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Abstract

Pancreatic islets are known to respond to a raise of the glu-
cose concentration with Ca?*-induced 2-3-min pulses of in-
sulin release. The reports of cyclic variations of circulating
insulin in the fasting state made it important to explore
whether insulin release is also pulsatile in the absence of
stimulated entry of Ca*". Individual pancreatic islets were
isolated from a local colony of ob/ob mice and perifused un-
der conditions allowing dual wavelength recordings of the
cytoplasmic Ca*" concentration ([Ca®'],) with fura-2 and
measurements of insulin with ELISA technique. At 3 mM of
glucose, [Ca*>"]; remained at a stable low level, but insulin
was released in pulses with a frequency of 0.41+0.02 min ™!,
determined by Fourier transformation of original and auto-
correlated data. Pulses of basal insulin release were also
seen when glucose was omitted and 1 M clonidine or 400
pM diazoxide was added to a glucose-free medium. The re-
sults indicate that pulsatile insulin release can be generated
in the absence of stimulated entry of Ca?*. A tentative ex-
planation for this phenomenon is inherent fluctuations in
the ATP production of the B cells. (J. Clin. Invest. 1996. 97:
1860-1863.) Key words: ATP « cytoplasmic Ca®* « glucose
clonidine « diazoxide

Introduction

The concentration of insulin in blood varies in a periodic fash-
ion, reflecting pulsatile release from the pancreas (1, 2). An
important step towards understanding the mechanisms for in-
sulin release was the observation that isolated B cells respond
to a glucose stimulus with slow oscillations of cytoplasmic Ca*
(3). Subsequent analyses revealed that these oscillations can
be attributed to periodic depolarization with resulting entry of
Ca’* via voltage-dependent channels (4). It is now well estab-
lished that the glucose-induced pulses of insulin release from
an isolated islet result from a synchronization of the oscillatory
Ca’* signals in the B cells (5, 6).

The oscillatory Ca?* response to glucose requires that the
concentration of the sugar is raised above a threshold value
characteristic for the individual 8 cell (4). This behavior con-
trasts with the in vivo situation with periodic variations of cir-
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culating insulin also under fasting conditions (1, 2). It was re-
cently reported that at least 70% of the insulin in the portal
vein from dogs starved overnight is secreted in discrete pulses
(7). The observation that in vivo release of insulin appears to
be cyclic under basal conditions raises the question of whether
signals other than Ca?* may generate insulin pulses. The
present study provides evidence that this is the case by demon-
strating that insulin pulses can be generated also in the absence
of stimulated entry of Ca?*.

Methods

Materials. Reagents of analytical grade and deionized water were
used. Collagenase, Hepes, and bovine serum albumin (fraction V)
were obtained from Boehringer Mannheim GmbH (Mannheim, Ger-
many). Tetramethylbenzidine and insulin peroxidase came from
Sigma Chemical Co. (St. Louis, MO). The rat insulin standard was
from Novo Nordisk (Bagsvaerd, Denmark). IgG-certified microtiter
plates were purchased from Nunc (Roskilde, Denmark). Diazoxide
and clonidine were gifts from the Schering Corp. (Kenilworth, NJ)
and Boehringer Ingelheim (Ingelheim/Rhein, Germany), respec-
tively. The mouse insulin antibodies were raised in our laboratory
from guinea pigs.

General design of experiments. Islets were isolated with collage-
nase from ob/ob mice taken from a local colony (8) and starved over-
night. When used for measurements of the cytoplasmic Ca?* concen-
tration ([Ca®**];),! islets were cultured overnight in RPMI 1640
medium containing 5.5 mM glucose and supplemented with 10% fetal
calf serum. Subsequent experiments were performed with a medium
supplemented with 1 mg/ml albumin and containing (in mM): 125
NaCl, 5.9 KCl, 1.2 MgCl,, 1.28 CaCl,, and 25 Hepes, titrated to pH 7.4
with NaOH.

Measurements of cytoplasmic Ca’*. Islet [Ca?"]; was measured es-
sentially adhering to a previous protocol (6). A single islet was loaded
with the acetoxymethyl ester of fura-2 (2 wM) during 40 min in the
presence of 3 mM glucose. After rinsing, the islet was allowed to at-
tach to the central part of a coverslip coated with poly-L-lysine. The
coverslip was used as part of a small perifusion chamber, which was
placed on the stage of an inverted microscope (Nikon Diaphot)
within a climate box maintained at 37°C (6, 9). The microscope was
equipped for epifluorescence fluorometry with a 400-nm dichroic
mirror, a X100 UV fluorite objective, and a photomultiplier. The islet
was perifused at a rate of 150-200 pl - min~!, and [Ca®>*]; was re-
corded with dual wavelength fluorometry with excitation at 340 and
380 nm and emission at 510 nm (10).

Measurements of insulin release. A single islet was placed in a
10-pl chamber and perifused at 37°C in the presence or absence of 3 mM
glucose. A flow rate of 150-200 wl - min~! was established using a
peristaltic pump. After 60 min of introductory perifusion, the perifu-
sate was collected in 20-s fractions and immediately cooled on ice.
The fractions were analyzed for insulin by a competitive ELISA with
the insulin-capturing antibody immobilized directly in the solid phase
(11, 12). Amounts of insulin down to 100 attomol were calculated
from linear standard curves in semilogarithmic plots (12). The rate of

1. Abbreviation used in this paper: [Ca’>*];, cytoplasmic Ca** concen-
tration.
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Figure 1. Effects of glucose on the cytoplasmic Ca?* concentration in
an individual islet. The arrow indicates the time when glucose was
raised from 3 to 11 mM. Results are representative of seven experi-
ments.

insulin release was normalized to dry weight after freeze drying and
weighing the islets on a quartz fiber balance. The islet weights ranged
between 5 and 10 pg to ensure that the amount of insulin in each frac-
tion was within the linear part of the standard curve.

A prerequisite for measuring the periodicity of insulin release
with the technique used is that the fractions analyzed have a fairly
constant volume. Photometric measurements of methylene blue
added to the perifusion medium made it possible to ascertain that this
criterion was fulfilled. It was also tested whether pressure changes in-
duced by the pump initiated variations in the amounts of insulin re-
leased. Similar results were obtained by using different types of
pumps placed before or after the chamber or when simply using grav-
ity as the driving force for the perifusion medium.

Data analysis. The presence of insulin pulses and their frequen-
cies were assessed from power spectra obtained by Fourier transfor-
mation of original and autocorrelated data. In general, the relevant
peak was clearly and uniquely identifiable. In all cases the corre-
sponding area was more than three times higher than the adjacent
parts of the spectrum, neglecting the extreme low frequency compo-
nents derived from the drift. Average secretory rates were calculated
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Figure 2. Insulin release from an individual islet in the presence and
absence of 3 mM glucose. The arrow indicates the time when glucose
was removed from the perifusion medium. Results are representative
of 14 experiments.

Table I. Insulin Release from Single Pancreatic Islets in the
Presence and Absence of 3 mM Glucose

Introductory
perifusion Perifusion Characteristics of insulin release
Glucose Glucose Average rate Frequency
mM mM pmol-g~'-s7! min~!
3 3 2.8+0.6 (14) 0.41+0.02 (14)
3 0 3.2+0.7 (14) 0.43+0.03 (14)
0 0 5.2+0.7% (5) 0.30+0.07 (5)

After 60 min of introductory perifusion with or without 3 mM glucose,
the release of insulin was measured during 20 min in the presence or ab-
sence of 3 mM glucose. When glucose was omitted during the introduc-
tory perifusion, the sugar was also absent during a preceding normaliza-
tion period of 90 min. Mean valuestSEM for the number of
experiments are shown within parenthesis. *P < 0.01 compared with is-
lets exposed to 3 mM glucose during the introductory period and subse-
quently perifused in the absence of the sugar.

using moving averages of three consecutive sample points. Analyses
of the frequencies and average rates were performed with the Igor
software (Wave Metrics Inc., Lake Oswego, OR).

Statistical analysis. Results are presented as means=SEM. Differ-
ences in secretory rates were evaluated with Student’s ¢ test.

Results

Islet [Ca?*]; was nonfluctuating and low (101=11 nM, n = 7) in
the presence of 3 mM glucose (Fig. 1). Increase of the glucose
concentration to 11 mM resulted in characteristic oscillations
of the cytoplasmic Ca>" concentration with a frequency of
0.40=0.03 min~! (n = 6).

The existence of pulsatile insulin release was assessed from
power spectra obtained by Fourier transformation of original
and autocorrelated data (Fig. 2). In the presence of 3 mM glu-
cose, the pulse frequency was 0.41+0.02 min~! and the average
secretory rate was 2.8+0.6 pmol - g~! - s7! (Table I). Neither
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Figure 3. Effects of clonidine on insulin release from an individual is-
let in the absence of glucose. The arrow indicates the time when 1 pM
clonidine was added to the perifusion medium. Results are represen-
tative of five experiments.
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Figure 4. Effect of diazoxide on insulin release from an individual is-
let in the absence of glucose. The arrow indicates the time when 400
wM diazoxide was added to the perifusion medium. Results are rep-
resentative of six experiments.

acute removal of glucose from the medium (Fig. 2) nor expo-
sure to glucose-free medium during 150 min (Table I) affected
the frequency of the insulin pulses.

Mathematical analysis revealed that insulin was also re-
leased in pulses when glucose-free media were supplemented
with 1 uM clonidine (Fig. 3) or 400 uM diazoxide (Fig. 4).
Clonidine, but not diazoxide, suppressed the average secretory
rate (Table IT). Neither clonidine nor diazoxide affected the
frequency of the oscillations.

Discussion

The temporal and spatial control of many biological processes
is accomplished in an oscillatory manner (13). Indeed, a num-
ber of cellular events, including exocytosis of secretory prod-
ucts, are subject to periodic variations. In many cases this peri-
odicity can be accounted for by oscillations of the cytoplasmic
concentration of Ca?*, a key regulator of cellular activities
(14). An illustrative example of oscillatory Ca?* signaling is the
pulses of insulin release generated by a high concentration of

Table II. Insulin Release from Single Pancreatic Islets in
Glucose-free Media Supplemented or Not with Clonidine or
Diazoxide

Perifusion Characteristics of insulin release
Clonidine Diazoxide Average rate Frequency
uM uM pmol- g™ 57! min™!
- - 3.3+0.7 (12) 0.40+0.03 (12)
1 - 0.6£0.2% (5) 0.43+0.09 (5)
- 400 22+0.6 (7) 0.33+0.05 (7)

After 60 min of introductory perifusion with 3 mM glucose, the release
of insulin was measured during 20 min in a glucose-free medium in the
presence or absence of clonidine and diazoxide. The measurements
were started 10 min after the change of the media. Mean values=SEM
for the number of experiments are shown within parenthesis. *P < 0.01
compared with islets perifused in the absence of additives.
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glucose, the major physiological stimulator of the pancreatic
cells. There is no doubt that this glucose effect involves rhyth-
mic depolarization, resulting in periodic entry of Ca?* via volt-
age-dependent Ca?>" channels (4). Since the glucose-induced
depolarization is mediated by closure of ATP-sensitive K*
channels, it has been suggested that the cyclic variations of the
membrane potential reflect oscillations in the metabolism of
the B cells (15, 16). Ample support for inherent fluctuations of
the ATP production was obtained from the recent demonstra-
tion of cyclic variations in the activity of the ATP-sensitive K*
channels under conditions when the voltage-dependent Ca**
channels are closed (17).

Glucose induces slow oscillations of cytoplasmic Ca2* in in-
dividual B cells, provided that the concentration of the sugar is
raised above a threshold level (4). This is in contrast with the
glucagon-secreting a, cells, which are known to oscillate in the
presence of 3 mM glucose (18). The slow oscillations of cyto-
plasmic Ca?* are not restricted to isolated cells but occur also
in intact islets. Among a number of publications on this topic,
one reports of [Ca**]; oscillations in rat islets exposed to glu-
cose concentrations as low as 3 mM (16). It is tempting to spec-
ulate that this Ca®>" signal has its origin in the peripherally lo-
cated a, cells rather than in the 8 cells. In the present study the
risk for interference from the «, cells was minimized by per-
forming the analyses with islets containing a high proportion of
B cells (8). The usefulness of these islets is illustrated from the
previous observation that their [Ca?*]; oscillations are well cor-
related to glucose-induced pulses of insulin release (6, 9). We
can now confirm that cytoplasmic Ca’" remains at a stable low
level at 3 mM glucose in islets that respond to a raised concen-
tration of the sugar with distinct slow oscillations of the ion.

Studies of pulsatile release of insulin from isolated islets are
associated with various methodological problems (11). So far
most analyses have been based on measurements of insulin
from hundreds of islets without apparent functional coupling
with sampling intervals of 1 min or more. Using such an ap-
proach, it was reported that human islets release insulin in
pulses of 10 min both at 3.3 and 16.7 mM glucose (19). This ob-
servation is difficult to evaluate, since measurements of the
glucose-stimulated insulin release from single human islets
have revealed secretory pulses as short as 3-4 min (20). In the
present study advantage was taken of single large islets from
ob/ob mice for measuring basal insulin release with a sensitive
ELISA technique. These islets contain a high proportion of 8
cells (8), which have a rhythm similar to that of human B cells
both in terms of [Ca®']; oscillations (20) and variations in
ATP-sensitive K* channel activity (17). When taking samples
of the perifusate with 20-s intervals, it was found that basal in-
sulin release is pulsatile. The duration of the pulses was 2-3
min, which is equivalent to what is seen when single islets from
ob/ob mice or rats are exposed to a raised glucose concentra-
tion (11). Accordingly, basal insulin release differs from that
obtained during glucose stimulation only with respect to the
amplitude of the pulses generated.

The principal message of the present study is that intact
pancreatic islets have a pulsatile insulin release when exposed
to a low concentration of glucose or even a medium lacking
the sugar. These pulses occurred in the absence of the concom-
itant fluctuations of [Ca®*]; seen during conditions known to
stimulate Ca®" entry into B cells (6, 9). The discovery that
basal release of insulin from an isolated islet is rhythmic raises
the question of whether periodic variations of signals other



than Ca?* can generate insulin pulses. This may well be the
case, since insulin release is known to depend not only on vari-
ations in Ca’>* but also on the sensitivity of the secretory ma-
chinery to this ion (21). In analogy to what has been proposed
for neuroendocrine cells, we have reasons to believe that the
secretion of insulin is a two-step process, where cyclic AMP
and ATP act together with Ca?* to facilitate the initial attach-
ment of the secretory granules to the plasma membrane (22).
Rhythmic release of glucagon from adjacent o, cells may well
account for generation of cAMP-dependent pulses of basal in-
sulin release. In the present study, prolonged exposure to the
a, adrenergic agonist clonidine, which suppresses the forma-
tion of cyclic AMP in the B cells (23), resulted in a significant
lowering of the insulin pulses. Moreover, it is characteristic for
glucagon-producing a, cells to have oscillatory [Ca’?*];in the
presence of low concentrations of glucose (18).

The alternative, that variations in the energy metabolism
are responsible for the pulsatility of basal insulin release, is
consistent with previous observations of cyclic variations of the
ATP-sensitive K* channels in nonstimulated B cells (17). Ac-
tually, the periodic variations of the channel activity in mouse
B cells exposed to 0-3 mM glucose were almost the same as
those observed for insulin release. There are reasons to believe
that the generation of the insulin pulses in unstimulated 8 cells
does not result from periodic variations of the K* permeability
but reflects a direct participation of ATP in the secretory pro-
cess. Accordingly, pulsatile insulin release was also seen in the
presence of diazoxide, a compound which hyperpolarizes 3
cells by opening their ATP-sensitive K* channels (24).

The present study demonstrates pulsatile release of insulin
from isolated nonstimulated pancreatic islets. This observation
makes it easy to understand why there are also cyclic varia-
tions in the circulating insulin in the fasting state (1, 2, 7). An
interesting aspect of the insulin cycles is the loss of their regu-
lar appearance before the development of type 2 diabetes (25).
It should be a matter for further studies to decide whether this
can be attributed to a primary disturbance of the ATP produc-
tion in the { cells.
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