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DOI: 10.1039/x0xx00000x Within single islets of Langerhans, the endocrine portion of the pancreas, intracellular metabolites, as well as insulin

secretion, oscillates with a period of ~5 min. In vivo, pulsatile insulin oscillations are also observed with periods ranging
www.rsc.org/ from 5 - 15 minutes. In order for oscillations of insulin to be observed in vivo, the majority of islets in the pancreas must
synchronize their output. It is known that populations of islets can be synchronized via entrainment of the individual islets
to low amplitude glucose oscillations that have periods close to islets’ natural period. However, the range of glucose
periods and amplitudes that can entrain islets has not been rigorously examined. To find the range of glucose periods that
can entrain islets, a microfluidic system was utilized to produce and deliver a chirped glucose waveform to populations of
islets while their individual intracellular [Ca*'] ([Ca“]i) oscillations were imaged. Waveforms with amplitudes of 0.5, 1, and
1.5 mM above a median value of 11 mM were applied while the period was swept from 20 - 2 min. Oscillations of [Ca®];
resonated the strongest when the period of the glucose wave was within 2 min of the natural period of the islets, typically
close to 5 min. Some examples of 1:2 and 2:1 entrainment were observed during exposure to long and short glucose
periods, respectively. These results shed light on the dynamic nature of islet behavior and may help to understand

dynamics observed in vivo.

and insulin secretion from the islet population.15 One of the
Introduction key features of this model is that the negative feedback

The conventional view of glucose-stimulated insulin secretion produces glucose oscillations, which then entrains all islets to
includes metabolism of the sugar leading to an increase in the the glucose oscillations, resulting in a synchronized population.
ATP/ADP ratio, closure of K'xrp channels, depolarization of the Entrainment is a fundamental feature of nonlinear oscillators
’ ATP ’ .
cell membrane, opening of voltage-dependent Ca®* channels and it is defined here as the forcing of an oscillator to a
and finally th’e secretion of insulin via Cab-dependen; periodic input.16 The oscillator response is determined by the
processes 1 Many of these factors are known to oscillate with amplitude and period of the forcing signal. Entrainment also
eriods of ~5 min including elucose and oxveen consumption depends upon the natural period (T,) of the oscillator and its
P . - 88 . ve 2+ pz+ ’ responsiveness to the forcing signal.”’18 In general, as the
pyruvate kinase activity, NADH, ATP, intracellular Ca” ([Ca"'];), " ¢ the forci ol ; N\ ! ¢ th
and insulin secretion.”” Using mathematical modelling, these per.lod of the orcmg.5|gna moves aw?y r.om the Tn o .t €
oscillations have been shown to result from oscillations in oscillator, larger amplitudes of the forcing signal are required
.6 for entrainment.

glucose metabolism. ) . locki d
Oscillations of in vivo insulin levels with a similar (5 min) or Entr.alnment ca.n .occ.ur N numerous OF |n.g modes,
slightly longer (10 - 12 min) period have been observed in generalized as n:m, indicating the number of oscillations of the
rodents.”® dogs® monkevs.® and humans'' indicating a forcing signal (n) to the number of oscillations of the entrained
_— gs Ve .g. system (m).16 Several reports have shown 1:1 entrainment of
synchronization of the thousands (rodents) or ~1 million i ) | 2t I'. ) £ ol
(human) islets in the pancreas. These oscillations in hormone mslu n Sfechretlon .pu S:ES or [C: Ji b\; .alpp |cat|on.o 1;g_;;cose
release are essential for proper insulin action in the liver> and PY'S€s with a period close to the Ty of islets (~5 min). For

. . 13,14
proper glucose uptake by peripheral tissues,
importance of understanding the dynamics regulating this

underlying the example, we have used glucose oscillations with a 5 min period

(Tgucose = 5 Min) to entrain oscillations of [Ca®']; and insulin

22,23

. . 24 . .
secretion from single or groups” of islets in a 1:1 manner.

behaviour.

Recently, we have demonstrated that negative feedback of Recently, we demonstrated a range of Tgucose Where islets were

. . 15 . .
. . . — . entrained in a 1:1 manner.”” In a different report, it was shown
insulin onto glucose levels results in synchronization of an islet

population producing ~5 min oscillations in the average [Ca2+]i that islets can also undergo 1:2 entrainment, where a glucose

wave with Tgucose = 10 min forced two oscillations of [Caz+]i,
NADPH, and mitochondrial membrane potential (T, ~5 min).25

“Department of Chemistry and Biochemistry, Florida State University, 95 Chieftain In the same report, entrainment of islets at a 3:7 mode was

Way, Tallahassee, FL, USA. E-mail: roper@chem.fsu.edu shown, demonstrating that it is possible to entrain at higher
T The first two authors contributed equally to this work.
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order modes, although the authors stated that it was difficult
to confirm they were truly entrained at this higher mode.

In the examples above where 1:1 or 1:2 entrainment was
observed, a single Tgycose Was applied for the duration of the
experiment. This type of experiment is beneficial in that one
can observe the islet’s response for a long interval ensuring
that the islet is truly entrained. The disadvantage of this type
of experiment is that it is low throughput since only a single
Tglucose is tested during each experiment. In this report, we set
out to test if a higher throughput method could be used to test
the entire range of Tgcose that can entrain islets. To perform
this experiment, we used a microfluidic system to deliver a
“chirped” glucose waveform, where Ty c0se Was swept over a
The
results indicated the islets entrained at a 1:1 mode when

period of time, while maintaining constant amplitude.

Tgiucose Fanged from 3 - 11 min, depending on the T, of the
islets. We also observed that the range of glucose periods that
entrained the islets depended on the amplitude of the glucose
waveform; lower amplitude glucose waves entrained a smaller
range of periods while higher amplitudes entrained a larger
range. When examining individual islets, higher order
harmonics were occasionally observed, but not every islet
showed this behaviour. The range of Tgy.se that entrained
islets was similar to what has been observed from application
of a single glucose period, indicating that this method is viable
for rapidly determining the entrainment region of islets. This
method will be useful in investigating the dynamic nature of
islets of Langerhans, which may lead to understanding the

dynamics of pulsatile insulin secretion observed in vivo.

Materials and methods

Chemicals and reagents

NaCl, MgCl,, tricine, dimethyl sulfoxide (DMSO), fluorescein,
and penicillin-streptomycin were purchased from Sigma (St.
Louis, MQ). CaCl,, KCl, and NaOH were purchased from EMD
Chemicals (Gibbstown, NJ).
Calf Serum were from Fisher Scientific (Pittsburgh, PA). Fura-2

Glucose (dextrose) and Cosmic

acetoxymethyl ester (Fura-2 AM), Fura-2 calcium imaging
calibration kit, and Pluronic F-127 were from Invitrogen
(Carlsbad, CA). RPMI 1640 was from Mediatech (Manassas,
VA). Collagenase P was purchased from Roche (Indianapolis,
IN). Sylgard 184
polydimethylsiloxane (PDMS) microfluidic chips was from Dow

elastomer kit for fabrication of
Corning (Midland, MI). All solutions were prepared in Milli-Q
Bedford, MA) 18 MQ deionized water. The
balanced salt solution (BSS) used in all experiments was
composed of 125 mM NacCl, 2.4 mM CaCl,, 1.2 mM MgCl,, 5.9
mM KCI, 25 mM tricine, and made to pH 7.4 with either 3 or 13

mM of glucose.

(Millipore,

Preparation of islets

Islets of Langerhans were isolated from male CD-1 mice (25 -
40 g) as described previously.15 The protocol for isolation of
islets was in compliance with institutional guidelines and
approval was obtained from Florida State University’s Animal

2| J. Name., 2012, 00, 1-3

Care and Use Committee (protocol 1235). Isolated islets were
incubated in RPMI-1640 media containing 11 mM glucose, L-
glutamine, 10% Cosmic Calf Serum, 1% penicillin/streptomycin,
and 0.1% gentamicin at 37 °C and 5% CO,. For dye loading, 2.0
pL of 2.5 mM fura-2 AM in DMSO and Pluronic F-127 was
added to 2 mL of RPMI 1640 with 11 mM glucose and L-
glutamine. Groups of 5 - 10 islets were incubated in this
solution for 40 min at 37 °C and 5% CO, and were then
removed and placed in the microfluidic device where they
were rinsed with BSS containing 3 mM glucose for 5 min
before experiments commenced.

Microfluidic device operation and fluorescence detection

A microfluidic device was fabricated using conventional
photolithography techniques. The PDMS-glass hybrid device
consisted of channels with dimensions of 250 x 40 um (width x
height) and was used to produce glucose oscillations in a
similar manner as described earlier.®> The device was placed
on the stage of a Nikon Eclipse Ti inverted fluorescence
microscope (Nikon Instruments, Melville, NY) equipped with a
10X, 0.5 NA objective. Fura-2 was excited sequentially at 340
and 380 nm for 150 ms each, using a light source equipped
with a shutter and integrated filter wheel (Lambda XL, Sutter
Instrument Novato, CA). Image pairs were collected every 5 s.
Emission light was passed through a 510 £ 20 nm emission
filter, and was captured on a Cascade CCD from Photometrics
(Tuscon, AZ). Image acquisition and filter wheel positioning
automated using NIS Elements software (Nikon
Instruments). The ratio of fluorescence intensity that was
excited at 340 nm to that at 380 nm (Fz40/F3g0) for all islets

were obtained and converted to [Caz+]i using predetermined
26

was

calibration values that were found by standard methods.

Experimental protocol and data analysis

Groups of islets were stimulated with a basal glucose
concentration of 3 mM followed by constant 11 mM glucose.
T, was calculated from the [Caz+]i oscillations observed during
exposure to the constant 11 mM glucose. A chirped waveform
was then applied at amplitudes of 0.5, 1, or 1.5 mM. The
linear chirp waveform delivered to the islets was determined
from the equation:

P -P)t
y(t)=11+ Asin|2x LJ,M
P 2PPT

0

where y(t) was the glucose concentration (in mM) as a
function of time, t (in min); A was the amplitude of the glucose
wave (in mM); Py and P; were the initial and final periods of
the glucose wave (in min), respectively; T was the duration of
the chirp signal (in min). For all experiments, T was kept
constant at 60 min.

For data analysis, [Caz+]i traces from islets were averaged
and a linear regression was used to fit the data. To ensure the
results were representative, the islets used in the analyses

This journal is © The Royal Society of Chemistry 20xx
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were from different mice. The linear fit of the [Caz+]i was
subtracted from the data to remove the offset of the average
[Caz+]i above baseline prior to producing spectrograms via a
custom LabVIEW program (National Instruments, Austin, TX)
using a short-time Fourier transform algorithm. Briefly, 256
points from the average and subtracted [Ca2+]i trace were
subjected to a short-time Fourier transform using a Hanning
window that binned the output into 512 frequency bins. The
window was then moved by 5 data points and another 256
points were analysed. The results were plotted in MATLAB
(MathWorks, Natick, MA).
frequencies were converted to periods (in min).

For data representation, all
In any figures

that show [Caz+]i traces, the non-processed traces are shown.

Results and discussion

A recent report demonstrated 1:2 entrainment of the
metabolic oscillator within an islet when a glucose wave with a
10 min period was applied.25 In the same report, an example of
an islet entrained at a 3:7 mode was provided when a 10 min
glucose wave was applied. A further examination of the
various modes that islets may be entrained would be useful for
understanding the dynamics of hormone secretion.

The use of chirped forcing signals to examine frequency-
dependent behaviour in systems has been shown in several
reports, for example, finding the membrane resonance of
pacemaker neurons”’ and finding resonant frequencies of

micromechanical oscillators.”® The use of a chirped wave
would allow faster testing of the range of glucose periods that
can entrain islets and may allow the observation of higher

order entrainment modes.

Microfluidic system

The microfluidic system we used for performing these assays
was similar to those we have developed for applying glucose
15,23

The
two inputs of the device were connected to syringes that
contained BSS with 3 and 15 mM glucose (Fig. 1). The height
of one of the syringes was controlled using a stepper motor

waves with a constant period to islets of Langerhans.

while the other syringe was connected, via a pulley and a fixed
length of cord, to the first syringe. This system allowed a
coupled movement of the two syringes; as the height of the
first syringe was moved, the height of the other syringe moved
in an equal, but opposite, direction, ensuring a constant total
flow rate into the device. The two input solutions were
directed to a flow splitting region where the central outlet
channel was directed to the islets and the two side channels
were connected to waste. The two glucose solutions entered
the central channel in a ratio determined from the two input
flow rates, which was controlled by the height of the two
solutions. As an example, equal syringe heights produced
equal flow rates from the two syringes and therefore, the two
The

heights of the syringes were calibrated to the flow rate ratio
15,23

solutions entered the central channel in a 1:1 ratio.

prior to experiments using fluorescein.

This journal is © The Royal Society of Chemistry 20xx
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Waste

Islet l 2 mm
chamber

Fig. 1 Microfluidic device design. The design of the microfluidic chip is shown on the

mixing
region

left side of the figure. The points labelled “A” and “B” were used as inputs for BSS
containing 3 and 13 mM glucose, respectively. The flow rates from these two inputs
were set by the heights of their respective solutions above the microfluidic system. At
the flow-splitting region, outlined by the dashed box, the input solutions were split to
three outlets; the two outlets on the side were sent to a “Waste” reservoir while the
centre outlet was sent to the “Islet chamber”. The ratio of the two solutions entering
the middle outlet was dictated by the flow rate ratio of the two input solutions.
Because the two input solutions were connected via a pulley and fixed length of cord,
the total flow rate entering the centre channel remained constant. On the right side of
the figure are photographs taken of the flow-splitting region when fluorescein and
buffer were being input to the system. The top image shows when the buffer had a
higher flow rate than fluorescein; the middle image shows when the two solutions had
equal flow rates; the bottom image shows when fluorescein had a higher flow rate than
the buffer solution. The two solutions entering the centre outlet mixed to

homogeneity prior to delivery to the islet chamber.

The solutions that entered the central channel mixed to
homogeneity prior to entering the islet chamber. The mixing
time for the solutions must be long enough for mixing to
complete, yet as small as possible to ensure minimal
attenuation of the waveforms being delivered. A total flow
rate of 1.5 puL min™ was used, which enabled a 30 s mixing
time, enough for complete mixing of the two solutions, while
minimizing dispersion. Using a similar approach as we have
described before,22 we determined the shortest waveform
period that the device could generate without significant
amplitude attenuation and found that it was 20 s. During the
islet experiments, we were always well above this value, the
shortest Tgycose applied was 2 min, therefore, there was
minimal dispersion of the glucose waves in the device prior to

delivery to the islet chamber.

J. Name., 2013, 00, 1-3 | 3
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Chirp at 1 mM glucose amplitude

In the first set of experiments, a linear chirp was applied where
Tglucose Was swept from 20 to 2 min with a constant 1 mM
amplitude. At the top of Fig. 2, the average [Ca2+]i from 7 islets
(black line) exposed to a chirped glucose waveform is shown
with the glucose level (red line) superimposed. The glucose
level corresponds to the right y-axis, while the [Ca2+]i
corresponds to the left y-axis. A spectrogram is shown below
the [Ca’]; trace and details the periods of the [Ca’'];
oscillations on the left y-axis as a function of time (bottom x-
axis) or as a function of the applied Tgycose (top x-axis). The
scale bar adjacent to the spectrogram indicates the magnitude
of the spectrogram peaks with red corresponding to the
highest and blue corresponding to the lowest. The thick solid
white line overlaid on the spectrogram corresponds to how
Tglucose Was swept in time. This line enables an easy evaluation
for when the [Caz+]i periods matched the glucose periods, as
expected for 1:1 entrainment.

600 -
1 12
] —103
= 400 ] e
E 8 3
— 300 @
‘:. o
O Fl
= 200 =
100 4~ Glucose period (min) L9
55 200 7.0 40 30 24 20
g - 250
E
g 30 .
e ____ ! 1150
=
o
S 40
= 100
g ________
2. 7.0 50
+*
Nﬁ
2 50

10 20 30 40 50 60 70 80
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Fig. 2 Entrainment of islets using a 20 to 2 min chirped glucose waveform at 1 mM
amplitude. The top shows the average [Ca’]; response (black line) from 7 islets with
error bars corresponding to + 1 SD. The applied glucose concentration (red line) is
shown on the right y-axis. The spectrogram of the average [Ca’*]; trace is shown on the
bottom with the experimental time scale on the bottom x-axis, the period of the
glucose wave on the top x-axis, and the measured [Ca®"]; oscillation period on the left y-
axis. The scale bar for the spectrogram is shown on the right of the figure with red
being the largest magnitude and blue being the smallest. The solid white line
corresponds to how the period of the applied glucose wave was swept in time. The

dashed white lines are used to indicate the region of entrainment from 5.4 to 3.4 min.

As seen in the spectrogram, a large magnitude event
occurred during the first 10 min of the experiment, which is
attributed to the initial response of the islets to the change

from 3 to 11 mM glucose. This initial synchronization of a

4| J. Name., 2012, 00, 1-3

group islets to a change in glucose level has been observed
elsewhere as well.”**® The 11 mM glucose was then applied
continuously from 3 - 23 minutes and the islets oscillated at
their individual T,, resulting in an average [Caz+]i that was
elevated, but had no major frequency components as seen in
the spectrogram. The average T, of the seven islets was 4 min.

At 23 min, the chirp was initiated and a clear resonance of
the average [Ca2+]i oscillations were observed from 41 - 56
min. As shown by the dashed white lines in the spectrogram,
these times corresponded to when the glucose period was
swept from 5.4 - 3.4 min. The resonance can also be observed
in the average [Caz+]i trace, with strong coherent oscillations in
the population during this time. We interpret this result as the
islet population being entrained in a 1:1 manner by the various
glucose periods that were applied during this time, resulting in
a synchronized response by the population. After this time,
the average [Caz+]i was no longer entrained to the glucose
periods.

As a control experiment, the response of 7 islets exposed
to a constant glucose level for the duration of the experiment
is shown Again, the average [Ca’']; with its
As can be seen, there
were no major components in the spectrogram. These results

in Fig. 3.
corresponding spectrogram is shown.

indicate that without the glucose waveform, the islet
population never synchronized.
600 -
F12
300
N 10 E
= 400 - E
= 8 o
£7 300 2,
1] S s
15 3
200 =
L4 ~—
100

[Caz"]. oscillations period (min)

10 20 30 40 50 60 70 80
Time (min)

Fig. 3 Response to constant glucose level. The top shows the average (black line) and
+1 SD of the [Ca”"]; for 7 islets exposed to a constant glucose level (red) throughout the
experiment. The spectrogram of the average [Ca®"]; is shown below and does not show
any major frequency component. The scale of the spectrogram is the same as that in
Fig. 2.

In another set of experiments, a chirped waveform was

applied in the opposite direction as Fig. 2, where Tgycose Was
swept from 2 to 20 min, again with 1 mM amplitude. At the

This journal is © The Royal Society of Chemistry 20xx
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top of Fig. 4 is the average [Caz+]i trace from 7 islets, while the
spectrogram is shown on the bottom. The chirped waveform
was started 25 min after the glucose level was switched to 11
mM. Similar to Fig. 2, a large 1:1 resonance was observed with
periods of the [Ca2+]i oscillations from 3.7 - 7.6 min, slightly
longer than those observed in the experiment shown in Fig. 2.
One explanation for this slight discrepancy in the periods that
were entrained was that the average T, of the islets shown in
Fig. 2 was 4 min, while the average T, for the islets in Fig. 4
was 8 min. In both cases, the islets entrained within ~2 min of
T,. From 25 - 30 min, there was a response observed in the
spectrogram that corresponded to delivery of glucose periods
from 2.2 - 2 min and produced [Caz+]i oscillation periods from 7
While it is possible that this pertains to 3:1
entrainment, it is more likely an artefact of the change in the

- 5 min.

glucose level from constant to oscillatory.

400 -
1 12
350
F10r—=
3001 0
E e 8
£ 2504 <
I 5,
™ .
1] - =
32["]' %
150 s
00 J Glucose period (min)

20 24 3.0 40 7.0 20

10 20 30 40 S0 60 70 80
Time (min)

Fig. 4 A chirped glucose wave from 2 to 20 min with 1 mM amplitude. The
experiment shown is the application of a chirped waveform with the period of the
glucose increasing from 2 to 20 min. The average + 1 SD [Ca™]; from 7 islets and its
corresponding spectrogram are shown on the top and bottom, respectively. The lines
on the spectrogram are similar to those described for Fig. 2.

Chirp with other amplitudes

Chirping with 1.5 and 0.5 mM amplitude glucose waves (Fig. 5
and 6, respectively) were used in an attempt to observe how
the amplitude of the forcing signal affected the entrainment
region. It is expected that higher amplitude forcing signals will
result in a larger range of glucose periods that can entrain.’®
Islets exposed to the 1.5 mM amplitude waveform showed 1:1
entrainment when Ty cose Was swept from 7.2 - 2.9 min. The
average T, for this group of islets was 5.3 min. This range of
glucose oscillations was indeed larger than the ranges we
found that were entrained using 1 mM amplitude. Groups of

This journal is © The Royal Society of Chemistry 20xx
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islets tested with a lower amplitude chirp signal were more
difficult to entrain. A 0.5 mM amplitude chirp (Fig. 6) resulted
in a low magnitude resonance across the 1:1 entrainment
region when Tg,cse Was swept from 4.2 - 2.6 min. The average
T, was 3.3 min. These results are consistent with the expected
effects of the amplitude of the forcing signal on the range of
periods that can be entrained. We did not examine other
amplitudes because there was a chance that the nadir of the
forcing signal wave would turn off the oscillator instead of

merely modifying it.
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Fig. 5 Entrainment of islets using a chirped glucose waveform at 1.5 mM amplitude.
The average + 1 SD [Ca”"]; from 6 islets is shown at the top of the figure. The data is
shown starting with a glucose concentration of 11 mM for 6 min followed by a 60 min
chirped wave. Similar to Fig. 2, the period of the waveform was swept from 20 - 2 min,
but a 1.5 mM amplitude was used. The islets were entrained 1:1 between 7.2 and 2.9
min (dashed white lines).

Observation of other entrainment regions (n:m)

While 1:1 entrainment was readily observed in most
experiments, higher order entrainment modes were more
rarely found. We attribute this to the averaging of the [Ca2+]i
traces across multiple islets. Initially, we attempted to analyse
the data from single islets; however, the spectrograms showed
the initial T,, and then a slight drift to the entrainment period.
This subtle change in the spectrogram complicated the
analysis. By averaging multiple islets, the individual T,’s were
averaged out and only the entrained periods were observed.
Of course, this averaging also removed some information,

including the observation of n:m entrainment regions.

J. Name., 2013, 00, 1-3 | 5
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Fig. 6 A chirped glucose wave at 0.5 mM amplitude. The average + 1 SD [Ca’"]; from 5
islets is shown in the upper trace. A chirped glucose wave was applied that swept the
periods from 20 - 2 min with 0.5 mM amplitude. The entrained region was observed
between 4.2 - 2.6 min.

For example, Fig. 7A details the [Caz+]i and spectrogram from a
single islet that was included in the averaging used to produce
Fig. 2. As can be seen, the islet was oscillating during the
constant glucose period with a period of ~4 min. As the
chirped wave was initiated, the [Caz+]i oscillations shifted to
the 1:1 entrainment region from ~27 - 45 min. After this time,
the spectrogram shows that the frequency switched from 1:1
to 2:1 entrainment (the lower white line shown in the
spectrogram). This splitting can be seen in the [Caz+]i trace; at
45 min, two [Caz+]i oscillations begin to combine, and then
appear as single oscillations for every two glucose oscillations
through the end of the experiment, corresponding to 2:1
entrainment. We observed 2:1 entrainment in 4/7 islets
exposed to 1 mM glucose amplitude oscillations, 4/6 islets
exposed to 1.5 mM glucose oscillations, and 0/5 islets exposed
to 0.5 mM glucose oscillations. In Fig. 7B, another example of
unique behaviour from a single islet is shown. In contrast to
that shown in Fig. 7A, this islet entrained 1:1 for almost the
entire duration of the experiment, from 13 - 65 min,
corresponding to glucose periods from 9.8 - 2.0 min. The islet
had a small T, (~3 min), which may have allowed it to respond
to the small glucose periods at the end of the experiment.

6 | J. Name., 2012, 00, 1-3
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Fig. 7 Single islet entrainment data. Two [Ca™; traces and their corresponding
spectrograms from single islets are shown where the glucose period was swept from 20
- 2 min at a 1 mM amplitude. In (A) the islet had a T, ~¥4 min and was entrained 1:1
from 27 - 45 min as seen by the [Ca®"); oscillation period following the upper white line.
The lower white line corresponds to 2:1 entrainment and the islet follows this line from
55 - 62 min. The spectrogram in (B) shows that the islet had a T, ~3 min and upon
application of the chirped wave, followed the 1:1 line from 13 - 65 min, corresponding
to glucose periods of 9.8 - 2.0 min.

Conclusions

In general, islets were entrained to a 1:1 mode when glucose
periods were within a range of + 2 min of T,. The range of
periods that entrained islets were in proportion to the
amplitude of the forcing signal with slightly larger and smaller
ranges observed with 1.5 and 0.5 mM amplitude waves,
respectively. When individual islets were examined, both 1:2
and 2:1 modes were observed, which confirms a previously
reported observation of 1:2 entrainment of islets.”” As has
been previously indicated,25 other entrainment modes in islets
have been observed, but these are rare and difficult to
confirm. For example, we observed numerous other locking
modes when applying a constant glucose period to single
islets, including 3:1, 5:3, 3:2, 4:3, 3:4, 2:3, 2:5, and 1:3, but
these were very rare and so could not be confirmed that they
were truly entrained.

It is feasible that the chirped waveform did not allow the
islets to entrain at higher order modes due to the limited
observation the future,
modifications to the chirp rate or an exponentially modified
chirp signal could be used to test this theory. However, within

the caveats of this experiment, we found that a chirped wave

window at each period. In

was an efficient means to observe the dynamic behavior of
islets. The results shown here could also be used as an
opportunity to test the dynamic response of mathematical
models of islets. Periodic inputs to cells have been shown to
be an effective way to build and discern differences in
mathematical models,30'31 and it would be expected that islet
models exposed to chirped glucose waves would produce

similar responses to what we have observed.

This journal is © The Royal Society of Chemistry 20xx
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