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Abstract
Diabetes is caused by dysfunction to β-cells in the islets of Langerhans, disrupting insulin

secretion and glucose homeostasis. Gap junction-mediated electrical coupling between β-

cells in the islet plays a major role in coordinating a pulsatile secretory response at elevated

glucose and suppressing insulin secretion at basal glucose. Previously, we demonstrated

that a critical number of inexcitable cells can rapidly suppress the overall islet response, as

a result of gap junction coupling. This was demonstrated in a murine model of Neonatal Dia-

betes Mellitus (NDM) involving expression of ATP-insensitive KATP channels, and by a

multi-cellular computational model of islet electrical activity. Here we examined the mecha-

nisms by which gap junction coupling contributes to islet dysfunction in NDM. We first veri-

fied the computational model against [Ca2+] and insulin secretion measurements in islets

expressing ATP-insensitive KATP channels under different levels of gap junction coupling.

We then applied this model to predict how different KATP channel mutations found in NDM

suppress [Ca2+], and the role of gap junction coupling in this suppression. We further

extended the model to account for stochastic noise and insulin secretion dynamics. We

found experimentally and in the islet model that reductions in gap junction coupling allow

progressively greater glucose-stimulated [Ca2+] and insulin secretion following expression

of ATP-insensitive KATP channels. The model demonstrated good correspondence

between suppression of [Ca2+] and clinical presentation of different NDM mutations. Signifi-

cant recoveries in [Ca2+] and insulin secretion were predicted for many mutations upon

reductions in gap junction coupling, where stochastic noise played a significant role in the

recoveries. These findings provide new understanding how the islet functions as a multicel-

lular system and for the role of gap junction channels in exacerbating the effects of

decreased cellular excitability. They further suggest novel therapeutic options for NDM and

other monogenic forms of diabetes.
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Author Summary

Diabetes is a disease reaching a global epidemic, which results from dysfunction to the
islets of Langerhans in the pancreas and their ability to secrete the hormone insulin to reg-
ulate glucose homeostasis. Islets are multicellular structures that show extensive coupling
between heterogeneous cellular units; and central to the causes of diabetes is a dysfunction
to these cellular units and their interactions. Understanding the inter-relationship between
structure and function is challenging in biological systems, but is crucial to the cause of
disease and discovering therapeutic targets. With the goal of further characterizing the
islet of Langerhans and its excitable behavior, we examined the role of important channels
in the islet where dysfunction is linked to or causes diabetes. Advances in our ability to
computationally model perturbations in physiological systems has allowed for the testing
of hypothesis quickly, in systems that are not experimentally accessible. Using an experi-
mentally validated model and modeling human mutations, we discover that monogenic
forms of diabetes may be remedied by a reduction in electrical coupling between cells;
either alone or in conjunction with pharmacological intervention. Knowledge of biological
systems in general is also helped by these findings, in that small changes to cellular ele-
ments may lead to major disruptions in the overall system. This may then be overcome by
allowing the system components to function independently in the presence of dysfunction
to individual cells.

Introduction

Multi-cellular biological systems are composed of cellular elements with distinct characteris-
tics, which function collectively as a result of dynamic interactions.While the function of a
multicellular system is dependent on the characteristics of its constituent cells, understanding
such systems is complicated by the action of cellular coupling and system architecture. Further-
more, cellular heterogeneity and noise complicate assessment of the function of individual
cells. As a result, changes in the behavior of individual cells can often lead to unexpected
changes in the system behavior. Many diseases, both acute and chronic, arise through genetic
variations that impact molecular and cellular function.Given the complexities of multi-cellular
systems, effectively predicting how molecular and cellular dysfunction lead to tissue and organ
dysfunction and cause disease is challenging. One approach to describe dynamic multicellular
systems is using network theory, which distinguishes network structure and cellular behavior
to understand how distinct functions can emerge from coupled systems [1,2].
Islets of Langerhans located in the pancreas exhibit complex multicellular behavior. Islets

are small (~1000 cells) micro-organs, where the primary cellular elements are insulin secreting
β-cells. Death or dysfunction to β-cells and a reduction or absence of insulin secretion is the
main cause of diabetes. β-cells are excitable, where glucose-stimulated insulin secretion is
driven by electrical activity. The increasedmetabolism of glucose following blood glucose ele-
vation increases ATP/ADP and inhibits ATP-sensitive K+ (KATP) channels. The resulting
membrane depolarization activates bursts of action potentials and elevates intracellular free-
calcium activity ([Ca2+]) in the form of oscillations which triggers pulses of insulin granule
exocytosis [3–5]. β-cells in the islet are electrically coupled by Connexin36 (Cx36) gap junction
channels [6–8]. As a result of electrical coupling, [Ca2+] oscillations are coordinated under ele-
vated glucose and uniformly silent under basal glucose [9–12].
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Neonatal diabetesmellitus (NDM) is a monogenic form of diabetes that arises in the first 6
months of life. It can have a transient phenotype (TNDM); be permanent (PNDM) where the
patient requires lifelong treatment with insulin or sulfonylureas; and may display neurological fea-
tures (DEND) [13]. The majority of NDM cases have mutations on theKCNJ11 and ABCC8 genes
[13–15], which encode the Kir6.2 and SUR1 subunits of the KATP channel. Mutations to these sub-
units often result in reduced sensitivity to ATP and increased open channel stability [14,16–22];
thereby limiting electrical activity and insulin secretion. This was shown in a murinemodel of
NDM [23,24], where expression of ATP insensitive KATP channels led to blunted glucose-stimu-
lated [Ca2+], insulin secretion and sharply elevated blood glucose levels. Sulfonylurea therapy to
inhibit KATP channel is effective in many NDM patients withKCNJ11 and ABCC8mutations [25],
especially if treated early [26]. However some NDM patients with specificKCNJ11 and ABCC8
mutations do not respond to sulfonylureas and require life-long insulin therapy [25].
Our prior studies have shown that as a result of electrical coupling, small changes in β-cell

excitability (e.g. upon glucose stimulation) leads to a rapid change in global islet behavior [27].
Similar behavior, termed critical behavior, has been observed in other systems, including car-
diac pacemaker cells and GnRH secretion [28,29]. In the islet, critical behavior also leads to
large decreases in electrical activity following small changes in the expression of ATP-insensi-
tive mutant KATP channels. This occurs as a result of the suppressive effect subpopulations of
inexcitable cells have in the islet [27]. Specifically a threshold number of inexcitable cells can be
tolerated, beyond which electrical activity and insulin secretion is severely diminished. Impor-
tantly similar behavior occurs following uniformKATP-channel activation with diazoxide,
where some cells are less-excitable and some more excitable due to endogenous heterogeneity
[30]. Such behavior was predicted by both a network model of islet cellular coupling [27,31],
and a dynamic islet electrophysiologicalmodel [27,32], where in each case the overall islet elec-
trical response is determined by the excitability of the constituent cellular population and the
level of coupling. Consistent with predictions from these models, when Cx36 expression was
reduced in the presence of ATP-insensitive mutant KATP expression, or diazoxide-mediated
KATP activation, a recovery in islet [Ca2+] and insulin secretionwas observed.This also pre-
vented hyperglycemia and diabetes as a result of ATP-insensitive mutant KATP expression [33].
These findings imply that gap junction electrical coupling aids in the coordinated suppression
of islet [Ca2+] and insulin release caused by mutations in KCNJ11 and ABCC8. Thus a reduc-
tion of gap junction coupling in the islet may recover islet function and blunt diabetes caused
by mutations in KCNJ11 and ABCC8.
Another property of coupledmulti-cellular systems is a lack of stochastic noise. At the single

cell level stochastic behavior is observed in many cellular processes including gene transcrip-
tion [34,35], and ion channel activity [36,37]. As discussed above, individual β-cells show het-
erogeneous function [30], with some cells showing reducedmetabolic activity, excitability and
insulin secretion compared to others [38–40]. However, isolated β-cells also show noisy, irregu-
lar fluctuations in membrane potential and [Ca2+] [41,42]. Ion channels show stochastic
behavior where the channel switches rapidly between and open and closed states [36,43]. Previ-
ous work has demonstrated a strong effect of stochastic noise on [Ca2+] oscillations in uncou-
pled β-cells, but negligible effect in the presence of coupling [44]. In the absence of gap
junction coupling stochastic behavior has been suggested to elevate [Ca2+] [33], and may there-
fore contribute to improved islet function in the presence of ATP-insensitive KATP channels.
In this study, we compared a computational model of islet electrical activity and insulin

secretion against experimentalmeasurements upon variedmutant KATP channel expression in
the presence of different levels of gap junction coupling. Using this computational model, we
then examined the role of gap junction coupling in exacerbating islet dysfunction in the pres-
ence of specificKCNJ11 and ABCC8 that cause NDM.We further examined the degree to
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which islet dysfunction can be overcome by reducing gap junction coupling, and the relative
role of cellular heterogeneity and stochastic channel noise in mediating this.

Results

Progressive gap junction mediated recovery of [Ca2+] in model of NDM

β-cell specific expression of Kir6.2[ΔN30,K185Q] under inducible CreER control well-models
human NDM [23,24,45,46]. To quantify how gap junction coupling exacerbates suppression of
islet electrical activity following Kir6.2[ΔN30,K185Q] expression we imaged [Ca2+] in islets of
mice expressing variable levels of Kir6.2[ΔN30,K185Q], as indicated by co-expression of GFP, for
reduced levels of Cx36 (Fig 1A and 1B). Upon low levels of Kir6.2[ΔN30,K185Q] expression,

Fig 1. Calcium imaging and modeling in islets with varying Cx36 and Kir6.2[ΔN30,K185Q] expression. A). Image of autofluorescence in GFP channel

in islet lacking Kir6.2[ΔN30,K185Q] expression (left); with representative time courses of Rhod2 fluorescence in islets isolated from Cx36+/+ and Cx36-/- mice

at 20mM glucose (middle); and time courses from simulations representing Cx36+/+ (gcoup = 120pS) and Cx36-/- (gcoup = 0pS) islets at 20mM glucose

(right). Scale bars represent 20% increase in Rhod2 fluorescence or 20% increase in simulated [Ca2+] respectively. B). As in A, for islets with ~50%

Kir6.2[ΔN30,K185Q] expression, as indicated by GFP fluorescence; or simulated to have ~50% Kir6.2[ΔN30,K185Q] expression. C). Quantification of [Ca2+], as

expressed by the fraction of cells showing significant [Ca2+] elevations, in islets from Cx36+/+ mice with increasing Kir6.2[ΔN30,K185Q] expression (pr with

linear regression (solid grey line, dashed grey lines indicate 95% CI.); together with corresponding simulation results with gcoup = 120pS (solid black line).

D). As in C, for islets from Cx36+/- mice and simulation results with gcoup = 50pS. E). As in C, for islets from Cx36-/- mice and simulation results with gcoup =

0pS. Each data point in C-E represents an average over n = 2–5 islets per mouse, with a total of N = 24 mice (Cx36+/+), 19 mice (Cx36+/-) or 22 mice

(Cx36-/-).

doi:10.1371/journal.pcbi.1005116.g001
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[Ca2+] elevation was observedacross the islet, where the majority of β-cells showed frequent oscil-
lations both in the presence and absence of Cx36 (Fig 1A). Upon high levels of Kir6.2[ΔN30,K185Q]

expression, few [Ca2+] transients were observed in the presence of Cx36, but these transients were
more frequent, in more cells, in the absence of Cx36 (Fig 1B). Given heterogeneous cell responses,
we quantified the proportion of cells showing significant elevations in [Ca2+] (which we now refer
to as ‘[Ca2+]’). In the presence of normal gap junction coupling (Cx36+/+) a sharp transition was
observedbetweenhigh [Ca2+] (many cells showing elevations) and low [Ca2+] (few cells showing
elevations) as Kir6.2[ΔN30,K185Q] expression increased (Fig 1C) [27]. In the presence of ~45% cou-
pling (Cx36+/-) the declinewas less sharp, and right-shifted to higher Kir6.2[ΔN30,K185Q] expression
(Fig 1D). In the absence of coupling (Cx36-/-) the decline in [Ca2+] was gradual (Fig 1E). Regres-
sion analysis also showed the decline in [Ca2+] with increasing Kir6.2[ΔN30,K185Q] becomemore
gradual with reduced or absent gap junction coupling.
Previously, a computational model of islet electrical activity showed good agreement with

experimentalmeasurements of [Ca2+] upon increasedKir6.2[ΔN30,K185Q] expression [27]. To
further validate this model against our experimentalmeasurements, we included the presence
of variable Kir6.2[ΔN30,K185Q]-expressing cells and reduced electrical coupling (Fig 1A and 1B).
Cx36+/+ (100% coupling) was represented by 120pS; Cx36+/- (~45% coupling) was represented
by 50pS; and Cx36-/- (~0% coupling) was represented by 0pS [10,47]. In all cases there was
good agreement between simulations and experimentalmeasurements (Fig 1C–1E): Simula-
tions representing Cx36+/- showed a less rapid and right-shifted transition and simulations rep-
resenting Cx36-/- showed a linear decline, although the simulations generally showed a sharper
transition than experimentalmeasurements. Simulations also agreed with experimental data
that above ~20% Kir6.2[ΔN30,K185Q] expression near silent behavior was observedwith normal
levels of gap junction coupling, and a progressive increase in [Ca2+] occurred as gap junction
coupling was reduced.

Gap junction mediated recovery of insulin secretion and glucose

homeostasis

We next examined whether the gap junction dependence of Kir6.2[ΔN30,K185Q]-induced sup-
pression of [Ca2+] was linked to altered insulin secretion and glucose homoeostasis (S1 Fig).
Measurements of [Ca2+], insulin secretion, plasma insulin and glucose were grouped according
to the level of Kir6.2[ΔN30,K185Q] expression. Upon low (<20%) Kir6.2[ΔN30,K185Q] expression
little decrease in [Ca2+] was observed for all Cx36 levels (Fig 2A), whereas upon high (>20%)
Kir6.2[ΔN30,K185Q] expression the reduction in [Ca2+] was significantly less for reduced Cx36
levels (Cx36+/-) or absent Cx36 (Cx36-/-) compared to normal Cx36 levels (Cx36+/+) (Fig 2A).
Insulin secretion and plasma insulin showed general agreement with [Ca2+] measurements

(Fig 2B and 2C). Upon low (<20%) Kir6.2[ΔN30,K185Q] expression little decrease was observed
for all Cx36 levels, and upon high (>20%) Kir6.2[ΔN30,K185Q] expression there was no reduction
in insulin secretion and plasma insulin for Cx36-/-, compared to large reductions for Cx36+/+

(Fig 2B and 2C). However large reductions in plasma insulin and insulin secretion were also
observed for Cx36+/- (Fig 2B and 2C), although the variability was greater than Cx36+/+ (S1
Fig). Blood glucose showed good correspondence to plasma insulin and insulin secretionmea-
surements (Fig 2D). Upon low (<20%) Kir6.2[ΔN30,K185Q] expression, euglycemia was observed
for all Cx36 levels. Upon high (>20%) Kir6.2[ΔN30,K185Q] expression euglycemia was observed
for Cx36-/- but substantial hyperglycemia was observed for Cx36+/+ and Cx36+/-, albeit slightly
less for Cx36+/-. Regression analysis showed similar strong variations in insulin secretion,
plasma insulin levels and blood glucose with increasing Kir6.2[ΔN30,K185Q] expression for
Cx36+/+ and Cx36+/-, but less or absent variations for Cx36-/- (Fig 2B–2D).
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Fig 2. Physiological measurements with varying Cx36 and Kir6.2[ΔN30,K185Q] expression. A). Left:

[Ca2+] in isolated islets, as expressed by the fraction of cells showing significant [Ca2+] elevations; averaged

over ranges of Kir6.2[ΔN30,K185Q] expression, as defined by level of GFP expression, at 20mM glucose. Data
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Reduced ATP sensitivity triggers critical behavior in simulated islets

While Kir6.2[ΔN30,K185Q] expression well-models NDM, mosaic expression of mutant KATP
channels is unlikely in human disease. However a similar rapid onset of suppression also
occurs upon increasing diazoxide activation of KATP channels across all β-cells, due to endoge-
nous β-cell heterogeneity [27]. Similar behavior also occurredwhen simulating both a progres-
sive increase in mosaic over-active KATP channels (Pmut, modelling Kir6.2[ΔN30,K185Q]) and
uniformKATP activation (α, modelling diazoixde) (Fig 3A and 3B). A sharp transition occurred
in each case in the presence of full electrical coupling, whereas with reduced electrical coupling
a right-shifted transition occurred,which was less sharp for increasing Pmut. In the absence of
electrical coupling a further right-shifted and more gradual transition occurred in each case.
Therefore similar behavior occurs for different ways in which reductions in excitability are
introduced to the islet.
We predicted similar gap junction dependencewould occur in the presence of over-active

KATP channels resulting frommutations to KCNJ11 and ABCC8 that cause NDM.We simu-
lated how altered ATP-inhibition kinetics (Eq 7) impact [Ca2+]. SeveralKCNJ11 and ABCC8
mutations have been reported to show a residual current at saturating ATP concentrations (α)
[20,22] and all mutations are reported to show a shift in the half maximal ATP concentration
for KATP inhibition (k’1/2) [14,16–21,48–56]. The decline in [Ca2+] upon increasing residual
current (α) is equivalent to that in Fig 3B. Upon increasing the half maximal ATP concentra-
tion (k’1/2) there was also a decline in [Ca2+] (Fig 3C–3E). In the presence of full electrical cou-
pling, all cells remained active until k’1/2 increased by ~4.3, at which point a sharp transition to
full suppression occurred (Fig 3F). In the presence of progressively reduced electrical coupling,
similar sharp transitions occurred but at greater k’1/2 values, which became less sharp at <15%
electrical coupling (Fig 3F). In the absence of electrical coupling, a gradual transition was
observedwhere many cells remained active for k’1/2 values up to ~10 (Fig 3F). The [Ca2+] duty-
cycle showed similar behavior (Fig 3G), although no decrease occurred for absent electrical
coupling at low k’1/2 values. Simulations at full electrical coupling were well-repeatable, but
showed variable shifts in activity at reduced electrical coupling (Fig 3H). As such for<45%
electrical coupling the transition becamemore gradual averaged over an ensemble of islets.
We then characterized the β-cells that showed elevated [Ca2+] in the absence of electrical

coupling (Fig 3I). For increased Pmut (Fig 3A), cells with elevated [Ca2+] lacked Kir6.2[ΔN30,K185Q]

expression and were not distinguished by differences in other parameters. For increasedα (Fig
3B), cells with elevated [Ca2+] had reduced gKATP. For increased k’1/2 (Fig 3F), cells with ele-
vated [Ca2+] had reduced gKATP and increased kglyc. Thus in the absence of coupling, cells that
remained active had increased excitability, determined by KATP density or function, and meta-
bolic activity.
Other parameters characterizing changes to KATP ATP-inhibition kinetics are also some-

times reported for KCNJ11 and ABCC8mutations. The open channel probability in the absence
of ATP (p’0) increases for a number of NDMmutations. We characterized how changes in
both p’0 and k’1/2 act in combination, in the presence and absence of electrical coupling (Fig 4A

is presented for the three levels of Cx36 expression (Cx36+/+—black; Cx36+/-—blue; Cx36-/-—red),

normalized to the mean level in control islets with no Kir6.2[ΔN30,K185Q] expression (0% GFP). Right: Linear

regression slope for fraction of cells showing significant [Ca2+] elevation against %GFP, over the three levels

of Cx36 expression. B). As in A for insulin secretion from isolated islets at 20mM glucose. C). As in A for

plasma insulin levels under adlib feeding (day 29 post tamoxifen induction) in mice from which islets were

isolated. D). As in A for blood glucose in mice under ad lib feeding from which islets were isolated. Data is

presented as mean±s.e.m. for a total N = 24 mice (Cx36+/+), 19 mice (Cx36+/-) or 22 mice (Cx36-/-). *** (p <
.0001), ***(p < .001), **(p < .01), *(p < .05) indicate significant differences between experimental groups as

indicated. Comparison of multiple means was performed using ANOVA and Tukey’s HSD test.

doi:10.1371/journal.pcbi.1005116.g002
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Fig 3. Simulated dependence of islet [Ca2+] on electrical coupling upon reduced KATP ATP sensitivity. A). Quantification of [Ca2+], as

expressed by the fraction of cells showing significant [Ca2+] elevations, for simulations of Kir6.2[ΔN30,K185Q] expression in a percentage of cells

(PMut), at 20mM glucose, with gcoup = 120pS (black), 50pS (blue), and 0pS (red). Inset represents islet where specific cells show increased
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and 4B). Increases in p’0 alone had little effect for any level of coupling (Fig 4C). Upon higher
k’1/2 values, increases in p’0 led to a sharp transition to [Ca2+] suppression with normal electri-
cal coupling, a shift in this transition with reduced electrical coupling, and a gradual decline in
activity even at high p’0 values in the absence of coupling (Fig 4D). At high k’1/2 values where
only a few cells are active in the absence of coupling, a decrease in p’0 elevated [Ca2+], but only
in the absence of electrical coupling (Fig 4E and 4F). A change in the steepness of ATP inhibi-
tion (hill coefficient,H) is sometimes reported. IncreasingH did not affect the dependence of
the transition on electrical coupling (Fig 4G and 4H), although in each case the transition
occurred at higher k’1/2 values. IncreasingH lowers poK(ATP) within the range of cellular ATP
levels, which are substantially higher than the half maximal ATP concentration for KATP
inhibition.
These results demonstrate that similar behavior occurs irrespective of the way in which

KATP over-activity is increased in the islet (S2 Fig): a sharp decline in activity in the presence
of electrical coupling; but a shifted and/or more gradual decline in the absence of electrical
coupling.

Simulated Kir6.2, SUR1 mutations show gap junction mediated

recovery of [Ca2+]

We next simulated specificKCNJ11 and ABCC8mutations that cause NDM, and correlated the
suppression of [Ca2+] with the clinical severity of the mutation (type2 diabetes; transient or
permanent NDM; DEND characteristics) that indicates the level of islet dysfunction associated
with each mutation. In each mutation we further tested whether a recovery in [Ca2+] could be
achieved by eliminating electrical coupling. All mutations in which ATP-sensitivity is charac-
terized (Eq 7) report shifts in k’1/2. p’0 when reported is also elevated, and occasionallyα is char-
acterized and reported as non-zero (S1 Table). However p’0 and α are often not reported, or are
assumed.We first examined a set of KCNJ11 and ABCC8mutations, as characterized by
reported k’1/2 and α values for channels composed of mixed mutant and wild-typeKir6.2 or
SUR1 subunits. A review of NDMmutations has reported KATP currents at elevated, but not
saturating ATP levels [57]. Given reported k’1/2 values, we then estimated a residual open prob-
ability (αest, S1 Table). Therefore we also examined a set of KCNJ11 and ABCC8mutations as
characterized by reported k’1/2 and estimated αest values.
When including reported k’1/2 and reported α values, simulated islets showed reduced

[Ca2+] in the presence of electrical coupling (Fig 5A and 5B, S3 Fig). The majority of mutations
showed all cells with [Ca2+] elevations (Fig 5A and S3 Fig), but reduced [Ca2+] duty cycle (Fig
5B and S3 Fig). The [Ca2+] duty cycle was reduced to a greater level in all NDMmutations
compared to the type2 diabetes mutation, owing to the greater k’1/2. However, in the majority
of mutations the [Ca2+] duty cycle was still>50% of that in control islets. Complete suppres-
sion of [Ca2+] was observed for only a subset of mutations across all clinical characterizations
of NDM. In the absence of electrical coupling, recovery of [Ca2+] was observed in the majority

KATP activity modelling mosaic Kir6.2[ΔN30,K185Q] expression (green). B). Fraction of cells showing significant [Ca2+] elevations for simulations

of diazoxide application uniformly in all cells (α) at 11mM glucose, Pmut = 1, with gcoup as in A. Inset represents islet where cells show variable

KATP activity modelling intrinsic heterogeneity (green). C). Representative time courses from simulations with increased k’
1/2 values (reduced

ATP-sensitivity) as indicated, far left for gcoup = 120pS. D). As in C for gcoup = 50pS. E). As in C for gcoup = 0pS. Scale bars represent 20%

increase in simulated [Ca2+]. F). Fraction of cells showing significant [Ca2+] elevations for increased k’
1/2 values uniformly in all cells at 11mM

glucose, Pmut = 1, for gcoup = 120pS (black), 50pS (blue), 20pS (purple), 10pS (green), and 0pS (red). G). Mean [Ca2+] duty cycle for increased

k’
1/2 values as in F. H). k’

1/2 value at which 50% of cells show significant [Ca2+] elevations for values of gcoup over 5 simulated islets. I). Mean

±SD cell parameters for active and inactive cells at gcoup = 0pS for simulations in A (Pmut), B (α), F (k’
1/2). All data is representative of n = 5

simulations with different random number seeds.

doi:10.1371/journal.pcbi.1005116.g003
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of these cases. This included sulfonylurea-insensitive mutations, such as I296L that had no
reported residual current (α).
When αest values were included, most NDMmutations showed complete suppression of

[Ca2+] (Fig 5C and 5D, S4 Fig), albeit with some exceptions (e.g. DENDmutation V64L). In
the absence of coupling, many mutations showed a partial recovery in [Ca2+]. This included
the majority of transient NDMmutations, but also several permanent NDMmutations
(E229G, H46Y, F35V) and those with DEND features (F132L) (Fig 5C and S4 Fig). Thus
accounting for a residual open probability (α) is important to describe the action of KCNJ11
and ABCC8mutations; and in many cases a recovery in islet function is predicted following a
modulation of gap junction electrical coupling.

Stochastic channel noise increases [Ca2+] in the absence of gap

junction coupling

We next accounted for the stochastic nature of ion channels by first simulating islets with normal
KATP function and testing the effects of stochastic channel noise at basal and stimulatory glucose.
In the presence of electrical coupling, including noise resulted in no change in [Ca2+] at basal and
elevated glucose (Fig 6A and 6B). In the absence of electrical coupling, including noise resulted in
more cells showing [Ca2+] elevations at basal glucose (Fig 6C). Minor increases in cells showing
[Ca2+] elevations were also observedat elevated glucose (Fig 6D), with small changes in [Ca2+]
oscillation shape and duty cycle. At ~8% electrical coupling including noise also resulted in more
cells showing [Ca2+] elevations at basal glucose (Fig 6E). [Ca2+] elevations at basal glucosewere
characterized by short transient peaks (Fig 6C), similar to those experimentally observed in
Kir6.2[ΔN30,K185Q] positive cells lacking gap junction coupling [33]. Transient KATP closures were
observed in the presence and absence of coupling, but only in the absence of electrical coupling
did these coincide with significant depolarization and [Ca2+] elevations (Fig 6F). Thus stochastic
noise leads to increases in [Ca2+] under basal glucose, upon reduced or absent electrical coupling.
We next examined the effect of stochastic noise in islets with altered KATP ATP-inhibition

kinetics, focusing on increased k’1/2 and α values. In the presence of electrical coupling noise did
not change how [Ca2+] depended on increasing k’1/2 (Fig 7A). However in the absence of electri-
cal coupling noise enhanced [Ca2+] elevations at increasing k’1/2 (Fig 7B) and increasing α (Fig
7C), and elevated [Ca2+] up to higher k’1/2 or α values.We then asked if recoveries in [Ca2+]
would be enhanced for the KCNJ11 and ABCC8mutations we previously examined. For muta-
tions describedby reported k’1/2 and reportedαwhere a recoverywas predicted, in the presence
of electrical coupling [Ca2+] remained fully suppressed when noise was included (Fig 7D). In the
absence of electrical coupling [Ca2+] elevations were much greater when noise was included (Fig
7E). These elevations were again characterized by frequent, low duty cycle [Ca2+] transients (Fig
7F). Similarly, for thosemutations describedby reported k’1/2 and estimated αwhere a recovery
was predicted, in the absence of electrical coupling [Ca2+] elevations were much greater when
noise was included (S5 Fig). Thus after accounting for stochastic noise a much greater recovery
in islet function is predicted following a reduction in gap junction coupling.

Fig 4. Simulated dependence of [Ca2+] on electrical coupling following modulation of other KATP parameters.

A). False-color scale map displaying the fraction of cells showing significant [Ca2+] elevations for gcoup = 120pS upon

variation in both k’
1/2 (ATP-sensitivity) and p’

o (open channel conductance) values, as indicated. B). As in A, for gcoup =

0pS. C). Fraction of cells showing significant [Ca2+] elevations upon increased p’
o values at k’

1/2 = 1, for gcoup = 120pS,

50pS, and 0pS. D). As in C for k’
1/2 = 4. E). Fraction of cells showing significant [Ca2+] elevations upon decreased p’

o

values at k’
1/2 = 6 for gcoup = 120pS and 0pS. F). Mean [Ca2+] duty cycle upon decreased p’

o values at k’
1/2 = 6, as in E.

G). Fraction of cells showing significant [Ca2+] elevations for gcoup = 120pS upon increased k’
1/2 values for different H

values, as indicated. H). as in G for gcoup = 0pS. All simulations were run at 11mM glucose, Pmut = 1. Data is

representative of n = 5 simulations with different random number seeds.

doi:10.1371/journal.pcbi.1005116.g004
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Fig 5. Simulated decline in [Ca2+] due to Kir6.2 and SUR1 mutations, and recovery following decreased electrical coupling.

A). Fraction of cells showing significant [Ca2+] elevations for simulations that include mutant KATP channel activity, for gcoup = 120pS

(black) and gcoup = 0pS (red). Simulations include the characterized mutations indicated where reported k’
1/2 changes and reported α
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Suppression of insulin secretion and gap junction mediated recovery

To predict how a reduction in gap junction coupling may recover insulin secretion in the pres-
ence of KCNJ11 or ABCC8mutations, we included an insulin-release component to the islet
model [58]. In control islets a step elevation of glucose or [Ca2+] generated biphasic secretion
dynamics (S6 Fig) consistent with experimental observations [59–61]. To verify the islet model
can accurately predict gap junction recovery of insulin release (Fig 2B) we first simulated islets
with increasing Kir6.2[ΔN30,K185Q] expression. Time-averaged insulin secretion was similar for
control islets in the presence and absence of electrical coupling (Fig 8A). Upon 10% over-active
KATP channels there was a small decline in insulin release in each case, restricted to the first
phase, t = 0-5min (Fig 8B). Upon 50% over-active KATP channels there was a substantial
decline in insulin release in the presence of electrical coupling, close to residual levels. However,
in the absence of electrical coupling the decline was less, consistent with observations here (Fig
2B and S1 Fig) and published elsewhere [33].
We next examined if a reduction in electrical coupling recovered insulin secretion in the

presence of the KCNJ11 and ABCC8mutations that we predicted would show [Ca2+] recovery
(Figs 5 and 7, S5 Fig). When consideringmutations describedby reported k’1/2 and reported α
(if any), those mutations that showed recoveries in [Ca2+] (Figs 5A, 7B, 7D and 7E) also
showed recoveries in insulin secretion (Fig 8C). In the presence of electrical coupling the sup-
pression in insulin secretionwas much greater in the first phase (t = 0-5min) than the second
phase (t>5min) (S7 Fig). The recovery of insulin secretion in the absence of coupling was also
greater in the second phase (Fig 8D and S7 Fig), primarily due to the slow [Ca2+] elevation lim-
iting significant [Ca2+] and insulin secretion in the first phase (S7 Fig). Stochastic noise had a
greater effect in promoting recovery for more severe mutations, e.g. I296L (Fig 8E and 8F).
When consideringmutations describedby both reported k’1/2 and estimated α, thosemutations
that showed recoveries in [Ca2+] (Fig 5C and 5D, S5 Fig) also showed recoveries in insulin
secretion (Fig 8G). A sub-set of these mutations also showed recoveries in [Ca2+] and insulin
secretion at ~8% electrical coupling (Fig 8H and S5 Fig).
Sulfonylureas can achieve near-full inhibition of most mutant KATP channels, albeit with

complex inhibition kinetics. By reducing p’0 we modeled the effect of sulfonylurea action and
applied this to KCNJ11 and ABCC8mutations described by reported k’1/2 and estimated α that
showed little or no [Ca2+] recovery (S8 Fig). In the presence of electrical coupling no increase
in [Ca2+] occurredupon p’0 reduction for all mutations examined (Fig 8I). In the absence of
electrical coupling a significant recovery in [Ca2+] (Fig 8I) and insulin secretion (Fig 8J)
occurredupon p’0 reduction for several of the mutations examined. Thus further recoveries are
predicted for severe NDMmutations, with decreased or absent gap junction coupling upon sul-
fonylurea therapy.

Discussion

The islet of Langerhans shows global coordinated behavior as a result of electrical coupling
between β-cells [9,10]. β-cells are intrinsically heterogeneous in their function and previous

(if any) are accounted for. B). Mean [Ca2+] duty cycle for simulations that include mutant KATP channel activity as in A. C). Fraction of

cells showing significant [Ca2+] elevations for simulations that include mutant KATP channel activity, for gcoup = 120pS (black) and

gcoup = 0pS (red). Simulations include the characterized mutations indicated where reported k’
1/2 changes and estimated α (see S2

Table) are accounted for. D). Mean [Ca2+] duty cycle for simulations that include mutant KATP channel activity as in C. All simulations

were run at 11mM glucose, Pmut = 1. Data is presented as mean±SD for n = 3–5 simulations with different random number seeds.

Results are arranged in order of clinical severity, with the clinical classification indicated: T2D- (Type2 Diabetes; TNDM- Transient

Neonatal Diabetes Mellitus; PNDM- Permanent Neonatal Diabetes Mellitus; DEND- PNDM with Developmental Delay and

Neurological features, including iDEND. * indicates mutations where sulfonylurea therapy is reported to be ineffective.

doi:10.1371/journal.pcbi.1005116.g005
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Fig 6. Simulated effect of stochastic channel noise at basal and stimulatory glucose conditions. A).

Fraction of cells showing significant [Ca2+] elevations (left) and representative time-courses of [Ca2+] (right)

for simulations at 5.5mM glucose with gcoup = 120pS, with and without stochastic channel noise. B). As in A
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work demonstrated how a threshold number of inactive cells can suppress the activity in cells
that otherwisewould be active, mediated by electrical coupling [27]. Factors that reduce β-cell
excitability through increasing KATP channel activity will lead to there being a greater number
of inactive β-cells in the islet and thus a greater likelihood of overall islet suppression. Thus
reducing electrical coupling may prevent this suppression by limiting it to just those inactive
cells. In this study we used experimental and computational methods to examine how electrical
coupling between β-cells can exacerbate islet dysfunction following changes to KATP channel
activity due to KCNJ11 and ABCC8mutations that cause NDM; and that modulating electrical
coupling may recover function.

Electrical coupling between β-cells mediates phase transition in global

islet function

We previously predicted with a mathematical model how the sharp transition to global sup-
pression that occurs upon small increases in the number of inexcitable cells would become
more gradual upon reduced electrical coupling [27]. Here we experimentally demonstrate this
with good quantitative agreement (Fig 1): With ~45% gap junction coupling a less sharp and
right-shifted transition is observed, and in the absence of gap junction coupling there is a near-
linear relationship where only excitable cells are active. With high proportions of inexcitable
cells there is a progressive increase in electrical activity with reduced coupling. This increase
arises from the remaining excitable cells being no longer suppressed via gap junction coupling.
However, as we discuss below stochastic noise also plays a role in the absence of electrical cou-
pling. We also show that these model predictions and experimental results extend to insulin
secretion, which demonstrates how this behavior is physiologically important.
Through computational modeling we find similar sharp transitions to global suppression

when parameters that describe the kinetics of KATP channel inhibition are uniformly changed
across the islet (Figs 3 and 4). Previously similar behavior was shown computationally and
experimentally upon uniformKATP activation with diazoxide [27]. These results support that
irrespective of how inexcitability arises, electrical coupling will mediate the suppression of
global activity; and that gradual reductions in gap junction coupling will increase activity. Fur-
thermore the point at which the rapid transition to suppression occurs is consistent: For Pmut

(% cells inactive), α (residual current), k’1/2 (ATP concentration at 50% KATP inhibition), p’0
(open channel probability), the transition in the presence of coupling occurs where 20–40% of
cells are inactive in the absence of coupling.
We do find a greater variability in the transition position when simulating intermediate lev-

els of electrical coupling compared to normal levels of coupling (Fig 3H). Further, in experi-
mental measurements upon higher levels of Kir6.2[ΔN30,K185Q] expression there was more
variability betweenCx36+/- animals compared to Cx36+/+ animals (Fig 1D). This variability
between islets may explain the less sharp transition we observed experimentally compared to
simulations (Fig 1C–1E). This variability in the transition is also similar to the substantial vari-
ability in oscillation synchronization at stimulatory glucose previously observedexperimentally
in islets with ~50% gap junction coupling [8]. We speculate this variability in the transition

for simulations at 11mM glucose and gcoup = 120pS. C). As in A for simulations at 5.5mM glucose and gcoup =

0pS. D). As in A for simulations at 11mM glucose and gcoup = 0pS. E). As in A for simulations at 5.5mM

glucose and gcoup = 10pS. Vertical scale bars represent 20% increase in simulated [Ca2+]. F). Time courses

of KATP noise factor (S), KATP open probability (p0(KATP)) and membrane potential (Vm) in a representative

cell for gcoup = 120pS (left) and gcoup = 0pS (right). Arrows indicate excursions in S and p0(KATP) that

correspond to substantial membrane depolarization. All simulations were run with Pmut = 1. Data in A,C,E is

presented as mean for n = 10 simulations with different random number seeds.

doi:10.1371/journal.pcbi.1005116.g006
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Fig 7. Simulated effect of stochastic channel noise upon Kir6.2 and SUR1 mutations. A). Fraction of

cells showing significant [Ca2+] elevations (left) and mean [Ca2+] duty cycle (right), for simulations with and

without stochastic channel noise, for increasing k’
1/2 with gcoup = 120pS (α = 0). B). As in A for increasing k’

1/2

with gcoup = 0pS (α = 0). C). As in A for increasing αwith gcoup = 0pS (k’
1/2 = 1). D). Fraction of cells showing

significant [Ca2+] elevations (left) and mean [Ca2+] duty cycle (right), for simulations with and without

stochastic channel noise, that include mutant KATP channel activity for gcoup = 120pS. Simulations include

the characterized mutations indicated where reported k’
1/2 changes and reported α (if any) are accounted for.

E). As in D for simulations with and without stochastic channel noise, that include mutant KATP channel

activity for gcoup = 0pS. F). Representative time courses for simulations as in E, with and without stochastic

channel noise for gcoup = 0pS. Vertical scale bars represent 20% increase in simulated [Ca2+]. All simulations
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depends on the link between heterogeneity in electrical coupling and cellular excitability, and
whether the two correlate or not. Interestingly we observed further shifts in the transition at
lower (<25%) levels of electrical coupling (Fig 3F), suggesting that a few remaining excitable
cells can still ‘recruit’ other cells to become active at these low levels of coupling. Examining the
role of cellular heterogeneity and understanding the divergence in islet function at lower levels
of electrical coupling will be a goal for future work.
Studies here have only consideredmouse islets. However there are some differences between

mouse and human islets that need considering to fully translate these findings to human islet
function. The architecture of human islets is different from that of mouse islets [62–64], and
the cellular regulation of excitability has some differences [65]. Despite these differences the
level of electrical coupling between β-cells is similar to that in mouse islets [66,67], and medi-
ated by the same gap junction connexins [7]. In 3D β-cell structures there is also little size-
dependence to suppression [31]. Human islets have been suggested to be made up of folded
‘sheets’ of β-cells [64], but large 2D structures show similar suppression to 3D structures [31].
Thus we predict similar behavior would be observed in human islets. This prediction is sup-
ported by consistency between simulations of KCNJ11 and ABCC8mutations (with αest) and
clinical diabetes severity (discussed below). However, determiningwhether phase transitions
occur upon increasing KATP over-activity in human islets and their dependence on gap junc-
tion coupling, as well as testing whether a human β-cell based islet model can recapitulate these
findings is needed.
Connectivity is crucial for dictating the overall dynamics of the islet and we predict that the

concepts found in the islet can be applied to other systems relying on signaling by means of
gap junction channels. For example, in brain injuries, gap junction coupling can disrupt [Ca2+]
dynamics and increase cell death in interconnected cells [68]. The absence of gap junctions in
these situations does not lead to [Ca2+] dysregulation and reduces cell death [68]. This is simi-
lar to results presented here, where gap junction removal specifically alleviates the conse-
quences of diabetes causing mutations. In another example, pulsatile release of GnRH from
remodeledGnRH neurons initiates puberty [69,70]. GnRH neurons depolarize in response to
GABA before maturation, but switch duringmaturation to a hyperpolarizing response. This
switch depends on the opening of the GABA channel [28] and is analogous to KATP channel
closure observed in the β cell. We therefore speculate electrical coupling is important for this
sharp transition, and therefore subtle changes in channel kinetics induces critical-like behavior
in coupled systems.

Gap junction mediated recovery of function is predicted in NDM

Amajor goal of this study was to predict the role gap junction coupling plays in the presence of
KCNJ11 and ABCC8mutations that cause NDM. Our initial computational model results show
good agreement with experimental results presented here and published elsewhere regarding
the suppression of both [Ca2+] and insulin upon elevated Kir6.2[ΔN30,K185Q] expression, and its
recovery upon reduced gap junction coupling (Figs 1C–1E, 2A–2C, and 8A)[27,33]. There is
also good agreement between computational model results and published experimentalmea-
surements of diazoxide-induced suppression upon reduced gap junction coupling (Fig 3B)
[27]. This validation of the model gives us confidence that robust predictions can bemade for
the role of gap junction coupling upon altered KATP activity caused by KCNJ11 and ABCC8
mutations. A summary of predictions over all conditions tested is shown in S2 Table.

were run at 11mM glucose, Pmut = 1. Data in D,E is presented as mean±SD for n = 3–5 simulations with

different random number seeds.

doi:10.1371/journal.pcbi.1005116.g007

Recovery of Ca2+ and Insulin Secretion in NDM

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005116 September 28, 2016 17 / 32



Fig 8. Simulated decline in insulin secretion due to Kir6.2 and SUR1 mutations. A). Total time-averaged insulin secretion

for simulations of Kir6.2[ΔN30,K185Q] expression in a fraction of cells indicated (PMut), with gcoup = 120pS (black), and 0pS (red).
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Including published kinetics of ATP-inhibition for KCNJ11 and ABCC8mutations in the
model showed disruptions to [Ca2+] and insulin secretion (Figs 5 and 8). k'1/2was important to
describe this disruption and is widely reported. However few studies reported the residual cur-
rent α, and [Ca2+] was highly dependent on this parameter (Fig 3F). Indeed without inclusion
of αest the decrease in [Ca2+] was minor and similar across all clinical phenotypes (Fig 5A and
5B), therefore is unlikely to be a full description of islet dysfunction in NDM.With estimates
for α included [Ca2+] was generally suppressed across NDMmutations irrespective of clinical
characteristics, but not for type2 diabetes mutations (Fig 5C and 5D). This also indicates the
importance for characterizing and reporting the residual ATP-independent current when
interpreting channel mutation characteristics.While the hill factor was also important for
[Ca2+] suppression, it did not correlate with NDM and is not often reported. Despite the good
agreement with estimates for α included, there were some NDM exceptions where altered ATP
inhibition was insufficient to generate a full suppression of [Ca2+] and insulin that would cause
diabetes.KCNJ11mutations that alter channel trafficking can cause hyperinsulinism [71], and
trafficking alterations may be involved in NDMmutations. Altered expression of Kir6.2 and
SUR1 subunits has also been observed for some NDMmutations, and may also contribute to
altered islet function [72]. In recombinant systems where mutant channels are characterized,
expression and trafficking can be variable [73]. Therefore expression of mixed mutant andWT
channel subunits may not fully replicate in-vivo conditions, where increased expression of the
mutant subunit may lead to increasedKATP over-activity than in recombinant systems.
For severalKCNJ11 and ABCC8mutations we predicted significant recovery in [Ca2+] and

insulin secretion with an elimination of electrical coupling (Fig 5). Given the agreement
between predicted [Ca2+], insulin and clinical phenotype (Figs 5C, 5D and 8G), together with
the model validation (Figs 1, 2 and 8A), we can have confidence that a reduction in gap junc-
tion coupling would be effective in recovering islet function for theseKCNJ11 and ABCC8
mutations. The agreement between simulations of Kir6.2[ΔN30,K185Q] expression, and α or k’1/2
increases (Fig 3); and experimentallymeasured recovery in insulin secretion and glucose
homeostasis upon Kir6.2[ΔN30,K185Q] expression with reduced gap junction coupling (Fig 2C
and 2D), further supports these predictions. Recoveries were observed in most transient-NDM
mutations, several permanent-NDMmutations, and few DENDmutations; although the latter
heavily depends on whether αest is included. For instance the sulfonylurea-insensitive I296L
mutation showed no residual current in its initial characterization [21], yet based on other
studies we estimate a significant residual current. The recovery in this and other DEND cases
may be under- or over-estimated without determining whether there is a significant residual

B). Representative time-courses of insulin secretion averaged across the simulated islet for each PMut and gcoup in A. C). Total

time-averaged insulin secretion for simulations that include mutant KATP channel activity for gcoup = 120pS and gcoup = 0pS, with

stochastic channel noise. Simulations include the characterized mutations indicated where reported k’
1/2 changes and reported

α (if any) are accounted for. D). Representative time-courses of insulin secretion averaged across the simulated islet for

indicated mutations and gcoup in C. E). Total time-averaged insulin secretion for simulations that include mutant KATP channel

activity, as in C, with and without stochastic channel noise for gcoup = 0pS. F). Representative time-courses of insulin secretion

averaged across the simulated islet for indicated mutations and noise in E. G). Total time-averaged insulin secretion for

simulations that include mutant KATP channel activity for gcoup = 120pS and gcoup = 0pS, with stochastic channel noise.

Simulations include the characterized mutations indicated where reported k’
1/2 changes and estimated α are accounted for. H).

As in G for gcoup = 120pS and gcoup = 10pS. I). Fraction of cells showing significant [Ca2+] elevations for simulations that include

selected mutant KATP channel activity, as in G, for gcoup = 120pS (left) and gcoup = 0pS (right) and with stochastic channel noise,

as p’0 is reduced to model sulfonylurea action. J). Total time-averaged insulin secretion for simulations as in H, that include

selected mutant KATP channel activity, as in G, for gcoup = 0pS with stochastic channel noise, as p’0 is reduced to model

sulfonylurea action. Results are arranged in order of clinical severity, with the clinical classification indicated in G. * indicates

mutations where sulfonylurea therapy is reported to be ineffective. Simulations in A,B were run at 20mM glucose, where all

others were run at 11mM glucose, Pmut = 1. Data in A,C,E,G,H,I is presented as mean±SD for n = 3 simulations with different

random number seeds.

doi:10.1371/journal.pcbi.1005116.g008
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current. Nevertheless, these results indicate the importance of gap junction coupling in mediat-
ing the suppression of [Ca2+] and insulin secretion in NDM, and suggest reducing gap junction
coupling may partially recover islet function and blunt NDM.
Most mutations required a complete reduction in electrical coupling to show recoveries in

[Ca2+] and insulin secretion, although somemutations showed recovery with ~90% reduction.
Achieving such large reductions in islet gap junction coupling has not been demonstrated
using specific inhibitors, although strategies exist for robustly inhibiting gap junctions formed
from other connexins [74]. Furthermore, reducing gap junction coupling will abolish coordi-
nated dynamics of insulin release [60]. Despite increased [Ca2+] and insulin secretion, lack of
pulsatility will likely reduce insulin action [75]. The absence of substantial first phase secretion
recovery (S7 Fig) may have a similar impact. However chronic sulfonylurea delivery causes glu-
cose intolerance [76], therefore any defect resulting from reduced gap junction coupling may
not be more disruptive than long term sulfonylurea therapy.
We also did not include ‘amplifying’ mechanisms of insulin secretion or incretin (GLP1,

GIP) hormone action, which would elevate Ca2+-triggered second-phase insulin secretion [77].
Incretin regulation of electrical activity and [Ca2+] has been simulated [78]; but amplifying
mechanisms are poorly understood [61,79]. We predict for mutations where a minor second
phase recovery occurs that a greater recovery will occur if we consider these mechanisms.
We predicted further recovery would occur in some permanent-NDM and DENDmuta-

tions with a combination of gap junction reduction and sulfonylurea treatment. However, for
somemutations where no recovery was predicted, effective sulfonylurea therapy does occur in
patients. We did not model sulfonylurea inhibition of the residual current α, which can explain
this discrepancy. The kinetics of sulfonylurea inhibition of ATP-insensitive KATP channels is
complex and not fully understood [80,81]. For example in-vitro studies have shown that the
‘sulfonylurea-insensitive’ I296L mutation is inhibited>50% under conditions of ~95%WT
KATP inhibition.Whether the remaining current is ATP sensitive is unknown and will likely
determine whether gap junctionmediated recovery is possible: here we model it to be ATP-
insensitive and thus present the minimal effectiveness expected. Therefore, while applicable to
a rare patient population we predict that gap junction reductionmay assist in sulfonylurea
therapy for some insensitive or partially sensitive NDMmutations.

Importance of stochastic noise to electrically isolated cell function

Another key finding is the role of stochastic noise to elevate electrical activity, [Ca2+] and insu-
lin secretion in electrically isolated cells. While stochastic noise affects β-cell [Ca2+] oscillations
[43,44], its role in basal [Ca2+] has not been examined significantly. We demonstrated noise
can affect [Ca2+] levels (Fig 6). Including stochastic noise increased [Ca2+] only in the absence
of electrical coupling at basal glucose, and upon increasedKATP activity due to increased α and
k’1/2. This suggests its broad importance in increasing activity in cells that lack electrical cou-
pling. While we predict that stochastic noise will improve the recovery for several mutations,
we note that for normal islets noise will be detrimental by inappropriately elevating [Ca2+]
under basal glucose conditions following reduced or absent gap junction coupling.
We only included stochastic noise in the KATP channel, yet inclusion of noise from other chan-

nels will likely increase [Ca2+] further. The level of noise in a single β-cell is also not well character-
ized and depends on the number of channels.We estimated noise based on ~420 channels in a β-
cell, which is consistent with reported channel populations [21,82]. The [Ca2+] predicted in normal
islets in the absence of electrical coupling alsomatches experimental results [9,10]. However pre-
cisely examining noise characteristics in β-cells and their link to channel numbers will be important
to accurately estimate [Ca2+] increases, especially in the presence of altered KATP kinetics.
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Conclusion

We applied computational and experimental approaches to examine the role of gap junction cou-
pling in islet dysfunction caused by KCNJ11 andABCC8mutations. Gap junction electrical cou-
pling strongly mediates the suppression of islet [Ca2+] and insulin secretion in the presence of ATP-
insensitive KATP channels, and significant recovery in [Ca2+] can be achieved upon reduced electri-
cal coupling. Following experimental validation of our computational model, wemade firmpredic-
tions that such recovery could be achieved for many KCNJ11 andABCC8mutations that cause
NDM. Increased [Ca2+] occurs through reducing the suppression of more excitable cells in the islet,
allowing them to regain excitability. However stochastic noise also likely plays a role in elevating
[Ca2+]. These results gain further insight into how the dysfunction to the islet of Langerhans can
occur in disease, and suggests potential for therapeutic treatments for NDMwhere sulfonylureas
are ineffective. Further the principles discovered that govern how connectivity of excitable and inex-
citable β-cells dictate overall function in the islet may be applicable to othermulticellular systems.

Methods

Ethics statement

All experiments were performed in compliance with the relevant laws and institutional guide-
lines, and were approved by the University of Colorado Institutional Biosafety Committee
(IBC) and Institutional Animal Care and Use Committee (IACUC).

Animal lines

The Kir6.2 subunit mutation with GFP tag (Rosa26-Kir6.2[ΔN30,K185Q]); β-cell specific, induc-
ible Cre (Pdx-CreER); and Connexin36 knockout (Cx36-/-) mouse models have been previously
described [45,83,84]. Pdx-CreER and Rosa26-Kir6.2[ΔN30,K185Q] mice were crossed with Cx36
knockout mice to yield all combinations of mice studied. Daily injections of tamoxifen (1–5
doses, 50 mg/kg body weight per dose) administered IP in 8–16 week old mice induced the var-
iable Kir6.2[ΔN30,K185Q] expression. Mice lacking Pdx-CreER or Rosa26- Kir6.2[ΔN30,K185Q] were
used as 0% expression controls.

Blood glucose and plasma insulin measurements

Blood glucose was measured daily after tamoxifen induction using a glucometer (Ascensia Con-
tour, Bayer). Reported levels were averaged over days 27–29 after tamoxifen induction. Plasma
insulin was measured at day 29 after tamoxifen induction from blood samples, centrifuged for 15
minutes at 13,900rpm, then assayed using mouse ultrasensitive insulin ELISA (Alpco).

Islet isolation

Islets were isolated frommice under Ketamine/Xylazine anesthesia by collagenase injection
through the pancreatic duct, and animals euthanized via exsanguination and cervical disloca-
tion. Islets were handpicked after the pancreas was harvested and digested, and were main-
tained in RPMI medium at 11mM glucose plus 10% FBS, 100 U/ml penicillin, 100 μg/ml
streptomycin, at 37°C under humidified 5% CO2 for 24–48 hours prior to study.

Insulin secretion measurements

Islets (5/batch, duplicate) were incubated first at 2mM glucose in Krebs-Ringer Buffer
(128.8mMNaCl, 5mMNaHCO3, 5.8mMKCl, 1.2mMKH2PO4, 2.5mMCaCl2, 1.2mM
MgSO4, 10mMHEPES, 0.1% BSA, pH 7.4), and then for 60 minutes at 2mM or 20mM glucose.
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The mediumwas sampled for secretion, and islets sampled for content by lysing in 1% TritonX-
100 and frozen overnight at -20C. Samples were assayed using mouse ultrasensitive ELISA.

Calcium imaging

Isolated islets were loadedwith 3μM Rhod-2 (Invitrogen), in imagingmedium (125mMNaCl,
5.7mMKCl, 2.5mMCaCl2, 1.2mMMgCl2, 10mMHepes, 2mM glucose, and 0.1% BSA, pH 7.4)
for 45 minutes at room temperature, and were held in polymdimethylsiloxane PDMSmicroflui-
dic devices [85] maintained at 37°C. Rhod-2 fluorescencewas imaged on a spinning disk confocal
microscope (Marianas, 3I), excited at 561nm using an OPSL sapphire laser, with a 580-655nm
band-pass filter for emission; or imaged on a confocalmicroscope (LSM780, Zeiss) excited at
561nm using a diode-pumped solid-state laser, with a 570-645nm band-pass selection for emis-
sion. A small sub-set of isolated islets were loadedwith 4μM FuraRed (Invitrogen) for 90 minutes
at room temperature, and imaged on a spinning disk confocalmicroscope, excited at 488nm
using a diode-pumped solid-state laser, with a 580-655nm band-pass filter for emission. GFP
fluorescencewas excited at 488nm using a Ar+ laser line (LSM780) or diode-pumped solid-state
laser (Marianas), with a 495-555nm band-pass selection for emission. Images were acquired 1/
sec, 10 minutes after elevating glucose concentration (2-20mM).Microscope settings (integration
time, scan time, gain, laser power) were constant for all images collectedwithin the same day.

Coupled β-cell electrical activity model

The model is modified from that describedpreviously [27], and based on the Cha-Noma β-cell
model [86] with cell-cell coupling and altered KATP channel function.Model code and associ-
ated files are included as supporting files. All model code was written in C or C++ and run on
the University of Colorado JANUS supercomputer.
The membrane potential (Vi) of each β-cell i is related to the total transmembrane current

(Ii), which is composed of individual currents described in [86]; using parameters in S3 Table:

� C V 0i ¼ ICav þ ITRPM þ ISOC þ IbNSC þ IKDr þ IKCaðSKÞ þ IKðATPÞ þ INaK þ INaCa þ IPMCA ð1Þ

Gap junction coupling is modeled by assigning a coupling current between neighboring
cells (i,j). A sphere packing algorithmwas used to assemble cells within the cluster (mean num-
ber of cell-cell connections = 5.3) [27,87]

� C V 0i ¼ Ii þ
P

ig
i;j
coupðVi � VjÞ ð2Þ

Heterogeneity in coupling was included by randomly assigning gi,jcoup according to a distri-
bution from previously published data with SD/mean = 70% [47]. Endogenous heterogeneity
was modeled by randomizing all parameters indicated in S3 Table between cells about a mean
value according to a Gaussian distribution with SD/mean as indicated.
The KATP channel current was described as:

IKðATPÞ ¼ gKðATPÞ � p0KðATPÞ � ðV � VKÞ ð3Þ

where the open channel probability poK(ATP) is given by:

poKðATPÞ ¼
:08 1þ

2½ADP�
:01

� �
þ :89

½ADP�
:01

� �2

1þ
½ADP�
:01

� �2
1þ

:45½ADP�
:026
þ

½ATP �
:05

� �� � ð4Þ
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Modeling KATP channel mutations

Expression of Kir6.2[ΔN30,K185Q] in rodent islets was modeled as previously and in accordance
with experimental data [24,27], by modifying the open probability poK(ATP) in a fraction (Pmut)
of cells, according to:

poKðATPÞ½DN30;K185Q� ¼ gðpoKðATPÞ Þ þ ð1 � gÞ ð5Þ

where γ = 0.5 and Pmut increases with number of GFP+ Kir6.2[ΔN30,K185Q] -expressing cells.
Simulations for Pmut were run with glucose elevated to 20mM.
Diazoxide application was modeled as previously [27] by modifying the open probability

poK(ATP) in all cells according to:

poKðATPÞDiaz ¼ aþ ð1 � aÞ � poKðATPÞ ð6Þ

where α is variable and increases with diazoxide treatment concentration. Simulations for α
were run with glucose elevated to 11mM and Pmut = 100%.

KCNJ11 and ABCC8mutations were modeled by modifying the open probability poK(ATP)
in all cells according to:

poKðATPÞ ¼ 1 � αð Þ
p0o � 0:08 1þ

2½ADP�
:01

� �
þ :89

½ADP�
:01

� �2

1þ
½ADP�
:01

� �2
1þ

:45½ADP�
:026
þ

½ATP �
k0
1=2
�0:05

� �H� �þ α ð7Þ

where k’1/2 represents the relative increase in half maximal ATP concentration, andH is the
Hill coefficient.Unless notedH = 1 and was not varied whenmodelingmutations in order to
maintain consistency. p’0 represents the relative increase/decrease in open channel conduc-
tance. α represents the fraction of current remaining at saturating ATP concentrations, equiva-
lent to α in Eq 6; and was included if reported otherwise set to zero. To generate estimated α
values (αest) for a mutation, data reporting the fractional KATP current remaining at 3mMATP
[57] was compared to the poK(ATP) at 3mMATP when including the reported k’1/2. The differ-
ence between these values represents the estimated ATP-independent residual current (αest);
where negative values were set to zero. Sources and parameter values for each mutation exam-
ined are summarized in S1 Table. All mutations were modeled from data reportingmixed
mutant and wildtype subunit expression in heterologous expression systems. Simulations were
run with glucose elevated to 11mM and Pmut = 100%.

Noise component of model

Stochastic noise was applied to the KATP current by including a time varying noise component,
as previously reported [44]. Eq 3 was adjusted:

IKATP ¼ gkATP � ½pokðATPÞ � ð1þ SÞ� � ðVM � VkÞ ð8Þ

where S represents the time varying noise component which fluctuates with mean�0 and stan-
dard deviation�0.049. The time varying noise component S was modeled as:

S0 ¼
� S
t
�

S
t

� �

þ x ð9Þ

where τ = 500ms, and ξ represents a noise factor generated according to a random number
sequence, such that S follows a normal distribution. The standard deviation of ξ was adjusted
such that the standard deviation of S(t) (Sσ = 1/

p
NK(ATP)) was equivalent to ~420 channels per

cell [44]. Similar noise was observedover different simulations (S9 Fig).
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Insulin secretion component of model

The general form of this component was adapted from a previously published insulin secretion
model [58]. Insulin granules are designated in distinct pools, with rates of exchange leading up
to a secretion event. The granule fusion step was modeled with [Ca2+] dependence to give a
first phase release of ~20 granules/min per β-cell, and second phase rate of ~5 granules/min
per β-cell [58,61]. Other rates were adjusted from those previously reported [58] to account for
simplifications made to incorporate this component with our model. Specific rates, initial con-
ditions and other parameters can be found in S4 Table.

Reserve Pool : RES0 ¼ rresRES � r resRES ð10Þ

Docked Pool : DP0 ¼ r� 2PP � r2DP þ rresRES � r� resRES ð11Þ

Primed Pool : PP0 ¼ r� 1IRP � ðr1 þ r� 2Þ � PP þ r2DP ð12Þ

Immediate Release Pool : IRP0 ¼ r1PP � r� 1 � IRP � fusionI � IRP ð13Þ

Fusion Pool : FP0 ¼ fusionI � IRP � u2FP ð14Þ

Release Pool : RP0 ¼ u2FP � u3RP ð15Þ

Granules Secreted per minute : Granmin ¼ u3 � RP � 60 ð16Þ

Total granules secreted : Total gran ¼
R
u3 � RP ð17Þ

Fusion Ca2þ½ � dependence : fusionI ¼ fusionMax �
CanFusei

CanFusei þ KnFuse
I

ð18Þ

Calcium imaging data analysis

Custom MATLAB scripts were used to analyze all images acquired from calcium imaging
[31]. First, images were smoothed using a 5x5 average filter. To calculate the fraction of cells
showing elevated [Ca2+], a quiescent reference cell was selectedmanually from an area
where no significant intensity fluctuations occurred over the duration of the experiment.
The variance for each pixel time-course of the image was calculated to examine which pixels
displayed the greatest fluctuations in time. The variance of the manually selected quiescent
reference cell was used to generate a threshold to compare intensity fluctuations of all other
pixels: any pixels having a time-course variance> 2 standard deviations above that of the
quiescent reference cell were counted as ‘active’. Time courses with significant motion arti-
facts were excluded from analysis, and photobleaching was handled by applying a linear fit.
The percentage of cells active is calculated based on the number of pixels calculated to be
‘active’, normalized to the number of pixels in the area of the islet. To calculate GFP+ regions,
the mean fluorescence intensity was calculated in GFP- control islets cells and used to gener-
ate an intensity threshold: any pixel having a GFP intensity greater than this threshold was
considered GFP+. GFP+ area was expressed as a % of the total islet area. In islets where lack
of nuclear GFP was observed, nuclear areas were manually included in the GFP+ area. For
each level of Cx36 expression, the average activity over all control islets was used to normal-
ize the maximum activity of simulation fits.
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Simulation data analysis

All analysis was performedwith customMATLAB routines on the output for each simulation.
For all time courses, the first ~200 time points were excluded. To calculate the fraction of cells
showing elevated [Ca2+], a threshold of 0.165μM was applied, and cells showing [Ca2+] fluctua-
tions that exceeded this threshold were considered active. The [Ca2+] duty cycle for each cell
was represented by the fraction of time the [Ca2+] time course exceeded this threshold. The
duty cycle was reported as the mean duty cycle over all cells in the islet, where a silent cell has a
duty cycle of 0. The same analysis methods were used when noise was added to the model.
The total number of granules secreted was calculated according to Eq 17 over 30 minutes of

the simulation time course. First phase secretionwas calculated according to Eq 17 over the
first 5 minutes after insulin elevated. Second phase secretionwas calculated from t = 5 min to
t = 30 minutes after insulin elevated. All values were normalized to those of control islet simu-
lations ran using the same heterogeneity and coupling distributions.

Statistical analysis

Student’s t-test was utilized to test for significant differences between simulation results; [Ca2+]
imaging results; or insulin secretion, plasma insulin and blood glucose results. Linear regres-
sion between [Ca2+] imaging results, insulin secretion, plasma insulin and blood glucose
against % GFP was grouped across Cx36+/+,Cx36+/-,Cx36-/- conditions. All statistical analysis
was performed in Prism (Graphpad).

Supporting Information

S1 Table. Table of parameters used to model alertedATP inhibition kinetics in mutant
KATP channels. nR: not reported.
(PDF)

S2 Table. Summary of the simulated effects of reduced electricalcoupling, stochastic chan-
nel noise and sulfonylurea treatment on eachmutation examined.A ‘Yes’ for calcium dis-
ruption refers to a decrease in Fraction active of<50%. For different Recovery categories,
‘+’refers to>0%-10%; ‘++’ refers to 10–50%; ‘+++’ refers to>50%.
(PDF)

S3 Table. Table of parameters used in electrophysiologymodel, where all nomenclature is
consistent with the published single cell β-cell Cha-Nomamodel, see [86]. �Heterogeneity is
based on Gaussian variability about the given value with standard deviation indicated as per-
centage of the given value.
(PDF)

S4 Table. Table of parameters used in insulin secretion component of model, see [58].
(PDF)

S1 Fig. Individual data for physiologicalmeasurements.A). Scatter plots of (from top to bot-
tom) insulin secretion, plasma insulin, blood glucose and fraction of cells showing significant
[Ca2+] elevations, verses % GFP expression (indicating % Kir6.2[ΔN30,K185Q] expression), for
islets isolated from Cx36+/+ mice or measured from Cx36+/+ mice. B). As in A for Cx36+/-

mice.C).As in A for Cx36-/- mice. Linear regression ± 95% CI indicated by grey lines.
(PDF)

S2 Fig. Phase transitions in islet activity as shown by the activity in the coupled islet system
as a function of the activity in the uncoupled islet.A). Islet activity for simulations at the indicated
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gcoup, as represented by the fraction of cells showing significant [Ca2+] elevations, plotted against
intrinsic cellular activity, as indicated by fraction of cells showing significant [Ca2+] elevations for
simulations at gcoup = 0pS. Displayed are results from simulations with increasing k’1/2 at 11mM glu-
cose,Pmut = 1.B).As in A for results from simulations with increasingα at 11mM glucose,Pmut =
1.C).As in A for results from simulations with increasing Pmut at 20mM glucose.
(PDF)

S3 Fig. Complete results from simulations of Kir6.2 and SUR1 mutations for reportedα.
A). Fraction of cells showing significant [Ca2+] elevations for simulations that include mutant
KATP channel activity, for gcoup = 120pS (black) and gcoup = 0pS (red). Simulations include all
characterizedmutations indicated where reported k’1/2 changes and reported α (if any) are
accounted for. B).Mean [Ca2+] duty cycle for simulations that include mutant KATP channel
activity as in A. All simulations were run at 11mM glucose, Pmut = 1. Results are arranged in
order of clinical severity, with the clinical classification indicated: T2D- (Type2 Diabetes;
TNDM- Transient Neonatal DiabetesMellitus; PNDM- Permanent Neonatal DiabetesMelli-
tus; DEND- PNDM with Developmental Delay and Neurological features, including iDEND. �

indicates mutations where sulfonylurea therapy is reported to be ineffective.
(PDF)

S4 Fig. Complete results from simulations of Kir6.2 and SUR1 mutations with inclusion of
estimatedα. A). Fraction of cells showing significant [Ca2+] elevations for simulations that
include mutant KATP channel activity, for gcoup = 120pS (black) and gcoup = 0pS (red). Simula-
tions include all characterizedmutations indicated where reported k’1/2 changes and estimated
α (see S1 Table) are accounted for. B).Mean [Ca2+] duty cycle for simulations that include
mutant KATP channel activity as in A. All simulations were run at 11mM glucose, Pmut = 1.
Results are arranged in order of clinical severity, with the clinical classification indicated: T2D-
(Type2 Diabetes; TNDM- Transient Neonatal DiabetesMellitus; PNDM- Permanent Neonatal
DiabetesMellitus; DEND- PNDM with Developmental Delay and Neurological features,
including iDEND. � indicates mutations where sulfonylurea therapy is reported to be ineffec-
tive.
(PDF)

S5 Fig. Simulated effect of stochastic channel noise on [Ca2+] for selectedKir6.2 and SUR1
mutations with inclusion of estimatedα. A). Fraction of cells showing significant [Ca2+] ele-
vations for simulations that include mutant KATP channel activity, with stochastic noise, for
left: gcoup = 120pS (black) and gcoup = 0pS (red), and right: gcoup = 120pS (black) and gcoup =
10pS (green). Simulations include the characterizedmutations indicated, where reported k’1/2
changes and estimated α (see S2 Table) are accounted for. B).Mean [Ca2+] duty cycle for simu-
lations that include mutant KATP channel activity, with stochastic noise, as in A. All simula-
tions were run at 11mM glucose, Pmut = 1. Results are arranged in order of clinical severity. �

indicates mutations where sulfonylurea therapy is reported to be ineffective.Data is presented
as mean±s.e.m. for n = 3 simulations with different random number seeds.
(PDF)

S6 Fig. Verification of insulin secretion dynamics in simulated single β-cell. A). Insulin
secretion following step increase in [Ca2+] at t = 5 min, showing biphasic response. B). Insulin
secretion following step increase in glucose at t = 5 min, showing biphasic response.
(PDF)

S7 Fig. Recoveryof insulin secretion by first phase and second phase. A). Time-averaged
insulin secretion over first phase of secretion (t = 0-5min.) for simulations that include mutant
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KATP channel activity for gcoup = 120pS and gcoup = 0pS, with stochastic channel noise. Simula-
tions include the characterizedmutations indicated where reported k’1/2 changes and reported
α (if any) are accounted for. B). Time-averaged insulin secretion over second phase of secretion
(t = 5-30min.) for simulation conditions in A. C). Time-course of the population of insulin
granule pools averaged over a representative simulatedWT islet with gcoup = 120pS and sto-
chastic noise included, corresponding to data presented in Fig 8D.D). Time-course of the pop-
ulation of different insulin granule pools, as in C, for a simulated islet that includes I296L
mutation for gcoup = 120pS (black) and gcoup = 0pS (red), corresponding to data presented in
Fig 8D. All simulations were run at 11mM glucose, Pmut = 1. Data in A,B is presented as mean
for n = 2 simulations.
(PDF)

S8 Fig. [Ca2+] and insulin time-coursesof sulfonylurea action. A). Representative [Ca2+]
time courses for simulations upon reduced p’o for gcoup = 0pS with stochastic channel noise. B).
As in A for simulations that include mutant KATP channel activity. C). Representative time-
courses of insulin secretion averaged across the simulated islet for simulations in A, with nor-
mal and reduced p’o.D). As in C for simulations in B, with normal and reduced p’o. All simula-
tions were run at 11mM glucose, Pmut = 1.
(PDF)

S9 Fig. Characterizing the effect of stochastic noise at low glucose.A). Fraction of cells
showing significant [Ca2+] elevations for simulations at 5.5mM glucose with gcoup = 0pS, with-
out noise and for 10 different simulations with stochastic channel noise. B). [Ca2+] duty cycle
for simulations in A.
(PDF)

S1 File. Source code files used to simulate the islet with H46Ymutation, that generates data
presented in Fig 8G and S5 Fig. The ‘read_me.doc’ file included explains how the source code
files were used.
(ZIP)
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