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CHAPTER 1

INTRODUCTION

Preface

Glucose metabolism and the pancreatic islets

Glucose is a fundamental metabolic substrate for nearly all eukaryotic cells. Serving as a
primary source of energy and precursor for the synthesis of numerous macromolecules, the
ability to precisely control systemic glucose levels is essential for proper physiological function.
In humans, acute deviations from a narrow range of blood glucose concentrations (“euglycemia,”
approximately 4.0 — 6.0 mM (7)) can be hazardous, and chronically elevated blood glucose
levels cause severe and permanent damage to several organs. Therefore, the body has complex
regulatory mechanisms which exert tight control over circulating blood glucose levels.
Preservation of euglycemia in the context of the daily fluctuations in systemic glucose supply
and demand is accomplished by a complex network of signaling molecules released from many
tissues, including the brain, digestive tract, liver, adipose tissue, muscle tissue, kidneys, and the
endocrine pancreas.

The pancreatic islets (or islets of Langerhans) are the endocrine component of the
pancreas. Islets serve a central role in controlling systemic glucose metabolism by producing
insulin and glucagon, the body’s primary blood glucose-lowering and -raising hormones. Insulin
is released in response to elevations in blood glucose, suppressing hepatic glucose production

and triggering target tissue glucose uptake. Glucagon is secreted under low glucose conditions to



stimulate glucose release from the liver, thus raising blood glucose levels. Together, insulin and
glucagon constitute a bi-hormonal feedback system essential for euglycemia. Impairments in the
mechanisms which control the secretion or response to these hormones results in disease.

First described in 1869 by German physiologist Paul Langerhans (2), islets are spherical
micro-organs approximately 50 um in diameter, comprising 1-2% of the tissue volume of the
pancreas (3, 4). Individual islets are clusters of neuroendocrine cells including B-cells, a-cells, 8-
cells, PP-cells, and e-cells. Each of these cell types synthesize and secrete a characteristic
hormone, respectively insulin, glucagon, somatostatin, pancreatic polypeptide (PP), and ghrelin.
The secretion of islet hormones is tightly controlled by numerous islet-intrinsic and extrinsic
factors which ensure that blood glucose levels are maintained within a narrow range. As islets
are highly vascularized (receiving 10-20% percent of the pancreatic blood flow), they quickly
sense and respond to changes in blood glucose levels.

Species-dependent differences in islet architecture (Figure 1.1) have important
implications for understanding the molecular basis of dissimilarities in islet function and glucose
handling between rodents and humans (5). For example, rodent islets contain proportionately
more f-cells than human islets (75% versus 54%). Conversely, human islets possess relatively
more o- and 6-cells than rodent islets (34% versus 19% for a-cells, and 10% versus 6% for d-
cells) (6). Rodent islets also show a clear cellular organization, with a B-cell core separated from
a mantle of a- and 6-cells. Although the distinct organization of islet cell types is not as obvious
in adult human islets (5), glucose regulation of hormone secretion is perturbed when islet cells
are physically dissociated from each other (7). Such observations have led to the proposal that

the arrangement of cells within the islet is crucial for physiological function (8).
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Figure 1.1. Islet morphology in human and rodent islets. Immunofluorscence of a human and mouse pancreas
section stained for insulin (red), glucagon (green), somatostatin (white), and DNA (blue).



Cytoplasmic Ca*'determines islet hormone secretion

It was first demonstrated in 1966 that extracellular Ca®" is required for glucose-stimulated
insulin secretion (GSIS) (9). It has been subsequently determined that all stimuli which elicit
islet hormone secretion require Ca®’ influx to trigger an elevation in islet cell cytosolic Ca*"
(Ca®) (9-12). Cytosolic Ca*" entry is mediated primarily by plasma membrane ion channels
(voltage-dependent Ca®* channels, VDCCs) whose activity is governed by the plasma membrane
potential (V;,). Because the physiological functioning of VDCCs requires V;, depolarization and
rapid repolarization (i.e., an action potential), modulation of the islet cell V}, is a key
physiological mechanism controlling VDCC activity and hormone secretion. Indeed, elevated
glucose levels stimulate the islet cell electrical activity necessary for insulin secretion, as first

demonstrated by Dean and Matthews nearly 50 years ago (/3).

K" channels control cytoplasmic Ca*" influx

Virtually all cells maintain a trans-plasma membrane potential. The membrane potential
is usually negative on the interior of the cell relative to the exterior, due to impermeant anions
within the cell and the activity of the Na'/K™ pump. In electrically excitable cells, such as those
of the pancreatic islet, the Vi, is largely determined by plasma membrane K~ permeability.
Because of the large K concentration gradient between the cytosol and the outside of the cell,
plasma membrane K channel opening promotes cellular K* efflux which hyperpolarizes the
plasma membrane, K* channel regulation of the Vi, thus serves a fundamental role in enabling
the regenerative action potential firing and sustained Ca*" influx required for hormone secretion.
Studies as early as 1966 revealed that changing the extracellular K concentration (which alters
the V) dramatically impacts islet hormone secretion (9, 74, 15). Since these early investigations,

many of the K™ channels which regulate islet cell 7, and VDCC activity have been identified.
4



Although these studies have provided valuable insight into the importance of K™ channels
in islet cell function, when these studies began critical aspects of their roles in islet
electrophysiology remained elusive. For example: 1) although it is well-established that islets
generate oscillatory electrical activity in response to glucose (Figure. 1.2), the ionic mechanisms
which regulate these oscillations are poorly understood; 2) while it is well-known that organelles
such as the endoplasmic reticulum (ER) produce Ca’* signals which regulate plasma membrane
K" channel activity, the molecular mechanisms controlling these signals are largely unidentified;
3) the ER K" channels which determine ER Ca®" release in islet cells are essentially unknown; 4)
we have a poor mechanistic understanding of the mechanisms regulating electrical excitability in
a- and d-cells. These topics are further detailed in this introduction and achieving progress
towards addressing these questions was a central focus of this dissertation.

Modern sequencing technologies immensely increased our ability to identify not only the
genes encoding putative K™ channels, but also the cell types which express them. In addition,
genome-wide association studies (GWAS), which involve analyzing the genome of large
populations to identify genetic markers associated with human disease, have identified candidate
genes which regulate islet cell function and contribute to disease risk. To date, this approach has
identified at least four K channel genes associated with type-2 diabetes mellitus (T2DM)
susceptibility, including KCNJ11, KCNJ15, KCNQI, and KCNK16 (a list of major K™ channels
identified to serve important roles in islet cell function is provided in Table 1.1). Transcriptome
analysis of pancreatic islets revealed that the two-pore domain K™ (K2P) channel TALK-1
encoded by KCNK16 is the most abundantly expressed K™ channel of the islet (at least at the
mRNA level), and multiple groups have reported the primarily islet-restricted expression of

TALK-1 (16-20). In 2012, a GWAS performed in individuals of East Asian ancestry identified a
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Figure 1.2. Glucose-stimulated oscillations in -cell electrical excitability. Mouse B-cells were recorded in intact
islets using the perforated patch-clamp technique and stimulated with the indicated glucose concentrations. The
electrically silent periods between each oscillation are due in-part to activation of a Ca?"-sensitive K* current, the
“K,,,. current.



Identified

K’ channel Encoc.led Role in islet cell function association
gene protein with T2DM?
KCNJ11 Kir6.2 Glucose-dependent control of V7, Yes (21-24)
KCNJI15 Kir4.2 Regulation of resting Vi, Yes (25)
KCNOQI KCNQI g?occlsgs ir:ay regulate granule Yes (22, 26)
L B e R
KCNB?2 Kv2.2 Modulation of somatostatin secretion No

KCNMAL KCal.l (BK) Action potential repolarization No

KCNN3 KCa2.3 (SK3) | Action potential repolarization No

KCNN4 KCa3.1 (IK) iﬁggﬁe‘ﬁfgﬁgﬁdaﬂzaﬁ0“; No

KCNK1 TWIK-1 Unclear No

KCNK3 TASK-1 Regulation of plateau potential No

KCNK16 TALK-1 (subject of this dissertation) Yes (27-30)

Table 1.1. Major K' channels involved in regulation of islet cell electrical activity




non-synonymous polymorphism in KCNK16 associated with susceptibility to T2DM. Similarly,
rs1535500 was also found to be associated with T2DM in Pima American Indians (28).
Interestingly, rs1535500 has not been directly associated with T2DM risk in individuals of
European ancestry, although a trans-ethnic meta-analysis demonstrated that carriers of the
rs1535500 allele have an increased risk for T2DM (27, 29). These findings highlight that an
individual’s genetic background is an important determinant of T2DM susceptibility.

Together, these observations suggest that TALK-1 channels serve an important functional
role in the islet. However, prior to the studies described here, the physiological functions of
TALK-1 channels were completely unknown. In many cells, K2P channels are important
determinants of the V;, and electrical excitability; therefore, we hypothesized that TALK-1
channels are important for modulating islet cell electrical activity, controlling Ca**; influx and
hormone secretion. As TALK-1 is associated with T2DM, defining the physiological function
and regulation of islet TALK-1 channels will advance our understanding of important

mechanisms regulating islet cell function.

Mechanisms of islet cell hormone secretion

B-cells
In healthy individuals, insulin is released from B-cells in response to elevated glucose
levels. Glucose enters B-cells through glucose transporters on the plasma membrane (Figure 1.3).
Once in the cytoplasm, glucose is rapidly phosphorylated by glucokinase to glucose-6-phosphate
(G6P) (31). Because the phosphorylation of glucose is rate-limiting for glycolysis and thus GSIS,
glucokinase serves a pivotal role as a B-cell glucose sensor (32). G6P levels are also modulated

by G6PC2, a glucose-6-phosphatase catalytic subunit expressed primarily in -cells. G6PC2
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Figure 1.3. Consensus model of glucose-stimulated insulin secretion (GSIS). Glucose enters B-cells through
glucose transporters (primarily GLUT1 and 3 in humans, Glut2 in rodents), where it is metabolized. Increased
cellular ATP:ADP due to accelerated oxidative phosphorylation results in closure of K, , channels, leading to
membrane potential (V) depolarization. This stimulates the opening of voltage-dependent Ca** channels (VDCCs),
resulting in an elevation in cytosolic Ca®* which triggers insulin granule exocytosis. Ca’* uptake and release by the

endoplasmic reticulum (ER) also serves an important role in shaping cytosolic Ca?* handling.



dephosphorylates G6P in a cycle which reduces glycolytic production of pyruvate, tuning ATP
production and GSIS (33, 34). Mutations and polymorphisms in these enzymes impair insulin
secretion and can lead to diabetes (33, 35, 36).

Following its formation, G6P can enter anaerobic glycolysis, producing pyruvate and other
metabolites important for B-cell glucose sensing (37). Pyruvate is oxidized through the
tricarboxylic acid cycle in mitochondria, elevating cellular ATP levels. This increase in the B-cell
ATP-to-ADP ratio is sensed by ATP-sensitive K" channels (Katp) and results in their closure,
leading to V), depolarization. Sufficient V;, depolarization triggers the activity of VDCCs,
allowing Ca®" to rush into the B-cell and interact with the exocytotic machinery of insulin

granules, triggering insulin secretion.

K" channel regulation of B-cell electrical activity

Karp channels serve a central role coupling the B-cell V;, to glucose metabolism (38, 39).
Functional Kapp channels are composed of four pore-forming Kir6.2 subunits (encoded by
KCNJI1), and four sulfonylurea receptor subunits (SURI1, encoded by ABCCS). As their name
implies, Kap channels are gated by intracellular adenosine nucleotides. When cellular ATP
levels are reduced (such as under low blood glucose conditions), Karp channels conduct K"
currents which keep the Vi, hyperpolarized. This prevents B-cell Ca** influx and inappropriate
insulin secretion under low blood glucose conditions (40). Katp channels are the molecular target
of the antidiabetic class of drugs known as sulfonylureas, which bind to SUR1 subunits and
inhibit Katp channels, stimulating insulin secretion.

In addition to Ka1p, B-cells possess a number of K™ channels which are very important for
regulation of electrical activity. This includes (but is not limited to): inward-rectifying K™ (Kj,)

channels, which provide a tunable K" conductance separate from Katp (25, 41, 42); voltage-gated
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K" (Kv) channels, which contribute to action potential repolarization and insulin granule
exocytosis (43-47); Ca*"-activated K" channels, which hyperpolarize the Vi, suppress action
potential firing, and contribute to the regulation of pulsatile insulin secretion (48-57); and K2P
channels, which are predicted to modulate the 7, both under resting states as well as during
action potential firing (52). Although inhibition of K conductance through any of these channels
almost always results in increased insulin secretion, many of these channels are broadly
expressed in many different tissues, limiting their therapeutic utility for treating diabetes.

Under high glucose conditions when Katp channels are closed, there is a residual K"
conductance whose molecular determinants have not been conclusively determined (53). This K
conductance is essential for physiological hormone secretion because it stabilizes the V, at a
level needed for regenerative firing of action potentials (53, 54). K2P channels are a compelling
candidate for explaining the molecular basis of these currents, as they are low-conductance K
channels predicted to be active when Karp channels are closed. B-cells have been shown to
express TASK-1, TWIK-1, and TALK-1 K2P channels, all of which could conceivably mediate
this current. The roles of K2P channels in -cell electrophysiology are discussed in more detail

below, and the contribution of TALK-1 channels to this current is examined in Chapter I1.

Pulsatile insulin secretion and its underlying mechanisms

Circulating insulin levels show regular oscillations after meal ingestion as well as during
fasting conditions (55). This i1s due to pulsatile insulin secretion from the pancreas, which is
important for regulating hepatic glucose and lipid output as well as stimulating target tissue
glucose uptake (56). Indeed, insulin administered in a pulsatile manner is much more effective at
suppressing hepatic glucose production than continuous insulin delivery (57). This is especially

important for post-prandial glycemic control and is related to the distinct biphasic insulin
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secretion pattern which occurs after a meal. The first phase, consisting of a single pulse of insulin
release, is triggered within a few minutes of nutrient ingestion and lasts for approximately 10-15
minutes. This is followed by the second phase of GSIS, which is oscillatory and continues until
pre-prandial blood glucose levels are reestablished (58). The mechanistic basis of pulsatile
insulin secretion lies in islet intrinsic oscillations of B-cell electrical activity, Ca’" influx, and
glucose metabolism.

Factors associated with glucose metabolism in B-cells exhibit regular oscillations, an
effect which is believed to be an intrinsic quality of islet nutrient metabolism (59). These
metabolic oscillations are believed to contribute to the oscillatory nature of electrical activity in
B-cells: the 1}, alternates between depolarized plateaus with superimposed action potential firing,
separated by hyperpolarized silent periods (Figure 1.2). The termination of each period of
excitability is thought to be due to a slowly activating, Ca*'-sensitive K current, termed the
Kgiow current (60). This current is potentiated by increasing Ca”', levels which occur during
periods of electrical excitability. Once sufficiently activated, Ko hyperpolarizes the V,, and
initiates an electrically silent period. Studies to determine the molecular identity of the channels
mediating Ko have revealed that this current reflects the composite activation of multiple B-cell
K" channels. To date, intermediate-conductance K¢, (SK4), apamin-insensitive small
conductance (SK) Kc,, and Katp channels have been shown to be part of Kgow (48, 50, 61). It is
also known that ER Ca®' release is critical for activation of the Ksiow current. However, the
molecular mechanisms which determine this ER Ca®’ release remain elusive. As studies of
patients with T2DM have demonstrated that pulsatile insulin secretion is perturbed early in
disease pathogenesis (56), defining how B-cells control oscillatory electrical activity may reveal

novel mechanisms contributing to T2DM pathogenesis. The control of Kgw-activating ER Ca*

12



release and the relationship of TALK-1 channels to this process are further examined in this

dissertation.

The role of ER Ca*' in regulating 3-cell function

Although extracellular Ca*" influx is essential for insulin secretion, there are many
intracellular channels and transporters, located primarily within the ER, which are essential for
physiological Ca®" handling. These mechanisms are important not only for controlling the Ca*
fluxes required for hormone secretion but also diverse functions within islet cells including
protein processing and metabolism. Sarco/endoplasmic Ca*" ATPases (SERCAs) pump Ca®"
from the cytosol into the ER, helping to maintain ER Ca*" as well as Ca”'. homeostasis. In order
to maintain ER Ca*" homeostasis, it is estimated that SERCAs account for 7-20% of cellular
ATP consumption in the basal state (219). All cells within the islet express the high-Ca*"-affinity
SERCA isoform SERCA2b, which functions to maintain ER Ca*" levels and helps set basal
Ca®", levels (62). The lower affinity SERCA3 is also selectively expressed in B-cells and serves
an important role in shaping glucose-stimulated Ca”", oscillations. B-cells lacking functional
SERCA3 exhibit higher amplitude Ca®", oscillations and lack the slowly descending “tail” of
Ca”", seen in control cells at the end of each oscillation (63). These observations indicate that
SERCA3 is important for buffering Ca®", influx due to VDCC activity.

All islet cells express inositol trisphosphate receptors (IP3Rs), ligand-gated Ca>* channels
localized almost exclusively to the ER membrane. IP3Rs are activated when bound by the
plasma membrane-derived second messenger inositol 1,4,5-trisphosphate (IP3). Opening of
IP3Rs typically results in a large release of Ca®" from the ER into the cytosol, and the released
Ca”" can act as a co-agonist of IP3Rs to stimulate further ER Ca®" release (62). Ca®" release

mediated by IP3Rs can have a range of effects on cellular function. For example, [P3R-mediated
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Ca’" release in most islet cells will increase hormone secretion and modulates electrical
excitability (e.g., by activating plasma membrane Ca*"-activated K channels) (64). B-cells have
also been shown to express ryanodine receptors (RyRs), Ca**-gated Ca®* channels located on the
ER membrane. Classically, RyRs mediate Ca**-induced Ca*" release (CICR), a phenomenon in
which an elevation of Ca*, in the vicinity of RyRs triggers RyR opening. ER Ca’" release
through RyRs raises Ca*’,, potentiating the opening of nearby RyRs and sparking an increase in
Ca®".. In muscle cells, CICR is fundamental for excitation-contraction coupling; however, its
existence in B-cells has been debated. For example, some groups have reported RyR-dependent
amplification of GSIS (65) whereas other investigators have not observed these effects (66). The
underlying molecular basis for these disparate observations has not yet been determined.

In alignment with the hypothesis that ER Ca®" homeostasis serves a critical role in B-cell
function, Tong and colleagues demonstrated that dysregulation of B-cell SERCA2b contributes to
ER Ca*" depletion and activation of the unfolded protein response (UPR) in a mouse model of
T2DM (67). In human B-cells, it was also reported that patients with “leaky” RyR2 mutations
(which result in an inability for RyR2s to close completely) exhibit diabetic phenotypes.
Similarly, transgenic mice expressing these same RyR2 mutations demonstrate the same
hyperglycemic phenotype, and islets from these mice show defective GSIS and activation of the
UPR (68). Together, these observations demonstrate that normal ER Ca*" handling is required
for proper B-cell function. When compared to the relatively detailed comprehension of the
mechanisms controlling plasmalemmal Ca*" fluxes, we have only a rudimentary understanding

of the mechanisms regulating B-cell ER Ca>" homeostasis.
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a-cells

Whereas low glucose levels suppress insulin secretion, a-cell glucagon secretion is
stimulated under fasting conditions and is released at low levels in the non-fasted state (69).
Glucagon elevates blood glucose levels by amplifying hepatic glycogenolysis and
gluconeogenesis, sustaining blood glucose levels during conditions of increased glucose demand
and fasting (70). The glucose-increasing effects of glucagon are potent; in humans, a dose of 0.5
ng/kg promptly induces long-lasting hyperglycemia (77).

Although it is clear that hypoglycemia stimulates glucagon secretion in vivo and in vitro,
the mechanisms underlying glucose regulation of a-cell function remain controversial. In
particular, the relative importance of intrinsic a-cell glucose-sensing mechanisms versus the
many paracrine inputs of the islet in modulating glucagon secretion has been challenging to
assign. In addition to a-cell autonomous mechanisms of glucose sensing and glucagon secretion,
a-cells are under the control of numerous factors released from other cells in the islet, including
insulin, GABA, and somatostatin, as well as input from the central nervous system (CNS) (72,
73). That normal a-cell function requires the intact islet environment is demonstrated by the
observation that glucose inhibition of glucagon secretion disappears in purified preparations for
a-cells (7). As hypoglycemia can be life-threating, perhaps it is not surprising that redundant

mechanisms of controlling glucagon secretion evolved.

Electrical activity in a-cells

Like B-cells, a-cells exhibit glucose-sensitive electrical excitability; however, there are
significant differences between B- and a-cell electrical activity. Under low glucose conditions
which completely suppress B-cell electrical activity, a-cells exhibit large action potentials and

oscillations in Ca2+c. Action potentials in a-cells are dependent on a different cohort of ion
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channels than those found in B-cells. For example, a-cell glucagon secretion appears to be
dependent on high-voltage activated P/Q-type VDCCs, unlike GSIS, which depends more on L-
type VDCCs (73). Voltage-dependent Na" channels are also a major contributor to the upstroke
of the a-cell action potential, and their activity in low glucose facilitates glucagon secretion (74).
Interestingly, L-type VDCCs are present and mediate most (~80%) of Ca”". influx in rodent o-
cells, whereas in human a-cells L-type VDCCs are responsible for only ~20% of Ca*", influx. L-
type VDCCs appear to be critical for the a-cell response to epinepherine, during which glucagon
secretion becomes much more sensitive to L-type VDCC inhibition (75). Consensus regarding
the effects of glucose on the a-cell V;, has yet to emerge, however. Experimentally, both
depolarizing as well as hyperpolarizing effects of glucose on the a-cell V;, have been reported.
One model posits that a-cells share the Karp-dependent V;, depolarizing mechanism of B-cells.
Thus, glucose metabolism would be predicted to depolarize the a-cell V7, causing inactivation of
voltage-dependent Na" channels and the P/Q-type VDCCs responsible for glucagon secretion in
low glucose. Under low glucose conditions, a-cell Katp currents permit the hyperpolarized Vi,
needed for Na™ channel-facilitated action potentials, allowing efficient P/Q-type VDCC opening
to stimulate glucagon secretion (76).

A different model favoring a depolarizing effect of low glucose is based partially on
observations that depletion of a-cell ER Ca®" stores under low glucose conditions activates a
depolarizing current called the store-operated current (SOC). At the molecular level, activation
of the SOC involves ER-resident Ca*" sensor STIM proteins interacting with and opening plasma
membrane Orai Ca®” channels in response to reduced ER Ca”" levels. As Ca*" influx through
Orai depolarizes the Vp, the a-cell SOC amplifies Ca™" influx and glucagon secretion in low

glucose by activating VDCCs and triggering action potential firing (72, 77, 78). In support of this
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model, Liu, Vieira and colleagues have demonstrated that pharmacological inhibition of
SERCAs is sufficient to stimulate Vy, depolarization and glucagon secretion (77, 78). The
divergent observations of glucose’s effects on the a-cell V;,, may reflect slightly different
experimental approaches, as well as the intrinsic heterogeneity of a-cells. Indeed, the recent
finding that islet a-cells secrete GLP-1 (79) as well as observations of transcriptionally distinct
a-cell subpopulations (80) suggests that the stimulus-secretion mechanisms may not be identical
for all islet cells expressing protein products of the glucagon gene.

Although a unifying theory to describe the effects of glucose on a-cell electrical
activity is still emerging, it is agreed that somatostatin signaling hyperpolarizes the a-cell V;, by
activating G protein-coupled Kj; channels, or GIRKs (42, 74, 81). GIRK activation inhibits
electrical activity and is predicted to inhibit Ca*". influx, contributing to the suppressive effect of
somatostatin on glucagon secretion. a-cells are under tonic control of somatostatin even at low
glucose conditions, as inhibiting a-cell somatostatin signaling potently increases glucagon
secretion in low glucose (82). However, the effects of somatostatin on o-cell Ca*"; dynamics in
low glucose have not been determined, and the mechanisms regulating d-cell somatostatin

secretion are poorly understood.

o-cells
As mentioned above, somatostatin released by islet d-cells is a powerful inhibitor of
glucagon as well as insulin secretion, an effect which is mediated by Go; protein-coupled
somatostatin receptors (SSTRs) expressed on the surface of a- and B-cells. Activation of SSTRs
leads to cellular inhibition through a number of mechanisms, including Gai-mediated
suppression of cAMP production and cAMP-dependent signalling pathways (83), and GPy-

dependent inhibition of VDCCs, activation of K' channels, and blockade of exocytosis (41, 74).
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While insulin and glucagon serve essential roles in modulating peripheral tissue glucose
handling, a role for somatostatin released from islet d-cells outside of modulating islet-cell
function has not been clearly established. Similar to insulin secretion, islet somatostatin secretion
is augmented by increasing glucose levels. Glucagon and insulin secretion are enhanced in
mouse islets with genetic ablation of somatostatin or SSTR2 (the predominant SSTR expressed
in a-cells), and when treated with SSTR antagonists (42, 84, 85). These studies suggest that one
of the primary physiological functions of islet d-cells is to set the “tone” of islet insulin and
glucagon secretion. However, very little is known about how d-cells modulate islet function in

Vivo.

FElectrical activity in d-cells

Like insulin secretion, somatostatin release is accelerated by increasing glucose
concentrations (86). Although 6-cells share similar transcriptional profiles to B-cells, there are
significant differences in the molecular mechanisms which regulate d-cell stimulus-secretion
coupling. Somatostatin secretion is left-shifted relative to insulin secretion and is released at
tonic levels as low as 1 mM glucose. The strong inhibitory effect of this small amount of
somatostatin release on a-cells is revealed by blocking SSTR2 receptors at low glucose
concentrations which greatly increases glucagon secretion (82). Islet d-cells also show
oscillations in Ca*" and electrical excitability at low glucose concentrations below the threshold
for insulin secretion (87, 88). At these low glucose concentrations, 6-cell Ktp activity appears to
be the primary modulator of somatostatin secretion. However, at higher glucose concentrations
(>3 mmol/L glucose), secretion is less-dependent on Katp activity (86). Interestingly, inhibition
of voltage-dependent K™ channels stimulates somatostatin secretion four-fold at low glucose

concentrations, but has no amplifying effect at higher glucose concentrations (89). These
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observations suggest that action-potential dependent Ca>" influx is more important for controlling
somatostatin release in low glucose. Under elevated glucose conditions, it has been proposed that
Ca*"-induced Ca*"-release (CICR) from the 5-cell ER amplifies somatostatin secretion.

By quantifying changes in membrane capacitance to assess exocytosis, it was observed
that &-cell exocytosis continues to increase after termination of the depolarizing stimulus (86,
89). This was found to be due to ER Ca®" release triggered by opening of R-type VDCCs,
potentiating somatostatin exocytosis. This effect could be blocked by pharmacologically
depleting ER Ca”" or antagonizing RyRs. In mouse 8-cells, CICR has been demonstrated to be
due to a “loose-coupling” between R-type VDCCs and RyR3. However, although human d-cells
also exhibit the same delayed exocytosis kinetics as mouse d-cells, they do not appear to express
R-type VDCCs, nor do pharmacological blockers of RyRs impair this process (89). Thus, more
work is clearly needed to understand the molecular mechanisms underlying somatostatin

secretion in d-cells.

PP- and e-cells

Very little work has been done to define the stimulus-secretion mechanisms of PP- or ¢-
cells. PP-cells produce and secrete pancreatic polypeptide (PP), a 36-amino acid protein encoded
by the PPY gene. The primary physiological functions of PP appear to be modulation of GI
function and food intake. PP-cells exhibit oscillations in Ca*",, but it does not appear that PP-cell
Ca”" influx is directly sensitive to glucose (90). Exogenous PP inhibits both insulin secretion and
somatostatin secretion, suggesting that PP may serve an important role in facilitating glucagon
secretion (97). However, in isolated islets, PP has been found to inhibit glucagon secretion at
physiological concentrations while increasing glucagon secretion at supra-physiological

concentrations (92). Interestingly, acetylcholine has been shown to stimulate increases in
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circulating PP under hypoglycemic conditions, an effect which was lost by pancreatic
denervation (93). More work is needed to understand whether islet PP-cells serve an important
role in modulating glucose homeostasis.

Islet e-cells produce and secrete ghrelin, a 28-amino acid peptide hormone which signals
through GHSR, a Gog-coupled protein receptor. The physiological function of islet ghrelin is not
well-understood, but it has recently emerged that intra-islet ghrelin signaling modulates d-cell
function (94, 95). It is also known that glucose infusion rapidly suppresses circulating ghrelin
levels in vivo (96), but aside from the fact that e-cells exhibit oscillations in intracellular
cytosolic Ca®™ (Ca®".) (90), the underlying mechanisms controlling e-cell function are

completely unknown.

Diabetes mellitus and islet dysfunction

Diabetes mellitus is characterized by chronic hyperglycemia (fasting blood glucose levels
greater than 7.0 mM (97)), which if uncorrected causes several severe complications including
diabetic ketoacidosis, retinopathy, peripheral neuropathies, and an increased risk for
cardiovascular and kidney disease. In patients with type 1 diabetes mellitus (T1DM),
hyperglycemia results from insulin deficiency due to autoimmune destruction of the insulin-
producing B-cells. In patients with type 2 diabetes mellitus (T2DM), hyperglycemia is caused by
increasing resistance of peripheral tissues to insulin action (insulin resistance) and f-cell
dysfunction (Figure. 1.4). Diabetes mellitus can also arise from the increased insulin demand
during pregnancy (gestational diabetes), as well as from autosomal dominant mutations in genes
which are important for insulin production, secretion, or action (monogenic diabetes). Slightly

over 9% of the US population currently has diabetes, and approximately 95% of these cases are
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Figure 1.4. Hypothesized destructive feedback loop leading to T2DM. In healthy individuals, islets respond to
hyperglycemia by secreting insulin, keeping blood glucose levels within a narrow range. However, in indivuals with
increased genetic susceptibilty for T2DM, the B-cell secretory response to metabolic stressors may be inadequate,
exacerbating hyperglycemia. Combined with increasing peripheral tissue insulin resistance, 3-cells are unable to sustain
sufficient insulin secretion needed to maintain euglycemia, leading to their failure and T2DM.
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due to T2DM (98). With the prevalence of T2DM projected to increase throughout much of the
world’s population over the coming decades, defining the pathophysiological mechanisms which
cause this disease will be essential for improving its diagnosis and treatment.

As mentioned above, there are at least two major causes of hyperglycemia in T2DM. One
is insulin resistance, which arises when insulin-sensitive tissues such as muscle, adipose, and the
liver fail to respond to normal insulin signaling. Insulin mediates its glucose-lowering actions
through plasma membrane-localized insulin receptors, which stimulate increased cell surface
expression of glucose transporters when activated (99). Although the molecular mechanisms of
insulin resistance are incompletely understood, it is clear that physical inactivity an obesity are
major risk factors (/00). However, while environmental factors such as diet and sedentary
lifestyle are key drivers of T2DM, many obese individuals do not develop T2DM, indicating that
a patient’s genetic background is a significant contributor to disease pathogenesis. In strong
accordance with this possibility, T2DM heritability has been estimated at 40-70% (101).
Interestingly, many of the genes which have been associated with T2DM risk are linked to islet-
autonomous mechanisms which regulate insulin secretion, indicating that defects in islet function

are a key driver of T2DM (26).

Islet dysfunction as a driver of diabetes mellitus

It has become clear that -cell secretory defects are a core pathogenic mechanism in
T2DM. Indeed, although peripheral tissue insulin resistance contributes to T2DM pathogenesis,
many insulin resistant individuals fail to develop T2DM (702, 103). In individuals able to
maintain euglycemia, increased systemic insulin demand causes a corresponding increase in f3-
cell insulin output and may also cause an expansion in functional B-cell mass. However, in

individuals with a high susceptibility for developing T2DM, there may be existing defects in 3-
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cells that impact the capacity of B-cells to augment and sustain their function or increase in mass
to meet the body’s increased need for insulin, precipitating disease. In accordance with the
hypothesis that islet dysfunction is a key driver of T2DM, many of the T2DM-linked genes
identified in GWAS are implicated in B-cell function and insulin secretion. Accordingly,
disrupted insulin secretion is a hallmark of T2DM (56).

Multiple mechanisms have been implicated in the loss of B-cell function in patients with
T2DM. One pathogenic mechanism proposed to contribute to defective B-cell function is ER
stress, which is caused by increased insulin secretory demands due to peripheral tissue insulin
resistance (/02). Prolonged and excessive elevations in insulin production can trigger the
unfolded protein response (UPR), which can lead to further impairments in B-cell secretory
capacity and eventual destruction. Another mechanism speculated to cause B-cell dysfunction is
oxidative stress. B-cells express low levels of antioxidant enzymes, which may impair their
ability to effectively clear toxic reactive oxygen species (ROS) under the chronic metabolically
stressful conditions associated with T2DM (104).

Aberrant glucagon secretion from pancreatic a-cells has also long been suspected to
contribute to hyperglycemia in T2DM. Although evidence of a-cell hyperplasia was first
observed in some patients with T2DM as early as the 1950s (/05), a clinical demonstration of
inappropriate glucagon secretion in patients with T2DM did not occur until the 1970s (106, 107).
However, the mechanisms underlying a-cell stimulus-secretion coupling under non-diabetic
conditions remain controversial and very little is known about the causes of altered a-cell
glucagon secretion in T2DM. In a mouse model of diabetes, it was shown that -cell loss induces

glucagon hypersecretion by increasing a-cell electrical excitability (/08).
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In humans, much less is known about the contributions of 5-cell dysfunction to the
development and progression of T2DM. However, polymorphisms in the transcription factor
HHEX have been linked to an increased risk for T2DM, and it has been found that an important
role of this transcription factor is to maintain 6-cell number and function. Thus, in some patients,
defective somatostatin signaling from islet d-cells may contribute to increased glucagon secretion
(109). Morphologic changes in d-cells have been noted in islets from leptin-receptor deficient
(db/db) (/10) mice as well as patients with TIDM (/117), suggesting that alterations in
somatostatin signaling may contribute to islet dysfunction. As dysfunctional somatostatin
secretion has been implicated in the etiology of TIDM and T2DM, more studies are needed to
better understand the mechanisms controlling d-cell function.

Defining the mechanisms which regulate islet cell hormone secretion could yield a more
complete understanding of T2DM etiology and guide the design of rational therapies to treat islet
dysfunction. Such therapies should address the underlying molecular defects causing reduced
GSIS rather than simply augmenting insulin secretion. Indeed, certain therapeutics used to
increase insulin secretion in patients with T2DM (i.e., sulfonylureas) may lead to [B-cell

exhaustion, exacerbating deterioration of B-cell function (//72).

K' channels in T2DM

To date, polymorphisms in at least four K™ channel genes have been associated with an
increased risk for T2DM. These include KCNJI1 (encoding Kir6.2, the K™ channel subunit of
Katp), KCNQI (encoding a voltage-gated K channel), KCNJ15 (encoding Kir4.2), and KCNK16
(encoding TALK-1). While it is well-known that Ksrp channels serve a critical role in

controlling GSIS, the expression and functional roles KCNQI, Kir4.2, and TALK-1 channels
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within the islet are not as apparent, making biological investigation necessary to determine the
mechanisms underlying their contributions to T2DM etiology.

Multiple single-nucleotide polymorphisms in Krp are associated with an increased risk
for T2DM, highlighting its central importance in regulating B-cell function. Nearly all of the
polymorphisms and mutations in Karp which increase diabetes susceptibility do so by increasing
Vn-hyperpolarizing K™ currents (27). Similarly, several mutations in Kir6.2 and SURI cause a
gain-of-function in Karp channel activity, suppressing insulin secretion and causing neonatal
diabetes mellitus (NDM) (39). Patients with NDM due to mutations in Katp can often be treated
with a class of antidiabetic drugs known as sulfonylureas, which increase insulin secretion by
inhibiting Katp channel activity (/13).

The polymorphism in KCNJI5 associated with an increased susceptibility for T2DM
(rs3746876, a synonymous SNP suspected to influence mRNA processing) has been shown to
increase  KCNJI5 mRNA abundance, which could increase T2DM risk by elevating
hyperpolarizing K;; currents that result in less B-cell VDCC activity and insulin secretion (235).
Indeed, GSIS is significantly increased when K;4.2 channel expression is reduced in mouse
islets. However, more work is needed to determine the physiological functions of K;4.2 channels
in B-cells.

Although the rs2237895 SNP in KCNQ! is linked to an increased risk for diabetes, this
channel does not appear to be expressed in human islets (20, 80). However, it has been reported
that insulin exocytosis from islets from individuals carrying the KCNQI risk allele is diminished
under conditions when Ca®" channel activity is experimentally clamped (22). These observations

suggest that this polymorphism might be impacting the expression of other P-cell genes
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important for insulin secretion, or influencing KCNQ1 function in another tissue. Accordingly,
rs2237895 is located within an intron of KCNQ1 which may influence gene expression.

Unlike KCNQ1, KCNK16 mRNA is abundantly expressed in pancreatic islets. Moreover,
the tissue expression pattern of KCNK/6 is primarily islet-restricted (17, 18, 114), although its
mRNA is also present in gastric somatostatin-expressing cells (//5). As the T2DM-associated
SNP in KCNK16 (rs1535500, encoding TALK-1 A277E) lies within the coding region of the
gene, it is possible that this polymorphism could result in changes in TALK-1 channel activity
which are detrimental to islet cell function. However, no physiological role had been reported for
TALK-1 channels when my studies began, necessitating experimentation to determine its
biological function. In the following section, I summarize the biophysical and physiological
characteristics of K2P channels which provide the theoretical foundation for the studies

presented herein.

Two-pore domain (K2P) channels

The existence of constitutively active K channels controlling the resting V;, was
predicted long before K2P channels were identified as molecular mediators of this current. In
research which laid the groundwork for the study of ion channels, it was determined that a
constant “leak” of K* and other ions was needed to account for the biophysics of electrically
excitable membranes (716, 117). It took another 50 years to determine that K2P channels were

responsible for conducting these background K" currents (118).
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K2P channels are a major subclass of K' channels which can be found throughout the
animal kingdom. The human genome encodes 15 K2P channels®, which can be classified into
discrete groups based on their biophysical characteristics. Like all K -selective channels, K2P
channels are transmembrane proteins possessing a K selectivity filter created by the
symmetrical assembly of four pore-forming domains around an ion-conducting pore. As implied
by their name, functional K2P channels are a dimer of a-subunits, each containing four
transmembrane segments with two pore-forming P-domains (Figure 1.5). This is unlike all other
K" channels, tetrameric complexes composed of four o-subunits with each subunit containing a
single P-domain. The membrane topology of K2P channels has been confirmed with multiple
high resolution structures: K2P channels possess an extracellular “cap” domain which covers the
pore region of the channel, and has two lateral fenestrations which allow K flux into the pore
domain. The cap domain is thought to be the molecular basis for the resistance of K2P channels
to pharmacological blockade by inhibitors of most other K* channels (/19).

As K2P channels conduct K* currents which are important for setting the resting Vp,
modulation of K2P channel activity can regulate cellular electrical activity. Based on their
functional characteristics, up- or downregulation of K2P channel activity should promote or limit
Vm hyperpolarization, thus modulating Ca’" influx. Accordingly, many regulatory signals target
K2P channels to control the function of excitable cells. Among the many stimuli which influence

K2P channel activity are intracellular and extracellular pH”, numerous lipids, plasma membrane

* HUGO nomenclature for K2P channels is “KCNKx”; the K2P channel literature tends to denote gene and mRNA
using the “KCNKXx” convention, whereas the protein product is referred to with a distinct name (e.g., the KCNK16
gene encodes TALK-1 channels).

* Regulation by extracellular pH is a biophysical characteristic of many K2P channels and was used to describe the
different K2P channels as they were cloned and characterized. Most K2P channels derive their name from TWIK-1
(“Tandem of P-domain in a Weak Inwardly rectifying K" channel”), the first K2P channel isolated in mammals. For
example, the K2P channel TASK-1 is inhibited by extracellular acidification; thus, it was designated “TWIK-related
Acid-Sensitive K* channel-1.”
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Figure 1.5. Membrane topology and quaternary structure of K2P channels. (A) Each o subunit of a K2P channel
contains four transmembrane domains and two pore-forming P domains. (B) Transmembrane view of TWIK-1, a
prototypical K2P channel, as determined from a 3.4-A-resolution crystal structure. Note that extraceullar loop regions
(shown as dashed lines) and intracellular N- and C-termini are absent in this structure. K™ ions are depicted as purple
spheres. Image from the RCSB PDB (www.rcsb.org) of PDB ID 3UKM (Miller, A.N., and Long, S.B. Crystal
structure of the human two-pore domain potassium channel K2P1. (2012) Science 335: 432-436); image used in
accordance with RCSB PDB policies.
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stretch,  post-translational — modifications including phosphorylation, SUMOylation,
palmitoylation [Jacobson lab observations], and a plethora of binding factors which control
channel opening and trafficking. This wide array of modulators allow K2P channels to control a
number of physiological processes, including hormone secretion, nociception, osmoregulation,
and cardiovascular function (/20). Most of these regulatory stimuli converge on the intracellular
COOH-terminal tail (Cf) of K2P channels, and genetic deletion or functional uncoupling of the

Ct precludes the regulatory effects of many of these stimuli.

Physiological roles of K2P channels in excitable cells

As there is presently a scarcity of K2P channel-specific pharmacology, the identification
of the physiological functions of K2P channels has largely been determined from phenotypes
observed in K2P channel knockout (KO) mice. K2P channel KO models have helped distinguish
the contributions of different K2P channels in neurons, where they have been shown to regulate
electrical excitability through their effects on the V7},. Studies of these mice led to the discovery
that many K2P channels are a molecular target of volatile anesthetics. For example, mice lacking
the K2P channel TREK-1 (encoded by KCNKY) are refractory to anesthesia (/21).

In agreement with the hypothesis that K2P channels tune electrical excitability, both
TREK-1 and TREK-2 (KCNK10) K2P channels are expressed at high levels in neurons of the
dorsal root ganglia and are implicated in nociceptive sensitivity. Mice lacking these channels
show increased responses to painful stimuli (/22, 123), suggesting that these channels could be
novel therapeutic targets for painful neuropathies (/24). K2P channels have also been implicated
in the regulation of thalamacortical relay (TC) neurons, which are important for the control of
sleep-wake cycles. TASK-3 KO mice show altered electrical oscillations and disrupted sleep-

wake patterns, consistent with a role for TASK-3 channels in controlling TC neuron function
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(125). Interestingly, a mutation in TASK-3 causes Birk-Barel syndrome, a disease characterized
by intellectual disability, hypotonia, and facial dysmorphism (/26), suggesting that TASK-3 also
serves important roles in development. The Ca**-activated K2P channel TRESK (encoded by
KCNK18) regulates electrical excitability in trigeminal ganglion neurons (/27), and mutations in
TRESK have been identified in patients with severe migraine (/28). Together, these observations
broadly demonstrate that K2P channels modulate cellular function by controlling the threshold

for electrical excitability.
K2P channels in the islet

TWIK-1 channels

Pancreatic islets express mRNA for several K2P channels; however, the physiological
function of most of these channels is unclear. The first K2P channel identified in the pancreas
was TWIK-1 (encoded by KCNKI) (118). This K2P channel exhibits intrinsically low K"
channel activity at the plasma membrane due to its predominant localization to endosomes.
Interestingly, it was demonstrated that the acidic pH of endosomes (~pH 6.0) causes a change in
the ionic preference of TWIK-1 for Na" over K'. This produces a transient Na' current at the
plasma membrane which dissipates as TWIK-1 switches back to a K" conductance or is
internalized (/29). TWIK-1 is expressed in many tissues throughout the body and is present in
both the exocrine and endocrine pancreas. However, a physiological function for TWIK-1
remains unclear. It has been suggested that cardiac TWIK-1 channels contribute to hypokalemia-
induced cardiac arrhythmias through its Na'-conducting properties (/30). B-cells lacking
functional TWIK-1 channels were found to be paradoxically hyperpolarized in high glucose,
presumably due to the loss of depolarizing Na" currents through TWIK-1. However, the effect of

TWIK-1 deletion on islet hormone secretion has not been examined.
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TASK-1 channels

The next K2P channel found to be expressed in the pancreas was TASK-1 (encoded by
KCNK3) (131). TASK-1 channels exhibit greater K channel activity than TWIK-1, producing
rapidly activating, voltage-independent currents that are highly sensitive to fluctuations in
extracellular pH. However, the importance of the pH sensitivity of TASK-1 is uncertain, as a
relationship between pH and the physiological functions of this channel has not been determined.
In the adrenal glands, TASK-1 channels are important determinants of aldosterone secretion.
Mice lacking TASK-1 exhibit hyperaldosteronism and hypertension. While the molecular
mechanisms linking TASK-1 to aldosterone secretion are unclear, defects in adrenocortical cell
Ca”" signaling are suspected (/32). In the islet, the role of TASK-1 in both B- and a-cells has
been investigated. Treatment of B-cells with A1899, a selective TASK-1 antagonist, causes Vp,
depolarization and enhanced Ca*'. influx, indicating that TASK-1 channels control p-cell VDCC
activity. p-cell specific knockout of TASK-1 channels produces similar effects on 7y, and Ca*",
as A1899, leading to enhanced insulin secretion and improved glucose tolerance (52). In a-cells,
the effects of A1899 on the V,, and C.':12+C influx are very similar to its effects on B-cells, causing
Vi depolarization and augmenting Ca”’, influx. Interestingly, genetic deletion of a-cell TASK-1
shows a unique effect on glucagon secretion when compared to pharmacological inhibition of
TASK-1. Whereas treatment of islets with A1899 increases glucagon secretion in high (11
mmol/L) glucose, a-cell TASK-1 KO islets show reduced glucagon secretion under this
condition. Thus, mice lacking a-cell TASK-1 channels have improved glucose tolerance. As
inhibition of TASK-1 channels has no effect on Ca*’. or glucagon secretion under low (1
mmol/L) glucose conditions, TASK-1 channels most likely modulate a-cell function specifically

under high glucose conditions (/33). Although the underlying molecular basis for the differential
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effects of TASK-1 pharmacology compared to genetic deletion of TASK-1 on glucagon
secretion have not been determined, it may relate to an intracellular function for TASK-1
channels. As detailed in Chapter III, TASK-1 channels are functionally present in the a-cell ER
where they modulate ER Ca®" fluxes; genetic deletion of TASK-1 channels may uncover this
contribution to a-cell function, whereas TASK-1 pharmacologically would acutely affect
primarily plasma membrane TASK-1 channels. Together, these findings indicate that TASK-1
channels modulate B- and a-cell electrical excitability and Ca**. influx, controlling hormone

secretion.

TALK-1 channels

In 2001, the Lesage group reported the cloning and characterization of TALK-1
(KCNK16), TALK-2 (KCNK17), and THIK-2 (KCNK12) (114). While all three of these K2P
channels’ mRNAs are expressed in the pancreas, only TALK-1 expression appeared to be
restricted to the pancreas. Later studies by the Kim group also demonstrated that TALK-1
mRNA is abundant in the pancreas and is detectable at low levels in stomach tissue (/34, 135).
Whole-transcriptome studies of pancreatic tissue have revealed that TALK-1 mRNA is highly
expressed in the pancreatic islets and is virtually undetectable in exocrine tissue (/6-20). When
compared to other tissues in the body, KCNKI6 expression was found to be among the most
highly islet-restricted genes (/7). Moreover, as described above, a non-synonymous
polymorphism in KCNK16 increases T2DM susceptibility.

KCNKI16 shows strong sequence conservation in mammals. In humans, alternative
splicing gives rise to at least five unique TALK-1 mRNAs, two of which encode functional
TALK-1 channels differing only in their COOH-terminal tails (TALK-la and TALK-1b).

Interestingly, alternative splicing of TALK-1 mRNA is not found in rodents, which produce
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TALK-1 channels homologous to human TALK-1b. The relative importance of the two different
TALK-1 channel isoforms remains uncertain. When expressed in Xenopus oocytes, TALK-1
channels were found to be insensitive to most traditional regulators of K" channels, changes in
Ca’"., and activation of Go; or Gog-coupled protein receptors (//4). However, TALK-1 channels
do show activation by alkaline extracellular pH, hence the name TWIK-related ALkaline pH-
activated K" channel-1. By examining single-channel current recordings of TALK-1, the Kim
group found that elevating extracellular pH increases the frequency rather than the unitary
current amplitude of channel opening, enhancing aggregate whole-cell TALK-1 K" currents
(134). Nitric oxide and reactive oxygen species have also been shown to activate TALK-1
channels, but the physiological relevance of these stimuli on TALK-1 channels has yet to be
determined (/36). Although the functional consequences on TALK-1 channel activity are
unclear, protein interactome studies have also demonstrated that the majority (>60%) of proteins
which interact with TALK-1 are ER resident proteins (/37, 138). As similar studies with other
K2P channels have not identified such a large percentage of interacting proteins which are ER
residents, these observations suggest that TALK-1 channels could serve an intracellular function.
Together, these findings provide a useful framework to investigate the physiological function of

TALK-1 channels.
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Goals of this thesis

The prominent expression of TALK-1 in the islet and its link with T2DM led us to
hypothesize that one of the physiological functions of TALK-1 is to modulate islet hormone
secretion. Moreover, the islet-restricted expression of TALK-1 suggests that it could be an
attractive therapeutic target for the treatment of T2DM. However, the lack of knowledge
regarding the physiological functions of TALK-1 channels presents a significant barrier to
testing the validity of this hypothesis. Therefore, the central goal of this dissertation was to
define the major functional roles of islet TALK-1 channels.

In the following chapters, I describe our investigations of islet cell electrical activity,
Ca®’, handling, ER Ca’" homeostasis, and hormone secretion in islets obtained from mice
without functional TALK-1 channels as well as in primary human islet cells. In addition, I detail
the effects of TALK-1 channel activity on islet health and the whole-animal glycemic response
to high-fat diet (HFD) feeding, a paradigm of diabetes-inducing metabolic stress. First, we used
mice lacking Kcnkl6 (encoding TALK-1) to identify the functional role of TALK-1 channels in
B-cells and its contributions to systemic glucose metabolism. We found that TALK-1 forms a
functional K' channel in mouse and human B-cells, where it limits electrical oscillations, Ca®’,
oscillations, and insulin secretion. In addition, we discovered that TALK-1 channel activity is
associated with impaired fasting glycemia after HFD feeding, and that the T2DM-associated
SNP rs1535500 (encoding TALK-1 A277E) potentiates K* currents through TALK-1.

The finding that TALK-1 channels regulate B-cell Ca*". oscillations inspired us to
determine the underlying molecular mechanisms. In addition to our observation of prominent
intracellular staining of TALK-1, reports of TALK-1 interacting predominately with ER proteins
(137) prompted us to examine whether TALK-1 channels influence the ER Ca®" handling which
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controls islet Caz+c oscillations. We found that ER-resident TALK-1 channels conduct a K"
countercurrent which modulates ER Ca”" stores, thus influencing ER Ca®" release and islet Ca”",
oscillations. Moreover, we found that inhibiting TALK-1 channel activity protected islets from
HFD-induced activation of ER stress, suggesting the exciting possibility that inhibiting TALK-1
channel activity could be a therapeutic strategy to ameliorate islet dysfunction in T2DM. Finally,
we assessed the role of TALK-1 channels in islet d-cell function. TALK-1 channels limit §-cell
CICR, controlling somatostatin secretion. TALK-1 KO islets secrete more somatostatin, causing
a reduction in a-cell Ca®", influx and glucagon secretion.

The observations presented here indicate that TALK-1 channels modulate insulin,
somatostatin, and glucagon secretion. These findings suggest that a gain-of-function in TALK-1
channel activity could potentially impair insulin secretion and contribute to T2DM development
or progression. In addition, our finding that TALK-1 channels serve an intracellular function in
the ER represents a previously unidentified physiological function of K2P channels and
improves our comprehension of the mechanisms controlling islet cell ER Ca** handling. Overall,
the studies described in this dissertation have advanced our understanding of the mechanisms

underlying islet cell physiology in health and disease.
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CHAPTER 11

TALK-1 CHANNELS MODULATE B-CELL ELECTRICAL EXCITABILITY,

2 P_PHASE INSULIN SECRETION, AND GLUCOSE HOMEOSTASIS"

Preface

This chapter explores the functional roles of TALK-1 channels in B-cells. Prior to the
studies described here it was known that TALK-1 is abundantly expressed at the mRNA level in
pancreatic islets. Moreover, it had been determined that a non-synonymous single-nucleotide
polymorphism (SNP) in KCNKI6 (rs1535500, encoding TALK-1 A277E) increased
susceptibility for T2DM. However, a functional role for TALK-1 channels in the islet had not yet
been identified. Our data demonstrate that TALK-1 forms functional K channels in mouse and
human B-cells where it limits Ca®" influx and insulin secretion. We discovered that TALK-1-
deficient islets secrete more insulin ex vivo and that TALK-1 knockout (KO) mice are protected
from high-fat diet-induced increases in fasting glycemia. Additionally, we found that the T2DM-
associated TALK-1 A277E risk variant produces enhanced K" currents relative to the non-risk
variant. These findings allowed us to make the prediction that rs1535500 may contribute to
T2DM susceptibility by limiting GSIS. A recent study in human patients with T2DM supports
this hypothesis, as it was found that those carrying the risk rs1535500 SNP show significantly

reduced GSIS in response to an intravenous glucose challenge (30).

“The work presented in this chapter is adapted from: Vierra NC, Dadi PK, Jeong I, Dickerson M, Powell DR,
Jacobson DA. Type 2 Diabetes-Associated K+ Channel TALK-1 Modulates beta-Cell Electrical Excitability,
Second-Phase Insulin Secretion, and Glucose Homeostasis. Diabetes. 2015;64(11):3818-28. doi: 10.2337/db15-
0280. PubMed PMID: 26239056; PMCID: PMC4613978.
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Introduction

Pancreatic B-cell insulin secretion plays a central role in maintaining glucose
homeostasis. GSIS is coupled to Ca*" influx, which is modulated by the orchestrated action of
several ion channels. The primary glucose-sensitive channel of the B-cell is the ATP-sensitive K
channel (Katp). Katp is active under low glucose conditions, limiting insulin secretion by
hyperpolarizing the V;, and inhibiting voltage-dependent Ca®" channels (VDCCs). Increased B-
cell metabolism due to elevated glucose levels raises the intracellular ATP:ADP ratio, inhibiting
Katp channels. The closure of Karp channels results in V,, depolarization to a plateau potential
from which action potentials (APs) fire, allowing Ca®" influx through VDCCs, resulting in
insulin secretion (/39, 140). During glucose-induced Katp inhibition, the plateau potential is
stabilized by small conductance K' currents (/41, 142), such as those mediated by two-pore
domain K" (K2P) channels. For example, TWIK-related Acid Sensitive K2P (TASK-1) channels
have been shown to polarize p-cell plateau potential suppressing Ca®" entry through VDCCs and
limiting GSIS (52). However, the physiological role of the most abundant B-cell K2P channel,
TWIK-related alkaline pH-activated K2P channel (TALK-1), remains unexplored. Because
TALK-1 channels may regulate B-cell Ca®" influx and GSIS, defining their physiological roles
may identify TALK-1 channels as a therapeutic target for T2DM.

TALK-1 was originally cloned from human pancreas (//4, 134). KCNKI6, the gene
encoding TALK-1 channels, is the most abundant K™ channel transcript in mouse and human p-
cells (17, 20, 143). Moreover, KCNKI6 is the most islet-specific transcript in mice when
compared to all other transcripts across six tissues assessed by transcriptome analysis (/7). In
humans, the KCNK16 locus exhibits increased histone H3 methylation in islets compared to non-

islet tissues, indicating that the locus is transcriptionally active in islets (/8). While these
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observations suggest that TALK-1 channels serve an important role in the islet, the physiological
functions of TALK-1 remain to be determined.

The biophysical characteristics of TALK-1 have been defined in heterologous expression
systems. These studies have revealed that TALK-1 channels produce outwardly rectifying, non-
inactivating K~ currents which are enhanced by elevations in extracellular pH (/74).
Additionally, reactive oxygen species such as singlet oxygen have been demonstrated to increase
TALK-1 channel activity (/714, 134-136). As TALK-1 currents resemble TASK-1 currents that
modulate GSIS, TALK-1 may also play a role tuning B-cell V;,, and GSIS. Nevertheless, to date
there has been no examination of TALK-1 in primary cells, limiting our understanding of
TALK-1 channel function.

Interestingly, genome-wide association studies have found that a non-synonymous
polymorphism in TALK-1 (rs1535500) is associated with risk for T2DM (27, 29, 144). The
rs1535500 polymorphism in TALK-1 results in a glutamate substitution at alanine 277 (A277E),
in TALK-1’s cytoplasmic C-terminal tail (Ct). Given the high expression of TALK-1 in the islet,
it has been hypothesized that polymorphisms in TALK-1 might influence hormone secretion,
contributing to T2DM predisposition (27). The A277E polymorphism may alter K' currents
through TALK-1, potentially perturbing B-cell Vi, Ca*" influx, and insulin secretion contributing
to the pathogenesis of T2DM. Therefore, defining the islet cell functions of TALK-1 channels in
physiological and diabetic states is required to understand the role of polymorphisms in KCNK16
in the development of T2DM.

Here, we show that TALK-1 channels are key regulators of B-cell Vi, Ca®" influx, and
GSIS. We also reveal that rs1535500 increases TALK-1 channel activity, which may limit GSIS.

These studies reveal that TALK-1 channels are important determinants of B-cell electrical
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excitability, and suggest that changes in TALK-1 activity impact GSIS and contribute to the

pathogenesis of T2DM.

Results

Pancreatic 3-cells express functional TALK-1 channels.

We first determined whether TALK-1 channels are functionally expressed in mouse -
cells. Using immunofluorescence staining of mouse pancreatic sections for TALK-1 and insulin,
we found that TALK-1 was specifically expressed in the islet and co-localized with insulin-
positive B-cells, but not a-cells (Figure 2.1A). Although Kcnkl16” (TALK-1 knockout, KO)
sections exhibited a similar staining pattern as WT sections, this was due to the recognition of
the truncated TALK-1 protein produced by the targeted Kcnkl6 allele by the TALK-1 antibody
(Figure 2.2). Although the function of this truncated protein remains unknown, it may still enable
protein interactions which occur at the amino-terminal portion of TALK-1. We next used patch
clamp electrophysiology techniques to determine whether TALK-1 currents are present in -
cells. To specifically examine K2P channels, voltage gated K* (K,) channels were blocked with
TEA (10 mM), Katp channels were blocked with tolbutamide (100 uM), and Ca’" was removed
from the extracellular buffer to prevent activation of Ca*"-activated K* (K¢,) channels. In
Kenkl6™* (wildtype, WT) B-cells, an outwardly rectifying, non-inactivating K current was
observed (Figure 2.1B), indicating the presence of K2P channels as previously described (52).
K2P currents recorded from TALK-1 KO B-cells were significantly reduced (pA/pF at +60 mV:
WT, 18.3 £ 1.2, n=23; vs. KO, 11.7 £ 1.0, n = 25; three mice per genotype; P < 0.001) (Figure
2.1C), indicating that TALK-1 forms a K channel in mouse B-cells, and that K* channel

function is not retained by the truncated TALK-1 protein expressed in the KO mouse B-cells.
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Figure 2.1. TALK-1 is functionally expressed in mouse B-cells. (A) Representative immunofluorescent stain of
TALK-1 (red) and insulin (green, upper panels) or glucagon (green, lower panels) in mouse pancreas sections; nuclei
(blue) are shown in the merge panel. (B) Voltage-clamp recordings of K2P currents from isolated WT and TALK-1 KO

mouse f-cells. (C) Quantification of current density at -30, 0 and +60 mV in WT and TALK-1 KO mouse B-cells. Mean
+ SEM; *P <0.05; ***P <0.001.
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Figure 2.2. Truncated TALK-1 mRNA in TALK-1 KO mice. (A) Diagram illustrating predicted structure of
Kenk16 (TALK-1) mRNA. Exons 3-5 are removed in the targeted allele. (B) Illustration of TALK-1 protein
membrane topology in WT (top) mice, and the structure of the predicted truncated TALK-1 protein in TALK-1 KO
mice. Note that the antibody epitope is retained in the truncated TALK-1 KO. (C) Primer pairs used to validate
expression of Kenk16 message in WT and TALK-1 KO islets, as illustrated in panel (A). (D) Gel images of RT-PCR
products obtained using primers in (C) in WT (upper image) and TALK-1 KO (lower image) (E) TALK-1 transcript
abundance in WT and TALK-1 KO islets, as assessed by real-time qRT-PCR; primers as in (D), expression normalized
to GAPDH.
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We next assessed TALK-1 channel expression and currents in human B-cells. In human
pancreas sections, we found that TALK-1 exhibited strong islet expression which co-localized
with insulin-positive cells but not with glucagon-positive cells (Figure 2.3A). Like mouse B-
cells, human B-cells exhibit K2P currents (Figure 2.3B); the cells were recorded in extracellular
solution that blocks most other K channels (detailed above). To determine if the human B-cell
K2P current includes TALK-1 currents we used a dominant-negative approach. A dominant-
negative of TALK-1 (TALK-1 DN/P2A/mCherry) was designed by mutating the K selectivity
filter of TALK-1 (TALK-1 G110E), a strategy that has been used to create dominant-negative
subunits for other K2P channels (/45). The TALK-1 DN G110E point mutation prevents channel
activity by dimerizing with endogenous TALK-1 subunits, disrupting the channel’s K'-
selectivity filter and abolishing K flux. Additionally, the bi-cistronic TALK-1 DN construct has
a P2A cleavage sequence followed by a mCherry CDS downstream of TALK-1, which produces
mCherry in all cells expressing the TALK-1 DN (/46). Co-expression of TALK-I1
DN/P2A/mCherry with WT TALK-1 in HEK293 cells resulted in near-complete suppression of
TALK-1 currents, suggesting that the TALK-1 DN inhibits TALK-1 channel activity (Figure
2.4). We expressed the TALK-1 DN in dispersed human islet cells and recorded K2P currents
from mCherry-positive cells. At the end of the recording, the cells were fixed and stained for
insulin; only insulin-positive cells were analyzed. Expression of TALK-1 DN in human B-cells
significantly reduced K2P currents when compared to cells expressing mCherry alone (pA/pF at
+60 mV: mCherry, 36.7 + 4.5, n = 10; vs. TALK-1 DN/P2A/mCherry, 22.1 £ 2.3, n=11; P =
0.008; each construct was tested in B-cells from two donors) (Fig 2.3B,C). Together, these data

strongly suggest that TALK-1 channels contribute to human B-cell K2P conductance.
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Figure 2.3. Human p-cells contain functional TALK-1 channels. (A) Representative immunofluorescent stain of
TALK-1 (red) and insulin (green, upper panels) or glucagon (green, lower panels) in human pancreas sections; nuclei
(blue) shown in the merge panel. White arrows indicate TALK-1-positive, insulin-negative cells. (B) K2P current

obtained in human B-cells expressing either control (mCherry) or TALK-1 G110E-P2A-mCherry (TALK-1 DN) (C)
Quantification of current densities at indicated membrane potentials. Mean values = SEM; *P <0.05; **P <0.005.
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TALK-1 channel activity and surface expression are sensitive to Ct charge

The polymorphism in KCNK/6 associated with T2DM risk (rs1535500) results in a
glutamate substitution at alanine 277 in the Ct of TALK-1 (TALK-1 A277E) (Figure 2.5A,B).
To assess how this substitution influences channel function, we used site-directed mutagenesis to
insert the A277E polymorphism in cloned human TALK-1 channels and recorded their activity
in CHO cells. We found that TALK-1 A227E produced significantly larger whole-cell currents
than TALK-1 A277 (Figure 2.5C,D). Another non-synonymous polymorphism in strong linkage
disequilibrium with rs1535500 is rs11756091 (27). This polymorphism is in transcript variant 2
of KCNK16 (encoding TALK-1a), resulting in a proline substitution at histidine 301 (TALK-1a
P301H). We recorded whole-cell currents of TALK-1a P301 and TALK-1a P301H, but found no
significant difference in channel activity (Figure 2.6). Thus, rs1535500 may reduce GSIS
through the gain-of-function TALK-1 A277E variant, increasing B-cell V;, polarization and
reducing VDCC activity.

To further investigate the mechanism underlying the enhanced currents produced by
TALK-1 A277E, we performed single-channel analysis of TALK-1 A277 and TALK-1 A277E
channels expressed in HEK293 cells (Figure 2.5E). In cell-attached patches, we found that
TALK-1 A277E exhibits enhanced open probability (P,) (P, at -30 mV: TALK-1 A277, 0.09 +
0.008; vs. TALK-1 A277E, 0.15 + 0.008; P < 0.05; n = 5-6) (Figure 2.5F). Unitary currents were
not significantly different between TALK-1 A277 and TALK-1 A277E (Figure 2.7). We also
assessed how the A277E polymorphism affects channel surface localization. Surface protein
biotinylation of HEK293 cells expressing either TALK-1 A277-FLAG or the A277E-FLAG
variant demonstrated that TALK-1 A277E channels exhibit greater cell surface localization than

TALK-1 A277 channels (Figure 2.5G). These results indicate that TALK-1 A277E enhances
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Figure 2.5. TALK-1 A277E exhibits increased open probability and surface expression. (A-B) Illustration of a
TALK-1 A277 channel subunit (A) and a TALK-1 channel subunit showing the location of the rs1535500
polymorphism which results in an A277E substitution in the TALK-1 Ct (B). (C) Whole-cell TALK-1 current
recordings from CHO cells expressing TALK-1 A277, TALK-1 A277E, or control (mCherry) in response to a voltage
ramp from -120 mV to +60 mV. (D) Quantification of current density at selected membrane potentials in CHO cells
expressing TALK-1 A277 or TALK-1 A277E. *P < 0.05 vs. CHO; **P <0.005 vs. CHO; ***P <0.001 vs. CHO;
1P<0.001 vs TALK-1 A277; +P <0.0001 vs. TALK-1 A277. (E) Representative single-channel recordings from an
attached patch of HEK293 cells expressing TALK-1 A277 or TALK-1 A277E in response to indicated voltage steps.
(F) Quantification of P at indicated membrane potentials. (G) Quantification of FLAG-tagged TALK-1 A277 and
E277 surface expression. Mean + SEM; *P < 0.05; **P <0.005.
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channel activity through both elevated P, and surface localization, which would be predicted to

promote B-cell V3, polarization and oppose GSIS.

TALK-1 regulates $-cell electrical excitability and Ca*" entry

To determine the physiological role of B-cell TALK-1 currents, we assessed how TALK-
1 channels influence glucose-stimulated changes in B-cell V7, (Figure 2.8A,B). Loss of TALK-1
channels resulted in significant B-cell V;, depolarization over a range of glucose concentrations
(Table 2.1). Furthermore, AP shape was altered in TALK-1 KO B-cells, with a tendency towards
clustering of APs as well as reduced AP and after-hyperpolarization peak height when compared
to WT B-cell APs (Figure 2.4C,D and Table 2.2). TALK-1 KO B-cells also showed a reduced
interburst interval between oscillations compared to WT B-cells (seconds: WT, 144.4 £+ 21.5; vs.
KO, 51.4 £ 10.2; P = 0.008; n = 7) (Figure 2.8G). In agreement with the reduced interburst
interval, the plateau fraction (the ratio of time spent in the active phase to the entire period (/47))
was significantly increased in islets lacking TALK-1 at all stimulatory glucose concentrations
examined (Figure 2.8H). Additionally, the average slope of repolarization at the termination of
each burst was significantly less in p-cells lacking TALK-1 (mV - sec’: WT, -3.95 + 0.42; vs.
KO, -1.25 £ 0.35; P = 0.001; n = 21) (Figure 2.8E,F,I), indicating that TALK-1 channels
contribute to V;, repolarization at the end of each oscillation of electrical activity. Together, these
data show that TALK-1 channels modulate B-cell glucose-stimulated electrical activity.

We next determined how changes in electrical activity caused by TALK-1 ablation
influence glucose-stimulated islet Ca*” entry. When exposed to increased glucose concentrations
(2 mM to 14 mM), control and TALK-1 KO islets exhibited oscillatory increases in intracellular

cytosolic Ca>" (Ca®",), (Figure 2.9A,B). We found that 2“d-phase Ca”". influx was increased
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Figure 2.8. TALK-1 regulates p-cell electrical activity. (A) Representative V;, recording from a WT fB-cell recorded

in an intact mouse islet stimulated with 14 mM glucose. (B) Typical V;, recording from a TALK-1 KO B-cell in an
intact islet in the presence of 14 mM glucose. (C-D) Enlarged view of APs recorded from WT (C) and TALK-1 KO
(D) B-cells in 14 mM glucose. (E-F) Enlarged view showing the slope of V;, repolarization at the termination of an
electrical oscillation in WT (E) and TALK-1 KO (F) B-cells. (G) Average length of the electrically silent interburst
interval in WT and TALK-1-deficient islets, which was measured during the first 20 minutes of electrical excitability

induced with 14 mM glucose. (H) Plateau fraction of electrical excitability in islets, determined as in G. (I), the mean

slope of V,, repolarization at the termination of each oscillation of electrical activity in WT and TALK-1 KO B-cells,

which was measured at the end of each oscillation in electrical excitability as in G. Mean + SEM; *P < 0.05; **P <

0.005; ***P <0.001.
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Figure 2.9. Ca*, influx, oscillation frequency, and GSIS are increased in TALK-1 deficient islets. (A-B)
Representative Ca?*, recordings in islets from WT (A) and TALK-1 KO (B) mice stimulated with 14 mM glucose. (C)
Area under the curve (AUC) quantification of 2™-phase Ca*", influx in control and TALK-1 KO islets; Ca**, AUC was
calculated in the first 15 minutes of glucose-stimulated Ca** -influx after regular Ca*", oscillations commenced (14 mM
glucose). (D) Quantification of Ca*, oscillation frequency in control and TALK-1 KO islets. (E) GSIS in isolated WT
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the curve quantification of 1%~ and 2™-phase insulin secretion, for periods indicated on graph. (G) Insulin secretion

from WT and TALK-1 KO islets in static incubation. N islet preparations per genotype are reported on the figure. Mean

+ SEM; *P < 0.05, **P <0.005.
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Recording conditions

Interburst V;, (mV)

Plateau V', (mV)

WT, 2 mM glucose
TALK-1 KO,2 mM glucose

Statistical significance

727 £12(N=12)
-65.13 + 0.66 (N = 13)

skoksk

n.a.

n.a.

n.a.

WT, 7 mM glucose
TALK-1 KO, 7 mM glucose

Statistical significance

64.7£24(N=9)
557+ 1.1 (N=6)

ek

497+ 1.7 (N=38)
47308 (N=9)

n.s.

WT, 11 mM glucose
TALK-1 KO, 11 mM glucose

Statistical significance

-70.6 2.5 (N=9)
62.7+2.1 (N=12)

*

512+1.6(N=12)
44209 (N=13)

*kx

WT, 14 mM glucose
TALK-1 KO, 14 mM glucose

Statistical significance

63.1£2.0(N=7)
54.6+2.1 (N=17)

sk

463+22(N=7)
41109 (N=7)

*

Table 2.1. V}, values recorded in WT and TALK-1 KO B-cells. The V;, of f-cells in intact WT and TALK-1 KO
was measured under the conditions described in the table. N observations were made from five islet preparations per
genotype. Data is presented as mean +£ SEM; *P < 0.05; **P < 0.005; ***P < (0.0005. n.a.: not applicable; n.s.: no

significant difference.

(Figure 2.9C), and the frequency of Ca®". oscillations in 14 mM glucose was accelerated in

TALK-1 KO islets (peaks/minute: WT, 0.45 £ 0.03, N = 136; vs. KO, 0.73 £0.05, N = 126; **P

<0.005; four islet preparations/genotype) (Figure 2.9D). These results indicate that TALK-1

channel activity is an important determinant of glucose-stimulated Ca®". influx, and predict that

inhibition of TALK-1 channels should increase CaZ+c influx and GSIS.

To assess how enhanced Ca%C influx in TALK-1 KO islets impacts GSIS, we measured

insulin secretion from isolated islets perifused with 11 mM glucose (Figure 2.9E). 1¥-phase

insulin secretion was not significantly different between WT and TALK-1 KO islets (Figure

2.9E,F). However, 2”d-phase insulin secretion, which occurs during the period of oscillatory
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Parameter WT (N=17) TALK-1 KO (N=7) P value

Peak amplitude (mV) 37.92 +2.24 30.69 +2.24 0.04
Antipeak amplitude (mV) 22.74 +1.02 18.38 + 1.01 0.009
Time to peak (ms) 6.28 + 0.66 7.91 + 1.00 0.21
Half-width (ms) 11.77 £1.28 14.71 + 1.85 0.24
Area (mV-ms) 395.94 + 47.65 393.38+44.53  0.96
Instantaneous frequency (Hz) 3.92 +0.30 793+2.17 0.09
Interevent interval (ms) 323.50 + 33.59 351.22+50.45  0.66
Event frequency (Hz) 3.27+0.30 3.17+0.33 0.82
Maximum rise slope (mV/ms) 4.41+0.77 3.09 + 0.42 0.14
Maximum decay slope (mV/ms) -5.59 + 0.90 -3.75 + 0.49 0.08

Table 2.2. Action potential characteristics in WT and TALK-1 KO B-cells. Action potential parameters were
determined over a period of 30 seconds in the second oscillation of electrical activity in islets stimulated with 14
mM glucose using the “Threshold search” event detection function in Clampfit 10 (p.CLAMP 10; Molecular
Devices). Data is presented as mean + SD; Student’s ¢-test.

Ca’". influx (/48), was significantly increased in TALK-1 KO islets (ng insulin/100 islet
equivalents: WT, 30.03 £+ 2.65; vs. KO, 40.38 £ 2.92; P < 0.05; N = 4 islet preparations per
genotype) (Figure 2.9E,F). In agreement with our observation of an increased plateau fraction in
7 and 14 mM glucose, at these glucose concentrations TALK-1 KO islets also secreted
significantly more insulin than WT islets (Figure 2.9G).

Perturbations in the frequency of islet Ca*". oscillation as well as total islet Ca®", entry
have been demonstrated to affect insulin secretion (/49, 150). To examine the contribution of
Caz+c to the enhanced insulin secretion observed from TALK-1 KO islets, we “clamped” Caz+C
with a depolarizing concentration of KCl (30 mM) and activated Karp currents with diazoxide
(200 pM). When 30 mM K and diazoxide were applied in the presence of 14 mM glucose,
insulin secretion from TALK-1-defiencient islets was comparable to WT islets (Figure 2.9G).
These findings reveal that TALK-1 channel modulation of islet Ca*, influx plays an important

role in GSIS.
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TALK-1 channels are critical for maintaining fasting glycemia

To assess how the increased insulin secretion caused by ablation of TALK-1 affects
glucose homeostasis, we performed glucose tolerance tests (GTTs) in chow-fed TALK-1 KO
mice. We observed slightly elevated serum insulin levels in TALK-1 KO mice; however, these
changes were not statistically significant, and we did not observe altered glucose tolerance or
insulin resistance (Figure 2.10A-C). We also observed that TALK-1 KO islet morphology was
similar to WT islets (Figure 2.11), insulin content was comparable between WT and TALK-1
KO islets, and pancreatic insulin content was not different (Table 2.3). Therefore, we
investigated whether the chronic metabolic stress of a high-fat diet (HFD) could reveal a role for
TALK-1 channels in the maintenance of glucose homeostasis. After placing mice on a HFD, we
observed protection from fasting hyperglycemia (three weeks on HFD; mg/dL: WT, 221.3 + 8.4;
vs. KO, 169.5 £ 5.6; P < 0.0005; N = 10 mice per genotype) (Figure 2.10D,F). We did not detect
a difference in insulin tolerance in TALK-1 KO mice following exposure to a HFD (Figure
2.10E). Furthermore, pancreatic insulin content was not significantly different between WT and
TALK-1 KO mice after 12 weeks on a HFD (Table 2.3), suggesting that the improved glycemia

is not due to differences in B-cell mass.
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Figure 2.10. TALK-1 channels regulate fasting glycemia. (A-B) Glucose tolerance test (GTT) performed in
chow-fed WT and TALK-1 KO male (A) and female (B) mice. Serum insulin levels from WT and TALK-1 KO mice
are shown in the insets (A-B). (C) ITT performed in chow-fed WT and TALK-1 KO mice. (D) GTT performed in
control and TALK-1 KO male mice after three weeks on a HFD (E) ITT performed in WT and TALK-1 KO mice after

three weeks on a HFD. (F) Fasting blood glucose levels from control and TALK-1 KO mice after being placed on a
HFD. Mean + SEM; *P < 0.05, ***P < 0.0005.
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Figure 2.11. Representative islets in pancreas sections from TALK-1 WT and TALK-1 KO mice. Sections were
stained for insulin, as described in Research Designs and Methods.

Parameter WT TALK-1 KO P value
Islet insulin content 37.24+£3.31 38.87+3.03 0.73
(ng/TIEQ) (N=4) (N=4) '
Islet glucagon content 912.10£117.83 718.42 +£106.95 0.7
(p/IEQ) V=4 (N=4) '
Total pancreatic insulin (Chow diet) 8.73+3.43 10.5 +4.89 013
(ng/ml/mg tissue) (N=3) (N=3) '
Total pancreatic insulin (HFD) 15.56 £2.05 11.49 £1.07 0.16
(ng/ml/mg tissue) (N=4) (N=4) ’

Table 2.3. Islet and pancreatic hormone content of WT and TALK-1 KO mice. Islet hormone content was
determined after perifusion experiments by RIA. Pancreatic insulin was extracted using acid ethanol, and quantified
using a rodent insulin ELISA (ALPCO). Data is presented as mean = SEM; Student’s #-test.
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TALK-1 channels modulate hepatic insulin sensitivity, food intake, and weight gain

When placed on a HFD, TALK-1 KO mice are protected from elevated fasting
hyperglycemia. This effect may be caused in-part by an increase in basal pulsatile insulin
secretion, as TALK-1 KO islets exhibit elevated electrical activity and insulin secretion at basal
glucose (7 mmol/L) levels. Indeed, work from others has demonstrated that small increases in
basal insulin release are sufficient to suppress hepatic glucose production without detectably
increasing peripheral insulin concentrations (57, 151, 152). Consistent with these observations,
we find significantly improved hepatic insulin sensitivity in TALK-1 KO mice without a change
in adipose or muscle insulin sensitivity (Figure 2.12, A,B). Furthermore, serum insulin levels are
significantly reduced in TALK-1 KO mice after prolonged HFD feeding, despite the increased
insulin secretory capacity of TALK-1 KO HFD islets in vitro (Figure 2.12, C,D).

Chronic overnutrition, leading to obesity, is the most important environmental cause of
hepatic and peripheral insulin resistance (/53, /54). Moreover, hepatic insulin resistance is a
major risk factor for T2DM (755). The relationship between visceral adiposity and hepatic
insulin resistance is well-known (756, 157); however, the pathological processes underlying
hepatic insulin resistance are poorly understood. Interestingly, we observe that TALK-1 KO
mice are resistant to HFD-induced weight gain and adiposity (Figure 2.13, A,B). Similarly, basal
insulin peglispro (BIL), an insulin analog which shows preferential action in the liver, produced
weight loss in clinical study participants (158, 159). Together, these data indicate that TALK-1
channels play an important role in modulating fasting glycemia under metabolically stressful
conditions that can lead to T2DM, and suggest a novel role for hepatic insulin signaling in the

etiology of weight gain and obesity.
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Figure 2.12. Enhanced hepatic insulin sensitivity and GSIS in TALK-1 KO mice fed a HFD for 8 weeks. 6-
hour fasted WT and TALK-1 KO mice were injected with 5U/kg human recombinant insulin. Liver was
harvested 15 minutes post-injection and processed for Western blot analysis of insulin-induced Akt
phosphorylation (pAkt-Ser473). Representative blots are presented in (A). Quantification in (B); N =6 mice per
genotype. (C) Serum insulin measurements from mice fed a HFD for 8 weeks taken at indicated times after an
intraperitoneal glucose bolus (1g-kg-1). N = 5 mice per genotype. (D) Insulin secretion measured from WT and
TALK-1 KO islets treated with indicated glucose concentrations. N = 3 mice per genotype. Mean = SEM; *P <
0.05, ***P <0.001; ****P <0.0001; Student’s ¢-test.
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Figure 2.13. TALK-1 regulates weight gain and adiposity. (A) Male WT and TALK-1 KO mice placed on a HFD
are resistant to obesity; N = 10 mice per genotype. (B) Adiposity measurements were performed after four weeks of

HFD feeding; N = 5 mice per genotype. Mean = SEM; * P < 0.05; **P <0.005; ***P <0.001; ****P <0.0001.
Student’s #-test.
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Discussion

Physiological GSIS is dependent upon complex regulation of electrical activity by B-cell
ion channels to control Ca*" influx. The K2P channel TASK-1 stabilizes the B-cell plateau
potential, which helps tune Ca”" entry and GSIS (52). However, the role of TALK-1, the most
abundant K* channel of the B-cell, has not been determined. The results presented here
demonstrate the role of B-cell TALK-1 channels in regulating electrical activity, Ca*". entry, and
insulin secretion.

Stimulation of islets with glucose induces Ca®". oscillations which underlie pulsatile
insulin secretion (50, 160). The frequency and duration of Ca**, oscillations is determined by
alternating periods of electrical excitability (V;, depolarization) and inactivity (Vi
hyperpolarization) (/61). Periodic activation of a K' current interrupts regenerative AP firing by
hyperpolarizing the Vi, giving rise to Ca®". oscillations and pulsatile insulin secretion (/62).
Among the K channels which have been shown to contribute to this current are Krp channels
and the K¢, channel of intermediate conductance, IK (61, 163, 164). Katp conductance fluctuates
with oscillations in B-cell glucose metabolism and the ATP:ADP ratio, while IK is activated by
elevated Ca>"., contributing to the termination of the oscillation (48, 141, 162). However, p-cell
Vi and Caz+c oscillations persist in mouse islets lacking functional K41p or IK channels (61, 165).
Furthermore, as IK is only briefly active following the reduction of Ca®’, at the termination of
the oscillation, another K™ conductance likely helps to keep the Vi, hyperpolarized between each
oscillation (67). Our data suggest that TALK-1 channel activity provides a hyperpolarizing
influence that decreases islet Ca’"; oscillation frequency and plateau fraction. The greater Vp,
depolarization of TALK-1 KO B-cells during interburst phases may also explain the increased

Ca”’, oscillation frequency and elevated plateau fraction in TALK-1-deficient islets. Indeed,
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inhibition of K¢, channels also results in interburst V;, depolarization and an increased oscillation
frequency (50). Because the interburst V7, in TALK-1 KO B-cells is closer to the activation
threshold for VDCCs, a smaller depolarizing stimulus would re-initiate AP firing. This is
supported by recordings from brain neurons, where inhibition of TASK-1 K2P channels
accelerates the frequency of AP bursting (166). Ca®". oscillation frequency and pulsatile insulin
secretion are perturbed in T2DM, which is believed to be pathogenic (/61, 167). Thus, the
influence of TALK-1 channels on B-cell Ca®’, oscillations could play an important role in
modulating pulsatile insulin secretion.

The ion channels that increase Ca”’, influx during glucose-stimulated islet excitability
also play a role in setting Ca”’. oscillation frequency. For example, Ca*"-activated TRPM5
channels promote B-cell depolarization, enhancing Ca*’. oscillation frequency. Ablation of
TRPMS5 in mouse B-cells decreases glucose-stimulated Ca®", oscillations, reducing GSIS (150).
Conversely, p-cells lacking the Ca*" channel B subunit (Bs”") show an increased Ca”", oscillation
frequency and enhanced GSIS (/49). Similar to observations in [33'/' mice, we find that the
accelerated Ca®"; oscillation frequency in TALK-1 KO islets is associated with an increase in
GSIS. The accelerated Ca®’, oscillation presumably increases GSIS; however, the increased
plateau fraction may also amplify 2™-phase insulin secretion in TALK-1 KO islets. It is well-
known that the plateau fraction and insulin secretion increase concomitantly with elevated
glucose concentrations (/47, 168-170). Although the molecular mechanisms that modulate the
plateau fraction are complex, it is generally accepted that fluctuations in K conductance serve an
important role (/77). While the vast majority of information to this point has highlighted the
importance of Karp and K¢, channels in controlling the plateau fraction, our data demonstrate

that K2P channels such as TALK-1 also serve an important role. The increase in oscillation
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frequency and plateau fraction in TALK-1 KO islets is presumably involved in enhancing
glucose-stimulated Ca?’. and 2"%-phase insulin secretion. A potential molecular mechanism
regulated by TALK-1 channels underlying the change in Ca®", oscillations is explored in Chapter
1.

Our data establish that the T2DM risk polymorphism rs1535500 may reduce GSIS by
increasing TALK-1 channel activity (27, 144). The A277E substitution in the Ct of TALK-1
resulting from rs1535500 increases channel P, and channel surface localization. TALK-1
channels contribute to human B-cell K2P currents; thus, TALK-1 channels possessing the A277E
substitution would be expected to augment B-cell K2P currents. Accordingly, A277E-containing
TALK-1 channels would be predicted to promote Vi, hyperpolarization and reduce B-cell
excitability. Because TALK-1 channels limit mouse islet basal and 2™-phase insulin secretion,
we speculate that human islets with TALK-1 A277E would exhibit diminished basal and 2™-
phase insulin secretion. Although the A277E substitution increases TALK-1 channel activity, it
is also possible that this substitution influences the mechanism(s) that modulate TALK-1
channels. Secretagogue-induced regulation of the V,, may differentially affect B-cells with
TALK-1 A277E, which future studies will address. Together, these results also predict that gain-
of-function mutations in TALK-1 channels may decrease p-cell Ca*" entry, limiting insulin
secretion and leading to glucose intolerance.

There is also the possibility that defects in TALK-1 channel function only elicit
perturbations in glucose tolerance under the conditions of metabolic stress associated with
T2DM. Indeed, TALK-1 KO mice show reduced fasting glucose levels when placed on a HFD.
This diet-induced phenotype reveals that TALK-1 channels play a key role in adapting to

metabolic stress. In T2DM, defects in insulin pulsatility contribute to impaired fasting glycemia
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(57, 172), and it is thought that primary B-cell defects leading to reduced insulin pulsatility
contribute to diabetes pathogenesis (/73). We find an increase in plateau fraction and insulin
secretion from TALK-1 KO islets at basal glucose levels (approximately 7 mM glucose in mice).
Interestingly, small increases in basal portal insulin have been found to suppress hepatic glucose
production (HGP), without producing a detectable increase in peripheral insulin concentrations
(151). We postulate that enhanced insulin delivery through the portal vein decreases basal HGP
(57) in TALK-1 KO mice. Mice fed a HFD show increased liver insulin resistance and HGP in
as little as three days (/74). As we observe no difference in insulin tolerance between chow- or
HFD-fed WT and TALK-1 KO mice, the elevated basal insulin secretion from TALK-1 KO
islets is not enough to exacerbate insulin resistance. In contrast, the increased basal insulin
secretion from TALK-1 KO animals presumably suppresses HGP, leading to reduced fasting
glycemia. This supported by our observation of elevated hepatic insulin sensitivity in TALK-1
KO mice after exposure to a HFD. Our findings also suggest that reduced liver insulin resistance
in TALK-1 KO mice plays a reciprocal role in controlling islet insulin secretion in vivo. In the
context of the diabetes-linked polymorphism, TALK-1 A277E may contribute to impaired
fasting glycemia during the pathogenesis of T2DM by decreasing basal insulin secretion, which
may lead to increased HGP during conditions of metabolic stress. Interestingly, human islets
down-regulate TALK-1 expression in conditions of chronic metabolic stress (/75), which our
findings predict would increase insulin secretion. Future studies are required to determine how
TALK-1 channels influence HGP during metabolic stress as well as in patients with rs1535500.
In summary, our findings demonstrate that TALK-1 is required for normal GSIS and
glucose homeostasis. TALK-1 channel activity hyperpolarizes the B-cell ¥y, controlling Ca*"

entry, GSIS, and fasting glycemia. Moreover, our data show that the TALK-1 A277E
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polymorphism increases TALK-1 basal activity, predicting increased B-cell Vi, hyperpolarization
and reduced GSIS. This observation provides a molecular mechanism for rs1535500-linked
increases in T2DM susceptibility, and suggests that inhibition of B-cell TALK-1 channels may
be a therapeutic strategy to increase insulin secretion to reduce hyperglycemia in T2DM. Unlike
sulfonylureas, which are suspected to accelerate B-cell exhaustion (//2), inhibition of TALK-1
channels may also support aspects of islet function which would preclude this negative effect
predicted to occur with sulfonylureas. These findings, as well as the molecular mechanisms
underlying the increase in Ca*'. oscillations in TALK-1 KO islets, are further explored in

Chapter II1.

Research Design and Methods

Kcnkl6” mouse preparation

A Kcnkl6 targeting vector was generated by inserting a 9.7 kb fragment containing exons
3-5 of the Kcnkl6 gene (accession: NM_029006.1) into a vector containing a floxed neomycin
cassette. The targeting vector was transfected into Protamine-Cre 129S5 ES cells. Following
recombination, 1707 bp of the Kcnkl6 gene corresponding to the 2nd base of the 119™ codon to
the 165™ nt in the 3” intron after the 5th exon were removed (Figure 2.2). To identify correctly
targeted ES cells, gDNA was isolated and digested with EcoRI, producing a 10.8 kb DNA
fragment in WT alleles and an 8.7 kb DNA fragment in targeted alleles as assessed by Southern
blot analysis. A correctly targeted ES cell was injected into 12955 blastocysts, giving rise to
germline transmission of the targeted Kcnkl6 allele. Kcnkl6-deficient mice were backcrossed

with congenic C57Bl6/J mice for nine generations. All mice used were 8 — 10 weeks of age. The
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mice used for this study were handled in compliance with protocols approved by the Vanderbilt

University Animal Care and Use Committee.

Islet and B-cell isolation

Islets were isolated from the pancreata of 8- to 10-week-old mice as previously described
(176). Human islets from adult non-diabetic donors were provided by multiple isolation centers
organized by the Integrated Islet Distribution Program (IIDP). Donor information is listed in
Table 2.4. Some islets were dispersed into single cells with trituration in 0.005% trypsin and
cultured for 12-18 hours. Cells were maintained in RPMI 1640 with 10% FBS, 100 IU-ml™
penicillin, and 100 mg-ml ™' streptomycin in a humidified incubator at 37 °C under an atmosphere

0of 95% air—-5% CO,.

Donor 1 2
Sex F M
Age 32 yrs 52 yrs
BMI 394 22.5
Ethnicity W %
Type 2 Diabetes No No

Table 2.4. Islet donor characteristics for electrophysiology experiments using human islet cells.

Plasmids and transient expression

Cells were transfected with 4 ug DNA using Lipofectamine 2000 (Life Technologies).
Cells were co-transfected with a plasmid encoding GFP and vectors containing the coding
sequence for human TALK-1 (accession: NM 001135106.1), or TALK-la (accession:

NM 032115.3). The dominant-negative TALK-1 GI10E, was created by site-directed
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mutagenesis, and then cloned into a vector containing a P2A cleavage site followed by mCherry.

Transfected cells were identified on the basis of mCherry fluorescence.

Electrophysiological recordings

TALK-1 channel currents were recorded in single cells using the whole-cell patch clamp
technique with an Axopatch 200B amplifier and pCLAMP10 software (Molecular Devices).
Cells were washed with a Krebs—Ringer-HEPES buffer (KRB) containing (in mM): 119 NacCl, 2
CaCl,, 4.7 KCl, 25 HEPES, 1.2 MgSO,, 1.2 KH,PO4, 11 glucose, adjusted to pH 7.35 with
NaOH. Patch electrodes (3—5 MQ) were loaded with intracellular solution containing (in mM)
140 KCl, 1 MgCl,-6H,0, 10 EGTA, 10 HEPES, and 4 MgATP (pH 7.25 with KOH). Perforated
patch recordings in intact islets were performed as previously described (60). To confirm

recordings from human B-cells, cells were post-stained for insulin (52).

Surface expression analysis

HEK293 cells were transfected at 70% confluence with Lipofectamine 3000. After 72
hours, cell surface proteins were biotinylated and isolated using a Cell Surface Protein Isolation
Kit (Pierce) according to manufacturer’s instructions. TALK-1 E277-FLAG and A277-FLAG
isolated from the plasma membrane and whole cell lysates were visualized on a western blot that
was probed with anti-FLAG M2 (Sigma) followed with HRP secondary based detection with
pierce chemiluminescent substrate (Thermo Scientific). Immunoblot band densitometry was
performed using Imagel software. Surface expression for each sample was calculated as the

mean band intensity of biotinylated protein divided by total TALK-1-FLAG.
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Measurement of cytoplasmic calcium

Following overnight culture, islets were incubated for 20 minutes at 37°C in RPMI
supplemented with 2 uM Fura-2 AM (Molecular Probes), followed by incubation in KRB with 2

mM glucose for 20 minutes. Ca®* imaging was performed as previously described (52).

Immunofluorescence analysis

Pancreata from 10-12 week-old mice or adult human donors (donor characteristics listed
in Table 2.5) were fixed in 4% paraformaldehyde and embedded with paraffin. Rehydrated 5 ym
sections underwent antigen retrieval using a citrate buffer according to the manufacturer’s
protocol (Vector Labs Inc), and stained with primary antibodies against insulin (1:500, Dako),
glucagon (1:250, Sigma) and TALK-1 (1:175, Sigma), and secondary antibodies conjugated to
Cy3 and DyLight488 (1:300; Jackson ImmunoResearch Laboratories). Nuclei were stained using
Prolong Gold mountant with DAPI (Life Technologies). Sections were imaged with a Nikon

Eclipse TE2000-U microscope and a Zeiss LSM 710 confocal microscope.

Donor 1 2
Sex M M
Age 31 yrs 58 yrs
Ethnicity B w
Type 2 Diabetes No No

Table 2.5. Human pancreas donor characteristics for immunofluorescence.

Insulin secretion measurements

For islet perifusion experiments, islets were allowed to recover for 24 hours following
isolation in RPMI 1640 supplemented with 15% FBS and 11 mM glucose. GSIS was then

determined by radioimmunoassay from perifused islets stimulated with 11 mM glucose (/77).
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Insulin secretion measurements from static incubations were performed as described elsewhere

(178).

Glucose and insulin tolerance testing

Mice were placed either on standard chow diet or high-fat diet (60 kcal% fat; Research
Diets, Inc.) Glucose tolerance testing (GTT) and insulin tolerance testing (ITT) was performed as

previously described (43, 178, 179).

Statistical analysis

Data was analyzed using pPCLAMP10 or Microsoft Excel and presented as mean + SEM.

Statistical significance was determined using Student’s ¢-test.
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CHAPTER III

TALK-1 CHANNELS CONTROL B-CELL ENDOPLASMIC RETICULUM Ca™

HOMEOSTASIS"

Preface

Endoplasmic reticulum (ER) Ca*" (Ca® gR) handling serves critical roles controlling B-cell
function and becomes perturbed during the pathogenesis of diabetes. Ca2+ER homeostasis is
determined by ion movements across the ER membrane, including K™ flux through K™ channels.
However, nothing is known about B-cell ER K" channels. Here, we demonstrate that K flux
through ER-localized TALK-1 channels facilitates Ca2+ER release. We find that B-cells lacking
TALK-1 exhibit reduced basal cytosolic Ca%c and elevated Ca2+ER, indicating diminished Ca2+ER
leak. These changes in Ca®" homeostasis are presumably due to TALK-1-mediated ER K" flux,
as functional TALK-1 channels can be recorded on the nuclear membrane, which is continuous
with the ER. Moreover, K+—impermeable TALK-1 channels do not reduce Ca2+ER. Finally, we
demonstrate that islets from mice lacking TALK-1 channels are resistant to ER stress induced by
the metabolic stress of a HFD. Our data establish TALK-1 channels as key determinants of B-cell
Ca”"gg, and suggest that TALK-1 may provide a novel therapeutic target to control p-cell Ca® gg

during the pathogenesis of diabetes.

*The work presented in this chapter is in revision as: Vierra NC, Dadi PK, Milian SC, Dickerson MT, Jordan KL,
Gilon P, Jacobson DA. TALK-1 channels control B-cell endoplasmic reticulum Ca®" homeostasis. Science
Signaling. 2017.
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Introduction

Pancreatic B-cell Ca®" influx determines insulin secretion, and endoplasmic reticulum
Ca”" (Ca*"gr) handling plays a key role in this process (62). Ca’ gr serves many other essential
functions in B-cells, such as controlling protein processing, metabolism, and the unfolded protein
response (UPR) (/80). The importance of precise p-cell Ca® gg handling is evident in TIDM and
T2DM, during which Ca*"gr homeostasis is disrupted, contributing to B-cell dysfunction and
eventual destruction (62, 176, 180-185). Impaired Ca2+ER handling also causes defects in GSIS
(56, 181). Therefore, treatments which reduce ER stress (such as those induced by the UPR) in
the context of P-cell dysfunction improve glucose tolerance (/86-188). While Ca”'mr
concentrations are perturbed in diabetes, the molecular determinants that set B-cell Ca’'pg are
poorly understood.

Maintenance of Ca’'gr homeostasis requires that Ca’" movement across the ER
membrane is balanced with a simultaneous K" flux in the opposite direction (/89-191). Without
the K" countercurrent, Ca®" release from the ER would rapidly generate a negative charge on the
luminal side of the ER membrane, inhibiting further Ca’'ig release. To date only a few ER K"
channels have been identified, including TRIC-A channels, which regulate Ca’'gr stores in
myocytes (192, 193); TRIC-B channels, which control Ca*'gg homeostasis in alveolar epithelial
cells and osteoblasts (194, 195); and SK Ca®"-activated K™ channels, which modulate Ca*gg
uptake in neurons and cardiomyocytes (/96). Genetic ablation or pharmacological inhibition of
these channels impairs Ca%ER handling. For example, knockout of TRIC-A or TRIC-B channels
results in elevated Ca®'gr stores, presumably due to the loss of a K™ countercurrent which

regulates the ability of Ca®" to exit the ER (191, 192, 194). Despite the importance of K"
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countercurrents in maintaining Ca*" gz homeostasis, nothing is known about the mediators or
functions of B-cell ER K" countercurrents.

ER localization has been reported for several K2P channels, including TASK-1 (197),
TASK-3 (198), TASK-5 (199), TWIK-2 (200, 201), and THIK-2 (200). Although the subcellular
localization of TALK-1channels has not been reported, a protein interactome study determined
that a majority (>60%) of the proteins interacting with TALK-1 are ER-resident proteins (/37).
Similarly, a human pancreatic islet cDNA library generated and screened in a membrane yeast-
two-hybrid assay to identify islet TALK-1 interacting proteins identified multiple ER-resident
proteins that interact with TALK-1 (/38). In accordance with these observations, TALK-1 shows
substantial intracellular staining in human and mouse pancreatic B-cells (202). Although these
findings suggest that TALK-1 channels may serve an intracellular role, investigations of
intracellular K2P channels have focused primarily on elucidating the factors that enable their
functional expression on the plasma membrane, and an ER function for K2P channels has not
been identified.

As demonstrated in Chapter II, P-cell TALK-1 channels contribute to Vi,
hyperpolarization, regulating Ca*". influx and insulin secretion (202). TALK-1 is expressed in
pancreatic islets as well as gastric somatostatin cells (/7, 18, 115) and is the most abundant islet
K" channel at the transcriptional level (19, 20, 80). One of the primary physiological functions of
B-cell TALK-1 channels is to limit glucose-induced islet electrical and Caz+C oscillations,
controlling second-phase pulsatile insulin secretion (202). Furthermore, a non-synonymous
polymorphism in TALK-1 (rs1535500) associated with T2DM (27-29) causes a gain-of-function
in TALK-1 activity (202), which may impair Ca*" . oscillations and pulsatile insulin secretion.

However, the molecular mechanisms underlying TALK-1 regulation of islet Ca®"; oscillations
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remain unknown, and it remains unclear whether TALK-1 currents at the plasma membrane are
responsible for the channel’s effects on Caz+C oscillations.

Here, we tested the hypothesis that TALK-1 channels are functional in the ER, mediating
ER K’ countercurrents which support B-cell Ca2+ER homeostasis. By measuring Ca2+ER, Ca2+c,
and single-channel K2P currents on the ER membrane, we demonstrate that TALK-1 conducts
ER K" countercurrents which enhance Ca2+ER leak in mouse and human B-cells. We find that
TALK-1 control of pB-cell Ca2+ER modulates islet Caz+C handling, which has important
implications for understanding the regulation of Ca®" oscillations that underlie pulsatile insulin
secretion. Moreover, we show that other ER-localized K2P channels, such as TASK-1, can
function in an identical manner. Inhibition of K™ currents through either TALK-1 or TASK-1
increased steady-state Ca’'mr concentrations, demonstrating that the K" channel function of these
proteins is essential for their effects on Ca’'gr homeostasis. Moreover, islets from mice lacking
TALK-1 channels resisted ER stress induced by the chronic metabolic stress of a HFD,
suggesting that defects that increase TALK-1 channel activity can perturb ER health and
contribute to islet dysfunction in T2DM. Overall, these findings identify an intracellular function
of K2P channels, and reveal TALK-1 channels as a possible therapeutic target to modulate

Ca2+ER homeostasis, which could reduce B-cell ER stress in diseases such as diabetes.
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Results

TALK-1 activity promotes Ca”'gg leak

TALK-1’s prominent intracellular staining pattern (202) together with its physical
association with several ER-resident proteins (/37) suggested that TALK-1 could be localized to
the ER. To determine the subcellular localization of TALK-1, we performed
immunofluorescence staining of mouse pancreas sections and detected the co-localization of
TALK-1 and the ER marker calreticulin (Figure 3.1A). Additionally, co-expression of a TALK-
1/mCherry fusion protein and an ER-targeted indicator (203) in mouse islet cells reveals TALK-
1 in the ER (Figure 3.2).

While TALK-1 conducts K currents on the plasma membrane in B-cells (202), it has not
yet been determined whether K2P channels in the ER, such as TALK-1, are functional. To test if
TALK-1 channel function could affect Ca®* g homeostasis, we first directly measured B-cell
Ca*'gr from control (wild-type, WT) and TALK-1 KO islets (202) with the ER-targeted,
genetically encoded Ca®" indicator D4ER (204) (Figure 3.1B). Under both low and high glucose
conditions TALK-1 KO B-cells had significantly higher Ca®'rr concentrations (Figure 3.1B,C).
Inhibition of sarco/endoplasmic Ca>* ATPases (SERCAs) with cyclopiazonic acid (CPA)
produced a greater decrease in Ca”'gg in KO P-cells compared with controls (Figure 3.1D).
Absolute Ca*'gr levels in KO B-cells remained above WT B-cells after application of CPA,
suggesting that inhibition of SERCAs was insufficient to completely empty B-cell Ca*"gx stores,
as observed in neurons (205). Slight reductions in Ca®'gg stimulate B-cell proliferation (206);
therefore, we tested if TALK-1 controls B-cell mass or proliferation. The absence of TALK-1 did
not alter islet cellular composition, nor did it impair adaptive proliferation (as determined by

BrdU incorporation) in response to a short term (one week) high-fat diet (HFD) stimulus (207)
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Figure 3.1. TALK-1 channels modulate B-cell
ER Ca? homeostasis. (A) Representative images
of a mouse pancreas section stained for TALK-1
and calreticulin. Scale bar is 10 pm. Images are
representative of stain obtained from 3 mice. (B)
B-cell Ca’*_, measurements made with the geneti-
cally encoded Ca**, indicator D4ER. Cells were
perfused with solutions containing indicated
glucose concentrations and 50 pM CPA, as
indicated (N = 3 mice per genotype). (C) AUC
analysis of Ca®*_, under low (2 mM) and high (11
mM) glucose conditions from (B). (D) CPA-in-
duced reduction in Ca*_,, presented as percent of
maximum Ca*"_, of WT -cells from (B). (E) WT
and TALK-1 KO B-cells were perfused with the
indicated solutions; 11 mM glucose and 125 uM
diazoxide (Dz) were present throughout the exper-
iment (N = 5 mice per genotype). (F) Fold increase
in Ca® in response to the indicated treatments
from (E). (G) Ca* AUC for the period following
addition of 2.5 mM Ca?" to the extracellular buffer
(t=1000-1750 s) from (E). *P<0.05, **P<0.005;
Student’s #-test.



TALK-1-mCherry

Figure 3.2. TALK-1 exhibits ER localization. Representative images of primary mouse islet cells co-
transfected with mCherry-tagged TALK-1 and an ER-targeted fluorescent indicator (CEPIA-ler). Images are 0.9
pum optical sections representative of at least 3 tranfected cells from three indpendent mouse islet isolations.
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(Figure 3.3A-F), indicating that inhibition of TALK-1 did not negatively impact -cell mass or
islet cell viability. These observations suggest that although slight reductions in p-cell ER Ca*’
concentrations can stimulate proliferation, modest increases in Ca2+ER stores under these
conditions do not influence this adaptive response.

To further confirm that TALK-1 modulates Ca2+ER we quantified Ca2+ER indirectly in WT
and KO p-cells by measuring Ca®"; in response to multiple stimuli. Treating B-cells with the Ca*"
ionophore ionomycin in the absence of extracellular Ca*" resulted in more Ca’" release from KO
than WT B-cells (Figure 3.4 A,B), indicating elevated intracellular Ca®" stores. We next perfused
isolated WT and TALK-1 KO B-cells with Ca*"-free buffer containing diazoxide to selectively
monitor Ca®’, independent of Ca®* entry through plasma membrane channels (Figure 3.1E).
Under these conditions TALK-1 KO B-cells exhibited lower basal Ca®’, (Figure 3.1E) and
addition of CPA produced a larger increase in Ca*', (Figure 3.1E,F), suggesting reduced Ca*"gr
leak and increased Ca2+ER stores. Following washout of CPA, addition of Ca’" to the
extracellular buffer led to a similar extent of Ca*", influx in WT and TALK-1 KO cells, showing
that activation of store-operated Ca*’ entry (SOCE) was not impaired in TALK-1 KO B-cells
(Figure 3.1E,F). However, the reduced basal Ca®’. observed without external Ca®" was
maintained in the presence of extracellular Ca’" in KO B-cells (Figure 3.1E,G).

We next examined whether TALK-1 1is present in the ER of human p-cells.
Immunofluorescent staining of human pancreas sections revealed co-localization of TALK-1
with the ER marker calreticulin (Figure 3.5A). To assess TALK-1 regulation of human -cell
Ca”'gr, we expressed a dominant-negative TALK-1 (TALK-1 DN) construct in B-cells and
measured CPA-induced Ca”gr release (Figure 3.5B). TALK-1 DN contains a pore mutation

which inhibits K conductance when it interacts with endogenous TALK-1 (202). The TALK-1
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Figure 3.3. Islet cell number and proliferation are not modulated by TALK-1 activity. Islet in a pancreas section
from a WT mouse (A) or a TALK-1 KO mouse (B) stained with antibodies against insulin, glucagon, and somatosta-
tin. Scale bar is 100 pm. (C) The percentage of each islet cell type was calculated as the [(cell type number)/(p- + -
+ a-cell number)] (N = 3 pancreata per genotype). (D and E) Immunoflourescent images of an islet in a pancreas
section from a WT mouse (D) or TALK-1 KO (E) fed a high-fat diet (60% kcal/fat) for one week stained by immuno-
fluorescence with antibodies against insulin, somatostatin, and BrdU. Lower section: Islet in a pancreas section from
a WT mouse fed a high-fat diet (60% kcal/fat) for one week stained by immunofluorescence with antibodies against
glucagon and BrdU. Scale bar is 100 um. (F) Quantification of proliferating cells in WT and TALK-1 KO islets,
calculated as [(BrdU+ cell type number)/(B- + 6- + a-cell number)] (N =5 pancreata per genotype); Student’s ¢-test.
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DN construct also contains a P2A sequence between sequences encoding TALK-1 and an
mCherry reporter, allowing us to detect cells expressing the TALK-1 DN by mCherry
fluorescence; B-cells were identified by post-staining for insulin (202). Inhibition of TALK-1
with the TALK-1 DN caused a significant 34.7 £5.1% increase in CPA-induced Ca2+ER release
(Figure 3.5C), demonstrating that TALK-1 modulates human B-cell Ca® g homeostasis.

To test whether TALK-1 activity reduces Ca%ER storage, we examined the effects of
TALK-1 expression on Ca2+ER in HEK293 cells. First, to determine whether TALK-1 exhibits
ER localization in HEK293 cells, we expressed two channel-forming isoforms of TALK-1 (1b
and la) (/34) and found that TALK-1 co-localized with an ER-targeted YFP marker (Figure
3.6A). We next assessed the consequences of TALK-1 expression on Ca®'gr homeostasis in
these cells. To minimize potential deleterious effects of protein overexpression, we used the
TALK-1 DN mutant as a control, which also permitted dissociation of the effects of K"
conductance and protein-protein interactions on Ca®'gz homeostasis. Expression of wild-type
TALK-1 yielded a significant elevation in basal Ca>" (Figure 3.6B) and concomitant reduction
in CPA-induced Ca”g release (Figure 3.6B,C), suggesting greater Ca”* gy leak due to TALK-1
channel activity. Addition of Ca’" to the extracellular buffer produced a larger increase in Ca®’,
in wild-type- compared to DN-expressing cells (Figure 3.6B,D), and similar to CPA-induced
Ca’"gr release, stimulation of IP3-triggered Ca”'gg release elicited a greater response in cells
expressing TALK-1 DN (Figure 3.6B,E). Thus, the K -channel function of TALK-1 is sufficient
to alter Ca®"gr homeostasis.

To confirm the specificity of the effect of TALK-1 on Ca2+ER, we compared Caz+ER
storage in cells stably and inducibly expressing different K2P channels (/24) (Figure 3.7A).

Similar to transfected cells, TALK-1 induction reduced Ca® g stores (Figure 3.7A). We also
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Figure 3.6. The K* channel function of TALK-1 contributes to its regulation of ER Ca?" homeostasis. (A)
TALK-1b and -1a co-localize with the ER marker ER-YFP. Images are representative of 3 independent experiments.
(B) Representaive recordings of HEK293 cells expressing either WT TALK-1 or TALK-1 DN perfused with the
indicated solutions; 10 mM glucose was present throughout the experiment. (C) Normalized Ca** AUC for the period
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cellular buffer (t=1000-1750 s). (E) Fold increase in Ca*" in response to treatment with the muscarinic receptor agonist
carbachol. (N = 3 independent experiments) *P<0.05, **P<0.005; Student’s z-test.
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Figure 3.7. Pharmacological manipulation of
K2P channel activity can alter steady-state
Ca*_ concentrations. (A) Representative record-
ings of CPA-induced ER Ca* release in cell lines
with tetracycline-inducible expression of the
indicated K2P channels. Ca** AUC in response to
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independent experiments). (B) Direct quantifica-
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inducible expression of TALK-1, TASK-1,
TREK-2, TREK-1 and the ER Ca*" indicator TIER
(N = 3 independent experiments) (C and D) Treat-
ment of TASK-1-expressing cells with ML365
restores Ca*_, to pre-channel expression levels (N
= 3 independent experiments) . (E and F) Mouse
a-cells were treated with ML365 in the presence of
11 mM glucose and 125 puM diazoxide (N = 3
independent experiments) ;*P<0.05, **P<0.005,
**%P<(.0005; Student’s 7-test.

CPA
(max F/Fo)



found that expression of TASK-1 (Figure 3.7A) and TASK-3 (Figure 3.8A,B) channels (797,
198) also caused a reduction in Ca2+ER. We confirmed Ca2+ER reduction in TALK-1 and TASK-1
expressing cells by directly measuring Ca®gr using the genetically encoded Ca®'gr indicator
T1ER (208) (Figure 3.7B). However, not all K2P channels influence Ca*'gr, as demonstrated by
the absence of a Ca®'gr phenotype following induction of TREK-2 or TREK-1 (Figure 3.7B,
Figure 3.8C-F) channels.

This finding prompted us to examine whether pharmacological modulation of K2P
channels could be used to manipulate Ca®'gr storage. Specific pharmacology for TALK-1
channels does not presently exist. Instead, we tested if selective TASK-1 inhibition with ML365
(a small molecule antagonist of TASK-1 (209), and partial TASK-3 inhibitor) could influence
Ca”'gr. Inhibition of TASK-1 channel activity with ML365 treatment caused a significant
replenishment of Ca*"gr loss caused by TASK-1 channel induction (Figure 3.7C-D). ML365 was
without effect on cells expressing TREK-2 or TREK-1 (Figure 3.8C-F). As ML365 also partially
blocks TASK-3, treatment of TASK-3-expressing cells with this compound caused a modest
increase in Ca” g (Figure 3.8A,B). These data are further evidence in support of the hypothesis
that K flux through ER K2P channels enhances Ca2+ER leak.

We next tested whether pharmacological blockade of TASK-1 could alter Ca®'gg in
primary islet a-cells, where they regulate glucagon secretion (/33). ML365 treatment elevated a-
cell Ca”*'g stores (Figure 3.7E,F), demonstrating that TASK-1 affects a-cell Ca’'rr homeostasis,
and that pharmacological inhibition of Ca*"gg-modulating K2P channels can be used to control
Ca’'grin primary islet cells.

TASK-1 mutations have been implicated in pulmonary arterial hypertension (PAH), one

of which (G203D) is a dominant-negative mutation that directly impairs TASK-1 K"
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conductance (270). Expression of TASK-1 G203D produced a significantly greater increase in
Ca’'gr stores when compared to cells expressing control TASK-1 channels (Figure 3.8G,H).
This was similar to the effect of expressing the TALK-1 DN mutant, which increased Ca®'gg
stores compared to cells expressing wild-type TALK-1. These observations imply that defects in
TASK-1 K" conductance may inappropriately increase Ca’'gg or impair physiologically

important Ca2+ER fluxes.

TALK-1 and TASK-1 form functional channels across the ER membrane

During Ca”"gr release, K' moves across the ER membrane to maintain ER
electroneutrality and sustain the driving force for ER Ca®" release (190, 192, 211, 212). To
directly assess whether TALK-1 functions as an ER K" channel, we used nuclear patch clamp
electrophysiology (273) to measure channel activity on the outer nuclear membrane, which is
continuous with the ER (Figure 3.9A,B). Nuclei from cells expressing TALK-1 (Figure 3.9D) or
TASK-1 (Figure 3.9E) exhibited single-channel openings consistent with their respective
biophysical profiles, suggesting that TALK-1 and TASK-1 form functional channels on the ER
membrane. However, in nuclei from cells expressing TREK-2, which does not affect Ca* g,
TREK-2 channel activity was undetectable (Figure 3.9C), similar to nuclei from HEK cells
without induction of K2P channel expression.

These results suggest that TALK-1 and TASK-1 regulate Ca2+ER homeostasis by
allowing K' flux across the ER membrane. We further tested whether TALK-1 modulation of
Ca”'gg release depended on K flux by manipulating the cytosolic K™ concentration. Using
digitonin-permeabilized HEK293 cells expressing TALK-1 WT or DN and the genetically
encoded Ca’'gr indicator G-CEPIA ler (203), we examined Ca’'gr leak in response to SERCA

inhibition with CPA. In the presence of K", Ca2+ER leak is faster in cells expressing TALK-1 WT
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compared to TALK-1 DN (Figure 3.10A-D). Therefore, K" flux through TALK-1 supports the
movement of Ca>" across the ER membrane. We also examined whether TALK-1 functions as an
ER K" channel in primary cells by performing nuclear patch clamp recordings on nuclei isolated
from WT and TALK-1 KO islets. We detected single channel openings (Figure 3.9F) with a
current amplitude comparable to cloned TALK-1 in 55.6 £6.3% of WT islet cell nuclei (Figure
3.9G). However, only 31.2 £2.7% of nuclei from TALK-1 KO islets displayed K2P-like channel
openings (Figure 3.9H). Taken together, our findings suggest that TALK-1 and TASK-1 form
functional channels on the ER membrane, allowing for a K countercurrent which supports

Ca’'gr leak and helps to set Ca’'gr.

TALK-1 regulation of B-cell Ca*'gg handling modulates islet Ca** oscillations

To dissect the role of TALK-1 modulation of Ca*'gx during B-cell Ca*" influx, we
controlled p-cell Ca®", influx with K'-induced depolarization of diazoxide-treated cells in the
presence or absence of the SERCA inhibitor thapsigargin (2/4) (Figure 3.11A). Under these
conditions the role of plasma membrane TALK-1 channels was effectively dissociated from its
intracellular functions: diazoxide precluded the depolarizing effects of glucose by activating
Karp channels and K" depolarization activates VDCCs independent of K™ channel activity (215).
Subtracting the control trace from the thapsigargin-treated trace revealed the Ca* g contribution
to the Ca”", signal (Figure 3.11B). During Ca®" influx, Ca® g uptake was observed (downward
deflection, Figure 3.11B), whereas Ca® g release occured following the depolarizing K pulse
(upward component, Figure 3.11B). We found reduced Ca®'gg release in KO B-cells (Figure
3.11B,C), in accordance with our finding that TALK-1 promotes Ca%ER release.

B-cell Ca*'pr release has been implicated in the activation of hyperpolarizing Ca*'-

activated K" currents (49, 60, 216). When stimulated with glucose, KO islets show accelerated
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Ca®" oscillations (202), which may be due to changes in Ca®*'gr control of the membrane
potential (V) and VDCC activity. We tested this by depleting Ca*"gr using CPA in WT and KO
islets undergoing glucose-stimulated Ca*" oscillations (Figure 3.11D). Under low glucose
conditions basal Ca®’. levels were modestly lower in KO islets (Figure 3.11D,E). Upon
stimulation with high glucose Ca®" influx was significantly greater in KO islets (Figure
3.11D,E). However, Ca*'ir depletion with CPA normalized Ca’', in KO islets to those of WT
islets (Figure 3.11D,E). As depletion of Ca®'gr removes the contribution of the ER from the
glucose-stimulated Ca”", signal, this finding suggested that TALK-1 influences p-cell Ca*’, by
modulating Ca’'pr handling, which in turn regulates plasma membrane currents. Therefore, we
proceeded to test the relationship between TALK-1 regulation of Ca*'gg release and p-cell Ca®'-
activated K" currents.

The termination of each electrical oscillation is triggered by a slowly activating, Ca*"-
dependent K" current termed Kgow, which is mediated by intermediate-conductance K¢, channels
(SK4), apamin-insensitive small conductance (SK) K¢, channels, and Katp (50, 61, 216). The -
cell ER can release Ca®' close to the plasma membrane (277), and Ky, activity is sensitive to
Ca®™ g release (49, 60, 216). In KO islets, Vp, repolarization is reduced by ~50% at the
termination of each electrical oscillation (202), suggesting that Ky, may be impaired in KO
islets. We tested this notion by measuring Ko in WT and KO B-cells. Ko amplitude (inset,
Figure 3.12A,B) was reduced in KO B-cells by 48 £17% relative to WT (Figure 3.12C). As
TALK-1 is not activated by Ca®", in oocytes (/14), and we also found that TALK-1 activity in
HEK293 (Figure 3.12D) or B-cells (Figure 3.12E) was not activated by Ca®"., it is unlikely that
TALK-1 is a constituent channel of Kjoy. These findings suggest that TALK-1 may modulate 3-

cell Ko indirectly through control of Ca’'gr homeostasis. To assess whether modulation of
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K2P channels activity affects depolarization-induced Ca2+ER uptake and release, we inhibited
TASK-1 in a-cells with ML365. We found reduced Ca2+ER release induced by V;, depolarization
(214) when TASK-1 channels are inhibited (Figure 3.12F,G), suggesting that TASK-1 facilitates

2+
o-cell Ca™ grrelease.

TALK-1 channel activity exacerbates islet ER stress

Reduced B-cell ER Ca®" content is associated with ER Ca®" stress and islet dysfunction in
diabetes (67, 103, 182, 218, 219). Our results indicated that TALK-1 channels are a determinant
of B-cell ER Ca®" levels, and suggested that TALK-1 channel activity could exacerbate ER Ca®"
depletion which leads to ER stress. Therefore, we determined whether the absence of functional
TALK-1 channels impacted islet responses to the metabolic stress of a HFD. After one week of
HFD feeding, the expression of genes involved in ER stress signaling was not different between
wild-type and TALK-1 KO islets (Figure 3.13A). As SERCA expression is reported to change as
a function of ER Ca®" content (220, 221), we also examined the expression of mRNA encoding
SERCA2b and SERCA3 in wild-type and TALK-1 KO islets, but detected no significant
difference. However, after prolonged (20 weeks) of HFD feeding, TALK-1 KO islets exhibited
broadly lower expression of multiple ER stress genes, as well as significantly downregulated
expression of mRNA encoding SERCA2b and SERCA3 (Figure 3.13B).

We also assessed whether the T2DM-linked gain-of-function polymorphism (rs1535500)
encoding TALK-1 A277E (202) negatively impacts ER function. We chose to measure ATF6
transcriptional activation, a well-established cellular response to ER Ca®" depletion and protein
misfolding (221, 222), by using a luciferase reporter containing five tandem repeats of ATF6
binding sites (223) co-expressed with wild-type TALK-1 (A277), TALK-1 A277E, or the

TALK-1 DN mutant in INS-1 cells (224). ER stress was induced with tunicamycin, which
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inhibits protein glycosylation and causes protein misfolding. INS-1 cells expressing wild-type
TALK-1 or TALK-1 A277E were significantly more susceptible to tunicamycin-induced ATF6
activation than cells expressing the non-conducting TALK-1 DN, and TALK-1 A277E caused
significantly more ATF6 activation than wild-type TALK-1 (Figure 3.13C). However, co-
expression of TALK-1 A277E with the TALK-1 DN could reduce ATF6 activation to levels
comparable to expression of TALK-1 DN alone (Figure 3.13C). Finally, we examined the effects
of TALK-1 A277E on INS-1 ER Ca*" levels, and found that it caused a reduction in ER Ca*'
when compared to cells expressing wild-type TALK-1 (Figure 3.13D). Taken together, our
findings indicate that TALK-1 channels control Ca®'g fluxes in the islet, which may regulate
plasma membrane ion channel activity and electrical excitability as well as ER Ca®" levels
important for protein processing. A model depicting the possible mechanisms by which TALK-1

channels modulate B-cell Ca*" influx is presented in Figure 3.14.
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Figure 3.14. Hypothetical model depicting potential molecular mechanisms of TALK-1 channel modulation of
B-cell Ca?gg handling and cytosolic Ca?* oscillations. As glucose is taken up and metabolized, SERCA is energized,
increasing Ca* . The increase in the ATP/ADP ratio also leads to Karp closure and V,, depolarization, activating
voltage-dependent Ca*channels (VDCCs). Plasma membrane TALK-1 channels are predicted to stabilize the V,, ata
value which will sustain efficient VDCC activity. As Ca*" influx through VDCCs triggers insulin secretion, the ER
rapidly takes up cytosolic Ca*", further increasing Ca** . Stimulation of Ca** release from the ER likely contributes to
activation of the Ky, current, hyperpolarizing the V;, and terminating VDCC activity. TALK-1 channels in the ER
potentiate Ca®*gr release, which we hypothesize contributes to Ky, activation; thus, loss of ER TALK-1 channel
activity impairs K., -activating Ca*'g; release, inhibiting the K., current. A reduction in Ky, currents would be
predicted to increase cytoplasmic Ca?* oscillations and pulsatile insulin secretion.While TALK-1 channels regulate
Ca*, release, they may also affect Ca*'g uptake through modifying the activity of SERCAs, either directly or
indirectly (see discussion for details).
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Discussion

Tight regulation of B-cell Ca*"gr is required to sustain insulin synthesis, metabolism, as
well as intracellular Ca®" signaling, and perturbations in Ca*gr handling contribute to diabetes
pathogenesis. p-cell Ca®'g is controlled by several proteins including SERCAs (67, 204) 1P3Rs
(225), RyRs (180, 225), and the translocon (226). However, the ubiquitous distribution of most
Ca”'gr handling proteins precludes their clinical use in treating diabetes. Here, we demonstrate
that pharmacological manipulation of K2P channels can be used to control primary cell Ca”'gx.
Moreover, our data indicate that inhibiting TALK-1 channel activity can protect islets from ER
stress induced by chronic metabolic stress. This opens the exciting potential of utilizing K2P
channels such as TALK-1 for therapies that target islet ER dysfunction with minimal off-target
effects.

Ca’'gr is determined by a balance of SERCA activity, Ca*' i release, and Ca’'m
buffering. Ca*' g release shifts the ER membrane potential (VuEr)) towards the ER Ca*" reversal
potential (E¢y2+ggy), Where net ER Ca”" efflux would stop. However, the K countercurrent
across the ER membrane maintains Vpgr) positive of E Ca?*(ER)> facilitating Ca2+ER release (192,
196). Our data indicate that ER TALK-1 K" currents support the electrochemical driving force
for Ca’'gr release. This fits with our finding that TALK-1 overexpression decreased Ca’'gr
storage by increasing Ca2+ER leak. Conversely, inhibition of TALK-1 should move the Vigr)
closer to E¢,2+(gRy, resulting in reduced Ca”gr leak and elevated Ca*"gr (191), a prediction in
accordance with the phenotype of TALK-1 KO B-cells. As insulin secretion is largely dependent
on Ca’" influx through VDCCs, the effect of reduced ER Ca®" leak on insulin secretion in
TALK-1 KO B-cells is likely minimal. Previous studies demonstrate that ER Ca®" release per se

does not strongly stimulate insulin secretion (64, 227). Indeed, depletion of ER Ca®" increases
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average Ca’'. and insulin secretion (228), highlighting the role of ER Ca*" homeostasis in
modulating the plasma membrane Ca>" influx which controls insulin release.

TALK-1 KO islets exhibit increased insulin secretion, an elevated frequency of Ca’,
oscillations, and greater plateau fraction (i.e., the fraction of time spent in electrically excitable
periods) (202). The present study helps resolve the molecular mechanisms underlying these
phenotypes. A rationale for the increased plateau fraction and oscillation frequency in TALK-1
KO islets is that ER TALK-1 channels sustain Vp-hyperpolarizing, Kg-activating ER Ca®"
release. Because this ER Ca’' release is reduced in TALK-1 KO B-cells, Kyow activation is
diminished, resulting in an increased plateau fraction. This is in accordance with observations
that depletion of ER Ca®" inhibits Koy (49). Despite reduced Ko amplitude in B-cells lacking
TALK-1, the frequency of Ky, activation appears to be increased. This may reflect an
interesting feedback in TALK-1 KO B-cells between increased ER Ca®" levels stimulating
activation of the ER Ca®" release mechanism, combined with an inability to sustain ER Ca*"
release due to the shifted Vier). Indeed, the open probability of IP3 receptors and RyRs is
increased by elevated ER Ca®" levels (229, 230), and increasing B-cell IP3 levels potently
accelerates electrical and Ca®"; oscillations (64, /49). Future investigations are needed to define
the molecular identity of B-cell ER Ca®" release channels and how they modulate plasma
membrane currents.

Treatment of islets with SERCA inhibitors accelerates Ca2+c and electrical oscillations
(231-233), presumably due to inhibition of Ky, and activation of SOCE. However, islets
lacking SERCA3 show a decreased frequency of Ca*". oscillations (63). One conceivable
explanation for this paradoxical phenotype is that SERCA3 is necessary for Koy activating ER

Ca”" release, which is suggested by the findings that slow ER Ca" release (215) and rapid Vp,
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oscillations (234) are largely abolished in SERCA3 KO f-cells. These observations highlight that
SOCE serves an important role in shaping islet Ca*", oscillations, and future studies are required
to dissect the relationship between TALK-1 modulation of ER Ca? stores, SOCE, V, and Ca’,
oscillations, and insulin secretion.

ER K channels are also important for Ca2+ER uptake, as demonstrated by the influence of
ER-localized SK channels in regulating neuronal and cardiomyocyte ER/SR Ca®" uptake (196).
SK channels are predicted to preserve ER pH homeostasis through activation of an ER K'/H"
antiporter that promotes ER H entry to balance SERCA-mediated H' loss during Ca”" uptake
(196). Although we cannot exclude a role for K2P channels in modulating SERCA function, we
find reduced basal Ca®"g when TALK-1was heterologously expressed, and increased Ca* g in
KO B-cells. These findings suggest that if TALK-1 controls Ca® g uptake, it would presumably
do so by inhibiting SERCA function, in contrast to SK channels, which enhance SERCA
function. Thus, any effects of TALK-1 on SERCA could be through indirect mechanisms that
Ca®'gr modulates, such as mitochondrial ATP production which energizes the B-cell SERCA
pump (235). Interestingly, we find that SERCA2b and SERCA3 mRNA are reduced in TALK-1
KO islets after prolonged HFD feeding, which may represent a compensatory mechanism to
reduce ER Ca”" overloading and maintain ER Ca®" levels in an optimal range.

Our observations suggest that TALK-1 activity contributes to the unique features of -
cell ER function. For example, TALK-1 control of Ca®'ir potentiates Kyjow currents, limiting the
islet Ca®" oscillations which underlie pulsatile insulin secretion. Another essential function of p-
cell Ca®"gr handling is to maintain insulin production and processing. Ca*'er homeostasis is
impaired under conditions of B-cell stress induced by insulin resistance or decreased -cell mass,

and a hallmark of ER stress is increased Ca®'gr leak (/80). This can be caused in B-cells by
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reductions in expression of proteins which affect Ca*"gr such as SERCA2b (67) or sorcin (224).
Our data indicate that TALK-1 activity negatively contributes to ER stress during metabolic
stress. Moreover, our finding that T2DM-associated TALK-1 A277E channels exacerbate Ca2+ER
leak and ER stress responses suggests that TALK-1 activity can contribute to islet Ca®'gg defects
in diabetes. Interestingly, TALK-1 transcript abundance is downregulated under conditions that
cause ER stress in diabetes (such as palmitate or inflammatory cytokine treatment (/75)), which
may be a protective mechanism to preserve p-cell Ca*' g homeostasis. It will be imperative to
determine how TALK-1 participates in the cellular response to other diabetes-associated ER
stressors.

Dominant-negative mutations in TASK-1 and TASK-3 cause PAH and Birk-Barel
syndrome, respectively (2/0). We found that a PAH-linked mutation in TASK-1 (G203D)
enhanced Ca’'gr stores relative to WT TASK-1. Thus, in patients with the TASK-1 G203D
mutation, disruptions in ER/SR Ca®" handling may contribute to PAH (236-238). TASK-3 also
controls Ca*'gr, and a mutation in KCNK9 (which encodes TASK-3, G236R) causes Birk-Barel
syndrome, which is characterized by intellectual disability, hypotonia, and facial dysmorphism.
Importantly, we observe that pharmacological regulation of TASK-1 can be used to control
primary cell Ca® g (i.e., in pancreatic a-cells). This opens the exciting potential of utilizing K2P
channels such as TASK-1, TASK-3 or TALK-1 for cell-selective therapies that target ER
dysfunction.

Not all K2P channels regulate Ca2+ER, as demonstrated by our finding that neither TREK-
1 channels nor TREK-2 channels affected Ca2+ER homeostasis. This could be due to localization
of these channels; TREK-1 channels are found primarily on the plasma membrane (239),

whereas the subcellular localization of TREK-2 channels has not been examined. However, all
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K" channels are assembled in the ER prior to their delivery to the plasma membrane. Some K"
channels, such as Kurp, require a physical interaction with the plasma membrane lipid
phosphatidylinositol 4,5-bisphosphate (PIP,) in order to conduct K', K2P channels that are
dependent on PIP, for activity may not function in the ER membrane. This is due to intrinsically
low PIP, levels on the ER membrane, which limits most K™ channel activity until they are
transported to the plasma membrane. TREK-1 is highly sensitive to PIP,, whereas both TASK-1
and TASK-3 channels, both of which affect Ca2+ER, are insensitive to PIP, (240). Future studies
are needed to better understand the regulatory mechanisms underlying K2P channel activity in
the ER, and how these affect Ca’"gr homeostasis.

In conclusion, we demonstrate that TALK-1 is functionally expressed in the ER where it
regulates Ca’' handling, thus controlling Ky, activity, Ca’" influx and insulin secretion. These
findings highlight a physiological function of K2P channels in the regulation of Ca®'gz. K2P
channels may provide cell-selective targets to modulate Ca*'gr to treat the many diseases

characterized by dysfunctional Ca® g handling.

Research Design and Methods

Mouse models

The mice used in this study were 8-12 week-old males on a C57B16/J background. The
generation of Kenk16” (TALK-1 KO) mice has been previously described (see Chapter I1) (202).
For experiments using mouse a-cells, transgenic mice expressing tdRFP specifically in a-cells
were used (/33). All mice used in this study were handled in compliance with protocols
reviewed and approved by the Vanderbilt University Institutional Animal Care and Use

Committee, according to guidelines set forth by the NIH.
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Islet isolation and culture

Mouse islets were isolated using collagenase P (Roche) digestion of the pancreas and
density gradient centrifugation (/76). Human islets from adult nondiabetic donors (donor
information is provided in Table 3.1) were obtained through isolation centers organized by the
Integrated Islet Distribution Program. In experiments using D4ER, cells were transduced with
Ad-D4ER (204) 48 hours prior to imaging. In human B-cell experiments, cells were transfected
with TALK-1 DN- or mCherry-expressing plasmids (202). Islets and dispersed cells were

cultured for 24-48 hours prior to experimentation (202).

Donor 1 2 3
Sex F F F
Age (years) 37 54 64
BMI 25.1 30.1 274
Ethnicity Hispanic/Latino W W
HbAlc 5.5% 5.8% 5.5%
Type 2 Diabetes No No No

Table 3.1. Human islet donor characteristics

Cell culture and luciferase assays

The development of TREx-293 cells with inducible expression of K2P channels has been
previously described (/24). To determine the levels of TALK-1 and TASK-1 expression in
induced cells, lysates from TALK-1- or TASK-1-TREx-293 cells treated for 24 hours with or
without tetracycline induction (1 pg/mL) were run on 4—12% Bis-Tris polyacrylamide gels
(Invitrogen). The protein was then transferred to a nitrocellulose blotting membrane (BioRad)
which was probed with TALK-1 (Novus Biologicals #NBP1-83071) or TASK-1 (Abcam
#49433) antibodies. Equal loading of wells was assessed by stripping and reprobing membranes

with a B-actin antibody (Cell Signaling Technologies #4970). Representative blots are shown in
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Fig. S7. For experiments comparing the effects of wild-type TALK-1 and TALK-1 DN on
Ca’'gr handling, HEK293 cells were transfected with pCDNA3.1 plasmids encoding these
channels wusing Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s
instructions, and imaged 48 hours post-transfection.

INS-1 (832/13) cells were cultured in RPMI 1640 supplemented with 15% FBS and
penicillin-streptomycin. INS-1 cells were transfected with pSxATF6-GL3 (Addgene #11976) and
plasmids encoding wild-type TALK-1, TALK-1 A277E, or TALK-1 DN (202). Cells were
incubated overnight with vehicle (DMSO) or tunicamycin (0.25 pg/mL) for 16-20 hours prior to
performing a luciferase assay using the Steady-Glo Luciferase Assay System (Promega)

according to the manufacturer’s instructions.

Patch clamp electrophysiology

An Axopatch 200B amplifier (Molecular Devices) was used to measure whole-cell K
channel currents in the voltage-clamp mode; currents were digitized using a Digidata 1440,
lowpass filtered at 1 kHz and sampled at 10 kHz. For K, recordings, pipettes were filled with
an intracellular solution (50) containing (in mM) 28.4 K,SO4, 63.7 KCI, 11.8 NaCl, 1 MgCl,,
20.8 HEPES, 0.5 EGTA (pH 7.22 with KOH) and ~0.05 mg'ml~' amphotericin B. Nuclear patch
clamp experiments were preformed using the approach described by Mak and colleagues (213).
Nuclei were patched in a solution containing (in mM): 150 KCl, 10 HEPES, 0.5 EGTA, 0.36
CaCl, (pH 7.3 with KOH). Patch electrodes were pulled to a resistance of 8-10 MQ , loaded with
recording solution, and coated with Sigmacote. Single-channel currents were lowpass filtered at
1 kHz and sampled at 50 kHz.

When intracellular [Ca’"] was clamped, cells were recorded using the whole-cell

configuration using electrodes filled with a solution containing (in mM) 140 KCl, 5 HEPES, 4
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Mg-ATP, 1 EGTA, 137 uM (for 50 nM Ca*" final) or 946 uM (for 5 uM Ca®" final) CaCl,, (pH
7.22 with KOH). [Ca*'] was determined using MAXCHELATOR software. The extracellular
buffer used for islet-cells (A modified Krebs-Ringer buffer, KRB) contained (in mM) 119 NaCl,
2.5 CaCl,, 4.7 KCI, 25 HEPES, 1.2 MgS0Oy, 1.2 KH,POy4, 11 glucose (pH 7.35 with NaOH). The
extracellular buffer used for HEK293 cells (HEK buffer) contained (in mM) 150 NaCl, 5 KCI, 2
MgCl,, 2.5 CaCl,, 10 HEPES, and 10 glucose (pH 7.35 with NaOH). When assessing the Ca*"
sensitivity of TALK-1 in B-cells, the extracellular buffer was supplemented with a cocktail of K"
channel inhibitors including 200 pM tolbutamide (MP Biomedicals), 10 mM
tetracthylammonium chloride (Acros Organics), 100 nM apamin (Alomone Labs), 100 nM
iberiotoxin (Alomone Labs), 100 nM TRAM-34 (Alomone Labs), and 10 pM nifedipine to
inhibit voltage-gated Ca®" channels. Cells were recorded with a voltage-clamp protocol used to
assess K2P channel currents (202). Recordings were analyzed using Clampfit 10 (Molecular

Devices) and Microsoft Excel software.

Calcium imaging

Mouse and human B-cells were loaded with 2 uM Fura-2 AM (Molecular Probes) and
imaged as previously described (52). Cyclopiazonic acid (CPA; Alomone Labs) was used at a
concentration of 50 uM; ionomycin was used at a concentration of 5 uM (Alomone Labs).
Human B-cells were post-stained for insulin (52). In all experiments, cells were perifused with a
flow of 2 mL'min ' at 37 °C. Detailed methods describing Ca>” imaging in stably transduced
TREx-293 cells and high-speed Ca®" imaging can be found in the supplementary material. For
analysis of mouse B-cell ER Ca’" uptake and release (2/4), Fura-2 loaded cells were incubated
for 10 minutes in KRB supplemented with 11 mM glucose, 125 uM diazoxide (Enzo) and 1.25

uM thapsigargin (Alomone Labs) or vehicle. In high-[K'] stimulus buffer, NaCl was reduced
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accordingly to maintain osmolarity. For experiments using D4ER, cells were incubated for 20
minutes in KRB containing 2 mM glucose prior to imaging.

For assays comparing the effects of expression of K2P channels in stably transduced
TREx-293 cells, 30,000 cells/well were seeded to 384-well black-wall, clear-bottom, amine-
coated plates (BD Biosciences). Channel expression was induced with 1 ug'ml™" tetracycline in
culture medium, and the cells were cultured overnight in a 5% CO, incubator at 37 °C. The cells
were washed with HEK buffer (10 mM glucose) using an ELx405CW plate washer (Bio-Tek
Instruments, Inc.), and loaded with 4 uM Fluo-4 AM (Molecular Probes) in HEK buffer for 45
minutes in a 5% CO, incubator at 37 °C. The cells were then washed with HEK buffer
supplemented with | mM EGTA and incubated in a 5% CO, incubator at 37 °C for 8 minutes
prior to the start of imaging. Plates were then loaded into a whole-plate kinetic-imaging
Functional Drug Screening System (FDSS 6000, Hamamatsu, Bridgewater, NJ) and imaged at
37 °C as previously described (724).

When assessing the effects of TASK-1 or TASK-3 channel blockade, cells were loaded
three hours prior to the start of imaging with 500 nM ML365 (Tocris) or DMSO vehicle in

culture medium, and in a-cells, the culture medium also contained 125 uM diazoxide. ML365
was present throughout the experiment. For high-speed imaging of a-cell Ca®" influx, cells were
loaded with 5 uM Fluo-4 AM for 25 minutes, followed by washing with KRB (11 mM glucose).
a-cells were then patched according to the perforated patch clamp protocol described above on a
Nikon Eclipse TE2000-U microscope equipped with an X-Cite 120Q widefield fluorescence
light source (Excelitas Technologies) and a D-104 microscope photometer (Photon Technologies
Inc.). Upon obtaining a low-leak, GQ seal, the fluorescence light source was activated, and

plasma membrane currents were recorded using the Ko, voltage-clamp protocol (50)
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simultaneously with Fluo-4 fluorescence. Currents and photometer signal were digitized and
sampled at 10 kHz. For analysis of the effects of TALK-1 on the CPA-induced Ca2+ER leak rate,
TREx-293 cells transfected with TALK-1 WT or DN and CEPIA1-ER(203) (Addgene #58215)
were permeablized for 4 minutes in a 5% CO, incubator at 37 °C in an intracellular buffer
containing (in mM): 140 potassium gluconate or 140 Tris base (K'-free), 10 HEPES, 1 EGTA,
0.432 CaCl,, 3 Mg-ATP, with sucrose added as needed to match osmolarity (pH 7.24), and
supplemented with 50 pg'ml™" digitonin (Santa Cruz). Cells were then washed for an additional 5
minutes in the appropriate buffer without digitonin prior to the start of imaging. Data were
analyzed using Nikon Elements, Microsoft Excel, and GraphPad Prism7 software. To determine
the rate constant of CPA-induced Ca®" leak, the normalized data was fit to a one-phase
exponential decay model using GraphPad Prism7 software. Data were analyzed using Nikon

Elements, Microsoft Excel, Clampfit 10 and GraphPad Prism7 software.

Site-directed mutagenesis

The TASK-1 G203D point mutation was generated using a previously described
approach (202). The sequences of oligonucleotide primers (Integrated DNA Technologies) used
to create the TASK-1 G203D mutant were:

ACCACCATCGGCTTCGACGACTACGTGGCGCTGCAGA (forward)

TCTGCAGCGCCACGTAGTCGTCGAAGCCGATGGTGGT (reverse)

PCRs were performed in 50 pL with Q5 high-fidelity DNA polymerase (New England Biolabs)
with 100 ng of pCDNA3.1-KCNK3 plasmid.. DNA was then incubated with 1 pL Dpnl for two

hours at 37 °C. Clones were sequenced to confirm mutagenesis.
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Immunofluorescence

Processing and staining of paraffin-embedded mouse and human pancreas sections was
performed as previously described (human donor information is provided in Table 3.2) (202).
Sections were stained using primary antibodies against TALK-1 (Novus Biologicals #NBP1-
83071; 1:175) and calreticulin (Santa Cruz #N-19; 1:125); secondary antibodies used were Alexa
Fluor 488-conjugated donkey anti-rabbit (Jackson Immunoresearch #711-546-152; 1:300) and
DyLight 650-conjugated donkey anti-goat (Thermo Fisher #SA5-10089; 1:250). HEK293 cells
co-transfected with TALK-la or TALK-1b (202) and ER-targeted EYFP (Addgene #56589)
were washed twice with cold phosphate-buffered saline (PBS), then fixed in 4%
paraformaldehyde (Electron Microscopy Sciences) for 30 minutes at 4 °C. Cells were then
incubated in PBS supplemented with 0.2% bovine serum albumin (BSA), 2% normal donkey
serum (NDS; Jackson Immunoresearch), and 0.05% Triton X-100 for one hour, followed by
incubation in PBS containing primary antibodies against TALK-1 (1:175) and GFP (Novus
Biologicals NB600-597; 1:300), 0.2% BSA, 1% NDS, and 0.1% Triton X-100, overnight at 4 °C.
Following removal of the primary antibody solution, the cells were subjected to two 10-minute
PBS washes, then incubated in the dark for one hour at room temperature in PBS containing 1%
NDS and secondary antibodies: Alexa Fluor 488-conjugated donkey anti-rabbit (1:300) and
Alexa Fluor 647-conjugated goat anti-mouse (Thermo Fisher A21237; 1:300). The secondary
antibody solution was removed and the cells were subjected to three 8-minute PBS washes prior
to imaging. All images were obtained using a Zeiss LSM 710 or Zeiss LSM 780 confocal laser
scanning microscope. Images were analyzed using ImageJ software.

For analysis of islet cell numbers, paraffin embedded were processed as described above,

and stained using primary antibodies against insulin (Dako #A0564; 1:500), somatosatin (Santa
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Cruz Biotechnology sc-7819: 1:250), and glucagon (Proteintech #15954-I1-AP: 1:500); secondary
antibodies used were Alexa Fluor 488-conjugated donkey anti-rabbit (Jackson Immunoresearch
#711-546-152; 1:500), DyLight 650-conjugated donkey anti-goat (Thermo Fisher #SA5-10089;
1:250), Cy3-conjugated donkey anti-guinea pig (Jackson Immunoresearch #706-165-148; 1:500).

For analysis of high-fat diet induced islet-cell proliferation, age-matched WT and TALK-
1 KO were placed on a high-fat diet (60% kcal/fat; Research Diets #D12492) for 10 days. Four
days prior to sacrifice, mice were provided with drinking water containing BrdU (0.8 mgml )
supplemented with Splenda artificial sweetener (20 mg-ml ™). Paraffin embedded pancreata were
processed as described above, and were subjected to antigen retrieval performed in 1x NaCitrate
pH 6.0, for 14 minutes in a microwave at high power, followed by cooling at room temperature
in 1x NaCitrate solution for 25 minutes. Following antigen retrieval, slides were washed for 10
minutes in ddH,0, followed by two 2-minute washes in PBS. Sections were the stained using
primary antibodies against insulin (Dako #A0564; 1:500), somatosatin (Santa Cruz
Biotechnology sc-7819: 1:250), glucagon (Proteintech #15954-1-AP; 1:500), and BrdU
(Developmental Studies Hybridoma Bank #G3G4; 1:50). Secondary antibodies used were Alexa
Flour 647-conjugated goat anti-mouse (Life Technologies #A21237: 1:250), DyLight 488-
conjugated Donkey anti-mouse (Thermo Scientific #SA5-10166; 1:300), and Alexa Flour 594-
conjugated Donkey Anti-Guinea Pig (Jackson Immunoresearch #706-586-148; 1:400), DyLight
650-conjugated donkey anti-goat (Thermo Fisher #SA5-10089; 1:250), Alexa Fluor 488-
conjugated donkey anti-rabbit (Jackson Immunoresearch #711-546-152; 1:500). Blocking was
done in a dark humidity chamber for one hour using Dako Blocking Solution (Ref # X0909).
Primary antibodies were diluted to above concentrations in DAKO Antibody Diluent Solution

(Ref#S3002) and incubated on the sections overnight at 4 °C. Following primary antibody
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incubation, slides were washed for 5 minutes in PBS twice. Secondary antibodies were diluted to
the above concentrations in PBS supplemented with 5% NDS and incubated on slides in the dark
for 2 hours at room temperature. Sections were then washed twice for five minutes in PBS and
DAPI was added (1:1000 for 2 minutes). Following DAPI staining, sections were washed for 5
minutes in ddH20 and then mounted with a coverslip.

All sections were imaged with an Aperio ImageScope and analyzed using an algorithm
developed with Aperio Indicalabs- CytoNuclear FLv1.2 software. The algorithm is designed to
take into account factors such as nuclear staining, cytoplasm radius, nucelar size, nuclear
roundness, and dye fluorescence wavelength (Cy2, Cy3, or Cy5), to identify, differentiate, and
count B, 9, and a cells. The algorithm was also used to count the number of -, 8-, and a- cells on

the slides labeled with Brd-U, which was further analyzed using ImagelJ software and Microsoft

Excel.

Donor 1 2

Sex F M
Age (years) 79 31
Ethnicity W B

Type 2 Diabetes No No

Table 3.2. Human pancreas donor characteristics

Statistical analysis

The data is presented as recordings that are averaged or representative of results obtained
from at least three independent cultures. All values presented are the mean = SEM. Statistical
differences between means were assessed using two-tailed unpaired or paired Student’s #-test, or

one-way ANOVA, as appropriate. A P<0.05 was considered as significant.
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CHAPTER IV

TALK-1 CONTROLS PANCREATIC DELTA-CELL

Ca**-INDUCED Ca’>" RELEASE AND SOMATOSTATIN SECRETION*

Preface

In addition to being highly expressed in islet B-cells, single-cell RNA sequencing
technologies have revealed that TALK-1 is abundant at the transcript level in the somatostatin-
secreting o-cells. However, a physiological role for TALK-1 in d-cells has not been examined. In
the previous chapter, I described how K" flux through ER-localized TALK-1 channels enhances
ER Ca” leak. As somatostatin secretion is amplified by Ca**-induced Ca”" release (CICR) from
the ER, TALK-1 channels could regulate 3-cell CICR by modulating ER Ca®>" homeostasis. To
test this hypothesis, we generated control and TALK-1 KO mice expressing fluorescent reporters
specifically in 6- and a-cells to facilitate cell type identification. Using immunofluorescence,
patch clamp electrophysiology, Ca®" imaging, and hormone secretion assays, we investigated
how TALK-1 channel activity impacts 6- and a-cell function. Our observations indicate that
TALK-1 regulates 8-cell Ca*" influx by reducing 8-cell ER Ca*" stores, which limits 8-cell CICR
and somatostatin secretion, thus modulating the intraislet paracrine signaling mechanisms which

control glucagon secretion.

“The work presented in this chapter is in preparation for submission to Molecular Metabolism as: Vierra NC, Dadi
PK, Jordan KL, Altman M, Dickerson MT, Jacobson DA. TALK-1 Controls Pancreatic Delta-cell Ca**-induced Ca®"
Release and Somatostatin Secretion. 2017.
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Introduction

Somatostatin is a potent inhibitory peptide which regulates many physiological processes
including hormone secretion, neurotransmission, gastric function, and cell proliferation (247).
Somatostatin signals through plasma membrane G;-coupled somatostatin receptors, suppressing
cellular function by inhibiting cAMP production and activating inward-rectifier K* channels. In
most cases, secreted somatostatin acts locally to regulate the activity of surrounding cells (241).
This is exemplified by intraislet somatostatin release from d-cells, which exerts a tonic inhibitory
effect on glucagon and insulin secretion (84, 242). Although it is known that 9-cell somatostatin
secretion is sensitive to glucose, the molecular determinants of d-cell function are poorly
understood. Emerging data suggests that dysregulated islet somatostatin secretion contributes to
perturbed glucose homeostasis in type 1 and type 2 diabetes mellitus (T2DM); therefore, it is
important to define the mechanisms underlying 5-cell somatostatin secretion.

Elevated blood glucose levels increase islet somatostatin release (243). Similar to insulin
and glucagon secretion, somatostatin exocytosis requires extracellular Ca*" influx through
voltage-dependent Ca®” channels (VDCCs) (10, 86). VDCC opening is controlled by the plasma
membrane potential (V;,), which is largely determined by the activity of hyperpolarizing K"
channels. Islet 3-cells express ATP-sensitive K (Karp) channels, which couple cellular glucose
metabolism to the V;,, and contribute to the regulation of somatostatin secretion (242). However,
o-cells lacking functional Karp channels exhibit glucose-regulated somatostatin secretion,
indicating that other mechanisms besides Kapp control d-cell glucose sensitivity (86). Indeed,
glucose-dependent amplification of somatostatin secretion has been shown to be dependent upon
paracrine stimulation by p-cells and Ca**-induced Ca®" release (CICR) from the endoplasmic

reticulum (ER) (86, 244). It has been proposed that glucose metabolism accelerates o-cell
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sarco/endoplasmic reticulum Ca®*-ATPase (SERCA) activity, resulting in elevated ER Ca®" and
enhanced CICR (86). ER Ca®’ content is a key regulator of CICR: increased ER Ca”" enhances
CICR, whereas depleted ER Ca®" inhibits CICR (229, 230, 245). Indeed, pharmacological
inhibition of SERCA activity and subsequent depletion of ER Ca®’ significantly reduces
somatostatin secretion, indicating that ER Ca*" serves a critical role in 8-cell function (77, 86).
However, the mechanisms which modulate 8-cell Ca*" influx and CICR under different glucose
conditions are largely unknown.

The two-pore domain K (K2P) channel TALK-1 is abundantly expressed in &-cells of
the islet and gastric epithelium (80, 715). In p-cells, TALK-1 channels control Ca*" influx and
insulin secretion by modulating the ¥, and ER Ca*" homeostasis (202). A non-synonymous
polymorphism in TALK-1 (rs1535500, encoding TALK-1 A277E), causes a gain-of-function in
TALK-1 channel activity which is associated with reduced insulin secretion in T2DM patients
and increased T2DM susceptibility (27-30, 178). As detailed in Chapter I1I, TALK-1-dependent
modulation of ER Ca”" levels plays a central role in controlling B-cell Ca®" homeostasis. TALK-
1 channels conduct a K* countercurrent across the ER membrane which enhances ER Ca®" leak;
thus, inhibiting TALK-1 channel activity augments ER Ca®" stores. Given the role TALK-1
channels serve in regulating p-cell ER Ca*" levels, prominent expression of TALK-1 mRNA in
d-cells, and sensitivity of CICR to ER Ca*" levels, we investigated whether TALK-1 channels
modulate §-cell Ca’” handling and somatostatin secretion. We found that TALK-1 forms
functional channels in mouse and human 6-cells, where it limits Ca2+C influx under both low as
well as high glucose conditions. Ca”", influx and ER Ca”" stores are enhanced in 8-cells lacking
TALK-1 channels, leading to increased somatostatin secretion and reduced glucagon secretion.

These data highlight the physiological importance of TALK-1 modulation of &-cell Ca®’
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homeostasis in regulating the tone of islet somatostatin signaling and controlling islet glucagon

secretion.

Results

TALK-1 channels are expressed in d-cells

We first sought to determine whether functional TALK-1 channels are expressed in d-
cells. Mouse and human pancreas sections stained for somatostatin and TALK-1 demonstrated
expression of TALK-1 in §-cells (Figure 4.1A,B). To test whether TALK-1 forms K" channels in
mouse o-cells, we generated mice lacking TALK-1 (TALK-1 KO) (202) with RFP expressed
specifically in 5-cells [Sst-IRES-Cre (246) crossed with a tdRFP fluorescent reporter preceded
by a loxP-flanked STOP cassette (247)]. We used dispersed islet cell preparations from these
mice to record RFP-positive whole-6-cell K2P currents, which we found were significantly
reduced in d-cells from TALK-1 KO mice when compared to controls (wild-type, WT, Figure
4.1C). To assess whether TALK-1 also forms a functional channel in human o-cells, we
expressed a TALK-1 dominant-negative (DN) mutant to inhibit endogenous TALK-1 channel
activity (202). The TALK-1 DN relies on a mutation (G110E) in the K" selectivity filter which
abolishes K" conductance upon interaction with wild-type TALK-1; the bicistronic TALK-1 DN
construct also possesses an mCherry fluorescent reporter separated from TALK-1 DN by a P2A
sequence, facilitating identification of transfected cells (202). Expression of the TALK-1 DN in
single human o-cells (confirmed by post-staining for somatostatin) resulted in inhibition of
whole-cell K2P currents (Figure 4.1D). These data confirmed that TALK-1 is functionally

expressed in d-cells.
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Figure 4.1. TALK-1 channels are expressed in mouse and human d-cells. (A) Image of a mouse pancreas section
stained for somatostatin (green) and TALK-1 channels (red) (representative of N = 3 mice). (B) Image of a human
pancreas section stained for somatostatin (green) and TALK-1 channels (red) (representative of N = 3 pancreata). (C)
K2P currents recorded from WT and TALK-1 KO d-cells (N = 3 mice per genotype). (D) K2P currents recorded from
human 6-cells expressing TALK-1 DN or control mCherry. (N = 3 islet preparations); *P < 0.05, **P < (0.005.
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We next investigated whether the absence of TALK-1 channels altered d-cell Caz+C
handling. Using dispersed islet-cell preparations, we recorded single 8-cell Ca®" dynamics under
stimulatory (11 mM) glucose conditions in WT and TALK-1 KO &-cells (Figure 4.2A,B). Under
these conditions, both WT and TALK-1 KO &-cells showed spontaneous oscillations in Ca*"..
Area under the Ca”" curve (AUC) analysis revealed that total Ca®". influx was significantly
greater in TALK-1 KO compared to WT d-cells (Figure 4.2C), a difference which could be
abolished by removal of extracellular Ca®" (Figure 4.2C). Single 8-cell Ca®* transient amplitude
was significantly greater in TALK-1 KO d-cells (Figure 4.2D), suggesting that CICR might be
enhanced in the absence of TALK-1 channel activity. As &-cell Ca*" influx is critical for
secretion, we also measured somatostatin release from WT and TALK-1 KO islets. Compared to
WT islets, somatostatin secretion was increased by approximately 20% under basal (1 mM
glucose) conditions, and enhanced by over 60% under stimulatory (11 mM glucose) conditions
from islets lacking TALK-1 (Figure 4.2E).

Physiological 6-cell function depends upon the islet microenvironment which enables
paracrine feedback mechanisms between - and 6-cells (94, 244). Therefore, we also examined
how TALK-1 channels impact 8-cell Ca*" homeostasis in intact islets. This was accomplished by
crossing our TALK-1 KO/Sst-IRES-Cre mice with those possessing the genetically encoded
Ca”" indicator GCaMP6s preceded by a loxP-flanked stop cassette (248), generating islets with
GCaMP6s expressed specifically in 8-cells. As B-cell Ca**. has been reported to oscillate in
synchrony with 8-cells (85), we loaded GCaMP6s-expressing islets with the red synthetic Ca**
indicator Cal590 to examine the relationship between p- and 8-cell Ca®” influx. In low (1 mM)
glucose, 66.4 + 3.9% WT and 70.0 = 6.4% TALK-1 KO §-cells exhibited spontaneous Ca*"

oscillations (Figure 4.3 A,C,G), whereas B-cells remained quiescent. Under high (11 mM)
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Figure 4.2. TALK-1 limits &-cell Ca*" influx and somatostatin secretion. (A) Ca®* influx recorded in single
Fura-2-loaded WT &-cells perfused with the indicated treatments (Representative of N = 3 mice per genotype). (B)
Ca?" influx recorded in single Fura-2-loaded TALK-1 KO §-cells perfused with the indicated treatments (Representa-
tive of N =3 mice per genotype). (C) Total Ca’" influx (area under the curve, AUC) in WT and TALK-1 KO &-cells (N
= 3 mice per genotype). (D) Maximum cytosolic Ca*" oscillation amplitude (F/F,;,) measured in WT and TALK-1 KO
d-cells (N = 6 mice per genotype). (E) Islets from WT or TALK-1 KO mice were incubated for 90 minutes at the
indicated glucose concentrations. (N = 4-7 islet preparations per genotype); *P < 0.05, **P < 0.005.
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Figure 4.3. Glucose synchronizes WT and TALK-1 KO 8-cell Ca*" with f-cells. (A) Recording of intracellular Ca*
from a WT islet expressing GCaMP6 in 5-cells and loaded with the red Ca?* dye Cal590. Correlation of average 5-cell
signal and B-cells is presented in (B) (representative of recordings obtained from N = 3 mice). (C) Recording of
intracellular Ca** from a TALK-1 KO islet expressing GCaMP6 in §-cells and loaded with the red Ca** dye Cal590.
Correlation of average d-cell signal and B-cells is presented in (D) (representative of recordings obtained from N =3
mice). (E). Average d-cell Ca*" oscillation frequency in WT and TALK-1 KO &-cells measured under the indicated
conditions (N = 3 mice per genotype). (F) Average maximum GCaMP6 fluorescence amplitude in WT and TALK-1
KO 0-cells measured under the indicated conditions (N = 3 mice per genotype). (F) Comparison of percent of 5-cells
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glucose, nearly all 8-cells responded with increased Ca*" influx that strongly correlated with p-
cell Ca®" oscillations (Figure 4.3B,D). In TALK-1 KO islets, islet Ca*" oscillation frequency is
significantly accelerated (202), and this phenotype was also observed in d-cells in TALK-1 KO
islets (Figure 4.3E). Like the single d-cells from dispersed islet-cell preparations, intact islet
TALK-1 KO &-cells once again showed larger amplitude Ca®" oscillations compared to WT
under low and high glucose conditions (Figure 4.3F). In both WT and TALK-1 KO &-cells,
glucose increased the amplitude of Ca*" oscillations, which is in agreement with the prediction
that glucose metabolism enhances &-cell CICR (86). The height of the Ca®" oscillations in
elevated glucose could be brought back to the amplitude observed in low glucose by depleting
ER Ca*" with the SERCA inhibitor CPA (Figure 4.3F). Interestingly, addition of CPA also
disrupted the glucose-induced synchronization of B- and &-cells, suggesting that ER Ca*’
handling participates in this relationship. Together, these observations indicate that -cell TALK-
1 channels regulate 3-cell Ca*" influx, and demonstrate that there is significant crosstalk between

B-cells and 8-cells under glucose conditions which stimulate B-cell Ca®” influx.

TALK-1 KO d-cells are modestly depolarized

As TALK-1 produces detectable K currents at the plasma membrane in 3-cells, we next
investigated electrical activity in TALK-1 KO 98-cells. In both WT and TALK-1 KO 8&-cells, we
found that the V,,, was largely insensitive to changes in extracellular glucose (Figure 4.4A-E),
with continued action potential firing in low (1 mM) glucose. Similarly, we found no significant
difference in the plateau fraction (the ratio of time spent in electrically excitable periods divided
by the total time examined) comparing either the effects of glucose or genotype (Figure 4.4C).

TALK-1 KO §-cells were slightly depolarized in high glucose during electrically silent periods
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Figure 4.4. Electrical activity and VDCC currents in WT and TALK-1 KO é-cells. (A) V;, recording from a WT
d-cell treated with indicated glucose concentrations (representative of recordings obtained from N = 12 cells/4 mice
per genotype). (B) V,, recording from a TALK-1 KO 3-cell treated with indicated glucose concentrations (representa-
tive of recordings obtained from N = 12 cells/4 mice per genotype). (C) Quantification of plateau fraction in WT and
TALK-1 KO o-cells (N = 12 cells/4 mice per genotype). (D,E) Average V,, in WT and TALK-1 d-cells at 1 and 11 mM
glucose. (N = 12 cells/4 mice per genotype). (F) VDCC currents recorded from WT (representative of N =9 cells/3
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ties are quantified in (G); *P < 0.05.
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(Figure 4.4D), but we detected no difference in the plateau V,, from which action potentials fire
(Figure 4.4E). There were no appreciable differences in the pattern or frequency of action
potentials in TALK-1 KO &-cells when compared to WT &-cells; however, action potential
upstroke and afterhyperpolarization (AHP) had larger amplitudes in KO 6-cells (Table 4.1). We
also measured VDCC currents to assess whether changes in Ca>* channel function could account
for the greater Ca®" influx in TALK-1 KO &-cells. However, we found no difference in VDCC
currents (Figure 4.4F,G), indicating that alterations in VDCCs per se are unlikely a major source

of increased Ca®" influx in TALK-1 KO &-cells.

Parameter WT (N=12) TALK-1 KO (N=12) P value
Peak amplitude (mV) 40.8+1.3 51.0+2.7 0.002
AHP amplitude (mV) -53+0.7 -6.9+04 0.05
Event frequency (Hz) 1.5+£0.2 1.7£0.2 0.36

Table 4.1. Action potential characteristics in WT and TALK-1 KO §-cells. Action potential parameters were
determined over a period of 60 seconds in the second oscillation of electrical activity in -cells treated with 11 mM
glucose using the “Threshold search” event detection function in Clampfit 10 (p)CLAMP 10; Molecular Devices).

CICR is enhanced in TALK-1 KO d-cells

One of the mechanisms proposed to underlie the glucose-induced increase in
somatostatin secretion is enhanced CICR (86). As TALK-1 channels modulate ER Ca®" content,
we examined whether enhanced Ca®" influx in TALK-1 KO &-cells was a consequence of

increased CICR. First, we determined whether ER Ca”" stores are increased in 8-cells lacking
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TALK-1 channels by measuring CPA-induced ER Ca®" release. We found a significant 25.7 +
8% increase in TALK-1 KO &-cell ER Ca*" stores (Figure 4.5A,B). To examine d-cell Ca*"
handling independent of glucose-induced changes in the Vy,, we treated single WT and TALK-1
KO &-cells with a solution containing 11 mM glucose to energize SERCAs and the Ksrp channel
activator diazoxide to suppress electrical excitability. Under these conditions spontaneous Ca®"
oscillations were mostly abolished, but a 40-second depolarization with high (45 mM) K"
elicited a rapid increase in cytosolic Ca®" (Ca*".) which slowly returned to basal levels upon
removal of the depolarizing K stimulus (Figure 4.6A,B). To uncover the contribution of the ER
to Ca”", influx under these conditions, we repeated this experiment in 8-cells pre-treated with the
SERCA inhibitor thapsigargin (Figure 4.6A,B). Subtraction of the Ca*" signal obtained from
thapsigargin-treated cells from the Ca®" signal of vehicle-treated cells revealed that
depolarization induces a transient uptake of Ca>* by the ER followed by ER Ca”" release (Figure
4.6C), similar to observations in p-cells (274). In 8-cells, ER Ca”" release preceded the end of the
high K" pulse and was substantially greater in TALK-1 KO versus WT &-cells (Figure 4.6C). To
determine whether increased ER Ca®" release in TALK-1 KO &-cells is a consequence of
enhanced CICR, we next used fast imaging to measure Ca”’, changes in patch-clamped 8-cells.
Short (25-250 ms) step depolarizations (-80 mV to 0 mV) induced prompt increases in Ca®’
which returned to basal levels upon stepping back to the pre-pulse potential (Figure 4.6D). The
depolarization-induced increases in Ca*", were significantly greater in TALK-1 KO §-cells, a
difference which could be eliminated by depleting ER Ca*" with CPA (Figure 4.6E). As these
data indicated enhanced CICR contributes to augmented Ca*" influx in TALK-1 KO §-cells, we
assessed whether depleting ER Ca*” with CPA would make glucose-stimulated Ca*” influx in KO

§-cells comparable with WT (Figure 4.6F). Indeed, whereas Ca”", levels were significantly
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Figure 4.5. ER Ca* stores are greater in TALK-1 KO d-cells. (A) Average CPA-induced ER Ca* release in WT
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Figure 4.6. Ca**-induced Ca** release is increased in TALK-1 KO §-cells. (A, B) Average cytosolic Ca?* influx in WT
and TALK-1 KO &-cells, treated with vehicle or with 5 uM thapsigargin (Tg), in response to depolarization with 45 mM
K. Subtraction of the signal obtained from Tg treated cells from vehicle treated cells reveals the contribution of the ER
to the cytosolic Ca®*signal (C) (N = 3 mice per genotype). (D) Representative cytosolic Ca** influx in WT and TALK-1
KO d-cells subjected to short depolarizing pulses. The fold increase in 3-cell Ca* in response to increasingly long depo-
larizations in the presence or absence of CPA (25 uM) is quantified in (E) (N =9 cells (WT); 7 cells (TALK-1 KO); 3
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higher in TALK-1 KO §-cells in 11 mM glucose (Figure 4.6F [see also Figures 4.2B & 4.3F)),
CPA treatment resulted in comparable Ca*", levels in WT and TALK-1 KO &-cells. Interestingly,
although ER Ca®" depletion with SERCA inhibitors suppresses glucose-stimulated somatostatin
release (77, 86) and Ca”", oscillation amplitude (Fig 4.3F), CPA treatment paradoxically elevates
bulk 8-cell Ca*", levels (Figure 4.6F). The CPA-induced elevation in average 8-cell Ca’, is
probably due to V), depolarization caused by activation of store-operated currents (SOCs).
Indeed, in the presence of Vy-hyperpolarizing diazoxide, basal Ca®’, in thapsigargin-treated -
cells was not elevated (Figure 4.6A,B). These observations suggest that SOCs regulate d-cell
Ca”" influx by modulating the ¥, and VDCCs and that somatostatin secretion is very sensitive to

ER Ca’' release.

Glucagon secretion is reduced from TALK-1 KO islets

The acute sensitivity of a-cells to somatostatin under low glucose conditions is
highlighted by the several-fold increase in glucagon secretion when somatostatin signaling is
blocked (82, 242). Thus somatostatin exerts an inhibitory tone on a-cells in low glucose, and
increased basal somatostatin secretion leads to reduced glucagon secretion (242). In TALK-1 KO
islets, we find that glucagon release is significantly impaired under low glucose conditions
(Figure 4.7A-C). Importantly, TALK-1 protein is not expressed in mouse or human a-cells (202),
suggesting that the reduced glucagon secretion from TALK-1 KO islets is not due to an innate
role of TALK-1 in a-cells. To further verify the absence of TALK-1 channels in a-cells, we
recorded o-cell K2P currents, but we did not detect a difference between WT and TALK-1 KO
a-cells (Figure 4.7D). Immunofluorescent analysis of human pancreas sections using two
different TALK-1 antibodies also failed to demonstrate TALK-1 in a-cells (Figure 4.7E), and

expression of the TALK-1 DN mutant in human a-cells (confirmed by post-staining) had no
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Figure 4.7. Reduced glucagon secretion from TALK-1 KO islets. (A) Isolated islets from WT and TALK-1 KO
mice were perifused with the indicated glucose concentrations (N = 4 mice per genotype). (B) Glucagon AUC for the
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a-cells (N = 3 mice per genotype). (E) Human pancreas sections stained for TALK-1 using two different antibodies
and glucagon. (F) K2P current density in human a-cells expressing either TALK-1 DN mutant or mCherry control.

Cells were post-stained for glucagon; only glucagon-positive cells were analyzed (N = 10 a-cells per condition/five
donors); *P < 0.05; **P < 0.005.
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effect on K2P currents (Figure 4.7F). Insulin is also a paracrine inhibitor of glucagon secretion
(83), but in TALK-1 KO islets, insulin secretion is not different from WT in 1 mM glucose
(202). Together, these observations suggest that the reduced glucagon secretion observed in
TALK-1 KO islets is a consequence of increased somatostatin secretion.

Somatostatin receptor signaling inhibits a-cell function through multiple mechanisms,
including reduction of cellular cAMP levels (83), suppression of glucagon granule exocytosis
(249), and activation of V;, hyperpolarizing K currents (74, 81, 250). As Vi, hyperpolarization
limits a-cell Ca®"; influx and glucagon secretion (257), we hypothesized that increased basal
somatostatin release in TALK-1 KO islets would impact a-cell Ca®>". dynamics. We tested this
possibility by measuring a-cell Ca*", oscillations in WT and TALK-1 KO islets, using mice
which express the genetically encoded Ca®" indicator GCaMP3 specifically in o-cells (/33). In
agreement with findings that somatostatin suppresses a-cell electrical activity and Ca®’, influx
(42, 74), we observed a significant reduction in the number of a-cells exhibiting spontaneous
Ca”", oscillations in low (1 mM) glucose conditions (Figure 4.8 A,B,E). However, disrupting
intraislet somatostatin paracrine signaling by dispersing islets into single cells normalized the
oscillation frequency of WT and TALK-1 KO a-cells (Figure 4.8 C,D,E). Similarly, we find a
tendency towards reduced Ca®” influx in intact islet TALK-1 KO a-cells, a difference which is
not found in single TALK-1 KO a-cells (Figure 4.8F). Single a-cells are still capable of
responding to somatostatin, as addition of 10 nM somatostatin caused a transient suppression of
Ca®" influx (Figure 4.8 C,D), in accordance with its effects on a-cell electrical activity (74). To
ascertain the relationship between somatostatin signaling and TALK-1 KO a-cell function, we
measured glucagon secretion from WT and TALK-1 KO islets in the presence of the SSTR2

antagonist CYN-154806. Blockade of SSTR2, which is the dominant a-cell SSTR (42, 252),
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Figure 4.8. TALK-1 KO a-cells exhibit altered Ca?* dynamics only in intact islets. (A) Recordings of intracellular
Ca’ responses in WT a-cells, in islets expressing the genetically encoded Ca?>" indicator GCaMP3 specifically in
a-cells (representative of islet a-cells from N = 3 mice). (B) Recordings of intracellular Ca>* responses in TALK-1 KO
a-cells, in islets expressing the genetically encoded Ca?" indicator GCaMP3 specifically in a-cells (representative of
islet a-cells from N = 3 mice). (C) Recordings of intracellular Ca®* responses in single WT a-cells expressing the
genetically encoded Ca*" indicator GCaMP3 (representative of a-cells from N =3 mice). (D) Recordings of intracellu-
lar Ca?* responses in single TALK-1 KO a-cells expressing the genetically encoded Ca?* indicator GCaMP3 (represen-
tative of a-cells from N = 3 mice). (E,F) Comparison of percent oscillating a-cells and Ca** AUC determined from WT
and TALK-1 KO a-cells under the indicated conditions (V= 3 mice per genotype). (G) Islets were incubated for one
hour with the indicated treatments (SSTR2 antagonist: 500 nM CYN154806); N = 10 mice per genotype (glucose
only); 3 mice per genotype (+ CYN154806); *P < 0.05.
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potently increased glucagon secretion under both low and high glucose conditions and abrogated
the reduced glucagon secretion of TALK-1 KO islets (Figure 4.8G). Together, these findings
indicate that TALK-1 modulation of 8-cell somatostatin secretion impacts o-cell Ca®" influx and

glucagon secretion.

Discussion

Here we assessed the functional roles of d-cell TALK-1 channels and determined how
TALK-1 modulation of 5-cell somatostatin secretion impacts paracrine regulation of a-cells. The
data indicate that TALK-1 channel activity controls &-cell cytosolic Ca*" levels by limiting
CICR, thus reducing somatostatin secretion and increasing glucagon release. Our observations
highlight the importance of CICR during glucose-stimulated somatostatin secretion and reveal
TALK-1 as a key regulator of 3-cell ER Ca”' release. Therefore, these findings uncover a glucose
regulated feedback circuit involving TALK-1 countercurrent modulation of ER Ca®" stores,
setting the threshold for ER Ca®" release.

Ca” influx through VDCCs is required for somatostatin secretion, as removal of
extracellular Ca2+, activation of Katp with diazoxide, and blockade of VDCCs all inhibit
somatostatin secretion (10, 86, 244, 253). However, 8-cell ER Ca®’ release is essential for
glucose-mediated increases in somatostatin secretion, as highlighted by the fact that depletion of
ER Ca®" with SERCA inhibitors reduces somatostatin secretion (77, 86, 253). Our results also
indicate that CICR contributes substantially to the 8-cell Ca*", signal. As we and others observe
§-cell Ca®” influx under low glucose conditions (85, 88), CICR may provide a glucose sensitive
mechanism to amplify 8-cell Ca®’, levels and somatostatin secretion (86). Our finding that

average d-cell Ca’"; levels were increased by SERCA blockade was thus unexpected, as an

127



increase in bulk Ca’". would be predicted to increase somatostatin secretion, whereas SERCA
inhibition reduces somatostatin secretion. However, SERCA blockade also caused a significant
reduction in the Ca®’. oscillation amplitude (presumably due to loss of ER Ca®' release),
suggesting that ER Ca®" release is largely responsible for the glucose-dependent increase in &-
cell Ca*, oscillations, and that Ca’", oscillations are important somatostatin secretion. Increased
§-cell bulk Ca’, levels in the presence of CPA could be due to activation of depolarizing SOCs
and Ca’" entry, as well as cytosolic Ca®" accumulation caused by reduced ER Ca*" uptake. These
data indicate a critical role for CICR on 8-cell Ca*". oscillations which are predicted to play an
important role in somatostatin exocytosis. Future studies will determine the relationship between
-cell ER Ca*" levels, Ca*’,, and somatostatin secretion.

Glucose elicits a strong amplifying effect on 8-cell Ca*" influx and somatostatin secretion
which does not appear to rely on dramatic changes in d-cell electrical excitability. We find that
TALK-1 channels participate in the regulation of the -cell Ca*" amplifying mechanism, CICR.
While o6-cell VDCC opening is required for triggering of CICR, glucose metabolism likely
enhances CICR by energizing SERCAs and filling 3-cell ER Ca*" stores. TALK-1 modulates 3-
cell CICR and somatostatin secretion by controlling the size of the releasable ER Ca®" stores,
which is strongly correlated with CICR (229, 230, 245). ER-localized TALK-1 channels mediate
a K countercurrent which enhances ER Ca®" leak (as discussed in Chapter III), and the absence
of the TALK-1 countercurrent results in less ER Ca*" leak and greater ER Ca®" stores. Elevated
ER Ca”" levels sensitize the 8-cell CICR mechanism, as reflected by the larger amplitude Ca®",
oscillations in TALK-1 KO &-cells which are abolished by ER Ca®" depletion. This is
mechanistically similar to ER countercurrent regulation of ER Ca®" stores in smooth muscle

cells, where loss of ER K countercurrents mediated by TRIC-A channels results in augmented

128



ER Ca’" stores and enhanced ER Ca’" release (193, 254). Our finding that TALK-1 channels
modulate 8-cell ER Ca®" stores represents the first description of K2P channel regulation of
CICR, and underscores the importance of ER Ca®" handling in controlling 5-cell function.
TALK-1 channels also participate in the regulation of B-cell ER Ca®" handling, which
exhibits fundamental differences from &-cell ER Ca** handling. For example, although CICR
occurs in B-cells (204), it is not essential for GSIS. In B-cells, TALK-1 regulation of ER Ca*"
handling appears to have a much more significant impact on electrical activity, as p-cell ER Ca**
release activates Vp-hyperpolarizing K™ currents (see Chapter IIT). While the role of §-cell
TALK-1 channels in controlling CICR-dependent modulation of the V}, is unknown, we did not
detect large defects in TALK-1 KO 9d-cell electrical activity. However, it is important to note that
our Vp, recordings of TALK-1 KO 6-cells were performed in clusters of islet cells, whereas our
B-cell V, recordings (see Chapter II, (202)) were performed in intact islets. Under these
conditions, important paracrine interactions between -, d-, and a-cells which affect d-cell ER
Ca”" handling may be perturbed. This concept is in agreement with our observation that TALK-1
KO 8-cells exhibit significantly faster Ca®", oscillations only under high glucose conditions when
B-cells are active. Although the consequences of TALK-1 modulation of ER Ca*” homeostasis
differs between - and o-cells, it is increasingly clear that intraislet signaling between B- and 6-
cells serves an important function in synchronizing hormone secretion. For example, the peptide
hormone urocortin3 (Ucn3) is co-released with insulin to stimulate 6-cell function, suggesting a
possible mechanism whereby B-cell secretion results in activation of 6-cell Ucn3 receptors (type
2 corticotropin releasing hormone receptor, Crhr2) (244). The effects of Ucn3 on §-cell Ca®’,
influx have not been determined, but activation of Crhr2 stimulates IP3R-dependent ER Ca**

release in heterologous expression systems as well as neurons (255, 256). This suggests the
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possibility that B- to 8-cell signaling incorporates 8-cell ER Ca”" release, which is controlled by
TALK-1 channel activity. Future studies are needed to better understand how TALK-1 control of
ER Ca®" is influenced by intraislet signaling.

This study highlights the substantial cross-talk between - and d-cells in elevated glucose
conditions. We detected an increased frequency of 8-cell Ca*', oscillations in TALK-1 KO islets,
identical to the phenotype of TALK-1 KO B-cells. Thus, the accelerated frequency of TALK-1
KO &-cell Ca*', oscillations is likely due to increased p-cell electrical and Ca’". oscillations
(202), as there was no difference between WT and TALK-1 KO &-cell Ca*’. oscillation
frequency in low glucose. The functional coupling of B- and &-cells is demonstrated by
observations of simultaneous oscillations of insulin and somatostatin release from perfused
pancreas (257) as well as synchronized B- and &-cell Ca®’. oscillations within islets (85).
However, the underlying molecular mechanisms have not been completely determined. Islet cell
ER Ca®" participates in this coupling, as we found that depletion of ER Ca®>" via SERCA
inhibition disrupted the coordination of B- and d-cell Caz+c oscillations. This observation also
suggests that ER Ca®" release controls B- to &-cell synchrony, and TALK-1 channels may
modulate the efficacy of coupling by regulating ER Ca®" release kinetics. While paracrine
signaling plays a role in - to 6-cell coupling, gap junctions have also been observed between [3-
and o-cells (258, 259), suggesting that they are electrically coupled. Electrical coupling between
B- and 8-cells would enable coordinated electrical activity and Ca®", influx. However, f- to 8-cell
electrical coupling would likely be present only under elevated glucose conditions, as the
majority of 3-cells exhibit spontaneous Ca®"; oscillations under low glucose conditions when pB-

cells are quiescent. Although ER Ca®" release in B- and &-cells is highly glucose dependent and
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influenced by TALK-1, a mechanistic link between glucose-stimulated CICR and - to d-cell
electrical coupling remains to be explored.

Importantly, as we find that TALK-1 control of - and 4-cell activity stimulates insulin
and somatostatin secretion while inhibiting glucagon secretion, inhibition of TALK-1 activity
could be beneficial in patients with T2DM. Indeed, TALK-1 KO mice fed a high-fat diet exhibit
reduced fasting glycemia (202). The findings described here suggest that lower fasting glycemia
in TALK-1 KO mice may arise due to elevated somatostatin secretion and reduced glucagon
secretion, in addition to increased insulin secretion. These observations also indicate that defects
that lead to increases in TALK-1 channel activity may contribute to fasting hyperglycemia under
metabolically stressful conditions. In agreement with this hypothesis, a gain-of-function
polymorphism in TALK-1 (rs1535500, encoding TALK-1 A277E) is associated with an
increased risk for T2DM (27-29). One predicted consequence of this polymorphism would be a
potentiation of the ER K countercurrent and an increase in ER Ca”*" leak, reducing ER Ca®"
levels. In o-cells, increased TALK-1 channel activity would diminish CICR and reduce
somatostatin secretion. In turn, decreased somatostatin secretion would be expected to increase
glucagon secretion and contribute to hyperglycemia. In addition, rs1535500-induced defects in
B-cell function may also impair intraislet B-cell to o6-cell crosstalk. Indeed, rs1535500 is
associated with decreased GSIS in patients with T2DM, presumably due to TALK-1 mediated -
cell Vi, hyperpolarization (30, 260). Thus, reduced B-cell function due to rs1535500 may also
impair paracrine stimulation of o6-cells, further contributing to hyperglycemia by allowing
inappropriately elevated glucagon secretion and disrupting the insulin-to-glucagon ratio

proposed to modulate hepatic glucose output (267). Further studies are needed to understand
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TALK-1 regulation of intraislet feedback mechanisms and how they contribute to glucose
control in health and disease.

In conclusion, this study reveals that TALK-1 channels serve a key role in shaping d-cell
Ca’’; and controlling somatostatin secretion by modulating -cell ER Ca”" release. We find that
TALK-1 channel activity regulates 8-cell CICR, limiting Ca®" influx and somatostatin secretion.
Our data also suggest that defects which lead to increases in TALK-1 channel activity (such as
those induced by rs1535500) may participate in the pathogenesis of T2DM by negatively
impacting 6-cell function, contributing to elevated glucagon release. These observations improve
our understanding of the molecular mechanisms controlling d-cell stimulus-secretion coupling
and highlight the potential clinical utility of TALK-1 channels as a therapeutic target to reduce

elevated glucagon secretion in patients with T2DM.

Research Design and Methods

Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless specified otherwise.

Biological materials and study approval

The mice used in this study were 10-12 week-old males on a C57B16/J background. Mice
were housed in a 12-hour light/dark cycle with access to standard chow (Lab Diets, SLOD) ad
libitum. Mouse islets were isolated by digesting the pancreas with collagenase P (Roche) and
performing density gradient centrifugation as previously described (/76). We obtained human
islets from adult non-diabetic donors from multiple isolation centers organized by the Integrated

Islet Distribution Program. Islets were cultured in RPMI 1640 (Gibco) containing 15% fetal
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bovine serum (FBS), 100 TU'ml™" penicillin, and 100 mg:ml™' streptomycin, in an incubator
maintained at 37 °C, 5% CO,. Islets and cells were seeded to poly-D-lysine-coated 35 mm glass-
bottom dishes (CellVis). In experiments using single islet cells, islets were triturated in 0.0075%
trypsin-EDTA prior to plating. Dispersed cells were cultured for approximately 6 hours in 100
pL of medium prior to being refed with 2 mL of fresh medium. In human J-cell experiments,
cells were transfected with TALK-1 DN- or mCherry-expressing plasmids and identified by
post-staining for somatostatin as previously described, (202). Cells were cultured for 24-48 hours
prior to experimentation. All mouse procedures performed in this study were done in compliance
with protocols reviewed and approved by the Vanderbilt University Institutional Animal Care

and Use Committee, according to guidelines set forth by the NIH.

Immunofluorescence

Paraffin-embedded mouse and human pancreas sections were processed and stained as
previously described (human donor information is provided in Table 4.2) (202). Sections were
stained using primary antibodies against somatostatin (Santa Cruz Biotechnology sc-7819:
1:250), TALK-1 (Novus Biologicals #NBP1-83071; 1:175) or TALK-la (Antibody Verify
AAS72353C; 1:250) and glucagon (Proteintech #15954-1-AP: 1:500); secondary antibodies used
were Alexa Fluor 488-conjugated donkey anti-rabbit (Jackson Immunoresearch #711-546-152;

1:300) and DyLight 650-conjugated donkey anti-goat (Thermo Fisher #SA5-10089; 1:250).

Donor 1 2 3

Sex F M M
Age (years) 79 31 58
Ethnicity W B W
Type 2 Diabetes No No No

Table 4.2. Human pancreas donor characteristics
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Calcium imaging

Single RFP d-cells were loaded with 1.75 uM Fura-2 AM (Molecular Probes) in culture
medium for 25 minutes in a 37 °C incubator, 5% CO,; intact islets with GCaMP6-expressing o-
cells were loaded with Cal590-AM (AAT Bioquest) for 60 minutes in a 37 °C incubator, 5%
CO,. Before each experiment, cells were incubated for 20 minutes in RPMI 1640 supplemented
with 1 or 11 mM glucose in a 37 °C incubator, 5% CO,. Immediately prior to imaging, cells
were washed in Krebs-Ringer imaging buffer (KRB) containing (in mM): 119 NaCl, 2.5 CaCl,,
4.7 KCl, 25 HEPES, 1.2 MgS0Oy, 1.2 KH,PO4, pH 7.35 with NaOH, and glucose was added to
the desired concentration. During the experiment cells were continuously perfused with KRB
solutions at 35-36 °C. Images were obtained every 5 seconds using a Nikon Eclipse TE2000-U
microscope equipped with an epifluorescence illuminator (Sutter), CCD camera (HQ2;
Photometrics, Inc.), and Nikon Elements software (52). Imaging of GCaMP3-a-cells in intact
islets was performed as previously described (262). Images of islets with GCaMP6-5-cells
loaded with Cal590-AM were acquired every 3 seconds using a Nikon Ti-E microscope
equipped with a Plan Apo Lambda 20x/0.75 NA lens, Yokogawa CSU-X1 spinning disk head,
and Andor DU-897 electron-multiplying CCD. GCaMP6 was excited at 488 nm and Cal590 was
excited at 561 nm, with emissions collected using 525 nm and 605 nm bandpass filters.

For analysis of 8-cell ER Ca®" uptake and release, Fura-2 loaded cells were incubated for
10 minutes in KRB supplemented with 11 mM glucose, 125 uM diazoxide (Enzo) and 1.25 uM
thapsigargin (Alomone Labs) or DMSO vehicle control. During each experiment, cells were
perfused with this buffer and stimulated with high-[K'] KRB containing (in mM): 74 NaCl, 43.8

KCl, 2.5 CaCl,, 25 HEPES, 1.2 MgS0y4, 1.2 KH,PO4, and 11 glucose (pH 7.35 with NaOH). For
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analysis of ER Ca®" stores, Fura-2-loaded cells were stimulated with 50 pM cyclopiazonic acid
(CPA; Alomone Labs) in KRB supplemented with 125 pM diazoxide.

For high-speed imaging of 8-cell Ca®" influx, cells were loaded with 5 uM Cal520-AM
(AAT Bioquest) for 25 minutes, followed by washing with KRB (11 mM glucose). Single RFP
d-cells were then patched according to the perforated patch clamp protocol described below on a
Nikon Eclipse TE2000-U microscope equipped with an X-Cite 120Q widefield fluorescence
light source (Excelitas Technologies) and a D-104 microscope photometer (Photon Technologies
Inc.). Upon obtaining a low-leak, G seal, the fluorescence light source was activated, and d-cell
Cal520 fluorescence was measured during 80 mV step depolarizations. The photometer signal
was digitized and sampled at 10 kHz. Data were analyzed using Clampfit 10, Nikon Elements,

ImageJ, MATLAB, and Microsoft Excel software.

Patch clamp electrophysiology

An Axopatch 200B amplifier (Molecular Devices) was used to measure whole-cell K
channel currents in the voltage-clamp mode; currents were digitized using a Digidata 1440,
lowpass filtered at 1 kHz and sampled at 10 kHz. During recording, samples were perfused with
KRB without CaCl, and supplemented with (in mM): 0.2 tolbutamide (MP Biomedicals), 10
tetraecthylammonium chloride hydrate (TEA, Thermo Fisher Scientific), I EGTA, pH 7.35 with
NaOH, and 11 mM glucose. Patch electrodes were pulled to a resistance of 3-4 MQ when filled
with an intracellular solution containing (in mM): 140 KCl, 1 MgCl,, 10 EGTA, 10 HEPES, and
3 Mg-ATP, pH 7.22 with KOH. For V7, recordings, pipettes were filled with an intracellular
solution containing (in mM) 28.4 K,SO4, 63.7 KCI, 11.8 NaCl, 1 MgCl,, 20.8 HEPES, 0.5
EGTA (pH 7.22 with KOH) and ~0.05 mg'ml~' amphotericin B. 8-cells were continuously

perfused with KRB solutions at 35-36 °C. VDCC currents were recorded from dispersed mouse
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d-cells as previously described (263). Patch electrodes were pulled to a resistance of 3-4 MQ
when filled with an intracellular solution containing (in mM): 120 CsCl, 10 TEA, 1 MgCl,, 3
EGTA, 10 HEPES, 3 MgATP, pH 7.22 with CsOH. Cells were patched in KRB solution
supplemented with 11 mM glucose; upon obtaining the whole-cell configuration with a seal
resistance > 1 GQ, the bath solution was exchanged for a buffer containing (in mM): 82 N-
methyl-D-glucamine, 20 TEA, 30 CaCl,, 1 MgCl,, 5 CsCl, 10 HEPES, 11 glucose, 0.2
tolbutamide, pH 7.35 with HCI, osmolarity adjusted with sucrose. d-cells were perfused for three
minutes with this solution prior to initiating the VDCC recording protocol. Voltage steps of 10
mV were applied from a holding potential of -80 mV; linear leak currents were subtracted online
using a P/4 protocol. Data were analyzed using Clampfit software (Molecular Devices) and

Microsoft Excel.

Hormone secretion

For all experiments, islets were allowed to recover for 24 hours following isolation in
RPMI 1640 supplemented with 15% FBS and 11 mM glucose. Glucagon secretion was then
determined by radioimmunoassay from perifused islets stimulated with 1 and 11 mM glucose
(202). Glucagon and somatostatin secretion measurements from static incubations were
performed as previously described (262). Somatostatin was measured from using a fluorescent

EIA kit according to the manufacturer’s instructions (Phoenix Pharmaceuticals #FEK-060-03)

Statistical analysis

The data is shown as recordings that are averaged or representative of results obtained

from at least three independent cultures and three biological replicates per genotype. The values
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presented are the mean = SEM. Statistical differences between means were assessed using two-

tailed unpaired Student’s #-test. A P<0.05 was considered as significant.
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CHAPTER V

SUMMARY AND FUTURE DIRECTIONS

Significance

It is increasingly clear that defects in B-cell function are central to the pathogenesis of
T2DM. While the specific causes of B-cell dysfunction are largely determined by genetics (/02),
interventions which target fundamental B-cell signaling pathways are highly effective treatments
for diabetes. Indeed, inhibition of B-cell Karp channels and activation of B-cell GLP-1 receptors
are two therapeutic strategies which enhance insulin secretion and reduce diabetic
hyperglycemia. However, there is still great need for therapies which address other pathogenic
islet defects in diabetes, including B-cell endoplasmic reticulum stress and improper regulation of
a-cell glucagon secretion. The observations described herein suggest the exciting possibility that
TALK-1 channels could be therapeutically targeted to ameliorate these islet defects in T2DM.

Prior to the studies described here, it was known that a polymorphism in the KCNKI6
gene (rs1535500, encoding TALK-1 A277E) 1 T2DM (27). It was also known that TALK-1 is
abundantly expressed in the islet (/7, 18, 20, 29, 143), suggesting that the rs1535500
polymorphism could contribute to T2DM risk by altering islet function. However, the biological
function of TALK-1 channels was completely unknown. Thus, our studies sought to define the
physiological roles of TALK-1 and determine the effects of the T2DM-associated SNP on
TALK-1 channel activity to better understand how TALK-1 channels contributed to diabetes

susceptibility.
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This dissertation presents the first insights into the physiological functions of islet TALK-
1 channels. In generating the results described here, I was led to following broad conclusions
regarding the functional roles of islet TALK-1 channels:
1. TALK-1 channel activity hastens the development of fasting hyperglycemia and
islet ER stress under diabetic conditions;
2. TALK-1-mediated K currents at the plasma membrane polarize the V;, and limit
VDCC activity;
3. TALK-1-mediated K* countercurrents control ER Ca*" release; and
4. TALK-1 modulation of 8-cell ER Ca*" handling is a novel determinant of islet
paracrine signaling.
A schematic illustrating the identified roles of islet TALK-1 channels is presented in
Figure 5.1. What follows is a summary of the findings described herein, as well as outstanding

questions regarding the biological functions and regulation of TALK-1 channels.

How does inhibition of TALK-1 channel activity protect from fasting hyperglycemia and

obesity?

In Chapter II, T used patch clamp electrophysiology, Ca*" imaging, hormone secretion
assays, and glucose tolerance tests to examine how loss of TALK-1 channel activity impacts -
cell function. We found that TALK-1 forms functional K* channels in B-cells, where it limits
Ca’’. influx and insulin secretion. Moreover, we discovered that TALK-1 A277E channels

encoded by rs1535500 produced increased K" currents, indicating a gain-of function which
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Figure 5.1. Functions of islet K2P channels. TALK-1 channels are expressed in- 3- and d-cells, where they modulate
Ca’ influx and hormone secretion. In addition to being expressed in B-cells, TASK-1 channels are also present in
a-cells, where they control glucagon secretion. Plasmalemmal K2P channels hyperpolarize the V;,, while ER-localized
K2P channels modulate ER Ca?>" leak. In B-cells, TALK-1 channel activity limits insulin secretion by regulating
VDCC-dependent Ca*" influx, whereas in d-cells, TALK-1 limits somatostatin secretion by limiting CICR.
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would be predicted to hyperpolarize the B-cell V;,. These findings suggest that the increased risk
for T2DM conferred by rs1535500 could be due to diminished GSIS caused by TALK-1 channel
overactivity. Consistent with this model, a recent study determined that rs1535500 is associated
with significantly impaired GSIS in patients with T2DM (30). In contrast, the reduced fasting
glycemia observed in TALK-1 KO mice on a HFD could be due to changes in islet insulin,
somatostatin, and glucagon secretion, as discussed in Chapter IV.

Islets lacking functional TALK-1 channels secrete more insulin under basal and
stimulatory glucose conditions, an effect which is partially due to an increased frequency of
Ca®’. oscillations. Despite this increase in insulin secretion, TALK-1 KO mice surprisingly
showed no overt reduction in glycemia. As the studies presented here primarily used a mouse
model in which TALK-1 channels have been globally knocked out, there is the possibility that
compensatory changes may have concealed some functional roles for TALK-1 in adult mice. To
address this issue, the Jacobson lab recently obtained a transgenic mouse with critical exons of
Kcnkl6 flanked by loxP sites. This important model will permit specific deletion of TALK-1 in
different islet cell types to address whether B-cell TALK-1 channels participate in the modulation
of hepatic glucose handling.

The mechanism underlying the effects of TALK-1 channels on obesity could be related to
its expression in other tissues. Although TALK-1 is abundantly expressed in the pancreatic islet,
it has emerged that TALK-1 mRNA is also expressed in neuroendocrine cells of the GI tract
(115, 264). To confirm these findings, we have also examined TALK-1 expression in both
mouse and human stomach and duodenum, and find that TALK-1 is detectable in somatostatin-
positive as well as other enteroendocrine cell types (Figure 5.2). These findings suggest that

TALK-1 channels could participate in the regulation of the incretin response, although we have
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Figure 5.2. TALK-1 is expressed in gastric somatostatin cells. (A) Represntative human duodenum stained
for TALK-1 and somatostatin. (B) Represntative human stomach stained for TALK-1 and somatostatin. Note
that TALK-1 is also present in an unidentified gastric cell type. (C) WT and TALK-1 KO males were treated with
vehicle (PBS) or histamine (10 mg per gram of body weight) to induce gastric acid secretion. N = 4 mice per
genotype per condition. Mean = SEM; * P < (.05; Student’s z-test.
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not been able to detect a difference in glucose handling when TALK-1 KO mice are subjected to
an oral glucose challenge. Interestingly, along with reduced energy expenditure, we find that
TALK-1 KO mice consume significantly less food than controls, which may be related to a
gastric function of TALK-1 channels (Figure 5.3). Stomach pH is also significantly elevated in
TALK-1 KO mice (Figure 5.2), but the molecular mechanism underlying this change is unclear.
Once again, the ability to perform tissue-specific knockout of TALK-1 will likely prove

invaluable in dissecting the functional roles of GI TALK-1 channels.

The relationship between TALK-1 channel activity, Ca?’. homeostasis, and stimulus-

secretion coupling

One of the more profound phenotypes observed in TALK-1 KO islets was the
significantly accelerated frequency of oscillations in electrical activity and Ca®", influx. We had
early evidence suggesting that a defect in plasma membrane K' currents participated in the
genesis of this defect, as the rate of V;, hyperpolarization at the end of each electrical oscillation
was ~50% slower in TALK-1 KO B-cells (see Chapter II). Therefore, we hypothesized that the
current responsible for ¥y, hyperpolarization at the end of each oscillation, a Ca*"-activated K
current called Kyow, was reduced in B-cells lacking TALK-1. Indeed, we found that Ky, was
reduced by approximately 50% in TALK-1 KO B-cells (Chapter III). However, as TALK-1 per
se is insensitive to Ca®’., we did not have a plausible molecular mechanism for the observed
reduction in K. until we discovered that TALK-1 channels modulate ER Ca* handling. The
Ksiow current is very sensitive to ER Ca** release, as depleted ER Ca’" stores inhibit Koy

Therefore, as ER-localized TALK-1 channels conduct a K™ countercurrent which enhances ER
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Figure 5.3. Multiple metabolic parameters are altered in TALK-1 KO mice fed a HFD. Dark cycle averages
from metabolic cage data are shown for O, consumption, CO, consumption, respiratory quotient (VCO,/VO,),
energy expenditure, food consumption , and water intake for WT and TALK-1 KO mice placed on a HFD (60%
kcal/fat) for one week. Mean = SEM; N = 8 mice per genotype; * P <0.05; Student’s ¢-test.
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Ca’’ release, the absence of this current in TALK-1 KO B-cells inhibited ER Ca®" release and
impaired Kjow activation.

It is clear that ER Ca®" homeostasis influences plasma membrane currents such as Koy
in B-cells, but the molecular basis of this regulation is unclear. Depletion of ER Ca”" using
SERCA inhibitors prevents activation of the Ko current, suggesting that the passive ER Ca®"
leak mechanism of B-cells may serve an important role in the activation of Kyoy. However, it is
possible that gated ER Ca’" release mechanisms such as IP3 receptors also modulate Koy
activation. Studies of the effects of Ggq protein-coupled receptors on control and TALK-1 KO
islets (e.g., muscarinic acetylcholine receptor M3, M3R) indicate that this is possible. In the
presence of glucose and the sulfonylurea tolbutamide, a high concentration (100 pmol/L) of the
M3R agonist carbachol causes a robust increase in Ca*'. in both control and TALK-1 KO islets
(Figure 5.4A). However, this effect is only transient in TALK-1 KO islets, as continued
stimulation with carbachol produces a paradoxical reduction in Ca*".. To further investigate the
molecular basis of the Ca*’; decrease in TALK-1 KO islets, I performed Vi, recordings and
found that these conditions caused V;, hyperpolarization and the cessation of action potential
firing in TALK-1 KO P-cells (Figure 5.4B). As carbachol-evoked ER Ca®" release tends to be
greater in TALK-1 KO B-cells (see Figure 5.4A [inset], and Chapter III), it is possible that IP3-
dependent ER Ca’" release can activate a hyperpolarizing, Ca®"-sensitive K current (e.g., the
channels responsible for Kjow). Interestingly, a lower concentration of carbachol (10 umol/L) has

a slightly different effect, producing a robust increase in the frequency of Ca®" oscillations in
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Figure 5.4. TALK-1 KO islets show an altered sensitivity to muscarinic receptor stimulation. (A) WT and
TALK-1 KO islets were treated with glucose and tolbutamide to stimulate Ca®" influx, then treated with 100 pM
carbachol. The mean peak carbachol response is quantified in the inset (N = 27 WT islets, 20 KO islets). (B) V,

recordings from clusters of WT and TALK-1 KO B-cells, treated as in A. (C) WT and TALK-1 KO islets were treated
with glucose to stimulate Ca?* influx, then treated with 10 uM carbachol.*P < 0.05; ***P <0.001; Student’s z-test.
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both control and TALK-1 KO islets (Figure 5.4C,D). Together, these data suggest that IP3
receptor-mediated ER Ca®" release can modulate Ca®"-sensitive K" currents, tuning islet Ca®"
oscillations.

TALK-1 KO B-cells also showed increased ER Ca”" stores and reduced ER stress
after extended HFD feeding, suggesting that inhibition of TALK-1 activity could improve islet
health in T2DM. One of the mechanisms proposed to underlie the deterioration of B-cell function
in T2DM is ER dysfunction associated with defects in ER Ca®" handling, and the results
presented here support this theory. Considering the B-cell ER stress response in the context of
what we now know about TALK-1 channels, a clearer picture of the molecular adaptations made
by B-cells in order to sustain GSIS is emerging. Under metabolically stressful conditions, B-cells
adjust the activity and expression of ER proteins to maintain ER function and sustain insulin
production. In two different models of ER stress (inflammatory cytokines and lipotoxicity)
which induce the UPR in B-cells, it was found that TALK-1 expression was consistently
downregulated (143, 175). The critical importance of ER Ca*” homeostasis is highlighted by the
fact that BiP, a ubiquitous ER luminal chaperone and marker of ER stress, is induced by the UPR
to limit ER Ca®" leakage (265). Depletion of ER Ca®" is also known to upregulate expression of
SERCAs which pump Ca”*" from the cytosol into the ER (220, 221). Analogously, reduced
TALK-1 expression in B-cells is likely a compensatory mechanism to reduce ER Ca”" leak and
maintain sufficient ER Ca®" levels needed for insulin processing. Critical evaluation of this
hypothesis will require the identification and disruption of the mechanisms directly responsible
for modulating TALK-1 activity under stressful conditions. It will also be important to test if
diabetes-associated polymorphisms and mutations in TALK-1 affect islet ER Ca*" levels or

influence ER integrity under metabolically stressful conditions.
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Blockade of TALK-1 channel activity appears to protect from induction of the ER stress
response. Indeed, the downregulation of TALK-1 expression observed in B-cells exposed to
inflammatory cytokines or lipotoxic conditions supports this idea. However, the determinants of
TALK-1 channel expression, localization, and activity remain mostly unknown. Work by the
Jacobson lab recently determined that TALK-1 interacts with a number of islet proteins, one of
these being osteopontin (OPN) (/38). OPN activates TALK-1 currents, an effect which requires
the Ct of TALK-1, although the exact molecular mechanism underlying this activation as well as
the effects of OPN on ER TALK-1 channels remains to be determined. The KCNK16 gene which
encodes TALK-1 was also found to be a direct target of the diabetes-linked transcription factor
TCF7L2, and knockdown of TCF7L2 reduced KCNK16 expression (266). Clearly, more work is
needed to understand how TALK-1 expression is regulated. Moreover, the mechanism
controlling the partitioning of TALK-1 channels between the plasma membrane and ER is an
important question which remains to be answered.

Although the data presented here demonstrate that TALK-1 channels are part of the ER
Ca”" handling machinery, the identities of the channels or transporters mediating ER Ca®" leak
remain enigmatic. The Ca®" “leakiness” of the ER is revealed by the pronounced and rapid
increase in Ca®’. which occurs upon SERCA inhibition (e.g., using thapsigargin or CPA).
Because B-cell ER Ca®" and Ca®", levels are fairly constant in the absence of VDCC-dependent
Ca”" influx (62, 204), the balance between SERCA pump rate and ER Ca”" leak is an important
determinant of Ca®’.. Several mechanisms have been proposed to underlic ER Ca®" leak,
including the translocon, RyRs, and reverse flux through SERCAs. However, as CPA and
thapsigargin prevent reverse Ca”™ flux through SERCAs (267), it is unlikely that they represent a

major source of basal ER Ca”" leak. Due to the tremendous amount of protein synthesized by B-
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cells, there is a well-developed rough ER, making the translocon a significant source of ER Ca*"
leak in B-cells (226). A protein-interactome study identified a component of the translocon,
Sec62, as a TALK-1 interacting protein (/37). Though future studies are required to determine
whether this interaction truly occurs in primary tissue, a close association of TALK-1 with the
translocon may allow for reciprocal regulation of K™ countercurrent and translocon-dependent
Ca®" leak. Furthermore, as Sec62 controls insulin processing, TALK-1 may also modulate
insulin synthesis independent of its K channel function.

One of the consequences of ER Ca”" leak is the high basal activity it demands of SERCA
pumps, and it is estimated that ~15-25% of basal cellular ATP consumption is due to SERCA
activity (219, 268). Thus, in B-cells there is likely an interesting feedback between ER Ca”" leak
rates, glucose metabolism, and the threshold for GSIS. In islets lacking TALK-1 channels, there
was a tendency for reduced SERCA2b and SERCA3 expression, which may be a compensatory
mechanism to minimize ER Ca®" overloading (see Chapter III). It remains to be seen whether
TALK-1-dependent changes in SERCA expression also produce compensatory changes in
mitochondria to maintain metabolic homeostasis. Determining the relationship between ER Ca®"
levels, ER Ca*’ leak, and metabolism will improve our understanding of the mechanisms
controlling B-cell stimulus-secretion coupling in health and disease.

The physiological role of other ER Ca®"-regulating K2P channels also needs to be
determined. This dissertation finds that TASK-1 channels also modulate ER Ca®" homeostasis.
Blockade of TASK-1 channel K™ conductance with a dominant-negative mutation or small
molecule inhibition of TASK-1 channels significantly increases ER Ca”" stores, suggesting that
TASK-1 channel modulation of ER Ca®" is mechanistically similar to TALK-1. One possible

consequence of this regulation could be modulation of a-cell store-operated currents. In the
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absence of TASK-1 channel activity, a-cell ER Ca’" levels should be higher, resulting in less
activation of SOCE and reduced glucagon secretion. Indeed, a-cell specific knockout of TASK-1
results in less glucagon secretion and improved glucose tolerance (/33). However, the relative
importance of plasmalemmal versus ER-localized TASK-1 channels has been difficult to discern,
as inhibition of TASK-1 with a small molecule inhibitor increases glucagon secretion, and
pharmacological or genetic inhibition of TASK-1 causes a-cell Vy, depolarization. Future studies
aimed at defining the regulation of TASK-1 localization and activity will likely provide
important clues to answer this question. Taken together, these observations redefine our
understanding of the physiological functions of K2P channels and suggest the intriguing
possibility that K2P channels could be pharmacologically targeted to modulate f-cell ER Ca®"

homeostasis in diabetes.

Differences between B- and 8-cells in cellular Ca2* dvnamics

In addition to being highly expressed in B-cells, TALK-1 is also present in 6-cells. A
consensus model for the stimulus-secretion mechanism of 6-cells has not yet emerged, but it is
clear that d-cells show some similarities with B-cells, along with some important differences. For
example, although modulation of ER Ca*" homeostasis is a role shared by B- and 3-cell TALK-1
channels, the plasma membrane function of o-cell TALK-1 is less clear. Another difference
between B- and d-cells is the central importance of CICR for d-cell somatostatin secretion,
whereas the physiological importance of CICR in B-cells remains uncertain (269). In 6-cells,
TALK-1 channels act to limit CICR, presumably by modulating the size of the releasable ER
Ca’" pool. CICR is enhanced in TALK-1 KO §-cells, augmenting Ca>", influx and somatostatin

secretion. One of the consequences of the increased somatostatin secretion in TALK-1 KO islets
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is reduced glucagon secretion. In the course of these studies it was also confirmed that glucose
enhanced the amplitude of d-cell Ca*" oscillations, an effect which could be antagonized by
depleting ER Ca®" via SERCA inhibition. These observations support the idea that metabolism-
induced energization of SERCAs increases 8-cell ER Ca®" stores, leading to enhanced CICR and
somatostatin secretion (86). Together, these findings increase our understanding of d-cell
stimulus-secretion coupling.

While investigating ER Ca®" uptake and release in 8-cells, it was found that ER Ca®'
handling is different between B- and d-cells. Although both of these cell types show slow ER
Ca”" release following a depolarizing stimulus, the amount of Ca®" released is much greater in p-
cells (Figure 5.5). The molecular basis for this difference is not presently known, but it may be
related to the different SERCA isoforms expressed in - versus o-cells. In particular, B-cells
express high levels of SERCA3 as well as SERCA2b, whereas o- and a-cells express only the
more widely expressed SERCA2 isoforms (63, 80). The physiological importance of B-cell
SERCA3 is not completely understood, but it participates in shaping the oscillatory pattern of -
cell Ca®" influx. Interestingly, genetic deletion of SERCA3 results in a p-cell ER Ca*" uptake and
release pattern which is very similar to that of d-cells [compare (63) and Figure 5.5B]. A large,
slow ER Ca’" release following the termination of action potential firing thus appears to be a
unique feature of B-cells, and these data indicate that SERCA3 is important for this phenomenon.
In B-cells, TALK-1 activity potentiates this ER Ca*" release, which is suspected to be important
for the activation of Kyow (see Chapter III). Future studies should delineate the contributions of
different SERCA isoforms in shaping cellular Ca** signals in p-, a-, and &-cells, and the role of

different K2P channels in modulating ER Ca®" fluxes.
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Figure 5.5. 3-cell ER Ca?" handling is different from B-cells. (A) High-K* (45 mM) stimulated Ca*"
influx in B-cells treated with DMSO vehicle or thapsigargin. (B) High-K* (45 mM) stimulated Ca?" influx
in d-cells treated with DMSO vehicle or thapsigargin. (C) ER Ca* uptake and release in - and d-cells
determined by subtracting the signal obtained from thapsigargin-treated cells from vehicle. Note that ER
Ca?" release precedes the end of the depolarizing K* pulse in 6-cells, suggesting CICR.
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As we continue to increase our understanding of the distinct molecular mechanisms
underlying stimulus-secretion coupling in each of the islet cell types, a physiological rationale
for these differences will likely emerge. Presently, it is not entirely clear why &-cells evolved to
use CICR to amplify glucose-stimulated somatostatin secretion, whereas CICR does not appear
to be as important for insulin secretion. One possible explanation is that -cells require a much
greater protein production capacity than do a-cells or 8-cells: whereas insulin acts on many target
tissues throughout the body, glucagon primarily targets the liver, and islet somatostatin appears
to be a paracrine regulator of a- and B-cells. As detailed above, B-cells require a well-developed
rough ER to sustain insulin production, which probably necessitates a unique set of pumps and
transporters to maintain B-cell ER Ca®" homeostasis. Another possible explanation for the
differences in B- and 8-cell Ca®" handling may be that §-cells must function under both low and
high glucose to modulate a- and B-cell function. Because VDCC activity is required for
somatostatin secretion, the persistent d-cell electrical excitability observed in low glucose allows
for basal somatostatin secretion which clearly modulates glucagon release. As d-cell SERCA
activity and ER Ca®" release are reduced by low glucose, excessive somatostatin secretion
(which would otherwise suppress glucagon secretion and lead to hypoglycemia) is minimized.
However, high glucose amplifies CICR and Ca®" influx, enabling 8-cells to release sufficient
amounts of somatostatin to control p-cells. CICR thus allows the 8-cells to tune Ca®" influx and
somatostatin secretion based not only upon electrical excitability, but also glucose-dependent
filling of ER Ca”" stores. Such a mechanism probably ensures that the islet’s “somatostatin tone”
is appropriate for ambient glucose levels and fits well with the hypothesis that islet somatostatin

helps prevent large swings in glycemia by controlling both - and a-cells (244).
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The role of d-cell dysfunction in diabetes pathology is unclear, as very few studies of d-
cell function in diabetes exist. In a non-human primate model of T2DM, there is a reduction in
o-cell mass, which may contribute to inappropriately elevated glucagon secretion (270).
Similarly, exposure of rodent islets to lipotoxic conditions associated with diabetes reduces
somatostatin secretion and increases glucagon secretion (2717). There is some precedent for
human o-cell dysfunction in diabetes, as polymorphisms in the transcription factor HHEX, which
controls islet d-cell differentiation, have been linked to elevated glucagon secretion and an
increased risk for T2DM (23, 109). Additionally, Ucn3, which is co-released with insulin to
stimulate d-cells, is significantly depleted in islets from T2DM donors (244). The rs1535500
polymorphism in TALK-1 also increases T2DM susceptibility, and the observations provided in
this dissertation suggest that defects in TALK-1 channel activity could increase hyperglycemia
by negatively affecting d-cell function. By using a d-cell-specific knockout of TALK-1 channels,
it should be possible to determine how TALK-1 function in d-cells contributes to the regulation

of glucose homeostasis under physiological and diabetic conditions.
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Closing remarks

This dissertation defines the role of TALK-1 channels in modulating islet cell electrical
activity, Ca’" handling, hormone secretion, and metabolic homeostasis. These findings provide
the first described molecular mechanisms for how TALK-1 contributes to T2DM risk and
indicate that TALK-1 channels may be a viable therapeutic target for the treatment of diabetes.
Overall, the results presented in this thesis illuminate the physiological functions of TALK-1,
which is expected to serve as the foundation for a continuum of research investigating the roles

and regulation of TALK-1 channels in health and disease.
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