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Abstract

Glucagon counterregulation (GCR) is a key protection against hypoglycemia compromised in
insulinopenic diabetes by an unknown mechanism. In this work we present an interdisciplinary
approach to the analysis of the GCR control mechanisms. Our results indicate that a pancreatic
network which unifies a few explicit interactions between the major islet peptides and blood
glucose (BG) can replicate the normal GCR axis and explain its impairment in diabetes. A key and
novel component of this network is an a-cell auto-feedback, which drives glucagon pulsatility and
mediates triggering of pulsatile GCR by hypoglycemia via a switch-off of the B-cell suppression
of the a-cells. We have performed simulations based on our models of the endocrine pancreas
which explain the in vivo GCR response to hypoglycemia of the normal pancreas and the
enhancement of defective pulsatile GCR in p-cell deficiency by switch-off of intrapancreatic o-
cell suppressing signals. The models also predicted that reduced insulin secretion decreases and
delays the GCR. In conclusion, based on experimental data we have developed and validated a
model of the normal GCR control mechanisms and their dysregulation in insulin deficient
diabetes. One advantage of this construct is that all model components are clinically measurable,
thereby permitting its transfer, validation, and application to the study of the GCR abnormalities
of the human endocrine pancreas in vivo.

INTRODUCTION

Blood glucose (BG) homeostasis is maintained by a complex, ensemble control system
characterized by a highly coordinated interplay between and among various hormone and
metabolite signals. One of its key components, the endocrine pancreas, responds
dynamically to changes in BG, nutrients, neural and other signals by releasing insulin and
glucagon in a pulsatile manner to regulate glucose production and metabolism.
Abnormalities in the secretion and interaction of these two hormones mark the progression
of many diseases, including diabetes, but also the metabolic syndrome, the polycystic ovary
syndrome, and others. Diminished or complete loss of endogenous insulin secretion in
diabetes is closely associated with failure of the pancreas to respond with glucagon secretion
properly not only to hyper- but also to hypoglycemia. The latter is not caused by loss of
glucagon secreting a-cells, but instead is due to defects in glucagon counterregulation
(GCR) signaling, through an unknown mechanism, which is generally recognized as a major
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barrier to safe treatment of diabetes (Cryer and Gerich, 1983 and Gerich, 1988) since
unopposed hypoglycemia can cause coma, seizures, or even death (Cryer, 1999 and Cryer,
2002).

Our recent experimental (Farhy et. al., 2008) and mathematical-modeling (Farhy et. al.,
2008, Farhy and McCall, 2009) results show that a novel understanding of the defects in the
GCR control mechanisms can be gained if these are viewed as abnormalities of the network
of intrapancreatic interactions that control glucagon secretion, rather than as defects in an
isolated molecular interaction or pathway.

In particular, we have demonstrated that in a p-cell deficient rat model the GCR control
mechanisms can be approximated by a simple feedback network (construct) of dose-
response interactions between BG and the islet peptides. Within the framework of this
construct, the defects of GCR response to hypoglycemia can be explained by loss of rapid
switch-off of B-cell signaling during hypoglycemia to trigger an immediate GCR response.
These results support the “switch-off” hypothesis which posits that a-cell activation during
hypoglycemia requires both the availability and rapid decline of intraislet insulin (Banarer
et. al., 2002). They also extend this hypothesis by refocusing from the lack of endogenous
insulin signaling to the a-cells as a sole mechanistic explanation and instead focus on
possible abnormalities in the general way by which the B-cells regulate the a-cells. In
addition, the experimental and theoretical-modeling data collected so far indicate that the
GCR control network must have two key features: a (direct or indirect) feedback of
glucagon secreting a-cells on themselves (auto-feedback) and a (direct or indirect) negative
regulation of glucagon by BG. In our published model these two properties are mediated by
d-cell somatostatin and we have shown that such connectivity adequately explains ours [and
others (Zhou et. al., 2004)] experimental data (Farhy et. al., 2008, Farhy and McCall, 2009).

The construct we proposed recently (Farhy et. al., 2008, Farhy and McCall, 2009) is suitable
for the study and analysis of rodent physiology, but the explicit involvement of somatostatin
limits its applicability to clinical studies since in the human, pancreatic somatostatin cannot
be reliably measured and therefore, the ability of the model to describe adequately the
human physiology and its potential differences from rodent physiology cannot be verified.

In the current work, we review our existing models and show that a control network in
which somatostatin is not explicitly involved (but incorporated implicitly) can also
adequately approximate the GCR control mechanisms. We confirm that the (new) construct
can substitute for the older, more complex construct by verifying that it explains the same
experimental observations already shown to be reconstructed by the older network (Farhy et.
al., 2008, Farhy and McCall, 2009). We also demonstrate that the newer network can
explain the regulation of the normal pancreas by BG and the gradual reduction in the GCR
response to hypoglycemia during the transition from a normal to an insulin deficient state.
As a result, a more precise description of the components that are the most critical for the
system is provided by a model of GCR regulation. This model can be applied to study the
abnormalities in glucagon secretion and counterregulation and to identify hypothetical ways
to repair these not only in the rodent but also in the human.

THE MECHANISMS OF GCR DYSREGULATION IN DIABETES ARE
LARGELY UNKNOWN

Studies of tight BG control in type 1 and type 2 diabetes to prevent chronic hyperglycemia-
related complications have found a 3-fold excess of severe hypoglycemia (The Diabetes
Control and Complications Trial Research Group, 1993; The UK Prospective Diabetes
Study Group, 1998; The Action to Control Cardiovascular Risk in Diabetes Study Group,
2008). Hypoglycemia impairs quality of life and risks coma, seizures, accidents, brain injury
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and death. Severe hypoglycemia is usually due to overtreatment against a background of
delayed and deficient hormonal counterregulation. In health, GCR curbs dangerously low
BG nadirs and stimulates quick recovery from hypoglycemia (Cryer and Gerich, 1983,
Gerich, 1988). However, in type 1 (Fukuda et. al., 1988; Gerich et. al., 1973; Hoffman et.
al., 1994) and type 2 diabetes (Segel et. al., 2002) the GCR is impaired by uncertain
mechanisms and if it is accompanied by a loss of epinephrine counterregulation it leads to
severe hypoglycemia and thus presents a major barrier to safe treatment of diabetes (Cryer,
1999 and Cryer, 2002). Understanding the mechanisms that mediate GCR, its dysregulation
and how it can be repaired, is therefore a major challenge in the struggle for safer treatment
of diabetes.

Despite more than 30 years of research, the mechanism by which hypoglycemia stimulates
GCR and how it is impaired in diabetes have yet to be elucidated (Gromada et. al., 2007).
First described Gerich and coauthors (Gerich et. al., 1973), defective GCR is common after
about 10 years of TLDM. The loss of GCR appears to be more rapid with a very young age
of onset and may occur within a few years after onset of TIDMC. Although unproven, the
appearance of defective GCR seems to parallel insulin secretory loss in these patients. The
defect appears to be stimulus-specific, since a-cells retain their ability to secrete glucagon in
response to other stimuli, such as arginine (Gerich et. al., 1973). Three mechanisms have
been proposed as a potential source for impairment of GCR. Those that account for the
stimulus-specificity of the defect include impaired BG-sensing in a-cells (Gerich et. al.,
1973) and/or autonomic dysfunction (Hirsch and Shamoon, 1987 and Taborsky GJ et. al.,
1998) The “switch-off” hypothesis envisions that a-cell activation by hypoglycemia requires
both the availability and rapid decline of intraislet insulin and attributes the defect in the
GCR in insulin deficiency to loss of a (insulin) “switch-off” signal from the B-cells (Banarer
et. al., 2002).

These theories are not mutually exclusive, but they all could be challenged. For example, a-
cells do not express GLUT2 transporters (Heimberg et. al., 1996) and it is unclear whether
the a-cell GLUT1 transporters can account for the rapid a-cell response to variations in BG
(Heimberg et. al., 2004). In addition, proglucagon mRNA levels are not altered by BG
(Dumonteil et. al., 2000) and it is debatable whether BG variations in the physiological
range can affect the a-cells (Pipeleers et. al., 1985). The switch-off hypothesis can also be
disputed, since in the a-cell-specific insulin receptor knockout mice the GCR response to
hypoglycemia is preserved (Kawamori et. al., 2009). Finally, the hypothesis for autonomic
control contradicts evidence that blockade of epinephrine and acetylcholine actions did not
reduce the GCR in humans (Hilsted et. al., 1991), and that the denervated human pancreas
still releases glucagon in response to hypoglycemia (Diem et. al., 1990).

Recent in vivo experiments by Zhou et al. support the “switch-off” hypothesis. They have
shown that, in STZ-treated rats, GCR is impaired, but can be restored if their deficiency in
intraislet insulin is reestablished and decreased (switched off) during hypoglycemia (Zhou
et. al., 2004). Additional in vitro and in vivo evidence to support the switch-off hypothesis
has been reported (Hope et. al., 2004, Zhou et. al., 2007 a). Whether insulin is the trigger of
GCR in the studies by Zhou and co-authors (Zhou et. al., 2004, Zhou et. al., 2007 a) has
been challenged by results by the same group, in which zinc ions, not the insulin molecule
itself, provided the switch-off signal to initiate glucagon secretion during hypoglycemia
(Zhou et. al., 2007 b).

In view of the above background, the mechanisms that control the secretion of glucagon and

their dysregulation in diabetes are not well understood. This lack in understanding prevents
restoring GCR to normal in patients with diabetes and the development of treatments to
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effectively repair defective GCR to allow for a safer control of hyperglycemia. No such
treatment currently exists.

APPROACH

The network underlying the GCR response to hypoglycemia includes hundreds of
components from numerous pathways and targets in various pools and compartments. It
would therefore be unfeasible to collect and relate experimental data pertaining to all
components of this network. Nevertheless, understanding the glucagon secretion control
network is vital for furthering knowledge concerning the control of GCR, its compromise in
diabetes, and developing treatment strategies. To address this problem, we have taken a
minimal model approach in which the system is simplified by clustering all known and
unknown factors into a small number of explicit components. Initially, these components
were chosen with the goal to test whether recognized physiological relationships can explain
key experimental findings. In our case, the first reports describing the in vivo enhancement
of GCR by switch-off of insulin (Zhou et. al., 2004) prompted us to propose a parsimonious
model of the complex GCR control mechanisms including relationships between the a- and
the 5-cells, BG and switch-off signals (below). According to these initial efforts (Farhy et.
al., 2008) the postulated network explains the switch-off phenomenon by interpreting the
GCR as a rebound. It further predicts that: (i) in B-cell deficiency, multiple a-cell
suppressing signals should enhance GCR if they are terminated during hypoglycemia, and
(ii) the switch-off-triggered GCR must be pulsatile. The model-based predictions motivated
a series of in vivo experiments, which showed that indeed, in STZ-treated male Wistar rats,
intrapancreatic infusion of insulin and somatostatin followed by their switch-off during
hypoglycemia enhances the pulsatile GCR response (Farhy et. al., 2008). These
experimental results confirmed that the proposed network is a good candidate for a model of
the GCR control axis.

In addition to confirming the initial model predictions, our experiments also suggested some
new features of the GCR control network, including indications that different a-cell
suppressing switch-off signals not only can enhance GCR in j-cell deficiency, but that they
do so via different mechanisms. For example, the results suggest higher response to insulin
switch-off and more substantial suppression of glucagon by somatostatin (Farhy et. al.,
2008). To show that these observations are consistent with our network model, we had to
extend it to reflect the assumption that the a-cell activity can be regulated differently by
different a-cell suppressing signals. We showed that this assumption can explain the
difference in the GCR-enhancing action of two a-cell suppressing signals (Farhy and
McCall, 2009).

The simulations suggest strategies to use a-cell inhibitors to manipulate the network and
repair defective GCR. However, they also indicate that not all a-cell inhibitors may be
suitable for that purpose, and the infusion rate of the ones that are, should be carefully
selected. In this regard, a clinically verified and tested model of the GCR control axis can
greatly enhance our ability to precisely and credibly simulate changes resulting from certain
interventions and ultimately will assist us in defining the best strategy to manipulate the
system in vivo in humans. However, the explicit involvement of somatostatin and the 3-cells
in our initial network and model limits the potential for clinical applications as pancreatic
somatostatin cannot be reliably measured in the human in vivo and the ability of the model
to describe the human glucagon axis cannot be verified. To address this limitation we have
recently reduced our initial network into a Minimal Control Network (MCN) of the GCR
control axis in which somatostatin and the 6-cells are no longer explicitly involved, but their
effects are implicitly incorporated in the model. Our analysis (presented below) shows that
the new MCN is an excellent model of the GCR axis and can substitute the older, more
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complex structure. Thereby, we have developed a model that can be verified clinically and
used to assist the analysis of the GCR axis in vivo in humans. Importantly, the new model is
not limited to B-cell deficiency and hypoglycemia only. In fact, it describes the transition
form a normal to a B-cell deficient state and can explain the failure of suppression of basal
glucagon secretion in response to increase in BG observed in this state. If it is confirmed
experimentally that the MCN can successfully describe both the normal and the p-cell
deficient pancreas, future studies may focus on the defects of the pancreatic network not
only in type 1 but also in type 2 diabetes, or more generally, in any pathophysiological
condition that is accompanied by metabolic abnormalities of the endocrine pancreas.

INITIAL QUALITATIVE ANALYSIS OF THE GCR CONTROL AXIS

To understand the mechanisms of GCR and their dysregulation, the pancreatic peptides have
been extensively studied and much evidence suggests that a complex network of interacting
pathways modulates glucagon secretion and GCR. Some of the well documented
relationships between different islet cell signals are summarized bellow.

B-cell inhibition of a-cells

Pancreatic perfusions with antibodies to insulin, somatostatin and glucagon have suggested
that the blood within the islets flows from - to a- to 6-cells in dogs, rats, and humans
(Samols and Stagner, 1988; Samols and Stagner, 1990; Stagner et. al., 1988; Stagner et. al.,
1989). It was then proposed that, insulin regulates glucagon, which in turn regulates
somatostatin. Various B-cell signals provide an inhibitory stimulus to the a-cells and
suppress glucagon. These include co-secreted insulin, zinc, GABA and amylin (Gromada et.
al., 2007; Samols and Stagner, 1988; Gedulin et. al., 1997; Ito et. al., 1995; Rorsman and
Hellman, 1988; Rorsman et. al., 1989; Wendt et. al., 2004; Xu et. al., 2006; Ishihara et. al.,
2003; Maruyama et. al., 1984). In particular, B-cells store and secrete GABA, which can
diffuse to neighboring cells to bind to localized within the islets only on a-cells (Rorsman
and Hellman, 1988, Wendt et. al., 2004). Insulin can directly suppress glucagon by binding
to its own receptors (Kawamori et. al., 2009) or to IGF-1 receptors on the a-cells (Van
Schravendijk et. al., 1987). Insulin also translocates and activates GABA receptors on the
a-cells, which leads to membrane hyperpolarization and, ultimately, suppresses glucagon.
Hence, insulin may directly inhibit the a-cells, and indirectly potentiate the effects of GABA
(Xu et. al., 2006). Infusion of amylin in rats inhibits arginine-stimulated glucagon (Gedulin
et. al., 1997), but not hypoglycemia GCR (Silvestre et. al., 2001); similar results were found
with the synthetic amylin analog Pramlintide (Heise et. al., 2004) even though in some
studies hypoglycemia was increased, but it is unclear if this is a GCR effect or is related to
failure to reduce meal insulin adequately (McCall et. al., 2006). Finally, a negative effect of
zinc on glucagon has been proposed (Ishihara et. al., 2003), including a role in control of
GCR (Zhou et. al., 2007 b). The role of zinc is unclear as zinc ions do not suppress glucagon
in the mouse (Ravier and Rutter, 2005).

&-cell inhibition of a-cells

Exogenous somatostatin inhibits insulin and glucagon; however, the role of the endogenous
hormone is controversial (Brunicardi et. al., 2001; Cejvan et. al., 2003; Klaff and Taborsky,
1987; Ludvigsen et. al., 2004; Sumida et. al., 1994; Tirone et. al., 2003; Gopel et. al., 2000
a; Brunicardi et. al., 2003; Kleinman et. al., 1994; Portela-Gomes et. al., 2000; Strowski et.
al., 2000; Schuit et. al., 1989). The concept that 3-cells are downstream of a- and 5-cells
favors the perception that in vivo, intraislet somatostatin cannot directly suppress the a- or 8-
cells through the islet microcirculation (Samols and Stagner, 1988; Samols and Stagner,
1990; Samlos et. al., 1988; Samlos et. al., 1989). On the other hand, the pancreatic a- and B-
cells express at least one of the somatostatin receptors (SSTR1-5) (Ludvigsen et. al., 2004;
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Portela-Gomes et. al, 2000; Strowski et. al., 2000), and recent in vitro studies involving
somatostatin immuno-neutralization (Brunicardi et. al., 2001) or application of selective
antagonists to different somatostatin receptors suggest that a-cell somatostatin inhibits the
release of glucagon (Cejvan et. al., 2003; Strowski et. al., 2000). In addition, &-cells are in
close proximity to a-cells in rat and human islets, and d-cell processes were observed to
extend into a-cell clusters in rat islets (Kleinman et. al., 1994; Kleinman et. al., 1995).
Therefore, somatostatin may act via existing common gap junctions or by diffusion through
the islet interstitium.

a-cell stimulation of d-cells

The ability of endogenous glucagon to stimulate 5-cell somatostatin is supported by a study
in which administration of glucagon antibodies in the perfused human pancreas resulted in
inhibition of somatostatin release (Brunicardi et. al., 2001). Earlier immuno-neutralization
perfusions of the rat or dog pancreas also showed that glucagon stimulates somatostatin
(Stagner et. al., 1988; Stagner et. al., 1989). The glucagon receptor co-localized with 11% of
immunoreactive somatostatin cells (Kieffer et. al., 1996), suggesting that the a-cells may
directly regulate some of the 6-cells. Exogenous glucagon also stimulates somatostatin
(Brunicardi et. al., 2001; Kleinman et. al., 1995; Epstein et. al., 1980; Utsumi et. al., 1979).
Finally, glutamate, which is co-secreted with glucagon under low-glucose conditions,
stimulates somatostatin release from diencephalic neurons in primary culture (Tapia-
Arancibia et. al., 1988) and a similar relation could exist in the islets of the pancreas.

Glucose stimulation of 8- and &-cells

It is well established that hyperglycemia directly stimulates p-cells, which react
instantaneously to changes in BG (Bell et. al., 1996; Schuit et. al., 2001; Ashcroft et. al.,
1994; Dunne et. al., 1994). Additionally, it has been proposed that 5-cells have a glucose-
sensing mechanism similar to those in B-cells (Gopel et. al., 2000 a; Fujitani et. al., 1996)
and consequently, that somatostatin release is increased in response to glucose stimulation
(Hermansen et. al., 1979; Efendic et. al., 1978), possibly via a Ca2*-dependent mechanism
(Hermansen et. al., 1979).

Glucose inhibition of a-cells

Hyperglycemia has been proposed to inhibit glucagon even though hypoglycemia alone
appears insufficient to stimulate high amplitude GCR (Heimberg et. al., 1995; Heimberg et.
al., 1996; Reaven et. al., 1987; Rorsman and Hellman, 1988; Schuit et. al., 1997; Gopel et.
al., 2000 b; Unger, 1985).

In addition to the above mostly consensus findings which show that the a-cell activity is
controlled by multiple intervening pathways, there are other indirect evidences suggesting
that the dynamic relationships between the islet signals are important for the regulation of
glucagon secretion and GCR. For example, the concept is supported by the pulsatility of the
pancreatic hormones (Genter et. al., 1998; Grapengiesser et. al., 2006; Grimmichova et. al.,
2008), which implies feedback control (Farhy, 2004), and by results suggesting that: insulin
and somatostatin pulses are in phase (Jaspan et. al., 1986; Matthews et. al., 1987) pulses of
insulin and glucagon recur with a phase shift (Grapengiesser et. al., 2006), pulses of
somatostatin and glucagon appear in antisynchronous fashion (Grapengiesser et. al., 2006),
and insulin pulses entrain a- and 3-cell oscillations (Salehi et. al., 2007).

A pancreatic network consistent with these findings is shown in Figure 1. It summarizes
interactions (mostly consensus) between BG, B-, a-, and é-cells: somatostatin (or more
generally the 3-cells) is stimulated by glucagon (a-cells) and BG; glucagon (a-cells) is
inhibited by the &-cells (by somatostatin) and by B-cell signals; and BG stimulates the -
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cells. This network could easily explain the GCR response to hypoglycemia. Indeed,
hypoglycemia would decrease both - and 5-cell activity, which would entail increased
release of glucagon from a-cells after the suppression from the neighboring p- and 5-cells is
removed. However, it is not apparent whether this network can explain the defect in GCR
observed in B-cell deficiency or the above mentioned restoration of defective GCR by a
switch-off. This dampens the appeal of the network as a simple unifying hypothesis for
regulation of GCR, and for the compromise of this regulation in diabetes. The difficulties in
intuitive reconstruction of the properties of the network emerge from the surprisingly
complex behavior of this system due to the a-3-cell feedback loop.

Shortly after the first reports describing the in vivo repair of GCR by intrapancreatic infusion
and switch-off of insulin (Zhou et. al., 2004), we applied mathematical modeling to analyze
and reconstruct the GCR control network. These considerations, demonstrated that the
network in Figure 1 can explain the switch-off effect (Farhy et. al., 2008, Farhy and McCall,
2009). We have also presented experimental evidence to support these model predictions
(Farhy et. al., 2008). These efforts are described in the next section.

MATHEMATICAL MODELS OF THE GCR CONTROL MECHANISMS IN STZ-
TREATED RATS

We have developed and validated (Farhy et. al., 2008, Farhy and McCall, 2009) a
mathematical model of the GCR control mechanisms in the p-cell deficient rat pancreas
which explains two key experimental observations: (a) in STZ-treated rats, rebound GCR
which is triggered by a switch-off signal (a signal that is intrapancreatically infused and
terminated during hypoglycemia) is pulsatile; and (b) the switch-off of either somatostatin
and insulin enhances the pulsatile GCR. The basis of this mathematical model is the network
outlined in Figure 1 which summarizes the major interactive mechanisms of glucagon
secretion in B-cell deficiency by selected consensus interactions between plasma glucose, a-
cell suppressing switch-off signals, a-cells, and &-cells. We should note that the B-cells were
part of the network proposed in (Farhy et. al., 2008), but not part of the corresponding
mathematical model, which was designed to approximate the insulin deficient pancreas. In
addition to explaining glucagon pulsatility during hypoglycemia and the switch-off
responses mentioned above, this construct predicts each of the following experimental
findings in diabetic STZ-treated rats:

i.  Glucagon pulsatility during hypoglycemia after a switch-off, with pulses recurring
at 15 to 20 min as suggested by the results of the pulsatility deconvolution analysis
we have previously performed (Farhy et. al., 2008).

ii. Pronounced (almost 4-fold increase over baseline) pulsatile glucagon response
following a switch-off of either insulin and somatosatin during hypoglycemia
(Farhy et. al., 2008);

iii. Restriction of the GCR enhancement by insulin switch-off by high BG conditions
(Zhou et. al., 2004);

iv. Lack of a GCR response to hypoglycemia when there is no switch-off signal (Farhy
et. al., 2008);

v. Suppression of GCR when insulin is infused into the pancreas but not switched off
during hypoglycemia (Zhou et. al., 2004).

vi. More than 30% higher GCR response to insulin vs. somatostatin switch-off (Farhy
et. al., 2008);
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vii. Better glucagon suppression by somatostatin than by insulin before a switch-off
(Farhy et. al., 2008).

We note that in our prior study (Farhy et. al., 2008) the comparisons between insulin and
somatostatin switch-off in (vi) and (vii) were not significant. However, the difference in (vii)
was close to being significant at p=0.07. Therefore one of the goals of the latter study (Farhy
and McCall, 2009) was to test in silico whether the differences (vi) of a higher GCR
response to insulin switch-off and (vii) a better glucagon suppression by somatostatin
switch-off were likely and can be predicted by the model of the new MCN.

To demonstrate the above predictions we used dynamic network modeling and formalized
the network shown in Figure 1 by a system of non-linear ordinary differential equations to
approximate the glucagon and somatostatin concentration rates of change under the control
of switch-off signals and BG. Then, we were able to adjust the model parameters to
reconstruct the experimental findings listed in (i)—(vii) which validates the model based on
the network shown in Figure 1.

The model equations are:

1 1 1
GL = -k, GL+rpasa ++r,
7 GL Ybas 11+11(I) Tor 1+[SS(7 — Dss)/zss]"‘ss 1+5(1) Eq 1
GL(t— D, )/t ]"L BG(1)/t,.1"s6
5= = koSSt o = Do )lter ] VA )il .
h B 1+[GL(’ - D(il.)/t(il.} GL - 1+[BG(T)/IB(,] BG Eq 2

Here, GL(t), SS(t), BG(t), 11(t) and 1,(t) denote the concentrations of glucagon, somatostatin,
blood glucose, and exogenous switch-off signal(s) [acting on the pulsatile or/and the basal
glucagon secretion], respectively; the derivative is with respect to the time t. The meaning of
the remaining parameters is explained in the next section. We note that the presence of two
terms, 11(t) and 1,(t), to represent the switch-off signal in Eq. 1 reflects the assumption that
different switch-off signals may have a different impact on glucagon secretion and may
suppress differently the basal and/or 3-cell-regulated a-cell release.

We have used the above model (Farhy and McCall, 2008) to show that the glucagon control
axis postulated in Figure 1 is consistent with the experimental findings (i)-(vii) [above] and
we showed that insulin and somatostatin affect differently the basal and the system-
regulated a-cell activity. After the model was validated we used it to predict the outcome of
different switch-off strategies and explore their potential to improve GCR in p-cell
deficiency: Figure 2 (Farhy and McCall, 2008). The figure summarizes results from in silico
experiments tracking the dynamic of glucagon from time t=0 h (start) to t=4 h (end). In
some simulations intrapancreatic infusion of insulin or somatostatin started at t=0.5 h and
was either continued to the end or was switched off at t=2.5 h. When hypoglycemia was
simulated, BG=110 mg/dL from t=0 h to t=2 h, glucose decline starts at t=2 h, BG=60 mg/
dL at t=2.5 h (switch-off point), at the end of the simulations (t=4 h) BG=43 mg/dL. At the
top of the bar graph (a), we show baseline results without switch-off signals. The black bar
illustrates the glucagon level before t=2 h which is the time where BG=110 mg/dL and
glucagon would be maximally suppressed if a switch-off signal were present. The white and
the grey bars illustrate the maximal glucagon response in the one hour interval from t=2.5 h
to t=3.5 h without (white) and with (grey) hypoglycemia stimulus. This interval corresponds
to the one hour interval after a switch-off in all other simulations. The black and white bars
are the same since glucagon levels remain unchanged if there is no hypoglycemia. Each
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subsequent set of three bars indicates these effects with single switch-off [(b) and (c)],
combined switch-off (d), no switch-off of a single signal [(e) and (f)], a mixture of switch-
off and no switch-off for the two signals [(g) and (h)], and no switch-off for the combination
of the two signals (i). Thus, the bar graph gives the following glucagon concentrations:
glucagon suppressed by the intrapancreatic signal (black bars: the glucagon concentration
immediately before the onset of BG decline at t=2h: at that time glucagon is maximally
suppressed by the intrapancreatic infusion and not affected by the decline in glucose); GCR
response to a switch-off if hypoglycemia was not induced (white bars: the maximal
glucagon concentrations achieved within a 1 hour interval after the switch-off); and GCR
response if hypoglycemia was induced (grey bars: the maximal glucagon concentrations
achieved within a 1 hour interval after the switch-off). The graph also includes the maximal
fold increase in glucagon in response to a switch-off during hypoglycemia relative to the
glucagon levels before the onset of BG decline.

Thus, we concluded that the impact of an a-cell inhibitor on the GCR depends on the nature
of the signal and the mode of its delivery. These comparisons between strategies of
manipulating the network to enhance the GCR by a switch-off revealed a good potential of a
combined switch-off to amplify the benefits provided by each of the individual signals
(Farhy and McCall, 2009) and even a potential to explore scenarios in which the a-cell
suppressing signal is not terminated.

NETWORK REDUCTION, APPROXIMATION OF THE NORMAL ENDOCRINE
PANCREAS AND OF THE GCR ABNORMALITIES IN THE INSULIN
DEFICIENT PANCREAS

The explicit involvement of somatostatin in the model described above limits the potential
clinical application as pancreatic somatostatin cannot be reliably measured in the human in
vivo and the ability of the model to describe the human glucagon axis cannot be verified. It
is however possible to simplify the network in a way that somatostatin is no longer explicitly
involved, but is incorporated implicitly. In the original model shown in Figure 1
somatostatin appears in the following two compound pathways, the “a-cell -> 5-cell -> a-
cell” feedback loop and in the “BG -> 5-cell -> a-cell” pathway. By virtue of its interactions
in the “a-cell -> 5-cell -> a-cell” pathway the a-cells effectively control their own activity
and therefore this pathway can be replaced by a delayed “a-cell -> a-cell” auto-feedback
loop. Such regulation is also consistent with reports that glucagon may directly suppress its
own release (Kawai and Unger, 1982) possibly by binding to glucagon receptors located on
a subpopulation of the a-cells (Kieffer et. al., 1996) or by other autocrine mechanisms.
Through the “BG -> §-cell -> a-cell” pathway, blood glucose down-regulates the release of
glucagon and the action is mediated by somatostatin. Therefore, this pathway can be
simplified and substituted by the BG -> a-cell interaction. The outcome of the described
procedure of network reduction is a new Minimal Control Network (MCN) of the GCR
control mechanisms in which somatostatin and the 3-cells are no longer explicitly involved:
Figure 3. As was originally proposed in our prior work (Farhy et. al., 2008), the B-cells of
the normal pancreas are now part of the MCN (and of the mathematical model). This feature
also extends the physiological relevance of the model. The B-cells are assumed to be
stimulated by hyperglycemia and to suppress the activity of the a-cells. The latter action is
based on an extensive data that the p-cells (co)release a variety of signals, including insulin,
GABA, zinc, and amylin, all of which are known to suppress the a-cell activity: (Gedulin et.
al., 1997;Ishihara et. al., 2003;lto et. al., 1995;Reaven et. al., 1987;Rorsman and Hellman,
1988;Samols and Stagner, 1988;Van Schravendijk et. al., 1987;Wendt et. al., 2004;Xu et.
al., 2006). In addition, it has been reported that the pulses of insulin and glucagon recur with
a phase shift (Grapengiesser et. al., 2006) which is consistent with the postulated negative
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regulation of the a-cells by the B-cells. An extensive background justifying all postulated
MCN relationships is presented in the previous section.

Dynamic network approximation of the MCN

Similar to the analysis of the old network dynamic network modeling methods are used to
study the properties of the MCN shown in Figure 3. In particular, two differential equations
approximate the glucagon and insulin concentration rate of change:

b 1 1 b
OL =kt G et s o Ty G e < THTGLG = D) Tt 1o tINS
INS BG oL/l terd ™ fins Eq. 3

INS’= -k, INS (BG/tacq )" Pul
==k + r,—"_+r, » X Pulse
INS INS l (BG/IBGJ )"liG.Z INS basal Eq 4

Here, GL(t), BG(t), and INS(t) denote time-dependent concentrations of glucagon, blood
glucose, and insulin (or exogenous switch-off signal in the B-cell-deficient model),
respectively; the derivative is the rate of change with respect to the time t. The term Pulse in
Eqg. 2 denotes a pulse generator specific to the p-cells superimposed to guarantee
physiological relevance of the simulations. The meaning of the parameters is defined as
follows:

koL and kyns are rates of elimination for glucagon and insulin, respectively;

reL is BG- and auto-feedback-regulated rate of release of glucagon;

I'Glpasal 1S glucagon basal rate of release;

rins is BG-regulated rate of release of insulin;

IINS basal 1S insulin basal rate of release;

tins is half-maximal inhibitory dose for the negative action of insulin on glucagon;
tsg and tgg 2 are half-maximal inhibitory dose for BG (IDsp);

tgL is half-maximal inhibitory dose for glucagon (IDsp);

NBG, NBg,2, and ng_ are Hill coefficients describing the slope of the corresponding dose-
response interactions;

D¢ is delay in the auto-feedback;

Determination of the model parameters

The half-life of glucagon was assumed to be approximately 2 min to match the results of our
pulsatility analysis (Farhy et. al., 2008) and other published data. Therefore, we fixed the
parameter kg = 22 h™1. The half-life (t1,,) of insulin was assumed to be ~3 min as
suggested in the literature (Grimmichova et. al., 2008). Therefore, to approximate insulin’s
t1/o we fixed the parameter k;ns = 14 h™1. The remaining parameters used in the simulations
were determined functionally and some of the concentrations presented below are in
arbitrary units (specifically, those related to insulin). These units however can be easily
rescaled to match real concentrations. The delay in the auto-feedback Dg_ = 7.2 min was
functionally determined, together with the potencies tgg = 50 mg/dL, tg. = 6 pg/mL and
sensitivities ngg = 5, hg = 5 in the auto-feedback control function, to guarantee that
glucagon pulses during GCR recur at intervals of 15-20 min to correspond to the number of
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pulses after a switch-off point detected in the pulsatility analysis (Farhy et. al., 2008). The
parameters riys = 80,000 and ryns pasal = 270, together with the amplitude of the pulses of
the pulse generator and the parameters tgg » = 400mg/dL and ngg 2 = 3 were functionally
determined to guarantee that BG is capable of stimulating more than 9-fold increase in
insulin over baseline in response to a glucose bolus. The IDsg, t)ng = 20, was functionally
determined based on the insulin concentrations to guarantee that insulin withdrawal during
hypoglycemia can trigger GCR. The glucagon release (rg = 42,750pg/mL/h) and basal
secretion rate (gL pasal = 2,128pg/mL/h) were functionally determined so that a strong
hypoglycemic stimulus can trigger more than 10-fold increase in glucagon from the normal
pancreas. The parameters of the pulse generator, Pulse, were chosen to generate every 6
minutes a square wave of height = 10 over a period of 36 sec based on published reports on
insulin pulsatility reporting recurring insulin pulses every 4-12 min: (Parksen, 2002). We
note that insulin pulsatility was modeled to mimic the variation of insulin in the portal vein,
rather than in the circulation. This explains the deep nadirs between the pulses evident in the
simulations. The parameter values of the model are summarized in Table I.

In silico experiments

The simulations were performed as follows:

Simulation of the glucose input to the system. We performed two different simulations
to mimic hypoglycemia: (a) BG decline form 110 mg/dL to 60 mg/dL in 1 hour and (b)
stepwise (1 hour steps) decline in BG from 110 to ~60 (same as in (a)), then to ~45, and
then to ~42 mg/dL. The stepwise decline into hypoglycemia is intended to investigate a
possible distinction between the model responses to 60 mg/dL (a) and to a stronger
hypoglycemic stimulus (b); it also mimics a commonly employed human experimental
conditions (staircase hypoglycemic clamp). To generate glucose profiles that satisfy (a)
and (b) we used the equation BG' = —3BG + 3xstep + 330, where the function step
changes from 110 to 60, 45, and 42 mg/dL at 1-hour steps. Then we used the solution to
the above equation in Eq. 1 and Eq. 2. Similarly, an increase of glucose was simulated
by using the above equation and a step function which increases the BG levels from 110
to 240 mg/dL to mimic acute hyperglycemia.

Transition from a normal to an insulin deficient state. The simulation was performed by
gradually reducing to zero the amplitude of the pulses generated by the pulse generator,
Pulse.

Simulation of intrapancreatic infusion of different a-cell suppressing signals. These
simulations were performed in the insulin deficient model (above). Eq. 2 is replaced by
an equation which describes the dynamic of the infused signal:

SO’ = — ky,SO+Infusion(t)

Here, SO represents the concentration of the switch-off signal, an abrupt termination of
an a-cell suppressing signal. The function Infusion describes the rate of its
intrapancreatic infusion (equal to Height if the signal is infused or to 0 otherwise) and
kso its (functional) rate of elimination. Then, the terms (1+m1.SO) and (1+m,.SO) are
used in Eq. 1 to divide the parameters rg| and rg) pasal, respectively to simulate
suppression of the a-cell activity by the signal. Differences in the parameters m1 and m,
model unequal action of the infused signal on the basal and BG/auto-feedback-regulated
glucagon secretion. In particular, to simulate an insulin switch-off we used parameters
kso = 3, Height = 55, m; = 0.08, and m, = 0.5; to simulate somatostatin switch-off we
used kso = 3.5, Heght = 10, mq = 1, and m; = 1.4. The parameters were functionally
determined to explain our experimental observations (see Results) and the possible
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differences in the response to the two types of switch-offs (Farhy et. al., 2008). In
particular, the action of exogenous insulin on BG/auto-feedback-regulated and basal
glucagon secretion is distributed like a 1:6.3 ratio. Similar to our previous work (Farhy
and McCall, 2009), exogenous insulin suppresses the basal more than the pulsatile
glucagon release, For somatostatin, the suppressive effect is more uniformina1:1.4
ratio.

Validation of the MCN—To validate the new network we perform an in silico study in
three steps:

> Demonstrate that the (new) MCN (Figure 3) is compatible with the mechanism of
GCR and response to switch-off signals in insulin deficiency. We have already
shown that our (original) network which includes somatostatin as an explicit node is
consistent with key experimental data. To confirm that the (hew) MCN can
substitute the older more complex construct, we tested the hypothesis that it can
approximate the same key experimental observations [all (i) through (vii) listed in
the beginning of Methods] already shown to be predicted by the old network (Figure
1).

> Show that the mechanisms underlying the dysregulation of GCR in insulin
deficiency can be explained by the MCN. To this end we demonstrated that the BG-
regulated MCN can explain (i) High GCR response if the B-cells are intact and
provide a potent switch-off signal to the a-cells; and (ii) Reduction of GCR
following a simulated gradual decrease in insulin secretion to mimic transition from
normal physiology to an insulinopenic state.

> Verify that the proposed MCN approximates the basic properties of the normal
endocrine pancreas. Even though the goal of this work is to explain the GCR
control mechanisms and their dysregulation, we have demonstrated that the
postulated MCN can explain the increase in insulin secretion and decrease in
glucagon release in response to BG stimulation.

The goal of this in silico study is to validate the MCN by demonstrating that the parameters
of the mathematical model (Egs. 1 and 2) that approximate the MCN (Figure 3) can be
determined in a way that the output of the model can predict certain general features of the
in vivo system. Therefore, the simulated profiles are expected to reproduce the overall
behavior of the system rather than to match exactly experimentally observed individual
hormone dynamics.

To integrate the equations we used a Runge-Kutta 4 algorithm and its specific
implementation within the software package Berkeley-Madonna.

In silico experiments with simulated complete insulin deficiency—We
demonstrate that the proposed MCN model, which has changed significantly since initially
introduced (Farhy et. al., 2008; Farhy and McCall, 2009), is consistent with the
experimental observations in STZ-treated rats reported by us and others (Farhy et. al., 2008,
Zhou et. al., 2004).

Defective GCR response to hypoglycemia with the absence of a switch-off signal in the
insulin deficient model

The plot in Figure 4 (bottom left panel) shows the predicted lack of glucagon response to
hypoglycemia if a switch-off signal is missing — a key observation reported in our
experimental study (Farhy et. al., 2008) and elsewhere (Zhou et. al., 2004;Zhou et. al., 2007
a;Zhou et. al., 2007 b). The system responds with only about 30% increase in the pulse
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amplitude of glucagon in the 45 min interval after BG reaches 60 mg/dl, which agrees with
our experimental observations (Figure 4, top panels) and shows that the model satisfies
condition (iv) from Methods (no GCR response to hypoglycemia without a switch-off
signal).

GCR response to switch-off signals in insulin deficiency

The model response to a 1.5 hour intrapancreatic infusion of insulin or somatostatin
switched off at hypoglycemia (BG=60 mg/dL) is shown in the bottom middle and right
panels of Figure 4. The infusion was initiated at time t = 0.5 h (arbitrary time units) and
switched-off at t = 2 h. A simulated gradual BG decline started at t =1 h and BG = 60 mg/
dL at the switch-off point. The model response illustrates a pulsatile rebound glucagon
secretion after the switch-off reaching almost a 4-fold increase in glucagon in the 45 min
period after the switch-off as compared to the pre-switch-off levels, which is similar to the
experimental observations: Figure 4 (top middle and right panels).

Therefore, the model satisfies conditions (i) the pulsatility timing and (ii) the pulsatility
amplitude increase from Methods in regard to insulin and somatostatin switch-off.

In addition, the bottom middle and right panels of Figure 4 demonstrate that the model
satisfies conditions (vi) > 30% higher GCR response to insulin vs. somatostatin switch-off
and (vii) better glucagon suppression by somatostatin before a switch-off compared with
suppression by insulin from Methods. Of interest, the prediction that an insulin switch-off
signal suppresses more potently the basal, rather than the pulsatile glucagon release
(Methods) is similar to the prediction of the previous model (Farhy and McCall, 2009) and it
is necessary to explain the difference between the insulin switch-off and somatostatin
switch-off: Figures 4, middle vs. left panels.

Note that the experimental data shown in the top panels of Figure 4 was collected during our
previous experimental study (Farhy et. al., 2008). The pulsatility of glucagon is not apparent
in the plots presented in Figure 4 since they reflect averaged experimental data (n=7 in the
saline group and n=6 in the insulin and somatostatin switch-off groups). In (Farhy et. al.,
2008) glucagon pulsatility was confirmed on the individual profiles of glucagon measured in
the circulation by deconvolution analysis and the current simulations which approximate the
dynamic of glucagon in the portal circulation agree well with these results.

Reduction of the GCR response to an intrapancreatic infusion by high glucose conditions
during the switch-off or by failure to terminate the signal

For comparison, Figure 5 depicts the GCR response if an insulin signal was infused and
switched off, but hypoglycemia was not present (top panel) or if intrapancreatic insulin was
infused, but not switched off during hypoglycemia (bottom panel). In the first simulation
glucagon increases by only 60 pg/mL relative to the concentration at the switch-off point
and in the second simulation the GCR response is reduced ~2-fold as compared to the
response depicted in Figure 4 (middle bottom panel). This result agrees with the
observations reported in (Zhou et. al., 2004) which demonstrate a lack of significant
increase in glucagon in this 1 hour interval if insulin is not switched off. In an additional
analysis (results not shown) we increased the simulated rate of infusion of the insulin
switch-off signal 4-fold. by increasing the parameter Height from 55 to 220 (see Methods)
and used a stronger hypoglycemic stimulus (~40 mg/dL). The model responded with an
increase in glucagon after the switch-off which reached concentrations above 800 pg/mL in
the 1 hour interval after the switch-off point. When the same signal was not terminated in
this simulation, the response was restricted to a rise to only 180 pg/mL. This outcome
reproduces more closely the observations in (Zhou et. al., 2004).
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Thus, the model satisfies conditions (iii) the restriction of the response to an insulin switch-
off by high BG conditions and (v) the absence of a pronounced GCR when no insulin
switch-off is performed as detailed in the Methods.

Simulated transition from a normal physiology to an insulinopenic state—One
set of simulations was performed to evaluate the model-generated glucagon response to a
stepwise BG decline into hypoglycemia with a normal and insulin deficient pancreas. The
response of the normal model shown in Figure 6 (top panel) illustrates a pronounced
glucagon response to hypoglycemia (about 4-fold increase when BG=60 mg/dL and about
14-fold increase over baseline when BG approaches 42.5 mg/dL). Of interest, the model
predicts that when BG starts to fall the high-frequency glucagon pulsatility during the basal
period entrained by the insulin pulses will be replaced by low-frequency oscillations
maintained by the a-cell auto-feedback.

The model also predicts that a complete absence of BG-stimulated and basal insulin release
will result in the following abnormalities in the glucagon secretion and response to
hypoglycemia (Figure 6, bottom panel):

> A ssignificant reduction in the fold glucagon response to hypoglycemia relative to
baseline (only about 1.3-fold increase when BG=60 mg/dL and only about 3-fold
increase when BG approaches 42 mg/dL)

> A reduction in the absolute glucagon response to hypoglycemia (15% lower
response when BG=60 mg/dL and 42% lower response when BG approaches 42.5
mg/dL)

> A delay in the GCR response (BG remains below 60 mg/dL for more than an hour
without any sizable change in glucagon)

> A 2.5-fold increase in basal glucagon
> Disappearance of the insulin-driven high-frequency glucagon pulsatility

A comparison between the model response to hypoglycemia when BG remains at 60 mg/dL
(Figure 4, lower left panel) and when it falls further to about 42.5 mg/dL in the staircase
hypoglycemic clamp (Figure 6, bottom panel) reveals the interesting model prediction that a
sufficiently strong hypoglycemic stimulus may still evoke some delayed glucagon release.
However, additional analysis (results not shown) disclosed that if the basal glucagon release
(model parameter rg| pasal) is 15-20% higher this response will be completely suppressed.
Therefore, the model predicts that GCR abnormalities may be due to both the lack of an
appropriate switch-off signal and to a significant basal hyperglucagonemia. The same
simulations were performed also under the assumption that BG declines only to 60 mg/dL
and remains at that level similarly to the experiments depicted in the lower panels of Figure
4 (results not shown). We detected that the glucagon pulses released by the normal pancreas
were about 47% lower which stresses the importance of the strength of the hypoglycemic
stimulus to the amount of GCR response. Under conditions of complete absence of insulin
the weaker hypoglycemic stimulus evokes practically no response (this outcome has already
been shown in Figure 4, lower left panel) and the concentration of glucagon was 57% lower
than the response stimulated by the stepwise decline (Figure 6, bottom panel).

A second set of simulations was designed to test the hypothesis that the model of the MCN
can correctly predict a typical increase in insulin secretion and a decrease in glucagon
following an increase in blood glucose. We also monitored how these two system responses
change during a transition from a normal physiology to an insulinopenic state. To this end
an increase in BG was simulated (see Methods) with an elevation of the BG concentration
from 110 to about 240 mg/dL in 1 hour and then a return back to normal in the next 1.5
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hours. The model-predicted response of the normal pancreas is shown on the top panel of
Figure 7. In this simulation the BG-driven release of insulin increased almost 9-fold which
caused significant suppression in glucagon release. The bottom plot in Figure 7 illustrates
the effect on the system response of 100% reduction in BG-stimulated insulin release. As
expected, insulin deficiency results in an increase of glucagon and limited ability of
hyperglycemia to suppress glucagon (Meier et. al. 2006).

ADVANTAGES AND LIMITATIONS OF THE INTERDISCIPLINARY
APPROACH

A key conclusion of our model-based simulations is that some of the observed system
behavior (like the system response to a switch-off) emerges from interplay between multiple
components. Models like the networks in Figure 1 and 3 are certainly not uncommon in
endocrine research, and typically exemplify regulatory hypotheses. Traditionally, such
models are studied using methods that probe individual components or interactions in
isolation from the rest of the system. This approach has been taken in the majority of the
published studies that investigate the GCR regulation. The limitation of this approach is that
the temporal relationships between the system components and the relative contribution of
each interaction to the overall system behavior cannot be properly assessed. Therefore,
especially when the model contains feedbacks, the individual approach cannot answer the
question of whether the model explains the system control mechanisms. The main reason for
this limitation is that some key specifics of the system behavior, like its capability to
oscillate and respond with a rebound to a switch-off, both require and are the result of the
time-varying interactions of several components. If these are studied in isolation, little
information will be gained about the dynamic behavior of this network-like mechanism.
Numerous reports have documented that the glucagon control axis is indeed a complex
network-like structure, and therefore it lends itself to a complex dynamic behavior analysis
approach. This highlights both the significance and the necessity of the mathematical
methods that we propose to use to analyze the experimental data. Using differential
equations-based modeling is perhaps the only way to estimate the dynamic interplay of the
pancreatic hormones and their importance for GCR control.

Mathematical models have not been applied to study the GCR control mechanisms, but have
been used to explore other aspects of the control of BG homeostasis (Guyton et. al., 1978;
Yamasaki et. al., 1984, Insel et. al., 2000; Steele et. al., 1974). For example, the minimal
model of Bergman, Ider, Boeden, and Cobelli, proposed in 1979 for estimating insulin
sensitivity (Bergman et. al., 1979), received considerable attention and further development
(Bergman et. al., 1987; Cobelli et. al., 1986; Caobelli et. al., 1990; Mari, 1997; Quon et. al.,
1994; Breda et. al., 2001; Toffolo et. al., 1995; Toffolo et. al., 2001). We have previously
used modeling methods to successfully estimate and predict the onset of the
counterregulation in TLDM patients (Kovatchev et. al., 1999; Kovatchev et. al., 2000) as
well as to study other complex endocrine axes (Farhy, 2004; Farhy et. al., 2001; Farhy et.
al., 2002; Farhy et. al., 2007; Farhy and Veldhuis 2003, Farhy and Veldhuis 2004, Farhy
and Veldhuis 2005). However, despite the proven utility of this methodology, our recent
efforts were the first to apply a combination of network modeling and in vivo studies to
dissect the GCR control axis (Farhy et. al., 2008; Farhy and McCall, 2009).

The selected few MCN components cannot exhaustively recreate all signals that control the
GCR. Indeed, in the normal pancreas, glucagon may control its own secretion via a/p-cell
interactions. For example, human B-cells express glucagon receptors (Kieffer et. al., 1996;
Huypens et. al., 2000) and exogenous glucagon stimulates insulin by glucagon- and GLP-1-
receptors (Huypens et. al., 2000). One immuno-neutralization study suggests that
endogenous glucagon stimulates insulin (Brunicardi et. al., 2001) while other results imply
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that a-cell glutamate may bind to receptors on B-cells to stimulate insulin and GABA
(Bertrand et. al., 1992; Inagaki et. al., 1995; Uehara et. al., 2004).

It has been recently reported that in human islets, a-cell glutamate serves as a positive
autocrine signal for glucagon release by acting on ionotropic glutamate receptors (iGIURS)
on a-cells (Cabrera et. al., 2008). Thus, absence of functional -cells may cause glutamate
hypersecretion, followed by desensitization of the a-cell iGIuRs, and ultimately by defects in
GCR as conjectured (Cabrera et. al., 2008). Interestingly, we propose a similar hypothesis to
explain the defective GCR in diabetes by an increased chronic a-cell activity due to lack of
B-cell signaling. However, we suggest that hyperglucagonemia is the main reason for the
GCR defects. The two hypotheses are not mutually exclusive, but ours can explain also the
in vivo GCR pulsatility during hypoglycemia observed by us (Farhy et. al., 2008) and others
(Genter et. al., 1998). Most importantly, the a-cell positive auto-regulation is consistent with
the proposed here negative delayed a-cell auto-feedback, which could be mediated in part by
iGIuRs desensitization as suggested (Cabrera et. al., 2008). The autocrine regulation is
implicitly incorporated in our model equations in the parameter rg.

The B-cells may control the 5-cells, which are downstream from f-cells in the order of
intraislet vascular perfusion. However, in one study, anterograde infusion of insulin
antibody in the perfused rat pancreas stimulated both glucagon and somatostatin (Samlos
and Stagner, 1988), while another immuno-neutralization study documented a decrease in
somatostatin at high glucose concentrations (Brunicardi et. al., 2001). Suppression by
insulin of the a-cells (as proposed here) could explain this apparent contradiction. It is also
possible that the 8-cells inhibit the B-cells (Brunicardi et. al., 2003; Strowski et. al., 2000;
Schuit et. al., 1989; Huypens et. al., 2000).

Finally, the MCN components are influenced by numerous extrapancreatic factors, some of
which have important impacts on glucagon secretion and GCR, including the autonomic
input, catecholamines, growth hormone, ghrelin, and incretins (Gromada et. al., 2007; Heise
2004; Havel and Ahren, 1997; Havel and Taborsky 1989). For example, the incretin GLP-1
inhibits glucagon, though the mechanism of this inhibition is still controversial (Gromada et.
al., 2007). Also, there are three major autonomic influences on the a-cell: sympathetic
nerves, parasympathetic nerves and circulating epinephrine, all of which are activated by
hypoglycemia, and are capable of stimulating glucagon and suppressing insulin (Brelje et.
al., 1989; Bolli and Fanelli, 1999; Taborsky et. al., 1998). We cannot track all signals that
control the GCR and most of them have no explicit terms in our model. However, they are
not omitted or considered unimportant. In fact, when we describe mathematically the MCN,
we are including the impact of the nervous system and other factors, even though they have
no individual terms in the equations. Thus, the MCN unifies all factors that control glucagon
release based on the assumption that the primary physiological relationships that are explicit
in the MCN are influenced by these factors.

The model-based simulations suggest that the postulated MCN model of regulation of GCR
is consistent with the experimental data. However, at this stage we cannot estimate how
good this model is, and it is therefore hard to assess the validity of its predictions. The
simulations can only reconstruct the general “averaged” behavior of the in vivo system, and
new experimental data are required to support the much more important property that the
model can explain the GCR response in individual animals. These should involve
interventional studies to manipulate the vascular input to the pancreas and analyze the
corresponding changes in the output by collecting frequently sampled portal vein data for
multiple hormones simultaneously. These must be analyzed by the mathematical model to
estimate whether the MCN provides an objectively good description of the action of the
complex GCR control mechanism. Note that with this approach we cannot establish the
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model-based inferences in “micro” detail, since they imply molecular mechanisms that are
out of reach of the in vivo methodology. The approach cannot nor is it intended to address
the microscopic behavior of the a-cells or the molecular mechanisms that govern this
behavior. In this regard, insulin and glucagon (and somatostatin) should be viewed only as
(macroscopic) surrogates for the activity of the different cell types under a variety of other
intra and extra-pancreatic influences.

Even though it is usually not stated explicitly, simple models are always used in
experimental studies and, especially in in vivo experiments, many factors are ignored or
postulated to have no impact on the outcome. Using constructs like the ones described in
this work to analyze hormone concentration data has the advantage that the underlying
model is very explicit, incorporates multiple relationships and uses well established
mathematical and statistical techniques to show its validity and reconstruct the involved
signals and pathways.

CONCLUSIONS

In the current work we present our interdisciplinary efforts to investigate the system-level
network control mechanisms that mediate the glucagon counterregulation (GCR) and their
abnormalities in diabetes - a concept as yet almost completely unexplored for GCR. The
results confirm the hypothesis that a streamlined model which omits an explicit (but not
implicit) somatostatin (3-cell) node entirely reproduces the results of our original more
complex models. Our new findings define more precisely the components that are the most
critical for the system and strongly suggest that a delayed a-cell auto-feedback plays a key
role in GCR regulation. The results demonstrate that such a regulation is consistent not only
with most of the in vivo system behavior typical for the insulin deficient pancreas, but it also
explains key features, characteristic for the transition from a normal to an insulin deficient
state. A major advantage of the current model is that its only explicit components are blood
glucose (BG), insulin, and glucagon. These are clinically measurable which would allow the
application of the new construct to the study of the control, function, and abnormalities of
the human glucagon axis.
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Figure 1.

Schematic presentation of a network model of the GCR control mechanisms in STZ-treated

rats.
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B Glucagon supressed by the intrapancreatic signal(s)
[0 GCR response to switch-off without hypoglycemia
B GCR response to switch-off with hypoglycemia
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()  INS(SO)

(d) ss(S0) + INS(SO)
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Figure 2*.
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Summary of the model-predicted GCR responses to different switch-off signals with or
without simulated hypoglycemia (see text for more detail). SO=switch-off; no SO= the
signal was not switched off; SS=somatostatin; INS=insulin.
*Modified from (Farhy and McCall, 2009)
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Figure 3.
A Minimal Control Network (MCN) of the interactions between BG and the a- and p-cells

postulated to regulate the GCR in the normal pancreas. In this network the 3-cells are not
represented explicitly.
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Figure 4.

The mean observed (top) and model-predicted (bottom) glucagon response to hypoglycemia
and saline switch-off or no switch-off (left), insulin switch-off (middle), and somatostatin
switch-off (right). The shaded area marks the period monitored in our experimental study.
The simulations were performed with a complete insulin deficiency.
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Figure 5.

Model-predicted minimal absolute glucagon response to insulin switch-off if the
intrapancreatic signal is terminated during euglycemia (top panel; glucagon increases
minimally with only 60 pg/mL greater than the concentration at the switch-off point) and to
insulin intrapancreatic insulin infusion if the signal is not switched off (bottom panel:
glucagon increases only 85 pg/mL greater than to the concentration at the time when BG=60
mg/dL and only about 2-fold relative to baseline)- these values are by contrast increased
more than 3.5 fold when the switch off occurs —see Figure 4 the bottom middle panel. All of
these simulations were performed with a complete insulin deficiency.
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Figure 6.

Model-derived glucagon response to hypoglycemia (stepwise BG decline) in normal
physiology with intact insulin release (top) and predicted decrease and delay in GCR
following a simulated removal of insulin secretion to mimic a transition from a normal to an
insulin deficient state.
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Figure 7.

Simulated progressive decline of the ability of glucose to suppress glucagon resulting from a
gradual transition (same as in Figure 6) from a normal physiology (top) to an insulinopenic
state (bottom).
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