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Normal release of glucagon from pancreatic islet α-cells promotes glucose mobilization,
which counteracts the hypoglycemic actions of insulin, thereby ensuring glucose
homeostasis. In treatment of diabetes aimed at rigorously reducing hyperglycemia to avoid
chronic complications, the resulting hypoglycemia triggering glucagon release from α-cells
is frequently impaired, with ensuing hypoglycemic complications. This review integrates
the physiology of glucagon secretion regulating glucose homeostasis in vivo to single α-
cell signaling, and how both become perturbed in diabetes. α-cells within the social milieu
of the islet micro-organ are regulated not only by intrinsic signaling events but also by
paracrine regulation, particularly by adjacent insulin-secreting β-cells and somatostatin-
secreting δ-cells. We discuss the intrinsic α-cell signaling events, including glucose
sensing and ion channel regulation leading to glucagon secretion. We then discuss the
complex crosstalk between the islet cells and the breakdown of this crosstalk in diabetes
contributing to the dysregulated glucagon secretion. Whereas, there are many secretory
products released by β- and δ-cells that become deficient or excess in diabetes, we
discuss the major ones, including the better known insulin and lesser known somatostatin,
which act as putative paracrine on/off switches that very finely regulate α-cell secretory
responses in health and diabetes. Of note in several type 1 diabetes (T1D) rodent models,
blockade of excess somatostatin actions on α-cell could normalize glucagon secretion
sufficient to attain normoglycemia in response to hypoglycemic assaults. There has been
slow progress in fully elucidating the pathophysiology of the α-cell in diabetes because
of the small number of α-cells within an islet and the islet mass becomes severely
reduced and inflamed in diabetes. These limitations are just now being surmounted by
new approaches.
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OVERVIEW
Glucagon is a counter-regulatory hormone that counteracts
insulin by promoting glucose mobilization in liver through
glycogenolysis and gluconeogenesis (Dunning and Gerich, 2007;
Quesada et al., 2008). Normally, low glucose levels trigger
glucagon release from α-cells to abrogate the deleterious effects
of insulin-induced acute hypoglycemia (Cryer, 2002; Dunning
and Gerich, 2007; Quesada et al., 2008). As described below,
even the very question of whether low blood sugar directly trig-
gers glucagon release remains unresolved. In Type 1 (T1D) and
Type 2 diabetes (T2D), glucagon secretion from α-cells become
dysregulated (Gerich et al., 1973; Bolli et al., 1983; Butler and

Abbreviations: Type 1 diabetes, T1D; Type 2 diabetes, T2D; glucagon-like
peptide-1, GLP-1; streptozotocin, STZ; BioBreeding, BB; glucagon receptor-null
mice, Gcgr−/− ; insulin-like growth factor, IGF; voltage-dependent Ca2+ chan-
nel, VDCC; ATP-dependent K+ channel, KATP channel; voltage-dependent K+
channel, Kv channel; AMP-activated protein kinase, AMPK; Per-arnt-sim (PAS)
domain-containing protein kinase, PASK; mouse insulin promoter- green fluores-
cent protein, MIP-GFP; γ-aminobutyric acid, GABA; somatostatin receptor type-2,
SSTR2.

Rizza, 1991; Cryer, 2002; Dunning and Gerich, 2007; Quesada
et al., 2008). In early diabetes, α-cells hypersecrete during meals
(Butler and Rizza, 1991; Dunning and Gerich, 2007; Quesada
et al., 2008) causing excessive release of glucose, resulting in
hyperglycemia and eventually consequent chronic complications
(blindness, kidney, heart failure, and neuropathy). As diabetes
progresses, becoming more severe, more β-cells die and α-cells
suffer from “hypoglycemic blindness” (perhaps partly due to
increased sensitivity to exogenous insulin), becoming sluggish
in response to low glucose, exacerbating life-threatening acute
hypoglycemic episodes, responsible for ∼5% of mortality due to
diabetes (Gerich, 1988; Cryer, 2002). About 20 million people
world-wide are at risk of developing hypoglycemia, of which 9
million reside in North America. It is well known that on average,
insulin-treated diabetic patients have 2–3 hypoglycemic events
per week. Hypoglycemia is one of the key acute complications of
insulin therapy in diabetes treatment.

In addition to increased α-cell sensitivity to insulin, chronic
hyperglycemia plays an important role in dysregulation of α-cells
(Shi et al., 1996) but no effective treatment has been developed to
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increase (or regulate) glucagon secretion to combat hypoglycemic
attacks. The primary reason for the lack of evidence is the very
low-yield isolation (∼20% of islet cells) and unreliable identifica-
tion of islet α-cells, which severely impairs accuracy and efficiency
in studying α-cell biology. In contrast, tremendous efforts have
been directed at studying islet β-cell biology (Henquin et al.,
2003; Rorsman and Renstrom, 2003), leading to development of
effective drug compounds to stimulate insulin secretion (Moller,
2001) and improved islet transplantation strategies (Shapiro et al.,
2000). The biggest obstacle in islet transplantation is limited
supply of donor islets, thus great efforts have been directed at
strategies of “pure” β-cell replacement derived from stem cells
(Ramiya et al., 2000) or surrogates (Newgard, 1994)—the panacea
of the “cure” for diabetes! Of note, not only β-cell but also α-cell
mass in transplanted islets are reduced, with surviving α-cells
suffering from defective response to glucose and incretin hor-
mone glucagon-like peptide-1 (GLP-1) (Newgard, 1994; Gupta
et al., 1997; Paty et al., 2002; Zhou et al., 2008; Rickels et al.,
2009).

In spite of severe technical restrictions, the importance of α-
cell in islet biology, pathobiology and implication on cell replace-
ment therapy of T1D have been the impetus of the vigorous thrust
of key labs to examine the intimate cross-talk between islet cells
(Ishihara et al., 2003), α-cell glucose-sensing (Heimberg et al.,
1996), α-cell ion channels (Kanno et al., 2002), and glucagon exo-
cytosis (Barg, 2003) not only in rodent models, but also in human
α-cells (MacDonald et al., 2007; Rorsman et al., 2008). Since, islet
α-cell mass remains relatively intact even in advanced stages of
diabetes (Stefan et al., 1982; Rahier et al., 1983), native α-cells
lend itself to pharmacological intervention (Dunning et al., 2005;
Dunning and Gerich, 2007). However, the precise molecular reg-
ulators by which glucose couples to secretory components of α-
cells remain hotly debated (Gromada et al., 2007; Quesada et al.,
2008). How these coupling mechanisms become dysregulated in
diabetes albeit recently postulated (switch on/off hypothesis), the
precise underlying cellular basis is unknown.

THE ROLE OF GLUCAGON IN DIABETES
Roger Unger postulated that diabetes is caused by insulin defi-
ciency (amount or effect) and glucagon presence, or excess
(Unger et al., 1970). The main problem with Unger’s hypothe-
sis was that diabetes can be induced in animals either by selective
chemical destruction of insulin producing β-cells, or by total pan-
createctomy, which removes both β-cells and glucagon-producing
α-cells, and diabetes occurs in both protocols irrespective of
whether the α-cells have been removed by pancreatectomy. If
glucagon is essential for development of diabetes, one would have
expected that total pancreatectomy would not induce diabetes.
But that was not the case. At that time, the laboratories that were
best known for measuring glucagon in plasma were those of Roger
Unger in Dallas Texas, Pierre Lefebvre in Liege, and Roger Assan
in Paris. All three laboratories reported that after pancreatectomy
in dogs, plasma glucagon could not be detected. A few years ear-
lier, two Nobel Prize winners, DeDuve and Sutherland, showed
that extracts from the mucosa of the dog’s stomach have a hyper-
glycemic effect (Sutherland and De Duve, 1948). This could have
been glucagon, but quantitative glucagon assay did not yet exist.

To our surprise and in contrast to other laboratories, we could still
detect plasma glucagon in insulin-infused depancreatized dogs. If
insulin treatment was discontinued, glucagon skyrocketed within
a week after pancreatectomy (Vranic et al., 1974). These results
created a great deal of excitement because it was contrary to the
dogma that depancreatized dogs did not have any glucagon in
the plasma. This led to the stunning discovery, that a pancreatic
hormone can be produced in large amounts outside its original
endocrine gland. Over the next 10 years, using tracer methods to
measure glucose fluxes, biochemical, histological, immunological
methods, electron microscopy, and purifying gastric glucagon to
homogeneity, it was determined beyond all doubt that the pari-
etal mucosa of the dog stomach can synthesize and secrete true
glucagon (Morita et al., 1976; Doi et al., 1979).

When stomach glucagon was purified to homogeneity, its
effect on isolated liver cells in-vitro was quantified. The effects
of the extracts were identical to those of pancreatic glucagon.
Now, it was not surprising by measuring glycogenolysis, gluco-
neogenesis, production of lactate and pyruvate, and concentra-
tion of cAMP, that following pancreatectomy in dogs, diabetes
is as severe as with the selective destruction of the β-cells (Doi
et al., 1979). Another stunning finding was that in the gas-
tric mucosa of a depancreatized dog that was maintained on
insulin by for 5 years, there was a large hyperplasia of α-cells,
and a large amount of glucagon in the dog’s stomach. By elec-
tron microscopy of the parietal mucosa of the stomach looked
like a glucagon-producing endocrine gland (Ravazzola et al.,
1977). It was demonstrated with labeled tryptophan, leucine, and
s-methionine, the specific biosynthesis of glucagon in mucosa
pieces of the stomach (Hatton et al., 1985). These findings chal-
lenged classical views of endocrinology and provided further
proof that one hormone is not necessarily produced in only one
endocrine gland. Furthermore, the amount of glucagon-like pep-
tides that are secreted exclusively from the gastro-intestinal tract
was quantified (Mojsov et al., 1987). High glucagon plasma lev-
els in the depancreatized dogs were also confirmed by others
(Matsuyama and Foa, 1974). Their regulation of extrapancre-
atic glucagon release was different than that from the pancreas
(Luyckx and Lefebvre, 1983). True glucagon was localized exclu-
sively in the stomach because pancreatectomy plus gastrectomy
virtually removed glucagon from plasma (Muller et al., 1978). The
most extensive factors that control gastric glucagon release were
ascertained by using a unique model of isolated-perfused dog
stomach (Lefebvre and Luyckx, 1977). Arginine elicited rapid gas-
tric glucagon release. This glucagon release was almost completely
abolished by somatostatin. It was not affected by hypoglycemia
alone, but was reduced by 40% when hyperglycemia was con-
comitant with hyperinsulinemia. Thus, insulin is needed for
hyperglycemia to inhibit gastric glucagon secretion. Perfused dog
stomach provides a unique tool for investigating α-cell function
in absence of endogenously released insulin. In addition, they
also reported that immune-neutralization of insulin in the blood
perfusing the stomach doubled the glucagon release, and thus fur-
ther confirmed the role of insulin in controlling α-cell secretion
(Lefebvre and Luyckx, 1978). These early observations in the dog
stomach are relevant in the studies of pancreatic slices, of strep-
tozotocin (STZ) and BioBreeding (BB) diabetic rats, which will
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be reported later in this review. In contrast to dogs, in totally
depancreatized humans, there is only a negligible amount of
plasma glucagon, and in contrast to depancreatized dogs, in dep-
ancreatized humans, diabetes is very mild (Barns et al., 1977;
Muller et al., 1979; Boden et al., 1980; Holst et al., 1983). Thus,
the discovery of extra-pancreatic glucagon led to a much better
understanding of the role of glucagon in physiology and diabetes.

Glucagon-like peptides are detected in the brain (Tager et al.,
1980; Tominaga et al., 1981; Hatton et al., 1982) and that stim-
ulated interest in this field. The discovery of extra-pancreatic
glucagon and quantification of release of glucagon-like peptides
from the intestine, also stimulated research in the field of GLP-1
that is co-encoded in the glucagon gene as a potent stimulator of
insulin release (Mojsov et al., 1987; Drucker, 2005).

Recently, studies in glucagon receptor-null mice (Gcgr−/−)
indicate that glucagon mediates the metabolic consequences of
insulin lack (Lee et al., 2011). In these mice, which exhibit no
response to glucagon at any concentration, destruction of β-cells
did not result in any of the diabetic abnormalities thought to be
caused by insulin deficiency. Destruction of β-cells in wild-type
controls resulted in the familiar catabolic consequences of insulin
deficiency, with death due to ketoacidosis within 6 weeks, whereas
in the Gcgr−/− mice, none of the clinical or laboratory manifes-
tations of insulin deficiency was detected. The insulin-deficient
Gcgr−/− mice did not become hyperglycemic or hyperketone-
mic, and their livers exhibited no increase either in phosphor-
cAMP response element-binding protein (p-CREB); a mediator
of glucagon action (Altarejos and Montminy, 2011) or in the glu-
coneogenic enzyme phosphoenolpyruvate carboxykinase, both of
which are elevated in uncontrolled diabetes. Unquestionably, this
exciting new finding indicates an important role of glucagon in
diabetes. The interesting question is whether there are compen-
satory mechanisms that occur in knock-out rodents that replace
the action of insulin, such as increased insulin-like growth factor
(IGF)-1 or increased sensitivity of insulin receptors to IGF-1. It
is also difficult with the methods presently used to ascertain that
insulin has been completely removed. One could speculate that
some knock-outs procedures may alter the physiology of insulin-
glucagon interactions, and may reflect a metabolic system not
seen in physiology or in diabetes.

THE CELLULAR MECHANISM OF α-CELL GLUCAGON
SECRETION
The cellular machinery that controls glucagon secretion from
α-cells is perhaps surprisingly similar to that which regulates
insulin secretion from β-cells (Figure 1). Glucagon-containing
secretory granules, like those containing insulin, exist in what
can be defined functionally as “reserve” and “releasable” pools.
Like the secretion of insulin from β-cells, the exocytotic release of
glucagon is triggered by Ca2+ entry through voltage-dependent
Ca2+ channels (VDCCs) (Barg, 2003; Altarejos and Montminy,
2011). An increase in glucose decreases intracellular Ca2+ in
α-cells (both isolated ones and within intact islets) (Olofsson
et al., 2004; Cabrera et al., 2006; MacDonald et al., 2007; Vieira
et al., 2007), although, this has been recently questioned in α-
cells identified through α-cell-specific expression of fluorescent
proteins (Le Marchand and Piston, 2010). Regardless, in response

to increases in Ca2+, glucagon granule exocytosis is mediated
by the action of exocytotic SNARE proteins that, like in β-cells,
consists of a multi-protein complex including SNAP-25 and syn-
taxin 1A (Andersson et al., 2011). The insulin and glucagon
secreting islet cells also share a principal exoctotic Ca2+ sensor,
synaptotagmin VII (Gustavsson et al., 2009), although, as in β-
cells (Gauthier and Wollheim, 2008) the involvement of other
synaptotagmin isoforms has not been ruled out. The compli-
ment of ion channels expressed in α-cells mirrors those found in
β-cells. ATP-dependent K+ (KATP) channels, voltage-dependent
K+ (Kv) channels, and VDCCs are all present in both α- and
β-cells (Ronner et al., 1993; Bokvist et al., 1999; Suzuki et al.,
1999; MacDonald et al., 2007; Ramracheya et al., 2010; Spigelman
et al., 2010). While the K+ channel isoforms may be largely the
same in the two cell types, the relative contribution of VDCC
isoforms is somewhat different in α-cells, with a greater con-
tribution of P/Q-type channels in human α-cells [the details of
α-cell Ca2+ signaling have been recently extensively reviewed
(Rorsman et al., 2012)]. Additionally, voltage-dependent Na+
channels are thought to play a more prominent role in glucagon,
rather than insulin, secretion (Gromada et al., 1997; Barg et al.,
2000; Gopel et al., 2000; Ramracheya et al., 2010) and glucagon
release is sensitive to the Na+ channel inhibitor tetrodotoxin
(Gopel et al., 2000; Gromada et al., 2004; MacDonald et al.,
2007).

It is not surprising then that pancreatic α-cells are electrically
excitable and, like β-cells, use their electrical activity to couple
changes in glucose to the regulation of glucagon release (Rorsman
and Hellman, 1988; Gromada et al., 1997; Yoshimoto et al.,
1999; Barg et al., 2000). Looking at this excitatory and exocytotic
machinery alone however, is becomes difficult to explain how glu-
cose inhibits, rather than stimulates, α-cell glucagon secretion.
Understanding how the glucagon secretory machinery is regu-
lated by signals both intrinsic and extrinsic to the α-cell will be
necessary to elucidate the exact mechanism of glucose-regulated
glucagon secretion. Indeed, there are already hints that the exci-
tatory machinery in α-cells is regulated in a manner opposite to
that of β-cells: for example membrane depolarization is capable
of turning off a number of the ion channels involved in α-cell
electrical activity that are activated under similar conditions in
β-cells (Ramracheya et al., 2010; Spigelman et al., 2010); and hor-
monal signals, notably GLP-1, activates Ca2+ currents in β-cells
(Salapatek et al., 1999) but inhibits these in α-cells (De Marinis
et al., 2010). Thus, elucidating not only the pieces of machin-
ery that control glucagon secretion, but how these are regulated
will provide novel insight into the physiological mechanism for
glucose-regulated glucagon release.

CAN GLUCOSE REGULATE GLUCAGON SECRETION DIRECTLY?
This question has been a matter of debate for many years. Based
solely on studies of dispersed or purified α-cells (Pipeleers et al.,
1985; Ishihara et al., 2003; Olsen et al., 2005; Le Marchand and
Piston, 2010), the answer would seem to be no, since under
these conditions glucose stimulates glucagon secretion. One must
be quite careful in the interpretation of such studies however,
since properties of both dispersed α- and β-cells are quite dif-
ferent than those in intact islets. For example, the presence of
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FIGURE 1 | Pancreatic endocrine cells are regulated by intrinsic and

paracrine signals in response to glucose. At basal glucose levels
pancreatic β-cells (A, left) are electrically inactive, owing to their open
ATP-sensitive K+ (KATP) channels and resultant hyperpolarized membrane
potential, and thus do not secrete insulin. In contrast, α-cells in the presence
of low glucose (A, right) are electrically active, due to a relatively elevated
ATP/ADP ratio (even at low glucose). This results in closure of most, but
perhaps not all, KATP channels and a depolarized membrane potential that
allows action potential firing mediated by a combination of voltage-dependent
Na+, Ca2+ (VDCC), and K+ (Kv) channels. Entry of Ca2+ through VDCCs
triggers the exocytosis of glucagon-containing secretory granules. When
plasma glucose is increased (B), glucose enters pancreatic islet cells through

plasma membrane glucose transporters (GLUT) where it is metabolized
through glycolysis and mitochondrial oxidative metabolism. This results in
increase in the intracellular ATP/ADP ratio (in the case of α-cells, a further
increase) and closure of KATP channels. In the β-cell (B, top left) this results in
membrane depolarization and firing of action potentials that, in combination
with additional mitochondrial signals, results in the exocytosis of
insulin-containing granules. In α-cells, further closure of KATP channels may
further depolarize the membrane and lead to the depolarization-dependent
inactivation of Na+ channels and VDCCs. Glucagon secretion is also inhibited
by paracrine factors secreted from β-cells and pancreatic δ-cells. These
signals may interact with putative α-cell metabolic sensors (i.e., PASK and
AMPK) to produce the physiological suppression of glucagon secretion.

functional gap junction connections is recently proposed as nec-
essary for the efficient suppression of glucagon secretion (Ito
et al., 2012). These of course would be lost upon dispersion
and purification of α-cells. Within α-cells, glucose certainly has
metabolic effects (Detimary et al., 1998). While ATP levels may
be high under low glucose conditions, studies using the cell-
targeted ATP-sensor luciferase demonstrate a further increase

(by 15%) in α-cell ATP in response to glucose (Ishihara et al.,
2003; Ravier and Rutter, 2005). Recent evidence has implicated
α-cell resident metabolic sensing in the control of glucagon
secretion, and in the pathophysiology of glucagon secretion in
diabetes through AMP-activated protein kinase (AMPK) (Leclerc
et al., 2010) and Per-arnt-sim (PAS) domain-containing protein
kinase (PASK) (da Silva Xavier et al., 2011). Glucose-dependent
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inhibition of glucagon secretion was associated with an inhibition
of AMPK activity, while forced activation of AMPK stimulated
glucagon secretion. This study (Leclerc et al., 2010) suggests then
that although the baseline ATP level may be high, a glucose-
stimulated rise in ATP (and drop in ADP and AMP) can indeed be
sensed within the α-cell. This is particularly interesting since the
AMPK pathway generally acts as a “master regulator” of energy
metabolism. While the idea that AMPK activation may be bene-
ficial in diabetes may seem at odds with the glucagon-stimulating
effects of AMPK activation, this must be considered in the context
of the activity of upstream AMPK regulators which themselves
may be regulated by glucose in α-cells. At this time there is lit-
tle or no information about the up- or down-stream regulators
of AMPK in α-cells, although, this is currently an area of grow-
ing interest in the context of insulin secretion [reviewed in ref.
Fu et al. (2012)]. Thus, the α-cell may indeed be capable of
responding to intrinsic metabolic signals, and integrating these
inputs with extrinsic paracrine signals in the physiologic control
of glucagon secretion.

ARE α-CELL KATP CHANNELS INVOLVED IN THE REGULATION OF
GLUCAGON SECRETION?
The activity of α-cell KATP-channels is thought to contribute to
the control of glucagon secretion (Ronner et al., 1993; Bokvist
et al., 1999; Gromada et al., 2004; MacDonald et al., 2007). A role
for KATP channels in the regulation of glucagon secretion is sup-
ported by the reduced glucagon secretion under low-glucose con-
ditions seen in mice lacking functional KATP-channels (Gromada
et al., 2004; Munoz et al., 2005; MacDonald et al., 2007), where
increasing glucose stimulated glucagon secretion similar to that
observed in purified α-cells. Although, α-cell KATP channels are
thought to be ∼94% inhibited already at low glucose conditions
(Barg et al., 2000; Gopel et al., 2000; Gromada et al., 2004; Olsen
et al., 2005), perhaps explaining the ability of α-cells to generate
action potentials under this condition, experiments titrating KATP

channel activity revealed a bell-shaped curve where glucagon
release was inhibited by either too much or too little KATP conduc-
tance (MacDonald et al., 2007; Rorsman et al., 2008). However,
it should be recognized that all KATP-channel measurements in
α-cells suggest that the effect of glucose on overall channel activ-
ity may be smaller than that seen with pharmacologic agents
(Gromada et al., 2004; Olsen et al., 2005). Nonetheless, given the
low input resistance of α-cells, small changes in KATP channel
activity may be functionally relevant.

Interestingly, work in mice expressing GFP under the con-
trol of the mouse insulin promoter (MIP-GFP mice) showed
that α-cell KATP channels are more sensitive to ATP than are
those in β-cells (Leung et al., 2005, 2006). In those reports, we
showed that insulin reduces the sensitivity of α-cell KATP chan-
nels to ATP relatively more so than β-cell KATP channels, and this
was by its actions on the insulin receptor-phosphatidylinositol
3-kinase signaling pathway. This may account for the fact that
most (92%) of α-cell KATP channels are closed at 1mM ATP.
Since, the ATP concentration inside α-cell is >1 mM at low glu-
cose (Vieira et al., 2007; Huang et al., 2011b), this could account
for the large proportion of KATP channels that are closed in
α-cells at low glucose and perhaps indicates that changes in

other cytosolic factors [i.e., phospholipids (Baukrowitz et al.,
1998; Shyng and Nichols, 1998) and glucose metabolites (Duchen
et al., 1993; Mertz et al., 1996; Schuit et al., 1997; Dufer et al.,
2002)] can modulate KATP channel sensitivity to ATP. The fac-
tors and signaling mechanisms that control α-cell KATP channel
sensitivity to ATP are not well understood, although, regula-
tion by paracrine factors may represent one such mechanism
that could bridge the divide in understanding the interplay
between paracrine and intrinsic factors controlling glucagon
secretion.

COMPLEX CROSSTALK BETWEEN ISLET CELLS
Release of islet hormones is regulated not only by direct actions
of glucose and other nutrients, but also indirectly and potently by
paracrine factors secreted by adjacent islet cells. The current body
of knowledge shows that islet cells profoundly modulate each
other’s secretory functions by very complex paracrine and even
autocrine pathways (Gaisano and Leung, 2008). High glucose
stimulates β- ad δ-cell secretion while inhibiting α-cell secre-
tion, whereas low glucose stimulates α-cell secretion directly or
indirectly, but inhibits other islet cells (Dunning and Gerich,
2007; Quesada et al., 2008). Since insulin reduces KATP chan-
nel sensitivity to ATP in α-cells more so than β-cells (Leung
et al., 2006), the sequential glucose-insulin paracrine control on
α-cells via modulation of α-cell KATP channel sensitivity to ATP
blockade likely becomes distorted in T2D, which would con-
tribute to the dysregulated glucagon secretion. Indeed, glucagon
secretion has long been known to be inhibited by insulin (Le
Marchand and Piston, 2010; Andersson et al., 2011), but just
now shown to be mediated via the α-cell-specific expression of
the insulin receptor using a knockout strategy (Kawamori et al.,
2009). Other β-cell secretory products also inhibit glucagon secre-
tion, including Zn2+ (Ishihara et al., 2003; Franklin et al., 2005)
and γ-aminobutyric acid (GABA) co-released from dense-core
insulin granules and synaptic vesicles (GABA only) (Franklin and
Wollheim, 2004; Wendt et al., 2004), together asserting redun-
dant paracrine inhibition of glucagon secretion (Gromada et al.,
2001; Cejvan et al., 2003; Franklin and Wollheim, 2004; Wendt
et al., 2004; Franklin et al., 2005; Ludvigsen et al., 2007; Plöckinger
and Strowski, 2007; Hauge-Evans et al., 2009; Kawamori et al.,
2009). L-glutamate released from α- (Cabrera et al., 2008) and
β-cells (Hayashi et al., 2003) stimulates GABA secretion from
β-cells under low glucose, and acts directly on α-cells to stim-
ulate glucagon release, thus asserting counteracting paracrine
inhibitory and autocrine stimulatory actions on α-cells. Glucagon
secreted by α-cells exhibits paracrine stimulatory action on β-cells
and autocrine stimulation of α-cell glucagon secretion (Ma et al.,
2005).

BREAKDOWN IN ISLET CROSSTALK IN DIABETES
A major acute complication of diabetes is a defective response
of glucagon, catecholamines and glucocorticoids to insulin-
induced hypoglycemia coined “glucose blindness.” This occurs
more frequently with antecedent hypoglycemia and hypoglycemia
unawareness, and it is in part due to poor counterregulatory
responses (Bolli et al., 1983; Dagogo-Jack et al., 1993; The
Diabetes Control and Complications Trial Research Group, 1993;
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Fanelli et al., 1994). It is particularly important that some diabetes
patients have increased risk of hypoglycemia during insulin treat-
ment therapy (White et al., 1983). The threat of hypoglycemia
has increased since the treatment for diabetes has aimed for tight
blood glucose control to decrease the risk of diabetic compli-
cations. In order to avoid hypoglycemia, many diabetic patients
reduce their blood glucose control. Thus, hypoglycemia is a
limiting factor for proper control of glycemia. Therefore, it is
important to develop a treatment strategy that would decrease
the risk of hypoglycemia. The defect of glucagon and epinephrine
responses to hypoglycemia in diabetes is puzzling because both
counterregulatory responses are normal or even excessive dur-
ing some stresses, such as moderate and strenuous exercise, both
in dogs and humans (Orci et al., 1976; Wasserman et al., 1985;
Marliss and Vranic, 2002). We showed that although in each islet
the number of glucagon cells is greatly increased, the total amount
of glucagon in the pancreas remains unchanged because of the
reduction in the number of islet cells. Clearly, alloxan or STZ
destroys not only β-cells, but they also reduce the total num-
ber of islet cells. It is well known that the release of glucagon
by the pancreas is inhibited by both insulin and somatostatin;
and in diabetes, defects in the release of these islet paracrine hor-
mones contribute to the perturbation of glucagon release from
α-cells.

Thus, the physiological regulation of glucagon secretion is
complex (Figure 1). Under conditions of hypoglycemia the α-cell
is electrically active, in part due to a high basal ATP (and con-
sequent inhibition of much of the KATP currents), which allows
opening of Ca2+ channels and glucagon exocytosis. At high
glucose, paracrine inputs from both β- and δ-cells are crucial
physiological suppressors of glucagon release through actions
on the α-cell electrical and secretory machinery. Although con-
troversial, metabolic sensing pathways intrinsic to the α-cell
likely contribute to the suppression of glucagon release either
directly, by inhibiting the α-cell ion channels and exocytotic
machinery, or indirectly by modulating the cellular response
to paracrine signals. As such, glucagon release is the result
of an integrated α-cell response to external and internal cues.
A breakdown in these mechanisms in diabetes likely con-
tributes to hyperglucagonemia and impaired counterregulatory
responses.

DEFECTIVE SWITCHES OF INSULIN AND
SOMATOSTATIN
DEFECTIVE INSULIN SWITCH
In T1D, there is a lack of decrement changes in intraislet insulin
occurring which has been postulated to account for the defective
glucagon counter-regulation to hypoglycemia. α-cell sensitivity
during hypoglycemia improves when normoglycemia is achieved
by chronic phloridzin treatment, but not by insulin treatment
in diabetic rats (Shi et al., 1996). This is partly due to insulin
inhibition of glucagon synthesis and release (Liu et al., 1992;
Amatruda and Livingston, 2003). This thinking became refined
in two in vivo reports elegantly demonstrating the insulin “switch
on-off” actions on α-cell and “glucose blindness” in glucagon
secretory response in T1D (and T2D) (Paty et al., 2002; Hope
et al., 2004). These reports showed the ability of low glucose

to stimulate α-cell secretion requires initial increase in insulin
levels (switch on) followed by insulin deprivation (switch off)
in presence of low glucose. The intraislet insulin “switch off”
hypothesis has however been further refined to suggest that it
may not be due to insulin per se (Hope et al., 2004; Zhou
et al., 2004), but rather Zn2+ (bound and co-released with
insulin) (Zhou et al., 2007); but this notion was also challenged
(Ravier and Rutter, 2005). Thus, the precise cellular/molecular
mechanisms of insulin and Zn2+ switch on-off actions remain
unclear.

DEFECTIVE SOMATOSTATIN SWITCH
Plasma somatostatin, pancreatic prosomatostatin mRNA and
somatostatin protein levels are increased in diabetic humans (Orci
et al., 1976), dogs (Rastogi et al., 1990), and rodents (Shi et al.,
1996; Inouye et al., 2002), which may be due to insulin defi-
ciency (Papachristou et al., 1989; Rastogi et al., 1990), although,
insulin treatment did not prevent the abundance of somatostatin-
containing δ-cells in human diabetic pancreata (Patel, 1999),
and/or absolute or relative glucagon excess within the pancreatic
islet might also lead to a compensatory increase in somato-
statin (Patel, 1999). In T1D, upper-gut somatostatin, the major
source of circulating somatostatin, is also increased (Papachristou
et al., 1989; Patel, 1999). It is generally believed that somatostatin
only plays a minor role in inhibiting the α-cell in non-diabetic
animals or humans. Global somatostatin knock-out increased
nutrient stimulated, but not basal glucagon secretion, compared
with wild-type mice, in-vivo and in isolated islets, suggesting
a role of locally released somatostatin on stimulated, but not
basal insulin secretion (Hauge-Evans et al., 2009). Similarly, iso-
lated islets from somatostatin receptor type-2 (SSTR2) knock-out
mice showed 2-fold greater stimulated glucagon secretion than
wild type mice (Strowski et al., 2000). In human isolated islets
a dose-dependent reversal of SSTR2 antagonist induced sup-
pression of glucagon secretion was achieved by using the same
SSTR2 as the current study (Singh et al., 2007). Thus, using the
SSTR2 antagonists may appear to also be relevant to humans.
Since most β-cells have been destroyed, somatostatin becomes the
main paracrine inhibitor of the α-cell in diabetes. That is why it
was of particular interest that in diabetic dog islets, the ratio of
somatostatin to glucagon is markedly increased. An acute insulin
injection increased this ratio further. This was the first demon-
stration that part of the defective mechanism in hypoglycemia
may reflect alterations of this ratio in diabetes (Rastogi et al.,
1990). One could hypothesize that in diabetes, in absence of the
tonic effect of insulin, islet α-cells are oversensitive to insulin and
are exposed to increased somatostatin (Papachristou et al., 1989;
Shi et al., 1996). Somatostatin is increased in the pancreas and also
in blood. The major part of the concentration of somatostatin
in blood is due to somatostatin release from the gut. Thus, the
increase in local somatostatin and release of somatostatin deliv-
ery to the pancreas may both play a role in diabetes (Figure 2).
It was previously demonstrated that in perifused islets and in
infused isolated pancreas that the SSTR antagonist can greatly
increase the response of α-cells to arginine. However, responses
to insulin-induced hypoglycemia have not been tested. In order
to test the hypothesis about the importance of somatostatin in
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FIGURE 2 | In the normal physiology, the α-cell is under the tonic

inhibitory influence of insulin and therefore somatostatin inhibition of

α-cell may be of minor or no importance (Singh et al., 2007). This is in
contrast to diabetic islets in diabetes, where α-cell may be more sensitive
to insulin and in addition, both circulating and pancreatic somatostatin, are
increased. It is generally believed that hypoglycemia is a strong stimulator
of glucagon release from the α-cell. However, in islets in-vitro the effect of
hypoglycemia is not consistent. This difference may reflect the fact that
between in-vitro and in-vivo systems, in-vivo the islets have abundant blood
flow, which brings to the islet other factors such as amino acids (i.e.,
arginine) that can stimulate glucagon release. We hypothesize therefore,
that hypoglycemia has an effect only when amino acids or other
substances found in blood, are present. In absence of the tonic effect of
insulin, somatostatin is the only endogenous inhibitor of glucagon release
and insulin exerts a strong inhibitory effect on the α-cell. Therefore, when
an antagonist blocks the α-cell receptors, despite the inhibitory effect of
injected insulin, the α-cell can release normal amounts of glucagon (Vranic,
2010). The figure is modified from that we previously reported (Vranic,
2010).

diabetic rats, a specific antagonist (SSTR2) of the somatostatin
receptor of α-cells was injected. It was demonstrated that infu-
sion of this antagonist can fully normalize glucagon responses
to insulin-induced hypoglycemia in diabetic rats [Figure 3, from
ref. Yue et al. (2011)]. A patent (Vranic et al., 2009) was filed
for the prevention of hypoglycemia, and hope that the results
obtained in the rats can be applied to human diabetics and
thereby, diminish or prevent hypoglycemic episodes. This could
permit diabetic patients to adhere more strictly to an inten-
sive insulin treatment and lessen the risk of diabetic complica-
tions.

Most importantly, infusion of the SSTR2 antagonist in absence
of insulin did not affect the blood concentration of insulin,
glucagon, epinephrine, or blood-sugar (Yue et al., 2011). The
efficacy of the SSTR2 antagonist with two different doses of
the antagonist and of insulin was tested. It was found that
the most consistent results were obtained with 10 units/kg of
insulin and 3000 nmol/kg/h of SSTR2 antagonist (Figure 3) (Yue
et al., 2011). It is particularly interesting that in normal rats
the antagonist did not improve or even decrease the response
of glucagon to insulin-induced hypoglycemia. One could specu-
late that in normal rats, the high doses of antagonist even have

some agonist properties, and confirmed that in normal rats,
somatostatin is not a major inhibitor of hypoglycemia-induced
glucagon release. The response of corticosterone was also nor-
malized. Corticosterone in contrast to glucagon is important
for hypoglycemias of longer duration, since the effects of corti-
sol are mainly exerted through genetic mechanisms. This could
also be of importance for glucagon release because cortisol has
some effect on the α-cells’ control. Interestingly, delivery of the
SSTR2 antagonist did not further increase pancreatic glucagon
and somatostatin, or plasma somatostatin.

One of the key questions was whether the SSTR2 antagonist
can actually prevent hypoglycemia. On the first day insulin alone,
and on the second day, either insulin alone or an infusion of
antagonist was started in the same rat, before the insulin-induced
hypoglycemia (Vranic et al., 2009). The reason for such designs
is that even one episode of hypoglycemia sensitizes the endocrine
and metabolic system so that you would expect that on the sec-
ond day the rats would need a different amount of insulin. In
order to avoid this problem, diabetic rats were injected for 3
days with insulin, in order to avoid further effect of antecedent
hypoglycemia. After the injection of insulin, rats became hypo-
glycemic, but with the SSTR2 antagonist, hypoglycemia was
avoided. Without the antagonist, glucagon response was abol-
ished, but with the antagonist, glucagon response was restored
(Yue et al., 2010). These STZ-induced diabetic rats were not
treated with insulin since they still have some residual insulin in
the blood and in the pancreas. In contrast, BB rats are totally
insulin-deprived, thus requiring insulin treatment, and there-
fore this model is more similar to human T1D; both caused
by immune destruction of the β-cells. The in-vivo to in-vitro
responses to hypoglycemia and arginine in controls and in dia-
betic BB rats were compared (Qin et al., 2012). In the in-vivo
experiments, the glucose was clamped at 2.9 mmol/L. In contrast
to the controls, the glucagon response was greatly diminished,
but it was normalized during the infusion of the SSTR2 antag-
onist. With glucagon response normalized, the BB rats did not
need glucose infusion to maintain the clamp, while without
the antagonist they needed a large amount of glucose infused
because of the glucagon deficiency. Interestingly, we used for the
first time pancreatic slices to assess the effect of hypoglycemia
and arginine. Surprisingly, hypoglycemia per se did not increase
glucagon release. However, glucagon release was enhanced when
arginine was infused (Qin et al., 2012). The difference between
in-situ and in-vitro experiments is that pancreatic slices are not
controlled by the nervous system and are not exposed to hor-
mones or metabolites (such as, arginine) that stimulate glucagon
release.

It was questioned whether somatostatin plays a role dur-
ing hypoglycemia because somatostatin-secreting δ-cells are
downstream of glucagon-secreting α-cells in the islet microcir-
culation of non-diabetic rats (Samols et al., 1988). However,
δ-cells in diabetic rats are also distributed in central portions
of islet cells because the architecture of islet cell type is altered
(Adeghate, 1999), suggesting that paracrine actions of islet hor-
mones are altered in diabetes such that somatostatin release
upstream of α-cells may affect glucagon secretion. The arrange-
ment of human endocrine islet cells is likewise more disperse
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FIGURE 3 | In diabetic (D) rats, plasma glucagon increases only

marginally during a glucose clamp at 2.5 mmol/L. (A) Hypoglycemia
was induced with 10 units/kg of regular insulin was injected
subcutaneously. 3000 nmol/kg/h of somatostatin receptor type 2 antagonist
(SSTR2a) was infused intravenously starting 30 min before insulin injection
(D + SSTR2a). (B) The response of glucagon to hypoglycemia was the

same as in normal (N) rats. (C) The data is also shown as area under the
curve (AUC) analysis. The data is modified from that we reported in ref.
Yue et al. (2011). The SSTR2a is highly specific for glucagon and only
marginally for insulin, and it’s structure is H-Fpa-cyclo[DCys-PAL-DTrp-Lys-
Tle-Cys]-Nal-NH2 (Yue et al., 2011). ∗P < 0.002 D vs. N; †P < 0.05 D vs.
D+SSTR2a.

throughout the islet, which provides evidence for the proximity
of δ-cells and α-cells (Cabrera et al., 2006; Braun et al., 2009; Kim
et al., 2009). Furthermore, paracrine signaling may also occur
via diffusion within the islet interstitium, independent of blood
flow.

The remaining question to be answered is to explore factors
in blood that are necessary to sensitize the responses of α-cell
to hypoglycemia and the mechanism of the potential sensitiza-
tion of α-cells to insulin in diabetes. These results indicate that
SSTR2 blockade (Rossowski et al., 1998; Hocart et al., 1999) may
be a novel treatment strategy of improving counterregulatory
responses, including glucagon, to insulin-induced hypoglycemia.
This strategy could lead to prevention of hypoglycemia in insulin-
treated diabetics.

FUTURE DIRECTIONS
Considerable work investigating glucagon secretion and α-cell
signaling in healthy islets have been done as discussed above.
However, there has been relatively little progress in assess-
ing the perturbation of α-cellular physiology and paracrine
dysregulation during diabetes, which will require more innovative
approaches. One approach is the pancreatic slice preparation

(Huang et al., 2011a,b) whereby the α-cell and its precise
secretory physiology within intact pancreatic tissue could be
examined by patch-clamp technique, and perhaps later could
also be further assessed by imaging. The slice preparation has
very recently enabled us to begin to assess α-cell dysfunction
in T1D wherein the very small islet mass and inflammation
would have rendered it impossible to reliably isolate and exam-
ine the α-cell (Huang et al., 2012). In that report, α-cells in
STZ-induced diabetic mice exhibited enhanced Na+ currents
and reduced Kv currents, contributing to the increased action
potential amplitude and firing frequency. This, along with the
larger glucagon granules (found on E.M.) carrying larger amount
of glucagon cargo, would trigger more glucagon release, thus
explaining the basis of hyperglucagonemia in T1D (Huang et al.,
2012). Future studies employing the pancreas slice prepara-
tion will enable the elucidation of paracrine regulation within
normal and diabetic islets. Another approach is genetic manip-
ulation of candidate proteins within α-cells by α-cell-specific
knockout mouse models (Gustavsson et al., 2009; Kawamori
et al., 2009) and genetic β-cell ablation models mimicking T1D
(Thorel et al., 2010). Ideally, these clever approaches could be
combined.
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From a clinical point of view, the mechanism whereby in T2D
there is excessive response to glucagon during meals, and whether
pharmacological intervention can prevent this problem. A key
question is also whether it is possible to prevent hypoglycemia in
insulin-treated diabetics. So far, the evidence was obtained only
in STZ-treated and BB rats.

ACKNOWLEDGMENTS
This work was supported by a grant to Herbert Y. Gaisano
from the Canadian Diabetes Association (OG-3-10-3020-HG).
Patrick E. MacDonald holds an Alberta Innovates-Health
Sciences Scholarship and the Canada Research Chair in Islet
Biology.

REFERENCES
Adeghate, E. (1999). Distribution of

calcitonin-gene-related peptide,
neuropeptide-Y, vasoactive intesti-
nal polypeptide, cholecystokinin-8,
substance P and islet peptides in
the pancreas of normal and diabetic
rats. Neuropeptides 33, 227–235.

Altarejos, J. Y., and Montminy, M.
(2011). CREB and the CRTC co-
activators: sensors for hormonal
and metabolic signals. Nat. Rev.
Mol. Cell Biol. 12, 141–151.

Amatruda, J., and Livingston, J. (2003).
“Glucagon,” in, Ellenberg and
Rifkin’s Diabetes Mellitus, eds D.
Porte Jr., R. Sherwin, and A. Baron
(New York, NY: McGraw-Hill),
97–115.

Andersson, S. A., Pedersen, M. G.,
Vikman, J., and Eliasson, L. (2011).
Glucose-dependent docking and
SNARE protein-mediated exocyto-
sis in mouse pancreatic alpha-cell.
Pflugers Arch. 462, 443–454.

Barg, S. (2003). Mechanisms of exo-
cytosis in insulin-secreting B-cells
and glucagon-secreting A-cells.
Pharmacol. Toxicol. 92, 3–13.

Barg, S., Galvanovskis, J., Gopel, S.
O., Rorsman, P., and Eliasson, L.
(2000). Tight coupling between
electrical activity and exocyto-
sis in mouse glucagon-secreting
alpha-cells. Diabetes 49, 1500–1510.

Barns, A., Bloom, S. R., Alberti, K. G.
M. M., Smythe, P., Alford, F. P., and
Chisholm, D. J. (1977). Ketoacidosis
in pancreatectomized man. N. Engl.
J. Med.296, 1250–1253.

Baukrowitz, T., Schulte, U., Oliver, D.,
Herlitze, S., Krauter, T., Tucker, S.
J., Ruppersberg, J. P., and Fakler, B.
(1998). PIP2 and PIP as determi-
nants for ATP inhibition of KATP
channels. Science 282, 1141–1144.

Boden, G., Master, J. W., Rezvani, I.,
Palmer, J. P., Lobe, T. E., and Owen,
O. E. (1980). Glucagon deficiency
and hyperaminoacidemia after total
pancreatectomy. J. Clin. Invest. 65,
706–716.

Bokvist, K., Olsen, H. L., Hoy, M.,
Gotfredsen, C. F., Holmes, W.
F., Buschard, K., Rorsman,
P., and Gromada, J. (1999).
Characterisation of sulphonylurea
and ATP-regulated K+ channels in
rat pancreatic A-cells. Pflugers Arch.
438, 428–436.

Bolli, G., de Feo, P., Compagnucci,
P., Cartechini, M. G., Angeletti,
G., Santesanio, F., Brunetti, P., and
Gerich, J. E. (1983). Abnormal
glucose counter-regulation in
insulin-dependent diabetes mel-
litus. Interaction of anti-insulin
antibodies and impaired glucagon
and epinephrine secretion. Diabetes
32, 134–141.

Braun, M., Ramracheya, R., Amisten,
S., Bengtsson, M., Moritoh, Y.,
Zhang, Q., Johnson, P. R., and
Rorsman, P. (2009). Somatostatin
release, electrical activity, mem-
brane currents and exocytosis
in human pancreatic delta cells.
Diabetologia 52, 1566–1578.

Butler, P. C., and Rizza, R. A. (1991).
Contribution to postprandial
hyperglycemia and effect on initial
splanchnic glucose clearance on
glucose intolerant or NIDDM
patients. Diabetes 40, 73–81.

Cabrera, O., Berman, D. M., Kenyon,
N. S., Ricordi, C., Berggren, P. O.,
and Caicedo, A. (2006). The unique
cytoarchitecture of human pancre-
atic islets has implications for islet
cell function. Proc. Natl. Acad. Sci.
U.S.A. 103, 2334–2339.

Cabrera, O., Jacques-Silva, M. C.,
Speier, S., Yang, S. N., Köhler, M.,
Fachado, A., Vieira, E., Zierath, J. R.,
Kibbey, R., Berman, D. M., Kenyon,
N. S., Ricordi, C., Caicedo, A., and
Berggren, P. O. (2008). Glutamate
is a positive autocrine signal for
glucagon release. Cell Metab. 7,
545–554.

Cejvan, K., Coy, D. H., and Efendic,
S. (2003). Intra-islet somatostatin
regulates glucagon release via type
2 somatostatin receptors in rats.
Diabetes 52, 1176–1181.

Cryer, P. E. (2002). Hypoglycemia: the
limiting factor in the glycemic
management of Type I and
Type II diabetes. Diabetologia 4,
937–948.

da Silva Xavier, G., Farhan, H., Kim, H.,
Caxaria, S., Johnson, P., Hughes, S.,
Bugliani, M., Marselli, L., Marchetti,
P., Birzele, F., Sun, G., Scharfmann,
R., Rutter, J., Siniakowicz, K., Weir,
G., Parker, H., Reimann, F., Gribble,
F. M., and Rutter, G. A. (2011). Per-
arnt-sim (PAS) domain-containing
protein kinase is downregulated in
human islets in type 2 diabetes

and regulates glucagon secretion.
Diabetologia 54, 819–827.

Dagogo-Jack, S. E., Craft, S., and
Cryer, P. E. (1993). Hypoglycemia-
associated autonomic failure in
insulin dependent diabetes mellitus.
J. Clin. Invest. 91, 819–828.

De Marinis, Y. Z., Salehi, A., Ward,
C. E., Zhang, Q., Abdulkader, F.,
Bengtsson, M., Braha, O., Braun,
M., Ramracheya, R., Amisten, S.,
Habib, A. M., Moritoh, Y., Zhang,
E., Reimann, F., Rosengren, A. H.,
Shibasaki, T., Gribble, F., Renstrom,
E., Seino, S., Eliasson, L., and
Rorsman, P. (2010). GLP-1 inhibits
and adrenaline stimulates glucagon
release by differential modulation
of N- and L-type Ca2+ channel-
dependent exocytosis. Cell Metab.
11, 543–553.

Detimary, P., Dejonghe, S., Ling,
Z., Pipeleers, D., Schuit, F., and
Henquin, J. C. (1998). The changes
in adenine nucleotides measured
in glucose-stimulated rodent islets
occur in beta cells but not in alpha
cells and are also observed in
human islets. J. Biol. Chem. 273,
33905–33908.

Doi, K., Prentki, M., Yip, C., Muller,
W., Jeanrenaud, B., and Vranic, M.
(1979). Identical biological effects of
pancreatic glucagon and a purified
moiety of canine gastric glucagon.
J. Clin. Invest. 63, 525–531.

Drucker, D. J. (2005). Biologic actions
and therapeutic potential of the
proglucagon-derived peptides. Nat.
Clin. Pract. Endocrinol. Metab. 1,
22–31.

Duchen, M. R., Smith, P. A., and
Ashcroft, F. M. (1993). Substrate-
dependent changes in mitochon-
drial function, intracellular free cal-
cium concentration and membrane
channels in pancreatic beta-cells.
Biochem. J. 294(Pt 1), 35–42.

Dufer, M., Krippeit-Drews, P.,
Buntinas, L., Siemen, D., and
Drews, G. (2002). Methyl pyruvate
stimulates pancreatic beta-cells by a
direct effect on KATP channels, and
not as a mitochondrial substrate.
Biochem. J. 368(Pt 3), 817–825.

Dunning, B. E., Foley, J. E., and
Ahrén, B. (2005). Alpha cell func-
tion in health and disease: influ-
ence of glucagon-like peptide-1.
Diabetologia 48, 1700–1713.

Dunning, B. E., and Gerich, J. E. (2007).
The role of alpha-cell dysregulation
in fasting and postprandial hyper-
glycemia in type 2 diabetes and ther-
apeutic implications. Endocr. Rev. 8,
253–283.

Fanelli, C. G., Pampanelli, S., Epifano,
L., Rambotti, A. M., Vincenzo,
A. D., Modarelli, F., Ciofetta,
M., Lepore, M., Annibale, B.,
Torlone, E., Perriello, G., De Feo,
P., Santeusanio, F., Brunetti, P.,
and Bolli, G. B. (1994). Long-term
recovery from unawareness, defi-
cient counterregulation and lack
of cognitive dysfunction during
hypoglycemia following institution
of rational intensive therapy in
IDDM. Diabetologia 37, 1265–1267.

Franklin, I., Gromada, J., Gjinovci,
A., Theander, S., and Wollheim,
C. B. (2005). Beta-cell secretory
products activate alpha-cell ATP-
dependent potassium channels to
inhibit glucagon release. Diabetes
54, 1808–1815.

Franklin, I. K., and Wollheim, C. B.
(2004). GABA in the endocrine pan-
creas: its putative role as an islet
cell paracrine-signalling molecule.
J. Gen. Physiol. 123, 185–190.

Fu, A., Eberhard, C. E., and Screaton,
R. A. (2012). Role of AMPK in pan-
creatic beta cell function. Mol. Cell.
Endocrinol. PMID: 22766107. [Epub
ahead of print].

Gaisano, H. Y., and Leung, Y. M.
(2008). Pancreatic islet alpha-cell
commands itself: secrete more
glucagon! Cell Metab. 7, 474–475.

Gauthier, B. R., and Wollheim, C.
B. (2008). Synaptotagmins bind
calcium to release insulin. Am.
J. Physiol. Endocrinol. Metab. 295,
E1279–E1286.

Gerich, J. E. (1988). Glucose coun-
terregulation and its impact on
diabetes mellitus. Diabetes 37,
1608–1617.

Gerich, J. E., Langlois, M., Noacco,
C., Karam, J. H., and Forsham,
P. H. (1973). Lack of glucagon
response to hypoglycaemia in dia-
betes: evidence for an intrinsic pan-
creatic alpha cell defect. Science 182,
171–173.

Gopel, S. O., Kanno, T., Barg, S., Weng,
X. G., Gromada, J., and Rorsman,
P. (2000). Regulation of glucagon
release in mouse-cells by KATP

www.frontiersin.org September 2012 | Volume 3 | Article 349 | 9

http://www.frontiersin.org
http://www.frontiersin.org/Systems_Physiology/archive


Gaisano et al. α-cell in health and diabetes

channels and inactivation of TTX-
sensitive Na+ channels. J. Physiol.
528, 509–520.

Gromada, J., Bokvist, K., Ding, W. G.,
Barg, S., Buschard, K., Renstrom, E.,
and Rorsman, P. (1997). Adrenaline
stimulates glucagon secretion in
pancreatic A-cells by increasing the
Ca2+ current and the number
of granules close to the L-type
Ca2+ channels. J. Gen. Physiol. 110,
217–228.

Gromada, J., Franklin, I., and
Wollheim, C. B. (2007). Alpha-
cells of the endocrine pancreas: 35
years of research but the enigma
remains. Endocr. Rev. 28, 84–116.

Gromada, J., Høy, M., Buschard, K.,
Salehi, A., and Rorsman, P. (2001).
Somatostatin inhibits exocytosis in
rat pancreatic alpha-cells by G(i2)-
dependent activation of calcineurin
and depriming of secretory gran-
ules. J. Physiol. 535(Pt 2), 519–532.

Gromada, J., Ma, X., Hoy, M., Bokvist,
K., Salehi, A., Berggren, P. O., and
Rorsman, P. (2004). ATP-sensitive
K+ channel-dependent regulation
of glucagon release and electrical
activity by glucose in wild-type
and SUR1−/− mouse alpha-cells.
Diabetes 53, S181–S189.

Gupta, V., Wahoff, D. C., Rooney, D.
P., Poitout, V., Sutherland, D. E.,
Kendall, D. M., and Robertson, R.
P. (1997). The defective glucagon
response from transplanted intra-
hepatic pancreatic islets during
hypoglycemia is transplantation
site-determined. Diabetes 46, 28–33.

Gustavsson, N., Wei, S. H., Hoang, D.
N., Lao, Y., Zhang, Q., Radda, G.
K., Rorsman, P., Sudhof, T. C., and
Han, W. (2009). Synaptotagmin-7 is
a principal Ca2+ sensor for Ca2+ -
induced glucagon exocytosis in pan-
creas. J. Physiol. 587, 1169–1178.

Hatton, T. W., Kvacevic, N., Dutczak,
M., and Vranic, M. (1982).
Glucagon-like immunoreactants in
extracts of the rat hypothalamus.
Endocrinology 111, 572–577.

Hatton, T. W., Yip, C. C., and Vranic,
M. (1985). Biosynthesis of glucagon
(IRG3500) in canine gastric mucosa.
Diabetes 34, 38–46.

Hauge-Evans, A. C., King, A. J.,
Carmignac, D., Richardson, C. C.,
Robinson, I. C., Low, M. J., Christie,
M. R., Persaud, S. J., and Jones, P.
M. (2009). Somatostatin secreted by
islet δ-cells fulfils multiple roles as a
paracrine regulator of islet function.
Diabetes 58, 403–411.

Hayashi, M., Otsuka, M., Morimoto,
R., Muroyama, A., Uehara, S.,
Yamamoto, A., and Moriyama,
Y. (2003). Vesicular inhibitory
amino acid transporter is present

in glucagon-containing secretory
granules in alphaTC6 cells, mouse
clonal alpha-cells, and alpha-cells
of islets of Langerhans. Diabetes 52,
2066–2074.

Heimberg, H., De Vos, A., Moens, K.,
Quartier, E., Bouwens, L., Pipeleers,
D., Van Schaftingen, E., Madsen,
O., and Schuit, F. (1996). The glu-
cose sensor protein glucokinase is
expressed in glucagon producing
alpha cells. Proc. Natl. Acad. Sci.
U.S.A. 93, 7036–7041.

Henquin, J. C., Ravier, M. A., Nenquin,
M., Jonas, J. C., and Gilon, P. (2003).
Hierarchy of the beta-cell signals
controlling insulin secretion. Eur. J.
Clin. Invest. 33, 742–750.

Hocart, S. J., Jain, R., Murphy, W.
A., Taylor, J. E., and Coy, D. H.
(1999). Highly potent cyclic disul-
fide antagonists of somatostatin.
J. Med. Chem. 42, 1863–1871.

Holst, J. J., Pederson, J. H., Baldissera,
F., and Stadil, F. (1983). Circulating
glucagon after total pancreatectomy
in man. Diabetologia 25, 396–399.

Hope, K. M., Tran, P. O., Zhou, H.,
Oseid, E., Leroy, E., and Robertson,
R. P. (2004). Regulation of alpha-cell
function by the beta-cell in isolated
human and rat islets deprived of
glucose: the “switch-off” hypothe-
sis. Diabetes 53, 1488–1495.

Huang, Y. C., Gaisano, H. Y.,
and Leung, Y. M. (2011a).
Electrophysiological identifica-
tion of mouse islet α-cells: from
isolated single α-cells to in situ
assessment within pancreas slices.
Islets 3, 139–143.

Huang, Y. C., Rupnik, M., and Gaisano,
H. Y. (2011b). Unperturbed alpha-
cell function examined in mouse
pancreatic tissue slices. J. Physiol.
589(Pt 2), 395–‘408.

Huang, Y.-C., Rupnik, M. S., Karimian,
N., Herrera, P. L., Gilon, P., Feng,
Z.-P., and Gaisano, H. Y. (2012).
In situ electrophysiological exami-
nation of pancreatic alpha-cells in
the streptozotocin-induced diabetes
model revealing the cellular basis of
glucagon hypersecretion. Diabetes
(in press).

Inouye, K., Shum, K., Chan, O.,
Mathoo, J., Matthews, S. G., and
Vranic, M. (2002). Effects of recur-
rent hyperinsulinemia with and
without hypoglycemia on coun-
terregulation in diabetic rats. Am.
J. Physiol. Endocrinol. Metab. 282,
E1369–E1379.

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

Ito, A., Ichiyanagi, N., Ikeda, Y.,
Hagiyama, M., Inoue, T., Kimura,
K. B., Sakurai, M. A., Hamaguchi,
K., and Murakami, Y. (2012).
Adhesion molecule CADM1
contributes to gap junctional
communication among pancreatic
islet alpha-cells and prevents their
excessive secretion of glucagon.
Islets 4. PMID:22513384. [Epub
ahead of print].

Kanno, T., Gopel, S. O., Rorsman,
P., and Wakui, M. (2002). Cellular
function in multicellular system for
hormone-secretion: electrophysio-
logical aspect of studies on alpha-,
beta- and delta-cells of the pancre-
atic islet. Neurosci. Res. 42, 79–90.

Kawamori, D., Kurpad, A. J., Hu, J.,
Liew, C. W., Shih, J. L., Ford, E.
L., Herrera, P. L., Polonsky, K. S.,
McGuinness, O. P., and Kulkarni, R.
N. (2009). Insulin signaling in alpha
cells modulates glucagon secretion
in vivo. Cell Metab. 9, 350–361.

Kim, A., Miller, K., Jo, J., Kilimnik, G.,
Wojcik, P., and Hara, M. (2009).
Islet architecture: a comparative
study. Islets 1, 129–136.

Le Marchand, S. J., and Piston, D.
W. (2010). Glucose suppression of
glucagon secretion: metabolic and
calcium responses from alpha-cells
in intact mouse pancreatic islets. J.
Biol. Chem. 285, 14389–14398.

Leclerc, I., Sun, G., Morris, C.,
Fernandez-Millan, E., Nyirenda,
M., and Rutter, G. A. (2010). AMP-
activated protein kinase regulates
glucagon secretion from mouse
pancreatic alpha cells. Diabetologia
54, 125–134.

Lee, Y., Wang, M. Y., Du, X. Q.,
Charron, M. J., and Unger, R. H.
(2011). Glucagon receptor knock-
out prevents insulin-deficient type
1 diabetes in mice. Diabetes 60,
391–397.

Lefebvre, P. J., and Luyckx, A. S. (1977).
Factors controlling gastric-glucagon
release. J. Clin. Invest. 59, 716–722.

Lefebvre, P. J., and Luyckx, A. S. (1978).
Glucose and insulin in the reg-
ulation of glucagon release from
the isolated perfused dog stomach.
Endocrinology 103, 1579–1582.

Leung, Y. M., Ahmed, I., Sheu, L.,
Gao, X., Hara, M., Tsushima, R.
G., Diamant, N. E., and Gaisano,
H. Y. (2006). Insulin regulates
islet alpha-cell function by reducing
KATP channel sensitivity to adeno-
sine 5′-triphosphate inhibition.
Endocrinology 147, 2155–2162.

Leung, Y. M., Ahmed, I., Sheu, L.,
Tsushima, R. G., Diamant, N. E.,
Hara, M., and Gaisano, H. Y.
(2005). Electrophysiological charac-
terization of pancreatic islet cells

in the mouse insulin promoter-
green fluorescent protein mouse.
Endocrinology 146, 4766–4775.

Liu, D. T., Adamson, U. C., Lins, P. E.,
Kollind, M. E., Moberg, E. A., and
Andreason, K. (1992). Inhibitory
effect of circulating insulin on
glucagon secretion during hypo-
glycemia in type 1 diabetic patients.
Diabetes Care 15, 59–65.

Ludvigsen, E., Stridsberg, M., Taylor,
J. E., Culler, M. D., Oberg, K.,
Janson, E. T., and Sandler, S. (2007).
Regulation of insulin and glucagon
secretion from rat pancreatic islets
in vitro by somatostatin analogues.
Regul. Pept. 138, 1–9.

Luyckx, A., and Lefebvre, P. J. (1983).
“Free fatty acids and glucagon secre-
tion,” in Glucagon II: Handbook
of Experimental Pharmacolo gy, ed
P. J. Lefebre (Berlin, NY: Springer
Verlag).

Ma, X., Zhang, Y., Gromada, J., Sewing,
S., Berggren, P. O., Buschard, K.,
Salehi, A., Vikman, J., Rorsman, P.,
and Eliasson, L. (2005). Glucagon
stimulates exocytosis in mouse and
rat pancreatic {alpha} cells by bind-
ing to glucagon receptors. Mol.
Endocrinol. 19, 198–212.

MacDonald, P. E., Marinis, Y. Z.,
Ramracheya, R., Salehi, A., Ma,
X., Johnson, P. R., Cox, R.,
Eliasson, L., and Rorsman, P.
(2007). A KATP channel-dependent
pathway within alpha cells reg-
ulates glucagon release from
both rodent and human islets of
Langerhans. PLoS Biol. 5:e143. doi:
10.1371/journal.pbio.0050143

Marliss, E. B., and Vranic, M. (2002).
Intense exercise has unique effects
on both insulin release and its role
in glucoregulation: implications
for diabetes. Diabetes 51(Suppl. 1),
S271–S283.

Matsuyama, T., and Foa, P. (1974).
Plasma glucose, insulin pancreatic
and enteroglucagon levels in normal
and depancreatized dogs. Proc. Soc.
Exp. Biol. Med. 147, 97–102.

Mertz, R. J., Worley, J. F., Spencer,
B., Johnson, J. H., and Dukes, I.
D. (1996). Activation of stimulus-
secretion coupling in pancreatic
beta-cells by specific products of
glucose metabolism. Evidence for
privileged signaling by glycolysis.
J. Biol. Chem. 271, 4838–4845.

Mojsov, S., Weir, G. C., and Habener, J.
F. (1987). Insulinotropin: glucagon-
like peptide I (7-73) co-encoded in
the glucagon gene is a potent stim-
ulator of insulin release in the per-
fused rat pancreas. J. Clin. Invest. 79,
616–709.

Moller, D. E. (2001). New drug
targets for type 2 diabetes and the

Frontiers in Physiology | Systems Physiology September 2012 | Volume 3 | Article 349 | 10

http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Systems_Physiology
http://www.frontiersin.org/Systems_Physiology/archive


Gaisano et al. α-cell in health and diabetes

metabolic syndrome. Nature 414,
821–827.

Morita, S., Doi, K., Yip, C., and Vranic,
M. (1976). Measurement and partial
characterization of immunoreactive
glucagon in gastrointestinal tissues
of dogs. Diabetes 25, 1018–1025.

Muller, W. A., Berger, M., Suter, P.,
Cuppers, H. J., Reiter, J., Wyss, T.,
Berchtold, P., Schmidt, F. X., Assal,
J. P., and Renold, A. E. (1979).
Glucagon immunoreactivities and
amino acid profile in plasma of duo-
denopancreatectomized patients. J.
Clin. Invest. 63, 820–827.

Muller, W. A., Girardier, L., Seydoux,
J., Berger, M., Renold, A. E., and
Vranic, M. (1978). Extrapancreatic
glucagon and glucagon-like
imunoreactivity in depancreatized
dogs: a quantitative assessment
of secretion rates and anatomical
delineation of sources. J. Clin.
Invest. 62, 124–132.

Munoz, A., Hu, M., Hussain, K., Bryan,
J., Aguilar-Bryan, L., and Rajan, A.
S. (2005). Regulation of glucagon
secretion at low glucose concen-
trations: evidence for adenosine
triphosphate-sensitive potassium
channel involvement. Endocrinology
146, 5514–5521.

Newgard, C. B. (1994). Cellular engi-
neering and gene therapy strategies
for insulin replacement in diabetes.
Diabetes 43, 341–350.

Olofsson, C. S., Salehi, A., Gopel,
S. O., Holm, C., and Rorsman,
P. (2004). Palmitate stimulation
of glucagon secretion in mouse
pancreatic alpha-cells results
from activation of L-type cal-
cium channels and elevation of
cytoplasmic calcium. Diabetes 53,
2836–2843.

Olsen, H. L., Theander, S., Bokvist,
K., Buschard, K., Wollheim, C. B.,
and Gromada, J. (2005). Glucose
stimulates glucagon release in single
rat alpha-cells by mechanisms that
mirror the stimulus-secretion cou-
pling in beta-cells. Endocrinology
146, 4861–4870.

Orci, L., Baetens, D., Rufener, C.,
Amherdt, M., Ravazzola, M., Studer,
P., Malaisse-Lagae, F., and Unger, R.
H. (1976). Hypertrophy and hyper-
plasia of somatostatin-containing
D-cells in diabetes. Proc. Natl. Acad.
Sci. U.S.A. 73, 1338–1342.

Papachristou, D. N., Pham, K., Zingg,
H. H., and Patel, Y. C. (1989).
Tissue-specific alterations in
somatostatin mRNA accumulation
in streptozocin-induced diabetes.
Diabetes 38, 752–757.

Patel, Y. C. (1999). Somatostatin
and its receptor family. Front.
Neuroendocrinol. 20, 157–198.

Paty, B. W., Ryan, E. A., Shapiro, A. M.,
Lakey, J. R., and Robertson, R. P.
(2002). Intrahepatic islet transplan-
tation in type 1 diabetic patients
does not restore hypoglycemic hor-
monal counterregulation or symp-
tom recognition after insulin inde-
pendence. Diabetes 51, 3428–3434.

Pipeleers, D. G., Schuit, F. C., Van
Schravendijk, C. F., and Van de
Winkel, M. (1985). Interplay of
nutrients and hormones in the
regulation of glucagon release.
Endocrinology 117, 817–823.

Plöckinger, U., and Strowski, M. Z.
(2007). Characterization of somato-
statin receptor subtype-specific
regulation of insulin and glucagon
secretion: an in vitro study on
isolated human pancreatic islets.
J. Clin. Endocrinol. Metab. 92,
673–680.

Qin, T., Karimian, N., Osundiji, M.,
Coy, D. H., Vranic, M., and
Gaisano, H. Y. (2012). Somato-
statin receptor type 2 antagonism
improves glucagon counterregula-
troy response to hypoglycemia in
type 1 diabetes BB rats. Diabetes
61(Suppl. 1), A47(176-OR).

Quesada, I., Tudurí, E., Ripoll, C., and
Nadal, A. (2008). Physiology of the
pancreatic alpha-cell and glucagon
secretion: role in glucose homeosta-
sis and diabetes. J. Endocrinol. 199,
5–19.

Rahier, J., Goebbels, R. M., and
Henquin, J. C. (1983). Cellular
composition of the human diabetic
pancreas. Diabetologia 24, 366–371.

Ramiya, V. K., Marraist, M., Arfors,
K. E., Schatz, D. A., Peck, A. B.,
and Cornelis, J. C. (2000). Reversal
of insulin dependent diabetes using
islets generated in vitro from pan-
creatic stem cells. Nat. Med. 6,
278–282.

Ramracheya, R., Ward, C., Shigeto, M.,
Walker, J. N., Amisten, S., Zhang,
Q., Johnson, P. R., Rorsman, P.,
and Braun, M. (2010). Membrane
potential-dependent inactivation of
voltage-gated ion channels in alpha-
cells inhibits glucagon secretion
from human islets. Diabetes 59,
2198–2208.

Rastogi, K. S., Lickley, L., Jokay, M.,
Efendic, S., and Vranic, M. (1990).
Paradoxical reduction in pancre-
atic glucagon with normalization
of somatostatin and decrease in
insulin in normoglycemic alloxan-
diabetic dogs: a putative mecha-
nism of glucagon irresponsiveness
to hypoglycemia. Endocrinology 126,
1096–1104.

Ravazzola, M., Baeten, D., Engerman,
R., Kovacevic, N., Vranic, M., and
Orci, L. (1977). Endocrine cells in

oxyntic mucosa of a dog 5 years after
pancreatectomy. Horm. Metab. Res.
9, 480–483.

Ravier, M. A., and Rutter, G. A.
(2005). Glucose or insulin, but not
zinc ions, inhibit glucagon secretion
from mouse pancreatic alpha-cells.
Diabetes 54, 1789–1797.

Rickels, M. R., Mueller, R., Markmann,
J. F., and Naji, A. (2009). Effect
of GLP-1 on {beta}- and {alpha}-
cell function in isolated islet and
whole pancreas transplant recipi-
ents. J. Clin. Endocrinol. Metab. 94,
181–189.

Ronner, P., Matschinsky, F. M., Hang,
T. L., Epstein, A. J., and Buettger, C.
(1993). Sulfonylurea-binding sites
and ATP-sensitive K+ channels in
alpha-TC glucagonoma and beta-
TC insulinoma cells. Diabetes 42,
1760–1772.

Rorsman, P., Braun, M., and Zhang,
Q. (2012). Regulation of calcium in
pancreatic alpha- and beta-cells in
health and disease. Cell Calcium 51,
300–308.

Rorsman, P., and Hellman, B. (1988).
Voltage-activated currents in
guinea pig pancreatic alpha 2 cells.
Evidence for Ca2+-dependent
action potentials. J. Gen. Physiol. 91,
223–242.

Rorsman, P., and Renstrom, E. (2003).
Insulin granule dynamics in pan-
creatic beta cells. Diabetologia 46,
1029–1045.

Rorsman, P., Salehi, S. A., Abdulkader,
F., Braun Metab, M., and
MacDonald, P. E. (2008). KATP-
channels and glucose-regulated
glucagon secretion. Trends
Endocrinol. 19, 277–284.

Rossowski, W. J., Cheng, B. L., Jiang,
N. Y., and Coy, D. H. (1998).
Examination of somatostatin
involvement in the inhibitory
action of GIP, GLP-1, amylin and
adrenomedullin on gastric acid
release using a new SRIF antagonist
analogue. Br. J. Pharmacol. 125,
1081–1087.

Salapatek, A. M., MacDonald, P. E.,
Gaisano, H. Y., and Wheeler, M. B.
(1999). Mutations to the third cyto-
plasmic domain of the glucagon-
like peptide 1 (GLP-1) receptor
can functionally uncouple GLP-
1-stimulated insulin secretion in
HIT-T15 cells. Mol. Endocrinol. 13,
1305–1317.

Samols, E., Stagner, J. I., Ewart, R. B.,
and Marks, V. (1988). The order
of islet microvascular cellular per-
fusion is B→A→D in the perfused
rat pancreas. J. Clin. Invest. 82,
350–353.

Schuit, F., De Vos, A., Farfari, S.,
Moens, K., Pipeleers, D., Brun, T.,

and Prentki, M. (1997). Metabolic
fate of glucose in purified islet
cells. Glucose-regulated anaplerosis
in beta cells. J. Biol. Chem. 272,
18572–18579.

Shapiro, A. M., Lakey, J., Jonathan, R.
T., Ryan, E. A., Korbutt, G., Toth,
E., Warnock, G. L., Kneteman, N.
M., and Rajotte, R. V. (2000). Islet
transplantation in seven patients
with type 1 diabetes mellitus using
a glucocorticoid-free immunosup-
pressive regimen. N. Engl. J. Med.
343, 230–238.

Shi, Z., Rastogi, K., Lekas, M., Efendic,
S., Drucker, D., and Vranic, M.
(1996). Glucagon response to
hypoglycemia is improved by
insulin-independent restoration of
normoglycemia in diabetic rats.
Endocrinology 137, 3193–3199.

Shyng, S. L., and Nichols, C. G.
(1998). Membrane phospholipid
control of nucleotide sensitivity
of KATP channels. Science 282,
1138–1141.

Singh, V., Brendel, M. D., Zacharias, S.,
Mergler, S., Jahr, H., Wiedenmann,
B., Bretzel, R. G., Plockinger,
U., and Strowski, M. Z. (2007).
Characterization of somatostatin
receptor subtype-specific regulation
of insulin and glucagon secretion:
an in vitro study on isolated human
pancreatic islets. J. Clin. Endocrinol.
Metab. 92, 673–680.

Spigelman, A. F., Dai, X., and
MacDonald, P. E. (2010). Voltage-
dependent K(+) channels are
positive regulators of alpha
cell action potential generation
and glucagon secretion in mice
and humans. Diabetologia 53,
1917–1926.

Stefan, Y., Orci, L., Malaisse-Lagae, F.,
Perrelet, A., Patel, Y., and Unger,
R. H. (1982). Quantitation of
endocrine cell content in the pan-
creas of nondiabetic and diabetic
humans. Diabetes 31, 694–700.

Strowski, M. Z., Parmar, R. M., Blake,
A. D., and Schaeffer, J. M. (2000).
Somatostatin inhibits insulin and
glucagon secretion via two recep-
tors subtypes: an in vitro study
of pancreatic islets from somato-
statin receptor 2 knockout mice.
Endocrinology 141, 111–117.

Sutherland, E., and De Duve, C.
(1948). Origin and distribution
of the hyperglycemic-glycogenolytic
factor of the pancreas. J. Biol. Chem.
175, 663–674.

Suzuki, M., Fujikura, K., Kotake, K.,
Inagaki, N., Seino, S., and Takata,
K. (1999). Immuno-localization
of sulphonylurea receptor 1 in
rat pancreas. Diabetologia 42,
1204–1211.

www.frontiersin.org September 2012 | Volume 3 | Article 349 | 11

http://www.frontiersin.org
http://www.frontiersin.org/Systems_Physiology/archive


Gaisano et al. α-cell in health and diabetes

Tager, H., Hohenboken, M., Markese,
J., and Dinerstein, R. J. (1980).
Identification and localization of
glucose-related peptides in rat
brain. Proc. Natl. Acad. Sci. U.S.A.
77, 6229–6233.

The Diabetes Control and
Complications Trial Research
Group. (1993). The effect of inten-
sive treatment of diabetes on the
development and progression of
long-term complications in insulin-
dependent diabetes mellitus. N.
Engl. J. Med. 329, 977–986.

Thorel, F., Népote, V., Avril, I., Kohno,
K., Desgraz, R., Chera, S., and
Herrera, P. L. (2010). Conversion of
adult pancreatic alpha-cells to beta-
cells after extreme beta-cell loss.
Nature 464, 1149–1154.

Tominaga, M., Ebitani, I., Marubashi,
S., Kamimura, T., Katagiri, T.,
and Sasaki, H. (1981). Species
difference of glucagon-like mate-
rials in the brain. Life Sci. 29,
1577–1581.

Unger, R. H., Aquilar-Parado, E.,
Muller, W. A., and Eisentraut, A.
M. (1970). Studies on pancreatic
alpha cell function in normal and
diabetic subjects. J. Clin. Invest. 49,
837–848.

Vieira, E., Salehi, A., and Gylfe, E.
(2007). Glucose inhibits glucagon
secretion by a direct effect on mouse
pancreatic alpha cells. Diabetologia
50, 370–379.

Vranic, (2010). M. Odyssey between
Scylla and Charybdis through
storms of carbohydrate metabolism
and diabetes: a career retrospective.
Am. J. Physiol. Endocrinol. Metab.
299, E849–E867.

Vranic, M., Pek, S., and Kawamori,
B. (1974). Increased “glucagon
immunoreactivity” in plasma
of totally depancreatized dogs.
Diabetes 23, 905–912.

Vranic, M., Yue, J., and Efendic,
S. (2009). United States Patent
Application, 2009. U.S. Patent No.
US2009-0004195-A1. Washington,
DC: U.S. Patent and Trademark
Office.

Wasserman, D. H., Lickley, H. L. A.,
and Vranic, M. (1985). Important
role of glucagon during exercise in
diabetic dogs. J. Appl. Physiol. 59,
1272–1281.

Wendt, A., Birnir, B., Buschard, K.,
Gromada, J., Salehi, A., Sewing,
S., Rorsman, P., and Braun, M.
(2004). Glucose inhibition of
glucagon secretion from rat a-cells
is mediated by GABA released from
neighboring b-cells. Diabetes 53,
1038–1045.

White, N. H., Skor, D., Cryer, P. E., Bier,
D. M., Levandoski, L., and Santiago,
J. V. (1983). Identification of type
1 diabetic patients at increased
risk for hypoglycemia during inten-
sive therapy. N. Engl. J. Med. 308,
485–491.

Yoshimoto, Y., Fukuyama, Y., Horio,
Y., Inanobe, A., Gotoh, M., and
Kurachi, Y. (1999). Somatostatin
induces hyperpolarization in pan-
creatic islet alpha cells by activating
a G protein-gated K+ channel. FEBS
Lett. 444, 265–269.

Yue, J. T. Y., Burdett, E., Coy, D. H.,
Efendic, S., and Vranic, M. (2010).
Amelioration of hypoglycemia via
somatostatin receptor type 2 antag-
onism in recurrently hypoglycemic
diabetic. Rats Diabetes 59(Suppl. 1),
A205–A206 (Abstract #754-P).

Yue, J. T. Y., Burdett, E., Giacca,
A., Efendic, S., and Vranic, M.
(2011). Somatostatin receptor type
2 antagonism improves glucagon
and corticosterone counterregu-
latory responses to hypoglycemia
in streptozotocin-induced diabetic
rats. Diabetes 61, 197–207.

Zhou, H., Tran, P. O., Yang, S., Zhang,
T., LeRoy, E., Oseid, E., and
Robertson, R. P. (2004). Regulation
of alpha-cell function by the
beta-cell during hypoglycemia
in wistar rats: the “switch-
off” hypothesis. Diabetes 53,
1482–1487.

Zhou, H., Zhang, T., Bogdani, M.,
Oseid, E., Parazzoli, S., Vantyghem,
M. C., Harmon, J., Slucca, M.,
and Robertson, R. P. (2008).
Intrahepatic glucose flux as a
mechanism for defective intra-
hepatic islet alpha-cell response

to hypoglycemia. Diabetes 57,
1567–1574.

Zhou, H., Zhang, T., Harmon, J. S.,
Bryan, J., and Robertson, R. P.
(2007). Zinc, not insulin, regu-
lates the rat alpha-cell response to
hypoglycemia in vivo. Diabetes 56,
1107–1112.

Conflict of Interest Statement: Patrick
E. MacDonald receives research fund-
ing for his work on α-cells from Merck.
Herbert Y. Gaisano and Mladen Vranic
have no financial or commercial rela-
tionships.

Received: 13 July 2012; accepted: 10
August 2012; published online: 04
September 2012.
Citation: Gaisano HY, MacDonald PE
and Vranic M (2012) Glucagon secretion
and signaling in the development of dia-
betes. Front. Physio. 3:349. doi: 10.3389/
fphys.2012.00349
This article was submitted to Frontiers
in Systems Physiology, a specialty of
Frontiers in Physiology.
Copyright © 2012 Gaisano, MacDonald
and Vranic. This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.

Frontiers in Physiology | Systems Physiology September 2012 | Volume 3 | Article 349 | 12

http://dx.doi.org/10.3389/fphys.2012.00349
http://dx.doi.org/10.3389/fphys.2012.00349
http://dx.doi.org/10.3389/fphys.2012.00349
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org/Systems_Physiology
http://www.frontiersin.org/Systems_Physiology/archive

	Glucagon secretion and signaling in the development of diabetes
	Overview
	The Role of Glucagon in Diabetes
	The Cellular Mechanism of α-cell Glucagon Secretion
	Can Glucose Regulate Glucagon Secretion Directly?
	Are α-Cell KATP Channels Involved in the Regulation of Glucagon Secretion?
	Complex Crosstalk Between Islet Cells
	Breakdown in Islet Crosstalk in Diabetes

	Defective Switches of Insulin and Somatostatin
	Defective Insulin Switch
	Defective Somatostatin Switch

	Future Directions
	Acknowledgments
	References


