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Lin, and Te-Son Kuo. Dynamic aspects for interislet synchro- 
nization of oscillatory insulin secretions. Am. J. Physiol. 272 
(Endocrinol. Metab. 35): E981-E988, 1997.-How are the 
oscillatory insulin secretions from numerous islets synchro- 
nized to result in an identifiable oscillation? We postulated 
that a sudden increase in glucose concentration could best 
account for the interislet synchronization. The perifusion 
with two parallel chambers each containing 100 islets from 
the same rat was performed. The glucose concentrations of 
two chambers were simultaneously increased from 100 to 300 
mg/dl in step function to examine the synchronizing efficacy. 
Synchrony and regularity of insulin oscillation were evalu- 
ated by cross-correlation and/or power spectral analysis. 
Although the insulin had been in stable oscillation, we found 
that the synchrony between two chambers and the regularity 
of each chamber were still significantly improved after a 
sudden increase in glucose level. However, the improved 
synchrony and regularity were transient. They gradually slid 
toward a less rigorous condition in a 15-h long-term perifu- 
sion. We suggested that the interislet synchronization of 
oscillatory insulin secretions could be improved by a sudden 
increase in glucose level. The insulin pulses were therefore 
enhanced to present their physiological effects. 
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PANCREATIC ISLETS SECRETE insulin in an oscillatory 
fashion. Clearly identifiable oscillations with periods of 
10-20 min were shown in experiments using intact 
animals (13, 21), perfused pancreata (29), perifused 
isolated islets (4, 10, 22), and adenomatous human B 
cells (11). The site of the pacemaker has now been 
narrowed down to the individual B cells. In addition, 
oscillations of CO2 production, cytoplasmic Ca2+, ATP- 
to-ADP ratio, and lactate within the B cell have been 
described (9, 12, 15). Correlation of these synchronous 
cycles with those observed for insulin secretion leads to 
a proposal that the oscillatory glycolysis within each B 
cell is probably the originator of the oscillatory rhythm. 
Therefore a set of new questions arises: how do the 
insulin secretions from thousands of B cells in a single 
islet and from millions of islets in pancreas coordinate 
sufficiently to result in a clearly identifiable oscillation? 
In the clusters of B cells, a digital fura 2 fluorescence 
image analysis indicates that the synchrony among the 
clusters of B cells can be achieved by rapid propagation 
of cytoplasmic Ca 2+ (17). In a single islet, the analysis 
had been extended to confirm that the oscillations of 
Ca2+ concentrations occur synchronously across the 
whole islet tissue (26). Recently, the single pancreatic 
mouse islets were superfused to allow concomitant 
recordings of cytoplasmic Ca2+ and insulin release (2). 
It was found that the release of the insulin from a single 

islet indeed was synchronized with the Ca2+ oscillation. 
The intraislet synchronizing mechanism is therefore 
ascribed to a highly coordinated Ca2+ signaling system. 
In groups of islets, Berman et al. (5) proposed a 
mathematical model to examine the degree of syn- 
chrony required to obtain the oscillatory insulin pat- 
terns. They suggested a moderate degree of asynchrony 
between islets could best account for the pattern of 
insulin oscillation observed. However, the model of 
Berman et al. was based on a series of critical assump- 
tions. Secretory events of all islets were assumed to be 
discrete bursts. The quantities and firing intervals of 
insulin releases for all islets were also assumed to be 
the same only with very small variation. It is not clear 
that the model still is applicable in the face of consider- 
able biological uncertainties after a long-term opera- 
tion. Nevertheless, the foregoing observations indicate 
that the oscillatory characteristics not only among 
groups of B cells but also among groups of islets are 
determined collectively. This phenomenon might ac- 
count for the great variation of insulin oscillatory 
periods among different experimental designs. Because 
of the overlap by scattered insulin rhythms, an increase 
of islet number might accompany an increase of peri- 
ods. It was reported that individual rat islets released 
insulin in 2- to 3-min pulses (2, 3), but lo- to 20-min 
pulses were found in groups of isolated islets or per- 
fused pancreata (4, 10,22,29). On the other hand, this 
phenomenon also implies that there should be more 
room for improving the synchrony of insulin oscillation. 
Their physiological effect (23) might therefore be en- 
hanced with a shorter period and greater amplitude. 

We postulated that a sudden increase in glucose 
concentration was the supplementary mechanism in 
synchronizing the insulin oscillations from groups of 
islets. A perifusion experiment was therefore designed 
with two parallel chambers containing groups of islets 
from the same rat. The system especially improved the 
accurate control in quantity and timing of the alter- 
ation in glucose level to practically examine the synchro- 
nizing efficacy. It was confirmed that although the 
insulin had been in stable oscillation, both their syn- 
chrony and regularity still were significantly improved 
after a sudden increase in glucose level. In addition, in 
a 15-h long-term perifusion, the synchrony and regular- 
ity improved by glucose increase were transient. They 
gradually slid toward a less rigorous condition similar 
to that before glucose alteration. 

MATERIALS AND METHODS 

IsoZation of rat islets. Islets were isolated by use of the 
collagenase technique of Gotoh et al. (14). Male Wistar rats 
(NTU, Taipei, ROC) were anesthetized and IO ml of collage- 
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Fig. 1. Schematic representation of perifusion system. Tube arrange- 
ment was adopted from Watanabe and Orth (30) with some modifica- 
tions. To begin glucose alteration, two 3-way stopcocks were turned 
simultaneously in opposite directions. Media in 2 side lines were 
immediately exchanged (side 1 to side 2). Two identical sets of tubes 
and chambers were operated simultaneously. 

nase solution were injected into the common bile duct to 
distend the pancreas. It was excised and placed into a 37°C 
water bath for digestion. After a series of washing steps, the 
islets were separated from other tissue fragments by centrifu- 
gation on a discontinuous Ficoll (Sigma, St. Louis, MO) 
gradient in Hanks’ balanced salt solution with specific gravi- 
ties of 1.080 and 1.110. About 500 clean islets were obtained 
and cultured in RPM1 1640 medium containing 100 mg/dl 
glucose (GIBCOBRL, supplemented with 0.2% sodium bicar- 
bonate, 1.5% N-2-hydroxyethylpiperazine-N’-2-ethanesul- 
fonic acid, 10% newborn calf serum, 0.2% penicillin-streptomy- 
cin, and 0.1% amphotericin B) at 37°C in a CO2 incubator for 
24 h to ensure the complete recovery of islets. 

Perifusion system. In all experiments, two chambers (a and 
b) containing groups of islets from the same rat were peri- 
fused simultaneously (n = 6 pairs, expts 1-6). About 100 
similar size islets were hand picked under the microscope and 
placed into each chamber, which was composed of a barrel of 
l-ml plastic syringe (Terumo, Tokyo, Japan), and two layers of 
nylon net with lo-pm pore (Pharmacia, Uppsala, Sweden) 
were placed in the bottom. To control exactly the time of 
introduction of high-glucose medium into the chamber and to 
prevent the pressure disturbances, the method of tubing 
arrangement from Watanabe and Orth (30) was modified. 
Briefly, three parallel tubes (1 main line and 2 side lines for 
each chamber) were driven by a multichannel peristaltic 
pump at an individual flow rate of 180 pl/min (Fig. 1). Each of 
the side lines was connected with a three-way stopcock and a 
21-gauge needle. A consistent flow of medium containing 100 
mg/dl glucose in the main line was always introduced into the 
chamber. Under basal perifusion condition, one side line (side 
l), which also contained medium with glucose level of 100 
mg/dl (same as used for overnight culture, gassed with 95% 
025% CO& was inserted through the upper port of the 
chamber, and its three-way stopcock was opened. The cham- 
ber was therefore perifused with the basal glucose level of 100 
mg/dl at a flow rate of 360 pl./min. Another side line (side Z), 
primed with medium containing 500 mg/dl glucose, was also 
inserted into the chamber until the tip of the needle reached 
close to the islets. To switch the glucose concentrations, two 
three-way stopcocks were turned in opposite directions simul- 
taneously. Thereby the glucose level in the vicinity of islets 
was immediately switched to 300 mg/dl (an average of 100 
and 500 mg/dl), and the total flow rate still was 360 pl/min. 
Because only a half-volume was disturbed and the total flow 

rate through the chamber was maintained throughout the 
operation, the significant pressure change was prevented. 
The system demonstrated a perfect step function of glucose 
alteration and nearly no time shift between the two chambers 
(Fig. 2). The temperature of the entire system was monitored 
and controlled by an electronic controller to exclude fluctua- 
tion. Variation was no more than O.l”C over 300 min and 
demonstrated no periodicity. 

Experimental protocols. Samples were collected in 3-min 
fractions. To equilibrate the islet conditions, the islets were 
perifused with the same medium as during overnight culture 
for 2 h before the start of sample collection. The islets were 
therefore considered to secrete insulin in a stable oscillation 
at 100 mg/dl glucose level. The glucose levels of two chambers 
in all experiments were simultaneously increased from 100 to 
300 mg/dl in step function. In experiments 1-5, the switching 
point was at 90 min after sample collection started, and the 
duration was designed to obtain 90 samples (90 + 180 min). 
Experiment 6 was an independent long-term perifusion in 
which the switching point was at 180 min, and the perfusion 
was prolonged to obtain 300 samples (180 + 720 min). 

Radioimmunoassay. Insulin concentrations in the collected 
perifusate were determined by radioimmunoassay with 1251- 
labeled human insulin and human standard (19), employing 
an anti-insulin serum raised in guinea pig (a gift from Dr. 
C. H. Hsu, Jen-Ai Municipal Hospital, Taipei, ROC). Dextran- 
coated charcoal for insulin was used as a separation method. 
The intra- and interassay coefficients of variation were 4.5 
and 7.2%. The limit of sensitivity was 1.2 pUlml(7.2 PM). All 
samples were measured in duplicates. The consistent trend of 
the signal profiles from the duplicate assays were further 
examined pulse by pulse to verify the real peaks or valleys of 
insulin oscillations. 

Data analysis. The synchrony and regularity of insulin 
oscillation were characterized by cross-correlation (7) and the 
power spectral analysis (8). Cross-correlation is essentially a 
comparison process to determine the phase shift of signal that 
has been hidden in additive noise. The primary application of 
cross-correlation is the synchrony estimate between two 
signals. Synchrony between two signals was defined as if 
there were a significant peak corresponding to zero lag time 
in cross-correlogram. In addition, the regularity of the trace 
in a cross-correlogram also approximately reflects the regular- 

Fig. 2. Rapid response of perifusion system to a sudden alteration in 
glucose concentration. Perifusate from 2 parallel chambers (a and b) 
was immediately measured by a glucose analyzer (model 2300 
STATPlus, Yellow Springs Instrument, Yellow Springs, OH). Sam- 
pling interval wa s reduced to 30 s near switching point. Note that 
scale for chamber b (on right) was shifted. 
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Fig. 3. A: oscillatory insulin secre- 
tions by 2 groups of perifused islets 
(chambers a and b) from a single 
rat (expt 1). Glucose levels in 2 paral- 
lel chambers were simultaneously 
changed from 100 to 300 mg/dl at 90 
min. Period of time from 90 to 120 min 
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ity of two original signals similar to that of autocorrelation. 
We also evaluated regularity by power spectral analysis 
based on the Fourier transform. A plot of the spectral 
densities against periods provides a good visual display of the 
structure of the waveform and the power distributions among 
each period component. The duration from the glucose switch- 
ing point to 30 min later was considered to include most of the 
transient state in response to glucose increase, i.e., first- 
phase insulin secretion. To avoid interference with the calcu- 
lation, data in this duration were ignored. Two separate 
ranges at both sides were therefore defined as the stable 
oscillation before the switch and the stable oscillation after 
the switch (Fig. 3). In experiment 6, the perifusion was 
prolonged to 900 min. Included were 180 min of stable 
oscillation before the switch defined as range 0 and a 690-min 
(900 - 180 - 30 = 690) stable oscillation after switch, in 
which five overlapping moving windows (60 data points, 180 
min) were defined as ranges l-5 (Fig. 6). The time series of 
data of every range were curve fitted with a third-order 
polynomial as a detrending function to exclude low-frequency 
bias. The cross-correlation between chambers a and b and 
power spectral analysis for each chamber was then performed 
range by range. Because the amplitudes of insulin oscillation 
would be enhanced when glucose level increased, correlation 
coeficients and spectral densities were normalized to com- 
pare the synchrony and regularity before and after the 
switch. The foregoing analyses were performed with Signal 
Processing Toolbox of MATLAB, IBM-PC version (Math Works, 
Natick, MA). 

RESULTS 

Figure 3A shows the results of experiment 1. Insulin 
in chambers a and b presented a very consistent 
dynamic response, sustained oscillations superimposed 
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on the well-known first- and second-phase secretions. 
Figure 3B shows the results of the same experiment 
with islets from another rat (expt 2). The dynamic 
behaviors in two parallel chambers were also very 
consistent in response to increased level of glucose. 
However, both the duration of the first phase and the 
period of subsequent oscillation in experiment 2 were 
significantly shorter than those of experiment I. Table 1 
shows the duration of the first-phase secretion, from 
the switching point to the subsequent stable oscillation, 
in experiments 1-6. They varied among individual 
experiments but were similar for each pair of cham- 
bers. Synchrony between paired chambers was further 
analyzed by cross-correlation (Figs. 4 and 7). The traces 
of cross-correlograms show bias at both sides corre- 
sponding to a large time shift. It was due to the finite 
length of the signals and did not interfere with esti- 
mates of synchrony or regularity. A significant peak 
indeed existed corresponding to zero lag time in the 
cross-correlograms after switching in all experiments. 

Table I. Duration of first-phase insulin secretion 

Duration of 1st Phase, min 

Expt No. Chamber a Chamber b 

1 33 30 
2 12 15 
3 18 18 
4 18 21 

5 15 15 

6 15 15 
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Fig. 4. Cross-correlation of stable insulin oscillation 
between 2 parallel chambers before and after switch- 

Experiment 3 

ing glucose levels (100 to 300 mg/dl) for 5 repeat 
experiments (expts l-5). Correlation coefficients had 0.5 
been normalized for comparison. Synchrony was 0 
defined as if there were a significant peak correspond- 
ing to 0 lag time, and regularity was evaluated by 
regular cycles in cross-correlogram. 
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Experiment 5 

Except for experiment 3, they were improved from 
asynchronous oscillation. This implied that a high 
degree of synchrony had been achieved by a sudden 
increase in glucose concentration. In addition, regular 
cycles in cross-correlogram reflecting the regularity of 
two original signals were also identified in five experi- 
ments (expts 1,2, and 4-6) after switch. In experiments 
2 and 4-6, they were improved from irregular traces. 
Enhancement of regularity was also supported by the 
spectral analysis (Figs. 5 and 7). After glucose levels 
were switched, the dominant peaks for each pair of 
chambers had been converged. This implied that most 
power of the insulin oscillations from both chambers 
had been concentrated to an identical frequency. Like 
the duration of first-phase secretion, the spectral pat- 
terns after the switch were quite different among 
experiments but were similar for paired chambers in 
each experiment. 

In experiment 6, the perifusion was extended to 900 
min (15 h; Fig. 6). The synchrony and regularity in the 
stable oscillations before the switch (range 0) and after 
the switch (ranges l-5) were also analyzed range by 
range with power spectrum and cross-correlation (Fig. 

-30 0 30 
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60 90 -90 -60 -30 0 30 60 90 
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7). In the spectral analysis, the dominant peaks of the 
two chambers converged after switching of the glucose 
level (range I), but then gradually diverged thereafter 
(ranges Z-5). Moreover, the two spectral patterns of 
paired chambers were considerably similar in the ini- 
tial two ranges after the switch (ranges 1 and 2), but 
then they became different in the later ranges (ranges 
3-5). The synchrony analysis by cross-correlation also 
presented consistent results with experiments l-5. 
However, a significant peak corresponding to zero 
lag time and the regular cycles in cross-correlogram 
were observed only in the first range after the switch 
(range 1). 

DISCUSSION 

Four possible factors affecting the interislet synchro- 
nizing process are neural network, Ca2+ propagation, 
temperature variation and change in fuel concentra- 
tion. Because groups of isolated rat islets also secrete 
insulin in a clearly oscillating fashion in the absence of 
neural interconnection, there should be another mecha- 
nism in addition to neural regulation. Is it possible that 
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Fig. 6. Oscillatory insulin secretions by 
perifused islets from a single rat (expt 
6). Glucose levels in 2 parallel chambers 
(A, chamber a; B, chamber b) were simul- 
taneously raised from 100 to 300 mg/dl 
at 180 min. Perifusion after switch was 
extended to 900 min, resulting in 690 
min of stable oscillation, during which 5 
overlapping moving windows were de- 
fined as ranges l-5. Initial 180 min was 
considered to be period of stable oscilla- 
tion before switching and was defined as 
range 0. 
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Fig. 5. Power spectral analyses of stable 
insulin oscillations before and after switch- 
ing glucose levels (100 to 300 mg/dl) for 5 
repeat experiments (expts l-5). Thin lines 
and dark bold lines represent chambers a and 
b, respectively. Spectral density was normal- 
ized. 
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Fig. 7. Range-by-range power spectra (on Left) and 
cross-correlation analyses (on right) of stable insulin 
oscillations before and after switching glucose levels 
for expt 6. Both spectral densities against periods 
and correlation coefficients against lag time were 
normalized. 
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a widespread Ca2+ propagation, i.e., paracrine and/or connected in series. The corollary is also supported by 
endocrine flow of Ca2+, occurs in the pancreas? The fura the reconstruction of islet microvasculature (6). At least 
2 fluorescence image analysis indicates that the phase in rats, the blood in most islets is introduced from 
shift between oscillations occurring in different B cells arteries and then drained directly to veins without 
in one single islet is -2 s (26). It is unlikely that passing through any other islet. Thus, it is clear that 
millions of islets scattered in the widespread pancreas the islet-to-islet endocrine pathway for Ca2+ is lacking 
can be sufficiently coordinated to result in a clear in the pancreas. A third possible mechanism is the 
insulin oscillation within a few minutes just by a temperature variation. Hellman et al. (18) reported 
paracrine flow of Ca 2+. To facilitate the propagation of that oscillation of cytoplasmic Ca2+, reflecting the 
Ca2+ by the endocrine pancreas, there should be an oscillation of insulin secretion, is inhibited when the 
efficient microvascular pathway from islet to islet. temperature is above 42°C or below 30°C. If insulin 
Recently, comparison of the results obtained from the cycles can be synchronized by reinitiating the oscilla- 
anterograde vs. retrograde perfusion of the pancreas tion by temperature, the mechanism must operate 
indicated the existence of the cellular perfusion se- under unphysiological temperature conditions (near 42 
quence, B-+A+D, in the islets of various animals (25, or 30°C). Oscillatory temperature in normal range 
27,28). This finding leads to a corollary that most islets might make an impulsive periodicity of insulin. Yet, it 
in the pancreas are connected in parallel. It is because is also hard to perform in vivo because the body 
any specific intraislet perfusion sequence, including temperature must permanently oscillate in synchro- 
B---+A---+D, is hardly established if these islets are nous cycles with insulin rhythms. The final possible 
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mechanism is a sudden increase of fuel concentration, 
such as glucose and/or arginine. Arginine is a powerful 
amino acid stimulus of both insulin and glucagon 
secretions. However, the concomitantly released gluca- 
gon might disturb the insulin cycles, since the high 
level of glucagon will initiate the transformation of 
oscillatory Ca2+ concentration in B cells into a sus- 
tained increased level (15). Therefore arginine or argi- 
nine-stimulated glucagon might not be able to synchro- 
nize the scattered insulin rhythms by means of Ca2+ 
oscillation. It was reported that the transition from the 
basal state to the oscillatory state of cytoplasmic Ca2+ 
is induced by raising the glucose concentration to 7 mM 
(126 mg/dl) or above (15). This implies that glucose 
alteration in the normal physiological range is able to 
completely shut down or to initiate the insulin oscilla- 
tion. This established the possibility of glucose as a 
good trigger to rally the scattered insulin rhythms from 
numerous islets. 

However, this mechanism should start out with the 
following anatomic and dynamic premises. 

Each islet should first receive signal of glucose in- 
crease at the same time. Because the blood flow only 
needs a few seconds to pass through the pancreas, the 
blood glucose signal could be considered to arrive at 
every islet in pancreas at the same time. The problem is 
that the other hormones that are also secreted by islet, 
such as glucagon, somatostatin, and even insulin itself, 
have been identified as influencing insulin secretion (1, 
24, 20). Each islet therefore must receive the glucose 
signal first to avoid any interference from hormones 
released by other islets. As discussed previously, most 
islets in the pancreas are connected in parallel by the 
blood circulation system. This observation suggests not 
only that islets are independent of each other but also 
that each of them should contact the glucose signal 
first. 

Each islet should be consistent in response time to a 
sudden increase in glucose level. Two dynamic character- 
istics have to be considered: the time it takes the islet to 
receive the glucose signal and begin secreting insulin 
(firing time) and the length of time from the initial peak 
to the beginning of a new stable oscillation (duration of 
1st phase). In fact, insulin response to a sudden in- 
crease in glucose is strong and immediate. It had been 
well documented and also confirmed by our results In 
addition, our results reveal that although the duration 
of the first-phase insulin secretion was varied among 
different rats, it was similar for paired chambers. Thus, 
for the individual rat, this premise was satisfied. 

In this study, two groups of islets from the same rat 
were perifused in the absence of any contact pathway. 
The glucose levels of two groups of islets were simulta- 
neously increased to examine the synchronizing ef& 
cacy. All the methodological pitfalls, such as tempera- 
ture variation or pressure disturbance resulting in an 
artificial synchronization, were prevented. We found 
that a high degree of synchrony between two chambers 
was achieved by a sudden increase in glucose concentra- 
tions. This can readily be seen through identification of 

cross-correlograms after switching of the glucose levels 
in all experiments. Most of them were improved from 
asynchronous oscillation, since the similar phenomena 
were not found before switching. The peak-to-peak 
distances, e specially among the peaks near zero lag 
time, would reflect the periods of two original signals. 
However, it is meaningful only if the two signals are 
synchronous and the trace in cross-correlogram is 
regular. In our results, regular cycles in cross-correlo- 
gram were also identified after switching of the glucose 
levels, which made it possible to estimate the periods of 
the two insulin cycles. Apparently, the periods derived 
by cross-correlation coincided with those observed from 
the original data (Fig. 4 vs. 3). On the other hand, after 
switching of the glucose level, the dominant peaks in 
the spectrums of chambers a and b converged and the 
spectral patterns of the two chambers became unified. 
This implied that most power of both insulin oscilla- 
tions from two groups of islets became concentrated to 
an identical frequency; i.e., insulin secretions from 
chambers a and b presented a pair of regular oscilla- 
tions with a consistent period. 

In experiment 6, a high degree of synchrony between 
the two chambers was transient because the significant 
peak at zero lag time in cross-correlogram was found 
only in range 1. Meanwhile, the spectral patterns of 
both chambers were also unified only in range 1. They 
gradually diverged in the later ranges (ranges 2-5) and 
finally presented individual spectral patterns. This 
implied that both groups of the islets had developed 
individual oscillatory characteristics after prolonged 
culture in the absence of any contact pathway between 
the two chambers. We think that the loss of synchrony 
between the two chambers was due to the difference 
between their individual oscillatory characteristics and 
that the loss of synchrony in one chamber resulted in its 
specific oscillatory characteristic. In any given cham- 
ber, some biological uncertainties, such as the varia- 
tions in the oscillatory glycolysis and in the flow of 
cytoplasmic Ca2+, exist in the secretory events among 
islets. Trivial variations of the secretory events could 
become so accumulated after long-term perifusion as to 
render insulin rhythms scattered among islets, but the 
insulin rhythms did not scatter in a completely random 
fashion. First, identifiable insulin oscillations were 
observed throughout the perifusion, and the dominant 
peaks in spectrum of both chambers were always found 
even in the final range of the perifusion (range 5 in expt 
6). Second, the insulin rhythms indeed slid toward a 
less rigorous condition similar to that before the switch 
(range 5 vs. range 0, Fig. 7) or, as Berman et al. (5) 
suggested, a moderate degree of asynchrony. Therefore 
insulin secretions from the islets in. one cham ber finally 
presented individual oscillatory characteristics by the 
overlap of moderate degree of scattered insulin rhythms. 
The unified spectral pattern in range 1 might be closer 
to the natural oscillatory characteristics of islets. This 
is because the overlap of SC attered insulin rhythms had 
been reduced by the high degree of synchrony in this 

a significant peak corresponding to zero lag time in range. It is somewhat surprising that the spectral 
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patterns under synchronized condition were so much 
alike for islets from a single rat but so different among 
different rats. Whether this is due to the different living 
history of rats or just to different degree of damage in 
the isolation procedure remains to be investigated. 

Conclusion. Our results established the possibility 
that scattered insulin rhythms from numerous islets in 
pancreas could be synchronized by alterations in glu- 
cose levels in the arteries. Although insulin secretions 
had been in a stable oscillation, there still was room for 
improvement in their synchrony and regularity by a 
sudden increase in glucose concentrations. However, 
the improved synchrony and regularity were transient. 
They would gradually slide toward a less rigorous 
condition after prolonged culture if lacking an effective 
regulatory mechanism. We suggest that, after a sudden 
increase in glucose concentrations, the oscillations of 
insulin would be improved in synchrony and regularity. 
Each time the blood glucose level increased, the oscilla- 
tion of insulin would be automatically synchronized. 
The insulin pulses were therefore enhanced to present 
their physiological effects. 
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