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Abstract

Insulin is secreted from pancreatic islet B-cells and impaired insulin secretion is a hallmark of practically all
forms of diabetes. The release of insulin from pancreatic B-cells is regulated electrically, chemically, and
hormonally; and loss of regulation may lead to disease. There is evidence that islets are modulated by classical
neurotransmitters which control intracellular Ca* levels, excitability, and hormone secretion. Pancreatic islets
express a variety of receptors (e.g. adrenergic, muscarinic, glutamatergic, GABAergic, purinergic, serotonergic) and

each receptor has a different mechanism to regulate islet function and insulin secretion.

In this thesis paracrine and autocrine neurotransmitter regulation, by purinergic receptors and glycinergic
receptors, of human islet B-cells are investigated and the mechanism of action is studied. This work presents
evidence that P2Y1 receptors regulate f-cell activity and insulin secretion and that ATP acts as a paracrine signal in

a feed forward loop to further enhance insulin secretion.

The work presented here also demonstrates the expression and the mechanism of action of glycine
receptors in human B-cells. Evidence that glycine is secreted from B-cells, activates glycine receptors to increase
intracellular Ca?", and stimulates insulin secretion is demonstrated. The important role of glycine as an
autocrine/paracrine signal is also investigated in intact human islets. Network activity and the connectivity of

regions within the islet was demonstrated to be impaired by pharmacological inhibition of glycinergic receptors.

Finally, this thesis also describes a loss of neurotransmitter signaling (both by ATP and glycine) in type 2

diabetes consistent with the idea that autocrine signaling may become impaired in this disease state.
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CHAPTER 1

Introduction



ISLET BIOLOGY AND INSULIN SECRETION

In 1921, insulin was discovered by Frederick Banting, Charles Best, James Collip, and
John Macleod and by 1923 both Banting and Macleod were awarded the Nobel Prize in
physiology and medicine. This landmark discovery was immediately recognized for its lifesaving
treatment of diabetes, especially type 1 diabetes, and has helped countless people to date
(Williams, 1993). Following the work of these Canadian scientists, many other scientists have

continued to study insulin and the pancreas in search for cures for diabetes (Karamitsos, 2011).

Embedded throughout the pancreas are “islands” of endocrine organs called islets of
Langerhans. In an average human, a single pancreas contains ~ 500 000 to 1 000 000 islets and
each islet is ~50 to 200um in diameter (Hellman, 1959). The islets of Langerhans have been
extensively studied in various animal models and in humans (from cadaveric donors) and there
are several striking interspecies differences in the islet architecture. In rodent islets, a-cells are
usually found in the outer mantel of the islet and the B-cells are found in the inner core. Unlike
rodent islets, the a-cells and B-cells in human islets are heterogeneously mixed with the other cell
type with no clear structure. Interestingly, horse and cat islets are the opposite of mouse islets,

with a mantle of B-cells surrounding a core of a-cells (Steiner, Kim, Miller, & Hara, 2010).

Human islets consist of ~70% B-cells, 20% a-cells, <10% d&-cells, and <5% pancreatic
poly peptide (PP) cells (Cabrera et al., 2006). B-cells and a-cells receive the most attention not
only because they are the most abundant cell type but also due to their ability to produce and
secrete insulin and glucagon, respectively. Insulin and glucagon are critical for maintaining
glucose homeostasis and dysregulation of either of these hormones may lead to impaired glucose
homeostasis. The other cell types like the delta cells and PP cells also secrete important

hormones, such as somatostatin and pancreatic polypeptide, but their roles are not as clearly



understood. While the aforementioned are the canonical cell types, recent studies suggest there

are more subtypes of cells that have yet to be recognized.

Insulin is a hormone that is produced from B-cells in pancreatic islets of Langerhans and
it is the only blood glucose lowering hormone in the body. Insulin is a 51 amino acid protein that
is cleaved from proinsulin. Preproinsulin is cleaved to produce proinsulin in the rough
endoplasmic reticulum (RER) and later cleaved again in the Golgi apparatus to produce insulin.
The product from cleaving proinsulin into insulin by prohormone convertase (PC1/3 and PC2) is
C-peptide. Since insulin is rapidly degraded, measuring C-peptide is equivalent to measuring
endogenous insulin secretion. Additionally, C-peptide is measured because many individuals
with diabetes inject exogenous insulin. Thus measuring plasma insulin levels does not accurately
measure the insulin secreted from the islets. Insulin is packaged as hexamers with zinc in
secretory large dense core vesicles (LDCV). A single B-cell contains >10000 LDCV's (Rorsman
& Renstrom, 2003; Rosengren et al., 2012) however, not all vesicles are exocytosed upon
stimulation. Granules are separated into at least 2 groups, the readily releasable pool and the
reserve pool (Neher, 1998). Insulin-containing vesicles need to be trafficked to the cell
membrane, docked to the release site, and primed for granule exocytosis (Barg, Lindqvist, &

Obermuller, 2008; Gandasi et al., 2017).

Under physiological conditions, blood glucose levels rise after ingestion and digestion of
a meal. Insulin is secreted from the B-cells in the islets of Langerhans in response to the rise in
plasma glucose levels to promote glucose uptake and storage in peripheral organs such as the
liver, muscles, and fat. Insulin secretion is biphasic; the first phase is a rapid spike followed by
second phase which is a gradual increase in insulin. Furthermore, insulin secretion is pulsatile

and reports suggest a period of 5-15 mins between insulin oscillations (Lei et al., 2018; Satin,



Butler, Ha, & Sherman, 2015). These oscillations in insulin allow efficient insulin signalling in
tissues, particularly the liver, by preventing insulin receptor desensitization (Hori, Kurland, &

DiStefano, 2006; Peiris, Stagner, Vogel, Nakagawa, & Samols, 1992).

DIABETES MELLITUS

Diabetes is one of the largest global health emergencies and it is reaching epidemic
proportions. No country is immune to diabetes and its economic burden. According to the World
Health Organization, diabetes ranks 7" in global mortality; responsible for 4 million deaths in
2017 alone. It is estimated that 425 million people worldwide had diabetes in 2017 and will rise

to 628 million in 2045.

Diabetes mellitus is a multifaceted disease that results in hyperglycemia in the blood due
to impaired insulin secretion and/or impaired insulin signaling. Chronic hyperglycemia increases
the risk of developing other life-threatening complications such as neuropathy, cardiovascular
disease, nephropathy, and retinopathy. Since blood sugars fluctuate over the course of the day,
glycated haemoglobin (HbAlc) is used as a marker of average blood glucose levels. If the
HbAlc is greater than 6% (or 42mmol/mol) then the patient is diagnosed with diabetes. There
are several classifications of diabetes mellitus with recent studies suggesting up to 5 categories
(Ahlqvist et al., 2018), however most patients are diagnosed as either type 1 diabetes (T1D) or
type 2 diabetes (T2D). Other forms of diabetes also include gestational, monogenic, and
maturity-onset diabetes of the young (MODY), however they are much less common. T1D is
known classically as an autoimmune disease where the immune cells of the body attack the -
cells. Following the autoimmune destruction of -cells, the resulting lack of insulin causes
hyperglycemia. The trigger causing T1D is still unknown, however insulin therapy and islet

transplantation are an effective treatment (Insel et al., 2015; Pugliese et al., 2014).



The most common form of diabetes is T2D, accounting for ~85-95 % of all cases. The
cause of T2D is still unknown and there is no cure. Treatment for T2D ranges from lifestyle
modification to drug therapy (e.g. metformin) to surgery (bariatric surgery). How T2D develops
is still fiercely debated, however, there are some key characteristics that are observed. Patients
have an increased demand for insulin, possibly due to an increase in insulin resistance associated
with obesity. Pancreatic islets compensate for the increased demand by secreting more insulin or
increasing B-cell mass to maintain blood glucose homeostasis. However, the increased demand
for insulin elevates B-cell stress resulting eventually in decompensation of the islet. Eventually,
the islet can no longer keep up with demand and fails to secrete adequate insulin resulting in loss
of glucose homeostasis. A distinguishing feature of T1D compared to T2D is the near absence of
circulating insulin due to the lack of insulin producing B-cells. In T2D, while insulin may still be
insufficient, insulin is still secreted (in some cases, insulin is over-secreted). Interestingly, while
inadequate insulin and/or insulin resistance is a hallmark sign of diabetes, T2D is also
characterized by increased circulating glucagon, loss of first phase insulin secretion, and
impaired insulin pulsatility (Ashcroft & Rorsman, 2012; Porksen et al., 2002). When the
secretion of hormone becomes dysregulated, as seen in T2D, reduce circulating insulin and

increased circulating glucagon results in hyperglycemia (D'Alessio, 2011).

STIMULUS SECRETION COUPLING

Ca?* plays a critical role in the control of insulin secretion from B-cells. Fluctuations in
[Ca®"]; are finely tuned by the influx of Ca®* through channels (both voltage gated and ligand
gated) and [Ca?*]; stores. Glucose modulation of B-cell electrical activity, Ca®*, and insulin
secretion has been well studied in both humans and rodents islets (Gilon, Chae, Rutter, & Ravier,

2014; Rutter et al., 2017).



During fasting, pancreatic -cell electrical activity is mainly controlled by ATP sensitive
potassium channels (Katp). When circulating glucose levels are low, B-cell Katp channels remain
open to produce a large outward current. At non-stimulatory glucose concentrations, Katp
channels maintain B-cells near the equilibrium potential of K* (approximately -70mV),

preventing B-cell electrical activity.

During a meal, pancreatic B-cells take up circulating glucose through glucose transporters
(GLUT1 and GLUT3 in humans, GLUT2 in rodents (De Vos et al., 1995; McCulloch et al.,
2011)) and then metabolize the glucose to produce ATP through glycolysis and the tricarboxylic
acid cycle (Nicholls, 2016). The ATP:ADP ratio is essential in pancreatic islets as it is how [-
cells “sense” circulating glucose levels. When the ATP:ADP ratio increases, as a result of
glucose metabolism, ATP inhibits Katp channels which prevents the efflux of K* out of the cell.
Closure of Katp channels results in a buildup of positive charge resulting in a depolarization of
the B-cells and increased electrically activity (threshold is approximately -60mV) (FIG 1). This
depolarization triggers voltage sensitive Ca?>* channels (L-type and T-type in human (Braun et
al., 2008)) to open, allowing the influx of Ca®* into the cells. Ca*" then triggers soluble NSF
attachment protein receptor (SNARE) mediated fusion of insulin granules with the plasma
membrane resulting in the secretion of insulin from the cell (Ferdaoussi & MacDonald, 2017;
Rorsman & Ashcroft, 2018). The mechanism of granule fusion has been reviewed extensively
(Gaisano, 2014; Rorsman & Renstrom, 2003; Sudhof, 2012). Briefly, the increase in intracellular
Ca?" is sensed by synaptotagmin-7, which binds to the SNARE complex which allows fusion of

the granule to the plasma membrane.



Figure 1 Stimulus-secretion coupling

The mechanism of insulin secretion from pancreatic islet B-cells. A) In a state of fasting, there is
less glucose circulating in the blood, so less glucose is taken up into B-cells to be metabolized.
So Katp channels remain open which keep the B-cells hyperpolarized. B) After a meal, glucose is
taken up into the B-cells via GLUT and are metabolized in the mitochondria. The ATP produced
from metabolism then acts to inhibit the Katp channel, preventing the efflux of K* resulting in an
increase in membrane potential. Depolarization in B-cells activates VGCC and Ca?" flood into

the cell triggering insulin granule exocytosis.

R.Y. generated the image.



FIGURE 1

Glucose

y K*
VATP:ADP

Mitochondria

Glucose




NEUROTRANSMITTER IN ISLETS

Aside from glucose, other factors are known to regulate B-cell function and [Ca®*];. Many
neurotransmitters including GABA, glutamate, acetylcholine, serotonin, ATP, and histamine are
known to act on islets, as islets express their respective receptors. Islets are richly innervated by
neurons, particularly in rodent islets (Rodriguez-Diaz et al., 2011; Rodriguez-Diaz & Caicedo,
2014; Rodriguez-Diaz, Menegaz, & Caicedo, 2014), and these neurons signal to islets via
neurotransmitters. -cells are also known to secrete many neurotransmitters themselves, in an
autocrine fashion, to aid in signal propagation. While insulin is one of the main components in
the granule, Zn?*, Ca?*, glutamate, dopamine, and ATP are also stored in the granule. Insulin
granules are known to express vesicular nucleotide transporter (VNUT) (Geisler et al., 2013;
Sakamoto et al., 2014) and vesicular amino acid transporter (VIAAT a.k.a. vesicular
GABA/glycine transporter VGAT (Gammelsaeter et al., 2004)) that concentrate ATP and
GABA/glycine in granules respectively. For the purposes of this thesis, only signaling via

purinergic (P2X and P2Y) and glycinergic (GlyR) receptors will be explored.

PURINERGIC RECEPTORS

Purinergic receptors are a family of receptors that use purine nucleotides, ATP and ADP
(P2 receptors), and nucleosides, adenosine (P1 receptors), as extracellular messengers. The P2
receptor are further sub-divided into the P2X and the P2Y families which are ionotropic and
metabotropic receptors, respectively. The P2Y receptor is a G-protein coupled receptor (FIG 2)
that comprises 11 isoforms. P2Y receptors signal through Gq protein coupling to activate
phospholipase C to cleave phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl glycerol

(DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 then diffuses to the endopasmic reticulum to



activate IP3 receptors which increases intracellular Ca®* via release from intracellular stores
(Abbracchio et al., 2006) and finally stimulates insulin secretion. ATP is an endogenous ligand
for both P2X and P2Y receptors, while ADP and UTP are specific ligands for P2Y receptors

(Novak & Solini, 2018).
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Figure 2 P2Y receptor structure

Structure of P2Y1 receptors in complex with agonist MRS2500 (PDB : 4XNW). A) The crystal
structure of the G protein coupled receptor P2Y 1 was published in 2015 (D. Zhang et al., 2015).
The P2Y1 receptor illustrated as the teal cartoon structure, MRS2500 is illustrated as red spheres,
and the plasma membrane is in white with the phosphate head illustrated as a sphere and the lipid
tails as sticks. The extracellular domain (ECD) contains the binding site for agonists ATP and
MRS 2500. When the receptors is activated, the intracellular domain (ICD) interacts with PLC to
elicit downstream signaling. B) The residues that interact with MRS2500 are coloured in yellow
and labeled. Files were inserted into plasma membrane with Visual molecular dynamics (VMD)

(Humphrey, Dalke, & Schulten, 1996) and final visualization of the protein was done in PyMOL.

R.Y. generated the image.
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Figure 3 Proposed mechanism of glycinergic and purinergic signaling in islets

Glycinergic and purinergic receptor signaling in islets B-cells. Islet B-cells express GlyR (green)
which are activated by glycine (orange) circulating in the blood or by glycine autocrine signaling
from adjacent B-cells. Activation of the GlyR opens the channel causing CI" to leave the cells,
depolarizing the cell. VGCC (white) activate in response to the depolarization and Ca?* influx
causes insulin (black) secretion. Glycine is co-secreted with insulin and it can then act as a
positive feed forward loop to further stimulate insulin secretion. GlyTs (blue) are also expressed
on B-cells and they are responsible for clearing glycine and maintaining a low interstitial glycine
concentration. Glycine taken up by GlyTs are later stored in granules for later
paracrine/autocrine signaling. P2X receptors (purple) and P2Y (red) receptors are expressed on
human islets. P2X receptors are ionotropic receptors and activation by ATP (yellow) allows
cations (e.g. Ca®") to enter the cell which then stimulate insulin exocytosis from islets B-cells.
P2Y receptor are metabotropic receptors and use Gq protein coupling signal transduction. ATP
binding to P2Y activates PLC (tan) to cleave PIP2 into DAG and IP3. IP3 then activates [P3R
(dark blue) on the ER to release Ca?* from intracellular stores. Finally this increase in Ca?" again
stimulate insulin secretion. Like glycine, ATP is also co-secreted, and it will cause a positive

feedback loop.

R.Y. generated the image.
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The P2X receptor is a trimeric ligand-gated non-selective cation channel (FIG 3A) that
comprises 7 isoforms and may exist as either a heterotrimer or a homotrimer. P2X receptors
require the binding of 3 agonist molecules to activate (Gonzales, Kawate, & Gouaux, 2009;
Hattori & Gouaux, 2012; Kawate, Michel, Birdsong, & Gouaux, 2009; Mansoor et al., 2016).
The P2X receptor is found throughout the body including heart tissue (Jiang, Bardini, Keogh,
dos Remedios, & Burnstock, 2005), smooth muscle (Banks et al., 2006), platelets (Wareham,
Vial, Wykes, Bradding, & Seward, 2009), and neurons (Lalo et al., 2008). The action of P2X

receptors are diverse and mediate platelet activation, nociception, and smooth muscle

contraction. P2X receptors are non-selective cation channels that are permeable to Na* and Ca®*.

Each subtype of the receptors has slightly different kinetics, variable desensitization properties,

and even ion selectivity. In addition to acting as ion channels, some P2X receptors even facilitate

the passage of small molecules up to ~900 Da (Harkat et al., 2017; Karasawa, Michalski,

Mikhelzon, & Kawate, 2017; M. Li, Toombes, Silberberg, & Swartz, 2015).
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Figure 4 P2X receptor Structure

The Structure of P2X3 in the ATP-bound open state (PDB: 5SVK). A) The trimeric ligand gated
cation channel is illustrated as the cartoon structure, with each chain coloured as salmon, light
blue and light green. The plasma membrane is in white with the phosphate head illustrated as
spheres and the lipid tail illustrated as sticks. The agonist ATP is illustrated as a sphere with
phosphates in orange, oxygen in red, carbon in cyan, nitrogen in blue, and hydrogen in white. B)
A cartoon representation of the closed state and C) the conformational change to the open state.
Cartoons in B) and C) are adapted from Mansoor et al. (2016) (Mansoor et al., 2016) with
permission from Springer Nature. P2X3 is activated by ATP, P2X3 undergoes a conformational
change and ions enter the receptor from a pore on the side, before passing through the
transmembrane domain. D) The ligand binding site is located on the extracellular domain and
the residues that interact with ATP are coloured in blue. The residues that interact with ATP are;
LYS299, ARG281, LYS65, THR172, PHE174, SER275, ASN279. Files were inserted into
plasma membrane with Visual molecular dynamics (VMD) (Humphrey et al., 1996) and final

visualization of the protein was done in PyMOL.

R.Y. generated the image.
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ATP is a known neurotransmitter in pancreatic islets (Braun, Ramracheya, & Rorsman,
2012) and B-cells store ATP inside secretory granules (Petit, Lajoix, & Gross, 2009). The
secretion of ATP not only allows the cells within the islet to communicate with cells further
away, it also allows the cells to control pulsatility and oscillations in Ca?*. The ability of
purinergic receptors to change intracellular Ca?*, either influx of Ca** by P2X or release of Ca?*
from intracellular stores in P2Y, makes it ideal for synchronizing Ca®" oscillations and entraining
rhythmicity. In fact, ATP has been shown to synchronize Ca?" oscillations in the absence of cell

contact (Grapengiesser, Dansk, & Hellman, 2004; Hellman, Dansk, & Grapengiesser, 2004).

There has been controversy over the actions of ATP on insulin secretion (Petit et al.,
2009). In rodents, ATP was found to both stimulate and inhibit insulin secretion. Increasing
intracellular Ca?* level is known to increase insulin secretion, however, it is proposed that ATP
is rapidly degraded by ectonucleoside triphosphate diphosphohydrolases (NTPDases) to produce
adenosine, which signals through A1 receptors to inhibit adenylate cyclase, and therefore reduce
insulin secretion (Verspohl, Johannwille, Waheed, & Neye, 2002). While purinergic signaling
has been investigated by many groups in rodent models, only a few studies look at purinergic
signaling in human islets. Most notably, Jacques-Silva et al. (2010) show that human islets

express P2X3 and their activation stimulate insulin secretion (Jacques-Silva et al., 2010).

GLYCINERGIC RECEPTORS
The glycine receptor belongs to a family of Cys-loop receptors (X. Huang, Chen,
Michelsen, Schneider, & Shaffer, 2015). Other members of the family include the nicotinic

acetylcholine receptor cation channel (nAChR), serotonin type 3 receptor (5-HT3R), and GABA
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type A and C receptors (GABAAR and GABACR). The GlyR is a pentameric ligand gated anion
channel with a large extra cellular domain, a transmembrane domain, and an intracellular domain
(FIG 4A&B) (Du, Lu, Wu, Cheng, & Gouaux, 2015). The GlyR has both o and 3 subunits,
where the GlyRa subunits are separated into 4 isoforms (a.1-4). The glycine receptor can exist as a
homomer or a heteromer, however data supports a 2a.:3 subunit stoichiometry (Grudzinska et
al., 2005). The GlyRa subunits are responsible for conducting chloride current while the GlyRf3

subunit plays a role with anchoring and binding to scaffolding proteins like gephyrin.

The GlyR has a chloride selective pore, and upon binding of glycine to the ligand binding
site, a conformational change in the receptor opens the channel and allows chloride to permeate.
There are a maximum of 5 glycine binding sites, however only 2 glycine molecules binding to
the receptor are required to open the channel (Beato, Groot-Kormelink, Colquhoun, & Sivilotti,
2002; Colquhoun & Sivilotti, 2004; Laube, Kuhse, & Betz, 2000). While glycine is the primary
endogenous ligand for the GlyR, other agonists and partial agonists for the glycine receptor
include B-taurine, D-serine, sarcosine and taurine. Glycine and the GlyR was extensively studied
in the CNS for its role as a major inhibitory neurotransmitter and glycine is known to reach high
concentrations (2.2-3.5mM) in neuronal synapses (Beato, 2008). In the CNS, GlyR activation
produces an outward current, causing a flux of negatively charged chloride ions into the neuron.
This accumulation of negatively charged chloride ions in the neuron causes a hyperpolarization
of the neuron, resulting in inhibition of cell activity. Strychnine, a potent rat poison, is the
competitive antagonist for the GlyR receptor. By antagonizing the GlyR, and inhibiting
glycineric neurons, strychnine can invoke deadly convulsions by inhibiting inhibitory neurons.
Although classically known for their function in neurons, GlyRs are also expressed in the retina

(Haverkamp et al., 2003; Lin, Martin, Solomon, & Grunert, 2000), the pancreas (Weaver et al.,
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1998; Yan-Do et al., 2016), and immune cells (Froh, Thurman, & Wheeler, 2002; Qu, Ikejima,
Zhong, Waalkes, & Thurman, 2002; M. Wheeler et al., 2000). Interestingly, it is known that in
embryonic neurons, the expression of a potassium chloride cotransporter (KCC2) is not fully
expressed yet, resulting in an increased intracellular chloride concentration (Lynch, 2004). Thus,
activation of GlyR in embryonic neurons result in chloride leaving the neuron and depolarizing
the neuron, consequently making glycine a stimulatory neurotransmitter. Glycine acting as a
stimulatory or inhibitory neurotransmitter depends on the reversal potential for chloride and this

will be discussed further in Chapter 5.
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Figure 5 Glycine receptor structure

The structure of the GlyRal homomeric receptor in the glycine bound open state (PDB: SJAE).
A) The Glycine receptor is illustrated as the cartoon and is colored by chain. The plasma
membrane is coloured in white with the phosphate head illustrated as spheres and the lipid tail
illustrated as sticks. The pentameric ligand gated anion channel has a large ECD, a
transmembrane domain, and an intracellular loop. In the side panel is a top down view of the
receptor showing the pore responsible for conducting chloride. B) In order to crystalize the
receptor, the intracellular loop was removed (Du et al., 2015). This intracellular loop is important
for the receptor and is illustrated in panel B. Adapted from Langlhofer et al. (2015) (Langlhofer,
Janzen, Meiselbach, & Villmann, 2015) with permission to reprint from Elsevier. The ligand
binding site is found to be sandwiched between 2 subunits where residues SER145 and ARGS81
from the first subunit and residues PHE 175, PHE 223, THR 220, and TYR218 from the second
subunit make up the ligand binding site. C) When glycine is bound and the GlyR is in the open
conformation, the glycine ligand is completely closed off from the interstitial space. The grey
areas indicate the open spaces. Oxygen is coloured as red, while nitrogen is coloured as blue,
and carbon is coloured as salmon. D) The ligand binding site of the GlyR in the open
conformation illustrated with the ligand glycine illustrated as spheres. E) While the glycine
binding site is very small and compact, the binding site expands considerably to facilitate
binding of the antagonist strychnine. Strychnine binding locks the receptor in the closed
conformation, preventing chloride conductance. Files were inserted into plasma membrane with
Visual Molecular Dynamics (VMD) (Humphrey et al., 1996) and final visualization of the

protein was done in PyMOL.

R.Y. generated the image.
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NETWORK THEORY

Islets are multicellular micro organs that consists of many cell types. Each cells is in
contact with numerous other cells and these connections are important for islet function and
insulin secretion. Neurotransmitters connect cells to form networks allowing cells to synchronize
their electrical activity and insulin secretion. Thus, it is important to understand networks and

how networks in islets effect insulin secretion.

Many systems in nature can be described by networks, from food chains, to airplane
flight patterns, and even biological systems (Watts & Strogatz, 1998). In the context of a
biological organism, no single cell is able to perform a task alone. To merely study a
transduction pathway in a single cell is inadequate to completely understand its function in
complex multicellular tissues. Each individual cell behaves in concert with other cells to form
tissues and organs to perform their respective function. As a result, cells create networks,
sometimes multilayered networks or networks within networks. The nature of networks is very
complex and network theory is essential for studying and understanding how networks behave
(Barabasi & Oltvai, 2004). Many studies investigating neural and endocrine networks have been

published and network theory has been an effective tool to understand networks.

In the context of biological systems, network theory describes individual cells as nodes,
and other cells that communicate with the original cell are connected to that node. Node degree
(k) describes the total number of connections for a given node. Thus, a tissue network with 100
cells, with each cell connected to 4 other cells, can be described as a network of 100 nodes where
each node has k=4 (Feldt, Bonifazi, & Cossart, 2011). Shortest path length is the minimum
number of connections between 2 given nodes. Thus, the average path length for a network is the

average of shortest path lengths for all pairs of nodes in the network. The degree distribution is
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the probability that a particular nodes has & connections, and the distribution of connection in a

population of nodes determines characteristics of the network.

There are several types of networks found in nature. A regular network is the easiest to
understand. In a regular network, & is constant for all nodes (i.e. degree distribution is constant)
and the network has a structured arrangement (FIG 6). This creates a network that has a dense
local connectivity and have very high clustering coefficient. In regular networks, the average
path length increases as a power of the number of nodes. Thus, the drawback to regular networks
is that the average path length for the network is very long, making them inefficient at sending a
signal over long distances. The developing cerebellum displays a regular network (Watts &

Strogatz, 1998)

24



Figure 6 Examples of networks

Adapted from Feldt et al. (2011) (Feldt et al., 2011) with permissions from Elsevier. Black dots
are cells/nodes and lines connecting the dots indicate a connection (k). p(k) indicates the
probability of a node having k connections. The degree distribution is plotted in the graph below
each network and describes how the connections in a population of nodes is distributed. This
distribution of connections describes properties of each network. A) A key characteristic of
scale-free networks is that there are many cells with few connections and few cells with many
connections. The node with the most connections is a hub and is colored in red. The degree
distribution in a scale free network is linear where p(k) is inversely proportional to k. B) Regular
network (left) are structured and have high clustering. Each node in a regular network have
exactly the same number of connections. Thus p(k) is constant and degree distribution is a
vertical line. Random network (right) are the opposite of regular networks and have poor
clustering. The random connections among the nodes produces a degree distribution that is
normally distrusted. Small-world networks (center) have characteristic of both regular network

and random network.
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The opposite of a regular network is a random network. Random networks are
structurally unorganized and have low clustering. However, the low clustering allows for shorter
average path length, allowing them to be more efficient at sending a signal. Average path length
in a random network increases logarithmically with the number of nodes  (i.e. slowly). Since

connections are random, degree distribution is normally distributed (FIG 6).

A network that has characteristics of both regular networks and random networks are
called small-world networks. Small-world networks have a high clustering coefficient, like
regular networks, and a short path-length (high efficiency), like random networks. The path-
length in a small-world network increases logarithmically like the random network. These
networks are named small-world networks by analogy with the small-world phenomenon, (a.k.a.
the six degrees of separation). Essentially, any pair of nodes are six or fewer connections away
from each other. In Figure 6, short cuts in the regular networks make it possible for the nodes to
have, at maximum, 6 degrees of separation (Amaral, Scala, Barthelemy, & Stanley, 2000).

(Guare, J. Six Degrees of Separation: A Play (Vintage, New York, 1990)).

A scale-free network is a type of small-word network. It is called scale-free because the
degree distribution can be described by a power law. There are many cells with few connections
(k is low), while there are very few cells with many connections (k is high). As a result, the cells
with many connections are called “hubs” and hubs are central to the network’s synchronization.
While damage to the non-hubs will have little effect on the network, damage to hubs will be

catastrophic. The developing hippocampus displays a scale free network (Bonifazi et al., 2009).

Many groups have investigated network dynamics in various tissues such as brain cells

(Bonifazi et al., 2009; Watt et al., 2009) and endocrine cells (Hodson et al., 2012). Previous
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reports show that islet-cells form networks, however, consensus on the type of network, scale-
free or small world, is disputed. Islets are a well-connected network of cells and connections are
formed by gap junctions and paracrine signaling (R. K. P. Benninger & Hodson, 2018; Caicedo,
2013). Through the use of gap junction, neurotransmitter signaling, and hormone signaling, islets
heterogeneity is reduced and cells can respond in unison (R. K. Benninger & Piston, 2014; R. K.
P. Benninger & Hodson, 2018). It also allows for tighter regulation of islet cell activity and
prevents heterogeneities in individual cell from acting against the whole. Disruption of the
signaling between cells impairs insulin secretion from human and rodent islets alike. For
example, loss of gap junction has been found to significantly impair insulin secretion (R. K.
Benninger, Head, Zhang, Satin, & Piston, 2011; Speier, Gjinovci, Charollais, Meda, & Rupnik,
2007). While there are many studies demonstrating neurotransmitter signaling in dispersed islets,
few studies have examined the role of neurotransmitter on networks and even fewer study

network dynamics in diabetic islets
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HYPOTHESIS
Here in this thesis, I hypothesize individual beta-cells require ATP and glycine neurotransmitter
signaling to stimulate a coordinated insulin response. Consequently, cells from donors with T2D
will have impaired ATP and glycine action and this results in poor coordination and poor

secretion from B-cells.

I seek to elucidate the mechanism by which ATP and glycine act as neurotransmitters to
propagate signals within the islet and regulate insulin secretion and how loss of purinergic and

glycinergic signaling is involved in the pathogenesis of T2D.

AIM 1: To characterise the role of P2Y1 receptors in glucose-induced Ca*" signalling in

human islet beta-cells.

B-cells from human islets were assessed for P2X and P2Y receptors and the downstream
signaling mechanism for each receptor was identified. The significance of P2Y1 receptor on

membrane potential, intracellular Ca?* and insulin secretion are highlighted.

AIM 2: To investigate the role of glycine receptors in the regulation of insulin secretion.

The role of GlyRs in the regulation of insulin secretion was investigated and autocrine
and paracrine signalling by the GlyR was evaluated in human islet B-cells. The GlyR expression,
intracellular Ca?* and insulin secretion are examined in cells from donors with and without T2D.

Glycine transporters was investigated to support that GlyRs are not desensitized.

AIM 3: To characterise islet networks from human donors and identify the role of GlyR

paracrine signalling.
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Functional network analysis was performed on Ca®" imaging data from human islets to
study how islets are connected and how strychnine antagonism changed the network properties.
GlyR activity and GlyR alternative splicing was investigated in T2D donor and high glucose

conditions.
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CHAPTER 2
Autocrine activation of P2Y1 receptors couples Ca?* influx to Ca?" release in human

pancreatic p-cells
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The following chapter is adapted from work published in Diabetologia. It is reprinted with

permission of SpringerNature under the following citation:

S. Khan*, R. Yan-Do*, E. Duong, X. Wu, A. Bautista, S. Cheley, P. E. MacDonald, and M.
Braun, 'Autocrine Activation of P2Y 1 Receptors Couples Ca?* Influx to Ca?>* Release in Human

Pancreatic B-cells', Diabetologia, 57 (2014), 2535-45.

* =Equal contribution to the study

Co-author contributions to the figures presented are acknowledged in the figure legends by co-

author initials.
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Abstract

Aims/hypothesis

There is evidence that ATP acts as an autocrine signal in B-cells but the receptors and pathways
involved are incompletely understood. Here I investigate the receptor subtype(s) and

mechanism(s) mediating the effects of ATP on human B-cells.

Methods

I examined the effects of purinergic agonists and antagonists on membrane potential, membrane

currents, intracellular Ca?" ([Ca?*]i) and insulin secretion in human B-cells.

Results

Extracellular application of ATP evoked small inward currents (3.4 = 0.7 pA) accompanied by
depolarisation of the membrane potential (by 14.4 +2.4 mV) and stimulation of electrical activity
at 6 mmol/l glucose. ATP increased [Ca*"]i by stimulating Ca?" influx and evoking Ca?" release
via InsP3-receptors in the endoplasmic reticulum (ER). ATP-evoked Ca?* release was sufficient
to trigger exocytosis in cells voltage-clamped at —70 mV. All effects of ATP were mimicked by
the P2Y(1/12/13) agonist ADP and the P2Y1 agonist MRS-2365, whereas the P2X(1/3) agonist
a,B-methyleneadenosine-5-triphosphate only had a small effect. The P2Y1 antagonists MRS-
2279 and MRS-2500 hyperpolarised glucose-stimulated B-cells and lowered [Ca?*]; in the
absence of exogenously added ATP and inhibited glucose-induced insulin secretion by 35%. In
voltage-clamped cells subjected to action potential-like stimulation, MRS-2279 decreased [Ca®'];

and exocytosis without affecting Ca®* influx.

Conclusions/interpretation
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These data demonstrate that ATP acts as a positive autocrine signal in human p-cells by
activating P2Y1 receptors, stimulating electrical activity and coupling Ca*" influx to Ca?* release

from ER stores.
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Introduction

In addition to serving as an energy carrier and intracellular signal, ATP has an important
role as an extracellular signal and neurotransmitter. After its release from cells by exocytosis or
via non-vesicular pathways, ATP activates two types of purinergic P2 receptors in the plasma
membrane. P2X receptors are ligand-gated non-selective cation channels, while P2Y receptors
are G-protein coupled. In humans, the P2X and P2Y families comprise 7 and 11 isoforms,

respectively (Abbracchio et al., 2006; Gever, Cockayne, Dillon, Burnstock, & Ford, 2006).

ATP is present at millimolar concentrations in insulin granules (Galvanovskis, Braun, &
Rorsman, 2011; Hutton, Penn, & Peshavaria, 1983) and is released from B-cells upon glucose
stimulation (Braun et al., 2007; Hazama, Hayashi, & Okada, 1998; Obermuller et al., 2005).
There is evidence for the expression of both P2X and P2Y receptors in rat and mouse B-cells,
suggesting that ATP acts as an autocrine signal in islets, although it is debatable whether
purinergic signalling stimulates or inhibits insulin secretion (Braun et al., 2012; Petit et al.,
2009). Overall, the few studies that have been conducted in human islets suggest a stimulatory
role for ATP (Fernandez-Alvarez, Hillaire-Buys, Loubatieres-Mariani, Gomis, & Petit, 2001;
Jacques-Silva et al., 2010; Wuttke, Idevall-Hagren, & Tengholm, 2013). However, controversy
exists regarding the receptor subtypes and signal transduction pathways involved. While one
study proposed that ATP acts principally via P2X3 receptors, membrane depolarisation and
increasing the intracellular Ca®* concentration ([Ca®>*]i) (Jacques-Silva et al., 2010), a more
recent study suggested a prominent role for P2Y 1 receptors and activation of protein kinase C
(Whuttke et al., 2013). Involvement of P2X7 has also been proposed (Glas et al., 2009). An ATP-

evoked, P2X-activated membrane current in human B-cells has been suggested (Silva et al.,
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2008), although the effect of ATP on glucose-induced electrical activity has not been

investigated.

I sought to characterise the effects of extracellular ATP on membrane currents and
membrane potential in human B-cells. I found that the effects of ATP were mimicked by the P2Y
agonist ADP and demonstrated that autocrine activation of P2Y'1 receptors plays a significant
role in the regulation of electrical activity, [Ca?*]i and insulin secretion in human B-cells.
Autocrine signalling via P2Y'1 represents a novel link between Ca?" influx and Ca*" release from

intracellular stores.

Methods

Materials

MRS-2279, MRS-2365, MRS-2500, a,3-methyleneadenosine-5-triphosphate (a,3-meATP), 2',3'-
0-(2,4,6-trinitrophenyl)-ATP (TNP-ATP), heparin, thapsigargin and bafilomycin A1 were from
R&D Systems (Minneapolis, MN, USA). Fura-2AM and Fura-2 Na*-salt were from Life
Technologies (Burlington, ON, Canada). Nucleotides and other chemicals were obtained from

Sigma-Aldrich (Oakville, ON, Canada).

Islet isolation, culture and transfection

Human islets were from the Clinical Islet Laboratory at the University of Alberta or the Alberta
Diabetes Institute IsletCore (Kin & Shapiro, 2010; Korbutt et al., 1996). The study was approved
by the local Human Research Ethics Board. Islets were dispersed in Ca?*-free buffer and then
plated onto plastic or glass-bottom Petri-dishes (In Vitro Scientific, Sunnyville, CA, USA) and
incubated in RPMI-1640 medium containing 7.5 mmol/l glucose for at least 24 h before

experiments. For measuring ATP release, cells were infected with an adenovirus encoding a
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P2X2 receptors tagged with green fluorescent protein (AdP2X2-GFP) for 24-48 h (Braun et al.,
2007). All experiments, except for the assessment of insulin secretion, were carried out using

dispersed B-cells.

Immunohistochemistry

Paraffin-embedded tissue sections were heated in 10 mmol/l Na*-citrate (pH 6) for 10 min.
Sections were blocked using 20% goat serum and incubated with anti-P2Y1 (1:50 dilution;
P6487; Sigma-Aldrich) and anti-insulin antibodies for 1 h, followed by fluorescently labelled
secondary antibodies. Images were captured using a Zeiss Apotome inverted microscope (Carl
Zeiss Canada, Toronto, ON, Canada). Identification of B-cells by immunocytochemistry after

patch-clamp and Ca?* imaging was as described previously (Braun et al., 2008).

Ca?" imaging

Cells were pre-incubated with Fura-2AM (1 pmol/l) for 15 min. Glass-bottom Petri dishes were
mounted onto an inverted microscope (Zeiss Axioobserver, Carl Zeiss Canada Ltd.) equipped
with an ICCD-camera and a rapid-switching light source (Oligochrome; Till Photonics,
Grafelfing, Germany). Fluorophore, excited at 340 and 380 nm (intensity ratio 10:4) and
emission detected at 510 nm, was imaged at 0.5 Hz using Life Acquisition software (Till
Photonics). B-cells were identified by immunostaining and fluorescence ratios were calculated

using ImagelJ (v1.46r; http://imagej.nih.gov/ij/).

Insulin secretion
Fifteen size-matched islets (in triplicates) were pre-incubated in 0.5 ml KRB buffer containing 1
mmol/l glucose and 0.1% BSA for 1 h, followed by a 1 h test incubation in KRB with the

indicated glucose concentrations and test substances. The supernatant fraction was removed and
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the insulin concentration was determined using the MSD human insulin kit (Meso-Scale

Discovery, Rockville, MD, USA).

Electrophysiology

Patch-clamp was performed using an EPC-10 amplifier and Patchmaster software (Heka
Electronics, Lambrecht, Germany). Patch-pipettes were pulled from borosilicate glass (resistance
3-8 MQ; Sutter Instruments, Novato, CA, USA). Solutions for whole-cell and perforated-patch
recording are detailed in the electronic supplementary materials Methods ( Appendices 1). Cells
were continuously superfused (~1 ml/min) with extracellular solution at ~32°C. Rapid
application of ATP was performed using a Fast-Step system (Warner Instruments, Hamden, CT,
USA). B-cells were identified by immunostaining or based on cell size (12.5+ 0.3 pF; n=189)

(Braun et al., 2008).

PCR analysis
Expression of P2Y receptors (P2RY 1-14) was analysed by RT-PCR in RNA purified from
isolated human islets, using a previously described protocol (Kailey et al., 2012). Primer

sequences are detailed in ESM Methods (Appendices).

Data analysis
Data are presented as means = SEM. The n values represent the number of cells, unless indicated
otherwise. Statistical significance was evaluated using Student’s t test, or by multiple-

comparison ANOVA and Bonferroni post test when comparing multiple groups.

Results

Membrane currents evoked by purinergic receptor agonists
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Using the whole-cell configuration in cells held at =70 mV in 6 mmol/l glucose,
extracellular ATP application evoked a detectable inward current in 25% of human B-cells (15
out of 60). The maximal current amplitude was 24 pA (Figure 7a). In responding cells, the ATP-
activated current averaged 6.7 = 1.7 pA and was reduced 65 = 17% by the P2 receptor blocker

suramin (100 umol/l; p <0.05, n=75).
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Figure 7 Effect of purinergic agonists on resting membrane currents.

(a) Whole-cell membrane current evoked by extracellular application of 0.1 mmol/l ATP. (b)
Average amplitudes (normalised to cell size) of inward currents evoked by ATP (10 pmol/l,
n=15 cells), ADP (2 umol/l, n=40 cells), MRS-2365 (0.1 pmol/l, n=15 cells, two donors) and
o,B-meATP (10 pumol/l, n=4 cells). (¢) Membrane currents evoked by voltage ramps under
control conditions (black trace) and after application of 2 pmol/l ADP (grey trace). (d) Average
ADP-activated inward current measured at =70 mV (n=21). (¢) Membrane current evoked by 2
umol/l ADP in the absence and presence of 0.2 mmol/l tolbutamide. (f, g) Control (black traces)
and ADP (2 umol/l) evoked membrane currents (grey traces) during voltage ramps under control
conditions (f) and after replacement of extracellular Na* with NMDG™ (g). (h) The ADP-
activated currents were quantified at =70 mV (n =15, two donors). Data is from three to seven

donors unless indicated otherwise. *p < 0.05 compared with ATP or Na*

E.D. and M.B. performed the patch clamp experiments and M.B. did the data analysis.
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In perforated-patch whole-cell recordings, ATP-evoked an inward current in all B-cells
(1.2-8.6 pA) and averaged 3.4 £0.7 pA (Figure 7b). Similar responses were obtained with the
P2Y(1/12/13) agonist ADP (4.2 + 0.6 pA; 0.4-11.1 pA) and the P2Y1 agonist MRS-2365
(2.4+0.3 pA), but not the P2X(1/3) agonist a,f-meATP (b). The ATP- or ADP-evoked current
was inhibited 78 £+ 13% by the P2Y1 antagonist MRS-2279 (2-3 umol/l, p <0.05, n=4). The
ADP-evoked current was inward during voltage ramps from —110 to =60 mV (Fig. 1c, d) and
was not inhibited by tolbutamide (4.2 + 1.1 pA, n=4; Fig. le). The rapid upstroke in Fig. le
following application of tolbutamide and ADP is likely to be an artefact. Instead, the current was
attenuated (by 90 +25%; p <0.05, n=75) when Na" was replaced by the membrane-impermeable

cation N-methyl-d-glucamine (NMDG") (Fig. 1f-h).

Effect of purinergic agonists on the membrane potential

At 6 mmol/l glucose, isolated B-cells exhibited varying degrees of action potential firing
(Fig. 8). Application of ATP (10 umol/l) depolarised cells (from —53.7£2.2 to =39.3£2.9 mV,
Fig. 8a, e) and stimulated or augmented action potential firing. This effect was mimicked by
ADP, which depolarised human B-cells from —53.6 £2.1 to —38.6 2 mV (Fig. 8b, ). UTP, an
agonist at P2Y(2/6/8) receptors, had no effect (data not shown). The P2Y 1 agonist MRS-2365
also potently depolarised the cells (from —53.3 £4 to —44.2 +£2.9 mV, Fig. 8c, e), while the
P2X(1/3) agonist a,-meATP depolarised the membrane potential only slightly (from —59.7 +4.8
to —57.2+4.1 mV, Fig. 8c, e). The effect of ATP was prevented in four out of five cells by the
P2Y1 antagonist MRS-2279 (Fig. 8d). ATP did not directly modulate voltage-gated Ca*" or K*

currents ( Appendices).
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Figure 8 Effect of purinergic agonists on the membrane potential.

Membrane potential recordings from human B-cells by perforated patch. (a) ATP (10 pmol/l)
was applied as indicated by the bar. (b) ADP (1 umol/l) was added as indicated. (¢) Effect of a,f3-
meATP (10 pmol/l) and the agonist MRS-2365 (0.1 pmol/l) in the same cell. (d) ATP (10
umol/l) was applied in the absence or presence of the antagonist MRS-2279 (1 umol/l) as
indicated. (e) Average depolarisation evoked by ATP (10 umol/l, n=16), ADP (1-2 pmol/l,
n=11), MRS-2365 (0.1 umol/l, n=11) and a,f-meATP (10 umol/l, n=7). Data are from four to

six donors in each experiment. **p <0.01 compared with ATP

M.B performed the patch clamp and M.B. performed the data analysis.
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Effect of purinergic agonists on [Ca*'];

At 6 mmol/l glucose, ATP induced a biphasic increase in [Ca?*]i consisting of an initial
rapid spike followed by a plateau (Fig. 9a). In the absence of extracellular Ca?", the [Ca®']; spike
was largely unchanged, whereas the plateau was reduced (Fig. 9b). Pretreatment of cells with
thapsigargin removed the [Ca?*]i spike without affecting the plateau when extracellular Ca?" was
present, and completely suppressed the [Ca?*]i increase under Ca?*-free conditions (Fig. 9c¢, d, k).
In contrast bafilomycin A1, which depletes acidic Ca?* stores, had little effect on the [Ca*];
signal (Fig. 9e, k). The effect of ATP on [Ca®*]; was mimicked by ADP and MRS-2365 (Fig. 9f,
h, k). UTP and a,3-meATP evoked only small responses (Fig. 9g, 1, k). B-cells from a donor with
type 2 diabetes were observed to have an ATP-sensitive Ca>* response that appeared smaller than
the response of healthy B-cells, but did not attain statistical significance and lacked the initial

rapid spike (Fig. 9j).
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Figure 9 Effect of purinergic agonists on [Ca?*];.

(a—j) Averaged [Ca?*]i responses shown to the same scales (AU, arbitrary units) at 6 mmol/l
glucose ([Ca®"]i spikes of individual B-cells are not apparent in these averaged traces). ATP (10
umol/l) was applied under the following conditions: (a) under control conditions (n = 68); (b) in
the absence of extracellular Ca** (n = 63); (c¢) to cells pretreated with thapsigargin (10 umol/l, 10
min, n=27); (d) to cells pretreated with thapsigargin in the absence of extracellular free Ca?*
(n=21, two donors) and (e) to cells pretreated with bafilomycin A1 (0.1-2 umol/l, 10 min) in the
absence of extracellular Ca?* (n=27). (f) ADP (2 umol/l) was applied (n = 18). (g) Effect of UTP
(10 umol/l, n=13). (h) Effect of MRS-2365 (0.1 umol/l, n=9). (i) a,p-meATP (10 pmol/l) was
added (n=20). (j) ATP (10 umol/l) was added to B-cells from a donor with type 2 diabetes
(n=7). (k) Bar graphs showing average AUC (baseline-subtracted) during agonist application
(Baf, bafilomycin A1; Thaps, thapsigargin). Data are from three to seven donors unless stated

otherwise. ***p <0.001 compared with ATP

R.Y. performed Ca’?" imaging and the data analysis.
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To identify the intracellular Ca?* channel underlying ATP-induced Ca?* release, [Ca**];
was measured in cells voltage-clamped at —70 mV and infused with the InsP3 receptor blocker
heparin. The [Ca?*]; increase evoked by extracellular ATP was completely suppressed by heparin
(Fig. 10a, b), suggesting that the ATP-evoked [Ca*"]; spike results from InsP3-dependent
endoplasmic reticulum (ER) Ca®* release while the plateau is due to Ca>" influx through plasma

membrane channels.

48



Figure 10 Effect of ATP on Ca?* release and exocytosis.

(a) [Ca®"]i was monitored in voltage-clamped cells, without (control, black trace) or with
addition of 0.2 mg/ml heparin (grey trace). ATP was added as indicated. The [Ca®"]; signal
evoked by a 500 ms depolarisation from —70 to 0 mV (arrow) was used as a control. (b) Average
integrated [Ca?"]i responses in experiments as described in (a) (n =7 and 4). (¢) Representative
traces showing capacitance responses before (black trace) and after addition of ATP (10 pmol/l,
grey trace) in the same cell. (d) Average changes in exocytotic responses (ACm) after mock
application (n =15) or application of ATP (10 umol/l, n=15) or ADP (1 umol/l, n=9),
normalised to control values in the same cells. (e) Capacitance response evoked by application of
ATP (100 pmol/l) in a cell clamped at =70 mV. (f) Average exocytotic responses (ACm) evoked
by ATP under control conditions (n = 18) and in cells pretreated with thapsigargin (Thaps; 10
umol/l, 10 min; n=6), calculated as the change in average Cm from the 5 s immediately before
and immediately after ATP application. Data are from three to four donors. *p <0.05 compared

with control

A.B. and M.B. performed the patch clamp experiments. M.B. performed the data analysis.
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Effect of ATP on exocytosis

Exocytosis was elicited by voltage-clamp depolarisations from —70 to 0 mV, which
triggers Ca" influx through voltage-gated Ca?* channels. Exocytosis was potentiated 64% and
32% by extracellular application of ATP and ADP, respectively (Fig. 10c, d). I monitored the
membrane capacitance in cells clamped at =70 mV to prevent opening of voltage-gated Ca>*
channels, and in the presence of 5 mmol/l glucose. ATP application alone was sufficient to evoke
a clear exocytotic response under these conditions (Fig. 10e). This response was strongly
inhibited in cells pretreated with thapsigargin (Fig. 10f).Expression of P2Y receptors in human
B-cellsExpression of P2Y receptor isoforms in human islets was analysed by RT-PCR.
Transcripts were identified for P2Y'1, P2Y2, P2Y11 and P2Y 14 (Fig. 11a). The expression of
P2Y1 in B-cells was confirmed by co-immunostaining of human pancreatic tissue sections with

anti-P2Y1 and anti-insulin (Fig. 11b).
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Figure 11 Expression of P2Y receptors in human islets.

(a) Expression of P2Y receptor isoforms and the peter pan homologue-P2YR11 transcript
(PPAN) were analysed by RT-PCR. The horizontal line indicates the 500 base pair marker. (b) A
human pancreatic tissue section was co-immunostained with antibodies against the P2Y1

receptor and insulin. Data are representative of results from two donors

S.C. performed the RT-PCR and the staining was performed by M.B.
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Exocytotic release of ATP

Rat and mouse B-cells release ATP by Ca’>*-dependent exocytosis of insulin granules
(Braun et al., 2007; Hazama et al., 1998; Karanauskaite, Hoppa, Braun, Galvanovskis, &
Rorsman, 2009; MacDonald, Braun, Galvanovskis, & Rorsman, 2006; Obermuller et al., 2005).
To examine whether ATP is secreted from human B-cells I overexpressed P2X2 receptors
(Hazama et al., 1998; Obermuller et al., 2005) and stimulated exocytosis by infusion of Ca®* (2
umol/l) via the patch pipette. Resultant transient inward currents were blocked by the P2
antagonist suramin (Fig. 12a; n=4). These events reflect release of ATP from single insulin
granules (Braun et al., 2007; Obermuller et al., 2005). B-cells were then incubated in 1 or 10
mmol/l glucose for 1 h with 100 umol/l diazoxide to prevent KATP-mediated depolarisation. To
avoid artefacts resulting from P2X2 receptor overexpression, transient inward currents were
compared with the current produced by 300 umol/l ATP. Upon infusion of Ca?* (2 umol/l) the
ATP release events were larger (Fig. 12c, p <0.05) and tended to be more frequent (Fig. 12d)

following glucose stimulation.
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Figure 12 Exocytotic release of ATP from human B-cells.

(a) A B-cells infected with AdP2X2-GFP was clamped at =70 mV and infused with solution
containing 2 umol/l free Ca?*. Suramin (100 umol/l) was added as indicated (n=4). (b) Sample
trace of ATP transient inward current in human cells in 10 and 1 mmol/l glucose for 1 h (n=11).
(¢) The normalised amplitudes of transient inward currents (n=11). (d) The frequency of
transient inward currents (n = 11). Data are from four donors. *p <0.05 compared with 10

mmol/l glucose. Max, maximum

R.Y. performed the patch clamp and the data analysis.
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Autocrine activation of P2Y1 receptors potentiates glucose-induced [Ca?*]; signals,
electrical activity and insulin secretion

I applied P2 receptor antagonists in the absence of exogenous nucleotides. The P2Y1
antagonists MRS-2279 and MRS-2500, but not the P2X(1/3) blocker TNP-ATP, reduced [Ca**];
in B-cells stimulated with 6 mmol/l glucose (Fig. 13a). Both MRS-2279 and MRS-2500
reversibly hyperpolarised the B-cells in the absence of exogenous ATP and inhibited glucose-
induced electrical activity (Fig. 13b). The P2Y1 receptor antagonists decreased the membrane
potential by 3.5+ 1.4 mV (from —47.4+2.8 to —50.8 £ 2.2 mV, p <0.05; Fig. 13b). In control
experiments, the P2Y 1 antagonists had no direct effects on voltage-gated Ca®*, Na* or K*
currents or on KATP current in human B-cells ( Appendices). In islets from four donors, MRS-

2500 reduced the secretory response to glucose by 35% (Fig. 13c).
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Figure 13 Effect of P2Y1 antagonists on electrical activity, [Ca?*]; and insulin secretion.

(a) Effect of antagonists MRS-2279 (1 pmol/l, n=22), MRS-2500 (1 umol/l, n=18) and TNP-
ATP (1 umol/l, n=41) on [Ca*']; (at 6 mmol/l glucose). (b) Effect of MRS-2279 and MRS-2500
(both at 1 umol/l) on glucose (6 mmol/l)-induced electrical activity (n = 8). (¢) Insulin secretion
was measured from isolated human islets at 1 and 8 mmol/l glucose (Gluc) in the absence and
presence of MRS-2500 (n =4 donors). Data are from three to six donors. **p <0.01 and

*#%p <0.001 compared with 1 mmol/l glucose or as indicated

S.K. performed the Ca®* imaging and the associated data analysis. M.B. performed the patch

clamp experiments and the associated data analysis.
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P2Y1 receptors couple Ca?* influx to Ca?* release from stores

In voltage-clamped cells [Ca®*]; was monitored during a series of short depolarisations
mimicking glucose-induced electrical activity. In four of nine cells, the capacitance increase was
nearly linear and ceased immediately after the end of the stimulation (Fig. 14a) and the [Ca*'];
signal plateaued after a steep initial rise, returning to baseline with a time constant (t) of ~2 s. In
these cells neither [Ca?*]; signal nor exocytosis and Ca?* influx were affected by MRS-2279 (Fig.
14a, cf). In five of nine cells, both exocytotic response and [Ca*"]i signal displayed a secondary
acceleration during the second half of the stimulation (Fig. 14b); also, the [Ca?*]; signal returned
to baseline with a significantly slower 1 (~4 s). In these cells MRS-2279 strongly and reversibly
inhibited exocytosis, the [Ca®']; response and the t of [Ca?*]; decline to levels observed in cells
lacking secondary acceleration (Fig. 14b—f). The Ca®* influx evoked by the depolarisations was

not different between groups of cells (and unaffected by MRS-2279; Fig. 14f).
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Figure 14

Contribution of Ca®* release to the autocrine P2Y 1-mediated Ca?* signal and exocytosis. (a, b) B-
cells were stimulated by depolarisations from —70 to 0 mV (20 ms each, at 4 Hz) and membrane
capacitance, Ca?" currents and [Ca?"]; were monitored simultaneously. Tetrodotoxin (0.1 pmol/l)
was included to block voltage-gated Na* currents. The stimulation was performed under control
conditions (black traces, black squares), with 1 pumol/l MRS-2279 (MRS, dark-grey traces, dark-
grey circles) and after wash-out of the P2Y'1 antagonist (light-grey traces, light-grey triangles) in
the same cells. Cells that did not (a) or did (b) show a secondary acceleration of exocytosis and
[Ca®']i increase are shown. (¢) Average exocytotic responses under control conditions, with 1
umol/l MRS-2279 and after wash-out in cells without (No acceleration, n =4) or with
(Acceleration, n = 5) secondary acceleration of exocytosis and [Ca?*]; increase during the
stimulation protocol. (d) As for (¢), showing the integrated [Ca?*]; increase over baseline (AUC).
(e) As for (¢), showing the time constant (1) of the [Ca®*]; signal return to baseline after the
depolarisation series. (f) As for (¢), showing the integrated Ca>" current evoked by the

depolarisations. Data are from two donors. *p < 0.05 compared with the ‘acceleration’ control

M.B. performed the patch clamp experiments, calcium imaging, and the data analysis.

61



FIGURE 14

d
o [l
-70 " .
my : :
: : Wash
Cnntml : /
TP
,.rw- 3
H'\Iq:r*-i n MFE*S
P
>
"El i
E H
W T
5s
O 41
a 1)
-'E': 3 -
= Tesaty
©
&g 2]
=
[}
+
Uy 1
8]
(1] T T T 1
0 5 10 15 20

Depolarisation number

in'u'ash-,

5 Control— ‘
w
o MRS
=]

® e _ﬂ.f

a T T T 1
0 5 10 15 20

Depolarisation number

0

Exocytosis (pF)

1 of [Ca?*] decrease (s) (D [Ca®*), increase (AUC) Q.

Ca2* charge entry (pC) =»

0
N =) N =)
c,o“@ Rl cP(*o L&

Mo acceleration Acceleration

’ N
SSEE o C &
Mo ameleratmn Acceleration

O = h W AW SO

) s ]
S @*‘Foé* Sl

Mo acceleration Acceleration

0
& L ES

Mo acceleration Acceleration

62



Discussion

This study provides evidence that ATP acts as a positive autocrine feedback signal in
human B-cells, by amplifying glucose-induced [Ca?*]i responses. Several findings support a
central role for P2Y1 in this: (1) The effects of ATP were mimicked by ADP (at five- to tenfold
lower concentrations), which selectively activates P2Y(1/12/13) (only P2Y1 was detected in
human islets) (Gever et al., 2006); (2) the selective P2Y 1 agonist MRS-2365 increased electrical
activity and [Ca?*]i, while the P2X(1/3) agonist a,f-meATP did not; (3) P2Y1 inhibition blocked
the ATP-evoked membrane depolarisation; (4) MRS-2500 reduced insulin secretion to a similar
extent as the non-specific P2 antagonist suramin (Jacques-Silva et al., 2010). While in agreement
with the findings of a recent study (Wuttke et al., 2013), my findings vary from those of another
study suggesting a dominant role for P2X3 (Jacques-Silva et al., 2010). However, the latter study
employed pyridoxalphosphate-6-azophenyl-2’,5'-disulfonic acid (iso-PPADS) and oxidised ATP
at concentrations that also strongly inhibit P2Y'1 (Beigi, Kertesy, Aquilina, & Dubyak, 2003; Y.
C. Kim et al., 2001). The more selective P2X(1/3) blocker TNP-ATP (Virginio, Robertson,
Surprenant, & North, 1998) does not affect [Ca®*]; (Fig. 13a). While others have also suggested a
role for P2X7 (Glas et al., 2009), human P2X7 has a very low affinity for ATP (half maximal
effective concentration [ED50] 0.78 mmol/I) and is insensitive to ADP and AMP (Chessell,

Michel, & Humphrey, 1998), making a role for P2X7 unlikely here.

P2Y1 has a ~20-fold lower affinity for ATP than P2X3 (Abbracchio et al., 2006; Gever et
al., 2006). However, it has been reported that insulin granules contain similar concentrations of
ATP and ADP (Hutton et al., 1983), suggesting that both nucleotides play an important role. I
demonstrated that human B-cells secrete ATP in response to increased [Ca?*];, and the magnitude

of ATP-release events was increased by glucose. This could result from intragranular ATP
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accumulation via granule-resident vesicular nucleotide transporter (Geisler et al., 2013). It should
be noted, however, that in intact rodent islets extracellular ATP plays an important role in
synchronising the electrical and Ca®* responses among B-cells within and between islets through
the induction of Ca?* release from InsP3-sensitive stores (Grapengiesser et al., 2004; Gylfe,
Grapengiesser, Dansk, & Hellman, 2012; M. Zhang et al., 2008), in addition to stimulating

exocytosis.

Some studies conducted in rodents, particularly mice, have found that ATP inhibits
insulin secretion (Petit et al., 2009) and that insulin secretion in islets from mice lacking P2Y1 is
elevated (Leon et al., 2005). This was attributed to direct inhibitory effects of ATP on exocytosis
(Poulsen et al., 1999) or voltage-gated Ca®* currents (Gong et al., 2000). It has been reported that
adenosine, acting on P1 receptors, inhibits insulin secretion from INS-1 cells (Topfer, Burbiel,
Muller, Knittel, & Verspohl, 2008), but this was not confirmed in human islets (Jacques-Silva et
al., 2010). I show here that ATP stimulates depolarisation-evoked exocytosis without affecting
Ca?" currents in human B-cells. T found no evidence for a negative role of ATP in insulin
secretion from human islets, consistent with the potentiation of insulin secretion from human
islets following block of extracellular ATP degradation (Jacques-Silva et al., 2010; Syed et al.,

2013).

ATP increased [Ca?*];i in a biphasic manner, with an initial peak reflecting Ca?* release
from stores and a plateau reflecting Ca®* influx. Similar to rat B-cells (L. Xie et al., 2006), Ca>*
was released via heparin-sensitive InsP3 receptors, but was from thapsigargin-sensitive (ER)
rather than bafilomycin-sensitive (acidic) compartments. My findings differ from those of
Jacques-Silva et al, who concluded that Ca®* stores contribute little to the ATP-evoked Ca?*

signal in human B-cells (Jacques-Silva et al., 2010), but this may be explained by experimental
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differences: the Ca®* response under Ca**-free conditions is transient and will appear small (as
AUC) when compared with prolonged agonist application in the presence of extracellular Ca>*.
Although a recent study suggests that autocrine activation of P2Y1 stimulates diacylglycerol
production in rodent and human B-cells (Wuttke et al., 2013), I was unable to determine a role
for phospholipase C as the inhibitor U-73122 (5-10 pmol/l) also suppressed KCl-evoked Ca**

responses (data not shown).

In mice, P2Y1 receptors depolarise B-cells via inhibition of Katp channels (Poulsen et al.,
1999). In contrast, the ADP-evoked membrane current in human B-cells did not reverse at the K*
equilibrium potential and was insensitive to tolbutamide. Instead, the current was abolished by
removal or replacement of Na*, indicating a Na*- or non-selective cation conductance similar to
P2Y l-activated currents in neurons (Aoyama et al., 2010; Bowser & Khakh, 2004; Hu et al.,
2003). This effect was insensitive to thapsigargin (arguing against a store-operated channel) and
to Gd*", a blocker of the Na* leak channel NALCN (Swayne et al., 2009). While the molecular
identity of the P2Y 1-activated leak channel remains unclear, candidates include members of the

transient receptor potential channel family (Islam, 2011).

I now show that blocking P2Y 1 receptors also inhibits electrical activity, [Ca**];
signalling and insulin secretion in human B-cells in the absence of exogenous ATP (Fig. 13).
While P2Y 1 blockade inhibits spontaneous [Ca®*]; transients in mouse B-cells (Hellman et al.,
2004), this was in the presence of a Ca?* channel blocker and thus not likely caused by electrical
activity and Ca?" influx. I obtained similar results with two different, selective P2Y 1 antagonists
(Boyer, Adams, Ravi, Jacobson, & Harden, 2002; H. S. Kim et al., 2003) that lacked non-

specific effects on a number of human B-cells ion channels (not shown).
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In cells stimulated with action potential-like depolarisations, P2Y'1 blockade reduces
[Ca®']i and exocytosis without affecting Ca*" currents (Fig. 14). Thus the MRS-2279-sensitive
component of the [Ca?"]i increase reflects Ca®* release from stores triggered by autocrine
activation of P2Y1 receptors. This, in combination with activation of diacylglycerol and protein
kinase C (DAG/PKC) (Wuttke et al., 2013), potentiates exocytosis. The Ca?* signal required for
insulin secretion is largely generated by Ca*" influx through voltage-gated Ca>* channels
(Henquin, 2000; Satin, 2000); my results are compatible with this because membrane
depolarisation and Ca?* influx are necessary to evoke ATP release and initiate the feedback loop.
The secondary acceleration of depolarisation-evoked exocytosis, which I suggest reflects ER
Ca?" release, is observed in human (Braun et al., 2009; Braun et al., 2008) but not mouse (Q.

Zhang et al., 2007) B-cells.

My data indicate that the contribution of Ca®* release to the glucose-induced Ca?* signal
may have been underestimated. I present some limited data suggesting that release of Ca>" from
thapsigargin-sensitive stores during ATP stimulation is absent in a donor with type 2 diabetes;
this could contribute to impaired secretion. There is evidence that ER stress is involved in the
pathogenesis of type 2 diabetes (C. J. Huang et al., 2007) and is associated with reduced
SERCA2b (Cardozo et al., 2005; Kono et al., 2012), the main ER Ca?* pump in B-cells (Ravier et
al., 2011). The resulting lowering of ER Ca?* levels may not only promote apoptosis but also

impair B-cells stimulus—secretion coupling.
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CHAPTER 3
A Glycine-Insulin Autocrine Feedback Loop Enhances Insulin Secretion From Human B-Cells

and Is Impaired in Type 2 Diabetes
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The following chapter is adapted from work published in Diabetes. It is reprinted with

permission of the America Diabetes Association under the following citation:

R. Yan-Do, E. Duong, J. E. Manning Fox, X. Dai, K. Suzuki, S. Khan, A. Bautista, M.
Ferdaoussi, J. Lyon, X. Wu, S. Cheley, P. E. MacDonald, and M. Braun, 'A Glycine-Insulin
Autocrine Feedback Loop Enhances Insulin Secretion from Human Beta-Cells and Is Impaired in

Type 2 Diabetes', Diabetes, 65 (2016), 2311-21.

Co-author contributions to the figures presented are acknowledged in the figure legends by co-

author initials.
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Abstract

The secretion of insulin from pancreatic islet B-cells is critical for glucose homeostasis.

Disrupted insulin secretion underlies almost all forms of diabetes, including the most common
form, type 2 diabetes (T2D). The control of insulin secretion is complex and affected by
circulating nutrients, neuronal inputs, and local signaling. In the current study, I examined the
contribution of glycine, an amino acid and neurotransmitter that activates ligand-gated CI
currents, to insulin secretion from islets of human donors with and without T2D. I find that
human islet B-cells express glycine receptors (GlyR), notably the GlyRal subunit, and the
glycine transporter (GlyT) isoforms GlyT1 and GlyT2. B-Cells exhibit significant glycine-
induced CI- currents that promote membrane depolarization, Ca®* entry, and insulin secretion
from B-cells from donors without T2D. However, GlyRal expression and glycine-induced
currents are reduced in B-cells from donors with T2D. Glycine is actively cleared by the GlyT
expressed within B-cells, which store and release glycine that acts in an autocrine manner.
Finally, a significant positive relationship exists between insulin and GlyR, because insulin
enhances the glycine-activated current in a phosphoinositide 3-kinase—dependent manner, a

positive feedback loop that I find is completely lost in B-cells from donors with T2D.
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Introduction

Many neurotransmitters modulate insulin secretion by changing the electrical activity of
B-cells via ion channels and receptors (Braun et al., 2010; Jacques-Silva et al., 2010; Khan et al.,
2014; Marquard et al., 2015). These signals may originate from the circulation, neuronal fibers,
and/or pancreatic islets (Rorsman & Braun, 2013). Proper neurotransmitter signaling is critical
for coordinating insulin secretion from all the islets in the pancreas, and dysfunction in this
signaling may be involved with the pathogenesis of diabetes. A multitude of recent metabolic
studies investigating biomarkers for type 2 diabetes (T2D) have identified glycine as a potential
candidate (Drabkova, Sanderova, Kovarik, & kandar, 2015; Floegel et al., 2013; Gall et al.,
2010; Hansen et al., 2015; Lustgarten, Price, Phillips, & Fielding, 2013; Palmer et al., 2015;
Seibert et al., 2015; Takashina et al., 2016; Thalacker-Mercer et al., 2014; Wang-Sattler et al.,
2012; W. Xie et al., 2013). A strong correlation exists between plasma glycine concentrations
and insulin sensitivity (Palmer et al., 2015; Wang-Sattler et al., 2012), glucose disposal
(Thalacker-Mercer et al., 2014), and obesity (Lustgarten et al., 2013; Mohorko, Petelin, Jurdana,
Biolo, & Jenko-Praznikar, 2015). Circulating plasma glycine concentrations are inversely related
to the risk of T2D (Floegel et al., 2013; Thalacker-Mercer et al., 2014; Wang-Sattler et al.,
2012). Furthermore, glycine supplementation raises plasma insulin (Gannon, Nuttall, & Nuttall,

2002; Iverson, Gannon, & Nuttall, 2014).

Glycine is a nonessential amino acid found abundantly in collagen-rich foods. In the
central nervous system, glycine acts as an inhibitory neurotransmitter by activating a family of
ligand-gated CI- channels called glycine receptors (GlyR). These belong to the pentameric
ligand-gated ion channel family and are composed of two a- and three B-subunits (Lynch, 2004).

In addition to glycine, GlyR are also activated by B-alanine and taurine, whereas strychnine is a
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potent and specific inhibitor (Lynch, 2004). Extracellular glycine concentrations are regulated by
glycine transporters (GlyT), which belong to the Na"-dependent solute carrier family 6 (SLC6)
transporters, where glycine transporter 1 (GlyT1) cotransports two Na*, one CI-, and one glycine,
and glycine transporter 2 (GlyT2) cotransports three Na*, one Cl-, and one glycine (Harvey &

Yee, 2013).

Here I have investigated the role for glycine in insulin secretion from human pancreatic
islets of Langerhans. I demonstrate that human B-cells express GlyR, notably GlyRal, which
mediate a depolarizing CI current that enhances action potential firing, Ca* entry, and insulin
secretion. This GlyR-mediated current is enhanced by insulin in B-cells from donors without
T2D, but not in B-cells from donors with T2D, where I find GlyRal protein expression and
glycine-activated currents are downregulated. Furthermore, human B-cells express GlyT1 and
GlyT2 that mediate the uptake of glycine, which is released from B-cells by Ca**-dependent
exocytosis. Thus, an autocrine glycine-insulin feedback loop positively regulates insulin

secretion, and its dysfunction may contribute to impaired secretion in human T2D.
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Research Design and Methods

Cell Culture and Transfection

Islets from 50 human donors were isolated by the Alberta Diabetes Institute IsletCore (Lyon et
al., 2016) or the Clinical Islet Laboratory (Kin, 2010) at the University of Alberta, with
appropriate ethical approval from the University of Alberta Human Research Ethics Board
(Pro00013094; Pro 00001754). Donor information is described in Supplementary Tables 1 and 2
( Appendices). Mouse islets were from male C57/B16 mice at 10—12 weeks of age, and
experiments were approved by the University of Alberta Animal Care and Use Committee
(AUP00000291). Islets were hand-picked and dispersed by incubation in Ca?*-free buffer (Life
Technologies), followed by trituration. The cell suspension was plated onto Petri dishes or
coverslips and cultured in RPMI medium (Corning or Life Technologies) containing 7.5 mmol/L
glucose for >24 h before the experiments. For measurement of glycine release, the cells were
transfected with a plasmid encoding the mouse GlyRal subunit (provided by G.E. Yevenes and
H.U. Zeilhofer, University of Zurich (Yevenes & Zeilhofer, 2011)) using Lipofectamine 2000
(Life Technologies). A GFP-encoding plasmid was included as a transfection marker

(pAdtrackCMV).

Electrophysiology

Patch pipettes were pulled from borosilicate class and fire-polished (tip resistance 4—7 MegaQ
for most experiments and 3—4 MegaQ for Ca®* infusion experiments). Patch-clamp recordings
were performed in the standard or perforated-patch whole-cell configurations by using an EPC10
amplifier and Patchmaster software (HEKA Electronik). The cells were continuously perifused
with extracellular solution (except during stopped-flow experiments) at a bath temperature of

~32°C. After experiments, the cell types were established by immunocytochemistry, as
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previously described (Braun et al., 2008). For membrane potential and current recording, Krebs-
Ringer buffer (KRB) composed of (in mmol/L) 140 NaCl, 3.6 KCI, 0.5 MgSOs4, 1.5 CaCl, 10
HEPES, 0.5 NaH>PO4, 5 NaHCO3, and 6 glucose (pH adjusted to 7.4 with NaOH) was used as
bath solution. For measurements of glycine release, the extracellular medium contained (in
mmol/L) 118 NaCl, 20 tetracthylammonium-Cl, 5.6 KCI, 2.6 CaCl», 1.2 MgCl,, 5 HEPES, and 6
glucose (pH adjusted to 7.4 with NaOH). For perforated-patch experiments, the pipette solution
contained (in mmol/L) 76 K»SO4, 10 KCI, 10 NaCl, 1 MgCl, 5 HEPES, and 0.24 mg/mL
amphotericin B or 50 pg/mL gramicidin (pH adjusted to 7.35 with KOH). Glycine-evoked
membrane currents were recorded with an intracellular solution containing (in mmol/L) 130 KCI,
1 MgCl,, 1 CaCly, 10 EGTA, 5 HEPES, and 3 MgATP (pH adjusted to 7.2 with KOH). For
glycine release measurements, the pipette solution was composed (in mmol/L) of 120 CsCl, 1
MgCl,, 9 CaCly, 10 EGTA, 10 HEPES, 3 MgATP, and 0.1 cAMP (pH adjusted to 7.2 with
CsOH). The cells were clamped at =70 mV during the recordings. For glycine release

experiments, analysis was conducted with Mini Analysis 6 software (Synaptosoft).

Immunohistochemistry

Deparaffinized human pancreatic tissue sections were heated in 10 mmol/L Na* citrate (pH 6) for
15 min, followed by a 15-min cooling step in the same buffer. The sections were rinsed in PBS
and blocked with 20% goat serum for 30 min. Antibodies against the GlyRal subunit (diluted
1:100 in 5% goat serum; Synaptic Systems), GlyRa3 subunit (diluted 1:100 in 5% donkey
serum; Santa Cruz Biotechnology), GlyT1 (diluted 1:100 in 5% donkey serum; Santa Cruz
Biotechnology), or GlyT2 (diluted 1:200 in 5% goat serum; Atlas Antibodies) were then added
to the sections and incubated overnight. Sections were washed with PBS and then antibodies for

insulin (diluted 1:1000 in goat serum [Sigma-Aldrich] and diluted 1:100 in 5% donkey serum
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[Santa Cruz Biotechnology]) were added to the sections and incubated for 60 min. After a
washing step in PBS, the sections were incubated with fluorescently labeled secondary
antibodies Alexa Fluor 594 and 488 (diluted 1:200; Thermo Fisher) for another 60 min. The
samples were washed again, incubated with 300 nmol/L DAPI (Thermo Fisher) for 5 min, and
mounted in ProLong antifade (Life Technologies). Images were captured using an inverted
microscope equipped with a Zeiss Colibri imaging system. Quantitative imaging of GlyR in
islets from donors with and without T2D at constant exposure times were analyzed with Volocity
(PerkinElmer). Background subtractions were performed with ImageJ software (National

Institutes of Health, Bethesda, MD).

Measurements of [Ca®']i

Dispersed islet cells were incubated in culture medium containing 1 umol/L Fura-2 AM (Life
Technologies) for 10 min. The coverslips were mounted onto an inverted microscope and
perifused with KRB containing 6 mmol/L glucose (unless otherwise indicated). Fluorescence
was excited at 340 and 380 nm (intensity ratio 5:2) using an Oligochrome light source (TILL
Photonics) and a 20 objective (Zeiss Fluar). Emission was monitored at 510 nm, and images
were captured at 0.5 Hz using an intensified charge-coupled device camera and Life Acquisition
software (TILL Photonics). Cell types were identified after the experiment by
immunocytochemistry, as previously described (Braun et al., 2008). Excitation ratios (340/380
nm) were subsequently calculated offline from captured images in regions of interest

corresponding to identified cell types, using ImageJ software.

Insulin Secretion
Insulin secretion was measured in static secretion assays as described previously (Dai et al.,

2011) or by perifusion at 37°C in KRB with (in mmol/L) 115 NacCl, 5 KCI, 24 NaHCO3, 2.5
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CaCly, 1 MgCly, 10 HEPES, and 0.1% BSA (pH 7.4 with NaOH). For perifusion, 15 islets per
lane were perifused (0.25 mL/min) with 1 mmol/L glucose KRB (with or without 1 pmol/L
strychnine) for 24 min and then with the indicated condition. Samples were collected over 2-min
intervals. Islets were lysed in acid/ethanol buffer (1.5% concentrated HCI, 23.5% acetic acid, and
75% ethanol) for total insulin content. Samples were assayed using the Insulin Detection Kit

(Meso Scale Discovery).

Data Analysis
Data are expressed as means + SEM unless indicated otherwise. Statistical significance was
evaluated using the Student t test or two-way ANOVA. P values <0.05 were considered

significant.
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Results
GlyR Expression in Human Islets From Donors With and Without T2D

RT-PCR analysis revealed expression of the GlyR subunits al, a3, and B in human islets
( Appendices). Quantitative immunofluorescence was performed in pancreatic tissue sections
taken from donors without T2D (4 donors) and donors with T2D (4 donors) to measure GlyRal
and GlyRa3 protein levels in B-cells. Immunostaining for the GlyRal and GlyRa3 subunits in
pancreatic tissue sections revealed expression in insulin-positive cells from donors with and
without T2D (Fig. 15). GlyRal expression was greater in donors without T2D (480 + 35 average
pixel intensity [PI], 4 donors) than in donors with T2D (309 + 24 average PI, 4 donors; P <
0.001) (Fig. 15B), whereas GlyRa3 expression appeared lower than that of GlyRal and was not
different between donors without T2D (304 + 24 average PI, 4 donors) and with T2D (268 + 30

average PI, 4 donors) (Fig. 15C and D).
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Figure 15 Expression of GlyR in human islets.

A: Representative images of GlyRal expression in pancreatic tissue sections from donors with
and without T2D from quantitative immunofluorescence (GlyRal, red; insulin, green; DAPI,
blue). B: Average GlyRal PI in insulin-positive cells from donors with and without T2D. C:
Representative images of GlyRa3 expression in pancreatic tissue sections from donors with and
without T2D from quantitative immunofluorescence (GlyRa3, red; insulin, green; DAPI, blue).
D: Average GlyRa3 PI in insulin-positive cells from donors with and without T2D. The scatter

plots represent values for individual islets from four donors in each group. ***P < 0.001.

R.Y. did the staining and the data analysis
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Consistent with the detection of GlyR subunits by immunocytochemistry, I observed
substantial glycine-activated CI- currents in human B-cells, which were positivity identified by
insulin immunostaining after the experiment (Fig. 16A and B). Extracellular application of
glycine (300 umol/L) evoked large inward currents in 56 of 62 human B-cells (Fig. 16Ai1). The
current amplitude averaged —316 pA (—26 = 3 pA/pF, 9 donors) (Fig. 16B) and was half-
maximally activated by 90 pmol/L glycine (n =9 cells, 2 donors) (Fig. 16C). Glycine-evoked
currents were reduced by 92 + 3% (n = 7 cells, 4 donors; P <0.001) in the presence of 1 pmol/L
strychnine. Glycine-evoked, strychnine-sensitive currents were also found in a-cells, but the
currents were less frequently detected (3 of 10 cells) and the amplitudes were much smaller
compared with B-cells (=9.3 = 2.1 pA and —3.2 £ 0.5 pA/pF, 3 donors) (Fig. 16Aii). In mouse 3-
cells glycine evoked a strychnine-sensitive current in only 3 of 15 B-cells (—26 + 19 pA and —4.5
+ 2 pA/pF) (Fig. 16A.iii), whereas glycine did not evoke a current in rat B-cells (n = 11 cells; data
not shown), suggesting species-specific differences in glycine-evoked currents. Finally, glycine-
activated current was observed in 36 of 52 B-cells from donors with T2D and had an average
amplitude of —151 pA. Consistent with the reduced GlyRal immunostaining in islets from
donors with T2D, I find in B-cells from donors with T2D that glycine-evoked currents are
significantly smaller than in those from control donors without T2D (=12 + 2 pA/pF, n =36
cells, 5 donors; P <0.001) (Fig. 16Aiv and B). The glycine-sensitive current demonstrated a
reversal potential consistent with that expected of a Cl"-mediated current in my solutions (13.5

mV, n = 18 cells, 4 donors) (Fig. 16D).
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Figure 16 Detection of GlyR-mediated CI currents by whole-cell patch-clamping in human
islet cells.

A: Representative traces showing glycine (300 pmol/L)—evoked inward currents (black traces) in
B-cells from a donor without T2D (i), in a-cells (ii), in mouse B-cells (iii), and in human B-cells
from a donor with T2D (iv). Gray traces were obtained in the presence of 1 umol/L strychnine.
Note the different scale bars. B: Glycine-evoked inward currents normalized to cell size. C:
Dose-response curve of glycine-evoked currents in human B-cells. Responses were normalized to
those obtained with 300 umol/L glycine. D: Current-voltage relationship of currents evoked by

300 umol/L glycine. ***P < 0.001 compared with cells from donors without T2D.

R.Y. performed the patch-clamp and the analysis
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I then investigated the effect of glycine on the membrane potential of human B-cells using
the perforated-patch configuration. In the presence of 6 mmol/L glucose, extracellular
application of glycine (100 umol/L) depolarized the cells and increased action potential firing
(Fig. 17). In one set of experiments (Fig. 17A—C), glycine evoked significantly more frequent
action potential firing (2.9 + 0.5 Hz, n = 6 cells, 2 donors) compared with control cells (0.6 = 0.2
Hz, n =6 cells, 2 donors; P <0.01) (Fig. 17A and B), and decreased action potential height (46 +
3 mV, n = 6 cells, 2 donors) compared with control cells (56 + 3 mV, n = 6 cells, 2 donors; P <
0.05) (Fig. 17A and C). In a separate set of experiments, this effect was prevented by strychnine
(Fig. 17D). Glycine depolarized human B-cells by an average of 15+ 3 mV (n= "7, 3 donors; P <

0.01) (Fig. 17E).

82



Figure 17 Effect of glycine on membrane potential in human p-cells.

Membrane potential recordings performed using the perforated-patch configuration. A: Sample
trace of the effect of glycine (100 umol/L) on human B-cells. Application of 100 pmol/L glycine
elicited a significant increase in action potential firing (B) and a reduced action potential height
(C). D: Sample trace of glycine-dependent (100 umol/L) B-cell depolarization before, during,
and after application of 1 umol/L strychnine. E: Change in membrane potential in response to

100 pmol/L glycine. *P < 0.05 and **P < 0.01.

X.D. and M.B. performed the current clamp experiments. R.Y. and X.D. performed the data

analysis.
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Glycine Modulates [Ca?*]i in B-Cells

Next, I examined the effects of glycine on [Ca?*]i in human islet cells. The identities of
all the cells were confirmed after the experiments by immunostaining (Fig. 18A). A
representative recording from a B-cell is shown in Fig. 18B. The application of glycine increased
[Ca®*]i in 50% (72 of 144) of all B-cells tested (7 donors). The responses were similar after
addition of 100 pumol/L and 300 pmol/L glycine (55% and 42% responding cells, respectively)
and were abolished in the presence of strychnine (Fig. 18B and C). Interestingly, in 7% (10 of
144) of the B-cells, glycine decreased rather than increased [Ca®*]i, but no clear effect was
observed in the remaining 43% of cells (Fig. 18D). I compared the baseline [Ca®*]i (before
glycine addition, at 6 mmol/L extracellular glucose) in cells that showed an increase, no change,
and a decrease in [Ca®*]i upon glycine application, respectively (Fig. 18E). Cells that responded
with a [Ca®"]i rise had a significantly lower baseline [Ca?*]i than nonresponders, whereas a
significantly higher baseline [Ca®*]i was observed in cells showing a decrease after glycine
administration. At 1 mmol/L glucose, the proportion of cells responding with a [Ca®*]i increase
(73% [11 of 15 cells], 2 donors) was higher than at 6 mmol/L glucose (43% [41 of 97 cells]) and
at 10 mmol/L glucose (56% [18 of 32 cells], 4 donors). This was accompanied by lower baseline
[Ca®*]i at 1 mmol/L glucose (0.74 + 0.02 arbitrary units [AU]) compared with 6 mmol/L glucose
(1.08 £ 0.04 AU) and 10 mmol/L glucose (0.86 + 0.02 AU). A clear increase in [Ca®"]i upon
addition of glycine was sometimes also observed in a-cells (Fig. 18F), but the proportion of
responding cells was much lower compared with B-cells (11% [14 of 124 cells], 6 donors),
consistent with the lower proportion of a-cells that exhibited a glycine-activated CI™ current.
These also tended to require a higher glycine concentration, with 7% of the cells responding to

100 umol/L and 19% responding to 300 umol/L. Finally, extracellular Ca?" was necessary to
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elicit a response (Fig. 18G), and the absence of Ca*" suppressed the response to glycine by
99.8% (n = 35 cells, 5 donors; P <0.01) (Fig. 18H). Additional traces and expanded time scales

for these experiments are shown in Appendices.
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Figure 18 Effect of glycine on [Ca?*]i in islet cells.

A: Ratiometric images were recorded in dispersed islet cells, followed by determination of cell
types by immunostaining. SST, somatostatin. B: Representative trace shows effects of glycine
(Gly) (100/100/300 pmol/L) on [Ca?*]i in a B-cell in the absence or presence of strychnine
(Strych) (1 pmol/L). C: Area under curve (AUC) during 1-min application of 100 pumol/L
glycine in the absence or presence of strychnine (1 umol/L) in the same cells (n = 39 cells from 9
experiments). Baseline values (before glycine application) were subtracted. D: Traces from three
B-cells from the same experiment illustrating different types of [Ca?*]i responses to glycine
(100/300 umol/L). The traces are shown to scale (i.e., without adjustment of baseline values). E:
Baseline fluorescence ratios (before glycine application) in B-cells that responded with an
increase, no change, or a decrease in [Ca?']i, respectively (n = 38, 40, and 10). Data are shown as
box plots (squares, means; lines, medians; boxes, 25th/75th percentiles; whiskers,
minimum/maximum values). F: Effect of glycine (300 umol/L) on [Ca?*]i in an a-cell. G:
Representative trace shows effects of glycine on [Ca?*]i in the absence or presence of
extracellular Ca** and the Ca* response to 70 mmol/L KCI. H: AUC during a 1-min application
of 100 umol/L glycine in the absence or presence of extracellular Ca®". **P < 0.01 and ***P <

0.001.

R.Y. performed the Ca*" imaging. Data analysis was performed jointly by R.Y. and M.B.
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Interplay Between Glycine and Insulin

Insulin enhances CI- currents in neurons (Caraiscos et al., 2007; Jin et al., 2011). I
investigated whether insulin has a role in enhancing glycine signaling in human islets. In B-cells
acutely treated with 10 pmol/L insulin, the glycine-evoked current was amplified by 54 + 17% (n
=23, 8 donors; P < 0.01) compared with control cells (Fig. 19Ai and B). I confirmed similar
results in response to treatment with 100 nmol/L insulin (data not shown). I suspected that this
was a result of signaling between the insulin receptor and GlyR, so I preincubated the cells with
100 nmol/L wortmannin, a phosphoinositide 3-kinase inhibitor, to inhibit insulin receptor
signaling. Wortmannin prevented the insulin-dependent amplification of glycine-evoked current
in donors without T2D (a 6 & 4% increase, n = 12 cells, 5 donors; not significant) (Fig. 19Aii and
B). Interestingly, B-cells from donors with T2D did not show an amplification of glycine-evoked
current in response to insulin (a 5 £ 9% change from baseline, n = 13 cells, 4 donors; not

significant) (Fig. 19Aiii and B).
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Figure 19 Glycine-insulin interaction.

A: Representative trace of insulin-dependent amplification of glycine current in human B-cells
from donor without T2D (i), B-cells preincubated with 100 nmol/L wortmannin for 1 h (ii), and
B-cells from donors with T2D (iii). Control glycine currents before treatment are in black, and
glycine currents after treatment with 10 pmol/L insulin for 1 min are in gray. Similar results were
obtained with 100 nmol/L insulin (data not shown). B: Area under the curve (AUC) normalized
to control glycine currents. At 6 mmol/L glucose, 300 pmol/L glycine moderately increased
insulin secretion, whereas 800 umol/L glycine strongly increased insulin secretion. C: Glycine
induced insulin secretion in intact human islets. Glycine dose-dependently increased insulin
secretion in a strychnine-sensitive manner. D: Dynamic glucose-stimulated insulin secretion
perifusion in control and human islets treated with strychnine. P <0.001 by two-way ANOVA.
E: AUC of the glucose-stimulated insulin perifusion in the absence or presence of 1 pmol/L

strychnine. **P < (.01 compared with control 300 umol/L glycine (B) or 0 glycine (C).

R.Y. performed the patch-clamp experiments and analysis. J.M.F performed the insulin

perifusion and static GSIS experiments and analysis.
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FIGURE 19
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As suggested by previous in vivo studies (Gannon et al., 2002; Iverson et al., 2014), I
validated the ability of glycine to induce insulin secretion. At circulating concentrations of 300
umol/L, glycine tended to increase insulin secretion (23 + 8%-fold change compared with
control, n = 18 replicates, 6 donors) (Fig. 19C) from intact islets. Because interstitial glycine
concentrations are expected to exceed the circulating level, particularly because B-cells store and
release glycine (see below), I also stimulated intact islets with 800 umol/L glycine. This
concentration, which is achieved in circulation upon oral glycine supplementation (18), further
increased insulin secretion (34 + 12%-fold change, n = 18 replicates, 6 donors; P < 0.01) (Fig.
19C) compared with control. Antagonism of the GlyR with 1 umol/L strychnine prevented
glycine-dependent insulin secretion in intact islets at 300 and 800 umol/L of glycine (Fig. 19C). I
further investigated the role for endogenous glycine signaling in insulin secretion by examining
the effect of strychnine on dynamic insulin secretion responses to high glucose (Fig. 19D).
Strychnine reduced glucose-stimulated insulin secretion from human islets (n = 10 replicates, 5

donors; P <0.001 by two-way ANOVA; area under the curve P = 0.054) (Fig. 19E).

Glycine Release From Human p-Cells

Rat pancreatic islets contain ~6 mmol/L glycine (Bustamante et al., 2001).
Immunohistochemistry and immunogold electron microscopy show that rat -cells express the
vesicular amino acid transporter (VIAAT/VGAT), which mediates glycine uptake into synaptic
vesicles in neurons and accumulates glycine in secretory granules (Gammelsaeter et al., 2004).
These findings, and the ability of strychnine to inhibit insulin secretion from human islets
(above), suggest that B-cells may release glycine by exocytosis to mediate autocrine signaling.
By fluorescence immunohistochemistry I find that human islet cells express both of the GlyT,

GlyT1 and GlyT2, which appear to localize both to f- and non—f-cells (Fig. 20A and B). I
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investigated the release of glycine from B-cells by adapting a patch-clamp—based assay that has
previously been used to detect the exocytotic release of y-aminobutyric acid (GABA) and ATP
(Braun et al., 2004; Braun et al., 2007; Khan et al., 2014). Isolated human islet cells were
transfected with a plasmid vector overexpressing GlyRal, leading to an approximate sevenfold
increase of the glycine-evoked currents. These GlyR will sense glycine release from the same
cells, giving rise to currents that are easily detected. Transfected cells were stimulated by
infusing 2 pmol/L free Ca?*. A representative experiment is shown in Fig. 20Ci. Superimposed
on the background current were spontaneous transient inward currents (TICs). These activated
rapidly (6.4 £+ 2.5 ms 10-90% rise time, n = 7, 2 donors) and decayed more gradually, with a
half-width of 10.5 £ 3.5 ms, reminiscent of inhibitory postsynaptic currents in neurons. The TICs
were completely suppressed by strychnine (Fig. 20Cii), suggesting that each TIC reflects the

exocytosis of a glycine-containing vesicle.
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Figure 20 Glycine secretion from human B-cells and GlyT activity.

Human pancreatic tissue sections were immunostained for GlyT1 (A) (red), GlyT2 (B) (red), and
insulin (green). Nuclei were stained with DAPI (blue). C: B-Cells overexpressing GlyRal
subunits were clamped at =70 mV and infused with an intracellular solution containing ~2
umol/L free Ca?". TIC firing (i) was suppressed in the presence of 1 umol/L strychnine (ii). D:
Summary trace of glycine TIC from control cells and after replacement of Na* with Li* to block
GlyT activity. E: Total decay time from TIC. F: Sample trace of stopped-flow experiments to
assess glycine clearance from control cells and after replacement of Na* with Li* to block GlyT

activity. G: Total decay time from stopped-flow experiments. *P < 0.05 compared with control.

R.Y. performed the staining and patch-clamp experiments. R.Y. also performed the data analysis.
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FIGURE 20
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The glycine concentration of the cerebrospinal fluid is ~5 umol/L (Luykx et al., 2013),
whereas glycine levels in the plasma are ~40-fold higher (150—400 pmol/L) (Gannon et al.,
2002; Thalacker-Mercer et al., 2014). These plasma glycine levels are above the half-maximal
effective concentration (ECso) of the GlyR in B-cells (see above), and ligand-gated ion channels
desensitize during prolonged exposure to high agonist concentrations. Two techniques were used
to determine whether B-cells clear glycine through the activity of GlyT to maintain a low
intraislet glycine concentration. First, I investigated clearance after endogenous glycine release.
Because GlyT require Na* to cotransport glycine, extracellular Na* was replaced with Li* to
effectively inhibit both GlyT1 and GlyT2 (Supplisson & Bergman, 1997). B-Cells
overexpressing GlyRal were stimulated to secrete glycine in the presence and absence of Na*,
and glycine clearance was characterized. Figure 20D shows an averaged TIC event, with and
without replacement of Na* with Li* (n = 7 cells, 21 events, 2 donors for control; n =5 cells, 58
events, 2 donors for Li* replacement). Li* replacement significantly prolonged the total decay

time of the glycine TIC from 18 + 6 to 42 = 6 ms (P < 0.05) (Fig. 20E).

Second, I investigated the clearance of exogenous glycine in a stopped-flow experiment
(Supplisson & Bergman, 1997). After fast local application of 100 umol/L glycine, rather than
applying an extracellular solution to wash away locally high glycine concentration and prevent
receptor desensitization, the perfusion systems were stopped. In this scenario, extracellular
glycine is primarily removed by diffusion and GlyT activity. Figure 20F shows a sample trace of
a stopped-flow experiment. Following Li* replacement, cells required more time (74 £+ 9 s) to
return to baseline compared with their controls (43 + 4 s, n = 10 cells, 3 donors; P < 0.05) (Fig.

20G).
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Discussion

In the current study, I found that GlyR and GlyT are highly expressed in human p-cells
and that activation of GlyR stimulates electrical activity, increases [Ca*]i, and enhances insulin
secretion. GlyR in human islets is recently reported to be expressed specifically in a-cells but not
B-cells (C. Li et al., 2013), supported by the finding that glycine stimulated glucagon but not
insulin secretion from human islets. However, the experiments were performed in the absence of
glucose, which leads to the activation of unphysiologically large KATP currents in -cells and
may prevent any glycine effect on the membrane potential. Li et al. (C. Li et al., 2013) observed
[Ca®*]i responses upon glycine application in a subset of dispersed islet cells, but an unequivocal
identification of the cell types was not performed. My data clearly demonstrate that among

human islet cells, GlyR and glycine-activated ClI- currents are most active in B-cells.

The effect of glycine on [Ca?*]i in B-cells was blocked by the GlyR antagonist strychnine,
demonstrating that it was not secondary to Na*-dependent uptake of amino acid, as previously
reported for mouse B-cells (Tengholm, McClenaghan, Grapengiesser, Gylfe, & Hellman, 1992).
GlyR current activity was significantly lower in mouse B-cells compared with human B-cells and
was undetectable in rat B-cells. This observation adds to the previously reported differences
between human and rodent islets (Braun et al., 2008; Cabrera et al., 2006; Rodriguez-Diaz et al.,
2011). It can be speculated that this reflects differences in the diets: the glycine content of meat
(6.5% of amino acids (Tsien & Johnson, 1959)) is more than double that of wheat protein (2.8%

amino acids (van Loon, Saris, Verhagen, & Wagenmakers, 2000)).

Unlike GlyR in the central nervous system, which are inhibitory, I demonstrate that
pancreatic GlyR activation increased [Ca®*]i in most B-cells but had an inhibitory effect in a

small population of cells. How can these divergent effects be explained? Activation of CI*-
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permeable GlyR will drive the membrane potential toward the Cl- equilibrium potential (Eci).
have previously reported that Ec; in B-cells is ~—40 mV, which is above the threshold for
electrical activity (Braun et al., 2010). My data suggest that some B-cells were depolarized
beyond Eci before glycine addition and that glycine consequently hyperpolarized rather than
depolarized these cells and thereby decreased [Ca?*]i. In support of this, cells responding with a
decrease in [Ca**]i displayed a significantly higher baseline [Ca®*]i than cells that responded
with an increase. The positive Eci compared with neurons (<—60 mV) reflects the higher

intracellular CI- concentration in B-cells (Eberhardson, Patterson, & Grapengiesser, 2000).

The plasma glycine concentration is ~40-fold higher than that of the cerebrospinal fluid
and above the ECso for GlyR activation. Indeed, I believe the local extracellular glycine
concentration in islets is significantly lower due to the GlyT-dependent clearance of glycine.
These transporters are very effective at clearing glycine (Vmax = 379 pmol/min/mg for GlyT1
and 5730 pmol/min/mg for GlyT2 (Aroeira, Sebastiao, & Valente, 2014)), and GlyT activity is
stimulated as the cell becomes more hyperpolarized (i.e., during resting periods or between the
characteristic slow wave depolarizations of B-cells (Supplisson & Bergman, 1997)). My
experiments show that inhibition of GlyT via Li* replacement results in nearly a doubling of the
endogenous glycine signal, suggesting that GlyT not only clear plasma glycine but also regulate
glycine signaling in cells. Likewise, exogenous application of glycine in stopped-flow
experiments demonstrated a significant loss of glycine clearance during GlyT inhibition, and this
is likely exaggerated within the confined interislet cell space as opposed to the isolated cells

studied here.

I examined whether glycine is secreted from B-cells by performing patch-clamp

experiments in cells overexpressing GlyR, which serve as sensors for glycine released from the
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same cell (i.e., an autosynapse). Although the experiments should in principle be feasible in
untransfected cells, overexpression of GlyR improves the sensitivity of the assay considerably. I
found that Ca®* infusion elicited TICs that reflect the exocytotic release of a GlyR-activating
compound. It is likely that this compound mainly represents glycine secreted from insulin
granules, synaptic-like microvesicles, or both (Gammelsaeter et al., 2004), but I cannot exclude
taurine, which is likewise present in high concentrations in the islets (Bustamante et al., 2001).
Similar to GABA and GABAA receptors (Braun et al., 2010) and ATP and P2 receptors
(Jacques-Silva et al., 2010; Khan et al., 2014), autocrine activation of GlyR may constitute a

positive autocrine feedback loop in human f-cells.

Ingestion of glycine reduces blood glucose levels (Gannon et al., 2002), and it was
suggested that glycine was stimulating insulin secretion in humans. Although physiological
glycine (300 umol/L) only tended to increase insulin secretion, glycine at 800 umol/L
significantly increased insulin secretion. I believe that in the insulin secretion studies where islets
were intact, the cells in the core of the islets do not experience the same glycine concentrations
as the cells on the exterior, explaining the discrepancy in glycine concentrations to elicit a
response. In addition to demonstrating the ability of glycine to stimulate insulin, I demonstrated
that insulin also feeds back to amplify the glycine current and that this requires phosphoinositide
3-kinase activation, which is downstream from the insulin receptor. Although I did not attempt to
use insulin receptor antagonists, my findings are consistent with the insulin receptor—dependent

amplification of glycine current in mouse spinal neurons (Caraiscos et al., 2007).

Finally, I demonstrated that B-cells from donors with T2D have a significantly lower
GlyR expression, lower glycine-activated Cl- current than B-cells from donors without T2D, and

are refractory to the effects of insulin, perhaps implicating -cell insulin resistance as
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contributing to the reduced GlyR expression in T2D. The exact mechanism for GlyRal
downregulation in these cells is unclear but could be related to impaired trafficking or activity in
the face of B-cell insulin resistance or downregulation of protein levels downstream of mRNA

expression, which was increased in T2D ( Appendices).

In summary, I demonstrate here that GlyR Cl channels are highly expressed in human B-
cells and contribute to the regulation of electrical activity and [Ca?*]i signaling through an
autocrine feedback loop with insulin. My findings provide a physiological basis for the
previously observed beneficial effect of amino acid on glucose tolerance in man and a potential

mechanism contributing to impaired insulin secretion in T2D.
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Abstract

The islets of Langerhans are a network of endocrine cells that secrete insulin in a
regulated fashion to maintain glucose homeostasis. Ca?>* waves propagate electrically to cells
coupled by gap junctions, and chemically via neurotransmitter paracrine signalling to coordinate
a timely insulin response. This work investigates functional networks in human islets by fluo-4
spatiotemporal Ca?* imaging and examines the role of GlyR paracrine signaling. Mapping
circuits in human islets reveal cells are highly clustered and efficient; characteristic of small-
world networks. High glucose stimulates Ca?" waves and the glycine receptor antagonist
strychnine initially stimulates, then inhibits, Ca?" activity in high glucose. Furthermore, I find
that GlyR signaling is impaired in islets of individual with elevated HbA1c and that alternative
splicing of the GlyR under high glucose results in the down-regulation of the functional GlyR
variant 1 and an increase of the non-functional GlyR variant 3. Glycine neurotransmitter
signaling is therefore important in islet network function and dysfunction through this receptor

likely contributes to impaired insulin secretion.
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Introduction

It is well established that impaired insulin secretion from pancreatic B-cells is a hallmark
symptom of most forms of diabetes and is manifested as impaired first phase insulin secretion
and loss of insulin pulsatility (Lei et al., 2018; Satin et al., 2015). Insulin is secreted in bursts to
maintain insulin receptor sensitivity, hepatic gluconeogenesis, and glucose homeostasis (Hori et
al., 2006; Peiris et al., 1992). While individual islet B-cells have the machinery to regulate their
own secretion, it is necessary for B-cells to act as a collective unit to secrete adequate insulin (R.
K. Benninger & Piston, 2014; Halban et al., 1982; Pipeleers, Kiekens, Ling, Wilikens, & Schuit,
1994). Cells within islets form networks, utilizing gap junctions, paracrine/autocrine factors, and
hubs cells to regulate islet activity and secrete insulin in concert (R. K. P. Benninger & Hodson,
2018; Dolensek, Rupnik, & Stozer, 2015; Gosak et al., 2018; Skelin Klemen, Dolensek, Slak

Rupnik, & Stozer, 2017).

Impaired network activity is deleterious to insulin secretion and glucose homeostasis.
Indeed, factors that increase coordination in islets, such as the incretin GLP1, stimulate insulin
secretion (Hodson et al., 2013). The inverse is also true, as inhibiting gap junctions and hub cells
reduces insulin secretion (Johnston et al., 2016). Studies in rodent islets find that Connexin 36
(CX36) is key for global Ca?* activity and regulated insulin secretion (Hodson et al., 2013;
Rocheleau et al., 2006). Mice lacking CX36 have poor oscillation synchronization, disrupted
wave propagation, and impaired glucose sensitivity (R. K. Benninger et al., 2011; R. K.

Benninger, Zhang, Head, Satin, & Piston, 2008; Speier et al., 2007).

Neurotransmitter paracrine signaling is also a major player in signal propagation. Many
studies show that islets express purinergic (Khan et al., 2014), glutaminergic (Marquard et al.,

2015), serotonergic (Almaca et al., 2016; Braun et al., 2007), GABAergic (Braun et al., 2010; E.
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Xu et al., 2006), and glycinergic (Yan-Do et al., 2016) receptors and these all contribute to the
regulation of islet excitability and insulin secretion. Recently, a number of studies have
demonstrated that reduced plasma glycine concentration may be involved with type 2 diabetes,
obesity, and insulin resistance (Yan-Do & MacDonald, 2017). Similar to impaired gap junction
signaling, impaired glycine paracrine signaling also leads to dysfunctional insulin secretion. The
glycine receptor gene (GLRA1) undergoes alternative splicing to produce 4 glycine receptors
splice variants (Malosio et al., 1991; Miller, Harvey, & Smart, 2004; Oertel, Villmann,
Kettenmann, Kirchhoff, & Becker, 2007). Alternative splicing is a post-translational process by
which cells can produce different proteins from the same gene by producing multiple mRNA
transcripts. By the same process of removing introns, alternative splicing occurs by including or
excluding exons from a single gene and this process increases the amount of functionally
different protein isoforms (Y. Lee & Rio, 2015). It is even estimated that >95% of the human
gene has some form of alternative splicing (Barbosa-Morais et al., 2012; Merkin, Russell, Chen,
& Burge, 2012). However, alternative splicing is not always good, as it may produce
dysfunctional proteins. Alternative splicing has also been implicated in T2D (Dlamini, Mokoena,
& Hull, 2017; Pihlajamaki et al., 2011) and splice variation in receptors (e.g. the insulin receptor)

can drastically change signal transduction (Malakar et al., 2016).

The arrangement of cells and how they form networks also determines how signals are
synchronized. Network theory has been especially effective for understanding biological systems
and has been used to study brain function (Bonifazi et al., 2009; Watt et al., 2009) and gene
interactions (Maniatis & Reed, 2002). Networks dynamics in islets has garnered attention and
recent studies discovered specialized “hub cells” orchestrate Ca>* waves (Johnston et al., 2016).

Hub B-cells are a property of scale-free networks and these networks are arranged such that there
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are many cells with few connections and few cells with many connections (i.e. the ‘hubs’) which
are integral for the function of the network. Needless to say, damage or dysfunction in hub cells
will be disastrous to the function of the network. Other studies however, suggest that islet cells
form small-world like networks (R. K. Benninger et al., 2008; Stozer et al., 2013) with dense
local connectivity and short average path lengths. In this interpretation, there are no hub cells but
signals still travel quickly. It is important to reconcile these differing views on cell-to-cell
communication within islets. In this Chapter, network theory is applied to map the spatio-
temporal Ca?* activity in intact human islets. I examined the properties of islet networks and how
paracrine signals influence network function. I investigate alternative splicing of GlyR variants

and how they are regulated by glucose.

Methods
Cell Culture

Human islets were isolated in the Alberta Diabetes Institute IsletCore or the Clinical Islet
Laboratory at the University of Alberta, with appropriate ethical approval from the University of
Alberta Human Research Ethics Board (Pro00013094; Pro 00001754). Islets were cultured in
RPMI-1640 medium (Life Technologies) containing 7.5 mmol/L glucose, 10% fetal bovine

serum, and 5% penicillin/streptomycin overnight.

Ca?" Imaging

Intact human islets were incubated in culture medium containing SuM Fluo-4
(Invitrogen) for 60mins. Islets were mounted into a custom recording chamber and perifused
with RPMI-1640 growth media supplemented with 10% fetal bovine serum and 5%

penicillin/streptomycin and glucose as indicated. The cells were continuously perifused with
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extracellular solution at a bath temperature of ~32°C. Imaging was performed on Zeiss SteREO
Discovery V20 upright microscope with ZEN acquisition software. Fluorescence was excited at
488nm at 10% light intensity using an LED light source. Images were captured with AxioCam

MRm CCD camera at 0.33 Hz at 200ms exposure and recorded for a 1 hour. 12 bit 1388 x 1040

pixels images were captured where each pixel was 1.02 um x 1.02 um.

Data analysis

The [Ca?*]i dynamics in islets was analyzed off-line employing ImageJ and custom-made
scripts in Python. First, a stabilization algorithm was applied in order to remove small translatory
movements of islets in the chamber and afterwards the F/Fo ratio was calculated. Then, the
picture of the islet (Fig. 21A) was binarized and subdivided into a square mesh with an edge size
of 15 um (Fig. 21B and C). The greyscale values of all frames were then exported from each islet
region and the extracted time series were then additionally processed with a digital FFT filter, in
order to retrieve baseline trends and artifacts due to islet movement (Fig. 21D and E). This in
turn enabled a firm binarization of Ca** signals (Fig. 21F), with a binarization threshold of 1.5
times the standard deviation of the time series. Finally, a smoothing-based refinement of the
binarized signals was preformed to remove artifacts. On the basis of the binarized time series we
calculated for each region the frequency (number of detected oscillations per time interval) and
the average durations of oscillations. Filtered Ca?* signals were used for the correlation analysis

and the subsequent network construction.
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Figure 21 — Data analysis for Ca’* networks in intact islets

A) Image of an isolated islet. B) Binarized image of the islet. C) Islet divided into square
subregions from which the Ca?" signals are extracted. D) Unprocessed Ca?* signal from one
subregion (marked with orange in Fig. 21c). E) High-pass filtered Ca®* trace. F) Binarized Ca?*

signal.

R. Y. and H. P. performed the Ca>* imaging. M. G. performed the data analysis.
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FIGURE 21
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For the characterization of dynamical correlations and synchronized activity within islets
we calculated the correlation coefficient between the Ca?" time series of the i-th and j-th islet

region, defined as follows:

D e 10 E0)
j (1)

i
where % and x, are the mean values of the time series  (,)and x,(0) and 5y and Sy, the

Sxisx

corresponding standard deviations. The correlation coefficient R;; indicates the linear relationship
between the dynamics of the i-th and the j-th region. Values of R;; are bounded within [—1,1],
whereby —1, 0 and 1 signify anti-correlation, no-correlation and complete correlation,

respectively.

To get a more detailed insight into the synchronized activity patterns, functional
connectivity networks were constructed. Two islet regions were considered to be functionally
connected if their activity profiles showed a high enough degree of synchronization, i.e.

Rjj exceeded a given threshold value Ry=0.75, as described elsewhere (Gosak et al., 2018; Stozer
et al., 2013). By thresholding we obtain a binary connectivity matrix which consistently defines
the network structure. Once the functional connectivity pattern was established, we quantified it
with network statistics. In particular, we calculated the degree’s (i.e. number of connections) of
individual nodes, the clustering coefficient, the global efficiency, and the small-worldness
parameter, as described in (Stozer et al., 2013). More specifically, to explore the small-world
character of the islet network the average clustering coefficient Caye and the global

efficiency Eglob were compared with the same metrics estimated in a random graph

(Crand and Erang) configured with the same number of nodes and mean degree as the network of

interest. To describe the small-world-ness with a single parameter, we calculated the ratio:
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SW = (Cavg/ Crand)/ (Erand/ Eglob) (2)

If Erand/Eglob~1 and Cave/Crang™>1, and consequently SW>1, a network exhibits a large extent of

small-world-ness (Watts & Strogatz, 1998).

Electrophysiology

Patch pipettes were pulled from borosilicate class and fire-polished (tip resistance 4—7 Mega(Q
for most experiments and 3—4 MegaQ for Ca?* infusion experiments). Patch-clamp recordings
were performed in the standard or perforated-patch whole-cell configurations by using an EPC10
amplifier and Patchmaster software (HEKA Electronik). The cells were continuously perifused
with extracellular solution (except during stopped-flow experiments) at a bath temperature of
~32°C. After experiments, the cell types were established by immunocytochemistry, as
previously described (Yan-Do et al., 2016). For measurements of glycine currents, the
extracellular medium contained (in mmol/L) 118 NaCl, 20 tetracthylammonium-Cl, 5.6 KClI, 2.6
CaCly, 1.2 MgCly, 5 HEPES, and 6 glucose (pH adjusted to 7.4 with NaOH). Glycine-evoked
membrane currents were recorded with an intracellular solution containing (in mmol/L) 130 KCI,
1 MgCl,, 1 CaCly, 10 EGTA, 5 HEPES, and 3 MgATP (pH adjusted to 7.2 with KOH). For
glycine release measurements, the pipette solution was composed (in mmol/L) of 120 CsCl, 1
MgCl,, 9 CaClo, 10 EGTA, 10 HEPES, 3 MgATP, and 0.1 cAMP (pH adjusted to 7.2 with

CsOH). The cells were clamped at =70 mV during the recordings.

RT-PCR

Total RNA from ~400 human pancreatic islets were purified using an RNeasy Mini Kit
(Qiagen), and treated with DNasel (RNase-free, Fermentas). DNasel-treated RNA (2.0ug) was
reverse transcribed (iScript Reverse Transcription Supermix, Bio-Rad) in the presence of RNase

inhibitor (SUPERase-In, Ambion). In a negative control, iScript Supermix (minus reverse
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transcriptase) was used for the cDNA reaction. PCR was performed using platinum Taq
Polymerase (Life Technologies) under the following conditions: 2 min 95°C followed by 40
cycles of 20s 95°C, 30s 55°C, 60s 72°C. PCR products were analysed on a 1% agarose gel.
Primers for RT-PCR were designed using the program Primer3 (University of Massachussetts
Medical School; http://biotools.umassmed.edu/bioapps/primer3 www.cgi) under the following
parameters: Product sizes range from 388 to 408 bp. For detection of all the variant transcripts of
a given GLR gene, shared regions of the transcript were selected for analysis by the above
program. For a control RT-PCR, B-Actin-specific primers were used (product size 635 bp). DNA

markers (100 bp) were from NEB.

Quantitative RT-PCR

Total RNA in islets was extracted using TRIzol Reagent (Thermo Fisher/Life Technologies).
The cDNA was generated using 500 ng total RNA and 5x All-In-One RT Master Mix (ABM
Inc.). Real-time quantitative PCR assays were carried out on the 7900HT Fast Real-Time PCR
system (Thermo Fisher/Applied Biosystems) using Fast SYBR Green Master Mix (Thermo
Fisher/Applied Biosystems), 0.5 uM primers and 50 ng cDNA. After initial denaturation step at
95°C for 30 s, the cDNA was amplified by forty thermal cycles of denaturation at 95°C for 2 s
and amplification at 60°C for 20 s. Cyclophilin A mRNA levels were used to normalize the

mRNA levels of GlyRs.

Results
Glycine receptor current is regulated by circulating blood glucose levels.

As shown in Chapter 3, I found that glycine evoked large inward currents in human [3-
cells and this inward current is impaired in T2D. When glycine activated current was plotted

against donor HbA 1¢c however, a negative correlation is observed (FIG 22A).The donors with
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T2D are indicated in red. Interestingly the T2D donors with well controlled HbAlc (i.e.
maintained their HbA1c below 6.5%) had improved glycine-activated current. No trend was
observed between donor BMI and glycine activated-current (FIG 22B). To further investigate the
role of glucose on glycine current, islets were subjected to incubation in 7.5G or 20G for 48h.
Consistent with the inverse trend between glycine activated current and HbAlc, B-cells
incubated in high glucose displayed a reduction in glycine activated current compared to 7.5G
control (FIG 22C & D, p<0.05). Control produced a current of -26.6+4.39 pA/pF (n=42 cell, 5
donors) while high glucose incubation produced a current of -13.69+2.32 pA/pF.(n=21 cells, 5

donors, p<0.05).
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Figure 22 Glycine receptor activity in impaired in T2D and hyperglycemia.

B-cells from donors with and without T2D were measured for glycine activated current by whole
cell patch clamp. A) The HbA1c of the donor was plotted against the glycine activated current.
Red dots indicate the donors were diagnosed with T2D. B) The BMI of the donors were plotted
against the glycine activated current. Red dots indicate the donors were diagnosed with T2D. C)
Islets from human donors without diabetes were cultured in 7.5G or 20G for 48h. D) Glycine

current is impaired in islets cultured in 20G.

R.Y. performed the patch-clamp and the analysis
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FIGURE 22
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To understand the impaired glycine activated current in hyperglycemia, I examined the
possibility that GlyR trafficking to the cell membrane was impaired. Gephyrin is a well-
established scaffolding protein for GlyR on neurons (Tyagarajan & Fritschy, 2014) and is
responsible for GlyR trafficking. However, while gephyrin mRNA expression in human islets is
reduced in T2D (FIG 23A n= 33, 17 donors from non-diabetic, n=23, 12 donors from T2D),
protein levels detected by western blotting is increased (FIG 23B&C 2 donors from non-diabetic,
and 2 donors from T2D). Therefore, impaired GlyR trafficking to the plasma membrane via

reduced gephyrin is not responsible for impaired glycine currents.
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Figure 23 Gephyrin and Glycine splice variant analysis

A) qPCR was performed on 17 human donors without T2D and on 12 human donors with T2D.
Donors with T2D had significantly reduced levels of GPHN. B) Western blot analysis of
gephyrin protein from 2 donors without T2D and 2 donors with T2D was performed. C) Protein
levels of gephyrin were quantified and gephyrin protein expression increased in T2D. D)
Identification of the missing protein in GlyR variant 3 compared to GlyR variant 1. The
strychnine bound homomeric GlyR variant 1 in the closed conformation is represented in the
cartoon and the subunits are coloured in yellow, pink, teal, green, and salmon. The missing
proteins in GlyR variant 3 are coloured in red. Strychnine is represented in by light blue spheres.
E) The binding site for the homomeric GlyR variant 1 in the closed conformation is shown.
Again, the missing proteins in GlyR variant 3 are identified in red. Strychnine is represented by
the blue sticks. F) The DNA sequence of all four GlyR variants are represented by the lines and
variations produced by alternative splicing are indicated. I) Overexpression of the GlyR in HEK
cells showed that GlyR variant 1 produced a robust current (black) while GlyR variant 3 did not

produce any current (red).

C. H. performed the qPCR to measure GPHN expression. M. F. performed the western blot to
measure gephyrin content. K. S. constructed and tagged the plasmid for the GlyR variants and R.

Y. modeled the proteins in PyMOL. R.Y. performed the patch-clamp and the analysis.

116



FIGURE 23

A B

ND T2D

T2D ND

eo—— — d _— WB: Gephyrin (1:1000)

3§ 150 o
£ 00
S 0
8 100 ®oe
z Q0000 oo C
® 501 00,5000 w
°®
0 . ' £
ND T2DM %
§
g
(U]
D E

GLRAT1 Var 1

GLRA1 Var2 . e
\W4

v
Alternative splicing

GLRA1 Var 3 —\\ I_‘ I_

v v
Alternative splicing  Alternative splicing

1.5

1.04

0.5+

200+
O *kk%k
| % W WB: Actin (1:1000)

0.0

300uM glycine

500pA
]_< —— GlyRa1 Variant 1

' —— GlyRa1 Variant 3



Examination of the literature revealed alternative splicing produces 4 variants of the
GlyR (FIG 23F). GlyR variant 1 is the full-length protein. GlyR variant 2 has a missing section
in the intracellular domain. In addition to the same missing intracellular section as GlyR variant
2, GlyR variant 3 is missing a portion of its extracellular domain (FIG 23D&E). Finally, GlyR
variant 4 has a truncation of the C-terminus. GlyR variant 3’s additional missing section
(residues 1-70) corresponds to the ligand binding site (FIG 23E) while splice variant 4 is unlikely
to be translated as it lacks the transmembrane domain. I tagged and cloned GlyR splice variants 1
— 3 and GlyRp with fluorescent proteins (mCherry and eGFP) and over-expressed each in HEK
cells. As my analysis predicted, GlyR variant 3 was insensitive to glycine and did not conduct
current (FIG 23G). Many properties of the GlyRs were examined for both splice variant 1 and 2,
such as desensitization, modulation by insulin, and modulation by Zn?*, all of which yielded no

difference (not shown).

Next, I hypothesized that the reduction in glycine activated current in T2D and following
high glucose culture is due to alternative splicing of the GlyR to produce the glycine insensitive
receptor splice variant 3. I cultured islets in normal (5G), high (16.7G), and supra-physiological
(33G) levels of glucose for 48h. qPCR was performed on these cultured islets to measure the
expression level of each GlyR variant. With the exception of GlyR variant 2, specific primers for
each splice variant were constructed to quantify the expression of each . Culturing islets in high
glucose caused a decrease in the expression of GlyR variant 1 (FIG 24A) and an increase
expression of GlyR variant 3 (FIG 24C). Expression of other genes including the insulin receptor
(INSR) variant 1, INSR variant 2, U2AF1, U2AF2, SRSF6, SRSF1, and SRSF6 were also
examined. The U2 auxiliary factor (U2AF) family of proteins and the Serine/arginine-rich

splicing factor (SRSF) family of proteins are both involved in alternative splicing. Notably,

118



U2AF2, was increased in high glucose culture (FIG 23H). The INSR was also examined as it

was previously demonstrated to be modulated by alternative splicing (Malakar et al., 2016).
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Figure 24 qPCR analysis of alternative splicing genes

Quantification of GLRAI1, INSR, U2AF, and SRSF gene expression in human islets cultured in
5@G, 16.7G, and 33G. Islets from donors without T2D were incubated in 5G, 16.7G, and 33G.
Expression of A) GLRAI variant 1, B) GLRAI1 variant 2, C) GLRA1 variant 3, D) GLRA1
variant 4 were quantified by qPCR. Expression of E) INSR variant 1, F) INSR variant 2, G)

U2AF1, H) U2AF2, I) SRSF1, J) SRSF2, and K) SRSF6 were examined.

R. Y. and K. S. performed the qPCR to measure gene expression.
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FIGURE 24
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Glucose stimulates local and global Ca?* waves in human islets.

To determine the impact of reduced glycine-activated current on human islet Ca>*
signaling, I worked with collaborators to establish methodology for examining Ca** signaling
networks in human islets. Qualitatively, Ca?>* waves were clearly observable and glucose
sensitive, however global Ca>* waves typically seen in rodent islets (Aslanidi et al., 2001; Stozer
et al., 2013) were not observed. While there is still some spontaneous activity at low glucose
(3G), human islets become more active when they are exposed to high glucose (12G). Washout
back to low glucose also showed that a majority of the islets eventually returned to baseline
within 10-15mins. Spontaneously, Ca?>* waves propagating in all directions occurred
occasionally, suggesting the dissipation of a secreted paracrine factor from the islets as these

events propagated from one islet to another.

Networks were identified as described in the Methods. Pairwise correlation coefficients
for each node in the islets was calculated (see Equation (1)) and used to construct a correlation
matrix (FIG 25A). The correlation matrix (FIG 25A) shows how correlated each pair of nodes
are; two nodes are considered connected if their Pearson product-moment correlation R;; exceeds
the predetermined threshold value Ru. A binary connectivity matrix (FIG 25B) identifies which
nodes exceed the threshold and show which nodes are connected. From this I can create the
functional islet network in FIG 25C. Noticeably, there are areas that have high clustering while
there are several nodes that are not connected at all (FIG 25C). I suspect that nodes with no
connections may be alpha cells since they respond robustly to adrenaline (data not shown). The
networks formed in human islets are segregated, rather heterogeneous, and lattice-like without

long-range connections, similar to mouse networks (Johnston et al., 2016; Stozer et al., 2013).
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The degree distribution appears to obey a power law (FIG 25D) suggesting the presence of hub

cells as suggested previously (Johnston et al., 2016).
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Figure 25 Ca?" imaging in intact human islets

A) Correlation matrix showing color-coded correlation coefficient values R; between all islet
areas pairs, coding of the degree of synchronization. B) Binary connectivity matrices with black
(dj = 1) and white (d; = 0) elements obtained by thresholding the correlation matrix at Rn = 0.75.
C) The resulting functional network with nodes corresponding to physical positions of islet

areas. Colors of individual areas represent different community classes. D) Degree distribution of
the functional islet network. E) Summarized network measures: kave — average degree, Cavg —
average clustering coefficient, Eqiob — global efficiency, SW — small-worldness, O — modularity.

R. Y. and H. P. performed the Ca>* imaging. M. G. performed the data analysis.
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FIGURE 25
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From the functional Ca?* imaging, I examined other characteristics of the network (FIG
25E). Average clustering coefficient (C,.¢) and network efficiency (Eqios) was calculated to be
0.44 and 0.18 respectively. Average clustering coefficient is calculated to determine the
functional segregation of the network (Watts & Strogatz, 1998). Networks with high clustering
are functionally segregated. This result supports previously published studies in mice (Gosak et
al., 2018; Stozer et al., 2013).The global efficiency of the network is inversely proportional to the
average shortest path length. Thus a global efficiency of 0.18 in my network means human islets

are inefficient and have long average path length.

From the C.¢ and Egi» parameters, I can evaluate how well islets behave as small world
networks. A random network (Cruns and E,anq) with the same number of nodes and mean degree
as my islets in FIG 25C was simulated and compared. The average clustering (C,unq) and global
efficiency (E,un) in the equivalent random network were 0.041 and 0.40, respectively. Thus from
Equation (2) (see methods), human islets behave like small world networks (FIG 25E. SW = 4.8.
If SW>1 then the networks display small-world-like qualities). This is largely due to the Cag
(0.44) being an order of magnitude higher than C,4q (0.041). The low Egiop (0.18 vs 0.4) in our
islets emphasizes the inefficiency of our islets suggesting that human islets lack long-rang

connections.

Strychnine antagonism of GlyR in human islet networks

Next, the impact of reduced GlyR signaling on islet networks was investigated using the
selective inhibitor strychnine. Islets were exposed to 12G followed by 1uM strychnine + 12G to
examine network behaviours with and without glycine signaling. The extracellular media is rich
in glycine (133mM) and B-cells endogenously secrete glycine (Yan-Do et al., 2016) so

strychnine will antagonize endogenous glycine signaling within islets. Interestingly, strychnine
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was found to initially stimulate global calcium activity followed by an inhibition of network
activity (FIG 26C). The initial stimulation by 1uM strychnine + 12G produced several global
calcium waves with very dense networks (FIG 26F center) and increased network degree (FIG
26E). After the this, strychnine strongly inhibited the frequency of oscillation (FIG 27B),
oscillation duration (FIG 27C), active time (FIG 27D) and network degree (FIG 27E). Following
the initial stimulation by strychnine, the network structure becomes very segregated and the
number of connections decreases profoundly (FIG 27A) as described by the modularity. The
community structure of the networks (see the colors in FIG 25C) is determined from modularity
which describes the strength of division in communities. Under strychnine, fewer connections
between intra-islet communities are formed (FIG 26F left vs FIG 26F right) and modularity is

large (0.7) showing strongly divided communities (FIG 27A).
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Figure 26 Strychnine stimulates and inhibits network activity in islets

Human islets were stimulated by 12G glucose with and without 1uM strychnine. B-cells are
known to secrete glycine, so antagonizing glycine receptors will block endogenous GlyR
activation. A) A representative islet is shown. Three nodes are indicated in blue, green, and red
and their respective Ca?" traces are shown in panel B). B) Representative Ca?* responses in the
cells indicated in panel A) in response to 3G, 12G, 12G+1uM strychnine, and finally back to 3G.
C) A Raster plot of all nodes in the islet in panel A). D) The average frequency of Ca?*
oscillations vs time in response to the treatment in panel B and C is indicated in black. Indicated
in grey is the average Ca" signals of all nodes in the islet. This grey line is a histogram of active
nodes in panel C). E) The average network degree vs time in response of the treatment in panel
B and C is indicated in black. F) The connections among nodes and clustering are demonstrated

during 12G (left), 12G+1uM strychnine acute (center), and 12G+1uM strychnine chronic (right).

R. Y. and H. P. performed the Ca>* imaging. M. G. performed the data analysis.
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FIGURE 26
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Figure 27 Chronic strychnine application inhibits network activity.

A) The average modularity vs time in response of the treatment in FIG 26B & C is indicated in
black. While strychnine initially stimulated Ca®" activity, strychnine eventually inhibited Ca?*
activity. Islet network activity during 12G alone was compared to late phase 12G+1uM
strychnine application. Strychnine is found to reduce B) oscillation duration, C) frequency of
oscillation, D) active time, and E) network degree. E) Representative islet in 12G+1uM

strychnine

R. Y. and H. P. performed the Ca>* imaging. M. G. performed the data analysis.
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FIGURE 27
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The dual response produced by strychnine application is confusing and counterintuitive
considering Chapter 3 predominately shows GlyRs stimulating insulin secretion (and strychnine
inhibiting secretion). Like Chapter 3’s single-cell Ca?* imaging data, the dual actions of
strychnine is likely due to the reversal potential of chloride (-33mV in human B-cells). In intact
islets imaging, islets were stimulated with 12G for 10 mins before strychnine + 12G. Ten mins at
12G is sufficient to depolarize many cells past the reversal potential of Cl', thus, application of
strychnine is disinhibiting Ca?* activity and producing the global Ca?>* waves. This however does
not last long, as prolonged antagonism of the receptor inhibits network activity. Paracrine

signaling among cells via GlyR is lost and cells form fewer connections.

Comparable to what was previously published (Johnston et al., 2016), I also find that
human islets exhibit a power law. A power law means islets have hub cells that synchronize and
coordinate islet activity. Despite the power law, the other characteristics (highly clustered and
high efficiency) shows that our network behaves more as a small-world network. Human islet
networks have high clustering and high efficiency which is characteristic of small-world

networks.

Discussion

The glycine receptor is positively modulated by glucose (Breitinger, Raafat, & Breitinger,
2015). Breitinger et al. (2015) found the glucose causes a left shift in the ECso for GlyR
activation (Breitinger et al., 2015). The proposed mechanism of glucose potentiation of GlyR
current is via glycosylation of the receptor. Glucose can covalently bond to K134 and

mutagenesis of GlyRal K134A yielded a receptor insensitive to glucose potentiation (Breitinger,
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Sticht, & Breitinger, 2016). Interestingly, K134 is located in the ivermectin allosteric binding site
of the glycine receptor. Ivermectin is a macrocyclic lactone that allosterically modulates GlyRs
and Breitinger et al. (2016) propose glycosylation at this site is how high glucose potentiates
glycine currents (Breitinger et al., 2016). While Breitinger et al. (2015) use acute glucose
treatment and I use a longer glucose treatment, this still cannot explain the discrepancy with my
data. I conclude my observations may be a property of B-cell modulation of GlyRs and not

glucose modulation of the GlyR.

Acute bouts of hyperglycemia stimulate insulin secretion whereas chronic hyperglycemia
is known to alter the islet transcriptome, DNA methylation patterns, and gene expression (Dayeh
et al., 2014; Weir & Bonner-Weir, 2004). Studies examining high glucose in human and mouse
islets show altered expression of genes involved in ion channels, glucose metabolism, and
inflammation (Maedler et al., 2017; Taneera et al., 2015; Z. Zhang et al., 2010). My findings that
GLRALI expression is reduced in T2D supports several studies in the literature. My results
confirm Hall et al. (2018) as they showed reduced expression of GLRAI in islets incubated in
high glucose (Hall et al., 2018). GLRA1 was found to have altered methylation in one or more
CpG sites suggesting epigenetic regulation in response to high glucose. Taneera et al. (2015)
showed that GLRA1 expression is reduced in islets from donors with T2D (Taneera et al., 2015).
The reduced expression of GLRA1 demonstrated from both published papers translates to
reduced GlyR activity as shown by the inverse correlation between GlyR activity and donor
HbAlc (FIG 22A). The reduced GlyR activity can also be mimicked by culturing islets in high
glucose for 48h (FIG 22C&D). Not only is there a lower expression of GLRAI, I propose

alternative splicing of the GlyR contributes to reduced GlyR activity in T2D.
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The observations from my studies have some novel conclusions. Strychnine antagonism
of the GlyR produced a disinhibition/stimulation in intact islets at high glucose (FIG 26E). This
is due to the reversal potential of Cl-, where glycine is stimulatory below -33mV and inhibitory
above -33mV. Since high glucose depolarizes -cells and stimulates action potential firing, GlyR
activation will inhibit B-cell activity at high glucose. Individuals with T2D have impaired
glucose homeostasis and are hyperglycemic. In this scenario, glycine will behave as an inhibitory
neurotransmitter preventing insulin secretion, effectively worsening glucose homeostasis. |
propose that the reduced GlyR activity in T2D is in fact a compensatory mechanism to reduce
islet inhibition and increase insulin secretion during T2D. The increased expression of the non-
functional GlyR variant 3 and the reduced expression of the functional GlyR variant 1 supports
the loss of GlyR activity in chronic hyperglycemia. Additionally, circulating glycine is reduced
in individuals with T2D (Yan-Do & MacDonald, 2017) resulting in less agonist available for

receptor activation.

Generally, it is clear the Ca®* events in rodent and human islets are very different.
Reports show that human islets have very stochastic Ca?* activity, with very little coordination
(Hodson et al., 2013; Johnston et al., 2016), while rodent islets are highly connected and very
synchronized (Aslanidi et al., 2001; Rocheleau, Walker, Head, McGuinness, & Piston, 2004;
Stozer et al., 2013). While my data also shows stochastic Ca®* events, I frequently observe very
clear Ca?* waves that propagate throughout human islets. My objective was to visualize normal
Ca?" activity in human islets and thus I rationalized performing experiments in growth media.
With this in mind, my study cannot be directly compared with previous reports. Additionally, my
objective was to observe how GlyRs modulate Ca?" waves in intact islets. Application of glycine

via extracellular bath produces global Ca?* responses (not shown), however, network activity and
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Ca®" waves cannot be studied under this condition. Thus using growth media, as it contained a
basal amount of glycine, and antagonizing GlyRs with strychnine allowed me to study GlyR

regulation of network activity.

Functional analysis of islets to study network parameters has been used by various groups
by a variety of methods (R. K. Benninger et al., 2008; Johnston et al., 2016; Stozer et al., 2013).
One of the weaknesses of this study is the use of a top down wide field microscope. I sacrificed
resolution for a larger field of view to image multiple islets simultaneously. As a result, my
images have difficulty resolving single cells. Consequently, functional analysis of each node thus
consists of multiple cells in the region of interest. While my study lacks the spatio-temporal
resolution of a confocal microscope, the conclusions drawn from this study are still valid. In a
sense, my study has a better perspective than confocal imaging because I can see the global
activity rather than just 1 plane. Furthermore, since I am imaging the surface, I have no issues
with diffusion of glucose or drugs into the core of the islet. Unlike studies in rodents expressing a
fluorescent protein in the cell of interest, my study strictly uses cells from human donors and as a
result it becomes difficult to identify cell types. While I attempted to functionally differentiate
alpha cells by applying external stimuli, I cannot make any comments on cell identities at this
moment. Attempts to identify the cell types by staining failed because the process of adhering
intact islets to a dish caused the islets to clump and the shape and structure of the islets changed
considerably. Thus, efforts to identify B or a cells was forgone to maintain islets shape for a more

accurate study of Ca®>" dynamics.

Here I show that human islets form well connected networks. GlyR activity is reduced
with high glucose in vivo (HbA1c) and in culture. The result of this reduced GlyR function is a

disruption of network activity. While hub cells were not the objective of this study, I do not
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refute human islets have hub cells and islets display a power law degree distribution consistent
with previous studies (Johnston et al., 2016). Despite the power law degree distribution, human
islet networks are more akin to small-world networks as they have high clustering and high
efficiency. While human islets are only half as efficient as a random network of similar size and
degree, human islets have ~10 times more clustering. This reduced efficiency is attributed to the
presence of segregated communities (high modularity) which is another property of small-world
networks (Watts & Strogatz, 1998). These segregated communities are more pronounced in
human and may explain why human islets do not have global Ca** waves like rodent islets.
Prolonged strychnine treatment demonstrates that islets become more segregated suggesting that
glycine signaling is integral for signaling among intra-islet communities. Indeed, glycine
secreted from B-cells is not constrained to signals to adjacent cells like gap junctions and can act
as a long distance signaling molecule. Furthermore, prolonged strychnine treatment also reduced
the average number of connections demonstrating some connections are dependent on glycine

neurotransmitter signalling and compensation by other means is impossible.

In summary, glycinergic signalling is important for paracrine signaling in human islets
and dysfunction will result in impaired network activity, impaired Ca>" responses, and impaired
insulin secretion. Cells form highly connected communities and multiple communities come
together to form islets. Glycine is not only used for signaling among cells within communities,
but is used to mediate signalling between communities. The expression of GLRAT is not
immune to hyperglycemia, which can alter gene transcription and alternative splicing especially
in T2D. Upregulation of the non-functional GlyR variant 3 contributes to impaired GlyR activity
in both donors with T2D and islets incubated in high glucose. Changes in GlyR activity may lead

to decompensation and loss of insulin regulation.
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CHAPTER 5
GENERAL DISCUSION
Impaired glycinergic and purinergic signaling in Type 2 Diabetes and Potential Mechanisms

Contributing to Glucose Homeostasis
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The following chapter is contains sections from work published in Endocrinology. It is reprinted

with permission of the Oxford University Press under the following citation:
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Purinergic signaling in islet of Langerhans

In addition to being an energy molecule, ATP is a bonafide neurotransmitter by acting via
the P2X and P2Y receptors. ATP is secreted from nerves, beta cells, and exocrine acinar cells
(Haanes & Novak, 2010). Purinergic receptors are expressed throughout the pancreas including:
B-cells, a-cells (Coutinho-Silva, Parsons, Robson, & Burnstock, 2001), -cells (Salehi, Qader,
Grapengiesser, & Hellman, 2007), immune cells (Figler et al., 2011), and pancreatic duct cells (J.
Wang, Haanes, & Novak, 2013). A very convincing genome wide association study (GWAS) by
Todd et al, (2015) demonstrated an association between a single nucleotide polymorphism (SNP)
encoding a missense variant of the P2X7 receptors and impaired glycemic control (Todd et al.,
2015). Stress, by glucose tolerance test and insulin tolerance test, impaired glucose homeostasis
in mice with a non-functional polymorphism in the P2X7 receptors (Tozzi et al., 2018). A study
from Glas et al. (2009) complements Todd et al, (2015), as they also show P2X7 deficient mice
have impaired glucose tolerance and B-cell mass (Glas et al., 2009). Ectonucleotide
pyrophosphatase/phosphodiesterase 1 (EPP1) is an extracellular ATP hydrolyzing enzyme and it
has also been found to regulate glucose homeostasis (Baratta et al., 2008; 1. D. Goldfine et al.,
2008; Stolerman et al., 2008). These reports are in agreement with the hypothesis that impaired
purinergic signaling leads to loss of glucose homeostasis (Burnstock & Novak, 2013; Chin et al.,

2009).

The controversy over ATP’s action on insulin secretion is still unresolved. Numerous
reports for both the negative effects (Bauer et al., 2018; Gong et al., 2000; Grapengiesser et al.,
2004; Petit, Bertrand, Schmeer, & Henquin, 1989; Poulsen et al., 1999) and the positive effects
(Blachier & Malaisse, 1988; Fernandez-Alvarez et al., 2001; Jacques-Silva et al., 2010; Khan et

al., 2014; Ohtani, Ohura, & Oka, 2011; Petit et al., 1998) of ATP have been published. In my
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study, I found no evidence for ATP inhibiting action potential firing, Ca** oscillations, or insulin
secretion. Due to the scarcity of human tissue for experimentation, many other studies
investigate B-cells from rodent islets and a species-specific difference may be the reason for
conflicting actions of purinergic receptors in islets. Notably, in addition to my study in Chapter
2, other studies using human islets showed ATP stimulates insulin secretion (Fernandez-Alvarez
et al., 2001; Jacques-Silva et al., 2010). It is suggested that acute ATP will produce stimulation
while chronic ATP will induce an inhibition of insulin secretion (Grapengiesser et al., 2004;
Gylfe et al., 2012; Hellman et al., 2004), however I found no evidence for this. In rodent islets,
purinergic receptors inhibit B-cell insulin secretion by opening SK and BK channels and
inhibiting L-type Ca?* channels (Bauer et al., 2018; Gong et al., 2000). Experiments performed
in high extracellular Ca>* (10mM Ca®*) support this hypothesis (Bauer et al., 2018; Henquin,

1990).

Apart from acting on islets, ATP also regulates blood flow and immune action in the
pancreas. ATP release from neurons and endocrine cells have been found to alter blood flow,
however there is some discrepancy on which receptor mediates which response (Burnstock,
1990). ATP and noradrenaline secreted from sympathetic neurons elicit vasoconstriction via P2X
receptor activation on smooth muscles (Burnstock, 1999; Yamamoto et al., 2006). Concurrently,
endothelia cells P2Y receptor activation stimulates NO secretion which diffuses to smooth
muscles to elicit vasodilation (Burnstock, 2006). Through the use of purinergic receptors, islets
can directly regulate vasculature permeability (Burnstock, 2009) and blood flow (Rodriguez-

Diaz et al., 2011; Schaeffer, Hodson, Lafont, & Mollard, 2011).

While the actions of ATP in the islet vasculature is less will studied, ATP regulation of

inflammation has been thoroughly studied and inflammation in diabetes has become a growing
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field of research (Di Virgilio, Dal Ben, Sarti, Giuliani, & Falzoni, 2017; Y. S. Lee, Wollam, &
Olefsky, 2018). There is evidence for an increased number of islet-associated macrophages in
T2D (Ehses et al., 2007) and these macrophages cause p-cells dysfunction via interleukin
(Donath, 2014; Eguchi & Nagai, 2017). Purinergic receptors are expressed on many immune
cells and P2X receptors are important in inflammation (Novak & Solini, 2018). Neutrophil cells
are also known to express purinergic receptors (Karmakar, Katsnelson, Dubyak, & Pearlman,
2016) and activation of P2X7 receptors leads to increased intracellular Ca**, K efflux, and IL-1B
secretion. Macrophages have been found to express P2X7 receptors and their activation is
involved in the release of IL-1a and IL-6 (Gicquel et al., 2015). Interestingly, islet resident
macrophages in the pancreas are also know to express P2X and P2Y receptors and macrophages
also secrete ATP themselves (Sakaki, Tsukimoto, Harada, Moriyama, & Kojima, 2013; Weitz et
al., 2018). These resident macrophages support islets and macrophage-deficiency mice have
reduced islet mass (Banaei-Bouchareb et al., 2004). Together, P2X receptors play a major role in
inflammation, emphasizing the importance of purinergic signaling in neuro-endocrine-immune

regulation of islets (Novak & Solini, 2018; Tozzi et al., 2018).

Glycine as a biomarker for T2D

Several reports (Orozco et al., 2008; Pan et al., 1997; Tuomilehto et al., 2001) support the
idea that type 2 diabetes (T2D) progression can be delayed or prevented if action is initiated
early. Although recent meta-analyses conclude that not enough information exists to determine
whether insulin secretagogue therapy alone can prevent or delay T2D onset (Diabetes Prevention
Program Research et al., 2009; Hemmingsen, Sonne, Metzendorf, & Richter, 2016), lifestyle
intervention (Orozco et al., 2008; Pan et al., 1997; Tuomilehto et al., 2001), and early

intervention with metformin (Knowler et al., 2002) appear effective, at least over the short term
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(Diabetes Prevention Program Research et al., 2009; Hemmingsen et al., 2016). Consequently,
much research has focused on T2D prevention and early biomarker detection of prediabetes
(Lees et al., 2017; Scirica, 2017). Some putative circulating biomarker metabolites of present
interest include 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (Koppe & Poitout, 2016;
Prentice et al., 2014), which may directly impair insulin secretion (Prentice et al., 2014) and can
predict T2D up to 5 years before diagnosis (Y. Liu et al., 2016); elevation of branched chain
amino acids (BCAAs) (McCormack et al., 2013; Newgard et al., 2009), which may play a
causative role in insulin resistance (White et al., 2016); and circulating glycine (Fig. 1), a drop in
which may be an early indicator of T2D (Drabkova et al., 2015; Floegel et al., 2013; Palmer et

al., 2015; Thalacker-Mercer et al., 2014; Wang-Sattler et al., 2012).
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Figure 28. Putative actions of glycine in glucose homeostasis.

Many metabolic effects of circulating glycine, and glycine supplementation, may impact glucose
tolerance. The strongest evidence currently available suggests effects in the brain via dorsal
vagal complex (DVC) NMDA receptors, systemically by reducing oxidative stress and

dampening inflammatory responses, and in the islet to increase insulin secretion via GlyRs.

R.Y. illustrated the figure.
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FIGURE 28
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A number of recent studies have applied high throughput metabolomics technologies to
compare metabolite profiles found in healthy participants against those diagnosed with various
diseases including cancer, T2D, cardiovascular disease, and obesity (Griffin & Shockcor, 2004;
Liesenfeld, Habermann, Owen, Scalbert, & Ulrich, 2013; Newgard, 2017). Cross-sectional
studies have identified BCAAs and aromatic amino acids, sugar metabolites (glucose and
fructose), and lipids (phospholipids and triglycerides) to be positively associated with insulin
resistance and T2D in humans (Guasch-Ferre et al., 2016; Thalacker-Mercer et al., 2014). Of all
the metabolites examined, relatively few appear negatively associated with T2D risk (Guasch-
Ferre et al., 2016). Glycine, a “nonessential” amino acid that can be synthesized in the body from
serine, is consistently and negatively associated with T2D (Drabkova et al., 2015; Felig, Marliss,
& Cahill, 1969; Floegel et al., 2013; Guasch-Ferre et al., 2016; Hansen et al., 2015; Palmer et al.,
2015; Seibert et al., 2015; Thalacker-Mercer et al., 2014; Wang-Sattler et al., 2012). Participants
identified as nondiabetic insulin resistant or having impaired glucose tolerance are found to have
reduced circulating glycine (Palmer et al., 2015; Thalacker-Mercer et al., 2014), as are the
nondiabetic children of parents with T2D (Perseghin, Ghosh, Gerow, & Shulman, 1997). A
similar trend in plasma glycine concentrations is found in obesity. Overweight and obese
individuals have lower circulating levels of glycine compared with lean controls (Felig et al.,
1969; Lustgarten et al., 2013; Mohorko et al., 2015; Newgard et al., 2009; Takashina et al.,
2016). Finally, in prospective studies ranging between 1 and 19 years, lower glycine
concentrations are negatively associated with insulin resistance and are predictive of T2D
(Ferrannini et al., 2013; Floegel et al., 2013; Gall et al., 2010; Guasch-Ferre et al., 2016; Wang-

Sattler et al., 2012; T. J. Wang et al., 2011). Individuals in the top (fourth) quartile of glycine
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concentrations have a 1.5-fold lower risk of T2D compared with those in the first quartile

(independent of several other risk factors) (Wang-Sattler et al., 2012).

Whether dropping glycine levels actively participates in T2D pathogenesis is unknown,
but it is relevant to note that (1) interventions that reverse or delay T2D onset are associated with
increased plasma glycine concentrations (Glynn et al., 2015; Gralka et al., 2015; Laferrere et al.,
2011; Magkos et al., 2013; Tulipani et al., 2016), and (2) glycine supplementation enhances
insulin responses and glucose tolerance (Gannon et al., 2002; Gonzalez-Ortiz, Medina-Santillan,
Martinez-Abundis, & von Drateln, 2001). Bariatric surgery, a treatment option for obesity shown
to reverse T2D in many cases (Mingrone et al., 2012; Mingrone et al., 2015; Schauer et al.,
2012), is associated with increased circulating glycine levels (Gralka et al., 2015; Laferrere et al.,
2011; Magkos et al., 2013; Tulipani et al., 2016). The underlying mechanism for increased
glycine is not entirely clear, although the reduction in body weight and improvement in insulin
sensitivity may contribute (Tulipani et al., 2016). Lifestyle modification, mentioned previously
as an early intervention that improves insulin sensitivity and outcomes in T2D (Orozco et al.,
2008), remarkably also increases circulating glycine concentrations. In overweight human
participants, 6 months of aerobic exercise training increases insulin sensitivity and circulating
glycine concentrations (Glynn et al., 2015) and benefits were maintained even up to 15 days after
exercise cessation (Huffman et al., 2011). Finally, glycine supplementation is reported to
increase insulin secretion, but not action, in first-degree relatives of individuals with T2D
(Gonzalez-Ortiz et al., 2001), improve glucose tolerance in healthy subjects (Gannon et al.,

2002), and possibly lower HbAlc in patients with T2D (Cruz et al., 2008).

An exact mechanism for reduced circulating glycine in T2D is not entirely clear, although

the precursor serine may also be decreased (Drabkova et al., 2015). The strongest evidence
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however suggests that lowered glycine may be a secondary consequence of excessive free fatty
acid (FFA) and BCAA metabolism. FFA metabolism can lead to an accumulation of B-oxidation
intermediates (such as acyl-CoA esters). These are conjugated with glycine via the activity of
acyl-CoA:glycine-N-acyltransferase, which is responsible for the transesterification of acyl-CoA
esters with glycine to produce acyl-glycines (Kolvraa & Gregersen, 1986; Webster, Siddiqui,
Lucas, Strong, & Mieyal, 1976). Acyl-glycine is membrane permeable and is readily excreted in
the urine, thus serving as a mechanism for the elimination of excess -oxidation intermediates.
Similarly, BCAA catabolism byproducts also conjugate to glycine in the liver for excretion
(Badenhorst, van der Sluis, Erasmus, & van Dijk, 2013; White et al., 2016). Therefore,
circulating glycine could be consumed to facilitate excretion of waste products associated with
elevated FFAs and BCAAs. Indeed, in a rat model of obesity a BCAA-restricted diet causes an
increase in circulating glycine concentrations demonstrating an inverse relationship between
BCAA availability and circulating glycine levels (White et al., 2016). The BCAA restricted diet
restores acyl-glycines in the urine and the urinary acyl-glycine levels are linearly related to
skeletal muscle glycine concentrations (White et al., 2016). These pathways have recently been
reviewed (Newgard, 2017). Regardless of the mechanism(s), it is important to note that the low
circulating glycine levels in prediabetes/T2D are reflected in peripheral tissues (White et al.,
2016), and to a lesser extent in the brain (Kawai et al., 2012), where key actions may be exerted

on blood glucose control.

Receptors for Glycine
Glycine is a direct agonist of glycine receptors (GlyRs) and a coagonist of N-methyl-d-
aspartate (NMDA) receptors. GlyRs are famously known to mediate the action of glycine as an

inhibitory neurotransmitter in the central nervous system. These are from a family of pentameric
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ligand-gated chloride channels (Langlhofer & Villmann, 2016) that consist of four a subunits (al
to a4) and one [ subunit and can exist as either homomers or heteromers. Activation of the GlyR
opens the channel pore and allows negatively charged chloride to enter neurons and inhibit
activity (Lynch, 2004). Although classically known for their function in neurons and glial cells,
GlyRs are expressed elsewhere in the body including the retina (Haverkamp et al., 2003; Lin et
al., 2000), the pancreas (Weaver et al., 1998; Yan-Do et al., 2016), and immune cells (Froh et al.,
2002; Qu et al., 2002; M. Wheeler et al., 2000). Recent single-cell RNA sequencing data has
demonstrated that not only do human islets express the GlyR, but among islet cells expression of
the GlyRal subunit gene (GLRAT1) appears highly and specifically expressed in the B-cell
(Blodgett et al., 2015; J. Li et al., 2016; Segerstolpe et al., 2016; Y. J. Wang et al., 2016; Xin,
Kim, Okamoto, et al., 2016). Many of the studies do not report on the other GlyR subunits, but of
the ones that did, GLRA3 was found in the B-cell (Y. J. Wang et al., 2016), whereas GLRB is
expressed either in B-cells (Y. J. Wang et al., 2016) or ductal cells (Xin, Kim, Okamoto, et al.,

2016).

Aside from activating GlyRs, glycine is a coagonist for the excitatory NMDA receptor, a
glutamate receptor which is named due to its selective activation by NMDA. These receptors are
tetrameric and typically consist of 2 NR1 and 2 NR2 subunits (C. H. Lee et al., 2014). The NR1
subunit is a mandatory subunit for functional receptors and is responsible for binding glycine,
whereas the NR2 subunit binds glutamate. NMDA receptors require two different ligands
(glutamate and glycine) and removal of magnesium/zinc block before current can be produced
(Kalia, Kalia, & Salter, 2008). When activated, these receptors are nonselective cation channels
that promote membrane depolarization and Ca*" entry, and may be linked to the activation of

repolarizing K* channels such as the small-conductance Ca?*-activated K* (SK) channels.
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Glycine in the Brain: Evidence for NMDA Receptor Predominance in Glucose Homeostasis
Circulating glycine crosses the blood—brain barrier to only a limited extent. Glycine in the
cerebrospinal fluid (CSF) is usually much lower than in circulation [a CSF/blood glycine ratio of
>0.08 is diagnostic of glycine encephalopathy (Applegarth & Toone, 2001)], and extracellular
glycine in the brain is kept low by the action of glycine transporters (GlyTs) that mediate glycine
clearance/uptake into glycinergic neurons and glial cells (Roux & Supplisson, 2000). The degree
to which reduced circulating glycine in T2D is reflected in the brain, or in central glycine
signaling, is therefore unclear, although it is known that glycine supplementation is sufficient to
increase brain/CSF glycine in rodents and humans (D'Souza et al., 2000; Kawai et al., 2012;

Yue, Mighiu, Naples, Adeli, & Lam, 2012).

The dorsal vagal complex (DVC) is an important region regulating hepatic glucose
production and hepatic triglyceride-rich very-low-density lipoprotein (VLDL-TG) production
(Abraham, Filippi, Kang, Kim, & Lam, 2014). The DVC expresses the NMDA receptor and
glycine has been demonstrated to potentiate the activation of these receptors to suppress hepatic
glucose production (Lam et al., 2010), hepatic VLDL-TG secretion (Yue et al., 2015; Yue et al.,
2012), and food intake (Yue et al., 2016). Furthermore, the glycine-mediated lowering of glucose
production and hepatic VLDL-TG is dependent on hepatic vagal innervation as hepatic
vagotomy ablated the effect of central glycine. Pharmacologic inhibition of the NMDA receptor,
or adeno-associated virus short hairpin RNA—mediated loss of function, clearly demonstrates that
the activation of the NMDA receptor is required for the inhibition of glucose production and
inhibition of very-low-density lipoprotein production by centrally administered glycine. These
antidiabetic effects are independent of the activation of GlyRs as coinfusion of the GlyR-

antagonist strychnine was no different from glycine infusion alone (Lam et al., 2010).
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Similar to direct glycine infusion into the DVC, GlyT inhibition in the DVC by
pharmacological inhibition or lentiviral/adenoviral loss of function has been shown to improve
plasma glucose levels without affecting plasma insulin (Yue et al., 2016). By preventing GlyT-
mediated clearance of glycine from the DVC, more glycine will be present to activate the DVC
NMDA receptors. In this study, long-term GlyT inhibition prevented weight gain in a high-fat-
fed rat model with effects seen as early as 4 days of treatment. Here, systemic administration of
the GlyT inhibitor had a similar effect on glucose homeostasis. However, like the GlyRs and
NMDA receptors, the GlyTs are widely expressed throughout the body, including in the
pancreatic islets of Langerhans (Yan-Do et al., 2016) and macrophages (Borowsky, Mezey, &

Hoffman, 1993).

Glycine, GlyRs, and Inflammation

Inflammation plays an important role in the pathophysiology of T2D. Although chronic
inflammation likely has a negative impact on islet function and survival, substantial controversy
regarding the specific role of islet inflammation persists and work from us (Hajmrle et al., 2016)
and others (Dror et al., 2017) suggest important positive effects of inflammatory mediators on
glucose tolerance in the short-term, inflammation likely makes key contributions to insulin
resistance and impaired central metabolic sensing (Jais & Bruning, 2017; Saltiel & Olefsky,
2017). Furthermore, despite what might be considered modest clinical results at present, anti-
inflammatory approaches remain of potential interest in the treatment of T2D (Esser, Paquot, &
Scheen, 2015; A. B. Goldfine & Shoelson, 2017). A common feature of T2D is chronically
elevated oxidative stress marked by proinflammatory factors and reactive oxygen species (ROS)
(Donath & Shoelson, 2011), and a deficiency of antioxidants and ROS scavengers (Spranger et

al., 2003; Vijayalingam, Parthiban, Shanmugasundaram, & Mohan, 1996). Glutathione, an
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endogenous antioxidant, is synthesized from glycine, cysteine, and glutamate and is consumed
when scavenging ROS. A small clinical trial supplemented the substrates for glutathione
synthesis (glycine and cysteine) in the diet of participants with T2D and observed an increased
glutathione synthesis and plasma reduced glutathione (GSH) concentrations (Sekhar et al., 2011).
The increased reduced-to-oxidized glutathione ratio suggests that GSH is not being trapped in
the oxidized state, but rather participants with T2D have lower total GSH. Markers of plasma
oxidative stress and peroxides were decreased following cysteine and glycine supplementation
and effects persisted 2 weeks after the termination of the study (Cruz et al., 2008; Sekhar et al.,

2011), suggesting an indirect effect of glycine on oxidative stress in the inflammatory state.

Independent of GSH, glycine may also exert a protective effect by directly inhibiting
inflammation. Macrophages, T lymphocytes, and neutrophils all express GlyRs, the activation of
which suppresses proinflammatory cytokine signaling (M. D. Wheeler et al., 1999). Briefly,
signals such as LPS can bind TLR on macrophages causing depolarization and activation
voltage-gated Ca®* channels. The Ca?* influx from the voltage-gated Ca®>* channel opening
stimulates cytokine production. This may be counteracted by activation of the hyperpolarizing
GlyRs. Glycine reduces tumor necrosis factor—a secretion from rat Kupffer cells (Ikejima, Qu,
Stachlewitz, & Thurman, 1997; F. L. Xu et al., 2008), superoxide production by rat neutrophils
(M. Wheeler et al., 2000), and interleukin-1 secretion from human monocytes (Spittler et al.,
1999). The specific details about glycine’s anti-inflammatory actions have been extensively
reviewed (Van den Eynden et al., 2009; Weinberg, Bienholz, & Venkatachalam, 2016; M. D.

Wheeler et al., 1999; Zhong et al., 2003).

Glycine and the Islet: GlyR Actions
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The role for GlyRs in human islets has been somewhat controversial, although a clearer
picture is emerging from recent transcriptomic and functional studies. Some have reported that
glycine stimulates glucagon secretion by acting on GlyRs on a-cells (C. Li et al., 2013), and
indeed, glycine supplementation appears to increase plasma glucagon levels (Gannon et al.,
2002). My own work shows that glycine stimulates insulin secretion by acting on GlyRs on -
cells (Yan-Do et al., 2016). In this work, I observed robust GlyR-mediated chloride current in
human B-cells that were positively identified by insulin immunostaining. Also consistent with a
role for GlyRs in B-cells, as noted previously, single-cell transcriptome studies demonstrate the
specificity of GlyRal expression in B-cells (Blodgett et al., 2015; J. Li et al., 2016; Segerstolpe
et al., 2016; Y. J. Wang et al., 2016; Xin, Kim, Okamoto, et al., 2016). This expression of the
GlyR in B-cells may be specific to humans as Other and I report difficultly detecting it on mouse
and rat islets (Xin, Kim, Ni, et al., 2016; Yan-Do et al., 2016). This may explain why knock
down of GlyRs in the rat-derived INS-1 832/13 B-cell line by small-interfering RNA is
ineffective at influencing insulin secretion (Taneera et al., 2015). But, as mentioned previously,
glycine supplementation increases insulin secretion in vivo and my recent report suggests that
glycine directly depolarizes B-cells via GlyRs to increase Ca** and promote insulin secretion.
How does this happen if glycine is an inhibitory neurotransmitter that activates a Cl- current to

suppress electrical activity? Shouldn’t this mechanism decrease insulin secretion?

Unlike GlyR in the nervous system, those in B-cells do not always act in an inhibitory
manner (Fig. 2). This is because of an odd quirk of B-cell electrolyte balance. As in some other
cell types (Ye, 2008), the CI" gradient is slightly different from neurons (Best, 2005; Braun et al.,
2010; Malaisse, Zhang, Louchami, & Jijakli, 2004). Neurons have a very low intracellular

chloride concentration (~7 mM) (Ben-Ari, 2002), whereas the chloride concentration of B-cells
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is substantially higher (~32 mM). What this means is that the driving force for CI- movement in
neurons and islets is different. In electrophysiological terms, the reversal potential for chloride is
—80 and —33 mV in neurons and B-cells, respectively. The opening of the GlyRs will therefore
hyperpolarize most neurons (inhibitory) but depolarize B-cells (excitatory). Indeed, I recently
observed that glycine induces a depolarization and increased Ca** response in the majority of
human B-cells (Yan-Do et al., 2016). Notably, this response is not uniform across the B-cell
population, suggesting heterogeneity in ionic balance among human B-cells (Yan-Do et al.,

2016).
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Figure 29. Differential effects of glycine on membrane potential in B-cells and neurons.

(a) In most neurons, the intracellular concentration of chloride ([Cl'];) is very low (~7 mM) in
comparison with that in the surrounding extracellular space. The result is a relatively strong
electrochemical gradient favoring the movement of negatively charged chloride into the cell
when CI" channels (such as GlyR) are open. The result is that activation of GlyR pushes the
membrane potential of the neuron toward the hyperpolarized chloride equilibrium potential of
these cells (Eci = —80 mV). (b) Within B-cells, the [CI']; is higher (~32 mM) resulting in a
chloride equilibrium potential that is depolarized compared with the resting membrane potential
of most cells. Thus, activating GlyR will produce a hyperpolarizing inward CI" current (Ici) only
if the cell membrane potential is already above —33 mV, whereas in most cases, GlyR activation
will cause a depolarizing outward Ic; that tends to bring the B-cell near the threshold for action

potential firing.

R.Y. Illustrated the figure.
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It would seem that glycine from the blood can activate GlyRs in islets because raising the
glycine concentration by oral glycine supplements is able to stimulate insulin secretion (Alarcon-
Aguilar et al., 2008; Cochrane, Payne, Simpkiss, & Woolf, 1956; Gannon & Nuttall, 2010;
Gannon et al., 2002; Iverson et al., 2014) [and the central action of glycine on glucose levels was
shown to occur independent of changes in insulin (Lam et al., 2010)]. However, glycine
concentrations in healthy human plasma varies around ~200 to 300 uM, which far exceeds the
ECso of the GlyRs (~100 uM) and is expected to desensitize the receptor (Lynch, 2004). Like in
the brain, B-cells express glycine transporters (GlyT1 and GlyT2) (Blodgett et al., 2015;
Segerstolpe et al., 2016; Yan-Do et al., 2016). These clear glycine from the extracellular space
into B-cells, where it is stored in vesicles through the action of vesicular amino acid transporters
(Gammelsaeter et al., 2004). The GlyTs are exceptionally effective at clearing glycine and the
local extracellular concentration of glycine is likely to be low, although this is difficult to
measure directly. As a result of this glycine uptake and storage by B-cells, a second source of
glycine is the B-cells themselves because these secrete glycine in a regulated manner (Yan-Do et

al., 2016).

Interestingly, whereas glycine released upon B-cell stimulation may serve as a feed-
forward signal to promote insulin secretion, insulin itself is capable of increasing GlyR activity
to further propagate the GlyR feed-forward loop (Caraiscos et al., 2007). Indeed, activation of
the insulin receptor on human B-cells also potentiates GlyR currents, and this can be prevented
by inhibition of insulin receptor downstream signaling (Caraiscos et al., 2007; Yan-Do et al.,
2016). This raises interesting possibility that impaired insulin signaling in B-cells, such as in “B-
cell insulin resistance” proposed to contribute to secretory dysfunction in T2D, results in

downregulation of B-cell GlyRs. Indeed, at least one single-cell RNA sequencing study
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demonstrates that GLRA1 (the gene encoding the GlyRal subunit) expression is significantly
decreased in B-cells from donors with T2D compared with those of a nondiabetic donor (Xin,
Kim, Okamoto, et al., 2016) [although another study reports no difference (Segerstolpe et al.,
2016)]. In intact islets, an elegant study by Taneera et al. (Taneera et al., 2015) measured gene
expression and observed GLRAL to be inversely proportional to donor HbA1c and body mass
index. In vitro, GLRAT1 expression is downregulated when islets are incubated in high (18.9
mM) glucose (Taneera et al., 2015). Functionally, and consistent with the aforementioned study,
my work demonstrates a downregulation of GlyRal immunostaining in B-cells of T2D donors, a
reduced GlyR activity, and a near complete inability of insulin to facilitate glycine-induced CI°

current (Yan-Do et al., 2016).

Future directions

There are many new questions and experiments that arise from the work completed here.
Future directions for glycine will be to verify whether glycine is a reliable biomarker for
diabetes. Since reduced plasma glycine is a good predictor for T2D, then the development of
new tools for measuring plasma glycine with the accuracy of a mass spectrometer will be in
order. Accurate prediction of T2D will allow for the possibility to prevent diabetes from
developing in the first place. The impact of glycinergic and purinergic receptor paracrine
signaling can be further studied especially with the new technologies. To understand how glycine
and ATP acts as a neurotransmitter in islets, caged compounds can be used to activate
glycinergic (Ueno et al., 1995) and purinergic receptors (L. Zhang, Buchet, & Azzar, 2005) on a
single cell in intact islets. The use of a pinpoint or two-photon lasers can uncage glycine/ATP

specifically near a cell of interest. Photopharmacology is the use of photoswitchable drugs or
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ligand to allow endogenous receptors to be controlled using light (Fehrentz et al., 2018; Frank
et al., 2018; Frank et al., 2017; Frank et al., 2016). While photoswitchable ligands for the GlyR,
P2X receptor, and P2Y receptor don’t exist, they can be developed and used to study islet
networks. The propagation of Ca** waves by neurotransmitter signaling can be studied and the
contributions of neurotransmitter and gap junction signaling can be revealed. To overcome issues
with dyes, islets can be genetically engineered to express fluorescent indicators (GCAMP3)
(Helassa et al., 2015) and imaging with adaptive optical lattice light-sheet microscopy (AO-
LLSM) (T. L. Liu et al., 2018) will provide enhanced spatiotemporal resolution and 3D images.
Another option to study networks in vivo without perturbing the animal is to use GCAMPs in

zebrafish (Janjuha, Pal Singh, & Ninov, 2018; Yang, Kawakami, & Stainier, 2018).

To study Ca*" waves in an even more physiological setting, islets can be transplanted into
the anterior chamber of the eye (Speier et al., 2008) where the islets become vascularized. The
presence of blood vessels with blood flowing may reveal coordination in islets unseen in isolated
islets (Diez et al., 2017). This method will also allow us to study how - and a-cells interact and
what signaling mechanisms are used. The use of voltage sensitive fluorescent dyes and Zn**
sensitive dyes can also be used to simultaneously measure Ca®* activity, electrical activity, and
insulin secretion (Lavagnino et al., 2016). Ca?>* imaging can be performed on microfluidic
devices to regulated flow and for collection of perfusate for simultaneous measurements of
insulin secretion and Ca*" activity from a single islet sample (Dishinger, Reid, & Kennedy, 2009;

Rocheleau et al., 2004).

These techniques can be used to study how islet behaviour changes post-transplant,
allowing us to optimize islet transplantations. There are few studies to date showing graft

function post-transplant. This knowledge can also be used to verify proper function of stem cell
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derived islets, and will allow us to build better B-cells and better islets (Pepper et al., 2017).

Indeed, this thesis leaves many questions unanswered.

Conclusion

Glycine and ATP play important roles in cellular signaling to control glucose
homeostasis. Both P2X and P2Y purinergic receptors are expressed in B-cells from human islets
and they both contribute to stimulating depolarization, action potential firing, and insulin
secretion. ATP is used as a neurotransmitter to coordinate islets, macrophages, and blood vessels
to maintain glucose homeostasis. Loss of this coordination may lead to T2D. Another
neurotransmitter that coordinates islet function is glycine and a grow body of evidence
demonstrates a connection between glycine and insulin. Decreasing plasma glycine with
increasing insulin resistance, glucose intolerance, and T2D remains correlative at present.
Indeed, decreased glycine levels may be secondary to, rather than causative of, metabolic
dysfunction. However, an overall picture is emerging that suggests a reduction of glycine early in
disease progression could exacerbate impaired glucose homeostasis. Circulating glycine in the
physiological range may act via GlyRs to limit chronic systemic inflammation and associated
insulin resistance, and may enhance insulin secretion from pancreatic B-cells. At
supraphysiological glycine concentrations, for example upon dietary supplementation,
inflammation is reduced, insulin secretion is increased, and hepatic glucose output is reduced as
brain glycine levels increase. In addition to glycine’s role as a major inhibitory neurotransmitter
in the central nervous system, glycine is both an excitatory and inhibitory neurotransmitter in the
periphery where it may regulate glucose homeostasis through distinct mechanisms targeting
inflammation and insulin secretion. The small size of the simplest amino acid and small

nucleotides may belie their importance in glucose control. This thesis highlights the potential
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contributions of glycine and ATP to glucose homeostasis and disruption in the glycinergic and

purinergic signaling that occurs in T2D.
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ESM Methods:

Insulin secretion and Electrophysiology Solutions - The Krebs-Ringer buffer (KRB)
used for insulin secretion assays, Ca’" imaging and patch-clamp recordings of membrane
potential and ATP-evoked currents contained (in mmol/l) 140 NaCl, 3.6 KCl, 0.5
MgSQOq, 1.5 CaCl,, 10 HEPES, 0.5 NaH,PO4, 5 NaHCO; (pH 7.4, NaOH) and 6 glucose
(unless indicated otherwise). For measuring membrane capacitance and ATP release, the
extracellular medium consisted of (mmol/l) 118 NaCl, 20 TEA-CI, 5.6 KCl, 2.6 CaCl,,
1.2 MgCl,, 5 HEPES and 5 glucose (pH 7.4, NaOH). The pipette solution for perforated-
patch recordings (Figs. 1g-g, 2, 7) was composed of (mmol/l) 76 K,SO4, 10 KCI, 10
NacCl, 1 MgCl,, 5 HEPES (pH 7.35, KOH) and 0.24 mg/ml amphotericin B. Standard
whole-cell recordings of ATP-evoked membrane currents (Fig. 1a) were conducted with
intracellular solution containing (mmol/l) 130 KCl, 1 MgCl,, 1 CaCl,, 10 EGTA, 5
HEPES and 3 MgATP (pH 7.2, KOH). For ATP release measurements, the pipette
solution contained (mmol/l) 120 CsCl, 1 MgCl,, 9 CaCl,, 10 EGTA,10 HEPES, 3
MgATP and 0.1 cAMP (pH 7.2, CsOH). The pipette solution for capacitance
measurements was (in mmol/l): 125 Cs-glutamate, 10 CsCl, 10 NaCl, 1 MgCl,, 5
HEPES, 0.05 EGTA, 3 MgATP, 0.1 NaGTP and 0.1 cAMP (pH 7.15, CsOH). For

monitoring [Ca®"]; in patch-clamped cells, 50 pmol/I Fura-2 Na -salt was also included.
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Khan, YanDo, et al.

P2Y; receptors in human [-cells

PCR Primer Sets - http://biotools.umassmed.edu/bioapps/primer3_www.cgi

Desired parameters: Size = 400 (+/- 50 bp), length (n) = 25 (+/- 2b), Tm = 65 (+/- 3°C) and %GC (50

+/-10%)
%GC

P2RY1B-F:
P2RY1B-R:

P2RY2B-F:
P2RY2B-R:

P2RY4B-F:
P2RY4B-R:

P2RY6B-F:
P2RY6B-R:

P2RY8B-F:
P2RY8B-R:

P2RY10B-F:
P2YR10B-R:

P2RY11B-F:
P2RY11B-R:

P2RY12B-F:
P2RY12B-R:

P2RY13B-F:
P2RY13B-R:

P2RY14B-F:
P2RY14B-R:

PPAN-P2RY11B-F:
PPAN-P2RY11B-R:

BEST1B-F:
BEST1B-R:

BEST2B-F:
BEST2B-R:

BEST3B-F:
BEST3B-R:

5"aaaccatcacctgttacgacaccac
5’ ctgaaagtatctcccgccaagaaat

5"gtcatccttgtctgttacgtgctca
5"tatcctctgcatgtcagttctgtcg

5"actattatgcagcccacaaccactg
5"gagccatgagtccatagcaaacaag

5"gtaaccgcactgtctgctatgacct
5"gtgaagtagaagaggatggggtcca

5"agcgtgttgcctttccaaatctact
5"gatgaggaacagcaggatgaagatg

57aacatgtatgccagcatttgtttcc
5"agaagactgcagcacacatgaacac

5’catactggtggttgagttcctggtyg
5’ cttcaggtgggagaagctgagtgt

5"gcctaacatgattctgaccaacagg
5"atccaggcatgcatttaaggaagtt

5"gcctttgacagattcctcaagatca
5’tggagcaaaacacacaaagaagaca

5"agcctctttggacttctttcatcca
5"ttgtgtaggggattctggcaatatg

5"acaaggtgaacctgaacaccatcaa
5"tgctcacaaaactgtggaacatcac

5"agcctgaacaaagaggagatggagt
5"ttgtctttggtgtctatgcctgtga

5"ggagaggacgatgatgactttgaga
5"tgttcttgcggagtagaaaggacag

5’ caactaaagcccggaatgaaggtag
5"gcatttcgtccacagctaaaagaga

n Tm(°C

25 65.3 48
25 64.8 44
25 64.8 48
25 64.9 48
25 65.3 48
25 65.3 48
25 64.9 52
25 65.8 52
25 65.3 44
25 65.4 48
25 65.1 40
25 65.1 48
25 65.9 52
24 65.4 54
25 65.1 48
25 65.0 40
25 65.0 44
25 65.2 40
25 65.5 44
25 65.1 44
25 66.0 44
25 65.5 44
25 64.9 48
25 65.1 44
25 65.1 48
25 65.0 48
25 65.0 48
25 64.9 44

163



ESM Figure 1: Effects of P2Y; antagonists and ATP on membrane currents in human
beta cells A)-C) The indicated currents were measured before (control) and 2 minutes
after application of 1 umol/l MRS-2500. Values are expressed in % of control. To
account for spontaneous changes during the experiments (e.g. run-down), mock
applications were used for statistical comparison. No significant differences were
observed. All experiments were performed using the standard whole-cell configuration.
A) + B) K" currents were blocked by including TEA (20 mmol/l) in the extracellular
solution and replacing K™ with Cs" in the pipette solution. Peak Na" current were
measured during depolarizations from -70 to 0 mV (n=5). Integrated Ca>" currents were
measured during 50 ms depolarizations from -70 to 0 mV (n=5). C) Voltage-gated K"
currents were measured during depolarizations from -70 to +20 mV (n=7-8). D) The
background leak current was measured at -70 mV before and after addition of P2Y
antagonists in the same cells. Experiments were performed at 6 mM glucose using the
perforated-patch configuration. Data for MRS-2279 (1 uM, n=5) and MRS-2500 (1
umol/l, n=2) were combined. E) Integrated voltage-gated Ca®" current evoked by 50 ms
depolarizations from -70 to 0 mV before and after addition of ATP (10 umol/l) in the
same cells (standard whole-cell, n=5). F) Effect of ATP (10 umol/l) on the voltage-gated
K" current evoked by depolarizations from -70 to +20 mV (n=11) compared to mock

application (n=8).
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SUPPLEMENTARY DATA

RT-PCR

Total RNA from ~400 human pancreatic islets were purified using an RNeasy Mini Kit (Qiagen), and treated with
DNasel (RNase-free, Fermentas). DNasel-treated RNA (2.0ug) was reverse transcribed (iScript Reverse
Transcription Supermix, Bio-Rad) in the presence of RNase inhibitor (SUPERase-In, Ambion). In a negative
control, iScript Supermix (minus reverse transcriptase) was used for the cDNA reaction. PCR was performed
using platinum Taq Polymerase (Life Technologies) under the following conditions: 2 min 95°C followed by 40
cycles of 20s 95°C, 30s 55°C, 60s 72°C. PCR products were analysed on a 1% agarose gel. Primers for RT-PCR
were designed using the program Primer3 (University of Massachussetts Medical School;
http://biotools.umassmed.edu/bioapps/primer3_www.cgi) under the following parameters: Product sizes range
from 388 to 408 bp. For detection of all the variant transcripts of a given GLR gene, shared regions of the
transcript were selected for analysis by the above program. For a control RT-PCR, B-Actin-specific primers were
used (product size 635 bp). DNA markers (100 bp) were from NEB. Primer information is provided in
Supplementary Table 3.

Quantitative RT-PCR

Total RNA in islets was extracted using TRIzol Reagent (Thermo Fisher/Life Technologies). The cDNA
was generated using 500 ng total RNA and 5x All-In-One RT Master Mix (ABM Inc.). Real-time quantitative PCR
assays were carried out on the 7900HT Fast Real-Time PCR system (Thermo Fisher/Applied Biosystems) using
Fast SYBR Green Master Mix (Thermo Fisher/Applied Biosystems), 0.5 uM primers (Supplementary Table 4) and
50 ng cDNA. After initial denaturation step at 95°C for 30 s, the cDNA was amplified by forty thermal cycles of
denaturation at 95°C for 2 s and amplification at 60°C for 20 s. Cyclophilin A mRNA levels were used to normalize
the mRNA levels of GlyRs.

©2016 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1272/-/DC1



SUPPLEMENTARY DATA

Supplementary Figure 1. Expression of GlyRa1 and GlyRa3 in human islets. A) RT-PCR of cDNA from human
islets suggests the expression of glycine receptor subunits a1, a3 and B. B) Quantitative RT-PCR demonstrates
that the expression of GlyRa1 and GlyRa3 are not decreased at the mRNA level in islets from donors with type 2
diabetes (T2D; n=4 donors) compared with islets from non-diabetic donors (ND; n=6 donors). Values were
normalized to expression of cyclophilin A, and expressed as a percentage of the ND group. Expression of GlyRf
tends to be lower in T2D (not significant). C-D) Quantitative immunofluorescence of GlyRa1 (C) and GlyRa3 (D)
shown for each individual donor. **-p<0.01 compared with ND.

350 *% 180 140
300 128 120
< 250 @ 120 o 100
& 200 & 100 x 80
> 150 > 80 @) 50
© oo © 28 40
50 20 20
0+ 0+ 0+
ND T2D ND T2D ND T2D
800 1000
2 " > *
w w
800
E 600] @4 A E A
< Ap £
p = 600 v * o
@ U @ o
) 400 M v *e 00 ) . A
= E 400
% 200 5 X
= . A > 200 =4
O] . O H| |24 A
0 0 o a0 A
A o o N DA Ao b N S0 A
AT I T T RS e @2 e 2 &
QT QT @ e QT QN Q@ e

©2016 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1272/-/DC1



SUPPLEMENTARY DATA

Supplementary Figure 2. Example immunofluorescence images of human pancreas sections from donors
without diabetes (A; non-diabetics) and with type 2 diabetes (B; T2D) stained for GlyRa1 (red), insulin (green),

and with DAPI (blue). Negative controls (neg control) were subjected to an identical immunostaining protocol, but
without the inclusion of primary antibody.
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SUPPLEMENTARY DATA

Supplementary Figure 3. Example immunofluorescence images of human pancreas sections from donors
without diabetes (A; non-diabetics) and with type 2 diabetes (B; T2D) stained for GlyRa3 (red), insulin (green)

and with DAPI (blue). Negative controls (neg control) were subjected to an identical immunostaining protocol, but
without the inclusion of primary antibody.
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SUPPLEMENTARY DATA

Supplementary Figure 4. Single B-cell ca® imaging traces showing, with an expanded time scale, an absence
of response to glycine when extracellular Ca®" is removed. A-B) Single human B-cells were stimulated with 300
puM glycine (Gly) in the presence or absence of 1.5 mM extracellular Ca?". Potassium chloride (KCI, 70 mM) was
added at the end of the experiment as a positive control.
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SUPPLEMENTARY DATA

Supplementary Figure 5. Example immunofluorescence images of human pancreas sections stained for GlyT1

(A; red), GlyT2 (B; red), insulin (green), and with DAPI (blue). Negative controls (neg control) were subjected to
an identical immunostaining protocol, but without the inclusion of primary antibody.
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SUPPLEMENTARY DATA

Supplementary Table 1. Non-diabetic donors used in the study. Donors beginning with R were isolated at the
Alberta Diabetes Institute IsletCore. Donors beginning with an H were isolated at the University of Alberta Clinical
Islet Laboratory.

Age HbA1c
Donor # Sex BMI
(years) % (mmol/mol)
R074 55 M 26 5.5 (37)
R075 27 M 26 5.4 (36)
R096 53 F 19 5.0 (31)
R098 62 F 21 6.3 (45)
R099 34 F 39 5.5 (37)
R100 80 M 20 5.2 (33)
R101 59 F 26 5.5 (27)
R106 52 M 20 5.6 (38)
R109 60 F 25 6.1 (43)
R113 62 M 31 5.7 (39)
R114 65 F 33 6.0 (42)
R115 62 F 19 5.5 (37)
R116 43 M 28
R118 63 M 23 5.3 (34)
R120 60 M 32 5.8 (40)
R121 18 M 19
R123 43 F 21
R126 38 M 24 5.2 (33)
R127 35 M 29 5.0 (31)
R128 56 F 32 6.1 (43)
R136 60 F 36 6.2 (44)
R139 50 M 25 5.9 (41)
R140 49 F 22 5.6 (38)
R143 59 F 38 6.5 (48)
R144 50 F 35 5.0 (31)
R145 55 F 24 5.5 (37)
R146 52 M 25 5.5 (37)
R147 62 M 26 5.4 (36)
R151 46 F 27 5.4 (36)
R153 53 F 21 5.4 (36)
R157 60 F 23 6.0 (42)
R165 30 M 24 5.9 (41)
R167 84 F 21
H1769 66 M 27 5.4 (36)
H1773 48 M 20 5.4 (36)
H1804 27 M 27 5.4 (36)
H1820 39 F 35 5.8 (40)
H1823 54 F 27 5.9 (41)
H1854 54 F 24 5.7 (39)
H1873 40 M 36 5.9 (41)
H1898 27 F 22 5.3 (34)
H1904 54 F 28 5.5 (37)
AVERAGE 53 26 5.6 (38)
SEM 2 0.9 0.1
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SUPPLEMENTARY DATA

Supplementary Table 2. Donors with type 2 diabetes used in the study. All donor islets were isolated at the
Alberta Diabetes Institute IsletCore. ***-p<0.001 compared with HbA1c of the non-diabetic donors in
Supplementary Table 1 by student’s T-test.

Age HbA1c Duration
Donor # Sex BMI (years, if
(years) % (mmol/mol) known)
R093 75 M 26 6.3 (45)
R107 56 F 28 9.3 (78) 20
R110 41 M 27 9.3 (78) 2
R125 70 M 29 7.7 (61) 20
R129 53 M 31 2
R131 52 M 26 6.8 (51)
R137 56 F 37 5.5 (37) 25
R141 56 F 33 5.5 (37)
AVERAGE 57 30 7.2 (55)** 9.3
SEM 4 1.3 0.6 4.4
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SUPPLEMENTARY DATA

Supplementary Table 3. Primer sets used for RT-PCR in Supplementary Figure 1A. See -
http://biotools.umassmed.edu/bioapps/primer3_www.cgi

RT-PCR Primers Product N Tm (°C)
Forward (F) and Reverse (R) primers Size

GLRA1 - F 5’ cattgtattcttcagccttgctgct 408 25 64.9
GLRA1 — R 5’ cgggagatccttagcaatttgttgt 25 65.5
GLRA2 - F 5’ atcaccacagtcttaacgatgacca 403 25 64.0
GLRA2 — R 5’ cagctcgagatatcgtgtcaatcct 25 65.0
GLRAS3 - F 5’ tatcgcagagacgaccatggattac 400 25 65.5
GLRAS3 — R 5’ agtgagtccttctgccacttgtacg 25 65.1
GLRA4 - F 5’ ggacaacaagttactgcgcatctic 407 25 65.3
GLRA4 — R 5’ catccatgttgatccagaaggagac 25 65.2
GLRAB - F 5’ ggatccattcaagaaacaacaatgg 388 25 64.7
GLRAB — R 5’ caggactcctgactgccagataaa 25 64.9
ACTIN — F 5" actgggacgacatggagaaaatctg 635 25 66.6
ACTIN — R 5’ gatgtccacgtcacacttcatgatgg 25 68.8

Supplementary Table 4. Primer sets used for quantitative RT-PCR in Supplementary Figure 1B.

GLRA1 Forward 5'- GGAATGGGAATGTCCTCTACAGCATCAGAATCACC-3'

GLRA1 Reverse 5'- TAGTGCTTGGTGCAGTATCTCAAGTCCTTCTCTTCCTTC -3
GLRA3 Forward 5- TTCTGGGAAGCAGCACTGTTACTCAGTTTGG -3'

GLRA3 Reverse 5'- CGATAGAGCCAAAGCTGTTGATGAATATGTTGCATGTGAC -3
GLRB Forward 5'- ACCTTGCCCGAGTACCTGCCAACT -3'

GLRB Reverse 5'- CCTAAAATCACTGGGGAGCTTCAGCCTGG -3’

Cyclophilin A | Forward 5- TGACTTCACACGCCATAATGGCACTGG-3

Cyclophilin A | Reverse 5'- AACACCACATGCTTGCCATCCAACCAC-3'

©2016 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1272/-/DC1
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