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Chapter 1: Introduction

L Introduction to glucose and insulin

Regulation of insulin secretion from the P cells of the pancreas is a critical
process as insulin is the most important hormone involved in decreasing blood glucose
levels and [ cells are the only cells capable of synthesizing and secreting insulin. Both
excessive insulin (e.g. persistent hyperinsulinemic hypoglycemia of infancy (PHHI)) and
insufficient insulin (e.g. diabetes) can result in serious clinical conditions. This results in
the need to tightly regulate msulin secretion, which can occur on several levels.

B cells, which make up approximately 60-80 % of islet cells, release insulin in
response to increases in blood glucose. In addition, amino acids, acetylcholine (ACh),
and other hormones including glucagon and glucagon-like-peptide 1 (GLP-1) also
stimulate insulin release. Somatostain, leptin, and noradrenaline inhibit insulin secretion.
Insulin acts to decrease blood glucose levels through several actions including increasing
the uptake of glucose into adipose tissue and peripheral muscle, decreasing the
production of glucose by the liver, and increasing glycogen synthesis by the liver.
Because of the importance of glucose regulation of insulin secretion, it will be discussed

in further depth in the next section.

1L Glucose regulation of insulin secretion
The major regulator of the membrane potential (V) of B cells is the ATP
sensitive potassium channel (Katp channel). The Ka1p channel is an ATP sensitive

inwardly rectifying potassium channel that is composed of two subunits: the regulatory
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sulfonylurea receptor (SUR) and the pore subunit Kir 6.2 (Ashcroft, 2000; Light, 2002).
Under resting conditions these channels are opened, allowing the outflow of K' from the
cell which keeps the cell at a negative resting membrane potential (~ -60 to -70 mV)
(Ashcroft, 2000; Rorsman, 1997). Following increases in blood glucose levels, there is an
increase in glucose transport into P cells, mediated by glut-2 transporters, resulting in
increases in cytosolic glucose concentrations. This increases glucose metabolism through
glycolysis and the Krebs cycle with the result being an increase in the ATP concentration
and a corresponding decrease in ADP concentration. The increase in the ATP to ADP
ratio (ATP/ADP) closes the K arp channel causing a decrease in K* efflux and
depolarization of the cell (Rorsman, 1997; Light, 2002). Depolarization in turn activates
voltage gated calcium channels (VGCC). In B cells it is believed that the majority of the
VGCC are L-type. The presence of other types of VGCC (e.g. T-type and N-type) have
been reported, but whether they have any significant role in insulin secretion is still
contentious (Satin, 2000). The activation of the VGCC allows Ca*" to enter the cell, and
the resulting increase in the intracellular Ca>* concentration ([Ca®"};) stimulates the
exocytosis of insulin containing vesicles. This is summarized in Figure 1.1

A second parallel mechanism, by which glucose stimulates insulin secretion, is
the K 1p independent pathway or amplifying pathway. In this pathway increases in
cytosolic glucose levels and glucose metabolism result in the production of a mediator.
This mediator then amplifies or enhances Ca”'-stimulated insulin secretion (Henquin,
2000; Aizawa et al., 1998; Maechler, 2003; Henquin et al., 2003) (Figure 1.1). The

identity of the mediator is presently a matter of some debate. Mediators that have been

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Glucose Karp channel

I I Depdlarization
v
Metabohsm

trca™ Ca™
N VGCC

+

TATP/ADP

Insulin
secretion

Figure 1.1: The Ktpindependent and dependent pathways of glucose stimulated insulin
secretion.
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suggested in the literature include glutamate, ATP/ADP, acyl CoAs, and various protein
kinases; but contradictory findings on the actions of many of these mediators have been
reported (Maechler, 2003; Henquin, 2000; Henquin et al., 2003; Straub & Sharp, 2002).
Presently, the two most widely accepted potential mediators are the ATP/ADP and
glutamate, which have been both hypothesized to work through similar mechanisms
(Barg et al., 2001a). Glutamate has been proposed to prime vesicles for release by being
transported into vesicles resulting in vesicular acidification (Hoy et al., 2002; Maechler,
2003). ATP has been proposed to enhance acidification of vesicles by increasing CI’
uptake into vesicles, which allows for increased H' transport, while ADP decreases CI
transport (Rorsman & Renstrom, 2003; Barg et al., 2001a). Both the ATP/ADP and
glutamate hypotheses involve vesicular acidification, which may be a step necessarily for
vesicles to be primed for release (Rorsman & Renstrom, 2003). By increasing the number
of primed vesicles and enhancing vesicle replenishment, glutamate and/or ATP would
enhance insulin secretion. However, the role of both glutamate (Bertrand er al., 2002;
Straub & Sharp, 2002) and ATP (Straub & Sharp, 2002) has been questioned.

In addition to stimulating Ca** influx into B cells, glucose may also stimulate Ca>"
release from intracellular stores. However, this is a controversial subject. There is
evidence that indicates that glucose, through a mediator, causes Ca*" release (Ammiila et
al., 1991b; Takasawa et al., 1993); however, there is also evidence glucose causes Ca*
release via modulation of Ca®* pumps (Arredouani et al., 2002b; Gilon et al., 1999);
while other evidence indicates glucose has absolutely no effect on intracellular Ca®*
stores (Liu et al., 1995). Some of these discrepancies may be due to differences in cell

type (e.g. cell lines vs. primary cell cultures) (Okamoto ef al., 1997) or cell preparation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(e.g. single cell vs. whole islets) in the various studies. Adding to the confusion, there
have been different reports as to what this mediator is. For example, there have been
reports that suggest that glucose mediated cell depolarization stimulates IP3 production
(Ammila et al., 1991a; Gromada et al., 1996; Roe et al., 1993). In contrast, other work
indicates that glucose does not stimulate IP3 production, but stimulates cyclic ADP-
ribose (cADPR) production leading to Ca’* release (Takasawa et al., 1993; Okamoto et
al., 1997). However, the role of cADPR in 3 cells is also controversial (Islam &
Berggren, 1997). NAADP has also been suggested to be the mediator (Patel, 2003;
Yamasaki et al., 2004). It has also been hypothesized that glucose’s role in stimulating
Ca”" release from intracellular stores is more passive. The increase in ATP and [Ca®'};
following glucose stimulation enhances Ca®" uptake into intracellular stores by
sarcoplasmic endoplasmic reticulum Ca”>*-ATPases (SERCA) pumps (Gilon et al., 1999).
When Ca”" entry through VGCC decreases, Ca”* passively leaks out of the Ca®" stores
(Gilon et al., 1999; Arredouani ef al., 2002b). In this model, the stores help to limit
increases in [Ca”"}; during a depolarization and help to keep [Ca?*]; above basal levels
in-between Ca’" oscillations (Gilon et al., 1999; Arredouani ef al., 2002b). Despite of this
confusion, the majority of the work on this subject suggest that intracellular Ca> stores

pl.ay arole in glucose mediated [Ca™}; increase.

II1. Other regulators of Ca’" stores
In addition to glucose, other physiological agonists can stimulate intracellular
Ca* release. ACh stimulates the release of Ca** from intracellular Ca*" stores (Gilon &

Henquin, 2001). This release is most likely mediated by a G4 coupled muscarinic M3
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receptor (Gilon & Henquin, 2001). In addition to the well-known effect of ACh, other
agonists may also trigger Ca”" release from stores. For example, GLP-1, which is
released from the L-cells of the intestine in response to increases in blood glucose,
stimulates insulin secretion in 2 mechanism involving closure of Katp channels (Light et
al., 2002; Gromada et al., 1998), er_xhancement of Ic, (Gromada et al., 1998), and
exocytosis (Gromada et al., 1998). In addition, GLP-1 releases Ca*" from intracellular
Ca®" stores (Gromada et al., 1998; Holz et al., 1999). The underlying mechanism appears
to be an increase in intracellular cAMP levels, following GLP-1 stimulation, sensitizes
ryanodine receptors (Holz ef al., 1999). This then allows the Ca®" entering the cell
through VGCC to stimulate Ca**-induced Ca®* release (CICR) from ryanodine-sensitive
Ca** stores (Gromada et al., 1998; Holz et al., 1999). However, the existence of
ryanodine sensitive stores in p cells has been questioned (Tengholm et al., 1998). Other
agonists that stimulate intracellular Ca®* release from IP; stores include gastrin releasing
peptide (GRP) and cholecystokinin (CCK)} (Ahren, 2000). Finally, ATP, which is
postulated to be released from neurons (Hellman ez al., 2004), stimulates the release of

Ca®" from IP5 stores (Li et al., 1991; Hellman et al., 2004; Theler et al., 1992).

1V. Differences in rat and mouse response to glucose

The information presented above is a general overview of B cell physiology that
is applicable to both rat and mouse B cells. However, rat and mouse § cells differ in
several respects. The major difference is in the pattern of glucose induced insulin
secretion. In rat, there is a clear biphasic increase in insulin release in response to

glucose. There is a large first phase that lasts ~10 minutes followed by a second phase
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that initially starts small, but increases in amplitude with time (Ma et al., 1995; Zawalich
et al., 2001; Maechler et al., 2002). In mouse there are also two phases of insulin
secretion, but the first phase is smaller than in rat and the second phase is considerably
smaller than the first phase and does not increase in size with time (Ma et al., 1995;
Zawalich et al., 2001; Maechler et al., 2002). When normalized to body size (but not islet
number or pancreas weight) the first phase of insulin secretion is similar in mouse and rat
(Ma et al., 1995; Zawalich et al., 2001). However, the second phase of secretion is
considerably smaller in mouse (Ma et al., 1995; Maechler et al., 2002; Zawalich et al.,
2001). The reason for these differences is not well understood. It has been suggested that
the glucose amplifying pathway may not work as efficiently in mouse P cells (Maechler
et al.,2002) and rat B cells may have a greater ability to generate glutamate (Maechler et
al., 2002; Hoy et al., 2002), cAMP (Ma et al., 1995), or inositol phosphates (Zawalich et
al., 2001) in response to glucose.

In addition to differences in insulin secretion, there are differences between rat
and mouse P cells in their electrophysiological and Ca>* response to glucose. In rat B
cells, glucose mediated Katp channel closure causes a sustained depolarization (Antunes
et al., 2000; Theler et al., 1992), in contrast to mouse where the depolarization is
oscillatory (Antunes et al., 2000; Speier & Rupnik, 2003). Glucose consistently causes
Ca®" oscillations in mouse B cells (Antunes et al., 2000; Miura et al., 1997; Liu et al.,
1995). In rat B cells, however, the Ca®* response is more variable; glucose typically
causes a sustained increases in [Ca®']; with only some cells showing slow Ca>*
oscillations (Antunes ef al., 2000; Theler et al., 1992). These differences have been

suggested to be related to a larger increase in the ATP/ADP in rats than in mouse when
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stimulated by glucose (Antunes et al., 2000). However, it has also been suggested that
the difference in [Ca>"};in response to glucose is due to a higher expression of the
Na'/Ca®" exchanger (NCX) in rat (Herchuelz et al., 2002) and the reverse mode of the
NCX is thought to mediate the sustained [Ca®'}; increase (Herchuelz et al., 2002).

The review above indicates that there are clear differences between mouse and rat
B cells. However, it is not clear which one represents a better model of human P cells. It
has been reported in both human subjects and isolated human islets that glucose produces
a clear biphasic increase in insulin secretion (Misler ef al., 1992a; Misler ef al., 1992b;
Luzi & DeFronzo, 1989; Ricordi ef al., 1988). Although, [Ca®']; in human islets can
oscillate in response to glucose, there is a greater heterogeneity of responses than in
mouse (Martin & Soria, 1996; Misler et al., 1992b). Therefore, the [Ca2+]i response of
human islets shares traits with both rat and mouse islets, while the insulin response is
clearly rat-like. This supports that the human B cell is more rat like and rat is a better
model for studying B cell physiology (Maechler ef al., 2002). However, most studies
looking at B cell physiology use mouse. The differences between mouse and rat islets and
the relevance of rat as a model for human suggests rat § cells should be further studied.
Two important aspects of rat B cell physiology that are especially understudied are the

regulation of exocytosis by Ca>" and Ca®" homeostasis.

V. Regulation of exocytosis by [Ca’*];’
Like other endocrine cells, [Ca®"}; elevation In B cells is the major trigger of
exocytosis (Wollheim & Sharp, 1981; Satin, 2000). The relationship between [Ca®'}; and

exocytosis has been extensively studied in mouse P cells (for example see (Renstrom e?
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al., 1996; Renstrom ef al., 1997; Barg et al., 2001b; Takahashi et al., 1999), but very
little has been studied in rats.

In mouse B cells, it has been shown that exocytosis can occur at [Ca®'}; as low as
0.2 pM (Rorsman & Renstrom, 2003), and is very temperature dependent with almost no
exocytosis occurring at room temperature (Renstrom et al., 1996). ATP and ADP
concentrations regulate exocytosis at several steps. This includes vesicle transport
(Burgoyne & Morgan, 2003) and priming (Eliasson e al., 1997). ATP reportedly
enhances priming by acidifying vesicles while ADP inhibits this process (Barg et al.,
2001a). However, it is not clear if ATP has any action post vesicle priming (Renstrom et
al., 1997; Takahashi et al., 1999). Protein kinases including protein kinase A (PKA,;
Ammila et al., 1993a; Eliasson et al., 2003; Renstrom et al., 1997) protein kinase C
(PKC; Ammala et al., 1994a), calmodulin-dependent kinase II (CaM kinase II; Gromada
et al., 1999) and phosphatidylinositol 4-kinase (PI 4-kinase; Olsen et al., 2003) enhance
exocytosis. This enhancement may involve enhancement of the replenishment of the
readily releasable pool (RRP) of vesicles (Renstrom ef al., 1997, Ammaéla et al., 1993a;
Ammila et al., 1994b; Olsen et al., 2003; Gromada et al., 1999). However, it is not clear
if this enhancement is an increase in the rate of mobilization (i.e. vesicle movement and
docking) or priming (i.e.: vesicle modification) or a post-priming process. In addition,
cAMP acts independently of PKA, possibly through the exchange protein activated by
cAMP (EPAC) (Holz, 2004), to enhance vesicle priming or vesicle release probability by
promoting granular acidification (Renstrom et al., 1997; Eliasson et al., 2003). In
addition to closing Katp channels, it has also been proposed that sulfonylureas enhance

exocytosis by enhancing vesicle acidification (Barg et al., 1999; Renstrom e? al., 2002).
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However, there have been doubts expressed on whether sulfonylurea indeed affects
exocytosis (Garcia-Barrado et al., 1996; Mariot ef al., 1998) and whether this action is
clinically relevant (Henquin et al., 2003).

It has been shown that L-type VGCC channels are closely coupled to vesicles
through exocytotic proteins on the vesicles interacting with a portion of the L-type
VGCC (Satin, 2000; Barg et al., 2002a; Barg ef al., 2001b; Bokvist et al., 1995). This
interaction results in fast exocytosis following depolarization and results in very high
[Ca™T; near the secretary granules (Barg et al., 2001b; Satin, 2000). The half-maximum
rate of exocytosis occurs between 17-23 uM Ca®* with the maximum rate happening at
>30 uM Ca* (Barg et al., 2001b; Takahashi et al., 1999). In contrast to earlier reports
(Eliasson et al., 1996), these values of Ca®* dependence are similar to those reported in
other endocrine and neuroendocrine cells (reviewed by (Burgoyne & Morgan, 2003).
Physiologically, the average [Ca2+]i never reaches such high concentrations. However,
due to the local Ca** gradient this large [Ca”']; rise may occur locally near the VGCC to
trigger exocytosis.

In contrast to the large body of information on exocytosis in mouse B} cells very
little is known about exocytosis in rat b cells. In rat p cells, it is known that Ca*" entry
stimulates exocytosis (Kim et al., 1998; Gillis & Misler, 1992; Barnett & Misler, 1995),
cAMP enhances exocytosis (Gillis & Misler, 1993), and exocytosis in response to a
depolarization is quite variable in magnitude and tends to run down (Kim ef al., 1998;
Gillis & Misler, 1992). Exocytosis is also temperature dependent with exocytosis

occurring less frequently in response to a depolarization at room temperature (Gillis &

10
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Misler, 1992). Studying exocytosis in rat  cells may help to understand the differences

in glucose stimulated insulin secretion between rat and mouse.

VI. Regulation of [Ca*']; homeostasis in B cells

As[Ca™}; is tﬁe ultimate trigger of insulin secretion it is important that it is
regulated to ensure proper regulation of insulin release. As in other cells, there are
multiple mechanisms of Ca** removal including extrusion out of the cell, transport of
Ca’* into intracellular organelles including the endoplasmic reticulum (ER),
mitochondria, and vesicles (Berridge et al., 2003). Extrusion mechanisms include
plasma-membrane Ca-ATPases (PMCA) and the Na*/Ca®* exchanger (NCX). These are
summarized in Figure 1.2

Previous studies in mouse P cells indicates that the most important Ca®" removal
mechanism is the pumping of Ca*" into intracellular stores by SERCA pumps (Chen et
al., 2003). The SERCA pumps contribute to the removal of approximately 50 to 70 % of
cytoplasmic Ca>" (Chen et al., 2003; Gall ez al., 1999). The SERCA mediated Ca”*
uptake is mediated by two isoforms: SERCA 2b and 3 (Arredouani et al., 2002a). A
study with SERCA 3 knock-out mice suggests that SERCA 3 acts to limit [Ca®'];
increase following a stimulus while SERCA 2b regulates basal [Ca®*}; (Arredouani ef al.,
2002a). Extrusion via the NCX contributes to 20-30 % of Ca®* removal when [Ca*'}iis
above 1uM and the PMCA contributes '21-27 % of removal at sub-micromolar [Ca®']
(Chen et al., 2003; Gall et al., 1999). Other removal mechanisms, including
mitochondrial Ca®* uptake, only contribute to the removal of 3 to 11 % of Ca®" (Chen et

al., 2003).

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SERCA

” Ca®
Ca stores

mitochondria

uniporter

Figure 1.2: Summary of the Ca*" removal mechanisms in rat B cells. See text for details
and abbreviations.
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Less work has been done to characterize Ca®" removal mechanisms in rat B cells.
Work by Van Eylen ef al. (Van Eylen et al., 1998) suggests that NCX contributes to the
removal of 70 % of Ca in rat B cells. However, in this study, they did not examine any
other mechanisms of Ca>* removal, and the protocol used to determine this effect is not
without flaws. It is important to understand the mechanisms of Ca®* removal in rat B cells
as it has been suggested that differences in Ca”* handling may underlie some of the

differences in glucose mediated [Ca®"}; increase between rat and mouse (Herchuelz et

al., 2002).

VII Goals and objectives

The purpose of the work presented in this thesis is to examine two aspects of
rat 3 cell physiology: 1) the relationship between [Ca®']; and exocytosis; 2) the roles of
the different Ca”* removal mechanisms in Ca®" homeostasis. This will provide some
insight into the differences between rat and mouse B cells. As well, because the rat may
be a better model for human B cell physiology, knowledge of rat B cells may provide

some understanding of human § cells.

13
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Chapter 2: Methods and Materials

I Chemicals

Dulbecco’s Modified Eagle Media (DMEM), fetal bovine serum (FBS), Hanks
Buffered Saline Solution (HBSS), penicillin V, RPMI 1640, and streptomycin were all
purchased from Gibco (Burlington, ON). 2-aminoethoxydiphenyl borate (2-APB), 2,5-di-
(t-butyl)-1,4-hydroquinone (BHQ), and carbonyl cyanide m-chlorophenylhydrazone
(CCCP) were purchased from Calbiochem (San Diego, CA). Indo-1 K" salt and indo-1-
AM were purchased from Teflabs (Austin, TX). Bovine serum albumin (BSA) (fraction
V), collagenase, deoxyribonuclease (DNAse), ficoll (type 400DL), oligomycin, poly-1-
lysine, and trypsin were purchased from Sigma (Oakville, ON). 2-[4-[(2,5-
difluorophenyl)methoxy]phenoxy]-5-ethoxyaniline (SEA0400) was a gift of Taisho
Pharmaceutical Co. The Ca®* and Mg®" free Earle’s Hepes buffer contains (in mM): 124
NaCl, 5.4 KCl, 1 NaH,PO,, 14.3 NaHCOs, 2.8 glucose, 10 Hepes, and 0.2 % BSA (pH =
7.2 with NaOH) (Josefsen et al., 1996). HBSS contains (in mM): 136.9 NaCl, 5.4 KCl,

5.6 glucose, 4.2 NaHCO:3, 1.3 CaCly, 0.8 MgSOy, 0.4 KH,POy, and 0.44 Na,HPOj4.

11 Islet isolation and f cell culture

The rat islets were isolated using methods modified from previous work by Lacy
and Kostianovsky (Lacy & Kostianovsky, 1967) and Shapiro et al. (Shapiro et al., 1996).
Male (150-175 g) Sprague Dawley rats (Biosciences, Edmonton, AB or Charles River,
Montreal, QC) that were fed ad libitum were euthanized with an overdose of halothane in

accordance with the standards of the Canadian Council on Animal Care. The pancreas
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was distended by injecting, with a 27-gauge needle, 10 ml of ice cold HBSS into the
common bile duct. After removal, the isolated pancreas is minced into small pieces, with
scissors, while suspended in HBSS. Following removal of the floating fat tissue, the
tissue solution was centrifuged at 2000 rpm for 20 s and the pellet was resuspended in
HBSS containing collagenase (type V, 1.2 mg ml™) and DNAse (type IL, 5 pug ml™) and
was constantly shaken by hand for 12 minutes while immersed in a 37°C water bath. The
tissue was then centrifuged (2000 rpm for 20 s) and the pellet was resuspended in HBSS
and filtered through a 500 pm stainless steel wire mesh to separate the islets from other
tissue such as lymph nodes. To separate further the islets from the acinar (exocrine)
tissue, the filtrate was resuspended in the bottom layer of a discontinuous ficoll gradient
with layers of 25 %, 23 %, 21.5 %, and 11.5 %. Following a 10 minute centrifugation at
2000 rpm, the islets were removed from the gradient at the interface of the 21.5 % and
11.5 % layers.

The islets were then washed twice in HBSS. To further ensure the purity of the
islets, the islets were handpicked under a dissecting miéroscope using a lightly fire
polished glass pipette. The islets were then incubated, for a minimum of 2 hrs, in
RPMV/10 % FBS media supplemented with 50units ml™ penicillin G and 50 pg ml?
streptomycin at 37 °C.

Following the incubation the islets were again handpicked and then spun down.
The pellet was resuspended in the Earle’s buffer supplemented with 0.3 % BSA, 3 mM
EDTA, and 7.5 pg ml! DNAse (Josefsen et al., 1996). After centrifugation, the pellet,
containing the islets, was suspended in the Earle’s buffer containing either trypsin type X

(0.02 mg ml™) or TPCK treated trypsin (0.0025 mg ml ™). The islets were incubated in
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the trypsin solution in a 37 °C water bath for 4-10 minutes (depending on enzyme type).
Following the incubation, the islets were gently triturated with a fire polished glass
pipette to ensure dissociation of the islets into single cells. The enzyme reaction is
stopped by the addition of DMEM/BSA (containing 50 units ml” penicillin G and 50 pg
ml™ streptomycin). Following 2 further washes in DMEM/BSA, the single cells were
then diluted with DMEM/BSA, and plated onto poly-1-lysine (0.1mg ml™) coated glass
coverslips (Fisher Scientific Ottawa, ON). The cells were incubated at 37 °C, 5 % CO;
and 80 % humidity for 30 to 45 minutes to allow the cells to adhere to the coverslip
before being flooded with RPMVIFBS media. Cells were kept in culture for up to 4 days

at 37 °C, 5 % CO,, and 80 % humidity.

II1. Electrophysiology

Single B cells were voltage clamped at -70 mV (corrected for 10 mV junction
potential through out) using an EPC-7 patch-clamp amplifier (List-Electronic,
Darmstadt-Eberstadt Germany) with the whole-cell gigaseal method (Hamill et al.,
1981). The recording pipettes, made with hemacrite glass (VWR Scientific, Mississauga,
ON), were pulled using a vertical puller (ALA scientific instruments Wéstbury NY). The
tip was coated with Sylgard-182 (Dow Corning) and lightly fire polished before use. The
pipettes had a seal resistance of approximately 2.5 to 4 MQ when filled with the
recording solution. § cell identification was based on cell size with the large cells being
selected. The average size of the cells used was 5.90 + 0.15 pF. The coverslips with
attached cells were mounted in a chamber (ALA Scientific Instruments, Westbury NY)

that held a volume of ~500 pl. External solution was perfused, by gravity, at 1-2 ml
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min™. The experiments were done at either room temperature (22-25 °C) or the more
physiological temperature of ~30 °C by perfusing with pre-warmed external solution.

To measure changes in membrane capacitance (AC,,), which reflects the
incorporation of membranes of vesicles onto the cell’s plasma membrane during
exocytosis (Neher, 1998), a software based phase-sensitive detector, Pulse Control 4.7,
(Herrington J. ef al., 1995) was used. A 50 mV (peak to peak) sinusoid wave with a
frequency of 810 Hz was superimposed over the holding potential. The resulting
sinusoidal current is phase shifted from the original sinusoid. This output sinusoidal
current is separated into two independent (orthogonal) sinusoidal components. The
component that is in phase with the original sinusoid is proportional to the conductance
(G), while, the out of phase component is proportional to the cell membrane capacitance,
A AC,, results in a linear change in this sinusoid component. The AC,; is calibrated by
electrically adding 0.2 pF to the cell’s capacitance and measuring the resulting changes in
the output sinusoidal current. This has been described in detail by Gillis (Gillis, 1995).
Pulse Control was also used to control membrane potential and voltage depolarizations.

In some experiments, the time integral of the Ca** current (Ic,) was anélyzed to
estimate Ca”" entry. To eliminate contamination from the Iy, that exists in some rat
cells, the time integral I, was calculated by determining the area under the curve of the
inward current from 8 ms after the onset of depolarization to the end of the depolarization
step (150 ms). An example of an I, showing the estimation of the tine integral of I, is

in Figure 2.1.
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Figure 2.1: An example of time integral of I, recorded from a rat §§ cell.
An example of an Ic, recorded from a § cells elicited by a depolarization from -70 mV to
+10 mV. The shaded area was the time integral of the Ic,.
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IV. Calcium measurements

Microfluorometry was used to measure [Ca” J;using either 0.1 mM indo-1 K" salt
(for combined electrophysiology and [Ca®'}; measurements) or indo-1-AM (for
manganese quench experiments). The indo-1 salt was included in the pipette solution and
was dialyzed into the cell through the recording pipette. For quenching experiments, the
cells were incubated with 5 pM indo-1-AM in the standard extracellular solution for 15-
20 minutes at 37 °C followed by 5 minute incubation in the dye-free extracellular
solution at 37 °C to allow cellular esterases to cleave off the AM portion of the dye.

Cells were placed on the stage of an inverted microscope (Nikon) equipped with a
fluorescent 40X oil immersion objective lens (Nikon). The dye was excited at 360 nm
using a 100W mercury lamp and fluorescence signals were collev;ted at 405 nm and 500
nm using two photomultiplier tubes. The ratio of the fluorescence (405/500) was used to
calculate the [Caz+]i using the following equation (Grynkiewicz et al., 1985),

[Ca®}; =K~ (R-Rmin)/(Rmax-R)  (equation 1)
where R was the measured 405/500 ratio. Rpax and Rmin, were values of R measured by
dialyzing cells with a pipette solutions containing (in mM): 136 K-aspartate, 50 Hepes,
and 15 CaCl, (pH = 7.4) for Ruax; 53 K-aspartate, 50 Hepes, 50 EGTA, and 10 KCI (pH
= 7.4) for Ruin. K" was calculated by dialyzing a pipette solution containing (in mM): 60
K-aspartate, 50 Hepes, 20 EGTA, and 15 CaCl, (pH = 7.4) which had a calculated [Ca®'];
of 212 nM.

Background subtraction was done either by subtracting the fluorescence of the
pipette and cell during cell attached patch configuration (electrophysiology) or an area

containing no cells or debris (manganese quench).
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Figure 2.2: Manganese application decreased fluorescence without affecting the ratio of

SW/LW.
Following 0.2 mM Mn?" application indo-1 fluorescence was quenched resulting in a

decrease in (B) long wave (LW) and (C) short wave (SW) fluorescence decrease without
affecting the ratio of the SW/LW fluorescence (A).
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V. Manganese quench

To measure the influx of Ca®” into cells, Mn®" quench experiments were
performed on un-patched indo-1-AM loaded cells. The cells were exposed to 0.2mM
MnCl, in the external solution. Mn®" entered the cell through Ca®* permeable pathways.
Once inside the cell, Mn”" bound to the indo-1 with high affinity causing the
fluorescence to decrease at all wavelengths (Grynkiewicz et al., 1985). In my
experiments, the short wavelength (SW) (405 nm) fluorescence was not sensitive to
changes in [Ca®};, but the long wavelength (LW) (500 nm) fluorescence decreased in
response to [Ca®™); rise. Because of this property, a decrease in SW fluorescence
following Mn*" application was due to Mn”* quenching indo-1 fluorescence indicating
Ca?" influx. This allowed the SW fluorescence to be used to monitor changes in
fluorescence due to Mn”" quench. Thus, an increase in the rate of SW fluorescence
decrease reflected an increase in the rate of Ca®* influx. Although Mn** also quenched
the LW fluorescence, the ratio of SW/LW fluorescence was not affected by Mn**
application (Figure 2.1). Therefore, the ratio of SW/LW fluorescence could still be used

to calculate [Caz+]i.

VI Experimental solutions

The extracellular normal ringer solution (NMR) contained (in mM): 150 NaCl,
2.5 KCl, 10 Hepes, 3 glucose, 1 MgCl,, and either 5 or 10 (exocytosis experiments)
CaCl, (pH = 7.4 with NaOH). In experiments examining the role of PMCA’s in Ca>"
removal, PMCA’s were inhibited using a pH 8.8 extracellular solution (Xu et al., 2000).

It was identical to NMR, but had a pH of 8.8. To look at the role of the NCX in Ca®**
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removal, NCX was inhibited using a Na'-free solution where NaCl was replaced with
150 mM N-methyl-glucamine (NMG). For zero Ca” experiments, CaCl, was omitted
from the NMR and 1 mM EGTA and 2 mM MgCl, was added. The pipette solution
contained (in mM): 120 cesium aspartate, 20 tetraethylammonium chloride, 20 HEPES,
0.1 Na-GTP, 0.1 indo-1 and either 1 MgCl, and 2 Nay-ATP or 2.5 MgCl, and 5 Naz-A_TP
(for calcium homeostasis experiments) (pH = 7.4 with CsOH). All drugs were diluted to

their final concentration using the external solution.

VII. Statistics

All values presented are of means + SEM. To determine statistical significance Student’s
t test was performed for two independent populations when data was compared between
two populations of cells, while Student’s t test for paired populations was used to
compare data within a single cell (e.g. before and after application of a drug). For
examining changes (e.g. change in [Ca”'}; ) a one population t-test was preformed with

the tested mean being zero. A p-value of less then 0.05 was considered significant.
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Chapter 3: Calcium Regulation of Exocytosis in Rat B Cells

The importance of insulin to organisms has resulted in insulin secretion being
tightly regulated. The final trigger of insulin secretion is [Ca®'}; with increases in [Ca2+]i
resulting in increases in insulin secretion. Therefore, it is important to understand the
relationship between [Ca®']; and exocytosis in B cells. In this chapter, I will attempt to
describe the relationship between [Ca*'}; and exocytosis in rat B cells and how this

relationship changes with temperature.

1. Experimental protocol

Individual, cultured rat  cell was voltage clamped and held at -70 mV. [Ca®'};
was monitored simultaneously with exocytosis (monitored as changes in membrane
capacitance (ACy,)). A train of 15 depolarizations (150 ms) to +10 mV was applied to the
cell at a frequency of 2.5 Hz. This train of depolarizations activated VGCC causing an
influx of Ca®* into the cell and thus creating a transient increase in [Ca”'];. This increase
in [Ca?']; stimulated the exocytosis of insulin containing vesicles resulting in an
increased Cp,. An example of this experiment at 22 °C (room temperature) is shown in
Figure 3.1A.

In order to ensure a fair comparison between cells the following criteria were
employed to select cells for analysis and inclusion in the data presented here. First, only
‘cells that exocytosed during the [CaZ+}i increase were included. Secondly, only cells with

resting [Ca™}; below ~0.35 pM were included.
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Figure 3.1: Changes in C, in response to a depolarization triggered increase in [Ca®]s.
Applying a train of depolarizations from -70 mV to +10 mV caused an increase in [Ca™' |
which was accompanied by an increase in Cy, at both (A) room temperature ~22 °C and
(B) elevated temperatures ~30 °C.
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I1. Pattern of exocytosis during the stimulation

A typical example of AC, and change in [Ca™"]; at 22 °C during a train of
depolarizations is shown in Figure 3.1A. In this cell, after 3 depolarizations [Ca®*}; rose
to ~1puM, but caused barely detectable ACy,. It was not until after the 4™ depolarization,
when [Ca2+]i rose to ~2 uM, that exocytosis was clearly triggered. Exocytosis continued
to occur at a sustained rate for the following 7 steps. At this point, capacitance increase
slowed down, likely, due to depletion of releasable vesicles. On the other hand,
endocytosis could also be occurring and might mask additional C, increases due to
exocytosis. This pattern was typical of cells recorded at 22 °C. In this cell, the total Cy,
increase was 125 fF and the peak [Ca®']; rise was 2.6 pM. Using the estimate of 1.7
fF/vesicle (Ammala et al., 1993c), approximately 74 vesicles were released during this
train of depolarization.

In contrast to the slowly developing exocytosis for cells recorded at 22 °C, for
cells recorded at 30 °C the first depolarization typically triggered C,, increase. An
example of this is shown in Figure 3.1B. In this cell, the first depolarization raised [Ca’'];
to ~0.6 pM and resulted in a large jump in AC,, In this example and in most cells
recorded at 30 °C the first depolarization triggered C,, increase was often the largest
increase throughout the whole train of depolarization. During subsequent depolarizations,
the cell continued to exocytose, but at a rate that was typically slower (Figure 3.1B). In
the cell shown in Figure 3.1B [Ca”']; reached 1.6 uM total increase in Cy, was 135 fF,
equivalent to the release of approximately 79 vesicles.

Figure 3.1 clearly shows that the pattern of exocytosis was different at the two

temperatures. This suggests that the relationship between exocytosis and [Ca®"};, may
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Figure 3.2: The amount of exocytosis triggered by a single depolarization was dependent
on temperature and the amount of Ca”" entry.

The AC, after 1 depolarization was graphed against the integrated Ic, of the same
depolarization. (22 °C: hollow circle, 30 °C solid square) (n = 3-5)
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change with temperature. In the remaining portion of this chapter I shall document the
relationship between [Ca®']; and exocytosis in the two temperatures and speculate on
possible mechanisms underlying the temperature dependence.

HI. Exocytosis triggered by a single depolarization

One clear difference between the cells recorded at the two temperatures was the
ability of the cell to exocytose following only a single 150 ms depolarization at 30 °C. In
contrast, at 22 °C, one depolarization caused barely any detectable Cp, increase. To
further examine this, the AC,, after one depolarization was determined from a number of
cells recorded at 22 °C and 30 °C and graphed as a function of the time integral of Ic,
(Figure 3.2). The integral of the I, was used here instead of [Ca®*}; because exocytosis
occurred during the depolarization. The integral of I¢,, was a measure of the amount of
Ca®* entry and thus more accurately reflected the actual [Ca®"); near the plasma
membrane where vesicles were located. In contrast, my measured [Ca®"]; was the
average [Ca2+]i over the entire cell and this underestimated the [Ca®"] near the cell
membrane.

Figure 3.2 shows that at 22 °C, the average AC,, after one depolarization was ~6
fF and this value was not affected by increases in Ca** entry. At 30 °C, when the amount
of Ca** entry was low the C,, increase was similar to that at 22 °C. However, at 30 oC
when the amount of Ca** entry increased there was an increase in the AC,,. The amount
of AC,, increased 1.6 fold when the time integral of I, increased from 8 pC to 14 pC.
There was a further 2.8 fold increase in exocytosis when the integrated Ic, increased to
21 pC (Figure 3.2). Thus, when the amount of Ca®* entry was low the amount of

exocytosis at both temperatures was similar, but at 30 °C, the amount of exocytosis
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increased with the amount of Ca®" entry (Figure.3.2). These results suggest that when

compared at similar Ca** entry more exocytosis was triggered at higher temperatures.

IV. Exocytosis triggered during the first five depolarizations

To further characterize the Ca®" sensitivity of exocytosis and how it may change
with temperature the rate and amount of exocytosis triggered by the first 5
depolarizations were examined. The first 5 steps of depolarization was analyzed here
because it is unlikely that the cell would be depleted of vesicles and there may be less
contamination of the C,, increases by endocytosis. The rate of exocytosis was calculated
by fitting a linear line on the C,, trace during the first 5 steps of depolarization. The slope
of the line represented the average rate of exocytosis. This rate was compared to both the
average [Ca’"); over the 5 depolarizations and the cumulative integral of Ic, from the 5
depolarizations. This was done because in some cells exocytosis occurred during the
voltage steps (where I, integral was more accurate), while in other cells exocytosis
occurred both during the voltage step and betweén depolarizations (where [Ca>']; was
more accurate). By using both estimates of [Ca®'], one can see if they show a similar
relationship to exocytosis and if these relationships change with temperature.

Figure 3.3A shows that at 22 °C increases in the Ic, integral were accompanied by
a small increase in the rate of exocytosis. The rate of exocytosis when Ca”" entry was
~20 pC was 1.3 fF s and a ~5 fold increase in the I¢, integral (~90 pC) increased the rate
of exocytosis to 9.6 fF ™. However, at 30 °C a similar change in I, integral increased
the rate of exocytosis from 6.8 fF s to 54.6 fF s (Figure 3.3A). These results showed

that at both temperatures the rate of exocytosis increased with the amount of Ca®* entry.
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However, this relationship was a lot more pronounced at higher temperatures.

When the relationship between the rate of exocytosis and the average [Ca®']; over
this same period was compared in the same cells a similar picture emerged. At 22 °C, the
rate of exocytosis only increased slightly at higher [Ca®']; (Figure3.3B). When [Ca®'];
increased from 0.6 uM to 1.6 uM there was a ~2 fold increase (from 2.5 fF/s to 5 fF/s)
in the rate of exocytosis (Figure 3.3B). At 30 °C, the rate of AC, increased ~7 fold (from
7 £F/s to 50 fF/s) when [Ca®"); increased from 0.4 uM tol.4 uM (Figure 3.3B). At low
(~0.6 pM) [Ca®"}; the rate of exocytosis at both temperatures was similar, however as
[Ca®"}; increased there was a clear difference with 30 °C having a 10 fold faster rate of
exocytosis (Figure 3.3B).

A similar pattern was evident when examining the total Cy, increase after 5
depolarizations (Figure 3.4A). At 22 °C when the time integral of I¢, increased from 22
pC to 90 pC there was a 3 fold increase in the total C,, increase (7 {F to 24 {F) (Figure
3.4A). While at 30 °C, similar increases in Ca” entry cause a ~5.5 fold increase in Cy,
(20 fF to 114 fF) (Figure 3.4A). When compared at similar Ca®" entry (~80 to 90 pC)
there was ~5 times more cumulative exocytosis at 30 °C. A similar result was found
when examining the relationship between the average [Ca®'}; and the total C,, increase
(Figure 3.4B). When [Ca”™}; increased from 0.6 pM to 1.5 pM at 22 °C the total ACp,
increased by ~3 fold. At 30 °C when [Ca’'}; increased from 0.5 uMto 1.4 uM there was
a ~0 times increase in cumulative exocytosis (Figure 3.4B). When compared, at similar
[Ca®™}; (1.4 to 1.5 pM) there was ~6 times more exocytosis at 30 °C than at 22 °C

(Figure3.4B).
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V. Total amount of exocytosis triggered by a train of depolarizations
The previous results suggest that, during the initial five depolarizations, there was more
exocytosis and a faster rate of exocytosis at higher temperatures. Assuming that the
readily releasable pool (RRP) of vesicles was not completely depleted by the train of 15
depolarizations, the faster rate of exocytosis at 30 °C should result in a larger total C,,
increase at the end of the train of depolarizations. On the other hand, if the train of
depolarizations could exhaust the RRP then the total AC,, should be similar at both
temperatures, but at 30 °C, it would occur over a shorter period of time. However, the
rate of the replenishment of the RRP is Ca®* and temperature dependent so it is possible
that more exocytosis may occur at higher temperatures because of mobilization of
vesicles. Figure 3.5 is a plot of the total AC,, (measured as the amplitude of the AC,, at
than end of the train of depolarizations) versus the peak [Ca®*}; elicited by the train of
depolarizations. The I¢, integral cannot be used here because during the later
depolarizations of the train the I, was contaminated with a gradual development of an
outward current. At both 22 °C and 30 °C, increases in [Ca®']; was accompanied by an
increase in the total AC, (Figure 3.5). When compared at a [Ca®); of approximately 1.4
UM the AC,, at 22 °C was an average of approximately 70 fF which was ~4 fold smaller
than the C,, increase at 30 °C (285 fF) (Figure 3.5). At approximately 3.25 pM [Ca™];
the total Cp, increase at 22 °C increased to 195 fF, but was still ~1.8 fold smaller then the
Cn increase (3601F) at 30 °C (Figure 3.5). These results indicate that the total amount of
exocytosis was greater at higher temperatures.

All of the data presented in this chapter indicate that the amount of Ca*" entering

the cell (measured either by I¢, integral or by [Ca2+],~) regulates the rate of exocytosis
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Figure 3.5: The total amount of exocytosis triggered by a train of depolarizations was
dependent on temperature and [Ca™];
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and/or the amount of exocytosis. This data also indicates that exocytosis is highly
temperature dependent such that more exocytosis is triggered at elevated temperatures.
An indicator of temperature sensitivity is a Qgo value. This value is the factor of the
increase caused by raising the temperature 10 °C. Although a Qo can not be calculated
here a Qg can be for the AC,, after 1 and 5 depolarizations as well as the rate of ACy,.
These Qgs are ~5-5.5. In Chapter 5 (the discussion), potential causes for the temperature

differences will be discussed.
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Chapter 4: Regulation of Calcium Homeostasis in Rat [ Cells

Ca®* regulates many process in cells including secretion, gene transcription, and
apoptosis (Berridge et al., 2000). In P cells, increases in [Ca®'}; trigger insulin secretion.
As shown in Chapter 3, depolarization triggered [Ca”']; rise in turn stimulated exocytosis.
The amplitude of the [Ca®"}; rise was a determining factor in the amount of exocytosis.
Following the [Ca™}; rise, [Ca®"]; quickly returned to basal levels (for an example see
Figure 3.1). This is important as sustained [Ca>'}; rise would result in depletion of
vesicles as well as toxicity to the cell. This obsefvation leads to the question: what
mediates this fast restoration of basal [Ca>"];in rat B cell? This chapter tries to address
this question. In addition, what regulates basal [Ca>']; and what limits [Ca’"]; increases

following a stimulus will also be examined.

1. Experimental procedure

Individual B cells were voltage clamped at -70 mV. A train of 150 ms
depolarizations to +10 mV was applied (2.5 Hz) to the cell to activate VGCC and cause a
transient increase in [Ca®');. The number of steps applied was constant within a single
cell, but could vary between cells depending on the Ic, of the cell to ensure a similar
[Ca”"}; rise in all cells. The number of steps ranged from 2 to 10, but typically was 5 to 7.
The number of steps applied to the cell was determined by applying a single
depolarization to the cell and observing both the I, and change in [Ca®']; induced by the

depolarization. The time constant (t) of Ca>* removal was calculated by fitting the
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Figure 4.1: An example of the procedure for determining the t of Ca®" removal.

The cell was voltage clamped at -70 mV and five depolarizations to +10 mV were
applied to induce a transient Ca*'increase. To calculate T, the decrease in [Ca”']; was
fitted with a single exponential (dark line). In this cell, the T was 0.94 s.
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decrease in [Ca®"); with a single exponential. An example of this procedure is shown in
Figure 4.1. In this cell, five depolarizations raised the [Ca®']; to 1.65 uM and the t of
Ca** removal was 0.94 s. The t of [Ca®*]; decrease was determined under control
conditions and after the application of an inhibitor that blocks a single Ca>* removal
mechanism. The two values were compared to see what effect, if any, inhibiting one
removal mechanism had on Ca”* removal.

The 1 of Ca** removal averaged 1.51 + 0.06 s (n = 68) under control conditions.
In order to determine the effect of inhibiting a Ca* removal mechanism, it was necessary
to know how much t changed with time after whole-cell, as some cytosolic contents
might be lost during dialysis. Under control condition T increased from 1.49 +0.14 s (n =
5) at time O (approximately 3 minutes after whole-cell) to 1.83 + 0.10 s (n=5) 4 minutes
later (a time similar to when an inhibitor was tested) (Figure 4.2A). This ~22 % increase
was not statistically significant (p < 0.056), but did indicate that there was a gradually
slowing of Ca®* removal with time. Any effects of inhibiting a Ca®* removal mechanism
on T must exceed this basal increase if the removal mechanism plays a role in Ca>"
removal. Note that between 4 and 7 minutes of whole-cell, the T appears to be stable
(Figure 4.2A).

Two other parameters that can be examined to determine if a particular Ca®*
removal mechanism has a role in Ca>* homeostasis are basal [Ca®"}; and the amplitude of
the depolarization-triggered Ca*" transient (peak [Ca®*}; minus pre-depolarization

[Ca®*}). The effect of whole-cell on these parameters was also examined in the control
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Figure 4.2: Time dependent changes in Ca”* homeostasis under control conditions.

Time dependent changes in (A) 1, (B) basal [Ca*'];, and (C) normalized amplitude of the
depolarization triggered Ca®" transient (peak [Ca”'}; minus basal [Ca®'];) under control
conditions (n = 5). Time 0 was approximately 3 minutes after whole-cell and was the
approximate time when control values were determined. Note that none of these changes
was statistically significant.

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cells (Figure 4.2C). No statistically significant change occurred in either parameter in the
first 7 minutes of whole-cell. However, the trend was for the amplitude of the Ca**
transient to get smaller (Figure 4.2C), and the basal [Ca®"]; (Figure 4.2B) to increase with

time.

II. Role of mitochondria in Ca** removal

The large electrochemical gradient for Ca™ influx into the mitochondria exists
because the V, of the mitochondria is approximately -180 mV due to the large H"
gradient created by the electron transport chain (Bernardi, 1999; Rizzuto et al., 2000).
Ca”" handling by the mitochondria can be disrupted in several ways that result in a
decrease in the Ca®* gradient. One method is to inhibit the electron transport chain with
cyanide, which results in a decrease in the extrusion of H' from the mitochondria.
However, in an attempt to preserve the H' gradient, the FoF; ATPase may begin to pump
H' out of the mitochondria by consuming ATP. To prevent this, the ATPase was
inhibited with oligomycin. The combination of cyanide and oligomycin should result in
disruption of Ca** uptake into the mitochondria. A second way of disrupting the H"
gradient and Ca”" uptake into the mitochondria is to apply the protonophore CCCP.
CCCP transports H' into the mitochondria resulting in the disruption of the H' gradient
and inhibition of Ca®" uptake (Kadenbach, 2003; Rizzuto et al., 2000).

In my study, cyanide (5 mM) alone was initially bath applied. This was followed
by bath application of both cyanide and oligomycin (5 uM). In the example in Figure 4.3,

cyanide alone increased T of Ca®* removal s from 1.41 s to 1.59 s, an increase that was

smaller than the average basal increase. Following oligomycin application, the T of ca*"
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Figure 4.3: Mitochondrial inhibitors had a small effect on basal [Ca2+]i, and Ca**
clearance.

A. Application of cyanide (5 mM) caused a slight increase in [Ca®']; and a slight slowing
of Ca®* removal. When oligomeyin (5 pM) was co-applied, a larger effect on both
parameters was seen. Each arrow represents a train of depolarizations being applied to
the cell. B. An expanded, scaled trace of the Ca”* decay (control thin black line, cyanide
dotted line, CN and oligomcyin thick black line).

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



>
%
*
*
*

3.0 0.10 -
] T
= 25 . \si\\i\ 0.08 -
s 20 I NN
8 20+ NS \\\\ =2
o i T \\‘\,\\\ N ~ 0.08 -
[ 2 \\ y 2 ol
5 |y Al NN
SRS NN R NY 8
2 \\\;\ \\B, \\\ £ 004
M 1.0 N O 0 o
R SR
S T AN SN
5 \k\ R 8 5024
e NN \\\ O
1 \Q:\ 3 R \\\\
N N
0.0 LB NN B 0.00
control cyanide cyanide + cyanide cyanide +
C oligomycin oligomycin
o 18- >
9% I S\
- 124 N - \\
& | \\“\\
8 1.0 N \\\”;»\\\ \\\\
o i A N
8 o84 R \\&\\ \\\\ N
5000 RN AR NN
= AR N N
& 0.8 \&\ N R
£ NN NN RN
@ N N N
- 0.4 4 N N R - \\. \\\
g NN N o \\\‘ R \\\ \
5 0.2+ R /\\‘\ NN
g - : :
z control cyanide cyanide +
: oligomycin

Figure 4.4: Inhibition of mitochondrial Ca*' uptake with cyanide and oligomycin
influenced Ca’" homeostasis.

The changes in (A) T, (B) basal [Ca®'];, and (C) normalized amplitude of the
depolarization triggered Ca”" transient after inhibition of mitochondrial Ca** uptake with
cyanide and oligomcyin. (n = 8) *p < 0.05, **p < 0.005
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removal increased to 2.79 s (Figure 4.3B). In 7 of 8 cells where both cyanide alone and
cyanide in combination with oligomcyin were tested, a similar pattern of increase in 1 by
cyanide and cyanide with oligomycin was observed. On average, T increased from

1.70 & 0.24 s under control conditions to 1.99 + 0.19 s with cyanide and 2.76 + 0.16 s
with cyanide plus oligomycin (p < 0.005; n = 8) (Figure 4.4A). Although the effect of
cyanide on T was statistically significant (p < 0.05) it was a smaller change (17 %) than
the change seen due to basal slowing of Ca*' removal (22 %) (Figure 4.2A). Therefore,
cyanide alone was not sufficient toh disrupt mitochondrial Ca** uptake. However, the
increase in T (60 %) by the combination of c’yanide and oligomycin was more than the
expected basal increase.

In addition to slowing Ca®* removal, inhibition of the mitochondria also increased
the resting [Ca”']; (Figure 4.3A). When cyanide was applied there was a small increase in
resting [Ca™"}; (0.02 uM) and after oligomycin application the resting [Ca”'}; increased
further by 0.06 pM (Figure 4.3A). In 2 of 8 cells tested, the increase in basal [Ca*'};
following cyanide was under 0.01 uM. In the remaining 6 cells, the increase in basal
[Ca®*); ranged from 0.02 puM to 0.11 uM. The average increase in all 8 cells was 0.05 +
0.02 pM (p < 0.05) (Figure 4.4B). Following application of 6ligomcyin, all 8 cells had
further increases in [Ca™']; ranging from 0.03 pM to 0.15 uM with the average increase
being 0.08 + 0.02 uM (p < 0.005) (Figure 4.4B). When the amplitude of the Ca®"
transient was compared, there was no change following cyanide application, but the
amplitude of the Ca®" transient increased by 1.44 fold (p < 0.05) following cyanide plus

oligomcyin (Figure 4.4C).
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Figure 4.5: Inhibition of mitochondriél Ca’" uptake with CCCP influenced Ca?®’
homeostasis.

The changes in (A) 1, (B) basal [Ca2+]i, and (C) normalized amplitude of the

depolarization triggered Ca®" transient after inhibition of mitochondrial Ca** uptake with

CCCP (2 pM). (n=5) *p < 0.05
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To examine whether the combination of cyanide and oligomycin could indeed
fully dissipate the H' gradient, and disrupt mitochondrial function, the more potent CCCP
(2 pM) was also tested. CCCP increased the T of Ca®’ removal from 2.79 + 0.25 s to
4.06 + 0.44 s (p < 0.05; n = 5) an increase of 45 % (Figure 4.5A). In terms of basal
[Ca™]; change in the five cells one had a decrease (0.1 pM) in resting [Ca™"); following
CCCP, one had a small increase in basal [Ca®']; (0.02 pM), and 3 had increases in basal
[Ca®"}; of over 0.10 uM. On average the [Ca”"}; went from 0.24 + 0.07 pM to 0.30 +
0.67 M (p<0.27) and the average increase in [Ca”']; was 0.06 + 0.05 pM (Figure
4.5B). The effect of CCCP on the Ca®* transient amplitude was also examined, but no
difference was found (Figure 4.5C). This might be due to a Weak inhibitory effect of
CCCP on I¢, (Park et al., 1996). Nevertheless, the increase in T and basal [Ca®'}; with
CCCP were similar to those of cyanide and oligomycin indicating that maximum
inhibition of the mitochondria had only small effects on Ca** homeostasis.

These results suggest that inhibition of mitochondrial Ca** uptake has a small
effect on the amplitude of the Ca®* transient, basal [Ca®*];, and the time course of Ca®*
removal indicating the mitochondﬁa does play a role in Ca*" homeostasis in rat P cells. ‘
However, the mitochondria’s role may be small, as its inhibition has no dramatic effect

on Ca”" regulation.

III. Role of the plasma membrane calcium® ATPase in Ca’* removal

The PMCA functions by pumping [Ca”"]; out of the cell with extracellular H

acting as a counter ion. Therefore, decreasing extracellular H' by increasing the pH of the
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Figure 4.6: Inhibition of the PMCA with a pH 8.8 solution had a small effect on [Ca®";
and Ca*" clearance.

A. Application of a pH 8.8 external solution caused a small increase in basal [Ca*'}; and
slightly slows the T of Ca®" removal. Each arrow represents a train of depolarizations

being applied to the cell. B. An expanded scaled trace of the Ca** decay (control: dotted
black line, pH 8.8: thick black line).
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Figure 4.7 Inhibition of the PMCA with a pH 8.8 external solution influenced Ca**
homeostasis.

The changes in (A) 1, (B) basal [Ca®"};, and (C) normalized amplitude of the
depolarization triggered Ca*" transient after inhibition of PMCA with a pH 8.8 external
solution. (n = 6) *p <0.05
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extracellular solution will reduce the activity of the PMCA (Xu et al., 2000). In order to
test the role of the PMCA in Ca”" removal, a pH 8.8 extracellular solution was applied to
cells (Figure 4.6A). In the cell shown in Figure 4.6, the application of the pH 8.8 solution
increased the 1 of Ca®* removal from 1.1 s to 1.3 s. In the 6 cells tested, 5 cells showed
small increases in T following application of the pH 8.8 solution. In the remaining cell, a
pH 8.8 extracellular solution had no effect on 1. On average, the T of Ca®* removal
increased from 1.36 + 0.20 s to 1.83 + 0.17 s ( p< 0.05 n = 6) (Figure 4.7A). This
increase of approximately 35 % was more than the expected basal increase in 1. The
change in resting [Ca”"]; following pH 8.8 application was also examined. All 6 cells had
increases in [Ca2+],- ranging from 0.04 uM to 0.45 uM. However, the average increase
(from 0.25 + 0.08 uM to 0.38 & 0.13 uM) was not statistically significant (p < 0.11)
(Figure 4.7B). The amplitude of the Ca" transient was also examined. The normalized
amplitude of the Ca®" transient was not significantly different following pH 8.8
application (p < 0.08; n = 6) (Figure 4.7C). These results suggest that the PMCA has only
a minor role in the removal of Ca®* from the cytosol, the regulation of basal [Ca®"};, and

the amplitude of a Ca?" transient.

IV. Role of the Na'/Ca** exchanger in Ca** removal.

The NCX exchanges Na' for Ca®" across the plasma membrane. The exact
direction of this exchange depends on [Na'] and [Ca®"] (intracellular and extracellular),
and the membrane potential of the cell. Because of the lack of specific pharmacological
inhibitors the NCX traditionally has been inhibited by exchanging extracellular Na' for

—+ . . .
Li" or impermeant ions such as choline, sucrose or NMG.
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Figure 4.8: Inhibition of NCX with SEA0400 had a small effect on [Ca®];, and Ca®*
clearance.

A. Application of SEA0400 (1 pM) had no effect on [Ca®'; and slightly slowed the T of
Ca®* removal. Each arrow represents a train of depolarizations being applied to the cell.

B. An expanded scaled trace of the Ca®* decay (control: dotted line, SEA0400: thick
black line).
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However, in the last few years, more specific NCX inhibitors including KB-R7943 and
SEA0400 have been developed (Tanaka et al., 2002; Matsuda ef al., 2001). To test the
effects of the NCX in Ca®" removal in rat B cells both the traditional method of replacing
Na' with NMG and the newer NCX inhibitor SEA0400 were tested.

In the cell in Figure 4.8 the application of SEA0400 (1 pM) increased the T of
Ca®" removal from 1.20 s to 1.84 s. In the 14 cells tested with SEA0400 t increased in
12 of them. In the remaining 2 cells, T was unchanged. The average 7 increased from
1.20+0.10 s to 1.62 £ 0.14 s (p < 0.001; n = 14) reflecting an increase of approximately
35 % (Figure 4.9A). The effects of SEA0400 on basal [Ca®'}; was also examined. In the
cell shown in Figure 4.8 basal [Ca™]; increased by ~0.09 pM after SEA0400 application.
In the 14 cells, 4 had basal [Ca®"}; that either decreased, did not change, or increased by
less than 0.02uM . The other 10 cells had increases ranging from 0.03 M to 0.11 pM.
On average, the resting [Ca2 i wént from 0.24 + 0.04 nM to 0.29 + 0.04 uM (Figure
4.9B). Although the average change was only 0.05 £ 0.01uM it was statistically
significant (p < 0.001; n = 14). The effect of SEA0400 on the amplitude of the Ca*"
transient was also examined and no change was found (Figure 4.9C).

To examine whether the increase in © with SEA0400 was indeed due to
the inhibition of the NCX, the effect of replacing extracellular Na" with NMG on [Ca®";
was also tested. In the four cells tested, the average 7 increased from 2.0+ 0.15s to
2.41 £ 0.22 s (p < 0.05; n = 4) (Figure 4.9D). This 20 % changes was statistically
significant, but, it was similar to the increase that occurred basally (Figure 4.2A)
indicating the removal external Na* and had very little effect on Ca' removal. In

addition, the Na' removal had no statistically significant effect on either basal [Ca”']; or
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Figure 4.9: Inhibition of NCX by SEA0400 or by removal of extracellular Na’ had a
small effect on Ca”* homeostasis.

The effects of inhibition of NCX with SEA0400 on (A) T, (B) basal [Ca®'};, and (C)
normalized amplitude of the depolarization triggered Ca®” transient (n = 14). D. Removal
of external Na' had almost no effect on © (n = 4). *p < 0.05 **p < 0.001
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the amplitude of Ca®" transient (data not shown). These results indicate that the NCX

exchanger plays a minor role in the removal of Ca®" from the cytosol in rat B cells.

V. Role of the sarcoplasmic endoplasmic reticulum Ca’*-ATPases pumps in Ca*™
removal

SERCA pumps transport Ca>* into intracellular Ca®* stores in a multi-step process
requiring ATP hydrolysis and changes in conformation of the SERCA pump (Pozzan et
al., 1994). BHQ reversibly inhibits SERCA pumps by blocking the pump in a
conformation that cannot bind Ca®" (Pozzan et al., 1994).

When BHQ (10 uM) was bath applied to a f cell a few phenomena were
apparent. In the cell in figure 4.10 in the presence of BHQ the basal [Ca®'}; rose by
more than 0.40 pM, Ca”" removal clearly slowed down, and the amplitude of the Ca**
transient appeared to increase. In this example, t increased from 0.98 s to 10.40 s an
increase of more than 10 fold. In 20 cells, all exhibited an increase in t following BHQ
exposure. The average t increased from 1.59 £ 0.11 s to 6.72 + 0.83 s (p < 0.0001;

n = 20) an increase of over 400 % (Figure 4.11A). This increase was clearly more than
either the control or any other of the inhibitors tested.

Of those 20 cells, the amplitude of the Ca®* transient was examined in 19 of them.
In the remaining cell the basal [Ca>"}; was too unstable to accurately estimate the
amplitude of the Ca®* transient. Of the 19 cells, 17 showed an increase in the size of the
Ca*" transient following BHQ application. This increase ranged from 0.09 uM to 1.57
{M. In the remaining 2 cells the amplitude decreased by 0.10 uM and 0.16 uM. If the

size of the Ca®" transient was normalized to its control, the average amplitude of the Ca*"
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Figure 4.10: Inhibition of SERCA pumps with BHQ had a dramatic effect on Ca®*
homeostasis.

A. Application of BHQ (10 uM) slowed Ca®* removal, increased [Ca2+]i, and increased
the amplitude of the Ca®" transient. Each arrow represents a train of depolarizations being
applied to the cell. B. An expanded scaled trace of the Ca®* decay (control: thin black
line, BHQ: thick black line). ,
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Figure 4.11: Inhibition of SERCA pumps with BHQ had a large influence on Ca%*

homeostasis.

The effects of inhibition of SERCA with BHQ on (A) T, (n = 20) (B) basal [Ca®"];,
(n = 33) and (C) normalized amplitude of the depolarization triggered Ca®’ transient

(n=19). *p<0.001 **p < 0.0001)
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transient with BHQ was 1.77 times the control (p < 0.001; n= 19) (Figure 4.11C).

The effect of BHQ on resting [Ca®’}; was examined in 33 cells. Of the 33 cells,
one cell had a decrease in [Ca”*};0f 0.22 uM, two had increases of <0.05 uM, while the
remaining 30 cells had increases in [Ca’ '} ranging from 0.14 uM to 1.44 uM. Following
BHQ application, the average basal [Ca”"]; increased from 0.20 + 0.02 pM to 0.76 + 0.08
uM (an average increase of 0.57 + 0.07 uM) (p < 0.0001; n = 33) (Figure 4.11B).

These results clearly demonstrate the SERCA pumps play a major role in
determining the time course of Ca>* removal, basal [Ca2+]i, and the amplitude of the
depolarization induced Ca”* transient. The SERCA pumps appear to be the major

regulator of Ca” homeostasis in rat B cells.

VI. Mechanism of the BHQ induced increase in basal [Caz M

The dramatic effect of BHQ on basal [Ca”*]; prompted the question as to where
all of the Ca®* was coming from? There are two potential sources for this Ca”':
intracellular and extracellular. One potential source of Ca®’ is the leak from intracellular
Ca®* stores (Camello et al., 2002). Normally the leak of Ca”* from the stores is balanced
by Ca®" uptake into intracellular stores by SERCA pumps. When the cell is exposed to
BHQ the SERCA pumps are inhibited, but Ca>* continues to leak out of the stores and
results in an increase in [Ca®"); (Figure 4.12A) (Camello ef al., 2002). A second potential
mechanism is that the inhibition of SERCA by BHQ results in the intracellular Ca®*
stores being emptied. This emptying then activates a Capactitative Calcium Entry (CCE)
channel which allows Ca** to enter the cell resulting in an increase in [Ca®'}; (Figure

4.12B) (Berridge et al., 2003; Parekh, 2003; Putney, Jr. & McKay, 1999). What separates
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Figure 4.12: Two potential sources of BHQ mediated [Ca®'}; increase.
The two potential sources for the BHQ mediated increase in [Ca2+]i (A) intracellular
Ca*" stores and (B) extracellular Ca®" entry. (See text for description)
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Figure 4.13: BHQ mediated increase in [Ca”*); required extracellular Ca**.

A. BHQ induced increase in [Ca®"]; was suppressed in zero Ca”* solution. Each arrow
represents a train of depolarizations being applied to the cell. B. Removal of extracellular
Ca*" reversed BHQ mediated increase in [Ca®'];. (representative of 5 cells) C. Summary
of the BHQ mediated [Ca*'}; rise in zero and 5 mM Ca”" extracellular solution (n =12 ).

*p < 0.006
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the two mechanisms is the requirement for extracellular Ca®. In order to differentiate the
two possibilities, the effect of BHQ in zero Ca®* external solution was examined. To test
the effect of BHQ in zero Ca”" external solution (no added Ca* plus 1 mM EGTA),
BHQ was first applied in the presence of 5 mM Ca**. The cell was then exposed for 2-3
minutes to the zero Ca®" extracellular before challenged with BHQ again (in the absence
of extracellular Ca*") (Figure 4.13A). The removal of extracellular Ca’" caused a small
decrease in [Ca®"]; which was typical of the majority of cells tested (Figure 4.13A). In
this example BHQ induced a rise in [Ca*'}; 0f 0.17 pM and 0.03 puM in SmM
extracellular Ca®" and 0 mM extracellular Ca”" respectively (Figure 4.13A). On average,
BHQ caused a 0.06 = 0.02 pM rise in [Ca®™}; in the absence of extracellular Ca®"
compared to 0.30 £ 0.06 uM in 5 mM Ca** (p < 0.006; n = 12) (Figure 4.13C). To further
confirm the importance of extracellular Ca®" for the BHQ-mediated increage in [Ca*'};,
extracellular Ca®* was removed while in the continuous presence of BHQ (Figure
4.13B). When external Ca** was removed the BHQ induced [Ca™]; rise reversed and
[Ca®"]; returned to almost pre-BHQ [Ca”"}; level. When external Ca®>* was reintroduced,
the [Ca”"}; rose again. This cell was a representative of what was seen in 5 cells.

The zero extracellular Ca>* experiments strongly suggest that the BHQ mediated
increase in [Ca®*}; required extracellular Ca®* indicating BHQ may activate a Ca*" influx
pathway. One way of measuring Ca”" influx is the manganese quench method. The entry
of Mn™* via Ca®" influx pathways will decrease the fluorescence of indo-1 at both 405 nm
and 500 nm. Since the fluorescence at 405 (F405) is not affected by changes in [Ca®>'};
decreases in F405 can be used to monitor Mn*" entry. On the other hand, the ratio of the

indo-1 fluorescence can still be used to monitor [Ca®'};. The details of this method have
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decrease. C. Summary of the rates A F405 under basal conditions and in the presence of
BHQ (n =21). *p < 0.002

Figlire 4.14: BHQ ‘iric‘reased extracellular Ca’
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been described in Chapter 2. An example of one such experiment is shown in Figure
4.14A. In this un-patched, indo-1-AM loaded cell, application of 0.2 mM MnCl, caused a
decrease in F405 at a rate of 0.25 AU s indicating that there was a basal influx of Ca".
When BHQ was applied the rate of F405 decrease increased to 0.88 AU s'. Note that at
the same time BHQ increased [Ca®'];. On average, the rate of F405 decrease went from
0.24 +0.04 AU s 10 0.52+ 0.07 AU s (p <0.002; n = 21) following BHQ application
(Figure 4.14B). This indicates that BHQ induced an increase in extracellular Ca®" influx
into the cell.

The zero extracellular Ca®* and Mn®" quench data strongly suggest that BHQ
causes the activation of a Ca** permeable channel resulting in a large increase in [Ca®*Y;.
One obvious candidate is the CCE channel as it has been well documented, in other cell
types, that SERCA pump inhibitors can activate CCE (Parekh, 2003; Putney, Jr. &
McKay, 1999). To test this, the CCE inhibitor 2-APB was used. 2-APB reportedly is a
“selective” inhibitor of CCE with a K; of 30 uM (Bootman ef al., 2002; Putney, Jr.,
2001). Because of reports that it may inhibit VGCC at 100 uM (Dyachok & Gylfe,
2001), the concentration of 50 pM was initially tested. In the cell shown in Figure 4.15A,
BHQ increased [Ca®; by 0.450 uM and when 2-APB was applied [Ca?*); returns to
pre-BHQ levels. In this particular cell, it was quite clear that 2-APB reversed the BHQ
mediated Ca’* increase. However, in other cells the effect of 2-APB was more puzzling.
In the cell shown in Figure 4.15B, application of 2-APB in the presence of BHQ caused a
transient [Ca®"); rise. When 2-APB was applied alone to this cell, it increased [Ca2+]i
transiently on its own (Figure 4.15B). When all cells in which 2-APB caused a [Ca®'];

increase on its own were excluded, 2-APB reversed or partially reversed the BHQ
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Figure 4.15: The CCE inhibitor, 2-APB produced mixed results on [Ca®"};.

2-APB (50 uM) (A) inhibited BHQ mediated [Ca®']; increase in some cells while in
other cells (B) it increased [Ca**]; on its own. The arrow represents a train of
depolarizations being applied to the cell.
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mediated [Ca®™}; increase in 7 out of 9 cells (78 %). Potential causes of the incomplete
inhibition by 2-APB and the increase in Ca®" will be discussed in Chapter 5 (the
discussion).

Because of the complicated effects of 2-APB on [Ca®™];, the effects of 2-APB on
Ca*" influx was also examined. An example of this is shown in Figure 4.16A. In this cell,
the application of BHQ increased the rate of Mn?" quench of F405 from 0.04 AU st to
0.89 AU s™'. When 2-APB was applied the rate decreases to 0.38 AU s™ (Figure 4.16A).
In all 9 cells tested, 2-APB decreased the rate of Mn” quenching. On average, the rate of
Mn2+quenching went from 0.16 + 0.05 AU s t0 0.53 £ 0.1 AU s™ (p < 0.02; n = 9) with
BHQ to 0.26 + 0.4 AU s™ (p < 0.02; n = 9) with BHQ and 2-APB (Figure 4.16B). These
results indicate that the increase in Ca’* influx mediated by BHQ can be at least partially
inhibited by 2-APB.

All of the data from the zero Ca®", Mn®" quench, and 2-APB experiments suggest
that BHQ empties intracellular Ca®" stores, which activates a CCE channel, allowing

Ca*" influx into the cell resulting in an increase in [Ca®'};.
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Figure 4.16: 2-APB decreased BHQ mediated increase in Ca®* influx.

(A) An example of 2-APB decreasing the BHQ mediated increase in the F405 change.
The lines are the slopes of the decrease. (B) Summary of the rate of F405 decrease under
basal conditions and in the presence of BHQ and BHQ plus2-APB. (n = 9) *p < 0.02
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Chapter 5: Discussion

A. Calcium and exocytosis

The results presented in Chapter three show a couple of different phenomena. First,
the amount of Ca®* entering the cell is an important factor in determining the rate and/or
amount of secretion. Second, in rat B cells exocytosis is strongly dependent on

temperature.

L. Exocytosis is highly temperature dependent

As shown is Chapter 3 there are several major differences in exocytosis between
22 °C and 30 °C. First, at 30 °C a single depolarization was sufficient to trigger
exocytosis in most cells while at 22 °C the same depolarization (with comparable Ca®*
entry) was rarely enough to trigger exocytosis (Figure 3.2). Second, when compared at a
higher [Ca2+]i elevation (e.g. ~1.5 pM), the rate of exocytosis measured over the first
five depolarization at 30 °C was ~10 fold faster than at 22 °C (Figure 3.3). Third, the rate
of exocytosis increased dramatically with [Ca®"]; increases at 30 °C, but only slightly at
22 °C (Figure 3.3). Finally, despite similarities in the amplitude of the depolarization
triggered Ca®" transient, the total amount of exocytosis at 30 °C was 1.8 to 4 fold higher
than at 22 °C (Figure 3.4). The Qg for the AC,, after 1 and 5 depolarizations as well as
the rate of AC,, was ~5 to 5.5. This value is very similar to the Qo of exocytosis
previously found in mouse P cells of >5 (Renstrom et al., 1996).

There are several possible explanations for these differences, but before they can

be explained, further information on exocytosis must be provided. In endocrine and
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neuroendocrine cells, there are several pools of vesicles. These include: the immediately
releasable pool (IRP), the readily releasable pool (RRP), and the reserve pool.The IRP
consists of vesicles that are primed and are co-localized with VGCC while the RRP
vesicles consists of both the co-localized vesicles (IRP) and primed vesicles located
farther from the VGCC. In rat chromaffin cells, Horrigan and Bookman (Horrigan &
Bookman, 1994) found that only 10 % of RRP vesicles are immediately releasable.
However, in mouse P cells it has been reported that 50 % of the RRP are a part of the IRP
(Barg et al., 2002a). When the RRP is depleted, vesicles from the reserve pool replenish
the RRP. Typically, this replenishment is mediated via mobilization or translocation of
non-docked vesicles to the membrane followed by vesicle priming (Burgoyne & Morgan,
2003). However, in  cells a large pool of docked non-primed vesicles is suggested to be
present and initial replenishment of vesicles is thought to involve chemical modification
or priming of vesicles that are already docked instead of the physical movement of
vesicles (Barg et al., 2002a; Rorsman & Renstrom, 2003; Barg et al., 2002b). The
refilling of the RRP is known to be dependent on ATP, Ca®*, and temperature (Eliasson
et al., 1997, Gromada et al., 1999; Renstrom et al., 1996).

There are several potential reasons for changes in exocytosis at different
temperatures. First, it has been reported, in chromaffin cells, that the size of the RRP of
vesicles is ~2.4 fold larger at 32 °C compared to 22 °C (Dinkelacker et al., 2000). If more
vesicles are available for release at 30 °C in rat B cells, this can explain the faster rate of
exocytosis as well as the larger amount of exocytosis. However, studies in mouse f cells
(Renstrom et al., 1996), melanotrophs (Thomas et al., 1993), and hippocampal neurons

(Pyott & Rosenmund, 2002) did not find any change in the size of the RRP with
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temperature. Another potential reason is the acceleration of vesicle replenishment at
higher temperatures (Renstrom et al., 1996; Dinkelacker et al., 2000). This would enable
the cell to continue to exocytose even after the depletion of the RRP. A study in mouse B
cells suggested that the size of the RRP at 24 °C and 34 °C was similar, but the ability of
vesicles to mobilize and replenish the RRP was reduced at room temperature (Renstrom
et al., 1996). Thus, it is possible that for rat B cells at 22 °C there is no vesicle
replenishment after depletion of the RRP and thus a smaller exocytotic response. On the
other hand, at 30 °C, the depletion of the RRP is followed by mobilization of additional
vesicles and thus more exocytosis. An additional explanation is that the kinetics of
exocytosis are temperature dependent. In rat melanotrophs, the RRP size was not altered
by temperature, but it took 3 times as long for the vesicles to undergo exocytosis at room
temperature compared to at 30 °C (Thomas et al., 1993). A lower temperature has also
been found to increase the time necessary for completion of exocytosis in rat mast cells
(Pihel er al., 1996). Finally, another potential reason for the temperature dependence is a
difference in the coupling or co-localization of vesicles and VGCC at the different
temperatures. In mouse P cells, it was suggested that 50 % of RRP vesicles were located
in close proximity (within 10 nm (Barg et al., 2002a)) to L-type VGCC such that these
granules were exposed to local high [Ca®'] following VGCC activation (Satin, 2000,
Barg et al., 2002a; Rorsman & Renstrom, 2003; Barg et al., 2001b; Bokvist et al., 1995).
Howeuver, it is not clear whether the coupling of vesicles to VGCC can be affected by
temperature as vesicle coupling to VGCC has been found at room temperature in
chromaffin cells (Horrigan & Bookman, 1994). However, if at 30 °C there were better

coupling between vesicles and VGCC, this would result in faster exocytosis. In the
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following section, I shall examine whether some of these mechanisms may explain my
observation in the temperature dependence of the exocytosis in rat f§ cells.
Figure 3.2 shows that a single 150 ms depolarization could stimulate some
exocytosis at both temperatures. However, at a similar influx of Ca” more exocytosis
~was triggered at 30 °C. The possibility that the RRP was larger at 30 °C and the
depolarization releases a similar percentage of the RRP at both temperatures was unlikely
to underlie this difference as it would require the RRP at 22 °C to almost be non-existent.
In addition, a change in RRP size could not adequately explain why increases in Ca*"
entry did not increase exocytosis at 22 °C. On the same line, it is unlikely that a change
in rate of mobilization or vesicle replenishment would affect the AC,, after one
depolarization, as the maximum AC,, after a single step is less than the RRP and vesicle
replenishment would not be necessary. Another possibility is that there is better coupling
between vesicles and L-type VGCC at higher temperatures. That is, the IRP makes up a
larger percentage of the RRP. Studies examining vesicle co-localization with vesicles in
mouse B cells were performed at 31-33 °C (Barg et al., 2001b; Bokvist et al., 1995), and
the size of the IRP has not been examined at room temperature. However, co-localization
has been found in chromaffin cells at room temperature (Horrigan & Bookman, 1994). If
at 22 °C, the vesicles were located further from L-type VGCC, a localized region of high
[Ca®'}; near VGCC might not reach many vesicles and thus less exocytosis. While at

higher temperatures, the localized region of high [Ca®™);

will stimulate the exocytosis of
more vesicles near L-type VGCC. This would result in more exocytosis, after one

depolarization, at higher temperatures. Therefore, changes in vesicle co-localization (and

IRP size) could result in the changes in exocytosis presented here, although there is no
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precedent for temperature affecting vesicle co-localization with VGCC. One other
possibility is that a change in the kinetics of exocytosis may result in more exocytosis
following one depolarization. Since the process of exocytosis involves fusion of
membranes and opening up of fusion pores, it is likely that many of these steps are
sensitive to temperature. However, in contrast to what was observe in melanotrophs and
chromaffin cells (Thomas et al., 1993; Gil et al., 2001; Pihel ef al., 1996) the kinetics of
exocytosis in mouse P cells was suggested to have little dependence of temperature
(Renstrom et al., 1996). Nevertheless, my results suggest that a change either in the
kinetics of exocytosis or in the co-localization of vesicles to VGCC may be responsible
for difference in the exocytosis response triggered by a single depolarization at the two
temperatures.

The second aspect examined here was the rate and amount of exocytosis over the
first five steps. This was dependent on cumulative integral of I, or the average [Ca");
over the five steps. At 30 °C, increases in the cumulative I¢, integral or average [Ca”'];
were accompanied by an increase in the rate and amount of C,, increase (Figure 3.3). At
22 °C, increases in either average [Ca™']; or cumulative Ic, integral only caused a very
small increase in the rate or amount of exocytosis (Figures 3.3 and 3.4). In addition, the
rate and total AC, increase was larger at the higher temperature (Figures 3.3 and 3.4).
Note that the total AC,, after 5 depolarizations at 30 °C was ~100 to 120 fF (Figure 3.4).
This was less than the estimates of the RRP size at room temperature (199 + 14 {fF; n=4
unpublished observations of A Tse). Thus, it is unlikely that the size of the RRP or the
replenishment of the RRP contribute to the differences in the rate or amount of

exocytosis after the first 5 depolarizations. Again, it is also possible that changes in
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exocytosis kinetics occur with temperature change. Faster kinetics would result in faster
and more exocytosis. One way of determining if the kinetics of exocytosis is changed
with temperature would be to release (photolyse) a caged Ca*" compound (e.g.: NP-
EGTA) and thus bypassing VGCC to trigger exocytosis. Renstrém ef al. (Renstrém e al.,
1996) did this experiment in mouse [ cells and found no difference in the rate of
exocytosis between 24 and 34 °C. In rat melanotrophs a similar experiment found that the
rate of C,, increase was strongly dependent on temperature (Thomas ef al., 1993).
Because of this uncertainty, more experiments are necessary to determine if the kinetics
of exocytosis in rat 3 cells are temperature sensitive.

Finally, a difference in vesicle coupling to VGCC at different temperatures needs
to be considered. It has been demonstrated that changes in the coupling can cause
changes in exocytosis. Barg et al. (Barg et al., 2002a; Barg ef al., 2001b) disrupted the
coupling of vesicles to L-fype VGCC in mouse P cells by over supplying a peptide
containing the portion of the L-type VGCC responsible for vesicle coupling. This
resulted in the first few depolarizations of a train not being able to trigger any Cy,
increase, while the control cell exocytose in reSponse to one depolarization (Barg et al.,
2002a; Barg et al., 2001b). The subsequent depolarizations could trigger exocytosis in
the treated cell but, the total C,, increase was less than controls (Barg ef al., 2002a; Barg
et al., 2001b). Disrupting the L-type VGCC and vesicle coupling was also done by
selectively knocking-out L-type VGCC in mouse B cells (Schulla ez al., 2003). This
resulted in the failure of the first depolarization in a train to stimulate exocytosis, but
later depolarizations were not affected (Schulla ef al., 2003). The selective loss of early

exocytosis was due to the loss of the IRP and subsequent depolarizations triggered
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exocytosis was due to the accumulation of Ca®" and thus release from the RRP. In view
of this, it is unlikely that the small rate and amount of exocytosis during the first 5
depolarizations was due to a small IRP at room temperature as the Ca’* accumulation in
the first 5 depolarizations should have triggered release from the RRP. Thus an increase
in the kinetics of exocytosis at 30 °C may be a better explanation for the more robust
exocytosis observed at 30 °C.

On the other hand, the total C,, increase triggered by the train of depolarizations
(15 depolarizations) might involve depletion of RRP and RRP replenishment. The total
Cn increase (~190 {F) at room temperature approached the size of the RRP and at 30 °C
the Cp, increase exceeded the RRP at room temperature (Figure 3.5). Assuming that, the
size of the RRP did not increase at 30 °C additional vesicles must be mobilized and
released. Since the rate of mobilization is known to be temperature dependent (Renstrom
et al., 1996), it is likely that an increase in the rate of mobilization af 30 °C contributes to
the larger C,, increase triggered by the train of depolarization.

In summary, there is a clear enhancement of exocytosis with temperature in rat
cells. A temperature dependent increase in the kinetics of exocytosis, the rate of the RRP
replenishment, and possibly vesicle co-localization with VGGC may contribute to this

enhancement.

I1. Comparison of the ca’* dependence of exocytosis between mouse and rat [ cells
As mentioned previously the relationship between [Ca”"J;, Ic,, and exocytosis has

been studied extensively in mouse P cells. However, very little is known in rat B cells.
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Although the data presented here is not a complete investigation, it can provide some
insight into this relationship and possible differences between rat and mouse.

In mouse B cells, the number of vesicles in the RRP has been estimated to be
between 50 and 100 vesicles (Barg et al., 2002a; Rorsman et al., 2000; Barg et al.,
2001b; Eliasson et al., 1997), however estimates of 20 to 35 vesicles have also been
published (Renstrom et al., 1997; Olsen et al., 2003; Eliasson ef al., 2003). Using the
data from F1 gure 3.5 it is possible to estimate of the size of the RRP in rat B cells. This
estimate is based on one assumption. That, mobilization of vesicles only contributes
marginally to the total ACy, at 22 °C. Thus, the total AC,, at 22 °C mostly represents
exocytosis of RRP vesicles. The maximum total change in ACy, at 22 °C was ~192 fF ,
however from Figure 3.4 it appeared that this value might not have reached a plateau.
That is if a larger increase in [Ca2 *Ji occurred it might be possible to get a larger total
AC,, However, this value was similar to the 199 + 14 {F estimated using photolysis of
caged Ca”" at room temperature (A Tse unpublished observations). Therefore, it is likely
that a train of depolarizations at 22°C can almost deplete the RRP. Using the conversion
of 1.7 fF/vesicle (Ammaila et al., 1993b) the 192 {F is equivalent to ~112 vesicles. The
size of the RRP at room temperature in rat  cells is slightly larger than that reported in
mouse B cells (50-100 vesicles) at 30 °C. Such a difference in RRP size may underlie the
differences in the first phase of insulin secretion between rat and mouse that have been
reported (Ma et al., 1995).

The rates of the AC,, over the first five depolarizations (Figure 3.3) at 30 °C can
be compared to rates calculated at similar [Ca®"); in mouse B cells. The rates of

exocytosis in mouse P cells were calculated by dialysis of a known [Ca”"]into the cells
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and measuring the rate of ACy,. This method has the advantage that [Ca”']; is elevated
uniformly over the entire cell. However, depletion of the RRP might occur while Ca®" is
diffusing into the cells from the recording pipette. Thus, the Ca®*-dependent rate of
exocytosis might be underestimated in these studies. On the other hand, [Ca*'}; in my
experiment will be underestimated as the depolarization might trigger local [C_a2 I
gradient near the vesicles. Nevertheless, such comparisons should provide some insights
to whether there is any dramatic differences in the Ca®* dependence of exocytosis
between the two species.

In mouse P cells it has been published that 1.5 uM [Ca®>"}; can stimulate
exocytosis at a rate of 30 fF s (Renstrom et al., 1997). This value is slightly slower than
the 50 fF s™' at 1.4 pM seen in rat (Figure 3.4). However, in mouse B cells ~25 {F s of
exocytosis could be detected at 0.34 uM [Ca®"]; (Renstrom ef al., 1997). In comparison,
at 0.49 uM [Ca®}; the rate of exocytosis in rat B cells was only 7 {F s (Figure 3.4). In
the mid range [Ca”']; (~0.8 pM) the rate of exocytosis in mouse B cells was 21 fF s
(Hoy et al., 2003), similar to the 15 {F s observed in rat P cells (Figure 3.4). Hoy et al.
(Hoy et al., 2003), compared exocytosis in both rat and mouse  cells and found that at 2
uM [Ca2+]i, exocytosis occurred at a slightly slower rate in rat f cells than mouse f cells.
However, in this study, the rate of exocytosis for both rat and mouse was considerably
slower (11 and 14 fF s™ respectively) than those reported elsewhere at lower [Ca®'}i
(Figure 3.4 and Renstrom et al., 1997). Thé differences in the rate of exocytosis observed
in rat B cells compared to mouse (Renstrom et al., 1997; Hoy et al., 2003) may be due to
procedural difference (dialysis of a Ca”* buffered internal vs. train of depolarization) as

dialysis does not cause localized high [Ca*]; and the rate of ACy, is measured over a
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longer period of time. However, some of the differences, especially at low [Ca®"};, may
be related to species differences. In mouse P cells the ability to exocytosis in response to
[Ca®"]; lower than 0.2 pM has been attributed to the presence of a Ca*" sensor
(synaptotagmin) with high affinity for Ca®" (Rorsman & Renstrom, 2003). The exact
1soform of synaptotagmin that serves as the Ca®" sensor in B cells is still a matter of
debate (Rorsman & Renstrom, 2003) and it is not known if the same Ca®" sensor are
present in both species. In addition, in the dialysis experiments [Ca™}; is not measured.
Thus it is possible that the [Ca®*]; was underestimated. Nevertheless, my results suggest
that there is no drastic difference in Ca”* dependence of exocytosis between mouse and

rat P cells at physiological range of [Ca®™]i (<2 uM).

B. Regulation of calcium homeostasis in rat 3 cells

The results of Chapter 4 show that the inhibition of the SERCA pump by BHQ
dramatically increased basal [Ca’'};, the amplitude of depolarization induced Ca**
transient, and slowed down Ca* removal. In contrast, inhibition of the PMCA, NCX, or
mitochondria had only small affects on Ca®" homeostasis (summarized in Table 1 and

Figure 5.1).

The average t of Ca”* removal of 1.51 + 0.06 s in rat B cells observed here at 22
°C is in agreement with the 1.7 s (intact cells; Chen ef al., 2003), 1.8 to 2.0 s (perforated
patch; Gall et al., 1999), and 1.0 s (whole-cell patched cells; Chen et al., 2003) that have
been reported in mouse B cells at 35 °C . In contrast, the time constant of Ca** removal

has been reported to be 4.6 s in corticotrophs (Lee & Tse, 2004), 3.85 sin
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Table 1: Summary of the effects of inhibition of a specific Ca’* removal mechanisms on

Ca”" homeostasis.

Ca™ removal T [Ca”"); Amplitude of [Ca™};
mechanism transient
Mitochondria increase (60 %) increase increase

PMCA increase (35 %) no change no change

NCX (with SEA0400) | increase (35 %) increase no change

SERCA increase (420 %)  increase increase
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Ca®*

Figure 5.1: Summary of the Ca®* removal mechanisms in rat B cells.

The thickness of the arrow reflect relative importance of different Ca®" removal
mechanisms in removing Ca’* from the B cell following depolarization induced Ca**
entry.
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gonadotrophs (Tse ef al., 1994), 4.4 s in melanotrophs (Thomas ez al., 1990), and 3to4s
in chromatffin cells (Dinkelacker et al., 2000; Herrington et al., 1996). Better or faster
Ca”* removal mechanisms in B cells in comparison to other endocrine and
neuroendocrine cells may be related to the tight coupling between [Ca®']; and insulin

secretion in f3 cells.

I Role of the SERCA pump in Ca’* homeostasis.

The inhibition of SERCA pumps by BHQ affects several parameters of Ca®"
homeostasis. BHQ slowed the time course of Ca>* clearance by over 400 % (Figure
4.11A), increased the amplitude of the Ca”” transit by 180 % (Figure 4.11C), and
increased the basal [Ca®'}; by an average of 0.57 uM (Figure 4.11B). These findings
indicate SERCA pumps play multiple important roles in Ca** regulation of B cells. The
dramatic effect of BHQ on Ca”* removal and the small effect of inhibitors of other Ca*
removal mechanisms indicate that SERCAs are the primary mechanism of Ca**removal
inrat B cells. This is again, in agreement with what was observed in mouse  cells where
thapsigargin (a SERCA inhibitor) increased the time constant of Ca>* removal 4.4 fold in
patched cells (Chen ef al., 2003). The increase in the amplitude of the Ca®" transient in
the presence of BHQ indicates that SERCA pumps normally pump Ca”" into intracellular
stores during the depolarization and help to limit the increase in [Ca®'};. SERCA
inhibition increasing the Ca®" transient amplitude has also been reported in mouse § cells
in response to depolarizations mediated by KCl (Chen et al., 2003; Gilon et al., 1999)

and glucose (Gilon ef al., 1999; Arredouani et al., 2002b).
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Under basal conditions, the basal efflux (or leak) from intracellular Ca** stores is
balanced by the reuptake of Ca®" into stores by SERCA pumps (Camello et al., 2002).
When BHQ inhibits SERCA pumps the increase in basal [Ca**}; may be due to
unbalanced Ca®" leak from intracellular stores (Camello ef al., 2002; Dyachok et al.,
2004; Gilon et al., 1999). However, several pieces of evidence suggest the effect of
BHQ on basal [Ca®']; is mostly due to extracellular Ca** entry. First, in the presence of
zero extracellular Ca®" (and 1 mM EGTA), BHQ increases [Ca®']; by only 0.06 pM.
This is ~20 % of the BHQ mediated increase in basal [Ca>'}; in the presence of 5 mM
Ca®" (0.30 uM) (Fi gure 4.13C). Second, the removal of extracellular Ca’ in the
continuous presence of BHQ restored [Ca’*]; to basal levels (Figure 4.13B). These results
support the notion that extracellular Ca>* was required for the BHQ mediated [Ca>'};
increase. One possible explanation for this is that the Ca®* stores are small such that it is
rapidly depleted in the presence of BHQ. The emptying of the stores in turn triggers
extracellular Ca>* entry via activation of capacitative Ca”" entry (CCE) channels. This
possibility was tested here using the CCE inhibitor 2-APB. 2-APB was reported to be a
“selective” inhibitor of CCE with a K; of 30 uM (Bootman et al., 2002; Putney, Jr.,
2001). When all the cells that 2-APB was found to increase [CazJ’]i on its own were
excluded 2-APB inhibited or partially inhibited the BHQ mediated [Ca**]; rise in 7 of 9
cells (Figure 4.15). There are a couple of reasons why 2-APB alone may increase basal
[Ca®"); It has been reported that in lymphocytes (Ma ef al., 2002; Prakriya & Lewis,
2001), T cells (Prakriya & Lewis, 2001), and basophilic leukemia cells (Prakriya &
Lewis, 2001) 2-APB at concentrations of 1-10 uM can activate CCE. 2-APB has also

been reported to activate a Ca”* permeable channel in basophilic leukemia cells at 100
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uM (Braun et al., 2003a). It is possible that at 50 pM 2-APB will activate some Ca®"
permeable channels in P cells. As well, the ability of 2-APB to increase [Ca2+]i on its
own in some cells may be caused by a weak inhibitory effect on SERCA pumps
(Bootman et al., 2002; Missiaen et al., 2001). Nevertheless, in 78 % of the cells (7/9)
where 2-APB did not cause an increase in [Ca®*}; 2-APB inhibited or partially inhibited
the BHQ mediated [Ca®"]; increase. This suggests that 2-APB partially inhibits the
channel BHQ activates, providing support that the BHQ-mediated increase in basal
[Ca®"}; is due to activation of CCE. The activation of CCE by BHQ was further
supported by the Mn®" quench experiments. As shown in Figures 4.14 and 4.16, BHQ
increased extracellular Ca®* entry and this Ca®" entry was partially inhibited by 2-APB.

CCE has also been reported in mouse B cells when intraceltular Ca”* stores were
emptied with carbachol (Dyachok & Gylfe, 2001; Liu & Gylfe, 1997), thapsigargin (Liu
& Gylfe, 1997; Miura et al., 1997), or cyclopiazonic acid (CPA) (Dyachok & Gylfe,
2001). The carbachol and CPA induced extracellular Ca®" entry was also inhibited by 2-
APB (Dyachok & Gylfe, 2001). However, in mouse § cells inhibition of SERCA pumps
caused only small basal [Ca®"}; increases. Thapsi gérgin was reported to increase basal
[Ca®]; by 79 nM (Miura et al., 1997) and 12 % (tens of nanomolar) (Chen et al., 2003)
in mouse, while others groups report “small” increases in [Ca*']; by thapsigargin (Liu &
Gylfe, 1997) and CPA (Dyachok & Gylfe, 2001) in ob/ob mice. Theée values are all
considerably smaller then the average increase of 570 nM reported here for rat § cells.
Some of this difference may be due to methodological differences between the studies.
The work presented here was performed on patch-clamped cells that were voltage

clamped -70 mV. In contrast, the studies on mouse P cells were performed on intact
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(non-patched) cells where the cells were held at negative resting potentials with the Karp
channel opener diazoxide. So it is possible that cells in the mouse experiments were not
sitting at as negative membrane potentials resulting in a smaller driving force for Ca®*
entry. In addition, the mouse experiments were performed in 1.28-2.5 mM Ca®"
compared to 5 mM here. This would result in less Ca®" entry. As well, the mouse
experiments were performed when the intracellular Ca”"stores had been filled by
exposure to 15 to 20 mM glucose. The difference in filled state of the Ca”" stores may
make emptying the intracellular stores, and therefore activating capacitative Ca®" entry,
more difficult. The one study that tested thapsigargin in un-patched rat 3 cells also only
report a small rise in [Ca2+],» (Aizawa et al., 1995).

Besides activating CCE, BHQ also empties intracellular Ca®" stores. This effect is
visible in the absence of extracellular Ca®". In INS-1 cells (Maechler e al., 1999) and
ob/ob mice cells (Tengholm et al., 1998), it has been reported that SERCA inhibition
almost completely empties intracellular Ca** stores. However, in my work with rat B cells
in the absence of extracellular Ca** only a small increase (0.06 pM) in [Ca2+],- OCCUTS.
This may indicate that Ca®" stores are small in rat p cells. In addition, the rat B cells in
my study were exposed to zero Ca”" extracellular solution prior to the BHQ challenge.

The absence of extracellular Ca>* might cause a partial depletion of the store.

Il Role of the other calcium removal mechanisms

As previously mentioned SERCA pumps are the major mediator of Ca®" removal
in rat B cells. However, other mechanisms do play a role in Ca®" removal. Other than the

SERCA pumps, mitochondria plays the largest role in Ca*" homeostasis.
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Mitochondrial Ca®" uptake has been reported to be an important mechanism of
Ca®* removal in chromaffin cells (Herrington et al., 1996; Park et al., 1996),
gonadotrophs (Hehl et al., 1996), and corticotrophs (Lee & Tse, 2004). In comparison,
the results presented in Chapter 411 indicate that in rat § cells the role of the mitochondria
is smaller compared to other endocrine and neuro-endocrine cells. When mitochondrial
function was disrupted in rat B cells by either cyanide and oligomycin or CCCP, the time
course of Ca®>" removal was slowed by ~60 % (Figure 4.4 and 4.5). This effect was
unlikely to be caused by slowing of other Ca®" removal mechanisms (e.g. PMCA,
SERCA) due to the disruption of ATP production in the mitochondria as all the cells
were supplied with 5 mM ATP via the recording pipette. In mouse p cells, it has been
reported that mitochondrial inhibition had no effect on Ca*" removal (Chen et al., 2003).
This difference could be due to species differences, or differences in methods used (see
above). However, in both patched and un-patched mouse cells mitochondrial inhibition
was reported to have little effect on Ca® removal (Chen et al., 2003). This suggests that
the mitochondria may play a more important role in Ca’" removal in rat B cells than in
mouse. An enhanced role of the mitochondria in rat Ca®" removal can potentially result
in larger increases in mitochondrial [Ca2+] ([Ca**]m) in rat B cells following glucose
stimulation. As some enzymes in the Krebs cycle are activated by Ca** (Duchen, 1999),
increases in [Ca”'],, may enhance the production of metabolites involved in either the
Katp dependent and independent pathways of glucose stimulated insulin secretion
(Maechler & Wollheim, 2000). If rat B cells have a larger increase in [Ca® | following
glucose stimulation this may result in larger production of mediators stimulating insulin

secretion and thus could underlie the enhanced second phase of insulin secretion in rat.
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In addition to slowing Ca” removal, mitochondrial inhibition also caused a small
increase in basal [Ca®'}; and increased the amplitude of the depolarization triggered Ca®*
transient in rat p cells. The effect on the Ca®* transient amplitude indicates that the
mitochondria may help to limit the increase in [Ca"]; following a stimulation. An
increase in basal [Ca”'}; following mitochondria inhibition has also been reported in
mouse f§ cells (Chen et al., 2003; Dufer et al., 2002) and other cell types (Lee & Tse,
2004; Bergmann & Keller, 2004; Hehl et al., 1996). The [Ca2+]i increase may be due to
efflux of Ca”" from the mitochondria (Bergmann & Keller, 2004; Tengholm ef al., 1998;
Dufer et al., 2002).

The role of the PMCA in rat P cells was examined by decreasing its éctivity with
a pH 8.8 external solution (Xu ef al., 2000). The pH 8.8 solution increased the time
constant of Ca®" removal by 35 % (Figure 4.7A), but has no effect on basal [Ca®"];
(Figure 4.7B), or the amplitude of the Ca** transient (Figure 4.73). These results indicate
that the PMCA plays a minor role in Ca’* removal, regulation of basal [Ca2+]i7 and
limiting the increase in [Ca®']; following a stimulus. This is in general agreement with
what as been reported in mouse § cells (Chen ez al., 2003).

Two approaches were used to determine the NCX’s role in Ca®* homeostasis. The
traditional approach of removing Na" and replacing it with NMG was used, along with
the newer pharmacological approach of using the NCX inhibitor SEA0400. SEA0400
increased the time constant of Ca** removal by approximately 35 % (Figure 4.9A). In
addition, SEA0400 caused a small, but statistically significant, increase in basal [Ca®';
(Figure 4.9B), but had no effect on the amplitude of the Ca® transient (Figure 4.9C). The

results indicate that NCX plays a small role in Ca*" removal and possibly in regulating

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



basal [Ca®"};, but does not appear to regulate the increase in [Ca®']; following a
stimulation. To further examine the role of the NCX in Ca*’ removal, the time constant
of Ca?* removal was examined in a Na* free external solution. In Na™ free solution Ca®*
removal slowed by 20 % (Figure 4.9D), a change which was statistically significant, but
was smaller than basal changes (22 %) (Figure 4.2A). Na' removal had no effect on
basal [Ca®"]; or the amplitude of the Ca** transient. The lack of effect of Na' removal on
Ca®* homeostasis raises the possibility that the effect of SEA0400 might be due to some
non-specific effects of the drug. Thus, the NCX probably does not play a role in Ca**
homeostasis in rat f cells.

This finding is in agreement with what was reported in mouse B cells (Chen ef al.,
2003; Gall et al., 1999). However, it is opposite to a study by Van Eylen et al. (Van
Eylen et al., 1998) that suggest that the NCX is responsible for up to 70 % of Ca>"
removal in rat f cells. The same study also suggests that the NCX in reverse mode
contributes to [Ca2+]i increases during a depolarization (Van Eylen et al., 1998). There
are a couple of reasons for this discrepancy. Firstly, the time course of Ca** removal was
very different in the two studies. To cause an increase in [Ca2+]i, Van Eylen ef al (1998)
applied a high (50 mM) K" solution to the cell for approximately 10 minutes. This
resulted in a prolonged elevation of [Ca®"]; (500 nM for 10 minutes). Secondly, in my
study the cells were constantly supplied with ATP but in Van Eylen’s study the cells
were not supplied with ATP. A prolonged [Ca”‘}; elevation (minutes) could result in cell
damage and ATP depletion. This may explain why Ca®* removal took minutes in Van
Eylen’s study and not seconds seen in my study. It is possible when the ATP dependent

SERCA, PMCA, and mitochondria activity is reduced, the NCX becomes an important
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Ca’'removal mechanism. If the NCX, working in the reverse mode, was involved in Ca*"
influx during a depolarization, then its inhibition should decrease the amplitude of the
Ca”" transient. However, this was not found in my study (Figure 4.9C). This indicates
that the NCX in reverse mode does not contribute to the increase in [Ca®"J; following a
depolarization.

As mentioned in the introduction the effects of glucose on [Ca™'}; differ between
rat and mouse P cells. In mouse, the typical response is [Ca®']; oscillations (Antunes et
al., ‘2000; Miura et al., 1997; Liu et al., 1995). While in rat § cells the response is more
variable, in general glucose causes a sustained increase in [Ca®'}; with slow Ca**
oscillations in some cells (Antunes et al., 2000; Theler et al., 1992). It has been
suggested that the increased expression of the NCX in rat f§ cells is th‘e cause of the
differences in the pattern of glucose stimulated [Ca®*}; increase (Herchuelz et al., 2002).
However, the data presented here suggest that the NCX plays a minor role in Ca®*

homeostasis in both mouse and rat p cells, therefore it is unlikely the NCX contributes to

the different pattern of glucose stimulated [Ca>*}; signal in the two species of B cells.

IIIL. Physiological relevance of capacitative calcium entry

The data presented here clearly demonstrates that inhibition of SERCA pumps
has a dramatic effect on Ca** homeostasis in rat B cells by both limiting Ca** uptake into
intracellular stores and by activation of CCE. This raises the question as to what
physiological role CCE may play.

In B cells, ACh stimulates Ca®" release from IP; stores (Gilon & Hengquin, 2001).

Emptying of intracellular Ca®" stores by cholinergic agonists has been shown to activate
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CCE (Gilon & Henquin, 2001; Miura ef al., 1997; Liu & Gylfe, 1997; Dyachok & Gylfe,
2001). However, there are doubts as to whether CCE contributes to cholinergic mediated
increases in [Ca2+]i physiologically (Gilon & Henquin, 2001). This is because the Ca®"
entry via CCE is reported to be small (Gilon & Henquin, 2001; Miura et al., 1997; Liu &
Gylfe, 1997; Dyachok & Gylfe, 2001). This is also complicated by the possibility that
ACh may also depolarize [} cells (Gilon & Henquin, 2001; Miura ef al., 1997; Rolland et
al., 2002; Olsen et al., 2003) which reduces capacitative calcium entry (Gilon &
Henquin, 2001; Miura et al., 1997). The magnitude of this depolarization depends on
glucose concentration with more depolarization in higher concentrations of glucose. As
discussed earlier, CCE may be larger in the presence of low glucose so it is possible that
CCE contributes to the ACh mediated increase in [Ca®']; more in the presence of low
glucose levels. Nevertheless, Ca®*entry through CCE is likely to contribute to the
increase in [Ca®']; following ACh stimulation.

As mentioned in the introduction, glucose may stimulate the release of Ca** from
intracellular stores. If glucose empties intracellular Ca’* stores, glucose may also activate
CCE leading to a further rise in [Ca2+]i. Glucose emptying of the intracellular Ca®* stores
has been reported to activate a non-selective cation channel (Roe ef al., 1998; Worley, et
al., 1994), however, it is not clear if this channel is the same channel BHQ activates.

In addition to cholinergic and glucose mediated activation of CCE, another
potential activator may be insulin. One group has proposed that insulin exerts its positive
autocrine feedback through inhibition of SERCA pumps (Borge et al., 2002). If this is
true then insulin inhibiting SERCA pumps can cause two effects. It will help empty

intracellular stores, which will in turn activate CCE. As well, it will slow down Ca*"
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removal and thus prolonging and increasing glucose mediated [Ca®*]; rise. However,
whether insulin acts on SERCA pumps is not clear as some studies indicate that the
insulin mediated effects on Ca®" stores is due to Ca”" release from NAADP sensitive Ca®*

stores (Patel, 2003).

C. Regulating calcium and exocytosis.

The first part of this thesis examines the relationship between [Ca®"}; and
exocytosis, while, the second part examines regulation of Ca®" homeostasis. These two
concepts may appear to be two separate things, however, they are closely coupled. From
the first part of this thesis it should be apparent that [Ca®"); is important in regulating the
amount and rate of exocytosis from rat B cells. While, the second part of this thesis
shows the importance of different Ca®" removal mechanisms in regulating [Ca>'};. If one
Ca** removal mechanism has its activity changed, this can change the amplitude and
recovery of a Ca®" transient. This change in [Ca®']; would result in changes in exocytosis.
In other words, what regulates Ca®" homeostasis also indirectly regulates exocytosis.

The importance of [Ca”'}; regulation in modulating insulin secretion has been
shown in several studies. Inhibition of SERCA pumps using either thapsigargin (Aizawa
et al., 1995), CPA (Chen et al., 2003), or by knock-out of SERCA 3 (Arredouani et al.,
2002a) increases insulin secretion in response to either glucose (Arredouani ef al., 2002a;
Aizawa et al., 1995) or KCI (Chen et al., 2003). In addition, Kang and Holtz (Kang &
Holz, 2003) found that the increase in [Ca®}; following thapsigargin application
stimulated exocytosis in INS-1 cells. Although, inhibition of mitochondrial function

does change [Ca®]; regulation, the enhancing effects of [Ca®"); on insulin secretion may
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be counter balanced by other effects of mitochondria inhibition. Inhibition of
mitochondria will result in a decrease in ATP production, resulting in the opening of
Katp channels and the hyper-polarization of the cell. As well, inhibition of mitochondrial
function would disrupt production of the mediator of the K otp independent pathway of
glucose. In addition, lowering ATP levels will affect processes such as vesicle
mobilization and priming. Therefore, inhibition of mitochondrial function is likely to
decrease insulin secretion.

In summary, insulin secretion is dependent on [C_a2+],- elevation. Mechanisms
underlying Ca®* homeostasis are important regulators of insulin secretion. Therefore, it
would be interesting to see in rodent models of diabetes if there are changes in Ca”"

removal.
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Chapter 6: Conclusions and Further Directions

I Conclusions

The work of this thesis looks at two related processes in rat B cells. One, the
relationship between Ic,, [Ca2+]i, and exocytosis at both room temperature and elevated
temperatures was examined. Secondly, the roles of different Ca>" removal mechanisms in
Ca”" homeostasis was also determined.

When examining the relationship between Ic,, [Ca®'];, and exocytosis, a couple of
things were determined. One, the amount of Ca®* entering the cell and the increase in
[Ca®"]; regulate the amount and rate of exocytosis in rat p cells. In addition, exocytosis
in rat B cells is highly temperature dependent. At comparable [Ca**}; both the rate and
amount of exocytosis was greatly increased at 30 °C. Potential causes for the temperature
dependence include changes in the kinetics of exocytosis or vesicle co-localization with
VGCC and enhanced vesicle replenishment. Finally, the relationship between [Ca**); and
exocytosis in rat 3 cells shares both similarities (amount of exocytosis at moderate
[Ca®];) and differences (ability to exocytose at low [Ca®*];) with mouse B cells. In
addition, it appears that the RRP size is larger in rat B cells, which may underlie the
differences in size of the first phase of insulin secretion between the two species.

While examining the role of different Ca®" removal mechanisms it is clear that the
most important removal mechanism in rat B cells is the SERCA pump. Inhibition of the
SERCA pump changes basal [Ca®'};, the amplitude of Ca®* transients, and the time
course of Ca”* removal. In addition, inhibition of SERCA pumps causes the activation of

a CCE channel which results in the influx of extracellular Ca®*. Other Ca*" removal
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mechanisms also play a role, but they appear not to be as important. My findings rule out
the possibility that NCX is the cause for the differences in glucose mediated [Ca®");
signaling between rats and mice. However, differences in the role of the mitochondria in
Ca®* removal may be partially responsible for the differences in the second phase of
insulin secretion between rat and mouse. The order of importance of the different Ca®*
removal mechanisms in rat } cells appears to be

SERCA>>>mitochondria>NCX>PMCA.

II Future directions

The current method of a train of depolarizations to cause an increase in [Ca”'};
and stimulate exocytosis has some limitations. For example, the [Ca®"]; rise was limited
by the VGCC density, it was not possible to differentiate between release from the RRP
and mobilization of vesicles. Because of these limitations, it is impossible to completely
determine the reason for the temperature dependence. As well, it is impossible to get a
more exact estimate of RRP size and see how it differs to mouse. For those reasons, one
future study in rat p cells should be to determine the RRP size by measuring exocytosis
following a rapid increase in [Ca®*]; after the photolysis of a caged calcium compound at
both 22 °C and 30 °C. This would allow the kinetics of exocytosis to be measured as well
as the RRP size. This would help to resolve if the kinetics of exocytosis are temperature
dependent in B cells as well as to confirm that temperature does not affect RRP size.

One problem in conclusively determining whether BHQ’s increase in [Ca®'}; is

mediated by CCE, is the lack of specific inhibitors for CCE. 2-APB has been considered

a relatively selective inhibitor of CCE (Putney, Jr., 2001); however, the data presented
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here and elsewhere (Braun et al., 2003b; Missiaen ef al., 2001) raise doubts about that.
To confirm further the role of CCE, another CCE inhibitor can be tested. One potential
inhibitor could be SF&K 96365, which has been reported to inhibit CCE, although it may
also block VGCC (Putney, Jr., 2001). In my study the [Ca®'}; rise by BHQ is
considerably larger than the values presented elsewhere for mouse P cells. It would be
interesting to determine if CCE is larger in rat or if this difference was caused by
methodological differences.

Another interesting idea would be to examine [Ca®' ] in both rat and mouse B
cells. A larger role for the mitochondria in Ca®* removal in rat B cells should result in a
larger increase in [Ca”™ ], following a stimulus. This would support the possibility that
differences in mitochondrial Ca** uptake may be partially responsible for differences in
Ca”" homeostasis and the size of the second phase of insulin secretion between mouse

and rat  cells.
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