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Abstract

Secretion of insulin from the pancreas is pulsatile, driven by intrinsic oscillations within individual islets of Langerhans. The secre-
tions are coordinated among the many islets distributed throughout the pancreas producing a synchronized rhythm in vivo that
is essential for maintaining normal glucose levels. One hypothesized mechanism for the coordination of islet activity is negative
feedback, whereby sequestration of glucose in response to elevated insulin leads to a reduction in the blood glucose level that
is sensed by the islet population. This global signal of glucose then coordinates the individual islets. In this study, we tested
how this coordination mechanism is affected by time delays in the negative feedback, using a microfluidic system to monitor
Ca’" levels in a small population of islets and implementing glucose control through a negative feedback system. We found
that islet synchronization occurs even with time delays in the feedback of up to 7 min. We also found that a second, slower
closed-loop oscillation period is produced during delayed feedback in which islet oscillations are clustered into episodes. The
period of this second oscillatory mode increases with the time delay and appears to be a second stable behavior that coexists
with the faster synchronized oscillation. The general conclusion is that islet coordination through negative feedback is a viable
means of islet coordination that is robust to delays in the timing of the feedback, and could complement other potential coordi-
nation mechanisms such as entrainment by pancreatic ganglia.

NEW & NOTEWORTHY Insulin secretion from islets of Langerhans is rhythmic, and these rhythms are coordinated to produce
oscillatory plasma insulin levels. Using a combination of microfluidics and computational modeling, we demonstrate that coordi-
nation can occur through negative feedback of the type provided by the liver, even if that feedback is delayed by several
minutes. We also demonstrate that a second, slower, mode of oscillations can occur when feedback is delayed where faster

oscillations are grouped into episodes.

bistability; insulin;, microfluidics; oscillations; synchronization

INTRODUCTION

Insulin is secreted by B-cells located within pancreatic islets
of Langerhans in response to elevations in the blood glucose
level. The hormone acts on downstream targets to facilitate
glucose uptake and metabolism, and the storage of glucose in
the form of glycogen in liver hepatocytes. The net result is a
reduction of the blood glucose level and a subsequent reduc-
tion in insulin secretion. Thus, there is a whole body negative
feedback loop involving insulin secretion that is key to glucose
homeostasis. As with any such feedback loop, its effectiveness
is determined largely by the speed of the feedback process.
Fast negative feedback promotes homeostasis, whereas slow
negative feedback promotes oscillations (1). An example of
fast negative feedback is the voltage clamp technique that has
been used in single-cell electrophysiology studies for decades
(2). Here, the membrane potential of a cell is clamped by
injecting current through an electrode that opposes any depo-
larizations or hyperpolarizations that would occur through
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the action of intrinsic ion channels. Because the negative
feedback is very fast, the membrane potential remains
nearly constant (homeostasis). An example of slow nega-
tive feedback is the period gene system for circadian oscil-
lations. The period gene is transcribed and translated into
PERIOD protein, which after heterodimerization and post-
translational modifications, enters the nucleus and acts as
a repressor of period gene transcription. Because this negative
feedback process is slow, the PERIOD protein levels oscillate
approximately every 24 h (3, 4). In the current study, we
examine the effects of delayed negative feedback on the coor-
dination of islet activity, using a combination of mathemati-
cal modeling and in vitro experimentation.

Single islets exhibit oscillatory activity, due to bursts
of electrical impulses and accompanying oscillations in the
intracellular Ca?* concentration ([Ca®*];) reflecting Ca**
entry with each burst (5, 6). The [Ca®*]; oscillations evoke
pulsatile insulin secretion (5, 7). In the intact animal, blood
insulin has this same pulsatility (8-11), indicating that the
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pulses of insulin from the thousands (rodents) or millions
(humans) of islets within a pancreas are substantially coordi-
nated. Pulsatile insulin release is essential for effective he-
patic insulin action (12) and perturbations of pulsatile
insulin secretion are observed in type II diabetics (7, 13).

Two coordination mechanisms have been proposed for
islets (14). In one mechanism, an enteric nervous system
within the pancreas provides neural input to islets that coor-
dinates their oscillations. Support for this comes from find-
ings of rich innervation of the pancreas by preganglionic
vagal neurons that in some cases are coincident with islets
(15, 16) and by recordings of bursts of electrical activity in
ganglion cells that occur every 6-8 min (17). We have demon-
strated that this neural forcing mechanism can lead to islet
synchronization even if the forcing is aperiodic (18). A sec-
ond mechanism postulates that coordination is achieved
through feedback interactions between the pancreas and
liver hepatocytes. In particular, the action of hepatocytes to
lower blood glucose levels in response to insulin, providing
negative feedback on insulin secretion, is the key to the coor-
dination since all islets sense the same glucose level thereby
acting as a global coordinating signal (14, 19). We have also
tested the feasibility of this mechanism in an in vitro setting,
and showed that it is effective at synchronizing islets so that
pulses of [Ca®™* ]; occur together throughout a small islet pop-
ulation (20).

In this report, we examine how the introduction of a time
delay into the negative feedback affects the ability to achieve
the coordination of islet activity. This question is motivated
by the inherent time required for glycogen production in the
liver, and for blood circulation through the body and into
pancreatic capillaries where changes in the glucose level pro-
duced by the liver would be sensed by islets. We take two
parallel approaches for this examination. In one, mathemati-
cal modeling is used with a population of islets coupled to a
negative feedback system that regulates the glucose concen-
tration based on a variable reflecting insulin concentration,
as was done previously (19). An explicit time delay is now
introduced so that the glucose response is delayed relative to
the insulin level by an amount that is set by a delay parame-
ter. The second approach is to monitor [Ca®*]; as a proxy for
insulin secretion from murine islets and adjust the glucose
level delivered to the islets in response. A high [Ca?*]; causes
a reduced glucose level and vice versa, and the two variables
of glucose and [Ca’*]; change dynamically over time (20).
As in model simulations, an explicit time delay is built into
this negative feedback system, and its effect on islet coordi-
nation is determined.

Computer simulations with model islets demonstrate that
even with time delays of several minutes, negative feedback
is capable of coordinating islet activity. Furthermore, two
types of rhythmic behavior can be achieved. In one, the pe-
riod of the closed-loop system is similar to the natural peri-
ods of the uncoupled islets, regardless of the delay time, and
pulses of islet activity are largely synchronized. We refer to
these as “fast closed-loop oscillations” with periods near 5
min. In the other case, the closed-loop system exhibits a
slower oscillation that increases linearly with the delay time.
These so-called “slow closed-loop oscillations” indicate that
the delayed negative feedback is intrinsically part of the
rhythm generation, similar to the oscillations generated
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generically in a system with delayed negative feedback (1).
That is, in this case, the delayed negative feedback does not
synchronize the islets to oscillate together, but introduces a
second rhythmic component that groups the faster oscilla-
tions into slower episodes. These model predictions are
tested in vitro and shown to be generally valid. Thus, coordi-
nated islet activity is achieved in both cases, with evidence
for both fast and slow closed-loop oscillations. Overall, the
study demonstrates, in a well-controlled in vitro setting, that
negative feedback is a robust means for coordinating islet ac-
tivity and can produce oscillations in the population that
have significantly longer periods than the mean natural peri-
ods of the uncoupled islets.

MATERIALS AND METHODS

Chemicals and Reagents

Sodium chloride (NaCl), calcium chloride (CaCl,), magne-
sium chloride (MgCl,), dimethyl sulfoxide (DMSO), and Fura
PE3 acetoxymethyl ester (AM) were acquired from Sigma-
Aldrich (Saint Louis, MO). Potassium chloride (KCl) and tricine
were from VWR International (Radnor, PA). Sodium hydroxide
(NaOH), glucose (dextrose), and bovine serum albumin (BSA)
were purchased from Fisher Scientific (Pittsburgh, PA). Fetal
bovine serum (FBS), penicillin-streptomycin, gentamicin, and
Pluronic F-127 were from Thermo Fisher Scientific (Waltham,
MA). Collagenase P was from Roche Diagnostics (Indianapolis,
IN). RPMI 1640 was from Corning (Corning, NY). Poly-
dimethylsiloxane (PDMS) and curing agent were from Dow
Corning (Midland, MI). SU-8 photoresist was from Kayaku
Advanced Materials (Westborough, MA). All solutions were
made with ultrapure deionized (DI) water (Millipore, Bedford,
MA). Glucose solutions were prepared in a balanced salt solu-
tion (BSS) composed of 125 mM NacCl, 5.9 mM KCI, 2.4 mM
CaCl,, 1.2 mM MgCl,, and 25 mM tricine, at pH 7.4, with 1
mg-mL ! BSA.

Isolation and Culture of Islets of Langerhans

The islet isolation protocol was approved by the Florida
State University Animal Care and Use Committee (Protocol
No. 202000078). Islets of Langerhans were obtained from
25-40 g male CD-1 mice (Charles River Laboratories,
Wilmington, MA) by collagenase P digestion as described
previously (21, 22). Isolated islets were incubated in RPMI
1640 medium with 11 mM glucose, L-glutamine, 10% FBS,
100 U-mL™! penicillin, 100 pg-mL~' streptomycin, and 10
ng'mL ! gentamicin at 37°C and 5% CO,. Islets were kept in
the incubator and used within 4 days after isolation.
Typically, islets were isolated from two mice and mixed dur-
ing experiments.

Microfluidic Device and [Ca? * ]; Detection

A PDMS-glass hybrid device was adopted from previous
work (20). The device was fabricated using soft lithography
with SU-8 2075 photoresist. All channels were 250 x 40 pm
(width x height). The device had two inputs, each connected
to a 60-mL syringe filled with 10 mL of BSS containing 3 and
13 mM glucose, respectively. The relative heights of these
two syringes were controlled with a stepper motor and pulley
system using a LabVIEW program (National Instruments,
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Austin, TX) (23). This system produced different flow rate
ratios of the glucose solutions into the device without chang-
ing the total flow rate delivered to the islet chamber. The two
solutions mixed and produced a final glucose concentration
perfused into the 0.6-mm diameter islet chamber (Fig. 14)
The final concentration delivered to the islet chamber was
calibrated to the heights of the syringes as described previ-
ously (22, 23). The time for a new glucose concentration to be
delivered to the islet chamber was 241 s (n = 3). The tem-
perature of the islet chamber was maintained at a tempera-
ture of 36 +0.5°C using a thermofoil heater, thermocouple,
and control system as described elsewhere (18).

To measure [Ca®*];, 1 pL of 5 mM Fura PE3 AM in DMSO
and 1 uL of Pluronic F-127 in DMSO were added to 1.998 mL
of RPMI 1640 medium. Islets were incubated in this solution
at 37°C and 5% CO, for 40 min. After incubation, islets were
removed, rinsed in a dish containing BSS with 10 mM glu-
cose, and loaded manually into the microfluidic device that
had been filled with BSS containing 10 mM glucose. Islets
were allowed to equilibrate to the perfusion flow for 5 min
before recording.

The widefield epifluorescence [Ca®*]; imaging system is
similar as previously described (26). A xenon arc lamp with a
filter wheel and shutter (Sutter Instruments, Novato, CA) was
used for excitation of Fura PE3 within islets using 340 +5 and
380+5 nm filters (Omega Optical 340AF15 and 380AFI5,
Brattleboro, VT). Collimated excitation light was made inci-
dent on a 409 nm dichroic mirror (Thorlabs, Inc., Newton,
NJ) that was then focused onto the sample using a x10, 0.5
numerical aperture (NA) objective (Nikon Instruments,
Melville, NY). Emission was collected by the same objective,
passed through the dichroic mirror and through a 510 nm *
84 nm emission filter (Semrock, Rochester, NY) before detec-
tion by a CCD camera (QImaging, Surrey, BC, Canada). Image
acquisition was 150 ms for each excitation wavelength every
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20 s. The ratio of fluorescence intensity after excitation at 340
and 380 nm was collected to calculate the free [Ca?™ ]; within
each islet using calibration values determined by previously
reported methods (27).

In Vitro Closed-Loop Glucose Control

When in the closed-loop configuration, the extracellular
glucose concentration (G.) was controlled as described in
Ref. 20. The free [Ca? ™" ]; from each islet was averaged across
all islets, Ca,yg, and converted to a measure of average insu-
lin secretion in arbitrary units, I,., using Eq. 1. This is an
increasing linear function of Ca,.s past a threshold value,
Cagnr:

Lo — Isiope (Caavg — Cathr) for Caayg > Cayy (1)
ave 0 for Cagvg < Cayyy

Cay, was determined by:
Capr = (Camax — Camin)x + Capin (2)

where Capax and Capi, are the maximum and minimum of
the Ca,g from all islets, respectively, dependent on the indi-
vidual experiment, and « is a parameter (Table 1). G, was
updated using the following differential equation:

% - Goor s ' (3)
G
The parameter 1 is a time constant for the feedback
response and the asymptotic extracellular glucose response
function, G.., is a decreasing sigmoidal function of I,,g with
a time delay of 1g4:

Gmax — Gmin ( 4)
Lvg(1—a)—1)
1+ exp e

I corresponds to the inflection point halfway between
the minimum and maximum glucose levels, G, and

Goo = Gmin +
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Figure 1. Closed-loop feedback system. A: beginning from the left, a microfluidic device delivers varying glucose concentrations to a population of 3—6
islets and [Ca2+]i from each islet is measured. The average [Ca2+]i of the population is converted to an average insulin measurement (/5,g) Using an
increasing linear relationship. /5.4 is input into a glucose response function (G..), which is a decreasing sigmoidal function of insulin with an explicit time
delay (tq). G is used to update the extracellular glucose concentration (G.) that is delivered to the islets to close the loop. B: diagram of the negative
feedback loop with the Integrated Oscillator Model (IOM). G, extracellular glucose. G;, intracellular glucose. |, insulin; 14, time delay.
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Table 1. Experimental parameters

lsiope =1NM™" k=01 Camax = varied ("M) Capin = varied (nNM)
Gmin =7 mM Gmax =13 mM 14 = varied (min) I =varied
76 =50,000 ms Sg=1

Gmax, respectively, and was dependent on the experi-
ment. The parameter Sg determines the steepness of the
response (Table 1).

The differential equation was discretized using the for-
ward Euler method with a 1-s time step. The values for Ca,yg
and I,z were updated every 20 time steps, since Ca’* meas-
urements are made each 20 s. All parameters are given in
Table 1. The key parameter varied to investigate the synchro-
nization capabilities of the feedback was the time delay, 14,
between the experimental measurement of Ca,y, and the
change in G, (this added time delay is in addition to the time
required for changes in glucose concentration to reach the
islets). In the experiments, tq values of 0, 3, 6, and 7 min
were used.

Mathematical Model of Islet Oscillations

The mathematical model of islet activity is based on
the Integrated Oscillator Model (IOM) (28, 29), which
describes a system in which metabolic and electrical oscil-
lations are produced. This model consists of eight differ-
ential equations for membrane potential, activation of a
delayed rectifying K" current, the concentrations of
metabolites fructose 6-phosphate (F6P), fructose 1,6-bis-
phosphate (FBP), adenosine diphosphate (ADP), and the
concentrations of free Ca?* in the cytoplasm, endoplas-
mic reticulum (ER), and mitochondria. The metabolic and
electrical interactions are bidirectional. ATP produced
through glucose metabolism affects the electrical oscilla-
tor by closing K" channels, thus depolarizing the plasma
membrane. The subsequent influx of Ca?* into the cyto-
plasm then affects metabolism by activating dehydroge-
nases and electrical effects of crossing the mitochondrial
inner membrane (30, 31). The IOM is able to replicate
diverse oscillations in metabolism, electrical activity, and
[Ca®*]; that have been observed experimentally (29, 32-
34). Cells within an islet are coordinated through gap
junctions, motivating our modeling approach in which a
single cell reflects the behavior of all B-cells within an is-
let. Although the significant heterogeneity among B-cells
and behaviors such as Ca?* waves are important features
on a shorter timescale of seconds (35-38), the approxima-
tion made by the IOM is appropriate for the time scale of
minutes that is our focus.

The IOM was modified to simulate negative feedback from
target cells similar to what was done previously (19) and
illustrated in Fig. 1B. First, the rate of insulin secretion for
each islet is described by

dr 1. -1
a - ) (5)

T

where 1; is a time constant and the equilibrium secretion
rate, I, is an increasing linear function of the Ca®>* concen-
tration (Ca), past a threshold value, Cayy,:
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1. — Islope (Ca - Cathr) for Ca > Cathr
o 0 for Ca < Cagy’

The equation for intracellular glucose concentration (G;)
for each islet is given by:

dG;
d_tlz-]glut_-]gk~ (7)

(6)

The value Jg is the GLUT-2 facilitated glucose trans-
porter flux:
Jotut = Vel (Ge - Gi)Kglut
et et (Kglut + Ge) (Kglut + Gi) '

(8)

where Vg is the maximal rate and Kg is a shape parame-
ter. The glucokinase reaction flux, Jg, is an increasing Hill
function of G;:

G

1
K o
Ky + G

Jor = Vg (9)

The parameter Vg is a glucose sensitivity parameter and
is varied between the model islets to create a heterogeneous
islet population. This parameter has a strong effect on the is-
let oscillation period (as was also the case in a different p-cell
model, shown in Ref. 38), and values were chosen to give sin-
gle-islet oscillation periods of several minutes that were sim-
ilar to those of the biological islets used in our experiments.
If different parameters are used to generate a heterogeneous
islet population, all results of the study are replicated.

The insulin secretion is averaged among all islets to give
I The equation for extracellular glucose concentration
(Ge) is the same as Eg. 3 in the experimental feedback system
with Eq. 4 as the glucose response function. The parameters
for the model are shown in Table 2. In the model, T4 values of
0,1,2,3,4,5,6,and 7 min were used.

Data Analysis

The natural period of individual islets was calculated by
averaging the time between peaks of [Ca% " ]; before feedback
began. The oscillation period of Ca,, after feedback was
calculated using spectral analysis. Specifically, the fre-
quency spectrum was found using a Fast Fourier Transform
(FFT) of the Ca,y, signal once the feedback loop was closed.
The inverse of the peak of the frequency spectrum was
taken to be the synchronized oscillation period, with any
secondary peak, if present, taken to be the secondary oscil-
lation period.

RESULTS

We have previously shown that negative feedback without
a time delay can synchronize islet populations. These experi-
ments were performed using a microfluidic system to deliver
glucose to islets, the average [Ca%™]; in response was meas-
ured, and a new glucose level was delivered in response. In

Table 2. Model parameters

7,=10,000 ms Vgiue =8 mM-ms ™" Kge=1mM 14 = varied (min)
Isiope = 1,000 pm ! Kgiut =7 mM Gnin=7mM [ =15

Cagnr = 0.1 M Vi = varied (MM-ms™) Gyax =13 MM Sg =1

16 =50,000 ms  ng =15
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Figure 2. Islets synchronized in the closed-loop system without time
delay. Gray lines represent individual [Ca® " traces for four islets, the
black line represents average Ca,,4 and the orange line represents
extracellular glucose concentration (Ge). During the initial delivery of a
constant 10 mM glucose, islets oscillated out of phase with different peri-
ods, resulting in low amplitude Ca,,4 oscillations. When the feedback was
turned on after 20 min, the individual islet oscillations synchronized to a 6-
min period, resulting in larger, more regular Ca,,g oscillations.

this previous system, time delays were not considered. Here,
we use both modeling and experiments to explore how time
delays in the feedback loop affect the coordination of islet
populations (Fig. 1).

Islets Synchronize with Negative Feedback and No Time
Delay

Initial experiments set out to reproduce the previous meas-
urements that demonstrated islets can be synchronized with-
out a time delay (tq = 0) in the feedback loop (20). As shown
in Fig. 2, a constant glucose concentration of 10 mM was
delivered to groups of 3-6 islets. During this time, the islets
exhibited oscillatory activity, as seen through measurements

of [Ca®™]; (gray curves); however, these oscillations were not
in phase since the islets were uncoupled. The natural period
of each islet varied over the range 3-10 min. After 20 min,
feedback was turned on with no added time delay, forming a
closed-loop by delivering a new G, in response to Cagyg, as
done previously (20), resulting in a synchronization of the
[Ca®*]; oscillations. As a result of the synchronization, the
regularity and amplitude of the Ca,yg oscillations increased
once the loop was closed.

Once the feedback was activated at 20 min, glucose oscil-
lations were immediately established (Fig. 2). It is evident
that the oscillations in G, and Ca,yg are ~180° out of phase;
that is, the peak in Ca,yg corresponds to the nadir of Ge. In
this case, the period of the closed-loop system (6.7 min) was
within the range of the natural oscillation periods of the indi-
vidual islets (5.9, 7.3, 8.3, and 10.3 min before feedback), and
is an example of “fast closed-loop oscillations.”

Model Islets Produce Fast Closed-Loop Oscillations with
and without a Time Delay

In parallel with the in vitro experiments, a mathematical
model of islets was used to predict possible coordination
properties due to the negative feedback, with and without a
time delay. When there was no time delay (tq = O min), five
model islets synchronized rapidly once the feedback loop
was closed (Fig. 3A). Before activation of the feedback, the
model islets exhibited slow bursting with oscillation periods
0f9.4,7.5, 5.3, 4.7, and 4.5 min. Once the loop was closed, all
islets oscillated in phase with one another for a period of 4.2
min, indicating that fast closed-loop oscillations occurred.

Model islets also synchronized when a time delay was
used in the feedback loop. Synchronization of model islets
with a 3, 6, and 7 min time delay (t4 = 3, 6, 7 min) is shown in
Fig. 3, B-D, respectively. The closed-loop oscillation period
of Ca,yg in each case was close to 4 min, similar to what was

A 14 B 14
400 12 400 12
S 300 10 300 10 0)
£ 8 8 ®_
2200 5 200 6 %
Figure 3. Model islets synchronize with and without a time 8 4 4 -
delay to produce a fast oscillation in Ca,,g. Five model islets 100 100
were simulated with natural periods ranging between 4 and 2 2
10 min by varying the glucose sensitlvity parameter Vg 0 0 0 0
between 0.0015 and 0.0029 uM-ms™ " among the islets. 0 20 40 60 80 0 20 40 60 80
Feedback was turned on after 20 min. The parameter val- c D
ues are the same in each panel, except for the delay t4. A: 14 14
feedback with 14 = O min synchronized islets to a 4.2-min 400 1o 400 12
period. B: feedback with t4 = 3 min synchronized islets to a
3.6-min period. C: feedback with t4 = 6 min synchronized  ~ 10 10
islets to a 3.8-min period. D: feedback with tq = 7 min % 300 300 mm
synchronized islets to a 4.0-min period. ‘-’m 8 8 /3\
3 200
o 6 200 6
o 4 4
100 100
2 2
0 0 0 0
0 20 40 60 80 0 20 40 60 80
Time (min) Time (min)
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Figure 4. Negative feedback can coordinate islets to produce a slow oscil-
lation in Caayg When there is a time delay. In each of the simulations, the
parameter values of the model islets were the same as in Fig. 3. only the
initial conditions were different. However, in these cases, slow closed-
loop oscillations were observed with a period of 11.5 min with 14 = 3 min
(A), with a 15.3-min period with 14 = 6 min (B), and with a 19.6-min period
with 14 =7 min (C).

observed for tq = O min. Thus, the model predicts that fast
closed-loop oscillations can occur both with and without a
time delay.

With a Delay, Slow Closed-Loop Oscillations Can Be
Achieved in Model Islets

Synchronization of model islets was not the only behav-
ior observed in model simulations. In addition to synchro-
nization to a fast oscillation period, feedback with a time
delay also produced oscillations in Ca,yg With a longer pe-
riod. Examples of this for 14 = 3, 6, 7 min are shown in
Fig. 4. The model islets had parameter values identical to
those used in Fig. 3, yielding the same natural periods of
9.4, 7.5, 5.3, 4.7, and 4.5 min before feedback. In contrast
to what was observed previously, for each time delay
value, the closed-loop oscillation period (11.5 min, 15.3
min, and 19.6 min) was considerably longer than the natu-
ral periods of the model islets.
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The individual islet activity for fast and slow oscillations in
the presence of delayed feedback is shown in Fig. 5. For 14 = 3
min, the fast oscillations in Ca,g observed in Fig. 3B are the
result of individual model islets synchronizing to a fast oscil-
lation period (Fig. 5A). There is a small amount of drift in the
traces that is indicative of an additional slow oscillation mode
since the drift appears to be periodic. However, the effect is
small and is not reflected in the average trace, which exhibits
a fast 3.6 min period. The slow oscillations in Ca,y observed
in Fig. 4A are the result of model islets oscillating individually
with fast periods that are clustered together into slow epi-
sodes (Fig. 5B). Thus, the individual islet oscillations per-
sisted, but were not synchronized as each islet oscillated out
of phase and in an independent pattern with respect to the
other islets. Instead, the oscillations became grouped into epi-
sodes that occurred much less frequently than the individual
islet oscillations.

Biological Islets Also Have Closed-Loop Oscillations
with Long Periods

The modeling results from Figs. 3, 4, and 5 make the pre-
dictions that heterogeneous islet oscillators can become coor-
dinated even if there is a delay in the feedback and that there
are two distinct types of closed-loop oscillations: fast and
slow. These results were tested by delivering glucose levels to
murine islets held in a microfluidic device. In one example
using a 3-min time delay (tq = 3 min) with a population of five
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Figure 5. Individual traces during fast and slow oscillations in the pres-
ence of delayed feedback. A: feedback with 14 = 3 min synchronized
model islets to a fast 3.6-min period with islets oscillating roughly in phase
with one another. B: feedback with 14 = 3 min grouped model islets into
episodes with a slow 11.5-min period.
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islets, the islets synchronized to a fast 3.6-min oscillation pe-
riod (Fig. 6A), demonstrating that time delays do not neces-
sarily interfere with synchronized oscillations. In contrast,
using the same condition, another population of five islets
exhibited a slow 10.2-min oscillation period (Fig. 6B). The
individual islet activity for the slow oscillations is similar to
what was seen in model islets, with the fast oscillations
grouped into slow episodes (Fig. 7A). A 6-min time delay
resulted in islets exhibiting a faster closed-loop oscillation
with 5.5-min period (Fig. 6C). There is a slower oscillation pat-
tern in the Ca,y amplitude that is also present in the individ-
ual islet oscillations (Fig. 7B). This was further analyzed
through spectral analysis, which revealed a major mode at
5.5-min period and a weaker mode (the second largest peak in
the spectrum) at 15.1 min. This slower oscillation is better
revealed using moving averages for G. and Ca,,g, With a time
window of 6 min (green curves in Fig. 6C). Finally, even with
a 7-min time delay, another population of six islets exhibited
a fast closed-loop oscillation of 3.7 min (Fig. 6D).

The Response to Delayed Negative Feedback Exhibits
Bistability

The periods of both fast and slow closed-loop oscillations
in model islets are quantified in Fig. 8A. The lower set of
points corresponds to the fast closed-loop oscillations, with
periods near 4 min for all delay values. There is also a sepa-
rate branch of points corresponding to the slow closed-loop
oscillations that were obtained using a different set of initial
conditions than those used for the fast closed-loop oscilla-
tions. For these slow closed-loop oscillations, the period
increased linearly with the time delay, as shown with the
regression line (slope m = 2.1, R*=0.97).

To determine whether a similar pattern of closed-loop
oscillations occurred in the in vitro experiments, the result-
ing oscillation periods at different time delays (0, 3, 6, and
7 min) were quantified and shown in Fig. 8B. Only fast

closed-loop oscillations were observed in the three sets of
islets examined without a time delay (tq = O min). Both fast
and slow oscillations were produced for tq = 3 min, though
for one case, the slow component was secondary to the fast
component in the power spectrum (red point). In the case of
14 = 6 min, which was performed on four sets of islets,
closed-loop oscillations were fast or had fast dominant
modes. However, in two cases there were secondary compo-
nents in the power spectrum with a period of ~15.1 min (red
points), such as shown in Fig. 6C. In the two experiments
performed with t4 = 7 min, the closed-loop oscillations were
fast. These results are consistent with the model prediction
of two sets of closed-loop oscillations, with the period of the
fast oscillations independent of the delay time and that of
the slow closed-loop oscillations increasing linearly with the
delay time (regression line slope m = 1.7, R*> = 0.98).

Figure 8 demonstrates that often for the same time
delay, islets are either synchronized in a fast oscillation or
clustered into episodes in a slow oscillation. One explana-
tion for this is that the islet properties are different in the
different cases; some islet properties are such that fast
closed-loop oscillations will occur whereas others facili-
tate slow closed-loop oscillations. Yet, in our model islets,
we found that the same model islets were capable of pro-
ducing both types of closed-loop oscillations. If the model
islets were started with one set of initial conditions, fast
closed-loop oscillations occurred, while if started from
another set of initial conditions, slow closed-loop oscilla-
tions occurred. That is, the model closed-loop system is
bistable.

To determine if biological islets also display bistability
in a closed-loop system, we used a protocol in which G
was initially clamped at 10 mM, allowed to vary in the
closed-loop system, then clamped a second time at 10 mM,
and finally allowed to vary once again. The rationale
behind the second clamp was to allow the islets to drift
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Figure 7. Individual traces of murine islets with a slow oscillation compo-
nent in the presence of delayed negative feedback. A: feedback with 14 =
3 min grouped islets into episodes with a slow 10.2-min period. B: feed-
back with t4 =6 min synchronized islets into a 6-min period with a second-
ary, slow oscillation pattern of 15.1 min in the [Ca2+]i amplitude.

away from the periodic cycle achieved during the closed-
loop configuration. This would effectively reset the “initial
conditions” for when the closed-loop configuration was
reestablished, so that the islets could potentially move to
the alternate oscillatory cycle (if one indeed exists).

When this double-clamping protocol was applied to a
population of five heterogeneous model islets with 74 = 3
min, the islets exhibited a slow oscillation in Ca,yg With a
period of 11.4 min when the closed-loop configuration was
established the first time (Fig. 9A). As expected, the slow
oscillation was eliminated when the glucose level was
clamped again at 10 mM and the individual islet oscillators
drifted apart due to their heterogeneity. However, when
the closed-loop configuration was reestablished, the model
islets exhibited a fast synchronized oscillation period of
3.6 min. Thus, this protocol was successful in revealing
both fast and slow closed-loop oscillations in the same set
of model islets. The same protocol was applied to four mu-
rine islets (Fig. 9B) and the result was remarkably similar.
When the system entered the closed-loop configuration
the first time, slow oscillations in Ca,yg occurred with a pe-
riod of 9.8 min, and these quickly dissipated when the glu-
cose level was again clamped and the islets drifted apart.
When the closed-loop configuration was reestablished,
fast oscillations occurred with a period of 3.5 min. This
demonstrates bistability in the closed-loop system in the
murine islets, and occurred in one of 10 experiments with
different sets of islets.

AJP-Endocrinol Metab - doi:10.1152/ajpendo.00123.2022 - www.ajpendo.org

DISCUSSION

Using a combination of simulations with mathematical
models and in vitro experiments with murine islets, we
have shown that rhythmic islet activity can be coordinated
through a negative feedback process that regulates glucose
levels, even in the presence of time delays in the feedback.
A similar time delay would be expected in a physiological
setting in which the negative feedback is provided by he-
patocytes of the liver and other target tissue and is relayed
to pancreatic islets through the general circulation. The
fact that negative feedback control of glucose levels can be
an effective coordinating force even with time delays pro-
vides support for similar coordination in vivo, where islet
coordination is apparent through measurements of insulin
pulsatility in the blood (8-10, 39). This coordination mech-
anism may complement another potential mechanism
involving an enteric pancreatic nervous system that can
provide neural stimuli to islets through synaptic connec-
tions (15, 16, 40, 41).

Although the feedback system often synchronized oscilla-
tions in the model and biological islets, resulting in fast
closed-loop oscillations, an alternate pattern of activity
sometimes occurred in which the oscillations were grouped
into episodes (Fig. 5). This activity resulted in a slower
rhythm in Ca,,g that we refer to as slow closed-loop oscilla-
tions (Figs. 4 and 6). Unlike the fast oscillations, the oscilla-
tion period of the slower ones increases linearly with the
time delay (Fig. 8). In model islets, this linear increase in
slow closed-loop period continues for time delays beyond 7
min, but this has not been tested in the microfluidic system.

An unexpected finding was that with a time delay there is
bistability in the closed-loop system. We found no evidence
for this when there was no time delay, in either this study or a
previous one (20). To test the validity of this model prediction,
we designed a glucose protocol that could switch the system
from one oscillatory state to the other, and indeed such a
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Figure 8. Closed-loop oscillation periods for different feedback delays.
The oscillation periods during feedback (black points) are plotted for tq4
between 0 and 7 min. A: model oscillation periods indicate both fast and
slow oscillations for each nonzero time delay. The relationship between
slow oscillations and time delay fit a line with slope m = 2.1 and R? = 0.97
(black line). B: murine islet oscillation periods. The red points indicate a
secondary peak in the power spectrum. The relationship between slow
oscillations and time delay fit a line with slope m = 1.7 and R? = 0.98 (black
line).
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Figure 9. Bistability revealed in both model and biological islets using a
double-clamp protocol. The system is in the closed-loop configuration
with 14 = 3 min from 10 to 45 min and from 75 to 110 min. A: five model
islets exhibit slow oscillations with an 11.4-min period during the first
closed-loop period, and fast oscillations with a 3.6-min period during the
second. B: a population of four biological islets exhibit slow oscillations
with a 9.8-min period during the first closed-loop period and switch to fast
oscillations with a 3.5-min period during the second.

switch occurred in both model islets and in the biological
islets (Fig. 9). The ability to switch from one attractor to the
other through a perturbation of the system, as we have done,
depends on the sizes of the basins of attraction of the two
attractors; if the basin of attractor A is much larger than that
of attractor B, then the likelihood of switching from A to B is
low. Unfortunately, determining the size of a basin of attrac-
tion is very time consuming, even for mathematical models,
and is impractical for experimental systems. In many model
simulations, we could switch between fast and slow closed-
loop oscillations ~10% of the time. It is therefore not surpris-
ing that we were able to achieve a switch from slow to fast
closed-loop oscillations in only one of 10 attempts in the in
vitro system.

There have been several reports of bistability in biological
systems. These include elements of the cell cycle (42), tissue
morphogenesis (43), the lac operon and lactose metabolism
(44), electrically coupled networks of B cells (45), and a syn-
thetically generated genetic toggle switch (46). In principle,
all bistable systems can be switched from one attractor to
the other, but the procedure most often used to identify bist-
ability is the demonstration of hysteresis. That is, to slowly
change a control parameter and establish that, over a range
of parameter values, the asymptotic state is different when
the parameter is increased than it is when the parameter is
decreased through the same values (24). We know of fewer
instances where the system has been reset from one attractor
to the other as a demonstration of bistability, but one exam-
ple seems relevant since it involves pancreatic islets. There
is strong evidence that islet B-cells can exhibit intrinsic
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oscillations in glycolysis, which can drive bursting electrical
activity through actions of adenine nucleotides on K(ATP)
ion channels (29). A mathematical model suggests that there
is a range of glucose levels over which the glycolytic subsys-
tem is bistable between a stationary state and an oscillatory
state. To test this prediction, islet electrical activity was
monitored while the glucose level was reduced from a stimu-
latory level of 11.1 mM to 0 mM, and back to 11.1 mM. The
response of the islet was to switch from a slow bursting
mode to a continuous spiking mode; this was interpreted as
a switch from active glycolytic oscillations to stationary gly-
colysis (25). This is perhaps parallel to what we see in Fig. 9;
in both cases, the slow mode can act to group faster events
into episodes (Fig. 5B and Fig. 7A) which in the case of the
single islet study of Bertram et al. (25) was referred to as
“compound bursting.”

Our finding of islet synchronization through delayed neg-
ative feedback is restricted to the case of islet oscillations
that have an intrinsic period on the order of several minutes
or more (47-49). There are, however, many reports of much
faster oscillations (period of 15-60 s) in islet Ca?* or electri-
cal activity (6, 47, 48, 50). In one study, it was found that
islets examined from some mice are all fast, while islets
examined from other mice are all slow (51). The physiological
ramifications of these two phenotypes has not been exam-
ined. We focused on the slower ~5 min islet oscillators
because this period is similar to the period of insulin oscilla-
tions that have been observed in peripheral and portal blood
measurements (8-10). There are no data that we know of to
indicate that fast islet oscillations, when they occur in vivo,
are coordinated.

Conclusions

In conclusion, our results suggest that control of islet ac-
tivity through a negative feedback system that acts through
glucose is a viable means of coordinating islet activity and
thereby producing coherent pulses of insulin secretion. We
successfully tested it on a microfluidic system to interrogate
the modulation of synchronized periods of islets using a
delayed feedback system. The inclusion of time delays in the
feedback system does not compromise the coordination, but
it can introduce a second mode of slower rhythmicity.
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