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Abstract

Pancreatic islets manage elevations in blood glucose level by secreting insulin into the
bloodstream in a pulsatile manner. Pulsatile insulin secretion is governed by islet oscilla-
tions such as bursting electrical activity and periodic Ca®* entry in B-cells. In this report, we
demonstrate that although islet oscillations are lost by fixing a glucose stimulus at a high
concentration, they may be recovered by subsequently converting the glucose stimulus to
a sinusoidal wave. We predict with mathematical modeling that the sinusoidal glucose sig-
nal’s ability to recover islet oscillations depends on its amplitude and period, and we confirm
our predictions by conducting experiments with islets using a microfluidics platform. Our
results suggest a mechanism whereby oscillatory blood glucose levels recruit non-oscillat-
ing islets to enhance pulsatile insulin output from the pancreas. Our results also provide
support for the main hypothesis of the Dual Oscillator Model, that a glycolytic oscillator
endogenous to islet B-cells drives pulsatile insulin secretion.

Author Summary

A global shift throughout the last century toward excessive nutrient intake relative to
energy expenditure has fueled a dramatic increase in the incidence of diabetes in humans.
The epidemic is primarily of type 2 diabetes, a disease characterized by the inability of the
body to effectively control blood glucose levels. Insulin plays a key role in regulating blood
glucose levels by restraining endogenous glucose output from the liver and promoting
blood glucose uptake by tissue throughout the body. It is secreted in pulses by islets of
Langerhans, endocrine cell aggregates dispersed throughout the pancreas. Loss of insulin
pulsatility is an early event in the development of type 2 diabetes. Here, we demonstrate,
with a combined modeling and experimental approach, that the loss of pulsatile insulin
release that results from elevated glucose may be recovered by an oscillatory glucose
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stimulus. Our results have potential implications for enhancing insulin pulsatility and
therefore mitigating the development of type 2 diabetes.

Introduction

Pancreatic islets manage elevations in blood glucose level, such as after meals, by secreting
insulin into the bloodstream, which enables the liver, muscles, and adipose tissue to take up
glucose. Insulin is secreted from islet S-cells in a pulsatile manner governed by oscillations in
intracellular Ca®* concentration, which are caused by bursting electrical activity on the mem-
brane [1]. Pulsatile insulin secretion enhances the role of the liver in glucose homeostasis [2—
4], and insulin pulsatility is impaired in patients with type 2 diabetes [5-7]. In healthy subjects,
blood insulin levels are oscillatory with a period of approximately 5 min in both the hepatic
portal vein proximal to the pancreas [8-10] and peripheral arteries [11, 12], indicating that the
several hundred thousand islets in a rodent or human pancreas [13] synchronize to produce
pulsatile insulin output to the portal vein.

In response to glucose, some islets exhibit fast Ca®" oscillations with periods of less than 2
min, some exhibit slow Ca®* oscillations with periods of greater than 2 min, and some exhibit
compound Ca** oscillations that consist of episodes of fast oscillations interrupted with silent
phases (see [14] and [15] for reviews). This variety of responses suggests that two oscillators
cooperate in islets: a “slow oscillator” with period corresponding to that of slow Ca** oscilla-
tions or episodes of compound Ca** oscillations (> 2 min) and a “fast oscillator” with period
corresponding to that of fast Ca®" oscillations or intra-episode oscillations of compound Ca**
oscillations (< 2 min). In this report, we focus on slow oscillations since, with a period similar
to that of pulsatile insulin secretion [16], they are a potential target for enhancing pulsatility.

At low concentrations of glucose, the islet slow oscillator is inactive and electrical activity is
absent, which results in no more than basal insulin secretion. When glucose is continuously
increased, the slow oscillator activates at a low threshold (=~ 5 mM), which results in slow or
compound Ca** oscillations and pulsatile insulin secretion. As glucose is increased further, the
slow oscillator deactivates although electrical activity may persist, which results in elevated
intracellular Ca** and constant insulin secretion [17]. We found that slow oscillators are het-
erogeneous across islets by recording the glucose level at which slow Ca®* oscillations were lost
as we gradually increased external glucose (Fig 1). Out of 34 islets tested, 21 islets exhibited
oscillations with a period of 2 min or greater. Out of those 21 islets, the glucose level at which
slow Ca** oscillations were lost varied from 11 to 17 mM, indicating that, in vivo, elevated
blood glucose levels may trigger pulsatile insulin secretion from a sub-population of islets in
the pancreas but continuous secretion from the remaining islets, which would attenuate insulin
pulsatility.

In this report, we demonstrate that slow Ca** oscillations lost by fixing glucose at an ele-
vated concentration may be recovered by subsequently oscillating glucose sinusoidally about
that concentration with sufficiently large amplitude and period. Slow oscillations are often
recovered after a delay or with a period that differs significantly from that of the oscillatory glu-
cose signal, indicating that the glucose signal activates an endogenous oscillator. Complex pat-
terns of islet entrainment by sinusoidal glucose, including a 1:2 ratio between the frequencies
of Ca** and imposed glucose oscillations, have previously been reported [18].

We previously demonstrated that blood glucose level fluctuations [19] could reflect interac-
tions between the pancreas and the liver [20]. The liver plays a negative feedback role impor-
tant to managing blood glucose levels. It removes glucose from the bloodstream when blood
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Fig 1. Heterogeneity of islet slow oscillators. The glucose concentration at which slow Ca®* oscillations
were lost as glucose was gradually increased. Out of 34 islets, 21 islets exhibited Ca?* oscillations with a
period > 2 min. Of those 21 islets, the concentration at which slow Ca2* oscillations were lost varied from 11
to 17 mM (mean: 12.90 mM, standard deviation: 2.47 mM).

00i:10.1371/journal.pchi.1005143.9001

insulin is elevated (which is caused by elevated blood glucose) and releases glucose to the
bloodstream when blood insulin level is low (which is caused by low blood glucose) [21].
Therefore, a sub-population of oscillating islets in the pancreas delivering an oscillatory insulin
signal to the liver could establish blood glucose level oscillations of a similar period that recruit
non-oscillating islets to enhance insulin pulsatility. In this report, we demonstrate that a sub-
population of slow-oscillating islets can recruit a sub-population of fast-oscillating islets when
glucose delivery is put under the control of a model liver that supplies negative feedback to
insulin secretion.

We use a mathematical model, the Dual Oscillator Model (DOM), to simulate experiments
with islets and an ex vivo microfluidic platform to conduct experimental studies with islets.
Our model simulations predict our experimental results and give further support to the main
hypothesis of the DOM, that an endogenous glycolytic oscillator drives slow islet oscillations
and pulsatile insulin secretion.

Methods
Chemicals and reagents

Potassium chloride (KCl), sodium chloride (NaCl), calcium chloride (CaCl,), magnesium chlo-
ride (MgClL,), tricine, and penicillin-streptomycin were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Pluronic F-127 and fura-2-acetoxymethyl ester (fura-2-AM) were purchased
from Life Technologies (Grand Island, NY, USA). Glucose (dextrose) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). RPMI 1640 was purchased from Mediatech
(Manassas, VA, USA). Gentamicin sulfate was purchased from Lonza (Basel, Switzerland).
Poly(dimethylsiloxane) (PDMS) prepolymer (Sylgard 184) was purchased from Dow Corning
(Midland, MI, USA). All solutions were made with Milli-Q (Millipore, Bedford, MA, USA) 18
MQ cm deionized water.

Isolation and culture of islets of Langerhans

The isolation of mouse islets of Langerhans was performed under guidelines approved by the
Florida State University Animal Care and Use Committee (protocol 1235). Islets of Langerhans
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were isolated in a similar manner as described before [20]. After isolation, islets were incubated
at 37°C, 5% CO, in RPMI 1640 media containing 11 mM glucose, 10% calf serum, 100 units
mL ™" penicillin, 100 ug mL ™" streptomycin, and 10 ug mL™" gentamicin. Islets were used within
5 days after isolation.

Microfluidic device

A microfluidic device was used to deliver different glucose concentrations to islets using the
system described before [20]. Briefly, the device consisted of two inputs that were connected to
60 mL syringes that contained a balanced salt solution (BSS) composed of 2.4 mM CaCl,, 125
mM NaCl, 1.2 mM MgCl,, 5.9 mM KCl, and 25 mM tricine at pH 7.4 with either 3 or 20 mM
glucose. The syringes were suspended above the microfluidic device where the elevated heights
produced a hydrostatic pressure that controlled the flow rates of the reagents in the device. A
stepper motor controlled by a LabVIEW (National Instruments, Austin, TX) program was
used to control the height of the syringe containing 20 mM glucose. The height of the other
syringe was coupled to this syringe using a fixed length belt and pulley system. In this way, the
height of a single syringe was controlled while the other syringe moved in an equal, but oppo-
site, direction maintaining a constant total flow rate in the device. The difference in the heights
of the two syringes caused different flow rates of the two glucose solutions to enter a 70 mm
mixing channel prior to delivery to a 0.8 mm diameter chamber that housed 4-10 islets. By
changing the heights of the two syringes, the concentration of glucose delivered to the islets
could be changed in ~ 30 s. In most experiments, the glucose level is initially held fixed at 11
mM or greater, and then sinusoidal oscillations are applied. We hold at these relatively high
levels since our goal is to examine behavior near the upper threshold for slow oscillations.

Measurement of intracellular Ca%*

The microfluidic device was fixed on the stage of a Nikon Eclipse Ti inverted microscope. A
Lambda XL (Sutter Instruments, Novato, CA) system containing a lamp and appropriate filters
was used for excitation of fura-2 at 340 nm and 380 nm. Fluorescent images were acquired with
a 150 ms exposure every 20 s using a CCD (Cascade, Photometrics, Tucson, AZ, USA). The
imaging system was controlled by Nikon NIS Elements software (Nikon, Melville, NY, USA).
The ratio of fluorescence intensity excited at 340 nm to that at 380 nm (FCO3,49/FCOsg) for all
islets was obtained from the NIS software and converted to intracellular Ca**concentration
using predetermined calibration values that were found by standard methods [20].

Loading of islets with fura-2 dye was performed by incubating islets in 2.5 yM fura-2-AM
and 0.02% Pluronic F-127 in RPMI for 40 min at 37°C and 5% CO,. Islets were then removed
and placed in the microfluidic device where they were rinsed with BSS in 3 mM glucose for 5
min prior to the start of experiments.

Mathematical modeling

We use the Dual Oscillator Model (DOM) [1, 14] to simulate islet B-cells. A model schematic is
depicted in Fig 2. See S1 Model Equations for a full list of model equations and S1 Model
Parameter Values for parameter values.

The central element of the DOM is a glycolytic subsystem, adapted from [22], that models
the kinetics of the reaction catalyzed by the enzyme phosphofructokinase-1 (PFK1). Influx to
the glycolytic subsystem is through glucose transporters (GLUT) that take up external glucose,
G,, to intracellular glucose, G;. Efflux is through the mitochondrial pyruvate dehydrogenase
(PDH) complex, which decarboxylates the final glycolytic product pyruvate to supply acetyl
CoA to the citric acid cycle. The glycolytic model is a system of differential equations for the
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Fig 2. Schematic of the Dual Oscillator Model. J: flux; GLUT: glucose transporter, GK: glucokinase, PFK:
phosphofructokinase, PDH: pyruvate dehydrogenase, ANT: adenine nucleotide translocator, ER: endoplasmic
reticulum, hyd: hydolysis, PMCA: plasma membrane Ca®* ATPase. I: current; Ca(V): voltage-activated Ca®* K(V):
voltage-activated K*, K(Ca): Ca®*-activated K*, K(ATP): ATP-sensitive K*.

00i:10.1371/journal.pchi.1005143.9002

rates of concentration change of G; and PFK1 substrate, fructose 6-phosphate (F6P), and prod-
uct, fructose 1,6-bisphosphate (FBP):

dGi/dt = ]GLUT(Ge? Gi) - ]GK(Gi)
dF6P/dt x ]GK(G,.) — ]PFK(F6P, FBP, ATP)
dFBP/dt x ]PFK(F6P, FBP7ATP) — ]PDH(FBP)

derived by assuming the glucose 6-phosphate isomerase reaction upstream to PFK1 and the
series of reactions downstream to PFKI1 are at equilibrium [23, 24]. The glycolytic subsystem is
coupled through ATP to a conductance-based model of electrical activity on the plasma mem-
brane: a rise in glycolytic flux causes ATP production that reduces ATP-sensitive K*(K(ATP))
membrane ion channel conductance. The concentration of cytosolic ATP increases as adenine
nucleotide translocators (ANT) export ATP from the mitochondrial matrix to the cytosol and
decreases with hydrolysis (hyd):

dATP/dt = ],;(FBP,ATP, Ca,) — J, ,(ATP, Ca,).

ATP hydrolysis powers pumping of cytosolic Ca**, Ca,, across the endoplasmic reticulum
(ER) and plasma membranes. The conductance-based model of membrane electrical activity,
previously described in [25], includes voltage-activated Ca?* (Ca(V)) and K*(K(V)) currents,
Ca**-activated K*current (K(Ca)), and K(ATP) current as well as Ca®" flux across the ER and
plasma membranes.

Model equations were integrated using the backward differentiation formulas implemented
by the CVODE software package. The model can be downloaded as freeware from http://www.
math.fsu.edu/ ~ bertram/software/islet.
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Fig 3. Slow oscillations in the Dual Oscillator Model. In the DOM, glycolytic oscillations such as in the concentration of PFK
product, FBP, (bottom) lead to bursting oscillations in membrane potential (top) and oscillations in intracellular Ca2* concentration

doi:10.1371/journal.pchi.1005143.9003

Results
Glycolytic oscillations in the Dual Oscillator Model

Our model, the Dual Oscillator Model (DOM), of islet S-cells contains a glycolytic subsystem
that can produce oscillations with a period of approximately 5 min. Glycolytic oscillations in 3-
cells lead to oscillations in the intracellular ATP concentration which, by acting on ATP-sensi-
tive K" (K(ATP)) channels, cause bursting electrical activity on the membrane and oscillations
in intracellular Ca** concentration (Fig 3).

Glycolytic oscillations are mediated by the autocatalytic activation of the enzyme PFK1 by
its product, FBP. A rise in PFK1 substrate, F6P, from glucose consumption leads to FBP pro-
duction, which positively feeds back onto PFK1 to increase its catalytic activity. Increased
PFK1 catalytic activity eventually depletes F6P, leading to a crash in the FBP level and a recov-
ery in F6P, completing one cycle of the oscillation. Ultimately, this mechanism coordinates
sawtooth oscillations of F6P with pulses of FBP (Fig 4A). Which glucose levels and which ini-
tial states of the glycolytic subsystem produce sustained oscillations? Fig 4B depicts a bifurca-
tion diagram for the asymptotic value of FBP with external glucose, G, as a bifurcation
parameter. The minimum and maximum values of FBP for periodic states of the glycolytic
subsystem are represented by curves below and above the steady state curve, respectively, for
Glow < G, < Gyp. Stable states are represented by solid curves, whereas unstable states are rep-
resented by dashed curves.
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Fig 4. Glycolytic oscillations in the Dual Oscillator Model. (A) Concurrent sawtooth FEP oscillations and FBP pulses produced by the glycolytic
subsystem of the DOM. (B) Bifurcation diagram of the glycolytic subsystem. Sustained oscillations do not exist for low (Ge < Giow) Or high (Ge > Gyp)
glucose, but can be triggered for an intermediate range (Giow < Ge < Gyp). (C) Phase planes of the glycolytic subsystem within monostable (top) and
bistable (bottom) glucose ranges. Initial states in the stable limit cycle (top and bottom, solid black curve) domain of attraction (top and bottom, white)
trigger sustained oscillations. Initial states in the stable steady state (bottom, filled dot) domain of attraction (bottom, shaded gray) lead to transient,
decaying oscillations. An unstable steady state (top, open dot) gains stability and gives rise to an unstable limit cycle (bottom, dashed curve) via a Hopf
bifurcation as G, increases past Gnig-

doi:10.1371/journal.pcbi.1005143.9g004

The glycolytic subsystem is at steady state with FBP constant for low (G, < Gje) or high
(Ge > Gyp) glucose. It becomes oscillatory by, say, continuously increasing G, from a low con-
centration to a concentration between G,y and G,,;4 or by continuously decreasing G, from a
high concentration to a concentration between Gioy, and Gpiq. In either scenario, the steady
state loses stability via a Hopf bifurcation, at G, = Gjow Or G, = Gig, and remains unstable for
Glow < G, < Gpg, represented as the dashed portion of the steady state curve in Fig 4B.

The glycolytic subsystem can produce oscillations for an intermediate range of glucose
(Glow < G, < Gyp) that extends above Gpy;q to a saddle node of periodics bifurcation at G, = Gy
For Giow < G, < Gpmig» the system is monostable with co-existing unstable steady state and stable
limit cycle (Fig 4C, top), yet as G, increases above Gpy;g 50 that Gig < G, < Gyp, the system
becomes bistable as the steady state gains stability and gives rise to an unstable limit cycle via
the subcritical Hopf bifurcation at G, = G4 (Fig 4C, bottom).

All initial states in the stable limit cycle’s domain of attraction trigger sustained oscillations.
In the oscillatory, monostable range (Giow < G, < Gpia), the domain of attraction is the whole
state space except the unstable steady state, and in the bistable range (Gp,iq < Ge < Gyp), it is
the set of initial states outside the unstable limit cycle (depicted as a dashed line in Fig 4C, bot-
tom). In the bistable range, initial states in the stable steady state’s domain of attraction (shaded
gray in Fig 4C, bottom) produce transient oscillations that decay to the stable steady state. The
existence of a subcritical Hopf bifurcation at G, = G4 is key to recovering slow Ca** oscilla-
tions with a sinusoidal glucose stimulus as we explain in the following sections.

The number and type of bifurcations of the glycolytic subsystem are robust with respect to
increases in the maximal rate of GLUT transporter (Vg yr) or maximal rate of glucokinase
(V). All of Gigys Gig» and Gy are decreasing functions of Vpur and Vgk. For example,
doubling the value of Vgryr = 0.01 mM/ms used throughout this report decreases G,;q by
25.2% to 10.9 mM. Similarly, doubling the value of Vg = 0.01 mM/ms used throughout this
report decreases Guig by 16.2% to 12.2 mM.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005143 October 27, 2016 7/19
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Fig 5. Model glycolytic oscillator recruitment. A sinusoidal external glucose signal with baseline G, = 15 mM, greater than the Hopf bifurcation
at Gnig =~ 14.5 mM, must have sufficiently large amplitude and period to activate the DOM glycolytic oscillator. (A) External glucose oscillations
started with 0.5 mM amplitude and 5 min period (f < 60 min) trigger large-amplitude FBP oscillations only after the amplitude of glucose oscillations
is increased to cross below Gp,iq =~ 14.5 mM (¢> 60 min). (B) Although glucose oscillations started with 1 mM amplitude and 1 min period (t < 60
min) cross below G4, they trigger large-amplitude FBP oscillations only after the period of glucose oscillations is increased to 5 min (¢> 60 min).

doi:10.1371/journal.pcbi.1005143.9005

Sinusoidal variation in glucose can activate the glycolytic oscillator

In the glycolytic subsystem of the DOM, sustained oscillations are produced over an intermedi-
ate glucose range (G, < G, < Gpiq), but they may be lost by increasing glucose to elevated
concentrations (G, > Gp;q) (see Fig 4B). We found that sustained oscillations can be recovered
by subsequently varying G, sinusoidally with sufficiently large amplitude and period.

To demonstrate the dependence on amplitude, we begin oscillating G, with 0.5 mM ampli-
tude and 5 min period from the stable steady state at G, = 15 mM above the Hopf bifurcation
at Gpig ~ 14.5 mM (Fig 5A, top, t < 60 min). This results in small FBP oscillations of the same
period (Fig 5A, bottom, ¢ < 60 min), indicating the glycolytic oscillator is not activated. At 60
min, we increase the amplitude of the glucose oscillations to 1 mM so that now the glucose
level crosses below G;q (Fig 5A, top, t > 60 min). This produces oscillations in FBP that are
much larger (Fig 5A, bottom, ¢t > 60 min) indicating the glycolytic oscillator is activated. Thus,
if the glucose level is varied sinusoidally so that it crosses below G,,,;4, then the glycolytic oscilla-
tor can be activated.

To demonstrate the dependence on period, we begin oscillating G, with 1 min period and 1
mM amplitude again from the stable steady state at G, = 15 mM above G,,;q ~ 14.5 mM (Fig
5B, top, t < 60 min). Although the glucose level crosses below G4, the glycolytic oscillator is
not activated. At 60 min, we increase the period of the glucose oscillations to 5 min, which acti-
vates the glycolytic oscillator. Thus, even if the glucose level is varied sinusoidally so that it
crosses below Gy,;g, it must be varied with sufficiently large period to activate the glycolytic
oscillator.

We address the phenomena underlying these observations in the Discussion.

Sinusoidal variation in glucose can initiate slow Ca®* oscillations in the
DOM

Next, using the full DOM rather than just the glycolytic subsystem, we simulate the same glu-
cose protocols as in Fig 5 to examine the effect on cytosolic Ca**, Ca,, oscillations (Fig 6).

We begin oscillating G, from the steady state at G, = 15 mM, above the Hopf bifurcation at
Gmid ~ 14.5 mM (Fig 6, t < 60 min). The glycolytic oscillator is not activated and no slow

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005143 October 27, 2016 8/19
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Fig 6. Model islet slow oscillator recruitment. A sinusoidal glucose stimulus with baseline G¢ = 15 mM greater than the Hopf bifurcation at

Gnmia = 14.5 mM with sufficiently large amplitude and period activates the glycolytic oscillator to recover slow Ca, oscillations in the DOM. (A) Glucose
oscillations started with 0.5 mM amplitude and 5 min period (¢ < 60 min) trigger slow Ca, oscillations only after the amplitude of glucose oscillations is
increased (t> 60 min) to activate the glycolytic oscillator. (B) Glucose oscillations started with 1 min period and 1 mM amplitude (¢ < 60 min) trigger
slow Ca, oscillations only after the period of glucose oscillations is increased to 5 min (¢> 60 min) to activate the glycolytic oscillator.

doi:10.1371/journal.pchi.1005143.9006

Ca, oscillations are produced when glucose oscillations are started with 0.5 mM amplitude and
5 min period (Fig 6A, t < 60 min) or with 1 min period and 1 mM amplitude (Fig 6B, t < 60
min). Instead, Ca, is elevated by a continuous spike train of action potentials carried by K(V)
and Ca(V) currents. The glycolytic oscillator activates when the amplitude of the glucose oscil-
lations started with 0.5 mM amplitude is increased to 1 mM (Fig 6A, t > 60 min) or the period
of the glucose oscillations started with 1 min period is increased to 5 min (Fig 6B, t > 60 min).
When the glycolytic oscillator activates, glycolytic oscillations lead to oscillations in ATP level
that, by modulating K(ATP) channels, recover bursting electrical activity and slow Ca, oscilla-
tions (Fig 6, ¢ > 60 min). Thus, activation of the glycolytic oscillator underlies the recovery of
slow Ca, oscillations in the DOM, and an oscillatory glucose signal that has sufficiently large
amplitude and period can activate the glycolytic oscillator and recover slow Ca, oscillations.

Sinusoidal variation in glucose can initiate slow Ca®* oscillations in islets

We tested the model prediction that slow Ca®* oscillations lost in high glucose could be recov-
ered by delivering a sinusoidal glucose signal with sufficiently large amplitude and period. This
is performed using our microfluidic platform described in Methods.

First, we tested the predicted dependence on amplitude (Fig 7). After slow Ca** oscillations
were lost by increasing glucose to 15 mM, we began oscillating glucose with 0.5 mM amplitude
and 5 min period for approximately 2 hr. The last hour for two islets is depicted in Fig 7 (top,

t < 60 min). This did not initiate slow, large-amplitude Ca** oscillations although small-ampli-
tude oscillations are apparent (Fig 7, bottom, ¢ < 60 min). Next, we increased the amplitude of
the glucose oscillations to 1 mM (Fig 7, top, t > 60 min). In one islet (Fig 7A), this triggered
slow Ca" oscillations with large amplitude after an approximately 20 min delay (Fig 7, bottom,
t > 60 min). In another islet (Fig 7B), this triggered slow large-amplitude Ca** oscillations with
a period approximately twice that of the imposed glucose signal (Fig 7B, t > 60 min). Delayed
initiation of Ca** oscillations and a difference between G, and Ca** oscillation periods are evi-
dence that the glucose signal activated an endogenous oscillator with an intrinsic stability and
period and did not merely force the islet back and forth between silent and active phases.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005143 October 27, 2016 9/19
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Fig 7. Islet slow oscillator recruitment and dependence on sinusoidal glucose signal amplitude. As predicted by the DOM, an imposed
sinusoidal glucose signal must have sufficiently large amplitude to trigger slow Ca®* oscillations in islets. Glucose oscillations started with 0.5 mM
amplitude and 5 min period about a 15 mM baseline concentration (t< 60 min) triggered slow Ca2* oscillations only after the amplitude of the glucose
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slow Ca®* oscillations were triggered with a period greater than that of the glucose signal, indicating that an endogenous oscillator was activated.

doi:10.1371/journal.pchi.1005143.9007
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Next, we tested the predicted dependence on period. After slow Ca®" oscillations were lost by
increasing glucose to a high concentration, we began oscillating glucose with 1 min period and 2
mM amplitude for 1 hr. The last 40 min for one islet are depicted in Fig 8A (top, t < 40 min) and
the full hour for another islet is depicted in Fig 8B (top, t < 60 min). An amplitude of 2 mM,
larger than in the simulations depicted in Fig 6, was used in an attempt to trigger slow Ca*" oscil-
lations despite the high-frequency glucose input. However, slow, large-amplitude Ca** oscilla-
tions were triggered only after we increased the period of glucose oscillations to 5 min (Fig 8A,

t > 40 min and Fig 8B, t > 60 min). In one islet, slow Ca** oscillations were triggered after
approximately a 40 min delay (Fig 8A, t > 40 min), and in another islet, slow Ca** oscillations
were triggered with a period nearly twice that of the glucose signal (Fig 8B, t > 60 min). This is
further evidence that the imposed glucose signal activated an endogenous oscillator.

What if the imposed glucose signal is even slower? The model predicts that slow Ca** oscilla-
tions could still be recovered. We tested this prediction (Fig 9). After slow Ca* oscillations were

5 min period B 1 min period 5 min period
- »
3 15 mM 3
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1 1 1 1 1 1 1
0.26 pM —
°©
= ©
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Fig 8. Islet slow oscillator recruitment and dependence on sinusoidal glucose signal period. As predicted by the model, an imposed
sinusoidal glucose signal must have sufficiently large period to trigger slow Ca®* oscillations. Glucose oscillations started with 1 min period and 2
mM amplitude about a high baseline concentration (t < 60 min) triggered slow Ca®* oscillations only after the period of the glucose oscillations was
increased to 5 min (> 60 min). Slow Ca®* oscillations were triggered with (A) an approximately 40 min delay and (B) a period greater than that of
the glucose signal in another islet, both indicating an endogenous islet slow oscillator was activated.

doi:10.1371/journal.pchi.1005143.9g008
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Fig 9. Islet slow oscillator recruitment by sinusoidal glucose signals with 10 min period. Imposed glucose oscillations with a period as slow as
10 min can activate the slow islet oscillator. (A) Slow Ca2* oscillations were entrained by a sinusoidal glucose signal with 10 min period. (B) Slow
Ca?* oscillations were triggered with a period approximately half that of the imposed glucose signal in another islet.

doi:10.1371/journal.pchi.1005143.g009
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lost by increasing glucose to a high concentration, oscillating glucose with 1 min period and 2
mM amplitude for 1 hr did not trigger slow Ca** oscillations in two islets (Fig 9A, t < 40 min
and Fig 9B, t < 20 min), yet increasing the period of the glucose oscillations to 10 min triggered
slow Ca** oscillations (Fig 9A, t > 40 min and Fig 9B, t > 20 min). In one islet (Fig 9A), the
slow oscillator was entrained to the glucose signal, evident from synchronization of the Ca**
peaks and glucose nadirs (Fig 9A, ¢ > 40 min). In another islet (Fig 9B), Ca®" oscillations
emerged with a period approximately half that of the glucose signal (Fig 9B, t > 20 min). Thus,
imposed glucose oscillations with a period as slow as 10 min can activate the islet slow oscillator.
In Fig 10, we depict an experiment that exhibited most of the islet slow oscillator properties
mentioned above in a single time course. We started by fixing external glucose at 15 mM (Fig
10, top, t < 30 min) which triggered slow Ca®* oscillations (Fig 10, bottom, ¢ < 30 min). We
then stepped glucose up to 18 mM (Fig 10, top, 30 < t < 50 min), which terminated slow Ca**
oscillations (Fig 10, bottom, 30 < ¢ < 50 min), indicating that the islet slow oscillator’s pre-
dicted Gy,iq value is less than 18 mM. We then began oscillating glucose with 1 mM amplitude
and 5 min period (Fig 10, top, 50 < t < 80 min), which did not recover slow Ca** oscillations
(Fig 10, bottom, 50 < t < 80 min), indicating further that G,,;q is less than 17 mM, the mini-
mum of the glucose oscillations during 50 < ¢t < 80 min. When we increased the amplitude of
the glucose oscillations to 2 mM, slow Ca** oscillations were recovered with a period approxi-
mately three times that of the glucose signal (Fig 10, 80 < t < 180 min), but similar to the

1 mM amplitude, 2 mM amplitude, 5 min period 2 mM amplitude, 2 min period
5 min period IS
3
<
o
N
=
<
50 80 180 300 min

Fig 10. Islet slow oscillator recruitment and dependence on sinusoidal glucose signal amplitude and period. After slow Ca?* oscillations were
lost by increasing external glucose concentration to 18 mM at t= 30 min, they were recovered at = 80 min by oscillating glucose with sufficiently large
amplitude and lost again after =180 min by decreasing the period of glucose oscillations.

doi:10.1371/journal.pcbi.1005143.9g010

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005143 October 27, 2016 11/19



®'PLOS

COMPUTATIONAL
BIOLOGY

Glucose Oscillations Activate an Endogenous Oscillator in Islets

A

Activated fraction

[ ® G,1mM,5min

1.00

0.75

0.50

0.25

0.00

A G,2mM,5 min | | Gf2mM,10min| B

G, 5 min period G, 10 min period

] 15- 5- 5-
. A
A S 10m r; 3 ; 3
" ke 8 5 7 5 7
1 5 5 - 5
& 5 l|: ‘g’ 2 ‘En 2
] + > =]
5 [ | z 1 =
®)
T 1 0 T 1
10 15 20 10 15 20 5 10 15 5 10
G, baseline (mM) G, baseline (mM) Ca’* period (min) Ca’* period (min)

Fig 11. Summary of islet slow oscillator recruitment by a sinusoidal glucose signal. (A) The fraction of islets in which slow Ca®*
oscillations were activated and the period of activated Ca2* oscillations versus G, waveform baseline for the three combinations of G,
amplitude and period considered (1 mM/5 min, 2 mM/5 min, and 2 mM/10 min). For each amplitude and period combination, the activated
fraction is generally higher for lower G, waveform baselines, consistent with the existence of G- Ca?* oscillation periods varied from 2 min to
14 min (mean: 6.56 min, standard deviation: 2.99 min). (B) Histograms of the period of activated Ca®* oscillations by G, waveforms with 5 min
(left) or 10 min (right) periods. Regardless of the glucose waveform period, the majority of activated Ca2* oscillations had a period closer to 5

min than to a multiple of 5 min.

doi:10.1371/journal.pchi.1005143.9011

period of Ca®* oscillations during ¢ < 30 min. Finally, when we decreased the period of glucose
oscillations to 2 min, slow Ca®* oscillations were eventually lost (Fig 10, ¢ > 180 min).

In summary, slow Ca* oscillations were activated by glucose oscillations in 24 of 40 islets:
in 9 of 11 islets by a G, waveform with 1 mM amplitude and 5 min period, in 5 of 9 islets by a
G, waveform with 2 mM amplitude and 5 min period, and in 10 of 20 islets by a G, waveform
with 2 mM amplitude and 10 min period. Slow Ca** oscillations were activated in 10 of 15 islets
in which the amplitude of the G, waveform was stepped up (as in Fig 7), and in 14 of 25 islets
in which the period of the G, waveform was stepped up (as in Figs 8 and 9). The period of acti-
vated Ca”" oscillations was closer to 5 min than to a multiple of 5 min in 15 of the 24 activated
islets, regardless of the G, waveform period: 8 of 14 islets by a G, waveform with 5 min period
and 7 of 10 islets by a G, waveform with 10 min period. The effect of stepping the G, waveform
period down to 2 min after stepping the G, waveform amplitude up to recover slow Ca>* oscil-
lations (as in Fig 10) was studied in 10 islets. Of those 10 islets, slow Ca** oscillations were ini-
tially recovered in 5 islets, and of those 5 islets, slow oscillations were subsequently terminated
by stepping down the G, waveform period in 3 islets. In Fig 11A, we plot the fraction of acti-
vated islets and the period of activated Ca>* oscillations versus G, waveform baseline, and in
Fig 11B, we plot histograms of the period of activated Ca** oscillations by G, waveforms with 5
min or 10 min period. The period of Ca** oscillations more similar to 10 min than to another
multiple of 5 min activated by a G, waveform with 5 min period was not significantly different
than 10 min (5 islets, two-tailed t-test, p = 0.16). Likewise, The period of Ca*" oscillations more
similar to 5 min than to another multiple of 5 min activated by a G, waveform with 10 min
period was not significantly different than 5 min (7 islets, two-tailed t-test, p = 0.07).

Slow-oscillating islets can recruit fast-oscillating islets through negative
feedback

As mentioned above, a constant elevated glucose stimulus may produce pulsatile insulin secre-
tion from only a sub-population of the pancreatic islets. That sub-population of oscillating
islets may, through insulin-dependent hepatic control of blood glucose, establish blood glucose
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Fig 12. Recruitment of fast-oscillating islets by slow-oscillating islets through negative feedback. (A) Schematic of a closed loop system in which
glucose is delivered to islets in the chamber of a microfluidic device and a model liver controls glucose delivery. Average insulin, /5,4, modeled as a
function of average intracellular Ca®* Caayg, is used in a differential equation for G, to continuously update the concentration of delivered glucose. (B) A
population of 6 islets is initially delivered a constant 11 mM glucose signal (t < 20 min), then interacts in the closed loop (t> 20 min). When the loop was
closed, 4 slow-oscillating islets synchronized and recruited 2 fast-oscillating islets to amplify the average Ca* oscillation.

doi:10.1371/journal.pchi.1005143.9012

oscillations that recruit non-oscillating islets by the mechanism examined in the last section.
We tested this hypothesis using a closed loop system, previously described in [20], consisting
of the microfluidic device described in Methods and a model liver that controls glucose delivery
to the islets in the device chamber (Fig 12A). When the loop is closed, the insulin output from
the islet population is modeled as a function of average intraceulluar Ca** concentration:

L, = max(0,l,,(Ca,, —Ca,)),

avg ? “slope
and the level of G, delivered to the islets is continuously updated according to:

ﬁ _ GOO (Iavg) - Ge
a To
G — G

Gx; (Iuv ) = Gmin + - — N
8 1 + €xp [_(Iavg - Il/z)/SG}

Notice, since the dose-response curve G is a decreasing function of I,,,, that this supplies neg-
ative feedback to insulin secretion. Parameter values for these equations are listed in S1 Model
Parameter Values.

Fig 12B depicts the G, and Ca>" time courses for 6 islets initially stimulated by a constant 11
mM glucose signal (¢ < 20 min), then interacting in the closed loop system (¢ > 20 min). The
initial 11 mM glucose signal triggered slow Ca** oscillations in 4 islets and fast Ca** oscillations
in 2 islets, indicating Gyiq is greater than 11 mM in the 4 slow-oscillating islets but less than 11
mM in both fast-oscillating islets. Before the loop was closed, Ca®* oscillations were not syn-
chronized among the population, resulting in only small-amplitude oscillations in the average
Ca" time course. When the loop was closed, G, oscillations with ~ 3 mM amplitude emerged
and recruited the fast-oscillating islets, indicating G y,;q is greater than 8 mM in both of the fast-
oscillating islets, the minimum concentration of G, oscillations. When the loop was closed,
Ca** oscillations were synchronized among the population, resulting in large-amplitude slow
oscillations in the average Ca** time course. Thus, a sub-population of islets that exhibit slow
oscillations in response to an elevated glucose concentration can recruit fast-oscillating islets
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through negative feedback to amplify the average Ca** oscillation. We also found with the
model that when 20 out of 25 islets in a population, heterogeneous in their G,,;4 values, initially
exhibit slow oscillations in response to a constant 15 mM glucose signal, the other 5 islets could
be recruited and the average Ca’* oscillation amplified when the loop was closed.

Discussion

We have demonstrated that slow Ca** oscillations in pancreatic islets lost by fixing glucose at
an elevated concentration can be recovered by delivering a sinusoidal glucose signal with suffi-
ciently large amplitude and period. This was predicted by our model of islet 3-cells, which pos-
tulates that the sinusoidal glucose signal triggers an endogenous glycolytic oscillator (Fig 5)
and that triggering of the glycolytic oscillator underlies recovery of slow Ca®* oscillations (Fig
6). We obtained experimental support for these predictions using a microfluidics platform
(Figs 7-11). Importantly, Ca** oscillations were often triggered after a delay or with a period
significantly different than that of a sinusoidal glucose signal, consistent with the activation of
an endogenous islet oscillator, rather than a situation in which the islet is forced back and forth
between inactive and active states. The data therefore provide further support for the key
hypothesis of the Dual Oscillator Model: glycolytic oscillations endogenous to 3-cells drive
slow Ca** oscillations and pulsatile insulin secretion. The data also provide evidence for the
existence of a subcritical Hopf bifurcation at the lower end (G, = G,,iq) of a glucose range of
bistability (Gia < G. < Gyp), in which oscillations may or may not occur. Furthermore, we
have demonstrated, by coupling a model liver to microfluidic platform in a closed loop system,
that a sub-population of islets, which respond to an elevated glucose stimulus with slow Ca**
oscillations, can recruit the other islets to become slow oscillators and thereby amplify the pop-
ulation average Ca** oscillation (Fig 12).

Finding that islet slow oscillators were heterogeneous (Fig 1) was not surprising. The values
of Giow» Gmid» and Gy, for the glycolytic oscillator depend on reaction rates of the glycolytic
enzymes in B-cells, and specifically on the kinetics of allosteric activation of PFK1 by its prod-
uct, FBP. We expect that islets are subject to varying genetic and environmental factors by vir-
tue of being heterogeneous in other respects, such as size and cell composition, and being
dispersed throughout the pancreas. This would cause islet-to-islet variation in glycolytic
enzymes catalytic properties.

The prediction that a sinusoidal glucose signal must have sufficiently large amplitude to
trigger slow oscillations is simple to explain in terms of the glycolytic oscillator. Starting from a
steady state with G, > Gy,ia> G, oscillations with amplitude large enough to cross below
Gmia lead the state of the glycolytic subsystem to the only stable structure that exists for
Glow < G, < Gpig: a limit cycle. But why must the sinusoidal glucose signal have sufficiently
large period to trigger slow oscillations (Figs 5B and 6B)? The answer in terms of the glycolytic
oscillator is somewhat subtle and relies on the transition between monostable (Fig 4C, top) and
bistable (Fig 4C, bottom) glucose ranges. In Fig 13, we depict the state of the glycolytic subsys-
tem, i.e. the phase point, trajectory (red curve in Fig 13) in the F6P vs. FBP phase plane as G,
oscillations transition from 1 min period (Fig 13, left) to 5 min period (Fig 13, right) as in Fig
5B, 55 < t < 75 min (see S1 Video for an animated version of Fig 13). The system alternates
between bistable when G, > Gy,,;q = 14.5 mM (Fig 13, top) and monostable when G, < Giq
(Fig 13, bottom). When bistable, the system has a stable equilibrium surrounded by an unstable
limit cycle (dashed curve in Fig 13) which is itself surrounded by a stable limit cycle (solid
black curvein Fig 13). The unstable limit cycle is the separatrix between the domain of attrac-
tion (shaded gray in Fig 13, top) of the stable equilibrium and the domain of attraction (white
in Fig 13 top and bottom) of the stable limit cycle.
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Fig 13. Phase plane analysis of glycolytic oscillator recruitment and dependence on sinusoidal glucose signal period. The glycolytic
subsystem transitions between bistable (top) and monostable (bottom) as G, oscillations cross the Hopf bifurcation at Gimiq &~ 14.5 mM. When bistable, a
stable equilibrium is surrounded by an unstable limit cycle (dashed curve, top), which is surrounded by a stable limit cycle (solid black curve, top and
bottom); when monostable, an unstable equilibrium is surrounded by a stable limit cycle. The state of the glycolytic subsystem, i.e. the phase point,
trajectory (red curve) is trapped by rapid alternation between disappearance and re-emergence of the stable equilibrium’s domain of attraction (shaded
gray) when Gg oscillates with 1 min period (left) but not when when G, oscillates with 5 min period (right) (see S1 Video for an animated version of this
figure).

doi:10.1371/journal.pcbi.1005143.9013

Beginning from a steady state with G, > G,;q (Fig 13, top left), the phase point is close and
attracted to the stable equilibrium point. As G, drops below G;q, the equilibrium becomes
unstable and it’s domain of attraction vanishes (as the unstable limit cycle and equilibrium
point coalesce), so the phase point momentarily remains close to the equilibrium point yet it is
attracted to the stable limit cycle (Fig 13, bottom left). The time spent below G,;q during a
cycle of G, oscillations with 1 min period is so brief that before the phase point can approach
the stable limit cycle, the stable equilibrium’s domain of attraction re-emerges and traps the
phase point as G, increases past G,;q. That is, the speed of the phase point trajectory is slow
compared to the speed at which the stable equilibrium’s domain of attraction vanishes and re-
emerges by G, oscillations with 1 min period, and therefore the phase point cannot escape the
stable equilibrium’s domain of attraction. The situation changes when the period of G, oscilla-
tions increases to 5 min (Fig 13, right). Now, when G, drops below G4 the phase point travels
a significant distance from the unstable equilibrium towards the stable limit cycle (Fig 13, bot-
tom center). As G, increases past G4, the stable equilibrium’s domain of attraction re-
emerges and transiently traps the phase point (Fig 13, top center). However, after a few cycles,
the phase point escapes the stable equilibrium’s domain of attraction and approaches the stable
limit cycle (Fig 13, top right). Afterwards, the phase point continues to follow the stable limit
cycle (Fig 13, bottom right), producing the glycolytic oscillations that result in slow Ca** oscil-
lations in our model and, presumably, in islets.

The ability to trigger the glycolytic oscillator with glucose oscillations requires that (1) the
baseline glucose level is above Gp,iq, (2) the oscillation amplitude is large enough to cross below
Gmid» and (3) the oscillation period is large enough that the phase point can escape the stable
equilibrium’s domain of attraction. Satisfying these three conditions simultaneously can be dif-
ficult, and this likely accounts for the imperfect rate of successfully recovering slow Ca>*
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oscillations in our experiments (10 out of 15 for the protocol of Fig 7 and 14 out of 25 for the
protocols of Figs 8 and 9). On the other hand, requirement (2) may not strictly be necessary
since inherent noise may perturb the phase point out of the stable equilibrium’s domain of
attraction when G, is in the bistable range (Gpig < Ge < Gyp) yet never crosses below G;q.
Another factor that would contribute to the imperfect success rate is that the extent of bistabil-
ity will likely exhibit islet-to-islet heterogeneity, and may be quite small in some islets. If the
bistable region is too small, then one would not expect a glucose waveform to trigger sustained
slow oscillations.

In our model, the slow Ca** oscillations triggered by an oscillatory G, signal are stable and
therefore persist indefinitely, in the absence of noise or other external stimuli, if G, oscillations
are removed and G, is held at the signal’s baseline concentration. However, we found that
when noise is incorporated into the maximal rate of glucose uptake (Vgryr) and the baseline
G, concentration is in the bistable range (Gnia < G. < Gyp), glycolytic oscillations are termi-
nated by noise perturbing the state of the glycolytic subsystem into it’s stable steady state’s
domain of attraction. We tested whether Ca** oscillations persist when G, oscillations are
removed in 15 islets, of which slow Ca®* oscillations were recovered in 11 islets by a G, wave-
form with 2 mM amplitude: 4 of 6 islets by a G, waveform with baseline 13 mM, 3 of 4 islets by
a G, waveform with 15 mM baseline, and 4 of 5 islets by a G, waveform with 16 mM baseline.
Of those 11 islets, slow Ca* oscillations did not persist for longer than one period after G,
oscillations were removed.

As mentioned above, we observed that stepping the period of a G, waveform that recovered
Ca*" oscillations down to 2 min terminated Ca®* oscillations (as in Fig 10) in 3 of 5 islets. Of
those 5 islets, the period of recovered Ca** oscillations varied considerably in 3 islets before
stepping down the G, waveform period, yet Ca>* oscillations were terminated in only 2 of
those 3 islets. Likewise, the period of recovered Ca®" oscillations was nearly constant in 2 islets
before stepping down the G, waveform period, yet Ca** oscillations were terminated in 1 of
those 2 islets. Out of the 24 islets in which Ca** oscillations were recovered, oscillations per-
sisted for 100 min or longer in 5 islets, all with varying period. Therefore, variation in Ca®*
period (as in Fig 10, 80 < ¢ < 180 min) does not seem to indicate loss of Ca** oscillations unless
accompanied by change in the G, waveform. In the model, we found that if Ca®" oscillations
were recovered by an oscillatory G, signal with baseline in the bistable range, stepping the
period or amplitude down may or may not terminate the recovered Ca>* oscillations. Whether
or not the transition terminates the recovered oscillations depends on the value of G ;4.

The manner in which we manipulated the G, waveform amplitude and period to activate Ca**
oscillations supports bistability in the islet slow oscillator as described above. Activating Ca**
oscillations by stepping down G, waveform baseline while keeping oscillation amplitude and
period constant would demonstrate the presence of an upper oscillation threshold, but it would
not uniquely support the existence of bistability in the islet slow oscillator. Indeed, if the islet slow
oscillator exhibited stable oscillations only for intermediate glucose levels (Gioy < G, < Gyp) and
exhibited stable steady states only for low (G, < Giqy) and high (G, > G,;,) glucose levels, then
Ca”" oscillations could be activated by stepping the G, waveform baseline from a high to interme-
diate level. Nonetheless, activating Ca** oscillations by stepping down the G, waveform baseline
is still consistent with our model, and we observed that stepping down the G, waveform baseline
activated Ca*" oscillations in 18 out of 27 islets.

Are there alternate explanations for the activation of Ca** oscillations by G, oscillations?
The most obvious alternative, which we refer to as the push-pull mechanism, is that the glucose
waveform moves the system back and forth between periods when the cell spikes continuously
and periods when it is silent, which does not require an endogenous oscillator at all. If this was
the case, however, the period of the Ca** oscillations should equal the period of the glucose
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waveform. Yet, our data show the Ca>" oscillations that result from the glucose waveform can
be faster or slower than the waveform (Fig 11B). This is inconsistent with the push-pull mecha-
nism. A second alternate explanation is that islets have an endogenous oscillator, but it is not
the proposed glycolytic oscillator. This could be true as long as the oscillator has a similar bifur-
cation structure. However, we are unaware of what this alternate endogenous oscillator could
be, while there is now ample direct evidence for a glycolytic oscillator in islet S-cells [26-28].

The findings presented here have potential physiological implications. If glucose levels
sensed by islets are oscillatory, and of sufficiently large amplitude and period, then some islets
that would not secrete insulin in a pulsatile manner could be recruited to do so, and this would
be beneficial to glucose homeostasis. Few glucose measurements have been made with the tem-
poral resolution needed to detect oscillations with period 5 min or less. In one study in
humans, blood sampling done every minute revealed oscillations in glucose of ~ 0.25 mM
from nadir to peak [29]. These oscillations are smaller than those imposed in the current study,
but they could be amplified by the islets themselves, which take up and metabolize glucose.
Indeed, in vitro studies of mouse islets made with glucose-sensing electrodes showed fast (= 15
sec) or slow (= 3 min) intra-islet glucose oscillations even at a static bath glucose level. These
oscillations ranged from 0.2 mM in the case of fast oscillations to 3 mM in the case of slow
oscillations, from nadir to peak [30]. The amplitude of these latter oscillations is similar to that
of the glucose oscillations imposed in the current study.

Supporting Information

S1 Model Equations. Equations for the Dual Oscillator Model.
(PDF)

S1 Model Parameter Values. Parameter values of the Dual Oscillator Model used for all
simulations and parameter values for the closed loop system used in Fig 12.
(PDF)

S1 Video. Phase plane animation of glycolytic oscillator recruitment and dependence on
sinusoidal glucose signal period. An animated version of Fig 13. The glycolytic subsystem
transitions between bistable and monostable as G, oscillations cross the Hopf bifurcation at
Gmia ~ 14.5 mM. When bistable, a stable equilibrium is surrounded by an unstable limit cycle
(dashed curve), which is surrounded by a stable limit cycle (solid black curve); when mono-
stable, an unstable equilibrium is surrounded by a stable limit cycle. The state of the glycolytic
subsystem, i.e. the phase point, trajectory (red curve) is trapped by rapid alternation between
disappearance and re-emergence of the stable equilibrium’s domain of attraction (shaded gray)
when G, oscillates with 1 min period (left) but not when when G, oscillates with 5 min period
(right).

(MP4)

Author Contributions
Conceptualization: JPM RD MGR RB.
Data curation: MGR RB

Formal analysis: JPM RD NM MGR RB.
Funding acquisition: MGR RB.
Investigation: RD NM MGR.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005143 October 27, 2016 17/19


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005143.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005143.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005143.s003

©-PLOS | Sotoer o

Glucose Oscillations Activate an Endogenous Oscillator in Islets

Methodology:JPM RD NM MGR RB.

Project administration: MGR RB

Resources: MGR RB

Software: JPM RB.

Supervision: MGR RB.

Validation: JPM RD NM MGR RB.

Visualization: JPM.

Writing - original draft: JPM RB.

Writing - review & editing: JPM RD MGR RB.

References

1.

10.

11.

12.

13.

14.

Bertram R, Sherman A, Satin LS. Electrical, Calcium, and Metabolic Oscillations in Pancreatic Islets.
Islets of Langerhans. 2015;p. 453-474. doi: 10.1007/978-94-007-6686-0_10

Matveyenko AV, Liuwantara D, Gurlo T, Kirakossian D, Dalla Man C, Cobelli C, et al. Pulsatile portal
vein insulin delivery enhances hepatic insulin action and signaling. Diabetes. 2012; 61(9):2269-2279.
doi: 10.2337/db11-1462 PMID: 22688333

Bratusch-Marrain P, Komjati M, Waldhausl WK. Efficacy of pulsatile versus continuous insulin adminis-
tration on hepatic glucose production and glucose utilization in type | diabetic humans. Diabetes. 1986;
35(8):922-926. doi: 10.2337/diab.35.8.922 PMID: 3525288

Komijati M, Bratusch-Marrain P, Waldhausl W. Superior efficacy of pulsatile versus continuous hor-
mone exposure on hepatic glucose production in vitro. Endocrinology. 1986; 118(1):312-319. doi: 10.
1210/endo-118-1-312 PMID: 3000741

Lillioja S, Mott DM, Spraul M, Ferraro R, Foley JE, Ravussin E, et al. Insulin resistance and insulin
secretory dysfunction as precursors of non-insulin-dependent diabetes mellitus: prospective studies of
Pima Indians. New Eng J of Med. 1993; 329(27):1988-1992. doi: 10.1056/NEJM199312303292703
PMID: 8247074

O’Rahilly S, Turner RC, Matthews DR. Impaired pulsatile secretion of insulin in relatives of patients
with non-insulin-dependent diabetes. N Engl J Med. 1988; 318(19):1225—-1230. doi: 10.1056/
NEJM198805123181902 PMID: 3283553

Polonsky KS, Given BD, Hirsch LJ, Tillil H, Shapiro ET, Beebe C, et al. Abnormal patterns of insulin
secretion in non-insulin-dependent diabetes mellitus. N Engl J Med. 1988; 318(19):1231-1239. doi:
10.1056/NEJM198805123181903 PMID: 3283554

Song SH, Mclintyre SS, Shah H, Veldhuis JD, Hayes PC, Butler PC. Direct Measurement of Pulsatile
Insulin Secretion from the Portal Vein in Human Subjects 1. J Clin Endocrinol Metab. 2000; 85
(12):4491-4499. doi: 10.1210/jcem.85.12.7043 PMID: 11134098

Meier JJ, Veldhuis JD, Butler PC. Pulsatile insulin secretion dictates systemic insulin delivery by regu-
lating hepatic insulin extraction in humans. Diabetes. 2005; 54(6):1649—-1656. doi: 10.2337/diabetes.
54.6.1649 PMID: 15919785

Matveyenko AV, Veldhuis JD, Butler PC. Measurement of pulsatile insulin secretion in the rat: direct
sampling from the hepatic portal vein. Am J Physiol Endocrinol Metab. 2008; 295(3):E569-E574. doi:
10.1152/ajpendo.90335.2008 PMID: 18577690

Parksen N. The in vivo regulation of pulsatile insulin secretion. Diabetologia. 2002; 45(1):3—20. doi: 10.
1007/s125-002-8240-x PMID: 11845219

Nunemaker CS, Bertram R, Sherman A, Tsaneva-Atanasova K, Daniel CR, Satin LS. Glucose modu-
lates [Ca®*]; oscillations in pancreatic islets via ionic and glycolytic mechanisms. Biophys J. 2006; 91
(6):2082—2096. doi: 10.1529/biophysj.106.087296 PMID: 16815907

Rabhier J, Guiot Y, Goebbels R, Sempoux C, Henquin JC. Pancreatic 8-cell mass in European subjects
with type 2 diabetes. Diabetes, Obes and Metabol. 2008; 10(s4):32—42. doi: 10.1111/j.1463-1326.
2008.00969.x PMID: 18834431

Bertram R, Sherman A, Satin LS. Metabolic and electrical oscillations: partners in controlling pulsatile
insulin secretion. Am J Physiol Endocrinol Metab. 2007; 293(4):E890—-E900. doi: 10.1152/ajpendo.
00359.2007 PMID: 17666486

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005143 October 27, 2016 18/19


http://dx.doi.org/10.1007/978-94-007-6686-0_10
http://dx.doi.org/10.2337/db11-1462
http://www.ncbi.nlm.nih.gov/pubmed/22688333
http://dx.doi.org/10.2337/diab.35.8.922
http://www.ncbi.nlm.nih.gov/pubmed/3525288
http://dx.doi.org/10.1210/endo-118-1-312
http://dx.doi.org/10.1210/endo-118-1-312
http://www.ncbi.nlm.nih.gov/pubmed/3000741
http://dx.doi.org/10.1056/NEJM199312303292703
http://www.ncbi.nlm.nih.gov/pubmed/8247074
http://dx.doi.org/10.1056/NEJM198805123181902
http://dx.doi.org/10.1056/NEJM198805123181902
http://www.ncbi.nlm.nih.gov/pubmed/3283553
http://dx.doi.org/10.1056/NEJM198805123181903
http://www.ncbi.nlm.nih.gov/pubmed/3283554
http://dx.doi.org/10.1210/jcem.85.12.7043
http://www.ncbi.nlm.nih.gov/pubmed/11134098
http://dx.doi.org/10.2337/diabetes.54.6.1649
http://dx.doi.org/10.2337/diabetes.54.6.1649
http://www.ncbi.nlm.nih.gov/pubmed/15919785
http://dx.doi.org/10.1152/ajpendo.90335.2008
http://www.ncbi.nlm.nih.gov/pubmed/18577690
http://dx.doi.org/10.1007/s125-002-8240-x
http://dx.doi.org/10.1007/s125-002-8240-x
http://www.ncbi.nlm.nih.gov/pubmed/11845219
http://dx.doi.org/10.1529/biophysj.106.087296
http://www.ncbi.nlm.nih.gov/pubmed/16815907
http://dx.doi.org/10.1111/j.1463-1326.2008.00969.x
http://dx.doi.org/10.1111/j.1463-1326.2008.00969.x
http://www.ncbi.nlm.nih.gov/pubmed/18834431
http://dx.doi.org/10.1152/ajpendo.00359.2007
http://dx.doi.org/10.1152/ajpendo.00359.2007
http://www.ncbi.nlm.nih.gov/pubmed/17666486

©-PLOS | Sotoer o

Glucose Oscillations Activate an Endogenous Oscillator in Islets

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Nunemaker CS, Satin LS. Episodic hormone secretion: a comparison of the basis of pulsatile secretion
of insulin and GnRH. Endocrine. 2014; 47(1):49-63. doi: 10.1007/s12020-014-0212-3 PMID:
24610206

Gilon P, Shepherd RM, Henquin JC. Oscillations of secretion driven by oscillations of cytoplasmic Ca?
* as evidences in single pancreatic islets. J Biol Chem. 1993; 268(30):22265-22268. PMID: 8226733

Nunemaker CS, Wasserman DH, McGuinness OP, Sweet IR, Teague JC, Satin LS. Insulin secretion
in the conscious mouse is biphasic and pulsatile. Am J Physiol Endocrinol Metab. 2006; 290(3):E523—
E529. doi: 10.1152/ajpendo.00392.2005 PMID: 16249252

Pedersen MG, Mosekilde E, Polonsky KS, Luciani DS. Complex patterns of metabolic and Ca®*
entrainment in pancreatic islets by oscillatory glucose. Biophys J. 2013; 105(1):29-39. doi: 10.1016/j.
bpj.2013.05.036 PMID: 23823221

Lang D, Matthews D, Peto J, Turner R. Cyclic oscillations of basal plasma glucose and insulin concen-
trations in human beings. New Eng J Med. 1979; 301(19):1023—-1027. doi: 10.1056/
NEJM197911083011903 PMID: 386121

Dhumpa R, Truong TM, Wang X, Bertram R, Roper MG. Negative Feedback Synchronizes Islets of
Langerhans. Biophys J. 2014; 106(10):2275-2282. doi: 10.1016/j.bp}.2014.04.015 PMID: 24853756

Nordlie RC, Foster JD, Lange AJ. Regulation of glucose production by the liver. Ann Rev Nutr. 1999;
19(1):379—-406. doi: 10.1146/annurev.nutr.19.1.379

Smolen P. A model for glycolytic oscillations based on skeletal muscle phosphofructokinase kinetics. J
Theor Biol. 1995; 174(2):137—-148. doi: 10.1006/jtbi.1995.0087 PMID: 7643610

Shimizu T, Parker JC, Najafi H, Matschinsky FM. Control of glucose metabolism in pancreatic 8-cells
by glucokinase, hexokinase and phosphofructokinase: model study with cell lines derived from S-cells.
Diabetes. 1988; 37(11):1524—1530. doi: 10.2337/diab.37.11.1524 PMID: 2972577

Trus MD, Zawalich WS, Burch PT, Berner DK, Weill VA, Matschinsky FM. Regulation of glucose
metabolism in pancreatic islets. Diabetes. 1981; 30(11):911-922. doi: 10.2337/diab.30.11.911 PMID:
6271617

Bertram R, Satin L, Zhang M, Smolen P, Sherman A. Calcium and glycolysis mediate multiple bursting
modes in pancreatic islets. Biophys J. 2004; 87(5):3074-3087. doi: 10.1529/biophysj.104.049262
PMID: 15347584

Merrins MJ, Van Dyke AR, Mapp AK, Rizzo MA, Satin LS. Direct measurements of oscillatory glycoly-
sis in pancreatic islet B-cells using novel fluorescence resonance energy transfer (FRET) biosensors
for pyruvate kinase M2 activity. J Biol Chem. 2013; 288(46):33312—-33322. doi: 10.1074/jbc.M113.
508127 PMID: 24100037

McKenna JP, Ha J, Merrins MJ, Satin LS, Sherman A, Bertram R. Ca* effects on ATP production and
consumption have regulatory roles on oscillatory islet activity. Biophys J. 2016; 110:733—-742. doi: 10.
1016/j.bpj.2015.11.3526 PMID: 26840737

Merrins MJ, Poudel C, McKenna JP, Ha J, Sherman A, Bertram R, et al. Phase analysis of metabolic
oscillations and membran potential in pancreatic islet 8-cells. Biophys J. 2016; 110:691-699. doi: 10.
1016/j.bpj.2015.12.029 PMID: 26840733

Parksen N, Juhl C, Hollingdal M, Pincus SM, Sturis J, Veldhuis JD, et al. Concordant induction of rapid
in vivo pulsatile insulin secretion by recurrent punctuated glucose infusions. Am J Physiol Endocrinol
Metab. 2000; 278(1):E162—E170. PMID: 10644551

Jung SK, Kauri LM, Qian WJ, Kennedy RT. Correlated oscillations in glucose consumption, oxygen
consumption, and intracellular free Ca* in single islets of Langerhans. J Biol Chem. 2000; 275
(9):6642—-6650. doi: 10.1074/jbc.275.9.6642 PMID: 10692473

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005143 October 27, 2016 19/19


http://dx.doi.org/10.1007/s12020-014-0212-3
http://www.ncbi.nlm.nih.gov/pubmed/24610206
http://www.ncbi.nlm.nih.gov/pubmed/8226733
http://dx.doi.org/10.1152/ajpendo.00392.2005
http://www.ncbi.nlm.nih.gov/pubmed/16249252
http://dx.doi.org/10.1016/j.bpj.2013.05.036
http://dx.doi.org/10.1016/j.bpj.2013.05.036
http://www.ncbi.nlm.nih.gov/pubmed/23823221
http://dx.doi.org/10.1056/NEJM197911083011903
http://dx.doi.org/10.1056/NEJM197911083011903
http://www.ncbi.nlm.nih.gov/pubmed/386121
http://dx.doi.org/10.1016/j.bpj.2014.04.015
http://www.ncbi.nlm.nih.gov/pubmed/24853756
http://dx.doi.org/10.1146/annurev.nutr.19.1.379
http://dx.doi.org/10.1006/jtbi.1995.0087
http://www.ncbi.nlm.nih.gov/pubmed/7643610
http://dx.doi.org/10.2337/diab.37.11.1524
http://www.ncbi.nlm.nih.gov/pubmed/2972577
http://dx.doi.org/10.2337/diab.30.11.911
http://www.ncbi.nlm.nih.gov/pubmed/6271617
http://dx.doi.org/10.1529/biophysj.104.049262
http://www.ncbi.nlm.nih.gov/pubmed/15347584
http://dx.doi.org/10.1074/jbc.M113.508127
http://dx.doi.org/10.1074/jbc.M113.508127
http://www.ncbi.nlm.nih.gov/pubmed/24100037
http://dx.doi.org/10.1016/j.bpj.2015.11.3526
http://dx.doi.org/10.1016/j.bpj.2015.11.3526
http://www.ncbi.nlm.nih.gov/pubmed/26840737
http://dx.doi.org/10.1016/j.bpj.2015.12.029
http://dx.doi.org/10.1016/j.bpj.2015.12.029
http://www.ncbi.nlm.nih.gov/pubmed/26840733
http://www.ncbi.nlm.nih.gov/pubmed/10644551
http://dx.doi.org/10.1074/jbc.275.9.6642
http://www.ncbi.nlm.nih.gov/pubmed/10692473

