Biophysical Journal Volume 89 July 2005 107-119 107

Intra- and Inter-Islet Synchronization of Metabolically Driven
Insulin Secretion

Morten Gram Pedersen,* Richard Bertram,™ and Arthur Sherman*

*Department of Mathematics, Technical University of Denmark, Kgs. Lyngby, Denmark; tDepartment of Mathematics
and Institute of Molecular Biophysics, Florida State University, Tallahassee, Florida; and *Laboratory of Biological Modeling,
National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland

ABSTRACT Insulin secretion from pancreatic 8-cells is pulsatile with a period of 5-10 min and is believed to be responsible
for plasma insulin oscillations with similar frequency. To observe an overall oscillatory insulin profile it is necessary that the
insulin secretion from individual B-cells is synchronized within islets, and that the population of islets is also synchronized. We
have recently developed a model in which pulsatile insulin secretion is produced as a result of calcium-driven electrical
oscillations in combination with oscillations in glycolysis. We use this model to investigate possible mechanisms for intra-islet
and inter-islet synchronization. We show that electrical coupling is sufficient to synchronize both electrical bursting activity and
metabolic oscillations. We also demonstrate that islets can synchronize by mutually entraining each other by their effects on
a simple model “liver,” which responds to the level of insulin secretion by adjusting the blood glucose concentration in an
appropriate way. Since all islets are exposed to the blood, the distributed islet-liver system can synchronize the individual islet
insulin oscillations. Thus, we demonstrate how intra-islet and inter-islet synchronization of insulin oscillations may be achieved.

INTRODUCTION

Insulin secretion from pancreatic B-cells, located in the islets
of Langerhans, is pulsatile with a period of 5—10 min and is
believed to be responsible for in vivo pulsatility with similar
frequency (1-3). It has been suggested that this is due to
oscillations in glycolysis mediated by the allosteric enzyme
phosphofructokinase (PFK), resulting in rhythmic activity of
ATP-dependent potassium channels (K(ATP)-channels) (3—
6). Insulin pulsatility is impaired in diabetic humans (7), their
relatives (8,9) and in animal models such as ob/ob mice (10)
and ZDF rats (2). Moreover, target tissues are more sensitive
to pulsatile insulin levels than to constant levels (11-14).
Hence, understanding the mechanisms underlying pulsatile
insulin secretion is important for a potential medical treat-
ment of diabetes.

The link between metabolism and Ca?* influx leading to
insulin secretion is provided by the electrical activity of
the B-cells, which has a characteristic behavior known as
“‘bursting.”” A burst consists of an active phase of spiking
followed by a silent phase of hyperpolarization. During the
active phase Ca®" enters the cell through voltage-gated
calcium channels leading to an elevated cytosolic Ca?*
concentration and the consequent release of insulin. During
the silent phase Ca" is cleared by Ca>* ATPases. When the
glucose concentration is increased, increasing the strength of
the metabolic stimulus, K(ATP)-channels close and the
plateau fraction increases, i.e., the active phases become
longer compared to the silent phases. In this way, glucose
increases the average Ca** concentration, which increases
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the rate of insulin release (15). The period of this ‘‘simple’’
bursting is often tens of seconds.

Another form of bursting called ‘‘compound bursting’’
consists of clusters or episodes of bursts followed by long
silent phases (6). Compound bursting has often been ob-
served in electrical and calcium recordings from S-cells in
islets (6,16—18). The period of a compound burst is several
minutes, considerably longer than a single simple burst. It
has been suggested that compound bursts are responsible for
pulsatile insulin secretion (6).

In Bertram et al. (6) a potential mechanism for compound
bursting was described. In this model, the glycolytic
subsystem has the ability to oscillate due to positive product
feedback onto the glycolytic enzyme PFK. The oscillatory
glycolysis leads to oscillations in ATP production which lead
to periodic activity of K(ATP)-channels. This slow rhythm
interacts with the faster activity-dependent Ca®" rhythm that
drives simple bursting, producing episodes of bursting fol-
lowed by long silent phases. In addition to compound
bursting, oscillations in glycolysis were shown to have other
possible effects. These include production of a very slow
form of bursting driven purely by glycolysis (‘‘glycolytic
bursting’’), and a periodic variation in the plateau fraction
(‘“‘accordion bursting’’). These various forms of bursting
have in common a slow modulation of the intracellular cal-
cium concentration, and consequent pulsatile insulin secretion.

To observe an overall oscillatory insulin profile it is neces-
sary that the insulin secretion from individual B-cells is syn-
chronized within islets (intra-islet synchronization), and that the
population of islets is also synchronized (inter-islet synchro-
nization). If the cells or islets were not synchronized we would
observe a flat, averaged signal even though the single cells
and islets released insulin in pulses. This raises the questions
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of how metabolic oscillations are synchronized within and
amonyg islets. These questions are the focus of this report.

Insulin secretion from the isolated pancreas is pulsatile
(19,20), and this has lead to the hypothesis that an intra-
pancreatic neural pacemaker may be responsible for in-
ducing periodic insulin release from the population of islets
(3,19,21). However, pulsatile insulin secretion has been
observed in individual B-cells (22) and islets (1,2,23), dem-
onstrating that such a pacemaker has, at most, a synchroniz-
ing function. It has also been shown that groups of islets
(2,24) and pieces of pancreas containing electrically silent
ganglia (25) exhibit oscillatory release of the hormone.
Hence, there must be additional synchronizing mechanisms.

An alternate synchronization mechanism has been postu-
lated based on data showing that plasma glucose levels
fluctuate on the timescale of pulsatile insulin release (26-30).
According to this mechanism, classical glucose/insulin feed-
back pathways account for the synchronization of the islets
(2,3,20,21). We stress that this is a synchronization mech-
anism only, since the ability to secrete in 5—10 min pulses
resides within the individual cells and islets. This is in
contrast to the slower ultradian oscillations of insulin which
have periods of hours. Here the feedback between the islets
and the liver is believed to create the oscillations, not just
synchronize those that are already present in the islets (31).

The possibility that oscillations in glucose feed back onto
the 5—-10 min insulin pulses is supported by the following
facts. It has been shown that pulsatile insulin secretion can be
entrained by a periodic glucose stimulus in healthy rats (1,2)
as well as in healthy humans (29,30). Moreover, slow
NAD(P)H, Ca2+, and mitochondrial membrane potential
oscillations, which are thought to underlie pulsatile insulin
release, can be entrained in mouse islets (32). The entrain-
ment is impaired in ZDF rats (2) and diabetic humans
(29,33), pointing to a possibly crucial mechanism for normal
overall pulsatility. Similar results have been obtained for
entrainment of the slower ultradian oscillations (31,34).

Not all data support the glucose/insulin feedback mech-
anism for synchronization. For example, pulsatile secretion
has been observed even when the glucose concentration was
held constant. This has been observed in vitro for the per-
fused pancreas (19) as well as in vivo when plasma glucose
was clamped (35). Our aim here is not to reconcile all of the
in vitro and in vivo data, but rather to test the plausibility that
insulin oscillations can be produced and coordinated in the
absence of an intrapancreatic neural pacemaker.

Using the model of Bertram et al. (6), we investigate
possible mechanisms for intra-islet and inter-islet synchro-
nization. We show that, surprisingly, electrical coupling is
sufficient to synchronize both electrical bursting activity and
metabolic oscillations. We also demonstrate that inter-islet
synchronization is possible through the glucose/insulin
feedback mechanism described above, here modeled by the
interaction of B-cells with a *‘liver.”” The simple model liver
responds to the level of insulin secretion by adjusting the
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external glucose concentration in an appropriate way. Fur-
thermore, we show that some degree of pulsatile secretion
from groups of islets can be expected even when glucose is
kept constant. Thus, intra-islet and inter-islet synchroniza-
tion are possible for a model 3-cell in which pulsatile insulin
secretion is produced through compound bursts involving
glycolytic oscillations.

MATERIALS AND METHODS
Modeling

We use the model developed by Bertram et al. (6), which combines a model
for electrical and Ca** dynamics from Bertram and Sherman (36) with
a model for glycolysis that is modified from Smolen (37). To this model we
add a first-order equation for insulin secretion. The link between glycolysis
and the electrical/ Ca>* component of the model is provided by the adenine
nucleotides adenosine monophosphate (AMP), adenosine diphosphate (ADP),
and adenosine triphosphate (ATP) (3,4,6). The model is summarized in Fig. 1.

The glycolytic component of the model (left side of Fig. 1) is modified
from an earlier model for glycolytic oscillations in muscle extracts (37). The
key player in glycolysis for the production of oscillations is the allosteric
enzyme phosphofructokinase (PFK). This is activated by its product fructose
1-6-bisphosphate (FBP) and by adenosine monophosphate, and inhibited by
ATP. The main difference from the recent model by Westermark and
Lansner (38) is that their model does not include feedback of ATP and AMP
onto PFK.

The glycolysis model consists of equations for intracellular glucose (G;),
glucose 6-phosphate (G6P) and FBP,

d G
W:ngul_]gh (1)
d G6P
T:K(Jgk_JPFK)a ()
d FBP 1
dr = K(JPFK - EJGPDH)- 3)

The concentrations of G6P and fructose 6-phosphate (F6P) are assumed
to be in equilibrium through rapid catalytic activity of the enzyme phospho-
glucose isomerase. They satisty the equilibrium relation F6P = 0.3 G6P.

The parameter k = 0.005 (in 2-3) converts milliseconds to seconds and
increases the frequency of glycolytic oscillations by a factor of 5 with respect
to the earlier Smolen model (37). Jg is the rate of the GLUT-2 facilitated
glucose transporter (39),

(Ge - Gi)Kglut
(Kglut + Ge)(Kglul + Gi)7

ngul = Vglul (4)

where G. is the extracellular glucose concentration, Vi, is the maximal rate,
and K, is a constant. The value J is the glucokinase reaction rate, which
is described by a Hill function of G; (40), where it is assumed that the
reaction is irreversible:

G*
Jo = ngw~ ®)
Furthermore,
FBP -1
J =02y /[——uM 6
GPDH 1 M VLS (6)




































