
While there is strong evidence that circadian rhythms
are generated in the mammalian suprachiasmatic nu-
cleus (SCN) [1, 2] and in the avian pineal gland [3, 4],
determinations of circadian rhythms in other isolated
organs or cells are rare. Only few in vitro investiga-
tions of insect tissues or mammalian cells or organs
such as intestine, adrenals [5±7], heart cell networks

and liver cells [8, 9] have shown the existence of circa-
dian rhythms in culture [10, 11]. In addition it has
been shown that cultured mammalian retina posses-
ses a genetically programmed circadian oscillator
which regulates the synthesis of melatonin in this tis-
sue. These observations suggest that all vertebrate
photoreceptive structures synthesize melatonin un-
der the control of circadian oscillators [12]. A circa-
dian rhythm is an oscillation with a period duration
of approximately 24 h (range 20 to 28 h). Ultradian
rhythms are oscillations with periods of less than 20 h.

Various investigators have postulated oscillations
of insulin secretion in a range of seconds [13] or peri-
ods between 9 and 14 min under both in vivo and in
vitro conditions [14] or clonal pancreatic beta cells
with periods of 5 to 8 min superimposed on 15 to
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Summary This study aims to analyse a circadian
rhythm of insulin secretion from isolated rat pancrea-
tic islets in vitro and its potential modulation by mel-
atonin, the concentrations of which change in vivo in-
versely to that of insulin. The circadian rhythm was
evaluated in a perifusion system, adapted to the spe-
cific conditions of pancreatic islets. To determine
rhythmicity of insulin secretion, 30-min fractions
were collected continuously for investigative periods
of 44 to 112 h. Insulin secretion in 10 experiments
was analysed by using the MacAnova-program for
period length (t), the c2-periodogram for test of sig-
nificance (p < 0.001), and additionally the empirical
cosine adaptation for amplitude and goodness-of-fit.
Thereby a circadian pattern was observed with peri-
ods (t) between 21.8 and 26.2 h. The period duration
(mean ± SEM) was 23.59 ± 0.503 h, the overall mean
insulin release 1038 ± 13 pmol/l and the mean ampli-
tude 88 ± 17 pmol/l. Adding melatonin (10 nmol/l,

t = 2 h) as a hormonal Zeitgeber during analysis of cir-
cadian insulin secretion phase-response studies show
phase-shifts with approximately 9 h phase advance.
Thereafter the circadian period was maintained,
while the amplitude was enhanced. From this it is
concluded that an endogenous circadian oscillator is
located within the pancreatic islets of the rat that reg-
ulates circadian insulin secretion of the insulin-pro-
ducing beta cells. The pacemaker is remarkably
stable, because its periodicity is not affected by fac-
tors altering insulin secretion. In agreement with inhi-
bitory influences of melatonin (range 0.5 nmol/l to
5 mmol/l) on the insulin response in vitro, the phase-
responses support the contention that pancreatic
beta cells may be targets for melatonin action. [Dia-
betologia (1998) 42: 1085±1092]
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20 min period fluctuations [15]. To date a circadian
rhythm of insulin secretion has only been observed
in vivo. Thus, in man a circadian rhythm of insulin se-
cretion in vivo with increasing insulin secretion dur-
ing the day and decreasing during the night has been
described [16]. In this case, plasma-insulin and plas-
ma-melatonin concentrations changed in an opposing
manner during a 24-h period. In rats a circadian
rhythm of the nuclear size of pancreatic beta cells
with a peak at noon was demonstrated more than
40 years ago [17]. However, a circadian rhythm of in-
sulin secretion from cultured mammalian pancreas is-
lets is not known to date.

The aim of this study was to provide information
about the dynamics of insulin secretion from isolated
rat pancreatic islets maintained in an in vitro perifu-
sion system. Because we had reason to suppose that
a circadian rhythmicity of insulin secretion existed,
attention was paid to the 24-h profiles of in vitro insu-
lin release.

Materials and methods

For islet preparation, 8 to 12 day-old Wistar rats of both sexes
were used. The maternal animals were kept under standard en-
vironmental conditions [light :dark = 12 :12, lights on at
06.00 hours; temperature 21 ± 1 �C; food: Altromin 1316 Altro-
min GmbH (Lage, Germany) and water ad libitum]. Animals
were killed by decapitation (between 09.00 and 11.00 hours),
the pancreas was removed and groups of three were transferred
to a 5 ml glass tube containing 1 mg/ml collagenase in 2 ml ice
cold Hanks' bovine serum albumin (BSA) (1 g/l BSA dissolved
in Hanks' solution). The tube was shaken vigorously (about
4 min) and then the suspension was transferred to 30 ml ice
cold Hanks' BSA solution. After sedimentation the islets were
resuspended twice. Finally, the islets were collected with a glass
capillary pipette under a dissection microscope. The time-span
between pancreas-extirpation and the beginning of perifusion
of the isolated islets was in a range of 50 to 60 min.

Chemicals (purity p.a.) used were purchased either from
Sigma Chemical Company, St. Louis, Mo., USA [medium-199
(5.6 mmol/l glucose), BSA, Sephadex G-10, gentamicin, and
melatonin] or from Serva, Heidelberg, Germany (collage-
nase). Trasylol was from Bayer AG (Leverkusen, Germany)
and the other chemicals were obtained from Merck (Darm-
stadt, Germany). All solutions were made with pyrogen-free
water prepared in a Barnstead EASYpure RF system (Barn-
stead/Thermolyne (Dubuque, Iowa, USA).

Perifusion of isolated rat pancreatic islets was performed as
described earlier [42]. Briefly, about 300 isolated pancreatic is-
lets were packed into a 6.6 mm glass column together with Se-
phadex G-10. The dead volume of the system was set to 1 ml.
Medium-199 supplemented with 2.22 g/l sodium hydrogen car-
bonate, 1.75 g/l BSA, 80 mg/l gentamicin and 3 mmol/l glucose
was passed through the columns, at a flow rate of 1 ml/3 min.
The glucose concentration of the medium was always main-
tained at 8.6 mmol/l except where specifically noted. The med-
ium was kept at 37 �C and equilibrated with a mixture of 95 %
air and 5 % CO2. To clarify the vitality and to calculate the se-
cretory capacity of the beta cells the experimental conditions
were standardised with 3 min-exposures to 100 mmol/l KCl
and 50 mmol/l glucose at the end of each experiment. Expo-

sure of the islets to 100 mmol/l KCl induces a non-specific,
dose-dependent insulin release of 1 % of the total immunologi-
cally (RIA) detectable hormone content of the islets obtained
with 10 mmol/l HCl. Exposure of the islets to 50 mmol/l glu-
cose (specific stimulus) induces an insulin release of 0.5 %.
These stimulations for standardization of the perifusions are
not shown in the figures. To determine rhythmicity of insulin
secretion, 30 min-fractions (10 ml) were collected for 2 to
7 days (a total of 10 experiments). Additionally, for the phase-
response studies 10 nmol/l melatonin, applied for 2 h as a hor-
monal Zeitgeber, was used. During the perifusion experiment
the islets were illuminated continuously.

Insulin levels were measured by radioimmunoassay in
200 ml of the collected sample using coat-a-count kits from
DPC Biermann GmbH (Bad Nauheim, Germany). As stan-
dard, rat insulin (Novo BioLabs, Bagsvaerd, Denmark) was
used in a 7-step dilution in a range from 43.25 to 8650 pmol/l.
The sensitivity limit of the assay was 43.25 pmol/l. The intra-as-
say and inter-assay variations were 6.6 and 9.4 %, respectively.

Quantitative analysis of the perifusions results was carried
out with a computer programe as described by V.J. Csernus
and A.V.Schally [18]. The statistical calculations are based on
the NET INT (net integral) values (the area under the curve)
of the perifusion results. The MacAnova-Program (created by
Ch.Bingham and G.Oehlert, University of Minnesota, School
of Statistics) was used to analyse the period length (t). The c2-
periodogram (Chronobiological Kit by Stanford Software Sys-
tems, Stanford Calif., USA, with support of the Department of
Zoology, University of Halle) was used to test for significance
(limit: p < 0.001). The empirical cosine adaptation was calcula-
ted to determine the amplitude and the goodness-of-fit of the
insulin secretion rhythms with the following steps: removal of
linear trend, fit of the cosine function to these values, compari-
son of the observed values (trend removed) with the fitted co-
sine values to calculate the coefficient of determination (calcu-
lations by A. Beckmann, University of Halle).

Results

The long-term investigations showed that insulin se-
cretion from isolated pancreatic islets exhibited a
rhythmic pattern (three examples are shown in
Fig.1). To analyse the rhythmicity of the insulin secre-
tion, 30 min-fractions were collected continuously for
44 to 112 h. Figure 2 shows the results of trend elimi-
nation (quadratic trend) using the time series data of
the first example given in Figure 1. The period lengths
of the insulin secretion rhythms in the 10 experiments
ranged from 21.8 to 26.2 h. All 10 experiments exhib-
ited a circadian rhythm, 7 experiments show statisti-
cally significant circadian power expressions (p <
0.001). The mean period duration (mean ± SEM) was
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Fig.1. Rhythmic pattern of insulin secretion from isolated
pancreatic islets of neonate rats in vitro. Representative insu-
lin secretory profiles (3 of 10 examples) during different inves-
tigation times is shown (experiment 1 to 3, listed in Table 1).
For radioimmunological insulin detection, media samples of
the perifused islets were collected at 30 min intervals (1 ml/
3 min). During the experiment (starting time: between 10.00
and 12.00 hours) the islets were illuminated continuously
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23.59 ± 0.503 h, the overall mean insulin release
1038 ± 13 pmol/l and the mean amplitude 88 ±
17 pmol/l (Table 1). The maxima of the insulin secre-
tion were observed in the morning. Seasonal influen-
ces on the period length of the circadian rhythm was
not perceptible. Ultradian and infradian oscillations
were also found. The power expression, however,
was lower in comparison to the circadian component
(Fig.3). The experimental protocol (30 min-fractions)
was not able to record the well-established pulsatile
oscillations with period lengths of only a few minutes.

To further characterise the circadian rhythm of insu-
lin secretion obtained under in vitro conditions, we
applied melatonin as a hormonal Zeitgeber, since
this pineal secretory product is known to be involved
in the control of the circadian timing under in vivo
conditions (Fig.4). The effect of 10 nmol/l melatonin,
applied for 2 h at the maximum of the circadian insu-
lin rhythm, provoked a 9 h phase advance (Fig.5).
After the phase shift the circadian period was main-
tained and the amplitude was enhanced (from 92 to
155 pmol/l).

Discussion

Insulin secretory rhythms of varying period lengths
have been recorded both in vivo and in vitro. At pre-
sent the mechanisms on which these rhythms are
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Fig.2. Example of trend elimination (quadratic trend) ob-
tained using the data of the time series shown in Figure 1 (ex-
periment 1, listed in Table 1). The curve is the best fit cosine
function in comparison with the trend eliminated time series

Table 1. Circadian insulin secretion pulse characteristics in perifused neonate rat islets of 10 experiments

Experiment
no.

Duration
(h)

Samples Mean ± SEM
(pmol/l)

Amplitude Period lenght (t)
(h)

p value Goodness-
of-fit (%)(pmol/l) (%)

1 76 152 791 ± 9 97 12.25 26.20 p < 0.001 38.77
2 65 130 2711 ± 24 164 6.04 22.10 p < 0.001 18.26
3 89 178 1118 ± 9 67 6.04 22.20 p < 0.001 16.43
4 112 224 1313 ± 15 156 11.86 23.50 p < 0.001 22.14
5 60 120 734 ± 11 92 12.50 22.90 p < 0.001 29.06
6 100 200 1950 ± 25 155 7.94 22.50 p < 0.001 9.31
7 63 126 322 ± 7 44 13.82 26.00 p < 0.001 33.18
8 88 176 517 ± 11 21 4.01 24.40 NS 7.17
9 88 176 304 ± 7 16 5.39 24.30 NS 7.95
10 44 88 612 ± 11 66 10.74 21.80 NS 26.69

1038 ± 13 88 ± 17
(mean ± SEM)

9.06 23.59 ± 0.503
(mean ± SEM)

Experiments were carried out in January (1 and 3), April (4±6, 10), May (2), July (7) and November (8 and 9)



based are not known. The high-frequency rhythms of
the insulin secretion, for which the terms pulsatile or
ultradian oscillations are used, have period lengths
ranging from seconds to several minutes (5 to
20 min) or to a few hours (e.g. 75 to 115 min or long-
er). Numerous publications and reviews have descri-
bed these high-frequency oscillations of insulin re-
lease [13, 14, 19±21]. The current opinion is that they
are generated by a pacemaker located within the pan-
creas. Observations made on decentralised islets of
dogs [22], mice [23], rats [24, 25] and humans [21]
strengthen this supposition. Additionally, autonomic
blockade with atropine (cholinergic) or propranolol
and dibenzyline (adrenergic) did not influence these
pulsatile oscillations. Therefore it was suggested that
the generation of these oscillations is not caused by
the classical autonomic innervation of the islets, but
that the intrapancreatic ganglion system could serve
as the pacemaker [26, 27]. It may be that the pace-
maker co-ordinates the islets using the peptidergic
nervous system [22]. In addition investigations on
the recipients of pancreas transplants showed that
both pulsatile and ultradian rhythms of the insulin se-
cretion were dependent on the intrinsic innervation
[28]. Influences of glucose concentrations and cyclic
AMP mediated mechanisms on these oscillations
have also been postulated [29] and investigations in
humans have confirmed these findings [13].

More recent experiments on the rat carried out by
Longo et al. [30] suggest that pulsatile insulin secre-
tion is a basic property of the beta cell, and is caused
by periodic fluctuations of intracellular calcium and
metabolic activity. These results were complemented
by findings showing that also a glucose-induced in-
crease of cytoplasmic Ca2+ concentration in isolated
somatostatin producing delta cells is often realised
as oscillation [31]. It was postulated that an electrical
coupling between delta cells and beta cells exists
which caused the agreement between the oscillatory
responses of somatostatin and insulin [32]. Sponta-
neous rhythmic activity generated by Ca2+ oscilla-
tions was also observed in the alpha cells [33]. These
results indicate that each of the cell types mentioned
above (beta cells as well as delta cells and alpha cells)
is provided with intrinsic oscillatory activity.

Our results show that insulin secretion from the
beta cells not only exhibits ultradian rhythms but
also a circadian rhythm. These results are consistent
with circadian rhythms in various organs in vitro.
Moreover, the results are supported by Bünning [34],
who observed a circadian contraction rhythm of iso-
lated bowels from Mesocricetus auratus and postula-
ted that endogenous daily periodic processes must ex-
ist for many organs without central control.

It is known that melatonin influences the central
circadian pacemaker, SCN, and timedependently can
reset the circadian clock in vitro [35]. Results indicat-
ed additionally that melatonin influences the electri-
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Fig.3. Four examples of the biomathematical evaluation using
the MacAnova-program. Statistically significant circadian pe-
riods (t) of insulin secretion with different period lengths are
shown (experiment 1: 26.2 h, experiment 2: 22.1 h, experi-
ment 4: 23.5 h, experiment 5: 22.9 h)



cal activity rhythms of SCN neurons and causes phase
advances in a time-dependent manner [36].

Numerous investigations have shown that melato-
nin receptors exist on neurons of the SCN. They are
coupled to G-proteins mediating the inhibitory influ-
ences of melatonin on cyclic nucleotides [37]. Puta-
tive melatonin receptors have also been shown in
other neural structures as well as in non-neural or-
gans of various systems [38]. Furthermore, it was sug-
gested that melatonin is not only able to bind to
membrane receptors but also to nuclear proteins
[39] and to calmodulin [40]. Regarding pancreatic
islets, melatonin binding sites have not yet been de-
scribed. One can assume that the pancreatic islets of
the rat are targets for melatonin because of the action
of melatonin reported here, as well as the inhibitory
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Fig.4. Rhythmic pattern of insulin secretion in isolated pancreatic
islets of neonate rats under long-term conditions (7 days) in vitro.
The experimental protocol was the same as described in Figure 1.
However, in this case after 60 h, 10 nmol/l melatonin was applied
for 2 h (dark columns)

Fig.5. Results of trend elimination (linear trend) obtained
using the data of the time series shown in Figure 4. The curves
(continuous lines) indicate the Zeitgeber function of melato-
nin. The 2 h application of 10 nmol/l melatonin applied ap-
proximately at the maximum of the circadian oscillation (t =
22.9 h) caused a phase advance of around 9 h. After this the
circadian period was maintained (t = 22.5 h); however, the am-
plitude was enhanced (from 92 to 155 pmol/l). To heighten the
visualization of the phase shift, the hypothetic location of the
curves (dotted lines) has been drawn before and after melato-
nin application



effects of melatonin on insulin secretion from pan-
creatic rat islets in vitro reported previously [41, 42].
Our results indicate that melatonin, as a hormonal
Zeitgeber, influences the circadian rhythm of insulin
release under in vitro conditions causing phase ad-
vances. Further investigations are needed both to elu-
cidate the mechanisms of signal transduction and the
sites of intracellular actions of melatonin in the islet
and to clarify what happens to the rhythm if secretion
is inhibited by other substances.

In conclusion we found that (i) insulin secretion
from isolated pancreatic rat islets exhibits a circadian
rhythm which is apparently generated within the islet
and that (ii) the pineal secretory product melatonin
influenced the rhythm generating oscillator and in-
duced a phase shift in insulin secretion.
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