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Abbreviations

ADP adenosine diphosphate

ATP adenosine triphosphate

[Ca2+]i intracellular calcium concentration

cAMP cyclic adenosine monophosphate

CFTR cystic fibrosis transmembrane conductance regulator
CPT-1 carnitine palmitoyl transferase 1

DHP dihydropyridine

ER endoplasmic reticulum

GABA y-aminobutyric acid

GAD glutamic acid decarboxylase

GLUT glucose transporter

GSK3 glycogen synthase kinase 3

IGT impaired glucose tolerance

IRP the immediately releasable pool

IRS insulin receptor substrate

Katp channel ATP-sensitive potassium channel

LDCVs large dense core vesicles

RP the reserve pool

RRP the readily releasable pool

SLMVs synaptic-like micro vesicles

SNARE soluble N-ethylmaleimide-sensitive fusion protein attachment receptor
SNAP-25 synaptosomal-associated protein of 25 kDa
SUR1 sulfonylurea receptor protein 1

TCA cycle tricarboxylic acid cycle

TGN the trans-Golgi network

VAMP vesicle-associated membrane protein
V-ATPase the vacuolar-type ATPase

VGCCs voltage-gated calcium channels
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Introduction

Diabetes

Diabetes mellitus is a metabolic disorder of multiple aetiology. It is characterized by chronic
hyperglycaemia with disturbances of carbohydrate, fat and protein metabolism resulting from
defects in insulin secretion, or insulin action, or both. Diabetes mellitus may present with
characteristic symptoms such as thirst, polyuria, blurring of vision, and weight loss. The
effects of diabetes mellitus include long—term damage, dysfunction and failure of various
organs, for example, renal failure, vascular disease (including coronary artery disease), vision
damage. Currently, diabetes mellitus is considered to be manifest when the plasma glucose
concentration exceeds 7.0 mM during fasting and/or 11.1 mM 2 hours after a 75 g oral
glucose challenge, according to the criteria set by the World Health Organization (WHO
2006). Typically, patients with diabetes mellitus can be divided into two main forms: Type 1
and type 2.

Type 1 diabetes mellitus is characterized by loss of the insulin-producing B-cells of the islets
of Langerhans of the pancreas leading to an absolute deficiency of insulin. The patients with
type 1 diabetes usually present disease early in life. Sensitivity to insulin is usually normal,
especially in the early stages. The most common cause of B-cell loss leading to type 1
diabetes is autoimmune destruction, accompanied by autoantibodies directed against insulin
and islet cell proteins (Atkinson and Maclaren 1994; Rother 2007). The autoantibodies
include those to insulin (Palmer, Asplin et al. 1983), glutamic acid decarboxylase (GAD)
(Baekkeskov, Aanstoot et al. 1990) and the tyrosine phosphatase [A-2 (Atkinson and
Maclaren 1993; Bonifacio, Lampasona et al. 1995). Type 1 diabetes is distinguished by
virtually no levels of circulating insulin and the patients rely on life-long daily insulin
medication for survival.

Type 2 diabetes mellitus is due to a combination of defective insulin secretion and insulin
resistance. Insulin resistance is defined as reduced responsiveness in insulin target cells (such
as muscle cells, adipocytes, liver cells) so that higher insulin concentrations are required to
achieve euglycemia with a given glucose load (Trout, Homko et al. 2007). There are
numerous theories as to the exact cause and mechanism for this resistance, but central obesity
is known to predispose individuals for insulin resistance (Eberhart, C. et al. 2004), possibly
due to its increased secretion of adipokines (e.g, TNF-a) that decrease insulin sensitivity by
inducing lipolysis and down-regulates IRS-1 and the insulin-sensitive glucose transporter
(GLUT)-4 (Fasshauer and Paschke 2003; Zhao and Chen 2007). Other factors include aging
and family history. The patients with type 2 diabetes are often older and over-weight and can
usually control their hyperglycemia with diet, exercise and oral anti-diabetic drugs. In late-
stage cases, insulin replacement therapy is normally required.

Although the precise mechanisms of type 2 diabetes are uncertain, it has been suggested that
the final common pathway responsible for the development of type 2 diabetes is the failure of
the pancreatic beta-cell to compensate for insulin resistance (Cavaghan, Ehrmann et al. 2000).
Type 2 diabetes may go unnoticed for years in a patient before diagnosis, as visible symptoms
are typically mild or non-existent. However, severe long-term complications can result from
unnoticed type 2 diabetes as mentioned above.


http://en.wikipedia.org/wiki/Beta_cell
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Regulation of blood glucose

Glucose constitutes the major energy supplier for most tissues. Normally, the blood-glucose
level (=5 mM in healthy individuals) is balanced within a very narrow range by the uptake of
glucose into the peripheral tissue and the entry of the glucose into the bloodstream. Insulin
and glucagon are the major hormones regulating the blood glucose concentration (Figure 1).

» .
Glucagon secretion ﬁ;';:ir;::mm’ ——  Liverstores glucose as glycogen
inhibited
Muscle cells store glucose as glycogen
T Adipose tissue uses glucose to form fat
Inhibits e cells Pancreatic 3 cell
in pancreas secretes insulin

Glucose utilization
High blood glucose

Glucose uptake LIW blood gluca\

I(_Jhtt‘o-“cl Release of glucose Pancreas secretes Inhibits f cells
TOm gul i
£l Iﬂ;’ll“)d glucagon in pancreas
Liver breaks down Circulating Insulin secretion
¢ ¢ R e
glycogen glucagon inhibited
to glucose -

Figure I Regulation of blood glucose concentration by insulin and glucagon.

The body’s sole glucose-lowing hormone insulin is produced and secreted by pancreatic -
cells. When levels of blood sugar rise, whether as a result of glycogen conversion or from
digestion of a meal, insulin secretion is initiated. Insulin causes the liver to convert more
glucose into glycogen by glycogenesis, and force body cells (primarily muscle and fat tissue
cells) to take up glucose from the blood, thus decreasing blood sugar levels. A defect in
insulin secretion, insulin action, or both, results initially in impaired glucose tolerance (IGT)
and causes temporary hyperglycemia. Eventually, most cases of IGT will progress toward
overt diabetes mellitus, a condition where the blood glucose level exceeds the reabsorption
threshold of the kidneys and glucose is excreted in the urine.

Binding of insulin to its receptor leads to the activation of the insulin receptor. Activation of
the insulin receptor evokes the phosphorylation of insulin receptor substrate (IRS). IRS in turn
interacts with signaling molecules, which results in the activation of a variety of signaling
pathways. Insulin promotes glucose storage as glycogen by the inactivation of glycogen
synthase kinase 3 (GSK3) which break-down the glycogen synthase. In addition to promoting
glucose storage, insulin inhibits the production and release of glucose by the liver by blocking
gluconeogenesis and glycogenolysis (Saltiel and Kahn 2001). Insulin directly controls the
activities of a set of metabolic enzymes by phosphorylation and dephosphorylation events and
also regulates the expression of genes encoding hepatic enzymes involved in gluconeogenesis
(Schmoll, Walker et al. 2000; Barthel, Schmoll et al. 2001). A key action of insulin is to
stimulate glucose uptake into cells by inducing translocation of the glucose transporter,
GLUTH4, from intracellular storage to the plasma membrane. PI 3-kinase and AKT are known
to play a role in GLUT4 translocation (Lizcano and Alessi 2002).

Glucagon, which is produced and secreted by pancreatic a-cell, opposes insulin by increasing
glucose appearance in the circulation (Kruger., Martin et al. 2006). If the blood glucose level
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falls to lower levels (as in very heavy exercise or lack of food for extended periods), the o-
cells of the pancreas release glucagon. The hormone increases the blood glucose by acting on
liver cells, which convert glycogen storage into glucose by glycogenolysis. The glucose is
released into the bloodstream, thereby increasing blood sugar levels.

Except for insulin and glucagon, there are also several other factors influencing blood sugar
levels. The 'stress' hormones such as adrenaline affect blood sugar by inhibiting insulin
secretion and stimulating glucagon secretion. The effect of cortisol on blood sugar level
appears to include both impaired insulin-dependent glucose uptake in the periphery and
enhanced gluconeogenesis in the liver (Andrews and Walker 1999). Elevated cortisol levels
can lead to central obesity which is known to predispose individuals for insulin resistance as
mentioned above.

Insulin secretion

Insulin is a small molecule, with a molecular weight of 5808 Daltons. It is composed of two
chains held together by disulfide bonds. Insulin is synthesized in significant quantities only in
B-cells in the pancreas. In the assembly of insulin, the messenger RNA transcript is translated
into the inactive precursor preproinsulin. Preproinsulin contains an amino-terminal signal
sequence that is required for the precursor hormone to pass through the membrane into the
endoplasmic reticulum (ER). Upon entering the ER, the preproinsulin signal sequence, now
useless, is proteolytically removed to form proinsulin. Once the post-translational formation
of three vital disulfide bonds occurs, specific peptidases cleave proinsulin to form insulin and
C-peptide. This causes condensation of insulin in the immature granules.The final product of
the biosynthesis is mature insulin packaged and stored in secretory granules, which
accumulate in the cytoplasm until release is triggered.

High glucose levels

1st phase

2nd phase
Basal
i

1 ]
0 ~5 min

Insulin secretion

-~
>~

Time

Figure 2: Biphasic insulin secretion. The rapid first phase is followed by a sustained second phase.
(Reproduced with permission from Williams G & Pickup JC, eds. Handbook of Diabetes, 2nd ed: Blackwell
Science, Oxford, 1999, 30)

Insulin secretion in response to a glucose challenge exhibits a typical biphasic manner (Figure
2). In in vitro experiments, the exposure of B-cells to glucose results in an immediate increase
in insulin secretion (first-phase insulin secretion), followed by a decrease to basal rates. If
exposure to glucose is prolonged, a slower, second- or late-phase insulin secretion is observed
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(Curry, Bennett et al. 1968; Straub and Sharp 2002). In non-diabetic animals and humans, the
infusion of glucose elicits an insulin secretory response that follows the same biphasic pattern
as seen in vitro. Within minutes of ingestion of a glucose load, the plasma insulin
concentration peaks within 5 to 7 min. This early phase of insulin release lasts no more than
10 to 15 min and is followed by a more sustained secretion lasting several hours, until the
stimulus is removed or the plasma glucose concentration has returned to baseline values (Del
Prato 2003).

Stimulus-secretion coupling

Pancreatic B-cells are electrically active (Dean and Matthews 1968) and use this property to
couple elevation of blood glucose to stimulation of insulin secretion. At substimulatory
glucose concentrations (< 7 mmol/l), the membrane potential of the beta cell is negative (—70
mV). In mouse B-cells, electrical activity is generated at glucose concentration >7 mmol/l
(Renstrom, Eliasson et al. 1997). The steps that link changes in glucose levels to insulin
secretion are well characterized (Langin 2001). Glucose enters the B-cell via the glucose
transporter 2 (GLUT?2) by facilitated diffusion across the plasma membrane, ensuring that the
extracellular and intracellular glucose concentrations are rapidly equilibrated (Meglasson and
Matschinsky 1986). Following its entry into the P-cell, glucose is phosphorylated by
glucokinase to generate glucose-6-phosphate. This rate-limiting enzymatic step constitutes a
glucose sensor, since it allows rapid and precise adjustments to be made in response to
changes in extracellular glucose levels. Glucose-6-phosphate is further metabolised to
produce pyruvate that is oxidised to generate acetyl-CoA. Acetyl-CoA in turn enters the citric
acid cycle for adenosine triphosphate (ATP) synthesis (Schuit, Huypens et al. 2001).
Following the production of ATP at the expense of adenosine diphosphate (ADP), the
resultant increase in the ATP/ADP ratio leads to a decrease in K* conductance of the plasma
membrane by closure of the ATP-sensitive potassium channel (Katp channel) (Ashcroft and
Rorsman 1989; Seino, Iwanaga et al. 2000). The Katp channels are composed of two different
subunits, the inward rectifier K'-channel Kirg, subunit and the sulfonylurea receptor subuinit
SURI, assembled at 4:4 stoichiometry (Inagaki, Gonoi et al. 1995; Ashcroft and Gribble
1998). Both subunits are necessary to constitute a functional Karp channel. The maintenance
of the B-cell resting membrane potential at about —70 mV depends on properly functioning
K*-channels. The closure of K -channel suppresses efflux of K ions, leading to progressive
depolarization of the plasma membrane. When the B-cell reaches the threshold potential (~ -
50 mV) electrical activity is initiated leading to the opening of voltage-dependent calcium
channels and influx of Ca*" down the electrochemical gradient. The resultant increase in
intracellular calcium concentration [Ca®']; triggers exocytosis of insulin containing secretory
granules (Ashcroft and Rorsman 1989; Lang 1999; Rorsman and Renstrom 2003). This
stimulus-secretion mechanism described above is referred to as the Karp channel-dependent
or triggering pathway of glucose-stimulated insulin release (Henquin 2000; Straub and Sharp
2002). This triggering pathway of glucose-stimulated insulin release is essential for proper
stimulation of the first phase of insulin release.

Besides the triggering pathway mentioned above, glucose can also produce signals that
amplify the action of [Ca®"]; on the exocytosis process, a process called amplifying or Katp
channel-independent pathway. The amplifying pathway was first demonstrated in 1992 by
two independently groups (Gembal, Gilon et al. 1992; Sato, Aizawa et al. 1992). They found
that when Katp channel are kept open by diazoxide combined with high K to stimulate Ca’'-
influx or when Karp channel are completely closed by maximally effective concentration of
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sulfonylreas, glucose is still able to increase insulin secretion independently of further
associated changes in membrane potential or [Ca®*];. The amplifying pathway operates to
augment the B-cell secretory response induced by the triggering signals. Thus, the amplifying
pathway does not initiate the insulin release on its own and secretion must first be stimulated
by the triggering pathway. This ensures that insulin secretion is not augmented under low
glucose concentration. It is accepted that during the second phase of insulin release the Katp
channel-independent pathways determine the secretory response (Taguchi, Aizawa et al. 1995;
Aizawa, Komatsu et al. 1998).

The mechanisms underlying the amplifying pathway of glucose-stimulated insulin release are
incompletely elucidated. It is generally accepted that they require metabolism of the sugar.
Several potential mechanisms have been suggested, as will be discussed in the following.

Metabolic coupling factors:

1. Malonyl-CoA. Glucose induces an increase in the amount of mitochondrial citrate, which is
exported to the cytosol, cytosolic citrate, and cytosolic malonyl-CoA. Malonyl-CoA is also a
potent inhibitor of carnitine palmitoyl transferase 1 (CPT-1) (Chen, Ogawa et al. 1994). The
inhibition of CPT-1 blocks transport of long-chain acyl-CoA into mitochondria (McGarry,
Mannaerts et al. 1977) resulting in accumulation of long-chain acyl-CoA in cytosol. These
and other potential signalling molecules are presumed responsible for the second phase of
insulin release (Corkey, Glennon et al. 1989; Prentki, Vischer et al. 1992; Chen, Ogawa et al.
1994; Brun, Roche et al. 1996).

2. Glutamate. Glycolysis converts glucose to pyruvate, which enters the mitochondrion and
the tricarboxylic-acid (TCA) cycle. Glutamate is then formed from a-ketoglutarate by the
glutamate dehydrogenase. It is proposed that in the cytosol, glutamate sensitizes the secretory
machinery to Ca®" perhaps by an action on the insulin-containing granules (Maechler and
Wollheim 1999; Maechler and Wollheim 2000; Rubi, Ishihara et al. 2001).

3. ATP. Glucose induces concentration-dependent increases in the ATP:ADP and GTP:GDP
ratios. Insulin secretion is inversely correlated with ADP and GDP levels and is positively
correlated with the ATP:ADP and GTP:GDP ratios up to 20-mM glucose (Detimary, Van den
Berghe et al. 1996; Detimary, Dejonghe et al. 1998; Sato and Henquin 1998; Henquin 2000).
4. cAMP. Another potentiator of insulin secretion is cyclic AMP (cAMP). The cAMP is
unable to stimulate insulin secretion on its own. However, upon a simultaneous increase in
[Ca*']i, cAMP augments insulin secretion. This augmentation has been proposed to involve
increased conductance of L-type Ca>" channels via activation of protein kinase A as well as a
cAMP-mediated direct effect on the exocytotic machinery (Ammala, Ashcroft et al. 1993;
Renstrom, Eliasson et al. 1997).

5. NADPH. NADPH is a potential mitochondrial signalling molecule derived from glucose
metabolism. Metabolizable insulin secretagogues increase the NADPH-to-NADP ratio in
rodent islets (Ashcroft and Christie 1979). NADPH is taken up into the granules and
stimulates insulin secretion in toadfish (Watkins and Moore 1977). Inhibition of NADPH
formation reduces glucose-stimulated insulin secretion in rats (Ammon and Steinke 1972).
Effects of NADPH on exocytosis are proposed to be mediated by the redox proteins
glutaredoxin (GRX) and thioredoxin (TRX) (Ivarsson, Quintens et al. 2005).

Granule pools with different release properties:
In the mouse P-cell, the total granule number has been estimated morphometrically to

approximately 13 000 (Dean 1973), but not all of these are released upon stimulation. As the
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triggering pathway and amplifying pathways result in exocytosis of the insulin-containing
granules, an understanding of granule pools, status, and function is essential. It is known that
the number of insulin-containing granules in the endocrine pancreas is in large excess over the
number required to handle the nutrient load of a single meal. Typically, only a small
percentage of the granules and therefore of the total insulin content of the B-cell is secreted in
response to a high glucose stimulus (Rorsman, Eliasson et al. 2000; Bratanova-Tochkova,
Cheng et al. 2002). In many cells exhibiting regulated exocytosis, the granules are present in
distinct functional pools depending on their release-competence (Proks, Eliasson et al. 1996;
Neher 1998; Voets, Neher et al. 1999). Those granules that can undergo exocytosis
immediately upon stimulation are referred to as the readily releasable pool (RRP) while those
granules that need to undergo further modification before secretion belong to the reserve pool
(RP). A subpool of RRP, the immediately releasable pool (IRP), is situated in the close
vicinity of the Ca®* channels (Voets, Neher et al. 1999; Barg, Eliasson et al. 2002). Both RRP
and IRP granules are connected to the plasma membrane (docked) via trans-SNARE (soluble
N-ethylmaleimide-sensitive fusion protein [NSF]-attachment protein [SNAP] receptor)
complexes, therefore they only require a rise in [Ca”]; for exocytosis. In order for transition
of reserve pool granules to readily releasable pool granules, granules need to be mobilized
and/or primed prior to fusion with the plasma membrane. The priming process involves a
series of ATP-, Ca*'-, and temperature-dependent reactions to become release-competent
(Bittner and Holz 1992; Parsons, Coorssen et al. 1995; Renstrom, Eliasson et al. 1996;
Eliasson, Renstrom et al. 1997). In rat pancreatic islets, glucose-stimulated ATP turnover
mediated by calcium influx plays a role in the amplifying pathway of insulin secretion (Sweet
and Gilbert 2006). The process of exocytosis of the secretory granules in -cell is supposed to
recruite many proteins. In order to permit fusion of the granule with the plasma membrane,
SNARE-complexes assemble during the priming process (Lin and Scheller 2000; Bruns and
Jahn 2002). The SNARE proteins consist of VAMP (vesicle-associated membrane protein,
also known as synaptobrevin), syntaxin 1, and SNAP-25 (synaptosomal-associated protein of
25 kDa). The formation of trans-SNARE complexes brings the vesicular membrane in close
contact with the plasma membrane (Lang 1999).

A growing body of evidence shows that the release of RRP granules account for the first
phase of insulin secretion, whereas subsequent replenishment of the readily releasable pool by
priming of previously nonreleasable granules from reserve pool is required for second-phase
insulin secretion (Daniel, Noda et al. 1999; Rorsman, Eliasson et al. 2000; Barg, Eliasson et al.
2002; Olofsson, Gopel et al. 2002). The release of RRP granules is independent of ATP,
whereas the release of RP granules is correlated with an increase in the ATP/ADP ratio in -
cells. The refilling of the RRP by mobilization of granules originally residing in a much larger
reserve pool is a time- and energy-dependent process (Gembal, Detimary et al. 1993; Eliasson,
Renstrom et al. 1997). The actin-based molecular motor Myosin 5a has been demonstrated to
be involved in the transport of insulin granules during second phase of insulin secretion
(Ivarsson, Jing et al. 2005).

As already alluded to, secretion of insulin from pancreatic p-cell is achieved by Ca®'-
dependent regulated exocytosis (Wollheim and Sharp 1981; Jones, Stutchfield et al. 1985;
Prentki and Matschinsky 1987; Ashcroft and Rorsman 1989; Ammala, Ashcroft et al. 1993).
The increase in [Ca’']; resulting from Ca" influx through voltage-gated Ca®’-channels in the
plasma membrane is sensed by the Ca®" sensor proteins synaptotagmins. Synaptotagmins are
situated on the secretory granules and interact with the SNARE proteins to form a stable four-
helical complex which is suggested to pull the granular and plasma membrane together
(Sutton, Fasshauer et al. 1998; Rorsman and Renstrom 2003).
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Voltage-gated calcium channels

Voltage-gated calcium channels (VGCCs) or voltage-dependent calcium channels (VDCCs)
are Ca®’-conducting pores in the plasma membrane of electrically excitable cells. They open
in response to membrane depolarization and allow calcium influx from the extracellular space.
The resulting increase in the intracellular free calcium concentration triggers, or modulates, a
variety of important physiological processes such as contraction, secretion, neurotransmission,
and gene expression (Catterall 2000). The malfunction of calcium channels, resulting from
their mutation, altered expression, and impairment by autoantibodies, leads to a series of
clinical syndromes, referred to as calcium channelopathies or calcium channel diseases
(Waxman 2001; Flink and Atchison 2003; Rizzuto and Pozzan 2003).

The calcium channels are complex proteins composed of four or five distinct subunits, which
are encoded by multiple genes. The largest subunit, a; subunit of 190-250kDa incorporates
the conduction pore, the voltage sensor and gating apparatus, and the known sites of channel
regulation by second messengers, drugs, and toxins (Hockerman, Peterson et al. 1997). The o,
subunit of voltage-gated calcium channels is composed of four homologous domains (I-IV)
with six transmembrane segments (S1-S6) in each. The S4 segment serves as the voltage
sensor. The pore loop between transmembrane segments S5 and S6 in each domain
determines ion conductance and selectivity (Dirksen, Nakai et al. 1997). The synaptic protein
interaction (SYNPRINT) sites in the intracellular loop II-III (L II-IIT) of aup, a4, aic and oup
subunits of N-type, P/Q-type and L-type Ca®" channels bind to syntaxin, SNAP-25, and
synaptotagmin (Catterall 1999). No such interaction has been demonstrated for the R-type
Cay2.3 channels. An intracellular B subunit and a transmembrane, disulphide-linked a3
subunit complex are components of most types of calcium channels (Takahashi, Seagar et al.
1987). A vy subunit has also been found in skeletal muscle calcium channels and related
subunits are expressed in heart and brain (Hofmann, Biel et al. 1994; Catterall, Striessnig et al.
2003).

Since the first recordings of Ca®" currents in cardiac myocytes (Reuter 1967), it has become
apparent that there are multiple types of Ca’" currents as defined by physiological and
pharmacological criteria (Tsien, Lipscombe et al. 1988; Bean 1989; Llinas, Sugimori et al.
1992; Ellinor, Zhang et al. 1993; Zhang, Randall et al. 1993). Calcium currents recorded in
different cell types have diverse physiological and pharmacological properties, and an
alphabetical nomenclature has evolved for the distinct classes of calcium currents. L-type
calcium currents require a strong depolarisation for activation, are long-lasting (Nowycky,
Fox et al. 1985), and are blocked by the organic L-type calcium channel antagonists,
including dihydropyridines (DHP), phenylalkylamines, and benzothiazepines (Reuter 1983).
They are the main calcium currents recorded in muscle and endocrine cells. N-type, P/Q-type,
and R-type calcium currents also require strong depolarisation for activation (Randall and
Tsien 1995). They are relatively unaffected by L-type calcium channel antagonist drugs but
are blocked by specific polypeptide toxins from snail and spider venoms. P/Q-type calcium
currents are blocked by w-agatoxin IVA from funnel web spider venom. N-type calcium
currents are blocked by w-conotoxin GVIA and related cone snail toxins. R-type calcium
currents are blocked by the synthetic peptide toxin SNX-482 derived from tarantula venom.
T-type calcium currents are activated by weak depolarisation and are transient. They are
resistant to both organic antagonists and to the snake and spider toxins used to define the N-
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and P/Q-type calcium currents (Nowycky, Fox et al. 1985; Miljanich and Ramachandran 1995;
Newcomb, Szoke et al. 1998).

Mammalian o, subunits are encoded by at least ten distinct genes that can be grouped in three
subfamilies. In 2000, a rational nomenclature was adopted (Ertel, Campbell et al. 2000) based
on the well-defined potassium channel nomenclature. Calcium channels were named using the
chemical symbol of the principal permeating ion (Ca) with the principal physiological
regulator (voltage) indicated as a subscript (Cay). The numerical identifier corresponds to the
Cay channel a,; subunit gene subfamily (1 to 3 at present) and the order of discovery of the o,
subunit within that subfamily (1 through 7). According to this nomenclature, the Cayl
subfamily (Cayl.1-Cay1.4) includes oys, ojc, oip, and or, which mediate L-type Ca**
currents. The Cay2 subfamily (Cay2.1-Cay2.3) includes a4, o, and o;g, which mediate
P/Q-type, N-type, and R-type Ca’" currents, respectively. The Cay3 subfamily (Cay3.1—
Cay3.3) includes a6, oy, and o5, which mediate T-type Ca”" currents (Table 1).

Table 1: Types of Cay channels.

Channel Current oy Tor A" Localization
subunit
Cayl.1 L s I: nifedipine, Skeletal muscle
isradipine
A: BayK8644
Cayl.2 L [Vile I: nifedipine, Brain, heart, endocrine
isradipine tissue
A: BayK8644
Cayl.3 L oD I: nifedipine, Brain, heart, endocrine
isradipine tissue, cochlear hair cells
A: BayK8644
Cayl.4 L o F I: nifedipine, Retina
isradipine
A: BayK8644
Cay2.1 P/Q oA I: w-agatoxin IVA Brain
Cay2.2 N B I: o-conotoxin-GVIA  Neurones, endocrine tissue
Cay2.3 R O0E I: SNX-482 Neurones, endocrine tissue
Cay3.1 T oG Neurones, heart, endocrine
tissue
Cay3.2 T O H Neurones, heart, endocrine
tissue
Cay3.3 T o Neurones, heart, endocrine
tissue

*1: inhibitor; A: activator.

Pancreatic B-cells are electrically excitable and sensitive to glucose. In response to blood
glucose, these cells secrete insulin and thus play a unique role in glucose homeostasis. B-cell
Cay channels take a center stage in this process. Voltage-gated calcium currents were first
recorded in rat pancreatic B-cell in 1985 (Satin and Cook 1985). Soon, whole-cell Cay
currents were visualized in a variety of B-cells, including insulin-secreting cell lines and islet
B-cells from different species (Yang and Berggren 2006). There is now considerable
consensus that the L-type Cay current is the major Cay current subtype in the mouse p-cell.
The presence of both Cay1.2 and Cay1.3 has been reported (Wiser, Trus et al. 1999; Yang,
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Larsson et al. 1999; Barg, Huang et al. 2001; Liu, Hilliard et al. 2004). The distinct
contribution of Cayl.2 and Cayl.3 subtypes to insulin exocytosis has not been thoroughly
studied in different species and remains controversial. It has been demonstrated that L-type
calcium channels are co-localized with insulin-containing granules (Bokvist, Eliasson et al.
1995). The loop between domain Il and III of Cay channel a; subunit is responsible for
channel interaction with the insulin granule (Wiser, Trus et al. 1999; Barg, Huang et al. 2001).
The involvement of Cay2.1 channels in glucose-stimulated insulin secretion from rat B-cells
has been demonstrated by electrophysiological and pharmacological means (Ligon, Boyd et al.
1998). The role of Cay2.2 channels in insulin exocytosis is controversial. Davalli et al.
showed that the Cay2.2 channel had no effect on glucose-dependent insulin secretion in
human islets (Davalli, Biancardi et al. 1996). However, others demonstrated that an
appreciable inhibition occurred by the Cay2.2 channel blocker ®-conotoxin GVIA in the
RINmMSF rat insulinoma cell line, and reduced secretagogue-induced insulin release from the
same cells (Sher, Giovannini et al. 2003). Experimental evidence has demonstrated that Ca>"
entry through Cay2.3 channels regulates insulin secretion from both the pancreatic B-cell line
INS-1 and primary mouse B-cells (Vajna, Klockner et al. 2001; Pereverzev, Mikhna et al.
2002; Pereverzev, Vajna et al. 2002). Experimental evidence suggests that Cay3 channels are
likely to be players in the B-cell stimulus-secretion coupling, the Cay3 channel blocker NiCl,
dose-dependently inhibits insulin secretion from INS-1 cells (Bhattacharjee, Whitehurst et al.
1997).

In addition to the ion channels residing in the plasma membrane, intracellular ion channels are
also supposed to play a role in insulin secretion. Barg et al. reported that granular CI” uptake is
important not only for the stimulation of exocytosis by sulfonylureas, but also for Ca’'-
induced B-cell exocytosis in general. Inhibition of CI" fluxes across membranes of B-cell
granules impaired their luminal acidification and their priming for exocytosis (Barg, Huang et
al. 2001).

Granule acidification

The  compartmentalization of  membrane-bound  compartments  with  unique
microenvironments enables eukaryotic cells to perform a myriad of reactions simultaneously
with precision and speed. The compartments of the highly dynamic eukaryotic
endomembrane system are acidified to varying degrees. Acidified organelles in cells include
the Golgi complex, endosomes, lysosomes, secretory granules, and synaptic vesicles. In most
cells, the pH of these organelles ranges from 4.5 to 6.5. The pH encountered by internalized
ligands decreases gradually along the endocytic pathway. Early endosomes have a pH of
approximately 6.2—-6.3 (Yamashiro and Maxfield 1987). The pH of sorting endosomes is
lower than that of early endosomes (~6.0, and possibly as low as 5.4 in some cells) (van
Renswoude, Bridges et al. 1982; Sipe and Murphy 1987; Yamashiro and Maxfield 1987).
Late endosomes are more acidic, with a measured pH of between 5.0 and 5.8 (Tycko and
Maxfield 1982; Tycko, Keith et al. 1983; Yamashiro and Maxfield 1987). Lysosomes are the
most acidic cellular compartment, with pHs between 4.6 and 5.3 measured in mammalian
cells (Ohkuma and Poole 1978; Tycko and Maxfield 1982; Yamashiro and Maxfield 1987). In
the biosynthetic pathway, pHs of organelles decreases gradually. ER pH is between 7.1 and
7.4, similar to the pH of cytoplasm (Kim, Johannes et al. 1998; Wu, Grabe et al. 2001). The
trans-Golgi network (TGN) pH is between 5.9 and 6.3 (Seksek, Biwersi et al. 1995;
Miesenbock, De Angelis et al. 1998). The pH of immature secretory granules measured in
live cells is about 6.3, and decreases to 5.0-5.6 in mature secretory granules (Urbe, Dittie et al.

17



lon channel control of phasic insulin secretion

1997; Miesenbock, De Angelis et al. 1998; Blackmore, Varro et al. 2001; Wu, Grabe et al.
2001). The maintenance of an acidic pH milieu within a subset of these organelles is key to
the optimal performance of the sorting and processing events that normally occur within these
compartments. Organelle acidification is implicated in protein degradation, release of ligands
from receptors, and proteolytic processing of precursor proteins into mature products, and
provides a driving force for the accumulation of hormones or transmitters into secretory
vesicles, synaptic vesicles, or synaptic-like microvesicles (Mellman, Fuchs et al. 1986;
Stevens and Forgac 1997). However, in addition to these functions, acidification appears to
regulate the molecular mechanism of membrane traffic through some compartments, as the
sorting and transport of many proteins are less efficient when acidification is disrupted (Nishi
and Forgac 2002).

Steady-state organelle pH is regulated and maintained by a balance between the rates of
intralumenal protonpumping, counterion conductance, and intrinsic proton leak. As protons
are pumped into compartments against their concentration gradients by the vacuolar-type
ATPase (V-ATPase), the ability of this electrogenic pump to function further is theoretically
limited by the accumulation of a positive membrane potential. In mammalian cells, passive
ion flow through anion channels neutralizes this potential and allows acidification to continue
(Glickman, Croen et al. 1983; Xie, Stone et al. 1983; Arai, Pink et al. 1989). In addition, the
extent of intrinsic membrane permeability to protons also contributes to the steady-state pH
(Futai, Oka et al. 1998; Grabe and Oster 2001). Proton concentration plays a fundamental role
in the organelle acidification processes. The alpha and omega for increasing the proton
concentration in organelle lumen is the action of a primary electrogenic proton pump, the V-
ATPase. V-ATPases appear to be integral components of nearly all organelles which pumps
proton from cytosol to organelle lumen. V-ATPases have also been identified in the plasma
membrane of cells, like renal intercalated cells, osteoclasts and macrophages, where they are
important in acid secretion, bone degradation and control of cytoplasmic pH, respectively
(Brisseau, Grinstein et al. 1996; Li, Chen et al. 1999; Brown and Breton 2000). In all cases,
they carry out ATP-dependent proton transport from the cytoplasmic compartment to the
opposite side of the membrane (which might be either the lumen of an intracellular
compartment or the extracellular space).

Due to its electrogenic nature, proton pumping by the V-ATPase can be limited by the
generation of a transmembrane voltage across the organelle membrane. In mammalian cells,
passive anion flow through a chloride channel neutralizes this potential to allow acidification
to continue. The existence of a high CI" permeability in endosomes is well established, and CI'
influx is thought to sustain the rapid acidification of endosomes. The secretagogue thyrotropin
was shown to induce acidification of secretory granules in parafollicular cells by increasing
chloride conductance of the granular membrane (Barasch, Gershon et al. 1988). Evidence for
the role of CI" conductance in regulating organelle pH comes from studies of CIC chloride
channel family members. Mutations in the CIC-5 chloride channel lead to Dent’s disease,
which is characterized by the defect in endosomal acidification resulting in an inability to
reabsorb low-molecular-weight proteins and albumin in the kidney (Devuyst 2004). The CIC-
3 chloride channel has been suggested to play a role in lysosome acidification (Li, Wang et al.
2002) and in endosomal acidification (Hara-Chikuma, Yang et al. 2005).

Other ion fluxes may also modulate acidification. In the Golgi complex, passive efflux of K"
normally neutralizes the inward pumping of H' by the V-ATPase, thereby facilitates the
acidification (Schapiro and Grinstein 2000). Inhibition of acidification by Na*, K'-ATPase in
early endosomes but not in later endocytic compartments has been proposed to explain the
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difference in pH between these organelles (Cain, Sipe et al. 1989; Fuchs, Schmid et al. 1989).
However, the most important ion fluxes in terms of pH regulation are probably those
involving chloride (CI') ions.

Chloride channels

Anion channels are protein pores in biological membranes that allow the passive diffusion of
negatively charged ions along their electrochemical gradient. Chloride ions (CI') are the most
abundant anion in mammals. Cl” channels reside both in the plasma membrane and in
intracellular organelle membranes. Their functions range from ion homeostasis to cell volume
regulation, transepithelial transport and regulation of electrical excitability. Three molecularly
distinct CI” channel families are well established:

1. CFTR(cystic fibrosis transmembrane conductance regulator) is known to be an ABC
transport protein with a tandem repeat of a transmembrane domain of six putative
transmembrane helices (TMD) and a nucleotide binding fold (NBF), linked by a regulator
domain containing numerous phosphorylation sites (Riordan, Rommens et al. 1989). CFTR is
now known to be a voltage-independent anion channel, which requires the presence of
hydrolyzable nucleoside triphosphates for efficient activity (Tabcharani, Low et al. 1990).
CFTR is expressed in the apical membrane of various epithelia, most prominently in those of
the intestine, airways, secretory glands, bile ducts, and epididymis. CFTR is crucial for a
number of transepithelial transport processes. This is readily evident from the
pathophysiology of cystic fibrosis (CF) patients, which show severe impairments of epithelial
salt and fluid secretion as well as reabsorption (Quinton 1990).

2. Ligand-gated chloride channels include y-aminobutyric acid (GABA) and glycine
receptors. GABA and glycine binding to their receptors opens intrinsic anion channels that
belong to the ligand-gated ion channel superfamily. They have a common structure in which
five subunits form an ion channel. Each subunit consists of 4 putative transmembrane
domains. Both GABA and glycine receptors are predominantly expressed in central nervous
system. They play an inhibitory role by hyperpolarizing the neuron and thereby inhibiting
neuronal activity (Betz 1990).

3. In mammals, the CIC gene family of chloride channels has nine members that may
function in the plasma membrane or in intracellular compartments. CIC channels are dimers
in which each monomer has one pore (double-barreled channels). The crystal structure reveals
that the bacterial CIC protein is composed of 18 helices, most of which do not cross the
membrane entirely (Dutzler, Campbell et al. 2002). Most of the CIC channels that have been
possible to test in heterologous expression systems show voltage-dependent gating.

e CIC-1 is predominantly expressed in the skeletal muscle. CIC-1 contributes 70-80% to
the resting membrane conductance of muscle, ensuring its electrical stability.
Mutations in CIC-1 lead to myotonia.

e CIC-2 is a broadly expressed CI” channel that can be activated by hyperpolarization,
cell swelling, and extracellular acidification. The testicular and retinal degeneration
resulting from its disruption in mice may suggest a role in transepithelial transport.

e The two renal CIC-K channels (CIC-Ka and CIC-Kb) function (in a heteromeric
complex with barttin) in transepithelial transport across different nephron segments.
Dysfunction of CIC-Kb leads to Bartter’s syndrome in humans and renal diabetes
insipidus in mice. In addition, both CIC-Ka/barttin and CIC-Kb/barttin are important
for inner ear K' secretion. Accordingly, human mutations in barttin lead to a variant of
Bartter’s syndrome associated with deafness.
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CIC-3 through CIC-7 are intracellular chloride channels. CIC-3 is present in endosome
and synaptic vesicles. CIC-3 is shown to be expressed in many tissues, including brain,
kidney, liver, skeletal muscle, heart, adrenal gland, and pancreas. CIC-3 is involved in
acidification of endosomes and synaptic vesicles.

The function of CIC-4 remains largely uninvestigated.

CIC-5 is predominantly expressed in kidney but is also present in liver, brain, testis,
and intestine. CIC-5 is present in endosomes involved in endocytosis.

CIC-6 is an intracellular channel of unknown function.

CIC-7 is highly expressed in osteoclasts. CIC-7 may provide the electrical shunt that is
necessary for the efficient pumping of H'-ATPase during the resorption of lacuna of
osteoclasts (Jentsch, Stein et al. 2002).
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Aims
General aims
The mechanisms underling biphasic insulin secretion remains incompletely understood, but
loss of first phase insulin secretion is a characteristic of early type 2 diabetes mellitus. In this
thesis I have investigated the involvement of ion channels in phasic insulin release.
The specific aims were to:
1. Determine the molecular identity of the L-type Cay channel in the pancreatic -cell, as
well as to pin-point its effect on phasic insulin secretion.
2. Study the effects of the R-type Cay2.3 channel-resposible for the major non-L-type
Ca”" current in the B-cell-on phasic insulin release.

3. Evaluate the role of intracellular C1C-3 chloride channels in the insulin release

machinery.
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Methodology

Conditional Gene Knockouts using Cre recombinase

To generate B-cell-specific gene knockout, the Cre-loxP system was employed. The Cre
recombinase of the P1 bacteriophage belongs to the integrase family of site-specific
recombinases. It is a 38 kD protein that catalyzes the recombination between two of its
recognition sites, called /oxP (Hamilton and Abremski 1984). This is a 34 bp consensus
sequence, consisting of a core spacer sequence of 8 bp and two 13 bp palindromic flanking
sequences. An important feature of the Cre/loxP system is that it is functional in mammalian
cells. The usual procedure requires generation of 2 independent varieties of transgenic mice.
The first is generated by homologous recombination to insert LoxP sites into the gene of
interest in a manner in which function of the gene is not impaired. In this transgenic mouse,
the gene of interest is flanked by two loxP sites (hence the term floxed). A second line of
transgenic mice is generated by random chromosomal insertion of a transgene expressing Cre
recombinase under the control of a tissue-specific promoter. Double transgenic animals
resulting from matings of these original transgenic lines will carry null alleles of the gene of
interest only in those cells that have expressed Cre. Hence, the target gene remains active in
all cells and tissues which do not express Cre (Figure 3).

Transgenic mouse 2 Transgenic mouse |

loxP  Targetgene loxP

Mating

Double transgenic

In all other cells

—

Cre expressed No Cre expressed
Target gene deleted Target gene unaffected

Figure 3: A conditional gene knockout strategy using Cre-LoxP system.

In this thesis, Cre recombinase expression is under the control of insulin promoter such that
gene knockout will take place only in insulin-expressing cells.

In vivo glucose challenge

The experiments started in the morning at 9:00 a.m. in non-fasted mice. Glucose challenge
was performed without anaesthesia by intraperitoneal injection of 2.0 g glucose (equivalent to
11.1 mmol)/kg body weight. Blood samples were drawn into tubes coated with heparin at
baseline and 3, 8 min after glucose load. Insulin and glucose concentrations in the blood
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sample were detected by radioimmunoassay (RIA) and the glucose oxidase method,
respectively.

In situ pancreatic perfusion

Experiments were performed in the morning at 10:00 a.m. in non-fasted mice. Anesthesia was
given by intraperitoneal injection of midazolam (Hofmann-La Roche AG; 0.4 mg/25 g body
weight) and fentanyl (Janssen Pharmaceuticals Inc.; 0.02 mg/25 g body weight). The mice
were kept on a heating pad during the entire experiment. After opening the abdominal cavity
and ligating the renal, hepatic, and splenic arteries, the aorta was tied off above the level of
the pancreatic artery. The pancreas was perfused with modified Krebs-Ringer HEPES buffer
preheated to 37°C (1 ml/min) via a silicone catheter placed in the aorta. The basal glucose
concentrations were 1 mM (paper [ ) and 3.3 mM (paper II). The perfusate was collected via
a silicone catheter from the portal vein at 30- or 60-second intervals, as indicated, in 2.5-ml
Eppendorf tubes containing 25 pl Trasylol. Insulin and glucose concentrations in the effluent
medium were detected by RIA and the glucose oxidase method, respectively.

Islet isolation and insulin release measurement

Islets were isolated from mouse by injection of a collagenase solution into the bile-pancreatic
duct of the mouse directly after being killed by cervical dislocation. The distended pancreas
was excised and the digestion was performed in a water-bath at 37 °C for 30 min. Islets were
hand-picked and counted under a microscope. Freshly isolated islets were preincubated for 30
min at 37 °C in Krebs—Ringer bicarbonate buffer (KRB), pH 7.4, supplemented with 10 mM
Hepes, 0.1% bovine serum albumin and 1 mM glucose. Each incubation vial contained 10
islets in 1.0 ml (30-40 islets in 1.5 ml) buffer solution and was gassed with 96% 0,/5% CO,
to obtain constant pH and oxygenation. After preincubation the buffer was changed to a
medium containing the agents to be tested. The islets were then incubated for 60 min at 37°C
in an incubation box (30 cycles/min). Immediately after incubation, aliquots of the medium
were removed for assay of insulin. Alternatively, aliquots of the medium were frozen for
subsequent assay of insulin. Insulin secretion from islets was measured by RIA or the
enzyme-liked-immunoabsorbent assay (ELISA).

Western blot analysis

Approximately 900 islets of control and BCayl 27" mice were cultured in RPMI 1640 for 48 h
at 37°C. Thereafter, the islets were homogenized after one freeze-thaw cycle in a hypotonic
buffer (20 mM K,HPO4/KH,PO4 pH 7.2, 1 mM EDTA) containing protease inhibitors [1 mM
benzamidine, 0.1 mM PMSF and Protease Inhibitor Cocktail (1:500; Sigma)]. The
homogenates (40 mg protein) were separated on an 11% SDS-PAGE (lower crosslinking with
0.2% bis-acrylamide). Peptides were blotted on a PVDF membrane (Millipore) and probed
with a Cayl.2-(Chemicon) and a panCay-specific antibody (Calbiochem). Equal loading of
the slots was ascertained using a monoclonal B-actin antibody (Abcam). Antibodies were
visualized by the ECL system (NEN).
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The patch-clamp technique

The patch-clamp technique was invented by Sakmann and Neher in the 70’s (Neher, Sakmann
et al. 1978). Patch-clamp is a versatile technique and its various configurations enables the
experimenter to 1) study ion channels at different levels, either whole-cell currents (activity of
all ion channels added up) or currents flowing through individual ion channels; 2) easily
manipulate the fluid on the extracellular or the intracellular side of the membrane during a
recording.

The most straight-forward patch clamp configuration (in terms of physical manipulation) is
the cell-attached patch mode, which is where every patch clamp experiment starts. This
configuration is attained when a high-resistance seal is formed between glass pipette and the
plasma membrane. This enables allowing measurements of currents passing through single
ion channels situated within the “patched” piece of the membrane as well as recordings of
single granule release events. This configuration leaves the cell intact, and is therefore the
most “physiological” configuration to study single channels.

To gain electrical access to the ion channels in the entire cell membrane, the membrane under
the pipette tip in cell-attached patch mode has to either be ruptured by gentle suction (the
standard whole-cell configuration) or perforated by pore-forming agent such as nystatin or
amphotericin B (perforated-patch whole-cell configuration). In the standard whole-cell
configuration, the pipette solution makes direct contact with the cytoplasm. The standard
whole-cell configuration permits control of the intracellular milieu via wash-in of the pipette
solution. The ionic composition of the cytosol can thus be controlled and various membrane-
impermeable compounds, including large molecules such as antibodies, can be applied via the
patch-pipette by inclusion in the pipette solution dialyzing the cell interior. This configuration
disrupts cell metabolism and effects of a metabolite added to the cell interior can thus be
investigated without much conversion into down-steam products. However, the disruption of
cell metabolism is a non-physiological situation and washout of cytoplasmic enzymes is
disadvantageous if metabolic pathways are to be studied (Hamill, Marty et al. 1981). To avoid
wash-out of intracellular factors and proteins, one can use a perforated-patch whole-cell
configuration. Instead of making one hole into the cell as in standard whole-cell, pore-
forming agents such as amphotericin B make small perforations in the membrane so that only
small molecules such as ions can pass through. The pores establish electrical contact between
pipette solution and the cell interior while intact cell metabolism is maintained and therefore
perforated-patch whole-cell configuration is a more “physiological” (Horn and Marty 1988).
In this thesis, whole-cell Ca*" currents were measured in intact cells using the perforated-
patch whole-cell approach.

Cell capacitance measurements

Capacitance measurements provide an electrophysiological single-cell assay to study
secretion, which is a development of the patch-clamp technique. High-resolution capacitance
measurements monitor the changes of cell surface area that arise when secretory granules fuse
with the plasma membrane. Biological membranes act as electrical capacitors. The
relationship between the cell surface area (A) and membrane capacitance (C) is given by the
equation

C=c¢*A/d
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where ¢ is the specific membrane capacitance and d is the membrane thickness. An increase
in membrane capacitance can thus be considered as an indicator of exocytosis. The granules
in B-cells have spherical geometry with diameters of 300 nm. Assuming a specific membrane
capacitance of 9 fF/um’ (Gentet, Stuart et al. 2000), the fusion of one B-cell granule
corresponds to an increase in membrane capacitance of 3 fF. In the voltage clamp mode
(holding the membrane voltage at a set level), the exocytosis can be evoked by single or
repetitive depolarizations from the resting potential (-70 mV) to 0 mV. Capacitance
measurements have several advantages over traditional biochemical assays of secretions. For
instance, exocytosis can be monitored in a single cell, making the study of release kinetics
available. Although capacitance measurements are a powerful assay to monitor secretion, it
has disadvantages. Capacitance measurements record the cell surface area at a given moment.
This means that the change in capacitance reflects the net result of exo- and endocytosis
occurring in the cell. Therefore it has to be ascertained that endocytosis does not
contaminated the capacitance recordings.

In this thesis, cell membrane capacitance measurements were performed using the standard
whole-cell configuration.

Measuement of intracellular Ca?* concentration

Currently the most popular method for measuring [Ca®']; in mammalian cells is by
microfluorimetry which involves measurement of the fluorescence of an indicator.
Fluorescence is a luminescence in which the molecular absorption of a photon triggers the
emission of another photon with a longer wavelength. For some indicators, the free and the
ion-bound form of the fluorophore have different excitation and emission spectras. One such
indicator is fura-2, which can be used for ratiometric monitoring [Ca*"];. The fluorescence
excitation spectrum of fura-2 shifts to the lower wavelength upon Ca” binding (Figure 4).

Em =510 nm

39.8 uM free Ca>

Fluorescence excitation

250 300 350 400 450
Wavelength (nm)

Figure 4: Fluorescence excitation spectra of fura-2 in solutions containing 0-39.8 uM free Ca’”. (Reproduced
with permission from invitrogen™)

The excitation source alternates between two different excitation wavelengths that are

characteristic of the probe. The emission intensity caused by either excitation wavelength is
measured at the longer emission wavelength and the ratio of these intensities is calculated.
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Ratiometric measurements have the advantage of eliminating variance between experiments
due to differences in dye loading, variations in tissue thickness, irreversible destruction of the
fluorophore, (photobleaching) or instrumental instability such as alterations of the
illumination source.

In this thesis, fura-2 AM was used. Fura-2-AM is the membrane-permeant acetoxymethyl
ester derivative of fura-2 and can be easily loaded into cells by incubation. Fura-2 AM itself
does not bind Ca”", but it is readily hydrolyzed to active fura-2 by endogenous esterases once
the dye is inside the cells. The deesterification results in fura-2 being trapped inside the cell.
The measurements were carried out using a microfluorimetry system (D104, PTI, Monmouth
Junction, N.J., USA). The fluorophore was excited alternately at 350 nm and 380 nm and
emitted light was collected at 510 nm. The [Ca®']; was calculated using the equation as
described previously (Grynkiewicz, Poenie et al. 1985; Olofsson, Gopel et al. 2002).

Subcellular fractionation

Cells contain a variety of organelles. Each type of organelles in a cell has a specific density
and based on that density you can separate a certain type of organelle from the others. This is
usually accomplished by differential centrifugation, a method to separate the components of
cells on the basis of their size and density. The fractions obtained from differential
centrifugation correspond to enriched, but still not pure, organelle preparations. A greater
degree of purification can be achieved by density-gradient centrifugation, in which organelles
are separated by sedimentation through a gradient of a dense substance, such as sucrose. In
velocity centrifugation, the starting material is layered on top of the sucrose gradient. Particles
of different sizes sediment through the gradient at different rates, move as discrete bands.
Following centrifugation, the collection of individual fractions of the gradient provides
sufficient resolution to separate organelles of similar size, such as mitochondria, lysosomes,
and peroxisomes (Graham and Rickwood 1997).
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Results and Discussion

Impaired insulin secretion and glucose tolerance in 8 cell-selective
Cay1.2 Ca** channel null mice (paper [)

We investigated the role of the L-type Cay1.2 Ca*" channel for insulin secretion by combining
a targeted gene knockout approach with time-resolved insulin release assays and high-
resolution single-cell capacitance measurements of exocytosis. f-cell-specific inactivation of
the Cayl.2 gene was achieved using Cre-loxP system under the control of the insulin 2
promoter.

Cay1.2 Ca®* channel is the only L-type Ca®* channel in g cell

Whole-cell Ca** currents were reduced in B-cells from BCayl.2” mice by ~ 55% in
perforated-patch whole cell Ca**-current measurements. The consequences of ablating Cay1.2
on the p-cell Ca®" current were similar to those obtained using isradipine. Isradipine blocked
the Ca”" current to the same extent at all voltages and the integrated current (expressed as
total charge movement) observed at -10 mV was reduced by 53+6% (n=9).

Impaired first-phase insulin secretion in BCay1.27~ mice

The pattern of single-cell exocytosis elicited by a train of ten 500 ms depolarizations was
analysed carefully. Exocytosis of B-cells from BCayl.2” mice in response to the initial
depolarizations was markedly reduced whereas that elicited later during the train was not
affected (Figure 5).
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Figure 5: Loss of rapid exocytosis in fCayl.2”" f- cells. (4) Increase in cell capacitance (AC, lower) elicited by
a train of ten 500 ms depolarizations from -70 to 0 mV (V, upper). The dotted line indicates the pre-stimulatory
level. (B) Increment in cell capacitance by each depolarization (AC,- AC, ;) displayed against pulse number (n).
(C and D) The same as in (A and B) but using a f-cell obtained from a fCayl.2”" mouse.
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The acute effects of applying the L-type Ca”" channel antagonist isradipine were by and large
identical to those resulting from Cay1.2 disruption. SNX482, which reduced the Ca*" current
by ~25%, affected late exocytosis but had no significant effect on the response to the first
depolarization. The pCay1.2” mice exhibited a slight hyperglycemia under basal and fasted
(6 h) conditions. An intraperitoneal glucose challenge (2g/kg body weight) in fed mice
revealed an impaired glucose tolerance in Cay1.2” mice. This correlated with a slight
reduction of basal plasma insulin levels and marked reduction of glucose-induced first-phase
insulin secretion (measured 3 min after the glucose challenge) in the BCay1.2” mice. In situ
pancreatic perfusion reveals blunted first-phase insulin secretion in pancreata from fCay1.27"
mice (Figure 6).
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Figure 6: Blunted first-phase insulin secretion in fCayl.2”" pancreata. Insulin release from in situ perfused
pancreatic glands from control (black squares) and fCayl.2”" mice (red circles) before and after elevating
glucose from 1 to 10 mM (black horizontal bar). The dotted horizontal line corresponds to the pre-stimulatory
rate of insulin release in control mice.

In vitro insulin secretion assays using isolated islets demonstrated that basal insulin secretion
in islets from BCayl.2”" mice was unaffected, but glucose-induced insulin secretion was
much lower than in the control mice and comparable to that seen after blockage of the Ca®"
channels with nifedipine (2.7-fold enhancement).

Cay2.3 calcium channels control second-phase insulin release
(paper II)

In paper Il we have investigated the role of Cay2.3 calcium channels on insulin secretion by
performing in vivo glucose tolerance tests, dynamic measurements of phasic insulin secretion
in situ, static pancreatic hormone-release experiments in isolated islets, as well as single cell
recordings of whole-cell Ca®" currents and exocytosis and ratiometric measurements of the
cytoplasmic Ca®" concentration in WT and Cay2.3 " islets.

Effects of Cay2.3 calcium channels on whole cell Ca?* currents in B cell

We studied the functional consequences of ablation of the Cay2.3 gene using perforated-patch
whole cell Ca**-current measurements. B-cells from Cav2.3’/’ mice exhibited a selective loss
of a high voltage Ca*" current component, and current amplitudes at voltages below —10 mV
were not affected. At —10 mV, the reduction averaged approximately 23%. The R-type Ca*"
channel blocker SNX482 (100 nM) had no effect on voltage-gated Ca®" currents in Cay2.37"
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mice, whereas the L-type inhibitor isradipine (2 uM) significantly reduced Ca*" influx
approximately 60% at potentials more positive than or equal to -30 mV.

Cay2.3 gene ablation alter the intracellular Ca®" homeostasis

Resting [Ca”']; measured at 5 mM glucose was identical in islets from Cay2.3” and WT mice.
After elevation of glucose to 10 mM, in Cay2.3" islets, the glucose-evoked initial peak in
[Ca*"]; occurred later than in WT islets (227 + 15 versus 204 + 33 seconds in Cay2.3” and
WT islets, respectively). This initial amplitude was almost unaffected (7% decrease), but the
time-averaged [Ca”"]; during the subsequent oscillatory phase was 17% lower than in WT
islets (P < 0.01). In addition, the oscillatory activity was 29% slower in the Cay2.3" islets
(1.8 £ 0.1 versus 2.5 + 0.2 bursts/minute in Cay2.3” and WT islets, respectively).

Effects of Cay2.3 gene ablation on insulin secretion

We used cell capacitance measurements to study the kinetics of depolarization-evoked
exocytosis in single B-cells from control and Cay2.3” mice. Exocytosis was elicited by trains
of 10 500-ms voltage clamp depolarisations. In B-cells from Cay2.3” mice, the increase in
cell capacitance during the train was 21% suppressed than the exocytotic response evoked by
the same stimulus in WT p-cells. Interestingly, exocytosis in response to the initial
depolarisations was not affected whereas that elicited later during the train was entirely
responsible for the overall reduction (Figure 7).
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Figure 7: Effects of Cay2.3 ablation on single-cell exocytosis in islet cells. (A) Exocytosis evoked by trains of 10
depolarizations (V) and monitored as increases in cell capacitance (AC) in WT Cay2.3"" (black) and Cay2.3™
(gray) p-cells. (B) Average total increase in capacitance evoked by the trains (ACror).

To determine the consequences of the Cay2.3 deficiency on glucose homeostasis and insulin
release, serum insulin and glucose concentrations were measured in Cav2.3’/’ mice and WT
mice after an intraperitoneal glucose challenge (2 g/kg body weight). In Cay2.3”" mice, basal
glucose levels were elevated by 17% compared with WT (P < 0.05 versus WT; n =9), and the
plasma glucose concentrations measured 3 and 8 minutes after challenge were also elevated
approximately 15% (P < 0.05 for values at 8 minutes versus WT). Basal plasma insulin levels
did not differ between the Cav2.3’/’ and WT strains. In Cav2.3’/’ mice, the glucose-induced
increase in circulating insulin was similar to that in WT mice 3 minutes after challenge, but
after 8 minutes it was limited to less than 10% (P < 0.05 versus WT).
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To investigate whether the reduced insulin secretion in Cay2.3” mice depends on systemic
factors or reflects processes within the islets, insulin secretion from isolated islets was studied.
In Cay2.37 islets, glucose-stimulated insulin release was reduced approximately 25%
compared with WT. The effects of isradipine on glucose-stimulated insulin release were
comparable in WT (66% reduction) and in Cay2.37 islets (68% suppression). Insulin
secretion elicited by stimulation with high extracellular K™ (50 mM) resulted in a 75%
enhancement of release relative to that observed in the presence of glucose alone in WT islets.
A similar relative stimulation was observed in Cav2.3’/’ islets (96%), but in absolute terms,
the response in the latter type of islets was reduced 13% compared with WT islets.

To assess the role of Cay2.3 in dynamic insulin release, we performed in situ pancreatic
perfusions with fractionated sampling. In Cay2.3”" pancreata, the peak in first-phase insulin
secretion was only slightly reduced (19%) and measured 7.1 + 2.1 ng/ml (NS; n = 4). More
importantly, second-phase insulin release was markedly suppressed and averaged 9.4 + 2.7
ng/ml, representing a 46% reduction compared with WT (P < 0.05) (Figure 8).
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Figure 8: Dynamics of insulin release measured by in situ pancreatic perfusion.

Effects of Cay2.3 gene ablation on glucagon secretion

We also found that Cay2.3 ablation affects glucagon secretion. In isolated islets, the ability of
glucose to suppress glucagon secretion is severely impaired. In the in vivo glucose challenge
test, 3-minute values for plasma glucagon were stimulated approximately 15% in Cay2.37
mice, whereas in WT they were reduced approximately 20%.

Immunostaining against insulin and glucagon performed on Cay2.3 ™ isltet cells revealed that

75% and 9% of the cells could readily be characterized as - and a-cells, respectively, 16% of
the 210 cells coexpressed insulin and glucagon.
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Discussion papers [ &Il

Glucose-induced insulin secretion follows a biphasic time-course. A transient first phase
lasting 5-10 min is followed by a sustained second phase. It has been suggested to reflect the
sequential release of distinct pools of granules, which vary with regard to release competence.
Insulin is secreted from pancreatic p-cells in response to an elevation of cytoplasmic Ca>"
resulting from enhanced Ca®" influx through voltage-gated Ca®* channels. Mouse B-cells
express several types of voltage-gated Ca®" channel (L-, R- and possibly P/Q-type). We have
investigated the role of the L-type Cay1.2 Ca®" channel and the R-type Cay2.3 Ca”" channels
for insulin secretion.

Mouse pancreatic B-cells contain dihydropyridine-sensitive L-type Ca>" channels and glucose-
induced insulin secretion is almost abolished by pharmacological inhibitors of L-type Ca*"
channels such as nifedipine. Previous studies have argued that Cay1.3 (aip) or Cayl.2 (a¢)
might be of importance in insulin release (Yang, Larsson et al. 1999; Barg, Huang et al. 2001).
The present data that the entire DHP-sensitive Ca>" current is lost following inactivation of
the Cayl.2 gene reinforces previous immunochemical and electrophysiological data that
Cayl1.2 is the only L-type Ca*" channel variety expressed in mouse p-cells. Previous studies
have demonstrated that Cay1.2 Ca*" channels functionally associate with insulin granules in
the B-cells, and that the loop connecting the second and third homologous domains physically
tethers the channel to components of the exocytotic core complex (Wiser, Trus et al. 1999).
The close connection between the secretory granules and the Ca®" channel was further
supported by experiments using the synprint peptide (Barg, Huang et al. 2001). Our data
reveals that Cayl.2 Ca®" channels are required for first-phase insulin secretion and rapid
exocytosis in pancreatic B cells. We propose that in fCay1.2” mice, the Cayl.2/granule
complex is disrupted, leading to selective suppression of fast exocytosis.

A significant fraction (~50%) of the whole-cell Ca** current is resistant to nifedipine (Gilon,
Yakel et al. 1997), indicating the presence of additional Ca®" channel subtypes in the p-cell.
The physiological roles of the non-L-type Ca>" channels are unknown. A general Cay2.3-
knockout (Cay2.3”") mouse exhibits a slight glucose intolerance and reduced glucose induced
insulin secretion (Pereverzev, Mikhna et al. 2002). Cay2.3 ablation is associated with a 23%
decrease in B-cell Ca®* current in Cay2.3”" mice. This is in good agreement with the response
to acute application of SNX482 in WT mice in which about one-quarter of the -cell whole-
cell Ca*" current is sensitive to the R-type Ca”" channel blocker SNX482. We demonstrate
that pharmacological inhibition of R-type Cay2.3 Ca®" channels using SNX482 does not
affect first-phase insulin secretion, but reduces second-phase release a dramatic 80%.
Cay2.3”"" mice exhibits a similar preferential suppression of late-phase insulin secretion.
Previous evidence in neurons suggests that R-type channels are physically detached from the
exocytotic machinery (Wu, Borst et al. 1998) and are not involved in rapid neurotransmission
in mossy fibers (Dietrich, Kirschstein et al. 2003). It is possible that non-L-type Ca>" channels
fulfill functions in the B-cells other than initiation of exocytosis. For example, they may play a
role in the refilling of the readily releasable pool (RRP) granules by mobilizing reserve pool
(RP) granules. This would be consistent with the finding that whereas exocytosis elicited by
the two first pulses during a train of ten 500 ms depolarizations is strongly inhibited in -cells
from BCay1.2”" mice and in control B-cells exposed to the L-type Ca®" channel inhibitor
isradipine, exocytosis during the latter part of the train is unaffected. Indeed, the R-type Ca*"
channel blocker SNX482 exerts its strongest effect on late exocytosis. The initial component
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of exocytosis is not much affected in Cay2.3" p-cells. In fact, the overall reduction results
exclusively from suppression of the late component of exocytosis. It appears that Ca*" entry
via L-type Cayl.2 and R-type Cay2.3 channels have distinct intracellular effects and may
target different functional pools of insulin granules. Secretory granules in pancreatic p-cells
exist in distinct functional pools and sequential release of these pools gives rise to kinetically
separable components of exocytosis (Rorsman and Renstrom 2003). Granules belonging to
RRP are release-competent and can undergo exocytosis without any further modification after
stimulation. Release of such granules is believed to underlie a rapid component of release.
The majority of granules belong to RP that must undergo a series of ATP-, Ca*'-, time- and
temperature-dependent reactions (collectively referred to as mobilization or priming) to gain
release competence. Presumably, L-type Ca”" channels trigger RRP granules exocytosis, but
once the RRP is depleted, the supply of new granules from RP for release becomes rate
limiting. It seems justifiable to conclude that Ca®* entry via R-type Cay2.3 Ca>" channels is
functionally (and perhaps spatially) linked to granule mobilization and priming of insulin
granules for release.

A transient peak in Cay2.3 channel expression in glial cells along specific CNS pathways has
been demonstrated to coincide with postnatal myelinization of the white matter in the rat
(Chen, Ren et al. 2000). It can be speculated that Cay2.3 channel expression exerts a similar
action in defining the differentiated mature islet cell lineages. Cay2.3 ablation is associated
with disturbances of glucagon secretion, possibly due to the appearance of atypical a/p-cells
accounting for greater than 60% of the glucagon-expressing cells in these mice.

Supression of sulfonylurea- and glucose-induced insulin secretion
in mice lacking the chloride transport protein CIC-3 (paper 1)

In paper 1 and 1l we demonstrated that Ca®" influx through distinct Cay channels play
different roles in biphasic insulin secretion. Previous functional experiments suggested that
CIC-3 facilitates insulin secretion (Barg, Huang et al. 2001; Juhl, Hoy et al. 2003). In paper
[II we investigated the role of CIC-3 chloride channel on insulin secretion using constitutive
CIC-3 knock-out (KO) mice (CIC3”" mice).

CIC-3 expression and localization in pancreatic islets

To investigate the expression of CIC-3 in islets, we performed immunohistochemistry on
pancreatic islets using polyclonal antibodies against a mixture of two different peptides
predicted from the CIC-3 sequence. It was shown that CIC-3 is strongly expressed in
endocrine pancreas. Co-staining for insulin and glucagon showed that the protein is expressed
in both o- and p-cells. The subcellular localisation of CIC-3 was investigated by
immunocytochemistry. Subcellular fractionation analyses from primary B-cells and INS-1
cells revealed that CIC-3 was enriched in the fractions containing endosome and synaptic-like
micro vesicles, but not in the fractions containing secretory granules. However, these data do
not unequivocally demonstrate that CIC-3 is absent from the insulin granules. In fact granules
isolated from INS-1 cells by GFP-labelling were enriched for insulin and did contain
detectable levels of CIC-3 immunoreactivity.
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CIC-3 ablation affects proton fluxes over the membrane

Effects of CIC-3 ablation on intragranular pH were investigated using the fluorescent probe
LysoSensor Green DND-189. Addition of protonophore CCCP led to a prompt reduction of
fluorescence in control cells as the intragranular pH increased and fluorescent probe moved
out of the cell. The CCCP-induced fluorescence decrease at steady-state (90 s after addition of
CCCP) was reduced from 41£9% in wildtype cells to 18+5% in CIC3™" B-cells.

CIC-3 ablation does not affect intracellular Ca?* homeostasis and insulin
granule biogenesis

To investigate whether the lack of CIC-3 interferes with Ca®" elevation, [Ca®']; was measured
in islets isolated from WT and CIC3”" mice using the fluorescent Ca®*-indicator fura-2. Basal
[Ca®']; levels were similar (88+6 nM and 106+15 nM in WT and CIC3™" islets, respectively).
Stimulation with 15 mM glucose, [Ca®']; rose to a peak value of 419+52 nM in WT and
452429 nM in CIC3™ islets. In both cases, this peak was followed by Ca*" oscillations that are
typical for B-cells. The addition of tolbutamide caused a comparable increase in [Ca*']; in
both genotypes. These data indicate that the impaired secretory response of CIC3™ islets
cannot be attributed to abnormalities of intracellular Ca®* handling, but is exclusively due to a
later step in the intracellular signal cascade.

In addition, neither a change in the total number of secretory granules, nor in the number of
docked vesicles was detected, in CIC3”" B-cells. This fits well to the finding that there was no
change in insulin content of CIC-3 deficient islets and supports the notion that there is no
defect in granule biogenesis.

CIC-3 ablation affects insulin secretion at all levels

In vivo insulin secretion in response to elevation of glucose was impaired in constitutive
CIC3™ mice. Whereas control mice responded to the glucose load with an increase in their
serum insulin secretion, no comparable rise in the insulin concentration was detected in
CIC3™ mice. Stimulation with glibenclamide also failed to enhance insulin secretion in CIC-
3-deficient mice.

Since CIC-3 channels are expressed in many different tissues, it was of interest to see whether
the reduced insulin secretion in CIC3”~ mice depends on systemic factors or reflects processes
within the islets. To disrupt systemic effects, e.g. those exerted via neural inputs, insulin
secretion from isolated islets was studied. Whereas increasing glucose from 1 to 20 mM
stimulated insulin secretion of control islets on average by a factor of 10, secretion in islets
from CIC3” mice was reduced by 67%. Insulin secretion in CIC3" islets stimulated by
glibenclamide or high extracellular K™ (50 mM) was largely abolished compared with control
islets.

At the single cell level, the exocytotic response of the -cell was studied using high-resolution
capacitance measurements. Exocytosis was elicited by trains of ten 500-ms depolarizing
pulses (from -70 mV to 0 mV) using the standard whole-cell configuration of the patch clamp
technique. In control B-cells, exocytosis proceeded throughout the stimulus train. In CIC3™ p-
cells, the capacitance increases per pulse were drastically lower from the beginning (Figure 9),
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and the total capacitance increase measured in clc3” B-cells was significantly lower (-80%)
than in control B-cells. The secretory response of CIC3” B-cells could be largely restored by
infecting the cells with a recombinant Semliki Forest Virus (SFV) encoding CIC-3.
Furthermore, exocytosis was also stimulated using an intracellular Ca** dialysis protocol. In
this experiment, exocytotic rates reflect a sustained type of exocytosis in which mobilization
of insulin granules to the plasma membrane (i.e. priming) becomes rate-limiting. Also in this
experiment a clear reduction was observed in the CIC3” B-cells and exocytotic rates were
suppressed by ~40%.
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Figure 9: (A) Increases in membrane capacitance (AC), evoked by a train of ten 500-ms voltage-clamp
depolarisations from -70 mV to 0 mV (V) in a wildtype B-cell (identified by Na'* current inactivation
properties;inset). (B) Increases in membrane capacitance elicited by the individual pulses of the train stimulus
(AC,-AC,.;). (C-D) Same as in (A-B) but using cells from CIC-3" mice.

Interestingly, further support for a direct effect of CIC-3 on the B-cell was provided by RNA
interference experiments in INS-1 cells. In these cells, down regulation of the CIC-3 protein
reduced exocytosis by ~65%.

Discussion paper II]

Secretory granules must undergo a priming reaction to gain release competence. In pancreatic
B-cells, the pH of insulin granules is acidic. The low luminal pH of secretory granules is
crucial for prohormone cleavage (Hutton 1989). In addition, the acidification of secretory
vesicles may play a role in making them release-competent, an ATP-dependent process
referred to as priming (Barg, Huang et al. 2001; Stiernet, Guiot et al. 2006). Acidification is
carried out by a V-type H-ATPase that pumps H" into the vesicular lumen. Various members
of the CIC family of CI" transport proteins facilitate the acidification of intracellular vesicles,
most likely by limiting the generation of a transmembrane voltage by the H-ATPase. CIC-3
is present on endosomes and synaptic vesicles (Stobrawa, Breiderhoff et al. 2001; Salazar,
Love et al. 2004), and acidification rates of both types of vesicles were reduced in CIC3™
mice (Stobrawa, Breiderhoff et al. 2001; Yoshikawa, Uchida et al. 2002; Hara-Chikuma,
Yang et al. 2005). In addition, CIC-3 has been reported to also reside on secretory granules of
B-cells (Barg, Huang et al. 2001). Functional experiments based on the intracellular
application of an antibody directed against CIC-3 suggested that CIC-3 facilitates insulin
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secretion by enhancing the acidification of insulin-containing granules (Barg, Huang et al.
2001; Barg, Olofsson et al. 2002; Hoy, Olsen et al. 2003; Juhl, Hoy et al. 2003).

The strong expression of CIC-3 in pancreatic B-cells raised the interesting possibility that it
might mediate the CI' conductance involved in the priming of the secretory granules. Indeed,
the presence of CIC-3 in insulin granules was detected in a high-purification fraction of
LDCVs obtained by phogrin-GFP labelling. Proton fluxes over the granule membrane were
strongly reduced in CIC3” B-cells. Insulin secretion was severely affected in CIC3”" mice. For
instance, insulin secretion evoked by high extracellular K™ was reduced by 56%. These
findings are consistent with the concept that CIC-3-dependent processes have a strong impact
on the size of the RRP. The present data support the scenario that granular Cl'-fluxes play an
important role in the priming of secretory granules for release. The reduced capacity of
CIC3™ B-cells to replenish the releasable pool of granules is also evident from the Ca®'-
infusion experiments in which granule mobilization was suppressed by ~40%. Taken together,
our data support the hypothesis that CIC-3 promotes granules mobilization by providing a
shunt conductance that allows the granule interior to acidify; the latter leading to an increased
release competence of granules by mechanisms that remain unestablished.

Interestingly, the CIC3”" mice had normal basal plasma glucose (~10 mM) and insulin levels,
though stimulated insulin secretion was strongly reduced both in vitro and in vivo in CIC3”
mice. It argues that there must exist additional mechanisms for granule priming/acidification
in the B-cell. These processes account for the normality of basal plasma insulin and glucose
levels in the knockout animals.
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Conclusions

In this thesis, we have investigated the effects of different ion channels on insulin secretion
using a combination of gene knock-out mice, electrophysiology, Ca* microfluorimetry and
hormone release measurements. The following conclusions were reached:
e (1)The L-type Ca*" channel in mouse pancreatic B-cells is Cay1.2.
(2)The disappearance of a rapid component of exocytosis in fCay1.2”7~ B-cells reflects
the loss of a granule pool physically attached to the Cay1.2 channel.
(3)The latter granule pool is required for first-phase insulin secretion and maintenance

of systemic glucose tolerance.

e (1)R-type Cay2.3 channels do not associate with a pool of rapidly releasable insulin
granules.
(2) Cay2.3 Ca®’ channels mediate the Ca®" entry needed for replenishment of the
readily releasable pool of insulin granules.
(3) Cay2.3 channel activity is primarily important during second-phase insulin

secretion.

e (1)CIC-3 chloride channels are present intracellularly on the entire membrane system
associated with regulated exocytosis, including the insulin granules.
(2)CIC-3 channels affect proton (H") fluxes over the granule membrane.
(3)CIC-3 channel activity is important for mobilization of insulin granules into the

readily releasable pool of insulin granules.
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Popularvetenskaplig sammanfattning

Insulin &r kroppens enda blodsockersinkande hormon. Det frisdtts till blodet frén de
pankreatiska betacellerna ndr man har dtit och halten av blodsocker (glukos) okar.
Glukosorsakad insulininséndring i blodet sker i tvé faser: den forsta fasen dr mycket intensiv,
men varar bara 5-10 minuter innan insulininsdndringen till blodet sjunker. Under den andra
fasen okar insulinsekretionen sakta och kan sedan fortsitta i flera timmar, sa lédnge
blodsockervérdena forblir forhojda.

Vi vet att insulinsekretionens bifasiska monster dr nddvéndigt for att vi inte skall fa typ 2-
diabetes, men vi vet inte hur det uppkommer. I denna avhandling har jag undersékt hur olika
s.k. jonkanaler paverkar bifasisk insulinsekretion. Jonkanaler dr proteiner som normalt ar
stingda, men kan Oppnas (aktiveras) nér de utsétts for ett specifikt stimuli, t.ex. en dndrad
elektrisk laddning.

Det finns flera olika typer av jonkanaler. Till exempel slédpper vissa bara igenom kalciumjoner
(Ca®™). Kalciumjonkanalerna finns i cellens yta (plasmamembranet) och spelar en helt
avgérande roll ndr en 6kning av halten av glukos i blodet skall &versittas till att starta
insulinsekretion. De kalciumjoner (Ca*") som kommer in i betacellen leder till att insulin
ansamlat i sekretkorn (insulingranula) tdmmer sitt insulin i blodet.

Andra jonkanaler bara later negativa kloridjoner (CI') passera. Dessa typer av jonkanaler finns
i membran inuti cellen.

I denna avhandling har jag undersdkt bada dessa typer av jonkanaler och hur de péverar
bifasisk insulinsekretion. Mina resultat visar att en typ av kalciumjonkanal, Cayl1.2, utléser
forsta fasens insulinsekretion, medan en annan, Cay2.3, styr andra fasens insulinfrisittning.
Detta resultat ar mycket forvanande, eftersom béda kalciumjonkanalerna aktiveras nédr den
pankreatiska betacellen blir mer positivt laddad. Forklaringen &r att insulingranula i cellen
binder till Cayl.2, men inte Cay2.3. Eftersom aktivering av kalciumjonkanaler &r den
héndelse som utléser glukosorsakad insulinsekretion, betyder det att Cayl.2 kommer att
utlosa den snabba forsta fasens insulinfrisdttning, medan Cay2.3 blir viktigare i ett senare
skede och svarar for att utlosa den andra fasen.

I den sista delen av avhandlingen visar jag att kloridjonkanalen CIC3 finns pa flera typer av
membran inuti cellen, inklusive insulingranula. Den hjdlper till att gora insulingranula
kemiskt sura (lagt pH), vilket i sin tur leder till att de alls kan frisattas. CIC3 ar alltsé viktig
for att vi dverhuvudtaget skall kunna frisétta insulin.

Mina studier har givit ett viktigt bidrag till forstaelsen av processer som diabetesforskare har
tampats med under artionden. Min férhoppning 4r att de skall kunna kopplas samman med
den utveckling vi just nu observerar pd diabetesgenetikens omrdde och leda till nya
behandlingsformer som férhindrar utvecklingen av typ 2-diabetes.
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Insulin is secreted from pancreatic B cells in response
to an elevation of cytoplasmic Ca?* resulting from
enhanced Ca?* influx through voltage-gated Ca?*
channels. Mouse B cells express several types of Ca?*
channel (L-, R- and possibly P/Q-type). B cell-selective
ablation of the gene encoding the L-type Ca?* channel
subtype Ca,1.2 (BCa,1.27~ mouse) decreased the
whole-cell Ca?* current by only ~45%, but almost
abolished first-phase insulin secretion and resulted in
systemic glucose intolerance. These effects did not cor-
relate with any major effects on intracellular Ca%*
handling and glucose-induced electrical activity.
However, high-resolution capacitance measurements
of exocytosis in single B cells revealed that the loss of
first-phase insulin secretion in the BCa,1.27~ mouse
was associated with the disappearance of a rapid
component of exocytosis reflecting fusion of secretory
granules physically attached to the Ca,1.2 channel.
Thus, the conduit of Ca2* entry determines the ability
of the cation to elicit secretion.

Keywords: Ca** channels/diabetes/exocytosis/insulin
secretion/pancreatic B cells

Introduction

Insulin secretion occurs upon elevation of the blood
glucose concentration, when the pancreatic B cell depo-
larizes and regenerative electrical activity consisting of
Ca?*-dependent action potentials is initiated (Henquin and
Meissner, 1984; Ashcroft and Rorsman, 1989). The
resultant elevation of the cytoplasmic Ca* concentration
culminates in exocytosis of insulin-containing secretory
granules (Barg et al., 2001; (Maecheler and Wollheim,
2001). Mouse pancreatic f cells contain dihydropyridine-
sensitive L-type Ca?* channels and glucose-induced
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insulin secretion is almost abolished by pharmacological
inhibitors of L-type Ca?* channels such as nifedipine. The
molecular identity of the pancreatic B cell L-type Ca**
channel has not been established and it has variably been
reported to be Ca,1.2 (alc) (Barg et al., 2001) or Ca,1.3
(olp) (Yang et al., 1999). A significant fraction (~50%) of
the whole-cell Ca2* current is resistant to nifedipine (Gilon
et al., 1997), indicating the presence of additional Ca**
channel subtypes in the  cell. The physiological roles of
the non-L-type Ca?* channels are unknown.

Glucose-induced insulin secretion follows a biphasic
time-course. A transient first phase lasting 5-10 min is
followed by a sustained second phase (Curry et al., 1968).
The cellular background to the two phases of release
remains unknown but it has been suggested to reflect the
sequential release of distinct pools of granules, which vary
with regard to release competence (Barg er al., 2002;
Bratanova-Tochkova et al., 2002). In support of this idea,
high-resolution capacitance measurements have docu-
mented two components of exocytosis (Renstrom et al.,
1996; Eliasson et al., 1997). The rapid component is
believed to reflect the release of a limited pool of readily
releasable granules in close proximity to the L-type Ca2*
channels (Barg ef al., 2001), whereas replenishment of this
pool by mobilization of granules originally residing in a
large reserve pool gives rise to the slower component.
Interestingly, the initial component can selectively be
prevented by intracellular addition of a recombinant
peptide corresponding to the loop connecting domains II
and IIT of Ca,1.2 (Wiser et al., 1999; Barg et al., 2001),
suggesting that the assembly of a tight Ca>* channel/
insulin granule complex is required for rapid exocytosis in
the B cell.

Here we have investigated the role of the L-type Ca,1.2
Ca?* channel for insulin secretion by combining a targeted
gene knockout approach with time-resolved insulin release
assays and high-resolution single-cell capacitance meas-
urements of exocytosis. Our results suggest that Ca,1.2
Ca?* channels are required for first-phase insulin release
and maintenance of systemic glucose tolerance. Collect-
ively, these data raise the interesting possibility that
polymorphisms of genes encoding proteins involved in the
formation of the exocytotic core/Ca?* channel complex
may lead to an impairment of rapid insulin secretion, a
hallmark of human type-2 diabetes.

Results

Generation of Ca, 1.2/~ mice

Mice lacking the Ca,1.2 L-type Ca?* channel die in utero
before day 15 post-coitum (Seisenberger et al., 2000). To
circumvent embryonic lethality, the Cre/loxP recombina-
tion system was used to selectively inactivate the Ca,1.2
gene in pancreatic 3 cells (Figure 1A; see Materials and
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Fig. 1. B cell-specific inactivation of the Ca,1.2 gene. (A) To the left, a schematic drawing of the location of the transmembrane segments and the
pore loop encoded by exons 14 and 15. To the right, the genomic structures of the wild-type and of the mutated Ca,1.2 genes, respectively, are shown.
The black arrows indicate the position of the primers used for genotyping and the fragment length of the PCR products. The numbers indicate the
exon number. Schematic representation of the wild-type allele, the knockout allele (L1) and the conditional Ca,1.2 (L2) allele, which contains two
loxP sites flanking exons 14 and 15. (B) PCR analysis of genomic DNA from control, BCa,1.27 islets and control reaction (no DNA) and kb marker
lane as indicated below the lanes. (C) RT-PCR analysis of islets and heart from a BCa, 1.2~ mouse (Cay1.2-"L%/RIP-Cre*2) and kb marker as indi-
cated. The scheme (top) represents the locations of the primer pair E13 and Lefl used in RT-PCR (lower). The double band in heart was sequenced.
The upper band represents wild-type mRNA, whereas the lower band consists of wild-type mRNA missing 80 bp. Because the control mice are hetero-
zygous, the heart also expresses the L2 gene transcript (396 bp). As an internal standard, the hypoxanthine phosphoribosyl transferase (HPRT) cDNA
was amplified together with the Ca,1.2 cDNA. (D) Western blots of protein extracts from control islets and pCa, 1.2 islets (as indicated) using a
Ca,1.2-specific antibody (iii, top), a panCa,-specific antibody (iv) and a B-actin antibody (v, bottom). The specificity of the Ca,1.2 antibody was con-
firmed using HEK293 cells stably transfected with Ca,1.2 cells (i) and by heart preparations from (+/+) or (-/-) embryos (ii) (Seisenberger et al.,
2000). Please note: Ca, 1.2 shows an apparently higher mol. wt of 270 kDa in this SDS-PAGE system (11%, low cross-linking).

methods for details). B cell-specific Cre/loxP recombina-
tion was achieved by expressing the Cre-recombinase
under the control of the rat insulin 2 promoter and was
ascertained by PCR analysis using DNA isolated from
islets of control and BCa,1.27~ mice (Figure 1B). The
islets of BCa, 1.2~ mice still contained detectable amounts

of the ‘floxed’ Ca, 1.2 gene (L2 allele). This we attribute to
contribution of DNA from islet cells not expressing the
insulin 2 promoter, i.e. o, 8 and PP cells. No Cre-mediated
recombination was detectable in heart and lung (data not
shown). Islet expression of Ca,1.2 mRNA in BCa,1.27
mice consisted predominantly of the ‘knockout’ variety of
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Ca, 1.2 mRNA and only very low amounts of the wild-type
transcript could be detected (Figure 1C). By contrast, the
wild-type mRNA was still present in heart (Figure 1C),
indicating that Cre-mediated recombination did not occur
in this tissue. The successful tissue-selective ablation of
Ca,1.2 in B cells was supported by western blot analysis
(Figure 1D) using both a Ca,1.2-specific (Diii) and a pan
o antibody recognizing high voltage-gated Ca2* channels
(Div). Equal loading of the gels shown in (Diii) and (Div)
was ascertained by staining for B-actin. The specificity of
the Ca,1.2 antibody was confirmed using HEK293 cells
stably transfected with Ca,1.2 (Di) and by heart prepar-
ations from (+/+) or (/=) embryos (Dii) (mouse line A in
Seisenberger et al., 2000). Although both antibodies
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recognize several proteins, it is clear that a band with the
mass expected for Ca, 1.2 selectively disappears following
knockout of Ca,1.2.

Complete and selective loss of L-type Ca?*
currents in fCa, 1.2/~ j cells

We studied the functional consequences of [ cell-selective
ablation of the Ca, 1.2 gene using perforated-patch whole-
cell Ca?*-current measurements. Figure 2A shows whole-
cell Ca?* currents recorded from a control B cell during a
100 ms depolarization from —70 to —10 mV (close to the
peak of the B cell action potential; Henquin and Meissner,
1984) under control conditions and after addition of 1 uM
specific L-type Ca?* channel agonist BayK8644. The peak
Ca* current elicited by a depolarization to 0 mV in the
control B cells (=58 * 5 pA) was similar to that observed
in B cells from NMRI mice (—49 * 5 pA) under the same
experimental conditions (Larsson-Nyrén et al., 2001). The
effects of BayK8644 on the integrated Ca®* currents (Q)
evoked by depolarizations to voltages (V) between —50
and +20 mV are summarized in Figure 2B. The agonist
stimulated the Ca?* current to about the same extent at all
voltages, and at —10 mV Ca** influx increased
2.6 = 0.6-fold (P < 0.05, n = 5).

Ca?* currents were reduced in B cells from BCa,1.27-
mice. The integrated Ca®* current observed at —10 mV
only amounted to 2.4 = 0.3 pC (n = 10), ~55% of the
4.4 = 0.4 pC (n=11) seen in control f cells. However, it is
noteworthy that, up to —30 mV, the amplitude of the Ca>*
current was identical in the control and BCa,1.27- B cells.
Even at the peak of the B cell action potential (approxi-
mately —18 mV; dotted line in Figure 2D), the effects of
Ca,1.2 disruption were limited to ~30%. Importantly,
BayK8644, as well as the potent L-type Ca** channel
antagonist isradipine (2 uM), were ineffective in these
B cells (Figure 2C). The Q-V relationships in fCa,1.27~
B cells recorded in the absence and presence of BayK8644
or isradipine are shown in Figure 2D, and are compared
with the relationship recorded under control conditions in

Fig. 2. Ca** currents in B cells from control and BCa,1.2”~ mice.
(A) Whole-cell Ca?* currents (1) during 100 ms depolarizations from
=70 to =10 mV (V) in the absence (left) and presence (right) of 1 uM
BayK8644. The dotted line represents the zero current level. (B) Charge
(Q)-voltage (V) relationships recorded in the absence (filled circles)
and presence of BayK8644 (open circles). Depolarizations were 100 ms
long and went to voltages between —50 and +20 mV. Mean
values = SEM of five experiments. P < 0.05 for voltages above
—40 mV. (C and D) As in (A and B) but recordings were conducted on
B cells from BCa,1.27 mice. The effects of the L-type channel
activator BayK8644 (1 uM) as well as the L-type channel inhibitor
isradipine (2 uM) were evaluated. The Q-V relationship recorded from
control B cells under control conditions has been superimposed (gray).
Data represent mean values = SEM of 10, 10 and 5 experiments car-
ried out under control conditions, in the presence of BayK8644 or after
addition of isradipine, respectively. P < 0.01 for voltages beyond
—20 mV when comparing control currents recorded in BCa,1.27~ and
control mice. The dotted vertical line indicates the average peak volt-
age attained during the action potential (approximately —18 mV).
(E and F) as (A and B) but isradipine (2 uM) and SNX482 (0.1 pM)
were included sequentially as indicated above the voltage trace. Mean
values = SEM of nine experiments. When comparing currents recorded
before and after addition of isradipine, P < 0.01 at voltages beyond
—-30 mV. For currents detected before and after addition of SNX482
and in the continued presence of isradipine, P < 0.05 at voltages —30 to
0mV.
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Fig. 3. Impaired glucose tolerance and in vivo insulin secretion in BCa,1.27~ mice. (A) Changes in plasma glucose (p-glucose) in response to an
intraperitoneal glucose challenge (2 g/kg body weight) applied at time zero in control (black squares) and PCa,1.27 mice (gray squares). Data are
mean values = SEM of nine animals for both data sets. (B) Plasma insulin levels (p-insulin) measured in control (black squares) and BCa,1.27~ mice
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Fig. 4. Blunted first-phase insulin secretion in BCa,1.27~ pancreata. Insulin release from in situ perfused pancreatic glands from control (black squares)
and BCa, 1.2~ mice (gray circles) before and after elevating glucose from 1 to 10 mM (black horizontal bar). The dotted horizontal line corresponds
to the pre-stimulatory rate of insulin release in control mice. Data represent mean values = SEM of four animals in both groups.

control B cells (gray line). Cell capacitance was nearly
identical in BCa, 1.2 and control B cells (5.9 = 0.2 and
5.8 = 0.3 pF, respectively), demonstrating that the smaller
Ca?* current in pCa, 1.2~ B cells indeed reflects a reduced
Ca?* channel density.

To confirm the B cell-selective ablation of Ca,1.2, we
measured whole-cell Ca®* currents in glucagon-producing
o cells. As expected, the amplitude of the Ca®* current in
o cells (identified by the presence of a Na* current
activated at physiological membrane potentials; Barg et al.,
2000) was unaffected in BCa, 1.2~ mice. The mean charge
entry during a 100 ms depolarization to —10 mV amounted

to 4.4 * 0.4 pC (n = 18) and -4.5 = 0.5 pC (n = 8) in
o cells from BCa,1.27~ and control mice, respectively
(data not shown). The effects of BayK8644 (1 uM) on the
o cell Ca?* current in BCa,1.27~ mice were tested in four
cells and increased the Ca2* current by 58 + 8% (P < 0.01,
n = 4; data not shown).

The consequences of ablating Ca, 1.2 on the B cell Ca?*
current are similar to those obtained using isradipine
(Figure 2E). Isradipine blocked the Ca?* current to the
same extent at all voltages and the integrated current
observed at —10 mV was reduced by 53 = 6% (n = 9).
Nifedipine (20 uM) likewise reduced the B cell Ca**
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Fig. 5. Loss of a nifedipine-sensitive component of insulin release in
isolated Ca, 1.2 islets. Insulin secretion measured in isolated islets
from control (A, black bars) and Ca,1.27~ mice (B, gray bars) in the
presence of 1 or 20 mM glucose with or without 20 uM nifedipine as
indicated. Data are mean values * SEM of six experiments.
##%P < 0.001 versus the same condition in control mice.

current by 51 £ 4% (n =5; data not shown). We also tested
the R-type Ca?* channel antagonist SNX482 (Vajna et al.,
2001) on the isradipine-resistant component. The action of
SNX482 was voltage-dependent and it blocked =60%
of the isradipine-resistant component at voltages up to
—-10 mV. A cocktail of isradipine, SNX482 and the
P-/Q-type Ca®* channel inhibitors ®-conotoxin MVIIC
(0.5 uM) or m-agatoxin IVA (0.1 uM) reduced Ca*
current elicited by depolarizations to —10 mV by 97 = 4%
(n = 4; data not shown).

pCa, 1.2~ mice exhibit impaired glucose tolerance
and insulin secretion in vivo

We next determined the consequences of B cell-selective
disruption of the Ca,l.2 gene on systemic glucose
homeostasis and insulin release. The BCa,1.27~ mice
exhibited a slight hyperglycemia under basal and fasted
(6 h) conditions. Fasting glucose levels averaged
6.8 = 04 mM (n =8)and 7.7 = 0.4 mM (P < 0.001,
n =7) in control and BCa,1.27~ mice, respectively (data
not shown). An intraperitoneal glucose challenge (2 g/kg
body weight) in fed mice (Figure 3A) revealed an impaired
glucose tolerance in BCa,1.27~ mice, glucose concentra-
tions as high as ~30 mM being attained. This correlated
with a slight reduction of basal plasma insulin levels and
marked reduction of glucose-induced first-phase insulin
secretion (measured 3 min after the glucose challenge) in
the BCa, 1.2 mice (Figure 3B).

Loss of first-phase insulin secretion in fCa, 1.2/~
mice in vitro

To allow comparison between the kinetics of glucose-
induced insulin secretion in control and BCa,1.27~ mice,
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in situ pancreatic perfusions were carried out (Figure 4). In
control animals, elevating the glucose concentration (from
1 to 10 mM) produced a ~20-fold enhancement of
secretion that peaked 3 min after onset of stimulation
(compare parts in Figure 3B). In BCa,1.27~ mice, first-
phase (<5 min) secretion was inhibited by 78 * 12%
(P < 0.01) and the remaining secretory response peaked
~1 min later than in control animals. No difference in
insulin secretion between control and BCa,1.27~ mice was
observed =5 min after onset of stimulation.

We correlated these observations to insulin secretion
in vitro using isolated islets. In control mice (Figure 5A),
an increase in extracellular glucose from 1 to 20 mM
stimulated insulin secretion 16-fold. The L-type Ca**
channel blocker nifedipine (20 uM) had no effect on
basal secretion but inhibited glucose-induced release by
close to 80%. The R-type channel inhibitor SNX482
(100 nM) likewise failed to affect basal insulin release, but
inhibited glucose-elicited insulin secretion by a mere 10%
(n = 6; data not shown). In agreement with these results,
glucose remained capable of stimulating insulin secretion
3.1-fold even in the presence of nifedipine. The latter
effect we attribute to Ca?* entry through non-L-type Ca>*
channels. In islets from BCa, 1.2~ mice (Figure 5B), basal
insulin secretion was unaffected, but glucose-induced
insulin secretion was much lower than in the control mice
and comparable to that seen after blockage of the CaZ*
channels with nifedipine (2.7-fold enhancement). As
expected, given that Ca,1.2 channels appear to constitute
the only L-type Ca** channels in the B cell (Figure 2C
and D), nifedipine had no effect on glucose-induced
insulin secretion in the knockout mice. The suppressed
insulin secretory capacity in islets from BCa,1.27~ mice
could not be attributed to reduced total insulin content,
which amounted to 25 * 1 ng/islet (n = 13) and 23 = 2 ng/
islet (n = 8) in islets from control and BCa,1.27~ mice,
respectively.

Intracellular Ca?* handling and electrical activity
are unperturbed in 3 cells from Ca, 1.2/~ mice

The impaired insulin secretory capacity of BCa,1.27~
islets is not attributable to abnormalities of intracellular
Ca?* handling (Figure 6A and B) or glucose-induced
electrical activity (Figure 6C and D). Basal [Ca*];
averaged 103 = 8 nM (n =8) and 112 £ 12 nM (n = 8)
in control and BCa,1.27 islets, respectively. Following
stimulation with 10 mM glucose, [Ca?*]; rose to a peak
value of 279 = 25 nM in control islets and 325 * 55 nM in
islets from the knockout mice. The time-averaged [Ca®*];
measured both at 10 and 20 mM glucose were likewise not
different in the two strains of mice (data not shown). The
latency between glucose addition and the initial increase in
[Ca?*]; averaged 257 =+ 24 sin control islets and 327 = 18 s
(P < 0.05) in BCa,1.27 islets.

We ascertained that steady-state electrical activity was
not significantly affected by ablation of Ca,1.2. In control
mice, the membrane potential changed from a resting
potential of =62 = 3 mV (n = 4) in the absence of glucose
to =17 = 5 mV (measured at the peak of the action
potential) in the presence of 10 mM glucose. The
corresponding values in the B cells from BCa, 1.2~ mice
averaged 64 * 5 and —19 = 4 mV (n = 4). It is evident
that the pattern of action potential firing in B cells from
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Fig. 6. Intracellular Ca®* handling and glucose-induced electrical activity are only moderately affected by disruption of the Ca,l.2 gene.
(A) Cytoplasmic Ca?* ([Ca**];) measured before and after addition of 10 mM glucose in an islet isolated from a control mouse. (B) As in (A) but
using an islet isolated from a fCa,1.27~ mouse. Data are representative of eight recordings in each group. (C) Recording of the membrane potential
from a [ cell in a small cell cluster isolated from control islets exposed to 10 mM glucose at steady state. (D) The same as in (C) but in a B cell from
a BCa, 1.2~ mouse. Data are representative of four recordings in both groups that lasted long enough to permit multiple changes of the external solu-

tions (>20 min).

BCa,1.27~ mice was somewhat different from that
observed in the control mice in not being grouped to
short bursts. It might seem surprising that Ca, 1.2 ablation
had no effect on the peak voltage of the action potential
given that the peak Ca?* current was reduced by ~30% at

-20 mV (Figure 2D). However, several processes in
addition to the Ca?*-current amplitude influence the
shape of the action potential. These include, for example,
the magnitude of the resting and voltage-gated K*
conductances.
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Fig. 7. Loss of rapid exocytosis in $Ca,1.27~ B cells. (A) Increase in cell capacitance (AC, lower) elicited by a train of ten 500 ms depolarizations
from —70 to 0 mV (V, upper). The dotted line indicates the pre-stimulatory level. (B) Increment in cell capacitance by each depolarization
(AC, — AC,,_) displayed against pulse number (n). Data are mean values = SEM of nine experiments. (C and D) The same as in (A and B) but using
a P cell obtained from a BCa,1.2”~ mouse. Data are mean values = SEM of 15 experiments. (E and F) As in (A and B) but in the presence of 2 uM
isradipine. Data are mean values = SEM of eight experiments. (G and H) As in (A and B) but in the presence of 0.1 uM SNX482. Data are mean
values = SEM of seven experiments. (I and J) As in (A and B) but in the presence of 0.5 mM Co?*. Data are mean values = SEM of 11 experiments.
In (D, F, H and J), the superimposed gray line denotes the data in control f cells from (A). ***P < 0.001, **P < 0.01 and *P < 0.05 versus responses

in the control P cells (gray line).

Loss of rapid Ca?*-dependent exocytosis in j cells
from BCa, 1.2/~ mice

The mild consequences of ablating Ca,1.2 in B cells on
intracellular Ca?* suggest that impaired glucose tolerance
and insulin secretion may result from direct interference
with the exocytotic apparatus. Indeed, it has been shown
previously that Ca,1.2 Ca** channels co-assemble with
fusion proteins including synaptotagmin, syntaxin and
SNAP-25 (Wiser et al., 1999; Ji et al., 2002). We used cell
capacitance measurements to study the kinetics of
depolarization-evoked exocytosis in single B cells from
control and BCa, 1.2~ mice. Figure 7A shows changes in
cell capacitance in response to a train of ten 500 ms
depolarizations. The data of a total of nine experiments are
summarized in Figure 7B. Typically, the capacitance
increase per pulse decreased during the train, from 80 to
100 fF in response to the initial depolarizations to a steady-
state rate of 25 fF/pulse. This behavior is expected if the
cell contains a limited pool of releasable granules, which
are gradually depleted during repetitive stimulation
(Neher, 1998; Barg et al., 2000, 2001, 2002). When the
same experiments were conducted in [ cells from
BCa, 1.2 mice (Figure 7C and D), exocytosis in response
to the initial depolarizations was markedly reduced
whereas that elicited later during the train was not
affected. The Ca®* current elicited by the depolarizations
was reduced to an equal extent (~45%) throughout the
train (data not shown). The acute effects of applying the
L-type Ca?* channel antagonist isradipine were identical to
those resulting from Ca, 1.2 disruption (Figure 7E and F).
By contrast, inhibition of R-type Ca?* channels with
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SNX482, which reduced the Ca?* current by ~25%,
affected late exocytosis but had no significant effect on
the response to the first depolarization (Figure 7G and H).
The differential effects of selective L- and R-type channel
inhibition on rapid and sustained exocytosis, respectively,
are at variance with the effect of the non-selective Ca**
channel blocker Co?* (0.5 mM), which inhibited Ca2*
entry by ~50% (i.e. the same as that produced by ablation
of Ca,l1.2), and reduced exocytosis to an equal extent
(45 = 6%; Figure 71 and J) throughout the train.

Discussion

General considerations

Here we have studied the effects of ablating the L-type
Ca?* channel gene Ca, 1.2 in vivo, at the whole-organ level,
in isolated islets and individual islet cells. The combin-
ation of techniques makes it possible to correlate the
consequences of a single-cell defect on the complex
systems physiology of insulin release and plasma glucose
homeostasis. The genetic model we have chosen strictly
depends on the comparison of litter-matched animals of a
control group (Ca,l.2*1%/RIP-Cre*¢ resulting in the
genotype Ca,1.2*/RIP-Cre*¢ only in the B cells) and
of a knockout group (Ca,1.2-/L2/RIP-Cre*/¢ resulting in
the genotype Ca,1.2VE1/RIP-Cre*¢ only in the B cells).
These animals are identical with the exception of one
functional Ca,1.2 allele in the control group. Therefore,
we compare animals with two knockout alleles with those
with one wild-type allele, allowing us to establish the
specific function of Ca,1.2. Careful analysis of the L-type



Ca?*-current densities in embryonic cardiomyocytes for all
three genotypes and two differently constructed mouse
lines (stop codon in exon 3 versus deletion of exons 14/15
and stop in 16) failed to detect significant differences
between (+/+) and (+/-) cells (Seisenberger et al., 2000).
We have also analyzed mice in which the Ca,1.2 channel
was specifically deleted in smooth muscle cells. Ca,1.2
current densities were identical in litter-matched animals
for the genotypes (+/-) or (+/+) (N.Klugbauer and
F.Hofmann, unpublished data). These considerations
indicate that a gene dose effect does not account for the
present results.

In the following, we will consider the molecular identity
of the L-type Ca’" channel in the pancreatic 3 cell, the
importance of the L-type Ca,1.2 channel for systemic
glucose control and first-phase insulin secretion, as well as
the functional roles fulfilled by other Ca?* channel
subtypes expressed in B cells. Finally, we discuss the
possibility that defects of the release machinery and/or
Ca* entry contribute to the impaired insulin secretion seen
in human type-2 diabetes.

Mouse L-type Ca?* channel variety expressed in

B cells is Ca,1.2

The present data unequivocally establish the central role of
Ca,1.2 L-type Ca?* channels in insulin secretion. Previous
studies have indicated that Ca,1.3 (otlp) might be of
importance in insulin release (Yang et al., 1999; Namkung
et al., 2001). However, the finding that the entire DHP-
sensitive Ca?* current is lost following inactivation of the
Ca, 1.2 gene reinforces our previous immunochemical and
electrophysiological data that Ca,1.2 is the only L-type
Ca?* channel variety expressed in mouse B cells (Barg
et al., 2001). In addition to the L-type Ca** channels,
mouse P cells also express R- and P/Q-type Ca?* channels.
Although the L-type current component accounts for only
~50% of the total Ca2* current, its inhibition reduces
glucose-induced insulin secretion in vitro by 80% and
nearly abolishes insulin release in vivo. Thus, it appears
that the conduit of Ca>* entry determines the biological
efficacy of the ion and that influx through L-type Ca2*
channels is more tightly coupled to insulin secretion than
that occurring via P/Q- and R-type Ca2* channels.

Ca\1.2 Ca?* channels are required for first-phase
insulin secretion and rapid exocytosis in
pancreatic [ cells

We have previously demonstrated that Ca,1.2 Ca>*
channels functionally associate with insulin granules in
the B cells, and that the loop connecting the second and
third homologous domains physically tethers the channel
to components of the exocytotic core complex (Wiser
et al., 1999). It is therefore pertinent that the effects of
isradipine and genetic ablation of Ca,1.2 are indistin-
guishable from those of intracellular application of the
synprint peptide (Barg et al., 2001). We propose that in
BCa, 1.2~ mice, the Ca,1.2/granule complex is disrupted,
leading to selective suppression of fast exocytosis. We
emphasize that the effects of inhibition of L-type Ca**
channels or ablation of the Ca,1.2 gene are not simply
attributable to the fact that the whole-cell Ca’* current is
reduced by 50%. This possibility can be discarded by the
finding that addition of the non-selective Ca?* channel
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blocker Co?* (0.5 mM), which reduces the total whole-cell
Ca?* current (i.e. that flowing through both L- and non-
L-type Ca?* channels) by 50%, does not affect the release
kinetics but simply reduces the amplitude of the responses
observed during the train by ~50%.

The role of the non-L-type Ca?* channels in B cell
exocytosis remains enigmatic, but it is worth pointing out
that a DHP-resistant component of insulin secretion can be
detected both in the insulin-release experiments (Figure 5)
as well as the capacitance measurements (Figure 7). It is
possible that non-L-type Ca2* channels fulfill functions in
the B cells other than initiation of exocytosis. For example,
they may play a role in the refilling of the readily
releasable pool of granules by mobilizing reserve granules.
This would be consistent with the finding that whereas
exocytosis elicited by the two first pulses during a train of
ten 500 ms depolarizations is strongly inhibited in  cells
from BCa, 1.2~ mice and in control f cells exposed to the
L-type Ca?* channel inhibitor isradipine (Figure 7A-F),
exocytosis during the latter part of the train is unaffected.
Indeed, the R-type Ca?* channel blocker SNX482 exerts its
strongest effect on late exocytosis (Figure 7H). In addition,
influx of Ca?* through non-L-type Ca** channels may
regulate exocytosis of GABA-containing synaptic-like
microvesicles (SLMV; the presence of which has been
documented in B cells; Reetz et al., 1991) rather than the
large insulin-containing secretory granules (compare with
Takahashi et al., 1997). We have ascertained that
exocytosis of SLMVs only contributes ~1% of the total
capacitance (M.Braun, A.Wendt and P.Rorsman, manu-
script in preparation) increase. It is therefore safe to
conclude that the data presented in this study reflect
exocytosis of insulin-containing large dense core vesicles.
Finally, non-L-type Ca?* channels may not be important
for exocytosis, but rather in the generation of glucose-
induced electrical activity (Pereverzev et al., 2002) or
gene expression (Wang et al., 2002).

Ca?* signaling is unperturbed in fCa,1.2”/- mice
Surprisingly, given the strong effects on insulin secretion,
ablation of Ca,1.2 had no detectable effects on intra-
cellular Ca?* signaling except that the glucose-induced
increase in cytoplasmic Ca2* was delayed by ~I min
relative to that observed in control B cells. The latter effect
nicely echoes the slower time-course of insulin release
observed in situ (~1 min; Figure 4). Possibly, the latter
observations are the consequence of L-type Ca>* channels
contributing to the initiation of electrical activity in the
B cell (Ribalet and Beigelman, 1981).

Why are measured Ca** concentrations unchanged in
BCa,1.27= B cells? The preservation of normal Ca’*
signaling is unexpected in view of previous data showing
that glucose-induced increases in cytoplasmic Ca?* con-
centration are suppressed following the addition of L-type
Ca?* channel blockers such as nifedipine (Rosario ef al.,
1993). This may result from a compensatory up-regulation
of non-L-type Ca?* channels, as suggested by the finding
that the peak Ca* current measured at —20 mV in Ca,1.27~
B cells is 50% larger than that observed in control f cells
exposed to isradipine (compare Figure 2D, black circles
with F, white circles). In fact, the reduction of the whole-
cell Ca?* current in the knockout mice was limited to
~30% at voltages up to —20 mV, i.e. the range of voltages
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covered by the action potential. This makes the strong
inhibition of insulin secretion (~80%; Figures 3-5) even
more remarkable and provides additional arguments that
exocytosis in the B cell is tightly coupled to Ca** entry
through Ca,1.2.

We emphasize that microfluorimetry reports the global
intracellular Ca?* concentration ([Ca2*];) within the f cell.
We have previously documented the existence of steep
Ca?* gradients in mouse pancreatic 3 cells and these are
not resolved in the present recordings of [Ca?*]; in intact
pancreatic islets. Our failure to detect any gross abnor-
malities in cellular Ca®* signaling therefore does not
exclude the possibility that [Ca®']; at the release sites is
affected. The significance of microdomains of high [Ca>*];
close to the release sites is illustrated by the finding that
whereas glucose-induced insulin secretion is nearly abol-
ished in the presence of nifedipine (Figure 5), exocytosis
during the latter part of the train of voltage—clamp
depolarizations is hardly affected (Figure 7E and F).
This apparent discrepancy we attribute to the fact that the
stimulus used for the capacitance measurements (trains of
500 ms depolarizations to 0 mV) is much stronger than that
normally triggering insulin secretion (50 ms action
potentials to ~15 mV; Atwater et al., 1979). During the
train of depolarizations, [Ca*]; equilibrates in the B cell
(Bokvist et al., 1995) and rises sufficiently throughout the
cell to initiate exocytosis of granules that are not in the
immediate vicinity of the Ca* channels. This does not
occur during the brief action potentials when exocytotic
levels of [Ca**]; (=10 uM) are only attained close to the
Ca?* channels (Barg et al., 2001, 2002).

Does human type-2 diabetes result from defective
assembly of Ca?* channels and secretory granules?
It is tempting to consider the significance of these findings
to human type-2 diabetes. Like the Ca,1.27~ mice, early
cases of type-2 diabetes exhibit mild basal hyperglycemia,
impaired glucose tolerance and lack of first-phase insulin
secretion (UKPDS16, 1995). We are not implying that
loss-of-function mutations of the Ca,l.2 gene cause
diabetes. However, polymorphisms that result in subtle
changes in gating of the Ca?* channel or its ability to
interact with the exocytotic machinery (Nagamatsu et al.,
1999; Wiser et al., 1999; Zhang et al., 2002) can be
envisaged to result in impaired insulin secretion. The
significance of such interactions is illustrated by the fact
that whereas the SNARE proteins SNAP-25 and
syntaxinlA inhibit the L-type Ca>* channel when
expressed individually, channel activity is actually stimu-
lated when these proteins are co-expressed (Wiser et al.,
1999; Ji et al., 2002). Interestingly, SNARE protein
expression is reduced in the GK rat model of human type-2
diabetes (Nagamatsu et al., 1999; Zhang et al., 2002) and
several proteins known to be important for the anchoring
of the insulin granules to the Ca** channels localize
to chromosomal regions linked to human type-2
diabetes. These include the insulin granule proteins
synaptotagmins 5 and 7 (Haeger et al., 1998; Norman
et al., 1998; Pratley et al., 1998), putative Ca2* sensors in
B cell exocytosis (Ji et al., 2002), the granular fusion
protein VAMP-2/synaptobrevin-2 (Regazzi et al., 1995;
Parker et al., 2001; Lindgren et al., 2002) and the
plasma membrane-associated fusion protein SNAP-25
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(Imperatore et al., 1998; Ji et al., 2002). Indeed, a
single nucleotide polymorphism in the gene encoding
syntaxinl A has recently been found to associate with
human type-2 diabetes (Tsunoda et al., 2001). Ca?*
channels and proteins involved in exocytosis therefore
deserve to be regarded as interesting candidate genes in
genetic studies of type-2 diabetes. We point out that the
functional consequences of the polymorphisms must be
small as we are not born with type-2 diabetes. This
suggests that the changes in protein function resulting
from the polymorphisms only become significant when
combined with other B cell abnormalities such as age-
dependent reduction in glucose metabolism (due to
accumulating mitochondrial mutations; Maechler and
Wollheim, 2001) with resultant impairment of electrical
activity and Ca?* entry. This concept is indeed entirely
compatible with the current view that diabetes results from
a combination of genetic factors, age and environmental
factors (McCarthy and Froguel, 2002). Genes encoding
proteins involved in exocytosis (SNARE proteins as well
as Ca?* channels) should accordingly be considered as
candidate genes in future studies of the genetics of type-2
diabetes.

Materials and methods

Conditional inactivation of the Ca,1.2 gene in pancreatic

B cells

As described previously (Seisenberger et al., 2000), two different Ca, 1.2
alleles were generated by Cre-mediated recombination in ES cells (L1
and L2; Figure 1A). In L1, exons 14 and 15 that encode the IIS5 and I1S6
transmembrane segments and the pore loop in domain II were deleted. In
addition, this deletion causes incorrect splicing from exon 13 to an intron
upstream of exon 16, and thereby generates a premature stop codon in
exon 16 and a loss-of-function allele. L2 contains the ‘floxed’ exons 14
and 15, and encodes a functional Ca, 1.2 gene. To generate [ cell-specific
Ca,1.2-deficient mice, the Ca,1.2*"2! mouse (i.e. a mouse carrying one L1
allele and one wild-type allele) was crossed with a mouse expressing the
Cre-recombinase under the control of the rat insulin 2 promoter
(RipCre*"¢) (Postic et al., 1999). The resulting Ca,1.2+1! RipCre*'¢
mice were then mated with Ca,1.2"¥1? mice (i.e. mice homozygous for
the L2 allele) to obtain the B cell-specific knockout Ca, 1.25112 RipCre*/t
(i.e. BCa,1.27~ mice) and control animals (Ca,1.2+!2RipCre*"¢). Both
lines were viable and showed no gross abnormalities. Genotyping was
performed using primers VI4 (5-TGGCCCCTAAGCAATGA-3"), VI8
(5"-AGGGGTGTTCAGAGCAA-3") and VII0 (5-CCCCAGCCAA-
TAGAATGCCAAT-3"). The background mouse strain was C57BL/6.

Isolation of pancreatic islets

Mice (3—4 months old) were killed by cervical dislocation, the pancreas
quickly excised and pancreatic islets isolated by standard collagenase
digestion (Salehi er al., 1999). The surgical procedures used in the in vitro
and in vivo studies were approved by the ethical committee at Lund
University, the Regierung von Oberbayern or by the Veterinary Office of
the canton of Geneva.

DNA isolation from islets and PCR analysis

Islets were digested for 5 min at 55°C in 19 ul of buffer containing 50 mM
Tris pH 8.0, 20 mM NaCl, 1 mM EDTA, 1% SDS and 1 mg/ml
proteinase K. Proteinase K was subsequently inactivated by increasing
the temperature of the digest to 95°C for 5 min. The digest (0.1 ul) was
taken for PCR analysis using the Ca,1.2-specific primers VI4, VI8 and
VII0.

RT-PCR on mRNA of islets

Freshly prepared islets were cultured overnight in RPMI 1640 medium
(Gibco™) at 37°C. PolyA mRNA was isolated using Dynabeads Oligo
(dT),s (Dynal Biotech, Oslo, Norway). The following buffers were used:
GTC buffer [4 M guanidine thiocyanate, 20 mM Na acetate pH 5.4,
0.1 mM DTT, 0.5% lauroyl sarcosinat (w/v), 6.5 ul/ml mercaptoethanol],



binding buffer (100 mM Tris—HCI pH 8.0, 20 mM EDTA, 400 mM LiCl)
and washing buffer (10 mM Tris-HCI pH 8.0, 0.15 M LiCl, 1 mM
EDTA). The mRNA was eluted with DEPC-treated water. Random
hexamer primers and Superscript Reverse Transkriptase II (Life
Technologies) were used for cDNA synthesis. The following primers
were used: for amplifying Ca,1.2 (E13 5-ACAGCCAATAAAG-
CCCTCCT-3" and Lef 1 5-GGCTTCTCCATCACCTCCTGTT-3’), for
HPRT (QG 197 5'-GTAATGATCAGTCAACGGGGGAC-3" and QG
198 5"-CCAGCAAGCTTGCAACCTTAACCA-3').

Western blot analysis

Approximately 900 islets of control and BCa, 1.2~ mice were cultured in
RPMI 1640 for 48 h at 37°C. Thereafter, the islets were homogenized
after one freeze—thaw cycle in a hypotonic buffer (20 mM K,HPO4/
KH,PO, pH 7.2, 1 mM EDTA) containing protease inhibitors [1 mM
benzamidine, 0.1 mM PMSF and Protease Inhibitor Cocktail (1:500;
Sigma)]. The homogenates (40 pg protein) were separated on an 11%
SDS-PAGE (lower crosslinking with 0.2% bis-acrylamide). Peptides
were blotted on a PVDF membrane (Millipore) and probed with a Ca,1.2-
(Chemicon) and a panCa,-specific antibody (Calbiochem). Equal loading
of the slots was ascertained using a monoclonal B-actin antibody
(Abcam). Antibodies were visualized by the ECL system (NEN).

Gl and insulii

In the in vivo studies, glucose [11.1 mmol (equal to 2 g)/kg body weight]
was dissolved in 0.9% NaCl and delivered by intraperitoneal injection.
Blood sampling, detection of plasma insulin by RIA and enzymatic
determination of plasma glucose concentrations were performed as
described previously (Salehi ez al., 1999). In situ pancreatic perfusions
were performed as detailed in Maechler er al. (2002), except that the basal
and stimulatory glucose concentrations in the perfusate were 1 and
10 mM, respectively. Insulin release in vitro was measured in batch
incubations. Briefly, freshly isolated islets were pre-incubated for 30 min
at 37°C in a Krebs—Ringer bicarbonate buffer pH 7.4 supplemented with
7 mM glucose, 10 mM HEPES and 0.1% bovine serum albumin, and
gassed with 95% O, and 5% CO,. Groups of 10 islets were then incubated
in 1 ml for 60 min at 37°C in KRB supplemented with glucose and
nifedipine as specified. Total insulin islet content was determined by
extraction with acidic ethanol and insulin was assayed by RIA.

Electrophysiology

Isolated islets (see above) were dissociated into single cells by shaking in
Ca?*-free medium. Insulin-secreting B cells and glucagon-producing
o cells were identified electrophysiologically by the absence and
presence, respectively, of Na* currents at physiological membrane
potentials (Barg et al., 2000). The measurements were conducted using
an EPC-7 patch—clamp amplifier in conjunction with the software Pulse
(version 8.53; HEKA Elektronik, Lambrecht/Pfalz, Germany). Whole-
cell Ca?* currents and glucose-induced electrical activity were recorded
from metabolically intact cells using the perforated-patch whole-cell
approach (Renstrém er al., 1996). Exocytosis was monitored using
standard whole-cell measurements that allow control of the cytosol, by
recordings of cell capacitance using the sine+DC mode of the lock-in
amplifier included in the Pulse software suite. The extracellular bath
solution contained (in mM) 138 NaCl, 5.6 KCl, 2.6 CaCl,, 1.2 MgCl,,
5 glucose (unless otherwise indicated) and 5 HEPES (pH 7.4 with NaOH).
For the recordings of the whole-cell Ca** currents, 20 mM NaCl was
equimolarly replaced by the K* channel blocker TEA-CI. The pipette
solution in the perforated-patch recordings of membrane potential
contained (in mM) 76 K,SOy4, 10 NaCl, 10 KCI, 1 MgCl,, 5 HEPES
(pH 7.35 with KOH) and 0.24 mg/ml amphotericin B (Renstrom et al.,
1996). For the whole-cell Ca?* current recordings, the K* salts in the
pipette solution were replaced by the corresponding Cs* salts. The
intracellular medium used in the capacitance measurements consisted of
(in mM): 125 Cs glutamate, 10 CsCl, 10 NaCl, 1 MgCl,, 5 HEPES, 3 Mg
ATP, 0.1 cAMP and 0.05 EGTA (pH 7.2 with CsOH). The
dihydropyridines nifedipine, isradipine (Pfizer) and BayK8644 were
prepared as stock solutions in DMSO (final concentration <0.1%). The
R-type blocker SNX482 (Peptide Institute Inc., Osaka, Japan) was
dissolved directly in the extracellular medium. All other reagents were
from Sigma. Effects of agonists and antagonists were determined in the
steady state. The bath (~1.5 ml) was continuously perfused (6 ml/min)
and the temperature maintained at ~32°C.

Microfluorimetry
[Ca>]; in intact pancreatic islets was measured by dual-wavelength
microfluorimetry using fura-2 and a D104 PTI microfluorimetry system
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(Monmouth Junction, NJ). The temperature of the experimental chamber
was +32°C. Procedures for loading and calibration of the fluorescence
signal were as detailed in Olofsson er al. (2002).

Data analysis

Data are given as mean values = SEM. Statistical significances were
evaluated by either ANOVA followed by Dunnet’s ad hoc tests for
unpaired comparisons, or by paired Student’s r-test when comparing data
obtained in the same cell.
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Cay2.3 calcium channels control
second-phase insulin release

Xingjun Jing,! Dai-Qing Li,' Charlotta S. Olofsson,! Albert Salehi,! Vikas V. Surve,!
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Concerted activation of different voltage-gated Ca?* channel isoforms may determine the kinetics of insulin
release from pancreatic islets. Here we have elucidated the role of R-type Cay2.3 channels in that process. A
20% reduction in glucose-evoked insulin secretion was observed in Cay2.3-knockout (Cay2.37") islets, close
to the 17% inhibition by the R-type blocker SNX482 but much less than the 77% inhibition produced by the
L-type Ca? channel antagonist isradipine. Dynamic insulin-release measurements revealed that genetic or
pharmacological Cay2.3 ablation strongly suppressed second-phase secretion, whereas first-phase secretion
was unaffected, a result also observed in vivo. Suppression of the second phase coincided with an 18% reduc-
tion in oscillatory Ca? signaling and a 25% reduction in granule recruitment after completion of the initial
exocytotic burst in single Cay2.37- f3 cells. Cay2.3 ablation also impaired glucose-mediated suppression of
glucagon secretion in isolated islets (27% versus 58% in WT), an effect associated with coexpression of insulin
and glucagon in a fraction of the islet cells in the Cay2.37~ mouse. We propose a specific role for Cay2.3 Ca?*
channels in second-phase insulin release, that of mediating the Ca?* entry needed for replenishment of the

releasable pool of granules as well as islet cell differentiation.

Introduction

Systemic glucose tolerance is orchestrated by the regulated release
of insulin and glucagon from the  and o cells of the pancreatic
islets of Langerhans. The a and f cells are electrically excitable
and use electrical signals to couple changes in blood glucose con-
centration to stimulation or inhibition of hormone release. In
both cell types, influx of extracellular Ca?* through voltage-gated
Ca?* channels with resultant elevation of intracellular Ca?* con-
centration ([Ca?'];) triggers exocytosis of the hormone-contain-
ing secretory granules. Like other electrically excitable cells, both
a and f cells contain several types of voltage-gated Ca?* channel
(1, 2). Assigning physiological functions to the respective Ca?*
channels is central to the understanding of electrical and secre-
tory activities in these cells.

Voltage-gated Ca?* channels are divided into 3 subfamilies: (a)
L-type high voltage-activated (HVA) Ca?* channel family that
comprises the Cay1.1, 1.2, 1.3, and 1.4 channels and is inhibited by
dihydropyridines (DHPs) (1, 3, 4); (b) non-L-type HVA channels
Cay2.1 (P/Q-type), 2.2 (N-type), and 2.3 (R-type) that are sensitive
to w-agatoxin IVA and w-conotoxin GVIA and SNX482, respec-
tively (1, 4, 5); and (c) the low voltage-activated (LVA) T-type Ca?*
channel family (Cay3.1, 3.2, and 3.3). The latter subtype differs
electrophysiologically from the HVA Ca?* channels in opening
transiently already upon modest depolarization (6, 7) and fulfill-
ing important roles in pacemaker cells (8).

Nonstandard abbreviations used: [Ca?'];, intracellular Ca** concentration; Cay2.37,
Cay2.3-knockout; DHP, dihydropyridine; fF, femtofarad(s); HVA, high voltage-acti-
vated; Kyrp, ATP-sensitive K*; LVA, low voltage-activated; RRP, readily releasable pool.
Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: J. Clin. Invest. 115:146-154 (2005).
doi:10.1172/JCI1200522518.
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The chain of events that couples an elevation in blood glucose to
initiation of  cell electrical activity is well established and involves
facilitated transport of the sugar into the  cell and its subsequent
metabolic degradation by glycolysis and mitochondrial oxidation,
resulting in closure of the ATP-sensitive K* channels (Karp chan-
nels) and B cell depolarization, with resultant activation of volt-
age-gated Ca?* channels and regulated insulin exocytosis (9). Glu-
cose-stimulated insulin secretion consists of a rapid first-phase of
insulin secretion that lasts for approximately 10 minutes before
declining to near-basal levels, followed by less prominent but
sustained second-phase insulin secretion that can last for several
hours (10, 11). The cellular mechanisms underlying biphasic insu-
lin release remain unclear, but consensus exists that an elevation
in [Ca?']; is required for both first- and second-phase insulin secre-
tion (12). Type 2 diabetes is associated with a shift from biphasic
to monophasic insulin release (10), and it is therefore important to
establish the cell biology of insulin release kinetics.

In mouse pancreatic 3 cells, 50% of the whole cell Ca?* current
exhibits properties typical for L-type channels, is inhibited by DHP
channel blockers such as isradipine or nifedipine, and is activated by
BayK8644. The molecular identity of the f cell L-type Ca?* channel
involved in insulin secretion has been debated, but recent studies have
established that Cay1.2 or al¢ channels play a decisive role (13, 14).

In mouse B cells, there is evidence suggesting that the secretory
granules and the L-type Ca?* channels assemble into a tight func-
tional complex (13, 15-17). Thanks to this organization, the  cells
are capable of exocytosis at rates comparable to those encountered
in chromaffin cells, although the Ca?* channel density is only 5-10%
of that in the latter cell type. This arrangement bears strong resem-
blance to the tight coupling of P/Q-type Cay2.1 as well as N-type
Cay2.2 channels to rapid synaptic transmission (18, 19). No such
interaction has been demonstrated for the R-type Cav2.3 channels.
Volume 115
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By contrast, recent evidence in neurons suggests that R-type chan-
nels are physically detached from the exocytotic machinery (20) and
are not involved in rapid neurotransmission in mossy fibers (21).

About one-quarter of the f cell whole-cell Ca?* current is sensitive
to the R-type Ca?* channel blocker SNX482, but the role of R-type
Ca?* channels in insulin secretion remains elusive. A general Cay2.3-
knockout (Cay2.37") mouse has been established. It exhibits a relative-
ly modest neurological phenotype, including altered pain responses
(22), impaired spatial memory (23), and enhanced fear reaction (24).
Pancreatic islets express the endocrine splice variant of Cay2.3 (25),
and previous investigations of glucose homeostasis in Cay2.37~ mice
have demonstrated a slight glucose intolerance and reduced glucose-
induced insulin secretion (26). Here we have extended these initial
observations by performing in vivo glucose tolerance tests, dynamic
measurements of phasic insulin secretion in situ, static pancreatic
hormone-release experiments in isolated islets, as well as single cell
recordings of whole-cell Ca?* currents and exocytosis and ratiomet-
ric measurements of the cytoplasmic Ca?* concentration in WT and
Cay2.37/- islets. We demonstrate that whereas R-type Ca?* channels
play a minor role in rapid insulin release, their significance becomes
more apparent during second-phase secretion. These data point to
an emerging picture where Ca?" influx through different f cell Ca?*
channels play distinct functional roles.

Results

Whole cell Ca?* currents in o.and 3 cells from Cay2.37* and Cay2.37/~ mice.
Integrated Ca?* current versus voltage (Q-V) relations were measured
in dissociated single pancreatic islet cells using the perforated-patch
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Figure 1

Whole-cell Ca2+ currents in islet cells from WT and Cay2.3- mice.
(A) Whole-cell Ca2* currents (i) evoked by a 300-ms voltage-clamp
depolarization (V) in WT Cay2.3++ (black) and Cay2.37- (gray) f cells.
B cells were identified by exhibiting half-maximal Na+ channel inacti-
vation at membrane potentials (V) lower than —100 mV (half-maximal
inactivation at —102 mV; inset). (B) Average integrated current-volt-
age (Q-V) relationships. Data are mean values + SEM in 10 WT (filled
circles) and 10 Cay2.37- (shaded circles) f cells. *P < 0.05. (C) Whole-
cell Ca2+ currents were recorded as in A, but using Cay2.37- B cells.
The recordings were made under control conditions (lower gray line) in
the presence of R-type Ca?* channel blocker SNX482 (100 nM; black
line) and after addition of L-type Ca?* channel inhibitor isradipine (isr)
(2 uM; upper gray line). (D) Average Q-V relationships representing
mean values + SEM in 4 Cay2.3-- B cells under control conditions
(shaded circles), in the presence of SNX482 (filled circles), and after
addition of isradipine (open circles). *P < 0.05, **P < 0.01, control
versus SNX482 plus isradipine. (E) Whole-cell Ca2+ currents were
recorded as in A, but in a cells identified by Na+ channel inactivation
at membrane potentials greater than —100 mV (half-maximal inactiva-
tion at —49 mV; inset). (F) Q-V relationships in a cells. Data represent
average values + SEM in 8 WT (filled circles) and 4 Cay2.37 (shaded
circles) a cells. pC, picocoulombs.

whole cell configuration. Insulin-releasing {3 cells were identified by
the absence of voltage-gated Na* currents at membrane potentials
relevant for B cell electrical activity, that is, between the f cell rest-
ing membrane potential (-70 mV) and the peak of the  cell action
potential (-10 mV; Figure 1A, inset). In f cells from Cay2.37~ mice,
the integrated Ca?* currents observed at membrane potentials less
than or equal to -10 mV were reduced compared with WT cells.
At -10 mV, the reduction averaged approximately 23% (P < 0.05;
Figure 1B). The Cay2.37~ mice exhibited a selective loss of a high-
voltage Ca?* current component, and current amplitudes at voltag-
es below -10 mV were not affected. The R-type Ca?* channel blocker
SNX482 (100 nM) had no effect on voltage-gated Ca?* currents
in Cay2.37/ mice, whereas the L-type inhibitor isradipine (2 uM)
significantly reduced Ca?* influx approximately 60% at potentials
greater than or equal to -30 mV (P < 0.05; Figure 1, C and D).

Cells exhibiting Na* currents when holding at -70 mV (Figure 1E,
inset) were classified as non-f cells and likely represent glucagon-
releasing a cells (27). The frequency of o cells was much lower in dis-
persed islet cells from Cay2.37~ mice than cells made from WT islets.
Counting all cells that could be functionally defined as belonging
to either group, only approximately 7% of the Cay2.37~ cells could
be classified as o cells versus approximately 27% of the WT cells. In
4 cells from Cay2.37~ mice with the electrophysiological properties
expected for a cells, the Ca?* current amplitude was not different
from that observed in WT cells (Figure 1, E and F).

Single cell exocytosis in Cay2.37/~ and Cay2.3"/* mice. Ca**-elicited exo-
cytosis in {3 cells was monitored as increases in whole-cell mem-
brane capacitance and was elicited by trains of 10 500-ms voltage
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Figure 2

Effects of Cay2.3 ablation on single-cell exocytosis in islet cells. (A) Exocytosis evoked by trains of 10
depolarizations (V) and monitored as increases in cell capacitance (AC) in WT Ca\2.3** (black) and
Cay2.37- (gray) B cells. (B) Average total increase in capacitance evoked by the trains (ACror). Data are
mean values + SEM in 6 WT (black bars) and 7 Ca2.3-- (gray bars)  cells. *P < 0.05. (C) AC evoked by
intracellular dialysis of a Ca2+-containing patch electrode solution (free [Ca?*], approximately 1.5 uM) in WT
(black) and Cay2.3+ (gray) 3 cells. (D) Average rates of exocytosis (AC/At) + SEM evoked by Ca?+ dialysis in
10 WT (black bars) and 10 Cay2.3-- (gray bars) § cells. (E and F) Exocytosis and average AC were recorded
as in A and B, but results are from « cells, and averages represent 5 WT (black) and 3 Cay2.37- (gray)
a cells. (G and H) AC and average rates of exocytosis were recorded as in C and D, but the data are from
o cells, and mean responses are from 6 WT (black) and 3 Cay2.37- (gray)  cells. pF, picofarads.

clamp depolarizations from the holding potential -70 mV to 0
applied at 1 Hz (Figure 2, A and B). In B cells from Cay2.37~ mice,
the increase in cell capacitance during the train averaged 392 + 47
femtofarads (fF) (n = 7). The latter value is 21% less than the
exocytotic response evoked by the same stimulus in WT mice
(P <0.05; 496 + 42 fF; n = 6). Interestingly, the early component of
exocytosis (in response to the first depolarization) was not affected
and averaged 55 + 19 fF and 57 + 22 fF in WT and Cay2.37~ f cells,
respectively. Instead, selective suppression of the late component
of exocytosis was observed. The 23% reduction of the whole cell
Ca?* current observed in the Cay2.37/- f cells corresponded nicely
with the overall reduction in exocytosis, suggesting that exocytotic
capacity as such was not affected. This idea was reinforced by the
observation that exocytotic rates, measured during intracellular
dialysis of a Ca?*-containing pipette solution using the standard
whole-cell configuration, were identical in {3 cells from both mouse

Figure 3

Ca2* homeostasis in WT and Cay2.3- islets. (A) [Ca2+]iin an intact WT
Cay2.3*+ islet assayed by ratiometric fura-2 measurements. The islets
were stimulated at the time points indicated by the arrows in the contin-
ued presence of previously added stimuli. (B) [Ca?*]; was determined
as in A, but the experiment was performed in an intact Cay2.3-- islet.
Recordings selected for display are representative of 7 and 9 separate
experiments in WT and Ca\2.3-- islets, respectively. Statistical signifi-
cances are provided in the text.
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intracellular Ca?* homeostasis. Insulin
secretion is initiated by changes in
the submembrane cytoplasmic free
[Ca?']; (28, 29), which are deter-
mined by f cell electrical activ-
ity. We therefore monitored [Ca?"];
under basal conditions as well as
after the addition of glucose, the
Karp channel blocker tolbutamide,
or following depolarization with
high extracellular K* (Figure 3).
Resting [Ca?']; measured at S mM
glucose was identical in islets from
Cay2.37/- and WT mice and aver-
aged approximately 90 nM. In WT
islets, elevation of extracellular
glucose from 5 to 15 mM evoked
an initial robust elevation in [Ca?*];
after 204 + 33 seconds (n = 7). This
initial peak decayed slowly (over
4-10 minutes) toward baseline
and was eventually followed by a
pattern of repetitive [Ca?*]; oscilla-
tions. Subsequent depolarization
by the nonmetabolizable stimuli
tolbutamide and high K* in the
continued presence of glucose elicited a rapid elevation of [Ca?'];
but did not result in oscillatory activity. In Cay2.37~ islets, the glu-
cose-evoked initial peak in [Ca?']; occurred 227 + 15 seconds (n = 9)
after elevating the glucose concentration. This initial amplitude
was almost unaffected (7% decrease), but the time-averaged [Ca?"];
during the subsequent oscillatory phase was 17% lower than in WT
islets (P < 0.01). In addition, the oscillatory activity was 29% slower
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Table 1
Insulin secretion in response to in vivo glucose challenge in WT
Cay2.3*+ and Cay2.3-- mice

Time after i.p. WT Cay2.3+
glucose challenge
(min)
Plasma glucose 0 9.8+06 115+0.8*
(mmol/l) 3 164 2.1 18917
8 23.0+21 26.5+2.1A
Plasma insulin 0 163.0+155 170.1+14.8
(pmol/l) 3 229.4+£29.6 2075+11.1
8 2444178 185.2+18.5°
Plasma glucagon 0 194.0+151 1757 +6.1
(ng/1) 3 169.6 £13.2  197.0+7.77
8 1485135 130.3:4.9

Average values for plasma glucose, insulin, and glucagon concentra-
tions + SEM immediately before and 3 and 8 minutes after an i.p. glu-
cose challenge (2 g/kg body weight) in 8 WT and 9 Cay2.3- mice. Lev-
els of statistical significance are shown only for comparisons between
WT and Cay2.37- data. P < 0.05.

in the Cay2.37- islets (1.8 0.1 versus 2.5 + 0.2 bursts/minute in
Cay2.37/-and WT islets, respectively; P < 0.01). By contrast, the peaks
in [Ca?"]; induced by depolarization with tolbutamide or high K*
were, if anything, slightly augmented in the Cay2.37/~ islets (NS ver-
sus control). The finding that no [Ca?']; oscillations were observed
at 5 mM glucose and that elevating the glucose concentration to
15 mM increased Ca?* signaling suggests that the signal principally
reflects the behavior of the pancreatic f§ cells (see ref. 30).

In vivo glucose tolerance and pancreatic hormone release in Cav2.37/~ mice.
In vivo glucose homeostasis was investigated by intraperitoneal
glucose challenges (2 g/kg body weight; Table 1). Basal (nonfasted)
plasma glucose levels averaged 9.8 + 0.6 mmol/l (n = 8) in WT
Cay2.3*/* mice and increased 67% and 135% 3 and 8 minutes after
the glucose load, respectively. In Cay2.37~ mice, basal glucose levels
were elevated by 17% compared with WT (P < 0.05 versus WT; 7 =9),
and the plasma glucose concentrations measured 3 and 8 minutes
after challenge were also elevated approximately 15% (P < 0.0S for
values at 8 minutes versus WT). Basal plasma insulin levels did
not differ between the Cay2.37~ and Cay2.3* strains, although the
plasma glucose concentration was somewhat higher in the former
mice. In WT mice, glucose increased plasma insulin concentra-
tions 43% and 52% 3 and 8 minutes after the challenge, respec-
tively. In Cay2.37/~ mice, the glucose-induced increase in circulating
insulin was similar to that in WT mice 3 minutes after challenge,
but after 8 minutes it was limited to less than 10% (P < 0.05 versus
WT). These findings reinforce previous observations indicating an
impaired glucose tolerance of the Cay2.37~ mice (26).

We also monitored plasma glucagon concentrations during the glu-
cose challenge. Basal glucagon levels in Cay2.37~ mice were modestly
decreased (approximately 10%) compared with Ca,2.37* littermates. In
WT mice, the glucose load reduced circulating glucagon 15% already
at 3 minutes after challenge, and an additional 8% decrease was
observed at 8 minutes. In Cay2.37~ mice, the inhibition of glucagon
release was sluggish. At 3 minutes after challenge, plasma glucagon
concentrations actually increased 18% (P < 0.05 versus basal; n = 9).

Insulin and glucagon release in vitro in pancreatic islets. Pancreatic
islets in situ receive extensive neuronal input from parasympathetic
nerve endings (31). Since Cay2.3 Ca?" channels are also expressed

The Journal of Clinical Investigation

heep://wwwjci.org

research article

in neuronal tissue, their ablation might affect pancreatic hormone
release in vivo by indirect mechanisms and not by directly affecting
a and B cell function. Insulin and glucagon secretion was therefore
also investigated in isolated islets. The first set of experiments inves-
tigated the effects of L-type and R-type channel blockers isradipine
and SNX482, respectively, in WT Cay2.37* islets (Table 2). Basal
insulin release (1 mM glucose) was low and was unaffected by either
channel blocker. Elevation of extracellular glucose to 20 mM stimu-
lated insulin release more than 15-fold. Isradipine (2 uM) suppressed
glucose-stimulated insulin release 77%, whereas SNX482 (100 nM)
reduced insulin secretion 17% (Table 2). The latter value agrees
favorably with the inhibition observed in capacitance measurements
(see Figure 2, A and B). Glucagon release was measured under the
same conditions. At 1 mM glucose glucagon release was high and
remained unchanged by either isradipine or SNX482. Elevating the
glucose concentration (20 mM) reduced glucagon secretion 70%
(P < 0.001; low versus high glucose). At high glucose, blockade of
R-type channels by SNX482 failed to affect glucagon release, whereas
isradipine stimulated glucagon secretion under the same condition.
We next compared the effects of the Ca?* channel blockers with
the consequences of Cay2.3 gene ablation on pancreatic hormone
release (Table 3). In WT Cay2.37* islets, elevating glucose from 1
to 20 mM again stimulated insulin release more than 15-fold. In
Cay2.37/- islets, glucose-stimulated insulin release was reduced
approximately 25% compared with WT. The effects of isradipine
on glucose-stimulated insulin release were comparable in WT (66%
reduction) and in Cay2.37" islets (68% suppression). Insulin secre-
tion elicited by stimulation with high extracellular K* (50 mM)
resulted in a 75% enhancement of release relative to that observed
in the presence of glucose alone in WT islets. A similar relative
stimulation was observed in Cay2.37 islets (96%), but in absolute
terms, the response in the latter type of islets was reduced 13% com-
pared with WT islets. Surprisingly, whereas elevating glucose from
1 to 20 mM suppressed glucagon release 58% in WT Cay2.37* islets
(P < 0.001; low versus high glucose), the inhibitory action of the
sugar was severely impaired in the Cay2.37~ islets and amounted to a
mere 27% (P < 0.01 versus WT). Isradipine exerted divergent actions
in WT and Cay2.37- islets. As discussed above, in WT islets the

Table 2
Effects of Ca2+ channel inhibitors on in vitro insulin and glucagon
release in WT Cay2.3+* islets

Condition Insulin secretion  Glucagon secretion
(ng/islet/h) (pg/islet/h)

1 mM glucose 0.2 £0.03 384130

1 mM glucose + 0.2+0.05 36.7+6.1
2 uM isradipine

1 mM glucose + 0.3+0.03 38545
100 nM SNX482

20 mM glucose 2.6 +0.2¢ 12.8 £ 4.7A

20 mM glucose + 0.7 £ 0.0878 22.8 £ 2.1AC
2 uM isradipine

20 mM glucose + 2.3+0.2¢ 16.2 £ 4.10

100 nM SNX482

Average values for insulin and glucagon release + SEM measured in
60-minute batch incubations of 10 islets from WT Cay2.3++ mice under
conditions as indicated. Data are from 10 independent experiments.
AP < 0.001, PP < 0.05 versus the same condition in 1 mM glucose;

BP < 0.001, °P < 0.05 versus 20 mM glucose alone.
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Table 3
Effects of Cay2.3 ablation on in vitro insulin and glucagon release

Insulin release Glucagon release

solution (3.3 mM), insulin release was barely detectable.
After increasing the glucose concentration to 16.7 mM (at
t=11 minutes), first-phase insulin release was initiated with a
2-minute delay. The peak in first-phase insulin secretion was

(ng/islet/h) (pg/islet/h) attained 2 minutes after onset of release (£ = 15 minutes) and

WT Cay2.3-- WT Cay2.3-- measured 8.8 + 1.7 ng/ml (n = 4). Insulin release then exhibit-

1 mM glucose 02+002 04+005 398+13 409:18 ed a transient nadir phase (¢ = 18-21 minutes) during which

20 mM glucose 31203 24014  169x15 298:35° release rates averaged 4-5 ng/ml, before accelerating again

20 mM glucose + 0.8+0.098 1.1+0.18 257+1.9¢ 20.3+2.30 during second-phase insulin secretion to approximately 18

2 uM isradipine ng/mlat¢=36 minutes and later. When the same experiment
20 mM glucose 54:028 470380 717:655 94.8+10.6°

+50 mM K+

Average values for insulin and glucagon release measured in 60-minute batch
incubations of 10 WT Cay2.3++ and Ca\2.3 islets under conditions as indicated.

Data represent means + SEM of 18 experiments in each group. 4P <0.01,
EP < 0.05 for comparisons between WT and Ca\2.3-~; BP < 0.001, °P < 0.01,
PP < 0.05 versus results obtained in 20 mM glucose alone.

L-type Ca?* channel antagonist stimulated glucagon release 52% when
applied in the presence of 20 mM glucose. By contrast, isradipine
reduced glucagon secretion in Cay2.37" islets 32% under high-glucose
conditions. Increasing extracellular K* enhanced glucagon secretion
massively, approximately 320% in WT and 220% in Cay2.37 islets.
Phasic insulin release measured by in situ pancreatic perfusion. To assess
the role of Cay2.3 in dynamic insulin release, we performed in
situ pancreatic perfusions with fractionated sampling. When WT
Cay2.37* pancreata were perfused (Figure 4A) with a low-glucose

WT

16.7 mM glucose
14,

32 36 40

N
o

16.7 mM glucose

Insulin (ng/ml)
oNPrO®SDRE D

20 24 28 32 36 40

t (min)

Figure 4

C 2
18

was repeated in Cay2.37~ pancreata (Figure 4B), the peak in
first-phase insulin secretion was only slightly reduced (19%)
and measured 7.1 + 2.1 ng/ml (NS; n = 4). More importantly,
second-phase insulin release was markedly suppressed and
averaged 9.4 + 2.7 ng/ml at ¢t = 40 minutes, representing a

46% reduction compared with WT (P < 0.05).
Genetic ablation of Cav2.3 may result in compensa-
tory mechanisms resulting in rearrangements of the
Ca?* channels in the B cell itself or neighboring o and & cells.
In addition, we wanted to verify that the observed effects of
Cay2.3 on insulin secretion are not limited to the background
C57B mouse strain. Similar experiments were therefore made
in pancreata from standard inbred NMRI mice, but instead
Cay2.3 channel function was inhibited by SNX482. In the
absence of the channel inhibitor, first-phase insulin secre-
tion was initiated with a 2-minute delay and peaked 1 minute,
30 seconds later when it measured 15.3 + 2.5 ng/ml (n = 6).

NMRI

)

16.7 mM glucose

Insulin (ng/ml
RS

16 18 20 24 28 32 36 40

t (min)
NMRI + SNX482

16.7 mM glucose

Insulin (ng/ml)

14 16 18 20 24 28 32 36 40

t (min)

Dynamics of insulin release. (A) Insulin release measured in WT Cay2.3++ pancreata before and after increasing the glucose concentration in the
perfusate from 3.3 mM to 16.7 mM at t = 11 minutes. Samples were taken at 60-second intervals, except during the first 10 minutes after increas-
ing the glucose concentration (t = 11 to 21 minutes, as indicated by the gray bar) when the sample interval was 30 seconds. (B) Insulin release
was measured as in A, but the experiments were performed in Ca2.3-- mice. To facilitate comparison with WT, mean values measured under
that condition are indicated by the dotted line. Data in A and B represent means + SEM from 4 and 5 experiments in WT and Ca,2.3-- mice,
respectively. (C) Insulin release was measured as in A, but the experiments were performed in NMRI mice. (D) Insulin release was measured
as in C, but SNX482 (100 nM) was included in the high-glucose solution. To facilitate comparison with mean values measured in the absence of
SNX482, these values are denoted by the dotted line. Data in C and D represent means + SEM from 6 experiments performed with and without

SNX482, respectively. Statistical significance is provided in Results.
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Confocal immunocytochemistry of insulin and glucagon immunoreactivity in single islet cells. (A) Insulin and glucagon immunoreactivity in dis-
persed WT islet cells visualized by confocal microscopy. (B) Insulin and glucagon immunoreactivity was visualized as in A, but cells are from
Cay2.3 " islets. (C) Relative distribution of insulin, glucagon, and double immunoreactivity (Ins*, Glu*, and Ins&glu*, respectively) in WT Cay2.3++
(black bars) and Cay2.3-- (gray bars) islet cells. Data represent more than 200 cells in each group and are from 3 different experiments.

Insulin release then decayed toward a lower plateau level of approx-
imately 8 ng/ml and increased slightly to approximately 10 ng/ml
during the second phase (Figure 4C). When SNX482 (100 nM) was
included in the perfusate (Figure 4D), first-phase insulin release
was largely unaffected, and peak values averaged 13.0 + 3.7 ng/ml
(n = 6). By contrast, second-phase insulin secretion was reduced
more than 80% (e.g., 1.8 £ 0.6 ng/ml versus 10.0 + 0.6 ng/ml at ¢ = 40
minutesin the presence or absence of SNX482, respectively; P<0.01).
It was verified that the glucose concentration in the effluent
medium was identical in all experiments.

Insulin and glucagon immunoreactivity in WT and Cay2.37/~ islet
cells. Islet cells were finally dispersed and investigated by confo-
cal immunocytochemistry (Figure 5). In WT islet cells, 80% of the
dispersed cells revealed immunoreactivity for insulin and approxi-
mately 20% stained positive for glucagons in double-labeling
experiments. The relative frequency of o and p cells suggested by
this analysis compares favorably with the electrophysiological data.
Only 1 out of 230 cells investigated revealed immunoreactivity for
both insulin and glucagons. A rather different picture emerged in
the Cay2.37/~ islet cell preparation. Whereas 75% and 9% of the cells
could readily be characterized as p and a cells, respectively, 16% of
the 210 cells coexpressed insulin and glucagons.

Discussion
Insulin-producing B cells contain multiple types of Ca?* channel.
Whereas the role of L-type Ca?* channels in insulin secretion is
amply documented, that of the non-L-type Ca?* channels is less
well understood. The advent of subtype-specific Ca?* channel
blockers in combination with the generation of transgenic knock-
out mice provides a unique opportunity for an in-depth analysis
of the function(s) fulfilled by the different Ca?* channel subtypes.
Here we have used SNX482 and Cay2.3-null mice to study the
significance of R-type Cay2.3 Ca?* channels in islet insulin and
glucagon secretion in vivo and in vitro.

The role of Cay2.3 channels for B cell [Ca?*[; homeostasis and insulin
secretion. Here we demonstrate that pharmacological inhibition
of R-type Cay2.3 Ca?' channels using SNX482 does not affect

The Journal of Clinical Investigation

heep://wwwjci.org

first-phase insulin secretion, but reduces second-phase release a
dramatic 80%. A similar preferential effect on late-phase insulin
secretion is observed in Cay2.37/~ mice (Figure 4). At the single
B celllevel, close inspection of the capacitance recordings (Figure 2,
A and B) reveals that the initial component of exocytosis is not
much affected in Cay2.37- § cells. In fact, the overall reduction
results exclusively from suppression of the late component of exo-
cytosis (elicited by the third and subsequent depolarizations). We
have previously demonstrated that opening of L-type Cay1.2 Ca?*
channels is tightly associated with rapid exocytosis and first-phase
secretion. Thus, it appears that Ca?* entry via L-type Cay1.2 and
R-type Cay2.3 channels have distinct intracellular effects.

Cay2.3 ablation is associated with a 23% decrease in f cell Ca?*
current in Cay2.37~ mice (Figure 1). This is in good agreement
with the response to acute application of SNX482 in WT mice
(13), suggesting that there is little compensatory upregulation of
other Ca?* channels in the knockout mice. We acknowledge that
Cay2.3 channel activity may represent only part of the R-type
current component (24, 32). In addition, other reports suggest
that all R-type current components are not blocked by SNX482
with the same efficacy (33). The observation that SNX482 fails
to affect whole cell Ca?* currents in Cav2.37/~ f cells (Figure 1,
C and D), however, indicates at least that SNX482, at the con-
centration used here (100 nM), does not affect any Ca?* channels
other than Cay2.3, but we cannot exclude the contribution of
an SNX482-insensitive R-type Ca?' current component. Indeed,
approximately 40% of the whole cell Ca?* current is unaffected
by either SNX482 or the L-type blocker isradipine in Cay2.37
B cells. Although most of this current probably represents
P/Q-type Ca?* currents as previously shown for WT 3 cells (13),
it is possible that part of it reflects a SNX482-resistant portion
of the R-type Ca?" current.

How do Cay2.3 Ca?* channels regulate second-phase insulin secretion?
Secretory granules in pancreatic 3 cells can be classified according
to their release competence (34). A limited (1-5%) pool is imme-
diately available for rapid exocytosis upon stimulation (read-
ily releasable pool, RRP). Once this pool of granules has been
Number 1
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released, exocytosis proceeds at a slower rate determined by the
supply of granules newly mobilized from a much larger reserve
pool (35). The observation that only a late component of exocy-
tosis is affected in Cay2.37/~ B cells (Figure 2, A and B) argues that
Cay2.3 channels are not tightly coupled to exocytosis but are more
important for the recruitment of new granules for release. We also
demonstrate that genetic ablation of the Cay2.3 Ca?* channels
results in approximately 20% reduction of the glucose-induced
steady-state time-averaged [Ca?]; (more than 5 minutes after ini-
tial response; Figure 3). Can these 2 pieces of information be rec-
onciled? We have reported previously that a moderate (40%) but
protracted elevation of [Ca?']; results in strong enhancement of
the exocytotic capacity (36). It is of interest that this effect is medi-
ated by a global rather than a localized increase in [Ca?']; and is
operational already at concentrations as low as 200-300 nM, that
is, 10-fold lower than those required to elicit fast exocytosis. Thus,
even moderate reduction of Ca?* entry and [Ca?']; following inhi-
bition of Cay2.3 Ca?" channels can have strong effects on insulin
secretion in the longer term by inhibition of granule recruitment.
Presumably, L-type Ca?* channels still trigger granule exocyto-
sis, but once the RRP is depleted, the supply of new granules for
release becomes rate limiting. This would explain how ablation of
the approximately 20% Cay2.3 Ca?* channel component can result
in approximately 50% (knockourt) to 80% (SNX482) reduction of
second-phase insulin secretion. Thus, it seems justifiable to con-
clude that Ca?* entry via R-type Cay2.3 Ca?* channels is function-
ally (and perhaps spatially) linked to granule mobilization and
priming of insulin granules for release.

Cay2.3 ablation and glucagon secretion. Cay2.3 ablation is associ-
ated with disturbances of glucagon secretion. In isolated islets,
the ability of glucose to suppress glucagon secretion is severely
impaired (Table 3). These abnormalities are also detectable at
the systemic level. In the in vivo glucose challenge test, 3-minute
values for plasma glucagon were stimulated approximately 15% in
Cay2.37~ mice, whereas in WT they were reduced approximately
20% (Table 1). The observations that whole cell Ca?* currents
(Figure 1, E and F) and single cell exocytosis (Figure 2, E-H) are
unaffected in Cay2.37- a cells, taken together with the finding
that the R-type blocker SNX482 fails to affect glucagon release
in WT islets (Table 2), make it unlikely that these effects are the
direct consequence of the loss of Cay2.3 in the a cell. Rather,
the explanation for the perturbation of glucose-inhibited
glucagon release in Cay2.3-ablated mice appears to be due to
the appearance of atypical a/p cells accounting for greater than
60% of the glucagon-expressing cells in these mice (Figure 5,
B and C). Taken together with the scarcity of cells with o cell
electrophysiological properties in preparations from Cay2.37~
mice (7% compared with 27% in WT mice), this suggests that
the a/f cells electrical behavior is more like that of the B cells.
This idea is supported by the results in Table 3, showing that
whereas isradipine suppresses glucagon release in Cay2.37
islets, it has the opposite effect in WT islets. This observation
also provides a clue to the relative failure of glucose to suppress
glucagon release in Cay2.37 islets both in vitro and (acutely) in
vivo. The fact that glucagon eventually decreases after a glucose
challenge in vivo may be related to neuronal input or paracrine
effects that are known to be of great importance for the control
of the hyperglycemic hormone (37). Surprisingly, basal glucagon
release (at low glucose) is unaffected in Cay2.37~ islets. One pos-
sibility is that the reduced population of normal a cells have
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a very large capacity for exocytosis, but the capacitance mea-
surements (Figure 2, E-H) provide no support for this notion.
Another explanation is that the o/f cells exhibit poorly regulat-
ed exocytosis and constitutively release both glucagon and insu-
lin. This idea is reinforced by the observation that basal insulin
release in Cay2.37 islets is higher than in WT islets (0.4 + 0.05
versus 0.2 + 0.02 ng/islet/hour in Cay2.37~ and WT, respective-
ly; Table 3). Yet another possibility is that glucagon coreleased
with insulin from the o/ cells potentiates further secretion by
a cAMP-dependent mechanism. We have reported elsewhere that
glucagon increases f§ cell exocytosis 5-fold (38). The significance
of paracrine mechanisms within the islet is apparent from the
strong stimulatory action of isradipine on glucagon secretion
in WT islets (Tables 2 and 3). The latter effect may reflect the
relief from paracrine inhibition of glucagon secretion exerted by
Zn?* and GABA cosecreted with insulin from the f cells (39, 40).
Preliminary data from our laboratory indicate that R-type
Cay2.3 Ca?* channels play a decisive role in somatostatin secre-
tion from the § cells (Q. Zhang, A. Salehi, E. Renstrém, and
P. Rorsman, unpublished observations). We can exclude that the
loss of physiological glucose inhibition of glucagon secretion
is secondary to relief from paracrine inhibition by somatosta-
tin, however, since the dysregulation of glucagon secretion in
Cay2.37/~ islets is not mimicked by SNX482.

Role of Cay2.3 in islet cell differentiation. A surprising finding in the
present study is that the majority of the glucagon immunoreactive
cells in Cay2.37/- islets coexpress insulin, indicating that Cay2.3
channels play a role in the development of mature o cells. A tran-
sient peak in Cay2.3 channel expression in glial cells along specific
CNS pathways has been demonstrated to coincide with postnatal
myelinization of the white matter in the rat (41). It can be spec-
ulated that Cay2.3 channel expression exerts a similar action in
defining the differentiated mature islet cell lineages, but the exact
underlying mechanism remains to be established.

Pathophysiological implications. Although R-type Cay2.3 channels
appear to be of little importance for first-phase insulin secre-
tion and their contribution becomes apparent only during late
exocytosis/second-phase insulin secretion, this does not mean
that they are unimportant for systemic glucose homeostasis.
Indeed, the Cay2.37~ mice exhibited basal hyperglycemia (Table 1).
In humans, Cay2.3 is encoded by the CACNAIE gene, which is
located on chromosome 1q25-31. Interestingly, a chromosomal
region around 1925 reveals linkage to type 2 diabetes in several
independent studies in different populations. These include early
onset type 2 diabetes in Pima Indians (42), Utah Caucasians (43),
and English sib pairs (44). In addition, the 1q25-32 region dem-
onstrates linkage with elevated blood glucose levels in the Fram-
ingham Heart Study (45). It is also pertinent that the above region
confers defective insulin secretion in type 2 diabetes in Pima Indi-
ans (46). Type 2 diabetes is a multifactorial polygenic disorder.
Clearly, polymorphisms in the CACNAIE gene alone are not suffi-
cient to trigger disease. Given the present functional data, howev-
er, it is tempting to speculate that dysfunctional Cay2.3 Ca?* chan-
nels may frequently be involved in creating the disturbed f cell
phenotype in type 2 diabetes.

Methods
Experimental animals. As previously reported (26), the CACNAIE gene
encoding Ca,2.3 was disrupted in vivo by deleting a region containing
exon 2 on mating Ca,2.3%/* and deleter mice on a C57Bl/6 background
Volume 115
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that expresses Cre recombinase constitutively under the control of the
CMV promoter. Ca,2.3*/~ mice containing 1 cre transgene were inbred,
and pups with the Cay2.37 genotype were selected and transferred by
embryo transfer into a SPF facility. The transfer included breeding with
C57Bl/6 mice and resulted in heterozygous Ca,2.3"~ mice. Only cre-nega-
tive pups were selected and inbred, yielding either Cay2.37* or Cay2.37
mice. Thus, the Cay2.37* and Cay2.37/~ mice used in this study have an
identical genetic background. In Figure 4, inbred NMRI mice purchased
from Charles River Wiga GmbH were used.

The mice were housed ata constant temperature (22-23°C) and 12-hour
light cycles (6:00 a.m.-6:00 p.m.), with access to standard pellet food and
water ad libitum. All experiments were evaluated and approved by the
local ethical committee Malmé/Lund djurférsksetiska nimnd, Lund
District Court, Sweden.

Islet isolation and islet cell preparation. The mice were sacrificed by cervical
dislocation, and collagenase was administered into the pancreas by retro-
grade injection via the pancreatic duct. After 15-20 minutes’ incubation
at 37°C, the islet suspension was washed 4 times with HBSS (4°C) before
being manually collected. The islets were cultured in RPMI-1640 medium
(Invitrogen Corp.) supplemented with 10% FCS, penicillin, and strepto-
mycin. For the preparation of single cells, islets obtained by collagenase
digestion were dissociated by incubation and gentle triculation in Ca?*-free
medium. The resulting cell suspension was centrifuged, the supernatant
discarded, and the pellet (containing the cells) was resuspended in RPMI-
1640 medium, plated on plastic Nunc 35-mm Petri dishes, and maintained
in tissue culture for up to 2 days.

Electrophysiology. The measurements were conducted using an EPC-10
patch-clamp amplifier in conjunction with the PULSE software suite
(version 8.53; HEKA Elektronik). Whole-cell Ca?* currents were mea-
sured in intact cells using the perforated-patch whole-cell approach
(Figure 1) using a pipette solution consisting of 76 mM Cs;SO4, 10 mM
NaCl, 10 mM CsCl, 1 mM MgCl,, S mM HEPES (pH 7.35 with KOH), and
0.24 mg/ml amphotericin B (47). Exocytosis was monitored as increases
in cell capacitance using the sine + DC mode of the lock-in amplifier
included in the PULSE software and the standard whole cell configura-
tion. When eliciting exocytosis by trains of ten 500-ms voltage clamp
depolarizations (Figure 2, A and E), the pipette solution consisted of
125 mM Cs-glutamate, 10 mM CsCl, 10 mM NaCl, 1 mM MgCl,, 5 mM
HEPES, 3 mM Mg-ATP, 0.1 mM cAMP, and 0.05 mM EGTA (pH 7.2 with
CsOH). In Figure 2, C and G, this pipette solution was slightly modi-
fied to include 10 mM EGTA and 9 mM CaCl,, and all Cs* salts were
replaced by corresponding K* salts. The resulting free intracellular Ca**
concentration of this Ca**/EGTA buffer was estimated to 1.5 uM using
the binding constants of Martell and Smith (48, 49). The extracellular
bath solution contained 138 mM NaCl, 5.6 mM KCl, 2.6 mM CaCl,, 1.2
mM MgCl,, 5§ mM glucose, and 5 mM HEPES (pH 7.4 with NaOH). In
the recordings of whole-cell Ca?* currents (Figure 1) and depolarization-
evoked exocytosis (Figure 2, A and E), 20 mM of NaCl was equimolarly
replaced by the K* channel blocker TEA-CI to facilitate the separation
of the small voltage-gated Ca?* currents from the large outward K* cur-
rent. The DHP isradipine (Pfizer Inc.) was prepared as stock solution
in DMSO (final concentration less than or equal to 0.1%). The R-type
blocker SNX482 (Peptide Institute Inc.) was dissolved directly in the
extracellular medium. All other reagents were from Sigma-Aldrich. Effects
were determined in the steady state. The bath (approximately 1.5 ml)
was continuously perfused (6 ml/min) and the temperature maintained
at approximately 32°C.

In vivo glucose challenges. For the in vivo studies, glucose (11.1 mmol
[equivalent to 2 g]/kg body weight) was dissolved in 0.9% NaCl and
delivered by intraperitoneal injection. Blood sampling, detection of
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plasma insulin by RIA, and enzymatic determination of plasma glucose
concentrations were performed as described previously (50).

In situ/ex vivo pancreatic perfusion. Experiments were performed in
the morning at 10:00 a.m. in nonfasted mice. Anesthesia was given by
intraperitoneal injection of midazolam (Hofmann-La Roche AG; 0.4 mg/
25 g body weight) and fentanyl (Janssen Pharmaceuticals Inc.; 0.02 mg/
25 g body weight). The experimental procedures were essentially identical
to those described by Bonnevie-Nielsen et al. (51). Briefly, the mice were
kept on a heating pad during the entire experiment. After opening the
abdominal cavity and ligating the renal, hepatic, and splenic arteries, the
aorta was tied offabove the level of the pancreatic artery. The pancreas was
perfused with modified Krebs-Ringer HEPES buffer preheated to 37°C
(1 ml/min) via a silicone catheter placed in the aorta. The perfusate was col-
lected via a silicone catheter from the portal vein at 30- or 60-second inter-
vals, as indicated, in 2.5-ml Eppendorf tubes containing 25 ul Trasylol.
Insulin and glucose concentrations in the effluent medium were detected
by RIA and the glucose oxidase method, respectively.

In vitro pancreatic hormone release. Insulin release in vitro was measured
in static incubations. Briefly, freshly isolated islets were preincubated for
30 minutes at 37°C in a Krebs-Ringer bicarbonate buffer (pH 7.4) con-
sisting of 120 mM NaCl, 25 mM NaHCOj3, 4.7 mM KCI, 1.2 mM MgSOy,
2.5 mM CaCl,, 1.2 mM KH,PO, 1 mM glucose, and 10 mM HEPES
(pH 7.4). The medium was gassed with 95% O, and 5% CO, to obtain
constant pH and oxygenation. Groups of 10 islets were then incubated
in 1 ml for 60 minutes at 37°C in Krebs-Ringer buffered solution supple-
mented with either glucose, the L-type Ca?* channel blocker isradipine,
the R-type Ca?* channel inhibitor SNX482, tolbutamide, or high K*, as
specified in the text and figures. Immediately after incubation, a 25-ul
aliquot of the medium was removed for assay of insulin and glucagon
radioimmunoassay as described previously (50).

Immunocytochemistry. Insulin and glucagon immunoreactivities were
visualized in dissociated islet cells by indirect immunocytochemistry
using a Carl Zeiss AG 510 LSM confocal microscope and a x100
Plan-Apochromat x100/1.4 oil objective. After fixation with 3%
paraformaldehyde and permeabilization by 0.1% Triton-X, the cells
were incubated with normal donkey serum to reduce unspecific stain-
ing. The primary insulin and glucagon Abs, raised in guinea pigs and
sheep, respectively, were incubated at 1:1,000. To prevent cross-talk
between the channels, the secondary Cy3-conjugated anti-guinea pig
and the Cy5-conjugated anti-sheep Abs (1:600) were excited in the mul-
titrack mode using the 543-nm and 633-nm lines of the HeNe lasers,
and emitted light was collected using greater than 560-nm and greater
than 650-nm long-pass filters, respectively.

Microfluorimetry. [Ca?*]; in intact pancreatic islets was measured by
dual-wavelength microfluorimetry using fura-2 and a D104 PTI micro-
fluorimetry system. The temperature of the experimental chamber was
+32°C to allow comparison with the electrophysiological data. Pro-
cedures for loading and calibration of the fluorescence signal were as
described previously (52).

Statistical analysis. All data are given as means + SEM. Statistical signifi-
cance was evaluated using absolute values only. A paired Student’s ¢ test was
used when comparing responses in the same cell. For comparisons between
groups with independent observations we used independent Student’s ¢
tests or, when comparisons involved more than 2 groups, ANOVA.
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OBJECTIVE - Priming of insulin secretory granules for release requires intragranular
acidification and depends on vesicular Cl-fluxes. The molecular identity of the
mechanism mediating transgranular CI flux remains uncertain. Here we have tested
the hypothesis that the chloride transport protein CIC-3 provides the granular shunt
conductance required for 3-cell granule acidification.

RESEARCH DESIGN AND METHODS - Insulin secretion was analyzed in vivo and
in vitro in wildtype and CIC-3" mice. The whole-islet secretion measurements were
complemented by single-cell capacitance recordings of exocytosis, fluorimetric
measurements of granular pH, subcellular fractionation and fluorescence-based
granule purification to establish the localization of CIC-3 and electron microscopy to
determine granule number, distribution and appearance.

RESULTS - Insulin secretion evoked by membrane depolarization (high extracellular
K*, sulfonylureas) and glucose was reduced by ~60% and 80% in CIC-3"
islets/isolated cells. The effect was selective for insulin secretion and glucagon
release was not affected. Single-cell exocytosis (monitored as increases in cell
capacitance) evoked by a train of ten 500-ms depolarization to zero mV was also
strongly reduced (~80%). Proton transport across the granule membrane (assayed
by LysoSensor™Green DND-189%) was reduced by 44%. Subcellular fractionation
and immunocytochemistry indicated that most of the B-cell CIC-3 located to
endosomes/SLMVs. However, the presence of CIC-3 in insulin granules was
detected in a high-purification fraction of LDCVs obtained by phogrin-GFP labelling.
CONCLUSIONS - The data confirm the importance of granular CI" fluxes in granule

priming and provide direct evidence for the involvement of CIC-3 in the process.



A low intragranular pH is crucial for prohormone cleavage in pancreatic p-cells (1). In
addition, the acidification of secretory vesicles may play a role in making them
release-competent, an ATP-dependent process referred to as priming (2; 3).
Substances that collapse vesicular pH gradients reduce exocytosis by impairing the
replenishment of the readily releasable pool (RRP) of insulin-containing large dense
core vesicles (LDCVs) in B-cells (2). Based on this observation, granular acidification
has been proposed to be essential for the priming of B-cell LDCVs (2). Acidification is
carried out by a V-type H'-ATPase that pumps H" into the vesicular lumen. Without
charge compensation, this electrogenic process leads to a lumen-positive voltage
across the granular membrane that would prevent further proton pumping. Acidic
organelles of the endosomal pathway principally depend on CI" fluxes for charge
neutralization (4-6). Consistent with such a mechanism, procedures aimed at
inhibiting CI" fluxes across membranes of p-cell granules impaired their luminal

acidification and their priming for exocytosis (2).

Various members of the CLC family of CI" transport proteins facilitate the acidification
of intracellular vesicles, most likely by limiting the generation of a transmembrane
voltage by the H*-ATPase (7-10). CIC-3 is present on endosomes and synaptic
vesicles (9; 11). Acidification rates of both types of vesicles were reduced in CIC-3"
mice (9; 12; 13). In addition, CIC-3 has been reported to also reside on secretory
granules of p-cells (2). Functional experiments based on the intracellular application
of an antibody directed against CIC-3 suggested that CIC-3 facilitates insulin
secretion by enhancing the acidification of insulin-containing granules (2; 14-16).

Here we have addressed this possibility using constitutive CIC-3 knock-out (KO) mice.



RESEARCH DESIGN AND METHODS

CIC-3" and CIC-3"" littermates were used in these experiments. Details of the
generation of the mice and their other characteristics have been summarized
elsewhere (9). The experiments were generated in Hamburg and transported to Lund

at least 2 weeks prior to the experiments.

Paraffin-embedded pancreatic sections were exposed to an in-house CIC-3-specific
antibody (1035) at 1:300 dilution. The antibody was raised in rabbits by injecting a
mixture of two  peptides (C3/03A: SSTHLLDLLDEPIPGC; C3/03B:
KDRERHRRINSKKKEC) that represent parts of the CIC-3 amino terminus. Carboxy-
terminal cysteines were added to both peptides to facilitate their crosslinking to the
carrier protein bovine serum albumin (BSA). The antibody was affinity-purified
against peptide A. Immunoreactivity was visualized using Alexa-conjugated
secondary anti-rabbit antibodies (Molecular Probes) and analyzed by confocal

microscopy.

Blood sampling in the in vivo experiments were conducted as described previously
(17). The surgical procedures used in the in vitro and in vivo studies were approved

by the ethical committee at Lund University.

For the static hormone release measurements, adult mice were killed by cervical
dislocation, the pancreas quickly excised and pancreatic islets isolated by standard
collagenase digestion. Insulin and glucagon secretion were measured in a KRB-
buffer as described previously (17). Total insulin islet content was determined after

extraction with acidic ethanol.



[Ca®']; was measured in intact pancreatic islets using fura-2 as described previously

(18).

For the capacitance measurements of exocytosis, single islet cells were obtained by
shaking in Ca®*-free medium. Exocytosis of B-cells was monitored by measurements
of cell capacitance as described previously (2) using the standard whole-cell
technique. The extracellular medium consisted of (in mM) 118 NaCl, 20 TEA-CI, 5.6
KCI, 1.2 MgCl,, 2.6 CaCl,, 5 D-glucose and 5 HEPES (pH 7.4 with NaOH). The
standard electrode (intracellular) solution contained (in mM) 125 Cs-glutamate, 10
KCI, 10 NaCl, 1MgCl, 5 HEPES, 0.05 EGTA, 3 Mg-ATP and 0.1 cAMP (pH 7.15 with
KOH). In the experiments in Fig. 6A, glutamate was added as monopotassium salt
and [Ca®"]; was buffered to ~1.5 uM (cf. (19)) by inclusion of 10 EGTA and 9 CaCls.
For rescue experiments (Fig. 4 E-F), CIC-3" islets were infected with a CIC-3-
encoding recombinant Semliki Forest Virus prior to dispersion into single cells and

then cultured for 00 h..

Granular pH was monitored semi-quantitatively as outlined elsewhere (19) by
supplementing the extracellular solution with 5 puM of the fluorescent probe
LysoSensor™Green DND-189° (Molecular Probes), which is fluorescent only in

acidic compartments, and that in B-cells principally localises to the secretory granules

(3).

For the subcellular fractionation experiments, islets from 12 WT animals were pooled
and homogenized. Subcellular factions were obtained by continuous sucrose density

gradient centrifugation. Fractions were collected and the protein and insulin contents
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as well B-hexosaminidase activity were determined and analyzed by Western blotting
for the distribution of CIC-3 (obtained as described above) subcellular markers. The
latter were carboxypeptidase E (CPE, 1:500, Research Diagnostics), synaptophysin

(1:500, Synaptic Systems) and rab4 (1:200, Santa Cruz).

A highly enriched LDCV fraction was obtained by using a recombinant phogrin-EGFP
adenovirus made using the BD Adeno-X expression system 1 (Clontech, CA, U.S.A).
INS-1 cells were infected for 1 h and homogenized after 36 h culture. The post-
nuclear supernatant was pelleted (15 000 x g for 15 min, 4°C) and resuspended in a
sorting buffer containing (in mM) 135 KCI, 10 NaCl, 1 MgCl,, 5 Hepes, 2 EGTA (pH
7.15 with KOH). EGFP-positive particles were collected using a Becton Dickinson
Cell Sorter and tested for insulin and protein content (Fig. 7H).

PRNAHT1 yector

CIC-3 silencing was accomplished using the EGFP-containing
(GenScript Corp, Piscataway, NJ, U.S.A) with 76 basepair shRNA inserts. EGFP-
expressing cells were collected 72 h-post-infection using a Cell Sorter (Becton
Dickinson, San Jose, CA). Efficency of silencing was estimated by blotting onto
PVDF membrane (Pierce biotechnology Inc, Rockford. IL, U.S.A) and using the anti-
CIC-3 antibody. The most efficient silencer construct (S3) contained the

CTCCGGAATTCCAGAGATTAA target sequence in rat CIC-3 and was used for all

functional assays.

For the secretion assay following silencing, INS-1 cells were plated in a 24-well dish

(3x10° cells/well) and co-transfected using Effectene (Qiagen, Hilden, Germany) with

RNA-H1.1
P

0.2 pg of the S3 silencer or scrambled control oligo inserted into the vector,



and 0.2 yg human GH-expressing vector. Hormone secretion was quantified as the

ratio of secreted hGH over total hGH content/well, as previously described (20).

Electron microscopy was performed as previously reported (21).

Data are quoted as mean values + S.E.M. of indicated number of experiments.

Statistical significance was evaluated using Student’s t-test.

RESULTS

Pancreatic sections were immunostained using antibodies against insulin, glucagon
and CIC-3. CIC-3 is strongly expressed in endocrine pancreas (Fig. 1). Co-staining
for insulin and glucagon showed that the protein is expressed in both - and a-cells
(Fig. 1A). CIC-3 staining was absent in CIC™ islets (Fig. 1B), confirming the specificity

of the antibody.

Insulin secretion was measured from wildtype and CIC-3"" islets (Fig. 2A). In wildtype
islets, glibenclamide (2 uM) and high extracellular K* (50 mM) stimulated insulin
secretion 3.1- and 3.4-fold over basal. Glucose (20 mM) was a much stronger
stimulus and resulted in a ~10-fold stimulation; the latter effect being enhanced 1.8-
fold by GLP-1 (100 nM). In CIC-3-deficient islets, the stimulatory effects of
glibenclamide and high K* were largely abolished whereas the stimulatory effect of
glucose was reduced by 67% and 57% in the absence or presence of GLP-1,
respectively. The secretion defect of the CIC-3" islets cannot be accounted for by
reduced insulin content, which was reduced by only ~10% (Fig. 2C), much less than
the reduction of secretion. Although pancreatic a-cells also express CIC-3 (Fig. 1),
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glucagon secretion at both 1 and 20 mM glucose was unaffected by ablation of CIC-3

(Fig. 2B).

Glucose stimulates insulin secretion by induction of Ca*-dependent electrical activity

and the associated increase in [Ca?];

triggers exocytosis of the insulin granules (22).
We monitored [Ca®'] in wildtype and CIC-3" islets (Fig. 3). Basal [Ca®"]; levels were
8816 nM and 106+15 nM in wildtype (n=7) and and CIC-3" (n=10) islets, respectively.

Following stimulation with 15 mM glucose, [Ca®"];

rose to a peak value of 41952 nM
and 452+29 nM in wildtype and CIC™ islets. In both cases, this peak was followed by
[Ca?"]i oscillations (that are due to bursts of Ca®*-dependent action potentials) with
average [Ca®']; of 331+36 nM and 260+39 nM, respectively (P~0.05). The addition of

2+]i

the sulfonylurea tolbutamide (0.1 mM) increased [Ca“’]; similarly in wildtype and

knockout islets and peak [Ca®']; averaged 414+47 nM and 458+39 nM, respectively.

Thus, if anything [Ca®*]

is higher in CIC-3-deficient than in wildtype islets and we
conclude that the suppression of glucose- and tolbutamide-induced insulin secretion
must involve processes downstream of metabolic sensing, electrical activity and

[Ca®*]-signaling.

High-resolution capacitance measurements were next applied to isolated p-cells from
wildtype and CIC-3 KO animals to compare the exocytotic capacity of wildtype and
CIC3™ B-cells. The b-cell identity was established by the presence of a voltage-gated
Na*-current that inactivated with a Vo5 of ~ -100 mV. Exocytosis was elicited by trains
of ten 500-ms depolarizations from -70 mV to 0 mV. In control B-cells, exocytosis
proceeded throughout the stimulus train (Fig. 4A). The capacitance increase per
pulse decreased from an average of ~75 fF in response to the initial depolarization to

a final value of 10 fF/pulse (Fig. 4B). The total capacitance increase of control cells
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averaged 381+36 fF (n=14). In CIC-3 KO B-cells, the capacitance increases per pulse
were much smaller throughout the train (Fig. 4C-D), reaching a maximum rate of 20
fF/pulse with the total capacitance increase elicited by the train being a mere 7012
fF (P<0.001 vs. control; n=14). The secretory response of p-cells lacking CIC-3 was
almost normalized by infecting the cells with a recombinant Semliki Forest Virus (SFV)
encoding CIC-3 (Fig. 4E-F); the total capacitance increase averaging 259+18 fF (n=5;
P<0.00 vs. CIC-3"). These findings (obtained in single cells maintained in tissue
culture for >24) corroborate the insulin release data (Fig. 2). They further suggest
that the secretion defect is a cell-intrinsic consequence of the lack of CIC-3 and not
due to systemic/paracrine effects. The latter conclusion is supported by the finding
that downregulation of CIC-3 in INS1 cells by si-RNA inhibited exocytosis (Fig. 5).
Western blotting revealed that CIC-3 was reduced by ~70% within 72 h (Fig. 5A).
This correlated with 27% (P<0.01 silencer vs. scramble oligo) inhibition of stimulated
GH release (GH used as an insulin proxy to detect secretion in transfected cells (20)
(Fig. 5B) and a marked decrease (65%; P <0.05 vs. control) in exocytosis elicited by

trains of depolarization (Fig. 5C).

The data of Fig. 4 indicate that CIC-3 might be important for granule
mobilization/priming. We addressed this aspect further by using an intracellular
[Ca®"]; dialysis protcol (1.5 uM free [Ca®']; with 3 mM Mg-ATP and 0.1 mM cAMP)
(Fig. 6A). In wildtype B-cells, cell capacitance increased by 1.2+0.15 pF over 60 s
under these conditions. This is equivalent to the fusion of ~400 secretory granules.
For comparison, exocytosis of RRP results in a capacitance increase of only 0.1 pF.
Thus, RRP must have turned over >10 times during the period of observation
indicating that the increase involves mobilization/priming of “new” granules that did

not initially belong to RRP. The steady-state rate of capacitance increase thus
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provides an estimate of the rate of mobilization. In a series of 15 experiments, the
average rate of capacitace increase averaged 20+2 fF/s. In CIC-3-deficient B-cells,
the total increase in cell capacitance averaged 0.70+0.05 pF (n=19; p < 0.01 vs
wildtype) and the rate of capacitance increase was limited to 1241 fF/s (n=19; p <

0.01). Thus, mobilization was reduced by ~40% in B-cells lacking CIC-3.

CIC-3 has been proposed to promote mobilization by providing a shunt conductance
that allows the granule interior to acidify; the latter leading to an increased release
competence of granules by mechanisms that remain unestablished (3; 19). In Fig. 6B
we have tested whether ablation of CIC-3 affects intragranular pH by using the
fluorescent probe LysoSensor Green DND-189. The protonophore CCCP (0.1 mM) was
introduced to the cytosol to allow transmembrane proton flux. Addition of CCCP at t=0
led to a prompt reduction of fluorescence as the intragranular pH increased and
fluorescent probe moved out of the cell. Previous experiments have established that
this effect of CCCP is blocked by the CI'-channel blocker DIDS (19). CCCP-mediated
H*-efflux from the granule is electrogenic. In the absence of a counterion conductance a
large electrical potential will rapidly develop when the H* permeability is increased that
would prevent pH equilibration across the granule membrane. If CIC-3 CI" channel
activity is required for proton translocation over the granule membrane, then loss of
these channels should reduce H'-efflux via the protonophore leading to a reduced loss
of fluorescence. Indeed, the CCCP-induced fluorescence decrease at steady-state (90
s after addition of CCCP) was reduced from 41+9% in wildtype cells to 18+5% in

CIC-3" B-cells (*P <0.05).

It was ascertained that ablating CIC-3 did not interfere with granule biogenesis and

structure. Ultrastructural analyses revealed that the number of granules (total as well
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as docked) remained unchanged in CIC-3" islets. Moreover, their appearance and
diameter were unaltered (Supplementary Fig. 1). This argues that insulin processing
proceeds well in the absence of CIC-3 (23). These findings are in agreement with the

finding that insulin content was unaffected (Fig. 2C).

CIC-3 has been reported to be present in membranes of insulin-containing secretory
granules in the pB-cells (2). Sucrose density centrifugation was used for the
subcellular fractionation of vesicles from primary B-cells (Fig. 7A-G). The distribution
of secretory granules in the different fractions was determined by measuring their
insulin content. Endosomes and SLMVs were identified by antibodies against specific
markers like rab4 and synaptophysin, respectively. CIC-3 was enriched in these
lighter (endosome/SLMV) fractions, but not in the SG fractions. Similar data were
obtained in INS1 cells (not shown). However, these data do not allow us to conclude

that CIC-3 is absent from the insulin granules.

Phogrin is a specific marker of SGs (24). Expression of a GFP-phogrin in insulinoma
cells followed by immunoprecipitation using an antibody directed against GFP has
been shown to obtain an highly purified granule fraction (25). In our hands, granules
isolated by GFP-labelling was enriched for insulin by a factor of ~20 over the
homogenate when normalized to protein content. Granules thus obtained did contain
detectable levels of CIC-3 immunoreactivity and was highly enriched above the level
found in the homogenate (Fig. 7H). Thus, it appears that insulinoma granules are
equipped with CIC-3. However, we acknowledge that most of the CIC-3 proteins

locate to other membrane compartments.
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To determine the systemic consequences of the CIC-3 deficiency on glucose
homeostasis and insulin release, serum insulin and glucose concentrations were
finally measured in wildtype and CIC-3" mice after an intraperitoneal glucose
challenge (2g/kg body weight). Control mice responded to the glucose challenge with
an increase in plasma insulin levels both at 3 and 8 min but no such response was
detected in CIC-3 KO mice (Fig. 8A). Likewise, glibenclamide (500 pg/kg body
weight), which in wildtype mice evoked a transient stimulation of insulin secretion,

failed to enhance insulin secretion in CIC-3-deficient mice (Fig. 8B).

DISCUSSION

Secretory granules must undergo a priming reaction to gain release competence. We
have previously proposed that priming of insulin granules requires the acidification of
their lumen (2) and subsequent studies have provided further support in favor of this
hypothesis. Processes interfering with the acidification have thus been found to
reduced the secretory capacity of B-cells and impair the refilling of their readily
releasable pool of vesicles (RRP) and late phase insulin secretion (2; 3). As CI
channel blockers as well as the replacement of cytosolic CI" with larger anions
suppressed secretion (2), CI fluxes seemed to be necessary for the priming of insulin
granules. By analogy to what has been described in other systems (5), this CI
requirement was attributed to the need of a shunt conductance to neutralize the
granular membrane potential (positive inside) that develops during the operation of

the vesicular H*-ATPase.

In the endosomal/lysosomal system, as well as in synaptic vesicles, such a shunt

conductance is provided by various members of the CLC family of CI" channels and
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transporters (26). For instance, renal proximal tubular cells need CIC5 to efficiently
acidify their apical endosomes (7; 8; 10), while hepatic endosomes (12) and synaptic
vesicles (9) rely on its close relative CIC-3. The strong expression of CIC-3 in
pancreatic pB-cells (Fig. 1A) raised the interesting possibility that it might mediate the

CI conductance involved in the priming of the secretory granules.

Previous evidence suggestive of a role of CIC-3 in insulin secretion involved the use
of an antibody directed against CIC-3 (2) and antisense oligonucleotides (15; 16) to
inhibit or knock-down CIC-3. However, there are always concerns about the
specificity of such procedures. Here we have re-visited the role of CIC-3 in insulin
secretion by analyzing mice in which these channels had been genetically removed.
The new data presented here provide additional evidence that CIC-3 plays a role in

insulin secretion.

Although glucose- and sulfonylurea-induced insulin secretion was strongly reduced
both in vitro and in vivo in CIC-3" mice, the knockout mice nevertheless had normal
basal plasma glucose (~10 mM) and insulin levels. Thus, the B-cell is clearly capable
of maintaining an adequate supply of insulin even in the absence of CIC-3 channels.
Our previous data suggest that granular CI-fluxes play an important role in the
priming of secretory granules for release and the present data support this scenario.
The reduced capacity of CIC-3" B-cells to replenish the releasable pool of granules is
also evident from the Ca**-infusion experiments. In accordance with the notion that
CIC-3 provides a shunt conductance required for granule acidification and priming,
we demonstrate here that H*-fluxes and priming were reduced by ~50% in CIC-3" B-
cells. However, the fact that these processes were not abolished argues that there
exist additional mechanisms for granule priming/acidification in the B-cell. It is likely
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that these processes account for the normality of basal plasma insulin and glucose
levels in the knockout animals. It is only when insulin secretion must increase much
beyond basal that the demand of secretory granules exceeds that which can be met

by the CIC-3-independent mechanisms.

It may seem surprising that the CIC-3” mouse is not overtly diabetic despite and
exhibit marked glucose intolerance given the strong suppression of glucose-evoked
insulin secretion. However, it should be noted that in the mouse, only ~30% of the
glucose tolerance in mice is mediated by insulin and that non-insulin-dependent
mechanisms, like the suppression of hepatic glucose production, play a major role
(27). Furthermore, in both man (28) and mice (27), a reduction of insulin secretion
often correlates with an increased insulin sensitivity and if this also occurs in the
CIC-3" mouse it may obscure the influence of hypoinsulinemia. Finally, we cannot
entirely exclude the possibility that systemic effects due to the global knockout of
CIC-3 contributes to the effect. Unfortunately, our attempts to generate a p-cell
specific CIC-3 knockout failed since insulin secretion in Rip-Cre mice was strongly
suppressed. This is similar to what has previously been observed with a different Rip-
Cre construct (29). However, we believe that systemic effects, even if they occur, are
unlikely to explain the in vitro findings. It is reassuring that the inhibition of exocytosis
seen in the capacitance measurements echoes the inhibition of insulin secretion in
isolated islets. The finding that the consequences of ablating CIC-3 on exocytosis can
be reversed by infection of CIC-3"" B-cells with CIC-3 likewise provides evidence for a
direct B-cell defect in favor of indirect/systemic effects. This conclusion is
underpinned by the finding that siRNA-mediated downregulation of CIC-3 in INS1
cells is associated with a statistically significant reduction of secretion. The fact that

the effect was milder than that seen in the CIC-3" B-cells and islets we attribute to
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the fact that 30% of the channel protein remained within the cells. Finally, we point
out that glucagon secretion was unperturbed in CIC-3" mice although a-cells express
high levels of CIC-3 (Fig. 1). Thus, CIC-3 plays a particularly prominent role in p-cell
insulin secretion, whereas a K" conductance rather than a CI” conductance is

important for priming of glucagon-containing granules in rat a-cells (30).

The finding that most of the p-cell CIC-3 associates with endosomes/ SLMVs is in
agreement with its reported localization to hepatic endosomes (9; 12), neuronal
synaptic vesicles (SVs) (9), and endosomes and SLMVs of neuroendocrine PC12
cells (11). However, the presence of detectable levels of CIC-3 in insulin granules
isolated using the highly specific LDCV marker phogrin indicates that some CIC-3 is
present in insulin granules. The density of the CIC-3 channels in the granular
membrane might be very low and still mediate sufficient CI" flux to allow granule
acidification. Recently, Henquin and colleagues demonstrated that granule
acidification plays a key role in insulin secretion (especially 2" phase release) and
identified CI" fluxes in the process (3). The data presented here strongly reinforce

previous data implicating CIC-3 channels in the process.

Previous work has suggested that insulin secretion evoked by high-K* stimulation in
the absence of glucose reflects exocytosis of the readily releasable pool of granules
and that release of these granules underlie 1% phase insulin secretion. Insulin
secretion evoked by high extracellular K* was abolished in CIC-3 mice. These
findings are consistent with the concept that CIC-3-dependent processes have a
strong impact on the size of the RRP. This would be in agreement with the marked
reduction in the exocytotic responses elicited by a train of membrane depolarization

(-82%). In addition there was a ~50% suppression of granule mobilization, which has
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been argued to underlie 2™ phase release (31). Type-2 diabetes is characteristically
associated with the complete loss of 1% phase insulin secretion (hypothesized to
result from release of RRP granules) and a ~50% reduction of 2" phase release
(possibly reflecting mobilization) (32). These features are indeed reminiscent of those
we now report for the CIC-3" mice. We emphasize that this should not be interpreted
in terms of loss-of-function mutations in CIC-3 being part of the aetiology of type-2
diabetes. Rather, our data underscore the significance granule mobilization in the
maintenance of the secretory capacity of the B-cell illustrate that any process that
compromises granule priming may impair insulin secretion sufficiently to result in
glucose intolerance and even manifest type-2 diabetes. Nevertheless, it is intriguing
that interest that there is some evidence that the chromosomal region harboring CIC-

3 (4933) in some studies show an association with type-2 diabetes (33).
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Figure Legends

Figure 1. Immunofluorescence revealed a strong CIC-3 expression in WT pancreatic
islets (A), whereas no signal was detected in CIC-3" sections. (B). Co-staining with
antibodies directed against insulin and glucagon indicated that CIC-3 is expressed in
both o- and B-cells as well as a third cell type that was insulin- and glucagon-

negative (3-cell?). Scale bar: 15 pym.

Figure 2. Effect of CIC-3 ablation on in vitro insulin and glucagon release. (A) Insulin
secretion measured from wildtype (black) and CIC-3" islets (grey) in vitro during 1-h
static incubations in the presence of 1 mM glucose, 1 mM glucose + 1 uM
glibenclamide (G), 1 mM glucose at 50 mM extracellular K, 20 mM glucose and 20
mM glucose + 100 nM GLP-1 as indicated. (B) As in (A) but glucagon was measured
at 1 and 20 mM glucose. (C) Islet insulin content from wildtype (black) and knockout
(grey) islets. Data are mean values + S.E.M. of 9-23, 6-8 and 4 experiments
(=animals) under the different conditions in A, B and C, respectively. *** P<0.001.

Figure 3. Mild effects of CIC-3 ablation on intracellular Ca®*. Intracellular [Ca*"]
recordings in WT (A) and CIC-3" islets (B). Glucose was increased from 5 mM to 15
mM and tolbutamide included in the medium as indicated. Data are representative

for 7 (A) and 10 experiments (B).

Figure 4. (A) Increases in membrane capacitance (AC), evoked by a train of ten 500-
ms voltage-clamp depolarisations from -70 mV to 0 mV (V) in a wildtype B-cell
(identified by Na® current inactivation properties; cf. (34); inset). (B) Increases in

membrane capacitance elicited by the individual pulses of the train stimulus (AC,-
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ACp.1). (C-D) Same as in (A-B) but using cells from CIC-3"" mice. (E-F) Same as in C-
D but CIC-3 had been reintroduced by Semliki Forest Virus. Data represent mean
values + S.E.M. obtained from 14, 14 and 5 cells in B, D and F, respectively. ***P <

0.001 **P < 0.01.

Figure 5. Silencing of CIC-3 in INS1 cells reduces secretion and exocytosis. (A)
Western blots of INS1 cells treated with vector-based RNAIi against CIC-3 with either
a scrambled control oligo (C) or silencing oligos S1-3. (B) Stimulated hGH secretion
from control INS1 cells and cells in which CIC-3 had been downregulated using S3.
Data are mean values + S.E.M. of 6 experiments. (C) Increases in membrane
capacitance in CIC-3-silenced cells (gray bars) elicited by the individual pulses of the
train stimulus (AC,-AC.¢). The black line shows data from control cells. Data are

mean values +S.E.M. of 11 and 6 experiments, respectively. ** P < 0.01.

Figure 6. Reduced granule mobilization and granular proton permeability in CIC-3"
B-cells. (A) Exocytosis measured in wildtype (WT) and CIC-3" B-cells during
intracellular dialysis with 1.5 pM [Ca®']. (B) Changes in granular pH following
establishment of whole-cell configuration and wash-in of 0.1 mM CCCP in wildtype
and CIC-3" B-cells. The whole-cell configuration was established at t=0. Data are
given as mean fluorescence values normalized to fluorescence intensity at t=0 of 5

control cells and 9 CIC-3"" cells. *P < 0.05.

Figure 7. Subcellular localization of CIC-3 in islet cells. (A-G) Sucrose density
gradient centrifugations of an islet homogenates. Eighteen fractions were collected
starting from the top and analyzed by Western blotting with antibodies against

carboxypeptidase E (secretory granule marker) (A), rab4 (endosomal marker) (B),
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synaptophysin (SLMV marker) (C) and CIC-3 (D). The distribution of secretory
granules was also ascertained by determining the insulin concentration of the
fractions (E). Lysosomes were identified by measuring the enzymatic activity of p-
hexosaminidase (F) and protein content (G). (H) Presence of CIC-3 in INS1 post-
nuclear cell homogenates (HM), as well as insulin granules (IG) purified by

fluorescence activated “cell” sorting after tagging the vesicles with phogrin-GFP.

Figure 8. Reduced insulin secretion in CIC-3" mice in vivo. (A) Changes in plasma
glucose (upper) and plasma insulin concentration (lower) following an intraperitoneal
glucose challenge. 2 g glucose/kg body weight was administered at t=0. Serum
insulin and glucose concentrations were measured before, and 3 and 8 min after
injection. (B) Same as in (A) but insulin secretion was stimulated with glibenclamide
(500 pg/kg body weight). Data represent mean values + S.E.M. from 12 wildtype and

13 CIC-3" mice in A and 7 wildtype and 8 CIC-3" mice in B. **P<0.01.
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On-line supplementary material (Renstrom et al.)

Figure S1. Normal ulstrastuctural appearance of CIC-3" p-cells. (A-B) Typical
electron micrographs of WT and CIC-3" B-cells. (B-C) Total number (B) and number
of granules docked with the plasma membrane (C) in wildtype and CIC-3-/-mice as
indicated. Data represent mean values + S.E.M calculated from 3 and 4 animals per

genotype. Scale bar: 0.5 ym.

22



Figure 1
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Figure 3
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Figure 5
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Figure 7
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Figure 8
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