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ABSTRACT Glucose-stimulated insulin secretion is pulsatile and driven by intrinsic oscillations in metabolism, electrical activ-
ity, and Ca2þ in pancreatic islets. Periodic variations in glucose can entrain islet Ca2þ and insulin secretion, possibly promoting
interislet synchronization. Here, we used fluorescence microscopy to demonstrate that glucose oscillations can induce distinct
1:1 and 1:2 entrainment of oscillations (one and two oscillations for each period of exogenous stimulus, respectively) in islet
Ca2þ, NAD(P)H, and mitochondrial membrane potential. To our knowledge, this is the first demonstration of metabolic entrain-
ment in islets, and we found that entrainment of metabolic oscillations requires voltage-gated Ca2þ influx. We identified diverse
patterns of 1:2 entrainment and showed that islet synchronization during entrainment involves adjustments of both oscillatory
phase and period. All experimental findings could be recapitulated by our recently developed mathematical model, and simula-
tions suggested that interislet variability in 1:2 entrainment patterns reflects differences in their glucose sensitivity. Finally, our
simulations and recordings showed that a heterogeneous group of islets synchronized during 1:2 entrainment, resulting in a
clear oscillatory response from the collective. In summary, we demonstrate that oscillatory glucose can induce complex modes
of entrainment of metabolically driven oscillations in islets, and provide additional support for the notion that entrainment pro-
motes interislet synchrony in the pancreas.
INTRODUCTION
In response to a rise in blood glucose, b-cells in the pancre-
atic islets secrete insulin in pulses with a period of ~5 min,
and this is believed to underlie high-frequency oscillations
in plasma insulin levels (1–3). At the cellular level, pulsatile
insulin secretion is driven by oscillations in the b-cells’
cytosolic calcium concentration [Ca2þ]c (4,5). These oscil-
lations are a result of bursting electrical activity, which in
turn may derive from oscillations in cellular metabolic vari-
ables (6–9). A rise in blood glucose concentration increases
insulin pulse mass, but there is little modification of the
oscillation period (10,11). However, it has been shown
that a periodic glucose stimulus can entrain the pulsatile in-
sulin response, thereby modifying the period of the insulin
profile (1,12), likely via entrainment of [Ca2þ]c oscillations
(13), which could conceivably rely on entrainment of under-
lying metabolic oscillations. High-frequency fluctuations in
plasma glucose concentrations are correlated with and
similar in frequency to those of insulin (14,15). These rapid
glucose oscillations have been suggested to be caused by
rhythmic hepatic glucose output driven by oscillations in
the glucagon/insulin ratio (16). Our theoretical investiga-
tions have suggested that islet entrainment by such glucose
oscillations can help synchronize individual islets within the
pancreas, which is a requirement for overall pancreatic insu-
lin output to be pulsatile (17). The ability of glucose to
entrain endogenous insulin pulses is impaired in humans
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with type 2 diabetes (14,18) and in pancreatic islets from
Zucker diabetic fatty (ZDF) rats (1). The loss of islet
entrainment in diabetes has been suggested to be a
glucose-specific manifestation of b-cell dysfunction (19).
Periodic insulin signals may optimize the action of the hor-
mone on target tissues (20–22), and as a result, impaired
islet entrainment may contribute to the pathogenesis of dia-
betes. This emphasizes the need to understand this funda-
mental nonlinear phenomenon and clarify its cellular basis.

Entrainment is a fundamental phenomenon that is associ-
ated with periodically forced, or coupled, nonlinear oscilla-
tors (23). It is characterized by an adjustment of both phase
and period of the endogenous oscillations to the external
signal and has been observed in many physiological systems
(24), including circadian rhythms (25,26), the slow whole-
body glucose/insulin feedback system (27), and brain waves
and neurons (28,29). A defining feature of entrainment is
that it occurs in distinct modes that reflect different ratios
between the period of the exogenous stimulus and that of
the resulting endogenous oscillations. In the simplest case
of 1:1 entrainment, the system has one endogenous oscilla-
tion for each period of the external signal. As an example of
higher-order entrainment, the oscillating system may adjust
in such a way that two endogenous oscillations are observed
for each period of the exogenous signal (so-called 1:2
entrainment). More complicated periodic—and even
chaotic—patterns also arise when nonlinear oscillators are
entrained (30,31). This behavior differs fundamentally
from the outcome of a periodic all-or-none stimulus, which
essentially switches the system on and off, and always
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results in a one-to-one response. Although such stimuli can
be used to obtain insights regarding pancreatic b-cell func-
tion and synchrony (32,33), the analysis of real islet entrain-
ment requires a more physiological stimulus of moderate
amplitude.

To date, despite mounting evidence that metabolic oscil-
lations form the foundation for pulsatile insulin release (34),
there has been no demonstration of b-cell metabolic entrain-
ment. Moreover, no experimental studies have specifically
examined the possibility of higher-order entrainment in
pancreatic islets. As a basis for the present investigation,
we hypothesized that a physiological glucose stimulus can
entrain islet cytosolic Ca2þ and metabolic flux in 1:1, 1:2,
and possibly more complex modes, reflecting the nonline-
arity of the underlying oscillating system. Here, we test
this by using fluorescence microscopy and computer simu-
lation, and we demonstrate entrainment of oscillations in
islet NAD(P)H, mitochondrial membrane potential
(DJm), and cytosolic Ca2þ in response to an oscillating
glucose stimulus. To our knowledge, our recordings are
the first experimental evidence of metabolic entrainment
in pancreatic islets. Moreover, our results demonstrate that
glucose oscillations can induce distinct 1:1 and 1:2 entrain-
ment of islet oscillations, and that metabolic entrainment by
glucose requires voltage-gated Ca2þ influx. We show that
interislet synchronization during entrainment involves
adjustments of both oscillatory phase and period, and our
simulations show that a heterogeneous group of islets syn-
chronize when undergoing 1:2 entrainment to a slow
glucose stimulus, resulting in a clear oscillatory response
from the collective.
MATERIALS AND METHODS

Pancreatic islet isolation and culture

Mouse pancreatic islets were isolated from 7- to 12-week-old male

C57BL/6 mice in accordancewith institutionally approved animal-care pro-

tocols. Mice were given an intraperitoneal injection of pentobarbital sodium

(5 mg/100 g body weight), followed 5 min later by cervical dislocation.

Islets were then isolated by collagenase digestion and purified either by cen-

trifugal separation on a discontinuous Ficoll gradient as described previ-

ously (35) or by filtration through a 70 mm cell strainer (36). The islets

were then cultured overnight in Gibco RPMI 1640 media containing

10 mM glucose and supplemented with 100 mU/ml penicillin, 100 mg/ml

streptomycin, and 10% fetal calf serum (pH 7.4 with NaOH) at 37�C and

5% CO2. The following day, islets were hand-picked, transferred to glass

coverslips in groups of three to eight, and allowed to adhere in culture

for another 48 h before being used for imaging.
Islet imaging

The coverslips were transferred to a chamber (1 ml volume) that was

mounted on a temperature-controlled stage, and held at 35�C on an inverted

microscope (Eclipse TE300; Nikon Instruments Inc., Melville, NY) equip-

ped with a 10� S Fluor objective (Nikon Instruments Inc.). Groups of islets

isolated from a single mouse were imaged simultaneously, but were suffi-

ciently separate on the coverslip to ensure that there was no physical contact
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between them. In most instances, islets from different mice were used for

each experiment shown. During the experiments, islets were perifused

continuously by Ringer’s solution containing (in mM) NaCl 144, KCl

5.5, MgCl2 1, CaCl2 2, Hepes 20 (adjusted to pH 7.35 by NaOH), and var-

iable glucose, as indicated. Perifusion was carried out by means of com-

puter-controlled, Gilson Minipulse 3 peristaltic pumps. The flow rate was

held constant at 2.5 ml/min, and the glucose concentration varied in a

sine-wave pattern with mean, period, and amplitude as indicated for the

individual experiments.

Changes in islet DJm were recorded using the indicator Rhodamine 123

(Rh123), and measurements of cytosolic Ca2þ ([Ca2þ]c) were performed

using the cell-permeant acetoxymethyl (AM) ester form of the Ca2þ-indi-
cators Fura-2 or Fura Red (8). Both dyes were loaded at a concentration

of 5 mM for 30 min, and Rh123 was loaded at a concentration of 2 mg/ml

for 10 min. All dye loading was done in RPMI media under standard culture

conditions. Before imaging, the islets were perfused for 30 min with

Ringer’s solution containing either a constant concentration of 10 mM

glucose or an oscillating concentration profile with mean, frequency, and

period as indicated in the text.

Fluorescence excitation wavelengths were controlled by means of exci-

tation filters (Chroma Technology, Bellows Falls, VT) mounted in a

Lambda DG-4 wavelength switcher (Sutter Instrument Company, Novato,

CA). NAD(P)H autofluorescence was excited at 365 nm, whereas both

Fura Red and Rh123 were excited at 495 nm. Fura-2 was excited ratiometri-

cally at 340 nm and 380 nm, and the changes in [Ca2þ]c were expressed as

the ratio of fluorescence emission intensity (F340/F380). NAD(P)H auto-

fluorescence, Fura Red fluorescence, and Rh123 fluorescence were filtered

using a DAPI/FITC/TxRed polychroic beamsplitter (Chroma Technology)

and triple-band emission filter. A D510/80m wide-band emission filter

was used for monitoring of Fura-2 fluorescence. Images were collected

every 5 s by a CoolSNAP HQ Monochrome 12 bit digital camera (Roper

Scientific, Trenton, NJ), and both image acquisition and analysis were

controlled by MetaFluor software (Molecular Devices, Sunnyvale, CA).
Chemicals

Fura Red/AM, Fura-2/AM, and Rh123 were purchased from Life Technol-

ogies (Carlsbad, CA). All other chemicals were obtained from Sigma

(St. Louis, MO).
Data presentation and analysis

Islet NAD(P)H, Rh123, and Fura Red recordings were corrected for the

slow downward trend due to photobleaching and dye loss, as previously

described (8). The trend was estimated by an exponential best fit to the

full time series. The slow trend in the time series was then corrected by

dividing the raw data by the estimated exponential function, and the fluores-

cence intensity changes were expressed relative to the projected mean fluo-

rescence. In other cases, detrending was obtained by expressing the data as

the residual after subtraction of the projected mean fluorescence. Average

islet traces were obtained and quantified after detrending and normalization

of the individual islet recordings. Because Fura Red fluorescence changes

inversely with cytosolic Ca2þ, we plotted all Fura Red intensities on an

inverted scale for a more intuitive representation of the changes in Ca2þ.
As outlined in previous analyses of pulsatile insulin secretion (1), we quan-

tified the oscillatory periods using autocorrelation and spectral power

analyses. These estimations were performed on detrended steady-state

time series using MATLAB (The MathWorks, Natick, MA). For all other

processing and plotting of experimental data, the program Igor Pro (Wave-

metrics Inc., Portland, OR) was used. Results are presented as mean5 SE.

Differences between groups were evaluated with the Mann-Whitney-

Wilcoxon test or with theWilcoxon signed-rank test for unpaired and paired

testing, respectively, using R (http://www.R-project.org), and were consid-

ered significant at the 0.05 level.
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Modeling and simulations

We used the model we developed in Bertram et al. (9), which combines

essential aspects of previous models describing electrical activity and

Ca2þ dynamics (37), glycolysis (38), and mitochondrial metabolism

(39,40). Depending on the parameters, this model allows for an oscillatory

glycolysis that causes rhythmic variations in mitochondrial metabolism,

electrical activity, and Ca2þ levels. Feedbacks from Ca2þ on ATP levels,

and from ATP on glycolysis, are included in the model. We refer to the orig-

inal work (9) for further details. The model equations and parameters are

described in the Supporting Material.

To study entrainment patterns, we added a forcing glucose term, which

modifies the glucokinase rate, JGK, as described previously (17). JGK is a

Hill function of the glucose concentration, G, which is assumed to be equal

in the extra- and intracellular spaces:

JGK ¼ VGK�
1þ ðKGK=GÞnGK

� (1)

VGK is the maximal glucokinase rate, KGK denotes the glucose concentra-

tion at which J is half-maximal, and nGK is the Hill coefficient. All sim-
GK

ulations were done using the fifth-order Dormand-Prince solver in the

program XPPAUT (41). The computer code is available at http://www.

dei.unipd.it/~pedersen.
RESULTS AND DISCUSSION

Islet synchronization and 1:1 entrainment by
oscillatory glucose

In the simplest form of entrainment, the endogenous oscilla-
tion frequency locks in a 1:1 ratio with the applied periodic
signal. We examined the ability of an exogenous glucose
signal to entrain islet [Ca2þ]c oscillations in this manner
by imaging groups of Fura-2-loaded islets. The intrinsic
islet rhythm was first established during exposure to a con-
stant glucose concentration for 32 min, and the concentra-
tion profile was then varied sinusoidally for an equal
length of time. Fig. 1 A illustrates an experiment in which
the glucose concentration was made to oscillate around a
mean of 10 mM with a period of 4 min and amplitude of
20% of the mean. The frequency was chosen to be within
the range observed for self-sustained oscillations in mouse
islets stimulated with 10 mM glucose (4,8,42). During the
constant glucose baseline, all islets exhibited regular self-
sustained [Ca2þ]c oscillations. When the islets were exposed
to oscillatory glucose, there was a transient period of
5–10 min, after which all islets, with the exception of one,
adjusted their phases to increase interislet synchrony.

Fig. 1 B illustrates the adaptation of islet phase that takes
place during the transition to forcing-induced synchrony.
Two of the islets from the experiment in Fig. 1 A are shown
separately. During baseline, the islets oscillated with nearly
identical periods but were clearly out of phase. The dashed
line marks the onset of the forcing, and approximately at the
time indicated by the arrow, the islets had switched to
in-phase oscillations. Between islets, the phase transition
can happen with different kinetics depending on the relative
phase of the intrinsic oscillations at the onset of the external
stimulation. In the examples shown, the transition was
abrupt for one islet (Fig. 1 B, top), whereas another islet un-
derwent a more gradual phase adjustment (Fig. 1 B, bottom).
The external glucose signals changed the periods of their
oscillations from 4.36 and 4.24 min to 3.97 and 3.88 min,
respectively. The oscillatory periods of islets exposed to
this protocol are summarized and compared in Fig. 1 C.
As expected for 1:1 entrainment, the glucose forcing clearly
caused a convergence of oscillatory periods and there was a
significant adaptation of the mean period from 4.35 5
0.13 min during baseline to 3.96 5 0.04 min during the
last 24 min after the transient adjustment phase (n ¼ 13
islets from two independent experiments, p¼ 0.005 by Wil-
coxon signed-rank test). As shown in Fig. 1 C, this involved
both increases and decreases in the islet oscillation periods.
These results are similar to the phase synchronization
observed in other instances of cellular entrainment,
including that of coupled vascular smooth muscle cells
(43), and are in close agreement with recent work by Zhang
et al. (13), who used a microfluidic device to stimulate
groups of islets with an oscillating glucose stimulus.

Model simulations reproduced the experimentally
observed islet behavior well. Fig. 2 shows two model cells
that have oscillations in Ca2þ, NADHm, and DJm with a
period of 8.4 min at a constant glucose concentration of
10 mM. When the glucose profile oscillates around this
mean with an amplitude of 2 mM and a period of 7 min,
the model cells adjust their period accordingly. In line
with the experiments (Fig. 1 B), one cell adjusted its phase
abruptly and the other model cell showed a more gradual
adjustment, with the result that the two cells, which started
out of phase, rapidly synchronized. Moreover, the resulting
Ca2þ oscillations are in antiphase with the glucose oscilla-
tions, as we also observed experimentally (Fig. 1). Together,
these experiments and simulations illustrate that the entrain-
ment and synchronization of pancreatic islets by an oscilla-
tory glucose profile involves an adaptation of both phase and
period of the endogenous islet oscillator.
Diverse patterns of 1:2 entrainment of islet Ca2D

by glucose

We next exposed islets to slower glucose oscillations with a
period of 10 min to investigate the ability of islets to
undergo 1:2 entrainment. As we hypothesized, this forcing
profile induced a distinct 1:2 entrainment pattern with two
Ca2þ peaks in the islet profile per period of the glucose forc-
ing (Fig. 3). Intriguingly, some islets adapted to the glucose
with a broad peak, followed by a narrower second peak dur-
ing each full period (Fig. 3 Ai), whereas others showed two
almost identical peaks (Fig. 3, Aii and Aiii). The first case
would likely correspond to a large insulin pulse followed
by a much smaller one, as has been observed in human islets
exposed to a glucose stimulus of 10 min period (44), and
also in the circulation of healthy humans infused with a
Biophysical Journal 105(1) 29–39
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FIGURE 1 Characterization of 1:1 islet Ca2þ

entrainment to glucose. (A) Representative experi-

ment in which the cytosolic Ca2þ responses of

seven Fura-2-loaded islets were imaged simulta-

neously. The islets were stimulated with an extra-

cellular glucose profile as indicated above the

recordings (mean: 10 mM; amplitude: 20%;

period: 4 min). (B) Illustration of interislet phase

synchronization upon exposure to glucose forcing

as shown in panel A. The sinusoidal glucose stim-

ulus was initiated at 32 min (dashed line). The

arrow indicates the approximate time at which

the islets synchronized their Ca2þ oscillations.

(C) Islet Ca2þ oscillation periods quantified pre-

and postentrainment to the glucose stimulus shown

in panel A. Horizontal bars indicate mean 5 SE

(p ¼ 0.005 by Wilcoxon signed-rank test, n ¼ 13

islets from two mice).
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rhythmic glucose signal of more than twice the endogen-
ous pulsatile insulin period (14). The shift in period after
entrainment to the oscillatory glucose stimulus was
confirmed by autocorrelation and spectral analyses, as
exemplified in Fig. 3, B and C. In this example, the islet
had a peak autocorrelation coefficient at 10.6 min during
the full entrainment interval and at 10.0 min for the last
30 min of the recording (Fig. 3 B), further illustrating the
transient islet adjustment phase to a periodic glucose stim-
ulus. Autocorrelation analysis established that the average
principal period of the islets in constant glucose was
4.13 5 0.14 min (35 islets from five mice), whereas islets
exposed to oscillatory glucose showed an average period
of 9.48 5 0.09 min (22 islets from three mice; p <
0.0001 by Mann-Whitney-Wilcoxon test), demonstrating
Biophysical Journal 105(1) 29–39
the successful 1:2 entrainment of the Ca2þ oscillations
(Fig. 3 D). The 1:2 entrainment of islet Ca2þ is also clearly
seen in the normalized and averaged fluorescence traces,
which show a clear oscillatory pattern with a period of
~10 min, with smaller intermediate shoulders during the
slow sinusoidal glucose forcing, in contrast to the irregular
small-amplitude fluctuations seen under constant glucose
(Fig. 3 E).

An external stimulus is able to entrain an autonomous
oscillator provided the frequencies of the two systems are
sufficiently close to being at a 1:1, 1:2, or some other n:m
integer ratio (23,24). We tested this in the context of 1:2 islet
entrainment by changing the period of the slow glucose
oscillations from 10 to 8 min. As illustrated in Fig. 3 F,
the faster glucose signal was able to similarly entrain the



FIGURE 2 Model simulations of 1:1 entrainment. Two identical model

islets were started out of phase in 10 mM constant glucose. (A–D) After

20 min, glucose (A) was made to oscillate with amplitude 2 mM and period

7 min, which induced rapid entrainment involving phase shift and period

modulation as illustrated by the cytosolic [Ca2þ] (B), mitochondrial

[NADH] (C), and mitochondrial membrane potential (DJm) (D).
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islet Ca2þ oscillations in a 1:2 mode. Autocorrelation ana-
lyses of this profile showed peak lags at 4.4 min during base-
line and at 8.5 min during the oscillatory glucose signal,
confirming the entrainment.

We speculated that the variability we observed in the
shape of the 1:2 entrainment patterns (Fig. 3 A) could reflect
an inherent interislet heterogeneity in the responsiveness to
glucose. To test this, we performed simulations in which we
varied the glucokinase properties of the forced model cell.
In accord with our experiments, this resulted in different
Ca2þ-response patterns. With default parameter values, we
obtained two nearly identical Ca2þ peaks for each glucose
oscillation (Fig. 4 B). When the affinity for glucose was
increased by lowering the parameter KGK, one large peak
followed by a smaller one could be simulated if the ATP-
sensitive Kþ (K(ATP)) conductance was raised slightly
(Fig. 4 C), whereas only one large Ca2þ peak was produced
with default K(ATP) conductance (Fig. 4 D). At first glance,
the latter response resembles 1:1 entrainment, but the under-
lying metabolic profile showed a clear 1:2 pattern (Fig. 4 E).
However, NADHm, ATP/ADP, and K(ATP) conductance
only went below the threshold for electrical activity at one
point during each period of the glucose forcing, so even
though the metabolic subsystem was effectively 1:2
entrained to the glucose profile, this only manifested itself
as a slight modulation in the plateau of the Ca2þ oscillation
at this value of KGK (Fig. 4 D).

Next, we used model simulations to investigate the ability
of a slow glucose stimulus to synchronize and collectively
entrain a group of individual, nonidentical islets. We used
different KGK values to simulate eight such heterogeneous
islets, which were initially out of phase. Each islet was
modeled by a single cell representing a perfectly synchro-
nized intra-islet b-cell population. When the glucose input
was kept constant, the model islets were desynchronized
and their averaged Ca2þ signal showed only modest and
irregular fluctuations, but in response to oscillating glucose,
a clear periodic signal arose rapidly due to increased syn-
chronization of the model islets (Fig. 4 F). This finding is
in agreement with the appearance of a slow periodic pattern
in the average Ca2þ fluorescence trace of islets from
different mice (Fig. 3 E), as well as with the results reported
by Ritzel et al. (44), who did not observe periodic insulin
secretion from a group of human islets in constant glucose,
but detected a clear periodic insulin signal in response
to oscillating glucose levels. Taken together, our results
demonstrate that slow glucose oscillations can entrain
pancreatic islets in a 1:2 mode with a period of approxi-
mately twice that of the endogenous oscillations, and further
suggest that this may serve to synchronize and amplify slow
pulsatile insulin secretion from a heterogeneous population
of islets.
Entrainment of the islet metabolic oscillator

Studies of insulin secretion and cytosolic Ca2þ levels can
provide important evidence regarding islet entrainment.
However, when one considers insulin pulse entrainment,
confounding factors such as peripheral dampening due to,
e.g., hepatic extraction, systemic degradation, and dilution
of secreted insulin may mask the exact entrainment mode
of the synchronized pancreatic output (44). At the cellular
level, the simulations in Fig. 4, D and E, indicate that
even Ca2þ oscillations may not always clearly reveal the
true entrainment state of the fundamental islet oscillator,
which mounting evidence suggests is inherent to b-cell
metabolism (34,45). Our model simulations predict that
glucose has a robust ability to entrain the oscillatory meta-
bolic subsystem (Figs. 2 C and 4 E). We tested this predic-
tion experimentally by glucose-entraining the oscillations
we and others have demonstrated in islet NAD(P)H levels
(8) and in the mitochondrial membrane potential (DJm)
(8,46,47). In agreement with our simulations and the Ca2þ

imaging results in Fig. 3, we observed 1:2 entrainment of
both of these metabolic outputs to a periodic glucose profile
Biophysical Journal 105(1) 29–39



FIGURE 3 Heterogeneous patterns of 1:2 islet entrainment to slowly oscillating glucose. (A) Examples illustrating various 1:2 entrainment patterns of islet

Ca2þ to an oscillating extracellular glucose profile with a period of 10 min, 10 mM mean, and 20% amplitude. The islet recordings in panels Aii and Aiii are

from separate experiments with identical extracellular glucose stimulation profiles. Note that this and all subsequent Fura Red recordings are shown on an

inverted intensity scale to reflect the direction of changes in cytosolic Ca2þ. (B and C) Autocorrelation and spectral analyses of the cytosolic Ca2þ profile in

panel Aiii. Solid and dashed lines indicate the properties before and after the onset of the oscillating glucose signal, respectively. The shift in period illustrates

the 1:2 entrainment to the extracellular signal (representative of 16 islets from two mice). (D) Comparison of cytosolic Ca2þ oscillation periods of islets

exposed to constant 10 mM glucose and islets during steady-state recordings in oscillatory glucose with 10 min period and 20% amplitude (p < 0.0001;

n ¼ 35 islets from six mice and 22 islets from three mice, respectively). (E) Mean cytosolic Ca2þ profiles of the islets quantified in panel D (left: constant

glucose; right: oscillatory glucose). Before autocorrelation analysis and averaging, the individual islet recordings were detrended as described in Materials

and Methods. Shaded gray bars represent mean 5 SE. (F) Example of 1:2 islet Ca2þ entrainment to an oscillating glucose signal with 8 min period (repre-

sentative of n ¼ 6 islets from two mice).
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FIGURE 4 Model simulations of 1:2 entrainment. (A–D) In response to

slowly oscillating glucose concentrations (A; mean 10 mM, amplitude

2 mM, period 18 min), various 1:2 entrainment patterns are seen (B–D).

(E) The Ca2þ pattern in D resembles 1:1 entrainment despite being a result

of clear 1:2 entrainment of the underlying metabolic oscillator, illustrated

by mitochondrial NADH. Parameters take default values except that in C,

KGK ¼ 8.0 mM and gK(ATP) ¼ 14,300 pS, and in D and E, KGK ¼
8.0 mM. (F) Slow glucose oscillations synchronize eight heterogeneous

and out-of-phase model islets (gray curves). Islet heterogeneity was

modeled by different KGK-values (9.3–10.0 mM in steps of 0.1 mM). Syn-

chronization by glucose gives rise to distinct pulses in the average Ca2þ

concentration (black, thick curve).
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with a period of 10 min (Fig. 5). Spectral analysis of the
steady-state DJm and NAD(P)H responses showed marked
peaks at the induced period of 10 min and at the 5 min har-
monic (Fig. 5, Bii and Cii), as is characteristic of 1:2 entrain-
ment. The frequency adaptation of the endogenous
oscillator was corroborated by autocorrelation analysis,
which showed a significant periodic component of 10 min
(Fig. 5 Biii). In similarity to the 1:2 entrainment of Ca2þ

oscillations, our autocorrelation analyses demonstrated
that the sinusoidal glucose stimulus significantly increased
the average islet NAD(P)H period from 4.79 5 0.20 min
in constant 10 mM glucose (29 islets from five mice) to
10.00 5 0.25 min (Fig. 5 D; 19 islets from three mice;
p < 0.0001 by Mann-Whitney-Wilcoxon test). Moreover,
the marked effect of glucose entrainment on the overall islet
metabolic response was clearly seen by the appearance of a
clear periodic signal in the average NAD(P)H fluorescence
signal under oscillatory glucose, in contrast to the small
and irregular fluctuations seen in the average response dur-
ing constant glucose (Fig. 5 E). The averaged NAD(P)H 1:2
entrainment profile does not show as well-defined a second-
ary shoulder as the averaged Ca2þ response (Fig. 3 E), likely
because the individual NAD(P)H peaks generally are less
distinct and slightly more mismatched between individual
islets. Together, these data demonstrate that endogenous
oscillations in both islet metabolism and cytosolic Ca2þ

are entrained by an oscillating external glucose signal.
Ca2D-metabolism interactions and the basis for
islet entrainment

The feedback interactions that occur between calcium levels
and metabolic flux have been the subject of significant work
aimed at clarifying the mechanistic basis of glucose-induced
islet oscillations (8,34,45,48). Metabolic oscillations have
been shown to depend on [Ca2þ]c. When plasma membrane
depolarization and Ca2þ influx are prevented by the opening
of ATP-sensitive Kþ (K(ATP))-channels with diazoxide,
oscillations in oxygen consumption (48) and NAD(P)H
(8,45) are suppressed.

To clarify the role of Ca2þ-metabolism interactions in
islet entrainment, we first examined islet NAD(P)H and
cytosolic Ca2þ oscillations simultaneously in response to
a periodic glucose stimulus. The parallel NAD(P)H and
Fura Red recordings demonstrated a high degree of correla-
tion between the two, with each peak in metabolism paral-
leled by a peak in [Ca2þ]c (Fig. 6 A). The specific
recording in Fig. 6 A was also chosen to illustrate another
interesting finding. In the course of our studies, we observed
a few islets that responded to the slow glucose signal with a
repeating pattern of two, two, and three peaks during each
period of the external signal, i.e., seven peaks total every
three periods of the glucose profile. Although the recordings
were too short for us to draw definite conclusions, they
suggest that the 10 min glucose signal entrained the
Biophysical Journal 105(1) 29–39



FIGURE 5 Metabolic entrainment by glucose. (A) Rh123 recordings demonstrate the endogenous oscillations in the mitochondrial membrane potential

(DJm) in islets exposed to 10 mM glucose, and their 1:2 entrainment in response to subsequent glucose oscillations with 10 min period and 20% amplitude

(representative of six islets from one mouse). (B) Representative steady-state DJm recording (Bi), and associated spectral (Bii) and autocorrelation (Biii)

profiles during 1:2 entrainment by a slowly oscillating glucose stimulus (representative of 11 islets from one mouse). (C) Steady-state NAD(P)H recording

(Ci) and associated spectral analysis profile of an islet 1:2 entrained by a slowly oscillating glucose stimulus (Cii; representative of 12 islets from two mice).

(D) Comparison of NAD(P)H oscillation periods of islets exposed to constant 10 mM glucose and islets during steady-state recordings in oscillatory glucose

with 10 min period and 20% amplitude (p < 0.0001; n¼29 islets from five mice and 19 islets from three mice, respectively). (E) Mean NAD(P)H profiles of

the islets quantified in panel D (left: constant glucose; right: steady-state oscillatory glucose). Before autocorrelation analysis and averaging, the individual

islet recordings were detrended as described in Materials and Methods. Shaded gray bars represent mean 5 SE.
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abovementioned islets in a higher-order 3:7 mode. Indeed,
our simulations reproduced such 3:7 entrainment when the
period of the external glucose signal was ~7/3 times that
of the endogenous oscillations (Fig. 6 B).
Biophysical Journal 105(1) 29–39
We next investigated the importance of Ca2þ influx for
metabolic entrainment. When islets were exposed to a
10 min oscillatory glucose profile in the presence of
250 mM diazoxide, they no longer responded with 1:2



FIGURE 6 Close correlation of islet metabolic and [Ca2þ]c entrainment

and evidence for 3:7 mode locking. (A) Simultaneous recordings of pancre-

atic islet NAD(P)H autofluorescence and cytosolic Ca2þ during entrain-

ment to a slowly oscillating glucose stimulus reveal that each peak in

metabolism coincides with a peak in [Ca2þ]c (representative of 13 islets

from two mice). This specific recording was chosen to illustrate one of a

few islets in which glucose oscillations with 10 min period induced an

apparent 3:7 entrainment pattern rather than the predominant 1:2 fre-

quency-locking mode (cf. Figs. 3 and 5). (B) Simulated 3:7 entrainment

of model islets to glucose oscillations with period 19.6 min (mean:

10 mM; amplitude: 20%).

FIGURE 7 Voltage-gated Ca2þ influx is required for metabolic entrain-

ment. (A) An oscillating glucose stimulus of 10 min period and 20% ampli-

tude around a 10 mM mean concentration was started after islet

hyperpolarization by 250 mM diazoxide. NAD(P)H autofluorescence mea-

surements demonstrate that the normal 1:2 entrainment of islet metabolic

oscillations is lost and replaced by an apparent 1:1 profile (representative

of n ¼ 16 islets from two mice). A similar change is seen in the NAD(P)H

response when diazoxide is added during the entrainment, and is also

observed in Rh123-based DJm recordings (data not shown). (B) Model

simulation reproducing the experiment in panel A. The glucose oscillations

(upper panel) were as in Fig. 4. Diazoxide application was simulated by

raising the maximal K(ATP) conductance gK(ATP) to 30.000 pS during the

period indicated by the gray bars.
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entrainment, and instead showed what could be misinter-
preted as 1:1 mode-locking (Fig. 7 A). Model simulations
reproduced this distinct behavior (Fig. 7 B) and clarified
the reason for the switch in the islet response. The simu-
lated addition of diazoxide (increasing maximal K(ATP)
conductance) caused the model to pass into an inherently
nonoscillatory steady state (Fig. 7 B) (45), which also
agrees with experiments (Fig. 7 A) (8,45,48). Hence, in
the presence of diazoxide, glucose oscillations do not
entrain, but periodically modulate a stable glucose-respon-
sive system. This further illustrates that true entrainment
of a nonlinear system requires the presence of an active
endogenous oscillator. Our simulations and recordings did
not provide any indication that the intrinsic metabolic oscil-
lator was activated during periodic substrate fluctuations in
hyperpolarized islets. This shows that Ca2þ influx is also
required for metabolic oscillations in islets exposed to a
more physiological nonstationary glucose stimulus. At
face value, these findings align with a model in which
Ca2þ oscillations drive metabolic fluctuations. However, it
was recently shown that a stable KCl-induced increase in
[Ca2þ]c restores islet NAD(P)H oscillations in the presence
of diazoxide (45). Metabolic oscillations thus appear to
rely on elevated Ca2þ, but not on Ca2þ oscillations per se.
A permissive role of elevated Ca2þ in sustaining an
intrinsic metabolic oscillator, which in turn drives periodic
Biophysical Journal 105(1) 29–39
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voltage-gated Ca2þ influx, is fully compatible with the
entrainment results we present here.
CONCLUSIONS

A constant glucose stimulus triggers pulsatile insulin
release, and increasing glucose levels enhance insulin secre-
tion by increasing the amplitude of the insulin pulses with
little change to their frequency (10). In this study, we
addressed another important aspect of insulin secretion
control, namely, how rhythmic islet activity is modified by
periodic changes in glucose. Previous studies have shown
that pulsatile insulin secretion can be entrained by a periodic
glucose signal, resulting in an amplification of insulin pulse
mass. Here we demonstrated that entrainment of both meta-
bolic flux and cytosolic Ca2þ in pancreatic islets likely
underlies this phenomenon, and that entrainment involves
an adjustment of both the phase and frequency of the endog-
enous islet oscillations. Of note, this is the first experimental
demonstration (to our knowledge) of metabolic entrainment
in pancreatic islets. In addition to examining basic 1:1
entrainment, we demonstrated that a slower glucose stim-
ulus can robustly entrain intrinsic oscillations of both islet
Ca2þ and metabolism in a 1:2 frequency-locking mode.
We believe such higher-order entrainment has been
observed in the insulin secretion profiles of periodically
stimulated human islets, albeit without being recognized
as such (44), and also in plasma insulin levels during peri-
odic glucose infusion in vivo (14). Our experiments also
suggest that a slowly oscillating glucose profile of 10 min
period can induce more complex 3:7 frequency locking in
a small subset of islets. We emphasize that such regular mul-
tiple-peaks-per-period responses also represent nonlinear
entrainment, in which the endogenous oscillator adjusts its
phase and frequency to the external signal. Further, with
regard to insulin secretion, our findings strengthen the
evidence that entrainment of intrinsic islet oscillations helps
synchronize islets and promote regular and robust insulin
secretion patterns from the whole pancreas. The work by
Ritzel et al. (44) suggests this may even occur in response
to a glucose signal of very small amplitude. Our recordings
and simulations confirmed that endogenous oscillations
in islet metabolism depend on voltage-gated Ca2þ entry
(8,45,48). Additionally, we established that oscillatory
glucose is incapable of reactivating the endogenous meta-
bolic oscillator in the absence of cytosolic Ca2þ. We also
found that under conditions in which a group of islets is
entrained by the same slow glucose stimulus, islet heteroge-
neity leads to different shapes of the individual 1:2 entrain-
ment patterns (cf. Fig. 4, B and C), which contributes to
a combined insulin secretion profile that resembles 1:1
entrainment (Fig. 4 F) (1). Systemic dampening may further
obscure the detection of 1:2 entrainment in peripheral mea-
surements (44), but see also Mao et al. (14) for a counter-
example. Even if they are not readily detected in systemic
Biophysical Journal 105(1) 29–39
circulation, the underlying presence of these higher-order
entrainment patterns is likely indicative of healthy islet
function (19), including normal calcium-metabolism inter-
actions (Fig. 7). However, this proposal remains to be
addressed in further studies on islets from animal models
of diabetes.
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