
ORIGINAL RESEARCH
published: 22 December 2017

doi: 10.3389/fphys.2017.01106

Frontiers in Physiology | www.frontiersin.org 1 December 2017 | Volume 8 | Article 1106

Edited by:

Paolo Allegrini,

Consiglio Nazionale Delle Ricerche

(CNR), Italy

Reviewed by:

Marzieh Zare,

Institute for Research in Fundamental

Sciences, Iran

Ronny P. Bartsch,

Bar-Ilan University, Israel

*Correspondence:

Marjan S. Rupnik

marjan.slakrupnik@muv.ac.at

Marko Marhl

marko.marhl@um.si

Specialty section:

This article was submitted to

Fractal Physiology,

a section of the journal

Frontiers in Physiology

Received: 18 October 2017

Accepted: 14 December 2017

Published: 22 December 2017

Citation:

Gosak M, Stožer A, Markovič R,
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A coordinated functioning of beta cells within pancreatic islets is mediated by

oscillatory membrane depolarization and subsequent changes in cytoplasmic calcium

concentration. While gap junctions allow for intraislet information exchange, beta

cells within islets form complex syncytia that are intrinsically nonlinear and highly

heterogeneous. To study spatiotemporal calcium dynamics within these syncytia, we

make use of computational modeling and confocal high-speed functional multicellular

imaging. We show that model predictions are in good agreement with experimental data,

especially if a high degree of heterogeneity in the intercellular coupling term is assumed.

In particular, during the first few minutes after stimulation, the probability distribution of

calcium wave sizes is characterized by a power law, thus indicating critical behavior. After

this period, the dynamics changes qualitatively such that the number of global intercellular

calcium events increases to the point where the behavior becomes supercritical. To

better mimic normal in vivo conditions, we compare the described behavior during

supraphysiological non-oscillatory stimulation with the behavior during exposure to a

slightly lower and oscillatory glucose challenge. In the case of this protocol, we observe

only critical behavior in both experiment and model. Our results indicate that the loss of

oscillatory changes, along with the rise in plasma glucose observed in diabetes, could

be associated with a switch to supercritical calcium dynamics and loss of beta cell

functionality.

Keywords: beta cells, islets of Langerhans, self-organized criticality, intercellular dynamics, calcium waves,

glucose oscillations, computational model, confocal calcium imaging

INTRODUCTION

Homeostasis of energy-rich nutrients in blood has to cope with behavioral and environmental
extremes, such as ingestion of a large meal or prolonged fasting (Schmitz et al., 2008). The
anabolic hormone insulin promotes postprandial storage of nutrients and tightly controls their
consumption interprandially, thus playing a crucial homeostatic role, which becomes disrupted in
obesity and diabetes (Kahn et al., 2014). Similarly to many other hormones, insulin concentration
in blood oscillates, with a diurnal (meal-related) component, an ultradian component (period
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FIGURE 4 | Experimental constant stimulation: spatiotemporal organization of intercellular [Ca2+]c waves in islets. (A) [Ca2+]i responses of four typical cells within an

islet to stimulation with 8mM glucose (upper panel). Binarized oscillations for all cells within the same islet (lower panel). The gray shaded area indicates the switch

from 6 to 8mM glucose. Space-time clusters of [Ca2+]i activity in the activation phase (B; 300 s < t < 800 s) and in the plateau phase (C; t > 800), the colors denote

different [Ca2+]i waves. The distributions N(p) of relative spatiotemporal [Ca2+]i wave sizes p for the activation phase (D) and in the plateau regime (E). The gray line

indicates a power-law fit with slopes −1.82 and −1.92 for the activation and plateau phase, respectively.

was calculated on the basis of four different slices subjected to the
same protocol and qualitatively identical behavior was observed
in all recordings. Since the number of cells in each slice was

different (33, 68, 76, and 35), we normalized the [Ca2+]i wave
sizes with respect to the largest one detected in a given slice.
Apparently, oscillations in glucose concentration that mimicked
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FIGURE 5 | Experimental oscillatory stimulation: spatiotemporal organization of intercellular [Ca2+]i waves in islets. (A) Typical [Ca2+]i responses in four typical cells

to an oscillatory stimulation with 8mM glucose (upper panel). Oscillations are binarized and depicted for all cells within the same islet (lower panel). The gray and white

areas denote glucose concentrations of 6 and 8mM, respectively. (B) Space-time clusters of [Ca2+]i activity during the second 5min glucose stimulations, the colors

denote different [Ca2+]i waves. (C) The distributions N(p) of relative spatiotemporal [Ca2+]i wave sizes p. The gray line indicates the power-law fit with a slope of

−1.78. Note that during glucose nadirs, beta cells remain active.

in vivo conditions, trapped the beta cell population in a critical
regime.

DISCUSSION

Beta cells respond to stimulation by glucose with an oscillatory
activity pattern (Farnsworth and Benninger, 2014). Electrical
coupling between beta cells provides the necessary but probably
not the only substrate for their coordinated activity and regulated
hormone release (Rutter and Hodson, 2013; Benninger and

Piston, 2014; Skelin Klemen et al., 2017). However, beta cells
within an islet are not completely synchronized. First, measuring
a number of different parameters of beta cell function, it has
been shown that not all beta cells within an islet respond to
stimulation simultaneously, but are progressively recruited into
an active state (Schuit et al., 1988; Hiriart and Ramirez-Medeles,
1991; Kiekens et al., 1992; Jonkers and Henquin, 2001; Zarkovic,
2004; Stožer et al., 2013a). Second, the membrane potential and
[Ca2+] changes spread over the islet in a wave-like manner with
a finite speed and do not necessarily always encompass all beta
cells in a given islet (Benninger et al., 2008; Dolenšek et al.,
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2013; Stožer et al., 2013a; Cappon and Pedersen, 2016). These
two features reflect the intrinsically heterogeneous nature of beta
cells (Benninger et al., 2014; Cappon and Pedersen, 2016), which
is retained despite intercellular coupling, most probably for the
sake of an at least partly selective and gradual regulation of their
function.

To get a more detailed insight into the spatiotemporal
organization and the subsequent physiological function of this
complex multicellular system, we made use of computational
modeling approaches in combination with advanced high spatial
and temporal resolution confocal imaging. We developed a
multicellular computational model of interconnected beta cells
that was based on the theoretical framework of Bertram et al.
(2007). By incorporating known particularities, such as cell-
to-cell variability in glucose metabolism and conductance of
ATP-sensitive K+ channels, and a high degree of heterogeneity
in the intercellular coupling, we obtained a nice agreement
of theoretical results with experimental measurements. A high
degree of heterogeneity in coupling was necessary to omit
a nearly complete synchronization of cells (see Figure S3).
Most importantly, our results showed that [Ca2+]c responses
and spreading of [Ca2+]c events between beta cells after
stimulation with non-oscillatory glucose are characterized by a
two-phased dynamics: the activation phase and the plateau phase.
During the activation phase that lasts around 5min in case of
stimulation with 8mM glucose, beta cells are recruited and the
distribution of [Ca2+]c event sizes is characterized by a power-
law distribution, suggesting critical behavior. After this initial
period, the dynamical nature changes qualitatively and becomes
more stable and organized. In the plateau regime that follows, a
high number of bigger, more global [Ca2+]c events are observed,
indicating supercritical behavior of [Ca2+]c dynamics.

A constant, i.e., a non-oscillatory elevation in plasma glucose,
may not reflect physiological stimulation of beta cells, since
blood glucose levels in fasting man and other mammals are
oscillating with periods of around 5–15min (Goodner et al.,
1977; Lang et al., 1979). Additionally, the average glucose
concentration measured in vivo in mice (Kjems et al., 2002;
Matyšková et al., 2008) lies just slightly above the in vitro
determined threshold for glucose-induced metabolic, membrane
potential, and [Ca2+]c changes (Jonkers and Henquin, 2001;
Zarkovic, 2004; Stožer et al., 2013a; Skelin Klemen et al.,
2017), and stimulation with 8mM glucose, albeit being low
compared with concentrations that are usually used (e.g.,
11.1 or 16.7mM), is probably still supraphysiologically high.
Thus, we attempted to more closely mimic physiological
conditions and applied in our simulations and experiments
a pulsatile stimulation with 5min glucose pulses, with an
average concentration of 7mM glucose. This way, the total
glucose load that the beta cells received and the maximum
concentration reached in the perifusion chamber was the
same in the two stimulation protocols (i.e., 20min × 8mM
vs. 4 × 5min × 8mM, maximum = 8mM). Moreover,
during constant stimulation, the glucose concentration was just
slightly above the average during oscillatory stimulation and we
deliberately chose this value to mimic the continuous rise to
hyperglycemia.

Noteworthy, although this was by no means the main aim of
our study, our oscillatory protocol also addressed entrainability
of islets. We wish to point out that switching from a non-
stimulatory to a stimulatory concentration differs significantly
from switching between two stimulatory concentrations when
it comes to studying entrainability of nonlinear oscillators
entrainment (Pedersen et al., 2013). In particular, the former
scenario switches the system on and off and always results in
entrainment, whereas the latter enables real islet entrainment
(Pedersen et al., 2013). Since 6mM glucose is usually regarded
as non-stimulatory, at first our oscillatory protocol seems
to correspond to the case of switching the system on and
off. However, in our case, even during nadirs of glucose
concentration, beta cell activity did not cease and it seems that
our protocol therefore enables a true assessment of entrainability
and our findings further substantiate recent reports that islets
are in fact entrainable by stimuli of periods and amplitudes
comparable to ours (Pedersen et al., 2013; Dhumpa et al., 2015;
Sun et al., 2015).

During oscillatory stimulation, spatiotemporal organization
of [Ca2+] waves remained in the critical regime without an
excess of global [Ca2+] events. Noteworthy, the computational
approach is, in contrast to experimental measurements, not
restricted by technical limitations and can therefore account for
very long observation times. The theoretical results have shown
that the periodic stimulation does not lengthen the activation
phase and delays the onset of supercritical behavior, but keeps
the system essentially trapped in the critical regime. In general,
the computational and experimental results are in very good
agreement for both constant and periodic stimulation protocols.
The only discrepancy occurs in the power-law exponents
reflecting critical behavior, whose values are in simulations
ranging between −1.41 and −1.58, whereas in experiments
the values are a bit more negative and span between −1.78
and −1.94. This difference indicates that despite high levels of
physiological complexity, the theoretical model probably still
does not cover all the details about the intra- and inter-cellular
aspects of beta cell signaling. We believe that especially a more
detailed description of beta cell heterogeneity, both metabolic
and electrophysiological, could provide a further step toward
reality, but future experimental and theoretical work will be
needed to address this issue. Moreover, in both computational
and experimental results the exponents are found to be a bit more
negative in the plateau phase than in the activation phase, which
most probably reflects a sharper decay of smaller to intermediate
events on account of global calcium waves.

Apparently, periodic entraining of the glucokinase reaction
rates confines the supply of energy in the form of ATP, which
in turn adjusts the rhythmic activity of ATP-dependent ion
channels. This provides in combination with the intercellular
coupling, which has either a suppressive effect that prevents
uncoordinated and spontaneous activations, or a regulatory
role in terms of mediating the synchronizing signal across
the islet, the necessary substrate for self-organized activity. To
be more precise, as a result of heterogeneities, dynamic and
confined regions with elevated excitability emerge, from which
[Ca2+]c waves are triggered, which also goes in hand with
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previous findings, where the initiation of waves was associated
with regions with a higher glucose metabolism (Benninger and
Piston, 2014). The outreach of these waves was found to depend
on the metabolic state of surrounding cells and on the local
intercellular connectivity. On the other hand, if the glucokinase
activity and the subsequent supply of metabolic energy is high,
as in prolonged stimulatory conditions, all cells become on
average more excitable and the level of their cell-to-cell variability
decreases. Consequently, the regulatory role of gap junctional
coupling fades and hence an activation of a few cells frequently
leads to [Ca2+] waves that propagate throughout the whole islet,
as is characteristic for supercritical behavior. However, due to the
interplay between heterogeneities in cell metabolism, in the level
of excitability, and in the intercellular coupling, the transition
between the inactive and active beta cell network after switching
to stimulatory conditions is not abrupt. Instead, the beta cell
recruitment is a time dependent process that evokes an emergent
spatiotemporal dynamics characterized by power-law scaling. In
this vein, the concept of a functionally heterogeneous beta cell
population can be regarded as a key determinant of critical
behavior in islets.

Trapping beta cells in a self-organized critical state might
be of crucial physiological importance. Namely, criticality
seems to be crucial for enabling living tissues reasonable
handling of energy and providing efficient functioning and
optimized responses to external stimuli. For example, in the
field of neuroscience it has been hypothesized that a normal,
healthy brain resides in a critical state, which provides the
fastest and most flexible adaptation to different challenges
from the environment (Chialvo, 2010; Hesse and Gross, 2014;
Massobrio et al., 2015a). Tomen et al. (2014) have also shown
that cortical networks exhibit optimal neuronal information
processing at a near-critical state, i.e., in a narrow region
in the phase space at the transition from subcritical to
supercritical dynamics. Some studies have even put forward
the idea that an optimal physiological neural activity does
not perfectly reflect the SOC state but can be characterized
as a subcritical regime slightly below the SOC without a
separation of time scales, exhibiting the so-called≫mélange≪ of
avalanches (Priesemann et al., 2013, 2014). Potential advantages
of this marginally subcritical regime slightly below the SOC
may be a more efficient information processing, and a safety
margin from supercriticality, which has been linked to some
pathophysiological disorders. Interestingly, very recently it has
been shown that also social systems are poised in the proximity of
critical points and by tuning the distance to this point facilitates
the system to favor either stability or flexibility (Daniels et al.,
2017).

Even within nadirs of our oscillatory stimulation protocol, we
were unable to detect any convincing evidence of subcriticality.
However, this does not exclude the possibility that in vivo,
subcriticality in the form of localized individual [Ca2+]c might
be present. Glucose is a signal that rapidly reaches all beta
cells also in vivo and it is hard to believe that differences in
supply of glucose to different parts of islets or differences in
sensitivity of beta cells to glucose could be much higher in vivo
than in our in situ preparation and bring about subcritical

behavior (Michau et al., 2016). However, in case of incretins
which are also able to evoke [Ca2+]c changes in beta cells,
evidence exists that especially in human islets, not all beta cells
respond to GLP-1 equally well (Hodson et al., 2013, 2014). If
differences in sensitivity are great enough, one can imagine that
a local [Ca2+]c response of a highly sensitive cell might remain
localized, especially if the momentary glucose concentration is
not great enough to support propagation to neighboring cells
(Eddlestone et al., 1984). Likewise, in vivo, subcritical behavior
of spatiotemporal [Ca2+]c dynamics could be brought about by
signals able to evoke beta cell [Ca2+]c responses that stem from
local sources and conceivably stimulate some beta cells more than
others, for instance ATP, acetylcholine, or glucagon released from
parasympathetic nerve endings or alpha cells (Rodriguez-Diaz
et al., 2011a,b; Gylfe et al., 2012). These possibilities remain to
be investigated experimentally.

We might further hypothesize that islet tissue operates as a
so-called driven subcritical system that is switched to SOC by
an entrainment with glucose dynamics. It is well established
that glucose oscillations are a hallmark of normal glucose
tolerance and islet function (Lang et al., 1979, 1981; Mao
et al., 1999; Ritzel et al., 2005). Blood glucose concentration
oscillates in both monkeys and humans with a period in the
range of the slow insulin oscillations and an amplitude of
approximately 1-10 % with respect to the average concentration
(Goodner et al., 1977; Lang et al., 1979; Mao et al., 1999).
These glucose oscillations seem to be strongly correlated with
pulsatile secretion of insulin (O’Meara et al., 1993; Mao et al.,
1999; Ritzel et al., 2005; Pedersen et al., 2013; Nunemaker
and Satin, 2014; Satin et al., 2015). In fact, it was shown
that oscillations of insulin secretion can be entrained by
imposed small changes in glucose concentration in vivo in
normal subjects and that this ability is lost in T2DM (Mao
et al., 1999; Hollingdal et al., 2000). It was further suggested
that oscillatory glucose actually amplifies the mass of insulin
secretory pulses that coincide with imposed glucose stimuli
and that the intrinsic frequency of insulin oscillations does not
change (Ritzel et al., 2005). This seems in contrast with recent
findings that slow oscillations in metabolism and [Ca2+]c that
are believed to underlie insulin pulses (Pedersen et al., 2013;
Sun et al., 2015), as well as insulin secretion can indeed be
entrained to glucose (Dhumpa et al., 2015). However, all these
contradictions might only be a consequence of still unknown
underlying mechanisms for self-organization in human body
and the relation of these micro-mechanisms with the emergent
macro-phenomena. Recently, Lo et al. (2013) have demonstrated
that in contrast to the macroscopic homeostatic equilibrium
that describes sleep at the circadian time scale of several hours,
the sleep micro-architecture at scales from seconds to minutes
exhibits a non-equilibrium behavior of SOC type. They argue
that the asymmetry in the transitions between quiet states and
avalanches is important as the energy can slowly build up
during quiet states, i.e., slowly approaching the critical point,
and dissipates rapidly when avalanches occur. Nevertheless,
methodologies and novel, more holistic approaches to studying
such interconnected physiological processes, occurring in a
broad range of space and time scales, are only beginning to
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emerge. The recently emerging fields of network physiology and
network medicine show great potential to provide new insights
into how global behavior at the organism level can arise out
of micro-mechanisms on the cellular and tissue level, along
with networked interactions among different organ systems, to
generate health or disease (Bashan et al., 2012; Ivanov et al.,
2016).

Our results show that a change in glucose stimulus similar
to the one during development of T2DM, i.e., exposure of islets
to non-oscillatory and slightly elevated glucose concentration,
leads to an excess of large events in the spatiotemporal pattern
of fast [Ca2+]c oscillations that are believed to determine the
pulse mass of insulin oscillations, suggesting that a switch
to supercriticality might be an important pathophysiological
mechanism in T2DM. This finding corresponds with recent
investigations in the brain, showing that epilepsy, for example, is
characterized by a supercritical behavior of neurons (Meisel et al.,
2012; Priesemann et al., 2014), as well as in a number of other
tissues and disease states, such as in obesity and irritable bowel
syndrome (caused by a transition in microbial composition),
asthma and other pulmonary diseases, depression, inflammation,
cancer, and cardiovascular events (for review see Trefois et al.,
2015).

In general, an improved understanding of such transitions
to supercriticality from normal healthy states during onset and
progression of diseases could have important applications
in health care. From the viewpoint of preventive, the
identification and characterization of early warning signals
could predict upcoming critical transitions; and from
the view point of curative, the understanding of critical
transitions might help us develop more effective therapeutic
applications.
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Text S1 | Mathematical model and parameter values for beta cells.

Figure S1 | The course of the simulated oscillatory stimulation protocol. Variations

in the glucokinase reaction rate reflect the oscillatory changes in glucose.

Figure S2 | Coupling in the multicellular beta cell model. (A) A typical structure of

the intercellular network of beta cells. (B) The corresponding degree distribution.

The beta cell network is quite homogeneous with a mean degree around 6. (C)

The distribution of the electrical coupling coefficient. The coupling strength is rather

heterogeneous and follows an exponential distribution with a mean of 200 pS.

Figure S3 | Simulated spatio-temporal activity under constant stimulation with

homogeneous coupling. Typical computed [Ca2+]c responses of four different

beta cells after switching to stimulatory conditions (upper panel, gray area

indicates stimulatory conditions) and binarization of the computed oscillations of

all cells (lower panel). The electrical coupling coefficient was distributed normally

with mean 200 pS and relative SD of 30%. In this case very synchronized behavior

is obtained without progressive and heterogeneous activations of cells, as

observed in experiments.

Video S1 | Representative animation of computed and binarized spatiotemporal

[Ca2+]i activity under constant stimulation with glucose.

Video S2 | Representative animation of computed and binarized spatiotemporal

[Ca2+]i activity under periodic stimulation with glucose.

Video S3 | Movie of experimentally measured and binarized [Ca2+]i activity under

constant stimulation with 8 mM glucose from the onset of glucose increase.

Video S4 | Movie of experimentally measured and binarized [Ca2+]i activity under

periodic stimulation with 6-8-6-8-6-8-6 mM glucose.
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