culture for 1-2 days at 37°C in a
humidified atmosphere of air-CO9 subsequent experimental handling was performed
in an albumin-containing (1 mg/ml) Hepes buffer physiologically balanced in cations
with CI” as the sole anion (13). When not otherwise stated this medium was supplemented
with 3 mM glucose.

Measurements of total sodium. After 45 min of preincubation at 37°C in the presence
of 3 mM glucose, intact islets were exposed for 15 min to a medium of similar compo-
sition (controls) or modified as indicated in Table 1. At the end of the experiments
the islets were washed for 2 min with an ice-cold solution of sucrose (4). Subsequent
freeze-drying and weighing of the islets made it possible to express the sodium contents
in terms of dry weight. The individual islets were analyzed for sodium by integrating
flame photometry using a previously described procedure (4).

Measurements of free sodium. Cells attached to cover glasses were loaded with
the Na™ indicator SBFI (14-16} during 1.5 - 2 hrs incubation with 5 pM of its acetoxy-
methyl ester (Molecular Probes, Eugene, Or.) in the presence of 11 mM glucose. Ad-
equate uptake of the indicator was facilitated by also including 0.02% of the non-
ionic dispersing agent Pluronic F-127 (BASF Wyandotte Corp., Wyandotte, Mi.) together
with 2.5% fetal calf serum in the loading medium (17). The cover glasses with the
SBFI-loaded cells were rinsed and used as the bottom of a perifusion chamber designed
for microscopy (18). Individual B-cells were selected on the basis of previously described
criteria (19,20), and their contents of free sodium continuously recorded by epifluor-
escence microfluorometry using the experimental set-up described for measurements
of intracellular Ca2* (20,21). A xenon arc lamp combined with 5 nm half-bandwith
interference filters in the rotating air-turbine filter changer of a time-sharing multi-
channel spectrofluorometer provided excitation light flashes of 1 ms duration at 340
and 380 nm every 10 ms. Emission at 510 nm was measured with a photomultiplier
using a 30 nm half-bandwith filter. The electronically separated sighals were fed into
an analog ratio meter and the fluorescence excitation ratio used for calculating intra-
cellular sodium. Na*; was calibrated in situ by exposing the cells to different concen-
trations of Na* in the presence of gramicidin as shown in Fig. 1.

Evaluation of results. Statistical significances for differences between paired obser-
vations were evaluated by Student's t-test.

RESULTS

The total content of sodium found in the islets in the presence of 3 mM glucose
was 78 * 6 mmol/kg dry weight (n = 7). The percentage changes obtained with alterations
of the glucose concentration or addition of 100 uM tolbutamide are shown in Table
1. Whereas increasing the glucose concentration to 20 mM resulted in significant lower-
ing of sodium, omission of the sugar was associated with a rise of the sodium content.
Tolbutamide had the opposite effect to glucose and raised the islet content of sodium.

The concentration of free sodium in single cells exposed to 3 mM glucose was 13
* 1 mM (n = 14). Omission of Na* from the medium caused a rapid decrease of Na*y,
which increased above the original level on subsequent restoration of the external
sodium concentration (Fig. 2). The effects of altering the glucose concentration on

Na*; are shown in Fig. 3. Whereas increase of the glucose concentration from 3 to
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Fig 1. Calibration curves relating the fluorescence excitation ratio
of intracellular SBFI to the concentration of free Nat. (A) B-cells
were loaded with SBFI and exposed for 5 min to 10 ug/ml gramicidin
in Hepes-buffered medium to allow equilibration of extracellular and
intracellular Na'. The medium was then changed to one containing
different concentrations of Na' maintaining the osmotic pressure
by adjusting K¥. The figure shows the 340/380 nm fluorescence exci-
tation ratio of an individual R-cell exposed to 5, 15 and 25 mM Na*
as indicated. (B) The steady-state fluorescence ratios plotted against
free intracellular Na*.

20 mM was associated with a rapid lowering of the Na* activity, subsequent omission
of glucose resulted in an increase of Na'j above the original level. Tolbutamide had

an action opposite to that of glucose in inducing prompt increase of Na*; when added

TABLE 1

Changes of sodium contents after alterations of the glucose concen-
tration or addition of tolbutamide

Modifications to medium Percentage changes
Total sodium Free sodium
in islets in B-cells
Omission of glucose + 22 * 4% + 50 * 5**
Addition of 17 mM glucose - 15 * 4% - 46 * 5**
Addition of 100 uM tolbutamide + 27 + 6* + 57 + 9%*

The figures denote the percentage changes (mean values * SEM) in
comparison to a control medium with 3 mM glucose for total (n = 7)
and free sodium (n = 8 - 10). Statistical significances for effects are
indicated by *P < 0.01; **P < 0.001.
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Fig 2. Effects of removing extracellular Na* on free Na* in an individual
B-cell. The figure shows the 340/380 nm fluorescence excitation ratio
and the corresponding values for Na*j. During the period indicated
by the bar, Na* was omitted from the perifusion medium and replaced
by equimolar N-methyl-D-glucamine. When repeated in a series of
experiments the omission of Na' resulted in a lowering of Na*i by
50 * 4% (n = 8).

to a basal medium containing 3 mM glucose (Fig. 4). The effects of glucose and tolbuta-
mide are summarized in Table 1. It is evident that the percentage alterations of Na%;
obtained in individual f-cells when modifying the medium with respect to glucose
and tolbutamide are more pronounced than those recorded for the total sodium content

of pancreatic islets.
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Fig 3. Effects of glucose on free Na* in an individual R-cell. The figure
shows the 340/380 nm fluorescence excitation ratio and the correspond-

ing values for Na*j. The presence of 3 and 20 mM glucose in the
perifusion medium is indicated by the bars.
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Fig 4. Effects of tolbutamide on free Nat in an individual B-cell. The
figure shows the 340/380 nm fluorescence excitation ratio and the
corresponding values for Na'‘j;. The presence of 100 uM tolbutamide
in the perifusion medium is indicated by the bar.

DISCUSSION

The present study indicates that glucose and tolbutamide modify the sodium content
in islets isolated from ob/ob-mice. The magnitude of the changes was similar to that
previously observed for freshly isolated islets from these animals (4,5). The fact that
the two secretagogues had opposite effects on sodium indicates that the observed
changes of sodium do not simply result from exocytosis. Since both glucose and tolbuta~
mide supposedly depolarize the B-cells by closing the ATP-regulated K* channels (9),
it is also evident that a reduction of the K* permeability does not invariably result
in a lowering of the islet content of sodium.

The islets from the ob/ob-mice contain up to 90% B-cells (10). Nevertheless, it was
considered important to analyze whether the observed alterations in whole islets reflect
those occurring in the B-cells. The significance of this approach was underlined by
the observations that the Na® channels in pancreatic B-cells appear to be less active
than in other islet cells (9). By measuring Na*; in individual B-cells it became possible
to analyze also the fraction of sodium directly involved in the regulation of the CaZ*
responsible for insulin release. In demonstrating rapid and more marked effects of
glucose and tolbutamide on the free Na' in individual B-cells than on total sodium
in whole islets the present study reinforces previous arguments (4-8) for a modulatory
effect of Na' on the release of insulin initiated by glucose and hypoglycemic sulfonyl-
ureas.

The fluorescent indicator SBFI represents a significant advance in measurements
of Na%*;. The relatively selective binding of Na* with a Kq of 18 mM (14) is associated
with a change of the 340/380 nm excitation ratio. It was therefore possible to measure
Na*; in individual B-cells adhering to the same procedure with dual wavelength fluoro-

metry as employed in our laboratory for measuring cytoplasmic Ca2* with fura-2 (20,21).
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In situ calibration indicated a linear relationship between the fluorescence excitation
ratio and the concentration of Na™ in the B-cells under the present experimental con-
ditions. Since removal of extracellular Na*, which causes decrease of the Na+i, results
in acidification of the B-cells (22), it is also important that the fluorescence of SBFI
remains relatively unaffected with lowering of pH down to 6.2.

Previous attempts to use SBFI for measuring Na®; in single cells from gastric glands
(15), smooth muscle (16) and liver (23) have shown resting concentrations between 8-
20 mM. The present study reveals similar concentrations of free Na' in the pancreatic
B-cells. Nevertheless, the measured values for Na*i are unexpectedly low and should
be regarded as provisional until confirmed by other techniques. Indirect estimates
of the Na® activities based on the membrane potential have given twice as high values
(24,25). Assuming that intracellular water corresponds to 1.2 l/kg dry weight (4), the
total amounts of sodium in the islets exposed to 3 mM glucose were equivalent to a
concentration of 65 mM. If the latter figure is representative for the B-cells, only
209% of the sodium is ionized. Various methodological inadequacies might contrib-
ute to an underestimate of Na®; when B-cells are loaded with the hydrophobic acetoxy-
methyl ester of SBFI. One possibility is sequestration of the ester in the plasma mem-
brane with incomplete hydrolysis.

With the demonstration of rapid and marked effects of glucose and tolbutamide
on the functionally significant Na+i in the B-cells it seems likely that this ion has a
more important role in the regulation of insulin release than so far acknowledged. The
glucose-induced lowering of Na+i counteracts the sugar-induced rise of cytoplasmic
Ca2* by favouring Ca2" uptake into organelles and outward transport (3). Such an
action may be important for a sustained secretory response (26). Sulfonylureas other
than tolbutamide also promote a rise of the islet content of sodium (7,8). Increase
of Na+i can therefore be supposed to be a mechanism, which provides an additional
rise of the cytoplasmic Ca2* determining the secretory response of the sulfonylurea-
stimulated B-cell.
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