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The islets of Langerhans collectively form the endocrine pancreas, the organ that is soley responsible for insulin secretion in
mammals, and which plays a prominent role in the control of circulating glucose and metabolism. Normal function of these islets
implies the coordination of different types of endocrine cells, noticeably of the beta cells which produce insulin. Given that an
appropriate secretion of this hormone is vital to the organism, a number of mechanisms have been selected during evolution,
which now converge to coordinate beta cell functions. Among these, several mechanisms depend on different families of integral
membrane proteins, which ensure direct (cadherins, N-CAM, occludin, and claudins) and paracrine communications (pannexins)
between beta cells, and between these cells and the other islet cell types. Also, other proteins (integrins) provide communication
of the different islet cell types with the materials that form the islet basal laminae and extracellular matrix. Here, we review what is
known about these proteins and their signaling in pancreatic 3-cells, with particular emphasis on the signaling provided by Cx36,
given that this is the integral membrane protein involved in cell-to-cell communication, which has so far been mostly investigated

for effects on beta cell functions.

1. Introduction

In vertebrates, pancreatic beta cells are the sole source of the
insulin hormone [1]. The modulation of insulin secretion
as a function of the changing metabolic demand and envi-
ronmental conditions, specifically the levels of circulating
glucose, cannot be quantitatively fulfilled by a single beta
cell. Indeed, the total amount of insulin of one cell (~10 pg)
will not allow for establishment and maintenance of the basal
circulating levels of the hormone (~1.25mg/L in humans).
Assuming that all beta cells of the million islets which are
thought to be dispersed in a human pancreas contribute
to these levels, this implies that about 125 cells should
simultaneously secrete in each islet. After a meal, this number
should increase by about 5 to 6-fold to rapidly establish
the postprandial levels of insulin, which are required to
maintain normoglycemia, and be tightly regulated to ensure
the peripheral oscillations of the circulating levels of the
hormone, which prevent the target tissues to establish a resis-
tance to the hormone [2-4]. Eventually, the mechanism(s)
controlling these surge and oscillations should also be able
to synchronously turn oft the secreting cells, in order to
avoid dangerous hypoglycemia, once insulin has launched

its anabolic effects. Thus, insulin secretion is a multicellular
process, which implies the coordinated functioning of many
pancreatic islets, and many beta cells within each of these
functional subunits of the endocrine pancreas.

With evolution, many mechanisms have converged to
ensure this coordination, which ensures a proper secretion
of insulin [5-9]. These mechanisms include several forms of
indirect cell-to-cell communication, which use extracellular
molecules that simultaneously signal multiple cells, including
those mediated by short- and long-range actions of multiple
neurotransmitters and hormones, as well as the mechanisms
that affect beta cells by several other regulatory ions and
low molecular weight second messengers, purinergic signals,
and short lived gases. Given that islets are separated from
each other by the exocrine acini, as well as by the connective
and vascular tissues of pancreas, this set of mechanisms,
and notably that mediated by neurotransmitters, is believed
not to be dispensable for the islet-to-islet synchronization.
This set of mechanisms also controls the function of beta
cells within each islet, ensuring a fine tuning of the rapidity,
amplitude, rhythmicity, decrease, and duration of the insulin
release. This is indicated by the experimental perturbation
of these parameters in vitro, that is, under conditions which



alter, if they do not abolish, the intercellular flux of signaling
molecules and, hence, the indirect mechanisms of indirect
cell-to-cell communication. The regulatory molecules are
presumably generated within each islet, inasmuch as isolated
islets of Langerhans retain in vitro a close to normal ability
to modulate insulin secretion and biosynthesis in response to
glucose.

Remarkably, however, the same in vitro conditions do
not abolish a major physiological feature of pancreatic beta
cells, which is observed in no other vertebrate cell types,
that is, their ability to exquisitively sense minute changes in
the levels of circulating glucose, and to regulate accordingly
the level of insulin secretion. In contrast, this cell-specific
feature is rapidly lost once beta cells loose the contacts
which they natively establish with each other, and other
types of endocrine cells, within the pancreatic islets. Since
a partial recovery of this loss is acutely observed after
cell reaggregation [5-9], at least some of the many surface
proteins which become functionally activated upon beta cell
contact appear obligatory for proper insulin secretion.

Like all other types of epithelial cells, beta cells closely
adhere to their neighbors by a variety of cell surface proteins
[5-9], many of which are members of multigene families.
These proteins selectively interact within restricted domains
of the cell membrane to form intercellular junctions, or form
channels permeable to a variety of ions, metabolites, and
second messengers. Some junctions establish adhesive links
between adjacent cells, ensuring the structural cohesiveness
of the islet, and contribute to the functional polarity of secre-
tory cells, by establishing distinct membrane domains. Other
junctions provide for anchoring of the endocrine cells to
extracellular pancreas components, which presumably allows
for the establishment of pathways that transduce signals
within and between cells, in order to couple extracellular
changes with intracellular responses. Some channels establish
direct exchanges of cytosolic components between adjacent
cells, which allows for the synchronization of companion
beta cells. Other channels may mediate the coordination
of the beta cells with the surrounding alpha cells, which
produce glucagon antagonistically with insulin secretion, as
well as with the other types of islet cells, including the delta
cells, which produce somatostatin in parallel with insulin
secretion, the PP cells, which produce pancreatic polypeptide,
and the epsilon cells, which produce ghrelin. Together, this
set of mechanisms of direct communication ensures the
integration of these different cell types within structurally and
functionally coherent pancreatic islets [5-9]. Typically, these
mechanisms operate over a small distance range, due to their
dependence on cell-cell or cell-extracellular material contact,
and because they are ofter diffusion driven, thereby providing
a potential clue as to the intriguing small size of pancreatic
islets, which has been consistently selected in most animal
species [10].

This paper reviews the proteins involved in these direct
cell communications [8, 9], and the mechanisms whereby
they ensure direct islet cell adhesion (cadherins and Ca®*-
independent junctional molecules), anchoring to the extra-
cellular matric (integrins), polarity (claudins and occludin),
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and possibly communications between beta cells and other
islet cell types. Specific attention is given to Cx36, the sole
connexin expressed by pancreatic beta cells, since increasing
evidence points to a relevant in vivo role of the coupling that
this protein ensures within the islets, in multiple aspects of
beta cell functions.

2. Why Cell-to-Cell Interactions?

A first multi-cellular organism is believed to have formed
between cyanobacteria some 3.5 billion years ago, relatively
soon after the earth crust solidified [11]. Since, this event
repeated itself a number of times [12-20] till about 800
million years ago, when it initiated the development of the
larger algae, fungi, plants, and animals we now know [13-
16, 21, 22]. This development was accompanied by increased
genomic diversity, presumably as a result of the recruitment
by multicellular organisms of genes from several unicellular
ancestors [18, 19]. This recruitment, together with a series of
spontaneous genetic mutations and environmental changes,
is the likely cause of the increased size of the newly formed
multicellular organism [12, 17]. In turn, this change lead
to cell diversity, due to the necessity to sustain the larger
body with novel metabolic and structural adaptations [21].
Thus, multiple cell types emerged [16, 21], imposing to the
multicellular organism to transform from a mere aggregate
of independent cells into a community of interacting cells.
The new organisms presumably were selectively advantaged
by these changes, since phylogeny shows a trend towards
increased organism complexity [18, 19]. In turn, multicellu-
larity provided control over the environment. This facilitated
the independent determination of the intracellular medium
and the constitution of a stable milieu interieur, which
protected the multicellular organisms from environmental
alterations [16].

3. How Cell-to-Cell Interactions?

This phenomenal and explosive evolution dependeds on the
parallel development of a communication array for cross-talk
between the various types of cells that strived to live together.
Via such an array, adjacent and distant cells were forced to
coordinate their function with that of other cells, to optimize
their adaptation to the environment [23, 24]. Likely, this
signaling array was initiated by the diffusion across the cell
membrane of small signaling molecules [12, 25-32]. Since,
selection has largely diversified this primordial mechanism,
resulting in a complex array of cross-talking and to some
extent overlapping cell communication mechanisms, which
use different structures and signal molecules [8, 9]. These
mechanisms are referred to as “indirect” or “direct” cell-
to-cell communication mechanisms. Indirect cell commu-
nication does not require cell contact, being mediated by
the extracellular flux of molecules that simultaneously signal
multiple cells. A widespread modality of such a mechanism,
is the diffusion in the extracellular spaces of hormones
and neurotransmitters, which are simultaneously sensed by
cells equipped with cognate receptors [28, 29, 31, 32]. This



Scientifica

system ensures a highly specific signaling between both
distant (hormonal and neural communication) and nearby
cells (paracrine communication), sometimes even affecting
the very same cell that generated the signal (autocrine feed-
back loop). Another widespread form of indirect cell-to-cell
communication is provided by the diffusion in the extra-
cellular spaces of ions and molecules that enter cells either
by free diffusion through the lipid membrane bilayers or
by way of specific transporters/channels [33, 34]. A recently
recognized variant of this modality is the release through
membrane pannexin channels of cytosolic signal molecules
which enter the extracellular fluid and then interact with
specific receptors in close-by cells. Cell-to-cell coordination
is then achieved by the simultaneous up- or downmodulation
of specific metabolic and effectors pathways in several cells.
A further modality of “indirect” cell-to-cell communication
is the dispersion of the extracellular cell-to-cell signal by
components of the extracellular matrix, to which multiple
cells may simultaneously and dynamically attach by way of
specific integrin proteins, that mediate both in-out and out-
in signaling [8, 9].

Possibly because multicellularity initially developed in
large aqueous media, most cell types also developed ways
to communicate in a “direct” way, that is, by mechanisms
which require their physical contact at the level of the cell
membrane [8, 9]. A widespread modality of such direct
cell-to-cell communications is via a large variety of cell
adhesion glycoproteins, referred to as cell adhesion molecules
(CAMs), which establish and maintain cell cohesion, while
transmitting both intra- and extracellular information to
adjacent cells [8, 9]. Direct cell-to-cell communication is also
mediated by connexins [35-39], the nonglycosylated proteins
that oligomerize to form hydrophilic cell-to-cell channel,
which functionally joins two cytoplasms, thus allowing for
bidirectional exchanges of a variety of cytosolic molecules
[35-39].

Probably because most of these indirect and direct cell
communication mechanisms operate in a relatively short dis-
tance range, they were not, alone, sufficient to cope with the
increasing size and complexification of multicellular systems,
which progressively included increasing numbers of cells, dif-
ferentiating in multiple directions [15, 39]. Thus, the nervous
and endocrine systems emerged to carry the signal molecules
to both close-by and distant target cells [12, 26, 27, 40, 41].
The use of similar signal molecules and signal molecule-
receptor interactions all along the phylogenetic tree suggests
that the two systems evolved from a common ancestor [28-
32, 40, 42-46], presumably by random modification of some
common metabolite [27, 47]. Since, comparative biology has
shown little evolutionary changes in the type of hormones
produced by different organisms [27, 40, 42], but a large
diversification of the types of cells targeted by the signaling
molecules, and, to a lesser extent, of the pathways which are
controlled by hormones and neurotransmitters in these cells
[27, 40, 48]. As a result, a same signaling molecule may have
markedly different effects in different species [27]. With the
advent of large size vertebrates, the requirement for hormones
increased, forcing the development of multicellular glands,
where many cells would concentrate to produce one or

several signaling molecules. Again, there has been but a
modest phylogenetic adaptation of these glands, even when
their spatial architecture changed, indicating some need for
convergent evolution [25, 27, 49, 50].

4. Hormone Secretion Is a Multicellular Event

The phylogeny of endocrine glands recapitulates several steps
of the evolution of multicellularity, notably the essential
need for intercellular communication to ensure a coordinated
function of the endocrine secretory cells that are vital for
mammal survival. Thus, secretion of vital hormones is a mul-
ticellular process, given that no individual cell can produce, at
any given time, the large amount of hormones that is required
to ensure their vascular transport across a large organism, and
to regulate the peripheral target organs. Hence, endocrine
cells making a specific hormone should synchronize their
activity with companion cells, and coordinate this activity
with that of cells producing agonistic or antagonistic hor-
mones, which may not function synchronously and at the
same rate [51-55]. Since most hormonal secretions undergo
regular fluctuations, as a function of circadian and other
rhythms, and are affected by changes of the milieu interieur,
the extracellular milieu of the organism and the environment,
this coordination should be continuously adapted, on a
moment-to-moment scale, to provide a hormone output
commensurate with the needs of the organism.

Endocrines meet these requirements, by using in parallel,
though not necessarily simultaneously, all the indirect and
direct forms of cell-to-cell communication mentioned above
[51-53, 55-57], in patterns which differ from gland to gland.
This organization results in a complex network of different
regulatory systems, which largely overlap and, at times,
interact with other pathways to promote or decrease their
influence. Most likely, this partial redundancy was pressure-
selected by the vital necessity of some of the hormones,
like insulin or corticosteroids. Providing the cells making
these hormones with many regulatory systems ensures that
the biosynthesis, storage, and release of these molecules
are maintained within a life sustainable range under most
conditions, including when individual regulatory mechanism
may have been lost. Distinct communication mechanisms,
each resulting in quantitatively and qualitatively different
effects, also provide endocrine cells with a much more
sensitive and graded way to control their functioning, in
both temporal and spatial terms, than possible using a single,
on/off type of regulation.

5. Cell Interactions in the Endocrine Pancreas

5.1. What Is the Endocrine Pancreas? In mammals, the
endocrine pancreas is collectively made by a multitude
of islets of Langerhans which are dispersed within the
pancreas. Each islet is a round/ovoid mass, 50-600 ym
in diameter, which comprises ~50-3000 cells, of which
beta cells represent about 60% in humans. The remain-
ing cells are glucagon-producing alpha cells, somatostatin-
producing delta cells, pancreatic polypeptide-producing cells,



and ghrelin-producing epsilon cells. The islets also comprise
abundant endothelial cells, as well as some fibroblasts, lym-
phocytes, and macrophages [58]. This complex organization,
and the vital necessity of these microorgans contrast with
their actual minute amounts. In humans, the estimated
number of pancreatic islets is one million per pancreas, under
healthy, control conditions, which means that our survival
is dependent on about one billion beta cells. Still, these cells
altogether only form 1-2% of the volume of a control, adult
human pancreas, and represents no more than 1 g wet weight
tissue [58].

5.2. Interactions between Pancreatic Islets. Under resting con-
ditions, the three main islet hormones, insulin, somatostatin
and glucagon, are all released in an oscillatory manner
[2-4, 59-62], which is synchronous for the two former
hormones and antisynchronous for the latter [63]. After
a meal, the release of insulin and somatostatin increases
sharply, whereas that of glucagon decreases. Conversely,
during fasting, insulin and somatostatin are downregulated,
whereas the release of glucagon is increased. This regulation
implies a coordination between both multiple islets, and
between their different cell types, since a stochastic function
of individual islets is unlikely to ensure both the acute
and important post-prandial surges in the hormone levels,
their regular, cyclic fluctuations over time, and their rapid
off response when the nutrient stimulation ceases. Given
that islets are separated from each other by basal laminae,
connective tissue, and the acini of the exocrine pancreas, their
coordination depends on a variety of hormonal and neural
controls. Thus, insulin secretion is experimentally stim-
ulated by gastric inhibitory peptide, thyrotropin-releasing
hormone, glucagon-like peptide 1, f-adrenergic agonists,
acetylcholine, cholecystokinin, gastrin-releasing peptide, and
vasoactive intestinal peptide [64-67]. Conversely, inhibition
is induced by corticotrophin-releasing factor, peptide YY,
atrial natriuretic peptide, pancreastatin, a,-adrenergic ago-
nists, galanin, neuropeptide 1, and somatostatin [64-67].
In vivo, the insulin secretion of islets, which is initiated by
circulating nutrients, mostly glucose, is essentially modulated
by gut hormones, specifically gastric inhibitory peptide,
glucagon-like peptide 1, cholecystokinin, and somatostatin
[64-67]. In vitro, pulsatility of insulin secretion is preserved
in the absence of hormonal circulation [2, 3, 66-68], further
indicating that some intrapancreatic nervous system helps
coordinating the individual islets. Since insulin pulses are
altered by tetrodotoxin, but not by drugs blocking cholinergic
and adrenergic receptors, this islet coordination presumably
involves connections between islets, mediated by postgan-
glionic fibers of autonomous ganglia [64]. These ganglia,
which serve both as pancreatic pacemakers and as integration
centers [66], receive adrenergic, cholinergic, and peptidergic
inputs from both the central and the autonomous nervous
systems [66].

5.3. Interactions within Pancreatic Islets. Within each pan-
creatic islet, endocrine and vascular cells communicate in
a variety of ways which presumably include all the indirect
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and direct mechanisms listed above. Thus, it has long been
known that the insulin-producing beta cells regulate their
functions through interactions with the same hormones,
neuromediators, and other signal discussed in the previous
paragraph for islet communication. These signal molecules
reach the pancreas from outside or are generated within the
islet itself [6, 57, 64, 69, 70]. However, given that insulin
secretion is still a regulated event under in vitro conditions
which abolish the native blood supply and perturb both the
innervation and the flux of extracellular fluid, other commu-
nication mechanisms must contribute to beta cell control.
The finding that insulin secretion is altered after dispersion
of islet cells and rapidly improves after their reaggregation or
their interaction with components of the extracellular matrix
[71-78], further suggests that these mechanisms depend on
the establishment and maintenance of proper cell-to-cell and
cell-to-matrix contacts.

5.3.1. Indirect Interactions

Neurotransmitter and Hormone Mediated. Individual islets
of Langerhans respond to most of the neuromediators and
hormones which affect the endocrine secretion of the intact
pancreas, including the four main islet hormones [69, 70,
79]. Thus, insulin inhibits glucagon secretion, and possibly
also the secretion of somatostatin, pancreatic polypeptide,
and insulin itself; glucagon stimulates insulin and somato-
statin secretion; pancreatic polypeptide inhibits somatostatin
secretion; and somatostatin inhibits the release of all islet
hormones [69, 70, 79]. Some of these effects can be prevented
by antibodies to specific hormones, suggesting that they
may well be elicited in vivo after release of endogenous
islet products [69, 70, 79]. Since islet cells are influenced by
hormone levels much lower than those found in the venous
effluent of the pancreas, it is difficult to conceive that any
paracrine effect may occur by diffusion of hormones from
the producing cell to nearby targets, through a continuous
extracellular space. If this was the case, it is likely that the
islet cell receptors may be downregulated by the sustained
exposure to high hormone concentrations [69, 70, 79]. Thus,
it is likely that islet hormones are channeled to specific
membrane domains, either by restricted diffusion in the
extracellular islet space or by vectorial transport via the islet
microcirculation [64, 66, 69, 70, 79]. Microvessels originate
from afferent arterioles in the center of the islets which, in
the rodents that were used in these experiments, predomi-
nantly comprise insulin-producing beta cells and direct blood
flow to the islet periphery [80], a region comprising beta,
alpha, delta, PP, and epsilon cells [58, 81]. Comparison of
arterial and venous infusions, in the presence and absence
of hormone-neutralizing antibodies, suggests that blood flow
reaches beta cells first, then alpha cells, and finally delta cells
[79, 80]. According to this arrangement, high concentrations
of insulin should almost continuously bath the peripheral
islet mantle, whereas glucagon and somatostatin would have
little chance of reaching most beta cells without first entering
systemic circulation. However, whether and how all islet hor-
mones actually have any intraislet effect in vivo is still the sub-
ject of substantial debate, since we still do not know the actual
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concentration of hormones in the interstitial islet fluid, the
flux and direction of this fluid, and the distribution of islet cell
receptors. Recent evidence has certainly provided evidence
that at least insulin signaling is significant for islet function.
Thus, invalidation of the gene coding for insulin receptors of
pancreatic beta cells leads to mice featuring a selective loss of
insulin secretion in response to glucose, which was sufficient
to impair glucose tolerance [80]. Autonomic ganglia have
not been observed within isolated islets [64], indicating that
basal and stimulated insulin secretion may be sustained
in the absence of innervation. Nevertheless, interruption
of extraislet neural inputs from both parasympathetic and
sympathetic fibers modifies islet function, as revealed by an
increased frequency in the oscillations of insulin secretion, in
rodents [2]. The rapid oscillations observed with individual,
isolated islets are probably driven by periodic fluctuations in
the levels of intracellular free Ca** and/or in the glycolytic
activity of beta cells [61]. In vivo, these oscillations may be
masked by the longer cycle pulses that result from the neural
coordination of multiple islets [4, 63, 66]. Whether these
considerations apply to human islets, in which the beta cell
and alpha cell compartments are not as regionally distinct as
in rodents [58, 81], and whose innervation also appears much
sparser than in rodents [82, 83], remain to be shown.

Ion Mediated. Numerous other, nonhormonal or neural
signals which flow through the extracellular spaces of the
pancreatic islets may help coordinating beta cell behaviour.
For example, it has been noted that electrophysiological char-
acteristics are quite variable at the level of single beta cells and
become more uniform and stable when these cells aggregate
into clusters [61, 81, 84]. Within intact islets, virtually all beta
cells show a high degree of electrical synchronization during
both silent and burst periods of electrical activity [61, 81, 84—
87], implying an almost immediate intercellular coordination
of the levels of current-carrying ions. This coordination has
been verified for Ca®", whose oscillatory levels appear to
be determined collectively by groups of synchronized beta
cells rather than by individual S-cells [61] and may rapidly
equilibrate across whole islets [88, 89]. We now know that
this equilibration is mostly dependent on Cx36 channels
[59, 62], even though other regulatory mechanisms may
modulate this essential function [3, 4]. Thus, the occurrence
in the extracellular islet fluid of K™ waves, which regularly
precede the bursts of electrical activity [90, 91], may provide
a rapid and efficient way for coordinating the depolarization
of the beta cell membranes, as well as the subsequent Ca*
oscillations and insulin release in distant beta cells [6, 54, 57].
Still other islet cell interactions may involve signaling by
either cytokines or NO [91-94].

Integrin Mediated. Numerous cell surface proteins have been
identified as receptors for molecules of the extracellular
matrix (ECM). Almost all of these proteins belong to the inte-
grin family, which are receptors composed of an « (120-180-
kDa) and a f subunit (90-110kDa), noncovalently bound
(Figure 1). Each subunit has an extracellular domain, a single
transmembrane region, and a short cytoplasmic domain
associated, via a variety of cytosolic protein partners, with

actin microfilaments [95]. To date, 18 « and 8 3 subunits have
been identified in vertebrates, which assemble into at least 24
distinct integrin isoforms. Typically, different integrins serve
as receptors for different components of the ECM (Figure
2). However, different integrins may also recognize the same
ligand and, conversely, integrins composed of a same subunit
may show different ligand binding specificities [95]. Integrins
initiate the adhesion of cells to the substratum, on which
they grow (basal lamina and ECM for epithelial cells), and
organize their cytoskeleton, leading to changes in cell shape,
polarity, and distribution of cellular organelles. They further
activate a large variety of signal transduction events that
modulate many aspects of cell behaviour, including pro-
liferation, survival/apoptosis, shape, polarity, motility, gene
expression, and differentiation [96-99]. Integrins are not
endowed with enzymatic activity, but are associated with a
broad variety of signaling and/or adaptor proteins involved in
different signal transduction pathways. Frequently, integrin-
mediated adhesion and/or clustering of integrins leads to
enhanced activation of a cytoplasmic integrin-associated
protein kinase, known as focal adhesion kinase (FAK) [100,
101]. A multitude of signaling molecules, including PI3K,
protein kinase B (PKB/Akt), and the MAP kinase ERK, are
regulated by integrin-mediated adhesion [100-102].

Adult islets of control human pancreas express 1, aV,
and «3 integrin subunits [101-103] (Figure 3), and the same
proteins are also found, together with a5 and «6, in the
islets of several other species [104-108]. However, while
the a3 subunit is restricted to islet cells, the a5 subunit
was expressed by both islet and acinar cells [104, 105].
Immunofluorescence revealed that the expression of a6/f1
integrin varied among rat beta cells, in a way which correlated
with the spreading of these cells on the laminin-rich 804G
matrix. This spreading was decreased by antibodies against
the «6/f1 integrin or its 31 subunit, as well as by antibodies
against laminin-332, one of the ligands of «6/31 [106, 108].
Within rodent islets, laminin-332, together with laminin-
511, type IV collagen, and numerous other laminin chains,
including a4, &5, B1, 32, and y1, form basal laminae along
both islet cells and blood vessels [106, 108]. In human islets,
basal laminae are splitted in 2 parts, with some laminin
chains facing only endothelial cells and others facing only
islet cells [108, 109]. The latter basal laminae are unusual in
that they are rich in lutheran glycoprotein, which functions
as a laminin « chain receptor [109]. The data indicate that
multiple receptors, recognizing many components of the
ECM, ensure the adhesion and spreading of beta cells to
the extracellular materials of pancreatic islets. They further
document substantial differences in the composition and
arrangement of basal laminae in rodent and human islets.

Insulin secretion is improved when human islet cells are
cultured on a ECM made by bovine corneal endothelial cells
or of type IV collagen [109, 110], rather than on standard
culture plastic. This effect was associated with a decreased
transcription of the insulin gene and was dependent on
the activation of the ERK pathway [106, 110]. Glucose-
induced insulin secretion from rat islets is also stimulated by
different ECMs, including endothelial basement membranes,
purified fibronectin, and the 804G matrix [111-113], in



Connexins Pannexins

es A .R’ es
T o]
AUARE
chludin{,c\laudins/\\
m I{ [

C

Cadherins, N-CAM Integrins
es c
m m
es (
¢ \ bl

FIGURE 1: Schematic representation of the membrane proteins
involved in f-cell communication. Pancreatic islet cells express
molecules for cell-to-cell communication, including tetraspan con-
nexins, pannexins, occludins, and claudins, and single span cad-
herins, and N-CAM. Pancreatic islet cells also express molecules
for cell-to-extracellular matrix communication, notably integrins.
The spherical symbols on the extracellular loops of connexins
and pannexins indicate the presence of highly conserved cysteine
residues. The branched, dotted line on the second loop of pannexins
indicates the site of glycosylation.

a way that correlates with the degree of cell spreading, as a
result of an upregulation in the expression of «6/f1 integrin.
Thus, secretagogues elicited a higher insulin output from
flattened than from spherical beta cells [106]. Comparable
observations were made in cultures of canine islet cells, whose
expression of a3, a5, and «V decreased with time, coincident
with a decrease in proinsulin gene expression, islet insulin
content, and stimulated insulin release [105]. Exposure of
beta cells to antibodies blocking either the 51 integrin subunit
or its laminin-332 ligand resulted in a reduction in glucose-
stimulated insulin secretion when cells were attached to
804G matrix [108]. The former antibody also inhibited the
phosphorylations mediated by FAK, indicating that the out-
in signaling activated by the engagement of 1 integrins by
laminin-332 is relevant to normal beta cell function [108].
These observations demonstrate that the islet cell-matrix
interactions, mediated by specific integrins and their cognate
glycoprotein ligands, modulate the sensitivity of beta cells to
glucose.

The basal laminae (Figure 3) of fetal pancreatic ducts
contain laminin-1, fibronectin, and collagen IV [106], and
the epithelial cell clusters which bud off these ducts to begin
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FiGure 2: Different membrane proteins account for different
modalities of 3-cell communication. Connexins mediate the direct
cell-to-cell transfer of cytosolic molecules (dotted, double arrow
head) between adjacent cells, an event referred to as cell-to-cell
coupling. Pannexins mediate the exchange of molecules (dotted)
between the cytosol and the extracellular space of cells. Some of
the cytosolic molecules which exit cells through pannexin channels
could ensure paracrine communication between close-by cells.
Occludin and claudins provide for the sealing of small domains of
the cell membrane and of portions of the islet extracellular spaces,
hence establishing the polarity of f-cells. Cadherins and N-CAM
ensure the adhesion between islet cells in contact. Integrins mediate
the adherence of islet cells to the extracellular basal lamina (grey
band) and matrix. Claudins, cadherins, N-CAM, and integrins also
provide for the in-out and out-in signaling of -cells (curved, double
arrow heads) notably with regard to gene expression.

islet morphogenesis express the cognate receptors «V/33 and
aV/ 35 integrins [106]. Fetal beta-cells also express «1/1, an
integrin which is strongly induced after islet isolation and cul-
ture, and which mediates the migration of fetal beta cells on
type IV collagen [106]. Parallel in vitro experiments showed
that mesenchymal stem cells from umbilical cord blood can
be induced to differentiate into pancreatic endocrine cells, by
a mechanism which is significantly activated in the presence
of ECM, and lead to the formation of three dimensional
pseudoislet structures [106, 114, 115]. Proliferation of rodent
islet cells is enhanced on a matrix derived from bovine
corneal endothelial cells, on a collagen gel and on the 804G
matrix [116-120]. While epithelial cells from fetal human
pancreas also grow more rapidly on selected ECMs than on
standard culture plastic [121], recent data have shown that,
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FIGURE 3: Schematic view of the fS-cell arrangement within a
pancreatic islet. The insulin- and C-peptide-producing -cells inter-
act with each other via Cx36, Pnx2, multiple cadherins, N-CAM,
occludin, and several claudin isoforms. 3-cells also adhere to their
basal laminae (grey bands) and to those of the endothelial cells
of islet capillaries (cap) by a variety of integrins. S-cells further
interact with nearby glucagon-producing «-cells via Pnx1, and N-
CAM. Whether a similar heterocellular interaction takes place with
the somatostatin-producing &-cells is not established. Similarly,
there is no direct evidence for an interaction mediated by integral
membrane proteins between fS-cells and either the islet ghrelin-
producing e-cells or the pancreatic polypeptide-prodcuing PP cells.

after a limited numbers of years, human beta cells are no
more able to proliferate in vitro, including on the 804G matrix
[122], presumably due to epigenetic downregulation of key
cell cycle genes. Thus, the effects of integrins and ECM on
islet cell growth appear to be cell-, age-, and species-specific.
In culture, the survival of isolated islets of Langerhans is
prolonged in the presence of some ECM, which probably
protects the microorgans from anoikis [123], and isolated
beta cells are also partially protected from the apoptosis
induced by serum deprivation and by interleukin-1p, when
cultured on the 804G matrix. While a direct involvement of
integrins in the control of beta cell viability has not yet been
demonstrated, the expression of a3, «5, and «V integrins
at the surface of islet cells decreases with culture time, and
this change is coincident with a rise in beta cell apoptosis
[105]. The mechanism underlying these effects remains to
be fully elucidated. The activity of caspase-8 is reduced in
islet cells cultured on ECM, under conditions that increase
the activity of focal adhesion kinase (FAK), protein kinase B
(PKB, or Akt), and the extracellular signal-regulated kinase
(ERK). Conversely, treatment with either an anti-f1 inte-
grin antibody, the ERK pathway inhibitor PD98059, or the
phosphatidylinositol 3-kinase inhibitor LY294002 increased
apoptosis in cells cultured on the 804G matrix, but not on
poly-L-lysine [124]. Another study has documented that the
804G matrix induces a transient and moderate increase in the
NF-kappaB activity of beta cells [116]. However, this effect
is unlikely to account for the improved viability of islet cells,

given that the survival of beta cells grown on the 804G matrix
was not affected by inhibiting NF-kappaB phosphorylation
using either Bay 11-7082, or by preventing this phosphoryla-
tion in cells transduced with an adenoviral vector encoding
for a nonphosphorylatable form of IkappaB alpha [124].
These experiments indicate that the engagement of integrins
with the components of the islet ECM, and notably laminin,
may be crucial for islet morphogenesis, as well as for the
generation and survival of differentiated beta cells. They also
call for direct experiments aimed at elucidating the pathways
whereby ECM protects beta cells against apoptosis.

The migration of autoreactive lymphocytes and other
immune cells from the blood stream into pancreatic islets is a
pathophysiological culprit in the initiation of type 1 diabetes,
which may be controlled by the molecular composition of
ECM and the expression of selected CAMs and integrins at
the surface of both lymphocytes and endothelial cells [125].
Thus, intercellular adhesion molecule 1 (ICAM-1), which
is expressed by beta cells, has also been implicated in the
extravasation of lymphocytes from the circulation into the
inflamed pancreas [126]. Treatment of nonobese diabetic
mice with monoclonal antibodies against L-selectin and the
a4 subunit of integrins protects against the spontaneous
occurrence of insulitis and diabetes [127]. Furthermore,
lymphocytes of inflamed islets express the «4/S7 integrin,
and treatment of young diabetic mice with monoclonal
antibodies against the 37 subunit of this molecule also leads
to a significant and long-standing protection against the
spontaneous development of diabetes and insulitis [128].

In most transplantation centers, isolated pancreatic islets
are cultured 1-2 days prior to transplantation for a variety
of safety and logistical raisons, as well as to improve the
viability of the islets which may have been compromised by
the isolation procedure. Since ECM is a native component of
the islet microenvironment which positively affects islet cell
function in vitro, its effects on the survival of transplanted
islets have been investigated. In one study, the natural ECM
of small intestine submucosa was shown to improve the
secretion of isolated islets cultured for several days [129].
Also, when a polymer scaffold made of lactide and glycolide
copolymers as well as collagen IV was used as a platform
for islet transplantation, to mimic the 3D organization of
ECM, the hyperglycemia of diabetic mice was corrected faster
than in mice transplanted only with isolated islets [130].
Similar results were obtained with human islets embedded
in a synthetic matrix composed of nanofibers, and trans-
planted into diabetic immunodeficient mice [131]. Chitosan-
based artificial matrices have been recently proposed as an
alternative to natural ECM for islet transplantation. In these
3D structures, the isolated islets retain the initial morphol-
ogy and adequate insulin release for several weeks of culture
[132]. These studies indicate that the design of an adequate
and well-defined ECM microenvironment and the in vitro
reestablishment of the cell-ECM interactions which normally
take place within the native pancreas may be instrumental to
improve the survival and function of transplanted islets.

Pannexin Mediated. The sequencing of mammalian genomes
has revealed pannexins, a family of 3 proteins, which feature



a membrane topography analogous to that of innexins and
connexins [131, 132] (Figure 1). Thus, pannexins display
N- and C-terminal domains within the cytoplasm, two
extracellular and one cytoplasmic loop domains, and four
membrane-spanning segments. However, and in contrast
to connexins, pannexins contain two Cys residues in each
extracellular loop, and consensus sequences for glycosylation
[133-136]. During their intracellular trafficking, 6 pannexins
oligomerize to form an hexamer referred to as a pannexon,
which is inserted in the cell membrane. This structure forms
the wall of a hydrophilic channel which, when opened,
establishes a communication between the cytosol and the
extracellular fluid (Figure 2). Through pannexin channels, a
variety of cytosolic molecules, including ATP, glutamate, and
epoxyeicosatrienoic acid [137-139], may escape the cell and
either bind to prurinergic receptors on nearby cells or enter
these cells, in a channel-dependent variant of paracrine cell-
to-cell communication. At least in vitro, the pannexon chan-
nels also allow cells to rapidly incorporate molecules present
in the extracellular fluid, by a gradient-dependent diffusion
mechanism [140-144]. In contrast, and probably because of
the glycosylated residues, the pannexons of one cell cannot
approximate those of an adjacent cell sufficiently close to
establish a cell-to-cell channel [135, 136, 142, 143, 145-
147]. Pannexin channels are activated by mechanical stress
[148-151], large depolarizations, and activation of purinergic
receptors [138, 152-159]. These channels have now been
implicated in a number of physiological functions, including
gene expression, propagation of calcium waves, vasodilation,
taste sensation, and immune response [160]. The proteins
have also been implicated in a variety of pathophysiological
conditions, including cell death, and tumorigenesis [160-
162].

Little is known about the function of pannexins in
pancreatic islets, beside the finding of transcripts coding for
both Pnx-1 and Pnx-2 (unpublished). While cell purification
studies indicate that beta-cell-rich fractions predominantly
express the RNA of Pnx2, whereas the nonbeta-cell-rich
fractions predominantly express the transcript of Pnx-1
(unpublished; Figure 3), neither the cell distribution nor
the levels of the cognate proteins are yet established, mostly
because of the modest quality of the existing antibodies.
In view of the many similarities between beta cells and
neurons, a prediction would be that Pnx-2 is selectively
expressed by beta cells. Given that these channels can be
permeated by glutamate, a putative beta-to-alpha paracrine
signal [163], such channels could operate in coordinating the
antagonistic insulin and glucagon secretions. Even though
the beta-alpha cell interactions have been usually attributed
to paracrine communication, a hormonal signaling cannot
alone account for all conditions under which beta and alpha
cells function antagonistically [51, 53, 163]. The comparison
of wild type and pannexin null [161, 164] mice is expected
to provide clues about this possibility. At this point, tracer
and ATP release experiments have not yet demonstrated that
functional Pnx channels operate in isolated mouse islets [147]
a negative finding that should take into account that these
channels have a rather small conductance and a quite low
open probability [160].
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5.3.2. Direct Interactions. In spite of some dynamic and
quantitative alterations, glucose-induced insulin release is
preserved under in vitro conditions which perturb the inner-
vation, blood supply, and flux of extracellular fluid which,
in vivo, mediate the indirect communications between islet
cells, discussed in the previous sections. In contrast, physical
separation of the islet cells leads to a rapid loss of this
regulation, which is at least partially reversible soon after the
reestablishment of cell contacts [6, 7, 51, 57]. Hence, mainte-
nance of regulated secretion is dependent on the preservation
of at least some of the contacts beta cells established within
native pancreatic islets [6, 7, 51, 57]. Three modalities of
the direct cell-to-cell communication with contact permits
operate within pancreatic islets.

Receptor/Ligand Mediated. By bringing cell membranes in
close proximity, contact between beta cells allows for the
interaction of surface receptors featured by one cell, with
surface ligands carried by an adjacent cell. Thus, invalidation
of the gene coding for either the insulin or the Igfl receptor
of beta cells unexpectedly resulted in defective glucose-
stimulated insulin secretion and impaired glucose tolerance
[80, 165], presumably because the intra-islet signaling pro-
vided by insulin in either an autocrine and/or paracrine
manner is interrupted. A severe impairment of glucose-
induced insulin release is also observed after interference
with the EphA- and Fas-dependent pathways of S-cells,
presumably due to perturbed interaction between one of
these two receptors and its cognate ligand [166, 167].

Cell Adhesion Molecule Mediated. Most cell types adhere
to each other by a variety of single pass, transmembrane
proteins, referred to as cell adhesion molecules (CAMs)
[168] (Figure 1). Most CAMs are functionally dependent

on extracellular Ca®" and thus are referred to as cadherins.
These glycoproteins, which have a molecular mass of about
120 KDa, form a family including E, P, N, and R isoforms
[169, 170]. The homophilic interaction between cadherins
is initiated through dimerization of two cadherin molecules
in the membrane of one cell, followed by the homologous
interaction of the extracellular domains of one dimer, with
the corresponding moieties assembled by an adjacent cell. In
the presence of Ca”", the dimers intermingle as the teeth of
a zipper, ensuring a stable and strong cell-to-cell adhesion.
The intracellular domains of classical cadherins interact with
actin myofilaments via several cytosolic proteins, including
a-actinin, -catenin, y-catenin, and p120 [171]. Cadherins
control cell-to-cell adhesion (Figure 2) and, thus, are central
to the establishment and maintenance of multicellular organ-
isms. During prenatal development, these molecules play a
role in differentiation and morphogenesis of many tissues.
In adults, cadherin interactions allow for maintenance of
cell polarity and tissue architecture and regulate a variety of
functions, including cell growth, motility, and viability. Cell
signaling events involving small GTPases of the Rho family
have also been shown to be regulated by cadherin engagement
[172, 173] (Figure 2). Other CAMs, such as N-CAM, ensure
cell-to-cell adhesion independently of Ca** [173, 174]. N-
CAM belongs to the immunoglobulin superfamily and is
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expressed as 3 distinct isoforms. Two of these isoforms are
transmembrane proteins with either a short (N-CAM140) or
long (N-CAM180) cytoplasmic domain. The third isoform
(N-CAM120) has no cytoplasmic domain and is anchored by
glycophosphatidylinositol to the plasma membrane. All three
isoforms are posttranslationally modified by the addition
of polysialic acid [171, 175]. This glycosylation is regulated
during development, decreasing from the embryonic to the
adult age [174], in parallel with decreased strength of cell
adhesion.

Multiple CAMs are expressed in pancreatic islets (Figure
3). N-CAM140 is preferentially found in the non beta cell
fraction [168, 174], whereas E-cadherin is the predominant
CAM of beta cells [176, 177] (Figure 4). N- and R-cadherins,
as well as Ep-CAM have been described in developing, but
notadult islets [178-180]. These data show that variable levels
of various CAMs, of both Ca®" dependent and independent
groups, are expressed by the main endocrine islet cells. This
differential expression presumably accounts for the develop-
mental segregation of the hormone-producing cells of pan-
creas. Thus, both N-CAM and R-cadherin have been detected
in the early fetal developmental of the gastroenteropancreatic
system, in which they are rapidly segregated into developing
islets and related pancreatic ducts, respectively, while being
undetectable in the nearby exocrine acini [178, 179]. Later
on, R-cadherin decreases in clustered islet cells and becomes
undetectable in fully formed islets of Langerhans [181]. Ep-
CAM is also thought to have a morphogenetic role in the
human pancreas [180]. Thus, high levels of this molecule are
found in the growing fetal duct cells which may comprise islet
progenitors, as well as in other types of proliferating epithelial
cells. In contrast, cells that had started differentiating towards
a beta cell phenotype feature low levels of this glycoprotein,
which is no more detected in adult human islets [180]. Con-
sistently, antibody blockade of Ep-CAM function promotes
the differentiation of fetal human beta cells in culture [180].

Rodent pancreatic islets are consistently organized as
a core of beta cells surrounded by a peripheral mantle of
non beta cells. This specific topographic arrangement is
largely dependent on a differential expression of distinct
CAMs by beta (E-cadherin > PSA-N-CAM > N-CAM)
and non beta cells (E-cadherin > N-CAM). Thus, single
islet cells rapidly and spontaneously reaggregate into tri-
dimensional organoids, or pseudo-islets, which feature a
cellular organization alike that of native islets [182, 183], and
this arrangement is perturbed when the reaggregation takes
place in the presence of antibodies against N-CAM [184-
186]. Over-expression in beta cells of a dominant negative
E-cadherin, lacking most of the extracellular domain which is
essential for homophilic interaction, abolished the expression
of the native cadherin, resulting in defective clustering of
beta cells, while alpha cells properly segregated into islet-like
structures [187]. Another transgenic mouse, which features
diabetes and impaired glucose-stimulated insulin secretion as
a result of defective expression of hepatocyte nuclear factors,
showed reduced islet expression of E-cadherin [188, 189].
As a result, pancreatic islets also had an altered architecture,
with alpha cells scattered throughout both mantle and core of
the microorgans [188, 189]. These data strongly support the
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FIGURE 4: Different integral proteins have specific distributions in
the B-cell membrane. (a): electron microscopy after en bloc staining
of a pancreatic islet with rhutenium red, shows that the extracellular
space between adjacent f3-cells contains abundant glycosylated cell
adhesion molecule (black), and is markedly narrowed at the site of a
gap junction domain (arrow heads) which concentrated connexons.
(b): dual immunofluorescence of a pancreas section reveals the
distribution of E-cadherin (green in midlle and right images) along
the membrane of S-cells in contact, and of exocrine acini. This
wide distribution contrasts with the spotted, discrete distribution of
Cx36, which is detected only in the small gap junctional domains of
B-cell membranes (red in left image). The right image is the merge
of the left and middle images. Bar: 250 nm in (a), and 50 ym in (b).

view that specific CAMs control, at selected developmental
stages, the adhesion of endocrine cells into islets and the
precise organization of different cell types within these
endocrine units. Given, the quite different organization of
human pancreatic islets, in which small groups of beta cells
appear intermixed with alpha cells and other cell types, which
are more abundant than in rodents [190], it remains to be
determined to what extent the CAM-dependent sorting also
controls the spatial distribution of human islet cells.

It is well established that insulin secretion from aggre-
gated beta cells is significantly higher than that from an
equal number of dispersed cells [72, 73, 76, 78, 191, 192].
Several independent lines of evidence also support the view
that beta cells form a functionally heterogeneous population,
in terms of insulin biosynthesis and secretion, and that
this heterogeneity is compensated within clusters and intact
islets, as a result of the establishment of homologous beta
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cell contacts [6, 51, 57, 76-78]. The sialylated form of
N-CAM (PSA-N-CAM) is expressed at different levels in
highly and poorly glucose-responsive beta cells [177, 191].
After shedding of PSA using endoneuraminidase N, the
recovery of PSA-N-CAM at the beta cell surface was rapidly
observed under conditions stimulating insulin secretion,
consistent with the localization of the molecule into secretory
granules, and its translocation to the cell surface during
exocytosis [177]. Interestingly, N-CAM null mice also feature
degranulated beta cells, consistent with a role of this CAM
in the normal turnover of insulin secretory granules [186].
Insulin secretagogues also promote the expression of E-
cadherin in parallel with an increase in the aggregation of
rat beta cells and in their glucose-induced insulin secretion
[192]. Also, the release of insulin from cultures of MIN6
cells grown in three-dimensional islet-like aggregates was
higher than that of the same cells grown in monolayers
[193], RNAi-mediated silencing of E-cadherin resulted in a
decreased glucose-stimulated secretion, which was reduced
to the levels observed in isolated cells [194], and exposure
of MING cells to an anti-E-cadherin antibody abolished the
glucose-induced increase in cytosolic free calcium [188]. The
same antibody also abolished the glucose-stimulated insulin
secretion of isolated islets [195]. Still, it is worth noting
that the positive effect of E-cadherin on insulin secretion
was not confirmed in another study that compared clones
of MING6 cells over- and underexpressing the CAM. These
clones did not differ in terms of glucose-induced insulin
secretion, even though the levels of preproinsulin mRNA and
insulin content, as well as the basal rate of insulin release
were higher in over- than in under-expressing cells [196, 197].
These data support the view that CAMs control the postnatal
functioning of beta cells, notably by modulating glucose-
induced insulin secretion. However, because changes in E-
cadherin expression affect the expression of other surface
proteins, notably Cx36 [197, 198], the specificity of the CAM-
dependent control remains to be established.

Loss of E-cadherin parallels the transition from a well
differentiated adenoma to an invasive carcinoma, in a trans-
genic mouse model of pancreatic beta cell carcinogenesis
[199]. In this model, the normal 140-kDa isoform of N-
CAM decreases while a 120/180-kDa isoform, which is
not expressed in native islets, increases [200]. Under these
conditions, the blockade of N-CAM expression favored the
development of metastases, suggesting a role of N-CAM in
the pathologic dissemination of tumoral beta cells [200]. In
pseudo-islets made of transformed MING6 cells, E-cadherin
over expression is associated with increased expression of
cyclin-dependent kinase inhibitors, and with a decrease in
the cell proliferation marker Ki67, consistent with a role
of E-cadherin in some antiproliferation mechanisms [196,
201]. During mouse islet formation, E-cadherin expression
increases with the decline in the proliferation rate of beta
cells, due to a selective down-regulation of nuclear 3-catenin
and D-cyclins [198]. Together, these data suggest that E-
cadherin and N-CAM may contribute to control beta cell
proliferation. However, whether such a contribution has any
relevance for the minimal, physiological growth of native
beta cells remains to be validated, specifically in humans.
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Intriguingly, the CDHI gene, which encodes human E-
cadherin, is located on chromosome 16q22.1, a locus that
has been implicated in susceptibility to type 1 diabetes [202],
and various CAMs have been implicated in the autoimmune
pathogenesis of type 1 diabtes [125-128, 203].

CD8" lymphocytes mediate the rejection of pancreatic
islet allografts [203]. Some of these cells, referred to as
CD103, express the integrin «E(CD103)-37, whose only
known counterreceptor is E-cadherin [204]. After allotrans-
plantation of control islets, which express E-cadherin, wild

type CD103"/* mice rapidly rejected the grafts. In con-

trast, these grafts indefinitely survived in host CD103 7/~
mice, which feature a targeted disruption of CD103 [205].

Transfer of CD8" cells into host CD103 ™/~ mice, caused a
prompt rejection of the islet allografts, whereas the transfer

of CD103”~ and CD8 ™/~ cells had no effect [205]. These
results imply that a direct interaction between selected CAMs
expressed by both immunocompetent and islet cells may be
an important determinant in the acceptance or rejection of
a transplanted graft. In turn, this consideration opens the
interesting possibility that the engraftment and maintenance
of functional islet grafts could be enhanced by a selective
modulation of their major CAMs.

Claudin Mediated. The 24 members of the claudin family and
the 2 isoforms of occluding, which are often associated to
claudins, are tetraspan membrane proteins, which feature two
extracellular loops, four transmembrane a-helices portions,
two cytoplasmic loops, and both N- and C-termini in the
cytoplasm [206, 207] (Figure 1). The carboxy terminus of
these molecules interacts with different attachment proteins
of the ZO, JAM, and cingulin families, each of which com-
prises multiple isoforms, which functionally interconnect
claudins and occludins to the actin microfilaments of the
cytoskeleton [207, 208]. Claudins and occludin concentrate
at points of focal contact between adjacent cell membranes to
form tight junctions. These structures prevent the movement
of proteins and lipids between the apical and the basolateral
regions of the plasma membrane, thus providing for the
structural and functional segregation of these two regions
[206, 208] which contributes to cell polarity (Figure 2).
By preventing the free diffusion of fluids, solutes and cells
across the paracellular space, tight junctions also contribute
to impart a selective permeability to groups of epithelial cells.
Tight junctions are functionally heterogeneous and form
plastic structures whose selective permeability, which varies
with their claudin composition, may be modulated by various
kinase-dependent mechanisms, triggered by both CAMs and
intracellular signals [206, 208]. They further functionally
interact with a variety of cytosolic proteins, notably the
members of the ZO and JAM families, as well as with
tumor suppressor proteins, such as the membrane-associated
guanylate kinases [209], indicating that they contribute to cell
signaling (Figure 2).

Electron microscopy of pancreatic islets in situ has
documented sites of contacts between beta cell membranes,
which feature all the ultrastructural aspects of bona fide tight
junctions [210] (Figures 3 and 5). Accordingly, typical tight
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FIGURE 5: Cx36 mediates the direct coupling of the insulin-
producing f-cells. (a): transmission electron microscopy shows that
the membranes of adjacent f3-cells, identified by their content in
typical insulin-containing granules, are usually separated by an
electronlucent extracellular space, which is markedly narrowed at
a gap junction plaque (arrow heads). (b): freeze-fracture electron
microscopy of such a site reveals clusters of Cx36 channels (arrow
heads) within the bilayer of a f3-cell membrane. The arrows point
to short tight junction fibrils, which are closely associated to the
connexons. Bar: 250 nm in (a), and 120 nm in (b).

junctions fibrils have been documented by freeze fracture
within the membranes of native beta cells [210, 211]. How-
ever, and contrary to what is observed in most other epithelial
cells, these fibrils do not form a continuous belt around beta
cells and, thus, do not completely seal the intercellular islet
space [210-212]. Furthermore, these fibrils are infrequent
in islets examined in situ, raising concerns about their
mere in vivo existence [211]. However, both structural and
functional evidence exists that islet tight junctions delimit
small domains of the beta cell membrane [210, 211, 213],
possibly to segregate the portions of the membrane which
are rich in hormone receptors and glucose transporters, from
those where exocytosis of the insulin-containing secretory
granules takes place [79]. Evidence in support of the presence
of islet tight junctions also include their rapid in vitro modu-
lation [214]. Recently, the expression of some claudins has
been reported in genome-wide analysis of islet transcripts,
and a major surge of a specific claudin mRNA has been
documented in pancreatic islets of pregnant rodents [215,
216]. This unanticipated and striking observation indicates
that at least some claudins participate to the islet function in
vivo. Given that, during pregnancy, beta cells rapidly modify
their mass and insulin secretion to adapt to the increased
metabolic demand imposed by the foetus growth [217, 218],
a careful experimental approach should now test what may
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be the claudin/tight junction involvement in these structural
and functional adaptations.

Connexin Mediated. Twenty genes coding for as many con-
nexins (Cx) are found in the human genome, over a large
number of chromosomes [6, 35-39]. All connexins feature
four membrane-spanning domains linked by two extracel-
lular and one intracellular loop, and cytoplasmic N- and C-
terminal regions (Figure 1). The N-terminus, the two extra-
cellular loops, and the four transmembrane domains, which
form a-helices, have been highly conserved during evolution.
In contrast, the intracellular loop and the C-terminus are
highly variable [6, 35-39]. Six connexin molecules, of the
same or a different type, assemble during their intracellular
transport from the ER to the cell membrane, to form the
wall of hydrophilic channels [6, 35-39]. After a vesicle-
mediated insertion into the cell membrane, these channels
concentrate in small domains referred to as gap junctions.
At these sites, the intercellular space is reduced to a “gap” of
about 2 nm, and the connexons of two adjacent cells join end-
to-end, within the extracellular space, to form a junctional
channel. Connexin channels are permeable to a variety of
ions and larger molecules, including cytosolic metabolites,
nucleotides, morphogens, vitamin cofactors, small peptides,
and fragments of nucleic acids [1, 4-6]. At gap junctions, the
passage of these molecules from one cytoplasm to another is
referred to as ionic and metabolic coupling, respectively (Fig-
ure 2). The conductance and permeability of both junctional
channels and “hemichannels” are highly selective [6, 35—
39], as a function of both their Cx composition, and the
size, shape, and charge of the permeant molecule [6, 35-
39]. Cx channels are open only about 10% of the time and
again, depending on their Cx composition, may be gated by
transjunctional voltage, cytosol acidification or an increase in
free cytosolic Ca®" [1, 4-7]. Gap junction channels have been
implicated in the prenatal development, morphogenesis, and
differentiation of many tissues, as well as in several functions
of adult systems, including cell division and migration, hor-
monal transmission, electrical and mechanical synchroniza-
tion, secretion, resistance to cytotoxic agents, compensation
of enzymatic defects, and transmission of trophic or deadly
molecules [6, 35-39, 57]. The in vivo relevance of the Cx
functions is supported by the specific phenotypes observed
in transgenic mice featuring a knock-in, knockout, or a
mutation of selected connexins [6, 35-39, 219, 220]. It is
further stressed by the finding of several human diseases
which are associated to either Cx mutations or synonymous
single nucleotide polymorphisms [6, 35-39, 219, 220].

Beta cells are electrically and metabolically coupled by
small gap junctions (Figure 4) made of Cx36 [6, 51, 57, 62,
221-230] (Figures 3-5). The electrical coupling encompasses
the entire islet, as indicated by the rhythmic and synchronized
bursts of electrical activity as well as by the coordinated
Ca®" oscillations that are observed during glucose-induced
insulin secretion in most beta cells [85, 87, 223, 231-233].
In contrast, the metabolic coupling may be more restricted,
since gap junction tracers are only exchanged by small
groups of beta cells [59, 227, 229, 230, 234]. Loss of Cx36,
after either homologous recombination of the Gja9 gene
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or its conditional deletion in beta cells, results in complete
beta cell uncoupling and loss of gap junctions, ruling out
compensation by another Cx isoform [65, 222, 226, 233, 235,
236].

Single beta cells, which can no more be coupled by Cx36
channels, show decreased basal expression of the insulin
gene, and reduced proinsulin biosynthesis [236, 237]. Gap
junction size correlates with the insulin content of pancreas
in rats treated with a sulphonylurea [211, 238]. A correlation
has also been documented between the expression of Gjd2,
the gene which codes for Cx36, and the gene coding for
insulin [234, 239, 240]. In the developing mouse pancreas,
expression of Cx36 is initially detected at the time the first
wave of insulin-producing beta cells is induced [240]. This
temporal association is due to the transactivation of Gjd2 by
Beta2/NeuroD1, a transcription factor which is also essential
for beta cell differentiation and maturation [241]. Single beta
cells also show increased basal release of insulin, and poor
to nil glucose-induced insulin release, and elevation in free
cytosolic calcium [75, 232, 242-246]. Several of these effects
are rapidly reversible after reaggregation [75, 232, 242-246].
Clustering also promotes the recruitment of secretory and
biosynthetically active beta cells [77, 237, 243-245]. Compa-
rable conclusions were reached by exposing intact islets to
conditions blocking Cx channels [149, 246]. Also, insulin-
producing cell lines, which lack normal responsiveness to
glucose concentrations, do not express Cx36, whereas lines
retaining at least in part the glucose responsiveness of native
beta cells do express this connexin [6, 231].

In mice, Cx36 expression increases with the acquisition
by beta cells of a normal sensitivity to glucose [239] and is
reduced following a high fat diet, which induces glucose intol-
erance [240]. In vivo, transgenic mice whose beta cells overex-
press the islet-ectopic Cx32 are also intolerant to glucose, due
to decreased glucose-induced insulin release [247]. Cx36 null
mice do not release insulin in the normal pulsatile fashion,
due to loss of the normal intercellular synchronization of the
Ca®" transients induced by glucose stimulation [62, 222, 226,
233]. These islets also show increased basal release of insulin
[62, 222, 226, 248], which is a pancreas autonomous defect
[222,231]. The excessive basal secretion is consistent with the
finding that uncoupled beta cells can no more be inhibited
by hyperpolarizing currents generated in nearby, resting cells
[226, 248], and with the prolonged decay in the off response
of beta cells once the glucose stimulation stops [226]. The loss
of glucose responsiveness is consistent with that of the regular
oscillatory output of insulin during both the first and the
second phases of insulin release [62, 222, 226, 248]. In mice,
loss of Cx36 does not cause overt diabetes [62, 222, 233],
but causes intolerance to post-prandial glucose levels as a
result of the in vivo decrease in the oscillations of circulating
insulin [233]. This decrease is associated with alterations in
the amplitude and decay [226] of the first phase of glucose-
induced insulin secretion, as well as with reduced insulin
oscillations during the second phase [233]. The data indicate
that Cx36 occupies a prominent hierarchical position in
the multifactorial regulation of insulin dynamics, which is
central to glycemic control [2, 249].
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In vivo, loss of Cx36 sensitizes beta cells to pharmacolog-
ical and immunological insults, including by the cytokines
which induce apoptosis at the onset of type 1 diabetes
[235]. Conversely, transgenic mice overexpressing Cx36, or
other Cx isoforms, appear fully protected against the same
insults [235]. The mechanism of this protection, which may
be partially explained by the extent of beta cell coupling,
remains to be fully elucidated. Cx36 may also contribute to
the regulation of the beta cell mass, given that apoptosis is a
major determinant of beta cell life, and that beta cell coupling
is enhanced by hormones prevailing during pregnancy [250],
a condition associated with a marked increase in beta cell
proliferation and reduced apoptosis. This effect, however, is
neither direct, nor linear [62, 222, 251].

Cx channels permit a rapid, diffusion-driven, and bidirec-
tional exchange of molecules between coupled cells, a mecha-
nism that rapidly results in the equilibration of mass and elec-
trical gradients [6, 51]. Thus, compared to other mechanisms
of cell-to-cell communication, Cx coupling is advantageous
in systems in which cell heterogeneity could conceivably
result in the asynchronous function of individual cells [6, 51].
Beta cells differ in a number of structural, biochemical, and
functional respects, including in terms of the biosynthesis,
storage, and release of insulin [4, 6, 57, 77, 219, 228, 232,
242-244, 249-257]. Under such conditions, coupling allows
for the recruitment of increasing numbers of secretory cells
with both cell aggregation and the degree of stimulation [77,
232, 242-244, 249-254], presumably by counterbalancing
the asynchronous function of intrinsically heterogeneous
beta cells. In the absence of coupling, such an asynchrony
would most likely impair the timely production and release
of sufficient amounts of insulin to maintain normoglycemia.
The lack of detectable phenotype in heterozygous mice of the
Cx36 null and the beta cell Cx36 depleted strains indicates
that normoglycemia can be preserved with half the native
levels of Cx36 [62, 222, 233, 235]. Estimations based on the
minimal conductance of Cx36 channels, required to preserve
the intercellular synchronization of the glucose-induced Ca®*
transients, indicate that Cx36 signaling is impaired when
about 70% of the native Cx36 levels are lost [233]. The reason
why normal beta cells need to be coupled is most likely due
to the functional heterogeneities of these cells, with respect to
multiple structural, biochemical, and functional parameters,
notably insulin biosynthesis and secretion [4, 6, 57, 219, 228,
255-257].

Coupling may also represent a protective mechanism for
beta cells, inasmuch as the irregular Ca** oscillations, which
result from loss of Cx36, could conceivably alter the expres-
sion of specific beta cell genes, and the resistance of beta cells
to apoptosis [235, 256]. These findings support the notion
that glucose-induced insulin secretion is critically dependent
on the signaling mediated by beta-to-beta cell contacts. The
turther finding of Cx36 alterations in experiments testing
the effects of the E-cadherin- [193, 197, 198] and EphA-
dependent pathways [166] further suggests that Cx36 may
be a common partner of several signaling mechanisms which
operate within the islets, possibly by providing for their cross-
talk and/or final, distal effects.
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Cx36 only forms homomeric and homotypic intercellular
channels [6, 35-39], preventing coupled beta cells to share
with other cell types the cytosolic signals they need to
exchange for coordinating their own activity. Such selectivity
is appropriate for proper islet functioning, particularly since
beta and alpha cells function antagonistically under most
conditions. Gap junctions have been claimed to connect
different islet cell types [258], which are occasionally coupled
in culture [259, 260]. However, direct evidence that alpha
and beta cells make bona fide gap junction plaques has not
yet been provided, and tracer studies do not support the
occurrence of a large coupling between these cells [261-
263]. In addition, while both alpha and beta cells feature
Ca”" oscillations which are synchronized with those of com-
panion cells, the synchronization of alpha cell oscillations
is asynchronous with that of beta cells, in both rodent and
human islets [63, 262, 264], implying lack of simultaneous
Cx36-dependent coupling between the two cell types. Still,
since most secretory cell types express at least one connexin
[6, 57], it is not clear why pancreatic alpha cells would be
an exception. The regular oscillations of glucagon secretion
[63, 263] rather suggests that alpha cells are also coupled, by
a mechanism which remains to be unravelled.

The phenotype of mice largely or totally depleted in
Cx36 shows several beta cell alterations which are typical
of glycemia disorders, including loss of circulating insulin
oscillations, glucose intolerance, increased basal secretion,
decreased first and second phase of glucose-induced insulin
secretion, and increased beta cell apoptosis [51, 62, 235,
248, 252, 256]. Since human beta cells are also coupled by
Cx36 [234], whose encoding gene is located in chromosome
15q14 [265], a locus associated with type 2 diabetes [266],
an intriguing possibility is that alterations in Cx36 signaling
may be implicated in the loss of beta cell function and mass
seen in the human clinic [267]. This is further supported by
the finding that the expression of Cx36 is down-regulated
after chronic exposure to several circulating molecules which
contribute to the pathogenesis of these disorders, including
high levels of glucose, fatty acids, oxidized low density
lipoproteins, and cytokines [235, 268-270]. If there is yet
no human evidence for a pathogenic role of Cx36, this
concept is supported by several animal and a couple of
genetic studies. Mice developing glucose intolerance, obesity,
peripheral insulin resistance, hyperglycemia, hyperinsuline-
mia, and increased beta cell mass after a high fat diet
feature decreased glucose-induced insulin secretion, Cx36
expression, and beta cell coupling [240]. Mice invalidated
for Gjd2 feature alterations in beta cell function which are
reminiscent of those that precede the development of overt
diabetes in humans (e.g., loss of insulin oscillations) and,
later, characterize the disease (e.g., increased basal release
of insulin and failure to increase the insulin output in the
presence of postprandial concentrations of glucose) [51, 62,
235,248, 252, 256]. A single nucleotide polymorphism in the
coding sequence of GJD2 has been shown to be pathogenic
in a form of epilepsia which shares with type 2 diabetes a
complex inheritance pattern [271, 272], indicating that subtle
genetic Cx36 changes may be pathogenic in humans. A defect
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in Cx36 signaling could be further enhanced by alterations
of circulating nutrients, notably long-term hyperglycemia,
and hyperlipidemia, which negatively affects Cx36 expression
[267-270]. In mice, the levels of Cx36 correlate with the
in vivo resistance of S-cells to conditions reproducing the
apoptosis observed at the onset of type 1 diabetes [235, 256].
Whether this is due to a Cx36-dependent enhancement of
their resistance and/or to improved repairing mechanisms
remains to be determined. Consistent with these findings,
Thl cytokines decrease Cx36 expression at the transcription
level [256], and altered expression of the Cx36 transcript has
been detected in genome-wide scans of type I diabetes models
(257, 273].

In view of the above, the question arises whether we
could take advantage of Cx biology to develop innovative
therapeutic approaches to glycemic disorders. Strikingly, a
sulphonylurea, which stimulates insulin release from beta
cells of type 2 diabetics, also promotes the assembly of Cx36
channels and improves beta coupling [211, 227, 238, 249,
274], opening the search for other innovative molecules
targeting Cx36 [274]. This connexin is also likely not to
be disposable for the forthcoming implementation of cell
therapies using surrogate insulin-producing cells to replace
the lost or damaged beta cells. This replacement implies that
the transplanted cells become functionally integrated within
the host tissue, which presumably will involve the develop-
ment of appropriate Cx36-dependent cell interactions. The
embryonic stem and progenitor cells which have so far been
tested in this perspective, with modest results in terms of yield
of clinically useful insulin-containing cells, lack Cx36 [275-
277]. Recently, the forced expression of this connexin isoform
has been reported to foster the differentiation of neurons
from progenitor cells [278]. Whether the same might apply to
beta cells, which share many common features with neurons,
including Cx36 expression, remains to be shown.

6. The Present and the Future

The beta cells collectively function as a multicellular system
and, as such, are functionally integrated within pancreatic
islets by a variety of mechanisms of indirect and direct
cell-to-cell communication. We now know that many of
the latter mechanisms involve distinct families of integral
membrane proteins, which interact, and in part functionally
overlap, to ensure the proper function of pancreatic islets.
If compelling in vivo evidence now supports a physiologi-
cally relevant role of at least some of these proteins, many
questions remains to be addressed, including what is the
molecular and cellular mechanism whereby they control
beta and alpha cell functions? What is their hierarchical
position in the intricate network of pathways that support
the vital insulin and glucagon production? Are these proteins
causally implicated in glycemia disorders, and specifically in
type 1 and type 2 diabetes? Are they altered in expression
and/or functioning as a consequence of these diseases? Could
we take benefit of these proteins to develop innovative
therapeutic approaches to beta cell diseases? Many challenges
and hurdles will undoubtedly complicate the experimental
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approaches to these questions, particularly in vivo and in
humans. Still, the challenge is worthwhile, since answering
some of these questions is likely to provide novel views
on how the pancreatic beta cells interact to ensure proper
control of blood glucose and metabolism. In an optimistic
perspective, we expect that such a knowledge would set the
basis for molecular and cellular targeted treatments of the
related disorders, which have an extremely high medical,
social and economic cost and have now reached epidemic
proportions worldwide.
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