THESIS AIM

Glutamate is the main excitatory neurotransmitter of the mammalian nervous system and is involved in

neuronal plasticity, memory and learning.

Emerging evidences suggest that glutamate is also present in peripheral tissues, where it plays a role in both

cellular homeostasis and in autocrine/paracrine communication as extracellular signalling molecule.

Particular interesting is the role played by this amino acid in islets of Langerhans, the endocrine part of the

pancreas which controls whole body glucose homeostasis, by releasing hormones.

Islet cells use a sophisticate system of endocrine, paracrine and autocrine signals to synchronize their activities,
among these is glutamate. By activating specific glutamate receptors, the amino acid controls hormone release
and B-cell viability. However, the glutamate signalling machinery and the precise mechanisms by which it

modulates islet functions are poorly understood.

The extracellular glutamate concentration is tightly controlled by high affinity glutamate transporters. The main
isoform expressed in the islet is the Na'-dependent high affinity glutamate transporter GLT1/EAAT2 (glutamate
transporter 1/ excitatory amino acid transporter 2) which is prevalently expressed on the plasma membrane of
insulin-secreting cell (B-pancreatic cells). We have previously shown that GLT1, by transporting glutamate
within the cell, exerts a key role in the control of extracellular glutamate concentration and in the modulation

of hormone release and B-cell viability.

In this study, we focus on GLT1 and we examine the molecular mechanisms which control its expression and

function, using murine clonal B-cell lines and isolated human islets of Langerhans as experimental models.

In chapter |, we focus on the effects of rapid physiological modifications of glucose concentrations on GLT1

activity and localization and we investigate the molecular mechanisms responsible for this acute regulation.

In chapter I, we analyse the effects of chronic hyperglycaemia (a condition typical of diabetes mellitus) on
modulation of GLT1 expression and activity and we investigate the consequences of such as modulation on B-
cell function. The localization of GLT1 was also assessed on pancreas sections from control and diabetic

subjects.



In chapter Il we highlight the possible pathological role of GLT1 in type 1 of diabetes mellitus (TIDM). We
investigate the potential involvment of this transporter in the development of TIDM autoimmunity, as a new

membrane antigen of diabetes mellitus.

Chapter IV reports two side projects of these three-years of doctoral activity. The first project is related to the
characterization of islet remodelling during diabetes, in baboons. This is collaboration with Prof. Folli Franco of

Texas University and my role in the project was to characterize the apoptotic cells in islets of Langerhans.

The second project is a technical project; the lab is interested in developing imaging techniques and protocols
for studying vesicle dynamics. Using the genetically encoded synapto-pHluorin and Total Internal Reflection
Fluorescence Microscopy we developed a new macro for the analysis of endocytic and exocytic events at the
plasma membrane. This macro could be very useful for future studies related to the effect of glutamate on

hormone secretion.



GENERAL INTRODUCTION:

1) The islets of Langerhans

Pancreas

The pancreas is composed of two functionally different portions: the exocrine pancreas, the main digestive
gland of the body, and the endocrine pancreas (islets of Langerhans) responsible for the release of several
important hormones (insulin, glucagon, somatostatin and pancreatic polypeptide). While the main products of
the exocrine pancreas (digestive enzymes) have the function to process the ingested food to make them
available for cells, the hormones produced by the endocrine pancreas regulate several aspects of cell nutrition
such as the speed of food absorption, the nutrients metabolism and intracellular storage (Silverthon 2010).
Functional alteration of the endocrine pancreas, or an abnormal response to pancreatic hormones by the
target tissues, causes significant alterations in the homeostasis of nutrients, including the syndromes of

diabetes mellitus. (FIG. 1, Silverthon 2010).

FIG. 1: Endochne pancress. Mistology of islet of Langerhans = shown n the right
panel, The different cell populations {with the excaption of F cells) are represented
in the cartoon (left panel), Sivethon 2010

The islets of Langerhans

Islets of Langerhans control whole body glucose homeostasis, as they respond, releasing hormones, to changes
in nutrient concentrations in the blood stream. The regulation of hormone secretion has been the focus of

attention for a long time because it is related to many metabolic disorders, including diabetes mellitus.



Pancreatic islets are islands of endocrine tissue dispersed in the exocrine pancreas. They are composed not
only of hormone secreting endocrine cells but also of vascular cells, resident immune cells and, in many

species, neurons and glial cells of the neuroinsular complex (Caicedo et al., 2012).

The architecture of islets of Langerhans

A human pancreas contains approximately 1 million pancreatic islets of Langerhans (Hellman 1959). The
pancreatic islets consist of several types of endocrine cells: the insulin-secreting B cells (50% of the cells in
human islets), the glucagon-releasing a cells (35-40%), the somatostatin-releasing & cells (10-15%), the
ghrelin-releasing e-cells and F-cells for the pancreatic polypeptide production (FIG. 2 and FIG. 3; Compendium
of Histology, Piccin, 1992; Cabrera et al., 2006). The percentage of the different endocrine cell populations

changes from islet to islet, from individual to individual, from species to species (Gloyn et al., 2005; Schuit et

Appraxamate % of the

volume of the slands
Cedular Frong Posterior
Secraetod Products
typo fortion fortian
a_ ,' ‘j 2 a Cell 10% <0 5% Ghucagon, Proglucagone, GLP-1 and GLP -2
[ . e B Cell 70.80% 15-20%  Insuin, C peptide, Proinsulin, GABA
& > b -
Baw, " AV 4
’_*) ” ~).,_"f ™ A- G 3-5% <1% Somatostatn
>
~
: i Mend PP-Cell <% 80-85%  Pancreatic Polipeptide

1.

FIG 2: Schematic representation of different endocrine cell types in islets of Langerhans, The
percentage of single endocrine cells in the different pancreatic sections, as well as the hormones
secreted by each population are reported on the right (Compendium of Histology, Plccin, 1992)

al., 1997). Human islets have a larger proportion of alpha cells than mouse islets (38% versus 18%) (McCulloch
et al., 2011). Not only is important the relative proportion of endocrine cell types but also their distribution

within the islets.

Human islets are surrounded by a complex double basement membrane (Frayn 2010; Cbrera et al., 2005). Each
islet is a functional unit given that it has all the cells necessary to produce adequate responses to changes in
glucose concentrations. Indeed, in vitro, hormone release from isolated islets in response to glucose faithfully
reflects the secretory activity of the endocrine pancreas in the organism (Doliba et al., 2012). When
transplanted into diabetic individuals, islets take over glucose homeostasis and restore normoglycemia (Kahn
SE 2003). In human islets, alpha and delta cells are not segregated to the periphery as they are in the mouse
islet (Rodriguez-Diaz et al., 2011b). Instead, they are intermixed and this distribution has multiple effects on
endocrine cell function (Rebelato et al., 2011). For example, beta cells that are associated with alpha cells

secrete more insulin when stimulated with glucose (MacDonald et al., 2011). Morphological studies reveal the



presence of tight and gap junctions between islet cells. Those junctions create narrow intercellular spaces of

only 15-20 nm where the chemical signals can be released and reach relevant concentrations (Orci et al., 1975).

Vascularization of Islets of Langerhans
The islets receive a rich systemic vascular supply via the splenic and superior mesenteric arteries, and the
effluent empties into the portal vein. Although islets represent only 1-2% of the pancreas, they receive ~10%

of the blood supply (Jansson and Hellerstrom1986).

Because of a rich network of capillaries, endocrine cells in islets detect glucose and other nutrients and release
their hormones in the bloodstream. Despite the importance for islets function, there are no detailed studies of
the human islet vasculature. Blood vessels in mouse islets are mainly capillary endothelial tubes connected to
one or two feeding arterioles that penetrate the islet. As in other organs, blood flow can be locally regulated by
vascular smooth muscle cells acting as sphincters. The presence of such sphincters, deep within the islet,
suggests that these cells can be regulated by paracrine signals released from endocrine cells. The possibility
that endocrine cells regulate their own blood supply by influencing adjacent vascular smooth muscle cells
needs to be tested experimentally.

Recent findings indicate that blood vessels in human islets may contain more smooth muscles than those in
mouse islets (Bosco et al., 2010). These contractile cells seem to be present throughout the islet vasculature
and are the preferred target of sympathetic axons in the human islets (Caicedo et al., 2012). In mice, where -
cells are segregated in the islets core and non B-cells in the periphery, blood flows sequentially through distinct
regions containing either B-cells or non-B cells. In human islets, endocrine cells are intermixed and are all
distributed along blood vessels (McCulloch et al.,, 2011). As a result, any given region of the human islet
contains a heterogeneous cell population through which blood flows and any given cell type can influence
other cell types (Cabrera et al., 2006). Therefore, from an anatomical point of view human islets seem to be

predisposed for paracrine signaling.

Innervation of Islets of Langerhans

The autonomic nervous system influences insulin and glucagon secretion but mouse and human islets differ in
their innervation patterns. In mouse islets, the sympathetic fibers preferentially innervate alpha cells and
parasympathetic fibers innervate alpha cells and beta cells equally. In striking contrast, in human islets,
sympathetic fibers preferentially innervate central islet blood vessels and parasympathetic fibers are few and
far (Karlsson et al., 1994). Although the animal studies demonstrate that nerves can influence islet hormone

secretion, they did not establish when they actually do so. Studies measuring norepinephrine spillover
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demonstrated that pancreatic sympathetic nerves are activated by hypoglycemic stress, but not by either
hypoxic or hypotensive stress (Havel et al., 1988). Analogous measurements of acetylcholine spillover from
parasympathetic nerves are rarely, possible because of avid and ubiquitous acetylcholinesterases. Fortunately,
pancreatic polypeptide, secreted from the islet F cell, is under strong parasympathetic control (Schwartz et al.,
1978). Using the latter as a marker of parasympathetic activation, it has been found that pancreatic
parasympathetic nerves are activated during both hypoglycemia and feeding. Studies using autonomic
blockade or ablation, implicate autonomic innervation in the control of the glucagon response to severe
hypoglycemia (Taborsky et al., 1998). This increased glucagon secretion helps to restore normo-glycemia by
stimulating hepatic glucose production. Studies using vagotomy or cholinergic antagonists, suggest that
parasympathetic nerves help mediating the very early insulin response to feeding (Ahrén, 2000), which primes
the liver to store the incoming glucose load.

The discovery and elucidation of neural control of the human islet will yield new insight into modulation of

alpha and beta cell function with the potential to influence future diabetic therapeutics.

Human and rodent islets show several differences in their architecture.

As mentioned previously, human and mouse islets have anatomical and functional differences that profoundly

affect their physiology:
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FIG 3: Left panel: triple immunofluorescence stainings of mouse and human islet of Langerhans. In red is represented insulin, in blue
somatostatin and in green glucagon. Right panel: histograms showing the relative distribution of the different cell populations in
human and murine islets. {Cabrera et al., 2014).

- The innervation: whereas the pancreatic islets of rodents are extensively innervated, human islet cells are

more sparsely innervated (Rodriguez-Diaz et al., 2011a; Rorsman and Braun 2013).



- Cell proportion: the number of a-cells is unusually high in human islets if compared to rodent (40% in human
vs 20% in rodent) with a ratio of a to B cells of 1:1.25 (Cabrera et al, 2006); therefore, the possibility of a-B cell

interactions is increased (Figure 3).

- Cell arrangement in the islet: rodent islets consist of a clearly demarcated core of B cells surrounded by a

mantle of non—B cells, principally a cells. On the contrary, in human islets, the different cell populations are
intermixed, supporting the possibility of a crosstalk among the different cell types (Cabrera et al., 2006; Bosco

et al., 2010).

- Islet blood vessels: in rodents, the intra-islet vascular perfusion enables blood flow from B-cell to a/8§,

therefore B-cells can directly control secretion from a and 6 cells via the vascular route, whereas the opposite
looks unlikely (Stagner and Samols 1992). In humans, all endocrine cell types are closely associated with the
islet vessels; therefore, blood flows without any defined order and any given cell type can influence other cell
types (Cabrera et al., 2006). Furthermore, blood vessels in human islets may contain more smooth muscle than
those in mouse islets. These contractile cells, controlled by the autonomic system, act as sphincters and

regulate local blood flow increasing the possibility of paracrine interactions (Rodriguez-Diaz et al., 2011).

These morphological, anatomical and functional differences between rodent and human islets suggest that the
mechanisms and the molecules involved in cells interactions may be very different between the two species

and the cell arrangement of human islets predisposes this islet to paracrine and autocrine interactions.
Physiology of Islets of Langerhans

The islets of Langerhans are mainly responsible for the production and secretion of insulin, glucagon,
somatostatin and pancreatic polypeptide principally. The primary focus of islet research is therefore to
understand the physiology of human islets and to unravel the molecular mechanisms that lead to hormone
synthesis and secretion. Indeed, the complex mechanisms underlying such a regulation are strictly related to
many metabolic disorders, including diabetes mellitus, which results from beta cells specific dysfunction and
death (Caicedo et al., 2012).

Although the endocrine cells of pancreas are able to detect other nutrients such as amino acids, the islets are
considered a glucose sensor. Unlike other chemoreceptors in the body that use G protein coupled receptors for
detecting sugars, islet endocrine cells transduce glucose stimulation by a series of metabolic processes that
lead to changes in the cell's membrane potential (Henquin 2009).These processes include glucose transport
into the cells via the low-affinity glucose transporter type 1, glucose phosphorylation by the enzyme

glucokinase and the subsequent metabolism of glucose that increases the intracellular ATP-to-ADP ratio.



Elevated ATP closes ATP-gated K' channels, depolarizes the membrane, and opens voltage-gated Ca** channels,
triggering hormone secretion. This complex chain of events not only ensures that glucose metabolism is
coupled to membrane electrical activity but also provides multiple points where extracellular and intracellular
signals can modulate hormone secretion.

Increases in glucose concentration stimulate insulin secretion but inhibit glucagon release. Instead of relying on
different mechanisms to transduce increases in glucose concentration into decreased cellular activity, alpha
cells have additional mechanisms beyond those they share with beta cells. Thus, like beta and delta cells, alpha
cells are depolarized by glucose. However, in alpha cells voltage-gated Na* channels become inactivated and/or
they become inhibited by paracrine signals released from beta cells (Ramracheya et al., 2010; Gromada et al.,
2007). Both proposed mechanisms invert the effects of glucose by inhibiting electrical activity in alpha cells.
Because electrical activity is closely associated with exocytosis, islet hormone secretion can be modulated by
activating ligand-gated membrane channels (i.e. ionotropic neurotransmitter receptors) or via signaling
pathways affecting ion channel conductance. Many signals impinging on islet endocrine cells affect membrane
electrical activity. Islet endocrine cells express voltage-gated ion channels that make them excitable; they
display complex electrical activity with bursts of action potentials.

Function of islet endocrine cells can also be regulated at the level of the secretory pathway. Islet endocrine
cells possess dense core granules containing hormones and neurotransmitters. In response to a rise in
cytoplasmic Ca®*, these granules fuse with the plasma membrane in a process requiring soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) (Braun et al., 2008). This mechanism is
similar to vesicular transmitter release in neurons. Stimuli that increase intracellular Ca**, either via Ca** influx
or via Ca’* release from intracellular stores, trigger granule fusion. Granule fusion is crucial for insulin secretion
and glucose homeostasis. Single nucleotide polymorphisms (SNPs) and alterations in the abundance of SNARE
proteins have been linked to type 2 diabetes (T2D) (Wang et al., 2009). In addition to fusion, secretion also
involves the mobilization of granules to the plasma membrane. Trafficking of granules to the plasma
membrane requires cytoskeletal reorganization, which is accomplished with the help of the small Rho-family
GTPases Cdc42 and Racl (Braun et al., 2008) .

Neuronal, paracrine, or autocrine signals can therefore use different intracellular signaling cascades to regulate

islet hormone exocytosis.

Physiology of Islets of Langerhans: a focus on INSULIN SECRETION by 8-pancreatic cells.

As for neurotransmitter release in neurons and muscle contraction, the secretion of insulin is dependent on

electrical activity and calcium (Ca®*) entry. B-cells have channels in their membranes that mediate ions flow
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(mainly Ca** and K') into and out of the cell. Because ions are electrically charged, their flux across the
membrane may give rise to sharp changes in voltage which resemble “action potentials” (MacDonald and
Rorsman, 2006). Glucose stimulation elicits depolarization of the cell membrane and electrical activity in B cells
(Dean et al., 1968; Henquin et al.,, 1984; Ashcroft et al., 1989). This serves to open voltage-dependent
Ca®* channels in the membrane (VDCCs) and allow Ca® entry and action potential firing. Ca’* acts on the
exocytotic machinery to stimulate fusion of insulin-containing vesicles with the plasma membrane for secretion
into the bloodstream (Rorsman and Renstrom 2003). Removal of extracellular Ca®* prevents action potential
firing (Matthews and Sakamoto 1975) and insulin secretion (Curry et al., 1968; Hales and Milner 1968).
Numerous subsequent studies have confirmed the essential roles of glucose-stimulated membrane

depolarisation, action potential firing and influx of Ca®" in the regulation of insulin secretion (Figure 4).

Metabolism of glucose is essential for insulin secretion and inhibition of mitochondrial metabolism blocks
insulin secretion (Ashcroft et al., 1980). The breakdown of glucose results in the generation of ATP, one of the
key molecules fueling cellular reactions. An increased ATP:ADP ratio represents the critical link between
mitochondrial metabolism and insulin secretion through its ability to close ATP-dependent K'(Karp) channels
and depolarise the cell (Rorsman and Trube 1985) Karp channels are composed of four pore-forming subunits
(K:6.2 in B cells) and four accessory sulfonylurea receptor subunits (SUR1 in B cells). The latters are the target
of the anti-diabetic sulphonylurea drugs, which stimulate insulin secretion by mimicking the effect of glucose to
close Karp channels. Polymorphism in K subunits contribute to diabetes susceptibility by altering the

biophysical properties of the channels (Ashcroft and Rorsman 2004).

Under low glucose conditions, Karp channels are open, allowing the outward flux of K'and holding the cell
membrane potential at about =70 mV. Closure of Karp channels, by glucose-induced increases in ATP, drives the
membrane voltage to more positive potentials, and eventually triggers the firing of action potentials resulting
from activation of VDCCs. The major VDCC subtype expressed in B cells regulating insulin secretion is the L-type
Ca’*channel (Ca,1.2). The essential role of this channel has been demonstrated both by pharmacological
(Malaisse and Boschero 1977) and genetic (Schulla et al., 2003) inhibition of the channel. Both of these
approaches result in a severe reduction in glucose stimulated insulin secretion. Although the L-type
Ca’*channel certainly plays a primary role in the regulation of insulin secretion, it is not the only VDCC
expressed in B cells and recent work suggests an important role for the R-type Ca®* in insulin secretion during

prolonged stimulation (Figure 4; Caicedo et al., 2014; Jing et al., 2005).
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FIG. 4: Schematic representation of the insulin secretion by beta pancreatic cells. A) image of whole pancreas including
exocrine and endocrine portion. B)picture of the islets of Langerhans. The principal endocrine cells are represented. C) The
schematic mechanism of insulin secretion by beta pancreatic cells (Image from Caicedo et al,, 2014)

Because the membrane voltage is sensitive to changes in ATP levels within the cell, perturbations of the
metabolic pathways that generate ATP can have a strong effect on insulin secretion. ATP is generated in
mitochondria through the electron transport chain and is dependent upon the presence of a proton gradient
(H ™) across the mitochondrial membrane. In B cells, expression of uncoupling protein-2 (UCP2) can disrupt the
generation of ATP in mitochondria by leading protons to leak across the mitochondrial membrane. When UCP2
is overexpressed, the generation of ATP is bypassed (Chan et al., 2001), while loss of UCP2 expression results in

increased ATP levels and also enhanced insulin release by islets (Zhang et al., 2001; Figure 4).

This initial phase is called first phase of insulin secretion, is characterized by the release of the hormone
contained in a pool of granules immediately ready to release because they are located in proximity to the
plasma membrane. The first phase of insulin release, also identified as Karp channel dependent pathway, is

driven by glucose metabolism and has been defined Glucose stimulated insulin secretion (GSIS).

There is also a second phase of insulin release, which is also called “amplification phase”. This phase in fact
enhances the effect of the first phase, induced by calcium ions, and acts on storage granules. This pool of
insulin granules is close to the plasma membrane but not enough to be able to fuse with the cell surface during
the first phase of insulin secretion. The second phase is also associated with activation of enzymes responsible
for the synthesis and maturation of new insulin molecules. Several metabolic factors downstream glucose
entry in the beta cell have been proposed to support the second phase of insulin release, among these citrate,

glutamate itself and GDP (Straub and Sharp, 2002).

2) The Paracrine / Autocrine signals in islets of Langerhans
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Paracrine and autocrine signals represent a potent and rapid mechanism to control hormone release and
provide positive and negative feedbacks that in turn secure glucose homeostasis. Hormones are the major
auto/paracrine signaling molecules within the islet but also neuropeptides and neurotransmitters play a crucial

role in this kind of interactions.
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Paracrine regulation by HORMONES in islets of Langerhans

Several hormones are stored in secretory granules of a, B, 6, cells and their receptors are expressed by

pancreatic endocrine cells, suggesting an involvement of these hormones in the paracrine signals (Figure 5).

INSULIN: type A and B insulin receptors (INSR) have been identified in both murine and human a and B cells
and their activation induces a cascade of signal transduction (Muller et al. 2006; Uhles et al. 2003). At high
concentrations, insulin also activates the Insulin grow factor-1 receptor (IGF1-R) express in B -cells (Yarden and
Ullrich, 1988). This suggests the existence of an autocrine mechanism whereby insulin secreted by B-cells
affects B-cell activity via InsRs and IGF1 receptors (Katz et al. 1997; Van Schravendijk et al. 1987). Short and

long-term mechanisms of insulin actions have been proposed:

- a) long-term insulin action requires the activation of the IGF1 receptor maintains B-cell mass, by increasing
proliferation and reducing apoptosis (Leibiger et al. 2008). IGF1-R signaling pathway mediates the
activation of the insulin receptor substrates 1 and 2 (IRS1, IRS2) and the phosphotidylinositol 3-kinase
(P13K). The latter, in turn, targets the transcription factor PDX-1 (pancreatic and duodenal homeobox factor
1) to modulate B-cell proliferation and differentiation (Leibigeret al. 2001; Muller et al., 2006; Wu et al.
1999). The long-term effect on insulin secretion, however, is still unclear and controversial hypotheses
have been proposed so far.

- b) short term insulin action is mediated by activation of the InsR and IRS1 on B cells. The resulting cascade

of signal transduction leads to increased Ca** flow which promotes insulin granules exocytosis (Aspinwall et
11



al. 2000). Alternatively, activation of the insulin signaling can directly promote exocytosis via AKT (Bernal-
Mizrachi et al. 2004). Paradoxically, activation of InsR may also inhibit insulin secretion, a reaction
mediated by activation of the PI3-kinase, increased PI(3,4,5)P3 levels and activation of ATP-gated K'-
channels.(Spanswick et al. 2000). Consequently, also short-term effects of insulin on its own secretion are

complex and appear to be modified, depending on the intracellular metabolic state (Swanson et al., 1997)

The InsR receptors are abundantly expressed even in pancreatic a-cells, at levels similar to those found in the
liver, the main target of insulin action. Activation of InsR in a-cells inhibits glucagon release, a mechanism
mediated by activation of PI3-kinase, opening of ATP-gated K'-channels and membrane hyper-polarization
(Franklin et al., 2005; Leung et al. 2006). Part of the inhibitory effect is mediated also by activation of GABA-A
receptor expressed on a-cell plasma membrane. Indeed, GABA is co-released together with insulin and, by
acting on GABA-A receptor, mediates the influx of chloride ions and reduces cell excitability (Xu et al. 2006).
Finally, also Zn™*, which is co-released together with insulin and GABA, can affect glucagon secretion, although
the direction of this modulation (inhibition vs stimulation) is specie-specific (inhibition in rodent model,

activation in human islets) (Cooperberg and Cryer 2010).

GLUCAGON: also glucagon receptors (GlucR) have been identified on a and B cell membranes (Ahren 2009;
Gromada et al. 2007), thus indicating that the endocrine hormone exerts also autocrine and paracrine effects.
In rodents and humans, GlucR is coupled to an eteromeric Gs protein that stimulates adenylate cyclase and
increases the cCAMP production (Ahren 2009). This in turn leads to protein kinase A (PKA) activation and Ca”**
dependent exocytosis of glucagon reserve granules (Gromada et al. 2007). Transgenic mice lacking the GlucR

showed a-cells hyperplasia, indicative of a role of this hormone in the autocrine regulation of a-cell

proliferation.

SOMATOSTATIN: is produced by 6 cells and is able to inhibit the secretion of both insulin and glucagon (Ahren

2009) via three mechanisms: 1) the activation of K* channels in a cell that leads to hyper-polarization of the
plasma membrane and inhibition of glucagon secretion; 2) the activation of a G; protein and calcineurin which
inhibits the fusion of secretory granules with the plasma membrane and 3) the inhibition of adenylate cyclase

in a cells. The resulting decreased cytosolic cAMP concentrations reduce hormones secretion.

Five different somatostatin receptors (SSTR1-5) have been identified (Gromada et al. 2007; Quesada et al.
2008); a-cells mainly express the SSTR2 isoform, while B-cells express substantially SSTR1 and SSTR5 (Gromada
et al. 2007; Quesada et al. 2008). In line with these findings, SSTR2 specific agonists significantly reduce

glucagon secretion in both mouse and rat islets, without effects on insulin secretion (Rossowski and Coy 1994;
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Strowski et al. 2006). Consequently, selective agonists of different SSTR receptors may be used in the

treatment of hyperglycaemia and hyperglucagonemia in fasting state.

GHRELIN: initially described as a growth hormone related peptide, it is now clear that ghrelin is abundantly
released by the stomach during the meal (Kojima et al. 1999). More recently, its expression has been detected
also in the endocrine pancreas, in a new class of cells called islets ghrelin-secreting cells or €-cells (Ahren 2009).
Ghrelin receptors (GHSR) were found in a and B cells. The release of ghrelin in the islets microenvironment
leads the inhibition of insulin secretion, an effect probably mediated by the GHSR receptor associated G;
protein. The signal cascade triggered by G; protein activation induces the opening of voltage-gated K*-channels
and inhibition of calcium influx in the cytosol (Ahren 2009). Conflicting results have been obtained regarding
the acute effects of ghrelin on glucagon secretion (Gromada et al.2007), consequently, the ghrelin effects on

glucagon secretion from a cells remain still unexplored.

The long-term stimulation with ghrelin induces in the islets the up-regulation of the UCP2 protein (uncoupling
protein 2) while the ablation of the ghrelin gene in the ob / ob mice leads to a reduction of UCP2 expression.
Because the UCP2 protein is responsible for the uncoupling of the mitochondrial oxidation with ATP synthesis,
the long-term metabolic effects of ghrelin are probably mediated by changes in the UCP2 expression (Sun et

al., 2006).

INCRETINS: are released by the intestine following food ingestion and stimulate glucose-induced insulin
secretion (GSIS). The most important are the glucagon-like peptide-1 (GLP-1) and glucose-dependent-
insulinotropic-polypeptide (GIP) (Meier and Nauck 2006). The GLP1 and GIP receptors expression was
confirmed in the pancreatic B cells (Ahren 2009). They are coupled to a stimulatory Gs protein whose activation
results in the increase of cAMP, a potent activator of insulin secretion. Interestingly, long term effects of
incretins hormones cause a reduction of B cells apoptosis and an increase in their proliferation, probably
through activation of PKB and the PDX-1 transcription factor (Ahren 2009). In animal models of obesity and
diabetes, the GLP1 and GIP signalling are altered especially in T2D. Therefore they represent a potential
therapeutic target (Meier and Nauck 2006). In a-cells the effects of the two hormones are different: the GIP
stimulates the secretion of glucagon while GLP1 seems to suppress it, although the molecular mechanisms at
the basis of this inhibition are still unknown (Meier and Nauck 2006). The expression of the GLP1-R mRNA was
observed in subpopulations of a cells derived from rats (Heller et al. 1997) but, in contrast it was not detected
the mature protein or its transcript (Moens et al. 1996). This suggests that inhibition of a cell from the GLP1

probably occurs through an indirect mechanism.

Paracrine regulation by NEUROPEPTIDE in islets of Langerhans
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Nerve endings of the sympathetic, parasympathetic and sensory types innervate islet cells.

- The parasympathetic neuropeptides released in the islets of Langerhans are the pituitary adenylate cyclase
activating polypeptide (PACAP), vasoactive intestinal polypeptide (VIP) and gastrin releasing peptide (GRP)

(Ahren 2000). They are released after vagal stimulation and induce insulin and glucagon release.

- The most important sympathetic neuropeptides is the neuropeptide Y (NPY) which inhibits insulin secretion in
vivo and in vitro (Ahren 2000) through activation of its receptor, expressed on B-cells. NPY-R activation leads to
inhibition of the adenilate cyclase and cAMP reduction. Conversely, NPY stimulates a-cells to release glucagon

by a yet unknown mechanism (Ahren 2000).

-The islets are also characterized by sensory innervations. These terminals release peptides in the islets
microenvironment such as CGRP (calcitonin-gene-related peptide) and substance P (Ahren 2000). The CGRP

inhibits the insulin secretion, while substance P shows both stimulatory and inhibitory effects (Ahren 2000).
Paracrine regulation by NEUROTRANSMITTERS: in islets of Langerhans

Neurotransmitters are another class of paracrine and autocrine signals within the islet. All neurotransmitters
present in the CNS have been identified in human islets of Langerhans. They are selectively synthesized,
packaged in synaptic-like micro vesicles (SLMV) present in the endocrine cells themselves and released under
stimulated conditions. As in the nervous system, neurotransmitters are specifically segregated in different
endocrine cell types within the islet: glutamate and acetylcholine are released by a-cells; conversely, B-cells

release GABA, ATP, serotonin and dopamine (Hille 2001; Gonzales 2004; Di Cairano 2014).

They are molecules with low molecular weight and can rapidly diffuse in the intracellular spaces, where they

can directly modulate the membrane potential (onset time <1 sec; Hille 2001).

ACETYLCHOLINE: acetylcholine (ACh) is known as a parasympathetic neurotransmitter within the islets, but it is

also a signaling molecule produced by human a-cells. Studies performed in the last years have shown that a-
cells express the enzyme Choline acetyltransferase (ChAT) for its synthesis and the selective vesicular
transporter VAChT for its storage in vesicular compartments, probing that Acetylcholine is actually synthesized

and stored in human a-cells and does not simply derive from nerve terminals (Rodriguez-Diaz et al., 2011b).

ACh is stored in vesicles that do not contain glucagon. ACh immunoreactivity has been found also in a cohort of

6-cells, although the significance of its expression deserves further investigations (Rodriguez-Diaz et al., 2011b).

a-cells release ACh during low glucose conditions or upon stimulation of glutamate receptors with Kainate

(Rodriguez-Diaz et al., 2011b). The released ACh reaches concentration of 100-300 nM that is able to activate
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nicotinic and muscarinic receptors expressed on the plasma membrane of all endocrine cell populations of the
islet (lismaa et al., 2000; Yoshikawa et al., 2005). In humans, metabotropic muscarinic receptors are generally
implicated in the increase of hormone release, since ACh is able to stimulate insulin-secreting B-cells via the M3
and M5 receptors, somatostatin-secreting 6-cells via the M1 receptor and glucagon-secreting a-cells via the M3
receptor (Rodriguez-Diaz et al., 2011b; Molina et al., 2014). Interestingly, M3 receptor expression is down
regulated by high glucose treatment in mouse and human islets, thus suggesting that impaired glucose sensing
and insulin secretion observed in diabetes may also be due to alteration of paracrine signaling systems (Hauge-

Evans et al., 2014).

So far, no studies have directly addressed the role of Ach in the control of cell proliferation and survival;
however, as in other systems, ACh may act as a trophic factor to promote B-cell survival (Wessler and

Kirkpatrik, 2012).

SEROTONIN: serotonin (5-HT) is a biogenic amine synthesized by the central, peripheral and enteric nervous
system. In the pancreas it is released by neuronal projections and modulates exocrine secretion (Zhang et al.,
2013). More recently, a role of this neurotransmitter as paracrine signal in the endocrine pancreas has been
proposed. In particular, serotonin is synthesized, stored in insulin granules and secreted by B-cells (Ekholm et

al., 1971).

5-HT is synthesized from tryptophan in two steps promoted by tryptophan hydroxilase (TPH), which represents
the rate limiting step, followed by aromatic L-aminoacid decarboxilase. B-cells express TPH (Ohta et al., 2011)
and, interestingly, TPH deficiency in mice has been assimilated to Maturity Onset Diabetes of the Young
(MODY) (Paulmann et al., 2009); further studies are needed to clarify this relationship. Once synthesized, 5-HT
is stored in LDCVs (large dense core vesicles) by VMAT2 together with insulin, ATP and GABA.

The 5-HT receptor 2C (5-HT2CR) is expressed in mice islets and its activation inhibits insulin release.

Interestingly, this receptor is over-expressed in diabetic mouse models (Zhang et al., 2013).

Intra-islet serotonin has been recently implicated in the expansion of B-cell mass during conditions of higher
insulin demand such as pregnancy. Indeed, under the action of lactogenic hormones, the production of
serotonin increases in the islet and drives, in a paracrine-autocrine fashion, B-cell cell replication; an effect
mediated by the 5-HT receptor 2B (Oh et al., 2015). The study has been carried out in mice and it is not known
whether similar mechanisms operate in humans. If that turns out to be the case, serotonin agonists may
provide a therapeutic approach to improve the outcome of gestational diabetes, and more in general, to

control B-cell expansion in vitro.
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DOPAMINE: the presence of dopamine (DA) has been documented also within the pancreas: beside nerve
terminals and the exocrine tissue of the pancreas, endocrine cells within the islets are dopamine sources

(Mezey et al., 1996; Ustione and Piston, 2012).

Rodent and human islet tissues expresses a variety of molecules associated with the biosynthesis, storage,
degradation and response to DA, thus suggesting a role of the neurotransmitter in islet paracrinology. The acid
decarboxylase necessary for the novo synthesis of DA and monoamine oxidase activities have been identified in
mouse islet homogenates (Lindstrom P. 1986; Lundquist et al., 1991) and the vesicular monoamine transporter
type 2 (VMAT2), important for the neurotransmitter accumulation in vesicular compartments, is expressed in
rodent islets and in human B-cells (Raffo et al., 2008). Once stored, DA is co-released into the extracellular
space with insulin, upon glucose stimulation and can reach a concentration of approximately 7 uM per islet
(Ustione and Piston, 2012). Morphological and functional studies in human reveal the expression of the D1
receptors in B-cells, D2 in a-, B- 6- and PP cells, D4 in B- and PP cells and D5 in &-cells (Simpson et al., 2012;
Zhang et al., 2015).

The dopaminergic signal is switched off by the plasma membrane dopamine transporter (DAT) which is

expressed in mouse islets (Ustione and Piston 2012).

Within the islet, dopamine controls a negative feedback circuit that regulates insulin secretion in the islet
(Shankar et al., 2006, Simpson et al., 2012). Indeed, the neurotransmitter inhibits glucose-stimulated insulin
secretion in both B-cell lines and isolated islets from rodents and humans. This inhibition correlates with a
reduction in the frequency of intracellular Ca** oscillations and it is mainly mediated by the D2 receptor (Rubi

et al. 2005; Shankar et al., 2006; Simpson et al., 2012).

Interestingly, in humans, the rs1800497 variant in the coding region of the D2 is associated with increased
susceptibility to T2D in women (Guigas et al., 2014), thus indicating that the D2 receptor may represent an

interesting pharmacological target for diabetes treatment.

The dopaminergic signaling has been recently involved in the control of B-cell viability; following DA treatment,
B-cell proliferation rate is decreased and apoptosis increased in rat islets, suggesting another opportunity for

pharmacological intervention (Garcia Barrado et al., 2015).

Although the role of DA receptors and transporters in islet physiology has not yet completely clarified, drugs
affecting the dopaminergic signaling are already used in the T2D treatment. In particular, the D2 agonist
bromocriptine has been approved by the U.S. Food and Drug Administration (FDA) for the treatment of T2D

(Defronzo 2011). Bromocriptine administration improves glycemic control and glucose tolerance in obese
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patients with T2D. However, part of the observed effects are central and peripheral nervous system-driven

(Guigas et al., 2014).

ATP: besides the brain, purinergic signaling is also important in islets of Langerhans where it exerts both
intracellular and extracellular functions in pancreatic B-cells. Adenosine triphosphate (ATP), deriving from
glucose metabolism in the cytosol, regulates the ATP/ADP ratio which controls B-cell excitability. ATP is stored
in insulin containing secretory granules of B-cells, at a concentration of about 5 mM (MacDonald et al., 2006).
Low glucose concentrations favor the so-called “kiss-and-run” exocytosis (transient formation of a fusion pore
between the secretory granule and the plasma membrane) which causes release of the small molecular weight
ATP, but not insulin secretion. High glucose concentrations induce the complete vesicle fusion with the plasma

membrane and the release of both molecules (MacDonald et al., 2006).

When released, ATP can act on selective ionotropic (P2X) and metabotropic (P2Y) purinergic receptors. Human
B-cells express the ionotropic P2X3, P2X5, P2X7 and the metabotropic P2Y11 and P2Y12, while a-cells express
P2X4, P2Y1 and P2Y6 (for a review see Burnstock and Novak, 2012).

Due to the heterogeneity of purinergic receptors expressed in the islets, the observed effects of ATP on

hormone release are various and species-specific.

In humans, ATP mediates the increase in basal and stimulated insulin release via P2X receptors activation
(Fernandez-Alvarez et al., 2001; Jacques-Silva et al., 2010). In mice ATP decreases insulin release via activation
of P2Y receptors, while in rat, both inhibition and stimulation have been detected upon receptor activation

(Petit et al., 2009).

As regards glucagon release, both stimulation (via P2Y6) and inhibition (via P2Y1) of secretion have been

observed (Burnstock and Novak, 2012).

As described for the other neurotransmitters, purinergic signal not only modulates hormone release but also
controls B-cell mass in endocrine pancreas. In particular, P2Y6 has been shown to prevent B-cell death induced
by tumor necrosis factor (TNF) (Balasubramanian et al., 2010); P2X7 is able to regulate B-cell mass and its

expression is upregulated in obesity and decreased in diabetes (Glas et al., 2009).

The purinergic system is active also on non-endocrine, islet-resident cells. ATP, by acting on vascular smooth
muscle cells, particularly abundant in human islets, can induce vasoconstriction, thus modifying the islet blood
flow locally, depending on metabolic demand. ATP can be released by endothelial cells in response to changes
in blood flow and hypoxia and in turn may act as autocrine signal to control endothelial cell permeability,

proliferation and remodeling (Burnstock, 2008). Finally, the purinergic signaling controls immune cell activation
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(Junger, 2011) and allows immune cells to adjust their functional responses locally, based on the extracellular

cues provided by the islet environment.

Therefore, we cannot exclude at the moment that part of the effects observed on endocrine cells function and

survival may be indirect and mediated by modification of their relationships with the other islet-resident cells.

GABA: the y-aminobutyric acid, is the major inhibitory neurotransmitter in the central nervous system and it is

also an autocrine and paracrine signal in islets of Langerhans.

In rodents, it is produced mainly in B-cells which express huge amount of Glutamic Acid Decarboxylase (GAD)
and GABA transaminase, the enzymes responsible for conversion of glutamate into GABA and its catabolism
(Reetz et al., 1991). In B-cells, GABA is stored in small synaptic-like microvesicles (SLMV) and in a subpopulation
of insulin secretory granules (Reetz et al., 1991; Braun et al., 2004 and 2007). The vesicular transporter VGAT,
identified in rat but not human islets, is responsible for GABA accumulation in vesicles (Thomas-Reetz et al.,
1993). VGAT has also been detected in glucagon-containing secretory granules in a-cells (Hayashi et al., 2003b).
Conversely, in humans, GABA is present in a-, B- and &-cells that express high levels of GAD65 (Braun et al.,

2010).
GABA concentration in human islets has been proved to be 1.5 nmol/ug DNA (Wang et al., 2005).

The GABA effects within the islet are mediated by ionotropic (GABA-A) and metabotropic (GABA-B) receptors,
expressed on the plasma membrane of all islet cell populations. GABA-A activation increases the CI
conductance, but the direction of CI" currents (inwards vs outwards) and the effect on hormone secretion
depend on the CI" equilibrium potential (which is cell-specific) and membrane potential which is influenced by
glucose concentrations. Therefore, GABA-A activation stimulates somatostatin release from human 6-cells, but
inhibits glucagon release from a-cells (Rorsman et al., 1989). In human B-cells, GABA has opposite effects
depending on glucose concentrations: at low glucose concentrations, GABA facilitates insulin release, while at

high glucose GABA inhibits insulin release (Braun et al., 2010).

In rodent B-cells, GABA-B receptors activation reduces insulin secretion; however, at present it is not known

how it affects a-cells (Bonaventura et al., 2008; Ligon et al., 2007).

A role of GABA in the control of B-cell viability has emerged in the last years. Activation of GABA-B receptors
decreases apoptosis and increases B-cells viability, leading to an overall increased B-cell mass (Ligon et al.,
2007). GABA-A activation enhances B-cell replication in mice and human islets implanted into non-obese

diabetic/scid mice. (Tian et al., 2013).
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In T1D mouse models, GABA prevents and reverses the disease by exerting protective and regenerative effects
on islet B-cells (Soltani et al., 2011). GABA also showed anti-inflammatory effects in high-fat-diet induced
obesity in mice (Tian et al., 2013). If these effects will be confirmed in humans, GABA administration would

represent a promising strategy to treat diabetes.

In the next section will detail the role of glutamate as a paracrine/autocrine messenger in the islets of

Langerhans.
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3) The Glutamate signal in islets of Langerhans

In the endocrine pancreas, the presence of glutamate as a signalling molecule is well established (Hayashi et
al., 2003) and glutamate-mediated paracrine-like signalling has been proposed as a novel regulatory

mechanism of islet hormone secretion (Figure 6; Moriyama and Hayashi, 2003; Bertrand et al., 1995).

FIG 6: Current model of glutamate-
mediated autocrine and paracrine
regulations in islets of Langerhans:

Glutamate is released together with
glucagon by a-cells and exerts positive

mGIuR:
Type |, N, I

© Glu

Glutamate Release e ey effects on its secretion, a mechanism
+ @Ctlutamate Q@ ° mediated by ionotropic receptors
g > o°o°° o +? (Glu2/Glu3). Glutamate exerts a
m:um- - iGIUR- positive effect also on somatostatin
::wo:mp Wt © o0 (Glu2 Glu3?) secretion via Glud-ionotropic receptor
Ghrelin? (Glu2/ Glu3) in &-cells. Both positive and negative

effects on insulin secretion were
detected. These effects in B-cells were
mediated by metabotropic (type |, II,
1) and ionotropic receptors
(Glu2/Glu3). (Brice et al., 2002; Tong
et al.,, 2004; Storto et al., 2006)

Islets have all required components for glutamate transmission:

i) Enzymes and vesicular glutamate transporters for glutamate synthesis and storage in vesicles (Storage

System),
ii) Expression of ionotropic and metabotropic receptors (Receptors System),
iii) Expression of glutamate transporters responsible for the glutamate clearance (Clearance system)

1) GLUTAMATE STORAGE SYSTEM in the islets

The principal source of glutamate in the islet is a-cells, where the neurotransmitter is stored in large dense-
core vesicles containing glucagon. L-glutamate is co-stored and co-secreted with glucagon in alpha cells and the
stoichiometric amounts of glutamate and glucagon are 2000:1 (molar ratio)(Bai et al., 2003).This implies that L-
glutamate is co-secreted with glucagon when blood glucose levels decrease or following stimulation of -
adrenergic receptors. Glutamate in alpha cells might originate not only from intracellular synthesis by means of
glutaminase, but it has been proposed that it can also derive by uptake of plasma L-glutamate through a

sodium dependent glutamate transporter not yet identified (Weaver et al., 1998).
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The vesicular glutamate transporters VGLUT1 and VGLUT2 (Hayashi et al., 2003a; Cabrera et al., 2008), identical
to those expressed in neurons, are responsible for the neurotransmitter accumulation in the granules.

In low glucose the reported glutamate secretion per islet per second is 15 fmol. This means that in the narrow
extracellular space, glutamate concentration would rise to 3 mM in 1 sec, a concentration relevant for receptor

activation.

The accumulation of glutamate in insulin granules is controversial. VGLUT1-3 transporters have been identified
in insulin granules of pancreatic BTC6, RINm5F and INS-1E B cell lines, thus suggesting that glutamate may
accumulate within these granules (Bai et al., 2003; Gammelsaeter et al., 2004). Beside to a vesicle-mediated
glutamate release, there is evidence supporting the possibility that glutamate may be released in the
extracellular space, also via plasma membrane glutamate transporters or exchangers, by uptake reversal

(Vetterli et al., 2012).

Some early reports highlight the expression of vesicular glutamate transporters also in F cells and are
associated with pancreatic polypeptide-containing secretory granules, suggesting that F cells are also
glutamatergic and that pancreatic polypeptides and L-glutamate are co-secreted (Hayashi et al., 2003b). By
contrast, neither VGLUT1, 2 nor 3 are expressed in & cells (Moriyama and Hayashi, 2003; Moriyama and Omote

2008).

Il) GLUTAMATE RECPTORS SYSTEM in the islets

Once released, glutamate act on glutamate receptors (Bai et al., 2003, Cabrera et al., 2008) which are
expressed on the plasma membrane of all endocrine cells of the islet. Several independent lines of evidence
indicate expression of both ionotropic and metabotropic glutamate receptors (iGluRs and mGIuRs) in
pancreatic islets, but as reported in the summary table (Figure 7) several controversies emerged from literature

studies and species-specific differences in subtype expression and localization have been detected.
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Receptors Cells / Species Method Effects Refs

GluR2, GIuR3, KA2, MING RT-PCR  AMPA-, kainate- and NMDA-evoked Gonoietal,,

NR1, NR2D (no other currents and increase in the 1994

subunits were intracellular concentration of Ca%*

identified)

GluR2, KA1, KA2, RIN RT-PCR AMPA-, kainate- and NMDA-evoked Inagaki et al.,

NR1, NR2D currents and increasein the 1995
intracellular concentration of Ca?*

GluR2, GluR3, GIuR6, Ratislets RT-PCR AMPA-, kainate- and NMDA-evoked Inagakiet al.,

GluR7, KA2, NR1, currents and increase in the 1995

NR2D intracellular concentration of Ca?*

NR1 and KA2 (no Ratislets, 1B Specific AMPA and kainate binding in Molnaretal.,

GluR1) MING, RIN, HIT MIN6 and RIN membranes 1995

GluR2 and GIuR3 (no  a-, B- and F- IHC L-Glutamate-, AMPA- and kainate- Weaver, etal.

GluR1,4 or NR1) cells (notin &- evoked currents 1996

cells)
GluR6 and GIuR7 (no  a-cells, but not IHC L-Glutamate-, AMPA- and kainate- Weaver, et al.
GluR1,4 or NR1) in B-, 8- or F- evoked currents 1996
cells,

KA2 (no GluR1,4 or &-cells IHC L-Glutamate-, AMPA- and kainate- Weaver, et al.

NR1) evoked currents 1996

GluR2 and GluR3 Rat islets 1B L-Glutamate-, AMPA- and kainate- Weaver, et al.
evoked currents 1996

GIluR6, GIuR7 and aTC6 1B L-Glutamate-, AMPA- and kainate- Weaver, et al.

KA2 evoked currents 1996

NR1, low level of MIN6 RT-PCR AMPA- and kainate-evoked increase in  Morley, etal.

NR2A, NR2B, GluR2, the intracellular concentration of Ca?*; 2000

very low level of no response to NMDA; stimulation by

both GIuR3 and cyclothiazide (CTZ)2

GluR4

GluR2 and GIuR3 (no  GK-P3 1B L-Glutamate-, AMPA- and kainate- Weaver, et al.

GluR1 and GluR4) evoked currents and an increase in the 1998

intracellular concentration of Ca?*;
stimulation by CTZ

No mGlu receptors MIN6 IB,RT- - Wang, etal,,
were identified PCR 1997
mGlug receptor (only a-cells RT-PCR, - Tonget al., 2002
class lImGlu 1B, IHC
receptors were
examined)
mGlu, receptor MING RT-PCR - Brice, et al. 2002
mGlu; and Humanandrat RT-PCR - Brice, etal. 2002
mGlug receptors islets, aTC6,
RIN, MIN6
mGlu, receptor Rat islets RT-PCR - Brice, et al. 2002
mGlug receptor Ratislets, RIN, RT-PCR - Brice, et al. 2002
MING6
mGlu,, mGlu; and Humanandrat IB = Brice, etal. 2002
mGlug receptors islets

FIG.7 Summary table of glutamate receptors identified in the endocrine pancreas. Abbreviations: CNQX,
6-cyano-7-nitroquinoxaline-2,3-dione; EAAT2, excitatory amino acid transporter 2; GluR1-4, AMPA
receptor subunits; GIuR5-7, kainate receptor subunits; IB, immunoblotting; IHC,immunohistochemistry;
KA1,2, kaintate receptor subunits; mGlu receptor, metabotropic glutamate receptor; NR1,2A,2B,2D, NMDA
receptor subunits; RT-PCR, reverse transcriptase—polymerase chain reaction; VGLUT, vesicular glutamate
transporter.

b CTZ potentiates neuronal AMPA receptors by blocking rapid desensitization

Among iGluRs, AMPA are expressed and functional in alpha and beta cells (Gonoi et al., 1999; Inagaki et al.,
1995; Molnar et al., 1995; Weaver et al., 1996; Morley et al., 2000; Weaver et al., 1998; Bertrand et al., 1992).
On the other hand, the expression of functional kainate receptors is negligible, even though kainate currents

similar to those reported in neuronal cells have been measured in B-cells (Weaver et al., 1996). mRNA
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transcripts for NMDA receptors have been detected in rat islets and MIN6 cells in islets, although neither
NMDA receptor subunits expression, nor NMDA-evoked ion currents have been observed, thus raising the

question whether functional NMDA receptors are effectively active in these models.

The modulation of hormone release is the main effect of glutamate on cells of the islet. Due to the
heterogeneity of glutamate receptors, the reported effects of glutamate on hormone secretion are diverse and
species-specific. In general, it is thought that activation of ionotropic receptors increases hormone release via
membrane depolarization, activation of voltage-gated Ca** channels and Ca*-triggered secretory granule

exocytosis.

In human a-cells, glutamate stimulates glucagon release via ionotropic AMPA/kainate receptors (Bertrand et
al., 1993; Cabrera et al., 2008; Moriyama and Hayashi, 2003). As glutamate is released together with glucagon,
this represents an autocrine positive feedback, which further sustains glucagon release in low glucose

concentrations (Cabrera et al, 2008).

In rodent B-cells and islets, activation of ionotropic (AMPA/kainite subtype) and metabotropic receptors
mediates insulin release (Bertrand et al., 1995; Storto et al., 2006). This pathway is unlikely in human cells in
which ionotropic receptors localize in intracellular compartments; hence as a result, glutamate does not

influence insulin release (Cabrera et al., 2008; Cho et al., 2010; Di Cairano et al., 2011).

6-cells express a novel variant of ionotropic glutamate receptor (GluR4c-flip), its activation promotes

somatostatin release (Muroyama et al, 2004).

Also mGlu receptors have been reported to be expressed in islet of Langerhans and in endocrine cell lines.
Similarly to iGIuRs, they modulate hormone secretions although both, stimulation and inhibition of hormone
release have been detected, depending on the metabotropic receptor subtype expressed. Group | and Il
agonists increase the release of insulin in the presence of glucose at low concentration, whereas group llI
agonists inhibit insulin release at high glucose concentrations (Brice et al., 2002). In rodent a-cell lines and
islets, activation of class lll metabotropic receptors inhibits glucagon release (Uehara et al., 2004; Di Cairano et

al., 2011; Tong et al., 2002).
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I1l) GLUTAMATE CLEARANCE SYSTEM in the islets

The glutamate signal in the CNS is spatially and temporally controlled by plasma membrane glutamate
transporters that regulate the extracellular glutamate concentrations by transporting glutamate inside the

cells.

Similarly, in the islet, the cellular response to glutamate may be controlled by regulating the amino acid
transport across the plasma membrane. In particular, glutamate flux through transporters may act as a
modulator of hormone secretion by increasing the intracellular amino acid content or by controlling the
extracellular amino acid concentration and therefore glutamate receptors activation. In the islet, the
extracellular L-glutamate is controlled by high-affinity glutamate/aspartate (excitatory amino acid transporter
or EAATSs) of the solute carrier family 1 (SLCT1A) similar to those described in the CNS (Di Cairano et al., 2011).
The SLC1 family, includes five different transporter subtypes: glutamate aspartate transporter (GLAST/EAAT1),
glutamate transporter 1 (GLT1/EAAT2), excitatory amino acid carrier (EAAC1/EAAT3), EAAT4 and EAATS (Arrizz
et al.,, 1997; Arriza et al., 1994; Kanai et al., 2003; Robinson and Dowd 1997) and two neutral amino acid
transporter (ASCT1 and ASCT2). They share 40% to 65% of sequence identity and are characterized by a
common structure: 8 transmembrane domains and two re-entrant hairpin loops (HP1 and HP2), that partially
span the phospholipidic bilayer. The structure has been confirmed by the crystallised prokaryotic analogous
(Yernool et al., 2004). The 8" transmembrane domain and the two re-entrant loops are the sodium and

substrate binding sites, respectively (Figure 8; Torres and Amara, 2007).
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FIG 8 : Membrane structure and surface transport activity of GLT1.

(a) draft representation of the complex membrane structure of the GLT1/EAAT2 transporter. There are 8
transmembrane domains and two harpin loop responsible for the interaction with substrates, The C and the N
terminals are both cytosolic (Torres and Amara, 2007).

(b) GLT1 is a Na+/K+ -dependent glutamate transporter. It is an eletrogenic transporter, as it couples the
transport of the amino acids with the translocation of a net positive charge across the membrane. This
transporter utilizes the free energy stored by the antiport of three Na+ ions (internalized into the cell) and an
ion K+ (which passes into the extracellular environment), for driving a molecule of glutamate (Glu) together
with a proton inside the cell (Gonzales and Robinson, 2004).

Endocrine cells of the pancreas express ASTC2 (unpublished data), a neutral amino acid transporter that
exhibits the properties of the classical Na’-dependent amino acid transport and it is able to transport
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glutamate, even though with low affinity, in conditions of low pH (Kanai et al., 2003; Pochini et al., 2014). The
key regulator of the extracellular glutamate clearance in the islet of Langerhans is the glutamate transporter 1
or excitatory amino acid transporter 2 (GLT1/EAAT2; Figure 8). GLT1 uses the free energy, stored by the
antiporter of three sodium ions (3Na®) (internalized into the cell) and a potassium ion (1K", that is released into
the extracellular environment), for transporting one molecule of glutamate (Glu), together with a proton (1H")
inside the cell (Figure 8). It is therefore a Na'-dependent transporter and an electrogenic transporter because it
couples the amino acid transport with the influx of electric current. The affinity of this transporter for
glutamate is in the range of the blood glutamate concentrations (50-100 uM), thus its activity and density can

finely tune glutamate concentrations within the narrow intercellular spaces of the islet.

Human isolated islets BTC3

Idva / T119

GLT1/

FIG. 9 GLT1 is expressed both in beta cell line and in human isolated islets:

Double immunofluorescence experiments show the expression of GLT1 (green) in
plasma membrane of murine beta cell (BTC3, panel on the right) and of the cell surface
of insulin-positive cell (green) in human islets of Langerhans (panel on the left). Scale
bar= 10um

GLT1 is the only high affinity glutamate transporter expressed in the islets and localizes specifically to the B-cell
plasma membrane (Figure 9). Pharmacological blockade or RNA interference experiments show that GLT1 is
the main regulator of the glutamate clearance in isolated islets. In fact, selective GLT1 inhibition with DHK
almost completely blocks the uptake of glutamate in isolated human islets and increases the extracellular

glutamate concentration.

Although data are somewhat controversial, a recognized effect of glutamate is to modulate the release of
insulin, glucagon and somatostatin induced by changes in glucose concentration (Cabrera et al., 2008; Caicedo
et al., 2014, Di Cairano et al., 2011; Broun et al., 2010). Similarly, GLT1 by regulating the extracellular glutamate
concentration may modulate hormone secretion. In previous experiments, we found that glutamate decreased

the physiological release of glucagon in response to an acute fall in glucose concentrations, whereas glutamate
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did not potentiate insulin secretion in response to an acute glucose change as previously reported by others (Di
Cairano et al., 2010; Brice et al., 2002; ; Tong et al., 2004; Storto et al., 2006). Similar results were obtained in

the presence of DHK, suggesting that GLT1 may be involved in the regulation of hormone secretion.

The goal of the PhD project

Given the key role of this glutamate transporter in modulating hormone release the project purpose was to
evaluate the modification of GLT1 expression and activity in physiological conditions (Chapterl) and to

evaluate the possible pathological implications of GLT1 dysfunction (Chapter2 and 3).

Since the beta cells are physiologically exposed to rapid changes in extracellular glucose level, which affects the
hormones secretion, we evaluated in mouse beta cell line (BTC3) the effect of acute exposure (30 minutes) to
low and high glucose concentrations on GLT1 activity and localization (Chapterl). In addition, we focused on
intracellular kinases, which are regulated by modification of glucose metabolism and are involved in the
regulation of membrane proteins trafficking. In particular, we evaluated the role of PKC and PI3K, which are
normally active in conditions of hyperglycaemia and are induced following the activation of the insulin receptor

and the role of AMPK, which is activated by hypoglycaemic conditions.

Given the key role of GLT1 in preserving B-cell viability, in chapter 2 we monitored the effects of long-term
treatment (3 days) with high extracellular glucose concentrations (chronic hyperglycaemia) or inflammatory

cytokines on GLT1 activity and localization.

Finally, in Chapter 3 we tested the possibility that GLT1 may be the target antigens of cytotoxic islet cell surface

autoantibodies described in sera of Type 1 Diabetes Mellitus patients (TLDM).
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CHAPTER |

Short-term regulation of GLT1 membrane activity and localization

Early studies suggested that the activity of glutamate transporters can be fine tuned by a number of different
signaling pathways. In the past five years, several groups have provided compelling evidence that changing the
cell surface availability of these transporters contributes to this fine tuning. This regulated trafficking can result
in rapid (within minutes) increases or decreases in the plasma membrane expression of these transporters and
is independent of transcriptional or translational control mechanisms. Many signaling molecules, including
protein kinase C (PKC), tyrosine kinase, phosphatidylinositol 3-kinase (PI3-K), and protein phosphatase,
regulate the transporters of different neurotransmitters (for reviews, see Danbolt, 2001, Gonzdlez and

Robinson, 2003 and Beart and O'Shea, 2007). Interestingly, these same signalling pathways are activated by

modification of plasma glucose concentrations.

In this chapter we explore the possibility that physiological modifications in the extracellular glucose
concentration may modify GLT1 activity/expression, and we investigate the molecular mechanism of these

modifications.
Dynamic Regulation of glutamate transporter trafficking

The organization of the plasma membrane is both highly complex and highly dynamic. The modes by which
proteins move in the plane of the membrane provide insights into the molecular interactions between these
proteins and neighboring membrane proteins, membrane lipids, the underlying cytoskeleton and receptors on

cells or other structures in the extracellular environment (Figure 10; Alenghat and Golan, 2013).
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FIG. 10: Schematic representation of transporter protein trafficking between
the plasma membrane and intracellular compartments. Image from
Steinman et al,, 1584

The balance between endocytic uptake and recycling on the cell surface controls the composition of the plasma
membrane and contributes to different cellular processes, including nutrient uptake and signal transduction

(Figure 10; Steinman et al., 1984).

The basic mechanism to transfer proteins between organelles and plasma membrane is mediated by carrier
vesicles that continually bud from one membrane and fuse with other and is driven by protein-protein
interactions (Bonifacino and Glick, 2004). A fundamental element of membrane traffic is vesicle formation, or
budding, that is initiated by the selection and concentration of cargo proteins within membrane subdomains.
This occurs through interactions between sorting determinants on cargo proteins and cytosolic coat
components that direct cargo to the forming vesicles (Aridor et al., 1996). Protein coats are dynamic structures
that are recruited from the cytosol onto donor membrane by small GTPases and they deform flat membranes

into round buds, which lead to the release of the coated vesicle.

Vesicular transport within the early secretory pathways is mediated by two types of non-clathrin coated
vesicles: COP-I and COP-ll (Allan and Balch 1999). COP-I primary acts from the Golgi to the endoplasmic
reticulum (ER) and between Golgi cisterna,. COP-Il mediates trafficking from the ER to Golgi (Barlowe et al.,

1994; Letourneur et al., 1994; Waters et al., 1991).

Clathrin coated vesicles, the first identified (Pearse, 1975), mainly derives from the plasma membrane or the
Trans-Golgi network (TGN) and are transported to endosomes (Owen et al., 2004). The main adaptors are

proteins of AP2 complex.
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Coat recruitment is coupled with the acquisition of SNAREs (SNAP: Soluble N-ethylmaleimide sensitive-factor
Attachment Protein Receptors) proteins that direct the vesicles to their target membranes (Séllner et al.,
1993). After budding, cargo vesicles are transported to their final destination by diffusion or by motor-
mediated transport along a cytoskeletal track. In particular, vesicles interact with microtubules, by means of
the so-called “microtubule motors”, dynein and kinesin families (Schroer and Sheetz, 1991; Brown and Stow,
1996). Also the actin cytoskeleton may serve as mechanical element that drives and guides vesicles movement
within the cells (Rogers and Gelfand, 1998). In addition, the actin cytoskeleton may directly concur to cell

polarity by anchoring proteins in specific plasma membrane domain (Hammerton et al., 1991).

The last step in vesicle-mediated transport is the recognition and fusion of the vesicle with its target
membrane, a process that involves the so-called tethering factors and SNAREs. Acting upstream to SNAREs,
tethering factors, interacting and working together with coat proteins, mediate the first point of contact of

vesicle with the target membrane and the specificity of vesicle targeting.

Tethering factors may couple the recognition of a vesicle to the process of vesicle uncoating and then bring the
vesicles in closer contact with its target compartment (Malsam et al, 2005). To date, eight conserved
complexes have been identified as crucial for exocytic and endocytic trafficking events (Cai et al., 2007).
Tethers can be also Rab effectors and Rab exchange factors. Rabs are small GTPases of the Ras superfamily that
continuously cycle between the cytosol and membranes. Rabs act at multiple stages of the exocytic and
endocytic pathway and in their GTP-bound form they appear to facilitate the recruitment of tethers to specific

locations.

Tethering factors may actively promote SNARE-mediated membrane fusion by stimulating the formation of
trans SNARE complexes (Shorter et al., 2002). SNAREs is a family of membrane proteins that are related to
three different neuronal proteins: sinaptobrevin, syntaxin and SNAP-25. Specific membrane associated SNAREs
form a sort of lock and key that is activated by selective recognition among these proteins. A SNARE on a
transport vesicle (v-SNARE) pairs with its cognate SNARE-binding partner (t-SNARE) on the appropriate target
membrane (Rothman, 1994; SOlIner et al., 1993).

Activation of signalling pathway may modify protein trafficking within the cells, by phosphorylating cargo,

adaptors, thethering factors and SNARE proteins.

PROTEINS INVOLVED IN MEMBRANE TRAFFICKING AND GLUCOSE
METABOLISM
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Among the different protein kinases, which are involved in protein trafficking and are regulated by
modification of glucose metabolism, we focused on PKC and PI3K, which are normally active in hyperglycaemic

conditions and AMPK which is activated by hypoglycaemic conditions.
PKC: protein kinase C

The PKC family plays important roles in many intracellular signaling events, cell growth and differentiation
(Buchner 1995; Nishizuka 1984; Nishizuka 1989 Nishizuka 1986; Nishizuka 1988). It is composed of a number of
individual isoforms which belong to three distinct categories-conventional, novel and atypical- based upon
their structurally distinct N-terminal regulatory domains. The basic PKC structure of the conventional and novel
categories is composed of the N-terminal regulatory domains (that contain an autoinhibitory pseudosubstrate
domain and two membrane-targeting modules termed C1 and C2) and a highly conserved C-terminal catalytic
domain (that contains the C3 and C4 motifs required for ATP/substrate binding and catalytic activity). The
“conventional isoforms”(cPKCs—a, B, Bll, y) contain two membrane-targeting regions, designated C1 and C2.
The C1 domain can bind PMA (or endogenously generated DAG). The interfacing of the C1 region with PMA or
DAG promotes PKC binding to membranes (Cho 2001; Hurley and Misra 2000). The C2 domain contains a motif
found in many proteins that participate in membrane trafficking and signal transduction. C2 domains of cPKC
isoforms bind anionic phospholipids in a calcium-dependent manner due to the presence of several calcium-
binding residues. The "novel soforms”(nPKCs—§, €, n and 6) also have similar N-terminal regulatory regions
but differ in that the C2 domain lacks the calcium-binding side chains. Therefore, nPKCs are maximally
activated by DAG/PMA independent of calcium. The "atypical isoforms”(aPKCs—C and (/A) are the third PKC
isoform subfamily. aPKCs lack a calcium-sensitive C2 domain and also do not bind DAG or PMA. Consequently,
aPKCs are activated by a distinct set of phospholipid cofactors as well as by stimulus-induced phosphorylation

events (Sampson and Cooper, 2009).

Mechanisms of PKC activation

The conventional and novel PKC isoforms (a, Bll, 6, € and B) are expressed in each of the insulin-responsive
tissues and the presence of binding sites for Ca’*(conventional), DAG and phosphatidyl serine and fatty acids

makes their activation a virtual certainty also in B-cells.

Several isoforms of PKC have been identified in pancreatic B-cells and many have been reported to undergo
translocation after stimulation by glucose, acetylcholine, glucagon-like peptide 1 or fatty acids (Baluch and
Capco 2002; Mochly-Rosen and Gordon 1998; Feliciello et al., 2001; Pouyssegur et al., 2002). When activated,
these PKC translocate to their effector site and bind an anchoring protein, which keeps them in close proximity

with downstream effectors (Baluch and Capco 2002; Mochly-Rosen and Gordon 1998; Feliciello et al., 2001;
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Pouyssegur et al., 2002). Signal termination usually results in dissociation of the kinase from its scaffold protein

(Baluch and Capco 2002; Mochly-Rosen and Gordon 1998; Feliciello et al., 2001; Pouyssegur et al., 2002).

In pancreatic B-cells decreased levels and/or activation of PKCa, PKCe, PKCO, and PKCT are associated with
defective signals downstream to glucose metabolism responsible for the deranged insulin secretion in B cells of
diabetic rats. PKCa has a role in glucose-induced insulin granule recruitment for exocytosis; while PKCe is
involved in the glucose-generated time-dependent potentiation signal for insulin release. For PKCT a dual
function has been proposed: as promoter of insulin release and as regulator of the transcriptional machinery
(Pouyssegur et al., 2002; Yedovitzky et al., 1997; Tang and Sharp 1998; Gao et al., 1994; Buteau et al., 2001;
Yaney et al., 2002; Deeney et al., 1996; Nesher and Cerasi 1987). Of particular importance for the pancreatic B
cell are the PKCa and PKCe isoforms. These PKC are involved in the second phase of insulin release and the
selective inhibition of PKCa or PKCe translocation to the plasma membrane, results in a partial inhibition of

glucose-induced insulin release (Yedovitzky et al., 1997).

Furthermore, PKC may also be a downstream target of insulin receptor activation. The binding of insulin to its
receptor initiates a cascade of events leading to its many biological effects. The first step in this cascade is
activation of the insulin receptor intrinsic tyrosine kinase, which phosphorylates endogenous substrate
proteins, primarily members of the insulin receptor substrate (IRS) family (White 1997). Tyrosine
phosphorylated motifs in these substrates serve as docking sites for the recruitment and activation of a
number of signaling proteins, including PI3K and mitogen activated protein (MAP) kinase (Sampson and
Cooper, 2009). Activation of these elements may then lead to stimulation of additional enzymes, among which
are certain members of the PKC family. Recent studies implicate specific PKC isoforms in the insulin-signaling
cascade (Figure 11, Acevedo-Duncan et al., 1989; Chalfant et al., 1995; Chalfant et al., 1996; Cooper et al.,
1987; Cooper et al., 1992; Cooper et al., 1990; Farese et al., 1992; Ishizuka et al., 1991; Patel et al., 2001;
Braiman et al., 2012; Braiman et al., 1999; Braiman et al., 2001a; Braiman et al., 2001b) (Figure 11; Miinea et
al., 2005).
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FIG. 11: Mechanisms of activation of different PKC isoforms by
means of kinases (PI3K, PKB and GSK) and/or insulin receptor
(IR) signaling pathway in muscles and adipocytes. GLUT4
glucose transporter 4. Image from Sampson and Cooper, 2009

Involvement of PKC in the plasma membrane proteins trafficking

Numerous studies have shown the involvement of the different PKC isoforms in the regulation of intracellular
trafficking of membrane proteins. Interestingly, the final effect on membrane trafficking (endocytosis vs
exocytosis) is strictly dependent on the isoform, the target, the organ or the type of cell considered. For
example, in the CNS, the PKC is responsible for the insertion of new NMDA channels in hippocampal neurons
via SNARE-dependent exocytosis (Lau et al., 2010), but also induces the internalization of glutamate
metabotropic receptors (mGluR1-R5) or Kainate receptors in cortical presynaptic neurons (Konopacki et al.,
2011). Previous studies have demonstrated that acute activation of PKC causes also a redistribution of GLT-1
from the plasma membrane to an intracellular compartment (Bala et al., 2008). This effect has been observed
in stably and transiently transfected C6 glioma, in primary astrocyte cultures induced to express GLT-1, and in
co-cultures of neurons and astrocytes that express GLT-1 (Kalandadze et al., 2002, Zhou and Sutherland, 2004

and Guillet et al., 2005).

In addition, each of the PKC isoforms has one or more roles in the glucose metabolism and insulin signaling
cascade, if not via direct activation in response to insulin, then by activation via conditions that modify insulin-
induced effects. For example, the PKC promotes the membrane translocation of glucose transport GLUT2 on
the cell surface of immature enterocytes and allow them to respond to extracellular glucose (Zheng et al.,
2011). It induces also the membrane exposition of the human Na*-glucose cotransporter (SGLT2), expressed
mainly in the kidney proximal convoluted tubule and considered responsible for the bulk of glucose

reabsorption (Ghezzi and Wright 2012). Furthermore, together with the PI3K and AKT, it takes part in the
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dynamic regulation of the glucose transport GLUT4 trafficking, in skeletal muscles and adipose tissue (Dugani
and Klip, 2005). The fact that so many substrates, such as the glutamate transporter GLT1 its self, components
of the endocytic machinery (caveolae, clathrin adaptor complexes) and of the insulin transduction pathways
(IRS, IR, Akt) are phosphorylated by PKCs, makes this kinase a good candidate to explain GLT1 regulation also in

B-cells.
PI3K: phosphatidylinositol 3-kinase

The phosphatidylinositol 3-kinase (P13K) signaling axis impacts on cell growth, survival, motility and metabolism
(Madhunapantula et al., 2011). PI3Ks are a family of intracellular lipid kinases that phosphorylate the 3’
hydroxyl group of phosphatidylinositols (Pis) and phosphoinositides (Aziz et al., 2009; Franke 2008). Based on
substrate specificity and structure, PI3K proteins have been categorized into class-I, class-Il and class-Ill kinases
(Franke 2008; Marone et al., 2008). Whereas activity of class-la PI3K is triggered by growth factor receptor
tyrosine kinases, class-lIb proteins are activated by G protein-coupled receptors. Class-la PI3K is a heterodimer
comprising a p85 regulatory and p110 catalytic subunits (Franke 2008; Marone et al., 2008). Upon growth
factor stimulation class-la PI3Ks phosphorylates Ptdins (4,5)P, at the 3’ position converting it into
PtdIns(3,4,5)P;, which binds to the PH domain containing PDK1 and Akt proteins, thereby facilitating
translocation of these proteins to the cell membrane. Class-l PI3Ks also exhibit protein kinase activity, but
activation of each of the two class-I isoforms has differing consequences (Fruman 2010; Vogt et al., 2009). For
example, class-la PI3K phosphorylates insulin receptor substrate-1 (IRS-1), whereas class-Ib PI3K activates the

MAPK signaling cascade (Franke 2008; Marone et al., 2008).

Mechanism of activation of PI3Ks

PI3Ks phosphorylate the 3'-hydroxyl group of phosphatidylinositides (Ptdins). They are divided into three

classes based on their structures, their activation and substrate specificities.
Signaling by class |, Il, and 1l PI3K isoforms:

(A) Upon receptor tyrosine kinase (RTK) or G-protein coupled receptor (GPCR) activation, class | PI3Ks are
recruited to the plasma membrane by interaction with phosphorylated YXXM motifs on RTKs or their adaptors,
or with GPCR-associated Gg, subunits (Figure 12). There they phosphorylate Ptdins(4,5)P, (PIP2) to generate
Ptdins(3,4,5)P; (PIPs), a second messenger which activates a number of AKT-dependent and independent
downstream signaling pathways regulating diverse cellular functions including growth, metabolism, survival,
and transformation. The phosphatase and tensin homolog (PTEN) lipid phosphatase removes the 3’ phosphate

from PtdIns(3,4,5)P; to inactivate class | PI3K signaling (Figure 12; Liu et al., 2009; Thorpe and Yuzugullu 2015).
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Figure 12: Mechanisms of activation of Class | PI3K. Image from

(B) Class Il PI3Ks are not well understood, but may be activated by a number of different stimuli, including

hormones, growth factors, chemokines, cytokines, phospholipids and calcium (Ca**). Although in vitro class I

PI3Ks can phosphorylate both Ptdins and Ptdins(4)P, in vivothis class may preferentially phosphorylate Ptdins

(PI) to generate Ptdins(3)P (PIP) (Figure 13; Aziz et al., 2007; Maffucci et al., 2005; Yoshioka et al., 2012). Class

Il PI3Ks regulate cellular functions including glucose transport, endocytosis, cell migration and survival.

Myotubularin (MTM) family phosphatases remove the 3’ phosphate from Ptdins(3)P to inactivate class Il PI3K

signaling (Figure 13).

Figure 13: Mechanisms of activation of Class Il PI3K.
Image from Thorpe et al., 2015.
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(C) The class Il VPS34-VPS15 heterodimer is found in distinct multiprotein complexes, which perform specific

cellular functions. VPS34 may be activated by stimuli including amino acids, glucose, other nutrients and
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phosphorylates Ptdins (Pl) to generate PtdIins(3)P (PIP) (Figure 14). It plays critical roles in autophagy,
endosomal trafficking and phagocytosis. MTM family phosphatases remove the 3’ phosphate from Ptdlns(3)P

to inactivate class Il PI3K signaling (Figure 14).
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Figure 14: Mechanisms of activation of Class Il PI3K.
Image from Thorpe et al., 2015.

PI3K and Insulin Receptor

IRS-1 initializes the classical PI3 kinase-dependent pathway downstream of IR in the metabolic signaling
cascade (Ramalingam et al., 2013). The center and C-terminus of IRS proteins act as a hub for scaffolding
molecules downstream of IRS. Although IRS-1 is the primary substrate in skeletal muscle/adipose insulin
signaling, six different IRS proteins serve different cellular functions, owing to their differences in tissue
distribution and intrinsic activity (Sun et al., 1995). For example, both IRS-1 and IRS-2 are expressed in skeletal
muscle, adipocytes and B-cells. In B-cells IRS-1 binds to its main downstream effector, PI3K, through its C-
terminus, activating PI13K and propagating the IR signaling cascade (Myers et al., 1992). Importantly, decreased
content of IRS-1 is associated with some cases of insulin resistance in animals and humans (Sesti et al., 2001).
PI3K is a dimer composed by an 85 kDa adapter subunit and a 110 kDa catalytic subunit (Myers et al., 1992;
Shepherd et al., 1998).

PI3K catalyzes the addition of a phosphate at the third position of the inositol ring of phosphoinositol to
generate PIP3 p70S6 kinase, Akt and PKC are all downstream effectors of PI3K. Once phosphorylated, these
substrates serve as docking molecules which bind and activate other cellular kinases, initiating divergent

signaling pathways that mediate cellular insulin action (Jewel et al., 2010).

The PI3K/AKT pathway is essential for beta-cell growth and survival and it has been studied extensively in

diabetes (Kotani et al., 1998).

Recently, experiments in genetically modified animal models have assessed the role of Aktl and Akt2 in

glucose homeostasis. Akt1-deficient mice exhibited impairment in organ growth with normal glucose tolerance
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and insulin-stimulated glucose disposal (Cho et al., 2001a; Chen et al., 2001). In contrast, Akt2/PKBB—deficient
mice have impaired glucose disposal due to a reduction in insulin-stimulated glucose uptake in muscle and fat
(Cho et al., 2001b). Ablation of Akt2 in a different background resulted in decreased adipose tissue associated
with hyperglycemia and B cell failure in a small subset of animals, suggesting that Akt could play a role in B cell
adaptation to insulin resistance states (Garofalo et al., 2003; Bae et al., 2003). While mice with increased Akt
activity exhibit a marked increase in B cell mass, this does not define Akt as the physiologic mediator of the

effects of the insulin/IGF pathway in B cell mass and function (Tuttle et al., 2001; Bernal-Mizrachi et al., 2001).

In addition, mice expressing a kinase-dead mutant of Akt in B cells demonstrate that the serine-threonine
kinase Akt is essential for normal 8 cell function and has a novel regulatory role in the second phase of insulin

secretion, at the level of the exocytotic pathway distal to Ca*" influx (Bernal-Mizrachi et al., 2004).
AMPK: AMP-activated protein kinase

One of the central regulators of cellular and organismal metabolism in eukaryotes is the AMP-activated protein
kinase (AMPK), which is activated when intracellular ATP levels are low. AMPK plays critical roles in regulating
growth and reprogramming metabolism and recently has been connected to cellular processes including
autophagy and cell polarity (Mihaylova and Shaw, 2012). AMPK is a highly conserved sensor of intracellular
adenosine nucleotide levels that is activated when a modest decrease in ATP production results in an increase
in AMP or ADP. In response, AMPK promotes catabolic pathways to generate more ATP and inhibits anabolic
pathways to prevent the ATP consumption. AMPK plays a general role in coordinating growth and metabolism,
and specialized roles in metabolic control in tissues such as the liver, muscle, fat and endocrine pancreas (Kahn

et al., 2005).
Mechanism of action of AMPK

In most species, AMPK exists as an obligate heterotrimer, containing a catalytic subunit (a) and two regulatory

subunits (B and y). AMPK is hypothesized to be activated by a two-pronged mechanism:

1) Under low intracellular ATP levels, AMP or ADP can directly bind to the y regulatory subunits, leading to a
conformational change that protects the activating phosphorylation of AMPK (Xiao et al., 2011; Oakhill et al.,
2011).

2) Recent studies discover that ADP can also bind the nucleotide binding pockets in the AMPK y and suggest
that it may be the physiological nucleotide for AMPK activation under a variety of cellular stresses (Bland and
Birnbaum 2011; Hawley et al., 2003;Woods et al., 2008; Shaw et al., 2004; Shackelford and Shaw 2009; Hawley

et al., 2005; Hurley et al., 2005; Woods et al., 2005).
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In addition to nucleotide binding, phosphorylation of Thr172 in the activation loop of AMPK is required for its
activation and several groups have demonstrated that the serine/threonine kinase LKB1 directly mediates this
event (Hawley et al.,, 2003; Woods et al.,, 2008; Shaw et al.,, 2004). Importantly, AMPK can also be
phosphorylated on Thrl72 in response to calcium increase, independently of LKB1, via CAMKK2 (CAMKKp)
kinase, which is the closest mammalian kinase to LKB1 by sequence homology (Hawley et al., 2005; Hurley et

al., 2005; Woods et al., 2005; Fogarty et al., 2010).

Many types of cellular stresses can lead to AMPK activation (Figure 15). In addition to physiological AMP/ADP
elevation from stresses such as low nutrients or prolonged exercise, AMPK can be activated in response to
several pharmacological agents such as metformin, the most widely prescribed Type 2 diabetes drug.
Metformin has been shown to activate directly AMPK (Zhou et al., 2001) in an LKB1 dependent manner (Shaw
et al., 2005) or indirectly, by acting as mild inhibitors of Complex | of the respiratory chain, which leads to a

drop of intracellular ATP levels (Figure 15; Hawley et al., 2010; Hardie 2006).
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FIG 15: Proposed effects of AMPK activation in different
tissues. Image from Mihaylova and Shaw, 2011

Role of AMPK in Glucose Metabolism and Protein Trafficking

AMPK is expressed in multiple mammalian tissues involved in the control of glucose and lipid metabolism
(Hardie 2004; Carling 2004; Kemp et al., 2003; Da Silva et al., 2003). Furthermore, AMPK integrates signaling
circuits between peripheral tissues and the hypothalamus to regulate food intake and whole-body energy
expenditure. Active AMPK phosphorylates and inactivates a number of metabolic enzymes involved in
cholesterol and fatty acid synthesis, including HMG-CoA reductase (Brown, et al., 1975) and acetyl-CoA

carboxylase( Yeh et al., 1980; Carling 1987) thus reducing cellular ATP consumption (Carling 1987 and Hardie et
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al., 1989) during conditions of metabolic stress (Munday, et al., 1991; Stapleton et al., 1994; Da Silva et al.,
2003).

The action of AMPK is not simply restricted to activation/inhibition of enzymatic activities and more recently a
role in the control in vesicle dynamics has also been proposed. In 3T3-L1 adipocytes, activators of AMPK are
able to enhance GLUT4 translocation to the plasma membrane and consequently glucose transport activity in
(Yamaguchi et al., 2005). Also in skeletal myocytes, AMPK activation via physiological stimulation such as
muscle contraction or by pharmacological activation with AICAR (5-Aminoimidazole-4-carboxamide
ribonucleotide, an analogue of adenosine monophosphate (AMP) able to stimulate AMPK) leads to a significant
increase of glucose uptake, a process mediated by the GLUT4 translocation (Hayashi et al., 1998; Mu et al.,

2001).

AMPK is expressed also in endocrine cells of the pancreas. AMP and ADP concentrations in B cells decrease in
response to elevations in glucose concentration (Detimary et al., 1998; Salt et al., 1998) and this suggests that
AMPK could play a role in insulin release by acting as a fuel sensor. In line with this possibility, an increase in
glucose levels represses AMPK activity in B cell lines (Salt et al.,1998; Silva Xavier et al., 2000; Silva Xavier et al.,
2003; Leclerc et al., 2004), whereas AICAR-induced activation of AMPK markedly reduced glucose-stimulated
insulin release from primary pancreatic islets (Salt et al.,1998; Silva Xavier et al., 2000; Silva Xavier et al., 2003)
and B cell lines (Silva Xavier et al., 2003; Leclerc et al., 2004; Zhang et al.,1995) . Similarly, incubation of either
human islets or cultured B cells with metformin activates AMPK and inhibits glucose-stimulated insulin
secretion (Leclerc et al., 2004). Although seemingly undesirable in the treatment of T2D, AMPK-mediated
suppression of insulin release may be physiologically relevant for maintaining glucose homeostasis through
inhibition of insulin secretion during glucose deficiency. Furthermore, overexpression of a constitutively active
form of AMPK reduces calcium influx in response to depolarizing agents and results in repressed glucose-
induced insulin release from B cell lines (Silva-Xavier et al.,, 2003; Zhang and Kim 1995). Conversely,
overexpression of a dominant-negative form of AMPK leads to increases in insulin release without apparent

changes in glucose metabolism and calcium influx (Silva-Xavier et al., 2003).

Despite its profound effects on insulin release, the role of AMPK in B cell vesicle trafficking is unclear and
downstream targets of AMPK that mediate these physiological processes remain to be identified. The role of

AMPK in the regulation of  cell function is clearly an unresolved question that requires further investigation.
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CHAPTER|

Dynamic modulation of GLT1 activity and localization in beta cell lines

GLT1 is expressed and functional in the BTC3-cell line

We first confirmed the expression of GLT1 in the murine beta cell line BTC3 by immunofluorescence assays. As
shown in Fig. 1A, in normal growing conditions, the anti-GLT1 staining was almost exclusively localized to the

plasma membrane of clonal beta cells.

a) b) gene RPKM sd
glast EAAT1 Slclal 0 0
gltl EAAT2 Slela2 4,4374 0,480578
eaacl EAAT3 Slcla3 1,0038  2,244565
EAAt4 EAAt4 Slcla6é 0,1524 0,073173
EAATS EAATS Slela7 0,0304 0,034283
asctl ASCT1 Slcla4 11,6278 1,125327
asct2 ASCT2 Slelas 2,4846 0,249309
a)GLT1 is expressed both in beta cells
c) < 1.2 Immunofluorescence experiments showing the expression of GLT1 (red) in the
plasma membrane of murine beta cell (BTC3). Nuclei were staining with DAPI
1 { (blue)

b) Trascriptomic Analysis. RNA seq experiments were performed on BTC3 cells

in normal growing conditions to verify the relative abundance of EAATs

transcripts. Only the GLT1/EAAT2 high affinity glutamate transporter is

expressed in BTC3 cells is. Very low levels of EAAC1/EAATS transcripts are

* % ¥ detected, while GLAST/EAAT1, EAATS and EAATS is absent. The two neutral
+ * k% amino acld transporter of the SLC1A family (ASCT1 and ASCT2) are abundantly

ok ok expressed in this cell line, Data are expressed as RPKM, Reads Per Kiobase of

y 0,2 1 transcript per Million mapped reads.
g . - c) J3H)-Glutamate Uptake in BTC3. [3H]-glutamate uptake in BTC3 cells was
= 04 performed in the presence of choline chloride (ChCl) (sodium-independent
DHK HIPA Choline C component) or NaCl (sodium-dependent). Where indicated, 100 uM DHK (the
selective GLT1 inhibitor) and 10 uM HIPA (non-competitive EAATs inhibitor)
Uptake solution Uptake soiution were added to the uptake solution to evaluate the GLT1-mediated uptake. Data
+ NaCl + Chal are expressed as fold over Control and are mean + s.e.m.; n=10 performed in

quadruplicate (*** p<0,0001)

Contro

To test whether the transport was also functional glutamate uptake experiments were performed (figure 1b).
Being GLT1 a Na'-dependent transporter we performed the assays in the presence of an uptake solution
containing sodium chloride (NaCl). We also measured the Na'-indipendent glutamate transport using an uptake
solution with Cholin Cloride (ChCl).The basal sodium independent glutamate transport measured in the
presence of choline chloride was increased approximately 5-fold in the presence of a sodium gradient,
indicating that B-cells express a Na'-dependent glutamate transport system. To verify whether the Na+-
dependent activity was only due to GLT1 we performed the uptake experiments in the presence of two
different glutamate inhibitors: HIPA ( (%)-3-Hydroxy-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-d]isoxazole-4-

carboxylic acid) and dihydrokainate (DHK). Incubation of BTC3 cells with HIPA, (kind gift of Prof. De Micheli,
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Dept of Pharmacology, Milan) a non-selective EAATs blocker, completely abolished the Na+-dependent
component of (*H)D-glutamate uptake (IC50 = 18 uM). The same rate of inhibition was obtained after exposure

to DHK, a selective GLT1 inhibitor (IC50= 0.05 mM) (Arriza et al., 1994) (Fig. 1B).

Our results demonstrate that GLT1 is the main regulator of the glutamate clearance in B-cells. Data were
confirmed also at the molecular level. A RNA seq experiment was performed on BTC3 cells in normal growing
conditions to verify the relative abundance of EAAT transcripts. As shown in fig 1C, the only high affinity
glutamate transporter expressed in BTC3 cells is GLT1/EAAT2. Very low levels of EAAC1/EAAT3 transcripts were
detected, while GLAST/EAAT1, EAAT4 and EAAT5 were absent. Interestingly, the two neutral amino acid

transporter of the SLC1A family (ASCT1 and ASCT2) are abundantly expressed in this cell line.

Modifications of extracellular glucose concentrations cause alterations of GLT1 transport activity and

localization

Physiologically, pancreatic beta cells are exposed to rapid changes in extracellular glucose, which primarily
controls insulin secretion. Given, the involvement of GLT1 in the control of extracellular glutamate and thereby
in hormone release, we evaluate possible effects of modification of glucose levels on GLT1 surface activity.
BTC3 cells were incubated for 30 minutes with different glucose concentrations and the transporter activity
was assessed by means of uptake experiments. BTC3 cells normally grow in the presence of 11mM glucose, we
therefore tested 5,5mM glucose as low glucose condition (LG) or hypoglycaemia and 16mM and 20mM as high

glucose (HG) condition or hyperglycaemia (HG).
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FIG, 2: a)Glutamate uptake in BTC3 after acute treatment with different glucose concentrations, GLT1 activity measured in BTC3 by means of [3H]D-Glutamate
suptake after incubation with 5.5, 11, 13, 16 and 20 mM glucose concentrations for 30 minutes (acute exposure). Data are expressed as fold over 11mM glucose
which is the physiological glucose concentration for the clonal B-cell line. Data are the mean t s.e.m.; n=6 performed in quadruplicate (***p<0,001, *p<0,05)

b) Immunofluorescence of BTC3 after acute exposure to normal (11 mM) or high (20 mM) glucose levels, BTC3 cells were incubated for 30minutes in normal
(NG, 11mM glucose, Panel A) or high (HG, 20mM glucose, Panel B) glucose, fixed and immunostained with the anti-GLT1 antibody. Scale bar = 10pm
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As shown in figure 2A, the optimal Na*-dependent (*H)-D-glutamate uptake results reduced both in low and
high glucose conditions indicating that the extracellular glucose levels regulates GLT1 activity in B-cells. We
then performed immunofluorescence experiments with anti-GLT1 antibodies on BTC3 incubated for 30 minutes
under normal (11 mM) or high (20 mM) glucose conditions. As reported in the representative image (figure 2b),
in the normal growing conditions GLT1 distributed uniformly in the cell membrane were it can transport
glutamate. Conversely under high glucose conditions GLT1 prevalently localized in vesicular structures
distributed in the cytoplasm. Therefore, the reduction in glutamate uptake observed under high glucose
concentrations is likely due to the transporter relocalization from the plasma membrane to intracellular

compartments.

To confirm this possibility, we monitored the GLT1 plasma membrane localization under high glucose
concentrations by means of Total Internal Reflection Fluorescence Microscopy (TIRFM). The TIRFM technique
allows the selective excitation of fluorochromes located in or immediately below the plasma membrane (100
nm above the glass coverslip; Axelrod, 2001). This technique is particularly useful in studies of plasma
membrane protein dynamics. Indeed, if a protein fused to a genetically encoded fluorescent protein like GFP,
undergoes endocytosis, it progressively exit the TIRFM plane and the associated fluorescence signal decreases.
Conversely, if a GFP-tagged protein undergoes exocytosis, it progressively accumulates at the plasma

membrane and the associated fluorescence signal coherently increases.

For this purpose, we generated a GFP-tagged GLT1 transporter. The tag does not interfere with the protein
targeting to the plasma membrane or with its transport activity. The construct was transfected in BTC3 cells
plated onto glass coverslips and, 48 hours after transfection, analysed by time lapse TIRF microscopy. Cells
were maintained under normal (11 mM, NG) or high glucose concentrations (20 mM, HG) and the fluorescence
signal recorded over 30 minutes. Figure 3 shows representative image sequences of the GFP-GLT1 transporter
(panel B), together with the averaged fluorescence intensity curves (panel C) recorded 20 minutes after
incubation with NG or HG. The total fluorescence intensity of the GFP-transporter under NG remained almost
constant during the 5-min recording, but under 20 mM glucose it markedly decreased. Quantification of the
fluorescence changes indicated a 15.92 + 0.31% decrease in the total GFP-GLT1 signal during 5 min recording
under HG, but only a 2.02 + 0.03% decrease under control conditions (p < 0.01), thus indicating that glucose

controls the transporter resident time in the plasma membrane.
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FIG. 3:Total Internal Reflection Fluorescence Microscopy. (A) Schematic representation of the TIRFM experiment,
Transporter surface stability was measured by time lapse imaging under TIRFM. TIRFM allows the selective excitation of
GFP-GLT1 transporters located in or immediately below the plasma membrane (100nm above the glass coverslip).
Modification of the transporter density at the plasma membrane would result in changes in the fluorescent signal. (B)
Representative image sequences, and (C) averaged fluorescence intensity curves showing the percentage of pEGFP-GLT1
detected over time at the cell surface in 11 mM (circles) or 20 mM (triangles) glucose. The cells were pre-incubated for 20
minutes before recording. Data are expressed as F/Fo (average fluorescent intensity in each frame/ Initial average
intensity) and are mean £ s.e.m; n=3 performed in triplicate (* p < 0,001).

Under resting conditions, the transporter is expressed in the plasma membrane and efficiently transports
glutamate. Under high extracellular glucose concentrations, GLT1 accumulates in intracellular vesicular
compartments causing a reduction in the density of transporters at the plasma membrane and in the

glutamate transport activity.
The role of intracellular pathway (PKC, PI3K and AMPK) in the GLT1 regulation

We then investigated the molecular mechanisms responsible for the glucose-mediated GLT1 relocalization. In
the CNS, GLT1 localization and activity change in response to activation of different protein kinases. We first
focus on protein kinases involved in vesicle trafficking and known to be modulated by glucose concentrations:
PKC, PI3K and AMPK. Generally, it is thought that high glucose activates PKC and PI3K directly or indirectly,
through insulin receptor activation. Conversely, AMPK is activated by decrease glucose concentrations or
nutrient depletion. To verify whether these kinases are involved in the regulation of the GLT1 trafficking in B
cell lines, we performed uptake experiments in presence of different inhibitors or activators of these pathways.
To better understand the role of these enzymes, the experiments were performed in the presence of different
extracellular glucose concentrations, in order to simulate the different physiological conditions under which

pancreatic beta cells are normally exposed.
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PKC mediates the glucose-driven GLT1 relocalization in BTC3 cells

PKC is normally active in hyperglycemic conditions and plays a role in the glucose metabolism regulation in
different tissues. For example, it promotes the translocation of the glucose transporter GLUT4 to the plasma
membrane in skeletal muscle and adipose tissue (Sampson and Cooper 2009; Baluch and Capco 2002). It is also
expressed in B-cells and its activity is required to drive the first phase of insulin release. To study the possible
involvement of PKC in the GLT1 regulation we performed uptake assays using radiolabeled glutamate. Indeed,
GLT1 is the only Na'-dependent glutamate transporter expressed in BTC3 cells (Figure 1), consequently,
alteration in its transport activity or modification of its membrane localization will be detectable as changes in

(*H)-glutamate uptake.

First, we verify the involvement of PKC in the glutamate uptake in BTC3. The cells were grown in normal culture
medium containing 11mM glucose (NG). To stimulate PKC we used PMA (Phorbol 12-myristate 13-acetate),
also called TPA (12-O-Tetradecanoylphorbol 13-acetate). It is a phorbol diester and a potent tumor promoter
that it is able to activate the PKC signal transduction by mimicking DAG, one of the natural activators of classic
PKC isoforms. As PKC inhibitors we employed bisindolylmaleimide (Bis): a highly selective, cell-permeable and
reversible PKC inhibitor, which acts as a competitive ATP binding site blocker of PKC. It shows high selectivity
for PKCa-, B1-, B2-, y-, 6-, and &-isozymes. Both inhibitors require an incubation of 30 minutes before uptake

experiments.

The results are reported in figure 4 as fold increase over control. In normal glucose concentrations (11 mM),
inhibition of PKC by bisindolylmaleimide did not affect the glutamate uptake. Conversely, TPA treatment
caused a statistically significant reduction in the glutamate uptake, indicating that PKC controls the localization
and/or activity of this transporter. As expected, the pre-incubation of TPA together with bisindolylmaleimide

completely abolished the effect induced by TPA, demonstrating the specific involvement of the PKC pathway.
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FIG. 4: PRC-mediated modulation of glutamate uptake in BTC3 maintained in normal (11 mM) or high (20 mM) glucose concentrations

The Na-dependent [3H]Glutamate uptake in ftc3 in normal (11mP Glucose; Panel A} and high [20mM Glucose; Panel B) glucose conditions was measured after
30 minutes of incubation with the indicated treatments. 10uhM Bisindolylmaleimide [Bis, PKC inhibitor,] and 10pM TPA (PKC activator,). Choline chloride has been
uged to evaluate the Na-independent glutamate transport. The HIPA has been used to evaluate the GLTL-mediated glutamate transport, Data are expressed a3
foold over contral and are mean * £.8.m; n=3 performed in guadruplicate {Panel A*** p < 0,001 vs Control; Panel B #; p<0,05; #8% p < 0,001 vs HG).

If PKC is involved in the high glucose-induced relocalization of GLT1, we would expect that PKC inhibition would
prevent the glucose-induced GLT1 down regulation. Accordingly, we found that BTC3 pre-treatment with the
PKC inhibitor Bisindoleymide abolished the glutamate uptake downregulation induced by 20 mM glucose

incubation.

Furthermore, no additive effects were observed when BTC3 cells, maintained in 20 mM glucose, were

incubated with the PKC activator TPA.
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FlG. 5: : PKC-mediated modulation of glutamate uptake in human isolated islets maintained in normal (5.5 mM) or high (16.7 mM) glucose concentrations

The Na-dependent [3H]Glutamate uptake in human isolated islets in normal [5.5 mM Glucose; Panel A) and high (16.7 mM Glucoss; Panel B) glucose conditions
was measured after 30 minutes of incubation with the indicated treatments, 10uM Bisindalylmaleimide (Bis, PEC inhibitor,) and 10uM TPA (PEC activator,).
Chaline chloride has been used to evaluate the MNa-independent glutamate transport. The DHEK has been used to evaluate the GLT1-mediated glutarmate transport.
Data are expressed as fold over controd and are mean + s.e.m; n=3 performed in quadruplicate (Fanel A*** p < 0,001 vs Control; Panel B # p<0,05; ## p < 0,001
vs HE).

We investigated also the role of the PKC in human islets of Langerhans (figure 5).
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In the human isolated islets, the glucose concentration in normal growing is lower (5 mM) if compared to BTC3
cell line (11 mM). The analysis of acute treatment in this experimental model is more complicated because the
islets are a heterogeneous population of different endocrine cell types. Accordingly, the effects observed not
only rely on the treatment applied but also on the interaction between different cell sub-populations that can

modulate each other intracellular pathway.

Probably for this reason, already in normal glucose conditions (figure 5a), the TPA and bisindolylmaleimide
actions are different is compared with BTC3 cell lines. In fact, the activation of PKC by means of TPA did not
induce a significant change in the levels of radio-labeled glutamate uptake (three different islet preparations);

while its inhibition through the bisindolylmaleimide significant increased the amino acid uptake.

These data suggest that PKC is probably already activated in basal conditions and for this reason uptake
measurements are lower. Vice versa, blocking this kinase in human isolated islets promotes an increase in the

activity of transport or in the numbers of transporters expressed on the plasma membrane.

Similarly to data observed in BTC3 cells, short term incubation with high glucose (16.7 mM) (figure 5b) reduced
the glutamate uptake, although the statistical significance was not reached. To this point it should be
considered that human islets derive from different subjects that are genetically and biochemically different,
furthermore the purification process does not always give the same yield (three different islet preparations
were used in this experiment with different percentage of exocrine cell contamination). TPA treatment did not
show a significant effect, while incubation with the PKC inhibitor bisindolylmaleimide prevented the high
glucose-induced uptake reduction. These data suggest that also in human islets, high glucose causes a

relocalization of the glutamate transporter, a process mediated by PKC activation.

The consequences of this relocalization are not completely understood. In the context of the islet physiology,
glutamate is an important paracrine signals that positively modulate the somatostatin secretion. Being GLT1
the main regulator of extracellular glutamate concentration, its relocalization in intracellular compartments
would potentiate the activation of glutamate receptors on &-cells, thus overstimulating the somatostatin

release.
The role of the PI3K in the GLT1 regulation

PI3K inhibits GLT1 activity in a dose- and time-dependent manner

The PI3K (Phosphatidylinositol-4,5-bisphosphate 3-kinase) is an important signalling molecule in beta cells.

Indeed, this enzyme is activated by the signal transduction cascade of the insulin receptor (IR), which is also
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expressed by pancreatic beta cells (Cho et al., 2001a; Cho et al., 2001b; Chen et al., 2001; Garofalo et al., 2003)
Through the the PI3K-mediated phosphorylation of AKT, this kinase is involved in the regulation of membrane
trafficking of various proteins, among these is the glucose transporter GLUT4 which translocates on the
membrane of skeletal muscle and adipose tissue after activation of the insulin receptor (IR/PI3K/AKT pathway)
(Franke 2008; Marone et al., 2008; Thorpe et al., 2015). Therefore, also this kinase has a key role in modulating

glucose metabolism and may be involved in the GLT1 regulation.

To verify the potential involvement of this kinase in GLT1 modulation, the uptake experiments were performed

in the presence of LY294002, a selective PI3K inhibitor which prevents Akt phosphorylation.

The inhibition of the PI3K/AKT pathway had a very strong effect on the glutamate uptake both in murine beta
cell line (BTC3) and in human islets of Langerhans. Indeed, LY294 treatment resulted in a 50% decrease of
glutamate uptake. The effect was even more pronounced in human islets (80% reduction compared to the
control sample). Incubation with the selective GLT1 inhibitor DHK allowed us to demonstrate that GLT1 is the
main glutamate transporter expressed by BTC3 and islets of Langerhans (Wang et al., 1998). Furthermore, in
human islets the uptake value obtained in the presence of LY294002 was almost comparable to that obtained
with the DHK, indicating that inhibition of the PI3K pathway completely inhibited GLT1-mediated glutamate

uptake in islets.
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FIG. 6 : PI3K-mediated modulation of glutamate uptake in BTC3 and in human islets after acute treatment with Ly294002. GLT1 activity
measured in BTC3 (Panel A) and in human isolated islets (Panel B) by means of [3H]D-Glutamate uptake after incubation with 100pM
Ly294002 (P13K inhibitor) for 30 minutes in normal glucose concentration (11mM glucose in bTC3; 5,5mM glucose in human islets). Choline
chloride has been used to evaluate the Na-independent glutamate transport. HIPA or DHK have been used to evaluate the GLT1-mediated
glutamate transport. Data are expressed as fold over control and are mean = s.e.m.; n=7 performed in quadruplicate (***p<0,001)

We then performed dose-response and time course experiments. In dose-dependent experiments, cells were

pre-treated with different concentration of LY294002, for 30 minutes and then the uptake experiment was
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performed. As shown in figure 8A, the progressive increase in LY294002 concentration caused a parallel

decrease in glutamate transport activity that reached the statistical significance at a 50 uM concentration.

In time-course experiments, cells were incubated with 100 uM LY294002 for 0 ', 5', 15 ', 20', 30'and 60' and
then the uptake experiment performed (Figure 8B). Inhibition of the transport activity became appreciable
after 15 minutes of incubation and reached the statistical significance difference after 30 minutes. The effect

reached the maximal activity after 60 minutes, thus indicating that the phenomenon is also time-dependent.
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FIG. 6: LY294002 Dose-Response and time course in BTC3. (A) GLT1 activity measured by means of [3H]D-
Glutamate uptake after incubation of BTC3 cells with the indicated Ly294002 concentrations for 30 minutes (0,
10, 20, 30, 50, 100 uM). Data are expressed as percentage of control (O pM) and are the mean t s.e.m.; n=2,
performed in triplicate (*p<0,05). (B) [3H]D-Glutamate uptake in BTC3 after pre-incubation with 100uM
Ly294002 for the indicate times. Data are expressed as percentage of control (0 min) and are the mean £ s.e.m.;
n=2 performed in triplicate (*p<0,05)

The effect on GLT1 is specific of the PI3K/AKT pathway

To demonstrate that modifications of GLT1 activity was due to activation of the selective PI3K/AKT pathway,
uptake experiments were also performed in the presence of inhibitors of other important intracellular
pathways, such as PKA and MAPK signalling. In particular we used 8-Bromo camp (8-Bromoadenosine 3',5'-
cyclic monophosphate, 10uM) for the PKA signalling and U0126 for the MAPK inhibition. Also in this case, cells

were pre-incubated for 30 minutes with the relative compounds before the uptake assay with radiolabeled

glutamate.

As shown in figure 9, neither 8BrcAMP nor UO126 significantly modified glutamate uptake. Conversely,
Ly294002 completely abolished the transport activity. A similar decrease in glutamate uptake was detected in

the absence of a Na* gradient (Choline chloride) and in the presence of HIPA, the non-selective inhibitor of
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sodium-dependent transporters, thus further confirming that GLT1 is the only Na'-dependent glutamate

transport system for the pancreatic BTC3 cell line.
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FIG. 7: Modulation of Glutamate uptake by signaling pathways in BTC3.
The Ma-dependent [3H]Glutamate uptake in BTC2 was measured in the
presence of 10 pM B-Bromo cAMP (PKA activator), 10 pM UD126
{inhibitor of MAPK) and 100 10 puM Ly 254002, Choline chloride (ChCl)
has been used to evaluate the Na-independent glutamate transport. 10
puhl HIPA has been wsed to evaluate the GLT1-mediated glutamate
transport. Data are expressed as fold over control and are mean # s.e.m;
n=4 performed in quadruplicate (***p<0.,001).

The downregolation of PI3K/AKT pathway causes the relocalization of GLT1 in intracellular compartments

To verify whether the glutamate uptake downregulation observed after LY294002 treatment was due to a GLT1
relocalization time-lapse immunofluorescence experiments were performed. The GFP-GLT1 construct was
transfected in BTC3 cells and 48 hours after transfection, the cells were recorded under epifluorescence or TIRF

microscopy.
1) Video microscopy on BTC3 transfected with pEGFP-GLT1

We first recorded GFP-GLT1 transfected BTC3 cells in vivo, under epifluorescence. GFP-GLT1 localization was

monitored every 15 seconds, for a total period of 30 minutes.

As shown in the representative images of figure 10a, in normal medium, no modifications in the surface
distribution of GLT1 were detected. Conversely, incubation with 100 uM LY2904002 caused a progressive
redistribution of GLT1 from the plasma membrane to intracellular vesicular compartments. It is possible to
appreciate the observed effects in the temporal sequence of images reported in the Figure 10b. At time O,
GLT1 was homogenously distributed over the cell surface; 5 minutes after LY294002 exposure, the transporter
was still uniformly distributed on the cell surface, although formation of sporadic intracellular vesicles was

already appreciable.
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After 10 minutes, the number and size of GLT1 containing vesicles increased. After 20 minutes, the
phenomenon became increasingly evident and after 25 minutes the transporter was virtually absent at the

level of the plasma membrane and localized almost exclusively to intracellular vesicles.

The rapid relocalization of the GLT1 transporter and its appearance of in cytoplasmic vesicular structures

confirm that the pathway PI3K/AKT modulates GLT1 trafficking B-cell lines.
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FIG. 8: PI3K modulates the GLT1 surface expression. Cells were transfected with GFP-GLT1 and 48 hrs post transfection time-lapse experiments were performed
under epifluorescence (a-b) or TIRF microscopy (c-d). (a) Sequential images (sampled every 5') showing the localization of GFP-GLT1 over time after the
incubation with S0 uM LY294002. Note the progressive appearance of GLT1 in vesicular structures. (b) the localization of GFP-GLT1 before and 30 min after
Incubation with 50 uM LY294002 is shown. Scale bar= 10um. Total Internal Reflection Fluorescence Microscopy. c) Representative image sequences, and (d)
averaged fluorescence Intensity curves showing the percentage of pEGFP-GLT1 detected over time at the cell surface in control conditions (triangles) or in the
presence of SOuM Ly294002 (squares). The cells were pre-incubated for 20 minutes before recording. Data are expressed as F/Fo (average fluorescent intensity
In each frame/ Initial average Intensity) and are mean + s.e.m; n=3 performed in triplicate (* p < 0,001).

2) Total internal reflection microscopy (TIRFM) on BTC3 transfected with pEGFP-GLT1

To evaluate the progressive GLT1 disappearance from the plasma membrane, we performed time lapse TIRFM

experiments.

48 hours after transfection, GFP-GLT1 transfected cells were recorded under TIRF microscopy, in the presence
of LY294002 or in control conditions. Five consecutive video of 5 minutes were recorded and images were
sampled every 15 seconds. No evident modifications of plasma membrane GLT1 localization were detected
within the first 15 minutes of LY294002 incubation, then the surface signal abruptly decrease in LY treated cells

but not in control conditions. The temporal sequence shown in figure 10b reported the images acquired 20
minutes after LY treatment.
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In the images is possible to appreciate, in a qualitative manner, the progressive decrease of the fluorescence

signal at the plasma membrane only in the sample incubated with the LY294002 inhibitor.

By means of the Image Pro Plus software we performed the quantitative analysis of the immunofluorescence
signal. As reported in details in the material and method section, different areas of the cell membrane were
selected, and the associated averaged fluorescence intensity measured in each frame (F). The value was
normalized to the initial fluorescence intensity (FO) and F / FO ratio was evaluated and plotted in the graph

versus the incubation time, expressed in minutes.

As shown in the figure 11c, in control conditions no significant changes in the fluorescent intensity signal were
detected. On the contrary, following LY294002 treatment the fluorescence signal progressively decreased
(40% of reduction compared to the control). Because the fluorescence signal is due to the presence of the GFP-
GLT1 protein on the cell surface, this means that the incubation with LY294002 resulted in a progressive

reduction of GLT1 from the plasma membrane, further confirming our hypothesis.
The causative mechanism responsible for the GLT1 intracellular accumulation is a decrease of endocytosis

In astrocytes and in epithelial cells, the surface expression of glutamate transporters is controlled through rapid
constitutive cycling between the plasma membrane and intracellular compartments, with the proportions at
the cell surface and in endosomal compartments depending on the relative rates of transporter insertion or
removal from the plasma membrane (D’Amico et al, 2007). Consequently, the decreased GLT1 expression at
the plasma membrane after LY treatment may be due to increased endocytosis (excessive removal of GLT1
from the cell membrane) or decrease exocytosis (decrease GLT1 delivery to the plasma membrane). In order to
distinguish between these two possibilities, we performed uptake experiments in the presence of dynasore, an

inhibitor of the clatrin-dependent endocytosis.

As shown in figure 9, in agreement with previous experiments, the incubation with LY294002 alone induced a
strong reduction of glutamate uptake, but if this drug is associated with the inhibitor of the endocytosis, the
dynasore, there is a complete recovery of the glutamate uptake levels. No appreciable effects were detected in

the presence of the dynasore alone.
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FIG. 9: PI3K promotes the GLT1 stabilization to the cells surface.

(a) GLT1 activity measured in BTC3 by means of [3H]D-Glutamate uptake in the presence of 100uM
Ly294002 (PI3K inhibitor) or mM Dynasore (inhibitor of dynamin dipendent endocitosis) for 30 minutes in
11 mM glucose. Choline chloride has been used to evaluate the Na-independent glutamate transport. 10
UM HIPA has been used to evaluate the GLT1-mediated glutamate transport. Data are expressed as fold
over Control and are mean % s.e.m.; n=3 performed in quadruplicate (*** p<0,001 vs Control; ### p<0,001
vs Ly294002)

(b) Schematic representation of working hypothesis. The plasma membrane density of GLT1 is maintained
by a balance between transporter exocytosis and endocytosis. Under basal conditions, PI3K / AKT
promotes GLT1 exocytosis. When this signaling pathway is inhibited by LY294002, endocytosis prevails, the
transporter is internalized in vesicular compartment and its surface activity decreases
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Our data are in agreement with the hypothesis that the surface density of GLT1 is maintained by a dynamic
transporter recycling between the plasma membrane and intracellular vesicular pool. The PI3K/AKT pathway
normally promotes the delivery of GLT1 to the plasma membrane. If this pathway is downregulated by
pharmacological inhibition (LY treatment), the GLT1 protein is constitutively removed, consequently the

surface GLT1 localization progressively decreased.
The role of the AMPK in the GLT1 regulation (Normal and Low Glucose condition)

We finally analyzed the possible mechanisms responsible for glutamate down-regulation in low glucose
conditions. We focus on AMPK, a kinase activated in response to stress conditions resulting in ATP depletion
such as those observed under low glucose, hypoxia, ischemia and heat shock. As a cellular energy sensor
responding to low ATP levels, generally, AMPK activation positively regulates signaling pathways regenerating
ATP. It is possible to activate this kinase pharmacologically using molecules such as AICAR and Metformin.
Metformin is an anti-diabetic drugs and decreases hyperglycemia primarily by suppressing hepatic
gluconeogenesis (Kirpichnikov et al., 2002; Hundal 2000). The molecular mechanism of metformin action is
incompletely understood but a direct effect on AMPK activation has been reported (Rena et al., 2013; Burcelin

et al., 2013; Foretz et al., 2010).

Therefore in order to verify a possible AMPK-mediated modulation of GLT1, we performed uptake experiments
in normal (11 mM) and low (5 mM) glucose conditions and in presence of the anti diabetic and AMPK activator

metformin (Met).
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The results of uptake experiments are reported in figure 5 as fold increase over control. 30 minutes treatment
with low glucose (5 mM) induced a decrease of glutamate uptake in both BTC3 cells and in human isolated
islets of Langerhans, but only for the clonal beta cell line, the results were statistically different. In normal
growing conditions, no significant modification in glutamate uptake was detected, thus indicating that either
AMPK does not play a major role in the control of GLT1 trafficking and/or activity. Conversely, in low glucose
conditions, metformin significantly increased the glutamate uptake, thus suggesting that metformin potentially
controls GLT1 trafficking and/or activity but it can exert its function only in low glucose conditions.
Furthermore, given that opposite effects of low glucose (decrease) and metformin (increase) alone on
glutamate uptake, it is possible that signalling pathways in addition to AMPK may be active under low glucose
concentrations. Similar results were obtained after incubation of human islets of Langerhans (figure 10b).
Certainly, other experiments are necessary to understand the complexity of metformin action and the exact

molecular target of this drug.
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FlG, 10; AMPE-mediated modulation of glutamate uptake in BTC3 and in human islets after acute treatment with Metformin. GLT1 activity measured in BTC3
[Panel &) and in human isolated islets (Panel B) by means of [3H]|D-Glutamate uptake after incubation with 5 mM metformin for 30 minutes in normal glucose
concentration (NG: 11mM glucose in BTC3; 5.5mM glucose in human islets) or in low glucose concentration (LG: 5 mM glucose in BTC3 and 3 mM glucose in human
islets), Choline chloride has been used to evaluate the Na-independent glutamate transport, HIPA or DHK have been used to evaluate the GLT1-mediated glutamate
transport. Data are expressed as fold over control and are mean £ s.e.m.; n=1 performed in quadruplicate (*p<0,05; ***p<0,001 vs Control NG)
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CHAPTER Il

Regulation of GLT1 activity and localization in conditions of
chronic hyperglycemia

Our data on acute regulation of GLT1 suggest that alteration in glucose concentrations may alter the GLT1
activity. Given that diabetes is characterized by hyperglycaemia, the aim of the research presented in Chapter Il
is to evaluate the activity, expression and localization of GLT1 in the presence of chronic glucose

concentrations and to verify whether dysfunction of GLT1 may be involved in diabetes pathogenesis.

INTRODUCTION:

Glutamate Toxicity in endocrine cells of pancreas

Glutamate is an important signalling molecule both in the CNS and in the islet of Langerhans, but if its
extracellular concentration reaches high levels, the glutamate exerts a potent cytotoxic effect, acting on the
same receptors system involved in the normal signalling transmission (excitotoxcity) (Hermanussen et al., 2003;
Heywood et al., 1972). Indeed, it has been clearly demonstrated that an excessive activation of iGlu and mGlu
receptors in the CNS induces a massive calcium influx, which in turn led to caspase pathway activation and cell

death (Guemez-gamboa et al., 2011).

As reported in the general introduction, islet cells express a glutamate signalling system composed of receptors
(Weaver et al., 1996; Brice et al., 2002; Molnar et al., 1995; Muroyama et al., 2004), plasma membrane and
vesicular glutamate transporters (Bai et al., 2003), therefore also islet cells may be potentially vulnerable to
glutamate toxicity. This may be particularly relevant, given that islets are not protected by a blood brain
barrier; therefore, they may be potentially exposed to excessive glutamate concentrations derived from islet

dysfunction but also from general glutamate metabolism or food consumption.
Glutamate induced toxicity in pancreatic 8-cells

Pancreatic beta cells have many similarities with the neurons, for example the expression of similar
transcription factors, specialized proteins involved in synaptic transmissions and neurotransmitters, such as

GABA and glutamate (Turque et al., 1994; Furuta et al., 1997; Molnar et al., 1995).

Studies from our laboratory on a and B cells have shown that an excess of extracellular glutamate

concentration (0.5-5 mM glutamate) is toxic selectively for B cells, while it does not induce apoptosis in a cells
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(Figure 1A)(Di Cairano et al., 2011). A similar effect has been observed in human isolated islets after prolonged

exposure to glutamate (0.5-5 mM glutamate), (Figure 1B).
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FIG. 1: Chronic incubation with glutamate impalrs clonal and human B-cell viability

[A) aTC1 and BTC3 cell viability measured by MTT assay after cell incubation with the indicated
glutamate concentrations for 5 days. The Relstive Growth Rate (RGR| is presented as percentage of 0
mM glutamate and data are mean 1 s.e.m., n=7 with B replicates. (* p<0.0001 vs Ctr; ** p<0.01 vs Ctr).
The error bors indicate standard errors (B) Human isolated islets apoptosis measured by ELISA assays
after incubation with the indicate giutamate and glucose concentrations for 3 days. The apoptosis is
represented as a fold over control and data are mean £ s.e.m,, na3 with 4 replicates (* p<0.05).
The error bars indicate standard errors, (Image adapted from Di Cairano et al,, 2011)

Indeed, 3-day exposure of human islets to glutamate induces a progressive B-cell dysfunction characterized by
increased insulin secretion under basal conditions, increased proinsulin-to-insulin ratio, typically observed in
human islets damaged by chronic exposure to high glucose concentrations. Glutamate also induced a dose-
dependent increase of apoptosis that was statistically significant at 5 mmol/L glutamate and quantitatively
similar to that observed at high glucose concentrations (16.7 mmol/L) (Di Cairano et al., 2011) (Figure 1B).
Glutamate-induced apoptosis was restricted to the B-cells as confirmed by a quantitative electron microscopy
analysis: 75% of B-cells of islets exposed to 5 mmol/L glutamate showed severe degenerative features including
condensed apoptotic nuclei and numerous cytoplasmic vacuoles, some of which contained dark bodies.

Interestingly, a-cells of glutamate-exposed islets were well preserved (Di Cairano et al., 2011).

The mechanisms of cytotoxicity induced by glutamate on the pancreatic beta cells seems however different
from that observed in the CNS. Indeed, at least in human islets, it is not prevalently mediated by activation of
glutamate receptors but it rather relies on increased oxidative-stress (Guemez-Gamboa et al.,, 2011). We
demonstrated, in fact, that B cell express also a glutamate/cysteine exchanger X (DI Cairano et al, 2011). In
physiological conditions, the exchanger transports cysteine inside the cell and glutamate outside the cell
(Figure 2, Normal activity),(Albrecht et al., 2010; Lenzen et al., 1996). Excess extracellular glutamate, reverts
the direction of the glutamate/cysteine antiporter system X, thus depleting the cells of cysteine, a building
block of the antioxidant glutathione (Figure 2, reverse activity). In support of this hypothesis, we observe

reduced intracellular glutathione levels in BTC3 cells exposed to high glutamate levels (Bachelor thesis of
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Stefania Moretti, “Functional interaction between the glutamate/cysteine exchanger and high-affinity

glutamate transporters in the endocrine cells of pancreas”).
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FIG 2: Schematic Image of the function of the glutamate/cysteine

exchanger (xct) expressed on B- cells membrane:

(A) Normal activity. Under physiological conditions, the antiporter
transports cysteine (Cys) inside the cell in exchange with
glutamate (Glu). The internalized cysteine is used for the
synthesis of the antioxidant glutathione (GSH).

(B) Reverse activity. In the presence of excessive extracellular
glutamate concentrations, the exchanger can revert its
transport activity, depleting cells from cysteine. The lower
production of glutathione makes cells susceptible to death by
oxidative stress

The control of glutamate concentration in the intercellular spaces is therefore of crucial importance also in

islets of Langerhans. The glutamate levels in the islet depend on:

a) Plasma glutamate concentrations
b) Release of glutamate by pancreatic a-cells
c) Activity of the glutamate clearance systems
Interestingly, these mechanisms seem to be modified in diabetic and pre-diabetic conditions, thus suggesting

that abnormal glutamate homeostasis may play a role in diabetes development.

A) PLASMA GLUTAMATE CONCENTRATION:

Unlike the CNS, the islet cells are not protected by the presence of a blood brain barrier, therefore the
extracellular glutamate concentration in the islet is probably identical to the plasma concentration. The plasma
level of this amino acid is the result of glutamate intake via food, and glutamate metabolism in different

organs.

The glutamic acid is present in foods as a free form or a polymeric form. It constitutes 22% of animal proteins
and approximately 40% of vegetal proteins. Despite glutamate is very abundant in food, its hematic
concentration is generally very low because i) it is extensively oxidized by the small intestine to meet the high
energy demand of the epithelium and ii) it is rapidly excreted by the kidney (Blachier et al., 2009). In healthy
volunteers, nearly all of the enterically delivered glutamate is removed by the splanchnic bed/liver on the first
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pass. As a result, the glutamate concentration in the blood, in fasting-state condition, is approximately
50umol/L, while the glutamine concentration reaches approximately 0,7mmol/L. The circulating glutamine
penetrates into the cells where it may be enzymatically converted to glutamate by the glutaminase enzyme.
Consequently, the glutamate is more abundant in intracellular environment where it may rise to 20mmol/L.
Inside the cells the glutamate is used as energy source after oxidative reactions and is central to numerous
transamination and deamination reactions. It has an important role as antioxidant associated with the

glutathione synthesis.

The plasma level of glutamate may increase with food. There are food traditionally enriched in glutamate like
sauces (soy; Worcestershire), cheese (especially Parmesan), tomatoes, mushrooms, or meat, fish and vegetable
stocks and all have the effect of increasing glutamate levels (Yamaguchi and Ninomiya 2000; Yamaguchi 1991;
Yamaguchi and Takahashi 1984a,b).

Glutamate is also an important flavor-enhancing compound which provides the “umami” taste to food. Since
early 1900s, monosodium L-glutamate (MSG) has been commercially manufactured as a flavor enhancer, and
there is ample evidence that adding MSG to suitable foods increases their palatability (Bellisle et al., 1991;
Yamaguchi and Takahashi, 1984 a,b) and consumption (Bellisle, 1998; Rogers and Blundell, 1990; Schiffman,
1998). The MSG consumption is increased in recent years (Figure 6) and it is found in significant amounts in a
wide variety of foods habitually consumed also by very young children (Prescott, 2004) such as chips and fast

food products.
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FIG 6: World Consumption of
Monosodium Glutamate

Pie chart representing the world's
consumption of monosodium
glutamate (2009). Aside from China,
which has a glutamate-enriched
culinary tradition, increased
glutamate consumption can be
observed in industrialized countries.

Thellend Indeed, currently the MSG is
Other Asia. abundantly used as a flavor enhancer
Japan in food snacks and appetizers, mostly
Indonesia consumed by children. (Information
and image taken from
Chine http://chemical.ihs.com/nl/Public/2010/

1003/1003.html)

The comparison of the map of the global consumption of monosodium glutamate (Figure 6) with that of
worldwide prevalence of diabetes (Figure 7) shows that the largest number of subjects with diabetes live in
countries where cuisine is traditionally rich in glutamate, such as India and China, or in developing countries,
where it is well known and documented the increased consumption of snacks, particularly in children and

young adults.
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FIG 7: World Diabetes Prevalence (%)

Map representing the worldwide prevalence of diabetes calculated in 2014 (20-79 years). The higher the
diabetes prevalence, the greater the blue intensity shown in the map. Note that among the countries with the
highest diabetes prevalence, there are countries where traditionally there is high glutamate food consumption
(such as India and China) but also industrialized countries where the consumption of glutamate as flavor
enhancers in precooked foods, snacks and appetizers is increased (north America and South Africa). Image and
information taken from http://www.idf.org/diabetesatlas/5e/diabetes

It has been demonstrated that an excessive of glutamate consumption with food, mainly in the form of MSG
supplementation, may cause obesity and insulin resistance. It is presently unclear whether, under certain
circumstances, glutamate-enriched foods may actually increase plasma glutamate to toxic levels and if that in

turn may induce B-cell death.

Interestingly, high systemic level of glutamate has been observed also in several pathologies, characterized by
inflammation and oxidative stress. In particular, hyperglutamatemia has been identified in liver disorders
(Fujinami et al., 1990; Vannucchi et al., 1985), obesity (Jeevanadam et al., 1991) in some cancers (Holm et al.,
1997; Eck et al., 1989a; Eck et al., 1989b; Droge et al., 1988) patients with HIV (Eck et al., 1989a; Eck et al.,
1989b; Droge et al., 1987) and in several neurodegenerative diseases.

Although the causes responsible for the hyperglutamatemia may vary in the different diseases, it is worth
mentioning that increased oxidative stress and inflammation are common features of all these conditions and
also of T1D and T2D. Platelet activation is present in obesity, metabolic syndrome, T1D, and T2D (Anfossi et al.,
2009; Nieuwdorp et al., 2005; Davi et al., 2003; Hu et al., 2004) and it might cause hyperglutamatemia in these
conditions.

Studies in the last years indicated increased plasmatic glutamate levels also in insulin-resistant non-obese
subjects (Tai et al., 2010) in gestational diabetes (Butte et al., 1999) and type 2 diabetic patients (Bao et al.,
2009). Analysis of serum metabolite profiles between children who eventually developed T1D and those who

remained healthy and autoantibody-free showed a dramatic increase (*32-fold above normal) in glutamate
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levels only in the children who later developed T1D (Oresic et al., 2008). It is presently unknown how these

changes might have occurred and how higher levels of circulating glutamate may interfere with T1D initiation.
B) RELEASE OF GLUTAMATE IN THE ISLET OF LANGERHANS:

Pancreatic a-cells co-secrete glucagon together with glutamate that, in turn, modulates the secretion of
glucagon, insulin, and somatostatin (Bertrand et al., 1993; Brice et al., 2002; Cho et al., 2010; Cabrera et al.,
2008; Uehara et al., 2004). In human islets, the glutamate released by a-cells is a positive autocrine signal for

glucagon secretion (Cabrera et al., 2008) and, consequently, for glutamate itself (Figure 3).

FIG. 3: Schematic representation of the
glutamate and glucagon co-secretion from
a-cells . An example of paracrine signal
exerted by GABA and an autocrine signal
exerts by glutamate are reported. Image
adapted from Moriyama and Hayashi, 2003)

a-cell dysfunction and hyperactivity may thus trigger a vicious cycle that maintains and further increases the
release of both glucagon and glutamate. The possible role of a-cells dysfunction in the pathogenesis of
diabetes, and in particular of hyperglutamatemia in the islet, is supported by a series of evidences. Plasma
glucagon levels are abnormally elevated in T2D subjects, indicating that a-cell hypersecretion is a common
diabetic feature (Mu’ller et al., 1973; Baron et al., 1987; Reaven et al., 1987; Dunning and Gerich, 2007).
Abnormally high fasting glucagon levels, suggestive of a-cell hypersecretion, have been found also in
normoglycemic insulin-resistant obese adults and adolescents (Starke et al., 1984; Solerte et al., 1999; Weiss et
al., 2011; Ferranini et al., 2007; Asano et al., 1989). The correlation between body weight and a-cell mass has
never been studied in detail; however, a progressive increase in the a-cell number, leading to an imbalance
between B- and a-cell mass, is expected to occur in obesity. Recently, a retrospective analysis has been
performed in a large baboon population and it has been demonstrated that diabetes development was
associated not only with increased B-cell apoptosis and decreased relative B-cell volume but also with
significant a-cell replication and hypertrophy and increased relative a-cell volume. In baboons, a-cell

proliferation correlated with both hyperglucagonemia and hyperglycemia (Guardado-Mendoza et al., 2009).
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Unfortunately, they did not measure plasma glutamate levels therefore we do not know whether they were

also hyperglutamatemic.

Interleukin-6 (IL6) is a pleiotropic cytokine with metabolic effects (Kamimura et al., 2003) and its levels are
chronically elevated in obesity and predictive of T2D development (Spranger et al., 2003; Herder et al., 2005).
IL6 is also a potent regulator of cellular proliferation (Kamimura et al., 2003), and the pancreatic a-cell is a
primary target of IL6 function that increases glucagon secretion and stimulates a-cell proliferation (Ellingsgaard

et al., 2008).

The raising evidence that a-cells dysregulation is present not only in diabetes, but also in obesity and insulin
resistance suggests that hyperglutamatemia described in these conditions (Chevalier et al., 2005; Felig et al.,
1969; Gougeon et al., 2008; Marliss and Gougeon 2002, Pereira et al., 2008; Tai et al., 2010) may be causally

related also to a-cell hyperactivity.
C) GLUTAMATE CLEARANCE IN THE ISLETS: the Glutamate Transporter 1 (GLT1)

The likely elevated glutamate concentrations in the islet microenvironment, together with the demonstrated
vulnerability of human B-cells to this amino acid, justify the presence in the islets of a glutamate clearance
system. In fact, also in the islet, the glutamate-mediated cellular responses may be controlled, directly or

indirectly, by regulating the amino acid transport across the plasma membrane.

As described in Chapter |, the high-affinity, Na'-dependent GLT1 glutamate transporter is the principal and the
most important transporter responsible for glutamate clearance in islets of Langerhans. In both human and
monkey pancreas, GLT1 staining was almost exclusively localized to the cell membrane, at cell-cell boundaries
of insulin-positive cells. In contrast, we did not observe colocalization of GLT1 with both glucagon and
somatostatin, suggesting that a- and 6-cells do not express GLT1 or that, if expressed, it is under the level of

detection (Di Cairano et al., 2011).

GLT1 is functional in isolated human islets and is the main regulator of the glutamate clearance in the islets. In
fact, selective GLT1 inhibition with the specific inhibitor dihydrokainate (DHK) almost completely blocked the

glutamate uptake in human islets (Di Cairano et al., 2011).
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FIG. 4: GLT1 function is fundamental to keep beta cell survival

(a) GLT1 inhibition by DHK induces b-cells opoptosis.

Assessment of b-cells apoptosis by TUNEL assay after 5 days incubation with 0.1 mM
In the left panel, quantification of TUNEL-positive b-cells is
shown. Data are mean + s.e.m. of 3 independent experiments performed in duplicate.

DHK in BTC3 cell lines .

(*P<0.05, vs CTR).

(b) GLT1 knock down by shRNA couses b-cells death by apoptosis.

One day after shRNAs transfection, bTC3 cells were incubated for 2 days with or
without 0.5 mM glutamate, and apoptosis assessed by TUNEL. In the right panel,
quantification of TUNEL-positive b-cell is reported. Data are expressed as percentage
of total cells/field and are mean + s.e.m. of 3 independent experiments performed in
duplicate. (*p<0.05 vs SHC Ctr; **p<0.005 vs SHC 0.5 mM glutamate).
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GLT1 exerts a key role in the preservation of the B cell survival (and therefore B cell mass) and is essential to

prevent the B-cell specific toxicity induced by glutamate (Di Cairano et al., 2011).

Indeed, pharmacological inhibition of GLT1 activity with DHK in BTC3 cell lines and in human islets significantly

increased the concentration of extracellular glutamate in the medium and caused a parallel increase in B-cell

apoptosis (Di Cairano et al.,

2011) (Figure 4 and 5). Similar results were obtained when GLT1 expression was

downregulated in BTC3 by means of a short hairpin RNA (shRNA) (Figure 4b). Interestingly, the shRNA

constructs increased BTC3 apoptosis also in the absence of glutamate supplementation, suggesting that

impaired GLT1 activity “per se” is sufficient to induce BTC3 cell death (Di Cairano et al., 2011).
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FIG. 5:Glutamate incubation and GLT1
inhibition induce PB-cell apoptosis in
human isolated islets. A, chronic
incubation with glutamate (Glu) or DHK
increases cell apoptosis in human islets.
Batches of 40 islets were incubated for 3
days with the indicated treatments in
basal glucose (Glc) (3.3 mm), and cell
apoptosis was determined by ELISA. Data
were normalized for protein content and
are expressed as -fold increase over
control (CTR) (three different islet
preparations in triplicate) *, p <
0.05 versus control. B, apoptosis was
confined to P-cells as shown by double
immunofluorescence staining with TUNEL
assay (green) and insulin (red). Bar, 10 um.
{Di Cairano et al.,, 2011)
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These data confirm that the GLT1 function in the islet is to control the extracellular glutamate concentration
and to preserve B-cell survival. They also suggest that abnormal function, expression or localization of this

transporter may directly cause B cell death.

Our data on acute regulation of GLT1 suggest that alteration in glucose concentrations may alter the GLT1
activity. Given that diabetes is characterized by hyperglycaemia, the aim of the research presented in Chapter Il
was to evaluate the activity, expression and localization of GLT1 in the presence of chronic glucose
concentrations and to verify whether dysfunction of GLT1 may be involved in diabetes pathogenesis.

Our hypothesis is that that abnormal glutamate homeostasis in the islet due to increased plasma levels but also
altered GLT1 expression and/or activity could cause elevated extracellular glutamate concentrations in the

islets that, in turn, may contribute to -cell death.

The study has been performed in human isolated islets (collaboration with Dr Bertuzzi, Niguarda hospital,
Milan). They currently represent the best model to study islet physiopathology. Indeed, they are more
physiological if compared with immortalized cell lines, and more suitable than murine islets for studies on
paracrine interactions. Furthermore, human islets have a peculiar arrangement of endocrine cells, a specific
repertoire of channels and receptors and it is becoming increasingly evident that our knowledge on rodent islet

cannot be automatically translated in humans.
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RESULTS

In Chapter | we have shown that rapid alterations of extracellular glucose concentrations modulate the surface
activity of GLT1. In diabetes mellitus there is a chronic alteration of blood glucose levels. Given the
susceptibility of B cells to glutamate and given the key role of GLT1 in maintaining glutamate homeostasis in
the islet, in this chapter we evaluate the effects of long-term exposure to high glucose concentrations on GLT1

activity and localization.

We exposed human islets for three days to 16.7 mM glucose (a concentration that mimic hyperglycaemic
conditions (Davalli et al, 1991)) in normal growing medium and then we evaluated the effects on GLT1

expression and activity by means of functional experiments and immunolocalization assays.
3 days treatment with high glucose drastically reduces glutamate uptake in human islets

Functional experiments, by means of uptake assays using radiolabel glutamate were performed to test the
possible effects of long term exposure to glucose on GLT1 activity. As shown in figure 1b, in human islets we
measured a Na'-dependent glutamate uptake that was drastically inhibited (> 50% reduction, p<0.05) by DHK,
the selective GLT1 inhibitor, indicating that also in the islet, GLT1 represents the principal glutamate clearance
system. The long-term exposure of human islets to hyperglycaemic conditions (16.7 mM glucose, HG) resulted
in a significant reduction of glutamate uptake. No further reduction was observed in the presence of DHK, thus
indicating that chronic hyperglycaemia abolished the GLT1-mediated glutamate transport in the islet (Figure 1a

b).
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The chronic incubation with high glucose does not affect the total expression of GLT1 but induces its

relocalization in vesicular compartments

The reduction of GLT1-mediated transport activity revealed by uptake experiments, may be due to changes in
the total GLT1 expression (for increased protein degradation or decreased transcription) or to modifications of
GLT1 trafficking, as observed in acute glucose treatments. To discriminate between these two mechanisms we

evaluated the GLT1 expression and localization in normal and high glucose.

Western blot experiments were performed to verify the expression of GLT1 after chronic glucose treatments
(Figure 2A and B). The human isolated islets were incubated for three days with 16,7mM glucose and then,
after lysis, lysates were loaded and immunoblotted with an anti-GLT1 specific antibody (Perego et al, 2000).
We used actin as a control of correct protein loading. Figure 2A showed that the chronic treatment with high
glucose did not affect the total expression of GLT1, which was comparable to that obtained in control

conditions (5.5 mM glucose) (figure 2B).

We then evaluated the GLT1 localization to investigate the possible implications of traffic mechanisms (Figure
2C). Three days after incubation in 16.7 mM glucose, islets were fixed and the localization of GLT1 detected by
means of the anti-GLT1 specific antibody. While in normal conditions (5,5mM of glucose) the transporter well
localized on the cell surface, 3 days incubation with high glucose determined an evident accumulation of GLT1
in intracellular compartments (Figure 2C). These data suggest that the hyperglycaemia does not act on the
GLT1 synthesis or degradation but probably induces changes of the transporter trafficking between the plasma

membrane and intracellular pool, resulting in its cytoplasmic accumulation.
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FIG 2: GLT1 expression in human islets after 3 days of exposure to high glucose (16,7mM of Glucose, Gic) and high glutamate (SmM, Glu).

(a)immunoblotting of 30ug of whole human islets lysate with anti-GLT1 (GLT1 molecular weight is 60kDa) and anti-actin (molecular weight 43KDa, as internal standard). A
representative blot is shown.

(b)Quantification of GLT1 expression by densitometry. Data were normalized for actin content and expressed as fold over control (CTR)

(c) GLT1 localization in human islets after 3 days of exposure to normal glucose condition (5,5mM of Glucose, Control) and high glucose (16,7mM of Glucose, HG).
immunofluorescence staining in human islets with anti-GLT1 antibody. Scale bar=10um
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The PI3K/ AKT pathway is involved in the regulation of GLT1 membrane trafficking after 3 days incubation in
16.7 mM glucose

We then studied the molecular mechanisms responsible for this downregulation. In particular, we focused on
the PI3K/AKT pathway because:

1) it is known to regulate GLT1 trafficking in the CNS (Davis et al., 1998; Duan et al., 1999; Nieoullon et al.,
2006) and in BTC3 cells (Chapter 1)

2) this pathway is severely downregulated in B-cells lines exposed to high glucose and in patients with type 2

diabetes mellitus (T2DM) (Hribal et al., 2003; Folli et al.,2011).

To verify the involvement of this pathway in GLT1 membrane relocalization we first analyzed the expression of
proteins involved in the PI3K/AKT cascade (Figure 3). In particular, we analyzed the total expression of PI3K,
AKT and the phosphorylated form of AKT (Threonin 308) (Figure 3A), which represents the active form of this
enzyme. The expression was evaluated by means of western blot experiments after 3 days of incubation with
16,7 mM glucose (Figure 3A). The results are reported in figure 3. As shown in panel B, hyperglycaemic
conditions did not affect GLT1, AKT or PI3K total expression, but induced a significant reduction of phospho-

AKT, indicating that this pathway is strongly downregulated in chronic high glucose conditions.
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FIG 3: The PI3K/AKT pathway is involved in GLT1 regulation under hyperglycemic
conditions. A) After 3 days incubation of human islets with 16,7mM glucose, islets
were lysed and 30ug of whole islet lysate loaded onto 10% SDS-PAGE and
immunoblotted with anti-GLT1, anti-PI3K, anti-AKT and anti P-AKT antibodies. Actin
was used as internal control (data not shown). A representative blot is reported. B)
Quantification of GLT1, PI3K, AKT and P-AKT expression by densitometry. Data
were normalized to actin content and are expressed as mean + s.e.m of 3
independent experiments (* p < 0,05 vs control).
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To confirm the possibility that PI3K may be involved in the GLT1 relocalization, we evaluated the activity and
localization of GLT1 in human islets after incubation with LY249002, a blocker of the PI3K cascade (Figure 4).
After 30 minutes of treatment with the LY294002 blocker, we obtained an analogous relocalization of GLT1 to
that obtained with the chronic high glucose treatment (Figure 4A). The GLT1 transporters accumulated in
intracellular vesicular compartments similar to those observed in chronic hyperglycaemic conditions.

The accumulation of GLT1 in cytoplasmic compartments may be associated to a decrease in the transporters
density at the plasma membrane and consequently, a reduction in the glutamate transport activity. To test this
hypothesis, we performed functional assays (Figure 4B and 4C). Isolated islets were pre-incubated for 30
minutes with the LY294002 inhibitor, and glutamate uptake experiments were performed in the presence of a
Na-gradient. The inhibition of PI3K/AKT pathway caused a significant reduction of radiolabelled glutamate

accumulated within the islets (Figure 4B).
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FIG. 4: Role of the PI3K/AKT pathway in the human islets Q) =
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100uM LY294002, the PIZK/AKT pathway inhibitor. Scale bar=
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To verify whether the effect of LY29400 on glutamate uptake was mediated by GLT1 or other transporter
systems, we performed the experiments also in the presence of the selective GLT1 inhibitor DHK (0.1 mM). As
shown in panel C, LY294002 completely abolished the GLT1-mediated glutamate uptake, thus indicating that
GLT1 is the main target of PI3K inhibition (Figure 4C).
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Taken together, these data indicate that relocalization of GLT1 transporter in intracellular compartments and
inhibition of glutamate uptake observed in hyperglycaemic conditions is likely caused by inhibition of the PI3K

pathway in human islets.
Altered GLT1 localization in islet of Langerhans of Type 2 diabetic patients

Our previous data demonstrated that the chronic exposure of human islets to high glucose caused a reduction
of GLT1 density and activity at the cell membrane. Chronic hyperglycaemia is a characteristic feature of both
type 1 and type 2 of diabetes, to verify whether this relocalization may occur also in vivo we analysed the
localization of GLT1 in the pancreas of type 2 diabetic patients (collaboration with Dr. La Rosa Stefano,

Ospedale di Circolo, Varese).

We carried out immunohistochemistry experiments on pancreases from 5 normal subjects and 10 T2D patients
using the specific anti-GLT1 antibody. The personal and clinical characteristic of the different subjects are

reported in figure 5a.

(3) N° Age Sex
pancreas | (mean 2SD) (MF)
Control n=5 69:7 K7
Type 2
Diabetes n=10 67:8 &4

QOControl BT2DM patients

(b) (c)

% Membrane GLT1 I _

FIG. 5: GLT1 expression and localization in pancreas sections from healthy subjects and T2DM patients.

(a) Characteristic of Control and Diabetic subjects {Age and Gender)

(b) Personal and clinical average characteristics of controls and T2DM patients studied. Data are given as mean value # SD; b)
Immunohistochemistry staining of human pancreas sections from controls and T2D subjects with a selective anti-GLT1 antibody.
Sections were counterstained with Mayer’s haemalum, to stain cytoplasm and nuclei. The 40x (upper panels) and 100x (lower
panels) image magnifications are shown. In the 100x images, arrows indicate the plasma membrane localization and arrowheads
the clustered intracellularlocalization of GLT1.

(c) Quantification of the localization of GLT1 in pancreas section. The histogram shows the % of GLT1 at the cell membrane and
the % of GLT1 in intracellular compartmentsin controland in T2DM pancreas

Pancreases from normal subjects confirmed GLT1 expression selectively in the islet, at the cell membrane, as
indicated by the brown colour accumulated at cell-cell boundaries in the majority of the islet cells (Figure 5b,
CTR subject). In contrast, type 2 diabetic pancreases revealed an altered expression of GLT1. In particular, in

the representative images of figure 5b (T2D subjects) it is evident that GLT1 was not exclusively expressed at
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the plasma membrane but it was also present in intracellular compartments (Figure 5b). For each subject, we
examined at least 30 different islets, and we counted the number of cells within the islet with GLT1 staining at
the plasma membrane over the total number of cells positive for GLT1 (Figure 5c). The percentage of cells
having GLT1 staining at the plasma membrane [number of cell with membrane GLT1/ total number of cell in
the islet expressing GLT1] or in intracellular compartments [number of cell with intracellular GLT1/ total
number of cell in the islet expressing GLT1] in control and diabetic subjects is reported in 5C. We found that the
52 % of GLT1 positive cells in control subjects have GLT1 at the cell surface (and 47% intracellular GLT1) while
in the type 2 diabetic subjects the percentage of membrane GLT1 is reduced to 32.4% (the remaining 67,6% is

intracellular).

As only plasma membrane GLT1 can be functional for glutamate clearance, this suggests that the glutamate
clearance activity is impaired in the islets of a subset of T2D patients and may contribute to the progressive -

cell dysfunction.
Ceftriaxone treatment causes GLT1 upregulation in human isolated islets

Having demonstrated the relocalization of GLT1 in pancreas sections from diabetic patients, we evaluated the

possibility of considering GLT1 as a pharmacological target to preserve B-cell mass in diabetes mellitus.

Given the role of GLT1 in preserving the B-cell viability and the evident downregulation of GLT1 activity induced
by hyperglycaemia, we reasoned that up-regulating GLT1 expression could represent a good strategy to
prevent glutamate toxicity and B-cell death. A well known up regulator of GLT1 expression in the CNS is
ceftriaxone (Rothstein et al., 2005; Lipski et al., 2007; Miller et al., 2008; Nicholson et al., 2014). Ceftriaxone is
commonly used as third-generation cephalosporin antibiotic (B-lactam antibiotic), but is also able to increase
brain GLT1/EAAT2 expression and activity. Different papers have shown the efficacy of this molecule in
inducing neuro-protection in models of ischemic injury, radicular pain, Huntington’s disease and motor neuron
degeneration, by protecting the nervous system from excitotoxicity (Rothstein et al., 2005; Lipski et al., 2007;

Miller et al., 2008; Nicholson et al., 2014).

Therefore, we first verify the effects of chronic treatment with Ceftriaxone on GLT1 expression and activity in
human islets (Figure 6). The human islets were incubated for three days with 100uM Ceftriaxone and then we
evaluated the GLT1 expression by means of western blot experiments and the GLT1 activity by means of

uptake experiments.

As reported in figures 6a and 6b, western blot experiments revealed that also in the islets, the B-lactamic

antibiotic treatment induced a statistically significant increase of GLT1 expression (Figure 6b). The increase was
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GLT1 specific and was not detected on other proteins involved in the PI3K/AKT signalling cascade: PI3K, AKT
and P-AKT.

We then performed uptake experiments in the same experimental conditions (Figure 6c). The uptake
experiments confirmed the GLT1 upregulation, because increased glutamate uptake was detected after long-

term incubation with 100uM of ceftriaxone (Figure 6c).
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§ 4 FIG. 6: Western blot and uptake experiments in human islets after 3 days of
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& in the presence of choline chloride (ChCl, to evaluate the transport sodium-

independent) or NaCl (to evaluate the transport sodium-dependent) after 3
days of exposure to 100uM Ceftriaxone. Data are expressed as fold over
Control and are mean £ s.e.m.; n= performed in triplicate (* p<0,05).
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8 cell death can be pharmacologically prevented by treatment with Ceftriaxone

Having demonstrated the upregulation of GLT1 in human islets after ceftriaxone treatment, we evaluated also
the effects on pancreatic cells apoptosis. We evaluated cell apoptosis by ELISA assay in human islets incubated
for 3 days with 100uM ceftriaxone in the presence or absence of known B-cell insults: high glucose (16.7 mM),
inflammatory cytokines (a mix of inflammatory cytokines: ILB 0,1mg/ml; TNFa 0,1mg/ml; INFy 0,5mg/ml) and
glutamate (1 mM). Data are reported in figure 7. As expected, the exposure to glucose, glutamate or a mix of

inflammatory cytokines dramatically increased apoptosis compared to the control sample.

Co-incubation with ceftriaxone reduced the cell apoptosis induced by the presence of chronic high glucose,
glutamate and a mix of inflammatory cytokines. We achieved a statistically significant difference in all the

experimental conditions tested (Figure 7).

Of note, ceftriaxone was able to reduce cell death also in normal growing conditions, thus indicating that

alteration of glutamate homeostasis can be a common component of islet stress.
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Although islet cells are a heterogeneous population, we have already shown that apoptosis in this model is

almost exclusively due to B-cell death (Federici et al, 1999; Di Cairano et al, 2011), therefore our data can be

considered in good approximation due to modification of B-cell apoptosis.

Taken together our data confirm that GLT1 is a key protein to control beta cell viability and a promising

therapeutic target to prevent B cell death in diabetes.

_ * ®
3 [ L ]
L8 8 W
I ] ]
. * ok * %
__-- [] 1 1
5 1
8 2
g l
o I
Tas 1
=] * %
— i
g 1
0 I
2 1 1 1
2 : 1 T
[
=
0.5
o

Contral Ceftriaxone Glucose Glucose+ Citokines Citokines + Glutamate Glutamate
Ceftriaxone Ceftriaxons +
Ceftrianone

Figure 7. Assessment of apoptosis in human islets under strss condition in the presence of Ceftriaxone.
Determination of human isolated islet apoptosis by ELISA assay after incubation of 40 islets/well for 3
days with 16.7 mM glucose, a mix of inflammatory eytokines (ILB 0,1mg/ml; TNFa O,1mg/ml; INFy
0.5mg/ml), 1 mM glutamate, and 100 mM Ceftriaxone, as indicated. Date are expressed as fold over
control and are mean t s.em. of 2 independent experiments performed in quadruplicate (* p<0,05;
p=0,01; p=0,001)
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CHAPTER | and CHAPTER Il

DISCUSSION

Endocrine cells of the islet use a sophisticate system of endocrine, paracrine and autocrine signals to
synchronize their activities, among these is glutamate. There are two main reasons that attracted us in the
study of glutamate signalling within islets of Langerhans:

1) It modulates hormone secretion, therefore it is required to fine tune islet function in response to the body
demand

2) It controls B-cell viability, therefore it may be implicated in islet of Langerhans pathology.

Although glutamate-mediated signalling has been recognised as a modulator of islet function the
characterization of proteins involved in its signalling pathway is still incomplete. In particular, our knowledge of

the clearance system is still poor.

In a previous study, the high affinity plasma membrane glutamate transporter GLT1 was identified as the main
regulator of the extracellular glutamate clearance in the islet, and here we investigated the molecular
mechanisms responsible for its regulation and function. In particular, given the key role of glutamate in
controlling hormones release and B-cell viability, we first verify the impact of physiological acute changes of
glucose concentrations on the GLT1 transporter localization and function, and then we focus on the

pathological state when the islet is chronically exposed to hyperglycaemia.

Short-term glucose treatments (chapter 1).
We demonstrated that the GLT1 transport activity is finely tuned by short-term changes in extracellular glucose

concentrations.

By means of uptake assays using [H]D-glutamate, in chapter 1 figure 2A, we show that GLT1 activity is
modified by alterations of glucose concentrations in the medium.

This modification does not involve the change in GLT1 expression, but rather the alteration of GLT1 trafficking.
Indeed, experiments of immunofluorescence staining and time lapse TIRF microscopy demonstrate that the
progressive disappearance of GLT1 from the cells surface is concomitant to the transporter recruitment in

intracellular compartments (figure 2B and 3).
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We investigate the mechanisms responsible for such as modification and we found the involvement of PKC
PI3K/AKT and AMPK pathways.

In particular, the results reported in chapter 1, figures 4 and 5, indicate that PKC controls the surface activity of
GLT1. Indeed, PKC activation by TPA decreases the glutamate uptake in BTC3 cells.

It is known that PKC is expressed in B-cells and its activation is required to drive the first phase of insulin
release under glucose stimulations. PKC seems to be involved also in the high glucose-induced relocalization of
GLT1. Indeed, PKC inhibition by Bisindoleymide pre-treatment prevents the glutamate uptake downregulation
induced by 20 mM glucose incubation.

Taken together these data indicate that high glucose activates PKC and this in turn induces GLT1

downregulation via inhibition of GLT1 activity and/or promotion of GLT1 endocytosis.

Our data show that also the PI3K/AKT pathway controls GLT1 activity. Functional, pharmacological and cellular
approaches suggest that the PI3K/AKT pathway is involved in GLT1 exocytosis (Figures 6-9).

Indeed, the PI3K inhibition with the selective inhibitor LY294002 results in a time and dose-dependent
reduction of GLT1 activity, measured by means of uptake experiments. As for the glucose treatment, we
evaluated the pEGFP-GLT1 localization in transfected BTC3 by means of time lapse experiments under
epifluorescence and TIRFM microscopy. In agreement with uptake experiments, we found that 100uM
LY294002 causes the progressive reduction of the GLT1 fluorescent signal at the plasma membrane and its
concomitant appearance in intracellular vesicular compartments.

The decreased GLT1 expression at the plasma membrane observed after LY294002 treatment may be due to
excessive removal of GLT1 from the cell membrane or decrease GLT1 delivery. By uptake experiments, we
found that dynasore, the specific inhibitor of the clathrin-dependent endocytosis, prevents the LY294002-
induced decrease in GLT1 surface activity.

Although these experiments are not conclusive, we favour the hypothesis that the PI3K/AKT pathway normally
promotes the delivery of GLT1 to the plasma membrane. If this pathway is downregulated by LY294002
treatment, the GLT1 protein is progressively removed from the cell surface and accumulates in recycling
compartments. In the presence of dynasore, also the endocytosis is inhibited and the density of GLT1 at the

plasma membrane remains constant.

Dynamic modulation of GLT1 localization and activity

Based on these data, we propose that the surface density of GLT1 is controlled by cycling between the plasma

membrane and intracellular compartments, with the proportions at the cell surface and in endosomal
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compartments depending on the relative rates of transporter insertion or removal from the plasma membrane
(Robinson et al., 1999; Bala et al., 2007). Our data indicate that modification of glucose concentrations in the
extracellular medium may rapidly modify the density of transporter at the plasma membrane, by changing the
rate of GLT1 exocytosis or endocytosis. The process is mediated by activation of signalling pathways, namely
PI3K/AKT, PKC and AMPK. This fine modulation is necessary to allow the glutamate to act as autocrine and
paracrine messenger in the islets but also serves to prevent the excessive permanence of this amino acid in the

islets extracellular microenvironment, where it may reach toxic concentrations for the pancreatic B-cells.

In particular, in BTC3 cells, PI3K/AKT activation promotes GLT1 exocytosis, while

N
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QQ y 3300 PKC activation its endocytosis. In physiological conditions, the action of PI3K
¥ 5y
y * GLT1 prevails, and the transporter is mainly localized on the plasma membrane where

it can transport glutamate and control its extracellular concentration. When the

PI3K PKC extracellular glucose concentration rises, PKC is activated, and the transporter
Y 4 OO \ internalized in intracellular compartments.
MEMBRANE The consequences of this relocalization are not completely understood. In the
TRAFFIKING

context of the islet physiology, glutamate is an important paracrine signals that
positively modulates the somatostatin secretion via ionotropic glutamate receptors. Being GLT1 the main
regulator of extracellular glutamate concentration, its relocalization in intracellular compartments would

potentiate the activation of glutamate receptors on &-cells, thus stimulating the somatostatin release.

Long-term glucose treatments (Chapter 1)

In chapter Il we evaluated the localization and activity of GLT1 in human islets, after 3 days treatments with
16.7 mM glucose, a state of long-term hyperglycaemia that simulates diabetic conditions. In these
experiments, we used the human islets of Langerhans that we consider the best model to study islets

physiopathology.

Our data show that 3 days incubation with high glucose (16,7mM) determines an almost complete reduction of
GLT1 surface activity measured by [*H]D-glutamate uptake, in human islets (figure 1). Again, we did not find
modification of GLT1 expression (evaluated by means of western blot experiments) (figure 2). Similarly to the
acute high glucose treatment, we observed a relocalization of GLT1 in intracellular compartments. We
investigate the mechanisms of this relocalization and we focus on the PI3K/AKT pathway. Indeed, it is well
known that this pathway is severely downregulated in B-cells lines exposed to high glucose and in patients with

type 2 diabetes mellitus (T2DM) (Hribal et al., 2003; Folli et al.,2011).
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By means of western blot assays we were able to demonstrate that the PI3K/AKT pathway is indeed
downregulated in chronic hyperglycaemic conditions. Furthermore, inhibition of PI3K with LY249002 caused a
relocalization of GLT1 very similar to that observed in chronic hyperglycaemia also in human islets.

In conclusion, these data confirm that long-term exposure to glucose severely down regulated the PI3K/AKT
pathway. As a consequence, the GLT1 surface activity decreases and the extracellular glutamate concentration

progressively raises. This may perturb glutamate homeostasis within the islet inducing B-cell death.

Chronic hyperglycaemia is a typical feature of both type 1 and type 2 diabetes, two diseases characterized by
progressive B-cell dysfunction and death. Given the key role of GLT1 in the control of B-cell viability, we
hypothesised that its expression may be altered in patients with diabetes, and this in turn may contribute to B-
cell death.

Coherently with this hypothesis, we found that GLT1 localisation is altered also in pancreases of type 2 diabetic
patients. In particular, the plasma membrane localisation of GLT1 in the majority of islet cells is lost and the
transporter accumulated in intracellular compartments, where it can not accomplish its function. In the
microenvironment of the islets, this would probably results in alteration of glutamate homeostasis. Although
these evidences need further support, they certainly suggest that the GLT1 transporter may play a role in

diabetes.

The possible role of an altered glutamate homeostasis in Diabetes pathology

pcell insuits
[~ (Amyloid deposition, DIABETES

hyperghycemia,
cytokines, B-cefl stress)

p-ced death

PHYSIOLOGICAL CONDITIONS

FIG 1: Proposed events leading to progressive §-cell death by glutamate toxicity in diabetes mellitus. [See Text)

Our hypothesis is that in physiological condition, the extracellular glutamate concentration in the islet of

Langerhans is controlled by the activity of GLT1 (Figure 1, white part). Early, in the progression of T2DM (Figure
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1, grey part) islet's B- to a-cell ratio changes in favour of a-cell and this may perturb islets glutamate
homeostasis. In diabetes mellitus in particular, a combination of insults (inflammatory cytokines,
hyperglycaemia, etc.) may decrease the glutamate clearance in the islet (directly, targeting GLT1, or indirectly
by triggering B-cell death). Consequently, the extracellular glutamate concentration in the islet is modified
because increases its release via a-cells and decreases its clearance via GLT1 and B-cells. Increased glutamate
levels may cause B-cell death, thus triggering a vicious cycle that further increases the glutamate levels in the
islet of Langerhans and B-cell death (Figure 1, grey part). Also an excessive consumption of glutamate-enriched
food can help in increasing the amino acid concentration in the islets microenvironment and in triggering the

vicious circle.

The hyperglutamatemia described in diabetic and obese subjects is generally ascribed to abnormal proteins
metabolism in liver and muscle and excessive glutamate release by activated platelets. However, accumulating
data in favour of the presence of a-cell dysfunction and hyper-secretion in diabetes, obesity, and insulin
resistance, together with our evidence that the glutamate clearance mediated by GLT1 is reduced under
hyperglycaemia suggest that also an alteration of the glutamate signalling in the islets microenvironment may
contribute to hyperglutamatemia.

Our data highlight that hyperglutamatemia might be considered a novel B-cell insult, and its toxic effects may
be more devastating on genetically fragile B-cells. Moreover, as hyperglutamatemia influences the immune

system in genetically predisposed subjects, it might also foster B-cell autoimmunity.

GLT1 as a pharmacological target to prevent 8-cell death

We provide evidence that GLT1 may be also an important pharmacological target to prevent B-cell death. In
our study we used Ceftriaxone, a B-lattamic known for its ability to increase GLT1 expression in neurons and to
provide neuroprotection against excitotoxicity in the CNS (Rothstein et al., 2005; Lipski et al., 2007; Miller et al.,
2008; Nicholson et al., 2014).

We provide evidence that this compound is active also in human islets where it upregulates GLT1 expression
and activity. Interestingly, Ceftriaxone significantly reduces B-cell death induced by long-term exposure to high
glucose, inflammatory cytokines or excessive glutamate; all of them characteristics of diabetes mellitus. Of
note, ceftriaxone was able to reduce cell death also in normal growing conditions, thus indicating that
alteration of glutamate homeostasis can be a common component of islet stress.

Ceftriaxone and other compounds capable to increase GLT1 expression or/and activity, may represent novel

therapeutic strategies to achieve B-cell cytoprotection.
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Interestingly, all the antidiabetic drugs with known B-cell cytoprotective effects such as GLP-1, exenatide, and
glitazones (Cunha et al., 2009; Tsunekawa et al.,2007; Walter et al., 2005) show also significant neuroprotective
activity (Perry et al., 2007; Harkavyi and Whitton, 2010; White and Murphy,2010) against glutamate-induced
cytotoxicity (Perry et al., 2002). Further, glitazones-mediated neuroprotection is associated with increased
GLT1 expression (Romera et al., 2007; Thal et al., 2011).

Therefore, prevention of glutamate toxicity may be an additional mechanism by which these drugs exert their
beneficial effect on the B-cells. Similar conclusions can be drawn by considering the case of topiramate, an
antiepileptic agent that provides neuroprotection by counteracting glutamate toxicity (Angehagen et al., 2003;
Follett et al., 2004) but it has also significant antidiabetic and B-cell cytoprotective effects (Toplak et al., 2007,
Stenlo™f et al.,, 2007; Rosenstock et al., 2007). In rodent models of T2D, topiramate improves glucose-
stimulated insulin release and increases islet insulin content (Liang et al., 2005), and in vitro exposure of rodent
B-cells to topiramate prevents lipotoxicity (Frigerio et al., 2006). Recently has been described also a long-lasting
remission (>of 5 years) of T1D after treatment with topiramate for generalized seizures (Davalli et al., 2011).
Altogether, these data suggest that drugs acting on the glutamate-induced toxicity and in particular on the

glutamate transporter GLT1 may be helpful in the treatment of diabetes.
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MATERIAL AND METHODS

1.1 Cellline

Cell lines represent a useful model to study the peculiar characteristics of each cell type present in the islet
of Langerhans. Moreover, they can be grown in vitro for a considerable number of passages, maintaining
their characteristic and their similarity to the native cells.

Mouse BTC3 cells were kindly provided by Prof. Douglas Hanahan (Department of Biochemistry and
Biophysics, University of California, San Francisco, CA). BTC3 cells derive from pancreas of transgenic mice
generated with a fusion gene between SV40 large T antigen and insulin promoters [Powers 1990; Efrat
1988]. The cells were grown in RPMI 1640 (from the name of the institute where the media was developed:
Roswell Park Memorial Institute) 11 mM glucose (normal glucose condition), supplemented with 10% heat
inactivated foetal bovine serum, 2 mM L-glutamine, and 100 IU/ml streptomycin/penicillin, at 37°C in a

humidified atmosphere of 5% CO,.

1.2 Human Isolated Islets

The islets used in this study were kindly provided by Ospedale Niguarda Ca’ Granda. The islets were
isolated from cadaveric multiorgan donors by using the procedure already described by Ricordi [Ricordi et
al., 1988] in conformity to the ethical requirements approved by the Niguarda Ca Granda Ethics Board.

The purified islets were incubated in RPMI 1640 medium (Sigma Aldrich) containing 10% fetal bovine serum
(FBS), 1% Glutamine and 1% Streptomycin-Penicillin in the presence of 5.5 mmol/I glucose (normal glucose
condition) or 3 days in the presence of glucose 16.7 mmol/l (high glucose condition) as described
[Marchetti et al., 2002]. Some purified islets were incubated with mannitol 16,7 mmol/| for 3 days for
osmotic control. The experiments of acute treatment were performed after 30 minutes of incubation with

different molecules as reported in the treatments section. All incubations were performed at 37°C/5% CO,.

1.3 Treatments

The following treatments were used: 0O
. M
. . . . .OCH3
Ceftriaxone (100nM). It is a third-generation N H
N._A__Na_ 3 S-
cephalosporin antibiotic. Ceftriaxone increases EAAT2 HN-— ,‘}’ \/ \1 CHa
s— 0 7N~ \/S\rIN\N
expression in the central nervous system and reduce 0 | N |
. .. . . *31/2H0 0™ "ONa o “ONa
glutamatergic toxicity. (Sigma Aldrich) o o
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Dihydro Kainic acid (DHK 0,1mM). The selective inhibitor of glutamate transporter GLT1/EAAT2 (K; = 23
uM). 130-fold selective over EAAT1 and EAAT3 (K; > 3 mM). (Sigma Aldrich)

3-hydroxy-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-dlisoxazole-4-carboxylic acid (HIP-A 10uM). Potent,
non-competitive excitatory amino acid transporter (EAAT) blocker. Preferentially inhibits glutamate
release (IC 50 = 1.6 uM) rather than glutamate uptake (IC 50 = 18 p M). Moderately selective; displays
no affinity for NMDA and metabotropic glutamate receptors, and low affinity for AMPA and kainate

receptors (IC 50 values are 43 and 8 u M respectively. (Sigma Aldrich).

- Dynasore (Dyn, 30mM). The inhibitor of clathrin-dpendet OH
endocytosis. It is a small molecule, GTPase inhibitor that targets O \/@,OH
dynamin-1, dynamin-2 and Drpl (mitochondrial). Dynasore blocks u,N\
dynamin-dependent endocytosis, scission of endocytic vesicles OH  +xH0
(Sigma Aldrich)

Signaling Pathways Inhibitors or activators: 0

NN

LY294002 (PI13K inhibitor,50-100um) : 2-Morpholin-4-yl-8-phenylchromen-4-one is a L\ ﬂ /Il\ .
morpholine-containing chemical compound that is a potent inhibitor of numerous I © T 33
proteins, and a strong inhibitor of phosphoinositide 3-kinases (PI3Ks). (Sigma [\\VJ
Aldrich).

8-Bromoadenosine  3',5'-cyclic  monophosphate  (8-Br-cAMP,  PKA NHz
“~_~N
Activator,10uM): it is a brominated derivative of cyclic adenosine t I S—br
s
N N

O

monophosphate (cAMP). 8-Br-cAMP is an activator of cyclic AMP-dependent «\P,O 5
HO~ ~

protein kinase, and it is a cell-permeable cAMP analog having greater \\%_A

resistance to hydrolysis by phosphodiesterases than cAMP. 8-
Bromoadenosine 3’,5'-cyclic monophosphate activates protein kinase A (Sigma Aldrich).

UO126 (MAPK Inhibitor, ERK1/2,10uM). It is MEK Inhibitor that is a

I'f|

MH,

RS T ’L‘m
MAPK (ERK 1/2) by inhibiting the kinase activity of MAP Kinase Kinase NH, N L/j
(MAPKK or MEK 1/2). U0126 inhibits MEK1 with an IC50 of 0.5uM (in N

I
NH.
chemically synthesized organic compound that inhibits activation of ‘

vitro) (Sigma Aldrich).

Phorbol 12-myristate 13-acetate (PMA or TPA, PKC 0 o

. . . e i N N Y
activator, 1uM). Potent nanomolar activator of protein HiC @H o “CH,
-

QH,

kinase Cin vivo and in vitro. Binds to C1 domain of protein AV



kinase C, induces membrane translocation and enzyme activation. Also reported to have actions on
non-kinase proteins including chimaerins, RasGRP and Unc-13/Munc-13. Phorbol esters, such as PMA,
affect PKCs by mimicking diacylglycerol, a natural ligand and activator of PKCs. A common alternative
name for PMA is 12-O-tetradecanoylphorbol 13-acetate (TPA). (Sigma Aldrich)

Bisindolylmaleimide (BIM, PKC inhibitor, 10uM) is a highly selective, cell-

permeable, and reversible protein kinase C (PKC) inhibitor (Ki = 14 nM). It acts ()

as a competitive inhibitor for the ATP binding site of PKC and shows high f\_ cf_: NS =
selectivity for PKCa-, B1-, B2-, y-, 6-, and e-isozymes. Bisindolylmaleimide %_-.--"\ ) { ;,'»---_
. "

Idirectly inhibits GSK3 in primary adipocyte lysates (IC50 = 360 nM). This T“ J.
compound also competitively antagonizes the 5-HT3 receptor with a Ki value of \L P

61 nM. (Sigma Aldrich). &T’
Metformin (AMPK activator, 5mM). An antidiabetic agent reduces blood NH NH *HCI
glucose levels and improves insulin sensitivity. Its metabolic effects, including H N/U\NJKN'CHZB
the inhibition of hepatic gluconeogenesis, are mediated at least in part by : H éHs

activation of the LKB1-AMPK (AMP-activated protein kinase) pathway. Activation of this pathway also
appears to be involved in the antiproliferative and proapoptotic actions of metformin in cancer cell
lines. (Sigma Aldrich)

Pro apoptotic / toxic treatments:

Glucose: the basal glucose condition is 5,5mMGlucose for human islets and 11mM Glucose for beta cell
lines. As high Glucose condition we used 16,7mM Glucose for human islets and 20mM Glucose for beta
cell line. (Sigma Aldrich)

Glutamate: we used 1ImM of Glutamate concentration as a toxic stimulus for beta cells. (Sigma Aldrich)
Inflammatory cytokine Interleukin B (0,1mg/ml): IL-1B is a proinflammatory cytokine produced in a
variety of cells including monocytes, tissue macrophages, keratinocytes and other epithelial cells. Both
IL-1a and IL-1B bind to the same receptor and have similar if not identical biological properties.
Recombinant human IL-1b is a 17.3 kDa protein containing 153 amino acid residues. (Sigma Aldrich)
Inflammatory cytokine TNF a (0,1mg/ml ): TNF-a is a pleiotropic pro-inflammatory cytokine secreted
by various cells including adipocytes, activated monocytes, macrophages, B cells, T cells and fibroblasts.
It belongs to the TNF family of ligands and signals through two receptors, TNFR1 and TNFR2. TNF-a is
cytotoxic to a wide variety of tumor cells and is an essential factor in mediating the immune response
against bacterial infections. TNF-a also plays a role in the induction of septic shock, auto immune

diseases, rheumatoid arthritis, inflammation, and diabetes. Recombinant human TNF-a is a soluble 157
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amino acid protein (17.4 kDa) which corresponds to C-terminal extracellular domain of the full length
transmembrane protein. (Sigma Aldrich)

- Inflammatory cytokine Interferon y (0,5mg/ml). It is produced by T-lymphocytes stimulated by antigen
or by T-cell mitogens. A broad range of biological activities has been attributed to IFN-y (e.g., the
establishment of the antiviral state, immunoregulatory functions, antiproliferative effects and
inhibition of cell growth). The anti-proliferative effects of IFN-y are superior to those of either IFN-a or

IFN-B. Growth inhibition is dependent on cell type, dose, and length of exposure. (Sigma Aldrich)

The substances were added to the uptake solution or to RPMI medium at the indicated concentrations.
DHK and HIPA must be present in the solution during the uptake assays, the other treatments were
incubated for 30 minutes (for the acute treatment) or 3 days (for the long-term treatment) in RPMI
medium, at 37°C, 5% CO, before the experiment. The PMA, Bisindoleimide and the Dynasore require 1
hour of cell starving (medium RPMI 1640 1%Glutammine, 1% Penicillin-Streptomycin without 10% FBS)
before their introduction in the medium. The treatment with Ceftriaxone was performed incubating the

human islets for three days with 100uM of Ceftriaxone diluted in the complete RPMI medium
1.4 Cell and Islets Lysis and Western Blotting

BTC3 cells were seeded onto 6-cm tissue culture plates and allowed to attach and grow until confluence.
Cells or 1500 isolated human islets were harvested and lysed in 100 pl lysis buffer (150 mM NacCl, 30 mM
Tris-HCI, 1 mM MgCl,, 1% Triton X-100, 1 mM phenylmethylsulfonylfluoride, and 1 pg/ml aprotinin and
leupeptin). as described [Perego et al.,, 2000]. After 1 h at 4° C, nuclei and unsoluble material were
separated from soluble proteins by centrifuging the samples at 10,000 rpm for 10 min at 4°C. After protein
assay with Bredford reagent (Sigma), 30 ug of protein were resolved by western blot. We used 9% SDS-
polyacrylamide gel running gel in denaturating condition (1%SDS): the extracted proteins were solubilised
with denaurating B-mix (5% SDS, 20% Glycerol, 0.3M B-mercaptoethanol, blue bromophenol) and
separated by SDS-PAGE (Tris-Gly/ SDS buffer: 25 mM Tris-Base, 192 mM Glycine, 0.1% SDS). Finally,
proteins were transferred to a nitrocellulose membrane (Transfer buffer: 25 mM Tris-Base, 192 mM
Glycine, 20% Methanol). After membrane incubation with blocking buffer (5% non-fat milk, 0.1% Tween 20,
20 mM tris HCl pH 7, 150 mM NaCl), the blots were probed with specific antibodies as a primary reagents
in the blocking solution. Antibodies HRP-conjugated 1gG (80 ng/ml; Amersham, GE Healthcare) followed
this incubation. The primary antibodies were dissolved in a block solution with 5% of non-fat milk and were
applied for 2h at room temperature. Then the nitrocellulose membranes were washed three times with

blocking solution (milk 5%, TS 1X and Tween 0,1% p/v). Next, the anti-rabbit horseradish peroxidase was
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added as a secondary antibody, followed by incubation for 1h at room temperature in the same blocking
buffer. The nitrocellulose membrane were washed three times with the blocking solution without milk and
visualised by ECL (EuroClone,LiteAblot EXTENDED).The reaction products were visualized after peroxidase

activation by chemiluminescence substrate ECL and imposed on photographic plates (Kodak).

Band quantification was performed using Scion-image software and results were normalised for actin

content and shown in bar graphs.
1.5 Antibodies for Western Blotting

The protein expression was detected immunohistochemically with rabbit anti-GLT1 (1:75, Alpha
Diagnostic), an affinity purified rabbit anti-GLT1 (1:250, kindly provided by Dr. Grazia Pietrini [Perego et al.,
2000], PI3K (1:1000; rabbit polyclonal antibody; Cell Signalling), AKT(1:2000; rabbit polyclonal antibody;
Cell Signalling) and p-Akt Th 308 (1:1000; rabbit polyclonal antibody; Cell Signalling) or anti-actin (Sigma)
antibodies as a primary reagents in the blocking solution. As secondary reagents we used an anti-rabbit
HRP-conjugated 1gG (80 ng/ml; Amersham, GE Healthcare) or an anti-mouse HRP-conjugated IgG (80

ng/ml; Amersham, GE Healthcare).
1.6 Immunofluorescence

20 hand-picked islets were seeded onto sterile glass coverslips covered with gelatine (Sigma-Aldrich) to
facilitate adhesion and cultured in RPMI medium. The BTC3 cells were seeded onto sterile glass coverslips
(without gelatine) and cultured in RPMI medium. After 24 hours, islets and cells were fixed with 4%
paraformaldeide. Fixed cells were then incubated with primary antibody for 2 hours at room temperature
in GDB solution (150 mM NaCl, 10 mM Phosphate Buffer pH 7.4, 0.2% Triton, 0.2% gelatine). Following
incubation, cells were washed in PBS LS (PBS Low Salts: NaCl 150mM and PO4 buffer 10mM pH 7,4) and
then incubated in GDB with the appropriate fluorochrome-conjugated secondary antibodies (Jackson) for 1
hour at room temperature, in dark. The cover glasses were washed three times with PBS LS and then were
mounted on glass slides with Phenilendiammine (1 mg/ml in Glycerol-PBS; Sigma-Aldrich) as antifade

reagent and sealed with nail-polish.

The control samples are represented by the cells or the islets incubated with complete RPMI in
normal/physiological glucose condition (11mM of glucose for Beta TC3 and 5,5mM of glucose for Human
isolated Islets). The high glucose treatment corresponds to three days/thirty minutes of exposure to 20mM

glucose for Beta cell line (bTC3) and 16,7mM glucose for human islets (37°C, 5% CO.).

1.7 Antibodies for Immunofluorescence
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The following primary antibodies were used: rabbit anti-GLT1 [Perego et al., 2000] and Alpha Diagnostic
International), guinea pig anti-insulin (Roche Applied Science), mouse anti-glucagon (R&D Systems), mouse
anti-somatostatin (Biomeda), mouse anti-chromogranin (Biogenex). The following secondary antibodies
were used: FITC-conjugated anti-mouse and anti-rabbit I1gG, biotin-conjugated anti-rabbit I1gG, rhodamine-
conjugated anti-mouse IgG, and rhodamine-conjugated anti-guinea pig 1gG (Jackson ImmunoResearch

Laboratories, West Grove, PA).
1.8 Immunohistochemistry

Immunohistochemistry has been performed in formalin fixed human pancreas paraffin embedded sections.
The ABC immune complex served for the identification of GLT1. After removal of paraffin and
rehydratation of tissue, the pancreas sections were first treated with an hydrogen peroxide solution to
suppress possible endogenous peroxidase activity and then heated in citrate buffer 10 mM pH 6 using a
microwave oven to expose antigens. This was followed by permeabilization with TBS-Triton 0,2% (150 mM
NaCl, 50 mM Tris-HCl pH 7.4, 0.2% Triton X-100) and by an incubation with normal serum to quench
nonspecific protein binding; finally the sections were incubated with a primary antibody, o/n at 4°C.
Unbound antibodies were washed with TBS-Triton 0,2% and then the signal was amplified using secondary
antibodies biotin conjugated, incubated at room temperature for 2 hours, followed by an incubation with
Peroxidase conjugated-streptavidin (Chemicon). The reaction was performed with freshly activated 40%
DAB (Diaminobenzidine, Sigma-Aldrich). The colour development was stopped by washing the slides
thoroughly in tap water. To stain cytoplasm and nuclei, the sections were then counterstained with
Mayer's haemalum, turned with tap water and dishydratated. Coverslips were mounted with an

hydrophobic mounting medium (Dako Corp.).
1.9 Antibodies for Immunohistochemistry

We used as a primary antibody a rabbit anti-GLT1 [Perego et al., 2000] and Alpha Diagnostic. Secondary
antibodies: biotin-conjugated anti-rabbit 1gG; Rhodamine-conjugated anti guinea pig (Jackson

Immunoresearch: West Grove, PA); Peroxidase conjugated-streptavidin (Chemicon). .
1.10 [*H]-Glutamate Uptake

The transport of [°H]-glutamate assays were performed in 96 wells plate using 40 human Islets/well or
8000 Btc3 cells/well. Cells and islets were cultured in 100ul/well of RPMI medium, supplemented with 10%
fetal bovine serum,1% of Glutamine and 1% of Penicillin -Streptomycin. Three days or 30 minutes before

the experiments, in some well, the treatments were added in the medium. The day of the experiment the
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medium were removed and after 3 washed with the uptake solution were added the buffer contained
radio-labelled glutamate. The cells/islets were incubated for 10 min in 50ul of Na'-dependent (150
mM NaCl 2 mM KCl, 1 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, pH 7.5) or Na*-independent (150 mM choline
chloride, 2 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, pH 7.5) uptake solution, containing 5
uCi/ml D-[*H]-glutamate acid (specific activity, 37 Ci/mmol; Amersham Biosciences). The amino acid uptake
is stopped by washing the cells twice in ice-cold Na’-free solution. Cells were dissolved in 150 pl of 1% SDS

and the islets in 1% NaOH for liquid scintillation counting.
1.11 [*H]-Glutamate Uptake treatments

DHK and HIPA have been added to the uptake solution. The PMA, Bisindoleimide and the Dynasore require
1 hour of cell starving (medium RPMI 1640 1%Glutammine, 1% Penicillin-Streptomycin without 10% FBS)

before their introduction in the medium.
1.12 Cell transfection

Transfection was performed by means of lipofection
(Lipofectamine™ 2000 reagent, Invitrogen) and, 72 hours
after transfection, the cells were processed for

immunofluorescence, or functional and biochemical studies.

About 2,5 x 10° Beta TC3 cells were seeded onto sterile glass
coverslips in 3.5 cm Petri dishes. Twenty-four hours after
seeded, they were transfected with 3 ug of pEGFP-rabbit
GLT1 by means of lipofection ( 6 pl of Lipofectamine™ 2000

wes,  reagent, Invitrogen) (D'Amico et al., 2010). Four hours after

transfection, complete standard medium was added. 72 h

Mse I8 redey
Teplanww)| s [

after transfection, the cells were processed for TIRF

microscopy or videomicroscopy.
1.13 Total internal reflection fluorescence microscopy (TIRFM)

Total internal reflection fluorescence microscopy (TIRFM) allows the selective excitation of fluorochromes
located in or immediately below the plasma membrane (100 nm above the glass coverslip), due to the
incidence angle of the excitation light [Axelrod, 2001]. This technique is particularly useful in the study of

membrane dynamics and traffic.

82



—— Standing
Electro-

| T magnetic

6l —

Seventy-two hours after transfection, the mouse BTC3 cells plated onto glass coverslips were imaged
through a TIRF microscope (Axiovert; Carlo Zeiss, Inc.) equipped with an Argon laser at 37°C using a
100 x 1.45 numerical aperture (NA) oil immersion objective. Green fluorescence was excited using the
488 nm laser line and imaged through a band-pass filter (Zeiss) onto a Retiga SRV CCD camera [D'Amico et
al., 2010]. For the time-lapse experiments, single-cell imaging under TIRF illumination was carried out at
3 frames/min for 7 min before and after incubation at 37°C with 50uM-100um LY294002. Up to five cells

were imaged on each coverslip, in three independent experiments
1.14 Videomicroscopy

The use of a high-quality video camera or attached to a research-quality light microscope is useful to
obtaining real-time or high-speed imaging of biological samples. These images are recorded at regular
intervals, and the time-lapse sequence can be played back in the form of a movie. Video microscopy for
rapid time-lapse imaging techniques is used frequently to image small structures that move rapidly within
cells such as to study the protein trafficking . For our videomicroscopy experiments have been used beta
cell (Beta TC3) transfected with the glutamate transporter 1 (GLT1) tagged with the green fluorescence
protein (GFP). This system allows us to follow in vivo the localization of gltl and its changes or movements

after specific treatment.
1.15 Image processing

For each recorded cell image, eight 50 x 50-pixel regions were randomly selected within the cell, and the
average fluorescence intensity and its associated standard deviation in each frame were calculated using
the Image-ProPlus software (Media Cybernetics, Bethesda, MD). The fluorescence intensities in the various
frames were normalized to their respective initial average intensities (FO = 100%) and plotted against time.
Fluorescence intensities were corrected for bleaching during the acquisition of serial images (bleaching was

estimated by imaging outside transfected cells).
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1.16 Apoptosis

The apoptosis in human islets were evaluated with a kit based on a photometric enzyme-immunoassay Cell
Death Detection ELISA plus (Version 11.0, Cell Death human ELISA kit, Roche) that allows to quantify
spectrophotometrically the histone-complexed DNA fragment out of cytoplasm after the introduction of
potentially apoptosis agents. 40 human islets/well were seemed on 96well plates and after three days of
treatment (5,5mM Glucose, 16,7mM Glucose or 100uM of Ceftriaxone) in complete RPMI 1640 medium
were lysate in 100ul of lysis buffer equipped in the kit. Data were expressed as -fold increase over control

samples.
1.17 Apoptosis Treatments

The treatments were added in complete RPMI medium for three days. The basal glucose condition was
obtained using 5,5mM of Glucose, while we used 16,7mM of Glucose to simulate long-term high glucose
exposition. We used also Ceftriaxone (final concentration 100nM) and a mix of inflammatory cytokines

(InterleukinB 0,1mg/ml; TNFa 0,1mg/ml and Interferony 0,5mg/ml)
1.18 Statistical Analysis

Statistical significance of difference between groups was determined by unpaired Student's t-test.
Differences were considered significant at P<0.05.Data are presented as means + S.E. of at least three
independent experiments. The number of replicates for each experiment is reported. Statistical
comparisons were performed by unpaired Student's t test or analysis of variance followed by multiple post
hoc comparison analysis performed with Tukey's test. The difference was considered statistically significant

when the p value was <0.05.
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CHAPTER III:

CYTOTOXIC AUTOANTIBODIES AGAINST THE GLIAL
GLUTAMATE TRANSPORTER GLT1 IN TYPE 1 DIABETES
MELLITUS

INTRODUCTION

DIABETES MELLITUS

Metabolic syndrome are characterized by hyperglycaemia caused by an absolute deficiency of insulin secretion

or the reduction of its biological effectiveness (or both defects).

Traditionally, diabetes mellitus was classified according to age of the patient at the onset of symptoms (juvenile

or adult). The current classification is:

- Type 1 of Diabetes mellitus (TLDM): syndrome characterized by the destruction of pancreatic B cells. In 95%

of cases it is of autoimmune origin, in the remaining 5%, is idiopathic.

- Type 2 of Diabetes Mellitus (T2DM): heterogeneous syndrome that includes a set of defects characterized by
insulin resistance accompanied by alteration of insulin secretion (the body's attempt to compensate for the
failure response of target tissues). (Genuth et al.,, 2003; Export Committee on the Diagnosis of Diabetes

Mellitus and classifcation)
Diabetes Mellitus Type 1 (TIDM) and auto-immunogenicity

Type 1 diabetes is a form of immune-mediated diabetes. It is caused by the selective and progressive
destruction of B-cells of the islets of Langerhans due to the loss of tolerance to B-cell antigens in genetically
predisposed subjects (Atkinson et al., 2011; Rossini et al., 2004; Kukreja et al., 2002). It is commonly believed
that type 1 diabetes autoimmunity is initiated by B-cell insults, leading to abnormal B-cell immunogenicity and
consequent activation of autoreactive T- and B-lymphocytes. The nature of the primary insult to the B-cells is
unclear, although viral infection and endoplasmic reticulum stress have been implicated (Roep et al., 2010).

T1DM a catabolic disease where circulating insulin is absent, glucagon is high and the B cells are not able to

106



respond to insulinogenic stimuli. In absence of insulin, the three main target tissues: liver, muscle and fat
tissue, not only are not able to use absorbed nutrients, but they continue to release into circulation glucose,
amino acids and fatty acids derived from the intracellular stores. In addition, the alteration of the fatty acids
metabolism leads to production and accumulation of ketone bodies that can lead to ketoacidosis and diabetic

coma (Polonsky et al., 1995).

The onset of this type of diabetes may relate to any age, but usually appears in child and young adult and the
risk of developing diabetes latter in life is higher in family members of the diabetic proband. The possibility of a
destruction of pancreatic B cells to selective loss of immune tolerance (autoimmune death) is supported by
evidence that a proportion of patients with newly diagnosed type 1 diabetes treated with immunosuppressive
therapy, showed an interruption of progression to insulin deficiency. Also in the Islets of Langerhans of diabetic
child is observed a strong and widespread infiltration of lymphocytes T helper and cytotoxic lymphocytes
associated with the presence in their serum of autoantibodies against structural and secretory proteins of
pancreatic B cells (Genuth et al., 2003; Dedov et al., 2015; Taplin et al., 2008). Based on the evidence described
above, it has been proposed that the autoimmune destruction of pancreatic B-cells mediated by the immune
system that recognizes as foreign B cell proteins. This could be due to the partial homology between B-cell

proteins and viral peptides or other foreign peptides identified as potentially pathologic.

The efficiency in presenting endogenous proteins to the immune system depends on the composition of the
class Il antigens on the surface of the cells responsible for antigen presentation (antigen presenting cells,
macrophages) and appear to affect significantly the deletion of thymus self-reactive cells. At the time of
diagnosis, the majority of patients with type 1 diabetes have circulating antibodies (Herold , et al., 2002; Dedov

et al., 2015):

- Antibodies directed against intracellular protein of islets of Langerhans (ICA) (Dedov et al., 2015),

- Autoantibodies against insulin (IAA) (Taplin et al., 2008),

- Antibodies for tyrosine phosphatase (IA-2 or ICA-512) (Umpaichitra et al., 2002; Hypponen et al., 2000),

- Antibodies for the enzyme responsible for glutamic acid decarboxylation (GAD 65) (Hathout et al., 2001). The
GAD is localized within the pancreatic B-cells as well as at the level of the inhibitory neurons of the central

nervous system that secrete GABA.

- Antibodies directed against the zinc transporter 8 (ZnT8) (Libman et al., 2003)
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The diagnostic sensitivity and specificity of some of these autoimmune markers in patients with type 1 diabetes

is shown in the following table:

Antibodies Identified Sensitivity | Specificity
Glutamic acid decarboxylase (GAD 65) 70-90% 99%
Insulin (1AA) 40-70% 99%
Tyrosine phosphatase (IA-2) 50-70% 99%

However is important to highlight that none of these antibodies appear to be pathogenic since they are all
intracellular antigens. Therefore, their presence seems an index of pancreatic B-cell destruction and immune
reaction in progress. As already suggested in the past, the existence of other antigens, localized on the plasma
membrane (ICSA: islet cell surface antibodies) and directly responsible of B-cytotoxicity has been proposed and
observed (Fourlanos et al., 2004; Donath et al., 2011; Sanda et al., 2010; Wilkin 2001) in about 50% of the sera

with T1DM, but the antigen recognized by the ICSA has never been identified.

The glutamate transporter GLT1 could be an ideal target for T1D autoantibodies. Indeed:

1) GLT1 is mainly present in pancreatic B-cells

2) It is a plasma membrane protein. The membrane topology of the glutamate transporter has been studied
extensively and the model includes eight a-helix transmembrane domains, connected by intra and extracellular
loops, two of which only partially cross the plasma membrane and regulate transport activity (Hairpins loops
HP1 and HP2; Slotboom et al, 2001). The N- and C-terminal regions localize in the intracellular side. Particularly

interesting could be the extracellular loops because exposed to recognition by circulating autoantibodies.

3) GLT1 is the main transporter responsible for extracellular glutamate removal in islets of Langerhans,
therefore, alterations of its cell surface localization or transport activity may result in an increase of

extracellular glutamate concentrations to levels toxic selectively for the insulin-secreting cells.

Several evidence support the possibility that glutamate may increase to toxic levels in the islets of T1D
subjects: glutamate is a major secretory product of the a-cells (Baekkeskov et al., 1990) which are over
secreting in T1D islets as the result of the decreased negative feedback exerted by insulin on the a-cells
(Bonifacio et al., 1995; Wenzlau et al., 2007). Extracellular glutamate may increase further with the progression
of the disease, when the islets are characterized by an inverted B-cell/a-cell ratio. Moreover, glutamate is

released also by T lymphocytes (Stadinski et al., 2010), activates T-cells and stimulates adhesion and
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chemotaxis (Dobersen et al., 1980). Islet lymphocytes infiltration (insulitis) may thus contribute to increase

extracellular glutamate that, in turn, might foster T cell migration, insulitis and B-cell death.

Interestingly, in children who later progress to type 1 diabetes, alterations in the metabolic profile characterize
the early pathogenesis of the disease, suggesting a role in its progression. The appearance of insulin and
glutamic acid decarboxylase autoantibodies (IAA and GADA) in the serum is preceded by abnormally high
glutamic acid (13-fold increase) (Oresic et al., 2008). These data support the hypothesis that glutamate-induced

B-cell toxicity might participate to T1D onset and progression.

Since immunoglobulins (IgG and IgM), targeting membrane proteins, are potentially pathogenic, we

hypothesized that GLT1 could be a putative immune target in subjects with type 1 diabetes.

We tested this hypothesis by searching for the presence of autoantibodies against GLT1 in the sera of

individuals with type 1 diabetes.

During the project of my master thesis we collect sera from 45 T1D patients and 35 healthy controls
(Collaboration with dr. Davalli, San Raffaele, Milan and Prof Folli, Texas, USA) and we performed
immunoprecipitation and immunofluorescence experiments to verify the presence of antibodies against GLT1

in the sera of type 1 diabetic patients.

We were able to demonstrate that 9 out of the 18 sera tested from subjects with type 1 diabetes
immunoprecipitated a protein of the same molecular weight as that of GLT1 (Figure 1) that was recognized by
rabbit anti-GLT1 antibodies from brain, pancreatic human islets, and GLT1-transfected COS7-cell extracts. This

immunoreactivity was not detected in the 11 healthy controls (Fig. 1a).
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FIG 1: IDENTIFICATION OF GLT1 AS A TARGET OF SERUM IgGs IN A SUBSET OF TYPE 1 DIABETIC PATIENTS

Image &) shows GLT1 detection by western blot analysis in immunoprecipitation assays. 20 mg of P2 brain membrane fraction were immunoprecipitated with a rabbit
anti-GLT1 antibody (GLT1, positive control), a rabbit serum (IgG, negative control| and sera from healthy subjects (Cn) or type 1 diabetic patients (Dn). Representative
blots immunocstained with the rabbit anti-GLT1 antibody are shown. 5 jig of P2 extracts (Lys) were immunoblotted in the same gel. Protein markers are indicated on the
right. Arrows indicate GLT1. Serum characteristics are reported in Supplementary Table II.

Image b) shows the quantification of immunoprecipitated GLT1 by densitometric analysis. Band intensity is expressed as Arbitrary Units, The horizontal line represents
the cut-off (mean + 35D of healthy controls) above which the results are considered positive. The median values are shown for each group. Frequency differences
between control and type 1 diabetes groups are statistically significant (P = 0.0005, unpaired t-test).
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To confirm the specificity of GLT1 as a target of serum IgG from subjects with type 1 diabetes, we performed

immunofluorescence assays on GLT1 transfected COS7 cells, an example is reported in Figure 2.

A) -
B)
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FIG 2: IDENTIFICATION OF GLT1 AS A TARGET OF SERUM IgGs IN A SUBSET OF
TYPE 1 DIABETIC PATIENTS

Image A), Panels a-f show immunofluorescence labelling of COS7 cells
transfected with GFP-GLT1 (green) with a type 1 diabetes serum (red). The
yellow staining in the overlay reveals colocalization between GLT1 and
human IgGs from type 1 diabetes serum. * indicates a non-transfected cell,
The higher magnification (2.5x, A, d-f} highlights colocalization between the
two labellings at the cell surface and in terminal tips (arrowheads). Staining
with serum of a healthy subject is shown as control (E, g-i).

Image B) shows iImmunofluorescence labelling of GFP-EAACL transfected
COS7 cells (green) with type 1 diabetes (B, panel a-c) or control (B, panel d-f)
sera (red). 1gGs from type 1 diabetes did not recognizes GFP-EAACL, a

different glutamate transporter. Representative images obtained with the C5
control and D4 Type 1 diabetes sera are shown

The type 1 diabetes serum selectively labelled the cell surface of GFP-GLT1 transfected COS7-cells (Fig. 2Aa-f).
Staining was specific for GLT1, since it was undetectable in cells expressing EAAC1, a different glutamate
transporter subtype. No staining was observed in GFP-GLT1 and GFP-EAAC1 transfected COS cells incubated

with the serum of a control subject (Figura 2Ba-f).

We used the cell-based immunofluorescence assay to screen the sera from 35 control and 43 diabetic subjects.

Twenty of 43 type 1 diabetes sera (47%) specifically labelled GLT1-transfected COS7 cells with a plasma
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membrane and intracellular vesicular staining (P < 0.0005, data not shown). Altogether, our data indicate that

GLT1 is a novel autoantigen and GLT1 autoantibodies are present in ~ 50% of patients with type 1 diabetes.

Having demonstrated the presence of anti-GLT1 antibodies in a cohort of T1D subjects, the goal of the project

was to verify whether these autoantibodies could be also cytotoxic for B-cells.
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RESULTS CHAPTER IlI

Cytotoxic autoantibodies against the glial glutamate transporter GLT1 in

type 1 diabetes mellitus

Complement-fixing islet cell autoantibodies, which should be able to activate the terminal complement
complex cascade and cause cell damage, have been observed previously in type 1 diabetic subjects as well as in

individuals at high risk for developing it (Bottazzo et al 1980; Tarn et al., 1988; Radillo et al., 1996).

To test the possibility that GLT1 could be this previously unidentified autoantigen, we explored the biological
effects of anti-GLT1 IgGs on cells expressing the transporter by in vivo cell-imaging. When exposed to the type
1 diabetes serum and active complement, GLT1-expressing cells underwent progressive membrane damage
and swelling, this process was particularly evident at the cell periphery, in filopodia structures (Fig. 1A). After 2
hours, several cells expressing GLT1 were lysed and/or severely injured (Fig. 1B). No visible changes were

detected in the presence of inactive complement or after exposure to control serum (Fig. 1A and 1B).
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To verify the membrane integrity of B-cells exposed to diabetic sera in the presence of active complement, we
quantified the number of cells permeable to the viability dye propidium iodide (Prl) (Fig. 2A and B). The
exposure of BTC3 cells to GLT1-positive sera supplemented with active complement significantly increased the
Prl uptake, indicating the disruption of membrane integrity (3.7 + 0.7 fold increase; damaged B-cells, 17 + 5%

and 3.6 + 0.2% in GLT1-positive and control sera, respectively; P < 0.05; Figure 2B). No change in Prl
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permeability was detected after incubation with heat-inactivated complement or GLT1 negative sera (Figure 2A

and B).
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FIG. 2: GLT1-POSITIVE TYPE 1 DIABETES SERA
CAUSE COMPLEMENT-MEDIATED b-CELL
TOoXICITY

Determination and quantification of membrane

lysis In BTC3 cells by Prl permeabllity after

Incubation with serum samples from control

and type 1 diabetic patients.

A] BTC3 cells were incubated with 10% sera
from healthy controls, GLT1-positive and
GLT1-negative patients with type 1 diabetes
in the presence of 120% fresh (active)(b, d, f,
h) or heat-inactivated complement (inactive)
(a, ¢, e, g) before treatment with the
membrane impermeable Propidium lodide
(Prl, red)., Cells lesioned by complement-
activation are permeable to Prl and are
shown in red, cell nuclei are labelled with
DAPI (blu). Colocalization between Prl and
DAPI is shown in purple. Five different sera
from each group were independently tested.
Representative images obtained with Control
serum (¢, d; serum C23), GLTl-antibody-
positive T1D serum (e, f; C10 serum) and
GLT1-antibody-negative T1D serum (g, h; C15
serum) are shown.

B) Image C shows the quantification of
membrane lysis assessed by Propidium
lodide (Prl) uptake in BTC3 cells exposed to
serum samples and active complement, as
Indicated. BTC3 cells were exposed for 2 hrs
to 10% serum in the presence of 10% fresh
(active) or heat-inactivated  (Inactive)
complement followed by incubation with Pri.
The number of Pri-positive cells was counted,
and data are presented as a percentage of
total cells. (n = 3, in duplicate). Serum from
six to eight individual subjects from contro!
and type 1 diabetes (anti-GLT1-positive and
anti-GLT1-negative) groups were separately
tested and the average value £+ SEM for each
group in the presence of active or inactive
complement are reported. (** P < 0.01
Active vs Inactive),

The change in permeability was mediated by the selective binding of I1gGs to GLT1, because Prl uptake was

detected only in GLT1-expressing cells exposed to GLT1-positive serum and active complement (Fig. 3d) but not

with control or GLT1-negative type 1 diabetes sera (Fig. 3a-c and 3e-h).

113



GLT1-Neg GLT1-Pos
None Ctr Serum T1D Serum T1D Serum

Complement
Active

Inactive

FIG. 3: GLT1-POSITIVE TYPE 1 DIABETES SERA CAUSE COMPLEMENT-MEDIATED b-CELL TOXICITY image
shows the Prl permeability in COS7 cells transfected with GFP-GLT1 exposed at 37°C for 90 minutes to 10%
serum and 10% active (a-d) or inactive (e-h) complement, as indicated. When incubated with an anti-GLT1-
positive serum and active complement (d), cells expressing the GLT1 transporter (green, asterisks), but not
untransfected cells (black), become permeable to Prl (red). Nuclei are stained by DAPI (blue). Representative
mages obtained with control (b, f; CS serum), anti-GLT1-positive (d, h; D4 serum) and anti-GLT1-negative (c,
g; D6 serum) type 1diabetes serum samples are shown,

A subset of type 1 Diabetes sera with GLT1 autoantibodies downregulates GLT1 surface activity and

ancreases B-cell death in the absence of complement

To test the possibility that autoantibodies directed against GLT1 could have also an inhibitory effect on its
function, we measured the uptake of [*H]D-aspartate, a non-metabolizable GLT1 transporter substrate (Arriza
et al.,, 1994), in BTC3 cells incubated with control and type 1 diabetes sera, in the absence of active
complement (Fig. 4A). The mean GLT1 activity measured in the presence of different sera did not significantly
change among groups, but an analysis of variance indicated a significant difference between the GLT1-positive
and the control groups (P < 0.05, F test). More interestingly, considering as a normal GLT1 activity the 5 to 95
percentile of [*H]D-aspartate uptake values measured in the presence of control sera (equivalent to the 50-
160% of uptake activity), we found that 7 of 20 (35%) GLT1-positive diabetic sera drastically inhibited the
uptake of [*H]D-aspartate (below 50% of control activity), in contrast to only 2 of 35 (6%) and 1 of 23 (4%) in

control and GLT1-negative groups, respectively.

Within the islet, the physiological function of GLT1 is to control the extracellular glutamate concentration,

thereby preventing glutamate-induced B-cell death (Hayashi et al., 2003; Di Cairano et al., 2011).
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FIG 4, INCUBATION OF BTC3 CELLS WITH A SUBSET OF ANTI-GLT1-POSITIVE SERA DOWNREGULATES GLT1 ACTIVITY AND
INDUCES CELL APOPTOSIS

Panel A shows ["H]-D-Aspartate uptake experiments sfter mcubation of BTC3 cells for 2 hrs with 10% control (CTR; n = 35),
anti-GLT1-pasitive (GLT1-Pos; n = 20}, and anti-GLT1-negative [GLT1-Neg: n = 23) dabetic serum samples, Data are expressed
as a percentage of the mean uptake value measured in the presence of control sera (n = 3, in tripicate). The average value
obtained from each serum n shown as & single point. The median values for each group are thown as lines. Gray lines
Indicate the S and 9% percentile of uptake measurements obtained with control sera.

Panel B shows the quantification of apoptosis assessed by ELISA assays. TCS cells were incubated for 24 hrs with 10% serum
from control or type 1 diabetes patients and apoptosis was guantified by Cell Death ELISA assay. Five to six sera from control
subjects (blu bar), anti-GLT1-negative (green bar), and anti-GLT1-positive (red bar) groups were separately tested, and the
mean value for each group was calculated. The apoptosis in the presence of 5 mM glutamate (gray bar) is shown as & positive
control. Data are reported as absorbance value (ABS) measured at 450 nm. n = 3, in duplicate). (*P <001, w CTR; ** P <
0.01, vs CTR)

We therefore tested the effects of autoantibody-mediated GLT1 inhibition on B-cell integrity. In the absence of
active complement, a 24 hr incubation of BTC3 cells with 20% of GLT1-positive diabetic sera significantly
increased cell apoptosis in comparison to control and GLT1-negative diabetic sera (Fig. 4B) (2.66 fold increase;

P <0.001).

Finally, we evaluated the molecular mechanisms responsible for the downregulation of [*H]D-aspartate uptake
and B-cell death. In vivo incubation of B-cells with GLT1-positive diabetic sera with inhibitory activity caused
the disappearance of GLT1 expression from the plasma membrane and its concomitant accumulation in
intracellular vesicular structures (Fig. 5Ad-f, insets). In contrast, GLT1 retained its plasma membrane
distribution when cells were incubated in the same conditions with control sera or GLT1-negative diabetic sera

(Fig. 5a-c).

Double immunofluorescence experiments indicated that anti-GLT1 autoantibodies caused the GLT1
internalization into endocytic compartments, positive for the Early Endosome Antigen 1 (EEA1), and the
subsequent translocation to Cathepsin D-positive lysosomes, where GLT1 is probably degraded (Fig. 5B).
Altogether, these data show that a subgroup of type 1 diabetes sera binds to GLT1 and can interfere with its

normal localization and function, possibly by enhancing its intracellular lysosomal degradation.

115



GLT1

CTR

T1DM

v o)

T10M

Figure 5. GLT1 DOWNREGULATION IS DUE TO THE TRANSPORTER INTERNALIZATION INTO
ENDOCGTYC-DEGRADATIVES COMPARTMENTS.

Panel A shows the immunolocalization of GLT1 after incubation of §TC3 cells with 10% control
or type 1 diabetes serum samples at 20°C for 2 hrs, before fixation and staining.
Representative images obtained with control serum (a}, anti-GLT1 negative sera (b,c), and anti-
GLT1 positive sera (d-f) are shown. The GLT1 Internalization in intracellular vesicular
compartments is induced after incubation with anti-GLT1 positive Type 1 diabetic sera (d-f) but
not with control sefs (a-c). Inset, X2.5 magnification of the particular indicated in the figure.
Panel B shows double Immunofiuorescence staining revealing colocalization (yellow colour in
the overlay) between internalised GLT1 (red) and markers of the endocytic pathway (Early
Endosome Antigen 1, EEAL) (8-¢) or lysosomes (Cathepsin D, CatD) (d-i). BTC3 cells were
Incubated for 2 hrs at 37°C with 10% antl-GLT1 positive sera, fixed and double stained with
GLT1 and EEA] or Cathepsin D, Inset is a X3 magnification of the particular indicated in the
figure,
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DISCUSSION Chapter I

After the discovery of islet cell autoantibodies (ICAs) in subjects with type 1 diabetes mellitus, several of their
target proteins subsequently have been identified (Baekkeskov et al., 1990; 8.  Bonifacio et al., 1995; Wenzlau
et al., 2007; Stadinski et al., 2011). Of note, none of these autoantigens reside on the plasma membrane of the
B-cell as GAD®65 is primarily located in the cytosol while 1A-2 and ZnT8 on the insulin secretory granule. Our
data show that GLT1 is the first plasma cell membrane autoantigen identified in type 1 diabetes and that
antibodies directed against it are pathogenic. Our findings clarify previous reports, which described the
presence of cytotoxic islet cell surface autoantibodies (ICSAs) in these subjects (Stadinski et al., 2011,
Dobersen et al., 1980; Toguchi et al., 1985; Van De Winkel et al., 1982), thereby challenging the prevailing
belief that B-cell loss in subjects with type 1 diabetes is entirely caused by autoreactive T-cells (Baekkeskov et

al., 1990; Bonifacio et al., 1995; Wenzlau et al., 2007; Stadinski et al., 2010).

In our patient cohort, autoantibodies against GLT1 were detected in 47% of patients with type 1
diabetes and in none of healthy control subjects. The identification of this new autoantigen provides an

important predictive biomarker for the underlying autoimmunity.

The identification of a new target of type 1 diabetes autoimmunity provides a new instrument for the
development of antigen-specific immunotherapies; this is of particular interest, since anti-GLT1 antibodies

exert a cytotoxic effect on B-cells.

Pathogenic autoantibodies have already been demonstrated in endocrine (Kahn et al., 1976; Rees et al.,
1988; lorio and Lennon 2012; Lindstrom et al., 1976; Lucchinetti et al., 2002) and neurologic diseases
(lorio and Lennon 2012), in which they bind to cell-surface proteins, such as receptors and channels, and
impair their function directly or indirectly by inducing endocytosis and degradation (lorio and Lennon
2012). Examples of pathogenic autoantibodies are those present in type B insulin resistance syndromes
(Kahn et al., 1976). In this syndrome autoantibodies to the insulin receptor block insulin action, with resultant
severe hyperglycemia, hypercatabolism, acanthosis nigricans, and hyperandrogenism in women. Pathogenic
autoantibodies also may induce complement-mediated inflammation and cytotoxicity (lorio and Lennon
2012) as those directed against the skeletal muscle nicotinic acetylcholine receptor (AChR) responsible
for acquired myasthenia gravis (Lindstrom et al., 1976; Lucchinetti et al., 2002), and those against the
aquaporin-4 water channel that contribute to the pathogenesis of neuromyelitis optica (Lindstrom et al.,

1976; Lucchinetti et al., 2002). Immunoglobulins against ionotropic glutamate and metabotropic
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glutamate receptors also participate to the pathological process of diverse myelopathies and
encephalopaties through both complement-dependent and independent mechanisms (lorio and Lennon

2012).

Our data provide direct experimental evidence that the sera from subjects with type 1 diabetes
containing GLT1 autoantibodies cause B-cell death. Cell-based assays demonstrate the selective binding
of type 1 diabetes IgGs to GLT1, a process that, in the presence of active complement, initiates
complement activation and induces the rapid loss of membrane integrity. Interestingly, GLT1-
immunoreactivity was detected in approximately half of ICA-positive sera, which is consistent with
previous reports on complement-fixing ICAs (Bottazzo et al., 1980; Tarn et al., 1988; Radillo et al., 1996).
Furthermore, we found that complement-mediated cell death is not the only mechanism: a subset of
anti-GLT1 antibody positive sera induce B-cell apoptosis in the absence of complement, through the
inhibition of GLT1 activity and its downregulation through endocytosis and lysosomal-mediated
intracellular degradation (Figure 4 and 5). Through both these mechanisms, extracellular glutamate
concentrations in the islet microenvironment may rise to a concentration which is toxic to B-cells (Di
Cairano et al., 2011). Thus, the anti-GLT1 autoantibodies may act similarly to the autoantibodies against the
potassium channel KIR4.1 recently described in individuals with multiple sclerosis, which contribute to the
pathogenesis of the disease through complement activation but also by interfering with the channel function
(Srivastava et al., 2012). In conclusion, our data provide evidence that GLT1 is a novel immune target in
subjects with type 1 diabetes mellitus. Most importantly, autoantibodies to GLT1 are pathogenic by
complement-mediated B-cell membrane lysis and death and also by downregulating GLT1 protein and
function. Future studies should address the predictive value of humoral and cellular autoreactivity
against GLT1 and the correlation with the B-cell secretory reserve in subjects with new onset and long

lasting type 1 diabetes as well as in those who are at high risk of developing the disease.
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MATERIAL and METHODS

Cell lines.

The mouse BTC3 cell line was originally provided by Prof. Douglas Hanahan (University of California, San
Francisco, CA). BTC3 were grown in RPMI 1640, 11 mM glucose supplemented with 10% heat inactivated foetal

bovine serum, 2 mM L-glutamine, and 100 IU/ml streptomycin/penicillin.

COS7 cells were cultured in DMEM supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 100 1U/ml
streptomycin/penicillin. Cultures were performed under standard humidified conditions of 5% CO, at 37° C. All

media were supplied by Sigma-Aldrich.
Cell transfection

About 2.5x10° COS7 cells were seeded onto glass coverslips or on 6 cm Petri dishes and 24 hours after plating,
they were transfected with 1 ug or 6 ug of plasmids by means of lipofection (Promega). 48 hours later, they

were processed for immunoprecipitation or immunofluorescence assays.
Time-lapse imaging

48 hrs after transfection, GFP-GLT1 expressing COS7 cells were exposed to 10% serum samples in Krebs
solution for 15 minutes before incubation with 10% active or heat inactivated complement. Then cells were
imaged using a Zeiss Axiovert inverted microscope equipped with a Retiga SRV CCD camera at 37°C using a
100x 1.45 numerical aperture (NA) oil immersion objective. Single-cell imaging under fluorescence illumination
was carried out at 4 frames per minute for 30 min in the continuous presence of serum and complement at

37°C. Up to three cells were imaged on each coverslip in three independent experiments.

Apoptosis After serum incubation, cells were transferred in normal growing medium for 24 hours, then they

were fixed in ice-cold methanol and apoptosis was estimated by ELISA assay (La Roche).

Image analysis: Immunofluorescence cell images and in vivo imaging were obtained using a Zeiss Axiovert

inverted microscope equipped with a Retiga SRV CCD camera.
Patients

The diabetic group comprised 43 subjects with a diagnosis of type 1 diabetes mellitus who were seen at the
Ospedale San Raffaele (OSR), Milan, Italy, according to the 2006 American Diabetes Association criteria (25).

Serum samples were obtained from these individuals after written informed consent was obtained, according
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to the guidelines of the OSR ethical board. The control group consisted of 35 healthy donors. Details of the

subjects in both groups are provided in Tables 1.

Typs 1diabetes |  Control
| Samples | {n=413) | in=35%)
Auge (years)
Maan 2825+ 296 2925+ 556
| Ranga | (2-85) | {7-58)
Gender (n)
| Male : Female | 20: 23 | 18: 16
Discase Durstion (years)
Maan 3,30
| Range | (1-20%
Glycated haemoglobin (%)
Maan 238205 -
| Range | (7-18.3) -
LICh Positive (%) | 88,76 1]
| GADA Positive (%) | B2 76 1]
L 1A-28 Positive (%) | 3488 a
AR Positive (%) 5348 i)
Table 1: Summary of Demographic and Clinical Characteristics of

control subjects and persons with type 1 diabetes. Age and Dissase
duration at sampling; ICA = Islet Cell Antibodies; GADA = Glutamic Acid
Decarbowylase Antibodies (Mormal Range: 0-3 UAL W24 = Insulmoma
Antigen 2 (Mormal Range: 0-1 UA) BAA = Insulin AutoAnbbodias (Momal
Ranga: 0-5 UA), Datalls of tha tvpe 1 diabates sarie are deplayad in Tabla 2

Cell-Based ELISA Assay.

Elisa Assay was performed by testing type 1 diabetes and control sera on MDCK cells expressing the GFP-GLT1
construct or mock cells. 6x10* MDCK mock cells or expressing GFP-GLT1 were plated in 96 well plate and 24 hrs
later, they were incubated with 5 pl of serum samples from healthy controls, TIDM patients, anti-GLT1 rabbit
serum (3) or an anti-GFP antibody (Invitrogen) at RT for 2 hrs. After 1 hr incubation with HRP-conjugated anti-
human or anti-rabbit IgG, they were incubated for 30 min with the substrate (Pierce). Data were corrected for
background (ABS values measured in MDCK mock cells) and expressed as a mean + S.D. of three independent

experiments performed in triplicate.
Immunoglobulin and Complement Mediated Cell Lysis Assay

Forty-eight hours after plating, GLT1-transfected COS7 cells or BTC3 cells (15, 25) were incubated in Kreb’s
buffer with 10% serum from healthy controls or type 1 diabetic subjects at 4°C for 30 minutes, followed by 90
minutes of incubation at 37°C in the same solution supplemented with 10% fresh or heat-inactivated human
complement (Sigma). To quantify complement-mediated cell lysis, the cells were then incubated for 15
minutes in a buffer containing 0.5 ug of Propidium iodide (Prl) (Sigma), fixed in ice-cold methanol, and
counterstained with DAPI (Sigma). Prl-positive cells were counted by three independent blinded observers,

using a 20X objective from 10 randomly selected fields per coverslip.

[*H]D-Aspartic Acid Uptake
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Glutamate transport uptake was assessed by measuring the uptake of [*H]D-aspartic acid. After incubation of
BTC3 cells with 10% serum from healthy controls or type 1 diabetic subjects at 37°C for 2 hours in Kreb’s buffer,
the cells were maintained for 10 minutes in 200 pl of Na*-dependent (150 mM NaCl 2 mM KCl, 1 mM CaCl,, 1
mM MgCl,, 10 mM Hepes pH 7.5) uptake solution containing 5 uCi/ml of [*H]D-Aspartic acid (specific activity 37
Ci/mmol; Amersham Biosciences). The amino acid uptake was stopped by washing the cells twice in ice-cold

sodium-free solution. Cells were dissolved in 150 pl of SDS 1% for liquid scintillation counting.
Statistical Analyses

Statistical analysis software GraphPad Prism 4.00 (San Diego) was used for all statistical analyses. Comparison
between two groups was determined by unpaired, two tailed, Student's t-test or by two-sided Fisher’s exact
test. Comparison among groups was determined by one way ANOVA, followed by Tukey’s test. P values of less

than 0.05 were considered to indicate statistical significance.
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Chapter IV

This chapter is dedicated to two secondary projects of this three-year doctoral activity.

| here report a brief introduction describing the project aims and the main findings, the methods and results

relative to my contribution to the work and the related articles.

1) Delta cell death in the islet of Langerhans and the progression from normal glucose

tolerance to type 2 diabetes in non-human primates (baboon, Papio hamadryas).

Published on Diabetologia, August 2015
AIM

The work is the result of collaboration with Professor Folli Franco from Department of Medicine, Diabetes

Division, University of Texas, Health Science Center at San Antonio.

Physiological interactions between the different pancreatic endocrine cell types (a, B, 6, F and PP cells) are
essential to guarantee appropriate islet function and modifications in islet architecture have functional
implications (Gannon et al., 2000; Orci and Unger 1975; Samols ans Stragner 1990; Unger and Orci 2010;
Gromada et al., 2007; Bonner-Weir and Orci 1982; Unger and Orci 1977).

Studies in the last years indicate that during type 2 diabetes progressions there is a progressive remodeling of

the islet architecture. The consequences of these modifications are only partially understood.

Therefore, the aim of the work was to characterize further this islet remodeling and to correlate modification in
islet composition with fasting glucose plasma (FGP), metabolic and hormonal parameters. We focus in
particular on 6 cells. Information about the 6-cell number and function in diabetes is limited and whether these
cells are also involved in diabetes pathogenesis remains unclear. Yet, several evidences support this hypothesis

(Ludvigsen et al., 2004; Hauge-Evans et al., 2009; Patel et al., 1985; Vieira et al., 2007).
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Given the anatomical and functional differences existing between human and rodent islets, the study was

performed on baboons (Papio hamadryad). Humans and non-human primates share important physiological

MOUSE BABOON HUMAN

FIG. 1: Islets of Langerhans from mouse, baboon and human. Double immunofluorescence stainings highlighting the
different organization of mouse, baboon and human islets of Langerhans. Insulin-positive B-cells are in red while
glucagon-positive a-cell are in blu. Humans and non-human primates share a similar islet composition and architecture.
White scale bar: 50 um.

and pathological similarities (comprising a similar islet composition and architecture, figl) and baboons are an
interesting model of spontaneous obesity, insulin resistance and T2D (Chavez et al., 2009; Chavez et al., 2008;

Guardado-Mendoza et al., 2009; Kamath et al., 2011).

In the present study, islet cell composition was analysed in 40 baboons obtained from a large cohort of animals
that had FPG concentrations measured in the last year of their lives. Baboons were stratified in 4 groups
according to their FPG levels, ranging from normal glucose tolerance (Group 1 or G1) to T2DM (Group 4 o G4)
and the relative volumes of islet of Langerhans” -, a- 8-cell component and amyloid deposits were measured
in pancreases. The relationships between changes in islet cell composition and FPG, clinical, biochemical and

metabolic parameters were investigated.

INTRODUCTION

FPG increased linearly from G1 to G4, however, only baboons of G4 showed the classic diabetic phenotype
characterized by i) increased plasma glucagon, FFA and cholesterol levels; ii) decreased fasting plasma insulin
levels and jii) dramatically impaired B-cell function as calculated by HOMA-B. Islet volume/size did not vary
significantly from G1 to G3, while it showed a significant increase in G4. Relative to islet remodelling, it was
found that amyloidosis preceded the decrease in B-cell volume (50% in G4). As detected in human diabetic
subjects, a-cell volume increased ~50% in G3 and G4 (p<0.05), while &-cell volume decreased in these groups
by 31 and 39%, respectively (p<0.05). Coherently with this islet remodelling, in the G4 group, glucagon levels

were higher, while insulin were lower than in the other groups.
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These data indicate for the first time a reduction in &-cell mass, the objective of my work was to verify whether
this reduction was due to delta cell death. We focus on apoptosis, the prevalent mechanism of islet of

Langerhans cell death in rodent models of diabetes and in human diabetic subjects.

METHODS

To identify apoptotic cells we performed triple immunostainings of pancreatic sections derived from baboon
with exert diabetes (G4) and from control animals (G1). Two different markers of apoptosis were used: TUNEL
(DeadEnd™ Fluorometric TUNEL, Promega) assay; anti-cleaved caspase 3 (Aspl75, CC-3). The DeadEnd™
Fluorometric TUNEL System measures the fragmented DNA of apoptotic cells by catalytically incorporating
fluorescein-12-dUTP at 3-OH DNA ends using the Terminal Deoxynucleotidyl Transferase, Recombinant, enzyme
(rTdT), which forms a polymeric tail using the principle of the TUNEL (TdT-mediated dUTP Nick-End Labeling) assay.
The fluorescein-12-dUTP-labeled DNA then can be visualized directly by fluorescence microscopy or
guantitated by flow cytometry. Cleaved Caspase-3 (Asp175) Antibody detects endogenous levels of apoptosis
revealing the large fragment (17/19 kDa) of activated caspase-3 resulting from cleavage adjacent to Asp175.

This antibody does not recognize full length caspase-3 or other cleaved caspases.

To identify B and 6&-cells, sections were co-stained with antibodies against insulin and somatostatin,

respectively.

Confocal analysis Images were acquired at the confocal microscope. Islets were imaged with the confocal
LSM510 Meta system (Zeiss) with a x40 objective. To reduce the bleed through, confocal images were acquired
with a sequential acquisition setting, at 1024 x 1024 pixel resolution. The fluorophores (FITC, TRITC, and Cy5)
are all commonly used for triple immune-stainings and the bleed-through for these fluorophores is negligible
when sequential scanning is used. Background signal caused by nonspecific binding was subtracted from “test”

images.

Apoptosis quantification. To quantify the % of apoptotic cells in each section, the number of CC3-positive and
TUNEL-positive delta or beta cells was counted in a total of 100 somatostatin-immunoreactive 6-cells and 100
insulin-immunoreactive B-cells in three different animals from each group, on two different pancreas sections.
Cells were counted in sequence, in different islets, until the number of 100 beta and 100 delta cells was

reached. Statistical evaluation was performed using the unpaired t test.

RESULTS AND DISCUSSION
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In G4 diabetic pancreas, the number of d-cells is greatly reduced as compared to G1 control pancreas. To
explore the possibility that d-cell reduction was due to apoptosis we triple stained G1 and G4 sections with
TUNEL and hormones (insulin and somatostatin). In triple immunofluorescence experiments, several TUNEL-
positive apoptotic cells were identified in G4 diabetic pancreas but not in normal control pancreas (Figure 5 of

the paper). Co-staining with hormones revealed that they were insulin positive but also somatostatin positive.

To further confirm the presence of apoptotic 3-cells, we also performed triple immunofluorescence stainings
with a different marker of apoptosis, the anti-cleaved caspase 3 antibodies, in G1 and G4 pancreas. In diabetic
pancreas, we could detect the presence of caspase-3 positive/insulin positive cells as well as caspase-3
positive/somatostatin positive cells, i.e. apoptotic somatostatin producing d8-cells (Figure 2). Apoptosis of beta

and delta cells was also confirmed by immuno-electron microscopy using an anti-somatostatin antibody.

aclL
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Fig 2: Delta cells in pancreas section fromT2DM baboon are positive for the apoptotic marker anti-cleaved
caspase 3 (CC-3). Triple immunoflucrescence staining showing apoptotic beta and delta cells in control (¢, d) or T2D
(a, b) baboons. Apoptotic cells were stained with anti-cleaved caspase 3 (CC-3) antibody. To discriminate between
beta and delta cells, islets were stained with anti-insulin (red) and anti-somatostatin (blue) antibodies. (e) Negative
control (secondary antibodies only). (f) T2D pancreas section stained with anti-CCL3 antibody only. Representative
somatostatin and insulin cells are shown at high magnification (x 2,5). Arrowheads indicates CC-3 positive cells
present in pancreas of T2D baboens; * indicates non-specific staining(scale bar= 30um a-f, bar = 10 um in the
particular shown at high magnification)

Overall, our data reinforce the evidence that amyloid deposition is an early event in islet pathology in baboons.

In particular, given that amyloidosis starts before the reduction in B-cell volume, our data suggest that it is an

127



important cause of beta cell death in non-human primates, as well as in humans (Butler et al., 2003; Guardado-

Mendoza et al., 2009; Jurgens et al., 2011; Westermark and Westermark 2013).

In diabetic baboons, changes in islet composition correlate also with increased alpha cells and decreased 6-cell
volume. The decrease in 6-cell volume was due to 6-cell death by apoptosis as showed by immunostaining with

TUNEL and caspase 3.

This indicate that in baboons alpha cells are resistant to various conditions of beta cell stress, and that delta
cells are also involved in the islet remodelling that occurs in type 2 diabetes (Ludvigsen et al., 2004; Hauge-
Evans et al., 2009 Di Cairano et al., 2011; Federici et al., 2001; Fontés et al., 2010; Soejima and Landing 1986;
Menge et al., 2011)

. The decrease in & cell volume and number, together with our data revealing apoptosis not only in B cells but
also in & cells, allowed us to provide for the first time the direct evidence of ongoing 6- cell death in type 2

diabetes.
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Abstract

Aims/hypothesis The cellular composition of the islet of
Langerhans is essential 1o ensure its physiological function.
Morphophysiological islet abnormalities are present in type 2
diabetes but the relationship between fasting plasma glucose
(FPG) and islet cell composition, particularly the role of delta
cells, is unknown. We explored these questions in pancreases
from baboons (Papio hamadryas) with FPG ranging from
normal to type 2 diabetic values.

Methods We measured the volumes of alpha, beta and delta
cells and amyloid in pancreatic islets of 40 baboons (Group 1
[G1]: FPG<=4.44 mmol/l [n=10]: G2: FPG=4,44-5.26 mmol/|
[n=9]: G3: FPG=5.27-6.94 mmol/l [n=9]; G4: FPG>
6.94 mmol/l [#n+12]) and correlated islet composition with
metabolic and hormonal variables, We also performed confo-
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cal microscopy ncluding TUNEL, caspase-3, and anti-caspase
cleavage product of cytokeratin 18 (M3() immunostaining,
electron microscopy, and immuno-electron microscopy with
anti-somatostatin antibodies in baboon pancreases.

Results Amyloidosis preceded the decrease in beta cell volume.
Alpha cell volume increased ~50% in G3 and G4 ( p=<0.05),
while delta cell volume decreased in these groups by 31% and
39%, respectively ( p<0.05). In G4, glucagon levels were
higher, while nsulin and HOMA index of beta cell function
were lower than in the other groups. Immunostaining of G4
pancreatic sections with TUNEL, caspase-3 and M30 showed
apoptosis of beta and delta cells, which was also confirmed by
immuno-electron microscopy with anti-somatostatin antibodies.
Conclusions/interpretation In diabetic baboons, changes in
islet composition correlate with amyloid deposition, with in-
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creased alpha cell and decreased beta and delta cell volume
and number due to apoptosis. These data argue for an impor-
tant role of delta cells in type 2 diabetes,

Keywords Alphacell - Amyloid « Apoptosis - Baboon - Beta
cell « Deltacell - Islet of Langerhans - Islet remodelling -
Non-human primates - Papio hamadryas - Type 2 diabetes
mellitus

Abbreviations

CAST  Computer assisted stercology toolbox

CC-3  Anti-cleaved caspase 3 (Asp175) immunostaining
FPG Fasting plasma glucose

FP1 Fasting plasma insulin

IFG Impaired fasting glucose

M30  Anti-caspase cleavage product of cytokeratin |8
NGT  Normal glucose tolerance

Introduction

Plasma glucose levels are tightly regulated by the islets of
Langerhans in concert with insulin target tissues. Islets have a
complex multi-cellular structure, containing insulin-secreting be-
ta cells, glucagon-secreting alpha cells, somatostatin-secreting
delta cells. pancreatic-polypeptide-secreting PP cells and
grehlin-secreting epsilon cells, Physiological interactions bet-
ween these different cell types are essential to ensure appropriate
islet function, and changes in islet architecture have functional
implications [1-7]. Compared with rodent islets, human and
baboon islets contain proportionally fewer beta cells and more
alpha cells [8-11], In rodents, endocrine non-beta cells are con-
fined to the isket periphery (mantle) while befa cells arc concen-
trated in the centre (core) [12], In sharp contrast, the vast majority
of human and baboon islets do not have a core-mantle structure,
as the beta cells are intermingled with alpha and delta cells
throughout the islet and all the endocrine cells have equivalent
acoess to blood vessels [8—10], Therefore, human and baboon
alpha and delta cells may exert a stronger paracrine control of the
adjacent beta cells than those of rodents,

Islet compositicn undergoes profound changes in humans
and non-human primates with type 2 diabetes, with a 50-70%
reduction in beta cell mass and a variable absolute or relative
increase in alpha cell numbers [ 13, 14], which account for the
defective insulin secretion and the hyperglucagonacmia that
are distinctive features of the disease [15-17]. However, stud-
ies of islet cell composition in humans have the following
limitations: (1) they are necessarily performed on autoptic
pancreases obtained 48-72 h post mortem when autolysis
causes cell damage: (2) the vast majority of studies have com-
pared non-diabetic vs diabetic subjects and have not examined
islet composition in different stages of glucose intolerance; (3)

the different glucose-lowering regimens represent an addition-
al confounding factor {18, 19]: and (4) most of the studies do
not show correlations between morphometric and
biochemical/functional variable parameters.

Delta cell fate in the diabetic pancreas is presently un-
known, even though these cells may be more important than
commonly thought [2-4]. A heterocellular region in which
alpha, delta and beta cells are in close proximity has been
described in the islets of all species and is believed to function
as a pacemaker for the entire islet under the control of the delta
cells [2, 3, 20]. However, information about delta cell number
and function in diabetes is limited and whether these cells are
also mvolved in the pathogenesis of diabetes remains unclear.
Nevertheless, several lines of evidence support a role of delta
cells in the pathogenesis of diabetes. Somatostatin receptors
are present on both alpha and beta cells {21], and somatostatin
secreted by delta cells paracrinally controls alpha and beta cell
function [22, 23], Major physiological insulin secretagogues
such as glucose, arginine and glucagon-like peptide-1 (GLP-1)
also regulate somatostatin release |22-28]. Finally, transgenic
mice depleted of delta cells (Ss¢ ' mice) show enhanced insu-
lin and glucagon release in response to nutrient stimuli (22,
suggesting that delta cells exert a tonic inhibitory influence on
insulin and glucagon secretion and are implicated in nutrient-
induced suppression of glucagon secretion,

Baboons are an interesting model of spontancous obesity,
insulin resistance and type 2 diabetes in humans [29-33], In
the present study, we analysed the islet cell composition of 40
baboons obtained from a large cohort. The fasting plasma
glucose (FPG) concentrations of the baboons were measured
in the last year of their lives and the volumes of the islets of
Langerhans, beta, alpha and delta cells and amyloid deposits
were measured in pancreases. The relationships between
changes in islet cell composition and FPG, clinical. biochem-
ical and metabolic variables were investigated.

Methods

Study population The study was conducted in accordance
with the Principles of Laboratory Care in baboons that died
from natural causes, with similar age and weight and different
levels of FPG, (Group | [G1]: FPG<4.44 mmol/l [n=10]; G2:
FPG=4.44-5.26 mmol/ [n=9]; G3: FPG=5.27-6.94 mmol/l
[r=9]: G4: FPG=6.94 mmol1 [n=12]) selected from a large
cohort followed during the past 14 years (from 1994 to 2007)
at the Texas Biomedical Research Institute. Inclusion criteria
were: (1) older than 8 years; and (2) availability of pancreatic
tissue and clinical, anthropometric and laboratory measure-
ments. Forty baboons were included in the present work
(Table 1), Animals were fed ad libitum with a standard mon-
key chow (diet 503¥, Purina. St Louis, MO, USA ) and housed
in corrals where they performed unrestrained physical activity.
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Table 1 Clinical, biochemical and morphological charactenistics of the different groups acconding to glucose levels
Vanable Group 1 (FPG: Group 2 (FPG: Group 3 (FPG: Group 4 (FPG: P value
<444 mmol1) 4.44-526 mmoll) 5.27-6.94 mmol'l) =6.94 mmol1)

Baboons () 1o Q a9 12

(total N=40)
Age {years) 21.9+1.0 19.8=09 220+14 21.2+:09 0469
Sex (F/IM) 64 63 63 2 0.252
Weight (kg)

Females 17.8+2.1 15.5=0.7 19.5+£2.5 19.6+2.1 0.523

Males 26420 28512 27707 258430 0.755
FPG (mmol/f) 39840,11 4722007 STRL0LG 13, 104162 <0om
NEFA (mmol/1) 0.43+0,1 01.52=0.1 0.7340.1 1.240,3" 0,001
Log, insulin {pmol1) 11.2+02 11504 11.8+0.5 9.8+0.6° 0.024
Log, glucagon (ng/l) 110201 11.0£0.] 11.140.1 11.6+0.2" 0.002
Cholesterol (mmolil) 20402 26402 27402 35405" 0.003
Log. HOMA-B 63403 55404 51405 264047 <0.001
Log, HOMA-IR 76403 8.0£03 85+04 8303 0.064
Iskets volume %Wpancreas 32403 33404 39kl 4440615 0,002
Amyloid volume %ishets 12.9+4.6 19.126.3" 33.6+7.5™ 702+£527H 0.00)
Islet size (um’) 9.287+590 9204060 11,709+2.511 11,135+923"14 0.002
Beta cell volume/pancreas vol (%) 21202 19+02 19404 L0£03" 0.022
Beta cell volume/isles volume (%) 60.0+3.7 A4=56 S0.2+6.8 23744971 0.001
Alpha cell volume/pancreas volume (%) 0.58+0.1 0.57=0.1 0.90+03 0.80+0.1 0,190
Alpha cell volumeislet volume (%) 16,7410 18.3=28 269+50™ 240+19" 0.018
Delta cell volume/pancreas volume (%4) 0142001 0122001 0.08£0.02 009002 0.210
Delia cell volumeislet volume (%) 47406 44108 2.8+07 28+05" 0.050

" p=0.05 vs group |
' p<0.05 vs group 2
t Pp<0.05 vs group 3
F, fernale; M., male

Tissue processing Complete necropsies were performed on
all the baboons, approximately 6-18 h post mortem.
Pancreatic tissue from the body-tail region was fixed in 10%
neutral-buffered formalin, processed conventionally and em-
bedded in paraffin blocks. Sequential 5 um sections for each
baboon were stained with hacmatoxylin and eosin and Congo
red and immunostained with antibodies for insulin, glucagon
and somatostatin for evaluation of islets, amyloid deposits,
and beta, alpha and delta cell morphometry, respectively.
The detailed description of the automated immunohistochem-
istry, electron microscopy and immuno-electron microscopy
is available in the electronic supplementary material (ESM)
Methods section,

Morphological measurements The Computer Assisted
Stereology Toolbox (CAST) 2.0 system (Olympus, Ballerup,
Denmark) was used to perform all the microscopic measure-
ments of beta, alpha and delta cell and amyloid deposit vol-
ume using the stereology fundamentals previously described
and validated [31, 33-35]. The person who performed the

&) Springer

microscopic measurements (RGM) was blinded to the meta-
bolic status of each baboon and the reproducibility of the
CAST measurements was estimated twice in five specimens
with a coefficient of variation <5%.

Apoptosis assessment To identify apoptotic cells we
analysed pancreas sections derived from a total of eight Gl
{normal glucose tolerant [NGT]) and eight G4 (type 2 diabet-
ic) baboons, and three different methods were employed: (1)
TUNEL; (2) anti-cleaved caspase 3 (Asp175) immunostaining
{CC-3): and (3) anti-caspase cleavage preduct of cytokeratin
18 (M30). The detailed description of immunofluorescence
and confocal microscopy methods is available in ESM
Methods.

Apoptosis quantification in beta and delta cells To quantify
the percentage of apoptotic cells in each section, the number
of M30-positive and TUNEL-positive delta or beta cells was
counted in a total of 100 somatostatin-immunoreactive delta
cells and 100 insulin-immunoreactive beta cells in three
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different animals from cach group, blind, by two different
observers (SL and CP). Cells were counted in sequence, in
different islets, until the number of 10X beta and 100 delta
cells was reached. Statistical evaluation was performed using
the unpaired f test,

Analytical measurements Blood glucose was measured
by the glucose oxidase method with the SYNCHRON
CX System (Beckman Coulter, Brea CA, USA), insulin
levels by RIA (Linco Research, St Louis, MO, USA),
glucagon by RIA (Euro-Diagnostica AB, Malmo,

<444 mmad/|

4.26 mmoll
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Fig. 1 Morphological slet abnormalities i baboons with progressive
increases in ghucose kevels. (a—d) Progressive decrease in beta cell vol-
ume (insulin immunochistochemistry); (e-h) progressive increase in alpha
cell volume (glucagon immunohistochemistry k; and (1) shight decrease
in delta cell volume (somatostatin immunohistochemistry). All micro-
graphs show a progressive increase in amyloid severity according to

Sweden) and NEFA concentrations were determined
using the fluorometric method.

Calculations Insulin resistance (HOMA-IR) and beta cell
function (HOMA-B) were measured as previously described
[36]).

Statistical analysis Data are presented as means £SEM,
ANOVA with Bonferroni correction was used as a post hoc
test for comparisons between more than two groups when
normal distribution was confirmed and Kruskal-Wallis or

>6.94 mmol!

Al MM IITABA 684

Glucose (mmold)

CAdd AREM EITR0A SEM

Glucose (mmolf)

Delta cell vol.Aslet vol. (%) O
?
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glucose levels (final mugmification =40), Quantitative representation of
the dysfunctional islet remodelling in the progression to type 2 diabetes:
beta, alpha and delta cell and amyloid volumes per islet (m—p) and per

sreas (g=t) according 1o glicose levels in baboons, *p<0.05 vs Gl,
p<0.05 G3 vs G, 'p<0.05 vs all groups
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log transformed values were used for those with a skewed
distribution, confirming a normal distribution after the log
transformation, Bivariable correlations were evaluated with
Pearson’s correlation coefficient. A p value of <0.05 was con-
sidered statistically significant.

Results

Clinical, biochemical and metabolic characteristics Clinical,
anthropometric, biochemical and metabolic data, as well as
islet volumes, in the four groups are shown in Table 1. FPG
increased linearly from G1 to G4: however, only baboons in
the G4 group showed the classic diabetic phenotype
characterised by: (1) increased plasma glucagon, NEFA
and cholesterol levels; (2) decreased FPI levels; and (3) dra-
matically impaired beta cell function as calculated by
HOMA-B. NEFA, cholesterol and HOMA-IR levels tended
to increase from G1 to G3, while HOMA-B tended to de-
cline even though these changes were not statistically signif-
icant. In addition, islet volume and size did not vary signif-
icantly from G1 to GG3, while they showed a significant
increase in G4,

Islet cell composition and amyloid deposition Islet cell
composition and architecture i the four groups is shown in
Fig. 1. Figure la-| are representative islets in pancreatic sec-
tions stained for insulin (a—d), glucagon (¢-h) and somatostat-
in (i-1). Figure Im-p are the volumes per islet of beta (m),
alpha (n), delta cells (0) and amyloid deposits (p); the same
data expressed as the percentage of the entire pancreatic area

Fig. 2 Cormrelations between () a
amyloid severity and plasma 30
glucose level (R 0.5275,
p<0.001, 95% CI); (b) amyboid
sevenity and beta cell volume/islet
volume (R 07679, p<0.001,
95% CI1y; (¢) amyloid seventy and

Glucose (mmoll)

are shown in Fig. 1q—t. Amyloid volume showed a striking
linear increase from G1 to G4 (Fig. Ip, t). The progressive
increases in amyloid deposits were not paralleled by signifi-
cant changes in beta cell volumes that were in fact similar in
G1and G2, shightly decreased in G3 and dramatically reduced
only in G4, Alpha cell volumes increased from G1 to G3
where they reached high statistical significance. but did not
increase further in G4 (Fig. In. r). The volume of
somatostatin-secreting delta cells was similar in G1 and G2
but showed a remarkable decrease (~41%) in G3 and G4
(Fig. lo, s).

Correlation between severity of amyloid deposition, FPG
and islet cell composition The analysis of the correlation
between the severity of amyloid deposition, FPG levels and
volumes of the three islet cell types is shown in Fig. 2. As
expected. amyloid severity showed a linear positive correla-
tion with FPG (Fig. 2a, R* 0.5275, p<0.001) and an inverse
correlation with beta cell volume (Fig. 2b. R? 0.7679,
p=0.001). By contrast, amyloid deposition and alpha cell vol-
ume showed a positive correlation (Fig. 2¢, R* 0.1416,
p=0.05). Finally, the correlation between amyloid deposits
and delta cell volume was, similarly to the bet cells, also
negative (Fig. 2d, R” 0.1493, p<0.05).

Correlation between beta cell volume and biochemical and
metabolic variables The relationship between FPG levels
and beta cell volume was negative and hyperbolic (Fig. 3a,
R* 0.5428, p<0.001). Beta cell volume also correlated in-
versely with NEFA levels (Fig. 3b, R® 0.2351, p<0.001) and
positively with FPI levels and beta cell function calculated

Beta cell vol./istel vol. (%) O

alpha cell volume/islet volume e
(R* 0.1416, p<0,08, 95% CI); and A
(d) amylowd sevenity and delta cell o -
volume/isket volume (R 0.1493, H 20 40 60 80 100 9 20 40 60 8 100
p<0,05, 95% CI) in baboons Amyloid saverity (%) Amylcid severity (%)
c d
35, — 15+
F 70 = 1
3. 3
g 5 104 e
2 % 2 |-
g 3 § . ®
54
B2 3 R
§ 10 % 4 L o — .
04 8 9 | L v )
0 20 40 80 80 100
Amyloid severity {%) Amyloid saverity (%)
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Fig. 3 Correlation between (a)
beta cell volume/isket volume and
plasma glucose level (RY 0.5428,
p<=0.001); (b) beta cell volume!
islet volume and plasma NEFA
level (log) (R 0.2351, p<0,001,
935%% C1); (¢) beta cell volume/islet
volume and plasma insulin level
(log.) (R* 0.2946, p<0.001, 95%
CI); (d) beta cell volume/islet

o

Log, NEFA (mEg1)

volume and log. ITOMA-B (&% 0 20 40
0.6092, p=<0.001, 95% CI); and
(€) log. HOMA-B and plasma
log. NEFA (R 0.2451, p=0.01,
95% Cl) in buboons

o

Log, Insulin

Bata cell vol.fisiet vol. (%)

6 8 100 0 2 40 60 & 100

with HOMA-B (Fig. 3c, R® 0.2946, p<0.001: Fig. 3d, R*
0.6092, p<0,001). HOMA-B was inversely correlated with
NEFA levels (Fig. 3¢, R® 0.2451, p<0.01).

Correlation between FPG and NEFA levels and volumes
of alpha and delta cells The correlations between FPG and
alpha and delta cell volumes were not significant (Fig. 40, b).
Conversely, delta cell volume was inversely correlated with
log. NEFA, suggesting a potential toxic effect of increased
levels of NEFA, which are observed in G3 and (G4 animals
in delta cells (Fig. 4c, R” 0.1926, p<0.05). Delta cell volume
positively correlated with beta cell volume (Fig. 4d, &*
0.2110, p<0.01).

Correlation of plasma glucagon levels and beta, alpha and
delta cell volumes Plasma glucagon levels did not correlate
significantly with either beta or alpha cell volume (ESM
Fig. |4, b), while glucagon levels showed a significant inverse
correlation with delta cell volume (ESM Fig. 1c, R® 0.2696,
p<0.01),

0 2 40 60 80 100
Beta cai vol./isiet vol. (%)

Pancreatic delta and beta cell apoptosis To explore the
mechanisms involved in the reduction of both delta and beta
cell volume we performed a TUNEL assay on pancreatic sec-
tions obtained from G1 and G4 baboons. In triple immunoflu-
orescence experiments with antibodies against hormones,
~5% of delta and ~3.5% of beta cells were TUNEL positive
(apoptotic) in G4 diabetic pancreases (Fig, Se, f, h, L, k, 1),
compared with control non-diabetic pancreases (Gl group)
where no apoptotic delta cells (p<0.05) and beta cells
( p<0.005) were observed (Fig. 5d, g, |, m).

To confirm the presence of apoptotic delta cells in
diabetic pancreases, in both Gl and G4 pancreases we
also performed double label immunohistochemical and
triple immunofluorescence staining with antibodies di-
rected against two additional apoptotic cell markers:
M30 and CC-3 antibodies.

In G3 and G4 diabetic pancreases, the volume and the
number of somatostatin-producing delta cells was greatly re-
duced compared with G1 control pancreases (Fig. 1k, | and
ESM Fig. 24, b).
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Fig. 4 Corvelation between (a)
alpha cell volume/slet volume 404
and plasma glucose (R 0.04, p=
.22, 95% CI); (b) delta cell

volume/ister volume and plasma
glucose (R 0.058, p=10.16, 95%
Cl); (¢) log. NEFA and delta cell
volumeistet volume (R” 01926,
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haboons
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We observed M30-positive islet cells that were somatostat-
in negative, likely corresponding to insulin-positive beta cells
as previously demonstrated [31] (ESM Fig. 2¢, d, e). Using
double label immunohistochemistry we were able to quantify
that in diabetic pancreatic islets ~3% of delta cells (Fig. 5m
and ESM Fig, 2f) and ~2% of nsulin-producing beta cells
were positive for the M30 antibody (i.e. apoptotic cells).
Conversely, in non-diabetic pancreases (G1 group) no apopto-
tic delta cells (p<0,001) or beta cells ( p<0.001) were ob-
served. These findings confirm and reinforce the data obtained
by TUNEL (Fig. 5m). Finally, consistent with the data obtain-
ed by TUNEL confocal microscopy and M30 immunchisto-
chemistry, we could also detect both insulin/CC-3-positive
beta as well as somatostatin/CC-3-positive delta cells in G4
(type 2 diabetes) islets of Langerhans (ESM Fig. 3). The num-
ber of delta cells per islet area in a subset of baboon pancreases
was decreased by ~30% in baboon pancreases from G3-4
animals (ESM Fig. 4).

Immunoelectron microscopy While deita cells of G1 ba-
boons were well preserved (Fig. 6a, b and ESM Fig. 5¢), in
G4 animals, delta cells showed the typical large and uniformly
electron-dense secretory granules encircled by a tightly fitting
membrane and were immunoreactive for somatostatin, but
also presented signs of degeneration. such as pycnotic nuclei
and cytoplasmic vacuoles, which are typical features of apo-
ptotic cells (Fig. 6¢, d and ESM Fig. 5d).

Electron microscopy At the ultrastructural Jevel, the pres-

ence of increasing amyloid deposits was associated with signs
of cellular injury, including intracellular vacuoles and
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pyenotic nuclei involving mainly beta cells, but also delta cells
in G3 (impaired fasting glucose [1FG]) and G4 (type 2 diabet-
ic) animals, while alpha cell morphology was unaffected by
amyloidosis in G4 animals (Figs 7b, ¢, d and 8b, f). The
degenerative/pro-apoptotic ultrastructural characteristics ob-
served in beta and delta cells were also consistent with the
decreases in beta and deita cell volume in diabetic animals,

Discussion

Several studies have shown that the pancreases of subjects
with type 2 diabetes display a severe beta cell deficit due to
increased beta cell apoptosis [16, 17, 37, 38], and normal or
increased alpha cell number [3, [3-15, 19]; interestingly, the-
se alterations are also present in diabetic and insulin resistant/
obese baboons [31, 33]. However. little is known regarding
islet cell composition in prediabetic conditions such as IFG
and impaired glucose tolerance [16]. We believe that another
important unresolved question is related to the function and
fate of the delta cells in type 2 diabetes, To learn more about
these issues, we analysed the islet cell composition in the
pancreases of baboons stratified into four quantiles of FPG
levels spanning the NGT, IFG and type 2 diabetes ranges
(G1-G4: Table 1).

We already reported that FPG levels in baboons are linearly
correlated with islet amyloidosis [31]. In the present study, we
confirm this finding by showing that as little as 0.83 mmol/l of
FPG increase is associated with a significant increase in amy-
loid deposits that, remarkably, precede the changes in beta cell
volumes (Fig. 1p). In fact, beta cell volumes were identical in
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Negative control

v 5d

TUNEL

M30 TUNEL

Somatostatin
Fig. § Tnple mimunofluorescence staining showing apoptotic beta and
delta cefls in baboons with type 2 diabetes. To reveal the presence of
apoptotic cells, o TUNEL assay was performed in pancreas sections from
controls (a, b, d, g j) and two different G4 baboons with tyvpe 2 diabetes
(c.e, f b L K 1) (a) Negative control {secondary antibodies only); (b, €)
TUNEL assay; (d-1) triple rmmunofluorescence staming with TUNEI
(green), insulin (red) and somatostatin (blue). Representative TUNEL-
positive somatostatin-labelled cells are shown at high magnification
(#2.5) m (g=i). Representative TUNEL-positive insulin-lsbelled cells
are shown at high magnification (»2.5) in (j=1). TUNEL-positive nucles

were detected in a fraction of somatostatin-positive cells (blue

G1 and G2, decreased in G3 but without reaching statistical
significance, and fell dramatically only in G4 (Fig. Im). These
data further strengthen the evidence that amyloid deposition is
an carly event in islet pathology in baboons and that amyloid-
osis is an important cause of beta cell death in humans, non-

human primates and other species [16, 31, 38, 39],

Insulin

asrowheads) and m msulin-positive cells (red, arows). only in the pan-
creas of baboons with type 2 diabetes (a~fi scale bar, 20 wm and g-4;
suatle bar, 10 pm), Quantification of apoptotic defta and beta cells detected
both TUNEL and M30 assay m nonmnal and diabetic baboons 15
in (m), The number of M30-positive and TUNEL-positive delta or

usim

shows

beta cells was counted i a total of 100 somatostatin: or msubin-mmuno-

N

reactive cells in three different baboons tor each group. Black bars, type 2
diabetic pancreas (G4); white bars, control pancreas (G1), Data are
expressed as means£SD, "p<0,05; **p<0.01; ***p<0.001 type 2 dia

betes vs relative control

Similarly to the beta cell, the alpha and delta cell volumes
also did not change significantly between G1 and G2, Alpha
cell volume increased sharply in G3 (Fig. 1n), while delta cell
volume showed a remarkable decrease in this group (Fig. 10)
['hus. alterations in alpha and delta cell composition seemed

to occur earlier than changes i beta cell volume, In G4, alpha
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Fig. 6 Immunogokd electron
microscopy showing a normal
delta cell with the classical
trumpet-like shape in a control G
baboon; (a} scale bar 2,000 nm
undd (b) scale bar 1,000 nm. The
nucleus is well preserved and in
the cytoplasm there are numerous
secretory grimules. At higher
magnification (b), secretory
granubes are immunostamed with
an anti-somatostatin antibody and
an anti-somatostatin gold-labelled
antibody, In G4 baboons (¢, scale
bar 1,000 nm), the delta cell
shows signs of degeneration
mcluding pycnotic nucleus and
cytoplasmic vacuoles. At higher
magnification (d, scale bar

500 nm), secretory granules are
mmmunostained with an anti-
somatostatin antibody and an
anti-somatostatin gold-labelled
antibody

Fig. 7 Example of o normal islet in control pancreatic tissue (G1 animal),;
islet cells are all well granulated, do not show any sign of degeneration
and amyloid fibnils are absent (a, scale bar 5 um). Example of mild insular
amyloidosis (G2 animal): some amyloid fibrifs are accumulated in extra-
cellular spaces (asterisks) and some cells show signs of degenention (pre-
pycnotic nucke: [arow | and faint cytoplasmic vacuolisation) (b. scabe bar
5 pm). Moderate amylosdosis (G3 animal ) numerous amyloid fibnls are

&) Springer

accumulated in extracellular spaces (asterisks) and cells show signs of
degeneration, scarce secretory granules and numerous cytoplasmic vacu-
oles and Iysosomes; (¢, scale bar 5 um). Severe amyloidosis (G4 anmmal):
amyloid deposits are accumulated in both extracellular spaces (asterisks)
and cell eytoplasm (tangle), as better shown in the mset. Some cells
show significant degeneration. cytoplasmic condensation and vacuola-
tion; d, scale bar 5 um)
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Fig. 8 In a control baboon, beta
(n, B, scake bar 2,000 nm), alpha
(¢, e scale bar 2,000 nm), and
delta (e, &, scale bar 2,(00) nm)
cells are well granulsted and show
normal nuclei, In a baboon with
type 2 diabetes, beta (b, scale bar
S um) and delta (f, scale bar
1,000 nm) cells show signs of
degeneration including pyenotic
nucher and large cytoplasmic
vacuoles. while alpha cells (d,
scale bar 5 pum) show nonmal
features. In the insets of figures
(¢) and (f), secretory granules are
immunostained using anti-
somatostatin antibody and an
anti-somatostatin gold-labelled
antibody

and delta cell volumes did not change further as compared
with G3. This and previous studies indicate that in humans
and baboons, alpha cells are resistant to various conditions of
beta cell stress, and that delta cells are also involved in the islet
remodelling that occurs in type 2 diabetes {20, 21, 40-44].

It has been suggested that metabolic stress and type 2 dia-
betes in mice can result in beta cell dedifferentiation into a
progenitor-like stage followed by the conversion of a subpop-
ulation of dedifferentiated beta cells into alpha cells [45].
Similar results have been shown in primary human beta cells
that, when incubated in vitro under conditions of stress, loose
insulin granules and transdifferentiate into alpha cells [46].

There is little information about delta cell fate in diabetes,
but previous studies reported increased delta cell volumes in
type 1 diabetes [47] as well as in type 2 disbetes [19] and in

diabetes associated with cystic fibrosis [43]. Delta cell expan-
ston has been interpreted as a compensatory adaptation to
hyperglucagonaemia, These studies, however, have the limi-
tation of being performed on a small number of subjects and in
the presence of severe beta cell depletion, so that apparent
delta cell hyperplasia might be relative to beta cell loss rather
than absolute.

Furthermore, together with the evidence of reduced delta
cell volumes, we here provide for the first time the direct
evidence of ongoing deita cell death in type 2 diabetes,
Confocal microscopy examination of control (G1) and G4
pancreatic tissues triple-stained for insulin, somatostatin and
TUNEL showed that apoptotic delta cells were absent in
pancreases from G1 baboons but present in those from G4
baboons (Fig. 5). Electron microscopy and immune-¢lectron
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Fig. 9 Proposed dysfunctional
ishet remodelling in the natuml
history of type 2 diabetes. As
glucose levels and amyloid
deposits progressively increase,
different anatomical and
physiological changes accur in
beta, alpha and delta cells leading
to a dysfunctional sslet
remodelling and progression
type 2 diabetes, IAPP, islet
amyloid polypeptide

microscopy analysis of G4 baboon pancreases showed
somatostatin-positive delta cells with ultrastructural degener-
ative features and fragmented pycnotic nuclei (Fig. 6 and
ESM Fig. 5). Morcover, double immunohistochemical and
triple immunofluorescence studies showed co-localisation of
somatostatin and the apoptotic markers M30 and CC-3 in islet
delta cells of diabetic baboons (ESM Figs 2, 3). The evidence
that amyloid severity is inversely correlated to delta cell vol-
umes (Fig, 2d) may suggest that delta cells, like beta cells, are
also sensitive to amyloid toxicity. In contrast to beta cell vol-
ume (Fig. 3a), delta cell volume did not show a clear negative
correlation with FPG (Fig. 4b). Nevertheless, similarly to beta
cell volume, delta cell volume correlated inversely with NEFA
levels (Figs 3b and 4c¢). Thus, delta cells appear resistant to
glucose-toxicity but sensitive to lipotoxicity [4X]. In spite of a
slightly different sensitivity to hyperglycaemia, amyloid and
NEFA, beta and delta cells share a common fate as their vol-
umes are positively correlated with each other (Fig. 4d). Owing
10 the known negative paracrine effect of somatostatin on alpha
cell secretion, loss of delta cells (in concert with the relative or
absolute increase in alpha cell volume) can also play a role in
insulin and glucagon secretory changes associated with type 2
diabetes, This possibility is supported by evidence that fasting
glucagon concentrations are inversely correlated to delta cell
volume (ESM Fig. Ic). Finally, a decrease in delta cell number
(considering the negative paracrine effect of somatostatin on
insulin secretion) could be viewed as a compensatory adapta-
tion in a situation of beta cell deficiency.

We would like to propose that as glucose and amyloid in-
crease within the islet, dysfunctional islet remodelling occurs that
involves not only beta and alpha cells, but also delta cells (Fig. 9).
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In conclusion, additional studies should be carried out 1o
confirm the loss of delta cells in human type 2 diabetes and to
explore the molecular mechanisms involved, and to investi-
gate novel therapeutic options directed at preserving not only
beta cells. but also delta cells.
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2) TIRFM e GFP-sonde pH-sensative to evaluate Neurotransmitter Vesicle Dynamics in

SH-SY5Y Neuroblastoma cells: cell imaging and data analysis

Published on Jove, January 2015

AIM and INTRODUCTION

This article purpose was to optimize a TIRF microscopy protocol for vesicles dynamic evaluation and analysis.
The protocol was initially thought to study the mechanisms of neurotransmitters release from neuroblastoma
cells but can be applied to all the membrane trafficking mechanisms that provide the fusion of intracellular
vesicles with the cell surface, such as for example the study of constitutive membrane trafficking and release of

pancreatic hormones.

Gentic studies have provide many evidences of the proteins involved in vesicle dynamics however their specific
contribution to the phenomenon remains to be clarified (Sudhof 2004). Our understanding of synaptic proteins
involvement in exocytosis, endocytosis and recycling is limited by the fact that the most extensively used
assays for exo/endocytosis are not always the most appropriate. Numerous studies related to vesicle fusion
and dynamics rely on electrophysiological techniques. This approach provides an optimal temporal resolution
and is excellent for investigating the initial fusion of vesicles to the plasma membrane but is unable to detect
many of the underlying molecular events. Electron microscopy, on the other side, provides the optimal
morphological description of each singular step, but the dynamic aspect of the event cannot be captured,
because samples must be fixed before the analysis. The advent of new optical recording techniques (Denk and
Svoboda 1997; Helmchen et al.,, 1999), in association with advances in fluorescent molecular probes
development (Tsien,1998; Matz et al., 1999; Ribchester et al., 1994), enables the visualization of exocytic

processes in live cells, thus providing new levels of information about the synaptic structure and function.

In this context the optical technique that provides the necessary spatio-temporal resolution to follow vesicle
dynamics at the plasma membrane is total internal reflection fluorescence microscopy (TIRFM), an application

of fluorescence microscopy.

Total internal reflection occurs at the interface between the glass cover-slip and the sample. When the light
path reaches the glass cover-slip with an incident angle larger than the critical angle, the excitation light is not
transmitted into the sample but is completely reflected back. Under these conditions, an evanescent light wave
forms at the interface and propagates in the medium with less optical density (the sample). As the intensity of

the evanescent field decays exponentially with distance from the interface (with a penetration depth of about
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100 nm) only the fluorophores in closest proximity to the cover-slip can be excited while those further away
from the boundary are not. In cells transfected with GFP-constructs, this depth corresponds to proteins
expressed on the plasma membrane or in vesicular structures approaching it. As fluorophores in the cell
interior cannot be excited, the background fluorescence is minimized, and an image with a very high

signal/background ratio is formed (Sankaranarayanan et al., 2000).

Several characteristics make TIRFM the technique of choice for monitoring vesicles dynamics. The perfect
contrast and the high signal-to-noise-ratio allow the detection of very low signals deriving from single vesicles.
Chip-based image acquisition in each frame provides the temporal resolution necessary to detect highly
dynamic processes. Finally, the minimal exposure of cells to light at any other plane in the sample strongly

reduces phototoxicity and enables long lasting time-lapse recording (Mattheyses et al., 2010).

METHODS

The method requires the growth of cell, like SH-SY5Y, as adherent cells; the transfection of them with specific

probes, such the synapto-pHluorin, and the TIRFM technique.

The Cells. The SH-SY5Y human neuroblastoma cells were proposed as a valuable model for studying
neurotransmitter release at the single-vesicle level by TIRFM, because they are sufficiently flat to allow stable
visualization of membranes and fusion events in TIRFM mode (particularly in the cell body) and vesicles are
relatively dispersed. Additionally this type of cells are easy to handle, to maintain in culture and to transfect
with the constructs of interest and are therefore a good starting point for the optimization of this type of
analysis. In the protocol we suggest the PEI, which is the basis of most commercially available transfection

agents and alone acts as a very low cost effective transfection vector.

Probes. In cells transfected with GFP-constructs, the TIRF procedure can reveal the dynamics of proteins
expressed at the plasma membrane or in vesicular structures approaching it. The advanced application of this
technique is the use of pH-sensitive variants of the Green Fluorescent Protein (GFP) (pHluorin) tethered to
luminal vesicles proteins (Miesenbock et al., 1998). These probes are normally switched off when present in the
vesicles, because of the low luminal pH. After fusion with the plasma membrane, the vesicle interior is exposed
to the neutral extracellular space, the pH abruptly increases, relieves the proton-dependent quenching of
pHluorin and the fluorescent signal rapidly appears. As the change in pHluorin is faster than the fusion event,
by monitoring fluorescence increases, vesicle fusion with the membrane can be measured and analyzed.

Because surface pHluorin-tagged molecules are endocytosed, the fluorescence signal subsequently returns to
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basal level, therefore the same construct may be used also to monitor vesicle recycling (Miesenbdck et al.,

1998).

In this work | have contributed to the samples preparation (cell culture and transfection), in video acquisition
by TIRF microscopy, and together with my lab team and my tutor, Carla Perego, in the development of a macro

for data analysis.

CONCLUSION AND DISCUSSION

This paper presents a protocol to image and analyze vesicles dynamics in secreting cells, using fluorescent
cDNA-encoded vectors and TIRFM. Vesicles should ideally be dispersed in the cell so that their trafficking,
fusion and endocytosis can be imaged and quantified at single-vesicle level. TIRFM facilitates the collection of
information regarding processes that occur at or near the membrane in living cells and enables the analysis of
individual molecular events through detection of changes in the fluorescent signal derived from tagged

proteins that move in or out the evanescent filed.

This technique can be used in different cell types (neurons and endocrine cells) to visualize and dissect the
various steps of exo/endocytosis, to reveal the role of proteins and their pathogenic mutants in the regulation
of vesicle dynamics and to uncover the mechanisms of action of drugs targeting constitutive and regulated

exocytosis.
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Abstract

Synaptic vesicles release neurotransmitters at chemical synapses through a dynamic cycle of fusion and retrieval. Monitoring synaptic activity in
real time and dissecting the different steps of exo-endocyloss at the singlo-vesicle level are crucial for understanding synaptic functions in heaith
and disease.

Genstically-encoded pH-sensitive probes directly targsted to synaptic vesicles and Total Internal Reflection Fluorescencs Microscopy (TIRFM)
provide the spatio-temporal resolution necassary to follow vesicle dynamics. The evanescent field generated by total internal reflection can
only excite fluorophores placad in a thin layer (<150 nm) above the glass cover on which cells adhere, exactly where the processes of exo-
endocytosis take place. The resulting high-contrast images are |deally sulted for vesicle tracking and quantitative analysis of fusion events.

In this protocol, SH-SYSY human neurcblastoma cells are proposed as a valuable model for studying neurotransmitier release at the single-
vesicie level by TIRFM, because of their flat surface and the presence of dispersed vesicles. The methods for growing SH-SYSY as adherent
cells and for transfecting them with synapto-pHiuorin are provided, as well as how to perferm TIRFM and imaging. Finally, & strategy aiming to
select, count, and analyze fusion events at whole-cell and single-vesicle ievels s presented.

To validate the imaging procedure and data analysis approach, the dynamics of pHluorin-tagged vesicles have been analyzed under resting and
stimulated (depolarizing potassium concentrations) conditions. Membrane depolanzation increases the frequency of fusion events and causes
a parallel raise of the net fluorescence signal recorded In whole cell. Single-vesicle analysis reveals modifications of fusion-event behavior
(increased peak height and width). These data suggest that potassium depolarization not only induces a massive neurotransmitter release but
also modifies the mechanism of vesicle fusion and recycling.

With the appropriate fluorescent probe, this technique can be employed In different callular systems to dissect the mechanisms of constitutive
and stimulated secretion.

Video Link

The video component of this articia can be found at hitp://www.jove comividea/52267/

Introduction

Chemical synaptic transmission between neurons s a major mechanism of communication in the nervous system. It relies on the release
of neurotransmitiers through a dynamic cycle of vasicle fusion and retrieval at the presynaptic site. MdhmMnm
dynamics have been (dentified; however, their specific contribution to the phenamenon remains to be clarified’.

Our understanding Is partly imited by the fact that the most widely used assays for exolendocytosss are not always the most appropriate. Several
studies related 1o vesicle fusion and dynamics rely on electrophysiclogical technigues. This technique provides an optimal temporal resolution
and Is excellent for investigating the Initial fusion of vesicies to the plasma membrane but I$ unable 1o detect many of the underlying molecutar
events that support presynaptic function. Electron microscopy, on the other side, provides the finest morphological description of each singutar
step, but the dynamic aspect of the event cannot be captured, because samples must be fixed in order to be analyzed.

The advent of new optical recording techniques™>, in combination with advances in fluorescent molecular probes development™®, enable the
visuallzation of exccylic processes in fve cells, thus providing new levels of information about the synaptic structure and function,

Initial studies exploited activity-dependent styryl dyes (FM1-43 and related organic dyes)" Stnt&d—the-art imaging techmigques employ pH-
m}ﬁwmdﬁncmwmwmwﬁlumwmwumna!veudasmm These probes are normally switched
off when present in the vesicles because of the low luminal pH. After fusion with the piasma membrane, the vesicle interior is exposed to the

Copynght © 2014 Journal of Visualized Expenments November 2014 | | 52267 | Page 1 of 13
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neutral extracellular space, the pH abruptly increases, relieves the proton-dependent quenching of pHiuorn and the fluorescant signal rapidly
appears. As the change in pHiuorin is faster than the fusion event, by monitoring fluorescence increases, vesicle fusion with the membrane can
be measured and analyzed. Because surface pHiuorin-tagged molecules are endocytosed, the fluorescence signal subsequently retumns to basal
M.Mmhnmwnﬂmumybeumabommvwdomding'.

While the vesicie-lagged pH-sensor ensures the visualization onfy of those vesicies that really fuse with the piasma membrane, imaging at high
spatlal and temporal resolution |s required to describe in details the steps involved in the exo/endocylosis processes, The optical technique that
provides the necessary spatio-temporal resolution is total internal reflection fluorescence microscopy (TIRFM), an application of fluorescence
microscopy.
Total internal reflection occurs at the interface between the glass cover-slip and the sampie. When the light path reaches the glass cover-slip with
an incident angle larger than the critical angle, the excitation light is not transmitted into the sample but is completely reflected back. Under these
conditions, an evanescent light wave forms at the interface and propagates in the medium with less optical density (the sample). As the intensity
of the evanescent field decays exponentially with distance from the interface (with a penetration depth of about 100 nm) only the fluorophores in
wmwwummmmmemmmmmrmymuwmmm In celis transfected with GFP-constructs,
this depth comesponds 1o proteins expressed on the plasma membrane or in vesicular structures approaching it. Alﬂuotophuuhmqeel
interior cannot be excited, the background fluorescence is minimized, lnaanmgsmmavuytmmlbadvmmmﬁobfuﬂm‘

Several characleristics make TIRFM the technique of choice for monitoring vesicles dynamics. The perfect contrast and the high s 1
ratio allow the detection of very low signats denving from single vesicles. Chip-based image acquisition In each frame provides the temporal
resolution necessary to detect highly dynamic processes. Finally, monmaluposunofcaﬂshhgmmmyotherphmnhmwmw
reduces phototoxicily and enabies iong lasting time-lapse recording .

Ddawmmmmamtaw\gmgmma‘mdmmlque The simplest way to monitor vesicle fusion Is 1o measure

the accumulation of reporter flucrescent proteins at the call surface, over tima'. As fusion increases, net fluorescence signal increases as

well. Howaver, this method may underestimate the process, particularly in large celis and in resting conditions, because endocytosis and
photobleaching processes offsel the Increase in luorescence intensity due 10 vesicle exocylosis, An alternative method is to folow each single
fusion event'®. This latter method is very sensitive and can reveal important detais about the fusion mechanisms, However, it requires the
manual selection of single avents, because completely autormated procedures 1o follow vesicias and 1o register the fluctuation of their fluorescent
signals are not always available, Observation of vesidie dynamics requires sampling cells at high frequency. This generates a large amount of
data that can hardly be analyzed manually,

The proposal of this paper Is to optimize the TIRFM imaging technique for monitoring the basal and stimulated neurotransmitter release in the
SH-5YSY neuroblastorna cell line, and to describe, step-by-step, a procedure developed in the laboratory to analyze data, both at whole-cell and
single-vesicie lovels,

1. Cell Culture and Transfection

1. SH-SYSY cell culture
NOTF.-Thtmm:navommmwmnNMSH-SYSY(ATCC#CRL-&M)“. SH-SY5Y colls grow as a
mixture of floating clusters and adherent cells. Follow the instructions reported in the protocol (cell density, spiitting ratio, ete.) to have cells
that grow firmly attached to glass cover, which Is crucial for TIRFM.
1. Bafore starting, under the laminar flow biosafety cabinet, make the opportune volume of stenle phosphate buffer saline solution (PBS)
and culture medium
1. Make 50 mi of PBS with concentrations of 150 mM NaCl, 24 mM phosphate buffer, pH 7.4, Filter the solution,
2. Make 50 mi of cell medium from Dulbecco's modified Eagle medium (DMEM) with high glucose, 10% heat-inactivated fetal
bovine serum (FBS), penicillin (100 U/mi), streptormycin (100 ug/ml), L-glutamine (2 mM), and sodium pyruvate (1 mM). Fiter the
soluation.

Remove complete growth medium and wash the cells with 3 mi of PBS,

Incubate cefis with 2 mi of 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA) (for 6 cm Petri dish) for 5 min at 37 *C, 5% CO; and
detach cells using pipette.

Inactivate trypsin by adding 2 ml of DMEM, and collect cells by centrifugation at 300 x g for 5 min.

Remove the supematant, add 1 mi of DMEM to the pellet and pipette the solution up and down sufficiently to disperse cells into 8
single cell suspension.

Split them 1:4 in a new 6 cm diameter Petn dish containing 3 ml of complete medium. Maintain cells in culture in 6 cm diameter Petri
dishes, at 37 °C in a 5% CO; incubator. Sub-culture once a week or when they have covered 80 - 80% of the surface area,

2. SH-SY5Y cell plating for imaging
1. For TIRFM experiments, piate cells omo glass covers. Employ glass covers with 0,17 + 0.005 mm thickness and a 1.5255 + 0.00015
refractive index, Before stanting, prepare the glass coversips as follow:
1. Clean glass covers with 90% ethanol, ovemight.
2. Rinse them thoroughly in distilled water (three changes of distilled water). Dry glass covers in a drying oven.
3. Place covers in glass Petri dishes and sterilize in a preheated oven at 200 *C for 3 hr.

2. The day before transfection, place each coversiip in a 3.5 cm Petri dish, ada 1 ml of culture medium and Incubate at 37 °C In & 5% CO;
incubator.

S hxa LN
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3.

Trypsinize cefls as described in steps 1.1.3 - 1.1.5, suspand the call pellet in 1 mi of complete medium and count. Calculate the correct
volume of cell suspension 1o add to each Petr dish 1o yield 3 x 10° cells/wed, This density is required for optimal cell growth and
efficent transfection. Incubate at 37 °C in a 5% CO; incubator ovemnight.

3. SH-SYSYtransfection by polyethylenimine (PEI)
NOTE: To visualize synaplic vesicies dynamics, pCBS veclor containing synapto-pHiucrn has been used. The synapto-pHluorin has
been generated by in frame fusion of a pH-sensitive variant of the green fluorescent protein (GFP)'® and the vesicular membrane protein
synaptobrevin 2. The construct has been extensively employed to investigate synaptic vesicle properties within neurons®.

S or LN

Before starting transfection, make 10 mi of the following solutions. Keep the solutions as maximal as 1 month.
1. Make a 150 mM NaCl solution, Adust to pH 5.5 with 0,01 N HQ.
2. Make a PE| solution at 10% polyethylenimine (PEl; 25 kDa linear) in 150 mM NaCl solution, The pH of solution rises to 8.8.
Adjust pH to 7.8 with 0.01 N HCI.

24 hr after piating, remove the medium and refresh with 1.5 mi of compiete medium. Keep the cells at 37 °C, in a 5% CO; incubator.
Under the laminar flow biosafety cabinet, In & 1.5 mi microfuge tube, add 3 g of plasmid DNA to 25 pl of 150 mM NaCl solution and
100 pl of PE! solution per 3.5 cm Petri dish.

Vortex for 10 sec, then incubate the DNA/PEI mixture for 30 min at room temperature.

Carefully add the DNA/PE] mixture to the Pelri dish containing coverslips with cells and gently shake 10 equaly distribute the reagent in
the Patri dish.

After 4 hr change the madium and incubate the calls ovemight at 37 °C in a 5% CO; incubator. Perform Imaging experiments 24 - 48 hr
after transfection.

2. Cell Imaging by Total Internal Reflection Fluorescence Microscopy (TIRFM)

1. Imaging set-up

1.

Perform TIRF imaging with the set-up described In Figure 1. It comprises a motorized Inverted microscope (Figure 1, inset A), the
laser source (Figure 1, inset B) and the TIRF-slider (Figure 1, Inset C), Reach TIRFM llumination through a high numerical aperture
(NA 1.45 Alpha Plan-Fluar) 100X oll, immersion objective.
For TIRFM illumination, employ a multi-line (458/488/514 nm) 100 mW argon-lon laser. Using a mono mode fiber, introduce the linearly
polarized lase r light into the beam path, via the TIRF shider, Insert the TIRF slider inlo the luminous fleld diaphragm plane of the
reflected-fight beam path.

1. For wide field llumination, connect the microscope to a conventional mercury short-arc lamp HBO white light. A polarization-

maintaining double prism in the siider ensures the simultaneous combination of TIRF illumination and white light.

Filter the taser light with an excitation fiter (band width 488/10 nm) mounted on a filter wheed, introducad inlo the laser path. Employ a
high speed, software-controlled, shutter to allow fast control of laser ilumination. For pHivorin analysis, mount a band pass 52550 nm
emission filter. Caplure digial images (512 x 512 pixels) on a cooled Fast CCD camera with the Image ProPius software.

2. Achieving TIRF illumination (Figure 2)

2.

N & s 8

Tumn on the lasers, the computer, the camera, the filtar wheel, and the shutter controllers; then, wait 20 min before starting the
experiment as the lasers need to warm up and stabilize.
Before imaging, make the opportune volume of the following solutions.
1. Make 50 ml of Krebs (KRH) solution at 125 mM NaCl, 5 mM KCi, 1.2 mM MgSO04, 1.2 mM KH,PO,, 25 mM 4-(2-
Hydroxysthyl)piparazine-1-ethanesutfonic acid (HEPES) (buffered to pH 7.4), 2 mM CaCl,, and 6 mM glucose.
2. Make 10 ml of KCI-KRH solution (pH 7.4) at 80 mM NaCl, 50 mM KCi, 1.2 mM MgS04, 1.2 mM KH;PO,, 25 mM HEPES
(buffered to pH 7.4), 2 mM CaCl;, and 6 mM glucose.

Remove the glass cover with transfected cells and insert it in the appropniate imaging chamber. Assembie the chamber and add 500 ul
of KRH solution in the center of the glass.

Add of over the objective. Place the imaging chamber on the stage of the microscope and position the objective under the giass
coversiip, Position the safe cover over the sample,

In epifiuorescence mode, focus on the coverslip (upper surface) and choose transfected cells placed In the chamber center. Select
celis whose fluorescant signal can be clearly recorded using an exposure time below B0 msec.

Under software control, switch to TIRF @umination in fve mode.

To set the TIRF configuration, check the position of beam that emerges out of the objective, on the sample cover (Figure 2B). When
the beam is positioned In the centar of the objective lans (Figure 2A, left), a spot is visible in the center of the TIRF sample cover
(Figure 2B, left) and the cell is imaged in epifluorescence mode (several focus planes, high background fluorescence; Figure 2C,
left).

To reach the critical angle, move the focused spot in the Y direction (forward or backward, Figure 28, center) using the angle
adjustment screw on the TIRF slider (Figure 1, C). When the beam converges on the sample plane at an angle larger than the critical
angle (Figure 2A, right), the spot disappears and a straight, thin, focused line is evident in the middle of the sample cover (Figure 2B,
right).

To fine-tune the TIRF angle use the call sampie (Figure 2C). Watch the fluorescence image on the video, at this stage, an
epifiuorescence-like image is still visible. Gently, move the screw until TIRF condition is achieved: only one optical plane of the cell is in
focus (1.e, the plasma membrane in contact with the cover-siip), this results in a flat image with high contrast {Figure 2C, right).

3. Sample imaging
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1.

2,
3

Sat the single-channel time-lapse experiment. To minimize photobleaching, capture the image using low exposure time and high gain.
Appropriate exposure times are between 40 - 80 msec. Acguire images at 1 - 2 Hz sampling frequency. Vesicle kinetics may be better
appreciated sampling at higher frequency (10 Hz). The regular time of cbservation is usually 2 min.

Add 500 pl of KRH solution and record cells in TIRFM mode. This is the resting condition. Save the time sequential images.

Focus on the same cell and record under the same conditions of resting (laser power, time exposure, frame number). After five frames,
add 500 yl of KCI-KRH solution and keep KCl in the chamber. This is the stimutated condition; save the time sequential images.

3. Image Analysis and Data Processing

NOTE: To anafyze images, macros have been developed in the lab, based on existing functions of the image analysis software; simiar macros
are avallable online (URL provided in Table of Materials and Equipment),

1. Fluorescencs intensity quantification

1.
2.
3

Use a “Sequence fluorescence intensity” macro for fluorescence intensity quantification in a region of interest (ROI) of the image, over
the course of the movie.

Open the time-sequential images. Go 1o the macro menu and salect ‘Sequance fiuorescence intensity'. In the 'Analysis' window
appears “select the ROI™,

Choase one of the sefection 1ools in the menu to create the RO, Place 3 ROIs in regions of the celi membrane without spots
(background ROI). Employ this *background ROI" to evaluate the photobleaching and to set the threshold for fusion event analysis
(Figure 3A),

2, mgmmwmmm

To evaluate the photobleaching, open the flucrescence Intensity rows “background ROIs", (Figure 3Ba). Normalize the fluorascence
Intensity values in each frame to the Initial intensity value (FO) (F/FO) (Figure 3Bb). Average the values.

Highlight the average data and create a line plot using the chart menu options.

From the data analysis menu, select “trendiing” (o open the plot analysis dialog. Select the type of regression, Set "exponential’
regression. Then select “display equation on chart”, In the graph window, the exponential equation appears and the parameter values
are automatically assigned, (Figure 3Bc).

Apply the exponential correction to the intensity values in each frame as follow:

Fn {comected) = Fn / exp(-n * a)

Fn = experimental fluorescence intensity measured at framen; n = number of frames; a = bleaching factor (constant that expresses the
rate of intensity loss due to photobleaching; Figure 38d).

To set the threshold, open a normalized and correcied "background ROI™, calculate the average fluorescence signal and its standard
deviation (SD). The average value plus 3 SD represents the threshold (Figure 3Be). Use this threshold for data analysis,

3. Selection of fuslon events using a semiautomatic procedure

2

6,

Open the time-sequential images with image analysis software. Apply a Gausséan filter to the active image sequence.
Analyze images using the ool “count objects” or 8 macro which allows the selection of an object whose pixels have average
fluorescance intensity within a defined range. Set the intensity range manually, using the threshold function (go to the bar menu, set
measura — threshold to highlight the area of interest). An adequate threshold is 30% over the local fluorescent background signal.
Apply a macro “Filters obyects™ to select only objects meeting the following criteria:
1. Apply ranges option (min and max inclusive) for aspect. Aspect reports the ratio between the major axis and the minor axis of
the ellipse equivalent to the object. Aspect is always 21. Adequate values are min = 1, max = 3,
2. Apply ranges for dameter. Diameter reports the average length of the diameters measured at two degree intervals joining two
outine points and passing through the centroid of the object. Set the range in pixels (or in um, if using a calibrated system).
3. Define the optimal range in preliminary experiments: select manually the spots of interes? and then measure their diameter using
the plot profile function.

Select “display objects™. selected objects will appear superimposed to the TIRFM image (Figure 4B).

Include in the analysis only those spots that show a short (one 10 three frames) transient increase In Nuorescence intensity, iImmediatety
foliowed by a8 marked loss of signal (transient spots). Employ the circular selection to create a RO! approximately one-spot dameter
radially around the selected vesicle/spots (experimental ROls). Perform this step manuatly.

With the ROIs selected, calcufate the average flucrescence intensity of each ROI over the course of the movie,

4. Mmﬂm(ﬂmsc-o)

“en

Export the time-course of the fluorescence changes measured In each "expenmentsl ROI™ to 8 spreadshest; (Figure 3Da). Normalize
the intensity value in each frame (o the initial fluorescence intensity (F/FD), (Figure 3Db).

Apply the exponential corection to the intensity values in each frame as reporied in step 3.2.4 (Figure 3Dc).

To caiculate the total number of fusion events (peak number), the time each fuslon occurs (peak width) and the amplitude of fluorescent
peak (peak height and AUC) apply logical functions using spreadsheet or math packages. An example of fusion event analysis using
logical formulas is reported in Figure 3Dd and 3De.

Assume the Increase of fluorescence intensity exceeding the threshold (average background flucrescence intensity + 3SD) as vesicle
fusion to the plasma membrane and the resulting peak as a fusion event.
msmmmmmnmmmuammw:mmmmMptymmfon/(mpung
frequency). Consider this value as the time of vesicle fusion and adhesion at the plasma membrane before vesice

recycing (Figure 3De).

Calculate the whole-cell AUC as a sum of vaiues over threshold. Consider this value as net fluorescant change during the recording
time due to the spontaneous (resting) or evoked (stimulated) synaptic activity.
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7. Calkulate the peak height as the difference between the maximal y value of each peak and the threshold. Consider this value as
Indicative of the fusion lype (single vs. simultanecus/sequential fusion or transient vs, full fusson).

Representative Results

The TIRF imaging and data analysis procedures described are designed to study vesicles dynamics in ceflular systems. This technique can

be used to determine the effects of signaling molecules and drugs on fusion events and neurotransmitter vesicle dynamics''. Using GFP-
tagged plasma membrane proteins, the TIRFM anaiysis has been employed to characterize the constitutive trafficking of GFP-tagged glutamate
transporters in gial and epithetal cells'*®.

To validate the imaging procedure and data analysis strategy reported, fusion events have been recorded under basal and stimulated conditions
(potassium-induced depolarization), in SH-SYSY neuroblastoma cells transfected with synapto-pHiuorin. (Video 1, 2, respectively). Two different
analyses have been performed: whole-cell (Figure 4) and single-vesicle analyses (Figure 5).

Whole cell anatysis measures the total number of fusion events in the cell and the resulting net fluorescence changes induced by stimulation. In
Figure 4, synapto-pHluorin transfecied celis are recorded under resting and stimulated conditions (KCI stimulation), using the same experimantal
protocol (time exposure, laser power, ofc). Figure 4A shows that synapto-pHiuorin accumulates in fluorescent puncta scattered on the cell
membrane, As described in literature, a faint fluorescent signal is aiso present at the plasma membrane”; this signal is useful to Identify cells
to be imaged. In Figure 4B, spots selected by the automatic procedure described In the paper (section 3.3) are superimposed to the TIRFM
image reported in Figure 4A. Figure 4C shows the normaized fluorescent intansity profiles of selected spots under resting conditions. These
profiles reveal the presence of individual peaks of similar fiuorescent intensity that come out at various times during the recording and probably
corespond to vesicies that occasionally fuse with the membrane. Figure 4D shows the effects of KCI stmulation. As expected, depolarization
with 25 mM KC! elicits a prompt response and several very bright fluorescent puncta appear at the ceil membrane (Video 2). These puncta
cormespond to the ‘readily releasable’ pool of synaptic vesicles present beneath the plasma membrane. The time course analysis of fluorescent
changes measured in cormespondence of individual spols indicates the presence of peaks, of variabie luorescence intensity, that appear
suddenly after application of the secretory stimulus (Figure 4D and 4F). Results of whole cell analysis during the time of recording are reported
in Figure 4E-H. KCl stimudation causes a rapid marked increase in the number of fusion events (2.5 fold increase over resting conditions)
(Figure 4E-F) and in the resulting fluorescence infensity changes (9.3 fold increase over resting conditions) (Figure 4G-H), thus indicating
massive neurotransmitter release.

Single-peak anaiysis allows the characterization of single-fusion events (Figure 5). Figure 5A shows the sequential images of a representative
“experimental ROI" recorded under resting conditions. The particular highlights a synapto-pHiuorin labeled vesicle which fuses with the
membrane under the TIRF zone. Afier two frames, the fluorescent signal disappears, indicating probable vesicle refrieval and re-acigification,
The normalized flucrescence profile of the region of interest (Figure 58) measures an increase in the fluorescent signal In correspondence of
the spot appearance in the TIRF zone. Conversely, the fluorescence retums to basal level after spot disappearance (single peak average width
1.91 1 0.32 sec; average peak height 0.042 = 0.005 normalized fluorescence intensity). Figure 5C and 50 show the sequential images of an
“experimental ROI" recorded under KCI stimulation and the corresponding normaized fluorescence intensity profiles. Note the increase in the
maovement of vesicles in and out the TIRF zone after KCI depolarization,

40 fusion events have been selected and analyzed in resting and stimulated conddtions. The following parameters have been measured:
average peak AUC, peak width and height. Peak width specifies the time of vesicle fusion, attachment and endocytosis before re-acidification
and recycling, Figure 5G. Peak height measures the fluorescence intensity changes induced by vesicle fusion, Figure 5F. Changes in these
parameters are indicative of different exocytosis mechanisms. Single-peak analysis reveals that KC| depolarization modifies the mode of vesicle
fusion to the plasma membrane. Indeed, Increase in the average peak area (3.8 + 0.2 fold increase over resting conditions, P < 0.01 by paired
t-test, Figure 5E), peak height (2.75 £ 0.03 fold increase, P < 0.01 by paired 1-test, Figure 5F) and width (2.6 £ 0.5 fold increase, P < 0.05 by
paired t-lest. Figure 5G) are detected under stimulated conditions. Several explanations can be envisaged for these results. A possibility is that
KCI depolarzation causes the simultaneous and/or sequential fusion of vesicles in a constrained region of the cells. An altemative explanation
is that strong depolarization favors full fusion versus transient fusion. Under basal conditions, the prevailing mechanism is a transient fusion: a
fusion pore forms, the pH in the vesicle increases and the fluorescent signal appears, bul the pore immediately cioses, thus aliowing rapid re-
acdification and recycling. Under stimulated conditions, the vesicle completely fuses with the plasma membrane, the peak height and width
increase as recapture of membrane vesicle components, m-addiﬁcaﬁonmdmcym\g)mquuimabnwpoﬁod.Aainﬂarmdthasbnn
recently obtained analyzing synaptic-ike microvesicle axccytosis in endocrine -cells’
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Figure 1. TIRF microscope set up. Schematic view and image (inset) of the TIRF microscope sysiem. The sel up comprises the Axio Observer
Z1 motorized inverted microscope (A), a multi-ine 100 mW Argon-ion laser (B) and a TIRF-slider (C). The laser light (green line) and white light
(yellow line) are shown. Cells are imaged using a 100 x ol Immersion objective, Digital images are captured on a cocled RetigaSRV Fast CCD
camera. The reflector module, the emission (488/10 nm) and the excitation (band pass 525/50 nm) filters, the collimator (L1) and focusing (L2)
lens are indicated, Please click here (o view a lrger version of this figure,
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Figure 2. Getting TIRFM configuration. (A) Schematic cartoon illustrating the objective, the cover-slip, the sampie and the position of the laser
beam (blue line). Lef, the excitation beam travels directly through the cover-slip-sample interface, The sample 5 excited as in epflucrescence
mode. Center, the excitation beam forms with the sample an incident angle lower than the critical angle, the light illuminates the sample at a
variable angle. Right, the excitation beam forms an incident angle greater than the critical angle, the light is complieted reflected back into the
objective lens, and an evanescent field propagates in the sample. (B) Cartoon showing the sample cover and the position of the excitation
beam (blue circle), that emerges out of the objective, during the transition from epifluorescence (foff) toward TIRF llumination (right). (C)
epifiuorescence (ieft) and TIRFM (right) images of synapto-pHiuorin fluorescence in a live SH-SYSY cell. Scale bar: 10 um. Please click here to
view a larger version of this figure
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Figure 3. Data processing and analysis. (A) TIRFM image of synapto-pHiuorin fluorescence In a live SH-SYSY cell. The green square
Indicates a representative "background ROI". Scale bar 10 um. (B) Proposed workflow for background ROI. From top to bottom: a. time course
of flucrescence intensity changes measured in the background ROI, b. normalization of fluorescence changes to the initial flucrescence value (F/
FO). c. application of the exponential regression; d. correction for photobleaching, e. threshold evaluation (lransparent gray square). (C) TIRFM
image of synapto-pHiuorin fluorescence in a live SH-SYSY cell. The white square indicates a representative “experimental ROI". Scale bar 10
pm. (D) Proposed workfiow for expermental ROIL From top to bottom: a. time course of the fluorescence intensity changes; b. data normalization
to the initial lucrescence value (F/FO0); ¢. photobleaching correction; d-e. application of logical functions to detect peak number, AUC, width and
heighL. Please dick here to view a larger version of this figure
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Figure 4. Whole cell analysis. (A) TIRFM image of synapio-pHiuorin fluorescence in a live SH-SYSY cell. Cells are recorded under resting

and stimutated (25 mM KCi application) conditions (sampled at 1 Hz). Scale bar. 10 ym. (B) spots identified by the automatic procedure are
shown supenmposed (green color) on the TIRFM image. (C) Normalized fluorescence intensity profiles (F/F0) of spots selected by the automatic
procedura in the whole cell under resting conditions. (D) Normalized fiuorescence intensity profiles (F/F0) of selected spots under stimulated
conditions. The bar over the traces indicates KCI application. (E-H) Number of events and fluorescence intensity changes recorded in the whole
cell under resting (blue) and stimutated (red) conditions. (E) Histograms showing the total number of fusion events recorded In the cell. (F)
Temporal distribution of fusion events. (G) Histograms representing changes (Total AUC) In pHIiuorin fiuorescence intensity occurring In the
whole-cell, (H) Curves showing the cumulative pHiuorin fluorescence intensity changes as a function of time. Please click here 1o view & larger
version of this figure,
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Representative TIRFM sequential images (every 2 sec) of a ROl showing & synapto-pHluorin labeled vesicle. ROl = 40 x 35 pixals. (B)
Normalized fluorescence profile (F/70) of the ROI shown in A. The biack asterisk indicates a fusion event, the threshold line is shown. (C) The
same cell is recorded under stimuated conditions (25 mM KCI), representative TIRFM sequential images of a ROI are shown. KCI application (s
Indicated by the yellow asterisk. (D) The normalized fluorescence profile of the region shown in C highlights the amival (in) and disappearance
(out) of vesicles. Black asterisks indicate fusion events, the threshold line Is shown. (E-G) properties of single-vesicie avents recorded under
resting (blue bar) and stimulated (red bar) conditions. n = 40 fusion events, (E) Loft, peak area (AUC) Is indicated by light blue; right, histograms
of average peak areas, "p<0.01. (F) Leff, peak height () is indicated by a double-headed armow; center, histograms of the average peak height;
**p < 0.01, right, peak height specifies the fusion machanism. The star in the cartoon Indicates synapto-pHiuorin. (G) Left, peak width s indicated
by a double-headed arrow; center, histograms of the average peak width; *p < 0.05; right, peak width specifies the time of vesicle exocytosis,
attachment and endocylosis. The star color is green when synapto-pHivorin fuorescence is visible and gray when i is switched-off, Please click
here to view a larger version of this figure
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Video 1. SH-SY5Y ceflis expressing synaplo-pHiuvorin are recorded under resting conditions (sampled at 1 Hz). Please click here (o view this
video.

Video 2. SH-SYS5Y cefs expressing synapto-pHIuorin are recorded under stimulated conditons (sampled at 1 Hz). KCI perfusion is indicated.
Please click here to view this video.

Discussion

This paper presents a protocol to image and analyze vesicles dynamics in secreting cells, using fluorescent cDNA-encoded vactors and TIRFM,
Key slements of successful imaging by TIRFM are the selection of the cellular model and cell transfection with genetically-encoded optical
Indicators of vesicle release and recycling,

TIRFM is ideally suited for cells growing adherent o a glass cover and sufficiently fiat to allow stable visualization of membranes and fusion
ovents. Vesices should ideally be dispersed in the cell so that theer trafficking, fusion and endocylosis can be imaged and quantified at single-
vesicle level. Unfortunately, neurons do not meet these crteria; they have irregular shapes, neurites which frequently cross over each other, and
vesicies fusion is prevalently concentrated in small reglons (active zones). For these regions s very difficuit to study vesicle dynamics by TIRFM
In primary cultures of neurons,

We demonsirate for the firs! time that the SH-SYSY human neuroblastoma cell line can be a valuabie alternative model to |
neurotransmitier release under resting and stimulated conditions, by TIRFM, Thuealllnar:asamwwmypem:wlulubwyw
thin processes, possesses enzymes for neurotransmitter synthesss, proteins of the synaptic machinery, and a regulated secretion. Furthermore,
it can be differentiated into a functionally mature neuronal phenotype in the presence of various agents, including retinoic acid, phorbol esters,
and dibutyryl cyciic AMP'#2_ Celis are sufficiently fiat 1o allow stable visuallzation of membranes and fusion events in TIRFM mode (particutarly
In the cell body) and vesicles are relatively dispersed. Finally, cells can be easidy transfected with plasmid encoding GFP-iabeled proteins or pH-
sensitive protein tags using different transfection reagents. In this protocol, PEI has been used to transfect the cells. This reagent constitutes
the basis of most commercially available transfection agents and alone acts as a very cost-effective transfection vector, A 20% efficiency of
transfection i3 expected using the above reporied protocol which Is adequate for single cell imaging.

While the avaiiability of different transfection reagents and procedures makes transfection almost a standard procedure in SH-SYSY and even
in primary neuronal cultures, care must be taken when recording, analyzing and interpreting TIRFM data. TIRFM facilitates the collection of
Iinformation regarding processes that occur at or near the membrane in living cells, and enables the analysis of individual molecutar events
through detection of changes in the fluorescent signal derived from tagged proteins that move in or cut the evanescent filed. However,

several factors can modify the fluorescent signals in this zone, without necessanlly implying exa/endocytic events, and this must be taken into
consideration when recording and analyzing data. Among these are morphological changes in the cell, particularly those conceming the plane in
focus under the evanescent fieid and fluorophore modifications duning recording.

Morphologica! Changes

mmhmmamnmtmmmmmmmdwmwnmmmm with the depth of 100 nm from

the glass Interface”’". This is a very thin zone and imperceptible morphological modifications are expected to change the cell plane in focus.
This particularly applies to newrons and cells that present several processes and exhibit pronouncad ruffling. In these cells, the membrane area
In contact with the cover-slip during recording is iregular and can rapidly changs, thus causing inaccurate evaluation of exocytosis. For this
reason, whenever possible, it is important 1o seloct the celluiar model of investigation. To limit cell movements can be heipful to coat glass-covers
with extracefiular matrix proteins or poly-l-lysine, However, one must keep in mind that these substrates may modify cell behavior and vesicle
dynamics,

Other possible sources of morphological modifications during recording are call stimulation, addition of solutions, and temperature changes,
Stimull able 1o induce massive vesicles release (Le,, KCl depolarization) often cause cell shrinkage which obviously modifies the cell surface
under the TIRF zone. It is therefore important to select accurately the type, concentration, and application time of the stimulus in preliminary
expenments.

The simple Introduction of solutions into the bath with a pipette, ndependently of the composition, may cause modification of cell morphology by
shear stress. To solve this artifact, add medium preferably using a perfusion sysiem, possibly connected with a vacuum pump to reduce noise.

Cell morphology and function are extremely sansitive to temperature variations due to experimental environment, medium addition and intense
laser lllumination. The temperature control in ive-cell imaging s normally achieved using incubators; small (stage-lop) and large (chamber)
incubators are available. The former are particutarly handy and well suited for the cbservation of cel cultures, the latier guarantee a constant
temperature of all devices inside the incubator, including a large part of the microscope, thus minimizing the focus drift resulting from temperature
gradient. In the absence of a temperature regulatory system, it is critical to equilibrate cells, live-cell imaging chamber, and solutions to room
temperature and to avoid long-lerm imaging experiments

Fluorophore

demnw"wyabohdmmmodﬁmdmmduﬂmm.Thenwlnwtambphuobleadrn”.
Pholobleaching is the photon-induced decomposition of a fluorophore. It generally causes a permanent loss of Buorescence and dimming

of the observed sample over tme. In TIRFM, only luorophares ciosed to the origin of the evanescent field can be photobleached and GFP-
tagged membrane proteins are photobleached because they reside in this field. The prevention of the fading of fluorescence emission intensity
is very important to obtain high-quality images, and obligatory for quantitative fiuorescance microscopy. With a reasonable approximation, for
a given molecule in a constant environment, photobleaching depends on the time and the cycle of exposure to the excitation source. In many
Instances, photobleaching follows a simple exponential decay function, which makes its assessment and its correction easier by performing
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wﬁolnoonﬁm” Different correction formulas/macros are available online {see Table of materials and equipments); in the protocol a simple
exponential function has been used,

There are several strategies 1o overcome photobleaching. A good strategy is to prevent photobleaching at the source, for example, using
fluorophores with high photostability. Unfortunately, right now, the choice of DNA-encoded probes is still limited. In this case, loss of activity
caused by photobleaching can be minimized during imaging acquisition, optimizing time-span of Ight exposure, the photen energy of the input
light and the frequency of samping.

When using pH-sensitive probes, a further source of fluorophore modification during recording is the pH shift in the medium. The Siquid volume
of the recording chamber s usually very low and drug application, cell activity and metabolism may modify the pH of the medium, particularly in
the liny valume between the cell and the surface of the coversip, This in tumn, changes the pHiuorin fluorescent signal, thus causing overlunder-
estimate vesicle release. For example, mmemybadnawmmmwammmwammmmm
in the extracefiular space, MUsMnglnmewmamnmnumqu

To avoid this problem, always use buffered solutions and mondor pessible pH modifications introduced by the established protocol, in preliminary
experiments. For a8 more accurate estimate of evoked vesicle release, when analyzing data, monitor the fluorescence signal In a region of the
cell surface without fusion events, and use modifications of the fluorescent signal within this region as adjustment facior.

In conclusion, a method for monitoring and analyzing vesicle fusion and dynamics has been described, This technique can be used in different

cell lypes (neurons and endocrine cells) (o visuaize and dissect the various steps of exolendocylosss, 1o reveal the role of proteins and their
pathogenic mutants in the reguiation of vesicle dynamics and to uncover the mechanisms of action of drugs targeting constitutive and regulated
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2015.

Moretti S, Di Cairano ES, Daniele F, La Rosa S, Bertuzzi F, Folli F, Perego C.(2015) The glutamate signalling in
islets of Langerhans: molecular mechanisms of modulation. Italian Physiological Society (SIF). Annual
Meeting of Young Researchers. Fiesole, 28-may-2015. (Oral communication).

Di Cairano ES, Meraviglia V, Ulivi A, Rosa P, Moretti S, Daniele F., Bertuzzi F, La Rosa S, Sacchi VF, Perego C.
Expression and function of the atypical purinergic receptor GPR17 in the endocrine pancreas. Physiological
Society. London, 2014.

C. Perego, F. Daniele, S. Marsicano, Moretti S, Di Cairano ES, MD. Cirnaru, M. Perez Carrion, G. Piccoli. Total
Internal Reflection Fluorescence Microscopy to unravel the impact of LRRK2/Park8 and its pathogenic
mutants on neurotransmitter vesicle trafficking. Section: Neurobiology and Neurophysiology. 65th
Congress of the Italian Physiological Society (SIF). Anacapri 30 September -2 October, 2014.

Perego C, Moretti S, Di Cairano ES, Mengacci D, Daniele F, Larosa S, Bertuzzi F, FolliF (2014). The glutamate
signalling in islet of Langerhans: molecular mechanisms of modulation. 64. Congress of the Italian
Physiological Society held in Portonovo in 2013 (21-sept-2014).(oral comuniction)

F. Folli, C. Perego, R. Guardado-Mendoza, S. Moretti, S. Larosa, G. Finzi, A. Davalli (2014). Remodeling
pancreatic island in type 2 diabetes: study in non-human primates. 25th Conference National Congress
Italian  Society of Diabetes. SID held in Bologna in 2013 (28-may-2014). URL:
http://www.siditalia.it/congressi/25-congresso-nazionale-2014.html. (oral comuniction)

Perego C, Moretti S, Di Cairano ES, La Rosa S, Bertuzzi F, Davalli AM (2014). Modulation of glutamate
signalling in human islets of Langerhans under hyperglycaemia. 25th Conference National Congress Italian
Society of Diabetes. SID “Symposium: molecular mechanisms of disease” held in Bologna in 2014 (28-june-
2014) (oral comuniction)

Di Cairano ES, V. Meraviglia, A. Ulivi, P. Rosa, S. Moretti, F. Daniele, F. Bertuzzi, S. La Rosa, V. Sacchi, C.
Perego (2014). Expression and function of the atypical purinergic receptor GPR17 in the endocrine
pancreas. Physiology Congress in London in 2014 (31-mar-2014) (oral comuniction)

Moretti S, Di Cairano E., Bertuzzi F, F. Folli , C. Perego . Signalling pathways responsible for the regulation
of the Glutamate Transporter 1 (GLT1/EAAT2) in pancreatic beta cells”. Iniziativa NEXT STEPS - La giovane
ricerca avanza". Universita degli Studi di Milano. Mercoledi 4 luglio 2014 ,Aula Magna, via Balzaretti, 9,
Milano. (Oral communication).

Moretti S, Di Cairano ES, F. Bertuzzi F, F. Folli, C. Perego. (2014) Signalling pathways responsible for the
regulation of the glutamate transporter 1 (GLT1/EAAT2) in pancreatic beta cells. Italian Physiological

Society (SIF). Annual Meeting of Young Researchers. Firenze, 01-may-2014. (Oral communication).
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Moretti S, E. Di Cairano , D. Mengacci , A. Davalli , F. Bertuzzi , F. Folli , C. Perego. (2013) “The glutamate
transporter GLT1 in islet of langerhans: molecular mechanisms”, NEXT STEP4 - La giovane ricerca avanza".
Universita degli Studi di Milano. Mercoledi 17 luglio 2013 , Aula Magna, via Balzaretti, 9, Milano. (Oral
communication).

Moretti S, Di Cairano E, Mengacci D, Davalli A, Bertuzzi F, Folli F and Perego C. (2013)The glutamate
transporter GLT1 in Islets of Langerhans: localization and function. Italian Physiological Society (SIF). Annual
Meeting of Young Researchers. Maggio 2013, Anacapri (oral communication).

Moretti S, Fino E, laquinto M, Di Cairano ES, Davalli A, Sacchi VS, La Rosa S, Bertuzzi F, Folli F and Perego C.
(2012) The Glial Glutamate transporter 1 is expressed by pancreatic B -cells and preserves their integrity by
controlling glutamate homeostasis in islet of Langerhans. Iniziativa "NEXT STEP3 - La giovane ricerca
avanza". Universita degli Studi di Milano. 26 giugno 2012. Milano. (oral communication).

Perego C, laquinto, Moretti S, Di Cairano ES, S. La Rosa, F. Bertuzzi, A. Davalli, F. Folli.(2012) Expression and
activity of the glutamate transporter GLT1 / EAAT2 in Type 2 Diabetes. 24th National Congress of the Italian
Society Diabetes. Section CO81 Molecular mechanism of phatology. conference held in Turin in 2012 (21-

may-2012). (Oral communication)

Professional Courses

Selected for the Advanced Imaging and Fluorescence Techniques, advance course of EMBL (European
Molecular Biology Laboratory) 28 Jun - 5 Jul 2014, Heidelberg (Germany) for researchers selected across
the Europe (one representative researcher from each European state).

Course of EXCEL of Informatics and Advanced Statistics. Universita degli Studi di Milano, Department of

Pharmacological and Biomolecular sciences, February 2013 and May 2014 (DiSfeb Department), Milano

Practical Course of Muse® Cell, Mini Flow Cytometry, which uses miniaturized fluorescence detection and
microcapillary cytometry to deliver single-cell analysis, which is highly quantitative. Universita degli Studi di
Milano, Department of Pharmacological and Biomolecular sciences, October 2013 (DiSfeb Department),
Milano

Practical Course of flow cytometers and FACS Aria, Universita degli Studi di Milano, Department of
Biosciences (Dbs) June 2014, Milano

Workshop on Safety. Universita degli Studi di Milano, Department of Pharmacological and Biomolecular
sciences (DiSfeb Department) January 2012, Milano

Course on the Management and Disposal of Toxic and Hazardous Waste. Universita degli Studi di Milano,
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Department of Pharmacological and Biomolecular sciences (DiSfeb Department)July 2013, Milano

Teaching and tutoring

2014-2015. Physiology of Integrated system. Two sections of Physiology laboratory for Students of
Pharmaceutical Biotechnology at the Department of Pharmacological and Biomolecular sciences (DiSfeb

Department), Universita degli Studi di Milano.

Provided scientific tutoring for graduating students in Pharmaceutical Biotechnology (I Level) and Drug

Biotechnology (Il Level) at DISMAB, Dept. of Molecular Sciences Applied to Biosystems, Universita degli Studi di

Milano.
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