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Richard K. P. Benninger,* Min Zhang,” W. Steven Head,* Leslie S. Satin,'* and David W. Piston*

*Molecular Physiology and Biophysics, Vanderbilt University, Nashville, Tennessee; 'Department of Pharmacology and Toxicology,
Virginia Commonwealth University, Richmond, Virginia; and *Department of Pharmacology and Brehm Diabetes Center, University of
Michigan, Ann Arbor, Michigan

ABSTRACT The pancreatic islet is a highly coupled, multicellular system that exhibits complex spatiotemporal electrical activity
in response to elevated glucose levels. The emergent properties of islets, which differ from those arising in isolated islet cells, are
believed to arise in part by gap junctional coupling, but the mechanisms through which this coupling occurs are poorly understood.
To uncover these mechanisms, we have used both high-speed imaging and theoretical modeling of the electrical activity in
pancreatic islets under a reduction in the gap junction mediated electrical coupling. Utilizing islets from a gap junction protein
connexin 36 knockout mouse model together with chemical inhibitors, we can modulate the electrical coupling in the islet in a
precise manner and quantify this modulation by electrophysiology measurements. We find that after a reduction in electrical
coupling, calcium waves are slowed as well as disrupted, and the number of cells showing synchronous calcium oscillations is
reduced. This behavior can be reproduced by computational modeling of a heterogeneous population of B-cells with heteroge-
neous levels of electrical coupling. The resulting quantitative agreement between the data and analytical models of islet con-

nectivity, using only a single free parameter, reveals the mechanistic underpinnings of the multicellular behavior of the islet.

INTRODUCTION

The pancreatic islet is a multicellular microorgan which con-
sists mainly of B-cells (as well as a few a-cells, d-cells, and
other types of cells) that respond to elevated glucose levels by
secreting insulin. At elevated glucose levels, a chain of met-
abolic and electrical events occurs that results in membrane
depolarization and elevated intracellular free calcium con-
centration ([Ca2+]i) (1,2). At glucose levels >~7 mM,
membrane potential (V) and [Ca”]i oscillations are ob-
served and are synchronized across all -cells in the islet (3).
These oscillations result in pulsatile insulin release (4) with a
sharp increase in glucose-stimulated [Ca®* ]; and insulin at ~7
mM glucose. Isolated 3-cells, however, show a much reduced
dynamic range of insulin secretion (5) along with irregular
oscillations in V,,, and [Ca”*]; and a heterogeneous glucose-
stimulated response (6,7). These findings demonstrate that a
high degree of communication occurs between B-cells within
the islet to create synchronous oscillations in V,, [Ca2+]i,
and insulin release, as well as the sharp glucose-stimulated
response. Previously, we and others have shown that gap
junction mediated electrical communication is critically im-
portant for maintaining proper electrical activity within the
islet (8,9).

Despite these findings, details on how the heterogeneous
B-cell population organizes into a single electrical synctium
are not fully clear. Closer examination of the oscillations in
[Ca2+]i reveals that there is a small temporal offset in oscil-
lations in different B-cells within the islet. Through time-lapse
imaging, various groups have shown that these small tem-
poral offsets appear to result from calcium waves propagating
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across the islet associated with the oscillatory increases in
[Ca2+]i (10,11). Furthermore it has been shown that partial
inhibition of gap junction activity with chemical inhibitors
disrupts [Ca”]i oscillations and calcium waves in the islet
(11,12), although nonspecific effects of the gap junction in-
hibitor cannot be ruled out. Gap junction conductance has also
been theoretically predicted to affect the calcium wave
propagation (13,14). It is therefore of great interest to further
study the spatiotemporal organization of islet electrical ac-
tivity, characterized by oscillatory [Ca®*]; and propagating
calcium waves, and to understand how this behavior relates to
the degree of gap junction coupling. To this end, we examined
synchronized [CaH]i oscillations and waves in the islet as a
function of electrical coupling. We precisely modulated the
gap junction coupling using both Cx-36 knockout mice and
chemical inhibitors and quantified this modulation by electro-
physiology measurements. By following how the calcium
waves and oscillations are affected by graded changes in elec-
trical coupling in the islet, we can assign a conceptually simple
model that quantitatively describes how gap junction coupling
coordinates the calcium oscillations across the B-cells of the
islet. We then used this concept to generate a mathematical
model of coupled S-cells, which reproduces the differences
in measured [Ca2+]i activity with the modulation of S-cell
electrical coupling. The success of this quantitative model
yields insight into the origin of the intercellular calcium waves
and the emergent behaviors of this simple multicellular system.

EXPERIMENTAL METHODS
Islet isolation

Islets were isolated as described in Scharp et al. (15) and
Stefan et al. (16) and maintained in Roswell Park Memorial
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Institute medium containing 10% fetal bovine serum, 11 mM
glucose at 37°C under humidified 5% CO, for 24-48 h before
imaging.

Imaging islets

Isolated islets were stained with 4 uM Fluo-4 AM (In-
vitrogen, Carlsbad, CA) in imaging medium (125 mM NaCl,
5.7 mM KCl, 2.5 CaCl,, 1.2 mM MgCl,, 10 mM HEPES, 2
mM glucose, 0.1% bovine serum albumin, pH = 7.4) at room
temperature for 1-3 h before imaging. Islets were imaged in a
polydimethylsiloxane (PDMS) microfluidic device, the fab-
rication of which has been previously described in Rocheleau
et al. (8), which holds the islet stable for imaging and allows
rapid reagent change, such as varying glucose stimulation or
adding gap junction inhibitors. Fluo-4 fluorescence is imaged
15 min after a step increase in glucose from low (2 mM) to
high (11 mM). High speed imaging is performed on an
LSM5Live with a 20X 0.8 NA Fluar Objective (Zeiss, Jena,
Germany) using a 488 nm diode laser for excitation and a
495 nm long-pass filter to detect fluorescence emission. The
microfluidic device is held on the microscope stage in a
humidified temperature-controlled chamber, maintained at
37°C. Images were acquired at a rate of 4-6 frames per
second, with average powers at the sample being minimized
to <200 wW/cm?.

Electrophysiology measurements
Measurements of B-cell coupling conductance were per-

formed using a strategy initially described in Mears et al. (17)
and Sherman et al. (18) and further described in Gopel et al.

1.24
1.0 A

0.8 1

Fluorescence (norm.) @

5049

(19). Isolated islets were continually perfused with an ex-
tracellular solution containing 115 mM NaCl, 5 mM KClI, 3
mM CaCl,, 2 mM MgCl,, 10 mM HEPES, 2 mM glucose,
pH = 7.2. V,;, and transmembrane current were monitored
using the perforated patch method as described in Zhang et al.
(7). Pipettes were filled with an intracellular solution of 11.8
mM NaCl, 28.4 mM K,SOy, 63.7 mM KCI, 1 mM MgCl,,
20.8 mM HEPES, 0.5 mM EGTA, pH = 7.2, along with 0.1
mg/ml amphotericin B. After obtaining a G{) seal on a
patched peripheral B-cell, glucose levels were stepped from 2
to 11 mM. After transient effects died away, V,,, was recorded
in current clamp mode, then the coupling current was mea-
sured in voltage clamp mode at —65 mV. The coupling
conductance (gcoup) Was determined by the change in cou-
pling current (Al,,;,) normalized by the change in membrane
potential (AV).
Al

gmpziﬁ? (1)

Calculating [Ca®*]; wave velocity and
oscillation synchronization

Calcium wave velocity was measured in a similar way to the
method described in Skyggebjerg (20). After high-speed
imaging of Fluo-4 fluorescence (intensity proportional to
[Ca2+]i), the time at which an increase in fluorescence in-
tensity (increase in [Ca®™),) is observed is compared for all
islet cells in the image. For each pixel in the image, a cross
correlation is performed between the time course of fluores-
cence for that pixel and the time course of fluorescence av-
eraged over the whole islet (Fig. 1). A phase map is

FIGURE 1 Calcium wave velocity

—0 and islet [Ca®™]; oscillation synchroni-

zation. (A) Fluorescence intensity image
of a Fluo-4 stained islet in a microfluidic
flow device. Scale bar represents 100
pm. (B) Time course of the Fluo-4
intensity in the-two-islet cells high-
lighted in A. Oscillations of cell 1 (black
line) precede those of cell 2 (red line) by
the propagation time of the calcium
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with the whole islet oscillations. Differ-
ence in time between the peaks of the
cross correlation represents the wave
propagation time between the two cells,
which is mapped in C. The peak cross
correlation coefficients represent the de-
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constructed with each pixel value consisting of the time index
of the maximum in the cross correlation coefficient. Thus,
areas of the islet showing a low time index represent earlier
increases in [Ca®"]; compared to the islet average and thus
indicate where the calcium wave originates. Conversely,
areas of the islet showing a high time index represent later
increases in [Ca®*];, indicating where the calcium wave ter-
minates. Additionally, the peak value of the cross correlation
coefficient is used to indicate the degree of correlation be-
tween [Ca’"]; oscillations in an islet cell with [Ca®"]; oscil-
lations in the rest of the islet. If the cross correlation coefficient
is <0.5 in a pixel, it is not considered to be synchronized with
the rest of the oscillations in the islet.

The information describing the calcium wave propagation
and synchronization is represented as a false color hue-satu-
ration-value image, where the hue (color) represents the time
index of the oscillation, saturation (the amount of color) is set
to 0 if the cross correlation coefficient falls below 0.5, and
value (intensity) represents the mean fluorescence intensity.
Thus the phase map shows the oscillation time (in false color)
for all oscillations in the islet that are synchronized.

The wave velocity (vicy,)) is calculated in the direction of
wave propagation, from areas of low time index to areas of
high time index. The velocity is calculated by dividing the
spatial separation of the wave start and end (Ar,) with the
difference in the oscillation time index between these two
points (At;,), described by Eq. 1.

_ Arlz (2)

Vica) Aty

The number of cells (N) that exhibit synchronous oscillations
is determined by calculating the percentage area of the islet
that shows a maximum cross correlation coefficient above
0.5. An intensity threshold is also applied to remove contri-
butions from a-cells, since they show a large decrease in
[Ca®"];, and therefore Fluo-4 intensity, upon elevated glu-
cose levels (21).

Computational modeling

The previously published coupled phantom-burster model
(22) was modified to include a more accurate description of
KaTtp channel dynamics by accounting for metabolic factors
such as ATP/ADP turnover (23). We further modified the
model to account for 3-cell heterogeneity, as well as heter-
ogeneity in electrical coupling conductance. A brief de-
scription of the essential features of the model is included
here, with further details available in Zimliki et al. (22),
Bertram et al. (23), and Nunemaker (24).

The coupled phantom-burster model describes the elec-
trical behavior of a population of B-cells with electrical
coupling between neighboring B-cells. The following equa-
tion describes the membrane potential (V) of a single, un-
coupled B-cell as a function of the various transmembrane
currents (I, Ic,, etc.):
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dv
_CE =Ik+ I, + IK(ATP) + [K(Ca)~ (3)
Since we are modeling a series of coupled S-cells, the
membrane potential in the ith 8-cell surrounded by j adjacent

B-cells is
d

=1+ Z g (Vi )
where géou)p is the coupling conductance between cells 7 and j.
The islet is modeled as a 10 X 10 X 10 islet cube such that the
index j represents coupling to six adjacent cells. In the presence
of incomplete coupling, the index j has a probability of
coupling to fewer than six cells. The total coupling conductance
of a B-cell is the sum of ggou)p over j, that is, the total coupling
conductance from one 3-cell to all surrounding B-cells.

The description of /xatp) is modified from that in Zimliki
et al. (22) by including the ADP/ATP dynamics described in
Bertram et al. (23).

IK ATP) = O (ATP ADP)gK ATP) (V VK) 5)
dADP
dt

where 0. (ATP,ADP) represents the proportion of open
Katp channels as a function of ATP/ADP levels, which is
described in detail in Bertram et al. (23,25). The metabolic
flux through citric-acid-cycle metabolism, which increases
the cellular ATP/ADP ratio, is described by the parameter r
and is an increasing function of glucose concentration. After
a step increase in glucose stimulation from low (2 mM) to
high (11 mM), generally only fast (tens of seconds) oscilla-
tions are observed in islets, which has been theoretically
predicted and experimentally verified in Bertram et al. (23).
We therefore do not include any terms to describe metabolic
feedback onto phosphofructokinase activity that results in
slow (~5 min) oscillations in glycolysis, as described in
Bertram et al. (23), and thus focus purely on electrical
coupling of fast [Ca2+]i oscillations.

We represent 3-cell heterogeneity by randomly distribut-
ing a model parameter for each cell according to Gaussian
distribution with mean w and standard deviation o. Values
below zero were discarded. For electrical heterogeneity, we
randomly distributed the calcium-sensitive potassium chan-
nel conductance (gkca)) value for each cell, as was per-
formed in Zimliki et al. (22). For metabolic heterogeneity, we
randomly distributed the metabolic flux (r) for each cell.
Parameter distributions are adjusted to generate oscillations
approximately equivalent to those experimentally observed.
We also considered the case where there is heterogeneity in
the gap junction conductance between (-cells, as was also
modeled in Pedersen (14). The S-cell to B-cell coupling
conductance values were randomly distributed according to a
Gaussian distribution (again discarding negative values). The
mean and standard deviation of the Gaussian were initially
set such that the mean and standard deviation of total 3-cell

=1, '(ATP — ADPexp[r(1 — Ca/r,)]), (6)
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coupling conductance (sum of all coupling conductance from
a single -cell to surrounding S-cells) are equivalent to that
which we experimentally observe with electrophysiology
measurements. A list of all the parameters used in the model
and their values is included in Table 1.

THEORY

We explored the use of two multicellular analytical models of intercellular
connectivity in the islet: a percolation model and a continuous model. Both of
these models can potentially be used to describe how properties of a coupled
network alter the behavior of B-cells when gap junction coupling is reduced
in the islet. The basic properties and predictions of these model types are
described here and then considered in terms of the experimental data in the
Results section, below.

Percolation theory

Percolation theory (26) is a mathematical theory that can often accurately
describe the properties of a randomly coupled series of discrete units, such as
the properties of a partially coupled resistor network (27). Two main prop-
erties of such arandomly coupled network are used in this study because they
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physically resemble the B-cell network in islets, which led us in turn to ex-
plore the use of percolation theory. First, the electrical conductance across
the coupled resistor network is related to the number of unique paths that can
traverse the network. As network connections are removed, the number of
conducting paths decreases until, finally, only a single *‘critical’’ path exists.
Second, the percolation probability is the proportion of the resistor con-
nections that make up the path which traverses the coupled network. Both of
these properties, the network conductance g and the percolation probability
P, can be described according to a power law, depending on the proportion of
resistor connections left in the network.

g (p —p)* 7)
P (P _pc)ﬁv (8)

where if ¢ is the probability, a resistor connection is removed (or the
proportion of connections removed) and p = / — ¢ is the probability a
resistor connection is not broken and thus remains (or the proportion of
resistor connections remaining). The critical probability p. is the probability
at which no percolation can occur and is dependent on the lattice architecture
and dimension, u is the conductivity exponent, and 3 is the critical exponent,
both of which are also dependent on the dimension of the network. Thus
below the critical probability, ¢ and P are equal to zero. For a three-
dimensional cubic network with bond percolation, the values of these
dimensional parameters are p. = 0.2488, u = 2, B = 0.4 (28).

TABLE 1 Values of the parameters used in the computational islet model

Symbol Description Value

K Delayed rectifier K™ channel conductance 3000 pS

Va Half-maximal activation of delayed rectifier K* channel —16 mV

Sn Activation range of delayed rectifier K* channel 5.6 mV

Tn Activation time constant of delayed rectifier K channel 20 ms

8Ca Voltage-dependent Ca®" channel conductance 1200 pS

Vin Half-maximal activation of voltage-dependent Ca®>" channel —20 mV

Sm Activation range of voltage-dependent Ca*>* channel 12 mV

8K(Ca) Ca’" sensitive K channel conductance Distribution: mean = 453 pS; standard deviation = 255 pS

Ky Ca** dissociation constant of K(Ca) channel 0.25 uM

ny, Hill coefficient of Ca>" inhibition of K(Ca) channel 5

SK(ATP) Nucleotide sensitive K channel conductance 8500 pS

K\ K, Range of ADP, ATP effect on K(ATP) channel conductance 0.45, 0.012 mM

[A] Total nucleotide concentration 1 mM

Ta Time constant of Ca”-dependent ATP/ADP decrease 200,000 ms

r Concentration range of Ca®>" effect on mitochondria 0.35 mM

r Mitochondrial ATP production rate Distribution: mean = 1.3; standard deviation = 0.5

8coup Cell-cell gap junction coupling conductance Variable distribution:
mean = 0 pS; standard deviation = 0 pS (Fig. 5, A and B)
mean = 95 pS; standard deviation = 70 pS (Fig. 5, C-E)
mean = 40 pS; standard deviation = 28 pS (Fig. 5 F)

a Current to flux conversion factor 225 X 107 uM ms~' fA™"

kpvica Rate constant of plasma membrane Ca®>* ATPase 0.1 ms™!

PER(leak) Leak permeability constant in ER 4.0 %X 10° ms™!

ksErca Rate constant of sarcoendoplasmic reticulum Ca** ATPase 0.2 ms™!

fot Ratio of free to bound Ca>* in cytosol and ER 0.01

Vey/VeR Ratio of cytosol volume to ER volume 50

Vi K™ Nernst potential —75 mV

Vea Ca®" Nernst potential 25 mV

Cnm Membrane capacitance 5300 pF

ER, endoplasmic reticulum.

Biophysical Journal 95(11) 5048-5061



5052

Percolation (discrete) analytical model of
islet connectivity

In vivo, islets are highly vascularized, and when they are isolated, the blood
vessels remain within the islet, although these vessels will no longer be filled
with blood. Thus, two B-cells that are seen in situ to be adjacent in an isolated
islet may, in fact, be separated by a collapsed vessel, so they are not really
neighbors, and we would not expect these cells to be coupled directly by gap
junctions. Thus, some aspects of islet architecture lend themselves to de-
scription through a percolation model. In the percolation analytical model of
islet connectivity, a reduction in coupling conductance is represented by the
removal of a proportion of gap junction connections within the islet. Under
this assumption, a 20% reduction in coupling conductance means that there is
a 20% probability of B-cell to B-cell connections being broken (p = 0.8).
This would then affect the wave velocity and degree of synchronization
according to properties of the resistive network as described by percolation
theory, Egs. 7 and 8.

According to cable theory, the wave velocity is proportional to the square
root of the conductance of the medium through which it propagates:

VoL/g, (€))

where the medium is the discretely coupled B-cell network, with conduc-
tance (g) described in Eq. 7.

The percolation probability (P), described by Eq. 8, can be related to the
proportion of the islet that is oscillating in synchrony: only those cells with
connections that lie on the resistive network will oscillate synchronously
with each other. Those cells with connections that lie outside the network are
electrically isolated and therefore oscillate asynchronously. Thus, we can
produce equations to describe two of the islet properties as a function of
gap junctional coupling:

S =a(p - p)” (10)
Vo
N B

where v is the wave velocity, vy is the wave velocity with full islet
connectivity, N is the number of islet cells oscillating synchronously, N is
the number of islet cells oscillating synchronously with full islet connectiv-
ity, @ and b are proportionality constants, and w and 8 are parameters that
specifically describe the properties of a percolating network as described
above.

Ohmic (continuous) analytical model of
islet connectivity

In the continuous analytical model of islet connectivity, a reduction in
coupling conductance is represented as an equivalent reduction in the cou-
pling conductance between every cell. For example, a 20% reduction in
coupling conductance means that there would be a 20% reduction in the
coupling conductance of each B-cell to B-cell connection. The resistor net-
work is thus considered to be a continuous medium with a network con-
ductance that is proportional to the individual B-cell coupling conductance
(g « p). The whole network conductance will thus fall linearly with de-
creasing coupling conductance until there will be no network conductance
when the coupling conductance is zero. This is in contrast to the percolation
model where there is no overall network conductance even when a propor-
tion of B-cells are still coupled. The degree of synchronization will remain
constant with coupling conductance, until a value of the coupling conduc-
tance at which B-cells can no longer synchronize their oscillations. At this
value (py), the oscillation synchronization will fall sharply to zero, and thus
there will be no propagating calcium waves. We shall assume this coupling
conductance to be p., as in the percolation model, but this value can also be
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considered as a free parameter. In the continuous analytical model, the
mathematical description of islets parameters are

Y — op"T(p, po) (12)
Vo
N
Ny dll(p, po), (13)

where ¢ and d are proportionality constants, [1(p,py) is a step function (II = 0
when p < pg, [T = 1 when p > py), and p, is initially assumed to be the same
as that used in the percolation model, i.e., po = 0.2488.

RESULTS
Measured wave velocities in isolated islets

Fluo-4 stained islets were loaded into a microfluidic device,
and high-speed time-lapse images were recorded. Data of
intracellular free calcium ([Ca2+]i) at elevated glucose levels
(~11 mM) are displayed in Fig. 1 for a representative islet
(Supplementary Material, Movie S1). Changes in Fluo-4
fluorescence showed that [Ca”]i follows near synchronous
(phase-locked, i.e., the same frequency with a constant phase
difference) bursting with a small temporal delay across the
islet, as seen in Fig. 1, A and B, which is characteristic of
calcium wave propagation. By calculating this temporal
separation, the wave propagation can be displayed as a false
color scale phase map. This allows the direction of wave
propagation to be visualized, as seen in Fig. 1 C. Comparing
Fig. 1, B and D, shows that the cross correlation algorithm
accurately determines the temporal separation in [Ca”]i
oscillations, which can then be used to calculate the calcium
wave velocity.

The mean calcium wave velocity was measured over a
number of islets, in response to a constant level of glucose
stimulation. A histogram of the calcium wave velocity after
11 = 1 mM glucose stimulation can be seen in Fig. 2 A. The
mean wave velocity across the islet was measured to be 69 =+
5 pm/s (mean = SE n = 30 mice, 1-6 islets per mouse),
although a broad asymmetric distribution of wave velocities
ranging from ~20 um/s to >200 wm/s was observed. The
measured distribution of wave velocities results in a tail of
high velocity waves (fully synchronized oscillations), as was
also observed by Aslandi and co-workers (10). There is a
small decrease in wave velocity (v) with increased islet size
(D), as shown in Fig. 2 B, which would be expected if
the overall islet conductance (g) fell with islet size: v ~ \/g ~
1/y/I. The variation in the measured wave velocity between
islets is much greater than that seen in different sizes of islet
(~10-fold versus <2-fold, respectively). The mean wave
velocity measured between 10 and 12 mM glucose stimula-
tion did not vary significantly compared to the variation be-
tween islets at 11 mM glucose, indicating that the wide range
in wave velocities is not due to small variations in glucose
stimulation. Wave velocity (both direction and speed) was
generally found to be constant within measurement uncer-
tainty over 30 min measurement time, 15 min after elevated
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glucose stimulation (7 = 3 mice). Over all islets studied, 81% =
3% of the waves emerged and propagated in a consistent
direction across the islet, with the remaining waves emerging
in other regions of the islet.

Gap junction blocking with chemical inhibitors
slows calcium wave propagation

We next sought to test the effect of a reduction in gap junction
activity on calcium wave propagation using chemical in-
hibitors. We utilized the gap junction inhibitor 18-a-glyc-
erretnic acid (¢GA), which has previously been used to show
a disruption in coupled electrical activity, for example, in
smooth muscle cells (29). After application of up to 50 uM
aGA, regular [Ca®"]; oscillations and propagating calcium
waves were still observed. Fig. 3 A displays representative
phase maps of the [Ca”*]; wave propagation in an islet before
and after the application of 50 uM aGA. A greater time delay
is observed between the start and end of the calcium wave
after application of the gap junction inhibitor. In this exam-
ple, the wave propagation direction was maintained; how-
ever, in several cases a change in direction was observed after
application of gap junction inhibitor.

The decrease in wave velocity was measured for a number
of concentrations of gap junction inhibitor. Fig. 3 B displays
the mean calcium wave velocity upon treatment with in-
creasing concentrations of «GA (n = 16 mice, 1-6 islets per
mouse). Concentrations of 25 and 50 uM of aGA progres-
sively decreased the calcium wave velocity, with a significant
32% = 14% reduction observed at 50 uM aGA (P < 0.01,
one-tailed 7-test). At concentrations of 100 uM aGA, a re-
duction in the number of islet cells showing [Ca2+]i oscil-
lations was found (54% = 12% of the islet, n = 5 mice, 1-3
islets per mouse). We observed similar decreases in wave
velocity upon the application of 10-50 uM mefloquine, an-
other gap junction inhibitor (30) (» = 3 mice, 1-3 islets per
mouse, data not shown).

Gap junction knockout dramatically disrupts
wave propagation

Chemical gap junction inhibitors are known to be weak and
have many associated nonspecific effects, especially on cal-

<150um  150-200um  >200um
Islet diameter
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FIGURE 2 Summary of measured
wave velocities. (A) Histogram of mea-
sured calcium wave velocities. The mean
velocity is 69 £ 5 um/s, which is many
times faster than would be seen by simple
diffusion of calcium across the islet. (B)
The mean velocity calculated for differ-
ent size ranges of islets studied. There is a
trend for the wave velocity to decrease
with increasing islet size, as expected if

v g~ 1AL

cium and potassium currents (29). We therefore utilized an
alternative method for reducing gap junction activity through
a genetic knockout of the gap junction forming connexin
protein that couples -cells. It has previously been shown
that connexin 36 (Cx36) forms functional gap junctions that
couple B-cells (9). We studied calcium oscillations and
waves in islets harvested from mice with a knockout of one or
both Cx36 alleles (Cx36+/—, Cx36—/—, respectively),
which are described in Degen et al. (31). We would therefore
expect that the islets from these mice represent ~50% (+/—,

B

80
0
g_ 60 -
P
'S 40 -
o)
)
> 20 A

0 -+

0 25 50 100
[aGA] (UM)

FIGURE 3 Chemical inhibitors of gap junction activity slow the calcium
wave velocity. (A) Phase map of the calcium wave propagation across the
islet before (left) and after (right) the application of 50 uM aGA. Dashed
white lines indicated the direction of propagation from yellow/red regions to
blue/purple regions. The phase difference of the oscillations increases after
partial gap junction inhibition with aGA, representing a decrease in wave
velocity. Scale bar represents 100 wm. (B) Decrease in the mean calcium
wave velocity with increasing concentration of «GA. Error bars represent
mean * SE.
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heterozygous) and ~0% (—/—, homozygous) of normal gap
junction coupling.

In islets from heterozygous Cx36+/— knockout mice, a
reduction of the number of cells displaying synchronized,
phase-locked oscillations was observed. Averaging over all
Cx36+/— mice studied (n = 12), 67% * 8% of the cells in
the islet are synchronized, which is significantly less than that
seen in wild-type (WT) mice. There was however a wide
range in this average value between islets from different
mice, ranging from 26.2% to 91.9% (mean over all islets
from a single mouse, see Fig. S2 in Data S1). A wide range of
calcium wave behavior was also observed in these islets. In
islets from 7 out of 12 Cx36+/— mice studied, calcium wave
propagation was still observed, similar to that seen in Figs.
1 and 3, although the wave velocity was reduced to 41 = 12

A

Benninger et al.

pm/s: a43% £ 17% (mean = SE) reduction of the velocity
compared to that seen in islets from WT control mice. In
islets from the other 5 out of 12 Cx36+/— mice studied, the
wave propagation was significantly disrupted.

Generally islets from mice in this second group exhibited
both poor oscillation synchronization and disrupted wave
propagation (see Fig. S2 in Data S1). Fig. 4, A and B, displays
representative data of the [Ca®"]; activity in islets of these
mice (see Movie S2). Fig. 4 B displays representative oscil-
lations at 11 mM glucose stimulation in different islet cells
from a single islet. Only a proportion of the islet cells undergo
synchronous, phase-locked oscillations in [Ca2+]i, with the
rest of the cells showing irregular or continual spiking
[Ca®"]; activity. Additionally, the mean oscillation period in
islets from the Cx36+/— mice that have disrupted calcium
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FIGURE 4 Genetic knockout of gap
junctions disrupts wave propagation and
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wave propagation is 14.6 = 0.4 s (mean = SE), which is
significantly less than the 21.2 £ 2.8 s (mean = SE) seen in
WrT islets at 11 mM glucose (P < 0.01, one-tailed -test), and
the 19.4 = 0.9 s (mean *= SE) seen in the Cx36+/— mice
which still show calcium wave propagation (P < 0.001, one-
tailed r-test).

The reduction in the oscillation synchronization is also
shown as a representative phase map in Fig. 4 A. Only those
cells that show synchronous, phase-locked oscillations are
highlighted. Inspection of the phase map within the area of
the islet that is synchronized shows no overall propagating
calcium waves. Instead, there is an irregular distribution of
cells that, although phase-locked, have a large temporal delay
in their oscillation compared to other cells. The maximum
temporal delay between phase-locked oscillations within a
100 wm area is 8.5 = 2.9 s (mean * SD), which is much
greater than the temporal delay observed in oscillations that
occurs due to wave propagation (on the order of 1 s). Upon
the addition of 50 uM aGA to the Cx36+/— islets, the
proportion of the islet that is synchronized is further reduced
to 45% = 10%. Where wave propagation is still seen, the
velocity is further reduced on average by 28 = 17%.

Islets from homozygous Cx36—/— knockout mice show a
complete loss in synchronized [Ca®" ]; oscillations, as seen in
Fig. 4, C and D (see Movie S3). Fig. 4 D displays repre-
sentative oscillations at 11 mM glucose in different cells
within a single islet. There is no evidence for any of the
synchronous phase-locked oscillations or propagating waves
that are observed in islets from WT and Cx36+/— mice.
Additionally, [Ca”]i of cells within the same islet oscillate
on a wide range of timescales from ~1 s to several minutes,
similar to what is typically seen in dispersed 3-cells (7). No
islet cell is synchronized with any other islet cell, as shown by
the phase map in Fig. 4 C. This behavior is consistent over all
islets from all homozygous Cx36—/— knockout mice studied
(four mice, two to four islets per mouse). Thus upon Cx36
knockout, calcium waves are disrupted and islet synchrony
is lost. Upon the addition of 50 uM aGA to the Cx36—/—
islets, a small proportion of the cells (~10%) showed either
an increase in oscillation frequency or a loss in oscillations
which could be due to nonspecific effects of the gap junction
inhibitor.

Fig. 4 E summarizes the gap junctional dependence of the
decrease in the proportion of islet cells that are synchronized.
Compared with the small reduction in synchrony seen with
the application of chemical inhibitors, a large reduction is
seen with heterozygous and homozygous knockout of Cx36
gap junction forming protein that couples B-cells. Fig. 4 F
summarizes the reduction in wave velocity seen in the het-
erozygous Cx36+/— mice. Of the Cx36+/— islets where
wave propagation is still observed, a greater decrease in the
wave velocity is seen compared to the velocity measured
upon the application of gap junction inhibitors. This is further
decreased with the combination of gap junction inhibitors
and heterozygous Cx36 knockout.
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Computer modeling of calcium oscillations and
waves in coupled B-cells

We next sought to understand the mechanistic underpinnings
of these behaviors by quantitative modeling of the islet S-cell
electrical coupling. We simulated 3-cell electrical and calcium
activity using the coupled phantom-buster model (22) with
heterogeneous electrical coupling. When no electrical coupling
is present between neighboring B-cells, a wide range of os-
cillation timescales are produced, as displayed in Fig. 5 A.
These oscillations range from continual spiking every 1 s to
oscillations with a period of >200 s. This qualitatively matches
what we observe from Cx36—/— islets in Fig. 4 D. There is no
synchronization between these oscillations, as shown in the
phase map in Fig. 5 B, again as seen in Cx36—/— islets.

When adjacent B-cells are electrically coupled, with a
mean conductance of 95 pS (within the range expected for
WT mouse islets, e.g., Moreno et al. (32)), synchronized
oscillations with an intermediate period of ~20 s are ob-
served as shown in Fig. 5 C. These oscillations are consistent
with measurements made in islets from WT mice in Fig. 1.
Analysis of the oscillation synchronization shows that they
are synchronized across the islet, which is also seen in Fig. 1.
Furthermore, the model produces propagating waves across
the islet associated with oscillations of [Ca”]i, which is
shown by the phase map in Fig. 5 D. A close-up of a single
[Ca2+]i oscillation is seen in Fig. 5 E for a cell at the start,
middle, and end of the wave propagation. This shows the
temporal separation in oscillations that produces these
propagating waves. When both electrical and metabolic
heterogeneity is included, as well as a broad heterogeneity in
coupling conductance (mean of 95 pS, standard deviation of
70 pS), these waves propagate from the top right corner to the
bottom left corner of the islet displayed in Fig. 5 D, with a
temporal difference of >1 s, equivalent to a velocity of 80
pm/s assuming one 3-cell is 10 wm in diameter.

Over a number of simulations, each with a different ran-
dom number of seeds to represent different islets, wave ve-
locities in the range of 70—150 wm/s are generated. Averaged
over these modeled islets, 92% = 6% of the waves traveled in
a consistent direction, although each random number seed
resulted in waves that initiate and terminate in different re-
gions of the islet compared to that shown in Fig. 5 D. We note
that waves are also produced when heterogeneity is either just
electrical (varying gk c, parameter) or just metabolic (varying
r parameter), although the wave propagation velocity is
~50% higher in each case (for an example, see Fig. S3 in
Data S1). In the presence of a uniform coupling conductance
(mean of 95 pS, standard deviation of 0 pS), an approxi-
mately twofold greater wave velocity is generated compared
to that under heterogeneous coupling with the same mean
conductance (not shown).

An ~50% decrease in the mean coupling conductance
results in the disruption of wave propagation. Fig. 5 F shows a
phase map generated by the same model as in Fig. 5, C and D,
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but with a coupling conductance distribution with a mean of
40 pS and standard deviation of 28 pS (compared to a mean
of 95 pS, standard deviation of 70 pS, which reproduces WT
behavior). A reduction in the oscillation synchronization is
seen at the surface of the islet, which is also seen in islets from
Cx36+/— mice such as displayed in Fig. 4, A and B. In the
case shown in Fig. 5 F, 92% of the model islet is oscillating
synchronously, compared to 100% of the model islet that
reproduces WT behavior (Fig. 5 C). Over a number of sim-
ulations with different random number seeds to represent
different islets, between 87% and 100% of the islet is seen to
oscillate synchronously.

If the mean coupling conductance is further reduced, a fur-
ther reduction in the oscillation synchronization is observed. A
coupling conductance distribution with a mean of 20 pS and
standard deviation of 14 pS (~25% WT conductance) results
in 57% of the islet oscillating synchronously for the islet
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FIGURE 5 Computational modeling
B of coupled B-cell electrical activity. (A)

A heterogeneous population of S-cells’
f [Ca®"], oscillations are seen when
B-cells are not electrically coupled, sim-
ilar to that seen in islets from Cx36—/—
mice. (B) Phase map showing that in the
absence of gap junction coupling, oscil-
lations in individual cells are not syn-
chronized. (C) Gap junction electrical
coupling produces synchronized oscilla-
tions on an intermediate timescale to the
oscillations produced in the uncoupled
islet, as is also observed in islets from
Cx36+/+ (WT) mice. (D) With gap
junction coupling, calcium waves are
observed associated with the oscillatory
increases in [Ca®" ;. The wave propa-
gates from the top right to bottom left of
the islet and crosses the 10 X 10 X 10
islet in ~1 s. (E) A single [Ca®™]; oscil-
lation in D at the start (red), middle
(green), and end (purple) of the wave
showing the temporal offset of the oscil-
lation at different points in the islet. (F)
Reducing the mean coupling conduc-
tance by ~50% disrupts wave propaga-
tion and reduces islet synchrony, as is
also observed in islets from a proportion
of the heterozygous Cx36+/— mice.
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shown in Fig. 5, B, D, and F, and a variation between 35% and
92% of the islet oscillating synchronously over a number of
modeled islets. This reduction in synchronization with a range
of behavior also agrees with that seen in islets from different
Cx36-+/— mice, although the proportion of the islet with syn-
chronous phase-locked oscillations upon ~50% reduction in
coupling conductance is higher than that experimentally ob-
served. If the coupling conductance is reduced down to a mean
of 10 pS and standard deviation of 8 pS, the oscillation syn-
chronization over a number of islets varies between 0% and 7%.

Finally the oscillation characteristics of each cell in the
islet model are compared in the presence and absence of
electrical coupling (generated with the same random number
seed). In the presence of electrical coupling, where the waves
always originate in the same region of the islet, this area
corresponds to cells in the uncoupled islet that are continually
spiking (higher gxc,) or exhibit an increased metabolic flux
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(higher r). This suggests that calcium waves can initiate in
subregions of the islet where there is increased B-cell excit-
ability (see Fig. S3 in Data S1).

Quantitative description of islet coupling
and connectivity

We have shown how the calcium wave velocity slows with the
application of chemical inhibitors of gap junction activity. We
have also shown how calcium waves slow or are dramatically
disrupted upon a knockout of the gap junction forming protein
Cx36. To quantitatively describe these wide variations in
[Ca®"]; activity, we utilized electrophysiological measure-
ments to quantify the change in gap junction coupling after the
application of «GA or the knockout of Cx36. The reduction in
gap junction activity measured through a reduction in cou-
pling conductance can be seen in Fig. 6 A. The application of
aGA has only a minor effect on coupling conductance (up to
22% =+ 8% reduction, mean = SE), which shows no further
increase above 50 uM aGA. The heterozygous knockout of
Cx36 has a much greater effect on coupling conductance
(46% = 8% reduction, mean £ SE) and the homozygous
knockout almost abolishes electrical coupling between islet
B-cells (95% = 2% reduction, mean * SE). When these data
are compared to the calcium wave data, as the calcium wave
velocity progressively decreases, coupling conductance de-
creases until waves are partially disrupted at 50%—60% re-
duction in coupling conductance and fully disrupted at ~95%
reduction in coupling conductance.
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To functionally describe the decrease in wave velocity
with reduced coupling conductance, we considered the islet
as a lattice network of resistors connecting -cells. The an-
alytical models described in the Theory section can be used to
describe the calcium wave propagating across such a lattice.
A reduction in coupling conductance can be represented as a
blocking of individual 8-cell to B-cell connections (discrete/
percolation model, schematically shown in Fig. 6 B), or a
reduction in conductance of all B-cell to B-cell connections
(continuous/ohmic model). The theoretical variation of the
calcium wave velocity after a reduction in coupling con-
ductance is shown in Fig. 6 C for both analytical models
described by Eqs. 10 and 12 (discrete model: solid line,
continuous model: dashed line). The theoretical variation of
[Ca®"); oscillation synchronization with coupling conduc-
tance described by Egs. 11 and 13 is shown in Fig. 6 D.

Fig. 6 C compares experimental data with the analytical
models, relating gap junction coupling to the calcium wave
speed, and Fig. 6 D compares experimental data with the
analytical models of the proportion of islet cells exhibiting
synchronized oscillations. In both models, only one free fit-
ting parameter is used: the amount of 3-cell connectivity in
WrT islets at elevated glucose levels. This value was optimally
fitto 85% (*+2%), that is, under normal gap junction coupling
~15% of the neighboring B-cells are predicted to have no
connectivity. This is in good agreement with dual cell elec-
trophysiology measurements that show 15%—-20% of neigh-
boring B-cells are uncoupled (33) and is also in agreement
with the proportion of vascular endothelial cells that exist in
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the islet, shown through immunofluorescence imaging (34).
Experimental data in Fig. 6 C, relating gap junction coupling
to the calcium wave speed, show a closer agreement with the
percolation model than with the ohmic model (y* = 1.01 for
percolation model, y* = 2.07 for ohmic model).

Experimental data in Fig. 6 D, relating gap junction cou-
pling to the proportion of islet cells exhibiting synchronized
oscillations, show good agreement with the percolation
model and poor agreement with the ohmic model (y* = 0.78
for percolation model, y* = 8.90 for ohmic model). The data
point corresponding to 100 uM aGA (not shown) strongly
deviates from both analytical models, where fewer cells are
observed to be oscillating (54%) than would be predicted
(79%) from the percolating model of connectivity, but this
effect is likely due to nonspecific effects of the inhibitor at
this higher concentration. From measurements of [Ca2+]i
activity in islets of Cx36—/— mice after the application of
aGA, we can judge that nonspecific effects resulting from up
to 50 uM aGA will reduce the oscillation synchronization
slightly, but not significantly compared to the effects of the
partial gap junction inhibition.

DISCUSSION

We sought to quantify the role of gap junction connectivity in
the synchronization and propagation of calcium oscillations
and waves in pancreatic islets during glucose-stimulated in-
sulin secretion. The use of high-speed optically sectioned
imaging with the LSM5Live allows the velocity of these waves
to be resolved with a high degree of accuracy. Our method of
analysis allows direct visualization of wave propagation in the
form of a phase map, which displays both the wave propagation
direction and its speed across the islet. Additionally our anal-
ysis can show only those islet cells that exhibit calcium oscil-
lations that are synchronized with those in the rest of the islet.
By utilizing both a knockout of the gap junction forming pro-
tein and chemical inhibitors of gap junction coupling, we can be
sure that the observed changes in [Ca2+]i are not dominated by
nonspecific effects of «GA (such as seen with 100 uM aGA)
or compensatory factors of the Cx36 knockout. The use of islets
from Cx36—/— mice also allows subtle nonspecific effects of
chemical gap junction inhibitors on [Ca®"]; dynamics to be
analyzed in greater detail. This is a more robust approach to
studying the effect of reduced gap junction coupling on the
multicellular calcium dynamics in the islet. Through the mea-
surement of gap junction coupling conductance for each
treatment, we can quantitatively resolve the relationship be-
tween the measured intercellular calcium dynamics and elec-
trical connectivity in the islet and make comparisons with
analytical models of islet connectivity.

Although we measure a wide range of wave velocities,
from ~20 pwm/s to >200 pum/s, these are all consistent with
the waves arising due to the electrical propagation of action
potentials. These velocities are in agreement with electro-
physiological studies on islet cells that have seen temporal
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separation in oscillations in membrane potential in different
islet cells (35). The calcium wave velocities we measure in
the islet are much greater than those measured in airway
epithelial cells or glioma cells (8—10 um/s) (36,37). In airway
epithelial cells the calcium waves are mediated by intercel-
lular IP; diffusion via gap junctions. The velocities observed
in those systems are consistent with the speed of diffusion of
the second messenger molecule, and so it is highly unlikely
that waves observed in the islet arise due to the diffusion of
calcium or another second messenger between (B-cells. In the
time it takes the calcium wave to propagate across the islet
(on average ~2 s to cross ~150 wm) calcium ions would
diffuse in free space only ~30 wm, and less in the presence of
gap junction and/or intermediate extracellular signaling.
These data therefore allow us to conclude that, likely, it is
electrical coupling between [3-cells via gap junction channels
that leads to the synchronization of islet calcium oscillations.
This therefore suggests that measuring changes in these os-
cillations upon a modulation in gap junction coupling can be
used to gain insight into the fundamental mechanism of
electrical coupling between B-cells in the islet.

Through computer modeling, we also showed how these
calcium waves can arise in an islet consisting of an electrically
coupled heterogenecous population of B-cells. This model
shows that the islet does not require a pacemaker region which
sets the oscillations of the rest of the 3-cell. Instead, the origin
of these waves is due to islet heterogeneity, as supported by
the fact that isolated B-cells tend to show a large degree of
heterogeneity in their metabolic and electrical response to
high glucose (7,38). In the computer model of the islet, the
calcium waves generally originate in subregions of higher
excitability. This is consistent with published data showing
that waves originate from regions of increased K tp channel
inhibition (39) and thus suggests that the presence of a het-
erogeneity in B-cell excitability is sufficient to lead to con-
sistently propagating calcium waves. The computer model of
the islet also produces calcium waves with velocities equiv-
alent to the range of velocities that we measure in intact islets
of equivalent size of <150 wm in diameter. Generation of
these wave velocities required the heterogeneous coupling
conductance with a broad distribution (o/w ~ 0.7).

This finding is also in agreement with a previous mathe-
matical model of realistic wave velocities (14) and is con-
sistent with our electrophysiology data, which exhibit a wide
range of coupling conductance values. Furthermore, the ~2
times greater wave velocity in the absence of this heteroge-
neity in coupling conductance is also consistent with the
previously presented model (14). Aslandi and co-workers
(13) initially simulated a wave velocity several times faster
than the measured calcium waves. We do not, however, fol-
low their reasoning that glucose is lower in the center of the
islet (which was used to model lower velocity waves), since
measurements of metabolic response through NAD(P)H
imaging finds equal response throughout the islet only a few
minutes after glucose stimulation (38). Further, our simula-
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tion of an ~50% reduction in electrical coupling results in a
reduction in oscillation synchronization which is in agree-
ment with what is observed experimentally in islets of het-
erozygous Cx36+/— knockout mice. We can thus ascribe the
wide range of wave velocities measured as well as the dif-
ferences in Cx36+/— islet behavior to be due to the large
amount of 3-cell heterogeneity and coupling heterogeneity in
the islet.

We should note, however, that we were still unable to
model calcium waves with velocities in the 20-60 wm/s
range, equivalent to the slower ~40% of calcium waves that
we measured. Furthermore the proportion of the islet that
is synchronized upon an ~50% reduction in coupling con-
ductance is also modeled to be higher than what we experi-
mentally measure. Interestingly, when the mean coupling
conductance is reduced to 20 pS, the proportion of the islet
showing synchronized oscillations is in closer agreement with
what is experimentally observed in islets of Cx36+/— mice.
Thus, setting the WT coupling conductance in the computer
model of the islet to a distribution with a mean of 40 pS and a
standard deviation of 28 pS gives more accurate [Ca>"]; dy-
namics as gap junction coupling is reduced. Additionally, the
reduction in oscillation synchronization with reduced mean
coupling conductance agrees well with the percolation model
if the mean WT coupling conductance is set to 40 pS. This is
summarized in greater detail in Fig. S4 in Data S1. The fact
that subphysiological gap junction coupling yields more ac-
curate results suggests that in the coupled phantom-burster
model, 3-cells couple their electrical activity too readily.

The measured changes in [Ca”]i oscillations (wave ve-
locity and synchronization) with a reduction in coupling
conductance quantitatively agree with the analytical model
that describes the islet as a lattice of randomly electrically
coupled units (B-cells). Overall, considering both the wave
velocity and proportion of the islet that shows synchronized
oscillations, the experimental data showed a closer agreement
with the discrete/percolation analytical model of connectivity.
The percolation model also predicts the number of uncoupled
B-cells in the islet to be in agreement with previously pub-
lished data (33,34). We appreciate that an intermediate case
between the two models of coupling is likely to be most ac-
curate, representing heterogeneity in the B-cell to B-cell
conductance. A wide range in heterogeneity is predicted by
the coupled phantom-burster model (22) with heterogeneous
electrical coupling, which successfully reproduces many as-
pects of the measured islet electrical dynamics. Nevertheless,
the close agreement with the percolation model indicates that
B-cells with weak or incomplete coupling dominate the spa-
tiotemporal dynamics of the calcium oscillations. These an-
alytical models can further be useful for predicting the islet
connectivity from measurements of the spatiotemporal
[Ca®*]; dynamics. For example, we can make the prediction
that ~25% (p. = 0.2488) of the WT coupling conductance
will be insufficient to maintain any synchronization in the
[Ca®*]; oscillations. Thus under this level of gap junction
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disruption, we would expect to measure the same spatio-
temporal electrical dynamics as would be seen in Cx36—/—
islets. Appropriate genetic systems are under development to
test this predication.

Itis also of interest that in the absence of electrical coupling,
we observed that calcium oscillations in individual B-cells of
Cx36—/— islets occur on a wide range of timescales, repre-
senting very fast (approximately seconds), fast (~10 s), and
slow (approximately minutes) oscillations. This is in contrast
to the fast oscillations that we focused on in this work. Many
studies have been performed in analyzing the oscillation
timescales in isolated 3-cells and islets, e.g., Kinard et al. (6),
Zhang et al. (7), and Pedersen (40). Since there is no electrical
coupling between B-cells, islets of Cx36—/— mice are an ideal
preparation for studies to contrast those carried out in dis-
persed B-cells. Cells within Cx36—/— islets still retain the
cellular proximity and other architectural features which
could be important for maintaining B-cell function.

From this study, we can draw some additional conclusions
on the functional implications of gap junction coupling and
calcium waves in islets in vivo. We have demonstrated
through computer simulations that calcium waves in an islet
can arise solely due to B-cell heterogeneity. We would
therefore expect that calcium waves would also be present in
islets in vivo to coordinate oscillations in [Ca2+]i. We have
quantitatively shown how gap junction coupling coordinates
electrical oscillations at elevated glucose levels that would
result in pulsatile insulin release, which has been shown to
have a greater hypoglycemic effect compared to continuous
levels of secretion (41). This predicts that a loss in coupling
that approaches or exceeds the critical coupling conductance
(~25% WT conductance) would disrupt insulin pulsatility, as
calcium waves could no longer propagate across the whole
islet to coordinate calcium oscillations. A loss in insulin
pulsatility is often seen in type II diabetics and obese indi-
viduals (42,43) and we speculate that this could result from
the downregulation of gap junction forming connexin pro-
teins, as well as the reduction in 3-cell to B-cell proximity due
to a-cell infiltration or B-cell degeneration in intermediate
cells. These events are known to occur in hyperglycemic
conditions (44,45), which are associated with the symptoms
of type II diabetes. Furthermore, it has been observed that
during pregnancy, an increase in gap junctional coupling is
observed in islets, concomitant with increased islet size and
enhanced insulin secretion (46,47). Since we saw a reduction
in calcium wave velocity with islet size, we can speculate that
the increased gap junction coupling is necessary to counteract
the reduced calcium wave velocity to maintain proper coor-
dination of [Ca2+]i oscillations across the islet and thus
maintain pulsatile insulin secretion.

To conclude, we have precisely measured the wave ve-
locity and synchronization associated with [Ca®"]; oscilla-
tions in the islet and can accurately predict these behaviors
with a multicellular model framework. We have shown how
the wave velocity and synchronization both decrease with a
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decreased gap junction connectivity in the islet and that the
decrease can be quantitatively described by an analytical
model of gap junction connectivity between [-cells in the
islet. These results are also quantitatively reproduced in a
heterogeneously coupled B-cell computational model. This
has importance for describing the B-cell communication
within the islet, as well as allowing the synchronized [Ca2+]i
oscillations and waves to be a precise measure of islet con-
nectivity. The techniques we have used to introduce quanti-
tative changes in the gap junction coupling and measure the
impact of these changes on the whole islet electrical response
provide a powerful approach that can be extended to study
other aspects of the islet as well as to study the underlying
properties of multicellular systems in general.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.

We are grateful to Arthur Sherman’s laboratory for biological modeling
(NIH, Bethesda, MD) for provision of the code for the coupled phantom-
burster model. We are also grateful to Arthur Sherman, Pranay Goel, and
Morten Gram-Pedersen for helpful discussions and advice with regard to
the computer modeling.

D.W.P. acknowledges funding from National Institutes of Health grants
RO1-DK53434 and P20-GM72048 and the Department of Defense Medical
Free-Electron Laser Program. L.S.S. acknowledges funding from National
Institutes of Health grant RO1 DK46409.

REFERENCES

1. Atwater, I., L. Rosario, and E. Rojas. 1983. Properties of the Ca-
activated K™ channel in pancreatic B-cells. Cell Calcium. 4:451-461.

2. Satin, L. S., and D. L. Cook. 1985. Voltage-gated Ca?" current in
pancreatic B-cells. Pflugers Archiv. 404:385-387.

3. MacDonald, P. E., and P. Rorsman. 2006. Oscillations, intercellular
coupling, and insulin secretion in pancreatic -cells. PLoS Biol. 4:167—
171.

4. Gilon, P., M. A. Ravier, J. C. Jonas, and J. C. Henquin. 2002. Control
mechanisms of the oscillations of insulin secretion in vitro and in vivo.
Diabetes. 51:S144-S151.

5. Lernmark, A. 1974. Preparation of, and studies on, free cell-suspen-
sions from mouse pancreatic-islets. Diabetologia. 10:431-438.

6. Kinard, T. A., G. de Vries, A. Sherman, and L. S. Satin. 1999. Modulation
of the bursting properties of single mouse pancreatic 8-cells by artificial
conductances. Biophys. J. 76:1423-1435.

7. Zhang, M., P. Goforth, R. Bertram, A. Sherman, and L. Satin. 2003.
The Ca®* dynamics of isolated mouse B-cells and islets: implications
for mathematical models. Biophys. J. 84:2852-2870.

8. Rocheleau, J. V., M. S. Remedi, B. Granada, W. S. Head, J. C. Koster,
C. G. Nichols, and D. W. Piston. 2006. Critical role of gap junction
coupled K-ATP channel activity for regulated insulin secretion. PLoS
Biol. 4:221-227.

9. Ravier, M. A., M. Guldenagel, A. Charollais, A. Gjinovci, D. Caille, G.
Sohl, C. B. Wollheim, K. Willecke, J. C. Henquin, and P. Meda. 2005.
Loss of connexin36 channels alters -cell coupling, islet synchroniza-
tion of glucose-induced Ca®" and insulin oscillations, and basal insulin
release. Diabetes. 54:1798—-1807.

Biophysical Journal 95(11) 5048-5061

12.

13.

14.

15.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Benninger et al.

. Aslanidi, O. V., O. A. Momeyv, O. Skyggebjerg, P. Arkhammar, O.

Thastrup, M. P. Sorensen, P. L. Christiansen, K. Conradsen, and A. C.
Scott. 2001. Excitation wave propagation as a possible mechanism for
signal transmission in pancreatic islets of Langerhans. Biophys. J.
80:1195-1209.

. Bertuzzi, F., A. M. Davalli, R. Nano, C. Socci, F. Codazzi, R. Fesce, V.

Di Carlo, G. Pozza, and F. Grohovaz. 1999. Mechanisms of coordination
of Ca*" signals in pancreatic islet cells. Diabetes. 48:1971-1978.
Jonkers, F. C.,J. C.Jonas, P. Gilon, and J. C. Henquin. 1999. Influence of
cell number on the characteristics and synchrony of Ca®" oscillations in
clusters of mouse pancreatic islet cells. J. Physiol. 520:839—-849.
Aslanidi, O. V., O. A. Mornev, M. Vesterager, M. P. Sorensen, and P. L.
Christiansen. 2002. A model for glucose-induced wave propagation in
pancreatic islets of Langerhans. J. Theor. Biol. 215:273-286.

Pedersen, M. G. 2004. Homogenization of heterogeneously coupled
bistable ODE’s—applied to excitation waves in pancreatic islets of
Langerhans. J. Biol. Phys. 30:285-303.

Scharp, D. W., C. B. Kemp, M. J. Knight, W. F. Ballinger, and P. E.
Lacy. 1973. Use of ficoll in preparation of viable islets of Langerhans
from rat pancreas. Transplantation. 16:686—689.

. Stefan, Y., P. Meda, M. Neufeld, and L. Orci. 1987. Stimulation of

insulin secretion reveals heterogeneity of pancreatic B cells in vivo.
J. Clin. Invest. 80:175-183.

Mears, D., N. F. Sheppard, I. Atwater, and E. Rojas. 1995. Magnitude
and modulation of pancreatic B-cell gap junction electrical conductance
in situ. J. Membr. Biol. 146:163-176.

Sherman, A., L. Xu, and C. L. Stokes. 1995. Estimating and eliminat-
ing junctional current in coupled cell-populations by leak subtraction—
a computational study. J. Membr. Biol. 143:79-87.

. Gopel, S., T. Kanno, S. Barg, J. Galvanovskis, and P. Rorsman. 1999.

Voltage-gated and resting membrane currents recorded from B-cells in
intact mouse pancreatic islets. J. Physiol. 521:717-728.

Skyggebjerg, O. 1999. Acquisition and Analysis of Complex Dynamic
Intra and Intercellular Signalling Events. Technical University of
Denmark, Lyngby.

Ishihara, H., P. Maechler, A. Gjinovci, P. L. Herrera, and C. B.
Wollheim. 2003. Islet B-cell secretion determines glucagon release
from neighbouring a-cells. Nat. Cell Biol. 5:330-335.

Zimliki, C. L., D. Mears, and A. Sherman. 2004. Three roads to islet
bursting: emergent oscillations in coupled phantom bursters. Biophys.
J. 87:193-206.

Bertram, R., L. Satin, M. Zhang, P. Smolen, and A. Sherman. 2004.
Calcium and glycolysis mediate multiple bursting modes in pancreatic
islets. Biophys. J. 87:3074-3087.

Nunemaker, C. S., R. Bertram, A. Sherman, K. Tsaneva-Atanasova,
C. R. Daniel, and L. S. Satin. 2006. Glucose modulates [Ca>"]; oscilla-
tions in pancreatic islets via ionic and glycolytic mechanisms. Biophys.
J. 91:2082-2096.

Bertram, R., and A. Sherman. 2005. Integrative modeling of the
pancreatic B-cell. In Wiley Interscience Encyclopedia of Genetics,
Genomics, Proteomics, and Bioinformatics. R. L. Winslow, editor.
John Wiley & Sons, Hoboken, NJ.

Stauffer, D. and A. Aharony. 2003. Introduction to Percolation Theory.
Taylor & Francis, London.

Last, B. J., and D. J. Thouless. 1971. Percolation theory and electrical
conductivity. Phys. Rev. Lett. 27:1719-1721.

Gingold, D. B., and C. J. Lobb. 1990. Percolative conduction in three
dimensions. Phys. Rev. B Condens. Matter. 42:8220-8224.

Takeda, Y., S. M. Ward, K. M. Sanders, and S. D. Koh. 2005. Effects
of the gap junction blocker glycyrrhetinic acid on gastrointestinal
smooth muscle cells. Am. J. Physiol. Gastrointest. Liver Physiol.
288:G832-G841.

Cruikshank, S. J., M. Hopperstadt, M. Younger, B. W. Connors, D. C.
Spray, and M. Srinivas. 2004. Potent block of Cx36 and Cx50 gap
junction channels by mefloquine. Proc. Natl. Acad. Sci. USA.
101:12364-12369.



Calcium Waves in the Pancreatic Islet

31.

32.

33.

34.

35.

36.

37.

38.

Degen, J., C. Meier, R. S. Van Der Giessen, G. Sohl, E. Petrasch-
Parwez, S. Urschel, R. Dermietzel, K. Schilling, C. I. De Zeeuw, and
K. Willecke. 2004. Expression pattern of lacZ reporter gene represent-
ing connexin36 in transgenic mice. J. Comp. Neurol. 473:511-525.

Zhang, Q., J. Galvanovskis, F. Abdulkader, C. J. Partridge, S. O.
Gopel, L. Eliasson, and P. Rorsman. 2008. Cell coupling in mouse
pancreatic -cells measured in intact islets of Langerhans. Philos.
Transact. A Math. Phys. Eng. Sci. Epub ahead of print.

Moreno, A. P., V. M. Berthoud, G. Perez-Palacios, and E. M. Perez-
Armendariz. 2005. Biophysical evidence that connexin-36 forms
functional gap junction channels between pancreatic mouse S-cells.
Am. J. Physiol. Endocrinol. Metab. 288:E948—E956.

Brissova, M., M. Fowler, P. Wiebe, A. Shostak, M. Shiota, A. Radhika,
P. C. Lin, M. Gannon, and A. C. Powers. 2004. Intraislet endothelial
cells contribute to revascularization of transplanted pancreatic islets.
Diabetes. 53:1318-1325.

Palti, Y., G. BenDavid, E. Lachov, Y. H. Mika, G. Omri, and R.
Schatzberger. 1996. Islets of Langerhans generate wavelike electric
activity modulated by glucose concentration. Diabetes. 45:595-601.
Boitano, S., E. R. Dirksen, and M. J. Sanderson. 1992. Intercellular
propagation of calcium waves mediated by inositol trisphosphate.
Science. 258:292-295.

Fry, T., J. H. Evans, and M. J. Sanderson. 2001. Propagation of
intercellular calcium waves in C6 glioma cells transfected with con-
nexins 43 or 32. Microsc. Res. Tech. 52:289-300.

Bennett, B. D., T. L. Jetton, G. T. Ying, M. A. Magnuson, and D. W.
Piston. 1996. Quantitative subcellular imaging of glucose metabolism
within intact pancreatic islets. J. Biol. Chem. 271:3647-3651.

39.

40.

41.

42.

43.

44.

45.

46.

47.

5061

Rocheleau, J. V., G. M. Walker, W. S. Head, O. P. McGuinness, and
D. W. Piston. 2004. Microfluidic glucose stimulation reveals limited
coordination of intracellular Ca>" activity oscillations in pancreatic
islets. Proc. Natl. Acad. Sci. USA. 101:12899-12903.

Pedersen, M. G. 2007. Phantom bursting is highly sensitive to noise
and unlikely to account for slow bursting in -cells: considerations in
favor of metabolically driven oscillations. J. Theor. Biol. 248:391-400.
Matthews, D. R., B. A. Naylor, R. G. Jones, G. M. Ward, and R. C.
Turner. 1983. Pulsatile insulin has greater hypoglycemic effect than
continuous delivery. Diabetes. 32:617-621.

Porksen, N., M. Hollingdal, C. Juhl, P. Butler, J. D. Veldhuis, and O.
Schmitz. 2002. Pulsatile insulin secretion: detection, regulation, and
role in diabetes. Diabetes. 51:S245-S254.

Peiris, A. N., J. I. Stagner, R. L. Vogel, A. Nakagawa, and E. Samols.
1992. Body fat distribution and peripheral insulin sensitivity in healthy
men: role of insulin pulsatility. J. Clin. Endocrinol. Metab. 75:290-294.
Allagnat, F., D. Martin, D. F. Condorelli, G. Waeber, and J. A.
Haefliger. 2005. Glucose represses connexin36 in insulin-secreting
cells. J. Cell Sci. 118:5335-5344.

Rahier, J., R. M. Goebbels, and J. C. Henquin. 1983. Cellular compo-
sition of the human diabetic pancreas. Diabetologia. 24:366-371.
Sorenson, R. L., and T. C. Brelje. 1997. Adaptation of islets of
Langerhans to pregnancy: B-cell growth, enhanced insulin secretion
and the role of lactogenic hormones. Horm. Metab. Res. 29:301-307.
Sheridan, J. D., P. A. Anaya, J. A. Parsons, and R. L. Sorenson. 1988.
Increased dye coupling in pancreatic-islets from rats in late-term
pregnancy. Diabetes. 37:908-911.

Biophysical Journal 95(11) 5048-5061




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1000
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (DJS standard print-production joboptions; for use with Adobe Distiller v7.x; djs rev. 1.0)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [792.000 1224.000]
>> setpagedevice


