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CHAPTER |

GENERAL INTRODUCTION

Introductory comments:

My doctoral project explores the physiology of pancreatic neuroendocrine cells
(a-cells) that secrete a peptide hormone (glucagon) under hypoglycemic conditions.
Glucagon-secreting a-cells are part of pancreatic micro-organs called islets of
Langerhans. My research was mainly conducted on both isolated a-cells and on a-cells
present within intact islets harvested from mouse pancreata.

First, this introduction describes how proper blood glucose levels are maintained
and how glucagon helps to regulate glucose homeostasis. Impairment of glucagon
secretion and its consequences in the setting of diabetes are discussed. Then, | examine
the physiology of pancreatic islets in terms of cytoarchitecture, developmental origin,
vascularization and innervation. Because insulin-secreting [3-cells, the most abundant cell
type within the islet, are believed to profoundly influence a-cell secretory activity, their
physiology is also discussed. Lastly, I focus the discussion on a-cells with the intention
of providing an in-depth presentation of their physiology, and, in particular, on the
proposed mechanisms underlying glucagon secretion in low-glucose conditions and

glucagon suppression in high-glucose levels.



1- Bi-hormonal regulation of blood glucose homeostasis and diabetes

Glucose constitutes a fundamental source of energy for the cells, and its
concentration in the blood is normally around 4 to 5.5 mM, and up to 8 mM during the
first hour after a meal (1). These concentrations are mainly regulated by the endocrine
function of the islets of Langerhans. In response to an increase in blood glucose
concentration, insulin (a 51 amino acid peptide) is secreted into the bloodstream by B-
cells. Insulin secretion lowers blood glucose level mainly by stimulating glucose uptake
in muscles and adipose tissues, and by inhibiting glucose release from the liver.
Temporary hyperglycemia is often benign, asymptomatic, and induces tissue
dehydratation as a result of the osmotic effect of glucose. However, chronic
hyperglycemia, as seen in the setting of diabetes mellitus, can lead to serious
complications over a period of years, including kidney failure, neurological problems,
cardiovascular damage, loss of vision, etc (2).

Glucagon (a 29 amino acid peptide hormone) is the metabolic counterpart of
insulin, and its secretion by a-cells is increased under hypoglycemic conditions (glucose
levels below 3.8 mM), typically during fasting or physical exercise (1). Glucagon raises
the blood glucose level by stimulating hepatic glucose output via glycogenolysis and
gluconeogenesis. It ensures that the minimal energetic supply is available to the body,
and particularly to the brain, which is the main consumer of glucose and relies almost
entirely on a continuous supply of glucose from the arterial circulation (3). Not

surprisingly, dizziness, disorientation, blurred vision and even loss of consciousness are



common neuroglycopenic symptoms when the blood glucose level is abnormally low (4).
As a result, severe and prolonged hypoglycemia can cause irreversible brain damage and
even death. A large body of evidence suggests that the counterregulatory (glucose-
raising) response to hypoglycemia is gradual. First, insulin secretion decreases drastically
below 4.5 mM glucose, and glucagon secretion is increased at glucose levels lower than
3.8 mM. If the glucagon response is not sufficient to restore proper glycemia other
counterregulatory systems become activated: the sympathetic autonomic nervous system
and the hypothalamic-pituitary-adrenal axis (5, 6). However, the relative contribution of
the different autonomic inputs is still debated.

Besides the central role played by insulin and glucagon, other systems modulate
blood glucose concentration. These include control of energy balance, glucose
reabsorption by the kidneys, release of incretins from the gastrointestinal tract, and

hepatic glucose autoregulation.

1-2-1 Diabetes in numbers

In 2007, over 8% of the US population had diabetes mellitus (7). Diabetes
contributed to 235,000 deaths in 2005, and the total cost of diabetes in 2007 was
estimated to be $218 billion in the United States (8). In 2000, the World Health
Organization estimated that the worldwide prevalence of diabetes would rise from 171 to
366 million in 30 years (9). Factors contributing to this increased prevalence are modern
diets, obesity, physical inactivity, and an increase in the number of individuals older than

65 years (9). The exact etiology of the disease is unclear and is still under intense



investigation, but accumulating evidence suggests an interaction between genetic

predisposition and environment (10).

1-2-2 Diabetes and impairment of the bi-hormonal regulation of blood glucose
homeostasis

Insulin deficiency is the cornerstone of diabetes mellitus and leads to a chronic
hyperglycemic state (i.e. glucose levels greater than 7 mM) responsible for long-term
complications including kidney failure, blindness, nerve damage, and cardiovascular
problems (2). Insulin deficiency results from autoimmune destruction of B-cells in type-I
diabetes (~ 5% of the total diabetic cases) and from concomitant insulin resistance and
defective insulin secretion in type-11 diabetes (~ 95% of total cases). Consequently, most
of the research has been devoted to the secretion and action of insulin. However,
glucagon release and action are also impaired in the setting of diabetes (11).

In 1975, Unger R.H. and Orci L. proposed, in what they called the “bihormonal
hypothesis”, that diabetes-associated hyperglycemia originates from  both
hypoinsulinemia and hyperglucagonemia (11). Since then, type-lI and advanced type-II
diabetes have been associated with elevated levels of glucagon (13-16) as well as
enhanced hepatic sensitivity to glucagon (17) that exacerbate chronic hyperglycemia.
Also, diabetic patients under treatment with insulin or insulin secretagogues (i.e. a
sulfonylurea or a “glinide”) often fail to secrete sufficient amounts of glucagon during
hypoglycemic episodes. As a result, hypoglycemia induced by therapy (iatrogenic

hypoglycemia) is responsible for ~ 2-4% of the fatalities in type-1 diabetes (18).



1-2-3 Glucagon secretion and action as targets for the treatment of diabetes

Pharmacological control of glucagon secretion or action represents a promising
therapeutic strategy for the treatment of excess glucose production in diabetic patients
(19-21). For instance, biguanide compounds such as metformin, a widely-used anti-
diabetic drug, counteract glucagon action by blocking hepatic glucose production, likely
via gluconeogenesis inhibition (22). In addition, emergency glucagon Kits are prescribed
to diabetic patients that are particularly exposed to severe hypoglycemic shocks. When
one of these episodes occurs, the persons in contact with the patient (family members,
school personnel, etc.) should administer glucagon to the patient to help him regain
consciousness (2, 23).

Cell replacement therapy via islet transplantation represents another promising
strategy to cure type-I and advanced type-II diabetes (24-26). Infusing islets into the liver
via the portal vein has been the site of choice for clinical islet transplantation (27).
However, this surgical method is perfectible: 2 years after transplantation, only 15% of
the patients remain insulin-independent (28). Furthermore, glucagon responses to insulin-
induced hypoglycemia are absent from islets transplanted intrahepatically (29).
Improving our knowledge of islet function may be translated into a better chance of

success for islet transplants.



2- The islet of Langerhans

2-1 Islet architecture

The pancreas accomplishes two main functions: an exocrine one and an endocrine
one. The exocrine function is ensured by acinar cells that produce pancreatic juice
(alkaline fluid containing a variety of digestive enzymes such as trypsinogen,
chymotrypsinogen, elastase, carboxypeptidase, pancreatic lipase, and amylase) (30). The
pancreatic effluent is secreted into the small intestine through a network of pancreatic
ducts in response to the intestinal hormones secretin and cholecystokinin. The digestive
enzymes help further breakdown of carbohydrates, proteins and lipids present in the
chyme.

The endocrine function of the pancreas is mediated by “micro-organs” called
“islets of Langerhans”. The secretion of pancreatic hormones into the bloodstream is
pivotal to maintain proper glycemia, as discussed in Section 1. The human pancreas
contains millions of islets that are scattered throughout the exocrine tissue. Altogether,
islets represent around 1-2% of the total pancreatic weight. An islet is mainly spherical,
typically 100-200um in diameter, and is composed of 1,000 to 10,000 cells (31). At least
five distinct cell types are present in an islet. 55-65% of the cells are insulin-secreting -
cells, 25-35% are glucagon-secreting a-cells, 5-10% are somatostatin-secreting 5-cells,
and a small number of other cells secrete pancreatic polypeptide or ghrelin (32, 33). The

roles of somatostatin, pancreatic polypeptide and ghrelin in overall islet function are not

currently well understood.


http://en.wikipedia.org/wiki/Trypsinogen
http://en.wikipedia.org/wiki/Chymotrypsinogen
http://en.wikipedia.org/wiki/Elastase
http://en.wikipedia.org/wiki/Carboxypeptidase
http://en.wikipedia.org/wiki/Pancreatic_lipase
http://en.wikipedia.org/wiki/Amylase

In mice, the model we have been using for our studies, the islet is composed of
70-80% of B-cells, 10-15% of a-cells, and a few representatives of the other cell-types
mentioned above. Besides the proportion of the different cell-types, the cytoarchitecture
of rodent islets differs from human islets (32). For instance, rodent a-cells are found in
the periphery of the entire islet while human a-cells appear to surround smaller regions of
B-cells that cluster together to make an islet (34). The fact that human a-cells represent a
larger percentage of the islet and may have increased interactions with multiple B-cells
suggests that paracrine signaling from B-cells could play a greater role for human a-cell

physiology than for rodent a-cells.

Islet morphogenesis is a complex process resulting from the differentiation,
proliferation, and migration of pancreatic endocrine cells. The embryonic pancreas
develops by fusion of dorsal and ventral protrusions of the primitive gut epithelium (35).
In the mouse, the first glucagon-producing a-cells appear on embryonic day 9.5 (E9.5)
and insulin-producing cells are detected the following day (36). At this stage, all the
insulin positive cells are also positive for glucagon immunoreactivity (37). The presence
of several hormones within one premature cell suggests that the different islet cell-types
originate from common multipotential precursors that evolve into fully differentiated
cells during development (38). At E14.5, most of the B-cells are fully differentiated and
by E18.5 typical islets are formed with centrally located B-cells (36). Ghrelin-expressing
cells are found as early as E10.5 (39), whereas somatostatin-expressing cells appear on

E15.5 and pancreatic polypeptide-producing cells differentiate shortly before birth (37).



Several transcription factors have been identified in pancreatic development.
Pancreatic duodenal homeobox-1 (Pdx-1, also known as insulin promoter factor 1 or Ipf-
1) was the first transcription factor to be ascribed in pancreatic development in mice (40)
and humans (41). Pdx-1 expression is vital for pancreatic formation from ductal epithelial
cells and for the proper maturation of islet cells (42). Similarly, deletion of the
transcription factors Ptfla and Isl-1 from “knock-out” mice results in complete absence
of pancreas development (43, 44). Neurogenin-3, a member of a family of basic helix—
loop—helix transcription factors, has been implicated in the development of the islets, as
illustrated by the absence of endocrine cells in pancreata from mice lacking this
transcription factor (45). Another member of the basic helix-loop—helix group,
Beta2/NeuroD, likely participates in proliferation of endocrine cells and their proper
organization as a three-dimensional structure (46).

The different islet cell-types originate from common multipotential precursors
that evolve into fully differentiated cells during development. Transcription factors such
as Nkx2.2 (47) and Arx (48) are involved in endocrine differentiation, while Brain-4 (49),
Pax-6 (50), MafB (51, 52) and Foxa2 (53) appear to control more specifically the a-cell
differentiation.

Studying islet development is important to understand the etiology of some
genetically-based diseases related to the pancreas. For instance, humans carrying a
homozygous single-nucleotide deletion in the Pdx-1 gene coding region fail to develop a
pancreas (41). The heterozygous state of this mutation has also been linked to early-onset
type-11 diabetes development, designated as maturity-onset diabetes of the young 4

(MODY-4) (54). Furthermore, missense mutations in the Pdx-1 coding region predispose



to late-onset type-I1 diabetes mellitus (55, 56). Pdx-1 is a transcription factor that binds to
the insulin gene promoter (among other genes) and mutations in the insulin promoter also
increase the susceptibility to type-11 diabetes (57). Mutations in Beta2/NeuroD have also
been associated with the development of type-Il diabetes (58).

The determination of the spatial and temporal expression of transcription factors
involved in cell differentiation, as well as the interaction of their signaling pathways, will
likely help the development of alternative therapeutic approaches to treat some forms of
diabetes. For instance, treatment of diabetes by islet transplantation is hampered by the
shortage of donor organs. Alternative sources of B-cells could become available from

embryonic stem cells (59) or from duplication of differentiated B-cells (60, 61).

2-3 Islet microvasculature

In order to fulfill their endocrine function, pancreatic islets are densely
vascularized. Islets only represent 1-2% of the pancreas weight but receive 5-15% of the
organ’s blood supply (62). An islet is highly vascularized; it is supplied by one to five
arterioles that branches into a dense network of capillaries. These capillaries are
supplemented with a large number of fenestrations closed by diaphragms (63, 64) that
allow direct exchanges between blood and endocrine cells. Thanks to this direct interface,
the islet responds acutely to changes in blood glucose concentration by secreting proper
amounts of hormone into the bloodstream. In addition, islets are connected in parallel to
the arterial circulation: arterioles from the splenic artery perfuse the islets while venules

drain the secretory products into the splenic vein and then exit the pancreas into the portal

vein (65). This organization ensures that all the islets are exposed to the same



concentration of nutrients and hormones.

The direction of the blood flow within the islet has profound physiological
implications for its endocrine activity since products secreted from one cell-type can alter
the function of other cell-types. For instance, anterograde (arterial) perfusion of isolated
pancreata from rats, dogs and humans with anti-somatostatin antibodies (somatostatin is a
potent inhibitor of both insulin and glucagon secretion) did not affect the a- and p-cell
secretory activity. In contrast, the retrograde (veinal) perfusion of anti-somatostatin
antibodies increases both insulin and glucagon secretion, suggesting that somatostatin-
secreting d-cells are downstream of both a- and B-cells. From these physiological studies,
it was concluded that the order of perfusion was f — o — & (66-71). However, two other
models have been proposed to describe the direction of the blood flow within an islet
(72). One model argues that the non-B-cell mantle is perfused first, followed by the -cell
core (73-75). A third model proposes that blood flow perfuses one pole of the islet first,
traverses the islet regardless of the cell-type and exits by the opposite pole (76). Recent
technical advances such as the development of fast line-scanning confocal microscopes
allow high speed imaging of the blood flow in vivo (77). All three models of
microcirculation actually coexist, although it was found that the first model (order of
perfusion: B — o — §) was prominent in mice (60% of the total number of islets
analyzed). One careful note from this study is the fact that only islets from the tail of the
pancreas have been imaged. Previous anatomical studies from the head of pancreas
tended to support the third model (mantle to core to mantle). It is therefore possible that
islets are differently vascularized according to their location in the pancreas.

The cytoarchitecture of human islets being different than in rodents (no B-cell

10



core, no non-B-cell mantle), its microvasculature organization may differ from rodents
(34). In addition, some evidence indicates that glucose stimulates the rate of blood flow
through the islets (78). Future studies on islet microvasculature should shed light on its
structural organization and on the regulation of blood flow rate by glucose and other

nutrient or hormonal stimuli.

2-4 Islet innervation

Islets of Langerhans are extensively innervated by the autonomic nervous system
(79). Sympathetic, parasympathetic as well as sensory nerves project deeply into the islet.
Activation of sympathetic and parasympathetic nervous systems is controlled by glucose-
sensing neurons within the ventromedial hypothalamus (80, 81). Sympathetic nerves
release several neurotransmitters into the islets: norepinephrine, galanin and neuropeptide
Y (82-85). Parasympathetic neurotransmitters comprise acetylcholine (86), as well as
several neuropeptides (vasoactive intestinal polypeptide (87-89), gastrin releasing peptide
(90-92), and pituitary adenylate cyclase activating polypeptide (93-95)). Sensory nerves
contain substance P (96) and calcitonin gene-related polypeptide (97). Other types of
neurotransmitters have been found in the endocrine pancreas: GABA (98), nitric oxide
(99), cholecystokinin (100), ATP (101), L-glutamate (102), glycine (103), dopamine and
serotonin (104). Finally, the presence of nerve fibers projecting from the duodenum to the
islets suggests a direct entero-pancreatic neural communication (105). While considerable
progress has been made to characterize the different types of nerves present in the
pancreas, their respective physiological roles for the endocrine function of the pancreas

remain largely unknown.
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Most of the research on islet innervation has been dedicated to the sympathetic
nervous system which is activated during hypoglycemia, exercise or stress.
Norepinephrine, a sympathetic neurotransmitter, is an inhibitor of both insulin (106, 107)
and somatostatin (108, 109) secretion while being a potent secretagogue for glucagon
(107, 110) and pancreatic polypeptide (109). Furthermore, sympathetic neuropeptides
such as galanin and neuropeptide Y inhibit insulin secretion (111, 112). In vivo research
in humans has suggested that the sympathetic stimulation of glucagon secretion was the
ultimate counterregulatory (glucose-raising) response to severe glucose deprivation (113)
(114). However, other studies on human recipients of pancreas transplantation (115), and
on denervated pancreata from conscious dogs (116), demonstrated that glucagon was
normally secreted in response to acute hypoglycemia besides impaired pancreatic
innervation.

In contrast, the parasympathetic nervous system is activated during
hyperglycemia and stimulates the overall islet secretory response, as demonstrated by
enhanced insulin, as well as glucagon, somatostatin and pancreatic polypeptide secretion
following parasympathetic stimulation (117, 118). Furthermore, parasympathetic
neurotransmitters such as acetylcholine, vasoactive intestinal polypeptide, pituitary
adenyl cyclase-activating polypeptide, and gastrin-releasing polypeptide are able to
stimulate both insulin and glucagon secretion in vitro as well as in vivo (89, 91-93, 95).
However, their relative contribution to islet hormone response remains to be determined.

Several studies propose that the autonomic nervous system is i